
GLYCOALKALOID METABOLISM1 Is Required for Steroidal
Alkaloid Glycosylation and Prevention of Phytotoxicity
in Tomato W

Maxim Itkin,a,1 Ilana Rogachev,a Noam Alkan,b,2 Tally Rosenberg,c Sergey Malitsky,a Laura Masini,d Sagit Meir,a

Yoko Iijima,e,3 Koh Aoki,e Ric de Vos,d Dov Prusky,b Saul Burdman,c Jules Beekwilder,d and Asaph Aharonia,4

a Department of Plant Sciences, Weizmann Institute of Science, Rehovot 76100, Israel
b Agricultural Research Organization, The Volcani Center, Bet Dagan 50250, Israel
c Department of Plant Pathology and Microbiology, The Robert H. Smith Faculty of Agriculture, Food, and Environment, The

Hebrew University of Jerusalem, Rehovot 76100, Israel
d Plant Research International, Wageningen 6700 AA, The Netherlands
e Kazusa DNA Research Institute, Kisarazu 292-0818, Japan

Steroidal alkaloids (SAs) are triterpene-derived specialized metabolites found in members of the Solanaceae family that

provide plants with a chemical barrier against a broad range of pathogens. Their biosynthesis involves the action of

glycosyltransferases to form steroidal glycoalkaloids (SGAs). To elucidate the metabolism of SGAs in the Solanaceae family,

we examined the tomato (Solanum lycopersicum) GLYCOALKALOID METABOLISM1 (GAME1) gene. Our findings imply that

GAME1 is a galactosyltransferase, largely performing glycosylation of the aglycone tomatidine, resulting in SGA production

in green tissues. Downregulation of GAME1 resulted in an almost 50% reduction in a-tomatine levels (the major SGA in

tomato) and a large increase in its precursors (i.e., tomatidenol and tomatidine). Surprisingly, GAME1-silenced plants

displayed growth retardation and severe morphological phenotypes that we suggest occur as a result of altered membrane

sterol levels caused by the accumulation of the aglycone tomatidine. Together, these findings highlight the role of GAME1 in

the glycosylation of SAs and in reducing the toxicity of SA metabolites to the plant cell.

INTRODUCTION

The steroidal alkaloids (SAs), also known as solanum alkaloids,

are common constituents of numerous plants belonging to the

Solanaceae family, in particular members of the genus Solanum

(Rahman et al., 1998), which comprises 1350 species. SAs have

been extensively investigated for their diverse biological activi-

ties and occurrence in important crop plants (e.g., tomato

[Solanum lycopersicum], potato [Solanum tuberosum], and egg-

plant [Solanum melongena]) (Eich, 2008). The synthesis of SAs,

which is presumed to start from cholesterol, likely occurs in the

cytosol and in most cases involves further glycosylation of the

alkamine steroidal skeleton (aglycone) at C-3b to form steroidal

glycoalkaloids (SGAs) (Bowles, 2002; Friedman, 2002; Arnqvist

et al., 2003; Kalinowska et al., 2005; Bowles et al., 2006).

In plants, SAs serve as phytoanticipins, providing the plant

with a preexisting chemical barrier against a broad range of

pathogens (Chan and Tam, 1985; Gunther et al., 1997; Sandrock

and Vanetten, 1998; Hoagland, 2009). For example, tomato

a-tomatine acts via disruption of membranes, followed by the

leakage of electrolytes and depolarization of the membrane po-

tential (McKee, 1959; Steel and Drysdale, 1988; Keukens et al.,

1992, 1995). However, it was suggested that tomato plants are not

affected by its presence, possibly due the existence of sterol

glycosides and acetylated sterol glycosides in tomato cell mem-

branes (Roddick, 1976a; Steel and Drysdale, 1988; Blankemeyer

et al., 1997). Glycosylation of SAs is believed to reduce the toxicity

of a-tomatine to the plant cell, as treatment of leaf disks from four

plant species demonstrated that a-tomatine caused more severe

electrolyte leakage than did its aglycone tomatidine (Hoagland,

2009). In addition, studies of triterpene saponins in oat (Avena

sativa) and Medicago truncatula pointed to the same role of

glycosylation (Mylona et al., 2008; Naoumkina et al., 2010).

Recently, >50 different SAs were putatively identified in tuber

extracts from seven genotypes (both wild and cultivated species)

(Shakya and Navarre, 2008). In cultivated potato, a-chaconine

and a-solanine comprise >90% of the total SAs. Three genes,

encoding putative glycosyltransferases (GTs) involved in the

biosynthesis of a-solanine and a-chaconine from the aglycone

solanidine, have been identified in potato. The Solanum tuber-

osum sterol alkaloid glycosyltransferase1 (SGT1) gene behaves

in vitro as a UDP-Gal:solanidine galactosyltransferase (Moehs
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et al., 1997). Silencing SGT1 in potato resulted in redirection of

the metabolic flux, causing strong reduction in accumulation of

a-solanine and significant accumulation ofa-chaconine, inwhich

the primary glycosyl unit is Gal and Glc, respectively (McCue

et al., 2005). SGT2 was shown to encode a UDP-Glc:solanidine

glucosyltransferase (McCue et al., 2006), which could mediate

a-chaconine biosynthesis. Finally, SGT3 encodes a UDP-Rha:

b-solanine/b-chaconine rhamnosyltransferase (McCue et al.,

2007).

Approximately 100 different SAs have been described in

various tomato tissues, particularly in fruit (Moco et al., 2006;

Iijima et al., 2008; Kozukue et al., 2008; Mintz-Oron et al., 2008;

Yamanaka et al., 2008). Themajor SA in tomato, a-tomatine, was

reported to be present in the green tissues of the plant together

with dehydrotomatine (Kozukue et al., 2004). Whereas a-tomatine

levels decrease as the fruit matures and ripens, recent studies

suggest a ripening-dependent conversion of a-tomatine into

esculeoside A, the most abundant SA in the red-ripe (RR) tomato

fruit (Fujiwara et al., 2004; Moco et al., 2007; Iijima et al., 2008;

Mintz-Oron et al., 2008; Yamanaka et al., 2009). The levels of

esculeoside A appear to be ripening and ethylene dependent

(Iijima et al., 2009). In tomato, very little is known about the

enzymes and genes contributing to SA biosynthesis. A soluble

protein fraction from tomato leaves was found to exhibit ga-

lactosyltransferase activity and weak glucosyltransferase activ-

ity (Zimowski, 1998). However, no experiments have been

reported about genes that are relevant to SA content and play

a role in tomato.

Here, identification of the GLYCOALKALOID METABOLISM1

(GAME1) gene provides insight into the SA biosynthetic pathway

in tomato. Glycosylation by GAME1 appears to be crucial to

prevent the toxic effect of SAs to the plant cell, and GAME1 is

likely involved in attaching the Gal group to the C-3b position of

tomatidine as part of the lycotetraose moiety formation. When

GAME1 is silenced, the new composition of SAs results in

toxicity to the plant cell (most likely due to the increased levels

of the aglycone tomatidine) and as a consequence causes

marked developmental defects, including growth retardation.

Our results suggest that this toxicity is due to alteration in sterol

metabolism. We envisage that this work will promote future

research to unravel further the SA pathway and its significance to

plant fitness.

RESULTS

Metabolic ProfilingRevealsUniqueClusters of SAsThatAre

Distributed across Diverse Tomato Plant Tissues

To examine the occurrence of SAs in different tomato (cv

MicroTom) plant parts, we identified and examined the distribu-

tion of 85 putative SAs in 21 tissues and fruit developmental

stages by ultraperformance liquid chromatography coupled to

quadrupole time-of-flight mass spectrometry (UPLC-qTOF-MS)

analysis (Figure 1; see Supplemental Table 1 online). Among the

set of identified SAs, 47 represented those with a unique chem-

ical formula, while the remaining substances were putatively

identified as their isomers (see Supplemental Table 1 online).

Hierarchical clustering of the profiling data revealed several

clusters of tissue-/developmental stage–specific SAs. For ex-

ample, 25 metabolites, including a-tomatine, were associated

with green tissues, as they were detected in unripe fruit, leaves,

buds, and flowers (both containing sepals). We also detected 32

SAs associated with tissues of the RR fruit stage (in peel, flesh,

and seeds). The levels of SAs were very low in pollen, consisting

of only one SA (hydroxy-dehydrotomatidine trihexoside plus

deoxyhexose), which was also found in pollen-containing buds

and flowers. Apart from the 32 SAs unique to the RR fruit stage

tissues, seeds harvested at that stage contained nine unique

SAs. In roots, we identified two unique isomers of dehydroto-

matine. Buds and flowers accumulated 14 SAs that were unique

to these tissues, including five isomers of hydroxytomatine. The

alkamine tomatidine, the precursor of a-tomatine, was found at

very low levels in most green tissues and in roots.

GAME1 Is Part of a Clade of SA and Steroidal Saponin GTs

GTs of the plant Group 1 multigene family (120 members in

Arabidopsis thaliana; Paquette et al., 2003) transfer the sugar

moiety from UDP-sugar to a vast array of low molecular mass

acceptors, including secondary metabolites and hormones

(Bowles, 2002). As glycosylation of SAs is thought be crucial for

their biological activity (Morrissey andOsbourn, 1999), we set out

to discover tomato GTs that could act in the SA pathway. We

used the nucleic acid sequence of theGT reported to glycosylate

SAs in potato (St-SGT1; McCue et al., 2005) and identified three

similar GTs from tomato (GAME1 to 3). In a phylogenetic analysis

based on the publicly available full-length GT amino acid se-

quences (see Supplemental Figure 1 and Supplemental Data Set

1 online), these three tomato proteins formed a separate clade

with GTs from potato (St-SGT1-3) that use SAs and two Solanum

aculeatissimum proteins (Sa-GT4A and Sa-GT4R) shown to use

both SAs and steroidal saponins as sugar acceptors (Moehs

et al., 1997; Kohara et al., 2005; McCue et al., 2005, 2006, 2007).

In this clade, the three GAME proteins each clustered most

closely with one of the potato SGT proteins. TomatoGAME1 (Sl-

GT1; UGT73L5, according to the nomenclature guidelines;

Mackenzie et al., 1997) exhibits 91% identity at the amino acid

level to St-SGT1 (a UDP-Gal solanidine galactosyltransferase).

Two additional tomato genes homologous to St-SGT2 (coding

for UDP-Glc:solanidine glucosyltransferase) and to St-SGT3

(coding for UDP-Rha:b-solanine/b-chaconine rhamnosyltrans-

ferase) were namedGAME3 (UGT73L6) andGAME2 (UGT73L4),

respectively (see Supplemental Figure 1 andSupplemental Table

2 online). Further searches in genomic DNA scaffolds and

comparison of the results with available BAC sequences

(http://solgenomics.net) revealed that GAME1 is located on

chromosome 7.

GAME1 Expression Is Negatively Regulated by Ethylene

during Fruit Ripening and Is Predominant in Green Tissues

We subsequently focused our interest on GAME1 since its

expression pattern was similar to the profile of SAs accumulating

specifically in green tissues, being found primarily in young and

mature leaves, peel, flesh, and seeds derived from immature and
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Figure 1. Diversity of SAs in Tomato and Its Correspondence with GAME1 Expression.

(A) Diversity of SAs in tomato. Hierarchical clustering of SAs obtained by UPLC-qTOF-MS analysis. Yellow frames enclose several metabolite clusters

discussed in the text, whereas white arrows indicate the possible conversion of green tissue–associated metabolites into RR tissue–associated

metabolites during fruit ripening. Numbers within parentheses correspond to SAs in Supplemental Table 1 online. Relative levels of five additional

putative SAs that were identified in the course of this study could not be measured. These substances are listed in Supplemental Table 1 online.

(B) GAME1 expression in tomato tissues, measured by quantitative real-time PCR. The statistical significance of the gene expression data for each

Tomato GLYCOALKALOID METABOLISM1 Activity 4509



mature green (MG) fruit and flower buds (Figures 1 and 2A). The

tight association between GAME1 transcript level and the accu-

mulation of particular SAs, primarily a-tomatine and dehydroto-

matine isomers and derivatives in most of the examined tissues,

suggested that it could be involved in the metabolism of this

set of SAs. GAME1 expression appeared to be downregulated

during fruit ripening (Figure 2A). We further measured GAME1

expression in fruit treated with 1-methylcyclopropene (1-MCP),

an inhibitor of ethylene perception that negatively affects fruit

ripening (Yokotani et al., 2009), finding that GAME1 expression

is negatively regulated by the ethylene signaling cascade that

typically triggers the fruit ripening process (Figure 2B). GAME1

expression was further examined in fruit of the ripening inhibitor

(rin) and non-ripening (nor) mutants, which are also impaired in

the ethylene signaling cascade (Herner and Sink, 1973; Thompson

et al., 1999). GAME1 transcript levels were significantly higher in

the nor orange (Or) and RR fruit stages and in the rin RR stage

(albeit a trend of increase was observed also at the Or stage;

Figure 2C). Furthermore,GAME1 expression seemed to bemore

affected in the nor background than in the rin mutant.

Functional Characterization of the GAME1 Recombinant

Enzyme Produced in Escherichia coli Cells and in

Vivo Activity

The correlation between GAME1 expression patterns and con-

tents of a-tomatine and its derivatives across the 21 different

tomato plant tissues suggested that the enzyme it encodesmight

be acting in the formation of thea-tomatine lycotetraose glycosyl

chain. In a-tomatine, thismoiety contains twomolecules of D-Glc

and one each of D-Xyl and D-Gal, the latter attached to the

tomatidine aglycone (see Supplemental Figure 2 online). We

analyzed the specificity of GAME1 by in vitro enzyme assays

using a recombinant enzyme produced in E. coli. UDP-Glc and

UDP-Gal were compared as sugar donors with tomatidine as a

substrate. UDP-Gal was readily used as a donor, producing a

novel product with a mass-to-charge ratio of 578 m/z ([M+H]),

corresponding to galactosylated tomatidine (Figure 3). Dehydro-

tomatidine (414 m/z; Figure 3), identified in the tomatidine stan-

dard as a contaminant (Kozukue et al., 2004), was also

galactosylated by GAME1 (product 576 m/z). UDP-Glc was

also incorporated to some extent, however, not exceeding 5%

of the Gal incorporation under identical concentrations and

conditions. This suggests that GAME1 is primarily a galactosyl-

transferase. The Km of GAME1 for tomatidine (in the presence

of 8 mM UDP-Gal) was determined to be 38 6 12 mM and the

kcat 1.8 6 0.4 min21. From these values, the catalytic efficiency

(kcat/Km) was calculated as 783 M21·s21. All other substrates

tested showed lower catalytic efficiency or no turnover at all. In

particular, solanidine and demissidine showed lower turnover

rates, whereas solasonine was still in the same range of catalytic

efficiency as tomatidine (see Supplemental Table 3 online). Ap-

parently, the double bond between carbon 5 and carbon 6 in the

B-ring of the solanidine and demissidine molecules interferes with

efficient galactosylation. Other steroid substrates tested (choles-

terol, campesterol, b-sistostanol, b-sitosterol, 24-epibrassinolide,

and 24-epicastasterone) did not show any detectable product

formation in the presence of GAME1 and UDP-Gal. Thus, GAME1

likely acts as a UDP-Gal galactosyltransferase for SAs, with a

preference for tomatidine as a substrate.

We further examined tomatidine-galactosyltransferase activity

in five tissues and developmental stages of wild-type plants

(Figure 2D). The activity was consistent with GAME1 expression

levels as measured in these tissues, showing high levels in

immature green peel and leaves (0.10 and 0.36 nmol·mg dry

weight21·min21, respectively) and relatively low activity in the RR

peel and in roots (0.007 and 0.031 nmol·mg dry weight21·min21,

respectively).

GAME1-Silenced Plants Display Severe

Developmental Defects

To clarify the role of GAME1 in SA biosynthesis, we generated 18

independent transgenic tomato plants (in cv MicroTom) wherein

GAME1 was silenced via RNA interference (RNAi) using the 35S

cauliflower mosaic virus promoter (hereafter referred to as

GAME1i plants). Interestingly, GAME1 silencing had a strong

effect on tomato plant growth and development, which is unex-

pected when silencing a gene associated with specialized me-

tabolism. Seven GAME1i lines exhibited a severe phenotype

(SPh) with strongly retarded growth compared with wild-type

plants (Figure 4). These plants developed deformed leaves and

produced numerous small flower buds that in most cases

aborted before fertilization (Figures 4B to 4D and 4F). The low

amount of fruit that occasionally developed in the SPh GAME1i

plants was parthenocarpic and shriveled (Figure 4K). Four

additional GAME1i plants exhibited a mild phenotype (MPh).

These plants displayed normal plant architecture except for

their fruit, which developed woody, possibly suberized regions,

mostly around the fruit apex (Figures 4I and 4J). We further

investigated one SPh and two MPh GAME1 lines. GAME1

transcript levels in GAME1i leaves were significantly reduced

(see Supplemental Figure 3 online). At the enzymatic level, the

tomatidine-galactosyltransferase activity was determined in ma-

ture leaf extracts derived from the GAME1i (SPh) line, constitut-

ing only 11% of the activity in the wild type (0.002 and 0.018

nmol·mg fresh weight21·min21, respectively) (Figure 5A). Thus,

silencing of GAME1 resulted in a severe reduction in GAME1

expression and reduced tomatidine-galactosyltransferase activ-

ity in the leaves.

TheGAME1i construct was also introduced into theAilsa Craig

background, a typical indeterminate cultivar (see Supplemental

Figure 1. (continued).

examined tissue is presented in Figure 2A.

For (A) and (B), the color index refers to the relative levels of a particular metabolite or the GAME1 transcript across the different tissues examined; the

highest level is defined as 100% (n = 3). Br, breaker; IG, immature green; M, mature (fully expanded); Y, young.
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Figure 4 online). These plants were also deformed with strongly

retarded growth (see Supplemental Figure 4B online) and dis-

played browning and suberized regions along the stem (Figure

4L; see Supplemental Figure 4C online). Although the Ailsa Craig

GAME1i plants produced several flowers, they failed to bear fruit.

Leaves ofGAME1-Silenced Plants Exhibit Altered Levels

of SAs

Metabolic profiling of SAs usingUPLC-qTOF-MSwas performed

on extracts from GAME1i and wild-type leaves. Principal com-

ponent analysis (PCA) indicated clear differences between the

SA composition of extracts derived from SPh GAME1i leaves

and those of the wild type (see Supplemental Figure 5A online).

The SPh GAME1i leaf extracts contained significantly reduced

levels of a-tomatine and its isomer, three isomers of dehydroto-

matine, hydroxy-dehydrotomatine, isomer #7 of hydroxytoma-

tine, acetoxy-dehydrotomatine, dehydrotomatine tetrahexoside,

and the unidentified glycoalkaloid (UGA) 4. On the other hand,

hydroxytomatine isomer #4, acetoxy-hydroxytomatine isomer

#1, and UGA 5 levels were increased approximately twofold

in SPh GAME1i leaves relative to the wild type (Table 1; see

Supplemental Figure 6 and Supplemental Table 4 online). In

addition, we observed strong and significant accumulation of

the a-tomatine precursors: tomatidine and dehydrotomatidine

(also named tomatidenol).

a-Tomatine and tomatidine concentrations were measured in

GAME1i and wild-type leaves. Interestingly, a-tomatine levels

were reduced more than 1.6-fold in SPh GAME1i compared with

the wild type (Figure 5B). Moreover, the tomatidine aglyconewas

Figure 2. Expression of GAME1 in the Wild Type and Fruit of the rin and nor Mutants and Tomatidine-Galactosyltransferase Activity in Wild-Type

Tomato Tissues.

(A) Quantitative real-time PCR relative expression analyses of GAME1 transcripts in 21 tissues of wild-type tomato (cv MicroTom). Different lettering

above the bars denotes significant differences in gene expression as calculated by a Student’s t test (P < 0.05; n = 3).

(B)GAME1 expression is elevated in 1-MCP–treated fruit (cv Ailsa Craig) in the MG and Or developmental stages compared with untreated control fruit.

Student’s t test results for significance (P < 0.05; n = 3) are indicated by an asterisk.

(C) GAME1 expression in tomato fruit of the rin and nor ripening mutants (cv Ailsa Craig) is higher than in fruit of the wild-type (WT) plants at the Or and

RR fruit stages. Different lettering above the bars denotes significant differences in GAME1 relative expression levels as calculated by a Student’s t test

(P < 0.05; n = 3).

(D) Tomatidine-galactosyltransferase activity in five tissues of tomato (cv MicroTom). Activity was measured in freeze-dried samples and is expressed

on a dry weight (DW) basis. Different lettering above the bars denotes significant differences in activity as calculated by a Student’s t test (P < 0.05;

n = 3).

In all panels, the bars represent SE. Br, breaker; IG, immature green; ML, mature (fully expanded) leaves; YL, young leaves.

Tomato GLYCOALKALOID METABOLISM1 Activity 4511



dramatically increased, from near baseline levels in wild-type

leaves up to 290-fold in SPh GAME1i (Figure 5B). In the MPh

GAME1i leaves, we observed an almost 1.6-fold reduction of

a-tomatine relative to the wild type (see Supplemental Figure 5C

online). However, tomatidine and dehydrotomatidine levels in

MPh GAME1i leaves were not different from the basal levels

detected in wild-type leaves.

MG Fruit of GAME1i Plants Display Altered Levels of SAs

SA profiles of MG fruit of the MPh GAME1i lines were compared

with wild-type fruits using PCA (see Supplemental Figure 5B

online). GAME1i plants with a severe phenotype were excluded

from this analysis, as they produced very few fruit. Profiles of MG

fruit from MPh GAME1i were clearly different from the wild type

(see Supplemental Figure 5B online). In MG fruit of the GAME1i

#1 and GAME1i #2 lines, we measured a reduction in numerous

green tissue–associated SAs, including a-tomatine, and in hy-

droxy-dehydrotomatidine trihexoside plus deoxyhexose, whereas

elevated levels were recorded for tomatidine (5 timesmore than in

wild-type MG fruit) and its isomer, isomer #4 of lycoperoside G/F

or esculeoside A plus hexose, several hydroxytomatine isomers,

a-tomatine plus C4H6O3, and UGA 9 (Figure 6). A detailed

description of SAs that were altered in the GAME1i fruit tissues

is presented in Table 1, Figure 6, and Supplemental Table 4 online.

A proposed pathway that represents the biosynthesis and

metabolism of SAs during tomato fruit development (from the

immature green to the RR stage) was generated based on

previously published data (Friedman, 2002; Kozukue et al., 2004;

Moco et al., 2007; Iijima et al., 2008, 2009; Mintz-Oron et al.,

2008) and the data from this study (Figure 6).

GAME1-Silenced Plants Exhibit Altered Sterol Composition

As the severe developmental phenotype observed in the SPh

GAME1i plants was similar to phenotypes of brassinosteroid or

gibberellic acid (GA3) biosynthesis and signalingmutants (Bishop

et al., 1999; Ueguchi-Tanaka et al., 2005), we attempted to restore

the GAME1i phenotype by application of 24-epibrassinolide,

24-epicastasterone, or GA3. Although application of GA3 restored

the internode elongation of SPh GAME1i plants to some extent,

treatmentswith both brassinosteroid substanceswere ineffective

(data not shown).

Alteration of sterol metabolism was also considered as a

reason for the morphological changes, since SA and sterol

biosynthesis are tightly linked (Arnqvist et al., 2003). Moreover,

tomatidine, which accumulates to high levels in GAME1i plants,

was reported to mimic the effect of sterol biosynthesis inhibitors

(Simons et al., 2006). Therefore, the concentrations of 10 different

sterols and triterpenoidsweremeasured via gas chromatography

(GC)–MS analysis of leaves from SPh GAME1i, a set of segre-

gating F1 plants that displayed a normal wild-type phenotype,

and the wild type. Major differences were observed in the com-

position of sterols and triterpenoids, both in pathway intermedi-

ates as well as in end products, particularly in the two branches

downstream of 24-methylenelophenol (Figure 7A; see Supple-

mental Figure 7 online). Whereas campesterol levels increased

1.8-fold, the levels of stigmasterol and its precursor b-sitosterol

were reduced. Small but significant reductions in cycloartenol

and b-amyrin were measured in SPh GAME1i leaves. Interest-

ingly, a-amyrin, (S)-2,3-oxidosqualene, cholesterol, lanosterol,

and cholestanol were detected at their native levels. Segregating

F1 plants bearing a wild-type phenotype had a sterol profile

comparable to that of the wild type (see Supplemental Figure 7

online). The GAME1i phenotype could not be rescued by appli-

cation of b-sitosterol, stigmasterol, or both (data not shown).

Misbalanced phytosterol levels in theArabidopsis cycloartenol

synthase mutant result in bleaching of inflorescence shoots and

chloroplasts lacking the thylakoid membrane system and starch

granules and accumulating large plastoglobuli-like vesicles

(Babiychuk et al., 2008). Although no bleaching was observed in

GAME1i plants, transmission electron microscopy (TEM) re-

vealed major changes in plastid ultrastructure. Chloroplasts of

SPh GAME1i leaves possessed large plastoglobuli (0.4 mm in

diameter compared with 0.2 mm in wild-type plants) and altered

starch grain and grana structures (Figures 7B to 7E).

Stress Response–Related Symptoms and Gene Expression

in GAME1-Silenced Plants

We introduced theGAME1i construct into the indeterminateM82

cultivar by crossing, obtaining plants that displayed a phenotype

resembling that of the cv MicroTom and cv Ailsa Craig GAME1i

lines, including severe growth retardation, deformed leaves, and

abortion of flower buds (see Supplemental Figures 8A and 8B

Figure 3. The Recombinant GAME1 Catalyzes the Galactosylation of

Tomatidine.

Enzyme activity assays of the recombinant GAME1 produced in E. coli

cells. The chromatograms (total ion count in UPLC-qTOF-MS) display

analysis of the GAME1 recombinant protein incubated for 1 h with 0.25

mM tomatidine in the presence (top) or absence (bottom) of 8 mM UDP-

Gal (UDP-gal). The m/z of eluting compounds is indicated. Arrows point

to tomatidenol (dehydrotomatidine) (right) and dehydrotomatine plus Gal

(left).
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online). In addition, leaves of these plants exhibited dark necrotic

spots resembling symptoms typically seen after infection of

tomato by pathogenic bacteria like Xanthamonas campestris pv

vesicatoria (Xcv) or Pseudomonas syringae pv tomato (see Sup-

plemental Figures 8C and 8D online; Jones et al., 1991). As no

other tomato lines grown in the same greenhouse at the same

time showed similar disease-like symptoms, we hypothesized

that silencing GAME1 might mimic induction of disease symp-

toms in the absence of a pathogen. Indeed, we were not able to

isolate Xcv orP. syringae pv tomato (or other putative pathogens)

from GAME1i leaves that displayed necrotic spots.

Microarray analysis was performed to examine if the trans-

gene, and possibly, the corresponding changes in the metabolic

profile, induced the plant response system at the transcriptional

level. Eleven and 24 genes showed significant down- and upregu-

lated expression, respectively, in GAME1i leaves (see Supplemental

Table 5 online). The set of upregulated transcripts was enriched

(eight in total,;33%) in genes that are upregulated in response to

bacterial attack (ENOLASE [Gibly et al., 2004], two GDSL LIPASE

homologs [Hong et al., 2008], and ETHYLENE-RESPONSIVE

PROTEINASE INHIBITOR1 [Pautot et al., 1991]) as well as to

other pathogens (CARBOXYESTERASE [Ko et al., 2005], ISOCI-

TRATE DEHYDROGENASE [ICDH] [Jang et al., 2003], PR5-LIKE

PROTEIN/NP24 [Rodrigo et al., 1991], and PEROXIDASE [PER]

[Vera et al., 1993]) (see Supplemental Table 5 online). To verify the

microarray results, we performed quantitative real-time PCR,

which showed that the expression of seven out of 10 examined

genes was indeed significantly altered (see Supplemental Figure

8E online). These included five genes that were upregulated in

GAME1-silenced plants (PER, ENOLASE, PR5-LIKE, DICYANIN,

and GDSL LIPASE) and two genes (HAT22-LIKE and CLAVAMI-

NATE SYNTHASE-LIKE) that were downregulated. These results

support a significant alteration in expression of multiple biotic

stress–related genes in the SPh GAME1i plants.

Extracts of GAME1-Silenced Plants and Tomatidine Itself

Inhibit Arabidopsis Root Growth

As described above, the metabolic composition of GAME1-

silenced plants had a strong effect on tomato plant growth and

development. We tested whether this toxicity affects growth and

Figure 4. GAME1-Silenced Tomato Plants Display Severe Morphological Phenotypes.

(A) and (B) Three-week-old (3w) wild-type (WT) and GAME1i (SPh) tomato plants (cv MicroTom), respectively.

(C) and (D) Six-week-old (6w) GAME1i SPh tomato plants (cv MicroTom).

(E) and (F) Four-month-old (4m) wild-type and GAME1i (SPh) tomato plants (cv MicroTom), respectively.

(G) to (K) MG and RR wild-type tomato fruit (cv MicroTom; [G] and [H]) compared with fruit in the corresponding stages of the MPh GAME1i plants [(I)

and (J)] and to the SPh GAME1i RR stage fruit (K).

(L) Suberized stem of a GAME1i plant (cv Ailsa Craig).
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development of other plant species as well. No differences in

germination rate or frequency were observed between Arabi-

dopsis seeds sown on plates containing leaf extracts from wild-

type or GAME1i plants. However, SPh GAME1i extracts showed

amajor effect on Arabidopsis root growth; after 3 weeks, roots of

seedlings on medium containing SPh GAME1i extracts were

50% shorter than those on medium with wild-type extracts (see

Supplemental Figures 9A, 9B, and 9E online).

To examine the possible cytotoxic role of a-tomatine and

tomatidine, Arabidopsis seeds were germinated on media sup-

plemented with range ofa-tomatine or tomatidine concentrations.

No difference in germination rate or frequency was observed, but

there was significant root growth retardation that was posi-

tively correlated with tomatidine levels at concentrations above

0.003 mg per mL medium (see Supplemental Figures 9C and 9D

online). By contrast, there was no correlation between root length

and the amount of supplemented a-tomatine (see Supplemen-

tal Figure 9D online). When 1-week-old tomato seedlings were

sprayed with various concentrations of tomatidine for 3 weeks,

they did not exhibit a similar phenotype.

An Altered SA Profile Impacts Pathogenicity and

Growth of Tomato Disease Agents

Several fungi and bacteria possess tomatinases that cleave the

lycotetraose chain at various positions of a-tomatine (Sandrock

and Vanetten, 1998; Morrissey and Osbourn, 1999; Kaup et al.,

2005). Given our finding thatGAME1 silencing affects expression

of biotic stress–related genes, we examined whether altered SA

glycosylation levels impact pathogenicity or growth of several

tomato disease agents. SPh and MPh GAME1i leaf extracts

inhibited germination and growth of the pathogenic fungi C.

coccodes to a lesser extent than did wild-type leaf extracts (see

Supplemental Figures 10A to 10C online). In addition, SPh

GAME1i extracts gave rise to decreased halo inhibition com-

paredwithMPhGAME1i extracts (seeSupplemental Figures 10A

and 10C online). The effect of GAME1 silencing on plant sus-

ceptibility to the bacterial pathogen Xcv was evaluated in inoc-

ulation experiments, revealing altered bacterial growth in

GAME1i leaves compared with the wild-type (see Supplemental

Figure 11 online).

DISCUSSION

In this study, we identified GAME1, a GT-type enzyme that uses

UDP-Gal to attach the first sugar moiety to the alkamine

tomatidine. This discovery not only provides important insight

into the SGA biosynthetic pathway in tomato but also sheds light

on the significance of glycosylation in the prevention of self-

toxicity in plants.

Negative Regulation of GAME1 Expression and Green

Tissue–Related SAs by Climacteric Ethylene Signaling

during Tomato Fruit Development

Metabolic profiling assays performed in recent years have

revealed a plethora of SAs in tomato and potato, beyond those

reported earlier in these two species (Moco et al., 2006; Iijima

et al., 2008; Kozukue et al., 2008;Mintz-Oron et al., 2008; Shakya

and Navarre, 2008). The examination of almost 90 different SAs

in this study highlights this remarkable diversity, while describing

several groups of related chemicals that cluster together across

the 21 different tomato tissues and organs studied. One notable

cluster, largely represented by a-tomatine and dehydrotomatine

Figure 5. Altering GAME1 Expression Has a Major Effect on in Planta

Tomatidine-Galactosyltransferase Activity and on Levels of a-Tomatine

and Tomatidine.

(A) Tomatidine-galactosyltransferase activity in fully expanded leaves (cv

MicroTom, 4-week-old plants). Activity wasmeasured in extracts derived

from fresh samples and is expressed on a fresh weight (FW) basis.

Different lettering above the bars denotes significant differences in

tomatidine-galactosyltransferase activity levels as calculated by a Stu-

dent’s t test (P < 0.05; n = 3). WT, wild type.

(B) GAME1i plants exhibit reduced levels of a-tomatine and accumula-

tion of its precursor tomatidine. Their absolute concentrations were

measured in fully expanded leaves of the wild type (4-week-old plants)

and compared with those of SPh GAME1i plants of similar age (using

UPLC-qTOF-MS). Significant differences according to a Student’s t test

(P < 0.05; n = 3) are indicated by an asterisk.

In (A) and (B), the bars represent SE.
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derivatives, is present in green tomato tissues, including buds

and flowers (containing green sepals). Interestingly, this cluster

showed a similar pattern in fruit peel, flesh, and seeds, suggest-

ing a common regulatory network for coordinated SA metabo-

lism in the different fruit tissues. Such a mechanism could be

climacteric ripening, which typically brings about a myriad of

metabolic changes in the fruit during the transition from immature

green to RR fruit. However, while most studies on climacteric

ripening focus on the pericarp tissue, these results tie together

ripening and secondary metabolism in the peel and seeds as

well. The link between the temporal and spatial production of

SAs in tomato and the ripening process is even more significant

in light of the increased production of a-tomatine in rin, nor, and

Never-ripe (Nr) mutants and the decrease in a-tomatine content

in ethylene-treated fruit reported by Iijima et al. (2009). In agree-

ment with these findings, we also found increased GAME1

expression in 1-MCP–treated fruit as well as in fruit of rin and

normutants. Transcriptional regulation related to fruit maturation

has been investigated extensively; however, most of these

studies focused on genes that are upregulated during fruit

maturation and ripening (Rose et al., 1997; Bartley and Ishida,

2003; Itkin et al., 2009; Karlova et al., 2011). By contrast,GAME1

exhibits downregulated expression during the course of fruit

maturation and is negatively regulated by climacteric ethylene

signaling. It is expected that genes encoding enzymes catalyzing

acetylation or glycosylation steps downstream in the a-tomatine

catabolism pathway will be positively regulated by ripening and

the ethylene cascade.

A second cluster of SAs represents metabolites of tomatine

that accumulate at the later Or and RR stages of fruit develop-

ment and are mainly represented by lycoperoside G/F or

esculeoside A derivatives. Again, these display a similar pattern

in flesh, peel, and seed tissues. Apart from the presence of green

SAs that are produced in the sepals, a unique set of hydrox-

ytomatine and its derivatives is present in buds and flowers. The

cluster of esculeoside A and its derivatives typically produced in

fruit during the ripening process (see above) could not be

detected in these tissues. This latter observation suggests that

floral organs lack enzyme activity for conversion of hydroxylated

SAs to esculeoside A and its isomers and derivatives.

GAME1 Acts Predominantly as a UDP-Gal:

Tomatidine Galactosyltransferase

The promiscuity of members of the GT superfamily to which

GAME1 belongs and the possibility that in vitro assays with a

recombinant enzyme do not reflect native, in planta activities

complicates the functional characterization of such enzymes.

Table 1. SAs Altered in the GAME1 RNAi Tomato Lines

No. Putative Metabolite m/z (+)

Downregulated Upregulated

Leaf Fruit (MG) Leaf Fruit (MG)

1 a-Tomatine 1034.5536 + +

2 a-Tomatine isomer 1034.5564 + +

3 Acetoxy-dehydrotomatine 1090.5434 +

11 Acetoxy-hydroxytomatine isomer #1 1108.5540 +

18 Dehydrotomatine (tomatidenol) 414.3500 +

19 Dehydrotomatidine tetrahexoside 1062.5485 +

20 Dehydrotomatine isomer #1 1032.5379 + +

21 Dehydrotomatine isomer #2 1032.5379 + +

22 Dehydrotomatine isomer #3 1032.5379 + +

23 Dehydrotomatine isomer #4 1032.5379 +

24 Dehydrotomatine isomer #5 1032.5379 +

26 Didehydrotomatine 1030.5223 +

33 Hydroxy-dehydrotomatidine trihexoside + deoxyhexose 1062.5485 +

37 Hydroxy-dehydrotomatine 1048.5327 +

48 Hydroxytomatine isomer #2 1050.5485 +

49 Hydroxytomatine isomer #3 1050.5485 +

50 Hydroxytomatine isomer #4 1050.5585 +

51 Hydroxytomatine isomer #5 1050.5485 +

53 Hydroxytomatine isomer #7 1050.5585 +

61 Lycoperoside G/F or esculeoside A + hexose isomer #4 1432.6596 + +

64 Tomatidine 416.3529 + +

65 Tomatidine isomer 416.3529 +

66 Tomatidine dihexoside dipentoside isomer #1 1004.5430 +

69 Tomatidine tetrahexoside 1064.5641 +

70 a-Tomatine + C4H6O3 1136.5861 +

75 UGA 4 1044.5379 +

76 UGA 5 1046.5536 +

77 UGA 6 1052.5620 +

80 UGA 9 1122.5696 +

A “+” indicates a significant change in at least one transgenic line; no “+” indicates a nonsignificant change.
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Figure 6. Changes to SA Levels in MG Fruit of GAME1-Silenced Plants.
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Nevertheless, we provide strong evidence that tomato GAME1

encodes a UDP-Gal:tomatidine galactosyltransferase. The sim-

ilarity of GAME1 to other reported SA and saponin GTs from

related Solanaceae plant species, particularly potato SGT1

reported to act as a UDP-Gal:solanidine galactosyltransferase,

provides evidence for the putative function of GAME1.

Recombinant enzyme activity assays showed that theGAME1-

encoded enzyme catalyzes the transfer of Gal to the tomatidine

aglycone with high efficiency and the transfer of Glc to a lesser

extent. The putative green tissue–associated SA catabolism path-

way contains three additional steps in which acetoxy-hydroxy-

dehydrotomatine, acetoxy-hydroxytomatine, and esculeoside A

(or lycoperoside G/F) are glycosylated. However, recombinant

GAME1 was not active with the latter two substrates (data not

shown). AsGAME1 expression is reduced after the MG fruit stage

and the glycosylated products of the three predicted additional

glycosylation reactions occur only later in fruit development, it

is likely that GAME1 catalyzes the early glycosylation reaction

with tomatidine as a substrate. Moreover, the role of GAME1 in

galactosylation of tomatidine is supported by the colinearity of

gene expression and enzyme activity in tomato tissues and the

strong reduction in tomatidine-galactosyltransferase activity in

GAME1-silenced lines.

In potato, the ratio of 3-O-glycosylated SAs is coordinated by two

solanidine-modifying enzymes, SGT1andSGT2,which catalyze the

galactosylation and glucosylation of solanidine, respectively

(Moehs et al., 1997; McCue et al., 2005), and is determined by

relative expression of the corresponding genes (SGT1 andSGT2)

within tissues (McCue et al., 2005, 2006). In most cultivated

potato species, derivatives of 3-O-glucosylsolanidine are more

abundant than those of 3-O-galactosylsolanidine (Friedman

et al., 2003). Interestingly, several genotypes of Solanum cha-

coense exhibit higher relative levels of SGT1 (galactosyltransfer-

ase) than of SGT2 (glucosyltransferase), suggesting an opposite

SA 3-O-glycosylation ratio (galactosylation/glucosylation) (Krits

et al., 2007). Enzyme activity assays performed herein, together

with previously published data (Zimowski, 1998), support a dif-

ferent mechanism in tomato for regulating the 3-O-glycosylated

SA ratio. We suggest that this ratio is largely determined by the

substrate specificity of the GAME1 enzyme, capable of produc-

ing 3-O-galactosyltomatidine and to some extent 3-O-glucosyl-

tomatidine. In this case, 3-O-glucosyltomatidine derivatives

probably constitute only a minor fraction of the numerous SA

isomers in tomato.

Metabolic profiling of MG stage fruit from GAME1-silenced

lines provided evidence that GAME1 is essential for the formation

of the lycotetraose moiety of tomatidine and dehydrotomatidine

aglycones through attachment of a Gal moiety. Silencing of

GAME1-reduced glycosylation of tomatidine and dehydrotoma-

tidine, which could be observed as a decrease in a-tomatine,

dehydrotomatine, tomatidine conjugated to four hexose moities,

and tomatidine with two hexose and two pentose moieties, all of

these products likely being glycosylated through the action of

GAME1. In leaves, the predicted activity of GAME1 in glycosy-

lation of tomatidine and dehydrotomatidine was further corrob-

orated by the SA profile of GAME1-silenced lines. There was a

dramatic decrease in a-tomatine levels, a corresponding accu-

mulation of its aglycone tomatidine and of tomatidine’s precursor

dehydrotomatidine and up to a 90% reduction in dehydrotoma-

tine. Assays with recombinant GAME1 further supported that it

acts on dehydrotomatidine, since the commercial tomatidine

standard likely contained dehydrotomatidine; therefore, GAME1

used dehydrotomatidine as substrate as well as tomatidine

(Kozukue et al., 2004; Figure 3, peaks lacking two protons [m/z

= 414] next to the main peaks).

Unexpectedly, in both MG fruits and leaves of GAME1-si-

lenced lines, we observed accumulation of intermediates that are

downstream of a-tomatine (Figure 6; see Supplemental Figure 6

online). This suggests that feed-forward, posttranscriptional

mechanisms might be activated in RNAi lines in which GAME1

expression is only partially silenced. Alternatively, it is possible

that the downstream portion of the current a-tomatine metabolic

pathway model is incomplete. The inability of tomato to reroute

the excess tomatidine accumulating in SPh GAME1-silenced

plants provides us with the opportunity to investigate the role of

glycosylation of SAs in vivo. Such study could not be done in

potato, in which silenced SGT1 does not lead to a strong

phenotype, likely due to redirection of metabolic flux from

solanidine toward a-chaconine (McCue et al., 2005).

PhytotoxicityObserved inGAME1-SilencedPlantsandTheir

Raison d’Être

SAs including a-tomatine and its corresponding aglycone,

tomatidine, are toxic to a broad range of organisms, including

bacteria, fungi, animals, and even plants themselves (Chan and

Tam, 1985; Gunther et al., 1997; Sandrock and Vanetten, 1998;

Pareja-Jaime et al., 2008; Hoagland, 2009).

Figure 6. (continued).

Metabolites that are abundant at the immature green and MG stages are marked with a green background, those abundant at the breaker and orange

stages with an orange background, and those abundant at the RR stage are marked with a red background. Metabolites placed on a white background

were not detected in fruit tissues. In the squares, elevated and reduced metabolite levels in fruit ofGAME1-silenced plants are marked with red and blue

colors, respectively, while a lack of color represents no change in metabolite levels. The numbering of the isomers of a particular metabolite is according

to the putative SA numbers in Supplemental Table 1 online. Dashed arrows represent multiple biosynthetic reactions, solid arrows represent a single

biosynthetic reaction, and possible points of glycosylation activity of GAME1 are encircled. Acetoxy-hydroxy-methoxy-dehydrotomatine (8),

acetoxytomatine + deoxyhexose (14), dehydrotomatidine tetrahexoside (19), di-dehydrotomatine (26), hydroxy-dehydrotomatidine trihexoside +

deoxyhexose (33), three isomers of hydroxy-dehydrotomatidine trihexoside (34, 35, and 36), lycoperoside G/F or esculeoside A + hexose - pentose (57),

tomatidine dihexoside + pentose + deoxyhexose (68), a-tomatine + C4H6O3 (70), and tri-hydroxy-dehydrotomatine (71) were not included in this

scheme.
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Sterols are essential for normal plant growth and development,

and they affect genes involved in cell division and cell expansion

likely through a brassinosteroid-independent pathway. Therefore,

altering their composition could result in dramatic developmental

phenotypes (Carland et al., 2002, 2010; He et al., 2003). Whereas

a-tomatine damages tissues within an array of plant species

(Hoagland, 2009), its toxic effects in tomato fruit and leaves were

suggested to be negligible due to the presence in cell membranes

of sterol glycosides and acetylated sterol glycosides rather than

sterols such as cholesterol, containing a free 3b-OH group (with

which a-tomatine forms insoluble complexes) (Roddick, 1976a;

Steel andDrysdale, 1988; Blankemeyer et al., 1997).Glycosylation

of membrane steroids serves a protective function against toxic

compounds, including saponins (Naoumkina et al., 2010). Incom-

plete glycosylation of the triterpene glycoside (i.e., saponin)

avenacin results in degeneration of the epidermis and altered

root hair development in oat (Mylona et al., 2008). Moreover, M.

truncatula growth is severely affected by alterations in glycosyla-

tion of the saponin hederagenin (Naoumkina et al., 2010). More

specifically for tomato SAs, Hoagland (2009) showed that toma-

tidine had a greater effect than a-tomatine in electrolyte leakage

tests performed on leaves of a number of plant species.

Figure 7. GAME1-Silenced Plants Are Altered in Their Sterol Profile and Plastid Morphology.

(A) Absolute concentrations of 10 detected phytosterols in fully expanded leaves of 4-week-old GAME1i plants compared with wild-type (WT) plants of

a similar age were measured using GC-MS (see Methods). In (A), the bars represent SE. Sterols that were found to be significantly altered by a Student’s

t test (P < 0.05; for the wild type, n = 5; for GAME1i, n = 6) are marked with an asterisk. The proposed pathway of sterol metabolism in plants and

changes in leaves of GAME1-silenced plants are shown in Supplemental Figure 7B online.

(B) and (D) TEM images of plastids in cells of mature leaves of the wild-type. In (B), starch grains (sg), plastoglobuli (pg), and grana (gr) are indicated with

arrows.

(C) and (E) TEM images of plastids in cells of mature leaves of a SPh GAME1i plant.
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The severe growth retardation, altered plant architecture, and

necrosis we observed in GAME1-silenced plants may have

several explanations. Sugar donors UDP-Glc and/or UDP-Gal

may accumulate, possibly resulting in synthesis of other glyco-

sides or accumulation of other classes of chemicals as a result of

a nonspecific stress response, as suggested byNaoumkina et al.

(2010). GAME1-silenced plants that displayed a severe pheno-

type exhibited a dramatic increase in levels of the aglycone

tomatidine compared with other transgenic lines that did not

show visual phenotypes, including those with less efficient

silencing ofGAME1 expression. Since tomatidine was previously

shown to interfere with ergosterol biosynthesis in yeast (Simons

et al., 2006), we examined the sterol profile of the GAME1-

silenced plants and found it to be significantly altered compared

with thewild type. Simons et al. (2006) reported a reduction in the

levels of zymosterol, when yeast was grown on media supple-

mented with tomatidine, consistent with inhibition of C24 sterol

methyltransferase Erg6p. Thus, a possible explanation for

the unusual sterol profile in GAME1-silenced plants could be

tomatidine-mediated inhibitionof sterolmethyltransferase2 (SMT2),

the plant Erg6p ortholog. As a result, b-sitosterol and stigmasterol

levels would be reduced while 24-methylenelophenol was chan-

neled toward campesterol. The altered sterol profile could be

related to the damage in the leaf chloroplast ultrastructure, con-

sistent with the accumulation of enlarged plastoglobuli and lack of

organized thylakoid membrane structure and starch granules in

the Arabidopsis cycloartenol synthase1 mutant (Babiychuk et al.,

2008). This is further supported by data showing that the cam-

pesterol to b-sitosterol ratio modulates Arabidopsis growth and is

controlled by SMT2 (Schaeffer et al., 2001). In addition, the

reduction in Arabidopsis root growth on media supplemented

with tomatidine-containing extracts fromGAME1i tomato plants is

comparable with the finding that sterols downstream of Arabi-

dopsis SMT2 and its homolog SMT3 are crucial for proper root

development (Carland et al., 2010). Consistent with the inability of

sterol treatment to complement plants defective in SMT2 (Carland

et al., 2010), our attempts to reverse the GAME1i phenotype by

application of b-sitosterol and/or stigmasterol were unsuccessful.

The effect ofGAME1 silencing on sterolmetabolismdemonstrates

once again the tight link between SAs and the sterol pathway

(Arnqvist et al., 2003).

The distribution and compartmentalization of SAs within the

plant cell is currently unclear; however, it was suggested that

SGAs in potato and tomato are located in the soluble phase,

most possibly in the vacuole, of the vegetative or fruit (tomato)

cells (Roddick, 1976b, 1977). Therefore, we suggest that the

glycosylation of hydrophobic alkamines leads to SA solubiliza-

tion and plays a fundamental role in the protection of plant cells

against the harmful compounds they produce.

Alteration of SA Glycosylation Affects Fungal Growth

Similar to other defensive secondarymetabolites, SAs are part of

the coevolution between plants and pathogens (Morrissey and

Osbourn, 1999; Arie et al., 2007). Several fungal and bacterial

species possess tomatinases that are capable of removing part

or even the entire lycotetraose structure from tomatine. By doing

so, the toxicity of these substances toward the pathogens is

reduced and the damage to the host plant may increase

(Sandrock and Vanetten, 1998; Morrissey and Osbourn, 1999;

Bouarab et al., 2002; Ito et al., 2004; Oka et al., 2006). Moreover,

derivatives of a-tomatine hydrolysis could also mediate sup-

pression of plant defenses (Bouarab et al., 2002; Ito et al., 2004).

a-Tomatine is toxic to several fungi; thus, the reduced levels of

a-tomatine we observed in leaf extracts of GAME1-silenced

plants may explain the reduced inhibition of germination and

growth of the fungal pathogen C. coccodes.

Conclusions

Here, we characterized one of three GAME genes that likely

mediate the formation of the lycotetraose moiety of a-tomatine,

the major SA produced by tomato. The findings provide insight

into SA metabolism in tomato and the role of SA glycosylation in

plant growth and interaction with pathogens. Experiments are

currently underway to investigate the function of GAME2 and

GAME3 in tomato SA biosynthesis. The recently predicted

pathway for a-tomatine metabolism during fruit development

suggests that additional GTs might take part in this process.

Resolving the glycosylation steps and eventually the entire SA

pathway at the molecular level should be a main target for future

SA research. Current research in model plants of the Solanaceae

will set the stage to expand our understanding of the evolution

andmetabolism of these specializedmetabolites, for example, in

the more complex monocot species of the Liliaceae family.

METHODS

TomatoPlantMaterial andGeneration of Transgenic Tomato Plants

Tomato plants (Solanum lycopersicum) cv MicroTom, cv Ailsa Craig

(obtained from the Tomato Genetics Resource Center; http://tgrc.

ucdavis.edu), and cvM82were grown in a climate-controlled greenhouse

at 248C during the day and 188C during night, with natural light. Fruit was

used at immature green, MG, breaker, Or, and RR stages and was picked

on average 10, 35, 38, 41, and 44 d after anthesis, respectively. The

GAME1-silenced construct (RNAi; GAME1i) was created by introducing

the GAME1 fragment to pENTR/D-TOPO (Invitrogen) (by AscI and NotI)

and further transfer of the GAME1 fragment from the resulting plasmid to

the pK7GWIWG2 (II) binary vector (Karimi et al., 2002) using Gateway LR

Clonase II enzyme mix (Invitrogen). Primers used in this work are listed in

Supplemental Table 6 online. Constructs were transformed into cv

MicroTom and cv Ailsa Craig as described by Meissner et al. (1997,

2000). The introduction of GAME1i into cv M82 was done by crossing

wild-type tomato cv M82 with transgenic tomato cv MicroTom carrying

GAME1i and exhibiting SPh. As SPh GAME1i plants were unable to set

seeds, they were crossed with wild-type cv MicroTom, and the segre-

gating F1 plants exhibiting a severe phenotype were used in further

experiments.

Phylogenetic Analysis

Nucleic acid sequence of the potato (Solanum tuberosum) SGT1 (McCue

et al., 2005) was used to search publically available databases: Dana

Farber Cancer Institute Gene Indices (http://compbio.dfci.harvard.edu/

tgi/), SOL (http://solgenomics.net/), MiBASE (http://www.pgb.kazusa.or.

jp/mibase/), and the National Center for Biotechnology Information

(http://blast.ncbi.nlm.nih.gov). Amino acid sequences of the five best

hits in tomato, several identified plant GTs, and GTs with unknown or
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putative function were aligned using ClustalX version 2 program (Larkin

et al., 2007). The aligned sequences are shown in Supplemental Data Set

1 online. GenBank and tentative contig numbers are shown in the

Supplemental Table 7 online. An unrooted phylogenetic tree was built

using the SeaView v.4.2.5 program (Gouy et al., 2010) using themaximum

likelihood method by PhyML 3.0 (Guindon and Gascuel, 2003) with the

following settings: model, LG; branch support, aLRT (SH-like); invariable

sites, optimized; across site rate variation, optimized; tree searching

operations, best for Nearest Neighbor Interchanges and Subtree Pruning

and Regrafting; starting tree, BioNJ, optimize tree topology.

Preparation of Extracts

If not stated otherwise, tissues (200 mg) of tomato were frozen in liquid

nitrogen and ground to a fine powder using an analytical mill (IKA; A11

basic) or mortar and pestle. Then, frozen tissue was extracted with 80%

methanol:water (v/v) containing 0.1% formic acid (the solid:liquid ratio

was kept at 1:3 [w/v]). Themixture was vortexed for 30 s, sonicated for 30

min at room temperature, vortexed again for 30 s, centrifuged (20,000g,

10 min), and filtered through a 0.22-mm polytetrafluoroethylene mem-

brane filter (Acrodisc CR 13 mm; PALL).

Targeted Profiling of Tomato Metabolites

The profiling of SAs in organic extracts of tomato tissues was performed

by MS analyses, performed by the UPLC-qTOF instrument (Waters High

Definition MS System; Synapt), with the UPLC column connected online

to a photo diode array detector (Waters, Acquity), and then to the MS

detector, equippedwith an electrospray probe. Separation ofmetabolites

and detection of the eluted compound masses was performed as

described by Mintz-Oron et al. (2008) and Adato et al. (2009). Masses

were detected in them/z range of 50 to 1500 Dwith the following settings:

capillary voltage at 3.0 kV, cone voltage at 28 eV, collision energy at 4 eV,

and argon was used as a collision gas. ForMS/MS, 10 to 60 eVwere used

(for both ionizationmodes). Tomatidine and a-tomatine were identified by

comparison of their retention times and MS/MS fragments to those of

the corresponding standard compounds. Their concentrations in planta

were quantified against standards using standard curves. Dehydrotoma-

tine and dehydrotomatidine were identified by comparison to the corre-

sponding compounds present as impurities in standards (tomatidine

[Sigma-Aldrich] and a-tomatine [Apin Chemicals]). Other metabolites

were putatively identified as follows: The elemental composition, selected

according to the accurate masses and the isotopic pattern using the

MassLynx software, and MS/MS fragments were compared with those

found in the literature (Cataldi et al., 2005; Moco et al., 2006; Iijima et al.,

2008; Mintz-Oron et al., 2008; Yamanaka et al., 2008). Relative quanti-

fication of the compounds was performed with the QuanLynx program

version 4.1 (Waters) using the data acquired in the positive mode. Peak

areas were used for the hierarchical clustering of the SAs with MeV

version 4.5.1 software (http://www.tm4.org/mev). Peak areas after ln

transformation and quantile normalization inside each group of replicates

were used for the construction of the PCA plots.

Phytosterol Analysis

Phytosterol content of tomato was analyzed as described by the

Arabidopsis Metabolomics Consortium (http://tht.vrac.iastate.edu:81/

media/protocols/Analytical%20Platform_5.pdf) with slight modifications.

Fully expanded tomato leaveswere frozen in liquid nitrogen and ground to

a fine powder using a mortar and pestle. Subsequently, 150 mg frozen

leaf powder was extracted at 758C for 60 min with 6 mL chloroform/

methanol (2:1 [v/v]; containing 1.25mg/L epicholesterol [Steraloids] as an

internal standard). Extractswere kept at room temperature for at least 1 h,

solvents were evaporated to dryness in the lyophilizer, and the remaining

residue was saponified at 908C for 60 min in 2 mL 6% (w/v) KOH in

methanol. Upon cooling to room temperature, 1.5 mL n-hexane and 1.5

mL water were added, and the mixture was shaken vigorously for 20 s.

Following centrifugation (3000g for 2 min) to separate the phases, the

hexane phase was transferred to a 2-mL Eppendorf tube and evaporated

to dryness using a gentle stream of nitrogen. The aqueous phase was

reextractedwith 1.5 mL n-hexane and centrifuged, and the hexane phase

was added to a 2-mL Eppendorf tube containing the pellet from the first

extraction and evaporated as above. Subsequently, 50mL ofN-methyl-N-

trimethylsilyl trifluoroacetamide was added to the pellet, the sample was

shaken vigorously for 30 s, and the mixture was transferred to a 2-mL

autosampler glass vial with a 100-mL conical glass insert. After capping

the vial, the reaction mixture was incubated at room temperature for at

least 15 min. The GC-MS system comprised a COMBI PAL autosampler

(CTC Analytics), a trace GC ultra-gas chromatograph equipped with a

programmable temperature vaporizing (PTV) injector, and a DSQ quadru-

polemassspectrometer (ThermoElectron). GCwasperformedona30m3

0.25mm3 0.25-mm Zebron ZB-5 msMS column (Phenomenex). The PTV

split technique was performed as follows: Samples were analyzed in the

constant temperature splitless mode. PTV inlet temperature was set at

2808C. Analytes were separated using the following chromatographic con-

ditions: Helium was used as carrier gas at a flow rate of 1.2 mL/min. The

thermal gradient started at 1708C, was held at this temperature for 1.5 min,

ramped to 2808C at 378C/min and then ramped to 3008C at 1.58C/min and

held at 3008C for 5.0 min. Eluents were fragmented in the electron impact

mode with an ionization voltage of 70 eV. The reconstructed ion chromat-

ograms and mass spectra were evaluated using Xcalibur software version

1.4 (ThermoFinnigan). Compounds were identified by comparison of their

retention index and mass spectrum to those generated for authentic

standards analyzed on the same instrument: a-amyrin (Apin Chemicals);

b-sitosterol, b-amyrin, cholestanol, cholesterol, and stigmasterol (Sigma-

Aldrich); lanosterol, cycloartenol, and campesterol (Steraloids), and 2,3-

oxidosqualene (Echelon Biosciences). Phytosterol concentrations in planta

were quantified against standards using standard curves.

Quantitative Real-Time PCR

RNA isolation from fruit (without placenta and seeds) was performed by

the hot phenol method (Verwoerd et al., 1989) from seeds (cleaned from

gel) as describedbyRuuska andOhlrogge (2001) and fromall other tissues

by the Trizol method (Sigma-Aldrich). DNase 1 (Sigma-Aldrich) treated

RNA was reverse transcribed using a high-capacity cDNA reverse tran-

scription kit (Applied Biosystems). Gene-specific oligonucleotides were

designed by the Primer Express 2 software (Applied Biosystems). The

CLATHRIN ADAPTOR COMPLEXES subunit gene (Expósito-Rodrı́guez

et al., 2008) was used as an endogenous control. Additional primers used

for quantitative real-time PCR are listed in Supplemental Table 6 online.

Generation and Purification of GAME1 Recombinant Enzyme

GAME1 was amplified from cDNA using oligonucleotides listed in Sup-

plemental Table 6 online. The amplification product was subcloned into

pACYCDUET-1 using BamHI and PstI restriction enzymes. The resulting

plasmid, pAC-GAME1 (carrying the GAME1 open reading frame fused to

N-terminal 6XHis tag), was transformed to Escherichia coli BL21 DE3

(Novagen, Merck). For expression of the GAME1 enzyme, a fresh over-

night culture was diluted 1:100 in 25 mL 23 yeast-tryptone medium with

30 mg/mL chloramphenicol and incubated at 378C and 250 rpm until an

OD600 of 0.4 was reached. Subsequently, isopropyl-b-D-thio-galactoside

was added to a concentration of 0.5 mM, and the incubation continued

overnight at 188C and 250 rpm. The next day, cells were harvested by

centrifugation and the pellet resuspended in 2 mL of 50 mM Tris HCl, pH

7.5, with 8mM b-mercaptoethanol. After breaking the cells by sonication,

insoluble material was removed by centrifugation, and the soluble fraction
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was treated with Ni-nitrilotriacetic acid spin columns (Qiagen) according to

the manufacturer’s instructions for purification of the recombinant protein.

The solution containing purified protein (200 mL) was dialyzed in the pres-

ence of 2 liters of 50 mM Tris HCl, pH 7.5,with 8 mM b-mercaptoethanol at

48C.After addition of 15% (v/v) of glycerol, proteinwasstored at2208Cuntil

further analysis. Protein concentration was determined using the Bio-Rad

protein assay by comparison to a BSA standard.

Enzyme Assays with GAME1 Recombinant Enzyme

The substrates tomatidine (Sigma-Aldrich), solanidine, solasodin, and

demissidin (kindly supplied by Harry Jonker) as well as 23-acetoxy-27-

hydroxytomatine and esculeoside A (kindly provided by Yoko Iijima and

Koh Aoki) were all dissolved in 1 mM DMSO. Enzyme assays were

performed in 50 mM Tris-HCl, pH = 7.5, with 8 mM b-mercaptoethanol

using 5 mg/mL enzyme, 8 mM UDP-Gal or UDP-Glc, and 0.1 mM

substrate (or, for determination of kinetic constants, 0.1 mM, 0.05 mM,

0.025 mM, 0.01 mM, and 5 mM) in a volume of 100 mL. After 1 h of

incubation under slight agitation at 308C, reactions were stopped by

addition of 300 mL methanol and 0.1% formic acid. Samples were

prepared by vortexing briefly and sonication for 15min. Then, the extracts

were centrifuged for 5 min at 20,000g and filtered through 0.2-mm

inorganic membrane filters (RC4; Sartorius). The identification of prod-

ucts was performed using a Waters Alliance 2795 HPLC connected to a

Waters 2996 photo diode array detector and subsequently a qTOFUltima

V4.00.00 mass spectrometer (Waters, MS Technologies) operating in the

positive ionization mode. The column used was an analytical column

(Luna 3 m C18/2 100A; 2.0 3 150 mm; Phenomenex) attached to a C18

precolumn (2.0 3 4 mm; AJO-4286; Phenomenex). Degassed eluent A

(ultrapure water:formic acid [1000:1, v/v]) and eluent B [acetonitrile:formic

acid (1000:1, v/v]) were used at 0.19mL/min. The gradient started at 5%B

and increased linearly to 75% B in 45 min, after which the column was

washed and equilibrated for 15min before the next injection. The injection

volume was 5 mL. The amount of substrate consumed was measured by

the decrease in peak surface area in the LC-MSchromatogram, relative to

a control from which UDP-Gal was omitted. Masses used were toma-

tidine (C27H45NO2; 416.35m/z ([M+H]), solanidine (C27H43NO; 398.34m/z

([M+H]), solasodine (C27H43NO2; 414.34 m/z ([M+H]), and demissidine

(C27H45NO; 400.36). Kinetic constantswere calculated using Lineweaver-

Burk plots (Lineweaver and Burk, 1934).

GAME1 Protein Activity

To test tomatidine-galactosyltransferase activity in tissues, freeze-dried

material or fresh material was deep frozen, ground to a fine powder, and

stored at 2808C. The powder (20 mg freeze-dried or 125 mg fresh) was

extracted for 5 min at 48C with 0.7 mL of a buffer consisting of 50 mM Tris-

HCl, pH 8.0, 1 mM EDTA, 0.1% Triton X-100, 5 mM DTT, 3% polyvinylpo-

lypyrrolidone, and Protease Inhibitor Mix P (Serva). Of the supernatant after

centrifuging for 10 min at 13,000g and 48C, 0.25 mL was collected and

applied to a NAP-5 column (GE-Healthcare) equilibrated in 50mMTris-HCl,

pH 8.0, 1 mM EDTA, 0.1% Triton X-100, and 2 mM DTT. The column was

washed and eluted using 0.25 and 0.7 mL of the same buffer. Of this crude

protein extract, 100 mL was used in the enzyme assay, in a final volume of

200 mL. Concentrations in the assay were 50 mM Tris-HCl, pH 8.0, 1 mM

EDTA, 0.1%Triton X-100, 2mMDTT, 10mMUDP-Gal (Sigma-Aldrich), and

0.1 mM tomatidine. After 2 h of incubation under slight agitation at 308C,

reactions were stopped by addition of 600 mL methanol and 0.1% formic

acid. Analysis was performed as described for the recombinant protein.

Microarray Assays

Total RNA was extracted from three pools of the third to sixth true leaves

in a single plant using TRIZOL (Sigma-Aldrich) and treated with DNase

1 (Sigma-Aldrich). Biotinylated cRNA was fragmented and hybridized to

the Affymetrix GeneChip Tomato Genome Array as described in the

Affymetrix technical manual (www.affymetrix.com). Statistical analysis of

microarray data was performed using the Partek Genomics Suite (www.

partek.com) and the robust microarray averaging algorithm (Irizarry et al.,

2003). Changes in expression levels were determined by analysis of

variance. False discovery rate was applied to correct for multiple com-

parisons (Benjamini and Hochberg, 1995). Differentially expressed genes

were chosen according to false discovery rate < 0.1 and a twofold change

between genotypes and signal above background in at least one micro-

array. Functional annotation analysis was performed manually using

publicly available databases.

Bacterial Strains and Inoculation Techniques

For inoculation, Xcv strain 97-2 (race T3; X. perforans according to the

new nomenclature; Astua-Monge et al., 2000) was grown on nutrient agar

(NA; Difco Laboratories) at 288C for 48 h. Cells were resuspended in a

solution containing 10 mM MgCl2 with 0.02% Silwet L-77. Bacterial

concentrations were adjusted using a spectrophotometer and verified by

plating of serial dilutions on NA. Tomato plants were grown from seeds in

a greenhouse (25 to 288C) in 0.6-liter spots containing a mixture of equal

parts of sand, vermiculite, and peat. Inoculation of plants for assessment

of Xcv growth in planta was performed by vacuum dipping 7- to 8-week-

old plants into bacterial suspensions of 53 105 colony-forming units/mL

as described by Tamir-Ariel et al. (2007). Seven plants per treatment

were inoculated in each experiment. To determine bacterial concen-

tration in inoculated leaves, leaf discs were extracted from the first three

fully expanded leaves, homogenized, serial diluted, and plated onto NA

plates with cephalexin (25 mg/mL). This experiment was repeated three

times.

Colletotrichum coccodes Halo Inhibition Assay

Organic extracts from 660 or 200 mg wild-type and transgenic plant

leaves were dried by nitrogen bubbling and dissolved in 200 mL of 70%

methanol in water. The extracts (from 200mg for spore germination assay

and from 660 mg for growth inhibition assay) were loaded on 13-mm

Whatman discs and air dried, then the discs were placed in the center of

Petri dishes containing Mathur’s medium (Tu, 1985), which were previ-

ously inoculated with 53 105 C. coccodes spores. The Petri dishes were

incubated overnight at 48Cand then transferred to 278C for assessment of

fungal growth and germination. Twenty-four hours later, the growth

inhibition haloes were measured and photographed.

Application of Brassinosteroids, GA3, b-Sitosterol, Stigmasterol,

and 1-MCP Treatment

Plants were sprayed to the point of runoff with 24-epibrassinolide (1 mM),

24-epicastasterone (1mM), GA3 (100 ppm), or b-sitosterol (150 ppm) and/

or stigmasterol (150 ppm) dissolved inwater with addition of 0.5%ethanol

and 0.02% Silwet L-77 for 2 weeks every 2 d. For 1-MCP treatment, fruits

(cv Ailsa Craig) at the MG, breaker, and Or stages were incubated with

1 ppm of 1-MCP for 19 h, transferred to open air for 24 h, and subse-

quently frozen. Control fruits were incubated in air instead of 1-MCP.

TEM

For TEM, fully expanded leaves from 6-week-old tomato plants were

collected and processed using a standard protocol (Chuartzman et al.,

2008). The Epon-embedded samples were sectioned (70 nm) using an

ultramicrotome (Leica) and observed with a Technai T12 transmission

electron microscope (FEI).
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Arabidopsis thaliana Root Inhibition Assay

Arabidopsis ecotype Columbia seeds were sown on Murashige and

Skoog medium (Murashige and Skoog, 1962) supplemented with leaf

extracts from wild-type or GAME1i plants (0.5 g tissue) or with various

concentrations of a-tomatine or tomatidine (all dissolved in DMSO,

resulting in 0.5% of DMSO in medium). Arabidopsis germinated on

Murashige and Skoog medium supplemented only with 0.5% DMSO

was used as control. After imbibition of 48 h, Petri dishes with plants

were transferred to the climate room (248C, a 16/8-h light/dark cycle,

20 6 2 mE·m22·s21).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers HQ293016, HQ293018, and HQ293017,

for GAME1, GAME2, and GAME3, respectively. Additional accession

numbers used in this article are listed in Supplemental Table 7 online.

Microarray data are available in the ArrayExpress database (www.ebi.ac.

uk/arrayexpress) under accession number E-MEXP-3455.
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