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Editorial on the Research Topic 


Plant cuticle: From biosynthesis to ecological functions


At the interface between the plant and the environment, the cuticle functions as a barrier to water loss and as a protective layer against pathogens and UV light (Kunst and Samuels, 2009; Yeats and Rose, 2013). Over the last decades, numerous researchers from different fields have investigated the chemistry, structure, biosynthesis and functional properties of the plant cuticle, bringing new questions and insights, and significantly enriching our understanding of its structure, chemical composition, physical properties, natural variability, development, and functions.

In the current scenario of global climate change, it is crucial to understand the biophysical properties of the cuticle as well as how environmental factors, including temperature, UV radiation and relative humidity, modulate cuticle deposition and its functional properties (Domínguez et al., 2011). Seufert et al. report on the influence of different wax fractions on the water transpiration properties of isolated leaf cuticles. Using a differential extraction protocol, the authors studied the influence of triterpenoids and very-long-chain aliphatics (VLCA) on water permeability in cuticles from several species. Comparison of water permeance from isolated cuticles and selectively dewaxed cuticles showed that the cuticle components that greatly affect its transpiration barrier function are mainly VLCAs, and that triterpenoids barely contribute to the water barrier properties of the cuticle. Chen et al. compare adaxial and abaxial cuticle transpiration in detached tea leaves from eight different cultivars. Total leaf cuticle transpiration correlated with abaxial transpiration. Among the different wax classes, VLCA and glycol esters negatively correlated with leaf cuticle transpiration. Additionally, intracuticular waxes were the major water barrier in the adaxial leaf surface and epicuticular waxes in the abaxial side. Low water transpiration rate is also important for extending the life of cut ornamental flowers. Cheng et al. used oriental lily to investigate flower cuticle transpiration and wax chemical composition, showing a higher amount of waxes, largely n-alkanes, in tepals than in leaves. However, leaves presented lower water permeance than tepals, a result that the authors attributed to differences in alkane chain length, with C27 and C29 predominating in tepals and C29 and C31 being more prevalent in leaves. Exploration of these results in other species could provide a tool to select for cultivars with extended vase life.

The Michaelis´ hypothesis states that inadequate cuticle development can cause increased transpiration rate in the treeline. Bueno et al. examine this hypothesis in populations of Pinus uncinata from the subalpine forest and the alpine tundra. The authors found higher minimum conductance, lower amounts of cuticle waxes and thinner cuticles in needles from the tundra trees than in those from the forest. These results support the notion that inadequate cuticle development could be one of the factors leading to increased water transpiration during winter in this species. Vega et al. describe water sorption and desorption of isolated leaf cuticles of three woody species. The presence of cutan in the cuticles of holly and cherry laurel was associated with higher water sorption. Differences in cuticle water sorption and water loss were detected among the three studied species, whereas an effect of leaf age on water desorption was only observed in eucalyptus.

The mechanical, thermal and optical properties of the tomato fruit cuticle were analyzed by Benítez et al. and Benitez et al. Cutinization of anticlinal cell walls during development plays a biomechanical role inducing cuticle softening. The increase in cuticle phenolic content with ripening was accompanied by a progressive stiffness that suggested a cooperative association of phenolics with both cutin and polysaccharide fractions. The heat regulation capacity of the cuticle varied with development and temperature and was mainly attributed to the cutin matrix. However, the glass transition temperature, the transition from a rigid glassy state to a relaxed rubbery conformation, was modulated by phenolics, polysaccharides and, to a minor extent, waxes. The observed increase in cuticle glass transition between fruit growth and ripening implies physical changes that can affect molecular diffusion through the cuticle. The authors also report that the highly efficient UV-B filtering capacity of the cuticle can be attributed to the accumulation of cinnamic acids, and that the deposition of the flavonoid chalconaringenin during ripening expands the blocking capacity of the cuticle to include UV-A light.

Tomato fruit has become a model for cuticle analysis due to its thick and easy-to-isolate cuticle, as well as to the genetic and genomic resources available in the form of natural and artificially induced mutants, germplasm collections, and intra and interspecies segregating populations (Petit et al., 2017). In their minireview, Petit et al. explore the recent advances in uncovering the genetic and molecular determinants of cuticle deposition and its implications in our understanding of tomato fruit cuticle and its relation to plant growth and performance. Future challenges and possible avenues of research such as investigating the regulation of cuticle phenolics and cell wall polysaccharides deposition, the correlation of cuticle deposition with epidermal cell development and organ growth, and the epigenetic regulation of cuticle biosynthesis are also considered.

Over the last years, there has been a shift in how the cuticle is envisioned, from an isolated outer layer to part of the more complex scenario of the outer epidermal cell wall (Ingram and Nawrath, 2017). In a mini-review, Reynoud et al. describe recent developments and hypotheses on how cuticle chemical composition can affect its architecture and the architecture-function relationships. Although plant cuticles have been typically described as an assembly of lipids, namely waxes and cutin, a far more complex architecture of the cuticle is depicted. It can be described as a hydrophobic, dynamic, chemically and spatially heterogeneous composite containing lipids, cell-wall-derived polysaccharides, phenolic acids and, in some instances such as ripe tomato, flavonoids. The relationship between cell wall pectin, cuticle permeability and Botrytis cinerea resistance was investigated by Lorrai et al. using Arabidopsis thaliana pectin mutants. Alteration of homogalacturonan integrity, a major pectin component, increased the accumulation of reactive oxygen species (ROS) dependent on the activity of the class III peroxidase AtPRX71. These changes in homogalacturonan structure also led to a notable increase in cuticle permeability and resistance to B. cinerea. Interestingly, neither cuticle permeability nor pathogen resistance were affected in cell wall mutants displaying changes in other polysaccharide components. In parallel, Aragon et al. report on the contribution of cutin and waxes to cuticle permeability, ROS accumulation and sensitivity to B. cinerea in A. thaliana mutants. Although mutants with altered cutin or wax composition displayed an increase in cuticle permeability and ROS levels, resistance to B. cinerea was only found in cutin mutants. These mutants displayed upregulation of genes related to pectin and ROS accumulation after B. cinerea inoculation. These observations point again to a relationship between pathogen resistance, the pectin domain of the epidermal cell wall, cuticle permeability and cutin composition that merits further study. Arya et al. review the complex and multidimensional interactions between the plant cuticle and pathogenic fungi, paying special attention to epicuticular waxes and cutin monomers, the two most studied cuticle components in relation to pathogens. Differences between pre-penetration and infection processes, fungi lifestyles, and epicuticular wax chemistry and structure make this topic particularly challenging. The authors further debate how composition, structure, permeability and released cutin monomers are perceived by plants and can elicit defense responses.

Ensuring peak fresh produce quality is one of the main current goals of the agri-food industry (Oltra-Mestre et al., 2021). The biophysical properties of the cuticle modulate traits related to postharvest life (Fernández-Muñoz et al., 2022). Si et al. study the radial growth of apple cuticle and its implications in mechanical strain build-up, a trigger for several fruit surface disorders. A combination of radioactive labelling and cuticle analysis was employed showing that cuticle deposition occurred in the inner cuticle region, close to the cell wall, thus creating an aging gradient across cuticle thickness. The authors suggest that this pattern of cuticle deposition could delay surface microcrack propagation to epidermal cells in species with continuous cuticle deposition throughout development. Hurtado and Knoche investigate the role of the cuticle in strawberry water soaking, a skin disorder that limits open field production. Moisture exposed areas were associated with the presence of cuticle microcracks, which acted as fast and localized water uptake areas, thus triggering a series of events leading to cell burst and cell content leakage. The relationship between cuticle chemical composition and postharvest fruit quality was investigated in zucchini and wampee. Carvajal et al. compare cuticle waxes and transcriptomic changes in a cold-tolerant and a cold-sensitive variety of zucchini at harvest and after cold storage. A thicker cuticle and higher amount of waxes were found in the cold-tolerant variety. The authors conclude that in zucchini, cuticle thickness is related to chilling tolerance and helps to reduce water loss, highlighting the importance of the biosynthesis of very-long-chain alkanes and its transcriptional regulation during the adaptation of the zucchini fruit to low temperatures and in maintaining the postharvest quality of zucchini fruit during cold storage. Huang et al. report on wampee cuticle composition and fruit transpiration along ripening in two cultivars. The cutin matrix was chiefly composed of dihydroxy fatty acids and the main wax compounds were alkanes and triterpenoids. Cultivar differences and changes during ripening were observed for the amount of cuticle and waxes. Fruit transpiration decreased with ripening. A negative correlation was found between the water barrier properties and the alkane content of ripening wampee fruits.

Two contributions to this Research Topic focus on largely unexplored areas of plant cuticle research. Philipe et al. review known aspects and hypothetical scenarios of the mechanisms used for the transport of cutin precursors and waxes across the plasma membrane and through the cell wall. The authors summarize the well-documented mechanism of cutin precursor export through the plasma membrane-localized ATP-binding cassette transporters. The researchers also discuss more exploratory and unknown aspects of the cellular trafficking and export of cuticle components via vesicles and via a non-vesicular route, and how the cuticle precursors can traverse the polysaccharide cell wall before their incorporation into the cuticle. The method article by Bock et al. is focused on the use of Raman vibrational microscopy, a non-destructive and fast technique that can be employed in epidermal tissue samples, to elucidate the in-depth localization and distribution of cuticle components at the microscale. After application of the methodology to study cuticles from three species, the authors reveal common cuticle chemical distribution features as well as differences, and draw general conclusions on the localization of waxes, phenolics and cutin on a supramolecular polysaccharide matrix.

The original article by Liu et al. describes the functional characterization of a ubiquitin ligase named ABA-related RING-type E3 ligase (AtARRE) that negatively regulates cuticle wax biosynthesis in A. thaliana. Co-expression of AtARRE and candidate target proteins involved in alkane formation showed that the alkane biosynthetic enzymes CER1 and CER3 are targets of AtARRE and that CER1 can be ubiquitinated by AtARRE. The authors propose that AtARRE serves as a post-translational regulator that terminates wax biosynthesis via the alkane-forming pathway.

Many uncertainties remain regarding the biogenesis and functions of the plant cuticle. To gain a broader perspective on the role of the cuticle in plant performance, it will be crucial to understand the structural and functional properties of isolated cuticles in their natural scenario, and to also consider cuticle interactions with epidermal cells. Because of its heterogeneous and composite nature, the cuticle varies among species and is modified by environmental, developmental and hormonal cues (Yeats and Rose, 2013). Hence, a comprehensive analysis of the interactions among cuticle components, their involvement in the functions ascribed to the cuticle, and how such components change in response to internal and external signals is required. In this sense, the design of artificial cuticles could be a promising strategy to study the contributions of individual cuticle components to the supramolecular structure and properties of the cuticle.
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The aerial surfaces of plants are covered by a protective barrier formed by the cutin polyester and waxes, collectively referred to as the cuticle. Plant cuticles prevent the loss of water, regulate transpiration, and facilitate the transport of gases and solutes. As the cuticle covers the outermost epidermal cell layer, it also acts as the first line of defense against environmental cues and biotic stresses triggered by a large array of pathogens and pests, such as fungi, bacteria, and insects. Numerous studies highlight the cuticle interface as the site of complex molecular interactions between plants and pathogens. Here, we outline the multidimensional roles of cuticle-derived components, namely, epicuticular waxes and cutin monomers, during plant interactions with pathogenic fungi. We describe how certain wax components affect various pre-penetration and infection processes of fungi with different lifestyles, and then shift our focus to the roles played by the cutin monomers that are released from the cuticle owing to the activity of fungal cutinases during the early stages of infection. We discuss how cutin monomers can activate fungal cutinases and initiate the formation of infection organs, the significant impacts of cuticle defects on the nature of plant–fungal interactions, along with the possible mechanisms raised thus far in the debate on how host plants perceive cutin monomers and/or cuticle defects to elicit defense responses.

Keywords: plant cuticle, pathogenic fungi, defense response, epicuticular wax, plant-pathogen interactions


INTRODUCTION

The aerial surfaces of plants are covered by a lipophilic protective shield called the cuticle. The cuticle acts as a diffusion barrier and, therefore, influences the diffusion of an array of molecules such as water, gases, and solutes (Isaacson et al., 2009; Chen et al., 2011). Yet, apart from enabling plants to survive in dry environments, the cuticle represents the first line of defense against biotic stresses triggered by a variety of pathogens and pests, including fungi, bacteria, and insects. Thus, the cuticle acts as the interface where the complex molecular interactions occur between plant surfaces and pathogens. Not surprisingly, many attributes of the cuticle, for example, its architecture, thickness, and biochemistry were associated with altered resistance or susceptibility to pathogens (Manandhar and Hartman, 1995; Gabler et al., 2003; Gomes et al., 2012; Martin and Rose, 2014).

Plant cuticles are made of lipophilic compounds that are deposited onto the outer cell walls of the epidermis layer (Figure 1). These include the solvent-extractable cuticular waxes and cutin, cuticle’s main component, which cannot be extracted due to its polymeric nature. Cuticular waxes are typically deposited within (intracuticular) or on top (epicuticular) of the cutin matrix and are composed of a mixture of C20 to C40 very-long-chain-fatty-acids (VLCFAs), which are further modified to form corresponding alkanes, aldehydes, ketones, primary and secondary alcohols, and esters (Samuels et al., 2008; Buschhaus and Jetter, 2011). The polyester cutin is composed of C16 and C18 fatty acids modified with functional groups, such as terminal and mid-chain hydroxy, epoxy, and carboxy groups, which are cross-linked by ester bonds (Cohen et al., 2019; Philippe et al., 2020). Studies show that the structural and chemical nature of the cuticle varies greatly between plant species, genotypes, organs, and developmental stages (Jeffree, 2006; Domínguez et al., 2011; Yeats and Rose, 2013; Fernández et al., 2016; Jetter and Riederer, 2016).

[image: Figure 1]

FIGURE 1. A schematic representation of the cellular localization of the plant cuticle. Cell wall and plasma membrane are presented.


The development of the cuticle facilitated the terrestrialization of land plants approximately 450 million years ago (Cohen et al., 2017). As most primary nutritional source of carbon for fungal species is living or dead plant tissue, it is hypothesized that the early colonizing plants paved the way to the foundation and divergence of the first fungal ancestries (Lutzoni et al., 2018). Indeed, the main concept opines that plants and fungi coevolved 400–600 million years ago (Heckman et al., 2001), and that during this period, these two kingdoms developed complex relationships. These include symbiotic interactions where both the host plant and the fungus benefit from their mutualistic relationship; saprotrophy, where the fungus obtains nourishment from dead or decaying plant tissues; and parasitism, practiced by most pathogenic fungi, which need to penetrate the host plant tissue in order to reach the nutritional contents of inner cells (Burdon and Thrall, 2009). Plant colonization by fungi strongly depends on their lifestyle. Spores of necrotrophic fungal species (e.g., Botrytis cinerea) land on the host plant cuticle surface, germinate via germ tubes that eventually become the primary hyphae that penetrate through the host cuticle (Figure 2A, upper panel). Following penetration, hyphae grow below the cuticle to some complex secondary hyphae that kills epidermal and inner tissue host cells (Figure 2A, bottom panel). At the early stages of infection, hemibiotrophic fungal (e.g., Magnaporthe oryzae) spores germinate on the cuticle surface and develop a specialized infection structure called appressorium, a flattened organ that pressures the host plant surface eventually penetrating it via a penetration peg. This stage is considered biotrophic as the bulged hyphae that colonize the infected cells do not kill it (Figure 2B, upper panel). However, at later infection stages, these hyphae adopt a necrotrophic lifestyle eventually killing epidermal and inner tissue host cells (Figure 2B, bottom panel). Biotrophic fungi (e.g., Blumeria graminis) germinate on the cuticle surface and typically develop an appressorium. This structure penetrates through the host plant cuticle and colonizes the intercellular space via a feeding structure called haustorium, which invades the host cell without piercing the plasma membrane and killing it (Figure 2C, upper panel). At the final stages of infection, the fungus produces dense mycelia on the cuticle surface and conidia (Figure 2C, bottom panel; Schulze-Lefert and Panstruga, 2003; Laluk and Mengiste, 2010; Lo-Presti et al., 2015).

[image: Figure 2]

FIGURE 2. A schematic representation of the host plant and pathogen fundamental structures during early and late stages of plant–fungal interaction. (A) Interaction with a necrotrophic fungus (e.g., Botrytis cinerea). Spores land on the host plant cuticle surface and generate a germ tube. These tubes become the primary hyphae that penetrate through the cuticle and grow below the cuticle into a complex secondary hyphae structure that kills epidermal and inner tissue host cells. (B) Interaction with a hemibiotrophic fungus (e.g., Magnaporthe oryzae). At early stages of infection, spores germinate on the cuticle surface and develop a specialized infection structure called appressorium, a flattened organ that pressures the host plant surface eventually penetrating it via a penetration peg. This stage is considered biotrophic as the bulged hyphae that colonize the infected cells do not kill it. However, at later infection stages, these hyphae adopt a necrotrophic life style. (C) Interaction with a biotrophic fungus (e.g., Blumeria graminis). At early infection stage, spores germinate on the cuticle surface and develop an appressorium. After penetration through the host plant cuticle, the fungus colonizes the intercellular space via a feeding structure called haustorium, which invades the host cell without piercing the plasma membrane and killing it. At final stages of infection, the fungus produces dense mycelia on the cuticle surface and conidia. Upper panels represent early infection stages, whereas bottom panels represent late infection stages.


Pathogenic fungi have established a battery of strategies to overcome the cuticle barrier. These include the utilization of cuticle-derived signals that induce the spore germination on the plant surface, the formation of specialized infection organs, and penetration of the cuticle. Some fungal species enter through stomata or natural gaps, whereas others pierce the surface of the cuticle by applying mechanical pressure. Most pathogenic fungi, however, secrete a blend of specialized cell wall-degrading enzymes toward the plant surface, including pectate lyases, cellulases, and cutinases. The latter family of enzymes possesses a unique ability to release the ester bond-linked monomers that build the cutin polyester (Kubicek et al., 2014). Cutinase activity was shown in various pathogenic fungi to greatly impact the process of infection: from the initial stages of spore adhesion to the plant surface, through spore germination and the formation of specialized infection organs, to the breakdown of the cuticle and the colonization of the host plant (Kolattukudy, 1985).

Regardless of the kind of relationship, all the types of interaction between the aerial organs of plants and fungi take place at the cuticle surface – a hub of plant innate immunity and fungal infection responses. In the current review, we focus on the multidimensional roles of plant cuticle-derived components during the infection of pathogenic fungi. For additional information about the regulation of plant–bacteria interactions at the cuticle surface, we warmly refer readers to the excellent reviews of Aragón et al. (2017) and Ziv et al. (2018). Here, we first describe rudimentary evidence that establishes epicuticular waxes as major determinants of plant–fungal interactions and that certain wax components can affect various pre-penetration and infection processes of fungi with different lifestyles. We then shift our focus to the roles played by cutin monomers that are released from the cuticle owing to the activity of fungal cutinases during the early stages of infection. We describe how these monomers activate fungal cutinases and initiate the formation of infection organs. Finally, we mention key reports that revealed the significant impacts of imperfections in cuticle biochemistry and permeability on the nature of interactions between pathogenic fungi and host plants and discuss possible mechanisms by which host plants perceive released cutin monomers to elicit defense responses.


Epicuticular Waxes Are Major Determining Factors of Plant–Fungal Interactions

As epicuticular waxes are deposited on top of the outermost surface of the cuticle, they are the first to interact with any type of pathogen. It is, therefore, expected that changes to the patterns of crystallization, composition, and hydrophobicity of epicuticular waxes will significantly impact various aspects of plant–fungal interactions (Shepherd and Griffiths, 2006; Buschhaus and Jetter, 2011; Lewandowska et al., 2020). Extensive work on B. graminis has shown that this pathogenic fungus exploits components of the plant epicuticular wax to induce pre-penetration processes. For instance, silencing 3-ketoacyl-CoA synthase 6 (KCS6) and enoyl-CoA reductase (ECR) in wheat (Triticum aestivum), both of which are important for VLCFA biosynthesis and the elongation reactions required for cuticular lipid biosynthesis, attenuates B. graminis spore germination (Wang et al., 2019; Kong et al., 2020). In line with these findings, Feng et al. (2009) characterized Lip1, a lipase in B. graminis that is secreted onto the surface of fungal cell walls and possesses the ability to release alkanes and primary fatty alcohols from the epicuticular wax of wheat leaves. Remarkably, the pretreatment of wheat leaves with Lip1 resulted in the removal of surface wax, which, in turn, severely compromised conidial adhesion, appressorium formation, and secondary hyphal growth of the fungus (Feng et al., 2009). The spores of this fungus also hardly germinated on the barley (Hordeum vulgare) emr1 mutant, which is depleted in the leaf surface waxes due to a mutation in KCS6 (Weidenbach et al., 2014). In the case of Alternaria brassicicola, it was shown that the removal of epicuticular waxes from cauliflower (Brassica oleracea) leaves affected spore adhesion and fungal penetration during the early stages of infection (Berto et al., 1999). An intriguing case that highlights the divergent effects of the wax composition on fungal infection is that of Curvularia eragrostidis, a cosmopolitan fungal pathogen that infects hosts from several botanical families (Ferreira et al., 2014). It was found that epicuticular waxes from its grass host plant, hairy crabgrass (Digitaria sanguinalis), significantly induced spore germination and germ tube elongation, but had no effect on appressorium differentiation. Yet, the epicuticular waxes of tall fescue grass (Festuca arundinacea), which represents a nonhost species of this fungus, hindered fungal spore germination and appressoria formation (Wang et al., 2008).

The aforementioned studies clearly demarcate the importance of the signaling roles of epicuticular wax components to the initiation of fungal infection processes. Complementing investigations sought to isolate the specific wax components that initiate these processes. In vitro assays have validated that very-long-chain (VLC) aldehydes trigger the spore germination and appressorium differentiation of B. graminis (Ringelmann et al., 2009; Hansjakob et al., 2010, 2011). Similarly, wax inducer 1 (WIN1) suppression in wheat negatively affected B. graminis germination by interfering with the VLC aldehyde wax biosynthesis. Remarkably, coating the leaves of WIN1-silenced lines with typical wild-type (WT) epicuticular waxes fully restored the spore germination of the fungus (Kong and Chang, 2018). More specifically, the C28 aldehyde of wheat was shown to endorse the spore germination in Puccinia graminis f. sp. tritici (Reisige et al., 2006). Apart from the wax aldehydes, primary alcohols were also shown to play critical roles in the fungal infection initiation. Namely, the C24 primary alcohol on the surface of avocado (Persea americana) fruit triggers the spore germination and appressorium differentiation in Colletotrichum gloeosporioides (Podila et al., 1993). Higher levels of the C30 primary alcohol in the Arabidopsis cer1 line, which is mutated in the ECERIFERUM 1 (CER1) enzyme, were able to suppress the growth and reproduction of Golovinomyces orontii (Jenks et al., 1995; Inada and Savory, 2011). Interestingly, the overexpression of CER1 in Arabidopsis promoted the VLC alkane biosynthesis, resulting in higher susceptibility to the infection by Sclerotinia sclerotiorum (Bourdenx et al., 2011), highlighting that the wax alkanes also play significant signaling roles. Correspondingly, the transgenic cucumber (Cucumis sativus) fruit with lower expression of CsWAX2, a homolog of the Arabidopsis WAX2 gene involved in the biosynthesis of VLC wax alkanes, resulted in an overall reduction of 50% in the wax content of the fruit surface, owing to major reductions in C29 and C31 alkanes. Inoculation assays with B. cinerea demonstrated that its pathogenicity was dramatically impaired only at the fruit surface of this mutant, but not on the fruit surfaces of WT and WAX2-overexpression plants (Wang et al., 2015). WAX2 was shown to be allelic to CER3/YORE-YORE (YRE)/FACELESS POLLEN1 (FLP1) and has a pleiotropic phenotype, including an altered wax composition (Rowland et al., 2007). Finally, polar wax-associated terpenoids on the avocado fruit surface were shown to induce appressorium formation (Kolattukudy et al., 1995).

The findings described above emphasize that different epicuticular wax components can affect various processes of pathogenic fungal infection, yet these effects are seemingly far more complex than assumed, as demonstrated by Uppalapati et al. (2012). The forward-genetics screen using Barrel clover (Medicago truncatula) Tnt1 retrotransposon insertion lines followed by the authors found that the inhibitor of rust germ tube differentiation 1 (irg1) mutant failed to promote the pre-infection structural differentiation of two rust pathogens, Phakopsora pachyrhizi and Puccinia emaculata, on the abaxial leaf surface. The chemical analysis of the epicuticular wax composition revealed a >90% reduction in C30 primary alcohols and overaccumulation of C29 and C31 alkanes in the leaves of the irg1 mutant (Uppalapati et al., 2012). Further analyses validated that IRG1 encodes the Cys(2)His(2) zinc transcription factor, PALM1, which plays important role in regulating epicuticular wax metabolism and transport. Yet, the most intriguing observation was that the altered wax composition in leaves of this mutant had entirely dissimilar effects on the virulence of pathogenic fungi with different lifestyles. As mentioned above, the irg1 mutant inhibited the pre-infection structural differentiation of the rust fungal species Phakopsora pachyrhizi and Puccinia emaculata, but had no effect on the pathogenicity of the necrotrophic fungus Phoma medicaginis (Uppalapati et al., 2012), suggesting that the changes in leaf wax composition might be limited to fungal species that form pre-infection appressoria structures in response to the surface signals, unlike Phoma medicaginis, which directly penetrates the cuticle without forming these structures.



Cutin Monomers Released During Infection Activate Fungal Cutinases and Initiate the Formation of Infection Organs

The cuticle is considered as the major protective barrier that fungi should overcome. During the earliest stages of infection, fungal cutinases secreted from spores landing on the plant cuticle surface release cutin monomers from the cuticle in a spatially localized manner (Köller et al., 1982; Figure 2). Many reports on pathogenic fungi with different life styles have established the importance of the signaling of these released cutin monomers for the continuation and progression of infection, as it leads to the elevated cutinase activity at later stages of the fungal development essential for the cuticle penetration (Woloshuk and Kolattukudy, 1986; Francis et al., 1996; Gilbert et al., 1996). These include in vitro studies of a vast range of pathogenic fungi demonstrating that the cutinase activity significantly increases upon the addition of typical cutin monomers into their growing media, mainly C16 and C18 n-aliphatic primary alcohols and 16-hydroxyhexadecanoic acid. Amongst the pathogenic fungi investigated are the hemibiotrophic fungal species of Fusarium solani (Purdy and Kolattukudy, 1975; Lin and Kolattukudy, 1978; Woloshuk and Kolattukudy, 1986), Colletotrichum graminicola (Pascholati et al., 1993), and Colletotrichum gloeosporioides (Wang et al., 2017), and also the necrotrophic fungal species of B. cinerea (van der Vlugt-Bergmans et al., 1997), Ascochyta rabiei (Tenhaken et al., 1997), Pyrenopeziza brassicae (Davies et al., 2000), S. sclerotiorum (Bashi et al., 2012), Venturia inaequalis (Köller et al., 1991), and Monilinia fructicola (Lee et al., 2010). Another set of reports demonstrated that, apart from activating fungal cutinases, released cutin monomers trigger the formation of spore germ tubes and specialized infection organs, such as appressoria. This was demonstrated in the biotrophic fungal pathogens Erysiphe graminis f. sp. hordei and hemibiotrophic Magnaporthe grisea (Francis et al., 1996; Gilbert et al., 1996; DeZwaan et al., 1999; Zhang et al., 2005).



The Significant Impact of Cuticle Imperfections on the Nature of Plant–Fungal Interactions

Cutin monomers that are released from the host plant cuticle during infection might shape plant–fungal interactions by endorsing several fungal infection strategies. The question of how defects in cuticle structure, biochemistry, and permeability affect these interactions has puzzled researchers in recent years. Sadler et al. (2016) demonstrated that the physical structure and the precise molecular arrangement of wax molecules affect cuticular permeability, but not the thickness of wax and cutin depositions in the cuticle. In the current section, we elaborate on some of the key reports that inferred the significant impact of cuticle defects on various stages of fungal infection, from the adhesion of fungal spores to the plant surface, through the physical attachment of infection organs, to the capacity of the fungus to penetrate into the inner tissue of the host plant. These studies highlight how these defects might consequently lead to immunity or susceptibility of the host plant upon an attack by pathogenic fungi.

In an early study, Sieber et al. (2000) generated Arabidopsis plants with heterologous overexpression of a cell wall-targeted fungal cutinase from Fusarium oxysporum. These transgenic plants, termed CUTE, displayed a striking full immunity to B. cinerea despite dramatic modifications in their cuticle ultrastructure and enhanced permeability to solutes and strong postgenital organ fusions (Sieber et al., 2000; Chassot et al., 2007). These results paved the way to the notion that the cuticle is a key component of plant–fungal interactions, and that alterations to its structure and permeability might facilitate immunity to invading fungi. Some follow-up studies geared toward characterizing the interactions between cuticle-deficient mutants and pathogenic fungi further strengthened this notion. For example, the Arabidopsis lacs2 mutant, deficient in the long-chain acyl-CoA synthetase 2 enzyme that catalyzes the synthesis of fatty acyl-CoA intermediates in the cutin pathway and unsubstituted fatty acids in wax biosynthesis, had a fivefold reduction in the total amount of ꞷ-hydroxylated fatty acids and their derivatives as compared to the WT variant. These modifications led to a strong resistance of the lacs2 mutant plant to the necrotrophic fungi B. cinerea and S. sclerotiorum (Schnurr et al., 2004; Bessire et al., 2007). In addition, the 70% reduction in the cutin content of the cyp86a2/att1 mutant, which is deficient in the CYP86A2 P450-dependent monooxygenase that hydroxylates fatty acids, led to enhanced resistance to B. cinerea (Xiao et al., 2004). The Arabidopsis thaliana ATP-binding cassette (ABC) protein AtABCG32, an ABC transporter localized to the plasma membrane of epidermal cells, was suggested to export cutin precursors from these cells to the surface (Bessire et al., 2011). The mutation of this gene in the corresponding Arabidopsis pec1/abcg32 mutant also led to resistance to B. cinerea. Fully expanded leaves of this mutant featured significantly lower levels of the cutin monomer C16 dicarboxylic and ꞷ-hydroxy C18:2 acids, apparently leading to a more permeable cuticle (Fabre et al., 2016). Similarly, rice (Oryza sativa) plants with silenced or mutated expression of OsABCG31, the homolog of the Arabidopsis ABCG32, displayed increased cuticle permeability and were more resistant to M. oryzae (Garroum et al., 2016).

Resistant phenotypes to B. cinerea were also detected in the Arabidopsis mutant lines fiddlehead (kcs10/fdh), lacerata (cyp86a8/lcr), and bodyguard (bdg), which surprisingly accumulate more cutin, even though they carry mutations in key cuticle biosynthetic genes (Voisin et al., 2009). kcs10/fdh is deficient in the 3-ketoacyl-CoA synthase 10 condensing enzyme that is part of the fatty acid elongation complex involved in the synthesis of VLCFAs, though its exact function in cuticle formation has yet to be determined (Lolle et al., 1992, 1997; Pruitt et al., 2000); cyp86a8/lcr is mutated in CYP86A8, which is involved in the fatty acid hydroxylation pathway (Wellesen et al., 2001); and bdg has a mutation in BODYGUARD, an extracellular α/β hydrolase suggested to be involved in cutin polyester assembly (Kurdyukov et al., 2006b; Jakobson et al., 2016).

However, not all plants that feature an increase in cuticle permeability display heightened resistance against pathogenic fungi. The Arabidopsis hothead (hth) mutant is deficient in its ability to oxidize long-chain ꞷ-hydroxy fatty acids to ꞷ-oxo fatty acids and, therefore, has less α,ꞷ-dicaroxylic fatty acids and more ꞷ-hydroxy fatty acids. This results in a disordered cuticle membrane structure and increased leaf cuticle permeability (Lolle et al., 1998; Kurdyukov et al., 2006a). Conversely, hth does not exhibit increased resistance to B. cinerea (Bessire et al., 2007). The Arabidopsis double mutant gpat4/gpat8, which features altered expression of two glycerol-3-phosphate sn-2-acetyltransferases essential for cuticle assembly, is more susceptible to infection by the necrotrophic fungus A. brassicicola (Li et al., 2007). Moreover, Arabidopsis mutants that are defective in acyl carrier protein4 (ACP4) and exhibit malformed leaf cuticle are also more susceptible to B. cinerea (Xia et al., 2009). Additional studies showed that mutations in SHINE1, a transcription factor of the ethylene response factor (ERF) family that regulates cutin biosynthesis, produce less cutin, and are more susceptible to B. cinerea (Kannangara et al., 2007; Sela et al., 2013). Likewise, lower cutin content in the cuticles of the tomato (Solanum lycopersicum) fruit skin due to reduced expression of cutin regulator SHINE3 leads to higher susceptibility to B. cinerea (Buxdorf et al., 2014). Finally, the cutin polymerization in the tomato fruit skin occurs via the transesterification of hydroxyacylglycerol precursors catalyzed by the Gly-Asp-Ser-Leu (GDSL)-motif lipase/hydrolase family protein cutin deficient1 (CD1; Yeats et al., 2012). The fruit skin cuticle of its corresponding mutant, cd1, has significantly less cutin, and its fruits are more susceptible to B. cinerea (Isaacson et al., 2009).



Possible Mechanisms by Which Host Plants Perceive Cutin Monomers and/or Cuticle Defects to Elicit Defense Responses

The impressive studies described above provide solid lines of evidence that mutants and transgenic lines with altered cuticular structure and increased permeability exhibit higher resistance to attacks by pathogenic fungi. This concept is still under debate, as other permeable cuticle mutants display an opposite trend, that is, heightened susceptibility to pathogenic fungi. In this section, we mention some of the possible mechanisms that have been raised to explain how host plants perceive cutin monomers and/or changes in cuticle structure and permeability.

Earlier studies showed that the ectopic supplementation of synthetic analogs of typical cutin monomers can confer treated plants with higher resistance against attack by pathogenic fungi. For instance, Namai et al. (1993) treated Sasanishiki rice plants with C18 epoxy fatty acids and examined the ability of these compounds to inhibit the germination and germ tube elongation of the spores of the rice blast fungus Pyricularia oryzae. The authors were able to show that the rate of necrotic lesions formed on the treated leaves was significantly lower than leaves of nontreated control plants, indicating the induction of resistance to the pathogen by the epoxides in the plants. Additionally, uptake experiments using [1-14C] derivatives validated that the supplemented epoxides were incorporated into the treated leaves (Namai et al., 1993). In the same way, the topical spray application of synthetic cutin monomers or of a cutin hydrolysate from apple fruit partially protected barley and rice leaves from infection by the fungal pathogens E. graminis f.sp. tritici and M. grisea, respectively. It was further demonstrated that cis-9,10-epoxy-18-OH stearic acid (HESA), the most abundant cutin monomer in barley, was amongst the most active compounds. Interestingly, these substances did not seem to have any inhibitory effect on pathogenic fungi when added to their growing media, further suggesting that the resistance observed in these treated plants is associated with the induction of plant defense responses (Schweizer et al., 1994, 1996b). The hypothesis that free cutin monomers are perceived by plant cells as endogenous stress-associated signals were examined in a model system consisting of cultured potato (Solanum tuberosum) cells, where, again, HESA was the most active compound in the induction of transient alkalinization of the culture medium, implying an induced defense response. The authors also demonstrated that the application of cutin monomers stimulated the production of the plant stress hormone ethylene and activated the expression of defense-associated genes such as phenylalanine ammonia-lyase (PAL), glutathione S-transferase (GST), and 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR; Schweizer et al., 1996a). Finally, Fauth et al. (1998) showed that adding alkaline hydrolysates of cutin from cucumber (Cucumber sativus), tomato, and apple to the epidermal surface of gently abraded hypocotyls of etiolated cucumber seedlings resulted in the generation of H2O2. The authors concluded that the physiological significance of this might be that upon cuticle degradation by fungal cutinases, the cutin monomers may act as H2O2 elicitors to induce defense responses (Fauth et al., 1998). Altogether, these reports provide circumstantial evidence that free cutin monomers can be perceived by the host plant cells as chemical signals and endogenous elicitors of defense responses, though the mechanism by which the host plants sense cutin monomers and/or cuticle defects is yet to be fully determined.

Another mechanism raised to explain the link between a permeable cuticle and increased resistance of the host plants to attack by pathogenic fungi involves the accumulation of reactive oxygen species (ROS). A study performed by L’Haridon et al. (2011) proposed that the production of ROS like H2O2 and O2−, a permeable cuticle, and increased resistance to invading fungi are all tightly associated. The authors demonstrated that Arabidopsis plants with wounded leaves, plants treated with cutinase, and the cuticle-deficient mutants bdg and lacs2.3, all produce more ROS and exhibit increased resistance to B. cinerea. Remarkably, the authors were able to show that the ROS accumulation and induced resistance occurs under certain conditions only once the cuticle has been permeabilized, and that invading fungi circumvent this mechanism by generating effectors that interfere with the ROS production (L’Haridon et al., 2011). A follow-up study demonstrated that the soft mechanical stress applied to Arabidopsis leaf surfaces by gentle sweeping results in altered cuticle permeability, accompanied by strong resistance to B. cinerea, rapid changes in calcium concentrations, and the release of ROS. The authors concluded that Arabidopsis plants can convert gentle forms of mechanical stimuli into strong activation of defense mechanisms against B. cinerea (Benikhlef et al., 2013). Finally, the overexpression of DEWAX, an AP2/ERF-type transcription factor that negatively regulates cuticular wax biosynthesis, increases cuticle permeability (Ju et al., 2017). Even though this phenomenon has been attributed more to pronounced changes in cuticular wax deposition than to cutin deposition, both an in situ assay of hydrogen peroxide and fluorometric measurements showed that the levels of ROS are higher in DEWAX-overexpressing leaves as compared to the WT leaves. These plants displayed more tolerance to B. cinerea infection, accompanied by the upregulation of defense-related genes. Thus, the authors concluded that the increased ROS accumulation and DEWAX-mediated upregulation of defense-related genes are closely associated with enhanced resistance to B. cinerea (Ju et al., 2017). Unlike these studies, Dubey et al. (2020) found no difference in ROS levels between cotyledons of WT- and polyunsaturated fatty acid (PUFA)-deficient mutant fad2-3 Arabidopsis plants, even though this mutant was characterized by cuticle permeability defects (Dubey et al., 2020). To summarize, the above studies suggest an exciting explanation for the increased resistance to B. cinerea of several mutants and transgenic plants with a more permeable cuticle and higher ROS production, yet the exact association between these two parameters is not fully understood and requires further examination.

An additional option by which a more permeable cuticle confers resistance relates to the production of fungitoxic substances on the cuticle surface. In fact, fungitoxic activity was measured in diffusates isolated from leaves of the cuticle-deficient mutants lcr, lacs2, and pec1/abcg32, and also the cutinase-expressing CUTE plants (Bessire et al., 2007, 2011; Chassot et al., 2007). Even though it was assumed that fungitoxic activity is associated with the same compound/s in all these cases, the chemical nature of such metabolite/s was not reported. A candidate for such a metabolite was recently raised by Dubey et al. (2020), who identified the over accumulation of 7-methylsulfonylheptyl glucosinolate (7MSOHG) at the cuticle surfaces of (PUFA)-deficient Arabidopsis mutants. Cuticle permeability defects accompanied by arrested hyphal growth were detected in fad2-1 and fad triple mutants of B. cinerea. Therefore, the authors linked the appearance of 7MSOHG to defects in cuticle composition and permeability, and resistance to fungi (Dubey et al., 2020). Based on these results, Dubey et al. (2021) investigated the fungi-toxic activity of natural isothiocyanate derivatives of glucosinolates together with semisynthetic glucosinolates and chemical fungicides. The study confirmed that 13 out of the 31 tested were efficient fungicides when applied alone, whereas some operated in a synergistic manner when used in combination against three plant pathogenic fungal species, Alternaria radicina, Fusarium graminearum, and Plectosphaerella cucumerina (Dubey et al., 2021). Altogether, it is reasonable to assume that not only glucosinolates but also fungitoxic metabolites from different biochemical groups play important defensive roles against pathogenic fungi and accumulate at the cuticle surface.

Lastly, defense-related transcriptional responses seem to be common amongst some of the permeable cuticle mutants, raising the possibility that these changes indirectly affect plant–pathogen interactions by conferring resistance against fungi and mounting systemic acquired resistance (SAR). Voisin et al. (2009) compared gene expression changes in young rosette leaves of lcr, fdh, and bdg mutants to that of WT leaves and found commonly upregulated genes that participate in the cuticle and cell wall remodeling and in defense responses upon abiotic stresses and pathogens. Hence, the increased resistant phenotype of these three cuticle-deficient mutants to B. cinerea might be the result of primed defense mechanisms that arise due to cuticular defects. To gain deeper insight into the core mechanism by which cuticular defects trigger these types of transcriptional responses, the authors performed an overlap meta-analysis of differentially expressed genes. Using this approach, the SERRATE (SE) gene was identified and shown to encode a nuclear protein of multiprotein RNA-processing complexes and to be epistatic to lcr and bdg (Voisin et al., 2009). A link between cuticular defects and defense mechanisms was also proposed for the Arabidopsis acp4 mutants mentioned earlier. These mutants successfully generated the mobile signal, yet failed to induce SAR. It was demonstrated that the inactivation of SAR is associated with cuticle impairment in these mutants, rather than with alterations in the signaling pathways of the stress-related hormones salicylic and jasmonic acids (Xia et al., 2009).




CONCLUDING REMARKS

In this review, we delineate the multifaceted roles played by epicuticular waxes and released cutin monomers as chemical signaling molecules in the interactions between host plants and pathogenic fungi. The early and recent key reports we present in this fascinating field of research accentuate how these interactions are presumably far more complex than currently assumed. It is evident that these interactions are multifactorial, are regulated simultaneously by many components derived from both the pathogenic fungi and the host plant, and are highly influenced by the biochemical, structural, and permeability properties of the cuticle. Evidence shows that certain wax components affect pre-penetration and infection processes of fungi with different life styles, yet the mechanisms underlying these types of relationships are not fully known. Efforts to elucidate the roles of epicuticular waxes in plant–fungal interactions have thus far mostly utilized mutants with altered wax compositions. However, this approach is still challenging, as in most cases, compositional changes in one biochemical group of wax compounds are typically accompanied by changes in other groups of compounds.

How the cutin monomers released from the cuticle by fungal cutinases during the early stages of infection are recognized by the host plant to elicit defense responses and acquired resistance to pathogens remains a question to be explicated. Thus far, several possible mechanisms have been proposed involving the production of ROS, the accumulation of fungitoxic compounds at the cuticle surface and a primed defense-related transcriptional response, all of which were associated with cuticle defects. In their review, Serrano et al. (2014) suggested that a more permeable cuticle might facilitate the faster perception of signals derived from the cuticle that is being degraded by fungal cutinase during infection and/or that cutin monomers over accumulate in cuticle-deficient mutants due to incomplete cutin polymer assembly. The validity and nature of all these possible mechanisms would require further attention from the research community investigating the field of plant cuticle–pathogenic fungi interactions.

While the cuticle has been solely attributed to aboveground tissues, a recent pioneering study showed that a cuticle-like cell wall structure covers plant root caps and contributes to its protection against abiotic stresses (Berhin et al., 2019). The authors were able to demonstrate that this specialized polyester-rich cuticle is formed in early developing root caps of primary and lateral roots and lost upon the removal of the first root cap cell layer (Berhin et al., 2019). The discovery of cuticle in roots opens a whole new element in the research field of plant cuticle–pathogen interactions, which is of great significance due to the devastating diseases originating from soil-grown pathogenic fungi that attack root tissues. The varied subset of cuticle mutants available today offers an excellent platform with which to examine the possible interactions between root cap cuticles and pathogenic fungi. All in all, the outcome of such efforts is expected to aid the agricultural community to minimize economic and yield losses.
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The cuticle plays a major role in restricting nonstomatal water transpiration in plants. There is therefore a long-standing interest to understand the structure and function of the plant cuticle. Although many efforts have been devoted, it remains controversial to what degree the various cuticular parameters contribute to the water transpiration barrier. In this study, eight tea germplasms were grown under normal conditions; cuticle thickness, wax coverage, and compositions were analyzed from the epicuticular waxes and the intracuticular waxes of both leaf surfaces. The cuticular transpiration rates were measured from the individual leaf surface as well as the intracuticular wax layer. Epicuticular wax resistances were also calculated from both leaf surfaces. The correlation analysis between the cuticular transpiration rates (or resistances) and various cuticle parameters was conducted. We found that the abaxial cuticular transpiration rates accounted for 64–78% of total cuticular transpiration and were the dominant factor in the variations for the total cuticular transpiration. On the adaxial surface, the major cuticular transpiration barrier was located on the intracuticular waxes; however, on the abaxial surface, the major cuticular transpiration barrier was located on the epicuticular waxes. Cuticle thickness was not a factor affecting cuticular transpiration. However, the abaxial epicuticular wax coverage was found to be significantly and positively correlated with the abaxial epicuticular resistance. Correlation analysis suggested that the very-long-chain aliphatic compounds and glycol esters play major roles in the cuticular transpiration barrier in tea trees grown under normal conditions. Our results provided novel insights about the complex structure–functional relationships in the tea cuticle.

Keywords: Camellia sinensis, cuticular transpiration rate, epicuticular waxes, intracuticular waxes, wax coverage, cuticle thickness, substructure


INTRODUCTION

The plant cuticle is an extracellular hydrophobic layer covering the outer epidermal surface of leaves and fruits and protects plants against biotic and abiotic stresses (Eigenbrode and Espelie, 1995; Krauss et al., 1997; Neinhuis and Barthlott, 1997; Yeats and Rose, 2013; Silva et al., 2017). The primary function of the cuticle is to regulate nonstomatal water loss, thus facilitating the adaption of plants to a changing environment (Riederer and Schneider, 2001). The cuticle is composed principally of cutin polyester polymer and soluble cuticular waxes and also contains polysaccharides and proteins (Fernández et al., 2017). The cutin mainly consists of C16 and C18 hydroxyl fatty acids that are cross-linked by ester bonds to form a stable polymer matrix (Nawrath, 2006; Pollard et al., 2008; Fich et al., 2016). Cuticular waxes are mixtures of very-long-chain aliphatic compounds (acids, alkanes, aldehydes, ketones, alcohols, and esters) and cyclic compounds (triterpenoids, tocopherols, and sterols; Samuels et al., 2008). Part of the cuticular waxes is filled into the cutin framework as intracuticular waxes, and part of the waxes is deposited on the surface of the cutin matrix as epicuticular waxes (Jeffree, 2006). Previous studies have reported that the cyclic compounds are mainly located in intracuticular waxes. In contrast, the very-long-chain aliphatic compounds are widely distributed in the epicuticular and intracuticular waxes (Weissflog et al., 2010; Jetter and Riederer, 2016; Zeisler and Schreiber, 2016; Lino et al., 2020; Zhang et al., 2020). Cuticular wax components differ among plant species, developmental stages, tissue types, and even between both sides of the same leaf (Jetter and Riederer, 2016; Zhu et al., 2018; Cheng et al., 2019; Romero and Rose, 2019; Diarte et al., 2020; Lino et al., 2020; Zhang et al., 2020).

There is a long-standing interest to understand the structure–function relationships of the cuticle. Previous studies established that the cuticular transpiration barriers are mainly constituted by cuticular waxes rather than the cutin polymer matrix (Riederer and Schreiber, 1995; Richardson et al., 2007). The cuticular transpiration barrier is mainly contributed by aliphatic compounds, which are located on the intracuticular waxes (Jetter and Riederer, 2016; Zeisler-Diehl et al., 2018; Cheng et al., 2019; Zhang et al., 2020). Recently, there were controversial reports suggesting that cyclic compounds are negatively correlated with cuticular transpiration rates of developing fruits or under drought stress (Schuster et al., 2016; Romero and Rose, 2019; Lino et al., 2020; Zhang et al., 2020); however, other studies found that the cyclic compounds do not contribute to the transpiration barrier or even are positively correlated with the cuticular transpiration rate (Buschhaus and Jetter, 2012; Jetter and Riederer, 2016; Staiger et al., 2019).

Jetter and Riederer (2016) chose eight different plant species of which cuticles belong to two major groups based on the presence and contents of alicyclic compounds of the adaxial leaf surface. Correlation analysis suggests that cuticular transpiration resistance is associated with aliphatic compounds. By now, there are a few studies about the abaxial cuticle, but it remains unclear whether the abaxial cuticle possesses a similar structural arrangement as the adaxial surface. In addition, most previous studies only concentrated on one species or multiple different plant species under the assumption that they may share similar cuticular characteristics. Few studies focus on multiple germplasms of the same plant species, which has the advantage to exploit the variations to boost the power of correlation analysis. In this study, eight different tea germplasms were selected, their cuticles essentially belong to the same type (in terms of the contents and compositions of VLCFA derivatives and alicyclic compounds), but various degrees of variations in cuticular parameters were found. The wax compositions from the adaxial and the abaxial leaf surfaces were analyzed, along with the cuticular transpiration rates (or resistance) from cuticle substructures. This study is trying to address the following questions: (1) To what degree the abaxial cuticular transpiration contributes to the total leaf cuticular transpiration? (2) How the transpiration barrier is organized on the abaxial surface? (3) Which are the wax compounds that contribute to the cuticular transpiration barriers at individual cuticle substructure?



MATERIALS AND METHODS

Eight Camellia sinensis germplasms, namely, Jinguanyin, 0316B, Wuniuzao, 0306A, 0306H, Fuyun 20, 0202-10, and Hongyafoshou, were clonally propagated and planted in the tea garden at the Tea Research Institute of Fujian Academy of Agricultural Sciences (Fuan, China; 119.3° E, 27.1° N). They were managed by the regular agricultural practice. In May 2019, they had been growing for 12 years since planting. When the growing twigs reached the stage of one bud and seven leaves, the fifth leaf was used for the investigation.


Transmission Electron Microscopy

For transmission electron microscopy (TEM) analysis, the sample was prepared in accordance with the method described in the study by Zhu et al. (2018). The central part of the fifth leaf was cut into small pieces (2 mm × 4 mm) and fixed in 5% (v/v) glutaraldehyde solution overnight in a freezer at 4°C. Samples were rinsed with 0.1 M PBS buffer (pH 7.2), post-fixed in 1% (w/v) osmium tetroxide, then dehydrated through 30% (v/v) and 50% (v/v) ethanol. Samples were stained with saturated uranyl acetate in 70% (v/v) ethanol overnight, and then rinsed with 70% (v/v) ethanol several times to remove unbound dye. Samples were dehydrated in 90% (v/v) and 100% ethanol; then the ratio of acetone to ethanol was increased in sequential treatments. Samples were embedded in a graded acetone/Epon/Spurr’s epoxy resin and polymerized, then sectioned, and observed under a TEM (HT7700, Hitachi, Japan).



Scanning Electron Microscopy and Stomata Parameter Measurement

The fifth leaf was collected from the eight germplasms. Samples were air-dried at room temperature. Before scanning electron microscopy (SEM) observation, small pieces of samples were fixed to aluminum sample holders, freeze-dried (HCP-2 critical point dryer, Hitachi, Japan), sputtered (IB5 ion coater, Eiko, Japan) with a thin layer of gold, then observed under a SEM (JEM-6380LV, JEOL, Japan). Leaf stomatal density was determined from 10 SEM images with different fields of view. Guard cell length and guard cell pair width were calculated by using the ImageJ software.



Cuticle Thickness Measurement

The cuticle thickness was measured from TEM images. Three biological replicates were used. For each biological replicate, at least six measurements were taken from different cuticle positions, and the results were expressed as average ± SE.



Wax Sampling

The epicuticular waxes were isolated by the method described in the study by Zhang et al. (2020). Delipidated gum arabic in 90% (w/w) aqueous solution was evenly applied to the leaf surface by a soft paintbrush; dry polymer film was peeled off and collected into a glass tube containing 21 ml of chloroform: water (2:1, v/v) and 75 μg of internal standard n-tetracosane (Sigma-Aldrich, St. Louis, United States). After vigorous vortexing and phase separation, the organic phase was transferred into a new glass tube. The extraction was repeated once, and the organic phases were combined and evaporated under the CentriVap Console (Labconco, KS, United States) to obtain epicuticular waxes. The adaxial epicuticular waxes were isolated first, followed by the isolation of abaxial epicuticular waxes.

After the removal of epicuticular waxes, the leaves were used to extract the intracuticular waxes by rinsing with chloroform (Zhang et al., 2020). The adaxial intracuticular waxes were rinsed first, followed by rinsing with the abaxial intracuticular waxes. The collected chloroform solution was evaporated dry to get the adaxial or the abaxial intracuticular waxes, respectively.



Wax Analysis

Before gas chromatography–mass spectrometry (GC–MS) and GC-flame ionization detector (FID) analysis, wax samples were derivatized by N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA, Aldrich, GC grade) containing 1% trimethylchlorosilane (Aldrich) in pyridine (Aldrich, 99.8%, anhydrous). Individual wax components were identified from MS data by comparing their mass spectra with the National Institute of Standard Database (NIST 14). Waxes were quantified from the FID data by normalizing peak area to the internal standard. DB-1 column (30 m × 0.25 mm × 0.25 μm, Agilent, CA, United States) was used. The constant flow rates of helium carrier gas for GC–MS and GC-FID were 1.2 and 1.7 ml min−1, respectively. The flow rates for hydrogen, nitrogen, and zero air were 40, 30, and 400 ml min−1, respectively. Oven temperature program was initiated at 70°C, raised by 10°C min−1 to 200°C, held for 2 min, then raised by 3°C min−1 to 320°C, held for 20 min before return to 70°C. The MS detector setting was as follows: EI-70 eV, ionization source temperature: 230°C.



Cuticular Transpiration Rate Measurement

The cuticular transpiration rate was measured by following the method described in the study by Zhang et al. (2020). Growing twigs at the stage of one bud and seven leaves were harvested and kept in water overnight under dark. The next day, the abaxial surface of the fifth leaf was sprayed with 50 mM ABA to promote stomata closure. For each germplasm, six different treatments were performed to the fifth leaf, namely, (1) control, no additional treatments were applied (T); (2) the adaxial surface was sealed with vaseline (Ad/Vas); (3) the abaxial surface was sealed with vaseline (Ab/Vas); (4) both leaf surfaces were sealed with vaseline (Ad/Vas::Ab/Vas); (5) the adaxial epicuticular waxes were removed by gum arabic, while the abaxial surface was sealed with vaseline (−EwAd::Ab/Vas); and (6) the abaxial epicuticular waxes were removed by gum arabic, while the adaxial surface was sealed with vaseline (−EwAb::Ad/Vas). After completing these pretreatments, the fifth leaf was removed and photographed, and the projected leaf area (A) was calculated by ImageJ software. The initial, water-saturated fresh leaf weight (Wi) was recorded. Leaves were then placed in a controlled dark room (25°C, 50% humidity), and the leaf weight was recorded hourly by balance; the measurement lasted for 8 h (Wt1, 2…8). Each treatment group included five leaves representing five biological replicates. The cuticular transpiration rates from the total leaf surface (TTotal_C), the adaxial surface (TAd), the abaxial surface (TAb_C), the adaxial intracuticular waxes (TAd/intra), and the abaxial intracuticular waxes (TAb/intra_C) were calculated by the formula described before (Zhang et al., 2020). The transpiration rate from the epicuticular waxes cannot be directly measured by the method described in the study by Zhang et al. (2020). After the removal of epicuticular wax, the higher the ratio increase of the intracuticular transpiration rate, the higher the epicuticular resistance would be. By using this relationship, here, we define the epicuticular resistance as the relative ratio increase of the intracuticular transpiration rate after the epicuticular wax removal. Thus, in this study, the cuticular transpiration rate and the resistance represent two different terminologies. The adaxial epicuticular resistance (RAd/epi) was calculated by the formula (I):

[image: image]

TAd and TAd/intra represent the adaxial cuticular transpiration rates before and after epicuticular wax removal, respectively;

The abaxial epicuticular resistance (RAb/epi_C) was calculated by the formula (II):

[image: image]

TAb and TAb/intra_C represent the abaxial cuticular transpiration rates before and after abaxial epicuticular wax removal, respectively.

It is worth mentioning that Jetter and Riederer (2016) defined resistance as the inverse of permeance and different from the definition here.



Statistical Analysis

The mean and SE were calculated by ANOVA. Significance was determined by one-way ANOVA based on Duncan’s multiple range tests. Regression analysis between cuticular transpiration rate and wax composition was performed by SPSS (V17.0; SPSS, IBM, Armonk, United States). Bivariate correlations based on Pearson’s correlation (two-tailed) were used to determine the significance of correlations between different parameters.




RESULTS


The Cuticle Thickness of the Eight Tea Germplasms

To measure the cuticle thickness, the fifth leaf of the eight tea germplasms was prepared for TEM observation. Under our sample preparation method, the cuticle showed a whitish appearance, and the cell wall was stained dark (Supplementary Figure S1). Thus, the cuticle was clearly discerned from TEM imaging. Among the eight tea germplasms, the average thickness of the adaxial cuticle ranged from 2.12 to 2.99 μm, with Wuniuzao and Jinguanyin ranked as the thinnest and the thickest adaxial cuticle, respectively. The abaxial cuticle thickness showed relatively smaller variations and ranged from 1.24 to 1.46 μm, with 0306H and Jinguanyin ranked as the thinnest and the thickest abaxial cuticle, respectively. For individual germplasms, the adaxial cuticle generally was thicker than the abaxial cuticle (Figure 1; Supplementary Figure S1).

[image: Figure 1]

FIGURE 1. Cuticle thickness from the adaxial and the abaxial cuticle of the eight tea germplasms. (A) The adaxial surface; (B) the abaxial surface. Different lowercase letters represent the statistical significance (p < 0.05).




The Epi- and Intracuticular Wax Coverage of the Eight Tea Germplasms

To compare the compositional characteristics of the cuticle from the eight tea germplasms, waxes were isolated from the epi- and intracuticular compartments of both leaf surfaces, and then analyzed by GC–MS and GC-FID. For individual germplasm, the wax coverages from the adaxial and abaxial surfaces did not correlate with their respective cuticle thickness. Although the adaxial cuticle was thicker than the abaxial cuticle (Figure 1; Supplementary Figure S1), the wax coverage from the adaxial surface and the abaxial surface was similar (Figure 2). This suggests that the wax density from the adaxial surface was lower than that of the abaxial surface. In addition, the epicuticular waxes and the intracuticular waxes from the adaxial surface and the abaxial surface showed different wax distribution patterns. On the adaxial surface, the waxes were almost equally distributed between the epicuticular waxes and the intracuticular waxes; in contrast, the intracuticular waxes coverage on the abaxial surface was about 1.45–3.33 times higher than that of the epicuticular waxes. For individual germplasm, the coverage of adaxial the epicuticular waxes generally was higher than that of the abaxial the epicuticular waxes. Among the four cuticular compartments of each germplasm, the coverage of the abaxial intracuticular waxes ranked as the highest except Wuniuzao (Figure 2). Hongyafoshou showed the lowest total wax coverage (0.73 μg cm−2) among the eight tea germplasms. Accordingly, its wax coverage from each cuticular compartment was also the lowest.

[image: Figure 2]

FIGURE 2. Cuticular wax coverage from the epi- and the intracuticular compartments of both leaf surfaces. Ew: the epicuticular waxes; Iw: the intracuticular waxes; Ad: the adaxial surface; Ab: the abaxial surface. Different lowercase letters represent the statistical significance (p < 0.05).




The Epi- and Intracuticular Wax Compositions of the Eight Tea Germplasms

At the chemical class level, tea leaf waxes include glycols, caffeine, VLCFAs, and their primary alcohols, alkyl esters, aldehydes, and alkane derivatives; mature tea leaves also contained considerable amounts of pentacyclic triterpenoids, steroids, and tocopherols (Zhu et al., 2018; Chen et al., 2020; Zhang et al., 2020). The adaxial epicuticular and intracuticular waxes were dominated by VLCFA compounds (acids, aldehydes, 1-alcohols, and alkanes) in all germplasms, which accounted for 46–67% of the total epicuticular wax coverage and 41–54% of the total intracuticular wax coverage (Figure 3). Compared to the abaxial epicuticular waxes, the adaxial epicuticular waxes showed higher coverage of aldehydes, 1-alkanols, alkanes, and β-tocopherol. Compared to the abaxial intracuticular waxes, the adaxial intracuticular waxes showed higher coverage of 1-alkanols, alkanes, and β-tocopherol, but showed lower coverage of triterpenoids, steroids, and caffeine (Figure 3). Due to these biased distributions of individual wax components on both leaf surfaces, the adaxial coverages of 1-alkanols, alkanes, and β-tocopherol were higher than those of the abaxial surface; in contrast, the adaxial coverage of triterpenoids, steroids, and caffeine was lower than that of the abaxial surface.

[image: Figure 3]

FIGURE 3. The wax compositional comparison from the epi- and intracuticular compartments among the eight tea germplasms. EwAd: the adaxial eipcuticular waxes; IwAd: the adaxial intracuticular waxes; EwAb: the abaxial eipcuticular waxes; IwAb: the abaxial intracuticular waxes.




The Cuticular Transpiration Rates From Different Leaf Surfaces and Cuticular Compartments

The water transpiration rates from the fifth leaf were measured. On the leaf drying curve, Hongyafoshou and Fuyun 20 reached a constant level 4th h post-excision; however, the remaining six germplasms reached constant levels at the 5th h post-excision (Supplementary Figure S2). The observed leaf transpiration rates for the control and various treatments were recorded; the values at the 1st h and the 5th h post-excision are presented in Supplementary Table S1. The residual stomata transpiration rate was obtained by using the difference in the total transpiration rate between the 1st h and the 5th h of the control leaves (T1–T5). Hongyafoshou and Fuyun 20 showed higher residual stomata transpiration rates compared to other six tea germplasms. Accordingly, they reached a constant level 1 h earlier than others. The total leaf transpiration rate at the 5th h post-excision was used as proxy of the total cuticular transpiration rate since at this time point the stomata was fully closed. The cuticular transpiration rates from the adaxial surface and the abaxial surface were obtained from the observed data by applying the established formula (Zhang et al., 2020; Figure 4; Supplementary Table S1).

[image: Figure 4]

FIGURE 4. Cuticular transpiration rate (A) and epicuticular resistance (B) of the eight tea germplasms. Different lowercase letters represent the statistical significance (p < 0.05). TTotal_C: the total cuticular transpiration rate; TAd: the adaxial cuticular transpiration rate; TAb_C: the abaxial cuticular transpiration rate; TAd/intra: the adaxial intracuticular transpiration rate; TAb/intra_C: the abaxial intracuticular transpiration rate; RAd/epi: the adaxial epicuticular resistance; RAb/epi_C: the abaxial epicuticular resistance.


The total cuticular transpiration rate (TTotal_C) ranged from 0.090 mg.h−1.cm−2 for Jinguanyin to 0.216 mg.h−1.cm−2 for Hongyafoshou (Figure 4A, top panel). Accordingly, Hongyafoshou showed higher cuticular transpiration rates from all its cuticular compartments and also lower abaxial epicuticular resistance (RAb/epi_C; Figures 4A,B). The adaxial cuticular transpiration rates showed small variations among these eight tea germplasms; in contrast, the abaxial cuticular transpiration rates showed much larger variations. The abaxial cuticular transpiration rate (TAb_C) was about 1.8–3.3-fold high of the adaxial surface (TAd) in all the eight tea germplasms (Figure 4A). The abaxial intracuticular transpiration rates (TAb/intra_C) were about 4.6–6.5-fold higher than the adaxial intracuticular waxes (TAd/intra). The resistance of the abaxial epicuticular waxes (RAb/epi_C) was about 2.8–6.4-fold higher than that of the adaxial epicuticular waxes (RAd/epi; Figure 4B). Overall, the water loss from the adaxial surface (TAd) accounted for 22–36% of the total leaf water loss (TTotal_C), while the water loss from the abaxial surface (TAb_C) accounted for 64–78% of the total leaf water loss (Figure 4). It is clear that the adaxial leaf surface showed a better cuticular transpiration barrier compared to its abaxial surface.

Machado et al. (2020) studied 30 different native tree species, including drought deciduous and evergreen, and found that residual stomatal transpiration had a significant impact on the minimum conductance; the stomata distribution pattern in the epidermis was a key factor determining the variation in minimum conductance. To exclude the stomatal effects on the cuticular transpiration rate measurement, in this study the stomata density, guard cell length, and guard cell pair width were measured from SEM images (Supplementary Figure S3A). The average stomata density from these eight tea germplasms ranged from 225 to 240 mm−2; no significant difference was observed among them (Supplementary Figure S3B). Significant differences in guard cell length and guard cell pair width were observed among some pairs of germplasm (Supplementary Figures S3C,D). However, no significant correlations were found between these three stomata parameters and the abaxial cuticular transpiration rates. Machado et al. (2020) also observed that for evergreens there is no significant association between stomatal properties and leaf water leaks. Our data suggest that the variations in the abaxial cuticular transpiration rates from these eight tea germplasms likely resulted from other factors rather than stomatal characteristics (Figure 4A; Supplementary Figure S3).

To uncover the relationships among the cuticular transpiration rates (or resistance), Pearson’s correlation analysis was carried out (Figure 5). The total cuticular transpiration rate (TTotal_C) was significantly and positively correlated with the abaxial cuticular transpiration rate (TAb_C; R2 = 0.94) and the abaxial intracuticular transpiration rate (TAb/intra_C; R2 = 0.94), and significantly and negatively correlated with the abaxial epicuticular resistance (RAb/epi_C; R2 = −0.73). On the adaxial surface, the adaxial cuticular transpiration rate (TAd) was significantly and positively correlated with the adaxial intracuticular transpiration rate (TAd/intra; R2 = 0.86); however, TAd was not correlated with the adaxial epicuticular resistance (RAd/epi). On the abaxial surface, the abaxial cuticular transpiration rate (TAb_C) was significantly and positively correlated with the abaxial intracuticular transpiration rate (TAb/intra_C; R2 = 0.93) and negatively correlated with the abaxial epicuticular resistance (RAb/epi_C; R2 = −0.89). The abaxial intracuticular transpiration rate (TAb/intra_C) was significantly and negatively correlated with the abaxial epicuticular resistance (RAb/epi_C; R2 = −0.67; Figure 5).

[image: Figure 5]

FIGURE 5. Correlation analysis of cuticular transpiration rate (or resistance; R2). TTotal_C: the total cuticular transpiration rate; TAd: the adaxial cuticular transpiration rate; TAb_C: the abaxial cuticular transpiration rate; TAd/intra: the adaxial intracuticular transpiration rate; TAb/intra_C: the abaxial intracuticular transpiration rate; RAd/epi: the adaxial epicuticular resistance; RAb/epi_C: the abaxial epicuticular resistance. ∗p < 0.05.




Correlation Analysis Between Cuticular Transpiration Rates and Cuticle Structural Parameters

Pearson’s correlation analyses were carried out to identify the associations of cuticular transpiration rates with wax chemical classes from individual cuticular compartments. We found that the total leaf cuticular transpiration rates (TTotal_C) were significantly and negatively correlated with the total wax coverage (Ad + Ab; R2 = −0.56; Table 1). In addition, the abaxial epicuticular resistance (RAb/epi_C) was significantly and positively correlated with the abaxial epicuticular wax coverage (AbEw; R2 = +0.56). No significant correlations were found from other cuticular compartments (Table 1).



TABLE 1. Correlation analysis between cuticular transpiration rate (or resistance) and cuticular wax chemical classes (R2).
[image: Table1]

Among the total leaf wax coverage (Ad + Ab), acids, 1-alkanols, alkanes, and glycol esters were found to be significantly and negatively correlated with the total leaf cuticular transpiration rates (TTotal_C). Consistent with the total leaf wax coverage (Ad + Ab), these same waxes from the abaxial surface (AbEw + Iw) were also significantly and negatively correlated with the abaxial cuticular transpiration rates (TAb_C); furthermore, these wax classes from the abaxial epicuticular layer (AbEw) were significantly and positively correlated with the abaxial epicuticular resistance (RAb/epi_C). In abaxial intracuticular waxes (AbIw), acids and 1-alkanols were significantly and negatively correlated with the abaxial intracuticular transpiration rates (TAb/intra_C).

Among the adaxial cuticular waxes (AdEw + Iw), 1-alkanols and alkanes were significantly and negatively correlated with the adaxial cuticular transpiration (TAd). Aldehydes from the adaxial epicuticular waxes (AdEw) were significantly and positively correlated with the adaxial epicuticular resistance (RAd/epi). In adaxial intracuticular waxes (AdIw), 1-alkanols were significantly and negatively correlated with the adaxial intracuticular transpiration rate (TAd/intra; Table 1).

The correlations of cuticular transpiration rates or resistance with individual wax components from each cuticular substructure were also analyzed (Table 2). Seven wax components from the total wax coverage (Ad + Ab) were found to be significantly and negatively correlated with total leaf cuticular transpiration rates (TTotal_C); they were two acids (C16 and C18), three 1-alkanols (C26, C28, and C32), and two alkanes (C25 and C29; Table 2). Four of them, namely, two acids (C16, C18) and two 1-alkanol (C28, C32), from the total abaxial wax coverage (AbEw + Iw) showed similar correlations with the abaxial cuticular transpiration rate. Such correlations were not found from the adaxial surface (AdEw + Iw). C25 alkane from the total leaf wax coverage showed a significant and negative correlation with the total leaf cuticular transpiration rate; such correlations were not found from the adaxial or the abaxial surfaces; instead, a significant and positive correlation was found on the abaxial epicuticular waxes between wax coverage and the abaxial epicuticular resistance (Table 2). In contrast, C29 alkane showed similar significant and negative correlations from the total leaf wax coverage (Ad + Ab), total adaxial wax coverage (AdEw + Iw), and total abaxial wax coverage (AbEw + Iw). C19 glycol ester and betulin from the abaxial surface (AbEw + Iw) showed significant and negative correlations with the abaxial cuticular transpiration rates; such correlations were not found from the total leaf wax coverage and the total adaxial wax coverage.



TABLE 2. Correlation analysis between cuticular transpiration rate (or resistance) and cuticular wax components (R2).
[image: Table2]

On the adaxial surface, one wax component (C29 alkane) showed a significant and negative correlation with the adaxial cuticular transpiration rate; such correlations were not found from the adaxial epicuticular waxes or intracuticular waxes. Instead, another wax component (C26 1-alkanol) from the adaxial intracuticular waxes showed a significant and negative correlation with the adaxial intracuticular transpiration rate, although such correlation was not found from the total adaxial wax coverage. Four more wax components from the adaxial epicuticular waxes, namely, three aldehydes (C26, C28, and C30) and one glycol (C20), showed significant and positive correlations with the adaxial epicuticular resistance.

On the abaxial surface, seven wax components from the total abaxial coverage (AbEw + Iw) showed significant and negative correlations with the abaxial cuticular transpiration rates; they were two acids (C16 and C18), two 1-alkanols (C28 and C32), one alkane (C29), one glycol ester (C19), and one triterpenoid (betulin). Three of them (C16 acid, C18 acid, and C28 1-alkanol) from the abaxial intracuticular wax showed similar correlations with the abaxial intracuticular transpiration rates; a significant and positive correlation with the abaxial epicuticular resistance was also observed. The other three wax components (C32 1-alkanol, C19 glycol ester, and betulin) did not show correlations from neither the abaxial epicuticular waxes nor the intracuticular waxes.

The correlation analysis of the adaxial epicuticular waxes identified four more wax components showing significant and positive correlations with the adaxial epicuticular resistance (RAd/epi), namely, three aldehydes (C26, C28, and C30) and one glycol (C20). These four components did not show correlations from neither the total adaxial waxes nor the adaxial intracuticular waxes. The correlation analysis from the abaxial epicuticular waxes identified seven wax components showing significant and positive correlations with the abaxial epicuticular resistance (RAb/epi_C), namely, two acids (C16 and C18), one 1-alkanol (C28), three alkanes (C21, C25, and C29), and one glycol ester (C18). Four of them, namely, two acids (C16 and C18), one 1-alkanol (C28), and one alkane (C29), have been identified from the total abaxial waxes and the abaxial intracuticular waxes. The other three wax components (C21 alkane, C25 alkane, and C18 glycol ester) were found only from the abaxial epicuticular waxes to show such a significant and positive correlation.




DISCUSSION

The principal goal of this study was to quantify to which degree the epicuticular waxes and the intracuticular waxes contribute to the barrier against nonstomatal water loss in mature tea leaves. To address this question, cuticular transpiration rates from eight tea germplasms were measured from each leaf side and individual cuticular substructures. In addition, the epicuticular and intracuticular wax coverage and compositions from both leaf surfaces were determined.


The Adaxial and the Abaxial Leaf Surfaces Showed Different Structures of Cuticular Transpiration Barrier

Cuticular transpiration takes place on both the adaxial and the abaxial leaf surfaces. The nonstomatal adaxial cuticle has been extensively studied, and it has been demonstrated that the adaxial intracuticular waxes constitute the major transpiration barrier, while the adaxial epicuticular waxes are not (Jetter and Riederer, 2016; Zeisler and Schreiber, 2016; Zeisler-Diehl et al., 2018). In contrast, there are few studies about the transpiration barriers from the abaxial leaf surface, largely due to the presence of stomata on this surface. Under normal growth conditions, stomatal transpiration is much higher than cuticular transpiration, which makes the measurement of the abaxial cuticular transpiration technically challenging. The recently established new method enables us to measure cuticular transpiration from different leaf surfaces and cuticular substructures simultaneously (Lino et al., 2020; Zhang et al., 2020). By applying this method, the cuticular transpiration rates from the eight tea germplasms were measured. On the adaxial surface, adaxial epicuticular resistance (RAd/epi) was in the range of 10–25% (Figure 4B, upper panel); the total adaxial transpiration rate (TAd) was significantly and positively correlated with the adaxial intracuticular transpiration rate (TAd/intra; Figure 5). Therefore, our data in tea leaves were in accordance with previous conclusions (Jetter and Riederer, 2016; Zeisler and Schreiber, 2016; Zeisler-Diehl et al., 2018; Zhang et al., 2020). The cuticular transpiration rates from the abaxial surface were about 1.8–3.3 times higher than those of the adaxial surface (Figure 4). Thus, in addition to Hedera helix leaves (Šantrůček et al., 2004), tea leaves also showed higher abaxial cuticular transpiration compared with its adaxial surface. Correlation analysis showed that the total cuticular transpiration rate was significantly correlated with the abaxial cuticular transpiration rate rather than the adaxial cuticular transpiration rate (Figure 5).

The abaxial cuticular transpiration rate (TAb_C) was positively correlated with the abaxial intracuticular transpiration (TAb/intra_C) and negatively correlated with the abaxial epicuticular resistance (RAb/epi_C). Our data suggest that the abaxial epicuticular waxes constituted another major transpiration barrier, while the abaxial intracuticular waxes were not (Figure 5).

It remains unclear why the adaxial and abaxial surfaces showed different structural organizations in the cuticular transpiration barrier, and what are the underlying mechanisms. Considering that the adaxial and the abaxial leaf surfaces have different niches such as light irradiance, insects, pathogen infestation patterns, etc., we speculate that the adaxial surface is optimized to restrict water loss, while the abaxial surface could be evolved to cope with other environmental stresses, which could compromise its potency as an efficient transpiration barrier. The different environmental niches could provide essential signals to differentially regulate wax biosynthesis or transport, which takes place within the adaxial epidermal cells and the abaxial epidermal cells, respectively. As a result, cuticle structural characteristics on the respective leaf surface could be affected. For crop breeding to improve drought tolerance traits or other related traits, more attention should be paid to germplasms with lower abaxial cuticular transpiration rates.



Plant Growth Conditions Affected the Contribution of Structural Parameters to Tea Cuticular Transpiration Barriers

Most previous studies did not differentiate the epicuticular waxes and the intracuticular waxes, and bulk wax data were used to establish the cuticle structure–function relationship. Under this scenario, the important effects of substructures could be averaged out (Jetter and Riederer, 2016). This may explain the contradicting results from the literature regarding the cuticle thickness and wax coverage for the contributions to the cuticular transpiration barrier. Although no correlations have been reported between cuticular transpiration rate and cuticular wax coverage under normal growth conditions, the specific wax components, rather than wax coverage, have been found to affect cuticular transpiration (Riederer and Schneider, 2001; Jetter and Riederer, 2016). Water deficit induces the increase in cuticle thickness, which associates with the reduction in transpiration rate (Kosma et al., 2009; Jäger et al., 2014); similar observations were also found in tea following water deprivation treatments (Chen et al., 2020; Zhang et al., 2020). However, in other studies, cuticle thickness was not correlated with cuticular transpiration (Schreiber and Riederer, 1996; Jetter and Riederer, 2016; Bi et al., 2017). In this study, the eight germplasms were grown under normal conditions, cuticle thickness from the adaxial and the abaxial surfaces was measured, and no correlations were found between the cuticular transpiration rates and the cuticle thickness from both leaf surfaces. These data suggest that under normal growth conditions, cuticle thickness may not be a major structural parameter affecting the cuticular transpiration barrier.

However, the total leaf cuticular transpiration rates were found to be significantly and negatively correlated with the total leaf wax coverage (Table 1), which are consistent with the results from Arabidopsis, barley, tomato, and nectarine (Seo et al., 2011; Hasanuzzaman et al., 2017; Romero and Rose, 2019; Lino et al., 2020). In addition, the abaxial epicuticular resistance was significantly and positively correlated with the abaxial epicuticular wax coverage. Meanwhile, no significant correlations were found from individual leaf surfaces, neither the adaxial epicuticular and intracuticular waxes nor the abaxial intracuticular waxes (Table 1). Thus, the correlation between wax coverage and cuticular transpiration barrier could be species-specific or cuticle substructure-specific. This work highlights the importance of analyzing the wax coverage from cuticle substructure rather than using bulked data. Previously, we found that following drought treatment, the cuticular transpiration rates are significantly and negatively correlated with the adaxial and the abaxial intracuticular waxes; but no correlations were found between cuticular transpiration rates and the adaxial or the abaxial wax coverage (Zhang et al., 2020). These discrepancies suggest that wax coverage is not the only factor that affects the cuticular transpiration barrier. Instead, cuticle structural changes induced by other drought stress could play larger roles in affecting cuticular transpiration barrier properties. This notion was supported by the significant wax compositional changes following drought treatments (Chen et al., 2020; Zhang et al., 2020).



Aliphatic Compounds and Glycol Esters Contributed to the Cuticular Transpiration Barrier in Tea Under Normal Growth Conditions

In this study, correlation analysis revealed that acids, 1-alkanols, alkanes, and glycol esters from the total leaf wax coverage (Ad + Ab) were associated with TTotal_C (Table 1). These data were in accordance with previous reports that the major cuticular transpiration barrier was formed by very-long-chain aliphatic compounds (Vogg et al., 2004; Jetter and Riederer, 2016). These same wax chemical groups (except acids and glycol esters) also showed similar roles on the adaxial and the abaxial surfaces as well as on the abaxial epicuticular waxes (Table 1). 1-Alkanols contributed to the transpiration barrier from the adaxial and the abaxial intracuticular waxes, while glycol esters specifically function on the abaxial epicuticular waxes layer (Table 1).

At the individual wax chemical level, there was no overlap of the contributing wax components between the adaxial and abaxial surfaces except C29 alkane, which contributed to the transpiration barrier on both leaf surfaces. The adaxial intracuticular waxes constituted a major leaf transpiration barrier, and 1-alkanol (C26) appeared to be the major contributor affecting its transpiration barrier properties. Although the adaxial epicuticular waxes were not a major transpiration barrier, three aldehydes (C26, C28, and C30) and one glycol (C20) were identified to affect its barrier properties (Table 2). The abaxial epicuticular waxes were another major transpiration barrier, and more wax components were identified as a contributor to their barrier formation (Table 2). Similar to the adaxial epicuticular waxes, the abaxial intracuticular waxes were not the major transpiration barrier. However, three wax components (C16 acid, C18 acid, and C28 1-alkanol) were identified to contribute to their transpiration barrier properties. These data suggest that for the individual wax component, its cuticular substructure localization affects its potency as a contributor to the transpiration barrier. This may explain the contradicting results from different plant species studied by different researchers (Riederer and Schneider, 2001; Seo et al., 2011; Jetter and Riederer, 2016; Hasanuzzaman et al., 2017; Romero and Rose, 2019; Lino et al., 2020). This also suggests that each cuticular compartment may have different microstructures, but a comparable transpiration barrier still can be formed.

The coverage of 1-alkanols and alkanes from the adaxial surface (AdEw + Iw) was higher than that of the abaxial surface (AbEw + Iw; Figure 3; Supplemental Data 1). Accordingly, compared with the abaxial surface, the adaxial surface showed a lower water transpiration rate and thus better barrier properties against water loss (Figure 4). On both leaf surfaces, 1-alkanols and alkanes were significantly and negatively correlated with the cuticular transpiration rate (Table 1). This suggests that differential distributions of specific aliphatic wax components on the adaxial and the abaxial surfaces could be one important factor to shape their barrier characteristics.

Generally, the adaxial leaf surface is densely covered with wax crystal, which deflects solar irradiance (Zhu et al., 2018; Zhang et al., 2020). 1-Alkanols and alkanes are the major components of wax crystal (Riederer and Schneider, 1990; Jetter et al., 2000; Cameron et al., 2006; Dragota and Riederer, 2007), which may explain why the adaxial epicuticular waxes were enriched with 1-alkanols and alkanes (Figure 3). Interestingly, both wax components did not contribute to the adaxial epicuticular resistance (Tables 1 and 2). Under field conditions, the adaxial surface is exposed to solar light directly; the deposition of wax compounds, especially 1-alkanols and alkanes, could increase the size and density of wax crystal and deflect solar radiation more efficiently, resulting in reduced leaf surface temperature and water loss (Long et al., 2003; Fukuda et al., 2008). However, the in vitro transpiration measurement in this study was performed under dark conditions; thus, it may miss out their true roles in planta under field conditions.

As a chemical group, triterpenoids did not show a significant correlation with the cuticular transpiration rate or resistance (Table 1), which is in accordance with previous studies (Jetter and Riederer, 2016; Staiger et al., 2019). However, at the individual chemical level, betulin, a triterpenoid from the abaxial surface, showed significant and negative correlations with the abaxial cuticular transpiration rate (Table 2). Previously, we found that triterpenoids play an important role in the formation of the cuticular transpiration barrier following drought stress (Zhang et al., 2020). The cuticular waxes from a desert plant are composed of mainly triterpenoids, which are deposited within the cutin matrix, and play a critical role in protecting the polymer against thermal expansion (Schuster et al., 2016). The studies of tomatoes and nectarines showed that triterpenoid deposition plays a major role in regulating fruit permeability during fruit development and water stress (Romero and Rose, 2019; Lino et al., 2020). Based on these findings, we speculate that triterpenoid deposition could modify cuticle transpiration barrier properties in response to stresses or specific developmental stages.

In summary, here, we conducted a comprehensive analysis of all cuticular substructures from eight tea germplasms. The adaxial intracuticular waxes and the abaxial epicuticular waxes constitute the major cuticular transpiration barriers; the abaxial cuticular transpiration rates were higher than the adaxial cuticular transpiration rates and significantly and positively correlated with the total leaf cuticular transpiration. The very-long-chain aliphatic compounds and glycol esters were important contributors to the overall cuticular transpiration barrier as well as in specific cuticle substructure of tea leaves. This work offered novel insights about the cuticular substructure–function relationship in tea plants.
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Water soaking is an important surface disorder of strawberries that limits unprotected field production. The objective was to identify the mechanism(s) of water soaking. Symptomatic fruit show pale, deliquescent patches of skin. This damage extends into the flesh. Numerous cuticular microcracks occurred in water-soaked areas. Water soaking occurred only if the skin was exposed to liquid water. Water soaking was more rapid when the cuticle had been abraded. Water soaking, anthocyanin leakage, and water uptake all increased with incubation time. There was a lag phase for water soaking and anthocyanin leakage, but not for water uptake. Susceptibility to water soaking increased with fruit ripening and mass. Incubation in isotonic PEG 6000 increased cuticular microcracking but decreased water soaking and water uptake. Incubation in hypotonic fruit juice (natural and artificial) increased water soaking incidence and severity but reduced water uptake. Incubation in dilute citric and malic acids increased plasma membrane permeability as indexed by anthocyanin leakage and increased water soaking. Thus, water soaking involves cuticular microcracking, localized water uptake, bursting of cells, and the release of organic acids into the apoplast. The damage propagates from cell to cell.

Keywords: rain damage, water soaking, Fragaria × ananassa Duch, cracking, leakage, cuticle, microcrack


INTRODUCTION

Strawberry is a soft fleshy fruit of global importance (Hummer and Hancock, 2009). It is highly perishable, but nevertheless grown mainly in the open field where fruit quality is often severely compromised by rain. The main disorders arising from rain are water soaking and cracking (Herrington et al., 2009). With water soaking, the appearance of the fruit surface is compromised, with the skin looking lighter-colored and deliquescent (Herrington et al., 2009). With cracking, easily visible, gaping cracks occur that often extend deep into the flesh. Both disorders may be observed on different regions of the fruit surface, the calyx, neck, shoulder, or tip (Herrington et al., 2011). Both water soaking and cracking increase the incidence of fruit rots pre- and post-harvest. Together, these disorders result in significant economic loss due not only to the lost opportunity (reduced yield) but also to the additional labor involved in harvesting, grading, and packing a fruit population high in individuals suffering compromised quality (Herrington et al., 2009). In addition, the loss at the consumer level increases.

As a result of these limitations, strawberry production is slowly shifting from open field, to semi- or fully protected cultivation in plastic tunnels or greenhouses. This shift is occurring particularly in areas where the incidence of rainfall is high during the later stages of fruit growth and harvest. However, the additional costs of the protection structures and of energy increase the production costs (Khoshnevisan et al., 2013). Furthermore, not all strawberry cultivars are suitable for production in tunnels where, in susceptible cultivars, protected cultivation sometimes increases the incidence of powdery mildew, spider mites, and calcium deficiency disorders (Grijalba et al., 2015).

The mechanistic bases of water soaking and cracking in strawberries have not yet been properly determined. However, such understanding is the obvious prerequisite to the development of effective countermeasures that mitigate water soaking and cracking through the introduction of innovative cultural methods and/or breeding. The objective of this study was to identify the triggers, factors, and mechanisms underlying the water soaking disorder in strawberry fruit.



MATERIALS AND METHODS


Plant Material

Strawberry fruit (Fragaria × ananassa Duch., cultivars Clery, Faith, Florentina, Malwina) were harvested from commercial plantings at Gleidingen (lat. 52°16′ N, long. 9°50′ E) and Bad Nenndorf (lat. 52°21′ N, long. 9°20′ E). The change in cultivars was necessary, because in strawberry a given cultivar is available at the optimum stage of ripeness only for a limited period of time. Unless otherwise specified, fruits were harvested randomly at commercial ripeness (>80% of the fruit surface red), placed in a foam tray, and selected for uniformity of size, shape, and color and for freedom from visual defects. Care was taken to not touch the fruit surface. The pedicel was cut to a maximum length of 5 mm. Fruits were processed fresh on the day of sampling or held at 2°C and 80% RH for no longer than 1 day. Previous studies showed that holding fruit for up to 2 days under these conditions had no effect on rates of water uptake or transpiration (data not shown). Unless otherwise specified, the calyx was removed from the fruit by carefully pulling the tip of the calyx toward the pedicel. This occasionally required the fruit to be held down by holding on to the pedicel. In most instances, gravity was sufficient for the fruit to remain in the foam tray during the removal of the calyx. The fruit surface was not touched by hand during the entire procedure. The pedicel stump and the attachment zones of the calyx represent openings that are accessible for water uptake. To exclude artifacts, these holes were sealed using a fast-curing, non-phytotoxic silicone rubber (SE 9186 Clear; Dow Corning Corp., Midland, United States). This procedure is illustrated in Supplementary Figure 1.



General Procedure

The water soaking damage was induced by incubating fruit in deionized water (one fruit per 100 mL) at room temperature. The fruits were forced under water using a soft plastic-foam plug. After a period of immersion, the fruits were carefully blotted using the soft tissue paper. The extent of water soaking was quantified using a 5-point rating scale or by direct measurement using image analysis. The 5-point rating scale was as follows: score 0 = no water soaking; score 1 = <10% of the surface water-soaked; score 2 = 10–35%; score 3 = 35–60%; and score 4 = >60% of the fruit surface area water-soaked.

The water-soaked fruit surface was inspected by light and fluorescence microscopy. Fruit were incubated in 0.1% acridine orange (Carl Roth, Karlsruhe, Germany) for 3 min, then rinsed with deionized water, and carefully blotted. The fluorescent tracer acridine orange penetrates any microscopic cracks in the cuticle, but not an intact cuticle (Peschel and Knoche, 2005; Becker and Knoche, 2012b; Khanal et al., 2021). The fruit surface was then inspected under incident white and incident fluorescent light using a binocular microscope (Leica MZ10F with filter GFP plus 480–440 nm excitation, ≥510 nm emission; Leica Microsystems GmbH, Wetzlar, Germany). Furthermore, surface scans of water-soaked regions and non-water-soaked control regions were prepared at ×500 using a digital microscope (VHX-7000; Keyence, Osaka, Japan) and coaxial illumination.

Water uptake into submerged fruit was quantified gravimetrically. Fruits were incubated individually in deionized water. Before each weighing, a fruit was carefully blotted dry using a soft paper tissue, then weighed (CPA225D; Sartorius, Göttingen, Germany), and thereafter immediately returned to the incubation solution for a further period. Unless specified otherwise, the number of replicates was 15.



Experiments

The effect of partial immersion in water on water soaking was investigated in “Florentina” fruit. Fruits were incubated for 24 h in deionized water such that (a) one half of the fruit was submerged (longitudinal axis horizontal), or (b) just the fruit tip (longitudinal axis vertical), or (c) just the calyx end (longitudinal axis vertical).

The effect of wounding on water soaking was investigated in “Florentina” fruit. The treatments were (a) an incision 5 mm long, 3 mm deep using a razor blade; (b) a hole 1.6 mm diameter and 5 mm deep; and (c) abrasion of the cuticle with carborundum powder (grain size 1,200; Schriever, Hamburg, Germany) of about 10 mm2. Treated fruits were then incubated in deionized water for 3 h, and calibrated photographs were taken immediately thereafter. The soaked areas around the wounds were quantified by image analysis (cellSens Dimension 1.7.1; Olympus Soft Imaging Solutions, Münster, Germany). The numbers of replicates were 10.

Different procedures to quantify water soaking were compared using “Florentina” fruit. These procedures included the comparison of the rating scheme (above) with direct measurement of water-soaked areas using image analysis. In designs involving repeated measures, to exclude artifacts resulting from repeated blotting, the experiment was run twice: First, using independent measurements and ratings (destructive sampling), and second, using repeated observations (measurements and ratings) on the same fruit (non-destructive sampling). For the repeated measurements, the fruit was rotated and photographed from opposite sides at each time interval. Only when the area of water soaking exceeded 60% of the total fruit surface was the fruit peeled and the peel flattened on a glass plate. A calibrated photograph was taken (Canon DS126271; Canon Inc., Tokyo, Japan). The water-soaked area was quantified using image analysis (cellSens Dimension 1.7.1; Olympus Soft Imaging Solutions, Münster, Germany). The minimum number of replicates was 60.

The time courses of change in the water-soaked area, in the absorbance of the incubation solution, and in the mass of water uptake were determined over a 10-h incubation period. The water-soaked area was quantified using image analysis (cellSens Dimension 1.7.1; Olympus Soft Imaging Solutions), and the water uptake was measured gravimetrically as described above. The leakage of anthocyanin into the incubation medium was determined by measuring the absorbance of the incubation medium at 520 nm using a spectrophotometer (Specord 210; Analytik Jena, Jena, Germany). Since the absorbance of an anthocyanin solution depends on pH, the pH was first adjusted to pH 2.3 using citric acid at a final concentration of 37 mM.

Relationships between water soaking, microcracking, and water uptake were studied by incubating “Clery” fruit for 0, 2, 4, 8, 16, and 24 h in deionized water. Water soaking was quantified using the rating scheme described above. Microcracking of the cuticle was indexed by quantifying the area infiltrated with acridine orange using fluorescence microscopy. The fruits were dipped in 0.1% (w/w) aqueous acridine orange (Carl Roth, Karlsruhe, Germany) for 5 min. Thereafter, fruits were rinsed, blotted dry, and viewed at ×6.3 under a fluorescence binocular microscope (MZ10F; Leica Microsystems, Wetzlar, Germany). Four calibrated images within randomly selected microscope “windows” were taken (Camera DP71; GFP-plus filter, 480–440 nm excitation, ≥510 nm emission wavelength) per fruit on a total of 10 fruit. The area infiltrated by acridine orange was quantified using image analysis (cellSens Dimension 1.7.1; Olympus Soft Imaging Solutions, Münster, Germany). A tissue infiltrated with acridine orange exhibits orange, yellow, and green fluorescence (Peschel and Knoche, 2005). To quantify the infiltrated areas, the appropriate color thresholds were selected, and all images were batch-processed using the same settings for these thresholds. The infiltrated areas were expressed as a percentage of the area of the microscope window. Water uptake was determined gravimetrically.

The site on the fruit surface where water soaking first appeared was identified in “Florentina” strawberries. Fruits were immersed in deionized water and continually inspected for symptoms of water soaking. When a fruit exhibited water soaking, it was cut into four slices of equal thickness and perpendicular to its longitudinal axis. The slice in which symptoms first appeared was recorded. Two batches of fruit were inspected: (a) one with the calyx present and (b) one with the calyx removed. The total number of replicates was 92 per treatment. The osmotic potentials of the juice expressed from the different slices from the same batch were measured. A fruit was cut into two halves along its longitudinal axis. One half was used to express the juice to determine the mean osmotic potential of the fruit. The other half was cut transversally into four slices of equal thickness. The osmotic potential of the expressed juices was determined by water vapor pressure osmometry (VAPRO 5600; Wescor, Utah, United States).

A “gaping assay” was carried out to evaluate the strain relaxation in the different regions of the fruit surface. A cut 5 mm long and 2 mm deep was made using a razor blade. Calibrated photographs (Lumix DMC-G80; Panasonic Corporation, Osaka, Japan) were taken on a macrostand immediately after the cut had been made and again 24 h later. Gape width was measured by image analysis. Fruits was maintained at 100% RH during the assay to minimize transpiration. The experiments were carried out using “Florentina” fruit. The number of replicates was 10.

The effect of ripeness on water soaking was studied in the fruit of “Florentina.” Fruit were selected at six stages of ripeness as indexed by color, ranging from white to dark red (CM-2600 d, orifice 3 mm diameter; Konica Minolta, Tokyo, Japan). All fruit were incubated for 6 h to induce water soaking. Water soaking was quantified using the rating scheme described above. Water uptake was measured gravimetrically (CPA225D; Sartorius, Göttingen, Germany). The osmotic potentials (VAPRO 5600; Wescor, Utah, United States) of the expressed juices were analyzed from the fruit of the same batch.

The effect of fruit size on water soaking was investigated by incubating fruit of five different size classes in water for 6 h. The size classes were <15, 15–20, 20–25, 25–30, and 30–40 g. Water soaking was rated as indicated above. Color (CM-2600 d, orifice 3 mm diameter; Konica Minolta, Tokyo, Japan) and soluble solids (°Brix) using a refractometer (DR6200-T; A. Kruess Optronic, Hamburg, Germany) were determined. This experiment was carried out using “Malwina” fruit. The total number of replicates was 92.

The effect of water uptake on water soaking was studied by incubating “Clery” strawberries in solutions of polyethylene glycol 6000 (PEG 6000) or in deionized water. The PEG 6000 solution was prepared to be isotonic to the juice expressed from the fruit of the same batch. The time courses of change in water-soaked area and in water uptake were established by sampling fruit at 0, 1, 2, 4, 6, 8, 11, and 24 h. In addition, the fruit surface was inspected for microcracks as described above.

The role of the osmolytes contained in expressed strawberry juice in the phenomenon of water soaking was addressed in two different experiments.

We analyzed the effect on water soaking of expressed strawberry juice (natural) and of a synthetic juice prepared by combining pure solutions of the five major strawberry osmolytes (artificial). Natural juice was expressed from the fruit of the same batch as used in the experiment. The osmolytes in the artificial juice and their relative amounts were glucose (30.3%), fructose (33.2%), sucrose (7.6%), citric acid (9.7%), malic acid (5.7%), and potassium applied as KOH (9.6%) (Herrmann, 2001). Natural and artificial juice was used at “full” (isotonic with the fruit) or “half strength” (half isotonic). Osmotic potentials of the solutions were measured by water vapor pressure osmometry (VAPRO 5600; Wescor, Utah, United States). Deionized water served as control. Fruits were incubated for 4 h, and the water-soaked area was then quantified. The rates of water uptake were determined gravimetrically on fruit from the same batch at 0.5-h intervals for up to 1.5 h. The rates of water uptake were calculated (mg h−1) on an individual fruit basis, from the slope of a linear regression fitted through a plot of increasing fruit mass vs. time. The experiment was carried out using “Faith” fruit.

In the second experiment, the effect of the individual major osmolytes of “Florentina” strawberry, i.e., of glucose (121.0 mM), fructose (132.7 mM), sucrose (30.4 mM), citric acid (38.9 mM), and malic acid (22.6 mM), on water soaking and the rate of water uptake was established. The solution's concentrations were derived from the composition of the isotonic artificial juice of fruit from the same batch. Deionized water and the isotonic artificial juice were used as controls. The water-soaked area and the rate of water uptake were determined as described above.

The role of malic and citric acid in water soaking was studied using a leakage assay and anthocyanin as an indicator of cell membrane damage in “Florentina” (Winkler et al., 2015). Cell walls were stressed to varying extents by incubating fruit in solutions of PEG 6000 of different osmotic potentials, and a time course of anthocyanin leakage was established. Cylinders of the outer flesh and fruit skin were excised using a biopsy punch (8 mm diameter), and these were cut to 2 mm length, rejecting the skin, using parallel razor blades. Flesh disks were blotted and rinsed, and then incubated in isotonic PEG 6000 solution, with and without (control) 39 mM citric and 23 mM malic acid. Disks were removed from solution after 1, 2, 4, 8, and 24 h. The absorbance of the incubation medium was quantified at 520 nm using a spectrophotometer (Specord 210; Analytik Jena, Jena, Germany). Before measuring, the pH of the solution used as a control was adjusted by adding the same volume of acids (after incubation was terminated) as that present in the treatment solution. In this way, the control and treatment solutions had the same pH (pH 2.5), and there was no confounding in anthocyanin detection due to variable pH. In a subsequent experiment, disks were incubated in PEG 6000 solutions of osmotic potential 0, −0.6, −1.2, −1.8, or −2.4 MPa with and without the two acids. Disks were removed from the solutions after 4 h, and the anthocyanin content of the incubation medium was measured as described above. Six disks were excised per fruit and used as paired observations. Three disks represent one replicate. The experiment was carried out using 10 replicates.



Data Analyses

All experiments were conducted and analyzed using completely randomized designs. Data were analyzed by analysis of variance and linear regression. Means were compared using Tukey's studentized range tests (p < 0.05) and the statistical software R (version 3.5.1; R Foundation for Statistical Computing, Vienna, Austria). Unless individual observations are shown (e.g., Figure 3C-inset, Figures 4A,B-insets, and Figure 4D), data are presented as means ± standard errors.




RESULTS

Water soaking in strawberries appeared as irregular patches of skin that are pale, deliquescent, and sometimes pinkish. At times, they looked slightly translucent compared to the shiny, dark-red controls (Figure 1A). The symptoms usually started on the margin between the depressions of adjacent achenes. When severe, the patches covered a major portion of the fruit surface (Figures 1A,B). Water soaking was not limited to the fruit skin but extended several mm below the surface into the flesh (Figure 1C). Scans of the fruit surface and fluorescence microscopy of water-soaked fruit revealed the presence of numerous microcracks in the water-soaked areas (Figures 1E–G). There were no or only few microcracks in non-treated control fruit (no water soaking) (Figure 1D). Water soaking was never associated with fungal development during the short incubation periods of our experiments.


[image: Figure 1]
FIGURE 1. (A) Macroscopic view of fruit with water soaking symptoms; (B) Detail of achenes with surrounding water-soaked area viewed under a light microscope; (C) Micrograph of cross-section of tissue with water soaking. (D,E) Scans of the surface in a digital microscope of non-treated and water-soaked fruit with numerous microcracks. (F,G) Micrographs of developing symptoms of water soaking viewed under incident (F) and fluorescent light (G). Microcracks were infiltrated with acridine orange. The penetrated fluorescent tracer appears as a green fluorescence around a microcrack in the cuticle. Water soaking symptoms are marked by a solid white line. White asterisks in A, B, C, E, F and G identify the water-soaked area. Scale bar in (A) = 5 mm, (B,C) = 1 mm, (D,E) = 0.1 mm and in (F,G) = 0.5 mm.


Water soaking was always localized and limited to the regions in direct contact with the incubation solution. It never occurred in regions above the water surface when fruit was partially submerged (Figures 2A–C). Water soaking rapidly developed at a wound. Abrading the cuticle using carborundum powder was highly effective in inducing water soaking (Figures 2E–I). Incisions made using a razor blade or puncturing the fruit skin were markedly less effective in inducing water soaking.


[image: Figure 2]
FIGURE 2. (A–C) Induction of local water soaking symptoms by partial immersion of a strawberry fruit in water. (A) Half of the fruit (long axis horizontal), (B) tip or (C) calyx end of the fruit (long axis vertical). Water soaking following abrasion of the cuticle (~10 mm2), (D,E) incision of the skin using a razor blade (5 mm length ×3 mm depth), (F,G) and puncture of the skin using a dissection needle (1.6 mm diameter and 5 mm depth) (H,I). (D,F,H) images taken immediately after wounding (t = 0 h); (E,G,I) images of same area taken after a 3-h incubation in deionized water. The fruit was submerged completely. The water-soaked area around the wound averaged 179.4 ± 48.8 mm2 (E), 37.5 ± 5.7 mm2 (G), and 20.7 ± 4.2 mm2 (H). Scale bar in (A–C) = 5 mm and (D–I) = 2.5 mm. The dashed white line indicates the wound area, and the solid white line indicates the margin of the water-soaked area. The area outside of the solid white line was also in contact with deionized water and serves as control for a non-water-soaked surface.


When completely submerging fruit, the surface area affected by water soaking increased primarily because the water-soaked area expanded, and not because the number of water-soaked patches increased (Figure 3A). The surface area affected, increased sigmoidally with time until a major portion of the skin was affected (Figure 3B). There was no difference in the area affected or the rating score for water soaking between fruit that was sampled destructively and fruit that was monitored in a repeated-measures design (Figures 3B,C). Water soaking as indexed by the rating scheme was closely and significantly correlated with the water-soaked area as measured directly by image analysis (Figure 3C, inset).


[image: Figure 3]
FIGURE 3. Time course of water soaking. (A) Macroscopic view of change in water-soaked area with time. The symptomatic area is indicated by a solid white line. Scale bar, 5 mm. (B,C) Change in water soaking as indexed by the measurement of the water-soaked area (B) or as assessed by a 5-point rating scale (C). (C, inset): Relationship between the water-soaked score and the water-soaked area. For the destructive sampling depicted in (B), an independent set of fruit was assessed at any one time. For the non-destructive sampling in (B), repeated observations were made on the same fruit that was photographed repeatedly. The water-soaked area was quantified by digital analysis. The 5-point rating scale: score 0, no water soaking; score 1, <10% of the surface area water-soaked; score 2, 10–35%; score 3, 35–60%; score 4 > 60%.


The sigmoidal time course of the increase in water-soaked area had an initial lag phase where no symptoms appeared before water soaking began. Thereafter, the affected area increased (Figure 4). Similarly, following an initial lag phase, the leakage of anthocyanin increased. The leakage increased at a constant rate. However, for water uptake, there was no lag phase—water uptake began at the time of submersion and also accumulated at a constant rate (Figure 4C). When the water-soaked area or the leakage of anthocyanin (relative absorbance) was plotted vs. water uptake, a lag phase without water soaking and without anthocyanin leakage was present (Figures 4A,B, insets). These results indicate that water uptake increases up to some critical threshold beyond which water soaking and anthocyanin leakage begin. Water-soaked area and anthocyanin leakage were positively related until about 60% of the area was water-soaked. Above this value, anthocyanin leakage continued to increase, but water-soaked area remained largely constant (Figure 4D).
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FIGURE 4. Time course of (A) change in water-soaked area, (B) change in anthocyanin leakage as indexed by absorbance of the incubation solution at 520 nm, and (C) water uptake of strawberries incubated in deionized water. Insets. Relationship between the water-soaked area (inset in A), the change in absorbance (inset in B), and water uptake. (D) Relationship between the water-soaked area and the leakage of anthocyanins as indexed by the change in absorbance.


The water-soaked area, the infiltrated area, and the water uptake all increased nearly linearly with time (Figure 5). The water-soaked area and the area infiltrated by the fluorescence tracer were significantly and positively related (r2= 0.95***; Figure 5D). It is worth noting that the rate of water uptake and the rate of water soaking were both markedly lower in “Clery” than in the cultivars used in other experiments.
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FIGURE 5. Time course of (A) change in water-soaked area, (B) change in the area infiltrated by acridine orange, and (C) water uptake of strawberries incubated in deionized water. (D) Relationship between the water-soaked area and the area infiltrated by acridine orange. Acridine orange penetrates the strawberry fruit skin via microcracks in the cuticle. Water soaking was indexed using a 5-point rating scale: score 0, no water soaking; score 1, <10% of the surface area water-soaked; score 2, 10–35%; score 3, 35–60%; score 4 > 60%.


Most water soaking began at the tip of the fruit, followed by the calyx end, the calyx equator zone, and the equator tip zone (Figure 6A). There was no difference between fruit with or without the calyx. Within the fruit, osmotic potential decreased and became more negative from the calyx, toward the tip of the fruit (Figure 6B). There was no significant difference in stress relaxation between different regions of the fruit as indexed by a lack of difference in gaping following skin incision (data not shown). In all regions, the gap produced by the incision averaged about 0.95 ± 0.03 mm (n = 78) (Hurtado, unpublished data).
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FIGURE 6. Frequency of symptoms of water soaking (A) and the osmotic potential (ΨΠ) of the juice (B) in different regions of a strawberry. The dashed line represents the mean osmotic potential of the fruit.


The susceptibility to water soaking increased sigmoidally with ripening as indexed by the change in fruit color from white to dark red (Figure 7A). Across the different ripeness stages, the water-soaked area and water uptake rate were linearly related (Figure 7B, main graph). Unripe fruit (white) had the lowest values of both uptake and water soaking, while fully ripe fruit (dark red) showed the highest values. Accordingly, the relationship between osmotic potential and water uptake was linear and positive. The fully ripe, dark-red fruit also had the most negative osmotic potentials and the highest rates of water uptake (Figure 7B, inset).
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FIGURE 7. (A) Effect of ripening stage (as indexed by hue angle) on the water-soaked area when strawberries are incubated in deionized water. (B) Relationship between the water-soaked area and water uptake. Inset: Uptake vs. osmotic potential. Water soaking was indexed using a 5-point rating scale: score 0, no water soaking; score 1, <10% of the surface area water-soaked; score 2, 10–35%; score 3, 35–60%; score 4 > 60%.


Water soaking increased as fruit mass increased (Figure 8, main graph). The largest fruit also had the highest rating scores and hence the largest portions of their surfaces water-soaked. Fruit mass was independent of the soluble solids content (Figure 8, inset).


[image: Figure 8]
FIGURE 8. Relationship between water soaking and fruit mass. Inset: Relationship between the soluble solids as indicated by °Brix and water soaking. Water soaking was indexed using a 5-point rating scale: score 0, no water soaking; score 1, <10% of the surface area water-soaked; score 2, 10–35%; score 3, 35–60%; score 4 > 60%.


Incubating strawberries in isotonic PEG 6000 resulted in less water soaking and negligible water uptake compared to the control incubated in water (Figure 9). Interestingly, there was little difference in microcracking between fruit incubated in isotonic PEG 6000 or in water as indexed by the areas infiltrated by acridine orange (Figure 9B). The water-soaked area and the area infiltrated by acridine orange were positively related (Figure 9D).


[image: Figure 9]
FIGURE 9. Time course of (A) change in water-soaked area, (B) change in the area infiltrated by acridine orange, and (C) water uptake of strawberries incubated in deionized water or in isotonic polyethylene glycol 6000 (PEG 6000). (D) Relationship between the water-soaked area and the area infiltrated by acridine orange. Acridine orange penetrates the strawberry fruit skin via microcracks in the cuticle. Water soaking was indexed using a 5-point rating scale: score 0, no water soaking; score 1, <10% of the surface area water-soaked; score 2, 10–35%; score 3, 35–60%; score 4 > 60%.


Incubating strawberries in natural juice or artificial juice prepared at hypotonic, but not at isotonic concentrations, significantly increased water soaking. In contrast, water uptake decreased in both juices at hypotonic and even more so at isotonic concentrations as compared to the water control (Table 1). There were no differences either in water-soaked area or in water uptake between natural and artificial juice (data not shown). Interestingly, the rates of water uptake were consistently greater than zero, even though the incubation solution was isotonic to the fruit's expressed juice.


Table 1. Effect of natural (expressed) juice and artificial (compounded) juice on development of water soaking in “Faith” strawberry.
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Studying the effects of the individual components of strawberry juice on water soaking and water uptake revealed that citric and malic acids markedly increased water soaking compared to the water control. The rates of water uptake were higher compared to the other osmolytes or the water control. The carbohydrates that accounted for most of the osmolarity in strawberry juice decreased both water soaking and rates of water uptake to levels below the water control (Table 2).


Table 2. Effect of major osmolytes on the rate of water uptake and the development of water soaking in strawberries of cultivar “Florentina.”

[image: Table 2]

Anthocyanin leakage from flesh disks increased with time and was higher in the presence of citric and malic acid, than in the control (deionized water) (Figure 10A). The amounts of leakage were also higher from hypotonic than from hypertonic solutions. Again, leakage in the presence of the acids exceeded that in their absence. A two-factorial analysis of variance revealed the significant main effects for osmotic potential and the acids; there was no significant interaction term between these two factors (Figure 10B).
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FIGURE 10. (A) Time course of anthocyanin leakage from flesh disks excised from ripe strawberries in the presence or absence of citric or malic acids. Flesh disks were incubated in isotonic polyethylene 6000 (PEG 6000) solutions. (B) Effect of osmotic potential (Ψ) of the incubation solution on anthocyanin leakage in the presence or absence of citric or malic acids. The vertical dashed line indicates the osmotic potential of juice expressed from the fruit of the same batch.




DISCUSSION

The main findings are as follows:

1. Water soaking involves microcracking of the cuticle, water uptake, bursting of cells, and leakage of cell contents

2. The behavior of water soaking in strawberry bears many similarities to the zipper model used to explain rain cracking in sweet cherries.


Water Soaking Requires Microcracking of the Cuticle, Water Uptake, and the Bursting of Cells

This hypothesis is based on the following evidence.

(1) Surface wetness induced microcracking in the cuticle of the strawberry fruit when incubated in water in this and our earlier study (Hurtado et al., 2021) or in isotonic solutions (PEG 6000) (Figure 9). This is consistent with the literature reports of other fleshy fruit crops, including sweet cherry (Knoche and Peschel, 2006), apples (Knoche and Grimm, 2008; Khanal et al., 2021), Ribes berries (Khanal et al., 2011), and grapes (Becker and Knoche, 2012a). Microcracks impair the barrier properties of the cuticle. They represent a pathway for a rapid and localized water uptake by viscous flow through the strawberry fruit surface (Hurtado et al., 2021). Microcracking is an essential, but not the only requirement, in water soaking. For example, incubation in isotonic PEG 6000 induced microcracking, but markedly reduced water uptake and hence water soaking. Simulating microcracking by abrading the cuticle from the fruit surface induced water soaking like symptoms. After puncturing the fruit skin, the water-soaked area was much smaller. This is also consistent with the above hypothesis. It is important to note that microcracking of the cuticle due to moisture exposure also accounts for the localized nature of water soaking. Microcracks impair the cuticle's barrier function and allow a rapid, localized water uptake (Hurtado et al., 2021). This also explains why partial incubation of fruit resulted in water soaking only in the exposed regions.

(2) Water uptake markedly increased water soaking. Manipulations such as incubation in isotonic PEG 6000 that resulted in reduced water uptake also reduced water soaking. The only exceptions were treatments where the incubation solutions contained organic acids. The effect of organic acids is addressed in detail below. Also, more mature fruit, with more negative osmotic potentials and hence, higher rates of water uptake, also showed more water soaking. A more negative osmotic potential and hence, a higher rate of water uptake, is also consistent with a higher incidence of water soaking at the tip of the fruit. These results indicate that mature, ripe fruit is more susceptible to water soaking, particularly at the tip. The relatively high frequency of water soaking in the calyx end of the fruit (regions a, b) may have resulted from growth stress and strain that will be maximal in these regions. Additional evidence for a water uptake requirement comes from experiments where the fruit was incubated in artificial or natural juices. Here, water soaking was more severe in the hypotonic juices treatments, which had higher rates of water uptake, compared with the isotonic juices.

(3) Finally, bursting of cells is involved in water soaking. Evidence for this comes from the experiment on anthocyanin leakage. Here, up to some critical threshold, water uptake did not induce water soaking. However, beyond this threshold, water soaking began. The timing of the critical threshold for water uptake coincided with that for the onset of leakage. The latter indicates the onset of cell bursting. It is interesting to note that the release of organic acids that accompanies cell bursting seems to exacerbate water soaking. Experiments using natural or artificial juices and the major components thereof clearly identified citric and malic acids as the critical constituents that accelerate the development of water soaking. Both acids are released into the apoplast when a cell bursts. Here, they increase the permeability of the plasma membrane of neighboring cells. This causes cell leakage to propagate. Similar observations have been made for malic acid in sweet cherry, and these led to the development of the “Zipper model” where the acids “unzip” the skin (Winkler et al., 2015). In contrast to sweet cherry, in strawberry, citric and malic acids had no effect on the strength of the cell walls. This conclusion is inferred from the lack of a significant interaction between the osmotic potential of the incubation solution and the presence of the acids. At low (more negative) osmotic potentials, the incubation solutions were isotonic or hypertonic. A gradient for osmotic water uptake into the cells, and hence increased stress on the cell walls, must be absent. In contrast, at higher (less negative) osmotic potentials, the incubation solution was hypotonic, and hence, osmotic water uptake by the cells occurred. This imposes increased stress on the cell walls. However, the effect of the acids was independent of the applied stress on the cell walls. Hence, the acid effect must have been on the plasma membrane and not on the cell walls. This conclusion is also consistent with the wounding effect. Cuticle abrasion was more effective in inducing water soaking than either incisions or punctures. With abrasion, relatively large areas of the skin are damaged. It is the skin cells that contain most citric and malic acids (in the skin, the summed masses of both acids was 10.6 mg g−1) compared with about half this amount in the flesh (in the flesh, the summed masses of both acids were 5.5 mg g−1) (Holcroft and Kader, 1999).

The bursting of cells also offers a convincing explanation for the characteristic translucency of a water-soaked tissue. Water-soaked tissue typically results from the flooding of the gas-filled intercellular spaces (Sideris and Krauss, 1933). In addition, the leakage of both the tonoplast and the plasma membranes results in a general mixing of apoplastic and symplastic components (the anthocyanins are naturally contained within the tonoplast—vacuole). The apoplast pH is likely to increase, compared to that of the vacuole. As a result, the anthocyanins will likely react with water, to form colorless pseudobases (Brouillard et al., 1997; Holcroft and Kader, 1999). This explains the lighter color of a water-soaked tissue.



The Mechanism of Water Soaking Is Similar to That of Cracking in Sweet Cherry Fruit

Water soaking in strawberry can be substantially explained in terms of the zipper model that accounts for sweet cherry fruit cracking during/following rainfall (Winkler et al., 2016). Based on this model, a series of sequential events leads to water soaking. First, the barrier function of the cuticle is impaired by the formation of microcracks in response to surface wetness (Figure 2). Because the cuticle of a strawberry is very thin (Hurtado et al., 2021), microcracks allow a rapid, localized water uptake into the subtending tissues. This uptake occurs by viscous flow and is more rapid than that by diffusion through an intact cuticle (Hurtado et al., 2021). Unlike in apple, there is no evidence of any repair processes in strawberry: wax deposition in a microcrack (Curry, 2009) or the formation of a periderm (Evert, 2006; Macnee et al., 2020). Second, water uptake causes cells to burst, as indicated by the leakage of anthocyanin. Because strawberries contain large amounts of citric and malic acid, particularly in the skin cells, and because these acids increase the permeability of plasma membranes, the neighboring cells also begin to leak. This propagation process causes the water-soaked area to spread both laterally and down into the fruit.

Unlike in sweet cherry, there is no evidence in strawberry that these organic acids cause a weakening of cell walls. Nevertheless, future evidence for a weakening would not be surprising, as both citric and malic acids are likely to extract Ca from the cell walls, and this loss will decrease cell-to-cell adhesion (Winkler et al., 2015). However, at this stage, there is no support for such effects in strawberry.




CONCLUSIONS

Our results demonstrate that water soaking in strawberry results from a series of events that involves microcracking of the cuticle, water uptake, a cell bursting, and the release of organic acids into the apoplast. In many ways, it is similar to rain cracking in fleshy fruit, such as sweet cherry. Based on our findings, a reliable strategy to prevent water soaking would be to limit a direct contact between water and the fruit surface. This may be achieved preharvest by protected cultivation, either in a greenhouse or in a plastic tunnel. Important measures postharvest include the use of appropriate packaging materials and handling practices that avoid the occurrence of liquid water on the surface, for example, due to condensation of water vapor. In the long run, the susceptibility of commercial strawberry genotypes to water soaking may be decreased by breeding. Our results and those by Herrington et al. (2009) demonstrate that susceptibility to water soaking differs among cultivars. Water soaking occurred in all cultivars used in our study, but at a markedly lower rate in “Clery” as compared to “Faith” and “Florentina.” The basis of these differences has not yet been identified. Among the three cultivars, “Clery” also had the lowest rate of water uptake, which probably contributed to the lower rate of water soaking. Based on the findings presented herein and their similarity to the phenomenon of rain cracking in sweet cherry, potentially useful aims for further research in water soaking are to determine (a) the pattern of cuticle deposition in developing strawberry fruit, (b) the water uptake characteristics, (c) the mechanical strength of their cell walls, and (d) the strength of their cell-to-cell adhesion. A better understanding of the phenomenon of microcracking would also be beneficial in reducing the incidence of fruit rots. Pathogens like Botrytis cinerea benefit from microcracks in the cuticle because of the impaired barrier functions (Jarvis, 1962).
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Pectin is a major cell wall component that plays important roles in plant development and response to environmental stresses. Arabidopsis thaliana plants expressing a fungal polygalacturonase (PG plants) that degrades homogalacturonan (HG), a major pectin component, as well as loss-of-function mutants for QUASIMODO2 (QUA2), encoding a putative pectin methyltransferase important for HG biosynthesis, show accumulation of reactive oxygen species (ROS), reduced growth and almost complete resistance to the fungal pathogen Botrytis cinerea. Both PG and qua2 plants show increased expression of the class III peroxidase AtPRX71 that contributes to their elevated ROS levels and reduced growth. In this work, we show that leaves of PG and qua2 plants display greatly increased cuticle permeability. Both increased cuticle permeability and resistance to B. cinerea in qua2 are suppressed by loss of AtPRX71. Increased cuticle permeability in qua2, rather than on defects in cuticle ultrastructure or cutin composition, appears to be dependent on reduced epidermal cell adhesion, which is exacerbated by AtPRX71, and is suppressed by the esmeralda1 mutation, which also reverts the adhesion defect and the resistant phenotype. Increased cuticle permeability, accumulation of ROS, and resistance to B. cinerea are also observed in mutants lacking a functional FERONIA, a receptor-like kinase thought to monitor pectin integrity. In contrast, mutants with defects in other structural components of primary cell wall do not have a defective cuticle and are normally susceptible to the fungus. Our results suggest that disrupted cuticle integrity, mediated by peroxidase-dependent ROS accumulation, plays a major role in the robust resistance to B. cinerea of plants with altered HG integrity.

Keywords: cuticle, cell wall, plant immunity, Botrytis cinerea, peroxidase, plant-microbe interactions, pectin


INTRODUCTION

The cell wall (CW) is crucial for various important aspects of plant biology, providing mechanical support to the protoplast, modulating cell growth and shape, and mediating cell adhesion and cell-to-cell communication (McCann and Roberts, 1991; Carpita and Gibeaut, 1993; Somerville et al., 2004; Humphrey et al., 2007). The composition and relative abundance of the major CW structural components, namely, polysaccharides [cellulose (the major load-bearing component), hemicelluloses, and pectins], glycoproteins, and phenolic compounds (including lignin) widely change during cell growth and differentiation (Anderson and Kieber, 2020). Moreover, the CW is a barrier against the attack of pathogenic microorganisms and herbivores (Albersheim et al., 2010). In the epidermal cells of the aerial parts of the plant, the outermost surface of the CW is in continuation with the cuticle, a multi-layered hydrophobic structure that limits the diffusion of water, regulates the exchange of gases with the environment, and provides protection against pathogens (Yeats and Rose, 2013). The major components of the cuticle are cutin, a polyester rich in C16-C18 oxygenated and interesterified fatty acids (FA) derivatives, such as hydroxy and hydroxy-epoxy substituted FAs, and glycerol (Holloway, 1982; Pollard et al., 2008). The cuticle also contains waxes, mixtures of hydrophobic material containing very long-chain fatty acids, and other secondary metabolites (Kunst and Samuels, 2009; Yeats and Rose, 2013). As for the CW components, the wax and cutin compositions of the plant cuticle widely vary among plant species, organs, and during development (Yeats and Rose, 2013).

Since the cuticle-CW continuum represents the first site of contact with the plant, microbial pathogens have evolved an array of enzymes that degrade the cuticle and CW structural components to assist penetration and colonization, obtain carbon sources, and promote leakage of nutrients from the protoplast (Ziv et al., 2018; Lorrai and Ferrari, 2021). In particular, at early stages of infection, several phytopathogenic fungi synthesize cuticle-degrading enzymes (cutinases, esterases, and lipases) that are thought to prepare the infection site both for adhesion and penetration (Deising et al., 1992; Berto et al., 1999; Nielsen et al., 2000; Garrido et al., 2012). Later, tissue penetration and invasion are assisted by microbial CW-degrading enzymes, most notably pectinases, which are among the first to be secreted by many phytopathogens (De Lorenzo et al., 1997; Lorrai and Ferrari, 2021) and are important pathogenicity factors, in particular for those microbes causing soft rot symptoms (Reignault et al., 2008). For instance, the necrotrophic fungus Botrytis cinerea, the causal agent of gray mold in several plant species, secretes large amounts of pectinolytic enzymes, most notably polygalacturonases (PGs), that degrade homogalacturonan (HG), a major pectic component, during the early phases of infection and are crucial for plant invasion, host adaptability, and to determine the type of symptoms caused by this pathogen (Have et al., 1998; Kars et al., 2005).

The vulnerability that follows CW injury caused by pathogen infection and other stresses can be compensated in the plant by the activation of an array of defense responses, including the strengthening of the altered CW itself (Vaahtera et al., 2019; Gigli-Bisceglia et al., 2020; Lorrai and Ferrari, 2021). Activation of defense responses occurs upon perception of exogenous microbe-associated molecular patterns (MAMPs) and/or CW-derived molecules and fragments that are released in the apoplast by microbial enzymes during infection and are recognized as endogenous damage-associated molecular patterns (DAMPs), thereby activating the so-called pattern-triggered immunity (PTI; Gust et al., 2017; Bacete et al., 2018; De Lorenzo et al., 2018). DAMPs include fragments of HG [oligogalacturonides (OGs)], released by PGs, and fragments released from cellulose and hemicellulose (de Azevedo Souza et al., 2017; Locci et al., 2019; Rebaque et al., 2021). Pre-treatment with exogenous OGs can protect Arabidopsis against subsequent infection with B. cinerea (Ferrari et al., 2007). In vivo, the accumulation of OGs during infection can be favored by the presence of PG-inhibiting proteins (PGIPs) that inhibit the activity of specific isoforms of pathogen PGs (Ferrari et al., 2013; De Lorenzo et al., 2018). The role of PGIPs in plant defense against B. cinerea and other pathogens has been extensively demonstrated (Kalunke et al., 2015). Moreover, the expression of a PG-PGIP fusion protein leads to the apoplastic accumulation of elicitor-active OGs and increased resistance to B. cinerea and bacterial pathogens (Benedetti et al., 2015). Cutin monomers and wax components released upon degradation of the cuticle during pathogen penetration also act as DAMPs and elicit defense responses (Serrano et al., 2014).

Alterations of CW integrity (CWI) triggered, for example, by genetically or chemically induced changes in the CW cellulose content can also be perceived by the plant through a dedicated surveillance system that leads to a set of responses that include accumulation of reactive oxygen species (ROS), ectopic lignin deposition, production of jasmonate (JA), and activation of defense responses (Ellis et al., 2002; Caño-Delgado et al., 2003; Manfield et al., 2004; Hamann et al., 2009). Changes in CWI can be perceived by Catharanthus roseus Receptor-Like Kinase 1-like proteins characterized by the presence of extracellular malectin-like domains (Franck et al., 2018). Among these proteins, FERONIA (FER) is capable of binding pectin in vitro (Feng et al., 2018) and has been proposed to act as a pectin integrity sensor, monitoring the HG status, and triggering compensatory responses (Lin et al., 2018). The alteration of CWI per se affects the ability of pathogens to successfully penetrate and/or colonize their host (Miedes et al., 2014; Nafisi et al., 2015a; Houston et al., 2016; Bacete et al., 2018). Arabidopsis mutants with defects in the cellulose synthase subunits CESA4/IRREGULAR XYLEM5 (IRX5) and CESA8/IRX1, necessary for secondary CW formation (Taylor et al., 2000, 2003), and CESA3/ISOXABEN RESISTANT1 (IXR1)/CONSTITUTIVE EXPRESSION OF VSP1, required for cellulose deposition in primary CW (Desprez et al., 2007; Persson et al., 2007), show a strong resistance to B. cinerea (Ellis and Turner, 2001; Ellis et al., 2002; Hernández-Blanco et al., 2007). Alterations in cuticle integrity also strongly enhance Arabidopsis resistance to B. cinerea, as observed in plants overexpressing a fungal cutinase (CUTE plants) or mutated in genes involved in cuticle biogenesis, including LONG-CHAIN ACYL-COA SYNTHETASE2 (LACS2), LACERATA (LCR), and BODYGUARD (BDG; Bessire et al., 2007; Chassot et al., 2007; Tang et al., 2007).

The hormones jasmonate and ethylene play a major positive role for the resistance against Botrytis, whereas abscisic acid (ABA) is generally considered to act negatively (Mengiste, 2012; AbuQamar et al., 2017), since exogenous ABA enhances Botrytis pathogenicity, whereas mutations in genes involved in ABA biosynthesis or signaling reduce susceptibility to this fungus (Audenaert et al., 2002; Anderson et al., 2004; Asselbergh et al., 2007; L’Haridon et al., 2011). Because ABA biosynthesis and signaling are required for a normal cuticle structure and functionality (Curvers et al., 2010; Cui et al., 2016), it is possible that the role of this hormone in resistance to B. cinerea is mediated by its effects on the cuticle. Interestingly, Botrytis resistance associated with increased cuticle permeability can be genetically uncoupled from ABA sensitivity but requires a negative regulation of an ABA-dependent wound-inducible runaway cell death pathway (Cui et al., 2016).

We have previously reported that Arabidopsis and tobacco transgenic plants expressing an Aspergillus niger PG (henceforth, PG plants) have reduced de-esterified HG levels in the CW and reduced growth (Capodicasa et al., 2004; Lionetti et al., 2010; Francocci et al., 2013) and display a robust resistance to B. cinerea (Ferrari et al., 2008). PG plants do not show constitutive expression of typical marker genes for salicylic- (SA-), ethylene-, or JA-dependent defense responses (Raggi et al., 2015) but accumulate high levels of ROS and peroxidase activity in their tissues (Ferrari et al., 2008). Accumulation of ROS in PG plants is associated to an increased expression of the class III peroxidase gene AtPRX71 (Raggi et al., 2015), whose overexpression was previously shown to confer resistance to B. cinerea (Chassot et al., 2007). Robust resistance to B. cinerea was also previously reported in the quasimodo2-1 (qua2-1, henceforth qua2) mutant, defective in the QUASIMODO2/TUMOROUS SHOOT DEVELOPMENT2 (QUA2/TSD2) gene, which encodes a putative pectin methyltransferase required for the biosynthesis of de-esterified HG (Mouille et al., 2007; Verger, 2014). Notably, like PG plants, qua2 shows upregulation of AtPRX71 expression and accumulates high peroxidase activity and ROS levels (Raggi et al., 2015). Loss of AtPRX71 partially suppresses the accumulation of ROS and the defect in cell expansion of qua2, whereas its overexpression in the WT results in high levels of ROS and reduced cell expansion (Raggi et al., 2015), indicating that AtPRX71-mediated ROS production contributes to the growth defects observed in qua2, whereas its role in the resistance to B. cinerea of this mutant is unknown. In this work, we show that PG and qua2 plants, but not other unrelated CW mutants, display increased leaf cuticle permeability and that exogenous ABA suppresses both cuticle permeability and Botrytis resistance of these plants. Notably, loss of AtPRX71 restores cuticle functionality and fungal susceptibility in qua2, suggesting that a peroxidase-mediated increase in cuticle permeability is a major determinant of the robust resistance to B. cinerea observed in plants with a defective HG.



MATERIALS AND METHODS


Plant Material and Growth Conditions

All Arabidopsis thaliana plants used in this work belong to Columbia (Col-0) ecotype. The following mutants were obtained from the Nottingham Arabidopsis Stock Center: prc1-1 (Desnos et al., 1996), ixr1-2 (Scheible et al., 2001), mur1-1 (Reiter et al., 1993), mur4-1 (Reiter et al., 1997), and fer-4 (Duan et al., 2010). Isolation of atprx71-1 and the qua2-1 atprx71-1 double mutant was previously described (Raggi et al., 2015), as well as generation of transgenic plants overexpressing the A. niger pga gene (PG plants; Lionetti et al., 2010) or AtPRX71 (35S::PRX71 plants; Raggi et al., 2015). Seeds of qua2 (Mouille et al., 2007) and tsd2-1 (Krupková et al., 2007) were kind gifts of Gregory Mouille (Institut National de la Recherche Agronomique, Versailles, France) and Thomas Schmülling (Freie Universität Berlin, Berlin, Germany), respectively. Plants were grown in a growth chamber with a light intensity of 110–120μmolm−2 s−1 with a 12h/12h (dark/light) photoperiod, 70–75% humidity, and 20–22°C temperature. Before sowing, seeds were surface sterilized and stratified for 3days in the dark at 4°C. ABA treatments on adult plants were performed spraying rosette leaves of five-week-old plants with a solution of 100μm ABA (Duchefa) dissolved in ethanol [final ethanol concentration: 0.1% (v/v)].



Fungal Infections

Botrytis cinerea growth and inoculation were performed as previously described (Ferrari et al., 2007; Galletti et al., 2008). Briefly, 5μl droplets of a spore suspension (5×105 conidia ml−1) in 24g L−1 potato dextrose broth were inoculated on rosette leaves of five-week-old plants grown in soil (two droplets per leaf, three or four fully expanded leaves per plant). Inoculated plants were covered with a transparent plastic dome to maintain high humidity and returned to the growth chamber. Lesions were photographed at 3days post-infection and their area was measured using ImageJ software.1



Germination and Pathogenicity Assays in the Presence of Leaf Diffusates

Leaf diffusates were isolated as previously described (Bessire et al., 2007) with minor modifications. Briefly, potato dextrose broth (Duchefa) droplets (5μl) were placed on the adaxial face of rosette leaves of five-week-old plants in 100% humidity. After 44h of incubation, the diffusates were recovered and inoculated with B. cinerea spores to a final concentration of 5×105ml−1. In vitro germination was calculated after 8h of incubation. In vivo infections were performed using the same mixtures of leaf diffusates and spore, and lesion area was measured at 72h after infection.



Gene Expression Analysis

To analyze gene expression, leaves were frozen in liquid nitrogen and homogenized with an MM301 Ball Mill (Retsch) for about 1min at 25Hz. Total RNA was extracted with EUROGOLD TriFast-Nucleic Acids Isolation Reagent according to the manufacturer’s instructions. 1μg of total RNA was retrotranscribed into cDNA with Improm II Reverse Transcriptase (Promega). cDNA mixed with iTaq Universal SYBR Green Supermix (Bio-Rad) and primers specific for genes of interest was loaded on a 96-well plate and run on CFX96 Real-time System (Bio-Rad). Gene expression, relative to UBIQUITIN5 (UBQ5), was calculated according to the ΔΔCT method (Livak and Schmittgen, 2001). Primer sequences were the following: UBQ5 (At3g62250), GGAAGAAGAAGACTTACACC and AGTCCACACTTACCACAGTA; PAD3 (At3g26830), TCGCTGGCATAACACTATGG and TTGGGAGCAAGAGTGGAGT; PR-1 (At2g14610), GGGAAAACTTAGCCTGGGGT and GCACATCCGAGTCTCACTGA; PDF1.2 (At5g44420), TCTCTTTGCTGCTTTCGACG and ACTTGTGTGCTGGGAAGACA; MYB96 (At5g62470), TGCTATGGCTGCCCATCTGTT and AGCTGCAGATTGAGATGGACTA; CER1 (At1g02205), TCCACTCCTGTGAGAACTGGT and TACTTGGTCCAAATCCGAGAGA; LTP3 (At5g59320), TGCGAAGAGCATTTCTGGTCTC and TGATGTTGTTGCAGTTAGTGCTC; LTP4 (At5g59310), AGTCCGCTGCAAAAGGGGTTA and TTGATGGTGGCGCAGTTGGT; KCS2 (At1g04220), GCTAAACAGCTTCTTCAGGTTCA and TCGGAAGATGCAGTTTGAGAGA; BDG1 (At1g64670), AGAAACAGGATGCGAACGTACT and ACATGGTCCAAATAAGCCTCTAC; and LACS2 (At1g49430), GTAGAGGAGTTCTTGAGAATCATT and AACTCTCAGTCAATCCATAACCTT. The primers utilized for the amplification of the B. cinerea BcAct actin gene (accession no. AJ000335) were the following: AAGTGTGATGTTGATGTCC and CTGTTGGAAAGTAGACAAAG (Ferrari et al., 2008).



Cuticle Permeability Assays

Toluidine blue staining was performed as previously described (Tanaka et al., 2004) with minor modifications. 5μl droplets of 0.05% (w/v) toluidine blue (Sigma-Aldrich) solution were incubated for 2h on adaxial surface of fully expanded leaves from 35-day-old plants. After incubation, leaves were washed and photographed.

Chlorophyll extraction and quantification were performed as described previously (Sieber et al., 2000). Leaves were detached, weighed, and immersed in 10ml of 80% (v/v) ethanol. Chlorophyll extraction occurred in the dark at room temperature with gentle shaking. Aliquots were taken at indicated time after immersion. Total chlorophyll content was quantified by measuring absorbance at 647 and 664nm, and micromolar concentration of chlorophyll per gram of fresh weight was calculated with the following equation: [19.536×(Abs 647nm)+7.936×(Abs 664nm)] g−1 (Sieber et al., 2000).



ROS and Cell Death Detection

ROS accumulation was revealed by diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) staining as described previously (Daudi and O’Brien, 2012). Briefly, detached leaves were vacuum infiltrated with 0.1% (w/v) DAB in 10mm Na2HPO4 for 5min and incubated for 8h in the dark under gentle shaking. Chlorophyll was removed using a 3:1:1 ethanol:acetic acid:glycerol solution at 90–95°C for 15min. Leaves were rinsed in distilled water and photographed.

Cell death was estimated with Evans blue staining as previously described (Dong et al., 2007) with minor modifications. Briefly, detached rosette leaves were vacuum infiltrated for 5min with a 0.1% Evans blue (w/v) solution and stained at room temperature for 3–4h. Samples were washed twice with phosphate buffer and chlorophyll was extracted overnight with 80% ethanol.



Microscopy

For gap area determination, leaves of five-week-old soil grown plants were harvested and cleared with 80% ethanol overnight. Leaves were stained with ruthenium red (0.05% w/v) for 10–60min at room temperature and washed with water. Images were taken with a Nikon Digital Sight DS-Fi1c Camera and examined using a Nikon Eclipse E200 Microscope. Gap area was measured using ImageJ.2 At least two leaves from each of four individual plants per genotype were analyzed.

Transmission electron microscopy (TEM) experiments were performed largely as previously described (Nafisi et al., 2015b). Leaf pieces (approximately 2×4mm) were cut out from the middle part of mature rosette leaves, avoiding the larger veins. The samples were fixed for 2h under vacuum with Karnovsky’s fixative (2.5% v/v glutaraldehyde and 2% w/v formaldehyde in 0.1M sodium cacodylate buffer, pH 7.2; all from Sigma-Aldrich). The fixative was replaced by a 0.1M sodium cacodylate buffer, pH 7.2, and samples placed in a tissue rotator for 20min, then washed with 0.1M sodium cacodylate buffer, and incubated for additional 20min. The buffer was removed and replaced by osmium fixative (1% w/v osmium tetroxide in 0.1M sodium cacodylate buffer, pH 7.2; Sigma-Aldrich). The samples were left for post-fixation for 1h in the rotator and thereafter rinsed in 0.1M sodium cacodylate buffer and water for 20min, respectively. Dehydration was performed by a series of 50 to 100% v/v acetone solutions, which were replaced every 20–30min. Spurr’s resin (Polysciences) was then added in a 1:3, 1:1, and 3:1 ratio with acetone and rotated for 30min in each step. Pure Spurr’s resin was applied, and samples were left without lids for 1h so that any remaining acetone could vaporize. The samples were left overnight, and the resin was changed once before embedding in flat molds in the oven at 70°C for 8h. An EM UC7 Ultramicrotome (Leica Microsystems) was used for making ultrathin sections of 40nm thickness with a diamond knife. Sections were captured on carbon-coated grids, contrast stained with a 1% w/v uranyl acetate solution and a 0.5% w/v lead citrate solution, washed, and dried into filter paper. The images were taken with a CM100 Transmission Electron Microscope (Philips) with a side-mounted 11 MP camera (Morada) set to an acceleration voltage of 80kV. Quantification of cuticle thickness was performed with ImageJ. A total of 75 individual measurements were made for the upper leaf epidermis in each genotype at the magnification of 64,000×.



Chemical Analysis of Cutin

For the chemical analysis of cutin, five-week-old rosettes were extracted in isopropanol/0.01% butylated hydroxytoluene and then delipidized twice (for 16h and 8h) with each of the following solvents: chloroform:methanol (2:1), chloroform:methanol (1:1), and methanol (with 0.01% butylated hydroxytoluene), under agitation, before being dried for 3days under vacuum. Depolymerization was performed by base catalysis (Li-Beisson et al., 2013). In brief, dried plant samples were transesterified in 2ml of reaction medium. 20ml of reaction medium was composed of 3ml methyl acetate, 5ml of 25% sodium methoxide in dry methanol, and 12ml dry methanol. 2mg of methyl heptadecanoate and 4mg of ω-pentadecalactone were added per sample as internal standards. After incubation of the samples at 60°C for 2h, 3.5ml dichloromethane, 0.7ml glacial acetic acid, and 1ml 0.9% NaCl (w/v) Tris 100mM (pH 8.0) were added to each sample and subsequently vortexed for 20s. After centrifugation (1,500g for 2min), the organic phase was collected, washed with 2ml of 0.9% NaCl, and dried over sodium sulfate. The organic phase was then recovered and concentrated under a stream of nitrogen. The resulting cutin monomers were acetylated at 70°C for 2h and injected out of hexane on a HP-5 MS column (J&W Scientific) in a gas chromatograph coupled to a mass spectrometer and a flame ionization detector (Agilent 6890 N GC Network systems). The temperature cycle of the oven was the following: 2min at 50°C, increment of 20°Cmin−1 to 160°C, of 2°Cmin−1 to 250°C and 10°Cmin−1 to 310°C, and held for 15min. Two independent experiments were performed with four replicates for each genotype and treatment, respectively, and a representative dataset is presented.




RESULTS


Arabidopsis Plants With Altered HG Display a Robust Resistance to B. Cinerea and Enhanced Cuticle Permeability That Are Both Suppressed by Exogenous ABA

It was previously reported that PG and qua2 plants display a robust resistance to B. cinerea (Ferrari et al., 2008; Verger, 2014), that resembles that of Arabidopsis plants with altered cuticle (Bessire et al., 2007; Chassot et al., 2007; Tang et al., 2007). Moreover, ABA positively regulates cuticle structure and functionality (Curvers et al., 2010; Cui et al., 2016) while negatively affecting resistance to B. cinerea (Audenaert et al., 2002; Anderson et al., 2004; Asselbergh et al., 2007; L’Haridon et al., 2011). We therefore examined whether plants with HG defects show changes in cuticle permeability, and whether ABA affects this phenotype. Rosette leaves of WT, PG, and qua2 plants were sprayed with a control solution or with ABA, and cuticle permeability was evaluated after 24h using two different assays: toluidine blue staining of the leaf surface (Figure 1A) and measurement of chlorophyll leakage in ethanol (Figure 1B). The results of both assays clearly indicated that cuticle permeability is increased in PG and qua2 plants, compared to the WT, and that pre-treatments with ABA significantly reduce permeability in both lines (Figures 1A,B). We then tested whether the strong resistant phenotype associated to HG alterations is also negatively affected by this hormone. PG plants and the two allelic mutants qua2 and tsd2-1 (Krupková et al., 2007) were sprayed with ABA and, after 24h, inoculated with B. cinerea. Control-treated PG and mutant plants displayed, as expected, a strong resistance to the fungus (Figure 2). ABA pre-treatments did not significantly alter basal susceptibility in WT plants but restored WT-like levels of susceptibility in all transgenic and mutant lines (Figure 2). These data suggest that an increased cuticle permeability might be responsible for the enhanced resistance against B. cinerea caused by defects in HG composition. Since transgene expression in PG plants was observed to vary among generations, all subsequent experiments were conducted on qua2 plants, which showed similar phenotypes in terms of resistance to B. cinerea, leaf permeability, and response to ABA.
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FIGURE 1. Plants with altered HG have increased leaf cuticle permeability that is suppressed by exogenous ABA. (A,B), WT, PG, and qua2 five-week-old plants were sprayed with 0.01% MeOH or 100μm ABA and, after 24h, rosette leaves were collected. (A), Leaf disks were stained with droplets of toluidine blue and washed with water. (B), Leaves were incubated for the indicated times with 80% EtOH and the percentage of total chlorophyll released in the medium was spectrophotometrically measured. Bars indicate average percentage of total chlorophyll leaked at the indicated time of incubation ± SD (n = 3). For each time point, letters indicate statistically significant differences, according to two-way ANOVA followed by Tukey’s significance test (p < 0.05). These experiments were repeated three times with similar results.
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FIGURE 2. Resistance to Botrytis cinerea conferred by altered HG is suppressed by exogenous ABA. Rosette leaves of five-week-old WT, PG, qua2, and tsd2-1 plants were treated with 0.01% MeOH (white bars) or 100μm ABA (grey bars) and, after 24h, inoculated with a B. cinerea spore suspension. Lesion area was measured 2days after inoculation (n > 10 lesions for each genotype). Bars indicate average lesion area ± SE. Different letters indicate statistically significant differences, according to two-way ANOVA followed by Tukey’s significance test (p < 0.05). This experiment was repeated three times with similar results.


Previous work indicates that on the surface of Arabidopsis leaves having an increased cuticle permeability antifungal compounds effective against B. cinerea are present, possibly contributing to their robust resistance to this pathogen (Bessire et al., 2007). Consistently, leaf diffusates from qua2 plants reduced in vitro B. cinerea spore germination (Supplementary Figure 1A) and suppressed in vivo disease development (Supplementary Figure 1B). These results support the conclusion that the increased cuticle permeability of plants with altered HG has a major role in their enhanced resistance to B. cinerea.

Because alterations of cuticle permeability may be due to a defective cutin, its composition was investigated. Compared to the WT, several oxygenated ester-bound lipid compounds typical for cutin were increased in untreated qua2 mutant leaves, including the main cutin component, i.e., 18:2 dicarboxylic acid (18:2 DCA; Figure 3; Li-Beisson et al., 2013), leading to an overall increase of oxygenated cutin monomers by 36% (Figure 3 insert), while unsubstituted ester-bound fatty acids were unchanged. ABA treatment increased unsubstituted and oxygenated ester-bound lipid compounds in WT by 46.1 and 44.5%, respectively. ABA treatment also increased unsubstituted ester-bound lipids in the qua2 mutant by 20.9%, while oxygenated cutin monomers were however not further increased (Figure 3A). In addition, TEM analysis did not reveal major defects in the ultrastructure of the cuticle in the epidermal cells of qua2 rosette leaves (Figure 3B), except for a slight but significant increase in cuticle thickness which might be due to the increased cutin monomer levels.
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FIGURE 3. Cutin deposition and cuticle thickness are enhanced in qua2 mutant leaves. (A), Five-week-old plants were sprayed with 0.01% MeOH (control) or 100μm ABA and leaves collected after 24h. Quantification of transesterified aliphatic and aromatic cutin monomers reveals an increase of main cutin components in qua2 which are not further increased after ABA treatment. The graph shows the analysis of the principal cutin monomers and the inset shows the sum of the indicated monomer classes per genotype and treatment. Data are mean ± SD; n = 4 replicates. Different letters indicate significant differences as determined by ANOVA followed by Tukey’s significance test (p < 0.05). DW, dry weight; DCA, dicarboxylic acid; ω-OH, ω-hydroxy acid; and FA, fatty acid. (B), TEM images of the cuticle of epidermal cells of the adaxial face of rosette leaves of five-week-old WT (top panel) and qua2 (middle panel) plants. Pictures are representative of 15 (WT) and 13 (qua2) images. Bars, 125nm. Bottom panel measurement of cuticle thickness from images taken as above described.


We also evaluated the expression of genes involved in the biosynthesis of cutin and waxes in fully expanded rosette leaves of qua2 plants. In particular, we measured transcript levels for the following genes: BDG, required for proper cutin biosynthesis (Kurdyukov et al., 2006); LACS2, involved in the biosynthesis of cutin and wax monomers (Schnurr et al., 2004; Lü et al., 2009); ECERIFERUM1 (CER1) and 3-KETOACYL-COENZYME A SYNTHASE 2 (KCS2), both implicated in cuticular wax biosynthesis (Lee et al., 2009; Bourdenx et al., 2011; Bernard et al., 2012); and MYB96, encoding a transcription factor that positively regulates the expression of wax-related genes (Seo et al., 2011). We also evaluated the expression of LIPID TRANSFER PROTEIN 3 (LTP3), a direct target of MYB96 (Guo et al., 2013), and its close homolog LTP4. This set of genes was selected because they all show altered expression in the OG hypersensitive 1 (ohy1) mutant, that, like qua2, has a permeable cuticle, increased peroxidase levels and increased resistance to B. cinerea (Survila et al., 2016). Basal levels of expression of LACS2 and BDG were not significantly different in WT and qua2 rosette leaves, though they appeared more variable in the mutant (Supplementary Figure 2). Expression of MYB96, LTP3, and LTP4 was significantly enhanced in qua2, compared to the WT, whereas CER1 expression did not significantly change and KCS2 expression was reduced in the mutant (Supplementary Figure 2). These data indicate that qua2 does not show a major reduction of the expression of genes involved in cutin or wax biosynthesis that might explain its defect in permeability. Notably, ABA treatments induced the expression of all tested genes in both genotypes (Supplementary Figure 2), indicating that ABA-mediated regulation of genes involved in cuticle formation is not impaired in qua2.



AtPRX71 Contributes to Cuticle Permeability, Loss of Cell Adhesion, and Resistance to B. Cinerea in qua2 Plants

Cuticle defects may lead to the expression of apoplastic peroxidases and accumulation of ROS (Chassot et al., 2007), as also observed in plants with defects in HG (Ferrari et al., 2008; Raggi et al., 2015). Moreover, overexpression of apoplastic peroxidases in WT plants also leads to ROS accumulation and enhanced cuticle permeability, responses that are both suppressed by ABA (Survila et al., 2016). It can be therefore hypothesized that the increased permeability of qua2 might depend on its high levels of AtPRX71 expression. To assess this, we analyzed cuticle permeability in fully expanded rosette leaves of WT, qua2, and atprx71-1 (henceforth, atprx71) plants, in a qua2 atprx71 double mutant, and in two transgenic lines overexpressing AtPRX71 (35S::PRX71 #22 and 24; Raggi et al., 2015). As expected, leaves of plants overexpressing AtPRX71 showed greatly enhanced cuticle permeability, compared to untransformed plants, as determined by both toluidine blue staining and leaf chlorophyll leakage measurement (Figures 4A,B). Loss of AtPRX71 did not affect cuticle permeability in the WT background but partially rescued the cuticle permeability defect of qua2 (Figures 4A,B). Toluidine blue staining of whole rosettes showed that the cuticle of the entire lamina of mature (fully expanded) leaves of qua2 plants is permeable, whereas younger leaves were not stained (Figure 4C). Mature leaves of the qua2 atprx71 double mutant showed irregular patches of permeable cuticle, supporting the hypothesis that AtPRX71 contributes to the increased cuticle permeability of qua2 (Figure 4C). Plants overexpressing AtPRX71 showed a very high cuticle permeability of the entire lamina of younger leaves, and an irregular distribution of permeable cuticle patches in older leaves (Figure 4C). Interestingly, ABA pre-treatments, which suppressed cuticle permeability in qua2 (Figures 1A,B), also reduced ROS accumulation in this mutant, as determined by DAB staining (Supplementary Figure 3). These results suggest that accumulation of ROS mediated by AtPRX71 is at least partially responsible for the increased cuticle permeability of qua2 leaves. In addition, despite the high basal levels of ROS, no significant increase in Evans blue staining, indicative of cell death, was observed in qua2 leaves, both in uninfected plants and at early stages of B. cinerea infection (16h post-infection, hpi), though staining at 40hpi was reduced in the mutant, possibly as a consequence of the reduced ability of the fungus to infect this mutant (Supplementary Figure 4A) and suggesting that, in qua2, the fungus is restricted at an early stage of infection. Consistently, expression of the fungal actin BcAct gene was comparable in WT and qua2 plants at 24hpi but increased at 36hpi only in WT plants (Supplementary Figure 4B).
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FIGURE 4. Increased cuticle permeability of qua2 leaves is partially dependent on AtPRX71. Permeability of the cuticle of fully expanded rosette leaves (A) of five-week-old Col-0 (WT), qua2, atprx71, qua2 atprx71, and 35S::AtPRX71 #22 (35SPRX71) plants was determined by toluidine blue staining. (B) The amount of chlorophyll leached from rosette leaves as in (A) was measured after incubation in 80% EtOH at the indicated times. Bars indicate average concentration ± SD (n = 3). For each time point, asterisks indicate significant differences, according to Student’s t-test between WT and mutants (*p < 0.05; ***p < 0.01). These experiments were repeated three times with similar results. (C) Toluidine blue staining of the entire rosette of five-week-old plants. Representative images of at least five plants per genotype are shown.


It was previously shown that QUA2 is required for normal cell adhesion (Mouille et al., 2007). Since qua2 plants do not show major changes in cuticle ultrastructure and do not display a reduction in ester-bound lipids or in the expression of most cuticle-related genes that we have analyzed, we speculated that a reduced adhesion of the epidermal cells might contribute to its increased permeability. Indeed, cracks between adjacent cells and opening of the cuticle at cell junctions were previously described in the hypocotyl of qua1-1 (Verger et al., 2018), a mutant for a glycosyltransferase that is required for pectin synthesis and cell adhesion (Bouton et al., 2002; Mouille et al., 2007). Indeed, examination of the surface of qua2 rosette leaves revealed the presence of gaps between adjacent epidermal cells (Figure 5). Notably, the area of these gaps was significantly reduced in the qua2 atprx71 double mutant (Figure 5), indicating that increased peroxidase levels in plants with altered HG exacerbate the adhesion defect in qua2 leaf epidermis. In contrast, overexpression of AtPRX71 in a WT background did not result in any detectable loss of cell adhesion (Figure 5). Moreover, ABA treatments did not affect epidermal cell gap area in qua2 (Supplementary Figure 5). Interestingly, a mutation in the ESMERALDA1 gene, previously shown to suppress the cell adhesion defect in qua2 without affecting its galacturonic acid content (Verger et al., 2016), also suppressed its increased cuticle permeability (Supplementary Figure 6), supporting the hypothesis that the defects in cell adhesion and in cuticle functionality in qua2 are linked.
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FIGURE 5. Cell-adhesion defects in qua2 leaves are suppressed by loss of AtPRX71. Rosette leaves of five-week-old Col-0 (WT) (A), qua2 (B), atprx71 (C), qua2 atprx71 (D), and 35S::AtPRX71 #22 (35SPRX71) (E) plants were stained with ruthenium red and epidermal cells of the adaxial face were photographed. Asterisks indicate gaps between adjacent cells. (A–E), Representative images of at least five images per genotype. (F), For each experiment, total area of the gaps between adjacent cells per image was analyzed (total area of images = 60,000μm2). Bars indicate average gap area ± SD (n = 3). Asterisks indicate statistically significant difference between qua2 and qua2 atprx71, according to Student’s t-test (***p < 0.01).


We next evaluated whether AtPRX71 contributes to the resistance to B. cinerea observed in qua2. As previously reported (Raggi et al., 2015), symptoms caused by this pathogen in the atprx71 mutant were comparable to those observed in the WT (Figure 6), confirming that AtPRX71 is not necessary for basal resistance to this fungus in plants with normal pectin composition. AtPRX71 overexpression was sufficient to significantly increase resistance to B. cinerea (Figure 6), a result also in agreement with previous observations (Chassot et al., 2007). Notably, the qua2 atprx71 double mutant was significantly less resistant than qua2, though it was still more resistant than the WT (Figure 6). Taken together, these results suggest that AtPRX71 is required for the strong resistance to B. cinerea of qua2, possibly because it contributes to increased cuticle permeability.
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FIGURE 6. Resistance to B. cinerea in qua2 is partially dependent on AtPRX71. Rosette leaves of five-week-old WT plants, qua2, atprx71, and qua2 atprx71 plants, and of two independent transgenic lines overexpressing AtPRX71 (35SPRX71 #22 and #24) were inoculated with a B. cinerea spore suspension, and lesion area was measured 2days after inoculation (n > 10 for each genotype). Bars indicate average lesion area ± SE. Different letters indicate statistically significant differences, according to one-way ANOVA followed by Tukey’s significance test (p < 0.01).


To further investigate the role of AtPRX71 in qua2 resistance, we examined the expression of three defense-related genes, PHYTOALEXIN DEFICIENT 3 (PAD3), PATHOGENESIS-RELATED 1 (PR-1), and PLANT DEFENSIN 1.2 (PDF1.2), during fungal infection of WT, qua2, atprx71, and qua2 atprx71 plants. These genes were selected since they are markers for different defense-related pathways: PR-1 and PDF1.2 are well-known markers for the activation of SA-dependent and JA/ethylene-dependent responses, respectively (Glazebrook, 2005), whereas PAD3, encoding a cytochrome P450 required for the biosynthesis of camalexin (Schuhegger et al., 2006), is rapidly induced by B. cinerea and by DAMPs and MAMPs independently of SA, JA, and ethylene (Ferrari et al., 2007; Gravino et al., 2015) and is required for basal and elicitor-induced resistance to this fungus (Ferrari et al., 2003, 2007). At 8hpi, PAD3 transcript levels were significantly higher in qua2 than in the WT (Supplementary Figure 7A), suggesting that plants with altered HG display an anticipated response to the pathogen. This early induction of PAD3 expression also occurred in the qua2 atprx71 double mutant (Supplementary Figure 7A), indicating that it does not depend on an increased peroxidase activity. At 24hpi, levels of PAD3 transcripts increased to a greater extent in the WT than in qua2 and qua2 atprx71 plants (Supplementary Figure 7A), possibly because fungal growth was reduced in both mutants. Expression of PR-1 and PDF1.2 during B. cinerea infection increased at later time points than PAD3 and was similar in WT and qua2 plants (Supplementary Figures 7B,C), suggesting that activation of SA- and JA/ET-mediated pathways does not significantly contribute to the resistance observed in the mutant.



Cuticle Permeability and Resistance to B. Cinerea in Mutants Affected in Different Primary CW Components

Since plants with altered HG show increased ROS accumulation, cuticle permeability and resistance to B. cinerea, we assessed whether mutants with defects in other CW polysaccharides also display these phenotypes. We tested prc1 and ixr1-2, which have mutations in CESA1 and CESA3, respectively (Fagard et al., 2000; Scheible et al., 2001), required for primary CW cellulose deposition (Fagard et al., 2000; Scheible et al., 2001; Desprez et al., 2007; Persson et al., 2007), murus1 (mur1), defective in a GDP-Man-4,6-dehydratase required for the synthesis of Fuc and therefore impaired in xyloglucan and RGII integrity (O’Neill et al., 2001), and murus4 (mur4), defective in a UDP-D-Xylose epimerase required for Ara biosynthesis (Burget et al., 2003) and characterized by a 50% reduction in Ara, mainly representative of RG-I and arabinogalactan proteins (AGPs; Reiter et al., 1997; Burget and Reiter, 1999). In addition, we analyzed the fer-4 mutant (Duan et al., 2010), which is defective in the FER gene, important for pectin integrity perception (Li et al., 2016; Feng et al., 2018). Cuticle permeability was unaffected in prc1, mur4, and ixr1-2 leaves, and only moderately increased in mur1, but was extremely increased in fer-4 (Figures 7A,B), suggesting that cuticle defects are caused by alterations of HG integrity and/or of its perception, but not by alterations of other primary CW components. DAB staining revealed accumulation of ROS in mur1, ixr1-2, and fer-4 rosette leaves (Figure 7C), indicating that high ROS levels per se are not sufficient to impair cuticle functionality. Whole rosette toluidine blue staining showed that all leaves of prc1, mur4, and ixr1-2 plants have normal cuticle permeability, whereas patches of increased permeability could be observed in the older leaves of mur1 plants (Supplementary Figure 8). The pattern of cuticle permeability of fer-4 and qua2 was similar, with almost complete staining of the lamina of fully expanded leaves, but not of younger leaves (Supplementary Figure 8).
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FIGURE 7. Cuticle permeability and ROS accumulation in mutants with impaired cell wall integrity. (A,B), Rosette leaves of five-week-old Col-0 (WT), mur1, mur4, prc1, irx1-2, and fer-4 plants were stained with toluidine blue (A) to assay cuticle permeability or (B) incubated for the indicated times with 80% EtOH, and the concentration of chlorophyll leaked in the medium and of total chlorophyll was spectrophotometrically measured. Bars in (B) indicate average percentage of total chlorophyll leaked at the indicated time of incubation ± SD (n = 3). For each time point, asterisks indicate statistically significant differences with the control-treated WT samples, according to Student’s t-test (***p < 0.01; *p < 0.01). (C), rosette leaves as in (A,B) were stained with DAB for ROS accumulation. These experiments were repeated three times with similar results.


To test how changes in different primary CW polysaccharides affect susceptibility to B. cinerea, prc1, ixr-2, mur1, mur4, and fer-4 plants were inoculated with the fungus and lesion area was measured after 48h. Only fer-4 showed an almost complete resistance, comparable to that of qua2, whereas ixr1-2 showed slightly reduced lesion size (Figure 8), consistent with the moderate resistance previously observed in the allelic mutant ixr1-1 (Hernández-Blanco et al., 2007). Fungal resistance in all the other tested mutants was not significantly altered (Figure 8). Overall, our results suggest that defects in HG composition and/or integrity maintenance specifically confer a robust resistance to B. cinerea that correlates with loss of cell adhesion and enhanced cuticle permeability.
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FIGURE 8. Resistance to B. cinerea in cell wall mutants. Rosette leaves of five-week-old WT plants and of prc1, ixr1-2, mur1, mur4, qua2, and fer-4 mutant plants were inoculated with a B. cinerea spore suspension, and lesion area was measured 2days after inoculation (n > 12 lesions for each genotype). Bars indicate average lesion area ± SE. Different letters indicate statistically significant differences, according to one-way ANOVA followed by Tukey’s significance test (p < 0.01).





DISCUSSION


Increased Cuticle Permeability Caused by Loss of HG Integrity Depends on AtPRX71 and Correlates With a Defective Epidermal Cell Adhesion

The traditional view of a cuticle separated from the underlying CW of epidermal cells is currently challenged by increasing evidence indicating that CW polysaccharides are entangled with cutin in the “cuticular layer” beneath the “cuticle proper” and that these polysaccharides affect cuticle deposition and functionality (Fernández et al., 2016). Indeed, some authors now prefer to consider the cuticle as an extreme modification of the outer CW (Domínguez et al., 2011), or a region of the CW extremely rich in lipids (Fernández et al., 2016). Here, we show that plants with defective HG, either caused by the qua2 mutation or by expression of a fungal PG, and plants lacking a functional FER, supposed to act as a sensor of HG integrity (Lin et al., 2018), show increased cuticle permeability (Figures 1 and 7), supporting a strict interconnection between pectin composition and cuticle functionality. Indeed, pectin can be found in epidermal cells at the interface of the CW with the cuticle (Orgell, 1955; Jeffree, 2006), and the observation that the tomato mutant sitiens, defective in ABA biosynthesis, shows both altered cuticle and pectin composition (Curvers et al., 2010) further supports a link between these two structures. Overexpression of the Arabidopsis PME inhibitor PMEI5 leads to reduced permeability and organ fusion (Müller et al., 2013), suggesting that the degree of methylation of HG might be important for a functional cuticle. However, since qua2 has a normal ratio between methylated and non-methylated HG (Mouille et al., 2007), total HG levels are probably more important in determining the defects in cuticle functionality of this mutant. It was previously reported that qua2 is specifically affected in HG, without observable changes in other polysaccharides, including RG-I (Mouille et al., 2007). The recent observation that disrupted cellulose biosynthesis and orientation occurs in qua2 mutants strongly indicates that an intact HG is required for proper CESA functionality (Du et al., 2020). However, it is unlikely that the reduced cuticle permeability observed in qua2 and PG plants is due to a defect in the cellulose network, since mutants impaired in primary CW cellulose deposition (prc1 and ixr1-2) do not show major changes in cuticle permeability.

The mechanism(s) linking altered HG integrity to loss of cuticle functionality is not clear, but our data suggest that production of ROS mediated by apoplastic peroxidases might play a role. We have previously found that qua2, as well as PG plants, accumulates high levels of ROS as a consequence of an increased expression of AtPRX71 (Raggi et al., 2015). We show here that cuticle functionality is lost in plants overexpressing AtPRX71, and a mutation in this gene partially complements cuticle permeability in qua2 (Figure 4). This is consistent with the previous observation that the Arabidopsis ohy1 mutant, overexpressing another peroxidase gene, PER57, displays increased cuticle permeability (Survila et al., 2016). The increased permeability of both qua2 and ohy1 cuticles is therefore likely mediated by peroxidase-generated ROS, as supported by the observation that ABA suppresses both ROS accumulation and cuticle permeability in ohy1 plants (Survila et al., 2016) as well as in plants with altered HG (Figure 1 and Supplementary Figure 3). How elevated peroxidase levels might influence cuticle functionality is still unclear. It was reported that expression of genes required for cutin biosynthesis is suppressed in the ohy1 mutant (Survila et al., 2016), suggesting that elevated ROS produced by peroxidases negatively influence cutin production. Paradoxically, compared to the WT, qua2 leaves display increased levels of ester-bound lipids, including 18:2 DCA, the main cutin component (Li-Beisson et al., 2013; Figure 3A), and a slight increase in cuticle thickness (Figure 3B), which might depend on increased cutin levels. Moreover, in contrast to ohy1, qua2 plants do not display a reduction in the expression of BDG and indeed show increased basal transcript levels for LACS2 (Supplementary Figure 2), consistent with the observed increase in residue-bound lipid content. An increased cutin monomer load was also previously observed in other mutants with altered permeability, namely, lcr, fiddlehead (fdh), bdg, fatty acid desaturase2 (fad2), and the fad3 fad7 fad8 triple (fad triple) mutant (Kurdyukov et al., 2006; Voisin et al., 2009; Dubey et al., 2020) and is suggestive of a compensatory response, possibly as a consequence of a more unstructured cutin and/or defects in wax-cutin associations, leading to the incorporation of more cutin-like material in the epidermal CWs of the mutant. Notably, qua2 plants also display greatly increased basal levels of transcript levels of MYB96, LTP3, and its close homolog LTP4 (Supplementary Figure 2). MYB96 is a transcription factor positively regulating genes involved in wax biosynthesis, and expression of LTP3 was also previously shown to be upregulated in an activation-tagged myb96-1D mutant (Seo et al., 2011). These results suggest that the altered permeability caused by defects in HG is not due to a reduced expression of cuticle-related genes, at least in mature rosette leaves. Moreover, induction of the expression of cuticle-related genes by exogenous ABA was unaffected in qua2 plants, ruling out a defect in ABA perception/signaling in this mutant.

The different expression pattern of cuticle-related genes in ohy1 and qua2 suggests that the impact of high peroxidase levels per se on cuticle formation is not completely overlapping with that of altered pectin composition, though they might contribute to increase cuticle permeability in the context of a defective pectin composition. Indeed, our results indicate that lack of AtPRX71 partially suppresses the cell adhesion defect in qua2 leaf epidermis (Figure 5). Moreover, the esmd1 mutation completely suppressed in qua2 both loss of epidermal cell adhesion (Verger et al., 2016) and cuticle permeability (Supplementary Figure 6), supporting the hypothesis of a link between a defective cell adhesion and an altered cuticle functionality in plants with reduced HG content. Cell separation in the hypocotyl and cotyledons of qua1, another mutant defective in HG (Bouton et al., 2002), can be restored by reducing water potential, indicating that adhesion defects relate to the tensile status of the tissue (Verger et al., 2018). It is conceivable that a similar correlation also occurs in qua2, and the observation that the atprx71 mutation partially complements the cell adhesion defect in leaves of this mutant (Figure 5) points to a role of CW peroxidases in the ability to withstand tensile stress in the presence of a defective pectin, as AtPRX71 also appears to negatively regulate cell expansion (Raggi et al., 2015). However, since peroxidase overexpression increases cuticle permeability also in the absence of HG defects (Survila et al., 2016; Figure 4), and plants overexpressing AtPRX71 do not display loss of cell adhesion (Figure 5). cuticle functionality might be impaired by very high levels apoplastic peroxidases independently of its impact on cell adhesion. Moreover, as the atprx71 mutation does not fully complement the permeability of qua2, peroxidase-independent mechanisms responsible for the impaired cuticle functionality of plants with defective HG can also be envisioned. It was recently proposed that, in tomato fruits, close association occurs between cutin and pectins, and the latter probably play a determinant role in the organization and formation of the cutin-polysaccharide continuum (Philippe et al., 2020), suggesting that alterations in HG content might directly impair proper assembly of cutin.



Loss of Cuticle Functionality Is a Major Determinant of the Robust Resistance to B. Cinerea Caused by Altered HG Integrity

The results presented in this work indicate that the dramatic increase in cuticle permeability of plants with altered HG integrity, as well as of fer-4 plants, is a major determinant of their robust resistance to B. cinerea. These conclusion is supported by the observations that both cuticle permeability and resistance in qua2 and PG plants are suppressed by ABA treatments (Figures 1, 2) and are partially complemented in the qua2 atprx71 double mutant (Figures 4, 6). Moreover, suppression of the cell adhesion defect in qua2 by the esmd1 mutation fully restores both cuticle functionality and susceptibility to B. cinerea (Supplementary Figure 6). On the other hand, mutations that impair different structural polysaccharides of the primary CW beside HG have no or minor effects on cuticle permeability and fungal resistance (Figures 7, 8). Our results are consistent with previous reports indicating that defects in cuticle integrity caused by overexpression of a fungal cutinase (CUTE plants) or by mutations in Arabidopsis genes involved in cuticle biogenesis, including LACS2, LCR, FDH, and BDG, confer an almost complete resistance to B. cinerea in rosette leaves (Bessire et al., 2007; Chassot et al., 2007; Tang et al., 2007; Voisin et al., 2009). A similar observation has also been made in cotyledons of fad2 and fad triple mutant (Dubey et al., 2020).

The mechanisms by which an altered cuticle leads to increased resistance to B. cinerea are not fully elucidated. Different explanations have been proposed, including deregulation of cell death (Cui et al., 2019), enhanced diffusion of antifungal compounds (Bessire et al., 2007; Chassot et al., 2007), increased production and/or diffusion of DAMPs and MAMPs (Chassot et al., 2007; Curvers et al., 2010), hyperaccumulation of ROS (Asselbergh et al., 2007; L’Haridon et al., 2011), an altered leaf microbiome (Ritpitakphong et al., 2016), and over-accumulation of fungitoxic secondary metabolites on the plant surface (Dubey et al., 2020). These explanations are not mutually exclusive, and it is conceivable that multiple mechanisms contribute to the loss of susceptibility to B. cinerea in plants with a permeable cuticle. The results presented in this work indicate that diffusates from the qua2 leaf surface inhibit B. cinerea germination and impair the ability of the fungus to successfully infect WT plants (Supplementary Figure 1), supporting the hypothesis that an enhanced accumulation and/or diffusion of antimicrobial compounds in qua2 plants contributes to their robust resistance. Moreover, increased production and/or diffusion of elicitors are also possible, as expression of the elicitor-induced gene PAD3 during infection occurs much earlier in qua2 plants than in the WT (Supplementary Figure 7). It was previously shown that the ABA-hypersensitive enhanced response to aba1-2 (era1-2) mutant also has a permeable cuticle and is resistant to B. cinerea (Cui et al., 2019). Notably, resistance in this mutant was suppressed by the botrytis susceptible1 mutation that confers deregulated cell death (Cui et al., 2019). Since qua2 plants show reduced Evans blue staining at late stages of fungal infection (Supplementary Figure 4), we cannot rule out that regulation of cell death might play a role in the resistance of this mutant, though it is also possible that the observed reduction in staining simply reflects the reduced extent of lesion development in the mutant.

Our results suggest that peroxidase-mediated ROS accumulation plays a major role in resistance of plants with altered HG content. Loss of PRX71 in qua2 reduces peroxidase activity and ROS levels (Raggi et al., 2015) and suppresses cuticle permeability and resistance (Figures 4, 6). This suggests that the resistant phenotype of plants with altered HG is due to their defective cuticle, which in turn is dependent on their enhanced peroxidase levels that increase the extent of loss of cell adhesion in the epidermis. Accumulation of high ROS levels was also observed in Arabidopsis plants with an altered cuticle caused by cutinase treatment or mutations in LACS and BDG and in the tomato sitiens mutant and linked to their resistance to B. cinerea (Asselbergh et al., 2007; L’Haridon et al., 2011). In cotyledons of Arabidopsis, enhanced ROS production could not be correlated to resistance to Botrytis and cuticle permeability (Dubey et al., 2020). It is however conceivable that in Arabidopsis and tomato leaves, a positive feedback mechanism exists between HG integrity, cuticle functionality, and peroxidase-mediated ROS production: loss of HG integrity results in elevated peroxidase levels and ROS accumulation, causing a defective cuticle that triggers further production of ROS. However, additional, cuticle-independent mechanisms by which elevated peroxidase levels may contribute to the enhanced resistance of plants with defective HG cannot be ruled out. Indeed, class III peroxidases play multiple roles in plant-pathogen interactions, mediating reinforcement of the CW, and contributing to the oxidative burst induced by DAMPs and MAMPs (Almagro et al., 2009). Antisense expression of the French bean peroxidase type 1 in Arabidopsis reduces the expression of two endogenous peroxidases (PRX33 and PRX34) required for elicitor-induced oxidative burst and gene expression and for basal resistance to B. cinerea (Bindschedler et al., 2006; Daudi et al., 2012). Accumulation of ROS also mediates immunity to B. cinerea induced by wounding, and both wound-induced ROS accumulation and resistance are suppressed by ABA (L’Haridon et al., 2011). We indeed found that exogenous ABA in qua2 plants reduces ROS levels (Supplementary Figure 3) and restores fungal susceptibility (Figure 2). Therefore, ROS generated by an increased expression of apoplastic peroxidases might lead, in plants with altered HG, to a robust resistance to B. cinerea not only because they affect cuticle integrity, but also because they might restrict fungal infection either directly or through the activation of other defense-related pathways. Notably, ROS are produced in the host apoplast by B. cinerea as a virulence factor, possibly mediating induction of cell death (Govrin and Levine, 2000). However, high levels of ROS per se do not induce cell death in qua2 leaves (Supplementary Figure 4) and might indeed promote immunity to B. cinerea (Asselbergh et al., 2007; Serrano et al., 2014; Survila et al., 2016).

Previous work indicates that SA-, JA-, and ethylene-mediated responses all contribute to basal resistance of Arabidopsis to B. cinerea (Ferrari et al., 2003). Both basal- and fungal-induced expression of PDF1.2 and PR-1, typical marker genes for these defense-related pathways, are comparable in WT and qua2 plants. Similarly, microarray analysis previously failed to reveal constitutive expression of PR-1 or PDF1.2 in PG plants (Raggi et al., 2015). Therefore, the resistant phenotype of plants with impaired HG integrity does not appear to be dependent of the SA-, JA-, or ethylene-mediated pathways, as also previously observed for rosettes of CUTE plants (Chassot et al., 2007) and cotyledons of the fad2 and fad triple mutant (Dubey et al., 2020). PAD3-mediated biosynthesis of camalexin is crucial for both basal- and elicitor-induced resistance of Arabidopsis to B. cinerea (Ferrari et al., 2003, 2007), and expression of PAD3 in response to this pathogen and to OGs occurs independently of SA-, ethylene-, and JA-mediated signaling (Ferrari et al., 2007). Notably, basal- and pathogen-induced expression of PAD3 is greatly enhanced in qua2 (Supplementary Figure 7). Indeed, it was previously suggested that altered cuticle permeability in plants that overexpress class III peroxidases primes the expression of OG-responsive defense-related genes (Survila et al., 2016). However, in contrast to resistance, the enhanced expression of PAD3 in qua2 during early stages of infection is not suppressed by mutations in AtPRX71 (Supplementary Figure 7). Consistently, resistance of CUTE plants to B. cinerea is also independent of PAD3 (Chassot et al., 2007). Therefore, increased production of pectin-derived signals, like OGs, might promote, in plants with altered HG, earlier expression of defense responses during infection, but this has a minor impact on resistance against B. cinerea, compared to the effects caused by a defective cuticle.



Cuticle Defects and Robust Resistance to B. Cinerea Are Specifically Associated to Loss of HG Integrity or of the Ability to Perceive it

It is now widely accepted that defects in CWI caused by a biotic or abiotic stress trigger responses aimed at restoring or compensating for the damage to ensure proper CW functionality (Gigli-Bisceglia et al., 2020; Rui and Dinneny, 2020). Increasing evidence indicates that loss of CWI also induces defenses effective against pathogens and that there is extensive crosstalk between the CWI maintenance system and PTI (Bacete et al., 2018; Bacete and Hamann, 2020; Gigli-Bisceglia et al., 2020). Indeed, mutants impaired in different CW structural components often display enhanced resistance to specific pathogens (Bacete et al., 2018; Molina et al., 2020), and increased resistance to necrotrophic fungi is often observed in mutants impaired in secondary CW components (Ellis and Turner, 2001; Hernández-Blanco et al., 2007; Molina et al., 2020). We found that neither cuticle permeability nor resistance to B. cinerea are significantly affected in a set of mutants impaired in different polysaccharidic components of the primary CW (Figures 7, 8), suggesting that loss of HG integrity can specifically confer a robust resistance to this pathogen, probably because of its impact on cuticle integrity. Notably, fer-4 also shows increased cuticle permeability and strong resistance to B. cinerea (Figures 7, 8). This might be the consequence of a defect in HG content, like that observed in qua2, though a detailed analysis of pectin composition in fer-4 leaves is required to support this conclusion. FER-dependent signaling is necessary to maintain pectin integrity during salt stress, which causes softening of the CW in roots, and cells in fer-4 roots explode during growth recovery (Feng et al., 2018). Notably, similar defects are observed in the mur1 mutant, which disrupts pectin cross-linking, and fer-4 CWI defects can be rescued by calcium and borate, which facilitate HG and RGII cross-linking (Feng et al., 2018). Moreover, a significant reduction in de-esterified pectin was recently detected at the filiform apparatus of fer-4 ovules (Duan et al., 2020). This indicates that FER might be required for sensing pectin integrity, and lack of it results in the inability of plants to adjust pectin composition in response to stress. It must be noted, however, that FER can also function as a scaffold for PAMP receptors, positively modulating immunity, and can also interact with endogenous RAPID ALKALINIZATION FACTOR propeptides to inhibit PTI (Stegmann et al., 2017). Induction of ROS and activation of MAP kinases in response to flg22 are also enhanced in fer-4 (Keinath et al., 2010), supporting the notion that lack of FER induces the constitutive activation of signaling pathways normally activated during PTI. Further investigation will help determine if the increased resistance to B. cinerea of fer-4 plants is caused by a defect in maintaining a proper pectin composition, and the consequent alteration of cuticle integrity or rather depends on the negative role of FER in modulating PTI.




CONCLUSION

We have shown that loss of HG integrity, or of the ability to monitor it, results in an increase cuticle permeability that correlates with a defective epidermal cell adhesion and leads to accumulation of antimicrobial compounds on the leaf surface. Increased permeability confers an almost complete resistance to B. cinerea, and both phenotypes are partially dependent on AtPRX71 and completely suppressed by loss of ESMERALDA1. In addition, HG alterations also appear to enhance defense responses during fungal infection independently of cuticle permeability, but these responses do not seem to play a major role in the robust resistance to B. cinerea observed in qua2. These results indicate that HG has a crucial role in maintaining cuticle integrity and highlight the complexity of the interactions between CW composition and resistance to pathogens.
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The cuticle is a lipid-rich layer that protects aerial plant organs against multiple stress factors such as dehydration. In this study, cuticle composition and structure in relation to water loss are examined in a broad ecophysiological context, taking into consideration leaf age and side from Ilex aquifolium (holly) in comparison with Eucalyptus globulus (eucalypt) and Prunus laurocerasus (cherry laurel). Enzymatically isolated cuticular membranes from holly leaves were studied under three treatment conditions: natural (no chemical treatment), after dewaxing, and after methanolysis, and the rate of water loss was assessed. Structural and chemical changes were evaluated using different microscopy techniques and by Fourier transform infrared (FTIR) spectroscopy. The potential mechanisms of solute absorption by holly leaves were additionally evaluated, also testing if its prickly leaf margin may facilitate uptake. The results indicate that the treatment conditions led to structural changes, and that chemical composition was hardly affected because of the occurrence of cutan. Structural changes led to more hydrophilic adaxial surfaces, which retained more water and were more efficient than natural cuticles, while changes were not significant for abaxial surfaces. Across natural cuticles, age was a significant factor for eucalypt but not for holly. Young eucalypt cuticles were the group that absorbed more water and had the lowest water loss rate. When comparing older leaf cuticles of the three species, cherry laurel was found to absorb more water, which was, however, lost more slowly, compared with the other species. Evidence was gained that holly leaves can absorb foliar-applied solutes (traced after calcium chloride application) through the adaxial and abaxial surfaces, the adaxial mid veins, and to a lower extent, the spines. In conclusion, for the species examined, the results show variations in leaf cuticle composition and structure in relation to leaf ontogeny, and water sorption and desorption capacity.
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INTRODUCTION

The cuticle is a protective epidermal layer of plants, located at the interface between plant organs and the surrounding environment (Kerstiens, 1996). The chemical and structural nature of the cuticle have been explained though different models over the years (Von Mohl, 1847; Holloway, 1982; Jeffree, 2006), but recent approaches have suggested to consider the cuticle as a lipidized part of the epidermal cell wall (Domínguez et al., 2011; Guzmán et al., 2014a; Philippe et al., 2020). The cuticle is mainly composed of a cutin/cutan lipid polymer matrix, cell wall polysaccharides, and associated soluble lipids, also known as cuticular waxes (Holloway, 1982; Jeffree, 2006).

The two major components of the lipid polymer matrix are cutin [e.g., main compound in Lycopersicon esculentum (Solanum lycopersicum) fruit cuticles; Segado et al., 2016] and cutan (the most abundant lipid polymer in, e.g., Beta vulgaris; Nip et al., 1986a), or a mixture of both (e.g., Prunus laurocerasus; Tegelaar et al., 1991). Cutin is a biopolyester formed by polyhydroxy fatty acids, while cutan is thought to be an ether-linked network of methylene chains, double bonds, and carboxyl groups (McKinney et al., 1996; Villena et al., 1999; Jeffree, 2006). Recent studies suggest that cutan monomers are composed of very long aliphatic chains with different functional groups and a polymeric core of aromatic moieties (Leide et al., 2020). However, because of the high molecular weight and complexity of cutan, its chemical composition is still not fully characterized (Fich et al., 2016; Díaz et al., 2020). Cutan has also been described according to its resistance to degradation by increasingly harsh chemical treatments (Heredia-Guerrero et al., 2014; Leide et al., 2020).

Cutan presence was first reported in detail in Agave americana and Clivia miniata (Schmidt and Schönherr, 1982; Nip et al., 1986b; Villena et al., 1999), and since then, other species have been tested (Tegelaar et al., 1991; Mösle et al., 1998; Guzmán-Delgado et al., 2016). Cutan has been related to drought adaptation, as it enhances the hydrophobic nature of cuticles (Boom et al., 2005) and might be a target candidate to account for the rigid appearance of some cuticles (Bargel et al., 2006). Furthermore, cutan-containing species are thought to follow strategies such as CAM photosynthesis or a thicker cuticle, which would prevent water loss more effectively. However, thick evergreen leaves or succulence alone do not correlate with cutan presence (Boom et al., 2005; Gupta et al., 2006).

Plant cuticles are also composed of polysaccharides and additional non-polymer lipids, such as waxes (soluble cuticular lipids) (Jeffree, 2006). The inner side of the cuticle is rich in cellulose, hemicellulose, and pectin, which are the most abundant epidermal cell wall polysaccharides (Guzmán et al., 2014a,b; Segado et al., 2016; Philippe et al., 2020). Soluble lipids are located either on the cuticle surface (epicuticular waxes) or distributed within the cuticle (intracuticular waxes) (Jeffree, 2006). A mixture of different long-chain aliphatic molecules, such as alkanes, alcohols, aldehydes, fatty acids, and esters, are present in the cuticle, together with variable amounts of cyclic compounds (Jetter and Riederer, 2016). There is controversy about the role of intra- vs. epi-cuticular waxes as barrier to leaf transpiration (Jetter and Riederer, 2016; Zeisler-Diehl et al., 2018; Zhang et al., 2021), but recent evidence suggests that their importance may be specific to leaf side (Zhang et al., 2020) and species, which respond plastically to drought (Chen et al., 2020; Sanjari et al., 2021). Additionally, variable amounts of phenolic compounds have been recovered in the cuticle of different organs and plant species (Karabourniotis and Liakopoulos, 2005; España et al., 2014).

The genus Ilex is present throughout temperate and tropical regions worldwide (Galle, 1997). The only species present in Spain is Ilex aquifolium L. (English holly or holly), an evergreen broad-leaved, small dioecious tree. Holly inhabits northern areas as well as some locations in central mountain ranges where the conditions are more humid. This species has been described to have an all-reticulate thick leaf cuticle (Holloway and Baker, 1970), with fibrils reaching the outer surface without a distinct cuticle proper (CP) (Holloway, 1982; Jeffree, 2006). Cuticle morphological characteristics (Jeffree, 2006), cutin description (Holloway and Baker, 1970), cuticle water loss (Burghardt and Riederer, 2003), and cuticle mechanical properties (Khanal et al., 2013) have been examined in previous reports. However, various aspects related to holly leaf cuticle composition, structure, and permeability are not fully understood to date.

The cuticle can be considered a composite membrane made of hydrophobic lipids (chiefly cutin/cutan, waxes, and minor phenol amounts) and hydrophilic polysaccharides (Fernández et al., 2016). The bi-directional transport of water and solutes across the cuticle has been associated with the occurrence of polysaccharides (Chamel et al., 1991; Reina et al., 2001; Riederer, 2006). However, the nano-structural arrangement remains unclear (e.g., Philippe et al., 2020; Segado et al., 2020). Furthermore, environmental factors such as temperature and/or relative humidity (RH) will affect the physicochemical properties of cuticle components (Schönherr and Schmidt, 1979; Domínguez et al., 2011), affecting water transport (i.e., transpiration and water absorption) across the epidermal cell wall (Fernández et al., 2021).

Water deposited onto the leaves after rain, dew, or fog exposure will interact with the surface and condense as films or drops depending on wettability (Fernández et al., 2021). Leaf water condensation has great importance in arid and semiarid regions and can contribute to fog harvesting and water delivery to the roots (Fernández et al., 2021), helping plants cope with water shortage (Malek et al., 1999; Holanda et al., 2019). The site of study, Montejo forest, is located in a valley, which likely causes dew formation during nocturnal cooling (Merinero et al., 2015). Some studies have demonstrated that spines can direct dew from their tips to their bases to help moisturize the plant (Malik et al., 2016), so we aim to evaluate if holly spines may play a role in retaining dew moisture, thus helping the plant to cope with dry season environmental conditions.

The main objective of this study was to examine the potential link between cuticle composition and structure in relation to water loss in a broad ecophysiological context, taking into consideration leaf age and side from holly in comparison with other two species: Eucalyptus globules Labill. (blue gum eucalypt or eucalypt) and P. laurocerasus L. (cherry laurel). Both sides of young and old cuticles subjected to treatments were evaluated to estimate their water loss rate. Finally, the potential mechanisms of solute absorption by holly leaves were evaluated, also testing if its prickly leaf margin may facilitate foliar absorption.



MATERIALS AND METHODS


Plant Material and Experimental Conditions

Holly leaves were collected in “El Hayedo de Montejo” forest, approximately 90 km north of Madrid, in central Spain (3°30′W, 41°07′N). Montejo is a sub-Mediterranean beech-oak mixed forest, protected according to regional laws. As an average (1994–2019 record), mean annual temperatures correspond to 10°C and annual precipitations to 876 mm. Maximal rainfall occurs in spring (May) and autumn (November) and there is a dry summer season in June, July, and August, where the average precipitation and temperature values are 153.7 mm and 16.7°C (see González, 2015, for 1994–2013 period; 2013–2019 period is unpublished data).

Blue gum eucalypt and cherry laurel leaves were collected from the Forest Engineering School Arboretum (Technical University of Madrid, Spain). Young leaves (sprouted in the year of collection) and old leaves (sprouted in previous years) were collected and taken to the laboratory. Then, leaf margins and mid ribs were removed with a scalpel. For cuticle isolation, leaf sections were immersed in a solution of 5% cellulase, 5% pectinase (Novozymes, Bagsvaerd, Denmark), 1% polyvinylpyrrolidone (Sigma–Aldrich, Munich, Germany), and 2 mM sodium azide set to pH 5 with sodium citrate (Guzmán et al., 2014b) for 1 month. The adaxial and abaxial sides of the leaves were studied separately. Cuticular waxes were removed from the isolated cuticles (500 mg) using a 2:1-(v/v) chloroform: methanol mixture for 24 h at 23°C and 45 rpm speed in an orbital shaker. We used a fraction of the dewaxed cuticles (150 mg) for the methanolysis procedure, as described by Graça and Pereira (2000) for a combined dewaxing-methanolysis treatment.



Electron Microscopy

Adaxial and abaxial cuticles isolated from the old and young leaves were examined either naturally (i.e., directly after enzymatic isolation) or after chemical treatment (named as D: dewaxed; M: dewaxed and methanolysis). The spines occurring in the leaf margin were analyzed by different microscopy techniques. Scanning electron microscopy (SEM) was performed to explore surface features, while transmission electron microscopy (TEM) enabled us to observe cell wall ultrastructure in epidermal cross sections. For simplicity, cell walls were analyzed in terms of lipidic layer and polysaccharides layer (Fernández et al., 2016). Light optical microscopy (LM) was performed (Zeiss Axioplan II; Carl Zeiss, Jena, Germany) to examine the epidermal cell wall and leaf mesophyll cross sections, and to measure the thickness of different cell wall layers. Cuticle thickness was measured with a micrometer (4,000/F; Baxlo, Barcelona, Spain) (two repetitions per sample).

For SEM and TEM observations, the cuticles were cut into 4 mm2 pieces and fixed in 2.5% glutaraldehyde-4% paraformaldehyde (both from Electron Microscopy Sciences [EMS], Inc. Hatfield, PA, United States) for 6 h at 4°C, rinsed in an ice-cold phosphate buffer, pH 7.2, four times within a period of 6 h, and left overnight. The samples for SEM analysis were then dehydrated in an increasing absolute ethanol (Sigma–Aldrich, Munich, Germany) series (30, 50, 70, 80, 90, and 100%; three times for each concentration). They were subsequently subjected to critical point drying (Leica EM CPD300; Leica Microsystems, Wetzlar, Germany). Prior to observation, the samples were gold-sputtered and then examined with a JEOL JSM-6400 microscope (JEOL Ltd., Tokyo, Japan).

For TEM, fixed tissues were also rinsed in the ice-cold phosphate buffer, pH 7.2, four times within a period of 6 h and left overnight. Next morning, the samples were post-fixed for 1.5 h in a 1:1 water and 2% osmium tetroxide (TAAB Laboratories, Berkshire, United Kingdom) solution containing 3% potassium ferrocyanide (Sigma-Aldrich, Munich, Germany). Then, they were washed with distilled water (three times), dehydrated in a graded series of acetone 30, 50, 70, 80, 90, 95, and 100% (twice, 15 min for each concentration) and embedded in acetone-Spurr's resin (TAAB Laboratories, Berkshire, United Kingdom) mixtures (3:1, 2 h; 1:1, 2 h; 1:3, 3 h) and in pure resin overnight (kept at 25°C). Pure resin sample embedding was carried out in blocks that were incubated at 70°C for 3 days. Finally, semi-thin sections were cut, mounted on nickel grids, and post-stained with Reynolds lead citrate (EMS, Inc., Hatfield, PA, United States) for 5 min prior to observation with a JEOL JEM 1010 electron microscope (JEOL Ltd., Tokyo, Japan) at 80 kV and equipped with a CCD camera (Megaview II, Olympus, Japan) (Bahamonde et al., 2018).

Image analysis was carried out with the ImageJ1.52a software (National Institutes of Health, Bethesda, MD, United States) to measure stomatal density and stomatal percentage in total abaxial surface and cuticle and epidermal cell wall thickness of all the groups. Measurements were carried out at periclinal areas on 10 micrographs per sample, with 20 repetitions.



Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy is a technique that has proven to be useful for cutane valuation in plant cuticles (Johnson et al., 2007; Fernández et al., 2011; Leide et al., 2020); thus, we used it to study holly cuticle composition. Infrared spectra of all the groups were obtained with an attenuated total reflectance (ATR) accessory (MIRacle ATR; PIKE Technologies, Madison, WI, United States) coupled to an FTIR spectrometer (Nicolet Nexus 670/870; Thermo Fisher Scientific, Waltham, MA, United States). The spectra of the samples were recorded in transmission mode in the range 4,000–400 cm−1 (with 4 cm−1 resolution accumulating 64 scans) and were analyzed with the Omnicv4.1b (Thermo Fisher Scientific, Waltham, MA, United States) software (Guzmán-Delgado et al., 2016). Both sides of the young and old cuticles by the different treatments (isolated intact cuticles, dewaxed cuticles, and post-methanolysis cuticles) were analyzed.

The esterification index is an indicator of how esterified a cutin matrix is, calculated as the ratio between the ester functional group ν(C=O) and the asymmetric vibration of the methylene functional group reflecting the cross-linking of cutin monomers νa(CH2). The index is directly related to the cross-linking of cutin, and high values of this ratio imply a higher esterification degree (Benítez et al., 2004; Girard et al., 2012; Heredia-Guerrero et al., 2014).



Water Loss

The cuticles were weighed after dehydration and after immersion in distilled water for 1 h. Subsequently, the surface of the rehydrated cuticles was gently blotted with soft paper tissue to remove superficial water, and the cuticles were left to air dry, controlling RH and temperature throughout the measuring process. Re-hydrated cuticular water loss was gravimetrically monitored after surface water removal, every 2 min for the first 30 min, every 5 min for the next hour, and every 10 min during the last hour. Measurements were taken for the 12 different groups: young and old leaf cuticles, both adaxial and abaxial side cuticles, and cuticles subjected to different treatments: untreated, dewaxed, and combined dewaxed-methanolysis (two repetitions per group).

For analysis, we adjusted weight-time data to an exponential decay model. The variables studied were: coefficient beta (β), which represents the slope of the decay model, being lower when the water loss curve drops more quickly; Tseca, which is the time (in min) required to reach the asymptote in the decay model; and absorbed, which is the water absorbed in an hour of being submerged in relation to dry weight (%). We also evaluated if temperature or RH influenced the data.

First, we evaluated how the treatments affected water loss in the holly cuticles. Then, the rate of water loss in the natural holly cuticles was compared with that in the eucalypt and cherry laurel cuticles. Blue gum eucalypt lacks cutan (Guzmán et al., 2014a), while cherry laurel contains both cutin and cutan. Cutan is associated with the residue obtained after cuticle solvent extraction and acid-catalyzed transesterification (Tegelaar et al., 1991; Leide et al., 2020). The adaxial eucalypt cuticles were compared with the holly cuticles to study which aspects may vary in the absence of cutan, taking age into account. Furthermore, holly, cherry laurel, and eucalypt adaxial old cuticles were compared to assess species factor.



Foliar Solute Absorption

We aimed to determine if different holly leaf areas, such as spines, may contribute to the process of solute absorption. First, we used a contact angle meter (DSA 100; Krüss, Hamburg, Germany) to observe the wettability by the water of drops deposited onto different leaf areas, such as spines. Second, using Ca-chloride (Sigma-Aldrich, Munich, Germany) as tracer, we evaluated spine solute absorption in comparison with other leaf parts, namely, the adaxial lamina, abaxial lamina, and adaxial mid vein, by implementing the procedure described by Bahamonde et al. (2018). In brief, leaves were selected and marked in two adult individuals, also selecting a group of untreated control leaves. Early in the morning (around 8 a.m.), using a micro-syringe, drops of approximately 3–4 μl 150 mM CaCl2 were applied on leaves still attached to the trees, carefully depositing them onto the mid nerves and spines, but using a brush for both lamina surfaces. After 24 h, the Ca-treated and untreated leaves were detached from the trees and were taken to the laboratory. They were thoroughly washed in an acidulated (0.1 N HCl) 0.1% detergent solution, followed by abundant tap water and two baths of distilled water. The washed leaves were then left to dry at ambient temperature for 1 h, and were subsequently dried in a stove at 50°C for 72 h. The dry leaves were ground to powder and analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES) to determine tissue Ca concentrations in the treated and untreated holly leaves.



Data Analysis

Statistical analyses were carried out using the R software (R Core Team, 2013). The data analysis included normality and homoscedasticity tests for the different traits evaluated. Normality was assessed by Shapiro–Wilk test (Razali and Wah, 2011) and homoscedasticity by Fligner–Kileen test. If data were normal and homoscedastic, an ANOVA and a post-hoc Tukey's HSD test would be conducted. Otherwise, a non-parametric Kruskal-Wallis test and a pairwise Willcoxon test would be carried out to evaluate differences among the groups.




RESULTS


Leaf Structure and Surface Topography

Leaf thickness had an average value of 442.29 ± 11.33 μm, spongy mesophyll was arranged in columns with large intercellular spaces, and there was a two-to-three-layer palisade parenchyma. A hypodermis is also present in the adaxial side under the epidermis (Figure 1). Regarding cell wall structure, the old leaves had a thicker lipidic layer, while the younger leaves had a thicker layer of polysaccharides (Figure 2). Furthermore, cell wall width values of the old leaves are more dispersed, with the adaxial side being higher than the abaxial side (Table 1). Stomatal leaf density did not significantly vary with age, having young leaves an average of 150.39 ± 20.77 while old leaves had 151.22 ± 15.74 stomata mm−2.


[image: Figure 1]
FIGURE 1. Light microscopy cross section of (A) holly leaf and (B) spine, both showing a thick cuticle as interface with the surrounding environment. Tissues were stained with Toluidine blue.



[image: Figure 2]
FIGURE 2. Transmission electron microscopy (TEM) micrographs of (A) adaxial young, (B) abaxial young, (C) adaxial old, and (D) abaxial old English holly leaves. Lipidic fraction (L) and polysaccharides fraction (P) of the cell wall are shown.



Table 1. Thickness of different external epidermal cell wall areas.

[image: Table 1]

The prickly part of the leaves (i.e., the spines) has an epidermis covered with a cuticle of similar appearance to the one of the leaf lamina (Figure 1). Spine epidermal cells are separated from a ring of stone cells (sclerenchyma, which surrounds the vascular bundle), by an area of intercellular space. Hence, the main fundamental tissue present in the spines is sclerenchyma in the form of stone cells surrounding the vascular bundle.



Cuticle Response to Treatments

The treatments significantly affected cuticle structure and composition. The thickness of the natural cuticles (0.032 ± 0.007 mm) decreased by half after dewaxing (0.018 ± 0.008 mm) and by approximately another half after methanolysis (0.008 ± 0.004 mm). Age also affected natural cuticle thickness, increasing adaxial side thickness (from 0.030 to 0.037 mm) but leading to a decrease in the thickness of the abaxial side (from 0.036 to 0.026 mm), which was more affected by dewaxing.

Furthermore, SEM images showed that adaxial cuticle dewaxing (i.e., wax removal, see the gray areas between white colored cell walls, Supplementary Figure 1) was more effective in the young leaves than in the older ones. Methanolysis caused a similar effect on cuticles isolated from both the old and young leaves, which acquired a hollow structure associated with an epidermal cell contour (Supplementary Figure 1). The abaxial cuticle structure was also affected by chemical treatment, mainly by the removal of cuticle materials in patches and especially in areas around stomata. However, after dewaxing and methanolysis, waxes and ester links were not completely removed, as derived from the different colors observed in residual patches (Supplementary Figure 2).

Regarding cuticle composition, a higher proportion of material was extracted by dewaxing (from 24 to 29%) compared with the effect of methanolysis (from 3 to 8%), this proportion being higher for the abaxial leaf cuticles compared with the adaxial ones.



Spectroscopic Characterization

Absorbance values from the different FTIR bands are shown for the adaxial and abaxial (Figure 3) cuticles, comparing the effect of age and chemical treatments. The results showed that after dewaxing and methanolysis, cuticle composition still included the main groups belonging to cutin, waxes, polysaccharides, and esters. Only one band related to fatty acids (1,688 cm−1) was strongly affected in all the groups, and there was a very small effect on glycosidic bonds typical of polysaccharides (1,000 and 1,030 cm−1) for the old adaxial side leaves (Figure 3).


[image: Figure 3]
FIGURE 3. Fourier transform infrared (FTIR) absorbance values (in cm−1): natural (blue), dewaxed (green), and combined treatment (red). (A) Adaxial young, (B) abaxial young, (C) adaxial old, and (D) abaxial old cuticles.


The cutin esterification index was significantly lower in the younger leaves (0.3418 ± 0.0899) compared with that in the older leaves (0.4609 ± 0.1791), where the ester bands (1,103, 1,167, and 1,733 cm−1) were strongest (Figure 3). The highest index values were recorded for the dewaxed cuticles (0.529 ± 0.1155), and the lowest values were determined for the untreated cuticles (0.263 ± 0.035) and leaf side did not affect index values. Thus, dewaxing was more effective in the young cuticles, and the combined treatment was more effective for the old cuticles.



Water Loss

Water loss measurements showed that cuticle weight decreased according to an exponential decay model with the equation: y = αeβx + θ, where α, β, and θ are coefficients, x is time, and y is weight. Neither temperature nor RH had a significant influence on the trials developed. Age and treatment only led to significant changes for the adaxial leaf cuticles (Figure 4). Treatment increased the total dry time and decreased the water loss rate, while age increased the total dry time. Total absorbed water only varied slightly across the different groups (Table 2).


[image: Figure 4]
FIGURE 4. Moisture loss (%) in holly cuticles depending on age, side, and treatment.



Table 2. Transpiration parameters of holly leaf adaxial cuticles, as affected by chemical treatment and age.
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When comparing natural adaxial cuticles of the holly and eucalypt, we found that decrease rate varied with age in eucalypt but not in holly (Figure 5). The young Eucalypt cuticles had a steeper decay curve and a higher total dry time, but the total water absorbed was similar in both species (Table 3). We also compared the old natural adaxial cuticles of holly, eucalypt, and cherry laurel. The results showed that the cherry laurel cuticles were significantly different (Figure 5), losing water faster but also taking more time to fully dry than the other two species. Regarding the total water absorbed, holly and cherry laurel absorbed a greater amount of water than eucalypt (Table 4).


[image: Figure 5]
FIGURE 5. (A) Moisture loss (%) of holly and eucalyptus young and old adaxial side cuticles and (B) moisture loss (%) of holly, eucalyptus, and cherry laurel old adaxial side cuticles.



Table 3. Transpiration parameters of natural adaxial cuticles isolated from holly and blue gum eucalypt leaves.
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Table 4. Transpiration parameters of natural adaxial cuticles isolated from old holly, blue gum eucalypt, and cherry laurel leaves.
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Foliar Solute Absorption

We found significant differences between the Ca concentration of the untreated leaves of holly and the other three groups supplied with Ca-chloride via different leaf parts (Figure 6). The spines were found to have adhesion for water and aqueous solution drops deposited with the syringe of the drop shape analysis system, subsequently, CaCl2 drops, which had been carefully hanged to the spines attached leaves with a micro-syringe led to low tissue Ca increases, which were only slightly higher than those found in the untreated control leaves. The highest rate of Ca absorption was recorded after adaxial leaf surface treatment. Calcium solution drop deposition onto the central veins led to tissue Ca concentrations within the same range of leaves treated with Ca via the abaxial surface.


[image: Figure 6]
FIGURE 6. Tissue Ca concentrations of untreated (control) holly leaves compared with leaves treated with 150 mM CaCl2 via the mid vein, or the adaxial or abaxial leaf side. Holly leaves were sampled 24 h after foliar Ca application.





DISCUSSION

In this study, we attempted to establish a link between water loss, cuticular gross chemical composition, and inner structure by comparing the performance of three different species. As noted in previous studies (e.g., Chamel et al., 1991), it is not simple to establish a cause-effect relationship regarding cuticle composition, structure, and water transport, which is likely because of the limited understanding of nanoscale cuticle complexity and variability among the species. These aspects are not easy to trace, because there is an array of methodological and experimental constraints (Fernández et al., 2021). However, using selective chemical treatments and various methodologies can help us gain some ecophysiological insights into the topic (e.g., Chamel et al., 1991; Kerstiens, 2006; Leide et al., 2020). For example, for the adaxial leaf cuticles, we observed no effect of leaf age on the water absorption capacity of holly, while the upper cuticle of the younger eucalypt leaves absorbed more water than the older ones. For both species and leaf age, we observed chemical and structural changes before and after chemical treatment, but the scenario is so complex that we cannot clearly associate cuticular water transport with cuticular chemical composition and ultrastructure. In the following paragraphs, the results obtained will be discussed in light of existing information on cuticle composition and structure in an ecophysiological background, considering also their relevance for foliar water absorption and leaf transpiration.


Holly Leaf Characterization

Holly leaves have a thick cuticle, which is richer in lipids in older leaves and more abundant in polysaccharides in younger ones. Total cell wall and cuticle thickness were significantly higher in the adaxial side, as previously observed for other species (Gratani et al., 2006; Verdaguer et al., 2012; Vega et al., 2020), and age did not significantly affect thickness, which is in accordance with previous reports (Riederer and Schönherr, 1988; Viougeas et al., 1995; Guzmán-Delgado et al., 2016).

After dewaxing, cuticle thickness decreased, indicating that we had at least altered the composition and structure of some cuticle areas. We extracted 24% of soluble lipids, an amount comparable with other cutan-containing species (Guzmán-Delgado et al., 2016). Age was not a significant factor in terms of soluble lipid extraction, possibly because wax production ceases when the leaf becomes fully expanded, and in the present study, the leaves were sampled well after this developmental stage (Chamel et al., 1992).

Methanolysis was not as effective as expected, because ester bands were identified after this de-esterification treatment, with the occurrence of FTIR bands of similar or higher intensity in natural, dewaxes and de-esterified cuticles. The increase in ester bands could be related to the exposure of internal layers with higher presence of ester bonds. Cutin esterification index was higher in old leaves as part of the cutin polymerization process (Heredia-Guerrero et al., 2020). Cutin esterification index might be related to biomechanical properties of the cuticle, allowing cell enlargement during development according to studies on tomato fruit (España et al., 2014).



Effect of Cuticle Chemical Treatment

Age and chemical treatment only led to significant changes in the thickness of the adaxial leaf cuticles of holly. Dewaxing affected adaxial side structure (as observed in SEM images) and thickness, resulting in a thinner cuticle but with a better capacity to retain water after a preliminary step of water sorption. A possible explanation for this can be that the extraction of lipids can lead to a more hydrophilic cuticle, hence favoring the retention of water.

Dewaxing and methanolysis affected the adaxial cuticle of the old leaves by reducing fatty acids interacting via strong hydrogen bonds (Heredia-Guerrero et al., 2014). Hydroxy fatty acids are highly present in holly cutin (Baker, 1970) but other bands related to cutin and waxes still occurred (720, 1,103, 1,167, 1,244, 1,377, 1,466, 1,688, 1,733, 2,844, and 2,930 cm−1) after chemical treatment. The 720-cm−1 band is associated with CH2 rocking vibration in long chain aliphatic substances (Guo and Bustin, 1998; Heredia-Guerrero et al., 2014) and the 1,377- and 1,466-cm−1 bands are bending vibrations of the methyl and methylene groups of fatty acids (Oleszko et al., 2015). Besides, the 1,244- and 1,103-cm−1 peaks can be related to C–O modes in secondary alcohols present in cutin (Marechal and Chamel, 1996), while 1,167-cm−1 peak can be assignedd to C–O (stretching) vibrations of ester groups, since they contain the majority of C–O groups. The simultaneous presence of aliphatic v(CH2) stretching bands at 2,930 and 2,844 cm−1 and δ(CH2) bands at 1,466, 1,377, and 720 cm−1 can be related to esterified aliphatics (Zeier and Schreiber, 1999). Cutin bands were stronger in the adaxial side of both young and old leaves, as also reported by España et al. (2014).

Regarding waxes, Van Genderen et al. (1988) claimed that young leaves of holly were mainly composed of alkanes and esters of long-chain fatty acids. The smaller ester peak observed in older leaves could be a result of fatty acid-esters being used to synthesize alkanes. Furthermore, Niemann and Baas (1985) argued that old leaves have a more polar composition as saturated long-chain hydrocarbons start to accumulate during leaf extension.

Glycosidic bonds ν(C–O–C) were also affected by both treatments but only in the adaxial side of old leaves. Johnson et al. (2007) and Mazurek et al. (2017) associated the 1,030-cm−1 peak with cuticular polysaccharides, while Türker-Kaya and Huck (2017) related the peak with O–H and C–OH stretch related to cell wall polysaccharides (arabinan, cellulose). Other bands related to polysaccharides were at 1,000 and 1,622 cm−1. Some authors claimed that the peaks at 1,000 cm−1are due to aliphatic CH2 wagging vibrations in alkenes (Guo and Bustin, 1998), and other reports described the 1,030- and 1,000-cm−1 peaks as heavy atoms (CC and CO) of low strength (Adapa et al., 2009) or as aliphatic ethers or alcohols (Chen et al., 2015). Following Stuart (2000), the polysaccharides present in holly are in line with the bands typical for hemicellulose and cellulose. Besides, the peak at 1,622 cm−1 may indicate the presence of pectin. We also detected a low-intensity 3,370-cm−1 band, which is associated with cutin and polysaccharides, according to Marechal and Chamel (1996), and may indicate the presence of a small number of H-bonds (Heredia-Guerrero et al., 2014).

Overall, the chemical treatments did not lead to major holly cuticle composition changes, as neither dewaxing nor methanolysis significantly affected cuticle ultrastructure. The results point toward the occurrence of cuticular compounds that were highly resistant to chemical treatments, i.e., the so-called cutan. To evaluate this, we compared the results with two species: Ficus elastica (rubber tree) and eucalypt, the first with cutan in its cuticle and the second without it. In the case of eucalyptus (Guzmán et al., 2014a), there is a high peak in polysaccharides (3,332 cm−1 band), and in non-solubilized long-chain compounds (1,029 cm−1) where holly has a much lower band. Besides, there is a decrease in eucalyptus peaks after the treatments. We observed that the spectrum of holly is similar to the spectrum of rubber tree (Guzmán-Delgado et al., 2016), as both species have strong peaks in long chain aliphatics (2,918 and 2,850 cm−1) even after being subjected to different treatments. Holly also follows the pattern of cutin polymer described for rubber tree. There are, nonetheless, some differences between them: holly does not have a peak at 468 cm−1 and does not decrease esters changing them to the spectral region of the ionized carboxylic groups (Guzmán-Delgado et al., 2016). Furthermore, comparing the absorbance pattern of holly with other two species containing cutan described in the literature (i.e., A. americana and C. miniata; Heredia-Guerrero et al., 2014), we observed that band distribution adjusted to the pattern of a leaf having cutan. Some studies have described an increase in cutan content as leaves age, improving its mechanical properties (Takahashi et al., 2012; Khanal and Knoche, 2017), and here we aimed to evaluate its potential contribution for dehydration resistance.



Transport of Water and Solutes

When comparing the rate of cuticular water absorption, we observed that for the holly leaves, age did not significantly affect the percentage of water absorbed or how fast water was subsequently lost. However, in the case of the blue gum eucalypt leaves (a species only having cutin polymer and lacking cutan), age was found to be a main factor, with the young cuticles absorbing more water than the older ones. When comparing between cuticles of older leaves of the three species, we found that both holly and cherry laurel, which contain cutan, absorbed more water than eucalypt. Consequently, the results point toward a potential relationship between cutan and an increased cuticular water sorption capacity. However, more research efforts are required to clarify the effect of cuticle composition and structure on water transport and, ultimately, on plant water economy (Forrester et al., 2010; Fernández et al., 2021).

Evidence was gained that holly leaves can absorb solutes (in this case, modeled with Ca ion) through the adaxial and abaxial surfaces, as well as via the mid veins. The amount of Ca absorbed after Ca drop deposit onto the mid veins was within a similar range of leaves treated with Ca through the abaxial and adaxial surfaces. Hence, veins can significantly contribute to the foliar absorption process, as also reported for beech leaves (Bahamonde et al., 2018). Furthermore, we found that the spines also absorbed Ca, but at lower rates than the rest of foliar Ca treatments.




CONCLUSIONS

In this study, we evaluated the effect of chemical treatment on isolated cuticles of young and old holly, cherry laurel, and blue gum eucalypt leaves by analyzing potential ultrastructural and chemical changes. The water sorption and desorption capacity of intact vs. chemically extracted cuticles was also evaluated, and species having cutan (i.e., holly and cherry laurel) were found to sorb more water than eucalypt (only having cutin as lipid polymer). Chemical treatments were not always successful in removing cuticular material, and only minor ultra-structural and chemical changes were recorded for holly leaves. Different solute absorption pathways were tested by the application of a 150-mM CaCl2 solution to different leaf areas. Evidence of foliar Ca absorption was gained after Ca-chloride application to both leaf lamina surfaces, the mid veins, and to a lower extent, the spines present in leaf margins. It is concluded that more research is required for the characterization of chemicals and structural features of plant cuticles, and in relation to water and solute transport phenomena.
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The pattern of cuticle deposition plays an important role in managing strain buildup in fruit cuticles. Cuticular strain is the primary trigger for numerous fruit-surface disorders in many fruit crop species. Recent evidence indicates a strain gradient may exist within the apple fruit cuticle. The outer layers of the cuticle are more strained and thus more susceptible to microcracking than the inner layers. A radial gradient in cuticle age is the most likely explanation. Our study aimed to establish whether (or not) deposition of new cutin in a developing apple fruit occurs on the inner surface of the cuticle, i.e., immediately abutting the outward-facing epidermal cell wall. Developing apples were fed with 13C oleic acid through the skin. Following a 14-d period for incorporation, the fruit was harvested and the cuticular membranes (CMs) isolated enzymatically. The CMs were then ablated to varying extents from the inner or the outer surfaces, using a cold atmospheric pressure plasma (CAPP). Afterwards, the ablated CMs were dewaxed and the 13C contents were determined by mass spectrometry. The incorporation of 13C in the cutin fraction was higher than in the wax fraction. The 13C content was highest in non-ablated, dewaxed CM (DCM) and decreased as ablation depth from the inner surface increased. There was no change in 13C content when ablation was carried out from the outer surface. As fruit development proceeded, more 13C label was found towards the middle of the DCM. These results offered direct evidence for deposition of cutin being on the inner surface of the cuticle, resulting in a radial gradient in cuticular age—the most recent deposition (youngest) being on the inner cuticle surface (abutting the epidermal cell wall) and the earliest deposition (oldest) being on the outer surface (abutting the atmosphere).

Keywords: Malus × domestica, cuticle, cutin, wax, strain, stress


INTRODUCTION

A cuticular membrane covers the outside of all primary-skin surfaces of all organs of terrestrial plants, specifically all leaves, many stems, and fruit. The cuticular membrane (CM) is a non-living extracellular polymer, deposited on the outer surface of the cell walls of the epidermis. It comprises an insoluble polymer matrix “cutin,” solvent-soluble lipids “waxes,” and cell wall polysaccharides (Schreiber and Schönherr, 1990; Dominguez et al., 2011; Yeats and Rose, 2013). The waxes are deposited within the CM as intracuticular waxes and also on the CM surface as epicuticular waxes. The primary function of the cuticle is to present a barrier against uncontrolled exchanges of respiratory gases (Jeffree, 2006) and water (Riederer and Schreiber, 2001; Kerstiens, 2006) and invasion by pathogens (Huang, 2001; Heredia, 2003; Serrano et al., 2014). To continue its barrier functions, the cuticle must maintain its functional integrity throughout the life of a leaf or a fruit.

Maintenance of functional integrity presents a particular challenge to the cuticles of fruit. In contrast to leaves, a fruit skin is subject to an extended period of strain, as a fruit surface usually continues to extend from flowering through to fruit maturity, commonly a period of about five months. The epidermal and hypodermal cells beneath the cuticle cope with these growth strains by a combination of cell division, cell expansion, and, in some fruit skins, by a change in epidermal cell aspect ratio (Maguire, 1998; Knoche and Lang, 2017). However, the polymeric CM cannot grow or divide but is simply stretched out by the ongoing area growth of the underlying epidermis (Knoche et al., 2004). This ongoing strain can result in the formation of cuticular microcracks that compromise its barrier functions. Microcracking is aggravated by surface wetness (Khanal et al., 2021). Moreover, microcracks are the first visible symptoms of several important fruit-surface disorders, including russet, skin spots, neck shrivel, and macrocracks (Skene, 1980; Knoche and Lang, 2017). Throughout fruit development, the cuticle of an apple copes with the ongoing strain by the ongoing deposition of new cutin and wax (Lai et al., 2016)—else the stretched CM would become thinner and thinner. The continuing addition of new cutin to the extending cuticle and its impregnation with intracuticular waxes “fix” the strain, converting the elastic strain component into a plastic component (Khanal et al., 2013a).

Previous studies have shown that these processes result in the development of a radial gradient of strain across the CM, with the material on the inner side (abutting the cell walls) being less strained and that on the outer side (abutting the atmosphere) being more strained (Khanal et al., 2014). In this way, it is most common for a microcrack to appear first on the outer side of the CM and for this crack gradually to propagate deeper into the cuticle as straining continues, so as eventually to traverse the CM through to the inner (cell) side (Knoche et al., 2018). The most likely explanation for the observed radial gradient in strain is a corresponding gradient in the deposition and thus the age of the cuticle. Additional factors that may contribute to a radial gradient in strain are the presence of polysaccharides on the inner side of the cuticle (Dominguez et al., 2011), a compositional gradient of C16/C18 cutin monomers within the cuticle with C18 fatty acids having a higher impact on cuticle integrity (Kolattukudy and Walton, 1972; Walton and Kolattukudy, 1972; Kolattukudy et al., 1974; Kolattukudy, 1980; Straube et al., 2021) and/or changing status of cutin polymerization (Espana et al., 2014; Martin and Rose, 2014).

It was hypothesised that with cutin being added preferentially to the inner side of the CM, this region will be younger, and so it will have suffered a shorter history of expansion, and so it will be less strained than the outer side. Taking the opposite view, the cutin on the outer side of the CM will have been deposited earlier on in the life of the fruit, and so be older, and so have suffered a longer history of expansion, and so be more strained. This hypothesis would explain why microcracking usually begins on the outer side of the CM. It would also explain why dewaxed CMs (DCM) usually “curl” following extraction of wax. Unfortunately, direct evidence for the deposition and age gradients in the cuticle is lacking, i.e., that deposition occurs on the inner surface of the cuticle.

Therefore, the objective of this study was to provide direct evidence for a radial gradient in cuticle deposition and age. We first fed 13C labelled oleic acid to the fruit surface. This was incorporated into the CM (Si et al., 2021a,b). Following feeding and incorporation, the cuticle was enzymatically isolated and then ablated from its inner surface, or its outer surface, using a cold atmospheric pressure plasma (CAPP). Thereafter, the 13C content of the ablated CM was determined. We focused on the cutin fraction, since an association of 13C with the wax fraction may have simply resulted from partitioning (Si et al., 2021a). We chose the ‘Idared’ apple for our study because ‘Idared’ is a russet non-susceptible cultivar where surface wetness during feeding does not trigger russet formation (Khanal et al., 2013b, 2021; Chen et al., 2020).



MATERIALS AND METHODS


Plant Material

‘Idared’ apple (Malus × domestica Borkh.) trees grafted on M9 rootstocks were cultivated in the Horticultural Research Station of the Leibniz University Hannover at Ruthe, Germany (lat. 52°14′N, long. 9°49′E) according to current EU regulations for integrated fruit production. Representative fruits of normal growth and free from visible blemishes were selected for the experiments.



Methods
 
Fruit Growth and Cuticle Deposition

Fruits were harvested at different stages of development and the mass of each was recorded. The surface area was calculated assuming sphericity and a mean density of 1 kg dm−3. A sigmoid regression line was fitted through plots of fruit surface area vs. time in days after full bloom (DAFB) and fruit mass vs. DAFB. The number of replicates at each time was 60.

Cutin and wax deposition was quantified using enzymatically isolated CM using standard procedures. Briefly, epidermal skin segments (ES) were excised from the equatorial plane of fruit using a biopsy punch (8 mm, Acuderm Inc., FL, USA). The ES was incubated at ambient laboratory temperature in an isolation medium containing pectinase (90 ml L−1, Panzym Super E flüssig, Novozymes A/S, Krogshoejvej, Bagsvaerd, Denmark) and cellulase (5 mL L−1, Cellubrix L, Novozymes A/S). The enzyme solution was buffered in 50 mM citric acid and the pH adjusted to 4 using sodium hydroxide (NaOH). To avoid microbial growth, sodium azide (NaN3) was added at a final concentration of 30 mM. The enzyme solution was periodically refreshed until the CMs separated from the underlying tissue. The CMs were cleaned using a soft camel-hair brush and thoroughly rinsed with deionized water.

To determine the mass per unit area, CMs were dried overnight at 40°C and then weighed on a microbalance (CPA2P; Sartorius, Göttingen, Germany). Subsequently, the CMs were Soxhlet extracted using a chloroform:methanol mixture (1:1 v/v) for 2.5 h. Dewaxed CMs (DCM) were again dried overnight and weighed.



Dosing Procedure and Cuticle Preparation
 
Feeding 13C Labelled Oleic Acid

The solutions were prepared by dissolving uniformly 13C labelled oleic acid (> 95% purity, Larodan AB, Solna, Sweden) in 0.05% surfactant solution (Glucopon 215 UP/Mb; BASF, Ludwigshafen, Germany) at a final concentration of 167 μM (equiv. to 50 mg L−1). Solutions were vortexed for at least 3 min immediately after preparation and again for 3 min immediately before application to the fruit surface. Donor solutions were always prepared fresh on the day of use.

The solution was applied as described earlier (Si et al., 2021a,b). Briefly, polyethylene tubes (25 mm height, 14 mm diameter) with a tapered tip and a minute hole in the tip were mounted in the equatorial region of the apple fruit using a non-phytotoxic silicon rubber (SE 9186 RTV; Dow Toray, Tokyo, Japan). A volume of 400 μL of donor solution was injected through the hole in the tip of the tube, and the hole was sealed using silicone rubber to prevent drying of the donor solution (Figure 1A). Feeding was terminated after 7 d when the tubes were removed. The original footprint of the tube was then marked with a permanent marker and the marked area was rinsed with deionized water. Fruits were sampled either 14 d after the termination of feeding or at commercial maturity.
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FIGURE 1. Apple fruit with mounted polyethylene tube for feeding 13C labelled oleic acid under field conditions (A). Cold atmospheric pressure plasma (CAPP) is generated by a plasma jet during ablation of the cuticular membrane (CM) (B). Sketch of plasma jet and CM sample holder illustrating the various parts of the plasma jet and the experimental setup (C). The sketch was adapted from Bußler (2017).




Cuticle Isolation

After harvest, the marked area of the fruit surface was rinsed with 1% surfactant solution (Glucopon 215 UP/Mb; BASF) and blotted dry. A 12 mm diameter ES was excised from the central region of the marked area using a biopsy punch (Acuderm Inc., FL, USA). The CMs were isolated from the ES as described above. Isolated and cleaned CMs were stored in deionized water at ambient temperature until use.




Cold Atmospheric Pressure Plasma (CAPP) Treatment

The CMs were dried overnight at 40°C and weighed on a microbalance. The CM discs were mounted between two discs of thick paper. The upper paper disc had an 8 mm diameter hole in the centre. The paper/CM/paper “sandwich” was then positioned on a custom-made sample holder such that the CM surface was exposed to the plasma jet (Figures 1B,C). This setup prevented any movement of the CM during exposure to CAPP. The CAPP was generated from a mixture of 99.9% argon and 0.1 % oxygen (Air Liquide, Düsseldorf, Germany) using an 8 W plasma jet (kINPen 09; Neoplas tools, Greifswald, Germany) at ambient temperature and pressure (Weltmann et al., 2009). When the mixture of gases passed through the electrode operated at a high-frequency voltage (1.1 MHz; 2–6 kV peak-to-peak voltage), the CAPP was generated at the tip of the electrode (Figures 1B,C). The flow rate of the gas mixture was set at 5.4 L min−1 (Multigas controller, 647C; MKS Instruments, Andover, MA, USA). The power supplied to the plasma jet was 65 V at a resonance balancing of 0.05 A.

The CM discs mounted on the sample holder were subjected to CAPP treatment of the inner or outer side for durations of 0-, 5-, 10-, 15-, 20-, or 25-min. Earlier studies established that increasing exposure times to CAPP results in increasing ablation of synthetic polymers (Clouet and Shi, 1992) and isolated cuticles irrespective of the orientation of the cuticle (Khanal et al., 2014).

The distance between the CM and the tip of the plasma jet was set to 8 mm. This setup produced a CAPP treated area of about 8 mm diameter in the centre of the CM disc. Using these settings, the temperature of the CM disc always remained below 40°C (Khanal et al., 2014).



Scanning Electron Microscopy (SEM)

The effect of CAPP treatment on the outer and inner surfaces of the CMs was established using SEM. Non-ablated control CMs and CAPP treated CMs following wax extraction were observed in a Quanta 200 SEM (FEI Europe Main Office, Eindhoven, The Netherlands). Cross-sections were viewed following freeze fracturing in liquid nitrogen. Specimens were mounted on aluminium stubs using conducting carbon tape and sputter-coated with gold. Calibrated images of the inner and outer surfaces were prepared at 1,000 x, those of cross-sections at 500 x. The acceleration potential was 15 kV.



Measurement of CM and DCM Mass

The mass loss during ablation of the CM by the CAPP treatment was quantified on a core disc excised from the ablated CMs. The core disc was of 4 mm diameter and was excised using a biopsy punch. The CMs were dried overnight at 40°C and weighed on a microbalance. The mass per unit area was calculated. Thereafter, the CMs were extracted in 2.0 ml chloroform:methanol (1:1, v/v) per disc for 24 h at ambient temperature. The dewaxed CMs were removed from the chloroform:methanol extraction mixture, rinsed once with fresh 0.5 ml chloroform:methanol, then dried overnight at 40°C. The DCM discs were then weighed and their mass per unit area calculated.



13C Quantification Using Isotope Ratio Mass Spectrometry (IRMS)

The amount of unlabelled (12C) and labelled carbon (13C) in the 4 mm diameter CMs and DCMs (after CAPP treatment of the CMs) were measured on an elemental analyser (Isotope Cube; Elementar, Hanau, Germany) coupled with an isotope ratio mass spectrometer (Isoprime precisION; Isoprime-Elementar, Manchester, UK). We followed the procedure used by Si et al. (2021a,b). The labelled CM and DCM discs were crimped in aluminium boats (one disc per boat) (6 × 6 × 12 mm; LabNeed GmbH, Nidderau, Germany). The samples were combusted at 1,080°C under a pulse of oxygen. Cerium dioxide was supplied to catalyse the combustion. The resulting CO2 was passed to an isotope ratio mass spectrometer where the standard and isotopic C contents were quantified by a heat conductivity detector. For each measurement, the detector was calibrated using a commercial sediment standard.

The C isotope ratio was calibrated online by injecting one pulse of the reference gas. The isotopic composition of C was calculated in the delta notation (at%) and referenced against Vienna Pee Dee Belemnite (VPDB). Further, C (at%) was referenced using international standards supplied by the International Atomic Energy Agency (IAEA, Vienna, Austria).

Sucrose (IAEA-CH-6), cellulose (IAEA-CH-3), and caffeine (IAEA-600) were used as standards for isotopic composition, and an in-house standard made from the spruce litter was used as an internal standard for quality control of C composition and the referenced isotopic composition.

The relative amount of tracer-derived C (RTracer) (new carbon) to the total carbon pool (old plus new carbon) was calculated using equation (1) (Gearing, 1991).

[image: image]

In this equation, at% represents the at% value of tracer (T) and labelled (L) or unlabelled control (C) CM or DCM sample. The total mass of tracer in the whole CM or DCM sample (MTracer) was calculated using equation (2).

[image: image]

where MSample represents the total mass of the 4 mm diameter CM or DCM disc combusted in the elemental analyser, %C represents the carbon content of the respective sample, and msample represents the molar mass of carbon in the sample. All % values used in the above equations were divided by 100 prior to calculation.




Data Analyses

All experiments were conducted and analysed using completely randomised designs. Data were analysed by linear regression analysis using the statistical software package SAS version 9.1.3 (SAS Institute, Cary, NC). Data are presented as means ± standard errors. Where not shown, the error bars were smaller than data symbols.




RESULTS

Fruit surface area and fruit mass increased sigmoidally with time (Figure 2A). The masses of CM, DCM, and wax per unit fruit surface area, all increased during fruit development (Figure 2B). The rates of deposition of cutin and wax were highest in the early stages of fruit development, decreasing steadily until maturity (Figures 2B,C).


[image: Figure 2]
FIGURE 2. Fruit surface area (A), fruit mass [(A), inset]and mass per unit area of the cuticular membrane (CM), the dewaxed CM, and the wax (B) during the development of apple fruit. (C) Rates of deposition of CM, DCM, and wax. The x-axis scale is in days after full bloom. The vertical arrows in A indicate the beginning of the feeding periods of 13C oleic acid to the outer surface of developing apple fruit. Data points represent means ± SE, n = 15–60.


Untreated CMs revealed a typical pattern of imprints of epidermal cell walls with slight depressions above the anticlinal cell walls when viewed from the outer surface (Figure 3A). On the inner surface, there were cuticular ridges above the anticlinal cell walls (Figure 3B). Exposure of outer or inner surfaces of CMs to CAPP resulted in significant ablations of the CM as indexed by significant decreases in CM thickness (Figures 3C–F). The cuticular ridges present on the inner surface of the CM above the anticlinal epidermal cell walls had almost disappeared after CAPP treatment for 20 min (Figures 3B,D,G).


[image: Figure 3]
FIGURE 3. Scanning electron micrographs of outer surfaces (A,C), inner surfaces (B,D), and cross-sections (E–G) of cuticular membranes (CMs) of apple fruit (fed with 13C oleic acid at 69 days after full bloom [DAFB] and harvested at 178 DAFB) with ablation (C,D,F,G) and without ablation using a cold atmospheric pressure plasma (CAPP) (A,B,E) following wax extraction. The white arrows indicate the outer and inner surfaces of the CMs. The thickness of the CM differed significantly and was 11.0 ± 0.3 μm for the control, 7.4 ± 0.7 μm for the CAPP treatment of the outer side, and 5.5 ± 0.4 μm for the CAPP treatment of the inner side. Data on thickness represent means ± SE, n = 3–5.


Mass loss per unit area of the CM (Figure 4A), DCM (Figure 4B) and wax (Figure 4C) increased linearly as the duration of CAPP treatment of the CM increased. The mass loss of the CM and the DCM was lower when the morphological outer surface was ablated, as compared with the ablation of the morphological inner surface. The reverse applied for wax mass. Here, ablation of the outer surface induced a larger loss in wax mass as compared with ablation of the inner surface. This is not surprising considering the presence of epicuticular wax on the outer surface of the CM. Similar results were obtained with CM ablated after feeding at 103 or 138 DAFB (Table 1). When treating the outer surface, CAPP treatment ablated the entire epicuticular wax layer plus some amount of the cutin and cuticular wax, whereas CAPP treatment of the inner surface ablated cutin plus any cuticular wax only.


[image: Figure 4]
FIGURE 4. Effect of duration of ablation of the cuticular membrane (CM) of apple fruit using cold atmospheric pressure plasma (CAPP) on the mass loss (main figures) and absolute mass (inset figures) of the CM (A), the dewaxed CM (DCM) (B) and the wax (C). The inner or the outer surface of the CM was ablated using CAPP and the mass loss of the CM, the cutin and wax fraction determined. The fruit was fed 138 days after full bloom and harvested 14 days after the termination of the feeding. Data points represent means ± SE, n = 6–16.



Table 1. Parameters of linear regression equations describing the relationships between mass loss (g m−2) and the duration of ablation using a cold atmospheric pressure plasma (CAPP) on the morphological inner and outer sides of isolated cuticular membranes (CM) of ‘Idared’ apple.

[image: Table 1]

The amount of 13C in the CM and the DCM of fruit fed at 69 DAFB remained constant following ablation of the outer surface but decreased continuously when the inner surface was ablated (Figure 5A). Regardless of the duration of CAPP treatment of the inner side, the decrease in the amount of 13C in the DCM was always higher than that in the CM indicating that incorporation was in the cutin matrix and not or less in the wax.


[image: Figure 5]
FIGURE 5. Effect of duration of ablation of cuticular membranes (CM) of developing apple fruit using cold atmospheric pressure plasma (CAPP) on the amount of 13C in the CM and the dewaxed CM (DCM). The inner or the outer surface of the CM was ablated using CAPP. Developing apple fruit were fed for 7 d using 13C labelled oleic acid at 69 (A), 103 (B), 138 (C) days after full bloom (DAFB). The fruit was sampled 14 d after the termination of the feeding and the CMs were isolated. Data points represent means ± SE, n = 6–8.


Qualitatively and quantitatively similar results were obtained when analysing CMs and DCMs of fruit fed at 103 DAFB (Figure 5B). At 138 DAFB, the amounts of incorporation of 13C oleic acid in the CM and the DCM were low compared with those incorporated at 69 and 103 DAFB. There was no effect of CAPP treatment on 13C content at 138 DAFB (Figure 5C).

Plotting the 13C content of the CM or the DCM as a function of the amount of mass loss following CAPP treatment revealed that increasing mass loss resulted in decreasing 13C content of CM and DCM when ablating their inner surfaces, but not when ablating their outer surfaces. With ablation of the outer surface of the CM, there was no relationship between the 13C amounts in the CM or DCM and the mass losses of the CM or DCM following ablation. Similar results were obtained for CMs and DCMs of fruit fed at 69 and 103 DAFB (Figures 6A–D). There were no effects of ablation on the 13C content of the CM or DCM for fruit fed at 138 DAFB (Figures 6E,F). At this stage of development, the deposition of CM has nearly ceased (Figures 2B,C).


[image: Figure 6]
FIGURE 6. Relationship between the amount of 13C in the cuticular membrane (CM) (A,C,E) or in the dewaxed CM (DCM) (B,D,F) and the mass loss of the CM or DCM that resulted from ablation of the inner or outer surface of the CM using a cold atmospheric pressure plasma (CAPP). Developing apple fruit were fed for 7 d using 13C labelled oleic acid at 69 (A,B), 103 (C,D), and 138 (E,F) days after full bloom (DAFB). The fruit was sampled 14 d after the termination of feeding and the CMs were isolated. Data points represent means ± SE, n = 6–8. For data on the relationships between mass loss and duration of ablation of the CM by CAPP see Table 1.


Comparison of the 13C contents of the DCM of fruit harvested 14 d after feeding at 69 DAFB with those from fruit harvested at maturity revealed significant differences (Figure 7). CAPP ablation of the CM of the fruit 14 d after feeding yielded an immediate decrease in 13C content of the DCMs when carried out on the inner surface. However, when fruit was allowed to grow until maturity after feeding, ablation had no effects on the 13C content up to a mass loss of about 4 g m−2. Beyond this threshold, further ablation decreased the 13C content as mass loss increased (Figure 7A). For DCMs of fruit fed at 103 DAFB and harvested at maturity, the 13C contents began to decrease for a mass loss of about 2 g m−2 (Figure 7B). In DCMs of fruit harvested 14 d after the termination of feeding, the 13C content decreased continuously as mass loss increased. The fruit fed at 138 DAFB had very low 13C contents in the DCM. Consequently, ablation by CAPP had little effect on the 13C contents of the DCM (Figure 7C). This is consistent with the cessation of CM deposition at 138 DAFB (Figures 2B,C).


[image: Figure 7]
FIGURE 7. Relationship between the amount of 13C in the dewaxed cuticular membrane (DCM) and the mass loss of the DCM that resulted from ablation of the inner surface of the CM using a cold atmospheric pressure plasma (CAPP). Developing apple fruit were fed for 7 d using 13C labelled oleic acid at 69 (A), 103 (B), and 138 (C) days after full bloom (DAFB). The fruit was sampled either 14 d after the termination of the feeding or at maturity and the CMs isolated. Data points represent means ± SE, n = 8–10. For data on the relationships between mass loss and duration of ablation of the CM by CAPP see Supplementary Table 1.




DISCUSSION

Our results evidence a radial gradient in the deposition and hence in the age of the cuticle of developing apple fruit. Feeding apple fruit with 13C oleic acid resulted in the incorporation and the deposition of labelled material on the inner surface of the CM. Consequently, the inner surface of the CM is younger, whereas the outer surface was deposited early on in fruit development, and so is older. The evidence for this conclusion is two-fold.

First, we obtained a gradient in 13C content of the DCM of fruit that (1) incorporated 13C oleic acid in the cuticle (69 and 103 DAFB) and that (2) was harvested 14 d after the termination of the feeding period. The rate of this decrease was initially rapid but slowed as the duration of CAPP treatment increased and as the mass-loss increased.

Second, when the fruit was fed with 13C oleic acid at 69 or 103 DAFB and then remained on the tree until maturity, the label was incorporated during the feeding period and immediately thereafter. However, un-labelled monomers were later incorporated in the cuticle on the inner surface. As cuticle deposition continued during development, the layer of the label was progressively overlaid and so “retreated” deeper into the cuticle as indicated in the sketch in Figure 8. Support for this view comes from the following observation. When the inner surface of the CM was ablated, short periods of ablation removed only the un-labelled portion of the cuticle, whereas longer ablations began to remove the labelled cuticle in ever deeper layers, and closer to the outer surface (Figure 8). The duration of the initial period without a decrease in 13C and the magnitude of the mass loss before the removal of the 13C labelled layer began depended on the thickness of the un-labelled layer, deposited after the termination of the feeding period. The duration of ablation before progressing into the labelled layer was longer for the feeding at 69 DAFB than for that at 103 DAFB. This interpretation is also consistent with the observation that treatment from the outer surface did not affect the 13C content of the polymer matrix. The above conclusions also account for the radial gradient in strain in apple fruit CM that has been reported previously (Khanal et al., 2014). Due to the earlier deposition, the outer CM has a longer history of strain and is, therefore, more strained, whereas the inner layer was deposited later and, hence, will have experienced less strain. This conclusion is also consistent with the structural characteristics of the apple cuticle (de Vries, 1968; Konarska, 2013). A cuticle proper (CP) that is rich in wax is distinguished from the underlying cuticular layer (CL) (Jeffree, 1996; Yeats and Rose, 2013). The CL was rich in cutin and contains embedded polysaccharides. The development of the CP precedes that of the CL (Jeffree, 2006).


[image: Figure 8]
FIGURE 8. Sketch illustrating the location of the 13C labelled layer within the cuticular membrane (CM) that resulted from feeding the developing apple fruit using 13C labelled oleic acid for 7 d. The 13C labelled precursor is incorporated in the inner side of the CM (A). Isolation of the CM at this stage and ablation from its outer side has no effect on the 13C content until the 13C labelled layer of the CM is ablated (B), ablation from the inner side decreases the 13C content of the CM as mass loss increases (C). In contrast, when fruit remains on the tree until maturity, CM deposition continues on the inner side. The layer resulting from feeding 13C oleic acid now “moves” into the CM (D). Ablation from the outer side still has no effect on the 13C content until the 13C labelled layer of the CM is ablated (E). When ablation from the inner side, ablation will not affect the 13C content of the CM until the labelled layer is reached (F). Further ablation then will decrease the 13C content.


The question arose as to what the chemical nature of the label might be incorporated in the cuticle. Since there was very little label associated with the wax, most of the incorporation was in the dewaxed CM. This indicates chemical binding, not simply partitioning into the CM (Si et al., 2021a). The two major constituents of the dewaxed CM are cutin and polysaccharides (Schreiber and Schönherr, 1990). Several arguments suggest this incorporation occurred in the cutin fraction.

First, the incorporation pattern was similar to that of CM deposition—i.e., it was higher during the early developmental stages, but lower in the late-stage close to maturity. This is consistent with the deposition pattern of cutin during the development of the apple fruit (Lai et al., 2016). Second, feeding 14C labelled oleic acids to apple skin discs resulted in the incorporation of the label in hydroxy C18 acids such as 18-hydroxyoctadecenoic acid, 10,18-dihydroxyoctadecanoic acid, and 9,10,18-trihydroxyoctadecanoic acid (Kolattukudy et al., 1971, 1973). These are major monomers of the apple fruit cutin (Walton and Kolattukudy, 1972; Straube et al., 2021). Also, until now the composition of apple cutin has been found to be consistent among all cultivars investigated (Holloway, 1973; Legay et al., 2017; Straube et al., 2021). Third, the cutin of apple fruit has been classified as a “mixed-type cutin” comprising C16 and C18 monomers (Holloway, 1982). This is in line with earlier observations from our laboratory, that when developing apple fruit were fed with 14C palmitic acid and 14C oleic acid incorporation in the CM of 14C palmitic acid was very much lower than of 14C oleic acid (Si et al., 2021a). This incorporation occurs in all apple cultivars investigated and at a rate that is significantly correlated with the mass of the CM per unit fruit surface area (Si et al., 2021b).

It may be argued that oleic acid is also a precursor for suberin and that the exposure of the apple fruit surface to the feeding solution may have resulted in microcracking and then periderm formation (Chen et al., 2020; Khanal et al., 2021). However, we considered this possibility extremely unlikely. First, ‘Idared’ is a cultivar that is known not to be susceptible to russeting (Khanal et al., 2013b). Russeting involves the formation of a periderm where the phellem typically has heavily suberized cell walls. Second, the feeding treatments in our study were done long after the period of greatest russet susceptibility was over (Chen et al., 2020; Khanal et al., 2021). Apple fruit is most susceptible to russet during the first 28 days after full bloom. Third, the apple fruit fed with oleic acid all had intact cuticles. There were no indications of either microcracking or russeting either to the naked eye or under SEM regardless of whether the fruit was harvested after a 7-day feeding plus the 14-d incorporation period or later at maturity. By this time, any russeting would have been visible on the fruit surface. Fourth, suberin is deposited inside the cell wall (Franke and Schreiber, 2007; Pollard et al., 2008). We obtained clean CMs after enzymatic isolation (see also Figure 3). Furthermore, a 5-min CAPP treatment of the inner surface decreased CM mass by about 8% (Khanal et al., 2014). This would have been sufficient to remove any hypothetical suberized cell walls that might have been present. This would have left no label in the dewaxed CM. However, in the fruit harvested at maturity the label from the early feeding was incorporated deep into the CM.

These arguments demonstrated that both, the label detected in the inner surface of the dewaxed CM from fruit harvested after the feeding and the incorporation period, and the label found deeper in the dewaxed CM of fruit harvested at maturity, most likely represent hydroxy C18 monomers polymerized in the cutin.


Practical Implications

The deposition pattern of cutin on the inner side of the cuticle represents an important and critical mechanism that delays or prevents the formation of deep microcracks. A high rate of cutin deposition also maintains a minimum thickness of the CM during phases of rapid fruit expansion. Because the deposition occurs on the inner surface of the CM, the likelihood of the formation of microcracks that traverse the cuticle decreases. Microcracks that traverse the cuticle dramatically impair the barrier functions of the cuticle and trigger the formation of periderm, which led to russeting.

The results obtained in apple are thought likely to apply also to other fruit crop species that deposit cuticles throughout development. Further study should explore the possibility of stimulating the deposition of cutin during periods of rapid fruit growth, to help prevent deep propagation of microcracks.
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The outer epidermal cell walls of plant shoots are covered with a cuticle, a continuous lipid structure that provides protection from desiccation, UV light, pathogens, and insects. The cuticle is mostly composed of cutin and cuticular wax. Cuticular wax synthesis is synchronized with surface area expansion during plant development and is associated with plant responses to biotic and abiotic stresses. Cuticular wax deposition is tightly regulated by well-established transcriptional and post-transcriptional regulatory mechanisms, as well as post-translationally via the ubiquitin-26S proteasome system (UPS). The UPS is highly conserved in eukaryotes and involves the covalent attachment of polyubiquitin chains to the target protein by an E3 ligase, followed by the degradation of the modified protein by the 26S proteasome. A large number of E3 ligases are encoded in the Arabidopsis genome, but only a few have been implicated in the regulation of cuticular wax deposition. In this study, we have conducted an E3 ligase reverse genetic screen and identified a novel RING-type E3 ubiquitin ligase, AtARRE, which negatively regulates wax biosynthesis in Arabidopsis. Arabidopsis plants overexpressing AtARRE exhibit glossy stems and siliques, reduced fertility and fusion between aerial organs. Wax load and wax compositional analyses of AtARRE overexpressors showed that the alkane-forming branch of the wax biosynthetic pathway is affected. Co-expression of AtARRE and candidate target proteins involved in alkane formation in both Nicotiana benthamiana and stable Arabidopsis transgenic lines demonstrated that AtARRE controls the levels of wax biosynthetic enzymes ECERIFERUM1 (CER1) and ECERIFERUM3 (CER3). CER1 has also been confirmed to be a ubiquitination substrate of the AtARRE E3 ligase by an in vivo ubiquitination assay using a reconstituted Escherichia coli system. The AtARRE gene is expressed throughout the plant, with the highest expression detected in fully expanded rosette leaves and oldest stem internodes. AtARRE gene expression can also be induced by exposure to pathogens. These findings reveal that wax biosynthesis in mature plant tissues and in response to pathogen infection is controlled post-translationally.

Keywords: Arabidopsis, cuticle, cuticular wax biosynthesis, AtARRE, E3 ligase, CER1, CER3


INTRODUCTION

The primary aerial surfaces of land plants are covered with a cuticle, a continuous lipidic layer that restricts transpirational water loss, reflects harmful UV light, and prevents organ fusions during development (Reicosky and Hanover, 1978; Sieber et al., 2000; Riederer and Schreiber, 2001; Riederer, 2006). The cuticle also serves as a protective barrier against pathogens and insects (Müller, 2018; Ziv et al., 2018) and is involved in drought-stress signaling (Wang et al., 2011).

The cuticle is mostly composed of cutin and cuticular wax (Samuels et al., 2008). Cutin is a polymer of oxidized 16- and 18-carbon (C16 and C18) fatty acids and glycerol (Beisson et al., 2012), which forms the structural scaffold of the cuticle. Cuticular wax embeds and overlays this cutin matrix and is composed of very long-chain fatty acids (VLCFAs; C20-C38) and their derivatives, including alkanes, aldehydes, primary and secondary alcohols, ketones, and esters. Small amounts of triterpenoids, flavonoids, or sterols may also be present (Jetter et al., 2006; Buschhaus and Jetter, 2011). Wax composition varies among plant species, as well as between different organs, tissues, and developmental stages of the same plant species. These variations in wax composition affect the biochemical and physical properties of the plant surface, which helps the plant adapt to different environments.

Cuticular wax is synthesized by epidermal cells. C16 and C18 fatty acids are made in the plastid and activated to acyl-CoA thioesters, which are translocated to the endoplasmic reticulum (ER) for further elongation to VLC acyl-CoA wax precursors by a fatty acid elongase (FAE) complex (Haslam and Kunst, 2013a). In addition, the ECERIFERUM2-LIKE (CER2-LIKE) family of proteins is required for the formation of C30 to C34 VLC acyl-CoAs (Haslam et al., 2017). Following elongation, VLC acyl-CoAs are modified by one of two pathways, either the acyl reduction pathway, which generates primary alcohols and wax esters, or the alkane-forming pathway, which produces aldehydes, alkanes, secondary alcohols, and ketones (Samuels et al., 2008). In Arabidopsis (Arabidopsis thaliana) leaves and stems, cuticular wax is predominantly derived from the alkane-forming pathway. As the major wax component, alkanes represent over 70 and 50% of the total wax load in leaves and stems, respectively (Bourdenx et al., 2011). It has been proposed that the formation of alkanes is catalyzed by a multiprotein complex comprising CER1, CER3, and a cytochrome B5 protein (CYTB5) that converts VLC acyl-CoAs to alkanes with aldehydes as intermediates (Rowland et al., 2007; Bourdenx et al., 2011; Bernard et al., 2012). CYTB5 isoforms interact with CER1 and provide the electron(s) required for this redox-dependent reaction. The CER1 and CER3 proteins are integral membrane proteins with 35% amino acid identity that contain eight conserved His clusters in their N-terminal domain and an uncharacterized WAX2 domain at their C-terminus (Aarts et al., 1995; Chen et al., 2003; Bernard et al., 2012). In Arabidopsis stems, alkanes can be further oxidized to secondary alcohols and ketones by a cytochrome P450 enzyme, the MID-CHAIN ALKANE HYDROXYLASE1 (MAH1; Greer et al., 2007).

Wax biosynthesis is tightly controlled throughout plant development and in response to biotic and abiotic stresses. Forward and reverse genetic studies in Arabidopsis, barley (Hordeum vulgare), maize (Zea mays), rice (Oryza sativa), and tomato (Solanum lycopersicum) have significantly improved our understanding of cuticular wax deposition and regulatory pathways controlling this process (Samuels et al., 2008; Yeats and Rose, 2013). Production of cuticular waxes is primarily under transcriptional regulation. Several independent studies have demonstrated that the WAX INDUCER1/SHINE1 (WIN1/SHN1) transcription factor, known to predominantly regulate cutin production, also indirectly affects wax synthesis (Aharoni et al., 2004; Broun et al., 2004; Kannangara et al., 2007). Other transcription factors, including MYB16, MYB30, MYB94, MYB96, MYB106, and WRINKLED4, have been reported to positively regulate wax synthesis in Arabidopsis stems and leaves (Raffaele et al., 2008; Seo et al., 2011; Oshima et al., 2013; Lee et al., 2014; Lee and Suh, 2015b; Park et al., 2016). Conversely, the DEWAX and DEWAX2 transcription factors act as repressors of wax production in Arabidopsis (Go et al., 2014; Kim et al., 2018).

In addition to the transcriptional regulation described above, characterization of the Arabidopsis CER7 gene and suppressors of the cer7 mutant resulted in the discovery of a post-transcriptional regulatory mechanism that affects stem wax deposition during inflorescence development. It involves CER7-mediated CER3 gene silencing by trans-acting small interfering RNAs (tasiRNAs; Hooker et al., 2007; Lam et al., 2012, 2015). Recently, another type of small RNAs, microRNAs (miRNAs), were also shown to participate in the regulation of wax synthesis. Specifically, miR156 targets the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9) transcription factor that positively regulates the expression of the alkane-forming enzyme CER1 through direct binding to the CER1 promoter. Furthermore, SPL9 was shown to be involved in the optimization of diurnal wax production in Arabidopsis stems and leaves by direct protein–protein interaction with a negative regulator of wax synthesis DEWAX (Li et al., 2019).

Work by several groups demonstrated that wax biosynthesis in Arabidopsis is also post-translationally controlled by the ubiquitin-proteasome system (UPS). The UPS involves two distinct steps: the covalent attachment of a polyubiquitin chain consisting of at least four ubiquitin residues to the protein target, followed by the degradation of the modified protein by the 26S proteasome. Ubiquitination is catalyzed by three enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3). Among these proteins, E3 ligases play key roles in determining substrate specificity (Hershko and Ciechanover, 1998; Vierstra, 2009). Several Arabidopsis E3 ligases have been shown to be involved in regulating cuticular wax deposition. Characterization of the wax-deficient cer9 mutant and isolation of the CER9 gene revealed that it encodes a putative E3 ligase, although its enzyme activity and ubiquitination substrate have not been determined (Lü et al., 2012). More recently, MYB30-INTERACTING E3 LIGASE 1 (MIEL1) has been shown to negatively regulate cuticular wax biosynthesis in Arabidopsis stems by targeting MYB30 and MYB96 transcription factors for degradation (Lee and Seo, 2016; Gil et al., 2017). Additionally, F-box protein SAGL1 targets wax biosynthetic enzyme CER3 for degradation thereby negatively regulating cuticular wax production in response to changes in ambient humidity (Kim et al., 2019). In rice, the DROUGHT HYPERSENSITIVE E3 ligase negatively regulates wax production by targeting the RICE OUTERMOST CELL-SPECIFIC GENE4 (ROC4) transcription factor involved in drought-stress response for degradation by the UPS (Wang et al., 2018b).

Based on the presence of over 1,400 putative E3 ligases encoded in the Arabidopsis genome (Kraft et al., 2005) and their importance in the regulation of plant responses to environmental stress, we reasoned that additional E3 ligases may be involved in the control of cuticular wax deposition. Here, we report the identification of a RING-type E3 ubiquitin ligase named ABA-related RING-type E3 ligase (AtARRE) that negatively regulates wax production by promoting the degradation of wax biosynthetic enzymes CER1 and CER3. This E3 ligase was previously reported to be involved in abscisic acid (ABA) signaling, but its ubiquitination target has not been identified (Wang et al., 2018a). Our results demonstrate that Arabidopsis plants overexpressing AtARRE display glossy stems and siliques, markedly reduced wax loads, and often aerial organ fusions and reduced fertility. Co-expression of AtARRE and candidate substrates in both Nicotiana benthamiana and stable Arabidopsis transgenic lines indicates that CER1 and CER3 wax biosynthetic enzymes are targeted by the AtARRE for degradation via the 26S proteasome. The AtARRE gene is highly expressed in tissues that exhibit no or low wax production, such as roots and cotyledons in older developing seedlings, as well as fully expanded rosette leaves and older internodes at the bottom of the stem in mature plants. AtARRE expression can also be induced by pathogen infection. Taken together, our results suggest that AtARRE acts as a quick and efficient switch for turning off wax biosynthesis in tissues where it is no longer needed and upon exposure to pathogens.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) wild type was used in this study. Arabidopsis T-DNA insertion lines atarre-1 (SALK_094303), atarre-2 (SALK_034426C; Alonso et al., 2003), and the cer1-4 and cer4-4 mutants were obtained from the Arabidopsis Biological Resource Center (ABRC).1 GABI-KAT T-DNA line atarre-3 (GABI_383G01) was obtained from gabi-kat.de (Kleinboelting et al., 2012). cer3-6 was a gift from Dr. Takuji Wada (RIKEN, Japan). AtARRE overexpression lines in Col-0 background were identified from the snc1-influencing plant E3 ligase reverse (SNIPER) genetic screen (Tong et al., 2017).

Arabidopsis seeds were germinated on Arabidopsis thaliana (AT) medium (Haughn and Somerville, 1986) supplemented with 1% (w/v) agar and appropriate antibiotics for transgene selection. Seven-day-old seedlings were transplanted to soil (Sunshine Mix 4 or 5, SunGro, Canada) supplemented with liquid AT medium and grown in a plant growth chamber at 20°C under continuous light [100μmolm−2 s−1 of photosynthetically active radiation (PAR)]. Arabidopsis seeds grown for Agrobacterium-mediated transformation were directly spread on the soil supplemented with liquid AT medium at a density of 100 seeds/6″ pot and grown as described above.

Nicotiana benthamiana seeds were sown directly on soil (Sunshine Mix 4 or 5, SunGro, Canada) supplemented with liquid AT medium at a density of 1 seed/3.5″ square pot. Plants were grown under a 14-h light (25°C with 100μmolm−2 s−1 PAR) and 10-h dark (20°C) cycle. For the transient expression assay, 4- to 5-week-old plants were taken out of the growth chamber and left at room temperature for 3 to 4h before infiltration.



RNA Isolation, RT-PCR, and qPCR

Plant tissues were collected and immediately frozen in liquid nitrogen. RNA was extracted from Arabidopsis leaves, stems, flowers, seedlings, and roots using TRIzol (Thermo Fisher Scientific) according to the manufacturer’s protocol. RNA was isolated from Arabidopsis siliques using a phenol:chloroform:isoamyl extraction and precipitated by lithium chloride and sodium acetate (Wilkins and Smart, 1996). RNA integrity was examined on a 1% standard agarose gel, and RNA was quantified using a NanoDrop 8000 (Thermo Scientific). Genomic DNA was removed by DNase I treatment (New England Biolabs) following the manufacturer’s protocol, and single-stranded cDNA was synthesized from equal amounts of purified RNA using iScript RT Supermix (Bio-Rad). ACTIN1 was used as an internal control. The iQ SYBR Green Supermix (Bio-Rad) was used in 20μl reactions to perform qPCR in an iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad) as specified by the manufacturer. Four technical replicates were performed for each sample, and gene expression levels were analyzed using the Pfaffl method (Pfaffl, 2001).



Cloning of Genes in Plant Expression Vectors

Standard methods were used for cloning, and all primer sequences are given in Supplementary Table 1. All constructs were confirmed by sequencing.

The pGreenST/35S:HA-AtARRE construct, which was prepared for the SNIPER screen (Tong et al., 2017), was used as the site-directed mutagenesis template. Of the five splice variants known for the AtARRE gene (AT5G66070), AT5G66070.1 was used for the work described here. The 35S:HA-AtARRE(H197Y,H200Y) site-directed mutagenesis construct was generated using primers H197200Y_F and H197200Y_R designed using the one-step site-directed mutagenesis method (Zheng et al., 2004). The PCR amplification was carried out using Phusion High Fidelity Polymerase (Thermo Fisher Scientific). The PCR products were separated by gel electrophoresis, purified using a PCR Purification Kit (BioBasic), and were further treated with restriction enzyme DpnI (New England Biolabs). The mutations in the 35S:HA-AtARRE(H197Y,H200Y) construct were confirmed by sequencing.

The 35S:GFP-CER3 construct was prepared using Gateway cloning (Thermo Fisher) and destination vectors from Nakagawa et al. (2007). The coding sequence of the CER3 gene was amplified from WT cDNA using CER3cDNA_attbF and CER3cDNA_attbR_WSTOP primers and recombined into the entry vector pDONR221. The insert was then transferred into the destination vector pGWB6 to generate pGWB6/35S:GFP-CER3 and into pGWB15 to generate pGWB15/35S:HA-CER3. The CER3 coding sequence without stop codon was also amplified using CER3cDNA_attbF and CER3cDNA_attbR_NoSTOP primers, recombined to pDONR221, and then transferred to the destination vector pGWB5 to generate pGWB5/35S:CER3-GFP.

The 35S:CER1-GFP construct was made and provided by Dr. Hugo Zheng (McGill University, Canada). The coding region of the CER1 gene was subcloned into the vector pVKH18/35S:GFPC (Dean et al., 2007) to produce the C-terminal CER1-GFP fusion under the control of the enhanced 35S promoter. The 35S promoter fragment was then removed from the vector pVKH18/35S:CER1-GFP and replaced with the CER6 promoter using HindIII and XbaI to generate pVKH18/CER6p:CER1-GFP. The construct pBIN/35S:HDEL-mCherry was provided by Dr. Mathias Schuetz (Nelson et al., 2007), and the construct pGreenST/35S:HA-SNIPER2 was described previously (Wu et al., 2020).

To generate the construct AtARREp:GUS, a fragment of 808bp immediately upstream of the putative AtARRE start codon, which includes the 5′ UTR of AtARRE, as well as 3′ UTR and the last intron of the previous gene, was amplified from WT genomic DNA using LP_attb1_AtARRE and RP1_attb2_AtARRE and recombined into pDONR221 before being introduced into pGWB3 (Nakagawa et al., 2007; Vincent et al., 2018) using GATEWAY cloning (Thermo Fisher).



Cloning of Genes in Bacterial Expression Vectors

Standard methods were used for cloning, and all primer sequences are given in Supplementary Table 1. All constructs were confirmed by sequencing.

To generate the construct pET28b/AtARRE-HIS for the in vitro ubiquitination assay, a 326bp fragment of coding sequence downstream of the transmembrane domains and upstream of the stop codon of AtARRE was amplified from WT cDNA using AtARRETMdel_F_EcoRI_28b and AtARRETMdel_R_SalI. This PCR product was ligated into the pET28b vector using EcoRI and SalI restriction sites to generate pET28b/AtARRE-HIS.

To reconstitute the plant ubiquitination cascade in Escherichia coli, Duet expression vectors (kindly provided by Dr. Dongping Lu, Chinese Academy of Science, China) pCDFDuet/MBP-ABI3-HA-AtUBA1-S, pCDFDuet/AtUBA1-S, pACYCDue/AIP2-Myc-UBC8-S, and pET28a/FLAG-UBQ were used to generate target co-expression constructs (Han et al., 2017). A 326bp fragment of coding sequence downstream of the transmembrane domains and upstream of the stop codon of AtARRE was amplified from WT cDNA and ligated into the BamHI and StuI-digested pACYCDue/AIP2-Myc-UBC8-S vector to generate pACYCDue/AtARRE-Myc-UBC8-S. An 837bp fragment of coding sequence downstream of the transmembrane domains and upstream of the stop codon of CER1 was amplified from WT cDNA was ligated into the EcoRI and StuI-digested pCDFDuet/MBP-ABI3-HA-AtUBA1-S vector to generate pCDFDuet/MBP-CER1-HA-AtUBA1-S.



Agrobacterium-Mediated Plant Transformation

To produce transgenic lines for E3 ubiquitin ligase activity test, degradation assay, and GUS assay, 35S:HA-AtARRE(H197Y,H200Y), CER6p:CER1-GFP, AtARREp:GUS, and AtARREp:AtARRE-GUS were introduced into Agrobacterium tumefaciens GV3101 cells carrying the pMP90 Ti plasmid. The pGreenST plasmid 35S:HA-AtARRE(H197Y,H200Y) was co-transformed with the helper plasmid pSOUP (Hellens et al., 2000). Transformation of WT or cer1-4 plants was carried out using the floral spray method (Chung et al., 2000). T1 transgenic seeds were harvested and screened on AT medium supplemented with 1% (w/v) agar and appropriate antibiotics.



Transient Expression in Nicotiana benthamiana

Transient expression in N. benthamiana was carried out using 4- to 5-week-old plants. Agrobacterium cultures were grown overnight in 3ml of LB medium under antibiotic selection and diluted 1/20 in LB medium with antibiotics and 50μm acetosyringone and incubated for a further 3–5h. During this time, plants were taken out of the growth chamber and left at room temperature before infiltration. Cultures were centrifuged and resuspended in resuspension medium (4.43g/L MS, 10mm MES, and 150μm acetosyringone) at an optical density of 0.6 at A600. For co-expression of multiple constructs, suspensions were mixed in equal ratios. Agrobacterium suspension mixtures were infiltrated using a 1-ml syringe into the abaxial side of the N. benthamiana leaves. A permanent marker was used to mark the infiltrated area on the leaf. Infiltrated plants were incubated at room temperature for 48h, and then, leaf samples were collected for microscopic imaging and/or protein extraction.



Cuticular Wax Extraction and Analysis by GC-FID

Cuticular wax extraction was performed using the method described by Haslam and Kunst (2013b). Briefly, the top 10cm of 4- to 6-week-old inflorescence stems were cut and photographed to allow stem surface area to be calculated by measuring the number of pixels of the two-dimensional area in Photoshop (Adobe), converting the values to cm2, and multiplying by π. After imaging, stems were submerged for 30s in chloroform containing 10μg tetracosane as an internal standard. After wax extraction, chloroform was evaporated under a stream of nitrogen gas and wax components were silylated in 10μlN, O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA; Sigma), and 10μl pyridine for 1h at 80°C. After derivatization, the solvent was evaporated under nitrogen gas and waxes were re-dissolved in 30μl of chloroform for GC analysis. Samples were analyzed on an Agilent 7890A gas chromatograph equipped with a flame ionization detector (GC-FID) using an HP1 column (Agilent) in a 2.7:1 split mode with H2 as the carrier gas at a flow rate of 30ml/min. The gas chromatography program used was as follows: oven temperature was set at 50°C for 2min, raised by 40°C/min to 200°C and held for 1min, and then raised by 3°C/min to 320°C and held for 15min. Wax components were identified by comparing their retention times with those of the internal standards. Four biological replicates were processed for each line.



Microscopy

Fluorescence signals of transiently expressed constructs in N. benthamiana were detected using a Perkin Elmer Ultraview VoX Spinning Disk Confocal Microscope. N. benthamiana leaf discs were mounted in distilled water and immediately imaged using a glycerol immersion lens. GFP was excited using a 488nm laser with an 515/30nm emission filter, and mCherry was excited using a 561nm laser with an 595/50nm emission filter. Confocal images were processed using the Volocity software (Perkin Elmer). GFP signal in infiltrated N. benthamiana leaf was also observed using a Nikon Eclipse 80i Scanning Laser Confocal Microscope excited with a 488nm laser with an 515/30nm emission filter.

For scanning electron microscopy (SEM), segments from the apical 1cm of dry stems were mounted onto stubs and sputter-coated with gold particles for 10min at 40mA in an SEM Prep 2 sputter coater (Nanotech). The coated samples were viewed using an S4700 field emission SEM (Hitachi) with an accelerating voltage of 5kV and a working distance of 12mm.



GUS Histochemical Assay

Tissues at different developmental stages from transgenic lines expressing AtARREp:GUS constructs were immersed in GUS staining buffer {100mM Na-phosphate, 10mM EDTA, pH 7.0, 0.5mM K3[Fe(CN)6], 0.5mM K4[Fe(CN)6], 0.1% (v/v) Triton X-100, and 1mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-gluc)} and incubated for 1 to 3h or overnight. The reaction was stopped by removing the GUS buffer and adding the 70% (v/v) ethanol. Chlorophyll was removed by incubating samples in 70–90% (v/v) ethanol before samples were examined under a Nikon SMZ18 Digital Microscope (Nikon, Japan).



Protein Extraction and Immunoblotting

Plant tissues were ground in liquid nitrogen, and total proteins were extracted in buffer containing 50mM Tris-HCl, pH 7.5, 150mM NaCl, 1mM EDTA, 10% (v/v) glycerol, 1% Triton X-100, 1mM PMSF, and 1X Halt™ protease inhibitor cocktail (Thermo Fisher Scientific). After centrifugation at 18,000g for 20min at 4°C, the supernatant was transferred to a new tube and the concentration of protein extract was determined using the Bradford reagent (Bio-Rad).

For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 4X SDS loading buffer (200mM Tris-HCl, pH 6.8, 8% (w/v) SDS, 0.4% (w/v) bromophenol blue, 40% glycerol, and 400mM DTT) was added to solubilized protein samples, and 10–35μl of each protein sample was separated on a 10% acrylamide gel with 1% SDS at 200V constant voltage for 50–60min before being transferred to nitrocellulose membrane using a semi-dry blotting system (Bio-Rad) with Bjerrum Schafer-Nielsen buffer (Bio-Rad). Transfer was carried out at a constant voltage of 15V for 50min before the membrane was stained with Ponceau S, imaged, washed, and then blocked with 5% skim milk powder in Tris-buffered saline with 0.1% tween 20 (TBS-T). For immunoblotting, membranes were incubated with primary antibody for 1h at room temperature. Primary antibodies used were anti-GFP (dilution 1:5,000; mouse IgG; Roche), anti-HA (dilution 1:2,500; rat IgG; Roche), anti-HIS (dilution 1:1,000; mouse IgG; Santa Cruz Biotechnology), anti-FLAG (dilution 1:5,000; mouse IgG; Sigma), anti-GST (dilution 1:1,000; rabbit IgG; Sigma), anti-Myc (dilution 1:1,000; Invitrogen), and anti-Ub (dilution 1:1,000; mouse IgG; Sigma). Membranes were then washed three times for 10min each wash with TBS-T and then incubated with appropriate secondary antibodies, including anti-rabbit (dilution 1:10,000; Santa Cruz Biotechnology), anti-mouse (dilution 1:25,000; Santa Cruz Biotechnology), and anti-rat (dilution 1:10,000; Santa Cruz Biotechnology), for 1h at room temperature. The membrane was washed three times as above with TBS-T before horseradish peroxidase was detected with the ECL Prime western blotting detection kit (GE).



Cell-Free Degradation Assay

Plant-derived protein degradation assays were performed as described in Wang et al. (2009), with modifications as follows. Total proteins were extracted from 8-day-old CER6pro:CER1-GFP/cer1-4 transgenic seedlings and quantified. 80μl protein extracts were then incubated with or without 40μM MG132 (Sigma) at 30°C. Samples were taken at select time points, and the reaction was stopped by adding 5μl 4X SDS loading buffer. CER1-GFP protein abundance in each sample was determined by immunoblotting using anti-GFP antibody.



In vitro Ubiquitination Assay

In vitro ubiquitination assays were performed as described in Zhao et al. (2013), with modifications as follows. The plasmid pET28b/AtARRE-HIS was transformed into E. coli strain Rosetta™2 (DE3) for protein production. A 500ml culture was grown in Terrific Broth (TB) medium [1.2% (w/v) tryptone, 2.4% (w/v) yeast extract, 0.4% (v/v) glycerol, 100mM K-PO4] until the exponential phase (OD600 =0.6–1.0) before protein production was induced by adding 0.5mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). After growth overnight at 16–18°C, cells were collected by centrifugation at 6,000g for 5min and frozen in liquid nitrogen and stored at −80°C. Lysis buffer [50mM NaPO4, pH 7.5, 200mM NaCl, 0.1% (v/v) Triton X, 5% glycerol, 1mM PMSF, 1X Halt™ protease inhibitor cocktail, and 1mg/ml lysozyme] was added to the frozen sample pellets, thawed at 37°C for 1min, and resuspended. Lysate was cleared by centrifugation at 14,000g for 15min at 4°C followed by filtration through a 0.45 μm filter. The AtARRE-HIS recombinant proteins were purified using HisPur Ni-NTA Resin (Thermo Fisher) according to the manufacturer’s protocol. Purified recombinant proteins AtUBA2-His and GST-AtUBC8 were kindly provided by Dr. Oliver Xiao'ou Dong (Dong et al. 2018).



In vivo Ubiquitination Assay in Bacteria

In vivo ubiquitination assays in bacteria were carried out using the system described by Han et al. (2017). E. coli strain BL21 (DE3) containing different combinations of the expression vectors were grown in 2ml of TB liquid medium with appropriate antibiotics at 37°C. When the culture A600 nm reached 0.4–0.6, 0.5mM IPTG was added to induce the recombinant protein expression. After induction, bacteria were further grown at 28°C for 10–12h, stored at 4°C overnight, and then harvested from 300μl of culture by centrifugation at 12,000g for 5min. The pellets were resuspended in 100μl 1x SDS loading buffer and boiled at 95°C for 5min followed by immunoblotting.




RESULTS


Overexpression of AtARRE Results in Reduced Wax Accumulation on Arabidopsis Stems and Leaves

To identify novel E3 ligases involved in plant immunity, a SNIPER genetic screen has been carried out (Tong et al., 2017). In this screen, E3-ligase encoding genes induced during plant defense were overexpressed in the wild-type background. Unexpectedly, a number of independent transgenic plants with glossy bright green stems were uncovered among the T1 progeny, suggestive of altered cuticular wax accumulation (Figure 1A). In these plants, the AtARRE/At5g66070 gene encoding a RING-type E3 ubiquitin ligase was expressed under the control of the cauliflower mosaic virus (CaMV) 35S promoter (Supplementary Figures S1A,B). Wax analysis of three representative AtARRE overexpression (AtARREOX) lines by gas chromatography demonstrated that they accumulated only 10–50% of the WT inflorescence stem wax and only ~65% of the WT leaf wax (Figures 1B,C). The stem wax phenotype was further evaluated by scanning electron microscopy (SEM); wild-type stem surface was densely and uniformly covered with column-, vertical plate-, and rod-shaped wax crystals, whereas AtARREOX lines displayed considerably lower density of all types of wax structures (Figure 1D).
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FIGURE 1. Characterization of the wax-deficient phenotypes of AtARREOX lines. (A) Stems of 6-week-old wild type (WT) and three representative AtARREOX lines. Total stem (B) and leaf (C) wax load of WT and AtARREOX lines as determined by GC-FID. Error bars represent means±SD (n=4). (D) SEM images of WT and AtARREOX inflorescence stem surfaces. Scale bar=20μm. The stem (E) and rosette leaf (F) wax composition of WT and AtARREOX lines as measured by GC-FID. Error bars represent means±SD (n=4). Statistically significant differences between the WT and each AtARREOX line were determined by Student’s t test and are indicated by asterisks (p<0.05).


The wax deficiency uncovered in the AtARREOX lines prompted us to examine the wax phenotypes of atarre mutants. We obtained three T-DNA insertion lines of AtARRE in the Col-0 ecotype and determined AtARRE gene expression in mutant alleles by qPCR. Even though we detected reduced levels of AtARRE transcript in all three T-DNA lines (Supplementary Figures S1A,B), we found no major differences in the total stem wax load or composition with respect to the wild type (Supplementary Figures S1C,D).



AtARREOX Lines Exhibit Altered Wax Composition and Abnormal Organ Morphogenesis

To further investigate the role of AtARRE in cuticular wax biosynthesis, we carried out a detailed analysis of wax composition of AtARREOX lines. We found that amounts of all stem wax components were altered in AtARREOX plants in comparison with the wild type, and detected considerable changes in their relative proportions. In particular, there was a prominent decrease in absolute amounts of alkane pathway-derived compounds that could be attributed primarily to C29 alkanes (68–98.7% decrease), C29 ketones (50–97.6% decrease), and C29 secondary alcohols (56–97% decrease). Conversely, the amounts of fatty acids on AtARREOX stems were higher than in the wild type (115–167% increase) and so was the relative proportion of fatty acids, aldehydes, and primary alcohols (Figure 1E, Supplementary Figure S1E). We also examined the wax composition of AtARREOX rosette leaves. As observed with stem wax, leaf wax also contained significantly reduced amounts of C29 and C31 alkanes relative to the wild type, but also increased amounts of C33 alkanes (Figure 1F). In addition, we detected a major increase in C24 and C26 fatty acids, as well as C26 primary alcohols (Figure 1F). Collectively, these data suggest that wax production by the alkane-forming pathway is impaired in AtARRE overexpressors.

AtARREOX lines with the most severe wax deficiency displayed additional phenotypes including abnormal organ morphogenesis, dwarfism, organ fusions, and reduced fertility over multiple generations (Figure 2). For example, the inflorescence stems of AtARRE overexpressors were considerably shorter than the wild type. Additionally, these plants also exhibited organ fusions between flower buds, flowers, and siliques, as well as between flowers and leaves (Figures 2C,D). Reduced fertility was also often detected. In most cases, fertility could be restored by growing plants under high humidity, except in individuals with severe floral organ fusions (Supplementary Figure S2). Similar phenotypes have previously been reported for several Arabidopsis wax-deficient eceriferum mutants (Koornneef et al., 1989).
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FIGURE 2. Abnormal organ morphogenesis in the AtARREOX lines. (A) Dry stems of WT (left) and a T3 AtARREOX_2 individual (right). (B) 6-week-old WT plant (left) and a T3 AtARREOX_3 plant (right). (C) Flowers of WT (Col-0). (D) Organ fusions between flower buds of a T3 AtARREOX_3 individual. Scale bars=2cm.




AtARRE E3 Ubiquitin Ligase Activity Is Required for Its Function in Wax Deposition

AtARRE (AT5G66070) encodes a predicted polypeptide of 221 amino acids with a molecular mass of 27kDa containing three transmembrane domains located at the N-terminus and a RING domain located at the C-terminus (Figure 3A). RING domain proteins act as E3 ligases by binding to an E2-ubiquitin thioester and catalyzing ubiquitin transfer (Deshaies and Joazeiro, 2009). Whether the RING domain-related E3 ubiquitin ligase activity of the AtARRE protein is required for its function in cuticular wax metabolism is not known. RING domain E3 ligases are known to undergo self-ubiquitination in the absence of their native substrate (Lorick et al., 1999). We used this feature of RING E3 ligases to determine whether AtARRE has E3 ligase activity. Unfortunately, the insolubility of the full-length AtARRE protein upon expression in E. coli prohibited purification of enough protein for the self-ubiquitination assay. Therefore, an AtARRE protein fragment without the N-terminal transmembrane domains was used to produce the recombinant AtARRE-HIS protein. Incubation of the purified AtARRE-HIS recombinant protein with E1, E2, ubiquitin, and ATP resulted in a laddering pattern characteristic of ubiquitination on a protein blot when anti-HIS antibodies were used for AtARRE-HIS detection. This laddering is indicative of a range of molecular weights for AtARRE-HIS as it carries ubiquitin chains of different lengths (Figure 3B). Such a laddering pattern was also detected when anti-Flag antibodies that were used for FLAG-Ub detection of Ub chains bound to AtARRE-HIS. Thus, AtARRE exhibits E3 ligase activity and undergoes self-ubiquitination in vitro. The self-ubiquitination of AtARRE was not observed when E1, E2, or ubiquitin were omitted from the assays.
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FIGURE 3. AtARRE exhibits E3 ubiquitin ligase activity. (A) Schematic representations of the full-length AtARRE protein (top), AtARRE protein with mutated RING domain (middle) and truncated AtARRE protein without transmembrane domains used for self-ubiquitination assay (bottom). Arrows show the point mutations in the RING domain. (B) In vitro ubiquitination assays were performed in the presence (+) or absence (−) of AtUBA2 (E1; 140kDa), AtUBC8 (E2; 44kDa), AtARRE (E3; 14.4kDa), and ubiquitin (Ub; 9.5kDa). Ubiquitination of AtARRE was detected by immunoblotting using an anti-FLAG antibody or anti-HIS antibody. AtUBC8 and AtUBA2 were detected by immunoblotting using anti-GST and anti-HIS antibody, respectively. Molecular mass markers are indicated on the left. (C) Stems of 6-week-old WT, AtARREOX_3 (T3 generation), and representative AtARRE(H197YH200Y). AtARRE transcript accumulation in each sample was measured by RT-PCR. ACTIN was used as an internal control.


Conserved Cys and His residues in the RING domain are critical for the E3 ligase activity (Deshaies and Joazeiro, 2009). Their substitution disrupts the RING domain and results in a dominant-negative form of E3 ligase predicted to confer the same phenotype as the loss of E3 ligase function. To further verify whether AtARRE E3 ligase activity is required for its function, we replaced the conserved AtARRE RING domain His-197 and His-200 with Tyr residues by site-directed mutagenesis and expressed the modified protein in wild-type plants. In contrast to AtARRE overexpression which caused wax deficiency, overexpression of the double mutant AtARRE(H197YH200Y) protein had no effect on the stem wax load (Figure 3C). Thus, the E3 ligase activity of AtARRE is required for its function in stem wax deposition.



AtARRE Overexpression Phenotypes Mimic cer1 and cer3 Wax-Deficient Mutants

E3 ligase-mediated ubiquitination of proteins in most cases results in their degradation by the 26S proteasome. Because the most conspicuous result of AtARRE overexpression was reduced cuticular wax accumulation on Arabidopsis inflorescence stems, we hypothesized that AtARRE may act as a negative regulator of wax deposition by ubiquitinating, and thus targeting for degradation, a key player involved in wax biosynthesis. If this is the case, identifying the ubiquitination substrate of AtARRE is critical for determining its biological function. As a first step in uncovering potential candidate ubiquitination substrates, we compared stem wax compositional changes of AtARRE overexpressors with those of ecerifierum (cer) Arabidopsis mutants caused by loss-of-function mutations in wax biosynthetic genes (Figure 4, Supplementary Figure S3). AtARRE overexpressors displayed dramatically reduced alkane, secondary alcohols, and ketone levels on their stem surfaces, similar to null mutants disrupted in CER1 and CER3 genes required for the production of waxes by the alkane-forming branch of wax biosynthesis, but not the mutants with lesions in the CER4 gene required for the production of waxes by the acyl reduction pathway. The distinguishing feature between cer1 and cer3 is that cer1 has slightly increased amounts of aldehydes and reduced primary alcohol levels, whereas cer3 exhibits a major reduction in aldehydes and similar amounts of primary alcohols to the wild type. Thus, the wax profile of AtARREOX lines is most similar to that of the cer1 mutant. Besides cuticular wax changes, some AtARREOX lines additionally display reduced plant height and reduced fertility previously described for the cer1-1 and cer3-1 mutant alleles (Koornneef et al., 1989), and organ fusion phenotypes characteristic of cer3, but not cer1 mutants (Aarts et al., 1995; Chen et al., 2003; Bourdenx et al., 2011).
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FIGURE 4. A comparison of stem wax load and composition of AtARRE overexpression lines, and cer1-4, cer3-6, and cer4-4 mutants. Stem wax load and composition of 6-week-old WT, AtARREOX lines, cer1-4, cer3-6, and cer4-4 were determined by GC-FID. Values are means of four biological replicates, and error bars represent SD. Statistically significant differences of wax component amounts between the WT and different genotypes (p<0.05) were determined by Student’s t test and are indicated by asterisks.




AtARRE Promotes CER1 Degradation by the 26S Proteasome

To determine whether CER1 is subjected to 26S proteasome-dependent degradation, we performed a modified cell-free degradation assay. For this purpose, we made CER6pro:CER1-GFP/cer1-4 transgenic lines in which the CER6pro:CER1-GFP transgene complemented the cer1-4 wax deficiency (Supplementary Figure S4A). Total proteins extracted from 8-day-old CER6pro:CER1-GFP/cer1-4 seedlings were incubated with or without the 26S proteasome inhibitor MG132 for 90min and protein levels determined by immunoblotting. The CER1-GFP amounts decreased rapidly in the absence of MG132, but in the presence of MG132, the levels of CER1-GFP remained notably higher over time, suggesting that the 26S proteasome is involved in CER1 proteolysis (Figure 5A).

[image: Figure 5]

FIGURE 5. AtARRE promotes CER1 degradation in the Nicotiana benthamiana transient expression system and in stable transgenic lines of Arabidopsis. (A) CER1 is turned over by the 26S proteasome in planta. Total proteins were extracted from 8-day-old CER6pro:CER1-GFP/cer1-4 transgenic plants and incubated with (+) or without (−) 40μM MG132. CER1-GFP protein levels were detected over time by immunoblotting using anti-GFP antibody. (B,C) Transient expression in N. benthamiana leaf epidermal cells. CER1-GFP and an internal control HDEL-mCherry were co-expressed with HA-SNIPER2 E3 ligase or HA-AtARRE E3 ligase. CER1-GFP was co-expressed with HA-AtARRE or HA-AtARRE(H197YH200Y) with mutated RING domain. GFP fluorescence and mCherry fluorescence were examined by confocal microscopy. Scale bars=100μm. 4 technical replicates and 16 biological replicates have been performed. (D) Amounts of CER1-GFP protein were determined by immunoblotting using anti-GFP in the same leaves assayed for fluorescence in (B,C). (E) The AtARRE-dependent CER1 degradation in stable transgenic lines of Arabidopsis. RNA was extracted from 4-week-old Arabidopsis leaves. The CER1-GFP steady-state transcript levels were determined by RT-PCR, and ACTIN was used as an internal control (top two rows). Total protein was extracted from the 4-week-old plant leaves. The CER1-GFP protein level was determined by immunoblotting using anti-GFP antibody; Ponceau S staining shows equal protein loading (bottom two rows).


We next carried out an Agrobacterium-mediated transient expression assay in N. benthamiana leaves. Agrobacterium cell cultures expressing 35Spro:CER1-GFP and 35Spro:HA-AtARRE were co-infiltrated on one half of a N. benthamiana leaf. Cell cultures expressing 35Spro:CER1-GFP and 35Spro:HA empty vector or 35Spro:CER1-GFP and the 35pro:HA-SNIPER2 vector containing the SNIPER2 E3 ligase gene not involved in wax deposition were co-infiltrated symmetrically on the other half of the same leaf as negative controls (Supplementary Figure S4B). 35Spro:HDEL-mCherry was also included in each sample as a marker for ER visualization. In N. benthamiana cells transformed with CER1-GFP and 35Spro:HA empty vector, the GFP signal could be easily detected after 48h, persisted past 72h and was undetectable 96h after infiltration (Supplementary Figure S4C). Bright GFP fluorescence was also detected in cells co-expressing CER1-GFP and the SNIPER2 E3 ligase control 3days post-infiltration, but not in those cells co-expressing CER1-GFP and AtARRE (Figure 5B). In contrast, similar intensity of mCherry fluorescence from the ER-localized HDEL-mCherry marker was detected in all infiltrated regions on both sides of the leaf (Figure 5B). Immunoblot analysis confirmed that CER1-GFP protein level was much lower in the presence of AtARRE than in the negative control sample expressing SNIPER2 E3 ligase (Figure 5D). Unlike the native AtARRE protein, co-expression of CER1-GFP and the AtARRE(H197YH200Y) protein with mutated RING domain did not affect CER1 protein levels, indicating that catalytic activity of AtARRE is required for CER1 degradation (Figures 5C,D). When the substrate CER1 was replaced with CER2, a component of VLCFAs elongation machinery (Haslam et al., 2012), GFP tagged CER2 fluorescence signal intensity was found to be indistinguishable in the presence and absence of AtARRE. Immunoblot results were consistent with microscopy data (Supplementary Figures S4D,E) and demonstrate that AtARRE specifically targets CER1 for degradation by the 26S proteasome.

The AtARRE-dependent degradation of CER1 was further verified in stable transgenic lines of Arabidopsis. Plants harboring the CER1-GFP transgene were crossed with the wild type, AtARREOX, and AtARREOX(H197YH200Y) lines, and the abundance of the CER1-GFP in F1 progeny was examined by immunoblotting. Whereas CER1-GFP transcript accumulation was similar in the F1 progeny from all the crosses, the CER1-GFP protein level in the AtARREOX lines was much lower than observed in the wild type and AtARREOX(H197YH200Y) lines (Figure 5E). Collectively, these results confirm that AtARRE promotes the degradation of CER1, suggesting that CER1 is the ubiquitination substrate of AtARRE.



CER1 Is Ubiquitinated by AtARRE in a Reconstituted E. coli System

To directly test whether CER1 is a ubiquitination substrate of the AtARRE E3 ligase, we performed an in vivo ubiquitination assay in a heterologous E. coli system that expresses the Arabidopsis ubiquitination cascade (Han et al., 2017). In this experiment, recombinant ubiquitination components E1 (AtUBA1-S), E2 (AtUBC8-S), E3 (AtARRE-Myc), ubiquitin (His-Flag-AtUBQ10), and the presumed ubiquitination substrate (MBP-CER1-HA) were co-expressed in E. coli (Figure 6A), and bacterial lysates were analyzed by immunoblotting. Our results show that in the presence of all ubiquitination components, a smear indicative of CER1 ubiquitination can be detected by an anti-HA antibody (Figure 6B). Using an anti-Myc antibody, AtARRE-Myc recombinant protein also shows a laddering pattern indicative of AtARRE self-ubiquitination. These data support the in vitro ubiquitination assay results that AtARRE is an active E3 ligase and demonstrate that it can ubiquitinate CER1 in vivo.
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FIGURE 6. Ubiquitination of CER1 by AtARRE in a heterologous Escherichia coli system. (A) Schematic representation of the plasmids used in the assay. MBP, maltose-binding protein; HA, hemagglutinin. These constructs were transformed into the E. coli Rosetta (DE3) strain to reconstitute the ubiquitination cascade. (B) Bacterial lysates from E. coli strains expressing (+) or missing (−) combinations of AtUBA1-S (E1), AtUBC8-S (E2), AtARRE-MYC (E3), His-FLAG-UBQ10 (Ub), and MBP-CER1-HA (substrate) (+), and strains missing Ub or CER1 (−) were analyzed by immunoblotting. Anti-HA and anti-MYC antibodies were used to detect ubiquitinated CER1 and self-ubiquitinated AtARRE, respectively. Anti-FLAG antibody was used to detect all Ub conjugates. Two replicates for each combination of constructs are shown.




AtARRE Promotes CER3-GFP Degradation

Even though stem wax profiles of AtARRE overexpressors are more similar to the cer1 than the cer3 mutant, the overexpression lines also exhibit organ fusions previously detected in cer3, but not in cer1 mutants. Because CER1 and CER3 proteins are highly related and share 35% sequence identity (Bernard et al., 2012), it is tempting to speculate that in addition to CER1, CER3 may also be a target of the AtARRE-mediated ubiquitination and UPS proteolysis resulting in the dual cer1- and cer3-like phenotypic features of AtARRE overexpression lines. To investigate whether this is the case, we tested whether AtARRE affects the protein levels of CER3-GFP in N. benthamiana leaf epidermal cells. Agrobacterium cells expressing 35Spro:CER3-GFP, the 35Spro:HA-AtARRE, and the 35Spro:HDEL-mCherry transgenes were co-infiltrated on one half of a N. benthamiana leaf, while Agrobacterium cells harboring 35Spro:CER3-GFP, 35Spro:HA-SNIPER2, and 35Spro:HDEL-mCherry were co-infiltrated on the other side of the same leaf as a negative control. Similar to CER1-GFP, AtARRE promoted CER3-GFP degradation as indicated by considerably reduced CER3-GFP fluorescence in the presence of transiently co-expressed AtARRE in comparison with the control co-expressing CER3-GFP with HA-SNIPER2 E3 ligase. By contrast, the signal of the internal control HDEL-mCherry was prominent and indistinguishable on both halves of the leaf (Figure 7). These results demonstrate that CER3 is likely also the AtARRE ubiquitination target. We tried to confirm that AtARRE controls the levels of CER3 in transgenic lines of Arabidopsis, but consistently failed to detect CER3-GFP protein on immunoblots.
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FIGURE 7. AtARRE promotes CER3 degradation in the N. benthamiana transient expression system. (A,C) 35Spro:CER3-GFP was co-expressed with 35Spro:HA-SNIPER2 or (B,D) 35Spro:HA-AtARRE. 35Spro:HDEL-mCherry was included as an internal control and ER marker. GFP fluorescence (A,B) and mCherry fluorescence (C,D) signals of leaf epidermal cells were examined by confocal microscopy 72h post-infiltration. 12 biological replicates were performed. Scale bars=100μm.




AtARRE Gene Is Expressed in Tissues That Exhibit Low Wax Production and Upon Exposure to Pathogens

To obtain clues regarding the functional significance of the AtARRE-mediated protein degradation of wax biosynthetic enzymes, we investigated the transcription profile of AtARRE gene in different plant tissues using qRT-PCR (Figure 8A). The AtARRE gene was expressed in all tissues examined, with higher expression in rosette leaves and lower expression in flowers and siliques. To further determine the AtARRE expression pattern in different cell types and at different Arabidopsis developmental stages, an 808bp fragment of genomic sequence immediately upstream of the AtARRE coding region was fused to the β-glucuronidase (GUS) reporter gene, and this AtARREpro:GUS reporter was transformed into wild-type Arabidopsis. GUS activity was examined in tissue samples from mature plants and in developing seedlings of ten independent transgenic lines.
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FIGURE 8. Expression pattern of AtARRE gene in different plant tissues and cell types. (A) qRT-PCR analysis of AtARRE gene expression in the WT relative to flowers and normalized to ACTIN. Seedling and root tissue samples were derived from 10-day-old WT seedlings, and all other aerial tissues samples were derived from 6-week-old WT. Error bars represent means±SD (n=4). (B–I) Putative AtARRE promoter activity determined by GUS assay in transgenic lines expressing the AtARREpro:GUS reporter. Promoter activity was examined after GUS staining in 14-day-old seedlings (B), flowers (C), anthers containing pollen grains (D), siliques (E), cauline leaves (F), cross section of rosette leaf from a 6-week-old plant (G), cross section of the top 3cm (H) and the bottom 3cm (I) of the inflorescence stem of a 6-week-old plant.


In mature plants, high GUS activity was detected in the fully expanded rosette leaves, sepals, pollen grains, and cauline leaves (Figures 8B–F). These results are consistent with the published RNA-seq data showing high AtARRE expression in mature leaves and sepals (Klepikova et al., 2016). Strong GUS signal was also detected in, but not specific to, the epidermal cells of rosette leaves, as well as trichomes, which are specialized epidermal cells (Figure 8G). Surprisingly, no expression of AtARRE was detected in the epidermal cell layer of the stem (Figures 8H,I). This may be due to the fact that the 5′ promoter fragment used in the AtARREpro:GUS construct does not contain the regulatory element required for the AtARRE expression in stem epidermal cell layer. In fact, according to published RNA-seq and microarray data, AtARRE shows the highest expression level in the senescent first internode of the stem, and higher expression was detected in the epidermal cell layer at the bottom of the inflorescence stem compared to the top of the stem (Suh et al., 2005; Klepikova et al., 2016). During seedling development, GUS activity was first detected in roots in 3-day-old seedlings and cotyledons at 4days after imbibition (Supplementary Figure S5), but the GUS staining was much more pronounced in both organs in 5-day-old seedlings.

The observed expression profile fits the role of AtARRE as a negative regulator of wax biosynthesis in tissues that exhibit no or low wax production, such as mature cotyledons in older developing seedlings, as well as fully expanded rosette leaves and older internodes at the bottom of the stem in mature plants. Unexpectedly, AtARRE was also found to be expressed in roots, even though CER1 and CER3 genes encoding AtARRE ubiquitination substrates are not expressed in roots or are expressed at a very low level, respectively (Bourdenx et al., 2011).

Because AtARRE was discovered in a reverse genetic screen conducted to identify novel plant immunity-related E3 ligases, we were interested in determining whether AtARRE is induced upon exposure to pathogens. An earlier study has shown that AtARRE is upregulated after treatment with chitin, a potent elicitor of plant defense responses (Libault et al., 2007). Our qRT-PCR analysis revealed that elicitation with flg22, a peptide derived from bacterial flagellin, also results in a major increase in AtARRE expression (Figure 9A). In addition, infiltration of plants with the type III secretion deficient bacterial strain Pseudomonas syringae pv. tomato (P.s.t.) DC3000 hrcC− and the virulent bacterial strain P. syringae pv. maculicola (P.s.m.) ES4326 (Figures 9B,C) strongly upregulated AtARRE expression. Collectively, these data suggest that AtARRE may be involved in regulating cuticular wax biosynthesis in response to pathogen attack.
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FIGURE 9. AtARRE gene expression is induced by flg22 and pathogen treatment. (A) Four-week-old WT plants were infiltrated with 100nM flg22, (B) P.s.t. DC3000 hrcC− at a dose of OD600=0.002, or (C) P.s.m. ES4326 at a dose of OD600=0.0002. Samples were collected 0, 12, or 24h after treatment. Expression level of AtARRE was measured by qRT-PCR, and values were normalized to the level of ACTIN. Error bars represent means±SD (n=4). Significant difference compared with WT was determined by Student’s t test and indicated by an asterisk (p<0.01).





DISCUSSION

As an integral part of the cuticle, wax protects plants against diverse biotic and abiotic stress factors present in their environment. To fulfill this protective role, wax composition and wax load need to be continuously adjusted in response to changing environmental conditions (Shepherd and Wynne Griffiths, 2006; Bernard and Joubès, 2013). This is accomplished by extensive transcriptional, post-transcriptional, and post-translational regulation of cuticular wax metabolism (Lee and Suh, 2015a).

VLC alkanes are the major cuticular wax component in many plant species including Arabidopsis, where they comprise more than 70% of the total wax amount in leaves and 50% in stems (Bourdenx et al., 2011). VLC alkane production is catalyzed by CER1 and CER3 enzymes, which together with the cytochrome B5 form a multiprotein ER-membrane-associated complex (Bourdenx et al., 2011; Bernard et al., 2012) Not surprisingly, both enzymes act as key control points for wax biosynthesis. Several transcription factors including MYB30, MYB94, MYB96, DEWAX, and DEWAX2 regulate the expression of CER1 and/or CER3 in specific organs of Arabidopsis or in response to environmental stress (Raffaele et al., 2008; Seo et al., 2011; Go et al., 2014; Lee and Suh, 2015b). Components involved in chromatin remodeling are also required for the transcriptional regulation of CER1 or CER3. HISTONE MONOUBIQUITINATION 1 and 2 (HUB1 and HUB2) are two E3 ligases that are involved in histone monoubiquitination and active chromatin formation, which leads to the transcriptional activation of wax biosynthetic genes, such as CER1 (Ménard et al., 2014). GENERAL CONTROL NON-REPRESSED PROTEIN5 (GCN5) is a histone acetyltransferase that positively modulates CER3 expression via histone acetylation (Wang et al., 2018c). In addition to transcriptional regulation, two classes of small RNAs, tasiRNA and miRNA, post-transcriptionally control CER3 and CER1 transcript levels, respectively (Lam et al., 2012, 2015; Li et al., 2019). Finally, studies on the E3 ligase MIEL1 have shown that it negatively regulates wax accumulation in aerial plant organs (Gil et al., 2017). MIEL1 controls the stability of wax-associated transcription factors MYB96 and MYB30 and thereby indirectly affects the expression of their downstream targets CER1 and CER3 (Marino et al., 2013; Lee and Seo, 2016; Gil et al., 2017). Even though the regulatory framework governing wax accumulation has been established, the intricacies of this process remain poorly understood.

Here, we demonstrate that CER1 and CER3 protein levels, and thus alkane formation, are also controlled directly by the AtARRE RING-type E3 ubiquitin ligase that we identified in our SNIPER genetic screen (Tong et al., 2017). We found that AtARRE overexpression in wild-type Arabidopsis results in phenotypes characteristic of cuticular wax deficiency, including glossy stems and siliques, reduced fertility and fusions between aerial organs, suggesting that AtARRE is a negative regulator of wax biosynthesis (Figures 1A, 2). The wax analysis of AtARRE overexpression lines confirmed that they have reduced stem and leaf wax loads (Figures 1B–F) and revealed that their wax profile most closely resembled that of the cer1 mutant (Figure 4). Functional characterization of AtARRE showed that this protein has E3 ubiquitin ligase activity and that this activity depends on the integrity of the key amino acid residues in its RING domain. When these conserved residues in the RING domain were mutated, the AtARRE protein no longer had any effect on the stem wax accumulation when it was overexpressed in Arabidopsis (Figure 3). These results demonstrate that E3 ligase activity of AtARRE is essential for its function in wax biosynthesis.

Because wax composition of the AtARRE overexpressors was most similar to the cer1 mutant, we tested whether CER1 was the AtARRE ubiquitination substrate. An in vivo ubiquitination assay in a heterologous E. coli system expressing the Arabidopsis ubiquitination cascade confirmed AtARRE-mediated CER1 ubiquitination (Figure 6). Furthermore, transient co-expression of AtARRE and CER1 in both N. benthamiana leaves and in stable transgenic lines of Arabidopsis resulted in AtARRE-dependent degradation of CER1. Thus, AtARRE E3 ligase negatively regulates cuticular wax accumulation by ubiquitinating VLC alkane biosynthetic enzyme CER1 and targeting it for degradation by the 26S proteasome (Figure 5).

It is well-established that the UPS is redundant and that individual proteins may be targeted by multiple E3 ligases. Conversely, a single E3 ligase may have the ability to target multiple substrates for degradation (Iconomou and Saunders, 2016). CER1 and CER3, two key VLC alkane biosynthetic enzymes, share 35% amino acid identity, and both are integral membrane proteins with eight conserved His clusters at their N-terminus and an uncharacterized WAX2 domain at their C-terminus (Bernard et al., 2012). Due to their sequence similarity, it was possible that both of these proteins were substrates of the AtARRE E3 ligase. This fact, together with the observation that AtARRE overexpressors exhibit organ fusions similar to those detected in cer3, but not in cer1 mutants, prompted us to investigate whether AtARRE additionally controls CER3 levels. As previously demonstrated for CER1, AtARRE co-expression with CER3 in the N. benthamiana leaf indeed stimulated CER3 degradation (Figure 7). Thus, CER3 is also likely an AtARRE ubiquitination substrate.

The expression analysis of AtARRE gene revealed that it is preferentially expressed in tissues that exhibit no or low wax production such as roots and cotyledons in the later stages of seedling development, as well as older rosette leaves and inflorescence stem sections (Figure 8). These data suggest that the primary role of AtARRE may be to target CER1 and CER3 proteins for degradation in order to terminate wax production via the alkane pathway in tissues where it is no longer needed. Additionally, AtARRE gene transcription is upregulated upon exposure to bacterial pathogen P. syringae (Figure 9). Previous analysis of the cer1 mutant showed that reduced VLC alkane levels in cuticular wax are associated with increased cuticle permeability, but have no major effect on plant immunity. In contrast, CER1 overexpression resulted in alkane overproduction and decreased cuticle permeability, but surprisingly also in greater susceptibility to P. syringae (Bourdenx et al., 2011). Similarly, cucumber (Cucumis sativus) lines overexpressing CER3 exhibited enhanced susceptibility to the fungal pathogen Botrytis cinerea (Wang et al., 2015). Thus, induction of AtARRE upon exposure to pathogens and the resulting degradation of CER1 and CER3 may serve as a regulatory mechanism aimed at decreasing VLC alkane levels and optimizing cuticular wax composition to enhance plant resistance to bacterial pathogens. However, further work is needed to clearly define the role of AtARRE in plant immunity.

Recently, AtARRE was also reported to be induced by sodium chloride and ABA treatments (Wang et al., 2018a). Analyses of seed germination, stomatal closure, root elongation, and expression of ABA-responsive genes in atarre mutants showed that all these processes were hypersensitive to ABA, whereas AtARRE overexpressors exhibited reduced ABA sensitivity, leading the authors to propose that AtARRE is a negative regulator of ABA-dependent abiotic stress responses in plants (Wang et al., 2018a). This study did not identify the AtARRE ubiquitination target or propose the molecular mechanism governing these ABA stress responses, but it is unlikely that the AtARRE-mediated CER1 degradation by the proteasome that controls attenuation of cuticular wax biosynthesis in the shoot described here is involved. On the contrary, water deficit, salt, and ABA treatment have been shown to cause a large increase in wax amount in the leaf cuticle, predominantly due to an increase in VLC alkane content (Kosma et al., 2009). A huge induction of the CER1 alkane biosynthetic gene consistent with the elevated alkane amounts was also observed, presumably resulting in greater CER1 protein levels. Thus, even though the ABA signaling would not be expected to rely on the AtARRE-CER1 module, it is conceivable that AtARRE function in ABA-dependent signal transduction requires destruction of a different and as yet undiscovered protein target. A good example of an E3 ligase with multiple physiological roles that depend on proteasomal degradation of different protein substrates is MIEL1. MIEL1 controls seed germination and cuticular wax accumulation in Arabidopsis stems by primarily targeting MYB96 transcription factor for degradation, but in addition attenuates pathogen defense responses by promoting degradation of MYB30 (Marino et al., 2013; Lee and Seo, 2016).



CONCLUSION

Our findings indicate that AtARRE E3 ubiquitin ligase negatively regulates cuticular wax accumulation in Arabidopsis shoots by promoting degradation of CER1 and CER3 VLC alkane biosynthetic enzymes. Based on its expression in mature and senescing tissues and its induction upon plant exposure to pathogens, we propose that AtARRE serves as an efficient regulatory switch that terminates wax biosynthesis via the alkane-forming pathway when it is no longer required, or to optimize wax composition in response to pathogen infection.
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The chemical composition of a plant cuticle can change in response to various abiotic or biotic stresses and plays essential functions in disease resistance responses. Arabidopsis thaliana mutants altered in cutin content are resistant to Botrytis cinerea, presumably because of increased cuticular water and solute permeability, allowing for faster induction of defense responses. Within this context, our knowledge of wax mutants is limited against this pathogen. We tested the contribution of cuticular components to immunity to B. cinerea using mutants altered in either cutin or wax alone, or in both cutin and wax contents. We found that even all the tested mutants showed increased permeability and reactive oxygen species (ROS) accumulation in comparison with wild-type plants and that only cutin mutants showed resistance. To elucidate the early molecular mechanisms underlying cuticle-related immunity, we performed a transcriptomic analysis. A set of upregulated genes involved in cell wall integrity and accumulation of ROS were shared by the cutin mutants bdg, lacs2-3, and eca2, but not by the wax mutants cer1-4 and cer3-6. Interestingly, these genes have recently been shown to be required in B. cinerea resistance. In contrast, we found the induction of genes involved in abiotic stress shared by the two wax mutants. Our study reveals new insight that the faster recognition of a pathogen by changes in cuticular permeability is not enough to induce resistance to B. cinerea, as has previously been hypothesized. In addition, our data suggest that mutants with resistant phenotype can activate other defense pathways, different from those canonical immune ones.
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INTRODUCTION

A cuticle is a hydrophobic structure that covers the surface of the epidermal cells of the aerial parts of plants, such as leaves, stems, flowers, seeds, and fruits; and represents one of the evolutionary adaptations that has allowed plants to counteract the adverse effects produced by biotic and abiotic factors (Jeffree, 2006; Jetter et al., 2006; Riederer, 2006; Nawrath et al., 2013). The structure and chemical composition of a cuticle vary widely among different plant species, and even between organs and stages of its development (Jeffree, 2006; Nawrath et al., 2013; Ingram and Nawrath, 2017). Despite this variability, all cuticles are mainly made up of two types of lipid compounds: cutin and waxes. Cutin is a polymer layer formed by a network of esterified ω-hydroxylated fatty acids via intermolecular ester bonds, leading to a three-dimensional structure that is produced and secreted by epidermal cells. Waxes comprise a mixture of very long-chain fatty acids (VLCFAs, 24–36 carbon atoms) and their derivatives, including alkanes, alcohols, and aldehydes, together with secondary metabolites, such as flavonoids and triterpenoids (Li-Beisson et al., 2013; Nawrath et al., 2013; Fernández et al., 2016).

Genetic approaches that use mutagenized populations of Arabidopsis thaliana (Bernard and Joubès, 2013; Yeats and Rose, 2013; Borisjuk et al., 2014; Domínguez et al., 2015; Fich et al., 2016), tomato, and maize (Isaacson et al., 2009; Javelle et al., 2010; Girard et al., 2012) have allowed for the identification of many key enzymes involved in cuticle biosynthesis and deposition. Some of these mutants, such as the cutin mutants bodyguard (bdg), lacs2, lacerata (lcr/cyp86a8), cyp86a2/att1, abcg32/pec1, and myb96 (Wellesen et al., 2001; Schnurr et al., 2004; Xiao et al., 2004; Kurdyukov et al., 2006; Seo and Park, 2010; Benikhlef et al., 2013; Fabre et al., 2016; Zhao et al., 2019), and the wax mutants fiddlehead (fdh/kcs10), cer1, cer3/wax2, and dewax (Yephremov et al., 1999; Chen et al., 2003; Kurata et al., 2003; Rowland et al., 2007; Voisin et al., 2009; Sakuradani et al., 2013; Go et al., 2014; Liu et al., 2020) show a strong reduction in cutin and wax contents. Despite the loss of its cuticular structure, which might be thought to be detrimental to the plant, these mutants can accumulate significantly either more cutin monomers or more wax components when the other is reduced relative to wild type as a compensatory mechanism to maintain the integrity of cuticle (Voisin et al., 2009; Nawrath et al., 2013; Serrano et al., 2014).

To date, studies have identified the role of cuticular components during interaction with pathogens, showing that a cuticle is a physical and chemical barrier and that its components may act as signaling and defense molecules for both fungi and plants (Serrano et al., 2014; Aragón et al., 2017; Ziv et al., 2018). For instance, cutin monomers induce the germination of Magnaporthe grisea during the infection process of rice (Oryza sativa) (Gilbert et al., 1996), appressorium formation of the powdery mildew Erysiphe graminisin barley (Hordeum vulgare) (Francis et al., 1996), and induction of a protein kinase-mediated pathway required for the pathogenic development of Colletotrichum trifolii (Dickman et al., 2003). Besides the cutin monomers, specific wax components, such as very-long-chain (VLC) aldehydes, induce the pre-penetration process of Blumeria graminis both in vitro (Hansjakob et al., 2010) and in planta (Hansjakob et al., 2011). Additionally, other wax components, such as VLC primary alcohols of avocado (Persea americana), induce germination and appressorium formation of Colletotrichum gloeosporioides (Podila et al., 1993). In contrast, plants might perceive cutin monomers released by the action of fungal cutinase as elicitors. This hypothesis was evaluated when rice and barley plants were treated with synthetic cutin monomers (C18 fatty acids) and showed resistance to E. graminis and M. grisea, respectively (Schweizer et al., 1996). In the same way, cucumber seedlings respond to hydrolyzates of cutin by producing H2O2, which has been associated with early defense responses against pathogens (Fauth et al., 1998).

Cuticular mutants and transgenic lines have contributed to the advancement of our knowledge of how defects in cuticle structure might lead to immunity of plants upon the attack by pathogenic fungi. Fungal cutinase-expressing (CUTE) plants and A. thaliana cutin mutants with an altered ultrastructure and increased permeability of the cuticle, such as lacs2 (deficient in the long-chain acyl-CoA synthetase 2 enzyme that catalyzes the synthesis of intermediates in the cutin pathway and in wax biosynthesis), bdg (mutated in BODYGUARD, an extracellular α/β hydrolase suggested to be involved in cutin polyester assembly), and lcr (mutated in CYP86A8, which is involved in the biosynthesis of cutin pathway), displayed increased resistance to the necrotrophic fungus Botrytis cinerea (Sieber et al., 2000; Bessire et al., 2007; Chassot et al., 2007; Tang et al., 2007; Voisin et al., 2009). Likewise, we have recently described that a mutant with a strong reduction in both cutin and wax contents, eca2 (expression constitutiva del genATL2), is resistant to B. cinerea and to the hemibiotrophic bacterial pathogen Pseudomonas syringae pv tomato strain DC3000 (Pst DC3000), but susceptible to Phytophthora brassicae compared with WT plants (Blanc et al., 2018). In contrast, the mutants lacs2,acp4, and myb96 with altered cutin content exhibited enhanced susceptibility against Pst DC3000 (Tang et al., 2007; Xia et al., 2009; Seo and Park, 2010). Besides these cutin mutants, only a few A. thaliana mutants with defects in wax biosynthesis or regulation have been screened for their responses to different pathogens. For instance, cer1-1 mutants affected in CER1 (wax biosynthetic gene fora VLC-aldehyde decarbonylase) have a significantly reduced wax load, showed susceptibility to the necrotrophic fungus Sclerotinia sclerotiorum (Aarts et al., 1995; Bourdenx et al., 2011), and enhanced resistance to the biotrophic fungus Golovinomyces orontii, whereas, in cer3-6 and cer3-8 mutants affected in CER3/WAX2/YRE (a wax biosynthetic gene for VLC-acyl-CoA reductase), the growth and reproduction of these fungi were slightly inhibited (Rowland et al., 2007; Inada and Savory, 2011). An evaluation of in planta bacterial growth in cer1-1 confirmed susceptibility to bacterium Pst DC3000 (Xia et al., 2009; Bourdenx et al., 2011), as well as in the mutant cer3-6 (Lee et al., 2016). The dewax mutant (knockout in DEWAX that codified to the transcription factor DEWAX, which represses cuticular wax biosynthesis) has been reported to be more susceptible to B. cinerea (Go et al., 2014; Ju et al., 2017). In order to explain the resistance against B. cinerea observed on mutants with altered cutin composition, several reports have characterized physiological changes and the induction of defense responses. These reports include analysis on cuticular water and solute permeability (hereafter referred to as cuticular permeability), the production of reactive oxygen species (ROS), expression of genes implicated in plant defense signaling pathways (Bessire et al., 2007; Chassot et al., 2007; Voisin et al., 2009; L’Haridon et al., 2011; Blanc et al., 2018), and analysis of the abscisic acid (ABA) signaling pathway (L’Haridon et al., 2011; Cui et al., 2016). Based on these reports, a model to explain the cuticle-derived resistance to B. cinerea was proposed. In the cutin mutants, changes in cuticular structure and permeability allow pathogen- and/or damage-associated molecular patterns (PAMPs or DAMPs), released from both the pathogen and the plant cuticle or cell wall, respectively, to be more rapidly recognized by plant pattern recognition receptors, triggering immune responses (Serrano et al., 2014). Nevertheless, we are far away from fully understanding the early mechanisms and role(s) that cuticular components might play during the plant-fungal pathogen interaction, especially against B. cinerea, which leads to resistance.

In this report, we characterized mutants altered in either cutin (bdg, lacs2-3) or wax (cer1-4 and cer3-6) alone, or altered in both cutin and wax (eca2) contents during the interaction with B. cinerea. We determined that while all the mutants have an increased permeability, only the cutin mutants were resistant to this pathogen. Additionally, in order to identify the molecular elements that lead to this resistance or susceptibility, we performed a genome-wide transcriptional characterization before and after the challenge with the fungus. This analysis allowed us to identify a set of genes, expressed only in mutants altered in cutin content, that have recently been described as part of resistance mechanisms against B. cinerea (Lionetti et al., 2017; Bacete et al., 2018; Del Corpo et al., 2020). Our study allows us to understand how modification in cuticular components activates defense responses against this agronomical important phytopathogen.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Arabidopsis thaliana plants were grown in a greenhouse at 22 to 23°C and 60% humidity under a long day photo period (16-h light) for 4 weeks. The following plants were used: C24 ecotype as wild-type (WT) for the eca2 mutant altered in both cutin and wax components (Salinas-Mondragón et al., 1999; Serrano and Guzmán, 2004; Blanc et al., 2018) and Columbia-0 (Col-0) as WT for mutants altered in cutin content: bdg (Kurdyukov et al., 2006; Voisin et al., 2009) and lacs2-3 (CS65776 (obtained from the Arabidopsis Biological Resource Center, ABRC) (Bessire et al., 2007). The mutants altered in wax content were cer1-4 (SALK_008544C) (Bourdenx et al., 2011) and cer3-6 (yre-1) (Rowland et al., 2007), and were kindly provided by Professor Ljerka Kunst, Department of Botany, University of British Columbia, Vancouver, BC, Canada. All the selected mutants have been genetically (confirmed homozygous lines) and chemically characterized in detail (Supplementary Table 1).



Pathogen Infection Assays

Botrytis cinerea strain B05.10 was cultured on potato dextrose agar (PDA, 39 g L–1) plates. Spores were harvested in distilled water and filtered to remove hyphae. For inoculations, spore concentration was adjusted to 5 × 104 spores ml–1 in 1/4 -strength potato dextrose broth (PDB, 6 g L–1; Sigma-Aldrich, United States). For the analysis of lesion development, six fully expanded leaves per 4-week-old soil-grown plant were inoculated with a single drop of 6 μl of a spore suspension over each leaf, and at least 30 lesions were evaluated in each experiment. The inoculated plants were covered with plastic lids to maintain moisture level and transferred to a growth chamber at 22°C and a 24-h dark cycle. After 72 hpi, symptoms were evaluated. The level of resistance (disease incidence) was expressed by the percentage of plants showing disease symptoms extending beyond the inoculation site in each mutant. The developed lesions were quantified using the Image J analysis software (Fiji Is Just Image J1) (Schindelin et al., 2012). The experiments were repeated with at least three individual biological replicates, each with 10 technical replicates.



Cuticular Permeability Assays

The toluidine blue staining performed was from a previously described method (Tanaka et al., 2004; Bessire et al., 2007). Rosette leaves of 4-week-old plants were detached and immersed for 2 h in 0.025% TB (Sigma-Aldrich, United States) solution in 1/4 PDB (Sigma-Aldrich, United States) and were rinsed with tap water. Photos were used to measure the stained area (mm2) using imageJ see text footnote 1. For staining with calcofluor white (Sigma-Aldrich, United States), the leaves were bleached in absolute ethanol overnight, incubated in 0.2 M sodium phosphate buffer (pH 9) for 1 h, and for 5 min in 0.5% calcofluor white in 0.2 M sodium phosphate buffer (pH 9). Then, the leaves were rinsed in sodium phosphate buffer to remove excess calcofluor solution, and photographed under UV light (L’Haridon et al., 2011). Chlorophyll leakage from the rosette leaves was determined by a previously described protocol (Schnurr et al., 2004). For chlorophyll measurement, the fresh weight of detached leaves of mutants and wild-type plants was measured, and they were immersed in 80% ethanol. After 1 h, 1-ml aliquots were removed, and absorbance was measured at 664 and 647 nm. The micromolar concentration of total chlorophyll per gram of fresh weight of leaves was calculated using the equation: total micromoles chlorophyll = 7.93 (A664) + 19.53 (A647) (Lolle et al., 1997; Voisin et al., 2009). The experiments were repeated with at least three biological replicates, each with six technical replicates.



Detection of Reactive Oxygen Species

3, 3′-Diaminobenzidine and NBT staining were performed to determine the presence of hydrogen peroxide (H2O2) and superoxide (O2–), respectively. The presence of H2O2 was visualized with 3, 3′-diaminobenzidine (Sigma-Aldrich, United States) (Thordal-Christensen et al., 1997; L’Haridon et al., 2011). Detached leaves were immersed in 1 mg ml–1 DAB-HCl, pH 3.8, by gentle vacuum infiltration. For superoxide (O2–) staining, detached leaves were immersed for 30 min in 0.1% nitroblue tetrazolium (NBT) chloride (Sigma-Aldrich, United States) in 50 mM potassium phosphate buffer pH 7.5 (L’Haridon et al., 2011; Lehmann et al., 2015). Following incubation, the DAB and NBT staining solutions were removed and replaced with a bleaching solution (ethanol: acetic acid: = 3:1). H2O2 was visualized as a reddish-brown stain formed by the reaction of DAB with endogenous H2O2. The O2– content was detected as a dark blue stain of a formazan compound formed as a result of NBT reacting with endogenous O2–. The reactive oxygen species (ROS) production in detached rosette leaves unchallenged and challenged with the pathogen was detected using 5-(6) carboxy-2′, 7′-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich, United States). The leaves were immersed in 60 μM of DCF-DA in a standard medium (1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM 2-morpholinoethanesulfonic acid adjusted to pH 6.1 with NaOH) (L’Haridon et al., 2011; Benikhlef et al., 2013). The leaves were then observed using a Carl Zeiss Axioplan 2 epifluorescence microscope with a GFP filter set (excitation 480/40 nm, emission 527/30 nm). Microscope images were saved as TIFF files, and the accumulation of fluorescence was quantified as pixels using imageJ see text footnote 1.



RNA Extraction, RNA Sequencing, and Analysis

For RNA-seq, rosette leaves of the Col-0, C24, eca2, bdg, lacs2-3, cer1-4, and cer3-6 plants were inoculated by spraying the entire leaves with spore suspension (5 × 104 spores ml–1) of B. cinerea. At least eight whole rosettes of each plant were collected at 6 hpi and as well under non-infected conditions. Total RNA for RNA-seq was isolated from two different biological replicates for each mutant and WT using a SpectrumTM Total RNA kit (Sigma-Aldrich, United States). Total RNA concentration and purity were measured using NanoDropTM 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Library construction and sequencing were performed by Beijing Genomics Institute (BGI) Americas2 using DNBSeqTM technology. The sequencing was performed using paired end generating 100-bp size reading. The sequences are publicly available in the following link: https://dataview.ncbi.nlm.nih.gov/object/PRJNA761130?reviewer=jgq29l4gjk5tenf7e4q3755opm. Approximately 20 million reads per sample were aligned to the A. thaliana transcriptome (3 TAIR version 10) using Bowtie2 (v2.3.5) (Langmead and Salzberg, 2012). The bioinformatics data processing summary for each mutant is shown in Supplementary Table 2. We calculated gene expression levels using the RNA-seq by expectation maximization (RSEM) method (v1.3.3) (Li and Dewey, 2011). Differentially expressed genes (DEGs) were identified using the software DESeq2 in the Integrated Differential Expression Analysis MultiEXperiment (IDEAMEX) (Jiménez-Jacinto et al., 2019), with a FoldChange ≥ 2, and adjusted p-value ≤ 0.05. Additionally, the DEGs were functionally annotated with Gene Ontology (GO) terms extracted with PANTHER (v16.0) (GO term enrichment analysis) and Database for Annotation, Visualization, and Integrated Discovery (DAVID) (v6.8), by using Fisher’s exact test and correction with an FDR. Plots were created with the ggplot2 library using RStudio (v1.4.1106). To further identify DEGs common among the cutin and wax mutants, we drew Venn diagrams using the VennDiagram package in R (v4.0.3), and the webtool Venn Diagram4. Figures showing heatmaps were generated using the webtool Heatmapper5 (Babicki et al., 2016).



Quantitative RT-PCR Analysis

Total RNA was isolated from the frozen rosette leaves of WT and the mutants infected and non-infected with B. cinerea (6 hpi) collected directly into liquid nitrogen and stored at −80°C. Wet weight of 100 mg was used for RNA isolation from a pool of leaves from six plants of each genotype using TRI Reagent® (Sigma-Aldrich, United States), following the instructions of the manufacturer. Sample quality was assessed by using denaturing gel electrophoresis and measured using NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, United States). A 1-μg sample of total RNA was treated with DNase I, RNAse-free (Thermo Fisher Scientific, Inc., Waltham, MA, United States), and then used as the template for cDNA synthesis with a RevertAid H Minus RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Quantitative RT-PCR (RT-qPCR) reactions contained cDNA (diluted 1/40) in Maxima SYBR Green/ROX qPCR Master Mix (2×) (Thermo Fisher Scientific, Inc., Waltham, MA, United States) and 0.5 μM of specific primers. Primers for the RT-qPCR gene expression analysis have been previously described: AtPME17 (Del Corpo et al., 2020), AtPME41 (Choi B. et al., 2017), RAP2.6/ERF108 (Imran et al., 2018), and CAT3 (Zou et al., 2015). All the reactions were performed in 96-well plates using the 7300 Real-Time PCR System and 7300 System Software (Applied Biosystems, Foster City, CA, United States). PCR conditions were 95°C initial denaturations for 15 min, 40 cycles of 15 s/95°C, 30 s/60°C, and 30 s/72°C, after each run, a dissociation curve was acquired to check for amplification specificity by heating the samples from 60 to 95°C. The relative gene expression level for each sample was calculated using the comparative Ct method (Schmittgen and Livak, 2008) and normalized with the geometrical mean of two housekeeping genes, CF150 (AT1G72150) and ACT2 (AT3G18780) (Serrano and Guzmán, 2004; Czechowski et al., 2005). One-way ANOVA followed by Tukey comparisons was performed to evaluate the significance of the differential gene expression using the mean values from three biological replicates for each sample.



Statistical Analysis

One-way analysis of variance, followed by Tukey’s (honestly significant difference (HSD) comparisons, was performed to determine statistical significance. GraphPad Prism8 v 8.0.1 (GraphPad Software, San Diego CA, United States) was used. Data represent the mean ± SE. Differences at p < 0.001 were considered significant.



RESULTS


Mutants With Alteration in Cuticular Wax or Cutin Composition Confer Differential Resistance to Botrytis cinerea

In recent years, a number of Arabidopsis mutants with defects in different steps of cutin biosynthesis, transgenic plants expressing a fungal cutinase and/or direct application of cutinase on wild type rosette leaves, have shown resistance to B. cinerea. These results has been interpreted as evidence of the participation of the cutin monomers in the resistance against this pathogen (Sieber et al., 2000; Chassot et al., 2007; Voisin et al., 2009). Despite the previous data from several mutants involved in the synthesis and regulation of cuticular waxes, in interaction with pathogens (Bourdenx et al., 2011; Lee et al., 2016; Ju et al., 2017), the link between wax composition/structure and the resistance or susceptibility of mutants against B. cinerea have not been described in detail. In addition, molecular defense mechanisms underlying the phenotypes of both the wax and cutin mutant lines mainly affected in cuticular biosynthesis are still unknown. To determine if changes in wax composition lead to resistance to this phytopathogen, we confronted the eca2 mutant (with modified cutin and wax components), cutin mutants lacs2-3 and bdg, and two mutants with reduced wax content, cer1-4 and cer3-6, with B. cinerea and compared them with their corresponding wild-type plants. After inoculation (3 dpi), we observed that only eca2, bdg, and lacs2-3 showed resistance to this pathogen (Figure 1A). These cutin-altered mutants exhibited less than 20 and 35% of disease incidence, respectively, while their corresponding WT plants showed an incidence of 100% (Figure 1B). However, in the cer1-4 and cer3-6 mutants affected only in wax composition, susceptibility similar to that of Col-0 was observed (Figures 1A,B). Additionally, the lesion average area was significantly smaller in the cutin mutants eca2,bdg, and lacs2-3 compared with the wax mutants cer1-4 and cer3-6 (Figure 1C). One interesting observation is that under our experimental conditions, the majority of leaves from eca2 remained free of disease symptoms 7 dpi compared with their corresponding WT plants (C24), whereas only some of the leaves from bdg and lacs2-3 remained free of disease symptoms at this time. In contrast, all the inoculated leaves of cer1-4 and cer3-6 already showed signs of fungal infection at 3 dpi, similar to the WT plants (data not shown). These results indicated that an altered wax composition does not correlate with resistance against the necrotrophic fungi B. cinerea, as previously observed in cutin mutants.


[image: image]

FIGURE 1. Differential phenotypic response of cuticular mutants to B. cinerea. Leaves of WT plants C24 and Col-0 and the cuticular mutants eca2, bdg, lacs2-3, cer1-4, and cer3-6 were infected with B. cinerea. Disease symptoms on rosette leaves after 72 hpi (A), disease incidence (B), and lesion size (C) were evaluated. Three independent experiments were done (n = 60 ±SD). Different lowercase letter columns indicate significant difference, according to one-way analysis of variance (ANOVA) (p-value < 0.001) followed by Tukey test. Representative pictures are shown.




Changes in Cutin or Wax Content Lead to Increased Leaf Permeability

Previous reports on the bdg, lacs2-3, and eca2 mutants have shown that they have a permeable cuticle (Bessire et al., 2007; Chassot et al., 2007; Voisin et al., 2009; L’Haridon et al., 2011; Blanc et al., 2018). To determine if the wax mutants present similar permeability, we assessed it by toluidine blue (TB) and calcofluor staining and measuring the increased efflux of chlorophyll, as previously described (Tanaka et al., 2004; L’Haridon et al., 2011; Cui et al., 2016). The eca2, bdg, and lacs2-3 leaves showed the characteristic dark blue and bright patterns correlated with the TB and calcofluor stain, respectively, while cer1-4 and cer3-6 had weaker calcofluor staining and smaller TB-stained area compared with the cutin mutants (Figures 2A,B). Nevertheless, the quantification of the TB-stained area shows that all the mutants (such as cer1-4 and cer3-6) present statistically significant increased permeability compared with their corresponding WT plants (Figure 2B). Next, we analyzed cuticular permeability by chlorophyll leaching. When non-infected rosette leaves are immersed in 80% ethanol, mutants defective either in cutin and/or wax composition lose chlorophyll more rapidly than their corresponding WT plants (Figure 2C). We observed that the cutin mutants lacs2-3 and eca2 had similar chlorophyll-leaching rates of approximately 4-fold more than their corresponding WT plants. The bdg, cer1-4 and cer3-6 mutants show 3- and 2-fold greater chlorophyll leaching, respectively, compared with Col-0 (Figure 2C), thus corroborating the results of the toluidine blue and calcofluor tests. Taken together, these results indicate that modification of the content of cutin and/or wax leads to a more permeable cuticle.
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FIGURE 2. Cuticular mutants present increased leaf permeability. (A) Upper panel: leaves of 4-week-old WT plants and the cuticular mutants were stained with toluidine blue. Lower panel: leaves were stained with calcofluor white and viewed under UV light. (B) Toluidine blue-stained areas were quantified using the Fiji software. (C) Chlorophyll leaching 60 min after immersion of the leaves on 80% EtOH was spectrophotometrically measured as previously described (L’Haridon et al., 2011). Different lowercase letter columns indicate significant differences according to one-way analysis of variance (ANOVA) (p-value < 0.001) followed by Tukey’s test. Representative pictures are shown.




Cuticle-Related Mutants Show Basal Reactive Oxygen Species Accumulation

Previous reports on Arabidopsis mutants with defects in cuticle structure associated with alterations in the composition of cutin monomers showed increased reactive oxygen species (ROS) levels, even when leaves were not challenged with a pathogen (Chassot et al., 2007; L’Haridon et al., 2011; Blanc et al., 2018). To test if the production of ROS, one of the most early and rapid defense reactions to pathogen attack, is present in mutants with alterations in the composition of cuticular wax, we evaluated the accumulation of ROS in uninfected leaves of eca2, bdg, lacs2-3, cer1-4, and cer3-6 using three different dyes: 5-(and-6)-carboxy-2,7-dichlorodihydrofluorescein diacetate (DCF-DA) that detects a broad range of oxidizing reagents (L’Haridon et al., 2011); 3, 3′-diaminobenzidine (DAB), which detects H2O2; and nitroblue tetrazolium (NBT), which detects O2–(Thordal-Christensen et al., 1997; Mengiste et al., 2003). Stronger DCF-DA fluorescence was observed in eca2, bdg, and lacs2-3 compared with the mutants with altered wax content, cer1-4 and cer3-6 (Figure 3A). Nevertheless, ROS accumulation in the latter mutants was stronger than in Col-0 (Figure 3A). The DAB and NBT staining showed that coloration in the mutants with altered cutin (eca2, bdg, and lacs2) was much darker than in cer1-4 and cer3-6, indicating higher ROS accumulation (Figure 3B). To further study this immune response, we analyzed ROS accumulation in leaves at 6 hpi with B. cinerea. We observed that all the mutants, such as cer1-4 and cer3-6, showed stronger accumulation than their corresponding WT plants in all the staining methodologies (DCF-DA, DAB, and NBT) (Supplementary Figure 1). At this point, our data illustrate a possible correlation between cuticle permeability, ROS production, and B. cinerea resistance associated with alterations in the composition of cutin monomers, as previously described. However, although cuticle permeability and ROS accumulation are observed in the wax mutants, their susceptibility suggests that these changes might not only be associated with the resistance against B. cinerea, as we have previously hypothesized.
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FIGURE 3. Reactive oxygen species (ROS) accumulation in the cuticular mutants and WT plants. (A) DCF-DA staining was observed on leaves by using epifluorescence microscopy. (B) 3, 3′-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) were used to detect the accumulation of hydrogen peroxide (H2O2) and superoxide (O2–), respectively. Six independent experiments were carried out with similar results (n = 6 ± SD). Scale bar = 100 μm. Different lowercase letter columns indicate significant differences, according to one-way analysis of variance (ANOVA) (p-value < 0.001) followed by Tukey’s test. Representative pictures are shown.




Reduction in Cutin and Wax Contents Induced Differential Transcriptional Changes

To investigate the molecular basis that might contribute to the differential response against B. cinerea among the cuticular mutants, RNA transcriptome sequencing (RNA-seq) and analysis were performed on non-infected plants. We identified that the number of differentially expressed genes (DEGs) was different in each mutant, compared with their corresponding WT plant, as follows: 2,386 in eca2, 3,506 in bdg, 1,688 in lacs2-3, 2,819 in cer1-4, and 611 in cer3-6 (Figure 4A and Supplementary Data 1). Additionally, we studied if these DEGs were shared among the mutants (Figure 4B). Interestingly, a large proportion of the DEGs (up- and down-regulated genes) was unique in most of the mutants, except for lacs2-3 and cer3-6. For instance, 68, 51, and 69% of the DEGs were only detected in eca2, bdg, and cer1-4, respectively, while 35 and 23% of the DEGs were only identified in lacs2-3 and cer3-6 (Figure 4B). We also looked at DEGs shared only in B. cinerea-resistant or susceptible mutants (Supplementary Data 2). The Gene Ontology (GO) analysis of these DEGs from the cutin and wax mutants showed substantial differences. Among the 36 induced genes identified in the three cutin mutants, there is enrichment in the transmembrane receptor protein tyrosine kinase signaling pathway, wax biosynthetic process, and cuticle development. Among the 29 induced genes in the wax mutants, there is enrichment in the regulation of response to stress, regulation of response to external stimulus, and developmental process involved in reproduction (Supplementary Data 3). On the other hand, for 67 genes that are downregulated in the wax mutants, the DEG biological process categories were associated with photosynthesis and response to abiotic stress, while the 33 downregulated genes identified in the cutin mutants were classified as regulation of metabolic process (Supplementary Data 3). Finally, we identified that only two genes were upregulated in all five mutants. They were GRP3 (AT2G05520), which encodes an Arabidopsis Glycine Rich Protein, and the AT3G14470, which encodes an NB-ARC domain-containing disease resistance protein. Similarly, only two genes were downregulated in all the five mutants: CBF3 (AT4G25480), which encodes a member of the ERF/AP2 transcription factor family, and a gene that encodes a xyloglucan endotransglycosylase/hydrolase (AT3G44990) (Figure 4B). These results suggest a differential transcriptional regulation in all the cuticular mutants.
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FIGURE 4. Transcriptome analysis of non-infected cuticular mutants. (A) Number of differentially expressed genes (DEGs) (Log2FC ≥ 1 or ≤ –1 with an adjusted p-value ≤ 0.05) identified in the cutin and wax mutants. (B) Venn diagrams show the overlap of upregulated and downregulated genes among the cutin or wax mutants.




Under Non-challenged Conditions, Cutin Mutants Transcriptionally Induced Differential Defense Responses

A transcriptional modification of plant defense response genes in non-infected cutin mutants has been previously described (Voisin et al., 2009; Nawrath et al., 2013). However, to our knowledge, it has not been shown in wax mutants. The GO analysis on the identified DEGs for each mutant reveals that only eca2, bdg, and lacs2-3 show the modification of expression of genes classified as part of the response to biotic stresses (Figure 5 and Supplementary Data 4). These GO processes included: response to biotic stimulus and response to other organisms, involved in interspecies interaction between organisms and defense responses, while in the mutants cer1-4 and cer3-6, statistically significant GO processes were classified into the response to abiotic stresses (Figure 5 and Supplementary Data 4). In order to further characterize these results in cutin mutants, we analyzed the transcriptome profile of selected marker genes related to the jasmonic acid/ethylene- (JA/ET), salicylic acid (SA), and abscisic acid (ABA) pathways that have been described to be induced during the interaction with this necrotrophic pathogen (AbuQamar et al., 2006; Windram et al., 2012) (Supplementary Figure 2, Supplementary Data 1). Interestingly, under non-infected conditions, most of these genes were actually downregulated and only a few were induced. These results suggest that while the basal transcriptomic response to biotic stresses is activated in the cutin mutants, canonical defense responses against this pathogen are not induced before the interaction occurs.
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FIGURE 5. Gene ontology (GO) enrichment among upregulated genes in each cutin or wax mutant. Terms that were largely redundant were removed. Enrichment of “Biological process” GO-terms (FDR < 0.01). The color of the circles indicates the significance of the term (–log FDR), and dot size indicates the number of genes that are associated with that term. The blue stars indicate the GO terms common and mainly related to response to biotic stress, and the red stars indicate the GO terms related to response to abiotic stress, in the cutin and wax mutants, respectively.




Plant Defense Response Genes Are Induced Only in Cutin Mutants During the Interaction With the Pathogen

To further study the modification of the plant transcriptome in cutin and wax mutants, we performed RNA-seq analysis of B. cinerea-infected Arabidopsis leaves at 6 hpi. Interestingly, we observed a clear difference in the number of genes that are induced or repressed in the cutin mutants compared with the wax mutants. For instance, the number of DEGs in eca2, bdg, and lacs2-3 was 2,595, 4,823, and 4,865; while in cer1-4 and cer3-6, the number was only 241 and 411, respectively (Figure 6A, Supplementary Data 5). This represents approximately 10- to 8-fold more DEGs in the cutin mutants than in the mutants with reduced content of wax. To determine the processes that are transcriptionally induced, we performed a GO analysis of upregulated genes (Figure 6C). This analysis reveals a clear enrichment of GO terms related to response to a biotic stimulus only in the mutants with a reduced level of cutin. These terms include the biological process involved in interspecies interaction between organisms, defense response, response to biotic stimulus, response to fungus, and defense response to other organisms, among others (Figure 6C, Supplementary Data 6), while the GO analysis of upregulated genes in cer1-4 and cer3-6 reveals enrichment in response to abiotic stimuli, such as response to an organic substance, cytokinin-activated signaling pathway, response to chemical, and response to stimulus (Figure 6C, Supplementary Data 7). Additionally, we found that 214 and 11 DEGs were commonly induced in the cutin and wax mutants, respectively (Figure 6B, Supplementary Data 7). Additionally, 240 common downregulated genes were identified in eca2, bdg, and lacs2-3 (Figure 6B, Supplementary Data 7), which were classified into the following GO terms: response to salt stress, response to oxidative stress, response to water deprivation, and response to cold. The seven repressed genes common between cer3-6 and cer1-4 belong to response to stimulus, single organism process, and response to external stimulus (Supplementary Data 8). Taken together, these data indicate that the enhanced resistance against B. cinerea observed in eca2, bdg, and lac2-3 could be explained by the expression of defense-related genes, which are not induced in the wax mutants.


[image: image]

FIGURE 6. Transcriptome analysis of cuticular mutants infected with Botrytis cinerea (6 hpi). (A) Number of DEGs (Log2FC ≥ 1 or ≤ –1 with an adjusted p-value ≤ 0.05) identified in the cutin and wax mutants. (B) Venn diagrams show the overlap of upregulated and downregulated genes among the cutin or wax mutants. (C) GO analysis for upregulated genes in each cuticular mutant. Dot plot shows fold enrichment (FDR < 0.01) of the top 25 most significant enrichment terms of biological process.




Canonical Defense Response Genes Are Differentially Induced in Cutin Mutants

We further characterized the defense mechanisms in the mutants with reduced levels of cutin that might participate in the resistance against B. cinerea. We were interested in identifying if JA/ET-, SA-, ABA- and/or other defense-related genes were differentially expressed in the cutin and wax mutants (Figure 7). Remarkably, even though many of the hormone- and defense-related genes were induced in all the cutin mutants, we did not detect genes that were expressed simultaneously in all of them, except for the LRR receptor-like protein kinase (BAK1) and its interactor Botrytis-induced kinase 1 (BIK1), which are involved in the early stages of recognition of pathogens (Veronese et al., 2005; Liu et al., 2017; van der Burgh et al., 2019). This result suggests that resistance against B. cinerea might not be exclusively mediated by these well-described genes.
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FIGURE 7. Expression pattern of the jasmonic acid (JA)/ethylene (ET), salicylic acid (SA), and abscisic acid (ABA) signaling pathways and other defense-related genes in response to B. cinerea (6 hpi). The colors of the heat map represent the z-score of each gene expression calculated between the expression of the mutant compared with its corresponding WT, ranging from blue (–1.5) to yellow (1.5).




A Set of Genes Related to Cell Wall Remodeling Is Induced in Mutants With Altered Cutin Monomer Content

Based on the expression profile of BAK1 and BIK1, we identified all the genes that are commonly upregulated among the three cutin resistant mutants, eca2, bdg, and lacs2-3, but downregulated in cer1-4 and cer3-6 (Figures 6B, 8A). We identified 214 genes that share this expression pattern (Supplementary Data 7). From this set of genes, we performed a GO analysis and the genes were classified into the response to biotic stimulus, response to fungus, innate immune response, and defense response to other organisms (Table 1). Interestingly, among these DEGs, we found genes that are involved in cell wall remodelings, such as AtPME17 (AT2G45220) and AtPME41 (AT4G02330), and encoding pectin methylesterases (PMEs), which have been recently identified in response to B. cinerea (Lionetti et al., 2012; Bellincampi et al., 2014; Bethke et al., 2014, 2016). Likewise, two members of the APETALA2/ETHYLENE RESPONSIVE FACTOR (AP2/ERF) family, transcription factors RAP2.6/ERF108 and RAP2.6L/ERF113, catalase CAT3, peroxidases AtPRX71 [recently identified in resistance to B. cinerea (Lorrai et al., 2021)], and Sugar Transporter Protein STP13, and genes related to pattern-recognition receptors (PRRs), such as RLK7, RLK5, and RLP30, were identified as DEGs (Figure 8A). In order to confirm these expression patterns and to validate our RNA-seq analysis, we analyzed the expression of AtPME17, AtPME41, RAP2.6/ERF108, and CAT3 by RT-qPCR (Figure 8B). As expected, we found that all these selected genes were induced 6 hpi in eca2, bdg, and lacs2-3, and that they were downregulated in cer1-4 and cer3-6 (Figure 8B).


TABLE 1. GO enrichment analysis of Biological process of the 214 common upregulated genes in eca2, bdg and lacs2-3 infected with Botrytis cinerea (genes are listed in Supplementary Data 6).

[image: Table 1]
[image: image]

FIGURE 8. Commonly expressed genes induced in mutants with a reduced level of cutin monomers. (A) Heatmap shows the expression levels of upregulated genes shared by the cutin mutants in response to B. cinerea (6 hpi). The colors of the heat map represent the z-score of the log2FC of each gene ranging from blue (–1) to yellow (1). (B) Expression analysis of some shared up-regulated genes between cutin mutants infected with B. cinerea. Expression levels were determined by RT-qPCR in rosette leaves harvested 6 hpi, based on Ct values, normalized with the expression of the two housekeeping genes. The data represent the means of three independent biological replicates with their respective technical replicates, for each sample. Error bars indicate ±SD. Different letters indicate significance differences among samples according to one-way ANOVA followed by Tukey test (p ≤ 0.001).




DISCUSSION

Plants have developed sophisticated responses, such as effects of abiotic and biotic stimuli, to survive in a challenging environment. One of these mechanisms includes preformed physical barriers on the plant surface, such as the cuticle (Chassot et al., 2007; Serrano et al., 2014; Aragón et al., 2017; Bacete et al., 2018; Engelsdorf et al., 2018; Molina et al., 2021). The cuticle, mainly formed by cutin and waxes, also serves as a source of signaling molecules that coordinate the dialog between plants and microorganisms (Aragón et al., 2017; Ziv et al., 2018). In A. thaliana and Solanum lycopersicum, changes in permeability, associated with modifications in cutin composition, have been linked to resistance against the necrotrophic fungus B. cinerea (Bessire et al., 2007; Chassot et al., 2007; Isaacson et al., 2009; Voisin et al., 2009; Martin et al., 2017; Blanc et al., 2018). This resistance has been attributed to faster recognition of pathogens due to a permeable cuticle, accumulation of ROS, and induction of plant defense responses. However, plants with reduced content of waxes, which also have a modified cuticle structure, have not been characterized in detail with respect to this phenotype. In this study, we determined that the wax mutants have a more permeable cuticle but are as susceptible as the wild-type plants. This is in line with the fact that not all cuticle mutants show resistance to B. cinerea. For instance, the cuticle mutants acp4 and gl1 showed susceptibility to both bacterial pathogens Pseudomonas syringae and B. cinerea (Xia et al., 2009, 2010; Benikhlef et al., 2013; Lim et al., 2020). Similarly, shn1, with cutin monomer content altered, has a more permeable cuticle but is more susceptible to three necrotrophic fungal pathogens, B. cinerea, S. sclerotiorum, and Alternaria brassicicola (Sela et al., 2013; Buxdorf et al., 2014). These results suggest that, as expected, cuticle structural integrity is an important physical barrier against multiple pathogens (such as B. cinerea), and that mutants sma4, lcr, bdg, lacs2, and eca2, which possess a low content of cutin, a permeable cuticle, and are resistant to B. cinerea, are exceptions to the rule. Additionally, our results indicate that faster recognition of the pathogen by changing cuticle permeability is not enough to induce plant innate immunity responses and resistance to B. cinerea, as previously hypothesized (Bessire et al., 2007; Serrano et al., 2014). Nevertheless, these cutin mutants can be used as models to investigate the molecular mechanisms behind the successful induction of defense responses against this agronomically important pathogen.

Plant development and responses to the environment are induced and regulated by signaling networks of “trio signaling” messengers: ROS, electrical signals, and calcium (Choi W.G. et al., 2017). In particular, ROS are induced by activating various oxidases and peroxidases in response to abiotic and biotic conditions (Torres and Dangl, 2005; O’Brien et al., 2012; Baxter et al., 2014; Saini et al., 2018). During host-pathogen interactions, the production of ROS is important for plants and for necrotrophic fungi, such as B. cinerea and S. sclerotiorum. For instance, one of the earliest defense responses to a pathogen attack is the so-called “oxidative burst,” the production of ROS at the site of invasion. A plant releases high amounts of reactive oxygen species (ROS) to counteract the pathogen. On the other hand, Botrytis cinerea also takes advantage of this plant defense to kill host cells before they are invaded by hyphae and is able to cope with external oxidative stress in order to survive in the necrotic tissue (Siegmund and Viefhues, 2016). We have described a direct relationship between the accumulation of ROS and resistance to B. cinerea after mechanical stimulus or by triggering defense responses through elicitors (Benikhlef et al., 2013; Narváez-Barragán et al., 2020; Batista-Oliveira et al., 2021). Additionally, the resistance against this pathogen observed in the cutin mutants has been also linked to increased levels of ROS under non-infected conditions (reviewed in Serrano et al., 2014). Here, we show that under non-challenged conditions, although all the mutants accumulated more ROS than the WT plants, the cutin mutants eca2, bdg, and lacs2-3 have higher levels of superoxide and hydrogen peroxide than the wax mutants cer1-4 and cer3-6 (Figure 3). Interestingly, at 6 hpi, all the cuticular mutants have higher levels of superoxide and hydrogen peroxide than the WT plants (Supplementary Figure 1). Despite the B. cinerea-induced ROS burst observed in the wax mutants, they showed susceptibility. Two possibilities can be explored to explain this phenotype based on ROS accumulation. First, since a moderate level of ROS is detected in the susceptible mutants cer1-4 and cer3-6, the level of ROS during the initial interaction with the pathogen could be important in triggering resistance against this pathogen. In agreement with this, it has been described that the inhibition of the size of lesions caused by B. cinerea is directly proportional to the level of ROS induced by soft mechanical stress (Benikhlef et al., 2013). On the other hand, during biotic interactions, ROS have been characterized to participate in multiple processes, such as reinforcement of the cell wall, regulation of hormone-induced signaling pathways, and triggering of hypersensitive response (Lehmann et al., 2015). Since we observed an increase of ROS in the wax mutants only after the interaction with the pathogen, it is possible that timing, not only the activation of the oxidative burst, is important to efficiently build up a defense response. Either way, our results suggest that besides ROS-dependent resistance, it is probable that other(s) mechanism(s) may be involved to trigger the plant response and, therefore, induce resistance against B. cinerea.

To further characterize the molecular mechanisms underlying the resistance or susceptibility in the cuticular mutants, we performed a transcriptomic analysis on the non-infected plants. Up-regulated genes identified in the cutin mutants were classified into the response to biotic stimulus, while GO terms in cer1-4 and cer3-6 were mainly associated with response to abiotic stimulus (Figure 5), suggesting that the identified DEGs in cutin mutants could be part of a primed defense response mechanism. These results are in line with previous reports, where a defense priming mechanism has been observed in plants treated with cutin monomers, as well as in other cuticular mutants, leading to expression of a suite of faster and stronger defense responses upon challenge with B. cinerea (Schweizer et al., 1996; Fauth et al., 1998; Bessire et al., 2007; Chassot et al., 2007; Conrath, 2011; Conrath et al., 2015; Mauch-Mani et al., 2017). Notably, our data also identified genes related to PRRs, highlighting the leucine-rich repeat receptor kinase (LRR-RK) (Figure 4). Previous studies have reported the importance of PRRs in the priming state. The plant receptor FLS2 and its co-receptor BAK1 were associated with the enhanced responsiveness of Arabidopsis plants to the bacterial flagellin peptide flg22 (Tateda et al., 2014), as well as the malectin-like LRR receptor-like kinase IOS1, which is associated with FLS2 and the bacterial receptor EF-Tu (Yeh et al., 2016). Taken together, our results suggest that before the interaction with the pathogen occurs, the cutin mutants are in a priming state compared with the wax mutants or WT plants and that once the infection takes place, they might respond in a faster and more efficient manner, stopping the infection.

Previous reports have characterized secondary responses transcriptionally induced during the interaction with B. cinerea. Among these defense responses, SA-, ET-, ABA- and JA-related pathways are induced (AbuQamar et al., 2006; Mengiste, 2012; Windram et al., 2012). To determine if a similar set of genes was present in the cutin and wax mutants, we performed a transcriptome analysis at 6 hpi. In cer1-4 and cer3-6 the defense responses are not induced, and most of the DEGs were classified into the response to abiotic stimulus, while in the cutin mutants, enrichment of defense-related genes was identified (Figure 6). However, in eca2, bdg, and lacs2-3, a similar profile of these defense marker genes, which could explain the resistance phenotype for all these mutants based on these hormone-induced responses, was not observed (Figure 7). From this set of genes, only two, involved in the early stages of recognition of pathogen, were identified to be induced in all the cutin mutants: the LRR receptor-like protein kinase (BAK1) and its interactor Botrytis-induced kinase 1 (BIK1). This result is in accordance with previous reports showing that the Arabidopsis mutant sma4 with a defective cuticle displayed increased resistance to B. cinerea, and that this process was independent of the JA and ET signaling pathways (Tang et al., 2007; Wang et al., 2020). Similarly, in CUTE plants, resistance to B. cinerea was not found to correlate with the induction of genes associated with the SA, ET, or JA signaling pathways (Chassot et al., 2007). In sum, these results suggest that the resistance to B. cinerea observed in eca2, bdg, and lacs2-3 might not only be driven by the induction of canonical defense responses, previously identified to be important in stopping the infection.

Since the stronger difference between cutin and wax mutants was resistance and susceptibility to B. cinerea, respectively, we hypothesized that a set of genes should be induced only in eca2, bdg, and lacs2-3 but repressed in cer1-4 and cer3-6 (Supplementary Data 7). Among these DEGs, we identified genes previously characterized to be involved in ROS regulation and cell wall biosynthesis, and are discussed next. The peroxidase (AtPRX71) and catalases (CAT3 andAT4G37530) genes were identified as DEGs in the cutin mutants. These genes have been described as part of ROS-scavenging systems to maintain ROS homeostasis in different compartments of the cell, and could, thus, restrict the ROS-dependent damage or finely coordinate the ROS-dependent signal transduction in the presence of a pathogen (Torres et al., 2006; O’Brien et al., 2012). However, necrotrophic pathogens also produce ROS to kill host cells triggering a hypersensitive reaction (HR), thereby facilitating the infection (Govrin and Levine, 2000; Torres et al., 2006; van Kan, 2006). Based on this evidence, it is possible that the expression of these scavengers might help either the plant to inhibit the proper ROS-induced infection process of B. cinerea, or regulate ROS-dependent plant defense responses. Clearly, this hypothesis should be tested in future studies.

Additionally, we identified the induction of pectin methylesterases (PMEs) AtPME41 and AtPME17 (Figure 8) in the cutin mutants in response to B. cinerea. Importantly, these genes have not been reported before as a part of the defense genes against B. cinerea in any cuticular mutants. Our data are in accordance with previous results showing that plants activate a local and strong PME activity in response to pathogens with different lifestyles (Lionetti et al., 2012; Bethke et al., 2014; Lionetti, 2015). Once the pathogen overcomes the cuticle, the pectin matrix, which is the major fraction of the cell wall of dicots and non-aminaceous monocots, is the next target for fungal necrotrophs (van Kan, 2006; Laluk and Mengiste, 2010; Lionetti et al., 2012; Bellincampi et al., 2014). PME activity was proposed to be involved in the release and perception of defense of endogenous signals with elicitor activities from cellular components during infection, such as oligogalacturonides (OGs) considered as DAMPs (Lionetti et al., 2012; Ferrari et al., 2013; De Lorenzo et al., 2019). AtPME41 synthesizes a member of PMEs that has an important role in activating the immune response when Arabidopsis is challenged with the necrotroph A. brassicicola (Lionetti et al., 2012; Bethke et al., 2014). Additionally, Del Corpo et al. demonstrated the functional role of AtPME17 in triggering PME activity by the JA/ET-dependent pathway and in resistance against pectinolytic necrotrophic fungi, such as B. cinerea (Del Corpo et al., 2020).

Finally, this study illustrates that B. cinerea resistance in the cutin mutants eca2, bdg, and lacs2-3, compared with cer1-4 and cer3-6, clearly consists of a multitude of signaling events, from pre-activated defense or priming as initial resistance, production of ROS, and increased expression of non-canonical defense-related genes (Figure 9).
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FIGURE 9. Hypothetical model of the role of cuticular components cutin and wax in differential response to the necrotrophic fungus B. cinerea. In previous studies, a direct relationship between increased permeability in cutin mutants and resistance to B. cinerea has been proposed. However, our data show that despite both cuticular mutants having enhanced cuticular permeability, compared with the WT plants, only mutants with altered cutin content show resistance to B. cinerea. This phenotype could be explained as follows: (1) in the cutin mutants, once plant plasma membrane-localized receptors recognize pathogen-/damage-associated molecular patterns (PAMPs/DAMPs) a more intense ROS production is observed, compared with mutants with altered wax content. (2) During cutin mutant-B. cinerea interaction, defense-related signaling pathways are triggered, which are different from canonical immune ones, such as expression genes encoding catalases (CAT3) and peroxidases (PRX), as well as LRR-receptor-like kinases (RLK5, RLK7, RLP30), transcription factors (ERF108 and ERF113), and genes involved in the remodeling of the cell wall, such as PMEs. (3) In contrast, according to our data, in the mutants with altered wax content, ROS production is not enough to effectively prevent B. cinerea colonization. In these mutants, other secondary signals might be activated to control the expression of genes related to abiotic stimuli, instead of the expression of defense-related genes (the image was designed using bioRENDER application, https://biorender.com/).




CONCLUSION

We have shown that while cer1-4 and cer3-6 have altered cuticle permeability, they present a susceptible phenotype, suggesting that the faster recognition of the pathogenic fungus B. cinerea is not enough to induce plant innate immune responses and resistance as previously hypothesized. In the cutin mutants eca2, bdg, and lacs2-3 responding to B. cinerea, a profile of previously characterized defense-response gene markers was not observed, suggesting that mutants with resistant phenotypes can activate other defense pathways, different from these canonical immune ones. Nevertheless, we identified the induction of genes involved in cell wall remodeling in the cutin mutants, which have not been previously reported as part of the defense genes against B. cinerea in any cuticular mutants. Based on these results, our study can be used as a starting point to understand the molecular basis involved in early defense mechanisms related to cuticular components against this agronomically important necrotrophic pathogen.
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Supplementary Figure 1 | Reactive oxygen species (ROS) production at 6 hpi with Botrytis cinerea in leaves from 4-week-old plants of Arabidopsis thaliana cuticular mutants and wild-type (WT) Columbia-0 (Col-0) and C24 plants. Fluorescence after DCF-DA staining was observed on leaves by using epifluorescence microscopy. 3, 3′-Diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) were used to detect the accumulation of hydrogen peroxide (H2O2) and superoxide (O2–), respectively. The experiment was carried out six times, with similar results (n = 6 ± SD). Scale bar = 100 μm. Different lowercase letter columns indicate significant differences, according to one-way analysis of variance (ANOVA) (p-value < 0.001) followed by Tukey’s test. Representative pictures are shown.

Supplementary Figure 2 | The heat map shows the expression pattern in non-infected cutin and wax mutants, as well as the WT plants of the jasmonic acid (JA)/ethylene (ET), salicylic acid (SA), and abscisic acid (ABA) signaling pathways, and other defense-related genes selected from the literature. The colors of the heat map represent the z-score of each gene ranging from blue (−2) to yellow (2).

Supplementary Table 1 | Cuticular wax and cutin composition of rosette leaves of Arabidopsis Col-0 (wt), cer1-4, cer3-6 (yre), bdg, lacs2-3, C24 (wt), and eca2.

Supplementary Table 2 | Summary of bioinformatics data and mapped reads of Arabidopsis thaliana cutin and wax mutants in the RNA-seq libraries in non-infected and infected with Botrytis cinerea (6 hpi).

Supplementary Data 1 | List of significantly differentially expressed genes (DEGs) in non-infected cutin and wax mutants, related to Figure 4A. List of defense-related genes abundant in the non-infected mutants and wild-type (WT) plants, related to Supplementary Figure 2.

Supplementary Data 2 | List of up- and down-regulated genes shared by non-infected cutin or wax mutants, related to Figure 4B.

Supplementary Data 3 | Gene Ontology (GO) term enrichment of up- and down-regulated genes shared by non-infected cutin or wax mutants, related to Figure 4B.

Supplementary Data 4 | GO term enrichment of up- and downregulated genes in each non-infected cutin or wax mutant, related to Figure 5.

Supplementary Data 5 | List of significantly DEGs in cutin and wax mutants infected with B. cinerea (6 hpi), related to Figure 6A. List of defense-related genes abundant in the infected mutants and WT plants, related to Figure 7.

Supplementary Data 6 | List of up- and downregulated genes shared by cutin or wax mutants infected with B. cinerea (6 hpi), related to Figure 6B.

Supplementary Data 7 | GO term enrichment of up- and downregulated genes shared by infected cutin or wax mutants, related to Figure 6C.

Supplementary Data 8 | GO term enrichment of up- and downregulated genes shared by infected cutin or wax mutants, related to Figure 6B.
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The vase life of cut flowers is largely affected by post-harvest water loss. Cuticular wax is the primary barrier to uncontrolled water loss for aerial plant organs. Studies on leaf cuticular transpiration have been widely conducted; however, little is known about cuticular transpiration in flowers. Here, the cuticular transpiration rate and wax composition of three lily cultivars were determined. The minimum water conductance of tepal cuticles was higher at the green bud than open flower stage. Lily cuticular transpiration exhibited cultivar- and organ-specific differences, where transpiration from the tepals was higher than leaves and was higher in the ‘Huang Tianba’ than ‘Tiber’ cultivar. The overall wax coverage of the tepals was higher compared to that of the leaves. Very-long-chain aliphatics were the main wax constituents and were dominated by n-alkanes with carbon (C) chain lengths of C27 and C29, and C29 and C31 in the tepal and leaf waxes, respectively. Primary alcohols and fatty acids as well as small amounts of alkyl esters, ketones, and branched or unsaturated n-alkanes were also detected in both tepal and leaf waxes, depending on the cultivar and organ. In addition, the chain-length distributions were similar between compound classes within cultivars, whereas the predominant C-chain lengths were substantially different between organs. This suggests that the less effective transpiration barrier provided by the tepal waxes may result from the shorter C-chain aliphatics in the tepal cuticle, compared to those in the leaf cuticle. These findings provide further insights to support the exploration of potential techniques for extending the shelf life of cut flowers based on cuticular transpiration barrier properties.

Keywords: lily flowers, cuticular wax, leaf, tepal, transpiration


INTRODUCTION

The surfaces of aerial plant organs are covered by cuticle, and its primary function is to prevent uncontrolled water loss (Riederer and Schreiber, 2001). Plant cuticle is predominantly a mixture of waxes, including very-long-chain fatty acids and their derivatives, cyclic terpenoids, with cutin polymers providing a scaffold matrix, mainly C16 and C18 with or without hydroxy groups (Yeats and Rose, 2013). It is well known that the cuticular waxes, rather than the cutin matrix, are the barrier to non-stomatal water loss (Riederer and Schreiber, 1995; Jetter and Riederer, 2016). The diversity of cuticular wax components and their spatial arrangements results in a wide variety of cuticular transpiration barrier properties across species, organs, and developmental stages (Jetter and Riederer, 2016; Huang et al., 2017; Bourgault et al., 2020). Previous studies have focused on how the barrier properties of leaf or fruit cuticles affect water loss or chemical substrates (Riederer and Schreiber, 2001; Jetter and Riederer, 2016), whereas few studies have been conducted on the barrier properties of flower cuticles.

The thin cuticle covering the petal surface plays an important role in interactions with pollinators (Whitney et al., 2011). Previous studies reported that cuticular transpiration in fruit cuticular membranes was higher than that of leaf cuticles. It implied that it might not be necessary to form such efficient cuticular barriers to transpiration for fruit as the life time is usually shorter than leaf tissues (Schreiber and Riederer, 1996). Chemical analysis has indicated that the wax layer of Cosmos bipinnatus var. ‘Sensation Pinkie’ petals contains relatively high concentrations of C22 and C24 fatty acids and primary alcohols, which are much shorter than those in the wax layer of leaves. Therefore, the petal cuticle exhibits weaker transpiration barrier properties than the leaf cuticles (Buschhaus et al., 2015). Similarly, C-chain lengths of waxes in petal cuticles of ‘Movie star’ and ‘Tineke’ roses were generally between C26 and C29, but ranged from C29 to C33 in the leaf cuticles. The C-chain differences were thought to be one of the factors inducing higher transpiration rate for the petals compared to that for the leaves in roses (Cheng et al., 2019). A comparative study on cuticular wax chemical differences between flowers and other organs has also been conducted (Guo and Jetter, 2017). In addition, significant changes in the composition of the wax on snapdragon petals were found over 12days from the opening stage to senescence (Goodwin et al., 2003). However, more information about the chemical composition of petal cuticles and its contribution to barrier properties during petal development are still awaiting to be explored.

Oriental lily, a Lilium spp., is one of the most popular ornamental plants. Lilies are widely grown in temperate, subtropical, and tropical regions, and blooming from spring to early autumn. Oriental lily cut flowers usually comprise the flower head and the stem and keep some leaves. The lily flower head has two whorls of tepals (floral leaves) and each of the inner and outer whorls normally has three tepals (van Doorn and Han, 2011). The inner tepals are covered by the outer tepals during flower development. Lilies are widely planted by consumers for their elegant look and wide open, brightly colored tepals. The vase life of lily flowers varies with cultivar, cultivation, and post-harvest conditions. In addition, the shelf life of the cut flowers is impacted by rapid water loss or the deterioration of stem tissues after harvest (Torre and Fjeld, 2001; Cheng et al., 2020).

The present study aimed to characterize and compare the chemical composition of the cuticular waxes of lily tepals and leaves as well as to determine their potential contributions to limit cuticular transpiration from the tepals and leaves of three lily cultivars. The transpiration rate and chemical composition of the cuticular waxes (1) on the tepals at the green bud and open stages of the Lilium spp. cultivar ‘Casa Blanca’, and (2) on the leaves and tepals of two Lilium spp. cultivars ‘Huang Tianba’ and ‘Tiber’ were determined. These findings enabled comparisons of the cuticular wax chemicals on tepals at different development stages and organs, as well as link the transpiration barrier differences.



MATERIALS AND METHODS


Plant Materials

Three Lilium spp. cultivars: ‘Casa Blanca’, ‘Huang Tianba’, and ‘Tiber’ were used to evaluate the water permeability and cuticular wax composition differences of the leaf and tepal cuticles. The lily seedlings of all three cultivars were grown in pots filled with soil in a climate chamber at Zhongkai University of Agriculture and Engineering, Guangzhou, China (include coordinates). For the duration of the experiment, the growth conditions were with an average daily light intensity of 100μmolm−2 s−1 coming from LED lamps (Guangzhou Blueseatec Electronic Co. Ltd., Guangdong, China). The growing was set at a 12/12-h day/night light cycle with a temperature of 20±2°C and a relative humidity of 60±5% in greenhouse. The plants were watered daily to keep the soil moist and facilitate healthy growth. Lily flowers have open tepals and leaves on the stem when harvested (Figure 1). In this study, Lilium spp. ‘Casa Blanca’ was selected to comparatively analyse the cuticular transpiration rate and wax composition of the inner and outer tepals at the green bud and open stages (Figure 2), whereas the open tepals and leaves of the Lilium spp. ‘Huang Tianba’ and ‘Tiber’ cultivars were used to compare the cuticular transpiration rate and wax composition between different organs. The stem and flower samples for transpiration rate and wax chemical analyses were carefully harvested. Once the experimental plants had reached the appropriate flowering stages, samples were harvested. The flowering stems were cut at 60–80cm in length and immediately placed in water at room ambient approximately 20°C in preparation for analysis.
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FIGURE 1. Lilium spp. (lily) flowers of the cultivars ‘Huang Tianba’ and ‘Tiber’. The cut flowers comprise open tepals, leaves, and stems.
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FIGURE 2. Cuticular transpiration rate and wax coverage of tepals of lily flowers at the green bud and open stages. (A) Minimum water conductance and (B) total amount of cuticular waxes on the inner and outer tepals of green buds and open flowers of the Lilium cultivar ‘Casa Blanca’. Data are presented as the mean±standard deviation (n=12 for transpiration, n=5 for cuticular wax). The different letters on the bars indicate significant differences (p<0.05).




Transpiration Rate Determination

The rate of cuticular transpiration from inner and outer tepals of green bud and open flowers of ‘Casa Blanca’ and from the whole tepals and leaves was determined gravimetrically (Cheng et al., 2019). Twelve fresh samples for tepals or leaves from green bud, open flowers or different cultivars without any defects were selected from plants of each cultivar. All samples were fully hydrated prior to evaluation. The petioles of the tepals and leaves were sealed with paraffin wax (melting point approximately 60°C) to avoid water loss from the cut wounds. The temperature (20±2°C) and relative humidity (45±5%) of the surrounding atmosphere were monitored using a digital thermometer (Anymetre, Guangzhou, China). The weight loss of the tepals and leaves was recorded automatically every 30min for 8h using a digital balance with a precision of 0.1mg (BSA-224S; Sartorius, Beijing, China).

The dynamic transpiration changes of leaf and tepal tissues were inflected by the weight loss under different time points. Relative water content (RWC), as an important indicator of water status in plants, was calculated firstly based on full saturation fresh weight (FWs), actual fresh weight (FW) at each measured point, dry weight (DW) and surface area of the measured tissues. RWC was calculated as:
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and the RWD was calculated according to the changes of RWC:
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The transpiration rate (flux of water vapor; F in g m−2 s−1) was calculated from the changes in the fresh weight of the samples (W in g) over time (Δt in s) and surface area (A in m2), as follows:
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The surface area of the tepals and leaves (A) was determined by digital scanning (LaserJet Pro MFP M126nw; HP, Shanghai, China). The water permeance (P in m s−1) was calculated from the transpiration rate (F) divided by the driving force, as follows:
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where the water vapor saturation concentration at the actual tepal or leaf temperature (water vapor content of air at saturation;) was obtained from tabulated values (Nobel, 2009), the water activity in the air (aair) was the recorded relative humidity, and the water activity in the tepals or leaves (atepal) or (aleaf), respectively, was assumed to be unity (Burghardt and Riederer, 2003). The minimum water conductance based the drying curve of P via RWD was obtained.



Cuticular Wax Extraction

To extract the surface wax chemicals, tepals of different developmental stages, and from inner and outer positions of ‘Casa Blanca’, inner tepals and leaves of ‘Huang Tianba’ and ‘Tiber’ were harvested. Samples of petals and leaves of intact without defects and cracks were carefully selected, and sample surfaces were genteelly cleaned using a paint brush. Using tweezers to hold the petioles, the tepal and leaf samples were dipped vertically into chloroform (the extract solution). To fully extract the cuticular waxes, each sample was dipped in chloroform three times for 30s each, and the extracts were combined. Then, approximately 5μg n-tetracosane was added to the extracts as an internal standard. The solvent was evaporated under a gentle stream of nitrogen and collected for further analysis.



Wax Composition Analyses

Dried samples were derivatized with N, O-bis (trimethylsilyl) trifluoroacetamide in pyridine at 70°C for 30min. To determine the quantity of wax components, samples were analyzed using a capillary gas chromatograph (7820A, GC System; Agilent Technologies, Santa Clara, CA, USA) equipped with a capillary column (30m×0.32mm, DB-1ms, and 0.1-μm-thick film; J&W Scientific, Agilent Technologies). The GC oven was held at 50°C for 2min, raised by 40°C min−1 to 200°C, held at 200°C for 2min, and then raised by 3°C min−1 to 320°C, and held at 320°C for 30min. The carrier gas was hydrogen. The area of the peaks was compared to that of the internal standard to determine the quantity of wax components.

Wax components were analyzed using a temperature-controlled capillary gas chromatograph equipped with a mass spectrometric detector (m/z 50–750, MSD 5975; Agilent Technologies) under the same GC conditions as described above but with helium as the carrier gas. Single compounds were identified based on their electron ionization mass spectra using authentic standards, the Wiley 10th/NIST 2014 mass spectral library (W10N14; John Wiley & Sons, 2014), or by interpretation of the spectra according to their retention times, or by comparison with published data.



Statistical Analysis

Statistical analyses were performed using SPSS (version 23; IBM Corp., Armonk, NY, United States) and SigmaPlot 10 (Systat software, Inc., San Jose, CA, United States). The normal distribution of data was tested via a Shapiro–Wilk or Kolmogorov–Smirnov normality test (significance level: p<0.05). Comparisons were analyzed using one-way analysis of variance. SigmaPlot 10 was used for graphing.




RESULTS


Water Permeance

Tepals of the ‘Casa Blanca’ cultivar at the green bud stage exhibited higher transpiration rate than tepals at the open stage (Figure 2A), and the mean minimum conductance for the green buds was 1.6×10−4ms−1 (inner tepals) and 1.4×10−4ms−1 (outer tepals), whereas a lower minimum water conductance of 6.9×10−5ms−1 and 6.4×10−5ms−1 was recorded for inner and outer tepals in open flower, respectively (Figure 2A). Overall, the tepal minimum water conductance was significantly higher compared to that of the leaves (Figure 3A). The water permeance of the inner tepals of the ‘Huang Tianba’ and ‘Tiber’ cultivars was 5.5×10−5ms−1 and 1.3×10−4ms−1, respectively. In comparison with tepals, the minimum water conductance of the leaves was much lower, being 2.2×10−5ms−1 for the ‘Huang tianba’ cultivar and 1.5×10−5ms−1 for the ‘Tiber’ cultivar (Figure 3A).
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FIGURE 3. Cuticular transpiration rate and wax coverage of leaves and tepals of lily flowers at the open stage. (A) Minimum water conductance, and (B) total amount of cuticular waxes on inner tepals and intact leaves of the Lilium cultivars ‘Huang Tianba’ and ‘Tiber’. Data are presented as the mean±standard deviation (n=12 for transpiration, n=5 for cuticular wax). The different lowercase letters on the bars indicate significant differences (p<0.05).




Wax Load and Chemical Composition at Different Tepal Development Stages

As the primary barrier to non-stomatal transpiration is determined by the wax pattern in the cuticle (Riederer and Schreiber, 2001), the composition of the wax on the leaves and tepals at the green bud and open flower stages was analyzed. The overall wax coverage was 12.17±0.69μgcm−2 and 6.40±1.45μgcm−2 on the outer tepals of the green bud and open flowers, respectively (Figure 2B). Lower amounts of wax were detected on the inner tepals of the green buds and open flowers at 5.19±0.23μgcm−2 and 3.33±0.05μgcm−2, respectively (Figure 2B).

The waxes on the tepals of the green buds and open flowers were composed of very-long-chain fatty acids, primary alcohols, and n-alkanes (Figure 4). The most abundant wax components were n-alkanes, which comprised 73.28% (of the total wax) on the outer tepals and 70.27% on the inner tepals at the green bud stage, and 76.68% on the outer tepals and 77.34% on the inner tepals of the open flowers (Figure 4). Primary alcohols occurred also in relatively higher proportions in the cuticle on the green bud tepals (4.09% outer and 8.30% inner) compared to that on the tepals of the open flowers (1.29% outer and 6.07% inner, Figure 4). There were no obvious differences in the fatty acid content of the wax on the tepals at the green bud and open flower stages. Very-long-chain alkyl esters and cyclic sterols were detected only in the wax on the tepals of the open flowers (Figure 4; Supplementary Table S1).

[image: Figure 4]

FIGURE 4. Chemical composition of cuticular waxes on green bud and open flower tepals of Lilium cultivar ‘Casa Blanca’. Data are presented as the mean±standard deviation (n=5).


Acyclic components dominated the wax mixtures on the tepals in green buds and open flowers. The prominent components of the n-alkanes had chain lengths ranged from C22 to C33, with most abundant of C27 and C29. The C33 n-alkane was detected only in the cuticle of tepals at the open flower stage (Figure 5; Supplementary Table S1). Chain length of primary alcohols ranged from C22 to C30, with a dominant chain length of C26. In addition, primary alcohols with chain lengths of C28 and C30 were more abundant in outer and inner tepals at the open flower stage (24.21 and 19.10%, respectively) compared to that of green bud tepals (25.04 and 18.00%, respectively). The fatty acid fraction in the green bud cuticles were dominated by C20 and C22, whereas chain lengths ranged from C20 to C26 for fatty acid in the open flower cuticles. The alkyl esters, which were detected only in the cuticles of the open flower tepals, possessed chain lengths ranging from C40 to C48 (Figure 5; Supplementary Table S1).

[image: Figure 5]

FIGURE 5. Carbon chain-length distribution of the cuticular waxes on the tepals of green buds (A) and open flowers (B) of the Lilium cultivar ‘Casa Blanca’. Data are presented as the mean±standard deviation (n=5).




Cuticular Waxes of Open Flower Tepals and Leaves in Different Cultivars

Comparative profiling of the cuticular waxes on the tepals and leaves of the ‘Huang Tianba’ and ‘Tiber’ cultivars was conducted. The overall amount of cuticular wax on the inner tepals was 8.95±1.68μgcm−2 for the ‘Huang Tianba’ cultivar, which was higher than that for the inner tepals of the ‘Tiber’ cultivar (7.41±0.85μgcm−2; Figure 3B). Compared to the significant difference in wax quantity on the tepals of the two cultivars, the amount of wax on the leaves showed only a slight variation between cultivars at 1.04±0.20μgcm−2 for ‘Huang Tianba’, and 1.52±0.51μgcm−2 for ‘Tiber’ (Figure 3B).

The wax mixtures of both tepal and leaf cuticles were dominated by very-long-chain acyclic components such as fatty acids, primary alcohols, n-alkanes, alkyl esters, and small amounts of branched n-alkanes and n-alkenes (Figure 6; Supplementary Table S2). The most abundant aliphatic fraction in both the tepal and leaf waxes comprised n-alkanes, which contributed 72.49 and 65.27% for the ‘Huang Tianba’ cultivar, and 44.09 and 33.03% for the ‘Tiber’ cultivar, respectively. The coverage of n-alkanes was significantly higher on the surface of the tepals compared to that on the leaf surfaces for both cultivars (Figure 6; Supplementary Table S2). The primary alcohols contributed 4.93 and 7.07% (‘Huang Tianba’), and 7.68 and 33.99% (‘Tiber’) of the tepal and leaf wax coverage, respectively. Compared to the relatively small concentrations of fatty acids in the tepal and leaf cuticles of the ‘Huang Tianba’ cultivar (1.16 and 7.31%, respectively), higher fatty acid levels were found in the ‘Tiber’ tepal and leaf cuticles (14.84 and 11.72%, respectively, Figure 6; Supplementary Table S2). Small amounts of n-alkenes and branched n-alkanes were detected in the tepal cuticles of both cultivars, and traces were found in the leaf cuticle of the ‘Tiber’ cultivar. Alkyl esters were not detected in the leaf waxes, but occurred in the tepal waxes of both cultivars. In addition, traces or no signals of cyclic compounds were detected in the tepal and leaf waxes of both the ‘Huang Tianba’ and ‘Tiber’ cultivars (Figure 6; Supplementary Table S2).

[image: Figure 6]

FIGURE 6. Chemical composition of cuticular waxes on the tepals and leaves of the Lilium cultivars ‘Huang Tianba’ and ‘Tiber’. Data are presented as the mean±standard deviation (n=5).


The chain-length distributions were similar among the compound classes within cultivars, whereas the predominant carbon chain lengths were substantially different between organs. The chain lengths of the n-alkanes, which were predominantly odd-number carbon chains, ranged from C22 to C33, with mostly C29 (‘Huang Tianba’) and C27 (‘Tiber’) in the tepal cuticles, and C31 (‘Huang Tianba’) and C29 (‘Tiber’) chain lengths in the leaf waxes (Figure 7; Supplementary Table S2).

[image: Figure 7]

FIGURE 7. Carbon chain-length distribution of the cuticular waxes on the inner tepals (A) and leaves (B) of the Lilium cultivars ‘Huang Tianba’ and ‘Tiber’. Data are presented as the mean±standard deviation (n=5).


A broad range of primary alcohol chain lengths (C23 to C34) was found, with prominent of C30 and C26 in the tepal cuticles and leaf cuticles of both cultivars. In both cultivars, the chain lengths of the fatty acid fraction ranged from C20 to C30, with the C24 chain length predominantly in the tepal cuticles. However, leaf cuticles contained fatty acids with chain lengths ranging from C20 to C32, with a predominance of the C26. The unbranched alkyl esters, which were detected only in the tepal waxes, ranged in chain length from C39 to C46 (Figure 6). In addition, n-alkenes ranged in chain length from C25 to C31, with a dominant chain length of C29 in the tepal waxes. Ketones with chain lengths of C29 and C31 were detected in the leaf cuticles of the ‘Tiber’ cultivar (Figure 7; Supplementary Table S2).




DISCUSSION

The transpiration of cut flowers has been recently cared by researchers on different species and flower organs. As the occurrence of stomata, water loss occurred mainly through the leaf tissues in the intact cut flowers. When most of the stomata closed, leaves were still the main parts for water loss in roses, but not in carnation or chrysanthemum (Lin et al., 2020; Tsaniklidis et al., 2020; Fanourakis et al., 2021). These studies considered stomatal transpiration as the main pathway for water loss in cut flowers. However, the non-functional or non-stomatal transpiration, which has been widely reported to be the cuticular transpiration for leaves and fruit (Riederer and Schreiber, 2001), whereas relatively little is available for flowers. So far, only two studies reported the cuticular transpiration of flowers. The water permeability of intact petal of C. bipinnatus “Sensation” was 6.7×10−5ms−1 (Buschhaus et al., 2015). Our previous study on rose petals found similar cuticular transpiration levels with 4.1×10−5ms−1 for the ‘Movie star’ and 8.9×10−5ms−1 for ‘Tineke’ (Cheng et al., 2019). Cut lily flowers contains flowering head with tepals, leaves, and stem (Figure 1; van Doorn and Han, 2011). Stomata occurred on the abaixal side of leaf and outer tepal surfaces of lily flowers (Supplementary Figure S1). The minimum conductance was used to indicate the cuticular transpiration or with non-functional stomata transpiration (Burghardt and Riederer, 2003). Leaf of lily flowers exhibited typical drying curves as reported previously (Supplementary Figure S2). The water loss of petals in lily flowers exhibited almost linearly following the time changes during the whole dehydration process (Supplementary Figures S3, S4). In addition, the stomata on lily tepals were shown covered by waxes or under closed status (Supplementary Figure S1). Therefore, the drying curve and water loss dynamic changes implied that the stomata of sepals might be non-functional.

The mean minimum conductance of the wax layer on the tepals of the green bud stage of the lily cultivar was higher than the tepals of the open flowers, which showed similar levels as reported results (Cheng et al., 2019). In a number of studies on leaf tissue transpiration, the reported water permeance ranges from 2.6×10−7ms−1 for Zamioculcas zamiifolia (G.Lodd.) Engl. to 4×10−3ms−1 for Ipomoea batatas (L.) Lam., with most values lower than 2×10−4ms−1 (Schuster et al., 2017). The minimum water conductance of the cuticles on the green bud and open flower tepals and on the leaves of all three lily cultivars showed a similar level to that of most of the reported values. In addition, the minimum water conductance exhibited by the lily cuticles was higher in tepals than in leaves (Figure 3A). Taking water loss of petal and leaf cuticles in C. bipinnatus and rose cultivars (Buschhaus et al., 2015; Cheng et al., 2019) together, the wax layer on tepals and petals appears to be a less efficient barrier to transpiration compared to that on leaves. This might be related to the special functions of petals, which may have rapid cuticular transpiration together with volatilization of aroma to attract pollinators. On the other hand, flowers are relatively short-lived organs even when environmental conditions are favorable. Thus, it is probably not necessary for flowers to develop such a highly efficient transpiration barrier, compared to that needed on long-lived leaves. The cuticular wax loading on petals has been reported for only a few species, with values ranging from 2.7μgcm−2 (C. bipinnatus; Buschhaus et al., 2015) to 37μgcm−2 (T. officinale; Guo and Jetter, 2017). Only one study (on Antirrhinum majus L., the snapdragon) has examined the cuticular wax loading during petal development (Goodwin et al., 2003). By contrast, the accumulation of waxes on the tepals decreased substantially from the green bud to the open flower stage, for both the inner and outer tepals of the Lilium cultivar ‘Casa Blanca’. The overall tepal wax coverage was not significantly different between the cultivars ‘Huang Tianba’ and ‘Tiber’. However, wax coverage was higher on the tepals than on the leaves. As reported previously, wax coverage on the lily tepals exhibited cultivar-specific differences (Huang et al., 2017; Cheng et al., 2019). In addition, water permeance of the lily leaves was significantly lower than that of the tepals, supporting the assertion that there is no significant relationship between the cuticular water permeability and the total amount of wax (Riederer and Schreiber, 2001; Jetter and Riederer, 2016).

The chemical composition of petal cuticles differs among different flowers. The wax layers on the petals of Solanum tuberosum L. (potato) and A. majus (snapdragon) flowers contained relatively high concentrations of n-alkanes and methyl-branched alkanes (Goodwin et al., 2003; Guo and Jetter, 2017). Similarly, the major cuticular wax components of Vicia faba L. (faba bean) and Rubus idaeus L. (raspberry) petals were n-alkanes (Griffiths et al., 1999, 2000). Primary alcohols (21%) and n-alkanes (29%) were found in similar amounts in the wax layer of T. officinale (Guo et al., 2017). Our current study found that the waxes on petals of the rose cultivars ‘Movie star’ and ‘Tineke’ were dominated by n-alkanes (46.8 and 64.3%) and n-alkenes (47.3 and 20.2%; Cheng et al., 2019). Similarly, in the present study, n-alkanes were found to be the major components of the lily tepal waxes (Figures 4, 6). However, primary alcohols and alkyl esters were the predominant components in petal waxes of C. bipinnatus and Petunia hybrida Vilm. W115 (Petunia) flowers, whereas n-alkanes and triterpenoids occurred at low levels (King et al., 2007; Buschhaus et al., 2015). Minor amounts of branched n-alkanes or n-alkenes were found in the tepal waxes of the lily cultivars ‘Huang Tianba’ and ‘Tiber’, and sterols were found in the tepal waxes of open lily flowers (Figures 4, 6).

It has been proposed that the hydrophobic barrier of the cuticle is mainly determined by the chemical composition and chain-length distribution of the very-long-chain aliphatics and their structural arrangements (Riederer and Schreiber, 1995). The accumulation of very-long-chain components in the wax layer shift from C16 and C18 to longer than C20 carbon chains during the development of leaves in Arabidopsis (Jenks et al., 1995; Busta et al., 2017) and Prunus laurocerasus (Jetter and Schäffer, 2001). In maize, the predominant aliphatic components in the leaf cuticle were C21, C23, and C25 n-alkanes at early stages of development but shifted to chain lengths over C28 in later development (Bourgault et al., 2020). Similarly, in the present study, the fatty acid fraction in the tepal waxes of the green bud stage mainly contained C20 and C22, whereas they ranged from C20 to C26 in the open flower tepal cuticles (Figure 5; Supplementary Tables S1 and S2). The n-alkanes with chain lengths over C31 and alkyl esters over C36 were detected only in the cuticles on the tepals of open flowers (Figure 5). A shift to longer hydrocarbon chain lengths is due to the bio-synthesis of waxes regulated by a series of genes and enzymes, as well as their functional properties during developmental stages (Busta et al., 2017).

Previous studies indicated that C-chains of cuticular waxes accumulating in petal waxes are shorter compared to those in leaf waxes. C. bipinnatus petal and leaf waxes are dominated by primary alcohols and fatty acids with carbon chain lengths of C22 and C24, and C28 and C30, respectively (Buschhaus et al., 2015). The waxes on the flowers and leaves of T. officinale contained branched C27 to C31, and non-branched C27 to C33 n-alkanes (Guo and Jetter, 2017). Alcohol esters with a predominance of C22 to C28, and C28 to C32 were found in P. hybrida flower and leaf waxes, respectively (King et al., 2007). In Arabidopsis, n-alkanes with a chain length of C29 dominate the aliphatic pattern in petal waxes, whereas a chain length of C31 is dominant in the leaf waxes (Jenks et al., 1995; Shi et al., 2011). In rose cultivars ‘Movie star’ and ‘Tineke’, the predominant chain lengths are C31 and C33 n-alkanes in the leaf waxes, whereas C27 and C29 n-alkanes and n-alkenes dominate the petal waxes (Cheng et al., 2019). In the present study, the chain lengths of the n-alkanes ranged from C22 to C33, with C27 and C29 chain lengths predominating in the tepal waxes, whereas chain lengths of C31 and C29 were dominant in the leaf waxes of the ‘Huang Tianba’ and ‘Tiber’ cultivars, respectively (Figure 7). These findings corroborated the typical chain-length distributions of the aliphatic component, being shorter in petal waxes compared to that in leaf waxes (Buschhaus et al., 2015; Jetter and Riederer, 2016).

In contrast to the chemical analysis of petal waxes, few studies have investigated the transpiration barrier properties of petal cuticles. A study on water permeability of petal waxes has been conducted for C. bipinnatus (Buschhaus et al., 2015). As mentioned above, the relatively high concentrations of C22 and C24 carbon chain components in C. bipinnatus petal waxes are thought to create a less efficient barrier to transpiration compared to that of the leaf cuticles. Similar results have been found for rose petal waxes in the ‘Movie star’ and ‘Tineke’ cultivars, which accumulated mainly C26 and C29, resulting in higher cuticular transpiration compared to that in leaves with a predominance of C31 (Cheng et al., 2019). Patwari et al. (2019) found that the lack of very-long-chain wax esters induced a higher cuticular permeability in wsd1 mutants in Arabidopsis. Taken previous results together with present study on lily, C-chain lengths distribution in cuticular wax might play a pivotal role in limiting non-stomatal transpiration in plant tissues. Flowers that accumulate very long chain of aliphatics might exhibit slower weight loss and longer shelf life during marketing.

In conclusion, cuticular transpiration of lily flower green bud tepals was significantly higher than that of the open flower tepals and was significantly higher in the tepals than in the leaves. The most abundant aliphatic compounds in the tepal waxes of the lily cultivars ‘Casa Blanca’ and ‘Huang Tianba’ were n-alkanes, whereas large amounts of primary alcohols were detected in the tepal waxes of the ‘Tiber’ cultivar. In addition, there was a predominance of relatively short carbon chain aliphatics in the tepal waxes of the green bud stage, compared to the chain lengths in tepal waxes of the open flower stage, and similar differences between the tepal and leaf waxes were found. These findings suggest that the less efficient transpiration barrier properties of the tepal waxes are probably related to the accumulation of relatively short-chain aliphatics. Furthermore, cuticular transpiration and the barrier properties of the cuticular waxes of lily cultivars exhibited organ- and cultivar-specific differences. These findings provide further insight to link the cuticular chemicals with functional properties as well as with the physiological adaptations of plant tissues. The findings of this study also contribute to the cultivar selection for flowers, in which accumulation of very long chain of aliphatics might exhibit slower weight loss and longer shelf life during marketing. The cuticular barrier properties are varied in organ-, cultivar-, and species differences, which are largely affected by the accumulation of chemical compositions and arrangement of cuticle (Riederer and Schreiber, 2001; Huang et al., 2017). In addition, the growing conditions have also been widely reported to be one of the most important factors in influencing the transpiration changes. Therefore, selecting appropriate cultivar, setting appropriate growing conditions including water and light availability, temperature and humidity control, etc., will largely influence the water loss of flowers. Combining post-harvest treatments such as nano-silver solution with sugars to spray on flowers forms thin aqueous membrane, slowing down the rapid post-harvest changes (Naing and Kim, 2020). Therefore, caring the transpiration barrier properties will be helpful for the development of techniques with the potential to extend the shelf life of cut flowers based on the transpiration barrier properties of the cuticular waxes after harvest.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

HH and GC designed the project and prepared the manuscript. GC and LW performed most of the experiments. HW and XY took part in part of the experiments. NZ, XW, and LH helped to make interpretation of the results. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Characteristic Innovation of Project of Education Department of Guangdong Province (Natural Science 2020KTSCX053), the Common Technical Innovation Team of Guangdong Province on Preservation and Logistics of Agricultural Products (2019KJ145), the Foundation of Guangxi Key Laboratory of Fruits and Vegetables Storage-Processing Technology (2021-01), and the special fund for scientific innovation strategy-construction of high level Academy of Agriculture Science of Guangdong Academy of Agricultural Sciences (R2019QD-012).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.781987/full#supplementary-material



REFERENCES

 Bourgault, R., Matschi, S., Vasquez, M., Qiao, P., Sonntag, A., Charlebois, C., et al. (2020). Constructing functional cuticles: analysis of relationships between cuticle lipid composition, ultrastructure, and water barrier function in developing adult maize leaves. Ann. Bot. 125, 79–91. doi: 10.1093/aob/mcz143 

 Burghardt, M., and Riederer, M. (2003). Ecophysiological relevance of cuticular transpiration of deciduous and evergreen plants in relation to stomatal closure and leaf water potential. J. Exp. Bot. 54, 1941–1949. doi: 10.1093/jxb/erg195 

 Buschhaus, C., Hager, D., and Jetter, R. (2015). Wax layers on Cosmos bipinnatus petals contribute unequally to total petal water resistance. Plant Physiol. 167, 80–88. doi: 10.1104/pp.114.249235 

 Busta, L., Hegebarth, D., Kroc, E., and Jetter, R. (2017). Changes in cuticular wax coverage and composition on developing Arabidopsis leaves are influenced by wax biosynthesis gene expression levels and trichome density. Planta 245, 297–311. doi: 10.1007/s00425-016-2603-6 

 Cheng, G. P., Huang, H., Zhou, L. Y., He, S. G., Zhang, Y. J., and Cheng, X. A. (2019). Chemical composition and water permeability of the cuticular wax barrier in rose leaf and petal: a comparative investigation. Plant Physiol. Biochem. 135, 404–410. doi: 10.1016/j.plaphy.2019.01.006 

 Cheng, G., Wang, L., He, S., Liu, J., and Huang, H. (2020). Involvement of pectin and hemicellulose depolymerization in cut gerbera flower stem bending during vase life. Postharvest Biol. Technol. 167:111231. doi: 10.1016/j.postharvbio.2020.111231

 Fanourakis, D., Papadopoulou, E., Valla, A., Tzanakakis, V. A., and Nektarios, P. A. (2021). Partitioning of transpiration to cut flower organs and its mediating role on vase life response to dry handling: a case study in chrysanthemum. Postharvest Biol. Technol. 181:111636. doi: 10.1016/j.postharvbio.2021.111636

 Goodwin, S. M., Kolosova, N., Kish, C. M., Wood, K. V., Dudareva, N., and Jenks, M. A. (2003). Cuticle characteristics and volatile emissions of petals in Antirrhinum majus. Physiol. Plant. 117, 435–443. doi: 10.1034/j.1399-3054.2003.00047.x 

 Griffiths, D. W., Robertson, G. W., Shepherd, T., Birch, A. N. E., Gordon, S. C., and Woodford, J. T. (2000). A comparison of the composition of epicuticular wax from red raspberry (Rubus idaeus L.) and hawthorn (Crataegus monogyna Jacq.) flowers. Phytochemistry 55, 111–116. doi: 10.1016/s0031-9422(00)00250-8 

 Griffiths, D. W., Robertson, G. W., Shepherd, T., and Ramsay, G. (1999). Epicuticular waxes and volatiles from faba bean (Vicia faba) flowers. Phytochemistry 52, 607–612. doi: 10.1016/S0031-9422(99)00298-8

 Guo, Y., Busta, L., and Jetter, R. (2017). Cuticular wax coverage and composition differ among organs of Taraxacum officinale. Plant Physiol. Biochem. 115, 372–379. doi: 10.1016/j.plaphy.2017.04.004 

 Guo, Y., and Jetter, R. (2017). Comparative analyses of cuticular waxes on various organs of potato (Solanum tuberosum L.). J. Agric. Food Chem. 65, 3926–3933. doi: 10.1021/acs.jafc.7b00818 

 Huang, H., Burghardt, M., Schuster, A.-C., Leide, J., Lara, I., and Riederer, M. (2017). Chemical composition and water permeability of fruit and leaf cuticles of Olea europaea L. J. Agric. Food Chem. 65, 8790–8797. doi: 10.1021/acs.jafc.7b03049 

 Jenks, M. A., Tuttle, H. A., Eigenbrode, S. D., and Feldmann, K. A. (1995). Leaf epicuticular waxes of the eceriferum mutants in Arabidopsis. Plant Physiol. 108, 369–377. doi: 10.1104/pp.108.1.369 

 Jetter, R., and Riederer, M. (2016). Localization of the transpiration barrier in the epi- and intracuticular waxes of eight plant species: water transport resistances are associated with fatty acyl rather than alicyclic components. Plant Physiol. 170, 921–934. doi: 10.1104/pp.15.01699 
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The tomato (Solanum lycopersicum) fruit has a thick, astomatous cuticle that has become a model for the study of cuticle formation, structure, and properties in plants. Tomato is also a major horticultural crop and a long-standing model for research in genetics, fruit development, and disease resistance. As a result, a wealth of genetic resources and genomic tools have been established, including collections of natural and artificially induced genetic diversity, introgression lines of genome fragments from wild relatives, high-quality genome sequences, phenotype and gene expression databases, and efficient methods for genetic transformation and editing of target genes. This mini-review reports the considerable progresses made in recent years in our understanding of cuticle by using and generating genetic diversity for cuticle-associated traits in tomato. These include the synthesis of the main cuticle components (cutin and waxes), their role in the structure and properties of the cuticle, their interaction with other cell wall polymers as well as the regulation of cuticle formation. It also addresses the opportunities offered by the untapped germplasm diversity available in tomato and the current strategies available to exploit them.
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INTRODUCTION

Cultivated tomato (Solanum lycopersicum L.) is a major horticultural crop that has long been a model for the Solanaceae crop species (tomato, potato, eggplant, pepper …) and for fleshy fruit development and disease resistance (Rothan et al., 2019). Tomato is very suitable for laboratory studies (grown in greenhouse, miniature cultivars, short life cycle, autogamy, and easy genetic transformation) has extensive genetic resources, high-quality reference genome (Tomato Genome Consortium, 2012), sequences of hundreds of accessions (Zhu et al., 2018; Gao et al., 2019; Alonge et al., 2020), and available phenotype and gene expression databases.1 Thanks to these resources and tools, genes underlying trait variations can be identified and their relationships with phenotypic variations can be established through in planta functional analysis.

In the last decades, the use of natural diversity available in tomato, such as the ripening mutants ripening inhibitor (rin) or non-ripening (nor), has been instrumental to decipher the regulation of ripening (Klee and Giovannoni, 2011). These advances have been aided by the development of tools for functional analysis of target genes including RNA interference (RNAi) and CRISPR/Cas9 gene editing systems. The molecular determinants of fruit skin formation, which is an essential protective barrier against pests, pathogens, and water loss, have begun to be explored more recently (Vogg et al., 2004; Lemaire-Chamley et al., 2005; Hovav et al., 2007; Mintz-Oron et al., 2008).

Not surprisingly, since the cuticle is a major component of the fruit skin and is associated with a wide diversity of major breeding targets including fruit appearance (color, glossiness, regularity…) and properties (shelf-life, fungal resistance, and cracking; Bargel and Neinhuis, 2005; Petit et al., 2017; Lara et al., 2019), it has received considerable attention in recent years. In this field of study, tomato holds a prominent position among fleshy fruits because of its thick, astomatous, and easy-to-peel cuticle (Petit et al., 2017). Additionally, the wide diversity in cuticle architecture and composition found in wild tomato relatives (Yeats et al., 2012a; Halinski et al., 2015; Fernandez-Moreno et al., 2017) can be exploited for the discovery of novel cuticle-associated genes (Hovav et al., 2007; Zhang et al., 2021). Tomato has therefore become a model for the study of cuticle formation in plants. In the recent years, molecular determinants of cuticle have been identified and genetically altered lines have been produced, enabling the exploration of cuticle structure, properties, interactions with other cell wall components, and relationships with epidermal patterning. Table 1 summarizes the major findings on known tomato cuticle-associated genes, the pathway, or biological process in which they are involved and the main alterations produced by their mutation or de-regulation. This mini-review focuses on the strategies, resources, and tools used to reveal their role, providing examples, and considers future goals and developments.



TABLE 1. Genes involved in cuticle formation and properties studied in tomato.*
[image: Table1]

Linking gene to phenotype can be done using approaches known as (i) reverse genetics in which the function of a target gene is mainly determined by analyzing the phenotype of mutant or deregulated lines and (ii) forward genetics, in which tomato genetic diversity is first screened for phenotypes-of-interest and the underlying genes and their function are then identified.



EXPLORING THE FUNCTION OF CUTICLE-ASSOCIATED GENES THROUGH REVERSE GENETICS APPROACHES IN TOMATO

An obvious source of information on wax- and cutin-associated genes to study in tomato is the model plant Arabidopsis (Bernard and Joubes, 2013; Fich et al., 2016). Examples of the pertinence of this strategy are the conserved functions in Arabidopsis and tomato of the SHINE transcription factors (Shi et al., 2013; Al-Abdallat et al., 2014) and the recent demonstration that the SlABCG42 transporter, the tomato ortholog of the Arabidopsis ABCG PEC1 transporter, is functional and can transport various cutin precursors (Elejalde-Palmett et al., 2021).

For poorly characterized or unknown function genes, the information on where and when they are expressed provides the first cues on their possible role in cuticle formation. Gene expression has been explored in-depth in tomato fruit skin, a tissue which consists of the cuticle, the epidermis, and few layers of collenchyma cells underneath (Bargel and Neinhuis, 2005). Of special interest is the fruit expansion phase, before the onset of ripening, when rapid cuticle deposition occurs (Mintz-Oron et al., 2008; Petit et al., 2014). During the cell expansion phase, ploidy and volume of epidermal and sub-epidermal cells do not vary, whereas ploidy and cell volume undergo a dramatic increase in mesocarp cells (Joubès et al., 1999; Renaudin et al., 2017). In earlier studies, epidermis-expressed genes were identified via tissue-specific Expressed Sequence Tags (EST), microarrays (Lemaire-Chamley et al., 2005; Mintz-Oron et al., 2008), and proteome (Yeats et al., 2010). Several genes highlighted in these studies play prominent roles in cuticle formation, among which the CUTIN SYNTHASE (CUS1) catalyzing cutin polymerization (Girard et al., 2012; Yeats et al., 2012b) and the SlMIXTA-like regulating cuticle formation and epidermal patterning (Lashbrooke et al., 2015). Semi-quantitative RNA-seq coupled with laser microdissection (LMD) next allowed exhaustive inventory of gene transcripts expressed in plant tissues, including outer and inner fruit epidermis (Matas et al., 2011). Another original transcriptome-based approach used a chimera between two tomato species displaying genotype-specific E1 cell layer to provide a reference catalog of epidermis-specific genes (Filippis et al., 2013). Quantitative RNA-seq coupled with LMD later allowed the establishment of a quantitative tomato fruit gene atlas of developing fruit (Shinozaki et al., 2018). The resulting Tomato Expression Database (TEA) available at SGN2 can be mined for clusters of genes co-expressed in specific developmental stages and cell types including inner and outer epidermis, which gives precious information on genes functionally linked to cuticle formation. Gene expression profiling can be further combined with various multi-omics technologies, typically metabolome (Fernandez-Moreno et al., 2016) and proteome (Szymanski et al., 2017), and with large scale sequencing of genetic diversity (Szymański et al., 2020) to assign putative functions to the genes and explore their role in cuticle formation. Novel functions revealed by biochemical approaches, e.g., the cutin:cutin-acid endo-transacylase (CCT) enzyme activity (Xin et al., 2021), may also ultimately lead to the isolation of the encoding gene.

Technologies used for the functional analysis of cuticle-associated genes (Table 1) include Virus-Induced Gene Silencing (VIGS; Ballester et al., 2010; España et al., 2014), stable gene overexpression (e.g., Shi et al., 2013) and silencing via RNA interference (RNAi; e.g., Girard et al., 2012; Lashbrooke et al., 2015) and artificial miRNA (Adato et al., 2009). More recently, the efficient CRISPR/Cas9 system, which allows genome editing of single or multiple target genes (Rothan et al., 2019), has been successfully used to validate the influence of a GA2-oxidase on cuticle formation and fruit firmness (Li et al., 2020). Recent development of genome editing technologies offers the possibility to specifically target cuticle genes in the fruit (Feder et al., 2020) when rapid cuticle deposition takes place (Mintz-Oron et al., 2008) by using the fruit- and expansion phase-specific promoter proPPC2 (Fernandez et al., 2009; Guillet et al., 2012). This further opens the perspective to specifically edit a cuticle gene in fruit epidermis, for instance by employing the promoter from the wax biosynthesis SlCER6 gene (Vogg et al., 2004) that drives reporter expression in both inner and outer fruit epidermis (Mintz-Oron et al., 2008).



DISCOVERING CUTICLE-ASSOCIATED GENES THROUGH FORWARD GENETICS APPROACHES IN TOMATO

Though the list of cuticle-associated genes can be considerably shortened by mining existing databases and literature, their systematic analysis in planta may remain problematic because of gene redundancy, pleiotropic effect, etc. This may restrict the focus to known gene families, thus impeding the discovery of original gene functions. An alternative approach is to screen natural or artificially induced genetic diversity for phenotypes-of-interest, e.g., fruit surface defects induced by cutin deficiency (Isaacson et al., 2009; Petit et al., 2014), and then identify causal genetic variation.


Using Natural Genetic Diversity for Linking Cuticle Phenotype to Gene

Wild tomato species are an important source of genes lost during domestication of tomato (Gao et al., 2019). The main tomato germplasm repository, from which seeds can be ordered, is the Tomato Genetics Resource Center (TGRC).3 It includes the phenotypic description of wild tomato relatives and of thousands of cultivated tomato accessions carrying spontaneous or artificially induced mutations. Natural diversity can be screened for cuticle structure and composition (Yeats et al., 2012a; Halinski et al., 2015), transpirational water loss (Fich et al., 2020), and for mutations, such as positional sterile (ps), which causes organ fusion by affecting the wax decarboxylation pathway (Leide et al., 2011) or yellow (y) resulting from a SlMYB12 mutation (Adato et al., 2009; Ballester et al., 2010).

Most wild tomato relatives are easily crossed with tomato to generate segregating populations, e.g., the Solanum pimpinellifolium-derived population (Barraj Barraj et al., 2021), thus allowing the detection of cuticle Quantitative Trait Locus (QTL) and candidate genes. Genomic regions of wild species can be further fixed in an uniform S. lycopersicum genetic background to produce Introgression Lines (Ils) or Backcross Inbred Lines (BIls; Bazakos et al., 2017; Petit et al., 2017). The most extensively used ILs, derived from Solanum pennellii (Eshed and Zamir, 1995), enabled the rapid mapping of cuticle-associated QTLs and genes for leaf waxes (Ofner et al., 2016), wax alkane and amyrin content (Fernandez-Moreno et al., 2017), epidermal reticulation of green fruit (Cui et al., 2017), and fruit skin microfissuring (Zhang et al., 2021). Large scale transcriptome and metabolome analysis of fruit skin from 580 inbred lines further identified genes involved in flavonoid biosynthesis and fungal resistance (Szymański et al., 2020). Solanum habrochaites-derived lines allowed the identification of candidate genes for wax triterpenoids (Yeats et al., 2012a) and the isolation of the CWP1 gene of unknown function responsible for skin microfissuring (Hovav et al., 2007; Chechanovsky et al., 2019). Solanum chmielewskii ILs were used to identify a y mutant (Ballester et al., 2010).

The effects on cuticle formation of natural genetic variants found in cultivated tomato were also explored. STICKY PEEL encodes a HD-Zip IV protein that regulates epidermis metabolism and additional cuticle-associated traits (Kimbara et al., 2012; Nadakuduti et al., 2012) while WOOLY, a different HD-Zip IV protein, regulates trichome initiation and wax biosynthesis (Xiong et al., 2020). GA2-OXIDASE, which was identified through a fruit firmness QTL analysis, is unexpectedly related to a cuticle thickness QTL (Li et al., 2020) and connects cuticle formation with gibberellin (GA) signaling. In addition, because of the strong impact of cuticle properties on tomato postharvest storage (Saladié et al., 2007), lines harboring the well-studied non-ripening mutations rin and nor (Wang et al., 2020) as well as several long shelf-life tomato varieties [“Delayed Fruit Deterioration” (DFD) cultivar., de Penjar types] carrying allelic variants of NAC-NOR (e.g., alcobaca) have been characterized with respect to cuticle composition and properties (Saladié et al., 2007; Kosma et al., 2010; Kumar et al., 2018; Romero and Rose, 2019). The complex interplay between fruit development and ripening, epidermal patterning and metabolism, and cuticle formation and properties, which was revealed by these studies, was further supported by independent studies of the ripening regulators FUL1/FUL2 (Bemer et al., 2012) and TAGL1 (Giménez et al., 2015).



Using Artificially Induced Genetic Diversity for Linking Cuticle Phenotype to Gene

Several collections of artificially induced genetic diversity have been generated in cultivated tomato by transposon tagging (Meissner et al., 1997) or ethyl methanesulfonate (EMS) mutagenesis (Menda et al., 2004; Minoia et al., 2010; Saito et al., 2011; Just et al., 2013; Gupta et al., 2017). The two main mutagenized cultivars are the miniature Micro-Tom tomato (Meissner et al., 1997), which is well suited for laboratory use (Meissner et al., 1997; Just et al., 2013), and M82 (Menda et al., 2004), a processing tomato parent of the widely used S. pennellii ILs (Eshed and Zamir, 1995). Several cutin-deficient mutants were found in the M82 mutant collection (Isaacson et al., 2009) while more than 10 wax-altered and/or cutin-deficient glossy mutants were described in Micro-Tom (Petit et al., 2014). Many more mutants can be found by screening tomato mutant collections for obvious cuticle defects (Petit et al., 2014) and by browsing associated phenotypic databases (reviewed in Rothan et al., 2016), such as TOMATOMA4 (Saito et al., 2011). EMS mutant collections can also be screened by TILLING (Targeting Induced Local Lesions IN Genomes; Okabe et al., 2011) though mutated alleles of target genes are now efficiently generated by gene editing (Rothan et al., 2019).

As detailed in Table 1, mutant collections have been instrumental for: (i) discovering novel gene functions (SlCUS1; Yeats et al., 2012b); (ii) isolating allelic variants of genes implicated in wax biosynthesis (SlCER6; Vogg et al., 2004; Smirnova et al., 2013), cutin biosynthesis (SlCYP86A69; Shi et al., 2013; SlGPAT6; Petit et al., 2016) and polymerization (SlCUS1; Petit et al., 2014), and regulation of flavonoid biosynthesis (SlMYB12; Fernandez-Moreno et al., 2016); and (iii) deciphering the regulation of epidermis (HD-Zip IV; Isaacson et al., 2009).




CONCLUDING REMARKS AND PERSPECTIVES

Thanks to its thick astomatous fruit cuticle that is easy to study and the wealth of mutants and lines with altered expression of cuticle-related genes already available, tomato provides an excellent model for deciphering the molecular determinants of cuticle formation, structure, and properties. As detailed in Table 1, reverse and forward genetics approaches led to the isolation of tomato genes involved in several cuticle-associated biosynthetic pathways including wax biosynthesis (SlCER6, SLTTS1, and SlTTS2); cutin biosynthesis (SlCYP86A69 and SlGPAT6), transport (SlABCG36/42), and polymerization (SlCUS1 and SlDCR); and flavonoid biosynthesis (SlCHS1 and SlCHS2). Besides genes encoding various transcription factors (SlSHN1 and SlSHN3, SlMIXTA-like, two HD-Zip IV, SlMYB31, and SlMYB12) or related to ABA (LYCOPENE CYCLASE b and SlPP2C3) and GA (GA2-OXIDASE) hormonal pathways were shown to regulate cuticle formation and its coordination with epidermal patterning.

Altogether these studies demonstrated the interest of both reverse and forward genetic approaches for discovering novel cuticle gene functions and for generating new plant material to study in-depth cuticle architecture, properties, and interaction with other cell wall components. To face new challenges in cuticle studies, several research avenues can be envisaged in the next future. Analysis of key cuticle genes should be extended to additional family members not yet analyzed for their role in cuticle deposition. An example is that of the GDSL-domain family to which belongs the cutin synthase CUS1 enzyme, whose function was discovered and confirmed through convergent studies in tomato (Table 1). The expression of different CUS1 homologs is deregulated, sometimes oppositely, in several cutin-deficient mutants (Lashbrooke et al., 2015; Petit et al., 2016). By analogy with the recently demonstrated role of GDSL-domain proteins in suberin formation (Ursache et al., 2021), CUS1 homologs (Yeats et al., 2014) may fulfill opposite functions of cutin polymerization and degradation in fruit skin, thereby adapting cuticle formation to rapid fruit growth. Particular attention should also be given to enzymes from the poorly explored phenolic pathway in the epidermis which has evolutionary conserved roles in cuticle properties (Philippe et al., 2020b; Kriegshauser et al., 2021) and to proteins involved in the modification of cell wall polysaccharides (Philippe et al., 2020a). Cell wall enzymes and other proteins likely play central roles in cuticle structure and properties and in the coordination of cuticle deposition with organ development and epidermal patterning (Philippe et al., 2020b). So far, few studies have linked cuticle formation in tomato with hormones, except for ABA (Diretto et al., 2020; Liang et al., 2021) and GA (Li et al., 2020). The role of ABA is not surprising considering the importance of ABA signaling in the response to various stresses (Curvers et al., 2010; Liang et al., 2021), as established in tomato leaves (Martin et al., 2017). More unexpected is the role of GA, the effect of which on cuticle formation is far from being understood (Li et al., 2020). In view of its numerous roles in plant defense and development (Fenn and Giovannoni, 2021), ethylene is also a likely candidate for regulating cuticle formation in tomato fruit. The selection of new “guilt-by-association” target genes for these pathways and processes can be considerably aided by literature mining and/or exploitation of various genomic data (transcriptome, proteome, and metabolome) including co-expression analyses across various fruit cell types and developmental stages (Shinozaki et al., 2018) and across various plant species (Lashbrooke et al., 2016).

In addition to the approaches described above, which often requires previous knowledge of the gene, pathway or process to be targeted, the exploration of untapped genetic diversity, for example, tomato landraces (Conesa et al., 2020), is a way to get off the beaten tracks. This can be very rewarding but also lead to the isolation of challenging genes with no obvious or demonstrated link to the cuticle (Li et al., 2020), or even unknown function (Hovav et al., 2007). One bottleneck in such approach is the phenotyping of large collections (Petit et al., 2017). It can be easy for obvious cuticular defects (Hovav et al., 2007), more challenging for less evident changes (Petit et al., 2014), and complex when low or medium throughput technologies are required, e.g., for wax and cutin monomer analyses (Fernandez-Moreno et al., 2017). In the recent years, high resolution genotyping, whole genome sequencing-based strategies, such as mapping-by-sequencing (MBS) or QTL-seq (Garcia et al., 2016; Bazakos et al., 2017), accelerated gene isolation in tomato (Rothan et al., 2019). However, though identifying the causal mutation can be relatively straightforward in EMS mutants (Garcia et al., 2016), isolating causal genetic variations from natural diversity can be complex since it usually requires crossing the genotype-of-interest with a distant genotype. The subsequent co-segregation in the progeny of numerous cuticle traits unrelated to the trait-of-interest may make phenotyping very difficult and even prohibit high resolution mapping of the genetic variant (Rothan et al., 2016). Association mapping has emerged in the last decade as a powerful tool to discover linkages between gene polymorphism and variations in fruit traits by exploring natural genetic diversity. In tomato, sequencing of hundreds of accessions combined with fruit phenotyping pinpointed genetic variations associated with changes in fruit size, flavor, and color among which SlMYB12 polymorphisms responsible for pink fruit color (Zhu et al., 2018). More recently, pan-genome analysis of hundreds of wild and cultivated tomato accessions further uncovered numerous unknown genes and genetic variations underlying fruit traits (Gao et al., 2019; Alonge et al., 2020). Phenotyping selected panels of sequenced accessions for cuticle-associated traits should yield numerous genetic variations controlling cuticle and skin formation and properties, and help identifying new functions involved in these processes. In addition to the genetic control of cuticle formation, the epigenetic regulation of wax and cutin biosynthesis will be worth exploring in the near future, as a preliminary study has shown that altering histone methylation status has a profound effect on the composition of tomato fruit cuticle (Boureau et al., 2016; Table 1).
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Cuticle composition is an important economic trait in agriculture, as it is the first protective barrier of the plant against environmental conditions. The main goal of this work was to study the role of the cuticular wax in maintaining the postharvest quality of zucchini fruit, by comparing two commercial varieties with contrasting behavior against low temperatures; the cold-tolerant variety ‘Natura’, and the cold-sensitive ‘Sinatra’, as well as ‘Sinatra’ fruit with induced-chilling tolerance through a preconditioning treatment (15°C for 48 h). The freshly-harvested ‘Natura’ fruit had a well-detectable cuticle with a significant lower permeability and a subset of 15 up-regulated cuticle-related genes. SEM showed that zucchini epicuticular waxes mainly consisted of round-shaped crystals and clusters of them, and areas with more dense crystal deposition were found in fruit of ‘Natura’ and of preconditioned ‘Sinatra’. The cuticular wax load per surface was higher in ‘Natura’ than in ‘Sinatra’ fruit at harvest and after 14 days at 4°C. In addition, total cuticular wax load only increased in ‘Natura’ and preconditioned ‘Sinatra’ fruit with cold storage. With respect to the chemical composition of the waxes, the most abundant components were alkanes, in both ‘Natura’ and ‘Sinatra’, with similar values at harvest. The total alkane content only increased in ‘Natura’ fruit and in the preconditioned ‘Sinatra’ fruit after cold storage, whereas the amount of total acids decreased, with the lowest values observed in the fruit that showed less chilling injury (CI) and weight loss. Two esters were detected, and their content also decreased with the storage in both varieties, with a greater reduction observed in the cold-tolerant variety in response to low temperature. Gene expression analysis showed significant differences between varieties, especially in CpCER1-like and CpCER3-like genes, involved in alkane production, as well as in the transcription factors CpWIN1-like and CpFUL1-like, associated with cuticle development and epidermal wax accumulation in other species. These results suggest an important role of the alkane biosynthetic pathway and cuticle morphology in maintaining the postharvest quality of zucchini fruit during the storage at low temperatures.
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INTRODUCTION

The cuticle is a barrier that was first developed in plants during their colonization to dry land. Due to its lipidic composition, the cuticle not only prevents dehydration but it is also a protective barrier against biotic and abiotic stress, and plays a role in preventing damage from mechanical stress (Domínguez et al., 2011). The cuticle is synthesized by the epidermal cell layer and is composed of a cutin matrix, in contact with the cell wall, and a complex group of different cuticular waxes that embed and cover the cutin matrix, constituting intracuticular and epicuticular waxes, respectively, (Ensikat et al., 2006; Koch and Ensikat, 2008; Buschhaus and Jetter, 2011). Cuticular waxes consist of a mixture of very-long chain fatty acids (VLCFAs) and its derivatives, which are synthesized by two pathways: the alcohol-forming pathway, which generates primary alcohols and esters, and the alkane-forming pathway, which produces aldehydes, alkanes, secondary alcohols, and ketones (Yeats and Rose, 2013). The biosynthesis of cuticular wax by one metabolic pathway or another may be regulated by different compounds, such as abscisic acid (Wang et al., 2015a; Romero and Lafuente, 2020). The predominant components of the waxes in the cuticle of many fruits are VLC-alkanes, which account for 50–80% of total wax content, and nonacosane (C29) or hentriacontane (C31), which are the majority. In addition, fatty acid alcohols, aldehydes, ketones, and triterpenoids have also been detected (Bauer et al., 2004; Parsons et al., 2012; Wang et al., 2015a; Wu et al., 2018).

In fleshy fruits, cuticular waxes play a crucial role in minimizing water loss/uptake through the surface, providing mechanical support, preventing fruit softening, and increasing pathogen resistance (Martin and Rose, 2013; Tafolla-Arellano et al., 2017; Trivedi et al., 2019). In blueberry fruits, wax removal decreased postharvest fruit quality during cold storage, accelerating water loss and decay (Chu et al., 2018). The cuticle in fruits is usually thicker than in leaves, and the structure and composition of cuticular wax has been shown to be closely related to the postharvest quality of fruit (Lara Ayala et al., 2014, 2019). The composition of cuticular wax varies widely among fruit species and cultivars (Trivedi et al., 2019), and many of the cuticular properties are affected by wax composition. The presence of long-chain alkanes and aldehydes has been found to increase water impermeability of fruit cuticles. With regard to this, a positive correlation between cuticle composition and water loss has been reported, finding that the alkane content was a significant determinant of water permeability in pepper (Parsons et al., 2012).

With respect to the biosynthetic pathway of the cuticular wax, most of the studies have been conducted in Arabidopsis thaliana, and many of the genes involved in alkane biosynthesis have been identified from eceriferum mutants (McNevin et al., 1993). Among them, CER2, CER26, CER1, and CER3 have been found to be determinant genes for the proper development of the cuticle, and shown to be involved in alkane biosynthesis. CER2 mutants were shown to have a severe wax deficiency and accumulated 26C wax components, being deficient for components longer than 28C (Haslam et al., 2017). CER26 mutants were shown to have a similar behavior to CER2, being specifically affected in the VLC-fatty acid elongation process (Pascal et al., 2013). Mutants with a CER1 loss-of-function have cuticles with a reduced number of alkanes and its derivatives (Bourdenx et al., 2011). CER3/WAX2 is also involved in the production of wax, with the wax2 mutants having a decreased wax content of about 80% compared to wild type plants (Chen et al., 2003). WAX2 catalyzes the reduction of VLC-acyl-CoAs to intermediate VLC-aldehydes, which are then converted to alkanes through decarbonylation by CER1 (Bernard et al., 2012). The most important genes belonging to the alkane-forming pathway that lead to the formation of VLC-alkanes are CER1 and CER3. They interact physically, and it has been proposed that they are the core components of a VLC-alkane synthesis complex (Bernard et al., 2012). CER3 catalyzes the reduction of VLC-acyl-CoAs, forming aldehydes that are decarbonylated by CER1 to VLC-alkanes (Bernard et al., 2012). Homologues to these genes have been characterized in other species; in cucumber, the importance of CER1 and CER3 in wax biosynthesis and its implication in stress and water permeability has been investigated. The CsCER1 transcript was induced by abiotic stresses, and transgenic RNAi lines with a knock down of the transcript were altered in cuticular wax biosynthesis (Wang et al., 2015a). CsWAX2 (CER3) also played a significant role in the plant’s response to biotic and abiotic stresses (Wang et al., 2015b). Along with the genes encoding for enzymes responsible for the biosynthesis of wax components, several transcription factors have been identified as regulators of the cuticular wax biosynthesis (Hen-Avivi et al., 2014), such as members of the SHINE clade of AP2-domain transcription factors, which are responsible for cuticle formation and deposition in several fruits, such as tomato, sweet cherry, apple, and mango (Alkio et al., 2012; Shi et al., 2013; Lashbrooke et al., 2015; Tafolla-Arellano et al., 2017).

During the postharvest cold storage of Cucurbita pepo, the fruits experience chilling injury (CI), a disease triggered by low temperatures, which affects fruit quality and is responsible for economic losses, with the intensity of the damages dependent on the variety (Carvajal et al., 2011). The search for resistance and improvement of zucchini fruit quality during postharvest cold storage has resulted in the selection of varieties that are more resistant to CI, such as ‘Natura’, and this resistant variety has been compared to a ‘Sinatra’, a very sensitive variety. The biochemical and genetic differences that make these two varieties resistant and sensitive, respectively, have been thoroughly investigated (Palma et al., 2014a,b; Carvajal et al., 2017), and different treatments have been applied to search for improvements in the quality of the fruit during cold storage. Fruit from the cold sensitive ‘Sinatra’, when preconditioned at 15°C for 48 h before storage at 4°C (PCT) were able to resist cold storage and improved in quality during the postharvest period (Carvajal et al., 2015). In a transcriptomic study, several genes that were differentially expressed during cold storage were selected (Carvajal et al., 2018b), and among them genes related to cuticular wax deposition were found. Since one of the differences between ‘Natura’ and ‘Sinatra’ was the lower weight loss in the resistant ‘Natura’, one of the possibilities for cold resistance was a difference in the cuticle between these varieties. Based on this hypothesis, in a first approach, we detected that long-term cold storage diminished the expression of genes belonging to the fatty acid elongation complex and the ECERIFERUM proteins 1 and 3 (CER1 and CER3; Carvajal et al., 2018a). To shed light on the involvement of the cuticle in the maintenance of postharvest quality of zucchini fruit, the aim of the present work was to analyze the cuticle properties and the differences in cuticular waxes between the varieties ‘Natura’ and ‘Sinatra’, as well as in PCT ‘Sinatra’ fruit. Changes in permeability, structure, composition, and expression of cuticle-related genes will be discussed in terms of cold resistance.



MATERIALS AND METHODS


Fruit Material

Zucchini fruit (Cucurbita pepo L. Morphotype Zucchini) from the commercial varieties ‘Natura’ (EnzaZaden) and ‘Sinatra’ (Clause-Tezier) were provided by “Hortofrutícola La Ñeca S.L.” Freshly-harvested fruits, free of disease symptoms, mechanical damage and with uniform length, were randomly divided into replicates and stored in a temperature-controlled chamber in permanent darkness at 4°C and 85–90% RH for 14d. In addition to the control fruit in the case of the ‘Sinatra’ variety, a group of fruits were also preconditioned at 15°C for 48 h before storage at 4°C (PCT), according to Carvajal et al. (2015). For microscopy and chlorophyll leaching assays, 10 fruits were analyzed per storage time, variety, and treatment, and the experiment was conducted twice. Two more experiments using 18 fruits (three replicates of six fruits each) per storage time, variety, and treatment were performed to analyze the cuticular wax load and composition and to sample exocarp tissue for RNA extraction. For the latter, the tissue was frozen in liquid N2, ground, and stored at −80°C.



Chlorophyll Leaching Assay

Freshly-harvested ‘Natura’ and ‘Sinatra’ fruit were used to assess epidermal permeability through the chlorophyll efflux assay, according to Kosma et al. (2009) with some modifications. Three cylinders were taken from the proximal, equatorial, and distal zones of each fruit using a cork borer. Both cylinder sides were excised with a razor blade resulting in two 3 mm thick discs per cylinder. Discs were washed 3 times in distilled water for 5 min and, lastly, immersed in equal volumes of 80% ethanol and maintained at room temperature in the dark with a gentle shake. The absorbance at 647 and 664 nm of the solution was measured at 15, 30, 60, 120, 180 min, and after 24 h. The micromolar concentration of total chlorophyll was calculated by the equation: total chlorophyll = 7.93(A664) + 19.53(A647) (Lolle et al., 1997). The amount of chlorophyll leached was expressed as a percentage of the total chlorophyll extracted after 24 h.



Microscopy

For light microscopy, exocarp tissue was fixed, embedded, and cryosectioned according to Buda et al. (2009). Briefly, 2–3 mm exocarp cubes were sliced with a scalpel from the equatorial region of ten fruits per condition. The cubes were transferred to FAA fixative (5% formaldehyde, 5% acetic acid, and 45% ethanol) and vacuum infiltrated for 20 min. The FAA was replaced with fresh fixative and the samples were kept overnight at 4°C. After this, a sucrose gradient (10 and 20% in PBS buffer) was used following the same conditions than for the fixation process. FSC 22 Frozen Section medium (Leica) was used to fill the cryo-molds. Cryosections (40 and 50 μm) were obtained using a Leica CM1950 cryostat, transferred to Superfrost® Plus (Thermo Fisher Scientific, MA, United States), and stained with a 0.2% (w/v) Oil Red solution in 60% (v/v) isopropanol (Fukumoto and Fujimoto, 2002). The stained slides were visualized using an Axioscope 5 microscope and captured with an Axiocamp 305 color camera.

For scanning electron microscopy (SEM), exocarp tissue was fixed in 2.5% (w/v) glutaraldehyde in 0.1 M cacodylate buffer pH 7. The samples were rinsed four times in cacodylate buffer, dehydrated in a graded ethanol series, and critical point dried in CO2 in a Polaron CPD 7501 dryer. Afterwards, they were mounted onto steel plates, evaporated with charcoal in a Hitachi evaporator, and sputter-coated with gold palladium in a Polaron Unit SEM Coating E5000. The samples were visualized and recorded using a Zeiss SUPRA40VP scanning electron microscope.



Cuticular Wax Analysis

Before the extraction, the fruits were washed in distilled water for 5s and air dried. Then, epicuticular and intracuticular compounds (cuticular wax) were extracted by organic extraction. The cuticular wax was extracted by dipping the fruit for 1 min at room temperature in a chloroform:methanol mixture (2:1, v/v) containing 60 μg of tetracosane, lignoceryl alcohol, and lignoceric acid as internal standards. After the extraction, the exocarp of each fruit was separated using a vegetable peeler and photographed to measured total fruit surface using the ImageJ software (Schneider et al., 2012). The extraction solution was evaporated under a stream of nitrogen, resuspended in chloroform:distilled water (2:1, v/v), and the chloroform phase separated (Yeats et al., 2010). The solution containing the waxes was evaporated under a stream of nitrogen, and after that, maintained under vacuum conditions at room temperature. The wax load was determined gravimetrically.

Cuticular wax (1 mg) was derivatized with N,O-Bis(trimethylsilyl)trifluoroacetamide:pyridine (1,2) for 40 min at 70°C. After evaporating to dryness under nitrogen flow, the samples were re-dissolved in chloroform and injected into a gas chromatograph (Bruker 456-GC), coupled with an EVOQ triple quadrupole (TQ) detector and a ZB-5MS capillary column (30 m × 0.250 mm i.d. × 0.25 μm). Helium was used as a carrier gas at a flow rate of 1.2 mlmin−1. The running program was set as follows: the temperature was set to 50°C for 2 min and then a ramping period was executed from the initial 50°C–200°C at a rate of 10°C min−1, and finally increased to 320°C at a rate of 8°C min−1, and held at this temperature for 20 min. The following parameters were employed: inlet, MS transfer line, ion source, quadrupole temperatures were 260°C, 260°C, 250°C, and 42°C, respectively. Electron impact (EI) ionization voltage was 70eV, and the m/z range was set between 50 and 500.The identification of the main wax components was performed by comparing their mass spectra with the National Institute of Standards and Technology Version 2.3 library database, or from previously published data. Quantitative determination was achieved by comparing the peaks with the known value of an internal standard.



RNA Extraction and Gene Expression Analysis

Total RNA from the exocarp of each biological sample was extracted, treated with RNAse-Free DNAse, and purified using TRIsure™ reagent (Bioline) and the Direct-zol™ RNAMiniprep kit (Zymo Research). The quality and quantity of RNA was determined by agarose gel electrophoresis and a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific). First-strand cDNA was synthesized from 1 μg total RNA using PrimeScript™ RT Master Mix (Takara). Primer pairs for the VLC-alkane biosynthesis genes CpCER2-like (Cp4.1LG02g03940), CpCER26-like (Cp4.1LG17g02960), CpCER1-like (Cp4.1LG17g02820), and CpCER3-like (Cp4.1LG04g12660), and the cuticle-related transcription factors CpSHINE2 (Cp4.1LG06g03420), CpWIN1-like (Cp4.1LG04g09380), and CpFUL1-like (Cp4.1LG03g15390) were designed using the Primer3 web tool1 and are listed in Supplementary Table S1. For qRT-PCR, the amplifications were run in an iCycler iQ thermal cycler (Bio-Rad). Quantification was performed with the iCycler iQTM associated software (Real Time Detection System Software, version 2.0). The relative gene expression was calculated using non-stored ‘Natura’ fruit as the calibration sample. EF-1α was used as the internal reference gene for normalizing the transcript profiles following the 2−ΔΔCt method (Livak and Schmittgen, 2001).



Statistical Analysis

The experimental design was completely randomized. The data were subjected to an ANOVA using the SPSS 15.0 software (SPSS Inc.). The means were compared with Duncan’s least significant difference test, and differences at p < 0.05 were considered significant.




RESULTS


Differences in Zucchini Fruit Cuticle Properties Between Varieties Before Storage

The outer surface of the epidermal cells was covered by a continuous bright-red structure in all the cryosections observed from the fruit of the cold-resistant variety ‘Natura’, indicating the presence of a well-detectable cuticle (Supplementary Figure S1). On the contrary, few cryosections showed a clearly distinguishable cuticle in fruit from the cold-sensitive variety ‘Sinatra’ (Supplementary Figure S1). Although in both varieties the cuticle was not thick enough to be measured, in ‘Natura’ it seemed thicker than in ‘Sinatra’. The chlorophyll extraction rate was significantly higher in ‘Sinatra’ fruit (Figure 1), supporting the structural observations made with light microscopy.
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FIGURE 1. Chlorophyll leaching of ‘Natura’ and ‘Sinatra’ fruit at harvest expressed as a percentage of total chlorophyll extracted after 24 h. Data presented are means ± SE of ten fruits. Differences between varieties were significant for every time assayed according to Duncan’s test (p < 0.05).


In a previous study, we conducted a transcriptomic comparison of ‘Natura’ and ‘Sinatra’ exocarp before and after storage by RNA-Seq (Carvajal et al., 2018b). The result showed that the GO term ‘fatty acid biosynthetic process’ was overrepresented when comparing differentially expressed genes (DEGs) that were up-regulated in freshly-harvested ‘Natura’ versus ‘Sinatra’ fruit. In this work, we searched for possible cuticle-related DEGs between varieties at harvest and compared with their respective homologues in Arabidopsis thaliana or Solanum lycopersicum (Supplementary Table S2). From the 237 DEG annotated that were significantly up-regulated in ‘Natura’ with respect to ‘Sinatra’, a total of 15 were related to cuticle biosynthesis or its regulation, constituting 6.3% of the total. Among them, the transcript corresponding to the fatty acid hydroxylase homolog to the very-long-chain aldehyde decarbonylase CER1 from Arabidopsis had the highest differential accumulation. We found four DEGs encoding for 3-ketoacyl-CoA synthases; homologues to 3-ketoacyl-CoA synthase 6, 3-ketoacyl-CoA synthase 10, 3-ketoacyl-CoA synthase 19, and 3-ketoacyl-CoA synthase 20 from Arabidopsis; three GDSL esterases/lipases, two of them similar to OSP1; and an O-acyltransferase WSD1. Although most of the DEGs were related to waxes, we also found two cutin-specific genes; a cytochrome P450 and a HXXXD-type acyl-transferase similar to cytochrome P450 86A2, and a BAHD acyltransferase DCR, respectively. Two genes encoding non-specific lipid-transfer proteins were also detected. Regarding the regulation of the cuticle formation, two transcription factors were also differentially expressed; ethylene-responsive WIN1 and MADS box, with a high homology to Arabidopsis WIN1 and tomato FRUITFULL-like MADS-box 1. On the other hand, the exocarp of ‘Sinatra’ fruit had 178 DEGs up-regulated with respect to ‘Natura’, of which only one could be associated with cuticle metabolism, constituting 0.56% of the total. This DEG corresponded to a Membrane Bound O-acyl transferase (MBOAT).



Cuticular Wax Morphology and Composition Before and After Storage at Low Temperature

SEM observations revealed that epicuticular wax in zucchini fruit mainly consisted of round-shaped or granule-like crystals scattered over the fruit surface (Figure 2). All samples analyzed had areas differing in the abundance of the wax coverage; however, in the ‘Natura’ fruit surface, the areas richer in agglomerations of granule-like crystals were more abundant in both conditions before and after the cold storage (Figures 2A,C). PCT fruit also had more regions whose surface was more enriched with epicuticular crystals (Figure 2D) when compared with non-treated ‘Sinatra’ fruit (Figure 2E). This finding suggests the formation of new waxes onto the cuticle surface what is also supported by their appearance when the images were analyzed under less magnification (Supplementary Figure S2).
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FIGURE 2. Scanning electron micrographs of zucchini exocarp surface from ‘Natura’ and ‘Sinatra’ fruit, at harvest (A,B) and after 14 days of storage at 4°C (C,D) including preconditioned ‘Sinatra’ (E). Scar bars: 1 or 2 μm.


The total cuticular wax load per surface area of the two zucchini varieties was different (Figure 3A). The cold-tolerant variety ‘Natura’ showed significantly more content of cuticular wax than the cold-sensitive variety ‘Sinatra’ at harvest and after 14 days of exposure to chilling. Total cuticular wax load only increased in ‘Natura’ during cold storage, as shown by values that doubled those exhibited in fruit at harvest after the 14 days of exposure. By contrast, ‘Sinatra’ fruit did not change significantly with storage. After 14 days at 4°C, ‘Natura’ fruit and the PCT exhibited significantly higher cuticular wax content than ‘Sinatra’ fruit, increasing about 4.4- and 1.8-fold, respectively.
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FIGURE 3. Cuticular wax load (A), total alkane content (B), and individual alkanes per surface (C) measured in zucchini ‘Natura’ and ‘Sinatra’ fruit, at harvest and after 14 days of storage at 4°C, including preconditioned ‘Sinatra’. Data presented are means ± SE of triplicate samples of six fruits each. Different letters indicate significant differences according to Duncan’s test (p < 0.05).


Alkanes were one of the most important VLC aliphatic compounds in the cuticular wax of zucchini fruit. The total concentration of alkanes did not differ significantly between the two varieties in fruit at harvest (Figure 3B). The storage at low temperature induced the alkane-forming pathway in ‘Natura’ fruit, reaching very high levels, about 7-fold with respect to freshly-harvested fruit. On the contrary, ‘Sinatra’ fruit showed no significant changes in response to chilling stress, but with the preconditioning treatment, it increased 2.6-fold.

Nine VLC-alkanes ranging from C25 to C33 were detected in zucchini fruit (Figure 3C). Among the different alkanes identified, heptacosane (C27), nonacosane (C29), and hentriacontane (C31) were the most abundant in both varieties. Comparing the freshly-harvested fruit of the two varieties, no significant differences were observed in the amounts of heptacosane, nonacocosane and hentriacontane. However, these alkanes increased 5.5-, 8- and 7-fold respectively, in ‘Natura’ fruit kept at low temperature. The preconditioned fruit showed the same response as that observed in the cold-tolerant variety, but the increase was lower, 2.3-, 2.7 and 3-fold, respectively. By contrast, in the cold-sensitive variety, the content of these alkanes did not show significant differences between freshly-harvested and fruit stored at 4°C. In addition, the amounts of all alkanes per square cm, except for C28, did not significantly differ in ‘Sinatra’ fruit during cold storage with respect to harvest day.

The analysis of the cuticular wax composition in both zucchini varieties revealed that the fatty acids were the second dominant component (Table 1). Fourteen fatty acids ranging from C14 to C32 were detected in zucchini fruit, with hexadecanoic acid (C16:0), octadecanoic acid (C18:0), and hexacosanoic acid (C26:0) being predominant. The percentage of total fatty acids showed a contrary behavior to the obtained for the percentage of alkanes. The highest value was reached in ‘Sinatra’ fruit at harvest, although it did not change significantly during cold storage. The percentage of total fatty acids was lower in ‘Natura’ and PCT than in ‘Sinatra’. In the cold-tolerant variety, a 13% reduction was also detected as a consequence of the storage at low temperature, whereas in PCT, a 17% reduction was observed with respect to freshly-harvested fruit. Studying the profile of saturated fatty acids in the cold-sensitive variety, all saturated fatty acids did not show statistical significant differences between freshly-harvested and fruit stored at 4°C. However, the preconditioning treatment reduced the percentage of hexadecanoic, heptadecanoic, octadecanoic, and octacosanoic acids.



TABLE 1. Relative content (%) of wax compounds in Natura (cold-tolerant variety), Sinatra (cold-sensitive variety) and PCT (preconditioned treatment in Sinatra) zucchini fruit at harvest and stored during 14 days at 4°C.
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Three primary alcohols were found in the cuticular wax of zucchini fruit (Table 1). The fatty alcohols profile was composed of hexacosanol, octacosanol, and triacontanol, but their percentage was relatively low with respect to the other compounds. The proportion of primary alcohols accounted for about 5% of the total wax found in zucchini fruit. The total percentage of alcohols did not change significantly in ‘Natura’ and ‘Sinatra’ fruit during storage at low temperature, and the preconditioning treatment did not affect the total percentage of alcohols either.

Two esters were detected in the cuticular wax of zucchini fruit (Table 1). It was noticeable that 1-monostearin content was predominant over 1-monopalmitin content in both varieties and storage times. The percentage of 1-monostearin decreased in response to low temperature, with a reduction of 13% observed in the cold-tolerant variety, 1.7% in cold-sensitive variety, and 4.4% when ‘Sinatra’ fruit was preconditioned. The percentage of 1-monopalmitin also diminished with cold storage in both varieties.



Expression Profiles of Cuticle Related Genes During Postharvest

The relative expression of the VLC-alkane biosynthesis genes analyzed is shown in Figure 4. CpCER2-like transcripts only exhibited significant differences after 14 days of storage at low temperature in the variety ‘Natura’. By contrast, the levels of CpCER26-like mRNA were 38% higher in the cold-tolerant variety with respect to the cold-sensitive one at harvest. Although in both varieties the expression values decreased, these significant differences were maintained and even increased by about 2-fold, after being kept at 4°C for 1 day. Nevertheless, no differences were found at the end of the storage period. With respect to CpCER1-like expression, it was about 13- and 8-fold higher in ‘Natura’ as compared with ‘Sinatra’ at harvest and after 24 h of exposure to cold, respectively. These results are in agreement with those found in the RNA-Seq analysis, where CpCER1-like was the DEG with the highest differences between freshly-harvested fruit from both varieties. After 14 days at 4°C, the expression values fell in all the fruits to barely detectable levels. Before the storage, the accumulation of the transcripts encoding for CpCER3-like was 64% higher in the cold-tolerant variety ‘Natura’ as compared to the cold-sensitive ‘Sinatra’. These differences were accentuated after 1 day of cold stress, with ‘Natura’ reaching values that were about 3.4-fold higher than ‘Sinatra’. PCT also affected CpCER3-like gene expression, with the treated ‘Sinatra’ fruit showing values about 2-fold higher than the control. As with CpCER1-like, CpCER3-like mRNA sharply decreased after a long-term storage at low temperature.
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FIGURE 4. Relative expression of the VLC-alkane biosynthesis genes CpCER2-like (A), CpCER26-like (B), CpCER1-like (C), and CpCER3-like (D) in the exocarp of ‘Natura’ and ‘Sinatra’, including PCT ‘Sinatra’ fruit, at harvest and after 1 and 14 days of storage at 4°C. Data presented are means ± SE of triplicate samples of six fruits each. Different letters indicate significant differences according to Duncan’s test (p < 0.05).


Expression results of the cuticle-related transcription factors analyzed are represented in Figure 5. CpSHINE2 gene expression was induced in both varieties when fruits were exposed to 4°C for 1 day, with this increase being significantly higher in the cold-tolerant variety ‘Natura’. After 14 days, the expression levels dropped in ‘Natura’ and ‘Sinatra’ but remained significantly higher in the latter. PCT fruit exhibited the highest accumulation of CpSHINE2 transcripts at this time. The expression trend of CpWIN1-like was the same as CpSHINE2 in the case of ‘Natura’ fruit; however, the results showed a differential trend between both genes in the cold-sensitive variety ‘Sinatra’. Whereas CpSHINE2 expression was induced by low temperature, CpWIN1-like did not show differences with the postharvest storage, and its values were very low. The high expression values found for this transcription factor in ‘Natura’ exocarp is remarkable, being about 21- and 30-fold higher when compared with ‘Sinatra’. CpFUL1-like mRNA accumulation was also greater in the exocarp of ‘Natura’ fruit, about 3- and 2.7-fold, before the postharvest storage and after 24 h of exposure to cold as well, respectively. In this case, the differences found after 14 days at low temperature were not significant.
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FIGURE 5. Relative expression of the transcription factors CpSHINE2 (A), CpWIN1-like (B), and CpFUL1-like (C) in the exocarp of ‘Natura’ and ‘Sinatra’, including PCT ‘Sinatra’ fruit, at harvest and after 1 and 14 days of storage at 4°C. Data presented are means ± SE of triplicate samples of six fruits each. Different letters indicate significant differences according to Duncan’s test (p < 0.05).





DISCUSSION

The implication of the cuticular waxes in the resistance to cold stress during postharvest storage of zucchini was investigated in the present study. A summary of the low temperature effects on the main quality parameters, weight loss, chilling-injury (CI) index, and firmness, throughout storage at 4°C is provided in Supplementary Table S3. These data show that Natura fruit, as well as fruit of Sinatra under a preconditioned treatment, were more tolerant to cold storage that Sinatra fruit, that were more sensitive and with more chilling injuries. Fruits from the more resistant variety ‘Natura’ showed a well-developed cuticle, whereas fruits from the very sensitive ‘Sinatra’ showed a slight stain that was not uniform, indicating a less developed cuticle in fruits that were more prone to developing CI. Cuticular waxes have been suggested to play an important role in fruit quality, postharvest storability, and pathogen susceptibility during postharvest of horticultural crops (Lara Ayala et al., 2014; Chu et al., 2018), being related to fruit postharvest water loss and resistance to environmental and biotic stresses. In zucchini fruit during cold storage after postharvest, the variety ‘Natura’ lost a smaller amount of water than the variety ‘Sinatra’ (Supplementary Table S3), which was also consistent with a better developed cuticle in ‘Natura’. The chlorophyll leaching assay also showed that the cold-tolerant variety had a more reduced cuticular permeability that the cold-sensitive variety, as was also observed in leaves of Arabidopsis that overexpressed genes involved in the biosynthesis of VLCFAs (Yang et al., 2021). Transgenic cucumber overexpressing a gene involved in alkane synthesis also had a lower cuticular transpiration and chlorophyll leaching than the wild type (Wang et al., 2015b). Contradictory results have been reported as to the relevance of cuticle thickness in weight loss during storage, but most of the studies published reveal a positive relation between thickness and a decrease in weight loss, for example in pepper (Parsons et al., 2012). In blueberry, the removal of cuticular wax accelerated postharvest water loss and decay, and hence fruit quality (Chu et al., 2018). In zucchini, we conclude that cuticle thickness is related to chilling tolerance and helps to reduce water loss.

From a previous transcriptomic approach contrasting Natura and Sinatra fruits (Carvajal et al., 2018b), important differences among genes related to cuticle have been detected. Among the up-regulated DEGs in ‘Natura’, genes for wax and cutin synthesis were included. Homologous of these genes have been reported to be implicated cuticle development and also in water maintenance, such as GDSL lipase occluded stomatal pore 1 (At2g04570) from Arabidopsis (Tang et al., 2020), or the cytochrome P450, with a high identity with Arabidopsis CYP86A2, whose att1 mutants showed a reduction of all cutin monomers and a consequent increase in cuticle permeability (Xiao et al., 2004). On the other hand, the only DEG up-regulated in ‘Sinatra’ with respect to ‘Natura’ at harvest corresponded with a MBOAT, a homolog to At5g55340, which catalyzes the final step in the synthesis of long-chain linear esters. The differences found at the gene expression level are related with the higher development of the cuticle in ‘Natura’, as observed at the microscopic level as well as its lower permeability; it also highlights the importance of the pre-harvest transcriptomic status on the subsequent postharvest behavior during cold storage.

In fruit of the varieties ‘Natura’ and ‘Sinatra’, differences in cuticular wax load were also detected, both at harvest, with a higher amount of waxes per surface area in ‘Natura’ than in ‘Sinatra’, and a sharp increase after 14 days of cold storage in ‘Natura’. In fruits of the preconditioned ‘Sinatra’, a higher amount was also observed after 14 days at 4°C. These results are supported by the SEM microscopy images, where higher wax crystal deposition was detected in ‘Natura’ and in PCT ‘Sinatra’ fruit surfaces. The preconditioned fruit showed images similar to those found in ethylene-treated orange fruit, where the formation of a new wax cover has been described (Cajuste et al., 2010). In that case, ethylene improved the postharvest behavior related to non-chilling peel pitting and increased cuticular wax yields. These results, together with the higher resistance to cold in ‘Natura’ and the great improvement in the postharvest performance of preconditioned ‘Sinatra’ fruit, point to an involvement of cuticular wax on the defense to cold stress conditions and the maintenance of the fruit water status (Supplementary Table S3).

With respect to the components of the cuticular wax, changes in composition and content during postharvest storage have been characterized in fruits such as apple (Chai et al., 2020), blueberry (Chu et al., 2018), and pear (Wang et al., 2021). These studies revealed that triterpenes and alkanes were, in general, the most prominent wax components of fruit cuticles in many species. The predominance of a wax compound has been associated to the taxonomic family of the species (Lara Ayala et al., 2014). We did not detect triterpenes in zucchini cuticular waxes. In fruits of Cucumis sativus, the main components were alkanes, aldehydes, and fatty acids (Wang et al., 2015a), similar to the components found in Cucurbita pepo. The most abundant alkanes, in our case, were heptacosane (C27), nonacosane (C29), and hentriacontane (C31); with the last two being the most abundant alkanes in fruit cuticles of many species (Wang et al., 2015a; Wu et al., 2018; Romero and Lafuente, 2020). The amount of alkanes increased in the cold-resistant fruit of ‘Natura’ during the storage at 4°C after 14 days, but remained unchanged in sensitive ‘Sinatra’ fruits, also increasing in PCT ‘Sinatra’ fruit, which indicates a mechanism to overcome chilling damages in which cuticular wax synthesis would be involved. The involvement of the alkanes in the defense to stresses has been reported for other species. In a study conducted with 50 pepper accessions, Parsons et al. (2012) found a positive correlation between water loss and alkane content/composition. When analyzing 10 apple cultivars during cold storage, the lowest alkane content was found in the ‘Red Star’ cultivar., which showed the highest weight loss rate during the storage period (Chai et al., 2020). In apple fruit peel, low temperatures induced the alkane-forming pathway and resulted in the accumulation of VLC-alkanes (C22, C27, C29, and C31; Hao et al., 2017), the same accumulation of C27, C29, and C31 alkanes detected in ‘Natura’ fruit and also in preconditioned fruit of ‘Sinatra’, which points to the implication of these compounds in chilling tolerance of zucchini fruit.

We have detected that the content of esters was higher in ‘Natura’ than in ‘Sinatra’ at harvest, whereas the fatty acids content showed the contrary behavior. This could be due to a higher rate of ester hydrolysis in the cold-sensitive variety. In apple fruit, an increase in the content of fatty acids has been described due to the hydrolysis of esters (Veraverbeke et al., 2001). Samuels et al. (2008) have described that most cuticular waxes are generated from the elongation of C16 and C18 free fatty acids, including two well characterized metabolic pathways for the formation of alkanes and for the production of primary alcohols and wax esters. In our analysis, we detected only two esters in zucchini fruit: 1-monopalmitin and 1-monostearin. These two esters were also the only glyceride compounds identified in all 35 pear cultivars studied when the chemical composition of the cuticular wax in mature fruits was analyzed (Wu et al., 2018). The content of 1-monopalmitin and 1-monostearin diminished during the cold storage in both zucchini varieties, observing a greater decrease in ‘Natura’ than ‘Sinatra’ fruit. This behavior is indicative of an induction of the alkane biosynthesis pathway and the inhibition of the ester’s biosynthesis pathway in the cold-tolerant fruit kept at 4°C. This finding is supported by different studies such as that of Wang et al. (2015a), where the knocked-down expression of CsCER1 in transgenic cucumber plants caused a decrease in alkanes content as well as an increase in esters, whereas overexpression of CsCER1 showed the opposite response. In a similar way, transgenic cucumber lines with an abnormal expression of CsWAX2, an Arabidopsis CER3 homolog involved in alkane synthesis, showed an increased amount of esters in cuticular waxes, which decreased with the overexpression of this gene (Wang et al., 2015b). The alternation between the formation of alkanes and wax esters also seems to be regulated by abscisic acid (ABA). In cucumber, the expression of CsCER1 was shown to be induced by this phytohormone (Wang et al., 2015a), whereas the ABA deficiency orange mutant Pinalate showed an induction in the gene CsWSD1-like, responsible for wax ester formation (Romero and Lafuente, 2020). These results suggest that ABA could act as a negative regulator of wax ester formation, and a positive regulator of alkane formation. In a previous work, we described that ‘Natura’ fruit drastically increased the ABA content during the first days of exposure to low temperature, whereas ‘Sinatra’ fruit did not show significant differences in ABA content during storage (Carvajal et al., 2017). This ABA response could be associated with the changes observed in the content of alkanes and esters in the two zucchini varieties, and should be investigated in the future.

It is obvious from this research that cuticular waxes, specifically alkanes, play an important role in defense against low temperature stress in fruits of Cucurbita pepo. Fruits of ‘Natura’, a cold resistant variety, and preconditioned ‘Sinatra’ had a higher content of alkanes after cold storage, and this correlated with a lower weight loss and CI damage during postharvest, as well as greater firmness. The biosynthetic pathway of cuticular waxes and regulatory genes have been researched and described in model species and in some fruits, but little is known in zucchini fruit. In this study, we analyzed the expression of 4 genes involved in proper cuticle development, and specifically involved in VLC-alkane biosynthesis. CpCER2-like only showed differences in the cold-tolerant variety ‘Natura’ at the end of the storage period. On the contrary, CpCER26-like gene expression was significantly higher in ‘Natura’ at harvest and after 1 day of cold exposure. Both genes, CER2 and CER26, are important components of the VLCFA elongation process (Haslam et al., 2017), with the Arabidopsis cer2 mutant showing an impaired production of wax components longer than 28 carbons, and cer26 mutant affected in the production of wax components longer than 30 carbons (Pascal et al., 2013). The higher expression of both genes in Natura fruit during storage, explains the accumulation of nonacosane (C29) and hentriacontane (C31).

The expression of the zucchini homolog genes, CpCER1-like and CpCER3-like, has been studied in this work. CpCER1-like mRNA was highly accumulated when ‘Natura’ fruit were harvested, whereas in ‘Sinatra’, very low levels were measured. Our results are supported by those found in Arabidopsis cer1 insertional mutants, which showed a reduction in heptacosane (C27), nonacosane (C29), hentriacontane (C31), and tritriacontane (C33), with its overexpression resulting in an accumulation of these components (Bourdenx et al., 2011). The expression of CpCER1-like in zucchini decreased with storage at 4°C, similar to the results found by (Bourdenx et al., 2011), which reported a decreased expression of the CER1 gene in Arabidopsis plants subjected to dark and cold treatments. This behavior is in agreement with the trend described in previous works (Wang et al., 2015b) for its homolog CsWAX2, which was induced after 24 h of cold stress in cucumber plants. These authors also described a significant reduction in the concentration of the alkanes, pentacosane (C25), heptacosane (C27), nonacosane (C29), and hentriacontane (C31), in fruit from CsWAX2 RNAi lines, as well as an increase of them in the CsWAX2 overexpression lines. In zucchini fruit, the large difference found in CpCER1-like and CpCER3-like gene expression between varieties at harvest time and after 1 day of storage could explain, in part, the accumulation VLC-alkanes during cold stress.

Regarding the possible role of transcriptional regulators in wax biosynthesis, it has been reported that several members of the APETALA2/ETHYLENE-RESPONSIVE ELEMENTBINDING PROTEINS (AP2/EREBP) family regulate cuticle-related genes. In this work, we analyzed the expression of two cuticle-related AP2/EREBP transcription factors, CpSHINE2 and CpWIN1-like. Cold storage induced CpSHINE2 mRNA accumulation in both varieties in the short-term, with the increase being greater in the transcription detected in ‘Natura’. On the contrary, this induction occurred in the long-term in PCT ‘Sinatra’ fruit. However, CpWIN1-like only showed a sharp increase in the cold-tolerant ‘Natura’ fruit after being exposed to low temperature, whereas no changes were detected in ‘Sinatra’. Recently, Zhang et al. (2019) reported that the ectopic expression of the apple gene MdSHINE2 in Arabidopsis resulted in a higher accumulation of wax crystals, and an increase in the alkanes, alcohols, aldehydes, and fatty acids wax components. These results correlated with an induction of CER1, CER3, and WIN1 gene expression, as well as an increase in drought tolerance. WAX INDUCER1/SHINE1 has been associated with the induction of different wax biosynthesis genes such as CER1 and CER2 (Broun et al., 2004). Arabidopsis plants overexpressing WIN1/SHN1 also showed enhanced drought tolerance (Aharoni et al., 2004). These results provide evidence that these genes play an important role on the regulation of the cuticular wax biosynthesis in zucchini fruit subjected to stress due to low temperatures.

Several MADS-box genes have been associated with the ripening process in tomato fruit, such as the FRUITFULL homologues, which may play a role in cuticle formation (Bemer et al., 2012; Shima et al., 2013; Fujisawa et al., 2014). In zucchini fruit, the homolog to tomato TDR4/FUL1, CpFUL1-like, was significantly expressed in the cold-tolerant ‘Natura’ at harvest and after a short-term storage at 4°C. This response could be related with the lower percentage of weight loss observed in these fruits according to Bemer et al. (2012), who described an increase in the water loss rate in harvested tomato FUL1/2 RNAi fruits.

This study is the first comprehensive analysis of the cuticular wax structure, load, and composition in Cucurbita pepo fruit during postharvest, and its involvement in the defense against chilling injury, proving the importance of the biosynthesis of VLC-alkanes and its transcriptional regulation during the adaptation of the zucchini fruit to low temperatures. Overall, the results obtained can be the basis of future functional studies, and could serve in the identification of markers for the selection of cold-resistant varieties in zucchini breeding programs.
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Terrestrialization of vascular plants, i.e., Angiosperm, is associated with the development of cuticular barriers that prevent biotic and abiotic stresses and support plant growth and development. To fulfill these multiple functions, cuticles have developed a unique supramolecular and dynamic assembly of molecules and macromolecules. Plant cuticles are not only an assembly of lipid compounds, i.e., waxes and cutin polyester, as generally presented in the literature, but also of polysaccharides and phenolic compounds, each fulfilling a role dependent on the presence of the others. This mini-review is focused on recent developments and hypotheses on cuticle architecture–function relationships through the prism of non-lipid components, i.e., cuticle-embedded polysaccharides and polyester-bound phenolics.
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INTRODUCTION

Terrestrial colonization of plants came along with the development of four sophisticated hydrophobic macromolecular assemblies, i.e., cuticle, suberin, lignin and sporopollenin (Yeats and Rose, 2013; Graça, 2015; Li et al., 2019; Ralph et al., 2019), which enabled plants to resist to the harsh conditions of the environment, to stiffen their architecture, to ensure nutrient and water adsorption, their reproduction and land dispersion. Cuticle has a high plasticity, especially adapted to organ growth. This plasticity was recently illustrated in the case of the cuticle of lateral root primordia which controls further lateral root emergence (Berhin et al., 2019). Indeed, any defects in the cuticle biosynthetic pathways induce defects in cuticle assembly and impact organ growth and morphology (Fich et al., 2016; Berhin et al., 2019). Cuticle fulfills multiple functions, e.g., in the control of water and gas exchanges, in the defense signaling against biotic and abiotic stresses, in plant development with many interactions with hormone signaling and cell wall biosynthesis, in the protection against UV radiation, in the retention of environmental pollutants, in the induction of responses to mechanical stimuli, and constitute an habitat for the plant microbiome (Schönherr and Riederer, 1989; Martin and Rose, 2014; Meder et al., 2018; Cordovez et al., 2019). These multiple functions impact crop yields and quality, including post-harvest quality and processing which has boosted research on the structure, assembly, and biosynthesis of their macromolecular and molecular constituents. Finally, recent data showed that cuticle functions could not be regarded only through the lens of their chemical composition, but resulted from a spatial organization of molecules and macromolecules, i.e., a 3D architecture, finely regulated at the genetic and physiological levels. This mini-review reports recent data on cuticle structural features and the ensuing hypotheses on its architecture, its evolution during organ development and its relationship with their functional properties.



FROM MOLECULAR DIVERSITY TO CUTICLE ARCHITECTURE

Plant cuticles are composed of three main types of chemical components, i.e., lipids, carbohydrates, and phenolics. Lipids give the cuticles their hydrophobic properties. They consist of molecules easily extractable with organic solvents, i.e., epi- and intra-cuticular waxes, dispersed at the surface and within the cuticles, respectively, and of insoluble lipid polymers, i.e., cutan and cutin. While cutan polymer contains non-hydrolysable bounds that limit structural investigation (Bhanot et al., 2021), cutin is a polyester of oxygenated fatty acids (mainly with hydroxyl and/or epoxide groups, but in less proportion with oxo groups) of 16 and 18 carbon atoms (Yeats and Rose, 2013). In some plants and, especially those of the Brassicaceae family, high amounts of dicarboxylic acids (DCA) are found while they are minor compounds in other plants (Franke et al., 2005; Razeq et al., 2021).

The diversity of cutin monomer compositions has to be analyzed in relation to the architecture of the cutin polyester. Two physical parameters characterize the architecture of polymers, their size and their reticulation (Caccavo et al., 2018). In contrast with synthetic polyesters, measuring precisely the size of the cutin polymer is not possible since it cannot be solubilized. However, in planta, the cutin synthase (CUS1)-catalyzed cutin polymerization from 2-monoacylglycerol (2-MAG), gives rise to polyester with glycerol at the carboxylate terminus (Yeats and Rose, 2013). Therefore, the molar ratio of glycerol to hydroxy-fatty acid (HOFA) ratio allows the comparison of the polymer sizes of cutins between plant species or mutants. Indeed, this ratio is highly variable between plants suggesting a diversity of cutin molecular sizes (Graça et al., 2002) and in cus1 tomato mutants, the increase of this ratio regarding the wild-type suggested a lower cutin polymer size (Philippe et al., 2016). This chemical rule has however some limit for DCA-rich cutins of Brassicaceae, where this particular composition came along with a high amount of glycerol and a DCA:glycerol molar ratio of 1:2 consistent with the formation of glycerol-DCA-glycerol polyesters (Yang et al., 2016).

Concerning cutin reticulation, it is necessary to consider the basic chemical reaction of polyesterification of components bearing both hydroxyl and carboxylate groups and two carboxylate groups and leading to branched polyesters (McKee et al., 2005) or cross-linked polymer networks (Gu et al., 2019). Branched vs. linear cutin polyesters, will depend (i) on the presence of mid-chain hydroxyls as for the 9(10),16-dihydroxy hexadecanoic acid (diOHC16) and (ii) on the OH/COOH molar ratio in the global monomer composition and especially on the level of DCA. It is also important to consider the hydroxyls of glycerol in this ratio, although this triol displays relatively low contents in cuticles. Indeed, as a branching point, it seems involved in the reticulation of tomato cutin (Philippe et al., 2016).

However, while tomato cutin contains more than 75% diOHC16, it is surprising to observe that more than 80% of the midOH groups of tomato cutin are esterified and can reach up to 90% in the cutin of red ripe fruit (Philippe et al., 2016). Furthermore, in the cus1 mutant, the lower expression of CUS1 induces a high decrease of midOH esterification (Philippe et al., 2016). In these mutants, the cutin deposition and cutin density are also lowered suggesting that CUS1 could also facilitate esterification of the mid-chain secondary alcohol group when the cutin density is sufficient to create a favorable hydrophobic environment (Girard et al., 2012; Philippe et al., 2016). Esterification of midchain hydroxyl could also involve another enzyme and especially a cutin: cutin transacylase activity recently described (Xin et al., 2021). Whatever the mechanism of polymerization, in diOHC16-rich cutins, the polyesterification would typically lead to hyperbranched macromolecules that are easily soluble in organic solvents (Testud et al., 2017) while cutin is insoluble. Furthermore, branching through the midOH group should lead to an increase of non-esterified ω-OH groups while this was not observed (Philippe et al., 2016). It is therefore necessary to consider the links between cutin and the other cuticle compounds, i.e., phenolics and polysaccharides (Figure 1).
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FIGURE 1. Schematic model for the complex architecture of plant cuticles. Plant cuticle (gray background) is a natural hydrophobic composite. The lipid scaffold of the cuticle is the cutin polymer (blue background) embedded with waxes (yellow background), and associated to the cuticle-embedded polysaccharides (CEP, red background). Cutin is a polyester network of HOFA mainly formed by the activities of CUS1 (a protein from the multigenic GDSL family of esterase/lipase) (Girard et al., 2012) and cutin:cutin acyl transferase (CCAT, the protein associated with this activity has not yet been identified) during the expansion of the plant cuticle (Xin et al., 2021). Para-coumaric acid esterification of the primary alcohol group of HOFA (co-position) is catalyzed by an enzyme of the multigenic BAHD family (Molina and Kosma, 2015) and could form covalent bridges between the polyester chains through peroxidase oxidation (Kerr and Fry, 2004; Arrieta-Baez and Stark, 2006). The strong association of flavonoids (e.g., naringenin and naringenin chalcone in tomato), especially at the end of fruit growth (Hunt and Baker, 1980) could involve hemiacetal bond with primary hydroxyl groups (e.g., with the glycerol end residue of 2-monoacylglycerol, the precursor of CUS1). The cutin:xyloglucan transferase is a good candidate to link covalently the cutin network to the CEP (Xin and Fry, 2021). In contrast to the non-cutinized polysaccharides (NCP), the CEP concentrates crystalline cellulose, highly esterified pectins and acetylated xyloglucans (Philippe et al., 2020) associated by non-covalent bonds (yellow ellipses). In addition, the hydrophobicity of these polysaccharides is compatible with non-covalent interactions (Ngouémazong et al., 2015; Dai et al., 2020; Lindman et al., 2021) with the cutin network and intracuticular waxes. Finally, cellulose can also interact with phenolics (Phan et al., 2015). The cutin network and CEP form gradients in the cuticle thickness create a spatial heterogeneity in the plant cuticles.


Phenolics, generally regarded as minor components, are also embedded in the cuticles. These phenolics comprise two main types of molecules, phenolic acids (e.g., para-coumarate) and flavonoids (e.g., naringenin). Hunt and Baker (1980) suggested that they are associated with the cutin by ester bonds since all the phenolic acids are released after alkaline hydrolysis (Hunt and Baker, 1980). However, ester links with polysaccharides is also possible and are described in the xylan and pectin fractions of the cell walls of both monocots and dicots (Mnich et al., 2020). An ester link with the cutin polymer must be also considered regarding the characterization of an enzyme of the BAHD family capable to esterify the ω-position of HOFA by a phenolic acid (Rautengarten et al., 2012; Molina and Kosma, 2015). Unexpectedly, these minor ester bonds of the cutin polymer seem essential for the cuticle architecture of tomato fruit (Lashbrooke et al., 2016). The importance of such chemical bonds is also strengthened by the evolution of plant hydrophobic polymers, and especially in mosses where cutin is a co-polyester of HOFA and phenolic acids (Renault et al., 2017). On the contrary, a part of flavonoids is extractible with methanol while the other was extracted only after alkaline hydrolysis of the cuticle (Hunt and Baker, 1980). Ester bonds between cutin and flavonoids are unlikely due to the absence of carboxylate on these molecules. From sorption studies of naringenin into tomato cuticles, it was suggested that flavonoids can form solid clusters within the cuticles which can be dissociated only after cutin depolymerization (Dominguez et al., 2009). In agreement with this equilibrium partition within the cuticle, the ketone group of flavonoids could form hemiacetal and/or acetal derivatives with the alcohol group of cutin, and especially with the glycerol moieties of cutins (Moity et al., 2015) (Figure 1). In this regard, such bonds can be also considered with minor cutin fatty acids containing oxo groups.

The ester bonds between phenolic acids and cutin could be questioned regarding cutin reticulation. These HOFA-phenolic esters could dimerize through carbon–carbon bonds under oxidative reactions as suggested for suberin (Arrieta-Baez and Stark, 2006). As for arabinoxylan cross-linking (Kerr and Fry, 2004), a similar chemical mechanism could be considered for the anchoring of polysaccharides and cutin (though phenolic acids in plant cell walls are commonly found on arabinose moieties that are not a dominant sugar in tomato cuticle) and/or for the cross-linking of cutin linear chains. The role of phenolics is strengthened by the polyesterification of diOHC16 and phenolic-rich fractions of tomato pomaces. This non-catalyzed and temperature-controlled process induces oxidation of the phenolic compounds and the formation of an insoluble cross-linked polymer network and not of soluble branched polyesters (Marc et al., 2021). In planta, this oxidation could be driven by peroxidases that accumulate at the end of fruit growth (Andrews et al., 2000).

The presence of polysaccharides in the cuticular layer leads to the concept of the cell wall continuum of the epidermis (Fich et al., 2016). The fine structure of the cutin-embedded polysaccharides (CEP) was first investigated by immunolabeling studies on leaves or fruit epidermis from pear and tomato and resulted in either very faint or no labeling of cellulose and pectin within the cutin matrix (Guzman et al., 2014a,b; Segado et al., 2016) probably due to the masking of the glycoside epitopes. By combining different investigation methods, it was recently shown that these CEP display specific features regarding those of the sub-cuticular, non-cutinized cell walls. Especially, in the tomato cuticle, the pectin and hemicelluloses (enriched in xyloglucan) are highly esterified, while a higher content in crystalline cellulose is observed (Philippe et al., 2020). Pectins embedded in the cuticle display a low ramification of rhamnogalacturonan (RGI). These CEP structural features are in favor of a lipid-polysaccharide association. Indeed, high methyl- and acetyl-esterification of pectin and hemicellulose increase their apolarity making interactions with lipids possible. Indeed, pectin methyl- and acetyl-esters have often been related to oil/water emulsification and emulsion stabilization (Ngouémazong et al., 2015). Low ramified RGI in the CEP with the apolar rhamnose residue and the acetyl esters are also expected to participate in pectin–lipid interactions. Cellulose is an amphiphilic polysaccharide that stabilizes lipid emulsion through hydrophobic interactions (Lindman et al., 2021). Its crystalline assemblies also interact with lipids to stabilize emulsions via the hydrophobic face of the crystals (Dai et al., 2020). Furthermore, phenolic derivatives of lipids can also contribute to lipid–polysaccharides interactions since phenolics can interact with cellulose (Phan et al., 2015). Thus, lipids and derivatives can physically form hydrophobic association with polysaccharides in the cutinized cell-wall domain of the cuticle. As observed for the xyloglucan-cellulose-pectin assemblies of cell walls, the non-covalent links between the polysaccharides and cutin should be sufficient to give the cuticle both strength and flexibility needed for organ growth.

If a covalent link was highlighted after partial depolymerization of lime fruit (Tian et al., 2008), no other studies reported similar heteromers in plant cuticles. Interestingly, an enzyme activity capable of linking HOFA and polysaccharides, and specific for xyloglucans, i.e., a cutin:xyloglucan transacylase (CXT), was recently characterized (Xin and Fry, 2021). Furthermore, in tomato fruit, both the CXT activity and xyloglucan contents increase in the epidermis during fruit expansion (Takizawa et al., 2014). CXT could play a significant role in the construction of the cuticle architecture since xyloglucans are embedded in cuticles (Philippe et al., 2020).

In summary, the cutin polyester can be considered as a branched or hyperbranched polyester architecture which is insolubilized by the multiple covalent and non-covalent links created during organ growth with polysaccharides and phenolics (Figure 1). The cuticle image portrayed from numerous microscopy investigations described cuticle architecture as two hierarchically organized layers including an upper cuticular proper mixing cutin and waxes, and a lower cuticular layer containing cutin, polysaccharides, and intra-cuticular waxes (Jeffree, 2006). Much progress has been done in imaging, especially thanks to the development of Raman, infrared and MALDI mass imaging that provide information on the distribution of lipid, carbohydrate and phenolic compounds within cuticles (Vrkoslav et al., 2010; Velickovic et al., 2014; Philippe et al., 2016; Sasani et al., 2021). Actually, compositional gradients were observed both on the surface (Philippe et al., 2016) and within the thickness of the cuticular layer (Philippe et al., 2020; Sasani et al., 2021). The cutin/polysaccharide ratio decreases from the outer cuticle to the inner cell wall-cuticle interface (Philippe et al., 2020) while phenolic compounds are mainly associated with the waxes and cutin-rich regions (Sasani et al., 2021). The question of the lipid-polysaccharides molecular orientational order was also raised recently on leaves models (Hama et al., 2019). Furthermore, deep cutinization of cell walls can occur between epidermal cells creating anticlinal pegs adjacent to epidermis cells (Buda et al., 2009). Discontinuities can also occur with the presence of trichomes creating small polysaccharide transcuticular channels (Fich et al., 2020) or the presence of suberized lenticels in apple fruit (Velickovic et al., 2014). Therefore, cuticle architecture displays chemical heterogeneities in all the dimensions of the 3D space. This architecture seems also finely regulated and mutations affecting a specific component of the cuticles induce modification of the expression of genes involves in the synthesis and assembly of the others. For example, in tomatoes, downregulation of GPAT6, an enzyme involved in the biosynthesis of the cutin substrate of cus1, modifies the expression of genes involved in the synthesis of polysaccharides and phenolics (Petit et al., 2016). It is also interesting to note that major cuticle-associated transcription factors, e.g., SHINE or MIXTA regulate coordinately the synthesis of polysaccharides, cutin monomer, wax and phenolics, and epidermal patterning (Shi et al., 2011; Lashbrooke et al., 2016). This fine regulation comes along with a dynamic of the cuticle architecture needed for and occurring during organ growth. This is well illustrated with the recent observation of a cutin: cutin transacylase activity capable of rearranging the architecture of the cutin polyester by a cut and paste mechanism during the growth of plant epidermis (Xin and Fry, 2021), similar to the xyloglucan endotransglucosylase/hydrolase (XTH) for polysaccharides remodeling during organ growth (Rose et al., 2002) or to the suberin polymerization-degradation process catalyzed by clusters of enzymes from the GDSL-family of esterase/lipase during lateral root formation (Ursache et al., 2021).



FROM CUTICLE ARCHITECTURE TO FUNCTIONAL PROPERTIES

The complexity of the architecture of plant cuticles can explain controversies in the role of the different components in their properties. This is well illustrated by the role of waxes and cutin on the water permeability of cuticles. If a consensus exists on the major role of waxes on water permeability, this is still debated for cutin. Previous studies showed differences in Clivia miniata leaf cuticle permeability between young and old leaves and were related to structural differences of the cutin matrix reticulation (Schmidt et al., 1981). It was suggested that wax filling of the cutin matrix depends on the cutin scaffold to explain the impact of cutin defects on cuticle water permeability (Goodwin and Jenks, 2005). However, water permeance of tomato cutin from gpat6 tomato mutant (not affected in cutin polymerization) and from cus1 mutants (affected in cutin polymerization) was not significantly different (Philippe et al., 2016), suggesting that the rule developed by Goodwin and Jenks cannot be applied to the cuticle of tomato fruit. Cuticle water permeability seems also related to the presence of small polysaccharide transcuticular channels, as illustrated in remnants of trichomes in some tomato accessions (Fich et al., 2020; Slot et al., 2021). The data on cuticle water permeability clearly illustrate that the functional properties of cuticles are due to the combination of the properties of each cuticular component and their hierarchical organization in a complex architecture.

Likewise, the cuticle mechanical properties are driven by the association of the cuticular components, while the direct contribution of each cuticle component is difficult to determine in planta. Many studies have examined the mechanical properties of isolated cuticles from different botanical origins, primarily through tensile tests (Khanal and Knoche, 2017). The resulting data demonstrated that the mechanical properties of cuticles are mainly determined by their: (i) anatomy (Allende et al., 2004; Matas et al., 2004), (ii) relative humidity (Matas et al., 2005), and (iii) relative proportions of constituents in particular during the fruit development. The accumulation of waxes and non-esterified flavonoids has been associated with an increase in cuticle stiffness (Bargel and Neinhuis, 2004; Espana et al., 2014). Notably, the contribution of esterified phenolic acids to cuticle mechanical properties is not documented although the absence of this link impairs the mechanical properties of the cuticle (Lashbrooke et al., 2016).

The cutin polyester fraction is described as a typical viscoelastic material (Knoche and Lang, 2017) whose mechanical properties would be impacted by its reticulation index. Indeed, AFM surface analyses of cutin from cus1 tomato mutant showed a lower Young’s elastic modulus than the corresponding wild-type (Isaacson et al., 2009). This result was recently strengthened by studies on synthetic biomimetic copolyesters of cutin HOFA and glycerol where a decrease in the cutin-like polyester reticulation has been associated with a decrease in Young’s elastic modulus and a twofold increase in the strain at break (Marc et al., 2021).

The impact of different CEP on mechanical properties is less documented (Khanal and Knoche, 2017). However, paralleling the data available from the cell wall polysaccharides models, the recent identification of the specific feature of the CEP should bring new hypotheses on their impact on the cuticle mechanical properties. Indeed, reversible interactions of methyl esterified pectin with cellulose have been observed in vitro (Lin et al., 2016, 2018). Moreover, in pectin-cellulose model composites, an increase in the methyl esterification rate was associated with an increase in their elastic storage modulus (Lin et al., 2016, 2018). In similar model composites, hemicellulose (xyloglucan and glucomannan) affects the cellulose structuring and the mechanical properties of the composites. In particular, xyloglucan increases the composite extensibility and the decrease of its tensile elastic modulus while glucomannan leads to the opposite effect (Chanliaud et al., 2002; Berglund et al., 2020). These data open the way to the conception of new biomimetic models combining pectin, hemicellulose, and cellulose with lipids and to target specific genes in plant mutants to affect the construction and assembly of these polysaccharides and lipids to assess their specific function on the viscoelastic mechanical and/or barrier properties of cuticle.



CONCLUSION

The cuticle can be considered as a polymeric composite displaying spatial heterogeneity. Our knowledge of the architecture of cuticles is rapidly progressing thanks to the development of physical instrumentation and in the future, probably with the development of correlative investigations coupling different physical techniques and modeling. Most of the studies are performed with tomato fruit which is amenable to delineate cuticle architecture. Indeed, tomato cuticle can be isolated easily, has a thickness compatible with the resolution of most physical techniques, its cutin is dominated by diOHC16 and different genetic tools are available to modify their composition. The architecture–function relationships of cuticles are still in their infancy, but should also progress rapidly and should benefit in particular (i) from the delineation of the architecture-associated enzyme network (CUS1, CXT, CCT, etc.) and (ii) from biomimicry approaches. Biomimicry will especially extend the concept of a spatially tunable architecture of the cuticle to fulfill their multiple functionalities while tailoring original bioinspired materials (Heredia-Guerrero et al., 2017).
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The cuticle is the most external layer that protects fruits from the environment and constitutes the first shield against physical impacts. The preservation of its mechanical integrity is essential to avoid the access to epidermal cell walls and to prevent mass loss and damage that affect the commercial quality of fruits. The rheology of the cuticle is also very important to respond to the size modification along fruit growth and to regulate the diffusion of molecules from and toward the atmosphere. The mechanical performance of cuticles is regulated by the amount and assembly of its components (mainly cutin, polysaccharides, and waxes). In tomato fruit cuticles, phenolics, a minor cuticle component, have been found to have a strong influence on their mechanical behavior. To fully characterize the biomechanics of tomato fruit cuticle, transient creep, uniaxial tests, and multi strain dynamic mechanical analysis (DMA) measurements have been carried out. Two well-differentiated stages have been identified. At early stages of growth, characterized by a low phenolic content, the cuticle displays a soft elastic behavior. Upon increased phenolic accumulation during ripening, a progressive stiffening is observed. The increment of viscoelasticity in ripe fruit cuticles has also been associated with the presence of these compounds. The transition from the soft elastic to the more rigid viscoelastic regime can be explained by the cooperative association of phenolics with both the cutin and the polysaccharide fractions.

Keywords: tomato fruit cuticles, mechanical characterization, dynamic mechanical analysis, fruit growth and ripening, phenolic compounds


INTRODUCTION

The aerial parts of higher plants are covered by the cuticle, a hydrophobic extracellular layer that protects fruits, leaves, seeds, petals, and green stems from the environment. The main functions of the cuticle are to prevent water loss, to regulate the gas exchange, and to act as an effective shield against other external physical agents, such as heat, light, and pressure exerted by insects and pathogens (Domínguez et al., 2011; Heredia-Guerrero et al., 2018).

Fruit firmness and the absence of cracks are features that condition the marketability of many commercial fruits. For this reason, understanding the factors that affect the mechanical endurance of the fruit skin is essential to adopt profitable production and postharvest strategies (Lara et al., 2014). The mechanical integrity of fruits is attributed to the skin (cuticle, epidermis, and hypodermal cell layers; Bargel and Neinhuis, 2005; Khanal and Knoche, 2014). However, most of the biomechanical characterization has been carried out on isolated cuticles, as they mirror the skin performances and constitute a relevant structural component for the integrity of the fruit (Thompson, 2001; Matas et al., 2004a,b; Bargel and Neinhuis, 2005). Currently, there are a number of studies addressing the mechanical characterization of isolated cuticles of fruits and leaves and several comprehensive reviews have been published (Domínguez et al., 2011; Khanal and Knoche, 2017). Thus, parameters, such as stiffness, elastic modulus, rupture stress, and strain as well as the elastic, plastic, and viscoelastic behavior, have been related to the cuticle structure, composition, environmental conditions, and growth stage. For that purpose, procedures, such as uniaxial and biaxial tensile, transient creep and creep-relaxation, and progressive loading and unloading cycle tests, have been performed and reported (Petracek and Bukovac, 1995; Wiedemann and Neinhuis, 1998; Bargel and Neinhuis, 2004, 2005; Matas et al., 2004a,b; Edelmann et al., 2005; López-Casado et al., 2007, 2010; Domínguez et al., 2009; Takahashi et al., 2012; Tsubaki et al., 2012, 2013; Khanal et al., 2013; España et al., 2014; Khanal and Knoche, 2014).

The accuracy and representativeness of these methodologies are conditioned by several factors. Among them: (1) most testing is carried out using isolated specimens, far from the actual in vivo stress, hydration, and structural integration conditions; (2) the cuticle is not an isotropic material; in fact, it can be described as a C16-C18 polyester (cutin) matrix with embedded phenolic compounds and waxes, an important remnant polysaccharide fraction from the cell wall mostly concentrated at the inner side and epicuticular waxes covering the outer region (Domínguez et al., 2011; Yeats and Rose, 2013); and (3) the cuticle thickness is not always uniform since in many species, this continuous layer can infiltrate the anticlinal epidermal cell walls to a variable degree forming wedge-shaped protrusions (pegs). This is common in tomato fruit, where the cuticle can completely encase the epidermis and even extend underneath hypodermal cell layers (Matas et al., 2004a; Bargel and Neinhuis, 2005; Domínguez et al., 2008; Barraj Barraj et al., 2021). As far as key mechanical parameters, such as the Young’s modulus, the rupture stress, and toughness, are calculated considering the cuticle cross-section, the uncertainty in the thickness value compromises an accurate quantification. Despite these difficulties, some general conclusions have been attained. Thus, it has been possible to state the role of water as a plasticizer upon hydration, to elucidate the stiffening effect of waxes and flavonoids acting as fillers, and to relate the elastic and viscoelastic behavior of the cuticle with the polysaccharide and cutin fractions, respectively (Khanal and Knoche, 2017).

The non-elastic (i.e., the viscoelastic and plastic) response of isolated cuticles has been usually obtained from holding or relaxation stages after an applied stress in single or successive creep experiments (Khanal and Knoche, 2017). Often, in these type of experiments, it is difficult to set the limit between the elastic (instantaneous) and non-elastic (time-dependent) regions from the strain-time curves. Additionally, when successive load-unload cycles are used, the final results may be conditioned by an insufficient length of the holding or relaxation period. To avoid these problems, a more refined analytical method, such as dynamic mechanical analysis (DMA), can be employed. In DMA, no time-dependent relaxation or holding is requested and the on-phase strain response to the low amplitude oscillatory stress characterizes the elastic component while the off-phase output corresponds to the viscous element (Menard, 2008). In the literature, there is a limited number of DMA studies on this topic. Some of them were performed with apple cortex tissues (Videcoq et al., 2017) and tomato fruit peels (Wang et al., 2014; Vidyarthi et al., 2020), others with isolated cuticles of persimmon fruits and olive and ivy leaves (Tsubaki et al., 2013; Kamtsikakis et al., 2021). However, to our knowledge, no results using isolated tomato cuticles have been published yet. In this work, the contribution of DMA to the mechanical characterization of a series of isolated cuticles of tomato fruit, collected a different growing stages, is addressed and results are rationalized with those obtained from other techniques. In particular, viscoelasticity has been determined as a function of strain and related to the presence of phenolic compounds along growth and ripening.



MATERIALS AND METHODS


Cuticle Isolation, Composition, and Morphological Analysis

The protocols for sample isolation have been described by España et al. (2014). Briefly, cuticles were enzymatically isolated from Solanum lycopersicum “Cascada” using a mixture of fungal cellulase and pectinase in sodium citrate buffer and NaN3 to inhibit microbial growth (Petracek and Bukovac, 1995). The cuticles were then separated from the epidermis, rinsed in distilled water, and stored under dry conditions until analysis. The fruit developmental stage is defined as days after anthesis (daa).



Polysaccharide Analysis

The polysaccharide fraction was isolated after cuticle dewaxing and further cutin degradation. Wax removal was carried out after treating isolated cuticles with a hot chloroform: methanol (2: 1, v:v) mixture for several hours. Cutin degradation was performed in KOH 1% in methanol for 7 days at 40°C. The monosaccharide composition was determined after digestion in trifluoroacetic acid. Briefly, 1 mg sample was weighted accurately and treated with 1 ml TFA 2 M at 121°C for 3 h. Then, 100 μl of solution was diluted until a final volume of 1 ml and filtered through a 0.2 μm PVDF membrane. The monosaccharide analysis was performed using high performance anion exchange chromatography with pulsed amperometry detection (HPAEC-PAD) system (Dionex ICS 3000) equipped with a CarboPac PA1 column. The quantification of monosaccharides was done after calibration with neutral sugars and uronic acid standards at concentrations between 0.005 and 0.1 g/l. The measurements were repeated for 3 replicates. Monosaccharides detected were as: glucose (Glu), xylose (Xyl), manose (Man), glucuronic acid (GlcA), arabinose (Ara), galactose (Gal), and galacturonic acid (GalA). Cellulose content was calculated from the amount of (Glu), while hemicellulose and pectin were the sum of (Xyl + Man+GlcA) and (Ara + Gal+GalA), respectively.



Infrared Spectroscopy

Attenuated Total Reflected (ATR-FTIR) IR spectra were obtained from both sides of the cuticles using a single reflection ATR accessory (MIRacle ATR, PIKE Technologies, Madison, WI, USA) with a diamond crystal at 45° incidence and coupled to a FTIR spectrometer (FT/IR-6200, Jasco, Tokyo, Japan). All spectra were acquired with a liquid nitrogen cooled MCT detector in the 4,000–600 cm−1 range at 4 cm−1 resolution and by accumulating 50 scans. Spectrum absorbance was corrected to account for the dependence between the penetration depth and the radiation wavelength in ATR-FTIR measurements. Band areas were calculated using the Jasco SpectraManager software V.2 (Jasco Corporation, Tokyo, Japan).



Mechanical Characterization

Uniaxial tensile tests of cuticles were conducted using a Criterion 42 (MTS Systems, Eden Prairie, MN, United States) machine equipped with a 10 N load cell and applying a 0.02 N preload. Rectangular uniform pieces (5 mm x 15 mm) were cut and brought to rupture at a constant deformation rate of about 3% min−1 at room conditions (~23°C and 45% RH). Samples were inspected with a stereo microscope to check for the absence of cracks. Tomato fruit cuticle changes their color during ripening, reaching an orange-yellow color at red ripe. Given the color variability, within fruits and among them, exhibited in the ripening stages prior to red ripe, samples showing a color representative of the ripening stage were selected. Stress–strain curves were acquired using the specimen cross-section value under no applied load. The cross-section was calculated from the thickness of the continuous cuticle layer on top of the periclinal wall of epidermal cells (tL) as observed from optical microscopy. The Young’s modulus was calculated from the maximum slope of the stress–strain curve (typically around 1–2% strain). Experiments were repeated for at least 10 specimens at each ripening stage. Errors in mechanical parameters are expressed as the standard deviation.

Transient creep measurement of the 55 daa Cascada cuticle was performed with a Q800 DMA (TA Instruments, New Castle, DE, United States) and using the tension clamp at room conditions. Sample inspection and dimensions were the same as in uniaxial tensile test. Conditions used, i.e., force increments (∆F) of 0.04 N and holding times (tH) of 1200 s were similar to those used in previous studies (López-Casado et al., 2007; España et al., 2014). Here, only the 55 daa sample was measured in transient creep mode to compare with the already published data using a different equipment (España et al., 2014).

Multi strain DMA tests have been done at room conditions with the same analyzer and samples 3 mm wide and with an effective length (distance between grips) of 8 mm. The amplitude of the oscillation was increased from 10 μm in 5 μm increments up to sample rupture. The initial preload force was 0.005 N and the instrument sets an additional static force (Fs) to prevent sample warping. Storage (E') and loss (E'') moduli, as well as their ratio (Tan δ), were recorded as a function of sample strain. Measurements were carried out for 5 specimens at each ripening time. In stages showing evident color variation (35 to 45 daa), samples were sorted in clearer, darker and average and five of each category were analyzed. In addition to the strain evolution of E', E'', and Tan δ, rupture stress and strain were also determined from multi strain DMA tests.



Statistical Analysis

Regression analysis and the calculation of mean and standard deviation values were performed using OriginPro, Version 2019 software (OriginLab Corporation, Northampton, MA, United States).



Mechanical Characterization Methods Overview

This section provides a brief description of the methods used for the mechanical characterization of isolated cuticles.

Transient creep tests consist in the accumulative application of a force gradient (∆F) for a relatively long holding time (tH; Figure 1A). The strain response is then decomposed into an instantaneous (elastic) and a time-dependent (inelastic: viscoelastic + plastic) contributions. At low total forces, the elastic behavior predominates while viscoelastic and plastic deformations progressively show up at higher loads. In addition to the characterization of the elastic and viscoelastic regions of samples, the number of stretch and hold steps can be increased up to sample failure to collect the rupture stress and strain values. However, the main disadvantage of this method is the low productivity. With holding times in the order of several minutes, the number of cycles per time unit is very low. Furthermore, if the value of ∆F is reduced to gain resolution in the corresponding stress–strain curve, the duration of a single experiment may take several hours. When dealing with samples with high variability, such as plant cuticles and to ensure data representativeness, the collection of several replicates significantly slows down obtaining accurate results.
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FIGURE 1. Schematic representation of the mechanical characterization methods used in this study: (A) transient creep, (B) uniaxial tensile, and (C) multi strain dynamic mechanical analysis. The applied perturbation signal is shown on the left side while the collected response is plotted on the right.


Uniaxial tensile testing is likely the most used procedure to study the mechanical response of films to an applied load. Most of the commercial available instrumentation uses a servomotor to strain the sample at a constant speed and a force transductor to measure the stress exerted to keep such constant deformation rate (Figure 1B). The stress–strain curve of a viscoelastic material commonly displays an initial linear elastic behavior followed by a non-linear segment before failure. The Young’s modulus is calculated as the slope of the linear part, typically around 1% deformation. The area under the curve is the energy per volume needed to break the sample and is an indicator for toughness. Usual strain rates are in the order of several % min−1, which leads to experiment duration of few minutes and hundreds of acquired points per stress–strain curve. Test replication is then feasible in a reasonable working time and the productivity and reproducibility of the mechanical characterization improve. However, since there is not a proper static force-time segment, as in creep experiments, it is not possible to accurately define the elastic and inelastic responses.

Dynamic Mechanical Analysis (DMA) is a methodology that combines both the productivity and the capability to characterize the viscoelastic behavior. In a typical DMA experiment, the sample is subjected to a low amplitude sinusoidal stress and the strain response vs. time is monitored. In a pure elastic material, the energy provided by the applied force is stored and released instantly as the stimulus ceases. Consequently, the strain response is synchronized with the stress and their amplitude ratio (stress–strain) is the so-called storage (E') modulus. In a pure viscous material, the energy is fully absorbed (loss) to induce mass flow and there is no instant recovery. A real viscoelastic material can be described by a combination of both models. The total resulting strain response is then delayed (δ) with respect to the oscillating stress and it can be decomposed into an in-phase and an out-of-phase components. The first one provides the pure elastic (storage) modulus (E') and the second one the so-called loss modulus (E”). Their ratio E”/E’ is defined as Tan δ (or damping factor) and constitutes a direct measurement of viscoelasticity. In a DMA experiment, the amplitude of the stress perturbation can be progressively increased (the so-called multi strain mode; Figure 1C). This is achieved by applying a growing dynamic force (FD) while a static (FS) backup component is added to prevent sample warping and to ensure a periodic response to the oscillation stress. The net applied force can be raised until sample failure and fracture parameters can also be obtained as in transient creep and tensile tests. In this mode, DMA is also capable of evaluating the viscoelasticity (Tan δ) as a function of strain.




RESULTS


Physical Parameters and Fraction Composition of Isolated Cascada Tomato Fruit Cuticles

The weight per area (w), density (d), and thickness (tL) of the isolated Cascada cuticles as a function of fruit development time (days after anthesis or daa) are compiled in Supplementary Table S1. As observed, the weight per area slightly increases up to 25 daa, stabilizes between 25 and 45 daa, and decreases above 45 daa. The density drops almost to half from 15 to 30 daa and later increases around 30–40% up to 55 daa. The thickness displays a more defined evolution starting with a sharp increment from 15 to 30 daa followed by a progressive reduction above such development time. In general, 30 daa sets a limit for an initial trend involving an increment of weight per area and thickness and a reduction of density. Above 30 daa, these trends reverse but with a less pronounced tendency. These morphological parameters allow the calculation of the ratio between the volume associated to pegs (Vpeg) and that of the uniform and non-invaginated layer (VL) of the isolated cuticles according to equation (1). Data in Table 1 show that invagination (Vpeg/VL) increases up to a maximum at 25 daa followed by a reduction until 35 daa and a stabilization in the 35–55 daa period.
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TABLE 1. Invagination degree (Vpeg/VL) values for tomato Cascada cuticles as a function of fruit development time (daa).
[image: Table1]

The chemical composition of Cascada cuticles along fruit development is shown in Supplementary Table S2. In general, there is not a well-defined evolution of the main fractions (cutin and polysaccharides) and percentages are quite constant. At most, a subtle reduction of the polysaccharide/cutin ratio can be observed at 50 daa and above, which suggests a mild degradation of cell walls at the red-ripe stage. By far, the most noticeable modification during ripening is the accumulation of phenolic compounds. The concentration rapidly increases above 30 daa and it peaks at 55 daa with an order of magnitude increment.

The polysaccharide fraction analysis at selected fruit development times is indicated in Table 2. Samples are quite homogenous in cellulose content though an overall small reduction in hemicellulose and a slight enrichment of pectin can be observed.



TABLE 2. Polysaccharide fraction analysis of cuticles isolated from Cascada tomato fruits harvested at 15, 30, 45, and 55 daa.
[image: Table2]



ATR-FTIR Characterization of Tomato Cascada Cuticles and the Relative Quantification of Phenolic Compounds

The ATR-FTIR spectra of both, the inner and outer, sides of isolated Cascada cuticles at 35 and 55 daa in the 700–1875 cm−1 range are shown in Figures 2A,B. Characteristic ester bands ν(C=O) at 1731 cm−1 and ν(C-O-C) at 1168 and 1105 cm−1 as well as those of aliphatic chains at 2926 and 2854 cm−1 [νa(CH2) and νs(CH2), respectively, (not shown)] and 1463 and 725 cm−1 [scissoring and rocking δ(CH2), respectively] are common to both sides and developmental stages. In addition to these peaks (mostly due to cutin), on the inner side, the presence of polysaccharides is revealed by glycosidic ν(C-O-C)gly peaks at 1053 and 1034 cm−1 (Heredia-Guerrero et al., 2014). Apart from the accumulation of cutin on the outer side and polysaccharides on the inner surface, the main differences between spectra involve the ν(C=C), ν(C-C), and δ(C-H) modes assigned to aromatic rings in phenolic compounds (Ramírez et al., 1992; España et al., 2014). The evolution of their intensities reveals a noticeable increment of such compounds upon fruit development and their preferential accumulation on the outer regions of the cuticles. The phenolic content in Cascada tomato cuticles throughout development has been reported after cutin depolymerization (España et al., 2014). Here, we propose a new method based on the direct quantification of phenolics ATR-FTIR bands. For this purpose, the ν(C-C) at 1515 cm−1 and the so-called gamma (γ) band at 835 cm−1 have been selected because they are relatively intense, well separated from other absorptions and the base line can be easily defined. However, band intensity in ATR-FTIR is not an absolute measurement and areas should be normalized to allow for the spectra comparison. For normalization, the intense ν(CH2) stretching peaks at 2926 and 2854 cm−1 have been used as the reference. Figure 2C shows the correlation between the normalized areas of the ν(C-C; 1515 cm−1) and γ (835 cm−1) bands from both sides of the whole series of Cascada cuticles. Despite the good linearity, there is an offset for the 1515 cm−1 absorption at zero (γ) area. This may indicate that, besides the phenolic compounds, other components may be contributing to the 1515 cm−1 peak which invalidate its use for the intended quantitative analysis. Also, when using ATR-FTIR, it has to be considered that its analysis depth is limited. In the experimental conditions used, the effective value is around 4–5 μm, which is below the (tL) values for the series (4.4–7.4 μm, Supplementary Table S1). This means that there are regions out of the IR beam penetration range and do not contribute to the spectrum. To overcome this problem and to provide a more precise quantification using ATR-FTIR, the cuticles were analyzed from both sides and the normalized area values averaged. To validate this procedure, results obtained from ATR-FTIR have been compared with those provided by UV–Vis spectroscopy, Figure 2D. As observed, there is a good linearity and no offset at zero coordinate value using the gamma band. Consequently, the normalized (γ) ATR-FTIR band area has proven to be an in-situ, accurate and fast method to detect the evolution of phenolic content in isolated Cascada cuticles upon fruit development. Such evolution can be observed in Figure 2E: Initially (15–30 daa), the concentration is very low, but it grows very quickly up to a maximum at full maturation (55 daa).
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FIGURE 2. (A) and (B) Normalized ATR-FTIR spectra (700–1875 cm−1) of both sides of Cascada cuticles at 35 and 55 daa, respectively. (C) Relationship between normalized areas of bands at 1515 cm−1 and (γ) at 835 cm−1. (D) Correlation between the normalized area of the (γ) band and the phenolic content obtained from UV–Vis spectroscopy. (D) Phenolics evolution in Cascada cuticles along fruit development as monitored by the normalized (γ) ATR-FTIR band.




Comparative Mechanical Characterization of Isolated Tomato Cascada Cuticles

Figure 3 shows the mechanical characterization of the 55 daa cuticle using the three methods above described. The uniaxial tensile test (Figure 3B) has been performed using a universal testing machine while the transient creep (Figure 3A) and the multi strain (Figure 3C) experiments have been collected with the DMA in specific configurations. The transient creep study of the whole Cascada cuticle series has already been reported (España et al., 2014). However, for reproducibility and comparative purposes, the 55 daa has been reanalyzed using the DMA. Results obtained here were a Young’s modulus of 1000 MPa, a breaking stress of 52 MPa and a rupture strain around 13%, which are in good agreement with those reported (884 MPa, 59 MPa, and 14%, respectively) by España et al. (2014).
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FIGURE 3. Mechanical analysis of the 55 daa tomato Cascada cuticle by (A) transient creep, (B) uniaxial tensile, and (C) multi strain dynamic mechanical analysis (DMA).


Figures 3B,C illustrate the general behavior within the Cascada series. The stress–strain curves (Figure 3B) are characteristic for viscoelastic materials, i.e., an initial relatively linear response to the applied force followed by a progressive decay of the slope until sudden rupture. In most cases, stress–strain curves display a subtle “S” shape caused by the lower stress needed to keep the strain rate at the very beginning of the uniaxial test. This effect is likely caused by the fact that cuticle pieces are not macroscopically flat because of the underlying uneven texture of epidermal cells and the inherent curvature of the fruit. Stress is not then uniformly transmitted along the full cross-section of the cuticle and it concentrates in some regions. Consequently, the effective area is smaller than the geometric one and requires less stress to be deformed. As the strain is raised, the area of the effective cross-section increases and stabilizes and the linearity in the mechanical response is regained. Accordingly, the reported Young’s moduli (E) correspond to the maximum slope of the stress–strain curve.

In multi strain DMA tests, both the storage (E') and loss (E'') moduli of cuticles increase with strain until a maximum value is reached, Figure 3C. At higher strain, there is a smooth diminishment before sample break up. This behavior reveals an initial strain-hardening stage followed by a strain-softening one, as previously observed for cuticles of a crack-prone cultivar, such as Sweet 100 (Matas et al., 2004a). In every case, the increment rate of (E'') is higher than (E') as shown by the evolution of their ratio (Tan δ). This result indicates that viscoelasticity increases almost linearly with the strain applied to the cuticles and no well-differentiated limits for the elastic and viscoelastic regions can be stablished.



Modulus and Rupture Parameters of Tomato Cascada Cuticles

The modulus, as well as the breaking stress and strain, values are plotted vs. the fruit development time (daa) in Figure 4 (numeric data and errors are provided in Supplementary Table S3). Several peculiarities can be observed from the comparison of the mechanical parameters determined from the three methods used. First, the good concordance between the breaking parameters calculated by tensile and multi strain DMA and the higher values observed in transient creep tests, Figures 4B,C. The most plausible explanation for such difference is based on the long holding times between successive loads in transient creep tests. This procedure adds a viscous extension component to strain and allows the relaxation of local stresses by mass rearrangement and energy dissipation that prevents the formation of a point of fracture and extends the stress limit. Second, the difference between the storage modulus (E') from multi strain DMA and the Young’s modulus from transient creep and uniaxial tensile tests, Figure 4A. Strictly, they are not the same magnitude. The storage modulus (E') is a pure elastic component extracted from a sample subjected to a minimal cyclic stress/relaxation signal with energy being continuously provided and released. Meanwhile, the Young’s modulus is obtained from a unidirectional experiment in which energy is only accumulated by the sample. Besides, it is obtained at larger deformations and it contains a viscous contribution. In this sense, E' can be envisaged as the Young’s value extrapolated to virtually zero strain and, therefore, it is expected to be higher. The same difference between these parameters has been observed for isolated persimmon fruit cuticles (Tsubaki et al., 2013).
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FIGURE 4. Evolution of mechanical parameters of isolated cuticles along tomato fruit development. (A) Modulus, (B) breaking stress and (C) breaking strain. Two stages (I, 15-35 daa and II, 40-55 daa) can be distinguished.


Despite the characterization method employed, mechanical parameters of the Cascada series display a reproducible trend along fruit development. In Figure 4, two different stages can be distinguished. Stage I (from 15 to 35 daa) is characterized by a small diminishment of the modulus, an increment of breaking strain and a low, but constant, rupture stress. In stage II (35 to 55 daa), the modification of parameters is more drastic and there is a strong increment of modulus and a noticeable reduction of breaking strain while the breaking stress reaches a maximum plateau within the series.

Uniaxial tensile testing allows the obtaining of additional interesting mechanical parameters, such as toughness (UT) and breaking force (Frup). They, respectively, represent the amount of absorbed energy per volume and the force needed for sample breakup. UT is calculated as the area below the stress–strain curve, while Frup is an absolute magnitude directly measured at the point of failure and normalized to 1 m sample width. Figure 5 shows the values for the Cascada series. As observed, there is a sustained growth of toughness from 15 to 30 daa (Figure 5A), mostly caused by the increment in the rupture strain. Above 30 daa, there is not a well-defined behavior due to the opposed evolution of breaking stress and strain values, Figures 4B,C. On the other side, the breaking force increases up to a maximum at 55 daa, Figure 5B. The growth of breaking force in the early stages of development (15–35 daa) seems to be linked to the increment of thickness of the cuticle; however, above 35 daa, the mechanical resistance to rupture improved despite the observed thickness reduction, which suggests the participation of a reinforcing agent surpassing the thickness effect.
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FIGURE 5. (A) Toughness (UT) and (B) net breaking force (Frup) of tomato Cascada cuticles vs. fruit development. For reference, the polysaccharide content (circles) and the cuticle thickness (tL; squares) values are included in the plots. Percentage of cuticle polysaccharides and cuticle thickness taken from Domínguez et al. (2008).




Viscoelastic Behavior of Isolated Tomato Cascada Cuticles

Viscoelastic properties of Cascada cuticles have been studied by DMA. Multi strain experiments allow the calculation of the storage (E') and loss (E'') moduli as well as their ratio (Tan δ or damping factor) as a function of strain. Curves for the whole Cascada series are shown in Figures 6A–C. As observed, the shape of the curves depends on the fruit developmental state. The behavior of young, low coloration cuticles is well differentiated from that of ripe ones. Moduli curves within the 15–40 daa period are similar and display a mild increment with strain (strain hardening). At 45 daa and above the evolution of E' and E'' are more pronounced and the growth is clearly associated with ripening time. Tan δ follows a linear trend with strain and the inclination is noticeably incremented at 45 daa and above. Tan δ reveals a linear and progressive increment of viscoelasticity with strain as E'' grows faster than E', but no well-defined transition point between the elastic and viscoelastic behavior of tomato Cascada cuticles is observed.

[image: Figure 6]

FIGURE 6. (A–C) E', E'', and Tan δ dependence with strain for tomato Cascada cuticles. (D–F) E', E'', and Tan δ evolution with ripening time.


The evolution of DMA parameters with fruit development time is better appreciated in Figures 6D–F, where E', E'', and Tan δ values at low strain (1.6%) are plotted. Such strain value has been selected because it is below the reported values (2–3%) for the transition between the elastic and viscoelastic regimes in tomato cuticles (Khanal and Knoche, 2017 and references there in) and once the initial non-linear stress–strain stage in cuticles is surpassed (see Figure 3B). Figures 6D–E show the relationship between the moduli and ripening. The initial lower plateau extends from 15 to 35 daa and it is followed by a fast increment up to 55 daa. Tan δ seems to slightly grow from 15 to 40 daa (Figure 6F) and jumps to the highest value in the 45–55 daa period, which indicates a reduction of elasticity and an increment of the viscous component with ripening.

To further investigate the relationship between DMA parameters and the color variability, additional measurements have been performed with cuticles showing a noticeable color variation within a same fruit developmental stage. Visually, samples above (darker) and below (clearer) the average color have been selected for each stage within the 35–45 daa period. E', E'', and Tan δ curves vs. strain are displayed in Figure 7. As noticed, values of clear samples (open symbols) are systematically lower than those of the corresponding darker ones (filled symbols), particularly for younger cuticles (35 and 40 daa). Differences are reduced as ripening progresses to the point that the behavior of clear 45 daa specimens is comparable to the dark set of 35 and 40 daa, while the dark 45 daa resembles the red-ripe stage.
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FIGURE 7. (A) Storage (E'), (B) loss E'' moduli, and (C) Tan δ dependence with strain for cuticles showing differentiated coloration within the same ripening time. The color variability in tomato Cascada cuticles is observed in the 35–45 daa range.





DISCUSSION

The characterization of isolated tomato Cascada cuticles with a combination of continuous, stepped, and oscillatory mechanical methods has contributed to the elaboration of a more defined model with several stages involving chemical and structural changes along fruit growth and ripening.


Peg Development Induces Tomato Cuticle Softening at Early Stages of Fruit Growth (Stage I)

The first stage (Stage I) extends from 15 and up to 30–35 daa and it is characterized by a progressive softening, i.e., the reduction of the Young’s modulus and the increment of extensibility before rupture, Figure 4. In this stage, the cuticles are elastic but with slightly growing viscoelasticity, Figure 6F.

Many factors have been reported to affect the mechanical performances of tomato cuticles (Khanal and Knoche, 2017). Among them, the relative amounts of their components. The main fraction of isolated tomato cuticles is cutin and it is generally accepted that cutin increases extensibility and reduces stiffness of cuticles while adding viscoelasticity. The observed evolution of mechanical parameters in tomato cuticles within stage I would be then justified by an increment of the cutin content. However, neither the amount of cuticle per surface area nor the percentage of cutin was reported to change significantly during this period (Domínguez et al., 2008; Supplementary Table S2). Moreover, ATR-FTIR data reveals that there is no reduction of the esterification index in the 15–30 daa range, which rules out the possibility of softening via the diminishment of the molecular weight or cross-linking within the cutin polyester matrix due to partial depolymerization.

Quantitatively, polysaccharides are the second component of Cascada cuticles. The presence of the embedded polysaccharides in tomato cuticles has been reported to drastically increase the stiffness of the cutin matrix (López-Casado et al., 2007). Furthermore, the polysaccharide fraction is considered to control the initial elastic stage of the cuticle deformation where the Young’s modulus is calculated. Consequently, it would be reasonable to consider that modifications in the polysaccharide content may induce a change in the elastic response and, thus, the observed cuticle softening in stage I could be tentatively assigned to a reduction of polysaccharides. However, as it was above mentioned for cutin, the percentage of polysaccharides was not reported to change during the 15–30 daa period (Domínguez et al., 2008). Despite the amount of polysaccharides remaining constant, the relative amounts of cellulose, hemicellulose, and pectin displayed small changes, Table 2. The incorporation of pectin and/or hemicellulose to a cellulose matrix has been reported to increase elasticity and extensibility (Chanliaud et al., 2002). However, the observed differences in the relative pectin/cellulose, hemicellulose/cellulose, or pectin+hemicellulose/cellulose ratios (Table 2) are not consistent with the observed 40–45% reduction of the Young’s modulus and the 2-fold increment of the breaking strain in the 15–30 daa stage.

Finally, intracuticular waxes and phenolics have been described as reinforcing fillers in tomato cuticles causing the increment of modulus and rupture strength and the reduction of extensibility (Domínguez et al., 2009; Khanal et al., 2013; España et al., 2014). Yet, as it was the case for the main cuticle components, their reported variation during the 15–30 daa period (Domínguez et al., 2008; España et al., 2014) does not seem to explain the detected tomato cuticle softening.

Data in Supplementary Tables S1, S2 reveal that parameters showing a noticeable modification in stage I (between 15 and 30 daa) are morphological rather than compositional. For instance, cuticle density progressively decreases from 1.665 to 0.908 g cm−3 in this period. To explain such reduction, the formation of microscopic and/or nanoscopic cavities along the growth has been suggested (Domínguez et al., 2008). The presence of such cavities would lead to an overestimation of the thickness values (tL) used to calculate the Young’s modulus and the breaking stress. Indeed, the modulus reduction in stage I (Figure 3A) would be consistent with such overestimation. Furthermore, the higher elongation at break could also be explained by the formation of a “hollow” structure, as cavities may facilitate the deformation under stress and allow a larger extensibility. However, the breaking stress should also diminish as it is also calculated considering the thickness of the specimen, but the values are quite constant. In other words, there is a direct correlation between the net force needed to break the sample and thickness up to 30 daa (Figure 5B), which is not coherent with the argument of an overestimated thickness caused by void cavities in this growth range. Consequently, other arguments should be provided to explain the tomato Cascada cuticle softening in stage I.

Figure 8A is a schematic representation of the cross-section of tomato Cascada cuticles based on histological studies (Domínguez et al., 2008). Equation (1) allows the calculation of the ratio between the volumes of the peg and parallel regions (Vpeg/VL), which can be regarded as an invagination parameter. Its evolution with fruit growth is represented in Figure 8C. As observed, the invagination generally increases from 15 to 25 daa; then, it slightly decreases up to 35 daa and remains virtually constant up to full ripening. Interestingly, in stage I, and irrespective of the mechanical characterization method used, the modulus correlates negatively with the invagination degree (p < 0.01; Figure 8D), while the breaking strain follows the opposite trend (p < 0.01; Figure 8E). Matas et al. (2004a) proposed a model in which the rheology of cuticles of tomato cuticles is conditioned by the presence of embedded polysaccharide microfibrils within the cutin matrix. They indicated that the application of a mechanical stress induced the fibril alignment in the direction of the acting force (Figure 8B) which resulted in an increment of the Young’s modulus (strain-hardening). In tomato Cascada cuticles, and according to this model, peg regions would need a higher deformation to rearrange the microfibrils toward a given applied stress resulting in a lower modulus and a higher extensibility. This hypothesis would justify the observed softening in the 15–30 daa period (Stage I) indicating the contribution of peg regions to the overall rheology of the cuticle.
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FIGURE 8. (A) Schematic representation of a cross-section of isolated tomato Cascada cuticles and (B) under an applied stress. (C) Evolution of Vpeg/VL (invagination) along ripening. Correlation between the invagination degree and (D) the Young’s modulus and (E) the breaking strain in the softening stage (15–30 daa) of tomato Cascada cuticles. Asterisks in (D) are the modulus average values.




The Accumulation of Phenolic Compounds Stiffens the Tomato Cuticle (Stage II)

Around the onset of ripening, from 35 daa until red ripe (55 daa; Stage II), the mechanical performance of tomato Cascada cuticles changes drastically. They undergo a stiffening process with a noticeable increment of modulus and breaking stress and a reduction of rupture strain, Figure 4. These changes cannot be explained by the modification of morphological traits as invagination and density are relatively constant and the net breaking force increases despite the slight diminishment of thickness, Figure 5B. The cuticle stiffening in the ripening stage (35–55 daa) cannot be associated with the amount and/or type of polysaccharides. Though there is an initial increment of polysaccharide content from 35 to 45 daa (Figure 5A), the amount is significantly reduced at 50 and 55 daa coinciding with the highest cuticle rigidity, Figure 4A. Besides, no meaningful increment of the cellulose and hemicellulose percentages supporting the noticeable increment of modulus is observed from 45 to 55 daa (Table 2). Additionally (see Supplementary Figure S1), no modification of the ATR-FTIR spectra suggesting a modification of the polymerization degree of the polysaccharide fraction has been detected (Castro and Morales-Quintana, 2019). Furthermore, the clear reduction of the esterification index in the 30–55 daa range also discards the possibility of a denser and/or more cross-liked cutin polyester network contributing to the cuticle stiffening. In this scenario, the mechanical behavior of cuticles is univocally conditioned by the accumulation of phenolic species, as previously reported by España et al. (2014). Indeed, a direct correlation (p < 0.01) between the modulus and the normalized area of the (γ) band can be found for the Cascada series in stage II, Figure 9. Such a direct relationship between the amount of phenolics and the cuticle stiffening can also be found within the same fruit developmental stage when analyzing specimen with variable coloration in the 35–45 daa range (see Supplementary Figure S2). The stage I region falls outside the fit because of the low amount of phenolics and the occurrence of the aforementioned peg-induced softening in such early stage of fruit development.
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FIGURE 9. Evolution of Young’s (squares and circles) and storage (triangles) moduli vs. the normalized area of gamma band (phenolics) of cuticles along fruit development. The modulus is correlated with the phenolic content in the 35–55 daa period (Stage II).


The stiffening effect of phenolics in tomato cuticles has been associated with their role as molecular fillers in the cutin fraction. Earlier results indicated that phenolics may form clusters trapped in the cutin network (Luque and Heredia, 1994; Laguna et al., 1999) and the affinity of phenolics for the polyester environment is confirmed by ATR-FTIR that shows their accumulation in the outer cutin-enriched regions rather than on the inner polysaccharide-rich fraction of cuticles (Figures 2A,B). The integration of phenolics in the cutin framework is supported by the availability of nanometer size cavities as revealed by computational modeling (Matas and Heredia, 1999) and the induced structural compacting of the cutin network found by XRD (Segado et al., 2020). The rigidity of the cutin matrix has been correlated with the amount of phenolics (López-Casado et al., 2007) and the derived segmental mobility restriction of polyester chains and the reduction of free volume have been evidenced by the increment of the glass transition temperature (Tg; Luque and Heredia, 1997; Matas et al., 2004c). Such interaction of phenolics with cutin and their impact on the mechanical properties of the tomato cuticles is comparable to the effect of the intracuticular triterpenoids on cuticles of persimmon fruits (Tsubaki et al., 2013).



Phenolics Stiffen Isolated Tomato Cuticles by Interacting With Both the Cutin and the Polysaccharide Fractions

In isolated tomato cuticles, the modulus is the mechanical parameter that experiments the most direct and consistent effect of phenolics. Such parameter is obtained at the elastic regime, which is reported to be conditioned by the polysaccharide fraction and the re-orientation of their microfibrils along the stress direction (Matas et al., 2004a). This consideration would bring the focus on the relevance of polysaccharides on the control of the structural assembly and the mechanical properties of the cuticle (Guzmán et al., 2014; Fernández et al., 2016), a role usually assigned to the polyester cutin. In this sense, it has to be kept in mind that the moduli of tomato cuticles are closer to those of polysaccharides, such as cellulose, hemicellulose, and pectin (in the GPa range) than to cutin and amorphous synthetic cutin-alike polyesters (~10–50 MPa; López-Casado et al., 2007; Benítez et al., 2018). Thus, the massive phenolic incorporation to the cuticle that occurs during ripening could be affecting polysaccharide re-orientation by acting as a compatibilizer on the interface between polysaccharide fibrils and polyester cutin matrix. The potential improvement of polysaccharide-cutin adhesion caused by phenolics would be a shear hindrance to microfibril orientation and a higher stress per deformation unit would be required. Consequently, phenolic compounds may have a new function in cuticles by acting as coupling agents and establishing bridging linkages between polysaccharides and cutin, as proposed for cementing polysaccharides (Fich et al., 2016; Philippe et al., 2020).

A closer look to ATR-FTIR data supports the proposed association of phenolics with the polysaccharide fraction. In Figure 10A, the ratio between the normalized (γ) band areas corresponding to the inner (polysaccharide-rich) and outer (cutin-rich) sides of Cascada cuticles is plotted versus fruit development time time. As observed, there is a noticeable increment of the γinner/γouter ratio matching the phenolic accumulation stage (30 to 55 daa). The thickness and invagination variations in this range are small (Table 1; Supplementary Table S1) and, consequently, data should be considered to be free of the inherent thickness distortion of ATR-FTIR measurements (see Additional Text in Supplementary Material). The interpretation of the γinner/γouter increment is that, during ripening in stage II, the rate of accumulation of phenolics in the polysaccharide-rich region is faster than in the cutin-rich one, as expected from the proposed phenolics-polysaccharide association. The initial γinner/γouter diminishment observed between 15 and 30 daa is very likely a thickness artifact (see Additional Text in Supplementary Material).
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FIGURE 10. (A) Evolution of the ratio of normalized (γ) bands as obtained from the ATR-FTIR spectra from the inner (γinner) and outer (γouter) sides of tomato Cascada cuticles. Structural model showing the fractions (cutin, polysaccharides, and phenolics) distributions in: (B) young and (C) ripe cuticles.


The structural model proposed here is schematized in Figures 10B,C and combines two effects caused by phenolics: (1) their association with polysaccharide fibrils and the increment of adhesion between fibrils and cutin and (2) the stiffening of the cutin matrix resulting from their accommodation as nanofillers. Since tomato fruit cuticle phenolics are mainly phenolic acids, which are present throughout development but significantly increase their accumulation during ripening, and the flavonoid chalconaringenin, that is only incorporated to the cuticle during ripening (España et al., 2014), it would be important to ascertain whether both phenolic compounds can act as nanofillers and compatibilizers.



Viscoelasticity of Isolated Tomato Cuticles Is Modulated by the Presence of Phenolic Compounds

The evolution of the storage modulus (E') with strain displays an initial increment (strain-hardening; Figure 6A) caused by the re-orientation of fibrils along the stress direction. At low phenolic content, the interfacial adhesion between polysaccharides and cutin is comparatively low and, consequently, the re-orientation requires a low stress. As phenolics accumulate, they associate with polysaccharides and the cutin-polysaccharide interaction gets reinforced. The higher interfacial adhesion between fibrils and cutin, as well as the stiffening of the cutin itself, caused by phenolics entail a higher stress for the re-orientation and the storage modulus (E') increases significantly (Figures 6A,D). At higher strains, the strain-hardening is followed by a strain-softening assigned to the slippage of polysaccharide fibrils within a plastic deformed cutin matrix (Spatz et al., 1999; Köhler and Spatz, 2002). The transition between both regimes sets a (E') maximum which is also affected by the fruit developmental stage. The maximum is higher, more pronounced and displaced toward lower strains upon phenolics irruption because the stress required for the orientation of fibrils raises so quickly that reaches the slippage limit at lower strain values. The cuticle stiffening induced by these compounds is so intense that compensates and surpasses the effect of the polysaccharide reduction in the 45–55 daa range (Figure 5A). Indeed, evaluation of the effect of phenolics on the elastic modulus was shown to be an order of magnitude higher than the one of polysaccharides (Domínguez et al., 2009).

It has been suggested that the predominance of the viscoelastic performance of cuticles is related to the absence of phenolics (Domínguez et al., 2009). This conclusion is based on the analysis of the shape of the stress–strain curve in transient creep experiments. However, DMA analysis is capable to isolate the pure elastic and viscous components from the very beginning of deformation. Thus, Figure 6C shows that the viscoelasticity (Tan δ) increases with the phenolic content even within the elastic region (ε < 2–3%). This behavior can be due to a higher contribution of the viscous component arising from a better compatibilization between polysaccharides and cutin phases favored by phenolics. Nevertheless, an effect of the polysaccharide decrease observed in the 45–55 daa period cannot be dismissed (López-Casado et al., 2007).

The increased accumulation of phenolic compounds in tomato cuticle during ripening allows the transition from a soft elastic regime to a more rigid and viscous state. Such rheological modification is relevant to the understanding of key phenomena, such as mass flow, diffusion, and transpiration processes across this barrier layer. The association of phenolics with polysaccharides and its contribution to the modification of the biomechanical performance of tomato cuticles are issues that deserve further research.
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The cuticle covers almost all plant organs as the outermost layer and serves as a transpiration barrier, sunscreen, and first line of defense against pathogens. Waxes, fatty acids, and aromatic components build chemically and structurally diverse layers with different functionality. So far, electron microscopy has elucidated structure, while isolation, extraction, and analysis procedures have revealed chemistry. With this method paper, we close the missing link by demonstrating how Raman microscopy gives detailed information about chemistry and structure of the native cuticle on the microscale. We introduce an optimized experimental workflow, covering the whole process of sample preparation, Raman imaging experiment, data analysis, and interpretation and show the versatility of the approach on cuticles of a spruce needle, a tomato peel, and an Arabidopsis stem. We include laser polarization experiments to deduce the orientation of molecules and multivariate data analysis to separate cuticle layers and verify their molecular composition. Based on the three investigated cuticles, we discuss the chemical and structural diversity and validate our findings by comparing models based on our spectroscopic data with the current view of the cuticle. We amend the model by adding the distribution of cinnamic acids and flavonoids within the cuticle layers and their transition to the epidermal layer. Raman imaging proves as a non-destructive and fast approach to assess the chemical and structural variability in space and time. It might become a valuable tool to tackle knowledge gaps in plant cuticle research.

Keywords: plant surfaces, waxes, cutin, chalcones, flavonoids, multivariate data analysis, epidermal cell wall, pectin


INTRODUCTION

The cuticle is the outermost layer of the plant in direct contact with the environment. It consists of an epicuticular wax layer on top of a lipidized region of the epidermal cell wall. The various functions include controlling water and gas exchange, defense against pathogens, separating plant organs, and light protection and manipulation for the underlying tissues (Yeats and Rose, 2013; Martin and Rose, 2014; Pfündel et al., 2018). To fulfill these different tasks, lipidic and aromatic components build layers upon a carbohydrate-rich epidermal layer.

On top, the epidermal waxes are in direct contact with the atmosphere and maintain a clean surface to avoid reduced transmission of active photosynthetic radiation. Additionally, they scatter excess light (Pfündel et al., 2018) and impede the attachment of fungal spores and insect tarsae (Berto et al., 1999; Eigenbrode and Jetter, 2002). The beneath cuticular layer’s primary role seems to be controlling water diffusion (Martin and Rose, 2014). Depending on species and developmental stages, aromatic components impregnate the cuticle and transition to the epidermal layer (Sasani et al., 2021). In the last decade, the view of the cuticle shifted from a stand-alone layer on top of the epidermis to more integrated concepts (Yeats and Rose, 2013; Guzman et al., 2014b; Fernandez et al., 2016; Sasani et al., 2021). However, the chemical composition in context with the biological architecture of the plant cuticle is still under debate. To close this knowledge gap, we present Raman microspectroscopy as a valuable tool for cuticle research.


Chemical Imaging: The Missing Link?

In the past, cuticles have been studied mainly through electron microscopy for elucidating their structure (Jeffree and Sandford, 1982; Wattendorff and Holloway, 1982; Tenberge, 1992; Lopez-Casado et al., 2007; Guzman et al., 2014a,c; Kwiatkowska et al., 2014; Segado et al., 2016), while the chemistry was revealed by lipid extraction and separation procedures (Franich et al., 1978; Hunt and Baker, 1980; Tulloch and Bergter, 1981; Jetter and Riederer, 1994, 2016; Kögel-Knabner et al., 1994; Prügel and Lognay, 1996; Oros et al., 1999; Villena et al., 1999; Jetter et al., 2000; Goodwin et al., 2003; Solovchenko and Merzlyak, 2003; Wen et al., 2006; Buschhaus et al., 2007, 2015; Szafranek et al., 2008; Guzman et al., 2014b; Guzman-Delgado et al., 2016; Bourgault et al., 2020; Moreira et al., 2020). However, both approaches faced the same problem: destroying the native structure by peeling/scratching off cuticles. Electron microscopy better retains the structure but linking it to chemistry is problematic as stainings can be affected by different infiltration into the sample (Fernandez et al., 2016). Extraction and separation yield detailed chemical information, but it can hardly be linked to the cuticle structure destroyed in the process. The heterogeneous nature of the cuticle, comprising compounds with different solubilities and high spatial variability, calls for approaches, which link chemistry with structure (Guzman et al., 2014b; Fernandez et al., 2016; Guzman-Delgado et al., 2016). Here, we show how Raman microscopy offers an in situ method that links the chemical to structural information on the mico-scale. It is already successfully used in plant sciences for studying flower (Gamsjaeger et al., 2011), stem (Gierlinger et al., 2008; Zeise et al., 2018), leaves (Baranska et al., 2006; Richter et al., 2011), fruits (Cai et al., 2010; Szymanska-Chargot et al., 2016), and roots (Schreiber et al., 2010; Heiner et al., 2018), but so far only a few Raman studies on cuticles are available (Littlejohn et al., 2015; Prats Mateu et al., 2016; Philippe et al., 2020; Sasani et al., 2021).

In this method article, we explore the potential of Raman imaging on cuticles of three plant species and provide an informative guide for successful applications. We share our experiences from sample preparation to spectra acquisition, from spectra analysis to image generation, and give new insights into the spectral interpretation of cuticle components.




MATERIALS AND METHODS


Samples and Microtomes

Fresh samples (Figure 1A) and proper storage are essential to exclude unwanted chemical or biological reactions (oxidation, microbial growth, etc.). Before micro sectioning, cutting small blocks with a sharp razor blade is simple and straightforward (Figure 1A). To stabilize soft tissues, samples often need to be embedded in polymers or resins before cutting. However, the Raman signal of embedding media can superimpose with those from the tissue (Coste et al., 2021). Therefore, water-soluble polyethylene glycol (PEG) is recommended (Gierlinger et al., 2012; Prats Mateu et al., 2016). However, cryo-microtomes cut native samples in the frozen state without any treatment. Therefore we consider cryomicrotomy as the best sample preparation for Raman imaging and use a cryo-microtome (CM 3050 S) from Leica (Biosystems Nussloch GmbH, Germany).


[image: image]

FIGURE 1. Cuticle sample preparation techniques. (A) For a wide variety of plant cuticles different sample preparation techniques are available. In a first step a sharp razor blade separates fast and easy areas of interest in form of small pieces for microtome sectioning. (B) For cryo-cutting, the mounting of a sample can be easily achieved by freezing a tissue on the sample holder. The advantage is that the sample orientation can be adjusted, and no embedding medium is needed. (C) Cutting in the cryostat allows the adjusting of the temperature of the chamber and the sample holder separately. Furthermore, the orientation of the sample holder can also be adjusted accordingly. (D) Cross-sections embedded on glass slides with a drop of water and coverslip and finally sealed with nail polish. (E) Enzymatic separation of cuticles (Vráblová et al., 2020). (F) Mechanical wax removal (Jetter et al., 2000). (G) Easy and fast extraction of soluble lipids by dipping samples into chloroform (Guzmán-Delgado et al., 2017).




Cryosectioning and Sample Preparation

For successful imaging and reproducibility, selection of target regions (developmental and tissue-specific) and the orientation is crucial (Gierlinger et al., 2012; Butler et al., 2016). Thus, before mounting, it should be considered whether the abaxial or adaxial cuticle or the tip or middle portion of a needle or leaf is the area of interest. Furthermore, different sample orientations allow probing orientation of molecules with respect to stem axis or leaf surface. Here, the cryo approach provides easy adjustment of the sample’s angle during mounting or by moving the sample holder in the cryostat (Figures 1B,C).

Disposable blades are valuable and easy to handle; for example, the N35 blade (35°) from Feather (Japan) is particularly suitable for frozen tissues and allows the sectioning of flat, thin (1–20 μm) and relatively large sections. Using a trimmed, clean, and fine brush allows collecting the micro section after cutting and transferring onto a cooled glass slide. Next, the micro section is directly covered with a cooled coverslip in the cryostat (Figure 1C). Finally, the sample can be taken out of the cryostat and slowly accommodated to room temperature. A water drop might also be added. After rinsing several times with water, the coverslip is sealed with nail polish to avoid dehydration (Figure 1D). More information about sample preparation can be found in Gierlinger et al. (2012), Butler et al. (2016), Prats-Mateu et al. (2020).



Other Cuticle Preparation Techniques and Their Potential for Raman Experiments

Most studies used sample preparation techniques other than cryo-sectioning, relying on different chemical and mechanical treatments. Recently (Vráblová et al., 2020) reported a modified enzymatic method, which isolates abaxial and adaxial cuticles and avoids the formation of wrinkles (Figure 1E). This method can potentially be applied to Raman studies because following the separation of the cuticle in situ would shed new light on the interface between the cuticle and the epidermal cell wall. In addition (Jetter et al., 2000) showed that a cryo-adhesive-based approach allows for mechanical isolation of the epicuticular wax film (Figure 1F). This technique can be employed directly under the Raman microscope equipped with a heating and freezing stage (e.g., Linkam, United Kingdom) to follow the separation in situ. Another study showed an easy and fast extraction method of soluble lipids from the cuticle surface by dipping the leaves directly in chloroform and subsequent analysis with mass spectrometry (Guzman-Delgado et al., 2016; Figure 1G). A very recent study by Chang and Keller (2021) used chloroform and hydrogen peroxide treatments to test the mechanical influence of the cuticle and skin cell walls during berry splitting. Lim et al. (2020) used cuticle-defective mutants with increased transpiration and reduced water potential to show the movement of salicylic acid toward the cuticle. They also used chloroform to extract the cuticular waxes. Here, Raman experiments before and after extraction would add tissue-specific and spatial information about the extraction progress and mutants.



Raman Microspectroscopy

Raman spectroscopy probes molecular vibrations and changes in the polarizability of molecules (inducing a dipole) by using a monochromatic laser (Colthup et al., 1990). The excitation wavelength and the numerical aperture (NA) of the objective determine the spatial resolution. For example, using an oil objective (NA = 1.4) and a standard 532 nm or 785 nm laser, the theoretical resolution is about 232 and 342 nm, respectively. In addition, a short wavelength (e.g., 532 nm) is preferred because of the higher Raman intensity gained. However, if samples absorb at these wavelengths, fluorescence can swamp the Raman signal to levels where a high background masks all peaks. For example, in previous studies (Sasani et al., 2021), flavonoids often caused high fluorescence at 532 nm and scanning with 785 nm laser gave better results. Choosing the right laser wavelength is based on individual samples and trial and error.


Integration Time and Laser Power

If a sample cannot sustain laser power for the length of a measurement, then laser power, point density and integration time can be adjusted. A choice has to be made between the quality of the spectra and the spatial resolution of the image. For higher spectral quality, increasing the distance between measurement points reduces the time the sample is exposed to the laser. If the spatial resolution should not be compromised, then the laser power or the time the laser remains on a single measurement spot (called integration time) can be reduced. However, lower integration time means noisier spectra. In our experiments, laser powers of 10–30 mW and integration times of 0.01 seconds have proven optimal parameters for a wide range of samples. Time series measurements (0.01 s resolution) are suitable to check whether a sample is prone to laser degradation.



Avoiding Fluorescence

The most problematic drawback of Raman spectroscopy is fluorescence. This means that a molecule absorbs radiation at a particular wavelength, lifting electrons into a higher energy state. After falling back to the ground state, the electrons release energy as radiation and create more photons than Raman scattering. The consequence is that if the absorption of a sample coincides with the laser wavelength, fluorescence can mask the Raman spectrum (Colthup et al., 1990; Smith and Dent, 2005; Nebu and Sony, 2017). In this case, changing the laser wavelength, adding freshwater, or extracting some compounds from the sample can be helpful. If cells with chlorophyll are within the region of interest, a preliminary fast scan with short integration time is recommended to bleach the chlorophyll; the subsequent scan will be without fluorescence.



Polarizability and Molecule Orientation

One characteristic of Raman spectroscopy is that molecules with extended delocalized π-electrons (carotenes, cinnamic acids, flavonoids, stilbenes) induce bands with a very high Raman intensity (Schmid and Brosa, 1971; Schmid and Topsom, 1981; Felhofer et al., 2018; Maia et al., 2021). Therefore, even low quantities of molecules can be tracked within a sample and particularly in the cuticle. However, their signal can be so strong that the discrimination of other compounds is difficult, but changing the wavelength might be helpful (Bock and Gierlinger, 2019). Furthermore, a change of bond polarizability concerning laser polarization can be seen in crystalline structures like the wax layers. The highest polarizability is often along bond axes and allows statements about molecular order and orientation by Raman spectroscopy (Gierlinger et al., 2010; Sasani et al., 2021).



Water as a Native Embedding Medium

The substantial benefit of Raman microspectroscopy is the possibility of studying plants in their native (wet) state. The reason is that the water Raman intensity is relatively low and shows only one band. If an embedding medium other than water is used, its Raman spectrum can be subtracted in a post-processing step. In practice, however, the impregnation of embedding media varies with different tissues (Coste et al., 2021), and their spectral contribution cannot entirely be removed, causing spectral artifacts to remain. Therefore, it is advisable to use water or deuterium oxide as an embedding medium because of its relatively weak Raman signal and only one notable band at around 3400 cm–1. In addition, tracking the water distribution within different tissues and layers is possible (Horvath et al., 2012; Prats Mateu et al., 2016).




Raman Imaging

A piezo motorized scan stage allows fast stitching of the entire sample, which supports selecting the region of interest for area scans (x,y). In addition, depth scans (z) are possible to elucidate the three-dimensional chemical distribution. However, in practice, quantitative depth scanning is only possible in more or less transparent samples, like silica protrusion in horsetail (Gierlinger et al., 2008). Before measuring, it is crucial to adjust and fix the sample on the scan stage according to the laser polarization. Rastering a sample with a laser point by point creates a hyperspectral data cube, including the spatial position (x,y,z) and the molecular fingerprint (spectrum). Finally, the hyperspectral data cube allows the calculation of Raman images based on univariate and multivariate approaches (Gierlinger, 2018).


Image Processing

Applying different image processing approaches can reveal the multicomponent chemical structure. Before image processing, it is necessary to remove cosmic rays by a software algorithm and check whether intensity differences are due to chemical differences or the focal plane (sample flatness). If the measured surface has not been even, regions out of focus can appear with less signal and cannot be separated from areas with a lower number of molecules. As the multicomponent spectra with overlapping bands are often difficult to explore by band integration and marker bands (see section “Results and Discussion” Step1), it is helpful to include multivariate methods taking care of the whole wavenumber range instead of selected wavenumbers/bands. However, before applying these methods, a suitable background correction algorithm (see e.g., Prats-Mateu et al., 2020), which works on every hyperspectral data cube pixel, is recommended.



True Component Analysis and Mixture Analysis

The “True Component” post-processing function included in the WITec5 software establishes the number of components in a dataset, locates them in the image, and differentiates their spectra. The function calculates the hyperspectral dataset as a linear combination of the most different spectra with a basis analysis algorithm (Dieing and Ibach, 2011). The number of components was increased step by step as long as different and meaningful spectra could be retrieved. To further analyze the multicomponent nature of the derived spectrum (layer), we modeled in the next step the “layer spectra” as a linear combination of measured reference spectra using the Orthogonal Matching Pursuit (Pati et al., 1993). This algorithm compares the spectral signature of the distinguished cuticle layers with spectra of known compounds of a reference library, including 326 entities, from aromatics to lipids to carbohydrates. The orthogonal matching pursuit (OMP) is an iterative approach, running fast enough to handle hyperspectral datacubes. A member from the spectral reference library that best correlates with the residual of the linear combination of references selected in the previous iterations is sought at each iteration. This reference is then added to the predictor set. A termination criterion such as a threshold for the residual error or a maximum number of iterations stops the search for additional members. The predictor set of the final model contains the selected members of the mixture, and the coefficients indicate the frequency of the respective compounds. Completeness and scaling of the spectral library, the analyzed spectral range, preprocessing (most important baseline correction), among others, have a substantial effect on the result and must be carefully evaluated. Yet, coupled with an exhaustive assessment of the plausibility of the result and testing the robustness of the fit, mixture analysis is an invaluable tool in analyzing complex biological spectra, like the cuticle.





RESULTS AND DISCUSSION

We use Raman images of cuticles of spruce, tomato, and Arabidopsis to show the procedure of image acquisition and analysis as well as cuticle spectral variability across plant species, organs, and layers. We offer an extensive analysis of the cuticle of spruce needles with our optimized experimental workflow, including:


1.Initial univariate exploration by band integration.

2.Determination of molecular orientation.

3.Multivariate image decomposition.

4.Mixture analysis of the resulting spectra.



We then discuss special issues of fluorescence and aromatic signal dominance on cuticles of tomato and show the cuticle of Arabidopsis as a counterexample with much fewer phenolic compounds.


Step 1–Exploring the Sample via Band Integration

A thin section of a needle of spruce was imaged with a Raman microscope (Figure 2A). The resulting Raman image displays the CCD counts of the Raman band integrated over a defined wavenumber range at every pixel (Figures 2B,C). Pixels with higher band intensity are usually highlighted in brighter colors than areas with low signal. Since the bands of biological samples are often unknown beforehand, the Raman image is explored by changing the center wavenumber, that is, moving the slider through the spectrum. Then, the Raman image constantly changes from noise to clear pictures, similar to tuning a TV to a specific program (Supplementary Video 1). Peaks of biological samples often have bandwidths of 20–30 cm–1 (FWHM), which is a reasonable first choice for the slider width. This way, the sample is explored, and areas of similar chemistry can be found. They may correspond to structures seen in the visual image but can also reveal hidden structures not visible in light microscopy.
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FIGURE 2. Stitching, Raman spectra acquisition, and image generation. (A) Different objective lenses for stitching and high-resolution Raman imaging. (B) Stitched bright-field image based on the x20 objective lens provides a good sample overview to select and show regions of interest. Univariate spectra analysis uses filters to plot Raman intensity of selected bands (wavenumber ranges). (C) Calculated Raman images based on Raman intensity of different wavenumber ranges corresponding to all components (CH stretching) and selected chemical groups (aromatics, waxes). See also Raman TV (Supplementary Video 1).


We used the strong CH-stretching band centered at 2900 cm–1 to visualize all organic components throughout the whole tissue (Figures 2B,C). As this band’s intensity also depends on the focus of the image, it can be used to check the quality of the scan before further analysis. We also detected a solid aromatic signal centered at 1600 cm–1, clearly visible in the inner part, as it is also the predominant spectral feature of lignin. In addition, we used a band representing the wax layer in the outer part of the tissue centered at 1065 cm–1 (Figures 2B,C). The strongest bands give clear pictures but often comprise contributions from more than one component and are suitable for visualization, but often not so informative. Weaker bands (e.g., 1065 cm–1) usually result in noisy images but can have high selectivity if they represent a marker band for a specific component.



Step 2–Determining Molecular Orientation Within the Sample by Laser Polarization Experiments

By using a polarized monochromatic light source, the crystallinity and orientation of molecules can be probed. Controlling the orientation of the laser polarization relative to the sample orientation can provide spectra with information on the preferred orientation of molecules within the sample. This builds on the fact that the polarizability is normally greatest along a chemical bond. Raman polarization measurements have already been shown on biological materials (Cao et al., 2006; Gierlinger et al., 2010; Dong et al., 2021) and recently on cuticles of spruce needles (Sasani et al., 2021).

The first step is checking for molecular orientation in the sample. This is done by recording several Raman spectra of the same position but with varying polarization angles (e.g., 30° steps) and looking for differences between the spectra (Figure 3A). The subsequent acquisition of spectra exposes the sample over seconds to a focused laser beam. This can alter its chemistry, thus rendering the polarization experiment useless, because band intensity shifts cannot be solely related to orientation anymore. Hence it can be impossible to perform polarization experiments on samples prone to laser degradation and sample behavior have to be checked prior to such experiments (see Prats-Mateu et al., 2018 for details). In the shown example, peak maxima and minima were determined at the angles of +66° and –24°, which are related to the sample’s parallel and perpendicular orientation in relation to the surface. The spectral changes are consistent with previous measurements on cuticles and on pure references (Sasani et al., 2021).
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FIGURE 3. Orientation of molecules in plant tissues. (A) Changing the laser polarization allows probing molecular orientations by following the change in Raman intensity with respect to different laser polarizations angles. In the tilted investigated area the maximum and minimum intensity was found at +66° and −24°, respectively. As these angles represents the tilt of the sample, the molecules are orientated parallel and/or perpendicular to the surface. (B) The Raman images are based on integrating specific bands sensitive to laser orientation. The inlays (yellow) show pixel masks for extracting average spectra for the different layers. (C) Average Raman spectra of the wax in the stomata show sharp bands of a crystalline structure but no change in Raman intensity and thus no orientation. (D) The thin cuticle wax layer spectra show high crystallinity and oriented structures by changes in the Raman intensity of specific bands (C-H stretch, black arrow, C-H twist, and C-C stretch). (E) The underlying cuticle spectra are identical at different laser polarization and thus indicate amorphous components.


The next step is to perform Raman imaging with the predetermined angles. We show average spectra extracted from the wax filling the stomatal antechamber, the epicuticular wax as well as the cuticle (Figure 3B). Two measurements were sufficient in our case, because we only observed spectral changes in the epicuticular wax layer. In case there are regions differing from each other in terms of peak maxima angles (that is their molecular orientation differs), each region has to be measured separately with its own angles.

Spectra of the stomatal wax (Figure 3C) showed no differences with regard to laser polarization but exhibited clear signs of wax crystallinity (sharp bands at 1134 and 1062 cm–1). This matches with prior observations that the plug consists of intermeshed and randomly oriented wax tubes (Jeffree et al., 1971; Jeffree, 2006).

On the contrary, spectra of the epicuticular wax showed differences (Figure 3D). Signal of CH stretches and C-C stretches showed opposite behavior, indicating that there is a net orientation of aliphatic chains. As the aromatic signal shows a concomitant change we conclude that coumaric acids are oriented along the wax chains. Both are oriented perpendicularly to the surface, corroborating previous ideas of wax orientation (Ensikat et al., 2006).

In the cuticle spectral differences between polarizations and the crystal bands are missing (Figure 3E). We therefore conclude on non-oriented and amorphous aliphatic chains in the cuticle.

This example shows that polarization experiments require more effort, may not work on some samples, but generate great insights into the molecular organization of the cuticle.



Step 3–Revealing Hidden Layers and Components by Multivariate Analysis

Although simple band integration combined with polarization measurements already provides insights into the chemical structure of the cuticle, the spectral components often cannot be unambiguously determined. In addition, the overlap of Raman bands of different components is difficult to estimate when marker bands coincide. Then multivariate statistical methods come into play as they do not only consider single peaks, but include the whole spectrum for analysis. As an example, out of the many different multivariate methods (Felten et al., 2015; Gierlinger, 2018; Prats-Mateu et al., 2018; Sasani et al., 2021), we chose to show the very simple and fast to apply “True Component Analysis” (TCA) implemented in the Project FIVE software.

On the spruce needle cuticle, this analysis revealed seven spectral components with different spatial distribution patterns based on various chemical entities of the cuticle (Figure 4A). The corresponding average spectra exhibit the chemical nature of these layers (Figure 4B). On top, a thin outer layer was identified with marked fluorescence and thus noisy spectra (Figures 4A,B, yellow). As a second layer, the wax sealing with distinct bands at 2900 and 1440 cm–1 was retrieved (Figures 4A,B, cyan). Also, the underlying epicuticular wax layer was separated with a thickness of only one micrometer (Figures 4A,B, blue). Below this, a lipid-rich layer, even extending to the inner walls of epidermal cells, was identified (Figures 4A,B, pink). The underlying epidermal cell walls show no lipid signal, but the analysis separated two individual components with different aromatic compositions (Figures 4A,B, red and green).
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FIGURE 4. True component analysis of spruce needle cuticle (A) Bright-field image with the measured area marked with the white rectangle and the six gained Raman images by the “True Component Analysis.” First, four different components within the cuticle with varying chemical compositions. Second, two different cell wall layers. (B) Corresponding Raman spectra. (C) Raman intensity profile from the surface inwards to the epidermal cells. Note the special cuticle transition zone (TZ), which overlays with the epidermal cell wall. Legend: (EW) Epicuticular wax, (TZ) Transition zone.


In Figure 4C, we show an additional feature of Raman imaging. The intensity of the different components can be displayed along a line from the outer surface inwards, representing the depth distribution in the cuticle. The different components display individual layers with minimal overlap and the transition zone (Figure 4C, black arrow). This novel method highlights the capability of Raman spectroscopy to determine the micro spatial distribution of chemical components inaccessible by many other methods.



Step 4–Decoding the Spectra by Mixture Analysis

Different chemical components are often co-localized in biological materials and can therefore not be separated with a simplistic analysis. Thus, the last step of our comprehensive approach was to identify the chemical identity of the received spectra by comparing them with reference compounds spectra from a library. For this purpose, we used a mixture analysis strategy based on the orthogonal matching pursuit, which models the experimental spectrum as a linear combination of selected compound spectra from a spectral reference library (see section “Methods” for details). In addition, we discuss the advantages of this method and point out some pitfalls and how to avoid them. The mixture analysis results shown in Figure 5 and Supplementary Figure 1 are based on the obtained spectra from the “True Component Analysis” of the spruce needle measurement (Figure 4).
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FIGURE 5. Mixture analysis of spruce needle spectra. Based on a reference library the spectra from the True Component Analysis are fit by a mixture alogorithm (see method part). (A) Cuticle top layer (black spectrum) compared with the fit result (yellow), which is a linear combination of a flavonol (Kaempferol 3-rutionside), saturated fatty alcohol (1-Octadecanol), and milled wood lignin (MWL BA-53). The residual error is shown on the right and the Raman images from Figure 4 for better orientation. (B) Spectrum of the cuticle wax sealing of the stoma (black) and the resulting fit (cyan) and reference spectra. (C) The thin epicuticular wax layer spectrum (black) and its fit (blue) and reference spectra. Note that this layer also has incorporated cinnamic acid and flavonol. (D) The first cell wall layer (red) is mainly fit by lignin, but also cinnamic acid and flavonol (see also Supplementary Figure 1).



The Fluorescing Top Layer

The first component is already an excellent example of the limits of this method because the experimental spectrum shows a high fluorescence background (Figure 5A). Baseline correction removes the elevated background, but this does not affect the high noise level. Consequently, the algorithm has little guidance for optimizing the fit. Despite this, the chosen references fit surprisingly well because the selected compounds make sense in the context of a spruce needle. For example, kaempferol-3-glycosides were found in the cell walls of spruce needles (Heilemann and Strack, 1990; Slimestad et al., 1992; Ganthaler et al., 2017). Although the spectrum alone cannot prove the occurrence of kaempferol at this position, the strong fluorescence of pure reference compounds (kaempferol, kaempferol-3-O-glycoside, and kaempferol-3-O-rutinoside) is an indication for the presence. Thus, researchers should not focus only on the fit and its error alone but also critically examine the reference spectra chosen by the algorithm.

Moreover, the exact compound identification in a complex mixture below the group level is challenging (e.g., group: flavonoids) because the algorithm takes the compound spectrum, which gives the best fit over the whole range, but the basic structure or origin is unclear. For example, flavones (e.g., kaempferol) can be distinguished from flavone glycosides (e.g., kaempferol-3-O-glycosides), but the glycoside nature cannot (e.g., it is impossible to differentiate between kaempferol-3-O-glucopyranoside and kaempferol-3-O-rutinoside). The second compound, octadecanol, represents the wax occurring at the top layer (Figure 5A). Finally, the fitted milled wood lignin spectrum is the third component, which underlines the aromatic nature of the unknown component(s).



Wax Sealing the Stomatal Entrance

Figure 5B shows the model result of the wax component, correctly identified as crystalline wax. The fitted compound 1-hexadecanol serves as a representative for waxes in general. Our library currently only contains C16 and C18 waxes; nevertheless, this is not problematic because the Raman spectra show very subtle changes concerning the number of carbons in the chain. The weak aromatic ring stretch at 1604 cm–1 is likely the cause for the inclusion of the milled wood lignin spectrum. However, cinnamic acid as the origin is more plausible due to the band at 1630 cm–1. Finally, arabinan is perceived as a component to account for the background in the experimental spectrum.



The Cuticular Layer

The fit in Figure 5C shows the method’s power because the cuticle’s experimental spectrum is fitted by five different compounds (Figure 5C). For example, the ferulic acid ester is the main component consistent with the literature, where p-cinnamic and ferulic acid are found in the cutin of fruits (Wang et al., 2016; Ding et al., 2020). Depending on the parameters, the algorithm often also chooses p-cinnamic acid esters (data not shown) because both acids have similar Raman spectra. The lipidic fraction of the cuticle is represented by palmitic acid (C16), in perfect agreement with the literature, which reports cutin being mainly composed of C16 and C18 fatty acids (Holloway, 1994; Lara et al., 2015). Kaempferol is singled out as representing a flavonoid component and is the dominant flavone in spruce needles (Ganthaler et al., 2017; Szwajkowska-Michałek et al., 2020). Also, several hydroxybenzoic acids were found in needles (Szwajkowska-Michałek et al., 2020), represented in our analysis by methyl-4-methoxybenzoate. Lastly, the algorithm also attributed a minor role to a polysaccharide. At least in cuticles of tomatoes, polysaccharides have been found (Lopez-Casado et al., 2007; Philippe et al., 2020).



The Spectrum of the Cell Wall

The cell wall spectrum is another prime example of capturing all main spectral contributors (Figure 5D). The method chose the milled wood lignin of pine as the best fitting lignin spectrum, which is very close to spruce, considering that hardwood lignin spectra are also in the library. The second component is a p-coumaric acid ester, representing coumarates and ferulates in the cell wall (clearly identified by intense bands at 1630 and 1180 cm–1). Again, a kaempferol glycoside was chosen, accounting for the bands at 1570, 595, and 521 cm–1.




Tomato Cuticle as an Example for High Fluorescence

The previous section showed the spruce’s cuticle analysis, where reasonable Raman spectra could be obtained with 532 nm laser despite fluorescence. Nevertheless, tomatoes show a high tendency for fluorescence background, masking most of the Raman signal (see Supplementary Figure 2) and making the experiment prone to sample degradation and sample burning. Fluorescence occurs when the excitation wavelength is close to molecular absorption and can be avoided by changing the laser wavelength (e.g., 532 to 785 nm). Thus, we used a 785 nm laser and obtained spectra with much lower background and better signal-to-noise ratio.

The “True Component Analysis” on the tomato measurement identified three main components (Figure 6A), from which the top layer and the underlying cuticle strongly overlap (Figure 6B). The spectra of these two look very similar, and most notably, the signal of waxes and fatty acids seems to be completely absent in the fingerprint region (Figures 6C,D). The reason is that some aromatic compounds have increased Raman cross-sections if they contain conjugated aromatic rings (Schmid and Brosa, 1971, 1972, 1973; Schmid et al., 1977; Schmid and Topsom, 1981; Schmid and Brodbek, 1983). The signal further rises if a charge transfer path coincides with one or more displacement coordinates (Zerbi et al., 1991; Del Zoppo et al., 1998; Tommasini et al., 1999). Therefore, almost all peaks in the cuticle spectra can belong to naringenin chalcone (Figures 6C,D, yellow and pink), the predominant flavonoid in tomato cuticles (Hunt and Baker, 1980; Luque et al., 1995).
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FIGURE 6. True component and mixture analysis of tomato cuticle. (A) Bright-field image with the measurement area (white rectangle), calculated component images and a combination of all. (B) Raman intensity profile along the dotted arrow of the various layers from the surface inwards (see inlay: 3D Raman intensity (in the z-direction) combined image). (C) For the fit of the cuticle top layer spectrum (yellow) a precursor of flavones, the chalcone flavokawain-C, an aromatic ketone, was chosen. The flavone kaempferol and p-coumaric acid are further aromatic compounds in the top layer. Finally, C-16 fatty alcohol (hexadecanol) was modeled into as the wax component of the top layer. (D) The main cuticle (pink) was composed of mainly chalcone and flavone. (E) The cell wall component (green) was explained as a combination of water, pectin and cellulose.


Applying mixture analysis on the derived component spectra confirms that chalcones play the main role by fitting flavokawain C as the main component in the first place (Figures 6C,D, yellow and pink component). Naringenin chalcone was included in the library, but the algorithm chose the methylated variant (flavokawain C) and additional kaempferol. Inspection of the spectra shows that naringenin chalcone has a strong band at 1509 cm–1 which is absent in the experimental spectrum. The better fit of its methylated form is an indication that naringenin chalcone occurs in a bound state in the cuticle of the tomato, meaning that the molecule is covalently bonded to other chemical components over its OH-groups. However, the nature of these different components cannot be inferred from the Raman spectra and requires other methods. Yet, this shows that detailed insights into a molecular structure can be acquired by Raman spectroscopy.

In the top layer, the fit included beside the flavonoids also p-coumaric acid and 1-hexadecanol, a representative for the wax (Figure 6C, yellow spectrum). The third chemical component, the epidermal layer, is fitted with pectin as a major component. The fit suggests a high water content of the cell wall because the reference library also includes pure water spectra (Figure 6E). In this layer, polysaccharides become visible in the spectrum as the masking effect of the stong scatterers is absent [compare the cell wall spectrum of spruce, which had only aromatic components (Figure 5D)].

As the mixture analysis gave reasonable results with good fits on the extracted component spectra, we went a step further and applied the mixture analysis on the whole hyperspectral data set. The first interesting result is the number of references used to fit the spectrum at every pixel (Figure 7A). While the main cuticle was fitted using two components (flavokawain C, kaempferol), a transition layer (green, yellow) toward the epidermal and the top layer showed higher chemical heterogeneity. The water distribution image (Figure 7B) confirms the hydrophobic nature of the main part of the cuticle and reveals a hydrophilic interface toward the epidermal layer. The epicuticular wax layer was imaged by hexadecanol distribution (Figure 7C), the main part of the cuticle by flavokavain C and kaempferol (Figure 7D), while cinnamic acids seem to accumulate near the top layer (Figure 7E). In the interface toward the epidermal layer, arabinogalactan was chosen by the algorithm (Figure 7F), while the epidermal layer is represented by pectin (Figure 7G), cellulose (Figure 7H), and toward the lumen arabinoxylan (Figure 7I). A carbohydrate-rich cuticle layer toward the epidermis agrees with a current cuticle model (Heredia-Guerrero et al., 2014).
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FIGURE 7. Mixture image analysis of tomato cuticle. (A) The number of components used from the library to fit the sample spectrum at every pixel. (B) Water distribution confirms the hydrophobic nature of the cuticle and reveals a hydrophilic interface toward the cell wall. (C) Epicuticular wax layer is imaged based on Hexadecanol distribution. (D) Flawokawain C and kaempferol are fitted as the two dominant spectral contributors within the main part of the cuticle. (E) Cinnamic acids accumulated toward the epicuticular wax layer. (F) Interface toward the epidermal cell wall included Arabinogalactan. (G) The epidermal cell wall was composed of pectin and (H) cellulose and (I) toward the lumen xyloglucan.




The Components in the Shadow–Arabidopsis Without Strong Aromatic Scatterers

The previous examples, spruce (Figures 4, 5) and tomato (Figures 6, 7), included areas where spectra mainly showed a solid aromatic signal. Weaker Raman scatterers like linear aliphatics or polysaccharides contributed little to the spectra, although they are the primary mass component of the respective areas. Arabidopsis cuticles show less aromatic contributions, and so lipids and carbohydrates become more visible.

The “True Component Analysis” identifies three distinct areas: cuticle, pectin-rich layer, and the cell wall beneath (Figure 8A). The pectin-rich layer overlays with the top cuticle layer and the cell wall (Figure 8B). An aromatic signal centered around 1600 cm–1 is only visible in the spectrum averaged from the top layer (Figure 8C). Other studies also found that the cuticular waxes of Arabidopsis are chemically different from many other species because the main components are unsaturated diacids (Bonaventure et al., 2004; Yeats and Rose, 2013). This is in line with our recorded spectrum (Figure 8C), which has a distinct band at 1654 cm–1, originating from the C = C stretch of the unsaturated moieties. This band is absent in the wax spectra of spruce (Figure 5B, yellow) and tomato (Figure 6B, yellow).
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FIGURE 8. True component and mixture analysis of Arabidopsis cuticle. (A) Bright-field image with the measurement area (white rectangle), component images and a combination of all. (B) Raman intensity profile of the various layers from the surface inward (see inlay: 3D combined image along the dotted arrow). (C) The cuticle top layer showed a fitted spectrum (yellow) based on seven components, but still some misfits were observed. (D) The layer beneath was fitted based on pectin and polysaccharides. (E) The cell wall spectrum was modeled as a combination of cellulose, pectin, and hemicelluloses.


The layer beneath shows only a weak signal of lipidic components (CH-stretching, not shown), and the mixture analysis does not fit in aliphatic components (Figure 8D). Instead, the assigned Raman band centered at 855 cm–1 reveals pectin as the main component (Figure 8D, pink) (Synytsya et al., 2003). This band is also visible in the spectrum of the cell wall, which shows a mixture of cellulose/hemicellulose and pectin (Figure 8E, cyan).



Step 5–Band Shapes and Assignment of Major Cuticle Compounds

The bottleneck of many applications of Raman spectroscopy on biological materials is the interpretation of the spectra and assigning molecular structures to individual bands. This assignment strongly depends on the chemistry of the sample and can hardly be generalized. The desired result for most users is the assignment of chemical components. A vibrational band, however, first and foremost relates only to a vibrational mode (e.g., C = O stretch at 1720 cm–1), and such a mode can occur in many different molecules. Information about the sample’s chemistry is therefore required.

Many cuticle components are well characterized, and we discuss their spectral characteristics in the following paragraphs. Finally, we show idealized band shapes (Figure 9) and wavenumbers (Table 1) based on numerous measurements of pure compounds and compare them to experimentally observed values of cuticles.
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FIGURE 9. Idealized spectral patterns of several cuticular compounds. (A) Terpenoids: Strong CH stretch, many sharp bands in the fingerprint zone. (B) Crystalline waxes: Sharp bands, intense CH stretch, weak to medium CH bends, and C-C stretches. (C) Amorphous alkane chains in cutin: Similar wavenumbers like waxes, but broader bands; CH stretch is the strongest. (D) Polysaccharides: Notable OH stretch, undifferentiated CH stretch, fingerprint zone often containing three blocks of bands. (E) Aromatic compounds: Very weak CH stretches, dominant 1600 ring stretch. Most strong bands occur from 1660 – 1000 cm−1. (F) Polyenes: No CH stretches, three characteristic bands in the fingerprint zone (1520, 1150, and 1000 cm−1). (G) Calcium oxalate.



TABLE 1. Idealized wavenumbers of standard cuticular components compared to experimental wavenumbers of cuticle spectra of spruce, tomato, and Arabidopsis. Assignments based on text.

[image: Table 1]

Waxes

Epicuticular waxes consist of long-chain aliphatics (C20-C34), modified by acid-, aldehyde-, keto-, alcohol, and ester functional groups (Yeats and Rose, 2013; Lara et al., 2015; Chu et al., 2017; Zhu et al., 2018) and triterpenoids, the most common being α-amyrin, β-amyrin, ursolic and oleanolic acid (Haliñski et al., 2015; Lara et al., 2015; Chu et al., 2017). The most apparent feature of crystalline waxes is many sharp bands. This is due to the limited rotational freedom of the aligned chains or the rigid molecular body in the case of terpenoids. This alignment can often be seen in Raman spectra of different laser polarization (see also Figure 3D).


Terpenoids

The typical feature of terpenoid Raman spectra is very strong CH stretching bands (3000-2800 cm–1), the occurrence of bands around 1660 cm–1, and many sharp bands of more or less equal intensity in the fingerprint zone. The CH-stretching region is the strongest in the spectrum and consists of many sharp bands originating from various CH2 groups and lone hydrogens. Cuticle terpenoids can easily be distinguished from saturated alkyl chains by the signal from their C = C bonds, and the internal C = C stretch comes at ∼1660 cm–1, the vinyl C = C stretch at 1640 cm–1. Their hydrogens often produce a band near 3070 cm–1. The C = O stretch of acids is very weak in Raman and, therefore, not a useful band. The fingerprint region shows medium intense CH bending bands (∼1440 cm–1) and many needle-like bands of equal intensity, stemming from numerous CH and C-C modes of the stiff molecular skeleton (Figure 9A). Some modes can acquire substantial Raman intensity, and several strong bands are often observed in the region 800–500 cm–1.



Linear Alkyl Chains in the Crystalline State

Linear alkyl chains (cuticular waxes) can be identified by two sharp CH stretching bands and medium intense CH/C-C modes (2880, 2850, 1440, 1300, 1135, 1065 cm–1) (Figure 9B). There are fewer bands observed compared to terpenoids because the CH and C-C modes are chemically very similar. In crystalline alkyl chains, the CH-stretching region shows typical bands for CH2-stretching (antisymmetric: 2940, 2920 cm–1; symmetric: 2880, 2845 cm–1) (Colthup et al., 1990). Overtones of wagging and twisting modes cause a distinctive set of bands on the low-frequency side of the CH stretches (2720, 2650, 2610 cm–1). Carbonyl groups cause only weak Raman scattering (esters 1740 cm–1; aldehydes 1730 cm–1; ketones 1720 cm–1) and are often hidden under stronger aromatic carbonyls. A set of bands around 1440 cm–1 (CH bendings), one at 1300 cm–1 (CH twisting) (Colthup et al., 1990), and several C-C stretching modes in the range of 1150–800 cm–1 (Machado et al., 2012) are other characteristic bands of waxes in a cuticle. Below 800 cm–1, the spectrum is devoid of any notable bands. Varying the chain length does not affect the spectra much because the principal modes of the molecules are the same. Therefore, measurements of waxes with shorter chain lengths than usually found in most cuticles (C16 vs. C34) are valid. Because the chains are ordered in a parallel fashion in most crystalline forms, the intensity of CH and C-C bands differs relative to each other when probed by a linearly polarized laser. If the laser is parallel to the chain, the C-C stretching and CH-twisting will be stronger, while being orthogonal, the CH stretching band is by far the most intense.




Cutin Fatty Acids (Linear Alkyl Chains in the Amorphous State)

Cutin monomers are mainly C16 and C18 alkanoic acids (Holloway, 1994; Lara et al., 2015; Wang et al., 2016). Their spectra show the typical bands of alkylic chains, namely CH2 stretches (2926, 2851 cm–1), CH2 bendings and twistings (1455, 1440, 1303 cm–1). In contrast to cuticular waxes, they show broader bands because the amorphous structure allows many more conformations; therefore, the frequencies of individual modes vary stronger and blur into each other (Figure 9C). However, the CH2 and C-C modes are still at similar wavenumbers as in the crystalline state, so the principal distinction is made by spectral shape (see Figures 3D,E). Ester carbonyls are seen as weak bands at 1740 cm–1, the free acids at 1660 cm–1. The cuticle of Arabidopsis seems to be atypical (Yeats and Rose, 2013) and consists mainly of unsaturated diacids (Bonaventure et al., 2004). They show a strong Raman band at ∼1660 cm–1, stemming from the C = C stretch (see also Figure 8C).



Polysaccharides

Polysaccharides may function as the scaffold for lipids (Guzman et al., 2014b). Pectin, hemicelluloses (e.g., xyloglucan), and cellulose are reported in cuticles (Lopez-Casado et al., 2007; Guzman et al., 2014a; Philippe et al., 2020). Although plant polysaccharides are diverse compounds, their Raman spectra do not differ that much because the involved chemical bonds are essentially the same (OH, CH, C-C, C-O). Figure 9D shows a typical Raman spectrum. The high number of OH-groups causes a Raman band of notable intensity (∼3400, 3280 cm–1). It is neighbored by a high CH-stretching peak, which is often not resolved into individual bands. The band position is around 2915 cm–1, well set apart from the lower-lying stretches of alkyl chains centered at 2880 cm–1. Esterification can result in a weak to medium Raman band at ∼1730 cm–1. The fingerprint area shows three separated blocks of bands: CH bending modes (1500–1250 cm–1), C-O/C-C stretching modes (1180–900 cm–1), and various bending and twisting modes (500–350 cm–1). Pectin has a distinct Raman band at 855 cm–1 (Synytsya et al., 2003).



Aromatic Compounds

A variety of aromatic compounds is found in cuticles: cinnamic acids, hydroxybenzoic acids, benzyl esters, phenethyl esters, phthalate esters, and several flavonoids are reported (Kisser-Priesack et al., 1990; Luque et al., 1995; Laguna et al., 1999; Steinbauer et al., 2009; Bernal et al., 2013; Zhu et al., 2018). Aromatic rings are typically identified in Raman by a strong band at 1600 cm–1. If the ring is part of a delocalized π-electron system, the Raman cross-section of the whole conjugated system is significantly increased (Schmid and Brosa, 1971, 1972, 1973; Schmid et al., 1977; Schmid and Topsom, 1981). Cinnamic acids and flavonoids contain extended π-systems and correspondingly cause intense Raman peaks. It is important to note that all modes having bond movement of the charge-transfer-path in charge-transfer systems are enhanced (Tommasini et al., 1999). The result is that even small quantities of cinnamic acids and flavonoids cause strong Raman bands and, at some point, start to mask bands from non-enhanced molecular structures in a similar way as it is observed in lignin (Bock and Gierlinger, 2019). Furthermore, judging from absorption spectra, aromatic compounds are often responsible for fluorescence in Raman spectra if absorption bands hit the excitation wavelength or overtones (Bock, 2020). In the cuticle, aromatic compounds are primarily identified by bands in the region 1650–1550 cm–1. Many of them have no notable bands in the CH stretching region (Figure 9E).

Cinnamic acids show two strong bands at 1630 (C = C stretch) and 1605 cm–1 (ring stretch), esters an additional weak band at 1700 cm–1 (C = O stretch). Cinnamic acids show only a few other bands in the range 1500–1000 cm–1 and only weak to very weak bands below 1000 cm–1 (Figure 9E). Thus, the nature of the ring system can often be deduced from characteristic bands. However, in the case of cinnamic acids, ferulic acids/esters show an unusual strong band at 1180 cm–1, which is usually a marker band of coumaric acids/esters and is typical for para-substituted aromatic rings (Varsanyi, 1969). Since all other bands are so weak or hidden, these two cannot be separated with confidence (see also Figures 5C,D, where each of them is selected by mixture analysis).

Flavones and chalcones often have a very strong marker band at 1560 cm–1 (Figure 9E, arrow). They share a very strong band at 1600 cm–1 with all other conjugated aromatic compounds. In contrast to cinnamic acids, flavonoids show more strong bands over the whole fingerprint range; notable is a characteristic set around 600 cm–1, which is often stronger than modes of other molecules in this range, thus enabling confirmation of a flavone structure. Based on our observation, flavanones show less Raman intensity, and we attribute this to the reduced size of the conjugated system (the B-ring is not in conjugation). The consequence is that it might be more challenging to identify them in mixtures.

In contrast to flavones, weak CH stretches are often observed. We also note a difference in the spectra of flavones and their respective 3-O-glycosides. DFT-Studies show that the B-Ring is rotated out of the plane, reducing its conjugation with the chromone system (Cai et al., 2013; Paczkowska et al., 2015). Our interpretation is that this increases the relative intensity of A-ring modes in the spectrum and results in flavone-3-O-glycoside spectra being notably different from their respective aglycones (see Figure 9E).



Polyenes

Polyenes are identified by two characteristic bands, the C = C stretching (1520 cm–1) and C-C stretching (1150 cm–1) vibrations (Figure 9F). The 1000 cm–1 band is a more complex displacement, best described as CH3 wag (Novikov et al., 2021). Overtones and combinations can be seen at >2000 cm–1.



Calcium Oxalate Cystoliths

Calcium oxalate cystoliths were found in the lowest cuticle layers or directly underneath (Fink, 1991; Pennisi et al., 2001; Sasani et al., 2021), where one function is light scattering (Gal et al., 2012). The bands of calcium oxalate monohydrate are shown in Figure 9G. Mineral crystals, in general, have sharp bands stemming from rigid molecular structures and have strong bands at low wavenumbers (these are motions involving the heavy atoms like Ca).



Spectral Assignments of Three Experimental Spectra

In the last step, we compare the band assignments of pure, idealized components with spectra of the “True component analysis” as discussed in step 3 of this manuscript. Note that mixture analysis (step 4) and band assignment via pure reference compounds (step 5) are complementary. Mixture analysis results indicate certain compounds which should be checked for plausibility with known assignments. Conversely, individual band assignments should be cross-checked by modeling spectra of assumed substances into the experimental spectrum.

Table 1 shows a comparison of wavenumbers of chemical components with one spectrum of a cuticle from each of the three samples discussed so far. We chose a cuticle component of the spruce needle, the wax of the tomato, and the cuticle of Arabidopsis. We observe that our idealized wavenumbers, derived solely from pure reference compounds, match well with experimental cuticle spectra. We see this as a confirmation of our new approach using averaged and adjusted wavenumber sets to account for variability within a chemical group.

The assignments are now adjusted for the compounds known to occur in a cuticle. This means that chemical groups can be narrowed down. For example, in the tomato wax, the band at 1560 cm–1, indicating flavones and chalcones, can be narrowed down to naringenin chalcone or a very similar substance, with the help of mixture analysis. Hence the assignment specifically states “naringenin chalcone.”

The multicomponent nature of the needle cuticle of spruce (see Figure 5) is reflected in its band assignment. The lipidic fraction is best seen in the high wavenumber region (∼3000 cm–1), whereas most of the observed bands in the fingerprint region (∼1500–0 cm–1) are from aromatic compounds. Thus, the bands around 3000 cm–1 can be assigned to aliphatic components, in this case mainly cutin esters. However, a small band at 3063 cm–1 is of aromatic origin. Based on our observation that flavones, cinnamic and benzoic acids do not show bands in this region at 532 nm, we assign this band to flavanones, which display bands in this region and are still sufficiently strong scatterers to be seen. However, this does not exclude other aromatic compounds which might be undetermined yet. The strong band at 1603 cm–1 is unspecific for (conjugated) aromatic compounds. The bands 1633 and 1171 cm–1 are assigned to ferulic and or p-coumaric acid, while the band at 1268 cm–1 seems to be exclusively from ferulic acid. The presence of flavonoids is deduced from the shoulder at 1570 cm–1 together with bands at 648, 583, and 521 cm–1, which are assigned to various modes of the flavone A-ring. Lipids show only two clear bands, 1439 and 1303 cm–1, although both fall together with flavone modes, the bands being regarded as mixtures of both.

Compared to spruce, the wax of tomato shows a simple spectrum–simple because almost all bands are caused by a single chemical component, naringenin chalcone or a very similar structure (see also mixture analysis, Figure 6), in agreement with previous studies (Piringer and Heinze, 1954; Hunt and Baker, 1980; Luque et al., 1995). At 785 nm, the presence of lipids can only be derived from the bands at 1440, 1310, and 870 cm–1, although flavones/chalcones also have bands at these wavenumbers.

The assignment of the Arabidopsis cuticle is a little different because it also includes polysaccharides. These can be seen due to the weaker scattering of aromatic compounds in comparison to spruce or tomato. Polysaccharides and water cause the strong OH bands (3398, 3247 cm–1), the weak band at 3066 cm–1 is of aromatic origin, and the neighboring CH stretches come from polysaccharides and lipids. The bands at 1722, 1633, and 1606 cm–1 indicate cinnamic esters. There is an additional band at 1654 cm–1, which either comes from a C = C in conjugation with a ring (e.g., a cinnamyl alcohol moiety) or from an unsaturated fatty acid. We have not found studies reporting cinnamyl alcohols in the cuticle of Arabidopsis, but unsaturated cutin monomers were found by GC-MS (Bonaventure et al., 2004). We, therefore, assign this band to the C = C stretch of unsaturated fatty acids and do not count on the result of the mixture analysis in this case (Figure 8C). Polysaccharides are seen at 1380 cm–1, and pectin displays its marker band at 856 cm–1. We interpret the bands at 1131 and 1063 cm–1 as signs for crystalline aliphatic components (waxes). Furthermore, the measurement was performed with a laser polarization perpendicular to the surface, enhancing the C-C stretches if the chains are in line with the laser (see Figure 3 for wax orientation). This indicates that these waxes are also oriented in the cuticle or on top of it, although a more rigorous determination is required.





SUMMARY AND OUTLOOK

This method article highlights Raman microscopy as an in situ method to study the relationship of chemistry and structure on the microscale. We present a comprehensive workflow starting with the sample in hand and ending with detailed insights into chemical compounds and their spatial distributions within different cuticle layers. Native sample preparation, label-free imaging, detailed chemical information about all involved molecules and in context with the anatomical structures are essential assets of the Raman imaging approach. The examples confirm that even the molecule orientation can be deduced in an about 500 nm thick epicuticular wax layer (Figure 3), and transition and top layers can be distinguished with a spatial resolution of 300 nm and minor changes in composition (Figures 4–8). Furthermore, we show and discuss that especially aromatic components are strong Raman scatterers and can therefore be tracked even in small amounts. But in fact, researchers even pushed the limits of tracing compounds in attomolar concentrations (Yang et al., 2016) and sub-nanometer resolutions (Chen et al., 2019; Lee et al., 2019), showing the potential of the Raman toolbox.

We worked through cuticles of a spruce needle (Figures 3–5), a tomato peel (Figures 6 and 7), and an Arabidopsis stem (Figure 8), revealing common features as well as differences. The differences start already in the measurement setup, as cuticles with a higher amount of aromatic components (e.g., tomato) are more prone to sample degradation and more challenging to get spectra with a good signal-to-noise ratio using the 532 nm laser. So the 785 nm laser was the best choice for the tomato cuticle, although we lost spatial resolution. At high concentrations, aromatic components start to mask bands from non-enhanced molecular structures like carbohydrates and lipids. Therefore, probing different developmental stages of the cuticle might be interesting. Anticipating that lipids and carbohydrates are first deposited, the aromatic impregnation can be followed step by step. Or moving backward, using different solvents to see effects of the extraction procedure on the sample as well as characterizing the extracted components. Chemical environments, as well as bonding, can also be reflected in the Raman spectra. The here presented mixture analysis (orthogonal matching pursuit) of the native tomato cuticle spectrum suggested that naringenin chalcone is covalently bonded to other chemical components over its OH-groups as the methylated form better explained the spectrum (Figure 6). The power of this hyperspectral analysis was also proven on the hyperspectral dataset by spatially resolving even tiny layers with a high chemical precision (Figure 7). We showed the power of such methods with a library including the most relevant reference spectra in high quality but also displayed on the Arabidopsis cuticle that a thorough check of the results due to many possibilities and influence factors is necessary. As additional help for successful Raman spectra interpretation, we derived band shapes of the main cuticular component groups and their assignment (Figure 9 and Table 1).

Based on the calculated Raman images, schematic models can be derived with unprecedented details and compared with current cuticle models (Figures 10A,B). Imaging micro sections allows to include the underlying epidermis and probe the transition or look at special cases like the cuticle above a stoma. What is seen at first sight is the diversity of the three investigated cuticles in dimension, layering, and chemistry. In Arabidopsis, we could only derive one layer with a relatively low amount of aromatic components (Figure 10B, Arabidopsis). Between the cuticle and cell wall, a pectin-rich layer was imaged. In the native tomato also a pectin-rich epidermal wall was found, but additionally a polysaccharide layer with flavonoids as a transition zone (Figure 10B, Arabidopsis). The high impregnation with chalcones was found throughout the whole tomato cuticle. These increased amounts probably mask other components present in lower entities, and cinnamic acids and lipids were only detected in the top region. Cinnamic acids accumulate near the epicuticular wax layer, and then transit into flavonoids; this is also a feature of the multilayered spruce cuticle (Figure 10B, spruce needle).
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FIGURE 10. Extended models for different plant cuticles based on the Raman results. (A) The current model shows three different layers. An epicuticular wax layer is followed by a layer rich in cutin and a third rich in polysaccharides. Note that this model puts phenolic compounds mainly in the second layer. Model adapted from Heredia-Guerrero et al. 2014. (B) Models based on our Raman results (Figures 3–8). Left, Arabidopsis, showing only a single cuticle layer with additional flavonoids and cinnamic acids. Waxes are presumably crystalline and oriented. In the center, the triple-layered cuticle of tomato is shown. The top layer is composed of oriented waxes and cinnamic acids, while the subjacent layer is rich in amorphous cutin. Interestingly, cinnamic acids were mainly detected in the cuticle bulge and close to the top layer in this layer. The third layer is rich in polysaccharides. Flavonoids are found throughout the whole cuticle. On the right, the complex, multilayered model of a cuticle at a stomatal opening of the spruce needle is shown. A thin layer rich in flavonoids is observed on the top of the stoma wax (cyan). However, the stoma wax sealing seems to contain only a tiny amount of cinnamic acids and consists mainly of crystalline but random oriented wax crystals (see Figure 3C). In contrast, the underlying epicuticular wax layer (generally on the surface) shows clear signs of oriented crystalline waxes and co-oriented cinnamic acids (see also Figure 3D). The last cuticle layer is rich in amorphous fatty acids and aromatic compounds (flavones and cinnamic acids). Those aromatics transition into the subjacent cell walls where they co-localize with lignin but are not found in deeper-lying cells.


In contrast to the other examples, the cuticle in spruce needles is built upon a lignified epidermal cell wall, which is additionally impregnated with flavonoids found in the cuticle (Sasani et al., 2021). In spruce needles, the periclinal cell walls often present themselves as chemical hybrids of cell walls and cuticles, which we interpret as an additional reinforcement of the outermost cells. The complex cuticular setup of the spruce needle is even topped at the stomatal opening by two additional layers (Figure 10B, spruce).

Among the three derived Raman models, the tomato fits very well with the current model of the cuticle by distinguishing the epicuticular wax layer and a carbohydrate-rich transition layer towards the epidermis from the main part of the cuticle. But we now add detailed information about the aromatic components, which have so far only been indicated in the primary layer. Although our three investigated cuticles differed in their setup and layering, we can derive underlying chemical concepts: (1) cinnamic acids are co-localized with waxes and directly contact the outside world. (2) underlying layers are composed of amorphous cutin esters and contain flavonoids in addition to cinnamic acids. (3) these compounds stop at the border in unlignified cell walls (Arabidopsis, tomato) but gradually fade into the lignified cell walls.

With these measurement examples and informative guide we hope to spur the community to include Raman imaging in their cuticle research. Diving deeper into cuticle structure and revealing more hidden features will advance a comprehensive and holistic biological understanding of the plant cuticle.
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Waxes are critical in limiting non-stomatal water loss in higher terrestrial plants by making up the limiting barrier for water diffusion across cuticles. Using a differential extraction protocol, we investigated the influence of various wax fractions on the cuticular transpiration barrier. Triterpenoids (TRPs) and very long-chain aliphatics (VLCAs) were selectively extracted from isolated adaxial leaf cuticles using methanol (MeOH) followed by chloroform (TCM). The water permeabilities of the native and the solvent-treated cuticles were measured gravimetrically. Seven plant species (Camellia sinensis, Ficus elastica, Hedera helix, Ilex aquifolium, Nerium oleander, Vinca minor, and Zamioculcas zamiifolia) with highly varying wax compositions ranging from nearly pure VLCA- to TRP-dominated waxes were selected. After TRP removal with MeOH, water permeability did not or only slightly increase. The subsequent VLCA extraction with TCM led to increases in cuticular water permeabilities by up to two orders of magnitude. These effects were consistent across all species investigated, providing direct evidence that the cuticular transpiration barrier is mainly composed of VLCA. In contrast, TRPs play no or only a minor role in controlling water loss.

Keywords: leaf cuticles, non-stomatal transpiration, selective wax extraction, triterpenoids, very long-chain aliphatics, weighted average chain length, leaf cuticular wax properties


INTRODUCTION

Plant waxes are complex mixtures varying across species. They are heterogeneous mixtures with more than a hundred compounds, sometimes dominated by a single compound by up to 70%. These complex blends have evolved to fulfill various biological functions, like protection against UV radiation, fungi and insects, self-cleaning of the surface, and building an uptake barrier (Yeats and Rose, 2013). The most important function is to limit cuticular transpiration, especially during periods of drought. It is well known that cuticular waxes build the main barrier to non-stomatal water loss across the leaf surface since the extraction of the cuticular wax leads to a drastic increase of cuticular water permeability (Schönherr, 1976; Schönherr and Lendzian, 1981). However, what wax traits are responsible for its barrier properties remain unclear.

Contrary to intuitive expectation and the statements in many plant ecology text books, the water permeability of cuticles is neither correlated to their thickness (Kamp, 1930; Evans, 1932; Schönherr, 1976, 1982; Becker et al., 1986; Schreiber and Riederer, 1996; Riederer and Schreiber, 2001; Burghardt and Riederer, 2006) nor to total wax, intracuticular wax, or epicuticular wax coverage (Riederer and Schneider, 1990; Riederer and Schreiber, 2001; Jetter and Riederer, 2016; Bueno et al., 2020). Hence, after more than one century of research into the ecophysiology of cuticular transpiration, the molecular mechanism underlying the barrier properties of plant cuticles is still largely unknown. This could be because the scientists in this field asked the wrong questions and, therefore, got just such answers. The present work aims to clarify what we have to understand by “wax” when we want to elucidate the chemical and physical foundations of the cuticular transpiration barrier.

The composition of leaf cuticular waxes differs widely between plant species, but alicyclic triterpenoids (TRPs) and very long-chain aliphatics (VLCAs) are usually the most abundant constituents (Jetter et al., 2006; Busta and Reinhard, 2018). In the adaxial leaf wax of Prunus laurocerasus, the former constitutes about 70% of the total wax coverage. Although VLCAs make up a significant wax fraction in many leaf cuticles analyzed so far, TRPs can nevertheless constitute the major wax fraction. Within the VLCAs, alkanes, primary alcohols, and fatty acids are usually the most abundant substance classes. In several species, a significant difference regarding their chemical composition between intra- and epicuticular waxes was found. While epicuticular wax only contains aliphatic compounds, intracuticular wax comprises both TRPs and VLCAs (Jetter et al., 2000; Jetter and Riederer, 2016; Zeisler and Schreiber, 2016). Several studies have shown that the transpiration barrier is located within the intracuticular wax in most plant species, embedded in the cutin matrix (Jetter and Riederer, 2016; Zeisler and Schreiber, 2016; Zeisler-Diehl et al., 2018). Jetter and Riederer (2016) proposed that the transpiration barrier is mainly formed by the intracuticular VLCAs, while alicyclic TRPs play no or only a minor role. Other studies comparing the wax composition of genetically modified plants (Vogg et al., 2004) or intra- and epicuticular wax of the same cuticle (Jetter and Riederer, 2016) also suggested that the VLCAs mainly constitute the cuticular transpiration barrier. VLCAs at physiological temperatures form semi-crystalline solids (Merk et al., 1998; Dorset, 2005; Fagerström et al., 2013) with crystalline domains consisting of the tightly aligned long hydrocarbon chains of the aliphatic compounds (Reynhardt and Riederer, 1991, 1994; Dorset, 1999) and having a low permeability for water. TRPs have been shown to provide mechanical (Tsubaki et al., 2013) and thermal stability to the plant cuticle (Schuster et al., 2016).

The present study aims to shed light on the roles of the VLCA and TRP fractions in plant cuticular waxes in building the barrier against the transcuticular diffusion of water. A suite of seven plant species was selected for the experiments, which fulfilled the following conditions: (1) astomatous leaf cuticles can be isolated, (2) presence of TRPs varying from absent to making up high proportions, and (3) absence of pronounced epicuticular wax crystals. To examine the respective impact of the two wax fractions on the permeability properties of the cuticle, TRPs and VLCAs were selectively removed by solvent extraction of isolated cuticles. Permeances for water were obtained for (1) native isolated cuticular membranes (CMs) containing both the VLCA fraction and if present, the TRP fraction of cuticular wax, (2) MeOH-extracted cuticular membranes (Ms) containing the VLCA fraction but TRPs having been selectively removed, and (3) chloroform-extracted and thus completely dewaxed matrix membranes (MXs). This approach was taken to clarify which wax fractions we must keep in mind when we want to understand cuticular barrier properties.



MATERIALS AND METHODS


Plant Material and Cuticle Isolation

Plants of Vinca minor, Hedera helix, and Ilex aquifolium were grown outdoors in the Botanical Garden of the University of Würzburg. Ficus elastica, Camellia sinensis, and Zamioculcas zamiifolia were cultivated in the greenhouse all year round. At the same time, potted Nerium oleander plants were held in the greenhouse during winter and outdoors during summer.

Astomatous CMs were isolated according to a method adapted from Schönherr and Riederer (1986). For all plants except V. minor, disks with a diameter of 1.89 cm were punched out of fresh, fully mature leaves, avoiding major veins as far as possible. From the tiny leaves of V. minor, disks with a diameter of only 1.66 cm were punched out, and it was impossible to avoid the major vein. After marking the adaxial, astomatous side at the edge of the leaf disks with a permanent marker pen, the disks were incubated in an enzyme solution containing 1% pectinase (Trenolin, Erbslöh, Geisenheim, Germany), 1% cellulase (Celluclast, NCBE, University of Reading, U.K.), 1 mm citric acid monohydrate (Applichem, Darmstadt, Germany) as a buffer, and 1 mm sodium azide (Sigma-Aldrich, Steinheim, Germany) to prevent bacterial growth. The solution was kept at room temperature and was replaced twice a week. After the disintegration of the leaf tissue, astomatous cuticles (CM) were identified by the pen marks, washed thoroughly with distilled water and stored in distilled water until further use (maximum period of 7 weeks).



Wax Extraction and Analysis

For full extracts (FE), samples comprised of five CMs per plant species (two for H. helix) were extracted twice, first overnight and then for 30 min, in 10 ml TCM (≥99.8%; Roth, Karlsruhe, Germany) at room temperature, yielding completely dewaxed matrix membranes (MX). N-tetracosane (Sigma-Aldrich, Steinheim, Germany) was added as an internal standard before the first extraction. TCM extracts were combined, and the solvent was evaporated under a gentle stream of N2. Derivatization for gas chromatography of an aliquot of the wax samples was performed using N,O-bis (trimethylsilyl) trifluoroacetamide (Macherey-Nagel Düren, Germany) in dry pyridine (Roth, Karlsruhe, Germany) for 45 min at 70°C. Quantitative analyses were performed using a gas chromatograph coupled with a flame ionization detector (FID). Samples were injected by an on-column injector (7890A, Agilent Technologies, Waldbronn, Germany) into a fused silica capillary column (DB1-ms, 30 m length×0.32 mm ID, 0.1 μm film, Agilent Technologies) using H2 as the carrier gas. The temperature program was as: injection at 50°C and held for 2 min, raised by 40°C min−1 to 200°C and held for 2 min, and increased by 3°C min−1 to 320°C and held for 30 min. Quantification was achieved by comparing the internal standard’s peak area with the analytes’ peak area. Gas chromatography coupled with mass spectrometry (5975iMSD, Agilent Technologies) was used for qualitative analysis. The separation was performed under the same conditions except that helium was used as the carrier gas.

For selective wax extraction, five CMs per sample were extracted overnight with 20 ml MeOH (UPLC-grade; Roth, Karlsruhe, Germany) at room temperature. Depending on the plant species, four to eight samples were prepared. The cuticles were removed and washed with MeOH. The extracts and washings were combined. Part of the MeOH-extracted cuticles (Ms) were saved for permeability measurements. The remaining Ms were gently flattened, dried under a stream of air on Teflon platelets, and immersed twice, first overnight, then for 30 min in 20 ml TCM (≥99.8%; Roth, Karlsruhe, Germany) at room temperature to ensure complete wax removal. This extraction process yielded dewaxed matrix membranes (MXs) equivalent to the MXs obtained by TCM extraction of CMs. The MXs were washed with TCM, flattened on Teflon platelets, and dried under a gentle stream of air. TCM extracts and washings were combined, and n-tetracosane was added as an internal standard. Wax analysis was performed as described above.



Measurement of Cuticular Permeance

Permeances of CMs, Ms, and MXs were measured by a method adapted from Schönherr and Lendzian (1981). The cuticles were mounted on stainless steel transpiration chambers using Teflon paste (Roth, Karlsruhe, Germany) and fixed with a ring-like lid. The physiological outer side of the isolated cuticles faced the atmosphere with a surface area of 1.12 cm2 available for transpiration. After adding deionized water through a small opening in the bottom of the transpiration chamber, the latter was sealed with adhesive tape. The transpiration chambers were placed into a sealed plastic container upside down on a grid over dried silica gel (Applichem, Darmstadt, Germany). The chambers were kept at 25°C. The transpirational water loss was determined gravimetrically. Samples were weighted once or twice a day, depending on the plant species and treatment with a total of 6 measurements. Water permeance P (m s−1) was obtained from
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with J being the loss of water (g s−1), A the cuticle surface area exposed to the air (m2), and Δc the difference of water vapor concentration at the inner (Ci = 23.074 g m−3) and outer (Co = 0 g m−3) sides of the cuticle.


Scanning Electron Microscopy

The surface structure of the outer sides of the isolated cuticles was investigated using scanning electron microscopy (SEM, JEOL JSM-7500F, JEOL GmbH, Freising, Germany) with an accelerating voltage of 5.0 kV and a working distance of 7.9 mm equipped with a field emission gun and a lower secondary electron (LEI) detector. CMs, Ms, and MXs were carefully mounted on aluminum holders and sputter-coated with an 80/20 gold/palladium mixture.



Statistics

OriginPro 2018b (Systat Software GmbH) was used for statistical analysis. Water permeance values and their log transformations were rejected for normal distribution with the Shapiro–Wilk normality test. Therefore, medians (median; 25th–75th percentile) and nonparametric statistics were used. Permeances were tested for significant differences by Kruskal-Wallis test ANOVA with post-hoc Dunn’s test (p < 0.05). For wax analyses, normal distribution was found for all species except for the VLCAs of the MeOH and TCM extracts of V. minor and the VLCAs of the MeOH extract of Z. zamiifolia. For normally distributed data, significant differences were investigated using one-way ANOVA (p < 0.05). Otherwise, the Kruskal-Wallis test ANOVA with post-hoc Dunn’s test was used.




RESULTS


Cuticular Wax

A complex mixture of cuticular waxes was found in MeOH and following TCM extracts, and full TCM extracts of cuticles from the seven plant species investigated (Supplementary Table 1). Z. zamiifolia and H. helix had low total wax coverages (around 10 μg cm−2), consisting almost exclusively of VLCAs. C. sinensis showed a wax composition of about one-third of VLCAs and two-thirds of TRPs. V. minor and F. elastica had intermediate wax coverages (40–60 μg cm−2) with minor VLCA content. N. oleander and I. aquifolium exhibited high wax coverages (around 180 μg cm−2) dominated by TRPs and only minor contributions of VLCAs (Supplementary Table 2). No significant differences of the total removed TRP and VLCA wax coverages between the combined MeOH and following TCM extracts and FEs were observed (Figure 1).
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FIGURE 1. Comparison of total cuticular loads of very long-chain aliphatics (VLCA) and triterpenoids (TRP) in selective wax extracts (purple) and full extracts (orange) of seven plant species. Data were normally distributed. Differences were tested using one-way ANOVA. Different letters stand for significant differences (p < 0.05) between the two extraction methods within a wax fraction. Columns show mean values and whiskers standard deviations (n = 4–8).


MeOH treatment removed TRPs exhaustively or almost exhaustively in all TRP-containing species. In most species, VLCA in the MeOH extract ranged from 11 to 44% of the total extracted VLCAs. Only from I. aquifolium, about 60% of the VLCAs were removed with MeOH (Supplementary Table 2). Subsequent TCM treatment of these cuticles released almost exclusively VLCAs and minor residues of TRPs (Figure 2; Supplementary Table 2). All plant species showed a significant decrease of extracted TRPs between the MeOH and the following TCM extract (p < 0.05). Except for I. aquifolium and N. oleander, all plant species showed a significant increase of extracted VLCAs between the MeOH and the following TCM extract (p < 0.05). Despite considerable differences in wax coverages and compositions, these trends were observed for all plant species (Supplementary Table 2).
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FIGURE 2. Comparison of cuticular wax compositions extracted from isolated cuticles with consecutive methanol (MeOH; blue) and chloroform (TCM; green) extraction steps. Normal distribution was found for data of all species except for the VLCA of both steps of V. minor and the VLCAs of the MeOH extraction of Z. zamiifolia. For normally distributed data, differences were tested for significance with one-way ANOVA. In all other cases, the Kruskal-Wallis test ANOVA with post-hoc Dunn’s test was used. Different letters stand for significant differences (p < 0.05) between the two extraction methods within a wax fraction. Columns show mean values and whiskers standard deviation (n = 4–8).


The chain length distribution of the VLCAs varied strongly between the plant species. In all plant species, except N. oleander, the MeOH extraction tended to remove VLCAs with shorter chain lengths (< 32 carbon atoms). In comparison, the following TCM extraction also removed VLCAs with longer chain lengths (Figure 3).

[image: Figure 3]

FIGURE 3. Chain length distribution of VLCA in the methanol (MeOH; blue) and the subsequent chloroform (TCM; green) extracts of seven plant species. Columns show mean values and whiskers standard deviation (n = 4–8).




Water Permeance

The cuticular water permeance was measured for CMs, Ms, and MXs (Supplementary Table 3). Median permeances of CMs ranged from 0.40 × 10−5 m s−1 (H. helix) to 4.27 × 10−5 m s−1 (C. sinensis). Permeances of Ms ranged from 0.57 × 10−5 m s−1 (Z. zamiifolia) to 9.19 × 10−5 m s−1 (N. oleander). The permeances of Ms of C. sinensis, F. elastica, H. helix, I. aquifolium, and Z. zamiifolia were not significantly different (p > 0.05) from the values of the untreated cuticles (Figure 4). Permeances of Ms of N. oleander and V. minor showed a small but significant increase (p < 0.05) in comparison with the values of CMs (Figure 4). Permeances of MXs ranged from 1.07 × 10−5 m s−1 (Z. zamiifolia) to 50.9 × 10−5 m s−1 (V. minor). The permeances of the completely dewaxed MXs of the species investigated were significantly higher (p < 0.05) than those of CMs and Ms (Figure 4).
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FIGURE 4. Water permeability of isolated cuticles of seven plant species in untreated (CM; orange), methanol (M; blue), and subsequent chloroform (MX; green) extracted conditions. Investigation of significant differences was conducted by Kruskal-Wallis test ANOVA with post-hoc Dunn’s test. Boxes are interquartile ranges from 25 to 75%, whiskers 10–90% and dots designate outliers. Different letters stand for significant differences (p < 0.05) among treatments (p ≥ 28).




Scanning Electron Microscopy

The surfaces of CMs of all species investigated were smooth, lacking pronounced and well-defined epicuticular wax crystals (Supplementary Figures 1–4). The surface of C. sinensis displayed tiny, scattered wax accumulations. The F. elastica surface appeared encrusted. Ms of both plant species showed a slight decrease in surface roughness. (Supplementary Figure 1). Aside from small wax accumulations, the surfaces of H. helix and I. aquifolium had an overall smooth appearance. The M of I. aquifolium showed relatively small differences to the corresponding CM. The M of H. helix appeared slightly more granulated than the corresponding CM. (Supplementary Figure 2). The wax on the surface of CM and M of N. oleander had a smooth appearance. The CM and M of V. minor were encrusted with wax (Supplementary Figure 3). The surface CM and M of Z. zamiifolia had a partially granulated appearance. (Supplementary Figure 4). Aside from minor remnants, the surfaces of MXs of all plants appeared devoid of cuticular wax (Supplementary Figures 1–4).




DISCUSSION

The objective of our study was to experimentally identify the respective contributions of the two main cuticular wax fractions VLCAs and TRPs to the barrier against non-stomatal water loss. The effects of the complete and the selective removal of TRPs and VLCAs, respectively, on the water permeability barrier were measured using isolated cuticles from seven plant species with a varying contribution of TRPs to the total of their cuticular waxes.

The primary challenge was to find a solvent suitable for TRP extraction, which leaves the VLCA fraction of the cuticular wax as intact as possible. Reports dealing with the solubility of VLCA compounds in organic solvents indicate a common trend of a sharply decreasing solubility of these substances with increasing chain lengths (Hoerr et al., 1944; Kiser et al., 1961). Hoerr et al. (1944) showed this trend in several solvents varying in polarity for primary n-alcohols with even carbon chain lengths between 10 and 18. A similar result was found for the solubility of hydrocarbons with chain lengths between five and 10 in MeOH (Kiser et al., 1961). Riederer and Schneider (1989) recalculated data from several publications and reported the relative solubility compared to their solubility in TCM of three substances found in cuticular wax. TCM was by far the best solvent for both 1-octacosanol and octadecanoic acid. However, both compounds were only slightly soluble in MeOH, and the solubility of dotriacontane was higher in more nonpolar solvents (Riederer and Schneider, 1989). Jin et al. (1997) investigated the solubility of oleanolic and ursolic acid in different solvents, and their solubility in MeOH was similar to that in TCM. From the present data, assuming equal accessibility of the wax components for the solvent, we expected a good solubility of TRPs in MeOH but not of VLCAs, allowing us to extract the two fractions separately from the cuticle.

Treating isolated cuticles containing a TRP wax fraction with MeOH led to almost complete removal of this distinctly polar alicyclic fraction. In addition to TRPs, minor amounts of the more polar VLCAs were released, mainly those with shorter chain lengths and polar functional groups, like alcohols and fatty acids. Most importantly, the majority of the VLCAs with higher carbon numbers remained in the cuticle. They could be extracted with a subsequent TCM treatment (Figure 2). Despite a relatively poor solubility of VLCAs in MeOH, a significant fraction of the total VLCA amount was extracted in I. aquifolium and N. oleander. These results show that our method could remove TRPs quite selectively, however, not without avoiding VLCA removal. This may indicate that in some species, TRPs and VLCAs are not as distinctly separated in different layers as postulated by Jetter and Riederer (2016) but may intermix to some degree. It is conceivable that a portion of VLCAs is extracted by MeOH when the surrounding TRPs are removed, and the connection to the cutin matrix gets lost. The chain length distributions of VLCAs extracted with MeOH and TCM differed strongly. MeOH dissolved VLCAs preferentially with shorter chain lengths (Figure 3), while TCM did not discriminate chain lengths. VLCAs with a polar functional group dominated the long-chain fraction of the MeOH extracts, which also contained alkanes to a minor extent. VLCAs with longer chain lengths, including alkyl esters with carbon numbers above 40, could be found in the following TCM extract. VLCAs were extracted exhaustively using TCM, regardless their functional groups or chain lengths.

To characterize the VLCAs extracted from CMs with MeOH and from Ms with TCM, we calculated the weighted average chain length (ACL) as an indicator for the ability of the solvent to dissolve VLCAs with varying carbon numbers. ACLs were calculated according to:
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where cn is the amount per unit area of all aliphatic compounds with carbon chain length n. The chain length distribution of the MeOH extracts was characterized by an ACL < 30. N. oleander was the only species with an ACL > 30 in the MeOH extract. The TCM extracts from Ms showed ACLs >30 except those of C. sinensis and I. aquifolium, which were dominated by shorter chain aliphatics. Combining the results for the two extracts yielded ACLs >30 for F. elastica, N. oleander, and V. minor, while all other species exhibited ACLs below 30. The same was found for FEs (obtained by TCM extraction of CMs); F. elastica, N. oleander, and V. minor showed ACL values above 30, all other plant species below 30 (Supplementary Table 4). The ACLs of TCM extracts of all plants, except N. oleander, displayed a significant increase (p < 0.05) compared to the ACLs of MeOH extracts, indicating a reduced VLCA extraction capability of MeOH compared to TCM with the increasing chain length of the wax constituent. The ACLs of the combined MeOH and TCM extracts and FEs did not differ significantly (p > 0.05).

Removing the TRPs from CMs with MeOH did not significantly affect the cuticular water permeance of isolated cuticles except for N. oleander and V. minor. However, the subsequent extraction of the remaining VLCAs with TCM substantially increased the permeances of the cuticles of all plant species compared to untreated and MeOH-extracted ones (Figure 4). These findings are rigorous experimental evidence that the VLCA and not the TRP fraction of cuticular wax constitutes the actual barrier to water permeability. The results for I. aquifolium, N. oleander, and V. minor indicate a more complex relationship between water permeance and the VLCAs, which needs further study. One can be imagined that not only the composition of cuticular waxes influences the barrier properties but also their location and distribution within the cuticle.

Since the MeOH treatment did not alter the integrity of the transpirational barrier made up by the VLCAs in the majority of the species investigated, we propose that the VLCA and TRP wax fractions are located in different regions of the cuticle depending on their polarity with some degree of intermixing. As already shown for several plant species, the VLCAs tend to accumulate at and on the outer surface of the cuticle facing the environment, while TRPs are deposited in the interior of the cuticle, facing the hydrophilic cell wall (Jetter et al., 2000; Buschhaus and Jetter, 2011; Jetter and Riederer, 2016). Jetter and Riederer (2016) postulated that cuticular waxes are arranged in a VLCA layer associated with the outer surface of the cuticle and a TRP layer in its interior. This view was supported by a previous study (Staiger et al., 2019) describing that no TRPs could be extracted when dipping whole leaves into MeOH. This indicates that the external VLCA layer prevents MeOH from penetrating into deeper layers of the cuticle from the outside and extracting TRPs from these locations. Extraction of TRPs with MeOH was only possible with isolated cuticles, whose inner side is fully accessible to the solvent.

Our findings provide, to our knowledge, for the first time direct experimental evidence for the fact that the cuticular transpiration barrier is mainly composed of the VLCA fraction of the wax. This experimental approach makes it possible to more clearly formulate questions concerning the significance of waxes or specific fractions thereof for the cuticular transpiration barrier and to generate hypotheses that can be tested experimentally. This may translate into a significant advance in the scientific understanding of the role of the cuticle in the ecophysiology of non-stomatal transpiration beyond the intuitive but mostly wrong views prevalent in this field.
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Cuticles are specialized cell wall structures that form at the surface of terrestrial plant organs. They are largely comprised lipidic compounds and are deposited in the apoplast, external to the polysaccharide-rich primary wall, creating a barrier to diffusion of water and solutes, as well as to environmental factors. The predominant cuticle component is cutin, a polyester that is assembled as a complex matrix, within and on the surface of which aliphatic and aromatic wax molecules accumulate, further modifying its properties. To reach the point of cuticle assembly the different acyl lipid-containing components are first exported from the cell across the plasma membrane and then traffic across the polysaccharide wall. The export of cutin precursors and waxes from the cell is known to involve plasma membrane-localized ATP-binding cassette (ABC) transporters; however, other secretion mechanisms may also contribute. Indeed, extracellular vesiculo-tubular structures have recently been reported in Arabidopsis thaliana (Arabidopsis) to be associated with the deposition of suberin, a polyester that is structurally closely related to cutin. Intriguingly, similar membranous structures have been observed in leaves and petals of Arabidopsis, although in lower numbers, but no close association with cutin formation has been identified. The possibility of multiple export mechanisms for cuticular components acting in parallel will be discussed, together with proposals for how cuticle precursors may traverse the polysaccharide cell wall before their assimilation into the cuticle macromolecular architecture.
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INTRODUCTION

During plant organ development, a lipidic, hydrophobic cuticle is deposited on the nascent epidermal surface of the entire embryo (Ingram and Nawrath, 2017; Berhin et al., 2019), where it forms an intimate association with the underlying hydrated polysaccharide cell wall. Cuticle biosynthesis continues during organ expansion and is fine-tuned by developmental signals and environmental conditions to fulfill multiple roles. These include biomechanical support to maintain organ integrity, a barrier that limits the diffusion of a wide range of molecules between epidermal cells and the plant surface, and a layer that prevents organ fusion (Yeats and Rose, 2013; Ingram and Nawrath, 2017). The cuticle of the shoot of a seedling is maintained on the surface of organs in their primary growth stage during the entire life of the plant (Figure 1A), and cuticles can also line internal structures, such as the sub-stomatal chamber and locular cavity of some fruits. In contrast, the cuticle encasing the root of a seedling is shed with the embryonal root cap cell layer after seedling establishment (Figure 1A), at which time other extracellular protective structures, including mucilage sheaths, Casparian strips and suberin lamellae, have been formed in different cell types (Berhin et al., 2019).

[image: Figure 1]

FIGURE 1. Schematic overview of cuticle assembly. (A) Morphologies of cuticles from different organs of tomato and Arabidopsis. Cuticle thickness measurements were based on TEM images from Martin et al. (2017), Mazurek et al. (2017), and Berhin et al. (2019). The cuticle proper (CP) is indicated by blue arrows. *The root cap cuticle is only present on the first outer root cap layer formed during the development of a main root or lateral root. (B) Models of cuticle and suberin cellular export and trafficking mechanisms. ABCG transporters are annotated by their respective numbers in Arabidopsis. Brackets indicate that ABCG13 is only involved flowers. Arrows show the trafficking direction of lipidic components to their final destination. Question marks indicate hypothetical mechanisms. Note that LTPs have not been included in this model.


The most abundant component of the cuticle is the polyester cutin, which is mainly composed of fatty acids C16–C18 in length carrying an oxygen-containing group (hydroxy, epoxy, or carboxy) in the ω or mid-chain positions of the acyl chain. In addition, relatively low amounts of glycerol and hydroxycinnamic acids are often detected as components of the polyester (Fich et al., 2016). Cuticular waxes, composed of very-long chain fatty acids (VLCFA) of C26–C34 and their derivatives (aldehydes, ketones, alcohols, alkanes, and wax esters), and alicyclic compounds (triterpenoids and flavonoids) impregnate the cutin matrix (intracuticular) or accumulate on the surface (epicuticular), where they may form films or crystal structures, depending on their amount and composition (Jetter et al., 2006; Jetter and Riederer, 2016).

Cutin is assembled in the apoplast from precursors that are generated within the cell (Fich et al., 2016; Philippe et al., 2020b). Hydroxylated fatty acids, synthesized by members of the cytochrome P450 families 77 and 86 are covalently linked to glycerol by glycerol 3-phosphate acyl transferase (GPAT) proteins at the endoplasmic reticulum (ER) membrane, resulting in monoacylglycerols (Gidda et al., 2009; Yang et al., 2012). Several acyl transferases of the BAHD family that are localized in the cytoplasm are also essential for the formation of the cutin polyester: for example, DEFECTIVE IN CUTICULAR RIDGES (DCR) is required for the incorporation of mid-chain oxygenated fatty acids into cutin (Panikashvili et al., 2009; Lashbrooke et al., 2016). In addition, DEFICIENT IN CUTIN FERULATE (DCF), a member of the BAHD family that has acyl-coenzyme A (CoA)-dependent acyl-transferase activity involving ferulic and sinapic acids, incorporates ferulate into cutin (Rautengarten et al., 2012). The formation of adducts with glycerol or other molecules may provide a mechanism to circumvent potential disturbance of membranes caused by free hydroxyacids (Douliez, 2004). Notably, all known cutin precursors are amphiphilic, reflecting the oxygenation of the component fatty acids and the conjugation to hydrophilic compounds (glycerol) or other amphiphilic compounds, such as hydroxycinnamic acids. Cuticular wax components are synthesized at the ER via the alkane-forming or alcohol-forming pathways after fatty acid elongation (Lewandowska et al., 2020). Wax molecules, particularly alkanes, are considerably more hydrophobic than cutin precursors.

While the core frameworks of the biosynthetic pathways of cutin and waxes have been generally defined, many questions remain regarding the export mechanisms of the cutin precursors and waxes; the trafficking processes across the hydrated primary cell wall to their point of assembly on the outer face of the wall, and factors that influence the subsequent assembly of the cutin scaffold and associated waxes.

In this article, we discuss the routes of export of cutin precursors and wax components across the plasma membrane (PM) and through the cell wall to their final destination in the cuticle. We compare these processes with the export of precursors of suberin, a polyester that is closely related to cutin, but that is often described as having longer monomer acyl chain lengths (C18–C28) than cutin and a higher content of phenolic compounds. Suberin is deposited in specialized cell types, or in response to tissue damage, often in the form of lamellae that are present between the PM and the bulk of the primary polysaccharide wall. This is a notable difference from cutin, which accumulates on the outer face of the primary wall. The mechanistic or structural basis for the differences in localization of the two polyester types has not yet been elucidated (Philippe et al., 2020b).



EXPORT OF CUTICULAR COMPONENTS BY ABC TRANSPORTERS

In organisms of all kingdoms ABC-transporters, consisting of nucleotide binding domains (NBD) and transmembrane domains (TMD), transport a broad range of molecules with different structure and properties across the PM. Some act as flippases, translocating acyl lipids from one leaflet of the membrane to the other (Lopez-Marques et al., 2015). Reaction mechanisms for binding different types of substrates and for the transport process (import/export/flippase) have been elucidated (Lopez-Marques et al., 2015; Lewinson et al., 2020). The different domains of ABC-transporters may be comprised of separate polypeptide chains, as is typical in bacteria. In eukaryotes, so-called ABC half-transporters, each of which is encoded by a single gene, are composed of one TMD and one NBD. These are thought to require dimerization to form a functional unit. Full ABC transporters, composed of two TMDs and NBDs, are formed by a single polypeptide chain. ABC-transporters in plants can be grouped into eight different families (ABCA–ABCI; ABCH is not found in plants). ABC-transporters of the G-family have the NBD at the N-terminus and the TMD at the C-terminus of the protein. In fungi and plants, in addition to ABCG half-transporters (previously called as WBC transporters), full ABCG transporters (termed Pleiotropic Drug Resistance (PDR)-type ABCG transporters) are also present (Verrier et al., 2008).


ABCG Half-Transporters Are Required for Cuticle Formation

A clade of closely related ABCG half-transporters has been associated with the export of cuticular components (Do et al., 2018), which in Arabidopsis comprises four members: AtABCG11, AtABCG12, AtABCG13, and the currently uncharacterized AtABCG15 (Pighin et al., 2004; Bird et al., 2007; Luo et al., 2007; Ukitsu et al., 2007; Panikashvili et al., 2010, 2011; Figure 1B). Notably, a different clade of ABCG half-transporters (AtABCG1, AtABCG2, AtABCG6, and AtABCG20) is involved in the extracellular deposition of suberin (Yadav et al., 2014; Shanmugarajah et al., 2019; Figure 1B). AtABCG11 contributes to both wax and cutin export, while AtABCG12 is only required for wax export and AtABCG13 only for cutin precursor export (Pighin et al., 2004; Bird et al., 2007; Panikashvili et al., 2011).

Substrate specificities of ABCG-half transporters seem to be largely dependent on homodimer or heterodimer formation: for example, AtABCG11 forms homodimers and heterodimers with AtABCG12 in vivo (Bird, 2008; McFarlane et al., 2010). ABCG11 likely transports cutin precursors as a homodimer that forms with high affinity (Bird et al., 2007). The heterologous expression of AtABCG11 in protoplasts of Nicotiana benthamiana was observed to lead to the export of free and glycerol-bound hydroxylated fatty acids, consistent with a role in cutin precursor export (Elejalde-Palmett et al., 2021). Nevertheless, the possibility of heterodimerization with other ABCG half-transporters cannot be excluded. While AtABCG11 is expressed in all Arabidopsis organs, ABCG13 expression is restricted to inflorescences and specific positions in other organs. Whether this specific expression pattern relates to particular cutin precursor export capacities needs further investigation.

PpABCG7, a member of this clade of ABCG half-transporters, is required for wax export in the moss Physcomitrium (Physcomitrella) patens indicating that the role of this ABCG transporter clade has been conserved over at least 450 million years of plant evolution (Buda et al., 2013). ABCG function in the formation of impregnations of the cell wall with lipidic components may have arisen even earlier in various charophyte algal lineages (Kondo et al., 2016; Philippe et al., 2020b). Indeed, ABCG11 homologues have been identified in extant charophyte algae, the sister lineage of embryophytes, and the size of the family has increased substantially during the emergence and evolution of land plants (Philippe et al., 2020b). This is consistent with the capacity to secrete and assemble hydrophobic cuticles being a prerequisite for plant colonization of truly terrestrial habitats.



ABCG Full-Transporters Export Cutin Precursors

In addition to ABCG half-transporters, ABCG full-transporters play essential roles in cutin precursor export (Bessire et al., 2011; Chen et al., 2011b; Garroum et al., 2016; Figure 1B). The downregulation or knockout of AtABCG32 homologs (named as ABCG31 in monocots) in rice (Oryza sativa) and barley (Hordeum vulgare) results in severely impaired cuticle diffusion barrier properties (Chen et al., 2011a,b; Garroum et al., 2016). Additionally, the polysaccharide cell wall-cuticle interface is severely disrupted in the rice mutant (Garroum et al., 2016). In Arabidopsis, which has a cutin composition that is unusually rich in unsaturated dicarboxylic acids, ABCG32 plays a more pronounced role in cuticle formation of organs with a higher proportion of hydroxy acids (Bessire et al., 2011; Fabre et al., 2016). Although AtABCG32 homologs have been tentatively identified in a few non-vascular plant lineages, it appears that at least one homolog is present in all seed plants (Philippe et al., 2020b). A duplication of AtABCG32 has been identified in members of the Solanaceae (Elejalde-Palmett et al., 2021); however, whether the two paralogs have evolved different substrate specificities is still an open question. In the tobacco protoplast system, ABCG32 homologs transport oxygenated cutin precursors without selectivity for the structure at the terminal carbons or the mid-chain position, raising the possibility that these proteins may also transport yet uncharacterized cutin precursors (Elejalde-Palmett et al., 2021).

Full ABCG transporters are often expressed in the same organ and developmental stage as the ABCG half-transporters: for example, AtABCG11, AtABCG13, and AtABCG32 are all expressed in floral organs. However, single atabcg mutants exhibit significant reductions in cutin levels, as well as other specific phenotypes, highlighting their non-redundant functions (Bird, 2008; Bessire et al., 2011; Panikashvili et al., 2011).

An important unanswered question is the mode by which the lipid-derived substrates interact with the ABCG transporters, i.e., as free molecules, as ligand-bound forms, or via the PM. This question is particular pertinent for the hydrophobic wax molecules. The export of the amphiphilic cutin precursors can be directly addressed with transport assays using radiolabeled precursors. However, the export of the more hydrophobic wax molecules has not yet been characterized since they partition into membranes in vitro. Consequently, there is not yet direct experimental evidence that the ABCG transporter formed by the AtABCG11/AtABCG12 heterodimer exports waxes.




UNDERSTANDING CELLULAR TRAFFICKING OF CUTICLE BUILDING BLOCKS AND AN ASSESSMENT OF ALTERNATIVE EXPORT PATHWAYS

A broad range of cell wall components, including structural proteins and cell wall matrix polysaccharides, such as hemicelluloses and pectins, are secreted via the canonical secretory pathway, in which vesicles derived from the trans-Golgi network fuse with the PM and deposit their cargo into the apoplast (Driouich et al., 2012). Lipophilic apoplastic components may follow similar transport pathways, and indeed early histological studies of the root endodermis revealed the presence of vesicles coincident with the deposition of suberin (Scott and Peterson, 1979). Consistent with this idea, the atmin7 mutant, which is deficient in an ADP-ribosylation factor guanine exchange factor (ARF-GEF) protein, homologs of which function as regulators of the secretion pathway, exhibits reduced cutin deposition (Zhao et al., 2020). Similarly, the Arabidopsis echidna mutant, which has perturbed post trans-Golgi network (TGN) formation, shows decreased wax accumulation, although the presence of pleiotropic phenotypes complicates interpretation of these relationships (Gendre et al., 2013).

Besides export through the canonical secretion pathway, cell wall material may also be exported at direct contact sites between the cortical ER and the PM, independent of vesicular traffic (Samuels and McFarlane, 2012). In animal cells too, lipids traffic between the ER and other cell compartments via ER contact sites, and such a mechanism might also be used for the transport of cuticular lipids from the ER to the PM (Stefan et al., 2013; Wu et al., 2018).

Recently, a study of suberin formation in the root endodermis of Arabidopsis revealed that membrane-enclosed vesiculo-tubular structures (300–900 nm diameter), so called extracellular vesiculo-tubular bodies (EVBs), are tightly associated with the suberization process (Figure 1B; De Bellis et al., 2021). Notably, these EVBs are considerably larger in diameter than the vesicles of the canonical secretion pathway (30–100 nm). Remarkably, despite the resemblance of EVBs to multi-vesicular bodies (MVB), a specialized subset of endosomes that contain membrane-bound intraluminal vesicles, no evidence was found that EVBs are involved in recycling endosomes or are derived from Golgi vesicles, the trans-Golgi-network (TGN), or vacuoles (De Bellis et al., 2021). Moreover, cryo-fixation procedures reveal that the MVB-like appearance of these structures might be largely due to their swelling upon chemical fixation, and that their in vivo appearance is more lens-shaped, containing larger, less fragmented extracellular membrane tubules (De Bellis et al., personal communication). While blocking endosomal trafficking did not interfere with EVB- or suberin formation, blocking ER-to-cis-Golgi trafficking, as well as post-TGN secretory trafficking, affected both EVB accumulation and suberin formation, indicating that both early and later secretory pathway are required for EVB formation. The cargo of EVBs is hypothesized to be suberin precursors, since punctate structures of approximately 1 μm diameter, possibly corresponding to EVBs, were stained with the lipid dye fluorol yellow in early suberizing cells (De Bellis et al., 2021). In this context, it has been reported that free polyhydroxy acids form vesicles in vitro (Heredia-Guerrero et al., 2008), although it is not known whether suberin precursors, i.e., largely ω-hydroxy and dicarboxylic acids bound to glycerol, spontaneously form vesicles, nor whether such a process occurs in vivo. Recently, EVBs have also been reported in suberized bundle sheath cells in maize, further supporting the link between EVBs and suberin formation (Gao et al., 2021). In addition to suberin precursors, the EVB cargo may include enzymes catalyzing suberin formation, polymerization, or a broader collection of cell wall components.

An intriguing question is whether EVBs may also be associated with cutin formation. We addressed this using histological approaches to study tomato (Solanum lycopersicum) fruit and Arabidopsis petals, both of which have cutin that is rich in 10, 16 diOH C16:0 acids (Martin and Rose, 2014; Mazurek et al., 2017). In addition to wild-type (WT) Arabidopsis, we examined several mutants that have a reduction in cutin abundance (including in 10,16-diOH C16:0 levels) due to distinct changes in cutin precursor formation (cyp77a6, gpat6, dcr single and double mutants) or a deficiency in ABCG32 (pec1) expression (Bessire et al., 2011; Mazurek et al., 2017).

Notably, no EVB-like structures were observed during the expansion phase of WT tomato fruit development, at which point very large amounts of cutin are synthesized and deposited. In Arabidopsis, WT petals only very small EVB-like structures were present (Figure 2). However, large EVB-like structures (up to 2,500 nm in diameter), similar to these associated with suberization of Arabidopsis root tissues, were observed in all the investigated cutin-related mutants (Bessire et al., 2011; Mazurek et al., 2017). Interestingly, large EVBs were also seen in WT leaves, which have a cutin composition that it more similar to suberin than is cutin from petals (Nawrath et al., 2013). Nevertheless, in shoots, EVBs were not only specific to epidermal cells, but were also present at the periphery of internal cells, suggesting a role in the formation of multiple specialized cell wall types (Figure 2). Furthermore, EVBs in organs of the shoot were present in lower numbers (a maximum of 0.5 EVBs/cell section) than in suberizing root tissues (eight EVBs/cell section; De Bellis et al., 2021). In addition, the size and internal structure of EVBs varied considerably, not only between different genotypes but also between different preparations of sections from the same sample. This raises the question of whether these phenotypic characteristics are not only influenced by cellular metabolism and developmental trajectories, but also by the barrier properties of the cuticle affecting the chemical fixation and embedding procedure. Accordingly, the use of fixation methods that minimize the introduction of artefacts, such as cryo-fixation, will be important for further studies of EVBs in the formation of different cell wall types.

[image: Figure 2]

FIGURE 2. Extracellular vesiculo/tubular bodies in Arabidopsis. Transmission electron micrographs of extracellular vesiculo/tubular bodies (EVBs) visualized in Arabidopsis petals have connections to the cell wall. In addition, similar bodies were seen that were hypothesized to have the cell wall connection in a different plane of section. (A,B) Small EVBs in WT; (C–L) large EVBs in Arabidopsis cutin mutants. Arrows point to the connection to the cell wall; arrow head points to plasma filled bodies potentially having vesicles in another plane of section; Ep, epidermal cell; pa, parenchyme cell; CW, cell wall; Cu, cuticle. Scale bar represents 500 nm.


Our observations and published data suggest that EVBs are related to the deposition of suberized cell walls, rather than to the formation of cutin. However, the possibility that they also carry other cargo cannot be excluded (Figure 1B).



THE MYSTERIOUS PATH THROUGH THE CELL WALL TO THE SITE OF CUTICLE ASSEMBLY

The mechanism by which cutin precursors traffic from the point of their deposition into the apoplast and then across the highly hydrated primary cell wall to the site of cutin assembly remains a poorly understood aspect of cuticle formation. An earlier suggestion was that lipid-transfer proteins (LTPs), which are small (7–9 kDa) and often abundant extracellular proteins, function as carriers that mediate the transport of cuticular components across the wall (Sterk et al., 1991; Pyee et al., 1994; Hollenbach et al., 1997; Yeats and Rose, 2008; Salminen et al., 2016). Consistent with this model, LTPs have been found to accumulate at the plant surface (Pyee et al., 1994; Yeats et al., 2010). There is also evidence that LTPs play a role in the deposition of cuticular waxes, as evidenced by a reduction in the very long chain fatty acid (VLCFA) content in Arabidopsis LTP mutants (DeBono et al., 2009; Lee et al., 2009; Kim et al., 2012). However, the reported decrease in wax load in the mutants did not exceed 25% and there did not appear to be an effect on the composition or amount of cutin monomers. It is also notable that none of the many cuticle-related mutants that have been identified in a range of plant species to date has been attributed to a defect in a non-anchored LTP protein. Indeed, the energy cost of synthesizing proteins that would act as chaperones and transport cutin and waxes, in the absence of a recycling mechanism, suggests that such a process is unlikely. This would, presumably, particularly be the case with organs that deposit massive cuticles such as fleshy fruits. Thus, LTPs may instead have other roles such as antimicrobial defense and signaling (Bakan et al., 2006; Yeats and Rose, 2008; Salminen et al., 2016; Balmant et al., 2021).

Given the large amounts of material needed to assemble the thick cuticles of some organs, such as tomato and pepper fruit cuticles (>1 mg/cm−2 cutin monomers; Figure 1A; Graça et al., 2002), we suggest that the movement of cuticular lipids across the apoplast is more likely to be a passive process that avoids investment in metabolically expensive transport proteins (Fich et al., 2016; Philippe et al., 2020b). Such a mechanism would involve the diffusion of amphiphilic cutin precursors and hydrophobic waxes in the hydrophilic environment of the cell wall as a physicochemical phase-separation process. Bakan and Marion (2017) suggested that cutin precursors might aggregate in aqueous environments due to their chemical properties and may be stabilized as lyotropic structures through association with polysaccharides and non-polar waxes (Bakan and Marion, 2017). Indeed, the studies of the behavior of mixtures of cutin fatty acids with pectin in vitro have led to the observation of stable aggregation (Guzman-Puyol et al., 2015; Manrich et al., 2017). An early association of cutin precursors with waxes and polysaccharides is consistent with features of maturing cuticles, such as deposition of intracuticular waxes and the embedding of specific polysaccharides within the cuticle characterized by their hydrophobicity (Philippe et al., 2020a). While there is not currently direct evidence of phase separation of cuticle components in muro, transmission electron microscopy images of the outer epidermal wall and thick cuticles of tomato fruit often show patches of electron-dense material of increasing size nearer to the wall-cuticle interphase (Girard et al., 2012; Yeats et al., 2012) that are reminiscent of the coalescence of materials of differing hydrophobicity. It may be that a gradient of increasing hydrophobicity provides specific micro-/nano-scale environments for the aggregation of certain wall components, favoring the activities of specific enzymes that catalyze wall assembly. For example, tomato cutin synthase 1 (SlCUS1) was shown to localize in the cuticle and not the primary wall, indicative of the site of cutin polymerization (Girard et al., 2012; Yeats et al., 2012). Interestingly, over-expression of SlCUS1 using a constitutive promoter resulted in the appearance of polymeric cutin in non-epidermal wall layers, suggesting that the polymerizing activity is a limiting factor and that the cutin precursor substrate is mobile and not solely targeted to the organ surface (Yeats et al., 2012). The deposition of cutin in the anticlinal and sub-epidermal walls observed in some fruits suggests additional complexity in the modes and directionality of the secretion of cuticle components.

Phase separation of cuticle components may also result in compositional heterogeneity within a single cuticle. The cuticle is sometimes broadly described as a bi-layer, comprising an upper stratum, referred to as the ‘cuticle proper’, overlying the ‘cuticle layer’, which is thought to be less abundant in waxes but enriched with polysaccharides (Figure 1A; Yeats and Rose, 2013; Fernandez et al., 2016). While distinctly demarcated layers are not apparent in microscopic images of some cuticles, and a simple two-layer model may be overly simplistic, trafficking models should accommodate the formation of distinct zones (Figure 1B). For example, populations of epicuticular waxes are distinct from those of intracuticular waxes. However, it is not known whether cutin structure on the outer and inner face differ from each other, and new technologies are needed to resolve cuticle architecture at a higher degree of resolution. Regardless, phase separation of cuticular lipids with differing physicochemical properties seems a viable mechanism to both drive deposition of the cuticle and to establish higher order structures within the macromolecular cuticular matrix.

Another mystery is the basis of the different sites of deposition of the structurally related suberin and cutin polyesters, on the inner and outer faces of the polysaccharide wall, respectively (Philippe et al., 2020b). Suberin accumulates immediately after cell export and there is no evidence of diffusion of its precursors. An important factor in this regard may be that suberin has a relatively high phenolic content, which could affect the mobility of its precursors and promote physical associations with lignin, a phenolic polymer that is deposited in cell secondary walls close to the PM (Philippe et al., 2020b). Another feature that may influence the sites of cutinization or suberization is the potential involvement of multiple classes of proteins associated with their coordinated secretion at the PM. For example, it has been reported that membrane-anchored LTPs may be involved in suberin export or deposition, consistent with polymerization immediately after secretion (Deeken et al., 2016; Lee and Suh, 2018). Clearly, much remains to be learnt about this process, and the underlying mechanistic basis and potential differences between the deposition of canonical cutin and suberin, or other structural intermediates, represents an exciting area of future study.



CONCLUSION

Key aspects of transport processes underlying the formation of plant extracellular lipid matrices are slowly coming into focus. This has been enabled by advances in high-resolution imaging, molecular probes and reverse genetic targeting of candidate genes, as well as mutant characterization. However, fundamental questions remain regarding the relationship between composition, architecture and assembly, and the molecular and physicochemical basis for the organization of the cuticle and the cell wall-cuticle continuum is still essentially a blank canvas.



MATERIALS AND METHODS


Transmission Electron Microscopy

Transmission electron micrographs of A. thaliana (accession Col) petals were obtained as described previously (Fabre et al., 2016; Mazurek et al., 2017). Micrographs of the areas of interest were taken as tiled scans with a transmission electron microscope JEOL JEM-2100Plus (JEOL Ltd., Akishima, Tokyo, Japan) at an acceleration voltage of 80 kV with a TVIPS TemCamXF416 digital camera (TVIPS GmbH, Gauting, Germany) using the SerialEM software package (Mastronarde, 2005). Tiled scans were aligned with the software IMOD (Kremer et al., 1996).
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Two important biophysical properties, the thermal and UV-Vis screening capacity, of isolated tomato fruit cuticle membranes (CM) have been studied by differential scanning calorimetry (DSC) and UV-Vis spectrometry, respectively. A first order melting, corresponding to waxes, and a second order glass transition (Tg) thermal events have been observed. The glass transition was less defined and displaced toward higher temperatures along the fruit ripening. In immature and mature green fruits, the CM was always in the viscous and more fluid state but, in ripe fruits, daily and seasonal temperature fluctuations may cause the transition between the glassy and viscous states altering the mass transfer between the epidermal plant cells and the environment. CM dewaxing reduced the Tg value, as derived from the role of waxes as fillers. Tg reduction was more intense after polysaccharide removal due to their highly interwoven distribution within the cutin matrix that restricts the chain mobility. Such effect was amplified by the presence of phenolic compounds in ripe cuticle membranes. The structural rigidity induced by phenolics in tomato CMs was directly reflected in their mechanical elastic modulus. The heat capacity (Cprev) of cuticle membranes was found to depend on the developmental stage of the fruits and was higher in immature and green stages. The average Cprev value was above the one of air, which confers heat regulation capacity to CM. Cuticle membranes screened the UV-B light by 99% irrespectively the developmental stage of the fruit. As intra and epicuticular waxes contributed very little to the UV screening, this protection capacity is attributed to the absorption by cinnamic acid derivatives. However, the blocking capacity toward UV-A is mainly due to the CM thickness increment during growth and to the absorption by flavone chalconaringenin accumulated during ripening. The build-up of phenolic compounds was found to be an efficient mechanism to regulate both the thermal and UV screening properties of cuticle membranes.
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INTRODUCTION

The plant cuticle membrane (CM) is a hydrophobic extracellular layer that protects the outermost surface of fruits, leaves, seeds, petals, and green stems from the environment. One of the main functions of CM is to guard the plant against environmental stresses such as harmful irradiation, as well as thermal and mechanical damage and water loss (Domínguez et al., 2011; Heredia-Guerrero et al., 2018). The protective level of the cuticle membrane is conditioned by the amount and assembly of its components, i.e., the polyester cutin matrix, polysaccharides, waxes, and phenolics (López-Casado et al., 2007; Domínguez et al., 2011; Yeats and Rose, 2013). Waxes have been shown to play a major role in the protection against water loss whereas phenolic compounds have proven to be very effective in modulating the mechanical behavior of cuticle membranes (Domínguez et al., 2009; España et al., 2014). Over the last decades, the water permeability and mechanical properties of CMs have been extensively studied (Riederer and Schreiber, 2001; Khanal and Knoche, 2017); however, much less attention has been paid to the analysis of their thermal and UV-Vis screening response and, in particular, to their changes along fruit development.

Though, the structural modifications induced by temperature play a key role in the biophysics of the cuticle membrane, comparatively little work has been done on the thermal characterization of isolated CMs and their components, mostly on tomato fruit (Schreiber and Schönherr, 1990; Luque and Heredia, 1994, 1997; Casado and Heredia, 2001; Matas et al., 2004). Two main thermal events have been reported for isolated CMs, a first order wax melting and second order glass transition. The glass transition (Tg) entails a network relaxation and the appearance of conformational changes and segmental mobility within the biopolymer structure. Such rheological alteration of the cuticle membrane is associated with the modification of mass transfer between the epidermal plant cells and the environment (Schreiber and Schönherr, 1990) with foreseeable physiological and ecological consequences. In this sense, the modulation of Tg can be envisaged as an adaptation mechanism of plants to the environment (Matas et al., 2004).

Most of the research on the interaction of UV-Vis radiation with plant CMs has been concentrated on leaves (see reviews by Kolb and Pfündel, 2005; Pfündel et al., 2006; Karabourniotis et al., 2021). However, much less work has been focused on fruits (Ward and Nussinovitch, 1996; Krauss et al., 1997; Kolb et al., 2003; Solovchenko and Merzlyak, 2003). Excessive exposure, particularly to the higher energy UV component, induces photochemical reactions that may cause damage to proteins and the modification of the enzymatic activity that could have a negative effect on quality parameters such as texture, color and organoleptic and nutritional values of produce (Hollósy, 2002; Karabourniotis et al., 2021). However, under moderate UV exposure, the biosynthesis of flavonoids is stimulated (Awad et al., 2000; Luthria et al., 2006) to the point that UV-A irradiation can be proposed as farming and postharvest treatments to improve the antioxidant level of tomato fruits (Luthria et al., 2006; Dyshlyuk et al., 2020). Benefits of moderate UV exposure in the appearance (coloration) and susceptibility to russeting of apple fruit have also been reported (Khanal et al., 2020). Phenolic (either hydroxycinnamic acid derivatives or flavonoids) have been identified as responsible for the UV screening in fruits (Pfündel et al., 2006). In V. vinifera berries and in apple fruit, it has been proposed that their accumulation in the epidermal cells controls the UV screening capacity (Moskowitz and Hrazdina, 1981; Solovchenko and Merzlyak, 2003). Meanwhile, the role of cuticular phenolics seems to be restricted to be a primary shield against UV radiation under low levels of solar exposure, but no data on the characterization and response of isolated tomato fruit cuticle membranes to UV-Vis light have been found in the literature.

In this article, we have addressed the study of the thermal and UV-Vis screening properties of isolated tomato CMs and their changes throughout fruit development to provide new insights to the current knowledge in the field.



MATERIALS AND METHODS


Plant Material and Cuticle Membrane Isolation

Solanum lycopersicum L. “Cascada” plants were grown from seeds treated with a solution of chlorine bleach 50% (v/v) in distilled water, rinsed and incubated in the dark in a moist environment for several days until germination. Seedlings were then transplanted to plug trays containing 85% coconut fiber substrate and 25% plant-nutrient loaded zeolite and grown in an insect-proof glasshouse. At the four true-leaf growth stage, they were transplanted into soil in a multi-tunnel plastic greenhouse with a 0.5 m within-row and 1.5 m between-row spacing. Plants were watered when necessary using a nutrient solution, supported by string and pruned to a single stem. To harvest fruits at specific time-points, flowers were labeled at anthesis and vibrated to ensure fruit set.

Cuticle membranes were enzymatically isolated from tomato fruits at different stages of development following an enzymatic protocol (Petracek and Bukovac, 1995). Tomatoes were halved and immersed in an aqueous solution of a mixture of fungal cellulase (0.2% w/v) and pectinase (2.0% w/v) in sodium citrate buffer (50 mM, pH 3.7) and incubated for a week at 35°C with continuous agitation. Sodium azide (1 mM) was added to the citrate buffer to prevent microbial growth. After this period, flesh tissue could easily be removed. The cuticle membranes, with remnants of internal tissue, were incubated for another week in the enzymatic solution. At this point, the CM apparently did not have any remaining internal tissue debris. Another change in enzymatic solution was carried out then, and the samples incubated for a 3rd week. Cuticle membranes were then visually inspected and, if any residual tissue was still attached, incubated again with fresh enzymatic solution. This procedure was employed to avoid peeling the fruits or any other mechanical practice that could compromise CM’s integrity, especially in immature fruits. Samples were then rinsed with distilled water, air dried on a flat Teflon surface, moved to Petri dishes and stored under dry conditions (Domínguez et al., 2008; España et al., 2014). Waxes were removed by treatment with a hot (∼60°C) mixture of chloroform: methanol (2: 1, v:v) for 2 h. Polysaccharides were eliminated from previously dewaxed cuticle membranes to yield the cutin fraction by refluxing them in a 6 M HCl aqueous solution for 12 h (Matas et al., 2004). The developmental stage of fruits is defined as days after anthesis (daa). Samples were characterized at the hydration degree corresponding to their stabilization at room conditions (typically 20°C and 45% RH).



Infrared Spectroscopy

Attenuated Total Reflection (ATR-FTIR) spectra were obtained using a single reflection ATR accessory (MIRacle ATR, PIKE Technologies, Madison, WI, United States) with a diamond crystal at 45° incidence and coupled to a FT-IR spectrometer (FT/IR-6200, Jasco, Tokyo, Japan). All spectra were acquired with a liquid nitrogen cooled MCT detector in the 4000–6000 cm–1 range at 4 cm–1 resolution and by accumulating 50 scans. Band area calculation and ATR penetration depth correction were performed using the Jasco SpectraManager software V.2 (Jasco Corporation, Tokyo, Japan). Three samples at each daa stage were analyzed.



Mechanical Characterization

Uniaxial tensile tests were carried out with a Criterion 42 (MTS Systems, Eden Prairie, MN, United States) machine equipped with a low force (10 N) cell. Rectangular uniform pieces (5 mm × 15 mm) were cut and elongated at room conditions using a crosshead speed of 0.2 mm/min with a clamping distance of 7 mm. The Young’s modulus (E) was calculated from the maximum slope of the stress-strain curve (typically around 1–2% strain). Ten replicates per specimen were analyzed.

Storage moduli (E′) were obtained at room conditions by Dynamic Mechanical Analysis (DMA) measurements using a Q800 analyzer (TA Instruments, New Castle, DE, United States) in tension mode. In these tests, the sample is stressed with a low amplitude sinusoidal force and the strain response is simultaneously decomposed into an instantaneous in-phase (elastic) and a delayed out-of-phase (viscous) components. The storage modulus (E′) corresponds to the pure elastic response of the sample. Experiments were repeated with five samples at each daa stage. A more detailed description of the procedure is provided elsewhere (Benítez et al., 2021).



Thermal Characterization

Samples for Differential Scanning Calorimetry (DSC) measurements were prepared by stacking punched 4.5 mm Ø discs inside a TZero (TA Instruments, New Castle, DE, United States) aluminum pan covered with a non-hermetic lid. The final sample weight was about 5 mg and was accurately determined for each specimen with 0.01 mg precision. The DSC equipment was a Q-20 (TA Instruments, New Castle, DE, United States) previously calibrated with indium (for temperature and enthalpy) and sapphire (for heat capacity) references. DSC thermograms consisted in a heat-cool-heat cycle from −70 to 100°C at 10°C/min under N2 flow at 50 mL/min. Glass transition temperature (Tg) values were calculated from the second heating by the inflection method using the in-built TA Instruments Universal Analysis 2000 v. 4.5A software (TA Instruments-Waters LLC). Values were averaged from three measurements. The absence of temperature effects on the Tg was confirmed by the steadiness of values after sample pretreatments up to 150°C.

The heat capacity was obtained by non-isothermal modulated DSC (M-DSC) in the −5 to 55°C range after the DSC heat-cool-heat cycle. In M-DSC, a sine wave temperature signal of ± 1°C amplitude and 120 s period was superimposed to a linear temperature ramp of 1°C/min and the enthalpy variation was recorded. The reversible specific (Cprev) was calculated at each temperature by dividing the amplitude of the enthalpy variation signal by the sample weight. To minimize the contribution from the aluminum pan, those used for the sample and the reference were selected to differ in less than 0.05 mg. The sample consisted in circular pieces from about 20–25 different fruits, which is considered to be statistically representative, and no measurement repetition was performed.



UV-Vis Spectrometry

UV-Vis spectra were recorded using a Cary 300 (Agilent Technologies, Santa Clara, CA, United States) spectrophotometer equipped with a DRA-CA-30I integrating sphere (Labsphere Inc., North Sutton, NH, United States) and using a 8° wedge to collect the total (diffuse and specular) reflectance. Cuticle membranes were mounted on aluminum mask holders coated with barium sulfate (ODP97, Gigahertz-Optik GmbH, Türkenfeld, Germany) and always irradiated on the outer side, thus resembling the orientation of the fruit with respect to sunlight in nature and to account for the effect of the epicuticular wax layer on the intensity of reflected light. The total transmitted and reflected light intensity were collected in the 200–800 nm range. The absorbance spectrum (A) was obtained according to equation (I) (Solovchenko and Merzlyak, 2003):
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where (IO) is the incident intensity (defined as 100%) and (IR) and (IT) the percentages of reflected and transmitted light at each wavelength, respectively.

Reflectance in a given region is defined as:
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where RTavg is the average of total reflectance values (as percentage) in that region. Analogously, the blockage is calculated by:
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where TTavg is the average of total transmittance values (in percentage) in the defined region.



Statistical Analysis

Data are expressed as mean ± 1 SE and significance was determined by one-way ANOVA. Pearson’s correlation analysis was performed using OriginPro, Version 2019 software (OriginLab Corporation, Northampton, MA, United States). Letters indicate significant differences (P < 0.05).




RESULTS


Fruit Development and Physical and Chemical Modification of the Cuticle Membrane

Figure 1 summarizes some of the physical, morphological and chemical modifications in tomato Cascada fruits and their isolated CMs along development. From 15 to 40 daa the fruit experiments a noticeable increment of size (Figures 1A,B). Such growth stage is characterized by a predominant green color tone, an increment of CM weight (Figure 1C) and thickness (Figure 1D) and relatively low phenolics content (Figure 1F). Above 40 daa, the fruit size remains constant and the average cuticle membrane thickness decreases slightly. However, this ripening period is characterized by an intense change in color and the accumulation of phenolic compounds in the CM. The overall cuticle membrane composition along the fruit development remains almost unaltered with cutin as the most abundant fraction followed by polysaccharides. Waxes and phenolics are minor components (Figures 1E,F). However, in the ripening stage, a small reduction in polysaccharides can be appreciated.
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FIGURE 1. (A) Visual aspect and parameters modification along tomato fruit growth and ripening [(B) fruit diameter, (C) CM weight, (D) CM average thickness, (E) CM composition, (F) phenolics content and (G) relative evolution of hydroxycinnamic acids and total phenolic compounds in the cuticle membrane] (adapted from Domínguez et al., 2008 and España et al., 2014).




ATR-FTIR Analysis of Isolated Cuticle Membrane and Cutins

Tomato fruit CMs throughout development contain a ∼55–62% w/w of cutin (a fatty polyester matrix) with a 0.4–1.2% w/w and ∼2–2.4% w/w of epicuticular and embedded waxes, respectively, and a variable amount of phenolic compounds (0.3–7% w/w) that strongly increases with ripening (Figures 1E,F). They also have an important remnant polysaccharide fraction from the cell walls (31–40% w/w). The presence of such fractions can be detected in the ATR-FTIR spectra. Figure 2A shows the 700–1900 cm–1 region where characteristic ester bands ν(C=O) at 1731 and 1715 cm–1 (hydrogen bonded) as well as ν(C-O-C) at 1168 and 1105 cm–1 are observed (Heredia-Guerrero et al., 2014). Aliphatic chains in cutin and waxes are characterized by intense peaks at 2926 and 2854 cm–1 [νa(CH2) and νs(CH2), respectively, not shown] and weaker (CH2) deflection modes at 1463 (scissoring) and 725 cm–1 (rocking). The presence of polysaccharides is revealed by ν(C-O), ν(C-C) and δ(C-O) peaks at 1053, 1034 cm–1 and 984 cm–1, corresponding to cellulose, hemicellulose and pectin, respectively (Szymanska-Chargot and Zdunek, 2013). Phenolic compounds are detected by their ν(C=C) (1627 cm–1), ν(C-C) (1605, 1515 and 1436 cm–1) and γ(C-H) (835 cm–1) modes (Ramírez et al., 1992; España et al., 2014).
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FIGURE 2. (A) ATR-FTIR spectra of isolated and dewaxed CMs and cutins of ripe tomato fruit. Characteristic bands of cutin, polysaccharides, waxes and phenolics are labeled with symbols. (B) Correlation between the phenolics content and the ATR-FTIR γ band area in cuticle membranes. (C) Evolution of phenolics content by means of the ATR-FTIR γ band area in tomato CMs and cutins along fruit growth and ripening. Error bars represent ± 1 SE and letters indicate significant differences (P < 0.05).


Cuticle membranes dewaxing has no detectable effect on the ATR-FTIR spectrum, which is consistent with the low wax content. On the other side, polysaccharide removal is evident from the intense reduction of bands at 1053 and 984 cm–1 and the elimination of the 1034 cm–1 peak in cutins. Bands corresponding to phenolics remain unaltered, which suggests that embedded phenolics withstand both the organic solvent extraction and the polysaccharide hydrolysis. The normalized γ band area at 835 cm–1 has proven to be an accurate parameter to quantify the amount of phenolics in situ with no need for CM processing and depolymerization (Figure 2B). Accordingly, ATR-FTIR data confirmed the intense accumulation of phenolics in the ripening stage (40–55 daa) and their affinity for the cutin matrix (Figure 2C).



Differential Scanning Calorimetry of Tomato Cuticle Membranes and Cutins

Figure 3 shows the DSC thermograms of isolated CMs as well as those after dewaxing and polysaccharide removal (cutin) for immature green (20 daa) (Figure 3A) and red ripe (55 daa) (Figure 3B) tomato fruits. The full thermogram series are compiled in Supplementary Figure 1. As observed, the main thermal event is the second-order transition from a rigid glassy state to a more relaxed and dynamic rubbery conformation (Tg). Such glass transition is characteristic for amorphous polymers and displays a sharp profile in immature and mature green CMs. The glass transition becomes systematically broader, less defined and displaced toward higher temperature while ripening. Dewaxing has virtually no effect on Tg values of CMs, however, the removal of polysaccharides significantly diminishes the Tg of the cutin fraction. In addition to the glass transition, in isolated cuticle membranes, a weak endothermic peak around 55°C caused by the melting of the small fraction of intra and epicuticular waxes (∼3% w/w) can be detected. As expected, this melting is absent in dewaxed CMs and in cutins.
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FIGURE 3. DSC thermograms of isolated and dewaxed cuticle membranes and cutins of (A) immature green (20 daa) and (B) red ripe (55 daa) tomato fruits. The orange line is the derivative of the heat flow signal and marks the Tg value. For CMs, an expanded heat flow trace (×10) is included to facilitate the visualization of the wax melting peaks. The bar in (A) represents a 0.1 W/g heat flow variation.


The developmental time course of Tg values of CMs, dewaxed CMs and cutins is observed in Figure 4A. The plots show the systematic lower values of cutins with respect to CMs and reveal the sharp increment of the glass transition temperature above 35 daa and up to full ripening at 55 daa. The inset (Figure 4B), remarks the reduction of Tg (δ Tg) after wax and polysaccharide removal. Such reduction is variable and very low after dewaxing, but very noticeable after polysaccharide removal, particularly during ripening (above 35 daa).
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FIGURE 4. (A) Evolution of Tg for CMs, dewaxed CMs and cutins along fruit development. (B) Tg variation (δTg) after dewaxing (triangles) and polysaccharide removal (squares) from cuticle membranes. Error bars represent ± 1 SE.


A significant and positive correlation between the areas of the ATR-FTIR γ band, an indicator of phenolic content, and Tg values can be observed for isolated CMs and cutins (r = 0.978, P < 0.01 and r = 0.985, P < 0.01, respectively) along fruit development (Figure 5A). Such structural rigidity induced by phenolics in tomato cuticle membranes is also reflected in their mechanical response with a positive and significant correlation between the Tg and the Young’s (E) and storage (E′) moduli (r = 0.916, P < 0.01 and r = 0.966, P < 0.01, respectively) (Figure 5B).
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FIGURE 5. (A) Correlation between the glass transition temperature (Tg) and phenolics content, as monitored by the ATR-FTIR γ band, in CMs and cutins of tomato fruit. (B) Direct relationship between the Young’s (E) and storage (E′) moduli and the glass transition temperature (Tg) in tomato fruit cuticle membranes. Error bars represent ±1 SE.




Reversible Heat Capacity of Tomato Fruit Cuticle Membranes and Cutins

Reversible heat capacity (Cprev) values versus temperature for isolated tomato CMs and cutins are shown in Figures 6A,B, respectively. As observed, the heat capacity grows almost linearly with temperature. The main deviation from this trend is caused by the occurrence of the glass transition within the temperature range analyzed. Deviations are particularly visible in CMs because their Tg values are higher than those of the corresponding cutins (Figure 4); also in samples where the transition in very sharp, as in 35 and 40 daa CMs and in cutins above 35 daa (see Supplementary Figure 1). Additionally, in cuticle membranes and above 50–55°C, the beginning of wax melting causes an increment of heat capacity.
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FIGURE 6. Reversible heat capacity values (Cprev) for (A) cuticle membranes and (B) cutins of tomato fruit in the (–5 to 55°C) temperature interval. Arrows highlight the curve evolution with daa time. (C) Average heat capacity values in the (0–50°C) interval and (D) slope of the linear region of the curves (αCprev) for CMs and cutins along fruit growth and ripening.


In general, the Cprev curves displace toward lower values and increment their slope with fruit development. Such effects can be better visualized in Figures 6C,D, where the average Cprev value in the (0 to 50°C) interval and the slope of the curve (αCprev) above the glass transition are, respectively, plotted versus fruit daa. The (0 to 50°C) interval for average Cprev calculation has been selected as representative for the temperature range experimented by fruits along growth and ripening.

It is interesting to notice that the average Cprev of CMs are lower than those of cutins, Figure 6C. This is very likely due to the contribution of the polysaccharide fraction of the cuticle membrane, as the heat capacities of cellulose, hemicellulose and pectin are reported to be in the 1.2–1.5 J/g°C range at room temperature (Blokhin et al., 2011; Domínguez et al., 2011; Mohd Rasidek et al., 2018; Qi et al., 2020). Considering an average Cprev = 1.75 J/g°C for cutin and 1.3 J/g°C for polysaccharides and their relative abundances in CMs (64 and 36%, respectively), the calculated Cprev for cuticle membranes is 1.59 J/g°C. Thus, polysaccharides cause a theoretical reduction of 0.16 J/g°C in the cutin matrix, quite close to the average 0.12 J/g°C experimental difference observed (Figure 6C).

It is also worth noticing that average Cprev values slightly decrease in the ripening stage. This is partially due to the fact that heat capacity increases noticeably when crossing the glass transition. CMs of immature and mature green fruits in the 0–55°C range are always above their Tg, and, consequently, the contribution of higher Cprev values is larger than in cuticle membranes of ripe fruits.



UV-Vis Absorption and Blocking Capacity of Tomato Fruit Cuticle Membranes

Figure 7A shows the changes in the total transmittance UV-Vis spectra of tomato CMs during growth and ripening. The shape of the curves resembles the pattern of a selective optical filter with a sharp transition from a low transmission region in the UV to a highly transparent one in the visible range (Krauss et al., 1997; Karabourniotis et al., 2021). The cut-off wavelength progressively displaces during fruit development from about 350 nm for the immature and mature green CMs to 525 m for red ripe ones. The maximum transmittance gradually decreases during the whole 15–55 daa period from about 70 to 53%. Interestingly, a small peak of transmittance was detected around 260 nm, within the UV-C region, that slowly decreased with development.
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FIGURE 7. (A) Total transmittance and (B) total reflectance spectra of isolated tomato CMs along fruit growth and ripening. Black arrows in (A) show the spectra displacement along fruit development. (C) Blockage and (D) reflectance percentages of UV and visible light of tomato fruit cuticle membranes during growth and ripening. Open symbols correspond to dewaxed CMs.


The UV-Vis blockage capacity of tomato cuticle membranes displays a complex trend with fruit growth and ripening (Figure 7C). While the screening against UV-B is extremely high with an average value of 99% for the whole developmental period, a similar level of protection against UV-A is only attained in CMs of breaker and ripe tomatoes (45–55 daa). Although CMs of immature and mature green fruits (15–30 daa) show an average ∼75% UV-A blockage, with a small increase trend, a steep transition from very low to high transmittance was observed for these cuticle membranes within the UV-A region (Figure 7A). A similar small increase in the Vis blocking is detected within the 15–30 daa period, with a plateau at 35 daa, and a more prominent increase during ripening. CM dewaxing did not have an effect on UV-B blocking at any stage of development and a very minor influence in UV-A blockage. A higher, yet still slight, effect is observed for Vis screening indicating that waxes play a small role in blocking the incident radiation.

The outer surface of tomato CMs shows little reflectance within the UV-B and most of the UV-A regions while it is moderately reflective in the visible range (400–800 nm). Maximum values of total reflectance (RT) ranges from 20 to 45% but without any clear relation with the developmental stage (Figure 7B). Reflectance is conditioned by many factors such as the CM surface topography, the total wax content and the structure and composition of the epicuticular wax layer (Vogelmann, 1993; Ward and Nussinovitch, 1996; Petit et al., 2014). A more detailed analysis of the reflectance of tomato CMs as a function of fruit growth and ripening is provided in Figure 7D, where values within each spectral region have been averaged. As observed, average reflectance values in the visible region are quite constant (∼30%). However, dewaxing causes an important 35% reduction (values ∼20%), which confirms the important contribution of waxes to the ability of cuticle membranes to reflect visible light. On the other hand, UV reflectance (UV-A + UV-B) is significantly low (∼9%) and wax removal does not have any effect, as reported by Koch and Barthlott (2006).

The absorbance spectra of tomato CMs during fruit development are shown in Figure 8A. Peaks detected at 235, 310, and 380 nm are assigned to the π→π*electron transitions in conjugated (C = C) bonds, hydroxycinnamic acid derivatives and flavonoids, respectively (Cockell and Knowland, 1999; Kolb et al., 2003; Pfündel et al., 2006). The absorbance at 380 nm increases with fruit development and significantly and positively correlates (r = 0.958, P < 0.01) with phenolics accumulation (Figure 8B). Absorbance at 235 and 310 nm seems to follow an analogous trend though the accuracy of values may be conditioned by difficulties in assessing the base line of spectra and the proximity to band saturation.
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FIGURE 8. (A) Absorbance spectra of isolated tomato CMs during fruit growth and ripening. Black arrow indicates the evolution of spectra with the developmental stage. (B) Relationship between the absorbance at 235, 310, and 380 nm and the phenolic content via the quantification of the ATR-FTIR γ band.





DISCUSSION


Phenolic Compounds and Polysaccharides Modulate the Glass Transition Temperature of Tomato Fruit Cuticle Membranes

Differential scanning calorimetry results demonstrate that the glass transition temperature (Tg) of tomato CMs clearly depends on the developmental stage of the fruit. Thus, in immature and mature green fruits, the Tg occurs at temperatures below zero indicating that, during the growing period the cuticle membranes are in a more viscous and fluid state. However, during ripening, the Tg strongly increases to temperatures that reach 20–35°C, well within the average temperature of tomato plant growth. This implies that during daily (and seasonal) fluctuations in temperature, the fruit CM of ripening tomatoes can be oscillating between a rigid and a viscous state. It is well known that water acts as a plasticizer reducing the Tg of a sample. Although the analysis has been carried out with dry samples and, in the fruit, the CM is expected to have a certain degree of hydration, the magnitude of the reported Tg reduction with hydration (Matas et al., 2004) is not expected to alter this conclusion.

Intracuticular waxes have been reported to behave as fillers within the cuticule membrane framework (Luque and Heredia, 1994; Petracek and Bukovac, 1995; Tsubaki et al., 2013). Fillers occupy the space in between chains in the CM structure and reduce the free volume available for motions. Consequently, intracuticular waxes can shift the transition from the glassy to the viscous state to higher temperatures. This is in agreement with the reduction of ∼1.5°C in the Tg observed in dewaxed CMs at all stages of development. This is a small reduction in Tg but it should be taken into account that waxes are minor CM components in tomato (Domínguez et al., 2008). Thus, in species with a higher intracuticular wax load, a more prominent change in Tg could be expected.

Phenolic compounds have also been described as fillers that could explain the increment of Tg in CMs (Luque and Heredia, 1994). Whereas the amount of waxes does not exhibit significant changes during fruit development (Figure 1E), this is not the case for phenolic compounds (Figure 1F). Tomato fruit cuticle membranes display a low amount of phenolics during most of the growing period that notably increases during ripening reaching a maximum at the red ripe stage. Thus, phenolics would have a minor contribution to the Tg during growth, but play a major role in the dramatic increase of Tg during ripening, as indicated by the linear correlation in Figure 5A. However, the role of phenolics does not seem to be merely restricted to fill nanomeric cavities within the cuticle membrane by bonding to free groups in the polymeric framework. Tentatively, they are also involved in bridging polymeric chains as cross-linkers and thus incrementing the elastic modulus (Domínguez et al., 2009; España et al., 2014; Benítez et al., 2021). Such behavior would explain the observed correlation between the glass transition temperature and mechanical elasticity (Figure 5B). It is worth mentioning that “rigidity” in terms of restriction to the internal and segmental motions of chains induced by temperature (Tg) is not the same concept as “rigidity” as the structure response to an external mechanical stress (elastic modulus). However, both parameters generally correlate in cross-linked polymers.

The polysaccharide fraction of the cuticle membrane seems to have an important effect on the glass transition since its removal causes a notable decrease in Tg. Thus, during the growing period, when the amount of phenolics is low, the extraction of polysaccharides reduces the Tg value about 11°C (Figure 4B). This is compatible with a highly interwoven distribution of polysaccharides within the polyester cutin framework in the CM, giving rise to a closer arrangement of chains that restricts their internal motions. Furthermore, the accumulation of phenolics during ripening notably and progressively increment the Tg reduction after polysaccharide removal (Figure 4B), which suggests an enhanced bonding between polysaccharides and cutin phases mediated by phenolic compounds. An analogous model has been proposed to explain the mechanical reinforcement induced by phenolics in tomato fruit cuticle membranes (Benítez et al., 2021). The analysis of the FT-IR data of cutin samples can provide additional support to the hypothesis of a strong binding or interaction between polysaccharides and the cutin polyester matrix. Thus, the ATR-FTIR spectrum of cutin shows the development of a band at 1704 cm–1 in parallel to the removal of cellulose, hemicellulose and pectin from the CM (Figure 2A). This band can be assigned to new free carboxylic acid groups resulting from the disassembling of polysaccharides. Moreover, ATR-FTIR analysis did not show any detectable degradation of the polyester matrix or loss of the phenolic peaks, an indication that CM dewaxing and polysaccharide removal by hydrolysis are selective and effective treatments. Consequently, the accumulation of phenolics, and their interaction with both the cutin and the polysaccharide fractions, could be a strategy to regulate the transition of cuticle membranes from a rigid to a viscous state and to adapt their rheology to the requirements of fruit development. Therefore, during fruit growth, the CM is always in the viscous state, which facilitates molecular diffusion processes. As the fruit ripens, the transition temperature threshold notably increases and the mass transfer across the CM would be reduced and become highly dependent on the environmental temperature and its daily fluctuations.



The Cuticle Membrane Helps to Regulate the Heat Transference Between the Fruit and the Environment

The heat capacity of tomato CMs within the 5–50°C range is significantly higher than the one of atmospheric air (∼1 J/g°C) (Figure 6). This means that under a thermal flux from the external environment, the cuticle membrane is capable to act as a heat sink and to moderate the temperature increment of the internal plant tissues. Though the amount of CM is small if compared with the total mass of the fruit, the thermal regulatory capacity of cuticle membranes may contribute to palliate potential temperature damages to the plant. Interestingly, the average heat capacity of cutins and CMs is reduced during ripening and coinciding with phenolic accumulation (Figure 6C). However, such decrease can be compensated with the higher Cprev increment with temperature (αCprev), particularly in cuticle membranes (Figure 6D). This means that in hot environments, the thermal regulation of ripe fruit CMs reaches similar values to those of immature and mature green ones.



Tomato Fruit Cuticle Membranes Effectively Block UV Radiation by Absorption

The tomato fruit CM prevents most of the harmful UV-B radiation to reach the cell and provides a very efficient barrier that virtually blocks UV-B light. This is in good agreement with the reported literature on the cuticle membrane of woody species (Krauss et al., 1997). Interestingly, this almost complete protection is present from the very early stages of growth. However, the blockage of UV-A is clearly dependent on the stage of development, with CMs from immature green fruits displaying the highest transmittance and a virtually zero transmittance at the red ripe stage. Considering the low reflectance of tomato CMs in the UV region (Figure 7D), the blockage capacity in such region has to be ascribed to the absorption by phenolics. However, whereas in the UV-B region the small amount of phenolics present in tomato fruit CMs from early stages of development (España et al., 2014) may be enough for a total reduction of transmittance, this is not the case for the UV-A region of the spectra. Indeed, an increase in UV-A blockage is observed within the 15–30 daa period of development, although the amount of CM phenolics remains relatively constant (España et al., 2014). A more detailed analysis reveals a significant and positive correlation (r = 0.965, P < 0.05) between the UV-A blockage and the average thickness of the cuticle membrane in the 15–30 daa period (Supplementary Table 1 and Supplementary Figure 2). Hence, it can be concluded that, at low phenolics content, the modification of the UV-A blockage capacity mainly depends on CM thickness. However, such UV-A blockage-thickness relationship is not reproduced for CMs during ripening since thickness does not increase and yet the blockage is almost 100%. It should be reminded that tomato fruit CMs accumulate the flavonoid chalconaringenin during ripening (España et al., 2014). Whereas cinnamic acids absorb within the UV-B region, flavonoids have been reported to mainly absorb within the UV-A region (Kolb et al., 2003; Pfündel et al., 2006). Therefore, the complete blockage of UV-A observed in CMs from ripening tomato fruits could be attributed to the chalconaringenin accumulated as the tomato changes from mature green to red ripe, and not to the additional increase of cinnamic acid derivatives also observed during ripening (Figure 1G). Phenolic compounds have been reported in the epi and intracuticular wax fractions and suggested to play an important role in the optical properties of the cuticle membrane (Karabourniotis and Liakopoulos, 2005). However, it can be concluded that waxes (both intra and epicuticular) contributes very little to the UV screening capacity of tomato fruit CMs, an almost negligible 0.2% in the UV-B region and around a 5% in UV-A at the immature and mature green stages that diminishes as the fruit ripens.

In summary, the tomato fruit cuticle membrane seems to protect the epidermal cells from harmful UV light by a combined strategy of phenolic accumulation and CM thickness modification; with cinnamic acid derivatives protecting from UV-B and CM thickness and chalconaringenin accumulation playing a role in UV-A blockage during fruit growth and ripening, respectively. Therefore, the accumulation of phenolics in the cuticle membrane is a very efficient tool to modulate the amount of UV radiation that reaches the internal tissues and constitutes a strategy of plants to adapt to environmental sunlight levels.
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Minimum Leaf Conductance (gmin) Is Higher in the Treeline of Pinus uncinata Ram. in the Pyrenees: Michaelis’ Hypothesis Revisited
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The search for a universal explanation of the altitudinal limit determined by the alpine treeline has given rise to different hypotheses. In this study, we revisited Michaelis’ hypothesis which proposed that an inadequate “ripening” of the cuticle caused a greater transpiration rate during winter in the treeline. However, few studies with different explanations have investigated the role of passive mechanisms of needles for protecting against water loss during winter in conifers at the treeline. To shed light on this, the cuticular transpiration barrier was studied in the transition from subalpine Pinus uncinata forests to alpine tundra at the upper limit of the species in the Pyrenees. This upper limit of P. uncinata was selected here as an example of the ecotones formed by conifers in the temperate mountains of the northern hemisphere. Our study showed that minimum leaf conductance in needles from upper limit specimens was higher than those measured in specimens living in the lower levels of the sub-alpine forest and also displayed lower cuticle thickness values, which should reinforce the seminal hypothesis by Michaelis. Our study showed clear evidence that supports the inadequate development of needle cuticles as one of the factors that lead to increased transpirational water losses during winter and, consequently, a higher risk of suffering frost drought.

Keywords: cuticular waxes, minimum leaf conductance, Michaelis’ hypothesis, treeline, Pinus uncinata


INTRODUCTION

The alpine treeline determines the forest altitudinal limit. The transition from the sub-alpine forest to the alpine tundra, also known as the “tension zone” (Griggs, 1934), is formed by the forest mass opening, leading to isolated specimens. These specimens develop forms away from the typical tall, erect timber-sized tree as they approach the altitudinal limit of distribution (Wardle, 1965, 1968). Exposed trees frequently have the characteristic “flagged” crown structure shaped by continual exposure to freezing winds, which becomes progressively more stunted, culminating in prostrate individuals, called Krummholz (Marr, 1977).

The search for a universal explanation of this altitudinal limit for tree occurrence has given rise to different hypotheses, including specific physiological causes associated with the harsh conditions suffered by shoots (see Fernández et al., 2017 and references therein). During winter, the water uptake is limited by low soil temperatures, while the warm atmosphere and solar radiation increase evaporative demand, producing what is known as “frost drought” (Michaelis, 1934; Tranquillini, 1976; Sakai and Larcher, 1987; Körner, 2012). This water imbalance would promote death by needle desiccation in subalpine conifers. However, this phenomenon is not generally accepted as the leading cause for the existence of the alpine treeline (Mamet and Kershaw, 2013; Nakamoto et al., 2013). When accepted, there is no consensus on the environmental factors and the underlying physiological mechanisms involved, resulting in coexisting different interpretations about the majority presence of dry needles at the end of winter. Mayr et al. (2003, 2006) showed these drought signals as a consequence of frost drought that prevents water uptake and possibly amplified by repeated freeze-thaw cycles that increase the susceptibility of the xylem to embolism. Other studies have emphasized the role of leaf passive mechanisms for protection against desiccation as the thickness of the entire epidermal complex (hypodermis, epidermis, and cuticle) comparing populations with an extreme altitudinal difference (Baig and Tranquillini, 1976). These tools would comprise key factors to understand the recurrence of wilted and brown needles in the treeline specimens. Specifically, the main protective barrier of the leaves is the cuticle, a cutin matrix impregnated and coated with cuticular waxes whose primary function is to prevent uncontrolled water loss (Riederer and Schreiber, 2001; Schuster et al., 2017; Bueno et al., 2019).

The role of the cuticle is critical when stomata remain closed to reduce transpiration, such as during prolonged winter drought, as occurs with evergreen plant species in cold environments. Under these conditions, plant transpiration is determined by water diffusion through passive systems such as the cuticle (Gil-Pelegrín, 1993). Michaelis (1934), who first raised this idea, proposed that an inadequate “ripening” of the cuticle caused the greater transpiration rate during winter in the treeline. This phenomenon would be caused by the shortening of the vegetative period as a result of the temperature reductions at these altitudes. The increased cuticular water loss rate could explain the “frost drought” damage suffered by specimens at the treeline during the winter (Michaelis, 1934). Otherwise, Hadley and Smith (1983, 1986) proposed that the extreme abrasion of the cuticle (e.g., wind blow, ice crystals, or snow) caused the excessive water loss in the treeline more than an inadequate maturation during summer.

Therefore, few studies with different but not excluding explanations have investigated the role of passive needle mechanisms in protecting tree line conifers from winter water loss (Sakai and Larcher, 1987; Körner, 2012). Specifically, there is a lack of studies comparing very precise measurements of cuticular properties and cuticular waxes with minimum needle conductance (gmin) in populations with small altitudinal differences. To shed light on this, the cuticular transpiration barrier was studied in the transition from subalpine Pinus uncinata forests (thereafter Forest) to alpine tundra at the upper limit of the species in the Pyrenees (thereafter Krummholz). This upper limit of P. uncinata was selected here as an example of the ecotones formed by conifers in the temperate mountains of the northern hemisphere.

In this study, we revisited Michaelis’ hypothesis (1934) and, thus, tested whether (i) specimens of P. uncinata living in the Krummholz display higher values of gmin than those specimens living in the Forest and (ii) whether changes in gmin between Krummholz and Forest are associated with changes in cuticle thickness and quantitative/qualitative changes in cuticular composition. To test these hypotheses, we have measured gmin at 25°C, cuticle thickness, and chemical composition for specimens of P. uncinata grown both at the Krummholz and Forest populations.



MATERIALS AND METHODS


Study Site

Twigs of P. uncinata were collected on October 30th of 2019 in Sierra de las Cutas (Ordesa y Monte Perdido National Park, Huesca, Spain). The study was carried out in two nearby populations of a P. uncinata in the Spanish Pyrenees, the so-called Forest (42°38′10′′N, 0°03′07′′W, 2,150 m a.s.l.) and Krummholz (42°38′15′′ N, 0°03′12′′ W, 2,200 m a.s.l.) Figure 1A.
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FIGURE 1. (A) Orthoimage obtained from the Spanish National Plan for Aerial Orthophotography (PNOA) corresponding to the year 2018 of Sierra de Las Cutas in the Spanish Pyrenees. Each point in the image corresponds to an individual (n = 10 per population). (B) Climograph of the study site, obtained from the climatic data of the Goriz Refuge located in the Ordesa y Monte Perdido National Park (Huesca, Spain) collected during the years 1981–2018. The monthly average precipitation (P), the monthly average maximum (Tmax), and minimum (Tmin) temperature are shown (Serrano-Notivoli et al., 2018). (C) Specimen of Pinus uncinata with the characteristic Krummholz mat shape.


Both populations are found on calcareous soil with an average annual precipitation of 1,698 mm and an average winter snow cover of 63.2 cm. Although in the study area the snowfall is assured, there are periods with little snow cover due to the strong wind and continental conditions (see Supplementary Figure 1A). The coldest month is February with a minimum average temperature (Tmin) of −4.8°C and a maximum average temperature (Tmax) of 3°C; the warmest month is July with a Tmin of 9.7°C and a Tmax of 16.8°C (Figure 1B). Due to the altitude and soil porosity, the trees of the forest reached 7.6 ± 1.3 m in height and those of Krummholz 0.44 ± 0.01 m at their highest points. Tree height was measured with a Bitterlich relascope.

The analysis of the main climatic parameters that define the study site has been carried out based on the information collected by the Goriz observatory during the years 1981–2018. The refuge, with a slope, aspect and elevation very similar to those of the sampling area, is located at an altitude of 2,215 m a.s.l. on the southern slopes of the Monte Perdido massif located in the Ordesa y Monte Perdido National Park (Serrano-Notivoli et al., 2018).

The specimens selected as models of the typical monopodial bearing of the species were located within the central band of the pine forest that develops on the southern slope of the Sierra de las Cutas. Specifically, south-exposed, current-year needles from the first whorl of branches were sampled in Forest population. The collection of shoots in the Krummholz forms (see Figure 1C and Supplementary Figure 1B) was carried out in the central part of the tree, avoiding its most peripheral parts, damaged by local factors (permanence of snow and shading, especially).



Minimum Needle Conductance

Five fascicles (two needles per fascicle) per tree from 10 trees were collected in each one of the studied populations and were fully hydrated in a humid chamber overnight before the measurements. The water-saturated weight (SW) was determined for each group of five fascicles using an analytical balance (MC-1 AC210S, Sartorius; precision 0.1 mg), and the dry weight (DW) was obtained after oven drying the samples at 90°C for 24 h. The fresh weights (FW) during needle-drying experiments were used to calculate the relative water deficit (RWD) according to the following:
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A flatbed scanner (CanoScan LiDE 120, Canon, Tokyo, Japan) was used to obtain high-resolution images of the needles and using the ImageJ image analysis software (Wayne Rasband/NIH, Bethesda, MD, United States) needle area was measured. Total needle surface area (Aneedle) was estimated from measurements of needle width (w) and length (l), and it was assumed that this area approximates a semi-cylinder:
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Minimum needle conductance (gmin) was determined from the consecutive weight loss of desiccating needles in darkness and at close to 0% relative humidity, following the methodology described by Bueno et al. (2021). The same needles used for RWD were used for gmin measurement.

gmin is the lowest conductance a needle can reach when stomata are maximally closed due to desiccation. Water-saturated needles were sealed with high melting paraffin wax (Paraplast Plus, Leica Biosystems, IL, United States). Subsequently, the sealed needles were placed in a closed container with a temperature of approx. 25°C. The air temperature and humidity were monitored using a digital thermo-hygrometer (Testoterm 6010, Testo, Lenzkirch, Germany). Silica gel (Envirogel, London, United Kingdom) was used to control the moisture, obtaining a relative humidity close to 0%. The weight of desiccating needles was determined as a function of desiccation time using an analytical balance (MC-1 AC210S, Sartorius, Gotinga, Germany; precision 0.1 mg). The transpiration rate (J) was calculated from the change in fresh weight (ΔFW) with time (t) divided by the Aneedle:
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The cuticular water conductance (g) was calculated from the transpiration rate (J) divided by the driving force for water loss from the outer epidermal cell wall to the surrounding atmosphere. The driving force for the vapor-based conductance corresponds to the difference between the saturation concentrations of water vapor at the temperature of the needle (Cwv sat needle) and the surrounding atmosphere (Cwv sat air) multiplied by the water activity in the epidermal apoplast (αapo) and the atmosphere (αair):
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The water activity of the atmosphere (αair) over silica gel is nearly zero. The water activity in the apoplast adjacent to the inner side of the cuticle (αapo) is assumed to be close to one. Thus, the active driving force for cuticular transpiration in the setup used was the saturation concentration of water vapor at actual needle temperature (Cwv sat needle). The corresponding water vapor saturation concentrations at needle temperature were derived from tabulated values (Nobel, 2009). The cuticular water conductance at a given dehydration point was plotted vs. the respective RWD.



Anatomical Measurements

Sections of 1 mm × 1 mm of 6 needles from each population were cut and processed for anatomical measurements as described in Peguero-Pina et al. (2016). Semi-thin (0.8 μm) and ultrathin (90 nm) cross-sections were cut with an ultramicrotome (Reichert and Jung model Ultracut E). Semi-thin cross-sections were stained with 1% toluidine blue and viewed under a light microscope (Optika B-600TiFL, Optika Microscopes, Ponteranica, Italy). Ultrathin cross-sections were contrasted with uranyl acetate and lead citrate and viewed under a transmission electron microscope (H600, Hitachi, Tokyo, Japan). Light and electron microscopy images were analyzed with ImageJ software1 to determine needle anatomical characteristics (Figure 2). Light micrographs were used to measure the thickness of the epidermis and hypodermis. Electron micrographs were used to measure the thickness of the cuticle and the outer cell wall of epidermal cells. Each anatomical trait was measured on six different fields of view per section, that is a total of 36 fields of view per population.
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FIGURE 2. Transmission electron micrographs of the cuticle and outer cell wall for needles of P. uncinata grown at (A) Forest and (B) Krummholz populations. The white arrows represent cuticle thickness and the black arrows represent cell wall thickness.




Chemical Analyses of Cuticular Waxes

This section is taken verbatim from Bueno et al. (2020). Cuticular waxes were extracted by dipping the whole needles twice into trichloromethane (≥99.8%, Roth) at room temperature for 1.5 min. N-tetracosane (C24; ≥99.5%, Sigma-Aldrich) was added as an internal standard, and the solutions were reduced to dryness under a gentle flow of nitrogen. Dry cuticular wax samples were derivatized with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Marchery-Nagel) in pyridine (≥99.5%, Roth) at 70°C for 30 min. Quantification of cuticular wax compounds was performed with a gas chromatograph equipped with a flame ionization detector and an on-column injector (7890A, Agilent Technologies). Separation of compounds was carried out on a fused silica capillary column (DB1-ms; 30 m length × 0.32 mm inner diameter, 0.1 μm film thickness, Agilent Technologies) with hydrogen as a carrier gas. The temperature program consisted of injection at 50°C for 2 min, raised by 40°C min–1 to 200°C, held at 200°C for 2 min, and then raised by 3°C min–1 to 320°C and held at 320°C for 30 min. Qualitative analysis was carried out using a gas chromatograph equipped with a mass spectrometric detector (5975 iMSD, Agilent Technologies) following the same gas chromatographic conditions but using helium as the carrier gas. Cuticular wax compounds were identified by comparing a query mass spectrum with reference mass spectra in a library via spectrum matching and quantitated against the internal standard.



Statistical Analyses

The normality of data distribution was tested with Shapiro–Wilk test. To check equality of variances we applied Fisher’s F-test and the Mann – Whitney U test for those non-normally distributed. Student’s t-tests were used to compare values of gmin, anatomical traits, and cuticular wax composition between Forest and Krummholz populations. gmin and anatomical traits means are presented along with their standard error and wax composition mean values are presented along with their standard deviation. All statistical analyses were performed in the R software environment (version 4.0.0, R Core Team, 2020).




RESULTS

The first stage of drying curves for needles of both populations was characterized by high conductance that decreased with leaf dehydration until reaching a plateau of constant needle conductance values (gmin), after reaching maximum stomatal closure (Figure 3). The value of gmin for needles from Krummholz (0.210 ± 0.018 mmol H2O m–2 s–1) was 1.5-fold higher (p = 0.005, Figure 4) than that measured for Forest needles (0.142 ± 0.012 mmol H2O m–2 s–1).
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FIGURE 3. Cuticular water conductance (g) as a function of the relative water deficit (RWD) for a single representative tree of each one of the studied populations of P. uncinata (Forest and Krummholz). A sigmoidal four-parameter curve is fitted to guide the eye. The transition between the declining stage and the plateau stage of needle conductance represents stomatal closure. After maximum stomatal closure, needle conductance remains constant, representing the minimum needle conductance (gmin).
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FIGURE 4. Minimum leaf conductance (gmin) for needles of P. uncinata grown at Forest and Krummholz populations, obtained from drying curves at 25°C. Different letters indicate statistically significant differences (p < 0.05) between both populations.


Regarding anatomical traits, it should be highlighted that cuticle was thicker (p < 0.001, Figures 2, 5) in needles from the Forest population (3.62 ± 0.66 μm) in comparison to the Krummholz population (2.87 ± 0.43 μm). By contrast, the thicknesses of the epidermis, hypodermis, and the outer cell wall of epidermal cells did not differ between both populations (p = 0.879, p = 0.352, and p = 0.802, respectively, Figure 5). Needle length was 5.2 ± 0.2 cm in Forest and 3.1 ± 0.1 cm in Krummholz (data not shown).
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FIGURE 5. The thickness of the (A) epidermis, (B) the hypodermis, (C) the outer cell wall of the epidermis, and (D) the cuticle for needles of P. uncinata grown at Forest and Krummholz populations. Different letters indicate statistically significant differences (p < 0.05) between both populations.


The cuticular wax load was higher for needles from Forest (35.2 ± 6.3 μg cm–2) compared with those from Krummholz (22.9 ± 5.1 μg cm–2). Non-acosan-10-ol was the major cuticular wax constituent for both Forest (15.9 ± 3.8 μg cm–2) and Krummholz (9.2 ± 2.3 μg cm–2), values statistically different when compared between populations (p = 0.017) (Figure 6). Among the other identified compounds, none is exclusive to one population, however, the relative contributions of single compounds in each of the populations do not always follow the same pattern. Thus, long-chain alkanoic acids between C28 and C32, heptacosan-10-ol, non-acosan-7,10-ol and non-acosan-10,13-ol abundancy was higher in Forest needles; short-chain alkanoic acids from C20 to C24 and primary alkanols do not shown differences between populations; and C32 methyl ester was more abundant at the Krummholz population (Figure 6).
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FIGURE 6. Contribution of single compounds to the cuticular wax coverage of P. uncinata needles grown at Forest and Krummholz populations (n = 5; mean ± standard deviation). Asterisks indicate statistically significant differences (p < 0.05) between both populations.




DISCUSSION

Our results demonstrate that the specimens of P. uncinata living in the transition with alpine tundra and the upper limit of the species (Krummholz population) displayed higher values of gmin, lower values of cuticle thickness and total cuticular wax load than those living in the adjacent subalpine forest. Nonetheless, we still stress that these findings should be interpreted carefully and should not be extrapolated to other plant species and environments since there is strong evidence that gmin in some species correlates neither with cuticular wax load nor cuticular thickness (Schreiber and Riederer, 1996; Riederer and Schreiber, 2001; Schuster et al., 2017; Bueno et al., 2020). In addition, it must be taken into account that the values of gmin have a great variation and can differ among plant organs or even between the two sides of a single leaf (Diarte et al., 2020; Márquez et al., 2022).

Among the components found in cuticular waxes, non-cacosan-10-ol is the most abundant, being about ten times more abundant than the others (Figure 6). Non-acosan-10-ol is the main constituent of the tubular microcrystalline wax aggregates that have been described for the stomatal antechambers of coniferous needles, conferring an additional resistance to stomatal transpiration (Jetter and Riederer, 1994; Dommisse et al., 2007). Thus, this compound would be discarded in the comparison of cuticular waxes strictly related to gmin. However, it results in the fact that wax production is generally lower in Krummholz needles.

Michaelis (1934) proposed that a greater residual transpiration rate during winter is produced due to an inadequate maturation of the cuticle in the needles from the treeline. This hypothesis was revisited by Wardle (1974) and Tranquillini (1979), again suggesting this idea as a general cause to explain the existence of an upper treeline. In fact, Baig and Tranquillini (1976) showed that residual transpiration in needles from upper limit specimens of Pinus cembra and Picea abies was higher than those measured in specimens living in the lower levels of the subalpine forest. In addition, these authors also revealed that the upper limit specimens displayed lower thickness values of the entire epidermal complex (hypodermis, epidermis, and cuticle), which for the cuticle was attributed to a shorter summer developmental time.

We have obtained similar results to those in Baig and Tranquillini (1976) in terms of differences in gmin and cuticle thickness, which should reinforce the seminal hypothesis by Michaelis (1934). Further, the contribution of the different wax fractions to the cuticular transpiration barrier of P. uncinata is still to be determined. In fact, most of the studies concerning Krummholz physiology at the upper treeline do not confirm Michaelis’ hypothesis (Hadley and Smith, 1983, 1986; Grace, 1990). Some of them associated the damage found in Krummholz needles to direct winter damage rather than inadequate development during the vegetative period. In this sense, Grace (1990) reported higher winter transpiration in needles of Pinus sylvestris in United Kingdom at treeline but he did not find signs of inadequate cuticular development in needles. Besides that, Hadley and Smith (1983, 1986) also found a higher gmin in the subalpine conifers constituting the upper treeline in Wyoming (United States), but they explained such difference through the abrasion in the cuticle caused by harsh environmental conditions that can occur in the treeline during winter. Nevertheless, our measurements were carried out during autumn in current-year needles, which minimizes the possibility of winter degradation factors, such as abrasion and stomatal dysfunction, contributing to the higher gmin and thinner cuticle thickness in Krummholz trees (Hadley and Smith, 1983, 1986). Instead, our results favor the Michaelis (1934) hypothesis of inadequate cuticle development.

However, it cannot be assumed that worldwide alpine treelines result from inadequate cuticle development (Körner and Paulsen, 2004). Thus, Pinus pumila shows no correlation between cuticle characteristics and needle mortality at treeline when comparing two Krummholz populations growing at high altitude with different wind exposures (Nakamoto et al., 2012). Otherwise, Anfodillo et al. (2002) studying Picea abies and Pinus cembra in the Dolomites along a broad altitudinal gradient, found that these species have thicker cuticles at higher elevations. However, in our study, it is hard to assume that a climatic gradient associated with changes in altitude can modify in such way the cuticle of both growth forms. This would be a big difference compared to the study of Baig and Tranquillini (1976) in which the differences in altitude between populations are approximately 1,000 m, while here it is close to 50 m. The effect of several and continuous alterations of the apical dominance by continuous over pruning, modify the growth pattern from the typical tall, erect timber-sized tree to the stunted Krummholz. Furthermore, it could also be suggested that this over pruning alters the carbon allocation patterns and/or carbohydrate status of the needle so that trees have less carbon available to develop their cuticles, suggesting a trade-off between carbon assimilation and water loss with gmin (Machado et al., 2021). This may be a factor that should be explored to explain this modified functioning.

The differences found in the present study in terms of gmin and cuticle thickness between Forest and Krummholz populations may increase the risk of “frost drought” in the treeline (Michaelis, 1934; Tranquillini, 1976). However, other factors besides gmin and cuticle thickness should be considered when analyzing the possible existence of “frost drought” in the treeline. For instance, the occurrence of a high number of freeze-thaw events could promote massive embolism and needle desiccation during winter in the alpine treeline (Mayr et al., 2006). One might think that the continuous loss of shoots due to “frost drought” condition their stunted form significantly, modifying its nature and the performance of its needles. In this sense, one might wonder if the lower cuticle development, the smaller needle size, the lower cuticle thickness and the greater gmin in Krummholz specimens have a causal relationship, however, this is only a mere hypothesis that should be tested in further studies.

Therefore, the upper treeline is a complex phenomenon that probably cannot be explained from a single point of view, and more research is needed to provide a general explanation for its existence. Our study showed clear evidence that supports the inadequate development of needle cuticles as one of the factors that lead to increased transpirational water losses during winter and, consequently, a higher risk of suffering frost drought. However, other factors associated with the harsh conditions suffered by shoots during winter (i.e., cuticle abrasion or a high number of freeze-thaw events) may also increase the risk of “frost drought” and should be considered when analyzing the upper treeline.
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The plant cuticle, as a lipid membrane covering aerial plant surfaces, functions primarily against uncontrolled water loss. Herein, the cuticle chemical composition and the transpiration of wampee fruit (Clausena lansium (Lour.) Skeels) at the green, turning, and yellow stages in cultivars of “Jixin” and “Tianhuangpi” were comprehensively studied. The coverage of wax and cutin monomers per unit of fruit surface area at the green stage was lower in “Jixin” than in “Tianhuangpi” and increased gradually during development. Cutin monomers accumulated ranging from 22.5 μg cm−2 (green) to 52.5 μg cm−2 (turning) in “Jixin” and from 36.5 μg cm−2 (green) to 81.7 μg cm−2 (yellow) in “Tianhuangpi.” The total composition of waxes ranged between 6.0 μg cm−2 (green) and 11.1 μg cm−2 (turning) in “Jixin,” while they increased from 7.4 μg cm−2 (green) to 16.7 μg cm−2 (yellow) in “Tianhuangpi.” Cutin monomers were dominated by ω-, mid-dihydroxy fatty acids (over 40%), followed by multiple monomers of α,ω-dicarboxylic acids with or without added groups, α-monocarboxylic acids with or without ω- or mid-chain hydroxy or mid-epoxy groups, primary alcohols, and phenolics. The very-long-chain (VLC) aliphatic pattern of cuticular waxes was prominently composed of n-alkanes (ranging from 21.4% to 39.3% of total wax content), fatty acids, primary alcohols, and aldehydes. The cyclic waxes were dominated by triterpenoids (between 23.9 and 51.2%), sterols, and phenolics. Water loss in wampee fruit exhibited linear changes over time, indicating an overall monofunctional barrier to transpiration. Permeance for water in wampee fruit was higher at the green stage than at the yellow stage in both “Jixin” and “Tianhuangpi,” which showed a negative correlation with the changes of VLC n-alkanes. The results showed the cuticular chemicals, including cutin monomers and waxes, in wampee fruit and further indicated the potential contributions of the cuticular chemical composition to the physiological functions in fruits.

Keywords: wampee fruit, cuticular waxes, cutin monomers, transpiration, barrier properties


INTRODUCTION

Clausena lansium (Lour.) Skeels, named wampee or “huangpi (黄皮)” in Chinese for the yellow skin in ripe fruits, is a typical subtropical to tropical fruit. Wampee is native to south China and is also planted in other regions of southern Asia (Rodrigues et al., 2018). Almost all parts of the wampee, including leaves, seeds, roots, and fruits, contain abundant carbazole alkaloids, triterpenoids, and amides, exhibiting strong antioxidant, anticancer, and anti-inflammatory activities (Prasad et al., 2010; Shen et al., 2017; Peng et al., 2019). Therefore, wampee is potentially an economically important plant due to its nutritional and medicinal value.

The plant cuticle is a continuous lipid membrane covering all the aerial plant organs against uncontrolled water loss, pathogen infection, and cracking (Yeats and Rose, 2013). This extracellular membrane has been well studied and is composed of soluble waxes, containing very-long-chain aliphatics and cyclic triterpenoids; the cutin matrix is constructed by C16- and C18-type fatty acid derivatives as well as a small content of phenolics (Jetter et al., 2008; Fich et al., 2016). It has long been established that the barrier to nonstomatal transpiration in plants is largely provided by the cuticle, especially the wax pattern (Riederer and Schreiber, 2001). In addition, both cutin polymers and waxes provide a mechanical barrier to pathogen invasion or as signal components involved in the germination of conidia (Hansjakob et al., 2010; Serrano et al., 2014). Though the phytochemicals of various organs in wampee have been widely investigated, the chemical compositions of the outermost cuticle have not yet been addressed.

Wampee belongs to the Rutaceae family being a distant relative of citrus, and the size of the fruit resembles grape berry and cherry fruit (Rodrigues et al., 2018). Unlike citrus, in which the peel tissue of fruits is independent of the edible parts, the peel adheres together with the pulp in wampee fruit. Wampee is a perishable fruit, which is susceptible to mechanical damages, browning, and disease infection after harvest (Shao et al., 2020). Meanwhile, pathogen invasion as a factor-causing fruit softening and cracking has been a concern in wampee fruit production (Zhou et al., 2015). It has been widely reported that the chemical composition and the structural arrangements of the cell wall or cuticle, as well as the fruit surface properties, are pivotal in maintaining the fruit quality (Ríos et al., 2015; Winkler et al., 2020). Accordingly, the peel tissues may play important roles in affecting fruit quality changes during development and postharvest storage.

In addition, the most popular product of wampee is dried fruit. Therefore, the desiccation process is important for product quality. The tolerance to desiccation in seeds increases during development (Fu et al., 2008), and the drying conditions are also important for the quality of the final product (Chokeprasert et al., 2005). Therefore, elucidating the characteristics of water loss and its barrier property to transpiration might be helpful in improving the production of dry wampee. However, the transpiration property and the potential barrier property of the hydrophobic cuticle in wampee fruit are still unclear.

The goal of this study was to characterize the chemical composition of cuticles and the potential effect of various cuticular components on the transpiration barrier properties in wampee fruit. Previous studies on the varieties of wampee fruit have found that the sour wampee fruit with a common dark yellow surface contained higher antioxidants and a higher antioxidant activity than the sweet wampee fruit with a light yellow surface (Ye et al., 2019). In this study, “Jixin,” the common sour wampee fruit, and “Tianhuangpi,” with high sugar content and sweet flavor, were selected to be comparatively studied. Changes in cuticle composition, including waxes and cutin monomers, as well as the transpiration at the green, turning, and yellow ripe stages, were studied in detail. The chemical composition of the cuticle and the potential contributions to the transpiration barrier properties in wampee fruit are also comprehensively discussed.



MATERIALS AND METHODS


Plant Materials and Reagents

Wampee fruits (Clausena lansium (Lour.) Skeels) at the green (about 60 days after anthesis, DAA), turning (about 75 DAA), and yellow ripe (about 90 DAA) stages in cultivars of “Jixin” and “Tianhuangpi” were harvested from an orchard in Guangzhou, P. R. China (23°30'N, 113°30'E). The fruits were transported back to the laboratory immediately, and the fruits with uniformity of shape, color, and size were selected for further experiments. At each developmental stage, 15 individual fruits were selected to determine the transpiration, and at least 10 fruits were used to isolate the cuticular membranes for further chemical analysis. All the experimental reagents used were in analytical grade and were prepared following the methods given in the previous reports (Huang and Jiang, 2019).



Preparation of Cuticular Membranes From Wampee Fruit

Cuticular membranes from wampee fruit at different stages were prepared following the previous methods with minor modifications (Huang and Jiang, 2019). The fruits with uniform shape and size at each stage were randomly selected to isolate cuticular membranes. Because of different fruit sizes during development, peel disks from the middle position of wampee fruit at the green, turning, and yellow stages were prepared using a puncher with diameters of 0.5, 0.8, and 1.0 cm, respectively. The cuticular membranes were isolated by immersing the peel disks in 10 mM citric acid buffer containing 1% (w/v) pectinase and 1% (w/v) cellulase (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and incubated under 37°C for 2–3 days. Once most of the tissues were removed from the fruit skin, the cuticular membranes were then washed by 10 mM sodium tetraborate decahydrate (Solarbio Science and Technology Co., Ltd., Beijing, China) to absorb the contamination of free fatty acids. The cuticular membranes were further rinsed with distilled water and air-dried for further analysis.



Cuticular Wax and Cutin Monomer Extraction

Cuticular waxes and cutin monomers were extracted in series from isolated cuticular membranes according to the previous methods with minor modifications (Huang et al., 2017). The isolated cuticular membranes were completely dipped in chloroform (Guangzhou Chemical Reagent Factory, China) with a mild temperature of around 40°C to better release the soluble waxes. The extraction time was set for 2 min. Each sample was extracted three times and combined with the extracts. Then, n-tetracosane (Sigma–Aldrich, Shanghai, China) was added as an internal standard to evaluate the cuticular contents. The solvent in the extracts was evaporated by gentle nitrogen gas until they dried for further analysis. After that, the membranes that have been removed of soluble waxes were subsequently depolymerized in boron trifluoride with methanol (BF3-methanol, 10%, ~1.3 M, Sigma–Aldrich, Shanghai, China) and incubated for 16 h at 70°C. After membranes were lysed, n-dotriacontane (Sigma–Aldrich, Shanghai, China) as an internal standard was added. Saturated aqueous sodium chloride solution and chloroform were added in series to extract the cutin monomers. The organic phase was collected and evaporated to dryness under a gentle stream of nitrogen gas for further analysis.



Gas Chromatography–Mass Spectrometry

To detect the chemical composition of cuticular waxes and cutin monomers, the above-prepared extracts were derivatized with pyridine (Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) and N,O-bis (trimethylsilyl) trifluoroacetamide (BSTFA, Sigma–Aldrich, Shanghai, China) for 30 min at 70°C. The chemical components were analyzed using a temperature-controlled capillary gas chromatography (7890B GC System; Agilent Technologies, USA) instrument equipped with a mass spectrometric detector (m/z 50–750, MSD 5977B; Agilent Technologies, USA). Single compounds were identified based on their electron ionization mass spectra using authentic standards, the mass spectral library of Wiley 10th (John Wiley & Sons), NIST 2014 (W10N14), or by interpretation of the spectra information, including the retention times and fragments of m/z, which were analyzed by comparison with data from the literature (Holloway, 1982; Jetter et al., 2008) or online database (https://www.lipidmaps.org/resources/lipidweb/lipidweb_html/index.html).

To quantify wax and cutin monomer components, the extracts were analyzed using a capillary gas chromatography instrument equipped with a flame ionization detector (7890A, GC System; Agilent Technologies, Santa Clara, CA, USA) and on-column injection with a capillary column (30 m × 0.32 mm, DB-1 ms, 0.1 μm film; J&W Scientific, Agilent Technologies, USA). To separate cuticular wax compounds, 1-μL samples were injected at 50°C; after 2 min at 50°C, the temperature was raised to 200°C at 40°C min−1 and held for 2 min and then raised to 320°C at 3°C min−1 and held for 30 min. For separation of the cutin monomers, 1-μL samples were injected at 50°C; after 1 min at 50°C, the temperature was raised to 150°C at 10°C min−1 and held for 2 min and then raised to 320°C at 3°C min−1 and held for 30 min. The area under the peaks was compared with that of the internal standards to obtain the quantity of cuticular waxes and cutin monomers. Five repetitions for each cultivar at each stage were performed for both wax and cutin analysis. The average chain length of the VLC acyclic compounds was calculated following the methods reported by Huang et al. (2017).



Determination of Fruit Transpiration

The transpiration of the fruit at different stages was determined gravimetrically by recording the weight loss with the extension of time (Huang et al., 2017). In brief, an intact fruit without any defects in a total of 12–15 samples from each developmental stage and cultivar was carefully selected. Before measurement, fruit samples were saturated with water by dipping fruit stalks in water overnight. Then, the fruit pedicel scars were sealed with paraffin wax to avoid stalk water loss. The weight loss of fruit vs. time was recorded every 2 h over six times and extended to over 24 h, and the atmosphere temperature was controlled at 25°C. The measurement was taken using an analytic electronic balance with a precision of 0.1 mg (BSA-224S, Sartorius, Beijing, China). The dynamic changes in accumulative transpiration (flux of water vapor, F in g m−2) per unit of fruit surface area (A, m2) vs. time (Δt) were analyzed. The fruit surface area was obtained by regarding the fruit as an ellipsoid or a sphere shape. Subsequently, permeance for water (P in m s−1) of wampee fruit was obtained according to the transpiration rate via a driving force:

[image: image]

The concentration of water vapor under the saturated status (Cw) was referred to from the tabulated values (Nobel, 2009). The fruit water activity (afruit) was assumed as a unit. The air water activity (aair) over silica gel was regarded to be close to zero.



Statistical Analysis

Statistical analyses of all the experimental data were performed by SPSS (23, IBM Corp., Armonk, NY, USA) and SigmaPlot 12.5 (Systat Software, Inc., San Jose, CA, USA). Comparison analyses were carried out by one-way analysis of variance, and the differences between the two groups were analyzed at a level of 0.05. All the graphs were performed by SigmaPlot 12.5.




RESULTS


Changes in Fruit Surface Area at Different Developmental Stages

The fruit shape differed among the variety of cultivars and had different developmental stages. The fruit resembled an ellipsoid at all the developmental stages in “Jixin” (Figure 1A). In contrast, it was close to an ellipsoid shape at the green stage and shifted to a more sphere-like shape at the turning and yellow stages in “Tianhuangpi” (Figure 1B). Fruit size, measured as the surface area, increased gradually with the development and was calculated on the basis of the assumed shape of the fruit. The fruit surface area was the lowest at the green stage and increased rapidly by 70% from 7.3 cm2 (green) to 12.7 cm2 (turning) and to 17.3 cm2 in the yellow fruit (2.5-fold of the green fruit) in “Jixin.” It increased slowly by 15% from 10.3 cm2 (green) to 11.8 cm2 (turning) and by 35% in the yellow fruit (13.7 cm2) in “Tianhuangpi” (Figure 1C).


[image: Figure 1]
FIGURE 1. Changes in fruit appearance and surface area changes at different developmental stages for wampee (Clausena lansium (Lour.) Skeels). The overall changes of “Jixin” —JX (A), and “Tianhuangpi” —THP (B), as well as the fruit surface areas (C) at the green, turning, and yellow ripe stages. Data are presented as the mean ± standard deviation (n = 12). Scale bars in (A) and (B) are 1 cm. Different letters indicate the significant differences at the level of 0.05.




Cuticular Chemicals Detected in Wampee Fruit

The overall accumulation of waxes and cutin monomers per unit of surface area was lower in “Jixin” than in “Tianhuangpi.” The contents of cuticle chemicals were lowest at the green stage, increased until the turning stage, and decreased thereafter in “Jixin.” In contrast, they accumulated gradually during the whole development of “Tianhuangpi” (Figure 2). Cuticular wax was covered between 6.0 μg cm−2 (green) and 11.1 μg cm−2 (turning) in “Jixin” and ranged from 7.4 μg cm−2 (green) to 16.7 μg cm−2 (yellow) in “Tianhuangpi” (Figure 2A). Cutin monomers accumulated from 22.5 μg cm−2 at the green stage to 52.5 μg cm−2 at the turning stage in “Jixin” and varied from 36.5 μg cm−2 at the green stage to 81.7 μg cm−2 at the yellow stage in “Tianhuangpi” (Figure 2B). As a result, the ratio of total wax over cutin monomers was maintained at around 0.21 (Table 1).


[image: Figure 2]
FIGURE 2. The overall cuticular chemical composition in wampee fruit (Clausena lansium (Lour.) Skeels). Total cuticular waxes (A) and total cutin monomers (B) in the three developmental stages of “Jixin” —JX and “Tianhuangpi” —THP. Data are presented as the mean ± standard deviation (n = 5). Different letters indicate the significant differences at the level of 0.05.



Table 1. Overall cuticular chemicals including waxes and cutin monomers of wampee fruit (Clausena lansium (Lour.) Skeels) in two cultivars of “Jixin” and “Tianhuangpi”.
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Accumulation of Cutin Monomers

Numerous cutin monomer families were detected in the wampee fruit cuticle. Similar to the changes in total cutin monomers, most classes of cutin monomers exhibited lower coverage in “Jixin” compared with “Tianhuangpi” (Figure 3). The homologs of ω-, mid-dihydroxy fatty acids (varying from 42.7 to 52.2% of total monomers) were the prominent cutin monomers, followed by α,ω-dicarboxylic acids with or without added hydroxy or epoxy groups, α-monocarboxylic acids with or without ω- or mid-chain hydroxy groups, primary alcohols, and phenolics (Figure 3). The most abundant monomer was 9(10),16-dihydroxyhexadecanoic acid, which ranged from 11.3 μg cm−2 (green) to 22.7 μg cm−2 (turning) in “Jixin” and between 17.4 μg cm−2 (green) and 31.8 μg cm−2 (turning) in “Tianhuangpi” (Supplementary Materials—cutin monomers). In addition, ω-OH C16 fatty acids (4.4 μg cm−2 to 5.0 μg cm−2 in “Jixin” and 7.7 μg cm−2 to 8.2 μg cm−2 in “Tianhuangpi”), α,ω-dicarboxylic C16 acids (5.1 μg cm−2 to 6.4 μg cm−2 in “Jixin” and 6.8 μg cm−2 to 9.4 μg cm−2 in “Tianhuangpi”), and 7(8)-OH-α,ω-dicarboxylic C16 acids (7.4 μg cm−2 to 9.8 μg cm−2 in “Jixin” and 6.9 μg cm−2 to 10.4 μg cm−2 in “Tianhuangpi”) were also detected as abundant monomers in wampee fruit cuticles (Supplementary Materials—cutin monomers). The other monomers were detected in <5 μg cm−2 and increased slightly during development (Figure 3 and Supplementary Materials—cutin monomers). Similarly, α-monocarboxylic acids with mid-OH (C15) or with ω-OH and mid-epoxy groups (C18) were detected in a small amount. Monofunctional fatty acids ranged from C16 to C32 with C16, C18, and C30 being the most abundant. Small amounts of primary alcohols, from C24 to C31, and coumaric acid and their derivatives as phenolics were also detected (Figure 3 and Supplementary Materials—cutin monomers). The most prominent components in cutin, C16- and C18-type monomers, exhibited a decreasing trend in their ratio from 9.1 to 6.5 in “Jixin” and from 10.8 to 7.4 in “Tianhuangpi” (Table 1).


[image: Figure 3]
FIGURE 3. Chemical compositions of cutin monomers in wampee fruit (Clausena lansium (Lour.) Skeels). Fruits at the green, turning, and yellow stages of two cultivars (A) “Jixin” and (B) “Tianhuangpi” were comparatively analyzed. Data are given as means ± standard deviation (n = 5). Different letters indicate the significant differences at the level of 0.05.




Chemical Composition of Cuticular Waxes

The accumulation of VLC aliphatic components in waxes varied from 1.9 μg cm−2 (green) to 4.2 μg cm−2 (turning) in “Jixin” and increased by 4-fold from 2.0 μg cm−2 (green) to 8.3 μg cm−2 (yellow) in “Tianhuangpi” (Table 1). The content of cyclics increased from 2.6 μg cm−2 (green) to 4.5 μg cm−2 (turning) in “Jixin” and from 4.1 μg cm−2 (green) to 5.4 μg cm−2 (yellow) in “Tianhuangpi” (Table 1). It is also noteworthy that the relative contents of VLC aliphatics and cyclics in total waxes appeared in stable ratios in “Jixin” (between 0.7 and 1.1) while increasing by 3-fold (0.5 to 1.5) in “Tianhuangpi” during fruit development (Table 1).

The aliphatic components were dominated by n-alkanes, followed by fatty acids, primary alcohols, and aldehydes in waxes (Figure 4 and Supplementary Materials—waxes). The most abundant VLC n-alkanes accumulated with homolog carbon chains from C21 to C33 and were dominated by C29 (6.0–14.9% in “Jixin”, and 5.9–15.3% in “Tianhuangpi”) and C31 (7.0–12.7% in “Jixin”, and 6.2–13.7% in “Tianhuangpi”), which were lower in the green stage than in other stages (Figure 5A and Supplementary Materials—waxes). Fatty acids from C20 to C30 were mainly even-numbered carbon chains with an increasing trend for C28 and C30 during development (Figure 5B and Supplementary Materials—waxes). Similar to fatty acids, primary alcohols accumulated as even-numbered carbon chains between C24 and C32 and changed mostly in C30 (Figure 5C and Supplementary Materials—waxes). Only a small amount of C30 for aldehydes was detected in wampee fruit waxes (Supplementary Materials—waxes).


[image: Figure 4]
FIGURE 4. Chemical compositions of cuticular waxes in wampee fruit (Clausena lansium (Lour.) Skeels). Fruits at the green, turning, and yellow stages of two cultivars (A) “Jixin” and (B) “Tianhuangpi” were comparatively analyzed. Data are given as means ± standard deviation (n = 5). Different letters indicate the significant differences at the level of 0.05.



[image: Figure 5]
FIGURE 5. Carbon chain-length distribution and content of aliphatics in wampee fruit (Clausena lansium (Lour.) Skeels). (A,B) fatty acids, (C,D) primary alcohols, and (E,F) n-alkanes in fruits at the green, turning, and yellow stages of “Jixin” and “Tianhuangpi” were comparatively analyzed, respectively. Data are given as means ± standard deviation (n = 5). Different letters indicate the significant differences at the level of 0.05.


The cyclics in the waxes of wampee fruits were found to be mainly triterpenoids and sterols. Triterpenoids as the prominent cyclic components comprised various members, the most abundant being uvaol (37.2– 40.3% in “Jixin” and 23.9–51.2% in “Tianhuangpi”), followed by lupeol, α-amyrin, β-amyrin, σ-amyrin, and taraxerol (Figure 6). These triterpenoids were detected to maintain relatively stable levels from the green to yellow ripe stages in both “Jixin” and “Tianhuangpi” (Figure 6 and Supplementary Materials—waxes). Campesterol, stigmasterol, and β-sitosterol were detected as the sterol constituents, in which stigmasterol and β-sitosterol increased notoriously during development. In addition, small amounts of tocopherols as phenolic components were also detected (Figure 6 and Supplementary Materials—waxes).


[image: Figure 6]
FIGURE 6. Changes in sterols and triterpenoids as cyclic pattern in wax mixtures of wampee fruit (Clausena lansium (Lour.) Skeels). Fruits at the green, turning, and yellow stages of two cultivars (A) “Jixin” and (B) “Tianhuangpi” were comparatively analyzed. Data are given as means ± standard deviation (n = 5). Different letters indicate the significant differences at the level of 0.05.




Cuticular Transpiration of Wampee Fruit

Transpiration was measured at different developmental stages by continually recording the weight loss. As shown in Figure 7A, water loss in weight per unit of the surface area of wampee fruit at different stages exhibited linear changes over time (r2 > 0.99). Plant transpiration has been reported to be regulated either by the surface stomata exhibiting a dynamic process named drying curve or by the hydrophobic barrier contributed by the cuticle with linear changes of water loss (Burghardt and Riederer, 2003; Zeisler-Diehl et al., 2017). The transpiration of wampee fruit exhibited linear changes during the measured time period extending up to 24 h or even longer. This indicated a single main factor affecting the barrier property for transpiration in wampee fruit. Taking the driving force into account, permeance for water in wampee fruit was lower in “Tianhuangpi” than in “Jixin” at both green and yellow stages. In contrast, water permeability exhibited the lowest levels at the yellow ripe stage in both “Jixin” and “Tianhuangpi” (Figure 7B). Permeance for water varied between 2.0 × 10−4 m s−1 (green) and 1.7 × 10−4 m s−1 (yellow) in “Jixin” and from 1.6 × 10−4 m s−1 (green) to 1.4 × 10−4 m s−1 (yellow) in “Tianhuangpi” (Figure 7B).


[image: Figure 7]
FIGURE 7. (A,B) Transpiration in wampee fruit (Clausena lansium (Lour.) Skeels) at the green, turning, and yellow stages of “Jixin” —JX and “Tianhuangpi” —THP. Data are given as means ± standard deviation (n = 15). Different letters indicate the significant differences at the level of 0.05.





DISCUSSION

Wampee fruit is rich in phytochemicals with antioxidant and anticancer activities (Prasad et al., 2009; Ye et al., 2019). However, the main part of peel tissues, the outer cuticle, has not been previously studied. The cutin matrix was constructed by numerous monomers dominated by 9/10,16-dihydroxy fatty acids, varying from 38.9% in yellow “Tianhuangpi” to 50.3% in green “Jixin” of total monomers (Figure 3 and Supplementary Materials—cutin monomers). Monomers of ω-, mid-dihydroxy fatty acids as the main cutin components have been reported in many other fruits, especially in tomatoes (Leide et al., 2007), peppers (Parsons et al., 2013), pitayas (Huang and Jiang, 2019), olives (Huang et al., 2017), and selected northern berries (Järvinen et al., 2010). However, the main monomer components in the wampee fruit cuticle were different from those of the citrus fruit (species in the same family as wampee), in which ω-hydroxy fatty acids with mid-chain oxo-group dominated in cutin monomers (Wang et al., 2016). Besides the cutin monomers, n-alkanes ranged from 21.4% in green “Tianhuangpi” to 39.3% in yellow “Tianhuangpi” as the main aliphatics, while triterpenoids varied between 28.2% in yellow “Tianhuangpi” and 53.6% in green “Tianhuangpi” as cyclic components (Figure 5A and Supplementary Materials—waxes). The n-alkanes and triterpenoids have also been found as prominent compounds in waxes in tomatoes (Leide et al., 2007) and cherries (Belge et al., 2014).

The cutin monomers and waxes accumulated in similar chemical classes but exhibited cultivar- and development-related variability in wampee fruit. The coverage of waxes and cutin monomers, as well as their variety of components, was overall lower in “Jixin” than in “Tianhuangpi” (Figures 3, 4 and Supplementary Materials—cutin monomers and waxes). Similar cultivar-related differences were reported in sweet cherries (Belge et al., 2014), olives (Diarte et al., 2019), grape berries (Yang et al., 2021), and northern berries (Järvinen et al., 2010). In addition, cuticular components in mass per unit of fruit surface area were accumulated in lower levels in the green fruit and were highest at the turning stage in “Jixin”, while they increased gradually in “Tianhuangpi” during development (Figures 3, 4 and Supplementary Materials). The surface waxes increased gradually in mass in bayberry and grape berry fruits and peaked at 85 and 81 DAA, respectively, while exhibiting a slightly decreasing trend thereafter (Simpson and Ohlrogge, 2016; Arand et al., 2021). It has also been mentioned that both cutin monomers and waxes exhibited an increasing trend during development in tomato (Leide et al., 2007) and cherry (Peschel et al., 2007). In citrus fruits, the distant relatives of wampee, the accumulation of cutin monomers increased with the expansion of the fruits and peaked at 180 DAA (color turning stage), whereas waxes increased through the whole developmental period till 240 DAA (Wang et al., 2016). As a result, the cultivar and developmental time differences in wampee fruit exhibited the typical berry characteristics on the basis of the changes in cuticular chemical composition.

The cuticle functions as an extracellular membrane covering plant surfaces and is largely affected by the chemical constituents and their structural arrangements (Riederer and Schreiber, 2001). On the basis of the above chemical analysis, wampee fruit forms a similar berry fruit cuticle, which plays an important role against nonstomatal transpiration, pathogen infection, and fruit cracking. The n-alkanes, dominated by C29 and C31, as well as the main carbon chain of C30 for fatty acids, primary alcohols, and aldehydes were the main VLC aliphatic components (Figure 5 and Supplementary Materials—waxes). In addition, the VLC aliphatics in mass per surface area were lower at the green stages and increased following the development of the fruit in both “Jixin” and “Tianhuangpi.” Consequently, the overall carbon chain aliphatics indicated by average chain length shifted from C28 to C29 during development (Table 1). As the efficiency of the hydrophobic barrier to transpiration is largely contributed by the VLC aliphatic compounds (Leide et al., 2007), changes in VLC components may influence the water status in wampee fruit.

Similar to the changes in cuticular chemicals, transpiration of wampee fruit also exhibited cultivar and developmental time differences. It has been reported that transpiration of plant tissues was mainly regulated by stomata and the outermost hydrophobic cuticle. When stomata are open, the dynamic water loss is evidenced as a drying curve, which shows a rapid initial water loss and slows down following the closing of stomata (Burghardt and Riederer, 2003). In contrast, the behavior is linear for transpiration via nonstomatal surfaces or when most stomata are closed (Zeisler-Diehl et al., 2017). In this study, the linear dynamic changes of water loss even during prolonged measurements, indicating a single barrier for transpiration, were largely contributed by the cuticle in wampee fruit. Water permeability was generally lower in “Tianhuangpi” than in “Jixin” and showed the highest level at the green stage with a decreasing trend during development (Figure 7). Simultaneously, the overall VLC aliphatics on total waxes, especially the major pattern of n-alkanes, C29 and C31, increased in both mass per surface area and relative level during fruit development (Supplementary Materials—waxes). Accordingly, a negative correlation between the accumulation of VLC n-alkanes and the water permeability was found (r2= 0.84, p < 0.01). It has been verified that the VLC aliphatics, especially hydrocarbons, are pivotal in regulating the transpiration in plants to adapt to water-deficit stresses (Kosma et al., 2009; Patwari et al., 2019; Dimopoulos et al., 2020). The increase of VLC aliphatics, in both amount and relative level, may enhance the hydrophobic crystalline zones in the cuticle (Riederer and Schreiber, 1995; Huang et al., 2017), thus slowing down the transpiration in wampee fruit during development.

It is noteworthy that triterpenoids, another major family of wax compounds, accumulated steadily in mass per surface area but decreased in the relative level during fruit development (Figures 5, 6). It has been mentioned that the triterpenoids were largely detected in the intracuticular layer in plants (Jetter and Riederer, 2015; Arand et al., 2021). In wampee fruit, uvaol as the major triterpenoid was released together with cutin monomers, which was embedded in the cutin matrix. The abundant triterpenoids were implicated to function as fillers embedding in the cutin matrix to plasticize and enhance the mechanical properties of the cuticle (Tsubaki et al., 2013; España et al., 2014). Cutin monomers polymerize as a matrix to provide scaffolding for the accumulation of waxes and also enhance the mechanical support in the cuticle (Fich et al., 2016). In tomatoes, cutin deficit was found to accelerate fruit softening and susceptibility to pathogen infection (Isaacson et al., 2009; Yeats et al., 2012). During the development of wampee fruit, the amount of triterpenoids and cutin monomers increased per surface area, while the relative level of total wax content and total cutin monomers decreased remarkably (Figures 3, 6 and Supplementary Materials). These changes may induce the alteration in the arrangement of cuticular chemicals on a spatial level.

In addition, berry fruits are susceptible to cracking during development or at the ripening stage such as in cherries, grape berries, plums, and tomatoes (Khadivi-Khub, 2014). As wampee fruit exhibits similar characteristics to these berry fruits, the increase of chemical components in the cuticle might be important to enhance the barrier so as to protect from fruit cracking. On the one hand, the fruit exhibits vigorous metabolism and high transpiration during development. Thus, it needs to accumulate waxes and cutin to enhance mechanical properties maintaining the fruit integrity during the expansion of fruit (Knoche and Lang, 2017). Though lower amounts of cuticular components accumulated in green fruit, the higher relative contents of triterpenoids and cutin monomers were important to strengthen the mechanical properties of the cuticle to protect fruit integrity. On the other hand, with the expansion of the fruit, the relative content of cuticular chemicals decreased in cyclics and cutin monomers, which may form a less tight cuticle, inducing cracking in ripe berries compared with young fruits (Knoche et al., 2004). In addition, as compared to green fruits, water permeability was lower in ripe fruit, which might be because of the maintenance of fruit quality following the ripening of the fruit (Figure 7). It should be noted that n-alkanes as one of the main wax components exhibited an increasing trend for both mass per surface area and the relative content level (Figure 5 and Supplementary Materials—waxes). It has also been proposed that the accumulation of n-alkanes was probably taking part in enhancing the tolerance to cracking in cherry fruits (Ríos et al., 2015). Therefore, the decline of the relative level in cyclics and cutin monomers may broaden the space in the cuticle to embed the n-alkanes, thus forming a better barrier to transpiration in wampee fruit at the ripe stage.

In conclusion, this study reports the detailed chemical composition of waxes and cutin monomers as well as their potential effects on the transpiration barrier properties in wampee fruit. The cuticular chemical composition and transpiration properties exhibited cultivar and developmental time differences following the expansion of wampee fruit. Cuticular waxes were dominated by n-alkanes and triterpenoids, while ω-, mid-chain dihydroxy fatty acids were the prominent cutin monomers. The contents of cuticular chemical composition were higher in “Tianhuangpi” than in “Jixin” and were lower in green fruits. Transpiration was higher in the green fruit and decreased during development. In addition, the increase of n-alkanes, dominated by C29 and C31, in both mass per area and relative content levels provided further insights into the importance of hydrocarbons to form hydrophobic barriers in the cuticle. To the best of our knowledge, this study provides the first approach to cuticle chemicals as well as to the physiological functions, taking transpiration as an example in wampee fruit. Further study on the effect of cuticles on fruit cracking and microbial infection is necessary.
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number enrichment
G0:0002237  response to molecule 5 18.3 3.76E-02
of bacterial origin
G0:0045087 innate immune 9 8.71 4.46E-03
response
G0O:0002376 immune system 10 6.82 9.56E-03
process
GO:0010038  response to metal ion 18 6.28 3.62E-06
G0:0009620 response to fungus 12 515 1.65E-02
G0:0033993 response to lipid 24 4.44 4.83E-06
G0:0010035  response to inorganic 27 4.43 4.33E-07
substance
G0:0098542  defense response to 23 4.28 2.10E-05
other organism
G0O:0043207  response to external 29 a.97 1.01E-06
biotic stimulus
GO:0051707 response to other 29 3.97 1.01E-06
organism
G0:0009607 response to biotic 29 3.97 1.03E-06
stimulus
G0:0044419 biological process 29 3.88 1.70E-06
involved in interspecies
interaction between
organisms
G0:0006952 defense response 24 3.79 9.29E-05
GO:0009605  response to external 35 3.47 4.23E-07
stimulus
G0:0048583 regulation of response 17 3.42 4.03E-02
to stimulus
G0:0042221  response to chemical 61 3.41 1.19E-14
GO0:0019752 carboxylic acid 19 3.38 1.43E-02
metabolic process
G0:1901700 response to 34 3.37 1.72E-06
oxygen-containing
compound
G0O:0006082  organic acid metabolic 22 3.36 2.72E-03
process
G0:0043436 oxoacid metabolic 21 3.33 5.46E-03
process
GO:0009725  response to hormone 27 3.25 2.58E-04
G0:0009719 response to 27 3.18 4.12E-04
endogenous stimulus
G0:0010033  response to organic 35 3.07 1.02E-05
substance
G0:0044281 small molecule 29 2.92 7.32E-04
metabolic process
G0:0006950 response to stress 59 2.84 1.60E-10
G0:0050896  response to stimulus 91 2.47 1.89E-15
G0:0009987 cellular process 126 1.59 1.69E-08
G0:0008152 metabolic process 84 1.51 3.41E-02
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At harvest After 14days at 4°C

LSD (p <0.05)

Natura Sinatra Natura Sinatra PCT
Pentacosane c25 04.5° 00.8° 00.7° 0.6
Hexacosane c26 023 00.7° 00.7 0.2
Heptacosane car 204° 08.4° 09.6 024
Octacosane Cc28 04.5° 02.5° 03.7° 00.3
Nonacosane c29 25 123 200" 03.4
Triacontane c30 036" 026° 0410 00.4
Hentriacontane cat 1.6 06.8° 1.9 024
Dotriacontane c32 00.8* 00 7“‘ 01.0* 00.2
Tritriacontane C33 00.4° 013
Tetradecanaic acid C14:0 0.3
Pentadecanaic acid C150 00.2° 00.1- 00.2- 00.4
Hexadecanoic acid C16:0 045" 07.9% 04.1° 04.0
Heptadecanoic acid ci70 00.1° 00.4° 002 00.1
Octadecanaic acid c18:0 026 06.0" 03.0° 013
Docosanoic acid C22:0 00.4° o7 013 01.0
Pentacosanoic acid €250 005 o1.2 01.0 004
Hexacosanoic acid C26:0 036" 09.1° 06.5% 035
Heptacosanoic acid car0 00.4° ot.1 o1.1* 00.4
Octacosanoic acid C28:0 o7 04.6% 03.6° o012
Triacontanoic acid G30:0 00.7° 01.6% 020 0.9
Dotriacontanoic acid C32:0 00.7° 02.5° 02.7* 01.0
Palmitoleic acid C16:1(9) 009" 006" 00.6° 02.1
Oeic acid C18:1(9) K 00.5° 015 01.0% 00.6
Hexacosanol Cc26 00.9* 00.7° 00.8 i f 00.8° 00.2
Octacosanol c28 008 015 00.9° 01 a° 015 00.4
Triacontanol C30 01.0° 03.0" 01.3 028
1-monopalmitin 006" 00.2° 002
1-monostearin X 8.7 05.9° 0740c 043¢ m 43

Relative content (%) was regarded as the percentage of each compound compared to the total content of compounds. Values represent means (nd, non-detectabe). Different
letters indicate significant differences according to Duncan’s test (p<0.05).
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Species Age Beta (§) tseca (min) Absorbed (%)

Holly Young —1.75 4+ 0.08a 210+ 1.4a 124.4 + 8.4a
Old —2.06 + 0.36a 205+ 7.8a 130.2 £9.3a
Eucalypt Young -3.83+007a 1050+ 7.1a 1522 £ 22.1a
Old -1.90 +£0.43b 265+ 12.0b 91.1£10.1b

Data are means =+ SD (r

30). Within columns for the same species, values marked with different letters are significantly different according to Tukey's HSD test (P < 0.05).
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Species Beta (B) tseca (min) Absorbed (%)

Holly —2.06 + 0.36a 295+ 7.8a 130.2 £ 9.3b
Eucalypt —1.90 + 0.43a 26.5+12.0a 91.1 £10.1a
Cherry laurel -3.17 £ 0.45b 75.0£21.2b 15216 £ 22.1b

Data are means % SD (n = 30). Within columns for the same species, values marked with
different letters are significantly different according to Tukey's HSD test (P < 0.05).
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7.66 + 0.3%
11.80 £ 1.41a
6.14 £ 0.78b
801+ 0.84a

Polysaccharide fraction (jm)

451+ 0.40a
0.70 4 0.20b
4.45 £ 0.60a
302+ 1.36a

Total cell wall (um)

12,64 + 0.37a
12.45 £ 1.47ac
10.60 + 0.50b
11.04 £ 1.21bc

Data are means = SD (n = 30). Within columns and for the same species, values marked with different letters are significantly different according to Tukey's HSD test (P < 0.05).

Significance codes: 0 “***

.007 “*" 0.07 "

D5 a.r=" 1.
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-225£0.11ab
—2.66 +0.01b
—2.06 % 0.36a
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—2.91+0.07b
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21£1.4a
42.5 £ 3.5ab

50 + 0.0b
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Stage (DAFB) Fraction Morphological side
69 oM Inner
Outer
DCM Inner
Outer
Wex Inner
Outer
103 oM Inner
Outer
DCM Inner
Outer
Wax Inner
Outer
138 oM Inner
Outer
DCM Inner
Outer
Wax Inner
Outer

Slope + SE

0.33£0.01
0.23 £0.02
0.36 +0.02
0.10£0.01
0.08 £ 0.00
0.13£0.02
0.41£0.01
0.32£0.01
0.32 £0.02
0.12£0.01
0.04 £ 0.00
0.22 +£0.02
0.42 £0.01
0.21£0.01
0.33 £0.02
0.08 £0.01
0.10 £ 0.00
0.20£0.01

Coefficient of determination

0.999*
0.956"
0.992*
0.932*
0.990"
0.916*
0.999"
0.994*
0.979"
0.983*
0.941*
0.975™
0.995™
0.986"
0.985***
0.949*
0.995*
0.983*

The fruit was fed using "3C oleic acid for 7 d beginning at 69, 103, and 138 days after full bloom (DAFB). After 7 d, feeding was terminated. The fruit was harvested 14 d after terminating
feeding and the CMs were isolated. Wax was extracted after CAPP treatment. Dewaxed CMs are referred to as DCMs. Since the intercept term was not significantly different from zero,

all regression lines were forced through the origin.
SE standerd error of the estimate.
Significance of the coefficients of determination at the 1 and 0.1% levels are indicated by ** and ***, respectively.
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Treatment

05
Artficial juice 104.3 + 186
Natural uice 832319
Mean 988+ 18.2a°

Water uptake (rate, mg h™')
Osmotic potential (MPa)

1.0
538+ 12.4

58.1+13.0
568+88b

Mean

789 % 12.209
70.7 £17.0
748+ 10.4

05

22+02
18+£02
20+01a

Water soaking (score, arbitrary)
Osmotic potential (MPa)

1.0 Mean
16+03 1.9+0.209
15+£02 1.7+£01
16+0b 18+0.1

Water soaking was indexed using a 5-point rating scale: score 0, no water soaking; score 1, <10% of the surface area water-soaked; score 2, 10-35%; score 3, 35-60%; score 4 > 60%.

In the deionized water control, the rate of water uptake was 122.8 + 18.7mg h=", and the score for water soaking was 1.6 = 0.2.

Analysis of variance revealed no significant interaction term but a significant main effect for osmotic potential. **\Non-significant effect for treatment.

Means followed by the same letter are not significantly different, Tukey’s test at p = 0.05. ns, non-significant effect.
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Component Concentration (mM)
Water 00

Mealic acid 252

Citric acid 43.4
Carbohydrates 3166
Artficial juice 428

~¥n (Mpa)

0.0
0.1
0.1
08
1.1

pH

6.4
26
23
85
32

Rate of uptake (mg h")

117.3 £ 138b*

207.6+27.1a

176.4 + 16.8a
630x74c
502+562¢c

Rating (score)

19+02b
37+01a
35+02a
1.0£02¢
16+02b

Water soaking was indexed using a §-point rating scale: score 0, no water soaking; score 1, < 10% of the surface area water-soaked; score 2, 10-35%; score 3, 35-60% score
4 > 60%. The arificial juice wes compounded from the mejor osmolytes found in strawberris (together these account for 96.1% of the osmolarity of a strawberry) (Hermann, 2001),

The artiicaljuice was isotonic with the expressed natural juice.

Means followed by the same letter are not significantly different, Tukey's test at p

.05.
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Green
Aliphatics 1.91 £ 0.49°
Cyclics 2.64+037°
Aliphatics/cyclics 0.78 £ 0.22%
ACL 28.01 £0.81%
C16/C18 monomers 9.14 4 1.68%
Wax/cutin 0.28 £ 0.07*
Cuticle yield 32.81 4+ 6.04¢

“Jixin”
Turning

421:£068°
4.48 + 083
0.97 & 0.28%
28.76 £ 021°
745 £ 1.11°
021003
71.71 £ 808°

Yellow

3.97 £059°
3.78+0.25°
1.07 £0.23%
29.20 40,012
6.49 4 0.68°
0.21:£0012
59066 & 4.47%

Green

1.97 £ 0.29°
4.07 +0.64°
0.50 +0.15°
28.46 = 0.28°
10.83  1.022
0.20 £0012
50,91 4.73°

“Tianhuangpi”

Turning

4.50 + 1.68°
388+ 035"
119 0.52%
29224013
758+ 0.82°
0.21:£007°
66.30 & 8,89

Yellow

827 £2.10*
5.41 4+ 0.45°
152 +0.29°
29.08 £ 0.13*
7.44 +1.56°
0.21 £0.06%
109.21 + 16.60%

Unit

ngem?
ngom2
ratio
carbons
ratio
ratio
ngem2

The cuticle yield, coverage of VLC aliphatics, cyclics (g cm2), the ratio of total wax vs. cutin monomers, aliphtics vs. cyclics, and Cie- vs. Cra-type monomers in cutin, and the
weight average chain length (ACL) of aliphatics in waxes.

Data are given as mean values with standard deviation (n = 5).
Different letters indicate the significant differences at the level of 0.05.
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