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Cytokinins (CKs) are a chemically diverse class of plant growth regulators, exhibiting wide-ranging actions on plant growth
and development, hence their exploitation in agriculture for crop improvement and management. Their coordinated
regulatory effects and cross-talk interactions with other phytohormones and signaling networks are highly sophisticated,
eliciting and controlling varied biological processes at the cellular to organismal levels. In this review, we briefly introduce
the mode of action and general molecular biological effects of naturally occurring CKs before highlighting the great
variability in the response of fruit crops to CK-based innovations. We present a comprehensive compilation of research
linked to the application of CKs in non-model crop species in different phases of fruit production and management. By
doing so, it is clear that the effects of CKs on fruit set, development, maturation, and ripening are not necessarily generic,
even for cultivars within the same species, illustrating the magnitude of yet unknown intricate biochemical and genetic
mechanisms regulating these processes in different fruit crops. Current approaches using genomic-to-metabolomic
analysis are providing new insights into the in planta mechanisms of CKs, pinpointing the underlying CK-derived actions
that may serve as potential targets for improving crop-specific traits and the development of new solutions for the
preharvest and postharvest management of fruit crops. Where information is available, CK molecular biology is discussed
in the context of its present and future implications in the applications of CKs to fruits of horticultural significance.
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| 1. Introduction

Cytokinins (CKs) are a unique class of plant growth regulators (PGRs) with a long and interesting history. Their existence
as compounds capable of inducing cell division in cultured plant tissues was first documented more than 100 years ago
[ with the discovery of an increasing number of compounds with CK-like actions in plants even to date, CKs are thus
broadly grouped as natural (purine-based molecules, which are either isoprenoid or aromatic CKs) or synthetic CKs,
which are urea-based . Figurel shows the structural configurations of some existing natural and synthetic CKs. These
CKs are considered to possess potential influence throughout the entire course of a plant’s life from embryogenesis until
death in both lower and higher plants, as evidenced in the diverse physiological and biochemical functions during the life
cycle of the different organisms ZEI4] They are involved directly or indirectly in different plant physiological processes
such as the regulation of seed germination, shoot elongation and proliferation, induction of flowering, fruiting and seed set,
and senescence BIBIABISILL particularly, their roles in fruit set, delay of senescence processes—including fruit ripening
and defoliation £, which are concomitant with the release of buds from apical dominance 12 remain fundamental to the
successful production of many horticultural fruit crops. Coupled with the development of genetically improved crop
varieties and the application of improved agronomic practices, the use of PGRs including CKs has contributed positively
to the green revolution and subsequent increase in agricultural productivity globally . However, fundamental knowledge
of the diverse roles of CKs in plants remains fragmented, and there is greater scope to deepen our knowledge of how CKs
function and regulate cellular mechanisms that control plant growth and development. This knowledge will enable greater
exploitation and application of CKs in horticultural fruit production. Recently, Koprna et al. 24! highlighted the potential of
CKs as agrochemicals in pot and field experiments as they improve the growth dynamics and yields of a wide range of
plants, including horticultural fruit crops.
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Figure 1. Chemical structures of cytokinins (CKs) used in propagation, preharvest, and postharvest stages during the
production of some common horticultural fruit crops. NA = natural aromatic CK; NI = natural isoprenoid CK, and S =
synthetic CK.

With more than 80 commonly known species of horticultural fruit crops available, their relevance to offset food and
nutrition security concerns among the ever-increasing global population cannot be overemphasized. For centuries,
horticultural fruit crops have been cultivated (mainly via conventional methods) as important dietary foods serving as the
major sources of vitamins, antioxidants, and fibers for human needs 1318l As an indication of their economic and
commercial values, the global production of the major fruit crops, including banana, apple, orange and mango, has
witnessed a consistent and dramatic increase according to the Food and Agriculture Organization (FAO). Statistics from
the FAO show that between 2000 and 2017, the production of mangoes, mangosteens, and guavas rose from 20 to over
40 million tonnes while banana production experienced a compound annual growth rate of 3.2% over the same period
(http://www.fao.org/statistics/en/). Figures for banana cultivation were on a record high in 2017, reaching 114 million
tonnes from 67 million tonnes in 2000. Other fruit crops such as oranges, apples, and grapes also showed positive
trajectories in terms of their production, even though their incremental trends did not surpass that of banana
(http://www.fao.org/statistics/en/). While these increases remain laudable, more effort to stimulate higher yield potential

and the stability of the major fruit crops are needed to feed a world population that is predicted to reach 8 billion by 2025
[13)

The propagation of many fruit crops has intrinsic challenges such as low germination rate, heterozygosity of seeds, and
prolonged juvenile phase, which hamper efficient and rapid growth 4. Together with the changing climate, biotic and
abiotic stresses can significantly influence productivity in major fruit crops LEI[LA2021N22]123] | recent times, different
strategies including genetic modification 1224125126] - encapsulation technology 29, photo-biotechnology 24, and the
manipulation of phytohormone balances with compounds such as nitric oxide (NO) 28 and 1-methylcyclopropene (1-
MCP) 22 have been explored to mitigate biotic and abiotic stresses. Furthermore, the systematic application of
biostimulants, particularly plant growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi have been demonstrated to
hold the potential to mitigate biotic and abiotic stresses as well as boost fruit crop production 28189 |n addition to these
approaches, the diverse roles of PGRs, especially CKs, offer a potential avenue that requires more detailed attention 211
(32]33][341(35](36] ' As an example, Zalabak et al. 22 postulated that the genetic engineering of CK metabolism may offer
greater potential to improve the agricultural traits of crops. In response to environmental cues, physiological and genome-
wide microarray studies indicate an existing relationship with CK levels in planta 2. In addition to increasing evidence of
CKs'’ influence in alleviating biotic and abiotic stresses, CKs play an important role in horticultural crop production where
their application influences the morphological structure and nutrient content, as well as facilitates harvesting and the
overall yield in a number of fruit crops 247, Thus, in this review, we highlight and critically explore the potential of CKs in
the propagation, growth, and general physiology with specific reference to some fruit crops. In the past three decades, the



advent of molecular biology, genetic engineering, and exploitation of mutant technologies in various model plant species
has led to a better understanding of the molecular mechanisms of CKs. Major breakthroughs in the 1990s led to the
discovery of the CK signaling circuit networks that partly explain the diverse roles of CKs throughout a plant’s life cycle in
molecular, cellular, and developmental contexts. Some of this research, mainly conducted in the non-horticultural
Arabidopsis species (Arabidopsis thaliana) as a model, has been comprehensively reviewed in the works of:

« (a) Kakimoto 28], describing the perception and signal transduction mechanisms involving CK receptors in plants based
on the molecular work conducted in the 1990s;

o (b) Hwang et al. B3 where CK-auxin relationships controlling early embryogenesis and organ differentiation and
development are explained. The authors highlighted studies conducted in Lotus japonicus and Medicago truncatula
that have led to the acknowledgement of the importance of CKs in nodule formation. Furthermore, the impacts of CK
circuits in biotic and abiotic stress responses and regulation of senescence by CKs were critically described;

o (c) Steklov et al. 9 who compared the structural configuration of CK receptors and their phylogenetic relatedness
across species including horticultural crops such as orange, apple, tomato, and grape.

| 2. Metabolic Regulation of Cytokinin Activity

The metabolic production and control (biosynthesis, inter-conversions, and degradation) of CK homeostasis involve a
wide range of enzymes 2451 particularly, isopentenyltransferase (/PT) is an important enzyme involved in the first and
rate-limiting step in CK biosynthesis that entails the transfer of an isoprenoid moiety to the N® position of the adenine
nucleotide 2245l An additional enzyme involved in the modification of CKs at the adenine part of the molecule was
discovered in 2007. Evidence from the study by Kurakawa et al. 28 revealed the existence of a specific
phosphoribohydrolase (designated as Lonely Guy; LOG) in rice. The LOG enzyme is responsible for the cleavage of
ribose 5’-monophosphate from the CK nucleotides to form biologically active CK-free bases in one enzymatic step 2. On
the other hand, cytokinin oxidase/dehydrogenase (CKX) is central to the catabolism of CKs, where an irreversible
cleavage of the CKs occurs, and the presence of auxins positively regulates this enzyme. Cytokinin
oxidase/dehydrogenase is under a positive auxin regulation, leading to the regulated synthesis of CKs in plants and
associated responses. The CK biosynthetic genes belong to a gene family that is developmentally and spatially regulated
in its expression in plant cells 12122]

Glucosyltransferases and xylosyl transferases catalyze O-glucosylation, N-glucosylation, and O-xylosylation events,
leading to the production of various CK conjugates whose full function remains to be completely characterized 22148 For
instance, a recent evidence revealed the metabolic reactivation of trans-zeatin (tZ) N-glucosides (N7 and N positions) in
Arabidopsis thaliana, which is contrary to the previously-held hypothesis that N-glucosylation irreversibly inactivates CKs
(451 Many of these enzymes involved in CK metabolism were discovered mainly in the 1990s through to the 2000s. The
uridine diphosphate glycosyltransferases (UGTs) are now known to deactivate CKs such that the regulation of CKs in
plants is precise during distinct developmental phases and in response to environmental conditions throughout the plant’s
life 9. Environmental factors, both abiotic and biotic, as well as endogenous inputs, tightly regulate the synthesis and
degradation of CKs, generally, in plants 29,

| 3. Molecular Aspect of Cytokinin Actions

Molecular genetic approaches have been useful in unravelling the major sensing and signaling roles linked to CKs 12,
The CK receptors are of a histidine kinase (HK) nature with autophosphorylation events being important as part of the
signaling transduction pathways that ultimately lead to the negative and positive induction of CK-controlled gene
expression 2. The CK signal pathway in plants uses a basic phosphorelay two-component system (firstly described in
bacteria) which revolves around four sequential phosphorylation steps that alternate between histidine and aspartate
residues, where a conserved CK-binding domain, Cyclases/Histidine kinases Associated Sensory Extracellular (CHASE),
has an extracytosolic location 2. The HK receptors are localized on endoplasmic reticulum (ER) membrane, and the
CHASE domain lies in the direction of the ER, leading to the hypothesis that the in planta binding of CKs is in the lumen of
the ER 4. These CK receptors are part of a large family of transmembrane HK sensors with three main evolutionary
branches in plants, which is evident through the application of various bioinformatics tools 9. The cytokinin response
factor (CRF) gene families are known to control cotyledon and leaf development. Although the CRF genes, belonging to
the family of AP2/ERF transcription factors, were first characterized in Arabidopsis, they are found in all land plants 4],
The tomato-specific CRFs, termed SICRF genes, responds to CKs by controlling the development of leaf primordial and
root tips, and they occur as two distinct clades 52, The review by Cortleven et al. 23] highlights the importance of CK
mutants in uncovering the signaling mechanisms and biosynthesis steps involved in the in planta production of natural



CKs. For example, LOG enzymes catalyse the reaction steps that increase the metabolic pool of CKs such as
isopentenyladenine (iP) and tZ in plant tissues 1912 The nuclear-localized type B response regulators (RRB or type B
ARR) are transcription factors of the CK signaling pathway that CK targeted for gene expression 1253l Through a
negative feedback loop, the other regulators, type A RRs (RRA), indirectly control the induction of the CK-responsive
genes that are in fact targets of the type B RRBs 23],

As a result of the benefits associated with transgenic or genome engineering, desired traits can be manipulated in
different horticultural fruit crops (Table 1), and this has largely been spurred on by accumulating new information on the
molecular biological effects of CKs in plants. For instance, genes related to specific CKs such as CPPU (N-(2-chloro-4-
pyridyl)-N"-phenylurea) and BA (N®-benzyladenine) were recently identified in horticultural fruits. Following the treatment
of pear fruitlet with 30 mg/L CPPU, the B-PpRR genes potentially influenced fruit development, bud dormancy, and
light/hormone-induced anthocyanin accumulation 4. The study by Ni et al. 24l indicated that CKs have the potential to
stimulate the accumulation of anthocyanin in pear. Similarly, the upregulated expression of the LDOX gene contributed to
the induction of anthocyanin content in strawberry treated with varying concentrations of CPPU B8], Apart from the impact
of CKs on specialized (secondary) metabolites B4I55] central (primary) metabolites, especially the carbohydrate content in
fruits, may be indirectly influenced by CKs, as shown in kiwifruit B8 and strawberry 531, Dipping application of kiwifruits in
10 mg/L CPPU significantly influenced the soluble carbohydrate component of the fruit osmotic pressure B8, In apple,
evidence of the expression of different genes related to CK activities was shown during axillary bud development B2 and
flowering 2839, The expression of these CK-related genes was postulated to be essential for the postharvest storage of
horticultural fruits, including strawberry 551,

Table 1. Gene expression-related responses to cytokinin application in different horticultural fruit crops.

Attribute and

Eruit Reference

Focus of Study Response(s)

Seed and Flowering

San Pedro fig
‘Asteran’
Ficus carica L.

Strawberry
Fragaria vesca L.

Effect of CPPU on the
parthenocarpy induction

Effect of IAA, BA, ACC, and
GA; on FvPHL gene
regulation during seedling
development

Effect of BA (5 mM),

CPPU upregulated phytohormone genes such as GA200x,
GA3ox, GID1, GID2, AUX/IAA, and GH3, while [63]
downregulating NCED, PP2C and ABF

BA, ACC and GA; slightly regulated the gene expression of
FvPHL3/5/6 by BA, FYPHL5 by ACC and GA3, and FVPHL3 [64]
by IAA, while ABA influenced the expression of all six
FvPHL genes

BA and decapitation treatment induced the upregulation of

Apple “Fuji’ decapitation, and lovastatin MdIPT, MdCKX, and MdPIN1 genes, while lovastatin (a
Malus domestica on the expression of MdIPT compound that effectively suppresses axillary bud 57
Borkh. and MdCKX genes in apple outgrowth) inhibited gene expression. Both BA and
during axillary bud outgrowth lovastatin upregulated MdCKX8 and MdCKX10 genes
Apple flo:Ez:lf e(:ntszS((’)v(’) dr:_?“;\?flor;n d BA upregulated the transcription of MdFT at 110 DAF, AFL1
Malus domestica 9 ! ’ at 50 and 110 DAF, with a significant decline in MdTFL1 (58
Borkh MdTFL1) during flower expression at 30 and 180 DAF
’ development after 180 DAF p
Fruit quality
Apple “Pink Effect of GA,,; and BA on the Early appllca.mon of GA4+7 and BA (commercial product
s . Superlon™ with 1.9% (viv) of both plant growth hormone)
Lady’ Malus x cellular mechanism of calyx- . . . . [65]
. R . h increased epidermal cell density, which strengthened cell-
domestica end cracking during fruit wall components and upregulated the expression of genes
Borkh. development P preg p 9

responsible for fruit-cracking resistance

Biochemical and physiological parameters

Effect of CPPU on transcript

CPPU-treated fruits reduced starch synthesis while
increasing starch degradation during early fruit

Kiwi ‘Hayward’
L abundance of carbohydrate development (standard carbohydrate supply). However,
Actinidia . . : [56]
i . metabolism genes at a CPPU-treated fruits increased vacuolar invertase
chinensis var. . . L R
deliciosa standard and a high transcripts, which in turn increased the sucrose cleavage

Kiwi ‘Xuxiang’
Actinidia
deliciosa.

carbohydrate supply

Effect of CPPU on volatile
emissions and differential
gene expression related to
these compounds after days
of storage

associated with increased fructokinase (FK4) gene
expression in early fruit development (high starch supply)

CPPU inhibited the biosynthesis of volatile compounds
including aldehydes, esters, and terpenes. CPPU
influenced gene expression related to hormone signal (s8]
transduction in aldehydes, alcohols, and terpene
biosynthetic pathways



Attribute and
Fruit

Focus of Study

Response(s)

Reference

Strawberry
‘Akihime’
Fragaria x
ananassa Duch.

Litchi ‘Feizixiao’
Litchi chinensis
Sonn.

Litchi ‘Feizixiao’
Litchi chinensis
Sonn.

Effect of CPPU application on
the proteomic analysis during
pre and postharvest

Effect of 25 mg/L ABA and 4

mg/L CPPU on physiological

changes and transcriptome
profiling

Effect of ABA and CPPU on
the expression of
anthocyanin-related LcGST4
genes

In total, 88 and 56 proteins were expressed during harvest
and after storage, respectively. CPPU regulated glycolysis,
photosynthesis, and acid metabolism before storage.
Particularly, the upregulated expression of the LDOX gene
contributed to the induction of anthocyanin content in
strawberry in response to CPPU. However, CPPU
suppressed volatile biosynthesis

ABA upregulated the expressions of genes (LcGST4)
involved in flavonoid and anthocyanin biosynthesis, while
CPPU induced genes related to carbon metabolism, amino
acids, photosynthesis, and downregulated genes related to

anthocyanin biosynthesis

ABA enhanced anthocyanin accumulation through the
induced expression of LcGST4 during ripening stages.
CPPU reduced anthocyanin production and LcGST4
expression remained at low levels

[55]

[671

[68]

Pear ‘Cuiguan’
Pyrus pyrifolia
Nakai

Grape ‘Neo
Muscat’ Vitis
vinifera L.

Sweet orange
‘Valencia’
Citrus sinensis

Effect of CPPU in verifying
the function of B-PpRRs
during fruit coloration and
anthocyanin production in
pear that never produce
anthocyanin

Mutagenesis: expression of
Vitis vinifera phytoene
desaturase (VvPDS) gene

Mutagenesis: expression of
Citrus sinensis Phytoene
desaturase (CsPDS) gene

CPPU stimulated anthocyanin production in the skin of
fruitlets after 16 days of treatment. CPPU also induced B-
PpRR anthocyanin biosynthetic genes, which are
presumed to mediate anthocyanin production

Carotenoid biosynthesis

Carotenoid biosynthesis

[54]

[69]

[70]

Abiotic and biotic effects

Wanjincheng
orange
Citrus sinensis
Osbeck

Duncan
grapefruit Citrus
paradisi

Strawberry
‘Akihime’
Fragaria x
ananassa Duch.

Melon
‘Yangjiaomi’
Cucumis melo L.

Mutagenesis: expression of
Citrus sinensis Lateral organ
boundaries 1 (CsLOB1)
promoter

Mutagenesis: expression of
CsLOB1

Effect of CPPU application on
the proteomic analysis during
pre- and postharvest

Effect of tZ application on
TCS genes

Citrus canker resistance

Citrus canker resistance

In total, 88 and 56 proteins were expressed during harvest
and after storage, respectively. CPPU application resulted
in higher capacity of resistance in strawberry to stress
stimuli after storage

Type-A RRs, CmRRA1 - CmRRA7, were upregulated after 2
h of tZ application

[7a]

[z21

[55]

[z31

Recently, genome editing in fruit crops by CRISPR/Cas9 has emerged as an alternative approach to mitigate time-
consuming conventional breeding programmes [281841611  Since the first studies in tomato and citrus-producing stable

transgenic lines, the CRISPR/Cas9 technology has been applied to an increasing list of fruit crops including kiwifruit,
banana, strawberry, papaya, and ground berry 82, Genome-wide expression analysis data are largely lacking for many

aspects linked to the developmental biology of fruit crops. Available information is mainly for the fruit biology of

horticultural crops and genes linked to defense responses but not necessarily linked to CK responsiveness B, Despite

increasing efforts, the molecular mechanisms underlying the role of CKs in pre- and postharvest quality performance of

horticultural fruits are yet to be fully elucidated, and such information may be critical for the utilisation of modern
technologies for fruit crop improvement.
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