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Tomato (Solanum lycopersicum) produces a wide range of volatile
chemicals during fruit ripening, generating a distinct aroma and
contributing to the overall flavor. Among these volatiles are sev-
eral aromatic and aliphatic nitrogen-containing compounds for
which the biosynthetic pathways are not known. While nitroge-
nous volatiles are abundant in tomato fruit, their content in fruits
of the closely related species of the tomato clade is highly variable.
For example, the green-fruited species Solanum pennellii are
nearly devoid, while the red-fruited species S. lycopersicum and
Solanum pimpinellifolium accumulate high amounts. Using an
introgression population derived from S. pennellii, we identified a
locus essential for the production of all the detectable nitrogenous
volatiles in tomato fruit. Silencing of the underlying gene
(SITNH1;Solyc12g013690) in transgenic plants abolished produc-
tion of aliphatic and aromatic nitrogenous volatiles in ripe fruit,
and metabolomic analysis of these fruit revealed the accumulation
of 2-isobutyl-tetrahydrothiazolidine-4-carboxylic acid, a known
conjugate of cysteine and 3-methylbutanal. Biosynthetic incorpo-
ration of stable isotope-labeled precursors into 2-isobutylthiazole
and 2-phenylacetonitrile confirmed that cysteine provides the
nitrogen atom for all nitrogenous volatiles in tomato fruit. Nicoti-
ana benthamiana plants expressing SITNH1 readily transformed
synthetic 2-substituted tetrahydrothiazolidine-4-carboxylic acid
substrates into a mixture of the corresponding 2-substituted
oxime, nitro, and nitrile volatiles. Distinct from other known
flavin-dependent monooxygenase enzymes in plants, this tetrahy-
drothiazolidine-4-carboxylic acid N-hydroxylase catalyzes sequen-
tial hydroxylations. Elucidation of this pathway is a major step
forward in understanding and ultimately improving tomato flavor
quality.

aroma volatile biosynthesis | N-hydroxylation | organosulfur metabolism |
flavor chemistry

Tomato (Solanum lycopersicum) is the most valuable fruit
and vegetable crop produced worldwide. Intensive breeding
programs over the last half century have emphasized traits that
are important to producers such as yield, disease resistance,
appearance, and postharvest shelf life (1). While those traits
are important, modern commercial cultivars tend to fall short
of the flavor potential demonstrated by older inbred varieties
(2), in part due to lack of tools to breed for aroma profiles that
appeal to consumers (3). A systematic approach to identify the
most important chemicals contributing to consumer preferen-
ces, their biosynthetic pathways, and the genes regulating their
synthesis provides essential information for improving flavor
(2-5).

Tomato fruit volatiles are synthesized from multiple precur-
sors that include fatty acids, carotenoids, as well as aromatic and
aliphatic amino acids. Most of these precursors are essential
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nutrients for animals, suggesting that volatiles could serve as
cues for the presence of important nutrients within the fruit (6).
Essential amino acids are metabolically linked to multiple
tomato volatiles that are important determinants of consumer
perception and preference. For example, phenylalanine is con-
verted to 2-phenylacetaldehyde and 2-phenylethanol (7) while
valine, leucine, and isoleucine are linked to isobutanal/ol,
3-methylbutanal/ol, and 2-methylbutanal/ol, respectively (8). Vol-
atiles have essential roles in plants including, defense responses
against herbivores and pathogens, plant-to-plant interactions,
and attraction of pollinators and seed dispersers (9-11). Thus,
the unique volatile profile of each species is likely a result of the
adaptation and evolution of each species to their environment.
Tomato fruits also produce nitrogen-containing volatiles that
are relatively uncommon in fruits, including 2-phenylacetonitrile
(benzyl cyanide), 1-nitro-2-phenylethane, 3-methylbutanenitrile
(isovaleronitrile), 1-nitro-3-methylbutane, and 2-isobutylthiazole
(Fig. 14) (12). Emissions of aliphatic and aromatic aldoximes,
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Fig. 1. A gene on Chr12 (Solyc12g013690) is responsible for nitrogenous volatiles biosynthesis in tomato fruit. (A) Structures of main nitrogenous vola-
tiles detected in tomato fruit. (B) Emissions of nitrogenous volatiles from cut ripe fruits of ILs and the tomato parent, cv. M82 (+SE, n = 6). The amount of
each nitrogenous volatile is significantly different between M82 and the ILs (P < 0.01). n.d., not detectable. (C) Fine mapping of a nitrogenous volatile-
related QTL on chromosome 12. A set of recombinants with low or high (wild type) content of nitrogenous volatiles was derived from a cross between
M82 and IL12-2. The illustration shows a small segment of chromosome 12 where the QTL is located. White and dark-gray sections represent genomic seg-
ments from S. lycopersicum and S. pennellii, respectively. Arrows indicate the positions of markers used to define recombinants. The light-gray sections
represent the regions where a recombination occurred, as delimited by molecular markers. The color inside the diamonds indicates whether the ILs con-
tain the S. lycopersicum (white) or S. pennellii (dark-gray) version of Solyc12g013690. The QTL region as defined by volatile content is shown by dashed

lines and enlarged below to show details (assembly SL2.50).

nitriles, and nitro compounds have been observed from
herbivore-damaged and pathogen-infected plants (13-16). In
damaged leaves of Populus, 2-phenylacetonitrile and aliphatic
aldoximes have important roles in recruiting parasitic insects
(17), while phenylacetaldoxime appears to be involved in direct
defense against herbivores (18). A parallel can be drawn with the
tomato that needs to recruit frugivores to disperse its seeds.
Given that the production of nitrogenous volatiles is specific to
the ripe fruit, the nitrogenous volatiles likely serve the purpose of
making the fruit more attractive to seed dispersers.

Although nitrogenous volatiles tend to have pungent, medicinal
odors at higher concentrations, they can impart desirable flavor
qualities at lower concentrations as part of volatile blends. For
example, 2-phenylacetonitrile and 1-nitro-2-phenylethane have
floral odors, and the latter has long been considered to be a nota-
ble contributor to tomato flavor (19, 20). Consumer preference
panels conducted with a large set of tomato varieties indicated
that several of the nitrogenous volatiles positively correlate with
consumer liking (5). While nitrogenous volatiles are important for
tomato flavor, they are largely absent from fruits of other species,
with melon being one of the few exceptions (21). In contrast,
nitrogenous volatiles are relatively common constituents of floral
volatile blends (22-25) and are known to be produced in the
herbivore-damaged leaves of some plants (9, 16). The biosynthesis
of nitrogenous volatiles in other plants implicate CYP79 enzymes
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that utilize amine substrates (26). In melon, it appears there may
be two routes to the formation of 2-phenylacetonitrile (21).

Despite the importance of the nitrogenous volatiles to
tomato flavor, their biosynthesis has not been elucidated in this
species. It was previously shown that tomato aromatic amino
acid decarboxylases (AADCs) catalyze the conversion of phe-
nylalanine to 2-phenylethylamine, the precursor of 2-phenylace
taldehyde and 2-phenylethanol (7). Ripe fruits of transgenic
tomatoes overexpressing A4DCs have higher emission of not
only 2-phenylacetaldehyde and 2-phenylethanol, but also 1-
nitro-2-phenylethane and 2-phenylacetonitrile, indicating that
those aromatic nitrogenous volatiles share part of the same
pathway. However, empirical evidence is lacking regarding the
pathway for synthesis of aliphatic nitrogenous volatiles. Based
on structural considerations, 3-methylbutanenitrile, 1-nitro-3-
methylbutane, and 2-isobutylthiazole are most likely leucine
derivatives (27).

A powerful strategy to identify the genes involved in volatile
synthesis is to exploit natural variation within the genus. Thus,
populations of introgression lines (ILs) that contain defined
segments of chromosomes from the wild relatives of tomato
have been used to identify numerous volatile-associated quanti-
tative trait loci (QTLs) (12, 27, 28). These QTLs, in turn, per-
mit identification of genes that define the synthetic pathway as
well as points of regulation (29-31). Here we utilized a

Liscombe et al.
A flavin-dependent monooxygenase produces nitrogenous tomato aroma
volatiles using cysteine as a nitrogen source



Downloaded from https://www.pnas.org by UNIVERSITY OF FLORIDA ACQUISITIONS AND LICENSING on May 1, 2023 from IP address 128.227.4.100.

Solanum pennellii IL population to identify a QTL responsible
for biosynthesis of nitrogenous volatiles. Following fine map-
ping, we identified a gene encoding a flavin-dependent mono-
oxygenase (FMO) that plays an essential role in aliphatic and
aromatic nitrogenous volatile production in tomato fruit and
uses 2-substituted thiazolidines derived from cysteine as
substrates.

Results

An Essential Gene for Nitrogenous Volatile Production. A S. pen-
nellii IL population (28) was screened for QTLs affecting the
synthesis of nitrogenous volatiles in ripe fruit. Among these
lines, IL12-2, IL12-3-1, and IL12-3, exhibited significant reduc-
tions in nitrogenous volatiles (Fig. 14) relative to the tomato
parental background (cultivar [cv.] M82) (Fig. 1B). The three
ILs all contain an overlapping segment of S. pennellii chromo-
some 12 (SI Appendix, Fig. S1), so an F, population derived
from a cross between IL12-2 and M82 was screened for recom-
bination events for more precise mapping of the locus. The new
recombinants obtained were fixed (homozygous) in a subse-
quent generation to give a new set of smaller ILs. The volatile
profile of each line was measured for fine mapping of the
nitrogenous volatile QTL (Fig. 1C) permitting us to localize the
QTL to an ~100-kb region predicted to contain 16 genes (sol-
genomics.net). Among these, Solycl2g013690 was selected for
further analysis since it was annotated as a “monooxygenase
FAD-binding protein” and was therefore considered the best
candidate from a biochemical perspective. We examined Sol-
yc12g013690 expression in 1L12-2, 1L12-3, IL12-3-1, and the S.
pennellii parent (LA0716) using primers targeting a consensus
region between the S. lycopersicum and S. pennellii alleles.
Compared with control M82, the ILs and S. pennellii had very
low expression in ripe fruits (SI Appendix, Fig. S1). The reduc-
tion in the transcript level of Solyc12g013690 was hypothesized
to be the cause of the substantially lower levels of nitrogenous
volatiles in the ILs.

The function of Solyc12g013690 and its putative role in
nitrogenous volatile production was assessed by antisense-
mediated suppression of gene expression in transgenic toma-
toes (cv. Large Red Cherry). The volatile contents of ripe fruits
from over 20 independent transgenic lines had consistently
lower nitrogenous volatile contents. Four independent lines
with substantial reductions in Solyc12g013690 transcript levels
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Fig. 2. Antisense-mediated silencing of Solyc12g013690 (S/ITNHT) results
in significant reductions in nitrogenous flavor volatiles in fruit. (A) Tran-
script levels in fruits of four independent transgenic antisense lines rela-
tive to the control, cv. Large Red Cherry (+SE, n = 4). The transgenic lines
were all significantly different from the control (*P < 0.01). (B) Sum of the
emissions of detected nitrogenous volatiles from cut ripe fruits of control
and the transgenic lines (+SE, n = 4) (*P < 0.01) (see S/ Appendix, Table S1
for emission of each individual compound).
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were further analyzed (Fig. 24). Significant reductions of
nitrogenous volatiles were observed for all four lines compared
to the control (Fig. 2B and SI Appendix, Table S1). Contents of
related phenylalanine- and leucine-derived alcohols and alde-
hydes were not affected in the transgenic lines, indicating that
the gene impacts mostly nitrogenous volatiles (SI Appendix,
Table S1).

We measured the contents of 2-phenylacetonitrile, 1-nitro-2-
phenylethane, 3-methylbutanenitrile, 1-nitro-3-methylbutane,
and 2-isobutylthiazole in tomato fruits at different stages to
determine whether their accumulation is also coupled to the
ripening process, like many other flavor volatiles (12). The five
major nitrogenous volatiles in cultivar M82 were below the
level of detection before the onset of ripening, but substantially
increased during ripening (Fig. 34). Quantitative PCR analysis
showed that expression of Solyc12g013690 in fruit is elevated at
the initiation of ripening and reaches a maximum level at the
fully ripe stage (Fig. 3B), consistent with the pattern of nitroge-
nous volatile production. Leaves and flowers exhibit substan-
tially lower Solyc12g013690 expression. Since ripening-related
gene expression is often regulated by ethylene, the hormone
responsiveness of Solyc12g013690 was tested. Ethylene treat-
ment at the mature green stage resulted in elevated expression
in wild-type (WT) fruits (cv. Pearson). This increase was greatly
attenuated in Never-ripe (Nr; cv. Pearson background), an
ethylene-insensitive mutant (Fig. 3C) (32). Treatment of ripe
fruits with 1-methylcyclopropene (1-MCP), a potent inhibitor
of ethylene perception (33), reduced Solyc12g013690 expression
(Fig. 3C). This ethylene responsiveness indicates that nitroge-
nous volatile production is ethylene dependent in tomato fruits.

A New Type of FMO in Plants. A phylogenetic analysis using
amino acid sequences of tomato and Arabidopsis FMOs was
performed to determine the relationship of Solyc12g013690 to
functionally characterized FMOs (SI Appendix, Fig. S2). Sol-
yc12g013690 does not cluster with any enzymes of known func-
tion and is distantly related to FMO enzymes in clades I, II,
and III, which were previously defined by Schlaich (34). Rather,
Solyc12g013690 is more closely related to zeaxanthin epoxi-
dases (ZEPs, clade IV) and squalene epoxidases (SQEs, clade
V), clearly defining a distinct clade (clade VI) (SI Appendix,
Fig. S2). Notably, Solyc12g013690 transcripts are abundant in
ripe fruit compared to other members of this clade (S7
Appendix, Table S2). FMO enzymes can also be classified based
on their fold and function (35). Clades I, II, and III all belong
to group B with two o/p Rossmann-like domains for binding
FAD and NAD(P)H. Members of clades IV to VII have instead
a glutathione reductase (GR-2)-type Rossmann fold and belong
to groups A and E. Clades IV and V are classified as group E
members because of their epoxidase activities. Based on their
homology to bacterial FMOs, clade VI members likely belong
to group A and are predicted to perform a hydroxylation.
There are two highly conserved FAD-binding motifs in group A
enzymes, “GxGxxG” for the adenosine diphosphate (ADP)
moiety (36) and “GD?” for the riboflavin moiety (37), located at
the N-terminal region (11 to 16 amino acids [aa]) and the cen-
ter of the sequence (294 to 295 aa), respectively (SI Appendix,
Fig. S3). In addition, a “DG fingerprint” motif occurs in all
group A members. That motif, associated with binding of both
FAD and NAD(P)H (37), also occurs near the center of the
sequences (157 to 158 aa). We examined the newly defined
clade VI members for conserved amino acids (S Appendix, Fig.
S3). All members of clade VI in Arabidopsis, tomato, soybean,
poplar, and maize, contain two Leu residues adjacent to the
FAD-binding motif, giving “GxGxxGLxxxxxL.” Also, near the
N terminus, there is a highly conserved “VLxxxxxxRxxG”
sequence. Finally, all members of clade VI have a “RG” motif
between the DG and GD fingerprint motifs.
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Fig. 3. Ripening-related accumulation of nitrogenous volatiles and Solyc12g013690 (S/ITNHT) expression in tomato. (A) Emissions of nitrogenous volatiles
from cut fruits of cv. M82 during the ripening process (+SE, n = 4). n.d., not detectable. (B) Solyc12g013690 transcript levels in leaves, flowers, and
throughout the fruit ripening (immature green, breaker, turning, and ripe) of tomato cv. M82 (+SE, n = 4). (C) Solyc12g013690 transcript level in response
to ethylene (ET) (+SE, n = 3). Mature green fruits of cv. Pearson and Never-ripe were treated with ethylene for 16 h. Alternatively, fruits at ripe stage

were treated with the inhibitor of ethylene perception, 1-MCP, for 12 h.

Gene Silencing Leads to Accumulation of a Sulfurous Substrate.
Our initial attempts to functionally express Solyc12g013690
focused on assays using primary amine substrates (i.e., 2-phene-
thylamine), based on current models for volatile biosynthesis in
tomato (38). We were unable to demonstrate activity using any
amine substrates, so we turned to a nontargeted metabolomics
approach using plants with impaired Solyc12g013690 expression
to facilitate identification of potential substrates (34).
Antisense-mediated suppression of Solyc12g013690 expression
in tomatoes leads to near-complete abolishment of nitrogenous
volatile production (Fig. 2B and SI Appendix, Table S1), which
we anticipated would also result in the accumulation of path-
way precursors, including acceptable substrates for the enzyme
encoded by Solyci12g013690. Nontargeted ultra performance
liquid chromatography quadrupole time-of-flight mass spec-
trometry (UPLC-QTOF-MS) profiling of ripe fruit and com-
parison of metabolite profiles of Solyc12g013690-silenced lines
(Fig. 4C) versus the unsilenced control using orthogonal projec-
tions to latent structures discriminant analysis (OPLS-DA) (S/
Appendix, Fig. S4) revealed a mass spectral feature, “5.40_190.
0896m/z” that consistently accumulated in antisense lines (Fig.
4B). Moreover, an ethylmethane sulfonate (EMS)-induced
stop-codon variant line (W278*) we isolated contains signifi-
cantly higher levels of this metabolic feature compared to WT
background (Fig. 4B and SI Appendix, Table S3). Assuming that
the empirical m/z represents the protonated pseudomolecular
ion, this exact mass most likely corresponds to the molecular for-
mula CgH;sNO,S (—3.02 ppm mass error), which is consistent
with the known biological metabolite S-prenylcysteine. This com-
pound appeared to be a reasonable candidate substrate for Sol-
yc12g013690, as there is precedence for FMO enzymes that
metabolize prenylated cysteines in plants (39). However, follow-
ing additional experimentation and review of our results and
published literature in this context, we could not reconcile how
S-prenylcysteine could be a substrate for Solyc12g013690, so we
considered other possible structural isomers that we may have
missed. One such compound is a cyclic analog of S-prenylcys-
teine, 2-isobutyltetrahydrothiazolidine-4-carboxylic acid (IT4C)
(Fig. 44), a compound previously documented in the flavor
chemistry literature in the context of brewing science (40). We
synthesized IT4C from L-cysteine and 3-methylbutanal accord-
ing to Ershov et al. (41), and verified the structure by proton
NMR analysis (SI Appendix, Fig. S5). The synthetic IT4C
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standard coeluted with the feature 5.40_190.0896m/z that accu-
mulates under suppression of Solyc12g013690 expression when
analyzed by UPLC-QTOF-MS (Fig. 4C), and the retention time,
exact mass, and fragmentation pattern of this mass spectral
feature from tomato fruit match those of synthetic IT4C, con-
firming the identity of this metabolite. Therefore, several com-
plementary samples indicate that IT4C is a likely substrate of
Solyc12g013690, which implicates cysteine as the nitrogen source
for nitrogenous volatiles. Moreover, we identified another mass
spectral feature that disappeared with the abolishment of Sol-
yc12g013690 activity, representing a potential product of the
enzyme. The mass spectral data for this feature are consistent
with a glutathione conjugate of 3-methylbutanal oxime (S
Appendix, Fig. S6), analogous to spontaneous glutathione conju-
gates formed from N-hydroxylated precursors in glucosinolate
biosynthesis (42), supporting an N-hydroxylating role for
Solyc12g013690.

Cysteine Provides the Nitrogen Atom for Nitrogenous Volatiles. To
investigate the origin of the nitrogen atom in the biosynthesis
of nitrogenous volatiles, we fed SN, ]3C3-L-cysteine, and/or
15N, 3C¢-L-leucine to breaker-stage tomatoes growing on the
vine in the greenhouse, and volatiles were collected from those
fruit at the red ripe stage. Atmospheric pressure gas chroma-
tography (APGC)-QTOF-MS was used to analyze fruit volatile
contents. Interrogation of the 2-isobutylthiazole peak at
5.7 min (SI Appendix, Fig. S7) showed a clear mass shift of
+8 (m/z 150) for the protonated pseudomolecular ion of
2-isobutylthiazole (unlabeled M+H is m/z 142) (SI Appendix,
Fig. S7 D and E), corresponding to '*N,"*C;-2-isobutylthiazole,
which represented 0.2% of the total isobutylthiazole (Fig. 5).
Feeding labeled leucine alone resulted in 2.5% isotopic
enrichment of 2-isobutylthiazole. Labeled leucine contributes
+5 mass units to 2-isobutylthiazole (SI Appendix, Fig. STB),
corresponding to labeling of C2 and the 2-isobutyl moiety
but not the nitrogen. Nearly 5% isotopic enrichment of
2-isobutylthiazole was observed with feeding of '*N,"*Cs-L-cys-
teine on its own (Fig. 5), which resulted in a mass shift of +3
for the protonated pseudomolecular ion (m/z 145), indicating
that cysteine contributes the C2N unit of the thiazole ring (S
Appendix, Fig. S7C). Furthermore, we confirmed that the nitro-
gen does not originate from the amino acid donor that provides
the R group at the 2 position, by feeding '°N,'*C,-Phe to
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easily synthesized from L-Cys and 3-methylbutanal. (B) Untargeted metabolomics by UPLC-QTOF-MS revealed that ITAC accumulates in the SITNH1 anti-
sense lines and stop codon variant (n = 3, +SE, *P < 0.05). (C) Extracted ion chromatogram for m/z 190.0902 shows that the metabolic feature accumulat-
ing in SITNH1 antisense lines was unambiguously identified as IT4C. Synthetic ITAC coelutes with the same feature in tomato fruit. MS/MS and NMR spec-

tra of ITAC are provided in the S/ Appendix.

another set of tomatoes. We found 2-phenylacetonitrile is
labeled, but a mass shift of M+8 (m/z 125) rather than M+9
(m/z 126) indicated that all atoms except for the labeled car-
boxyl carbon (lost via AADC-mediated decarboxylation) and
the labeled nitrogen were incorporated intact (SI Appendix, Fig.
S8). These results suggest that cysteine provides the nitrogen
for all nitrogenous volatiles in tomato fruit and provide further
support for 2-substituted thiazolidines as natural products in
tomato and the native substrates for the enzyme encoded by
Solyc12¢013690.

Tetrahydrothiazolidine N-Hydroxylase. The Solyc12g013690 cDNA
was transiently expressed in Nicotiana benthamiana leaves to
characterize the catalytic activity of the encoded enzyme. We
synthesized 2-substituted thiazolidine substrates according the
Ershov et al. (41), specifically those derived from L-Cys (Fig.
44 and SI Appendix, Fig. S5) or D-Cys and 3-methylbutanal,
and L-Cys and 2-phenylacetaldehyde (SI Appendix, Fig. S10).
N. benthamiana leaves producing recombinant Solyc12g013690
produced significantly more 3-methylbutanenitrile, 3-methyl-
butylaldoxime, 1-nitro-3-methyl-butane, and 2-isobutylthiazole

Isotopolog Incorporation  Position of the labeled
ratio carbons and nitrogen in
SEM, % 2-isobutylthiazole
Precursor feeding
N*
=
L-Cysteine- 13Cs,'5N M+3 47 +20 m*
i * X */N
L-Leucine- "C, "N M+5 25107 m
% S
L-Leucine- '3Cs, "N + M+8

L-Cysteine- °C3,"5N

* * N
0.2+ 0.02 YY .
* S\/>

Fig. 5. Biosynthetic incorporation of stable isotope-labeled cysteine and leucine into 2-isobutylthiazole when fed in situ to Tomatoes-on-the-vine at the
orange stage. Incorporation ratios were calculated from peak integration areas (PIAs) from APGC-MS/MS analysis where incorporation ratio = [(PIA isoto-
polog)/(PIA unlabeled + PIA isotopolog) x 100]. n > 3 for all treatments. Expected m/z for 2-isobutylthiazole [M+H] (unlabeled) = 142.0690, [M+H+3] iso-
topolog = 145.0728, [M+H+5] isotopolog = 147.0856, and [M+H+8] isotopolog = 150.0896.
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Fig. 6. Solyc12g013690 encodes a tetrahydrothiazolidine N-hydroxylase (TNH), and converts 2-tetrahydrothizolidines to nitrogenous flavor volatiles. (A)
Model for TNH-dependent nitrogenous volatile biosynthesis in tomato fruit. (B and C) Nitrogenous flavor volatiles are produced in N. benthamiana leaves
with transient expression of SITNH1 and supplementation with the corresponding thiazolidines made from 2-phenylacetaldehyde and L-cysteine (B), and

3-methylbutanal and L-cysteine (C). (+SE, n = 4, *P < 0.05).

when provided 2-isobutyltetrahydrothiazolidine substrates
derived from either L- or D-cysteine (Fig. 6 4 and C and S/
Appendix, Fig. S9). The 2-phenylacetaldehyde-derived tetrahy-
drothiazolidine substrate (SI Appendix, Fig. S10) was also
readily transformed to 2-phenylacetonitrile and 1-nitro-2-phe-
nylethane by N. benthamiana leaves expressing Solyc12g013690
(Fig. 6B), identifying cysteine as the viable nitrogen source in
these sulfur-free metabolites. Cysteamine-derived substrates
lacking the 4-carboxyl group were not converted to volatiles
(SI Appendix, Table S4). The volatile profiles generated by
recombinant SITNH1 in combination with 2-substituted tetrahy-
drothiazolidine substrates (Fig. 6 4 and B) recapitulate the
biosynthetic capacity of tomato fruit for nitrogenous volatile pro-
duction (Figs. 1B, 2, and 3), and suggests that this enzyme cata-
lyzes sequential N-hydroxylations. This conclusion is supported
by UPLC-QTOF-MS analysis of these leaves that revealed
detectable levels of a putative N-hydroxy-IT4C (SI Appendix, Fig.
S11), consistent with the expected product of the first hydroxyl-
ation and a substrate for the second hydroxylation to generate
volatiles (Fig. 64). Therefore, we propose a new name for this
enzyme: tetrahydrothiazolidine N-hydroxylase (TNH).

Discussion

Aroma is an important determinant of consumers’ perception of
and preference for fresh tomatoes. The nitrogenous volatiles are
a set of simple, yet relatively unusual volatile compounds in
plants, and are influential contributors to the complex mixture of
tomato aroma. In contrast to tomato, the biosynthetic pathway to
nitrogenous volatiles in poplar (Populus trichocarpa) relies on
cytochrome P450-dependent enzymes (SI Appendix, Fig. S12).
Herbivore-damaged poplar leaves produce nitrogenous volatiles
such as 3-methylbutanenitrile, 2-methylbutanenitrile, 1-nitro-2-
phenylethane, and 2-phenylacetonitrile. CYP79 family enzymes
convert phenylalanine, leucine, and isoleucine to the correspond-
ing aldoximes, which are subsequently converted to nitriles by a
CYP71 family member (18, 43). The P450-dependent nitrile
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formation occurs in plants containing pathways for synthesis of
cyanogenic glycosides (44, 45) and camalexin (46). Homologous
CYP members in tomato are neither expressed highly in fruit nor
in a ripening-associated manner according to RNA-sequencing
data (47), suggesting other genes/enzymes are responsible for
nitrogenous volatiles in tomato.

We set out to discover these unidentified biosynthetic genes
in tomato using a QTL mapping approach, taking advantage of
the differential accumulation of these aroma volatiles in fruits
of S. lycopersicum versus S. pennellii. The top gene candidate,
Solyc12g013690, was annotated as a FMO, a plausible catalyst
for a biosynthetic pathway thought to proceed via oxidation of
a primary amine (i.e., 3-methylbutylamine or 2-phenethyl-
amine) (38, 48). Gene silencing experiments (Fig. 2) recapitu-
lated the phenotypes of S. pennellii ILs with a strong reduction
in all nitrogenous volatiles (SI Appendix, Table S1). Taken
together, these results provide strong support for the essential
role of Solyc12g013690 in nitrogenous volatile biosynthesis.
However, we did not observe any turnover of amine substrates
in different heterologous expression and assay systems, suggest-
ing different mechanisms and substrates beyond primary
amines must be considered. A powerful and recognized
approach in the functional elucidation of FMO enzymes (34,
49), we employed nontargeted metabolomics to identify metab-
olites affected by suppression of Solyc12g013690 expression.

Complementary biosynthetic incorporation experiments
using isotopically labeled cysteine, leucine, and phenylalanine
revealed that cysteine, rather than a primary amine precursor
derived from amino acid decarboxylation (i.e., phenethyl-
amine), furnishes the N atom for nitrogenous volatile produc-
tion in tomato (Fig. 5 and SI Appendix, Figs. S7 and S8). In
contrast, Gonda et al. found that the same labeled phenylala-
nine fed to melon fruit resulted in the accumulation of isotopi-
cally labeled 2-phenylacetonitrile in both forms: nitrogen
labeled (m/z 126) and unlabeled (m/z 125), with '*C enrichment
at all other atoms (21). Since the ubiquitous labeling of
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2-phenylacetonitrile (m/z 126) observed was consistent with
known (CYP79-based) mechanisms, the authors suggested that
the lack of °N enrichment, the observation of labeled m/z 126,
may indicate a second unknown mechanism in operation for
nitrile formation in plants (21).

The current work demonstrates that another pathway for
nitrogenous volatile formation does exist in plants, and this bio-
synthetic route is active in tomato fruit. Our data support a model
for this pathway summarized in Fig. 64. Cysteine levels increase
in tomato fruit throughout development and ripening, reaching
maximum levels in ripe tomato fruit (50-53). Concurrently, phe-
nylalanine and leucine are being converted to aldehyde volatiles
(SI Appendix, Table S1) (8, 12), providing favorable conditions for
the spontaneous conjugation of aldehydes and cysteine to gener-
ate substituted thiazolidines. The formation of tetrahydrothiazoli-
dines from cysteine and aldehydes is well documented (54) under
mild, aqueous conditions, including thiazolidine formation in
beer from cysteine and aldehydes (40). Expression of SITNHI
(Solyc12g013690) also increases throughout ripening (Fig. 3B), as
does nitrogenous volatile production (Fig. 34). These rising con-
centrations of tetrahydrothiazolidines are efficiently converted to
a mixture of nitro, oximes, and nitriles via sequential N-hydroxy-
lations by SITNH1. Thiazoles are also produced following a single
hydroxylation by SITNH1 and subsequent dehydration and decar-
boxylation by an unknown mechanism.

FMOs can catalyze oxygenation of a wide range of substrates
(35). In plants, they form a large group that is implicated in
various biological functions, from defense against pathogens to
synthesis of auxin and abscisic acid. Previous classification of
plant enzymes focused on three clades (I, II, and III) belonging
to group B (34). Clade I is represented by AtFMOI1 that is
associated with plant defense, which includes the recently char-
acterized oxime synthase from ferns (55), while clade II con-
tains enzymes implicated in the synthesis of glucosinolates
(A4tGS-0X) (34). Clade III contains YUCCA and YUCCA-like
enzymes and several members of that clade have been linked to
the synthesis of auxin (56). Here we propose to extend the cur-
rent classification to include plant FMOs belonging to addi-
tional clades (SI Appendix, Fig. S2). Clades IV and V include
FMOs associated with zeaxanthin epoxidases and squalene
epoxidases, respectively. Clade VII enzymes are homologous to
the ubiquinone hydroxylase family (57), and clade VI includes
SITNHI. Proteins from clades IV to VII belong to group A or
the closely related group E. Phylogenetically, plant groups A
and E enzymes cluster together; but group E enzymes perform
epoxidation reactions (35). Group E enzymes include zeaxan-
thin epoxidases (clade IV) that catalyze the conversion of zea-
xanthin to violaxanthin as well as squalene epoxidases (clade
V) that synthesize triterpenoid (35). Clade VI enzymes most
likely belong to group A and are predicted to perform hydrox-
ylation reactions. To our knowledge, no member of clade VI
has a proven function. SITNH1 therefore provides an important
insight into that group.

The conversion of tetrahydrothiazolidines to dihydroxylated
volatiles must result in the generation of a 3-sulfanylpropanoic
acid (3-mercaptopropionic acid, 3-MPA) leaving group, or
products thereof according to our evidenced-based model in
Fig. 64. Kiene and Taylor (58) first suggested that 3-MPA could
be a central intermediate in organic sulfur metabolism; how-
ever, we were unable to detect 3-MPA in any of our samples.
3-MPA has long been recognized as a potent inhibitor of gluta-
mate decarboxylase (59) via thiazolidine dead-end products
(60). Since glutamate decarboxylase activity is undetectable in
ripe tomato fruit (52) and plants are known to be sensitive to
3-MPA (61), we postulated that ripening-dependent 3-MPA
production by SITNH1 may be a biochemical mechanism
to down-regulate GABA production, which is dependent on
glutamate decarboxylase. However, tomatoes with differential
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SITNHI1 activity did not contain significantly different levels of
GABA (SI Appendix, Fig. S13), reinforcing the notion that free
3-MPA does not accumulate as a product of SITNH1 activity.
At present, our hypothesis is that the 3-MPA moiety is broken
down to H,S and a C3 carboxylate by a mechanism analogous
to cysteine desulthydrases (62); however this putative route
to H,S is indiscriminant of cysteine stereochemistry, as both
L- and D-cysteine are acceptable precursors (Fig. 6C and
SI Appendix, Fig. S9).

In conclusion, we have demonstrated that a single flavin-
monooxygenase type enzyme, TNH, is responsible for the bio-
synthesis of multiple aromatic and aliphatic nitrogen-containing
volatile compounds in tomatoes and utilizes spontaneously
formed cysteine conjugates as substrates. This pathway is dis-
tinct from the multistep pathway described in Populus. Thus
plants have independently evolved at least two pathways for
synthesis of these important volatiles.

Materials and Methods

Chemicals. All chemicals and standards were purchased from Sigma-Aldrich
unless otherwise noted. The synthesis of tetrahydrothiazolidines was per-
formed according to the procedure described by Ershov et al. (41). "H-NMR
spectra were recorded on a Bruker AV 500-MHz spectrometer in D,O or
DMSO-d6 to confirm the structures of the products derived from
3-methylbutanal and cysteine (S/ Appendix, Fig. S5) and 2-phenylacetaldehyde
and cysteine (S/ Appendix, Fig. S10). All adducts exhibited spectroscopic data
in accord with the literature values.

Plant Materials and Treatments. Tomatoes (S. lycopersicum) were grown in a
greenhouse or in the field at the University Laval (Quebec City, QC, Canada) or
at Live Oak, FL. Seeds of the original ILs were provided by D. Zamir (28). For
the ethylene and 1-MCP treatments, cv. Pearson and the isogenic Never-ripe
mutant were used. The treatments were performed as previously described
(63). Briefly, ethylene treatment was applied at a final concentration of 50
uL-L=" in a sealed 20-L container at 20° for 16 h. A total of 2 pL-L~" 1-MCP was
generated by adding 0.055 g 1-MCP powder (SmartFresh Quality System,
0.14% active ingredient, AgroFresh, Inc., Rohm and Haas) to a flask containing
25 mL of distilled water in a sealed 20-L container. The 1-MCP treatment was
done for 12 h at 20°C.

Fine Mapping. New recombinants were obtained from a cross between S. lyco-
persicum cv. M82 and IL12-2. The genome organization of these smaller intro-
gression lines was determined by a set of CAPS and INDEL molecular markers
developed by comparing the available genome sequence of S. lycopersicum
and S. pennellii (64, 65). The phenotype for each line was assessed by volatile
collection as described below.

Collection and Analysis of Aroma Volatiles. Volatiles were collected from
~100 g chopped ripe fruits for 1 h in a glass tube (inner diameter 2.5 cm x
length 60 cm) with a flow of activated carbon filtered air. Volatiles were
trapped on a divinylbenzene resin column (HayeSep Q, 80 to 100 mesh size)
and eluted with methylene chloride using nonyl acetate as an internal control.
Samples were separated on a DB-5 column (30 m, 1-uM film thickness, 0.25
mm inner diameter (ID); Agilent) and analyzed on an Agilent 7890B gas chro-
matograph with flame ionization detection using hydrogen as a carrier gas (1
mL-min~"). The gas chromatography (GC) oven temperature was 35°C (hold
for 1 min) and increased up to 250°C (6°C-min~"). Quantification was per-
formed by calculating the peak area and comparing it to the internal standard
nonyl acetate. Peaks were identified by comparing to the retention times of
known standards and furthermore confirmed by GUMS (Agilent 5977 MS)
using a DB-5MS column and helium as a carrier gas. The GC-MS oven tempera-
ture was going from 35 °C (hold for 1.5 min) to 47°C (6°C-min~") and then to
250°C (10°C-min~"). Statistical analyses were performed by one-way analysis
of variance (ANOVA) followed by a Tukey multiple comparison test. Volatiles
content is expressed as nanograms emitted per gram of fresh weight
per hour.

Metabolite Profiling by UPLC-QTOF-MS. Chopped, ripe tomato fruits or fresh
N. benthamiana leaves were flash-frozen in liquid nitrogen, freeze-dried, and
ground to a fine powder and stored at —80 °C until extraction. Approximately
40 mg of powdered tissue was extracted with 1 mL of 75:25 methanol/water,
acidified with 0.1% formic acid, and sonicated 2 x 15 min after vortexing
briefly. The extracts were centrifuged for 15 min at 15,000 x g and filtered
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through 0.2-um GHP syringe filters (Waters). Extracts were analyzed in electro-
spray ionization positive (ESI +) mode on a Waters Acquity |-Class UPLC cou-
pled to a Waters Xevo G2-XS QTOF mass spectrometer. Relatively semipolar
metabolites were analyzed on a BEH C18 column (Waters) according to Roga-
chev and Aharoni (66). Polar metabolites (3-MPA, GABA) were analyzed using
a BEH Amide column (Waters) and according to Gika et al. (67). Peak align-
ment, quality-control assessment, peak picking, pseudomolecular ion (adduct)
composition, and normalization to all mass features were performed in Pro-
genesis QI (nonlinear dynamics) and multivariate statistical analyses (principal
component analysis, OPLS-DA) were performed using Progenesis QI and
EzInfo. Raw data of features of interest were assessed using MassLynx.

Atmospheric Pressure GC-MS. To evaluate the biosynthetic incorporation of
stable-isotope-labeled amino acids into nitrogenous volatiles including
2-isobutylthiazole and 2-phenylacetonitrile, a volatile extraction and APGC-
QTOF-MS experiment was conducted on tomatoes injected with 5 mM L-Cys, 5
mM "°N,"3C3-L-Cys, 5 mM "3Cg, ">N-phenylalanine, or distilled water. Volatile
collection was performed as described above.

To improve detection sensitivity of the APGC-QTOF analysis to detect '>Cg-
2-phenylacetonitrile, the corona pin position was first optimized for detecting
a 2-phenylacetonitrile standard. A corona pin position of 1.5 to 2.0 mm from
the center point of the sample cone orifice with current of 1.5 pA was deter-
mined to be optimal. APGC-MS analysis of tomato volatiles was performed
using a 7890 GC system (Agilent Technologies Inc.) coupled to a Xevo G2-XS
QTOF mass spectrometer (Waters Corporation). A 7693A automatic liquid
sampler (Agilent) was used to inject a 5-uL volume of volatile extract onto the
GC with an inlet temperature of 280°C in splitless mode. Chromatographic
separation was performed using a DB-5MS column (length 30 m x 0.250 mm
ID x film thickness 0.25 um; Agilent). Carrier gas flow (helium) was 2.0
mL-min~" with a constant flow inlet mode, make-up flow (nitrogen) was 250
mL-min~", auxiliary gas flow (nitrogen) was 100 L-h~", and cone gas flow
(nitrogen) was 140 L-h~". The column oven ramp was as follows: 40°C (hold
for 1 min), 50°C:min~" ramp to a maximum temperature of 280 °C (1 min hold
at maximum temperature). The transfer line temperature was 310 °C. A mass
range of 50 to 300 Da was collected in atmospheric pressure ionization posi-
tive (APl +) mode for a total acquisition time of 6.8 min. Accurate mass meas-
urements were lockmass corrected using background column bleed ions
(281.0517 Da). Instrument operation and data management were conducted
using Waters MassLynx software.

Transgenic Plants and EMS Variant. The full-length SITNHT was cloned into
the plasmid pHKAS (68) in the antisense orientation. S. lycopersicum cv. Large
Red Cherry cotyledons were transformed with Agrobacterium tumefaciens
strain ABI as described (69) using kanamycin as a selective agent. Volatiles
from the fruits of transgenic plants were collected as described above. Pheno-
types were heritable across multiple generations and the analysis was done on
the T3 generation.

The TNH1 W278stop variant line was isolated from an EMS-mutagenized
tomato population in Vendor background via a reverse genetics method
called deep variant scanning (DVS) (70). The DVS method identifies tomato
lines harboring single nucleotide polymorphisms (SNPs) in the target gene (in
this case aroma-related genes) using a high-resolution DNA melt curve analy-
sis approach. The SITNH1 gene was amplified by PCR from pooled DNA
samples representing mutagenized M2 plants from a tomato population.
Amplicons representing multiple genes were pooled stoichiometrically and
prepared for high-throughput lllumina sequencing with a Nextera XT kit. The
DVS bioinformatics pipeline was used to call likely SNPs (i.e., mutations) rela-
tive to the wild-type sequence. Putative mutations were confirmed and
assigned to an individual M2 family by high-resolution DNA melting. Seeds of
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the variant tomato lines (M2) harboring the desired genetic variations were
sown in 72-cell flats in soil and the resulting seedlings genotyped with respect
to the SNP of interest to determine whether they are homozygous or hetero-
zygous for the variant allele (aa), or if they are wild-type segregants (AA). At
least three individuals of each genotype were transplanted to soil in 1-gallon
pots or to a hydroponic system and cultivated under standard greenhouse
production conditions to yield red, ripe fruit. Heterozygotes were backcrossed
to the recurrent parent, Vendor or to elite inbred lines, and progeny were sub-
sequently selfed to generate homozygous variants segregating in the F,.

Transient Expression in N. benthamiana. Six-week-old plants (~25 g) were
vacuum infiltrated with A. tumefaciens harboring the plasmid pBIN61 with
the silencing suppressor p19 (71) (control) or a mixture of pBIN61-p19 and
pHKOE with the full-length sequence of SITNH1 (optical density ~0.4, 10 mM
MgCl,, 10 mM 2-morpholinoethanesulfonic acid (MES) pH 5.6). After 4d in a
growth chamber at 20 °C (16 h light), the four youngest fully developed agro-
infiltrated leaves per plant were infiltrated with a 10-mM solution of
2-tetrahydrothizolidines derived from an aldehyde (3-methylbutanal, phenyl-
acetaldehyde) and cysteine (L or D). The 2-benzyl-1,3-thiazolidine-4-carbox-
ylic acid is slightly soluble at room temperature and tends to precipitate over
time, while 2-isobutyl-1,3-thiazolidine-4-carboxylic acid is readily soluble in
water. After 24 h, the leaves were harvested (10 g) and analyzed as
described above.

RNA Extraction and Quantitative PCR. Total RNA was extracted from the fruit
tissues used for volatile analyses. Possible genomic DNA contamination was
removed by DNase treatment. Quantitative PCR was performed using Power
SYBR Green RNA-to-Cr 1-Step kit (Applied Biosystems). The following set of
primers: 5-TGCTACTTCTTTGGCCCTTC-3' and 5-TCTCCAGGCATTAGTCCACA-
3, was used to quantify SITNH1 in the introgression lines using a standard
curve of a purified plasmid containing the coding sequence. To validate the
expression level in transgenic plants, a fragment starting in the 5" untranslated
region of SITNH1 was amplified with the following set of primers: 5'-GGGA-
GAAACAGAGAAATAATGGAG-3' and 5-CAGTAGCTCGCAACGAATCA-3'. Copy
numbers of transcripts were determined using a standard curve made from
amplified fragments obtained by PCR with the same primers. Statistical analy-
ses were performed by ANOVA followed by a Tukey multiple comparison test.

Sequence and Phylogenetic Analysis. Multiple sequence alignment and homol-
ogy analysis of the DNA and protein sequences was performed using MAFFT
(72). The phylogenetic tree was built using MEGA6 (73). The tree was inferred
by using the maximum likelihood method with 1,000 bootstrap replicates. The
initial tree for the heuristic search was obtained automatically by applying
neighbor-joining and BioNJ algorithms to a matrix of pairwise distances esti-
mated using the Jones-Thornton-Taylor (JTT) model and then selecting the
topology with superior log likelihood value. All positions with less than 75%
site coverage were eliminated.

Data Availability. All study data are included in the article and/or S/ Appendix.
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