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The thick cuticle covering and embedding the epidermal cells of tomato (Solanum lycopersicum) fruit acts not only as a protective
barrier against pathogens and water loss but also influences quality traits such as brightness and postharvest shelf-life. In a
recent study, we screened a mutant collection of the miniature tomato cultivar Micro-Tom and isolated several glossy fruit
mutants in which the abundance of cutin, the polyester component of the cuticle, was strongly reduced. We employed a newly
developed mapping-by-sequencing strategy to identify the causal mutation underlying the cutin deficiency in a mutant
thereafter named gpat6-a (for glycerol-3-phosphate acyltransferase6). To this end, a backcross population (BC1F2) segregating for
the glossy trait was phenotyped. Individuals displaying either a wild-type or a glossy fruit trait were then pooled into bulked
populations and submitted to whole-genome sequencing prior to mutation frequency analysis. This revealed that the causal
point mutation in the gpat6-a mutant introduces a charged amino acid adjacent to the active site of a GPAT6 enzyme. We further
showed that this mutation completely abolished the GPAT activity of the recombinant protein. The gpat6-a mutant showed
perturbed pollen formation but, unlike a gpat6 mutant of Arabidopsis (Arabidopsis thaliana), was not male sterile. The most
striking phenotype was observed in the mutant fruit, where cuticle thickness, composition, and properties were altered. RNA
sequencing analysis highlighted the main processes and pathways that were affected by the mutation at the transcriptional level,
which included those associated with lipid, secondary metabolite, and cell wall biosynthesis.

The cuticle, which serves as a barrier protecting aerial
plant organs, is localized on the outer face of primary
cell walls of epidermal cells, although in some cases it

can extend through the apoplast of additional under-
lying cell layers. It is composed of cutin, a polyester of
glycerol, hydroxy, and epoxy fatty acids, in addition to
a range of waxes. In tomato (Solanum lycopersicum),
as in many species, the main cutin monomers are
C16-based fatty acids (C16 dihydroxy fatty acids, C16
v-hydroxy fatty acids, and C16 dicarboxylic acids;
Mintz-Oron et al., 2008; Isaacson et al., 2009; Girard
et al., 2012; Petit et al., 2014). Following their synthesis
in the plastids, long-chain fatty acids are transported to
the endoplasmic reticulum, where they undergo a se-
ries of modifications, including activation to CoA thi-
oesters by long-chain acyl-CoA synthetases (LACS),
oxidation by cytochrome P450-dependent fatty acid
oxidases (CYP), and esterification to glycerol-based
acceptor by glycerol-3-phosphate acyltransferase (GPAT)
enzymes to produce acyl glycerols (Li-Beisson et al., 2013).
In Arabidopsis (Arabidopsis thaliana), the bifunctional
acyltransferase and phosphatase activities of GPAT4
and GPAT6 mainly lead to the production of sn-2 mon-
oacylglycerols (MAGs; Yang et al., 2010). In addition, a
recent study from Yang et al. (2012) provided evidence
that acyl transfer to glycerol, catalyzed by GPAT, takes
place after the oxidation of acyl chains. Following their
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synthesis in the endoplasmic reticulum, cutin monomers
are transported across the plasmalemma and polysac-
charide cell wall to the hydrophobic cuticle layer. The
monomers are then assembled into a network of linear
and branched cutin polymers (Chatterjee et al., 2016;
Philippe et al., 2016) by cutin synthases (Girard et al.,
2012; Yeats et al., 2012b; Fich et al., 2016).
The cutin matrix is a polyester of polyhydroxy fatty

acids and fatty alcohols with varying amounts of phe-
nolic compounds (ferulic, p-coumaric, and cinnamic
acids) depending on the species. Cutinmay be bound to
cell wall polysaccharides; however, the nature of this
hypothetical linkage(s) and the coordination of the
synthesis of both types of polymers during organ
growth are poorly understood (Segado et al., 2016).
The cutin matrix is filled with intracuticular waxes and
also covered with a thin layer of epicuticular waxes
(Nawrath, 2006; Buschhaus and Jetter, 2011). Collec-
tively, the wax fraction is typically a complex mixture
composed of derivatives of very-long-chain fatty acids,
mainly alkanes and alcohols, but it may also include
various secondary metabolites, such as the triterpenol
compounds amyrins, flavonoids, and sterols (Bernard
and Joubès, 2013). The synthesis of cuticle is tightly
coordinated with developmental processes, such as the
formation of epidermal cells during plant and fruit
growth (Javelle et al., 2011; Lashbrooke et al., 2015).
Environmental cues also may affect cuticle formation,
as is the case with drought stress triggering changes in
the cuticle via abscisic acid signaling (Kosma et al.,
2009). The coordination of the various biosynthetic
pathways required to build the cuticle and to impart its
specific properties occurs at various levels (Hen-Avivi
et al., 2014). For example, several transcription factors
(TFs) that regulate cuticle formation have been identi-
fied. The first characterized example from Arabidopsis
was WIN1/SHN1, a member of the AP2/ERF domain
family (Aharoni et al., 2004; Broun et al., 2004). Since
then, many TFs belonging to several families (AP2/
ERF, DREB/CBF, MYB, HD-Zip IV, and WW domain
proteins) have been identified in various plant species,
including those that regulate cuticle formation in fleshy
fruits (Borisjuk et al., 2014; Hen-Avivi et al., 2014).
Further studies have revealed the identity of target
genes of these TFs, most of which are genes involved in
fatty acid, phenylpropanoid, and flavonoidmetabolism
(Adato et al., 2009; Lashbrooke et al., 2015).
Like many fleshy fruits, tomato fruits are covered by

a thick astomatous cuticle that fulfills various functions,
including preventing water loss and resisting pathogen
infection. It also influences commercially important
characteristics of tomato fruit, such as susceptibility to
fruit cracking, visual appearance, and postharvest shelf-
life (Martin andRose, 2014). Since the tomato fruit cuticle
is so thick and easy to isolate, it has emerged as a model
for studying cuticle formation and properties. In recent
years, new insights into the regulation, synthesis, as-
sembly, structure, and properties of the cuticle have
been obtained using natural (Nadakuduti et al., 2012)
or artificially induced genetic variability available in

cultivated tomato (Adato et al., 2009; Isaacson et al.,
2009; Shi et al., 2013; Petit et al., 2014) and in related
wild species (Hovav et al., 2007; Yeats et al., 2012a).
However, such studies also have raised many new
questions, and many aspects of tomato fruit cuticle
formation remain poorly characterized.

To better understand fruit cuticle formation, we re-
cently isolated several cuticle mutants from an ethyl
methanesulfonate (EMS)-mutagenized mutant collec-
tion in the miniature cvMicro-Tom genetic background
and further identified bymap-based cloning amutation
in a cutin synthase gene that is responsible for a glossy
fruit phenotype (Petit et al., 2014). However, crossing
the mutant line with a genetically distant genotype, as
required for map-based cloning, introduces a large
genetic diversity and, consequently, large phenotypic
variability. Since cuticle-related traits are under com-
plex genetic control, the phenotypic analysis of segre-
gating populations used for mapping such traits can
be extremely challenging. However, given the recent
generation of a high-quality reference tomato genome
sequence (Tomato Genome Consortium, 2012), the se-
quencing of cv Micro-Tom (Kobayashi et al., 2014),
and recent advances in deep-sequencing technolo-
gies, other strategies based on whole-genome se-
quencing are now available. Such strategies, called
here mapping-by-sequencing, as described in a recent
review (Schneeberger, 2014), have been used success-
fully in the model species Arabidopsis (Schneeberger
et al., 2009) and rice (Oryza sativa; Abe et al., 2012), in
which they allowed the identification of the causal
mutations underlying remarkable mutant traits. The
mapping-by-sequencing approach is based on the
comparative analysis of the distribution along the
genome of single-nucleotide polymorphism (SNP)
frequencies in segregating plant bulked populations
displaying either the mutant trait or the wild-type
trait. The mutant and wild-type parental lines are
first crossed in order to generate a segregating pop-
ulation, and since both parents share the same
genetic background, with the exception of the EMS-
induced polymorphisms, this approach facilitates the
study of complex mutant traits.

Here, we demonstrate that the large genetic and
phenotypic diversity generated by EMSmutagenesis of
tomato can be assessed through the mapping-by-
sequencing approach to rapidly identify the causal
mutation underlying a specific phenotypic trait. Using
this strategy, we established that a point mutation in a
GPAT gene (SlGPAT6) is responsible for a previously
identified glossy mutation that affects fruit brightness
(Petit et al., 2014). Assays using wild-type and mutant
recombinant SlGPAT6 proteins produced in yeast (Sac-
charomyces cerevisiae), together with various chemically
synthesized oxidized C16 fatty acyl-CoAs, demonstrated
that GPAT activity is abolished in the DSlGPAT6 variant.
Functional characterization of the mutant further
showed that the deficiency in SlGPAT6 activity affects
pollen viability, as was reported to be the case in an
analogous study of Arabidopsis (Li et al., 2012), but has
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no effect on fruit set. The most striking phenotype was
observed in the mutant fruit, where cuticle thickness,
composition, and properties were altered. Remarkably,
mutation of this single structural gene, upstream in the
cutin biosynthetic pathway, resulted in major changes
in exocarp gene expression associated with not only
lipid biosynthesis but also other cuticle-related path-
ways (phenolics and flavonoids) and those related to
cell wall synthesis and modeling.

RESULTS

Identification of the Causal Mutation Underlying a Fruit
Brightness Mutant via Mapping-by-Sequencing

In a previous study, we isolated from an EMS-
mutagenized tomatomutant population (cvMicro-Tom)
a set of fruit brightness mutants (named glossymutants)
with abnormal fruit cutin amounts/compositions (Petit
et al., 2014). In this study, we focused on one of these
glossy mutants (line P23F12), which exhibits enhanced
fruit brightness and a reduced cutin load. Genetic
mapping of the mutant traits (cuticle permeability and
fruit brightness) highlighted a large genomic region
(approximately 60 centimorgans) encompassing the
centromeric region and comprising 488 annotated
genes (Petit et al., 2014). To facilitate the identification
of the mutated gene, we adopted a strategy involving
whole-genome sequencing of tomato bulked pools
of individuals from a segregating BC1F2 population,
hereafter referred to as the mapping-by-sequencing
approach (Schneeberger, 2014). A general overview
of this approach is shown in Supplemental Figure S1.
Briefly, once a recessive mutation controlling a phe-
notypic trait has been identified in a tomato mutant
population (e.g. a glossy fruit trait), the mutant line
is crossed with the wild-type (nonmutagenized) pa-
rental line in order to produce a BC1F2 population,
which segregates for both the mutant trait (25% of
the plants display the mutant phenotype and 75% of
the plants display the wild-type phenotype) and the
mutant alleles. Plants from the BC1F2 population
showing either phenotype are then pooled to consti-
tute bulks that are submitted to whole-genome se-
quencing. Sequencing reads are mapped onto the
reference tomato genome (TomatoGenomeConsortium,
2012), allelic variants are detected, and their frequency in
both bulks is analyzed in order to detect the causal mu-
tation. In the mutant bulk, because all BC1F2 individuals
exhibiting the mutant phenotype are homozygous for
the mutation, the allelic frequency (AF) of the causal
mutation should, in principal, be 1. Frequencies of other
allelic variants will be either 0.5, AF , 1 for mutations
in linkage disequilibrium with the causal mutation or
AF , 0.5 for unrelated mutations. Importantly, the
mutant line does not need to undergo successive
backcrosses to eliminate SNPs or insertions/deletions
(INDELs) unrelated to the trait that is being targeted.
Indeed, the mutagenesis-induced SNPs are later used
as polymorphic markers to map the causal mutation. It

has been reported that a typical cv Micro-Tom EMS
mutant plant typically carries 2,000 to 4,000 SNPs
(Shirasawa et al., 2016).

We applied this strategy to identify the causal mu-
tation in the P23F12 glossymutant line (Petit et al., 2014).
As shown in Figure 1A, the homozygous glossymutant
line was back-crossed (BC1) with the wild-type parental
line genotype used for generating the EMS mutant
collection. The BC1F1 hybrid plant, which displayed a
wild-type-like phenotype (dull/normal fruit) because
the glossy mutation is recessive, was then selfed. The
resulting BC1F2 segregating population (343 plants)
was analyzed for the glossy-fruit phenotype. Two
bulked pools of plants displaying either glossy fruit or
wild-type-like fruit phenotypes were then created, each
of which had 80 individuals. Pooled genomic DNA
from each bulkwas then sequenced to a tomato genome
coverage depth of 293 to 373, the trimmed sequences
were mapped onto the tomato reference genome
(Supplemental Table S1), and EMS mutation variants
were filtered to exclude natural polymorphisms found
in cvMicro-Tom (Kobayashi et al., 2014) compared with
the cv Heinz 1706 reference genome (Supplemental
Table S2). Analysis of the allelic variant frequencies in
the two bulks led to the identification of chromosome 9
as the genome region carrying the causal mutation, since
it displayed high mutant AFs (AF . 0.95) in the glossy
bulk andmuch lower frequencies (AF, 0.4) in the wild-
type-like bulk (Fig. 1B; Supplemental Table S3). Analysis
of the putative effects of the mutations on protein func-
tionality highlighted three genes carrying mutations in
exons (Table I). One was a synonymous mutation, and
the two others were missense mutations. Among these,
one affected an annotated AMP deaminase, while
the second affected a predicted GPAT (SlGPAT; Sol-
yc09g014350) that was located in the expected chro-
mosomal region according to AF analysis. Given the
established function of GPAT proteins in lipid poly-
ester biosynthesis (Li et al., 2007), we considered the
latter to be themost likely candidate. To unequivocally
associate the gpat mutation with the glossy mutant
trait, and to exclude any other mutation, such as the
mutation in AMP deaminase, we further analyzed six
recombinant plants selected from the BC1F2 progeny.
To this end, we used the EMS-induced SNPs sur-
rounding the GPAT gene (Fig. 1C) as genetic markers.
This analysis clearly indicated that a single G613A
nucleotide transition in the first exon leading to a
G163R nonsynonymous mutation was responsible for
the glossy fruit phenotype (Fig. 1D).

The glossy Mutation Affects a Functional Homolog of
GPAT6, Whose Activity Is Abolished in the DSlGPAT6
Mutated Variant

Phylogenetic analysis of tomato and Arabidopsis
GPAT protein sequences indicated that the tomato
GPAT protein encoded by the Solyc09g014350 gene is
homologous to Arabidopsis AtGPAT4, AtGPAT6, and
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AtGPAT8 (Fig. 2), with the closest homolog being
AtGPAT6. Accordingly, the SlGPAT6 glossy mutant
(P23F12 line) is hereafter referred to as gpat6-a. We
further investigated the effect of mutation position and
its possible consequences on SlGPAT6 activity. As
shown in Figure 3A, the G163Rmutation is predicted to
result in an amino acid substitution at position 163 in
motif III, one of the two motifs (with motif I) that
is known to be required for phosphatase activity.

Specifically, the G163R mutation thus introduces an
additional charged amino acid with a long side chain
(Arg-163) adjacent to the Lys-176 required for phos-
phatase activity of Arabidopsis AtGPAT4 andAtGPAT6
(Yang et al., 2010). A structural model of SlGPAT6, based
on theM. jannaschii phospho-Ser phosphatase template
and restricted to the N-terminal 17 to 207 amino acid
region, was generated in silico (Fig. 3B). Analysis of the
predicted structure revealed that the G-to-R amino acid

Figure 1. Mapping-by-sequencing identification of the gpat6-amutation responsible for the glossy fruit phenotype. A, The wild-
type (WT) parental line was crossed with the glossy mutant. The BC1F2 progeny (343 plants) was screened for glossy fruits (ap-
proximately 25% of the plants) and normal/dull fruits (approximately 75% of the plants) to constitute the wild-type-like and the
glossy bulks (80 individuals each). B, Variant calling frequency analysis after sequencing the wild-type-like and glossy bulks.
Variations in SNP frequencies along the 12 tomato chromosomes are shown using a 20-EMS-mutations sliding window for the
wild-type-like bulk (red line) and the glossy bulk (blue line). C, Progeny testing of BC1F2 recombinant plants. Vertical bars indicate
the nucleotide positions of SNP markers. The numbers between markers indicate the number of recombinant plants. The red and
blue lines represent wild-type-like and glossy homozygous chromosomal segments, respectively. The two haplotypes per indi-
vidual are represented. d = dull, n = normal, and g = glossy phenotypes. D, A single nucleotide transition, G613A, in the Sol-
yc09g14350 first exon sequence led to the nonsynonymous mutation G163R.

Table I. Annotation of the high-scoring causal mutations identified on chromosome 9 for the glossy fruit mutant

Filtered EMS mutations were annotated using SnpEff version 4.1 (Cingolani et al., 2012) from build release SL2.50 available on the SGN Web site
(http://solgenomics.net). Two EMS missense mutations (mutations at positions 5,902,976 and 6,873,436 on chromosome 9) located in exonic regions
may affect protein function. An additional mutation at position 35,265,019 causes a synonymous amino acid change in an exonic region.

EMS Position Mutation Read Depth Gene Position Mutation Type Tomato Gene Identifier Gene Annotation

5,902,976 C to T 28 Exonic Missense (G to R) Solyc09g014350 GPAT6
6,873,436 C to T 21 Exonic Missense (S to F) Solyc09g014770 AMP deaminase
35,265,019 G to A 21 Exonic Synonymous (L to L) Solyc09g050010 Retrotransposon gag protein
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substitution at position 163 is close to the cluster of
residues that are essential for the catalytic activity and
Mg2+ binding of GPAT6 (Yang et al., 2010). We inferred
from this observation that the G163Rmutation in gpat6-
amight confer a loss of SlGPAT6-mediated GPAT activity.

To test this hypothesis, complementary DNAs
(cDNAs) encoding the SlGPAT6 wild-type protein and
the mutated variant DSlGPAT6 carrying the G163R mu-
tation were expressed in a yeast (Saccharomyces cerevisiae)
gat1D mutant strain in which expression of the major
glycerol-3-acyltransferase, GAT1, has been knocked out
(Athenstaedt et al., 1999). Microsomes containing re-
combinant SlGPAT6 and DSlGPAT6 proteins were then
prepared from the transformed gat1D mutant yeast lines
as well as from a line transformed with an empty vector
as a control. The principal putative substrate of SlGPAT6
is 9(10),16-dihydroxyhexadecanoic acid (C16:0 diOH),
the major cutin monomer present in tomato fruit cuticles
(Mintz-Oron et al., 2008; Petit et al., 2014). Since this
substrate is not commercially available, it was prepared
from tomato cuticle extracts using a method adapted
from Kawaguchi et al. (1981). Fatty acid methyl esters
were first obtained by depolymerization of cutin derived
from fresh tomato fruit peel. The C16:0 diOH methyl

ester was then purified using thin-layer chromatography
(TLC), saponified, and esterified to CoA. The same acti-
vation procedure was conducted with commercially
available hexadecanoic acid (C16:0), 16-hydroxyhex-
adecanoic acid (C16:0 vOH), and hexadecane-1,16-dioic
acid (C16:0 DCA). These activated acyl-CoAs were used
as substrates in enzymatic assays of recombinant wild-
type and variant SlGPAT microsomes, measuring the
incorporation of 14C, derived from [14C]G3P, into the
acylglycerol groups.

Microsomes from the gat1Dgat2D double knockout
yeast strain rescued by GAT1 overexpression and
supplied with hexadecanoic acid-CoA produced lyso-
phosphatidic acid (LPA), phosphatidic acid (PA),
MAG, diacylglycerol (DAG), and lower amounts of
triacylglycerol (TAG; Supplemental Fig. S2A). The
single knockout mutant gat1D transformed with the
empty vector control and supplied with C16:0-CoA
synthesized PA but also low amounts of LPA, MAG,
DAG, and TAG (Supplemental Fig. S2B). These results
indicate that the weak activity of the second yeast GAT,
GAT2, present in the gat1D yeast mutant, is sufficient
for the production of low amounts of MAG. Micro-
somes prepared from the yeast gat1Dmutant expressing

Figure 2. Neighbor-joining phylogenetic
tree of the amino acid sequences of GPAT
identified from Arabidopsis and tomato
(MEGA 6.0; Tamura et al., 2013). The black
box surrounds the tomato SlGPAT6 gene
(Solyc09g14350).
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tomato SlGPAT6 were also able to synthesize LPA, PA,
MAG, DAG, and TAG (Supplemental Fig. S2C). How-
ever, MAG accumulation was much higher than that
observed in microsomes from the empty vector con-
trol line (Supplemental Fig. S2B), demonstrating that
wild-type SlGPAT6 has the dual acyltransferase and
phosphatase activities expected from a GPAT enzyme
involved in cutin monomer biosynthesis (Yang et al.,
2010, 2012).
We next assessed SlGPAT6 substrate specificity

and the effect of the G163R mutation on its activity.
SlGPAT6 was observed to use not only C16:0-CoA as a
substrate to produce MAG but also C16:0 vOH-CoA,
C16:0 DCA-CoA, and C16:0 diOH-CoA (Fig. 4A). This
is noteworthy because C16:0 diOH is the most abun-
dant cutin monomer in tomato fruit and yet, to date,
GPAT activity has not been demonstrated with this
natural substrate. This activity was absent in the
DSlGPAT6 variant, regardless of the substrate used
(Fig. 4), indicating that the G163R mutation confers a
loss of SlGPAT6 enzyme function.

The Fruit Cuticle of the gpat6-a Mutant Has Reduced
Levels of C16 Cutin Monomers

In order to investigate how the loss of SlGPAT6 ac-
tivity affects cuticle composition, we analyzed the wax
and cutin constituents of cuticles from red ripe stage
fruits (approximately 45 DPA). No differences were
observed in total wax load between wild-type and
gpat6-a fruits, but differences in wax composition were
apparent (Table II), such as increased or decreased
levels of several minor C25 to C30 alkanes in the gpat6-a
mutant. Since both even- and odd-numbered alkanes
displayed similar trends, these variations were likely
independent of the alkane biosynthetic pathways. The
most striking wax compositional change in the gpat6-a
mutant was an approximately 5-fold increase in d- and
a-amyrin levels and to a lesser extent in b-amyrin
levels. In contrast to waxes, the total cutin load in gpat6-a
was reduced by almost 3-fold, from 315 to 111 mg cm22

(Table III). This corresponded to an approximately
3-fold drop in the amount of C16:0 diOH. In addition,

Figure 3. Mutation positions in the DSlGPAT6 protein. A, Protein sequence alignment of Arabidopsis AtGPAT6, the tomato
DSlGPAT6 variant, and the Methanococcus jannaschii phospho-Ser phosphatase (Mj-PSP). Black boxes show residues required
for PSP activity in motifs I and III, according to Yang et al. (2010). The G163R mutation is indicated as underlined boldface red
text. B, In silico DGPAT6 modeling based on Protein Data Bank structure 1L7P, restricted to amino acid positions 17 to 207.
Critical residues frommotifs I and III are indicated in green for D/K amino acids and in blue for other amino acids from canonical
motifs. The position of the mutation is indicated in red.
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differences in the levels of several other major C16
cutin monomers were observed, including C16:0 DCA
and C16:0 DCA 9(10) OH (approximately 3- to 4-fold
reduction in gpat6-a) as well as C16:0 vOH and C16:0
vOH 10 oxo (up to a 10-fold reduction in gpat6-a).

The gpat6-aMutant Has Abnormal Fruit Cuticle Thickness
and Properties

According to digital expression data for SlGPAT6
(Solyc09g014350) available from the BAR database

(http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.
cgi), the gene is preferentially expressed in repro-
ductive organs and, more specifically, in the un-
opened flower and the young developing tomato
fruit (Supplemental Fig. S3). The Arabidopsis ho-
molog AtGPAT6 also is preferentially expressed in
the inflorescences, and its loss of expression causes
reduced fertility (Li-Beisson et al., 2009; Li et al., 2012).
Consistent with these findings, the whole-plant and
leaf phenotypes from the tomato gpat6-a mutant
showed no differences compared with the wild
type (Fig. 5, A and B). In contrast to Arabidopsis

Figure 4. SlGPAT6 in vitro assays in yeast, in the presence of [14C]G3P. A, The substrates are CoA-activated hexadecanoic acid
(C16:0-CoA), 16-OH hexadecanoic acid (C16:0 vOH-CoA), hexadecane-1,16 dioic acid (C16:0 DCA-CoA), and 9(10),16 diOH
hexadecanoic acid (C16:0 diOH-CoA). The GPAT6- and DGPAT6-expressing yeast strains were grown for 24 h at 30˚C. After
preparation of microsomes and activated substrates, enzyme activities were assayed three times using independent microsome
and substrate preparations. Reactions were stopped by adding HClO4, lipids were extracted, and the organic phase was analyzed
by TLC. B, MAG signals were quantified using ImageQuant TL (GE Healthcare Life Sciences). The activity of the wild-type
SlGPAT6 was arbitrarily set at 100. Values are means 6 SD of three independent experiments. Asterisks indicate significant dif-
ferences from the wild-type value (Student’s t test, P , 0.01).
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AtGPAT6 knockout plants (Li-Beisson et al., 2009),
no abnormal flowers displaying organ fusion were
observed in gpat6-a; however, stamen elongation
was reduced in the tomato gpat6-a mutant (Fig. 5C).
Examination of the anthers revealed that the pollen
sacs of gpat6-a had fewer pollen grains than those

of the mutant (Fig. 5, E and H). In addition, most
mutant pollen grains were small, shrunken, and had
an abnormal shape (Fig. 5, F and I), and pollen via-
bility was reduced by approximately 4-fold in the
mutant (Fig. 5, G and J). However, the reduced
fertility in the gpat6-a mutant had no consequences

Table II. Wax composition of the fruit cuticles from wild-type and gpat6-a mutant plants

Mean values (mg cm22 3 10) of each compound are given with SD (n = 3). The percentage of total wax
load is indicated for individual compounds. Unidentified compounds are not included. Letters indicate
significant differences from the wild-type composition (Student’s t test: b, P , 0.05; and a, P , 0.01).

Composition Classification
Wild Type

Percentage
gpat6-a

Percentage Significance
Mean 6 SD Mean 6 SD

Fatty acids C16 0.69 6 0.24 1.2 0.64 6 0.05 1.2
C18 0.23 6 0.14 0.4 0.40 6 0.03 0.8
C24 1.84 6 0.08 3.1 0.44 6 0.19 0.9 a

Alkanes C25 0.95 6 0.09 1.6 0.15 6 0.04 0.3 a
C27 7.11 6 0.58 12.1 1.38 6 0.22 2.6 a
C28 0.89 6 0.22 1.5 0.11 6 0.02 0.2 a
C29 3.66 6 0.50 6.3 7.11 6 1.73 13.6 b
C30 1.94 6 0.09 3.3 2.33 6 0.15 4.5 b
C31 13.25 6 1.94 22.7 16.22 6 3.54 31.2
C32 2.35 6 0.61 4.0 1.30 6 0.34 2.5
C33 3.40 6 1.09 5.8 1.81 6 0.43 3.5
C35 0.16 6 0.06 0.3 0.30 6 0.03 0.6 b

iso C29 0.16 6 0.06 0.3 0.20 6 0.07 0.4
iso C30 0.25 6 0.02 04 0.26 6 0.02 0.5
iso C31 2.36 6 0.53 4.0 1.56 6 0.24 3.0
iso C32 0.32 6 0.06 0.5 0.21 6 0.11 0.4
iso C33 0.58 6 0.37 1.0 0.24 6 0.08 0.5

ante iso C29 4.03 6 1.33 6.9 2.59 6 0.38 5.0
ante iso C31 0.19 6 0.06 0.3 0.11 6 0.02 0.2

Amyrins d 1.01 6 0.13 1.7 5.87 6 0.50 11.3 a
b 1.78 6 0.34 3.0 2.85 6 0.29 5.5 b
a 0.58 6 0.07 1.0 2.86 6 0.25 5.5 a

Lupeol 0.17 6 0.05 0.3 0.28 6 0.17 0.5
Multiflorenol 0.16 6 0.06 0.3 0.27 6 0.03 0.5
c-Taraxasterol 0.21 6 0.02 0.4 0.19 6 0.03 0.4
Taraxasterol 0.30 6 0.14 0.5 0.11 6 0.02 0.2
Total load 48.56 6 5.82 49.76 6 6.83

Table III. Cutin composition of the cuticle from fruits of wild-type and gpat6-a mutant plants

Mean values (mg cm22) of each compound are given with SD (n = 3). The percentage of total cutin load is indicated for individual compounds.
Unidentified compounds are not included. Letters indicate significant differences from the wild-type composition (Student’s t test: b, P, 0.05; and a,
P , 0.01).

Composition Classification
Wild Type

Percentage
gpat6-a

Percentage Significance
Mean 6 SD Mean 6 SD

Fatty acids C16:0 4.5 6 2.0 1.4 0.9 6 0.5 0.8
Dicarboxylic acids C16:0 DCA 37.1 6 3.4 11.8 8.3 6 3.0 7.5 a

C16:0 DCA (9 or 10) OH 26.2 6 2.8 8.3 7.8 6 2.3 7.0 a
v-Hydroxy acids C16:0 vOH 14.1 6 5.8 4.5 1.4 6 0.4 1.3 b

C16:0 vOH 10 oxo 21.6 6 3.3 6.9 2.5 6 0.9 2.3 a
C18:0 vOH (9 or 10) OH 6.6 6 3.6 2.1 4.1 6 1.5 3.7
C18:0 vOH (9, 10) epoxy 17.2 6 1.6 5.5 9.0 6 5.3 8.1

Coumaric acid 6.0 6 3.3 1.9 10.4 6 3.6 9.4
Polyhydroxy acids C16:0 (9/10, 16) diOH 181.0 6 17.7 57.5 64.5 6 12.3 58.2 a

C18:0(9, 10, 18) triOH 0.7 6 0.3 0.2 1.8 6 0.6 1.6
Total load 314.8 6 47.0 110.7 6 26.6 a
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on fruit size or the number of seeds per fruit (Supplemental
Fig. S4).

SlGPAT6 expression is highest in young fruit (3-fold
more than in flowers), andmore specifically in the outer
fruit epidermis (Matas et al., 2011). Accordingly, the
most striking effect of the gpat6-a mutation was ob-
served on the fruit cuticle. Mutant fruits with enhanced
brightness displayed increased permeability to Tolui-
dine Blue stain (Fig. 6, A and B) and altered epidermal
cell shape (Fig. 6, C and D). In addition, the thickness
of the cuticle covering the fruit epidermal cells was re-
duced substantially (Fig. 6, C and D), as was the width
of the anticlinal cutinized cell wall between adjacent
epidermal cells (Fig. 6, E and F). Taken together, these

results indicated profound alterations in cuticle load
and structure.

Genes That Are Expressed at Lower or Higher Levels in
gpat6-a Fruit Exocarp Compared with the Wild Type Are
Associated with a Wide Range of Regulatory and
Biosynthesis Pathways

Since the gpat6-a mutation affects not only the levels
of cutin monomers in the cuticle but also the formation
and accumulation of cuticle compounds synthesized
through distantly related (alkanes) or unrelated (amyrins
and coumaric acid) pathways, as well as cell wall

Figure 5. Morphological comparison of wild-type (WT) and gpat6-a plants, flowers, and pollen. A, Appearance of the plants 6
weeks after sowing. B, Morphology of the fourth leaf. C, Morphology of the detached anther cone. D, Measurements of the length
(measure 1 [m1]) and thickness (m2) of the anther cone. Mean values (in mm) of 20 measures are given with SD. The asterisk
indicates a significant difference from wild-type fruit (Student’s t test, P, 0.01). E and H, Macroscopic observations of dissected
anthers of wild-type (E) and gpat6-a (H) flowers. F, G, I, and J, Microscopic observations under visible light (F and I) and at l = 495
nm (G and J) of wild-type (F and G) and gpat6-a (I and J) pollen stained with 2% fluorescein diacetate. The pollen viability is
determined by the numeration of fluorescent spots comparedwith the total number of pollen grains in the acquisition field. Mean
values of 10 fields are given in percentage with SD. The asterisk indicates a significant difference from the wild-type fruit (Student’s
t test, P , 0.01).
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morphology, we further investigated gene expression
changes in the fruit exocarp from wild-type and gpat6-a
lines. Fruits at 20 DPA were selected because this stage
of fruit development corresponds to the maximum rate
of cuticle formation in cv Micro-Tom (Petit et al., 2014)
and to the peak of SlGAPT6 expression in the fruit
(Supplemental Fig. S3). Transcripts expressed in the
fruit skin, which is composed of epidermal cells and
underlying cutinized collenchyma cells (Fig. 6C), were
subjected to high-throughput RNA sequencing (RNA-
seq) analysis using Illumina technology. Among the
approximately 23,000 genes detected, 567 were found
to be differentially expressed between wild-type and

gpat6-a fruit exocarp using a 2-fold cutoff for fold
change in transcript abundance (ratios of 1 and21 on a
log2 scale) and P , 0.05 (Supplemental Table S4). Of
these, 368 and 199 genes were expressed at higher and
lower levels, respectively, in gpat6-a than in the wild
type. For the 376 genes belonging to MapMan Gene
Ontology classes (Urbanczyk-Wochniak et al., 2006),
significant differences were observed not only for
genes involved in lipid metabolism, as would be ex-
pected, but also for genes belonging to the transport,
hormone metabolism, and stress response categories
(Supplemental Fig. S5). The largest category was TFs,
which contained almost 28% of the differentially

Figure 6. Cuticle phenotypes of wild-type (WT) and
gpat6-a fruits. A, Macroscopic observation of the
brightness of mature green stage fruits. B, Macro-
scopic observation of cuticle permeability to 0.5%
Toluidine Blue. C and D, Microscopic observations of
8-mm cryosections of cuticles from wild-type (C) and
gpat6-a (D) breaker stage fruits after Oil Red O
staining. Mean values (mm) of 40 measurements from
three different sections are given with SD, in two dif-
ferent positions, on the top of the epidermal cell
(measure 1 [m1]) and between epidermal cells (m2).
The asterisk indicates a significant difference from the
wild-type fruit (Student’s t test, P , 0.01). E and F,
Microscopic observations of freshly peeled outer ep-
idermal tissue from wild-type (E) and gpat6-a (F) red
ripe stage fruits. The width of the cutinized cell wall
was measured between the two yellow arrowheads
(m3). Mean values (mm) of 620 measures (20 mea-
surements of 31 sections) are given with SD. The
asterisk indicates a significant difference from the
wild-type fruit (Student’s t test, P , 0.01).
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expressed genes. An analysis of the metabolism-related
functional categories using MapMan revealed differen-
tial expression of genes in categories related to cuticle
formation, including lipid metabolism and specialized
metabolism (terpenes,flavonoids, andphenylpropanoids),
but also in categories related to cell wall formation and
modification. Relatively few differences were observed
in genes associated with central metabolism (Fig. 7).

Notably, all the cuticle-associated genes identified,
which collectively are involved in various steps in cutin
biosynthesis and assembly and in wax biosynthesis,
were expressed at significantly lower levels (P# 0.0003)
in the gpat6-a mutant than in the wild type. Examples
included genes encoding enzymes known to be required
for the production of the MAG cutin precursors in
Arabidopsis or tomato (Li-Beisson et al., 2013; Shi
et al., 2013): LACS2 (Solyc01g109180), putatively re-
quired for the activation to CoA thioesters (Schnurr

et al., 2004); three cytochrome P450-dependent fatty
acid oxidases belonging to protein families required
either for in-chain hydroxylation of fatty acids (CYP77A1
and CYP77A2 [Solyc11g007540 and Solyc05g055400];
Li-Beisson et al., 2009) or for terminal chain hydrox-
ylation (CYP86A69 [Solyc08g081220]; Shi et al., 2013);
and two GPATs (GPAT4 and GPAT6 [Solyc01g094700
and Solyc09g014350]; Yang et al., 2010; Fig. 2; Table
IV). One gene encoded a nonspecific lipid transfer
protein, examples of which have been suggested to be
involved in the transport of cuticle components across
the apoplast to the cuticle, although this has yet to be
demonstrated conclusively (Yeats and Rose, 2008). An
additional differentially expressed cutin-related gene
was predicted to encode an v-hydroxypalmitate
O-feruloyl transferase (Solyc11g008630) that belongs
to the BAHD family of acyl-CoA-dependent acyl-
transferases, some of which are implicated in cutin

Figure 7. MapMan-based general overview of genes differentially expressed between wild-type and gpat6-a mutant fruit. The
log2 ratio of the mutant to the wild type for individual genes was plotted onto boxes. Red boxes indicate genes expressed at
significantly higher levels in the wild type comparedwith the gpat6-amutant; blue boxes indicate genes expressed at significantly
higher levels in the gpat6-a mutant compared with the wild type. CHO, Carbohydrate metabolism; OPP, oxidative pentose
phosphate; TCA, tricarboxylic acid cycle.
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biosynthesis (Rautengarten et al., 2012). Finally, 11
GDSL lipase genes expressed at various stages of
fruit development (Tomato Genome Consortium,
2012; Tomato eFP browser [http://bar.utoronto.ca/
efp_tomato/cgi-bin/efpWeb.cgi]) were expressed at

lower levels in gpat6-a. These genes are homologous
to the cutin synthase gene CUS1 (Solyc11g006250)
encoding the enzyme that catalyzes the extracellular
polymerization of cutin (Girard et al., 2012; Yeats
et al., 2012b).

Table IV. Genes differentially expressed between the exocarp of gpat6-a mutant and wild-type fruit

Genes were assigned manually to functional categories.

Gene Identification Gene Name Putative Function Log2 Fold Change P

Cuticle
Solyc02g085870 CER6 Fatty acid elongase 3-ketoacyl-CoA synthase 21.74 5.00E-05
Solyc11g072990 KCS3 Fatty acid elongase 3-ketoacyl-CoA synthase 21.85 5.00E-05
Solyc08g067260 KCS10/FDH Fatty acid elongase 3-ketoacyl-CoA synthase 21.82 5.00E-05
Solyc09g092270 CER26like VLCFA elongation 21.95 5.00E-05
Solyc07g006300 CER3 Alkane biosynthesis 21.22 3.00E-04
Solyc12g087980 CER1 Alkane biosynthesis 21.32 5.00E-05
Solyc01g088400 CER1like Alkane biosynthesis 21.52 5.00E-05
Solyc10g080840 MAH1 Midchain alkane hydroxylase 22.1 5.00E-05
Solyc01g109180 LACS2 Acyl-CoA synthetase 21.49 5.00E-05
Solyc11g007540 CYP77A1 Fatty acid hydroxylase 21.54 5.00E-05
Solyc08g081220 CYP86A69 Fatty acid hydroxylase 21.84 5.00E-05
Solyc05g055400 CYP77A2 Fatty acid hydroxylase 21.92 5.00E-05
Solyc01g094700 GPAT4 Glycerol-3-phosphate acyltransferase 21.41 5.00E-05
Solyc09g014350 GPAT6 Glycerol-3-phosphate acyltransferase 21.63 5.00E-05
Solyc11g008630 HHT v-Hydroxypalmitate O-feruloyl transferase 21.35 5.00E-05
Solyc05g015490 LTPG1 Glycosylphosphatidylinositol (GPI)-anchored

lipid protein transfer
21.8 5.00E-05

Solyc02g077330 GDSL-motif esterase/acyltransferase/lipase 21.06 5.00E-05
Solyc11g006250 CUS1 GDSL-motif esterase/acyltransferase/lipase 21.33 5.00E-05
Solyc03g111550 GDSL-motif esterase/acyltransferase/lipase 21.52 5.00E-05
Solyc07g049440 GDSL-motif esterase/acyltransferase/lipase 21.56 5.00E-05
Solyc04g081770 GDSL-motif esterase/acyltransferase/lipase 21.65 5.00E-05
Solyc03g006240 GDSL-motif esterase/acyltransferase/lipase 21.67 5.00E-05
Solyc04g081760 GDSL-motif esterase/acyltransferase/lipase 21.72 5.00E-05
Solyc03g121180 GDSL-motif esterase/acyltransferase/lipase 21.75 5.00E-05
Solyc11g043110 GDSL-motif esterase/acyltransferase/lipase 22.02 5.00E-05
Solyc02g071610 GDSL-motif esterase/acyltransferase/lipase 22.19 5.00E-05
Solyc05g043330 GDSL-motif esterase/acyltransferase/lipase 22.69 5.00E-05

Secondary metabolism
Solyc03g042560 PAL Phe ammonia-lyase 2.76 5.00E-05
Solyc09g007910 PAL Phe ammonia-lyase 2.42 5.00E-05
Solyc03g097030 4CL 4-Coumarate-CoA ligase 21.31 5.00E-05
Solyc09g091510 CHS Chalcone synthase 3.2 5.00E-05
Solyc08g079280 F39H Flavonoid 39-hydroxylase 21.36 5.00E-05
Solyc01sg107590 CAD Cinnamyl alcohol dehydrogenase 21.07 5.00E-05
Solyc02g090350 CYP76B Cytochrome P450 21.58 5.00E-05
Solyc07g062500 CYP72A Cytochrome P450 21.46 5.00E-05

Cell wall
Solyc07g043390 CesA Cellulose synthase 2.31 5.00E-05
Solyc02g089120 COBL COBRA-like 21.31 5.00E-05
Solyc03g083770 PMEI Pectin methylesterase inhibitor 2.33 5.00E-05
Solyc05g047590 PME Pectin methylesterase 21.63 5.00E-05
Solyc04g077470 CSLC Cellulose-synthase-like 1.59 5.00E-05
Solyc02g091920 XTH Xyloglucan endotransglucosylase/hydrolase 22.39 5.00E-05
Solyc01g081060 XTH Xyloglucan endotransglucosylase/hydrolase 22.84 5.00E-05
Solyc07g009380 XTH Xyloglucan endotransglucosylase/hydrolase 25.03 5.00E-05
Solyc09g092520 XTH Xyloglucan endotransglucosylase/hydrolase 26.48 5.00E-05
Solyc01g110000 GLB b-Galactosidase 21.61 2.80E-03
Solyc03g121540 GLB b-Galactosidase 21.8 5.00E-05
Solyc06g076220 EXP Expansin 1.53 5.00E-05
Solyc04g081870 EXP Expansin 21.16 5.00E-05
Solyc07g053530 FLA Fasciclin-like arabinogalactan protein 1.34 2.50E-04
Solyc07g053540 FLA Fasciclin-like arabinogalactan protein 21.31 5.00E-05
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We also observed that the expression of several wax-
associated genes involved in very-long-chain fatty acid
(VLCFA) synthesis, and modification was reduced in
the gpat6-a mutant relative to the wild type (Table IV).
These included threegenes (KCS3 [Solyc11g072990],KCS10/
FDH [Solyc08g067260], and KCS6/CER6 [Solyc02g085870])
encoding b-ketoacyl-CoA synthase enzymes that cat-
alyze the first step in the multienzymatic fatty acid
elongase complex generating very-long-chain (VLC)
C20-C36 acyl-CoAs. Similarly, the expression of CER26L
(Solyc09g092270), which likely controls the chain-length
specificities of wax cuticle components (Bernard and
Joubès, 2013), also was reduced in gpat6-a, as was the
expression of genes encoding enzymes catalyzing suc-
cessive steps in the alkane biosynthesis pathway (Ta-
ble IV). CER3 likely catalyzes the conversion of VLC
acyl-CoAs to intermediate VLC aldehydes, CER1 (Sol-
yc12g087980) and CER3 (Solyc07g006300) catalyze their
conversion to VLC alkanes, while MAH1 (CYP96A15
[Solyc10g080840]) is a midchain alkane hydroxylase
responsible for the generation of secondary alcohols
and ketone derivatives from alkanes (Bourdenx et al.,
2011; Bernard et al., 2012; Bernard and Joubès, 2013).

The RNA-seq data also suggested that the phenyl-
propanoid and flavonoid biosynthetic pathways were
altered in gpat6-a (Table IV). In the phenylpropanoid
core pathway, two phenylalanine ammonia-lyase
(PAL; Solyc03g042560 and Solyc09g007910) genes were
expressed at higher levels in gpat6-a, while a 4-coumarate
CoA ligase (4CL; Solyc03g097030), catalyzing the for-
mation of p-coumaroyl-CoA used as a precursor for
flavonoids and phenolic compounds, was expressed at
lower levels. In the flavonoid biosynthetic pathway,
transcript levels of a chalcone synthase (CHS; Sol-
yc09g091510) were higher in gpat6-a, whereas those of
a flavonoid 39-hydroxylase (F39H; Solyc08g079280)
were lower. Two additional genes thatwere expressed at
lower levels in gpat6-a encode an enzyme involved in the
formation of cinnamyl alcohols (CAD; Solyc01g107590)
and a CYP72A (Solyc07g062500) protein. A member of
the CYP72A family was recently shown to catalyze the
C-30 oxidation of b-amyrin (Seki et al., 2011).

In addition to the cuticle-associated lipid pathways,
the most striking gene expression changes were related
to cell wall pathways. For example, a gene encoding
cellulose synthase (Solyc07g043390), the catalytic moi-
ety required for the synthesis of cellulose microfibrils,
was expressed at higher levels in the gpat6-a mu-
tant. Conversely, the expression of a COBRA-like gene
(SlCOBL1; Solyc02g089120), which encodes a GPI-
anchored protein regulating epidermal cell wall thickness
and cellulose formation in tomato fruit (Cao et al., 2012;
Niu et al., 2015), was lower in gpat6-a. We also detected
the altered expression of genes related to pectins and
hemicelluloses, thematrix polysaccharides of the primary
cell wall. A gene encoding a cellulose synthase-like (CSL;
Solyc04g077470) gene, a member of a glycosyltransferase
family involved in the synthesis of matrix polysacchar-
ides such as xyloglucan (Cosgrove, 2005), was expressed
at a higher level in gpat6-a. In contrast, the expression

levels of four xyloglucan endotransglucosylase/
hydrolase (XTH) genes (Solyc02g091920, Solyc01g081060,
Solyc07g009380, and Solyc09g092520) were substantially
lower. XTH enzymes are involved in cell wall assembly
and restructuring as well as in cell expansion and the in-
tegration of newly synthesized xyloglucans in the cell
wall (Rose et al., 2002; Cosgrove, 2005; Park and
Cosgrove, 2015). Genes encoding a pectin methylesterase
(PME; Solyc05g047590) and a pectin methylesterase in-
hibitor (PMEI; Solyc03g083770) were expressed at lower
and higher levels, respectively, in gpat6-a. These proteins
have opposite roles, and their interplay likely controls
the esterification status of pectins, which in turn is
thought to influence themechanical properties of the cell
wall (Reca et al., 2012; Müller et al., 2013). Two genes
encoding b-galactosidases (Solyc01g110000 and Sol-
yc03g121540) were expressed at lower levels in the mu-
tant, and these too may play roles in the modification of
cell wall polysaccharides (Smith and Gross, 2000). Other
differentially expressed genes included two expansin
genes (Solyc06g076220 and Solyc04g081870), important
modulators of cell wall extensibility (Park and Cosgrove,
2015), which were expressed at higher or lower levels
in gpat6-a, and two genes encoding fasciclin-like arabi-
nogalactan proteins (FLAs; Solyc07g053530 and Sol-
yc07g053540), which also showed opposite patterns of
relative transcript abundance in themutant and the wild
type. The functions of FLAs are not well understood,
although many are GPI anchored to the plasma mem-
brane and play key roles in plant development, includ-
ing cell wall architecture and composition (MacMillan
et al., 2010; Johnson et al., 2011; Seifert et al., 2014).

Not surprisingly, given the large transcriptional
changes induced by the GPAT6 mutation deficiency, 53
TFs, belonging to AP2/EREBP (eight), bHLH (three),
C2/C2(Zn) (11), C2H2 zinc finger (four), MADS box
(four), MYB (six), and other TF categories (17), were
expressed at higher (18) or lower (35) levels in gpat6-a
(Supplemental Table S5). To our knowledge, most of
these have not been associated previously with the fruit
epidermis/cuticle; however, several are known to reg-
ulate early fruit development, including the MADS box
gene TAGL11 (Mejía et al., 2011), or fruit ripening, such
as the MADS box gene RIPENING INHIBITOR (RIN
[Solyc05g012020]; Vrebalov et al., 2002; Kosma et al.,
2010), as well as several ethylene-responsive TFs (Liu
et al., 2016). The differentially expressed TFs included
those with a possible link to the circadian clock, with
two genes (Solyc01g095030 and Solyc10g084370) en-
coding MYB-related TFs of the REVEILLE family
(Farinas and Mas, 2011), one of which was expressed
at lower levels in gpat6-a, and six genes encoding
CONSTANS-like TFs (Valverde, 2011), one of which
(Solyc12g005660) was expressed at much lower levels.
Despite the large number of differentially expressed
TFs identified, the group did not include TFs that have
been reported to regulate cuticle formation in tomato
or other species (Shi et al., 2013; Borisjuk et al., 2014;
Hen-Avivi et al., 2014), other than a MIXTA-like MYB
TF (Oshima and Mitsuda, 2013), whose role in tomato
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was described recently (Lashbrooke et al., 2015). We
observed that the expression of SlMIXTA-like (Sol-
yc02g088190) was lower in the gpat6-a mutant than in
the wild type (Supplemental Table S5). Moreover, 10
cutin- and wax-related genes that were differentially
expressed between the wild type and the gpat6-amutant
(Table IV) were identified previously as SlMIXTA-like
targets (Lashbrooke et al., 2015).

DISCUSSION

Tomato represents an excellent model for studying
cuticle formation in fleshy fruits as well as more broadly
in plant taxa (Hen-Avivi et al., 2014; Martin and Rose,
2014; Fich et al., 2016). Studies of tomato cuticles span
manydifferentfields, ranging from the analysis of cuticle
composition and architecture (Mintz-Oron et al., 2008;
Buda et al., 2009; Yeats et al., 2012a; Philippe et al., 2016;
Segado et al., 2016), biosynthetic pathways, assembly
and regulation (Shi et al., 2013; Lashbrooke et al., 2015),
interaction with other metabolic pathways and devel-
opmental processes (Kosma et al., 2010; Giménez et al.,
2015), mechanical properties (Schreiber, 2010; España
et al., 2014), as well as the significance of the cuticle for
agronomically important traits such as fruit glossiness,
postharvest shelf-life, fruit cracking, and resistance to
pathogens (Isaacson et al., 2009; Shi et al., 2013; Buxdorf
et al., 2014; Petit et al., 2014). Considerable progress has
been made through reverse genetics approaches, where
the function of a candidate gene previously identified is
studied in planta in tomato (Girard et al., 2012). As a
complement to reverse genetic approaches, forward ge-
netic strategies can be a highly effective means of gene
discovery. In such cases, phenotypic changes in the fruit
cuticle can lead to identification of the underlying gene,
aswas the casewith several of the eceriferumArabidopsis
mutants (Negruk et al., 1996). In tomato, these strategies
enabled the discovery of new cuticle-associated genes
and functions, including genes involved in cutin syn-
thesis and polymerization (Yeats et al., 2012b; Shi et al.,
2013; Petit et al., 2014) and in cuticle regulation (Adato
et al., 2009; Isaacson et al., 2009; Ballester et al., 2010;
Nadakuduti et al., 2012). The diversity in cuticle traits is
high in cultivated tomato accessions and in wild related
species (Hovav et al., 2007; Yeats et al., 2012a) as well
as in artificially produced mutant collections (Isaacson
et al., 2009; Kimbara et al., 2013; Shi et al., 2013; Petit
et al., 2014; Philippe et al., 2016). Harnessing such genetic
and phenotypic diversity will doubtless lead to many
new insights into cuticle formation and regulation in
tomato and other plant species.

Mapping-by-Sequencing Reveals a gpat6-a Causal
Mutation Underlying a glossy Fruit Mutant

All the strategies used to date to identify natural
polymorphism or causal mutations responsible for a
cuticle phenotype in tomato have been based on ge-
netic mapping of the polymorphism and subsequent

map-based cloning of the underlying gene (Isaacson et al.,
2009; Yeats et al., 2012b; Kimbara et al., 2013; Shi et al.,
2013; Petit et al., 2014). Despite a high-quality tomato
reference genome sequence and the development
of associated genomic tools (Shirasawa et al., 2010;
Sim et al., 2012; Tomato Genome Consortium, 2012;
Kobayashi et al., 2014), this remains a time-consuming
and laborious task. An attractive alternative strategy
is mapping-by-sequencing (Schneeberger, 2014),
which is based on a combination of bulk segregant
analysis of a BC1F2 segregating population and of
whole-genome sequencing followed by SNP fre-
quency analysis to identify the causal mutation.
Mapping-by-sequencing has been applied success-
fully to the model species Arabidopsis (Schneeberger
et al., 2009) and rice (Abe et al., 2012). Since the ap-
proach involves a simple cross between the mutant
and the parental (nonmutagenized) lines, it is well
adapted to the study of traits that are highly sensitive
to genetic context and/or to environmental condi-
tions, such as the structure and composition of the
tomato fruit cuticle. The analysis of a cuticle mutant,
therefore, is not restricted to the most severe cuticle
alterations, opening the way for the discovery of new
cuticle-associated genes and functions. The use of the
miniature cv Micro-Tom has an obvious advantage,
since it requires far less space for growing populations
than for normal-sized genotypes (Meissner et al.,
1997). As an example, the culture of the 343-plant
BC1F2 population used in this study required as few as
5 m2. Furthermore, the mapping-by-sequencing method
described uses simple and widely distributed bio-
informatics tools and can be applied to any publicly
available tomato mutant collection (Menda et al., 2004;
Saito et al., 2011; Just et al., 2013).

SlGPAT6 Plays a Key Role in Cutin Biosynthesis during
Early Tomato Fruit Development

MAGs, which form cutin building blocks, are syn-
thesized through the action of long-chain acyl-CoA
synthetases (LACS), cytochrome P450 enzymes (CYPs),
and acyltransferases (GPATs). The monomers are then
exported to the apoplast and polymerized on the outer
face of the walls of epidermal cells to form cutin poly-
esters. In tomato, cutin polymerization was shown to be
catalyzed by a member of the GDSL lipase family called
SlCUS1 (Girard et al., 2012; Yeats et al., 2012b; Philippe
et al., 2016). The following order of the reactions was
recently suggested for MAG synthesis: the v-hydroxyl-
ation of fatty acids catalyzed bymembers of the CYP86A
family is followed by in-chain hydroxylation carried out
by members of the CYP77A family, after which the
GPATs catalyze the transfer to the glycerol backbone
(Li-Beisson et al., 2009, 2013; Yang et al., 2012). LACS
must precede GPAT to provide the acyl-CoA substrates
(Yang et al., 2012; Li-Beisson et al., 2013).

A mutation in a tomato CYP gene, SlCYP86A69,
which is regulated by the SlSHN3 TF, has been reported
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to cause major alterations in the structure of the fruit
skin, including a substantial reduction in cuticle thick-
ness (Shi et al., 2013). In a recent study, Lashbrooke
et al. (2015) demonstrated that another CYP gene,
SlCYP77A1, an SlMIXTA-regulated gene whose ex-
pression is reduced in the gpat6-a mutant (Table IV), is
responsible for the synthesis of the midchain hydrox-
ylated C16:0 diOH. In this study, we purified C16:0
diOH from tomato peel extracts and used this natural
substrate in a yeast system, used previously to assay
GPAT activity (Yang et al., 2010, 2012; Dittrich-
Domergue et al., 2014), to demonstrate that recombi-
nant SlGPAT6 synthesizes MAG (Fig. 4). It was shown
previously that the Arabidopsis GPAT enzymes in-
volved in cutin synthesis are AtGPAT4, AtGPAT6, and
AtGPAT8 (Yang et al., 2010, 2012). They possess dual
sn2-acyltransferase and phosphatase activities, thus
producing predominantly sn2-MAGs (Yang et al., 2010,
2012). AtGPAT6 is essential for the accumulation of
cutin in flowers (Li-Beisson et al., 2009). The enzyme
has a higher affinity for C16 and C18 acyl-CoA sub-
strates, C16:0 diOH being the dominant monomer in
flower cutin (Li-Beisson et al., 2009). Mutation of a key
amino acid residue in the phosphatase domain (K178L)
of AtGPAT6 abolishes its MAG synthesis activity, due
to the loss of phosphatase activity, but keeps the LPA
synthesis activity (Yang et al., 2010). We observed that
both LPA and MAG did not accumulate when tomato
DGPAT6 activity was assayed (Fig. 4), suggesting that
the G163R mutation, which occurs adjacent to the
SlGPAT6 phosphatase domain, impairs both phos-
phatase and/or acyltransferase activities. As a conse-
quence, the fruit cutin abundance and composition
were altered substantially in the gpat6-a mutant, par-
ticularly with regard to levels of C16:0 diOH, in
agreement with studies of the floral organs of the
Arabidopsis gpat6-1 and gpat6-2 mutants (Li-Beisson
et al., 2009; Fabre et al., 2016).

AtGPAT6 is expressed preferentially in inflores-
cences, where it plays diverse roles in the formation of
the pollen exine and coat, in tapetum development, and
in stamen elongation (Li-Beisson et al., 2009; Li et al.,
2012). Accordingly, suppression of AtGPAT6 expres-
sion results in reduced fertility (Li-Beisson et al., 2009;
Li et al., 2012). While SlGPAT6 also is highly expressed
in inflorescence, mostly in unopened flowers, its ex-
pression ismuch higher (3-fold) in young growing fruit.
The development of tomato flowers, anthers, and pol-
len was clearly altered in the gpat6-a mutant, although
this had no effect on fruit set and size (Supplemental
Fig. S4). The most striking phenotype was in the com-
position and amount of fruit cutin, as well as cuticle
properties (glossiness and permeability to Toluidine
Blue). Another GPAT, SlGPAT4 (Fig. 2), the Arabi-
dopsis ortholog of which was shown to be involved in
cutin biosynthesis (Yang et al., 2010), has a similar
pattern of expression in the fruit, albeit weaker than
SlGPAT6 in the fruit but stronger in the flower (http://
bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi). We
propose that SlGPAT6 developed a specialized function

in the fruit to accommodate the rapid production of
polymeric cutin during the early stages of fruit devel-
opment (Petit et al., 2014), while SlGPAT4 likely has an
equivalent function in flowers.

Loss of SlGPAT6 Function Leads to Altered Expression of
Genes Involved in Cuticle and Cell Wall Formation
and Remodeling

Comparative RNA-seq profiling of the exocarp of
gpat6-a and wild-type expanding fruit revealed
expression differences in several gene categories, in-
cluding not only genes involved in cutin or wax bio-
synthesis but also secondary metabolism and cell wall
synthesis and modification. Since SlGPAT6 is neces-
sary for the formation of MAG cutin monomers, it is
conceivable that a feedback regulation due to MAG
shortage and to the accumulation ofMAGprecursors in
the epidermal cells may affect the expression of genes
involved in cutin synthesis as well as in VLCFA syn-
thesis, which shares common precursors with cutin (Li-
Beisson et al., 2013). This effect would explain the large
reduction in the accumulation of several cutin compo-
nents as well as the lesser changes in the composition of
VLCFAs. The fruit-expressed SlGPAT4 might be ex-
pected to compensate for the loss of SlGPAT6 activity,
but we observed that SlGPAT4 transcript levels were
more than 2-fold lower in the gpat6-amutant than in the
wild type (Table IV). These observations raise the
question of why a mutation in a single structural gene
triggers such profound alterations in the exocarp tran-
scriptome and the mechanism by which this is medi-
ated.

In recent years, considerable progress has been made
in elucidating the factors that influence cuticle forma-
tion (Borisjuk et al., 2014), including advances resulting
from the study of fleshy fruits (Hen-Avivi et al., 2014;
Martin and Rose, 2014). Several families of TFs have
been proposed as regulators of cuticle biosynthesis as
well as epidermal cell differentiation and patterning.
The first such example was the SHN gene family
(Aharoni et al., 2004; Broun et al., 2004), whose mem-
bers control wax and cutin accumulation in various
plant species, including Arabidopsis and tomato, and
that target genes involved in their synthesis (Aharoni
et al., 2004; Shi et al., 2011, 2013). Interestingly, SHN
genes have been shown to control epidermal cell elon-
gation and patterning in Arabidopsis flowers (Shi et al.,
2011). Moreover, when expressed in rice, the AtSHN2
gene was shown to regulate cell wall and lignin bio-
synthesis, possibly by targeting NAC and MYB TFs
(Ambavaram et al., 2011). Taken together, these results
indicate that SHN TFs may coordinate cuticle and cell
wall biosynthesis in growing organs. In tomato fruit,
members of various TF families have been shown to
play prominent roles in cuticle formation and its coor-
dination with (1) flavonoid biosynthesis, including the
CD2 HD-Zip IV TF (Isaacson et al., 2009; Nadakuduti
et al., 2012) and the MYB12 TF (Adato et al., 2009;
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Ballester et al., 2010), and (2) fruit ripening, including
the FRUITFULL1 (FUL1), FUL2, and TAGL1 MADS
box TFs (Bemer et al., 2012; Shima et al., 2013; Giménez
et al., 2015). Accordingly, changes in the expression of
genes encoding SHN and other known TFs might be
expected in the gpat6-a mutant, but we did not observe
such changes. However, genes in other TF families that
were expressed at higher or lower levels in the gpat6-a
mutant than in the wild type may fulfill related roles.
These include the MADS box protein RIN, a regulator
of fruit ripening that forms DNA-binding complexes
with FUL1, FUL2, and TAGL1 (Fujisawa et al., 2014)
and links cuticle formation to fruit development
(Kosma et al., 2010). Additionally, the MYB SlMIXTA-
like gene, which is expressed at lower levels in gpat6-a,
was recently shown to play a major role in the control
of cuticle formation and of epidermal patterning in to-
mato fruit (Lashbrooke et al., 2015). Strikingly, among
the 17 cuticle-related genes whose expression was re-
duced in SlMIXTA RNA interference lines, 10 were also
expressed at lower levels in the gpat6-a mutant. This
suggests that SlMIXTA-like plays a role in the formation
of fruit epidermis in response to the cutin deficiency
induced by the SlGPAT6 mutation.
During tomato fruit growth, cells in the exocarp

maintain a high mitotic activity (Joubès et al., 1999)
to accommodate the rapid enlargement of the fruit
(Lemaire-Chamley et al., 2005). This is accompanied by a
massive increase in the deposition of cutin in the epider-
mal cell wall (Mintz-Oron et al., 2008; Isaacson et al., 2009)
in order to seal the fruit surface. Cuticle properties also
undergo profound changes during the cell expansion
phase and are affected by cuticle composition, such as the
accumulation of flavonoids (España et al., 2014). In ad-
dition to the cuticle, the cell wall plays a critical role in the
differentiation and maturation of the fruit epidermis, and
the cutin-polysaccharide ratio has been suggested to
modulate the cuticle viscoelastic deformation necessary
for fruit enlargement (Bargel and Neinhuis, 2005; Segado
et al., 2016). The changes that we observed in the exocarp
transcriptome of gpat6-a were associated with cuticle,
phenylpropanoid, flavonoid, and cell wall biosynthesis
and modification (Table IV), which is consistent with the
remodeling of fruit epidermal cell walls and the overlying
cuticle. Such changes may compensate for the cutin de-
ficiency and allow fruit growth to proceed. The question
remains how the inactivation of a single structural protein
with no known transcriptional regulatory role triggers
such a cascade of responses and suggests amechanism for
sensing cutin deficiency or cuticle biophysical properties.
This hypothesis may be addressed through future studies
of other genotypes, such as single or double mutants af-
fected in various steps of cutin biosynthesis and assembly.

MATERIALS AND METHODS

Plant Materials

The tomato (Solanum lycopersicum) glossy mutant line P23F12 was iso-
lated from an EMS mutant tomato collection generated in the miniature cv

Micro-Tom at the Institut National de la Recherche Agronomique in Bordeaux,
France, as described previously (Just et al., 2013; Petit et al., 2014). Plant culture
conditions were as described by Rothan et al. (2016). To generate the mapping-
by-sequencing population, the P23F12 line was first crossed with the wild-type
parental line. A single BC1F1 hybrid was then selfed, and the resulting BC1F2
seeds were collected and sown. The 343 plants from the BC1F2 population
segregating for the glossymutant trait were grown in a greenhouse in an area of
5 m2. Fruit brightness was measured at the mature green stage as described by
Petit et al. (2014). Fruits were photographed under standardized conditions
using a Walimex photographic light box (Walser).

Mapping-by-Sequencing

A mapping BC1F2 population of 343 plants was created by crossing the
P23F12 cv Micro-Tom glossy mutant line with a wild-type cv Micro-Tom pa-
rental line. Two bulks were then constituted by pooling 80 plants displaying
either a glossy fruit phenotype (glossy bulk) or 80 plants with a dull/moderately
glossy phenotype (wild-type-like bulk). To this end, five leaf discs (5 mm di-
ameter each) were collected from each BC1F2 plant (approximately 600mg fresh
weight) and pooled into the glossy bulk and in the wild-type-like bulk. The same
amount of plant material also was collected from the wild-type parental line.
Genomic DNAwas extracted from each bulk and the parental line using a cetyl-
trimethyl-ammonium bromide method as described by Petit et al. (2014). DNA
was suspended in 200 mL of distilled water and quantified by fluorometric
measurement with a Quant-it dsDNA assay kit (Invitrogen). Illumina paired-
end shotgun-indexed libraries were prepared using the TruSeq DNA PCRF-
Free LT Sample Preparation Kit according to the manufacturer’s instructions
(Illumina). The libraries were validated using an Agilent High Sensitivity DNA
chip (Agilent Technologies) and sequenced using an Illumina HiSeq 2000 at the
Institut National de la Recherche Agronomique EPGV facility, operating in a
100-bp paired-end run mode. Raw fastq files were mapped to the tomato
reference genome sequence S. lycopersicum build release SL2.50 (ftp://ftp.
solgenomics.net/tomato_genome/wgs/assembly/build_2.50/S_lycopersicum_
chromosomes.2.50.fa.gz) using BWA version 0.7.12 (Li and Durbin, 2009;
http://bio-bwa.sourceforge.net/). Variant calling (SNPs and INDELs) was
performed using SAMtools version 1.2 (Li et al., 2009; http://htslib.org). As the
tomato reference genome (cv Heinz 1706) used to map the reads is distinct from
that of cv Micro-Tom, the variants identified would include both cv Heinz
1706/cv Micro-Tom natural polymorphisms in addition to EMS mutations. In
this context, additional sequencing to a minimum depth of 203 of the cvMicro-
Tom line was performed to take into account and further remove the cv Heinz
1706/cv Micro-Tom natural polymorphism.

The output file included various quality parameters relevant to sequencing
and mapping that were subsequently used to filter the variants. The cv Micro-
Tom line output file (.vcf) included all variants (SNPs plus INDELs) corre-
sponding to natural polymorphisms between cvMicro-Tom and cvHeinz 1706.
The two .vcf output files obtained from the glossy and wild-type-like bulks
included variants (SNPs plus INDELs) corresponding to natural polymor-
phisms between cv Micro-Tom and cv Heinz 1706 and also to EMS mutations.
The .vcf files were annotated using SnpEff version 4.1 (http://snpeff.sourceforge.
net/SnpEff.html; Cingolani et al., 2012) using ITAG2.40 gene models (ftp://ftp.
solgenomics.net/genomes/Solanum_lycopersicum/annotation/ITAG2.4_release/
ITAG2.4_gene_models.gff3). SNP allelic frequencies between glossy and
wild-type-like bulks and the cv Micro-Tom parental line were compared
using a custom Python script version 2.6.5 (https://www.python.org).

Once the putative causal mutation was detected using the mapping-by-
sequencing procedure, the EMS-induced SNPs flanking the putative mutation
were used as markers for genotyping the BC1F2 individuals using a KASP assay
(Smith and Maughan, 2015). Specific primer design was performed using
batchprimer3 software (Smith and Maughan, 2015; http://probes.pw.usda.
gov/batchprimer), and genotyping was done using KASP procedures (LGC
Genomics).

SlGPAT6 Phylogenetic Analysis and in Silico Modeling

Arabidopsis (Arabidopsis thaliana) and tomato databases (The Arabidopsis
Information Resource [https://www.arabidopsis.org] and SGN [http://
solgenomics.net], respectively) were searched for GPAT amino acid se-
quences using MEGA 6.0 (Tamura et al., 2013). A neighbor-joining tree was
then constructed using MEGA 6.0 with default parameter settings.

SlGPAT6 modeling was performed using Rasmol version 2.7.1 (Raswin
Molecular Graphics; Sayle andMilner-White, 1995) with the crystal structure of
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the Methanococcus jannaschii phospho-Ser phosphatase complex (Protein Data
Bank [http://www.rcsb.org] entry 1L7P) as a template.

Expression of Recombinant Wild-Type and Mutant
SlGPAT6 Proteins

To construct the GPAT6 expression vectors, the cDNAs corresponding to the
SlGPAT6wild-type protein (GPAT6) and themutated form (DGPAT6),with codon
optimization for yeast expression as described previously (Dittrich-Domergue
et al., 2014), were synthesized and then cloned into the plasmid pDONR221 us-
ing theGene Synthesis & Express Cloning Service (Life Technologies). The forward
primer was 1-22 attB1-Express (59-ACTTTGTACAAAAAAGCAGGCT-39) and
the reverse primer was 1,546-1,566 attB2-Express (59-ACCCAGCTTTCTTGTA-
CAAAG-39). The fragments were then introduced into the Gateway destination
vector pVT102-U-GW containing a uracil selection cassette (Domergue et al., 2010),
through an LR recombination reaction, following the manufacturer’s instructions
(Thermo Fisher Scientific).

The recombinant plasmids and the control vector were then introduced
into the GPAT GAT1-deficient Saccharomyces cerevisiae strain gat1D (Dittrich-
Domergue et al., 2014). Transformation with the empty vector (pVT102-U-
GW) and the recombinant plasmids was performed using a polyethylene
glycol/lithium acetate protocol (Dittrich-Domergue et al., 2014). Selection of
positive clones was made on minimal medium agar plates lacking uracil, as
described by Ausubel et al. (1995).

Synthesis of Acyl-CoA Substrates and in Vitro Assays of
GPAT6 Activity

Samples of 16-hydroxyhexadecanoic acid (98%) and hexadecane-1,16-dioic
acid (greater than 98%) were purchased from Sigma-Aldrich France, and C16:0
diOH was purified from about 5 g of red ripe cv M82 tomato peel, using a
protocol adapted from Kawaguchi et al. (1981). After 3 h of transmethylation in
5% H2SO4/methanol at 85°C, fatty acid methyl esters were separated by pre-
parative TLC (HPTLC Silica Gel 60 plate [Merck]; diethyl ether:hexane:meth-
anol 40:10:1 [v/v/v]) and eluted from the silica with methanol:water:MTBE
1:1:2 (v/v/v). The purified fatty acid methyl ester was saponified using 11 N

potassium hydroxide during 1 h at 80°C. Acyl-CoA substrates were then syn-
thesized from the corresponding fatty acids and purified as described previ-
ously (Yang et al., 2010).

Yeast microsomes were prepared as described by Yang et al. (2010), and
enzyme activities were assayed as described byDittrich-Domergue et al. (2014),
except that the incubation step was carried out for 10 min at 30°C in 100 mL
containing 40 mg of proteins. After lipid extraction, the organic phase was an-
alyzed by TLC using HPTLC Silica Gel 60 plates and chloroform:methanol:
water:acetic acid (65:25:3.8:0.2 [v/v/v/v]) as a solvent. Radiolabeled products
were identified by comigrationwith standards, and samples were quantified by
autoradiography using a Typhoon FLA9500Molecular Imager (GEHealthcare)
operating in 50-mm resolution mode.

Pollen Morphology and Viability

Pollen was collected from 20 flowers at anthesis stage, and fresh samples were
stained on a glass slide with fluorescein diacetate, as described by Mandaokar
and Browse (2009). Replicates were collected under similar climatic conditions
(time of pollen collection, humidity, and temperature). Microscopic observa-
tions were performed under visible light and at l = 495 nm with a Zeiss Axi-
oplan microscope (Carl Zeiss).

Permeability Measurement of Fruit Cuticle

For measurements of cuticle permeability to stain, we used a protocol
adapted from Tanaka et al. (2004). Mature green stage fruits collected from
wild-type and gpat6-a mutant plants were placed in 0.1% Toluidine Blue solu-
tion for 16 h. Staining of the fruit surface was then visually scored and photo-
graphs were taken.

Light Microscopy Analysis of Fruit Cuticle

For cuticle thickness measurements, fruit exocarp (including the cuticle) was
obtained from two independent red ripe stage fruits fromwild-type and gpat6-a

plants. Samples were fixed and embedded in OCT medium as described by
Buda et al. (2009). For each fruit, 12-mm cryosections were produced using a
Microm HM560 cryostat (Thermo Fisher Scientific) with C-type blade. Oil Red
O (Alfa Aesar) stock solution (saturated solution in isopropyl alcohol) was di-
luted 3:2 with distilled water, mixed well, equilibrated at room temperature for
30 min, and filtered with a 0.45-mm pore size filter. The stain was added to the
slides for 30 min in a petri dish containing water to maintain a humid atmos-
phere. The slides were then exposed to an alcohol series of 50%, 30%, 22%, 15%,
and 8% isopropyl alcohol, and the slides were finally mounted in 8% isopropyl
alcohol with a coverslip. The width of the cuticle layer was determined by
measuring the thickness of the cutinized anticlinal cell wall between two ad-
jacent epidermal cells, as described previously (Petit et al., 2014). Mean cuticle
thickness was assessed from 20 measurements each of 31 sections.

Cutin and Wax Analysis

Cuticular waxes were extracted by fruit immersion for 30 s in 6 mL of
chloroform containing 6 mg of docosane as an internal standard and subse-
quently analyzed as described previously (Petit et al., 2014). For the cutin
monomer analysis, two 1-cm-diameter discs were isolated from a red ripe fruit
epidermal peel, carefully scratchedwith a scalpel blade to remove exocarp cells,
and incubated for 30 min in isopropanol at 85°C. The cutin was then delipi-
dated, depolymerized, and analyzed as described previously (Petit et al., 2014).

RNA-seq Analysis

Twelve 1-cm-diameter discs of epidermal peels were isolated from six 20-
DPA fruits collected from three independent wild-type and gpat6-a mutant
plants and carefully scratchedwith a scalpel blade, as above. Two discs per fruit
were collected in distinct pools, and three pools were made in order to obtain
three biological replicates. RNA was extracted using Trizol reagent (Invi-
trogen). Samples were ground in liquid nitrogen and stored at 280°C until
RNA extraction, as described previously (Mounet et al., 2009). Total RNA in-
tegrity and concentration were assessed using anAgilent 2100 Bioanalyzer with
RNA Nano Chip (Agilent Technologies). Total RNA samples were converted
to cDNA libraries using a TruSeq RNA Sample Preparation Kit (Illumina)
according to the manufacturer’s instructions. The final library size distribution
was determined using a Fragment Analyzer (Advanced Analytical Technolo-
gies). The insert size comprised between 200 and 420 bp, and the average insert
size of the library was 274 bp. Three libraries were multiplexed, pooled, and
sequenced on a quarter lane of a HiSeq 2500 (Illumina), operating in 125-bp
paired-end read mode.

Bioinformatic analysis was performed using the TUXEDO analysis pipeline
(Trapnell et al., 2012). Filtered RNA-seq reads were aligned to the tomato ref-
erence genome sequence S. lycopersicum build release SL2.50 using TopHat2
(version 2.0.13; Kim et al., 2013). The resulting TopHat alignments were then
fed into Cufflinks (version 2.2.1) to assemble the transcripts. Annotated tran-
scripts were obtained using ITAG2.40 gene models. Transcript abundance es-
timates were measured in fragments per kilobase per million reads. Cuffdiff
and CummerRbund were used to determine differential gene expression
profiles (Trapnell et al., 2012).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Mapping-by-sequencing strategy.

Supplemental Figure S2. Acylglycerol metabolism in a S. cerevisiae double
knockout gat1Dgat2D strain rescued by GAT1.

Supplemental Figure S3. SlGPAT6 gene expression in tomato flower, fruit,
leaves, and root.

Supplemental Figure S4. Comparison of fruits (RR stage) and seeds from
the wild type and gpat6-a mutant.

Supplemental Figure S5. Functional categories of differentially expressed
genes in gpat6-a mutant.

Supplemental Table S1. Sequencing of the BC1F2 individuals from glossy
and wild-type-like fruit bulks.

Supplemental Table S2. Number of SNPs in the glossy and wild-type-like
bulks.
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Supplemental Table S3. Allelic frequency analysis in the glossy and wild-
type-like bulks.

Supplemental Table S4. Genes detected before and after the differential
analysis.

Supplemental Table S5. Transcription factors showing differential expres-
sion in the gpat6-a mutant.
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