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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



» 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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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

Locus

Gene product/
function

Fruit
phenotype

Chromosome Reference

Apricot (at)

Beta (P)

Colourless
epidermis (y)

Colourless
nan-ripening
(Cnr)

Cuticular water
permeability
(Cwp)

Delayed fruit
deterioration

(dfd)
Delta (Del)

Unknown

Lycopene
B-cyclase
Unknown

SBP-box
transcription
factor

MNovel, unknown
function

Unknown

Lycopene epsilon
cyclase

Altered
carotenoids

Altered
carotenoids

Reduced
flavonoids in
peel

Severe ripening
inhibition

Fruit cracking
and shrivelling

Altered fruit
cuticle
properties
Altered
carotenoid
profile

5

Unknown

12

Jenkins and
hMackinney,
1955

Ronen et al,,
2000

Rick and Butler,
1956

hManning et al,,
2006

Hovav et al,
2007

Saladie et al,,
2007

Ronen et al,,
1999



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.
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The mechanism for brassinosteroids suppressing
climacteric fruit ripening

Yinglin Ji @ ," Yi Qu," Zhongyu Jiang,' Jijun Yan @ ,? Jinfang Chu ® ,** Mingyang Xu," Xin Su,' Hui Yuan'
and Aide Wang @ '+

The effect of BR on ethylene biosynthesis and fruit ripening
has been documented. For example, BR-treated jujube
(Zizyphus jujuba) fruit, which is categorized as a climacteric
fruit, shows significantly reduced ethylene production during
storage (Zhu et al, 2010), while strawberry (Fragaria ana-
nassa), a nonclimacteric fruit, shows delayed fruit ripening
after application of epibrassinolide (EBR; Chai et al, 2012). In
tomato, another climacteric fruit, treatment with brassino-
lide promotes the expression of SIACS and SIACO genes, as
well as ethylene production (Zhu et al, 2015). More interest-
ingly, overexpression of the BR biosynthetic gene DWARF in
tomato results in increased level of endogenous BRs and
ethylene production and earlier ripening (Li et al, 2016b), in-
dicating endogenous BR can affect fruit ripening.

The plant hormone ethylene is important for the ripening of climacteric fruit, such as pear (Pyrus ussuriensis), and the
brassinosteroid (BR) class of phytohormones affects ethylene biosynthesis during ripening via an unknown molecular mech-
anism. Here, we observed that exogenous BR treatment suppressed ethylene production and delayed fruit ripening
whereas treatment with a BR biosynthesis inhibitor promoted ethylene production and accelerated fruit ripening in pear,
suggesting BR is a ripening suppressor. The expression of the transcription factor BRASSINAZOLE-RESISTANT 1PuBZR1 was




The conserved brassinosteroid-related
transcription factor BIM1a negatively regulates fruit
growth in tomato

Kentaro Mori &, Martine Lemaire-Chamley, Joana Jorly, Fernando Carrari, mEE

Mariana Conte, Erika Asamizu, Tsuyoshi Mizoguchi, Hiroshi Ezura, Christophe Rothan

Journal of Experimental Botany, Volume 72, Issue 4, 24 February 2021, Pages 1181-1197,

To date, the BR-signalling network has been thoroughly characterized in the model plant
Arabidopsis. BRs are perceived by the plasma membrane receptor kinase BRASSINOSTEROID
INSENSITIVE 1 (BRI1). BR binding to BRI1 activates BRI1 kinase activity ...

Here, we investigated the function of SIBIM1a, which is highly expressed in fruit. SIBIM1a
overexpressing lines displayed severe plant and fruit dwarfism, and histological characterization
of different transgenic lines revealed that SIBIM1a expression negatively correlated with fruit
pericarp cell size, resulting in fruit size modifications.

Tomato SIBIM1a brassinosteroid-related transcription factor is involved in the regulation of fruit
growth by negative regulation of pericarp cell expansion, possibly at the crossroad with auxin and
light signalling.



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 Iin 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.
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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.
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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.



Fruit composition and quality

Carbohydrates are the most abundant and widely distributed food
component derived from plants.

Fresh fruits vary greatly in their carbohydrate content, with a general
range being between 10 and 25%.

The structural taste, framework, texture, and food value of a fresh
fruit are related to its carbohydrate content.



Sucrose, glucose and fructose are the primary sugars found in fruits and their
relative importance varies among commodities.

Sugars are found primarily in the vacuole and range from about 0.9% in limes
to 16% in fresh figs.

Sucrose content ranges from a trace in cherries, grapes and pomegranates to
more than 8% in ripe bananas and pineapples.

Such variation influences taste since fructose is sweeter than sucrose and
sucrose 1s sweeter than glucose.










Table 1. The composition of sugar (g), expressed per 100 g serving, ranked in the ascending onder of the ghicose content, along with the glycemic index (GI),
ghycemic load (GL), and dietary fiber contents of various fruits.

5. Mo Fruit Mame Glucose E-:-:tc:l]s-e Fructose FrTu?:tli:Jlae Sucrose Total Sugar Calh]:-rut:;}irate El{ic:é:lc GIE:TE Fiber
1 Avoeado ® 0.08 014 0.08 n14 0.0& 0.22 BAd 40 3 7
2 Cuava * 12 17 19 24 1 41 143 2 3 89
3 Tomato * 1.25 13 1.3 142 0.1 27 389 15 11 12
4 Cantaloupe * 154 3715 187 445 435 77 4 [ b5 4 09
5 Watermelon * 158 2185 136 3.965 171 £.15 7.h5 50 6 0.8
b Grapefruit (Fink) 141 1365 177 3.525 kL .82 107 45 fd 14
7 Empef‘n.l.it {Whike) 141 155 i 3735 RL'E) 7.31 g4l 45 g1 11
B Mectarine 167 4085 1.39 3.805 483 7. ols 35 41 22
9 F‘im-app]e * 173 4735 212 5115 509 084 131 hh 6 14
10 Raspherry 1.85 1.94 235 245 0.2 441 1o b | 3 6.5
11 Pomelo 19 33 19 33 28 b.h 052 30 3 1
12 Peach * 195 433 1.53 391 474 .39 101 35 4 33
12 S-tr.iwberr:,' * 1.9 2225 24 2675 047 40 Tha 2R 12 2
14 Mang-:- * 2m h495 168 8165 ha7 13.66 15 48 g4 29
15 Gﬂ-:lseberr_',' 215 3.08 1.87 23 186 588 1M 15 18 43
16 Orange * 22 43 25 414 432 89 118 35 41 24

7 Elau:kben}' * 23 235 24 2435 .07 478 a6l 25 25 5.3
18 Apricot * ¥ 5.305 0o 1575 5E7 1% 111 42 129 35
19 D!'i.Ed..'!l.]:rﬁl_‘l}‘t 2y h.305 nod 155 5E7 1% 725 35 a2 10
a0 App]e * 243 1465 59 £.035 2w 104 138 3h A 24
i Pear * 248 3.535 564 6695 211 10.23 161 33 7 31
x Pear (Bosc) 248 3.535 A b.605 n 10.23 161 30 7 N |
e} Emen.'ipp]e 266 3625 i 5.065 1493 9.59 136 3 5 25
M Cooji Berry 284 302 12 208 036 456 77l 25 133 13
25 Starfruit 31 a5 32 16 0.5 308 k73 30 12 28
24 Fed Currant * an 3.525 R L) 31.835 N6l 7. 138 2R 19 43
X Cranberr_l,' * 344 352 0.67 075 0lé 437 12 45 5.5 36
28 F:ig‘ ¥) 39 25 3 04 16.3 19.2 A1 289 29
X F'h}'s.ajis 39 5.305 254 30d5 281 214 60.71 15 0.6 107
X Purple Passion 4 R.65 il &75 33 1.2 14 30 hO 104




Tatal Total Total Glyeemic  Glyemic

5. No. Fruit Name Glucose Clucose Fructose Fruchose Sucrose  Total Sugar Carbohydrate Index Load Fiber
3 Kiwi (Fruit) * i1 4185 43 4405 015 B.61 147 58 3 L ¥
a Cherries (Sour) 418 458 3.51 391 0.8 549 122 A 15 15
3 Blueberry * 488 4935 i@ 305 01 .96 145 25 2 24
M Banana * X 6175 4185 6045 139 1221 13 4 101 26
5 Pomegranate * 5 a2 47 49 04 137 187 35 b7 4
% Plum * Al 385 i 185 157 71 114 3 39 14
¥ Persimmon * 54 h21 5.56 £33 1.54 1254 186 50 77 36
3 Prickly Pear b b 57 a7 0 117 957 35 34 36
40 Sweet Cherry * 650 6,665 53 5445 015 1211 16 25 0l 2l
4 Grape * 71 .75 813 8205 015 1548 181 50 06 09
4 Jackfruit * (Ripe) 948 9.6 919 a4 042 11 157 5 176 21
4 Blackcurrant 9.68 1473 4 9.05 101 2378 154 15 11 3B
4 Dried Peach 128 20.5 135 12 154 a7 613 35 bai b 8.2
5 Lychee * 15 15 16 16 0 1523 1653 48 1 13
4 Dried apricot 2.3 235 122 154 b4 125 715 R 38 10
&7 Prune * 55 25,573 124 12475 015 38.05 65 40 156 73
48 Dried Fig 269 X% M4 e b1 79 479 i 33 9B
4 Dried Prune B7 B%H 148 15.05 0.5 3.5 65 40 156 73
3 Raisin (Colden) 3 kil M7 M7 0 B5.7 80 5 468 33
51 Raisin 3z 3.2 18 338 0 65 932 5 515 45
a2 Date (Fruit) 37 33,965 a2 31265 053 b6.5 73 53 B b7

Nok: The total glucose is caleulated as the sum of the free glucose and half the sucrose amount; the total fructose is the sum of the free fructose and
half the sucrose amount; and the total sugar is the sum of the ghicose, fructose, and sucrose. The data presented ame mean values derived from
published sources or provided as a single value from a database. The fruits marked with an asterisk (*) represent a distinct group (the most popular
fruits) used for analysis.



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 chmielewski) accumulate mostly
sucrose

invertase/ sucrose synthase relative activity



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).
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» 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 mnfluenced by many

processes such as carbon metabolism, assimilate 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 apoplasmic barrers and the whole plant sink/source ratios for photoassimilates (Milne
al. 2018). Sink/source ratio may be increased by partial defoliation or decreased by fruat thinning.
hange in the sink-source dynamics 1s one of the cniteria considered to adjust the sink activity and
allow a greater supply of photoassimilates for the growth of fruits (Pereira et al. 2017). Changes in the
smk/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).
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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).



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



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.




Fruits contain less than 1 % protein (as opposed to 9-20%
protein 1n nuts such as almond, pistachio and walnut).

Changes 1n the level and activity of proteins resulting from
permeability changes in cell membranes may be involved
in chilling injury.

Enzymes, which catalyze metabolic processes in fruits, are
proteins that are 1mportant in the reactions involved in fruit
ripening and senescence.



Lipids constitute only 0.1-0.2% of most fresh fruits, except for
avocados, olives and nuts; however, lipids are very important
because they make up the surface wax, which contributes to fruit
appearance, and cuticle, which protects the fruit against water loss
and pathogens.

Lipids are also important constituents of cell membranes.



Most fresh fruits are acidic.

Some fruits, such as lemons and limes, contain as much as 2-3% of their
total fresh weight as acid.

Total titratable acidity, specific organic acids present and their relative
quantities, and other factors influence the buffering system and affect
pH.

Acid content usually decreases during ripening due to the utilization of
organic acids during respiration or their conversion to sugars.

Malic and citric acids are the most abundant in fruits except grapes
(tartaric acid 1s the most important in most cultivars) and kiwifruits
(quinic acid 1s the most abundant).



> 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)



Pigments, which are the chemicals responsible for skin
and flesh colors, undergo many changes during the
maturation and ripening of fruits; these include:

1. Loss of chlorophyll (green color), which is influenced by pH
changes, oxidative conditions and chlorophyllase action;

2. synthesis and/or revelation of carotenoids (yellow and orange
colors), and

3. development of anthocyanins (red, blue and purple colors), which
are fruit-specific.



Total phenolic content is higher in immature fruits than in mature fruits
and typically ranges between 0.1 and 2g per 100g fresh weight (Macheix
et al., 1990).

Fruit phenolics include chlorogenic acid, catechin, epicatechin,
leucoanthocyanidins, flavonols, cinnamic acid derivatives and simple
phenols.

Chlorogenic acid (ester of caffeic acid) occurs widely 1n fruits and 1s the
main substrate mvolved i1n enzymatic browning of cut, or otherwise
damaged, fruit tissues when exposed to air.
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Astringency 1s directly related to phenolic content and it usually
decreases with fruit ripening because of conversion of astringent
phenolic compounds from the soluble to the insoluble non-
astringent form.

Loss of astringency occurs via:

1. binding or polymerization of phenolics;
2. change in molecular size of phenolics; and/or

3. change in hydroxylation pattern of phenolic compounds.



Volatiles are responsible for the characteristic aroma of fruits.
They are present in extremely small quantities (< 100 mg/g fresh weight).

The total amount of carbon involved in the synthesis of volatiles 1s < 1 % of that
expelled as CO..

The major volatile formed 1n climacteric fruits is ethylene (50-70% of the total carbon
content of all volatiles). Ethylene does not have a strong aroma and does not
contribute to typical fruit aromas.

Volatile compounds are largely esters, alcohols, acids, aldehydes, and ketones (low-
molecular weight compounds).

Very large numbers of volatile compounds have been 1dentified in fruits, and more are
identified as advances in separation and detection techniques and gas chromatographic
methods are made; however, only a few key volatiles are important for the particular
aroma of a given fruit (Eskin, 1991).

Their relative importance depends upon threshold concentration (which can be as low
as 1 ppb), potency, and interaction with other compounds.




Constituents of fruits and nuts that have a positive impact on human
health due to their antioxidant activity include the following (along
with important sources among fruits and nuts):

1. Vitamin C (citrus fruits, guava, kiwifruit, pineapple, strawberry)

2. Vitamin E (almonds, cashew nuts, filberts, macadamias, pecans, pistachios,
walnuts)

3. Carotenoids including provitamin A (apricot, mango, nectarine, orange, papaya,
peach, persimmon, pineapple)

4. Flavonoids (apple, blackberry, blueberry, cranberry, grape, nectarine, peach,
plum and prune, pomegranate, raspberry, strawberry)



Quality attributes

Appearance quality factors include size, shape, color, gloss and freedom from defects and decay.

Defects can originate before harvest as a result of damage by insects, diseases, birds and/or hail;
chemical injuries;

Textural quality factors include firmness, crispness, juiciness and mealiness.
Flavor or eating quality depends upon sweetness (types and concentrations of sugars), sourness or
acidity (types and concentrations of acids, buffering capacity), astringency

(phenolic compounds) and aroma (concentrations of odor-active volatile compounds).

Off-flavors may result from accumulation of fermentative metabolites (acetaldehyde, ethanol,
ethyl acetate).

Nutritional quality is related to contents of vitamins, minerals, dietary fiber and
phytochemicals
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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.



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).



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.




Ethylene and Climacteric and Nonclimacteric

Fruits

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).




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.



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).



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).



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.

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).



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.



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.



» 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.



