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Abstract
Background: Secondary metabolites play an important role in the plant defensive response. They are
produced as a defence mechanism against biotic stress by providing plants with antimicrobial and
antioxidant weapons. In higher plants, the majority of secondary metabolites accumulate as
glycoconjugates. Glycosylation is one of the commonest modi�cations of secondary metabolites, and is
carried out by enzymes called glycosyltransferases. Results: Here we provide evidence that the previously
described tomato wound and pathogen-induced glycosyltransferase Twi1 displays in vitro activity toward
the coumarins scopoletin, umbelliferone and esculetin, and the �avonoids quercetin and kaempferol, by
uncovering a new role of this gene in plant glycosylation. To test its activity in vivo, Twi1-silenced
transgenic tomato plants were generated and infected with Tomato spotted wilt virus. The Twi1-silenced
plants showed a differential accumulation of Twi1 substrates and enhanced susceptibility to the virus.
Conclusions: Biochemical in vitro assays and transgenic plants generation proved to be useful strategies
to assign a role of tomato Twi1 in the plant defence response. Twi1 glycosyltransferase showed to
regulate quercetin and kaempferol levels in tomato plants, affecting plant resistance to viral infection.

Background
Plants are characterised by their ability to synthesise a wide variety of secondary metabolites that exert
multiple and important functions for plants to interact with their environment [1, 2]. The high structural
diversity and complexity of these compounds is generated by a number of modifying enzymes, such as
methyltransferases, acyltransferases and glycosyltransferases [3]. Phenolic compounds, which derive
from phenylalanine, are among the most widespread groups of plant secondary metabolites, and display
a wide range of biological properties [4]. The synthesis and accumulation of many plant phenolics are
induced by biotic and abiotic stresses [5]. Salicylic acid (SA) is a well-known phenolic compound that is
induced by pathogen attack and has been shown to play a crucial role as a phytohormone by regulating
the plant response to biotic stress [6]. Biotrophic pathogens, including numerous bacteria, fungi and
viruses, are combated mostly by the SA-signalling defence pathway.

Many pathogen-induced phenolic compounds, including various coumarins and �avonoids, are
considered phytoalexins given their accumulation in plant tissues upon infection and their antimicrobial
activity in vitro [4, 7]. Besides their antimicrobial properties, several phenolics have been shown to display
relevant antioxidant activity in vitro [8]. For instance, scopoletin is a well-characterised hydroxycoumarin
that is produced in many plant species, and has been proposed as an important phytoalexin against
microbial pathogens [9]. Among plant secondary metabolites, �avonoids comprise one of the most
abundant and important groups and exhibit a diversity of biological functions [10, 11]. The antioxidant
and antifungal activities of various �avonoids, including quercetin and kaempferol, have been reported in
several studies [12-15].

Glycosylation is one of the commonest modi�cations found in plant secondary metabolites [16], which
alters the sugar acceptor by reducing its toxicity, increasing its solubility and accumulation, and
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regulating its subcellular localisation and bioactivity, such as antioxidant capacity [17]. Glycosylation is
also involved in the detoxi�cation of xenobiotics and the regulation of the active levels of various
hormones [18-20]. Conjugated secondary metabolites generally exhibit diminished chemical activity
compared to the aglycone by acting merely as storage and/or transport forms [21].

The majority of glycosylation reactions of secondary metabolites are catalysed by uridine diphosphate
(UDP) sugar-dependent glycosyltransferases (UGTs) [22]. The Arabidopsis genome contains more than
120 UGT genes [23]. In the continuously updated Carbohydrate Active enZymes (CAZy) database
(http://www.cazy.org/GlycosylTransferases.html), glycosyltransferases from diverse organisms are
currently classi�ed into 105 families. The UGTs belonging to multigene Family 1 predominantly recognise
low-molecular-weight compounds, such as phenolics, as substrates [22, 24].

A role in plant disease resistance has been reported for numerous UGTs. In tobacco, Togt1 and Togt2,
were induced during a hypersensitive response (HR) and exhibited high e�ciency upon
hydroxycoumarins conjugation [25, 26]. In addition, transgenic TOGT-silenced tobacco plants showed
increasing susceptibility to Tobacco mosaic virus (TMV) [27]. Another UGTs, such as CaUGT1 in
Capsicum annuum and both UGT73B3 and UGT73B5 in Arabidopsis, were induced upon TMV and P.
syringae inoculation, respectively [28]. Furthermore, CaUGT1-silenced plants showed a delayed HR [29],
and studies conducted with ugt73b3 and ugt73b5 mutants revealed that both UGTs were essential
components to maintain the redox status in resistance of Arabidopsis to bacterial infection [30]. Recently,
UGT76D1 has been described as a unique glycosyltransferase which plays a key role in SA homeostasis
related to immune responses in Arabidopsis [31].

Among all the identi�ed UGTs, only a few of them have been biologically characterised. In many cases, in
vitro studies have identi�ed secondary metabolites, such as phenylpropanoids and �avonoids, as UGT
substrates, while their function in vivo remains elusive [11, 27, 30, 32-37]. To date, available information
about the actual in planta UGTs substrates is limited [38] and the precise contribution of
glycosyltransferases in the plant response to biotic stresses remains unclear [23, 39].

In tomato, some UGTs have been identi�ed as related to biotic and abiotic stresses. GAGT is a gentisic
acid (GA) glycosyltransferase induced in tomato upon Citrus exocortis viroid (CEVd) and Tomato mosaic
virus (ToMV) infection [35]. Recently, it has been described that SlUGT75C1 catalyzes the glucosylation
of abscisic acid in tomato, and its suppression by RNAi produced plants more resistant to drought stress
[40].

The tomato wound-induced gene Twi1 encodes a putative UGT. Twi1 appears to be induced by
exogenously applied SA and its derivatives, and is rapidly expressed during the resistance response to
fungal elicitor treatment [41]. However, the biochemical activity and the defensive role of this UGT have
not yet been explored.

This study aims to gain insight into the role of Twi1 in the tomato defence response against pathogens.
For this purpose, the Twi1 recombinant protein was puri�ed and its activity was assayed in vitro toward a



Page 4/38

wide range of putative substrates. We have generated Twi1-silenced transgenic tomato plants and
infected them with Tomato spotted wilt virus (TSWV) to study the resistance phenotype and to analyse
metabolite pro�ling upon infection. Our results indicated that Twi1 could play an important role in the
metabolism of defence-related compounds in tomato.

Results
Twi1 induction in response to plant pathogens

The wound-induced gene of tomato Twi1 has been described to be rapidly induced by SA application and
a fungal elicitor [41]. Quantitative RT-PCR (qRT-PCR) con�rmed the induction of Twi1 mRNA by stem-
feeding SA treatment, and a rapid decline some hours later. A slight induction of Twi1 was observed in
the control water-treated plants due to the wounding produced by the stem-feeding technique
(Supplementary Fig. S1).

To study the expression of Twi1 in response to bacterial infection, tomato plants cv. ‘Rio Grande’ carrying
the Pto resistance gene were inoculated with a virulent and an avirulent strain of Pseudomonas syringae
pv. tomato (Pst) DC3000 (see Methods). Leaf samples were collected at the indicated time points and
analysed by qRT-PCR to quantify the Twi1 levels during infection (Fig. 1). Twi1 was strongly induced in
the tomato plants inoculated with the virulent bacteria (Pst DC3000 ∆AvrPto) between 18 h and 48 h
post-inoculation, while the induction level in the Pst DC3000 AvrPto inoculated plants was comparable to
that observed in the mock-inoculated plants. The slight induction observed in both the mock and Pst
DC3000 AvrPto inoculated plants could probably be due to the minor leaf damage that occurred during
immersion.

The Twi1 expression in the Moneymaker tomato plants infected with TSWV was also analysed by qRT-
PCR (Fig. 2). Once again, a basal Twi1 induction in the mock-inoculated plants was detected. Since this
induction was not only produced at early times but also at 15 days after the virus inoculation, additional
factors appart from the mechanical wounding could be involved. Nonetheless, the expression levels were
signi�cantly higher in the tomato plants inoculated with TSWV during infection at all timepoints.

Twi1 cloning and in vitro enzymatic activity assay

To obtain the full-length cDNA of Twi1, PCR ampli�cation was performed from the RNA of the
Moneymaker tomato leaves infected with Pst DC3000 ∆AvrPto, where Twi1 was highly expressed. The
PCR product was cloned in pGWB8, a binary vector for gene overexpression in plants, which added a His-
tag to the C-terminus and was then transformed into A. tumefaciens. The recombinant protein was
transiently expressed in the agroin�ltrated N. benthamiana leaves and puri�ed (Supplementary Fig. S2).
The fractions bearing the His-tagged protein were pooled to perform the Twi1 in vitro activity test.

Both the BLAST analysis and a phylogenetic tree based on the full-length sequence of the 13 UGTs
involved in plant defence (Fig. 3) suggested that Twi1 was likely to encode a scopoletin
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glucosyltransferase, given its close vicinity to the predicted scopoletin UGTs identi�ed in S. pennellii, S.
tuberosum and C. annuum.

The glycosyltransferase activity of the puri�ed recombinant Twi1 enzyme was assayed against a variety
of phenolic sugar acceptors using UDP-glucose as the sugar donor. The compounds displaying positive
(+) or negative (-) behaviour as substrates are shown in Table 1. The reaction products were analysed
using either HPLC coupled with a �uorescence detector or UPLC-Q-ToF-MS, depending on the nature of
both the substrates and products, and in comparison to reference standards. The recombinant protein
was able to glycosylate 5 of the 14 substrates tested in vitro: 2,4-DHBA, 2,4,6-THBA, scopoletin, esculetin
and umbelliferone. This Twi1 glucosyltransferase activity is exempli�ed with scopoletin as the sugar
acceptor in Figure 4. The �rst chromatogram shows a peak, which corresponds to free scopoletin (Fig.
4A), obtained when scopoletin was incubated with UDP-glucose in the presence of the extracts from the
control plants. In the presence of the Twi1 puri�ed protein, a differential peak was detected, which
corresponded to scopolin, i.e. scopoletin conjugated with glucose (Fig. 4B). To establish the type of
linkage between scopoletin and glucose moiety, the reaction product was incubated with beta-
glucosidase. An HPLC-�uorescence analysis of the sample revealed that scopoletin was fully recovered in
its free form after treatment (Fig. 4C), which indicates that the O-glycoside bond catalysed by Twi1
between glucose and scopoletin was in a beta-position. No bond cleavage was detected when alpha-
glucosidase was used (not shown). Regarding sugar donor speci�city, UDP-xylose was also investigated,
but no glycosylation was detected in any studied substrate. The Twi1 glucosyltransferase activity
towards umbelliferone, 2,4-DHBA and esculetin as sugar acceptors is shown in Supplementary Fig. S3.
The activity of Twi1 with 2,4,6-THBA is shown in Supplementary Fig. S4.  

To our knowledge, neither the accumulation nor the biological activity of 2,4-DHBA and 2,4,6-THBA has
been described in plants. For that reason, we decided to focus our study of the coumarins scopoletin,
esculetin and umbelliferone as Twi1 substrates in planta, with a putative function in tomato defence
against pathogens.

Generation and characterisation of the Twi1-silenced tomato plants

To gain further insights into the role of Twi1 in vivo, the Twi1-silenced transgenic Moneymaker tomato
plants were generated by following an RNAi strategy.

Regenerated lines were analysed for T-DNA integration by PCR, and nine independent transgenic lines
were con�rmed. Two homozygous lines, 1.1 and 28.3 both carrying one copy of the transgene, were
selected for further studies. Phenotypic parameters were similar for both the RNAi Twi1 transgenic and
wild-type (wt) plants.

The induction of Twi1 by stem-feeding treatments with in vitro substrates was analysed in both the
control and RNAi Twi1 transgenic plants, in order to con�rm the biological role of the enzyme. Treatments
with scopoletin, esculetin and umbelliferone resulted in a rapid outstanding induction of Twi1 expression
in the wt tomato plants, as shown by the qRT-PCR analysis (Fig. 5).



Page 6/38

After a 1-hour treatment with scopoletin, the Twi1 transcript levels increased 10-folds, and continued to
rise during the 24-hour treatment. Similarly, Twi1 was also induced by the esculetin and umbelliferone
treatments. As expected, a sharp drop in the Twi1 transcripts was observed in the treated RNAi transgenic
lines 1.1 and 28.3 compared to the corresponding wt plants, which con�rms the e�cacy of the gene
silencing strategy. The basal level of Twi1 detected in the wt plants could be due to the wounding
produced in the stem-feeding technique (Supplementary Fig. S1).

Analysis of the Twi1-silenced transgenic tomato plants upon infection with TSWV

To examine the role of Twi1 in plant defence, the wt plants and RNAi Twi1 transgenic lines were
inoculated with TSWV. Plants were visually inspected for the development of symptoms, and the
percentage of infected plants was recorded at each time point (Fig. 6).

Interestingly, some plants from both RNAi transgenic lines showed symptoms at 6 days post-inoculation
(dpi) (10-35%), when all the wt plants were still symptomless. Differences were evident at 8 dpi, when
70% and 90% of transgenic lines 1.1 and 28.3 showed symptoms, respectively, while only 40% of the wt
plants displayed disease symptoms. These differences between genotypes continued at 10 dpi. Finally, at
13 dpi the plants from all the genotypes presented symptoms. This result indicates that the defence
response appears to be delayed by the absence of the Twi1 enzyme.

RNAi Twi1 transgenic tomato plants infected with TSWV, especially line 28.3, showed much more
symptoms in the majority of infection stages compared to the infected wt tomato plants. Particularly,
differences in disease severity were statistically signi�cant at 6 and 8 dpi (Supplementary Fig. S5). In
addition, we con�rmed that the Twi1 expression levels in the RNAi transgenic plants infected with TSWV
were down-regulated throughout infection (Supplementary Fig. S6).

Scopoletin accumulation in the Twi1-silenced transgenic tomato plants infected with TSWV

Accumulation of total scopoletin was studied by HPLC-�uorescence in the RNAi Twi1 transgenic and wt
tomato plants infected with TSWV at 6 dpi (Fig. 7), when symptoms started to appear. Regarding total
scopoletin (free and conjugated forms), the levels were higher in the majority of the transgenic plants,
compared to the wt plants. The accumulation of scopoletin in its free form was not detected in any
analysed plant. In order to identify any new relevant compound different from scopoletin and related to
the observed TSWV susceptibility in the RNAi Twi1 transgenic plants, we decided to conduct a
metabolomic approach.

Metabolic pro�ling of Twi1-silenced transgenic tomato plants infected with TSWV

Control and RNAi Twi1 samples taken from 6 dpi infected leaves were analysed by UPLC-MS. Then a
multivariate data analysis was performed, consisting in a PLS analysis where compound abundance was
assigned to the X variable, and genotypes (Moneymaker, RNAi Twi1 1.1 and RNAi Twi1 28.3) were
de�ned as the stepwise Y variable. The PLS analysis (Fig. 8A) showed that the �rst component (PC1)
explained changes in the genotype (wt vs. transgenic plants). The analysis of the PLS loading plot (Fig.
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8B) shows the metabolites that contributed to the observed separation. Interestingly, when comparing the
metabolome of the RNAi Twi1-silenced transgenic tomato plants versus its isogenic parental line, two
compounds (1 and 16) were distinctly placed in the positive part of 1-PLS analysis, thus indicating their
over-accumulation in the transgenic plants. These compounds were unequivocally identi�ed as the
�avonoids quercetin (1) and kaempferol (16).

Twi1 recombinant protein activity in vitro with �avonoids as substrates

We decided to carry out the in vitro activity assay by testing �avonoids as new substrates for Twi1. The
�avonoids tested as sugar acceptors were naringenin, quercetin, kaempferol and apigenin, with UDP-
glucose used as the sugar donor. Twi1 showed glucosyltransferase activity towards quercetin and
kaempferol (Fig. 9), while no conjugation was observed for naringenin and apigenin, according to our
previous PLS analysis results.

Differential accumulation of �avonoids in the Twi1-silenced transgenic tomato plants infected with
TSWV

A quantitative estimation of free and total quercetin and kaempferol in the RNAi Twi1-silenced transgenic
plants was made by the UPLC-Q-ToF-MS analysis of the 6 dpi infected leaf samples (Fig. 10). We
anticipated that the Twi1-silenced plants would present higher free quercetin levels as the silencing of
Twi1 would prevent its conjugation. In agreement with our hypothesis, the free quercetin levels reached
values of 0.7 and 0.5 nmol/g FW in transgenic lines 1.1 and 28.3 respectively, while no accumulation was
detected in any wt plant (Fig. 10A). The total quercetin levels also signi�cantly increased in the transgenic
plants versus the Moneymaker parental. The maximum total quercetin levels in transgenic lines 1.1 and
28.3 were 8.5 and 3.5 nmol/g FW, respectively, and 1.2 nmol/g FW in the wt (Fig. 10C). Between 8-10% of
the total quercetin accumulated in its free form in the Twi1-silenced transgenic lines, while total quercetin
corresponded entirely to the conjugated form in the wt plants. The statistical analysis showed that
quercetin accumulation in both transgenic lines was significantly greater to that observed in the wt
tomato plants.

For kaempferol, the free compound accumulated more in transgenic line 1.1 and reached levels of 36
nmol/g FW, compared to the lesser accumulation of wt that only reached maximum levels of 11 nmol/g
FW (Fig. 10B). The free kaempferol accumulation in the transgenic plants from line 28.3 was almost
undetectable. Total kaempferol was also higher in line 1.1 compared to the wt, while the levels in line 28.3
remained lower and similar to the wt (Fig. 10D). Total kaempferol accumulation was signi�cant in
transgenic line 1.1, and came close to 50 nmol/g FW compared with 10 nmol/g FW in the wt plants. No
accumulation of any of both �avonoids was detected in the mock-inoculated plants.

Discussion
Tomato gene Twi1 is highly induced by wounding, SA and fungal elicitor treatments [41]. The results
presented here demonstrate the early induction of Twi1 in several compatible interactions, such as those
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produced by the virulent bacteria P. syringae in Rio Grande tomato plants carrying the Pto gene (Fig.1)
and the TSWV virus in Moneymaker tomato plants (Fig. 2), thus suggesting that this gene may be
involved in plant defence, like other previously characterized UGTs.

The phylogenetic tree analysis suggested that Twi1 was likely to encode a scopoletin
glucosyltransferase, given its close vicinity to various predicted scopoletin UGTs (Fig. 3). The
glycosyltransferase in vitro activity assay of the puri�ed recombinant Twi1 against a variety of phenolic
sugar acceptors (Table 1) clearly demonstrated that Twi1: (i) possesses glycosyltransferase activity; (ii)
uses UDP-glucose as a sugar donor; (iii), recognises 2,4-DHBA, 2,4,6-THBA, scopoletin, esculetin and
umbelliferone as sugar acceptors in vitro and (iv) catalyses the formation of a beta-glucoside bond
between glucose and the sugar acceptor (Fig. 4 and Supplementary Figs. S3 and S4).

Although the SA treatment strongly induced Twi1 expression (Supplementary Fig. S1), no
glycosyltransferase activity towards this compound was detected by the in vitro test. In this context, Twi1
has been described to remain wound-inducible in NahG tomato plants, which are unable to accumulate
SA, thus indicating that Twi1 expression is SA-independent [41]. Besides, TOGT transcription was
stimulated by beta-megaspermin elicitor treatment in NahG tobacco plants, which suggests that TOGT
induction was also SA-independent. In addition, the TOGT in vitro enzymatic assays revealed that SA was
a poor substrate, while the coumarins scopoletin and esculetin proved to be the best sugar acceptors [26],
which is in accordance with the phylogenetic proximity between TOGT and Twi1 (Fig. 3).

Similarly to other GTs, Twi1 seemed fairly speci�c to the sugar donor while recognising various
substrates in vitro [26, 38, 42-48]. Accumulation of coumarins has been reported to occur in plants in
response to wounding and infections with different pathogens [9, 49-59]. They also display antimicrobial
and antioxidant activities [32, 60-62]. Moreover, treatment with esculetin completely abolish both viral-
induced cell death and production of Coccolithovirus EhV in the alga Emiliania huxleyi [63].

Among the compounds identi�ed as Twi1 in vitro substrates, no role had been assigned to 2,4-DHBA and
2,4,6-DHBA in plants, in contrast with other SA derivatives, such as 2,3-DHBA and 2,5-DHBA [64-67].
Considering this, we focused our study on the coumarins as putative Twi1 substrates in planta.

In many cases, glycosyltransferases have been reported to be rapidly induced by their own substrates [18,
26, 42]. According to this, treatments by stem-feeding with scopoletin, esculetin and umbelliferone
resulted in a clear induction of Twi1 in the Moneymaker tomato plants (Fig. 5). In addition, Twi1-silenced
transgenic Moneymaker tomato plants were generated and analysed for Twi1 induction after the same
treatments. Two obtained homozygous lines, Twi1 RNAi 1.1 and 28.3, showed a sharp drop in the Twi1
transcripts, con�rming the e�cacy of the gene silencing strategy.

In order to study the role of Twi1 in plant defence, the RNAi transgenic tomato lines were inoculated with
TSWV. Plants from both RNAi transgenic lines showed symptoms at 6 dpi, when all the wt plants were
still symptomless (Fig. 6). Differences were evident at 8 dpi and 10 dpi, while at 13 dpi the plants from all
the genotypes presented symptoms. This is in agreement with the disease severity, reaching RNAi Twi1
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transgenic lines higher percentages, especially line 28.3, that showed much more symptoms in the
majority of infection stages compared to the infected wt tomato plants (Supplementary Fig. S5). We have
shown that a reduced Twi1 expression diminishes resistance to viral infection in tomato, suggesting a
role of this glycosyltransferase in plant defence. Similar results have been reported in various plant-
pathogen interactions. In Arabidopsis, the expression of two glycosyltransferases, UGT73B3 and
UGT73B5, was necessary for resistance to P. syringae [28]. Besides, ugt mutants showed a reduced
resistance phenotype [30]. The heterologous expression of SsGT1 glycosyltransferase in �ax (Linum
usitatissimum) increased resistance to Fusarium infection [68], and VIGS suppression of the CaUGT1
gene in hot pepper resulted in a delayed HR phenotype against TMV and in greater viral coat protein
accumulation [29].

Metabolites from RNAi Twi1 transgenic and wt tomato plants infected with TSWV at 6 dpi were analysed
by HPLC-�uorescence in order to detect coumarin accumulation. Among them, only scopoletin showed to
accumulate in the infected tomato plants. Levels of total scopoletin were higher in the majority of the
transgenic plants (Fig. 7), compared to wt, while accumulation of scopoletin in its free form was not
detected. This accumulation correlates with the reported levels of scopolin (scopoletin glucoside)
measured in the tobacco plants infected with TMV [27].

Our results contrast with the expected phenotype for the RNAi Twi1 transgenic tomato plants, as we
speculated that GT silencing would lead to a decrease in the conjugated form of the substrate, and
consequently to an increase in the free form. But similar controversial results have been previously
reported when overexpressing or silencing different plant GTs. For instance, Arabidopsis transgenic
plants overexpressing AtSGT1, which encodes an SA glycosyltransferase, showed lower levels of free and
conjugated SA, compared to wt plants [69]. A drop in the amount of scopolin and scopoletin has been
reported in TOGT-silenced transgenic tobacco plants after infection with TMV, compared to wt plants [27].
Moreover, TOGT-overexpressing transgenic plants accumulated twofold more scopolin and scopoletin
after inoculation with TMV versus wt tobacco [32]. To better clarify this, we carried on a metabolomic
analysis in order to identify any new relevant compound related to the observed TSWV susceptibility
transgenic plants.

Control and RNAi Twi1 samples taken from the 6 dpi infected leaves were analysed by UPLC-MS, and a
multivariate data analysis was performed. The PLS analysis revealed that the metabolic content
markedly contributed to the separation of samples in both groups (wt vs. transgenic plants) (Fig. 8).
Among metabolites, two �avonoids, quercetin and kaempferol, showed to over-accumulate in the
transgenic plants, meaning they were probably involved in the role of Twi1 in plant defence.

We performed the activity assay in order to test �avonoids as new in vitro substrates for Twi1. Among
them, Twi1 showed glucosyltransferase activity towards quercetin and kaempferol (Fig. 9), indicating
that these two �avonoids may be Twi1 in vivo substrates as well. The lack of glycosyltransferase activity
of Twi1 against narigenin and apigenin could be related with the different chemical structure of these
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�avonoids in comparison to quercetin and kaempferol, OH-3 being probably involved in the substrate
speci�city. Further modelling studies could help better understand this point.

To date, several �avonoid GTs have been identi�ed and characterised in different plant species [11, 37,
70]. Similar to our results, in strawberry UGT71A34a and UGT71A34b presented in vitro activity towards
both coumarins (scopoletin and esculetin) and �avonoids (quercetin and kaempferol) [34]. In tobacco, the
scopoletin glucosyltransferase SGTase, which prefers hydroxycoumarins, also exhibits signi�cant activity
with �avonoids [43] when characterising. These authors postulated that SGTase would work as a
multiple phenylpropanoid glucosylation enzyme by regulating the storage site of these compounds for
further utilisation, or to avoid their toxic effect. We similarly propose that Twi1 could act as a multiple
phenolic glucosylation enzyme in tomato plants.

Flavonoids are synthesised by a wide variety of plants and perform many diverse biological functions
[71-73]. The role of �avonoids in plant defence has been reviewed in-depth [74]. Several in vitro studies
have shown that �avonoids display antimicrobial activity against bacteria and fungi [75, 76], and pre-
incubation with sulphated and methylated derivatives of quercetin decreases TMV infectivity by 40-50%
[77]. Accumulation of quercetin and kaempferol has been reported in plants in response to pathogens,
mostly fungal infections. Not only the free form, but also glycosylated �avonoids have been shown to
also possess excellent antioxidant properties [78]. Rutin, a quercetin-3-O-rutinoside, rapidly accumulates
in tomato leaves upon P. syringae inoculation [79], and in potato plants inoculated with Verticillium
dahliae [13]. This and other previous studies have shown the inhibitory effects of rutin and quercetin on
the growth of V. dahliae in vitro and in vivo [12]. A higher accumulation of these phenolic antioxidant
metabolites occurs in buckwheat varieties less susceptible to the fungus Aspergillus �avus [80], and in
barley genotypes resistant to Gibberella zeae [81].

The main role attributed to �avonoids in plant defence is due to their antioxidant properties [15], which
allow them to quench ROS and reduce their production generated by the pathogen and the plant itself
during infection. Other possible roles of �avonoids in plant defence have been described, such as cell
wall reinforcement to restrict pathogen access to nutrients, and the inhibition of the plant cell wall
degrading enzymes produced by fungi [74, 82].

Levels of quercetin and kaempferol in the RNAi Twi1-silenced transgenic plants were quanti�ed at 6 dpi
infected leaves (Fig. 10). We detected that free and total levels of quercetin were statistically higher in
both RNAi Twi1 transgenic plants, being the observed differences more notable in the 1.1 transgenic line.
Regarding kaempferol levels, the same tendency was observed, detecting statistically differences only in
the total levels of the RNAi Twi1 1.1 transgenic plants. The higher activity obtained for the quercetin
could be due to a higher binding a�nity or e�cacy of Twi1 for this �avonoid with respect to the
kaempferol. To our knowledge, this is the �rst time that the accumulation of quercetin and kaempferol is
reported in response to viral infection in plants. ConsideringTwi1-silenced transgenic lines were
hypersusceptible to TSWV compared to the wt plants, their higher content in �avonoids contrasts with
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previous plant-pathogen interaction studies, where higher levels of these compounds have normally been
associated with resistance [80, 81].

It should be noted that, even when Twi1 expression was nearly suppressed in the transgenic lines, the
quercetin and kaempferol conjugated forms were still produced, thus suggesting that other GTs may exist
or are induced due to Twi1 silencing, which would thus explain their conjugation. This agrees with
Gachon and collaborators [32], who suggested that scopoletin is conjugated by various enzymes in
tobacco. The biological relevance of plants having more than one UGT acting on the same substrate has
been recently discussed [83], and is justi�ed as the attempt of keeping the �ne-tuning of metabolic
homeostasis and avoiding the possible toxic effects of the aglycone. We may consider the possibility
that other GTs would glycosylate quercetin and kaempferol in a different hydroxyl position, or with a
different sugar molecule. However, since the precise structure of the Twi1 product has not been
elucidated, further studies would be necessary to address this possibility. The putative change in
conjugation would disturb the regulatory network of these compounds in the cell by, for instance,
preventing their degradation, so they would accumulate in larger amounts in transgenic plants compared
to the wt. The biological properties of the glycosylated compounds, such as their antioxidant activity,
would be altered due to a modi�cation in the glycosylation pattern. Both effects could cooperate for the
observed susceptibility of the RNAi Twi1 transgenic tomato plants to TSWV. The further characterisation
of the quercetin and kaempferol glycosides produced in the RNAi Twi1 transgenic plants would be
interesting to better understand the viral susceptibility.

Conclusions
Metabolomics, in conjunction with biochemical and in vivo analyses, have revealed that Twi1, formerly
described as a wound- and SA-induced gene encoding a putative UGT [41], is in fact a tomato
glycosyltransferase involved in the metabolism of not only scopoletin, but also of quercetin and
kaempferol, and it is involved in plant defence against virus. The study of various GTs has revealed that
some are more promiscuous than expected from the literature [48]. Therefore, the predicted function for
several UGTs and the substrate speci�city of some already characterised UGTs could be reconsidered.
The new role uncovered for Twi1 strongly supports the notion that the functions and speci�cities of UGTs
are perhaps not accurately determined based exclusively on their amino acid sequence alignments [11,
84]. The coupling of metabolomics with experimental analyses should be considered as a much more
e�cient approach for UGT characterisation.

Methods
Plant Material

Tomato (Solanum lycopersicum) and Nicotiana benthamiana (lab strain) plants were used in this study.
Two different cultivars of tomato plants were used: ‘Rio Grande’ containing the Pto resistance gene
(gently provided by Dr. Selena Giménez, Centro Nacional de Biotecnología, Madrid, Spain), and
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‘Moneymaker’ (a gift from Prof. Jonathan Jones, The Sainsbury Laboratory, Norwich, UK). Plants were
grown under standard greenhouse conditions (temperature from 20-25 °C, 16-hour day/8-hour night
photoperiod, relative humidity from 50-70%). Pots were subirrigated once a day with nutrient Hoagland
solution [85].

Chemical treatments

The tomato plant treatments were carried out by stem-feeding [86]. Tomato 4-week old plants were
excised with a scalpel just above cotyledons, and stems were immersed in the different compounds. After
30 minutes, all the stems were transferred to water and leaf tissue was collected at the indicated times.
For the SA treatments, 2 mM SA were used, and samples were taken at 0, 0.5, 1, 8 and 24 h post-
treatment. A sample was collected before starting to perform the experiment. For the scopoletin,
umbelliferone or esculetin treatments, tomato plants were also stem-fed for 30 minutes, but this time
stems were immersed in 0.5 mM of the corresponding phenolic compounds, and samples were collected
at 0, 1, 6 and 24 h post-treatment. All the treatments were performed in a growth chamber at a constant
temperature of 24 °C and a photoperiod of 16 h of light (300 µmol/m2/s) and 8 h of darkness. Both the
third and fourth leaves from explants were harvested at the indicated times.

Bacterial growth conditions, inoculum preparation and inoculation

The bacterial strains herein used were Pseudomonas syringae pv. tomato DC3000 (Pst DC3000 AvrPto)
and Pst DC3000, which contains deletions in genes AvrPto and AvrPtoB (Pst DC3000 ∆AvrPto) [87]. The
inoculum preparation and infection was carried out according to López-Gresa and collaborators [88]. The
third and fourth leaves, from bottom to top, were harvested at 0, 10, 18, 24, 36 and 48 h post-inoculation.
Three biological replicates were analysed for each time and tomato-bacteria interaction.

TSWV inoculation

Tomato plants were inoculated with TSWV according to Soler and collaborators [89]. Brie�y, one gram of
the TSWV-infected leaves was homogenised in 20 mL of phosphate buffer (3 mM monosodium
phosphate, 75 mM disodium phosphate, pH 7.4) containing 0.15 M NaCl, 1% polyvinylpolypyrrolidone,
0.02% mercaptoethanol, 1% carborundum and 1% active carbon. The 4-week old plants were inoculated
on the uppermost lea�et from the third and fourth leaves (leaf position numbered from the base to the
apex) using 50-100 μL of the viral extract per lea�et. Plants were dusted with carborundum, and were
then inoculated by rubbing with a cotton swab soaked in virus suspension or were mock-inoculated with
buffer only. One week later, the �fth and sixth leaves were inoculated. The �fth and sixth leaves were
collected for all the analytical measurements at the indicated time points of infection. Plants were
inspected visually for symptom evaluation, and disease severity was scored at the indicated time points.
Samples corresponding to 3 replicates for the time course RNA analysis were collected and frozen at -80
ºC.
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To determine the metabolite content, new sets of experiments were performed using 10 tomato plants of
each genotype (Moneymaker, RNAi Twi1 1.1 and RNAi Twi1 28.3) and sampling at 6 dpi.

RNA extraction and quantitative RT-PCR analysis

The total RNA of the tomato tissues was isolated using TRIzol reagent (Invitrogen) following the
manufacturer's protocol. A quantitative RT-PCR analysis was performed as previously described in the
work by Campos and collaborators [90]. A house-keeping gene transcript, Elongation Factor 1 alpha
(eEF1α), was used as an endogenous reference. The PCR primers used to amplify Twi1 were 5’-
GGATGCGAAGAGCTATGGAG-3’ as the forward primer and 5’-CGGACCAATAGCCCAATTTT-3’ as the
reverse primer. For eEF1α ampli�cation, 5’-CCACCTCGAGATCCTAATGG-3’ and 5’-
ACCCTCACGTATGCTTCCAG-3’ were used as the forward and the reverse primer, respectively.

Vector construction

The full-length cDNA (1412 bp) of Tomato wound-induced gene (Twi1) [41] was ampli�ed by RT-PCR
from the Moneymaker tomato leaves infected with the bacterial pathogen Pseudomonas syringae pv.
tomato using 5’-ATGGGTCAGCTACATTTTTTC-3’ as the forward primer and 5’-
TTAACGATATGAAGTTATGTC-3’ as the reverse primer. The resulting PCR product was cloned into the
pCR8/GW/TOPO entry vector (Invitrogen), following the manufacturer's protocol, and was sequenced.
Then Twi1 was subcloned in the pGWB8 Gateway binary vector [91]. In order to generate the Twi1-
silenced transgenic tomato plants, the method described by Helliwell and Waterhouse was followed [92].
Brie�y, a selected 341 bp sequence of Twi1 was ampli�ed from the full-length cDNA clone using the
forward primer 5’-GGCTCGAGTCTAGAGAAATCAAGTTCCATTGTTTAT-3’, which introduced restriction sites
XhoI and XbaI, and the reverse primer 5’-CCGAATTCGGATCCACTTCTCATTGAAAAAC-3’, which added
restriction sites BamHI and EcoRI. The PCR product was �rst cloned in the pGEM T Easy vector
(Promega) and sequenced. After digestion with the appropriate restriction enzymes and puri�cation, the
two Twi1 fragments were subcloned into the pHANNIBAL vector in both the sense and antisense
orientations. Finally, the constructs made in pHANNIBAL were subcloned as a NotI �anked fragment into
binary vector pART27 to produce highly effective intron-containing ‘‘hairpin’’ RNA silencing constructs.
This vector carries the neomycin phosphotransferase gene (NPT II) as a transgenic selectable marker.

N. benthamiana agroin�ltration and tomato transformation

The pGWB8-Twi1 construction and the pGWB8 empty vector were transformed into the Agrobacterium
tumefaciens C58 strain, while the pART27-Twi1 construction was transformed into A. tumefaciens
LBA4404. The leaves of the 4-week-old N. benthamiana plants were in�ltrated with the A. tumefaciens
C58 carrying pGWB8-Twi1 or the empty vector, and with the C58 strain carrying the p19 plasmid (1:1),
which encodes silencing suppressing protein p19 [93].

The transformed LBA4404 A. tumefaciens carrying pART27-Twi1 was co-cultured with the tomato
Moneymaker cotyledons to generate the RNAi Twi1-silenced transgenic tomato plants (RNAi Twi1). The
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explant preparation, selection and regeneration methods followed those published by Ellul and co-
workers [94]. The tomato transformants were selected in kanamycin-containing medium and propagated
in soil. The Moneymaker tomato wild-type plants regenerated in vitro from cotyledons under the same
conditions as the transgenic lines were used as controls in subsequent analyses. The transgenic plants
generated in this study have been identi�ed and characterised in our laboratory and are to be used
exclusively for research purposes.

Metabolite extraction procedure

Extraction of the methanol-soluble compounds from tomato leaves was performed according to López-
Gresa and collaborators [79]. Tissue (0.5 g fresh weight) was ground to powder in a mortar using liquid
nitrogen, and then homogenized in 1.5 mL 100% methanol. The extracts were sonicated for 10 min and
centrifuged for 15 min at 10000 x g to remove cellular debris. The supernatant corresponding to each
sample was divided in two equal portions and dried at 40 ºC with a �ow of nitrogen. One half of the dried
residue was resuspended in 900 μL of 50 mM sodium acetate (pH 4.5) and 100 μL of water containing 10
U of almond beta-glycosidase (EC 3.2.1.21) (14.3 U/mg, Fluka) to analyse total (free + conjugated) forms.
The other half was resuspended in 900 μL of 50 mM sodium acetate (pH 4.5) and 100 μL of water to
analyze free form. The reactions were incubated overnight at 37 ºC and stopped by adding 75 μL of 70%
perchloric acid to the incubation mixtures (5% (v/v) �nal concentration). After centrifugation at 14000 x g
for 15 min to remove polymers, the supernatants were extracted with 2.5 mL of cyclopentane/ethyl
acetate (1:1, v/v). The organic upper phase was collected and dried at 40 ºC under a �ow of nitrogen. The
residue was resuspended in 100 μL of methanol and �ltered through 13-mm nylon 0.45 μm Minispike
�lters (Waters) prior to analysis.

HPLC analysis

The HPLC-�uorescence analysis was performed following Yalpani and coworkers [95], slightly modi�ed
by Campos et al [90]. Compounds (SA, 2,4-dihydroxybenzoic acid (DHBA), scopoletin, esculetin, and
umbelliferone) were detected by a 470 Waters �uorescence detector (λ excitation 313 nm; λ emission 405
nm), and quanti�ed with the Waters Empower software using commercial compounds as a standard.
Data were corrected for losses in the extraction procedure, and the recovery of metabolites ranged
between 50% and 80%.

For the in vitro assay test, a 20 μL aliquot from the �nal 200 μL volume reaction was injected into HPLC-
UV to detect SA, 2,4-DHBA, scopoletin, esculetin and umbelliferone. Commercial standards were used to
quantify the results.

UPLC-PDA-Micromass Q-ToF analysis

A 5 μL aliquot from the �nal 100 μL sample extraction was analysed by UPLC-MS by an ACQUITY UPLC-
PDA system coupled to a Q-ToF Micromass spectrometer (Waters) according to Campos and co-workers
[96]. All the data were acquired with the Masslynx NT4.1 software (Waters Corp. Mildford, MA, USA). For
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the untargeted analysis of the hydrolysed polar and semi-polar compounds, a metabolomic study of the
total forms was performed using the negative ESI-MS spectra.

For the in vitro assay test, a 5 μL aliquot from the �nal 200 μL volume reaction was injected into UPLC-
PDA-MS to detect and quantify with standards the phenylpropanoids cinnamic acid, p-coumaric acid,
caffeic acid, ferulic acid, o-coumaric acid and chlorogenic acid, the �avonoids quercetin, kaempferol,
naringenin and apigenin, and the simple phenolics benzoic acid, 4-hydroxybenzoic acid and 2,4,6-
trihydroxybenzoic acid (THBA).

Twi1 recombinant protein purification

Four grams of frozen N. benthamiana leaves in�ltrated with recombinant A. tumefaciens C58, carrying
either pGWB8-Twi1 or the pGWB8 empty vector (control), were ground to a fine dust in liquid nitrogen and
resuspended in 8 mL of extraction buffer (20 mM sodium phosphate, 0.5 M NaCl, 40 mM imidazole, pH
7.4, containing 80 μL of PMSF 1 mM and 16 μL 2-mercaptoethanol). The plant material was
homogenised, �ltered through Miracloth (Calbiochem), and tissue debris was removed by two successive
centrifugations at 10,000 x g and 4 °C for 15 min. The sample was then �ltered through 4-mm and 0.45-
μm pore diameter nylon membranes (Waters). Protein samples were subjected to FPLC (Fast Protein
Liquid Chromatography) with a nickel-loaded HisTrap HP 1 mL column (GE Healthcare Life Sciences).
The column was washed with binding buffer (20 mM sodium phosphate, 0.5 M NaCl, 40 mM imidazole,
pH 7.4), and the retained proteins were eluted with a 40-500 mM linear imidazole gradient in the same
buffer at a flow rate of 1 mL/min by measuring A280 at the column outlet and collecting 500 μL fractions
by a RediFrac-1 automatic collector (Amersham Pharmacia Biotech).

Fractions were pooled in threes and analysed by SDS-PAGE following the method described by Conejero
and Semancik [97]. Proteins were stained with Coomassie Brilliant Blue R-250. The recombinant Twi1
protein appeared only in the leaf tissues in�ltrated with the pGWB8-Twi1 construction. The fractions
containing the recombinant Twi1 protein were desalted using a PD-10 column, eluted with Tris buffer
(Tris-HCl 50 mM, pH 7.5), and assayed for activity in vitro. The equivalent fractions from the control
sample were also tested.

In vitro assay of recombinant Twi1 activity

The reaction mixture used to perform the standard assay for glycosyltransferase activity contained: 200
μL of the puri�ed protein in Tris buffer (Tris-HCl 50 mM, pH 7.5), 0.1 mM of the final concentration of the
sugar acceptor and 2 mM UDP-glucose (Fluka) or UDP-xylose (CarboSource Services, Complex
Carbohydrate Research Centre, University of Georgia, USA) in a 206,5 microL �nal volume reaction. All the
compounds used for Twi1 glycosyltransferase activity test were purchased from Sigma. Reactions were
incubated overnight at 37 °C and stopped by adding one volume of 100% methanol. Then samples were
�ltered through a 4-mm nylon membrane (0.45 μm pore, Waters) and were analysed by high performance
liquid chromatography (HPLC, Waters) according to the Yalpani [98] and Bellés [64] indications, or by a Q-
ToF-MS analysis.
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To detect the conjugated products of SA, GA, 2,4-DHBA, scopoletin, esculetin and umbelliferone, HPLC-
�uorescence was employed as described before. The conjugated forms of the other simple phenolics and
of the phenylpropanoids were detected by Q-ToF-PDA-MS, as reported above.

Bioinformatics and statistical analyses

The symptomatology of each plant, which was monitored at the indicated time points and scored
according to symptom severity, was statistically analysed by a Kruskal-Wallis test. Different letters
indicate signi�cant differences (p-value < 0.05) between the RNAi Twi1 transgenic and wt infected plants.

The “Infectivity Index” consists of the total number of days that each plant presents symptoms [90]. The
data from a representative experiment of three independent assays were used to perform the statistical
analysis by the Mann-Whitney nonparametric test. A p-value of < 0.05 was considered statistically
signi�cant. The IBM SPSS v.19 package was used for all the statistical analyses.

For the untargeted analysis of the hydrolysed polar and semi-polar pro�les, the UPLC-MS data were
processed with XCMS online resources (https://xcmsonline.scripps.edu) with the appropriate script for
the alignment of chromatograms and the quanti�cation of each MS feature [99]. The resulting dataset
was submitted to a Partial Least Square (PLS) study by the SIMCA-P software (v. 11.0, Umetrics, Umeå,
Sweden) using unit variance (UV) scaling.

The phylogenetic tree analysis was generated with the MegAlign software bundled in the DNASTAR
Lasergene package. The glycosyltransferases considered in the alignment were: IS5a (GB: AAB36653),
Togt1 (GB: AAK28303), Togt2 (GB: AAK28304), IS10a (GB: AAB36652), SA-GTase (GB: AAF61647) and
JIGT (GB: BAA19155) from Nicotiana tabacum; Scopoletin GT (NCBI: XP_015062099) from Solanum
pennellii; Sgt1 (GB: AAB48444) and Scopoletin GT (NCBI: XP_006346388) from Solanum tuberosum;
Scopoletin GT (NCBI: XP_016539537) from Capsicum annuum, UGT73B3 (NCBI: NP_567953) and
UGT73B5 (NCBI: NP_179150) from Arabidopsis thaliana, as well as Twi1 (GB: CAA59450) and GAGT (GB:
CAI62049) from Solanum lycopersicum.

Abbreviations
2,4-DHBA 2,4-dihydroxybenzoic acid

2,4,6-THBA 2,4,6-trihydroxybenzoic acid

BLAST basic local alignment search tool

CAZy carbohydrate active enzymes

CEVd citrus exocortis viroid

GA gentisic acid
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GT glycosyltransferase

HPLC high performance liquid chromatography

MS mass spectrometry

PCR polymerase chain reaction

PLS partial least squares

PSPG plant secondary product glycosyltransferase

Pst Pseudomonas syringae pv. tomato

Q-ToF quadrupole-time of �ight

RNAi interfering RNA

SA salicylic acid

TMV tobacco mosaic virus

TOGT tobacco glucosyltransferase

ToMV tomato mosaic virus

TSWV tomato spotted wilt virus

UGT uridine diphosphate sugar-dependent glycosyltransferase

UPLC ultra performance liquid chromatography

wt wild type

Declarations
Ethics approval and consent to participate

 ‘Not applicable’

Consent for publication

‘Not applicable’

Availability of data and materials

‘Not applicable'



Page 18/38

Competing interests

None of the authors have any competing interests.

Funding

This work was funded by Grant BIO2012-33419 (PI JM Bellés), from the Dirección General de Programas
y Transferencia de Conocimiento, Spanish Ministry of Science and Innovation, and grant AICO/2017/048
(PI JM Bellés) from the Valencian Local Government (Generalitat Valenciana, Spain). L Campos was a
recipient of a predoctoral fellowship ACIF/2010/231 from the Valencian Local Government (Generalitat
Valenciana, Spain).

Authors' contributions

The work herein presented was carried out with the collaboration of all the authors. JM Bellés de�ned the
research theme. L Campos, D Fuertes and MP López-Gresa carried out the laboratory experiments. P
Lisón and I Rodrigo contributed to the experimental design and interpreted the data. L Campos drafted
the article. MP López-Gresa, P Lisón and I Rodrigo participated in revising it critically for important
intellectual content. All authors have read and approved the �nal version of the manuscript to be
published. Each author has participated su�ciently in the work to take public responsibility for its
content.

Acknowledgements

We would like to thank the Proteomics and Metabolomics Services of the IBMCP (Valencia, Spain),
especially Susana Tárraga and Teresa Caballero, respectively, for their excellent technical support. We
also thank Eduardo Moya for technical assistance.

References
 

1. Kliebenstein DJ: Secondary metabolites and plant/environment interactions: a view through
Arabidopsis thaliana tinged glasses. Plant, Cell & Environment 2004, 27(6):675-684.

2. Yang L, Wen K-S, Ruan X, Zhao Y-X, Wei F, Wang Q: Response of Plant Secondary Metabolites to
Environmental Factors. Molecules (Basel, Switzerland) 2018, 23(4):762.

3. D'Auria JC, Gershenzon J: The secondary metabolism of Arabidopsis thaliana: growing like a weed.
Current opinion in plant biology 2005, 8(3):308-316.

4. Dixon RA, Paiva NL: Stress-Induced Phenylpropanoid Metabolism. The Plant cell 1995, 7(7):1085-
1097.

5. Kefeli VI, Kalevitch M, Borsari B: Phenolic cycle in plants and environment. Journal of Cell and
Molecular Biology 2003, 2:13-18.



Page 19/38

�. Klessig DF, Choi HW, Dempsey DA: Systemic Acquired Resistance and Salicylic Acid: Past, Present,
and Future. Molecular plant-microbe interactions : MPMI 2018, 31(9):871-888.

7. He XZ, Dixon RA: Genetic manipulation of iso�avone 7-O-methyltransferase enhances biosynthesis
of 4'-O-methylated iso�avonoid phytoalexins and disease resistance in alfalfa. The Plant cell 2000,
12(9):1689-1702.

�. Rice-Evans C, Miller N, Paganga G: Antioxidant properties of phenolic compounds. Trends in plant
science 1997, 2(4):152-159.

9. Gnonlon�n GJB, Sanni A, Brimer L: Review Scopoletin – A Coumarin Phytoalexin with Medicinal
Properties. Critical Reviews in Plant Sciences 2012, 31(1):47-56.

10. Mierziak J, Kostyn K, Kulma A: Flavonoids as important molecules of plant interactions with the
environment. Molecules (Basel, Switzerland) 2014, 19(10):16240-16265.

11. Liu X, Lin C, Ma X, Tan Y, Wang J, Zeng M: Functional Characterization of a Flavonoid
Glycosyltransferase in Sweet Orange (Citrus sinensis). Frontiers in plant science 2018, 9:166.

12. Baidez AG, Gomez P, Del Rio JA, Ortuno A: Dysfunctionality of the xylem in Olea europaea L. Plants
associated with the infection process by Verticillium dahliae Kleb. Role of phenolic compounds in
plant defense mechanism. Journal of agricultural and food chemistry 2007, 55(9):3373-3377.

13. El Hadrami A, Adam LR, Daayf F: Biocontrol treatments confer protection against Verticillium dahliae
infection of potato by inducing antimicrobial metabolites. Molecular plant-microbe interactions :
MPMI 2011, 24(3):328-335.

14. Hernandez I, Alegre L, Van Breusegem F, Munne-Bosch S: How relevant are �avonoids as
antioxidants in plants? Trends in plant science 2009, 14(3):125-132.

15. Agati G, Azzarello E, Pollastri S, Tattini M: Flavonoids as antioxidants in plants: location and
functional signi�cance. Plant science : an international journal of experimental plant biology 2012,
196:67-76.

1�. Wang J, Hou B: Glycosyltransferases: key players involved in the modi�cation of plant secondary
metabolites. Frontiers of Biology in China 2009, 4(1):39-46.

17. Bowles D, Isayenkova J, Lim EK, Poppenberger B: Glycosyltransferases: managers of small
molecules. Current opinion in plant biology 2005, 8(3):254-263.

1�. Lim EK, Bowles DJ: A class of plant glycosyltransferases involved in cellular homeostasis. The
EMBO journal 2004, 23(15):2915-2922.

19. Gachon CM, Langlois-Meurinne M, Saindrenan P: Plant secondary metabolism glycosyltransferases:
the emerging functional analysis. Trends in plant science 2005, 10(11):542-549.

20. Ghose K, Selvaraj K, McCallum J, Kirby CW, Sweeney-Nixon M, Cloutier SJ, Deyholos M, Datla R,
Fofana B: Identi�cation and functional characterization of a �ax UDP-glycosyltransferase
glucosylating secoisolariciresinol (SECO) into secoisolariciresinol monoglucoside (SMG) and
diglucoside (SDG). BMC plant biology 2014, 14:82.



Page 20/38

21. Li Y, Baldauf S, Lim EK, Bowles DJ: Phylogenetic analysis of the UDP-glycosyltransferase multigene
family of Arabidopsis thaliana. The Journal of biological chemistry 2001, 276(6):4338-4343.

22. Vogt T, Jones P: Glycosyltransferases in plant natural product synthesis: characterization of a
supergene family. Trends in plant science 2000, 5(9):380-386.

23. Le Roy J, Huss B, Creach A, Hawkins S, Neutelings G: Glycosylation Is a Major Regulator of
Phenylpropanoid Availability and Biological Activity in Plants. Frontiers in plant science 2016, 7:735.

24. Lim EK, Doucet CJ, Li Y, Elias L, Worrall D, Spencer SP, Ross J, Bowles DJ: The activity of Arabidopsis
glycosyltransferases toward salicylic acid, 4-hydroxybenzoic acid, and other benzoates. The Journal
of biological chemistry 2002, 277(1):586-592.

25. Horvath DM, Chua NH: Identi�cation of an immediate-early salicylic acid-inducible tobacco gene and
characterization of induction by other compounds. Plant molecular biology 1996, 31(5):1061-1072.

2�. Fraissinet-Tachet L, Baltz R, Chong J, Kauffmann S, Fritig B, Saindrenan P: Two tobacco genes
induced by infection, elicitor and salicylic acid encode glucosyltransferases acting on
phenylpropanoids and benzoic acid derivatives, including salicylic acid. FEBS letters 1998,
437(3):319-323.

27. Chong J, Baltz R, Schmitt C, Beffa R, Fritig B, Saindrenan P: Downregulation of a pathogen-
responsive tobacco UDP-Glc:phenylpropanoid glucosyltransferase reduces scopoletin glucoside
accumulation, enhances oxidative stress, and weakens virus resistance. The Plant cell 2002,
14(5):1093-1107.

2�. Langlois-Meurinne M, Gachon CMM, Saindrenan P: Pathogen-responsive expression of
glycosyltransferase genes UGT73B3 and UGT73B5 is necessary for resistance to Pseudomonas
syringae pv tomato in Arabidopsis. Plant physiology 2005, 139(4):1890-1901.

29. Lee BJ, Kim SK, Choi SB, Bae J, Kim KJ, Kim YJ, Paek KH: Pathogen-inducible CaUGT1 is involved in
resistance response against TMV infection by controlling salicylic acid accumulation. FEBS letters
2009, 583(13):2315-2320.

30. Simon C, Langlois-Meurinne M, Didierlaurent L, Chaouch S, Bellvert F, Massoud K, Garmier M,
Thareau V, Comte G, Noctor G et al: The secondary metabolism glycosyltransferases UGT73B3 and
UGT73B5 are components of redox status in resistance of Arabidopsis to Pseudomonas syringae pv.
tomato. Plant Cell Environ 2014, 37(5):1114-1129.

31. Huang XX, Zhu GQ, Liu Q, Chen L, Li YJ, Hou BK: Modulation of Plant Salicylic Acid-Associated
Immune Responses via Glycosylation of Dihydroxybenzoic Acids. Plant Physiol 2018, 176(4):3103-
3119.

32. Gachon C, Baltz R, Saindrenan P: Over-expression of a scopoletin glucosyltransferase in Nicotiana
tabacum leads to precocious lesion formation during the hypersensitive response to tobacco mosaic
virus but does not affect virus resistance. Plant molecular biology 2004, 54(1):137-146.

33. Langenbach C, Campe R, Schaffrath U, Goellner K, Conrath U: UDP-glucosyltransferase
UGT84A2/BRT1 is required for Arabidopsis nonhost resistance to the Asian soybean rust pathogen
Phakopsora pachyrhizi. New Phytologist 2013, 198(2):536-545.



Page 21/38

34. Song C, Gu L, Liu J, Zhao S, Hong X, Schulenburg K, Schwab W: Functional Characterization and
Substrate Promiscuity of UGT71 Glycosyltransferases from Strawberry (Fragaria x ananassa). Plant
& cell physiology 2015, 56(12):2478-2493.

35. Tárraga S, Lisón P, López-Gresa MP, Torres C, Rodrigo I, Bellés JM, Conejero V: Molecular cloning and
characterization of a novel tomato xylosyltransferase speci�c for gentisic acid. Journal of
experimental botany 2010, 61(15):4325-4338.

3�. von Saint Paul V, Zhang W, Kanawati B, Geist B, Faus-Kessler T, Schmitt-Kopplin P, Schaffner AR: The
Arabidopsis glucosyltransferase UGT76B1 conjugates isoleucic acid and modulates plant defense
and senescence. The Plant cell 2011, 23(11):4124-4145.

37. Kim JH, Kim BG, Ko JH, Lee Y, Hur H-G, Lim Y, Ahn J-H: Molecular cloning, expression, and
characterization of a �avonoid glycosyltransferase from Arabidopsis thaliana. Plant Science 2006,
170(4):897-903.

3�. Griesser M, Vitzthum F, Fink B, Bellido ML, Raasch C, Munoz-Blanco J, Schwab W: Multi-substrate
�avonol O-glucosyltransferases from strawberry (Fragaria x ananassa) achene and receptacle.
Journal of experimental botany 2008, 59(10):2611-2625.

39. Rehman HM, Nawaz MA, Shah ZH, Ludwig-Müller J, Chung G, Ahmad MQ, Yang SH, Lee SI:
Comparative genomic and transcriptomic analyses of Family-1 UDP glycosyltransferase in three
Brassica species and Arabidopsis indicates stress-responsive regulation. Scienti�c Reports 2018,
8(1):1875.

40. Sun Y, Ji K, Liang B, Du Y, Jiang L, Wang J, Kai W, Zhang Y, Zhai X, Chen P et al: Suppressing ABA
uridine diphosphate glucosyltransferase (SlUGT75C1) alters fruit ripening and the stress response in
tomato. The Plant journal : for cell and molecular biology 2017, 91(4):574-589.

41. O'Donnell PJ, Truesdale MR, Calvert CM, Dorans A, Roberts MR, Bowles DJ: A novel tomato gene that
rapidly responds to wound- and pathogen-related signals. The Plant Journal 1998, 14(1):137-142.

42. Lee HI, Raskin I: Puri�cation, cloning, and expression of a pathogen inducible UDP-glucose:Salicylic
acid glucosyltransferase from tobacco. The Journal of biological chemistry 1999, 274(51):36637-
36642.

43. Taguchi G, Imura H, Maeda Y, Kodaira R, Hayashida N, Shimosaka M, Okazaki M: Puri�cation and
characterization of UDP-glucose: hydroxycoumarin 7-O-glucosyltransferase, with broad substrate
speci�city from tobacco cultured cells. Plant science : an international journal of experimental plant
biology 2000, 157(1):105-112.

44. Jackson RG, Lim EK, Li Y, Kowalczyk M, Sandberg G, Hoggett J, Ashford DA, Bowles DJ:
Identi�cation and biochemical characterization of an Arabidopsis indole-3-acetic acid
glucosyltransferase. The Journal of biological chemistry 2001, 276(6):4350-4356.

45. Isayenkova J, Wray V, Nimtz M, Strack D, Vogt T: Cloning and functional characterisation of two
regioselective �avonoid glucosyltransferases from Beta vulgaris. Phytochemistry 2006, 67(15):1598-
1612.



Page 22/38

4�. Seto Y, Hamada S, Matsuura H, Matsushige M, Satou C, Takahashi K, Masuta C, Ito H, Matsui H,
Nabeta K: Puri�cation and cDNA cloning of a wound inducible glucosyltransferase active toward 12-
hydroxy jasmonic acid. Phytochemistry 2009, 70(3):370-379.

47. Li X, Svedin E, Mo H, Atwell S, Dilkes BP, Chapple C: Exploiting natural variation of secondary
metabolism identi�es a gene controlling the glycosylation diversity of dihydroxybenzoic acids in
Arabidopsis thaliana. Genetics 2014, 198(3):1267-1276.

4�. Dewitte G, Walmagh M, Diricks M, Lepak A, Gutmann A, Nidetzky B, Desmet T: Screening of
recombinant glycosyltransferases reveals the broad acceptor speci�city of stevia UGT-76G1. Journal
of biotechnology 2016, 233:49-55.

49. Garcia D, Sanier C, Macheix JJ, D'Auzac J: Accumulation of scopoletin in Hevea brasiliensis infected
by Microcyclus ulei (P. Henn.) V. ARX and evaluation of its fungitoxicity for three leaf pathogens of
rubber tree. Physiological and Molecular Plant Pathology 1995, 47(4):213-223.

50. Baillieul F, de Ruffray P, Kauffmann S: Molecular cloning and biological activity of alpha-, beta-, and
gamma-megaspermin, three elicitins secreted by Phytophthora megasperma H20. Plant physiology
2003, 131(1):155-166.

51. Shimizu B, Miyagawa H, Ueno T, Sakata K, Watanabe K, Ogawa K: Morning glory systemically
accumulates scopoletin and scopolin after interaction with Fusarium oxysporum. Zeitschrift fur
Naturforschung C, Journal of biosciences 2005, 60(1-2):83-90.

52. Ogawa K: Studies on Fusarium wilt of sweet potato (Ipomoea batatas L.). Bulletin of the National
Agricultural Research Center, Japan 1988, 10:127-161.

53. Tanguy J, Martin C: Phenolic compounds and the hypersensitivity reaction in nicotiana tabacum
infected with tobacco mosaic virus. Phytochemistry 1972, 11(1):19-28.

54. Churngchow N, Rattarasarn M: The elicitin secreted by Phytophthora palmivora, a rubber tree
pathogen. Phytochemistry 2000, 54(1):33-38.

55. Goy PA, Signer H, Reist R, Aichholz R, Blum W, Schmidt E, Kessmann H: Accumulation of scopoletin
is associated with the high disease resistance of the hybrid Nicotiana glutinosa x Nicotiana debneyi.
Planta 1993, 191(2):200-206.

5�. Sun H, Wang L, Zhang B, Ma J, Hettenhausen C, Cao G, Sun G, Wu J, Wu J: Scopoletin is a
phytoalexin against Alternaria alternata in wild tobacco dependent on jasmonate signalling. Journal
of experimental botany 2014, 65(15):4305-4315.

57. Kai K, Shimizu B, Mizutani M, Watanabe K, Sakata K: Accumulation of coumarins in Arabidopsis
thaliana. Phytochemistry 2006, 67(4):379-386.

5�. Sim M-O, Lee H-I, Ham JR, Seo K-I, Lee M-K: Long-term supplementation of esculetin ameliorates
hepatosteatosis and insulin resistance partly by activating AdipoR2–AMPK pathway in diet-induced
obese mice. Journal of Functional Foods 2015, 15:160-171.

59. Mazimba O: Umbelliferone: Sources, chemistry and bioactivities review. Bulletin of Faculty of
Pharmacy, Cairo University 2017, 55(2):223-232.



Page 23/38

�0. Carpinella MC, Ferrayoli CG, Palacios SM: Antifungal synergistic effect of scopoletin, a
hydroxycoumarin isolated from Melia azedarach L. fruits. Journal of agricultural and food chemistry
2005, 53(8):2922-2927.

�1. Chen T, Guo Q, Wang H, Zhang H, Wang C, Zhang P, Meng S, Li Y, Ji H, Yan T: Effects of esculetin on
lipopolysaccharide (LPS)-induced acute lung injury via regulation of RhoA/Rho Kinase/NF-small ka,
CyrillicB pathways in vivo and in vitro. Free radical research 2015, 49(12):1459-1468.

�2. Prabakaran D, Ashokkumar N: Protective effect of esculetin on hyperglycemia-mediated oxidative
damage in the hepatic and renal tissues of experimental diabetic rats. Biochimie 2013, 95(2):366-
373.

�3. Sheyn U, Rosenwasser S, Ben-Dor S, Porat Z, Vardi A: Modulation of host ROS metabolism is
essential for viral infection of a bloom-forming coccolithophore in the ocean. The ISME journal 2016,
10(7):1742-1754.

�4. Bellés JM, Garro R, Fayos J, Navarro P, Primo J, Conejero V: Gentisic Acid As a Pathogen-Inducible
Signal, Additional to Salicylic Acid for Activation of Plant Defenses in Tomato. Molecular Plant-
Microbe Interactions 1999, 12(3):227-235.

�5. Fayos J, Belles JM, Lopez-Gresa MP, Primo J, Conejero V: Induction of gentisic acid 5-O-beta-D-
xylopyranoside in tomato and cucumber plants infected by different pathogens. Phytochemistry
2006, 67(2):142-148.

��. Bartsch M, Bednarek P, Vivancos PD, Schneider B, von Roepenack-Lahaye E, Foyer CH, Kombrink E,
Scheel D, Parker JE: Accumulation of isochorismate-derived 2,3-dihydroxybenzoic 3-O-beta-D-
xyloside in arabidopsis resistance to pathogens and ageing of leaves. The Journal of biological
chemistry 2010, 285(33):25654-25665.

�7. Dachineni R, Kumar DR, Callegari E, Kesharwani SS, Sankaranarayanan R, Seefeldt T, Tummala H,
Bhat GJ: Salicylic acid metabolites and derivatives inhibit CDK activity: Novel insights into aspirin's
chemopreventive effects against colorectal cancer. International journal of oncology 2017,
51(6):1661-1673.

��. Lorenc-Kukula K, Zuk M, Kulma A, Czemplik M, Kostyn K, Skala J, Starzycki M, Szopa J: Engineering
Flax with the GT Family 1 Solanum sogarandinum Glycosyltransferase SsGT1 Confers Increased
Resistance to Fusarium Infection. Journal of agricultural and food chemistry 2009, 57(15):6698-
6705.

�9. Song JT, Koo YJ, Seo HS, Kim MC, Choi YD, Kim JH: Overexpression of AtSGT1, an Arabidopsis
salicylic acid glucosyltransferase, leads to increased susceptibility to Pseudomonas syringae.
Phytochemistry 2008, 69(5):1128-1134.

70. Hirade Y, Kotoku N, Terasaka K, Saijo-Hamano Y, Fukumoto A, Mizukami H: Identi�cation and
functional analysis of 2-hydroxy�avanone C-glucosyltransferase in soybean (Glycine max). FEBS
letters 2015, 589(15):1778-1786.

71. Bravo L: Polyphenols: chemistry, dietary sources, metabolism, and nutritional signi�cance. Nutrition
reviews 1998, 56(11):317-333.



Page 24/38

72. Ross JA, Kasum CM: Dietary �avonoids: bioavailability, metabolic effects, and safety. Annual review
of nutrition 2002, 22:19-34.

73. Wang Y, Chen S, Yu O: Metabolic engineering of �avonoids in plants and microorganisms. Applied
microbiology and biotechnology 2011, 91(4):949-956.

74. Treutter D: Signi�cance of �avonoids in plant resistance: a review. Environmental Chemistry Letters
2006, 4(3):147.

75. Bollina V, Kushalappa AC: In vitro inhibition of trichothecene biosynthesis in Fusarium graminearum
by resistance-related endogenous metabolites identi�ed in barley. Mycology 2011, 2(4):291-296.

7�. Bilska K, Stuper-Szablewska K, Kulik T, Busko M, Zaluski D, Jurczak S, Perkowski J: Changes in
Phenylpropanoid and Trichothecene Production by Fusarium culmorum and F. graminearum Sensu
Stricto via Exposure to Flavonoids. Toxins 2018, 10(3).

77. French CJ, Elder M, Leggett F, Ibrahim RK, Neil Towers GH: Flavonoids inhibit infectivity of tobacco
mosaic virus. Canadian Journal of Plant Pathology 1991, 13(1):1-6.

7�. Ko CH, Shen SC, Hsu CS, Chen YC: Mitochondrial-dependent, reactive oxygen species-independent
apoptosis by myricetin: roles of protein kinase C, cytochrome c, and caspase cascade. Biochemical
pharmacology 2005, 69(6):913-927.

79. López-Gresa MP, Torres C, Campos L, Lisón P, Rodrigo I, Bellés JM, Conejero V: Identi�cation of
defence metabolites in tomato plants infected by the bacterial pathogen Pseudomonas syringae.
Environmental and Experimental Botany 2011, 74:216-228.

�0. Chitarrini G, Nobili C, Pinzari F, Antonini A, De Rossi P, Del Fiore A, Procacci S, Tolaini V, Scala V,
Scarpari M et al: Buckwheat achenes antioxidant pro�le modulates Aspergillus �avus growth and
a�atoxin production. International journal of food microbiology 2014, 189:1-10.

�1. Bollina V, Kumaraswamy GK, Kushalappa AC, Choo TM, Dion Y, Rioux S, Faubert D, Hamzehzarghani
H: Mass spectrometry-based metabolomics application to identify quantitative resistance-related
metabolites in barley against Fusarium head blight. Molecular plant pathology 2010, 11(6):769-782.

�2. Gunnaiah R, Kushalappa AC, Duggavathi R, Fox S, Somers DJ: Integrated metabolo-proteomic
approach to decipher the mechanisms by which wheat QTL (Fhb1) contributes to resistance against
Fusarium graminearum. PloS one 2012, 7(7):e40695-e40695.

�3. Huang F-C, Giri A, Daniilidis M, Sun G, Härtl K, Hoffmann T, Schwab W: Structural and Functional
Analysis of UGT92G6 Suggests an Evolutionary Link Between Mono- and Disaccharide Glycoside-
Forming Transferases. Plant and Cell Physiology 2018, 59(4):862- 875.

�4. Dhaubhadel S, Farhangkhoee M, Chapman R: Identi�cation and characterization of iso�avonoid
speci�c glycosyltransferase and malonyltransferase from soybean seeds. Journal of experimental
botany 2008, 59(4):981-994.

�5. Belles JM, Garro R, Pallas V, Fayos J, Rodrigo I, Conejero V: Accumulation of gentisic acid as
associated with systemic infections but not with the hypersensitive response in plant-pathogen
interactions. Planta 2006, 223(3):500-511.



Page 25/38

��. Gu YQ, Yang C, Thara VK, Zhou J, Martin GB: Pti4 is induced by ethylene and salicylic acid, and its
product is phosphorylated by the Pto kinase. The Plant cell 2000, 12(5):771-786.

�7. Ntoukakis V, Mucyn TS, Gimenez-Ibanez S, Chapman HC, Gutierrez JR, Balmuth AL, Jones AM,
Rathjen JP: Host inhibition of a bacterial virulence effector triggers immunity to infection. Science
2009, 324(5928):784-787.

��. Lopez-Gresa MP, Lison P, Campos L, Rodrigo I, Rambla JL, Granell A, Conejero V, Belles JM: A Non-
targeted Metabolomics Approach Unravels the VOCs Associated with the Tomato Immune Response
against Pseudomonas syringae. Frontiers in plant science 2017, 8:1188.

�9. Soler S, Díez MJ, Roselló S, Nuez F: Movement and distribution of tomato spotted wilt virus in
resistant and susceptible accessions of Capsicum spp. Canadian Journal of Plant Pathology 1999,
21(4):317-325.

90. Campos L, Granell P, Tarraga S, Lopez-Gresa P, Conejero V, Belles JM, Rodrigo I, Lison P: Salicylic acid
and gentisic acid induce RNA silencing-related genes and plant resistance to RNA pathogens. Plant
Physiology and Biochemistry 2014, 77:35-43.

91. Nakagawa T, Suzuki T, Murata S, Nakamura S, Hino T, Maeo K, Tabata R, Kawai T, Tanaka K, Niwa Y
et al: Improved Gateway binary vectors: high-performance vectors for creation of fusion constructs in
transgenic analysis of plants. Bioscience, biotechnology, and biochemistry 2007, 71(8):2095-2100.

92. Helliwell C, Waterhouse P: Constructs and methods for high-throughput gene silencing in plants.
Methods (San Diego, Calif) 2003, 30(4):289-295.

93. Lakatos L, Szittya G, Silhavy D, Burgyan J: Molecular mechanism of RNA silencing suppression
mediated by p19 protein of tombusviruses. The EMBO journal 2004, 23(4):876-884.

94. Ellul P, Garcia-Sogo B, Pineda B, Rios G, Roig LA, Moreno V: The ploidy level of transgenic plants in
Agrobacterium-mediated transformation of tomato cotyledons ( Lycopersicon esculentum Mill.) is
genotype and procedure dependent [corrected]. TAG Theoretical and applied genetics Theoretische
und angewandte Genetik 2003, 106(2):231-238.

95. Yalpani N, Schulz M, Davis MP, Balke NE: Partial puri�cation and properties of an inducible uridine 5'-
diphosphate-glucose-salicylic Acid glucosyltransferase from oat roots. Plant physiology 1992,
100(1):457-463.

9�. Campos L, Lisón P, López-Gresa MP, Rodrigo I, Zacarés L, Conejero V, Bellés JM: Transgenic Tomato
Plants Overexpressing Tyramine N-Hydroxycinnamoyltransferase Exhibit Elevated Hydroxycinnamic
Acid Amide Levels and Enhanced Resistance to Pseudomonas syringae. Molecular Plant-Microbe
Interactions 2014, 27(10):1159-1169.

97. Conejero V, Semancik J: Analysis of the proteins in crude plant extracts by polyacrylamide gel
electrophoresis. Phytopathology 1977, 67:1424–1426.

9�. Yalpani N, Leon J, Lawton MA, Raskin I: Pathway of Salicylic Acid Biosynthesis in Healthy and Virus-
Inoculated Tobacco. Plant Physiol 1993, 103(2):315-321.

99. Rambla JL., López-Gresa MP., Bellés JM., A. G: Metabolomic Pro�ling of Plant Tissues. In: Plant
Functional Genomics Methods in Molecular Biology. Edited by Alonso J., A. S, vol. 1284. New York,



Page 26/38

NY: Humana Press; 2015.

 

Table

Table 1. In vitro assay of Twi1 glycosyltransferase activity.

Compound Activity(*) Method for detection

     

2,4-DHBA + HPLC-fluorescence

2,4,6-THBA + UPLC-Q-ToF-MS

4-Hydroxybenzoic acid - UPLC-Q-ToF-MS

Benzoic acid - UPLC-Q-ToF-MS

Salicylic acid - HPLC-fluorescence

Scopoletin + HPLC-fluorescence

Esculetin + HPLC-fluorescence

Umbelliferone + HPLC-fluorescence

Caffeic acid - UPLC-Q-ToF-MS

Cinnamic acid - UPLC-Q-ToF-MS

Chlorogenic acid - UPLC-Q-ToF-MS

o-coumaric acid - UPLC-Q-ToF-MS

p-coumaric acid - UPLC-Q-ToF-MS

Ferulic acid - UPLC-Q-ToF-MS

     

(*) Plus: glycoconjugate detected

      Minus: glycoconjugate not detected

Table 1. The Twi1 in vitro glycosyltransferase activity assay. The Twi1 purified

recombinant protein was tested for glycosyltransferase activity in vitro using UDP-glucose

and the following phenolics as sugar acceptors:  2,4-Dihydroxybenzoic acid (2,4-DHBA),

2,4,6-Trihydroxybenzoic acid (2,4,6-THBA), Benzoic acid, Salicylic acid, 4-Hydroxybenzoic
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acid, Scopoletin, Esculetin, Umbelliferone, Cinnamic acid, p-coumaric acid, Caffeic acid,

Ferulic acid, o-coumaric acid and Chlorogenic acid. Samples were analysed by HPLC-

fluorescence or UPLC-Q-ToF-MS to detect sugar acceptor and/or glycoconjugate

formation. 

Additional Material
- File name:  Supplementary Fig S1.pptx

- File format: Microsoft Power Point (.pptx)

- Title of data: Supplementary Figure S1

- Description of data: Gene expression of Twi1 in tomato leaves upon water or salicylic acid treatment.

 

- File name:  Supplementary Fig S2.pptx

- File format: Microsoft Power Point (.pptx)

- Title of data: Supplementary Figure S2

- Description of data: Puri�cation of the Twi1 recombinant protein.

 

- File name:  Supplementary Fig S3.pptx

- File format: Microsoft Power Point (.pptx)

- Title of data: Supplementary Figure S3

- Description of data: Twi1 enzyme activity towards umbelliferone, 2,4-DHBA and sculetin.

 

- File name:  Supplementary Fig S4.pptx
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- Title of data: Supplementary Figure S4

- Description of data: Twi1 enzyme activity towards 2,4,6-DHBA.
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- File name:  Supplementary Fig S5.pptx

- File format: Microsoft Power Point (.pptx)

- Title of data: Supplementary Figure S5

- Description of data: Disease severity of the transgenic and parental plants to TSWV virus

 

- File name:  Supplementary Fig S6.pptx

- File format: Microsoft Power Point (.pptx)

- Title of data: Supplementary Figure S6

- Description of data: Twi1 gene expression transgenic tomato plants upon TSWV infection.
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Figure 1

Twi1 gene expression in tomato after inoculation with Pseudomonas syringae pv. tomato. The
quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis of Twi1 gene expression
in the inoculated and Mock-inoculated leaves from tomato plants cv. ‘Rio Grande’ upon inoculation with
the Pseudomonas syringae pv. tomato DC3000 avirulent (AvrPto) or virulent (∆AvrPto) strains. The
Elongation Factor 1 alpha (eEF1α) gene was used as an endogenous reference. The results correspond to
the means±SD of three independent plants from a representative experiment. A t-test was performed with
the data from three independent experiments. Asterisks (*) indicate statistical signi�cance with a p value
<0.05 in relation to the Mock-inoculated plants.

Figure 2

Twi1 gene expression in tomato after inoculation with Tomato spotted wilt virus (TSWV). A quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) analysis of Twi1 gene expression in the
inoculated and Mock-inoculated leaves from tomato plants cv. Moneymaker upon inoculation with TSWV.
The Elongation Factor 1 alpha (eEF1α) gene was used as an endogenous reference. The results
correspond to the means±SD of three independent plants from a representative experiment. A t-test was
performed with the data from three independent experiments. Asterisks (*) indicate statistical
signi�cance with a p value <0.05 in relation to the Mock-inoculated plants.
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Figure 3

Twi1 phylogenetic tree with different glycosyltransferases involved in plant defence. The
glycosyltransferases included in the analysis were IS5a (AAB36653), togt1 (AAK28303), IS10a
(AAB36652), togt2 (AAK28304), SA-GTase (AAF61647) and JIGT (BAA19155) from Nicotiana tabacum.
Scopoletin GT from Solanum pennellii (XP_015062099), Twi1 (CAA59450) and GAGT (CAI62049) from
Solanum lycopersicum, Scopoletin GT from Solanum tuberosum (XP_006346388), Scopoletin GT from
Capsicum annuum (XP_016539537), UGT73B3 (NP_567953) and UGT73B5 (NP_179150) from
Arabidopsis thaliana, and Sgt1 from Solanum tuberosum (AAB48444).
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Figure 4

Twi1 in vitro activity assay with scopoletin as the sugar acceptor. (A) The chromatographic peak
obtained when scopoletin was incubated with UDP-glucose in the presence of the Control sample (protein
extract from the N. benthamiana leaves agroinoculated with the pGWB8 empty vector). (B) The
chromatogram obtained upon incubation with the Twi1 puri�ed recombinant protein expressed in the N.
benthamiana agroinoculated leaves. A differential peak was detected, corresponding to scopoletin
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conjugated with glucose. (C) The product of the reaction shown in (B) was incubated with beta-
glucosidase. A free scopoletin peak was the only one detected after treatment. Samples were analysed by
HPLC-�uorescence.

Figure 5

Twi1 gene expression in the Moneymaker and RNAi Twi1 transgenic tomato upon scopoletin, esculetin or
umbelliferone treatment. A quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
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analysis of Twi1 gene expression in the leaves of wt (Moneymaker), and the RNAi Twi1 transgenic
tomato lines 1.1 and 28.3 upon the scopoletin (A), esculetin (B) or umbelliferone (C) stem-feeding
treatments. The Elongation Factor 1 alpha (eEF1α) gene was used as an endogenous reference. The
results correspond to the means±SD of three independent plants from a representative experiment. A t-
test was performed with the data from three independent experiments. Asterisks (*) indicate statistical
signi�cance with a p value <0.05 in relation to the wt plants.

Figure 6

Disease development in the Moneymaker and RNAi Twi1 transgenic tomato inoculated with Tomato
spotted wilt virus (TSWV). The Infectivity Index was measured in the RNAi Twi1 transgenic tomato and wt
(Moneymaker) plants inoculated with TSWV. The percentage of wt plants (black circles), plants from line
1.1 (dark grey triangles) and plants from line 28.3 (light grey triangles) showing symptoms at 6, 8, 10, 13
and 15 days post-inoculation is displayed. Data correspond to one representative of three independent
experiments.
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Figure 7

Accumulation of scopoletin in the Moneymaker and RNAi Twi1 transgenic tomato inoculated with
Tomato spotted wilt virus (TSWV). Leaf samples were collected at 6 days post-inoculation and were
analysed by HPLC-UV. Total scopoletin is the sum of the free and glycosylated forms. Each bar
corresponds to one biological replicate (one plant) from one representative experiment. The experiment
was repeated 3 times.
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Figure 8

PLS analysis of the metabolites from the Moneymaker and RNAi Twi1 transgenic tomato leaves infected
with Tomato spotted wilt virus (TSWV), based on the whole array of the mass spectra within a m/z range
from 100 to 1500. (A) The score plot of the hydrolysed organic extracts of the wt Moneymaker (white),
RNAi Twi1 1.1 (light grey), and RNAi Twi1 28.3 (dark grey) tomato leaves infected with TSWV at 6 days
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post-inoculation. (B) The loading plot showing the metabolites that contributed to the separation of the
metabolic pro�les of the transgenic and parental tomato leaves.

Figure 9

Twi1 in vitro glycosyltransferase activity assay using �avonoids as substrates. The Twi1 puri�ed
recombinant protein was tested for glycosyltransferase activity in vitro using UDP-glucose and the
following �avonoids as sugar acceptors: apigenin, naringenin, quercetin and kaempferol. Samples were
analysed by UPLC-Q-ToF-MS to detect sugar acceptor and glycoconjugate formation. Plus (+):
glycoconjugate detected; Minus (-): glycoconjugate not detected.
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Figure 10

Accumulation of quercetin and kaempferol in the Moneymaker and RNAi Twi1 transgenic tomato
inoculated with Tomato spotted wilt virus (TSWV). (A) Free quercetin. (B) Free kaempferol. (C) Total
quercetin. (D) Total kaempferol. Leaf samples were collected at 6 days post-inoculation and were
analysed by UPLC-Q-ToF-MS. Total is the sum of the free and glycosylated forms. Each bar corresponds
to one biological replicate (one plant) from one representative experiment. The experiment was repeated
3 times.
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