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Abstract

Methyl salicylate imparts a potent flavor and aroma described as medicinal and wintergreen that is undesirable in tomato
(Solanum lycopersicum) fruit. Plants control the quantities of methyl salicylate through a variety of biosynthetic pathways,
including the methylation of salicylic acid to form methyl salicylate and subsequent glycosylation to prevent methyl salicy-
late emission. Here, we identified a subclade of tomato methyl esterases, SALICYLIC ACID METHYL ESTERASE1-4, responsi-
ble for demethylation of methyl salicylate to form salicylic acid in fruits. This family was identified by proximity to a highly
significant methyl salicylate genome-wide association study locus on chromosome 2. Genetic mapping studies in a biparen-
tal population confirmed a major methyl salicylate locus on chromosome 2. Fruits from SIMEST knockout lines emitted
significantly (P < 0,05, t test) higher amounts of methyl salicylate than wild-type fruits. Double and triple mutants of
SIMES2, SIMES3, and SIMES4 emitted even more methyl salicylate than SIMEST single knockouts—but not at statistically
distinguishable levels—compared to the single mutant. Heterologously expressed SIMEST and SIMES3 acted on methyl
salicylate in vitro, with SIMES1 having a higher affinity for methyl salicylate than SIMES3. The SIMES locus has undergone
major rearrangement, as demonstrated by genome structure analysis in the parents of the biparental population. Analysis
of accessions that produce high or low levels of methyl salicylate showed that SIMEST and SIMES3 genes expressed the
highest in the low methyl salicylate lines. None of the MES genes were appreciably expressed in the high methyl salicylate-
producing lines. We concluded that the SIMES gene family encodes tomato methyl esterases that convert methyl salicylate
to salicylic acid in ripe tomato fruit. Their ability to decrease methyl salicylate levels by conversion to salicylic acid is an
attractive breeding target to lower the level of a negative contributor to flavor.
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Methyl esterases in tomato fruit ripening

Introduction

Tomatoes (Solanum lycopersicum) are the second most valu-
able crop in the USA, valued at over 2 billion USD per year
(Agricultural Marketing Resource Center, 2018), but are con-
sistently criticized by consumers for a lack of flavor (Bruhn
et al, 1991). Consumers’ perception of tomato flavor is influ-
enced by a combination of sugars (fructose and glucose),
acids (citric and malic), and approximately 30 volatile aroma
compounds (Tieman et al, 2012). The levels of flavor
volatiles can substantially affect fruit liking independent of
sugars or acids (Zhang et al, 2016). Additionally, these flavor
volatiles are present at extremely low levels and can vary by
more than 1,000-fold between cultivars (Tieman et al,
2012), representing an attractive target for breeders to en-
hance flavor without negatively impacting yield. Despite the
importance of volatiles to flavor, the biosynthetic pathways
for many volatiles are incompletely described. This lack of
knowledge complicates breeding efforts to alter targeted vo-
latile levels.

Flavor is the result of the interaction between taste recep-
tors in the mouth and olfactory receptors in the nose.
Differences in sequence, expression, and copy number of
human taste and smell receptors can have a large effect on
flavor preferences. For example, single nucleotide polymor-
phisms (SNPs) in a human sweet receptor lead to marked
differences in sensitivity to sucrose between individuals
(Fushan et al, 2009). Olfactory receptors, of which humans
have about 440, contribute to flavor through retronasal ol-
faction. For example, sequence changes in just two receptors
significantly affect perceptions of one tomato flavor-
associated volatile, guaiacol (Trimmer et al, 2019).
Individuality in flavor perceptions makes it challenging for
breeders to prioritize flavor because there is no perfect to-
mato flavor for all consumers. Moreover, breeders would
need to rely on taste panels to test possible consumer ac-
ceptance and these are costly and time-consuming. One so-
lution is to link a flavor phenotype with molecular genetic
markers and to incorporate the beneficial alleles in breeding
programs aimed at creating superior flavor varieties. This ap-
proach is less time-consuming than performing taste panels
or biochemical quantification and removes the bias of indi-
vidual preferences.

Because flavor is not a priority in most breeding programs,
most modern cultivars contain far less volatile flavor com-
pounds that positively impact consumer liking compared to
heirloom varieties (Tieman et al, 2017). Exacerbating the
problem, one of the few flavor volatiles that has increased in
modern tomato is methyl salicylate (Tieman et al, 2017).
Methyl salicylate is a flavor chemical described as tasting
medicinal and wintergreen (MaclLeod et al, 1982), and it is
negatively correlated with liking (Krumbein and Auerswald,
1998; Zanor et al, 2009; Tieman et al, 2017). However,
methyl salicylate is also a defense compound in plants, act-
ing as the mobile derivative of the primary defense hormone
salicylic acid (Park et al,, 2007). Tomato fruits with high sali-
cylic acid and methyl salicylate levels are less susceptible to
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common postharvest infections such as Botrytis cinerea
(Wang et al, 2011; Zhang et al, 2017, Min et al, 2018) and
against abiotic injury from chilling (Zhang et al, 2011).
The dual role of methyl salicylate as both a negative flavor
chemical and as a beneficial defense molecule presents a
challenge in the effort to balance these competing goals of a
flavorful tomato and highly resistant variety.

Much of the biochemical pathway involved in the synthe-
sis and catabolism of methyl salicylate has been described,
although not completely in any single species (Figure 1).
Methyl salicylate is derived from salicylic acid, which can be
synthesized from phenylalanine via cinnamic acid or from
isochorismate (reviewed in Métraux, 2002). The balance be-
tween salicylic acid, methyl salicylate, and methyl salicylate
derivatives is regulated through the action of multiple
enzymes. Methylation of salicylic acid to produce methyl sa-
licylate is performed by salicylic acid methyl transferases
(SAMTSs) in tomato fruit (Tieman et al., 2010), tea (Camelina
sinensis) leaves (Deng et al, 2017), soybean (Glycine max)
(Lin et al, 2013), rice (Oryza sativa) (Koo et al, 2007),
Arabidopsis (Arabidopsis thaliana) (Chen et al,, 2003), snap-
dragon (Antirrhinum majus) (Negre et al, 2002), Clarkia
breweri (Ross et al, 1999), and lily (Lilium “Yelloween”)
(Wang et al, 2015). The reverse reaction, removal of a
methyl group from methyl salicylate to produce salicylic
acid, is performed by methyl esterases that have been de-
scribed in multiple species, including Nicotiana benthamiana
(Forouhar et al, 2005), potato (Solanum tuberosum)
(Manosalva et al, 2010), and peach (Prunus persica) (Cao
et al, 2019). Thus far no enzyme that converts methyl salicy-
late to salicylic acid has been described in tomato. In addi-
tion to the conversion between methyl salicylate and
salicylic acid, plants use other mechanisms to regulate the
pool of salicylate derivatives. The action of NONSMOKY
GLYCOSYLTRANSFERASE (NSGT) prevents the emission of
methyl salicylate and guaiacol via glycosylation, forming a
nonvolatile glucoside (Tikunov et al, 2013). The NSGT1
locus in tomato exhibits both sequence polymorphism
and structural variation among varieties. The presence of
functional copies of NSGT1 leads to more glycosylation and
lower emission of the negative flavor volatile guaiacol
(Alonge et al., 2020).

In this work, we describe a subclade of tomato esterases
that convert methyl salicylate to salicylic acid in ripe tomato
fruit. This esterase locus is an attractive breeding target to
decrease the amount of the negative flavor compound
methyl salicylate.

Results

Identification of MeSA2.1 controlling methyl
salicylate levels in tomato fruit

To identify genes affecting methyl salicylate emission, a pop-
ulation of 166 tomato accessions encompassing the wild
relative Solanum pimpinellifolium (SP), semi-domesticated
cherry tomato S. lycopersicum var.cerasiforme (SLC), and the
domesticated large-fruited S. lycopersicum var. lycopersicum

€20z Aeniga4 0| uo Jasn eibioas) Jo Ausieaiun Aq 0262829/01 L/L/L61/21onte/sAyd|d/woo dno-olwapeoe)/:sdiy Wwoiy papeojumoc]



112 PLANT PHYSIOLOGY 2023: 191; 110-124

(0]

Frick et al.

HOJ\QZT%H N

/4 chorismic acid Oy _OH
\ NH,

o
T
isochorismic acid

phenylalanine

Fm

Oy _OH

(o)
=
@\)L OH BA2H
OH -

salicylic acid

(E)-cinnamic acid

SAMT H SIMES

o

QLY
OH

methyl salicylate

v |

disaccharide

methyl salicylate disaccharide

l NSGT1

o

R

I
trisaccharide

methyl salicylate trisaccharide

Figure 1 Overview of the methyl salicylate and salicylic acid biosynthesis pathway. Pathway components located in the chloroplast are found
within the green circle. Enzymes are in red. PAL, phenyalanine ammonia lyase; BA2H, benzoic acid 2-hydroxylase; SIMES, methyl esterase; SIUGTS5,

UDP glycosyltransferase; NSGT1, non-smoky glycosyltransferase 1.

(SLL) was used (Razifard et al, 2020). The genome-wide as-
sociation study (GWAS) for methyl salicylate levels
identified loci on chromosomes 2 and 9 that were highly
associated with methyl salicylate levels (Figure 2). To
confirm the importance of the chromosome 2 locus, we
developed a biparental population from two SLC accessions,
BGV006931 and BGV014508, which produced near the high-
est (173ng gfw™' h™") and the lowest (0.02ng gfw™' h™")
amounts of methyl salicylate within the GWAS panel. A list
of varieties used in this work and a brief description are in
Supplemental Table S1. Methyl salicylate levels in the differ-
ent F, plants (n = 145) showed a skewed distribution that
was indicative of a recessive trait controlled by more than

one locus (Figure 3A). We generated molecular markers for
the two GWAS loci on chromosomes 2 and 9 and found
two quantitative trait loci (QTLs) each with logarithm of the
odds (LOD) scores of 9.6 that were designated MeSA2.1 and
MeSA9.1 (Figure 3B). These two QTLs together accounted
for 20.2% and 19.2% of the phenotypic variance that com-
bined led to a 42.4% effect on the volatile levels in the segre-
gating population (Figure 3, B and C). The locus MeSA9.1
overlapped with NSGT1, which has known activity on both
methyl salicylate and guaiacol (Tikunov et al, 2013).
Importantly, the recessive and nonfunctional allele of NSGT1
combined with the recessive allele of MeSA2.1 contributed
to high methyl salicylate levels at a significance level of
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Figure 2 Identification of SIMES candidate genes by a GWAS. The X-axis represents different chromosomes in different colors and the Y-axis
represents the —log10(P-value) of the variants used for analysis. Two major loci on chromosomes 2 and 9 are associated with methyl salicylate
production. The locus on chromosome 2 (green) overlaps with a cluster of methyl esterases, whereas the locus on chromosome 9 (purple)
corresponds to the NSGTT locus (Tikunov et al, 2013). The green horizontal solid and dashed lines represent significance thresholds for the
association a significant level of 5% and 1%, respectively. The zoomed in region from most significant peak on chromsome 2 represents the gene
models in MES locus. The green and purple bars represents the introns and exons of the genes, respectively, with each gene’s name and Solyc
number below the models. The scale above the gene model represents the scale of physical position of the genes in the tomato genome.

P < 74 e " for the interaction. The significant SNPs from
the GWAS at the MeSA2.7 locus and the most significant
marker in the biparental population were less than 1kb
away from Solyc02g065240 (Figure 2). The genome structure
of MeSA2.1 in the two parents was dramatically different
(Supplemental Figure S1). The low methyl salicylate-
producing parent BGV014508 is more similar to the tomato
reference genome, while the high-producing parent
BGV006931 has shorter distances between genes at the lo-
cus (Figure 3D; Supplemental Figure S1). There are four full-
length genes annotated as methyl esterases at MeSA2.1 in
SL4.0, which we have named SIMES1-4 (NCBI Gene IDs:
SIMES1-101261578  SIMES2-101261293,  SIMES3-112940921
SIMES4-101260990) (Figures 2 and 3, D).

MeSA2.1 is a major effect locus controlling methyl
salicylate accumulation

Because methyl salicylate is a polygenic trait with several im-
portant loci characterized, we wanted to determine the ef-
fect of variation at SIMES without contribution from other
genes, particularly the chromosome 9 NSGT locus. We com-
pared two SLC line accessions that were nearly identical for
many of the known genes in the methyl salicylate pathway
but differ at the MeSA2.1 locus (Table 1 and Figure 4).
These known genes are a catechol O-methyltransferase
(Solyc10g005060) which methylates the precursor catechol

(Mageroy et al, 2012), salicylic acid methyltransferases
(Solyc09g091530 and Solyc09g091540) which converts salicylic
acid into methylsalicylate (Tieman et al., 2010), and the pre-
viously described NSGT1 locus (Tikunov et al, 2013; Alonge
et al, 2020) (Table 1). BGV008218 is most similar to the
Heinz 1706 reference genome and has low methyl salicylate
levels. BGV006779 has multiple insertions and SNPs com-
pared to the reference sequence at MeSA2.1 and contains
high levels of methyl salicylate (Table 1). The significant dif-
ference in methyl salicylate accumulation shows that
MeSA2.1 likely affects methyl salicylate independently from
other known methyl salicylate genes (Figure 4).

Molecular characterization of SIMES1-4

A phylogenetic analysis of the encoded MES complementary
DNAs (cDNAs) showed that MEST (Solyc02g065240) was
most likely ancestral to MES2, MES3, and MES4 (Figure 5A).
In the Heinz1706 reference tomato, SIMEST and SIMES4
were predicted to encode proteins of approximately 200
amino acids, whereas SIMES2 and SIMES3 were shorter
(Figure 5, B and C). SIMES2 carried a premature stop codon
and SIMES3 was truncated due to an insertion leading to
shorter version of the protein. The full-length MES genes
encoded proteins that comprised 7-8 motifs, which was
consistent with methyl esterases from potato, N. benthamiana,
and Arabidopsis (Figure 5, B and C). We amplified cDNA
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Figure 3 Mapping of MeSA2.1 (QTL associated with methyl salicylate on chromosome 2) and MeSA9.1 (QTL associated with methyl salicylate on
chromosome 9) in a biparental population. A, Frequency histogram of the number of plants (Y-axis) and methyl salicylate levels in nanogram per
gram fruit weight per hour (X-axis). X-axis has a scale break from 15 to 85 to accommodate the high level of skewness for low levels of methyl sa-
licylate and present the low counts of accessions having high level of methyl salicylate. B, Composite interval mapping of methyl salicylate with
the markers indicated by the black triangles. logarithm of the odds (LOD) score (blue) and confidence interval at 95% (gray) and 99% (black) are
represented. The percentage of trait variation accounted by each significant QTL is also shown. LOD is calculated as —log10(P-value) and is the
measure of strength of evidence for the presence of a QTL at a particular location. C, Strong synergistic interaction between MES and NSGT1 loci
on methyl salicylate levels. The boxplots represents the interaction between MES and NSGTT loci using the most significant marker (position pro-
vided in the parenthesis below the locus name) from each locus identified from QTL mapping. The Y-axis represents the methyl salicylate levels in
red ripe fruits (in nanogram per gram fruit weight per hour) of F, plants. The primary X-axis represents different alleles at MES (BGV006931,
BGV014508, and Heterozygous alleles) represented by the most significant KASP marker on chromosome 2 from QTL mapping and secondary
X-axis represents different alleles of NSGT1 (BGV006931, BGV014508, and Heterozygous alleles) represented by the most significant marker on
chromosome 9. The center line is the median, with individual measurements represented as dots, and the upper and lower quartiles shown in
boxes. D, A representation of the parental haplotypes demonstrate that the four SIMES genes are at different spacing from one another and an
insertion in SIMES3 leading to a truncated version of the protein.

from two accessions that lack the insertion in SIMES3,
BGV006775, and PAS014479, and both transcribed a longer
version of the gene which is predicted to encode two addi-
tional functional protein motifs (Figure 5B).

We next investigated the expression of the four MES
genes by reverse transcription—quantitative PCR (RT-qPCR)
using RNA extracted from ripe tomato fruits. The accessions
chosen either produced very high or very low levels of
methyl salicylate and included the high methyl salicylate-
producing parent from the mapping population. Expression

of all four MES genes was low to nondetectable in the high
methyl salicylate-accumulating accessions (Figure 6). Low ex-
pression is consistent with the genetic analyses predicting
loss-of-function and recessive alleles. In low methyl
salicylate-producing accessions, SIMEST and SIMES3 were
well expressed in ripe tomato fruit. The expression of
SIMES2 was undetectable in nearly all accessions whereas
the expression of SIMES4 was low or undetectable regardless
of methyl salicylate production. Functional MES proteins
contain five motifs, 1 through 5, that are predicted to form
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Table 1 Genotype of BGV008218 and BGV006779 at known methyl salicylate loci

Gene Annotation Reference BGV008218 SNPs BGV006779 SNPs
Solyc10g005060 Catechol Mageroy et al. (2012) Insertion at SL25ch10p55319 Insertion at SL25ch10p55319
O-methyltransferase
Solyc09g091530 SAMT Tieman et al. (2010) None None
Solyc09g091540 SAMT Tieman et al. (2010) SNP at SL25ch09p70794373; Insertion at SL25ch09p70794965
insertion at SL25ch09p70794965
NSGT1 locus Nonsmoky Tikunov et al. (2013); Truncated NSGT1 Truncated NSGT1
glycosyltransferase Alonge et al. (2020)
SIMES1 Methyl esterase This work 2 SNPs 7 SNPs
SIMES2 Methyl esterase This work 2 insertions, 1 SNP 9 insertions, 3 SNPs
SIMES3 Methyl esterase This work 1SNP 16 insertions, 29 SNPs
SIMES4 Methyl esterase This work 5 insertions, 2 SNPs 24 insertions, 20 SNPs
7 is SIMEST because the gene is expressed in ripe fruits and
predicted to encode a full-length protein.
6 =
SIMES1 acts on methyl salicylate in planta
5k To test the roles of the MES genes on the methyl salicylate
£ to salicylic acid conversion in tomato fruit, we used CRISPR
S 4 L editing to target subsets of the genes in two cultivars,
2 Brandywine Sudduth and Moneymaker. All guide RNAs tar-
& geted the first exon of genes. In Brandywine Sudduth, we
& % (I obtained frameshift deletions in SIMEST in one transgenic
% line and both SIMEST and SIMES2 in another line (Table 2).
=22 F In both cases, the frameshift causes a premature stop codon
= in the first exon (Supplemental Table S2). In Moneymaker,
1 we obtained frameshift deletions in SIMES1/SIMES3 and
SIMES1/SIMES3/SIMES4, which also result in premature stop
= 4%' codons (Supplemental Table S2). Multiple alleles of SIMES1
0.1 i single mutants were evaluated in field and greenhouse-
grown plants. In slmes1 knockout lines, methyl salicylate lev-
0 els were significantly higher than the Brandywine control
BGV006779 BGV008218

Genotype

Figure 4 SIMES affects methyl salicylate levels independently of char-
acterized methyl salicylate synthetic genes. Methyl salicylate levels in
BGV008218 and BGV006779, which contain the same NSGT1 haplo-
type. Methyl salicylate was collected from the headspace of chopped
tomato fruit for 1 h, then eluted and run on an Agilent LC-MS.
Values are reported as the nanograms of methyl salicylate per gram of
fresh tomato weight per hour of collection and represent the average
of at least three technical and biological replicates collected through-
out the growing season; bars are standard error. Each replicate con-
tained five to six plants.

the active site pocket and catalytic residues. SIMES2 and
SIMES3 were predicted to encode a shorter protein of ap-
proximately 150 amino acids. The shorter proteins lack
Motifs 2 and 5 which contain catalytic and pocket residues
(Figure 5B). Both SIMES2 and SIMES3 were predicted to re-
tain Motifs 1, 3, and 4, which also contained some of the
pocket and catalytic residues. Therefore, the activity of these
two MES proteins was expected to be lower or abolished.
Combined, these results suggested that the most important
gene in methyl salicylate volatile production in tomato fruits

(Figure 7). The increased methyl salicylate phenotype was
consistent across experiments, although environment caused
substantial variation in total methyl salicylate. A greenhouse
experiment showed that slmes1-1 and slmes1-8 plants con-
tained 17.4x and 6.8 x more methyl salicylate than wild-
type, respectively, a significant increase over the control
(Figure 7B). There was substantial pest and disease pressure
during the greenhouse experiment, which may explain the
higher absolute levels of methyl salicylate in all genotypes
compared to the field experiments.

Effects from loss of additional SIMES genes

The combination of slmes1 single mutants with slmes3 and
slmes4 double and triple mutants in the Moneymaker back-
ground allowed us to evaluate whether SIMEST contributed
the most to methyl salicylate content. In addition to slmes1
single knockouts, we tested slmes1 knockouts in combina-
tion with the loss of other SIMES genes. The slmes1 slmes2
double mutant was in the Brandywine Sudduth background
and the simes1 slmes3 slmes4 triple mutants were in the
Moneymaker background. The amount of methyl salicylate
made by the slmes1 slmes2 double mutant was statistically
indistinguishable from the slmes1-8 mutant, indicating that
SIMES2 is not an important contributor to the
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Figure 5 Conservation between MES locus genes. A, Phylogeny of the MES locus genes. MES1 from S. lycopersicoides (Solyd02g058110) was se-
lected as the outgroup. Solyd02g058110 is methylesterase in S. lycopersicoides. Scale bar indicates nucleotide substitutions per site. B, Conserved
protein motifs in methyl esterases from the tomato reference genome Heinz1706 and other plant species. Motifs were numbered in descending
size order. Predicted active site and pocket residues are highlighted in yellow, and show that SIMES3 in the reference variety is missing Motif 5,
which is expected to decrease protein activity. C, Alignment of SIMES3 to SIMES2, using the Heinz reference sequence for both and the
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pocket residues are indicated with stars.

demethylation of methyl salicylate (Figure 7C). This conclu-
sion agreed with the expression data and locus organization,
which predicted a premature stop codon in SIMES2 and low
expression in most genotypes (Figures 5, B and 6). The triple
slmes1 slmes3 slmes4 frameshift mutant contained more
methyl salicylate than the Moneymaker control. However,
the double and triple frameshift mutants were not signifi-
cantly different from the slmes1 single mutant (Figure 7C).
These results support the notion that SIMEST is the most
important methyl esterase to convert methyl salicylate to
salicylic acid in tomato fruit.

SIMES1 and SIMES3 are methyl esterases acting on
methyl salicylate

The cDNAs of SIMEST and SIMES3 were cloned from ripe
Heinz 1706 fruit and heterologously expressed in Escherichia
coli. The assay quantified the loss of the volatile substrate,
assuming that the substrate was converted to the

nonvolatile salicylic acid, as previously described for other
methyl salicylate methyl esterases (Forouhar et al, 2005).
Reactions containing equal amounts of SIMEST and SIMES3
proteins showed that SIMEST was more active than SIMES3,
as SIMEST was capable of completely demethylating 300-uM
methyl salicylate after 30 min, while SIMES3 had about 20%
of the starting concentration of methyl salicylate left after
30min of reaction (Figure 8A). The SIMES3 allele of
Heinz1706 encoded a truncated version of the protein and
lacked two critical motifs. This finding was consistent with
reduced activity of SIMES3 compared to SIMES1 (Figures 5,
B and 8, B). To confirm that the mechanism of action by
the tomato methyl esterases is similar to previously charac-
terized methyl esterases in other plant species, we evaluated
whether SIMEST activity is inhibited by the addition of sali-
cylic acid. Addition of salicylic acid competitively inhibited
the activity of SIMES1 (Figure 8B), consistent with previous
studies showing that salicylic acid binds to the active site
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pocket and competes with methyl salicylate for the active
site (Forouhar et al, 2005; Manosalva et al, 2010). The spe-
cific activity of SIMEST and SIMES3 with methyl salicylate
was also calculated. SIMEST has a Ky of 37.0+6.2uM for
methyl salicylate, comparable to other methyl esterases con-
verting methyl salicylate into salicylic acid, and SIMES3 has a
Km of 237+6.8 UM, consistent with a slower conversion of
methyl salicylate to salicylic acid by SIMES3 (Figure 8, A and
C). StMES1 from potato has a Ky of 57.9uM, tobacco
SABP2 is 86 UM (Forouhar et al, 2005), and two poplar
methyl esterases with Ky, of 68 UM and 24 uM have been
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Figure 6 Relative expression of methyl esterase (MES) genes in differ-
ent tomato accessions in ripe tomato and their corresponding methyl
salicylate levels are also presented besides the accessions name. The
methyl salicylate levels are in nanogram per gram fruit weight per
hour). The MES genes expression is normalized using the expression of
housekeeping gene, ACT4 (Solyc04g011500). Error bars show the stan-
dard error of two technical replicates.

Table 2 Mutant lines generated by CRISPR-induced deletions
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reported (Zhao et al, 2009). Thus, SIMEST and SIMES3 have
Kwm values similar to previously characterized plant methyl
esterases.

Discussion

Here, we describe tomato methyl esterases responsible for
conversion of methyl salicylate into salicylic acid. The
in vitro activity of SIMEST on its in planta substrate, methyl
salicylate, was confirmed, and salicylic acid was confirmed as
the product through SIMES1 activity inhibition. SIMES1 has
a Ky, similar to methyl salicylate methyl esterases from other
species (Forouhar et al, 2005; Zhao et al, 2009; Manosalva
et al, 2010).

The SIMES locus is a major contributor to methyl salicy-
late levels in tomato fruit and its characterization is an im-
portant step toward a more complete understanding of
methyl salicylate homeostasis in fruits. Methyl salicylate and
salicylic acid can be derived from both phenylalanine and
isochorismate in plants, with the preferred pathway varying
by species (reviewed in Huang et al, 2020). In synthesis from
phenylalanine, phenylalanine ammonia lyase (PAL) converts
phenylalanine into (E)-cinnamic acid (Rigano et al, 2016).
Several tomato PALs are expressed in ripe fruit (Martina
et al, 2021). (E)-cinnamic acid is converted into salicylic acid
by benzoic acid 2-hydroxylase (BA2H), which has not been
identified in tomato fruit (Lee et al, 1995). SISAMT converts
salicylic acid to methyl salicylate (Tieman et al, 2010). With
the addition of the SIMES locus, interconversion between
salicylic acid and methyl salicylate provides another impor-
tant layer of regulation. Methyl salicylate emission is regu-
lated by multiple glycosylation steps into nonvolatile di- and
tri-glycoside methyl salicylate and deglycosylation back into
a volatile form. The final step into the nonvolatile glycosy-
lated form is a primary control point mediated by NSGT1
(Tikunov et al, 2010, 2013). The first glycosylation can be
catalyzed by the glycosyltransferase SIUGTS5, which acts on
many other substrates in addition to methyl salicylate
(Louveau et al, 2011). It is likely that other fruit-specific gly-
cosyltransferases with activity on methyl salicylate also exist.
The enzymes catalyzing the deglycosylation of methyl salicy-
late also remain unknown. Studies in petunia and mango
showed that B-glucosidases convert diglycoside methyl salic-
ylate into methyl salicylate and facilitate volatile release
(Cna’ani et al, 2017; Sudheeran et al, 2020). It is expected
that a similar method exists in tomato fruits for release of

Mutant Name Brandywine Moneymaker
slmes1-1 slmes1-8 slmes1-7 slmes1-5 slmes1-5 slmes1-5
slmes2-4 slmes4-3 slmes3-1 slmes4-3 slmes3-1 slmes4-5
SIMES1 -1bp -8bp -7bp -5bp -5bp -5bp
SIMES2 Wild-type Wild-type -4 bp Wild-type Wild-type Wild-type
SIMES3 Wild-type Wild-type Wild-type Wild-type -1bp -1bp
SIMES4 Wild-type Wild-type Wild-type -3bp -3bp -5bp

Alleles are designated by the number of base pairs deleted in each line. All alleles are the result of a minimum of one independent transformation event.
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Figure 7 Methyl salicylate levels in single, double, and triple simes mutants. Methyl salicylate was collected from chopped ripe fruit for an hour
and measured on an Agilent GC-MS, reported as nanograms of volatile per gram of ripe tomato fruit. Results are from three individual mutation
lines with two to three reps per line and three to five plants per rep. A, Levels of methyl salicylate in ripe fruit from Brandywine (wild-type) and
the single slmes1 loss-of-function mutants grown in field conditions. B, Levels of methyl salicylate in ripe fruit from wild-type and single slmes1
loss-of-function mutants grown in greenhouse conditions. For all graphs, numbers above each bar are the mean volatile content, and error bars
represent the standard error. *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001 by Student’s t test to the wild-type. C, Methyl salicylate levels in
the fruit of Moneymaker and Brandywine and in double and triple sImes loss of function mutants. The letter above the standard error bars show

significance using Tukey'’s significance test (P < 0.05).

methyl salicylate, but as yet no B-glucosidases have been
identified with this function. Figure 1 summarizes the cur-
rent understanding of the synthesis and catabolism path-
ways described above. The SIMES enzymes, like the
glycosyltransferases, reduce the pool of methyl salicylate and
provide another level of control. This level of control is rele-
vant, as demonstrated by the natural variation associated
with this locus among semi-domesticated tomato acces-
sions. Together, SIMES and NSGT loci accounted for 44% of
the variability in methyl salicylate levels in a biparental cross.
We expect that identifying the genes responsible for other
steps, such as additional glycosyltransferases and B-glucosi-
dases, will explain more of the observed variation in methyl
salicylate levels. Better understanding the regulation of
methyl salicylate in tomato fruit provides additional tools
for breeders to regulate the balance between defense and
flavor compounds in the tomato fruit. Additionally, the

amount of natural variation and impact of sequence
changes on methyl salicylate levels indicates that the SIMES
QTL is a good candidate for breeding, as long as the NSGT
locus in parents is known and accounted for.

The SIMES locus is another example of how structural vari-
ation can have a large effect on agronomic traits. Gene ex-
pression is strongly impacted by structural variation (Alonge
et al, 2020). The structural variants in the SIMES locus are
also associated with changes to the overall gene expression as
well as relative expression of these family members (Figures 3,
D and 6). The most obvious change to the SIMES coding
sequences is due to transposable element insertion in the
SIMES locus, which separated the last two motifs of SIMES3,
annotated in the reference variety as a separate gene,
Solyc02g065270. The separated motifs in Solyc02g065270 con-
tain catalytic sites, which probably cause a decrease in func-
tionality between full-length SIMES3 and the truncated gene.
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Figure 8 SIMES1 is a methyl esterase acting on methyl salicylate and methyl benzoate. A, Purified His-tagged SIMES1 and SIMES3 were incubated
with methyl salicylate for up to 30 min before the reaction was stopped with HCl and volatile starting material remaining quantified on a mass
spectrometer. Methyl salicylate was undetectable after 30 min incubation with SIMES1 and decreased by ~80% after incubation with SIMES3 for
the same length of time. B, Salicylic acid inhibits the conversion of methyl salicylate to salicylic acid by SIMES1. When salicylic acid is added to the
reaction mix, more methyl salicylate remains at the end of the reaction. C, Predicted reaction and K,,,'s of SIMES1 and SIMES3 based on action on
methyl salicylate, and observations from other species that methyl salicylate is converted to salicylic acid and methanol by the action of similar
methyl esterases. Results for SIMES1 are from four replicates; results for SIMES3 are from three replicates.

A less-active SIMES3 is supported by both the relative activity
on methyl salicylate compared to SIMES1 (Figure 8A), and the
smaller effect of SIMES3 knockout on fruit methyl salicylate
content than SIMEST knockout (Figure 7C). Interestingly,
SIMES3 is the second recent example of an intragenic trans-
posable element altering the functionality of a flavor gene.
Recent work identified a 2-phenylethanol gene, PPEAT, that
contains a large intronic Copia retrotransposon element in-
sertion. Varieties with the insertion made more 2-phenyle-
thanol than those lacking the insertion (Dominguez et al,
2020). The Copia insertion was found primarily in the wild
SP accessions and semi-domesticated varieties, but rarely in
modern varieties, which also make overall less flavor chemi-
cals (Dominguez et al, 2020). Transposable elements within
the SIMES locus have also caused other changes, including in-
creasing the total locus size in SLL compared to SP
(Supplemental Table S3). Multiple predicted transposable ele-
ments are also inserted near the promoters of these genes,
although the effects of those insertions are much less pre-
dictable than the separation of Solyc02g065270 from SIMES3
(Supplemental Table S4).

In the cultivars used in this study, Brandywine Sudduth
and Moneymaker, we found that SIMEST is a contributor
to the methyl salicylate phenotype (Figure 7). In addition

to the knockout plants, in vitro work shows that SIMES3
also demethylates methyl salicylate, although the affinity
for the substrate is substantially lower than that of SIMES1
(Figure 8A). Generating and analyzing additional single
gene knockouts in simes3 and slmes4 would determine the
relative importance of each gene and definitively conclude
whether all the SIMES genes contribute to methyl salicy-
late conversion in ripe fruit, but will require making new
sets of transgenic lines targeting single SIMES genes only,
rather than the combinatorial approach in this work with
triple slmes1 slmes3 slmes4 mutants used to characterize
the importance of the entire locus. Results with the single
slmes1 knockouts show that the plant is unable to com-
pensate for the loss of a single SIMES with other functional
SIMES genes, again demonstrating that SIMEST is a key
player in regulating the amount of methyl salicylate in ripe
fruit. The expression pattern of the SIMES genes also sup-
ports SIMEST as the primary fruit methyl esterase. SIMES1
is most highly expressed in the immature fruit and ripe
fruit, and SIMES3 at ripening (Table 3). SIMES4 is expressed
in the largest range of tissues, with substantial expression
in leaves, buds, and ripe fruit (Table 3). Together, these
observations support the conclusion that the primary ac-
tivity of SIMEST and SIMES3 is during fruit development
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Table 3 RNA expression levels of SIMEST-4 in selected tissues from
the reference tomato Heinz and Brandywine, one of the varieties used
in this study

Tissue Type Variety SIMEST  SIMES2 SIMES3  SIMES4
Leaf Heinz 18.305 2.135 0.515 59.21
Brandywine 7.087 0323 0.077  50.553
Bud Heinz 18.375 2.185 0.17 76.92
Flower Heinz 5.025 0.595 0 22.075
Root Heinz 0.18 0 0.14 12.90
1-cm fruit Heinz 112.88 23.66 1.91 14.9
3-cm fruit Heinz 89.465 7.025 1.175 4.935
Mature Heinz 9.1 0.865 0.16 0.81
Green Fruit Brandywine  21.160 0 0.740 0.977
Breaker Fruit Heinz 27.72 3.81 31.11 2.185

Brandywine 107.53 0.623 111.84 7.240

Breaker Fruit + Brandywine 121.633  0.830 408427  47.780
7 days

Breaker Fruit + Heinz 102.17 302 512.48  108.11
10 days

Expression values are from RNAseq of Heinz from The Tomato Gene Consortium
(2012).

and not as major contributors to salicylic acid metabolism
in vegetative tissues. In support of a limited role for the
SIMES genes in volatile flavor production in ripening fruit,
we observed no changes in plant architecture, ripening,
pathogen resistance, nor fruit size or shape in the slmes
knockout lines.

The SIMES locus was not identified through earlier GWAS
analyses for tomato flavor (Tieman et al,, 2017), probably be-
cause the previous study was composed of mainly heirloom
and commercial SLL varieties, while this study analyzed
mainly ancestral tomato varieties from Latin America.
Discovery of a previously unidentified major locus control-
ling methyl salicylate accumulation suggests that there is a
great deal of unexplored genetic diversity in available germ-
plasm, particularly in the more genetically diverse SP and S.
lycopersicum var. cerasiforme populations and highlights the
importance of screening the broadest possible genetic pool.

The results presented here are a major step toward a
more complete understanding of methyl salicylate synthesis
in ripening tomato fruit. Loss of SIMES1, SIMES3, and SIMES4
results in significant increases in methyl salicylate in ripe
fruit, and SIMES1 and SIMES3 efficiently demethylate methyl
salicylate. Selection of haplotypes with the highest expres-
sion of MES genes will provide breeders with new options
for decreasing methyl salicylate flavor in ripe tomato fruit. In
particular, selection of the most desirable haplotypes of the
MES locus combined with the best haplotypes at the NSGT
locus should result in fruits with greatly reduced methyl sa-
licylate and improved flavor.

Materials and methods

Plant material

Tomato (S. lycopersicum) seeds were obtained from the
Instituto Universitario de Conservacion y Mejora de la
Agrodiversidad Valenciana (Banco de Germoplasma Vegetal
[BGV] lines), the Tomato Genetics Resource Center (Davis,

Frick et al.

CA, USA), or commercial suppliers (Supplemental Table S1).
Plants in greenhouse experiments were grown in a heated
greenhouse on the University of Florida campus according
to recommended commercial practices. Plants in the field
experiments were grown at the University of Florida’s North
Florida Research and Education Center-Suwannee Valley in
Live Oak, FL. All fruit was harvested at the red-ripe stage.

Volatile collection

Tomato fruit volatiles were collected as described in Tieman
et al. (2006). Briefly, whole fruits were chopped and loaded
into glass tubes, then air was passed over the samples, and
volatiles were collected on a SuperQ Resin for 1h. Volatiles
were eluted off the column with methylene chloride and
run on a GC for analysis as described in Tieman et al
(2006). Replicates with fewer than two measurements in a
single growing season were eliminated from the analysis.

Generation of simes loss-of-function mutants
Brandywine Sudduth tomato was transformed with a con-
struct containing two guide RNAs targeting SIMES1, SIMES2,
and SIMES3. Moneymaker was transformed with a construct
containing three guide RNAs targeting SIMES1, SIMES3, and
SIMES4. A guide RNA was designed to target SIMEST,
SIMES2, and SIMES3. This guide RNA had no mismatches to
the SIMEST sequence, one mismatch to SIMES3, and two
mismatches to SIMES2. An in vitro assay validated cleavage
on three genes of interest (Takara, San Jose, CA, USA), and
a BLAST search showed no other targets with fewer than
five mismatches. The guide RNA was cloned into the
kanamycin-resistant p201N vector (Jacobs et al, 2015).
Transformation was performed at both the University of
Nebraska’s Plant Transformation Center or the University of
Florida in Brandywine Sudduth cultivar and yielded 16 posi-
tive transformants. Of the 16 plants, 9 contained deletions
in SIMES1, and 6 plants contained a deletion in SIMES2. No
plants with deletions in SIMES3 were recovered. Three differ-
ent mutations were obtained in the slmes1 knockout plants:
a 1-bp deletion (slmesi-1), a 7-bp deletion (slmes1-7),
and an 8-bp deletion (slmes1-8). Two mutations were
obtained in the slmes2 knockouts, a 3-bp deletion, named
slmes2-3, and a 4-bp deletion, named slmes2-4 (Table 2).
Transformations in the Moneymaker background were done
at University of Georgia using another set of guide RNAs
targeting SIMES1, SIMES3, and SIMES4 (Supplemental Table
S2). No single mutants were generated in this transforma-
tion. However, one T1 carried a 5-bp frameshift mutation in
only MEST and a 3-bp in-frame mutation in MES4. Two T1
families carried an out of frame deletions in SIMEST (5bp)
and SIMES3 (1bp) and were heterozygous for a 3- or 5-bp
mutation in SIMES4 (Table 2). In the T2 generation, mutants
with the 5-bp deletion in MES4 were selected. Primary trans-
formants were allowed to self-fertilize and backcrossed to
Brandywine Sudduth or Moneymaker. The backcrossed lines
were screened to select mutants without the Cas9 T-DNA.
Plants for analysis were selected from these self-pollinated
and backcrossed lines.
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Expression of SIMES1 and SIMES3 in E. coli

SIMES1 and SIMES3 ORFs were cloned from RNA extracted
from ripe Heinz 1706 (reference) fruit. The ORF was then
cloned into the 6X-His tag vector pET28a (Invitrogen,
Waltham, MA, USA). SIMES1 was expressed in BL21(DE3)
cells, and SIMES3 was expressed in Rosetta (DE3) cells
(NEB). Cells were grown at 37°C until they reached mid-
exponential growth phase, then induced with 100-uM IPTG
(Sigma, St Louis, MO, USA), and moved to room tempera-
ture overnight. His-SIMES1 and His-SIMES3 were purified
with a nickel-resin column (Qiagen Hilden, Germany).
Purified protein was quantified by Nanospectrometer, and
purity evaluated on a Bis—Tris gel.

SIMES1 substrate determination

Purified SIMEST and SIMES3 (2.4mg mL™" reaction™") were
incubated with 300-uM methyl salicylate (Sigma) for 0-
30min in a 100-uL reaction containing 50-mM Tris—HCI, pH
6.0, 10% (v/v) glycerol, 5-mM DTT, then each reaction
stopped with a 10x reaction volume of 1-M HCl (Fisher,
Waltham, MA, USA). Methyl salicylate was quantified on an
Agilent GC-MS with a Polydimethylsiloxane/Divinylbenzene
SPME fiber and DB-5 column. Peaks corresponding to
methyl salicylate were quantified. Disappearance of the sub-
strate compared to the negative control, containing no pro-
tein, indicates successful hydrolysis by each SIMES.

SIMES1 and SIMES3 kinetic parameter
determination

Purified SIMES1 was diluted to 3ug mL™' per reaction and
incubated for 0, 5, 10, and 15 min with 250-800 tM methyl
salicylate before the reaction was stopped with 1-M HCL
The amount of substrate remaining was quantified on an
Agilent GC-MS and used for determination of V., and K,
by fitting to the Michaelis Menten function in JMP. SIMES3
kinetic parameters were determined in a similar manner but
with a 100-500 UM range of substrate concentrations.

SIMES1 reaction product determination

Purified SIMES1 was incubated with methyl salicylate ranging
from 0 to 750uM, along with 0-10uM salicylic acid
(Sigma). Reactions were run for 15 or 30 min, stopped with
1-M HCI (Fisher), then run on an Agilent GC-MS as de-
scribed above. Methyl salicylate was quantified by peak area
as described above.

GWAS analysis

The raw ILLUMINA read files of 166 tomato accessions from
the Varitome collection (Razifard et al, 2020) were down-
loaded from NCBI (https://www.ncbi.nlm.nih.gov/, SRA:
SRP150040, BioProject: PRINA454805). Raw read evaluation,
filtering, alignment, and variant calling for SNPs were
performed as described previously using the SL4.0 genome
build (Pereira et al, 2021). For the association analysis, the
genome-wide kinship matrix was calculated using Centered
IBS method in TASSEL 5.2.44 (Bradbury et al, 2007).

PLANT PHYSIOLOGY 2023: 191; 110-124 | 121

Hapmap files were generated from the extracted SNPs using
TASSEL. Associations between the genotype and methyl
salicylate levels were calculated using FarmCPU model in
GAPIT (version 3) (Wang and Zhang, 2021). Minor allele fre-
quency and SNP FDR value was set to 2% and 5%, respec-
tively, for the analysis. The significance thresholds for the
association were set at a significant level of 5%, respectively,
after FDR multiple test correction. The association results
were plotted using ggplot2 package in R (Wickham, 2011).

Linkage mapping in the biparental population

The F, population were genotyped for SNPs using the
Kompetitive allele-specific PCR (KASP) genotyping assay
(Semagn et al,, 2014). The primer sequences and their posi-
tions in the genome are shown in Supplemental Table S5.
Methyl salicylate accumulation was associated with the
markers by QTL mapping using “R/qtl” package (Broman
et al, 2003) in R version 4.0.2 (Team R Core, 2013) with
RStudio version 1.3.1056 interface (Studio, 2012). QTLs were
detected via composite interval mapping analysis using the
Kosambi mapping function and Extended Haley Knott re-
gression. LOD thresholds were calculated from 1,000 permu-
tations to determine the significance level. QTL with
LOD > 291 was considered significant. The “fitqtl” function
was used to estimate the effect of identified QTL. QTL maps
were plotted using “ggplot2” package in R (Wickham, 2011).

Phylogenetic tree construction

Phylogenetic tree was built using Neighbor-Joining method
using the cDNA sequences of all the genes. The cDNA
sequences were extracted using in house pipeline. The
sequences were exported in Geneious Prime version 2021.2.2
(https://www.geneious.com/) and aligned using Clustal align-
ment option (Jeanmougin et al, 1998). Phylogenetic tree
was then constructed using Neighbor-Joining method and
Tamura-Nei genetic distance model. The methylesterase
gene from Solanum lycopersicoides (Solyd02g058110) was
used as an outgroup.

Annotation of conserved protein motifs

The online tool MEME (Bailey and Elkan, 1994; Bailey et al,
2009) was used to identify conserved protein motifs likely
involved in protein function. Methyl esterase sequences in
other Solanaceae species (potato, pepper, eggplant, and N.
benthamiana) and A. thaliana were obtained using Blast.
Predictions of catalytic domains and pocket residues were
done with Phyre2.0 (Kelley and Sternberg, 2009).

SIMES3/4 transcript from SP accessions

True leaves from BGV006775 PAS014479, Brandywine
Sudduth, and Heinz 1706 were frozen and ground in liquid
nitrogen before extraction via an RNAeasy kit (Qiagen) and
conversion to cDNA (LunaScript RT, NEB). We amplified
transcript using each combination of four primers: one for-
ward primer starting at the annotated SIMES3 start, one for-
ward primer starting at the alternate upstream SIMES3 start
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codon, one reverse primer at the annotated end of SIMES3,
and a reverse primer at the end of SIMES4 (Supplemental).
All resulting DNA bands were excised and sequenced
(Genewiz) to determine transcribed gene regions. Bands
with strong signal were cloned into pENTR.

RT-gqPCR

Gene-specific primers for the quantitative expression analy-
ses were designed using NCBI Primer-BLAST (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). Only one SNP
toward the 5-end of the primer was permitted
(Supplemental Table S6). The primer sets were separated by
one intron in the corresponding genomic DNA. ACTIN4
(Solyc04g011500) was used as the control to standardize rel-
ative expression levels (Supplemental Table S6). RNA from
ripe fruits was extracted by using ISOLATE Il RNA Plant Kit
(Bioline, BIO-52077) following the specifications by the man-
ufacturer. The mRNA was transcribed into cDNA by reverse
transcriptase  (Invitrogen  SuperScript Il First-Strand
Synthesis System for RT-qPCR, 18080-051). Quantitative
PCR was setup using the SsoAdvanced Universal SYBR
Green Supermix kit (BIO-RAD, 1725271) with two technical
replicates. The amplification was conducted on a CFX Real-
Time PCR Instrument (BIO-RAD, Hercules, CA, USA; CFX96
real time system). The cycling protocol for the quantitative
PCR was: 95°C for 3 min, followed by 40 cycles of 95°C for
10, 60°C for 30s. The plate was read using the melt curve
65°C to 95°C with 0.5°C increment for 5s/step. The relative
expression was calculated using the formula of ACq method
using a reference gene: R = 2CaCreferencel-Calareet) '\ hare Cq is
quantification cycle, reference is ACT4, and targets are MEST,
MES2, MES3, or MES4. The expression analysis figure was
generated using “ggplot2” package in R (Wickham, 2011).

RNA-seq analysis
RNA expression of Brandywine fruit was performed as de-
scribed in Shi et al. (2021).

Accession numbers
Sequence data from this article can be found in the
GenBank data library under the following NCBI Gene IDs:
SIMES1-101261578, SIMES2-101261293, SIMES3-112940921,
and SIMES4-101260990.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Alignment of two parental
accessions against the SL4.0 build at the MES locus.

Supplemental Table S1. List and brief description of ma-
jor varieties used within this study.

Supplemental Table S2. Deletions in the SIMES genes in-
duced by gene editing.

Supplemental Table S3. Difference in length between cul-
tivated and wild tomato.
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Supplemental Table S4. Transposable elements inserted
< 1kb from SIMES1 contain promoter elements.

Supplemental Table S5. List of KASP markers used for
genotyping the F2 population.

Supplemental Table S6. RT-qPCR primers for the expres-
sion analysis of SIMES1-4 and actin.
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