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Abstract The process of fruit ripening is normally viewed
distinctly in climacteric and non-climacteric fruits. But, many
fruits such as guava, melon, Japanese plum, Asian pear and
pepper show climacteric as well as non-climacteric behaviour
depending on the cultivar or genotype. Investigations on in
planta levels of CO, and ethylene at various stages of fruits
during ripening supported the role and involvement of
changes in the rate of respiration and ethylene production in
non-climacteric fruits such as strawberry, grapes and citrus.
Non-climacteric fruits are also reported to respond to the
exogenous application of ethylene. Comparative analysis of
plant-attached and plant-detached fruits did not show
similarity in their ripening behaviour. This disparity is being
explained in view of 1. Hypothetical ripening inhibitor, 2.
Differences in the production, release and endogenous levels
of ethylene, 3. Sensitivity of fruits towards ethylene and 4.
Variations in the gaseous microenvironment among fruits and
their varieties. Detailed studies on genetic and inheritance
patterns along with the application of ‘-omics’ research
indicated that ethylene-dependent and ethylene-independent
pathways coexist in both climacteric and non-climacteric
fruits. Auxin levels also interact with ethylene in regulating
ripening. These findings therefore reveal that the classifica-
tion of fruits based on climacteric rise and/or ethylene
production status is not very distinct or perfect. However,
presence of a characteristic rise in CO, levels and a burst in
ethylene production in some non-climacteric fruits as well as
the presence of system 2 of ethylene production point to a
ubiquitous role for ethylene in fruit ripening.
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Postharvest physiology, shelf-life and losses due to decay of
fruits are inter-linked processes. They all are primarily
governed by last phase of fruit’s maturation called fruit
ripening. Fruit ripening involves various physiological, bio-
chemical and developmental changes that occur in a coordi-
nated and genetically regulated manner (Stepanova and
Alonso 2005; Etheridge et al. 2006; Barry and Giovannoni
2007). Fruits, in general, show two distinct respiratory
patterns during ripening and on this basis they are categorized
into climacteric and non-climacteric groups (Biale 1964;
Abeles et al. 1992; Lelievre et al. 1997). Importance of
respiration can be judged from the fact that the potential
shelf-life of plant tissue or plant part after harvest has been
shown to be closely related to its rate of respiration (Kader
1987; Kader and Saltveit 2003b; Varoquaux and Ozdemir
2005). Likewise, there is correlation between level of
ethylene produced by fruit and its shelf-life and postharvest
decay (Gussman et al. 1993; Zheng and Wolff 2000).

In the last few years it has been observed that ripening in
many non-climacteric fruits resembles the climacteric
pattern of ripening and therefore it has been proposed by
Obando et al. (2007) that the classification of fruits into
climacteric and non-climacteric categories is an over-
simplification. Furthermore there is evidence that climac-
teric and non-climacteric fruits share some similar pathways
of ripening (Barry and Giovannoni 2007). Emerging
evidences from the studies carried out on ethylene and
ethylene mediated responses have suggested that sensitivity
towards ethylene differs in various tissues and/or distinct
developmental stages. This is because of signaling inter-
actions of ethylene with other plant hormones, metabolites
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and environmental signals (Alonso and Stepanova 2004;
Stepanova and Alonso 2005; Hall et al. 2007; Kendrick
and Chang 2008; Yoo et al. 2009). Identification of key
regulators in many plant species have indicated a high
level of conservation in ethylene signaling mechanisms
that have evolved to function in diverse lifestyles and
developmental programs (Klee 2004; Chen et al. 2005;
Yoo et al. 2009). This article reviews the ripening
behaviour of fruits in the light of recent advances in our
knowledge in the area of fruit ripening and ripening
related changes especially with respect to respiration and
ethylene. It highlights the classical differences between
climacteric and non-climacteric fruits, role of ethylene in
the process of ripening and system 1 and system 2 of
ethylene production. The response and/or ripening behav-
iour of non-climacteric fruits are discussed in light of
recent updates, results and evidences in the area of fruit
physiology. The available results and evidence revealing
specific responses or behaviour of non-climacteric fruits
are discussed. Finally, future perspectives in this area of
fruit physiology are presented.

Classical distinctions between climacteric
and non-climacteric ripening of fruits

Fruit ripening has received considerable attention because
of the dramatic changes in a wide range of metabolic
processes that occur before and after this event as it has
relevance for basic as well as applied research (Theologies
1992; Zeng et al. 1995; Zeng et al. 1996; Lelievre et al.
1997; Srivastava 1999; Pandey et al. 1998; Reddy and
Srivastava 1999a, b; Fallik and Aharoni 2004; Atta-Aly et
al. 2000; Brecht et al. 2008). The term climacteric was
initially proposed to indicate the dramatic increase in
respiration (rise in the production level of CO,) of fruit
during ripening. Therefore, fruits have been classified as
climacteric or non-climacteric according to their respiratory
patterns (Biale 1964). Response of fruit to exogenous
ethylene treatment has shown that this can also serve to
distinguish between climacteric and non-climacteric fruits

(McMurchie et al. 1972; Bufler 1986). Application of
propylene (an analogue of ethylene) was reported to initiate
an increase in respiration in climacteric fruits as well as in
non-climacteric fruits but a propylene mediated induction
or rise in endogenous ethylene production occurred only in
climacteric fruit (McMurchie et al. 1972; Yamane et al.
2007). It is therefore important to make use of propylene to
distinguish fruits for their ripening behaviour however, this
practice was not followed in most of the subsequent studies.
The process of ripening in climacteric fruits can be triggered
and also enhanced by exogenous ethylene treatment (Tucker
1993). Today, the patterns of ethylene and CO, production
are used as criteria to identify climacteric fruits (Abeles et al.
1992). Atta-Aly et al. (2000) suggested that a negative
ethylene feedback mechanism (ethylene did not induce its
own synthesis) could underlie non-climacteric behaviour,
while a positive feedback mechanism (ethylene induces its
own synthesis) underlies the climacteric behaviour during
ripening. Fruits classified into climacteric and non-
climacteric groups are presented in Table 1. Generalized
patterns of growth, respiration and ethylene production in
these two categories of fruits are shown in Fig. 1.
Climacteric fruits show a dramatic increase in the rate of
respiration during ripening and this is referred to as the
climacteric rise (Fig. 1). The rise in respiration occurs either
simultaneously with the rise in ethylene production or it
follows soon afterwards (Burg and Burg 1962; Burg and
Burg 1965a; Lelievre et al. 1997; Reddy and Srivastava
2001; Perin et al. 2002; Kays and Paull 2004). The increase
in the rate of ethylene production is usually logarithmic
(Fig. 1). However, this large change in the magnitude of
ethylene production can be misleading. The important point
is when the tissue becomes more sensitive to ethylene and
internal concentration reaches a threshold concentration
required to induce biological responses (Burg 1962).
Generally, concentrations of less than 1 pl ! saturate the
ethylene receptors (Burg and Burg 1962, 1965a). It is
important to note that the rate of ethylene production vary
widely among species and cultivars of climacteric fruits
such as muskmelon, peach and kiwifruit (Kendall and Ng
1988; Miccolis and Saltveit 1991; Klozenbucher et al. 1994

Table 1 Classification of fruits into climacteric and non-climacteric groups

Climacteric

Non-climacteric

Apple, Mango, Papaya, Kivifruit, Tomato, Cherimoya, Banana, Pear,
Apricot, Peach, Plum, Avocado, Plantain, Fig, Guava, Jackfruit,
Muskmelon, Nectarine, Passion fruit, Persimmon, Quince, Blueberry,
Cantaloupe, Feijoa, Sapodilla, Breadfruit, Broccoli, Durian,
Mangosteen, Sapote, Soursop, Sweetsop

Citrus fruits (orange, grapefruit, lemon, lime, etc.), Berries (cranberry,

raspberry, strawberry, cherry, blackberry etc.), Grape, Pineapple,
Lychee, Melon, Loquat, Pomegranate, Cucumber, Tamarillo,
Carambola, Cashew-apple, Eggplant, Jujube, Longan, Loquat, Okra,
Peas, Pepper, Summer squash, Watermelon, Tangerine, Prickly pear,
Rambutan, Snap bean, Cacao, Date, Olive, Pumpkin

Oslund and Davenport (1983), Salunkhe et al. (1991), Noichinda (1992), O’Hare (1995), Kader and Barrett (1996), Fallik and Aharoni (2004),

Brecht et al. (2008), Palapol et al. (2009), Anonymous (2010)
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Fig. 1 Generalized patterns of
growth, respiration and ethylene
during development, maturation
and senescence of climacteric
and non-climacteric fruits.
(Source: Wills et al. 2007)
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and Xu et al. 1998). A substantial proportion of the rise in
rates of respiration is reported to be contributed by cyanide-
insensitive respiration in fruits like banana, mango and
tomato (Kumar and Sinha 1992; Pandey et al. 1995; Reddy
and Srivastava 1998). Differences in the levels of ethylene
for climacteric and non-climacteric fruits were reported by
Burg and Burg (1962) during the process of ripening
(Table 2). The data showed differences in endogenous
levels of ethylene not only within the two categories of
fruits (higher levels in climacteric fruits) but also for the
fruits within a category. The continuous presence of
ethylene and its perception is required for the expression
of ripening-related genes even at advanced stages of fruit
ripening (Theologis 1992; Golding et al. 1998, Hoeberichts
and Woltering 2002; Alexander and Grierson 2002). Work
on banana (climacteric fruit) where fruits were treated with
I-methylcyclopropene (1-MCP—an action inhibitor of
ethylene) after various periods of application of propylene

Table 2 Endogenous concentration of ethylene in selected fruits
during ripening

Climacteric fruit pl/1 Non-climacteric fruit ul/l
Apple 25-2500 Lemon 0.1-0.2
Pear 70-80 Lime 0.3-2.0
Peach 1-21 Orange 0.1-0.3
Avocado 29-74 Pineapple 0.2-0.4
Mango 0.05-3.0

Passion fruit 466-530

Plum 0.2-0.3

Burg and Burg (1962)

Growth » i

illustrated that ripening related processes once engaged
with auto-induced or auto-catalytic ethylene production
become partially independent of further ethylene action
(Golding et al. 1998). They also suggested that there was a
rapid increase in sensitivity towards ethylene as well as
enhancement in the number of ethylene receptors after the
initiation of ripening (Golding et al. 1999). Thus, ethylene
plays a major role in the ripening process of climacteric
fruits. Climacteric fruits can ripen fully if they are harvested
at completion of their growth period. On the other hand,
non-climacteric fruits can ripe fully only if they are allowed
to remain attached to the parent plant. Ripening is slow or
non-existent in non-climacteric fruits if they are detached
from the plant (even if the fruit has completed growth in
size). These fruits also do not ripe in response to exogenous
ethylene treatment except for the degradation of chlorophyll
in citrus fruits and pineapples (Goldschmidt et al. 1993;
Noichinda 2000). In contrast to climacteric fruits, cyanide-
insensitive respiration is present only to a limited extent in
non-climacteric fruits. Further, the upsurge in respiration
and ethylene in these fruits is either not observed or it is
only transitory even after the application of ethylene (Lurie
and Klein 1989; Kays and Paull 2004).

Role of ethylene in regulation of fruit ripening

Ethylene as the main regulator of ripening in climacteric
fruits Ethylene is a natural plant growth regulator having
numerous effects on growth, development and storage life
of many fruits. It plays a major role in the ripening process
of climacteric fruits (Theologis et al. 1992; Yang 1995;
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Nagata et al. 1995; Lelievre et al. 1997; Saltveit 1999;
Barry et al. 2000; Atta-Aly et al. 2000; Klee 2002;
Alexander and Grierson 2002, Hoeberichts and Woltering
2002). Ethylene starts a cascade of events leading to many
interactive signaling and metabolic pathways for the
progress of ripening in climacteric fruits (Stepanova and
Alonso 2005; Etheridge et al. 2006; Barry and Giovannoni
2007). The production of aromas also depends strongly on
the levels and action of ethylene (Golding et al. 1998, 1999;
Rupasinghe et al. 2000; Alexander and Grierson 2002;
Flores et al. 2002). On the basis of analysis of mutants of
Arabidopsis, an ethylene signaling pathway has been
proposed (Alexander and Grierson 2002; Klee 2004;
Kendrick and Chang 2008). Ethylene is perceived by
receptors [ETHYLENE RESISTANCE! (ETR1)] and relat-
ed proteins (Chang et al. 1993; Hua and Meyerowitz 1998).
The ethylene signal is transduced to ETHYLENE INSEN-
SITIVE3 (EIN3) through CONSTITUTIVE TRIPLE RE-
SPONSEI (CTR1) (Kieber et al. 1993) and ETHYLENE
INSENSITIVE2 (EIN2) (Alonso et al. 1999). EIN3 is a
transcription factor that plays a crucial role in regulation of
expression of ethylene responsive genes (Chao et al. 1997,
Solano et al. 1998). Studies have also revealed that in
absence of ethylene EIN3 protein is quickly degraded
through a ubiquitin—proteasome pathway mediated by two
F-box proteins, [EIN3-binding F box protein 1 and 2 (EBF1

and EBF2)] whereas EIN3 protein is stabilized by ethylene
itself (Guo and Ecker 2003; Potuschak et al. 2003; Gagne et
al. 2004). Recent work on apple by Johnston et al. (2009)

has revealed that early and late ripening events differs not
only in their dependence on ethylene but also towards their
sensitivity to ethylene. The authors therefore suggested that
this finding warrants further investigation of the physiology

of climacteric and non-climacteric fruits in relation to

ripening and ripening associated changes.

Regulation of ethylene production Rates of ethylene pro-
duction in fruit during the course of ripening are controlled
by the ability of tissue to synthesize 1-aminocyclopropane-
I-carboxylic acid (ACC) and to convert it in to ethylene
(Fig. 2). The two key enzymatic control points are the
expression and activity levels of ACC-synthase (ACS) and
ACC-oxidase (ACO) (Tucker 1993) (Fig. 2). Both of these
enzymes are encoded by multigene families in various
plants and regulated by number of factors (Fluhr and
Mattoo 1996; Lelievre et al. 1997; Nakatsuka et al. 1998;
Barry et al. 2000; Alexander and Grierson 2002). Ethylene
(which is the final product of the above reactions) itself also
strongly regulates the expression and activity of ACS and
ACO (Lelievre et al. 1997) (Fig. 2). The concept of
ethylene binding to its receptor in plant systems is widely
accepted and proven beyond doubt (Goren et al. 1984;
Sisler and Yang 1984; Sisler and Serek 1997; Sisler et al.

@ Springer

2006). Gas diffusion in fruits follows Fick’s law (Burg and
Burg 1965b). This law states that the flux of a gas, diffusing
normally to a barrier, is dependent on the diffusion
coefficient and concentration gradient. Burg and Burg
(1965b) and then Solomos (1987) developed relationships
between rates of ethylene production by fruit and the
internal concentrations and these relationships were sur-
prisingly found similar across many fruit species. However,
more has to be learned about the retention and release of
ethylene in plant tissues in relation to its resistance towards
the diffusion across the boundaries of fruit and physiological
activity of ethylene bound to its receptor (Ben-Yehoshua et al.
1985; Goldschmidt et al. 1993). So, to get better understand-
ing of ethylene emission by tomato fruit Genard and Gouble
(2005) developed a simulation model called ‘ETHY".

Two systems of ethylene production have been defined
in plants (McMurchie et al. 1972). The first one is
designated as system 1. System 1 operates and functions
during normal growth and development and in response to
various stresses. System 1 is responsible for the basal level
of ethylene production in vegetative tissues and unripe fruit.
This system is regulated in an auto-inhibitory manner
(Fig. 2). This means that exogenous ethylene inhibits any

Methionine

SAM-synthetase

S-Adenosyl methionine

I ®
S) ACC-synthase (ACS)
1-Aminocyclopropane-1-carboxylic acid
&) @
ACC-oxidase (ACO)
Ethylene

Perception of ethylene by its binding
to ethylene binding receptor

(Auto-inhibition of ethylene production)
(Auto-induction of ethylene production) )

System 1 of ethylene production
System 2 of ethylene production

Response
(Ripening and senescence etc.)

Fig. 2 Simplified pathway of ethylene biosynthesis in plants showing
auto-inhibition (inhibiting its own production) and auto-induction of
ethylene (inducing its own production). These systems are referred as
system 1 and system 2 of ethylene production respectively. In system
1, ethylene inhibits its own production by inhibiting (@) ACS
expression/activity. It may be noted that the ACO activity is enhanced
during system 1 but due to the absence of any enhancement in the
activity of ACS there is no auto-induction. In system 2, ethylene
induces more of its own production by stimulating () the expression/
activity of both of the enzymes (ACS and ACO) simultancously
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further synthesis of ethylene. The second system is system 2
and that operates during floral senescence and fruit ripening.
This system represents the large increase in ethylene produc-
tion associated with fruit ripening and gynoecium of some
senescing flowers such as carnation. It is regulated in an auto-
inductive manner (Fig. 2) (Oetiker and Yang 1995; Lelievre et
al. 1997; Nakatsuka et al. 1998; Inaba 2007). This means that
exogenous ethylene when applied to climacteric fruits (at
mature stage) stimulates ethylene biosynthesis and generally
induces rapid fruit ripening. Now, it is only in presence of
action inhibitors of ethylene that the response towards the
exogenously applied ethylene or auto-inductive rise in the
production of ethylene can be suppressed.

Tomato possesses at least nine ACS (LeACSIA,
LeACSIB, and LeACS2-8) and five ACO (LeACOI-5)
genes (Zarem-binski and Theologis 1994; Barry et al.
1996; Oetiker et al. 1997; Nakatsuka et al. 1998; Van-der-
Hoeven et al. 2002). Expression analysis studies have
revealed that at least four ACS (LeACSI1A, LeACS?2,
LeACS4, LeACS6) and three ACO (LeACOI, LeACO3,
LeACO4) genes are differentially expressed in tomato fruit
(Rottmann et al. 1991; Nakatsuka et al. 1998; Barry et al.
1996, 2000; Barry and Giovannoni 2007) (Fig. 3).
LeACOI, LeACO3, and LeACO4 are expressed at low
levels in green fruit representing system 1 of ethylene
synthesis. Transcripts of each of these genes were found to
increase at the onset of ripening when the fruit shows
transition from system 1 to system 2 of ethylene produc-
tion. During ripening, LeACO!I and LeACO4 are sustained
in expression, whereas the increase in expression of
LeACO3 is transient (Barry et al. 1996; Nakatsuka et al.
1998). Studies on the regulation of ACS gene expression
during fruit ripening by Barry et al. (2000) and Barry and
Giovannoni (2007) revealed the following information 1.

LeACS6 is expressed in wild-type green fruit but the
expression declines rapidly at the onset of ripening during
the transition from system 1 to system 2 of cthylene
synthesis. 2. LeACS6 transcripts persist throughout devel-
opment and ripening in the rin mutant. 3. LeACS6 is
responsible for low-level of ethylene production in precli-
macteric fruit. 4. LeACSIA gene may be important in
regulating the transition from system 1 to system 2 of
ethylene synthesis. 5. LeACS4 is not expressed in green
fruit but is induced at the onset of ripening. 6. LeACS2
expression is induced at the onset of ripening, this induction
requires ethylene. 7. It seems that LeACSIA4 and LeACS4
are responsible for initiating system 2 of ethylene synthesis
and this is maintained by a combination of LeACS2 and
LeACS4. 8. Auto-inhibition of ethylene synthesis during
system 1 of ethylene production is mediated by a reduction
in expression of LeACSIA and 6 genes of ACS and 9.
Auto-induction of ethylene synthesis at the onset of fruit
ripening is mediated through ethylene-stimulated expres-
sion of LeACS2 and 4 and LeACO! and 4.

One of the most important questions in the physiology of
fruit ripening concerns the mechanism that initially induces
system 2 of ethylene synthesis. The physiological and
molecular pathways that act to initiate the transition from
the system 1 to system 2 mode of ethylene synthesis, at the
onset of ripening, are largely unknown (Barry and
Giovannoni 2007; Cara and Giovannoni 2008). According
to Klee (2004), one explanation may be that the cumulative
effects of system 1 (even if the level is low) reach a certain
limit and induces system 2. The second explanation is that
there is a change in the sensitivity of fruit to ethylene
(already reported by Biale and Young 1981; McGlasson
1985). Fruit might become more sensitive to system 1 of
ethylene as its development progresses. So, the transition

Fig. 3 Differential expression
of ACC-synthase (ACS) and ACS 1A, 2, 4
ACC-oxidase (ACO) genes as- ACO1,3,4
sociated with system 1 and
system 2 of ethylene synthesis
during fruit development and =
ripening in tomato. See text for £
details. (Adapted and modified 1 ACS2.4
after: Barry and Giovannoni "§ Transiti(;n io;n system tf) silstem 2
2007 g of ethylene production
) 2 .
£
=
>
z
System 1 System 2
(Auto-inhibition of (Auto-induction of
ethylene production) ethylene production)
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from system 1 to system 2 is caused by a change in
ethylene sensitivity due to continuous exposure of fruit to
ethylene from system 1 (Barry et al. 2000). The involve-
ment of system 1 in the transition process is supported by
the observation that the treatment of an immature tomato
fruit with ethylene for a short time does not induce system 2
immediately, rather, it shortens the period preceding or
required for the onset of system 2 (Yang 1987). In general,
stresses such as wounding, water stress, and disease during
fruit development induce ethylene production and this
shortens the period required for the onset of fruit ripening
(Abeles et al. 1992; Nakano et al. 2003). Kevany et al.
(2007) demonstrated that the shortened period of ripening
by exogenous ethylene is closely related to the level of the
ethylene receptor protein (a negative regulator of ethylene
signaling). These observations indicate that during devel-
opment, both exogenous and endogenous ethylene increase
the physiological age of fruit and also sensitize the fruit to
ethylene. Thus, it has been proposed that the level of the
ethylene receptor modulates the timing of the onset of fruit
ripening by measuring and memorizing ethylene exposure
together with the role of system 1 of ethylene production in
initiation of system 2 of ethylene production (Kevany et al.
2007, 2008). In addition, work by Trainotti et al. (2007)
with peaches suggested that the transition from growth to
ripening also involves changes in synthesis of auxin and its
activity. These changes could modulate timing of the onset
of ripening.

Recent understanding on ripening behaviour of fruits

Tomato In tomato, four EIN3-like (EIL) genes (LeEILI—
LeEIL4) have been isolated (Tieman et al. 2001; Yokotani
et al. 2003). Reduced expression of tomato LeEIL genes by
antisense technology modulates ethylene responses, includ-
ing leaf epinasty, flower senescence and fruit ripening
(Tieman et al. 2001). Ito et al. (2008) demonstrated that the
ripening inhibitor (RIN protein) exhibits transactivator
activity because it binds to the promoter region of Le4ACS?2.
Thus, part of the gradual increase in ethylene production as
observed in tomato fruit lines where LeEIL genes were
suppressed by RNA interference engineering (RiEIL) may
be due to the direct up-regulation of the LeACS2 gene by
RIN. However, it is unclear whether system 1 alone is
enough to have this effect. In an interesting study by
Yokotani et al. (2009) an attempt was made to find the
answer to the question whether system 2 is completely
regulated by an auto-induced system or partly regulated by
another mechanism. By using RNA silencing of LeEIL
genes (hairpin RNA-induced gene silencing technique to
suppress the total expression of LeEILI-LeEIL4 to trace
levels) and application of 1-MCP (1-MCP has been shown
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to bind to ETR1 protein, a receptor of ethylene, and
thereby it inhibits the ethylene signal and thereby its
response. In this way, 1-MCP is one of the most potent
inhibitors of ethylene action) revealed that ripening-
associated ethylene biosynthesis is regulated by both i.
e., an auto-induced system of ethylene and ethylene-
independent developmental factors. So, fruit can initiate
system 2 of ethylene production even without the
cumulative effects of system 1 of ethylene production.
Suppression of ethylene production would be expected in
1-MCP-treated transgenic fruit if leaky LeEIL mRNA is
involved in ethylene production. However, the pattern and
level of ethylene production in 1-MCP-treated transgenic
fruit were almost identical to those in non-treated
transgenic and 1-MCP-treated wild-type fruit. Despite
the double block in the ethylene signal, residual ethylene
was detected, which indicates that the ethylene production
is probably not due to leaky ethylene sensitivity, but rather
due to an ethylene-independent developmental factor.
Thus, it was concluded that ripening ethylene (system 2)
in wild-type tomato fruit consists of two parts: a large part
that occurs under auto-induced regulation and a minor part
regulated by an ethylene-independent developmental
system (Yokotani et al. 2009). Yokotani et al. (2009)
(Fig. 4) proposed a model to explain the transition from
system 1 to system 2. Ethylene in system 1 is produced via
LeACSI1A and LeACS6, which are regulated by negative
feedback (Nakatsuka et al. 1998; Barry et al. 2000;
Alexander and Grierson 2002). Transition of system 1 to
system 2, under natural conditions i.e., in absence of
exogenous ethylene and stress, occurs mainly via limited
expression of LeACS2 and LeACS4. This transition occurs
even if the effect of system 1 of ethylene is eliminated. In
this way, fruit can initiate system 2 of ethylene production
leading to fruit ripening. This transition can be controlled
by developmental factor(s) independent of ethylene
besides the involvement of ethylene in bringing about this
transformation. So, shifting towards system 2 of ethylene
production in tomato fruits consists of both, ethylene-
dependent (auto-induced) and ethylene-independent (non-
auto-induced) mechanisms.

Mango Two ethylene peaks were recorded during ripening,
one at initial stage and the other at final stage of ripening
(Reddy and Srivastava 1999a). NADP-malic enzyme
activity and respiratory climacteric followed a parallel
increase (Reddy and Srivastava 1998). ACC-synthase
activity was not limited, but ACC-oxidase was limiting
and this therefore resulted in accumulation of ACC with the
progress in ripening in both the cultivars (‘Amrapali’ and
‘Dashehari’) of mango (Prasad et al. 1999). The seed
embryos also produced considerable amounts of ethylene
(Reddy and Srivastava 1999a)
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Fig. 4 Proposed model for the
regulation of system 1 and sys-
tem 2 of ethylene production
during growth and ripening of
tomato fruit. (Source: Yokotani
et al. 2009)
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Differences in the surface and internal anatomical
features in different cultivars and maturity stages of mango
fruit have been observed (Paul et al. 2007). Hypertrophy of
lenticels present on the surface of mango fruit was reported
during ripening (Larson et al. 1993). The extent of this
hypertrophy appears to be inversely related to the density of
lenticels present on the surface of the mango fruit (Paul et
al. 2007). In addition, lenticel proliferation is also depen-
dent on the cultivars of mango fruits (Paul et al. 2007).
Hagenmaier (2005) reported that exchange of gases by
fruits through the peel by diffusion through openings
(stomates or lenticels) was proportional to the area of such
openings. Features on the surface of the mango fruits like
epicuticular wax (thickness), cuticle (thickness, surface,
structure, cracks and arrangement of cutin platelets),
epidermal layer (arrangement/pattern, depositions of lignin
and suberin etc.) might play a role in deciding the
postharvest behaviour of mango fruit including ripening
(Paul et al. 2007). These features, govern the fruit’s
microenvironment by determining the permeability of gases
(like O, and CO,), moisture and endogenous levels of
ethylene as well. In this way, changes in the resistance to
the gaseous diffusion with the development and maturation
of mango fruit are expected and this in turn can influence
the ripening behaviour of mango fruits. The rate of ripening
in mango fruits was found to be associated with anatomical
features including cell density, cell size and surface to
volume ratio of cells (Paul et al. 2004).

Guava The classification of guava as a climacteric or non-
climacteric fruit is contradictory. Many authors consider
guava to be a non-climacteric fruit (Biale and Barcus 1970),
while others consider it as climacteric fruit (Akamine and
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Goo 1979; Brown and Wills 1983 and Mercado-Silva et al.
1998). Reyes and Paull (1995) reported that guavas respond
to the exogenous application of ethylene depending upon
their maturity. Cultivar ‘Beaumont’ showed enhanced
changes in skin colour and softening in response to
exogenous application of ethylene only if the fruits were
harvested at an immature-green stage but not when
harvested at mature-green and quarter-yellow stages.
Climacteric or non-climacteric behaviour of guava fruit is
a varietal characteristic. A study by Azzolini et al. (2005)
showed that ‘Pedro Sato’ guava shows a gradual increase in
the rates of respiration and ethylene production after harvest
and it completes its ripening with changes in quality
attributes. Ethylene was found to be necessary for skin
colour changes and firmness loss during ripening. These
characteristics classify guava as a climacteric fruit. How-
ever, maximum respiratory activity as well as ethylene
production was observed when the fruits were already ripe.
In addition to this, the exogenous application of ethylene to
these fruits at the mature-light green stage had no effect on
the ripening process. This evidence contradicts classifica-
tion of ‘Pedro Sato’ guava as a traditional climacteric fruit.
Based on these findings, Azzolini et al. (2005) concluded
that classification of guava fruit as climacteric or non-
climacteric varies with cultivars. The data obtained with
‘Pedro Sato’ guava show that it does not display typical
climacteric behaviour.

Melons Melon (Cucumis melo) is the most diverse species
of the genus Cucumis. As a polymorphous species, it
encompasses netted muskmelon, salmon-flesh cantaloupe,
smooth-skinned and green-fleshed honey dew, wrinkle-
skinned cassaba, long shelf-life hami melon, small and thin-
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pericarp makuwa and several non-sweet pickling and
cooking oriental melons. Harvested mature cantaloupe fruit
of variety ‘raticulatis’ exhibited climacteric rise in respira-
tion and ethylene during ripening (Lyons et al. 1962). Some
varieties of melons like ‘cantalupensis’ and ‘reticulatus’
produce high levels of ethylene, ripen rapidly and have
short shelf-life. They have been categorized as climacteric
fruits (Lyons et al. 1962; Hadfield et al. 1995). Other types
such as ‘inodorus’ exhibit no auto-induced ethylene
production and are slow-ripening. The ‘inodorus’ varieties
have been assigned to the non-climacteric category (Pratt et
al. 1977; Lester 1988) although honey dew melons, an
‘inodorus’ variety ripen when treated with ethylene.
Postharvest treatment with ethylene is a recommended
commercial practice (Suslow et al. 2010). Ethylene treat-
ment induces some cell wall softening and development or
aroma. Honey dew melon will ripen if left long enough on
the vine. The non-climacteric phenotype in melon fruit may
be attributed to alteration in either upstream developmental
processes or any element of the ethylene signal transduction
pathway (Giovannoni 2001). In cantaloupe, as in other
climacteric fruit, exogenous ethylene can prematurely
induce abscission, ethylene production and ripening. Phys-
iological and genetic analysis in non-climacteric phenotype
(showing non-abscising and long shelf-life behaviour) by
Perin et al. (2002) involved the study on segregating
populations of the cross between a non-climacteric melon,
Songwhan Charmi PI 161375 (C. melo var. ‘chinensis’),
and a typical climacteric type Charentais melon (C. melo
var. ‘cantalupensis’ cv. ‘Vedrantais’). Two loci were found
to be responsible for variation in the ripening behaviour.
Non-climacteric fruits lack a burst in ethylene production.
This therefore reflected inability to synthesize ethylene in
an auto-induced manner. This was due to either the
blockage in the auto-induced synthesis of ethylene or there
was alteration in the early steps of the ripening process
itself. Of these two possibilities, the first one was found to
be correct because the non-climacteric phenotype ‘PI 161375’
showed alteration in the ethylene perception itself. In this way,
the non-climacteric phenotype in fruit tissues was attributable
to ethylene insensitivity conferred by the recessive allelic
forms derived from ‘PI 161375’ (Perin et al. 2002)

In subsequent studies, when different varieties of melon
were investigated, distinct variations were noticed in the
levels of ethylene during fruit development, ripening and
shelf-life (Liu et al. 2004a; b). Varieties like ‘acidulous’,
‘makuwa’, ‘reticulatus’ and ‘cantalupensis’ showed poor
shelf-life while, varieties like ‘saccharinus’ and ‘inodorus’
showed good shelf-life (Liu et al. 2004b). Ethylene plays a
major role in the ripening of ‘cantaloupe’ and ‘charentais’
melons as they show climacteric behaviour. Knocking-
down the expression of ACC-oxidase in melon fruit did not
affect the expression of several of ripening pathways and
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sensory attributes, suggesting that these ripening-related
changes are independent of ethylene (Ayub et al. 2008).
Hybrids of the charentais cantalupensis type (showing
typical climacteric behaviour) with un-characterized non-
ripening ‘charentais’ genotypes have led to the generation
of mid or long shelf-life melons (Pech et al. 2008). Genetic
analysis of these hybrids showed that the climacteric
character is genetically determined and is conferred by
two duplicated loci (Pech et al. 2008). However, other
studies have generated climacteric fruit by crossing two
non-climacteric melons. This therefore indicates the exis-
tence of different and complex genetic regulation of the
climacteric character (Pech et al. 2008). In view of the
enormous amount of information that has been already
accumulated, melon have been suggested as an alternative
model system for studying fruit ripening, ethylene percep-
tion and signaling in addition to the study material to
unraveling the basis of the differences between climacteric
and non-climacteric fruit (Ezura and Owino 2008).

Plum Plums are classified as climacteric fruits. However,
two distinct patterns of ripening, depending on cultivars of
Japanese plum, were observed by Abdi et al. (1997).
Cultivars ‘Gulfruby’ and ‘Beauty’ showed a typical
climacteric pattern while cultivars ‘Shiro’ and ‘Rubyred’
exhibited a suppressed-climacteric behaviour. Further charac-
terization of these cultivars by Abdi et al. (1998) revealed that
cultivars showing suppressed climacteric phenotypes had a
reduced capacity to convert ACC to ethylene. Ripening was
accelerated when ‘Shire’ and ‘Rubyred’ fruits were treated
with propylene or ethylene. Fruits when treated with 1-MCP
did not show any rise in either respiration or ethylene unless
exogenous propylene was applied. Fruits of an early cultivar
‘Early Golden’ and late cultivar ‘Shiro’ of Japanese plum
also showed typical climacteric and suppressed climacteric
patterns respectively (El-Sharkawy et al. 2007). The differ-
ences between these two cultivars of Japanese plum were
explained by differences in the accumulation pattern of four
mRNAs of the ethylene signal transduction components
including ethylene receptors (El-Sharkawy et al. 2007),
ACC-synthase genes (El-Sharkawy et al. 2008), auxin-
mediated control of the expression of a gene for ethylene-
responsive transcriptional factors (ERFs) (El-Sharkawy et al.
2009, 2010).

Peach Peach is classified as a climacteric fruit. Miller et al.
1987 reported that concomitant with the ethylene climac-
teric there was also a significant increase in auxin
production in the fruit. Interestingly, it had been reported
that auxin can stimulate the synthesis of more climacteric
ethylene (Bleecker and Kende 2000) through its inductive
action on the expression of the key enzyme i.e., ACC-
synthase (Abel and Theologis 1996). Many genes involved
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in biosynthesis, transport and signaling of auxin were
noticed on transcript profiling during ripening of peach fruit
(Trainotti et al. 2007). This study also demonstrated the
cross-talk between auxin and ethylene because genes in the
auxin domain were found to be regulated by ethylene and
genes in ethylene domain were also being regulated by
auxin. Higher levels of auxin were found to be associated
with climacteric nature while lower level of auxin caused
suppression in climacteric behaviour. These results, on the
role of auxin in regulating the ripening of peaches, are
similar to the results for plums (El-Sharkawy et al. 2009,
2010). Similarly, auxin and ethylene interactions during
fruit growth and ripening were also demonstrated in
kiwifruit (Bregoli et al. 2007).

Pear European pears (Pyrus communisp) are usually
classified as climacteric fruit. During ripening of P
communis var. ‘Bartlett’, the changes in the patterns of free
auxin and ABA were found to be remarkably similar
(Frenkel 1975). Application of relatively higher concen-
trations of auxin delayed the maturation but at the same
time it temporarily stimulates ethylene production (Frenkel
and Dyck 1973; Frenkel 1975). These observations were
parallel to the results obtained in grape which is a non-
climacteric fruit (Coombe and Hale 1973; Inaba et al. 1976;
Weaver and Singh 1978; Davies et al. 1997; Baydar and
Harmankaya 2005). In addition to this, there are several
cultivars of European pears and species of Chinese and
Japanese pears that are usually non-climacteric. The latter
two species of pears (also referred as Asian pears) includes
a few cultivars that exhibit a climacteric behaviour (Downs
et al. 1991; Itai et al. 2002; Yamane et al. 2007). Propylene
treatment was used to distinguish climacteric cultivars from
non-climacteric cultivars as ethylene production was in-
duced by propylene only in climacteric cultivars (Downs et
al. 1991; Yamane et al. 2007). The ethylene levels in
different cultivars of Japanese pear fruits were found to
vary from 0.1 to 300 ul kg™' (frwt.) h™' during ripening
(Itai et al. 2002). Differences in the ethylene production
were thought to be regulated mainly by differential
expression of ethylene biosynthetic genes of ACC-
synthase (Itai et al. 1999; 2002; 2003)

Ripening behaviour of some attached and detached
fruits

Many fruits that belong to climacteric group such as apple
and pear enter the climacteric phase soon after harvest but
they might not ripe fully for weeks if left on the tree
(Gerhardt 1947). The best example for such a differential
behaviour is the avocado fruit. Most cultivars of avocado

do not ripe or undergo climacteric change if the fruit remain
attached to the plant. To explain this, it has been proposed
that a substance of unknown nature enters the fruit from the
tree and inhibits ripening (Burg and Burg 1965a; Gazit and
Blumenfield 1970). It was also hypothesized that ethylene
is rendered ineffective by this hypothetical ripening
inhibitor (which is supposed to be supplied by the parent
plant) and harvesting the fruit removes it from the source of
this inhibitor i.e., the parent plant (Burg and Burg 1965a).
Further, Reid and Pratt (1970) suggested that endogenous
ethylene is not the direct cause of climacteric rise. The
hypothetical inhibitor is transported through the phloem
from leaf to fruit and prevents the auto-induced production
of ethylene (Sfakiotakis and Dilley 1973). However,
Mapson and Hulme (1970) had earlier suggested that this
inhibitor either blocks ethylene production or raises the
threshold concentration at which ethylene becomes physi-
ologically active in promoting the process of ripening.
Ripening was observed to be more rapid in fruits such as
apple, purple passion fruit and plum (Prunus salicina
Lindl.) when they were detached from the tree (Blanpied
1993; Shiomi et al. 1996; Abdi et al. 1997). Study by Lin
and Walsh (2008) on apple fruits indicated that the “tree
factor” mediated effect on ripening is cultivar dependent
and also linked with the growing/ripening season of the
fruit. With this historical background, fruit specific exam-
ples are described below with the information generated so
far.

Avocado Avocado fruit is a typical climacteric fruit.
However, most avocado cultivars lack the ability to ripen
as long as the fruit is attached to the tree. This phenomenon
is probably related to the fact that avocado fruit attached to
the tree produce only trace amounts of ethylene. It has been
suggested that some unknown ripening inhibitor moves
from the leaves or shoots to the fruit where it inhibits
ethylene production and hence ripening (Burg and Burg
1964; Tingwa and Young 1975). Sitrit et al. (1986) reported
that inability of preclimacteric avocado fruit, to produce
ethylene was due to lack of ACC as there was low activity
of ACC-synthase (ACS) enzyme [catalyses the conversion
of S-adenosyl methionine (SAM) into 1-
aminocyclopropane-1-carboxylic acid (ACC) during bio-
synthesis of ethylene]. It is also well accepted that
malonylation of ACC may play a role in regulation of
endogenous levels of ACC and hence ethylene production
(Yang and Hoffman 1984). In fact, preclimacteric avocado
fruits were reported to contain significant levels of
malonylated-ACC (MACC) (Sitrit et al. 1986). This
indicates that at least a part of the ACC (which is
synthesized in the course of fruit growth) is conjugated to
form MACC. Thus, formation of MACC may be a
mechanism involved in regulating ethylene production
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during the preclimacteric stage. However, it does not seem
to play a regulatory role in ethylene production at the
climacteric stage. At this stage, MACC increases only
slightly compared to the marked increase in the level of
ACC (Sitrit et al. 1986). These results suggest that the
inability of most avocado cultivars to produce ethylene as
long as they remain attached to the tree is mainly due to
repression of ACS. This repression is removed once the
fruit is harvested and this results in normal ripening of
harvested avocado fruit however the cause of this repres-
sion is not known.

Tomato Tomato fruits were observed to ripe normally only if
they were harvested after completing 40% of their total growth
period. If fruits were picked after 20% of the total growth
period, then the normal ripening behaviour was not observed
(Simons 1970). Exogenous ethylene treatment also did not
induce ripening in undeveloped locules of fruits if picked at
the completion of about 20% of the total growth period.
Keeping in mind that immature tomato fruits are relatively
insensitive to exogenously applied ethylene, Simons (1970)
suggested that developing seeds produced an inhibitor of
ethylene action. But, the other researchers have however
explained these results of Simons (1970) by suggesting that
the capacity to ripe is dependent on continued seed
development. Later, McGlasson and Adato (1977) proposed
that developing tomato fruits at about 15 days after anthesis
undergo a transition period during which changes required for
the expression of ripening are completed.

The induction of ripening of tomato fruit depends on the
threshold concentration of ethylene in the fruit tissues and a
threshold concentration of 4.9 ul I"' has been reported by
Knegt et al. (1974). Ethylene concentrations were unusually
high in attached tomato fruits (ranging from 2 to 13 ul !
depending on cultivars and seasonal conditions) while, in
detached fruits the values drop to a level of 1.4 pl ™! on an
average (Sawamura et al. 1978). Detachment of tomato fruit
advances the ripening and also reduces the threshold value
of endogenous ethylene required to promote ripening to a
considerable lower level. This supports the concept of a
hypothetical labile ripening inhibitor that is translocated
from vegetative parts of the plant to the fruits where it
antagonizes the action on ethylene (Sawamura et al. 1978).
This concept might be true, but the large decrease in the
levels of ethylene in detached fruits may be explained by
more effective gaseous exchange from the stem scar region
of harvested tomato fruit as a result of detachment of the
pedicel. This explanation is supported by de Vries et al.
(1995) who reported that 85-90% of ethylene is being
released by tomato fruit through this stem scar region.

Based on comparative study on attached and detached
tomatoes, it was concluded by Saltveit (1993) that a
respiratory climacteric per se, which has been considered
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an intrinsic part of the ripening of climacteric fruits may not
be necessary for the ripening of climacteric fruit on the
plant but instead it may be an artifact of using harvested
fruit. Andrews (1995) challenged these findings for tomato
and reported that the respiration climacteric occurred in
both attached and detached fruit. As the physiological
differences in ripening of attached and detached fruits were
ambiguous Saltveit (1999) again reported that once ripen-
ing of climacteric fruits has started, the internal ethylene
concentration increases quickly to a much higher level
(reaching up to 100 pl 1™"). The reason for this is the
stronger diffusion resistance, especially during later stages
of fruit development (Bargel and Neinhuis 2005; Paul and
Srivastava 2006). However, as per the classical work of
Burg and Burg (1965b) and then by Solomos (1987), more
the ethylene production steeper will be the concentration
gradient and this results in more release of ethylene from
the fruit. This is in accordance to the Fick’s law of
diffusion. In an another study, changes in electrolyte efflux
pattern in detached and attached tomato fruits by Paul et al.
(2005) indicated that the electrolyte efflux (%) was more
related to ripening of tomato fruits on plant rather than for
the fruits harvested at green mature stage and stored.
Detached fruits (at 8 days after harvest) and attached fruits
(at pink stage) showed a large increase in electrolyte efflux.
Rate of electrolyte efflux was not influenced by slow or fast
ripening behaviour of tomato varieties. It was therefore
concluded that the electrolyte efflux% could not be a
suitable criterion to assess the slow and fast ripening
behaviour of tomato varieties either for the fruits detached
from the plant or fruits remain attached to the plant.

There are various factors that affect the production and
release of ethylene by fruit. In this regard, as already stated,
a theory of ethylene emission was developed and used as
the base to develop simulation model called “ETHY” by
Genard and Gouble (2005). This model was found to be
highly sensitive to the factors such as permeability of the
fruit skin, internal concentration of O, CO, and ACC,
changes in fruit growth and temperature, activities of ACC-
oxidase and ACC-synthase, concentration of ethylene itself
and production status of ATP. Similarly, a model has been
proposed for gas exchange in pear fruit (Ho et al. 2008).
Hypoxia (low O, to CO, ratio) or anaerobic conditions
decrease the synthesis as well as the action of ethylene
(Kanellis et al. 1989a; Gorny and Kader 1996; Mathooko
1996). Hypoxia in the microenvironment of the tomato fruit
was reported to increase the activity of pyruvate decarbox-
ylase and alcohol dehydrogenase (ADH) enzymes (Chen
and Chase 1993; Longhurst et al. 1994). As a result,
production of acetaldehyde and ethanol was also triggered
in tomato (Longhurst et al. 1994). According to Lyons and
Pratt (1964), rise in the endogenous concentrations of CO,
and ethylene during ripening of tomato fruit was accompa-
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nied by decrease in O, concentration but this drop in O,
was not sufficient enough to cause anaerobiosis. As per
Solomos (1987), skin represents the major barrier to gas
exchange for most horticultural produce and diffusivity of
the gases for the fruit flesh is 10-20 times higher than the
diffusivity from the skin. In view of this, low internal O,
stress was reported to be faced by fruits (including tomato)
during the course of ripening due to presence or increase in
diffusion barriers in peel as well as in flesh portions of
fruits (Longhurst et al. 1994; Solomos and Kanellis 1997).
Under such situation, accumulation of ADH enzyme occurs
due to induction of ADH2 gene and this leads to
appropriate balance of some flavour aldehydes and alcohols
in tomato fruits (Longhurst et al. 1994; Speirs et al. 1998).
Similarly, mandarins accumulate larger amount of acetal-
dehyde and ethanol after harvest than grapefruit because of
higher activity of ADH in the juice sacs (vesicles) and
lesser permeability of peel towards the exit of gases in
mandarins (Shi et al. 2007). Anatomical observations
revealed that although the total thickness of the peel
(comprising the albedo, the white inner layer and the
flavedo) was greater in grapefruit but the peel was more
densely packed in mandarins. So, it was concluded that
mandarins accumulate larger amount of acetaldehyde and
ethanol in comparison to grapefruit and this was because of
higher activity of the enzyme ADH in the juice sacs in view
of the lesser permeability of the peel towards the exit of
gases in mandarins (Shi et al. 2007). In this regard it is
interesting to note that ethanol and acetaldehyde have
already been reported to delay ripening in tomato and other
fruits (Beaulieu et al. 1997; Pesis 2005; Pesis 2000).
Surface morphology, anatomical features and mechan-
ical properties of cells undergo a considerable change
during growth, development and ripening which can
affect resistance to gaseous diffusion (Zagory and Kader
1988; Kader and Saltveit 2003a, b). There are changes in
the mechanical properties of the cuticle of tomato fruit
with maturity (Bargel and Neinhuis 2005). Gaseous
transport in fruit tissue is governed by diffusion as well
as permeation. The permeation ability is determined by the
overall pressure gradient of a given gas (Ho et al. 2006a,
b) and also by cellular arrangement and intercellular
spaces within the fruit (Cloetens et al. 2006; Mendoza et
al. 2007; Verboven et al. 2008). According to Burg and
Burg (1965b), internal concentration of ethylene is
inversely related to the pressure if the diffusing medium
is gaseous in nature (as represented by intercellular spaces
in plant systems). Due to the differences in physical and
chemical properties of cellular barriers, concentrations of
gases are not uniform throughout the fruit especially in the
bulky fruits (Solomos 1987). Presence of such barriers
cause restriction in the permeability and therefore internal
concentration of ethylene in the fruits may rise to

physiologically active levels. The role of surface mor-
phology in determining the ripening behaviour, rate of
respiration and water loss by attached and detached
tomato fruits was emphasized and there was variety
dependent increase in the density of lenticels with the
progress of ripening (Paul and Srivastava 2006). Signifi-
cance of available surface area of stem scar region in
determining the rate of ripening and extent of climacteric
rise in tomato fruit was reported by Paul et al. (2010a).
Variations among cultivars in fruit characteristics that
contribute to differences in the endogenous levels of
ethylene and thereby ethylene mediated responses were
also described by (Paul et al. 2010a, b). The overall role of
the gaseous microenvironment in the fruit (including the
status of CO,, O,, moisture/water status, ethylene and
other non-ethylene volatiles) and various other factors
(morphological, anatomical and biochemical etc.) in
relation to ripening were reviewed by Paul and Pandey
(2011). Further, it is interesting to note that the extent of
the 1-MCP mediated delay in ripening depends on the
endogenous level of ethylene in the tomato fruits (Zhang
et al. 2009). This thereby explains that the cultivar
dependent variations in the ripening behaviour of fruits
can also be due to the differences in their internal gaseous
environment.

Melons Several cultivated cultivars and wild ecotypes of
melons exhibit a climacteric pattern of ripening that is
linked with detachment of the fruit from its parent plant
(Abeles et al. 1992). There are variations in the magnitude
and duration of the respiratory rate depending on the
cultivars in harvested melon fruits. However, several melon
cultivars that apparently do not abscise show no burst in
ethylene production and display a long shelf-life. These
melon fruits emit little or no ethylene and therefore behave
like non-climacteric fruit (Shiomi et al. 1999). It has been
reported that the ripening-associated increase in ethylene
production is present but the respiratory climacteric is
absent during ripening of melon fruit attached to the plant,
leading to the suggestion that climacteric respiration is an
artifact of harvest. To address the universality of this
phenomenon, ripening behaviour in the melon cultivar
‘charentais’ (Cucumis melo cv. ‘Reticulatus F1 Alpha’),
was investigated. The results however, showed that the
respiratory climacteric occurs in fruit ripened both on and
off the plant (Hadfield et al. 1995). The sensitivity to
ethylene in relation to the climacteric respiration is affected
by detachment of the fruit (Bower et al. 2002). In an
another study, application of ethylene to antisense ACC-
oxidase melons stimulated O, consumption only if they
were detached from the vine, showing that attachment to
the plant inhibits the effect of ethylene on respiration (Pech
et al. 2008). This effect of detachment on sensitivity to
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ethylene is known as the tree factor by postharvest
physiologists as discussed previously. Auxin has been
suggested to be a candidate but experimental evidence is
still lacking (Pech et al. 2008). In muskmelon also, the
detached fruit produced a burst in respiration and ethylene
but fruits attached fruits did not exhibit a large increase in
respiration in spite of the significant increase in the levels
of ethylene (Shellie and Saltveit 1993).

Sweet pepper Different ripening patterns exist for attached
and detached fruits of sweet pepper (Saltveit 1977; Biles et
al. 1993; Villavicencio et al. 1999). It was reported by
Tadesse et al. (1998) that there is an indication that
capsicum fruits of cultivar ‘Domino’ are climacteric with
respect to their internal ethylene concentration during
ripening. But, the internal CO, concentration, on the other
hand, increased only for the fruits undergoing ripening
when attached to the plant and a steady decline in CO, was
recorded in fruits that were detached.

Saskatoon Comparision of respiration and ethylene produc-
tion rates at nine different maturity stages of saskatoon
(Amelanchier alnifolia, Nutt.) fruits after their harvest with
the fruits undergoing maturation and ripening on the plant
itself indicated that the respiratory response was very different
in these two situations. The increase in respiration associated
with ripening was demonstrated only on a whole-fruit basis
only in attached fruits (Rogiers and Knowles 1999).

Based on these discussions on ripening behaviour of
different fruits, it can be concluded that there are various
factors that could contribute differentially in determining the
ripening behaviour of attached and detached fruits. Such
factors include 1. Supply of a hypothetical ripening inhibitor
from plant to fruit, 2. Differences in the production and release
of ethylene and thereby endogenous levels of ethylene in the
fruit, 3. Differences in the sensitivity of fruit to the
endogenous levels of ethylene, 4. Differences in the threshold
level of ethylene required to initiate the process of fruit
ripening and 5. Overall differences in the endogenous gaseous
microenvironment of fruits. In addition to this, variability
among varieties and cultivars in these factors could also
contribute to the differences in ripening behaviour. To a
certain extent, these factors could also explain the fading
distinctions in the classical pattern of climacteric and non-
climacteric ripening behaviour of fruits.

Role for ethylene in ripening of non-climacteric fruits
Strawberry Strawberry is considered to be a typical

example of non-climacteric fruit and it has served as a
model system for this category of fruits (Giovannoni 2001).
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However, Trainotti et al. (2005) reported an increase in the
synthesis of ethylene receptors concomitant with the
increased synthesis of ethylene in strawberries. The
receptors mostly expressed in ripening strawberries are
type-1II ones (with a degenerate histidine—kinase domain).
According to Cancel and Larsen (2002), the degenerate
histidine—kinase domain of type-II receptors would lead to
a weaker affinity for the amino-terminal domain of CTRI
than that of type-I receptors. So, even the little ethylene
produced by strawberries (Abeles and Takeda 1990;
Perkins-Veazie et al. 1996; lannetta et al. 2000) might be
sufficient to trigger ripening-related physiological
responses. This means that CTR1 might be released by
type-1I receptors, like FaEtr2, by lower amounts of
ethylene. In addition to this, increase in expression of
FaEtr2 (a type II receptor homolog that is closely related to
the tomato LeETR4) was also found to be associated with
ripening in strawberry (Trainotti et al. 2005). Application of
the highly sensitive technique of laser photoacoustic
spectroscopy coupled with the specific apparatus to
determine in planta ethylene production in fruits and
flowers of strawberry during development and ripening
revealed an increase in ethylene production and a concom-
itant rise in respiration rate in red strawberry fruits (Iannetta
et al. 2006). Treating strawberry fruit with the ethylene
action inhibitor (silver thiosulfate) showed that this increase
in ethylene production was under the control of a positive
feedback mechanism in ripe fruits and thereby suggesting that
a form of auto-induced ethylene production is operational
during ripening in strawberry (lannetta et al. 2006). However,
the timing of this ripening related increase in ethylene
production in strawberry was distinct from the patterns of
ethylene production typically found in ripening of climac-
teric fruits such as tomato (Iannetta et al. 2006). Manning
(1994) has previously demonstrated the negative role of
auxin in ripening of this non-climacteric fruit.

Grape berry Ethylene influences multiple aspects of ripening
in grape although grape is regarded as an important example of
a non-climacteric fruit. Grape berries have a double sigmoid
growth pattern. The last large increase in the size is called
veraison stage of grape development. At this stage, berries start
accumulating sugars and anthocyanins. Ethylene treatment of
grape berries stimulated an increase in the production of
anthocyanins along with the increase in the four transcripts
encoding enzymes (involved in synthesis of anthocyanins) (EI-
Kereamy et al. 2003). Similar to strawberry, small but
significant increases in ethylene synthesis (at the onset of
ripening) has been detected in grape berries also. Chervin et
al. (2004) demonstrated the presence of a transient peak of
ethylene production in grapes just prior to the onset of
ripening. Experiments with [-MCP (action inhibitor of
ethylene) indicated that ethylene is required for the onset of
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accumulation of anthocyanins, fruit swelling and decrease in
acidity associated with ripening of grape berries (Chervin et
al. 2004). The results therefore indicate that tissues of grape
berry have a fully functional pathway for ethylene synthesis
and this pathway is activated and perception of ethylene is
critical just before the veraison stage (Chervin et al. 2004).
Besides this, there is involvement of ethylene signaling in the
regulation of ADH expression in grapevine. Treatment of
grape berries with 1-MCP caused partial repression of
ripening-induced expression of the VvADH2 gene that
encodes an ADH (Tesniere et al. 2004). It was further
observed that low doses of ethylene application increase
the berry diameter at the inception of veraison stage
during ripening (Chervin et al. 2008). These results
confirmed the finding of earlier studies also where good
correlations between ripening of grape berries and accu-
mulation of various transcripts of polygalacturonase,
pectin methylesterase, cellulose synthase and expansins
were recorded. In addition to this, auxin has been
proposed as a negative regulator (Davies et al. 1997)
while ABA is reported to act as a positive regulator of
berry ripening (Gagne et al. 2000).

Citrus Studies on citrus, a non-climacteric fruit, showed
that ripening-related colour changes in flavedo portion
of the fruit peel are regulated by endogenous as well as
exogenous levels of ethylene. Ethylene was reported to
play role in regulating the ripening of peel in citrus
fruit (Goldschmidt et al. 1993; Goldschmidt 1997).
Ethylene stimulates respiration, chlorophyll breakdown
and carotenoid accumulation (Stewart and Wheaton 1972;
Purvis and Barmore 1981; Goldschmidt et al. 1993;
Goldschmidt 1997; Katz et al. 2004). Further studies
have shown that some genes (including chlorophyllase)
were regulated by ethylene in citrus fruit (Alonso et al.
1995; Jacob-Wilk et al. 1999). Earlier, it was Aharoni
(1968) who reported a significant rise in ethylene
evolution and respiration in young citrus fruits and latter
Eaks (1970) proposed this phenomenon as “psedoclimac-
teric”. According to McMurchie et al. (1972), citrus (and
other non-climacteric fruits) lack a ripening-associated
autocatalytic rise in ethylene production. But, at the same
time they also suggested that this does not rule out a role
for the small but detectable amount of endogenous
ethylene in the regulation of ripening process. In a review
article Goldschmidt (1997) pointed out the potential
significance of even the lowest levels of ethylene present
in the non-climacteric fruits in regulation of ripening
process. Induction of ripening of citrus fruit peel by
ethylene was also found to be opposed by gibberellins
and cytokinins and this was possibly due to the reduction
in the tissue’s sensitivity to ethylene (as reviewed by
Goldschmidt 1997). There is auto-induced ethylene

production in citrus fruit (Katz et al. 2004). The harvested
immature fruits produce high levels of ethylene and this
can be further stimulated by exogenous treatment with
ethylene or propylene and inhibited by 1-MCP. This
indicates the auto-inductive nature of ethylene production
but with altered timing in comparison with similar events
in climacteric fruit (Katz et al. 2004). Likewise the
developmental regulation of transition from system 1 to
system 2 of ethylene production in climacteric fruit
(Yokotani et al. 2009), the transition from system 2
behaviour of young fruitlets of citrus to system 1 behaviour by
mature fruit was also suggested to be under the developmental
regulation (Katz et al. 2004). Changes in the sensitivity to
ethylene with development or ripening have already been
pointed by many workers in different fruits (Goldschmidt
1997; Golding et al. 1999; Bower et al. 2002, Pech et al.
2008; Yoo et al. 2009; Johnston et al. 2009). These findings
thereby necessitate to take up further work not only on the
role of the development/developmental signals but also on
the mechanism of alteration in the sensitivity of tissue/s with
the development of fruit.

Melons As mentioned earlier, this group of fruits comprises
not only climacteric but also non-climacteric genotypes.
Crossing climacteric with non-climacteric melons generates
climacteric melons. For example, crossing long shelf-life
honeydew melon (C. melo var. ‘inodorus’) with cantaloupe
charentais type melon (C. melo var ‘cantalupensis’) gives
hybrids of the climacteric type (Ezura et al. 2002). It was
reported that some lines generated from two non-
climacteric melons, Piel de Sapo (var. ‘inodorus’) and
Songwhan Charmi PI 161375 (var ‘chinensis’) showed the
climacteric character (Obando et al. 2007). Suppression of
ethylene production by antisense ACC-oxidase RNA in
‘charentais’ melon (known for its climacteric behaviour)
showed that many ripening pathways (synthesis of aroma
volatiles, respiratory climacteric and degreening of the
exocarp) were regulated by ecthylene but some pathways
(initiation of climacteric, sugar accumulation, loss of acidity
and coloration of pulp) were ethylene-independent (Pech et
al. 2008). Similarly, softening of flesh comprised both,
ethylene-dependent and independent components that could
also be correlated with differential regulation of cell wall
degrading genes (Pech et al. 2008). To gain further
understanding, near-isogenic lines (NILs) of melon were
used to distinguish the aroma profiles associated with
climacteric or non-climacteric pattern of ripening. These
studies revealed that various volatiles like esters, aldehydes,
isobutyl acetate, benzyl acetate and pentanal allow the
climacteric NILs to be distinguished from the non-
climacteric NILs at harvest using univariate and multivar-
iate analysis (Obando-Ulloa et al. 2008a, b, 2009). Ethylene
bioassays in closely related watermelon genotype (having
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similar phenotypes) at different (green, white, pink and red)
stages were performed by Wechter et al. (2008). The study
showed that ethylene levels were highest during the green
stage of fruit development and this was followed by a
decrease in its levels during the white and pink stages of
development. The higher level of ethylene production
during fruit development in watermelon thereby supports
a role for ethylene in development besides its role in
ripening of this non-climacteric fruit.

Pepper Capsicum fruits are classified as non-climacteric
based on the patterns of CO, and ethylene production
(Saltveit 1977; Lurie et al. 1986; Lu et al. 1990; Biles et al.
1993). However, some hot pepper cultivars are climacteric
(Gross et al. 1986), indicating that classification of capsicum
as non-climacteric may be inconclusive. Further, some
cultivars seem to be ethylene insensitive, while in others
continuous treatment with exogenous ethylene has been
shown to accelerate ripening (Armitage 1989) and to up-
regulate the expression of ripening specific genes (Ferrarese
et al. 1995; Harpster et al. 1997). It was reported by
Villavicencio et al. (2001) that all cultivars seem to exhibit
intermediate levels of ethylene and CO, evolution during
ripening and therefore peppers appear to fall between the
typical characteristics of climacteric and non-climacteric
behaviour of fruit ripening. Therefore peppers perhaps
constitute an evolutionary intermediate group between
climacteric and non-climacteric fruits originated probably
as a consequence of selection and breeding practices.

Cucumber Cucumber fruit are classified as non-climacteric
(Biale and Young 1981). However, climacteric-like increase in
postharvest ethylene production has also been reported in
several cultivars of cucumber. It was noticed that ethylene
production patterns were more closely associated with decay
than climacteric respiratory patterns or ripening-like physical
changes (e.g., colour or softening) (Saltveit and McFeeters
1980). Postharvest changes in surface hue angle (reflecting a
loss of green colour) are usually gradual but, postharvest
chlorophyll loss of cucumber fruit can also be quite rapid also
(Lima et al. 2005; Nilsson 2005). More rapid postharvest
quality loss and degreening occurs in cucumber fruit if
harvested at a stage of development close to and beyond seed
maturation (Frost 1987). Postharvest responses of cucumber
fruit to exogenous ethylene have been examined primarily
with fruit of commercial maturity and not in fruit of more
advanced developmental maturity. Exposure to exogenous
ethylene expedites chlorophyll loss (Villalta and Sargent
2004; Lima et al. 2005; Nilsson 2005), and is further
associated with increased electrolyte leakage, watersoaking
and decay (Villalta and Sargent 2004; Lima et al. 2005;
Nilsson 2005). These studies have examined fruit at a single
developmental stage corresponding to commercial harvest
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maturity. However, a recent study by Hurr et al. (2009)
investigated the postharvest storage and ethylene responses of
cucumber fruit at defined developmental stages based on
growth and surface colour parameters. The results showed
that ethylene increased respiration in fruit of all stages of
development but, ethylene production was detectable only in
decaying fruit. The data also showed that the postharvest
response of cucumber fruit to ethylene is highly dependent on
developmental stage because only older fruits exhibit
climacteric-like responses while younger fruits exhibit only
tissue watersoaking and general fruit deterioration.

Conclusions and future perspectives

There have been considerable advances in understanding
the changes associated with fruit ripening at the
physiological, biochemical and molecular levels. These
advances include discoveries on the mechanisms and
signaling pathways involved and linked with the process
of fruit ripening. Detailed and highly sensitive analyses
of ripening and ripening related changes especially in the
levels of CO, and of ethylene at different stages of fruit
growth and maturation in climacteric as well as non-
climacteric fruits challenged the basic classification of
many fleshy fruits into these categories. Recent research
has revealed that some genes that regulate ripening of
fruits have been remained conserved during the course of
evolution. The emerging picture points clearly to the
coexistence of ethylene-dependent and ethylene-
independent pathways in both the categories of fruits. It
has been shown clearly that many regulators of fruit
development and ripening are common to both climacteric
and non-climacteric fruits. Studies have shown that low
O, and high CO, in the microenvironment of fruit can
delay the onset of rise in ethylene and respiration and
thereby the ripening of fruit. There exists variability in the
surface morphology/anatomical features among the culti-
vars and this can cause differences in the prevailing
gaseous microenvironment of fruits in terms of endoge-
nous concentrations of O,, CO, and ethylene etc. This
aspect thereby provides an additional explanation for the
existing variations in the ripening behaviour not only
among different types of fruits, among the different
cultivars for a given fruit but also for the observed
deviations in ripening behaviour by a fruit under plant-
attached and plant-detached situations.

In the area of fruit physiology and ripening in
particular, there are many aspects that still need the
attention of plant scientists. Till we get clear picture, it
would be safe to advise that even the non-climacteric
fruits need to be kept away from any source of ethylene
to avoid any possible effect on ripening and/or quality of
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these fruits. Some of the important research priorities and
questions that need to be answered to understand and
solve the confusion regarding the ripening behaviour and
grouping of fruits into climacteric and non-climacteric
categories are as follows:

* Re-evaluate the application of propylene to distinguish
between climacteric and non-climacteric fruits and
system 1 and system 2.

* To carry out further identification and characterization
of ethylene-dependent and ethylene-independent gene.

* How does exactly the transition occur from system 1 to
system 2 of ethylene synthesis at the onset of ripening?

* How is system 2 of ethylene synthesis perpetuated?

* To probe the changes in ethylene sensitivity rather than
ethylene levels that mediate physiological changes
during ripening of non-climacteric fruits.

» Is it so that non-climacteric fruits carry mutations within
the components of ethylene synthesis or signaling
pathways?

*  What is the molecular identity of loci that control
climacteric ethylene production within closely related
species such as capsicums and melons?

*  What exactly is the interaction between ethylene and
other hormones especially with auxin? This needs to be
understood further at mechanism as well as regulatory
levels.

+ Can we harness the available natural variation in the
ripening behaviour for generating new varieties with
broad consumer appeal and enhanced storage capability?

*  What are the functions of the individual ethylene
signaling components and how is this network of
proteins assembled in vivo? Is the expansion of gene
families in tomato and other fleshy fruits linked to
special ethylene signaling requirements?

What are the downstream targets of the EIN 3 like
transcriptional factors (EILs) and ethylene responsive
factors (ERFs) in ripening fruits and how do these
transcription factors activate or repress specific
ripening-related pathways?

*  What is the exact reason and specific role of the rise in
respiration (climacteric rise) during ripening of climac-
teric fruits?

* How ethylene is linked to respiratory metabolism at the
biochemical and molecular levels? Alternate respiration
also needs attention in terms of its role and significance
in climacteric and non-climacteric fruits. Can manipu-
lation of alternate respiration influence the ripening and
ripening—related changes?

+ To integrate genetically identified regulatory compo-
nents into mechanistic actions at the biochemical,
molecular and cellular levels in understanding ethylene
signaling and function.
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