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Identification of a tomato UDP-
arabinosyltransferase for airborne
volatile reception

Koichi Sugimoto 1,2,15, Eiichiro Ono3,15, Tamaki Inaba4, Takehiko Tsukahara4,
Kenji Matsui 5, Manabu Horikawa 6, Hiromi Toyonaga3, Kohki Fujikawa6,
Tsukiho Osawa6, Shunichi Homma7, Yoshikazu Kiriiwa7,8, Ippei Ohmura9,
Atsushi Miyagawa 9, Hatsuo Yamamura9, Mikio Fujii10, Rika Ozawa1,
Bunta Watanabe 11,14, Kenji Miura 2, Hiroshi Ezura 2,
Toshiyuki Ohnishi 7,8,12,13,15 & Junji Takabayashi 1

Volatiles from herbivore-infested plants function as a chemical warning of
future herbivory for neighboring plants. (Z)-3-Hexenol emitted from tomato
plants infested by common cutworms is taken up by uninfested plants and
converted to (Z)-3-hexenyl β-vicianoside (HexVic). Here we show that a wild
tomato species (Solanum pennellii) shows limited HexVic accumulation com-
pared to a domesticated tomato species (Solanum lycopersicum) after (Z)-3-
hexenol exposure. Common cutworms grow better on an introgression line
containing an S. pennellii chromosome 11 segment that impairs HexVic accu-
mulation, suggesting that (Z)-3-hexenol diglycosylation is involved in the
defense of tomato against herbivory. We finally reveal that HexVic accumula-
tion is genetically associated with a uridine diphosphate-glycosyltransferase
(UGT) gene cluster that harborsUGT91R1 on chromosome 11. Biochemical and
transgenic analyses of UGT91R1 show that it preferentially catalyzes (Z)-3-
hexenyl β-D-glucopyranoside arabinosylation to produce HexVic in planta.

Plant volatiles have various ecological functions including defense
against herbivores and/or pathogens1. Herbivory-induced plant vola-
tiles (HIPVs) are involved in indirect defense against herbivores as they
attract carnivorous natural enemies of currently infestingherbivores2–4.

HIPVs also mediate directional communication from infested plants
(HIPV emitters) to uninfested plants (HIPV receivers)5,6. HIPVs are used
by the receiver as infochemicals, indicating a possible future influx of
herbivores from the emitter plants and the subsequent attack2. One of
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the intriguing questions in such plant–plant communication is how
plants receive the volatiles.

One of the mechanisms of volatile reception in plant–plant com-
munication is glycosylation. For example, in tomatoes, uninfested
plants receive airborne (Z)-3-hexenol from plants infested with com-
mon cutworms (CCW, Spodoptera litura) and convert it to diglycosy-
lated (Z)-3-hexenol, that is, (Z)-3-hexenyl-O-α-L-arabinopyranosyl-
(1→6)-β-D-glucopyranoside [(Z)-3-hexenyl β-vicianoside (HexVic)], as a
defense chemical against CCWs7,8. Plants can also glycosylate exo-
genously applied volatile alcohols9.

Plants generally store volatiles as hydrophilic mono- and di-
glycosides in plant cells10. In tea leaves (Camellia sinensis), most
endogenously synthesized volatile alcohols, such as terpene alco-
hols, green leaf alcohols, and phenylpropanoids, are primarily stored
as the diglycoside β-primeveroside11. Tomato fruits of “non-smoky”
cultivars accumulate volatiles as flavor precursors in hydrolysis-
sensitive diglycosides during the early stages of development. In
contrast, in the maturing stage, the diglycosides are additionally
converted to hydrolysis-tolerant triglycosides, which no longer serve
as flavor precursors12. Transgenic petunia plants (Petunia hybrida)
overexpressing (S)-linalool synthase produce excess amounts of (S)-
linalool and its glycoside, (S)-linalyl β-D-glucopyranoside13. Poplar
plants (Populus tremula × tremuloides) overexpressing eugenol syn-
thase accumulate eugenol and its mono- and di-glycosides14.

Genes involved in the glycosylation of endogenous volatiles in
tomato fruit15 and tea leaves11,16 have been identified, supporting the
notion that plants have developed glycosylation machinery to store
endogenous volatiles as water-soluble glycosides in separate cell com-
partments. However, it remains unclear how plants convert exogenous
volatiles to their glycosides. In this study, we aimed to identify the
enzyme involved in HexVic biosynthesis and evaluate the contribution
of volatile glycosylation in the defense against herbivores in tomatoes.
We investigated the diversity in glycosylation of (Z)-3-hexenol among
wild and domesticated tomato species. Using genetic and biochemical
approaches, we unraveled how tomato plants convert exogenous (Z)-3-
hexenol to its diglycoside for defense against herbivores.

Results
Variation inHexVic accumulation in thewild andadomesticated
tomato species
We quantified HexVic content in 17 wild and 1 domesticated tomato
species (Solanum lycopersicum) (listed in Table 1) after exposure to
(Z)-3-hexenol to compare their ability to biosynthesize HexVic.
Although nearly all exposed plants accumulated more HexVic than
unexposed conspecifics, HexVic content varied between unexposed
and exposed plants among the species (p<0.05, Welch’s t-test for
comparing unexposed and exposed plants, Table 1). One of the wild
species, namely, S. pennellii, accumulated the lowest amount of HexVic
(2.8% relative to S. lycopersicum). As genetic resources for S. pennellii are
well established, we used this species in the subsequent experiments.

To exclude the possibility that S. pennellii ecotype (accession no.
TOMJPF00008) used in the above experiment would be distinct from
other S. pennellii ecotypes in its ability to biosynthesize HexVic, we
measured HexVic content in (Z)-3-hexenol-exposed S. pennellii plants
collected from 17 natural habitats along a latitudinal gradient in Peru
(Supplementary Fig. 1a). Despite variations among these accessions,
their HexVic content was lower than that of S. lycopersicum (p <0.05,
Dunnett’s multiple comparison test) (Supplementary Fig. 1b). This
result showed that S. pennellii is genetically impaired in terms of
HexVic biosynthesis.

Impaired HexVic production leads to susceptibility to common
cutworms
To assess the genetic basis of HexVic biosynthesis, we analyzed
introgression lines (ILs) from a S. lycopersicum cv. M82 × S. pennellii

(LA0716) cross17. Compared toM82plants, LA0716 showed lowHexVic
accumulation after (Z)-3-hexenol exposure (approximately 7%, which
was similar to the level in unexposed plants, p <0.05, Tukey’s multiple
comparison test; Fig. 1a). We measured HexVic content in 44 (Z)-3-
hexenol-exposed ILs and found that IL11-1 and IL11-2 demonstrated
impaired HexVic accumulation (Fig. 1b).

To evaluate the biological effect of HexVic deficiency under her-
bivory, the defense levels of IL11-1 and M82 plants (as a control) in
response to challenge with CCWs were analyzed using larval weight.
We did not use IL11-2 plants in the CCW feeding trials because their
leaves showed pleiotropic phenotypes (Supplementary Fig. 2a); the
leaves were softer and brighter light yellow–green than those of WT
and IL11-1 plants. The weight of the second-instar CCWs onM82 plants
was not significantly different from that of the second instars on IL11-1
plants 1 day after infestation (Supplementary Fig. 2b). However, after
7 days, theweight of the second instars on IL11-1 plants was higher than
that of the second instars on M82 plants (Supplementary Fig. 2b).
CCW-infested M82 plants substantially accumulated HexVic in their
leaves compared touninfested control plants, whereas IL11-1 plants did
not (Supplementary Fig. 2c). As CCW infestation elicits (Z)-3-hexenol
emission from tomato plants7,18, we reasoned that undamaged leaves
of CCW-infested plants were also locally exposed to (Z)-3-hexenol and
converted it to HexVic. This result showed that (1) the introgressed
chromosome 11 segment derived from S. pennellii genome contains
the genetic region responsible for impairment of HexVic and (2) sus-
ceptibility to CCWs in IL11-1 plants is potentially due to the impairment
of HexVic accumulation after challenge.

Screening of a candidate gene for HexVic biosynthesis in S.
lycopersicum
Based on the segregated HexVic accumulation patterns, the gene(s)
encoding theHexVic biosynthetic enzymewas assumed tobe located in
the overlap region between IL11-1 and IL11-2, which is functional
in S. lycopersicum, but not in S. pennellii (Fig. 2a). The overlap region
(approximately 8 Mbp) in S. lycopersicum genome contained

Table 1 | HexVic content in various wild and domesticated
tomato species

Species (accession number) Control
(μg·g–1 FW)

(Z)-3-Hexenol
exposure
(μg·g–1 FW)

S. galapagense (LA0317) 0.72 ± 0.25 50.00± 6.87

S. cheesmaniae (LA1041) 2.32 ± 0.12 43.22 ± 17.58

S. lycopersicoides (LA2951) 0.65 ± 0.12 27.06± 6.88

S. juglandifolium (LA0322) 0.93 ± 0.52 25.45 ±0.98

S. chilense (LA1930) 0.92 ± 0.35 24.94± 3.99

S. huaylasense (LA1982) 0.48 ±0.07 21.17 ± 9.45

S. chmielewskii (LA1316) 1.02 ± 0.57 20.58± 8.49

S. habrochaites (LA1777) 0.09 ±0.04 15.16 ± 1.17

S. peruvianum (TOMJPF00010) 0.30 ±0.04 10.04±0.87

S. lycopersicum (TOMJPF00009) 0.10 ± 0.05 9.41 ± 1.93

S. corneliomulleri (LA1973) 0.51 ± 0.20 7.87 ± 2.14

S. pimpinellifolium (TOMJPF00011) 0.64 ±0.23 7.48±0.88

S. ochranthum (LA2682) 0.28 ± 0.15 7.23± 1.86

S. arcanum (LA1360) 0.16 ± 0.05 5.01 ± 0.97

S. neorickii (LA1319) 0.12 ± 0.09 1.96±0.20

S. sitiens (LA1974) 0.11 ± 0.02 1.81 ± 1.57

S. pennellii (TOMJPF00008) ND 0.27 ± 0.15

HexVic content in the leaves of the indicatedwild tomato species exposed or not exposed to (Z)-
3-hexenol was analyzed. Data are mean ±SE from three independent experiments. The two-
sided p values were estimated usingWelch’s t-test for a comparison between control and (Z)-3-
hexenol-exposured plants.
ND not detected, FW fresh weight.
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Fig. 1 | Chemical profiles of (Z)-3-hexenyl β-vicianoside (HexVic) in introgres-
sion lines of S. pennellii. a (Z)-3-Hexenyl β-vicianoside (HexVic) content in the
leaves of parental species (S. lycopersicum cv. M82 and S. pennellii (LA0716)) of
introgression lines (ILs) exposed (+) or not exposed (−) to (Z)-3-hexenol. Error bars
indicate standard error of the mean from independent experiments (nine plants
each of S. lycopersicum and S. pennellii not exposed to (Z)-3-hexenol. Four and five

plants of S. lycopersicum and S. pennellii exposed to (Z)-3-hexenol, respectively).
Statistical significance among species and treatments were determined using the
one-way ANOVA with the Tukey’s multiple comparison tests, and significant dif-
ferences are indicated by different characters (p <0.05). b HexVic content in the
leaves of (Z)-3-hexenol-exposed ILs. Error bars indicate standard error of the mean
from three independent plants.

Fig. 2 | Genetic and phylogenetic tree analyses of glycosyltransferases located
in overlap region of S. pennellii chromosome segment between IL11-1 and IL11-
2. a Schematic diagram of tomato chromosome 11 around the locus of gene
involved in HexVic biosynthesis. Green and orange bars represent chromosome
segments derived from S. lycopersicum and S. pennellii, respectively. Introgression
line (IL)11-1, IL11-2, and IL11-3 harbor different segments of S. pennellii chromosome.
Overlap region of S. pennellii chromosome segment between IL11-1 and IL11-2
contains a gene cluster encoding putative glycosyltransferases in both S. lyco-
persicum and S. pennellii. Orientation of arrowhead indicates the orientation of

glycosyltransferase genes, and the corresponding gene IDs (https://solgenomics.
net/) are shown. b Phylogenetic tree of glycosyltransferases constructed from
biochemically identified glycosyltransferases involved in specialized metabolites,
including volatile glycosides. Sequences from various plant species were collected
from GenBank protein database. As a reference for UGT families, UGT genes from
Arabidopsis were used, except for UGT94, because this gene does not exist in
Arabidopsis. A tree was constructed using the maximum-likelihood method with
1000 bootstrap replications.
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approximately 290 genes (Supplementary Table 1), including a uridine
diphosphate (UDP)-glycosyltransferase (UGT) cluster that comprises
seven UGT91 family genes (Fig. 2a and Supplementary Table 2). The
UGT91 family proteins are classified into a functional phylogenetic
group designated as glycoside-specific glycosyltransferases (GGTs),
which specifically catalyze glycosylation at the sugar moiety of various
glycosides (Fig. 2b and Supplementary Data 1)19–23. Two out of seven
UGT91 genes in the cluster (Solyc11g010750 and Solyc11g010800)
contained a premature stop codon; hence, they were predicted to
encode a truncated protein and were, therefore, excluded from
further analysis. Solyc11g010780 was also predicted to encode a trun-
cated protein based on data in the Solanaceae Genomics Network
(https://solgenomics.net/). However, resequencing a full-length cDNA
of Solyc11g010780 from clone LEFL1056CC10 revealed that it encodes
an intact UGT. Therefore, Solyc11g010780 was included as a candidate
together with the remaining four full-length genes.

To narrow down the candidate genes, we analyzed the correla-
tion between gene expression and HexVic accumulation. Among
the five candidates, three (Solyc11g010760, Solyc11g010780,
and Solyc11g010810) were substantially expressed in the leaves
(Supplementary Fig. 3a). Transcripts of Solyc11g010780 were exclu-
sively detected in the leaf tissues, whereas Solyc11g010760 and
Solyc11g010810 were expressed in both leaves and green fruits
(Supplementary Fig. 3a). The accumulation of HexVic after (Z)-3-
hexenol exposure was evident in the leaves but not in immature and
mature fruits of M82 plants. (Supplementary Fig. 3b). Based on the
spatial correlation between transcript and HexVic accumulation,
we concluded that Solyc11g010780 (hereinafter termed UGT91R1
according to its amino acid sequence24) was themost likely candidate
gene involved in HexVic biosynthesis.

Biochemical property of UGT91R1
To test whether UGT91R1 derived from M82 plants catalyzes the
arabinosylation of HexGlc into HexVic, we heterologously expressed
UGT91R1 in Escherichia coli and performed in vitro enzymatic assays
with recombinant UGT91R1, UDP-arabinose as a sugar donor, and
HexGlc as a sugar acceptor. UGT91R1 produced a new peak with a
retention time at 25.5min (Fig. 3a). This peakwas identical to that of the
authentic HexVic, which was structurally determined to be arabinosy-
lated at the C-6′ position of the glucoside moiety (Fig. 3b). Moreover,
in the presence of UDP-xylose as a sugar donor, UGT91R1 converted
HexGlc to (Z)-3-hexenyl-O-β-D-xylopyranosyl-(1→6)-β-D-glucopyranoside

[(Z)-3-hexenyl β-primeveroside (HexPri)] (tR: 26.2min) by xylosylation
(Fig. 3a). In contrast, UGT91R1was inert to any hexose-type sugar donor
such as UDP-glucose, UDP-galactose, and UDP-glucuronic acid. These
results showed that UGT91R1 transferred pentoses (arabinose and
xylose) to the hydroxy group at the C-6′ position of the glucose moiety
of HexGlc in vitro (Fig. 3b).

To further evaluate the substrate preference of UGT91R1 toward
UDP-pentoses, the apparent steady-state kinetic parameters were
determined for both UDP-arabinose and UDP-xylose as sugar donors
(Table 2). The Km values for HexGlc (5.9μM and 7.9μM with UDP-
arabinose and UDP-xylose, respectively) showed comparable specifi-
city. Moreover, the kcat value for UDP-arabinose (0.33 s−1) was eight
times more than that for UDP-xylose (0.04 s−1). Overall, the specificity
constant (i.e., the kcat/Km values) for UDP-arabinose was 11 times more
than that for UDP-xylose (Table 2). These kinetic analyses suggested
that UGT91R1 mediates HexVic accumulation in S. lycopersicum upon
exposure to (Z)-3-hexenol by preferentially catalyzing the arabinosy-
lation for HexGlc.

Metabolic changes in UGT91R1-knockout and -overexpressing
tomatoes
To investigate the physiological function of UGT91R1 in tomatoes, we
generated UGT91R1-knockout (UGT91R1-KO) tomatoes using genome
editing and quantified endogenous HexVic accumulation in the
transgenic tomatoes upon exposure to (Z)-3-hexenol (Supplementary
Fig. 4). The amount of HexVic was reduced significantly to 25% of the
amount in the respective wild-type tomato (HexVic; 7.6 ± 0.8μg·g–1

FW in UGT91R1-KO and 30.1 ± 0.9 μg·g–1 FW in M82 plants, Fig. 4a).

Fig. 3 | Biochemical characterization of tomato UGT91R1. a UGT91R1 catalyzes
arabinosylation and xylosylation of HexGlc to produce HexVic and HexPri,

respectively. b LC-MS analysis of enzymatic product of UGT91R1 compared with
authentic standard (HexVic and HexPri). SIM, selected ion monitoring.

Table 2 | Kinetic parameters of UGT91R1 and UGT91R4

Enzyme Substrate fixed Substrate
variable

Km (μM) kcat (s
−1) kcat/Km

(s−1mM−1)

UGT91R1 UDP-arabinose HexGlc 5.9 ± 0.5 0.33 ±0.009 57 ± 5

UDP-xylose 7.9 ± 0.9 0.04 ±0.001 5 ± 0.6

HexGlc UDP-
arabinose

38 ± 4 1.9 ± 0.1 51 ± 5

UDP-xylose 603 ± 75 1.8 ± 0.1 3 ± 0.4

UGT91R4 HexGlc UDP-
arabinose

23± 2 0.26±0.01 11.2 ± 0.9

Data are presented as mean ± SD (n = 3).
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We also generated transgenic tomatoes that transiently overexpressed
UGT91R1 (UGT91R1-OX-1 and UGT91R1-OX-2) in IL11-1 and IL11-2, which
are intrinsically impaired in HexVic production. Notably, both
UGT91R1-OX-1 and UGT91R1-OX-2 tomatoes significantly gained the
ability to accumulate HexVic (19.2 ± 3.9μg·g–1 FW inUGT91R1-OX-1 and
18.5 ± 2.3μg·g–1 FW in UGT91R1-OX-2) compared to IL11-1 and IL11-2
(Fig. 4b). Collectively, UGT91R1 expression was strongly correlated
with HexVic accumulation in planta. Remnants of HexVic in the
UGT91R1-KO tomatoes suggest functionally redundant UGT genes
other than UGT91R1 in the UGT cluster result in the production of
HexVic. In line with the biochemical properties of UGT91R1, these
results showed thatUGT91R1 is responsible forHexVic biosynthesis for
airborne (Z)-3-hexenol in planta (Fig. 5). CCW feeding trials in
UGT91R1-OX and UGT91R1-KO plants should be conducted in the
future to gain further insights to understand the physiological and
ecological functions of UGT91R1.

Characterization of UGT91R1-related genes in S. pennellii
Solanum pennellii is intrinsically impaired in HexVic biosynthesis.
However,UGT91R1homologswerepresent in S. pennelliigenome.Based
on a BLAST search against a publicly available genome sequence of
S. pennellii (https://solgenomics.net/), we identified five homologs
(Fig. 2a andSupplementaryTable2).Sopen11g005550, Sopen11g005560,
Sopen11g005570, and Sopen11g005580 exhibited high nucleotide simi-
larity with Solyc11g010740, Solyc11g010760, Solyc11g010780, and
Solyc11g010810, respectively (Supplementary Fig. 5a and Supplemen-
tary Data 2). Among these, Sopen11g005580 has a 4-bp deletion (CACT,
bp 885 to 888) that causes a frameshift mutation resulting in a pre-
mature stop codon (CTC ACT GAG TTA TCA CTA GGA→CTG AGT TAT
CAC TAG (“amber”) GA). Moreover, Sopen11g005590 has a nucleotide
substitution (G to A) at bp 1098, which causes a nonsense mutation
(TGG→TGA (“opal”)). Therefore, these two genes are nonfunctional.

Despite the limited HexVic accumulation in S. pennellii, IL11-1, and
IL11-2, based on the genomic synteny and structural similarity to
UGT91R1 on chromosome 11 (Fig. 2a), Sopen11g005570, named
UGT91R4,was identifiedas a locus allelic toUGT91R1 (Solyc11g010780),
with 92% amino acid identity (Supplementary Fig. 6). Therefore, we
evaluated the transcript accumulation of UGT91R1 in M82 plants and
that of UGT91R4 in IL11-1, IL11-2, and S. pennellii plants. The transcript
level of UGT91R4 in S. pennellii was significantly lower than that of
UGT91R1 inM82plants (p <0.05, one-wayANOVAwithTukey’smultiple
comparison test, Supplementary Fig. 5b). However, no significant dif-
ference in the transcript level of UGT91R1 and UGT91R4 between M82
and IL11-1 plants was observed, and the transcript level of UGT91R4
in IL11-2 was slightly higher than that of UGT91R1 in M82 plants (Sup-
plementary Fig. 5b). These results suggest that the low transcript level
of UGT91R4 is partially responsible for the defective HexVic accumu-
lation in S. pennelli, but not in IL11-1 or IL11-2.

Owing to the heterologous genomic structure of IL11-1 and IL11-2,
UGT91R4 introgressed from S. pennelli is likely under transcriptional
regulation in S. lycopersicum cv. M82. To further investigate defective
HexVic accumulation in S. pennellii and the ILs, we performed bio-
chemical characterization of UGT91R4 using UDP-arabinose as a
sugar donor and HexGlc as a sugar acceptor. UGT91R4 produced
HexVic in vitro, and the kinetic parameters of UGT91R4 were as fol-
lows: Km value: 23 ± 2μM, kcat value: 0.26 ±0.01 s−1, and kcat/Km value:
11.2 s−1mM−1. The kcat value of UGT91R4 was reduced to one-seventh
and the kcat/Km value was reduced to one-fifth compared with those of
UGT91R1 (Table 2). Compared to the homology models of UGT91R1
and UGT91R4, we found conserved residues composed of the sub-
strate pocket (Phe141, Gln388, Asp387) and catalytic dyad (His20,
Asp118), but a polymorphic site at the 145th position, Phe145 in
UGT91R4 and Val145 in UGT91R4, respectively (Supplementary
Fig. 7a–c). The lower specificity constant (kcat/Km) of UGT91R4 to UDP-
arabinose than that of UGT91R1 suggested the less stabilizing con-
tribution of the OH-π interaction between the aromatic ring of Phe141
and the 4-OH group of the arabinose moiety of UDP-arabinose; this
could be attributed to the absence of Phe145 in UGT91R4 (Supple-
mentary Fig. 7c). In line with the fact that the HexGlc content was
comparable amongM82, S. pennellii, IL11-1, and IL11-2 (Supplementary
Fig. 8a), these results support the hypothesis that the lower catalytic
activity of UGT91R4 in HexVic biosynthesis is responsible for altered
HexVic accumulation in S. pennellii, IL11-1, and IL11-2 plants.

Evaluation of HexGlc accumulation and function
The impairment in HexVic accumulation in S. pennellii suggested that
its precursor monoglucoside, HexGlc, might be accumulated after (Z)-
3-hexenol exposure. However, HexGlc accumulated at comparable
levels in S. lycopersicum, S. pennellii, and ILs upon (Z)-3-hexenol
exposure (Supplementary Fig. 8a, p > 0.3 for all pairwise comparisons,
Dunnett’s multiple comparison test). As IL11-1 was susceptible to
CCWs, HexGlc accumulation hardly accounts for the differences in

Fig. 4 |Metabolic changes inUGT91R1-knockout and -overexpressed tomatoes.
a HexVic content in the leaves of S. lycopersicum cv. M82 and UGT91R1-knockout
lines (UGT91R1-KO) exposed to (Z)-3-hexenol. Error bars indicate standard error of
the mean from four independent plants. Statistical significance was determined
using an unpaired two-tailed t-test, and reported as ****p <0.0001. FW, fresh
weight. b HexVic content in the leaves of UGT91R1-overexpressed IL11-1 and IL11-2
(UGT91R1-OX-1 and UGT91R1-OX-2, respectively) exposed to (Z)-3-hexenol,
respectively. Error bars indicate standard error of the mean from 12 independent
plants. FW, fresh weight. Data were analyzed using the one-way ANOVA with the
Tukey’s test for multiple comparison. Statistical significance is reported
as **p <0.05.

Fig. 5 | Role of (Z)-3-hexenol glycosylation in the chemical defense system
against herbivory. Schematic representation of the roles of (Z)-3-hexenol glyco-
sylation in the distal/future defense against herbivory.
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CCW performance between S. lycopersicum and ILs. When CCWs were
fed an artificial diet with or without HexGlc at an amount equivalent to
that in (Z)-3-hexenol-exposed tomato leaves (0.25μg·g–1 FW, Supple-
mentary Fig. 8a) for 7 days, their weights were not significantly dif-
ferent (Supplementary Fig. 8b) (p =0.2188, Wilcoxon’s signed-rank
test). This result indicated that HexGlc has no defense activity against
CCWs, highlighting the fact that UGT-mediated diglycosylation of (Z)-
3-hexenol was necessary to exert a defense function in planta.

Discussion
Weevaluated the ability to biosynthesizeHexVic, a defense compound
against CCWs, in 17 tomato species and found that these species
accumulate HexVic to varying levels upon exposure to (Z)-3-hexenol.
Interestingly, domesticated tomato (S. lycopersicum) showed a higher
ability to convert airborne (Z)-3-hexenol to HexVic than wild species
such as S. pennellii (Table 1), suggesting that domesticated tomatoes
have amore robustdefense againstCCWs than somewild species from
the perspective of volatile-mediated defense. This was unexpected
because, in general, domesticated microbes grown in artificial, less-
competitive environments easily lose cooperative traits of social
behaviors25,26 and domesticated plants invest less energy in defense
against herbivory than wild plants27,28. For example, domesticated
tomato plants tend to show a lower defense againstManduca sexta, a
specialist herbivore of Solanaceae plants, than wild relatives29. The
volatile glycosylation-mediated defense may be enhanced because of
the domestication of tomato cultivars based onwild tomato species in
agricultural environments.

The fact that CCWs performed better in terms of body weight on
IL11-1 plants than onM82 plants can be partially explained by the lower
amount of HexVic in IL11-1 plants, as HexVic has been shown to act as a
defense compound in in vitro experiments7. It is important to note that
HexGlc accumulated to similar levels in S. pennellii, ILs, and S. lyco-
persicum after (Z)-3-hexenol exposure (Supplementary Fig. 8a). Thus,
S. pennellii can convert (Z)-3-hexenol to HexGlc, which would be
mediated by other UGTs, represented by the UGT85 family10,11,16,30,31.
Considering the difference in defense levels against herbivores
betweenHexVic (defensive) and HexGlc (inert), the chemical structure
of glycosides, for example, sugar group, linkage-type, or linkage
position, seems to be crucial for the defensive activity against herbi-
vores. Given that green leaf volatiles suppress the growth of both
gram-positive and gram-negative bacteria32, the formation of (Z)-3-
hexenol by hydrolysis of HexVic by insect-derived β-glycosidase in the
mid-gut33,34 or by plant-derived diglycoside-specific glycosidase35

might attenuate the growth of gut microbes, thereby repressing the
growth of CCWs. The roles of HexVic in planta and in insecta should be
further studied using genetically modified tomato plants lacking
UGT91R1.

We showed that HexVic biosynthesis from exogenous (Z)-3-hex-
enol requires a functional UGT91 gene cluster on chromosome 11
(Fig. 2a). UGT91R1 can produce HexVic by transferring arabinose to
the glucose moiety of HexGlc (Fig. 3a, b), supporting this notion.
The structural similarity of other UGT genes in the cluster suggested
that some of them also participate in the diglycosylation of airborne
volatiles by exerting similar biochemical properties. The result
also supports that the UGT91R1-KO tomatoes produce small amounts
of HexVic upon exposure to (Z)-3-hexenol (Fig. 4a). Notably,
UGT91R1 showed sugar donor preference for UDP-pentose, particu-
larlyUDP-arabinose (Table 2), but it did not catalyze glycosylationwith
UDP-hexoses such as UDP-glucose and UDP-galactose in vitro.
UGT91R1 was likely to distinguish UDP-pentoses from UDP-hexose
because it had a bulky Ile140 residue proximal to the sugar donor
(Supplementary Fig. 7a–c), which was conserved among previously
characterized pentosyltransferases36,37 and contributed to pentose
preference (Table 3)11,38. Moreover, preferential production of HexVic
by UGT91R1-catalyzed arabinosylation is determined using the
Michaelis–Menten constant (Km) rather than turnover (kcat) for UDP-
arabinose (Table 2), explaining the dominant presence of HexVic
in tomatoes. Although we did not exclude the possibilities that meta-
bolic fluxes (e.g., the intracellular UDP-sugar availability, subcellular
localization of the enzymes and their substrates, and the efficiency of
(Z)-3-hexenol uptake from the atmosphere), the substrate specificity
of UGT91R4 also affects HexVic biosynthesis in IL11-1, IL11-2, and
S. pennellii. Our study provides valuable insights into the underlying
mechanisms of sugar donor specificity and catalytic efficiency of
pentosyltransferases that have independently evolved indiverged land
plants11.

Comparison of UGT91R1 and UGT91R4 sequences of S. lycopersi-
cum and S. pennellii showed that the coding sequences are highly
conserved (93%), whereas the intergenic sequences are not39,40. We did
not exclude the possibility of other unknown mechanisms in the
metabolic alteration in HexVic biosynthesis or catabolism, as over 290
genes are present in the introgressed genomic regions from S. pennellii
(Supplementary Table 1). However, the possibility is unlikely as
UGT91R1-KO and UGT91R1-OX tomatoes demonstrated reduced and
increasedHexVic accumulation, respectively (Fig. 4a, b). Based on these
findings, we suggest that UGT91R1-mediated arabinosylation is the

Table 3 | Comparison of substrate specificity of GGTs

Substrate specificity

UGT Species Sugar donor Sugar acceptor Sequence alignment Reference

UGT91R1 Tomato (S. lycopersicum) UDP-arabinose/UDP-xylose Volatile glucoside IPSGYFS I FIAA
140

This work

CsGT2 (UGT94P1) Tea (C. sinensis) UDP-xylose Volatile glucoside IPAVQLM I TGAT
141

11

AcF3GGT1 Kiwifruit (A. chinensis) UDP-xylose Flavonoid galactoside IKSVNYC I ISPA
136

36

UGT79B1 A. thaliana UDP-xylose Flavonoid glucoside AKTVCFN I VSAA
142

37

UGT94D1 Sesame (S. indicum) UDP-glucose Lignan glucoside IPAMVFL S TGAA
140

53

UGT94F1 V. persica UDP-glucose Flavonoid glucoside SPSVWFM A SGAT
144

19

NSGT1 Tomato (S. lycopersicum) UDP-glucose Volatile diglycoside IHAIMFY V SSTS
145

15

GAME18 Tomato (S. lycopersicum) UDP-glucose Steroidal glycoalkaloid IPSLRFY T VNAA
137

41

Bold-type letters in the sequence alignment indicate the positionsof Ile-140ofUGT91R1 and thecorresponding aminoacid residueswith UDP-pentoses such as UDP-arabinose orUDP-xylose as sugar
donors.
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molecular basis of HexVic biosynthesis. The transcript of UGT91R1
accumulates in the roots and aerial parts of S. lycopersicum based on
data available on the Tomato expression database (http://bar.utoronto.
ca/eplant_tomato/). Our quantitative analysis of the HexVic content in
the roots of S. lycopersicumexposed to (Z)-3-hexenol demonstrated that
HexVic accumulated in the roots and leaves (Supplementary Fig. 9),
suggesting that similar trans-acting volatile glycosylation, mediated by
UGT91R1, occurs in the rhizosphere and aboveground parts.

Besides the UGT91 cluster described in this study, it should be
noted that there are other tomato GGTs for different specialized gly-
cosides, namely NON-SMOKYGLYCOSYLTRANSFERASE 1 (NSGT1) and
GLYCOALKALOIDMETABOLISM 18 (GAME18). NSGT1 and GAME18 are
glucosyltransferases for phenylpropene glycoside and steroidal gly-
coalkaloid, respectively, and do not share the Ile residue conserved
among pentosyltransferases (Table 3). They are located in different
gene clusters on chromosomes 9 and 7, respectively15,41. The gene
multiplication of GGTs in the tomato genome likely enabled the pro-
duction of diverse glycosides through functional differentiation. GGT
multiplication is found in not only tomatoes but also various seed
plants19,42. UGT-mediated glycosylation is hypothesized to have been
originally developed for the storage and sequestration of endogenous
reactive, lipophilic, and toxic compounds to avoid intoxication43 and
was then exploited for the incorporation of exogenous volatile alco-
hols for defense44. The perception of various volatile alcohols by UGTs
may contribute to other processes involved in volatile-mediated eco-
logical interactions with rhizobacteria45, herbivores46, or other envir-
onmental factors47, which is an intriguing question that remains to be
addressed.

Methods
Plants and growth conditions
As a domesticated species, S. lycopersicum cv.M82 (for comparisonwith
wild species or ILs) was used. The seeds of wild species, S. lycopersicum
var. cerasiforme (TOMJPF00009), S. peruvianum (TOMJPF00010),
S. pimpinellifolium (TOMJPF00011), and S. pennellii (TOMJPF00008),
were purchased from the National BioResource Project (NBRP) at the
University of Tsukuba, Japan. The seeds of wild species, S. pennellii
(LA0716, LA1376, LA1926, LA0751, LA1656, LA1946, LA1272, LA1674,
LA2580, LA1277, LA1724, LA2657, LA1356, LA1732, LA2963, LA1367, and
LA1733), S. habrochaites (LA1777), S. lycopersicoides (LA2951), S. chilense
(LA1930), S. galapagense (LA0317), S. cheesmaniae (LA1041), S. arcanum
(LA1360), S. chmielewskii (LA1316), S. neorickii (LA1319), S. corneliomulleri
(LA1973), S. sitiens (LA1974), S. huaylasense (LA1982), S. ochranthum
(LA2682), and S. juglandifolium (LA3322)wereprovidedby theTomato
Genetic Resource Center (TGRC) at the University of California Davis,
USA. ILs between S. lycopersicum cv. M82 and S. pennellii (LA0716)
were purchased from the NBRP (TOMJPF00013s), except for IL1-1 and
IL6-2-2, which were provided by the TGRC. Tomato plants were grown
in plastic pots (8 cm in diameter) filled with soil (Ikubyou-baido, Takii
Seed, Kyoto, Japan) in a glass house under a controlled temperature of
25 ± 2 °C and a 16 h photoperiod with natural and supplemented light.
Four-to-five-week-old plants were used in all experiments, except for
tomato fruits. We considered fully ripe red fruit as an indicator of the
mature stage and green fruit as an indicator of the immature stage;
both of them and leaves were used for RT-PCR assays and analysis of
tissue-specificHexVic accumulation. Thenumberof plants used in each
experiment and the number of independent experiments are indicated
in the figure legends.

Generation of UGT91R1-KO and UGT91R1-OX tomatoes
The genome editing vector was constructed and transformed into S.
lycopersicum cv. M82 seedlings. Briefly, potential target sequences
were predicted using the CCTOP program48 with a CRISPRater
editing score49. The oligo DNAs of two target sites were synthesized
(Supplementary Table 4) and cloned into BbsI-digested pMR217 and

pMR218 entry vectors50. The sgRNA expression cassette of entry vec-
tors was transferred into the pDeCas9_Km vector using the Gateway
system51. The constructed vector was transformed into Rhizobium
radiobacter (agrobacterium) strain GV2260. Agrobacterium was used
to infect tomato cotyledons as described by Sun et al. 200652. Diploid
plants among the regenerated shoots were selected using a flow cyt-
ometer (Quantum P, CYTOTECHS, Ibaraki, Japan), and their targeted
genome was sequenced with UGT91R1-specific primers (Supplemen-
tary Table 3). Both edited and unedited plants were further grown
under fluorescent light (approximately 150μmol·m–2·s–1) until true
leaves emerged. For the generation of UGT91R1-OX in IL11-1 and IL11-2,
UGT91R1 cDNA was amplified using PCR with PrimeSTAR HS DNA
Polymerase using the TO-2282-2 and TO-2283-2 primers and sub-
cloned into the SalI-digested pBYR2HS-CFlagHis with an In-Fusion HD
Cloning Kit (Takara Bio). The resulting construct, UGT91R1-pBYR2HS-
CFlagHis, was transformed into Agrobacterium tumefaciens GV3101.
The suspension of A. tumefaciens GV3101 harboring UGT91R1-
pBYR2HS-CFlagHis was infiltrated into 4-week-old leaves of IL11-1 and
IL11-2 plants. The infiltrated plants were grown under the same con-
ditions as UGT91R1-KO tomatoes for 4 days.

Treatment with volatile (Z)-3-hexenol
A 100-mM stock solution of (Z)-3-hexenol (Wako Pure Chemicals,
Osaka, Japan) was prepared in dichloromethane. To measure the
content of (Z)-3-hexenyl glycosides in tomatoes used in this study
excluding mature M82 plants grown for 3 months, a single tomato
plant was enclosed in a glass jar along with filter paper (0.25 cm2)
containing 1 μmol (Z)-3-hexenol per liter of the container, corre-
sponding to 24.4 ppmV (Z)-3-hexenol in the initial step of the exposure
period. The exposed plants were left under the growth conditions
from8 am to 2 pm for sampling. A filter paper with the same volume of
dichloromethane was used as a control treatment. Mature M82 plants
grown for 3 months were exposed to (Z)-3-hexenol with leaves and
fruits covered with polyvinyl fluoride bags instead of glass jars in the
same conditions as described above.

Quantification of HexVic in the tomatoes
Harvested leaves, stems, and fruits were flash-frozen in liquid nitrogen
and stored at –80 °C until extraction. To quantify endogenous glyco-
sides inwild, domesticated, and ILplants exposed to (Z)-3-hexenol, (Z)-
3-hexenyl glycosides were extracted using ice-coldmethanol from fine
crashed target tissues (approximately 100mg)7. To quantify HexVic
content in UGT91R1-KO and UGT91R1-OX lines, approximately 500mg
of these tissues was finely crushed in a tissue mill (Taitec, Saitama,
Japan), suspended in ice-cooled methanol containing an internal
standard (2 µmol of 4-isopropyl benzyl β-D-glucopyranoside), and fil-
tered. The filtrate was concentrated in vacuo, dissolved in distilled
water, and purified with a Cleaner ODS C18 SPE column (Bonna-Agela
Technologies, Tianjin, China). The glycosidic fractions were con-
centrated in vacuo and dissolved in distilled water before LC-MS ana-
lysis. The LC-MS analysis was performed on a LCMS-2020 system
(Shimadzu, Kyoto, Japan), equipped with a Capcell Pak UG120 C18

reversed-phase column (2.0mm i.d. × 150mm, 5μm; Shiseido, Tokyo,
Japan) using gradient elution with aqueous formic acid (0.1%, v/v) as
solvent A and acetonitrile as solvent B at a flow rate of 0.2mL·min–1 at
40 °C. Thegradient condition startedwith isocratic conditions of 9%of
solvent B for 30min, then increased up to 24% of solvent B for 5min,
and maintained 24% of solvent B for 33min. HexVic content was cal-
culated based on a calibration curve constructed using chemically
synthesized HexVic in this work (Supplementary Data 3).

Gene expression analysis
Harvested leaves, stems, and fruits were flash-frozen and pulverized
in liquid nitrogen. The total RNA from the leaves and stems was
extracted using an RNeasy Plant Mini Kit and RNase-Free DNase Set
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(Qiagen, Germantown, MD, USA). RNA from fruits was extracted with
Fruit-mate for RNA-purification (TaKaRa Bio, Shiga, Japan). The RNA
was reverse-transcribed to cDNA using the PrimeScript RT Reagent Kit
(TaKaRa Bio). Gene expression was evaluated using semiquantitative
RT-PCR (Supplementary Fig. 3a) and qRT-PCR (Supplementary Fig. 5b)
with specific primers (Supplementary Table 3). Target mRNA levels
were quantified using the ΔΔCt method and normalized to the
expression level of the reference gene GAPDH53. The results are pre-
sented as mean ± SE of three independent experiments (Supplemen-
tary Fig. 5b).

Enzymatic assays of recombinant UGT91R1
Full-length UGT91R1 cDNA synthesized using GeneArt Technology
(Life Technologies, Carlsbad, CA, USA) was subcloned into the pET15b
expression vector (Merck Millipore, Darmstadt, Germany) and trans-
formed into E. coli BL21 (DE3). Recombinant protein expression was
induced by incubating 200mLof culture with 0.1mM IPTG at 22 °C for
24 h. Proteins were harvested using ultrasonic disruption and were
purified using 1mL of HisTrap HP (GE Healthcare, Chicago, IL, USA).
The purified enzyme was incubated with 100mM sugar acceptor
(HexGlc) and 2mM sugar donor (UDP-arabinose (chemically or enzy-
matically synthesized), UDP-xylose (Complex Carbohydrate Research
Center, GA, USA), or UDP-galactose, UDP-glucose, UDP- glucuronic
acid (Sigma Aldrich, Tokyo, Japan)) in 50mM potassium phosphate
buffer (pH 7.5) at 30 °C for 15min. The reactionwas stopped by adding
50μL of ice-cold methanol and quickly cooled with liquid nitrogen.
The enzymatic reactionmixtures were analyzed using HPLC-MSwith a
Shimadzu LCMS-2020 system, coupled to a Capcell Pak UG120 C18

reversed-phase column (2.0mm i.d. × 150mm, 5 μm) under the fol-
lowing conditions: 5% solvent B (0–1min), followedby a linear gradient
flow up to 20% in 34min (solvent A: H2O containing 0.05% (v/v) formic
acid, B: acetonitrile).

Homology modeling
Three-dimensionalmodels of UGT91R1 andUGT91R4were established
using Discovery Studio 4.0 (DS4.0) (BIOVIA; https://www.3dsbiovia.
com/). The crystal structure of AtUGT72B1 (PDB code 2vce) was used
as a template. Initial structures were constructed using the homology
modeling protocols of the DS4.0 Modeler module. The model struc-
tures of UGT91R1 and UGT91R4 were inserted into UDP-2F-Glc bound
to the crystal structure of At_UGT72B1. Furthermore, the sugarmoiety
of UDP-2F-Glc bound to UGT91R1 or UGT91R4 was replaced with
xylose or arabinose to construct UDP-xylose- and UDP-arabinose-
bound UGT91R1, and UDP-arabinose-bound UGT91R4, respectively.
Structure optimization of the three initial complex models, UGT91R1-
UDP-xylose, UGT91R1-UDP-arabinose, and UGT91R4-UDP-arabinose,
was performed using molecular mechanics and dynamic simulation
with the CHARMM force field of DS4.0.

Phylogenetic analysis
Nucleotide and amino acid sequences of UGTs were aligned based on
codon position using ClustalW and MUSCLE in MEGA6, respectively54.
All positions containing gaps and missing data were eliminated from
the subsequent analysis. Phylogenetic trees were constructed using
the maximum-likelihood method with T92 +G and JTT +G+ I + F for
nucleotide and amino acid sequences, respectively, based on the
Bayesian Information Criterion using model test analysis55. The relia-
bility of the tree was evaluated using bootstrap analysis of 1,000
replicates. The sequences used in this analysis are listed in Supple-
mentary Data 1 and 2.

Insect bioassay
The eggs of common cutworm (Spodoptera litura) were purchased
from Sumika Technoservice (Hyogo, Japan) and were hatched in the
laboratory. The hatched neonates were reared on an artificial diet

(Insecta LFS, Nosan Co., Kanagawa, Japan) until they were used for
experiments in a biotron under a controlled temperature of 25 ± 2 °C
and a 16 h photoperiod of fluorescent light. To assay insect perfor-
mance on plants, S. lycopersicum or the HexVic-deficient IL11-1 plants
were challenged with the third instars for 7 days. To assay insect per-
formance on the artificial diet, newly hatched neonates were fed the
diet mixed with HexGlc at 0.25μg·g–1, which is close to the average
amount of HexVic detected in (Z)-3-hexenol-exposed tomato plants.
The insects were weighed on a precision balance 7 days after the
experiments.

Statistics
All statistical analyses were conducted using R 3.3.0 (http://www.r-
project.org/) and GraphPad Prism 9 (GraphPad Software Inc, California,
USA). Data were analyzed using the one-way ANOVA and Tukey’s tests
for multiple comparisons, Dunnett’s multiple comparison test for
repeated pairwise comparisons, and unpaired two-tailed t-test and
Welch’s t-test for pairwise comparisons. HexVic content was compared
between S. lycopersicum and various accessions of S. pennellii to find
outlier genotypes using the Smirnov–Grubbs test. Weight gain of
insects on plants and artificial diet was analyzed using the Tukey’s
multiple comparison and Wilcoxon signed-rank tests, respectively.
Results were considered significant at α <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or the supplementary materials.
Data supporting the findings of this study are available within the
article and the supplementarymaterials. Sourcedata are providedwith
this paper.

References
1. Karban, R. & Baldwin, I. T. Induced responses to Herbivory (University

Chicago Press, 1997).
2. Arimura, G., Matsui, K. & Takabayashi, J. Chemical and molecular

ecology of herbivore-inducedplant volatiles: proximate factors and
their ultimate functions. Plant Cell Physiol. 50, 911–923 (2009).

3. Hare, J. D. Ecological role of volatiles produced by plants in
response to damage by herbivorous insects. Annu. Rev. Entomol.
56, 161–180 (2011).

4. Takabayashi, J. & Shiojiri, K. Multifunctionality of herbivory-induced
plant volatiles in chemical communication in tritrophic interactions.
Curr. Opin. Insect Sci. 32, 110–117 (2019).

5. Karban, R., Yang, L. H. & Edwards, K. F. Volatile communication
between plants that affects herbivory: a meta-analysis. Ecol. Lett.
17, 44–52 (2014).

6. Yoneya, K. & Takabayashi, J. Plant–plant communication mediated
by airborne signals: ecological and plant physiological perspec-
tives. Plant Biotechnol. 31, 409–416 (2014).

7. Sugimoto, K. et al. Intake and transformation to a glycoside of (Z)-3-
hexenol from infested neighbors reveals a mode of plant odor
reception and defense. Proc. Natl Acad. Sci. USA 111,
7144–7149 (2014).

8. Mescher, M. C. & De Moraes, C. M. Plant biology: pass the ammu-
nition. Nature 510, 221–222 (2014).

9. Sugimoto, K., Matsui, K. & Takabayashi, J. Conversion of volatile
alcohols into their glucosides in Arabidopsis.Commun. Integr. Biol.
8, e992731 (2015).

10. Song, C., Härtl, K., McGraphery, K., Hoffmann, T. & Schwab, W.
Attractive but toxic: emerging roles of glycosidically bound vola-
tiles and glycosyltransferases involved in their formation. Mol.
Plant. 11, 1225–1236 (2018).

Article https://doi.org/10.1038/s41467-023-36381-8

Nature Communications |          (2023) 14:677 8

https://www.3dsbiovia.com/
https://www.3dsbiovia.com/
http://www.r-project.org/
http://www.r-project.org/


11. Ohgami, S. et al. Volatile glycosylation in tea plants: sequential
glycosylations for the biosynthesis of aroma β-primeverosides are
catalyzed by two Camellia sinensis glycosyltransferases. Plant
Physiol. 168, 464–477 (2015).

12. Tikunov, Y. M., de Vos, R. C., González Paramás, A. M., Hall, R. D. &
Bovy, A.G.A role fordifferential glycoconjugation in the emissionof
phenylpropanoid volatiles from tomato fruit discovered using a
metabolic data fusion approach. Plant Physiol. 152, 55–70 (2010).

13. Lücker, J. et al. Expression of Clarkia S-linalool synthase in trans-
genic petunia plants results in the accumulation of S-linalyl-β-D-
glucopyranoside. Plant J. 27, 315–324 (2001).

14. Koeduka, T. et al. Enhancement of production of eugenol and its
glycosides in transgenic aspen plants via genetic engineering.
Biochem. Biophys. Res. Commun. 436, 73–78 (2013).

15. Tikunov, Y. M. et al. Non-smoky glycoyltransferase1 prevents the
release of smoky aroma from tomato fruit. Plant Cell 25,
3067–3078 (2013).

16. Jing, T. et al. Glucosylation of (Z)-3-hexenol informs intraspecies
interactions in plants: a case study in Camellia sinensis. Plant Cell
Environ. 42, 1352–1367 (2019).

17. Eshed, Y. & Zamir, D. An introgression line population of Lyco-
persicon pennellii in the cultivated tomato enables the identifica-
tion and fine mapping of yield-associated QTL. Genetics 141,
1147–1162 (1995).

18. Silva, D. B. et al. Attraction of three mirid predators to tomato
infested by both the tomato leafminingmoth Tuta absoluta and the
whitefly Bemisia tabaci. J. Chem. Ecol. 44, 29–39 (2018).

19. Ono, E. et al. Glycoside-specific glycosyltransferases catalyze
regio-selective sequential glucosylations for a sesame lignan,
sesaminol triglucoside. Plant J. 101, 1221–1233 (2020).

20. Itkin, M. et al. The biosynthetic pathway of the nonsugar, high-
intensity sweetenermogroside V fromSiraitia grosvenorii. Proc. Natl
Acad. Sci. USA 113, E7619–E7628 (2016).

21. Orme, A. et al. A noncanonical vacuolar sugar transferase required
for biosynthesis of antimicrobial defense compounds in oat. Proc.
Natl. Acad. Sci. USA 116, 27105–27114 (2019).

22. Yano, R. et al. Isolation and characterization of the soybean Sg-3
gene that is involved in genetic variation in sugar chain composition
at the C-3 position in soya saponins. Plant Cell Physiol. 59,
792–805 (2018).

23. Casas,M. I. et al. Identification andcharacterizationofmaize salmon
silks genes involved in insecticidal maysin biosynthesis. Plant Cell
28, 1297–1309 (2016).

24. Mackenzie, P. I. et al. The UDP glycosyltransferase gene super-
family: recommended nomenclature update based on evolutionary
divergence. Pharmacogenetics 7, 255–269 (1997).

25. Velicer, G. J., Kroos, L. & Lenski, R. E. Loss of social behaviors by
Myxococcus xanthus during evolution in an unstructured habitat.
Proc. Natl Acad. Sci. USA 95, 12376–12380 (1988).

26. Smukalla, S. et al. FLO1 is a variable green beard gene that drives
biofilm-like cooperation in budding yeast. Cell 135, 726–737
(2008).

27. Rowen, E. & Kaplan, I. Eco-evolutionary factors drive induced plant
volatiles: a meta-analysis. N. Phytol. 210, 284–294 (2016).

28. Moreira, X., Abdala-Roberts, L., Gols, R. & Francisco, M. Plant
domestication decreases both constitutive and induced chemical
defences by direct selection against defensive traits. Sci. Rep. 8,
12678 (2018).

29. Haak, D. C., Ballenger, B. A. & Moyle, L. C. No evidence for phylo-
genetic constraint on natural defense evolution among wild toma-
toes. Ecology 95, 1633–1641 (2014).

30. Yauk, Y. K. et al. Manipulation of flavour and aroma compound
sequestration and release using a glycosyltransferase with speci-
ficity for terpene alcohols. Plant J. 80, 317–330 (2014).

31. Bönisch, F. et al. A UDP-glucose:monoterpenol glucosyltransferase
adds to the chemical diversity of the grapevine metabolome. Plant
Physiol. 165, 561–581 (2014).

32. Nakamura, S. & Hatanaka, A. Green-leaf-derived C6-aroma com-
pounds with potent antibacterial action that act on both Gram-
negative and Gram-positive bacteria. J. Agric. Food Chem. 50,
7639–7644 (2002).

33. Weinhold, A. & Baldwin, I. T. Trichome-derived O-acyl sugars are a
first meal for caterpillars that tags them for predation. Proc. Natl
Acad. Sci. USA 108, 7855–7859 (2011).

34. Poreddy, S. et al. Detoxification of hostplant’s chemical defense
rather than its anti-predator co-option drives β-glucosidase-
mediated lepidopteran counteradaptation. Nat. Comm. 6,
8525 (2015).

35. Mizutani, M. et al. Cloning of β-primeverosidase from tea leaves, a
key enzyme in tea aroma formation. Plant Physiol. 130,
2164–2176 (2002).

36. Montefiori, M. et al. Identification and characterisation of F3GT1 and
F3GGT1, two glycosyltransferases responsible for anthocyanin
biosynthesis in red-fleshed kiwifruit (Actinidia chinensis). Plant J.65,
106–118 (2011).

37. Yonekura-Sakakibara, K. et al. Two glycosyltransferases involved in
anthocyanin modification delineated by transcriptome indepen-
dent component analysis in Arabidopsis thaliana. Plant J. 69,
154–167 (2012).

38. Chen, H. Y. & Li, X. Identification of a residue responsible for UDP-
sugar donor selectivity of a dihydroxybenzoic acid glycosyl-
transferase from Arabidopsis natural accessions. Plant J. 89,
195–203 (2017).

39. Tomato Genome Consortium. The tomato genome sequence pro-
vides insights into fleshy fruit evolution. Nature 485,
635–641 (2012).

40. Bolger, A. et al. The genome of the stress-tolerant wild tomato
species Solanum pennellii. Nat. Genet. 46, 1034–1038 (2014).

41. Itkin,M. et al. Biosynthesis of antinutritional alkaloids in solanaceous
crops is mediated by clustered genes. Science 341, 175–179 (2013).

42. Yonekura-Sakakibara, K. & Hanada, K. An evolutionary view of
functional diversity in family 1 glycosyltransferases. Plant J. 66,
182–193 (2011).

43. Bowles, D., Isayenkova, J., Lim, E. K. & Poppenberger, B. Glycosyl-
transferases:managers of smallmolecules.Curr. Opin. Plant Biol.8,
254–263 (2005).

44. Sugimoto, K., Matsui, K. & Takabayashi, J. Uptake and conversion of
volatile compounds in plant-plant communication. In: Deciphering
chemical languageof plant communication (Springer-Nature, 2016),
305–316.

45. Ryu, C. M. et al. Bacterial volatiles promote growth in Arabidopsis.
Proc. Natl Acad. Sci. USA 100, 4927–4932 (2003).

46. Helms, A. M., De Moraes, C. M., Tooker, J. F. & Mescher, M. C.
Exposure of Solidago altissima plants to volatile emissions of an
insect antagonist (Eurosta solidaginis) deters subsequent herbivory.
Proc. Natl Acad. Sci. USA 110, 199–204 (2013).

47. Härtl, K. et al. Glucosylation of smoke-derived volatiles in grapevine
(Vitis vinifera) is catalyzed by a promiscuous resveratrol/guaiacol
glucosyltransferase. J. Agric. Food Chem. 65, 5681–5689 (2017).

48. Stemmer, M., Thumberger, T., del Sol Keyer, M., Wittbrodt, J. &
Mateo, J. L. CCTop: an intuitive, flexible and reliable CRISPR/Cas9
target prediction tool. PLOS One. 10, e0124633 (2015).

49. Labuhn,M. et al. Refined sgRNA efficacy prediction improves large-
and small-scale CRISPR–Cas9 applications. Nucleic Acids Res. 46,
1375–1385 (2018).

50. Ritter, A. et al. The transcriptional repressor complex FRS7-FRS12
regulates flowering time and growth in Arabidopsis. Nat. Commun.
8, 15235 (2017).

Article https://doi.org/10.1038/s41467-023-36381-8

Nature Communications |          (2023) 14:677 9



51. Fauser, F., Schiml, S. & Puchta, H. Both CRISPR/Cas-based
nucleases and nickases can be used efficiently for genome engi-
neering in Arabidopsis thaliana. Plant J. 79, 348–359 (2014).

52. Sun, H.-J., Uchii, S., Watanabe, S. & Ezura, H. A highly efficient
transformation protocol for Micro-Tom, amodel cultivar for tomato
functional genomics. Plant Cell Physiol. 47, 426–431 (2006).

53. Noguchi, A. et al. Sequential glucosylation of a furofuran lignan,
(+)-sesaminol, by Sesamum indicum UGT71A9 and UGT94D1 glu-
cosyltransferases. Plant J. 54, 415–427 (2008).

54. Tamura, K., Stecher, G., Peterson, D., Filipski, A. &Kumar, S.MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol.
Evol. 30, 2725–2729 (2013).

55. Nei, M. & Kumar, S. Molecular evolution and phylogenetics (Oxford
University Press, 2000).

Acknowledgements
The authors are grateful to Akira Matsumoto, Satomi Yoshinami, Kikumi
Katami, Ayako Masaoka, Noko Ito, and Yoko Fujimori for technical sup-
port. The authors also thankProf. HidetoMiyoshi andDr.MasatoshiMurai
for their professional assistance with LC-MS analysis and Dr. Masaki
Endo,Dr. Friedrich Fauser, Dr. SimonSchiml, Dr. Holger Puchta, Dr. Anne
Britt, and Dr. Mily Ron for sharing genome editing vectors. The authors
also thankDr. TakaoKoeduka for valuable discussions. The tomato seeds
and full-length cDNAused in this researchwereprovidedby theNational
BioResource Project (NBRP), MEXT, Japan, and the Tomato Genetic
Resource Center (TGRC), UC Davis, CA, USA. This study was partially
supported by Research Fellowships for Young Scientists (24·841 to K.S.),
Grant-in-Aid for Scientific Research (17K07750 and 20K05836 to T.O.,
22H00425 and 18H03952 to J.T.) from the Japan Society for the Pro-
motion of Science, Research Institute of Green Science and Technology
Fund for Research Project Support (2021-RIGST to T.O.) from Shizuoka
University, The Naito Foundation (to K.S.), a Cooperative Research Grant
of Plant Transgenic Design Initiative (PTraD #2109 to J.T.) from Tsukuba-
Plant Innovation Research Center, University of Tsukuba, and Center for
Ecological Research, Kyoto University, a Joint Usage/Research Center.

Author contributions
K.S., E.O., and T.Ohnishi designed the study; K.S., E.O., T.Ohnishi, T.I., T.T.,
H.T., S.H., and R.O. conducted the experiments; M.H., K.F., T.Osawa, I.O.,
A.M., H.Y., M.F., and B.W. conducted chemical synthesis; K.S., E.O.,

T.Ohnishi, and M.H. analyzed the data; Y.K., K.Miura, and H.E. developed
andgrew transgenic andWT tomatoes; K.S., E.O., K.Matsui, T.Ohnishi, and
J.T. wrote the manuscript; and K.Matusi and J.T. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36381-8.

Correspondence and requests for materials should be addressed to
Toshiyuki Ohnishi or Junji Takabayashi.

Peer review informationNatureCommunications thanks ItayGonda and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36381-8

Nature Communications |          (2023) 14:677 10

https://doi.org/10.1038/s41467-023-36381-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Identification of a tomato UDP-arabinosyltransferase for airborne volatile�reception
	Results
	Variation in HexVic accumulation in the wild and a domesticated tomato species
	Impaired HexVic production leads to susceptibility to common cutworms
	Screening of a candidate gene for HexVic biosynthesis in S. lycopersicum
	Biochemical property of UGT91R1
	Metabolic changes in UGT91R1-knockout and -overexpressing tomatoes
	Characterization of UGT91R1-related genes in S. pennellii
	Evaluation of HexGlc accumulation and function

	Discussion
	Methods
	Plants and growth conditions
	Generation of UGT91R1-KO and UGT91R1-OX tomatoes
	Treatment with volatile (Z)-3-hexenol
	Quantification of HexVic in the tomatoes
	Gene expression analysis
	Enzymatic assays of recombinant UGT91R1
	Homology modeling
	Phylogenetic analysis
	Insect bioassay
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




