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The function of abscission zones (AZs) determines the timing of fleshy fruit
abscission, with important consequences not only for the optimal fruit harvest,
but also on the overall final fruit quality. In this context, chemical treatments are
commonly used at different stages of fruit development to control fruit
abscission, which can also have positive or negative effects on fruit quality. In
the current review, we examine commonly used chemicals that affect the
metabolic activity in the AZs of fleshy fruit, in addition to their effects on fruit
quality characteristics. The main hormone metabolism and signaling in the AZ
include that of ethylene, auxin, abscisic acid and jasmonates, and the molecular
components that are involved are covered and discussed, in addition to how
these hormones work together to regulate AZ activity and hence, affect fruit
quality. We focus on studies that have provided new insight into possible protein
complexes that function in the AZ, including multiple MADS-box transcription
factors, with potential overlapping regulatory roles which exist between AZ
development, ethylene production, AZ activation, fruit ripening and overall fruit
quality. The view of the AZ as a cross roads where multiple pathways and signals
are integrated is discussed.

KEYWORDS

abscission, ethylene, jasmonates, abscisic acid, fleshy fruit, ripening, reactive oxygen
species (ROS), auxins

1 Introduction

Fresh fruit quality is very difficult to define because it must include the characteristics
and properties that a fruit must attain to satisfy the requirements and needs of all the
components of the production chain. Given the different and sometimes contrasted
interests of producers, packers, distributors, sellers and consumers, it is comprehensible
that the definition of fruit quality depends on the perspective. If we consider the
expectations of the fruit consumers (i.e. the final component of the production chain)
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each variety has a characteristic fruit size and shape, and the
changes that may occur within them, for environmental reasons
or due to the cultural practices applied, may depreciate the market
crop value and modify the consumers’ purchase decision. Other
quality aspects of fruit include the presence of fruit surface defects,
the coloration of the fruit peel and flesh, the firmness of the fruit,
and the degree of maturity, which is determined mainly by the
acidity and sweetness of the fleshy fruit tissues. These particular
fresh fruit quality attributes are affected by both the activity of
different physiological processes and the production practices
carried out before harvest, in addition to the postharvest practices
employed to extend shelf-life. In this context, the activity of the fruit
abscission zone (AZ) plays a fundamental role to maintain and even
enhance some of the fresh fruit quality attributes outlined
above (Figure 1).

Abscission zones (AZs) are specialized tissues where the
metabolic and structural modifications necessary to carry out
organ detachment (abscission) from the main plant body are
executed, and have essential functions in the detachment of
flowers, developing and ripening fruit, all of which affect the
overall harvest quantity and quality of fleshy fruits (for recent
reviews, see Patharkar and Walker, 2018; Meir et al., 2019;
Tranbarger and Tadeo, 2020). Cell separation in the AZs of
flowers and fruits is triggered by both developmental and
environmental cues. Many crop species flower profusely, and
both unpollinated flowers and flowers that do not hold
preferential positions in the canopy or inflorescence, naturally
detach once the first fruits are initially set and begin to develop
(Stephenson, 1981). In addition to flower drop, a considerable
number of young developing fruits detach during the so-called
“physiological fruit drop” (PED). This self-regulatory mechanism
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for natural fruit abscission effectively adjusts fruit load to the plant’s
nutritional status (Addicott, 1982). The outcome of the fruit set
period, which determines the number of developing fruits per plant,
has a significant impact on final fruit size. Thus, the higher the
intensity of fruit abscission during the fruit set period, the larger the
fruit size will be at full maturity. Likewise, fruits that continue to
develop when fruit set is poor are much larger than the standard size
for the variety. However, each variety is marketed with a standard
and distinctive size so that when fruit set is poor, fruits show non-
standard oversize. In addition to quality loss due to fruit oversizing,
other fruit characteristics are usually also affected. In citrus, for
example, the surface of oversized fruits is very rough, the peel is
thickest, and the final color is poor, and hence the external
appearance is less appealing to consumers. Not all fruit crop
species produce fruit of marketable size through self-regulating
mechanisms, and therefore fruit thinning practices are required to
achieve optimal fruit size (Dennis, 2000). Manual thinning (i.e. the
removal of fruit by hand) is one of the production practices used to
reduce the fruit load of fruit trees. Another possibility is the use of
chemical thinning agents such as plant growth regulators (Table 1)
that cause fruit loosening by activating the fruit AZs (Bangerth,
2000). Chemical thinning has been and continues to be used
successfully with several fruit crop species to increase fruit quality
and crop value (Pescie and Strik, 2004; Han et al., 2019; Bound,
2021; Costa and Botton, 2022; Continella et al., 2022; Torres et al.,
2024). Metamitron (3-methyl-4-amino-6-phenyl-1,2,4-triazin-5-
one) is a systemic herbicide that is taken up by leaves and
transiently inhibits photosystem II electron transport when it
reaches chloroplasts (McArtney et al., 2012). Since the beginning
of the 2000s, metamitron formulations have been marketed for use
as a chemical fruit-thinning agent by limiting carbohydrate supply,
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FIGURE 1

Plant hormones and abscission control agents that affect abscission zone (AZ) activity and fruit quality characteristics. Fleshy fruit can undergo
abscission at different stages of fruit development, and it is still unclear whether the underlying mechanisms are the same.
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TABLE 1 Abscission control agents and their effect on fruit abscission and ripening.

Agent Pathway targeted  Abscission effect Ripening effect References!
2-Chloroethylphosphonic acid Ethylene POSITIVE POSITIVE Edgerton and Greenhalgh (1969);
(ethephon) Alferez et al. (2006); Cao et al.

(2024); Hale et al. (1970); Looney
(1972); Rugini et al. (1982)

1-Aminocyclopropane-1-carboxylic acid | Ethylene POSITIVE POSITIVE Uzquiza et al. (2014); Merelo et al.
(ACC) (2017); Torres et al. (2024); Yang
et al. (2017); Waseem et al. (2019);

Griesser et al. (2020)

Aminoethoxyvinylglycine Ethylene NEGATIVE NEGATIVE Gomez-Cadenas et al. (2000);
(AVG) biosynthesis Yuan and Carbaugh (2007); Dal
Cin et al. (2008); Silverman et al.
(2004); Kim et al. (2024); Nguyen
et al. (2024)

1-Methylcyclopropene Ethylene NEGATIVE NEGATIVE Greene and Schupp (2004); Pozo
(1-MCP) signaling et al. (2004); Yuan and Carbaugh
(2007); Peng and Fu (2022); Cao

et al. (2024); Kim et al. (2024)

5-Chloro-3-methyl-4-nitro-1H-pyrazole Ethylene POSITIVE POSITIVE Hartmond et al. (2000); Alferez
(CMNP) et al. (2006); Alferez et al. (2013);
Sharma et al. (2017)

Methyl jasmonate Jasmonate POSITIVE POSITIVE/ Uzquiza et al. (2013); Uzquiza
(MeJA) NEGATIVE? et al. (2014); Fidelibus et al.

(2022); Zapata et al. (2014); Lv

et al. (2018); Wu et al. (2022)

Coronatine Jasmonate POSITIVE ? Burns et al. (2003); Pozo
et al. (2004)

2,4-Dichlorophenoxyacetic acid Auxin NEGATIVE NEGATIVE Agusti et al. (2006); Peng et al.
(2,4-D) (2013); Dongariyal et al. (2024);
Frenkel and Dyck (1973);
Ferguson et al. (1984); Alhassan
et al. (2022)

Naphthaleneacetic acid Auxin POSITIVE/ POSITIVE/ Anthony and Coggins (2001); Li
(NAA) NEGATIVE? NEGATIVE? and Yuan (2008); Zhu et al.
(2011); Masia et al. (1998);
Clayton-Cuch et al. (2021);
Bottcher et al. (2022)

Other synthetic auxins® Auxin NEGATIVE NEGATIVE Sarooshi (1982); Alhassan et al.
(2020); Alhassan et al. (2022);
Mostert et al. (2024)

Nordihydroguaiaretic acid ABA NEGATIVE NEGATIVE Zhu et al. (2022); Zhang et al.
(NDGA) biosynthesis (2009b); Wang et al. (2016);
Tomiyama et al. (2021)

Fluridone ABA NEGATIVE NEGATIVE Zacarias et al. (1995); Zhang et al.
biosynthesis (2009a); Zhang et al. (2009b)
Paclobutrazol Gibberellin POSITIVE POSITIVE Mauk et al. (1986); Richardson
(PP333) biosynthesis et al. (1986); Zacarias et al. (1995);

Chen et al. (2020); Liu et al.
(2023); Wu et al. (2023)

Gibberellic acid Gibberellin NEGATIVE NEGATIVE Sarooshi (1982); Stutte and Gage
(GA3) (1990); Zacarias et al. (1995);
Dagar et al. (2012); Kuhn et al.
(2020); Luo et al. (2024)

'Only the selected publications reporting the role of these chemicals in abscission and ripening are given.
*The effect of Methyl jasmonate (MeJA) and Naphthaleneacetic acid (NAA) on abscission and ripening is dose-dependent.
33,5,6-Trichloro-2-pyridyloxyacetic acid (3,5,6-TPA), 2-(4-Amino-3, 5-dichloro-6-fluoropyridin-2yl) oxyacetic acid (Fluroxypyr), S-Ethyl-4-chloro-O-tolylooxythioacetate (MCPA).
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which triggers abscission of flowers and young developing fruit. The
application of metamitron to apple, pear or peach tree varieties
produces a significant reduction in fruit set and increases the final
fruit size, thus improving overall crop quality (Elsysy et al., 2020;
Farias et al., 2020; Rosa et al.,, 2022). In addition to fruit size, AZ
activation may also enhance other quality attributes. For example,
the varieties of Pyrus sinkiangensis Yi grown in China’s Xinjiang
region produce high quality fruits called fragrant pears because of
their abundant floral aroma (Volk and Cornille, 2019). However,
Xinjiang pear trees produce mature fruit with both deciduous and
persistent calyxes. The quality of fruit with the calyxes detached is
superior to those that have retained it, as they contain more juice,
display a better-balanced sweetness/acidity ratio, have smaller cores,
fewer stone cells, and maintain the characteristic egg shape (Kurban
etal, 2012; Bo-Hui et al., 2015). Thus, studies of calyx abscission in
this East Asian pear species target an increased production of high-
quality fruit (Pei et al., 2016; Zhou et al., 2018; Gong et al., 2020).

Once fruit set is complete, fruit continue to develop and ripen until
they reach maturity. During this ripening period is when important
fresh fruit quality attributes, such as peel and flesh color, and flesh
acidity and sweetness, are achieved. However, in many fruit crop
species, fruit attachment weakens during ripening and wind induced
branch movements can result in fruit detachment before full maturity.
This process, known as preharvest abscission or preharvest fruit drop,
not only determines the optimum harvesting period, but also makes it
impossible to market a portion of the fruit load because the external
appearance, color, aroma, and flavor of the detached fruits deteriorate
rapidly upon hitting the ground. For another example, ripe fruit
abscission of oil palm (Elaeis guinenesis) affects the quality of the
fruit, and the palm oil obtained from the mesocarp. When ripe fruit
shed from the bunch and fall to the ground they can be bruised and
injured, which activates an endogenous lipase that releases free fatty
acids (FFA) from triglycerides stored in the fruit mesocarp (Desassis,
1957; Morcillo et al,, 2013). Therefore, AZ activation not only has a
negative effect on the yield (if shed fruit are not included in the harvest)
and increase labor costs (due to the need to pick up shed fruit from the
ground) but also the quality of the oil (Corley and Law, 2001;
Sambanthamurthi, 2002; Corley and Tinker, 2016). The high
endogenous lipase activity that releases FFA in the mesocarp of
bruised ripe fruit has a major impact on the quality of the oil
because an FFA content of 45% is thought to be unfit for human
consumption, hence, low-lipase oil palm lines have been identified and
studied to introgress the trait into main elite genotypes (Ebongue et al,,
2008; Morcillo et al., 2013). Furthermore, the acidification and
decreased quality of the oil due to the increase in FFA released by
the lipase in detached fruit is another reason why ongoing studies on
ripe fruit abscission target the identification of markers, and/or non-
shedding phenotypes for the development of either elite non-shedding
or delayed-shedding genotypes (Fooyontphanich et al., 2021; Morcillo
et al, 2021). Another interesting example or pre-harvest fruit drop is
with date palm (Phoenix dactylifera L.). When fruits are shed at the
immature green stage (i.e. the Kimri stage) when, cell elongation is still
occurring, the dropped fruit that are picked up off the ground are
greatly appreciated and consumed by local people, and are more
beneficial to human health compared to the fruit eaten at the riper
stages (Othmani et al,, 2020).
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The response of the AZ cells to abscission signals is regulated by
the balance between auxin and ethylene processes, including
biosynthesis, transport and signal transduction of both hormones
(extensive reviews on this subject can be found in: Taylor and
Whitelaw, 2001; Estornell et al., 2013; Meir et al., 2015; Tucker and
Kim, 2015; Tranbarger and Tadeo, 2020). Thus, treatments with
ethylene biosynthesis inhibitors such as aminoethoxyvinylglycine
(AVG), which blocks ACC synthase activity (Yu and Yang, 1979)
and ethylene antagonists such as 1-methylcyclopropene (1-MCP),
which competes with ethylene for binding to receptors preventing
downstream ethylene signal transduction (Sisler and Serek, 1997;
Watkins, 2006), delay preharvest abscission and also fruit ripening,
thereby improve fruit quality (Greene and Schupp, 2004; Yuan and
Carbaugh, 2007; Arseneault and Cline, 2016; Babalik, 2021;
Elmenofy et al., 2021; Kaur et al, 2021; Lwin and Lee, 2021).
Treatments with synthetic auxins such as naphthaleneacetic acid
(NAA) also delay preharvest abscission but, at the same time,
increase ethylene production in the fruit mesocarp, which
accelerates ripening and softening, thus deteriorates fruit quality
(Yuan and Carbaugh, 2007; Li and Yuan, 2008).

It is also important to note that, in certain cases, the activation of
AZs has a beneficial effect on fruit quality. Manual destemming of
clusters to produce stemless table grapes or mechanical harvesting for
wine or raisins results in an open wound at the stem end of the berry,
usually called a wet stem scar, due to tissue debris that remains
adhered to the pedicel. The mechanical damage leads to juice leakage
and leaves the berry mesocarp exposed to dehydration and invasion
by pathogenic microorganisms, which reduces shelf-life and berry
quality. The use of abscission agents, such as the ethylene releasing
agent ethephon (2-chloroethylphosphonic acid), the immediate
metabolic precursor of ethylene 1-aminocyclopropane-1-carboxylic
acid (ACC), methyl jasmonate or coronatine (a phytotoxin that
mimics jasmonic acid isoleucine), all stimulate the detachment of
mature grape berries (Fidelibus et al., 2007; Uzquiza et al., 2013, 2014;
Ferrara et al,, 2016; Fidelibus et al., 2022). All these treatments
promote the formation of a dry stem scar probably through
transdifferentiation of the stem end cells of the berry into a
protective layer that minimizes the loss of berry quality.

The quality and commercial value of fresh fruit can also be
deteriorated by the abscission process that may occur during
postharvest storage. This problem affects citrus fruits and other
fruits that are marketed in bunches such as grapes, cherry
tomatoes, bananas or the tropical fruit longkong. The external and
internal ripening of citrus fruit is not necessarily synchronized, which
implies that the quality characteristics of the fruit peel and flesh are
independently regulated (Tadeo et al., 2008). A green peel color of
fruit from early varieties of oranges and clementines, or fruit
harvested early to avoid winter frosts, deters purchase by
consumers, even if the internal quality is commercially acceptable.
Degreening treatments with ethylene gas in controlled environmental
chambers result in chlorophyll degradation and unmasking, and
synthesis of carotenoids (Wardowsky et al., 2006; Porat, 2008),
making the fruit that acquire an orange coloration more acceptable
for marketing. However, degreening can have a negative impact on
other fruit quality characteristics as it accelerates senescence,
promotes calyx abscission, and shortens shelf life (Wardowsky
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etal., 2006; Baldwin et al,, 2014). Treatments prior to degreening with
synthetic auxins such as 2,4-dichlorophenoxyacetic acid (2,4-D),
3,5,6-Trichloro-2-pyridyloxyacetic acid (3,5,6-TPA), 2-(4-amino-3,
5-dichloro-6-fluoropyridin-2yl) oxyacetic acid (Fluroxypyr) and S-
ethyl-4-chloro-O-tolylooxythioacetate (MCPA) reduce calyx
abscission and improve, in some cases, fresh fruit quality by
reducing fruit weight and firmness loss and calyx browning (Sdiri
et al., 2013; Gill et al., 2015; Alhassan et al., 2020, 2022; Mostert et al.,
2024). Longkong (Lansium domesticum Correa.) is a non-climacteric
tropical fruit of the Meliaceae family that develops in inflorescences,
with bunches containing 25-40 units, that is consumed fresh in
Southeast Asia. Longkong fruit may detach from the bunch
naturally both during growth and development and after harvest,
while post-harvest treatment with NAA or 1-MCP delays abscission
of commercially harvested ripe fruit (Taesakul et al., 2012). Grape
berry abscission is a common problem during postharvest storage of
table grapes (Lavee, 2017; Meena et al., 2017). Grape berry is a non-
climacteric fruit and abscisic acid (ABA) appears to play a role in the
onset of ripening and during postharvest storage (Sun et al., 2010). In
addition, ABA promotes the activity of cell wall hydrolases, including
cellulases and polygalacturonases, in the pedicel-peduncle boundary
AZ (Zhang and Zhang, 2009) therefore, controlling ABA biosynthesis
during postharvest storage could prevent berry abscission. Treatment
of grape bunches with nordihydroguaiaretic acid (NDGA), an
inhibitor of 9-cis-epoxycarotenoid dioxygenase (NCED), the key
enzyme in ABA biosynthesis (Han et al., 2019), delays the decline
in the berry detachment force and reduces berry abscission (Zhu
et al., 2022). Tomatoes harvested in bunches have a fresh appearance
that is highly appealing to consumers. However, unlike individual
tomatoes, the shelf-life and quality of bunch tomatoes is linked to
stem and calyx desiccation and fruit abscission. Treatment with
minerals, ascorbic acid, salicylic acid or 1-MCP maintains the
brightness of the calyx and fruit appearance, and delays bunch fruit
drop (Beno-Moualem et al.,, 2004; Lichter et al., 2006; Aktas et al.,
2012; Zhu et al., 2022). Bananas are perennial monocotyledon
herbaceous plants with a pseudostem consisting of dozens of
narrow leaves and a tuberous rhizome or underground corm, a
true stem that produces suckers that allow the plant to grow
vegetatively (Lobo and Rojas, 2020). Each pseudostem produces a
single inflorescence with female flowers that give rise to fruits known
as “fingers”. Up to 20 fingers can grow in bunches known as “hands”
and there can be between 5 and 20 hands per inflorescence depending
on the variety. Bananas are usually marketed by hands with the crown
attached, but can undergo a physiological disorder known as “finger
drop”, during which individual fingers may detach from the hands
due to the weakening of the peel at the pedicel-pulp boundary region
(Luycksx et al., 2016). The separation region between the pedicel and
the fruit pulp does not contain a true AZ, although cell wall
remodeling enzymes are upregulated during the process of finger
detachment in a pedicel rupture area (MbeGuie-A-MbeGuie et al.,
2009). Separated fingers maintain, in principle, a good eating quality
but the wound resulting from the detachment process reduces both
consumer appeal and hence, the market value. In addition, the wound
also represents an entry route for pathogens, which results in a
reduced postharvest shelf-life of the fruit. Treatment of hands with
gibberellic acid (GA3) (Salazar and Serrano, 2013) or a combination
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of 1-MCP and modified atmosphere packaging maintains banana
fruit quality and reduces the occurrence of finger drop (Li et al,
2023b). Finally, the identification of oil palm fruit bunches that are
ready to be harvested is determined by the number of detached fruits
found on the ground below the ripening fruit bunch (Lai et al., 2023).
However, as discussed above, detached fruits can be injured and
activate endogenous lipase in the mesocarp that increases FFA
content, which leads to decreased extracted oil quality.
Furthermore, bunches are typically stored for some time periods
before oil is extracted, which can increase ripe fruit abscission and
lipase activity. Hence, to minimize acidity, fruit bunches need to
undergo post-harvest heat treatments to inactivate the endogenous
lipase (Morcillo et al., 2013). However, fruit bunches also need to be
harvested at the time of maximum oil content, so these conflicting
requirements (i.e. maximum oil content versus limiting oil acidity)
require a large and increasing costly labor force, posing major
challenges for the industry (Lai et al, 2023). Oil palm provides
examples in which harvest and post-harvest activation of the AZs
have numerous effects on fruit quality, quantity and overall
harvest cost.

2 Hormonal crosstalk occurs between
the maturing fruit and the fruit AZ that
regulates ripening-related abscission

Fleshy fruits are traditionally classified into two broadly defined
categories, climacteric and non-climacteric, according to their
respiratory profile and the way in which ethylene is produced
during ripening (Seymour et al, 2013). Non-climacteric fruits
such as citrus, grape, olive, sweet cherry, or litchi respire and
produce ethylene at basal levels during ripening and the
subsequent period of over-ripening, marked by fruit aging and
decay. This class of fruits produce ethylene by the so-called
autoinhibitory system-1 (McMurchie et al., 1972; Lelievre et al,
1997), by which ethylene synthesis is maintained at low levels
through ethylene perception mechanisms (Barry and Giovannoni,
2007; Liu et al, 2015). In contrast to non-climacteric fruits,
climacteric fruits such as tomato, apple, banana, mango, or peach
are characterized by a burst of respiration that is accompanied by a
dramatic increase in ethylene production at the onset of ripening
through the shift from autoinhibitory system-1 to autocatalytic
system-2 ethylene production (Osorio et al., 2012; Chen et al,
2018). Non-climacteric fruits are harvested at horticultural
maturity, with a balanced acidity to sweetness ratio appropriate
for each destination market. In contrast, climacteric fruits can be
harvested at physiological maturity, given that ripening of
climacteric fruits does not stop when they are detached from the
tree and therefore ethylene continues to have an effect, which
shortens post-harvest shelf life and fruit quality. Indeed,
autocatalytic ethylene production in climacteric fruits shortens
shelf life and causes detrimental effects on fruit quality during
postharvest storage if appropriate treatments are not applied
(Zhang et al., 2017; Fernandez-Cancelo et al., 2024).
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Dynamic changes in the amounts of phytohormones, mainly
auxins, ethylene, and ABA, slow down the expansion of fleshy fruits
and promote maturation and ripening. The maintenance of a high
content of active natural auxins, such as indole-3-acetic acid (IAA), or
exogenous application of IAA or synthetic auxins at the end of the
growth period cause a delay in ripening in both climacteric and non-
climacteric fruits (Camarero et al.,, 2023; Chen et al., 2023; Chirinos
et al, 2023; Lv et al,, 2023). The decrease in physiologically active IAA
content, typically observed during fruit maturation and ripening, is due
to a reduction in the expression of biosynthetic genes and an increase in
the expression of genes involved in IAA conjugation to amino acids
(Bottcher et al., 2011; Fortes et al., 2015; Feng et al., 2021; Fenn and
Giovannoni, 2021; Huang et al,, 2022). Ethylene plays a central role in
the regulation of natural ripening of climacteric fruits, not only through
the sharp ethylene increase at the beginning of the process, but also
when ethylene is applied exogenously, it accelerates ripening and, vice
versa, inhibitors of ethylene biosynthesis or perception stop ripening.
The onset of climacteric ripening with the shift from autoinhibitory
system-1 to autocatalytic system-2 ethylene production is caused by
ethylene biosynthesis, signaling, and response gene expression changes
(for recent reviews, see Brumos, 2021; Fenn and Giovannoni, 2021).
Abscisic acid plays important roles in the ripening of non-climacteric
fruits for recent reviews, see Bai et al., 2021; Gupta et al., 2022; Perotti
et al,, 2023). Similar to the case of ethylene, the application of ABA or
inhibitors of its biosynthesis, such as fluridone or nordihydroguaiaretic
acid (NDGA), accelerates or delays fruit ripening, respectively (Zhang
et al., 2009a; Villalobos-Gonzalez et al., 2016; Wang et al., 2016; Lama
et al,, 2020). Abscisic acid content increases at the onset of ripening of
non-climacteric fruits and, depending on the species, its accumulation
is continuous, as in citrus (Feng et al,, 2021) and olive (Camarero et al,,
2023), or decreases transiently during the last stages of ripening, as in
grapevine (Pilati et al., 2017). The increase in ABA content during
ripening is controlled by the balance in the expression of genes related
to ABA biosynthesis and catabolism (Wheeler et al., 2009; Pilati et al,,
2017). However, it is interesting to note that there is increasing
evidence that shows ethylene and ABA are involved in the regulation
of ripening in both climacteric and non-climacteric fruits. The
involvement of ABA in the ripening of climacteric fruits is
apparently related to its modulation of the ethylene biosynthetic
pathway. Thus, ABA treatment accelerates tomato fruit ripening
through the upregulation of the genes that encode ACC synthases
and ACC oxidases, principle enzymes for ethylene biosynthesis (Zhang
et al,, 20092), while overexpression of the ABA receptor SIPYL9 also
accelerates tomato ripening through enhanced ABA accumulation and
a significant increase in ethylene production (Kai et al., 2019). On the
other hand, deletion of SINCEDI, a key regulatory enzyme of ABA
biosynthesis, blocks the changes in tomato fruit texture that occur
during ripening by downregulating the expression of genes associated
with cell wall metabolism (Sun et al., 2012). Although non-climacteric
fruits only produce basal levels of ethylene during ripening, an
acceleration of ripening-associated processes can be induced by
treatments with ethylene gas, ACC, the immediate water-soluble
metabolic precursor of ethylene, or ethylene-releasing compounds,
such as ethephon (Barry and Giovannoni, 2007; Chen et al, 2018),
These observations suggest the involvement of ethylene perception and

Frontiers in Plant Science

10.3389/fpls.2024.1524893

signaling in the regulation of ripening of non-climacteric fruits (Chen
et al., 2018; Alferez et al., 2021; Dorta et al., 2023).

In addition to changes in color, aroma and flavor during
ripening, fleshy fruits also undergo cell separation processes that
lead to changes in fruit texture and detachment from the plant. Fruit
softening is due to the progressive loss of flesh firmness through the
action of a combination of hydrolases and cell wall remodeling
proteins on the primary cell walls (Shi et al., 2023; Su et al., 2023).
In addition, the rate of softening in climacteric and non-climacteric
fruits is mainly due to the antagonistic action of auxin and ethylene or
ABA (Li et al,, 2021b, 2022; Wang and Seymour, 2022; Chen et al.,
2023; Mattus-Araya et al,, 2023; Qin et al,, 2023). As in the case of
fruit softening, hydrolases and cell wall remodeling proteins cause the
disassembly of primary cell walls in fruit-AZs, resulting in the
progressive weakening of adhesion between adjacent cells, and
ultimately leading to fruit abscission. In fact, abscission of maturing
fruit can be considered as one of the terminal events of the ripening
program (Sexton, 2001). There is a broad range of internal and
external stimuli mediated by phytohormones that elicit an abscission
response (for review, see Taylor and Whitelaw, 2001). The generally
accepted model suggests that a reduction in auxin efflux from the
subtending organ to the AZ enables ethylene to trigger abscission
(Basu et al., 2013; Chersicola et al., 2017; Botton and Ruperti, 2019;
Dong et al., 2021). Abscisic acid has also been implicated in triggering
fruit abscission by acting as a hormonal sensor of the abscising
stimulus that modulates the level of ACC and ethylene emission
(Guinn, 1982; Gomez-Cadenas et al., 2000; Eccher et al,, 2013;
Wilmowicz et al, 2016). All these three phytohormones, auxin,
ethylene, and ABA, play an active role in the ripening of fleshy
fruits and organ abscission and, therefore, hormonal crosstalk
between maturing fruit and fruit AZs may be associated with the
weakening of the attachment of maturing fruit to the plant.

Maturing fruits are mostly detached through the function of AZs
located at the fruit-pedicel boundary region, at the calyx-AZ
(Tranbarger and Tadeo, 2020), which is traversed by the vascular
system that connects the fruit with other plant organs and is embedded
in fruit tissues (for examples, see Rascio et al., 1985; Henderson and
Osborne, 1990; Roongsattham et al., 2016; Merelo et al., 2017). This
location of the calyx-AZ at the stem-end region of maturing fruits
strongly suggests that a potential crosstalk between fruit and calyx-AZ
tissues may influence abscission activation during ripening. As there is
a decrease in TAA content in the maturing fruit, it is deduced that cell-
to-cell polar auxin transport to the calyx-AZ would be greatly reduced,
favoring the action of other abscission-activating hormones such as
ethylene and ABA. Ethylene gas has high diffusion rates within cells as
well as across lipid membranes and may reach the calyx-AZ to activate
abscission. Transporters have been described for the immediate
metabolic precursor of ethylene, ACC, which may also allow it to
readily reach the calyx-AZ (Hirner et al, 2006; Choi et al, 2019).
Members of transporters from different families including the ATP-
binding cassette (ABC) G-family, nitrate transporter/peptide
transporter (NPF) family and multidrug and toxic compound
extrusion (MATE) family, have been shown to import or export
ABA over short and long distances (Anfang and Shani, 2021; Zhang
et al,, 2023), implying that ABA accumulated in maturing fruits may
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also reach the calyx-AZ and participate in the activation of abscission.
Ethylene, ACC and ABA modulate the expression of genes associated
with hormone metabolism in a hormonal environment with lower
amounts of IAA, enhancing the abscission response and inducing the
expression of hydrolases and cell wall remodeling proteins in calyx-AZ
cells to favor mature fruit detachment.

3 Hormonal metabolism and signaling
in fruit abscission zones during
maturing fleshy fruit abscission

Developing fruits undergo a final ripening process in which their
growth in size substantially slows down and culminates with the
acquisition of the attributes that will make them edible and desired
by consumers. During ripening, fruits develop towards senescence and,
gradually, the force with which they are attached to the calyx generally
declines. The molecular signals triggering maturing fruit abscission are
poorly understood and it is also unclear whether they are the same in
all fruit crop species, although the importance in the abscission process
of certain growth-regulating metabolites such as auxin, ethylene, ABA
and JA is supported by many research reports.

3.1 Auxin-related gene expression in
maturing fruit abscission zones

Auxins are involved in the transition from fruit growth-to-
ripening and the initiation of ripening (for recent reviews, see
Brumos, 2021; Li et al, 2021b). A decline in the content of TAA
in fruits seems to be critical to slow down fruit growth and launch
the ripening process. Application of auxin transport inhibitors such
as 2,3,5-triiodobenzoic acid (TIBA) or N-1-napthylphthalamic acid
(NPA) promote ripening in grape berries (Yakushiji et al., 2001;
Serrano et al., 2023), while treatment with the synthetic auxin
naphthaleneacetic acid (NAA) during pre-véraison delays it
(Bottcher et al., 2011; Ziliotto et al., 2012; Dal Santo et al., 2020).
The onset of ripening in both climacteric and non-climacteric fleshy
fruit is also characterized by a decrease in fruit adhesion to the calyx
and similar as during ripening, treatment with synthetic auxins
delays abscission in citrus, apple, pear, or mango (Anthony and
Coggins, 2001; Yuan and Carbaugh, 2007; Dal Cin et al., 2008;
Hagemann et al., 2014; Murayama et al., 2015). Therefore, in
general auxins play an inhibitory role in fleshy fruit ripening.
However, there are exceptions to this general rule that give rise to
fruit with diverse qualities. For example, late ripening fruits of some
citrus or olive cultivars retain high auxin content (Camarero et al,
2023; Lv et al., 2023). Interestingly, a high concentration of IAA in
the fruit of melting-flesh peach is required to induce the peach 1-
aminocyclopropane-1-carboxylate synthasel gene (PpACSI), that
encodes a key ethylene biosynthesis enzyme, and the burst of
system-2 ethylene production (Tatsuki et al., 2013). Furthermore,
in stony hard peaches, there is no increase in IAA compared with
the melting flesh peaches, which have a large increase in TAA and
high system-2 ethylene production. These examples suggest that in
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some cases there are systems that function to uncouple the auxin-
ethylene control of ripening.

The decline in auxin content in fruit AZs results in increased
ethylene sensitivity and the initiation of abscission (Meir et al.,
2015). Changes in IAA content in fruit AZs can be due to alterations
in auxin transport from the subtending senescing fruit, which affect
auxin metabolism and/or cellular transport and auxin signaling in
that tissue. Olive fruit ripening and abscission of maturing olive
fruit are modulated by auxin content. Both the content of IAA and
fruit detachment force (FDF) in fruits of the Picual olive cultivar
decreased from 164 days after anthesis while the content of IAA
continued an upward pattern, and FDF remained high in the
Arbequina olive cultivar resulting in a delay in fruit ripening and
abscission (Parra-Lobato and Gomez-Jimenez, 2011; Camarero
et al., 2023). Mature fruit abscission in Picual was associated with
downregulation of several auxin synthesis-related genes encoding
anthranilate synthase beta subunit 1 and flavin-containing
monooxygenase YUCCA, and the upregulation of a gene for
GRETCHEN HAGEN 3 (GH3) acyl acid amido synthetase (Gil-
Amado and Gomez-Jimenez, 2013; Briegas et al., 2020). In addition,
the genes for several AUXIN RESISTANTI1 (AUX1) and LIKE
AUXI (LAX1) auxin influx carriers were also downregulated in the
fruit AZ. These changes in auxin synthesis and transport genes in
the olive fruit AZ were mostly associated with downregulation of
several auxin response genes, including members of the Auxin/
Indole-3-Acetic Acid (Aux/IAA) and auxin response factor (ARF)
families (Gil-Amado and Gomez-Jimenez, 2013; Briegas et al.,
2020). Similar transcriptomic changes to those occurring during
natural abscission of maturing olive fruits have also been described
in the abscission of Védrantais climacteric melons (Corbacho et al.,
2013). Ethylene treatment of maturing citrus fruit accelerates
abscission and its effect on the calyx AZ was also associated with
changes in auxin signaling (Cheng et al., 2015; Merelo et al., 2017).
In this regard, it is interesting to note that Ciclev10030696m and
Ciclev10000693m, homologs respectively of AtARF2 and AtARF17
from Arabidopsis, were upregulated in the calyx AZ of ethylene-
treated fruits (Merelo et al., 2017). The activity of ARF2 and ARF17
is related, respectively, to floral organ abscission (Ellis et al., 2005;
Okushima et al., 2005) and anther dehiscence (Xu et al., 2019), two
cell separation processes, strongly suggesting that citrus homologs
of these genes might play a key role in abscission of maturing fruits
of citrus. Abscission of maturing fruits in Elaeis oleifera, the oil palm
from South and Central America, could also be related to auxin
metabolism and signaling (Morcillo et al., 2021). An RNA-seq study
in the AZ located between the pedicel and mesocarp of fruits from a
non-shedding oil palm genotype showed decreased expression of
several Arabidopsis homologs related to TAA homeostasis,
including a PIN-LIKE 5 that regulates intracellular auxin
homeostasis, an IAR3-like amido hydrolase that releases free IAA
from inactive IAA-amino acid conjugates, and a PINOID-like
protein involved in signal transduction and auxin response, which
might be associated with non-shedding character of this variant.
Likewise, in the AZ during ripe fruit abscission of the African oil
palm (E. guineensis), dynamic changes in the expression of genes
encoding proteins involved in auxin related processes including
transport, conjugation and signaling, were found during both
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ethylene induced and natural abscission that occurs in the field
(Fooyontphanich et al,, 2021). Interestingly, alterations in auxin-
related genes in ripe oil palm fruit AZs are similar to those that have
been described in the pedicel AZ of tomato flowers following
artificial auxin depletion (Meir et al., 2010, 2015). This opens the
door to the possibility that, whatever the stage of fruit development,
the triggering of abscission may be associated with similar
alterations in auxin-related genes. The KNOTTEDI-LIKE
HOMEOBOX PROTEINI (KD1) gene is highly expressed in
tomato flower and leaf AZs, regulates tomato flower pedicel
abscission via alteration of the auxin gradient and response (Ma
et al., 2015; Sundaresan et al., 2021). The KD1 transcription factor
appears to alter various regulatory pathways, in particular a
disruption of the auxin response gradient in the pedicel AZ,
which activates abscission. Early stages of tomato flower and fruit
abscission are associated with decreases in the expression of auxin
efflux and influx carriers such as SIPINI, SIPIN6, SIPIN9 and
SIAUX/LAX2 (Shi et al, 2017; Dong et al, 2021). Recent work
suggests changes in the distribution of auxin flow across the
abscission zone are likely more important than the auxin
response system for the regulation of abscission (Shi et al., 2017;
Dong et al,, 2021). Similarly, hydrogen sulfide (H,S) inhibits tomato
pedicel abscission apparently through the downregulation of genes
associated with cell wall modification (Liu et al., 2022a). The
authors proposed that H,S reconstructs a basipetal auxin gradient
along the pedicel, which may in turn decrease the AZ sensitivity to
ethylene and result in the inhibition of pedicel abscission. The
critical role of polar auxin transport in the control of tomato fruit
abscission appears to be linked to the expression of the transcription
factor BEL1-LIKE HOMEODOMAIN11 (SIBEL11) in the pedicel
AZ. Knockdown of SIBEL11 by RNAI causes premature fruit drop
from the breaker stage of fruit development and this effect was
associated with a decrease in the level of quercetin, an auxin
transport inhibitor, in the pedicel AZ (Dong et al., 2024). In fact,
quercetin treatment suppressed fruit drop in SIBEL1I-RNAi (RNA
interference) plants. SIBEL11, through the regulatory role of
SIMYBI11 in flavonoid synthesis, seems to adjust the auxin flux
coming from the fruit to maintain the auxin response gradient in
the pedicel AZ and, thus, prevents premature fruit drop (Dong
et al,, 2024). The activation of ethylene biosynthesis in the fruit-AZ
of litchi that occurs in response to auxin depletion was reported to
be associated with the upregulation of the genes for two
transcription factors, LcARF5 and LcEIL1, involved in auxin and
ethylene signaling respectively (Ma et al., 2024). LcARF5 activated
the gene expression for the peptide ligand LcIDL1 and its receptor
LcHSL2, while LcEILI also activated the expression of LcIDLI thus
launching the cell separation process in the fruit-AZ. Therefore, the
physiological signal derived from auxin depletion in the fruit-AZ of
litchi resulted in the upregulation of both auxin and ethylene
signaling mediators, LcARF5 and LcEIL1, which triggered
abscission through the activation of the LcIDL1-LcHSL2
regulatory module (Ma et al., 2024).

Some treatments that improve postharvest quality in fruit bunches
also affect auxin metabolism and cellular transport. The application of
gibberellic acid (GA3) is successfully used in the production of seedless
table grapes that are highly appreciated by consumers. In addition to
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favoring stenospermocarpy, GA; reduces the occurrence of the
physiological disorder known as rachis browning, which is
characterized by the browning of the berry skin and rachis (Lichter,
2016; Suehiro et al,, 2019). However, GA; treatment has the trade-off of
promoting abscission during storage. This abscission-promoting effect
of GA; seems to be related to a strong reduction of IAA content in the
berry AZ (Yu et al, 2024). GA; treatment results in seed growth arrest
leading to loss of auxin synthesizing capacity of seed traces, while
developing seeds in non- GAj;-treated berries show elevated levels of
expression of auxin biosynthesis genes VvYUC2 and VvYUC4 and
auxin transporter VVPIN4 and VVAUXI in the berry AZ (Yu et al,
2024). GA; treatment reduced gene expression of ethylene receptors
VVETRI and VVETR2, and VVEIN4 in the berry AZ, which increased
ethylene sensitivity in the tissue and consequently increased both the
activity of several cell wall hydrolases and fruit abscission.

3.2 Ethylene-related gene expression and
metabolism in mature abscission zones

Ethylene, structurally the simplest plant hormone, has long
been viewed as a key regulator of organ abscission, given that
ethylene gas is often released from organs prior to abscission, and
treatments with ethylene can induce organ abscission (Jackson and
Osborne, 1970; Addicott, 1982) (for a recent review see Botton and
Ruperti, 2019). In fact, ethylene was first discovered as the active
agent that promoted leaf abscission from illuminating gas (Bakshi
et al., 2015). As discussed above, treatments with ethylene
biosynthesis inhibitors or ethylene antagonists inhibit both fruit
abscission and ripening. In addition, the list of fruit species that
abscise in response to exogenous ethylene treatments is very long,
suggesting an almost universal role for ethylene in fruit abscission.
A series of earlier studies on the biochemical and molecular basis of
ethylene biosynthesis during peach fruit abscission first
demonstrated the molecular basis of ethylene production and
how ethylene can regulate gene expression in the AZ (Ruperti
et al, 1998, 2001, 2002). The studies demonstrated how 1-
aminocyclopropane-1-carboxylate oxidase (ACO) activity, an
ethylene biosynthesis enzyme, and gene expression closely
paralleled ethylene evolution in the peach fruit AZ. They
determined that the increase in ethylene in the AZ prior to
abscission is primarily through the increased activity of ACO.
They went on to identify ethylene induced transcripts in the AZ,
which shows the specificity of the response to ethylene in the AZ
(Ruperti et al., 2002). In the following sections, we focus on recent
discoveries about the role of ethylene and the metabolic and
transcriptional consequences that occur in the AZ, from the most
extensively studied fleshy fruit species that includes representatives
from both climacteric and non-climacteric species.

Tomato is the most extensively studied model for climacteric
fruit ripening and abscission; however, it remains to be seen
whether it is representative for all fleshy fruits. In any case, it is
an important baseline to see how ethylene regulates tomato AZ
pedicel function. Furthermore, both unfertilized flowers and fully
ripe fruit can be shed through the function of the AZ located within
the pedicel, so with tomato, both types of abscission must be
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considered given there may be similar functions at different
developmental stages (Iwai et al., 2013; Ito and Nakano, 2015;
Tranbarger and Tadeo, 2020). Indeed, while both unfertilized
flowers and fully ripe fruit can be shed through the function of
the same AZ located within the pedicel, the majority of the studies
use flower abscission as the model of study (Meir et al., 2010).
Therefore, here we will focus on what is known about the events
that occur in the developing pedicel AZ, in particular the effects on
ethylene production, and how these events may have consequences
on mechanisms that determine fruit quality.

The tomato ripening mutant Never-ripe (Nr) has a loss-of-
function for the ethylene receptor SIETR3, and has delayed floral
abscission, providing genetic evidence of the importance of ethylene
perception for organ abscission (Tucker et al., 1984; Wilkinson et al,
1995). In addition, a splice variant of the key suppressor of ethylene
response, CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), is
targeted for degradation by the microRNA miR1917 in the tomato
fruit pedicel AZ (Wang et al., 2018). Overexpression of miRI917
resulted in higher expression of genes involved in ethylene signaling
and biosynthesis, enhanced increased ethylene emission and early
pedicel abscission. During premature abscission of tomato flowers
and fruits triggered by low light stress, the tomato CLAVATA3-
WUSCHEL (SICLV3-SIWUS) signaling pathway modulates the
auxin response gradient, which causes an increase in ethylene
production in the AZ, and premature fruit abscission (Cheng et al,,
2022). The tomato ERF family transcription factor ETHYLENE-
RESPONSIVE FACTOR 52 (SIERF52) gene is specifically expressed
in pedicel AZs, and SIERF52 expression is suppressed in plants with
impaired function of MACROCALYX (MC) and JOINTLESS (J),
both of which are key regulators of pedicel AZ development (Nakano
et al,, 2014; Wang et al., 2021). Furthermore, SIERF52 suppression
results in a decrease in cellulase and polygalacturonase gene
expression, in addition to genes that regulate meristematic activities
in pedicel AZs, including the tomato WUSCHEL (LeWUS)
homologue, GOBLET (GOB), and LATERAL SUPPRESSOR (Ls)
(Nakano et al., 2014). The results suggest that SIERF52 plays a key
role in AZ transcriptional regulation during both AZ development
and the activation stage. Indeed, a recent study found that SIERF52
regulates the gene expression of an aquaporin tonoplast intrinsic
protein SITIP1;1 (Wang et al., 2021). When SITIPI;I is knocked out,
abscission is delayed, while when SITIPI;1 is overexpressed abscission
is accelerated. They found that SITIP1;1 mediates abscission via an
increase in cytoplasmic H,O, concentrations and osmotic water
permeability, which enhances turgor pressure and the necessary
break force for cell separation of AZ cells. With regard to ethylene,
they demonstrated a positive loop in which cytoplasmic H,0,
activates ethylene production that then activates SIERF52 expression.

MADS-box proteins are known to play important roles in
tomato pedicel AZ development and fruit ripening (Ito and
Nakano, 2015; Li et al, 2023a). MADS-box proteins are also
known to function together in complexes, and these interactions
provide possible links between AZ development, activation and
fruit ripening and qualities. First characterized by the j mutant,
which lacks a pedicel AZ, the MADS-box ] was shown to be
essential for pedicel AZ development (Mao et al., 2000). Later, it
was found that J can function as a complex with other MADS-box
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proteins, including MC and SIMBP21 (JOINTLESS 2; J2), that
regulates both AZ development and activation (Nakano et al,
2012; Liu et al, 2014; Roldan et al, 2017). While SIMBP21 is
involved in pedicel-AZ differentiation in tomato, no clear role for
SIBMP21 in the regulation of fruit ripening has yet been described
(Liu et al., 2014; Roldan et al., 2017; Soyk et al., 2017). However,
mutations in genes associated with pedicel-AZ formation show
pleiotropic effects (Vrebalov et al., 2009; Nakano et al., 2012; Yuste-
Lisbona et al., 2016), and one report of a possible role for SIBMP21
in ripening comes from the observation by Joubert (Joubert, 1965)
that an additional ] gene, jointless-2 with incomplete action, did not
show the slow ripening characteristic of the J2 mutation. Therefore,
SIMBP21/]2 most likely has a positive role in tomato fruit ripening.
In addition, down-regulation of SEPALLATA (SEP) homologs of
strawberry, banana and apple inhibit ripening and prolong fruit
shelf life, pointing to a conserved positive role of SEP genes in
controlling fruit ripening (Seymour et al., 2011; Ireland et al., 2013;
Elitzur et al., 2016). Protein complexes formed by J, MC, and
SIMBP21 confer the auxin/ethylene regulation that determines the
activation of abscission and also regulate the meristematic
maintenance genes LeWUS, Blind (Bl), GOB, and Ls and the
development of the pedicel-AZ (Nakano et al., 2012; Liu
et al., 2014).

Another tomato MADS-box protein gene, FOREVER YOUNG
FLOWER-LIKE (SIFYFL), an ortholog of Arabidopsis FYF/AGL42,
is highly expressed in the tomato fruit AZ (Xie et al, 2014). In
tomato plants ectopically expressing SIFYFL, the development of
the fruit AZ is impaired and ethylene production is reduced
possibly due to the downregulation of ethylene biosynthesis
pathway genes, along with several ethylene-response genes.
Furthermore, carotenoid accumulation is also reduced in fruits of
these 35S:FYFL plants but, in contrast, postharvest fruit storage is
improved (Xie et al., 2014). In fact, SIFYFL was found to interact
with other important fruit related MADS-box proteins including
SIMADS-RIN, SIMADSI1 and in particular with J, which is involved
in AZ development. Similarly, the tomato homologs of MADS-box
SEPALLATA 4 (AT2G03710), SICMBI1, SIMADS-RIN, SIMBP21
and SIMADS], are all involved, in one way or another, in flower and
fruit abscission and/or fruit ripening and also modify ethylene
metabolism (Vrebalov et al., 2002; Dong et al., 2013; Liu et al,
2014; Xie et al., 2014; Li et al., 2017; Roldan et al., 2017; Zhang et al.,
2018; Xing et al,, 2022; Zhang et al., 2024a, b). Yeast two-hybrid
assays revealed that SIMBP21 interacts with APETALA2a (SIAP2a),
TOMATO AGAMOUS-LIKEI/ARLEQUIN (TAGL1/ALQ), J, MC,
MADS-RIN and SIMADSI1, while SIMADSI, in addition to
SIMBP21, interact with MC and MADS-RIN (Xing et al., 2022;
Zhang et al., 2024a, b). On the other hand, SICMBI also interacted
in yeast two-hybrid assay with TAGLI/ALQ, SIMADS1 and
MADS-RIN (Zhang et al., 2018). The TAGL1/ALQ, the tomato
ortholog of the duplicated SHATTERPROOEF (SHP) MADS box
genes of Arabidopsis, is also necessary for fruit ripening (Vrebalov
et al., 2009). The Alg mutation caused by ectopic overexpression of
TAGLI (Gimenez et al., 2010) affects the reproductive development
of tomato plants by producing defects in the formation of the style
and pedicel AZs and homeotic alterations that affect the identity of
floral organs by converting sepals into fruit-like organs (Pineda

frontiersin.org


https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

etal, 2010). TAGL1/ALQ transcriptional activity regulates ethylene
production and some fruit ripening characteristics such as
carotenoid production and fruit stiffness (Vrebalov et al., 2002;
Ttkin et al., 2009; Giménez et al., 2010). Therefore, TAGL1/ALQ has
a positive role in tomato fruit ripening. The involvement of TAGL1/
ALQ in tomato fruit ripening perhaps occurs through its role in the
positive regulation of ethylene production (Jeon et al, 2024).
TAGL1/ALQ’s role in the development of style- and pedicel-AZ
is potentially through its relationship with J (Pineda et al., 2010).
Finally, different tomato MADS-box proteins (TDR4/FUL1, MBP7/
FUL2, TAGL1/ALQ, TAGI, TAG1, MBP21, and TDR5) have been
identified as potential MADS-RIN interactors (Martel et al., 2011;
Bemer et al,, 2012). Amongst these MADS-box proteins, MBP7/
FUL2, is involved in tomato style AZ formation and ripening, given
that MBP7/FUL2 overexpression blocks style abscission and extends
tomato fruit shelf life, possible through functions in modulating
post-harvest water loss (Wang et al, 2014). In addition to the
participation of MBP7/FUL?2 in style abscission and the regulation
of tomato fruit shelf-life, MBP7/FUL2 is also involved in flower
pedicel abscission (Cheng et al., 2022). Overall, these studies
provide insight into possible protein complexes, which include
many MADS-box transcription factors with potential overlapping
regulatory roles which exist between AZ development, ethylene
production, AZ activation, and fruit ripening and overall fruit
quality (Figure 2; Table 2).

The tomato Hybrid Proline-rich Protein (THyPRP) gene is
specifically expressed in the tomato flower AZs and when silenced,
pedicel abscission is inhibited (Sundaresan et al., 2018). In THyPRP
silenced plants, a decrease in expression for ethylene biosynthesis
genes, including ACS, ACO, most likely results in reduced ethylene
production in the AZ, which inhibits the acquisition of the
competence of the AZ cells to respond to ethylene signaling.
Overall, these studies show the central role of the ethylene
biosynthesis and signal transduction pathways during tomato
pedicel abscission, not only at the activation stage, but also earlier
during the differentiation of the AZ, with apparent roles in
regulating meristematic AZ gene regulators. This points out the
powerful molecular tools that can be discovered in relation to AZ
activation, and their potential for applications in the maintenance of
overall fruit quality.

Table grapes, a non-climacteric fruit, are susceptible to
abscission during post-harvest storage and transport, which has
negative impacts on their commercial value (Zoffoli et al., 2009).
Whereas grapes are non-climacteric, ethylene has been shown to
play an important role in regulating AZ activity and hence, grape
quality (Hedberg and Goodwin, 1980; El-Zeftawi, 1982; Ferrara
et al., 2016). A recent article examined the effects of preharvest
treatments with either nano-calcium (nano-Ca) and CaCl, (CI-Ca)
(Zhu et al,, 2024). The study found that nano-Ca significantly
increased the calcium content in fruits, rachis, and the fruit AZ,
while it inhibited ethylene production through a decrease in the
expression of V¥ACOI. In addition, grapes pretreated with nano-
calcium had a higher AZ pectin calcium content, decreased the
activities of polygalacturonase (PG) and pectinesterase (PE),
delayed pectin degradation, reduced weight loss percentage, decay
percentage, malondialdehyde (MDA) content, and relative
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conductivity, and maintained a higher berry detachment force
(BDF) and lower berry abscission percentage. Another problem is
the common use of gibberellic acid-3 (GAj) as a pretreatment to
increase size and marketability that also increases the post-harvest
grape berry abscission rate (Nakamura and Hori, 1981; Casanova
et al., 2009; Zoffoli et al., 2009; Meneses et al., 2020). A recent article
revealed a lower expression of auxin biosynthesis genes, IAA
content, and expression of ethylene receptor genes in GA3-treated
berry clusters which results in a higher sensitivity to ethylene and
abscission (Yu et al, 2024). Overall, it appears that ethylene
biosynthesis and perception play regulatory roles during post-
harvest grape berry abscission.

3.3 Jasmonate-related gene expression
and metabolism in maturing fruit
abscission zones

Jasmonates (JAs) are a family of phytohormones involved in plant
adaptation to biotic and abiotic challenges, but also control different
aspects of plant development and defense (Wasternack and Strnad,
2018; Ghorbel et al., 2021; Luo et al,, 2023). Methyl jasmonate (MeJA),
a volatile member of the JA family, has been shown in pre- or post-
harvest treatments to enhance fruit quality in a number of fruit crops,
including cherry, medlar fruit, kiwifruit, apricot, plum and apple
(Saracoglu et al.,, 2017; Oztiirk et al., 2019; Faizy et al,, 2021; Oztiirk
and Yiicedag, 2021; Oztiirk et al,, 2022; Wang et al., 2024). The fruit
quality characters enhanced by MeJA include the retention of fruit flesh
firmness, maintenance of bioactive compounds, slowing of color
changes, reduction of respiration, delay of harvest, reduced weight
loss, showing that MeJA is an effective tool to maintain a wide variety of
fruit attributes. In addition, JAs enhance and play a functional role in
Arabidopsis floral organ abscission, and JA treatments also increase
the rate of fruit abscission in a number of crops, including citrus,
tomato, grape and apple (Hartmond et al., 2000; Kender et al., 2001;
Beno-Moualem et al.,, 2004; Kim et al., 2013; Uzquiza et al., 2014;
Fidelibus et al., 2022; Wang et al., 2024). Interestingly, apples treated
with MeJA have a decreased amount of early fruit drop, and enhanced
fruit drop rate at the mature stage of development, suggesting the AZ
response to JA is developmentally regulated (Wang et al., 2024). In a
recent study with tomato, the class III homeodomain-leucine zipper
transcription factor, HOMEOBOXI5A (SIHB15A) was demonstrated
to be a negative regulator of pedicel abscission using flower explants as
a model (Liu et al, 2022b). The SIHBI5A transcription factor
negatively regulates abscission by decreasing JA-isoleucine (JA-Ile)
amounts in the AZ through inhibiting the expression of the gene for
JASMONATE-RESISTANT!1 (SIJARI) involved in JA-Ile biosynthesis.
The JARI enzyme catalyzes the conjugation of isoleucine to JA, the
final step in the formation of the bioactive JA molecule JA-Ile that
binds to the JA receptor, CORONATINE INSENSITIVE 1 (COIl)
(Ghorbel et al, 2021). The study also provides evidence that the
SIJAR1-dependent JA-Ile-induced abscission is both dependent and
independent of ethylene action. Finally, the authors also suggest that
in the absence of ethylene, the JA-dependent pathway may play
an important role in non-climacteric fruit abscission. Overall, while it
remains to be determined whether the metabolism of JAs in the pedicel
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FIGURE 2

Protein interactions and transcriptional connections between tomato AZ function and fruit ripening. Proteins in blue are positive and those in red are
negative regulators respectively. JOINTLESS, MACROCALYX and MBP21/J2 form a complex and can activate meristem activity genes.

AZ of ripe fruit play an important role in the timing of fruit abscission,
it is clear that JA metabolites have special properties that enhance
quality attributes and can affect the abscission process of a number
of fruit crops.

3.4 Abscisic-related gene expression and
metabolism in maturing fruit
abscission zones

Abscisic acid (ABA), with well-known roles in the regulation of
plant growth and development, responses to abiotic and biotic
stresses, and multiple physiological processes, has also been shown
to play important roles in fruit ripening of both climacteric and
non-climacteric fruit (Bai et al., 2021; Gupta et al., 2022; Perotti
et al, 2023). As a generalization, ABA appears to be a major
regulator of non-climacteric fruit ripening, while ABA and
ethylene act together synergistically or through crosstalk to
regulate climacteric fruit ripening. ABA can induce ethylene
biosynthetic genes and result in a higher ethylene production, or
in other cases, the ABA response depends on a functional ethylene
signaling pathway (Zou et al,, 2022). Nevertheless, the effects of
ABA in both types of fruit, whether with or without an ethylene
burst during ripening, appear to be similar and include cell wall
loosening, color, changes in metabolites, including sugars,
phenolics, flavonoids and antioxidants, and flavor related to the
production of esters and volatiles (Gupta et al., 2022). Therefore,
ABA has major role in determining important attributes for
fruit quality.

ABA has long been considered a positive regulator of abscission
since it was found to play a role in abscission of leaf explants
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(Abeles, 1967). Furthermore, its role as an accelerator of leaf explant
abscission was associated with increased ethylene production
(Abeles, 1967; Jackson and Osborne, 1972; Sagee et al., 1980). In
addition to leaves, ABA also stimulated abscission of fleshy fruits.
Rasmussen and co-workers (Rasmussen, 1974) observed that the
uptake of ABA by the peduncle of mature citrus fruit explants
accelerated abscission by causing a decrease in the fruit removal
force (FRF). In addition, they also observed that the drop in FRF in
fruit explants producing ethylene was greater when they were also
treated with ABA, suggesting that ethylene and ABA are likely to
have a combined effect on fruit abscission. A later study by Gomez-
Cadenas and co-workers (Gomez-Cadenas et al., 2000) showed that
citrus fruit abscission induced by carbohydrate starvation produced
by defoliation was triggered by increases in the levels of ABA and 1-
aminocyclopropane-1-carboxylic acid (ACC), the immediate
metabolic precursor of ethylene. ABA treatment of fully defoliated
citrus trees accelerated fruit abscission while treatment with
fluridone, an indirect inhibitor of ABA synthesis (Bartels and
Watson, 1978; Moore and Smith, 1984), delayed abscission
suggesting that ABA appeared to act as a mediator between
carbohydrate deficiency and ACC (Gomez-Cadenas et al., 2000).
Many table grape varieties show berry abscission during postharvest
storage (Rizzuti et al., 2015). The shedding of berries in the clusters
was associated with senescence-induced ethylene as application of
1-methylcyclopropene (1-MCP), an ethylene antagonist, prevented
rachis browning and blocked abscission (Wang et al., 2019). Table
grapes undergo a rapid and transient increase in ABA accumulation
in both rachis and berries, while ethylene emission increased
continuously during postharvest storage (Zhu et al., 2022). Berry
abscission was associated with a high decrease in FRF and increases
in the activity of cell wall remodeling enzymes (pectin
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TABLE 2 Components with regulatory roles in the AZ related to metabolism and effects on fruit quality discussed in this review.

Gene name Pathwaytargeted Abscission Ripening References
effect effect
KNOTTEDI-LIKE HOMEOBOX Auxin transport POSITIVE ? Ma et al. (2015);
PROTEIN1 (KD1) Sundaresan et al. (2021)
HOMEOBOXI15A (SIHB15A) AZ activation NEGATIVE ? Liu et al. (2022b)
Jasmonate metabolism
BELI-LIKE Auxin transport NEGATIVE ? Dong et al. (2024)
HOMEODOMAINI11 (SIBEL11)
MicroRNA1917/CONSTITUTIVE Ethylene biosynthesis and signaling POSITIVE POSITIVE Wang et al. (2018)
TRIPLE RESPONSEI (CTR1) Module
CLAVATA3-WUSCHEL Auxin response POSITIVE ? Cheng et al. (2022)
(SICLV3-SIWUS) Module Ethylene biosynthsis
ETHYLENE-RESPONSIVE FACTOR AZ development and activation POSITIVE ? Nakano et al. (2014); Wang
52 (SIERF52) et al. (2021)
NEVER-RIPE (NR/SIETR3) AZ activation POSITIVE POSITIVE Tucker et al. (1984);
Ethylene response Lanahan et al. (1994);
Wilkinson et al. (1995)
MADS-box transcription factor AZ activation NEGATIVE NEGATIVE? Xie et al. (2014)
FOREVER YOUNG Ethylene biosynthesis
FLOWER-LIKE (SIFYFL)
MADS-box transcription factor AZ development POSITIVE ? Mao et al. (2000)
JOINTLESS (J)
MADS-box transcription factor AZ development POSITIVE POSITIVE Joubert, 1965); Liu et al.
SIMBP21/]2 Ethylene and auxin homeostasis (2014); Li et al. (2017);
Roldan et al. (2017); Zhang
et al. (2024a); Zhang
et al. (2024b)
MADS-box transcription factor AZ development POSITIVE ? Nakano et al. (2012); Liu
MACROCALYX (MC) et al. (2014)
TOMATO AGAMOUS-LIKE1/ AZ development POSITIVE POSITIVE Vrebalov et al. (2002); Itkin
ARLEQUIN (TAGLI/ALQ) et al. (2009); Pineda
et al. (2010)
MADS-box transcription factor AZ activation POSITIVE POSITIVE® Bemer et al. (2012); Wang
FRUITFULL2 (MBP7/FUL2) Auxin gradient et al. (2014); Cheng
Ethylene response et al. (2022)
'MADS-box transcription factor Fruit ripening pathways ? POSITIVE Xie et al. (2014)
SIMADS-RIN
'"MADS-box transcription Fruit ripening pathways ? NEGATIVE Dong et al. (2013); Xie
factor SIMADSI1 et al. (2014)
'MADS-box transcription factor SICMB1 Fruit ripening pathways ? POSITIVE Zhang et al. (2018); Xing
et al. (2022)
'APETALA2a (SIAP2a) Fruit ripening pathways ? NEGATIVE Chung et al. (2010)

"Roles during abscission are unknown, but interact with other AZ development related MADS-box transcription factors.

*When SIFYFL is overexpressed ectopically, there is a decrease in ethylene emission in the fruit, postharvest storage of fruit is improved.

*Affects ripening in an ethylene-independent manner (Bemer et al., 2012).

of NGDA on ethylene emission and ABA accumulation appeared to
be caused by reduced expression of VVINCEDI1 and VvACO1, key
enzymes in ABA and ethylene biosynthesis respectively. Therefore,

methylesterase, polygalacturonase and cellulase) in berry-AZs.
Treatment with nordihydroguaiaretic acid (NDGA), an inhibitor
of 9-cis-epoxycarotenoid dioxygenase (NCED), to grape clusters
increased FRF and reduced berry abscission, cell wall remodeling
enzyme activity in berry-AZs, and ABA content and ethylene
emission in both rachis and berries (Zhu et al., 2022). This effect

ethylene-induced postharvest abscission in grapes could be favored
by the transport of ABA from the senescing berry to the berry-AZ,
thus affecting ethylene synthesis.
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4 The AZ at the cross roads to
integrate pathways and signals related
to development, whole plant
physiological status, environment,
adaptation and defense

Signaling within the AZ has a pivotal role in determining the
timing of fruit abscission. The current model of AZ function is
based on four stages, including 1) AZ development, 2) AZ
competence to react to stimulus, 3) activation of abscission and 4)
scar formation. All these stages can have an effect on the final
outcome of the fruit quality, whether indirect or direct. A picture is
emerging in which these stages may not be independent, and may
be interlinked through the formation of transcriptional complexes
whose activity may not only provide connections between the
different stages of abscission, but also the final characteristics of
the fruit. Clearly, we know that auxin and ethylene play important
roles during the acquisition of competence and activation stages,
but how they interact at the molecular level is still unclear. In
addition, we know less about the roles of other hormones, including
ABA and JAs. It appears that in many cases ABA and JA act
indirectly through ethylene by stimulating an increase in the
transcripts related to ethylene biosynthesis, which results in more
ethylene production. However, in other cases, it may be that ABA or
JA have independent roles, and their stimulatory activities are
synergistic with ethylene. The details of these mechanisms remain
to be determined, and crosstalk between signaling pathways is
currently a major focus of abscission research.

The current review has focused on the AZ metabolism during
ripe fruit abscission that effects fruit quality, but most of our
knowledge about mature fruit abscission comes from work with
the tomato pedicel AZ during flower abscission. Are the
mechanisms of flower abscission the same for mature fruit
abscission, or are there different mechanisms dependent on the
developmental stage? In addition, we have not discussed important
abscission regulatory pathways that have been discovered from
other organ abscission models, in particular Arabidopsis. One
important mechanism, the INFLORESCENCE DEFICIENT IN
ABSCISSION (IDA) peptide with receptor-like kinases HAESA
(HAE)/HAE-LIKE2 (HAL2) pathway, was first discovered to
function during Arabidopsis floral organ abscission (Stenvik et al.,
2008). There is now evidence that the IDA/HAE/HAL2 pathway
also functions during fruit abscission, including litchi fruitlet
abscission, the tomato pedicel AZ, mango, citrus, and oil palm
(Estornell et al., 2015; Sto et al., 2015; Tranbarger et al., 2019; Li
et al,, 2021a; Mesejo et al., 2021; Rai et al., 2021; Lu et al., 2023; Ma
et al,, 2024). In particular, the recent article on litchi showed the
litchi AUXIN RESPONSE FACTOR 5 (LcARF5) activates litchi
LcIDL1/LcHSL2 gene expression, while the ETHYLENE
INSENSITIVE 3-like transcription factor LcEIL3 activates LcIDL1
gene expression (Ma et al, 2024). This provides a possible
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mechanistic explanation for the interplay between auxin and
ethylene to initiate abscission.

A recent study on Arabidopsis floral abscission found the secretory
manganese superoxide dismutase (SOD), MSD2, may play an
integrative role between the IDA/HAE/HAL2 pathway, ethylene,
nitric oxide (NO) and ABA signaling components (Lee et al,, 2022).
The evidence suggests that MSD2 and ROS signaling functions
upstream of the IDA/HAE/HAL2 pathway. Furthermore, during
litchi fruitlet abscission, the DOF (DNA binding with one finger)
transcription factor LcDOF5.6 functions to repress ROS accumulation
in fruitlet AZ and fruitlet abscission (Ma et al., 2023). When LcDOF5.6
is silenced, the gene expression for the ROS production enzyme
LcRbohD increases, which results in higher ROS accumulation in the
AZ and fruitlet abscission. From these recent studies, it appears that
ROS signaling may play an integrative role during organ abscission.

Author contributions

TT: Writing — original draft, Writing — review & editing. FT:
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The
preparation of this review manuscript for FT was supported by
MICIU/AEI/10.13039/501100011033 grant #PID2021-1289870R-
100. The preparation of this review manuscript for TT was
supported by grant n°2204-028 from the Agropolis Fondation.

Acknowledgments

TT would like to thank colleagues Fabienne Morcillo and
Sebastien Tisné for their ongoing collaborations and fruitful
discussions about abscission, and the PalmElit SAS seed company
and the research station INRAB CRAPP, Benin for long term
support for the palm abscission projects.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abeles, F. B. (1967). Mechanism of action of abscission accelerators. Physiologia
Plantarum 20, 442-454. doi: 10.1111/j.1399-3054.1967.tb07185.x

Addicott, F. T. (1982). Abscission (Berkeley and Los Angeles, California: University
of California Press).

Agusti, M., Juan, M., Martinez-Fuentes, A., Mesejo, C., Reig, C., and Almela, V.
(2006). Application of 2,4-dichlorophenoxypropionic acid 2-ethylhexyl ester reduces
mature fruit abscission in Citrus navel cultivars. J. Hortic. Sci. Biotechnol. 81, 532-536.
doi: 10.1080/14620316.2006.11512099

Aktas, H., Bayindur, D., Dilmagiinal, T., and Koyuncu, M. A. (2012). The Effects of
Minerals, Ascorbic Acid, and Salicylic Acid on the Bunch Quality of Tomatoes
(Solanum lycopersicum) at High and Low Temperatures. HortScience horts 47,
1478-1483. doi: 10.21273/HORTSCI.47.10.1478

Alferez, F., De Carvalho, D. U., and Boakye, D. (2021). Interplay between abscisic
acid and gibberellins, as related to ethylene and sugars, in regulating maturation of non-
climacteric fruit. Int. J. Mol. Sci. 22, 669. doi: 10.3390/ijms22020669

Alferez, F., Pozo, L., and Burns, J. K. (2006). Physiological changes associated with
senescence and abscission in mature citrus fruit induced by 5-chloro-3-methyl-4-nitro-
1H-pyrazole and ethephon application. Physiologia Plantarum 127, 66-73.
doi: 10.1111/j.1399-3054.2006.00642.x

Alferez, F., Pozo, L. V., Rouseff, R. R, and Burns, J. K. (2013). Modification of
carotenoid levels by abscission agents and expression of carotenoid biosynthetic genes
in ‘Valencia’ Sweet orange. J. Agric. Food Chem. 61, 3082-3089. doi: 10.1021/jf305359x

Alhassan, N., Bowyer, M. C., Wills, R. B. H., Golding, J. B., and Pristijono, P. (2020).
Postharvest dipping with 3,5,6-trichloro-2-pyridiloxyacetic acid solutions delays calyx
senescence and loss of other postharvest quality factors of ‘Afourer’ mandarins, Navel
and Valencia oranges. Scientia Hortic. 272, 109572. doi: 10.1016/j.scienta.2020.109572

Alhassan, N., Wills, R. B. H., Bowyer, M. C,, Pristijono, P., and Golding, J. B. (2022).
Comparative study of the auxins 2,4-D, fluroxypyr, dicamba, MCPA and hydrogen sulphide
to inhibit postharvest calyx senescence and maintain internal quality of Valencia oranges.
New Z. ]. Crop Hortic. Sci. 50, 131-142. doi: 10.1080/01140671.2021.2017984

Anfang, M., and Shani, E. (2021). Transport mechanisms of plant hormones. Curr.
Opin. Plant Biol. 63, 102055. doi: 10.1016/j.pbi.2021.102055

Anthony, M. F, and Coggins, C. W. (2001). NAA and 3,5,6-TPA control mature fruit
drop in California citrus. Hortscience 36, 1296-1299. doi: 10.21273/HORTSCL36.7.1296

Arseneault, M. H.,, and Cline, J. A. (2016). A review of apple preharvest fruit drop and
practices for horticultural management. Scientia Hortic. 211, 40-52. doi: 10.1016/
j.scienta.2016.08.002

Babalik, Z. (2021). Effect of aminoethoxyvinylglycine (AVG) on quality, berry set and
coloration of ‘Alphonse Lavallée’ table grapes. J. Agric. Sci. 159, 236-242. doi: 10.1017/
$0021859621000496

Bai, Q., Huang, Y., and Shen, Y. (2021). The physiological and molecular mechanism
of abscisic acid in regulation of fleshy fruit ripening. Front. Plant Sci. 11. doi: 10.3389/
fpls.2020.619953

Bakshi, A., Shemansky, J. M., Chang, C., and Binder, B. M. (2015). History of
research on the plant hormone ethylene. J. Plant Growth Regul. 34, 809-827.
doi: 10.1007/s00344-015-9522-9

Baldwin, E. A., Bai, J., Plotto, A., and Ritenour, M. A. (2014). Citrus fruit quality
assessment; producer and consumer perspectives. Stewart Postharvest Rev. 2, 1-7.

Bangerth, F. (2000). Abscission and thinning of young fruit and thier regulation by
plant hormones and bioregulators. Plant Growth Regul. 31, 43-59. doi: 10.1023/
A:1006398513703

Barry, C. S., and Giovannoni, J. J. (2007). Ethylene and fruit ripening. J. Plant Growth
Regul. 26, 143-159. doi: 10.1007/s00344-007-9002-y

Bartels, P. G., and Watson, C. W. (1978). Inhibition of carotenoid synthesis by
fluridone and norflurazon. Weed Sci. 26, 198-203. doi: 10.1017/S0043174500049675

Basu, M. M., Gonzalez-Carranza, Z. H., Azam-Ali, S., Tang, S., Shahid, A. A,, and
Roberts, J. A. (2013). The manipulation of auxin in the abscission zone cells of
Arabidopsis flowers reveals that indoleacetic acid signaling is a prerequisite for organ
shedding. Plant Physiol. 162, 96-106. doi: 10.1104/pp.113.216234

Bemer, M., Karlova, R, Ballester, A. R., Tikunov, Y. M., Bovy, A. G., Wolters-Arts,
M, et al. (2012). The tomato FRUITFULL homologs TDR4/FUL1 and MBP7/FUL2
regulate ethylene-independent aspects of fruit ripening. Plant Cell 24, 4437-4451.
doi: 10.1105/tpc.112.103283

Beno-Moualem, D., Gusev, L., Dvir, O., Pesis, E., Meir, S., and Lichter, A. (2004). The
effects of ethylene, methyl jasmonate and 1-MCP on abscission of cherry tomatoes

Frontiers in Plant Science

14

10.3389/fpls.2024.1524893

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

from the bunch and expression of endo-1,4-B-glucanases. Plant Sci. 167, 499-507.
doi: 10.1016/j.plantsci.2004.04.016

Bo-Hui, W., Xiao-Xia, S., and Jian-Xin, N. (2015). Cloning of kfpMYB Gene and Its
Promoter in Korla Fragrant Pear (Pyrus sinkiangensis) and Determination Their
Responses to Hormones. Acta Hortic. Sin. 42, 1448-1456.

Béttcher, C., Harvey, K., Forde, C. G., Boss, P. K., and Davies, C. (2011). Auxin
treatment of pre-veraison grape (Vitis vinifera L.) berries both delays ripening and
increases the synchronicity of sugar accumulation. Aust. J. Grape Wine Res. 17, 1-8.
doi: 10.1111/j.1755-0238.2010.00110.x

Bottcher, C., Johnson, T. E., Burbidge, C. A., Nicholson, E. L., Boss, P. K., Maffei, S.
M, et al. (2022). Use of auxin to delay ripening: sensory and biochemical evaluation of
Cabernet Sauvignon and Shiraz. Aust. J. Grape Wine Res. 28, 208-217. doi: 10.1111/
ajgw.12516

Botton, A., and Ruperti, B. (2019). The yes and no of the ethylene involvement in
abscission. Plants (Basel) 8, 187. doi: 10.3390/plants8060187

Bound, S. A. (2021). Managing crop load in European pear (Pyrus communis L.)—A
review. Agriculture 11, 637. doi: 10.3390/agriculture11070637

Briegas, B., Corbacho, J., Parra-Lobato, M. C., Paredes, M. A., Labrador, J., Gallardo,
M., et al. (2020). Transcriptome and Hormone Analyses Revealed Insights into
Hormonal and Vesicle Trafficking Regulation among Olea europaea Fruit Tissues in
Late Development. Int. J. Mol. Sci. 21, 4819. doi: 10.3390/ijms21144819

Brumos, J. (2021). Gene regulation in climacteric fruit ripening. Curr. Opin. Plant
Biol. 63, 102042. doi: 10.1016/j.pbi.2021.102042

Burns, J. K., Pozo, L. V., Arias, C. R,, Hockema, B., Rangaswamy, V., and Bender, C.
L. (2003). Coronatine and abscission in citrus. J. Am. Soc. Hortic. Sci. 128, 309-315.
doi: 10.21273/JASHS.128.3.0309

Camarero, M. C., Briegas, B., Corbacho, J., Labrador, J., and Gomez-Jimenez, M. C.
(2023). Hormonal content and gene expression during olive fruit growth and ripening.
Plants 12, 3832. doi: 10.3390/plants12223832

Cao, Y., Lv, ], Tai, R, Tang, W., and Ge, Y. (2024). Impacts of 1-methylcyclopropene
(1-MCP) and ethephon treatments on expression of aquaporin (AQP) genes during
apple fruit ripening. Scientia Hortic. 331, 113126. doi: 10.1016/j.scienta.2024.113126

Casanova, L., Casanova, R., Moret, A., and Agusti, M. (2009). The application of
gibberellic acid increases berry size of &quot;Emperatriz&quot; seedless grape. Spanish
J. Agric. Res. 7, 919-927. doi: 10.5424/sjar/2009074-1105

Chen, Y., Grimplet, J., David, K., Castellarin, S. D., Terol, J., Wong, D. C. ], et al.
(2018). Ethylene receptors and related proteins in climacteric and non-climacteric
fruits. Plant Sci. 276, 63-72. doi: 10.1016/j.plantsci.2018.07.012

Chen, H,, Song, Z., Wang, L., Lai, X,, Chen, W,, Li, X, et al. (2023). Auxin-responsive
protein MaIAA17-like modulates fruit ripening and ripening disorders induced by cold stress
in ‘Fenjiao’ banana. Int. J. Biol. Macromol. 247, 125750. doi: 10.1016/j.ijbiomac.2023.125750

Chen, S., Wang, X.-J., Tan, G.-F., Zhou, W.-Q., and Wang, G.-L. (2020). Gibberellin
and the plant growth retardant Paclobutrazol altered fruit shape and ripening in
tomato. Protoplasma 257, 853-861. doi: 10.1007/s00709-019-01471-2

Cheng, L., Li, R,, Wang, X,, Ge, S., Wang, S,, Liu, X,, et al. (2022). A SICLV3-SIWUS
module regulates auxin and ethylene homeostasis in low light-induced tomato flower
abscission. Plant Cell 34, 4388-4408. doi: 10.1093/plcell/koac254

Cheng, C., Zhang, L., Yang, X,, and Zhong, G. (2015). Profiling gene expression in
citrus fruit calyx abscission zone (AZ-C) treated with ethylene. Mol. Genet. Genomics
290, 1991-2006. doi: 10.1007/s00438-015-1054-2

Chersicola, M., Kladnik, A., Tu$ek Znidari¢, M., Mrak, T., Gruden, K., and
Dermastia, M. (2017). 1-aminocyclopropane-1-carboxylate oxidase induction in
tomato flower pedicel phloem and abscission related processes are differentially
sensitive to ethylene. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00464

Chirinos, R., Delgado-Pariona, J., Aguilar-Galvez, A., Figueroa-Merma, A., Pacheco-
Avalos, A., Campos, D., et al. (2023). Postharvest storage differentially modulates the
enzymatic and non-enzymatic antioxidant system of the exocarp and mesocarp of hass
avocado: implications for disorders. Plants 12, 4008. doi: 10.3390/plants12234008

Choi, J., Eom, S., Shin, K., Lee, R. A., Choi, S., Lee, J. H., et al. (2019). Identification of
lysine histidine transporter 2 as an 1-aminocyclopropane carboxylic acid transporter in
Arabidopsis thaliana by transgenic complementation approach. Front. Plant Sci. 10,
1092. doi: 10.3389/fpls.2019.01092

Chung, M.-Y., Vrebalov, J., Alba, R, Lee, J., Mcquinn, R., Chung, J.-D., et al. (2010).
A tomato (Solanum lycopersicum) APETALA2/ERF gene, SIAP2a, is a negative
regulator of fruit ripening. Plant J. 64, 936-947. doi: 10.1111/j.1365-313X.2010.04384.x

frontiersin.org


https://doi.org/10.1111/j.1399-3054.1967.tb07185.x
https://doi.org/10.1080/14620316.2006.11512099
https://doi.org/10.21273/HORTSCI.47.10.1478
https://doi.org/10.3390/ijms22020669
https://doi.org/10.1111/j.1399-3054.2006.00642.x
https://doi.org/10.1021/jf305359x
https://doi.org/10.1016/j.scienta.2020.109572
https://doi.org/10.1080/01140671.2021.2017984
https://doi.org/10.1016/j.pbi.2021.102055
https://doi.org/10.21273/HORTSCI.36.7.1296
https://doi.org/10.1016/j.scienta.2016.08.002
https://doi.org/10.1016/j.scienta.2016.08.002
https://doi.org/10.1017/S0021859621000496
https://doi.org/10.1017/S0021859621000496
https://doi.org/10.3389/fpls.2020.619953
https://doi.org/10.3389/fpls.2020.619953
https://doi.org/10.1007/s00344-015-9522-9
https://doi.org/10.1023/A:1006398513703
https://doi.org/10.1023/A:1006398513703
https://doi.org/10.1007/s00344-007-9002-y
https://doi.org/10.1017/S0043174500049675
https://doi.org/10.1104/pp.113.216234
https://doi.org/10.1105/tpc.112.103283
https://doi.org/10.1016/j.plantsci.2004.04.016
https://doi.org/10.1111/j.1755-0238.2010.00110.x
https://doi.org/10.1111/ajgw.12516
https://doi.org/10.1111/ajgw.12516
https://doi.org/10.3390/plants8060187
https://doi.org/10.3390/agriculture11070637
https://doi.org/10.3390/ijms21144819
https://doi.org/10.1016/j.pbi.2021.102042
https://doi.org/10.21273/JASHS.128.3.0309
https://doi.org/10.3390/plants12223832
https://doi.org/10.1016/j.scienta.2024.113126
https://doi.org/10.5424/sjar/2009074-1105
https://doi.org/10.1016/j.plantsci.2018.07.012
https://doi.org/10.1016/j.ijbiomac.2023.125750
https://doi.org/10.1007/s00709-019-01471-2
https://doi.org/10.1093/plcell/koac254
https://doi.org/10.1007/s00438-015-1054-2
https://doi.org/10.3389/fpls.2017.00464
https://doi.org/10.3390/plants12234008
https://doi.org/10.3389/fpls.2019.01092
https://doi.org/10.1111/j.1365-313X.2010.04384.x
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Clayton-Cuch, D., Yu, L, Shirley, N., Bradley, D., Bulone, V., and Béttcher, C. (2021).
Auxin treatment enhances anthocyanin production in the non-climacteric sweet cherry
(Prunus avium L.). Int. J. Mol. Sci. 22, 10760. doi: 10.3390/ijms221910760

Continella, A., Ferlito, F., Gentile, A., and La Malfa, S. (2022). Effect of plant growth
regulators for enhancing fruit quality in Italian citrus industry. Acta Horticulturae
(Leuven, Belgium: International Society for Horticultural Science (ISHS) 1366, 139-
146. doi: 10.17660/ActaHortic.2023.1366.16

Corbacho, J., Romojaro, E., Pech, J. C,, Latche, A., and Gomez-Jimenez, M. C. (2013).
Transcriptomic events involved in melon mature-fruit abscission comprise the
sequential induction of cell-wall degrading genes coupled to a stimulation of endo
and exocytosis. PLoS One 8, €58363. doi: 10.1371/journal.pone.0058363

Corley, R. H. V., and Law, I. H. (2001). Ripening, harvesting and oil extraction.
Planter 77, 507-524.

Corley, R. H. V., and Tinker, P. B. (2016). The Oil Palm. Fifth edition (West Sussex,
UK: Blackwell Science).

Costa, G., and Botton, A. (2022). Thinning in peach: Past, present and future of an
indispensable practice. Scientia Hortic. 296, 110895. doi: 10.1016/j.scienta.2022.110895

Dagar, A, Weksler, A., Friedman, H., and Lurie, S. (2012). Gibberellic acid (GA3)
application at the end of pit ripening: Effect on ripening and storage of two harvests of
‘September Snow’ peach. Scientia Hortic. 140, 125-130. doi: 10.1016/j.scienta.2012.03.013

Dal Cin, V., Danesin, M., Botton, A., Boschetti, A., Dorigoni, A., and Ramina, A.
(2008). Ethylene and preharvest drop: the effect of AVG and NAA on fruit abscission in
apple (Malus domestica L. Borkh). Plant Growth Regul. 56, 317-325. doi: 10.1007/
510725-008-9312-5

Dal Santo, S., Tucker, M. R,, Tan, H.-T., Burbidge, C. A., Fasoli, M., Béttcher, C., et al.
(2020). Auxin treatment of grapevine (Vitis vinifera L.) berries delays ripening onset by
inhibiting cell expansion. Plant Mol. Biol. 103, 91-111. doi: 10.1007/s11103-020-00977-1

Dennis, F. G.]r. (2000). The history of fruit thinning. Plant Growth Regul. 31, 1-16.
doi: 10.1023/A:1006330009160

Desassis, A. (1957). Palm oil acidification. Oleagineux 12, 525-534.

Dong, T., Hu, Z., Deng, L., Wang, Y., Zhu, M., Zhang, J., et al. (2013). A tomato
MADS-box transcription factor, sMADS], acts as a negative regulator of fruit ripening.
Plant Physiol. 163, 1026-1036. doi: 10.1104/pp.113.224436

Dong, X, Liu, X,, Cheng, L., Li, R,, Ge, S., Wang, S., et al. (2024). SIBEL11 regulates
flavonoid biosynthesis, thus fine-tuning auxin efflux to prevent premature fruit drop in
tomato. J. Integr. Plant Biol. 66, 749-770. doi: 10.1111/jipb.13627

Dong, X., Ma, C,, Xu, T., Reid, M. S,, Jiang, C.-Z., and Li, T. (2021). Auxin response
and transport during induction of pedicel abscission in tomato. Horticulture Res. 8, 192.
doi: 10.1038/s41438-021-00626-8

Dongariyal, A., Dimri, D. C., Singh, M., Bhatt, R,, and Kumar, A. (2024).
Comparative analysis of exogenously applied synthetic auxins and micronutrients for
effective management of fruit drop and quality improvement in subtropical Japanese
plum (Prunus salicina Lindl.). J. Plant Nutr. 47, 2015-2027. doi: 10.1080/
01904167.2024.2327587

Dorta, T., Gil-Mufioz, F., Carrasco, F., Zuriaga, E., Rios, G., and Blasco, M. (2023).
Physiological Changes and Transcriptomic Analysis throughout On-Tree Fruit
Ripening Process in Persimmon (Diospyros kaki L.). Plants 12, 2895. doi: 10.3390/
plants12162895

Ebongue, G. F. N., Koona, P., Nouy, B., Zok, S., Carriere, F., Zollo, P.-H. A,, et al.
(2008). Identification of oil palm breeding lines producing oils with low acid values.
Eur. J. Lipid Sci. Technol. 110, 505-509. doi: 10.1002/¢jlt.200700263

Eccher, G., Alessandro, B., Mariano, D., Andrea, B., Benedetto, R., and Angelo, R.
(2013). Early induction of apple fruitlet abscission is characterized by an increase of
both isoprene emission and abscisic acid content. Plant Physiol. 161, 1952-1969.
doi: 10.1104/pp.112.208470

Edgerton, L. J., and Greenhalgh, W. J. (1969). Regulation of growth, flowering and
fruit abscission with 2-chloroethanephosphonic acidl. J. Am. Soc. Hortic. Sci. 94, 11-13.
doi: 10.21273/JASHS.94.1.11

Elitzur, T., Yakir, E., Quansah, L., Zhangjun, F., Vrebalov, J., Khayat, E., et al. (2016).
Banana maMADS transcription factors are necessary for fruit ripening and molecular
tools to promote shelf-life and food security. Plant Physiol. 171, 380-391. doi: 10.1104/
pp.15.01866

Ellis, C. M., Nagpal, P., Young, J. C., Hagen, G., Guilfoyle, T. J., and Reed, J. W.
(2005). AUXIN RESPONSE FACTORI and AUXIN RESPONSE FACTOR?2 regulate

senescence and floral organ abscission in Arabidopsis thaliana. Development 132, 4563
4574. doi: 10.1242/dev.02012

Elmenofy, H. M., Okba, S. K., Salama, A. M., and Alam-Eldein, S. M. (2021). Yield, fruit
quality, and storability of 'Canino' Apricot in response to aminoethoxyvinylglycine,
salicylic acid, and chitosan. Plants (Basel) 10, 1838. doi: 10.3390/plants10091838

Elsysy, M. A., Hubbard, A., and Einhorn, T. C. (2020). Postbloom thinning of
‘Bartlett’” Pear with metamitron. HortScience Horts 55, 174-180. doi: 10.21273/
HORTSCI14629-19

El-Zeftawi, B. M. (1982). Effects of ethephon on cluster loosening and berry composition
of four wine grape cultivars. J. Hortic. Sci. 57, 457-463. doi: 10.1080/00221589.1982.11515078

Estornell, L. H., Agusti, J., Merelo, P., Talon, M., and Tadeo, F. R. (2013). Elucidating
mechanisms underlying organ abscission. Plant Sci. 199-200, 48-60. doi: 10.1016/
j.plantsci.2012.10.008

Frontiers in Plant Science

15

10.3389/fpls.2024.1524893

Estornell, L. H., Wildhagen, M., Perez-Amador, M. A., Talon, M., Tadeo, F. R., and
Butenko, M. A. (2015). The IDA peptide controls abscission in Arabidopsis and citrus.
Front. Plant Sci. 6. doi: 10.3389/fpls.2015.01003

Faizy, A. H., Ozturk, B., Aglar, E., and Yildiz, K. (2021). Role of methyljasmonate
application regime on fruit quality and bioactive compounds of sweet cherry at
harvest and during cold storage. J. Sci. Food Agric. 104, 1621-1629. doi: 10.1111/
jfpp.15882

Farias, R. D. M., Barreto, C. F., Zandona, R. R., Martins, C. R., and Mello-Farias, P. C.
D. (2020). Application time of chemical thinning with metamitron in ‘Sensagdo’ peach
trees. Rev. Ceres 67, 16-22. doi: 10.1590/0034-737x202067010003

Feng, G., Wu, ], Xu, Y., Lu, L., and Yi, H. (2021). High-spatiotemporal-resolution
transcriptomes provide insights into fruit development and ripening in Citrus sinensis.
Plant Biotechnol. J. 19, 1337-1353. doi: 10.1111/pbi.13549

Fenn, M. A, and Giovannoni, J. J. (2021). Phytohormones in fruit development and
maturation. Plant J. 105, 446-458. doi: 10.1111/tpj.v105.2

Ferguson, L., Davies, F. S., Ismail, M. A, and Wheaton, T. A. (1984). Growth
regulator and low-volume irrigation effects on grapefruit quality and fruit-drop.
Scientia Hortic. 23, 35-40. doi: 10.1016/0304-4238(84)90042-6

Fernandez-Cancelo, P., Giné-Bordonaba, J., Pérez-Gago, M. B., Palou, L., Torres, R.,
Echeverria, G, et al. (2024). A hydroxypropyl methylcellulose (HPMC)-based coating
inhibits ethylene-dependent quality changes and reduces superficial scald incidence
and blue mould severity during postharvest handling of two apple varieties. Postharvest
Biol. Technol. 207, 112610. doi: 10.1016/j.postharvbio.2023.112610

Ferrara, G., Mazzeo, A., Matarrese, A. M., Pacucci, C., Trani, A., Fidelibus, M. W.,
et al. (2016). Ethephon as a potential abscission agent for table grapes: effects on pre-
harvest abscission, fruit quality, and residue. Front. Plant Sci. 7, 620. doi: 10.3389/
fpls.2016.00620

Fidelibus, M. W., Cathline, K. A., and Burns, J. K. (2007). Potential abscission agents
for raisin, table, and wine grapes. HortScience horts 42, 1626-1630. doi: 10.21273/
HORTSCI.42.7.1626

Fidelibus, M. W., Petracek, P., and Mcartney, S. (2022). Jasmonic acid activates the
fruit-pedicel abscission zone of ‘Thompson seedless’ Grapes, especially with co-
application of 1-aminocyclopropane-1-carboxylic acid. Plants 11, 1245. doi: 10.3390/
plants11091245

Fooyontphanich, K., Morcillo, F., Joet, T., Dussert, S., Serret, J., Collin, M., et al.
(2021). Multi-scale comparative transcriptome analysis reveals key genes and metabolic
reprogramming processes associated with oil palm fruit abscission. BMC Plant Biol. 21,
92. doi: 10.1186/s12870-021-02874-1

Fortes, A. M., Teixeira, R. T., and Agudelo-Romero, P. (2015). Complex interplay of
hormonal signals during grape berry ripening. Molecules 20, 9326-9343. doi: 10.3390/
molecules20059326

Frenkel, C., and Dyck, R. (1973). Auxin inhibition of ripening in Bartlett pears 1.
Plant Physiol. 51, 6-9. doi: 10.1104/pp.51.1.6

Ghorbel, M., Brini, F.,, Sharma, A., and Landi, M. (2021). Role of jasmonic acid in
plants: the molecular point of view. Plant Cell Rep. 40, 1471-1494. doi: 10.1007/s00299-
021-02687-4

Gil-Amado, J. A., and Gomez-Jimenez, M. C. (2013). Transcriptome analysis of
mature fruit abscission control in olive. Plant Cell Physiol. 54, 244-269. doi: 10.1093/
pep/pesl79

Gill, A. L., Gallinat, A. S., Sanders-Demott, R., Rigden, A. J., Short Gianotti, D. J.,
Mantooth, J. A, et al. (2015). Changes in autumn senescence in northern hemisphere
deciduous trees: a meta-analysis of autumn phenology studies. Ann. Bot. 116, 875-888.
doi: 10.1093/a0b/mcv055

Gimeénez, E., Pineda, B., Capel, J., Anton, M. T., Atarés, A., Pérez-Martin, F., et al.
(2010). Functional analysis of the Arlequin mutant corroborates the essential role of the
Arlequin/TAGL1 gene during reproductive development of tomato. PloS One 5,
€14427. doi: 10.1371/journal.pone.0014427

Gomez-Cadenas, A., Mehouachi, J., Tadeo, F. R., Primo-Millo, E., and Talon, M.
(2000). Hormonal regulation of fruitlet abscission induced by carbohydrate shortage in
citrus. Planta 210, 636-643. doi: 10.1007/s004250050054

Gong, X, Bao, J., Chen, J., Qi, K,, Xie, Z., Rui, W,, et al. (2020). Candidate proteins
involved in the calyx abscission process of ‘Kuerlexiangli’ (Pyrus sinkiangensis Yu)
identified by iTRAQ analysis. Acta Physiologiae Plantarum 42, 112. doi: 10.1007/
s11738-020-03097-x

Greene, D. W., and Schupp, J. R. (2004). Effect of aminoethoxyvinylglycine (AVG)
on preharvest drop, fruit quality, and maturation of *McIntosh' Apples. II. Effect of
timing and concentration relationships and spray volume. HortScience HortSci 39,
1036-1041. doi: 10.21273/HORTSCI.39.5.1036

Griesser, M., Savoi, S., Supapvanich, S., Dobrev, P., Vankova, R,, and Forneck, A.
(2020). Phytohormone profiles are strongly altered during induction and symptom
development of the physiological ripening disorder berry shrivel in grapevine. Plant
Mol. Biol. 103, 141-157. doi: 10.1007/s11103-020-00980-6

Guinn, G. (1982). Fruit age and changes in abscisic acid content, ethylene
production, and abscission rate of cotton fruits. Plant Physiol. 69, 349-352.
doi: 10.1104/pp.69.2.349

Gupta, K., Wani, S. H., Razzag, A., Skalicky, M., Samantara, K., Gupta, S., et al.
(2022). Abscisic acid: role in fruit development and ripening. Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.817500

frontiersin.org


https://doi.org/10.3390/ijms221910760
https://doi.org/10.17660/ActaHortic.2023.1366.16
https://doi.org/10.1371/journal.pone.0058363
https://doi.org/10.1016/j.scienta.2022.110895
https://doi.org/10.1016/j.scienta.2012.03.013
https://doi.org/10.1007/s10725-008-9312-5
https://doi.org/10.1007/s10725-008-9312-5
https://doi.org/10.1007/s11103-020-00977-1
https://doi.org/10.1023/A:1006330009160
https://doi.org/10.1104/pp.113.224436
https://doi.org/10.1111/jipb.13627
https://doi.org/10.1038/s41438-021-00626-8
https://doi.org/10.1080/01904167.2024.2327587
https://doi.org/10.1080/01904167.2024.2327587
https://doi.org/10.3390/plants12162895
https://doi.org/10.3390/plants12162895
https://doi.org/10.1002/ejlt.200700263
https://doi.org/10.1104/pp.112.208470
https://doi.org/10.21273/JASHS.94.1.11
https://doi.org/10.1104/pp.15.01866
https://doi.org/10.1104/pp.15.01866
https://doi.org/10.1242/dev.02012
https://doi.org/10.3390/plants10091838
https://doi.org/10.21273/HORTSCI14629-19
https://doi.org/10.21273/HORTSCI14629-19
https://doi.org/10.1080/00221589.1982.11515078
https://doi.org/10.1016/j.plantsci.2012.10.008
https://doi.org/10.1016/j.plantsci.2012.10.008
https://doi.org/10.3389/fpls.2015.01003
https://doi.org/10.1111/jfpp.15882
https://doi.org/10.1111/jfpp.15882
https://doi.org/10.1590/0034-737x202067010003
https://doi.org/10.1111/pbi.13549
https://doi.org/10.1111/tpj.v105.2
https://doi.org/10.1016/0304-4238(84)90042-6
https://doi.org/10.1016/j.postharvbio.2023.112610
https://doi.org/10.3389/fpls.2016.00620
https://doi.org/10.3389/fpls.2016.00620
https://doi.org/10.21273/HORTSCI.42.7.1626
https://doi.org/10.21273/HORTSCI.42.7.1626
https://doi.org/10.3390/plants11091245
https://doi.org/10.3390/plants11091245
https://doi.org/10.1186/s12870-021-02874-1
https://doi.org/10.3390/molecules20059326
https://doi.org/10.3390/molecules20059326
https://doi.org/10.1104/pp.51.1.6
https://doi.org/10.1007/s00299-021-02687-4
https://doi.org/10.1007/s00299-021-02687-4
https://doi.org/10.1093/pcp/pcs179
https://doi.org/10.1093/pcp/pcs179
https://doi.org/10.1093/aob/mcv055
https://doi.org/10.1371/journal.pone.0014427
https://doi.org/10.1007/s004250050054
https://doi.org/10.1007/s11738-020-03097-x
https://doi.org/10.1007/s11738-020-03097-x
https://doi.org/10.21273/HORTSCI.39.5.1036
https://doi.org/10.1007/s11103-020-00980-6
https://doi.org/10.1104/pp.69.2.349
https://doi.org/10.3389/fpls.2022.817500
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Hagemann, M. H., Roemer, M. G., Kofler, J., Hegele, M., and Wiinsche, J. N. (2014).
A new approach for analyzing and interpreting data on fruit drop in mango.
HortScience horts 49, 1498-1505. doi: 10.21273/HORTSCI.49.12.1498

Hale, C. R., Coombe, B. G., and Hawker, J. S. (1970). Effects of ethylene and 2-
chloroethylphosphonic Acid on the ripening of grapes. Plant Physiol. 45, 620-623.
doi: 10.1104/pp.45.5.620

Han, W., Han, N, He, X,, and Zhao, X. (2019). Berry thinning to reduce bunch
compactness improves fruit quality of Cabernet Sauvignon (Vitis vinifera L.). Scientia
Hortic. 246, 589-596. doi: 10.1016/j.scienta.2018.11.037

Hartmond, U., Yuan, R. C., Burns, J. K., Grant, A., and Kender, W. J. (2000). Citrus
fruit abscission induced by methyl-jasmonate. J. Am. Soc. Hortic. Sci. 125, 547-552.
doi: 10.21273/JASHS.125.5.547

Hedberg, P. R., and Goodwin, P. B. (1980). Factors affecting natural and ethephon-
induced grape berry abscission. Am. J. Enology Viticulture 31, 109-113. doi: 10.5344/
ajev.1980.31.2.109

Henderson, J., and Osborne, D. J. (1990). Cell separation and anatomy of abscission
in the oil palm, Elaeis guineensis Jacq. J. Exp. Bot. 41, 203-210. doi: 10.1093/jxb/
41.2.203

Hirner, A., Ladwig, F., Stransky, H., Okumoto, S., Keinath, M., Harms, A, et al.
(2006). Arabidopsis LHT1 is a high-affinity transporter for cellular amino acid uptake
in both root epidermis and leaf mesophyll. Plant Cell 18, 1931-1946. doi: 10.1105/
tpc.106.041012

Huang, W., Hu, N,, Xiao, Z., Qiu, Y., Yang, Y., Yang, ], et al. (2022). A molecular
framework of ethylene-mediated fruit growth and ripening processes in tomato. Plant
Cell 34, 3280-3300. doi: 10.1093/plcell/koac146

Ireland, H. S., Yao, J. L., Tomes, S., Sutherland, P. W., Nieuwenhuizen, N.,
Gunaseelan, K., et al. (2013). Apple SEPALLATA1/2-like genes control fruit flesh
development and ripening. Plant J. 73, 1044-1056. doi: 10.1111/tpj.2013.73.issue-6

Itkin, M., Seybold, H., Breitel, D., Rogachev, I., Meir, S., and Aharoni, A. (2009).
TOMATO AGAMOUS-LIKE 1 is a component of the fruit ripening regulatory
network. Plant J. 60, 1081-1095. doi: 10.1111/j.1365-313X.2009.04064.x

Ito, Y., and Nakano, T. (2015). Development and regulation of pedicel abscission in
tomato. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00442

Iwai, H.,, Terao, A., and Satoh, S. (2013). Changes in distribution of cell wall
polysaccharides in floral and fruit abscission zones during fruit development in
tomato (Solanum lycopersicum). J. Plant Res. 126, 427-437. doi: 10.1007/s10265-012-
0536-0

Jackson, M. B., and Osborne, D. J. (1970). Ethylene, the natural regulator of leaf
abscission. Nature 225, 1019-1022. doi: 10.1038/2251019a0

Jackson, M. B., and Osborne, D. J. (1972). Abscisic acid, auxin, and ethylene in
explant abscission. J. Exp. Bot. 23, 849-862. doi: 10.1093/jxb/23.3.849

Jeon, C., Chung, M.-Y,, and Lee, J. M. (2024). Reassessing the contribution of
TOMATO AGAMOUS-LIKEI to fruit ripening by CRISPR/Cas9 mutagenesis. Plant
Cell Rep. 43, 41. doi: 10.1007/s00299-023-03105-7

Joubert, T. G. L. G. (1965). A third jointless gene in tomatoes. South Afr. J. Agric. Sci.
8, 571-582.

Kai, W., Wang, J., Liang, B., Fu, Y., Zheng, Y., Zhang, W., et al. (2019). PYL9 is
involved in the regulation of ABA signaling during tomato fruit ripening. J. Exp. Bot.
70, 6305-6319. doi: 10.1093/jxb/erz396

Kaur, A., Kaur, N,, Singh, H., Murria, S., and Jawanda, S. K. (2021). Efficacy of plant
growth regulators and mineral nutrients on fruit drop and quality attributes of plum cv.
Satluj purple. Plant Physiol. Rep. 26, 541-547. doi: 10.1007/s40502-021-00609-w

Kender, W. J., Hartmond, U., Burns, J. K., Yuan, R. C,, and Pozo, L. (2001). Methyl
jasmonate and CMN-pyrazole applied alone and in combination can cause mature
orange abscission. Scientia Hortic. 88, 107-120. doi: 10.1016/S0304-4238(00)00200-4

Kim, J., Dotson, B., Rey, C., Lindsey, J., Bleecker, A. B., Binder, B. M,, et al. (2013).
New clothes for the jasmonic acid receptor COIl: delayed abscission, meristem arrest
and apical dominance. PloS One 8, €60505. doi: 10.1371/journal.pone.0060505

Kim, H. Y., Kwon, J.-G., Lee, J.-Y., Yoo, J., Han, A. R,, Yun, H. K,, et al. (2024).
Aminoethoxyvinylglycine and 1-methylcyclopropene treatments affect fruit quality and
ethylene production in ‘Geum Hwang’ peach. J. Food Measurement Characterization
18, 1463-1472. doi: 10.1007/s11694-023-02233-8

Kuhn, N,, Ponce, C., Arellano, M., Time, A., Sagredo, B., Donoso, J. M., et al. (2020).
Gibberellic acid modifies the transcript abundance of ABA pathway orthologs and
modulates sweet cherry (Prunus avium) fruit ripening in early- and mid-season
varieties. Plants (Basel) 9, 1796. doi: 10.3390/plants9121796

Kurban, Y., Yunus, Q., Jiang, L., and Wei-Ming, Q. (2012). Comparison of fruit
quality of normal and roughbark pear in persistent calyx and dropping calyx of korla
fragrant pear. Xinjiang Agric. Sci. 49, 1028-1034.

Lai, J. W., Ramli, H. R,, Ismail, L. I, and Wan Hasan, W. Z. (2023). Oil palm fresh
fruit bunch ripeness detection methods: A systematic review. Agriculture 13, 156.
doi: 10.3390/agriculture13010156

Lanahan, M. B., Yen, H. C., Giovannoni, J. ]., and Klee, H. J. (1994). The Never Ripe
Mutation Blocks Ethylene Perception in Tomato. Plant Cell 6, 521-530. doi: 10.1105/
tpc.6.4.521

Frontiers in Plant Science

10.3389/fpls.2024.1524893

Lama, K, Harlev, G, Shafran, H., Peer, R, and Flaishman, M. A. (2020). Anthocyanin
accumulation is initiated by abscisic acid to enhance fruit color during fig (Ficus carica L.)
ripening. J. Plant Physiol. 251, 153192. doi: 10.1016/.jplph.2020.153192

Lavee, S. (2017). Physiological aspects of post harvest berry drop in certain grape
varieties. Vitis: J. Grapevine Res. 2, 34. doi: 10.5073/vitis.1959.2.34-39

Lee, J., Chen, H., Lee, G., Emonet, A., Kim, S. G., Shim, D, et al. (2022). MSD2-
mediated ROS metabolism fine-tunes the timing of floral organ abscission in
Arabidopsis. New Phytol. 235, 2466-2480. doi: 10.1111/nph.v235.6

Lelievre, J. M., Latche, A., Jones, B,, Bouzayen, M., and Pech, J. C. (1997). Ethylene and
fruit ripening. Physiologia Plantarum 101, 727-739. doi: 10.1111/j.1399-3054.1997.tb01057 x

Li, S., Chen, K., and Grierson, D. (2021b). Molecular and hormonal mechanisms
regulating fleshy fruit ripening. Cells 10, 1136. doi: 10.3390/cells10051136

Li, B.-J., Grierson, D., Shi, Y., and Chen, K.-S. (2022). Roles of abscisic acid in
regulating ripening and quality of strawberry, a model non-climacteric fruit.
Horticulture Res. 9, uhac089. doi: 10.1093/hr/uhac089

Li, N., Huang, B., Tang, N,, Jian, W., Zou, J., Chen, J., et al. (2017). The MADS-box
gene sSIMBP21 regulates sepal size mediated by ethylene and auxin in tomato. Plant Cell
Physiol. 58, 2241-2256. doi: 10.1093/pcp/pcx158

Li, C., Lu, X,, Xu, J., and Liu, Y. (2023a). Regulation of fruit ripening by MADS-box
transcription factors. Scientia Hortic. 314, 111950. doi: 10.1016/j.scienta.2023.111950

Li, R, Shi, C. L, Wang, X,, Meng, Y., Cheng, L., Jiang, C. Z., et al. (2021a).
Inflorescence abscission protein SIIDL6 promotes low light intensity-induced tomato
flower abscission. Plant Physiol. 186, 1288-1301. doi: 10.1093/plphys/kiab121

Li, X, Xiong, T., Zhu, Q., Zhou, Y., Lei, Q., Lu, H,, et al. (2023b). Combination of 1-
MCP and modified atmosphere packaging (MAP) maintains banana fruit quality under
high temperature storage by improving antioxidant system and cell wall structure.
Postharvest Biol. Technol. 198, 112265. doi: 10.1016/j.postharvbio.2023.112265

Li, J., and Yuan, R. (2008). NAA and ethylene regulate expression of genes related to
ethylene biosynthesis, perception, and cell wall degradation during fruit abscission and
ripening in ‘Delicious” Apples. J. Plant Growth Regul. 27, 283-295. doi: 10.1007/s00344-
008-9055-6

Lichter, A. (2016). Rachis browning in tablegrapes. Aust. J. Grape Wine Res. 22, 161-
168. doi: 10.1111/ajgw.12205

Lichter, A., Guzev, L., Dvir, O., Farber, 1., Danshin, A., Pressman, E., et al. (2006).
Seasonal changes in the abscission site in bunch tomatoes and differential response to
I-methylcyclopropene. Postharvest Biol. Technol. 40, 48-55. doi: 10.1016/
j.postharvbio.2005.12.002

Liu, X,, Cheng, L., Li, R, Cai, Y., Wang, X,, Fu, X,, et al. (2022b). The HD-Zip
transcription factor SIHB15A regulates abscission by modulating jasmonoyl-isoleucine
biosynthesis. Plant Physiol. 189, 2396-2412. doi: 10.1093/plphys/kiac212

Liu, D., Guo, T, Li, J., Hao, Y., Zhao, D., Wang, L., et al. (2022a). Hydrogen sulfide
inhibits the abscission of tomato pedicel through reconstruction of a basipetal auxin
gradient. Plant Sci. 318, 111219. doi: 10.1016/j.plantsci.2022.111219

Liu, M. C,, Pirrello, J., Chervin, C., Roustan, J. P., and Bouzayen, M. (2015). Ethylene
control of fruit ripening: revisiting the complex network of transcriptional regulation.
Plant Physiol. 169, 2380-2390. doi: 10.1104/pp.15.01361

Liu, D. M., Wang, D,, Qin, Z. R,, Zhang, D. D,, Yin, L. ], Wu, L,, et al. (2014). The
SEPALLATA MADS-box protein SLMBP21 forms protein complexes with JOINTLESS
and MACROCALYX as a transcription activator for development of the tomato flower
abscission zone. Plant J. 77, 284-296. doi: 10.1111/tpj.2013.77.issue-2

Liu, J., Yuan, X,, Quan, S., Zhang, M., Kang, C., Guo, C, et al. (2023). Genome-wide
identification and expression analysis of NCED gene family in pear and its response to
exogenous gibberellin and paclobutrazol. Int. J. Mol. Sci. 24, 7566. doi: 10.3390/
1jms24087566

Lobo, M. G, and Rojas, F. J. F. (2020). “Biology and postharvest physiology of banana,” in
Handbook of Banana Production, Postharvest Science, Processing Technology, and Nutrition
(John Wiley & Sons Ltd.), 19-44. doi: 10.1002/9781119528265.ch2

Looney, N. E. (1972). Effects of succinic acid 2,2-dimethylhydrazide, 2-
chloroethylphosphonic acid, and ethylene on respiration, ethylene production, and
ripening of "Redhaven" Peaches. Can. J. Plant Sci. 52, 73-80. doi: 10.4141/cjps72-009

Lu, L., Arif, S., Yu, J. M., Lee, J. W., Park, Y.-H., Tucker, M. L., et al. (2023).
Involvement of IDA-HAE module in natural development of tomato flower abscission.
Plants 12, 185. doi: 10.3390/plants12010185

Luo, T., Long, L., Lai, T,, Lin, X,, Ning, C., Lai, Z., et al. (2024). Preharvest GA3
treatment at optimized time points enhanced the storability of ‘Shixia’ longan fruit.
Postharvest Biol. Technol. 214, 113005. doi: 10.1016/j.postharvbio.2024.113005

Luo, C,, Qiu, J,, Zhang, Y., Li, M,, and Liu, P. (2023). Jasmonates coordinate secondary
with primary metabolism. Metabolites 13, 1008. doi: 10.3390/metabo13091008

Luyckx, A., Lechaudel, M., Hubert, O., Salmon, F., and Brat, P. (2016). Banana peel
physiological post-harvest disorders: A review. MOJ Food Process. Technol. 3, 7 p.
doi: 10.15406/mojfpt.2016.03.00060

Lv, Y., Ren, S,, Wu, B, Jiang, C,, Jiang, B., Zhou, B,, et al. (2023). Transcriptomic and
physiological comparison of Shatangju (Citrus reticulata) and its late-maturing mutant
provides insights into auxin regulation of citrus fruit maturation. Tree Physiol. 43,
1841-1854. doi: 10.1093/treephys/tpad089

frontiersin.org


https://doi.org/10.21273/HORTSCI.49.12.1498
https://doi.org/10.1104/pp.45.5.620
https://doi.org/10.1016/j.scienta.2018.11.037
https://doi.org/10.21273/JASHS.125.5.547
https://doi.org/10.5344/ajev.1980.31.2.109
https://doi.org/10.5344/ajev.1980.31.2.109
https://doi.org/10.1093/jxb/41.2.203
https://doi.org/10.1093/jxb/41.2.203
https://doi.org/10.1105/tpc.106.041012
https://doi.org/10.1105/tpc.106.041012
https://doi.org/10.1093/plcell/koac146
https://doi.org/10.1111/tpj.2013.73.issue-6
https://doi.org/10.1111/j.1365-313X.2009.04064.x
https://doi.org/10.3389/fpls.2015.00442
https://doi.org/10.1007/s10265-012-0536-0
https://doi.org/10.1007/s10265-012-0536-0
https://doi.org/10.1038/2251019a0
https://doi.org/10.1093/jxb/23.3.849
https://doi.org/10.1007/s00299-023-03105-7
https://doi.org/10.1093/jxb/erz396
https://doi.org/10.1007/s40502-021-00609-w
https://doi.org/10.1016/S0304-4238(00)00200-4
https://doi.org/10.1371/journal.pone.0060505
https://doi.org/10.1007/s11694-023-02233-8
https://doi.org/10.3390/plants9121796
https://doi.org/10.3390/agriculture13010156
https://doi.org/10.1105/tpc.6.4.521
https://doi.org/10.1105/tpc.6.4.521
https://doi.org/10.1016/j.jplph.2020.153192
https://doi.org/10.5073/vitis.1959.2.34-39
https://doi.org/10.1111/nph.v235.6
https://doi.org/10.1111/j.1399-3054.1997.tb01057.x
https://doi.org/10.3390/cells10051136
https://doi.org/10.1093/hr/uhac089
https://doi.org/10.1093/pcp/pcx158
https://doi.org/10.1016/j.scienta.2023.111950
https://doi.org/10.1093/plphys/kiab121
https://doi.org/10.1016/j.postharvbio.2023.112265
https://doi.org/10.1007/s00344-008-9055-6
https://doi.org/10.1007/s00344-008-9055-6
https://doi.org/10.1111/ajgw.12205
https://doi.org/10.1016/j.postharvbio.2005.12.002
https://doi.org/10.1016/j.postharvbio.2005.12.002
https://doi.org/10.1093/plphys/kiac212
https://doi.org/10.1016/j.plantsci.2022.111219
https://doi.org/10.1104/pp.15.01361
https://doi.org/10.1111/tpj.2013.77.issue-2
https://doi.org/10.3390/ijms24087566
https://doi.org/10.3390/ijms24087566
https://doi.org/10.1002/9781119528265.ch2
https://doi.org/10.4141/cjps72-009
https://doi.org/10.3390/plants12010185
https://doi.org/10.1016/j.postharvbio.2024.113005
https://doi.org/10.3390/metabo13091008
https://doi.org/10.15406/mojfpt.2016.03.00060
https://doi.org/10.1093/treephys/tpad089
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Lv, J., Zhang, M., Zhang, J., Ge, Y., Li, C., Meng, K., et al. (2018). Effects of methyl
jasmonate on expression of genes involved in ethylene biosynthesis and signaling
pathway during postharvest ripening of apple fruit. Scientia Hortic. 229, 157-166.
doi: 10.1016/j.scienta.2017.11.007

Lwin, H. P, and Lee, J. (2021). Preharvest 1-methylcyclopropene treatment effects on fruit
quality attributes and targeted metabolites in ‘Wonhwang’ pears stored at room temperature
after cold storage. Scientia Hortic. 289, 110480. doi: 10.1016/j.scienta.2021.110480

Ma, X, He, Z., Yuan, Y., Liang, Z., Zhang, H., Lalun, V. O, et al. (2024). The
transcriptional control of LcIDL1-LcHSL2 complex by LcARF5 integrates auxin and
ethylene signaling for litchi fruitlet abscission. J. Integr. Plant Biol. 66, 1206-1226.
doi: 10.1111/jipb.13646

Ma, C., Meir, S., Xiao, L. T., Tong, J. H,, Liu, Q., Reid, M. S., et al. (2015). A knotted1-
like homeobox protein regulates abscission in tomato by modulating the Auxin
pathway. Plant Physiol. 167, 844-84+. doi: 10.1104/pp.114.253815

Ma, X, Xie, X., He, Z., Wang, F.,, Fan, R, Chen, Q,, et al. (2023). A LcDOF5.6-
LcRbohD regulatory module controls the reactive oxygen species-mediated fruitlet
abscission in litchi. Plant J. 113, 954-968. doi: 10.1111/tpj.16092

Mao, L., Begum, D., Chuang, H. W., Budiman, M. A., Szymkowiak, E. J., Irish, E. E.,
et al. (2000). JOINTLESS is a MADS-box gene controlling tomato flower abscission
zone development. Nature 406, 910-913. doi: 10.1038/35022611

Martel, C., Vrebalov, J., Tafelmeyer, P., and Giovannoni, J. J. (2011). The tomato
MADS-box transcription factor RIPENING INHIBITOR interacts with promoters
involved in numerous ripening processes in a COLORLESS NONRIPENING-
dependent manner. Plant Physiol. 157, 1568-1579. doi: 10.1104/pp.111.181107

Masia, A., Ventura, M., Gemma, H., and Sansavini, S. (1998). Effect of some plant
growth regulator treatments on apple fruit ripening. Plant Growth Regul. 25, 127-134.
doi: 10.1023/A:1006081826510

Mattus-Araya, E., Stappung, Y., Herrera, R,, and Moya-Leon, M. A. (2023).
Molecular actors involved in the softening of Fragaria chiloensis fruit accelerated by
ABA treatment. J. Plant Growth Regul. 42, 433-448. doi: 10.1007/s00344-021-10564-3

Mauk, C. S., Bausher, M. G., and Yelenosky, G. (1986). Influence of growth regulator
treatments on dry matter production, fruit abscission, and14C-assimilate partitioning
in citrus. J. Plant Growth Regul. 5, 111-120. doi: 10.1007/BF02025962

MbeéGuié-A-MbeGuie, D., Hubert, O., Baurens, F. C., Matsumoto, T., Chillet, M.,
Fils-Lycaon, B., et al. (2009). Expression patterns of cell wall-modifying genes from
banana during fruit ripening and in relationship with finger drop. J. Exp. Bot. 60, 2021-
2034. doi: 10.1093/jxb/erp079

McArtney, S. J., Obermiller, J. D., and Arellano, C. (2012). Comparison of the effects
of metamitron on chlorophyll fluorescence and fruit set in apple and peach.
HortScience horts 47, 509-514. doi: 10.21273/HORTSCI.47.4.509

McMurchie, E. J., Mcglasson, W. B., and Eaks, I. L. (1972). Treatment of Fruit with
Propylene gives Information about the Biogenesis of Ethylene. Nature 237, 235-236.
doi: 10.1038/237235a0

Meena, A. K., Pathak, P., Hazarika, B., Dutta, F., and Marak, M. C. (2017). Bud,
flower and berry drop in grape (Vitis vinifera). Int. J. Agric. Innov. Res. 5, 942-943.

Meir, S., Philosoph-Hadas, S., Riov, J., Tucker, M. L, Patterson, S. E.,, and Roberts, J. A.
(2019). Re-evaluation of the ethylene-dependent and -independent pathways in the
regulation of floral and organ abscission. J. Exp. Bot. 70, 1461-1467. doi: 10.1093/jxb/erz038

Meir, S., Philosoph-Hadas, S., Sundaresan, S., Selvaraj, K. S., Burd, S., Ophir, R., et al.
(2010). Microarray analysis of the abscission-related transcriptome in the tomato
flower abscission zone in response to auxin depletion. Plant Physiol. 154, 1929-1956.
doi: 10.1104/pp.110.160697

Meir, S., Sundaresan, S., Riov, J., Agarwal, I, and Philosoph-Hadas, S. (2015). Role of
auxin depletion in abscission control. Stewart Postharvest Rev. 2, 1-15. doi: 10.2212/
spr.2015.2.2

Meneses, M., Garcia-Rojas, M., Munoz-Espinoza, C., Carrasco-Valenzuela, T.,
Defilippi, B., Gonzalez-Agiiero, M., et al. (2020). Transcriptomic study of pedicels
from GA3-treated table grape genotypes with different susceptibility to berry drop
reveals responses elicited in cell wall yield, primary growth and phenylpropanoids
synthesis. BMC Plant Biol. 20, 66. doi: 10.1186/s12870-020-2260-6

Merelo, P., Agusti, J., Arbona, V., Costa, M. L., Estornell, L. H., Gomez-Cadenas, A.,
et al. (2017). Cell wall remodeling in abscission zone cells during ethylene-promoted
fruit abscission in citrus. Front. Plant Sci. 8, 126. doi: 10.3389/fpls.2017.00126

Mesejo, C., Marzal, A., Martinez-Fuentes, A., Reig, C., and Agusti, M. (2021). On
how auxin, ethylene and IDA-peptide relate during mature Citrus fruit abscission.
Scientia Hortic. 278, 109855. doi: 10.1016/j.scienta.2020.109855

Moore, R., and Smith, J. D. (1984). Growth, graviresponsiveness and abscisic-acid
content of Zea mays seedlings treated with Fluridone. Planta 162, 342-344.
doi: 10.1007/BF00396746

Morcillo, F., Gros, D., Billotte, N., Ngando-Ebongue, G.-F., Domonhédo, H., Pizot,
M,, et al. (2013). Improving world palm oil production: identification and mapping of
the lipase gene causing oil deterioration. Nat. Commun. 4, 2160. doi: 10.1038/
ncomms3160

Morcillo, F., Serret, J., Beckers, A., Collin, M., Tisne, S., George, S., et al. (2021). A
non-shedding fruit elaeis oleifera palm reveals perturbations to hormone signaling,
ROS homeostasis, and hemicellulose metabolism. Genes (Basel) 12, 1724. doi: 10.3390/
genes12111724

Frontiers in Plant Science

17

10.3389/fpls.2024.1524893

Mostert, S., Alferez, F. M., Du Plooy, W., and Cronje, P. J. R. (2024). Effect of plant
growth regulators on postharvest calyx retention of citrus fruit. Postharvest Biol.
Technol. 207, 112629. doi: 10.1016/j.postharvbio.2023.112629

Murayama, H., Sai, M., Oikawa, A., and Itai, A. (2015). Inhibitory factors that affect
the ripening of pear fruit on the tree. Horticulture J. 84, 14-20. doi: 10.2503/hortj.MI-
015

Nakamura, M., and Hori, Y. (1981). Postharvest berry drop of seedless berries
produced by GA treatment in grape cultivar 'Kyoho'. Tohoku J. Agric. Res. 32, 1-13.

Nakano, T., Fujisawa, M., Shima, Y., and Ito, Y. (2014). The AP2/ERF transcription
factor SIERF52 functions in flower pedicel abscission in tomato. J. Exp. Bot. 65, 3111—
3119. doi: 10.1093/jxb/erul 54

Nakano, T., Kimbara, J., Fujisawa, M., Kitagawa, M., Ihashi, N., Maeda, H., et al.
(2012). MACROCALYX and JOINTLESS interact in the transcriptional regulation of
tomato fruit abscission zone development. Plant Physiol. 158, 439-450. doi: 10.1104/
pp.111.183731

Nguyen, V. T., Nguyen, N. T., Tran, D. T., Le, V. T, and Tran, T. H. (2024). AVG
treatment at pre-harvest to delay ripeness on booth7 avocado based on the activity of
ACC synthases and ACC oxidase enzymes. J. Agric. Sci. - Sri Lanka. 19, 407-418.
doi: 10.4038/jas.v19i2.10082

Okushima, Y., Mitina, I., Quach, H. L., and Theologis, A. (2005). AUXIN
RESPONSE FACTOR 2 (ARF2): a pleiotropic developmental regulator. Plant J. 43,
29-46. doi: 10.1111/§.1365-313X.2005.02426 x

Osorio, S., Vallarino, J. G., Szecowka, M., Ufaz, S., Tzin, V., Angelovici, R, et al.
(2012). Alteration of the interconversion of pyruvate and malate in the plastid or
cytosol of ripening tomato fruit invokes diverse consequences on sugar but similar
effects on cellular organic acid, metabolism, and transitory starch accumulation. Plant
Physiol. 161, 628-643. doi: 10.1104/pp.112.211094

Othmani, A., Jemni, M., Kadri, K., Amel, S., Artés, F., and Al-Khayri, J. M. (2020).
Preharvest Fruit Drop of Date Palm (Phoenix dactylifera L.) Cv. Deglet Nour at Kimri
Stage: Development, Physico-chemical Characterization, and Functional Properties.
Int. J. Fruit Sci. 20, 414-432. doi: 10.1080/15538362.2019.1651241

Oztiirk, B., Aslantiirk, B., and Altuntas, E. (2022). Effects of modified atmosphere
packaging and methyl jasmonate treatments on fruit quality and bioactive compounds
of apricot fruit during cold storage. J. Agric. Sci. 28, 71-82. doi: 10.15832/
ankutbd.748453

Oztiirk, A., Yildiz, K., Oztiirk, B., Karakaya, O., Gun, S., Uzun, S., et al. (2019).
Maintaining postharvest quality of medlar (Mespilus germanica) fruit using modified
atmosphere packaging and methyl jasmonate. LWT 111, 117-124. doi: 10.1016/
j.Iwt.2019.05.033

Oztiirk, B., and Yiicedag, F. (2021). Effects of methyl jasmonate on quality
properties and phytochemical compounds of kiwifruit (Actinidia deliciosa cv.
‘Hayward’) during cold storage and shelf life. Turkish J. Agric. Forestry 45, 154
164. doi: 10.3906/tar-2004-69

Parra-Lobato, M. C., and Gomez-Jimenez, M. C. (2011). Polyamine-induced
modulation of genes involved in ethylene biosynthesis and signalling pathways and
nitric oxide production during olive mature fruit abscission. J. Exp. Bot. 62, 4447-4465.
doi: 10.1093/jxb/err124

Patharkar, O. R., and Walker, J. C. (2018). Advances in abscission signaling. J. Exp.
Bot. 69, 733-740. doi: 10.1093/jxb/erx256

Pei, M., Niu, J,, Li, C,, Cao, F.,, and Quan, S. (2016). Identification and expression
analysis of genes related to calyx persistence in Korla fragrant pear. BMC Genomics 17,
132. doi: 10.1186/512864-016-2470-3

Peng, Z., and Fu, D. (2022). Effects of 1-methylcyclopropene treatment on the quality
of red ‘Fuji’ apples fruit during short-term storage. Food Qual. Saf. 7, 2023.
doi: 10.1093/fgsafe/fyac074

Peng, G., Wu, J., Lu, W., and Li, J. (2013). A polygalacturonase gene clustered into
clade E involved in lychee fruitlet abscission. Scientia Hortic. 150, 244-250.
doi: 10.1016/j.scienta.2012.10.029

Perotti, M. F., Posé, D., and Martin-Pizarro, C. (2023). Non-climacteric fruit
development and ripening regulation: ‘the phytohormones show’. J. Exp. Bot. 74,
6237-6253. doi: 10.1093/jxb/erad271

Pescie, M., and Strik, B. C. (2004). Thinning before bloom affects fruit size and yield of
hardy kiwifruit. HortScience HortSci 39, 1243-1245. doi: 10.21273/HORTSCI.39.6.1243

Pilati, S., Bagagli, G., Sonego, P., Moretto, M., Brazzale, D., Castorina, G., et al.
(2017). Abscisic acid is a major regulator of grape berry ripening onset: new
insights into ABA signaling network. Front. Plant Sci. 8. doi: 10.3389/
fpls.2017.01093

Pineda, B., Giménez-Caminero, E., Garcia-Sogo, B., Anton, M. T., Atares, A., Capel,
J., et al. (2010). Genetic and physiological characterization of the arlequin insertional
mutant reveals a key regulator of reproductive development in tomato. Plant Cell
Physiol. 51, 435-447. doi: 10.1093/pcp/pcq009

»

Porat, R. (2008). “Degreening of citrus fruit,” in Citrus I. Tree and Forestry Science
and Biotechnology. Eds. N. Benkeblia and P. Tennant (University of the West Indies,
Jamaica), 1-9.

Pozo, L., Yuan, R. C,, Kostenyuk, L, Alferez, F., Zhong, G. Y., and Burns, J. K. (2004).
Differential effects of 1-methylcyclopropene on citrus leaf and mature fruit abscission. J.
Am. Soc. Hortic. Sci. 129, 473-478. doi: 10.21273/JASHS.129.4.0473

frontiersin.org


https://doi.org/10.1016/j.scienta.2017.11.007
https://doi.org/10.1016/j.scienta.2021.110480
https://doi.org/10.1111/jipb.13646
https://doi.org/10.1104/pp.114.253815
https://doi.org/10.1111/tpj.16092
https://doi.org/10.1038/35022611
https://doi.org/10.1104/pp.111.181107
https://doi.org/10.1023/A:1006081826510
https://doi.org/10.1007/s00344-021-10564-3
https://doi.org/10.1007/BF02025962
https://doi.org/10.1093/jxb/erp079
https://doi.org/10.21273/HORTSCI.47.4.509
https://doi.org/10.1038/237235a0
https://doi.org/10.1093/jxb/erz038
https://doi.org/10.1104/pp.110.160697
https://doi.org/10.2212/spr.2015.2.2
https://doi.org/10.2212/spr.2015.2.2
https://doi.org/10.1186/s12870-020-2260-6
https://doi.org/10.3389/fpls.2017.00126
https://doi.org/10.1016/j.scienta.2020.109855
https://doi.org/10.1007/BF00396746
https://doi.org/10.1038/ncomms3160
https://doi.org/10.1038/ncomms3160
https://doi.org/10.3390/genes12111724
https://doi.org/10.3390/genes12111724
https://doi.org/10.1016/j.postharvbio.2023.112629
https://doi.org/10.2503/hortj.MI-015
https://doi.org/10.2503/hortj.MI-015
https://doi.org/10.1093/jxb/eru154
https://doi.org/10.1104/pp.111.183731
https://doi.org/10.1104/pp.111.183731
https://doi.org/10.4038/jas.v19i2.10082
https://doi.org/10.1111/j.1365-313X.2005.02426.x
https://doi.org/10.1104/pp.112.211094
https://doi.org/10.1080/15538362.2019.1651241
https://doi.org/10.15832/ankutbd.748453
https://doi.org/10.15832/ankutbd.748453
https://doi.org/10.1016/j.lwt.2019.05.033
https://doi.org/10.1016/j.lwt.2019.05.033
https://doi.org/10.3906/tar-2004-69
https://doi.org/10.1093/jxb/err124
https://doi.org/10.1093/jxb/erx256
https://doi.org/10.1186/s12864-016-2470-3
https://doi.org/10.1093/fqsafe/fyac074
https://doi.org/10.1016/j.scienta.2012.10.029
https://doi.org/10.1093/jxb/erad271
https://doi.org/10.21273/HORTSCI.39.6.1243
https://doi.org/10.3389/fpls.2017.01093
https://doi.org/10.3389/fpls.2017.01093
https://doi.org/10.1093/pcp/pcq009
https://doi.org/10.21273/JASHS.129.4.0473
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Qin, Y., Wang, W., Chang, M., Yang, H., Yin, F,, and Liu, Y. (2023). The ppIAA5-
ARF8 module regulates fruit ripening and softening in peach. Horticulturae 9, 1149.
doi: 10.3390/horticulturae9101149

Rai, A. C,, Halon, E., Zemach, H., Zviran, T., Sisai, L., Philosoph-Hadas, S., et al.
(2021). Characterization of two ethephon-induced IDA-like genes from mango, and
elucidation of their involvement in regulating organ abscission. Genes 12, 439.
doi: 10.3390/genes12030439

Rascio, N., Casadoro, G., Ramina, A., and Masia, A. (1985). Structural and
biochemical aspects of peach fruit abscission (Prunus persica L. Batsch). Planta 164,
1-11. doi: 10.1007/BF00391019

Rasmussen, G. K. (1974). Cellulase activity in separation zones of citrus fruit treated
with abscisic acid under normal and hypobaric atmospheresl. J. Am. Soc. Hortic. Sci.
99, 229-231. doi: 10.21273/JASHS.99.3.229

Richardson, P. J., Webster, A. D., and Quinlan, J. D. (1986). The effect of
paclobutrazol sprays with or without the addition of surfactants on the shoot
growth, yield and fruit quality of the apple cultivars Cox and Suntan. J. Hortic. Sci.
61, 439-446. doi: 10.1080/14620316.1986.11515724

Rizzuti, A., Aguilera-Saez, L. M., Gallo, V., Cafagna, I., Mastrorilli, P., Latronico, M.,
et al. (2015). On the use of Ethephon as abscising agent in cv. Crimson Seedless table
grape production: Combination of Fruit Detachment Force, Fruit Drop and
metabolomics. Food Chem. 171, 341-350. doi: 10.1016/j.foodchem.2014.08.132

Roldan, M. V. G,, Perilleux, C., Morin, H., Huerga-Fernandez, S., Latrasse, D.,
Benhamed, M., et al. (2017). Natural and induced loss of function mutations in
SIMBP21 MADS-box gene led to jointless-2 phenotype in tomato. Sci. Rep. 7, 4402.
doi: 10.1038/s41598-017-04556-1

Roongsattham, P., Morcillo, F., Fooyontphanich, K., Jantasuriyarat, C., Tragoonrung,
S., Amblard, P., et al. (2016). Cellular and pectin dynamics during abscission zone
development and ripe fruit abscission of the monocot oil palm. Front. Plant Sci. 7, 540.
doi: 10.3389/fpls.2016.00540

Rosa, N., Avila, G., Carbb, J., Verjans, W., Bonany, J., Ramalho, J. C., et al. (2022).
Response of Malus x domestica Borkh to metamitron and high night temperature:
Effects on physiology and fruit abscission. Scientia Hortic. 292, 110610. doi: 10.1016/
j.scienta.2021.110610

Rugini, E., Bongi, G., and Fontanazza, G. (1982). Effects of ethephon on olive
ripening. J. Am. Soc. Hortic. Sci. 107, 835-838. doi: 10.21273/JASHS.107.5.835

Ruperti, B., Bonghi, C,, Rasori, A., Ramina, A., and Tonutti, P. (2001). Characterization
and expression of two members of the peach 1-aminocyclopropane-1-carboxylate oxidase
gene family. Physiologia Plantarum 111, 336-344. doi: 10.1034/j.1399-3054.2001.1110311.x

Ruperti, B., Bonghi, C., Tonutti, P., and Ramina, A. (1998). Ethylene biosynthesis in
peach fruitlet abscission. Plant Cell Environ. 21, 731-737. doi: 10.1046/j.1365-
3040.1998.00305.x

Ruperti, B., Cattivelli, L., Pagni, S., and Ramina, A. (2002). Ethylene-responsive genes
are differentially regulated during abscission, organ senescence and wounding in peach
(Prunus persica). J. Exp. Bot. 53, 429-437. doi: 10.1093/jexbot/53.368.429

Sagee, O., Goren, R., and Riov, J. (1980). Abscission of citrus leaf explants:
interrelationships of abscisic acid, ethylene, and hydrolytic enzymes. Plant Physiol.
66, 750-753. doi: 10.1104/pp.66.4.750

Salazar, B. M., and Serrano, E. P. (2013). Etiology and postharvest control of finger
drop disorder in ‘Cuarenta dias’ Banana (Musa acuminata AA group). Philippine Agric.
Scientist 96, 163-171.

Sambanthamurthi, R. (2002). Towards understanding and controlling abscission in
the oil palm. Oil Palm Bull. 4516-22.

Saracoglu, O., Ozturk, B., Yildiz, K., and Kucuker, E. (2017). Pre-harvest methyl
jasmonate treatments delayed ripening and improved quality of sweet cherry fruits.
Scientia Hortic. 226, 19-23. doi: 10.1016/j.scienta.2017.08.024

Sarooshi, R. (1982). Response of pre-harvest drop of grapefruit on two rootstocks to 2,4-
D, MCPA and gibberellic acid. Aust. J. Exp. Agric. 22, 337-342. doi: 10.1071/EA9820337

Sdiri, S., Navarro, P., and Salvador, A. (2013). Postharvest application of a new
growth regulator reduces calyx alterations of citrus fruit induced by degreening
treatment. Postharvest Biol. Technol. 75, 68-74. doi: 10.1016/j.postharvbio.2012.08.004

Serrano, A., Kuhn, N,, Restovic, F., Meyer-Regueiro, C., Madariaga, M., and Arce-
Johnson, P. (2023). The glucose-related decrease in polar auxin transport during
ripening and its possible role in grapevine berry coloring. J. Plant Growth Regul. 42,
365-375. doi: 10.1007/s00344-021-10553-6

Sexton, R. (2001). “Abscission,” in Handbook of Plant and Crop Physiology. Ed. M.
Pessarakli (Boca Raton: CRC Press), 205-228.

Seymour, G. B., Ostergaard, L., Chapman, N. H., Knapp, S., and Martin, C. (2013).
Fruit development and ripening. Annu. Rev. Plant Biol. 64, 219-241. doi: 10.1146/
annurev-arplant-050312-120057

Seymour, G. B., Ryder, C. D., Cevik, V., Hammond, J. P., Popovich, A, King, G. J.,
et al. (2011). A SEPALLATA gene is involved in the development and ripening of
strawberry (Fragaria x ananassa Duch.) fruit, a non-climacteric tissue. J. Exp. Bot. 62,
1179-1188. doi: 10.1093/jxb/erq360

Sharma, S., Ritenour, M., and Ebel, R. C. (2017). The role of ethylene in abscission of
sweet orange promoted by exogenous application of the abscission agent 5-chloro-3-
methyl-4-nitro-1H-pyrazole (CMNP). J. Hortic. Sci. Biotechnol. 92, 120-129.
doi: 10.1080/14620316.2016.1232150

Frontiers in Plant Science

10.3389/fpls.2024.1524893

Shi, Z., Jiang, Y., Han, X, Liu, X., Cao, R., Qi, M., et al. (2017). SIPIN1 regulates auxin
efflux to affect flower abscission process. Sci. Rep. 7, 14919. doi: 10.1038/s41598-017-
15072-7

Shi, Y., Li, B.-J., Grierson, D., and Chen, K.-S. (2023). Insights into cell wall changes
during fruit softening from transgenic and naturally occurring mutants. Plant Physiol.
192, 1671-1683. doi: 10.1093/plphys/kiad128

Silverman, F. P., Petracek, P. D., Noll, M. R., and Warrior, P. (2004).
Aminoethoxyvinylglycine effects on late-season apple fruit maturation. Plant Growth
Regul. 43, 153-161. doi: 10.1023/B:GROW.0000040113.05826.d2

Sisler, E. C,, and Serek, M. (1997). Inhibitors of ethylene responses in plants at the
receptor level: Recent developments. Physiologia Plantarum 100, 577-582.
doi: 10.1111/j.1399-3054.1997.tb03063.x

Soyk, S., Lemmon, Z. H., Oved, M., Fisher, J., Liberatore, K. L., Park, S. J., et al.
(2017). Bypassing negative epistasis on yield in tomato imposed by a domestication
gene. Cell 169, 1142-1155.e1112. doi: 10.1016/j.cell.2017.04.032

Stenvik, G. E., Tandstad, N. M., Guo, Y., Shi, C. L., Kristiansen, W., Holmgren, A.,
et al. (2008). The EPIP peptide of Inflorescence Deficient in Abscission is sufficient to
induce abscission in arabidopsis through the receptor-like kinases HAESA and
HAESA-LIKE2. Plant Cell 20, 1805-1817. doi: 10.1105/tpc.108.059139

Stephenson, A. G. (1981). Flower and fruit abortion: proximate causes and ultimate
functions. Annu. Rev. Ecol. Systematics 12, 253-279. doi: 10.1146/annurev.es.12.110181.001345

Ste, I. M, Orr, R. J. S., Fooyontphanich, K., Jin, X., Knutsen, J. M. B., Fischer, U,, et al.
(2015). Conservation of the abscission signaling peptide IDA during Angiosperm
evolution: withstanding genome duplications and gain and loss of the receptors HAE/
HSL2. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00931

Stutte, G. W, and Gage, J. (1990). Gibberellin inhibits fruit abscission following seed
abortion in peach. J. Am. Soc. Hortic. Sci. jashs 115, 107-110. doi: 10.21273/
JASHS.115.1.107

Su, G, Lin, Y., Wang, C, Lu, J,, Liu, Z., He, Z,, et al. (2023). Expansin SIExp1 and
endoglucanase SICel2 synergistically promote fruit softening and cell wall disassembly
in tomato. Plant Cell 36, 709-726. doi: 10.1093/plcell/koad291

Suehiro, Y., Mochida, K., Tsuma, M., Yasuda, Y., Itamura, H., and Esumi, T. (2019).
Effects of gibberellic acid/cytokinin treatments on berry development and maturation
in the yellow-green skinned ‘Shine Muscat’ Grape. Horticulture J. 88, 202-213.
doi: 10.2503/hortj.UTD-046

Sun, L., Sun, Y., Zhang, M., Wang, L., Ren, J., Cui, M., et al. (2012). Suppression of 9-
cis-epoxycarotenoid dioxygenase, which encodes a key enzyme in abscisic acid
biosynthesis, alters fruit texture in transgenic tomato. Plant Physiol. 158, 283-298.
doi: 10.1104/pp.111.186866

Sun, L., Zhang, M., Ren, J., Qi, J., Zhang, G., and Leng, P. (2010). Reciprocity between
abscisic acid and ethylene at the onset of berry ripening and after harvest. BMC Plant
Biol. 10, 257. doi: 10.1186/1471-2229-10-257

Sundaresan, S., Philosoph-Hadas, S., Ma, C,, Jiang, C. Z., Riov, J., Kochanek, B., et al.
(2021). Role of the KNOTTEDI-LIKE HOMEOBOX protein (KD1) in regulating
abscission of tomato flower pedicels at early and late stages of the process. Physiol.
Plant. 173, 2103-2118. doi: 10.1111/ppl.v173.4

Sundaresan, S., Philosoph-Hadas, S., Ma, C,, Jiang, C. Z., Riov, J., Mugasimangalam,
R, et al. (2018). The Tomato Hybrid Proline-rich Protein regulates the abscission zone
competence to respond to ethylene signals. Hortic. Res. 5, 28. doi: 10.1038/5s41438-018-
0033-2

Tadeo, F. R,, Cercos, M., Colmenero-Flores, J. M., Iglesias, D. J., Naranjo, M. A., Rios,
G., et al. (2008). Molecular physiology of development and quality of citrus. Adv. Bot.
Res. 47, 147-223. doi: 10.1016/S0065-2296(08)00004-9

Taesakul, P., Pradisthakarn, N., Chantaksinopas, S., and Siriphanich, J. (2012).
Longkong fruit abscission and its control. Postharvest Biol. Technol. 64, 91-93.
doi: 10.1016/j.postharvbio.2011.10.003

Tatsuki, M., Nakajima, N., Fujii, H., Shimada, T., Nakano, M., Hayashi, K.-L, et al.
(2013). Increased levels of IAA are required for system 2 ethylene synthesis causing
fruit softening in peach (Prunus persica L. Batsch). J. Exp. Bot. 64, 1049-1059.
doi: 10.1093/jxb/ers381

Taylor, J. E., and Whitelaw, C. A. (2001). Signals in abscission. New Phytol. 151, 323~
340. doi: 10.1046/j.0028-646x.2001.00194.x

Tomiyama, H., Goto, Y., Opio, P., Saito, T., Ohkawa, K., Ohara, H., et al. (2021). A
combination of hot water and abscisic acid (ABA) biosynthesis inhibitor regulates
ripening of Japanese apricot (Prunus mume) fruit. Eur. J. Hortic. Sci. 86, 461-468.
doi: 10.17660/eJHS.2021/86.5.2

Torres, E., Caimel, D., and Asin, L. (2024). Responses of ethylene emission,
abscission, and fruit quality to the application of ACC as a chemical thinner in
‘Flatbeauti’ Peach. J. Plant Growth Regulation. 43, 4171-4184. doi: 10.1007/s00344-024-
11382-z

Tranbarger, T. J., Domonhedo, H., Cazemajor, M., Dubreuil, C., Fischer, U., and
Morcillo, F. (2019). The PIP peptide of INFLORESCENCE DEFICIENT IN
ABSCISSION enhances populus leaf and Elaeis guineensis fruit abscission. Plants
(Basel) 8, 143. doi: 10.3390/plants8060143

Tranbarger, T. J., and Tadeo, F. R. (2020). Diversity and functional dynamics of
fleshy fruit abscission zones. Annu. Plant Rev. Online 3, 151-213. doi: 10.1002/
9781119312994.apr0652

frontiersin.org


https://doi.org/10.3390/horticulturae9101149
https://doi.org/10.3390/genes12030439
https://doi.org/10.1007/BF00391019
https://doi.org/10.21273/JASHS.99.3.229
https://doi.org/10.1080/14620316.1986.11515724
https://doi.org/10.1016/j.foodchem.2014.08.132
https://doi.org/10.1038/s41598-017-04556-1
https://doi.org/10.3389/fpls.2016.00540
https://doi.org/10.1016/j.scienta.2021.110610
https://doi.org/10.1016/j.scienta.2021.110610
https://doi.org/10.21273/JASHS.107.5.835
https://doi.org/10.1034/j.1399-3054.2001.1110311.x
https://doi.org/10.1046/j.1365-3040.1998.00305.x
https://doi.org/10.1046/j.1365-3040.1998.00305.x
https://doi.org/10.1093/jexbot/53.368.429
https://doi.org/10.1104/pp.66.4.750
https://doi.org/10.1016/j.scienta.2017.08.024
https://doi.org/10.1071/EA9820337
https://doi.org/10.1016/j.postharvbio.2012.08.004
https://doi.org/10.1007/s00344-021-10553-6
https://doi.org/10.1146/annurev-arplant-050312-120057
https://doi.org/10.1146/annurev-arplant-050312-120057
https://doi.org/10.1093/jxb/erq360
https://doi.org/10.1080/14620316.2016.1232150
https://doi.org/10.1038/s41598-017-15072-7
https://doi.org/10.1038/s41598-017-15072-7
https://doi.org/10.1093/plphys/kiad128
https://doi.org/10.1023/B:GROW.0000040113.05826.d2
https://doi.org/10.1111/j.1399-3054.1997.tb03063.x
https://doi.org/10.1016/j.cell.2017.04.032
https://doi.org/10.1105/tpc.108.059139
https://doi.org/10.1146/annurev.es.12.110181.001345
https://doi.org/10.3389/fpls.2015.00931
https://doi.org/10.21273/JASHS.115.1.107
https://doi.org/10.21273/JASHS.115.1.107
https://doi.org/10.1093/plcell/koad291
https://doi.org/10.2503/hortj.UTD-046
https://doi.org/10.1104/pp.111.186866
https://doi.org/10.1186/1471-2229-10-257
https://doi.org/10.1111/ppl.v173.4
https://doi.org/10.1038/s41438-018-0033-2
https://doi.org/10.1038/s41438-018-0033-2
https://doi.org/10.1016/S0065-2296(08)00004-9
https://doi.org/10.1016/j.postharvbio.2011.10.003
https://doi.org/10.1093/jxb/ers381
https://doi.org/10.1046/j.0028-646x.2001.00194.x
https://doi.org/10.17660/eJHS.2021/86.5.2
https://doi.org/10.1007/s00344-024-11382-z
https://doi.org/10.1007/s00344-024-11382-z
https://doi.org/10.3390/plants8060143
https://doi.org/10.1002/9781119312994.apr0652
https://doi.org/10.1002/9781119312994.apr0652
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Tucker, M. L., and Kim, J. (2015). Abscission research: what we know and what we
still need to study. Stewart Postharvest Rev. 2, 1-7. doi: 10.2212/spr.2015.2.1

Tucker, G. A., Schindler, C. B., and Roberts, J. A. (1984). Flower abscission in mutant
tomato plants. Planta 160, 164-167. doi: 10.1007/BF00392865

Uzquiza, L., Gonzalez, R., Gonzalez, M. R., and Martin, P. (2013). Potential of
combined ethephon and methyl jasmonate treatments for improving mechanical
harvesting of wine grapes. Eur. J. Hortic. Sci. 78, 169-175.

Uzquiza, L., Martin, P., Sievert, J. R,, Arpaia, M. L., and Fidelibus, M. W. (2014).
Methyl jasmonate and 1-aminocyclopropane-1-carboxylic acid interact to promote
grape berry abscission. Am. J. Enology Viticulture 65, 504. doi: 10.5344/ajev.2014.14038

Villalobos-Gonzalez, L., Pefia-Neira, A., Ibafiez, F., and Pastenes, C. (2016). Long-
term effects of abscisic acid (ABA) on the grape berry phenylpropanoid pathway: Gene
expression and metabolite content. Plant Physiol. Biochem. 105, 213-223. doi: 10.1016/
j.plaphy.2016.04.012

Volk, G. M., and Cornille, A. (2019). “Genetic diversity and domestication history in
pyrus,” in The Pear Genome. Ed. S. S. Korban (Springer International Publishing,
Cham), 51-62.

Vrebalov, J., Pan, I. L., Arroyo, A. J., Mcquinn, R., Chung, M., Poole, M., et al. (2009).
Fleshy fruit expansion and ripening are regulated by the Tomato SHATTERPROOF
gene TAGLI. Plant Cell 21, 3041-3062. doi: 10.1105/tpc.109.066936

Vrebalov, J., Ruezinsky, D., Padmanabhan, V., White, R., Medrano, D., Drake, R.,
et al. (2002). A MADS-box gene necessary for fruit ripening at the tomato ripening-
inhibitor (rin) locus. Science 296, 343-346. doi: 10.1126/science.1068181

Wang, Z., Asghari, M., Zahedipour-Sheshglani, P., and Mohammadzadeh, K. (2024).
Impact of 24-epibrassinoliode and methyl jasmonate on quality of Red Delicious
apples. J. Sci. Food Agric. 104, 1621-1629. doi: 10.1002/jsfa.v104.3

Wang, R, Li, R, Cheng, L., Wang, X,, Fu, X,, Dong, X, et al. (2021). SIERF52
regulates SITIP1;1 expression to accelerate tomato pedicel abscission. Plant Physiol.
185, 1829-1846. doi: 10.1093/plphys/kiab026

Wang, S., Lu, G., Hou, Z,, Luo, Z,, Wang, T., Li, H,, et al. (2014). Members of the
tomato FRUITFULL MADS-box family regulate style abscission and fruit ripening. J.
Exp. Bot. 65, 3005-3014. doi: 10.1093/jxb/erul37

Wang, L., Luo, Z,, Li, J., Yang, M., Yan, J., Lu, H,, et al. (2019). Morphological and
quality characterization of grape berry and rachis in response to postharvest 1-
methylcyclopropene and elevated oxygen and carbon dioxide atmospheres.
Postharvest Biol. Technol. 153, 107-117. doi: 10.1016/j.postharvbio.2019.04.001

Wang, D., and Seymour, G. B. (2022). Molecular and biochemical basis of softening
in tomato. Mol. Horticulture 2, 5. doi: 10.1186/s43897-022-00026-z

Wang, X,, Yin, W., Wu, J., Chai, L., and Yi, H. (2016). Effects of exogenous abscisic
acid on the expression of citrus fruit ripening-related genes and fruit ripening. Scientia
Hortic. 201, 175-183. doi: 10.1016/j.scienta.2015.12.024

Wang, Y., Zou, W., Xiao, Y., Cheng, L., Liu, Y., Gao, S., et al. (2018). MicroRNA1917
targets CTR4 splice variants to regulate ethylene responses in tomato. J. Exp. Bot. 69,
1011-1025. doi: 10.1093/jxb/erx469

Wardowsky, W. F., Miller, W. M., and Grierson, W. (2006). “Degreening,” in Fresh
Citrus Fruits. Eds. W. F. Wardowsky, W. M. Miller, D. J. Hall and W. Grierson (Florida
Science Source, Inc, Longboat Key, FL), 277-298.

Waseem, M., Li, N., Su, D., Chen, J., and Li, Z. (2019). Overexpression of a basic
helix-loop-helix transcription factor gene, SIbHLH22, promotes early flowering and
accelerates fruit ripening in tomato (Solanum lycopersicum L.). Planta 250, 173-185.
doi: 10.1007/s00425-019-03157-8

Wasternack, C., and Strnad, M. (2018). Jasmonates: news on occurrence,
biosynthesis, metabolism and action of an ancient group of signaling compounds.
Int. J. Mol. Sci. 19, 2539. doi: 10.3390/ijms19092539

Watkins, C. B. (2006). The use of 1-methylcyclopropene (1-MCP) on fruits and
vegetables. Biotechnol. Adv. 24, 389-409. doi: 10.1016/j.biotechadv.2006.01.005

Wheeler, S., Loveys, B., Ford, C., and Davies, C. (2009). The relationship between the
expression of abscisic acid biosynthesis genes, accumulation of abscisic acid and the
promotion of Vitis vinifera L. berry ripening by abscisic acid. Aust. J. Grape Wine Res.
15, 195-204. doi: 10.1111/§.1755-0238.2008.00045.x

Wilkinson, J. Q., Lanahan, M. B,, Yen, H. C., Giovannoni, J. J., and Klee, H. J. (1995).
An ethylene-inducible component of signal transduction encoded by never-ripe.
Science 270, 1807-1809. doi: 10.1126/science.270.5243.1807

Wilmowicz, E., Frankowski, K., Kucko, A., Swidzinski, M., De Dios Alche, J.,
Nowakowska, A., et al. (2016). The influence of abscisic acid on the ethylene
biosynthesis pathway in the functioning of the flower abscission zone in Lupinus
luteus. J. Plant Physiol. 206, 49-58. doi: 10.1016/.jplph.2016.08.018

Wu, X, Hu, Q,, Liang, X,, Chen, J., Huan, C., and Fang, S. (2022). Methyl jasmonate
encapsulated in protein-based nanoparticles to enhance water dispersibility and used as
coatings to improve cherry tomato storage. Food Packaging Shelf Life 33, 100925.
doi: 10.1016/j.fps1.2022.100925

Frontiers in Plant Science

19

10.3389/fpls.2024.1524893

Wu, M., Liu, K, Li, H,, Li, Y., Zhu, Y., Su, D, et al. (2023). Gibberellins involved in
fruit ripening and softening by mediating multiple hormonal signals in tomato.
Horticulture Res. 11, uhad275. doi: 10.1093/hr/uhad275

Xie, Q., Hu, Z., Zhu, Z., Dong, T., Zhao, Z., Cui, B., et al. (2014). Overexpression of a
novel MADS-box gene SIFYFL delays senescence, fruit ripening and abscission in
tomato. Sci. Rep. 4, 4367. doi: 10.1038/srep04367

Xing, M., Li, H,, Liu, G., Zhu, B., Zhu, H., Grierson, D, et al. (2022). A MADS-box
transcription factor, SIMADS], interacts with SIMACROCALYX to regulate tomato
sepal growth. Plant Sci. 322, 111366. doi: 10.1016/j.plantsci.2022.111366

Xu, X.-F., Wang, B., Feng, Y.-F., Xue, J.-S., Qian, X.-X,, Liu, S.-Q., et al. (2019).
AUXIN RESPONSE FACTORI17 directly regulates MYB108 for anther dehiscencel
[OPEN. Plant Physiol. 181, 645-655. doi: 10.1104/pp.19.00576

Yakushiji, H., Morinaga, K., and Kobayashi, S. (2001). Promotion of berry ripening
by 2, 3, 5-triiodobenzoic acid in 'Kyoho' Grapes. J. Japanese Soc. Hortic. Sci. 70, 185—
190. doi: 10.2503/jjshs.70.185

Yang, L., Hu, G., Li, N, Habib, S., Huang, W.,, and Li, Z. (2017). Functional
characterization of SISAHH2 in tomato fruit ripening. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.01312

Yu, J., Pi, S., Kang, L., Tan, Q., and Zhu, M. (2024). Possible mechanisms underlying
the postharvest increased abscission of seeded table grape after seedless-inducing
treatment. J. Plant Growth Regulation. doi: 10.1007/s00344-024-11288-w

Yu, Y. B, and Yang, S. F. (1979). Auxin-induced ethylene production and its
inhibition by Aminoethyoxyvinylglycine and cobalt ion. Plant Physiol. 64, 1074-
1077. doi: 10.1104/pp.64.6.1074

Yuan, R, and Carbaugh, D. H. (2007). Effects of NAA, AVG, and 1-MCP on ethylene
biosynthesis, preharvest fruit drop, fruit maturity, and quality of ‘Golden supreme’ and
‘Golden delicious” Apples. HortScience horts 42, 101-105. doi: 10.21273/HORTSCI.42.1.101

Yuste-Lisbona, F. J., Quinet, M., Fernandez-Lozano, A., Pineda, B., Moreno, V.,
Angosto, T, et al. (2016). Characterization of vegetative inflorescence (mc-vin) mutant
provides new insight into the role of MACROCALYX in regulating inflorescence
development of tomato. Sci. Rep. 6, 18796. doi: 10.1038/srep18796

Zacarias, L., Talon, M., Ben-Cheikh, W., Lafuente, M. T., and Primo-Millo, E. (1995).
Abscisic acid increases in non-growing and paclobutrazol-treated fruits of seedless
mandarins. Physiologia Plantarum 95, 613-619. doi: 10.1111/j.1399-3054.1995.tb05530.x

Zapata, P. J,, Martinez-Espla, A., Guillén, F., Diaz-Mula, H. M., Martinez-Romero, D.,
Serrano, M., et al. (2014). Preharvest application of methyl jasmonate (MeJA) in two plum
cultivars. 2. Improvement of fruit quality and antioxidant systems during postharvest
storage. Postharvest Biol. Technol. 98, 115-122. doi: 10.1016/j.postharvbio.2014.07.012

Zhang, Y., Berman, A., and Shani, E. (2023). Plant hormone transport and
localization: signaling molecules on the move. Annu. Rev. Plant Biol. 74, 453-479.
doi: 10.1146/annurev-arplant-070722-015329

Zhang, J., Cheng, D., Wang, B., Khan, I, and Ni, Y. (2017). Ethylene control
technologies in extending postharvest shelf life of climacteric fruit. J. Agric. Food Chem.
65, 7308-7319. doi: 10.1021/acs.jafc.7b02616

Zhang, J., Dong, T., Hu, Z,, Li, J., Zhu, M., and Chen, G. (2024a). A SEPALLATA
MADS-box transcription factor, sMBP21, functions as a negative regulator of flower
number and fruit yields in tomato. Plants 13, 1421. doi: 10.3390/plants13101421

Zhang, J., Hu, Z,, Xie, Q,, Dong, T., Li, J., and Chen, G. (2024b). Two SEPALLATA
MADS-box genes, sSIMBP21 and sIMADSI, have cooperative functions required for
sepal development in tomato. Int. J. Mol. Sci. 25, 2489. doi: 10.3390/ijms25052489

Zhang, J., Hu, Z,, Yao, Q., Guo, X,, Nguyen, V., Li, F,, et al. (2018). A tomato MADS-
box protein, SICMBI, regulates ethylene biosynthesis and carotenoid accumulation
during fruit ripening. Sci. Rep. 8, 3413. doi: 10.1038/s41598-018-21672-8

Zhang, M., Leng, P., Zhang, G., and Li, X. (2009a). Cloning and functional analysis of
9-cis-epoxycarotenoid dioxygenase (NCED) genes encoding a key enzyme during
abscisic acid biosynthesis from peach and grape fruits. J. Plant Physiol. 166, 1241-1252.
doi: 10.1016/1,jplph.2009.01.013

Zhang, M., Yuan, B, and Leng, P. (2009b). The role of ABA in triggering ethylene
biosynthesis and ripening of tomato fruit. J. Exp. Bot. 60, 1579-1588. doi: 10.1093/jxb/erp026

Zhang, Y.-L., and Zhang, R.-G. (2009). Effects of ABA content on the development of
abscission zone and berry falling after harvesting of grapes. Agric. Sci. China 8, 59-67.
doi: 10.1016/S1671-2927(09)60009-2

Zhou, L., Li, C, Niu, J., Pei, M., Cao, F., and Quan, S. (2018). Identification of
miRNAs involved in calyx persistence in Korla fragrant pear (Pyrus sinkiangensis Yu)
by high-throughput sequencing. Scientia Hortic. 240, 344-353. doi: 10.1016/
j.scienta.2018.06.026

Zhu, H., Dardick, C. D., Beers, E. P., Callanhan, A. M., Xia, R., and Yuan, R. (2011).
Transcriptomics of shading-induced and NAA-induced abscission in apple (Malus
domestica) reveals a shared pathway involving reduced photosynthesis, alterations in
carbohydrate transport and signaling and hormone crosstalk. BMC Plant Biol. 11, 138.
doi: 10.1186/1471-2229-11-138

frontiersin.org


https://doi.org/10.2212/spr.2015.2.1
https://doi.org/10.1007/BF00392865
https://doi.org/10.5344/ajev.2014.14038
https://doi.org/10.1016/j.plaphy.2016.04.012
https://doi.org/10.1016/j.plaphy.2016.04.012
https://doi.org/10.1105/tpc.109.066936
https://doi.org/10.1126/science.1068181
https://doi.org/10.1002/jsfa.v104.3
https://doi.org/10.1093/plphys/kiab026
https://doi.org/10.1093/jxb/eru137
https://doi.org/10.1016/j.postharvbio.2019.04.001
https://doi.org/10.1186/s43897-022-00026-z
https://doi.org/10.1016/j.scienta.2015.12.024
https://doi.org/10.1093/jxb/erx469
https://doi.org/10.1007/s00425-019-03157-8
https://doi.org/10.3390/ijms19092539
https://doi.org/10.1016/j.biotechadv.2006.01.005
https://doi.org/10.1111/j.1755-0238.2008.00045.x
https://doi.org/10.1126/science.270.5243.1807
https://doi.org/10.1016/j.jplph.2016.08.018
https://doi.org/10.1016/j.fpsl.2022.100925
https://doi.org/10.1093/hr/uhad275
https://doi.org/10.1038/srep04367
https://doi.org/10.1016/j.plantsci.2022.111366
https://doi.org/10.1104/pp.19.00576
https://doi.org/10.2503/jjshs.70.185
https://doi.org/10.3389/fpls.2017.01312
https://doi.org/10.1007/s00344-024-11288-w
https://doi.org/10.1104/pp.64.6.1074
https://doi.org/10.21273/HORTSCI.42.1.101
https://doi.org/10.1038/srep18796
https://doi.org/10.1111/j.1399-3054.1995.tb05530.x
https://doi.org/10.1016/j.postharvbio.2014.07.012
https://doi.org/10.1146/annurev-arplant-070722-015329
https://doi.org/10.1021/acs.jafc.7b02616
https://doi.org/10.3390/plants13101421
https://doi.org/10.3390/ijms25052489
https://doi.org/10.1038/s41598-018-21672-8
https://doi.org/10.1016/j.jplph.2009.01.013
https://doi.org/10.1093/jxb/erp026
https://doi.org/10.1016/S1671-2927(09)60009-2
https://doi.org/10.1016/j.scienta.2018.06.026
https://doi.org/10.1016/j.scienta.2018.06.026
https://doi.org/10.1186/1471-2229-11-138
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tranbarger and Tadeo

Zhu, M., Li, J., Liu, Y., Wang, Q., Fan, Z., Zeng, J., et al. (2024). Preharvest nano-
calcium reduces the table grape berry abscission by regulating ethylene production
during storage. J. Plant Growth Regul. 43, 1400-1409. doi: 10.1007/s00344-023-11192-9

Zhu, M., Liu, Z., Zeng, Y., and Yu, J. (2022). Nordihydroguaiaretic acid reduces
postharvest berry abscission in grapes. Postharvest Biol. Technol. 183, 111748.
doi: 10.1016/j.postharvbio.2021.111748

Ziliotto, F., Corso, M., Rizzini, F. M., Rasori, A., Botton, A., and Bonghi, C. (2012).
Grape berry ripening delay induced by a pre-veéraison NAA treatment is paralleled by a

Frontiers in Plant Science

20

10.3389/fpls.2024.1524893

shift in the expression pattern of auxin- and ethylene-related genes. BMC Plant Biol. 12,
185. doi: 10.1186/1471-2229-12-185

Zoffoli, J. P., Latorre, B. A., and Naranjo, P. (2009). Preharvest applications of growth
regulators and their effect on postharvest quality of table grapes during cold storage.
Postharvest Biol. Technol. 51, 183-192. doi: 10.1016/j.postharvbio.2008.06.013

Zou, ], Li, N,, Hu, N,, Tang, N., Cao, H,, Liu, Y., et al. (2022). Co-silencing of ABA
receptors (SIRCAR) reveals interactions between ABA and ethylene signaling during
tomato fruit ripening. Hortic. Res. 9, uhac057. doi: 10.1093/hr/uhac057

frontiersin.org


https://doi.org/10.1007/s00344-023-11192-9
https://doi.org/10.1016/j.postharvbio.2021.111748
https://doi.org/10.1186/1471-2229-12-185
https://doi.org/10.1016/j.postharvbio.2008.06.013
https://doi.org/10.1093/hr/uhac057
https://doi.org/10.3389/fpls.2024.1524893
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Abscission zone metabolism impacts pre- and post-harvest fruit quality: a very attaching story
	1 Introduction
	2 Hormonal crosstalk occurs between the maturing fruit and the fruit AZ that regulates ripening-related abscission
	3 Hormonal metabolism and signaling in fruit abscission zones during maturing fleshy fruit abscission
	3.1 Auxin-related gene expression in maturing fruit abscission zones
	3.2 Ethylene-related gene expression and metabolism in mature abscission zones
	3.3 Jasmonate-related gene expression and metabolism in maturing fruit abscission zones
	3.4 Abscisic-related gene expression and metabolism in maturing fruit abscission zones

	4 The AZ at the cross roads to integrate pathways and signals related to development, whole plant physiological status, environment, adaptation and defense
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


