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ONTOGENIC RELATIONSHIPS

BETWEEN FRUIT AND LEAF

» Most fruits develop from a gynoecium that contains
one or more carpels.

» Fruit development would be defined as the
differentiation of a preexisting organ.

» In pseudocarpic fruit, organs other than the
gynoecium (e.qg., receptacle bracts, the floral tube,
or the enlarged axis of the infloresence) participate
in the formation of the fruit



It appears that the size (i.e., the number of cells) of the internal layer (L3) in
the shoot apical meristem determines the floral meristem size and carpel
number in tomato (and other fruits).

Size of the floral meristem during carpel initiation and final carpel number are
determined by the genotype of L3 but not L1 or L2.

The bulk of the tissue in the pericarp appears to be derived from cells in L3,
whereas L1 and L2 contribute to the outer and inner epidermal cell layer and
to a layer of small cells immediately adjacent to the epidermal cell layers,

respectively.
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Figure 1. Tomato Fruit Development.

Tissue from VFNT cherry tomato was fixed in formalin plus acetic acid, embedded in paraffin, cut into 10-um sections, and stained with toluidine
blue. Sections were photographed with bright-field illumination at a magnification of x6.25 (A) to (D) and x400 (E).

(A) Longitudinal section through the ovary within the flower at anthesis. Arrow indicates the pericarp.

(B) Cross-section of a fruit 0.3 cm in diameter. Arrow points to vascular tissue within the placenta.

(C) Cross-section of a fruit 05 cm in diameter. Arrow indicates the presence of locular tissue, which has differentiated from the placenta.
(D) Part of a cross-section through a fruit 1.2 cm in diameter. Arrow points to the gradient zone of differentiation between placenta and locular tissue.
(E) Cross-section through a developing seed from a fruit 1.2 cm in diameter. Arrow points to the developing embryo within the seed.



The pericarp is covered on the outside by a thin cuticle that thickens as the fruit ages.

The skin of the pericarp further consists of an epidermal layer and three to four layers of

coﬂenchymous tissue.

The outer epidermal cells contain little to no starch and no stomata, but the inner pericarp

cells contain many starch grains.

In tomato, the cells that contribute to most of the carpel and fruit pericarp are large and
vacuolated, and they are morphologically similar to leaf palisade cells. They contain most of
the chloroplasts that give the developing fruit its green appearance.

Cells in the outer and inner epidermal layer are small and have fewer chloroplasts. Thus, the
carpel can be viewed as a modified leaf that has folded into a tubular structure that encloses
the ovules.

The fusion of two or more carpels in fruits such as tomato results in complex
morphological structure in which it 1s difficult to discern the ontogenical relationships of

cells in the fusion zones



Genetic analysis of flower development has demonstrated that the
antagonistic action of homeotic genes is required for normal carpel

formation.

In Arabidopsis, mutant strains of apetela-2 and agamous display a homeotic
conversion with the reduction of carpels to leaflike structures, suggesting that
homeotic genes have been recruited during evolution for the modification of leaves
into the specialized carpel structure that develops into the fruit.



Cells in developing fruit often contain photosynthetically active chloroplasts and
express nuclear and plastid genes for photosynthetic proteins.

This is consistent with the above discussed ontogenic relationship between cells in
leaf and fruit.

However, the expression pattern of genes for photosynthetic proteins in fruit can
vary from that in leaves, as has been shown for the gene family that encodes the small
subunit of ribulose-1,5-bisphosphate carboxylase (rbcS) in tomato. Only two of the five
rbcS genes are expressed during fruit development.

However, the interaction of DNA binding proteins with the promoter regions of all
five tomato rbcS genes is similar in leaf and developing fruit, suggesting that the
inactivation of a subgroup of rbcS genes in fruit must be regulated at a level other
than DNA-protein interactions alone, presumably through signal transduction
pathways that are specific to fruit cells.



» rbcS expression pattern in fruit is regulated by the
physiological sink state of fruit cells rather than by a
fruit developmental program.

Compared to the photosynthetically active young fruit, most of the DNA-protein
interactions are undetectable in ripening fruit, as shown in Figure 3, which is
consistent with the transcriptionally inactive state of all rbcS genes during this
phase of development.



The expression of genes for proteins such as TPRF-F1 and 2A11 is high

in carpels and during early tomato fruit growth but is very low or
undetectable in other organs.

» These examples demonstrate that, although ontogenic
relationships exist between cells in leaf and fruit that can
be demonstrated at the genetic level, fruit cells have also

evolved a unique gene expression program that reflects
their difference in function
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Figure 2. Hormonal Changes and Differential Gene Expression during Fruit Development.

Changes in hormone levels throughout tomato fruit development are indicated by white diamonds, Changes in steady state levels of selected
mAMNAs are indicated by grean (phase Il and lIl) and red (fruil ripening) diamonds.




Ripening is an aspect of development that is unique to
fruit and that is initiated after seed maturation has
been completed.

FRUIT DEVELOPMENT PHASES

In most plants, early fruit development can
be divided into three phases.



Phase I. Ovary Development, Fertilization,

and Fruit Set

» Itis now well established that the precise spatial and
temporal synthesis and action of auxin, cytokinin,
and gibberellins are required for most or all of the
normal (and visible) fruit developmental program.

» Factor(s) produced by the sporophytic tissue
surrounding the developing ovary are required for
triggering and maintaining cell division in the fruit
primordia until the ovary has reached its mature size.
At this time, cell division activity is reduced
temporarily until fertilization has been completed.



Phase 2: Cell Division, Seed Formation,

and Early Embryo Development

Following fertilization in tomato, cell division is activated in the ovary and
continues for -7 to 10 days.

As the cell division phase ends, individual cells enlarge, as does the entire
fruit, for the next 6 to 7 weeks.

Before the cell enlargement phase, dividing cells in the developing fruit are
small, tightly compressed, and rich in cytoplasmic substances and have
small vacuoles.

As cells enlarge, the primary cell wall and the cytoplasmic layer become
relatively thinner, and vacuoles occupy a greater proportion of the cell
volume.



» during phase II, cell division activity is highest in
pericarp and placental tissues.

In the very early stages of phase Il, mitotic activity is higher in the outer pericarp than
in the inner pericarp.

Cell divisions in the developing seeds occur at the peripheral integument layers
rather than in the embryos.

Cells within the columellar and placental tissue, which most likely represent vascular
cells, also show high mitotic activity.

Four to six days after anthesis, cell division is still occurring in the fruit. At this time,
mitotic activity in the pericarp is confined mostly to the outer layer, and mitotic activity
within the placenta is localized to cell layers peripheral to the seeds.

Vascular tissues and developing seeds also show mitotic activity at this time. At the
end of phase |l and overlapping with phase lllI, mitotic activity is restricted to the
outer pericarp cell layer and the outer placental cell layer.
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Figure 3. Developmental Changes in rbcS Promaoter-Protain
Interactions.



Cell proliferation and differentiation in the fruit tissue are
temporally coordinated with the mitotic activity in the
developing seed and in the developing embryo. Research
on signals that coordinate cell division and differentiation in
the developing fruit with that in the seed and embryo will
benefit further from the increased availablility of plant genes
for cell cycle regulatory proteins such as p34cdc2, cyclins,
MAP kinase, and the nuclear GTP binding RAN protein



Phase 3: Cell Expansion and Embryo Maturation

After the period of cell division, fruit growth is due mostly to an increase
in cell volume.

The number and timing of cell divisions can vary significantly in different
fruits, and both contribute to its final size; in most plants, however, the
increase in cell volume makes by far the greatest contribution to the
final size of the fruit.

Cell expansion commonly increases fruit size by a factor of 100-fold or
more.

In tomato fruit, the volume of cells in the placenta, locular tissue, and
mesocarp tissue can increase by more than 10-fold, but cells that
comprise the exo- and endocarp, which continue to divide, expand less.
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The auxin content of the tomato fruit peaks twice
during development.

During tomato fruit development, there are two
peaks of gibberellin accumulation, which coincide
with activation of cell division early in phase Il and
cell expansion in phase Ill.

During tomato seed development, the endogenous
ABA concentration peaks at the stage of cell
enlargement and then declines at later stages of
fruit development
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1 Introduction

Fruit consumption ensures that seeds are
dispersed in a nutrient rich media.

In  order for frugivore-assisted seed
dispersal to occur, dramatic biochemical
changes are initiated

Ripening-associated changes are
conserved in many diverse fruit species
and include the conversion of starch to
sugars, alterations in texture, the
accumulation of  brightly  coloured
pigments, and the synthesis of volatile
aroma compounds.
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Plant secondary metabolites, including aroma
volatiles, appear to be key in the interaction of
frugivores and ripening fruits, serving as both feeding
attractants and deterrents.

Carotenoids
Ethanol
Capsaicin

Glycoalkaloids



2 Control of fruit ripening

Fleshy fruits display a broad range of phenotypic and chemical diversity.
However, despite this diversity there are several common features that
accompany the onset of fruit ripening.

This suite of common biochemical changes suggests that diverse fruits may
share common pathways that mediate ripening.

Although the factors that control the onset
of ripening are not fully understood, this
represents an area of intense research
activity.



Table 8.1 Classical mutants of tomato displaying altered fruit phenotypes associated
with ripening and quality

Gene product/ Fruit
Locus function phenotype Chromosome Reference
Apricot (at) Unknown Altered 5 Jenkins and
carotenoids hMackinney,
1955
Beta (P) Lycopene Altered 6 Ronen et al,,
B-cyclase carotenoids 2000
Colourless Unknown Reduced 1 Rick and Butler,
epidermis (y) flavonoids in 1956
peel
Colourless SBP-box Severe ripening 2 hManning et al,,
non-ripening transcription inhibition 2006
(Cnr) factor
Cuticular water  Nowvel, unknown  Fruit cracking 4 Hovav et al,
permeability function and shrivelling 2007
(Cwp)
Delayed fruit Unknown Altered fruit Unknown Saladie et al.,
deterioration cuficle 2007
(dfd) properties
Delta (Del) Lycopene epsilon  Altered 12 Ronen et al,,
cyclase carotenoid 1999

profile



Green-flesh (gf)
Green-stripe (gs)

Green-ripe (Gr)

High-pigment-1
(hp-1)
High-pigment-2
(hp-2)
High-pigment-3
(hp-3)
Leceré

MNever-ripe (Nr)

Cytochrome
P450,
brassinosteroid
biosynthesis
STAY-GREEN
homologue

Unknown

Ethylene
signalling

DDE1
homologue

DET1
homologue

Zeaxanthin
epoxidase

B-ketoacyl-CoA
synthase

Ethylene
receptor

profile
Delayed fruit
ripening,
pleiotropic
effects
Altered fruit
pigmentation
Striped fruit
epidermis

Reduced
ethylene
responsiveness

Enhanced fruit
pigmentation
Enhanced fruit
pigmentation
Enhanced fruit
pigmentation

Shrivelling on
the vine

Reduced
ethylene
responsiveness

Unknown

Lisso et al.,
2006

Barry et al.,
2008

Larsen and
Pollack, 1951

Barry and
Glovannoni,
2006

Liu et al.,, 2004

Mustilli et al.,
1999

Galpaz et al.,
1999

Vogg et al.,
2008

Wilkinson et al,,
1995




Table 8.1

(Continued)

Gene product/ Fruit
Locus function phenotype Chromosome Reference
Non-ripening Transcription Severe ripening 10 Giovannoni,
(nor) factor inhibition 2001
Ripening- MADS-box Severe ripening 5 Vrebalov et al.,
inhibitor transcription inhibition 2002
(rir) factor
Tangerine (f) Carotenoid Altered 10 Isaacson et al.,
isomerase carotenoid 2002
profile
Yellow-flesh (r)  Phytoene Altered 3 Fray and
synthase carotenoid Grierson, 1993

profile




3 Transcription factors serve as

master regulators of fruit ripening

The characterization of tomato mutants with impaired
fruit ripening has proven to be an effective strategy for
gaining insight into the mechanisms that control
rpening.

» The ripening inhibitor (rin)
» non-ripening (nor)

» Colourless non-ripening (Cnr)

display severe inhibition of fruit ripening manifest
through inhibited ethylene synthesis, greatly reduced
carotenoid synthesis and reduced fruit softening



The rin locus maps to the long arm of
tomato chromosome 5 and is tightly linked
to the macrocalyx (mc) locus that causes
the production of large sepals.

The fruit pericarp of mature Cnr fruit is white and exhibits
reduced cell-cell adhesion resulting in fruits with a mealy
texture. Analysis of the cell wall properties of the Cnr mutant
revealed several changes when compared to wild type
including stronger pericarp cell walls in mature Cnr fruit, a
50% increase in intercellular spaces, reduced calcium-binding
capability of homogalacturonan in the middle lamella and
altered deposition of (1—5)--L-arabinan in mutant fruit cell
walls.



4 Hormonal control of fruitripening

All of the major plant hormones have been shown to influence aspects of
fruit development and ripening. Hormone levels change during cell division
following fertilization, cell expansion during fruit growth and at the onset
of ripening, influencing the expression of a multitude of genes implicated
in these processes (Srivastava and Handa, 2005). Discussion of hormonal
regulation in this chapter will focus purely on the effects of hormones on
ripening and fruit quality.



4.1 Ethylene

Fleshy fruits have traditionally been classified based
upon their ripening behaviour. Climacteric fruits,
including tomato, avocado, apple and banana
produce a burst of respiration and display increased
ethylene synthesis at the onset of ripening whereas in
non-climacteric fruits such as grapes, strawberries and
citrus these changes are not evident



Chemicals that block either ethylene synthesis or perception can inhibit
fruit ripening.

Similarly, genetic control of ethylene synthesis through reduction of ACC
levels or ACC oxidase activity also leads to inhibition of ripening.

Mutations or transgenic approaches that disrupt the function of genes
involved in the ethylene-signalling pathway also disrupt ripening.



Variation in climacteric ethylene production and ethylene

responsiveness has been observed in several fleshy fruit
species including apple, melon, peach, plum, pepper and,
Asian pear, leading to different fruit quality and ripening
characteristics.

In apple, peach and Chinese pear, the reduced ethylene
biosynthesis observed in cultivars with extended shelf life has been
linked to reduced expression levels of ACC synthase isoforms that are
typically expressed during ripening.

In apple and Asian pear cultivars structural differences have been
observed in different ACS isoforms and these correlate with ethylene
production and postharvest shelf life.



Tremendous variation for fruit morphology and ripening traits also exists
within the Cucurbitaceae family and in particular, melons display both

climacteric and non-climacteric ripening behaviour.

« Cantaloupe melons display a climacteric ripening phenotype

produce little ethylene

non-climacteric character was controlled by two recessive loci



Fruits that have traditionally been classified as non-climacteric have
recently been re-evaluated for the possible role of ethylene in regulating
various aspects of the ripening process.

the possibility that citrus fruits may display climacteric-like behavior
following harvest.

stimulate the accumulation of anthocyanin, and the expression of
ripening-related genes in grape

differential expression of components of the ethylene signaling pathway
have been demonstrated in several non-climacteric fruits including
strawberry, citrus and grape.



4.2 Brassinosteroids

» Several lines of evidence point to a role for
brassinosteroids (BRs) as potential promoters of fruit
ripening in grape.

Genetic evidence of a role for BRs in mediating
ripening and quality attributes in tomato has come
from characterization of the dwarf (dx) mutant of
tomato. The dwarf mutation lacks a functional
cytochrome P450, required for the synthesis of
castasterone and exhibits delayed fruit ripening and
altered quality attributes including reduced levels of
starch and sugars and elevated amino acids.



4.3 Auxin

» In tomato, auxin levels increase early during fruit
development during the cell division phase and
subsequently decline before increasing at the onset
of ripening.

Under low auxin conditions, the Aux/IAA proteins bind to the ARFs and

inhibit transcription. In contrast, when auxin levels increase, binding of

auxin to the receptor, an F-box protein designated SCFTIR1, targets the

Aux/IAA proteins for degradation and releases their inhibitory effect on
auxin-inducible gene expression.

The expressions of several Aux/IAA and ARF genes are
induced at the onset of ripening in both tomato and
peach and show regulation by ethylene, suggesting
possible interplay between ethylene and auxin in
mediating ripening-related gene expression



Transgenic manipulation of the ARF gene DR12 in
tomato causes a range of pleiotropic phenotypes that
includes:

dark green immature fruits that when mature exhibit a
blotchy ripening pattern.

Pericarp cells also possess an unusual pattern of cell
division
a higher number of small cells in the outer pericarp that

contributes to an increased overall thickness of the
pericarp.

DR12 suppressed fruit displays enhanced firmness that
may result from the increased thickness of the pericarp
or subtle changes that are observed in pectin
composition in the transgenic lines



4.4 Polyamines

The transgenic lines with elevated PA levels exhibited a range of
beneficial phenotypes including increased vine life, higher
carotenoid levels and increased juice viscosity. The
transgenic fruit also produced elevated levels of ethylene.

This result was unexpected given that both PAs and ethylene
share SAM as a common precursor as it was anticipated that
diverting SAM towards PA biosynthesis would reduce ethylene
levels.



5 The influence of light on fruit guality

» The accumulation of brightly coloured pigments in
fruits iIs one of the most dramatic events that
accompanies ripening.

Fleshy fruits predominantly accumulate carotenoids,
anthocyanins and flavonoids and the de novo synthesis
of these compounds at the onset of ripening is
preceded by, or occurs concomitantly with, the
degradation of chlorophyill.

An exception to this generalization occurs in banana where the
degradation of chlorophyll at the onset of ripening leads to the
unmasking of the yellow-pigmented xanthophylls that are already
present in immature fruit.



Ethylene plays a significant role in regulating carotenoid synthesis
in tomato.

light-signalling pathways in influencing carotenoid, flavonoid and
anthocyanin accumulation during ripening in several species
including tomato, apple and grape.

The manipulation of downstream components of the light-signalling pathway can also
elicit changes in the pigment content of tomato fruit. Silencing of LeHY5, a positive
regulator of light responses and LeCOP1-like, a negative regulator of light signalling,
resulted in fruits that accumulated lower and higher levels of carotenoids than non-
transformed controls, respectively

manipulation of light-signalling components appears to be an effective strategy
to modify the phytonutrient content of fleshy fruits.
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Introduction

The quality of fruit is determined by a wide range of
desirable characteristics such as

» nutritional value,

» flavor,

» processing qualities,
» shelf life.



The list of fruits and vegetables traded throughout the world is both
long and diverse. The FAO lists over 100 “lines” of which 60 are
individual fruits or vegetables or related groups of these commodities.

Table 1.1 Global production, consumption, and net export of the five major
(million tons) fruit commodities in 2002-2004. Data from European Commission
Directorate-General for Agriculture and Rural Development (2007).

Commodity Production Consumption Net Export
Banana 71 58 12.9
Tomato 119 103 2.1
Apple 59 56 3
Grape 64 59 1.7
Orange 63 53 v A




» Fruit ripening is highly coordinated, genetically programmed, and an
irreversible developmental process involving specific biochemical
and physiological attributes that lead to the development of a soft
and edible fruit with desirable quality attributes.

The main changes associated with ripening include:

» color (loss of green color and increase in nhonphotosynthetic
pigments that vary depending on species and cultivar),

» firmness (softening by cell-wall-degrading activities),
» taste (increase in sugar and decline in organic acids),

» odor (production of volatie compounds providing the
characteristic aroma).
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Central Carbon Metabolism

Sucrose, glucose, and fructose are the most abundant
and are widely distributed food
components derived from plants.

The sweetness of fruits is the central characteristic
determining fruit quality and it is determined by the
total sugar content and by their ratios among those
sugars.

» in domesticated tomato (Solanum lycopersicum) only a high
accumulation of the two hexoses is observed, whereas some wild
tomato species (i.e., Solanum chmielewskii)) accumulate mostly
sucrose



unload into the sink organ

The rate of photoassimilate transport in plants 1s mainly determined by sink strength. which consists of
sink size and sink activity (Snuth et al. 2018). Sink size 1s a physical parameter determuned by the cell
numbers and cell size. whereas sink activity 1s a physiological parameter influenced by many
processes such as carbon metabolism, assimulate transport and storage by the sink cells (Morey et al.
2018). Phloem unloading constitutes a range of cell-to-cell transport steps that convey phloem-mobile
components from phloem to the sink organs. Potent transport pathways are mainly determined by the
occurrence of apoplasmuc barners and the whole plant sink/source ratios for photoassimilates (Milne

t al. 2018). Sink/source ratio may be increased by partial defoliation or decreased by fruat thinning.
Change 1n the sink-source dynamics 1s one of the critenia considered to adjust the smk activity and
allow a greater supply of photoassimilates for the growth of fruats (Pereira et al. 2017). Changes in the
sink/source ratio may have a great effect on various important cellular processes including

carbohydrate metabolism. and the secondary metabolites synthesis and transport (Pastore et al. 2011).



Suc is the main product of photosynthesis and the form in which most of the
carbohydrate is transported between cells and throughout the plant.

It is perfectly matched to act as a signaling molecule modulating sink-source
relationships and the use of resources (Zhang et al. 2018).

Generally, Suc transfer from the sieve element-companion cell complex to the
surrounding cells can occur symplastically via the plasmodesmata, or through an
apoplastic unloading pathway via transporters (Cheng et al. 2015).

Suc may be either directly pumped into the sink parenchyma cell by plasma-
membrane localized Suc ftransporters (SWEET transporters) or hydrolyzed by
Inv-CW into Glu and Fru and then transported into storage cells by hexose
transporters (Wang et al. 2019).



Enzymatic hydrolysis of Suc by Inv-CW within sink organs increases the contribution of
carbohydrates to the osmotic potential, thereby contributing to the regulation of the
carbohydrate import in the sink tissues (Patrick and Offler 2001).

In certain sink tissues, such as roots, phloem unloading usually involves the symplastic
pathway; however, it has been shown that in some fruits which accumulate high
concentrations of soluble sugars, the apoplastic unloading route is also employed over
fruit development course (Cheng et al. 2015).

The uptake of hexoses from the apoplast into the sink cells is an outcome of the
hydrolysis of the phloem-imported Suc; this is achieved by the HTs.

The inhibition of the Glu transport by silencing LeHT1 could result in a 55% decrease in
the fruit hexose accumulation (McCurdy et al. 2010). Plant HTs are involved in energy
production, pathogen defense and osmoregulation in the unloading zone, facilitating the
Suc transport to the sink tissues (Slewinski 2011).



The present study showed that decreasing the sink/source ratio via fruit thinning increased
the Suc and hexose contents in the tomato fruit pulps, also causing higher ST
accumulation in the pericarp of the tomato fruits (Table 2). Since ST content was the
highest at the end of the cell division (15 DAT), it was clear that it was degraded during the
tomato fruit development. Biais et al. (2014) also reported the decreasing trends of ST
until the red ripe stage of tomato fruits.



tomato introgression lines containing an exotic allele of LINS,

a cell wall invertase that is exclusively expressed in flower
(mainly ovary but also petal and stamen) and in young fruit
and it has been demonstrated that alterations in the
efficiency of this enzyme result in significantly increased
partitioning of photosynthate to the fruit and hence an
enhanced agronomic yield.

L/INS antisense plants had decreased glucose and fructose
in the fruit proving /n planta the importance of LINS in the
control of the total soluble solids content.




Aslani et al. 2020

all three studied LeHTs displayed the highest expression levels at the first developmental stage (i.e., 15
DAT), while the lowest ones were detected at 30 DAT (Fig. 3). The higher expression levels of LeHT1,
LeHT2, and LeHT3 at 15 DAT were coincident with rapid fruit growth due to the active cell division, reflecting
the LeHTs pivotal role in the regulation of hexoses released to maintain the fruit cell metabolism. On the
other hand, the subsequent downregulation of these genes at 30 DAT (i.e., in the second examined phase of
fruit development) could be ascribed to the beginning of Suc accumulation into the vacuole of parenchyma
cells, where the absence of Inv-V and Inv-N activities (Fig. 2) paved the way for its storage. In the third
phase of fruit development (i.e., 45 DAT), the expression of LeHT1 and LeHT2 was increased. It has been
previously observed that an increase in the expression level of LeHT2 occurs during the final stage of fruit
development (Reuscher et al. 2014), but LeHT1 and LeHT3 tend to be highly expressed in the young fruits
(Dibley et al., 2005). The results obtained herein and those reported by the above-mentioned studies
suggest that LeHT1 and LeHT2 are the most likely candidates facilitating the transport and accumulation of

sugar within the pericarp of the mature tomato fruits.



Mature tomato fruit employs apoplastic Suc unloading (via sugar transporters) in the sink cells; then,
Suc is mainly converted to Glu and Fru by Inv-CW in the cell wall space, where the hexose transport
into parenchyma cells is facilitated by HTs (Wang et al. 2019). The activity of the Inv-CW was highly
increased from 30 to 45 DAT in the fruits of the examined tomato cultivars. This increase depicted a
shift from the symplastic unloading to the apoplastic one in the maturing tomato fruits. This finding
provides further evidence for apoplastic unloading at the onset of ripening, showing agreement with
the above-mentioned literature. The concurrence of apoplastic unloading and the enhanced
expression of LeHT1 and LeHT2 at the foregone stage of fruit growth reinforce the proposal that the
activity of HTs mediates the transport of monosaccharides down a concentration gradient along the
phloem path (Murcia et al. 2017). Moreover, during the final stage of fruit growth, in addition to the
hexose sugars derived from unloaded Suc, more Glu or Fru would be passively leaked from cells into
the extracellular space which needs to be taken up by the HTs (Wang et al. 2019). This is consistent

with the higher level of LeHT1 and LeHT2 expression observed in the present study.



Suc may be directly imported into the sink cells, where it is
transported from the cytosol into the vacuole. Then, it may be stored
as Suc, or hydrolyzed by Inv-V to produce Glu and Fru (Koch 2004).
Cytosolic Suc can also be hydrolyzed by Inv-N into Glu and Fru,
whereby it may be metabolized or transported into the vacuole
(Lalonde et al. 2003). The enzymes present in the vacuole and
cytosol control the Suc/hexose ratio in the cell (Baxter et al. 2005);
hexose accumulation is often accompanied by high Inv-V and Inv-N
activities (Koch 2004). Not only does enzymatic hydrolysis of Suc by
invertases within sink organs faciltate the contribution of
carbohydrates to maintain the osmotic potential, but it also
contributes to the regulation of carbohydrate imported into the sink
tissues (Patrick et al. 2001).



Aslani et al. 2020

In general, in all treatments applied to decrease the sink/source ratio, two phases of Inv-N and Inv-V
activities were distinguished. The first phase involved rather minimal changes in enzyme activities.
Enzyme activities can be compensated by coordinated changes in other enzymes (Pascual et al.
2013). Sucrose synthesis is another enzyme associated with Suc utilization that showed different
responses to invertase during tomato fruit development (Steinhauser et al. 2010), maybe the activity
of this enzyme is the reason for some difference between hexoses content and Inv-V and Inv-N
activities from 15 to 30 DAT. During this phase, the Suc is localized in the vacuole, where the
absence of Inv-V and Inv-N activities permits its storage (Schaffe et al. 1999). Due to a growing
need for hexoses and a progressive Suc-driven increase in the osmotic potential, which facilitated
cell expansion, there was an increase in the Inv-V and Inv-N activities, as compared with the early
stage of fruit growth, leading to the second phase of the activity of the latter enzymes. Unlike the first
phase, induction of the Inv-N and Inv-V activity in this second phase indicated their putative role in

the accumulation of Glu and Fru (Xue et al. 2018).



A role for apoplastic invertase in the control of sink size
has been postulated previously in other species; the
apoplastic invertase-deficient miniaturel mutant of
maize exhibits a dramatically decreased seed size as
well as altered levels of phytohormones.

» regarding the regulation of
carbon partitioning in
fruits



» Starch is another carbohydrate that undergoes
modifications during ripening.

The tomato introgression lines containing the exotic allele of LIN5 (IL 9-2-5)
accumulated significantly more starch in both, pericarp and columella
tissues

> starch accumulation plays an important role in
determining the soluble solids content or Brix index of
mature fruit.



> manipulation is highly valuable from a
metabolic engineering perspective.

Malate is the predominant acid in many fruits, both climacteric, and nonclimacteric.

Interestingly, levels of both citrate and malate were also highly correlated to many
important regulators of ripening.

Patterns of malate accumulation differ between plant species and even cultivars.

In fruits, patterns of malate accumulation and degradation cannot be explained by the
classification of species as climacteric or nonclimacteric, nor can they be attributed to
changes in overall respiration rates.

Some climacteric fruits such as plum and tomato appear to utilize malate during the
respiratory burst, while others such as banana and mango continue to accumulate
malate throughout ripening, even at the climacteric stage
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Biochemical analysis of the Acol mutant revealed that it exhibited a decreased flux through
the TCA cycle, decreased levels of TCA cycle intermediates, enhanced carbon assimilation,
and dramatically increased fruit weight.

Reduced mMDH activity, showed an increment in fruit dry weight likely due to the enhanced
photosynthetic activity and carbon assimilation in the leaves, which also led to increased
accumulation of starch and sugars, as well as some organic acids (succinate, ascorbate, and
dehydroascorbate)
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Ethylene in Ripening

The role of ethylene in ripening of climacteric fruits has been known for
more than 50 years.

Since then, considerable effort has been focused on the studies of:

 ethylene biosynthesis (S-adenosylmethionine, SAM; SAM
synthetase; 1-aminocyclopropane carboxylic acid; ACC synthase;
and ACC oxidase),

« ethylene perception (ethylene receptors, ETRS);

» signal transduction (ethylene response factor, ERFs);

« and ethylene-regulated genes such as cell-wall disassembling

genes (endopolygalacturonase; pectin methyl esterase, PME; and

pectate lyase).



six ethylene receptors have been isolated in tomato

(ETHYLENE RECEPTOR1, LeETR1; ETHYLENE RECEPTOR2, LeETRZ2;
ETHYLENERECEPTORS5, LeETRS5; NEVER-RIPE, NR; ETHYLENE
RECEPTOR4, LeETR4; and ETHYLENE RECEPTORG6, LeETR®6)

compared to

five members in Arabidopsis
(ETHYLENE RECEPTOR1, ETR1l; ETHYLENE RECEPTOR2, ETRZ;

ETHYLENE R
ESPONSE SENSOR1, ERS1; ETHYLENE RESPONSE SENSOR2, ERS2; and

ETHYLENE INSENSITIVEA4, EIN4).

Five of the six tomato receptors have shown to bind ethylene but expression
studies have been shown different profiles. Transcript levels of LeETR1, LeETR2,
and LeETRS5 change little upon treatment of ethylene in fruit, where NR, LeETR4,
and LeETRG6 are strongly induced during ripening



The existence of tomato-ripening mutants confirmed the genetic basis of ripening. The Neverripe (Nr) and ripening
inhibitor (rin) fruit shown in Figure 3.1 were photographed 6 months after control fruit ripened and remained in good
condition for a year or more, provided they were prevented from becoming dehydrated.”After 1 year the rin seeds
began to germinate but the flesh had still not changed their color, although there had been some softening.

Normal green

Figure 3.1  Mutants of ethylene action and ripening. Mature green and ripe Ailsa Craig tomato fruits, photographed at approxi-
mately 40 and 50 days respectively, together with fruit from near-isogenic lines of the ripening inhibitor (rin) and Neverripe (Nr)
mutants, photographed at around 6 months old. As discussed in the text, the Nr mutation bred into the Pearson tomato cultivar (not
shown) has a more severe phenotype and the fruits remain green.

The Nr mutation was shown to be due to a crucial amino acid change in a tomato ethylene receptor and the two other mutants
had drastically reduced ethylene production, although ripening could not be restored by adding ethylene externally.



Ethylene plays an important role in ripening

This indicates that ripening and the eventual deterioration and rotting of normal
fruit is a regulated process; it is not unavoidable event, but is genetically
determined.

A range of fruit color mutants, in which no other aspect of ripening appeared to
be affected, indicated that the ripening pathway had several independent
branches (Fig. 3.2).

The production of individual enzymes involved in cell wall metabolism (e.g.,
polygalacturonase (PG), pectin esterase (PE), pigment synthesis (phytoene
synthase (PSY)), and volatile production could each be inhibited independently
by gene silencing without affecting other ripening attributes.
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Figure 3.2 Control of ripening. The main features of the ripening process are indicated, based on studies in tomato. Note

the regulator genes, the feedback loop promoting autocatalytic ethylene production, ethylene synthesis, perception and signaling
mechanisms, and branches leading to separate responses controlled by transcription factors.



Thirty years before ethylene receptors were cloned and sequenced, Burg and Burg
(1967) predicted the presence of a metal ion in the receptor based on the metal affinity
of compounds that have ethylene-like or ethylene-antagonistic:activities. For example,
Ag(l), prevents ripening, by interfering with the ethylene-receptor interactions:

1

Figure 3.3 Ag™ inhibits ethylene perception or action and consequently prevents ripening. Silver thiosulfate, which is a
translocatable form of Ag +, was introduced to one side of the mature green fruit pedicel while it was still attached to the plant. A
needle was used to insert a thread asymmetrically into the fruit stalk to act as a wick for the uptake of the solution. Ag + was only
transported to half of the vascular tissue and delivered to one-half of the fruit, preventing those cells from responding to ethylene
and they did not undergo ripening changes. See Davies et al. (1988), (1990).



Ethylene and Climacteric and Nonclimacteric Fruits

All plants produce some ethylene during their life cycle.

Often there is a low basal level, in tomato this is around 0.05 nL.g-..h-:, which
can increase 100-fold or more at particular stages of the life cycle, for

example in response to wounding or pathogen attack, ripening, senescence,
or abscission.

Increased respiration and a burst of ethylene biosynthesis are characteristics
of the ripening process in many fleshy fruits, such as tomato, avocado, apple,
melon, and banana, and these are called climacteric fruits

In other fruits, such as strawberry, grape, and citrus, ripening control was
originally! thought to be independent of ethylene.




It is becoming clear, however, that ethylene may be involved in the development and

aspects of ripening of some nonclimacteric fruits, such as citrus, white grape, and

strawberry, although it seems that only low levels of ethylene are required.

There is recent evidence for small changes in ethylene biosynthesis genes, and ethylene

production during ripening of strawberry (Trainotti et al., 2005).

Fei et al. (2004) compared the ripening genes of climacteric tomato fruits and
nonclimacteric grapes and showed that the two species shared a subset of common
ripening transcription regulators, including members of the MADS-box, zinc finger, and bZIP
transcription factor families, suggesting that these genes have been conserved for ripening

control during evolution, and are active in both climacteric and nonclimacteric fruits.



Thus, it has gradually become clear that the distinction between climacteric and nonclimac-
teric fruits, and the view that ethylene i1s only involved in controlling ripening of climacteric
fruits, 1s an oversimplification. In general, fruit with the highest respiration rate tend to ripen
most rapidly. Ethylene hastens the ripening of climacteric fruits and the increase in ethylene
production associated with the respiratory rise is autocatalytic. There is clear evidence that, at
least in some fruits, ethylene causes the climacteric rise in respiration. Climacteric and non-
climacteric types can be found in the same species, however, suggesting that small genetic
differences underlie the climacteric trait, and in other cases different fruit parts, such as skin
and pulp, may behave differently. It is likely, therefore, that as our molecular understanding
increases, and the ripening behavior of a wider range of fruits is investigated at the genetic
level, we may need to modify our classification of fruit types. The view that is emerging is of a
basic underlying genetic program that controls climacteric and nonclimacteric ripening, which
is modulated by a range of factors, including ethylene, particularly in the climacteric fruit types,
but also involving other regulators (Fig. 3.2).
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REVIEW

The fading distinctions between classical patterns of ripening
in climacteric and non-climacteric fruit and the ubiquity

of ethylene—An overview

Vijay Paul - Rakesh Pandey - Girish C. Srivastava

Abstract The process of fnut npening 15 normally viewed
distinetly in chimactenc and non-climactenic fruits. But, many
fruits such as guava, melon, Japanese plum, Asian pear and
pepper show climactenc as well as non-chmactenc behaviour
depending on the cultrvar or genotype. Inveshgations on in
plania levels of CO, and ethylene at vanous stages of fruts
dunng mpening supported the role and mmvolvement of
changes in the rate of respiration and ethylene production n
non-climactenc fruits such as strawberry, grapes and citrus.
Mon-climactenc frnts are also reported to respond to the
exogenous applicabion of ethylene. Comparative analysis of
plant-attached and plant-detached fruits did not show
similanty in ther npening behaviour. This dispanty 15 being
explamed i view of 1. Hypothetical ripening mhibitor, 2.

Differences i the production, release and endogenous levels
of ethylene, 3. Sensitivity of frnuts towards ethylene and 4.
Vanations n the gaseous microenvironment among fruits and
therr vaneties. Detailled studies on genetic and mheritance
pattems along with the applcaton of ‘-omics’ research
indicated that ethylene-dependent and ethylene-independent
pathways coexist m both chmactenc and non-climactenc
frnts. Auxin levels also interact with ethylene in regulating
ripening. These findings therefore reveal that the classifica-
tion of fnuts based on climactenc nise and/or ethylene
production status 15 not very distinct or perfect. However,
presence of a charactenstic nse m COy levels and a burst in
ethylene production in some non-chimacteric fnnts as well as
the presence of system 2 of ethylene production point to a
ubiquitous role for ethylene in fnut npening.
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Review Article
Ethvyvlene receptors and related proteins in
clitmacteric annd momni-clitnacteric fruaits
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Fruits have been traditionally classified into two categories, based on their capacity to
produce and respond to ethvlene during ripening. Fruits whose ripening is associated to a
peak of ethylene production and a respiration burst are referred to as climacteric, while those
that are not are referred to as non-climacteric. However, an increasing body of literature
supports an important role for ethyvlene in the rmpening of both chimacteric and non-
climacteric fruits. Genome and transcriptomic data have become available across a variety
of fruits and we leverage here these data to compare the structure and transcriptional
regulation of the ethylene receptors and related proteins. Through the analwvsis of four
economically important fruits, two climacteric (tomato and apple), and two non-climacteric
(grape and citrus), this review compares the structure and transcriptional regulation of the
ethylene receptors and related protemns in both types of fruit, establishing a basis for the
annotation of ethylene-related genes. This analysis rewveals two interesting differences
between climacteric and non-climacteric firuit: 1) a higher number of ETR genes are found in
climacteric fruits, and n) non-climacteric fruits are characterized by an earhier ETR

expression peak, relative to sugar accumulation.



Biochemical evidence suggests that ethylene production may be influenced or reg-ulaled
by interactions between its biosynthesis and other metabolic pathways. One such example
is provided by the fact that SAM is the substrate for both the polyamine pathway and the
nucleic acid methylation; the competition for substrate was demonstrated by the finding that
the overexpression of a SAM hydrolase has been associated with inhibited ethylene production
during ripening (Good et al., 1994). On the other hand, the methionine cycle directly links
ethylene biosynthesis to the central pathways of primary metabolism.



Polyamines

changes in the levels of polyamines and ethylene may
influence specific physiological processes in the plant

» Mattoo et al. (2007) produced tomato fruits with
increased SAM decarboxylase, in an attempt to
over-accumulate spermidine and spermine whose
levels decline during normal ripening process in
tomato

Red fruits showed upregulation of phosphoenolpyruvate carboxylase
(PEPC) and cytosolic isocitrate dehydrogenase (ICDHc) as well as
increase in the levels of glutamate, glutamine, asparagine, and
organic acids; those of aspartate, valine, glucose, and sucrose showed
a decrease compared to the wild type.



Many fruits can ripen on the plant or tree, but some, such as avocado, only ripen after they are
picked. A “tree factor” that inhibits ripening has been postulated to explain this effect.

Also, in strawberry it was recognized over 50 years ago that auxin, coming probably from the
developing achenes, actually delayed the onset of ripening.

Harvesting can also hasten the ripening of some fruits and in such cases wound- or dehydration
stress-ethylene from the calyx or calyx scar may also stimulate ripening.

It would be wrong to assume, however, that ethylene is the only hormone that affects ripening.

Auxin inhibits the ripening of strawberry, which is nonclimacteric.

Auxin is also involved in the regulation of some ethylene response factors (ERFs, transcription
factors), which are important in climacteric fruit ripening, and there is some evidence of
interactions between auxin and ethylene signaling during ripening.



Fruits need to be mature before they can effectively respond to ethylene—that is, they
develop a competence to respond to ethylene and to ripen.

An intriguing observation, made many years ago is that “ethylene shortens the green life”
(of banana). When bananas are picked green they will take a certain number of days to
start to ripen.

If they are transiently exposed to ethylene after picking, the time that elapses before they
eventually ripen is reduced.

Similarly, picked green tomatoes do not respond to ethylene when they are very
immature, and they take a progressively shorter time to respond to external ethylene
when they are picked closer and closer to the time when they would naturally ripen.

This tells us several things: firstly, ethylene synthesis is normally delayed until the fruit is
ready to ripen, and secondly, either the ethylene response system is not developed, or is
inhibited, until close to maturity. It is possible that other hormones play a role in these
processes.



A Molecular Explanation for

System-1 and System-2 Ethylene

Ethylene synthesis via the Yang cycle requires the action of two key
enzymes:

ACC synthase (ACS)

and

ACC oxidase (ACO) (Fig. 3.5).

Reduction in the expression of tomato ACS2 and ACO1 by expressing
antisense genes in transgenic plants inhibited or delayed ripening and
spoilage in tomato and melon (Figs. 3.4, 3.5, 3.6, and 3.7).



Figure 3.4 ACOI1 promoter-Gus expression in transgenic tomatoes. The ACO1 gene promoter was fused to the GUS (B-
glucuronidase) reporter gene, transformed into Ailsa Craig plants and tomatoes examined during fruit development and ripening.
GUS activity, indicated by the blue staining, was evident around the vascular tissue at the breaker stage of ripening (first sign of
color change) and was more uniformly distributed in orange fruits. Note that, although GUS staining is not really quantitative, the
intensity of blue color corresponds approximately to the ethylene production curve during normal ripening (Fig. 3.5). See Blume
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Figure 3.5 Gene silencing of ACO1 inhibits ethylene production in ripening fruit. Ethylene is synthesized from S-adenosyl
methionine (SAM), to produce |-amino-cyclopropane-1-carboxylic acid (ACC) by ACC synthase, which is then converted to
ethylene by ACC oxidase. Before ACC oxidase was discovered, a possible candidate clone from tomato, TOM13, was used to
construct an antisense gene under the control of the Cauliflower mosaic virus 35S promoter and transformed into tomato plants.
Primary transformants were selected for those with the transgene and selfed, to produce progeny which were selected for 0, 1, or 2
transgenes and ethylene measured during fruit maturation and ripening. Control: red circles; one antisense gene: orange squares;
two antisense genes: green triangles. The fruit with 2 antisense genes produced only 5% of the normal ethylene. They still ripened,
but over-ripening and deterioration were strongly delayed. See Hamilton et al. (1990) and Figure 3.6. Expression of TOM13 in
yeast confirmed that it encoded ACC oxidase (see Hamilton et al., 1991).
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Figure 3.6 Antisense silencing of ACS (a) and ACO (b) inhibits ripening and senescence (c). Fruit expressing an ACS2 (ACC
synthase 2) antisense gene, together with controls, are shown in (a). Note that in air the antisense fruit did not ripen, but ripening
could be restored by adding external ethylene. The ACO1 (ACC oxidase) antisense gene only inhibited ethylene synthesis by
approximately 95%: fruit ripened, but over-ripening and deterioration were greatly reduced (b). Also, leaf senescence was delayed
(c). See Oeller et al. (1991); Picton et al. (1993), and Figure 3.5.



Over-ripe melon Antisense ACC Oxidase melon

Figure 3.7  Inhibition of ripening of low ethylene melon by silencing the ACO1 gene. Transgenic melon expressing an ACOI
antisense gene produced extremely low levels of ethylene, and remained firm for much longer than the controls. In addition, the
rind remained green and fruit remained attached to the plant for longer, because separation at the abscission zone was delayed,
allowing fruit to accumulate more sugar. See Ayub et al. (1996).



» Low ethylene fruits have a much longer shelf life,
because the expression of some ripening genes that
lead to over-ripening, infection, and decay are
reduced.

» Ethylene is also required for the full development of
flavor and aroma, however and biotechnological
control of ethylene needs to strike a balance
between enhancing shelf life while preserving flavor
and aroma of fruits.



» We now know that there are at least 14 ACS and
ACO genes in plants such as Arabidopsis and
tomato, and these are expressed at different times
In the life cycle and in response to different
developmental and environmental cues.

» In addition, some ethylene receptors and signaling
molecules show different expression patterns during
development.



A characteristic feature of ethylene synthesis in climacteric fruits is that some parts of the
plant, including unripe fruits, synthesize low levels of ethylene, which is regulated by feedback
inhibition but, after the onset of ripening, unrestrained or autocatalytic ethylene production
begins and a major burst of ethylene evolution occurs, and this stimulates ripening. McMurchie
et al. (1972) explained this autocatalytic rise in ethylene in climacteric fruits by proposing that
two systems (System-1 and System-2) were involved in ethylene biosynthesis (reviewed by
Lelievre et al., 1998). System-1 functions during normal vegetative growth, is autoinhibited by
ethylene, and is responsible for producing the basal levels of ethylene that are synthesized by
all plant tissues. Nonclimacteric fruit may be considered to be locked in the System-1 stage and
only produce low levels of ethylene. System-2 comes into play during the ripening of
climacteric fruits, and during senescence, and requires the induction of new isoforms of ACS
and ACO. These are regulated differently, give rise to much higher levels of ethylene, without
autoinhibition (feedback inhibition) by ethylene.




In tomato, some ACO and ACS genes are expressed in unripe
fruits while others show ripening-related expression, and the

accumulation of therr mRNAs can be either“stimulated
or inhibited by ethylene and developmental cues.
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Figure 3.8 Expression of different ACS genes in developing tomato fruit. Gene-specific probes were hybridized with RNA from
normal and rin fruit in the Pearson background at the mature green (M) and breaker (first sign of color change) stages, and at
different days thereafter. In the case of rin, which does not ripen, fruits were studied for up to 60 days. Note that ACS2 and ACS4
are the most strongly expressed and ACS1A is transiently expressed during normal ripening, and these changes are greatly reduced
or prevented in rin fruit. ACS6, on the other hand. is repressed during normal ripening but not in rin fruit. See Barry et al. (2000).



Relationship between developmental factors and

individual ACS genes in regulating System-1 and System-2
ethylene during fruit development and ripening
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Figure 3.9  The involvement of ACS isoforms in System-1 and System-2 ethylene production during ripening of tomato. The
contribution of each isoform to total ethylene evolution is shown at different stages of development and ripening. Note that EIL
is shown promoting upregulation of System 2 (ACS4 and ACS2) and inhibiting System 1 (ACS1A and ACS6). Modified from

Yokotani et al. (2009).



Volatiles

Metabolism in the fruit involves the conversion of high-molecular-weight
precursors to smaller compounds that help to obtain viable seeds and to attract
seed-dispersing species.

The flavor of fruit is generally determined from tens and hundreds of
constituents, most of them generated during the ripening phase of the fruit
growth and development process.

The content of sugars and organic acids and the ratios between them play a
significant role in the overall flavor of fruit.

Indeed, sugar content has previously been regarded as the major quantitative

factor determining this parameter.



The rapid growth phase of the fruits act as strong sinks that
import massive amounts of photoassimilates from
photosynthesizing organs. The translocation of metabolites
occurs in the phloem. Sucrose is the metabolite mostly
translocated, although in some species other compounds are
predominant as polyalcohols like mannitol or sorbitol, and
even oligosaccharides.



Cell Wall Architecture and Metabolism

In Ripening Fruit (ch. 7)

The molecular determinants of ripening-associated changes in texture, or what is
commonly referred to as “softening”, are relatively poorly understood.

Thus, while pigment levels can be measured and directly correlated with color,
and similarly, sugars and organic acids with taste, no specific molecular changes
in ripening fruits can be said to have a direct causal relationship with softening.

Notably, even the definition of the term varies and “softening” can be used to refer
to changes in the physical properties of an intact fruit, generally determined by
resistance to uniaxial compression, or various biomechanical features of the fruit
“flesh.”

Measurements of tensile strength, resistance to compression (firmness) and
extensibility can all be taken into account, and all contribute to textural
characteristics, including crispness, and juiciness. However, such parameters
likely reflect different underlying molecular structures and interacting forces.



Nonetheless, there is a general agreement that loss of fruit firmness is
fundamentally dependent on cell wall disassembly, which typically involves
extensive  depolymerization and solubilization of the constituent
polysaccharides (Brummell, 2006; Vicente et al., 2007).

This results in a loss of biomechanical strength and is sometimes
accompanied by substantial wall swelling.

In addition to primary cell wall modification, the middle lamella, which cements
adjacent cells, also often undergoes substantial degradation during ripening,
leading to a loss of intercellular adhesion and cell separation.

The relative degree of structural changes in the primary walls or middle
lamella appears to vary in different species and this in turn may influence fruit
texture and the degree and type of softening (Toivonen andBrummell, 2008).



Cell Wall Metabolism

Fruit growth and ripening are complex developmental processes that
involve many events contributing to the textural and constitutional
changes in the fruits and determining their final composition.

The metabolic changes during ripening include:
« alteration of cell structure,

* involves changes in cell wall thickness,

« permeability of plasma membrane,

* hydration of cell wall,

» decrease in the structural integrity,

* increase in intracellular spaces.

maintenance of firmness has long been the target for breeders
in many crops to minimize postharvest decay.



Building Blocks of Fruit Cell Walls

Most fleshy fruits are composed largely ot parenchyma cells with nonl
walls that are generally thinner than those of vegetative tissues.

|f|ed primary cell

As is typical of primary walls, they are comprised mostly of cellulose (15-40% dry weight)
and matrix glycan polymer networks of pectins (30-50%) and hemicelluloses (20-30%),
together with lesser amounts of structural proteins (Cosgrove and Jarvis, 2012).

The relative amounts of the constituent polymers vary between plant taxa; the most
commonly cited distinction being between the so-called Type | and Type |l walls.
Dicotyledons and a subset of monocotyledons are generally described as having Type |
walls, where the matrix glycans are predominated by pectins and the hemicellulose
xyloglucan (XyG),

while grasses and noncommelinid monocotyledons have Type |l walls, where
glucuronoarabinoxylans (GAXs) provide the major hemicellulose component and the
proportion of pectins is less (Carpita and Gibeaut, 1993).

It should be noted that intermediate wall types are being identified. For example, pineapple
(Ananas comosus) is a monocot with a wall composition that appears to be intermediate
between the two designated types.

Most commercially important fleshy fruits are derived from dicots and so research on fruit
cell walls has focused on “classical” Type | walls.



Cell Wall Dynamics in Ripening Fruit

A considerable number of comprehensive reviews over
the last few years have described the structural and
compositional changes that occur in the cell walls of a
diverse range of ripening fruits, as well as the numerous
classes of proteins that have been associated with
ripening related wall disassembly (Rose et al., 2003;
Brummell, 2006; Vicente et al.,, 2007; Toivonen and
Brummell, 2008; Payasi et al., 2009; Li et al., 2010).



Ripening-related Disassembly of 'Cell Wall

Polysaccharides

Most polysaccharide classes undergo structural modification during ripening.

This wall disassembly appears to be temporally regulated. So different
polymers are sequentially targeted, although the sequence and degree of
modification can vary between species, or even between cultivars of the same
species (Brummell, 2006).

The most evident changes are typically extensive depolymerization of the
matrix glycans, involving both cleavage of pectin and hemicellulose
backbones, as well as removal or trimming of sugar side chains from those
polymers.

As a consequence, wall components are solubilized and become more readily
extractable from the wall matrix.

Other wall modifications include demethylation of Homogalacturonan, and
possibly also polymer deacetylation, although this has yet to be confirmed in
ripening fruit.



Less is known about changes to the structure of the cellulose microfibrils, and
while the amount of cellulosic glucan has been reported to be relatively
constant during ripening in several species (Rose et al., 2003) an

accurate assessment is complicated.

a study of kiwifruit found no evidence for a substantial change in cellulose
structure during ripening, even in substantially softened fruit.



Given the proposed role of pectins in regulating wall porosity, it may
facilitates access of other wall-modifying proteins to their substrates.

Pectin de-esterification and depolymerization of loosely bound polymers
followed by depolymerization of tightly bound matrix glycans later in softening.

As already mentioned, cell walls often swell during ripening and this is likely
the result of some of these many changes in wall architecture, although at
present this cannot be attributed to any specific structural or compositional
changes and no direct causal relationship has been established.



In parallel with the great progress in defining the many Sstructural
modifications that typify softening fruit, the last couple of decades have

seen tremendous strides in identifying fruit-cellwall-“modifying enzyme
activities

The major textural changes resulting in the softening of fruit are due to
enzyme-mediated alterations in the structure and composition of cell wall,
partial or complete solubilization of themajor classes of cell wall
polysaccharides such as pectins and cellulose, and hydrolysis of starch and
other storage polysaccharides.

Among cell wall hydrolases, pectin-degrading enzymes are mostly implicated
in fruit softening.

Increased solubilization of the pectin substances, progressive loss of tissue
firmness, and a rapid rise in the polygalacturonase (PG) activity accompany
normal ripening in many fruits.



The activity of these enzymes is directly linked to the
shelf life of the fruits and it is why those genes have
been frequent targets for genetic engineering.

Celluulase
Hemicellulase

Pectin Esterase



Summa ry

Our perception of the relationship between cell wall biology and fruit ripening is growing
increasingly complex and we have progressed a long way from early convictions that “fruit
softens primarily as a result of pectin degradation”. Many new technologies have helped refine
this vision and this has been coupled with an expansion in the breadth and forward genetic
approaches that are used to identify and dissect loci that underlie such complex traits as fruit
firmness in a variety of species (Saliba-Colombani et al., 2001: Causse et al., 2002: Liebhard
etal., 2003; Chaib et al., 2007; Moreno et al., 2008; Chapman et al., 2012). This is important, as
while tomato is still the favored experimental system for fleshy fruit biology it is now obvious
that wall architecture, and the mechanisms involved in its restructuring show considerable
qualitative and quantitative variation. New emerging models of cell wall structure will likely
guide a reevaluation of wall dynamics, but many other factors should also be considered,
some of which are shown in Figure 7.5. These range in scale from overall fruit anatomy and
tissue morphology. down to the microheterogeneity of cell wall fine structure, the apoplastic
environment, and the coordinated temporal and spatial regulation of enzymes that modify wall
architecture. To conclude, if “softening” is to be understood then all of these elements, and
doubtless others whose connection with cell wall metabolism is still mysterious (Nambeesan
etal., 2010; Centeno etal., 2011), must be considered in toto— a daunting and exciting prospect.
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Figure 7.5 An illustration of the many factors that influence fruit softening and the relationship with cell wall disassembly at
multiple levels of scale. (a) Gross fruit anatomy of a bisected, ripe tomato fruit showing various anatomical features, including the
pericarp (P), locule (L), and septum (S); scale bar = | mm. (b) Tissue morphology and properties, showing a light micrograph
of a cross section of the tomato pericarp (indicated by a magnification of the box in (a); scale bar = 100 pm). (c) The cell wall
and middle lamella, highlighted by a transmission electron micrograph of a junction zone between three tomato fruit pericarp cells
(indicated by a magnification of the box in (b); scale bar = 500 nm). All panels are annotated with features that influence aspects
of fruit firmness or texture, many of which are still not well understood and that all need to be incorporated into more holistic
maodels.



