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Introduction

Plants produce a myriad of low molecular weight natural prod-
ucts with diverse functions in development, reproduction and
defence. The remarkable structural diversity and associated bio-
logical activities of these metabolites result from extensive modifi-
cations of the core scaffold backbone, for example through
oxidation, desaturation, hydroxylation, acylation, glycosylation,
methylation and isomerization reactions. Among these modifica-
tions, oxygenation and hydroxylation reactions catalysed by
cytochrome P450s (CYPs) and 2-oxoglutarate-dependent dioxy-
genases (2-ODDs) are widespread in both core and secondary
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Summary

e Solanum steroidal glycoalkaloids (SGAs) are renowned defence metabolites exhibiting spec-
tacular structural diversity. Genes and enzymes generating the SGA precursor pathway, SGA
scaffold and glycosylated forms have been largely identified. Yet, the majority of downstream
metabolic steps creating the vast repertoire of SGAs remain untapped.

e Here, we discovered that members of the 2-OXOGLUTARATE-DEPENDENT
DIOXYGENASE (2-ODD) family play a prominent role in SGA metabolism, carrying out three
distinct backbone-modifying oxidative steps in addition to the three formerly reported path-
way reactions.

¢ The GLYCOALKALOID METABOLISM34 (GAME34) enzyme catalyses the conversion of
core SGAs to habrochaitosides in wild tomato S. habrochaites. Cultivated tomato plants over-
expressing GAME34 ectopically accumulate habrochaitosides. These habrochaitoside enriched
plants extracts potently inhibit Puccinia spp. spore germination, a significant Solanaceae crops
fungal pathogen. Another 2-ODD enzyme, GAME33, acts as a desaturase (via hydroxylation
and E/F ring rearrangement) forming unique, yet unreported SGAs. Conversion of bitter
a-tomatine to ripe fruit, nonbitter SGAs (e.g. esculeoside A) requires two hydroxylations;
while the known GAME31 2-ODD enzyme catalyses hydroxytomatine formation, we find
that GAME40 catalyses the penultimate step in the pathway and generates acetoxy-
hydroxytomatine towards esculeosides accumulation.

e Our results highlight the significant contribution of 2-ODD enzymes to the remarkable
structural diversity found in plant steroidal specialized metabolism.

metabolisms (Farrow & Facchini, 2014; Kawai et al., 2014; Islam
etal., 2018). Compared with CYPs, 2-ODDs have been studied
to a lesser extent; however, members of this class catalyse a diverse
array of oxidative reactions including demethylation, desatura-
tion, halogenation, ring cleavage, ring rearrangement, ring clo-
sure and epimerizations (Farrow & Facchini, 2014; Hagel &
Facchini, 2018). A typical plant genome contains >100 members
of the 2-ODD family. These proteins are renowned for their
activity in hormone biosynthetic and catabolic pathways (gib-
berellin and ethylene biosynthesis, auxin and salicylic acid
catabolism) as well as in specialized metabolism inter alia
flavonoid, glucosinolate, coumarin, benzoxazinoid and the
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biosynthesis of various alkaloid classes (tropane, monoterpene
indole, benzylisoquinoline and steroidal alkaloids) (Farrow &
Facchini, 2014; Kawai ez al., 2014).

Steroidal glycoalkaloids (SGAs) are defence specialized
metabolites produced by hundreds of wild and cultivated
Solanum species (Friedman, 2002, 2006; Cardenas ez al., 2015;
Sonawane et al., 2020). The biosynthesis of SGAs precursor path-
way (i.e. cholesterol), SGAs scaffold and glycosylated forms have
been elucidated to a large extent (Itkin ezal, 2011, 2013; Carde-
nas eral., 2016, 2019; Sonawane eral, 2016, 2018), yet the
majority of downstream metabolic steps generating the immense
structural diversity of this class remain untapped. To date, three
distinct activities of 2-ODD enzymes have been associated with
SGAs biosynthesis (Itkin ezal, 2013; Nakayasu etal, 2017;
Cirdenas eral., 2019). In the core SGA biosynthetic pathway,
GLYCOALKALOID METABOLISM11 (GAME11), a 2-ODD
C-16  hydroxylation of 22,26-
hydroxycholesterol to 16,22,26-hydroxycholesterol (Supporting
Information Fig. S1). We recently reported on GAME31, a 2-
ODD from tomato, that catalyses the C-23 hydroxylation of o-
tomatine to hydroxytomatine (Cdrdenas eral, 2019); the first
committed step towards the formation of the ripening-associated
nonbitter SGAs (e.g. esculeoside A) (Figs 1; S1). GAME32, a 2-
ODD from wild potato species (S. chacoense), performs the C-23
hydroxylation of o-chaconine and a-solanine to form the
Colorado potato beetle resistance-associated SGAs leptinine I
and leptinine II, respectively (Cdrdenas eral, 2019) (Fig. S1).
While enzymes of the CYPs family (i.e. GAME6, GAMES and
GAME4) catalyse hydroxylation/oxidation reactions in core
SGAs biosynthesis (Itkin ez al., 2013) (Fig. 1, in blue), it is possi-
ble that downstream modifications in SGAs pathway require
additional 2-ODD enzyme activities.

member catalyses  the

The occurrence and distribution of the various SGAs struc-
tures vary greatly between wild and cultivated species (Kozukue
etal., 2008; lijima etal, 2013; Schwahn ezal, 2014). Some
SGAs are restricted to specific wild species and to cell or dssue
types. For example, leptinines and leptines are foliar SGAs pre-
sent only in the wild Solanum chacoense potato species (Mweetwa
etal., 2012). Similarly, torvoside A and torvoside H SGAs are
unique to Solanum torvum (Eich, 2008). A different SGA,
habrochaitoside A, is known to accumulate only in ripening fruit
tissues of the wild tomato Solanum habrochaites (lijima eral.,
2013; Schwahn ezal, 2014). While the steroidal A-D rings and
sugar moieties of habrochaitoside A and o-tomatine are similar,
the F ring of habrochaitoside A has a unique imine structure
(C=N) (Fig. 1). For many years, habrochaitoside A formation in
S. habrochaites was presumed to occur through oxidation of o-
tomatine catalysed by cytochrome P450 enzymes (lijima ezal,
2013; Schwahn ez al, 2014).

Here, we discovered that the involvement of the 2-ODD fam-
ily in determining the structural variation of SGAs is even
broader. We found that GAME34, a 2-ODD family enzyme,
catalyses the conversion of a-tomatine to habrochaitoside A in S.
habrochaites. Moreover, we identified another tomato 2-ODD
family member (GAME33) that performs desaturation reaction
on an array of SGA substrates forming unique SGAs not reported
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so far. Additionally, in this study, we characterized a third 2-
ODD enzyme, GAME40 that is involved in the biosynthetic
pathway of nonbitter SGAs (e.g. esculeoside A) downstream of a-
tomatine in tomato. The prominent role of 2-ODD enzymes in
SGAs modification highlights the key role of this enzyme class in
generating the diversity and complexity of metabolites in plants,
particularly in steroidal specialized metabolites.

Materials and Methods

Plant material

Twelve wild tomato accessions (S. habrochaites (LA1777 and
LA0407), S. chmielewskii (LA1318, 732 and LA1028), S. peru-
vianum (P1126431 and PI126926), S. pennellii (LA0716),
S. pimpinellifolium (LA1589 and LA1586) and S. cheesmaniae
(LA1412 and LA13006)), selected introgression lines (ILs) (IL1-1,
IL1-1-3 and IL2-1-1), backcross inbred lines (BILs) (#2033,
#2357 and #2363), the two parental lines S. lycopersicum (cv
M82) and S. pennellii, tomato varieties (S. lycopersicum cv Micro
Tom and cv VF36), cultivated potato (S. tuberosum cv Desiree)
and S. chacoense (accession no. 8380-1) plants were grown in a
climate-controlled glasshouse at 24°C during the day and 18°C
during night, with natural light. Nicotiana benthamiana plants
were grown in a growth room maintained at 23 &+ 2°C with 16-h
: 8-h, day : night light regime.

LC-MS-based SGA analysis

Plant extracts preparations and targeted profiling of SGAs in
various cultivated and wild tomato tissues (leaves, seeds at dif-
ferent developmental stages, flowers, roots, stems, green and
red fruit) were performed as described previously (Itkin etal,
2011; Cardenas etal, 2016, 2019; Sonawane etal, 2018).
Unless stated otherwise, at least three biological replicates from
each genotype were used for metabolite analysis. Relative quan-
tification of the SGA metabolites was carried out using the
TargetLynx  (Waters) program. The identification of
habrochaitoside A SGA was confirmed by NMR studies.
Detailed LC-MS methods and NMR spectroscopy are provided
in Methods S1.

Transcriptome and quantitative real-time PCR analysis

RNA-seq libraries from four developmental stages of above-
mentioned 12 wild tomato accessions were prepared and analysed
as described previously (Jozwiak eral, 2020). Targeted gene
expression analysis was performed with three or more biological
replicates (7> 3) for each genotype by qRT-PCR. Total RNA
was isolated using the TRIzol method (Sigma-Aldrich). DNase I
(Sigma-Aldrich)-treated RNA was reverse transcribed using a
high-capacity cDNA reverse transcription kit (Applied Biosys-
tems, Foster City, CA, USA). Gene-specific oligonucleotides
were designed with PRIMER BLAST software (NCBI). The 77P41
gene was used as an endogenous control in gene expression
analysis.
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Fig. 1 Distinct 2-oxoglutarate-dependent dioxygenase (2-ODD) enzyme activities generate steroidal glycoalkaloids (SGAs) structural diversity in Solanum
species. Steroidal glycoalkaloids pathway during tomato fruit development and ripening is presented here. The ripening-associated chemical shift in SGAs
metabolism involves conversion of o-tomatine and dehydrotomatine (major SGAs in green fruit) to esculeoside A and dehydroesculeoside A, respectively.
These represent major SGAs in red ripe fruit of cultivated tomato (e.g. Solanum lycopersicum cv M82 or Micro Tom) species. Conversely, habrochaitoside
A and habrochaitoside B accumulate predominantly in the ripe fruit of S. habrochaites. The known SGA biosynthetic enzymes (i.e. GAME31 and GAME5)
in the esculeoside A pathway are marked in green. Three known CYP enzymes involved in the core SGA pathway are presented in blue. GAME34,
GAME33 and GAME40 enzymatic steps discovered in this study are shown in red. GAME34 from S. habrochaites catalyses the conversion of a-tomatine
and dehydrotomatine to habrochaiotside A and habrochaitoside B, respectively, while GAME40 acts on acetoxytomatine to form acetoxy-
hydroxytomatine in the esculeoside A biosynthetic pathway. GAME33 produces prashantoside SGAs. Specific activity displayed by these GAME enzymes is
shown in red on SGA structures. Dashed and solid arrows represent multiple and single biosynthetic reaction steps, respectively. GAME, GLYCOALKALOID
METABOLISM; Glu, glucose; Gal, galactose; Xyl, xylose; Rha, rhamnose; Ac, acetoxy; AT, acyltransferase.
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Escherichia coli expression and in vitro assays for
GAME34, GAME33 and GAME40 enzymes

GAME34 genes from S. habrochaites (accession no. 1777;
ShGAME34), S. pennellii (SpGAME34) and cultivated tomato
(cv M82; SIGAME34) were cloned separately into the pET28b
vector and expressed in Escherichia coli BL21 (DE3) cells. Soluble
proteins were purified on Ni-NTA agarose beads (Adar Biotech,
Rehovot, Israel) as described earlier (Cardenas ez, 2019). The
recombinant GAME34 enzyme activity assay was performed
according to Cardenas eral. (2019) without any modifications.
Enzyme assay products (habrochaitosides) were analysed by LC-
MS. The detailed steps for GAME34, GAME33 and GAME40
proteins expression and their recombinant enzyme assays are pro-

vided in Methods S1.

GoldenBraid cloning and transient expression in
N. benthamiana and tomato (cv VF36)

ShGAME34 and ShGAME35 (from S. habrochaites accession
no. 1777) overexpression constructs were generated using
GoldenBraid cloning (Sarrion-Perdigones ezal, 2013). The
GAME34 and GAME35 coding sequences were cloned separately
into the pUPDI vector and further moved into the respective
302 and finally to 3Q1 vectors (pCAMBIA backbone-based).
The respective 3Q1 constructs harbouring either ShGAME34 or
ShGAME35 were transiently expressed in N. benthamiana and
tomato (cv VF306). Transient expression methods are described in
Methods S1.

GAME34-VIGS in IL1-1 tomato plants

pTRV2 vector harbouring fragment of GAME34 gene (cloned
from IL1-1 line) was generated, and virus-induced gene silencing
(VIGS) experiment was performed using selected IL1-1 tomato
plants as described previously (Itkin ezal, 2009). VIGS experi-
mental details are provided in Methods S1.

Generation of GAME33-Ox and GAME34-Ox transgenic
tomato plants

StGAME33-Ox (cloned from cultivated potato), ScGAME33-
Ox (cloned from 8. chacoense accession no. 8380-1) and
ShGAME34-Ox (from S. habrochaites accession no. 1777) con-
structs were prepared using GoldenBraid cloning as described
above. 3Q1:ShGAME34, 3Q1:StGAME33 and 3Q1:ScGAME33
constructs were transformed separately into tomato (cv Micro
Tom) wusing Agrobacterium tumefaciens (strain  GV3101)-
mediated transformation (Cardenas ez 4/, 2019). Positive trans-
genic lines were selected by qRT-PCR and further used for LC-
MS-based prashantosides and other SGA analysis.

Phylogenetic analysis
GAME11l, GAME31, GAME32, GAME33, GAME34,
GAME35, GAME40 and their homologous sequences from

© 2022 The Authors
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Solanum plants were retrieved using the BLAsTP program (hetps://
blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence alignments were per-
formed using CrustaL OMEGA (Sievers etal., 2011). The maxi-
mum likelihood tree was inferred in MEGAG using 1000
bootstrap replications (Tamura eral, 2013). Amino acid
sequences used in the phylogenetic analysis are provided in
Dataset S1.

Fungal inhibition assay

Puccinia spp. fungal inhibition activity of GAME34-Ox
and wild-type methanolic extracts was determined by a
microplate-based method. The experiment was repeated at least
three times. Details of fungal inhibition assay are described in

Methods S1.

Results

Habrochaitoside A and B accumulate explicitly in ripening
fruit of S. habrochaites among diverse wild tomato species

lijima eral. (2013) isolated a novel SGA from ripe fruit of
S. habrochaites (LA1777), which was termed habrochaitoside
Aand suggested its biosynthetic route to proceed through
cytochrome P450-mediated hydroxylation of a-tomatine. We
first employed liquid chromatography-mass spectrometry (LC-
MS) and examined habrochaitoside A content in extracts of four
fruit developmental stages (i.e. immature green, mature green,
breaker and ripe) dissected from fruit of 12 wild tomato acces-
sions. Habrochaitoside A (m/z 1032.55; CsoHgNO,;) was
detected merely in fruit of both S. habrochaites accessions (#1777
and #0407) (Fig. 2a) and not in any other wild species. Notably,
gradual accumulation of habrochaitoside A was observed during
the course of fruit ripening (Fig. 2a). In the same experiment, we
detected the presence of a different, unreported SGA (m/z
1030.52, termed here habrochaitoside B; CsoH79NO,;) that
showed a similar accumulation pattern to the one of
habrochaitoside A and appeared only in the two S. habrochaites
accessions (Figs S2, S3). The level of habrochaitoside B was c. 6-
to 10-fold lower than habrochaitoside A in the S. habrochaites
accessions. We presumed that habrochaitoside B could likely be
derived from dehydrotomatine. Apart from habrochaitoside A
and B, we also detected a repertoire of other known SGAs associ-
ated with fruit ripening in both S. habrochaites accessions (e.g. o-
tomatine, hydroxytomatine, acetoxytomatine and esculeoside A)
(Fig. S4). To validate these observations, we further analysed
ripening-associated SGAs in both S. habrochaites accessions in an
independent experiment (z=3) (Fig.S5). Habrochaitoside A
and B accumulation during the transition from green to ripe fruit
was accompanied by a reduction in a-tomatine levels (Figs S4,
S5). Furthermore, apart from frui, we did not detect
habrochaitosides (i.e. habrochaitoside A and B) in any other
organ or tissue (e.g. leaves and flowers) of the S. habrochaites
accessions. These results show that habrochaitoside A and B
SGAs accumulate specifically in ripening fruit tissues of
S. habrochaites accessions.

New Phytologist (2022) 234: 1394-1410
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Fig. 2 Predominant accumulation of habrochaitoside A and expression of
candidate GAME34 and GAME35 genes in ripe fruit of the wild tomato
species Solanum habrochaites. (a) Liquid chromatography-mass
spectrometry (LC-MS)-based profiling of habrochaitoside A in different
wild tomato species during four stages of fruit development (n=1, single
replicate for each fruit developmental stage was prepared by grinding
several fruits from individual wild tomato species). (b, c) GAME34 (b) and
GAME35 (c) expression levels in four fruit developmental stages of wild
tomato accessions (normalized RNA-seq data). Inset in (b) displays the
genomic organization of GAME34 and GAME35 on chromosome 1.
FPKM, fragments per kilobase of transcript per million mapped reads.
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Identification of candidate genes involved in
habrochaitoside A biosynthesis

For many years, the biosynthesis of habrochaitoside A from o-
tomatine was anticipated to occur via an oxidation step catalysed
by a cytochrome P450 enzyme. We envisaged that as for
habrochaitoside A, a similar oxidation step and corresponding
enzyme might be required to form habrochaitoside B from dehy-
drotomatine. To discover gene(s) associated with habrochaitosides
biosynthesis, we generated transcriptomic data from four fruit
developmental stages of the above-mentioned 12 wild tomato
accessions. Next, we searched for candidate genes based on their
predominant and elevated expression in the breaker and ripe stages
of S. habrochaites accessions (i.e. #1777 and #0407) as compared to
fruit of other wild accessions. While no CYPs genes matched our
selection criteria, two putative 2-ODD genes displayed a pertinent
expression profile. Both genes termed here GLYCOALKALOID
METABOLISM34 (GAME34, Solyc01g006580) and GLYCO-
ALKALOID METABOLISM35 (GAME35, Solyc01g006610) were
found to be located in close proximity (in a c 35 kbp region on
chromosome 1) flanking two other genes (see inset in Fig. 2b) and
shared 90% homology at amino acid level. GAME34 and
GAME35 genes were predominantly expressed in ripening fruit tis-
sues of S. habrochaites accessions (Fig. 2b,c) resembling the profile
of habrochaitoside A and B (Figs 2a, S2). The results suggested that
GAME34 and GAME35 genes could take part in habrochaitosides
biosynthesis in S. habrochaites fruit.

Habrochaitosides accumulate in young seedlings of
cultivated tomato and leaves of the wild species Solanum
pennellii

It has been suggested that habrochaitosides SGAs are produced only
in fruit of S. habrochaites and not in any tissues of wild and cultivated
tomato varieties (Iijima eral, 2013). Here, we surveyed
habrochaitoside A content in different tissues of cultivated tomato (S.
ycopersicum cv Micro Tom) at three developmental time points:
seedling (7 and 15 d old), young (4-6 wk old) and old (8—10 wk old)
plants. We could not detect habrochaitosides in any of the analysed
tissues (leaves, stem, green fruits and red fruit) from 8- to 10-wk-old
tomato plants (Fig. S6a). Yet, we discovered high accumulation of
habrochaitoside A in roots, hypocotyl and cotyledons of 7-d-old and
15-d-old tomato seedlings (Fig.S6a). We also detected
habrochaitoside A in stem and roots, but not in leaves of young (4- to
6-wk-old) tomato plants. Thus, habrochaitoside A is indeed produced
by cultivated tomato species at early stages of plant development.

While searching an in-house transcriptomics data of cv Micro
Tom (Cérdenas et al., 2016), we found that both GAME34 and
GAMES35 candidate genes were expressed in seeds of different
fruit developmental stages. Apart from this, no other tissue exam-
ined (i.e. leaves (4-wk-old), petals, buds, as well as skin and flesh
tissues derived from fruit at various developmental stages)
showed detectable GAME34 or GAME35 expression (Fig. S6b,c).
Despite GAME34 and GAME35 expression in seeds, we could
not detect habrochaitosides in mature and ripe fruit seeds of cul-
tivated tomato (cv Micro Tom).

© 2022 The Authors
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Interestingly, unlike S. habrochaites and cultivated tomato vari-
eties (cv M82 and cv Micro Tom), we found that leaves (4- to
6-wk-old) of the wild species S. pennellii do accumulate
habrochaitoside A and B (Fig. 3a). The results provided here
clearly show that habrochaitosides accumulation is not exclusive
to ripening fruit tissues of S. habrochaites.
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Analysis of introgression lines indicates that GAME34 and
not GAME35 is associated with habrochaitosides
biosynthesis

The presence of habrochaitosides in . pennellii leaves
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Fig. 3 In vitro and in planta assays confirm the role of GAME34 and not GAME35 in habrochaitosides biosynthesis. (a) Habrochaitoside A and
habrochaitoside B content in leaf tissue extracts of selected backcross inbred lines (BILs), introgression lines (ILs) along with Solanum lycopersicum (cv
M82) and wild species (S. pennellii) parents. (b) GAME34 and GAME35 expression levels in leaves of selected BILs, ILs and the parents (S. lycopersicum
(cv M82) and S. pennellii) as determined by quantitative real-time PCR (qRT-PCR). The values in (a, b) indicate means of four biological replicates + SE
mean (n=4). Asterisks in (b) indicate a significant difference from S. lycopersicum samples calculated by a Student's t-test (***, P <0.001). IL2-1-1 line
was used as negative control. LC-MS was used for targeted steroidal glycoalkaloids (SGAs) analysis. (c, d) Recombinant ShGAME34 (S. habrochaites
(accession no. 1777); shown in red), SpPGAME34 (S. pennellii, in blue) and SIGAME34 (S. lycopersicum (cv M82); in pink) enzymes (produced separately in
Escherichia coli cells) convert a-tomatine (c) and dehydrotomatine (d) to habrochaitoside A and habrochaitoside B, respectively. The control reaction (in

black) contained the respective substrate and the protein extracts of empty vecto
products (i.e. habrochaitosides). Enzyme assays analysis was carried out by LC-M

r-transformed E. coli cells. Mass to charge (m/z) is shown for assay
S. (e) Extracted ion chromatograms (EICs) of habrochaitoside A (m/z

1032.55) and habrochaitoside B (m/z 1030.52) from Nicotiana benthamiana leaf extracts expressing ShGAME34 or ShGAME35, with and without
infiltration of u-tomatine (the commercial standard contains dehydrotomatine as an impurity). Transient expression of Sh\GAME34 in N. benthamiana
leaves produces habrochaitoside A and habrochaitoside B, typically not generated in N. benthamiana leaves. (f) Transient expression of ShGAME34 in
tomato (cv VF36) resulted in habrochaitoside A and habrochaitoside B production. For (e, f), EIC results from LC-MS analysis are shown.
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inbred populations (ILs and BILs). Both ILs and BILs are
derived from crosses between the cultivated S. lycopersicum cv
M82, and the wild species S. pennellii LAO716. Each line pos-
sesses either a single (in the case of the ILs) or multiple (in
BILs) chromosomal regions introgressed from S. pennellii into
the M82 background (Eshed & Zamir, 1995; Ofner etal,
2016). In recent years, screening of these populations to map
quantitative trait loci (QTLs) appeared as a powerful approach
(Alseekh etal, 2015; Ofner etal, 2016; Szymanski eral,
2020). Here, we employed a reverse approach to the one typi-
cally employed and focused our investigation on particular
BILs and ILs covering the introgression region that includes
our gene(s) of interest (i.e. GAME34 and GAME35). Thus, we
selected three BILs (#2033, #2357 and #2363) and two ILs
(IL1-1 and IL1-1-3) that might display altered habrochaitosides
content due to introgression in chromosome 1 spanning the
GAME34 and GAME35 gene loci. To test this, we measured
habrochaitosides content in leaves of the selected ILs, BILs and
the parental lines. Habrochaitoside A and habrochaitoside B
were not detected in leaves of S. lycopersicum (cv M82) and
IL2-1-1 (serving as a negative control), while those of the S.
pennellii parent accumulated these SGAs (Fig. 3a). Leaves of
selected ILs (IL1-1 and IL1-1-3) and BILs (#2357, #2363 and
#2033) displayed notable accumulation of habrochaitoside A
and habrochaitoside B, even higher than in the S. pennellii par-
ent (Figs 3a, S7a). These results suggested that GAME34 and/
or GAME35 are linked to the increase in habrochaitoside
content.

Next, we compared GAME34 and GAME35 expression
levels in leaves of the investigated genotypes and could not
detect GAME35 expression in any of the samples (Fig. 3b).
GAME34 showed negligible expression in leaf tissue of the
cultivated tomato (cv M82) and IL2-1-1 correlating with the
lack of habrochaitosides in the leaves of these genotypes
(Fig. 3a,b). With similarity to S. pennellii, the selected BILs
(#2033, #2357 and #2363), IL1-1 and IL1-1-3 lines displayed
high GAME34 expression (Fig.3b), correlating with the
presence of high habrochaitoside levels in these lines (Figs 3a,
S7a). We also examined the expression of GAME34 and
GAME35 genes across the core IL population (obtained from
a previously reported leaf transcriptome data of the ILs
population, Chitwood eral, 2013). It appeared that only
GAME34 was expressed in the IL population and showed dif-
ferential expression in leaves of IL1-1 and IL1-1-3 across the
entire ILs set (Fig. S7b). Furthermore, we also measured
GAME34 expression in different tissues of cultivated tomato
(cv Micro Tom) at 7-d seedling, 4- to 6-wk-old and 8- to 10-
wk-old stages. GAME34 displayed predominant expression in
roots and hypocotyls of 7-d-old seedlings as well as in stem
and roots of 4- to 6-wk-old tomato plants (Fig.S8). The
GAME34 expression pattern strongly resembled the profile of
habrochaitoside A, which accumulated mainly in the same tis-
sues (Fig. S6a). Hence, these results indicated that GAME34
GAME35 are
habrochaitoside accumulation in cultivated and wild tomato
(8. pennellii) varieties.

and most likely not associated  with
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Recombinant GAME34 enzymes produce habrochaitoside
A from a-tomatine in vitro

To establish the role of GAME34 enzyme in habrochaitoside
biosynthesis, we expressed the GAME34 genes from .
habrochaites (accession no. 1777; ShGAME34), S. pennellii
(SpGAME34) and cultivated tomato (cv M82; SIGAME34) in
E. coli cells. We performed enzyme activity assays with different
steroidal alkaloid (SA) and steroidal glycoalkaloid (SGA) sub-
strates that are typically found in tomato (e.g. tomatidine, a-
tomatine and dehydrotomatine) and potato (e.g. solanidine, -
solanine and o-chaconine). Incubation of each of the three
GAME34 recombinant enzymes with o-tomatine (7/z 1034.55)
as a substrate in the presence of o-ketoglutarate, ascorbate
and Fe?* yielded habrochaitoside A (m/z 1032.55) (Fig. 3¢).
Moreover, the recombinant GAME34 enzymes also produced
habrochaitoside B (m/z 1030.52) when assayed using dehydro-
tomatine (m/z 1032.55) as a substrate (Fig.3d). The
habrochaitoside A and habrochaitoside B LC-MS mass spectra
observed in these experiments were identical to the ones detected
in the leaves of S. pennellii, IL1-1 and ripe fruit extracts of .
habrochaites (accession no. 1777) (Fig. S9a). The SIGAME34
and ShGAME34 recombinant enzymes also acted on tomatidine
(m/z 416.3), aglycone of a-tomatine to form a compound (ter-
med here habrochaitoside C) with mass m/z 414.3 (Fig. S9b).
Interestingly, none of the GAME34 enzymes (SIGAME34 or
ShGAME34 or SpGAME34) was active with the tested potato
alkaloids, that is the solanidane type, o-solanine, o-chaconine
and solanidine. We also examined the activity of recombinant
GAME35 (8. habrochaites accession no. 1777; ShGAME35)
using a similar set of SAs and SGAs substrates. The recombinant
ShGAME35 enzyme was not active with any of the tomato and
potato SAs and SGAs substrates. Taken together, the results con-
firm the role of GAME34 enzyme in habrochaitoside biosynthe-
sis. The structure of habrochaitoside A observed in the selected
ILs/BILs, recombinant enzyme assays and ripe fruit extracts of S.
habrochaites plants was unambiguously determined using nuclear
magnetic resonance (NMR) analysis (Table S1; Notes S1-S7).

GAME34 catalyses formation of habrochaitosides in planta

To test the inwvivo activity of ShGAME34, we used
Agrobacterium-mediated transient expression in Nicotiana ben-
thamiana (N. benthamiana) leaves. We infiltrated N. benthami-
ana leaves with either Sh\GAME34 or ShGAME35 and, 3 d later,
infiltrated the same leaves with o-tomatine substrate. Leaves col-
lected 2 d following substrate feeding were analysed by LC-MS.
We detected habrochaitoside A and habrochaitoside B in leaves
infiltrated with ShGAME34 (Fig. 3e) but not in ShGAME35
(from S. habrochaites accession no. 1777) and agroinfiltrated
leaves (either with GAME34 or GAME35) but without o-
tomatine supplementation. We also infiltrated and transiently
expressed ShGAME34 and ShGAME35 in leaves of 4- to 5-wk-
old tomato plants. The VF36 cultivar was used as itlacks
habrochaitosides, produces the required substrates (ie. -
and dehydrotomatine) and s

tomatine amenable to
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agroinfiltration experiments in contrast to other cultivars used in
this study. The expression of ShGAME34 in VF36 leaves resulted
in the formation of habrochaitoside A and B (Fig. 3f). However,
these SGAs were not detected in the case of Sh\GAME35 infil-
trated leaves. Altogether, the results show that the GAME34
enzyme is capable of catalysing habrochaitosides biosynthesis in
plants.

As shown above, leaves of selected IL express GAME34 and
produce habrochaitosides (Fig. 3a,b). We employed virus-
induced gene silencing (VIGS) to examine the consequence of
reduced GAME34 expression on SGAs levels in a representative
IL (i.e. IL1-1) (Fig. S10a). GAME34-VIGS-silenced IL1-1 leaves
showed a significant reduction in habrochaitoside A and B levels
(Fig. S10b). While levels of the a-tomatine (the habrochaitoside
A precursor) increased mildly, we observed a significant increase
in hydroxytomatine, an SGA downstream of a-tomatine in the
GAME34-silenced IL1-1 leaves (Fig. S10c).

Overexpression of GAME34 in cultivated tomato resulted
in accumulation of habrochaitoside A

Many tissues of cultivated tomato (e.g. leaves and fruits) do not
produce habrochaitosides. To examine the impact of GAME34
activity in cultivated tomato, we generated transgenic tomato
lines (cv Micro Tom) overexpressing the SHAGAME34 gene
(from S. habrochaites) (Fig.S11a). Leaves and green fruits of
GAME34-overexpressing (GAME34-Ox) tomato plants showed
de novo accumulation of habrochaitoside A (Fig. S11b).
Moreover, GAME34-Ox did not affect normal growth and devel-
opment of transgenic tomato lines compared to wild-type tomato
plants.

Habrochaitosides enriched leaf extracts inhibit tomato
fungal pathogen spore germination

SGAs are known to function in the plant defence against a wide
range of pathogens and predators, including bacteria, fungi,
viruses, insects and animals (Friedman, 2002; Sonawane et al.,
2018). Although a-tomatine, a major SGA in cultivated tomato,
plays a protective role against various pathogenic fungi, the role
of habrochaitoside A in phytopathogenicity remains unclear. As
overexpression of GAME34 in cultivated tomato resulted in de
novo accumulation of habrochaitoside A in leaves, we tested the
effects of habrochaitoside A enriched GAME34-Ox leaf extracts
against various bacterial (Pectobacterium spp., Pseudomonas spp.
and Xanthomonas spp.) and fungal (Alternaria spp., Botrytis spp.,
Fusarium spp., Phytophthora spp., Puccinia spp., Pythium spp.
and Rhizoctonia spp.) pathogens. Among several pathogens
tested, GAME34-Ox extracts showed notable ‘antifungal’ activ-
ity against spore germination of Puccinia spp., an important
fungal pest of Solanaceae crops. While GAME34-Ox leaf
extracts showed complete inhibition of Puccinia spore germina-
tion as comparable to the ones observed when treated with
commercial fungicides, no germination inhibition was observed
for wild-type extracts typically enriched with o-tomatine
(Fig. S12).

© 2022 The Authors
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Phylogenetic analysis reveals GAME33 as a different 2-
ODD-type enzyme associated with steroidal glycoalkaloids
metabolism

Phylogenetic analysis of the various 2-ODD GAME proteins
involved in SGA metabolism revealed that members of the same
subclade catalyse similar reactions (Fig. 4). GAME31 proteins
performing C-23 hydroxylation of spirosolane type SGAs (from
tomato and eggplant) form a separate clade (Clade I, red in
Fig. 4), while GAME34 proteins involved in habrochaitosides
(habrochaitoside A and B) biosynthesis form a distinct subclade
related to the GAME31 clade (Clade II, light blue in Fig. 4). The
GAMEI!1 proteins participating in core SGA pathway and
catalysing C-16 hydroxylation of the cholesterol backbone (i.c.
22,26-hydroxycholesterol) are clearly separated from the rest of
the 2-ODD GAME proteins further modifying core SGAs, sug-
gesting early evolution of their unique catalytic activity in SGAs
biosynthesis (clade III, purple in Fig. 4). GAME32 proteins from
S. chacoense (wild potato) possessing C-23 hydroxylation activity
that is specific to solanidane type SAs and SGAs (from potato)
form a distinct clade in the phylogeny (clade IV, blue in Fig. 4).
Interestingly, another clade of 2-ODD family members from var-
ious Solanum species (termed here GAME33) forms a large sepa-
rated clade that likely shares a common ancestor with the
GAMES32 proteins (Clade V, orange in Fig. 4). Despite 70% to
85% homology (at the amino acid level) with GAME32 proteins,
individual recombinant assay of GAME33 enzymes from tomato
(SIGAME33; Solyc00g138060), potato (StGAME33), S. cha-
coense (SCGAME33; cloned from accession no. 8380-1) and S.
pennellii (SpGAME33) failed to show any hydroxylase activity
with either potato (solanidine type), or with tomato (spirosolane
type) SAs and SGAs substrates. Clear separation of the GAME33
clade from the GAME11, GAME31, GAME32 and GAME34
clades and lack of hydroxylation activity of its members suggested
a unique function for GAME33 enzymes likely in SGAs
metabolism. Two other 2-ODD members, StGAME32-like
(from cultivated potato) and SCGAME32-like (from wild potato)
that are homologs of ScCGAME32, did not show hydroxylase
activity with any tested tomato or potato SAs or SGAs substrates.
These two proteins appeared between the GAME33 and
GAME32 subclades in the phylogenetic analysis.

Recombinant GAME33 enzymes produce yet unknown
desaturated steroidal glycoalkaloids

We next examined the expression of GAME33 in four fruit devel-
opmental stages of 12 wild tomato accessions and different tissues
of the cultivated tomato. GAME33 expression was at trace levels
in all wild species (FPKM < 10) (Fig. S13a). In cultivated tomato
(cv Micro Tom), GAME33 displayed weak expression in seeds of
mature green and red, ripe fruit (FPKM < 15; RNA-seq expres-
sion data, Cardenas ez al., 2016) (Fig. S13b).

To determine the possible role of GAME33 in SGA
metabolism, we expressed SIGAME33 (from the cultivated
tomato (cv Micro Tom)) and SpGAME33 (from S. pennellii) sep-

arately in E. coli cells and performed enzyme assays with different
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Fig. 4 Phylogenetic analysis clusters 2-ODD
GAME proteins according to their activity in
steroidal glycoalkaloid (SGA) metabolism.
The protein sequences used in the phylogeny
are from the following Solanum species:
cultivated tomato (S. lycopersicum (S)),
cultivated potato (S. tuberosum (St)), wild
tomato (S. pennellii (Sp)), Capsicum
annuum (Ca), cultivated eggplant

(S. melongena (Sm)), wild potato

(S. chacoense (Sc), accession no. M6 and
#8380-1). GAME11, GAME31, GAME32,
GAME33, GAME34, GAME35 and GAME40
proteins forming separate clades are depicted
in purple, red, blue, orange, light blue, green
and dark red colours, respectively. Numbers
are bootstrap values in percentage of 1000
replicates. Amino acid sequences used in the
phylogenetic analysis are provided in
Supporting Information Dataset S1. Red dot
denotes a common ancestor shared between
respective GAME proteins in the clade.
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sets of SAs and SGAs substrates. Both SIGAME33 and
SpGAME33 recombinant enzymes generated a new product, that
we termed prashantoside A (m/z 1032.55; C5oHgiNO;1) when
incubated with o-tomatine (m/z 1034.55; CsoHgsNO»;) as a
substrate (Fig. 5a). The m/z shift between prashantoside A and
the substrate fragment ions was 2 Da, suggesting direct desatura-
tion reaction (addition of a double bond) rather than the
expected 16 Da addition representing hydroxylation. Alterna-
tively, we also hypothesized that initial hydroxylation (16 Da)
followed by ring rearrangement (through loss of H,O, —18 Da)
could also result in desaturation mechanism and generate a corre-
sponding desaturated compound, for example prashantoside A
from o-tomatine. Although prashantoside A has the same molec-
ular formula as habrochaitoside A and dehydrotomatine, the

New Phytologist (2022) 234: 1394-1410
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C-27 hydroxylation?

using 1000 bootstrap replications.

retention time and mass spectra (Fig. S14) of these compounds
are different. The SIGAME33 recombinant enzyme could also
catalyse the reactions forming prashantoside B (m/z 1030.54;
CsoH79NO,,), prashantoside C (m/z 414.33; C,;H43NO,),
prashantoside D (m/z412.33; C,,H41NO,) and prashantoside E
(m/z 866.5; C4sH,1NOys) from dehydrotomatine (m/z 1032.54;
CsoHgiNO,,), tomatidine (m/z 416.33; C,;H4sNO,), sola-
sodine (eggplant alkaloid aglycone; m/z 414.33; Cy;H43NO,)
and o-solamargine (eggplant SGA; m/z 868.5; C4sH73NOys),
respectively  (Fig. 5b—e). The enzyme from . pennellii
(SpGAME33) was also able to produce prashantoside B (Fig. 5b)
and prashantoside E (Fig. 5¢) 77 vitro when incubated with dehy-
drotomatine and a-solamargine, respectively. The chemical struc-
tures of prashantoside SGAs identified here are shown in Fig. S15.

© 2022 The Authors
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Fig. 5 Recombinant GAME33 enzyme(s)
produce desaturated prashantoside steroidal
glycoalkaloids (SGAs). The cultivated tomato
GAME33 (SIGAME33) and wild tomato
species Solanum pennellii GAME33
(SpGAME33) proteins were expressed
separately in Escherichia coli cells. (a—e)
Aligned extracted ion chromatograms (EICs)
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of desaturated products (i.e. prashantoside m/z 866.5

SGAs) in SIGAME33 (red), SpGAME33 (dark \
blue) assays and a control reaction (in black;
protein extracts from E. coli cells harbouring

a-Solamargine
m/z 868.5

SpGAME33
empty vector). Enzyme assays performed
with the following substrates: «-tomatine (a),
dehydrotomatine (b), tomatidine (c), SIGAMES33
solasodine (d) and a-solamargine (e). m/z,
mass to charge. Putative identification of Control
desaturated compounds (GAME33 assay 1'2 1'4

products) by MS-MS analysis is provided in
Supporting Information Fig. S15.

We next identified the putative homologs of tomato
GAME33 in eggplant (SmGAME33), cultivated potato
(StGAME33) and wild potato S. chacoense accession no. 8380-
1 (ScGAME33 (8380-1)). It appeared that all these recombi-
nant GAME33 enzymes possess desaturation activity when
incubated with the set of SAs and SGAs substrates, forming
prashantoside SGAs (Figs S16-S18). However, none of the
recombinant GAME33 enzymes showed desaturation activity
with the typical potato solanidine type SA and SGA substrates.
Moreover, the StGAME32-like enzyme from cultivated potato
(refer to the phylogeny in Fig.4) was also able to produce
prashantoside SGAs in vitro when assayed with tomato and
eggplant SAs and SGAs (spirosolane type) substrates (Fig. S19).
As observed for GAME33 enzymes, StGAME32-like enzyme
was also not active with any potato SA and SGA substrates.
During the course of this study, a different group reported
DPS (dioxygenase for potato solanidane synthesis; the
StGAME32-like enzyme reported here) characterization from
potato. Akiyama eral (2021) showed that DPS catalyses the

© 2022 The Authors
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C-16 hydroxylation of spirosolane type SGAs (e.g. -
solamarine) that results in desaturation via E/F ring arrange-
ment to form the potato-specific solanidane type backbones.
MS-MS analysis of prashantosides A—E shown here (formed by
of GAME33 and StGAME32-like recombinant
enzymes) suggests desaturation via hydroxylation and rear-

action

rangement of E/F ring, resulting in the same major fragment
m/z 162.31 (Fig. S15) in all prashantoside metabolites discov-
ered here (i.e. prashantosides A-E).

We searched for prashantoside SGAs in different wild and cul-
tivated Solanum species including tomato, potato and eggplant,
and could not find these SGAs natively in any of the Solanum
species investigated. Moreover, seeds of different fruit develop-
mental stages of cultivated tomato (cv Micro Tom) do not accu-
mulate prashantoside SGAs albeit showing very weak GAME33
expression levels in seeds (Fig. S13b). Thus, our results indicate
that GAME33 clade proteins from Solanum species generate a
range of yet unreported, possibly ‘new to nature’, desaturated

SAs and SGAs.
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De novo production of prashantoside SGAs by
overexpression of GAME33 in tomato

Following our finding that GAME33, a 2-ODD enzyme pro-
duces prashantoside SGAs iz vitro through desaturation reaction,
we assessed whether this enzyme will generate such SGAs in
tomato plants. We generated stable transgenic tomato lines (cv
Micro Tom) overexpressing either StGAME33 (termed
StGAME33-Ox; cloned from cultivated potato) or ScGAME33
(termed ScGAME33-Ox; cloned from S. chacoense accession no.
8380-1) genes. Overexpression of StGAME33 and ScGAME33
genes in different tissues (i.e. leaves, green fruit and red fruit) was
confirmed by analysing transgene expression (Fig. S20). We
observed de novo production of prashantoside A, prashantoside B
and their isomers in leaves of StGAMFE33-Ox plants (Figs S21a,
§22). S$tGAME33-Ox leaves did not show significant change in
o-tomatine levels; however, we observed reduction in dehydro-
tomatine, hydroxytomatine, acetoxytomatine and o-tomatine iso-
mer levels in the same tissue (Fig. S21b). Consistent with
StGAME33-Ox results, we also detected the accumulation of
prashantoside SGAs in SecGAME33-Ox leaves (Figs S21c, S22).
No effect on o-tomatine levels albeit concomitant reduction in
other downstream SGAs was also noted in ScGAME33-Ox leaves
(Fig. S21d).

During the transition from green to red fruit, o-tomatine and
dehydrotomatine are typically converted to esculeosides (e.g.
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esculeoside A) and dehydroesculeosides (e.g. dehydroesculeoside
A), respectively (Fig. 1 for tomato SGA pathway). Green fruit of
both StGAME33-Ox and ScGAME33-Ox lines displayed reduc-
tion in o-tomatine-, o-tomatine isomer-, dehydrotomatine- and
o-tomatine-derived downstream SGAs (i.e. acetoxytomatine and
acetoxy-hydroxytomatine) as compared to wild-type green fruit
(Figs S23a,c, S24a). By contrast, we detected high levels of
prashantoside A, prashantoside B and their isomers in
StGAME33-Ox and ScGAME33-Ox green fruit (Figs S23b,d,
S24a). Thus, overexpression of GAME33 in tomato green fruit
resulted in a metabolic shift from production of a-tomatine- and
dehydrotomatine-derived SGAs to prashantoside SGAs biosyn-
thesis.

Compared to wild-type fruit, SsGAME33-Ox or ScGAME33-
Ox red, ripe fruit displayed substantial reduction in esculeoside A
(¢. 9- to ¢ 25-fold), the major SGA in red fruit of cultivated
tomato (Fig. 6a,c). Furthermore, we found that several other
SGAs produced downstream of o-tomatine towards esculeoside
A were substantially reduced as compared to wild-type red fruit
(Fig. 6a,c, S25 and refer to Fig. 1 for SGA pathway). Prashan-
toside A, prashantoside B and their isomers were the predomi-
nant SGAs in red fruit of StGAME33-Ox or ScGAME33-Ox
tomato plants (Figs 6b,d, S24b). Notably, we did not detect fur-
ther modification of prashantoside SGAs in any of the tissues
(leaves, green fruit and red ripe fruit) examined from

StGAME33-Ox or Sc GAME33-Ox tomato plants. It is likely that

StGAME33-Ox

[] Prashantoside A
M Prashantoside B
| Prashantoside A isomer
Prashantoside B isomer

]

Fig. 6 Prashantoside steroidal glycoalkaloids
(SGAs) accumulate in red fruit of GAME33-
overexpressing tomato plants. The cultivated
(S. tuberosum) and wild (S. chacoense)
potato GAME33 genes (StGAME33 and
ScGAME33, respectively) were
overexpressed in cultivated tomato (cv Micro
Tom). (a—d) Levels of esculeoside A pathway
SGAs (a, ¢) and prashantoside SGAs (b, d)
are compared between red fruit of
StGAME33-Ox (independent lines #2, #3
and #4), SCGAME33-Ox (independent lines
#21 and ##22) tomato plants and wild-type
fruit. Overexpression of GAME33 resulted in
major accumulation of prashantoside SGAs
with concomitant reduction in a-tomatine
m and other esculeoside A pathway
intermediates in red fruit tissues. Values
indicate means =+ SE (n =4 for wild-type and
n =3 for individual transgenic lines
genotype). Asterisks indicate significant
changes compared to wild-type samples as

N calculated by a Student's t-test (*, P <0.05;

** P<0.01; *** P <0.001). LC-MS was
used for targeted SGAs analysis.
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these desaturated SGAs are not proper substrates for the enzymes
acting downstream of o-tomatine or dehydrotomatine branch

(e.g. GAME31 and GAMES; Fig. 1 for SGA pathway).

GAMEA4O0, a different 2-ODD enzyme, acts in the pathway
downstream of a-tomatine towards esculeoside A
formation

During the transition from the green to red fruit stage in tomato,
the bitter a-tomatine is converted to esculeoside A, a nonbitter
SGA (Sonawane et al., 2018; Cardenas ez al., 2019). This chemi-
cal shift involves four successive modifications of a-tomatine and
formation of several pathway intermediates: hydroxytomatine
(C-23 hydroxylation of o-tomatine), acetoxytomatine (O-
acetylation of hydroxytomatine), acetoxy-hydroxytomatine (C-
27 hydroxylation of acetoxytomatine) and esculeoside A (C-27
glucosylation of acetoxyhydroxtomatine) (Fig. 1). Recently, we
have identified the GAME31 and GAMES5 enzymes from tomato
that catalyse the first C-23 hydroxylation (Cérdenas ez al., 2019)
and last C-27 glucosylation of acetoxyhydroxtomatine (Szyman-
ski eral., 2020) steps in esculeoside A biosynthesis, respectively
(Fig. 1, in green). As 2-ODD family members are largely
involved in Solanum SGA modifications, we hypothesized
that another 2-ODD-type enzyme could also carry out the
C27-hydroxylation form
hydroxytomatine.

In tomato, acetoxy-hydroxytomatine accumulates at breaker
and red ripe stages of fruit ripening. First, we measured the

of acetoxytomatine to acetoxy-

levels of acetoxy-hydroxytomatine in 12 wild tomato accessions
at the breaker and ripe stage. Acetoxy-hydroxytomatine (m/z
1108.55; Cs,HgsNO,4) was detected in breaker and red fruit
of all wild tomato accessions (Fig. 7a). Notably, very high levels
of acetoxy-hydroxytomatine were observed in fruit of the
S. cheesmaniae accession (#1306) as compared to fruit of other
wild accessions. To discover the gene associated with acetoxy-
hydroxytomatine biosynthesis, we explored the transcriptome
data (generated in this study) for the candidate genes that
are highly expressed in breaker and ripe stages of S. cheesma-
niaeaccession (#1306). Notably, we discovered a 2-ODD
candidate gene, which we termed here GLYCOALKALOID
METABOLISM40 (GAME40, Solyc09g089580) among the top
10 highly expressed genes in this S. cheesmaniae accession
(#1306) (Dataset S2). Moreover, GAME40 displayed a compa-
rable expression profile in breaker and red fruit of other wild
tomato accessions (Fig. 7b). The results suggested that GAME40
is likely to be involved in hydroxylation of acetoxytomatine to
acetoxy-hydroxytomatine.

Due to technical difficulties in purifying acetoxytomatine, the
putative GAME40 substrate, here we examined its enzyme activ-
ity in a coupled assay with additional upstream pathway enzymes.
We expressed tomato GAME40 in E. coli and performed an assay
with two enzymes performing the two first steps from o-
tomatine. These were the previously reported GAME31 and
GAMES36, an acyltransferase catalysing acetoxytomatine forma-
tion from hydroxytomatine (this will be published elsewhere;
refer to Fig. 1 for esculeoside A pathway). Incubation of the three

© 2022 The Authors
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enzymes with o-tomatine and the presence of acetyl-coA, a-
ketoglutarate, ascorbate and Fe*" yielded the expected product,
acetoxy-hydroxytomatine (Fig.7¢c). A positive control reaction
containing the GAME31 enzyme and a-tomatine produced
merely hydroxytomatine (23-hydroxytomatine). Interestingly, a
reaction containing GAME40 and o-tomatine also produced
hydroxytomatine isomers but with different retention times than
those produced by GAME31 (Fig.7¢c). We predict that this
could be 27-
hydroxytomatine, although detailed structural analysis is required
to  unambiguously  confirm  the Acetoxy-
hydroxytomatine was putatively identified by comparing reten-

newly formed hydroxytomatine isomer

structure.

tion times, elemental composition and fragmentation pattern
with those described for the same in the literature (Itkin ez al.,
2011; lijima eral., 2013; Schwahn ezal, 2014). An additional
MS-MS analysis was performed to analyse the structures of
enzyme assay products (Table S2).

Recently, Kazachkova ez al. (2021) reported the discovery of
the ‘GORKY’ glycoalkaloid transporter exporting o-tomatine
and other SGAs from the vacuole to the cytosol. Several bitter
flavour tomato accessions contain a deletion in GORKY that
results in accumulation of the bitter o-tomatine and its down-
stream derivatives (e.g. hydroxytomatine and acetoxytomatine).
Interestingly, one of the ‘bitter’ accessions (i.e. EA05978) accu-
mulated high levels of a-tomatine, hydroxytomatine and acetoxy-
tomatine as reported for other bitter accessions. Yet, EA05978
did not show any detectable levels of acetoxy-hydroxytomatine
(the predicted GAMEA40 reaction product) and esculeoside A
(Kazachkova etal, 2021). Next, we analysed the GAME40
expression in ripe fruits of the Micro Tom (MT), ‘Sweet cherry’
and EA05978 cultivars. GAME40 expression was not detected in
the EA05978 accession as compared to the MT and Sweet cherry
genotypes (Fig. 7d) that show normal accumulation of acetoxy-
hydroxytomatine and esculeoside A in red fruit. Thus, in
addition to a deletion in GORKY, the accession no. EA05978
contains a nonfunctional GAME40 (likely a deletion in its
genomic region), which prevents accumulation of acetoxy-
hydroxytomatine and further esculeoside A in this accession.

Generating the diversity of tomato steroidal glycoalkaloids
by combined expression of 2-ODD GAME genes in planta

We first examined the capacity of the cultivated tomato
GAME33 (SIGAME33, cloned from cv Micro Tom) to produce
prashantoside SGAs in planta by infiltrating N. benthamiana
leaves with Agrobacterium harbouring SIGAME33 and -
tomatine as a substrate (infiltrated 3 d postagroinfiltration). The
cultivated potato GAME33 served as a positive control in these
experiments as we demonstrated its activity in transgenic tomato
(see previous section). We detected de novo production of
prashantoside A and prashantoside B in the case of leaves infil-
trated with either SIGAME33 or StGAME33 (Fig. S26a). In sim-
ilar experiments, we examined the diverse activities of the various
2-ODD GAME genes acting at different positions on a-
tomatine. We transiently co-expressed the tomato GAME3I,
GAME33 and GAME34 in N. benthamiana leaves (supplemented
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Fig. 7 Tomato GAME40 hydroxylates
acetoxytomatine to acetoxy-
hydroxytomatine in the biosynthetic
pathway generating the nonbitter
esculeoside A. (a) Levels of acetoxy-
hydroxytomatine measured by LC-MS in
different wild tomato species during breaker
and ripe fruit stages of development (n=1,
single replicate for each fruit developmental
stage was prepared by extracting several fruit
from individual wild tomato species). SGA,
steroidal glycoalkaloid. (b) Normalized
GAME40 expression levels in breaker and
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with a-tomatine) and detected the formation of all three corre-
sponding SGAs products including hydroxytomatine, prashan-
toside A and habrochaitoside A, respectively (Fig. S26b).

Discussion

Solanum SGAs are remarkable in structural diversity due to the
enormous chemical modifications on their core scaffolds (Itkin
etal., 2011, 2013; Sonawane ez al., 2018; Cardenas ez al., 2019).

New Phytologist (2022) 234: 1394-1410
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Yet, despite the fundamental interest in this class of specialized
metabolites, as well as their nutritional and medicinal properties,
the biosynthetic pathways and related genes and enzymes are not
entirely elucidated. In Solanum SGA biosynthesis, three
cytochrome P450s activities (i.e. CYPs; GAMEG, GAMES and
GAMEA4) reported so far are involved in generating the core scaf-
fold (i.e. dehydrotomatidine) (Itkin ezal, 2013). However, as
found in other pathways of specialized metabolism, members of
the 2-ODD family could often carry out reactions typically

© 2022 The Authors
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performed by CYP enzymes. To date, three 2-ODD enzymes
(e.g. GAME11l, GAME31 and GAME32) have been shown to
act in the Solanum SGA pathway, performing different hydroxy-
lation reactions (Fig. S1). Our work here further underscores the
dominance of 2-ODDs activities over CYPs in SGA modifica-
tions as we discovered three new 2-ODD family enzymes in
Solanum species (i.e. GAME33, GAME34 and GAME40). Our
invivo and invitro results showed that the formation of
habrochaitoside A and B from a-tomatine and dehydrotomatine,
respectively, in wild tomato S. habrochaites is carried out by
GAME34, and not by CYP450 as suggested earlier (lijima ezal.,
2013). In the past, the proposed biosynthetic pathway of
habrochaitoside A suggested first, hydroxylation of a-tomatine to
20-hydroxytomatine, and further spontaneous reactions such as
protonation, dehydration and rearrangement to form
habrochaitoside A (lijima eral, 2013; Schwahn eral, 2014).
Recombinant GAME34 assays with o-tomatine did not generate
a product resembling 20-hydroxytomatine but merely the final
product habrochaitoside A. It might be possible that 20-
hydroxytomatine is indeed formed as an intermediate metabolite
in the enzyme assay reaction and utilized rapidly for successive
spontaneous reactions to form habrochaitoside A. In fact, the
LC-MS chromatogram of GAME34-Ox transgenic tomato leaves
shows new peaks with m/z 1050.5 (corresponding to hydroxy-
tomatine isomers) that have different retention times than nor-
mally found hydroxytomatine (23-hydroxytomatine). These
peaks are difficult to isolate for further NMR studies as they are
present in trace amounts and could be the 20-hydroxytomatine
intermediate. Thus, the discovery of GAME34 enzyme activity
in this study cannot confirm 20-hydroxytomatine as an interme-
diate in the biosynthesis of habrochaitoside A. The noteworthy
anti-fungal activity demonstrated in this study by GAME34-Ox
leaf extracts suggested the potential use of habrochaitoside A and
derivatives as ‘biocontrol agents’ in crop protection against
pathogens and predators. Nonetheless, overexpression of
GAME34 could be a valuable strategy to develop pathogen resis-
tant Solanum plants by genetic engineering tools.

Akiyama ez al. (2021) recently showed that DPS enzyme (iden-
tical to StGAME32-like) is involved in conversion of spirosolanes
to solanidanes in potato. Although orthologs of DPS enzymes
were identified from nonsolanidane producing species, tomato
(SIGAME33) and eggplant (SmGAME33), the corresponding
GAME33 genes are not expressed in these species. This suggests
the loss of GAME33 expression but significantly with no loss of
function/activity (as demonstrated in this study), in non-
solanidane plants such as tomato and eggplant during evolution.
Characterization of GAME33 activity in the nonsolanidane pro-
ducing Solanum species can be an example highlighting ‘silent
metabolism’. Silent metabolism defines metabolic capacities pre-
sent in hidden or unused forms in plants that readily become
functional when challenged (Lewinsohn & Gijzen, 2009; Kreis
& Munkert, 2019). Silent metabolism provides an advantage to
plants as it allows generating a large array of phytochemical diver-
sity for survival and adaptation under challenging conditions.
Several examples supporting silent metabolism in the terpenoid,
carotenoid, volatile and phenylpropanoid biosynthetic pathways
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have been described in various plant species (Lewinsohn &
Gijzen, 2009). GAME33, a 2-ODD family member, is such an
example of an enzyme that is expressed to very low levels in culti-
vated and wild tomato accessions, and does not possess any clear
function under normal conditions. Conversely, 7 vitro assays
with recombinant GAME33 enzyme (from several Solanum
species) demonstrated its ability to produce prashantoside SGAs
using core SAs and SGAs (via a desaturation reaction). When
overexpressed in cultivated tomato, prashantoside A and B SGAs
accumulated at the expense of core SGAs (i.e. a-tomatine and
dehydrotomatine). Notably, prashantoside A and B SGAs have
not been found in any Solanum species up to date. Yet, we could
not rule out the possibility of their activity in very specialized tis-
sues or cell types and under particular biotic or abiotic condi-
tions.

Moreover, in this study, we identified another 2-ODD enzyme
(i.e. GAMEA40) that acts in the pathway of esculeoside A and
related ripening-associated SGAs. The functional diversity (in
terms of hydroxylation capacity) displayed by GAME40 enzyme
is also reflected in the phylogenetic analysis. GAME40 and its
closest homolog GAME40-like (75% identity at amino acid
level) from tomato appear in a completely different subclade
(clade VI, dark red in Fig. 4) than rest of the 2-ODD GAME
proteins acting in the SGA pathway (Fig. 4). Moreover, 13 2-
ODD members (Fig. 4, 2-ODD-101 to 2-ODD-113) that are
likely involved in ethylene biosynthesis are localized next to
GAMEA40 subclade. This indicates functional diversification for
GAMEA40 proteins in SGA metabolism over other related 2-
ODD clade members involved in ethylene biosynthesis. Ethylene
plays major role in tomato fruit ripening (Lincoln eral., 1987;
Lincoln & Fischer, 1988). The ripening-associated chemical shift
in SGA metabolism (o-tomatine to esculeoside A) is also coordi-
nated by ethylene-associated regulatory mechanisms. Higher
levels of esculeoside A with low levels of o-tomatine were
observed in wild-type tomato fruits treated with ethylene, while
the ripening-impaired mutants ripening-inhibitor (rin), non-
ripening (nor) and never-ripe (N7) accumulated o-tomatine but
showed reduced levels of esculeoside A compared to wild-type
fruic (Iijima ez al., 2009). These results suggest that the late steps
in the esculeoside A pathway depends on ethylene during
ripening. GAME40 catalyses the penultimate step in the
esculeoside A pathway by converting acetoxytomatine to acetoxy-
hydroxytomatine. In fact, the GAME40 gene sequence reported
here is identical to the £8, a known ethylene responsive gene cru-
cial in tomato fruit ripening (Lincoln ez al., 1987; Lincoln & Fis-
cher, 1988; Kneissl & Deikman, 1996). The GAME40/E8 gene
is known to be regulated by ethylene and several other transcrip-
tion factors involved in fruit ripening (Fujisawa ez al., 2013). Tie-
man eral. (2017) showed that loss of E8 function (by antisense
silencing) modulated volatile biosynthesis in tomato. The authors
suggested the role of E8 in volatile biosynthesis although the
precise action of E8 remains unknown. In another study, Alonge
eral. (2020) reported haplotype V (P1129033, S. lycopersicum var
cerasiforme) that lacks E8 due to a large 23-kbp deletion. In our
study, we also reported one of the ‘bitter’ accessions (i.e.
EA05978) that contains a nonfunctional GAME40 (Fig. 7d).
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This accession accumulated high levels of o-tomatine, hydroxy-
tomatine and acetoxytomatine but not any detectable levels of
acetoxy-hydroxytomatine and esculeoside A (Kazachkova ezal,
2021). GAMEA40 activity shown here in the esculeoside A biosyn-
thetic pathway links chemical shift in SGA metabolism with
ethylene-associated tomato fruit ripening. Nevertheless, we can-
not rule out the possibility of other functions of E8 in tomato
fruit ripening. The formation of less toxic and nonbitter SGAs,
like esculeoside A in ripe tomato fruit, from the toxic and bitter
o-tomatine is important from an ecological point of view for pro-
moting seed dispersal by frugivores.

Our findings demonstrats extensive involvement of 2-ODDs
type enzymes in forming SGAs diversity suggests that this rela-
tively little-explored protein family is key in unlocking the
biosynthesis of numerous structures in the genus Solanum and
moreover in SGAs-producing monocot species.
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