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 In plants, an outer waxy coating, termed the cuticle, serves as the barrier between most 

above-ground organs and the environment, and is thus thought to have a significant role in 

protecting the plant from external biotic and abiotic stresses. Considerable progress has been made 

in uncovering genes involved in the biosynthesis of cuticular components; however, much remains 

to be learnt about the relationship between cuticle composition, structure and function. In 

particular, a longstanding question is the identity of the factors underlying cuticle water permeance 

and its wide variation across species. The research presented here leveraged the cuticle diversity 

found amongst domesticated tomato (Solanum lycopersicum) cultivars and their wild relatives to 

investigate the associations between different cuticle properties, as well as the genetic 

underpinnings of their variation. Through the use of homology analysis, genetic mapping and 

transcriptomics, S. lycopersicum was compared with the wild species S. pennellii and S. neorickii 

to identify the genetic differences responsible for their distinct cuticle properties. Furthermore 

drought stress was shown to alter the composition of the fruit cuticles of each of these species 

differently, but did not substantially alter the water permeance values of any of them. 

Characterization of S. lycopersicum cultivars with particularly high or low fruit transpiration rates 

revealed that the cuticular water permeance was mainly a product of the abundance of trichome-

associated transcuticular pores. This body of work advances our understanding of the mechanisms 

by which cuticle properties are determined and identifies possible avenues for breeding or 

engineering to improve fruit shelf life. 
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CHAPTER 1 

 

 

 

Introduction: 

The Plant Cuticle: Biosynthesis, Structure, and Biological Roles* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*A version of this chapter has been published as: 

 

Fich, E. A., Segerson, N. A. & Rose, J. K. C. The Plant Polyester Cutin: Biosynthesis, Structure, 

and Biological Roles. Annual Review of Plant Biology 67, 207–233 (2016). 
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Approximately 450 million years ago, plants began to colonize desiccating environments, 

a process of terrestrialization that profoundly affected the biosphere and represents one of the most 

important evolutionary events in the history of life on Earth1,2. This transition onto land resulted 

in exposure to a wide range of new habitats and opportunities for massive evolutionary radiation. 

However, early land plants had to overcome some significant challenges inherent to this new 

environment, the most immediate and serious of which was dehydration, due to transpirational 

water loss. In addition, in the absence of a protective water milieu, the emerging plants would have 

experienced increased oxidative stress due to higher light levels, as well as a lack of physical 

support. Numerous chemical, structural and anatomical adaptations have allowed plants to 

overcome these limitations and flourish across the continents. 

Arguably the most critical evolutionary innovation to allow land colonization was the 

development of the cuticle: a hydrophobic skin covering the surface of plants’ aerial organs. This 

specialized cell wall serves as a barrier to restrict uncontrolled water loss into the air, and 

additionally, can reflect excess light and provide structural support. Evidence from the fossil record 

shows that the cuticle evolved ~450 million years ago, around the same time that the land plant 

and charophycean green algae (CGA) lineages diverged3. While some CGA species have been 

reported to have cuticle-like structures4, as well as cuticle gene homologs and extracellular lipids5, 

biochemical analyses have not identified any of the specific monomers needed to produce lipid 

polyesters5,6, a key characteristic of cuticles. This suggests that although some of the molecular 

machinery for cuticle production may have been pre-existing in the common ancestor of land 

plants and CGA, ‘true’ cuticles did not appear until after their divergence. 

 As plants diversified, so too did their cuticles. While all cuticles share the same basic 

molecular building blocks, there is great variation across the plant kingdom in terms of their 
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composition, anatomy and functional properties. The thickness of this lipidic layer shows a range 

of at least 1,000-fold, from ~30 nm in leaves of Arabidopsis thaliana to over 30 μm in apple fruits7. 

This diversity presumably reflects adaptation to a wide range of ecological niches that plants now 

occupy; however, a clear relationship between environment and cuticle composition or structure 

has yet to be identified. 

 Studies to date have extensively characterized the make-up of cuticles from numerous plant 

species, and have identified, largely in A. thaliana, many biosynthetic genes underlying the 

chemical constituents.  However, we are just beginning to discover how these genes are regulated 

to give differing compositional profiles and how the constituents are assembled and structured. 

Unraveling the relationships between the genetics, structure, and physiology of the plant cuticle is 

a major challenge for the field.  If successful, the resulting information should indicate promising 

approaches for improving crop plants, specifically in terms of enhancing drought/ heat resistance, 

as well as increasing the shelf life of fresh produce. 

 This chapter will provide an overview of what is currently known about these various 

aspects of cuticle biology, as well as highlight key areas where there are still significant unknowns. 

 

Composition and Structure 

The cuticle can be broadly defined as a hydrophobic layer deposited on the outer face of 

the primary cell wall of epidermal cells in aerial organs. This hydrophobicity is bestowed by three 

classes of lipidic components: cutin, cutan, and waxes. Cutin is a fatty acid polyester, which serves 

as the structural backbone of the cuticle, and typically accounts for the majority of its mass7. 

Various organic solvent-extractable lipids are deposited within, or on the outer surface of, the cutin 

matrix and are collectively referred to as cuticular waxes8. Some plant cuticles also contain cutan, 
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an insoluble, saponification-resistant fraction, about which little is known.  A few studies have 

found evidence that cutan is composed of long chain fatty acids9,10, like cutin, but that they are 

polymerized through ether bonds; however, others have been unable to detect such linkages11,12. 

In addition to these lipophilic fractions, the cuticle also includes hydrophilic polysaccharides and 

proteins, to which water and ions may be sorbed.  

The long-standing model of the macro-organization of the cuticle holds that there are three 

distinguishable regions: the cuticle proper (CP), consisting of only cutin and waxes; the cuticular 

layer (CL), in which the cutin matrix is intermingled with the underlying cell wall polysaccharides; 

and the epicuticular wax, a layer of wax deposited on the outer face of the cuticle proper13 (Figure 

1). The CP and CL have been described as having reticulate, lamellate or amorphous 

ultrastructures based on imaging with transmission electron microscopy (TEM)14. Six different 

classes of cuticles have been defined from the combinations of these ultrastructures13,14, although 

not all cuticles fit neatly into these categories. It has recently been suggested that the description 

of the CP as distinct from the CL and free from polysaccharides is inaccurate, and that the whole 

cuticle should instead be viewed as a heterogeneously lipidized region of the polysaccharide cell 

wall15. This assertion is based on a thorough analysis of only a very limited number of species 

however, and will require broader validation.  

The following sections will discuss the composition and structure of cutin, waxes and 

polysaccharides and their association with one another. 
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Cutin 

Analyses of cutin monomer composition typically involve ester depolymerization, which 

allows an assessment of the types and quantities of the constituent molecules using gas 

chromatography and mass spectrometry. This inherently destructive approach has yielded a wealth 

of data regarding the variation in cutin abundance (from ∼0.5 to 1,500 μg/cm2)14,16 and 

composition among species and organs. Other techniques have provided additional valuable 

information regarding the nature and abundance of specific chemical linkages within the cutin 

polymer; however, little is known about the macromolecular architecture and spatial heterogeneity, 

a critical issue that remains experimentally challenging. 

Almost all cutins analyzed to date consist predominantly of oxygenated long-chain (16- or 

18-carbon) fatty acids7. These monomers typically bear a terminal hydroxyl (ω-OH) as well as one 

or more midchain oxygenations, most commonly hydroxy or epoxy groups, although oxo groups 

are prevalent in some cutins17 (Figure 2). The 18C fatty acids may contain one or two 
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unsaturations. Several related monomers can also be present, usually as minor constituents: 

unsubstituted fatty acids, fatty aldehydes, dicarboxylic acids, and primary alcohols17. In addition, 

cutin often contains a relatively small proportion of phenylpropanoids, such as ferulic acid and 

coumaric acid, and in some cases may contain glycerol. 

 

 

 

Although there are distinct variations in cutin monomer profiles across species, organs, and 

developmental stages, the classes of monomers are generally conserved across land plant lineages, 

suggesting the existence of evolutionary constraints. However, a broad trend is evident in terms of 

monomer size. Although 18C acids are a common, and often dominant, component of angiosperm 

cutins, they are only minor constituents in gymnosperms (if present at all) and appear in at most 

trace amounts in seedless plants17,18. Furthermore, many seedless vascular plants have a 14C acid 

Figure 2: Examples of common types of cutin monomers, as well as typical monomer 

functional groups. 
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as one of their main cutin monomers, but this is typically less abundant in gymnosperm cutin and 

absent in angiosperms14,17–20. Thus, monomer length appears to generally increase in later-

diverging plant groups. 

In addition to this broad evolutionary trend, unusual cutin monomers have also been 

associated with specific plant groups. For example, although only two liverwort species have been 

analyzed to date, they both lack or have only trace amounts of ω-OH acids, instead containing 15-

OH 16C acid19, a compound that has not yet been identified in any other plant taxa. In addition, 

the psilophytes (of which also only two species have been analyzed) are apparently unique in 

containing moderate amounts of 16C triols21. However, because so few seedless plant species have 

been investigated, it is unclear whether these variants are ubiquitous within a specific lineage, also 

occur in other lineages, or are unique to these few species. More extensive compositional analyses 

of cutin from early-diverging land plant taxa would undoubtedly be an interesting area of future 

research to better understand cutin evolution and diversity. 

Another important evolutionary question related to the diversity of cutin composition and 

structure is the origin of the related substance suberin, a hydrophobic polymer that accumulates in 

the apoplastic regions of many non-cutinized boundary cell layers, such as the periderm, 

endodermis, and root exodermis22. Suberin is also a polyester of predominantly 16C and 18C acids 

but is typically distinguished from cutin by its much higher abundance of phenylpropanoids, 

diacids, and primary alcohols, as well as the presence of glycerol and monomers longer than 18C23. 

Importantly, however, there are examples of cutin with supposedly suberin-like features. For 

example, the cutin of Arabidopsis thaliana leaves and stems is rich in diacids, accounting for 40% 

of the cutin mass16. Franke et al. reported that glycerol is also a constituent of A. thaliana cutin but 

did not quantify its abundance16; however, Graça et al. measured glycerol levels in a variety of 
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plant cuticles and found that it accounts for up to 14% of the cutin mass24. How current models of 

cutin polymer structure can accommodate such large amounts of glycerol in cases where diacids 

are absent is unclear, as discussed below. Lastly, another distinctive suberin characteristic, high 

phenolic content, has been found in cutin from some early- and later-diverging land plants19,20,25. 

Given the compositional similarity of cutin and suberin as well as their associated 

biosynthetic and regulatory genes, as discussed below, it seems likely that they have a common 

origin. Indeed, the only truly consistent distinguishing trait is that, whereas cutin is deposited on 

the outside of the polysaccharide cell wall of epidermal cells, suberin accumulates on the inner 

face of the cell wall of internal cell layers26. We speculate that suberin arose as a result of ectopic 

expression of a master regulator of cutin biosynthesis that proved to be beneficial. Furthermore, 

we propose that although suberin and cutin are generally referred to as distinct polymers, it would 

not be surprising if studies of a more extensive taxonomic range of plant species showed that the 

distinction between the two is artificial, and that they in fact exist on a single compositional 

continuum. 

Interpreting the significance of monomer profile differences between cutins is difficult 

without understanding the polymer structure and how it is affected by composition. Examination 

of cuticles or isolated cutin polymers using a variety of methods has revealed some information 

about macrostructural properties. Analysis of cutin using X-ray diffraction showed that it is 

amorphous27,28, although the cuticle clearly has some degree of spatial organization, because 

differences have been observed between the inner and outer sides based on staining patterns29, 

electrical behavior in impedance spectroscopy experiments30,31, and nanomechanical performance 

probed with atomic force microscopy (R.E. Stark, personal communication). However, this 

asymmetry may well be explained by other cuticle constituents, and indeed, Benavente et al. 
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reported that removing the polysaccharide fraction results in homogeneous electrical conductivity 

properties across the remaining isolated cutin30. TEM can often show more detailed structural 

features, which has resulted in the designation of three distinct cuticle ultrastructures—amorphous, 

lamellate, and reticulate—with some cuticles having two of these in adjacent layers13. What 

determines these ultrastructures—e.g., whether they arise from a compositional feature of cutin, 

some aspect of the polymer assembly, or association with other cuticular components—is 

unknown. A common assertion is that the reticulate appearance occurs where there is intermingling 

of polysaccharides with the cutin, but this has not been demonstrated experimentally. 

That cutin is composed of ester-linked monomers is well established, but whether there is 

any ordered organization in the polymer as a whole or in specific regions of the polymer is 

unknown. The chemical structures of different cutin monomers allow for certain configurations in 

the mature polyester23. A fatty acid with only one hydroxyl group can only contribute to elongating 

a linear chain, whereas incorporation of an acid lacking hydroxyls terminates a chain (Figure 3a). 

By contrast, the presence of dihydroxy acids allows branching to occur, which could lead to the 

formation of a dendritic cutin polymer (Figure 3b). However, ester cross-linking between different 

chains/dendrimers would require the presence of dicarboxylic acids (Figure 3c). Such diacids are 

also necessary for the integration of glycerol into the polymer (Figure 3c), because a glycerol ester 

of a monocarboxyl fatty acid would not have a free carboxyl group to allow further growth of the 

polymer. It is therefore surprising that Graça et al. found low to moderate levels of glycerol in the 

depolymerization products of cutins from several species, along with the presence 

of monoacylglycerols, considering that diacids were not detected in most cases24. One explanation 

is that the glycerol and monoacylglycerols are not covalently linked into the polymer, but rather 

are trapped within the cutin matrix and released only after the polymer network has broken apart  
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Figure 3: Three types of possible cutin molecular structures based on different types of 

monomers. (a) A linear cutin chain.  (b) Mid-chain hydroxyls allow for a dendritic 

structure. (c) Diacids (green) allow for cross-linking between cutin chains (arrow), as 

well as incorporation of glycerol (red) into the polymer. 
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in vitro. However, a cutin polymer that contains both diacids and glycerol has a multitude of 

potential structural arrangements, with branching theoretically possible from the hydroxyl groups 

of the glycerol component as well as from the fatty acids23 (Figure 3c). 

To directly study the connectivity of monomers in intact cutin, researchers have used 

several variations of a solid-state nuclear magnetic resonance (NMR) approach [magic-angle 

spinning NMR (MAS NMR)], each of which has specific benefits and limitations. Direct-

polarization 13C MAS NMR can give quantitative measures of the different carbon moieties32, 

unlike the more commonly used cross-polarization technique; however, both techniques are 

limited by the occurrence of overlapping signals with similar magnetic environments, which makes 

it difficult to accurately distinguish the proportions of free or ester-linked hydroxyls (R.E. Stark, 

personal communication). By contrast, two-dimensional high-resolution MAS NMR provides 

higher spectral resolution that can clearly distinguish between these groups and establish covalent 

connections between monomer units33, but this procedure relies on swelling the sample with 

solvent, which may not occur as effectively for highly branched cutin sites, thereby biasing the 

analysis32,34. Solid-state NMR analyses can also suggest the extent of connectivity within the 

polymer based on the motional constraints of cross-linked or branched carbon moieties35. 

Another analytical strategy is to partially depolymerize the cutin and use mass 

spectrometry and/or solution-state NMR to analyze the resulting soluble oligomers34,36. However, 

this method may have inherent bias because the mild depolymerization process may favor the 

cleavage of certain bonds. 

Arguably the most informative approach used to date involves labeling free hydroxyl 

groups before complete depolymerization. Such studies of cutin from several species have 

consistently indicated that almost all of the primary hydroxyls are esterified, and in most cases a 
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large proportion of the monomers also have midchain linkages, which suggests a highly branched 

structure37–39. The one known exception is the cutin of lemon fruit (Citrus×limon), which had 

relatively few midchain linkages, mostly because the majority of the monomers lacked a midchain 

hydroxyl group38. Further studies with this type of technique would be of great benefit in 

understanding the diversity of possible molecular arrangements. 

Although these analyses can provide a general sense of how the monomers may be linked, 

the large-scale native architecture of cutin remains mostly a mystery. Current evidence suggests 

that the cutin matrix is not a dense, airtight mass, but rather has an open branching/network 

structure, with an estimated spacing of 0.4-1.0 nm between cutin oligomer chains, and likely 

contains additional larger cavities28,40. The architecture of the matrix may be determined not only 

by the monomer composition, but also by the actions of the polymerizing enzymes, the 

microenvironment at the polymerization site, and interactions with other cuticle and cell wall 

components. The ionic environment of the apoplast also likely has an effect, as the cutin structure 

changes depending on the type of ions adsorbed to it28. A deeper understanding of how cutin 

polymers are arranged, and how this organization is affected by these different factors, will likely 

require advances in spectroscopic or analytical approaches. 

 

Polysaccharides 

The presence of polysaccharides in the cuticle has been inferred from chemical staining13,41 

and infrared spectroscopic (IR) analyses42–44, but which types are most prevalent, the extent to 

which they are incorporated and their functional roles continue to be debated. IR analyses of 

tomato and grape cuticles have revealed signatures of both cellulosic and pectinaceous 

constituents42,44. In one study of tomato cuticles, where the polysaccharides were hydrolyzed, 
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extracted and chemically fractionated, there was found to be approximately equal parts cellulose, 

hemicellulose and pectin42. This approach, however, only provides a rough approximation of 

abundance and more precise analyses of cuticular polysaccharide content is needed. 

 Like cutin, the nature of the organization and structuring, or lack there-of, of these 

polysaccharides remains a largely open question. Microscopic analyses of chemically stained 

cuticles suggest the presence of a layer rich in pectins at the interface between the cuticle and the 

polysaccharide wall13, and a report that pectinase treatment released cuticles from the 

polysaccharide wall in the leaves of several plant species supports a role for pectins in cementing 

the cuticle in place45. However, cuticle isolation from conifer needles required the application of 

both pectinases and cellulases46, implying cutin interactions with both pectin and cellulose or with 

other cellulase-susceptible wall glycans. Results from X-ray diffraction and Raman spectroscopic 

analysis of isolated tomato cuticles suggest that the polysaccharides within are randomly 

oriented42. In another study, the cutin fraction was removed from isolated cuticles of two 

Eucalyptus species, leaving behind continuous polysaccharide films, which were imaged by TEM, 

revealing a fibrillar texture quite similar in appearance to the polysaccharide wall47. To study the 

distribution of polysaccharides in situ in the cuticle, Guzmán et al. used gold-conjugated pectinases 

and cellulases to label their respective substrates in the cuticles of three species and found that 

their densities were highest on the inner face but extended almost entirely across the cuticle 

membrane48. Interestingly, the labeling did not appear to correlate with the reticulate structures 

observed using TEM, which suggests that these features may not in fact be polysaccharide based 

as has been previously hypothesized.  

 It is clear that polysaccharides are intermingled with the cutin, at least to some degree, but 

this raises the important question of how these two very different polymer types associate. This 
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interaction is crucial for anchoring the cuticle to the epidermal cell surface and may also play a 

role in maintaining the integrity of the cutin network in the absence of cross-linking diacids. 

Pollard et al. postulated that suberin is bound to the cell wall via its aromatic monomers23, but the 

relative scarcity of such compounds in most cutins implies that other types of linkages are 

involved. Pectins are an attractive candidate because free carboxyl groups on the constituent 

galacturonic acid moieties, a common feature of pectin backbones, provide potential sites for ester 

linkages (Figure 4). In this regard, it is noteworthy that overexpression of a pectin methylesterase 

inhibitor in A. thaliana results in cuticular defects49. However, the hydroxyl groups from any type 

of sugar can potentially be esterified to cutin through a fatty acid carboxyl terminus (Figure 4a) or 

through an ether bond to any of the free hydroxyls (Figure 4b). Indeed, evidence was reported for 

covalent linkages between cutin and polysaccharide monomers in studies that analyzed oligomers 

derived from mild depolymerization of cutin from lime fruit (Citrus×aurantifolia), some of which 

contained both cutin acids and sugars34,50. Furthermore, NMR analysis of one such oligomer 

showed that this linkage is an ether bond50. 

An important consideration is which end of the cutin polymer attaches to the 

polysaccharide, as this would likely have a profound effect on cutin architecture. For a dendritic-

type cutin, the directionality would determine whether the dendrimers branch outward with the 

relatively low abundance of carboxyl origins linked to the polysaccharide wall (Figure 4a) or 

branch inward with the many hydroxyl termini binding to the sugars (Figure 4b), creating a much 

tighter association. If many of the terminal hydroxyls are indeed involved in binding to 

polysaccharides, this might explain why so few of these groups appear to be free37,38. For branching 

to occur, the cutin polymer presumably grows by addition of monomers to the hydroxyl ends, and 

so the model shown in Figure 4b is attractive because it would involve cutin deposition and growth 
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on the inner face of the cuticle, meaning that newly synthesized monomers and polymerizing 

enzymes would not need to traverse the existing cutin network. However, it would also mean that 

the glycan-cutin linkages would need to be broken and re-formed to accommodate the addition of 

new monomers. Unlike the model shown in Figure 4a, in which these linkages could only be ester 

bonds, Figure 4b also allows for ether bonds to be involved, which is consistent with the NMR 

data mentioned above50. Clearly, more research is needed to determine which of these models (if 

either) is correct, whether both can occur, and whether the same polymerization process is 

ubiquitous in all land plant taxa. 

 

 

 

Figure 4: Two models of cutin attachment to polysaccharides, using the pectin xylogalacturonan 

as an example. They may be joined through the single carboxyl end of the cutin dendrimer (a), or 

its many hydroxyl ends (b).  Arrows indicate possible covalent linkages between these two 

polymers: ester linkages (red) and ether linkages (blue).   
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Cuticular Waxes 

The diverse set of mostly hydrophobic compounds that are collectively termed “cuticular 

waxes” refers to compounds that can be extracted from the cuticle using non-aqueous solvents. 

Aliphatic compounds, derived from very long chain fatty acids (VLCFAs), are most prevalent and 

include alkanes, primary or secondary alcohols, aldehydes, ketones and fatty acids, with chain 

lengths of up to 40 carbons51 (Figure 5). Alkyl esters can also be present; the result of esterification 

of a primary alcohol with a fatty acid. While the alkyl chains are most commonly fully saturated 

and unbranched, some wax compounds have been observed with one or two double bonds, or with 

an iso- or anteiso- methyl branch at one end51 (Figure 5). These aliphatic waxes are highly 

hydrophobic, but cyclic compounds with more polar groups that can also be found, including 

pentacyclic triterpenoids, flavonoids and tocopherols51 (Figure 5). The composition and abundance 

of wax in a cuticle is highly variable across species and often even between different surfaces on 

the same plant13. 

Two wax fractions are distinguishable based on their location in the cuticle: intracuticular 

waxes are embedded within the cutin matrix, while epicuticular waxes are amassed at the surface. 

Specialized techniques have allowed for the selective removal of epicuticular wax and have 

revealed that the chemical make-up of the two fractions is distinct52–54. Epicuticular wax is 

composed almost exclusively of aliphatic compounds, whereas the intracuticular waxes may 

include substantial amounts of cyclic and/or phenolic compounds52–54. It is believed that these two 

fractions segregate spontaneously based on the chemical properties of each type of wax and of the 

surrounding cuticular environment51. The polar groups of the cutin molecules, and especially of 

the cuticular polysaccharides, could allow the more hydrophilic wax to deposit within their 

network, while simultaneously pushing the more hydrophobic wax to the surface. 
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 The distribution of the intracuticular waxes is largely determined by their interactions with 

the matrix in which they are embedded. Most of it is likely sorbed to the cutin and is thus 

amorphous in nature7. These hydrophobic interactions between the wax and cutin molecules can 

be detected by NMR55. There are also voids in the polymer mesh, in which waxes could accumulate 

and potentially crystallize7. The linear hydrocarbon backbones of the aliphatic waxes would likely 

allow them to align and form crystalline domains56,57. However, mid-chain functional groups, as 

well as the presence of cyclic compounds, would likely disrupt this packing, leading to amorphous 

regions57 (Figure 6). 

 The variability of the waxes is most strikingly observed in the epicuticular layer, where 

they can form diverse crystal structures, including plates, tubes, filaments and dendrites13. The 

Figure 5: Examples of different types of cuticular waxes. Aliphatic waxes are on the left and 

cyclic waxes are on the right.  
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density of these crystals can vary from none at all (just a smooth film) to covering the entire 

surface, resulting in substantial differences in surface texture13. While several studies have shown 

a correlation between the amount of wax deposition and density of epicuticular crystals58,59, it 

cannot completely explain the variation, meaning that there are other factors at play. Crystal 

formation is believed to occur by phase separation and spontaneous self-assembly51; an idea 

supported by experiments in which dissolved epicuticular waxes from a variety of species were 

recrystallized in vitro and shown to often form the same structures that naturally occur on the plant 

surface60.  These experiments suggest that the crystal structures are predominantly determined by 

the wax composition60. 

 

 

 

 

 Attempts have thus been made to link crystal morphologies with specific types of waxes.  

While some generalized trends are apparent, they are far from being predictive rules.  Alkanes and 

primary alcohols tend to form plates, while aldehydes will often form elongated plates or 

Figure 6: Theoretical arrangements of intracuticular waxes. (a) The linear hydrocarbon chains 

of aliphatic waxes align, forming a densely packed, crystalline domain that would be 

impermeable to water. (b) Unsaturated aliphatics, cyclic waxes and polar functional groups 

introduce disorder into the packing of the waxes, resulting in an amorphous nature with routes 

through which water molecules could traverse.  
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ribbons13,56. However, plates can also be formed by a variety of other wax classes13. Tubular wax 

structures are often composed of asymmetric secondary alcohols or -ketones56, and triterpenoids 

are associated with the formation of thin filamentous structures, though there are numerous 

exceptions13. One challenge in making these types of associations is determining which of the 

waxes present are affecting the crystal structure. It is often assumed that the dominant wax 

constituent determines the structure, but there are many examples of where this is not the case13. 

Depending on the chemical inter-compatibility of the different waxes, crystals may form composed 

of only one type of wax, or from a mixture of wax types, potentially resulting in structures that 

differ from those that any of the constituents would make on their own13. To further complicate 

matters, some recrystallization experiments have shown that a variety of other factors, including 

temperature, wax concentration, rate of evaporation and surface porosity, can all affect the nature 

of the resulting crystals13.  We are still far from being able to predict how all these factors interact 

to result in the array of possible wax structures. 

 

Biosynthesis and Regulation 

Although many aspects of the structure of the cuticle remain a mystery, much progress has 

been made in identifying the genes involved in its biosynthesis, mostly through genetic studies 

using A. thaliana. These genes play various roles in monomer synthesis, transport, export, and 

esterification and in regulating the biosynthetic pathways (Figures 7&9, Tables 1&2). The gene 

families involved in these processes are described for cutin and waxes below. Currently, there are 

no cuticle specific polysaccharide synthesis genes known and general cell wall synthesis will not 

be reviewed here. 
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Cutin Biosynthesis 

Cutin monomers are synthesized by the modification of plastid-derived 16C and 18C fatty 

acids in the endoplasmic reticulum, yielding variously oxygenated fatty acid–glycerol esters 

referred to as monoacylglycerols. This process involves activating the fatty acids by conjugation 

to coenzyme A (CoA), oxidizing the terminal and/or midchain carbons, and transferring the fatty 

acid from CoA to glycerol (Figure 7, Table 1). The timing of the oxidation step in relation to the 

other two steps has been a long-standing question, although accumulating evidence suggests that 

it occurs after CoA conjugation and before the acyl transfer to glycerol. In rare cases, some 

monomers may also undergo one or more rounds of fatty acid elongation, increasing their chain 

lengths beyond 18C. This elongation process is described below for cuticular waxes. 

The probable first step in this synthesis pathway is the esterification of CoA to a fatty acid, 

producing acyl-CoA, a reaction carried out by long-chain acyl-CoA synthetase (LACS) proteins. 

The A. thaliana genome contains nine LACS genes, two of which (LACS1 and LACS2) have a 

semi-redundant function in the production of cutin and waxes61–63. LACS3 may also contribute 

to cuticle formation, as its transcripts are significantly enriched in epidermal cells64, but this has 

yet to be validated experimentally. There are several pieces of evidence that suggest that these 

enzymes act prior to the oxidation reactions. First, an ω-hydroxylase enzyme from 

Petunia×hybrida that is in the same subfamily as the cutin ω-hydroxylases has a much higher 

activity in vitro with acyl-CoA substrates than with free fatty acids65. Second, the presence in A. 

thaliana of a series of 2-hydroxy fatty acids with lengths ranging from 16 to 28 carbons16 implies 

that the 2-hydroxylation reaction occurs after fatty acid elongation, which uses acyl-CoA as the 

substrate. Lastly, expressing A. thaliana LACS1, -2, or -3 in yeast (Saccharomyces cerevisiae) 
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promotes transmembrane fatty acid uptake66, which suggests that they contribute to the import of 

fatty acids into the endoplasmic reticulum in planta. 

 

 

 

 

 

  

Figure 7: Biosynthetic and regulatory factors that control cutin synthesis and their localizations 

in an epidermal cell. Names shown in red denote proteins, or protein complexes, with a 

demonstrated function; names shown in green denote proteins with an unknown or speculative 

function. For steps involving multiple paralogs, only the gene subfamily name is given; for the 

names and IDs of each gene, see Table 1. Abbreviations: C, carbon; CoA, coenzyme A; FA, 

fatty acid; FAE, fatty acid elongase complex; FAS, fatty acid synthase complex. 



22 

 

Table 1: Genes involved in cutin biosynthesis, transport and regulation 

Notes: The genes are listed only for A. thaliana, unless the gene has been better characterized in 

another species. Blue coloration of a gene name and ID indicates speculative cutin involvement; 

blue colored functions are putative functions. 

Gene Family Gene Name Gene ID Function  Refr. 

Biosynthesis 

Long-chain acyl-CoA 

synthetase 

LACS1 

LACS2 

LACS3 

At2g47240 

At1g49430 

At1g64400 

Attachment of CoA to free 

fatty acids  

62 
63 
NA 

Cytochrome P450 

 

CYP86A2 

CYP86A4 

CYP86A7 

CYP86A8 

At4g00360 

At1g01600 

At1g63710 

At2g45970 

ω-Hydroxylase; 

CYP86A2 may also be 

involved in diacid 

synthesis 

70 
67 
NA 

72 

Cytochrome P450 CYP77A6 At3g10570 Midchain hydroxylase 67 

Cytochrome P450 CYP77A4 At5g04660 Epoxidase 76 

Glycerol-3-phosphate 

acyltransferase 

GPAT4 

GPAT6 

GPAT8 

At1g01610 

At2g38110 

At4g00400 

Synthesis of 2-

monoacylglycerols 

 

77 
67 
77 

BAHD feruloyl 

transferase 

DCF At3g48720 Transfer of ferulate from 

CoA to acyl group 

97 

GDSL lipase 

(Cutin synthase) 

CUS1 

SlCUS1 

At3g04290 

Solyc11g006250 

Polymerization of 2-

monoacylglycerol 

monomers 

91 
89 

None HOTHEAD At1g72970 Diacid synthesis 75 

Transport 

Lipid transfer protein LTPG1 

LTPG2 

At1g27950 

At3g43720 

Transport of lipids through 

the cell wall 

85 
86 

ABC transporter ABCG11 

ABCG13 

ABCG32 

At1g17840 

At1g51460 

At2g26910 

Export of 

monoacylglycerols 

 

82 
83 
84 

Regulation 

AP2 transcription 

factor 

SHN1 

SHN2 

SHN3 

At1g15360 

At5g11190 

At5g25390 

Positive regulator 71 
114 
114 

WW domain protein CFL1 At2g33510 Negative regulator  123 

HD-ZIP IV 

transcription factor 

CD2 

ANL2 

HDG1 

Solyc01g091630 

At4g00730 

At3g61150 

Positive regulator 120 
122 
123 

Zinc-finger 

transcription factor 

NFXL2 At5g05660 Negative regulator 130 

MYB transcription 

factor 

MYB16 

MYB106 

At5g15310 

At3g01140 

Positive regulator 119 
119 

Unknown 

α/β-hydrolase BDG At1g64670 Unknown 93 

BAHD acyltransferase DCR At5g23940 Unknown 94 
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Many cutin monomer oxidation reactions involve cytochrome P450 enzymes: Specifically, 

terminal carbon reactions involve members of the CYP86A family, and midchain reactions involve 

a member of the CYP77A family. A. thaliana cyp86a2, -4, and -8 mutants have altered cutin 

composition67–70, and cyp86a2 and -8 mutants have abnormal cuticle structures69,70. CYP86A7 

may also be related to cutin biosynthesis based on its sequence similarity and the fact that its 

expression is induced by SHINE 1 (SHN1), a transcription factor known to regulate cuticle 

formation71. The proteins encoded by these four genes, together with the paralog CYP86A1, which 

is involved in suberin monomer synthesis22, all catalyze the ω-hydroxylation of fatty acids in 

heterologous expression systems72–74. Further oxidation of the hydroxylated ω carbon would lead 

to the production of an aldehyde group and then a second carboxyl group. Although the enzymes 

that catalyze these reactions remain unconfirmed, CYP86A2 and the protein HOTHEAD may be 

involved, as their mutants have cutin that is specifically deficient in diacids68,75. 

The only enzyme that has been identified as able to perform midchain hydroxylation is 

CYP77A6, and the corresponding A. thaliana mutant has a complete loss of the dihydroxy cutin 

monomer in its petals, where this gene is strongly expressed67. Heterologously expressed 

CYP77A6 adds a midchain hydroxyl to an ω-OH 16C acid but not to a 16C acid that lacks the ω-

OH67, which strongly suggests that ω-hydroxylation occurs before midchain oxidation reactions. 

In addition to forming midchain hydroxyls, the closely related protein CYP77A4 can add epoxide 

groups to unsaturated fatty acids in vitro76, but whether it performs this function in cutin synthesis 

is not known. 

Finally, the mature monoacylglycerol cutin monomers are generated by transfer of the acyl 

group from acyl-CoA to glycerol-3-phosphate by glycerol-3-phosphate acyltransferase 

(GPAT) enzymes. The A. thaliana GPAT4 and GPAT8 genes have largely redundant functions in 
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leaf and stem cutin formation77, whereas GPAT6 contributes to petal cutin synthesis67. The three 

corresponding enzymes show a considerably stronger preference for fatty acids with a terminal 

hydroxyl or carboxyl group compared with those that are unsubstituted78, suggesting that they act 

after the oxidation reactions. Unlike most other GPAT enzymes, they preferentially transfer the 

acyl group to the sn-2 position of glycerol, producing 2-monoacylglycerol (2-MAG)78,79. These 

enzymes also all have phosphatase activity and can remove the phosphate from the glycerol-3-

phosphate acyl acceptor78,79. This contrasts with the suberin-associated paralogs GPAT5 and 

GPAT7, which do not have phosphatase activity when expressed in yeast or as strong of a 

preference for the sn-2 position, and thus generate a mixture of sn-1 and sn-2 lysophosphatidic 

acids78,79 (Figure 8). A phylogenetic analysis of GPAT proteins found that the GPAT4/6/8 clade 

is present in bryophytes, whereas the clade containing the suberin-related GPAT proteins and the 

clade with the remaining three family members are associated with vascular plants78. 

 

 

 

Interestingly, ectopic expression of GPAT5 together with the suberin cytochrome P450 

gene CYP86A1 in A. thaliana shoots resulted in a significant increase in cutin abundance, whereas 

neither gene had any such effect on its own77. In addition, Li et al. observed that, unlike wild-type 

Figure 8: GPAT enzymes catalyze the transfer of a fatty acid from coenzyme A to glycerol-3-

phosphate.  GPAT4, 6 and 8 specifically transfer the fatty acid to the second carbon of the 

glycerol (sn-2) and have phosphatase activity, whereas GPAT5 & 7 are less discriminatory 

between the acceptor positions (sn-1 and sn-2 carbons) and do not remove the phosphate group. 
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plants, the GPAT5 overexpression line accumulated monoacylglycerols of non-hydroxylated fatty 

acids in its cuticular wax fraction80. This result suggests that GPAT5 was functional in the shoot 

but was unable to make use of the hydroxy acids, which were not limiting in terms of their 

abundance, because they acted as a substrate for overexpressed GPAT6 and GPAT867,77. These 

results may indicate that there is a physical association between the cytochrome P450 and GPAT 

proteins and that those involved in suberin and cutin have diverged to the point of not being cross-

compatible. 

To be incorporated into the cutin matrix, the cutin monomers must be exported from the 

endoplasmic reticulum, transported across the plasma membrane, and trafficked across the 

polysaccharide cell wall to the site of polymerization. There is no evidence that the canonical 

secretory pathway is involved in this export process; Samuels & McFarlane have proposed that 

the lipids are trafficked directly from the endoplasmic reticulum to the plasma membrane at sites 

of close contact81, but this has yet to be demonstrated. Studies of A. thaliana have shown, though, 

that monoacylglycerol monomers exit the cell via specific ABC transporters in the plasma 

membrane. The half transporters ABCG11 and ABCG13 and the full transporter ABCG32 have 

been implicated in cutin deposition82–84. 

The least understood aspect of the export process is how the largely hydrophobic cutin 

monomers traffic through the hydrophilic polysaccharide wall to reach the site of cuticle synthesis. 

Lipid transfer proteins (LTPs) may act as transporters, and LTPG1 and LTPG2 indeed play a role 

in depositing cuticular waxes85–87; however, a specific role for LTPs in cutin transport has yet to 

be demonstrated. Given the abundance of cutin at the cell surface, particularly in organs such as 

fleshy fruit88, it seems unlikely that cutin transport is mediated by secreted proteins traveling 

between the plasma membrane and cuticle. A simpler and less energetically expensive mechanism 
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might involve self-aggregation and phase separation, whereby the cutin monomers diffuse 

throughout the apoplast and their biophysical attributes favor them partitioning into the more 

hydrophobic microenvironment of the growing cuticle. However, this explanation does not 

account for some complexities, such as the deposition of cutin in the anticlinal walls of some 

fruits88 and how the mechanism could differ for suberin, which accumulates instead on the inner 

face of the polysaccharide cell wall. Thus, essentially nothing is known about this critically 

important process, which represents a key area for future investigation. 

 Once the monomers reach the cuticle, they must be esterified to each other and to the 

existing cutin polymer. This reaction is performed by the cutin synthase enzymes, such as  CUS1 

from tomato (Solanum lycopersicum), which belongs to the GDSL-motif lipase/esterase (GDSL) 

protein superfamily89,90. Several highly similar paralogs form a phylogenetic clade with CUS1 and 

it is believed that they may all function to polymerize cutin91. The CUS1 enzyme from tomato has 

been shown to polymerize the cutin monomer 2-mono(10,16-dihydroxyhexadecanoyl)glycerol in 

vitro, producing linear oligomers of at least 7 units89. In this reaction, CUS1 transfers the acyl 

group from the 2-MAG to a hydroxyl group on the growing polymer, releasing a free glycerol89. 

In a recent study of a cus1 knockout, the authors labeled the free hydroxyls of the cutin prior to its 

depolymerisation and found that the mutation resulted in an increase of free midchain hydroxyls 

but not ω-hydroxyls92. This suggests that CUS1 may preferentially catalyze mid-chain 

esterification in vivo92. 

In addition to CUS proteins, two other enzymes have been hypothesized to contribute to 

cutin polymerization, although clear biochemical evidence is lacking in each case. The first is 

BODYGUARD (BDG), an α/β-hydrolase family protein that localizes to the outermost portion of 

the epidermal cell wall93. An A. thaliana bdg mutant has a highly disorganized cuticle that is 
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intermingled with the polysaccharide cell wall but shows a significant increase, rather than 

reduction, in the amount of cutin polymer93, suggesting a function other than polymerization. The 

second enzyme is the acyltransferase DEFECTIVE IN CUTICULAR RIDGES (DCR), a mutant 

of which has a near-complete loss of dihydroxy 16C fatty acids in its cutin94. However, this enzyme 

is located in the cytosol94 and has diacylglycerol acyltransferase activity in vitro95, which is not 

consistent with a role in cutin production. In addition, Domínguez et al. proposed that cutin 

monomers may spontaneously polymerize through a non-enzymatic mechanism in which partially 

polymerized cutin monomers form nanoparticles, termed cutinsomes, which self-assemble96. 

Whether these processes contribute to cutin polymerization in planta remains to be determined. 

Although these proposed mechanisms all seek to explain the polymerization of aliphatic 

cutin, they do not address how the phenolic monomers are incorporated. The gene DEFICIENT IN 

CUTIN FERULATE (DCF) plays such a role for ferulate by catalyzing the transfer of ferulic acid 

from CoA to the terminal hydroxyl of an ω-hydroxy fatty acid in the cytosol97. However, the 

pathway by which these alkyl ferulates are exported and whether they require a unique enzyme to 

incorporate them into the cutin polymer are unknown. 

 

Cuticular Wax Biosynthesis 

 As waxes encompass a wide variety of compounds, there are many distinct biosynthetic 

pathways involved in their synthesis. This section, however, will focus only on aliphatic waxes, 

which are the most common classes. They follow a similar pathway to the aliphatic cutin 

monomers: plastid-derived 16 or 18 carbon fatty acids are activated by esterification to coenzyme 

A and transported to the ER, where they undergo various modifications before being exported to 

the apoplast (Figure 9, Table 2). 
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Figure 9: Biosynthetic and regulatory factors that control aliphatic cuticular wax synthesis and 

their localizations in an epidermal cell. Names shown in red denote proteins, or protein 

complexes, with a demonstrated function; names shown in green denote proteins with a 

speculative function. For steps involving multiple paralogs, only the gene subfamily name is 

given; for the names and IDs of each gene, see Table 2. Abbreviations: C, carbon; CoA, 

coenzyme A; FA, fatty acid; FAE, fatty acid elongase complex; FAS, fatty acid synthase 

complex. 
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Table 2: Genes involved in cuticular wax biosynthesis, transport and regulation 

Notes: The genes are listed only for A. thaliana. Blue coloration of a gene name and ID indicates 

speculative cutin involvement; blue colored functions are putative functions. 

*There are many KCS paralogs identified. 

  

Gene Classification Gene Name Gene ID Role Refr. 

Biosynthesis 

-ketoacyl-CoA synthase KCS6* 

 

At1g68530 

 

FAE complex, step 1 98,100 

-ketoacyl-CoA reductase 

 

KCR1 At1g67730 FAE complex, step 2 98 

-hydroxyacyl-CoA 

dehydratase 

PAS2 At5g10480 FAE complex, step 3 98 

Enoyl-CoA reductase CER10 At3g55360 FAE complex, step 4 98 

None PAS1 At3g54010 FAE scaffold protein 157 

None CER2 

CER26 

At4g24510 

At4g13840 

FAE complex accessory 

proteins 

102 
103 

Fatty acyl-CoA reductase FAR3 At4g33790 VLCFA to 1° alcohol 104 

Wax Synthase WSD1 At5g37300 1° alcohol to wax ester 105 

None CER1 At1g02205 Convert aldehyde to alkane  106,107 

None CER3 At5g57800 Aldehyde/ alkane synthesis 108 

Midchain alkane 

hydroxylase 

MAH1 At1g57750 Alkane to 2° alcohol; 

2°alcohol to ketone 

109 

Long-chain acyl-CoA 

synthetase 

LACS1 

LACS2 

At2g47240 

At1g49430 

Attachment of CoA to free 

fatty acids  

62 
63 

Transport 

Lipid transfer protein LTPG1 

LTPG2 

At1g27950 

At3g43720 

Transport of lipids through 

the cell wall 

85 
86 

ABC transporter ABCG11 

ABCG12 

At1g17840 

At1g51500 

Export of aliphatic waxes 82 
111 

Regulation 

AP2 transcription factor SHN1 

SHN2 

SHN3 

At1g15360 

At5g11190 

At5g25390 

Positive regulator 71 
114 
114 

MYB transcription factor MYB30 

MYB96 

MYB94 

At3g28910 

At5g62470 

At3g47600 

Pathogen response 

Induce wax in drought 

Induce wax in drought 

129 
127 
128 

AP2 transcription factor DEWAX At5g61590 Repress wax 124 

AP2 transcription factor WRI4 At1g79700 Induces wax 125 

Exosome Subunit CER7 At3g60500 Induce wax synth. 158 

Unknown 

E3 ubiquitin ligase? CER9 At4g34100 Unknown 159 
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The first step is elongation by the Fatty Acid Elongase (FAE) complex to produce very 

long chain acyl-CoA molecules (20-38 carbons in length)98,99. This complex is composed of 4 

classes of enzymes that, through a cyclical 4 step process, add a series of 2 carbon units to the 

growing acyl chain. In the first, and rate-limiting, step of the cycle, a -ketoacyl- CoA synthase 

(KCS) catalyzes the condensation of malonyl-CoA to the acyl-CoA molecule, releasing one CO2 

molecule and extending the acyl chain by two carbons98,100. There are numerous different KCS 

enzymes, each with a small range of chain length specificity101. Following the addition of the two 

carbons, the molecule undergoes a series of 3 reactions: reduction by -ketoacyl-CoA reductase 

(KCR), dehydration by -hydroxyacyl-CoA dehydratase (HCD) and then an additional reduction 

reaction by Enoyl-CoA reductase (ECR)98. The resulting elongated acyl-CoA is released and may 

then undergo further cycles of elongation, or proceed to downstream processing. For elongation 

beyond 28 carbons, the additional presence of the CER2 and CER26 proteins is necessary, 

although their specific function is unkown102,103.  

After elongation, acyl-CoA can follow one of three pathways to produce a cuticular wax. 

It may enter the reduction pathway, in which it is reduced by a Fatty Acyl-CoA Reductase (FAR), 

producing a primary alcohol104, which can then be esterified to another acyl-CoA by Wax Synthase 

(WS) to create a wax ester105. The second option is the decarbonylation pathway, in which 

coenzyme A, and usually also the terminal carbon and oxygen, are removed, creating an aldehyde 

or alkane. This is catalyzed by CER1 and CER3, although the reaction order and mechanism 

remains unclear106–108. Alkanes can be oxidized by Midchain Alkane Hydroxylase (MAH), once 

or twice, producing secondary alcohols or ketones, respectively109. The third pathway for the acyl-

CoA is to be hydrolyzed, by an as yet unknown enzyme, to release a free fatty acid110. The products 

from any step in these 3 pathways can be exported from the cell as cuticular wax. 



31 

 

As with cutin monomers, aliphatic waxes are transported across the cell membrane by ABC 

transporters. ABCG12111 has been implicated in wax transport, as has one of the cutin transporters, 

ABCG1182. They then migrate across the primary cell wall to reach the cuticle, potentially either 

by spontaneous phase separation or LTP-assisted transport, as described previously for cutin. 

 

Regulation of Biosynthesis 

Cuticle deposition must be carefully coordinated with organ growth and epidermal cell 

differentiation to ensure continuous surface coverage and maintenance of structural integrity. 

Thus, it is not surprising that most of the regulatory genes that have been identified as influencing 

cutin and wax formation are also associated with broader regulation of organ development and/or 

cell identity and that several others are involved with responses to environmental stress112. For 

example, the transcription factor TOMATO AGAMOUS-LIKE 1 (TAGL1), a key regulator of 

tomato fruit development, affects cuticle production, including cutin, waxes, and polysaccharides, 

in part by regulating the transcription factor genes SHN1 and SHN3113. The SHN genes (SHN1–

SHN3), a set of three largely redundant APETALA 2 (AP2) family transcription factors from A. 

thaliana, are positive regulators of cutin and wax production, but also have an effect on epidermal 

cell morphology114,115. Homologs of these genes have been shown to play similar roles in other 

species as well116–118. SHN1 is regulated by the MYB family transcription factor MYB106, which 

along with its paralog MYB16, controls many aspects of cuticle and epidermis formation in A. 

thaliana119. In addition, studies have shown that class IV homeodomain–leucine zipper (HD-ZIP 

IV) family transcription factors [tomato CD2, A. thaliana ANTHOCYANINLESS 2 (ANL2) and 

HOMEODOMAIN GLABROUS 1 (HDG1), and maize OUTER CELL LAYER 1 (OCL1)] 

regulate cuticle synthesis as well as other aspects of epidermal cell identity120–123. The activity of 
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HDG1 is affected by an interaction with the WW-domain protein CURLY FLAG LEAF 1 (CFL1), 

which acts as a suppressor of cuticle development123. There are also a few transcription factors that 

have been identified that only have an effect on the waxes, including DEWAX124 and WRI4125. 

For most of these transcription factor genes, experimental results so far have not definitely 

indicated whether they directly regulate cuticle biosynthesis or whether the cuticle structural and 

compositional consequences that typically result from altering their expression are a secondary 

effect of changes in the growth and morphology of the epidermal cells. However, studies have 

demonstrated that SHN1 binds to the promoters of cutin biosynthesis genes from A. thaliana and 

rice (Oryza sativa)71,117, and SHN1 can thus be considered a direct, if not necessarily specific, 

regulator of cutin biosynthesis. 

In addition, environmental conditions can have a substantial influence on cuticle 

biosynthesis. Many different factors, including light, temperature, hydration and even biotic 

interactions influence the amount and composition of cuticular waxes in numerous plant species56. 

However, environmental responsiveness of cutin has so far only been reported in A. thaliana, and 

only for drought stress126, although most published studies on response to environmental stress 

have not considered cutin levels. 

Few genes involved in mediating these responses have been identified to date, and those 

that have been found generally regulate a broad range of physiological responses. Most notably, 

the drought-responsive transcription factors MYB94 and MYB96 induce wax synthesis127,128, 

while MYB30, which is activated by pathogen attack, transiently induces several cutin and wax 

genes129. Also, a mutation of the A. thaliana gene NFX1-LIKE 2 (NFXL2), an apparent repressor 

of abiotic stress responses, resulted in increased expression of SHN1, -2, and -3 and BDG130. 

Although the SHN genes themselves have not been implicated in A. thaliana stress responses, the 
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rice SHN1 homolog WAX SYNTHESIS REGULATOR 1(OsWR1) is induced by high salinity, 

drought, and the stress-related hormone abscisic acid117. There are almost certainly additional 

factors involved in this regulatory network, and future research will elucidate the interactions 

between transcription factor–mediated regulation of cutin deposition, developmental programs, 

and responses to environmental signals. 

 

Biological Functions 

Water Barrier 

Perhaps the most critical function of the cuticle is to restrict transpirational water loss. 

Cuticular waxes are thought to provide the key component of the water barrier because cuticle 

permeability increases 100–1,000-fold following wax extraction, depending on the species131. 

Despite the apparent importance of the wax, past studies have failed to identify any strong 

relationship between wax amount or composition and water permeability132–134. Two studies of 

Capsicum annuum (pepper) fruit, one comparing different varieties and another analyzing a 

backcross population, found evidence for a correlation between a higher ratio of cuticular 

triterpenoids to alkanes and fruit water loss rate; however, this only explained a small amount of 

the variation135,136. A similar conclusion resulted from studies of the lecer6 tomato mutant, which 

is deficient in VLCFA β-ketoacyl-CoA synthase53: lecer6 fruit cuticles have elevated levels of 

amyrins (triterpenoids) but lower amounts of alkanes with a  chain length >30 carbons compared 

with the wild type, and the mutant fruit have higher water loss rates53. These data are particularly 

significant in the context of a model of cuticle architecture where acyl waxes are organized as 

islands of crystalline platelets in a matrix of triterpenoid-rich amorphous material56,137–139. It is 

proposed that water molecules move through the amorphous matrix but not through the crystalline 
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regions. Hence, a reduction in alkanes, accompanied by an increase in triterpenoids would result 

in an increase in the amorphous portion of the wax and a decrease in crystalline region, potentially 

leading to increased water flux.  

In contrast to wax, significant reductions in cutin abundance can have a minimal effect on 

the cuticular transpiration rate, as was observed in a cutin deficient 2 (cd2) tomato mutant, the 

fruits of which have ∼2% of wild-type cutin levels120. Interestingly, in the same study, the fruits 

of the cd1 mutant, which have a marginally less severe reduction in cutin, showed a significantly 

increased transpiration rate. Indeed, most cutin-related mutants analyzed to date show increased 

cuticular permeability, usually in conjunction with an abnormal cuticle ultrastructure. However, 

comparative analyses of different varieties of pepper (Capsicum annuum) and of tomato fruit-

ripening stages revealed no correlation between the amount or composition of cutin and its 

contribution to cuticular water resistance134,139. These results suggest that the amount of cutin does 

not determine the effectiveness of the cuticle as a barrier to limit water loss, but a properly formed 

and structured cutin matrix is critical. In this regard, cutin likely provides a hydrophobic 

scaffolding to hold the waxes (Figure 10a) and maintains the continuity of the cuticle across the 

plant surface. 

 Since neither the wax nor cutin components are able to explain much of the observed 

variation in cuticular transpiration rates, there are likely other controlling factors. One possibility 

is that the combined architecture of the cutin and wax together determines the permeability, and 

that the determination of the structure is a complex combination of composition and active 

assembly processes. Another hypothesis is that the polysaccharides act as polar pores that penetrate 

into the cuticle and allow for more rapid flux of water, by viscous flow (Schonherr, 1976).  If they 
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exist, important questions would be whether these polar pores traverse the entirety of the cuticle, 

whether they occur in all species, and what factors determine their prevalence. 

 

 

 

 

Organogenesis and Biomechanical Contribution 

It has been proposed, based on several lines of evidence, that the growth of plant organs is 

constrained by their epidermal cell layer140,141. This epidermal-growth-control theory posits that 

the skin is under tension, resisting the expansion of the interior tissues. Indeed, when the skin is 

isolated, it contracts, whereas the remaining internal tissue expands142. The cuticle, as part of the 

epidermis, is also under tension and similarly contracts when isolated31. As the outermost layer, 

the cuticle would experience the strongest forces31 and thus would require significant rigidity and 

strength. In two studies of tomato fruit, the cuticle was reported to account for either ∼25–50%143 

Figure 10: Biological functions of the cuticle.  (a) Water molecules (blue circles) diffuse easily 

through the polysaccharide cell wall (green), but not through the waxes (orange) intercalated 

within the structure of the cutin polymer (yellow). (b) The cuticle is strong but also extensible, 

allowing for gradual organ growth without the skin rupturing from internal pressure. (c&d) 

Cutin facilitates defense against pathogens (brown circles) by serving as a physical barrier (c) 

or through the signalling action of cutin breakdown products (d).  The degradation of the cutin 

matrix may also increase pathogen resistance by allowing entry into the cell of defense elicitors 

and diffusive export of antifungal compounds. 



36 

 

or essentially all144 of the mechanical strength of the peel. However, to accommodate external 

forces and deformation, the cuticle must also be capable of an elastic response, and plastic 

deformation along with the intercalation of new materials would be important to allow organ 

growth without cuticle rupture. 

At low levels of biomechanical stress, the cuticle behaves elastically but becomes 

viscoelastic as stress increases31, and several studies have investigated which cuticle component 

contributes to these properties. A comparison of isolated cuticles with purified cutin, from which 

embedded waxes and polysaccharides were removed, revealed that cutin is viscoelastic and 

contributes only a small amount to the overall stiffness and strength of the cuticle42. In support of 

this conclusion, comparisons of the cuticles of Sonneratia alba leaves at various developmental 

stages145 and of the fruits of 27 varieties of Japanese persimmon (Diospyros kaki)146 showed that 

cutin amount correlates with cuticle viscoelasticity and lower stiffness, respectively. Taken 

together, these results indicate that cutin contributes plasticity but not strength to the cuticle, 

allowing it to be stretched during organ growth (Figure 10b). Waxes serve the opposite purpose, 

providing stiffness to the cuticle and fixing the strain accrued by the stress of cell/ tissue 

expansion42,147. The strength of the cuticle results mainly from the polysaccharide fraction, which 

provides rigidity, but when strained will rebound elastically42,145.  

Another significant role of the cuticle is to allow organs to fully separate from each other 

during organogenesis. Indeed, organ fusion is a typical characteristic of cuticle mutants, and such 

a phenotype occurs in mutants and suppression lines of almost every class of cutin biosynthetic 

gene67,72,82,93,94,114,148 and some cutin biosynthesis regulatory genes114. By contrast, it has rarely 

been reported to result from wax-specific mutations. In addition, in a screen for mutants with 

disrupted cuticles, almost all mutants analyzed had some degree of organ fusion149. Furthermore, 
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ectopic expression of a pollen cutinase or fungal cutinase in A. thaliana, both of which severely 

disrupted the cuticle structure, also resulted in organ fusion150,151. The above studies suggest that 

the structural integrity of the cuticle, provided by cutin, is necessary to prevent organ fusion. 

 

Pathogen Barrier 

The cuticle can play a major role in plant defenses against potential pathogens, and several 

studies have provided correlative evidence to suggest that the cutin component is critical in this 

regard. As an example, three cutin-deficient tomato mutants, cd1, cd2, and cd3, all have fruit with 

a substantially increased susceptibility to infection by the fungus Botrytis cinerea120. Saladié et al. 

reported another correlation between cutin levels and resistance to B. cinerea infection following 

an analysis of fruit from the delayed fruit deterioration (dfd) tomato genotype152. However, more 

direct evidence that cutin is key to limiting pathogen infection comes from a study in which 

inhibiting a cutinase from a fungus substantially suppressed its ability to infect papaya (Carica 

papaya) fruit, whereas treatment of the fruit with the functional cutinase facilitated infection by 

what is normally only a wound pathogen153. 

Surprisingly, and in direct contrast to these studies with fruits, almost all A. thaliana cutin 

mutants tested to date have shown significantly higher B. cinerea resistance61,69,84,154. Moreover, 

expression of a fungal cutinase in A. thaliana conferred complete immunity against B. cinerea155. 

Extracts that diffused from the leaf surface (known as diffusates) of the lacs2 cutin biosynthetic 

mutant and the cutinase-expressing line inhibited fungal development in vitro61,155, suggesting that 

the defective cuticles of these lines cause, or allow for, the release of antifungal compounds. The 

resistance of these lines could also be because their permeable cuticles facilitate the entry of 

defense elicitor compounds from the environment61. In addition, Schweizer et al. showed that rice 
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and barley respond to the application of the products of cutin hydrolysis generated in vitro by 

inducing the expression of resistance genes156. Both studies indicate that plants have evolved 

mechanisms to elicit defense responses upon perturbation of the cutin matrix. However, the 

defensive measures do not inhibit all microbes, as both lacs2 and the cutinase-expressing line have 

normal susceptibility to, and ineffective diffusates against, certain other fungal species61,154,155. 

Furthermore, both the lacs2 and cyp86a2 mutants showed increased susceptibility to the bacterial 

pathogen Pseudomonas syringae70,154, implying that the leaf cuticle does have a defensive function 

in this interaction. 

Based on these results, we propose that fleshy fruits and leaves have evolved distinct 

strategies to limit initial pathogen attack. Fruits produce substantial amounts of cutin, which serves 

as an effective physical barrier to prevent entry by most pathogens (Figure 10c). The typically 

much thinner cuticles of leaves (at least in A. thaliana) can inhibit the entry of certain bacteria, 

such as P. syringae, but are an insignificant obstacle to many pathogenic fungi. Leaves therefore 

employ a system in which degradation of the cutin network triggers defense responses and results 

in the release of antifungal compounds (Figure 10d). However, this idea is based on data from a 

limited variety of plants, and similar analyses should be performed with other species to test the 

hypothesis. 

 

Research Objectives 

Despite the crucial roles of the cuticle for plant survival, we currently have little understanding of 

what determines its physical properties and functional efficacy. In particular, uncovering the 

specific factors that control the cuticle’s resistance to water flux remains a pressing goal for the 

field. While it is clear that cuticular wax plays a central role in sealing this barrier, analysis of its 
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components has not been able to explain the large variation in cuticle permeability. Furthermore, 

waxes are a diverse set of compounds, but currently only a basic biosynthetic and regulatory 

framework is known, limiting the ability to study how this compositional complexity affects 

function. In this dissertation, I explore the genetics of tomato fruit cuticular wax biosynthesis and 

investigate how it, along with environmental factors and anatomical features, affects transpiration 

from the fruit surface. 

 First, through concurrent genetic, transcriptional and biochemical studies, I investigate the 

differences in cuticle biosynthesis and environmental response between domesticated tomato 

(Solanum lycopersicum) and two of its wild relative, Solanum pennellii and Solanum neorickii. 

Chapter 2 details how the fruit cuticles of these three species are altered compositionally and 

functionally in response to drought stress, and tests whether selected biosynthetic and regulatory 

genes are involved in their responses. In chapter 3, I utilize comparative transcriptomics, coupled 

with genetic mapping to pinpoint causative loci for the species’ differences in cuticular wax 

composition. This resulted in the identification of several genes not previously associated with 

such a role, along with a suite of orthologs of cuticle genes previously identified in A. thaliana. 

 Chapter 4 describes a study to directly identify the physical/ chemical properties that 

determine variation in fruit transpiration rates among tomato cultivars.  Detailed characterization 

of seven cultivars representing the extreme ends of the spectrum reveals that the principal 

determining factor is the abundance of microscopic trichome-derived pores in the cuticle.  

 The appendix of this dissertation describes a tangentially related study, in which I show 

that secondary root developmental processes, such as deposition of the apoplastic barrier suberin, 

are regulated temporally by the individual cells, as opposed to spatially across tissues/ organs. 
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Abstract 

 Studies of a variety of plant species have shown that changes in the composition of the leaf 

cuticle typically occur in response to drought response, and are usually associated with a reduction 

in transpiration rate. It is not known, however, whether this response is unique to leaves, or whether 

similar changes occur in other organs. We addressed this question using fruit from domesticated 

tomato, Solanum lycopersicum, and two of its wild relatives, S. pennellii and S. neorickii. These 

species have evolved to succeed in very different environments: agricultural settings, desert and 

mountains, respectively. Accordingly, we hypothesized that the nature of their drought responses 

in terms of cuticle composition would vary. To test this, we grew the three species under well-

watered and drought conditions and characterized the composition and permeability of their fruit 

cuticles, as well as the expression levels of likely cuticle associated genes. We observed that 

drought stress caused the three species to show clear and distinct alterations in their fruit cuticle 

compositions, but these changes did not result in an alteration in the rate of water loss from the 

fruits. Furthermore, fruits of the drought-tolerant S. pennellii did not exhibit lower water loss than 

those of the other species. We conclude that reduced fruit transpiration rate is not an adaptive 

feature of drought tolerance, and that the observed changes in cuticle composition are either 

vestigial or serve some other purpose. 

 

Introduction 

For plants to resist desiccation and survive on land they must be able to restrict the rate of 

transpiration from their tissues, which is largely achieved through synthesis of the cuticle, a 

hydrophobic skin that coats aerial plant organs1,2. The cuticle consists of the polyester cutin, 

embedded with a variety of soluble cuticular waxes, which together form a barrier with high 
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resistance to the flux of water, solutes and gases1,3. To permit effective gas exchange between the 

leaf and the atmosphere, plants have evolved stomata that provide pores in the leaf epidermis and, 

consequently, a low resistance route for water vapor to escape. 

Under normal growth conditions, the transpiration rate of leaves is largely determined by 

the number of stomata and the extent to which they are open, a measure defined as stomatal 

aperture4. If a water deficit is sensed, plants reduce their stomatal aperture5, and the stomata are 

closed fully if the stress is severe. In such a scenario, the residual stomatal conductance is minimal 

and cuticular transpiration then becomes the primary route of water loss6. Thus, the ability of a 

plant to retain water during drought conditions is primarily dependent on the permeability of its 

cuticle. 

  It has been hypothesized that plants that are adapted or acclimated to low water conditions 

produce cuticles with reduced water permeability. Indeed, studies of Arabidopsis thaliana and its 

extremophile relative, Eutrema salsugineum, support this idea7,8. When subjected to drought stress, 

A. thaliana leaves had significantly higher levels of both wax and cutin and showed a decreased 

rate of water loss7. E. salsugineum, which is highly drought tolerant, has considerably greater basal 

levels of wax and cutin and a lower water loss rate compared to A. thaliana, but showed a weaker 

change in cuticle composition in response to drought8. Likewise, a range of other species have 

been reported to show a drought induced reduction in cuticle permeability along with 

compositional changes, but different types of aliphatic waxes are deposited in different species 

and cutin levels may increase or decrease9–11. 

 However, studies of cuticle responses to drought conditions to date have focused on leaves, 

and little is known about cuticular stress responses in other organs, such as fruits or flowers. Since 

cuticle properties often differ considerably between organs of the same plant12,13, there is no a 
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priori reason to assume that changes in cuticle composition or architecture are subject to the same 

regulatory regime in all organs. In fact, abscisic acid, which is an important mediator of drought 

induced cuticular changes in leaves7,14,15, does not appear to have a strong effect on the cuticle of 

tomato (Solanum lycopersicum) fruit16. It is clear though that fruits do respond to water stress, as 

evidenced by changes in size, metabolic profiles and gene expression that have been documented 

for a number of species17–19. However, in none of these studies has the cuticle, or peel, been 

specifically examined.  

Here, we investigated the effects of drought on the cuticles of tomato fruit, which lack 

stomata, thereby allowing for more reliable measurements of the cuticular transpiration rate. 

Moreover, tomato has emerged as an excellent model system for fruit biology20–22. However, since 

cultivated tomato may not be entirely representative of fruit biology in nature, we also analyzed 

two tomato wild relative species that come from very different habitats: Solanum pennellii, which 

grows in desert conditions and is extremely drought tolerant, and Solanum neorickii, which lives 

at high elevations with abundant precipitation23. It has previously been shown that these, and other 

wild relatives, are quite distinct from S. lycopersicum and from each other in terms of fruit cuticle 

composition and architecture23. However, it is not known whether fruits from these three species 

show any conserved patterns of response to drought associated conditions with regard to their 

cuticle composition, or whether any such responses differ, and may thus represent evolutionary 

adaptations to their distinct native environments. Such adaptations might be constitutive, or only 

manifest as a response to particular stress conditions. In this study, we tested the hypothesis that 

tomato fruit cuticles show adaptive alterations in cuticle composition and water permeability when 

exposed to drought stress and that the nature of these responses would vary between these closely 

related species. 
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Materials and Methods 

 
Plant material and growth conditions 

Ten plants each of S. lycopersicum cv. M82 (TGRC id: LA3475), S. pennellii (LA0716) and S. 

neorickii (LA2133) were grown in 3-gallon pots of LM-111 soil mix (Lambert) in a greenhouse in 

Ithaca NY, with a 16 hour day length. Three months after sowing, 5 plants of each species were 

subjected to a restricted watering regime, receiving 400 mL of water once per day. Five well-

watered control plants were watered to soil saturation twice a day. All fruits were removed from 

all plants at the start of the drought treatment. Phenotypic analyses were performed using mature 

green (MG) stage fruits, defined as those that have reached the size of ripe fruits but have yet to 

show any color change. Gene expression analyses was performed using tissue from 50% expanded 

fruits, which have half the average diameter of the MG fruit of the same species and treatment. 

 

Microscopy 

Blocks of outer pericarp (M82) or whole pericarp (wild species) from MG stage fruits were fixed, 

embedded and cryo-sectioned as previously described24. The sections were bound to Histobond 

slides (VWR) by heating at 100°C for 3 minutes. The embedding medium was rinsed off with 

dH2O and the sections stained with Oil Red O (Alfa Aesar) in 60% isopropanol for 30 minutes. 

Destaining was performed by dipping slides in a series of five isopropanol solutions decreasing 

from 55% isopropanol to 8%. Sections were mounted in dH2O and imaged using an Axio Imager 

A1 microscope (Zeiss). 
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Wax extraction 

Mature green (MG) stage fruits of S. lycopersicum and S. neorickii were harvested and rinsed in 

dH2O. MG fruits of S. pennellii were rinsed in two aliquots of 75% ethanol, for 1 minute in each, 

to remove acyl sugars, which are prevalent in this species. We note that cuticular alkanes have low 

solubility in ethanol. Once dry, fruits were placed into a beaker with ~100 mL of chloroform 

containing 100 μg of tetracosane as a standard. The beaker was swirled for 90 seconds, then the 

fruits were removed. Each chloroform aliquot was used to extract wax from either two S. 

lycopersicum fruit or four fruit from each of the wild species, and represents one biological 

replicate. The chloroform extracts were concentrated by air drying, then filtered through filter 

paper (VWR) pre-rinsed with chloroform. 

 

Cutin isolation 

A disk, 7.4 mm in diameter, was cut with a cork borer from the peel of each of the fruits used for 

wax extraction and incubated in a solution of cellulase (Sigma, catalog # C2605, 0.01x dilution) 

and pectinase (Sigma, catalog # P2611, 0.002x dilution), containing 0.01% sodium azide, at 42°C 

for 3 days, after which the digested tissue was washed off the cuticle with water. The dry isolated 

cuticle disks were sequentially rinsed for 20 minutes in each of chloroform, 2:1 chloroform: 

methanol, 1:2 chloroform: methanol and pure methanol, to ensure removal of all waxes. The cutin 

was then depolymerized following the base catalysis method25. Each cuticle disc was added to a 

vial containing 1 mL of reaction media (12:3:5 methanol: methyl acetate: 25% sodium methoxide) 

and 50 µg of each of pentadecalactone and heptadecanoate, as internal standards. The samples 

were incubated at 60°C overnight, then cooled to room temperature and 2 mL of dichloromethane, 

0.25 mL of glacial acetic acid and 0.5 mL of 0.9% NaCl in 100 mM Tris (pH 8.0) were added to 
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each. They were vortexed, then phase separated by centrifugation for 2 min at 1,500 g.  The lower 

phase was collected with a glass Pasteur pipette and transferred to a clean vial, containing 1 mL of 

0.9% NaCl in 100 mM Tris (pH 8.0). This was vortexed, then phase separated by centrifugation 

(2 min at 1,500 g) and the lower phase was again transferred to clean vial. Approximately 0.5 g of 

anhydrous sodium sulfate was added to bind any water present, and the solution was then filtered 

through a paper filter (Whatman #1) into a clean vial. 

 

Wax/ cutin analysis 

An aliquot of each sample was dried by heating at 40°C under a stream of N2. The dried aliquots 

were derivatized by adding 50 μL each of pyridine (EMD Millipore) and BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide) (Sigma) and heating for 30 minutes at 70°C for wax 

samples, or for 10 minutes at  90°C for cutin samples. These were dried under N2 as before, 

resuspended in 100 μL of chloroform and then analyzed by gas chromatography using a GC 6850 

(Agilent) with a cool-on-column inlet and a flame ionization detector. Compound abundances were 

determined by integration of the chromatograph peaks using the ChemStation software (Agilent) 

and normalization to the internal standard and to the surface areas of the samples. The identity of 

each compound was determined from comparison of retention times with standards and also by 

GC-MS analysis, using a GC 6890 (Agilent) coupled to a JOEL GC MATE II mass spectrometer. 

 

Water loss rate  

Mature green fruits were rinsed with dH2O and the pedicel scars sealed with vacuum grease (Dow 

Corning). The fruits were placed in a 22°C chamber, with the relative humidity maintained at 30%, 

for 5 days. The fruits were weighed on the 2nd through 5th days and their water loss rate calculated 
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as the change in mass from day 2 to day 5 divided by the exact time interval as well as the fruit 

surface area (calculated using the average of 3 diameter measurements). Any fruits that showed a 

significant increase in water loss rate from one day to the next were discarded, as this is an 

indication of cracking or infection. 

 

Gene expression analysis 

Sections of peel were cut from the equator of 50% expanded fruits and immediately frozen in 

liquid nitrogen. The diameters of the 50% expanded fruits were as follows: S. lycopersicum 

(ww), 22-28 mm; S. lycopersicum (dr), 15-18 mm; S. pennellii (ww & dr), 7-9 mm; S. neorickii 

(ww & dr), 6-8 mm. Each sample consisted of peels from 8 S. lycopersicum fruit, 15 S. pennellii 

fruit or 20 S. neorickii fruit. Samples were collected over the course of one week. The frozen 

peels were ground in liquid nitrogen with mortar and pestle and RNA was extracted using Trizol 

Reagent (Ambion), according to the manufacturer’s instructions. cDNA libraries were 

synthesized from the polyA RNA using SuperScriptIII Reverse Transcriptase (Invitrogen) with a 

polydT primer. Gene expression levels were determined by qPCR, using the SYBRgreen 

HotStart-IT SYBR Green qPCR Master Mix (Affymetrix) and a ViiATM 7 instrument (Applied 

Biosystems). Genes’ expression level were calculated relative to the ribosomal gene, RPL2 

(Solyc10g006580). Differences in expression between the conditions were calculated as log2 of 

drought level/ well-watered level. Primers used for each gene are listed in Supplemental Table 1. 

 

Statistical Analyses 

Two-tailed Student’s t-tests were used for all pairwise comparisons in this study, with p≤0.05 as 

the cut-off for a difference to be considered significant. 
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Results and Discussion 

Fruit cuticle anatomical and biochemical changes under drought stress 

 To investigate the environmental responsiveness of tomato fruit cuticles, we grew S. 

lycopersicum, S. pennellii and S. neorickii plants to maturity under water sufficient conditions and 

then either restricted watering (drought condition) or continued to water them at normal levels 

(well-watered/ control condition). The drought treatment was such that the S. lycopersicum and S. 

neorickii plants had wilted leaves for part of the day, but recovered after each watering. S. pennellii 

did not show wilting under the conditions used here. Expression analysis of the drought responsive 

gene, RD2226, indicated that all three species sensed the water deficit and activated drought 

response pathways (Supplemental Fig. 1). For all the phenotypic analyses, mature green (MG) 

stage fruits were used (Fig. 1), since the fruits of these two wild species do exhibit canonical signs 

of ripening, such as a visible color change.  

 

 

 Figure 1. Images of mature green fruits from the three species 

grown in well-watered conditions. Scale bars = 1cm. 
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 On both macroscopic and microscopic scales, only S. lycopersicum fruit appeared 

noticeably different between the two conditions. Fully expanded S. lycopersicum fruit from the 

drought treatment were significantly smaller than their control counterparts, whereas fruits of the 

wild species were consistent in size (Supplemental Fig. 2). Light microscopic imaging of Oil Red 

O stained cuticle sections similarly showed a condition effect for S. lycopersicum, but not for the 

wild species (Fig. 2). Drought-grown S. lycopersicum fruit had a thicker cuticle and increased sub-

epidermal cuticle deposition compared to control fruits (Fig. 2), while S. pennellii and S. neorickii 

fruit cuticle architectures were similar between the two conditions.  

 

 

 

We next investigated the effects of drought on the wax and cutin levels and composition. 

Cuticular wax was extracted from pools of fruit with chloroform and analyzed by gas 

chromatography. S. lycopersicum cuticles had the lowest wax load and S. neorickii had the highest 

(Fig. 3A), due to substantial differences in the levels of alkanes, which were nearly 7-fold more 

abundant in S. neorickii (Fig. 3B). Additionally, triterpenoids were detected only in S. 

lycopersicum. These results are in agreement with our previous study of fruit from well-watered 

Figure 2. Light microscopy images of sections of the upper pericarp of fruit stained with Oil 

Red O. Scale bars = 50µm. 
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plants23. Drought treatment resulted in increased deposition of waxes in S. lycopersicum and S. 

pennellii (Fig. 3A) due to a greater abundance of shorter chain length alkanes (27-31C), as well as 

an increase in triterpenoid levels in S. lycopersicum (Fig. 3B). This is consistent with the cuticular 

drought response that has been reported for the leaves of tomato27, along with several other 

species9. In contrast, S. neorickii showed a reduction in wax levels, with decreases noted in the 

abundance of alkanes across the range of chain lengths (27-33C) (Fig. 3B). This meant that under 

the drought conditions, S. pennellii had the highest wax load, with 50% and 400% higher alkane 

levels than S. neorickii and S. lycopersicum, respectively. Thus, all three species showed distinctly 

different changes in the profiles of fruit cuticular waxes in response to drought. 

 

 

 

Figure 3. Abundance of total cuticular wax (A) and wax components (B) in the fruit cuticles of 

S. lycopersicum, S. pennellii and S. neorickii under well-watered and drought conditions. Stars 

denote a significant difference between the two conditions:  * = p<0.05, ** = p<0.01, *** = 

p<0.001. n=5 for each sample; mean ± s.e.m is shown.  
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 We also measured cutin levels in isolated fruit cuticle discs and observed that drought stress 

resulted in an increase in total cutin abundance of over 100% in S. lycopersicum, but had no 

detectable effect on S. pennellii cutin levels (Fig. 4A). We also noted an increase in the mean 

values of total cutin in S. neorickii, but this did not have strong statistical support (p=0.10). The 

changes in individual cutin monomers reflected the pattern seen for total cutin amount (Fig. 4B), 

though S. lycopersicum showed the strongest increases in the di-acids and di-OH 18C (3.5- to 5-

fold higher), and the least increase in the non-hydroxylated 16C monomer (2-fold higher). Thus, 

as with the wax profiles, cutin production was differently affected by the drought treatment in the 

three species; however, the changes in these two cuticle components are not correlated.   

 

Figure 4. Cutin amounts and composition in the fruit cuticles of S. lycopersicum, S. pennellii 

and S. neorickii under well-watered and drought conditions. A) Amounts of total cutin, the 

predominant monomer and unidentified monomers. B) Amounts of the low abundance cutin 

monomers. Stars denote a significant difference between the two conditions:  * = p<0.05, ** = 

p<0.01, *** = p<0.001. n=3 for each sample; mean ± s.e.m is shown.   
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Changes in cuticle-associated gene expression 

We next investigated the molecular underpinning of these phenotypic and compositional 

differences by examining the expression of known cuticle associated tomato genes and homologs 

of cuticle genes from A. thaliana. Expression analysis was carried out on expanding fruits, since 

the cuticle is mostly synthesized during this period. To facilitate the comparison between the 

species, which have different lengths of fruit expansion periods, we harvested fruits when they 

reached a diameter of 50% of their average mature size, instead of at a specific date post anthesis. 

RNA was extracted from the peels of the fruit to enrich for cuticle-related transcripts, and to avoid 

biases due to differences in pericarp thickness. Using cDNA synthesized from the polyA RNA, we 

measured expression levels by quantitative PCR (qPCR) of wax and cutin biosynthetic genes, as 

well as several transcription factors that are known to regulate them (Fig. 5).  

Despite the phenotypic wax responses, we saw no differences in the expression of the three 

wax biosynthetic genes that we analyzed (CER1, CER3 and CER6) between conditions in any of 

the three species (Fig 5A). In addition, of the genes potentially affecting both wax and cutin, none 

showed any drought response in the wild species, and only two, LACS2 and LTP, showed 

significant changes for S. lycopersicum, but these were inconsistent in direction (Fig. 5A). We 

conclude that the wax responses are regulated via paralogs of these genes or other factors that have 

yet to be identified. 

In contrast, cutin biosynthesis specific genes showed a general pattern of upregulation by 

the drought treatment in all three species, with S. pennellii showing the strongest induction (Fig. 

5A). This result was unexpected, since S. lycopersicum was the only species to show a clear 

increase in cutin levels. Indeed, the gene expression data clearly suggest induction of cutin 

biosynthesis by drought in S. pennellii; however, the fruits have the same amount of cutin in both 
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conditions? One explanation for this discrepancy is that there are two paralogs of CYP77A6, the 

products of which catalyze the mid-chain hydroxylation of cutin monomers28; a modification that 

is central to cutin biosynthesis in tomato. Paralog CYP77A6a shows no change in expression due 

to drought, whereas CYP77A6b is strongly induced (Fig. 5A). Looking at the absolute expression 

levels, CYP77A6a is the predominant isoform in both wild species, while the drought responsive 

CYP77A6b is predominant in S. lycopersicum but expressed at barely detectable levels in S. 

pennellii and S. neorickii (Fig. 5B). Thus, the expression of this critical gene increases much more 

in S. lycopersicum in response to drought than in the other two species, which correlates with the 

effect of drought on cutin levels. Additionally, expression of the cutin-associated DCR gene shows 

a significant fold increase in S. pennellii, but this increased expression is still considerably lower 

than the constitutive expression levels in M82 and S. neorickii (Fig. 5B).  Based on these results, 

we propose that the variation in cutin responses between the three species is determined by 

differences in the expression of only a few key genes, rather than the biosynthetic pathway as a 

whole. Such specificity could be caused by alterations in cis regulatory elements, or by differences 

in the expression of transcription factors that act only on certain genes in the pathway. 

We therefore analyzed the expression of transcription factors that are known to regulate 

tomato fruit cuticle formation, as well as homologs of MYB transcription factors that have been 

shown to facilitate stress-induced cuticle changes in A. thaliana14,29. All but one of these genes had 

increased expression under drought for all three species, with CD2, an HDZIP transcription factor 

that is important for cutin deposition in tomato fruit20,30, showing negligible response in any of the 

genotypes (Fig. 5C). The level of induction was quite consistent between the species, meaning that 

these regulators are likely not contributing to the differential responses described above. We 

hypothesize that there exists an undiscovered transcription factor that differs in drought 
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responsiveness across the species, or that the differential responses are governed by variation in 

the cis regulatory elements of key genes. 

 

 

 

Drought treatment does not affect fruit water loss rate 

 Having shown that the fruit cuticles of the three species are distinct in plants grown under 

well-watered conditions, as well as in how their biosynthesis changes in response to drought, we 

Figure 5. Log2 fold change of cuticle biosynthetic and transport proteins (A) or transcription 

factors (C) in fruit peels from fruit grown under drought or well-watered conditions. Stars denote 

a significant difference from 0 (no change):  * = p<0.05, ** = p<0.01, *** = p<0.001. n=3 for 

each sample; error bars show the combined s.e.m. values from the two conditions. (B) Expression 

levels of three cutin biosynthetic genes for the three species in both conditions. Expression levels 

are relative to the RPL2 gene. mean ± s.e.m is shown.  
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investigated whether these differences were also reflected in the contribution of the cuticles to 

transpirational water loss from the fruit. The rate of water loss through the cuticle was determined 

gravimetrically using whole detached mature green stage fruits. We believe that this is a reliable 

measure of cuticular water flux as there are no stomata through which water could be lost and we 

sealed the pedicel scar with vacuum grease. Unexpectedly, S. lycopersicum and S. pennellii fruit 

showed the same transpiration rate, while that of S. neorickii was ~30% lower (Fig. 6). 

Additionally, none of the species showed a significant difference in water flux rates between fruits 

grown under drought and well-watered conditions (Fig. 6).  This consistency was unexpected, 

considering the differences in cuticle composition and the native or adapted habitats between the 

three species. 

 

 

Figure 6. Rate of water loss from whole fruits of S. lycopersicum, S. pennellii and S. neorickii, 

normalized to surface area, under well-watered (ww) and drought (dr) conditions. Stars denote 

a significant difference compared to S. lycopersicum (ww): *** = p<0.001. There was no 

statistically significant difference between the two conditions. n=29 for M82 (ww), n=6 for 

M82 (dr)*, n=13 for S. pennelii (ww)*, n=7 for S. pennelii (dr)*, n=22 for S. neorickii (ww), 

n=24 for S. neorickii (dr); mean ± s.e.m is presented. *S. pennellii plants and S. lycopersicum 

plants grown under drought conditions had very low fruit set.  
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 Notably, neither the amounts of wax nor cutin show a correlation with the fruit transpiration 

rates. In the well-watered treatment, S. neorickii fruits had the highest wax levels and the lowest 

transpiration rate, but the fruits of S. pennellii, which had only slightly less wax, showed 

comparable transpiration levels to S. lycopersicum fruits. Further, the changes in cutin and/or wax 

levels that were induced by drought stress had no noticeable effect on transpiration rate in any off 

the species. Thus, the abundance of cuticle components did not determine the transpirational 

resistance of these fruits, a finding that is consistent with previous studies on leaves of  various 

species31,32. The macro-architecture of the cuticles could also potentially be a factor affecting their 

permeability, however that seems unlikely to be the source of the interspecies variation observed 

here, since the cuticle architectures of the wild species are much more similar to each other than 

to S. lycopersicum (Fig. 2). The cause of the lower transpiration rate of S. neorickii fruit remains 

uncertain. 

 Based on the native growth conditions of the three species, we would expect that water 

conservation would be most critical for S. pennellii. That its fruits have comparable cuticular 

transpiration to those of S. lycopersicum and higher than those of S. neorickii suggests that fruit 

cuticle permeability is not an important adaptation to dry conditions. This idea is reinforced by the 

fact that the permeability is not altered in any of the species in response to drought. This may 

reflect that fact that the surface area of the fruit is insignificant compared to that of the whole plant, 

and thus not a strong target for selection. Alternatively, reducing fruit cuticular transpiration may 

be disadvantageous as this would reduce the driving force for continued influx of phloem sap into 

the expanded fruit, and might also affect the release of volatile compounds such as ethylene, which 

is crucial in S. lycopersicum fruit development33. Though the drought-induced changes in the fruit 

cuticles do not affect transpiration, it is possible that the leaves have a similar response, and that 
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for them, the increase in wax has functional consequences for water loss, as has been found for 

leaves of other species7,9. The leaf response may thus have been selected for, while the response 

in fruits was a side effect, occurring as a result of selection on cuticle regulators or biosynthetic 

enzymes that function in both organs. 

In summary, we found that fruit cuticles, like those of leaves, can be modified in response 

to drought, but that for tomato at least, these changes are not functionally significant with respect 

to water permeability. From this, we conclude that fruit transpiration is not an important factor in 

plant drought tolerance. 
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SUPPLEMENTAL DATA 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 1. Relative expression, in log fold-

change, of known drought responsive genes in well-watered 

and drought conditions. Gene expression levels for each 

sample are normalized to a control gene, RPL2. Stars denote 

a significant difference from 0 (no change):  * = p<0.05, ** = 

p<0.01, *** = p<0.001. n=3 for each sample; error bars show 

the combined s.e.m. values from the two conditions. 
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Supplemental Figure 2. Average diameters of mature green 

stage fruits of each species grown under well-watered and 

drought conditions. Stars denote a significant difference 

between well-watered (ww) and drought (dr):  * = p<0.05, ** = 

p<0.01, *** = p<0.001. n=10 for M82 ww and dr, n=20 for the 

rest; mean ± s.e.m. is shown. 
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Supplemental Table 1. Primers used in qPCR analyses. 

 
 

 

 

 

Gene name Gene ID Primer name Primer Sequence

RPL2_qPCR_F_2 AGCGGATGTCGTGCTATGATTG

RPL2_qPCR_R_2 ACTGGATTCATAGCAACACCAC

Solyc03g065250_F GTGGGACGTAGCATTGAGTC

Solyc03g065250_R TTCGATTATCACCCTTTGCAGT

Solyc03g117800_qPCR_F2 CCATTGCACTCTACCTTGCTCGTC

Solyc03g117800_qPCR_R2 CTTGAACCAGATACTTCTGGCACTC

Solyc02g085870_F CCGTTACGTGCAGAGTACCC

Solyc02g085870_R CACCAAGACCTGACCTTTCAAG

Solyc11g006250_qPCR_F GTAGCATGTTGTGGACAAGGACCA

Solyc11g006250_qPCR_R CTTATTTGCCCTCTCAGATGGATGG

Solyc09g014350_F GCTCATCCCCATATTGAACCA

Solyc09g014350_R ATGAGACTACCACCTTCTAAG

Solyc01g094700_qPCR_F TCGTGCCAGTAGCAGTGGATAC

Solyc01g094700_qPCR_R GTCAATTCATAAGTTGGCCTTGGG

Solyc01g094750_qPCR_F CTCAGCCGGAAGAATGAAGAGC

Solyc01g094750_qPCR_R ACCTAGACATATCCTTGGACCAG

CD3-F AGATGCATTCAGATTCGTGGC

CD3-R GCAACACTGCTGCTGCTATTG

Solyc11g007540_qPCR_F2 TCCTACCTAGACACCTTGTTCGAC

Solyc11g007540_qPCR_R2 CCACTCTAATGCCGTAGCTGTCG

Solyc05g055400_qPCR_F ATTTATGGTCCGAACCCGAGAAG

Solyc05g055400_qPCR_R CATATTCAAACCGGGGCAAATCC

Solyc03g025320_qPCR_F CACGATGCGAAGGCGATTGAAG

Solyc03g025320_qPCR_R TACACCTTAAACCTCGGCGAAC

Solyc10g075100_qPCR_F TAAGGGTCTTTTGGGTCAAGCC

Solyc10g075100_qPCR_R CTGATCTTGTAAGGGATGTTGACAC

Solyc01g109180_qPCR_F CCTACAGTTGGCTAACATATGAG

Solyc01g109180_qPCR_R CCATAGCCATTATCCACTCAGG

Solyc11g065350_qPCR_F2 TCATAACAGGAGCTGGTGTGCTTGG

Solyc11g065350_qPCR_R2 CTGTAAACCCCATGCCCCGTAG

Solyc05g018510_qPCR_F CCATGTATGTTGCAGTGTTGTTCG

Solyc05g018510_qPCR_R CTCAATAGCAACCTGAGCAAATGC

Solyc06g053240_qPCR_F CGAACTTGGAAAGAAGGAGGAG

Solyc06g053240_qPCR_R AGTTCTTCCACCATTTGCATAGC

CD2_F CCATCCGTGAAACTTCTGGT

CD2_R AACTGCCGGTAAAGATGGTG

Solyc03g117720_qPCR_F GCGACTTCATCAGCAGCACTAG

Solyc03g117720_qPCR_R TATCATCCGGGAAACTCCTCCG
WRI4 Solyc03g117720 

CER6 Solyc02g085870

CER3 Solyc03g117800

CD2 Solyc01g091630

LACS2

LTP

DCR Solyc03g025320

SlSHN3 Solyc06g053240 

ABCG32

ABCG13

Solyc05g018510 

RPL2 Solyc10g006580

CYP77A6a Solyc11g007540

GPAT6 Solyc09g014350

GPAT4 Solyc01g094700

Solyc01g094750 CYP86A

Solyc08g081220CD3

CUS1 Solyc11g006250 

CER1 Solyc03g065250

Solyc05g055400CYP77A6b

Solyc10g075100 

Solyc01g109180

Solyc11g065350
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Solyc07g055920_qPCR_F CCTAGAGACCTCAAGAATTTGGAAGG

Solyc07g055920_qPCR_R GCTCAATCTCCCTCTTTTGCATGAG

03g116100-MYB30-F TTGTTTCAAGCGGAGAGCAAG

03g116100-MYB30-R TGCTGGTGCATTAATAGCATC

Solyc02g088190_qPCR_F ACATGGACAACAGAATCCTCAAGG

Solyc02g088190_qPCR_R CGTTATCGGATTCCGTGCCAC

Solyc02g087960_qPCR_F GTCTACTACTACTTATGCATCAAGTGC

Solyc02g087960_qPCR_R CTTGACGAAGCCTTTGATTGCTCTG

RD22_F ACAATTACGCGGCGAAAGAC

RD22_R TTGACGGGGCAAAAACGAAG

HAT22_F AACGGTGAATCAGACATCAAG

HAT22_R CGTCTTCAGATCTACCATCTG

ATHB7_F GGCTCCAACAAACTCAGACATG

ATHB7_R TCCTCAATTCAGGCCTTGACTC
ATHB7 Solyc08g083130

TAGL1 Solyc07g055920 

RD22 Solyc08g068150 

MYB30 Solyc03g116100

MYB16 Solyc02g088190 

SlMYB94 Solyc02g087960 

HAT22 Solyc02g063520
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CHAPTER 3 

 

 

 

Genetic mapping and transcriptome analysis reveal factors 

associated with the differentiation of cuticle composition  

amongst tomato and its wild relatives 
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Abstract 

 The presence of a hydrophobic cuticle is ubiquitous among land plants, reflecting its 

essential roles in protection against the stresses associated with terrestrial habitats. Cuticles show 

remarkable taxonomic variation in terms of composition and morphology, but little is known about 

the molecular mechanisms underlying such diversity. Considerable variation has been described 

among the fruit cuticles of the Solanum Lycopersicon clade, which contains cultivated tomato (S. 

lycopersicum), a model plant for cuticle biology, and its wild relatives. In this study, the genetic 

underpinnings of the fruit cuticle diversity seen between S. lycopersicum, S. pennellii and S. 

neorickii were investigated, using tissue-specific transcriptome analysis coupled with genetic 

mapping. Genes with enriched expression in the fruit peel were particularly likely, relative to the 

full transcriptome, to be differentially expressed among the species, which suggests that their 

probably epidermis-related functions have been a major target for diversifying selection. The 

differences in cuticular properties could be partly explained based on correlations with the inter-

species expression levels of members of a set of 90 cuticle biosynthetic and regulatory genes that 

was identified based on homology and peel enrichment. These gene expression patterns indicated, 

further, that the high wax level phenotypes of S. pennellii and S. neorickii arose by different genetic 

mechanisms, and are thus analogous traits, derived from a common ancestor with lower amounts 

of cuticular wax. Multiple sets of mapping populations, derived from crosses between S. 

lycopersicum and each of the two wild species were used to identify more than 20 additional 

genomic regions that differentiate the cuticles of these species. Comparison of these loci with the 

differential gene expression data revealed that the diversification of the cuticles was most likely 

driven by changes to trans-acting regulators or currently unknown biosynthetic enzymes, and 

provides short lists of candidates for their identities.  
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Introduction 

One of the most significant synapomorphies of land plants is the presence of a lipidic 

cuticle that covers their aerial organs. Cuticles are composed of the polyester cutin, 

polysaccharides and soluble compounds termed cuticular waxes, and provide a structurally 

complex hydrophobic barrier between plant tissues and the environment1,2. As such, they fulfill 

several crucial functions, including restricting transpirational water loss, providing protection 

against pathogen attack, dispersing excess solar radiation and constraining/ shaping organ 

growth1,3,4. While they are ubiquitous among land plants, cuticles exhibit considerable variation in 

composition and morphology between taxa, as well as between the organs of the same 

plant2,5,6.They also exhibit a wide range of water permeabilities, which can span more than three 

orders of magnitude, with leaves of plants from water limited environments tending towards the 

lower end of this range and fleshy fruits occupying the higher end7,8. Moreover, formation of large 

amounts of wax crystals on the cuticle surface has allowed succulents from exposed, arid 

environments to achieve reflectance of up to 60-70% of UV radiation9,10, compared to the < 10% 

reflectance observed for most species11,12. The biomechanical properties of cuticles can also vary 

extensively, with both elasticity and breaking stress values spanning two orders of magnitude13. 

This functional diversification has presumably been driven by different selective pressures, exerted 

by growth environment and anatomical and developmental constraints, resulting in variation in the 

types, amounts and structuring of the cuticle components.  

Moderate compositional and morphological variability is observed amongst cuticles on 

macroscopic to molecular scales. Cuticle thicknesses have been measured ranging from as little as 

30 nm, as on the leaf of Arabidopsis thaliana, up to 30 μm on apple fruit14. The cutinized region 
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typically covers only the outermost epidermal wall, but for thicker cuticles, it may extend down 

along the anticlinal walls and, in the most extreme cases, surround the epidermal cells and extend 

into sub-epidermal cell layers2,3. The outer cuticle surface can be flat, undulating or ridged and 

may be covered with microscopic wax crystals2,15,16. In addition, different categories of cuticle 

have been distinguished based on their ultrastructures, as observed by transmission electron 

microscopy (TEM)2,17. Both cutin and wax show diverse compositional profiles across species5,18, 

while their total abundances span three orders of magnitude8,19. Cuticular waxes represent a 

particularly complex collection of compounds, which include an array of aliphatic, cyclic and 

aromatic molecules. Aliphatic wax compounds, which are derived from very long chain fatty acids 

(VLFCAs), are a major component in almost all species examined18. However, they may be present 

as alkanes, primary or secondary alcohols, aldehydes, ketones, fatty acids and/or wax esters18. 

These compound classes are further diversified by differences in chain length, ranging from 20 to 

40 carbons, as well as the possible occurrence of double bonds or a methyl branch in the carbon 

backbone18. Although not as ubiquitous as the fatty acid derivatives, cyclic compounds, 

specifically pentacyclic triterpenoids and sterols, are deposited as part of the wax of many 

species3,20. Flavonoids have been found in the wax of comparatively few species, though when 

they do appear, they can be as a large proportion of the total21,22. The total and relative abundances 

of these compounds can affect the permeability of the cuticle to water23–26 and likely has other 

functional consequences as well1. 

However, there is currently an incomplete understanding of how the full diversity of wax 

compounds is synthesized and how particular wax profiles are specified. The pentacyclic 

triterpenoids are synthesized by members of the oxidosqualene cyclase (OCS) family, but only a 

few specific products and their biosynthetic enzymes have so far been linked27. In contrast, the 
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backbone of the biosynthetic pathway of aliphatic compounds has been broadly established, with 

representative genes identified that are involved in each of the major steps28,29. Long chain fatty 

acids (16 or 18 carbons), synthesized in the plastid, are imported into the endoplasmic reticulum 

and bound to coenzyme A by a Long Chain Acyl CoA Synthase (LACS). These acyl-CoA 

molecules are then elongated in two carbon units by the Fatty Acid Elongase (FAE) complex, 

which consists of the enzymes KCS, KCR, HCD and ECR. The resulting VLCFA-CoA molecules 

may then follow one of three routes: decarbonylation by CER1/ CER3 to produce odd chain length 

alkanes or aldehydes, reduction by a Fatty Acid Reductase (FAR) to produce even chain length 1° 

alcohols, or release from CoA by an unknown enzyme to form free fatty acids. The alkanes can be 

further acted upon by a Midchain Alkane Hydroxylase (MAH) to form secondary alcohols or 

ketones, while free fatty acids can undergo a condensation reaction with primary alcohols to form 

wax esters, catalyzed by Wax Synthase (WSD1). While these reactions are sufficient for the 

formation of the predominant functional groups, they do not explain the full complexity of the wax 

profile, including the distribution of chain lengths, and the occurrence of methyl branches and 

even-chain-length alkanes.  In addition, the regulatory networks that influence the activity of these 

biosynthetic pathways are just beginning to be uncovered30. A more complete portfolio of cuticle 

biosynthetic and regulatory factors is required if we are to understand the genic evolution that has 

led to the diverse and adaptive cuticle phenotypes seen in nature. 

Solanum lycopersicum (domesticated tomato) and its wild relatives can serve as a powerful 

model system to study the genetic underpinnings of this cuticle diversity. As a consequence of 

diverse selective pressures in the ~7 million years since they diverged from a common 

ancestor31,32, these species have evolved fruit cuticles that differ substantially in their architecture 

and chemical composition15. In particular, considerable quantitative and qualitative variation in 
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cuticular waxes have been reported15. However, these species remain sufficiently genetically 

similar that comparative genomic and transcriptomic analyses can be utilized effectively33–35, and 

the wild species can be crossed with S. lycopersicum, allowing for genetic dissection of their 

differing traits31,36,37. Indeed, a number of mapping populations have been developed that are 

derived from such crosses31. 

 In this study, we focused on S. lycopersicum and two of its wild relatives: S. pennellii, 

which grows in very dry environments, and S. neorickii, which is endemic to high altitude 

mountain regions15,31. The fruit cuticles of these two wild species contain much greater amounts 

of alkanes and qualitatively different wax compositional profiles compared to S. lycopersicum. 

They also have a distinctly different architecture, showing an undulating, rather than a flat, surface 

topography and an absence of the anticlinal and sub-epidermal cuticle deposits typical of 

domesticated fruits15. The expression levels of the closest orthologs of known cuticle-associated 

genes from A. thaliana do not account for much of these major chemical and structural differences 

(Chapter 2), implying the existence of other genetic factors in tomato. To identify genes 

responsible for the unique or shared properties of these distinctive cuticles, including additional 

homologs of known cuticle genes as well as genes with novel cuticle-related functions, a combined 

transcriptomic and genetic mapping approach was taken. Comparative RNAseq analysis was used 

to identify preliminary candidate genes: those enriched in the peel, where the cuticle is synthesized, 

and differentially expressed between the species. We then phenotyped mapping populations, 

derived from crosses between S. lycopersicum and each of S. pennellii and S. neorickii, to identify 

genomic loci that influence the amounts and types of waxes produced. A recent screen of the S. 

pennellii introgression line (IL) population showed that there is indeed variability in the levels of 

individual wax and cutin compounds across the population, but was only able to confidently 
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identify 3 broad QTL regions that had a significant effect on more than a single compound38. Here, 

we analyzed several aggregate and relational measures of the wax profile, ensure that the observed 

differences are heritable, then performed fine mapping to narrow down the implicated genomic 

regions. We found many loci with no previously known cuticle association and identified short 

lists of candidates for the causative underlying genes based on their expression profiles. With this 

expanded set of cuticle associated genes, we explored the similarities and differences amongst the 

species and arrive at conclusions regarding the evolution of their cuticle traits. 

 

Results 

Transcriptome profiling 

To investigate the genetic factors that give rise to the distinct cuticle chemistry and 

morphology between S. lycopersicum, S pennellii and S. neorickii, we first undertook a 

comparative transcriptomic analysis of the peels and underlying pericarp flesh of expanding green 

fruits from each species, using RNAseq (Supplemental Dataset SD1). Three biological replicates 

were analyzed for every sample type, each yielding 20-30 million high quality, mapped, paired-

end reads. For S. lycopersicum and S. pennellii, the reads were mapped to their assembled and 

annotated genomes34,39,40; however, S. neorickii does not yet have a fully sequenced genome. We 

therefore constructed a de novo S. neorickii reference transcriptome (Supplemental Dataset SD2) 

with the reads from all six of its samples, using TRINITY41. The individual sample reads were 

then mapped back to the assembled transcript models. 

 In order to compare gene expression levels between the different species, homology 

relationships between their genes were required. A one-to-one list of orthologs between S. 

lycopersicum and S. pennellii has been previously published34, containing 21,650 orthologous 
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pairs. We created an analogous list between S. lycopersicum and S. neorickii (Supplemental 

Dataset SD3), containing 20,174 orthologous pairs, by identifying the reciprocal best hits in 

BLASTn searches between the S. lycopersicum genome and the S. neorickii transcriptome. From 

these two lists, a set of 17,253 genes was identified that showed orthology across the three species 

(“3-way orthologs”, Supplemental Dataset SD4). These sets of genes provided the basis for 

subsequent interspecies comparisons. 

Before performing quantitative analyses, the read counts were corrected for sample biases. 

Differences in sample representation in the sequencing run were accounted for by normalizing the 

counts to the total number of reads from the 3-way orthologs for each sample, yielding values we 

term “Counts Per Ortholog Set Million” (CPOSM). We also applied a correction specific for our 

experimental set-up: normalization for relative peel thickness. The peels contained a single layer 

of epidermal cells along with several rows of pericarp flesh beneath it (Supplemental Fig. S1), but 

the exact amount of flesh was variable due to the nature of hand dissection. Such variation alters 

the ratio of epidermis to flesh and thus distorts the peel CPOSM values for genes that are expressed 

at different levels in the two tissue types. To estimate the relative distortion between peel samples, 

we identified a set of 124 genes with peel-specific expression (defined as >10x higher expression 

in peel than flesh and peel CPOSM >5) in all three species and compared the sums of their CPOSM 

values. There was significant variation among the samples, with the three S. pennellii samples 

having comparatively low values. These sums were divided by the midpoint value of 70,000 to 

produce correction factors for each peel sample, which ranged from 0.70 to 1.30 (Supplemental 

Table S1). A second approach, in which the set of peel specific genes were identified from an 

independent cell type-specific dataset42 and the genes were equally weighted in their effect, gave 
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similar correction factor values (Supplemental Table S2). The values derived from the first 

approach were used for subsequent normalization. 

These correction factors were created based on peel specific genes and thus can only be 

directly used for normalization if there is insignificant expression in the flesh. For the more general 

case, in which a gene may be expressed in both tissues, we derived (Supplemental Fig. S2) the 

following formula to normalize the peel samples: 

 

𝑃′ =  
𝑃 − 𝐹

𝑟
+ 𝐹 

 

where P and F are corresponding peel and flesh CPOSM values, P’ is the peel thickness corrected 

peel CPOSM value, and r is the correction factor. This correction was applied to all CPOSM values 

in the peel samples, with any negative values resulting for P’ set to 0 (Supplemental Dataset SD1). 

No further adjustment was made for flesh samples. These peel corrected CPOSM values were used 

in all subsequent analyses and will be referred to hereafter as “counts”. 

 Comparison of the 3-way shared orthologs across the 18 transcriptome data sets using 

multidimensional scaling (MDS) analysis revealed substantial differences between the sample 

types and comparatively low variability among replicates (Supplemental Fig. S3). The first 

dimension of the plots reflects differences between peel and flesh, while the second and third 

dimensions show separation by species. The effectiveness of the peel thickness correction step is 

evidenced by its provision of stronger distinctions between peel and flesh, and between species, as 

well as by the somewhat greater similarity between replicates. This data set thus effectively 

captures the transcriptomic differences between the six sample types, providing a platform for 

investigating their biological differences.  

 Taking an overview of the transcriptome data, we observed that while the number of 

annotated genes differed considerably between S. lycopersicum and S. pennellii, the number that 
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are actually expressed in our experiment (>1 count in each replicate of peel or flesh) was highly 

consistent across the three species, at around 18,000 (Fig 1A). The set of 3-way orthologs was 

highly enriched for expressed genes, with 89.9% expressed in at least one species and 74.4% 

expressed in all three. Further, for each species, approximately 80% of expressed genes were 3-

way orthologs, 90% of which were expressed in common. We concluded that there was a high 

degree of correspondence between genes that are conserved across species and those that were 

expressed. 

 

 

 

 Focusing on genes with epidermis or cuticle related functions, we identified transcripts that 

were peel-enriched, defined as having ≥50% higher expression in the peel compared to the flesh, 

with a statistical significance of p<0.05 (Supplemental Dataset SD1). We identified 1,421, 1,736 

Figure 1. A) The number of genes that are annotated in the genome, that are expressed 

(cposm>1) and that are peel-enriched in each of the three species, in all three species 

(“shared”), or in any of the three species (“total”). Solid bars represent the number of 

genes in each category that are 3-way orthologs. Note that a full genome sequence has 

not yet been determined for S. neorickii. B) Number of genes that are found to be peel-

enriched in one, two or three of the species. 
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and 1,425 peel-enriched genes that were expressed in S. lycopersicum, S. pennellii and S. neorickii 

respectively and, as with the set of expressed genes, ~80% of each were 3-way orthologs. 

However, only one fifth of these orthologs were peel-enriched in all three species, and of the 2,945 

total peel-enriched genes, more than half were peel-enriched in one species alone (Fig 1B). 

Furthermore, 83% of the peel-enriched 3-way orthologs were differentially expressed among the 

species, compared to 63% of the peel-expressed 3-way orthologs. This demonstrated that there 

was a much higher degree of species based specialization in the peel-enriched transcripts compared 

to the transcriptome as a whole, suggesting that epidermal properties represent a major area of 

divergence between these species. 

 

Defining the set of tomato cuticle gene homologs 

 More than 30 genes/ gene families are known in A. thaliana to be involved in cuticle 

biosynthesis or regulation, but in tomato, only a small number of genes have been demonstrated 

to affect the cuticle (boldface names in Supplemental Table S3 and S4)3,30,43. Several studies have 

identified additional putative candidates in tomato, based on their expression patterns and sequence 

similarity to A. thaliana genes44–46, but it is unclear whether these are the true orthologs, and their 

function has yet to be confirmed. In order to elucidate the basis of tomato cuticle diversity, we 

sought to identify a more definitive set of cuticle genes. 

 Here, we present a list of 90 tomato genes of presumed cuticle associated function 

(Supplemental Table S4), based on analyses of sequence homology and multiple gene expression 

data sets. We first identified the tomato genes that are most closely related to each of the known 

cuticle genes in A. thaliana, through protein BLAST searches of their sequences against the tomato 

proteome (SGN, solgenomics.net40). Each search revealed one or more genes with noticeably 
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higher alignment scores than the others (for examples, see Supplemental Fig. S4) and these were 

selected as probable orthologs. However, for KCS, the entire family of 22 genes was selected as 

almost all of those characterized so far in A. thaliana are involved in cuticle biosynthesis. The 

selected genes were then screened for expression in the fruit of S. lycopersicum, S. pennellii and 

S. neorickii (dataset presented above), and in each pericarp cell type across S. lycopersicum fruit 

development (data retrieved from tea.solgenomics.net)42. If a gene showed an expression level ≥ 

10 counts in the peel of any species, or in the outer or inner epidermis at any developmental stage, 

and was also peel/ epidermis-enriched, it was considered a functional ortholog, and thus a cuticle 

associated gene (Supplemental Table S3). The peel-enriched criterion was not applied for 

regulatory genes, since they could have additional functions in other tissues, even though only 

three of the 16 expressed regulators were not peel-enriched. For two genes, WSD1, which 

synthesizes wax esters, and DCF, which is involved in the incorporation of phenylpropanoids into 

cutin, the sets of tomato genes with the closest sequence similarity did not show any expression, 

however, the products of these enzymes are present in the fruit cuticles3,15. We therefore selected 

additional homologs from those in the next highest grouping of match scores (Supplemental Fig. 

S4D), and found several with strong preferential expression in the peel. We note that the 

corresponding enzymes may have slightly different activities than those of A. thaliana. For 

example, the A. thaliana DCF is specific to ferulic acid47 , while tomato cutin contains coumarate, 

but not ferulate15,48. This list of presumptive tomato cuticle genes represents the set of genes most 

likely to be responsible for each of the known enzymatic or regulatory functions in cuticle 

biosynthesis, in the fruits of tomato. 

 It is not uncommon for gene paralogs to perform the same, or similar, functions in different 

tissues, meaning that these fruit-expressed cuticle genes do not necessarily function in cuticle 
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formation in other organs. To test this, we compared the expression of the “probable orthologs” in 

the two fruit datasets to an RNAseq dataset from leaves, flowers, buds, roots and fruits39 

(Supplemental Table S3). We observed that the expression of the putative cuticle genes was largely 

consistent among aerial organs. No paralogs were uniquely expressed in the leaf, while two were 

unique to flowers (the hydroxylases CYP77A6_6 and MAH1_3c), and three were fruit specific, 

(WSD_11, CUS5 and SHINE_2). The bud showed unique expression of a greater number of 

cuticle genes, though mostly at fairly low levels. The root does not have an epidermal cuticle, but 

produces suberin, which is structurally similar to cutin, in the endodermis and exodermis, and 

many of the same types of genes are involved in its biosynthesis49. The transcriptome data 

indicated that while there is some overlap in the specific genes that are expressed, most of the 

cuticle related paralogs are not expressed in the root. We identified three cuticle gene paralogs, 

though, that were only expressed in the root: CER1_4, CYP77A6_5 and ABCG11/12/13_6. It is 

likely that there are other, more distantly related, paralogs of many of the cuticle genes that are 

predominantly involved in suberin biosynthesis. Comparing tomato and the two wild relatives, 

almost the identical set of paralogs were expressed, with a notable exception that S. pennellii and 

S. neorickii each have a unique and highly expressed copy of CER1, which we hypothesize may 

be involved in producing the large amounts of alkanes that typify the cuticles of these wild species. 

Taken together, the expression data show that the portfolio of cuticle biosynthesis genes is highly 

similar across tomato organs and species, implying that the diversification of the tomato cuticles 

was predominantly driven by quantitative changes in expression levels. 

 

Peel-enriched gene expression 
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 Since the cuticle is predominantly deposited on or around epidermal cells, we hypothesized 

that the transcripts of genes related to cuticle synthesis would be highly enriched in these cells 

relative to the underlying flesh, which consists of collenchyma, parenchyma and vascular cells. 

Accordingly, peel samples, which contain the epidermal cells, should show enrichment in cuticle 

genes compared with the flesh samples, although we note that the peels also contained several 

layers of collenchyma/ parenchyma (Supplemental Fig. S1). Indeed, we saw that the cuticle 

biosynthesis genes with demonstrated function in tomato all had considerably higher expression 

in the peel than the flesh (Supplemental Table S4). The presumptive cuticle biosynthesis genes 

identified were peel-enriched by ≥1.5 times, based on their selection criteria; however, almost all 

showed much stronger peel enrichment, with 92% > 10-fold enriched and 85% > 20-fold. Even 

among the regulatory genes, 81% and 56% were > 10- and 20- fold enriched, respectively. 

Furthermore, within the set of all peel-enriched genes, those with the strongest enrichment were 

most commonly associated with a cuticle function. (Table 1, Supplemental Table S5). This 

suggests that any cuticle related genes that have yet to be identified as such, are likely to also be 

strongly peel-enriched. 

 

 

 

 

Table 1.  The number of genes in each species that are above the 

specified thresholds of peel enrichment and the percent of those genes 

that are presumed cuticle associated. 
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Strikingly, out of the 32 genes that are ≥150-fold peel-enriched in S. lycopersicum, two-

thirds have a presumptive role in cuticle biosynthesis (Supplemental Table S5). The other 12 

genes, which included five GDSL lipases, two annotated protease inhibitors, an ABC transporter, 

an aquaporin and three genes of unknown function, are thus strong candidates for being involved 

in cuticle biosynthesis, or possibly another epidermis specific function.  

 To better understand how the peel-enriched genes are related to the differences in cuticle 

properties, we compared these genes between the three tomato species. As noted above, we found 

a limited overlap between the set of genes that are peel-enriched in each species, even among the 

3-way orthologs. For an overview of the types of specialization there might be in these sets of 

genes, we identified Gene Ontology (GO) terms that are overrepresented in each and in the 470 

genes shared between them (Fig. 2, Supplementary Table S6). We included only the 3-way 

orthologs in this analysis, since GO annotations are only available for S. lycopersicum genes. As 

expected, genes associated with cuticle and more general lipid processes and functions showed the 

strongest overrepresentation, and most of these genes were peel-enriched in all the species. Cell 

wall related genes were also particularly abundant in each species individually, but only a small 

number were shared. This suggests that cell wall metabolism may be a major area of divergence 

between the species, driving the differences in their epidermal/ sub-epidermal anatomy. Likewise, 

peel-enriched DNA binding transcription factors, transmembrane receptors and protein kinases 

showed a low degree of commonality between the species, implying that inter-species cuticle 

differentiation may have been driven to a large extent by changes in protein signaling pathways 

and transcriptional regulation. 
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Figure 2. Prevalence of notable gene ontology annotations amongst the set of peel enriched 3-

way orthologs in each individual species and the set that are peel enriched in all three species 

(“shared among species”). A star denotes that the GO term is statistically overrepresented 

(p<0.05) in that peel enriched gene set relative to the full set of 3-way orthologs. 
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 A caveat of comparing the species in this way, based on which genes meet a specific 

criterion (i.e. peel-enriched), is that many of the differences may come from minor variation in 

expression levels that are near the threshold for inclusion in the set. For a more rigorous 

comparison, we tested all the peel-enriched 3-way orthologs for differential expression between 

the peels of the three species (≥ 50% fold difference, p<0.05). For each pair of species, ~1,300 

genes showed differential expression, while only 374 genes did not differ significantly between 

any pair (Supplemental Dataset SD6). This confirmed that there is indeed exceptionally high 

divergence in expression between the peel-enriched genes in each species. 

 To further establish connections between gene expression levels and cuticle properties, we 

identified cuticle attributes that were similar between two of the species, but different in the third. 

The S. lycopersicum fruit cuticle is quite distinct from those of the two wild species, both in its 

morphology, penetrating between and beneath the epidermal cells, and in its wax profile, with 

larger amounts of triterpenoids, but lower levels of alkanes. S. pennellii stands out among the three 

species for its thin cuticle with low cutin levels, as well as for its large and abundant trichomes, 

which exude substantial quantities of acyl sugars. S. neorickii has a less distinctive cuticle, showing 

a morphology similar to that of S. pennellii and a cutin level comparable to S. lycopersicum. It 

does, however, produce the highest levels of alkanes of the three and is unique in containing free 

fatty acids and alkyl esters in its wax15. Genes that might underlie these various differences would 

be likely to show a corresponding pattern of expression across the species. 

 We compiled lists of the peel-enriched 3-way orthologs that were differentially expressed 

in the peel by at least 2-fold, between one species and both of the others (Supplemental Table S7). 

These lists contained many of the presumptive cuticle genes, unevenly distributed between them 

(Table 2). S. lycopersicum was unique in having appreciable transcript levels (>10 counts) of three 
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of the cutin synthase paralogs, CUS3, -4 and -5, and also had higher expression of four other genes 

from the same GDSL lipase superfamily. Consistent with its low level of alkanes, S. lycopersicum 

had low CER1 expression, though CER3 did not vary significantly between the species. In 

addition, expression levels of four of the LTP genes were greatly reduced, supporting a suggested 

role for this family in wax deposition50,51. The expression of chalcone synthases and chalcone 

isomerase was much higher in S. lycopersicum, which is consistent with it being the only one of 

these species that contains abundant levels of cuticular flavonoids. Thus the identification of the 

presumptive cuticle genes provides some mechanistic support for the unique properties of the S. 

lycopersicum cuticle. 

 

 

 

 

 

 The number of differentially expressed genes was the greatest for S. pennellii, which may 

reflect the fact that it is the least closely related of the three species. Additionally it may signify 

the induction of networks of genes involved in trichome related processes, although the identities 

of such genes are not well established. The thin cuticle/ low cutin property, however, is readily 

Table 2.  The number of presumptive cuticle genes in each of the listed 

categories that show significantly higher or lower peel expression in one 

species compared to the other two. 
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explained by the strongly reduced expression of many core cutin biosynthetic genes, as well as the 

ABCG32 transporters, which specifically traffic cutin monomers52. In contrast, six of the seven 

identified LTPs were expressed at the highest levels in S. pennellii, as was the hydrolase 

BODYGUARD (BDG), suggesting that these proteins are likely not involved in the transport/ 

synthesis of cutin. While total cutin levels are greatly reduced in S. pennellii, the amount of the di-

carboxylic acid monomers specifically, which account for only a small fraction of the cutin, are 

not lower (Chapter 2, 15). It is therefore slightly surprising that the HOTHEAD (HTH) genes, which 

have been proposed to act as di-carboxylic acid synthases, all showed strongly reduced expression. 

However, we identified 5 peel-enriched genes that are annotated as aldehyde dehydrogenases/ 

oxidases and that are highly expressed in S. pennellii and so are alternative candidates for this role. 

In addition to having less cutin, it seems likely that a thinner cuticle would be associated 

with smaller amounts of embedded polysaccharides. Indeed, among the genes with the most 

substantially reduced transcript levels in S. pennellii (>10-fold lower than the average of the other 

two species), seven genes, or nearly one quarter of the total, are associated with the cell wall 

polysaccharides xyloglucan or pectin. We suggest that these are likely candidates for enzymes 

involved in assembling and restructuring cuticle-associated polysaccharide matrices. Finally, we 

observed that the wax related genes were almost all highly expressed, as expected based on the 

large wax load. One exception was MAH1_3d, which is expressed at relatively high levels in the 

other two species, but was barely detectable in S. pennellii. This expression pattern matches that 

of many of the cutin genes, which suggests that this CYP450 oxidase has an alternate function that 

is more closely related to cutin synthesis. 

 For S. neorickii, almost all of the genes that were differentially expressed compared with 

the other two species are wax related, consistent with it having a unique wax profile. The 
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exceptionally high amount of alkanes is best explained by the CER1_1 gene, which is expressed 

much more strongly in S. neorickii than the other two species. These alkanes tend to be, on average, 

shorter than those in the other two species, with the peak in abundance of 29C chains, as opposed 

to 31C. Specific KCS enzymes are required for elongation of different chain lengths, and in A. 

thaliana, KCS5 and -6 allow for elongation up to 32C. The presumptive tomato orthologs, which 

we gave the same corresponding names, are the only elongation related genes to show the lowest 

expression levels in S. neorickii, indicating that they have this same activity. The cause of the large 

amounts of wax esters and the presence of free fatty acids cannot be explained from our list of 

cuticle genes, as the transcript levels of the WSD1 paralogs are not particularly high and the 

gene(s) for the free acids have not yet been identified. We note that while S. neorickii has the 

highest amount of wax, it shows the lowest expression levels of the majority of the wax inducing 

MYB transcription factors. These transcription factors are associated with responses to stress, so 

one explanation is that other factors confer S. neorickii with its constitutively high wax production, 

making these inducible regulators unnecessary. Indeed wax levels decrease slightly in S. neorickii 

grown under drought stress (Chapter 2), suggesting that the MYB factors do not playing a major 

activating role. Taken together, the data suggest that while our set of 90 presumptive cuticle genes 

underlie a number of the differences between the species, there remain additional unknown factors 

that contribute to these differences as well. 

 

Phenotyping of two tomato mapping populations 

 To identify genetic loci that affect cuticular traits in tomato fruits, we undertook a genetic 

mapping approach, starting with two existing populations: the S. pennellii Introgression Lines 

(ILs)36, derived from a cross between S. pennellii and S. lycopersicum cv. M82, and the S. neorickii 
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Backcross Inbred Lines (BILs)37, derived from a cross of S. neorickii and S. lycopersicum cv. 

TA209. We focused primarily on characterizing the cuticular wax profiles, which showed 

considerable diversity between the parent species.  

 

 

 

For the S. pennellii ILs, we extracted waxes from the mature green stage fruit of 65 lines, 

in addition to the M82 cultivar, and found that they consist predominantly of saturated alkanes and 

triterpenoids. As target phenotypes, we calculated the total amounts of these two compound 

classes, as well as the proportion of alkanes that had a methyl branch on the second carbon (“iso-

alkanes”) or that consisted of an even number of carbons. Additionally, we analyzed the 

distribution of alkane chain lengths, based on the ratios between shorter chain (≤ 29C) and longer 

chain (≥30C) alkanes. Significant variation was detected across the population for all the traits of 

interest (Fig. 3). The chain length ratios had a particularly broad range, but were heavily skewed 

towards more short chain alkanes. The M82 parent line showed values reasonably close to the 

Figure 3. Distribution of wax phenotypes of interest in mature green fruits of the field-grown 

S. pennellii Introgression Lines in summer 2013. The iso-alkane and even alkane proportions 

are relative to the amount of total alkanes. Extreme values, falling more than 1.5x the 

interquartile range beyond either quartile, are represented by red circles. The values for M82 

are shown as blue circles. 
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medians in the population, meaning that for each trait, there are different S. pennellii loci that affect 

it in opposite directions. Any IL that showed a statistically significant difference from M82 for 

one or more of the target traits was considered a line of interest for further study. 

Two of the lines, 2-4 and 7-4-1, had an additional phenotype of glossy, sticky skin (Fig. 

4A), which is typically associated with cuticle alterations53,54. This was investigated further in IL 

7-4-1, using greenhouse grown plants, and we observed that the fruits had a substantially thinner 

cuticle (Fig. 4B), with a >50% reduction in cutin load (Fig. 4C), but also a reduction in 

transpiration rate (Fig. 4D). We therefore included the thin cuticle phenotype in the analysis, in 

addition to wax-related traits. 

Many of the lines had multiple phenotypes that differed from M82, which raises the 

possibility that the traits may not be independent of each other. We looked specifically at whether 

the total amount of alkanes co-varied with any of the other traits of interest. The levels of even 

alkanes generally followed a strong linear correlation; however, several lines deviate significantly 

from the trend (Fig. 5A). This implies that the processes governing the synthesis of even alkanes 

are mostly the same as those for the odd alkanes, but that some factors exist that affect the even 

alkanes specifically. In contrast, the iso-alkane levels showed no relationship with total alkanes 

(Fig. 5B), suggesting that either different enzymes are responsible for their biosynthesis, or that 

the step responsible for branch chain formation is rate limiting. Chain lengths were also observed 

to be largely independent of alkane amounts, although there is a slight trend favoring longer chains 

when alkane levels were highest (Supplemental Fig. S5B). While the triterpenoid and aliphatic 

biosynthetic pathways do not overlap in terms of the enzymes involved, they could be co-

regulated; however, we found no correlation between the amounts of these two compound types 
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(Supplemental Fig. S5B). These results suggested that, for the most part, independent loci underlie 

the variation in each of the traits.  

 

 

Figure 4. Additional phenotypes of IL 7-4-1, compared to M82, in mature green fruits. A) 

Fruit surface glossiness. Scale bars= 1cm. B) Cuticle thin sections stained with Oil Red O. 

Scale bars= 50 μm. C) Levels of the three cutin monomers detected in the cuticles. n=3 for 

each line; mean ± s.e.m is presented. D) Transpiration rate from whole fruits over three days. 

n=6 for M82, n=9 for 7-4-1; mean ± s.e.m is presented. Stars denote a significant difference 

between the two lines:  * = p<0.05, ** = p<0.01, *** = p<0.001.  
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 A greater diversity of compounds was detected in the S. neorickii BILs, for which we 

examined the waxes from red ripe fruits of 125 lines. In addition to those found in the S. pennellii 

ILs, we also measured significant amounts of primary alcohols in some of the lines, as well as the 

occurrence of double bonds (unsaturation) in up to 85% of the alcohols and up to 75% of the 33C 

alkanes. We therefore included alcohol amount and chain length ratio as traits of interest, along 

with the proportion of alkanes and alcohols that are unsaturated. The phenotypes again showed 

considerable variation across the lines; the alkane levels even more so than in the S. pennellii 

population, though the proportions that were branched or had even chain length were less variable 

(Fig. 6). While the phenotypes showed mostly normal distributions amongst the S. pennellii lines, 

in the S. neorickii BILs they almost all showed a strong skew with extreme values towards the 

high end of the ranges and the parent line, TA209, near the bottom, suggesting that the S. neorickii 

genes affecting a given trait, do so additively. 

 

Figure 5. Interdependence of the amounts of even alkanes (A) as well as iso-alkanes (B) with 

the amount of total alkanes in each phenotyped IL. 
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 We again looked for evidence of co-variance between the traits. The amounts of even 

alkanes and total alkanes also showed a strong correlation in this population (Supplemental Fig. 

S6A), but without the outliers seen for the S. pennellii ILs. This suggests that the factor(s) causing 

the outliers does not differ between S. lycopersicum and S. neorickii and thus does not have an 

effect in the S. neorickii BILs. In this population, we saw weak positive relationships between iso-

alkane abundance, as well as chain length ratio, and total alkane amount; however, the variation 

in each was predominantly independent (Supplemental Fig. S6B,C). In contrast, a stronger 

association was seen between the triterpenoids and alkanes, suggesting the involvement of shared 

regulatory factors (Supplemental Fig. S6D). With regards to the alcohols, we saw a pattern 

Figure 6. Distribution of wax phenotypes of interest in ripe fruits of the field-grown S. neorickii 

Backcross Inbred Lines in summer 2014.  Phenotypes reported as proportions are relative to 

the total amount of alkanes or alcohols, with the exception of the unsaturated alkane, which is 

relative to the amount of 31C plus 33C alkanes. The alkane chain length ratio is the ratio of 

25C plus 27C to 31C alkanes; for the alcohols, the value is ratio is of 26C plus 28C to 32C, 

divided by 10. Extreme values, falling more than 1.5x the interquartile range beyond either 

quartile, are represented by red circles. The values for TA209 are shown as blue circles. 
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reminiscent of the even alkanes in the ILs: overall correlation, but with some factor causing a few 

significant outliers (Supplemental Fig. S6E). Unsaturation in the alkanes appears to be unrelated 

to the total alkane production (Supplemental Fig. S6F), but there was a significant effect for 

unsaturation amongst the alcohols (Fig. 7A). The proportion of each class that was unsaturated 

showed no relationship (Fig. 7B), suggesting that a different mechanism is responsible for the 

dehydrogenation of the two type of compounds. In contrast, the chain length distributions of 

alkanes and alcohols were closely coupled (Fig. 7C), as expected since fatty acid elongation occurs 

prior to the decarbonylation/ reduction split in the biosynthetic pathway28,29. Taken together, these 

co-variance analyses suggest that multiple loci affect wax composition in the S. neorickii BILs, 

but that many of them likely affect more than one type of trait. 

 

 

Figure 7. Interdependence of aliphatic wax 

phenotypes in the S. neorickii BIL 

population. A) The amount of unsaturated 

alcohols vs total alcohols. B) The 

proportion of alcohols that are unsaturated 

vs the proportion of unsaturated 33C 

alkane. C) The alcohol chain length ratio vs 

that of the corresponding length alkanes. 
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 In addition to wax composition, we also recorded two visual phenotypes for the S. neorickii 

lines: pink coloration of the ripe fruit and the occurrence and severity of cracking. The pink color 

is associated with a lack of flavonoids in the cuticular wax25, while cracking represents a 

mechanical failure of the cuticle, due either to cuticle defects or mis-coordination between its 

synthesis and fruit expansion55. Since cracking and the resulting wound healing cause substantial 

changes to the fruit surface, we investigate whether this would cause changes in wax levels. We 

found that neither the amount of alkanes nor triterpenoids were affected by the occurrence of fruit 

cracking (Supplemental Fig. S7A,B). However, we noted an inverse correlation between the 

severity of cracking and the amount of cuticular triterpenoids, although there were insufficient data 

points to make statistically significant conclusions. We therefore treated the cracking and pink-

coloration traits as independent from factors that affect aliphatic waxes. 

Both populations were also phenotyped for their fruit transpiration rate, to identify possible 

relationships with the wax amount or composition. Both populations showed considerable 

variation in transpiration rates; however, the variability was high not only between lines, but also 

often between replicates of the same line.  For the S. pennellii ILs, the aggregate wax amounts did 

not show a correlation with water loss (Fig. 8A), but we saw an association with alkane 

composition. Specifically, we observed a statistically significant trend (P<0.05) where shorter 

chain alkanes were associated with higher rates of transpiration (Fig. 8B,C). The same trend was 

not observed among the S. neorickii BILs (Supplemental Fig. S8B), but we found a weak 

association between higher total wax levels and increased transpiration rate, in contrast to the S. 

pennellii lines. This result is counterintuitive, but may be explained by considering proportions of 

the wax components, as the alkane component does not contribute to the increased transpiration, 

which is driven rather by increased levels of triterpenoids and alcohols (Supplemental Fig. S8A,C). 
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Thus, the higher permeance of the cuticle to water can be attributed to a higher ratio of polar and 

cyclic compounds to the highly hydrophobic alkanes.  

 

 

 

 

 

Figure 8. Correlations between wax phenotypes and fruit 

transpiration rates in the S. pennellii IL population. 

Correlation p-values: total wax, 0.52; alkanes, 0.17; 

triterpenoids, 0.48, 29C/31C ratio, 0.0048; 28C/32C, 0.0016. 
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Genetic mapping of cuticular wax traits 

 High quality genotype data exist for both mapping populations56 (unpublished for S. 

neorickii BILs), facilitating the identification of the genomic regions associated with the 

phenotypic differences. The S. neorickii BILs each contain a number of introgressions spread 

across the TA209 genome, necessitating the use of quantitative trait loci (QTL) analyses to identify 

regions showing statistically significant phenotypic associations. Nine such regions were 

identified, across 6 chromosomes, ranging in size from 0.3 to 3.4 Mb (Table 3). Two additional 

 

        Table 3. QTLs identified from the S. neorickii BILs. 

 

 

 

Note: Entries listed in italics are possible QTLs, which appear promising but 

were not found to be statistically significant.  

* “Candidates” refers to genes that fall within the QTL boundaries and that 

show both peel enrichment and differential expression between the species. 
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regions that did not exceed the significance threshold, on chromosomes 3 and 5, were designated 

as possible QTLs. At least one QTL was identified for each trait of interest, with the exception of 

the iso-alkane and even alkane proportions. 

The S. pennellii ILs are a more heavily backcrossed set of lines than the S. neorickii BILs, 

each containing only one, or in a few cases two, introgressions from the S. pennellii genome. Since 

there is limited overlap between the introgressions and each line was measured with only 3 

replicates, we re-tested all the lines of interest to confirm their phenotypes in controlled greenhouse 

conditions, and their fruit phenotypes were characterized with a minimum of 5 replicates. Each 

plant was also genotyped using a Restriction Fragment Length Polymorphism (RFLP) marker from 

the Tomato-EXPEN 2000 set (solgenomics.net40) (Supplemental Table S8). The lines with a clear 

reproducible phenotype for any of the traits of interest were ILs 1-2, 2-3, 2-4, 2-6, 3-3, 3-4, 3-5, 7-

4-1, 9-3-1, 10-2-2, 12-1 and 12-2. While the presence of only one or two introgressions in each 

line facilitated identification of the causative region, these regions ranged from 1.8 Mb for 12-1 to 

56.5 Mb for 7-4-1, with a median size of 5 Mb. 

To narrow in on the loci underlying the QTLs, we undertook a fine mapping strategy. First, 

lines from the S. pennellii x M82 BIL population58 were identified that contain smaller 

introgressions in the regions of interest, grew those lines and phenotyped their cuticular wax 

profiles. However, these lines, contain multiple introgressions across the genome, which could 

lead to additive or subtractive effects, obscuring the role of the introgression of interest. As a 

second approach, we identified published sub-ILs59 for our lines of interest that contain a portion 

of the parent introgressions. As these had limited associated genotype information, PCR based 

genotyping was performed to demarcate the introgression boundaries more closely. Nine 

additional sub-lines, for IL 10-2-2, provided by Dr. Dani Zamir (The Hebrew University of 
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Jerusalem) with detailed genotype information (unpublished) were grown and phenotyped. The 

genotype and phenotype information derived from all of the different types of lines were compared 

(Supplemental Table S9) and a narrower set of QTLs were defined based on the overlapping 

genomic regions of the lines with shared phenotypes (Table 4).  

 

Table 4. QTLs identified from the S. pennellii ILs, BILs and fine mapping lines. 

 

 

 

The available sub-lines for IL 7-4-1, which has a 56.5 MB introgression, covered only the 

first few MBs, so a set of 30 new sub-lines was created to fine-map this region, which are referred 

to here as the “fine mapping lines”. Recombinant lines were identified in the F2 generation using 

* “Candidates” refers to genes that fall within the QTL boundaries and that show 

both peel enrichment and differential expression between the species. 
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genotype-by-sequencing.  The F3 generation was genotyped extensively (Supplemental Table 

S10) using PCR based markers (Supplemental Table S8) to identify the positions of the 

introgression boundaries more precisely. The relevant fruit wax traits were also analyzed in the F3 

generation, as was the thin cuticle phenotype (Supplemental Table S11). To allow for higher 

throughput screening of cuticle thickness, we used cuticle mass per unit area as a proxy. The results 

indicated the presence of a high wax level locus near the start of the chromosome and a long chain 

length locus near the end of the 7-4-1 introgression region. However, two of the sub-ILs, 7-5-2 

and -3, did not support the high alkane locus, having introgressions at the start of the chromosome 

but normal levels of wax. Genotyping of these lines revealed two short regions of M82 DNA 

interspersed among the S. pennellii introgression (Supplemental Table S10). These were also 

found in the sister line, 7-5-5, and their parent line, 7-5, but in none of the others. Several markers 

close to these regions align to different parts of the chromosome in S. pennellii compared to M82, 

indicating that a translocation had occurred in that area since their divergence. We conclude that 

this translocated segment may have caused another chromosomal rearrangement in IL 7-5, which 

was carried over to its descendant lines. This explanation seems far more likely than the occurrence 

of five cross-over events, producing three barely separate introgressions. Therefore, to identify the 

high alkane locus, the genetic structure of these lines and the basis of the difference between them 

must be established. 

 Unlike the wax traits, cuticle thickness showed quantitative variation across the fine 

mapping lines, indicative of multiple underlying loci. Furthermore, there were distinct reversals in 

the phenotype as the position of the introgression shifted along the chromosome. We inferred the 

presence of a thin cuticle locus between the 6 to 56 MB positions, but the limited amount of 

recombination in this area, along with the variability of the phenotype, made it difficult to specify 
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a narrower range. Intriguingly, essentially all of the lines with introgressions extending from the 

56 MB end had the thin cuticle phenotype, with the exception of three highly genetically similar 

lines: 44, 90 and 56. The introgressions in these lines extend 0.5 to 0.8 Mb past the next longest 

introgression, that of the thin cuticle line 40, suggesting that the additional 0.5 MB region contains 

a cuticle thickening locus. Interestingly, extension of the line 40 introgression by 1.2 MB or more 

results again in a thin cuticle, suggesting that there is an additional cuticle thinning locus near to 

the locus promoting cuticle thickening.  

 These mapping studies revealed 25 quantitative trait loci affecting the cuticle composition 

between the three species, S. lycopersicum, S. pennellii and S. neorickii. Each of these regions 

contains numerous genes, and the next step was to use the transcriptomic data to identify strong 

candidates, based on the assumption that the causative genes will be peel-enriched, akin to the 

known cuticle factors. 

 

Candidate genes 

The RNAseq results were used to compile a full list of putative candidate genes for each 

of the two mapping populations. Genes were included in a list if they were peel-enriched in one or 

both of the parent species and were differentially expressed between their peels, or did not have 

an ortholog in the other species. The lists of putative candidates contained a total of 1,611 genes 

for S. pennellii x M82 and 1,444 genes for S. neorickii x TA209 (Supplemental Datasets SD7&8). 

 For each QTL, we identified the first and last gene in the introgression and assembled the 

RNAseq putative candidates located between them, defining the final set of candidate causative 

genes (Supplemental Tables 12&13). Between one and 50 final candidate genes were present 

within each QTL, with a median number of 10 (Tables 3&4). Additionally, we considered any 
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presumed cuticle genes that fell within a QTL, regardless of their expression pattern (Supplemental 

Tables 12&13), while those that can explain the QTL phenotype are included in Tables 3 & 4. 

Among the S. pennellii x M82 QTLs, two of the loci that were associated with high alkane levels 

contain CER1 paralogs, both of which were more highly expressed in S. pennellii than S. 

lycopersicum. Additionally, the low triterpenoid QTL on chromosome 12 contains the Triterpenoid 

Synthase gene TTS2, which is absent in S. pennellii. For the S. neorickii BILs, causative genes 

were apparent for two of the QTLs. The pink fruit phenotype was fully explained by a single 

genomic region, on chromosome 1, which contains the MYB12 gene. This transcription factor is 

necessary for cuticular flavonoid accumulation and has been previously associated with the pink 

fruit phenotype33,57. The 0.3 Mb region on chromosome 4 that is associated with cracking contains 

the CWP gene, a wild species allele of which has previously been shown to cause cuticular 

fissuring when introduced into S. lycopersicum55. Most of the QTLs, however, did not have an 

obvious causative cuticle gene, implying the existence of numerous additional cuticle related 

factors that have yet to be described in any species.  

 

Discussion 

 In this study, we undertook a multifactorial transcriptome analysis with the goal of 

identifying genes that contribute to the differences between the cuticles of domesticated tomato, 

S. lycopersicum, the desert-dwelling wild tomato, S. pennellii, and the mountain-dwelling wild 

tomato, S. neorickii. Our approach was based on two assumptions: 1) genes can be accurately 

matched and compared across the species; and 2) genes affecting the cuticle are enriched in the 

epidermis. These propositions are discussed below. 
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Orthology 

 For quantitative comparison of gene expression levels across species, the genes in one 

species must be matched to the orthologous genes in the others. This becomes increasingly 

challenging the greater the evolutionary distance between the species, as changes to the DNA 

sequence and genomic structure make the orthologs decreasingly recognizable. Solanum section 

Lycopersicon, which contains domesticated tomato, S. lycopersicum, and its closest wild relatives, 

began diverging only ~7 million years ago32. During this time, their genomes have remained 

largely syntenic, with substantial sequence conservation (SGN, solgenomics.net). As such, several 

previous studies have been able to compare large fractions of the transcriptomes of S. lycopersicum 

with various wild relatives, including S. pennellii34,35. We utilized the ortholog pairings from one 

of these studies34, but created the ortholog set between the S. lycopersicum cDNAs and a S. 

neorickii de novo transcriptome. Since S. neorickii is more closely related to S. lycopersicum than 

to S. pennellii31,60, we expected that their genes should show more similarity, and thus be more 

extensively matched. However, we identified slightly fewer orthologs than in the S. pennellii set, 

which we attribute to the fact that the transcriptome does not represent the full suite of S. neorickii 

genes. This transcriptome had the additional complication that the transcript sizes included all the 

alternative exons and were thus not comparable to the transcript sizes of the other species. For this 

reason, we chose not to normalize RNAseq read counts to transcript length, assuming instead that 

the lengths are fairly similar between the species and thus not biasing the counts. To further 

eliminate possible inter-species biases, we normalized the reads against the sum of the expression 

levels of the 3-way ortholog set, defining the CPOSM measure of expression level, as it is more 

likely than the full transcriptome to be consistent across the species.  
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Epidermal enrichment 

 A central underlying tenet of this study is that cuticle-associated genes are expressed 

preferentially in epidermal cells. Intuitively, this makes sense, since the cuticle is synthesized by 

the epidermis and its cutin and wax components are not used for any other purpose. Previous 

studies of both A. thaliana and tomato support this notion, showing strongly enriched expression 

of known cuticle biosynthetic genes in peels/ epidermal cells44,45,61. Likewise, in this study, we 

found strong peel enrichment of all functionally characterized tomato cuticle biosynthetic genes, 

but also of two cuticle-associated transcription factors, CD2 and SHN3 (Supplemental Table S4). 

Notably, the TAGL1 gene, which in addition to its role in fruit development has been documented 

to have a strong effect on the cuticle62, is expressed in peel and flesh equally. We propose that 

cuticle specific enzymes and regulators are highly enriched in the epidermis, but that, as TAGL1 

demonstrates, not all genes with an effect on the cuticle are necessarily specific to that function. 

Genes involved in the synthesis of cuticle component precursors, such as fatty acids or 

phenylpropanoids and broadly acting transcription factors that coordinate numerous processes, 

including stress response or growth and development, could potentially alter the cuticle, but be 

expressed equally across cell types. Although not technically “cuticle genes”, these factors should 

be considered when interpreting cuticular phenotypes. 

 Here, however, we focused on identifying genes that are cuticle specific and are thus 

expected to be enriched in the epidermis. To identify such genes, we compared the transcriptome 

of the peel, which contains the epidermis, to that of the underlying pericarp flesh, from which all 

outer and inner epidermis has been removed. Genes that are enriched in the epidermis should thus 

also show enrichment in the peel, although to a lesser degree, as the epidermal transcripts are 

diluted by those from the underlying cells. Due to the imprecision of hand dissection coupled with 
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the differing morphologies of the three species of fruits, the samples contained varying ratios of 

epidermal to sub-epidermal cells, meaning that the degree to which the epidermal transcripts are 

diluted differed. We corrected for this discrepancy using a peel-thickness normalization formula 

(Supplemental Fig. S2), together with sample specific normalization factors derived from the 

expression levels of a shared set of epidermis specific genes. The improved distinction between 

peel and flesh samples, as illustrated by the MDS plots (Supplemental Fig. S3), demonstrated the 

effectiveness of this correction.  

In comparing the “peel” and “flesh” samples, we treated all non-epidermal cells as 

identical, considering the flesh portion of the peel as being the same as the flesh sample. However, 

the flesh consists of collenchyma cells immediately beneath the epidermis, parenchyma cells, 

which make up the majority of the pericarp, as well as strands of vasculature45. The collenchyma 

was likely nearly entirely collected as part of the peel, raising the concern that the analysis was 

obfuscated by transcript differences between the collenchyma and parenchyma. However, two 

studies that used high resolution cell-type specific isolation approaches revealed that the 

transcriptomes of these two cell types are extremely similar in expanding fruits, but significantly 

different from that of the epidermis (see PCA plots in 42,45), suggesting that the potential impact of 

the partitioning of these sub-epidermal tissues is minor. 

 

Presumptive Cuticle Genes 

 Two other studies of  tomato have analyzed peel-enriched genes to identify those that are 

cuticle related: one that relied on gene annotations to identify cuticle association45, while the other 

utilized an 8,000 gene microarray for the expression analysis44. Both these approaches would have 

had a limited pool of identified genes and, importantly, they predate the complete sequencing of 



114 

 

the tomato genome, a critical resource for assigning homology, as well as the discovery of many 

of the cuticle genes. Here, we identified all putative tomato orthologs of known cuticle genes from 

A. thaliana based on their high protein sequence similarity, and then used RNAseq data to 

determine which are actively expressed in a manner consistent with a role in cuticle production. 

This resulted in a set of 90 genes with a predicted cuticle related function, which we propose 

represents the complete set of homologs of described A. thaliana cuticle genes. We refer to their 

cuticle association as “presumed” and not “potential” as this level of evidence can be considered 

sufficient for functional assignment, in the absence of any contradictory results. In addition to 

these 90 genes, we identified many other strongly peel-enriched genes, including more distant 

cuticle gene homologs, which may also have a cuticle related function, but those associations are 

more speculative. 

 

Causative Genes 

 The expression levels of the presumed cuticle genes across the three species provide a basis 

for understanding their differing cuticle properties. The stronger expression of the alkyl wax 

biosynthetic genes in the wild species and the weak expression of cutin associated genes in S. 

pennellii is consistent with their comparative phenotypes. This consistent trend can also aid in our 

understanding of the roles of other cuticle-related genes, such as the high expression of the LTP 

genes in S. pennellii, from which we infer that they promote the deposition of wax, but not 

necessarily cutin. Additionally, identification of the sets of cuticle gene paralogs can enable 

investigation into functional differences. For example, the almost exclusive expression of three 

cutin synthase paralogs in S. lycopersicum suggests a role in contributing to its uniquely deep 

penetrating cuticle, while the much more predominant CUS1 transcript, present at comparably 
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high levels in S. neorickii, likely dictates the overall cutin load. However, we note the caveat that 

these associations assume that differences in gene expression translate into differences in function, 

which is not necessarily the case due to post-transcriptional regulation and enzyme efficiency. 

 In order to identify loci that specify the inter-species cuticular differences, we used genetic 

mapping. A recently published study38 also looked at cuticle composition within the S. pennellii 

IL population, and although variation in many individual compounds was reported, only a few 

QTLs were identified with a wider ranging statistically significant effect. Further, finer mapping 

of the regions was not reported and candidate genes were suggested based on published 

transcriptome data derived from ripe red fruits, at which stage there is minimal additional cuticle 

synthesis and many of the biosynthetic genes have low expression (TEA42, tea.solgenomics.net). 

In the current study, we analyzed phenotypes that are aggregates or relative amounts of related 

compounds, since it is unlikely that a change in biosynthesis would affect only a single compound 

within a class. These measures even out, to some degree, the high within-genotype variability that 

is typical of cuticular compounds, thus making any true inter-genotype differences more apparent. 

In this way, we were able to identify many more significant QTLs. Through fine mapping and 

generation of highly informative expression data, we defined small sets of likely candidates that 

underlie each QTL, including genes that do not necessarily have an annotated or established cuticle 

association. The candidates for each QTL are listed in Supplemental Tables S12 and S13, but we 

highlight a few notable examples below. 

Both S. pennellii IL 12-1 and 12-2 showed a low triterpenoid phenotype, resulting from the 

loss of all α- and δ- amyrin, which is consistent with the phenotype observed in Moreno et al.38, as 

well as in a line with an introgression from the wild species S. habrochaites in the same region15. 

This phenotype is almost certainly due to loss of the TTS2 gene in S. pennellii (and S. 
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habrochaites), which is responsible for the synthesis of those compounds27. TTS2 is expressed 

very strongly in S. neorickii, but fruit cuticle of this species contains little to no δ- amyrin and none 

of the other triterpenoid species. This likely indicates a defect earlier in the pathway, preventing 

the production of the precursor compound, epoxysqualene. Unfortunately, the functionality of the 

S. neorickii TTS2 gene cannot be assessed with the existing BIL population, as the lines do not 

contain an introgression in that region. 

 The S. pennellii IL 10-2-2 was also found to contain a differentially expressed presumptive 

cuticle gene, however its function is less clear. The fruits from this line showed a wax phenotype 

of reduced chain lengths and a decreased proportion of even alkanes, but the underlying cuticle 

gene is classified as an MAH, or midchain alkane hydroxylase, the function of which is 

hydroxylation of alkanes to form secondary alcohols. Not only is this not related to the observed 

phenotype, but secondary alcohols are not produced in the fruits of any of the three species, raising 

the question of its function. As noted earlier, this gene is unique among the wax associated genes 

in showing high expression in S. lycopersicum and S. neorickii, but low expression in S. pennellii;  

a pattern that is typical of cutin genes. We speculate that MAH1_3d may affect fruit cutin, and that 

the wax compositional change is an indirect side effect. MAH1_3d encodes a CYP450 oxidase 

that is highly similar to the CYP86A proteins that hydroxylate the ends of cutin monomers. 

Additionally, this gene was only the sixth closet match in tomato for the A. thaliana MAH1 protein, 

while the two closest hits, which are the most likely functional orthologs, are not expressed in any 

of the three species, explaining the absence of secondary alcohols. To better understand the 

relationships among this set of enzymes, we constructed a phylogenetic tree including a group of 

27 proteins that show high sequence similarity to both CYP86A_1 and MAH1_1 (Supplemental 

Fig. S9A), and that thus likely represent a CYP450 sub-family, together with the A. thaliana 
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CYP86A and MAH1 proteins (Supplemental Fig. S9B). Although all the MAH1 proteins cluster 

separately from the CYP86As, the MAH1_3 genes form their own sub-clade, sister to A. thaliana 

MAH1 and its true tomato orthologs. We therefore propose that these proteins represent a new 

class of cuticle CYP450 enzymes, although their specific activity remains to be determined. 

 A major focus of the mapping efforts was on S. pennellii introgression 7-4-1, which causes 

a pleiotropic phenotype, including thinner cuticle, longer chain length alkanes, decreased 

triterpenoids and, in some trials, higher total alkanes. Moreno et al.38 also identified the thin cuticle 

phenotype of 7-4-1 and, using transmission electron microscopy, observed a layer of uncutinized 

cell wall between the cuticle and epidermal cells, which is not seen in M82. Based on this 

observation they proposed that the underlying cause is related to a defect in cell wall components, 

although the suggested candidates do not fall within the introgression region. This very large 

introgression had fine mapping lines available covering only the first several MBs, so we created 

an additional set of 30 fine mapping lines. While these lines represent many new recombination 

events in the first 10 MB of the region, we found no lines with recombination within the next 40 

MB and only 5 with cross-over events in the remaining 6 MB. This 40 MB region, however, has 

very low gene density and is thus likely a long region of heterochromatin. Characterization of these 

lines revealed that this pleiotropic phenotype is polygenic, with a high wax locus early in the 

region, a high chain length/ low triterpenoid locus near the end, and evidence for multiple loci for 

cuticle thickness. Further fine mapping of these and the other QTLs is likely to reveal the identity 

of additional genes that underlie the differences in the cuticles of the three species 
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Molecular mechanisms of cuticle diversification 

Comparing the S. pennellii QTLs to those found from the S. neorickii lines, we observed 

remarkably little overlap between them. This is not entirely surprising, since although these two 

wild species both produce exceptionally high amounts of alkanes, it occurs through the elevated 

expression of predominantly different sets of genes. There is only one alkyl wax biosynthesis gene 

that is uniquely expressed at low levels in S. lycopersicum, whereas there are six and four such 

genes that are expressed at uniquely high levels in S. pennellii and S. neorickii, respectively (Table 

3). Both species showed higher expression of genes related to VLCFA elongation and 

decarbonylation reactions, which are needed for alkane biosynthesis, compared to S. lycopersicum; 

however, different paralogs were upregulated in each species. Yeats et al.15 reported that half of 

the six wild species investigated contained particularly high amounts of alkanes, making it unclear 

whether the higher or lower alkane level is the ancestral state, as either would be equally 

parsimonious. Our finding that different genes/ loci underlie the high alkane levels in S. pennellii 

and S. neorickii strongly suggests that this shared phenotype is the result of convergent evolution, 

and thus was acquired in each lineage separately. This implies that the ancestral state is a lower 

alkane level, similar to that found in domesticated tomato. 

 The difference in paralog usage, however, does not immediately explain the lack of 

commonality between the two QTL sets, as there are only a few of these genomic regions that 

contain a known cuticle gene that might cause the observed phenotype. The absence of 

correspondence between the QTLs and the presumptive cuticle genes would seem to suggest that 

the expression differences of these genes are not functionally significant, or that their effects are 

comparatively small, relative to the as yet undescribed cuticle biosynthetic genes that underlie the 

QTLs. An alternative explanation is that these cuticle genes, though differentially expressed 
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between the parent species, may not have altered expression relative to S. lycopersicum in an 

introgression line that carries their wild species allele. This would occur if the parental expression 

difference is caused by a trans-acting factor, in which case the QTL would localize to where the 

regulator is encoded in the genome. The abundance of transcription factors and signaling proteins 

amongst peel-enriched transcripts, and their lack of commonality between the species (Fig. 2), 

supports a role for trans-acting regulators as instruments of cuticle divergence. A study that 

mapped QTLs associated with gene expression levels (eQTLs) in seedlings of the same S. pennellii 

IL population found that 5,300 genes had trans-acting regulation63, which included 7 alkyl wax 

biosynthetic genes. For six of these wax genes, their eQTLs did not match any of the wax QTLs 

we have identified, but this could reflect differences in the regulatory pathways of seedlings and 

fruits. However, the CER3_2 gene, a key factor in alkane synthesis, had an eQTL at the intersection 

of introgressions 3-4 and 3-5, which is the region associated with the strongest wax increase 

phenotype in our S. pennellii IL analysis, and increased alkane levels in the S. neorickii BILs. This 

high wax QTL may thus arise from a trans-acting factor that alters the expression or activity of 

the CER3_2 gene.  

 

 In summary, this study has identified broad mechanisms as well as specific genes that 

underlie diversification, as well as convergence, of the fruit cuticles of S. lycopersicum, S. pennellii 

and S. neorickii. The particularly high frequency of divergence in gene expression levels of peel 

enriched transcripts suggests that cuticular or other epidermal changes likely represent key 

adaptions to the diverse environments in which these species reside. Furthermore, we have 

identified 90 presumptive cuticle genes, as well as many likely candidate genes for tomato cuticle 

involvement. This has broadened understanding of cuticle biosynthetic and regulatory processes, 
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which could have potentially valuable applications in the study of plant evolution and for the 

modification of cuticles to improve plant agronomic performance. 

 

Methods 

RNAseq Analysis 

Plant tissue and RNA extraction 

Five plants of each of S. lycopersicum cv. M82, S. pennellii and S. neorickii were grown in 3-

gallon pots of LM-111 soil mix (Lambert) in a greenhouse in Ithaca NY, with a 16 hour day length. 

Small green fruits that were 50% the diameter of the mature fruit size were used for RNA 

collection. On each of 3 days over the course of a week, sufficient fruits for one replicate of each 

species (8 for S. lycopersicum, 15 for S. pennellii, 20 for S. neorickii) were harvested and 

processed. Two or three strips of of pericarp (~ 3x7 mm for M82, ~ 2x5 mm for the wild species) 

were cut from each fruit along the  equator, the peels excised with a razor blade as thinly as possible 

and frozen in liquid nitrogen, and the remaining pericarp flesh frozen separately after excising the 

inner epidermis. Samples were ground in liquid nitrogen with mortar and pestle and RNA extracted 

from 20-40 mg of the ground tissue using Trizol Reagent (Invitrogen), following the 

manufacturer’s instructions.  

 

Sequencing 

A barcoded cDNA library was made for each sample from the mRNA fraction of 5µg of total 

RNA, as previously described64. The 18 libraries were sequenced across two lanes of a HiSeq2500 

system (Illumina), using paired-end sequencing with 125 bp read length. The output was 28.9 – 

39.9 million reads per sample. 
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Reference transcriptome assembly 

A de novo reference transcriptome was built for S. neorickii with Trinity41 (v2.4.0), using the 

trimmed reads from all six S. neorickii samples (total of ~160,000,000 paired reads).  A total of 

62,512 unigenes were identified (Supplemental Dataset SD2). 

 

Mapping and counting reads 

Adapters and low quality sequences were removed using Trimmomatic65, resulting in the loss of 

one of the two paired sequences in 6-11% of reads and both in ~1%. The trimmed reads were 

mapped to their respective genomes (S. lycopersicum cv. Heinz genome39 build SL2.50 with gene 

models ITAG 2.40 and S. pennellii LA706 genome34) or reference transcriptome (S. neorickii) 

using Tophat (v2.0.13), and counted using Cufflinks (v2.2.1)66. A total of 90- 94% of S. 

lycopersicum and S. pennellii reads were mapped successfully. 

For each sample, raw counts were normalized to the total millions of counts across the 

17,253 genes comprising the Shared Ortholog Set. The resulting normalized counts are referred to 

as Counts per Ortholog Set Million (CPOSM), analogous to the measure of reads per million 

(RPM) that is commonly reported. Counts were not normalized to gene length. 

 

Correction for peel thickness 

We identified 124 shared peel-specific genes, defined as genes for which CPOSMpeel > 5 and 

CPOSMpeel/CPOSMflesh > 10 in all three species, with the criterion that there must be an ortholog 

in each of the species. The expression levels of these genes were summed across each of the nine 
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peel samples and then divided by the midpoint of the distribution of these nine sums, yielding the 

peel thickness correction factors.  

In an alternative approach, 273 genes that showed epidermis specific expression (>10x 

enriched in epidermis relative to mean values in the parenchyma and collenchyma) in expanding 

S. lycopersicum fruits (20 days post anthesis) were identified from the Tomato Expression Atlas 

dataset42. Those that did not have an ortholog in the other two species, or that did not show >3x 

peel enrichment in our data for all species, were discarded, leaving a set of 143 genes. For each of 

these genes, the peel expression levels were mean normalized, using the mean values across the 

three species.  The mean-normalized expression levels of the 143 genes were summed for each 

peel sample then divided by the mean of the nine sums.  

The correction factors derived from the first approach were used to normalize gene 

expression values in the peel, using the formula presented in the results section. 

 

Orthology determination 

The set of one-to-one orthologs between S. lycopersicum and S. pennellii was previously 

published34. Orthologs between S. lycopersicum and S. neorickii were identified as the reciprocal 

best-hits from BLASTn searches67 (NCBI, v2.7.1) of the S. neorickii transcript models against the 

S. lycopersicum ITAG2.40 cDNAs, retrieved from the Sol Genomics Network40 (SGN, 

solgenomics.net). S. lycopersicum genes for which orthologs were identified in both of the other 

species were included in the 3-way shared orthologs set (total of 17,253 genes). 
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Differential gene expression analysis 

Genes showing statistically significant differences in expression levels between sample types were 

identified from their normalized and peel-corrected counts, rounded to the nearest integer, using 

the Exact Test with common dispersion in the EdgeR package68 for R (FDR adjusted p-value < 

0.05). Note: genes that did not have ≥1 count in all three replicates of at least one sample type were 

discarded from the analysis. Fold changes in expression levels were calculated between the means 

of the three replicates, which were set to have a minimum value of 1.0. Genes were deemed to be 

differentially expressed between two sample types if there was a difference of ≥50% between their 

means (log2 fold change >0.585 or <-0.585) and this difference was statistically significant. For 

peel-enriched genes, the peel mean value had to be the higher value. 

 Peel-enriched genes that were expressed differently in one species (A) compared to the two 

others (B & C) were selected based on the following criteria: A must be ≥2x higher than in both B 

and C, or 50% lower than both and these differences must be statistically significant; and the higher 

value(s) (A or B&C) must be ≥2x peel-enriched. The annotations for these genes were taken from 

SGN40 (solgenomics.net) and the PANTHER database69 (http://pantherdb.org/). 

 

Gene ontology overrepresentation  

Genes in the 3-way ortholog set that showed peel enrichment in S. lycopersicum, S. pennellii, S. 

neorickii, or in all three, were compared to the full 3-way ortholog set to identify enriched Gene 

Ontology terms. The analysis was performed using the statistical overrepresentation test (Fisher 

exact test) in PANTHER69, with default settings. If multiple synonymous GO terms were 

identified, only one was reported. 
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Genetic mapping 

Plant material and growth conditions 

Tomato varieties used in this study include the S. pennellii Introgression Lines (ILs)36, S. pennellii 

Backcross Inbred Lines (BILs)58, S. pennellii sub-ILs59, S. pennellii IL 10-2-2 fine mapping lines 

(Dani Zamir lab, unpublished), S. neorickii BILs37, and the S. lycopersicum parents of the 

populations: cultivars M82 (LA3475) and TA209 (LA4024). The initial screen of the S. pennellii 

ILs for fruit wax composition was with 65 of the lines and M82, grown in a field plot in Freeville, 

NY, in the summer of 2012. Those lines were ILs 1-1-2,1-1-3,1-4-18,2-1-1,2-6-5,4-1-1,4-3-2,7-4-

1,7-5-5,8-1-1,8-1-3,8-2-1,9-1-2,9-1-3,9-2-5,9-2-6,9-3-1,9-3-2,10-1-1,10-2-2,11-4-1,12-1-1,12-3-

1,1-1,1-2,1-3,1-4,2-1,2-2,2-4,2-5,2-6,3-1,3-2,3-3,3-4,3-5,4-1,4-2,5-1,5-2,5-3,5-4,5-5,6-1,6-2,6-

3,6-4,7-1,7-2,7-3,7-4,7-5,8-1,8-2,8-3,9-1,10-2,10-3,11-2,11-3,11-4,12-1,12-2,12-4. Of these, 60 

ILs and M82 were phenotyped for fruit transpiration rate using plants grown in the same location 

in the summer of 2013 (plants/ fruits were unavailable for ILs 1-3, 2-4, 7-5, 8-2-1 and 12-2). All 

subsequent analyses of S. pennellii lines were with plants grown in 3 gallon pots in greenhouses 

in Ithaca, NY, with a 16 hour day length. The S. neorickii population was grown in a field in 

Freeville, NY, in the summer of 2013, with 125 lines phenotyped for wax composition and 118 

for water loss. Phenotypes for all S. pennellii lines were measured using mature green fruit, while 

those of the S. neorickii BILs were measured using ripe red fruit.  

 

Cuticular wax measurements 

For screens of the field grown populations, most fruits were harvested at one time and stored at 

4°C for up to 1 week while wax extractions were performed. Additional harvests were undertaken 

for lines with fewer than six fruits collected initially. Three replicates, each consisting of two fruits, 
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were taken for each line.  For greenhouse grown plants, fruits were harvested as they reached the 

appropriate stage, with most of the collections occurring over the course of 2- 4 weeks. Five or 

more replicates of two fruits each were analyzed for each line. Wax extraction and analysis was 

performed as previously described (Chapter 2). 

 

Transpiration measurements 

For each of the S. pennellii ILs and S. neorickii BILs, 4-5 fruits (mature green for ILs, ripe red for 

BILs) were analyzed as a preliminary screen. Fruits were placed in a low humidity chamber with 

circulating air flow after having been gently wiped clean with a kimwipe, and their stem scars were 

sealed with vacuum grease. Fruits were weighed once per day for 4 days to measure water loss, 

which was normalized to their surface area, calculated based on the average of three diameter 

measurements. Lines that showed a transpiration rate significantly different from S. lycopersicum, 

or that had inconsistent results, were repeated with 6-8 replicates (13 ILs and 40 BILs were 

repeated). For 7-4-1 and M82, transpiration measurements were also repeated with greenhouse 

grown plants, with six or nine replicates, respectively (Fig. 4D). 

 

Cutin isolation and analysis 

Cutin analysis was performed as previously described (Chapter 2). 

 

QTL mapping 

Genotype data, from 3,111 marker SNP chips, was available for ninety of the phenotyped S. 

neorickii BILs. QTL association analysis was performed using one marker for each of the 340 

discreet genotypic bins. Statistical associations were tested using Chi-squared tests for the 
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qualitative traits (pink color and cracking) and t-tests for quantitative phenotypes. Markers were 

considered significant if they showed a Log of Odds (LOD) score >3.8 (Bonferroni corrected p-

value of 0.05). The base pair range of each QTL was determined by identifying the boundaries of 

the introgressions associated with the hit from the genotype data. 

 

Development of IL 7-4-1 fine mapping lines 

IL7-4-1 was crossed to the M82 parent line, and the F1 progeny selfed. The F2 progeny were 

screened using restriction enzyme based genotype-by-sequencing (GBS)70 to identify plants in 

which a recombination event had occurred in the introgression region. GBS results were examined 

using the TASSEL-GBS analysis pathway71 (www.maizegenetics.net/tassel). Recombinant plants 

were selfed and the F3 progeny screened with PCR based markers (see below) to identify 

homozygotes and to delineate the recombination boundaries. 

 

Microscopy 

Sectioning, staining and imaging of cuticles was performed as previously described (Chapter 2). 

 

Genotyping S. pennellii mapping lines 

S. pennellii ILs, BILs, sub-ILs and fine mapping lines were genotyped using PCR based markers 

(Supplemental Table S8) that showed differences between the two parent species for amplicon size 

or restriction enzyme digest fragment size. These included RFLP markers from Tomato-EXPEN 

2000 set (solgenomics.net), self-designed RFLP markers and INDEL markers based off a 

published set72. 
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Phylogenetic tree construction 

Protein BLAST searches identified the closest matches to CYP86A_1 and MAH1_1 in the S. 

lycopersicum SL2.40 protein sequence collection (solgenomics.org). Their protein sequences, 

along with those of the A. thaliana MAH and CYP86 genes and three more distant tomato CYP450 

proteins, were aligned with MUSCLE73 and used to construct a maximum likelihood phylogeny 

with PhyML74, which was rendered with TreeDyn75. Branch support values are from SH-like 

Approximate Likelihood-Ratio Tests. Multiple sequence alignment and phylogeny tools were 

accessed at www.phylogeny.fr76. 
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SUPPLEMENTAL DATA 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

  

Supplemental Figure S1. Representative fruit peels from which RNA was 

extracted. Scale bars = 100μm. 
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Supplemental Figure S2. Derivation of peel thickness correction formula 

 

 

   Peel Sample       Flesh Sample 
 

      

 

 

 

 

 

 

 

For a peel sample, i, let: 

 Si = sum of cposm-normalized expression levels of epidermis-specific genes  

 Xi = proportion of sequencing reads originating from epidermal cells = 
Epidermal reads

Total sample reads
 

 

The expression values for a given gene in the peel sample are described by three terms: 

Pi = expression level in peel sample i 

Ei = expression level in the epidermis of peel sample i 

Fi = expression level in the flesh of peel sample i = expression level in flesh sample i * 

 

*We take as a premise that gene expression is largely the same in the flesh sample as in the flesh 

portion of the peel (see discussion). 

 

 

Since the peel sample is composed of epidermis and flesh in differing amounts, the expression 

level of a gene in the peel can be considered as a weighted average of its expression levels in the 

epidermis and in the flesh: 

Pi = Xi ∙ Ei  +  (1 – Xi) ∙ Fi (equation 1) 

 
Which can be rearranged to:          Ei = [Pi – (1-Xi) ∙ Fi ] / Xi (equation 2) 

 

 

 

To correct for potential differences in thickness (amount of flesh) between peel samples, we 

standardize each peel sample, i, against a hypothetical reference peel sample, r. 

 

We define the correction factor term, C, as:         Ci  =  
S𝑖

S𝑟
  =  

X𝑖

X𝑟
 (equation 3) 

 

 

Epidermis 

Flesh 
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The corrected peel expression level (Pi') for a gene is the value that would have been found if the 

ratio of epidermis to flesh had been equal to that of the reference peel sample. This value is 

calculated by multiplying the epidermal and flesh expression values (Ei and Fi) by the 

proportionality values for the reference sample (Xr and 1-Xr). 

 

Pi'   = Xr ∙ Ei  +  (1 – Xr) ∙ Fi     Use equation 1 

 

Pi'   = Xr ∙ [Pi – (1 – Xi) ∙ Fi ] / Xi  +  (1 – Xr) ∙ Fi  Substitute Ei with equation 2 

 

Pi'   = 
X𝑟

X𝑖
 ∙ [Pi  –  Fi  +  Xi ∙ Fi ]  +  Fi  –  Xr ∙ Fi 

 

Pi'   = 
1

C𝑖
 ∙ [Pi  –  Fi  +  Xi ∙ Fi ]  +  Fi  –  Xr ∙ Fi  Substitute Xr/Xi with equation 3 

 

Pi'   = 
1

C𝑖
 ∙ [Pi  –  Fi  +  Xi ∙ Fi  +  Ci ∙ Fi  – Ci ∙ Xr ∙ Fi] 

 

Pi'   = 
1

C𝑖
 ∙ [Pi  –  Fi  +  Xi ∙ Fi  +  Ci ∙ Fi  – Xi ∙ Fi]  Substitute Ci ∙ Xr  with equation 3 

 

Pi'   = 
1

C𝑖
 ∙ [Pi  –  Fi  +  Ci ∙ Fi] 

 

Pi'   = 
P𝑖  –  F𝑖

C𝑖
 ∙ Fi                  Formula for peel thickness correction to gene expression values 
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Supplemental Figure S3. Multidimensional scaling plots of all RNAseq samples, based on 

the set of 3-way shared orthologs. Dimensions 1, 2 and 3 are presented. M: S. lycopersicum 

cv. M82, P: S. pennellii, N: S. neorickii 
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Supplemental Figure S4. Examples of how the tomato homologs of A. thaliana cuticle gene 

were selected. For each A. thaliana gene, the top 20 tomato hits from a protein BLAST search, 

or less if the e-value cutoff of 1E-10 was reached, are listed in order of decreasing match score. 

The blue circle indicates the genes with particularly high scores, which were considered as 

probable orthologs. In (D), the additional circle indicates the second set of genes selected, after 

the first set showed no expression. 
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Supplemental Figure S5. Interdependence of the alkane chain length ratio (A) as well as the 

triterpenoids levels (B) with the amount of total alkanes in each phenotyped IL. 
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Supplemental Figure S6. Interdependence of the amount of even alkanes (A), iso-alkanes (B), 

triterpenoids (D), alcohols (E), Unsaturated 33C alkane (F), or the ratio of 29C to 31C alkanes 

(C) with the amount of total alkanes in each phenotyped S. neorickii BIL. 
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Supplemental Figure S7. Association of alkane (A) or triterpenoid (B) levels in the cuticle 

with the occurrence and severity of cracking. 0 is no major cracking, 3 is intense cracking 

causing suberization/ lignification across the surface of the fruit. 
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Supplemental Figure S8. Correlations between wax phenotypes 

and fruit transpiration rates in the S. neorickii BIL population. 

Correlation p-values: total wax, 0.02; alkanes, 0.26; triterpenoids, 

0.00033; alcohols, 0.0015; 29C/31C ratio, 0.51. 
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Supplemental Figure S9. A) The 50 top hits from protein BLAST searches of the tomato 

proteome with CYP86A_1 and MAH1_1 as queries. The blue circles indicate the shared set of 

27 proteins that were selected for phylogenetic analysis. B) Maximum likelihood phylogeny of 

the group of tomato CYP450 genes with the closest sequence similarity to CYP86A_1 and 

MAH1_1 genes, along with the A. thaliana CYP86A genes (whose function in cutin synthesis 

has been demonstrated). Three slightly less similar CYP450 genes and two that are most closely 

related to the A. thaliana CYP77A6 gene, which is also involved in cuticle biosynthesis, are 

included as outgroups. The phylogeny was created using MUSCLE and PhyML, at 

www.phylogeny.fr.  



144 

 

Supplemental Table S4: Presumptive tomato cuticle genes, along with their average expression 

level in the peel and flesh of 50% expanded fruits of S. lycopersicum, S.pennellii and S. neorickii 

 

Gene Name Lyco gene Penn Ortholog Neo Ortholog

Lyco 

peel 

Lyco 

flesh

penn 

peel

penn 

flesh

neo 

peel

neo 

flesh

WAX GENES

KCS1 Solyc10g009240 Sopen10g005030 TRINITY_DN12435_c1_g2 11 1 361 5 19 1

KCS2 Solyc03g005320 Sopen03g001360 TRINITY_DN10211_c6_g1 28 1 18 1 9 2

KCS3 Solyc11g072990 Sopen11g030650 TRINITY_DN10808_c4_g2 160 1 60 2 602 346

KCS5 Solyc02g063140 Sopen02g014210 TRINITY_DN26017_c0_g1 3 1 40 1 1 1

KCS6 (LeCer6) Solyc02g085870 Sopen02g030550 TRINITY_DN10261_c7_g6 1361 7 1621 25 945 33

KCS7 a Solyc05g009270 Sopen05g005020 TRINITY_DN10261_c7_g3 504 3 199 5 290 12

KCS10 Solyc08g067260 Sopen08g021190 TRINITY_DN10261_c7_g1 1007 5 973 16 1234 43

KCS20 Solyc09g083050 Sopen09g031930 TRINITY_DN10211_c6_g2 25 1 66 1 42 1

KCS_23 Solyc05g013220 Sopen05g007950 TRINITY_DN11898_c2_g1 29 5 142 4 42 17

KCS_24 c Solyc06g053900 Sopen06g019050 #N/A 1 1 1 1 #N/A #N/A

KCR_1 Solyc02g093640 Sopen02g038270 TRINITY_DN11273_c5_g4 127 46 152 45 298 100

KCR_2 Solyc05g014150 Sopen05g009160 #N/A 1 1 29 1 #N/A #N/A

HCD_1 (PAS2) Solyc04g014370 Sopen04g006490 TRINITY_DN11512_c4_g2 63 9 72 10 191 17

ECR (CER10) Solyc05g054490 Sopen05g032970 TRINITY_DN11381_c0_g1 316 50 191 83 180 44

CER2/26_1 Solyc09g092270 Sopen09g035200 TRINITY_DN12162_c4_g1 328 2 136 3 250 30

CER2/26_2 Solyc12g087980 Sopen12g030010 TRINITY_DN10977_c4_g1 180 1 285 6 702 24

CER3_1 Solyc07g006300 Sopen07g002390 TRINITY_DN11419_c0_g1 284 2 340 6 165 5

CER3_2 Solyc03g117800 Sopen03g036710 TRINITY_DN11419_c0_g2 469 3 325 4 379 20

CER1_1 Solyc03g065250 Sopen03g018770 TRINITY_DN12601_c1_g2 166 20 396 24 1014 83

CER1_2 a Solyc01g088400 Sopen01g035230 TRINITY_DN11803_c3_g2 865 12 1482 39 1687 63

CER1_3 Solyc08g044260 Sopen08g013370 #N/A 89 2 146 16 #N/A #N/A

CER1_5 #N/A Sopen03g008080 #N/A #N/A #N/A 990 70 #N/A #N/A

FAR_1a Solyc06g074390 Sopen06g030860 TRINITY_DN6582_c0_g1 22 1 56 1 12 1

MAH1_3 d Solyc10g080840 Sopen10g031360 TRINITY_DN10804_c4_g1 222 2 8 1 538 21

MAH1_3 e Solyc10g080870 Sopen10g031380 TRINITY_DN4606_c0_g1 2 1 23 1 1 1

ADS4 Solyc03g116730 Sopen03g035640 TRINITY_DN6275_c0_g2 22 9 351 124 26 11

WSD_10 Solyc01g107900 Sopen01g050070 TRINITY_DN12506_c2_g1 62 58 207 15 109 55

WSD_12 Solyc01g095930 Sopen01g039660 TRINITY_DN10308_c0_g2 89 1 246 3 171 5

WSD_13 Solyc12g010590 Sopen12g005600 TRINITY_DN11931_c5_g1 113 1 46 1 68 2

MYB12 Solyc01g079620 Sopen01g031400 TRINITY_DN12226_c0_g2 76 42 31 1 102 27

MYB30/94/96_1 Solyc03g116100 Sopen03g035070 TRINITY_DN11289_c3_g2 31 1 92 2 15 1

MYB30/94/96_2 Solyc02g087960 Sopen02g032700 TRINITY_DN11924_c2_g3 26 11 17 1 4 1

MYB30/94/96_3 Solyc06g069850 Sopen06g027120 TRINITY_DN11289_c3_g1 174 1 331 5 249 10

MYB30/94/96_4 Solyc02g067340 Sopen02g016480 TRINITY_DN11924_c2_g1 58 1 92 2 24 1

WRI4_1 Solyc03g117720 Sopen03g036630 TRINITY_DN11560_c3_g1 103 2 79 3 166 8

WRI4_2 Solyc06g068570 Sopen06g025830 TRINITY_DN11560_c0_g3 3 3 66 5 13 3

CER7 Solyc05g047420 Sopen05g027750 TRINITY_DN6308_c0_g1 41 43 44 36 26 27

CER9 Solyc01g107880 Sopen01g050050 TRINITY_DN12577_c2_g2 345 361 306 259 339 326

TTS_1 a Solyc12g006510 #N/A TRINITY_DN10753_c3_g1 41 1 #N/A #N/A 144 6

TTS_1 b (TTS2) Solyc12g006520 #N/A TRINITY_DN12539_c3_g1 590 8 #N/A #N/A 999 37

TTS_1 c (TTS1) Solyc12g006530 Sopen12g002480 TRINITY_DN10753_c5_g1 171 1 249 5 1 1

CHS_1 Solyc09g091510 Sopen09g034440 TRINITY_DN10370_c6_g2 465 94 30 1 2 2

CHS_2 Solyc05g053550 Sopen05g032070 TRINITY_DN10370_c6_g3 1987 211 167 3 984 294

CFI Solyc05g052240 Sopen05g030780 TRINITY_DN11677_c2_g2 181 50 81 14 52 12

CUTIN GENES

CYP86A_1 (CD3) Solyc08g081220 Sopen08g029530 TRINITY_DN10233_c0_g1 2784 17 1637 31 2776 95

CYP86A_2 Solyc01g094750 Sopen01g038530 TRINITY_DN10233_c0_g2 73 1 64 2 62 2

CYP77A6_1 Solyc05g055400 Sopen05g033840 TRINITY_DN11762_c1_g6 3671 22 1293 26 2557 92

CYP77A6_2 Solyc11g007540 Sopen11g003380 TRINITY_DN10218_c0_g1 777 6 379 8 1956 68

CYP77A6_3 Solyc02g080330 Sopen02g025030 TRINITY_DN14984_c0_g1 3 1 6 1 1 1
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Note: Genes in bold font have been demonstrated to affect the cuticle in S. lycopersicum. 

 

 

  

GPAT4/6_1 Solyc01g094700 Sopen01g038510 TRINITY_DN10614_c1_g1 1262 11 1033 20 1684 158

GPAT4/6_2 Solyc09g014350 Sopen09g007190 TRINITY_DN12427_c5_g4 2195 13 978 17 2393 83

GPAT4/6_7 Solyc07g056320 Sopen07g029690 TRINITY_DN1444_c0_g1 17 1 7 1 24 2

EH1_1 a Solyc05g054330 Sopen05g032800 TRINITY_DN11925_c1_g1 193 4 55 14 109 21

DCF_2 Solyc03g117600 Sopen03g036510 TRINITY_DN11379_c2_g4 55 35 272 142 247 86

DCF_6 Solyc11g008630 Sopen11g004420 TRINITY_DN7279_c0_g1 585 4 185 3 110 6

CUS1 Solyc11g006250 Sopen11g002180 TRINITY_DN8798_c2_g1 6289 35 1700 40 7356 270

CUS2 Solyc04g050730 Sopen04g021640 TRINITY_DN13487_c0_g1 1 1 92 4 1 1

CUS3 Solyc04g050570 Sopen04g021390 TRINITY_DN31265_c0_g1 21 1 2 1 1 1

CUS4 Solyc06g083650 Sopen06g035040 TRINITY_DN2073_c0_g1 34 1 7 1 1 1

CUS5 Solyc09g063060 Sopen09g025220 TRINITY_DN6959_c0_g1 52 1 1 1 9 1

BDG_1 Solyc08g008610 Sopen08g004450 TRINITY_DN8950_c0_g2 10 1 28 1 30 1

BDG_2 Solyc08g083190 Sopen08g031380 TRINITY_DN8950_c0_g1 66 1 338 6 65 2

DCR Solyc03g025320 Sopen03g004150 TRINITY_DN12688_c5_g4 3339 35 599 14 3378 123

HTH_1 Solyc06g062600 Sopen06g022090 TRINITY_DN10575_c5_g2 191 1 24 1 315 11

HTH_2 Solyc03g121600 Sopen03g040410 TRINITY_DN10575_c5_g1 823 5 114 3 341 15

HTH_3 Solyc08g080190 Sopen08g028550 TRINITY_DN11176_c5_g1 840 7 356 6 540 22

HTH_4 Solyc06g035580 Sopen06g011340 TRINITY_DN11176_c5_g3 6356 33 2151 38 5015 192

WAX/ CUTIN GENES

LACS1 Solyc01g079240 Sopen01g031020 TRINITY_DN12101_c0_g3 188 12 130 4 214 17

LACS2 Solyc01g109180 Sopen01g051380 TRINITY_DN12101_c0_g1 2114 22 1521 30 2546 156

LACS_4 Solyc01g095750 Sopen01g039500 TRINITY_DN11978_c0_g1 14 1 135 6 222 16

ABCG11/12/13_1Solyc03g019760 Sopen03g029870 TRINITY_DN11346_c1_g3 155 2 180 3 131 5

ABCG11/12/13_2 aSolyc11g065350 Sopen11g025110 TRINITY_DN11346_c1_g4 1027 6 660 12 905 34

ABCG11/12/13_5 cSolyc01g105450 Sopen01g047950 TRINITY_DN10592_c0_g1 184 1 710 20 3 3

ABCG32_1 Solyc05g018510 Sopen05g015600 TRINITY_DN12617_c2_g2 1844 18 652 16 1559 59

ABCG32_2 Solyc06g065670 Sopen06g024190 TRINITY_DN11402_c1_g1 602 20 290 12 450 18

ABCG2/6/20_3 a Solyc04g010200 Sopen04g005380 TRINITY_DN33270_c0_g1 14 1 42 1 55 2

LTPG1 Solyc05g015490 Sopen05g010820 TRINITY_DN6373_c0_g1 56 1 500 8 193 7

LTPG2 a Solyc11g072030 Sopen11g029680 TRINITY_DN11721_c4_g1 42 1 91 2 154 5

LTP2_1 c Solyc10g075070 Sopen10g027550 TRINITY_DN11082_c4_g1 2504 13 16107 334 5205 189

LTP2_1 d Solyc10g075090 Sopen10g027560 TRINITY_DN11082_c4_g5 8476 43 17391 443 6 3

LTP2_1 e Solyc10g075100 Sopen10g027580 TRINITY_DN11082_c4_g3 2076 12 6034 114 2149 84

LTP2_1 f Solyc10g075110 Sopen10g027590 TRINITY_DN11082_c4_g4 35 1 1818 30 200 10

LTP2_2 Solyc09g018010 Sopen09g010450 TRINITY_DN8122_c0_g1 35 1 97 3 7 1

SHINE_2 Solyc12g009490 Sopen12g004490 TRINITY_DN12197_c7_g7 125 3 81 2 221 8

SHINE_3 Solyc06g053240 Sopen06g018310 TRINITY_DN4899_c0_g1 16 1 46 1 22 1

HDZIP_1 (CD2) Solyc01g091630 Sopen01g037400 TRINITY_DN11168_c2_g1 354 22 374 32 261 45

HDZIP_2 Solyc03g026070 Sopen03g004900 TRINITY_DN4869_c0_g1 37 1 94 4 67 7

HDZIP_3 Solyc10g005330 Sopen10g001320 TRINITY_DN10274_c3_g7 145 1 206 4 73 4

MYB16/106 Solyc02g088190 Sopen02g032880 TRINITY_DN12226_c0_g1 172 11 114 8 130 15

TAGL1 Solyc07g055920 Sopen07g029280 TRINITY_DN10636_c4_g8 174 182 346 245 142 105
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The following large supplemental tables and datasets are available online only: 

 

 

Supplemental Table S1. Determination of the correction factors for peel thicknesses, method 1 

 

Supplemental Table S2. Determination of the correction factors for peel thicknesses, method 2 

 

Supplemental Table S3. Tomato homologs of known cuticle biosynthetic and regulatory genes 

from A. thaliana, along with their expression levels in three RNAseq data sets.  

 

Supplemental Table S5.  The set of genes that have >20x peel enrichment in at least one of the 

species. Note: All genes are listed using the ID of the S. lycopersicum ortholog, unless no 

ortholog exists. 

 

Supplementary Table S6.  Overrepresented Gene Ontologies (GOs) in the sets of 3-way 

orthologs that are peel enriched in each of the 3 species and the subset of these that are shared 

between them. 

 

Supplementary Table S7. Peel enriched 3 species orthologs that have statistically significant 

higher or lower expression in one species than both of the others (A-C), or that show no 

differential expression between any of the species (D).  

 

Supplementary Table S8. Phenotypes and introgression positions of lines used for fine mapping 

S. pennellii wax QTLs. 

 

Supplemental Table S9: Genotyping results for IL 7-4-1 sub-ILs and fine mapping lines. 

 

Supplemental Table S10: Markers used for genotyping 7-4-1 sub-ILs and fine mapping lines. 

 

Supplemental Table S11: Wax abundance/ composition and cuticle density phenotypes for the 

7-4-1 sub-ILs and fine mapping lines. 

 

Supplemental Table S12: Candidate genes underlying the S. neorickii x TA209 QTLs. 

 

Supplemental Table S13: Candidate genes underlying the S. pennellii x M82 QTLs.  

 

Supplemental Dataset SD1: RNAseq raw counts and epidermal enrichment analysis. 

 

Supplemental Dataset SD2: S. neorickii denovo transcriptome sequences. 

 

Supplemental Dataset SD3: One-to-one orthologs between S. lycopersicum genome and S. 

neorickii de novo transcriptome. 

 

Supplemental Dataset SD4: The set of 3-way orthologs and their average expression level in 

each sample type. 
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Supplemental Dataset SD5: The 3-way orthologs that are peel enriched in each species and that 

are universally peel-enriched across all 3 species. 

 

Supplemental Dataset SD6: Differential expression analysis between the peels of the species, 

with all peel enriched 3-way orthologs. 

 

Supplemental Dataset SD7: S. lycopersicum vs. S. pennellii differential gene expression 

analysis. 

 

Supplemental Dataset SD8: S. lycopersicum vs. S. neorickii differential gene expression 

analysis. 
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CHAPTER 4 

 

 

 

Postharvest transpirational water loss from tomato fruits occurs 

primarily via trichome-derived polar pores in the cuticle 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



149 

 

Abstract 

Non-stomatal water loss is a critically important agronomic trait in crop production as well 

as postharvest storage. Tomato provides an excellent system in which to study this property, as the 

fruits are a major target for shelf-life improvement and are also astomatous. Through studies of a 

tomato diversity panel we found considerable variation in postharvest fruit transpiration rate and 

selected seven cultivars that collectively represented the lowest and highest degrees of desiccation 

for more detailed study. The transpirational differences between these lines reflected the 

permeances of their isolated cuticles, but this did not correlate with any measure of cuticle amount 

or composition. Rather, we found that permeance has a strong dependence on the abundance of 

microscopic polar pores in the cuticle. We further observed that these transcuticular pores are 

associated with trichomes, and are exposed when the trichomes are dislodged, revealing a 

previously unreported link between fruit trichome density and transpirational water loss. During 

post-harvest storage, limited sealing of the pores was detected for certain cultivars, in contrast with 

the stem scar, which healed relatively rapidly. The abundance of trichome-associated pores, 

together with the ability for them to be sealed, presents a promising target for breeding or 

engineering efforts to improve the shelf-life of tomato fruits. 

 

Introduction 

 It has been estimated that a quarter to a third of all fresh produce grown in the world is 

discarded due to reduction in quality or spoilage between harvest and consumption1. These losses 

contribute to food scarcity, high food prices and the overall environmental footprint of agriculture. 

In developing countries, spoilage, such as pest attack or microbial infection, is relatively common, 

but in developed countries, losses are largely due to wastage of food that has declined below 
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desirable quality1. While several factors contribute to changes in the quality attributes of fruits and 

vegetables, one of the major causes is post-harvest water loss2–4. 

 In a growing plant, water is lost primarily by transpiration through the stomata, but this is 

likely not the case in detached/ harvested organs that have stomata because when tissues begin to 

dry, the stomata close, restricting transpiration through this low resistance route5,6. In such 

conditions, the closed stomata contribute very little to the overall rate of water loss7,8. The majority 

of transpiration thus occurs directly from the epidermal cells, with the waxy cuticle that coats them 

restricting this flux. Indeed, studies of a low water loss tomato (Solanum lycopersicum) cultivar, 

delayed fruit deterioration9, and a low water loss pepper (Capsicum Annuum) mapping line10, 

found them to have altered cuticle compositions compared to similar high water loss varieties. 

There is growing recognitions that the cuticle plays a crucial role in restricting fruit softening and 

spoilage11,12. 

 However, despite extensive research, it remains unclear what determines the permeances 

of cuticles, which vary by over 500-fold across plant species13. Answering this question is 

complicated by the compositional and structural complexity of cuticles, which consist of a lipidic 

polyester, termed cutin, along with polysaccharides and various soluble compounds referred to 

collectively as waxes14–16. Furthermore, each of these constituents are compositionally diverse, 

with the types and amounts varying across species and even between organs of a single 

individual14–16. However, cuticular waxes are believed to be critical for restricting transpiration, as 

various studies have found that extraction of the wax increases permeance by 100-2,000 fold15,17. 

In contrast, the >90% reduction in cutin levels in the cutin deficient 2 (cd2) and cd3 mutants of 

tomato have minimal impact on water loss18. Despite the strong effect of the waxes, there does not 

appear to be a correlation between total wax levels and the cuticular permeance across or within 
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species13,19–21. Indeed, a single monolayer of wax could theoretically account for the entire 

resistance of a cuticle17. 

 To elucidate the relationship between cuticular waxes and water loss, researchers have 

looked more closely at the constituent types of compounds. Although several studies have failed 

to find any effect of wax composition22,23, others have reported that the presence of triterpenoids 

tends to either not affect or increase permeability, while a higher proportion of aliphatic waxes 

correlates with decreased permeance values21,24–28. The ratio of aliphatic compounds to 

triterpenoids has been described as a key factor, explaining differences in permeability of up to 8-

fold in the most extreme case26. However, this only accounts for a small amount of the total 

variation in permeances observed between different cuticles. 

An alternative hypothesis is that there exist polar pores, possibly created by the presence 

of polysaccharides, which traverse the cuticle and provide a lower resistance route for water 

movement and largely dictate water flux29. Diffusion experiments with isolated cuticles have 

offered support for this idea30–32, but the existence of such pores has yet to be definitively proven. 

If they indeed exist, variation in the abundance or size of these polar pores could potentially lead 

to substantial differences in cuticular transpiration rates.  

 A number of the studies referenced above have utilized tomato fruit as a model system, as 

they have a thick, astomatous cuticle that can be easily isolated, allowing direct measurement of 

its permeance. While there is considerable variability in the amount and composition of waxes 

among tomato cultivars33, studies to date of tomato fruit cuticles have mainly focused on specific 

genetic variants or mutants, with little utilization of this varietal diversity. In this current study, we 

used a diversity panel of tomato cultivars, similar to the collection described in Lin et al, 201434 

and measured the range of fruit cuticular permeance. Specifically, we quantified water loss rates 
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from harvested mature green stage fruits and asked whether variation in cuticular permeability can 

be explained by wax composition, or whether other cuticle properties play an important role. 

 

Results 

Fruit water loss rates 

 The rate of transpirational water loss was measured for mature green fruits from 398 tomato 

varieties, including 307 accessions of S. lycopersicum (cultivated tomato), 42 of S. 

pimpinellifolium (the closest living wild relative of cultivated tomato) and 51 of S. lycopersicum 

cv. cerasiforme (small fruited varieties that are genetically intermediate between S. lycopersicum 

and S. pimpinellifolium wild tomato). We found significant variability in transpiration rates across 

the panel (Fig. 1), particularly amongst the S. lycopersicum lines, which ranged from 1.4 to 6.7 

mg/cm2/day, with a median value of 2.4. The cerasiforme and S. pimpinellifolium fruits showed 

narrower ranges, with the former tending towards higher rates of water loss (median of 2.8) and 

the latter showing lower rates (median of 2.0). We selected S. lycopersicum varieties from the 

extreme ends of the range for further analysis.   

 

 
Figure 1. Histogram of average transpirational flux rates of mature green 

stage fruits of 398 tomato accessions, divided into the three genotypic groups: 

S. lycopersicum, S. lycopersicum cv. cerasiforme and S. pimpinellifolium. 
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 Four low water loss lines and five high water loss lines were regrown under controlled 

greenhouse conditions to confirm the phenotypes previously observed in the diversity panel screen. 

Of the four low water loss lines, three again showed low transpiration rates (10022, 9959 and 

10177) while one line, 10241, had an intermediate rate (Fig. 2A). Only three of the five high water 

loss lines reproducibly showed this phenotype: 10062, 10077 and 9999 (Fig. 2A); the two other 

lines were discarded. Thus, a total of seven lines were carried forward for further analysis, which 

were categorized as small-fruited varieties (10022, 9959, 10062 and 10077) and medium-fruited 

varieties (10177, 10241 and 9999). The lines are hereafter compared within their size class, to 

avoid any possible influence of fruit size on any of the phenotypes.  

 

Cuticular permeability 

 To test whether the differences in the whole fruit transpiration rates are dictated by 

difference in cuticle permeance, we measured water loss through isolated cuticles, using a 

transpiration chamber system (Supplemental Fig. S1). Based on the change in weight of the 

chambers over time, we calculated the permeance of the cuticles from the different cultivars (Fig. 

2B), taking the humidity difference across the cuticle membrane as the driving force for the flux 

of water. These values, which ranged from 3.4x10-5 to 3.6x10-5 m/s for the low water loss varieties, 

and 4.8x10-5 to 7.1x10-5 m/s in the high water loss lines, showed a pattern consistent with the 

whole fruit transpiration rates. The cuticular permeance of line 10241 was more similar to the other 

low water loss varieties, however. 

 

 

 



154 

 

 

 

 

 

 

Whole cuticle and cutin analysis 

Light microscopic imaging of outer pericarp sections from mature green stage fruit, which 

had been stained with Oil Red O to highlight the cuticle, did not show any obvious defects in any 

Figure 2. Transpirational flux rates from whole mature green fruits (A) and the 

permeances of their isolated cuticles (B) for the seven varieties focused on in 

this study. Letters denote significant differences (p<0.05) between conditions, 

based on ANOVA with a Tukey post-hoc test. Whole fruit transpiration, n ≥15; 

cuticular permeance, n ≥ 5; and mean ± s.e.m are shown. Scale bars = 1cm. 
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of the lines. However, we observed anatomical variability between the cultivars, with differences 

in epidermal cell shape and sub-epidermal cuticle deposition (Fig. 3). The epidermal cells in lines 

10022, 10062, 10077 and 9999 had an oval shape, while those in lines 10241 and 10177 were 

rectangular, and the line 9959 epidermis consisted of triangular cells. Lines 10022 and 9959 were 

unique in containing substantial cuticle deposition in sub-epidermal cell layers. 

 

 

To test for correlations with the permeance, we quantified cuticle abundance and 

characterized its composition. The amount of cuticle covering a given area of the epidermis was 

measured in four different ways: total cuticle mass per unit area of isolated cuticles was determined 

gravimetrically (Fig. 4A); cutin abundance was determined by quantifying levels of cutin 

monomers following cutin depolymerization, using gas chromatography (GC) analysis (Fig. 4B); 

and cuticle thickness was measured from light microscopy images, based on the distance from the 

cuticle outer surface to the edge of the epidermal cell (“over epidermal cell”) or to the point of its 

deepest penetration into the tissue (“penetration depth”) (Fig. 4C, Supplemental Fig. S2). Cuticle  

Figure 3. Light microscopy images of the outer pericarp of mature green stage fruits; the cuticle 

is stained in red with Oil Red O. Scale bars = 50 µm. 
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Figure 4. The amount of cuticle from mature green fruits, quantified by four methods. A) The 

mass per unit area, determined gravimetrically from isolated cuticles; n ≥ 8. B) Total amount 

of cutin as measured by gas chromatography of depolymerized cuticle; n=3. C) Cuticle 

thickness measured from images taken by light microscopy, such as those shown in Fig. 3. 

Thickness was measured for the entirety of the cuticle, as well as for the region of cuticle above 

the midpoint of epidermal cells (see Supplemental Fig. 2); n ≥ 6, with each replicate 

representing the mean of 9- 12 measurements from one fruit. Mean of biological replicates ± 

s.e.m is presented for each chart. 
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mass, cutin abundance and cuticle penetration depth showed a consistent pattern across the 7 

varieties, with line 10022 having the highest values and line 10241 having the lowest, both of 

which have low cuticular transpiration rates. With regard to the over-epidermal thickness, line 

10241 again had the lowest values; however, by this measure, the thickest was line 9999, which is 

a high water loss line. The composition of the cutin did not show much variation across the lines, 

with one exception being a deficit of hydroxylated 16-carbon monomers and relative increase in 

unidentified compounds in line 9959 (Supplemental Fig. S3). Notably, none of the patterns in these 

traits, relating to the whole cuticle or cutin, correlated with the permeance values of the cuticles.  

 

Cuticular wax analysis 

We next measured the amount and composition of cuticular waxes by GC analysis (Fig. 5, 

Supplemental Fig. S4) to determine whether these factors might explain the variability in water 

loss rates. The amounts of total wax mirrored the pattern observed for the whole cuticle and cutin 

measurements, and thus did not correlate with permeance. We measured considerable variation in 

wax composition amongst the lines (Supplemental Fig. S4), which is reflected in the aggregate 

amounts of alkanes and triterpenoids (Fig 5). The high levels of wax in the low-water loss lines 

10022 and 9959 reflect exceptionally high amounts of triterpenoids, which were present at average 

or below-average levels in the other two low-water loss lines. The amounts of alkanes were fairly 

consistent across the accessions, with the exception of line 10177, which had particularly high 

alkane levels. Thus, neither the total wax amount, nor the amounts of individual waxes, show a 

correlation with permeance. 
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Permeable pores 

The lack of a relationship between the measured cuticle compositional parameters and the 

observed variation in cuticular transpiration rates suggested that some other factor is primarily 

responsible for water loss. While checking the integrity of whole fruits or cuticle membranes using 

the hydrophilic dye Toluidine Blue (TB), we noticed staining of numerous barely visible puncta, 

distributed randomly and relatively evenly over the fruit surface (Fig. 6A, Supplemental Figure 

S5). When fruits were stained for an extended period of 3 days, the dye could be seen permeating 

through the underlying tissue surrounding the point of penetration (Fig. 6A inset). The binding of 

the stain at the surface and its diffusion through to the underlying tissue suggests that the spots are 

hydrophilic in nature and that they extend through the cuticle to the underlying apoplast. We 

counted the numbers of blue spots per unit area of isolated fruit cuticles from the seven cultivars 

(Supplemental Fig. S5) and compared the average spot densities with the average cuticular 

Figure 5. Total amount of cuticular wax extracted from mature green fruits, as well as 

the amounts that were composed of alkanes or of triterpenoids. Abundances were 

measured using gas chromatography. n = 5; mean ± s.e.m is shown. 
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permeance values. The two parameters showed a strong positive correlation (Fig. 6B), with the 

spot densities able to explain almost all of the observed variation in permeance values (R2=0.96).  

 

 

 This relationship was further tested by analyzing the variation of both traits among 

individual cuticle samples from one reference cultivar, M82. To account for possible differences 

in water conductivity amongst the puncta, their cumulative effect was quantified in terms of the 

total area stained with TB after a 2-day incubation. A strong correlation was found between the 

Figure 6. Mature green fruits stained with Toluidine Blue. Blue puncta appear after 

15 minute incubation in the stain (A), which after 3 days of incubation, spread through 

the underlying tissue (A, inset). B) The permeances of isolated MG cuticles from the 

seven cultivars correlated with their density of TB-staining. n ≥ 5; means ± s.e.m are 

shown. C) Treatment of fruits with TB for 3 days caused intact trichomes to become 

stained. D) Close examination of the blue spots often revealed the remainder of a 

broken off trichome. Black scale bars = 1 mm, white scale bars for insets = 200 μm. 
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cuticular permeances and the TB-stained area, implying a significant effect of the TB-penetrable 

puncta on fruit transpiration rate (Fig. 7, p=1.63 x 10-8). We inferred form this result that the spots 

correspond to hydrophilic pores that provide a low resistance route for water flux. The average 

permeance of a pore-free M82 cuticle was estimated as 1.49 x 10-5 m/s from the y-intercept of the 

trend line.  

 

 

 

 

 

Transcuticular hydrophilic pores correspond to the bases of trichomes 

 Extended TB staining revealed the presence of a limited number of intact trichomes on the 

fruits, with comparable diameter and distribution pattern to the spots (Fig. 6C). More common, 

however, were partially broken trichomes, and closer examination of the blue spots revealed that 

they frequently had a small stub of trichome protruding from them (Fig. 6D), visible even with 

only a 15 min TB treatment (Supplemental Fig. S6A,B). To examine the morphology of the 

trichome stubs, we used confocal microscopy to image stained pericarp sections and isolated 

Figure 7. Permeance of isolated red ripe stage fruit cuticles 

from the M82 cultivar mounted in transpiration chambers in 

relation to the area of the cuticle that was stained after 

application of Toluidine Blue on the outer face for 2 days. 

Each point represents a single cuticle sample. 
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cuticles (Fig. 8A,B). Cuticular lipids were stained with Auramine-O and appear in orange, while 

cellulose was stained using Calcofluor White and appears in blue; overlapping signals appear as 

pink. Stubs of broken trichomes were observed protruding from the cuticle surface, with a small 

channel (~5-10µm across) containing polysaccharides, but free of lipophilic material, clearly 

visible at the base of each (Fig. 8A, B; Supplemental Movie 1). Analysis of Oil Red O stained 

cuticles from the wild tomato relative S. neorickii, revealed the presence of the same channel 

structure, suggesting that they are common to fruits from across the tomato clade (Fig. 8C).  

 

 

 

The abundances of pores observed by TB staining would thus imply that tomato fruits 

produce many trichomes, but with differing amounts across cultivars. We observed that untouched 

Figure 8. Broken trichomes protruding from the fruit surface contain a pore devoid of cuticle. 

Arrows indicate the pore in each image. A) Confocal cross section through the center of a 

trichome. Scale bar = 20 μm. B) Confocal image z-stack reconstruction of a trichome stub and 

associated pore in an isolated cuticle. Scale bar = 20 μm. C) Light microscope image of an Oil 

Red O stained cuticle and trichome from the wild tomato relative S. neorickii. Scale bar = 50 μm. 
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fruit display a trichome rich surface, from early development through to the fully ripe stage, with 

the higher water loss lines having a higher trichome density (Supplemental Fig. S7). Upon any 

handling of the fruits, the trichomes readily break off, leaving behind the stubs and open pores 

described above. Importantly, even while still fully intact, the trichomes tips were highly 

permeable and stained readily with TB, indicating a low resistance route for water flux (Fig. 9A,B). 

 

 

 

FT-IR analysis of pores 

 To characterize spatially how the chemical nature of the hydrophobic cuticle differs from 

that of the pore, we used Fourier-transform infrared (FT-IR) spectroscopy to measure IR 

absorbance spectra at five locations along transects of isolated cuticles, with one spectrum 

collected directly over a TB-stained pore (Supplemental Fig. S8). The collection window was 

slightly too large to collect a signal from only within the pore, so this area also contained part of 

the trichome base. The pore/ trichome base regions showed similar, or slightly elevated absorbance 

of wavelengths corresponding to cuticular lipids, compared the non-pore spectra, but had 

consistently higher absorbance in the polysaccharide and water regions of the spectrum 

(Supplemental Fig. S8). This supports the microscopy observations that the pore is polysaccharide 

Figure 9. Intact trichomes on ripe (A) and 

mature green stage (B) fruits, stained with 

Toluidine Blue for 15 minutes, show staining 

only at their tips. Black scale bars = 200 μm. 

White scale bar in panel B insert = 50 μm. 
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rich and further shows that it has a higher affinity for water than the surrounding areas of cuticle. 

We confirmed that the TB stain has negligible IR absorbance (data not shown). 

 

Pores across fruit ontogeny 

  We next examined the presence of the transcuticular pores during fruit development, by 

TB staining fruit of the M82 cultivar at the immature green, mature green, light red and red ripe 

stages by staining with TB (Supplemental Fig. S9). The pore density decreased between the 

immature and mature stages, as a consequence of fruit expansion. We observed that the pores from 

immature, expanding fruits had a higher permeance than those of fully expanded fruits, allowing 

more rapid penetration of TB through the cuticle. This could be because the cuticles of mature 

fruits are much thicker35, which would mean that the channels are longer, but might also represent 

partial sealing of the pore. We hypothesized that there would be a greater chance of the pores 

becoming sealed during fruit development if the trichomes had already broken off, since wounding 

of the fruits is known to trigger suberin production36,37. To test this, we thoroughly wiped off the 

trichomes from one side of green fruits that were midway through the expansion phase and then 

compared the pore density between the two sides after the fruits had subsequently matured and 

ripened. TB staining revealed that numerous pores were present on the wiped sides of the fruit, 

however their density was lower than on the undisturbed sides (Fig. 10), suggesting that a portion 

of the pores from the damaged trichomes had indeed become sealed off during growth and/or 

ripening. 
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Relative rates of water loss through the cuticle and stem scar in ripe fruits  

 The above suggested that a substantial amount of transpirational water loss from tomato 

fruit can occur through polar pores in the cuticle, associated with damaged and intact trichomes.  

However, another potential route source of water loss from detached fruit is the stem scar. To test 

the relative contributions of the cuticle and stem scar to fruit transpiration, we measured water loss 

from ripe fruits of each of the seven varieties, with their stem scars unsealed, over the course of 3 

weeks of postharvest storage (Supplemental Fig. S10). The rates of water loss declined 

significantly over this time period, but unequally across varieties, such that their relative water loss 

rates differed at the beginning and end of the time course. At neither time, however, were the 

relative water loss rates the same as those observed previously for MG stage fruits with sealed 

scars (Fig. 2A). In particular, the high water loss lines 10062 and 10077 had comparable 

Figure 10. Ripe fruit of lines 9999, 10062 and 9959 stained 

with Toluidine Blue. One side of each fruit was undisturbed 

until harvest (top row), while the other side had all trichomes 

removed when fruit was 50% expanded (bottom row). Scale 

bar = 1 cm. 
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transpiration rates to the low water loss lines. This suggested that exposure of the stem scar and/or 

ripening of the fruit affected the rate of water loss. 

 To distinguish between these two possible effects, we also measured the transpiration rates 

of ripe fruit of two varieties, 10022 and 10077, with their stem scars sealed. While the transpiration 

rates of unsealed fruits declined over time, those of the sealed fruits remained fairly constant (Fig. 

11A). The difference between the two rates represents the water loss through the stem scars (Fig. 

11A, dashed lines). The average water transpiration rate through stem scar tissue was calculated 

for different lengths of time after harvest and we observed that initial values of 8.2 mg/mm2/day 

declined to 1.3 mg/mm2/day during the third week. An assumption was made that the flux rates 

are constant across cultivars, allowing the rate of water loss from the fruit stem scars to be 

calculated (Fig. 11B,C). We concluded that the stem scar provides a major route for water loss in 

some cultivars immediately after harvest, but diminishes considerably in significance over the 

following first week (Fig. 11C), although the scar does not fully seal off (Supplemental Fig. S11A). 

We calculated that the relative contribution of cuticular transpiration to the total transpirational 

water loss from the fruit increases during storage, from 20-67 % of the total initially, to >75% 

during the second week in all cultivars (Fig. 11D). 

By subtracting the contribution of the stem scar from the total water loss rate of the fruit, 

we calculated the rate of transpiration through the fruit skin (Fig. 11E). The amounts of cuticular 

water transpiration immediately after harvest showed a similar cross-cultivar trend to that observed 

previously for the mature green stage fruits (Fig. 2A). However, the values for lines 10062 and 

10077 were only ~50% higher than those for lines 10022 and 9959, as opposed to the >100% 

difference with the mature green fruits, and this difference was no longer statistically significant. 

Over the 3-week time course, the rate of transpirational water flux through the skin decreased  
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Figure 11. Water loss trial of ripe tomatoes with unsealed stem scar. A) Total transpiration 

rates for fruits from lines 10022 and 10077, with their stem scars sealed or unsealed. The 

difference between these two treatments is shown by the dashed lines and describes the amount 

of water lost via the stem scar. B) The average area of the stem scar for each variety. C) 

Calculated estimates of the rates of transpiration through the fruit stem scar. D) The percent of 

total water loss occurring through the fruit skin. E) The transpirational flux through the fruit 

skin. Letters denote significant differences (p<0.05) between cultivars (but not between time 

periods), based on ANOVA with Tukey post-hoc test. For A, n ≥ 7; for B-E, n ≥ 9. Mean ± 

s.e.m is presented. Note: The values in C-E are calculated using a constant for the stem scar 

flux rate at each given time point. 
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gradually in lines 10241 and 10062, increased in line 10177, and showed no statistically significant 

change (p<0.05) in the other lines, though 9999 trends slightly downwards and 10022 and 9959 

trended slightly up (Fig. 11E). Thus, the transpirational flux through the fruit skin can change 

during ripening and during storage, but this varies considerably among cultivars. 

The postharvest decreases is skin transpiration rates seen in certain lines is consistent with 

a degree of post-harvest sealing of the transcuticular pores. In support of this, some pores were 

observed to be filled with lipophilic material in fruit of line 10062 after 3 weeks of storage, while 

freshly harvested fruit consistently showed open pores (Supplemental Fig. S12). Such sealing is 

not widespread, however, as TB staining revealed numerous pores in all fruits at the end of the 

storage period (Supplemental Fig. S11B). 

 

Discussion 

Whole fruit transpiration 

 In the initial tomato genotype survey, a wide range of fruit transpiration rates was observed. 

The greatest diversity was seen in S. lycopersicum, which is likely a reflection of the considerable 

inter-cultivar variation for numerous fruit traits, brought about by human selection. The low 

transpiration rates seen across the S. pimpinellifolium accessions suggests that this is the more 

adaptive state, which has been lost during domestication. Indeed, the intermediate cerasiforme 

accessions have higher transpiration, suggesting that this property may have come about as an 

early consequence of breeding for increased fruit size. It is notable that among the distribution 

profiles, the peak of S. lycopersicum is lower than that of cerasiforme (Fig. 1), which suggests that 

water retention became a target for selection later in domestication.  
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 Following the survey of field grown plants, in subsequent studies we focused on the lines 

with the lowest or the highest transpiration rates, and the chosen accessions mostly showed the 

same dichotomy when regrown under controlled growth conditions. Almost all the low 

transpiration lines showed the same result as before, with the exception of line 10241, which had 

had the lowest transpiration rate of all the S. lycopersicum accessions, but showed an intermediate 

phenotype in the confirmation trial. The values from the high transpiration lines were less 

reproducible between trials, which we concluded was due to variability in microfissuring of the 

cuticle, or other defects that were not identified in the initial screen. 

 

Differences in cuticle permeance underlie transpiration rates 

 Since it is possible that transpiration rates could be influenced by internal properties of the 

fruit, we measured permeance of isolated cuticles directly and found that the cuticles could indeed 

account for the transpirational difference between whole fruits of the high and low water loss lines. 

This is consistent with other studies that have found that the rates of water loss from organs with 

closed stomata are determined by the permeability of the cuticle7,8,38. 

 

Neither cuticle abundance nor composition explain permeance 

The null hypothesis to explain the differences in cuticle permeabilities is that it is due to 

the amount of total cuticle or specific cuticle components. We found that the cuticle penetration 

depth, cuticle mass, cutin abundance and total wax abundance all showed the same relative pattern 

across the seven varieties, but that this did not correspond with their relative transpiration rates. 

The lack of correlation, however, is only found when the medium-sized fruit varieties (10177, 

10241 and 9999) are included in the analysis. If we consider just the small-fruited varieties, a 
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negative correlation was seen between the amount of cuticle and transpiration rate, supporting the 

null hypothesis. However, we note that such measures of total cuticle amount do not take into 

account differences in cuticle architecture, which are likely to make a significant contribution.  

In tomato fruit, the cuticle is not simply a uniform layer on the outer surface of the tissue, 

but rather it extends between, and often beneath, the epidermal cells (Fig. 3). These epidermal cells 

must have an adequate water supply, meaning that the anticlinal cuticle pegs and sub-epidermal 

cuticle cannot be the bottleneck for transpiration. Thus, the total amount of cuticle, which includes 

these portions, is not a relevant metric for understanding the transpiration barrier of tomato fruit. 

A more appropriate measure is the thickness of cuticle that overlies the epidermal cells. However, 

this value showed very little variation across the small-fruit varieties (Fig. 4C) and thus does not 

account for the differences in their transpiration rates. 

With regard to the cuticular waxes as factors that control permeability, composition, and in 

particular the alkane to triterpenoid ratio, has been suggested to be more significant than the total 

amount of wax21,24,26. The high wax levels in the two low water loss small fruit varieties is due to 

greater amounts of triterpenoids, which have been shown to not contribute to the transpiration 

barrier25,27,28. Furthermore, line 10241, which had moderately low transpiration, had the lowest 

abundance of alkanes as well as total wax. Thus, we found no relationship between water loss and 

wax composition in this study. This result does not indicate that wax composition has no effect on 

transpiration, as it has already been shown to be important in tomato24,26, but rather indicates the 

existence of another factor that plays a more influential role. 

 

Tomato fruit cuticle permeance is largely dictated by trichome associated transcuticular 

polar pores  
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 While staining intact fruit with TB, we observed the appearance of blue stained spots 

distributed across the fruit surface, indicating regions of higher hydrophilicity in the cuticle. Closer 

examination revealed that they occur at the site of trichome attachment to the epidermis. Trichomes 

have typically not been given much consideration in studies on mature tomato fruit as they are 

largely absent after harvest. However, they are actually quite abundant if the fruit is undisturbed 

(Supplemental Fig. S7) and their disappearance occurs as a result of handling or other abrasion. 

Trichomes must maintain a route for water and metabolite supply from the underlying tissue and 

thus a continuous cuticle cannot be deposited beneath them. We present here images that reveal a 

lipid-free, but polysaccharide containing, pore at the base of trichomes that spans the over-

epidermal cuticle (Fig. 8). Notably, these polar pores in the cuticle are 5-10 μm in diameter, which 

is two orders of magnitude larger than the 0.5 nm pores that were predicted mathematically for 

Citrus aurantium leaf cuticles30. These pores represent hydrophilic channels between the interior 

and exterior of the fruit, through which water and aqueous solutes could theoretically readily 

diffuse or flow. Even if an intact trichome remains above the pore, it is unlikely to provide an 

effective barrier despite having a cuticle coating, due to the high permeability at the tip 

(Supplemental Fig. S6, also seen in Vicia faba leaves29), which is likely necessary for their 

secretory functions.  

Furthermore, we show, that the abundance and conductance of these trichome-associated 

pores accounts for the vast majority of the variation in cuticular permeances between the seven 

cultivars (Fig. 6B, R2=0.96) and between individual cuticle samples (Fig. 7, R2=0.84). The pores 

provide a low resistance route for water movement through the cuticle, allowing for significantly 

more rapid cuticular transpiration. We propose that the remaining variation in permeance values 

that is not explained by the pores is likely an effect of cuticle amount or composition. 
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Trichome pore trade-offs 

Our findings suggest that trichomes are a detrimental feature of tomato fruits, accelerating 

post-harvest desiccation, but their retention throughout evolution and domestication suggests that 

they have a beneficial role. The function typically ascribed for trichomes in tomatoes is as an anti-

herbivory device, reducing insect colonization and damage on the stems and leaves39,40. However, 

it is not evident that this activity extends to the fruits of cultivated tomatoes, where the trichomes 

are comparatively small and sparse at maturity. Indeed, trichomes may increase the susceptibility 

of fruits to microbial infection, by serving as entry sites for pathogenic bacteria41,42.  

We propose an alternative hypothesis for the role of tomato fruit trichomes: that their 

benefit is a consequence of the increase in permeability that the pores create in the cuticle. Why 

would this be beneficial for the plant? First, these transcuticular pores could facilitate a more rapid 

release of volatiles from the fruit, which would aid in attraction of consumers/ dispersal vectors 

and possibly also in coordinating ripening across the plant via the release of ethylene. Second, a 

higher rate of transpiration from the growing fruit would increase the influx of xylem sap, resulting 

in increased acquisition of mineral nutrients, such as calcium43. This could be critical for larger 

tomato fruits, that develop the highly undesirable blossom end rot symptom if they fail to 

accumulate calcium in sufficient amounts43,44. Indeed, line 10241, which was the largest of the 

seven cultivars in our study and also had low transpiration, was highly susceptible to blossom end 

rot. If the pores do in fact provide these functions as described, then their presence is critical, at 

least in green fruits, for ensuring acceptable fruit quality. 

 Our observation that the transcuticular pores can become sealed after trichome removal 

suggests a possible strategy to minimize their functional trade-offs. Since the beneficial effects 
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mainly occur before the fruit is mature and the deleterious effects afterwards, perhaps the ‘ideal’ 

fruit would have numerous trichomes but also a high rate of pore sealing once the fruit ripens. The 

pores appear to significantly decrease in conductance when the fruit finishes expanding, implying 

that significant sealing occurs during fruit expansion. In addition, inter-cultivar variability exists 

in the rate or occurrence of post-harvest pore sealing, as only two of the cultivars showed a 

significant decrease in transpiration during storage (Fig. 11E). This indicates that a mechanism 

exists for sealing pores in ripe fruits, which presents an intriguing target for breeding or genetic 

engineering efforts. 

 

The cuticle, not the stem scar, is main contributor to post-harvest water loss  

 Although the cuticle makes up the vast majority of the surface area of a tomato fruit, the 

small patch of tissue exposed when the stem is removed is not covered by cuticle and could thus 

potentially be a significant route of water loss. We found that the stem scars were a significant 

contributor to the overall transpiration rate of the fruit, but that their contribution was less than that 

of the cuticle, except for the first few days after harvest in some of the cultivars (Fig. 11D). The 

rapid decline in the stem scar transpiration rate implies that they undergo healing to seal the 

damage surface. This was observed by Leide et al.45, who showed extensive suberization of the 

stem scar and underlying tissue after harvest. The authors also observed a significant decline in 

the stem scar transpiration in parallel with the suberin deposition45. Therefore, the cuticle can be 

considered as the major boundary across which transpiration occurs during storage of tomato fruit.  
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Conclusions 

 In this study, we report the existence of variability in fruit transpiration rates across tomato 

cultivars and have shown that the extremes of this variation result from differences in the density 

of trichome associated transcuticular pores. Their effect on water flux significantly outweighs any 

contributions from differences in cuticular composition. Since water loss, along with pathogen 

infection, are two of the major causes of post-harvest spoilage, increasing the ability of the mature 

tomato fruit to seal these pores could serve as an effective means to improve food quality and 

decrease wastage. Whether a similar mechanism occurs in other fruits has yet to be investigated. 

 

Materials and Methods 

Plant material and growth conditions 

The tomato diversity panel was grown in the ground in a greenhouse in Rehovot, Isreal, over the 

winter of 2014-2015. The cultivars of interest were then regrown in 3-gallon pots of LM-111 soil 

mix (Lambert) in a greenhouse in Ithaca NY, with a 16 hour day length. The line IDs used here 

refer to the following cultivars: 9959 - Cherry Roma (EA06988), 9999 - DZ 56 (EA07181), 10022 

- DZ 76 (EA0720)1, 10062 – Iidi (EA03362), 10077 - LA1482 (EA07000), 10177 - LA0395 

(EA00550), 10241 - Vito (EA01853). Most analyses were performed using mature green stage 

fruits, defined as those that have reached the size of ripe fruits but have yet to show any color 

change. Immature green fruits are green fruits with a diameter approximately half that of a mature 

fruit. Light red fruits showed an orange color over ≥90% of the fruit surface, while ripe red fruits 

were entirely a dark red color. 
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Fruit water loss rate and Toluidine Blue staining 

For the initial panel screen, six mature green stage fruits were harvested from each of 398 

different S. lycopersicum accessions (Supplemental Table S1). Fruits were rinsed with water, 

dried, and their stem scars along with any noticeable cracks or blemishes, were sealed with vacuum 

grease (Dow Corning). Fruits were placed in trays in an open room, with the six fruits of each line 

divided between two locations in the room. Over the course of the experiment, the ambient 

temperature varied from 10 to 24°C and the relative humidity varied from 37 to 64%. Fruit weight 

was measured one day after harvest and again three days later. Fruits that showed obvious signs 

of damage were discarded. Water loss rate was determined for each fruit as the total change in 

mass divided by three days and by the surface area of the fruit (calculated from the average of 

three diameter measurements). 

For all other such experiments, fruits were prepared and analyzed as above, but were stored 

in a controlled atmosphere chamber at 22°C and 30% relative humidity. In the ripe fruit trial, only 

those fruits specifically indicated had their stem scars sealed with vacuum grease. Weight 

measurements were taken one day and four days after harvest, as well as the other indicated time 

points for the ripe fruit trial. After the final weighing, fruits were immersed in a 0.05% solution of 

Toluidine Blue O (“TB”) (Sigma) for 15 minutes, then rinsed in dH20 and imaged with a Stemi 

508 stereo microscope (Zeiss). Any fruits displaying microfissuring were removed from the 

analysis. Some fruits were stained for an additional three days (Fig. 6). 

 

Cuticle isolation 

Discs of outer pericarp (2 cm and 7.3 mm diameter) as well as rectangles (1- 5 cm2) were 

cut from the fruits and incubated in a solution of cellulase (Sigma, catalog # C2605, 0.01x dilution) 
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and pectinase (Sigma, catalog # P2611, 0.002x dilution), containing 0.01% sodium azide, at 42°C 

for two to four days, after which the digested tissue was washed off the cuticle with water. The 

rectangles and smaller discs were dried for storage, and the larger discs were stored in 0.01% 

sodium azide. All samples were stored at room temperature. 

 

Cuticular permeance 

Permeances of isolated cuticles were determined using custom-built aluminum 

transpiration chambers (Supplemental Fig. 1A). Vacuum grease was spread on the upper face of 

the base and lower face of the lid and 200 μL of water was added to the cavity of the chamber. An 

isolated 2 cm cuticle disc was patted dry then sandwiched between the chamber base and lid, such 

that it extended beyond the cavity on all sides (Supplemental Fig. 1B). The chamber was fastened 

with two elastic bands, inverted and placed on stands over a drying agent (Drierite) in a sealed 

chamber with air circulation (21°C, 1% relative humidity). The weight was measured one day and 

four days after chamber assembly.  

The permeance of the cuticle was calculated as the flux rate across it, divided by the driving 

force, which corresponded to the difference in water vapor concentration between the inside and 

outside of the chamber17. The water flux was equal to the change in the chamber weight (amount 

of water lost) over time divided by the area of exposed cuticle. The water vapor concentration 

inside the chamber (100% humidity) was 18.3 g/m3, and 0.183 g/m3 outside of the chamber (1% 

humidity), giving a difference in concentration of 18.1 g/m3 across the cuticle membrane. 
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Quantification of pores 

Isolated cuticles, mounted in transpiration chambers, were stained with a 0.05% solution 

of Toluidine Blue O (“TB”) (Sigma) for 15 minutes, then rinsed in dH20 and imaged with a Stemi 

508 stereo microscope (Zeiss), and the number of stained spots were counted (Supplemental Fig. 

1C).  Cuticle samples showing fissures or holes were discarded. At least 5 cuticle samples were 

imaged for each line. 

For quantification by TB-stained area (Fig. 7), the cuticles were stained for 2 days, then 

rinsed and photographed as above. The total area stained blue was determined from the images 

using ImageJ software (imagej.nih.gov). The threshold function was used to select only pixels with 

a hue in the blue or green range (background cuticle color is orange), then these pixels were 

counted with the Analyze Particles function.  

 

Wax extraction 

Mature green (MG) stage fruits were harvested and rinsed in dH2O. A metal probe was inserted 

into each fruit through the stem scar, and holding the probe, the fruit was swirled in a beaker of 

~100 mL of chloroform, containing 100 μg of tetracosane as a standard, for 90 seconds. Each 

chloroform aliquot was used to extract wax from two fruit and represents one biological replicate. 

The chloroform extracts were concentrated by air drying, then filtered through filter paper (VWR) 

pre-rinsed with chloroform. There were 5 biological replicates per line. 

 

Cutin isolation 

A disk, 7.4 mm in diameter, was cut with a cork borer from the peel of each of the fruits used for 

wax extraction and incubated in a solution of cellulase (Sigma, catalog # C2605, 0.01x dilution) 
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and pectinase (Sigma, catalog # P2611, 0.002x dilution), containing 0.01% sodium azide, at 42°C 

for 3 days, after which the digested tissue was washed off the cuticle with water. The dry isolated 

cuticle disks were sequentially rinsed for 20 minutes in each of chloroform, 2:1 chloroform: 

methanol, 1:2 chloroform: methanol and pure methanol, to ensure removal of all waxes. The cutin 

was then depolymerized following the base catalysis method25. Each cuticle disc was added to a 

vial containing 1 mL of reaction media (12:3:5 methanol: methyl acetate: 25% sodium methoxide) 

and 50 µg of each of pentadecalactone and heptadecanoate, as internal standards. The samples 

were incubated at 60°C overnight, then cooled to room temperature and 2 mL of dichloromethane, 

0.25 mL of glacial acetic acid and 0.5 mL of 0.9% NaCl in 100 mM Tris (pH 8.0) were added to 

each. They were vortexed, then phase separated by centrifugation for 2 min at 1,500 g.  The lower 

phase was collected with a glass Pasteur pipette and transferred to a clean vial, containing 1 mL of 

0.9% NaCl in 100 mM Tris (pH 8.0). This was vortexed, then phase separated by centrifugation 

(2 min at 1,500 g) and the lower phase was again transferred to clean vial. Approximately 0.5 g of 

anhydrous sodium sulfate was added to bind any water present, and the solution was then filtered 

through a paper filter (Whatman #1) into a clean vial. There were 3 biological replicates per line. 

 

Wax/ cutin analysis 

An aliquot of each sample was dried by heating at 40°C under a stream of N2. The dried aliquots 

were derivatized by adding 50 μL each of pyridine (EMD Millipore) and BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide) (Sigma) and heating for 30 minutes at 70°C for wax 

samples, or for 10 minutes at  90°C for cutin samples. These were dried under N2 as before, 

resuspended in 100 μL of chloroform and then analyzed by gas chromatography using a GC 6850 

(Agilent) with a cool-on-column inlet and a flame ionization detector. Compound abundances were 
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determined by integration of the chromatograph peaks using the ChemStation software (Agilent) 

and normalization to the internal standard and to the surface areas of the samples. The identity of 

each compound was determined based on a comparison of retention times with standards and also 

by GC-MS analysis, using a GC 6890 (Agilent) coupled to a JOEL GC MATE II mass 

spectrometer. 

 

Cuticle thickness 

Cuticle thicknesses were measure from images of Oil Red O stained pericarp sections 

(Supplemental Fig. 2), using ImageJ software. “Over epidermal thickness” was measured over the 

midpoint of epidermal cells that appeared full sized (i.e. sectioned through their middle). Cuticle 

penetration depth was measured from the surface to the plane representing the deepest penetration 

of cuticular material. Both measures were taken in three or four places per image, with three images 

taken along the cuticle from each of six fruits per line. The mean of the values were taken for each 

cuticle to give six biological replicates. The variation across the six replicates was used to calculate 

the standard error of the mean for that line. 

 

Cuticle weight 

The weights of squares of dry isolated cuticles were measured and normalized to their area. n ≥ 8. 

 

Staining and microscopy 

Blocks of outer pericarp from MG stage fruits were fixed, embedded and cryo-sectioned as 

previously described24. The sections were bound to Histobond slides (VWR) by heating at 100°C 

for 3 minutes. The embedding medium was rinsed off with dH2O and the sections stained with Oil 
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Red O (Alfa Aesar) in 60% isopropanol for 30 minutes. Destaining was performed by dipping 

slides in a series of five isopropanol solutions decreasing from 55% isopropanol to 8%. Sections 

were mounted in dH2O and imaged using an Axio Imager A1 microscope (Zeiss). 

For confocal microscopy, pericarp sections 30 μm thick, along with isolated cuticles (both 

from mature green fruits), were stained sequentially with Calcofluor White M2R solution (Sigma) 

for two min, then 0.01% Auramine-O (Sigma) in 0.05 M Tris, pH 7.2, for 15 minutes, then rinsed 

with dH2O. Samples were mounted on a slide in water imaged with an LSM 710 confocal 

microscope (Zeiss), using a 40x water-immersion objective. The Auramine-O fluorescence was 

induced with an excitation wavelength of XXX nm and emission collected from XXX –XXX nm. 

The Calcofluor White fluorescence was induced with an excitation wavelength of XXX nm and 

emission collected from XXX –XXX nm.  

Three dimensional reconstructions were generated using Zen software (Zeiss) with 30 to 

50 images in a Z-stack. Supplemental Movie S1 was created using Vision4D software (Arivis); 

the opacity of the structures was increased for illustrative purposes. All the confocal images have 

false coloration. 

 

FT-IR analysis 

Infrared spectroscopy was performed using a Bruker Hyperion microscope-coupled FT-IR 

spectrometer at the Cornell CCMR facility (www.ccmr.cornell.edu). Isolated cuticles, stained on 

the outer surface with TB solution for 15 minutes, were analyzed at 5 points along a transect, with 

the center point being a transcuticular pore (identified based on the TB staining). The area to be 

analyzed for each point was demarcated using IR-opaque plates. Spectra were baseline normalized. 
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SUPPLEMENTAL DATA 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supplemental Figure S1. Photograph (A) and schematic (B) of the transpiration chamber set-up 

for measuring cuticular permeance. Scale bar = 1 cm. 
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Supplemental Figure S2. The two measurements of cuticle 

thickness made from light microscope images of Oil Red O 

stained pericarp sections. Scale bar = 20 µm. 
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Supplemental Figure S3. Relative abundances of the cutin monomers from each line. We were 

unable to identify compounds representing ~ 1/3 of the total cutin amount. n = 3; mean ± s.e.m is 

presented. 
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Supplemental Figure S4. Amounts of each cuticular wax component detected by gas 

chromatography. The name listed for each alkane and alcohol represents the compound length, in 

number of carbons, as well as if it is branched (iso or anteiso). n = 5; mean ± s.e.m is presented.  
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Supplemental Figure S5. Isolated cuticle mounted in transpiration chamber and stained with 

Toluidine Blue. Scale bar = 1 mm. 
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Supplemental Figure S6. Broken trichome stubs on mature 

green stage (A) and ripe (B) fruits, stained readily after a 15 

minute treatment with Toluidine Blue. Scale bars = 200 μm.  
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Supplemental Figure S7. Undisturbed and unhandled mature green and ripe fruits of the seven 

tomato varieties focused on in the study. Lines 10022, 9959, 10177 and 10241 have low to 

moderate density of trichomes; lines 10062, 10077 and 9999 have higher trichome density. 
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Supplemental Figure S8. FT-IR absorbance spectra at five positions on an isolated cuticle, with 

the third position containing a cuticle pore, identified by binding of Toluidine Blue. Scale bar = 

50 μm. 
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Supplemental Figure S9. M82 fruit at four developmental stages (IG, immature green; MG, 

mature green; LR, light red; RR, ripe red) stained with Toluidine Blue for 20 minutes, then 15 

hours. Whole fruit scale bar = 1 cm, stereoscope images scale bar = 1 mm. 
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Supplemental Figure S10. Rate of water loss from whole ripe fruits of the seven varieties, with 

their stem scars unsealed, during the first two days and the third week after harvest. n ≥9; mean ± 

s.e.m is presented. 
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Supplemental Figure S11. Ripe fruits after 3 weeks of storage, with or without Toluidine Blue 

staining. The stem scars (A) and trichome pores (B) clearly stain blue in the +TB treatment. Scale 

bars = 2 cm. 
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Supplemental Figure S12. Peels of freshly harvested ripe M82 fruits (A) and 3 weeks post-harvest 

ripe 10062 fruits (B) stained with Auramine O. Blue arrows point to trichome derived pores in the 

cuticle. Scale bars = 100 μm. 
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The following large supplemental table and movie are available online only: 

 

 

Supplemental Table S1: Tomato lines tested in initial fruit transpiration assay. 

 

Supplemental Movie S1. 3D visualization of M82 fruit upper pericarp with a trichome stub and 

associated cuticular pore. 
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CHAPTER 5 

 

 

 

Conclusion 
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 The field of cuticle biology has made significant advances over the past two decades in 

identifying genes that encode enzymes that form the core of the cutin and wax biosynthetic 

pathways, as well as some of the transcription factors that regulate them (see Chapter 1). However, 

the set of known genes do not explain the full diversity of the component compounds, and most of 

these studies have involved one species; the model plant A. thaliana. Additionally, there is not a 

clear understanding of how cuticle biochemical composition influences characteristics such as 

architecture and water permeability. As presented in this thesis, I have studied the biochemical and 

functional diversity of cuticles from cultivated tomato, S. lycopersicum, and two of its wild 

relatives, S. pennellii and S. neorickii, as well as amongst domesticated and semi domesticated S. 

lycopersicum varieties. Specifically, I have sought to elucidate the genetic basis of this diversity 

as well as the key factors in determining the permeability of the cuticle. 

 In Chapter 2, I characterized for the first time how fruit cuticles are affected at the 

molecular level by environmental stress, specifically drought. While stresses have been shown to 

induce changes in gene expression that alter the cuticle composition of leaves of many species1–3, 

whether similar such responses exist in fruits was until now unknown. I performed a comparative 

analysis of cultivated tomato and two related species endemic to very different habitats, to 

determine whether the drought response, or lack thereof, showed a common trend, as with leaves, 

or showed substantial differences brought about by different evolutionary pressures. The fruits of 

S. lycopersicum were distinct in producing more cutin and a thicker cuticle in response to drought 

stress, while S. neorickii was the only species where wax levels did not increase, but rather showed 

a significant decrease. There was thus clearly a difference in the response pathways in these three 

species, but in a targeted gene expression analysis, we could only identify one cutin biosynthetic 

gene and one wax related transcription factor that showed expression patterns consistent with the 
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phenotypes. Expanding this analysis to the much larger set of cuticle genes identified in Chapter 

3 would provide a more complete understanding of the factors driving these responses. From the 

transcriptome dataset presented there, we found that three of the four orthologs of MYB94/96, 

which induces wax production in response to drought in A. thaliana2,4, have significantly lower 

expression in S. neorickii than in the other two species, though these data were derived only from 

well-watered fruit. It would be valuable to extend this study to more species and cultivars to 

determine whether the high cutin response of S. lycopersicum cv. M82 is unique to specific 

cultivars, to only large fruit cultivars, to all domesticated tomatoes, or to some broader 

phylogenetic clade. 

 To dive deeper into the genetics underlying the significant cuticular differences that exist 

between these three species, I performed a tissue specific transcriptomic study along with two QTL 

mapping studies (Chapter 3). Using a comprehensive set of presumed cuticle genes based on the 

known cuticle associated genes of A. thaliana, I identified sets of wax and cutin biosynthesis 

related genes that can explain some of the phenotypic differences between the species. However, 

the QTLs I identified did not align with these genes, implying that the specification of the cuticle 

composition most likely occurs at the level of trans-acting regulators, which act to modify the 

cuticle gene expression. Furthermore, for both the QTLs and the gene expression differences 

associated with high alkane levels in S. pennellii and S. neorickii, there was almost no overlap 

between the two species, meaning that this shared trait is the result of convergent evolution. 

Through fine mapping of the S. pennellii QTLs and comparison with the gene expression data, I 

focused on short lists of candidate undescribed cuticle genes, identifying a novel class of cuticle-

associated CYP450 genes, as well as a possible trans-acting regulatory pathway for alkanes. 
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Further fine mapping of the many QTLs has the potential to substantially increase our knowledge 

of cuticle regulation. 

 The mapping populations were additionally phenotyped for the rates of transpirational 

water loss from the fruits, to identify potential relationships with wax composition. I demonstrated 

that there is an association between longer chain length and reduced transpiration, which has not 

previously been documented, although this only explains a small amount of the observed variation. 

To identify the factor or factors that have a larger effect on fruit cuticle permeability, I screened a 

large tomato diversity panel containing S. lycopersicum and S. lycopersicum cv. cerasiforme 

accessions and identified those with fruits having particularly high or low rates of transpiration. 

An analysis of the cuticles from these fruits did not reveal any correlation between their permeance 

and composition; however, I found a strong association with the density of micron scale pores in 

the cuticle, which I showed are derived from trichomes (Chapter 4). There appeared to be a limited, 

but variable, ability for these pores to become sealed, which suggests that there is potential for 

breeding of this trait. Tomato varieties developed to have fewer trichomes on their fruits, or more 

rapid and complete sealing of the trichome pores, might exhibit significant improvements in their 

post-harvest shelf life. The S. pennellii introgression line population may represent a useful 

resource to identify such loci, considering the large difference in trichome density between the 

parents. 

 From these studies, and others, a few major themes and ideas have emerged. It has become 

increasingly apparent that cuticle composition is determined by a multitude of factors; both genetic 

and environmental. Many genes related to cuticle synthesis have already been discovered, but it is 

clear that this set is far from complete.  Further, there are other genes with no direct association 

with the cuticle, but that can still affect its biosynthesis and remodeling, which must be very 
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carefully coordinated with the growth of cells, tissues and organs in order to maintain its integrity. 

The factors that affect this coordination may, I propose, be a major source of the observed diversity 

in cuticular permeances. A disturbance, genetic or environmental, to either process could easily 

lead to misstructuring of the cuticle components, permitting more rapid diffusion of water, or in a 

more severe case, to catastrophic failure of organ integrity, as when a cherry or tomato cracks open 

in response to fluctuations in water availability. I hypothesize that fast growing plants/ organs 

would have a more flexible, viscoelastic cuticle to provide a greater margin of error in order to 

avoid disruption, but that this property could have a trade-off of higher permeance in the fully 

expanded organ. This cost as well as additional trade-offs likely explain why the lowest permeance 

cuticle was not universally adopted early in plant evolution.  

 Support for this model will require considerable advances in our understanding of cuticle 

structure and its relationship with physiological properties. This, along with insights into how that 

structure is determined, are perhaps some of the largest challenges in the field of cuticle biology. 

There continues to be a very limited knowledge of the organization of the cutin network and how 

it associates with the waxes and polysaccharides. Furthermore, little is understood of the role that 

active processes play in establishing proper organization versus passive diffusion, phase separation 

and self-assembly. Novel analytical or cytological techniques, or creative applications of those 

currently available, will be needed to make substantial progress in this area. 

 Analysis of ripe tomato fruits could provide valuable insights into aspects of the cuticle 

structure. It is well established that tomato fruit cuticles typically accumulate large amounts of the 

flavonoid naringenin-chalcone as part of its wax over the course of ripening5,6. This compound is 

readily extractable in methanol; however, I found that its extractability from the cuticle decreases 

precipitously as the fruit becomes overripe. At this stage it has not been degraded, as its yellow 
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color remains clearly visible in the cuticle. Thus, the structure of the cuticle must have changed 

such that the naringenin is trapped within its matrix, or has become covalently bonded to the cutin. 

This could be investigated through partial cutin depolymerisation and analysis of the resulting 

fragments by NMR. Mutants or mapping populations could also be screened for maintenance of 

extractability, as this would be an easy trait to phenotype.  

 Another intriguing area for future study is the responsiveness of the cuticle to light. I have 

noticed that fruits on exposed areas of the plants develop thicker cuticles than those that are 

sheltered. It has also been documented that flavonoid and phenylpropanoid deposition in the 

cuticle is light-dependent: fruits grown in the dark develop clear peels6. There has been no 

investigations into the molecular processes involved in this notable environmental response and 

this could prove a fruitful avenue for future research. 
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Post-meristematic cell differentiation in plant roots occurs on 
temporal schedules 
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Abstract  

Studies of plant cellular differentiation have typically focussed on the processes of cell 

division, identity specification, and elongation, revealing numerous position-dependent 

control mechanisms. Time, however, is not generally considered as an intrinsic signalling 

factor, in contrast to animal cellular development. We investigated the potential existence of 

time-dependent control by analyzing cellular differentiation in the maturation zone of 

Arabidopsis thaliana roots. Xylem maturation, endodermal suberization and lateral root 

emergence all occurred at consistent time points along the root, but at highly variable 

positions, indicative of temporal control. Employing a time-based developmental framework, 

we demonstrate that suberization is unique among these differentiation processes in showing 

altered timing as a root ages. Moreover, we found that, contrary to current models, suberin 

deposition is not accelerated by abiotic stresses. These findings reveal the importance of 

temporal regulation in plant cell development. 

 

Introduction 

A cornerstone of developmental biology is the establishment of morphological patterning, and 

central to understanding this process is the elucidation of mechanisms by which cells acquire their 

distinct identities and characteristics. In all multicellular organisms, extrinsic signals, such as 

hormones or morphogen gradients, provide positional information that governs the basic body 

plan1. In animals, cell identity is largely engrained during embryogenesis, which limits potential 

developmental trajectories1,2. This acquired cellular identity can be sufficient to produce intrinsic 

temporal signals that direct further differentiation, such as in stem cells3 and neural development4. 
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 In plants, however, positional signaling continues to direct development throughout the life 

of the organism5,6. In both the shoot and root apical meristems, a pool of stem cells is maintained 

by signaling from an underlying organizing center5,6, while opposing gradients of the hormones 

auxin and cytokinin specify where cells begin to differentiate and organs initiate2,7,8. At the onset 

of leaf development, mobile protein signals from the shoot apical meristem (SAM) orient the leaf 

polarity9, and a similar signal may specify the fixed position of cell division arrest10. In the root, 

gradients of PLETHORA proteins and reactive oxygen species (ROS) are also involved in 

controlling the point at which cells transition between the phases of division to expansion11,12. The 

distinct identities of the cells in each layer of the root are acquired based on mobile signals emitted 

from overlying and neighboring cells13. These and other examples, all of which occur over small 

distances in close proximity to the meristem, have resulted in the general tenet that plant cellular 

differentiation is based on position-dependent mechanisms.  

In contrast, the effect of time in controlling plant cellular development, though proposed 

as significant for shoot pattering by Freeling14, is not widely considered to be a major factor. This 

may, in part, reflect the difficulty in experimentally separating temporal and positional cues, which 

are inherently linked.  Indeed, we are aware of only one clear demonstration of a time-dependent 

differentiation mechanism: the specification of lateral root pre-branch sites15. In that study, a model 

was proposed involving a regular periodicity of programmed cell death in the distal lateral root 

cap, which initiates a signal to the underlying cell layers, promoting the specification of pre-branch 

sites at cyclical time intervals16. 

 To investigate whether temporal patterning is a more widespread phenomenon, we 

investigated later, post-meristematic differentiation events during Arabidopsis thaliana root 

development, in which cells transition from one distinct state to another (referred to here as 
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“secondary differentiation”). These events occur over larger distances, allowing for easier 

manipulation of time versus position effects. The results show that, as a general rule, the 

differentiation of cells in A. thaliana root tissues into their mature state occurs on a consistent 

temporal schedule. However, for some cell types, this regulatory clock is modified depending on 

the age of the plant and environmental conditions.   

 

Results  

The roots of A. thaliana provide a tractable system in which to study tissue differentiation, as 

growth and development occur predominantly along a single linear axis. We focused on three 

easily visualized transitions in three different root tissue types: the appearance of discernable 

xylem; suberization of the endodermis; and the onset of lateral root emergence (Suppl. Fig. 1). The 

dark vascular traces and red-stained suberin are readily distinguishable by light microscopy (Suppl. 

Fig. 2).   

 

Secondary differentiation occurs at a specific time, not place 

In order to uncouple the contributions of positional signals versus intrinsic chronological control 

in the specification of cellular differentiation, we sought to achieve variation in growth rate through 

minimally disruptive approaches. 

Lateral roots serve this purpose well, as they show substantial variation in growth rates on 

agar growth medium, despite its homogeneous composition. Following their emergence from the 

primary root 6 or 7 days after seed imbibition (dai), we measured lateral roots’ growth rates and 

the positions relative to the root tip of the first appearance of discernable xylem and of endodermal 

suberization, at time points up to 14 dai. Tertiary lateral roots were rarely present and so were not 
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considered. The positions of these two differentiation events showed considerable variation, as did 

the growth rates. However, they showed strong linear correlations at each time point, with all linear 

models having p-values < 0.001 (Fig. 1). A similar correlation between vascular/endodermal 

differentiation and growth rate was reported for roots of Libocedrus decurrens17. But what does 

this relationship tell us? 
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Figure 1: Positions of suberin (red) and xylem (purple) appearance relative to 
root growth rates in lateral roots from seedlings of various ages. Each data point 
represents a single lateral root. P-values indicate the significance of the trend 
based on linear regression. 
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The growth rate of the root can be described as the rate at which the root tip/ meristem moves 

away from a given static cell further up the root. It follows that the amount of time since that cell 

was last in the same location as the meristem is equal to the distance between the two divided by 

the velocity at which they are moving apart (time=distance/velocity), i.e. the slope of the trend 

line. Since the trend is linear, the slope is constant, meaning that the period of time between the 

cell departing from the meristem and reaching its current distance is also constant.  Thus, these 

graphs show that on each of the five days analyzed, the time, or “age”, at which these cells undergo 

a given differentiation process is constant across growth rates. 

We next investigated whether this time-dependent cellular differentiation occurred at varying 

growth rates of the primary roots, which was achieved by varying the concentration of nutrients 

(MS media) or sucrose in the agar plates, within the range of normal growth conditions (Suppl. 

Fig. 3). In this experiment, in addition to the xylem and endodermis differentiation, we also 

measured lateral root emergence. Across the conditions, the positions at which each of the three 

transitions occurred varied significantly (Fig. 2a,c,e). We consider it unlikely that the level of 

nutrients had a direct effect on the differentiation positions since they did not correlate: 

differentiation occurred more proximally in both ¼X MS and 1X MS relative to the ½X MS 

condition. Normalizing the distances to the average growth rates revealed the times at which the 

transitions occurred, or “maturation times” (Fig. 2b,d,f). Again, we observed that the highly 

variable positions are explained by growth rates, i.e. the maturation times showed minimal 

variation. Indeed, an analysis of lateral root emergence versus growth rate showed a strong linear 

correlation within and between treatments (Suppl. Fig. 4). We noted an increasing xylem 

maturation time with the lowest MS concentrations (Fig. 2b); however, we propose that this 

reflects the direct effect of a limited nutrient supply on xylem maturation. The general consistency 
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of maturation times across these experiments indicates that time, rather than position, is the 

principal factor regulating the secondary differentiation of root cells. 

 

 

 

Figure 2: Effects of altering growth rate through nutrient/ sucrose levels on the appearance 
of suberin (a,b), xylem (c,d), and lateral root emergence (e,f).  The occurrence of these 
traits is represented in terms of the distance from the root tip (a,c,e) or the maturation time 
(b,d,f). Letters denote significant differences (p<0.05) between conditions, based on 
ANOVA with Tukey post-hoc test. n ≥ 12 for each condition; mean ± s.e.m is presented. 
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An alternative hypothesis is that mature cells promote the differentiation of younger cells 

within the same file. In the case of suberin deposition, this is unlikely as endodermal suberization 

occurs in a “patchy” fashion with gaps of unsuberized cells initially present along the cell files18,19 

(Suppl. Fig. 5). Similarly, emergent lateral roots occur many cells apart, making a local positional 

signaling mechanism unlikely. 

 

Suberization time varies substantially with plant age 

During the course of these analyses, we observed that the position at which these differentiation 

events occurred changed as plants aged. From 4 to 14 dai, the root growth rate as well as the 

distance to each differentiation point increased initially, then declined (Fig. 3a), while the fully 

expanded cell length showed little variation across time points (Fig. 3d). Growth rate correlated 

with both lateral root emergence and xylem appearance, but not with endodermal suberization 

(Fig. 3b). It follows that maturation times for xylem and lateral root primordia were relatively 

consistent across plant ages, but the timing of suberization changed substantially, declining in older 

seedlings (Fig. 3c). The time-based model of development therefore indicates that among these 

three tissues, only the endodermis shows accelerated secondary differentiation as the plant ages.  

It has also been observed in Zea maize, Allium cepa and Gossypium hirsutum roots that the position 

of suberization changes with age, independently of growth rate19,20. 

 Using the data shown in Figure 1, we asked whether the same age-dependent 

developmental trend occurs in lateral roots, and thus whether it relates to root age or plant age. 

Following their emergence from the primary root, we observed a brief initial increase in the time 

for suberin to appear, followed by a sharp decrease, while xylem maturation time was stable 

(Suppl. Fig. 6). The lateral root is undergoing the same developmental sequence as the primary  



213 
 

 

 

root, but in an older plant, implying that the developmental age is sensed at the level of the organ/ 

tissue. 

To investigate whether other aspects of root development are similarly age-dependent, we 

performed comparative transcriptome profiling of the apical 1 cm of the primary roots from 6 and 

12 day old seedlings. The growth rates at these two ages are similar and so the apical sections were 

Figure 3: Changes in the appearance along the primary root of suberin, xylem and emerged 
lateral roots as plants age. a, Distance from root tip at which traits appear (left y-axis) and root 
growth rate (right y-axis).  b, Relationship between trait position and root growth rate across 
plant ages. The p-values indicate the significance of the trend based on linear regression. c, Age 
of cell (time) at which trait appears. d, Length of fully expanded endodermal cell. Letters in 
panels a, c and d denote significant differences (p<0.05) within each series, based on ANOVA 
with Tukey post-hoc test. n ≥ 15 for each time point; mean ± s.e.m is presented. 
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comparable in terms of developmental time. RNA-seq analysis revealed 1,027 differentially 

expressed genes (770 increased, 257 decreased in 12 day old plants) (Suppl. Tables 1&2). We 

compared the expression of genes associated with the three aforementioned traits, as well as those 

related to Casparian strip formation, an earlier step in endodermal cell differentiation (Table 1, 

Suppl. Table 3). Consistent with the phenotypic observations, all known suberin biosynthetic genes 

showed a statistically significant increase in expression in the older root tips; more than two fold 

in almost all cases. Numerous phenylpropanoid biosynthetic genes were also induced in older 

roots, consistent with their role in suberin and lignin production. We also analyzed a set of 49 

cuticle-associate genes, and found 30 of them to have an expression level >1FPKM (Fragments/ 

Kilobase/ Million Reads) in the root tip. Of these, 13 showed statistically significant increases in 

expression in the 12 day old root tip, 8 with a >2 fold change. This finding reveals the presence of 

considerable overlap between suberin and cuticle associated genes, which supports the idea that 

these two polyesters have a common ancestral origin21,22. 

The appearance of clearly distinguishable xylem likely involves the deposition of lignin in 

the cell walls, as does Casparian strip formation. However, few of the queried lignin biosynthetic 

genes or Casparian strip related genes showed appreciable expression differences between the two 

ages of 1 cm terminal root sections. We also examined the expression of genes involved in lateral 

root initiation, and almost all were found to be expressed at comparable levels between root ages.  

In addition to genes associated with these secondary differentiation processes, we also 

examined the expression of genes involved in early root developmental processes, such as 

meristem maintenance, cell identity specification, and cell division and expansion.  The 38 genes 

analyzed were remarkably consistent in their expression, with very few showing significant 

differences in transcript levels as the roots aged, and none by more than 2-fold. From this, we 
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conclude that the activity of the meristem and early developmental processes are not affected 

directly by aging of the root on the time scale analyzed, although there may be more substantial 

expression changes at a time point where the growth rate is significantly different. 

To check whether the enhanced suberization in older roots could be a consequence of 

increasing osmotic stress, we examined the expression of 70 genes associated with osmotic stress 

responses or the stress related phytohormone, abscisic acid, but found little evidence of activation 

of these pathways (Table 1). 

 
Table 1: The numbers of genes related to biological processes of interest that are induced 
or repressed in the apical 1 cm of roots of 12 versus 6 day old plants. 

 Total	Genes	 	expr.	 ¯	expr.	 	expr.	
>2x	

¯	expr.		
>50%	

Suberin	 18	 18	 0	 16	 0	
Phenylpropanoid	biosynthesis	 15	 11	 0	 1	 0	
Lignin	 11	 2	 0	 1	 0	
Casparian	strip	 9	 0	 2	 0	 1	
Lateral	root	initiation	 11	 1	 1	 0	 0	
Early	root	development	 38	 4	 2	 0	 0	
Cuticle	genes	 49	 13	 2	 8	 1	
ABA	biosynthesis	 16	 0	 3	 0	 1	
ABA	catabolism/	inactivation	 10	 1	 1	 1	 0	
ABA	response	regulators	 7	 1	 1	 1	 0	
Osmotic	response	regulators	 4	 0	 4	 0	 4	
Induced	by	osmotic	stress	 43	 12	 3	 10	 2	

Note: Columns 3 and 4 list the number of genes of each category that showed statistically 
significant alteration in expression level. Columns 5 and 6 list the number of these genes showing 
a change in expression of more than two fold. Expression levels were determined by RNAseq. 
 

To determine whether the increase in suberin related gene expression reflects an earlier 

developmental transition, or a widespread increase in root suberization, we measured expression 

of 3 canonical suberin biosynthetic genes by qPCR in the apical 1 cm of the day 6 and day 12 roots 

(as in the RNAseq analysis), as well as in the 1 cm section immediately above that, referred to here 
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as the lower and upper sections, respectively (Suppl. Fig. 7). We again saw strongly elevated 

expression at day 12 in the lower root sections, but a comparably high expression level was also 

seen in day 6 upper root sections. This implies that, rather than a general up-regulation of suberin 

production at day 12, there is a decrease in the endodermal maturation time. The genes maintained 

their high expression levels in the day 12 upper section, indicating that suberin synthesis does not 

immediately decline, consistent with the intensification of suberin staining higher up along the 

root (Suppl. Fig. 1). 

 

A temporal model of development alters interpretations of environmental effects 

We next investigated whether the time-based model of differentiation would affect the 

interpretation of root responses to various environmental conditions. Seedlings were subjected to 

5 day treatments of altered temperature, light regime, ABA, high salt (NaCl) stress or osmotic 

stress (induced by mannitol) and then assayed, as before, for the position and time point at which 

the three maturation processes occur (Fig. 4). A chilling treatment (16°C) resulted in surprisingly 

little change in the position of the three traits (Fig. 4a); however, we found evidence of a delay in 

maturation times at the lower temperature (Fig. 4b). Exposure to high light intensity (335 

µmol/cm2) or a 24 hour light regime, caused lateral root emergence to occur earlier or later, 

respectively. Thus, the time-based model revealed clear developmental responses to the differing 

conditions that would not be evident from a position-based model. 

The two models gave even more sharply contrasting results for the ABA, NaCl and mannitol 

treatments. Under almost all these conditions, the three transitions occurred noticeably closer to 

the root tip (Fig. 4c), suggesting that the stresses accelerate cellular differentiation. However, the 

implications of our data are strikingly different when considered in terms of developmental time. 
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Under all the stress conditions tested here, the timing of the onset of the three developmental 

transitions was similar, or even delayed, compared to the control, with an exception being that 

ABA appears to accelerate xylem differentiation (Fig. 4d). These findings are at odds with the 

paradigm that stress induces root suberization23,24; a theory based on analyses of the position and/or 

amount of suberin in roots. In such studies, root growth rate is rarely taken into account, and a 

causal relationship has not been established25. 
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Figure 4: Change in the appearance of suberin, xylem and lateral root emergence in 
response to 5 days exposure to various external stimuli. a,b, Responses to different light 
and temperature regimes.  c,d, Responses to abscisic acid (ABA), NaCl and mannitol 
(abrv. Mann) applied to the plates. Panels a and c show the distance from the root tip at 
which the traits appear, c and d show the ages of the cells at which the traits appear. Stars 
denote significant difference from control roots (22°C, 16 hr light at 135 µmol/cm2):  * = 
p<0.05, ** = p<0.01, *** = p<0.001. n ≥ 12 for each condition; mean ± s.e.m is presented. 
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Consistent with the observation that the onset of suberization was not stress-induced, the 

expression of three suberin biosynthetic genes in whole roots was not significantly upregulated by 

any of the five different stress treatments, with the exception of a slight increase of CYP86A1 

transcript in the NaCl treatment (Fig. 5). This contrasts with reports of strong up-regulation of 

suberin genes in response to these types of stresses26,27. However, such reports focused on short 

term changes in gene expression (within 24 hours). A reanalysis of the expression data published 

by Geng et al.28, revealed that treatment with high salt stress (140 mM NaCl) rapidly induced 

suberin biosynthetic gene expression, but that this was transient, with expression returning to 

control levels within 32 hours (Suppl. Fig. 8). Based on our histological observations, as well as 

gene expression analyses, we conclude that there is no lasting effect of salt stress, osmotic stress 

or ABA on the differentiation of the suberized endodermis. 

 

 

 

Dark grown roots 

With the common agar plate culture method for Arabidopsis employed here, the exposure of the 

root system to light is a departure from natural conditions, and is known to affect root properties29. 

To assess the robustness of our results, we repeated two central experiments using plants grown 
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Figure 5: Average expression levels of 
three key suberin biosynthetic genes, 
measured by qPCR, in whole roots of 10 
day old seedlings subjected to various 
stress treatments. The expression levels of 
these genes are normalized to the mean 
expression level of UBQ10 and PP2A in 
each sample.  Stars denote significant 
difference from the control condition:  * = 
p<0.05, ** = p<0.01, *** = p<0.001. Each 
value is the average of three biological 
replicates; mean ± s.e.m is presented. 
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with their roots sheltered from light. Consistent with the earlier findings, only the timing of 

suberization changed as the plants aged (Suppl. Fig. 9b). However, the direction of this shift was 

opposite from what was seen in the light exposed roots. Salt treatment of dark grown roots resulted 

in suberin deposition and lateral roots appearing closer to the root tip, but as in the light, the timing 

of this transition was not accelerated (Suppl. Fig. 9c,d). Therefore, while the exposure of roots to 

light clearly has an impact on tissue maturation, it does not affect the conclusions drawn from this 

study. 

 

Discussion 

Root cell differentiation is typically described in the context of distance from the root tip, in 

millimeters or number of cells. Growth rate effects are rarely considered and, to our knowledge, 

only in the case of lateral root primordia initiation has clear time-dependency been demonstrated15. 

We show here that major developmental transitions occur in cells from three separate root tissues 

after a specific time interval, irrespective of their position along the root axis. We thus propose 

that post-meristematic differentiation processes should be reported in terms of their timing rather 

than, or in addition to, their position. The case studies that we describe, of age and environment 

dependent changes in tissue differentiation rate, demonstrate that the measure of position can lead 

to spurious conclusions regarding how plants respond to these factors. Most surprisingly, it appears 

that for the mild to moderate stress conditions investigated here, there is no acceleration in 

endodermal suberization, but rather a slowing in the rate of root growth. 

 While a time-based developmental model is novel in terms of its application to plant cellular 

differentiation, temporal regulation is clear at the organismal level, with the circadian rhythm 

influencing many processes over a daily cycle. Furthermore, large scale developmental changes, 
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such as the transitions from juvenile to adult to reproductive stage, occur at predictable times30. 

Analysis of heterochronic mutants revealed that the timing of these phase transitions31, as well as 

the timing of trichome appearance32, remain constant, despite differences in the developmental 

progression of organ production. There are many examples, particularly from crop plants, which 

suggest that for these major phase transitions, time is tracked in terms of the cumulative amount 

of heat received (“thermal time”)30. However, the mechanism controlling the timing of the cellular 

differentiation processes studied here remains an open and intriguing question. 

 

Methods 

Plant material and control growth conditions 

Seeds of Arabidopsis thaliana (ecotype Col-0) were surface-sterilized with bleach. After 3 days of 

stratification at 4°C, seeds were sowed in a row along the top of 12cm x 12 cm agar plates (0.8% 

agar, ½MS, 1% sucrose, 0.05% MES, pH = 5.7), 11 seeds per plate. Plates were placed vertically 

in growth chambers set at 22°C, ~60% humidity, 16 hour day length with a light intensity of 135 

µmol/m2/s. 

 

Clearing and staining of root tissue 

Roots were harvested into water, then cleared in 100% bleach solution for 5 minutes and rinsed 

with winter. Oil Red O staining: cleared roots were consecutively treated with 30% isopropanol, 

60% isopropanol and Oil Red O stain (Alfa Aesar) in 60% isopropanol, for 30 minutes each, then 

rinsed in 55% isopropanol, followed by water. Fluorol Yellow staining: roots were incubated in 

the stain, 0.01% Fluorol Yellow 088 (Santa Cruz Biotechnology) dissolved in 90% lactic acid, for 

60 minutes at 70°C, then rinsed with water. 
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Root growth rate measurements 

The position of each root tip was marked on the back of the plate once per day, and on the final 

day, the plate was photographed. The distance between each mark was measured using the ImageJ 

software33. 

 For the salt, mannitol and ABA stress treatment experiments (Fig. 4c,d; Suppl. Fig. 9c,d), 

root growth rate was calculated by measuring the final root lengths at 10 dai, subtracting the 

average root length of 5 day old control seedlings (20mm for light exposed roots, 17.4mm for dark 

grown roots), and then dividing by 5 (the number of days of treatment). 

 

Measurement of positions of differentiation events 

Stained roots were mounted on glass slides and imaged by light microscopy (Zeiss Axio 

Imager.A1). Images were taken along the length of each root, and then assembled to make a 

composite image using Photoshop (Adobe). ImageJ was used to measure the distance along the 

root in these composite images from the root tip to the point at which xylem became 

distinguishable, and at which stained suberin became visible (Suppl. Fig. 1). The position of the 

first emerged lateral root was measured from the agar plate images, except for in the plant aging 

time series experiments (Fig. 3 and Suppl. Fig. 9a,b), for which the emergence of the lateral root 

primordia was measured, using the microscope composite images. 

 

Lateral root time series 

Only the lateral roots that had emerged from the primary root on day 6 or 7 after imbibition were 

analyzed. Staining and microscopy were performed on the intact root system, which allowed the 



222 
 

specific identification of individual roots for paired analyses of differentiation phenotypes and 

growth rate.   

 

Altering root growth with nutrient levels 

Agar plates were made that contained different amounts of MS nutrient media and sucrose.  

Stratified seeds were germinated on these plates and grown for 10 days, then analyzed as described 

above. These conditions did not appear to alter the germination rate of the seeds, however on 0% 

sucrose, some seedlings halted root growth after several days- such seedlings were excluded from 

the analysis. 

 

Stress treatments 

Seedlings were grown in control conditions for 5 days and then subjected to the indicated stress 

for 5 days. For the high light and cold treatments, the plates were transferred to another chamber 

with one parameter altered. The short day length was achieved by covering the plates for half of 

the day and the “dark root” condition by wrapping the area below the plant shoot in aluminum foil. 

The NaCl, mannitol and ABA were added to plates with 5 day old seedlings in order to 

avoid the effects of transferring the plants to new plates. Each treatment was applied to an agar 

plate as 1 mL of aqueous solution, or 4 mL in the case of the 50mM mannitol due to low solubility. 

One mL of distilled water was used for the control condition. The liquid was gently spread across 

the surface of the plate and then allowed to dry. The indicated concentration of each treatment 

refers to what the concentration of the substance would be if it were to be dissolved evenly 

throughout the agar. The following are the amounts of each compound added to each plate. “25mM 

NaCl”: 0.1g NaCl, “50mM Mann”: 0.61g mannitol, “0.5µM ABA”: 0.033µmol ABA, “10µM 
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ABA”: 0.66 µmol ABA.  For the 100 and 150 mM mannitol treatments, the mannitol was 

incorporated into agar plate from the start as the solubility was too low to facilitate later 

application. 

 

RNA extraction and RT-qPCR 

Roots were harvested, flash frozen in liquid nitrogen and ground with mortar and pestle.  RNA 

was extracted using TRIzol® Reagent (Life Technology) per the manufacturer’s instructions. Four 

micrograms of each RNA sample was treated with RQ1 DNase (Promega), and an aliquot of the 

product run on a gel to confirm absence of DNA contamination, then cDNA was then synthesized 

using the reverse transcriptase SuperScript® II (Invitrogen), according to the manufacturer’s 

instructions. 

The qPCR reactions were prepared using HotStart-IT SYBR Green qPCR Master Mix 

(Affymetrix) and run on a ViiATM 7 instrument (Applied Biosystems).  For each condition, three 

biological replicates were used. The expression level of each gene of interest was calculated 

relative to the average of two reference genes: PP2A (At1g13320) and UBQ10 (At1g13320), 

which are very stably expressed34. The primers used for amplification of each gene are listed in 

Suppl. Table 4. 

 

RNAseq analysis 

RNA was extracted, as described above, from three biological replicates of apical 1cm sections 

from 6 day old and 12 day old plants. Each biological replicate contained approximately 30 apical 

sections. From this RNA, cDNA libraries were synthesized and analyzed as previously described 

(Petit et al, 2016). The 6 libraries were multiplexed and run on one lane of a HighSeq 2500 
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(Illumina), operating in 100-bp paired-end read mode. The bioinformatic analysis was performed 

as previously described36, but with reads aligned to the A. thaliana genome. Genes were considered 

differentially expressed if they had ³ 2 fold change in expression level, with a q-value of < 0.05, 

and a read count of at least 1 FPKM. 

 

Data availability 

RNA-seq data will be deposited in a public database upon acceptance of the manuscript. 

 

Statistical analyses 

Student’s t-tests (two-tailed) were used for comparisons between treatment and control conditions. 

p≤0.05 was considered as significant. To compare amongst time points or conditions, one-way 

ANOVA with Tukey post-hoc test was utilized. Correlative trends were evaluated using linear 

regression. ANOVA and linear regression analyses were performed using the statistical software 

R (www.r-project.org).  
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SUPPLEMENTAL DATA 
 
 
 
The following large supplemental tables are available online only: 
 
 
Supplemental Table 1: RNA-seq data. The average read counts (in FPKM) and fold change 
(log2) in the 12 vs 6 day old samples for each gene in the A. thaliana genome.  
 
Supplemental Table 2: List of differentially expressed genes between the 12 and 6 day old root 
sections, based on the RNA-seq analysis. These genes are separated into those that are 
upregulated at 12 days, and those that are downregulated. 
 
Supplemental Table 3: The absolute and relative expression levels of genes of interest 
(summarized in Table 1) in the apical 1 cm of roots of 12 versus 6 day old plants. 
See attached .xlsx file. 
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Supplemental Figure 1: Arabidopsis primary root cleared with bleach and stained with Oil Red-
O. Approximate positions of xylem appearance, suberin appearance and lateral root emergence are 
indicated by the arrows. Scale bars, 1 mm for whole root; 0.2 mm for magnified sections.  

Suppl.	Figure	1
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Supplemental Figure 2: Arabidopsis primary root section untreated (a), cleared with bleach (b), 
and stained with Oil Red-O (c). The arrow in (c) points to one side of the ring of endodermal cells 
that surrounds the vasculature. These images are taken at ~1cm from the root tip.  Scale bar = 0.1 
mm.  
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Supplemental Figure 3: Effect of different nutrient and sucrose levels on root growth rate. n ≥ 
12 for each condition; mean ± s.e.m is presented. 
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Supplemental Figure 4: Positions of lateral root emergence vs growth rate for each individual 
root analyzed in each of the 6 media conditions. 
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Supplemental Figure 5: The region of suberization onset in an A. thaliana root stained with 
Fluorol Yellow 088. Isolated suberized endodermal cells appear before a continuous column of 
suberin is established. Scale bar = 0.1 mm. 
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Supplemental Figure 6: Appearance of suberin and xylem in lateral roots as they age. a, Distance 
from root tip at which traits appear. b, Age of cell (time) at which traits appears.  Letters denote 
significant differences (p<0.05) within each series, based on ANOVA with Tukey post-hoc test. n 
≥ 8 for time point; mean ± s.e.m is presented. 
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Supplemental Figure 7: Average expression levels of three key suberin biosynthetic genes, 
measured by qPCR, in two sections of the primary root of 6 and 12 day old plants.  “Lower” refers 
to the apical 1 cm section of the root, including the apical meristem. “Upper” refers to the next 1 
cm section of root above that (1-2 cm above the root tip). The expression levels of these genes are 
normalized to the mean expression level of UBQ10 and PP2A in each sample. Stars denote 
significant difference from the day 6 lower section:  * = p<0.05, ** = p<0.01, *** = p<0.001. Each 
value is the average of three biological replicates; ; mean ± s.e.m is presented. 
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Supplemental Figure 8: The spatiotemporal expression pattern of the suberin biosynthetic gene 
GPAT5 in the root in response to treatment with 140 mM NaCl.  This profile is representative of 
all other known suberin biosynthetic and regulatory genes.  Data and visualization tool published 
by Geng et al28. 
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Supplemental Figure 9: Appearance of suberin and the first emergent lateral root for plants grown 
with their roots covered from the light. a,b, Changes in differentiation occurrence as the plant ages. 
Letters denote significant differences (p<0.05) within each series, based on ANOVA with Tukey 
post-hoc test. n ≥ 7 for each time point; mean ± s.e.m is presented. c,d, Affect of mild salt stress 
on differentiation rate. Stars denote significant difference from the control condition:  * = p<0.05, 
** = p<0.01, *** = p<0.001. n ≥ 9 for each condition, ; mean ± s.e.m is presented. Panels a and c 
show the distance from the root tip at which the traits appear, b and d show the age of the cells at 
that point (maturation time). 
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                     Supplemental Table 4: Primers used for qPCR experiments 

Name Primer Sequence 
PP2A_F GGAAAGCAGCGTAATCGGTAGGG 
PP2A_R TTTAGCTCGTCGATAAGCACAGCAA 
UBQ10_F GACTCTCACCGGAAAGACAATC 
UBQ10_R GAAAATAAGCCTCTGCTGATCC 
GPAT5_F GCAGCTGGTCTAATTCGTTTCGC 
GPAT5_R CCACTGATTCGATCTCCGGTTC 
ASFT_F CGAATCTTGACCAGAACATCGCC 
ASFT_R CGTCCAGCGAGAGGATAGTAATG 
CYP86A1_F TCTCCGAGCAACTGGTGGTAC 
CYP86A1_R TCGGACCTTTCGGATAGTTGTC 
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