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Flavonoids are ubiquitous plant aromatic specialized metabolites found in a variety of cell types and organs. Methylated
ﬂavonoids are detected in secreting glandular trichomes of various Solanum species, including the cultivated tomato
(Solanum lycopersicum). Inspection of the sequenced S. lycopersicum Heinz 1706 reference genome revealed a close
homolog of Solanum habrochaites MOMT1 39/59 myricetin O-methyltransferase gene, but this gene (Solyc06g083450) is
missing the ﬁrst exon, raising the question of whether cultivated tomato has a distinct 39 or 39/59 O-methyltransferase. A
combination of mining genome and cDNA sequences from wild tomato species and S. lycopersicum cultivar M82 led to the
identiﬁcation of Sl-MOMT4 as a 39 O-methyltransferase. In parallel, three independent ethyl methanesulfonate mutants in the
S. lycopersicum cultivar M82 background were identiﬁed as having reduced amounts of di- and trimethylated myricetins and
increased monomethylated myricetin. Consistent with the hypothesis that Sl-MOMT4 is a 39 O-methyltransferase gene, all
three myricetin methylation defective mutants were found to have defects in MOMT4 sequence, transcript accumulation, or
39-O-methyltransferase enzyme activity. Surprisingly, no MOMT4 sequence is found in the Heinz 1706 reference genome
sequence, and this cultivar accumulates 3-methyl myricetin and is deﬁcient in 39-methyl myricetins, demonstrating variation
in this gene among cultivated tomato varieties.

INTRODUCTION
It is estimated that there are hundreds of thousands of metabolites produced by plants (Pichersky and Lewinsohn, 2011).
Because they are structurally diverse and taxonomically restricted, understanding the evolution of the metabolic networks
that produce these compounds is especially interesting. Many
enzymes of specialized metabolism diversify more rapidly than
those of central metabolism (Chae et al., 2014) and are not often
found in reference organisms such as Arabidopsis thaliana, rice
(Oryza sativa), and maize (Zea mays). These characteristics
create challenges for characterizing the genes and enzymes that
produce these interesting compounds (Schilmiller et al., 2012a;
Winzer et al., 2012). Furthermore, the portion of the coding region of the genome devoted to the genes encoding these enzymes and their regulators is substantial (estimated at 10 to
20% of total genes; Somerville and Somerville, 1999). This,
combined with their rapid diversiﬁcation, which includes both
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small changes in nucleotide sequences as well as large duplications and deletions, often creates difﬁculties for disciplines
dependent on interpretations of differences in DNA sequences
between individuals and species, such as ecology and evolutionary biology.
Secretory glandular trichomes (referred to as “trichomes” below)
are produced on the surfaces of varied plant species and organs,
and these structures accumulate a wide variety of plant specialized
metabolites (Wagner, 1991; Schilmiller et al., 2008; Glas et al.,
2012; Kim et al., 2012; Tissier, 2012; Lange and Turner, 2013).
Many of these chemical compounds protect plants from herbivorous insects (Kang et al., 2010a, 2010b, 2014; Weinhold and
Baldwin, 2011). Furthermore, some trichome metabolites contribute to food ﬂavor and aroma, for example, in mint (Mentha spp),
basil (Ocimum basilicum), and hops (Humulus lupulus; Gang, 2005;
Wang et al., 2008), or are used as therapeutic drugs including
cannabinoids and artemisinin (Furr and Mahlberg, 1980; Klein,
2005; Liu et al., 2011). Because they protrude from the epidermis
and are accessible for study, trichome metabolites and metabolic pathways have been intensively studied in various plants
(Schilmiller et al., 2008).
Flavonoids are structurally diverse nonvolatile plant specialized
metabolites and include chalcones, ﬂavanones, ﬂavones, ﬂavonols,
and anthocyanins (Buer et al., 2010). Flavonols, a subclass of ﬂavonoids, include kaempferol, quercetin, and myricetin (the structure
of myricetin is shown in Figure 1) and are relatively widespread and
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Figure 1. The Structure of the Flavonol Myricetin.
The structure is shown with the numbering system indicated. The hydroxyl groups of myricetin are typically modiﬁed in vivo, for example, by
methylation or glycosylation.

abundant in plants (Herrmann, 1976). Flavonols are typically found
as modiﬁed compounds, with glycosylation and methylation of the
various hydroxyl groups commonly observed (Stevens et al., 1995;
Braca et al., 2001; Schilmiller et al., 2010a; McDowell et al., 2011;
Schmidt et al., 2011). Chemical modiﬁcations are known to affect
the physical properties and chemical reactivity of ﬂavonoids. For
instance, O-methylation of hydroxyl groups makes the compounds
more hydrophobic, while glycosylation increases their hydrophilicity (Heim et al., 2002).
Plants contain little, if any, nonmodiﬁed myricetin (reviewed in
Schmidt et al., 2011; Schmidt et al., 2012). Nonglycosylated
myricetin is always methylated at the 3-hydroxyl (-OH) position
(Figure 1) and may be methylated at other hydroxyl positions as
well. We recently showed that the trichomes of the wild tomato
species Solanum habrochaites accession LA1777 synthesize and
store myricetin derivatives that are all methylated at the 3-hydroxyl
position and some are additionally methylated at one or more of the
39, 49, 59, and 7 hydroxyl positions (Schmidt et al., 2011, 2012).
Three trichome-active myricetin O-methyltransferases (MOMTs)
were identiﬁed from S. habrochaites. The ﬁrst two, MOMT1 and
MOMT2, are 39/59 and 49/7 O-methyltransferases, respectively
(Schmidt et al., 2011, 2012). The Sh-MOMT3 gene encodes myricetin 3 O-methyltransferase, the enzyme that methylates the 3
position of myricetin (Schmidt et al., 2012). The cultivated tomato
Solanum lycopersicum enzymes encoded by the apparent orthologs of Sh-MOMT2 and MOMT3 were partially characterized biochemically and shown to have activity similar to that of the
corresponding S. habrochaites enzymes (Schmidt et al., 2011,
2012), but surprisingly the MOMT1 gene of cultivated tomato has
a deletion of its ﬁrst exon and therefore appears not to encode
a functional enzyme (Schmidt et al., 2012). This raised the question
of whether tomato has an O-methyltransferase (OMT) with myricetin 39 or 39/59 methylation activity as previously reported in other
plant species (Muzac et al., 2000; Kim et al., 2006). However, no
strong candidate gene was found in the S. lycopersicum Heinz
1706 reference genome sequence (Supplemental Table 1).
Forward genetic phenotypic screens of natural variants and of
populations containing induced mutations provide a powerful
approach to discover genes that affect biological processes.
This approach is especially useful for identifying genes whose
functions cannot be inferred based upon homology to characterized gene products or genes not represented in EST collections or included in genome assemblies. Genetic screening for
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changes in metabolite proﬁles using mass spectrometry-based
analytical chemical approaches is an especially powerful way to
dissect metabolic pathways (Last et al., 2007). Cultivated tomato
is a good system for such forward genetic screens because induced mutant populations and chromosomal substitution lines
such as introgression lines (ILs) are available (Eshed and Zamir,
1994; Menda et al., 2004).
In this study, liquid chromatography-mass spectrometry-based
chemical analysis of S. lycopersicum M82 tomato trichomes
showed that they contain 3,39-dimethylmyricetin and 3,39,7trimethylmyricetin as well as 3-monomethylmyricetin, indicating
that this cultivar must have 39 MOMT activity (but no 59 MOMT
activity). Analysis of randomly generated tomato ethyl methanesulfonate (EMS) mutants and S. lycopersicum M82 3 Solanum pennellii LA0716 ILs indicated that genes on the bottom of
chromosome 6 inﬂuence trichome myricetin methylation. Three
independent M82 EMS mutants with increased 3-methyl myricetin
and undetectable 3,39-dimethylated and 3,39,7-trimethylated
myricetins were among the phenotypic variants discovered. These
mutants were demonstrated to have defects in Sl-MOMT4, a trichome-expressed gene on chromosome 6 encoding a ﬂavonoid
O-methyltransferase that is absent from the S. lycopersicum Heinz
1706 variety genome assembly (Tomato Genome Consortium,
2012). The M82 wild-type Sl-MOMT4 enzyme was found to
methylate myricetin at the 39 position, while plants carrying the
mutant alleles either showed low trichome MOMT4 transcript
levels and/or the puriﬁed protein had decreased in vitro 39-Omethyltransferase activity. The discovery of the S. lycopersicum
M82 MOMT4 gene and its effect on modiﬁcation of ﬂavonols in
trichomes demonstrates the power of combining classical mutation screening with large-scale metabolic proﬁling in a plant genus
for which extensive genomic and transcriptomic sequences are
available. This work further demonstrates how variable and labile
pathways of Solanum trichome specialized metabolism are within
the same genus and even the same species.

RESULTS
Identiﬁcation and Characterization of Sl-MOMT4 as a
39 Myricetin O-Methyltransferase
Analysis of specialized metabolites in trichomes of the S. lycopersicum
M82 cultivar revealed the presence of a mixture of monomethylated,
dimethylated, and trimethylated myricetins (3-, 3,39-, and 3,39,7methylmyricetins, respectively; Figures 2 and 3). This chemical
phenotype is consistent with the existence of a MOMT activity in
M82 trichomes.
Two lines of reasoning focused our bioinformatics search for
candidate genes to the bottom of chromosome 6. First, multiple
MOMT genes had been found on tomato chromosome 6
(Schmidt et al., 2012). Second, results of screening of trichome
metabolite diversity in S. lycopersicum 3 S. pennellii ILs
(Schilmiller et al., 2010a) revealed a shift of methylated myricetin
accumulation toward more highly methylated myricetins in both
IL6-3 and IL6-4 lines. Proﬁles using positive mode liquid chromatography-mass spectrometry showed these two ILs predominately
accumulated tri(3,39,7)- and tetra(3,39,59,7)-methylated myricetins,
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Figure 2. Results of Negative-Mode LC-ToF-MS Analysis of Methylated
Myricetin Phenotypes.
(A) Me-M proﬁles in leaf dips of JP117, M82 3 JP117 backcross F1 and
F2 plants, and M82. Of 23 backcross F2 plants, four are labeled as F2 (1),
while 19 are labeled as F2 (2). The grouping of BC F2 plants was based
on the individual chemical proﬁles from (B). Four replicate plants were
assayed for each genotype, except F2 plants. The averaged values are
presented with standard errors in the graphs. 1Me-M, 2Me-M, and 3MeM indicates mono-, di-, and tri-Me-M respectively. An identical nomenclature system is used in subsequent ﬁgures, unless speciﬁed otherwise.
(B) The ratio of di- to mono-Me-M (2Me-M/1Me-M) is shown for individual F2 plants tested in (A).

whereas di(3,39)-methylated myricetin was dominant in M82 S. lycopersicum (Figure 3; Supplemental Figure 1). Because IL6-4 is
completely contained within IL6-3 on the bottom of chromosome 6,
these results suggested that the chemical phenotypes were associated with this relatively small chromosomal location.
Detailed analysis of the Heinz 1706 cultivar tomato genome
sequence revealed that this chromosomal location contains SlMOMT1 (the presumptive ortholog of Sh-MOMT1, the gene
encoding the 39/5-MOMT from S. habrochaites). However, as described by Schmidt et al. (2012), Sl-MOMT1 in the tomato Heinz
1706 genome sequence has a deletion of the ﬁrst exon, including
the Met start codon, and is therefore likely to be nonfunctional. We
ampliﬁed and sequenced this region from the M82 cultivar and the
sequence was identical to that of the reference Heinz 1706 genome,
with its MOMT1 missing the ﬁrst exon. The Heinz sequence in the
IL6-4 region revealed an intact Sl-MOMT3 gene (the apparent ortholog of Sh-MOMT3, the gene encoding the 3-MOMT from
S. habrochaites). Furthermore, Sl-MOMT2a and Sl-MOMT2b, the
apparent orthologs of Sh-MOMT2, and the gene encoding the 7/4’MOMT from S. habrochaites are found to be outside of this region
on chromosome 6 (Schmidt et al., 2012; Supplemental Figure 2).
No other genes with homology to OMTs were found in the Heinz
1706 IL 6-4 region.
The lack of a strong OMT candidate gene at the bottom of
chromosome 6 led us to consider the possibility that the tomato
genome sequence assembly might be incomplete, as seen for
the terpene synthase gene cluster on chromosome 8 (Falara

et al., 2011), or that additional MOMT genes are found in the
M82 genome compared with the Heinz genome. Additional OMT
sequences for tomato were sought by BLAST analysis with
shotgun DNA sequence of two wild species of tomato, S. pennellii
(Bolger et al., 2014) and S. pimpinellifolium (http://solgenomics.
net/tools/blast/index.pl), and trichome EST libraries (http://bioinfo.
bch.msu.edu/trichome_est; Schilmiller et al., 2010b; McDowell
et al., 2011). Two short contigs in the genome sequence of
S. pennellii were found to carry genes with high similarity to
Sh-MOMT1 and Sl-MOMT1. The ﬁrst contig contains a nearly
complete sequence of a gene missing only the beginning of
exon 1, and the sequence was completed using an EST. This
completed sequence was determined to be the presumptive
ortholog of Sl-MOMT1 in part due to extensive 39 noncoding
sequence similarity to Sh-MOMT1 and Sl-MOMT1 (Figure 4;
Supplemental Data Set 1). The second smaller fragment contained
a gene encoding a very similar but not identical protein, which we
named Sp-MOMT4 (Figure 4; Supplemental Data Set 1 and
Supplemental Figure 3). A similar sequence, Spm-MOMT4 (Figure
4; Supplemental Data Set 1 online), was also found on a small
fragment from the genome of S. pimpinellifolium, which is closely
related to cultivated tomato (Rodriguez et al., 2009).
The sequences of Sp-MOMT4 and Spm-MOMT4 were used
to design oligonucleotide primers to amplify the complete gene
sequence from M82 genomic DNA as well as to obtain a complete cDNA sequence (Figure 4; Supplemental Figure 3). The
gene sequence was also ampliﬁed from IL6-3 and IL6-4 and
found to be identical to Sp-MOMT4 (with one nucleotide substitution in the second intron), indicating that the gene maps to
the end of chromosome 6 (Supplemental Figure 3). To test the
hypothesis that Sl-MOMT4 is involved in trichome methylated
myricetin metabolism, trichome gene expression of Sl-MOMT4
was investigated. Higher levels of MOMT4 transcript accumulation were observed in isolated stem and petiole trichomes
of wild-type tomato M82 plants than in whole stem and petiole
with or without trichomes (Figure 5; compare “T,” isolated trichomes, to “W,” whole stems and petioles). Taken together,
these cDNA, genomic DNA, and expression analyses identiﬁed a trichome-expressed MOMT homolog on the bottom of

Figure 3. Positive Mode LC-MS/MS Analysis of Methyl-Myricetin Phenotypes.
Relative amounts of the various methyl-myricetin isomers from leaf dips
are shown for JP117, Heinz 1706, M82, IL6-3, and IL6-4. Three to six
replicate plants were assayed for each genotype. The averaged values
are presented with standard errors in the graph.
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Figure 4. Evolutionary Relationships of S. lycopersicum MOMT4 to Selected Plant OMTs.
Protein sequence was obtained for previously characterized plant OMTs. Information is presented for individual OMTs including the name of the plant
species from which the OMT was characterized, their annotated substrate identiﬁed from biochemical experiments, and accession number of the
protein sequence. Bootstrap test results with n = 1000 is shown next to each branch. Sp, Sl, Spm, and Sh indicate S. pennellii, S. lycopersicum,
S. pimpinellifolium, and S. habrochaites, respectively.

S. lycopersicum M82 chromosome 6, which we named SlMOMT4.
To test for the activity of the protein encoded by Sl-MOMT4,
we expressed wild-type M82 Sl-MOMT4 cDNA in Escherichia
coli and tested the protein for OMT activity with myricetin as
substrate. The enzyme converted myricetin to monomethylated
myricetin, as demonstrated by liquid chromatography negative
ion mode time-of-ﬂight mass spectrometry (LC-ToF-MS) (Figures
6A and 6B). Neither di- nor trimethylated myricetin product was
detected from the assays. This reaction product was further analyzed by the liquid chromatography-positive ion mode tandem
mass spectrometry (MS/MS) method (Schmidt et al., 2011; Li et al.,
2013) to obtain structural information and the result conﬁrmed it as
39-methyl myricetin (see the structure in Figure 6B; Supplemental
Figure 4), revealing that Sl-MOMT4 is a 39-MOMT. Next, we investigated OMT activities of Sl-MOMT4 enzyme with myricetin, 39methylmyricetin, or 39,59-dimethylmyricetin as substrates together
with nonsaturating levels of [methyl-14C] S-adenosyl-L-methionine
(SAM) as the methyl donor. At a concentration of 0.2 mM of the
ﬂavonoid substrates and 1.7 µM [methyl-14C]-SAM, the 59-OMT
activity of Sl-MOMT4 on 39-methylmyricetin was only 2.6% of its

39-OMT activity with myricetin. In comparison, Sh-MOMT1 had
65% 59-OMT activity with 39-methylmyricetin compared with its 39OMT activity with myricetin, which was consistent with previous
reported results (Schmidt et al., 2011). Neither enzyme had activity
on 39,59-dimethyl myricetin.

Figure 5. MOMT4 Is Expressed in Trichomes.
RT-PCR results revealed expression of MOMT4 in trichomes. M82 total
RNA was isolated from whole stem and petiole (W), isolated total stem
and petiole trichomes (T), and stem and petiole without trichomes (S).
PCR was performed with 22, 30, and 35 cycles.
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It was previously concluded that the order of methylation of
myricetin in S. habrochaites was ﬁrst at the 3 hydroxyl position,
then 39 and 7 (with the exact order unresolved), followed by 59
and then 49 (Schmidt et al., 2011, 2012). The observation that
MOMT4 mutants accumulate 3-monomethyl myricetin and not
3,7-dimethyl myricetin (see below) suggests that the methylation
of the 39 hydroxyl precedes the methylation of the 7 hydroxyl.
Identiﬁcation and Phenotypic Characterization of EMS
Mutants with Altered Methylated Myricetin Proﬁles

Figure 6. Recombinant Sl-MOMT4 Enzyme Activity.
(A) to (D) Extracted ion chromatograms (XICs) for myricetin and monomethylated myricetin are shown. XICs for myricetin substrate with m/z
317 ([A] and [C]). XICs for monomethylated myricetin product with m/z
331 ([B] and [D]). With M82 wild-type MOMT4 enzyme ([A] and [B]) and
with no recombinant protein ([C] and [D]). The structure of 39-O-methyl
myricetin is shown (see Supplemental Figure 4 for details). Three replicates were tested in this assay with or without M82 MOMT4, and all
exhibited consistent results as presented.
(E) Enzyme activity calculated as the ratio of monomethylated myricetin
product to myricetin substrate (1Me-M/M) and presented relative to M82.
Three replicates were tested in each assay, and means 6 standard errors
are presented.

A cultivated tomato (S. lycopersicum cultivar M82) EMS mutant
population of M2 families (Menda et al., 2004) was screened for
changes in trichome metabolites by LC-ToF-MS (see Methods
for details). The largest class of mutants conﬁrmed in M3 progeny
tests has increased ratios of mono- to dimethyl myricetin. Seven
such mutants were identiﬁed, including JP117, JP130, JP256,
JP334, JP446, JP3045, and JP3060 (Supplemental Table 2), and
line JP117 was chosen for detailed analysis of phenotype and
genetic inheritance. In contrast to M82, which accumulates
mono-, di-, and trimethyl myricetins, the JP117 mutant accumulates monomethyl myricetin, with no evidence of accumulation of
di- and trimethyl myricetins (Figure 2A). The total summed peak
intensity for methylated myricetins was also signiﬁcantly decreased in the JP117 mutant (;65% of M82, P value < 0.0005
from Student’s t test).
While the negative mode LC-ToF-MS analysis allows rapid
and reproducible high-throughput screening of a broad range of
metabolites, it provides limited structural information. Thus, we
measured methylated ﬂavonoids in leaf dip extracts by positive
mode liquid chromatography-tandem mass spectrometry (LCMS/MS) using recently described methods (Schmidt et al., 2011;
Li et al., 2013). Results were obtained that were qualitatively
similar to the negative mode ToF method: Dimethylated myricetin was the most abundant in M82 and the JP117 mutant
revealed monomethylated myricetin with neither di- nor trimethylated myricetins detected (Figure 3). Disparities in relative
peak intensities seen in the two mass spectrometry methods
(compared with M82 in Figures 2A and 3) reﬂect differences in
the ease of ionization and detector characteristics in these instruments. The positive ion mode LC-MS/MS analysis identiﬁed positions of the methyl groups on myricetin; namely, 3-methyl myricetin,
3,39-methyl myricetin, and 3,39,7-methyl myricetin for mono-, di-,
and trimethyl myricetin, respectively (Figure 3; Supplemental Figure
1). Taken together with LC-ToF-MS negative mode analysis results,
these results led to the hypothesis that the mutant is defective in
a ﬂavonoid 39 O-methyltransferase and prompted further analysis
of JP117.
JP117 Is a Recessive Mutation That Maps to the Bottom of
Chromosome 6
An M4 line was backcrossed to the parental M82 wild type to
generate backcross F1 progeny plants. These were analyzed by
negative ion mode LC-ToF-MS and the methylated myricetin proﬁles compared with those of JP117 and M82. As expected for
a loss-of-function mutation, 3,39-methyl myricetin accumulation
was restored in backcross F1 plants (Figure 2A). These results are
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consistent with the hypothesis that the JP117 mutation is recessive
to the wild type.
Backcross F2 progeny, derived by self-crossing the backcross F1 line, were analyzed to test whether the JP117 mutation
segregates as a monogenic Mendelian trait. The ratio of 3,39methyl myricetin to 3-methyl myricetin (2Me-M/1Me-M) was used
as a diagnostic phenotype (Figure 2B). Of 23 backcross F2 plants,
19 (83%) showed proﬁles similar to M82, accumulating 3,39-methyl
myricetin as the most abundant compound [F2(2) in Figure 2], while
four samples (17%) resembled the JP117 mutant [F2(1) in Figure
2]. x2 analysis revealed that these numbers ﬁt the segregation ratio
expected for a monogenic Mendelian trait at P = 0.05. These results are consistent with the hypothesis that the JP117 mutation is
recessive and segregates as a monogenic recessive trait.
Genetic mapping was performed to localize the causative
mutation (Jander et al., 2002). Because the genetic diversity of
S. lycopersicum is relatively low (Rodriguez-Saona et al., 2011),
a polymorphic mapping population was obtained by crossing
JP117 to the wild species S. pennellii accession LA0716. S.
pennellii LA0716 was chosen because it is sexually compatible
with the cultivated tomato and there are many DNA polymorphisms characterized between the two species. Chemical
proﬁles were analyzed by LC-ToF-MS for 289 F2 plants derived
by self-pollination of the outcross (OC) F1 plants (labeled “OC
F2” in Supplemental Figure 5A) and compared with those of
JP117 and M82. As expected for an interspeciﬁc cross, the ratio
of 3,39-methyl myricetin to 3-methyl myricetin was highly variable in the OC F2 mapping population, ranging from 0.09 to
203.97 (corresponding to 21.05 and 2.31 on the log10 scale in
Supplemental Figure 5A). The highest ratio among the JP117
mutant control plant extracts (0.60, which is 20.22 on the log10
scale in Supplemental Figure 5A) was used as a cutoff to identify
30 OC F2 plants presumed to be homozygous mutant, and
these were used for genetic mapping (Supplemental Figure 5A).
First-pass mapping results with genetic markers throughout
the S. lycopersicum genome (Sol Genomics Network, http://
solgenomics.net/) indicated that the JP117 mutation is on chromosome 6. Fine mapping was performed with polymorphic genetic
markers throughout chromosome 6 from the Sol Genomics Network and others generated in this study (Supplemental Figure 5B).
All 30 F2 plants revealed S. lycopersicum homozygous genotypes
with markers 10 through 13, indicating that the JP117 mutation is
closely linked to these markers (Supplemental Figure 5B and
Supplemental Table 3). The physical locations of marker 9 and the
end of chromosome 6 are known to be at 44.58 and 46.04 Mbp,
respectively, based on the S. lycopersicum reference genome assembly generated using the Heinz 1706 variety (Tomato Genome
Consortium, 2012; http://solgenomics.net, SL2.31 chromosome
sequence; Supplemental Figure 5B). Taken together, these genetic
mapping results indicate that the JP117 allele is located within the
last 1.5 Mbp at the bottom of chromosome 6, which is consistent
with the hypothesis that it is within the IL6-4 region.
Sl-MOMT4 Is Defective in the High Monomethylated
Myricetin EMS Mutants
Mapping of the JP117 high 3-methyl myricetin mutation to the
IL6-4 region, which contains MOMT4, led us to analyze this gene
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in the JP117, JP446, and JP3060 mutants. These mutants were
chosen because they were found in three different M2 families and
thus contain independently derived mutations (Supplemental Table
2). Quantitative RT-PCR analysis of S. lycopersicum MOMT4
transcripts from the mutant lines (Figure 7) revealed that two of
the three mutants, JP117 and JP3060, had almost undetectable
transcript levels. In contrast, JP446 mRNA accumulated to nearly
wild-type levels.
In addition to being unable to amplify MOMT4 transcripts from
JP117, MOMT4 genomic DNA sequences could not be ampliﬁed from JP117 using two sets of primer combinations derived
from different parts of the gene, suggesting that part or all of this
gene is missing in this mutant line (Figure 8). The inability to
amplify MOMT4 sequences in JP117 left some doubt as to the
nature of the defect in this gene in this mutant line. An allelism
test was performed to determine whether the mutant phenotype
of JP446 and JP117 results from defect in the same gene. F1
progeny were obtained when JP117 and JP446 mutant plants
were crossed in a reciprocal manner and the progeny plants
were analyzed for their genotypes and metabolite proﬁles (see
Methods for details). The results showed that these recessive
alleles failed to complement in the F1 plants, consistent with the
hypothesis that the mutants are defective in the same gene
(Supplemental Figure 6).
Sl-MOMT4 cDNA sequence analysis revealed altered predicted protein coding sequence in mutants JP446 and JP3060
(Figure 9). Both mutants showed G:C to T:A mutations at different positions in the MOMT4 sequence. JP3060 MOMT4 has
a G:C to T:A mutation at position 967 (Supplemental Figure 3),
predicted to cause a change from arginine to histidine at amino
acid 323 (Figure 9), adjacent to the conserved protein motif
GlyGlyLysGluArgThr in OMTs (Ibrahim et al., 1998). JP446
MOMT4 also has a G:C to T:A mutation at position 688 of
MOMT4 (Supplemental Figure 3), predicted to change leucine to
isoleucine at amino acid 230 (Figure 9). This amino acid is located in the protein motif GlyIleAsnPheAspLeuProHisVal conserved among previously characterized plant OMTs (Ibrahim
et al., 1998).
To test whether the MOMT mutants have differential enzyme
activities, assays were performed with the identical amount of
puriﬁed MOMT protein variants and incubation time. No myricetin

Figure 7. MOMT4 mRNA Accumulation Is Low in JP117 and JP3060
Mutant Trichomes.
This quantitative RT-PCR analysis was performed using total RNA from
stem and petiole trichomes pooled from eight plants for each genotype
and repeated three times. Average with SE is presented.
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Figure 8. Genomic PCR Analysis of MOMT4 and MOMT3 in S. lycopersicum M82, Heinz 1706, and JP117.
Two pairs of primers, P1+P4 and P2+P6, were used for MOMT4. The
positions of the primers are shown compared with MOMT4 gene sequence with exons bold lines and introns thinner lines. MOMT3 was
ampliﬁed as a control. The expected sizes of PCR products are indicated
with arrowheads, and they were veriﬁed by sequencing. Other ampliﬁed
fragments present in the lanes of MOMT4 ampliﬁcation but unmarked by
arrows were also sequenced and determined not from MOMT4. See
Supplemental Table 5 for the primer sequences.

methylation was observed when the MOMT4 protein from mutant
JP446 was tested in vitro, where M82 wild-type MOMT4 produced 39-methyl myricetin (Figure 6E). These results are consistent with the hypothesis that defective enzyme activity causes the
mutant phenotype. Unlike JP446, MOMT4 protein from JP3060
successfully methylated myricetin at the 39 position (Figure 6E),
consistent with the hypothesis that the accumulation of low
MOMT4 mRNA plays a role in the mutant phenotype (Figure 7).
Transgenic Plant Experiments Support the Hypothesis That
Sl-MOMT4 Is a Myricetin 39 O-Methyltransferase
Two reverse genetic approaches were used to test the hypothesis that mutation of the MOMT4 gene caused the increased monomethylation phenotype. First, transgenic mutant
plants were obtained in which MOMT4 was expressed in the

momt4 JP3060 mutant using the AT2 promoter, which previously was shown to confer speciﬁc expression of GFP-GUS
reporter in the type 1 trichomes (Schilmiller et al., 2012a) (see
Methods for the details). Three of the four T1 transgenic complementation lines (C-7, -8, and -9 in Supplemental Figure 7)
exhibited reversal of JP3060 mutant phenotype by LC-ToF-MS
in negative mode. In addition to complementation testing, RNA
interference (RNAi) experiments were performed to test the hypothesis that lower gene expression of MOMT4 in the M82
background by RNAi would shift the composition of methylated
myricetins toward monomethylated myricetin (see Methods for
the details). Three of the four T1 transgenic lines tested (R-6, -7,
and -8 in Supplemental Figure 7) exhibited lower dimethylated
and trimethylated myricetin and also lower ratios of 2Me-M/
1Me-M compared with that of M82. Taken together, these
transformation experiments support the hypothesis that MOMT4
from M82 tomato has myricetin 39 O-methyltransferase activity
in vivo.
The Heinz 1706 S. lycopersicum Cultivar Is Defective
in MOMT4
The lack of recognizable MOMT4 sequence in the Heinz 1706
reference genome could be due to an assembly error or absence
of this gene from this cultivar (Da Silva et al., 2013; Hirsch et al.,
2014). Consistent with the absence of a functional MOMT4
gene, extracts from Heinz 1706 trichomes contain 3-methyl myricetin, but lack the 3,39-methylated product (Figure 3; Supplemental
Figure 8). To discover the lesion that led to this phenotype, we
sought to identify and sequence the Heinz MOMT4 allele, but could
not amplify this sequence using different PCR primers that give
positive results with M82 DNA (Figure 8). The inability to identify
MOMT4 sequences in the Heinz 1706 genome assembly or by
PCR of genomic DNA and associated accumulation of 3-methyl
myricetin strongly suggested that this variety is a momt4 mutant.
To test whether Heinz 1706 is unique in this regard, trichome
metabolites were analyzed for two other S. lycopersicum cultivars
(Supplemental Figure 8). Negative mode LC-ToF-MS revealed
that variety Ailsa Craig resembles Heinz 1706, where only monomethylated myricetin is detected. In contrast, variety Castlemart
accumulates mono-, di-, and trimethylated myricetins in relative
amounts similar to those seen in M82. These results indicate that
differences in myricetin methylation patterns are found in other
cultivated tomato varieties.

Figure 9. JP446 and JP3060 Mutants Have Point Mutations in the Protein Coding Sequence of MOMT4.
The differences in the protein sequences are highlighted with black shading. Protein motifs conserved among previously known plant O-methyltransferases are underlined (Lam et al., 2007).
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DISCUSSION
Combining Classical Mutagenesis with Metabolic Proﬁling
in the Solanum Genus Is an Efﬁcient Way to Discover
Unannotated Genes of Specialized Metabolism
Efﬁcient and inexpensive sequencing technologies and mass
spectrometry methods continue to transform the discovery of
specialized metabolic pathway enzymes (Schilmiller et al., 2012a)
in both model and nonmodel organisms (Rounsley and Last,
2010; Winzer et al., 2012). While these approaches will continue to
increase the speed and breadth of study of metabolic pathways,
they rely on the ability to ﬁnd candidate sequences in EST libraries
and genome assemblies and infer enzymatic activities of novel
enzymes from primary sequence. In contrast, forward genetic
screens only rely on the ability to detect differences in phenotype
associated with induced or natural genetic variation (for example,
Goulet et al., 2012; Schilmiller et al., 2012b). The combination of in
vitro biochemistry and mutant analysis is especially powerful
because it can corroborate the in vivo importance of an enzymatic
activity.
A forward genetic screen for mutations that inﬂuence
S. lycopersicum metabolite proﬁles uncovered three independent
M2 mutants that accumulate monomethylated myricetin (Figure 2;
Supplemental Table 2). Analysis of the JP117 mutant by positive
ion mode LC-MS/MS led to the identiﬁcation of the monomethylated species as 3-methyl myricetin, lacking methylation at
the 39 position (Figures 1 and 3; Supplemental Figure 1). Genetic
mapping of the mutation revealed that the responsible gene is on
the bottom of chromosome 6 (Supplemental Figure 5), which
created a quandary because no intact candidate ﬂavonoid
39 O-methyltransferase gene was found in this region of the
S. lycopersicum Heinz 1706 variety reference genome sequence (Tomato Genome Consortium, 2012). A combination of
genetic analysis, comparison of the reference genome to assemblies of genomic DNA of related wild tomato species, and
mutant cDNA and genomic DNA sequencing led to the identiﬁcation of a previously unannotated ﬂavonoid O-methyltransferase,
Sl-MOMT4, as the S. lycopersicum M82 gene affected in the
mutants. The wild-type enzyme was shown to have myricetin 39 Omethyltransferase activity in vitro, and MOMT4 protein from JP446
had lost enzymatic activity (Figure 6), while mutants JP117 and
JP3060 have reduced accumulation of MOMT4 mRNA in trichomes (Figure 7). Transformation experiments provided further
support for the role of MOMT4 in myricetin methylation: transgenic
expression of 35S promoter-MOMT4-RNAi S. lycopersicum M82
transgenics caused an increase in monomethylated myricetin and
MOMT4 cDNA expression using a Type 1 glandular secreting trichome promoter (Schilmiller et al., 2012b) complemented the
JP3060 mutation (Supplemental Figure 7).
The S. lycopersicum momt4 Mutations Are Not Typical of
EMS Mutagenesis
DNA sequence analysis of the three momt4 mutants yielded results that differ from the expected G:C to A:T transition mutations.
The textbook view is that EMS causes guanine ethylation, which
leads to replacement of the complementary cytosine with thymine
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following the ﬁrst round of DNA replication. This is followed by
replacement of the O6-ethylguanine by adenine in the next round
of DNA replication, leading to the change of the original G:C base
pair to an A:T mutant base pair in the ﬁnal mutation. In contrast,
both JP446 and JP3060 have noncanonical G:C to T:A changes.
Unexpected types of EMS mutations are surprisingly common
in S. lycopersicum mutants, including the M82 collection we
screened, with nucleotide deletions and nonstandard base pair
changes reported in a variety of genes (Barry et al., 2012; Jones
et al., 2012; Yifhar et al., 2012). These observations suggest that
DNA damage repair in cultivated tomato is unusual and worthy of
study. The third high 3-methyl myricetin mutant analyzed, JP117,
also does not have a canonical EMS point mutation. Because it
was not possible to amplify the JP117 momt4 allele, we cannot
evaluate the precise change in nucleotide sequence. Thus, we
cannot rule out the possibility that this line is a seed contaminant
of Heinz 1706 or another wild-type cultivar that accumulates 3-Omethylmyrecitin (for example, Ailsa Craig; Supplemental Figure 8).
This question should resolve as genome sequence for other
tomato cultivars become available.
Sl-MOMT4 Is an Example of an Emerging Theme: Presence/
Absence Polymorphisms for Solanum Trichome Specialized
Metabolism Genes within and across Species
Genome resequencing of individuals from the same species
recently led to the identiﬁcation of increasing numbers of examples
of genome differentiation leading to phenotypic diversity in a species. These studies are especially powerful when comparing
sequences from an individual of interest with those of the reference
genome in the same species. Resequencing of individuals and
comparative analysis with the reference genome in the same
species was conducted in various plant genomes, including Arabidopsis (Jander et al., 2002; Ossowski et al., 2008; Weigel and
Mott, 2009; Cao et al., 2011; Schneeberger et al., 2011) and maize
(Springer et al., 2009; Swanson-Wagner et al., 2010; Hirsch et al.,
2014). These studies revealed single nucleotide polymorphisms,
small insertions and deletions, as well as copy number variations
and larger presence/absence variations within the species. These
and other studies led to the concepts of core genome (sequences
that commonly exist in all individuals), dispensable genome
(sequences that exist only in a subset of individuals), and pangenome (the combination of core and dispensable genomes) to
describe the evolution of plant genomes (Morgante et al., 2007;
Flowers and Purugganan, 2008). This genome differentiation contributes to phenotypic diversity. For instance, recent studies on the
grape (Vitis vinifera) cultivar Tannat revealed polyphenol biosynthesis genes speciﬁc to this individual and not present in the
reference genome. This work revealed that gene family expansion
in cultivar Tannat led to high polyphenol accumulation phenotypes
in this individual (Da Silva et al., 2013). These and other studies
reinforce the notion that a reference genome cannot always be
relied on for discovery of genes that contribute to interesting phenotypic variation, especially for fast-evolving genes that potentially
contribute to plant adaptation under different environments.
Divergence in sequence and function of genes and enzymes,
as well as in presence versus absence of genes, is also found in
secreting glandular trichome specialized metabolism of cultivated
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tomato and related Solanum species. Terpenes provide the bestestablished examples thus far, with type 6 glands producing diverse mono- or sesquiterpenes through cisoid diprenylphosphate
intermediates in S. lycopersicum and S. habrochaites (Sallaud
et al., 2009; Schilmiller et al., 2009; Gonzales-Vigil et al., 2012;
Matsuba et al., 2013). Strong phenotypic diversity is also seen in
acylsugars produced in type 1 glands of various S. habrochaites
accessions (Kim et al., 2012; Ghosh et al., 2013). It was recently
demonstrated that allelic variation at the AT2 gene in this species
is responsible for differences in acylsucrose R2 acetylation in
S. habrochaites populations across its geographical range (Kim
et al., 2012). Genetic variation in the trichome-expressed CPS2
diterpene synthase gene is also associated with labdanoid diterpene accumulation in tobacco (Nicotiana tabacum) trichomes
(Sallaud et al., 2012).
Work on Solanum trichome ﬂavonoid O-methyltransferases
illustrates both the value and limitations of comparative biochemistry when only a single high quality reference sequence is
available. Our results indicated that, in contrast to S. habrochaites
LA1777, the Sl-MOMT1 gene is defective in both the reference
sequence Heinz 1706 and in M82 (Schmidt et al., 2011; this study).
The results described above indicate that MOMT4 provides 39-Omethylation activity in M82 cultivated tomato and presumably in the
wild tomatoes S. pimpinellifolium and S. pennellii (Figure 4) but not
in S. lycopersicum Heinz 1706. F2 mapping of the momt4 JP117
mutation, and analysis of the S. pennellii LA0716 3 S. lycopersicum
M82 IL6-4 showed that the Sl-MOMT4 and Sp-MOMT4 are
genetically linked to the Sl-MOMT1 gene at the bottom of chromosome 6 (between nucleotides 44,524,611 and 46,041,039;
Supplemental Figures 2 and 5). However, our PCR and DNA sequencing analysis of the defective Sl-MOMT1 region shows that
in M82, as in Heinz, MOMT1 is ﬂanked by MOMT3 (not annotated
in the Heinz 1706 reference genome) upstream of it and by a WD40 repeat protein gene (Solyc06g083460) downstream from it.
Thus, while the two genes may be near each other, MOMT4 is not
directly adjacent to MOMT1, which is at position 45,144,339 to
45,145,525 (Supplemental Figure 2).
Sl-MOMT1 and MOMT4 Have Diverged Biochemically
This investigation shows that, in S. lycopersicum M82, the MOMT4
gene encodes 39 O-methylation activity on myricetins in the trichomes. Incubation of Sl-MOMT4 with myricetin yielded 39-methyl
myricetin and only trace amounts of 39,59-dimethyl myricetin (Figure
6; Supplemental Figure 4), consistent with the observation that M82
tomato trichomes do not contain myricetins methylated at the 59
position (Figure 3). In contrast, Sh-MOMT1 added a methyl group to
the 59 position of 39-methylmyricetin, as well as the initial methyl
group to the 39 position as previously described by Schmidt et al.
(2011). While the Sp-MOMT1 enzyme has not been directly tested
for activity, the observation that the IL6-3 and IL6-4 lines, which
have the Sp-MOMT1 gene, possess myricetins methylated at both
39 and 59 position suggests that Sp-MOMT1 is also a 39/59 MOMT
enzyme (Supplemental Table 1). Thus, the reason for the lack of
myricetins methylated at the 59 position in M82 tomato appears to
be due to lack of a functional MOMT1 gene. Based upon analysis of
the available sequences for various Solanum species, we conclude
that S. pennellii has both MOMT4 and MOMT1 genes.

Incomplete DNA sequences prevent conclusive evaluation of
other tomato species. For example, the available S. pimpinellifolium
genome sequence contains only a partial MOMT1 sequence and
existing genomic DNA sequence resources prevents conclusive
evaluation of whether S. habrochaites also contains the MOMT4
gene. Furthermore, different accessions of the cultivated tomato are
polymorphic for Sl-MOMT4, with M82 having a functional gene and
Heinz 1706 lacking a functional copy of the gene, which might even
be completely deleted in that accession (Figure 8). This intraspeciﬁc
difference leads to alterations in chemical composition of modiﬁed
myricetins in the two accessions, with M82 accumulating multiply
methylated myricetin and Heinz 1706 plants containing monomethylated myricetin (Figure 3). Our results further suggest a model
where MOMT4 and MOMT1 are the results of gene duplication that
occurred prior to the split between S. lycopersicum and S. pennellii,
followed by more recent losses of functional MOMT1 and MOMT4
genes during breeding of cultivated tomato. This work provides
another example of the strong plasticity of specialized metabolism
in trichomes of cultivated tomato and its wild relative.
METHODS
Plant Growth Conditions
Solanum lycopersicum M82 cultivated tomato seeds were obtained from
the Tomato Genetic Resource Center (http://tgrc.ucdavis.edu/). Tomato
EMS M2 family mutants (Menda et al. 2004) were kindly supplied by Dani
Zamir (Hebrew University, Rehovot, Israel). Mutants identiﬁed from this
study were donated to the Tomato Genetic Resource Center when seeds
were available and the accession IDs are listed in Supplemental Table 2.
Thirty-two plants were germinated on ﬁlter papers, transplanted to small
pots, and grown in each ﬂat including two M82 wild-type plants. Plants
were randomly located within the ﬂat and grown for 3 weeks under the
growth conditions previously described (Schilmiller et al., 2010a).
Phenotypic Validation and Structural Analysis of Methylated
Myricetins Using Positive Mode LC-MS/MS Method
Comparative analysis of methylated myricetins in the various genotypes
was performed using leaf dip extracts from M82 wild type, JP117 mutant,
Heinz 1706, and ILs 6-3 and 6-4 plants grown for 3 weeks under the
growth chamber conditions described above. The extracts were analyzed
according to methods described (Li et al., 2013) with some modiﬁcations.
In brief, HPLC separation of myricetins was achieved using a Thermo
b-Basic C18 column (100 mm 3 1.0 mm, 3 mm) at 50°C with solvent A
0.15% formic acid in water and solvent B acetonitrile. The Q-TRAP 3200
mass spectrometer was operated in positive ion mode for all analyses. For
determining positions of methyl groups in the methyl-myricetins, enhanced product ion scanning was used to generate MS/MS spectra. For
relative quantiﬁcation of methyl myricetins, a selected ion monitoring
method was used for m/z 333 (1Me-M), 347 (2Me-M), 361 (3Me-M), 375
(4Me-M), and 181 (propyl-4-hydroxybenzoate internal standard).
Generation of Genetic Cross Progeny and Genetic Mapping for
Mutant JP117
JP117 was backcrossed to M82 wild type in a reciprocal manner, resulting
in M82 3 JP117 and JP117 3 M82 plants. Backcross F1 and self-cross F2
progeny plants were used for phenotypic studies.
JP117 mutant was outcrossed to LA0716 Solanum pennellii and F2
progeny plants were generated as a mapping population. Mapping was
performed with publicly available codominant ampliﬁed polymorphic
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sequence (CAPS) markers from the Sol Genomics Network (http://
solgenomics.net/, markers 1-4 and 13 from Supplemental Figure 5). When
not available, CAPS markers were generated in this study (markers 5 to 12
from Supplemental Figure 5). The polymorphic sequences between
S. lycopersicum and S. pennellii were identiﬁed based on genomic sequence and trichome ESTs for the two species (http://solgenomics.net/,
SL2.31 chromosome sequences; Schilmiller et al., 2010b). CAPS markers
were generated using the CAPS designer program (http://solgenomics.
net/tools/caps_designer/caps_input.pl/). Primer sequences and the types
of restriction enzymes for individual markers are listed in Supplemental
Table 3.
Genotyping was performed by genomic DNA PCR with RedTaq mix
(Sigma-Aldrich), followed by digestion with restriction enzymes (New
England Biolabs). The PCR thermocycle conditions were as follows: 40
times for 45 s at 94°C, 45 s at 55°C, and 1 min at 72°C. This thermocycle
protocol was used for other PCR experiments in the rest of this study
unless otherwise speciﬁed. The PCR products were incubated with restriction enzymes for 4 h at 37°C.

BLAST Analysis to Identify MOMT Homologs
BLAST analysis was performed to identify MOMT homologs in S. lycopersicum (http://solgenomics.net/, SL2.31 chromosome sequence) using
previously characterized Solanum habrochaites MOMT1 and MOMT2
gene sequences (Schmidt et al., 2011). To identify MOMT homologs in
wild species of tomato, genome shotgun sequences of S. pennellii (kindly
provided by Alisdair Fernie and Bjoern Usadel, Max Planck Institute of
Molecular Plant Physiology, Potsdam-Golm, Germany), S. pimpinellifolium
(http://solgenomics.net/tools/blast/index.pl), and trichome EST libraries (http://
bioinfo.bch.msu.edu/trichome_est; Schilmiller et al., 2010b) were used.

Testing Chromosomal Locations of Sl-MOMT Homologs
The chromosomal location of ﬁve Sl-MOMT genes identiﬁed from BLAST
analysis (Sl-MOMT1, 3, 2a, and 2b) was validated by mapping them on
S. pennellii ILs (Eshed and Zamir, 1995). The validation was performed by
identifying a polymorphic sequence for each gene and looking for the
presence of the S. pennellii LA0716 polymorphism on the four S. pennellii
ILs covering chromosome 6. In each case, the S. pennellii polymorphism
was found associated with the expected IL. The generation of CAPS markers
and genotyping was performed as described above. See Supplemental
Table 4 for primer sequences and the list of restriction enzymes.
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Phylogenetic Analysis
The phylogenetic tree (Figure 4) was generated by sequence alignment
(alignment parameters were protein sequence, pairwise alignment, gap
opening penalty:10, gap extension penalty: 0.1, multiple alignment,
gap opening penalty: 10, gap extension penalty: 0.2, protein weight
matrix: Gonnet residue-speciﬁc penalties: ON, hydrophilic penalties:
ON, gap separation, distance: 4, end gap separation: OFF, use negative matrix: OFF, delay divergent cutoff [%]: 30.) (Supplemental Data
Set 1) using ClustalW (Thompson et al., 1994), and tree construction
with statistical tests (parameters for phylogeny reconstruction were
neighbor-joining method [Saitou and Nei, 1987], bootstrap [Felsenstein,
1985], n = 1000, amino acid, Poisson model, rate among sites: uniform rates gaps/missing, data treatment: complete deletion, traditional tree without modiﬁcation for graphics) using MEGA6 (Tamura
et al., 2011).
Analysis of MOMT4 Gene Expression in Trichomes
Total RNA was isolated from M82 intact stems and petioles, isolated
total stem and petiole trichomes, and stems and petioles with trichomes removed using a Qiagen RNeasy kit (Qiagen). Trichomes were
harvested by freezing tissues in liquid nitrogen and scraping off the
frozen tissues. Reverse transcription was performed with 1 mL of total
RNA using SuperScriptII reverse transcriptase (Invitrogen), followed
by PCR with RedTaq mix (Sigma-Aldrich) and primers SlMOMT4-P1
and SlMOMT4-P6 (Supplemental Table 5). EF1a was used as a control,
and this assay employed primers EF1a F1 and EF1a R1 (Supplemental
Table 5). PCR products were sequenced to conﬁrm the ampliﬁcation of
MOMT4.
Quantitative PCR was performed to quantify the accumulation of
MOMT4 mRNA in M82 wild-type and mutant plants. Total RNA was isolated from isolated total stem and petiole trichomes of M82 and mutants
including JP117, JP446, and JP3060, and cDNA was obtained as described above. MOMT4 cDNA was ampliﬁed with primers SlMOMT4-F3
and SlMOMT-R3, and EF1a control with EF1a F2 and R2 (Supplemental
Table 5). Quantitative PCR was performed using SYBR green master mix
(Applied Biosystems) following the manufacturer’s protocols. Standard
curves were made for EF1a control and MOMT4 with 10-fold dilutions of
cDNA concentrations ranging from 0.001 to 10 mM. The signal for MOMT4
was normalized to EF1a control. cDNA (20 ng/mL) was used for EF1a,
whereas 200 ng/mL cDNA was used for MOMT4 due to lower expression of
MOMT4.
Chemical Screening of Tomato EMS M2 Family Mutants and
Statistical Analysis of M2 Mutant Metabolite Phenotypes

MOMT4 Sequence Analysis
Sl-MOMT4 from S. lycopersicum M82 (GenBank accession KF740343)
and Sl-MOMT4 from IL6-4 were ampliﬁed using genomic DNA with primers SlMOMT3-P1 and SlMOMT4-P6 (S. lycopersicum M82 wild type)
and SlMOMT3-P1 to IL6-4MOMT4-cloningP4 (IL6-4) (Supplemental
Table 5). The fragments were ligated into pGEMT-easy vector (Promega)
and sequenced. Sp-MOMT4 gene is obtained from the database (http://
trichome.msu.edu/). MOMT4 coding sequences from JP446 and JP3060
mutants were PCR ampliﬁed from cDNA and the products were sequenced as described for M82 above.
PCR reactions with primers SlMOMT4-P1 to SlMOMT4-P6 were
performed with KOD polymerase (Novagen) using genomic DNA obtained
from either S. lycopersicum M82, Heinz 1706, or JP117 mutant plant
leaves. For ampliﬁcation of Sl-MOMT3, SlMOMT3-P1 and SlMOMT3-P2
primers were used (Supplemental Table 5). The PCR thermocycle conditions were as follows: 35 cycles for 30 s at 94°C, 30 s at 55°C, and 3 min
at 70°C. PCR products were separated by agarose gel, stained with
ethidium bromide, and photographed under UV light.

A cultivated tomato (S. lycopersicum, cultivar M82) EMS mutant population of M2 mutant families (Menda et al., 2004; Supplemental Figure 9)
was screened for changes in trichome metabolites by LC-ToF-MS. Fiftyeight M2 families were randomly chosen from the tomato EMS mutant
population, and the chemical proﬁles of 1387 M2 plants were analyzed
and compared with those of control M82 wild-type plants grown in the
same ﬂats and growth chamber. The single leaf dip extraction method
and a 5-min negative ion mode LC-ToF-MS analysis were performed for
mutant screening as described (Schilmiller et al., 2010a). Surface metabolites were extracted for 60 s with gentle rocking and dry weights of
the extracted leaf samples were measured following drying at 50°C.
Peak areas were integrated for the individual 33 analytical signals detected (Supplemental Table 6) using QuanLynx software (Waters) and
normalized to internal standard (propyl-4-hydroxybenzoate; SigmaAldrich) and leaf dry weight. The LC-ToF-MS chemical analysis generated a list of thousands of analytical signals, deﬁned as having a unique
combination of liquid chromatography retention time and mass-to-charge
ratio (m/z) in the ToF-MS (Schilmiller et al., 2010a). The identiﬁed analytical
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signals were evaluated using parallel targeted and nontargeted data
analyses (Supplemental Figure 10). Thirty-three analytical signals were
selected for targeted data analysis (Supplemental Table 6), based on
a previous study that identiﬁed relatively abundant trichome metabolites (Schilmiller et al., 2010a). Although nontargeted analysis was
performed to complement the possibility that targeted analysis might
fail to identify novel mutant phenotypes, nontargeted analysis did not
provide additional discovery to targeted analysis in this study. A total
of 1387 M2 mutants from 58 families were screened, obtaining 223
(16%) putative mutants. These were self-pollinated, with 175 producing
M3 seed for rescreening. In total, 24 of the M2 lines had consistent
phenotypes in the M3 progeny (Supplemental Table 7). The 24 identiﬁed mutants revealed altered chemistry in different classes of metabolites including methylated and glycosylated ﬂavonoids, the glycoalkaloid
tomatine, and acylsugars (Supplemental Table 2). Multiple independent mutants were found for each of ﬁve types of trichome chemistry:
methylated myricetins, a myricetin glycoside, increased kaempferol
3-O-rutinoside, acylsugar S4:15, and an unannotated analytical signal
with m/z 493.3.
The normalized data set was used for targeted and nontargeted data
analyses. First, median and median absolute deviation were calculated
as described (Ambrósio et al., 2008) to identify outliers altered in the
35 analytical signals. All comparisons were made to plants grown in
the same ﬂat of 32 plants to control for environmentally inﬂuenced
ﬂat differences. When the outliers met both of two cutoffs, median 6 5
median absolute deviation and >3-fold change compared with the median,
they were considered M2 putative mutants. In nontargeted analysis,
principal component analysis (PCA) was applied to identify putative
mutants that targeted analysis might have failed to discover. PCA was
performed using Markerlynx software (Waters) with the same data set
used for targeted analysis.
Once M2 putative mutants were identiﬁed, seeds were collected from
the self-pollinated M3 progeny of the individual M2 putative mutants.
Identical growth conditions, including temperature and light conditions,
and chemical assay methods were applied to M3 progeny testing as
to M2 mutant screening. Each ﬂat contained 32 plants, consisting of
four M82 wild-type plants and seven different types of mutants with four
replicates, and all analyses were performed for each ﬂat considering
potential environmental variations between ﬂats. Targeted and nontargeted
analyses were performed to test chemical phenotypes in M3 progeny. In
targeted analysis, two cutoffs were used to identify mutants from M82
wild type plants: (1) >3-fold change in the mean between mutant and M82
wild type; (2) statistically signiﬁcant alteration corresponding to P < 0.05
from Student’s t test. In addition to PCA, the partial least squares discriminant analysis supervised method was also employed for nontargeted
data analysis in M3 progeny. Partial least squares discriminant analysis
allows identiﬁcation of minor factors contributing to the separation between mutant and wild-type plants and searching for the correlation
among these analytical signals.
Allelism Tests
JP117 and JP446 mutants were crossed in a reciprocal manner, resulting in
a single JP117 (female) 3 JP446 (male) cross plant and three from independent JP446 3 JP117 plants. Progeny from the crossed plants were
grown for 3 weeks under growth chamber conditions as described above.
Their chemical phenotypes were analyzed by single leaf dip extraction and
negative LC-ToF-MS analysis.
The cross plants were genotyped to conﬁrm that they were not the
result of self-crossing by genomic DNA PCR with primers SlMOMT3-P1
and SlMOMT-R4 (Supplemental Table 5) followed by sequence analysis.
Genomic DNA was isolated from all six progeny plants from a JP117 3
JP446 cross plant and two randomly chosen progeny from each of three
independent JP446 3 JP117 cross plants.

Recombinant MOMT4 Enzyme Assay
The full-length open reading frame of MOMT4 was cloned using cDNA
from M82 wild type and mutants JP446 and JP3060. PCR was performed
with primers SlMOMT4-F4 and SlMOMT4-R2 (Supplemental Table 5)
and proofreading Pfu DNA polymerase (Agilent). The thermocycling
conditions were: 30 times each for 45 s at 94°C, 45 s at 55°C, and 1.5
min at 72°C. The PCR products were digested with restriction enzymes
HindIII and XhoI (NEB) and ligated into pET28b vector (Novagen). The
construct was transformed into BL21 Rosetta (Novagen). An Escherichia
coli colony containing the correct construct was grown in Luria-Bertani
medium at 37°C to an optical density at 600 nm of 0.8 at which time cultures
were induced with 0.05 mM isopropyl-b-D-thiogalactopyranoside and incubated at 16°C for 48 h with aeration by shaking. The induced cultures
were lysed by sonication in lysis buffer (50 mM Tris, 10 mM NaCl, 1 mM
EDTA, 10% glycerol, and 14 mM b-mercaptoethanol, pH 8.0) as described
(Schmidt et al., 2011). The recombinant protein was puriﬁed using nickelafﬁnity chromatography including washing step with 20 mM imidazole
followed by an elution step with 200 mM imidazole. Enzyme assays were
performed following the methods described (Schmidt et al., 2011). Approximately 5 mg of the puriﬁed recombinant protein was assayed in 500 mL
of the lysis buffer containing 250 mM myricetin (Sigma-Aldrich) and 200 mM
S-adenosylmethionine (Perkin-Elmer Instruments) substrates. After 30 min
of incubation at room temperature, the reaction was terminated by
adding 50 mL of 6 N HCl. A total of 500 mL of ethyl acetate was added to
the reaction to extract the assay product. After centrifugation for 3 min,
the upper phase was removed and evaporated to dryness. The residue
was dissolved in 50 mL 50% ethanol and used for product analysis with
negative mode LC-ToF-MS (Schilmiller et al., 2010a) and positive mode
LC-MS/MS (Schmidt et al., 2011; Li et al., 2013). Thin-layer chromatography analysis with 14C-SAM was performed using the same conditions described (Schmidt et al., 2011), namely, 200 mM ﬂavonol
substrate and 1.7 mM 14C-SAM. Under these conditions, the ﬂavonol
substrate was saturating and the reaction increased linearly with
doubled 14C-SAM substrate.
Generation of Transgenic Plants and Phenotypic Analyses
Agrobacterium tumefaciens-mediated transformation of cotyledon explants
was performed using a published method (McCormick, 1991). In both
cases, four T1 plants from each of three independent T0 lines were phenotypically analyzed using the single leaf dip metabolite extraction and
negative ion mode LC-ToF-MS analysis as described above. For transgenic
complementation testing, we modiﬁed the pK7WG2 vector so that it
contains the type 1 gland trichome-speciﬁc Sl-AT2 promoter (Schilmiller
et al., 2012b) instead of the 35S promoter. The 35S promoter was removed
from the pK7WG2 vector by restriction enzyme digestion and replaced with
a fragment carrying the AT2 promoter (see Supplemental Figure 11 for
details). The full-length cDNA sequence of MOMT4 from M82 was ampliﬁed
using the primers SlMOMT4-CF and SlMOMT4-CR (Supplemental Table 5).
The resulting product was cloned into pENTR/D-TOPO, then moved into
the modiﬁed pK7WG2 vector, and the construct was transformed into
JP3060 mutants. To generate RNAi lines, a MOMT4-speciﬁc fragment
of 442 bp, located in the 59-region of MOMT4, was ampliﬁed by PCR
with the gene-speciﬁc primers SlMOMT4-RNAiF and SlMOMT4-RNAiR.
The puriﬁed PCR product was introduced in the Gateway system entry
vector (pENTR/D-TOPO) and then transferred as an inverted repeat
under the control of the 35S promoter in the RNAi destination vector
pHELLSGATE12 (Helliwell and Waterhouse, 2003) for transformation
into M82 wild-type plants.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number KF740343.
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providing S. pennellii genome sequence. IL6-3 and IL6-4 seeds were
obtained from the C. M. Rick Tomato Genetics Resource Center
(University of California, Davis, CA).

Supplemental Figure 1. Enhanced Product Ion MS/MS Spectra for
[M+H]+ Ions of Methylated Myricetins.
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