Chapter 8
Plant Growth Regulators

Félicie LOPEZ-LAURI

Introduction

Plant growth and development are regulated not only by external factors, as light
and temperature, but mainly by internal factors, as its genetic factors and endoge-
nous “phytohormones” also named plant growth regulators (PGRs). The PGRs are
defined as organic compounds, naturals, or synthetics, controlling (stimulation or
inhibition) plant growth and development functions, and this at very low concentra-
tion (nM—pM). In particular, PGRs are involved in the regulation of cell division,
cell enlargement, and cell differentiation. Like that, they control organogenesis,
senescence, and dormancy from germination stage to fructification. They also play
a major role in regulating physiological functions as stomata aperture control, sugar
metabolism, and plant stress responses.

The most important natural PGRs belong to one of the five major hormone classes:
auxins, gibberellins (GAs), cytokinins (CKs), ethylene (C,H,), and abscisic acid
(ABA). More recently, other PGRs have been discovered: brassinolide group (BRs),
salicylates (SA), jasmonate (JA), and derivatives and polyamines (PAs). Some authors
also consider that nitric oxide (NO) is a phytohormone that is also used in postharvest
treatment (Lichanporn and Techavuthiporn 2013; Manjunatha et al. 2010).

In plants, PGRs have multiple functions depending on their concentration or
their localization and often act in synergy or antagonism with another PGRs. In
addition, any given PGR may affect the biosynthesis of another. So, the balance
between endogenous hormones has important consequences on physiological
responses in fruit maturation and ripening (McAtee et al. 2013). As this equilibrium
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could be modified by exogenous applications of PGRs, one can change plant
physiology and the developmental program to obtain positive effects on both cul-
tural and postharvest behavior. Nowadays, numerous PGRs are produce syntheti-
cally and are used in agriculture to optimize the production and quality of plants,
fruits, and vegetables. The application of PGR can provide important
economic advantages to fruit farmers in stimulating specific responses such as
increase in fruit size and delay or enhance maturity or senescence of orchard and
vegetables. Sometimes, preharvest application may have beneficial carryover effects
on postharvest quality. Finally, PGR could also be applied after harvest to improve
storage, and induce or delay ripening and control quality of fresh produces, of
course if its effects are not harmful to the consumer.

The objective of this chapter is to give an overview of properties of PGRs and
some recent developments in plant growth regulator efficiencies to improve and
maintain fresh product quality.

The Five Major Classes of Plant Growth Regulators

Auxins

Auxin is the first identified plant hormone and whose effects on cell elongation and
division have been shown by Frits Went in 1926. In plants, the principal auxin is the
indole-3-acetic acid (IAA) synthetized by tryptophan-dependent or tryptophan-
independent pathways in meristems and developing organs (Mano and Nemoto
2012; Korasick et al. 2013; Lehmann et al. 2010; Tivendale et al. 2014). Natural
auxins, such as phenylacetic acid (PAA), 4-chloro-3-acetic acid (4-CI-IAA), and
indole-3-butyric acid (IBA), also regulate cell division, cell growth, ethylene bio-
synthesis, root development, leaf formation, stem elongation, apical dominance,
and differentiation of vascular tissues and fruit setting (Woodward and Bartel 2005;
Simon and PetrdSek 2011). However, depending on auxin levels the response to
auxin application could be opposed. The structures of most important natural and
synthetic auxins are shown in Fig. 11.1.

Synthetic auxins such as o-naphthaleneacetic acid (NAA), and
2,4-dichlorophenoxyacetic acid, better known under the name of 2,4-D, induce
similar physiological responses as natural auxins. Due to their properties on organo-
genesis, NAA and IBA are routinely used to stimulate root initiation and differentia-
tion for the vegetative propagation of plants from stem and leaf cutting. It must not
be forgotten that, usually, the synthetic auxins, such as 2,4-D, Picloram®, and
Dicamba®, are mainly used as selective herbicide. In fact, used in high concentra-
tion, auxin stimulates the production of ethylene that inhibits elongation growth,
causes leaf abscission, and finally destroys the plant.

Synthetic auxins were widely used in arboriculture and horticulture for:

* Induction of parthenocarpic fruits in tomato and grapes to obtain seedless fruits
appreciated by consumer.
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Fig. 11.1 Structures of natural and synthetic auxins

* Inhibition of preharvest fruit drop: application of NAA 10-50 ppm in mango,
citrus, and chilies reduces fruit drop by preventing formation of abscission layer.

* Induction of flower and fruit thinning to avoid the biennial bearing in tree fruit
and produce higher fruit size (Stern et al. 2007a, b; Schroder et al. 2013).

* Promotion of fruit growth and advance maturity in loquat and Satsuma mandarin
fruits (Amords et al. 2004; Ortold et al. 1991).

Postharvest treatments with synthetic auxins have been also investigated. Auxin
application is well documented in citrus fruits. Postharvest application of 2,4-D has
been used to retard calyx abscission, and water loss, which occurs as the conse-
quence of degreening induced by ethylene (Salvador et al. 2010; (Sdiri et al. 2013;
Sdiri et al. 2012)). Auxins have also been used to affect biotic stresses of harvested
fruits and vegetables. In mango, application of 2,4-D in wax combined with hot
water brushing treatment improved quality during storage by limiting side rots
caused by Alternaria alternata (Kobiler et al. 2001). In addition, Wang et al. (2008)
have shown that 2,4-D reduced chilling injury in mango through an increase of
ABA and GA levels and an augmentation of antioxidant defenses. In Chilean straw-
berry, NAA postharvest treatment delays fruit ripening without effect on firmness
(Figueroa et al. 2012). The methyl ester of NAA is used to prevent the sprouting of
potato tubers and hence increases storage life (Suttle 2003).
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In recent years, European Union legislation has restricted the use of 2,4-D even
as preharvest application. The level of 2,2-D residue should be below 0.5 ppm on
food. Thus, it is absolutely necessary to test safely and environmental friendly new
auxins in order to maintain the quality of fresh produce.

Gibberellins

Gibberellins (GAs) are the second most important family of PGR. GAs belong to
the group of tetracyclic diterpenoid acids (Fig. 11.2). The ent-gibberelane skeleton
(ent-kaurene) of GAs is synthesized from isopentenyl diphosphate (IPP) via the
mevalonate or the methyl erythro 4-phosphate (MEP) pathways to give GA12 and
GAS53. The conversion between the different forms of GAs is provided by gibberel-
lin oxidases. Many advances have been made in understanding the regulation of GA
biosynthesis, transport, and signaling (see review of Thomas et al. 2005). Today,
over 136 GAs have been identified in plants and fungi. As other hormones, gibberel-
lins play many roles in plant development processes. GAs are implicated in cell
elongation and division, stem elongation, breaking dormancy, and the vegetative
phase to flowering transition. The first GA identified is the gibberellic acid (GA3),
found in Gibberella fujikuroi that is responsible of bakanae disease whose symp-
toms are chlorotic and abnormally elongated leaves. Consequently, GA3 is the most
described in literature; however, the bioactive forms of GAs are GA1 and GA4 for
stem elongation. The predominant forms of GAs applied are GA3, GA4, GA7, or a
mixture of GA4 and GA7.

Synthetic GAs were widely used in arboriculture and horticulture with conse-
quence for postharvest quality (Serrano et al. 2004):

e In table grapes, GA3 increases fruit size and reduce rachis browning and exten-
sion of shelf-life (Raban et al. 2013).

e In citrus, pineapple, cherries, and peach, GAs are known to maintain and/or
increase color and firmness.

e Incherry, GA3 delays fruit ripening (Zhang and Whiting 2011) and extend crown
life of pineapple.

* GA can delay storage disorders such as internal browning (Lurie and Crisosto
2005).

e Preharvest GA treatment can control disease development in persimmon fruit
during its storage (Biton et al. 2014). Nevertheless, GA3 application in seedless
table grapes could predispose to gray mold caused by botrytis cinerea (Zoffoli
et al. 2009).

e In leafy vegetable, GA3 treatment during production delays the senescence of
product and maintains chlorophyll content during storage (Lers et al. 1998).

Gibberellins are an excellent PGR for postharvest application. Indeed, some
GA as GA3 and GA4 are natural hormones and by consequence this forms could
be used with any restriction in most part of world. Post harvest applications of GA
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Fig. 11.2 Structures of gibberellin compounds: Gibberellic acid or GA3, gibberellin Al (GA1),
GA4, and GA7. The differences between gibberellin are indicated by circle

allow the maintenance of firmness and the enhancement of storage of fruits and
vegetables. In order to extend the green life of bananas after the harvest, some
growers apply gibberellic acid directly to the bananas’ hands. Subsequently, GA3
treatment also maintains fruit quality longer, ensuring that the bananas will get to
their destination in optimum condition (Vargas and Lopez 2011). Postharvest
GA3 treatment also induces antioxidant defenses and so reduces chilling injury
during storage in tomato (Ding et al. 2015) and delays ripening and maintains
green peel color longer in orange (Gambetta et al. 2014) and in papaya
(Ramakrishna et al. 2002) and with higher level of ascorbic acid in mango (Khader
et al. 1988; Khader 1991).

Cytokinins

Cytokinins (CKs) are PGRs that induce cell division, delay senescence, and regulate
pathogen resistance. Cytokinins are N°-adenine derivates discovered for the first time
in coconut (Cocos nucifera) milk by Johannes van Overbeek in 1941 (for review,
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Fig. 11.3 Structures of natural and synthetic cytokinins

Sakakibara 2006). Zeatin (cis and trans isomers) is the most common natural
CK. Dihydrozeatin, isopentenyl adenine (iPA), and zeatin riboside naturally occur
in plants (Fig. 11.3). CK main application comes from their ability to stimulate the
growth and formation of new roots and buds in in vitro cultures and therefore con-
trol the regeneration and the growth for the plant micropropagation purpose. For
these applications, synthetic cytokinin analogs have been developed from purines
(6-benzyladenine (6-BA), tetra hydro pyrane benzyladenine (PBA), and phenyl-
urea (Forchlorfenuron (CPPU)). These analogs could also be used in arboriculture
for thinning in apples and pears and so, adjusts crop load, resulting in the best crop
yield and guaranteeing return bloom (Flaishman et al. 2001; Hayata et al. 2000). In
fruits, synthetic CK acts synergistically with natural auxins to stimulate cell divi-
sion, resulting in increased fruit size at harvest in cherry (Zhang and Whiting
2011). Moreover, mixture of 6-BA and GA applied during culture improved per-
simmon quality during storage and enhances tolerance to Alternaria black spot
(Biton et al. 2014). In the same way, CPPU applied during fruit development
improves cold storage in grapes and kiwifruits (Kim et al. 2006; Marzouk and
Kassem 2011). However, no effect of CPPU, applied alone, has been observed by
Raban et al. (2013).
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Due to its inhibition of senescence, harvest treatment with 6-BA improves
appearance of green asparagus spears, rocket, broccoli, and cucumber and posi-
tively affect firmness and chlorophyll and ascorbic acid content (An et al. 2006;
Koukounaras et al. 2010; Costa et al. 2005; Chen and Yang 2013). Postharvest CK
treatment has also effects on fruit texture. So, summer squash sprayed with 6-BA
reduces pectin solubilization and later prevents texture deterioration during cold
storage. The CPPU is also used combined with GA treatment and the mixture can
also delay ripening and increase fungal tolerance in banana and broccoli (Huang
and Jiang 2012).

Abscisic Acid

Abscisic acid (ABA) is a 15-carbon sesquiterpene synthetized from carotenoids in
chloroplasts and other plastids. The 9-cis-epoxycarotenoid dioxygenase (NCED) is
the key enzyme for ABA biosynthesis (Seo and Koshiba 2002). ABA is involved in
inhibition of plant growth; it promotes senescence and abscission of leaves and it
controls stomatal closure (Garcia-Mata and Lamattina 2007). Dormancy and induc-
tion of buds and seeds are also regulated by ABA. This PGR plays a major role in
fruit ripening in particular in tomato and mango where ABA controls, via ethylene
production, cell wall catabolism leading to a modification of texture and to a diminu-
tion of shelf-life (Leng et al. 2014; Zaharah et al. 2013). Therefore, exogenous ABA
application enhances the color and maintains postharvest quality of “Crimson
Seedless” grapes (Cantin et al. 2007; Ferrara et al. 2013) and induces anthocyanin
synthesis in litchi (Singh et al. 2014). In addition, the production of ABA is empha-
sized by stress, including water loss or freezing temperature during fruit and vegeta-
ble storage (Romero et al. 2013; Lafuente and Sala 2002). However, agricultural use
of ABA is limited by its susceptibility to light and by the high cost of its production
(Gianfagna 1995; Abrams et al. 1997). Therefore, analogs or not and agonist of
ABA have been developed that mimic ABA but are more resistant to degradation
and less costly to synthesize (Grossmann and Jung 1984; Schubert et al. 1990)
(Fig.11.4). So, long-lasting synthetic analogs of ABA, 8’ methylene methyl-ester ABA
(PBI 365) and 8’ acetylene methyl-ester ABA (PBI 429), have been developed and
positively checked for maintain quality of cut Baccara roses (Pompodakis and Joyce
2003). Pyrabactin (4-bromo-N-(2-pyridinylmethyl)-1-naphthalenesulfonamide) is
the first agonist of ABA that is not an analog. Pyrabactin acts as an activator of
abscisic acid receptors and activates ABA pathway in a manner very similar to ABA
(Puli and Raghavendra 2012). When it is sprayed onto plants it acts in the same way
as ABA, and helps them survive with less water. Sean Cutler of the university of
California-Riverside developed another molecule, the quinabactin. It mimics also
the functions of ABA that makes plants more tolerant to water deficit (Okamoto
et al. 2013). However, the unfairness of these products must be demonstrated before
use in pre- and postharvest.
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Fig. 11.4 Structures of natural and synthetic abscisic acid

Ethylene

Ethylene (C,H,) is the first gaseous hormone identified in plant. Ethylene synthe-
sized from methionine by a well-defined pathway in which 1-aminocyclopropane-
1-carboxylic acid (ACC) synthase and ACC oxidase catalyze the reactions from
S-adenosylmethionine to ACC and ACC to ethylene, respectively (Yang and
Hoffman 1984). C,H,is produced during fruit ripening (see review of Alexander
and Grierson 2002; Liu et al. 1999; Mworia et al. 2010), especially in climacteric
fruits such as bananas, apples, pears, mangos, and kiwis, and it is involved in senes-
cence and abscission of leaves and flowers. Ethylene synthesis is also induced in
response to drought, wounding, chilling injury, and pathogen infection. Climacteric
fruits such as in bananas, mangos, tomatoes, and avocados are often harvested at a
physiological stage that is considered “commercial maturity” and corresponding to
green mature stage just before ripening has initiated. Ripening to obtain “ready-to-
eat” fruits can then be conducted under controlled conditions and ethylene fumiga-
tion to achieve uniform appearance and quality of ripe fruit. When fruit are exposed
to ethylene under these controlled conditions they initiate their respiratory climac-
teric pattern, induce endogenous ethylene biosynthesis and ripen. In leafy and flo-
rets vegetables as broccoli, ethylene application provokes senescence (Costa et al.
2005). Usually, treatments to induce ripening are achieved with ethylene-releasing
compounds such as 2-chloroethylphosphonic acid (ethephon) in banana and citrus.
However, ethylene promotes calyx abscission in citrus and auxin treatment must be
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used to avoid this effect. In addition, fast ripening induced by ethylene treatment
can affect fruit quality if the concentration and the timing of application are not
adequate.

Other PGRs

Salicylic acid (SA) is a phenolic compound similar to aspirin (acetylsalicylic acid)
has been involved in defense responses to several abiotic stresses and to plant patho-
gens. The most important effect of SA is the induction of systemic resistance
acquired (SAR). SA is synthesized from phenylalanine and this synthesis involved
the phenylalanine ammonia lyase (PAL) and the benzoic acid 2 hydroxylase
(BA2H). SA could be found as free or conjugated compound (Fig. 11.5). It has been
shown that exogenous application of salicylic acid led to the accumulation of pro-
teins linked to the resistance and thus significantly reduces the extent of damage
caused by pathogens. SA can also inhibit ethylene biosynthesis. SA presents several
advantages in postharvest application due their effect on fruit ripening, firmness
(Marzouk and Kassem 2011; Ranjbaran et al. 2011), antioxidants (Bal and Celik
2010; Chen et al. 2006; Divya et al. 2014; Huang et al. 2008), and disease resistance
(Asghari and Aghdam 2010). Chapter 5 describes the impact of SA postharvest
treatments on fresh produce quality.

Jasmonic acid (JA) and its derivates as methyl jasmonate (Me-JA) are volatile
fatty compounds, derived from the family of octadecanoic fatty acids, and synthe-
sized from linolenic acid membrane of chloroplast (Fig. 11.5). In the chloroplast,
linolenic acid, after the action of lipoxygenase, is converted to a cyclized intermedi-
ate 12-keto-phytodienoic acid, which, after transport in the peroxisome, is first
reduced and then converted after § -oxidation in jasmonic acid (Fig. 11.6). The
exogenous jasmonic acid inhibits plant growth and stimulates various processes
related to senescence, ripening, and antioxidant defenses (Kucuker et al. 2014;
Flores et al. 2015; Concha et al. 2013). It is also known to induce transcription of
genes involved in the synthesis of plant defense proteins in response to biotic stress
(Wasternack 2014). So, Me-JA postharvest treatment has been shown to reduce
Alternaria alternata development in tomato (Chen et al. 2014) and Penicillium citri-
num in Chinese bayberry (Wang et al. 2014). See also Chap. 6.

Brassinolides or Brassinosteroids (BR) are steroids compounds discovered for
the first time in the pollen of oilseed rape (Brassica napus) and brassicaceae family
(Fig. 11.5). It was subsequently shown that these compounds are ubiquitous among
plant species and BRs are present in all parts of the plant but their levels are higher
in pollen and seeds. As other PGRs, BRs are involved in many mechanisms of devel-
opment, photomorphogenesis, leaf senescence, and resistance to stress. BRs have
the ability to regulate cell cycle and consequently cell division. BRs have sometimes
been used in agriculture to increase production of crops, but up to now, theirs appli-
cations to fields is poorly described. BR postharvest treatment induces tomato fruit
ripening through stimulation of ethylene biosynthesis (Zhu et al. 2015a, b).
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Conclusion

In postharvest, PGR may be used to extend shelf-life, to delay senescence, to con-
trol ripening, and to limit disease development. These PGRs have also been found
to decrease fungal infections, altering or not the quality of the fresh product. The
effects of any given PGR depend on many factors as concentration, levels of other
endogenous PGR, environmental conditions, signaling factors, or sensitivity of each
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plant species or cultivar. Therefore, it is difficult to predict the action of exogenous
application of PGR and several researches could be realized before extend the use
of the molecules.

The environmental and health effects of PGR used for food production are a
problem today. For example, in France, ethylene is the only authorized PGR for
postharvest application and only banana and citrus. Thus, it is absolutely necessary
to develop environmentally friendly new PGR accepted by the consumer for main-
tain and/or improve quality of fresh product. Gibberellins and salicylic acid and
derivate might be good candidates for postharvest treatments.

Nevertheless, different approaches could be developed to manipulate endoge-
nous hormone balance in the good way for the quality such as environmental factors
and in particular using light-emitting diode (LED) irradiation technology.

I should like to recommend the excellent book entitled “Plants hormones:
biosynthesis, signal transduction and Action!” by Davies (2010).
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