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Summary
The cuticle covers the aerial epidermis of land plants and plays a primary role in water regulation
and protection from external stresses. Remarkable species diversity in the structure and
composition of its components, cutin and wax, have been catalogued, but few functional or genetic
correlations have emerged. Tomato (Solanum lycopersicum) is part of a complex of closely
related wild species endemic to the northern Andes and the Galapagos Islands (Solanum Sect.
Lycopersicon). Although sharing an ancestor less than seven million years ago, these species are
found in diverse environments and are subject to unique selective pressures. Furthermore, they are
genetically tractable, since they can be crossed with S. lycopersicum, which has a sequenced
genome. With the aim of evaluating the relationships between evolution, structure and function of
the cuticle, we characterized the morphological and chemical diversity of fruit cuticles of seven
species from Solanum Sect. Lycopersicon. Striking differences in cuticular architecture and
quantities of cutin and waxes were observed, with wild species wax coverage exceeding that of S.
lycopersicum by up to seven fold. Wax composition varied in the occurrence of wax esters and
triterpenoid isomers. Using a S. habrochaites introgression line population, we mapped
triterpenoid differences to a genomic region that includes two S. lycopersicum triterpene
synthases. Based on known metabolic pathways for acyl wax compounds, hypotheses are
discussed to explain the appearance of wax esters with atypical chain lengths. These results
establish a model system for understanding the ecological and evolutionary functional genomics
of plant cuticles.
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Introduction
The plant cuticle is a waxy surface layer covering the primary aerial organs of all land
plants. While it is central to limiting non-stomatal water loss, it is now clear that the cuticle
plays a myriad of roles as the primary interface between the plant and its environment. It is
an effective barrier against pests and pathogens (Reina-Pinto and Yephremov, 2009), shields
the plant from excessive UV radiation (Pfündel et al., 2006) and can act as a self-cleaning
surface (Barthlott and Neinhuis, 1997). It also has a critical function in plant development,
by establishing boundaries between nascent organs (Javelle et al., 2011).

The hydrophobic cuticle is contiguous with the polysaccharide cell wall and consists
primarily of a lipid polymer, cutin, and a variety of organic solvent-soluble compounds that
are collectively termed waxes. Cutin is a polyester of ω- and midchain-substituted fatty
acids and three main types exist, based on the predominant chain length of fatty acids and
the nature of the substitutions. C16-type cutins are typically rich in dihydroxyhexadecanoic
acid with midchain- and 16-hydroxy groups, while C18-type cutins are principally
composed of 9,10-epoxy-18-hydroxyoctadecanoic acid or 9,10,18-trihydroxyoctadecanoic
acid (Kolattukudy, 2001). More recently, analysis of arabidopsis (Arabidopsis thaliana) stem
and leaf cutin identified a third type of cutin that is rich in C18 dicarboxylic acids
(Bonaventure et al., 2004; Franke et al., 2005). Finally, although not typically detected for
technical reasons, glycerol is found in varying abundance in the cutin polymers of many
species (Graca et al., 2002).

Waxes accumulate within the cutin matrix as intracuticular waxes, and they are also
deposited on the outer surface of the cuticle as epicuticular crystals or films (Buschhaus and
Jetter, 2011). Wax mixtures are typically more complex and variable than cutin, but broadly
consist of homologous series of acyl lipids, derived from very-long-chain fatty acids
(VLCFAs), and a variety of other lipophilic metabolites. The acyl lipids include alkanes,
fatty acids, alcohols and wax esters, the occurrence and abundance of which vary between
species and during ontogeny (Jenks and Ashworth, 1999). Examples of non-acyl wax
compounds are pentacyclic triterpenoids, flavonoids and tocopherols, although their
incidence is even more variable (Jetter et al., 2006).

Fossil evidence suggests that evolution of a cuticle was one of the primary adaptations that
allowed plants to colonize land, with both morphological and chemical evidence of the first
cuticles dating to the late Silurian and early Devonian periods (Edwards, 1993; Niklas,
1980). Over the last four hundred million years substantial diversification in cuticle
morphology and composition has occurred (Jeffree, 2006; Walton, 1990); however, attempts
to correlate this variation with functional characteristics of the cuticle have had mixed
success. On one hand, the self-cleaning of the plant surface by water beading, known as the
lotus effect, was correlated with deposition of epicuticular wax crystals through a survey of
~ 10,000 diverse species (Barthlott and Neinhuis, 1997). On the other hand, the intuitive
correlations between cuticle thickness or wax amount, and cuticular water permeability were
not confirmed by a survey of the cuticles of 23 species (Riederer and Schreiber, 2001).
However, it is important to note that such taxonomic comparisons have largely involved
distantly related species, in the absence of genetic resources, thus limiting molecular
interpretation of cuticular diversity, while molecular models for cuticle biosynthetic
pathways have mostly resulted from studies of mutants in model systems such as arabidopsis
(Kunst and Samuels, 2009; Pollard et al., 2008).

In order to resolve the complex interaction between cuticle structures, functions and
evolution, a promising approach lies in the emerging discipline of ecological and
evolutionary functional genomics (EEFG; Mitchell-Olds et al., 2008). A prerequisite for this
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approach is a set of species with diverse ecological preferences, but with relatively recent
evolutionary divergence, as well as access to the genomic tools of a model organism. For
EEFG studies of the plant cuticle, an excellent model is presented by the wild relatives of
tomato (S. lycopersicum). This group of approximately 14 species, Solanum Sect.
Lycopersicon, evolved from a common ancestor less than seven million years ago and today
is endemic to an array of environments in the northern Andes and Galapagos Islands (Peralta
et al., 2008). Furthermore, they can be crossed with S. lycopersicum and share a high degree
of genomic synteny, allowing the sequenced genome of S. lycopersicum and its associated
genomic resources to be utilized (Mueller et al., 2005). A particularly useful resource for
comparative genetic studies is the availability of several introgression line (IL) populations,
consisting of discrete marker-defined homozygous segments of wild species chromosomes
in a S. lycopersicum background (Prudent et al., 2009; Monforte and Tanksley, 2000; Eshed
and Zamir, 1995).

In addition to the advantages of Solanum Sect. Lycopersicon as an EEFG model system,
tomato is an excellent experimental resource for cuticle biology in its own right. The tomato
fruit cuticle is particularly substantial, enabling detailed morphological analysis by light
microscopy (Buda et al., 2009), as well as easy isolation of a completely intact membrane,
facilitating both biomechanical and chemical analysis. Additionally, the fruit epidermis is
astomatous, greatly simplifying any tests of cuticular permeability. Finally, both the wax and
cutin of tomato fruits have relatively simple compositions (Baker et al., 1982).

To test the hypothesis that Solanum Sect. Lycopersicon represents a valuable EEFG model
system for cuticle biology, we characterized the cuticular morphology and composition of
seven of these species, which were selected to span the range of evolutionary history,
geography and environment in Solanum Sect. Lycopersicon (Figure 1). Previous surveys of
the chemical composition of fruits of Solanum Sect. Lycopersicon have uncovered diversity
in a wide range of metabolites (Schauer, et al. 2005) but neither the chemistry nor the
morphology of fruit cuticles has yet been studied. While the cuticle may, at least in some
plant species, be subject to dynamic adaptation to environmental stresses (Kosma et al.,
2009), for this study we first focused on establishing the static features of the cuticle by
growing all tomato species in the same greenhouse conditions. We present the remarkable
architectural and chemical diversity exhibited by cuticles of the wild relatives of tomato, and
demonstrate the value of existing genetic resources to identify the molecular basis of the
underlying compositional diversity.

Results
Two-dimensional Cuticle Morphology

In order to characterize the structural features of the fruit cuticles, isolated fruit pericarp
cryosections were prepared and observed with differential interference contrast (DIC) light
microscopy (Figure 2a–g). In S. lycopersicum, S. pimpinellifolium and S. cheesmaniae (Fig
2a–c, respectively), a flat surface topology was observed, with well developed anticlinal
pegs (APs) between the epidermal cells. The APs of S. pimpinellifolium are particularly
pronounced: the epidermal cells adopt a nearly conical shape and the anticlinal cell wall is
nearly filled by substantial but tapered pegs (Figure 2b). In the remaining species, a papillate
surface topology was observed, generally leading to the incorporation of the AP structures
into the continuous undulating organization of the cuticle (Figure 2d–g). S. habrochaites has
an intermediate architecture, where the papillate morphology is less pronounced and APs are
present, but only to half the depth of the epidermal cells (Figure 2f). The occurrence of
subepidermal cuticular deposits (SD) correlates with the appearance of APs (Fig 2a–g), with
S. pimpinellifolium exhibiting the greatest degree of cuticle accumulation in both of these
locations (Figure 2b).

Yeats et al. Page 3

Plant J. Author manuscript; available in PMC 2013 August 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To complement the qualitative observations of cuticle structure, the cuticle thickness above
each epidermal cell was quantified (Figure 2h). The two sister species S. habrochaites and S.
pennellii had the thinnest cuticles, each with an average thickness of ~4 µm, while another
set of sister species, S. neorickii and S. chmielewskii, had the thickest cuticles, with an
average thickness of ~7 µm.

Three-dimensional Cuticle Morphology
Since preliminary analysis by DIC microscopy showed considerable diversity in cuticle
structure, cuticle morphology was further investigated for several of the species using three-
dimensional confocal microscopy. Thick sections (30 µm) of fruit pericarp material were
prepared by cryosectioning and stained with Auramine O. A series of optical sections were
collected using a confocal scanning laser microscope and these were assembled into three-
dimensional volume renderings. Using this technique, we were able to clearly observe a
number of unique topological features that were either subtle or invisible by DIC
microscopy.

In S. pimpinellifolium sections, the APs were divided down the middle by more lightly
stained and presumably more polar anticlinal lamellae (AL) (Figure 3b,c). These clearly
outlined the anticlinal boundary of each cell (Figure 3c). In species with papillate surface
topology, this could be seen in striking relief (Figure 3d–k). Moreover, the internal surface
topology (IST) was revealed. S. habrochaites has a particularly rough IST consisting of
fused spherical globules of ~1 µm diameter (Figure 3g, h). In contrast, the IST of S.
neorickii and S. pennellii were relatively smooth (Figure 3e, k).

Scanning electron microscopy (SEM) was used on a subset of species in order to confirm the
structural features that were observed by light and confocal microscopy. While the papillate
surface topology of S. chmielewskii and S. habrochaites was readily visible using SEM, the
internal surface topology could not be observed, nor was it possible to distinguish between
the cuticular membrane and the polysaccharide cell wall (Figure S1).

Cutin chemical analysis
The predominant component of the tomato fruit cuticle is cutin, which typically exceeds the
mass of wax by nearly 100-fold (Baker et al., 1982). Thus, the major lipids stained in our
microscopic analysis corresponded to the cutin polymer. To characterize the cutin in more
detail, the fruit cuticular membranes from each species were enzymatically isolated,
extracted of wax and depolymerized by methanolysis. The resulting methyl esters of cutin
monomers were identified by GC-MS and quantified by GC-FID (Figure 4).

In terms of overall quantity of cutin identified, the chemical analysis generally confirmed
the pattern based on microscopic thickness measurements (Figure 2h). However, a major
exception is S. pimpinellifolium, which exhibits nearly twice the cutin load, while having
nearly the same thickness as S. lycopersicum. This discrepancy is likely accounted for by
the cutin in the thick APs of this species (Figure 2b, Figure 3b, c). Another notable result of
comparing the microscopy images with the chemical analysis is the fact that, while S.
pennellii and S. habrochaites both have similar cuticular thickness and architecture (Figure
2f–h), the cuticle of S. habrochaites is nearly three times as rich in cutin as S. pennellii.

In terms of cutin monomer composition, the most notable trend was the enhanced levels of
9,10,18-trihydroxyoctadecanoic acid in three species. While this monomer accounted for
6%, 10% and 6% of the cutin in S. chmielewskii, S. habrochaites and S. pennellii,
respectively, it corresponded to less than 3% of the cutin in the remaining species (Figure 4).
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Wax chemical analysis
Wax extracts from the isolated cuticles were analyzed by gas chromatography coupled to
mass spectrometry and flame ionization detector (GC-MS and CG-FID). All wild species
accumulated more wax than S. lycopersicum, although only three species (S. chmielewskii,
S. neorickii and S. pennellii) show substantially greater wax levels (Figure 5a). The wax
coverage of S. neorickii is particularly remarkable and exceeds that of S. lycopersicum by
nearly seven-fold.

Considering the wax composition, alkanes represented the majority of identified compounds
in all species (Figure 5a). Within the homologous series of n-alkanes, the typical
predominance of odd chain lengths was observed in all species (Figure 5b), with the most
common chain length being C31, except in S. chmielewskii, S. neorickii and S.
habrochaites, where C29 was the most abundant (Figure 5b). In the same three species, alkyl
esters were detected, accounting for 7–20% of the wax (Figure 5a). Alkyl esters typically
show a chain length distribution favoring even chain lengths (Jetter et al., 2006), but for the
three species where alkyl esters were observed, relatively little even bias was seen (Figure
5c). To further investigate whether the unexpected abundance of odd-chain lengths was due
to contributions from the fatty acid or alcohol moiety, wax extracts from S. neorickii were
fractionated by thin layer chromatography (TLC) and the ester fraction was recovered and
methanolyzed. GC analysis showed the esters to be composed of C16-C28 fatty acids that
were mostly even in chain length, and C22-C30 alcohols of both even and odd chain lengths
(Figure S2).

Across the species, the major non-aliphatic compounds observed were the pentacyclic
triterpenoids, accounting for 1–35% of the total wax, although they could not be detected in
S. pennellii (Figure 5a). The predominant isomers observed were α-amyrin, β-amyrin and δ-
amyrin, with Ψ-taraxasterol and taraxasterol appearing at much lower levels. In S.
habrochaites, β-amyrin was the only pentacyclic triterpenoid that was detected (Figure 5d).

Genetic mapping of cuticle traits using IL populations
As a demonstration of using ILs to genetically map cuticular traits, we focused on
understanding the genetic basis for the absence of non-β-amyrin triterpenoid isomers in S.
habrochaites. We isolated cuticular wax from a collection of 51 S. habrochaites ILs that
collectively cover nearly the entire S. habrochaites genome (Monforte and Tanksley, 2000).
GC analysis revealed that the wax extracts of these lines all had a similar triterpenoid isomer
composition to the S. lycopersicum parent with the exception of line LA3917, the
triterpenoid profile of which consisted almost entirely of β-amyrin (Figure 6a). This line
contains two unique DNA segments on chromosomes 1 and 12 that are not present in any of
the other lines examined. The segment on the end of chromosome 12 includes the tandem
loci SlTTS1 and SlTTS2 that encode the two triterpenoid synthases responsible for
biosynthesis of the entire array of triterpenoid isomers that are observed in S. lycopersicum
(Figure 6b). SlTTS1 specifically synthesizes β-amyrin, while SlTTS2 is a multifunctional
synthase with δ-amyrin as its most abundant product (Figure 6c; Wang et al., 2011).

Discussion
Cuticle Morphology

The microscopic morphology of the fruit cuticle and the underlying epidermal cell layer was
strikingly variable between the seven tomato species examined, despite relatively little
variation in overall cuticle thickness (Figure 2). We observed no association between
climatic factors (e.g. mean annual temperature and precipitation) and cuticular thickness
(Figures 1 and 2), which is consistent with previous results showing no correlation between
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cuticle thickness and water permeability in a survey of taxonomically diverse species
(Riederer and Schreiber, 2001) and a study of tomato mutants with varying degrees of fruit
cutin deficiency (Isaacson et al., 2009).

There is a general trend of a flat rather than undulating cuticle surface in species most
closely related to S. lycopersicum (Figures 2 and 3), which would have a substantial effect
on surface area and cuticular water conductance. For example, measurement of the surface
following the two dimensional contour of the epidermis of S. chmielewskii, rather than the
straight line assumed by approximating the surface area of a sphere, indicates that the
effective surface area is ~50% greater. The effective cuticular transpiration, expressed as the
flux of water across the epidermal surface, would thus be significantly affected by the
cuticular topology on the cellular scale.

Previous studies of quantitative trait loci (QTL) derived from S. chmielewskii identified
several QTL associated with increased or decreased fruit cuticular water permeability
(Prudent et al., 2009). The differences associated with these QTL were on the same order of
magnitude as the ~50% difference in microscopic surface area and the ~200% difference in
wax load that we observed in comparing S. lycopersicum and S. chmielewskii (Figures 2
and 5). It is likely that the variation in cuticular water permeability that was observed,
considering macroscopic surface area, was due to either variation in cuticular morphology,
or wax amount and composition. Along these lines, the previously described Cwp1
genotype, containing a S. habrochaites allele of this gene that is expressed in the S.
lycopersicum background, had enhanced cuticular water permeability that was associated
not with altered cuticle chemistry, but rather with microfissures within the cuticle (Hovav et
al., 2007).

If variation in cuticular morphology were shaped by adaptive responses to environmental
variation, one expectation might be that a lower surface area would be favored in species
endemic to warm and dry environments. Indeed, this trend is observed with all the species
except S. pennellii, which is endemic to regions with the lowest precipitation conditions of
all the species considered, and yet features an undulating cuticle (Figures 1 and 2).
Interestingly, S. pennellii frequently occurs in ‘lomas formations’; mid-elevation fog-zone
locations that have low precipitation but high ambient humidity (Dillon, 1989). Such a
unique climatic condition might explain this anomalous observation. Clearly, many factors
are important for determining cuticular water permeability. Wax composition and amount
are often discussed as principal determinants of cuticular water permeability (Jenks and
Ashworth, 1999) and pubescent surfaces, such as that of S. habrochaites, can also contribute
to the transpirational barrier (Fernández et al., 2011). However, from both a technical and
evolutionary perspective, the microscopic topology of the cuticle surface appears to be an
important factor.

Cutin
The total amount of fruit cutin coverage varied from a low of 175 µg cm−2 in S. pennellii to
a maximum of 950 µg cm−2 in S. pimpinellifolium. There was no association between
climate factors and cutin amount, further suggesting the model that wax, and not cutin, is the
major determinant of cuticular water permeability in tomato fruit (Isaacson et al., 2009;
Leide et al., 2007). In terms of composition, there were few differences between the species,
with the exception of the abundance of 9,10,18-trihydroxy octadecanoic acid, which
accounts for 6–10% of the cutin in S. habrochaites, S. pennellii and S. chmielewskii but less
than 3% of cutin in the other species. This monomer is widely distributed in plant cutins,
and is one of the representative monomers of C18-type cutins (Kolattukudy, 2001).
Radioactive feeding experiments with cis-9-octadecenoic acid have indicated that
biosynthesis of 9,10,18-trihydroxy octadecanoic acid in Spinacia oleracea likely occurs by
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ω-hydroxylation of cis-9-octadecenoic acid followed by introduction of an epoxy group at
the double bond by a cytochrome P450 epoxidase (Croteau and Kolattukudy, 1975a;
Kolattukudy et al., 1973). The resulting compound, 9,10-epoxy-18-hydroxyoctadecanoic
acid is itself a common monomer of some cutin and suberin polymers, and for Malus pumila
it was shown that opening of the epoxide ring to yield 9,10,18-trihydroxy octadecanoic acid
likely occurs through the action of epoxide hydrolase enzymes (Croteau and Kolattukudy,
1975b). It can be assumed that the same enzymatic reactions lead to formation of the
trihydroxy fatty acid monomer found in tomato fruit cutin (Figure 7).

The genes encoding several of the cytochrome P450s involved in cutin biosynthesis have
been identified by studying arabidopsis mutants. The fatty acid ω-hydroxylase activity is
encoded by genes of the CYP86 family (Pinot and Beisson, 2011), while a mid-chain
hydroxylase is encoded by CYP77A6 (Li-Beisson et al., 2009). Biochemical
characterization of another member of the CYP77 family, CYP77A4, showed that, in
addition to possessing a mid-chain hydroxylase activity, the enzyme also has epoxidase
activity on unsaturated substrates (Sauveplane et al., 2009).

Taken together, the current model for the synthesis of C18 mid-chain epoxy and trihydroxy
cutin monomers involves CYP86 catalyzing ω-hydroxylation of an unsaturated substrate
followed by epoxidation catalyzed by CYP77. In the species that we examined here, the
increased prevalence of this pathway (as opposed to C16 monomer biosynthesis) could
potentially occur through an increased C18 desaturase activity, or altered substrate
specificity of the CYP86 ω-hydroxylase (Figure 7). Future work identifying the genetic
basis of this shift to C18 monomers could be interesting as they have a greater potential for
forming dendritic structures that may alter the cutin polymeric structure (Pollard et al.,
2008).

Wax
The most striking observation regarding the cuticular wax of the species examined was the
extremely high abundance of wax in S. neorickii, which was seven-fold higher than in S.
lycopersicum (Figure 5a). It is tempting to draw the intuitive correlation between this
dramatically increased wax accumulation and adaptation to an arid environment. However,
S. neorickii is endemic to cooler and moister environments than the other species studied,
with the exception of the closely related S. chmielewskii (Figure 1c). On the other hand,
desiccating conditions may occur on smaller geographical scales and can depend on factors
such as soil drainage, wind and altitude that are not accounted for when only considering
average precipitation and temperature. Future studies looking at co-occurrence of wax
accumulation and cuticular water permeability QTL could provide new insight into the
functional significance of increased wax accumulation. There is emerging evidence of
genetic programs for enhanced wax production during drought stress (Seo et al., 2011;
Kosma et al., 2009) and constitutive activation of these pathways could be an adaptive
strategy for tolerating persistent water stress.

We observed a correlation between decreasing prevalence of triterpenoids and phylogenetic
distance from S. lycopersicum, with S. pennellii exhibiting no detectable triterpenoids
(Figure 5.) Previous studies of tomato mutants have indicated that triterpenoids do not
contribute to the water barrier properties of a cuticle (Vogg et al., 2004; Leide et al., 2007),
suggesting that aliphatic, rather than triterpenoid, compounds would be favored in species
adapted to arid environments. With the exception of S. pimpinellifolium, which is endemic
to one of the warmer and drier environments, our results might suggest a role for aliphatic
compounds in dry adaptation for some species (Figures 1 and 5), but this has yet to be tested
experimentally.
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Identification of an unusual wax ester profile
The final wax-related trend was the appearance of wax esters in three of the species, S.
chmielewskii, S. neorickii and S. habrochaites. These are typical components of cuticular
wax from many species, but they are not observed in wild type S. lycopersicum (Bauer et
al., 2004a), although the occurrence of a range of wax esters accompanied by depletion of
alkanes was reported in the positional sterile (ps) tomato mutant (Leide et al., 2011). The
wax esters observed here were particularly remarkable for the abundance of odd chain
lengths. Analysis of arabidopsis mutants suggests that the wax ester biosynthesis pathway
depends on two key enzymes. The first, CER4, is a fatty-acid CoA reductase that produces
primary alcohols by reduction of CoA esters of VLCFAs. The second is WSD1, a protein of
the WS/DGAT family that catalyzes the synthesis of wax esters from fatty acid CoA esters
and primary alcohols. Since fatty acid elongation occurs by addition of two-carbon units and
synthesis of alkanes occurs by loss of one carbon, the typical chain length distribution of
acids and primary alcohols is even, while alkanes are predominantly odd in chain length
(Figure 7; Samuels et al., 2009). Following this pattern, as they are typically synthesized
from fatty acids and primary alcohols, esters are typically also even in chain length. The
abundance of odd-numbered esters observed here, despite the typical predominance of odd
alkanes (Figure 5b,c), suggests an alternative biosynthetic route leading to odd-numbered
esters. Analysis of the methanolyzed esters showed that the component responsible for the
predominance of odd chain lengths was the alcohol moiety (Figure S2). Based on the
existing model of wax ester biosynthesis, a relatively simple pathway that can be envisioned
to explain the chain length distribution that we observed is depicted in Figure 7. First,
synthesis of the even-chain length esters occurs through VLCFA reduction, catalyzed by an
ortholog of CER4, followed by acyl transfer catalyzed by an ortholog of WSD1. This series
of reactions is analogous to the known pathway in arabidopsis (Kunst and Samuels, 2009).
The accumulation of esters in the ps mutant of S. lycopersicum (Leide et al., 2011), and the
occurrence of small amounts of primary alcohols in most of the species we examined
(Figure 5a), suggests that these activities are present and that enhanced accumulation of their
products may simply be a matter of variable expression of these enzymes.

The pathway leading to the odd chain length esters would be the same as that outlined
above, except that the odd-chain primary alcohols would be synthesized by an alkane ω-
hydroxylase. While hydroxylation of alkanes to yield secondary alcohols with an odd
number of carbons is known to be catalyzed by CYP96A15 in arabidopsis (Greer et al.,
2007), an enzyme catalyzing ω-hydroxylation of alkanes is not yet known. The Solanum
species provide a potentially excellent system to identify such an activity.

Genetic mapping of cuticle traits and future prospects
As a demonstration of the feasibility of mapping the genes underlying cuticular diversity in
Solanum Sect. Lycopersicon, we selected a qualitative trait that clearly distinguishes S.
habrochaites cuticles from those of S. lycopersicum. Although generally having a lower
abundance of triterpenoids, S. habrochaites completely lacked all triterpenoids other than β-
amyrin (Figure 5a,d). In the ILs that we analyzed, only LA3917 has the phenotype of the
wild parent (Figure 6a). Since the introgressed genomic segments of this IL include the
region on chromosome 12 encoding SlTTS1 and SlTTS2, the two triterpene synthases
responsible for wax triterpenoid biosynthesis in S. lycopersicum, these are promising
candidates for genes underlying this aspect of cuticle diversity (Figure 6b). A simple loss of
function in TTS2, leaving only TTS1 functioning, would result in accumulation of solely β-
amyrin (Figure 6c). Alternatively, since both SlTTS1 and SlTTS2 are very closely related,
SlTTS2 may be undergoing neofunctionalization in terms of product specificity following a
tandem duplication, and S. habrochaites TTS1 and TTS2 may represent the ancestral state of
a β-amyrin specific triterpene synthases. This second hypothesis is supported by the trend
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towards increasing complexity and abundance of triterpenoid isomers with species that are
more closely related to S. lycopersicum (Figure 5d). Resolution of this question would
require biochemical characterization of S. habrochaites TTS1 and TTS2 and will be the
target of future studies.

As previously mentioned, aside from evolutionary adaptation, environmental growth
conditions can have a substantial effect on cuticle properties. Although all plants grown for
the majority of the experiments in this study were grown simultaneously in the same
conditions, we noticed a substantial difference in both the amount of cutin and the thickness
of the cuticle of S. lycopersicum cv. M82, compared with our previous studies (Isaacson et
al., 2009), despite consistency in wax amount (Figure 2h, 4 and 5a). Similarly, although
cuticular thickness is difficult to determine using SEM, the cuticles of plants grown in
greenhouses in Israel for these experiments appear to be more substantial (Figure S1). We
note that in both of these cases, these plants were grown in greenhouses with less
sophisticated temperature control and may have been more stressed than the plants grown
for light microscopy and chemical analysis in the present study. It is also worth noting that
the substantial change in cuticle thickness and amount is similar to that observed with water-
stressed arabidopsis plants (Kosma et al., 2009). In S. lycopersicum, water stress has been
shown to induce leaf wax biosynthesis and decrease cuticular transpiration, although cutin
and fruit were not analyzed (Xu et al., 1995). Taken together, it seems likely that there is an
environmental component to induction of cuticle of biosynthesis in Solanum spp. that
remains to be investigated. These results also suggest that future cuticle studies of wild
species-derived QTL must be carefully designed to control for environmental influence.

An additional consideration is the diversity that may exist between accessions of the same
species. There are more than 1,200 catalogued accessions of Solanum Sect. Lycopersicon
(Moyle, 2008, http://trgr.ucdavis.edu) and their distribution into various subspecies and
species is still being defined (Peralta et al., 2008). In this study we focused on a single
accession of each species, but there is likely value in investigating variation at the accession
level, just as considerable cuticular diversity has been noted between cultivars of S.
lycopersicum (Bauer et al., 2004b).

Here we have shown that there is substantial diversity in the structure and chemical
composition of the fruit cuticles of wild tomato species. Furthermore, despite the diversity,
we have shown that the traits identified may be relatively simple in their genetic bases.
Solanum Sect. Lycopersicon thus hits the ‘sweet spot’ of balancing recent evolutionary
divergence with diversity that is required for future EEFG studies related to the fruit cuticle.
We have shown that a desiccating environment is not likely to be a selective pressure for the
evolution of a thicker fruit cuticle, since there was no association between species being
endemic to arid environments and cuticle thickness. While the evolutionary mechanisms of
other aspects of cuticle chemistry and morphology are still unclear, future genetic
experiments aimed at correlating cuticle or fruit traits, such as water loss and pathogen
resistance, with structural and chemical characteristics, will provide a means of discerning
the complex interactions between cuticle structure and function.

Experimental procedures
Plant material

Seeds for all wild species were obtained from the Tomato Genetics Resource Center (UC
Davis, http://tgrc.ucdavis.edu). For S. lycopersicum, the M82 cultivar was used (LA3475).
The wild species accessions used were: S. pimpinellifolium, LA1589; S. cheesmaniae,
LA0166; S. chmielewskii, LA1028; S. neorickii, LA2133; S. habrochaites, LA0407 and S.
pennellii, LA0716. All species used for light microscopy, confocal microscopy and chemical
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analysis were grown in the same greenhouse in Ithaca, NY under standard conditions. For
SEM experiments, plants were grown in the greenhouse in Bet Dagan, Israel. The ILs were
grown in the summer of 2009 in the field in Freeville, NY. Since the wild parent of the S.
habrochaites ILs is the accession LA1777 (Monforte and Tanksley, 2000), this accession
was also grown in the greenhouse for chemical analysis, which revealed that that there were
no variations in cuticular triterpenoids between accessions (data not shown).

Microscopy
For light microscopy, tomato fruit pericarp tissue was fixed, embedded, cryosectioned, and
post-fixed as described in (Buda et al., 2009). Cryosections (4 µm) were melted on to
VistaVision Histobond slides (VWR, www.vwr.com), dried and stained with Oil Red O
(saturated in 60% isopropanol). Stain preparation and schedule was as described in
Fukumoto and Fujimoto (2002): sections were rinsed with 50% isopropanol, followed by
water, and mounted in water. Images were obtained using differential interference contrast
(DIC) optics on an AxioImager A1 microscope equipped with an EC-Plan NeoFluar 40x/
0.75 objective and an AxioCam Mrc color video camera (Zeiss, www.zeiss.com). For cuticle
thickness measurements, sections were stained with Sudan IV (Buda et al., 2009) and
thickness was determined for each biological replicate, taking the average of 12
measurements (Figure 2). The average and standard error of the five biological replicates
(fruits) is reported. For confocal microscopy and tomography, cryosections (30 µm) of fruit
pericarp tissues were obtained and post-fixed as above, stained for 1 hour in Auramine O
(0.1% w/v in 0.05 M Tris/HCl, pH 6.8) and mounted in water. Confocal microscopy and z-
stack collection was performed as outlined in (Buda et al., 2009). Z-stacks were pre-
processed using LAS-AF v 1.8.2 (Leica, www.leicamicrosystems.com) and Image J (http://
rsbweb.nih.gov) software. Cuticle image stacks were then assembled into 3D volume
renderings using OsiriX software (Rosset et al., 2004). SEM microscopy was performed as
described in Hovav et al., (2007).

Cuticle isolation
Mature fruits were harvested and three orthogonal diameters of each fruit were determined
using calipers. The average of the three diameters was used to calculate the surface area,
assuming a perfect sphere of this average diameter. For each biological replicate, 5–10 fruits
were combined and manually dissected to remove the seeds and most of the pericarp.
Cuticles were then isolated by the enzymatic method as previously described (Isaacson et
al., 2009).

Wax chemical analysis
Dried cuticles were spiked with tetracosane as an internal standard and extracted three times
with a small volume of chloroform. The extracts were pooled and an aliquot was dried by
heating under a gentle stream of nitrogen. The wax mixture was derivatized and subjected to
GC analysis as previously described (Wang et al., 2011) with the following exceptions: GC-
FID quantitative analysis was performed on a model 6850 gas chromatograph (Agilent,
www.agilent.com), while GC-MS qualitative analysis was as previously described. Since
wax extracts from enzymatically isolated cuticles typically contain C16 and C18 fatty acids
and other lipophilic contaminants absorbed from cellular debris during cuticle isolation
(Schönherr and Riederer, 1986), quantification only considered peaks eluting after the C27
n-alkane (~14 min).

To address the composition of wax esters observed in some species, the S. neorickii wax
extract was fractionated by K6 silica gel TLC (Whatman, www.whatman.com) developed
with chloroform. The ester band was recovered and eluted with chloroform. Methanolysis
with sodium methoxide and subsequent derivatization with BSTFA/pyridine yielded a
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mixture of fatty alcohol TMS ethers and fatty acid methyl esters, which were identified by
GC-MS and quantified by GC-FID as previously described.

Cutin chemical analysis
A protocol based on Bonaventure et al. (2004) was used for cutin analysis with some
modifications. The dewaxed cuticular membranes were dried overnight and placed in a glass
vial along with ω-pentadecalactone and methyl heptadecanoate as internal standards. A 10
mL reaction mixture, consisting of 6 mL methanol, 1.5 mL methyl acetate and 2.5 mL of
30% sodium methoxide in methanol, was added to each sample. The vials were capped and
heated to 60˚C for 2 hours. After cooling to room temperature, 20 mL of diethyl ether and
2.5 mL of glacial acetic acid were added. To this, 5 mL of aqueous buffer (0.9% NaCl, 100
mM Tris pH 8.0) was added and the tubes were mixed thoroughly by vortexing. The phases
were separated by centrifugation (2 min at 1500 x g) and an aliquot of the upper organic
phase was removed. This was combined with an equal volume of 0.9% NaCl, vortexed and
centrifuged again. An aliquot of the organic upper phase was taken and transferred to a
conical reaction vial. An equal volume of 2,2-dimethoxypropane was added to dry the
sample and the vial was capped and incubated at 50˚C for 15 minutes. The solvent was
evaporated by heating under a gentle stream of nitrogen before derivatization of the sample
with 10 µL BSTFA and 10 µL pyridine. The reaction was heated for 10 minutes at 90˚C and
dried again under nitrogen. The sample, resuspended in chloroform, was then subjected to
GC-FID analysis as described for wax analysis. Compounds were identified by running the
same samples on GC-MS and comparison to reference spectra from Holloway (1982).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AL Anticlinal lamellae

AP Anticlinal peg

CR Cellular remnants

DIC Differential interference contrast

EEFG Ecological and evolutionary functional genomics

GC-FID Gas chromatography-flame ionization detector

GC-MS Gas chromatography-mass spectrometry

IL Introgression line

IST Internal surface topology
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N Nucleus

nd Not detected

ps Positional sterile

QTL Quantitative trait loci

SD Subepidermal cuticular deposit

T Thickness

TLC Thin layer chromatography
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Figure 1. Phylogenetic and ecological context of the species in this study
(a) Phylogenetic tree of the seven Solanum species considered here, based on Rodriguez et
al. 2009. (b) Geographical distribution of the six wild species based on the occurrence
records of the Tomato Genetic Resource Center (TGRC, UC Davis, http://tgrc.ucdavis.edu).
(c) Climate space plot of each species (mean and 95% CI) based on records for known
geographical locations of each species (TGRC), using methods described in Nakazato et al.
(2010).
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Figure 2. Two-dimensional cuticle morphology
(a–g) Light micrographs of sections of the fruit surface of tomato (S. lycopersicum) and six
wild relatives, showing the cuticle stained with Oil red O. Scale bars = 50 µm. T, Thickness;
SD, Subepidermal cuticular deposit; AP, Anticlinal peg. The species represented in each
panel is shown in panel H of this figure. (h) Cuticle thickness measurements. Measurements
were made above the center of each epidermal cell as indicated by bars labeled “T” in panels
A–G. Error bars are S.E. for n=5.
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Figure 3. Three-dimensional cuticle morphology
Three-dimensional volume renderings constructed from confocal Z-stacks. (a) S.
lycopersicum. (b–c) S. pimpinellifolium. (d–e) S. neorickii. (f–h) S. habrochaites. (i–k) S.
pennellii. AP, Anticlinal peg; SD, Subepidermal cuticular deposit; AL, Anticlinal lamellae;
N, Nucleus; IST, Internal surface topology; CR, Cellular remnants.
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Figure 4. Cutin chemical composition
Monomer composition of cutin from fruit cuticles of various Solanum species. Error bars are
S.E. for n=3.
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Figure 5. Wax chemical composition
(a) Total wax and compound class coverage for each species. (b) n-Alkane chain length
distribution for each species. The number of carbons is indicated below. (c) Alkyl ester
chain length distribution for the three species exhibiting this compound class. The number of
carbons is indicated below. (d) Triterpenoid isomer distribution for the six species where
triterpenoids were observed. nd, Not detected. Error bars are S.E. for n=3.
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Figure 6. Genetic mapping of α- and δ-amyrin synthesis
(a) Relative contribution of triterpenoid isomers to the total cuticular triterpenoids for 51 S.
habrochaites introgression lines in a S. lycopersicum background. LA3917 (indicated by *)
had no detectable α- or δ-amyrin. (b) The genetic architecture of LA3917. The introgressed
segments surrounding the markers TG59 and TG180 are uniquely represented in this line
(shaded in red). The latter segment contains the tandem loci SlTTS1 and SlTTS2 that encode
the two triterpene synthases of S. lycopersicum. (c) The isomer specificity of the two
triterpene synthases of S. lycopersicum, SlTTS1 and SlTTS2. SlTTS1 synthesizes β-amyrin
exclusively while SlTTS2 synthesizes primarily δ-amyrin and lesser amounts of α- and β-
amyrin.
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Figure 7. Biosynthesis of acyl lipids found in the cuticles of Solanum spp
Proposed synthesis pathways of lipid classes not found in S. lycopersicum are shown with
dashed lines. For simplicity, coenzyme A is omitted from the diagram. FAE, fatty acid
elongase; VLCFA, very long chain fatty acid.
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