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ABSTRACT

To gain insight into the genetic regulation of lipid metabolism in tomato, we conducted metabolic trait loci
(mQTL) analysis following the lipidomic profiling of fruit pericarp and leaf tissue of the Solanum pennellii
introgression lines (IL). To enhance mapping resolution for selected fruit-specific mQTL, we profiled the
lipids in a subset of independently derived S. pennellii backcross inbred lines, as well as in a near-
isogenic sub-IL population. We identified a putative lecithin:cholesterol acyltransferase that controls the
levels of several lipids, and two members of the class lll lipase family, LIP1 and LIP2, that were associated
with decreased levels of diacylglycerols (DAGs) and triacylglycerols (TAGs). Lipases of this class cleave
fatty acids from the glycerol backbone of acylglycerols. The released fatty acids serve as precursors of
flavor volatiles. We show that LIP1 expression correlates with fatty acid-derived volatile levels. We further
confirm the function of LIP1 in TAG and DAG breakdown and volatile synthesis using transgenic plants.
Taken together, our study extensively characterized the genetic architecture of lipophilic compounds in
tomato and demonstrated at molecular level that release of free fatty acids from the glycerol backbone
can have a major impact on downstream volatile synthesis.
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INTRODUCTION

Tomato is one of the most widely grown crops in the world, being
both versatile and rich in nutrients, vitamins, and antioxidants. The
tomato clade (Solanum sect. Lycopersicon) consists of 13 recog-
nized wild species (Peralta et al., 2006), with Solanum pennellii
considered one of the most distant relatives of the cultivated
tomato (Solanum lIycopersicum). This small desert species,

coverage of S. pennellii, have contributed over the years to the
identification of genes responsible for diverse traits including
pathogen resistance (Martin et al., 1993), fruit ripening (Manning
et al., 2006), sodium and potassium homeostasis (Asins et al.,
2018), whole plant morphology and yield (Ronen et al., 2000;
Lippman et al., 2007; Alseekh et al., 2013), and fruit morphology
and size (Frary et al., 2000; Liu et al., 2002; Xiao et al., 2008), as
well as having considerably aided in our understanding of the

bearing green fruits, has evolved unique adaptations to thrive
in arid habitats, and as it is sexually compatible with
S. lycopersicum it was used as the founding donor parent of a
well-characterized S. pennellii introgression line (IL) population
(Eshed and Zamir, 1995). The ILs, representing whole-genome

genetic regulation of primary and secondary metabolism.
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Metabolite levels can be regarded as a quantitative traits, and
mapping them using structured populations facilitates the identi-
fication of the genomic regions associated with the metabolic
variation—so-called metabolic quantitative trait loci (mQTLs). In
this manner novel metabolic and regulatory genes have been
identified in a range of different plant species (Kliebenstein
et al., 2002; Chan et al., 2011; Li et al., 2013; Chen et al., 2014;
Matsuda et al., 2015; Wu et al., 2018). In tomato, using the
S. pennellii ILs, this approach was successfully utilized for
primary metabolites (Causse et al., 2004; Overy et al., 2005;
Schauer et al., 2008; Toubiana et al., 2012, 2015), secondary
metabolites (Rousseaux et al., 2005; Tieman et al., 2006a;
Minutolo et al., 2013; Alseekh et al., 2015, 2017; Schilmiller
et al.,, 2015, 2016), and volatile organic compounds from
tomato fruit (Mathieu et al., 2009; Mageroy et al., 2012; Rambla
et al., 2014, 2017). However, relatively few studies to date have
been aimed at understanding the genetic basis of lipid
composition in tomato populations, and most of the performed
studies have targeted cuticular lipids in fruits and leaves (Yeats
et al., 2012; Bolger et al., 2014; Ofner et al., 2016; Fernandez-
Moreno et al., 2017). Studying wax triterpenoid composition,
Yeats et al. (2012) shed new light on understanding the
ecological and evolutionary functional genomics of plant
cuticles. In addition, the first screening for a large set of
cuticular lipids in tomato fruit using S. pennelli ILs was
performed by Fernandez-Moreno et al. (2017) in order to build a
first map of associated QTLs. Targeted analysis with this
population has also been carried out on the lipophilic
carotenoids (Ronen et al., 2000) and tocopherol (Quadrana
et al., 2014). Overall, very little has been achieved thus far in
understanding the genetics underlying the metabolism and
regulation of lipids, a class of compounds with prominent roles
in practically every aspect of life (Tenenboim and Brotman,
2016; Nakamura, 2017).

Lipids and fatty acids serve as precursors for many volatile com-
pounds that contribute to defense, signaling, and, in the case of
fruits, the attraction of herbivores and consequent seed distribu-
tion (Wang et al., 2001; Chen et al., 2004; Klee and Giovannoni,
2011). One of the main defense hormones, jasmonic acid,
involved in induced systemic resistance and in response to
wounding, is derived from linolenic acid (Vick and Zimmerman,
1984). Fatty acids were shown to directly induce the expression
of defense-associated R genes (Chandra-Shekara et al., 2007).
Plant fatty acid-derived volatile organic compounds (FA-VOCs)
have critical functions in many aspects of intra- and inter-
kingdom communication (Weber, 2002). They are specifically
induced in response to many biotic stresses such as pathogen
and herbivore feeding, where they have important defensive
functions (Dicke and Baldwin, 2010; Christensen and
Kolomiets, 2011; Scala et al., 2013). In addition, many FA-VOCs
are important contributors to human liking of food crops
(Schwab et al., 2008; Tieman et al., 2017). In the case of
tomato, several FA-VOCs, including multiple C5, C6, C7, C8,
and C10 volatiles, are significantly correlated with overall liking
and flavor intensity (Tieman et al., 2017). Even within the
species S. lycopersicum, there is tremendous variation in
FA-VOC content; levels of these chemicals within ripe fruit can
vary by several orders of magnitude (Tieman et al., 2017).
Knowledge of how these volatiles are synthesized and how
their biosynthetic pathways are regulated is critical for the
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development of varieties with superior flavor in ways that do
not compromise plant defense.

Given the importance of these chemicals in plant defense and
agronomic quality, there are large gaps in our understanding of
FA-VOC biosynthetic pathways. For example, the roles of lipoxy-
genases (LOX) and hydroperoxide lyase (HPL) in the later steps of
the pathway are well established in synthesis of C5 and C6 vola-
tiles (Vancanneyt et al., 2001; Chen et al., 2004; Shen et al., 2014).
While LOX activity is essential for synthesis of these volatiles,
there is little evidence that LOX isoforms are rate limiting to
synthesis. Although it is theoretically logical to assume that
release of polyunsaturated fatty acids from the glycerol
backbone of mono-, di-, and triglycerides would be an essential
first step to synthesis of any FA-VOC, there is a critical lack of
knowledge concerning this first step. Moreover, virtually nothing
is known about synthesis of longer-chain FA-VOCs such as
Z-4-decenal and E,E-2,4-decadienal, two volatiles that are signif-
icantly correlated with liking tomato flavor. Cleavage of fatty acids
from glycerol is accomplished by the action of lipases. Genes
predicted to encode lipases are abundant in plant genomes
and have been implicated in multiple biological processes. For
example, several class Il lipases have critical roles in mobilizing
stored lipids during seed germination (Eastmond, 2004a,
2004b; Matsui et al., 2004), while others respond to stresses or
senescence (Jakab et al., 2003; Ling, 2008). Moreover, the
Defective in Anther Dehiscence 1 protein (DAD1), an
Arabidopsis lipase, catalyzes the initial step of jasmonic acid
biosynthesis (Ishiguro et al., 2001).

Here, we conducted large-scale lipid profiling of fruit pericarp and
leaf material of an S. pennellii IL population. We detected 1528
fruit and 428 leaf mQTLs, and identified many candidate genes
in the process. We selected three loci and used independently
derived S. pennellii backcrossed inbred lines (BILs), as well as
an independent near-isogenic sub-IL population, for fine-map-
ping. We revealed three candidate genes that associated with
the abundance of lipids, a putative lecithin:cholesterol acyltrans-
ferase and two members of the class Il lipase gene family, LIP1
and LIP2, all of which are highly expressed in S. pennellii. We
generated LIP7overexpression and RNAi-mediated knockdown
lines and confirmed a role for LIP1 in reduced lipid and increased
glycerol and FA-VOC contents in the S. pennellii-derived IL12-3
that harbors the LIP1 gene. Our study provided an extensive anal-
ysis of the genetic architecture of tomato lipid metabolism,
showed a critical role of a lipase gene in the regulation of FA-
VOC synthesis, and identified an allele likely positively affecting
tomato fruit volatiles that are significantly correlated with con-
sumer preferences.

RESULTS

LC-MS-Based Lipidomic Profiling of S. pennellii
Introgression Lines

To explore the genetic basis of lipid metabolism in tomato,
we performed lipidomic analysis using ultra-performance
liquid chromatography coupled with Fourier-transform mass
spectrometry (UPLC-FT-MS) on fruit pericarp and leaf tissue
from a population of 76 ILs derived from a cross between
S. pennellii and S. lycopersicum (M82). Fruit pericarp tissue
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was harvested in two independent field trials (2001 and
2003 summer seasons, lIsrael; previously described in
Schauer et al., 2006), whereas leaf material was obtained
from ILs grown in the greenhouse in the spring of
2016. The following lipid classes were measured:
phosphatidylcholines (PCs), phosphatidylethanolamines
(PEs), phosphatidylglycerols (PGs), phosphatidylinositols
(Pls), phosphatidylserines (PSs), diacylglycerols (DAGs),
triacylglycerols (TAGS), monogalactosyldiacylglycerols
(MGDGs), digalactosyldiacylglycerols (DGDGs), and
sulfoquinovosyl diacylglycerols (SQDGs).

The two parental strains show profound differences between
their lipophilic compound profiles, both in fruit and leaf, with dif-
ferences in almost every lipid class (Supplemental Figure 1A
and 1B). Strikingly, S. pennellii ripe fruit contains substantial
amounts of lipophilic compounds that are absent in M82. In
fruit, we identified 135 and 163 lipid species in the 2001 and
2003 harvest seasons (Table S1), respectively, of which 117
lipid species (belonging to five classes: PCs, PEs, DAGs, TAGs,
MGDGs, and DGDGs) were common to both seasons
(Supplemental Table 1). Lipid levels reached a maximum
of nearly 45-fold-chnage compared with M82, with around
43% and 57% of all detected changes in lipids showing
increased or decreased levels in the ILs, respectively, in compar-
ison with M82.

Using the same strategy, we investigated lipid metabolism in the
leaf. This allowed us to identify 203 lipid species across all ILs
(Supplemental Table 1). In contrast to fruit pericarp, in the leaf
we observed major changes in TAG contents, with most of the
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Figure 1. Summary of Mapping Results

Conducted in Fruit and Leaf

Chromosomal distribution of the mQTL found in
Lid the IL mapping of ripe fruit (A) and leaf (B) tissue.

For fruit, lipid-locus associations that were pre-
0 sent in the two harvesting seasons (p < 0.05; 2001
and 2003) are shown. Leaf lipid-locus associa-
tions (p < 0.001) in which IL lipid levels were either
more than 3-fold or less than 0.5-fold of the M82
value are shown. Each circle (triangle) represents
an mQTL, color-coded according to lipid class,
.000 and its size represents the number of lipid species

participating in a given mQTL.

1" 12

Metabolites 30

ILs showing increases in TAGs when
compared with M82 (Supplemental
Figure 2A and 2B). Interestingly, only two
ILs show a significant decrease in the leaf
level of these compounds.

Identification of Lipid QTLs in the S.
pennellii IL Population

Next, lipid QTLs were defined using ANOVA
performed at two levels of significance:
permissive (p < 0.05) and stringent (p <
0.01). We found a total of 1528 and 738
mQTLs with the permissive and stringent
threshold, respectively, in fruit across
two seasons. In leaf 428 associations at
p < 0.001 were identified (Supplemental Table 2). Conserved
mQTLs (with permissive threshold) across two seasons in fruit,
and robust mQTLs in leaf (p < 0.001), were plotted next to the
genome segment to which they were mapped (Figure 1A
and 1B). While mostly evenly distributed across the genome,
several hotspots were identified, notably on chromosome 3
(IL3-3), 5 (IL5-3, IL5-4), 8 (IL8-2), 9 (IL9-2, IL9-3), and 12 (IL12-
2, IL12-8, IL12-4) in fruit; and in leaf on chromosome 1 (IL1-3,
IL1-4), 3 (IL3-3), 6 (IL6-1, IL6-2, IL6-2-2), 11 (IL11-2), and 12
(IL12-4).

11 12
Aa
AA
A
A

Metabolites 50

To further investigate the effect of introgression of the wild allele
in the genetic background of the domesticated tomato, we
explored the distribution of detected QTLs for each lipid class
across all ILs (Supplemental Figure 3A and 3B). In fruit, 14
ILs showed, in parallel, substantial increase and decrease in
lipid content (see, for instance, ILs 3-2/3-3/5-3/5-4), while
12 ILs displayed only decreased lipid levels (see, for instance,
ILs 7-1/7-2/12-2/12-4). Lipid levels in the rest of the ILs
exhibited mixed behavior, but still showed a general tendency
to change in one direction (Supplemental Figure 3A). In leaf,
the ILs manifested a smaller degree of variation in lipid
abundance (Supplemental Figure 2), mostly confined to
increased TAG levels in the majority of the lines
(Supplemental Figure 3B).

Conducting lipid mapping in both tissues allowed us to identify
tissue-specific QTLs and to reveal different genetic regulation
of lipid metabolism in fruit and leaf. In fruit around 56.6% of
detected mQTLs were associated with decreased lipid levels,
whereas in leaf most of the changes contributed to TAG
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Figure 2. Schematic Representation of S. pennellii ILs for Six Chromosomes in Fruit and Leaf.
Representative lipid species are depicted (A-F), showing the effect of genomic regions on lipid levels. Only significant mQTLs are shown (p < 0.05). Lipid
levels were calculated as fold change of M82. Error bars indicate SE. n = 8 for fruit, n = 4 for leaf.

accumulation. For example in ILs 12-2/IL12-3 (Supplemental
Figure 3A), we detected a major fruit-specific metabolic quantita-
tive trait locus (mQTL) that led to lower levels of mostly TAGs and
DAGs. Conversely, a strong mQTL that influenced the levels of
different lipid classes in both tissues is located in the wild

genomic segment carried by IL3-3.

Our lipid profiling revealed that lines carrying overlapping intro-
gressed genomic segments show, in many cases, a similar lipid
profile (Supplemental Figure 3 and Figure 2), enabling us to
narrow down the genomic region of the QTL. For instance,
levels of MGDG 36:4 are altered by a gene(s) in an overlapping

region of IL3-2

1150 Molecular Plant 11, 1147-1165, September 2018 © The Author 2018.
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may contain genes involved in diacylglycerol and triacylgycerol
metabolism (Figure 2C). Additionally, almost 37% of all TAGs
displayed significantly lower levels in ILs that carry a 19-cM
segment of chromosome 9 (Figure 2E) common to IL9-3, IL9-3-
1, and IL9-3-2.

Identification of Candidate Genes

To identify causal genes within the intervals corresponding to
the identified mQTLs, we used the genetic markers that define
the ends of the overlapping region of each IL to identify the
genomic sequence in the assembly of tomato genome available
at the Sol Genomics Network (assembly ITAG3.1; http://
solgenomics.net). Next, we generated a list of tomato genes pu-
tatively annotated, based on sequence homology, as lipid meta-
bolism-related. We then searched publicly available expression
data (TFGD, http://ted.bti.cornell.edu/) for lipid-related genes
located in the mQTL hotspots and extracted those that were
differentially expressed between the two parental lines
(Table 1). In segment IL1-1, for instance, we identified 30 lipid-
related genes, two of which were differentially expressed be-
tween M82 and S. pennellii: Solyc01g008780, encoding a puta-
tive phospholipase A2; and Solyc01g008320, encoding a protein
that contains a DDHD domain, which is commonly observed in
phosphoesterases. In another mQTL, located in the overlap re-
gion of IL8-2 and IL8-2-1, we identified a gene (Solyc08g066800)
that shows strong sequence homology to phospholipase D, an
enzyme that uses PC, PE, and PG as substrates. Indeed, not
only were increased levels of PC and PE associated (p < 0.01)
with this locus, but also expression of Solyc08g066800 in
IL8-2 and IL8-2-1 was low compared with M82, implicating
it as the causal gene. Solyc03g097470, predicted to encode
B-ketoacyl-acyl carrier protein synthase lll that takes part in
de novo fatty acid biosynthesis in the chloroplast, is highly
expressed in S. pennelli and located in an mQTL on IL3-3.
This mQTL is associated with altered levels of various lipid
classes, mainly decreased TAG levels. Interestingly, the M82
allele contains an 8-bp deletion 816 bp from the transcriptional
start site, as well as several changes within the first 50 bp
upstream of the transcriptional start site when compared with
the S. pennellii allele, changes that might be causal for the
altered gene expression.

mQTL Validation in IL5-3 Using an S. pennellii Backcross
Inbred Lines Population

Our QTL analysis revealed that the introgressed region of IL5-3
on chromosome five significantly altered the levels of several
lipids, mostly triacylglycerols (Figure 3A). Based on sequence
homology, this region contains 25 lipid-related genes, 13 of which
are expressed in fruits. To gain better mapping resolution, we
performed lipid analysis on fruit pericarp material of a subset of
independently derived S. pennelli BlLs (Ofner et al., 2016;
Figure 3B). From the collection of ~446 BlLs available we
selected 49 BlLs that contain an introgression overlapping with
that of IL5-3. The lipidomic profiling revealed that 9 out of
49 BlLs showed similar phenotype to IL5-3 (Figure 3C). Based
on the overlap of the nine S. pennellii-like BlLs, we defined a
much-reduced interval containing 12 genes, among which only
one (Solyc05g050710, lecithin:cholesterol acyltransferase) was
annotated to have a putative function in lipid metabolism. This
gene additionally shows 20-fold higher expression in S. pennellii

Molecular Plant

and in IL5-3 compared with M82 (Figure 3D). Moreover, we found
that the basis for the differential expression might lie in a 43-bp
deletion in the promoter region of the M82 allele of the gene
(Figure 3E).

A Major mQTL on Chromosome 12 Regulates the Levels
of TAGs and DAGs in Tomato Fruit

A major fruit-specific mQTL for DAGs and TAGs (0.0179 relative
level of M82) was detected in the overlapping regions of IL12-2
and 12-3 when compared with M82 in tomato fruit pericarp
(Figures 1A and 2F). This region contains 859 genes, including
15 annotated as lipid-related. To obtain better mapping
resolution, we selected eight BlLs that contain introgressions of
S. pennellii that overlap with that of IL12-2/12-3. Lipid profiling
of those lines revealed four BlLs with similarly decreased TAG
and DAG levels as IL12-2/12-3 (Figure 4A and Supplemental
Table 3). Based on the overlap of the S. pennellii-like BILs we
defined a much-reduced interval of 100 genes, among them
four lipid-related. To further narrow down the locus we generated
a series of sub-ILs derived from the cross of IL12-3 to M82
(Figure 4B). Sites of recombination within these sub-ILs were
defined by the markers listed in Supplemental Table 4. By
comparing the lipid content of each sub-IL to M82, we identified
a segment of S. pennellii controlling contents of the TAG and DAG
classes. The border of this segment was defined by molecular
markers C36605 and S459-2. All sub-ILs containing this segment
had substantially lower levels of DAGs and TAGs compared with
M82 (Figure 4C), while those sub-ILs without this segment were
unchanged or higher than M82. Annotation of the tomato genome
(Tomato Genome Consortium, 2012) indicates the presence of
approximately 60 genes within this interval (Supplemental
Table 5). The transcript levels of those genes that are involved
in lipid metabolism in ILs and the parental lines revealed that
only Solyc12g055730, putatively annotated as a class |l
triacylglycerol lipase, was highly abundant in fruits of IL12-2
and 12-3 (RNA-sequencing data [TFGD, http://ted.bti.cornell.
edu/]; Figure 4D), and not in leaves, which concomitantly
showed an opposite trend in lipid levels. We named this lipase
LIPASE1 (SILIP1 for the M82 allele and SpLIP1 for the S.
pennellii allele). Triacylglycerol lipases are enzymes capable of
hydrolyzing ester linkages of triglycerides and diglycerides,
releasing a free fatty acid (Mukherjee, 1994). This action
corresponds to the lower levels (p < 0.01) of TAGs and DAGs
observed in the IL12-2 and IL12-3. Although there are 27 amino
acid differences between the SpLIP1 and SILIP1 enzymes, they
both contain the lipase consensus sequence FVWTGHSLGG
and the SDH catalytic triad (Supplemental Figure 4A). DNA
sequencing of the orthologous promoter regions revealed a
1307-bp insertion into the SILIP1 gene, moving a tandem repeat
of primary ethylene response elements (PEREs) substantially
further away from the translational start site (Supplemental
Figure 4B). PERE elements have been shown to confer
ethylene-inducible gene expression in Arabidopsis (Solano
et al,, 1998) and tobacco (Kosugi and Ohashi, 2000). These
results tentatively suggest that LIP1 is likely to be a lipase
catalyzing the release of fatty acids from triacylglycerols.

The Class lll Lipase Family in Tomato

Class lll lipases constitute a large family of lipolytic enzymes that
degrade triacylglycerol into glycerol and free fatty acids. Analysis

Molecular Plant 11, 1147-1165, September 2018 © The Author 2018. 1151
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Expression
mQTL IL name Gene name Annotation M82 S. pennellii | Fold change
MGDG, DGDG, TAG, IL1-1 Solyc019g008780 | Phospholipase A 65.47 27.01 2.4
Phospholipids
MGDG, DGDG, TAG, IL1-1 Solyc019g008320 | DDHD domain 91.77 31.57 2.9
Phospholipids
MGDG, DGDG, TAG, IL1-3 Solyc019099040 | GDSL esterase/lipase 48.8 | 3181.45 65.2
DAG, Phospholipids
MGDG, DGDG, TAG, IL1-3 Solyc019099100 | Long-chain fatty acid 196.2 52.47 3.7
DAG, Phospholipids coenzyme A ligase
MGDG, DGDG, TAG, IL1-4/ Solyc01g111250 | Phosphatidylinositol- 35.51 205.89 5.8
DAG, Phospholipids IL1-4-8 specific phospholipase C
MGDG, DGDG, IL2-3/ Solyc029069420 | Phospholipid-translocating 51.07 5.71 8.9
phospholipids IL2-4 P-type ATPase flippase
family protein
MGDG, DGDG, IL2-3/ Solyc029069430 | Phospholipid-transporting | 109.56 9.32 11.8
phospholipids IL2-4 ATPase
MGDG, DGDG, IL2-3/ Solyc029g069930 | Lipase-like protein 154.25 2.39 64.5
phospholipids IL2-4
DAGs, DGDG, MGDG, TAG IL3-3 Solyc039097470 | 3-Oxoacyl-B-ketoacyl-acyl | 143.29 | 865.25 6.0
carrier protein synthase Ill
(FabH)
DAGs, DGDG, MGDG, TAG IL3-3 Solyc03g111550 | GDSL esterase/lipase 159.57 1.74 91.7
DAGs, phospholipids IL3-5 Solyc03g123750 | Lipase (LIP2) 6.15 34.59 5.6
MGDG, DGDG, TAGs, DAGs | IL5-3 Solyc059050710 | Lecithin cholesterol 0.97 50.05 51.6
acyltransferase
MGDG, DGDG, TAG, IL6-2/ Solyc069054550 | Lipase 61.26 0
DAG, Phospholipids ILG-2-2
MGDG, DGDG, TAG, IL6-2/ Solyc069054670 | Stearoyl-acyl carrier 0 64.55
DAG, Phospholipids IL6-2-2 protein desaturase
MGDG, DGDG, TAG, IL6-2/ Solyc069059710 | Stearoyl-acyl carrier 0 55.76
DAG, Phospholipids IL6-2-2 protein desaturase
MGDG, DGDG, TAG, IL6-2/ Solyc069059720 | Stearoyl-acyl carrier 141.81 | 3116.16 22.0
DAG, Phospholipids IL6-2-2 protein desaturase
MGDG, DGDG, TAGs, IL7-4/ Solyc079019670 | Fatty acid oxidation 60.91 593.51 9.7
DAGs, phospholipids IL7-4-1 complex subunit alpha
MGDG, DGDG, TAGs, IL8-2/ Solyc089066800 | Phospholipase D 112.63 9.35 12.0
phospholipids IL8-2-1
DGDG, MGDG,TAGs, IL9-2 Solyc099020190 | Phosphoesterase 64.33 14.43 4.5
phospholipids
DGDG, phospholipids IL9-3 Solyc099091050 | Lipase 121.31 12.28 9.9
TAGs, DAGs, phospholipids | IL10-1 Solyc109008640 | Diacylglycerol kinase 62.65 20.15 3.1
TAGs, DAGs, phospholipids | IL10-1 Solyc109075070 | Non-specific lipid-transfer 48.76 | 7473.24 153.3
protein
TAGs, DAGs IL12-2/1L12-3 | Solyc129055730 | Lipase (LIP1) 2.44 | 1582.28 648.5

Table 1. Lipid-Related Genes Located in mQTL Hotspots.

of the tomato genome (Tomato Genome Consortium, 2012)
identified seven pairs of lipase genes, Sp/SILIP1 to Sp/SILIP7. other plant species was charted (Figure 4E). Sp/SILIP1 belongs
The phylogenetic relationship between Sp/SILIP1 and other to the same subgroup as RcOBL1 and EgLIP1. RcOBL1 is a
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lipases present in the tomato genome and their homologs in
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class Il lipase isolated from castor bean endosperm that
hydrolyzes a range of triacylglycerols but is not active on
phospholipids (Eastmond, 2004a). EgLIP1 was reported to be
an oil palm class Ill lipase (Nurniwalis et al., 2015). gPCR
analysis was performed to assess expression of the seven
lipases in fruit of IL12-3 and M82. Of the seven, only SpLIP1
was highly expressed in ripe fruits, with expression 50-fold higher
than in any of the other genes (Figure 4D).

Decreased DAGs and TAGs Are Associated with the
LIP2 Locus

Hierarchical clustering analysis on our lipid data from fruit peri-
carp revealed that IL3-5 grouped together and showed similar

Molecular Plant 11, 1147-1165, September 2018 © The Author 2018.

phenotypic pattern to 1L12-2/12-3, with lower levels of DAGs
and TAGs in fruits and no alteration in leaf (Figure 5A). The
introgressed region of IL3-5 contains 425 genes, among them
20 lipid-related. Following the same strategy as described above,
we conducted lipidomic analysis on a subset of 27 BlLs overlap-
ping with the introgression of S. pennellii in IL3-5, which revealed
that 12 lines showed similar TAG and DAG levels as IL3-5
(Figure 5B). This permitted us to reduce the mQTLs to a
genomic region containing 121 genes, five of which are
putatively associated with lipid metabolism. Notably,
Solyc03g123750 (named SILIP2 for M82 allele and SpLI/P2 for
S. pennellii allele), putatively annotated as a class Ill TAG
lipase, is the only gene in this locus that showed differential
mRNA accumulation, with 2.5-fold higher transcript in IL3-5 fruit
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compared with M82 (Figure 5C). Examination of the promoter
region of SILIP2 and SpLIP2 revealed a 38-bp and a 48-bp dele-
tion in the M82 allele (Figure 5D). Sequence analysis revealed that
the protein sequence of SILIP1 has 62% identity and 73%
similarity to SILIP2. Despite some amino acid differences
between the SILIP1 and SILIP2 enzymes, especially near the
N terminus, they both contain the lipase-specific features as
described above. Moreover, the phylogenetic analysis described
above (Figures 4D or 5D) showed that SpLIP2 is the closest
homolog of SpLIP1.

A QTL Associated with IL12-3 Regulates FA-
VOC Production in Tomato Fruit

We have associated the decreased levels of DAG and TAG with a
locus within IL12-3 containing the LIP1. Previously, we also
showed that the S. pennellii introgression, IL12-3, produces
significantly higher levels of multiple FA-VOCs (Tieman et al.,
2006b). To better establish the effects of the introgression on
volatile production, we grew IL12-3 for seven seasons and quan-
tified a set of C5-C10 volatiles synthesized in fruit, several of
which make significant contributions to consumer liking of to-
mato fruit (Tieman et al., 2017) (Supplemental Table 6). Among
15 FA-VOCs of different carbon chain length, six exhibited
consistently higher levels in IL12-3 fruits over all the seasons,
including 1-penten-3-one (C5), pentanal (C5), E-2-pentenal
(C5), E-2-heptenal (C7), Z-4-decenal (C10), and E,E-2,4-
decadienal (C10) with 1.5- to 18-fold increases in IL12-3. Other
FA-VOCs, such as 1-pentanol, were significantly different in mul-
tiple but not all seasons. Based on these observations, IL12-3
contains one or more QTLs regulating the production of a range
of FA-VOCs in fruit.

In addition, we performed FA-VOC analysis on the IL12-3
sub-IL population. The emissions of six FA-VOCs with higher
levels in IL12-3 fruit were quantified in each sub-IL (Figure 6A).
By comparing the FA-VOC emissions of each sub-IL to M82,
we identified a segment (between markers C36605 and S459-
2s) of S. pennellii controlling contents of the two C10 volatiles,
Z-4-decenal and E,E-2,4-decadienal. This segment is identical
to the one found by lipid mapping harboring the LIP1. All sub-
ILs containing this segment had a substantially higher level of
Z-4-decenal compared with M82 while those sub-ILs without
this segment were unchanged or lower (R3148) than M82. For
E,E-2,4-decadienal, five of the seven sub-ILs containing this
segment emitted substantially higher levels than M82. However,
no clear linkage with the other four FA-VOCs was observed with
this genome region (Supplemental Table 10A).

Molecular Plant

Correlation between SpLIP1 Expression and C10
FA-VOC Emission in IL12-3 Plants

Real-time RT-PCR analysis of Sp/SILIP1 expression in different
tissues demonstrated that the SpLIP1 transcript specifically
accumulates in fruit tissue from the mature green to red ripe
stage. While SILIP1 also accumulates to its highest levels in
ripening fruit, SpLIP1 is present in vastly higher levels at all stages
of ripening (Figure 6B). Correspondingly, emissions of Z-4-
decenal (Figure 6C) and E,E-2,4-decadienal (Figure 6D)
increase at the turning stage and reach their highest levels at
the red ripe stage in IL12-3 fruit, with significantly lower levels
of these C10 volatiles in M82 than IL12-3. The positive correlation
between SpLIP1 transcript abundance and emissions of C10
FA-VOCs is consistent with a rate-limiting role for SpLIP1 in
C10 FA-VOC production.

Functional Validation of SpLIP1 Using Overexpression
and RNAi Lines

To further validate the mapping results and the function of LIP1
in vivo, we introduced an RNAI construct into IL12-3, which re-
sulted in multiple lines with up to 95% reduced expression of
SpLIP1 (Figure 7A). Expression of the other six lipases was also
assessed (Supplemental Figure 5). LIP4 was the only gene with
reduced expression levels in all four independent RNAI lines.
This reduction is not unexpected given its homology to LIP1.
However, given the incredibly low expression levels of LIP4
compared with SpLIP1 in IL12-3 (Supplemental Figure 5), the
contribution of off-target silencing of LIP4 to the changes in the
lipid levels observed in RNAi lines is likely to be negligible. In addi-
tion, we generated four independent overexpression (OE) lines
carrying the S. pennellii allele (SpLIP1) driven by the figwort
mosaic virus 35S promoter in the M82 background
(Supplemental Figure 6). Lipid levels in red ripe fruit of four
independent OE lines and four independent LIP1-
downregulated RNAI lines were profiled. The OE lines show
clear reduction in the levels of most lipid species, especially in
DAGs and TAGs. These changes, therefore, resemble the lipid
profile we observed in IL12-3, for example TAG 60:7 and TAG
58:7 (Supplemental Figure 6B and Supplemental Table 7). In
contrast, downregulation of LIP71 in the IL12-3 background
restored DAGs to M82 levels, and increased TAG content to
above M82 levels (Figure 7B and Supplemental Table 7). The
most prominent changes were observed in the levels of TAG
52:6, TAG 50:6, and TAG 54:9, which were all significantly
decreased in IL12-3 compared with M82 but substantially
increased, following SpLIP1 silencing, to levels well above those

(B) Fine-mapping of the chromosomal region using a sub-IL population. Each F4 generation sub-IL is shown by a combination of black and white
rectangles, representing the S. pennellii and S. lycopersicum genome fragments, respectively. Sub-IL borders were defined with the molecular markers
listed in Supplemental Table 1. The SLIP1 gene lies between the two indicated markers.

(C) Levels of various representative TAGs in M82, IL12-3, and in sub-ILs that either harbor SLIP7 (12-3-like) or not (M82-like) presented in relative values.

Error bars indicate SE; asterisks indicate significant differences (p < 0.05).

(D) Expression levels of the seven LIPs in ripe fruit of IL12-3 and M82 (error bars represent SE, n = 4).

(E) Phylogenetic analysis of the protein sequences of the seven LIPs in S. lycopersicum and S. pennellii, as well as of homologs in other species. An
unrooted neighbor-joining tree was generated by MEGAS5.1. The percentage of trees in which the associated taxa are clustered together is shown next to
the branches. The trees are drawn to scale, with branch lengths measured in the number of substitutions per site. GenBank accessions or NCBI reference
numbers are as follows: SpLIP1 (XP_015060008), SILIP1 (XP_004252623), At3G14360 (NM_112294.5), RcOBL1 (JQ945176), EgLIP1 (JX556215),
AtDAD1 (OAP10523), DcLIP (AAD01804), At2G42690 (818869), LeLID1 (XP_004232963), CaPLA1 (EF595843), AtEDS1 (AEE78366), AtPAD4 (AEE78945),

AtSAG101 (NP_568307).

Molecular Plant 11, 1147-1165, September 2018 © The Author 2018. 1155
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Figure 5. Characterization of the IL3-5 mQTL Harboring the SLIP2 Gene.

(A) Heatmap showing DAG and TAG levels in fruit and leaf of IL12-2/3 (SpLIP1) and IL3-5 (SpLIP2). M82 levels are defined as 1 (always white). Decreased
levels are marked blue, and increased levels red. The heatmap shows decreased levels of almost all DAGs and TAGs in fruits of the three lines, indicating
the exclusive expression of LIP7 and 2 in fruit and the similarity in their function, while lipid levels in leaf are more variable due to different stochastic factors

unrelated to LIP7 or 2 (which are not expressed there).

(B) Levels of total TAGs in M82-like BILs compared with S. pennellii-like BILs. The means of 15 (M82) and 12 (S. pennellii) lines are shown. Error bars

indicate SE; asterisk indicates significant differences (*p < 0.05).

(C) Expression of LIP1 in M82 and S. pennellii fruit. Error bars indicate SE; asterisks indicate significant difference (**p < 0.001).
(D) The promoter of the M82 allele of LIP2 features two deletions compared with the S. pennellii allele.

found in M82 (Figure 7B). Moreover, when changes in the lipid
profiles were studied at earlier developmental time points,
smaller changes were generally observed in the levels of the
aforementioned metabolites (Supplemental Table 7), consistent
with the expression of LIP1. We additionally carried out fatty
acid and primary metabolite profiling to analyze the levels of
lipase-activity products, namely glycerol and fatty acids. While

the levels of glycerol were clearly higher in IL12-3 than M82 and
returned to M82 levels following SpLIP1 silencing (Figure 7B),
those of the fatty acids were largely invariant (Supplemental
Table 8). This result suggests that red ripe fruit has a limited
capacity to further catabolize glycerol, but that the capacity for
catabolizing fatty acids is not saturated in IL12-3. Of note, glyc-
erol levels show significant (o < 0.001) increase in all four
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independent OE lines in comparison with M82 (Supplemental
Figure 6B). Analysis of other primary metabolic changes
revealed very few that could potentially be ascribed to LIP1
(i.e., showed an opposite pattern of change comparing M82
with IL12-3 and IL12-3 with the RNAi and OE lines). Dopamine,
y-aminobutyric acid, galactonate, and glycerol 3-phosphate
show different change patterns in red ripe fruit (Supplemental
Table 9); however, only the comparative levels of glycerol
3-phosphate in IL12-3 and M82 are consistent with the
expression pattern of LIP1 across ripening (Supplemental
Table 9). Thus, when these combined data are considered in
the context of the large number of metabolites measured in
this study, we can conclude that the effects of manipulating
LIP1 are largely relatively specific and provoke relatively few
pleiotropic effects.

In addition, the FA-VOC contents of ripe fruits were measured
in transgenic and control lines to determine the impact of the OE
and RNAI constructs. Although we did not notice a significant in-
crease in FA-VOC levels in OE lines (Supplemental Table 10), out
of 18 FA-VOCs quantified, seven were reduced to near-M82 levels

Molecular Plant 11, 1147-1165, September 2018 © The Author 2018.

The current study provides a comprehen-

sive analysis of the genetic regulation of lipid
metabolism in tomato fruit and leaf. To this end we employed an
IL population derived from a cross between the commercial S. ly-
copersicum cv. M82 and the wild S. pennellii, already extensively
used in various studies. Using genetic mapping with lipid levels as
phenotypic traits resulted in identification of more than 160
different lipid species of ten different classes, with a total of
1528 and 428 mQTLs in fruit and leaf, respectively. Although plant
lipid metabolism has been extensively studied, even in Arabidop-
sis only 40% of the 700 genes that are putatively annotated as
lipid metabolism genes are functionally characterized (Li-
Beisson et al., 2013). In tomato and other plant species that
number is much smaller. As described in the Introduction, while
most mapping studies in tomato have targeted cuticular lipids
in fruits and leaves (Yeats et al., 2012; Bolger et al., 2014; Ofner
et al., 2016; Fernandez-Moreno et al., 2017), the current study
provides genetic evidence for key associations between
structural, signaling, and storage lipids, and genes involved in
their metabolism in tomato.

We observed that lipid metabolism is genetically regulated on
two levels: (i) an intra-class (loci that control lipids from one
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Figure 7. SpLIP1 Silencing in IL12-3 Plants and Its Effect on Lipid Content and FA-VOC Emissions in Fruit.
(A) Transcript levels of SpLIP1 in ripe fruits of four silenced transgenic lines relative to IL12-3 and SILIP1 in M82 (error bars represent SE, n = 4).
(B) Levels of triacylglycerol and glycerol accumulating in red ripe fruits of M82, IL12-3, and RNAI lines presented in relative values. Asterisks indicate

significant differences (* p < 0.05, **p < 0.001).

(C) Decreased emissions of FA-VOCs in the fruit of silenced transgenic lines (error bars represent SE, n > 4). Number of carbons in each VOC is indicated

in parentheses. Asterisks indicate significant differences (* p < 0.05).

biochemical class, i.e., only lipid species that belong to the TAG
lipid class) level; and (ii) an inter-class (loci that control lipids from
several classes, i.e., lipids of the lipid classes TAG, PE, and PC)
level, suggesting a multilevel genetic-control architecture that is
in agreement with the catalytic plasticity of fatty acid modification
enzymes in plants (Broun et al., 1998). Synthesis of fatty acid-
containing lipids occurs via sequential addition of two-carbon
units derived from acetyl-coenzyme A. This is shown in our
mapping of biochemically closely related lipids from specific lipid
classes to the same locus, reflecting the successive addition
of the carbon units conferred by a single enzyme. Prominent
examples of this intra-class-level regulation include 43 TAGs
that mapped to IL12-3 (Figure 1 and Supplemental Figure 3).
Inter-class regulation is exemplified by 12 MGDGs and 13
DGDGs that mapped to IL3-2 in fruit (Figure 1 and

Supplemental Figure 3). The DAG moiety has been proposed as
the major precursor for TAG synthesis (Bates et al., 2009);
hence TAG and DAG were co-mapped to several genomic
regions (Figure 1 and Supplemental Figure 3), for instance in
IL10-1 (Table 1), carrying a putative diacylglycerol kinase, an
enzyme that catalyzes the conversion of DAG to phosphatidic
acid.

Significant associations were well distributed across the genome;
however, several hotspots could nevertheless be identified,
particularly in fruit (Figure 1). Comparison of the mQTLs in both
tissues reveals large variation in terms of the lipid species and
lipid classes mapped to a specific locus (Figure 1). This result
was very different from that found for comparison of QTLs for
primary metabolites in various tissues of tomato (Toubiana
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et al.,, 2013) or maize (Wen et al., 2015), suggesting that lipid
metabolism, unlike primary metabolism, is regulated in an
organ-specific manner. In many cases, the tissue specificity of
genetic regulation is also supported by expression QTL (eQTL)
data (Table 1); nevertheless, future studies are required for
further validation of candidate genes identified in this study. In
leaf tissue, the vast majority of detected QTLs were for TAGs,
which in the vast majority of instances increased in the ILs
(Supplemental Figure 3), with the exception of IL6-2-2 (where
they decreased), which shows a necrotic phenotype and was
previously reported to contain a 190-kb region influencing de-
fense responses (Sharlach et al., 2013; Ranjan et al., 2016). The
higher number of mQTLs in fruit in comparison with leaf may
indicate that lipid metabolism genes were less affected in leaf
compared with fruit during domestication or it may merely
reflect their essentiality in photosynthetic processes, with fruit
photosynthesis itself being of only minor importance
(Lytovchenko et al., 2011). Indeed, this may well even
correspond more broadly to the physiological roles of the two
organs, with leaves dedicated to essential, housekeeping tasks
such as energy perception, processing, and balance, and fruits
occupying (in the context of domestication) secondary, auxiliary
roles, especially in terms of lipid roles: appearance, taste, and
palatability.

As shown in Figure 2, the overlap between different ILs was
helpful in narrowing down the genomic regions of the mQTLs.
Furthermore, we performed lipidomic analysis on fruit material
from a subset of an additional genetic mapping resource: an
experimental population of BlLs (Ofner et al., 2016). This
population, although only recently released, has already found
great utility in narrowing down genomic regions responsible for
cuticle (Ofner et al., 2016) and acyl sugar metabolism (Fan
et al., 2016), as well as leaf shape (Chitwood et al., 2013) and
resistance to the parasite dodder (Krause et al., 2018). The BIL
population contains additional copies of introgressed DNA,
providing more opportunity for recombination events, thus
enabling higher-resolution mapping. This population allowed us
to strengthen our mapping results and to narrow down the
number of candidate genes in three cases: IL5-3 (Figure 3B
and 3C), IL12-3 (Figure 4A), and IL3-5 (Figure 5B). In each
case, using BILs resulted in overlapped regions up to two
orders of magnitude smaller, in terms of gene number, than
the region obtained with mapping using the IL population alone.
Specifically for IL12-3, we also generated a sub-IL population
that allowed us to narrow down the region further and concomi-
tantly to cross-validate the lipid and volatile results originally
observed in IL12-3. The sub-IL bin, containing a gene encoding
a putative class Il lipase, is correlated with significantly lower
levels of DAGs and TAGs and higher levels of C10 volatiles
(Figures 4C and 6A). Publicly available RNA-sequencing data
indicate that the transcript is present at several thousand-fold
higher levels in IL12-3 than in M82. Expression of SpLIP1 is
ripening-associated and correlates with accumulation of C10
volatiles (Figure 6C and 6D). Thus, it seemed a logical
candidate for functional validation.

We achieved greater than 95% reduction of SpLIP1 transcripts
in four independent transgenic RNAi lines (Figure 7A). When the
relative levels of the individual lipid species were compared, we
observed a significant increase in the levels of TAGs when
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compared with 1L12-3 following silencing of LIP1 (Figure 7B).
Moreover, these lines exhibited large reductions in Z-4-
decenal and E,E-2,4-decadienal emissions. They also produced
significantly lower quantities of C5, C7, and C8 volatiles
(Figure 7C), indicating an important role for LIP1 in synthesis
of a broad range of fatty acid-derived volatile chemicals
correlated with flavor. These results are consistent with those
of the OE of orthologs NtOBL1 (Oil body lipase 1) and AtOBLA1
from tobacco and Arabidopsis, respectively (Muller and
Ischebeck, 2018). Primary metabolite analysis revealed that
glycerol levels are higher in IL12-3 than M82 and return to
M82 levels following silencing of LIP1 (Figure 7B).
Interestingly, the fatty acids (Supplemental Table 8) were
largely invariant, suggesting that the red ripe fruit has a limited
capacity to further catabolize glycerol but that the capacity for
catabolizing the fatty acids is not saturated in IL12-3. In addi-
tion, OE of SpLIP1 in M82 causes decreased levels of TAGs
and DAGs and increased level of glycerol (Supplemental
Figure 6B), validating the function of LIP1 as a triacylglycerol
lipase. In contrast to the RNAIi lines, the clear reduction
in the levels of most lipid species seen in OE lines of
SpLIP1 (Supplemental Figure 6B and Supplemental Table 7),
especially in DAGs and TAGs, was not accompanied by
significant increase in FA-VOC levels. This might be explained
by the fact that the SpLIP1 enzyme is placed early in the meta-
bolic pathways for FA-VOCs, which might generally cause little
effect on the overall rate of the pathway, compared with those
enzymes placed close to the end product, which are usually
rate limiting. Thus, the flux through the FA-VOC pathway
increased by OE of SpLIP1 does not affect the steady-state
concentration of pathway products. On the other hand, the
absence of change might be attributed to some other effect,
such as an increased rate of catabolism of the product
(Kinney, 1998).

Although we cannot exclude additional levels of control, our
results are consistent with regulation of FA-VOC synthesis in
IL12-3 at the level of LIP1 transcript abundance. In ripening fruit,
the SpLIP1 transcript accumulates to several thousand-fold
higher level than its S. lycopersicum ortholog. DNA sequencing
of the orthologous promoter regions revealed a 1307-bp insertion
into the SILIP1 gene, moving a tandem repeat of PEREs substan-
tially further away from the translational start site (Supplemental
Figure 4B). PERE elements have been shown to confer
ethylene-inducible gene expression in Arabidopsis (Solano
et al., 1998) and tobacco (Kosugi and Ohashi, 2000). The
transcriptionally favorable location of these elements in the
SpLIP1 promoter is consistent with relatively high transcript of
this gene during climacteric fruit ripening and with considerably
lower level of the SILIP1 ortholog.

Although the differences in non-C10 volatiles were not consistent
in the sub-ILs, analysis of the transgenic plants clearly indicates
that the lipase is responsible for generating free fatty acids that
produce C5, C6, and C8 volatiles that also contribute to flavor.
This result suggests that for some FA-VOCs in IL12-3, other
factors such as LOX or HPL become limiting when lipase is
overproduced.

Fatty acid-derived volatiles are important contributors to
consumer liking of tomato fruits (Tieman et al., 2017). For
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example, Z-4-decenal is positively correlated with consumer
liking and flavor intensity, while E,E-2,4-decadienal positively
correlates with flavor intensity. Similarly, C5-C8 FA-
VOCs, namely 1-pentanol, E-3-hexen-1-ol, E-2-heptenal, and
1-octen-3-one, also make significant contributions to liking
and flavor intensity. Although much is known about the roles
of LOX (Chen et al., 2004) and HPL (Shen et al., 2014) in the
later steps of FA-VOC synthesis, very little is known about the
initial step, the release of free fatty acids from glycerol. More-
over, despite the importance of C10 volatiles to flavor, virtually
nothing is known about their synthesis. Strikingly, IL3-5 displays
similar phenotypic pattern as IL12-3 (Figure 5A) and harbors
LIP2, the closest homolog of LIP1 from the seven members of
the class lll lipase in tomato (Figure 4E). Interestingly, in both
cases the mQTLs are supported by eQTLs, with higher
expression in S. pennellii-derived IL12-3 and IL3-5 in compari-
son with M82 (Table 1). This might indicate that LIP2 plays the
same role as LIP1 in TAG degradation.

Taken together, the current work provides comprehensive in-
sights into the genetic regulation of lipid metabolism of tomato
fruit pericarp and leaf, elucidating novel lipid—gene associations.
Comparison of the mQTLs in both tissues reveals large variation
in terms of the lipid species and lipid classes mapped to a
specific locus, thus indicating complex modes of regulation in
different organs. By utilizing additional genetic mapping re-
sources—BILs and sub-IL populations—we were able to pro-
vide additional cross-validation of the candidature of the
genomic regions in question and considerably increase mapping
resolution. In doing so, we identified a lipase that, when ex-
pressed in tomato, has a major effect on production of multiple
fatty acid-derived flavor volatiles. The results indicate that levels
of some FA-VOCs that are important contributors to flavor may
be increased by selecting lines with higher expression of lipase
enzyme(s) in fruit. Introgression of the SpLIP1 allele, in particular
into elite tomato varieties, holds the promise of specifically
increasing the contents of multiple volatiles that are positively
correlated with consumer liking and that lipids, despite their rela-
tive low abundance in tomato fruits, are crucial for key agronom-
ical traits in this crop.

METHODS

Plant Material and Growth Conditions

The fruit lipid dataset presented is based on field-grown ILs over two har-
vests, 2001 and 2003 (Schauer et al., 2006). Plants were grown in the
Western Galilee Experimental Station in Akko, Israel, in a completely
randomized design with one plant per m? Seedlings were grown in
greenhouses for 35-40 days and then transferred to the field. The field
was irrigated with 320 m? of water per 1000 m® of field area throughout
the season. The harvest of fruit was done when 80%-100% of tomatoes
were red (Eshed and Zamir, 1995). Fruit lipid data were also obtained
from a BIL population derived from the cross between the cultivated
tomato S. lycopersicum (CV. M82) and the wild relative S. pennellii
(LAO716; Ofner et al., 2016), and from sub-IL population generated in
this study. Seeds of the reported ILs are available to the research
community.

The leaf lipid dataset was obtained from plants grown in the greenhouse in
Golm, Germany. In the early March seeds of all 76 S. pennellii-derived
IL population were sown (Eshed and Zamir, 1995). Seeds were grown
for 50 days in a randomized design in a control greenhouse. Plants were
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top watered. Each IL was planted in at least four replicates with at least
one replicate of parental line M82. Mature leaves were harvested at the
50th day of growth and placed into 5-ml tubes and immediately frozen
in liquid nitrogen.

Generation of Sub-ILs from IL12-3

S. pennellii introgression line 12-3 (IL12-3) and S. lycopersicum (cv M82)
were used in this study as parental lines to generate a series of sub-ILs
for QTL mapping. A total of 214 F2 plants were derived from a cross
between I1L12-3 and M82. DNA was extracted from each individual and
screened with both the internal and flanking ends of the introgression
with markers C20118, C19831, C26157, and C201757 to detect recombi-
nation events. This screen resulted in the isolation of 110 recombinant
individuals within the interval. Points of recombination within these sub-
ILs were further defined by the markers as listed in Supplemental
Table 1.Thirteen sub-ILs were selected for propagating homozygous
seeds in the F3 generation. Ripe fruits from F4 plants were harvested
profiling of lipids and volatiles. Plants were grown in heated greenhouses
on the University of Florida campus.

Lipid and Primary Metabolite Extraction Protocol

Metabolites were extracted from ripe fruits and leaf tissues using a pro-
tocol described by Hummel et al. (2011). In brief, 120 mg of frozen
peeled fruit pericarp (50 mg of leaves) was homogenized using Frosty
for 2x 90 s at maximum speed. Metabolites from each aliquot were
extracted with 1 ml of pre-cooled (—20°C) extraction buffer (homoge-
nous methanol/methyl-tert-butyl-ether [1:3] mixture). After 10 min
incubation in 4°C and sonication for 10 min in a sonic bath, 500 pul of
water/methanol mixture was added. Samples were then centrifuged
(5 min, 14 000 g), which led to the formation of two phases: a lipophilic
phase and a polar phase. Five hundred microliters of the lipophilic
phase and 150 pl of the polar phase were collected and dried under
vacuum. The lipophilic phase was resuspended in 200 pl of ASN/isopro-
panol and used for lipid analysis. The polar phase residue was
derivatized for 120 min at 37°C (in 50 il of 20 mg ml~! methoxyamine
hydrochloride in pyridine) followed by a 30-min treatment at 37°C with
50 il of MSTFA and was used for gas chromatography-mass spectrom-
etry (GC-MS) analysis.

Lipid Profiling

Samples were processed using UPLC-FT-MS (Hummel et al., 2011) on
a Cg reverse-phase column (100 x 2.1 mm X 1.7 um particle size,
Waters) at 60°C. The mobile phases consisted of 1% 1 M NH4OAc
and 0.1% acetic acid in water (buffer A) and acetonitrile/isopropanol
(7:3, UPLC grade BioSolve) supplemented with 1 M NH4Ac and 0.1%
acetic acid (buffer B). The dried lipid extracts were resuspended in
500 pl of buffer B. The following gradient profile was applied: 1 min
45% A, 3 min linear gradient from 45% A to 35% A, 8 min linear
gradient from 25% to 11% A, 3 min linear gradient from 11% to 1%
A. Finally, after washing the column for 3 min with 1% A the buffer
was set back to 45% A and the column was re-equilibrated for 4 min,
leading to a total run time of 22 min. The flow rate of the mobile
phase was 400 pl/min.

The mass spectra were acquired using an Exactive mass spectrometer
(Thermo Fisher, http://www.thermofisher.com) equipped with an ESI
interface. All the spectra were recorded using altering full-scan and
all-ion fragmentation scan mode, covering a mass range from 100-
1500 m/z at a capillary voltage of 3.0 kV, with a sheath gas flow value of
60 and an auxiliary gas flow of 35. The resolution was set to 10 000 with
10 scans per second, restricting the Orbitrap loading time to a maximum
of 100 ms with a target value of 1E6 ions. The capillary temperature was
set to 150°C, while the drying gas in the heated electrospray source
was set to 350°C. The skimmer voltage was held at 25 V while the tube
lens was set to a value of 130 V. The spectra were recorded from minute
1 to minute 20 of the UPLC gradients.
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Processing of chromatograms, peak detection, and integration were per-
formed using REFINER MS 10.0 (GeneData, http://www.genedata.com)
or Xcalibur (Version 3.1, Thermo Fisher, Bremen, Germany). In the first
approach the molecular masses, retention time, and associated peak in-
tensities for the three replicates of each sample were extracted from the
raw files, which contained the full-scan MS and the all-ion fragmentation
MS data. Processing of MS data included the removal of the fragmentation
information, isotopic peaks, and chemical noise. Further peak filtering on
the manually extracted spectra or the aligned data matrices was per-
formed. Obtained features (m/z at a certain retention time) were queried
against an in-house lipid database for further annotation. MS/MS fragmen-
tation using collision-induced dissociation mass spectra (25 eV collision en-
ergy) was used for further validation of representatives of different lipid clas-
ses (Supplemental Figure 2C). The database used in this project includes
nearly 200 lipid species of the following classes: diacylglycerols (DAGs),
digalactosyldiacylglycerols (DGDGs), monogalactosyldiacylglycerols
(MGDGs), phosphatidylcholines (PCs), phosphatidylethanolamines
(PEs), phosphatidylglycerols  (PGs), phosphatidylserines  (PSs),
phosphatidylinositols (Pls), sulfoquinovosyl diacylglycerols (SQDGs), and
triacylglycerides (TAGs). Metabolomic data have been deposited in the
EMBL-EBI MetaboLights database (https://doi.org/10.1093/nar/gks1004.
PubMed: 23109552) with the identifier MTBLS693. The complete dataset
can be accessed at https://www.ebi.ac.uk/metabolights/MTBLS693.

Primary Metabolite Analysis

The GC-MS system used was a gas chromatograph coupled to a time-
of-flight mass spectrometer (Pegasus lll, Leco). An autosampler system
(PAL) injected the samples. Helium was used as carrier gas at a con-
stant flow rate of 2 ml s~' and gas chromatography was performed
on a 30-m DB-35 column. The injection temperature was 230°C and
the transfer line and ion source were set to 250°C. The initial tempera-
ture of the oven (85°C) increased at a rate of 15°C min™" up to a final
temperature of 360°C. After a solvent delay of 180 s mass spectra
were recorded at 20 scans s~' with m/z 70-600 scanning range.
Chromatograms and mass spectra were evaluated by using Chroma
TOF 1.0 (Leco) and TagFinder 4.0 software (Roessner et al., 2001;
Schauer et al., 2008).

Volatile Collection and Analysis

Plants from each line were grown in the greenhouse in two to three
randomized replicates. At least five fruits from each line (fruit from each
replicate was combined for each sample collection) were used for volatiles
analysis. Fruit was obtained from three weekly harvests. Volatiles were
collected from chopped ripe fruit (as well as other growth stages for spe-
cific purposes) during a 1-h period as previously described (Tieman et al.,
2006a, 2006b). Retention times were compared with known standards
and identities of volatile peaks were confirmed by GC-MS (Agilent 5975,
www.agilent.com).

Fatty Acid Measurements

For gas chromatography flame ionization detection (GC-FID), 50 mg of
materials for the extraction were used by adding 1 ml of 1 N HCI/methanol
solution (Sigma-Aldrich). An internal standard (100 ul of FA15:0, pentade-
canoic acid) was added to each sample before incubation at 80°C in a
water bath for 30 min. After cooling to room temperature, 1 ml of 0.9%
NaCl and 1 ml of 100% hexane were added to each vial. Vials were shaken
for 5 s and centrifuged for 4 min at 1000 rpm. The upper fatty acid methyl
ester (FAME)-containing hexane phase was transferred to a new glass
vial, where it was concentrated under a stream of N,. Finally, FAMEs
were dissolved in hexane and filled into GC glass vials. The details of
the GC-FID method are as follows: injector temperature of 250°C; helium
carrier gas; head pressure 25 cm s~ (11.8 psi); GC column, J&W DB23
(Agilent), 30 m x 025 mm x 0.25 pm; detector temperature
250°C; detector gas H, 40 ml min~", air 450 ml min~', He make-up
gas 30 ml min~'. FAME peaks were identified by comparing their reten-
tion time and equivalent chain length on standard FAME. We
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used FAME Supelco 37 Component FAME Mix (CRM47885, Sigma-
Aldrich) and Supelco PUFA No. 3 from Menhaden Oil (47085-U, Sigma-
Aldrich) as standards.

QTL Mapping

Lipidomic data were used for QTL mapping. Each IL was compared (by
ANOVA t-test, using permissive p < 0.05 and stringent p < 0.01 cut-
offs) with M82. If it was significantly different from the reference genotype
M82, the introgression was considered as harboring a QTL.

Tomato Expression Data

The expression data were obtained from previously described RNA-
sequencing analysis (Matas et al., 2011; Chitwood et al., 2013; Koenig
et al.,, 2013; Bolger et al., 2014) and warehoused at the tomato
functional genomics database available from http://ted.bti.cornell.edu/.

Sequence and Phylogenetic Analysis

Multiple sequence alignment and homology analysis of the DNA and pro-
tein sequences was performed using CLUSTALW (http://www.genome.
jp/tools/clustalw/). The phylogenetic tree was built using MEGA5.1
(Tamura et al., 2011). The tree was inferred by using the neighbor-
joining statistical method with 1000 bootstrap replicates. The percentage
of trees in which the associated taxa clustered together is shown next to
the branches. The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site.

Transgenic Plants

An RNAi construct were made by assembling an inverted repeat sequence
against the 450-bp fragment of SpLIP1 cDNA, spaced by the intron cloned
from vector pKANNIBAL (Wesley et al., 2001). This RNAi cassette was
incorporated into the plasmid pHK-OE. Expression of the RNAi cassette
was under the control of the figwort mosaic virus (FMV) 35S promoter
(Richins et al., 1987), and followed by the Agrobacterium nopaline
synthase (nos) 3’ terminator. For construction of the overexpression
vector, the full-length SpLIP1 coding region was cloned and incorporated
into the plasmid pHK-OE in a sense orientation under control of the
FMV 35S promoter (Richins et al., 1987), followed by the Agrobacterium
nos 3’ terminator. The oligonucleotides used for vector construction are
listed in Supplemental Table 4. The transgene was introduced into line
IL12-3 by the method of McCormick et al. (1986) using kanamycin as a
selective agent. Transgenic plants were grown to maturity in heated
greenhouses. Collection of volatiles from the transgenic plants and
corresponding control (M82 and IL12-3) was performed as described
above. Gene expression and volatile analysis was performed on fruits
from the T2 generation.

Quantitative PCR

Total RNA was extracted from frozen fruit pericarp tissue with an Isolate Il
RNA Plant Kit (Bioline), followed by DNase (Promega) treatment to remove
any contaminating DNA. mRNA levels were measured by real-time
qRT-PCR with a SensiFAST SYBR Hi-ROX One-Step Kit (Bioline) and a
GeneAmp 5700 Sequence Detection System (Applied Biosystems). The
oligonucleotides used are listed in Supplemental Table 4.

Promoter Analysis

Sp/SILIPT promoter analysis was performed on the accessions
S. lycopersicum (M82) and S. pennellii (LA0716). Alignment of the promoter
region of SILIP1 and SpLIP1 was performed with CLUSTALW (http://www.
genome.jp/tools/clustalw/). ldentification of transcription binding site
within the promoter region was done with PlantPAN 2.0 (http:/
plantpan2.itps.ncku.edu.tw/) (Chang et al., 2008; Chow et al., 2016).

ACCESSION NUMBERS

Sequences of Sp/SILIP1 (Sopen12g024200/Solyc12g055730), Sp/SILIP2
(Sopen03g041520/Solyc03g123750), Sp/SILIP3 (Sopen02g035570/Sol-
yc02g090920), Sp/SILIP4 (Sopen02g035580/Solyc029g090930), Sp/SILIP5
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(Sopen02g035590/Solyc02g090940), Sp/SILIP6  (Sopen04g032400/
Solyc04g078800), and Sp/SILIP7 (Sopen12g030690/Solyc12g088800)
are accessible in the Sol Genomics Network database (Fernandez-Pozo
et al., 2015). GenBank accessions or NCBI reference numbers are as

follows: At3G14360 (NM_112294.5), RcOBL1 (JQ945176), EgLIP1
(JX556215), AtDAD1 (OAP10523), DcLIP (AADO1804), At2G42690
(818869), LeLID1 (XP_004232963), CaPLA1 (EF595843), AtEDS1

(AEE78366), AtPAD4 (AEE78945), and AtSAG101 (NP_568307).
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