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Abstract

The above-ground plant surface is a well-adapted tissue layer that acts as an interface between the plant and its
surrounding environment. As such, its primary role is to protect against desiccation and maintain the gaseous ex-
change required for photosynthesis. Further, this surface layer provides a barrier against pathogens and herbivory,
while attracting pollinators and agents of seed dispersal. In the context of agriculture, the plant surface is strongly
linked to post-harvest crop quality and yield. The epidermal layer contains several unique cell types adapted for these
functions, while the non-lignified above-ground plant organs are covered by a hydrophobic cuticular membrane. This
review aims to provide an overview of the latest understanding of the molecular mechanisms underlying crop cuticle
and epidermal cell formation, with focus placed on genetic elements contributing towards quality, yield, drought
tolerance, herbivory defence, pathogen resistance, pollinator attraction, and sterility, while highlighting the inter-
relatedness of plant surface development and traits. Potential crop improvement strategies utilizing this knowledge
are outlined in the context of the recent development of new breeding techniques.

Keywords: Biotechnology, crop improvement, cuticle, drought tolerance, epidermal layer, fruit quality, new breeding techniques
(NBTs), stomata, trichome.

Introduction

The epidermis of above-ground plant organs is derived from
the L1 tissue present at the shoot apical meristem (Soyars et al.,
2016). This multifunctional layer differentiates to form spe-
cialized cell types, such as stomatal guard cells and trichomes,
as well as pavement cells which, despite being less specialized,
are important for ensuring the correct patterning and func-
tionality of the former (Glover, 2000; Javelle ef al., 2011). In
turn, the plant epidermal cells synthesize and assemble a pro-
tective external waxy layer known as the cuticle (Schreiber,

2010), which together contribute towards many significant
crop traits.

Stomatal guard cells regulate the plant—environment gas-
eous exchange by altering turgidity. This function is not only
important for water conservation, but is also required for leaf
cooling, CO, uptake, and the transport of solutes within the
transpiration stream. Under short-term water deficit condi-
tions, loss of guard cell turgor, induced by abscisic acid (ABA)
signalling (Sussmilch et al., 2019), leads to stomatal closure
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and reduced transpirational water loss. Extended exposure to
drought stimuli, however, promotes decreased stomatal density
in plants which can lead to an improved water-use efficiency
(WUE) (Caine et al.,2019).The regulatory pathways that drive
stomatal formation are well characterized in Arabidopsis and
have been shown to differ significantly between monocots and
dicots (Buckley et al., 2020).

Hair-like protuberances, known as trichomes, are com-
monly found on the surface of plant organs. These surface fea-
tures are classified based on their morphology and secretory
ability as either unicellular or multicellular, glandular or non-
glandular, as well as branched or unbranched, which are traits
driven by diverse regulatory programmes (Liu et al., 2016; Z.
Wang et al., 2019; Chalvin et al., 2020). Trichomes perform
a diverse range of important plant functions. Glandular tri-
chomes, for example, are able to synthesize and secrete com-
mercially significant metabolites such as artemisinin, essential
oils, and cannabinoids, to name a few, making them useful
targets for metabolic engineering or biopharming (Schuurink
and Tissier, 2020). The focus of the current review, however,
will be aimed towards trichome functions related to crop pro-
tection and market value.

The cuticle layer acts primarily as a hydrophobic barrier
against plant dehydration, though also contributing towards
post-harvest crop quality, disease resistance, and pollen devel-
opment (Lara ef al., 2019; Wan et al., 2020; Arya et al., 2021; L.
Liu et al., 2022;Wang and Chang, 2022).The cuticle composi-
tion and structure vary amongst plant species, cultivars, organs,
and developmental stages, but it is essentially composed of the
cutin polymer, cuticular waxes, and, in many cases, secondary
metabolites (Martin and Rose, 2014). Pathways driving the bi-
osynthesis and transportation of these essential cuticular com-
ponents are tightly regulated by an intricate network involving
transcription factors (TFs), signalling proteins, and post-tran-
scriptional modulation (Borisjuk et al., 2014; Hen-Avivi et al.,
2014). Suberin is another closely related polymer which shares
common biosynthetic precursors with cutin and wax (Philippe
et al., 2020). Importantly, it has been shown that while the
cuticular layer functions primarily as a physical barrier it also
mediates osmotic stress tolerance through the regulation of
ABA biosynthesis and signalling (Z.Y.Wang et al.,2011).

Knowledge of the molecular and cellular biology of above-
ground surface formation allows one to directly or indirectly
infer key genes that can be targeted for modulation via biotech-
nological means, enabling the production of crop lines better
adapted to agricultural needs. The advent of new breeding
techniques has made genetic modulation of surface-related
genes significantly more attainable in crop species. However,
careful consideration must be given when deciding on the type
of gene modification (e.g. loss-of-function) or biotechnology
method (e.g. transgenesis) used to achieve the desired trait.
Regardless of the technique implemented, all approaches may
be limited by the regenerative capacity of the crop of interest.
In addition, it is important to be thorough when selecting

candidate genes for modification so as to avoid unwanted plei-
otropic or off-target traits (Basso et al., 2019). This phenom-
enon is particularly relevant in plant surface manipulation since
genes involved in surface formation tend to display overlap-
ping and interconnected functions (Torii, 2021).

This review provides a summary of the current under-
standing regarding the genetic and molecular basis of above-
ground plant surface formation and the important role it plays
in crop production, with significant emphasis placed on target
genes that may be manipulated via biotechnological approaches
to drive crop improvement. Crop genes are described in the
context of a desired phenotypic alteration, with specific con-
sideration given to quality, yield, drought tolerance, biotic stress
tolerance, pollinator attraction, and fertility (Fig. 1).

Crop quality and yield
Surface traits impacting cereal production

The quality and yield of grains are affected by the function-
ality of Ll-related CRINKLY4 (CR4) and DEFECTIVE
KERNELT1 (DEK1) orthologous genes (Supplementary Table
S1).In rice (Oryza sativa), OsCR4 knockdown lines developed
abnormal cells with a discontinuous cuticle in the inner and
outer epidermal layers. This phenotype led to distortions in the
protective interlocking barrier between the palea and lemma,
and, as a result, disruptions in pistil pollination (Pu et al.,
2012). In addition, ¢4 knockout mutants developed smaller
rice grains with undesirable wrinkled surfaces (Fig. 2A; Chun
et al., 2020). Mutations in the DEK1-related ADAXIALIZED
LEAF1 (ADL1) protein have been linked to defective epi-
dermal phenotypes related to bulliform cell patterning and,
consequently, irregular leaf rolling patterns which can lead to
grain yield reductions (Hibara ef al., 2009; Zou et al., 2011).
Bulliform cells are large vacuolated epidermal cells that feature
on the adaxial leaf surfaces of monocot crops (Kadioglu et al.,
2012). During water scarcity, loss in bulliform cell turgidity
promotes adaxial leaf rolling which reduces sunlight exposure,
and thus water loss. Comparable leaf curling phenotypes have
been observed for the L1-associated CURLY FLAG LEAF1
(CFL1) gene which negatively regulates cuticle development
in rice (Wu et al., 2011). Interestingly, despite no changes re-
ported for the leat curling patterns of ¢r4 rice mutants, a signifi-
cant down-regulation of the leaf rolling-associated ROCS5 gene
was found (Zou et al., 2011; Chun et al., 2020). This ROC5
HD-ZIP IV protein has been shown to affect leaf curling char-
acteristics through the direct regulation of cuticle genes, such
as OsCYP96B4 (X. Zhang et al.,2021). Since similar epidermal
phenotypes have been reported for the CR4 and DEK1 maize
(Zea mays) genes (Becraft et al., 1996, 2002; Jin et al., 2000),
it is expected that these genes also play crucial roles in maize
quality and yield.

Naked or ‘hull-less’ barley (Hordeum vulgare) is preferred to
hulled barley since the loosely covering husks of the caryopses
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Fig. 1. Simplified schematic cross-section of above-ground plant surface elements and the crop traits to which they contribute. Surface elements are
highlighted by black boxes and include the L1 layer/identity, epidermal cells, trichomes, stomata, as well as the cuticle layer which is made up of three
components: the cutin polymer (light green layer), cuticular waxes (dark green layer), and secondary metabolites (red dots). SAM, shoot apical meristem.

are more readily separated upon threshing. In addition, it has
been found that naked barley is richer in nutritional constitu-
ents,such as B-glucan and proteins,and contains lower insoluble
dietary fibre (Boros et al., 1996). In barley, the naked phenotype
has been linked to the function of the cuticle-related SHN1
gene orthologue, Nud. It is suggested that the Nud TF regulates
lipid deposition between the caryopsis and inner side of the
hull to drive organ adhesion (Taketa et al., 2008).

The formation of trichomes (macro- and microhairs) on the
leat and glume surfaces of rice can lead to difficulties related to
allergies and itchiness during manual harvests, as well as limit
the packing capacity of the crop (Li ef al.,2012). As such, great
emphasis has been placed on breeding rice varieties with gla-
brous traits. Multiple studies have shown that loss-of-function
mutations in the WUSCHEL-like homeobox OsWOX3B gene
are associated with smoother hull surfaces that are deficient in
trichomes (Zhang et al., 2012). In addition, Sun et al. (2017)
found that OsWOX3DB directly binds to the promoter region
of the trichome elongation-related HAIRY LEAF6 (HL6)
gene, while an allelic HL6 variant (OsGLABRAG6) has been
associated with trichome initiation (Y. Xie et al., 2020).

Rapeseed oil quantity

Crops such as rapeseed (Brassica napus) are important resources
for vegetable oil production and high-quality animal feed pro-
teins, while also providing raw materials for industrial products
such as biodiesel (Zhai et al., 2020). For this reason, studies
have focused on understanding the factors that can affect the

quality and quantity of rapeseed oil. One surface-related ex-
ample is the BnlWIN1 gene, which has been shown to play a
dual role in intracellular and extracellular lipid synthesis (Liu
et al., 2019). In BnlWIN1-overexpressing (OE) lines, leaf wax
load is increased under salt stress without impacting seed oil
content. In addition, seed oil content is increased under normal
growth conditions. BnWINT acts by modulating the expres-
sion of both wax and oil biosynthetic genes (Liu ef al.,2019).

Fibre quality of cotton seeds for textile purposes

Cotton (Gossypium spp.) forms seed trichomes (fuzz or lint
fibres) that are an essential resource for the textile industry.
The value of cotton fibres is based on traits such as yield and
length, which are dependent on the initiation and elonga-
tion phases of fibre development, respectively (Deng et al.,
2012). Cotton fibres are morphologically comparable with
Arabidopsis trichomes since they are unicellular. For this
reason, it is unsurprising that cotton fibre initiation is also
driven by a MYB-bHLH-WD40 (MBW) activation complex.
In support of this, the cotton GLABRA1 (GL1) (GaMYB2
and GhMYB3), TRANSPARENT TESTA GLABRA1
(GhTTG1 and GhTTG3), and GL3/ENHANCER OF GL3
(GhDEL65) gene homologues were shown to fully, or at least
partially, rescue their respective Arabidopsis mutants (Wang
et al., 2004; Humphries et al., 2005; Shangguan et al., 2016,
2021). In addition, the GhDEL65 protein directly interacted
with both GhMYB2 and GhTTG3 (Shangguan et al., 2016).
Acting downstream of the MBW complex, a GL2 homologue
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Fig. 2. Contribution of surface-related genes to different crop quality traits. (A) The L1-related mis2 mutant developed rice grains that were irregularly
shaped with an open-hull phenotype (Chun et al., 2020). GhMML4-silenced (C) cotton seeds showed reduced fibre densities compared with the wild
type (B) (Wu et al., 2018). Decreased fruit spine density in CsMYB6-OE (E) cucumber compared with the wild type (D) (L. Zhao et al., 2020). (F) The
pink-coloured fruit phenotype of IL1b resulting from the down-regulation of SIMYB12 and, subsequently, a lack of naringenin chalcone in the peel
(Ballester et al., 2010). MdSHNG3 is associated with apple russet formation with low and high expression levels driving regular (G) and impaired (H) cuticle
accumulation, respectively (Lashbrooke et al., 2015b). (I) Enzymes involved in cuticle biosynthesis which have been linked to fruit dehydration (slgds/7;
Isaacson et al., 2009), fruit decay (slcyp86a69; Shi et al., 2013), as well as microcracks and fissures (SIDCR-RNAI; Lashbrooke et al., 2016) in tomato.
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(GaHOXT1) was found to rescue the trichome phenotype of
atgl2-2 mutants, while the GL2-related GhHOX3 gene pos-
itively regulated fibre elongation, leading to longer lint fibres
in overexpressing lines (Guan et al., 2008; Shan et al., 2014).
This phenotype is not only important for cotton yield, but
also improves the fibre quality since shorter fuzz fibres do
not yield spinnable thread. The cotton CAPRICE (GhCPC)
TF negatively regulates the MBW complex by interacting
with GhTTG1 and GhMYCI1, with the latter protein di-
rectly binding to the promoter region of the GhHOX3 gene
(Liu et al., 2015). L1-specific genes also play a critical role in
driving the specification of fibre cells (Supplementary Table
S1).This was observed for homologues of the ARABIDOPSIS
THALIANA MERISTEM L1 (ATML1) gene (GhHD-1 and
GbML 1) which increased the number of fibre initials in overex-
pressing cotton and Arabidopsis lines, respectively (Zhang ef al.,
2010; Walford et al.,2012). In the case of GhHD-1, this also led
to an undesirable increase in fuzz fibre percentage. The cotton
PROTODERMAL FACTORT1 (GbPDFT1) gene reduced fibre
initiation and resulted in shorter fibres with a lower percentage
of lint in knockdown lines (Deng et al., 2012). The MIXTA-
related GhMYB25 and GhMYB25-like genes were associated
with shorter fibre and nearly fibreless seed phenotypes, respec-
tively, in silenced cotton (Machado et al., 2009; Walford et al.,
2011). Consistent with these phenotypes, GhMYB25-like was
found to act upstream of GhMYB25 which, in turn, posi-
tively regulated the GL1-related GhMYB109 protein involved
in fibre length control (Pu et al., 2008; Machado et al., 2009;
Waltord et al., 2011). It is important to note that MIXTA-
related proteins promote different fibre cell types. For instance,
GhMYB25-like drives fuzz fibre initiation (Wan et al., 2016),
while GhMMLA4 is linked to higher quality lint fibre (Fig. 2B,
C; Wu et al., 2018). Cotton fibre formation is modulated by a
variety of phytohormones, which has recently been reviewed

by Tian and Zhang (2021).

Market-driven cucumber fruit spines

The size and density of fruit spines (trichomes) are important
traits determining the target market and value of cucumber
fruit (Cucumis sativus). Indeed, cucumbers with a higher den-
sity of small fruit spines are popular amongst consumers in
China, while almost entirely glabrous fruit surfaces are pre-
ferred by the European market. In addition, large and sparse
fruit spines are targeted for American pickle varieties (Pan et al.,
2015). In terms of market value, some cucumbers develop fruit
spines in combination with tubercules, which result in a warty
phenotype that is considered less desirable than its non-warty
counterpart due to taste and storability (Yang ef al.,2014).The
multicellular fruit trichomes of cucumber are formed, in part,
through the function of the cucumber GLABROUST (CsGL1)
gene, encoding an HD-ZIP I family member (Li ef al., 2015).
Cucumber ¢/1 mutants display apparently glabrous pheno-
types, although papillae are still present on the fruit surfaces
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(Li et al.,2015).This phenotype indicates an important role for
CsGL1 in trichome differentiation. In addition, studies have
shown that CsGL1 is epistatic over the C2H2 zinc finger gene
Tii/ DULL, which contributes to the lack of tubercules present
on ¢sgl1 mutant fruits (Yang et al., 2014). The L1-related cu-
cumber GLABROUS3 (CsGL3) gene, encoding an HD-ZIP
IV protein, was identified as a positive regulator of trichome cell
specification since loss-of-function mutants developed plant
surfaces that were devoid of trichomes (Pan ef al.,2015). Chen
et al. (2016) showed that the WD-repeat protein CsTTG1
promotes trichome initiation, with silenced cucumber lines
developing fewer fruit trichomes. Further, CsTTG1 interacts
with CsGL1 to drive tubercule formation, thus having an ad-
ditional function in warty fruit phenotypes (Chen ef al., 2016).
With regards to negative regulators, the MIXTA-like protein
CsMYB6 was found to reduce spine and tubercule initiation,
in overexpressing cucumber fruit, by interacting with CsTTG1
and CsTu/DULL, respectively (Fig. 2D, E, L; L. Zhao et al.,
2020). In addition, the cucumber TRIPTYCHON (CsTRY)
TF is predicted to negatively regulate trichome initiation by
forming a protein complex with CsMYB6 (Yang et al., 2018).
For a detailed discussion on cucumber spine types, stages of
spine formation, and hormone-related regulatory interactions,
we refer the reader to the reviews of Liu ef al. (2016) and Han

et al. (2022).

Cuticle-related fruit colour development

Pink tomato fruit (Solanum lycopersicum) are preferred by some
consumers, particularly in Asian markets, due to the notion that
they possess a greater palatability (Zhu et al., 2018). In tomato,
the major flavonoid, naringenin chalcone, which accumulates
exclusively in the fruit cuticle during ripening, contributes to
the typical orange-red pigment of mature fruit. Silencing the
tomato CHALCONE SYNTHASE (SICHS) enzymes, which
drive the synthesis of naringenin chalcone, leads to the de-
velopment of pink-coloured fruit with colourless cuticles that
possess a reduced viscoelastic behaviour and thickness (Espana
et al.,2014). Acting as a key regulator of this flavonoid pathway
is the R2R3-MYDB protein SIMYB12 which was shown to
underlie the peel-specific yellow (y) mutant phenotype in to-
mato. In y mutants, a significant reduction in naringenin chal-
cone content was strongly correlated with the expression level
of the SIMYB12 gene and several flavonoid-related genes, in-
cluding SICHS (Fig. 2F Adato et al.,2009; Ballester et al.,2010).

These, however, are not the only ripening-related genes that
are known to modify fruit cuticle properties. Additional exam-
ples include: the NON-RIPENING (NOR) and RIPENING
INHIBITOR (RIN) genes which alter the cuticular wax pro-
files of tomato mutants during fruit development (Kosma
et al., 2010); the MADS-box TOMATO AGAMOUS-LIKE1
(TAGL1) TF which promotes thicker, albeit weaker, tomato
fruit cuticles in overexpressing lines by regulating cutin bi-
osynthesis (Giménez et al., 2015); as well as the two tomato
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FRUITFULL (FUL) gene orthologues (SIFUL1 and SIFULZ2)
which form orange-ripe fruit phenotypes, due to reduced
cuticle lycopene, along with the down-regulation of cuticle-
related genes in double knockdown lines (Bemer et al., 2012).
Together, these studies illustrate the interdependent regulation
between fruit ripening, cuticle formation, and post-harvest
quality traits.

Cuticle failure, suberin, and fruit russeting

The cuticle plays an important role in providing external me-
chanical support to rapidly expanding fruit tissues during de-
velopment. However, when the extendibility of the cuticle is
exceeded, due to environmental stresses or cutin deficiency,
mechanical failure of the fruit surface can occur, resulting in
the development of microcracks (cuticular) or macrocracks
(subcuticular). These surface wounds induce suberin deposi-
tion which leads to skin disorders such as fruit russeting. While
suberized fruit surfaces are often considered a disorder, rus-
seted or reticulated surfaces are commonly found in varieties
of apple (MalusXdomestica), cacumber, melon (Cucumis melo),
and pear (Pyrus pyrifolia) (Lashbrooke et al.,2015b; Cohen et al.,
2019;Arya et al.,2022; Zhang et al.,2023). Studies of such vari-
eties have led to the identification of genes involved in or reg-
ulating the cutin and suberin biosynthetic pathways. Indeed,
orthologues of the MYB107 and MYB9 TFs have been found
to positively regulate suberin deposition in several crop species
and organs (Lashbrooke et al., 2016).

In melon, skin reticulation is considered a positive fruit trait
since the netting phenotype is widely accepted by consumers
and can increase the tolerance of fruit to post-harvest mechan-
ical injury (Keren-Keiserman et al., 2004). In contrast, skin re-
ticulation is not typically a quality concern for cucumber since
fruit are consumed at immature stages (Zhang et al., 2022).
Nevertheless, studies in both crops showed that SHN1 gene
homologues (CmSHN1 and CsSHNT1), displaying high exo-
carp expression,serve as strong candidate genes for netting den-
sity traits (Oren ef al., 2020; Zhang et al., 2022). For fleshy fruit
crops, russeting is more strongly associated with poorer com-
mercial quality (Faust and Shear, 1972). In apple, the MASHN3
TF (Lashbrooke et al., 2015b) and MdABCG12 transporter
(Falginella ef al., 2015) have both been positively linked to
proper cuticle formation, and the absence of russet (Fig. 2G,
H). In addition, the tomato DEFECTIVE IN CUTICULAR
RIDGES (DCR) enzyme is required for cutin deposition, with
silenced lines showing significant reductions in cutin content
and subsequent cuticle failure (Fig. 2I; Lashbrooke et al., 2016).
This, in turn, resulted in the suberization of the tomato fruit
in a process found to be transcriptionally analogous to apple
russet, seed coat formation, and root suberization.

Mild cuticle failure can also predispose fruit to post-harvest
dehydration and pathogen infection, thus resulting in crop loss.
For instance, SISHN3 and its downstream targets, SIMIXTA-
like and SICYP86A69, have been shown to promote cuticle

development and the resistance of tomato fruit to Colletotrichum
coccodes infection and water loss (Fig. 2I; Shi et al., 2013;
Lashbrooke ef al.,2015a). Similar phenotypes have likewise been
observed for the CUTIN DEFICIENT1 (CD1)/SIGDSL1 and
CD2 genes (Fig. 2I; Isaacson et al., 2009; Girard et al., 2012;
Yeats et al., 2012). In cucumber, fruit overexpressing CsIWAX2
showed reduced Botrytis cinerea fungal decay and desiccation
(Wang et al., 2015a). Glossiness, over dull-appearing fruit, is
another important post-harvest quality trait in cucumber pro-
duction. The glossy phenotype has been linked to the func-
tion of the CsIWINT1 (Zhang et al., 2019) and trichome-related
CsTii/ DULL (Zhai et al., 2022) genes, which are positively cor-
related with wax deposition in the fruit peel (Box 1).

Drought tolerance
Stomata-related water-use efficiency

Drought and water stress tolerance have been associated with
stomatal density and aperture in a variety of crop species, based
on the impact of stomatal functionality on WUE. Despite
this trait benefit, one of the major concerns in altering stom-
atal features to improve WUE is the detrimental impact that
reduced stomatal function can have on the photosynthetic
capacity and, subsequently, the biomass of crops. In addition,
reducing transpirational water loss in crops can impact their
evaporative cooling ability, leading to issues with heat stress
and fertility (Bertolino ef al., 2019). Nevertheless, genes in-
volved in stomatal formation (Supplementary Table S1) serve
as promising targets for the development of crops better suited
to drought-prone areas, should these trade-off phenotypes
prove to be negligible.

One approach that can be used to alter stomatal function is
to hinder the development of functional stomatal complexes
or to limit the number of cells entering the stomatal lineage
(i.e. stomatal density). Studies aimed at characterizing genes
involved in stomatal formation, however, are extremely lim-
ited for dicot crops. In the case of tomato, the SPEECHLESS
(SPCH), MUTE, and FAMA gene orthologues, involved in
stomatal differentiation, were shown to complement their re-
spective Arabidopsis mutants (Ortega et al., 2019). In addition,
Morales-Navarro et al. (2018) found that the wild tomato
(Solanum chilense) orthologue of the STOMATAL DENSITY
AND DISTRIBUTIONT1 gene, SchSDD1-like, was respon-
sible for a significant reduction in stomatal density and an
improved dehydration avoidance in overexpressing cultivated
tomato. Similar observations were found for soybean (Glycine
max), where GmSPCH1 was able to rescue the stomatal phe-
notype of atspch-3 mutants (Danzer et al., 2015). Danzer et al.
(2015) also reported that the collective down-regulation of four
paralogous genes (GmSPCH1-GmSPCH4) led to the devel-
opment of leaf surfaces devoid of stomatal and meristemoid
complexes. In comparison, significant progress has been made
in establishing key regulators of stomatal formation in monocot
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Box 1. The inter-related nature of crop surface development

Since the plant cuticle and epidermal cells both arise from the L1 tissue, it is expected that crosstalk between their
regulatory pathways exists. This would be essential during surface differentiation to ensure the development of a
functional outer layer. However, the nature of these interactions is poorly understood. Homologues of the SHN and
MIXTA TFs, which form part of the same regulatory network (Shi et al., 2013), serve as useful examples illustrating the
interconnection between different surface elements and traits (Fig. 3). For instance, SHN proteins directly regulate cuticle
biosynthetic enzymes (Kannangara et al., 2007); however, their overexpression has also led to reduced stomatal densities
which, combined, contribute to drought tolerance (Aharoni et al., 2004; Bi et al., 2018). Although the down-regulation
of well-known stomatal genes was reported (J. Yang et al., 2011), direct links between SHN and stomatal formation
have not yet been made. Thus, it can be speculated that the increased wax load in overexpressing lines may indirectly
impact stomatal formation as a compensatory response. Additional examples include the MIXTA-related genes of peach
(Prunus persica) and cucumber. Interestingly, a loss-of-function mutation in the PpeMYB25 gene led to a lack of peach
fuzz (trichomes), resulting in the distinctive glabrous nectarine variety (Vendramin et al., 2014). Recent studies have also
illustrated that the shinier surfaces of nectarine fruit are, in part, due to the inability of the non-functional PpeMYB25 TF
to activate PpeMYB26 expression, a gene involved in wax accumulation and fruit dullness (Yang et al., 2022). Similarly,
a cucumber MIXTA orthologue, CsMYBS6, has been shown to directly interact with CsTu/DULL (L. Zhao et al., 2020), an
important protein linked to tubercule initiation and wax deposition in the fruit peel, resulting in glabrous and shiny fruit
surfaces in cucumber mutants (Yang et al., 2014; Zhai et al., 2022). These few studies alone illustrate the close connection
between different surface structures, and also demonstrate the need to better understand their complex interactions to
be able to fine-tune surface manipulation for crop improvement.
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Fig. 3. Network illustrating the interconnected nature of different surface elements (stomata, cuticle, conical cell, L1 layer, and trichome), driven
by various crop genes, and their connection to beneficial traits (drought tolerance, crop fertility, disease resistance, pollinator attraction, herbivore
defence, as well as crop quality and yield). Crop genes were selected based on their characterized involvement in the formation of two or more
surface elements and/or their contributions towards two or more targeted traits.
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crops, which show fundamental deviated functions compared
with dicots (Box 2).

Further studies have assayed for changes in the drought
tolerance of monocot crops, based on stomatal density ma-
nipulation. EPIDERMAL PATTERNING FACTOR (EPF)-
related signalling proteins, when overexpressed, cause arrested
meristemoid and guard mother cell (GMC) phenotypes
in barley (Hughes et al., 2017), rice (Caine et al., 2019), and
wheat (Triticum aestivum) (Dunn et al., 2019), and result in an
enhanced WUE without yield loss. Lu et al. (2019) further
found that OsMUTE and OsFAMA were significantly down-
regulated in rice plants overexpressing OsEPF1 and OsEPF2,
while the severity of arrested stomatal phenotypes was greater
for OsEPF2, consistent with an earlier role in negatively regu-
lating stomatal lineage cell entry (Lee ef al., 2012). In contrast,
rice STOMAGEN/EPFLY gene orthologues, OsEPFL9-1 and
OsEPFLY-2, were shown to positively regulate stomatal den-
sity in rice (Lu et al., 2019), with similar phenotypes observed
for the dicot VwiEPFL9-1 gene, in addition to an improved
WUE in grapevine (Vitis vinifera) (Clemens et al., 2022). The
receptor-like kinase family member Salt-Inducible Kinase 1
(OsSIK1) has high sequence homology to the kinase domain
of three Arabidopsis ERECTA family proteins, causing signif-
icant reductions in stomatal density and a higher tolerance to
desiccation in overexpressing rice plants (Ouyang et al., 2010).

Aside from stomatal formation, manipulating stomatal clo-
sure may improve the drought response of crops. In this regard,
ABA and drought treatments were shown to reduce the expres-
sion of the guard cell-specific AtMYB60 gene, driving stomatal
closure and improving resilience to dehydration in null mutants
(Cominelli ef al., 2005). Likewise, the grapevine MYB60 gene
orthologue (1viMYB60) is negatively regulated in response
to ABA and functionally complements the atmyb60-1 mutant,
restoring proper stomatal function and confirming its role as
a positive regulator in stomatal aperture (Galbiati ef al., 2011).
Under drought stress, rice plants overexpressing the OsTF1L
and OsNACO022 genes show phenotypes of increased stom-
atal closure coupled with an enhanced drought tolerance, as
well as increased grain yield in the case of OsTF1L (Hong
et al., 2016; Bang et al., 2019). This was also observed for two
ABA-inducible maize phytochrome-interacting factors (PIFs)
basic helix-loop—helix (tHLH) TFs, ZmPIF1 and ZmPIF3, in
overexpressing rice plants (Gao et al., 2018a, b). Despite having
positive effects on grain yield under drought stress, the reduced
stomatal aperture observed in these transgenic rice lines proved
to be detrimental to plant development under normal growth
conditions. Thus, the outcome of stomatal manipulation can
present with the issue of deciding which trade-off is most ben-
eficial to crop production.

Non-stomatal water loss

As an alternative, modifying the cuticular layer can assist in
improving the tolerance of crops to water deficit by hindering

Box 2. Functional divergence in key regulators of
stomatal differentiation in monocots versus dicots

Based on their morphological and spatial differences, it
is unsurprising that the regulators of monocot stomatal
lineage cells have acquired diverged functions to those
in dicots. This is due to not only variances in guard cell
shape (e.g. dumbbell-shaped versus kidney-shaped)
or stomatal distribution (e.g. linear file versus scatter-
type), but also the additional formation of subsidiary cells
(SCs) in monocot varieties (Conklin et al., 2019; Buckley
et al., 2020). For example, the OsFAMA gene, which is
functionally interchangeable with AtFAMA, holds an
additional role in controlling the cell fate transition from
subsidiary mother cells (SMCs) to SCs, as well as SMC
division in rice (Liu et al., 2009; Wu et al., 2019). Further,
rice and maize MUTE genes cause arrested meristemoids
with a lack of SCs in loss-of-function mutants, indicating
an important role in GMC fate transition, along with a
deviated function in SC recruitment (H. Wang et al., 2019;
Wu et al., 2019). The rice FOUR LIPS (OsFLP) protein has
been linked to the control of GMC division orientation,
rather than its timing (Lai et al., 2005; Wu et al., 2019),
while gene knockout of OsSDD1 resulted in the typical
stomatal clustering phenotype observed in Arabidopsis,
but with no impact on stomatal file density (Yu et al.,
2020). Interestingly, the SCARECROW (SCR; Di Laurenzio
et al., 1996) and SHORT ROOT (SR; Helariutta et al.,
2000) TFs, which have previously only been connected
to root endodermal cell specification in Arabidopsis,
were shown to directly interact and positively influence
stomatal initiation and SC formation in rice (Wu et al.,
2019). There is, however, the conservation of function
of the OsSPCH1 and OsSPCH2 proteins, which act
redundantly in regulating the entry division of stomatal
lineage cells (Wu et al., 2019), while rice orthologues
of the SCREAM1 (OsICE1) and SCRM2 (OsICE2) TFs
were found to interact with OsSPCH1/2, OsMUTE and
OsFAMA in a manner comparable with that observed in
Arabidopsis (Kanaoka et al., 2008; Wu et al., 2019).

non-stomatal water loss. This role is largely connected to the
hydrophobic wax component rather than the cutin (Schreiber,
2010). Nevertheless, both wax and cutin biosynthetic enzymes,
such as ECERIFERUM1 (CER1), CER3/WAX2, enoyl-
CoA reductase (ECR), glycerol-3-phosphate acyltransferase
(GPAT), P-ketoacyl-CoA synthase (KCS), P-ketoacyl-CoA
reductase (KCR), and long-chain acyl-CoA synthetase (LACS)
homologues, as well as cuticle transport and cutin assembly
proteins [ATP-binding cassette (ABC) transporters and GDSL,
respectively], have been shown to play a fundamental role in
the drought tolerance of apple (Qi et al.,2019; Lian et al., 2021,
Li et al., 2022), barley (Chen et al.,2011; Li et al., 2017, 2018),
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cucumber (Wang et al., 2015a, b), grapevine (Liu ef al., 2023),
orange (Citrus sinensis) (D. Liu et al., 2022), peanut (Arachis
hypogaea) (Lokesh et al., 2019), rice (Yu et al., 2008; Islam et al.,
2009; Park et al.,2010; Chen et al.,2011; Qin et al.,2011; Zhou
et al.,2013,2015), tomato (Wu et al.,2022), and wheat (Li ef al.,
2019). OsCYP96B5, encoded by the Wax crystal-Sparse Leaf 5
(WSLJ5) gene, also forms part of this pathway by catalysing the
terminal hydroxylation of alkanes to C29 primary alcohols in
rice (Zhang et al., 2020). Zhang et al. (2020) found that wsl5
mutant leaf cuticles displayed a significant increase and reduc-
tion in alkane and C29 primary alcohol content, respectively,
leading to an improved drought response. 3-Diketone contrib-
utes to the glaucous nature of wheat and barley varieties; a trait
that has been associated with higher grain yields under drought
conditions (Fleury et al., 2010; Bi ef al.,2016). Three genes in-
volved in (3-diketone synthesis [Diketone Metabolism-Polyketide
synthase (DMP), DM-Hydrolase (DMH), and DM-CYP450
(DMC)] were identified and found to be positioned in con-
served metabolic gene clusters present in the W1 and syntenic
Cer-cqu loci of wheat and barley, respectively (Hen-Avivi et al.,
2016; Schneider et al., 2016). In wheat, DMP- and DMH-
silenced plants displayed a glossy phenotype, with fewer epicu-
ticular wax crystals present on the flag leaf sheaths and spikes,
as well as significantly lower levels of B-diketone and its deriva-
tives (Hen-Avivi et al., 2016).

In terms of transcriptional regulation, AP2-domain SHINE
(SHN) proteins were found to promote cuticle deposition
and improve plant resilience to drought conditions in apple
(Zhang et al., 2019a), papaya (Carica papaya) (Girbn-Ramirez
et al., 2021), rice (Wang et al., 2012; Zhou et al., 2014), sor-
ghum (Sorghum bicolor) (Bao et al., 2017), tomato (Al-Abdallat
et al., 2014), and wheat (Djemal and Khoudi, 2016; Bi et al.,
2018), however also increasing water loss rates in soybean
(Xu et al., 2016). For wheat, the observed drought tolerance
in overexpressing lines was also, in part, due to a significant
reduction in stomatal density (Bi et al., 2018). Regarding
R2R3-MYB proteins, the MIXTA-like SIMX1 TE which
acts upstream of SISHNZ2, drives cuticle formation in tomato
leaves and enhances plant recovery rates from water deficiency
(Ewas et al., 2016), while OsMYB60 promotes wax accumula-
tion in rice by activating the expression of wax-related genes
(e.g. OsCERT), thereby contributing to plant resistance against
drought (Jian et al., 2022). Lastly, ZmMYB94 activity, which is
responsible for the fused leaves1 maize mutant, has an impor-
tant cuticle-related function in the separation of organs during
development and is associated with the response of maize to
drought stimuli (La Rocca ef al., 2015; Castorina et al., 2020).

Proteins involved in epigenetic and post-transcriptional
modulation of drought-related cuticle properties have been
characterized in rice. Mutations in the OsCHR4 gene, which
encodes a member of the chromodomain helicase DNA-
binding3 (CHD3) family involved in chromatin remodel-
ling, resulted in the up-regulation of auxin and wax-related
genes leading to altered leaf morphology and increased leaf
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cuticular waxes, respectively (Guo et al., 2019). The greater
amount of wax deposits found in the oschr4-5 mutant leaves
resulted in an amplified resistance to drought stress (Guo
et al., 2019). In terms of post-transcriptional regulation, the
rice DROUGHT HYPERSENSITIVE (DHS) gene, encoding
a Really Interesting New Gene (RING)-type E3 ligase, was
found to be a negative regulator of wax biosynthesis, since its
overexpression caused significant reductions in wax load and
a hypersensitive response to drought (Wang ef al., 2018). DHS
acts by promoting the degradation of RICE OUTERMOST
CELL-SPECIFIC GENE4 (ROC4), an HD-ZIP 1V family
member that positively modulates cuticular wax formation
through direct activation of OsBODYGUARD (OsBDG) ex-
pression (Wang et al., 2018). In Arabidopsis, it has been specu-
lated that BDG not only holds an indirect role in improving
drought tolerance by maintaining cuticle integrity, but also acts
as a mediator for osmotic stress induction of ABA biosynthesis
(Z.Y. Wang et al., 2011). While the mechanisms for cuticular
regulation of ABA biosynthesis have not been elucidated fur-
ther, this research holds great significance for crop species and
agriculture, where the application of plant growth regulators
such as ABA may impact surface-related traits.

Biotic stress tolerance
Herbivore defence

Tomato forms glandular leaf trichomes (type I, IV, and VI)
which secrete metabolites that either repel or poison insects, as
well as non-glandular leat trichomes (types II, III, and V) that
serve as physical barriers against herbivory (Tian ef al., 2012).
Consequently, genes involved in leaf trichome formation in to-
mato are deemed useful targets for altering pest-related defence
traits (Supplementary Table S1). In this regard, L1-related Woolly
(W0) has been identified as a key gene involved in trichome ini-
tiation, causing significant increases in glandular trichome (type
IV) density in tomato mutant leaves during juvenile develop-
ment (Vendemiatti ef al., 2017). In addition, Wo is predicted to
regulate glandular trichome (type I) development by forming
separate heterodimers with Hair (H), which is a single C2H2
zinc-finger protein (ZFP), as well as the B-type cyclin protein
SICycB2 (C.Yang et al.,2011; Chang et al.,2018). Further assays
revealed that a close homologue of H (SIZFP8-like) dimer-
izes with both H and Wo, which act cooperatively to regu-
late trichome initiation and elongation, with SIZFP6 acting
downstream (Zheng et al., 2022). Interestingly, overexpress-
ing SICycB2, and its direct transcriptional activator SIMYB75,
resulted in significantly fewer glandular leaf trichomes, lower
terpene content, and an increased susceptibility to Prodenia litura
and spider mite herbivory, respectively (Gao et al., 2017; Gong
et al., 2021). SIMIXTA-like proteins have also been identified
as negative regulators of trichome initiation, with silenced and
knockout tomato lines displaying higher leaf trichome densi-
ties and clustering patterns (Galdon-Armero et al., 2020). In
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terms of positive modulators, mutations in the cutin-related
SICD2 and bHLH-encoding SIMYC1 genes cause a significant
reduction and absence of vegetative type VI trichomes, respec-
tively, as well as lower the trichome-related terpene content
of ¢d2 mutant leaves (Nadakuduti et al., 2012; Xu et al., 2018).
The proper morphogenesis of tomato trichomes is essential
for their ability to synthesize defence metabolites and protect
against pests (Kang ef al., 2016).This was evident in two tomato
mutants which displayed altered trichome shapes connected to
defects in actin filament polymerization. The tomato hairless
(hl) mutant caused bending and swelling of type VI trichomes
which led to an impaired synthesis of terpene compounds and a
decreased resistance to Manduca sexta feeding (Kang et al.,2016),
while the inquieta (ini) mutant displayed similar morphological
phenotypes (Jeong et al.,2017). The genes responsible for these
mutant phenotypes, SRA1 (hl) and ARPC2A (ini), encode
components of the SCAR/WAVE and ARP2/3 complexes, re-
spectively, which have previously been linked to trichome mor-
phogenesis in Arabidopsis (Basu et al., 2004; El-Din El-Assal
et al., 2004). Recent studies have shown that SRAT may in-
teract with Hairless-2 (HI-2), a NAP1 subunit of the SCAR/
WAVE complex, to drive normal trichome development, while
HI-2 expression is also modulated by an HD-ZIP IV protein
(SIHDZIVS; Q. Xie et al., 2020). Several hormone signalling
proteins have been linked to the formation of multicellular tri-
chomes in tomato (refer to the review of Chalvin et al., 2020).

Disease resistance

Cutin and cuticular waxes play key roles in plant—pathogen
interactions and, as a result, disease development in crops.
The CHD3-type chromatin-remodelling factor TaCHR 729,
which is recruited by TaKCS6 promoter-associated bHLH-
type transcription factorl (TaKPAB1), was found to repress
TaKCS6 expression and lower the conidial germination rate
of Blumeria graminis f.sp. tritici (Bgf) on silenced wheat leaves
displaying reduced wax loads (Wang et al., 2019). Wang et al.
(2019) further discovered that Bgt conidial germination was
in fact stimulated by the presence of wax-related very long
chain (VLC) aldehydes. Similar phenotypes were observed for
the wax-related TAECR enzyme (Kong et al., 2020), as well
as for HYKCS1 and HvKCS6 loss-of-function barley mutants
(Weidenbach et al., 2014; Li et al., 2018). In barley, the WINT1
TF was found to be positively associated with an enhanced tol-
erance to Fusarium head blight (Fusarium graminearum) (Kumar
et al., 2016). Constitutive expression of the stress-responsive
apple MYB30 gene altered the structural and compositional
properties of vegetative Arabidopsis cuticles, while improv-
ing resistance to Botryosphaeria dothidea in apple calli (Zhang
et al., 2019b). However, cuticle—pathogen interactions are
complex and, in many instances, opposing responses can be
observed depending on the pathogen studied. This is evident
in the case of the loss-of-function mutant of the cutin-related
tomato GPAT6 enzyme, which exacerbated susceptibility to

Phytophthora pathogens, but improved resistance to B. cinerea
(Fawke et al.,2019).

Secondary metabolites such as triterpenoids are known to
have diverse plant functions including defence against plant
pathogens (Smaili et al., 2019). Targeting pathways that pro-
mote triterpenoid production may aid in improving crop resist-
ance to diseases; however, studies associating these two factors
are restricted. During their biosynthesis, the first step in the
diversification of triterpene compounds involves the cycliza-
tion of 2,3-oxidosqualene via oxidosqualene cyclases (OSCs).
Genes encoding OSCs have been linked to the production of
cuticle-related triterpenes in apple (Andre ef al., 2016), sweet
wormwood (Artemisia annua; Moses et al., 2015), and tomato
(Z.Wang et al., 2011) (Supplementary Table S1). In the case of
apple and sweet wormwood, further triterpene C-28 and C-3
diversification, respectively, was shown to require the addi-
tional oxidative activity of CYP716 enzymes. In grapevine, the
triterpene-related VviMYB5b TE which is highly expressed in
berry skins (Deluc et al., 2008), proved to have an important
function in several biological processes including the negative
modulation of triterpenoid accumulation in overexpressing to-
mato lines (Mahjoub et al., 2009).

Pollinator attraction

The conical shape of petal epidermal cells contributes to their
colour intensity and brightness, thereby impacting pollinator
attraction and seed-setting rates (Glover and Martin, 1998). In
the case of tomato, the cuticle and trichome-related SIMIXTA-
like protein has also been linked to the positive modulation of
conical cell patterning on petal surfaces (Galdon-Armero et al.,
2020).This role has likewise been observed for the MIXTA-like
homologue of orchid (Phalaenopsis; Lu et al., 2022), as well as
those of petunia (Petunia hybrida) and snapdragon (Antirrhinum
majus) which negatively impact the presentation and architec-
ture of flowers in null mutants (Baumann et al., 2007).

Another epidermal feature that may contribute to pollinator
attraction is the presence of nanoridges (cuticular folds) on petal
surfaces. Nanoridges are speculated to assist in pollinator attrac-
tion and attachment by influencing the light refractive and tac-
tile properties of flowers, respectively (Koch et al.,2008;Whitney
et al., 2009). An AP2/ERF Va2 subgroup member (PeERF1)
has been positively associated with nanoridge formation in
orchid floral epidermal lips during late stages of morphogen-
esis (Lai et al., 2020). In addition, silenced orchid lines showed
reduced expression of cuticle-related PeDCR, PeCYP77A4,
and PeGPAT genes which have previously been connected to
nanoridge formation in Arabidopsis petals (Li-Beisson et al.,
2009; Panikashvili ef al., 2009; Mazurek et al.,2017).

Crop fertility

Genes involved in anther cuticle formation have been linked
to male sterility in cereal crops, a beneficial trait for hybrid
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crop breeding (Supplementary Table S1).This is due to the de-
hydration and subsequent deformation of anthers in mutant
or knockdown lines, which has been illustrated for many cu-
ticle biosynthetic enzymes in maize (Somaratne et al., 2017;
Xie et al., 2018; An et al., 2019; Jiang et al., 2021; S. Zhang
et al., 2021), and rice (Jung et al., 2006; Men et al., 2017; Xu
et al., 2017;]. Zhao et al., 2020). In addition, OsABCG26 and
ZmABCG26 are suggested to drive the export of cutin from
the tapetal cells to the anther surfaces in rice and maize, respec-
tively, causing significant reductions in anther cuticle deposi-
tion in male-sterile knockout mutants (Zhao ef al., 2015; Jiang
et al., 2021).

Biotechnological strategies for improving
crop surface traits

Since new biotechnology methods and tools have been de-
veloped in the past few years, we briefly introduce the latest
techniques and how they could be applied in the future for
surface-based crop improvement. For non-biotech breeding,
we direct the reader to the comprehensive review of Petit et al.
(2017). Classical breeding and novel genomic technologies,
however, are not antagonistic, and their integration could in-
crease the speed and precision of breeding programmes, as has
recently been reported (Lyzenga et al., 2021).

Transgenesis and cisgenesis/intragenesis

Transgenesis is highly useful within crop production since it
allows for the transfer of genetic elements between species
that are sexually incompatible (Fig. 4A). This provides the
ability to incorporate genetic diversity that would otherwise
be impossible to achieve through traditional breeding, and ac-
celerate crop improvement. An extensive list of genes char-
acterized for their involvement in crop surface traits is given
in Supplementary Table S1. Genes encoding enzymes involved
in metabolic pathways forming the constituents of the cutic-
ular layer are strong candidates for a transgenic approach due
to the massive diversity seen in these metabolites across plant
species. For instance, heterologous expression of OSC genes
or modifying CYP450 genes may allow for the production of
diverse triterpenoids in crops which are unable to accumulate
these compounds naturally. Tens of thousands of bioactive tri-
terpenoids exist across the plant kingdom, yet in domesticated
tomato and apple fewer than a dozen are present (Fernandez-
Moreno et al., 2016). Thus, metabolic engineering of these
pathways into domesticated crops has the potential to improve
pathogen resistance and nutritional value. Further, heterolo-
gous expression of genes coding for enzymes that modify VLC
fatty acids, found in cuticular waxes, can result in the produc-
tion of specialized waxes not typical of a selected crop. The
W1 locus of wheat is an interesting candidate in this regard,
since it could be expressed in other crops to produce cuticular
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P-diketone. One of the major limitations in creating transgenic
crop varieties, however, is the general lack of public acceptance
surrounding genetic modification (Lassen ef al., 2002).

In response to this, two alternative transformation concepts
have been developed, namely cisgenesis and intragenesis. Both
approaches integrate genetic elements that are sourced only
from the native species or species that are cross-compatible. For
cisgenesis, the gene of interest is integrated with its native pro-
moter and terminator (Lusser and Davies, 2013), while intra-
genesis refers to the hybridization of genetic elements taken
from different genes and loci (Fig. 4B; Limera et al., 2017).
The gene pool available for cisgenesis and intragenesis is thus
identical to that of conventional breeding; however, results are
achieved within a shorter time and bypass the potential carry-
over of negative traits due to linkage drag (Holme et al., 2013).
Currently, the most common application of cisgenic and intra-
genic strategies has been for the gain of function and expres-
sion modulation of crop genes in the context of improving
pathogen resistance and quality traits (reviewed in Holme et al.,
2013; Giudice et al., 2021). With regards to crop surface im-
provement, a strong candidate for these approaches is the over-
expression of SHN orthologues. Since SHN orthologues have
been functionally characterized in several crops, where they
positively regulate cuticle formation (Supplementary Table S1),
it is likely that a native orthologue of this gene exists in the crop
species of interest. This negates the need for transgenesis and,
provided suitable native promoters can be identified, increasing
the expression of native SHN orthologues will foreseeably lead
to increased cuticle formation along with its concomitant ben-
efits. Another target that may be well suited for cisgenic crop
improvement is the ABCG12 gene. Evidence suggests that ex-
pression of a functional allele of this gene in apple will prevent
the occurrence of fruit skin russeting (Falginella er al., 2015).
Finally, improvement of cotton fibre quality could probably
be achieved through the cisgenic expression of key positive
regulators of lint fibre development, such as the GhHOX3 and
GhMML4 genes (Shan et al., 2014;Wu et al., 2018).

In spite of having favourable outputs, all three biotechnology
applications have the same limitation in that, with current
modes of transformation, gene integration occurs randomly
within the crop genome and may result in multiple copies, po-
tentially leading to the generation of crop lines with off-target
trait effects (Basso et al., 2020).

Gene editing technologies

Alternatively, gene editing (GE) technologies allow for the in-
troduction of genetic mutations in a more precise and efficient
manner. In particular, by means of an RNA-guided clustered
regularly interspaced palindromic repeats (CRISPR)-associated
protein (Cas) nuclease which has gained significant popularity
in recent years due to its high precision, design simplicity, and
cost effectiveness (Ghogare et al., 2020). Currently, there are
three main techniques available for targeted mutagenesis, gene
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Fig. 4. Schematic illustration of genetic engineering techniques available for crop gene modification. (A) Transgenesis, involving the incorporation of
genetic elements, derived from a sexually incompatible species, into a crop genome of interest. (B) Cisgenesis/intragenesis, involving the incorporation
of genetic elements, derived from sexually compatible or native species, into a crop genome of interest. (C) DSB-mediated editing, with the assistance
of target-specific nucleases (e.g. Cas engineered with a guide RNA), induces the NHEJ and HDR cell DNA repair mechanisms. For NHEJ, this leads to
random insertions and deletions, while HDR, with the presence of a donor template, can insert or replace genes. DSB, double-strand break; NHEJ, non-
homologous end joining; HDR, homology-directed repair. (D) Base editing requires a catalytically inactive nuclease (e.g. dCas engineered with a guide
RNA) that is fused to a deaminase protein. The example provided illustrates the activity of a CBE which, in the presence of UGI, drives the deamination
of cytosine to uracil. SSBs in the non-targeted strand stimulate DNA repair mechanisms which, following replication, leads to a C-to-T base substitution.
CBE, cytosine base editor; UGH, uracil glycosylase inhibitor; SSB, single-strand break. (E) Prime editing requires a catalytically inactive nuclease (e.g. dCas
engineered with a pegRNA, prime editing guide RNA) that is fused to a reverse transcriptase. Prime editors induce SSBs on the non-targeted strand to
prime reverse transcription of the pegRNA template (containing the edit). During DNA repair and replication, the edited strand is integrated and copied
into the complementary strand. Types of gene modification that can be achieved by each GE tool are highlighted by black boxes and include gain of
function (GOF), loss of function (LOF), modulation of expression (MOE), and modulation of function (MOF).

replacement, or deletion using these nucleases. These comprise
gene modifications arising from double-strand breaks (DSBs),
base editing, or prime editing. Target-specific DSBs, driven by
engineered Cas nucleases, activate the two main cell DNA re-
pair pathways, namely non-homologous end joining (NHE])
and homology-directed repair (HDR) (Fig. 4C). NHE] is
prone to errors, resulting in random insertions or deletions at
the target site. If the sequence modification causes a frameshift
or alters key amino acid residues in the final gene product,
this can lead to the loss of function or modulation of function
of a gene, respectively (Voytas and Gao, 2014). Indeed, most
gene editing that has contributed to crop improvement thus
far has been through loss-of-function mutations generated by

NHEJ-mediated repair (Ahmad et al., 2021). Interesting sur-
face targets for this approach include stomatal formation and
aperture-regulating genes, such as SPCH, EPFL9, and MYB60
(Supplementary Table S1). Reducing the expression of these
genes has been shown to produce favourable water stress re-
sponse phenotypes in several crops including grapevine, rice,
soybean, and tomato (Galbiati et al., 2011; Danzer ef al., 2015;
Ortega et al., 2019; Clemens ef al., 2022). The fact that ortho-
logues appear to play a similar role in both monocots and
dicots suggests that generating loss-of-function mutations for
orthologues in a crop of choice will be a successful strategy for
improving crop WUE. When altering stomatal formation and
aperture, through induced mutations in the above-mentioned
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genes, one should consider the potential effect on plant phys-
iology and yield, as modulating water availability will have di-
rect consequences for plant growth. Besides agricultural traits,
this strategy can also be implemented for consumer-based fruit
quality attributes, such as pigmentation. Gene editing disrup-
tion of the tomato MYB12 or CHS gene is a potential strategy
for the generation of pink-coloured tomatoes (due to the ab-
sence of the yellow naringenin chalcone pigment), which are
prioritized in Asian markets and are increasing in popularity
worldwide (Ballester ef al., 2010). Disrupting the function of
a crop gene is not always beneficial, however, and the intro-
duction of a functional gene/allele may be required. In this
regard, a more useful alternative is the HDR pathway, which
provides the possibility of site-directed gene insertion/replace-
ment. Despite this benefit, its application in crop improvement
has been limited due to the infrequency of HDR within so-
matic plants cells and the inefficient delivery of donor tem-
plates (Azameti and Dauda, 2021; Chen ef al., 2022).

Base editing enables the transition or transversion of indi-
vidual bases, resulting in the gain or loss of function of tar-
geted crop genes (Li et al., 2023). This is particularly useful
when considering that many agronomically significant alleles,
generated through conventional breeding, are caused by one
or many single nucleotide polymorphisms (Chen et al., 2022).
Base editors comprise a catalytically inactive Cas nuclease (and
guide RNA) with a cytidine or adenosine deaminase driving
C-to-T or A-to-G base conversions, respectively, without
generating DSBs (Fig. 4D; Azameti and Dauda, 2021). For cy-
tosine base editors (CBEs), the additional activity of a uracil
glycosylase inhibitor (UGI) is required to inhibit the base exci-
sion repair (BER) pathway and enhance the efficiency of base
substitution (Komor et al., 2016). Alternatively, studies have
replaced the UGI with UG to promote the BER pathway and
enable C-to-G base transversions (Li et al., 2023). Studies that
have successtully implemented base editing in crops are mostly
restricted to monocots, with focus placed on improving herbi-
cide tolerance, defence responses, and yield traits (Mishra et al.,
2020; Li et al., 2023). Unfortunately, the variety of base modi-
fications that can be achieved by current base editors is lim-
ited. In addition, restrictive protospacer adjacent motif (PAM)
requirements and narrow editing windows impact their effi-
ciency and specificity (Mishra et al., 2020).

Bypassing these issues is the recent introduction of a search-
and-replace GE tool known as prime editing. Prime editing is
highly versatile, enabling any type of target-specific small inser-
tions/deletions, replacements, and base modifications (Anzalone
et al., 2019). As such, it holds great potential as a method for
achieving each gene modification approach. Prime editors con-
sist of a catalytically inactive Cas nuclease programmed with a
prime editing guide RNA (pegRNA) and reverse transcriptase
which, together, identify the target site and encode the desired
gene alteration (Fig. 4E; Anzalone et al., 2019). However, prime
editing in crops is still in its infancy, and significant progress
needs to be made in optimizing the efficiency of its application
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(Hua et al., 2022). Nevertheless, with the rapid evolution of
GE techniques witnessed in recent years, we are confident that
prime editing will become more efficient and applicable to a
wide range of crops in the near future.

Conclusion

The plant cuticle and epidermal structures form part of a com-
plex multifunctional surface layer driven by a tightly regulated
and interconnected gene network. In recent years, significant
progress has been made in characterizing important surface-
related genes connected to economically significant traits in
a multitude of crops. While gaps are still evident in under-
standing their regulatory pathways, current research has pro-
vided a strong resource of possible candidate genes that can be
modified for crop improvement. In addition, recent advance-
ments in GE technologies (e.g. prime editing) have paved the
way for the potential application of high precision targeted
gene modifications of any type in a crop of interest. Combined,
biotechnology-mediated breeding holds significant potential
for the generation of crops with desirable surface traits impact-
ing key agricultural parameters, such as improved commercial
quality and drought tolerance. However, fundamental limi-
tations linked to the possibility of pleiotropic and off-target
effects, along with the recalcitrant nature of many crop species
to regeneration during transformation, are just a few of the
hurdles that biotechnology applications need to overcome.

Supplementary data

The following supplementary data are available at JXB online.
Table S1. List of crop genes associated with above-ground
cuticle and specialized epidermal cell formation.

Acknowledgements

Figures 1, 3, and 4 were created using BioRender.com.

Conflict of interest

No conflict of interest declared.

Funding

The Lashbrooke lab is funded by Winetech, South Africa. This work was
funded by a FIRST grant from Fondazione Edmund Mach, Italy.

References

Adato A, Mandel T, Mintz-Oron S, et al. 2009. Fruit-surface flavonoid ac-
cumulation in tomato is controlled by a SIMYB12-regulated transcriptional
network. PLoS Genetics 5, e1000777.

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erad321#supplementary-data

Page 14 of 19 | Jolliffe et al.

Aharoni A, Dixit S, Jetter R, Thoenes E, Van Arkel G, Pereira A. 2004.
The SHINE clade of AP2 domain transcription factors activates wax biosyn-
thesis, alters cuticle properties, and confers drought tolerance when over-
expressed in Arabidopsis. The Plant Cell 16, 2463-2480.

Ahmad S, Tang L, Shahzad R, et al. 2021. CRISPR-based crop improve-
ments: a way forward to achieve zero hunger. Journal of Agricultural and
Food Chemistry 69, 8307-8323.

Al-Abdallat AM, Al-Debei HS, Ayad JY, Hasan S. 2014. Over-expression
of SISHN1 gene improves drought tolerance by increasing cuticular wax
accumulation in tomato. International Journal of Molecular Sciences 15,
19499-19515.

An X, Dong Z, Tian Y, et al. 2019. ZmMs30 encoding a novel GDSL li-
pase is essential for male fertility and valuable for hybrid breeding in maize.
Molecular Plant 12, 343-359.

Andre CM, Legay S, Deleruelle A, et al. 2016. Multifunctional oxidosqua-
lene cyclases and cytochrome P450 involved in the biosynthesis of apple
fruit triterpenic acids. New Phytologist 211, 1279-1294.

Anzalone AV, Randolph PB, Davis JR, et al. 2019. Search-and-replace
genome editing without double-strand breaks or donor DNA. Nature 576,
149-157.

Arya GC, Dong Y, Heinig U, et al. 2022. The metabolic and proteomic
repertoires of periderm tissue in skin of the reticulated Sikkim cucumber
fruit. Horticulture Research 9, uhac092.

Arya GC, Sarkar S, Manasherova E, Aharoni A, Cohen H. 2021. The
plant cuticle: an ancient guardian barrier set against long-standing rivals.
Frontiers in Plant Science 12, 663165.

Azameti MK, Dauda WP. 2021. Base editing in plants: applications, chal-
lenges, and future prospects. Frontiers in Plant Science 12, 664997.

Ballester AR, Molthoff J, de Vos R, et al. 2010. Biochemical and molec-
ular analysis of pink tomatoes: deregulated expression of the gene encod-
ing transcription factor SIMYB12 leads to pink tomato fruit color. Plant
Physiology 152, 71-84.

Bang SW, Lee DK, Jung H, Chung PJ, Kim YS, Choi YD, Suh JW, Kim
JK. 2019. Overexpression of OsTF1L, a rice HD-Zip transcription factor,
promotes lignin biosynthesis and stomatal closure that improves drought
tolerance. Plant Biotechnology Journal 17, 118-131.

Bao SG, Shi JX, Luo F, Ding B, Hao JY, Xie XD, Sun SJ. 2017.
Overexpression of Sorghum WINL1 gene confers drought tolerance in
Arabidopsis thaliana through the regulation of cuticular biosynthesis. Plant
Cell, Tissue and Organ Culture 128, 347-356.

Basso MF, Arraes FBM, Grossi-de-Sa M, Moreira VJV, Alves-
Ferreira M, Grossi-de-Sa MF. 2020. Insights into genetic and molecular
elements for transgenic crop development. Frontiers in Plant Science 11,
509.

Basso MF, Ferreira PCG, Kobayashi AK, Harmon FG, Nepomuceno
AL, Molinari HBC, Grossi-de-Sa MF. 2019. MicroRNAs and new bio-
technological tools for its modulation and improving stress tolerance in
plants. Plant Biotechnology Journal 17, 1482-1500.

Basu D, El-Assal SED, Le J, Mallery EL, Szymanski DB. 2004.
Interchangeable functions of Arabidopsis PIROGI and the human WAVE
complex subunit SRA1 during leaf epidermal development. Development
131, 4345-4355.

Baumann K, Perez-Rodriguez M, Bradley D, Venail J, Bailey P, Jin H,
Koes R, Roberts K, Martin C. 2007. Control of cell and petal morpho-
genesis by R2R3 MYB transcription factors. Development 134, 1691-1701.

Becraft PW, Li K, Dey N, Asuncion-Crabb Y. 2002. The maize dek1
gene functions in embryonic pattern formation and cell fate specification.
Development 129, 5217-5225.

Becraft PW, Stinard PS, McCarty DR. 1996. CRINKLY4: a TNFR-like
receptor kinase involved in maize epidermal differentiation. Science 273,
1406-1409.

Bemer M, Karlova R, Ballester AR, Tikunov YM, Bovy AG, Wolters-
Arts M, Rossetto PDB, Angenent GC, de Maagd RA. 2012. The tomato
FRUITFULL homologs TDR4/FUL1 and MBP7/FUL2 regulate ethylene-
independent aspects of fruit ripening. The Plant Cell 24, 4437-4451.

Bertolino LT, Caine RS, Gray JE. 2019. Impact of stomatal density and
morphology on water-use efficiency in a changing world. Frontiers in Plant
Science 10, 225.

Bi H, Luang S, Li Y, Bazanova N, Morran S, Song Z, Perera MA,
Hrmova M, Borisjuk N, Lopato S. 2016. |dentification and characteri-
zation of wheat drought-responsive MYB transcription factors involved in
the regulation of cuticle biosynthesis. Journal of Experimental Botany 67,
5363-5380.

Bi H, Shi J, Kovalchuk N, et al. 2018. Overexpression of the TaSHN1
transcription factor in bread wheat leads to leaf surface modifications,
improved drought tolerance, and no yield penalty under controlled growth
conditions. Plant, Cell & Environment 41, 2549-2566.

Borisjuk N, Hrmova M, Lopato S. 2014. Transcriptional regulation of cu-
ticle biosynthesis. Biotechnology Advances 32, 526-540.

Boros D, Rek-Ciepty B, Cyran M. 1996. A note on the composition and
nutritional value of hulless barley. Journal of Animal and Feed Sciences 5,
417-424.,

Buckley CR, Caine RS, Gray JE. 2020. Pores for thought: can genetic
manipulation of stomatal density protect future rice yields? Frontiers in Plant
Science 10, 1783.

Caine RS, Yin X, Sloan J, et al. 2019. Rice with reduced stomatal density
conserves water and has improved drought tolerance under future climate
conditions. New Phytologist 221, 371-384.

Castorina G, Domergue F, Chiara M, Zilio M, Persico M, Ricciardi
V, Horner DS, Consonni G. 2020. Drought-responsive ZmFDL1/MYB94
regulates cuticle biosynthesis and cuticle-dependent leaf permeability. Plant
Physiology 184, 266-282.

Chalvin C, Drevensek S, Dron M, Bendahmane A, Boualem A. 2020.
Genetic control of glandular trichome development. Trends in Plant Science
25, 477-487.

Chang J, Yu T, Yang Q, et al. 2018. Hair, encoding a single C2H2 zinc-fin-
ger protein, regulates multicellular trichome formation in tomato. The Plant
Journal 96, 90-102.

Chen C, Yin S, Liu X, et al. 2016. The WD-repeat protein CsTTG1 regu-
lates fruit wart formation through interaction with the homeodomain-leucine
zipper | protein Mict. Plant Physiology 171, 1156-1168.

Chen G, Komatsuda T, Ma JF, et al. 2011. An ATP-binding cassette sub-
family G full transporter is essential for the retention of leaf water in both wild
barley and rice. Proceedings of the National Academy of Sciences, USA
108, 12354-12359.

Chen J, Li S, He Y, Li J, Xia L. 2022. An update on precision genome
editing by homology-directed repair in plants. Plant Physiology 188,
1780-1794.

Chun Y, Fang J, Zafar SA, Shang J, Zhao J, Yuan S, Li X. 2020. MINI
SEED 2 (MIS2) encodes a receptor-like kinase that controls grain size and
shape inrice. Rice 13, 1-17.

Clemens M, Faralli M, Lagreze J, Bontempo L, Piazza S, Varotto C,
Malnoy M, Oechel W, Rizzoli A, Dalla Costa L. 2022. \WEPFL9-1 knock-
out via CRISPR/Cas9 reduces stomatal density in grapevine. Frontiers in
Plant Science 13, 878001.

Cohen H, Dong Y, Szymanski J, Lashbrooke J, Meir S, Almekias-
Siegl E, Zeisler-Diehl VV, Schreiber L, Aharoni A. 2019. A multilevel
study of melon fruit reticulation provides insight into skin ligno-suberization
hallmarks. Plant Physiology 179, 1486-1501.

Cominelli E, Galbiati M, Vavasseur A, Conti L, Sala T, Vuylsteke M,
Leonhardt N, Dellaporta SL, Tonelli C. 2005. A guard-cell-specific MYB
transcription factor regulates stomatal movements and plant drought toler-
ance. Current Biology 15, 1196-1200.

Conklin PA, Strable J, Li S, Scanlon MJ. 2019. On the mechanisms
of development in monocot and eudicot leaves. New Phytologist 221,
706-724.

Danzer J, Mellott E, Bui AQ, et al. 2015. Down-regulating the expression
of 53 soybean transcription factor genes uncovers a role for SPEECHLESS
in initiating stomatal cell lineages during embryo development. Plant
Physiology 168, 1025-1035.

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq



Deluc L, Bogs J, Walker AR, Ferrier T, Decendit A, Merillon JM,
Robinson SP, Barrieu F. 2008. The transcription factor VVMYB5b contrib-
utes to the regulation of anthocyanin and proanthocyanidin biosynthesis in
developing grape berries. Plant Physiology 147, 2041-2053.

Deng F, Tu L, Tan J, Li Y, Nie Y, Zhang X. 2012. GbPDF1 is involved
in cotton fiber initiation via the core cis-element HDZIP2ATATHB2. Plant
Physiology 158, 890-904.

Di Laurenzio L, Wysocka-Diller J, Malamy JE, Pysh L, Helariutta
Y, Freshour G, Hahn MG, Feldmann KA, Benfey PN. 1996. The
SCARECROW gene regulates an asymmetric cell division that is essen-
tial for generating the radial organization of the Arabidopsis root. Cell 86,
423-433.

Djemal R, Khoudi H. 2016. TdSHN1, a WIN1/SHN1-type transcription
factor, imparts multiple abiotic stress tolerance in transgenic tobacco.
Environmental and Experimental Botany 131, 89-100.

Dunn J, Hunt L, Afsharinafar M, Meselmani MA, Mitchell A, Howells
R, Wallington E, Fleming AJ, Gray JE. 2019. Reduced stomatal den-
sity in bread wheat leads to increased water-use efficiency. Journal of
Experimental Botany 70, 4737-4748.

El-Din El-Assal S, Le J, Basu D, Mallery EL, Szymanski DB. 2004.
DISTORTED2 encodes an ARPC2 subunit of the putative Arabidopsis
ARP2/3 complex. The Plant Journal 38, 526-538.

Espana L, Heredia-Guerrero JA, Reina-Pinto JJ, Fernandez-Munoz
R, Heredia A, Dominguez E. 2014. Transient silencing of CHALCONE
SYNTHASE during fruit ripening modifies tomato epidermal cells and cuticle
properties. Plant Physiology 166, 1371-1386.

Ewas M, Gao Y, Wang S, et al. 2016. Manipulation of SIMXI for enhanced
carotenoids accumulation and drought resistance in tomato. Science
Bulletin 61, 1413-1418.

Falginella L, Cipriani G, Monte C, Gregori R, Testolin R, Velasco R,
Troggio M, Tartarini S. 2015. A major QTL controlling apple skin russeting
maps on the linkage group 12 of ‘Renetta Grigia di Torriana’. BMC Plant
Biology 15, 1-13.

Faust M, Shear CB. 1972. Russeting of apples, an interpretive review.
HortScience 7, 233-235.

Fawke S, Torode TA, Gogleva A, Fich EA, Sgrensen |, Yunusov T,
Rose JK, Schornack S. 2019. Glycerol-3-phosphate acyltransferase 6
controls filamentous pathogen interactions and cell wall properties of the
tomato and Nicotiana benthamiana leaf epidermis. New Phytologist 223,
1547-1559.

Fernandez-Moreno JP, Malitsky S, Lashbrooke J, Biswal AK,
Racovita RC, Mellerowicz EJ, Jetter R, Orzaez D, Aharoni A,
Granell A. 2016. An efficient method for medium throughput screening
of cuticular wax composition in different plant species. Metabolomics 12,
1-13.

Fleury D, Jefferies S, Kuchel H, Langridge P. 2010. Genetic and ge-
nomic tools to improve drought tolerance in wheat. Journal of Experimental
Botany 61, 3211-3222.

Galbiati M, Matus JT, Francia P, Rusconi F, Cainén P, Medina C, Conti
L, Cominelli E, Tonelli C, Arce-Johnson P. 2011. The grapevine guard
cell-related VWWMYBG60 transcription factor is involved in the regulation of
stomatal activity and is differentially expressed in response to ABA and os-
motic stress. BMC Plant Biology 11, 142.

Galdon-Armero J, Arce-Rodriguez L, Downie M, Li J, Martin C. 2020.
A scanning electron micrograph-based resource for identification of loci in-
volved in epidermal development in tomato: elucidation of a new function for
the Mixta-like transcription factor in leaves. The Plant Cell 32, 1414-1433.

Gao S, Gao Y, Xiong C, Yu G, Chang J, Yang Q, Yang C, Ye Z. 2017.
The tomato B-type cyclin gene, SICycB2, plays key roles in reproduc-
tive organ development, trichome initiation, terpenoids biosynthesis and
Prodenia litura defense. Plant Science 262, 103-114.

Gao Y, Wu M, Zhang M, Jiang W, Liang E, Zhang D, Zhang C, Xiao N,
Chen J. 2018a. Roles of a maize phytochrome-interacting factors protein
ZmPIF3 in regulation of drought stress responses by controlling stomatal
closure in transgenic rice without yield penalty. Plant Molecular Biology 97,
311-323.

Improving the crop surface | Page 15 of 19

Gao Y, Wu M, Zhang M, et al. 2018b. A maize phytochrome-interacting
factors protein ZmPIF1 enhances drought tolerance by inducing stom-
atal closure and improves grain yield in Oryza sativa. Plant Biotechnology
Journal 16, 1375-1387.

Ghogare R, Williamson-Benavides B, Ramirez-Torres F, Dhingra A.
2020. CRISPR-associated nucleases: the dawn of a new age of efficient
crop improvement. Transgenic Research 29, 1-35.

Giménez E, Dominguez E, Pineda B, Heredia A, Moreno V, Lozano
R, Angosto T. 2015. Transcriptional activity of the MADS box ARLEQUIN/
TOMATO AGAMOUS-LIKE1 gene is required for cuticle development of to-
mato fruit. Plant Physiology 168, 1036-1048.

Girard AL, Mounet F, Lemaire-Chamley M, et al. 2012. Tomato
GDSL1 is required for cutin deposition in the fruit cuticle. The Plant Cell 24,
3119-3134.

Giron-Ramirez A, Pefia-Rodriguez LM, Escalante-Erosa F, Fuentes
G, Santamaria JM. 2021. Identification of the SHINE clade of AP2/ERF
domain transcription factors genes in Carica papaya; their gene expression
and their possible role in wax accumulation and water deficit stress toler-
ance in a wild and a commercial papaya genotypes. Environmental and
Experimental Botany 183, 104341.

Giudice G, Moffa L, Varotto S, Cardone MF, Bergamini C, De Lorenzis
G, Velasco R, Nerva L, Chitarra W. 2021. Novel and emerging biotech-
nological crop protection approaches. Plant Biotechnology Journal 19,
1495-1510.

Glover BJ. 2000. Differentiation in plant epidermal cells. Journal of
Experimental Botany 51, 497-505.

Glover BJ, Martin C. 1998. The role of petal cell shape and pigmentation
in pollination success in Antirrhinum majus. Heredity 80, 778-784.

Gong Z, Luo Y, Zhang W, et al. 2021. A SIMYB75-centred transcriptional
cascade regulates trichome formation and sesquiterpene accumulation in
tomato. Journal of Experimental Botany 72, 3806-3820.

Guan XY, Li QJ, Shan CM, Wang S, Mao YB, Wang LJ, Chen XY. 2008.
The HD-Zip IV gene GaHOX1 from cotton is a functional homologue of the
Arabidopsis GLABRA2. Physiologia Plantarum 134, 174-182.

Guo T, Wang D, Fang J, Zhao J, Yuan S, Xiao L, Li X. 2019. Mutations
in the rice OsCHR4 gene, encoding a CHD3 family chromatin remodeler,
induce narrow and rolled leaves with increased cuticular wax. International
Journal of Molecular Sciences 20, 2567.

Han G, Li Y, Yang Z, Wang C, Zhang Y, Wang B. 2022. Molecular
mechanisms of plant trichome development. Frontiers in Plant Science 13,
910228.

Helariutta Y, Fukaki H, Wysocka-Diller J, Nakajima K, Jung J, Sena
G, Hauser MT, Benfey PN. 2000. The SHORT-ROOT gene controls ra-
dial patterning of the Arabidopsis root through radial signaling. Cell 101,
555-567.

Hen-Avivi S, Lashbrooke J, Costa F, Aharoni A. 2014. Scratching the
surface: genetic regulation of cuticle assembly in fleshy fruit. Journal of
Experimental Botany 65, 4653-4664.

Hen-Avivi S, Savin O, Racovita RC, et al. 2016. A metabolic gene cluster
in the wheat W1 and the barley Cer-cqu loci determines (3-diketone biosyn-
thesis and glaucousness. The Plant Cell 28, 1440-1460.

Hibara Kl, Obara M, Hayashida E, Abe M, Ishimaru T, Satoh H, Itoh
JI, Nagato Y. 2009. The ADAXIALIZED LEAF1 gene functions in leaf and
embryonic pattern formation in rice. Developmental Biology 334, 345-354.

Holme IB, Wendt T, Holm PB. 2013. Intragenesis and cisgenesis as alter-
natives to transgenic crop development. Plant Biotechnology Journal 11,
395-407.

Hong Y, Zhang H, Huang L, Li D, Song F. 2016. Overexpression of a
stress-responsive  NAC transcription factor gene ONAC022 improves
drought and salt tolerance in rice. Frontiers in Plant Science 7, 4.

Hua K, Han P, Zhu JK. 2022. Improvement of base editors and prime
editors advances precision genome engineering in plants. Plant Physiology
188, 1795-1810.

Hughes J, Hepworth C, Dutton C, Dunn JA, Hunt L, Stephens J,
Waugh R, Cameron DD, Gray JE. 2017. Reducing stomatal density

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq



Page 16 of 19 | Jolliffe et al.

in barley improves drought tolerance without impacting on vyield. Plant
Physiology 174, 776-787.

Humphries JA, Walker AR, Timmis JN, Orford SJ. 2005. Two WD-repeat
genes from cotton are functional homologues of the Arabidopsis thaliana
TRANSPARENT TESTA GLABRA1 (TTG1) gene. Plant Molecular Biology
57, 67-81.

Isaacson T, Kosma DK, Matas AJ, et al. 2009. Cutin deficiency in the
tomato fruit cuticle consistently affects resistance to microbial infection
and biomechanical properties, but not transpirational water loss. The Plant
Journal 60, 363-377.

Islam MA, Du H, Ning J, Ye H, Xiong L. 2009. Characterization of
Glossy1-homologous genes in rice involved in leaf wax accumulation and
drought resistance. Plant Molecular Biology 70, 443-456.

Javelle M, Vernoud V, Rogowsky PM, Ingram GC. 2011. Epidermis:
the formation and functions of a fundamental plant tissue. New Phytologist
189, 17-39.

Jeong NR, Kim H, Hwang IT, Howe GA, Kang JH. 2017. Genetic anal-
ysis of the tomato inquieta mutant links the ARP2/3 complex to trichome
development. Journal of Plant Biology 60, 582-592.

Jian L, Kang K, Choi Y, Suh MC, Paek NC. 2022. Mutation of OsMYB60
reduces rice resilience to drought stress by attenuating cuticular wax bio-
synthesis. The Plant Journal 112, 339-351.

Jiang Y, Li Z, Liu X, et al. 2021. ZmFAR1 and ZmABCG26 regulated by
microRNA are essential for lipid metabolism in maize anther. International
Journal of Molecular Sciences 22, 7916.

Jin P, Guo T, Becraft PW. 2000. The maize CR4 receptor-like kinase
mediates a growth factor-like differentiation response. Genesis 27,
104-116.

Jung KH, Han MJ, Lee DY, et al. 2006. \Wax-deficient anther1 is involved
in cuticle and wax production in rice anther walls and is required for pollen
development. The Plant Cell 18, 3015-3032.

Kadioglu A, Terzi R, Saruhan N, Saglam A. 2012. Current advances in
the investigation of leaf rolling caused by biotic and abiotic stress factors.
Plant Science 182, 42-48.

Kanaoka MM, Pillitteri LJ, Fujii H, Yoshida Y, Bogenschutz NL,
Takabayashi J, Zhu JK, Torii KU. 2008. SCREAM/ICE1 and SCREAM2
specify three cell-state transitional steps leading to Arabidopsis stomatal
differentiation. The Plant Cell 20, 1775-1785.

Kang JH, Campos ML, Zemelis-Durfee S, Al-Haddad JM, Jones AD,
Telewski FW, Brandizzi F, Howe GA. 2016. Molecular cloning of the to-
mato Hairless gene implicates actin dynamics in trichome-mediated de-
fense and mechanical properties of stem tissue. Journal of Experimental
Botany 67, 5313-5324.

Kannangara R, Branigan C, Liu Y, Penfield T, Rao V, Mouille G, Hofte
H, Pauly M, Riechmann JL, Broun P. 2007. The transcription factor
WIN1/SHN1 regulates cutin biosynthesis in Arabidopsis thaliana. The Plant
Cell 19, 1278-1294.

Keren-Keiserman A, Tanami Z, Shoseyov O, Ginzberg l. 2004. Differing
rind characteristics of developing fruits of smooth and netted melons
(Cucumis melo). The Journal of Horticultural Science and Biotechnology
79, 107-113.

Koch K, Bhushan B, Barthlott W. 2008. Diversity of structure, mor-
phology and wetting of plant surfaces. Soft Matter 4, 1943-1963.

Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. 2016. Programmable
editing of a target base in genomic DNA without double-stranded DNA
cleavage. Nature 533, 420-424.

Kong L, Zhi P, Liu J, Li H, Zhang X, Xu J, Zhou J, Wang X, Chang
C. 2020. Epigenetic activation of Enoyl-CoA reductase by an acetyltrans-
ferase complex triggers wheat wax biosynthesis. Plant Physiology 1883,
1250-1267.

Kosma DK, Parsons EP, Isaacson T, Lii S, Rose JK, Jenks MA.
2010. Fruit cuticle lipid composition during development in tomato ripening
mutants. Physiologia Plantarum 139, 107-117.

Kumar A, Yogendra KN, Karre S, Kushalappa AC, Dion Y, Choo TM.
2016. WAX INDUCER1 (HvVWINT1) transcription factor regulates free fatty

acid biosynthetic genes to reinforce cuticle to resist Fusarium head blight in
barley spikelets. Journal of Experimental Botany 67, 4127-4139.

Lai LB, Nadeau JA, Lucas J, Lee EK, Nakagawa T, Zhao L, Geisler
M, Sack FD. 2005. The Arabidopsis R2R3 MYB proteins FOUR LIPS and
MYBS8S8 restrict divisions late in the stomatal cell lineage. The Plant Cell 17,
2754-2767.

Lai PH, Huang LM, Pan ZJ, Jane WN, Chung MC, Chen WH, Chen HH.
2020. PeERF1, a SHINE-like transcription factor, is involved in nanoridge
development on lip epidermis of Phalaenopsis flowers. Frontiers in Plant
Science 10, 1709.

Lara |, Heredia A, Dominguez E. 2019. Shelf life potential and the fruit
cuticle: the unexpected player. Frontiers in Plant Science 10, 770.

La Rocca N, Manzotti PS, Cavaiuolo M, et al. 2015. The maize fused
leaves1 (fdl1) gene controls organ separation in the embryo and seedling
shoot and promotes coleoptile opening. Journal of Experimental Botany
66, 5753-5767.

Lashbrooke J, Adato A, Lotan O, et al. 2015a. The tomato MIXTA-
like transcription factor coordinates fruit epidermis conical cell develop-
ment and cuticular lipid biosynthesis and assembly. Plant Physiology 169,
2553-2571.

Lashbrooke J, Aharoni A, Costa F. 2015b. Genome investigation sug-
gests MdSHN3, an APETALA2-domain transcription factor gene, to be a
positive regulator of apple fruit cuticle formation and an inhibitor of russet
development. Journal of Experimental Botany 66, 6579-6589.

Lashbrooke J, Cohen H, Levy-Samocha D, et al. 2016. MYB107 and
MYB9 homologs regulate suberin deposition in angiosperms. The Plant Cell
28, 2097-2116.

Lassen J, Madsen KH, Sandee P. 2002. Ethics and genetic engi-
neering—lessons to be learned from GM foods. Bioprocess and Biosystems
Engineering 24, 263-271.

Lee JS, Kuroha T, Hnilova M, Khatayevich D, Kanaoka MM, McAbee
JM, Sarikaya M, Tamerler C, Torii KU. 2012. Direct interaction of ligand-
receptor pairs specifying stomatal patterning. Genes & Development 26,
126-136.

Li C, Chen G, Mishina K, et al. 2017. A GDSL-motif esterase/acyltrans-
ferase/lipase is responsible for leaf water retention in barley. Plant Direct 1,
€00025.

Li C, Haslam TM, Kriiger A, et al. 2018. The B-ketoacyl-CoA synthase
HvKCS1, encoded by Cer-zh, plays a key role in synthesis of barley leaf
wax and germination of barley powdery mildew. Plant and Cell Physiology
59, 811-827.

LiJ, YuanY, Lu Z, Yang L, Gao R, Lu J, Li J, Xiong G. 2012. Glabrous
Rice 1, encoding a homeodomain protein, regulates trichome development
in rice. Rice 5, 1-10.

LiJ, Zhang C,He Y, Li S, Yan L, Li Y, Zhu Z, Xia L. 2023. Plant base ed-
iting and prime editing: the current status and future perspectives. Journal
of Integrative Plant Biology 65, 444-467.

Li JJ, Zhang CL, Zhang YL, Gao HN, Wang HB, Jiang H, Li YY. 2022.
An apple long-chain acyl-CoA synthase, MdLACS1, enhances biotic and
abiotic stress resistance in plants. Plant Physiology and Biochemistry 189,
115-125.

Li Q, Cao C, Zhang C, Zheng S, Wang Z, Wang L, Ren Z. 2015. The
identification of Cucumis sativus Glabrous 1 (CsGL1) required for the forma-
tion of trichomes uncovers a novel function for the homeodomain-leucine
zipper | gene. Journal of Experimental Botany 66, 2515-2526.

Li T, Sun Y, Liu T, et al. 2019. TaCER1-1A is involved in cuticular wax
alkane biosynthesis in hexaploid wheat and responds to plant abiotic
stresses. Plant, Cell & Environment 42, 3077-3091.

Lian XY, Gao HN, Jiang H, Liu C, Li YY. 2021. MdKCS2 increased plant
drought resistance by regulating wax biosynthesis. Plant Cell Reports 40,
2357-2368.

Li-Beisson Y, Pollard M, Sauveplane V, Pinot F, Ohlrogge J, Beisson
F. 2009. Nanoridges that characterize the surface morphology of flowers re-
quire the synthesis of cutin polyester. Proceedings of the National Academy
of Sciences, USA 106, 22008-22013.

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq



Limera C, Sabbadini S, Sweet JB, Mezzetti B. 2017. New biotech-
nological tools for the genetic improvement of major woody fruit species.
Frontiers in Plant Science 8, 1418.

Liu B, Sun Y, Li X, Guo D, Zhao L, Ma C, Wang L, Wang S. 2023.
B-Ketoacyl-CoA synthase improves the drought tolerance of root restricted
grown grapevines by regulating the cuticular wax biosynthesis. Scientia
Horticulturae 307, 111494.

Liu B, Zhu Y, Zhang T. 2015. The R3-MYB gene GhCPC negatively regu-
lates cotton fiber elongation. PLoS One 10, e0116272.

Liu D, Guo W, Guo X, Yang L, Hu W, Kuang L, Huang Y, Xie J, Liu Y.
2022. Ectopic overexpression of CSECR from navel orange increases cu-
ticular wax accumulation in tomato and enhances its tolerance to drought
stress. Frontiers in Plant Science 13, 924552.

Liu L, Wang X, Chang C. 2022. Toward a smart skin: harnessing cuticle
biosynthesis for crop adaptation to drought, salinity, temperature, and ultra-
violet stress. Frontiers in Plant Science 13, 961829.

Liu N, Chen J, Wang T, Li Q, Cui P, Jia C, Hong Y. 2019. Overexpression
of WAX INDUCER1/SHINE1 gene enhances wax accumulation under os-
motic stress and oil synthesis in Brassica napus. International Journal of
Molecular Sciences 20, 4435.

Liu T, Ohashi-lto K, Bergmann DC. 2009. Orthologs of Arabidopsis
thaliana stomatal bHLH genes and regulation of stomatal development in
grasses. Development 136, 2265-2276.

Liu X, Bartholomew E, Cai Y, Ren H. 2016. Trichome-related mutants
provide a new perspective on multicellular trichome initiation and develop-
ment in cucumber (Cucumis sativus L). Frontiers in Plant Science 7, 1187.

Lokesh U, Venkatesh B, Kiranmai K, Nareshkumar A, Amarnathareddy
V, Rao GL, Anthony Johnson AM, Pandurangaiah M, Sudhakar C.
2019. Overexpression of B-ketoacyl Co-A synthasel gene improves toler-
ance of drought susceptible groundnut (Arachis hypogaea L.) cultivar K-6
by increased leaf epicuticular wax accumulation. Frontiers in Plant Science
9, 1869.

Lu HC, Lam SH, Zhang D, Hsiao YY, Li BJ, Niu SC, Li CY, Lan S, Tsai
WG, Liu ZJ. 2022. R2R3-MYB genes coordinate conical cell development
and cuticular wax biosynthesis in Phalaenopsis aphrodite. Plant Physiology
188, 318-331.

Lu J, He J, Zhou X, Zhong J, Li J, Liang YK. 2019. Homologous genes of
epidermal patterning factor regulate stomatal development in rice. Journal
of Plant Physiology 234-235, 18-27.

Lusser M, Davies HV. 2013. Comparative regulatory approaches for
groups of new plant breeding techniques. New Biotechnology 30, 437-446.

Lyzenga WJ, Pozniak CJ, Kagale S. 2021. Advanced domestication: har-
nessing the precision of gene editing in crop breeding. Plant Biotechnology
Journal 19, 660-670.

Machado A, Wu Y, Yang Y, Llewellyn DJ, Dennis ES. 2009. The MYB
transcription factor GhMYB25 regulates early fibre and trichome develop-
ment. The Plant Journal 59, 52—-62.

Mahjoub A, Hernould M, Joubés J, Decendit A, Mars M, Barrieu
F, Hamdi S, Delrot S. 2009. Overexpression of a grapevine R2R3-MYB
factor in tomato affects vegetative development, flower morphology and
flavonoid and terpenoid metabolism. Plant Physiology and Biochemistry 47,
551-561.

Martin LB, Rose JK. 2014. There’s more than one way to skin a fruit: for-
mation and functions of fruit cuticles. Journal of Experimental Botany 65,
4639-4651.

Mazurek S, Garroum |, Daraspe J, De Bellis D, Olsson V, Mucciolo A,
Butenko MA, Humbel BM, Nawrath C. 2017. Connecting the molecular
structure of cutin to ultrastructure and physical properties of the cuticle in
petals of Arabidopsis. Plant Physiology 173, 1146-1163.

Men X, Shi J, Liang W, Zhang Q, Lian G, Quan S, Zhu L, Luo Z, Chen
M, Zhang D. 2017. Glycerol-3-phosphate acyltransferase 3 (OsGPAT3)
is required for anther development and male fertility in rice. Journal of
Experimental Botany 68, 513-526.

Mishra R, Joshi RK, Zhao K. 2020. Base editing in crops: current
advances, limitations and future implications. Plant Biotechnology Journal
18, 20-31.

Improving the crop surface | Page 17 of 19

Morales-Navarro S, Pérez-Diaz R, Ortega A, De Marcos A, Mena M,
Fenoll C, Gonzalez-Villanueva E, Ruiz-Lara S. 2018. Overexpression
of a SDD1-like gene from wild tomato decreases stomatal density and
enhances dehydration avoidance in Arabidopsis and cultivated tomato.
Frontiers in Plant Science 9, 940.

Moses T, Pollier J, Shen Q, et al. 2015. OSC2 and CYP716A14v2 cat-
alyze the biosynthesis of triterpenoids for the cuticle of aerial organs of
Artemisia annua. The Plant Cell 27, 286-301.

Nadakuduti SS, Pollard M, Kosma DK, Allen Jr C, Ohlrogge JB, Barry
CS. 2012. Pleiotropic phenotypes of the sticky peel mutant provide new in-
sight into the role of CUTIN DEFICIENT2 in epidermal cell function in tomato.
Plant Physiology 159, 945-960.

Oren E, Tzuri G, Dafna A, et al. 2020. High-density NGS-based map con-
struction and genetic dissection of fruit shape and rind netting in Cucumis
melo. Theoretical and Applied Genetics 133, 1927-1945.

Ortega A, De Marcos A, lllescas-Miranda J, Mena M, Fenoll C. 2019.
The tomato genome encodes SPCH, MUTE, and FAMA candidates that can
replace the endogenous functions of their Arabidopsis orthologs. Frontiers
in Plant Science 10, 1300.

Ouyang SQ, Liu YF, Liu P, Lei G, He SJ, Ma B, Zhang WK, Zhang JS,
Chen SY. 2010. Receptor-like kinase OsSIK1 improves drought and salt
stress tolerance in rice (Oryza sativa) plants. The Plant Journal 62, 316-329.

Pan Y, Bo K, Cheng Z, Weng Y. 2015. The loss-of-function GLABROUS 3
mutation in cucumber is due to LTR-retrotransposon insertion in a class IV
HD-ZIP transcription factor gene CsGL3 that is epistatic over CsGL1. BMC
Plant Biology 15, 1-15.

Panikashvili D, Shi JX, Schreiber L, Aharoni A. 2009. The Arabidopsis
DCR encoding a soluble BAHD acyltransferase is required for cutin polyester
formation and seed hydration properties. Plant Physiology 151, 1773-1789.

Park JJ, Jin P, Yoon J, Yang JI, Jeong HJ, Ranathunge K, Schreiber
L, Franke R, Lee IJ, An G. 2010. Mutation in Wilted Dwarf and Lethal 1
(WDL1) causes abnormal cuticle formation and rapid water loss in rice. Plant
Molecular Biology 74, 91-103.

Petit J, Bres C, Mauxion JP, Bakan B, Rothan C. 2017. Breeding for
cuticle-associated traits in crop species: traits, targets, and strategies.
Journal of Experimental Botany 68, 5369-5387.

Philippe G, Segrensen |, Jiao C, Sun X, Fei Z, Domozych DS, Rose JK.
2020. Cutin and suberin: assembly and origins of specialized lipidic cell wall
scaffolds. Current Opinion in Plant Biology 55, 11-20.

Pu CX, Ma Y, Wang J, Zhang YC, Jiao XW, Hu YH, Wang LL, Zhu ZG,
Sun D, Sun Y. 2012. Crinkly4 receptor-like kinase is required to maintain
the interlocking of the palea and lemma, and fertility in rice, by promoting
epidermal cell differentiation. The Plant Journal 70, 940-953.

Pu L, Li Q, Fan X, Yang W, Xue Y. 2008. The R2R3 MYB transcription
factor GhMYB109 is required for cotton fiber development. Genetics 180,
811-820.

Qi CH, Zhao XY, Jiang H, Zheng PF, Liu HT, Li YY, Hao YJ. 2019.
Isolation and functional identification of an apple MACER1 gene. Plant Cell,
Tissue and Organ Culture 136, 1-13.

Qin BX, Tang D, Huang J, et al. 2011. Rice OsGL1-1 is involved in leaf
cuticular wax and cuticle membrane. Molecular Plant 4, 985-995.

Schneider LM, Adamski NM, Christensen CE, Stuart DB, Vautrin
S, Hansson M, Uauy C, von Wettstein-Knowles P. 2016. The Cer-
cqu gene cluster determines three key players in a B-diketone synthase
polyketide pathway synthesizing aliphatics in epicuticular waxes. Journal of
Experimental Botany 67, 2715-2730.

Schreiber L. 2010. Transport barriers made of cutin, suberin and associ-
ated waxes. Trends in Plant Science 15, 546-553.

Schuurink R, Tissier A. 2020. Glandular trichomes: micro-organs with
model status? New Phytologist 225, 2251-2266.

Shan CM, Shangguan XX, Zhao B, et al. 2014. Control of cotton
fibre elongation by a homeodomain transcription factor GhHOX3. Nature
Communications 5, 5519.

Shangguan X, Yang Q, Wu X, Cao J. 2021. Function analysis of a cotton

R2R3 MYB transcription factor GhMYB3 in regulating plant trichome devel-
opment. Plant Biology 23, 1118-1127.

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq



Page 18 of 19 | Jolliffe et al.

Shangguan XX, Yang CQ, Zhang XF, Wang LJ. 2016. Functional
characterization of a basic helix-loop-helix (bHLH) transcription factor
GhDEL65 from cotton (Gossypium hirsutum). Physiologia Plantarum 158,
200-212.

Shi JX, Adato A, Alkan N, et al. 2013. The tomato SISHINES transcrip-
tion factor regulates fruit cuticle formation and epidermal patterning. New
Phytologist 197, 468-480.

Smaili A, Rifai LA, Mazoir N, et al. 2019. Semisynthetic triterpenes de-
rived from Euphorbia officinarum as plant growth promoters and inducers of
disease resistance. Journal of Plant Growth Regulation 38, 262-272.

Somaratne Y, Tian Y, Zhang H, Wang M, Huo Y, Cao F, Zhao L, Chen
H. 2017. ABNORMAL POLLEN VACUOLATION1 (APV1) is required for male
fertility by contributing to anther cuticle and pollen exine formation in maize.
The Plant Journal 90, 96-110.

Soyars CL, James SR, Nimchuk ZL. 2016. Ready, aim, shoot: stem cell
regulation of the shoot apical meristem. Current Opinion in Plant Biology
29, 163-168.

Sun W, Gao D, Xiong Y, Tang X, Xiao X, Wang C, Yu S. 2017. Hairy leaf
6, an AP2/ERF transcription factor, interacts with OsWOX3B and regulates
trichome formation in rice. Molecular Plant 10, 1417-1433.

Sussmilch FC, Schultz J, Hedrich R, Roelfsema MRG. 2019. Acquiring
control: the evolution of stomatal signalling pathways. Trends in Plant
Science 24, 342-351.

Taketa S, Amano S, Tsujino Y, et al. 2008. Barley grain with adhering
hulls is controlled by an ERF family transcription factor gene regulating a lipid
biosynthesis pathway. Proceedings of the National Academy of Sciences,
USA 105, 4062-4067.

Tian D, Tooker J, Peiffer M, Chung SH, Felton GW. 2012. Role of tri-
chomes in defense against herbivores: comparison of herbivore response
to woolly and hairless trichome mutants in tomato (Solanum lycopersicum).
Planta 236, 1053-1066.

Tian Y, Zhang T. 2021. MIXTAs and phytohormones orchestrate cotton
fiber development. Current Opinion in Plant Biology 59, 101975.

Torii KU. 2021. Stomatal development in the context of epidermal tissues.
Annals of Botany 128, 137-148.

Vendemiatti E, Zs6gon A, Silva GFFE, de Jesus FA, Cutri L, Figueiredo
CRF, Tanaka FAO, Nogueira FTS, Peres LEP. 2017. Loss of type-IV
glandular trichomes is a heterochronic trait in tomato and can be reverted
by promoting juvenility. Plant Science 259, 35-47.

Vendramin E, Pea G, Dondini L, et al. 2014. A unique mutation in a MYB
gene cosegregates with the nectarine phenotype in peach. PLoS One 9,
e90574.

Voytas DF, Gao C. 2014. Precision genome engineering and agriculture:
opportunities and regulatory challenges. PLoS Biology 12, e1001877.
Walford SA, Wu Y, Llewellyn DJ, Dennis ES. 2011. GhMYB25-like: a key
factor in early cotton fibre development. The Plant Journal 65, 785-797.
Walford SA, Wu Y, Llewellyn DJ, Dennis ES. 2012. Epidermal cell dif-
ferentiation in cotton mediated by the homeodomain leucine zipper gene,
GhHD-1. The Plant Journal 71, 464-478.

Wan Q, Guan X, Yang N, et al. 2016. Small interfering RNAs from bidirec-
tional transcripts of GhAMML3_A12 regulate cotton fiber development. New
Phytologist 210, 1298-1310.

Wan X, Wu S, Li Z, An X, Tian Y. 2020. Lipid metabolism: critical roles
in male fertility and other aspects of reproductive development in plants.
Molecular Plant 13, 955-983.

Wang H, Guo S, Qiao X, et al. 2019. BZU2/ZmMUTE controls symmet-
rical division of guard mother cell and specifies neighbor cell fate in maize.
PLoS Genetics 15, e1008377.

Wang S, Wang JW, Yu N, Li CH, Luo B, Gou JY, Wang LJ, Chen XY.
2004. Control of plant trichome development by a cotton fiber MYB gene.
The Plant Cell 16, 2323-2334.

Wang W, Liu X, Gai X, Ren J, Liu X, Cai Y, Wang Q, Ren H. 2015a.
Cucumis sativus L. WAX2 plays a pivotal role in wax biosynthesis, influenc-
ing pollen fertility and plant biotic and abiotic stress responses. Plant and
Cell Physiology 56, 1339-1354.

Wang W, Zhang Y, Xu C, Ren J, Liu X, Black K, Gai X, Wang Q, Ren
H. 2015b. Cucumber ECERIFERUM1 (CsCERT1), which influences the cu-
ticle properties and drought tolerance of cucumber, plays a key role in VLC
alkanes biosynthesis. Plant Molecular Biology 87, 219-233.

Wang X, Chang C. 2022. Exploring and exploiting cuticle biosynthesis for
abiotic and biotic stress tolerance in wheat and barley. Frontiers in Plant
Science 13, 1064390.

Wang X, Zhi P, Fan Q, Zhang M, Chang C. 2019. Wheat CHDS pro-
tein TaCHR729 regulates the cuticular wax biosynthesis required for stimu-
lating germination of Blumeria graminis f. sp. tritici. Journal of Experimental
Botany 70, 701-713.

Wang Y, Wan L, Zhang L, Zhang Z, Zhang H, Quan R, Zhou S, Huang
R. 2012. An ethylene response factor OsWR1 responsive to drought stress
transcriptionally activates wax synthesis related genes and increases wax
production in rice. Plant Molecular Biology 78, 275-288.

Wang Z, Guhling O, Yao R, Li F, Yeats TH, Rose JK, Jetter R. 2011.
Two oxidosqualene cyclases responsible for biosynthesis of tomato fruit cu-
ticular triterpenoids. Plant Physiology 155, 540-552.

Wang Z, Tian X, Zhao Q, Liu Z, Li X, Ren Y, Tang J, Fang J, Xu Q, Bu
Q. 2018. The ES ligase DROUGHT HYPERSENSITIVE negatively regulates
cuticular wax biosynthesis by promoting the degradation of transcription
factor ROC4 in rice. The Plant Cell 30, 228-244.

Wang Z, Yang Z, Li F. 2019. Updates on molecular mechanisms in the de-
velopment of branched trichome in Arabidopsis and nonbranched in cotton.
Plant Biotechnology Journal 17, 1706-1722.

Wang ZY, Xiong L, Li W, Zhu JK, Zhu J. 2011. The plant cuticle is re-
quired for osmotic stress regulation of abscisic acid biosynthesis and os-
motic stress tolerance in Arabidopsis. The Plant Cell 23, 1971-1984.

Weidenbach D, Jansen M, Franke RB, et al. 2014. Evolutionary con-
served function of barley and Arabidopsis 3-KETOACYL-CoA SYNTHASES
in providing wax signals for germination of powdery mildew fungi. Plant
Physiology 166, 1621-1633.

Whitney HM, Kolle M, Andrew P, Chittka L, Steiner U, Glover BJ.
2009. Floral iridescence, produced by diffractive optics, acts as a cue for
animal pollinators. Science 323, 130-133.

Wu H, Liu L, Chen Y, Liu T, Jiang Q, Wei Z, Li C, Wang Z. 2022. Tomato
SICER1-1 catalyzes the synthesis of wax alkanes, increasing drought toler-
ance and fruit storability. Horticulture Research 9, uhac004.

Wu H, Tian Y, Wan Q, et al. 2018. Genetics and evolution of MIXTA genes
regulating cotton lint fiber development. New Phytologist 217, 883-895.

Wu R, Li S, He S, WaBmann F, Yu C, Qin G, Schreiber L, Qu LJ, Gu
H. 2011. CFL1, a WW domain protein, regulates cuticle development by
modulating the function of HDG1, a class IV homeodomain transcription
factor, in rice and Arabidopsis. The Plant Cell 23, 3392-3411.

Wu Z, Chen L, Yu Q, Zhou W, Gou X, Li J, Hou S. 2019. Multiple tran-
scriptional factors control stomata development in rice. New Phytologist
223, 220-232.

Xie K, Wu S, Li Z, et al. 2018. Map-based cloning and characterization
of Zea mays male sterility33 (ZmMs33) gene, encoding a glycerol-3-phos-
phate acyltransferase. Theoretical and Applied Genetics 131, 1363-1378.
Xie Q, Gao Y, Li J, Yang Q, Qu X, Li H, Zhang J, Wang T, Ye Z, Yang
C. 2020. The HD-Zip IV transcription factor SIHDZIV8 controls multicellular
trichome morphology by regulating the expression of Hairless-2. Journal of
Experimental Botany 71, 7132-7145.

Xie Y, Yu X, Jiang S, et al. 2020. OsGLS6, a conserved AP2 domain pro-
tein, promotes leaf trichome initiation in rice. Biochemical and Biophysical
Research Communications 522, 448-455.

Xu J, van Herwijnen ZO, Drager DB, Sui C, Haring MA, Schuurink RC.
2018. SIMYC1 regulates type VI glandular trichome formation and terpene
biosynthesis in tomato glandular cells. The Plant Cell 30, 2988-3005.
XuY, Liu S, Liu Y, Ling S, Chen C, Yao J. 2017. HOTHEAD-like HTH1 is
involved in anther cutin biosynthesis and is required for pollen fertility in rice.
Plant and Cell Physiology 58, 1238-1248.

Xu Y, Wu H, Zhao M, Wu W, Xu Y, Gu D. 2016. Overexpression of the
transcription factors GmSHN1 and GmSHN9 differentially regulates wax

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq



and cutin biosynthesis, alters cuticle properties, and changes leaf pheno-
types in Arabidopsis. International Journal of Molecular Sciences 17, 587.

Yang C, Li H, Zhang J, et al. 2011. A regulatory gene induces trichome
formation and embryo lethality in tomato. Proceedings of the National
Academy of Sciences, USA 108, 11836-11841.

Yang J, Ordiz MI, Jaworski JG, Beachy RN. 2011. Induced accumu-
lation of cuticular waxes enhances drought tolerance in Arabidopsis by
changes in development of stomata. Plant Physiology and Biochemistry 49,
1448-1455.

Yang Q, Yang X, Wang L, et al. 2022. Two R2R3-MYB genes cooper-
atively control trichome development and cuticular wax biosynthesis in
Prunus persica. New Phytologist 234, 179-196.

Yang S, Cai Y, Liu X, et al. 2018. A CsMYB6-CsTRY module regulates
fruit trichome initiation in cucumber. Journal of Experimental Botany 69,
1887-1902.

Yang X, Zhang W, He H, et al. 2014. Tuberculate fruit gene Tu encodes a
C2H2 zinc finger protein that is required for the warty fruit phenotype in cu-
cumber (Cucumis sativus L.). The Plant Journal 78, 1034-1046.

Yeats TH, Martin LB, Viart HM, et al. 2012. The identification of cutin
synthase: formation of the plant polyester cutin. Nature Chemical Biology
8, 609-611.

Yu D, Ranathunge K, Huang H, Pei Z, Franke R, Schreiber L, He
C. 2008. Wax Crystal-Sparse Leaf1 encodes a 3-ketoacyl CoA synthase
involved in biosynthesis of cuticular waxes on rice leaf. Planta 228,
675-685.

Yu Q, Chen L, ZhouW, AnY, Luo T, WuZ,Wang Y, XiY, Yan L, Hou S.
2020. RSD1 is essential for stomatal patterning and files in rice. Frontiers in
Plant Science 11, 600021.

Zhai X, Wu H, Wang Y, et al. 2022. The fruit glossiness locus, dull fruit (D),
encodes a C2H2-type zinc finger transcription factor, CsDULL, in cucumber
(Cucumis sativus L.). Horticulture Research 9, uhac146.

Zhai Y, Yu K, Cai S, et al. 2020. Targeted mutagenesis of BnTT8 homo-
logs controls yellow seed coat development for effective oil production in
Brassica napus L. Plant Biotechnology Journal 18, 1153-1168.

Zhang D, Yang H, Wang X, Qiu Y, Tian L, Qi X, Qu LQ. 2020. Cytochrome
P450 family member CYP96B5 hydroxylates alkanes to primary alcohols
and is involved in rice leaf cuticular wax synthesis. New Phytologist 225,
2094-2107.

Zhang F, Zuo K, Zhang J, Liu X, Zhang L, Sun X, Tang K. 2010. An L1
box binding protein, GbML1, interacts with GbMYB25 to control cotton fibre
development. Journal of Experimental Botany 61, 3599-3613.

Zhang H, Wang Y, Tan J, Weng Y. 2022. Functional copy number varia-
tion of CsSHINE1 is associated with fruit skin netting intensity in cucumber,
Cucumis sativus. Theoretical and Applied Genetics 135, 2101-2119.

Zhang H, Wu K, Wang Y, Peng Y, Hu F, Wen L, Han B, Qian Q, Teng S.
2012. A WUSCHEL-like homeobox gene, OsWOX3B responses to NUDA/
GL-1 locus in rice. Rice 5, 1-10.

Improving the crop surface | Page 19 of 19

Zhang J, Liu ZY, Zhang YF, Zhang C, Li X, Liu X, Wang CL. 2023.
PpyMYB144 transcriptionally regulates pear fruit skin russeting by activating
the cytochrome P450 gene PpyCYP86B1. Planta 257, 1-12.

Zhang J, Yang J, Yang Y, Luo J, Zheng X, Wen C, Xu Y. 2019.
Transcription factor CsWIN1 regulates pericarp wax biosynthesis in cu-
cumber grafted on pumpkin. Frontiers in Plant Science 10, 1564.

Zhang S, Wu S, Niu C, et al. 2021. ZmMs25 encoding a plastid-localized
fatty acyl reductase is critical for anther and pollen development in maize.
Journal of Experimental Botany 72, 4298-4318.

Zhang X, Wang Y, Zhu X, et al. 2021. Curled flag leaf 2, encoding a cyto-
chrome P450 protein, regulated by the transcription factor Roc5, influences
flag leaf development in rice. Frontiers in Plant Science 11, 616977.

Zhang YL, Zhang CL, Wang GL, Wang YX, Qi CH, You CX, Li YY,
Hao YJ. 2019a. Apple AP2/EREBP transcription factor MASHINE2 confers
drought resistance by regulating wax biosynthesis. Planta 249, 1627-1643.

Zhang YL, Zhang CL, Wang GL, Wang YX, Qi CH, Zhao Q, You CX, Li
YY, Hao YJ. 2019b. The R2R3 MYB transcription factor MdMYB30 modu-
lates plant resistance against pathogens by regulating cuticular wax biosyn-
thesis. BMC Plant Biology 19, 1-14.

Zhao G, Shi J, Liang W, Xue F, Luo Q, Zhu L, Qu G, Chen M, Schreiber
L, Zhang D. 2015. Two ATP binding cassette G transporters, rice ATP
binding cassette G26 and ATP binding cassette G15, collaboratively regu-
late rice male reproduction. Plant Physiology 169, 2064-2079.

Zhao J, Long T, Wang Y, et al. 2020. RMS2 encoding a GDSL lipase
mediates lipid homeostasis in anthers to determine rice male fertility. Plant
Physiology 182, 2047-2064.

Zhao L, Zhu H, Zhang K, Wang Y, Wu L, Chen C, Liu X, Yang S, Ren H,
Yang L. 2020. The MIXTA-LIKE transcription factor CsMYB6 regulates fruit
spine and tubercule formation in cucumber. Plant Science 300, 110636.
Zheng F, Cui L, Li C, et al. 2022. Hair interacts with SIZFP8-like to regulate
the initiation and elongation of trichomes by modulating SIZFP6 expression
in tomato. Journal of Experimental Botany 73, 228-244.

Zhou L, Ni E, Yang J, Zhou H, Liang H, Li J, Jiang D, Wang Z, Liu Z,
Zhuang C. 2013. Rice OsGL1-6 is involved in leaf cuticular wax accumula-
tion and drought resistance. PLoS One 8, e65139.

Zhou X, Jenks MA, Liu J, Liu A, Zhang X, Xiang J, Zou J, Peng Y,
Chen X. 2014. Overexpression of transcription factor OsWR2 regulates
wax and cutin biosynthesis in rice and enhances its tolerance to water def-
icit. Plant Molecular Biology Reporter 32, 719-731.

Zhou X, Li L, Xiang J, Gao G, Xu F, Liu A, Zhang X, Peng Y, Chen X,
Wan X. 2015. OsGL1-3 is involved in cuticular wax biosynthesis and toler-
ance to water deficit in rice. PLoS One 10, e116676.

Zhu G, Wang S, Huang Z, et al. 2018. Rewiring of the fruit metabolome in
tomato breeding. Cell 172, 249-261.e12.

Zou LP, Sun XH, Zhang ZG, Liu P, Wu JX, Tian CJ, Qiu JL, Lu TG.
2011. Leaf rolling controlled by the homeodomain leucine zipper class IV
gene Rocb in rice. Plant Physiology 156, 1589-1602.

€202 Joquiaydag 0z uo 1sanb Aq £/8¢€%2./1.2EPeI9/qXl/E601 0 L/10p/alo1e-00uBApE/qXI/WOoo"dno-ojwapese//:sdny woly papeojumoq



