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Plants collectively synthesize a huge repertoire of metabolites. General metabolites, also referred to as
primary metabolites, are conserved across the plant kingdom and are required for processes essential to
growth and development. These include amino acids, sugars, lipids, and organic acids. In contrast,
specialized metabolites, historically termed secondary metabolites, are structurally diverse, exhibit
lineage-specific distribution and provide selective advantage to host species to facilitate reproduction
and environmental adaptation. Due to their potent bioactivities, plant specialized metabolites attract
considerable attention for use as flavorings, fragrances, pharmaceuticals, and bio-pesticides. The
Solanaceae (Nightshade family) consists of approximately 2700 species and includes crops of significant
economic, cultural, and scientific importance: these include potato, tomato, pepper, eggplant, tobacco,
and petunia. The Solanaceae has emerged as a model family for studying the biochemical evolution of
plant specialized metabolism and multiple examples exist of lineage-specific metabolites that influence
the senses and physiology of commensal and harmful organisms, including humans. These include,
alcohols, phenylpropanoids, and carotenoids that contribute to fruit aroma and color in tomato (fruity),
glandular trichome-derived terpenoids and acylsugars that contribute to plant defense (stinky & sticky,
respectively), capsaicinoids in chilli-peppers that influence seed dispersal (spicy), and steroidal
glycoalkaloids (bitter) from Solanum, nicotine (addictive) from tobacco, as well as tropane alkaloids
(deadly) from Deadly Nightshade that deter herbivory. Advances in genomics and metabolomics,
coupled with the adoption of comparative phylogenetic approaches, resulted in deeper knowledge of
the biosynthesis and evolution of these metabolites. This review highlights recent progress in this area
and outlines opportunities for — and challenges of-developing a more comprehensive understanding of
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1 The Solanaceae: a phylogenetic
framework for exploring metabolism

Metabolism is a window into micro- and macro-evolutionary
processes. Plant metabolic diversity is vast and collectively
plants are hypothesized to synthesize ~10° metabolites.! Many
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of these metabolites, including sugars, amino acids, fatty acids,
and organic acids - referred to as general or primary metabo-
lites — are conserved across the plant kingdom, and essential for
growth and development. However, specialized metabolites
(SM), also referred to in the literature as secondary metabolites,
comprise the majority of plant metabolic complexity. Special-
ized metabolites are chemically diverse, display taxonomically
restricted distribution, and are often synthesized in individual
tissues or cell types. Plants evolved the capacity to synthesize
specific classes of specialized metabolites to facilitate ecological
adaptations. The advent of genomics, coupled with the ability to
test the function of candidate genes in host species or heterol-
ogous systems, advanced our understanding of the biosynthesis
and evolution of plant specialized metabolism.***

Although plant specialized metabolites exhibit considerable
chemical complexity, they are ultimately derived from a pool of
general metabolites formed through photosynthesis, glycolysis,
the TCA cycle, amino acid metabolism, and the MEP-pathway.?
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Fig. 1 Solanaceae as a model family for specialized metabolism evolution studies. The Solanaceae concept toolbox connects biodiversity,
genetics, and evolutionary mechanisms to each other. Chemical diversity informs metabolic pathway discovery, which in turn reveals evolu-

tionary mechanisms underlying chemical diversity.

General metabolites undergo transformations, including liga-
tion and cyclization to generate scaffold molecules that are
modified by glycosylation, acylation, methylation, prenylation,
oxidation, and reduction to dramatically increase chemical
complexity. In plants, the formation of these scaffold molecules
and their subsequent decorations are catalyzed by large enzyme
families formed by repeated gene duplication followed by sub-
functionalization, neofunctionalization, and gene loss to ulti-
mately produce lineage-specific metabolites. The evolutionary
mechanisms that create SM diversity are numerous but include
co-option of general metabolism enzymes, evolution of catalytic
promiscuity, enzyme compartment switching, the formation of
biosynthetic gene clusters, and gene expression changes.®*’
These evolutionary processes occur across different taxonomic
scales, including inter-specific and intra-specific, to generate
the chemical variation observed across the plant kingdom.
The Solanaceae, or nightshade family, contains approxi-
mately 2700 documented species found on six continents,
which collectively have evolved morphological and metabolic
adaptations for nearly every environment.™ A single genus - the
Solanum - accounts for nearly half of these species.”> Night-
shades grow in environments ranging from deserts to rain-
forests, with growth habits that vary from epiphytes to trees.
The family includes four major food crops (potato, tomato,
pepper, and eggplant), a host of minor food crops (including
tomatillo, naranjilla, tamarillo, and groundcherry) as well as the

1440 | Nat. Prod. Rep., 2022, 39, 1438-1464

several ornamental crops (including petunia, salpiglossis,
schizanthus, and brugmansia) and weed species (Jimson weed
and bittersweet). In addition, several Solanaceae species are
grown for their narcotic or medicinal properties (tobacco,
corkwood tree, deadly nightshade, henbane, and Datura
species).

The Solanaceae family has become a model system for
investigating biodiversity. The Solanaceae community concept
was proposed nearly two decades ago, with the idea of using
the nightshade family to connect genomics and biodiversity.*
This concept envisioned harnessing Solanaceae natural
diversity for evolutionary studies by creating the necessary
network of resources. One important tool was a detailed
understanding of Solanaceae phylogenetic relationships
(https://www.solanaceaesource.org). This framework provides
a basis for evolutionary studies within the family. In parallel,
the community-driven releases of the first tomato and potato
genomes created a genomic foundation. These successful
projects spawned numerous additional projects (e.g., SOL-100,
Varitome Project, 100 Tomato Genomes Project), resulting in
chromosome-scale genome assemblies draft genomes, pan-
genomes, resequencing of numerous wild tomato species
and cultivars, and an online database for genetic resources.'*>°
As of early 2022, genome sequences are available for more than
30 Solanaceae species (https://plabipd.de/), and it seems likely
that many more will follow over the next few years.

This journal is © The Royal Society of Chemistry 2022
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Fig.2 Phylogenetic distribution of major Solanaceae specialized metabolite classes. The Solanaceae family produces specialized metabolites of
multiple chemical classes. A simplified phylogeny of the Solanaceae family is shown based on prior determination of phylogenetic relation-
ships.**2 Major metabolite classes are mapped to the corresponding clades that produce high amounts of those metabolites and/or act as model
species for studying their biosynthesis and evolution. Metabolites may not be distributed solely in the noted phylogenetic group. Additional
information on metabolite distribution is provided throughout the text of this article.

These genomic tools are augmented by the availability of
comprehensive germplasm resources, particularly for the major
crop species of the Solanaceae. These resources allow genetic
analysis of phenotypes of interest, facilitate genotype to
phenotype comparisons and allow exploration of natural
phenotypic diversity. The pioneering work of Charles Rick - and
creation of seed stock centers (e.g., GRIN-Global and C. M. Rick
Tomato Genetics Resource Center) provide access to crop and
wild relative germplasm. Notably, connecting genotype to
phenotype within tomato has been greatly accelerated by the
development of the introgression lines (ILs) and backcrossed

This journal is © The Royal Society of Chemistry 2022

introgression lines (BILs) of wild tomato S. pennellii within
a cultivated tomato background.?*** These ILs and BILs were
instrumental in discovering genes underlying multiple pheno-
types, including those related to metabolism.*** In addition,
the ability to perform RNA interference (RNAi), virus-induced
gene silencing (VIGS), and CRISPR/Cas9 tools in multiple Sol-
anaceae species allows the functional characterization of
candidate genes and a more precise connection of genotype and
phenotype.>*>°

The Solanaceae has emerged as a model system for investi-
gating the biosynthesis and evolution of specialized

Nat. Prod. Rep., 2022, 39, 1438-1464 | 1441
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metabolism (Fig. 1). Members of the family have evolved to
synthesize several classes of bioactive and lineage-specific
specialized metabolites, including phenylpropanoids, acylsu-
gars, terpenes and distinct groups of alkaloids (Fig. 2). These
specialized metabolites are of interest because they influence
fruit aroma and quality and are of potential use as biopesticides
and pharmaceuticals. The development of genomic resources,
coupled with the ability to survey metabolite variation across
diverse germplasm, and to place the resulting data within
a phylogenetic context, enabled elucidation of the biosynthesis
and evolutionary trajectories of several major classes of Sol-
anaceae SMs.

2 Fruity: GWAS-enabled discovery of
aroma variation during ripening

The ripening of fleshy fruits is an agriculturally- and ecologi-
cally- important developmental process that makes fruits
palatable and facilitates seed dispersal. Although fleshy fruits
are highly diverse in morphology and flavor, ripening generally
involves cell wall disassembly and associated softening, the
conversion of starch into sugars, changes in color, and the
biosynthesis of aroma volatiles. Fruit flavor and aroma is
a complex species-specific quantitative trait involving the
interaction between GM pathways, such as those influencing
the accumulation of sugars and organic acids, as well as
multiple SM pathways that yield aroma volatiles.** Tomato is
the long-standing model crop species for investigating ripening
mechanisms, including flavor and aroma biosynthesis.

Recent progress in understanding the genetic and
biochemical basis of tomato flavor was facilitated by large-scale
genome sequencing and resequencing projects involving
hundreds of phenotypically diverse cultivated tomato acces-
sions and wild relatives. These studies revealed insights into the
nature of the tomato pan-genome and sequence variation
associated with crop domestication and improvement,
including gene duplication, single nucleotide polymorphisms,
insertion-deletions, and large-scale structural variants.'®73%3
The development of these resources facilitates the identification
of genetic variation underlying phenotypic traits via genome-
wide association studies. Notably, this approach was success-
fully deployed for the identification of genetic components
underlying variation in tomato fruit flavor and aroma, revealing
how human selection for visible traits such as fruit size, yield,
and color can lead to alternative outcomes and unintentionally
influence SM pathways that contribute to fruit quality.

Several hundred volatiles are detectable in ripening tomato
fruits, but consumer taste panels identified 33 metabolites
associated with consumer liking and 37 correlated with flavor
intensity.®® These influential aroma volatiles are derived
through diversion of general metabolites, including caroten-
oids, phenylalanine, isoleucine/leucine, and fatty acids into
diverse SM pathways. Genetic variation is evident across tomato
varieties and 13 fruit aroma volatiles are significantly reduced in
a collection of 48 modern cultivars when compared to 236
heirloom tomato varieties. This work shows that breeding of

1442 | Nat. Prod. Rep., 2022, 39, 1438-1464
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modern varieties for traits such as yield, shelf-life, and disease
resistance has inadvertently and negatively altered SM pathways
that produce aroma volatiles associated with consumer prefer-
ence.*® Subsequent GWAS analyses performed using a panel of
398 diverse tomato accessions analyzed for 27 volatiles along
with glucose, fructose, malic acid, and citric acid revealed the
existence of 251 association signals for 20 traits, including 15
correlated with aroma volatile production.

Among these associations are five loci that influence the
production of carotenoid-derived volatiles. Two loci specifically
influence the production of geranylacetone, which is formed by
oxidative cleavage of the minor tomato fruit carotenoids phy-
toene, phytofluene, {-carotene, and neurosporene. A single
locus specifically influences 6-methyl-5-hepten-2one (MHO)
accumulation, which is derived from lycopene, the main
carotenoid pigment in red-fruited tomato varieties. Two addi-
tional loci are associated with the production of both ger-
anylacetone and MHO. Analysis of allele frequencies at these
loci indicate that genetic complexity was progressively lost
during breeding to the point where essentially only two allele
combinations associated with accumulation of both volatiles
persist in most modern cultivars. Analysis of MHO levels in
genotypes with distinct allele combinations revealed that, as
breeders selected for high lycopene in red-fruited varieties, they
inadvertently selected favorable alleles that increase MHO
production. In contrast, the favorable alleles that promote ger-
anylacetone accumulation are absent in modern cultivars.*

GWAS also revealed the identity of loci important for
producing lipid and phenylalanine-derived volatiles. Ripening
tomato fruit accumulate C5 and C6 volatiles derived from the
breakdown of linolenic and linoleic acid, which are released
from glycerolipids such as triacylglycerol. GWAS analyses of the
panel of 398 tomato accessions described above identified
a chromosome 9-localized SNP that is significantly associated
with the fatty acid derived volatiles Z-3-hexen-1-ol and hexyl
alcohol.** This SNP lies within a metabolic QTL region known to
influence lipid content in tomato fruit.** Solyc09g091050 (SI-
LIP8) was identified as a candidate gene close to this SNP and
gene expression analysis revealed that accessions possessing
the reference allele from the Heinz 1706 variety had increased
levels of Z-3-hexen-1-ol and hexyl alcohol together with elevated
Soly09g091050 transcripts. Confirmation that SI-LIP8 is
responsible for lipid-derived volatile synthesis was achieved
through CRISPR/Cas9 gene editing and in vitro biochemical
assays. The knock-out mutants showed reductions in two C5 (1-
pentanol and 1-penten-3-ol) and three C6 (Z-3-hexen-1-ol, E-2-
hexen-1-ol, and hexyl alcohol) volatiles, while the recombinant
enzyme catalyzed release of fatty acids from various glycer-
olipids.** The resultant free fatty acids undergo peroxidation at
either the C9 or C13 positions in reactions catalyzed by 9-lip-
oxygenases and 13-lipoxygenases, respectively to yield aroma
volatiles.

The phenylalanine-derived volatiles guaiacol, eugenol, and
methylsalicylate contribute to the aroma of tomato fruits and
are associated with smoky and medicinal-like aromas, which
are often negatively correlated with consumer liking.** Guaiacol,
eugenol, and methylsalicylate accumulate in tomato fruits as

This journal is © The Royal Society of Chemistry 2022
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diglycosides, and cleavage of the glycoside groups leads to
release of the volatiles in “smoky” cultivars. In contrast, in “non-
smoky” varieties these metabolites exist as non-cleavable tri-
glycosides resulting in reduced levels of volatile release.®
Formation of guaiacol, eugenol, and methylsalicylate triglyco-
sides from their diglycoside precursors is catalyzed by the UDP-
glucosyltransferase =~ enzyme, = NON-SMOKY  GLYCOSYL-
TRANSFERASE1 (NSGT1). The NSGT1 gene resides at a locus on
chromosome 9 that contains a second gene designated NSGT2.
Both genes contain structural changes in “smoky” cultivars that
are predicted to render them non-functional although the exact
structure of the locus was unresolved.*

The recent development of 14 new reference tomato
genomes assembled using Oxford Nanopore long read
sequencing technology allowed the genome structure flanking
the NSGT1 locus to be resolved. Five haplotypes were identified
revealing evidence of intraspecific gene duplication and loss at
an SM locus that was selected during crop improvement.”
Haplotype I is proposed to be ancestral and contains predicted
functional copies of NSGT1 and NSGT2. All other haplotypes
contain coding sequence mutations in NSGT2. In addition,
haplotypes IV and V also lack functional copies of NSGT1 and
are therefore null mutations for both NSGT1 and NSGT2.
Analysis of guaiacol levels across two GWAS panels and within
an F, population segregating for haplotype V and a functional
copy of NSGT1 demonstrated that fruit guaiacol levels are
reduced in individuals that contain a functional copy of NSGT1.
Together, these data illustrate the combined power of genome
sequences developed using long-read sequencing data and
GWAS to investigate the evolution of loci associated with SM
phenotypes, particularly when the variation is mediated by
tandem gene duplication that may be unresolved in genome
assemblies derived from short-read data. Overall, these studies
represent an example of fundamental science that provides
opportunities to breed tomato varieties with favorable aroma
volatile alleles.

3 Sticky: single-cell biochemical
genetics reveals acylsugar metabolic
complexity

Acylsugars are specialized metabolites produced in numerous
plant families including the Solanaceae, Convolvulaceae, Ger-
aniaceae, Martyniaceae, Rosaceae, Brassicaceae, and Car-
yophyllaceae.***> Many species across the Solanaceae produce
acylsugars in hair-like Type I- and IV-glandular trichomes, while
some species are documented to accumulate acylsugars in fruit
pericarp or root exudates.****** Acylsugars are composed of
a sugar core, most commonly sucrose, and various fatty acids
esterified to the core (Fig. 3). Despite these simple components,
variations in acylation position, chain length, chain branching
pattern, and sugar core can result in hundreds of chromato-
graphically separable acylsugars in a single species.*” Sol-
anaceae acylsugars are the most extensively characterized
acylsugar type with more than 100 distinct NMR-resolved
chemical structures.****” Acylsugars defend against microbes
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and insects; for example, deterring whitefly oviposition,*® aphid
settling,* fungal growth,’ and mediating an ant-hornworm-
tobacco interaction.*

3.1 Harnessing acylsugar genotypic diversity for tomato
pathway determination

Tomato acylsugar diversity was employed to uncover the acyl-
sugar biosynthesis pathway within cultivated tomato, S. lyco-
persicum. Analysis of S. lycopersicum introgression lines carrying
S. pennellii chromosomal segments was instrumental in iden-
tifying loci required for acylsugar biosynthesis.>»*> The identi-
fication and subsequent validation of candidate genes was
facilitated by trichome-specific transcriptome, in vitro enzyme
assays, and in vivo gene VIGS knockdown and CRISPR/Cas9
knockout. These approaches uncovered the core acylsugar
pathway in S. lycopersicum glandular trichomes. A series of
evolutionarily related BAHD acyltransferases, named
AcylSucrose AcylTransferase 1-4 (ASAT1-4), acylate sucrose
sequentially to produce tetraacylsucroses consisting of acyl
chains at R,, R3, Ry, and R3,****** (Fig. 4). Each enzyme selec-
tively acylates specific sucrose hydroxyls with varying promis-
cuity for acyl-CoA substrates. Documenting this pathway
enabled discovery of mechanisms responsible for acylsugar
diversity in wild tomato relatives.

Intra- and inter-specific differences in tomato acylsugar
structures result in part from differing ASAT activities.
Comparative biochemical analysis of cultivated and wild
tomato ASAT sequences uncovered amino acid residues
responsible for specific activity differences. For example, the
comparison of ASAT2 sequences and in vitro enzyme activities
across tomato species revealed two mutations that impact acyl-
CoA specificity. Residues Val/Phe**® and Ile/Leu* influence the
ability to use the structurally similar iC5-CoA and aiC5-CoA,
respectively, without altering activity with nC12-CoA.**
Comparison of S. Ilycopersicum and S. habrochaites ASAT3
homologs revealed a Tyr/Cys*' residue change impacting the
enzyme's ability to use nC12-CoA.*® Characterization of S. hab-
rochaites ASAT4 in accessions collected from Ecuador to
Southern Peru revealed variations in acetylation patterns that
were explained either by changes in ASAT4 expression or coding
sequence mutations.®®*® The comparative biochemistry
approach revealed differences in enzyme acyl donor specificity,
which impacted acylsugar phenotypes. This approach also
determined evolutionary changes in enzyme acyl acceptor
specificity.

S. pennellii LA0716 produces acylsucroses through a ‘flipped
pathway’, resulting from changes in ASAT acyl acceptor spec-
ificity.®” While cultivated tomato produces acylsucroses with
one furanose ring acylation (termed F-type acylsucroses), S.
pennellii and some S. habrochaites accessions synthesize acyl-
sucroses acylated exclusively on the pyranose ring.*® These ‘P-
type’ acylsucroses are produced by alternate ASAT2 and ASAT3
homologs, which catalyze the third and second pathway steps,
respectively. The published results suggest that S. pennellii
ASAT2 likely evolved from an ancestral enzyme capable of
acylating both mono- and diacylsucrose. Analogous sequence

This journal is © The Royal Society of Chemistry 2022
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changes in ASAT3, potentiated by ASAT3 duplication, resulted
in the neofunctionalized ASAT3 duplicate found in S. hab-
rochaites and S. pennellii. This study revealed a remarkably
small number of amino acid changes that caused a major
change in pathway structure and product phenotypes in
closely related species.

This journal is © The Royal Society of Chemistry 2022

The flipped S. pennellii pathway and recruitment of an
invertase-like enzyme appear to have potentiated evolution of
S. pennellii acylglucose synthesis (Fig. 4). S. pennellii acylglu-
coses are synthesized from P-type acylsucroses by a neo-
functionalized glycoside hydrolase 32 family (GH32) beta-
fructofuranosidase, SpASFF1.*®* The modified SpASFF1
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substrate binding site correlates with a derived P-type acyl-
sucrose cleavage activity, yet the neofunctionalized enzyme
does not act on the F-type acylsucrose produced by S. lyco-
persicum. In addition, SpASFF1 lacks activity with sucrose,
associated with changes to the canonical sucrose binding
pocket. Instead, the modified SpASFF1 substrate binding site
correlates with a derived P-type acylsucrose cleavage activity,
yet the neofunctionalized enzyme does not act on the F-type
acylsucrose produced by S. lycopersicum. SpASFF1 specificity
for P-type acylsucroses supports the hypothesis that P-type
acylsucroses are required for acylglucose production.
Indeed, cultivated tomato lines engineered to contain both
the flipped pathway and SpASFF1 accumulate acylglucoses.
This indicates that acylglucose biosynthesis requires both
a neofunctionalized invertase and the S. pennellii flipped
pathway. Finally, CRISPR/Cas9 deletion of SpASFF1 led to
accumulation of only acylsucroses — without detectable acyl-
glucoses - in S. pennellii, reinforcing that the neo-
functionalized invertase is necessary for acylglucose synthesis
in the wild tomato. SpASFF1 invertase is an example of co-
option of general metabolic enzyme to specialized metabo-
lism into acylsugar biosynthesis - in this case resulting in
different sugar core composition.

The theme of GM enzymes recruitment to SM by gene
duplication, changes in gene expression and enzyme structure
and function also contribute to acyl chain type variation. For
example, the duplicated and neofunctionalized isopropylmalate
synthase gene, IPMS3, influences isoC5 acyl chain abundance.*
In contrast to the canonical Leu biosynthetic IPMS, IPMS3
expression is restricted to type I/IV glandular trichome tip cells,
and the S. lycopersicum enzyme is insensitive to Leu-mediated
feedback inhibition in vitro due to truncation of the C-
terminal allosteric regulatory domain. Apparently, the lack of
this domain frees the enzyme from Leu feedback regulation,
enabling pathway diversion. IPMS3 allelic variation directly
correlated with abundance of isoC5 and isoC4 acyl chains in
wild S. pennellii accession acylsugars; accessions with majority
isoC4 acyl chains were homozygous for a truncated, inactive
IPMS3. In contrast, isoC5 acyl chains were abundant in acces-
sions either heterozygous or homozygous for the unregulated
IPMS3. These results reveal that acyl-CoA availability influences
acylsugar acyl chain composition.

Further evidence for this hypothesis was provided by
identification of natural chain diversity associated with allelic
diversity of two acyl-CoA biosynthesis genes.” These trichome-
expressed genes, an enoyl-CoA hydratase (AECH1) and acyl-
CoA synthetase (AACS1), reside in a gene cluster syntenic to
the chromosomal region containing ASAT1. The Solanaceae
family shares the syntenic region, which was likely derived
from a Solanaceae-specific polyploidy event. Silencing AECH1
and AACS1 in S. lycopersicum, S. pennellii, and the more
distantly related Solanum quitoense, reduced or eliminated
medium length (10-12 carbons) acyl chains from acylsugars.
Additionally, the presence of AECH1 and AACS1 correlates
with natural variation in medium acyl chains. For example, in
the short chain producing genera Petunia and Nicotiana,
AECH1 and AACS1 are either missing or present as
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pseudogenes. These genes represent another example of how
evolutionary changes in metabolic machinery impacted acyl-
sugar composition.

3.2 Genomics tools enable comparative biochemistry in
non-model organisms

Application of DNA sequencing, modern analytical chemistry,
and reverse genetic tools such as VIGS and genome editing
enabled documentation of additional acylsugar evolutionary
mechanisms in non-model species. LC-MS screening and NMR-
resolved structural analysis identified Solanaceae species that
produce unique acylsugars with varying cores, acylation posi-
tions, and chain types.’”**3%5777> For example, extant members
of early-diverging lineages produce acylsucroses with acylation
patterns undocumented in cultivated and wild tomatoes.
Additionally, acylated glucoses are detected in some species
within the Petunia, Nicotiana, Datura, and Solanum genera.”>”®
Within the large Solanum genus, myo-inositol sugar cores have
been documented in S. lanceolatum, S. quitoense, and S. nig-
rum.”*">?” Evolution of acylsugar biosynthesis was investigated
in four non-model species: Salpiglossis sinuata, Petunia axillaris,
S. nigrum, and S. quitoense. Comparison of the enzymes and
pathways in each species revealed features of long-term and
clade-specific acylsugar traits.

3.2.1 Inferring early events in acylsugar evolution. Investi-
gations of two members of early diverging lineages, S. sinuata
and P. axillaris, revealed acylsugar biosynthesis evolutionary
changes occurring over tens of millions of years (Myr), well
beyond the approximately 7 Myr of Solanum tomato clade
history."*”7® Despite similarity of acylation positions between
tomato species, S. sinuata and Petunia acylsugars, a major shift
occurred in the acylsugar biosynthetic pathway. The ancestral
pathway found in S. sinuata and P. axillaris begins with
a sucrose-acylating ancestral ASAT1, aASAT1, which is not
found in tomato clade species. Another surprise is that the
SIASAT1 and SIASAT2 orthologs, aASAT2 and aASAT3, respec-
tively catalyze the second and third acylations. The first three
acylations by the early evolving aASAT1-3 pathway produce tri-
acylsucroses with the same three positions acylated as SIASAT1-
3. Coinciding with this, aASAT2 and aASAT3 retained their
selectivity for the R4 and R3 of sucrose, respectively, but shifted
acyl acceptor specificity to free and monoacylsucrose, respec-
tively. This activity shift correlates with aASAT1 loss in species
with modern acylsugar biosynthesis pathways. Transcriptome
and genome analyses suggest that the aASAT1 gene disappeared
from the last common ancestor of the Capsicum and Solanum
genera, ~15-20 MYA. Identification of these ancestral acylsugar
pathways support sucrose as the ancestral acyl acceptor. From
these studies of early-diverging Solanaceae species, ASAT gene
loss and neofunctionalizations were implicated in a changing
acylsucrose pathway, analogous to those described above in the
case of the S. pennellii flipped acylsucrose pathway.

The ancestral and derived acylsucrose pathways provide
insight into the evolutionary origins of acylsugars.*” Lamiidae
BAHD sequence homology, phylogenetics, and known whole
genome duplication events all enabled inferences regarding

This journal is © The Royal Society of Chemistry 2022
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early acylsugar evolution. One hypothesis, based on sequence
analysis, is that ASAT sequences derive from an alkaloid
biosynthetic enzyme ancestor. Based on nonsynonymous
mutation rates and historical polyploidy events, the clade con-
taining ASAT1,2,3 appears to have arisen via an ancient whole
genome duplication before the Solanaceae-Convolvulaceae split
(~50-65 MYA). Subsequent duplications prior to, and following
the Solanaceae polyploidization, led to evolution of the ASATs
and paralogs found in the ASAT1,2,3 clade. As described above,
our model of acylsugar biosynthetic pathway evolution invokes
loss of aASAT1, refinement of ASAT1 and ASAT2 activities, and

recruitment of ASAT3 occurred later in Solanaceae
diversification.
3.2.2 Acylhexoses in non-model plants. Metabolite

profiling revealed that, like S. pennellii, black nightshade
(Solanum nigrum) also produces acylglucoses, an observation that
enabled discovery of convergent and new acylsugar enzyme
activities. S. nigrum creates di- and triacylglucoses through
a similar, yet distinct, pathway when compared to S. pennellii
acylglucose biosynthesis’(Fig. 4). Both pathways proceed
through a series of sucrose acylations, followed by action of an
acylsugar fructofuranosidase. The S. nigrum invertase, SnASFF1,
and SpASFF1 enzymes share similarities including a modified
DDTK sucrose binding pocket, loss of canonical invertase activity
cleaving sucrose, and neofunctionalized activity with acylsucro-
ses. However, each ASFF1 enzyme resides in a distinct glycoside
hydrolase subfamily 32 clade and cleaves different substrates:
triacylsucroses by SpASFF1 and diacylsucroses by SnASFF1.
SnAcylGlucoseAcetylTransferasel, SNAGAT1, catalyzes the third
S. nigrum acylation, marking yet another distinction between S.
nigrum and S. pennellii triacylglucose biosynthesis; this is the
only enzyme to acylate an acylglucose described to date. As the
two characterized Solanum acylglucose biosynthetic pathways
include distinct invertases, it is plausible that this mechanism
evolved in other acylglucose-producing genera.

In contrast to the detailed information available for acylsu-
crose and acylglucose biosynthesis, the pathway leading to
acylinositol synthesis in the Solanum remains largely enigmatic.
So far only one enzyme was demonstrated in acylinositol
biosynthesis: the S. quitoense enzyme TriAcylInositol
AcetylTransferase, SqTAIAT, acetylates triacylinositols to
produce tetraacylinositols.”* SqTAIAT is the closest known S.
quitoense homolog to the final enzyme in tomato acylsucrose
biosynthesis, SIASAT4, indicating conservation of acetyl-
transferases across acylinositol and acylsucrose biosynthesis.
Both enzymes acetylate triacylsugars differing in their sugar
core. Similar enzymatic activity and high sequence similarity
suggest a common evolutionary origin for acylinositol and
acylsucrose biosynthesis. However, the initial steps of acylino-
sitol biosynthesis remain unresolved. Further pathway eluci-
dation in S. quitoense and S. nigrum may uncover the
evolutionary innovations underlying acylinositol production.

3.3 Into the depths with acylsugars

It was recently shown that cultivated tomato accumulates acyl-
sugars in roots and root exudates.*®* Tomato root acylsugars

This journal is © The Royal Society of Chemistry 2022
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structurally differ from those in trichomes, contrasting in acyl
chain type, acyl chain number, and sugar core type. For
example, six- and seven-carbon acyl chains and glucose sugar
cores are only detected in the roots. These structural differences
suggest evolutionary changes in the underlying biochemistry.
One key observation is that characterized tomato trichome-
expressed ASAT transcripts were not detected in root tissue,
although they do express closely related homologs. These
expression data suggest the hypothesis that roots produce
acylsugars through an alternative pathway. In fact, expression of
two ASAT4 paralogs correlates with acylsugar abundance in
roots. While the function of root acylsugars is unknown,
different microbial communities systemically impacted root
exudate acylsugar abundances.*® Investigating root acylsugar
metabolism may unearth a root-specific acylsugar biosynthetic
pathway among other tantalizing prospects.

4 Stinky: variations on a theme define
terpene diversity across Solanum

Terpenoids are structurally diverse and are produced across all
kingdoms of life, yet all are derived from the simple five-carbon
isomers, dimethylallyl diphosphate (DMAPP) and isopentenyl
diphosphate (IPP). These precursors are formed through either
the mevalonate (MVA) or 2-C-methyl-D-erythritol 4- phosphate
(MEP) pathways.” Plants are unique in that they contain both
the cytosolic MVA pathways and the plastid localized MEP
pathway; having evolved to generate substantial flux towards
DMAPP and IPP as well as create separate subcellular pools of
these metabolites for different pathways.” Terpenoids have
diverse functions ranging from the production of photosyn-
thetic pigments and ubiquinone in the electron transport chain
to the production of several classes of plant hormones.
However, most plant terpenoids are lineage-specific specialized
metabolites with C10-C30 carbon skeletons that provide
a fitness benefit to the host organism through signaling and
defense.”

Plant terpenoid diversity is created at multiple levels. Firstly,
small gene families produce cis and trans-prenyltransferases
that initially condense a single molecule of DMAPP and IPP to
form either geranyl diphosphate (GPP) (trans isomer) or neryl
diphosphate (NPP) (cis isomer). These C10 metabolites can then
be extended by five carbon units, through condensation with
additional units of IPP, to yield ¢rans- or cis-farnesyl diphos-
phate (E,E-FPP or Z,Z-FPP, C15), geranylgeranyl or nerylneryl
diphosphate (GGPP or NNPP, C20), or longer chain prenyl
diphosphates.” Short-chain prenyl diphosphates (C10-C20) are
substrates for terpene synthases (TPS), which exist as moder-
ately large gene families (up to ~100 members) and catalyze the
formation of hydrocarbon terpene skeletons via rearrange-
ments and cyclization. TPS enzymes possess considerable
catalytic potential. They frequently utilize more than one
substrate, and catalysis by a single enzyme often generates
multiple products.”** These hydrocarbon terpene skeletons are
often functionalized by the addition of hydroxyl groups, which
provide targets for modifications such as epoxidation,
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methylation, acylation, and glycosylation, ultimately generating
the vast complexity of terpenoids observed across the plant
kingdom.

The availability of a high-quality reference genome assembly
for cultivated tomato (Solanum lycopersicum) facilitated what is
likely the most comprehensive published catalogue of terpene
scaffold biosynthesis in plants. The data highlight considerable
chemical complexity with in vitro biochemical data revealing the
potential to synthesize 53 known hydrocarbon terpene scaffolds
plus several unidentified products. These terpenes arise
through combined catalysis of seven cis-prenyltransferases and
10 trans-prenyltransferases that form C10, C15, and C20 prenyl
diphosphates, together with 34 functional TPS enzymes.***
Consistent with the known catalytic promiscuity of TPS
enzymes, many of the tomato TPSs can utilize more than one
substrate, particularly the sesquiterpene synthases that use
both E,E-FPP and Z,Z-FPP, and yield multiple products. In
addition, considerable catalytic redundancy exists. For example,
eight distinct TPSs catalyze the formation of the monoterpene
B-myrcene. Individual CPT, TPT, and TPS enzymes are localized
to the cytosol, plastids, as well as mitochondria, and the cor-
responding genes are differentially expressed across tomato
tissues: this highlights the spatial separation of terpene
synthesis modules across tomato. Metabolite profiling of 13
tomato tissues identified 29 out of 53 terpenes in planta, sug-
gesting that some terpenes are either below the limit of detec-
tion in tomato grown under standard cultural conditions or are
further modified to produce more structurally complex
metabolites.

Genomic clustering is a key feature of terpene biosynthetic
genes in plants.*® These clusters generally consist of both
paralogs and non-homologous genes encoding enzymes of
terpene biosynthesis, creating a reservoir for the evolution of
chemical novelty and facilitating the inheritance of SM modules
that promote plant adaptation. Gene duplication within these
clusters is often followed by pseudogenization and gene loss to
create additional chemical variation. The majority of the 52 TPS
loci in tomato, including 18 predicted pseudogenes, are located
within gene clusters dispersed across the genome.** In addition,
the TPS gene clusters on chromosomes 6, 7, 8, and 12 also
contain combinations of cis or ¢rans prenyltransferases, cyto-
chromes P450, methyltransferases, acyltransferases, and glyco-
syltransferases.®*** While most of the potential terpene
modifying enzymes within these clusters await functional
characterization, a three-gene subcluster on chromosome 8
comprising SITPS21-CYP71D51-SICPT2 was demonstrated to
synthesize (+)-lycosantalonol from NNPP.**

Along with the existence of the 18 TPS pseudogenes in the
tomato genome, three TPS-related gene clusters on chromo-
somes 6, 8, and 12 also contain inactive cytochromes P450
genes.*> The high prevalence of pseudogenes within these
tomato terpene biosynthetic gene clusters suggests that there is
potential for considerable genetic variation. For example, a gene
that is pseudogenized in one accession or species may be
functional in another. Thus, variation in terpene-related gene
clusters may exist between distinct accessions of S. lycopersicum
but also more likely across the genomes of diverse Solanaceae
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species. The increasing availability of high-quality chromosome
scale reference genomes assembled from long-read sequencing
will facilitate identification of additional gene clusters and
future comparative evolutionary analysis of terpene biosyn-
thesis across the Solanaceae.

Within the Solanum genus, distinct evolutionary trajectories
associated with trichome-derived terpene-related gene clusters
are indeed apparent between cultivated tomato and wild rela-
tives that diverged from a common ancestor approximately two-
three million years ago.'* Notably, while limited terpene diver-
sity exists in trichomes between cultivated tomato accessions,
considerable variation is observed across distinct populations
of Solanum habrochaites and between S. habrochaites and S.
lycopersicum.”” This genetic variation determines whether
specific accessions preferentially synthesize monoterpenes
(C10) or sesquiterpenes (C15), and results from differences at
the cis-prenyltransferase 1 (CPT1) locus and associated TPS-e/f
enzymes that are located within the chromosome 8 terpene
gene cluster.®® For example, trichomes of cultivated tomato
predominantly accumulate the monoterpene B-phellandrene,
which is synthesized from NPP by neryl diphosphate synthasel
(NDPS1).*® While select monoterpene-producing accessions of
S. habrochaites also contain an ortholog of NDPS1, a separate
group of sesquiterpene producing accessions of S. habrochaites
possess the C15-producing Z,Z-farnesyl diphosphate synthase
(zFPS) at the CPT1 locus®® (Fig. 5). Comparative sequence
analysis, homology modeling, and site-directed mutagenesis
revealed that the relative positioning of bulky aromatic amino
acid residues within a hydrophobic cleft specifies substrate
binding and prenyl-chain elongation between CPT1 isoforms
with NDPS1 and zFPS activity and that this contributes to
intraspecific terpene variation in S. habrochaites.*

Together with divergent CPT1 enzymes, terpene diversity in
S. habrochaites trichomes is also driven by natural variation in
chromosome 8 cluster TPS-e/f subfamily members. S. lyco-
persicum, synthesizes a cocktail of monoterpenes in trichomes
from NPP using the TPS-e/f enzyme, B-phellandrene synthase
(SIPHS1/SITPS20).*® PHS1 activity is conserved in some S. hab-
rochaites accessions while others contain the TPS-e/f paralogs
limonene synthase (ShLMS) and pinene synthase (ShPIS), which
catalyze the formation of limonene and a-pinene from NPP,
respectively.’” In addition to this intraspecific variation in
monoterpene biosynthesis, two additional groups of S. hab-
rochaites accessions possess TPS-e/f enzymes that synthesize
sesquiterpenes from Z,Z-FPP produced by zFPS: santalene and
bergamotene synthase (ShSBS) catalyzes the formation of
a mixture of santalene and bergamotene isomers.””*" In
contrast, a distinct, yet closely related enzyme, zingiberene
synthase (ShZIS) catalyzes the formation of 7-epizingiberene®
(Fig. 5). These sesquiterpene forming TPS-e/f enzymes are not
present in S. lycopersicum and, to date, appear to be restricted to
a subset of S. habrochaites accessions. Overall, together with
variation at the CPT? locus, these examples illustrate the
evolutionary potential of SM associated gene clusters to create
and maintain inter-specific and intra-specific chemical diver-
sity. This relatively rapid intra-specific evolution of chemical

This journal is © The Royal Society of Chemistry 2022
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a single molecule of DMAPP and IPP to form NPP (C10).%8 In contrast, z,z-FPS catalyzes the formation of 2z,6z-FPP (C15) through sequential
condensation of two molecules of IPP with a single molecule of DMAPP.#® In distinct NPP producing accessions of S. habrochaites the
monoterpene synthases, ShPIS, ShLMS, and ShPHS1 catalyze the cyclization of NPP to form monoterpenes.?” In a subset of 2z,6z-FPP forming
accessions, the sesquiterpene synthase, ShSBS catalyzes the formation of endo-a-bergamotene and (+)-a-santalene.®”#° These sesquiterpenes
are converted to their corresponding acids by unknown enzymes. In a distinct subset of 2z,6z-FPP producing accessions, ShZIS catalyzes the
formation of 7-epizingiberene, which is sequentially oxidized by ShCYP71D184 to 9-hydroxy-zingiberene and 9-hydroxy-10, 11-epoxy-zingi-
berene.?”929 |n trichomes of cultivated tomato, S. lycopersicum, only orthologs of NDPS1 and ShPHS1 are present resulting in the formation of
B-phellandrene and 3-2-carene.®® Thus, cisoid substrate derived terpene diversity is attenuated in S. lycopersicum in comparison to S. hab-
rochaites. Abbreviations are as follows: DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; NPP, neryl diphosphate; 2z,6z-FPP,
2z,6z-farnesyl diphosphate; ShZIS, zingiberene synthase; ShSBS, santalene and bergamotene synthase; ShPIS, pinene synthase; ShLMS, limo-
nene synthase; ShPHS1, B-phellandrene synthase.

variation in specific populations of plants may confer selective
advantage against diverse biotic challenges.

The ability of trichomes of select S. habrochaites accessions
to synthesize the sesquiterpenes santalene and bergamotene
as well as 7-epizingiberene and their derivatives is known to
confer increased tolerance to insect pests and pathogens when
compared to trichomes that synthesize S. lycopersicum type
monoterpenes.”’** Santalene and bergamotene backbones are
oxidized into sesquiterpene acids via unknown enzymes.*® In
contrast, 7-epizingiberene is sequentially oxidized to

This journal is © The Royal Society of Chemistry 2022

a combination of 9-hydroxy-zingiberene and 9-hydroxy-10,11-
epoxy-zingiberene in reactions catalyzed by the trichome-
expressed cytochrome P450, ShCYP71D184 (ref. 95) (Fig. 5).
9-Hydroxy-10,11-epoxy-zingiberene is particularly effective in
bioactivity assays against whiteflies (Bemisia tabaci) and the
microbial pathogens, Phytophthora infestans and Botrytis cin-
erea. ShCYP71D184 is encoded by the Sohab01g008670 locus
and is therefore not located in the chromosome 8 TPS cluster
responsible for the synthesis of the 7-epizingiberene substrate.
The predicted ShCYP71D184 protein is 94% identical to its
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putative ortholog from S. [lycopersicum SICYP71D184/
Solyc01g008670. The function of SICYP71D184 is unknown
but S. Ilycopersicum trichomes do not synthesize 7-epi-
zingiberene and this enzyme is incapable of catalyzing the
formation of 9-hydroxy-zingiberene and 9-hydroxy-10,11-
epoxy-zingiberene. Although not completely understood,
these data suggest that, like other loci that influence terpene
biosynthesis in glandular trichomes of Solanum, genetic vari-
ation exists at the CYP71D184 locus that specifies chemical
diversity.

5 Spicy: lineage-specific biosynthesis
of capsaicinoids in pepper

Species within the Capsicum genus of the Solanaceae possess
the capacity to synthesize a group of specialized metabolites
known as capsaicinoids, including capsaicin, the principal
determinant of pungency in chili peppers. These specialized
metabolites are of culinary and cultural importance but also
possess applications as topical pain medications and show
efficacy as anti-inflammatories, treatments for cancer and
weight-loss, and possess anti-microbial activities.®**® Cap-
saicinoids are synthesized within the placenta that surrounds
the seeds of developing fruit and act as feeding deterrents for
small mammals such as rodents, but not birds.'* This deter-
rence is mediated by the mammalian vanilloid receptor 1 (VR1)
ion channel that is localized to sensory nerve endings and
responds to heat stimuli.* The ortholog of VR1 from birds does
not respond to capsaicin and as such, birds, which are more
efficient seed dispersers than small mammals, are unaffected
by the pungency of pepper fruits.**

The biosynthesis of capsaicinoids is not fully understood,
particularly at the biochemical level and this pathway is yet to be
reconstructed in a heterologous system. However, capsaicin
biosynthesis is considered a derived trait within Capsicum, as
species from the more ancient Andean clade of the genus are
non-pungent.’®® Within Capsicum species, intra-specific varia-
tion exists resulting in loss of pungency.’® Most notably, this
intra-specific variation occurs in the major crop species
Capsicum annuum and gives rise to both pungent and sweet
pepper cultivars.'® Capsaicin is synthesized through the
condensation of vanillylamine, derived from the phenyl-
propanoid pathway, with 8-methyl-6-nonenoyl-CoA, produced
through branched-chain amino acid metabolism and fatty acid
synthesis.’® Genetic analyses identified loci associated with
capsaicin accumulation and genes within the phenylpropanoid,
branched-chain amino acid catabolism, and fatty acid synthesis
pathways are among the candidates discovered.'®™*” For
example, loss of function alleles at the AMT locus, which
encodes an aminotransferase that catalyzes the formation of
vanillylamine from vanillin, disrupts capsaicin biosyn-
thesis."*®™° Similarly, mutation in a ketoacyl-ACP reductase
(CaKR1), an enzyme involved in fatty acid biosynthesis, resulted
in undetectable levels of capsaicin and 8-methyl-6-nonenoic
acid, a precursor of 8-methyl-6-nonenoyl-CoA."* In addition,
the BAHD acyltransferase capsaicin synthase, also known as
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Puni, is associated with pungency in hot pepper and proposed
to catalyze the condensation of vanillylamine with 8-methyl-6-
nonenoyl-CoA to form capsaicin.”** A 2.5 kb deletion allele at
this locus is present in non-pungent genotypes, although
biochemical evidence supporting a direct role for this enzyme in
capsaicin biosynthesis is lacking.*> Overall, these studies reveal
genetic variation across Capsicum that has likely arisen due to
domestication and selection.

6 Bitter: evolutionary signatures of
glycoalkaloid biosynthesis in Solanum

Steroidal glycoalkaloids (SGAs) are bitter and toxic metabolites
that occur in Solanum including the crop species tomato,
potato, and eggplant. SGAs provide protection against herbivory
as well as microbial pathogens and are proposed to function
through the disruption of cell membranes and inhibition of
cholinesterase activity."® In the United States, SGA levels are
monitored in potato to maintain levels below an FDA-regulated
threshold due to their toxicity."** Evolution and domestication
shaped SGA diversity in Solanum; metabolite profiling and
chemical structure elucidation reveal hundreds of SGAs that
differ among members of the genus due to gene gain and loss
between species.">''® For example, a-tomatine and esculeoside
A accumulate in tomato while a-solasonine and a-solamargine
are synthesized in eggplant. In contrast, domesticated potato
synthesizes a-solanine and a-chaconine, while leptines, SGAs
that display efficacy against Colorado potato beetle (CPB), are
found in wild potato species (Fig. 6).'**"""*2° SGAs arise from the
modification of cholesterol produced from the mevalonate
pathway and are characterized by a nitrogen-containing 27-
carbon core, which can undergo multiple glycosylations to form
steroidal glycoalkaloids.”* Comparison of genomic sequences
between species revealed that several biosynthetic steps of SGA
formation in tomato, potato, and eggplant, encoded by GLY-
COALKALOID METABOLISM (GAME) genes, are clustered within
these genomes.*'*

Formation of plant SGA sterol cores requires diversion of 2,3-
oxidosqualene from the mevalonate pathway into cholesterol
biosynthesis, and this biosynthetic pathway appears to have
evolved from the duplication and divergence of genes involved
in phytosterol biosynthesis, which leads to the production of
brassinosteroids, an essential class of phytohormones.**
Cycloartenol synthase (CAS) converts 2,3-oxidosqualene into
cycloartenol, and this metabolite is the branch point between
cholesterol and phytosterol biosynthesis as it serves as
a substrate for both SSR2 (sterol side chain reductase 2) and
SMT1 (sterol C-24 methyltransferase) to form cycloartanol or 24-
methylenecycloartanol, respectively.** Cholesterol biosynthesis
leads to the production of the SGAs and saponins in both gly-
cosylated and aglycone forms.” Elucidation of cholesterol
biosynthesis in plants revealed five enzymes shared between the
cholesterol and phytosterol pathways."” Phylogenetic analysis
of enzymes specific to cholesterol biosynthesis suggests that C5-
SD2 (sterol C-5(6) desaturase), 7-DR2 (7-dehydrocholesterol
reductase), SMO3 (C-4 sterol methyl oxidase) and SMO4 likely

This journal is © The Royal Society of Chemistry 2022
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arose from duplication and divergence of the phytosterol
pathway genes, C5-SD1, 7-DR1, SMO1 and SMO2."**

Presence-absence variation of genes involved in the conver-
sion of dehydro-SGAs to dihydro-SGAs contributes to SGA
diversity within Solanum. The first spirosolosane-type SGA
formed, (228, 25S)-spirosol-5-en-3B-ol, contains a A>® double
bond.* In tomato, tomatidine is synthesized from a multistep
process starting with the oxidation and isomerization of (225,
25S)-spirosol-5-en-3p-ol to tomatid-4-en-3-one by GAME25, and
the addition of four sugars (galactose, glucose, glucose, and
xylose) to the C-3 position of tomatidine results in the produc-
tion of tomatine, the major tomato SGA.”****** Lack of a func-
tional GAME25 is associated with the production of unsaturated
SGAs, including a-solamargine, a-solasonine, and malonylso-
lamargine in S. melongena (eggplant) and expression of tomato
GAME25 in eggplant results in the production of saturated
SGAs.*” However, the mechanism underlying a lack of satu-
rated SGA accumulation in domesticated potato is less clear. A
putative GAME25 homolog is present in the genome of
domesticated potato, and recombinant expression of the cor-
responding enzyme revealed the same activity as the tomato
enzyme: 3B-hydroxyl group oxidation and isomerization of the
double bond from the C-5,6 position. The potato GAME25
enzyme is active with unsaturated spirolosane- and solanidine-
type SGAs although the corresponding saturated SGAs do not
accumulate in domesticated potato.'”® Overexpression of
tomato GAME25 in potato hairy root cultures leads to accu-
mulation of demissidine, a saturated solanidine SGA found in
wild potato. This suggests that the downstream enzymatic
activities involved in the production of saturated SGAs exist in
domesticated potato.'*® However, the mechanism leading to the
lack of saturated SGAs in domesticated potato remains unclear,
and the in vivo function of the domesticated potato GAME25
and expression levels of the corresponding gene remain to be
determined.™****

While the initial steps of spirolosane-type SGA formation are
conserved between tomato and potato, SGA biosynthesis
diverges in potato to produce solanidine-type SGAs.'® Potato
contains two major solanidane-type SGAs, a-solanine and o-
chaconine, which differ only in the identity of the C-3 sugar
additions; solanine contains galactose with rhamnose and
glucose additions while chaconine contains glucose with two
rhamnose additions." The 2-oxoglutarate dependent dioxyge-
nase, DPS (Dioxygenase for Potato Solanidane synthesis), cata-
lyzes solanidine ring formation via C-16 hydroxylation.* While
both eggplant and tomato contain DPS homologs and each
recombinant enzyme is capable of C-16 hydroxylation of
spirolosane-type SGAs, the expression of the corresponding
genes is low or undetectable in eggplant and tomato, which
likely explains the lack of solanidine-type SGAs in these
species.” The DPS genes are located on chromosome 1 within
a syntenic block that is conserved in Solanum and contains
additional SM-related genes, suggesting that the DPS genes
evolved prior to speciation.'” While some wild potato species,
such as Solanum chacoense, produce leptines, solanidine-type
SGAs that are effective at defending against CPB, domesti-
cated potato does not produce these SGAs. Leptine formation
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requires the hydroxylation of solanidine-type SGAs by GAME32
and the subsequent acetylation by an unknown enzyme.
Tomato and domesticated potato lack a functional GAME32
homolog and the corresponding leptine SGAs.""”

Domestication and selection for non-bitter fruit to aid in
seed dispersal influence SGA content in tomato during fruit
ripening. The fruit ripening associated biosynthesis of escu-
leoside A from a-tomatine alleviates the bitter taste associated
with SGAs."” The hydroxylation of o-tomatine at the C-23
position is the first committed step of fruit ripening associ-
ated SGA accumulation (i.e. esculeoside A), and is catalyzed by
the 2-ODD enzyme, GAME31.""7"*® Esculeoside A formation
requires an additional hydroxylation, followed by acetylation,
and the glycosylation of acetoxy-hydroxytomatine by
GAMES5."7127128 The export of o-tomatine and o-tomatine
derivatives out of the vacuole by a nitrate transporter 1/peptide
transporter family (NPF) transporter, GORKY (meaning bitter in
Russian), is essential for esculeoside A formation.'” The
sequestration of toxic SGAs to the vacuole likely prevents self-
toxicity, and this is evidenced by the observation that tomato
plants overexpressing GORKY (facilitating SGA export to the
cytosol) displayed severe morphological phenotypes.'””® In
contrast, fruit from the same overexpression lines did not
display signs of self-toxicity suggesting that the conversion of
toxic/bitter SGAs to esculeosides prevents self-toxicity."**

The synteny of the metabolic gene clusters involved in SGA
production among Solanum species highlights the common
origin of the trait that diverged between species through loss or
gain of function of individual genes to create SGA diversity.
Several of the genes involved in spirolosane-type SGA formation
are found clustered on potato, eggplant, and tomato chromo-
somes 7 and 12.*%'*> Tomato possesses two extra genes in these
clusters as potato and eggplant lack homologs of GAME17 and
18, two UDP-glucosyltransferases responsible for the consecu-
tive additions of glucose to tomatidine galactoside during o-
tomatine biosynthesis in tomato.® Current genomic resources
show that pepper (Capsicum annuum) does not possess the
chromosome 12 cluster or putative orthologs of GAME4 and
GAME12 found within the cluster, and this absence likely
results in the lack of SGAs in C. annuum." The 2-ODD genes
involved in solanidine, leptine, and esculeoside SGA biosyn-
thesis are also clustered with additional 2-ODDs of unknown
function.”” Changes in gene expression (i.e. low expression of
DPS tomato homolog) or the presence-absence of single genes
(i.e. GAME32 presence in S. chacoense) contribute to SGA
diversity in Solanum.

7 Addictive and deadly: convergent
and divergent evolution shapes
nicotine and tropane alkaloid
metabolism

Several Solanaceae genera, including Datura, Atropa, Hyoscya-
mus, Mandragora, and Scopolia derive medicinal and toxic

qualities from the biosynthesis of tropane alkaloids. Tropane
alkaloids are characterized by an eight-membered, bicyclic,
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nitrogen-containing core and their synthesis is reported in 10
plant families, separated by ~120 Mya of evolution."** For
example, the well-known narcotic cocaine is synthesized by
Erythroxylum coca (Erythroxylaceae) while cochlearine is
synthesized in Cochlearia officinalis (Brassicaceae). The Sol-
anaceae family has emerged as a model system for studying
tropane alkaloid biosynthesis, but comparative studies reveal
instances of independent evolution of tropanes in distinct plant
lineages."*""*

Scopolamine and hyoscyamine are tropane aromatic esters
specific to the Solanaceae, and these compounds derive their
medicinal properties from anticholinergic effects, blocking
activity of the neurotransmitter acetylcholine. Scopolamine is
used to treat a variety of illnesses including motion sickness,
drooling, and for palliative care in Parkinson's disease.'**"'*
Tropane aromatic ester production requires the biosynthesis of
the tropane core as well as condensation of a phenyllactic acid
moiety through an ester linkage.**® Although the biosynthesis of
the tropane core intermediate and polyhydroxylated derivates,
known as calystegines, occurs in many genera of the Sol-
anaceae, including Solanum, the biosynthesis of tropane
aromatic esters is restricted to the genera described above,
suggesting that not all species in the family possess the genes
required for their synthesis.”®” Due to their medicinal impor-
tance, considerable effort has focused on understanding the
biosynthesis of hyoscyamine and scopolamine.

Research leading to the elucidation of scopolamine biosyn-
thesis spanned several decades, with progress driven by the
available technologies of the time. Initially, approaches focused
on feeding labeled forms of potential precursors to tropane
producing plants and following incorporation of label into
alkaloids.*® This resulted in identification of pathway precur-
sors and intermediates, as well as the development of an overall
framework of scopolamine biosynthesis. These efforts were
followed by classical biochemical approaches to purify enzymes
based on activity. Peptide sequencing of the resulting purified
enzymes facilitated the design of oligonucleotide probes that
were labeled and used to screen cDNA libraries to identify the
corresponding clones. Confirmation of function was achieved
through characterization of resulting recombinant enzymes
expressed in E. coli. This led to the identification of several
pathway genes, including hyoscyamine 6p-hydroxylase (H6H),
tropinone reductase I/II (7RI and TRII), and putrescine N-
methyltransferase (PMT). The development of expressed
sequence tags in the mid-2000s, coupled with virus-induced
gene silencing (VIGS) for in vivo testing of function, led to the
identification of littorine mutase, an enzyme that catalyzes the
rearrangement of littorine into hyoscyamine aldehyde."*®* More
recently, Atropa belladonna (Deadly Nightshade) emerged as
a model for exploring tropane alkaloid biosynthesis following
the development of a multi-tissue transcriptome assembly and
the deployment of VIGS. These resources, coupled with
synthetic biology, culminated in the identification of the
missing steps in scopolamine formation.

The first ring of the tropane core requires the conversion of
ornithine, a non-proteinogenic amino acid, into putrescine by
ornithine decarboxylase (ODC). Putrescine is then N-methylated

This journal is © The Royal Society of Chemistry 2022
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by putrescine methyltransferase (PMT) and oxidized by meth-
ylputrescine oxidase (MPO). The N-methyl-A'-pyrrolinium
cation forms through the spontaneous cyclization of N-meth-
ylaminobutanal, the product of MPO catalysis (Fig. 7). PMT
requires S-adenosyl-i-methionine (SAM) to N-methylate putres-
cine and shares high sequence similarity with spermidine syn-
thase (SPDS), an enzyme involved in transferring the
aminopropyl moiety from decarboxylated SAM (dcSAM) onto
putrescine to form spermidine, a ubiquitous polyamine.**** It
was hypothesized that PMT evolved from a gene duplication of
SPDS and subsequent neofunctionalization, and although SPDS
cannot catalyze putrescine N-methylation, mutation of a single
SPDS amino acid, D103I, is sufficient to generate PMT
activity.” The pyrrole moiety of nicotine, a natural product
produced in the Nicotiana genus of the Solanaceae, also
requires N-methyl-A'-pyrrolinium cation biosynthesis. The
biosynthetic steps leading to N-methyl-A'-pyrrolinium cation
formation are conserved in Nicotiana, Solanum, and Petunia
allowing the N-methyl-A'-pyrrolinium cation to act as a core for
nicotine and tropane alkaloid biosynthesis found in Solanaceae
and Convolvulaceae."*"'** In contrast, the genes involved in the
formation of the pyridine ring in nicotine biosynthesis are
Nicotiana-specific indicating that divergent evolution led to the
formation of nicotine, likely through the duplication of the
genes in the nicotinamide adenine dinucleotide (NAD) cofactor
biosynthetic pathway.'*

Formation of the tropane core in Solanaceae species requires
a second cyclization event that yields tropinone, which
possesses a ketone functional group at the carbon-3 position of
the core (Fig. 7). The first step in tropinone formation is cata-
lyzed by a type III polyketide synthase, PYKS, which uses the N-
methyl-A"-pyrrolinium cation and malonyl-Coenzyme A to form
4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic ~ acid.***  Although
PYKS can form 3-oxoglutaric acid without the N-methyl-A'-
pyrrolinium cation and these two products can react non-
enzymatically, the exact mechanism of 4-(1-methyl-2-
pyrrolidinyl)-3-oxobutanoic acid formation remains
unclear."**'*> Tropinone synthase (CYP82M3) converts 4-(1-
methyl-2-pyrrolidinyl)-3-oxobutanoic acid to tropinone'*
Although putative orthologs of PYKS and CYP82M3 are present
in the genomes of several calystegine producing Solanaceous
species including tomato, potato, and pepper, these genes are
absent in Nicotiana spp.; this is consistent with the lack of
detectable tropanes in these species.** In the Solanaceae, tro-
pinone reductases I and II are members of the short-chain
dehydrogenase/reductase superfamily (SDR) that catalyze the
reduction of the ketone of tropinone to an alcohol to form
tropine (3a-hydroxytropine) and pseudotropine (3p-hydroxy-
tropine), respectively.'*® TRI and TRII constitute a branch point
in the tropane alkaloid biosynthetic pathway due to their
stereospecificity: TRI leads to the production of tropane
aromatic esters, including hyoscyamine and scopolamine and
TRII directs flux towards calystegine production.

Biosynthesis of the principal aromatic tropane esters in the
Solanaceae, littorine, hyoscyamine, and scopolamine, requires
the diversion of phenylalanine into the tropane pathway
through a two-step process that yields phenyllactic
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acid"”'*¥(Fig. 8). Identification of the aromatic aminotrans-
ferase (AbArAT4) responsible for conversion of phenylalanine
into phenylpyruvate revealed the power of transcriptomics in
Solanaceae tropane alkaloid enzyme discovery.'*” Analogous to
bacterial aromatic amino acid biosynthesis, a cytosolic aromatic
aminotransferase from petunia (Ph-PPY-AT) catalyzes the
formation of phenylalanine from phenylpyruvate using tyrosine
as an amino donor and yielding 4-hydroxyphenylpyruvate.'*®
ADArAT4 is related to Ph-PPY-AT and utilizes the same four
substrates, but the Atropa enzyme diverts phenylalanine into
the tropane pathway by virtue of a ~250-fold more active reverse
reaction that yields phenylpyruvate and tyrosine. AbArAT4 is co-
expressed in the roots with other tropane-related genes, and
while silencing of this gene disrupts tropane alkaloid biosyn-
thesis, it does not alter aromatic amino acid pools, further
supporting its neofunctionalized and specific role in specialized
metabolism." Littorine biosynthesis requires the glycosylation
of phenyllactate by a UDP-glucose dependent glycosyltransfer-
ase followed by the acylation of tropine. The serine
carboxypeptidase-like (SCPL) acyltransferase (littorine synthase)
acylates tropine using glycosylated phenyllactate as the acyl
donor.***

Synthetic biology recently was utilized both to engineer
scopolamine production in yeast and facilitate the discovery of
the final missing enzyme in the pathway, which had eluded
discovery using in planta experiments. The conversion of lit-
torine to scopolamine requires four steps catalyzed by three
enzymes (Fig. 8). Littorine mutase, a cytochrome P450, catalyzes
the rearrangement of littorine to hyoscyamine aldehyde,'*
which is converted to hyoscyamine by hyoscyamine aldehyde
dehydrogenase. Finally, hyoscyamine-6-hydroxylase catalyzes
the two-step hydroxylation and epoxidation of hyoscyamine to
scopolamine.” The production of scopolamine in yeast was
achieved through the introduction of tropane alkaloid pathway
genes from several species, including Datura stramonium,
Datura metel, and Atropa belladonna.*® Optimization of
scopolamine production in yeast required the elimination of
several native genes to reduce the flow of tropane alkaloid
intermediates into side products and the introduction of
a transporter from Nicotiana tabacum to facilitate transport of
tropine into the vacuole for esterification with phenyllactic
acid.” Notably, the introduction of the pathway into yeast
revealed the dehydrogenase responsible for the reduction of
hyoscyamine aldehyde into hyoscyamine, which had not previ-
ously been identified in planta.*** For example, silencing of this
gene in A. belladonna did not result in a decrease in downstream
tropane alkaloids, likely due to promiscuous enzymatic activity
of other dehydrogenases.’® Hence, reconstruction of the
pathway in a genetic host where background activities were
removed facilitated the identification of the final missing step
in the scopolamine pathway.

7.1 Independent evolution of tropanes in distinct plant
lineages

Evidence for independent evolution of tropanes in distinct
plant lineages is manifest at different steps throughout the
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pathway (Fig. 7 and 8). While separate TRI and TRII enzymes
reduce tropinone to tropine or pseudotropine in the Sol-
anaceae, a single SDR enzyme catalyzes both reactions in C.
officinalis, ultimately leading to tropine-derived cochlearine and
pseudotropine-derived calystegines."®* In addition, while Sol-
anaceae and Brassicaceae species utilize enzymes in the SDR
family for the reduction of tropinone, the analogous reaction in
E. coca cocaine biosynthesis, the reduction of methylecgonone
to methylecgonine, is catalyzed by methylecgonone reductase
(MecgoR) a member of the aldo-keto reductase family.*** Simi-
larly, aromatic tropane ester biosynthesis is catalyzed by
different classes of acyltransferases in the Solanaceae and
Erythroxylaceae. Littorine formation is synthesized by an SCPL
acyltransferase while cocaine synthase, which catalyzes the
condensation of methylecgonine and benzoyl-CoA, is a member
of the BAHD acyltransferase family.'> As additional tropane
pathways in distinct plant lineages are elucidated it is likely that
further examples of independent evolution will be discovered.

8 Challenges and unexplored
frontiers in Solanaceae metabolism

There has been a rapid increase in understanding the biosyn-
thesis and evolution of plant SM pathways during the last
decade. Advances in genomics enabled gene-metabolite corre-
lations in model and non-model species. These data -
combined with development of methods to test gene function
in diverse species, and transient expression in Nicotiana ben-
thamiana, as well as engineering production in microbial
systems - led to the elucidation of multiple plant SM pathways
and identified regulators of known SM pathways.**'*"*** The
widespread adoption of these approaches, coupled with
phylogeny-guided comparative genomics and metabolomics,
enabled exploration of the evolutionary trajectories of the
exemplary Solanaceae SM pathways described here.

However, despite advances in understanding Solanaceae SM
biosynthesis and evolution, knowledge gaps persist related to
specific aspects of these well-studied pathways and opportuni-
ties exist to develop a more comprehensive understanding of
these pathways and networks. As evidenced through studies of
acylsugar evolution, much can be learned through adopting
a broader sampling strategy to include more phylogenetically
diverse species that are typically less well studied.*””>”® Similar,
phylogenetic-guided metabolite screening approaches could be
adopted to assess chemical diversity in other SM classes as the
foundation for exploring metabolite evolution using compara-
tive genomics. For example, given the tremendous chemical
variation observed in trichome-derived acylsugars across the
Solanaceae, and that novel acylsugars were recently identified in
root and root-exudates of tomato,* it will be intriguing to
determine whether comparable root acylsugar diversity exists
across the family and if so, to assess how this diversity evolved.

There are also several examples where the biosynthesis of
exemplary SM pathways in the Solanaceae are not fully resolved.
For example, the enzymes that catalyze the early steps in acyli-
nositol biosynthesis in Solanum spp. are yet to be reported.
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Similarly, the majority of the enzymes involved in capsaicinoid
biosynthesis and the final steps in nicotine biosynthesis await
biochemical and functional characterization.**>*** In addition,
although the biosynthesis of scopolamine is elucidated and the
pathway reconstructed in yeast, the steps leading to the
biosynthesis of other classes of Solanaceae tropanes, including
calystegines and schizanthines, are unknown."%**¢

Comparative analyses of the evolution of SM-related gene
clusters across the Solanaceae also remains under-explored. For
example, as outlined in this review, terpene and SGA-related
gene clusters exist in Solanum but variation across these clus-
ters is mainly documented in a few model species, including
tomato, potato, eggplant, and closely related wild species.®*>***
Indeed, even for the comparatively well-studied terpenoid-
related gene clusters of tomato, many of the enzymes that
reside within these clusters, which may catalyze modifications
of terpene scaffolds, remain uncharacterized. Furthermore, the
extent of conservation of terpene and other SM gene clusters
across the Solanaceae is unknown. As multiple chromosome
scale genome assemblies of phylogenetically diverse Solanaceae
species are available and others will likely be generated soon,
charting the evolutionary trajectories of SM gene clusters and
the metabolite variation they encode is now possible.

Finally, it is also worth noting that the most extensively
characterized Solanaceae SM pathways are those where the
identities of the major metabolites were known for decades and
their abundance is high in specific cell types or tissues, facili-
tating purification and structural elucidation. It is more chal-
lenging to identify unknown metabolites and purify metabolites
that are of low abundance and technical challenges persist that
impede a more comprehensive understanding of metabolism
and bridging of the gap between genotype and phenotype.

8.1 Challenges in the identification and annotation of SM
enzymes

Advances in DNA sequencing are making development of
chromosome-scale genome assemblies more routine and
recently several Solanaceae genomes were released, and the
quality of existing assemblies improved.””***” These studies
allow the gene complement of an organism to be determined.
However, functional annotation of plant genomes remains
incomplete, even for model species. The lack of accurate
annotation is particularly problematic for large gene families
encoding SM-related enzymes that catalyze common decora-
tions of scaffold molecules, including cytochromes P450, 2-
oxoglutarate dependent dioxygenases, glycosyltransferases, and
acyltransferases. SM-related enzymes are often catalytically
promiscuous and encoded by genes that evolved rapidly
through duplication and associated subfunctionalization, neo-
functionalization, and gene loss.®® Thus, annotation of SM
enzymes based solely on sequence similarity, predicted orthol-
ogy, or synteny is often misleading. This concept is clearly
illustrated by examples identified through studying the evolu-
tion of acylsugar and terpene biosynthesis in Solanum glandular
trichomes. These studies reveal how activity can be altered by
a few amino acid differences in closely related enzymes from
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sister species, or diverse accessions within a species.®****
Hence, empirical determination of enzyme function remains
imperative. Although characterization of enzyme activities is
often technically challenging, time consuming, and limited by
substrate availability, medium and high-throughput methods
based on microtiter plates and microfluidics are utilized for
screening natural and computationally designed enzymes and
such methods could potentially be adapted for screening the
activity of plant SM-related enzymes."*

As documented throughout this review, co-expression is
a powerful approach for predicting membership of genes in
metabolic pathways, particularly when there is a priori knowl-
edge about enzymes from the target pathway. Elucidation of the
pathway leading to scopolamine biosynthesis, described above,
is an excellent example of the use of co-expression analyses to
identify candidate genes co-expressed in roots. However, when
results of co-expression analysis are ambiguous or multiple
candidate genes are identified, as is often the case when
investigating large SM-related gene families, additional filtering
and refinement of gene candidates may be required prior to
time-consuming functional studies. In such cases, comparative
genomic analysis such as synteny or gene-cluster analysis —
together with phylogenetic analysis to determine whether gene
candidates exhibit lineage-specific distribution or arose
through a recent duplication event - provide opportunities for
refining candidate gene lists.’*® Outside of tomato, there is
a lack of publicly available transcriptome data, including data
from diverse tissues, environmental perturbations, and treat-
ments. This limits novel metabolite pathway discovery in
diverse Solanaceae species and reduces the resolution of studies
investigating the phylogenetic distribution and evolution of SM
pathways. Furthermore, plant SM pathways are often restricted
to specific cell types, and therefore the general focus on whole
tissue sampling for transcriptome analysis can be
limiting.****>**> The recent development of single-cell and
single-nucleus transcriptome analyses holds great promise for
increasing the resolution of transcriptome data and refining
candidate gene lists to facilitate the identification, character-
ization, and cellular localization of Solanaceae SM
pathways. 6164

Machine learning is another promising approach to distin-
guish GM and SM-related enzymes without prior knowledge of
pathway membership or gene-metabolite correlation informa-
tion. Multiple features including gene expression, transcrip-
tional network analysis, rate of evolution, and duplication
mechanism allowed creation of statistical models that can
distinguish GM from SM genes in Arabidopsis. In agreement
with the established characteristics of SM genes, machine
learning models revealed that relative to GM genes, SM genes
tend to be less conserved, tandemly duplicated, more narrowly
expressed, and expressed at lower levels.'®® The prediction
models also facilitated the classification of 1220 enzyme
encoding genes of unknown function as putatively SM-related.
Similar machine learning strategies were deployed in tomato
to predict gene association with SM or GM pathways and to
determine if gene expression data can predict metabolic
pathway membership.'****” These approaches show potential to
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build high-quality models but are limited by the quality of the
input data, including mis-annotations and the low number of
functionally validated reference genes in tomato. These current
limitations suggest that application of machine learning for de
novo prediction of novel SM pathways in tomato is not yet
possible at high accuracy. Furthermore, additional functional
annotation, including the development of more comprehensive
genome and transcriptome data, will be needed to apply
machine learning approaches to predict SM pathway member-
ship in additional members of the Solanaceae. Indeed, models
predicting whether a tomato gene is associated with specialized
versus general metabolism were improved when a transfer
learning strategy was employed that utilized data from Arabi-
dopsis models to filter tomato annotations that disagreed with
Arabidopsis*® This represents a promising approach to using
comparative genomics data in specialized metabolic enzyme
identification.

8.2 Challenges in the identification and annotation of plant
metabolites

Estimates suggest that ~10° metabolites are synthesized across
species of the plant kingdom, collectively.* While we have deep
knowledge of well-studied classes of plant metabolites, oppor-
tunities and challenges for improving metabolome annotation
remain. Several factors make separation and annotation of
metabolites challenging: for example, their diverse chemical
composition, chemical properties (polarity and hydrophilicity/
hydrophobicity), and the orders of magnitude concentration
range in which they occur in biological samples.*®®'%
Improvements in analytical techniques, particularly liquid-
chromatography coupled with high-resolution mass-
spectrometry (LC-HRMS) based metabolite profiling, allows
the detection of >10° metabolites within a single plant extract at
high mass accuracy. However, a single extraction solvent and
chromatographic separation method are generally selected for
individual experiments, leading to unavoidable bias in the types
of metabolites that are extracted and resolved and therefore an
under-representation of the metabolome.**® Furthermore, most
metabolites in a plant extract are uncharacterized and many are
of low abundance. In such cases, annotation can be chal-
lenging. This is particularly true for specialized metabolites that
are formed from diverse metabolic precursors, possess multiple
chemical modifications, and frequently exist as positional or
structural isomers that may be difficult to resolve. For example,
even though tomato fruit ripening is one of the most extensively
studied plant biological processes, a large component of this
metabolome remains unannotated. In a recent study, untar-
geted metabolomics of tomato fruit at two different develop-
mental stages identified >1000 semi-lipophilic metabolites but
only ~170 metabolites were annotated with some degree of
confidence, suggesting that the bulk of the tomato fruit
metabolome remains unresolved.'” Metabolite databases con-
taining spectra derived from tandem mass-spectrometry of
known metabolites are expanding and are useful for identifying
unknown metabolites.””*”> However, given the vast diversity of
plant metabolites and their frequent lineage-specific
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distribution, populating and curating such databases requires
substantial research funding, effort, and community
engagement.

As with spatially resolved or single cell transcriptomics, the
ability to obtain spatially resolved metabolome data through
mass spectrometry imaging of plant tissues represents an
exciting development that will enhance understanding of
metabolism. Specifically, this technology will further refine the
ability to detect gene-metabolite correlations and allow the
detection of metabolites that may be restricted to individual cell
types and therefore fall below the limit of detection in an extract
prepared from a complex tissue sample.””® Mass spectrometry
imaging has been utilized for investigating the spatial distri-
bution of metabolites in tomato fruit, including investigating
the influence of genetic perturbation on SGA accumulation.'”
Similarly, the spatial separation of SGAs and acylsugars were
demonstrated in tomato roots.*® As improved MSI technologies
develop and increase in availability, they will undoubtedly be
more widely adopted for exploring diverse aspects of Solanaceae
metabolism.

Integration of genetic variation with metabolomics is
a powerful approach to expand understanding of SM metabolic
networks and bridge the gap between genotype and phenotype.
As described above, both GWAS and metabolite QTL (mQTL)
approaches were used to identify genomic regions and genes
that influence specialized metabolism in diverse tissues of
tomato. In particular, the S. lycopersicum x S. pennellii intro-
gression line and the related backcross introgression line (BIL)
populations were foundational to improving understanding of
the loci that influence metabolism within the tomato
clade.?*>117127.175 Approaches that harness natural variation are
limited to species where it is possible to develop inter-specific
genetic populations or sufficient genetic variation is present
within a species, to facilitate GWAS. Although not currently as
extensively characterized as the genetic resources for tomato,
germplasm panels and genetic populations, including intro-
gression lines, are being developed and characterized for the
three additional major food crops of the Solanaceae; potato,
pepper, and eggplant.'*>"7%'7 In some cases, these genetic
resources are being utilized to investigate metabolic diversity
via targeted and untargeted metabolomics and refinement of
these efforts should facilitate linking genotype to
phenotype.'”®17°

An alternative, less frequently utilized, approach to harness
genetic variation to interrogate metabolism is to combine
untargeted metabolite profiling with targeted disruption or
over-expression of known enzymes or transcription factors.'®*'*
This approach, while more targeted than a strategy incorpo-
rating genome-wide genetic variation, can be utilized in any
species where genetic manipulation is feasible and has signifi-
cant potential to increase understanding of plant SM networks.
For example, disruption of an SM enzyme will result in reduc-
tion of metabolites downstream of the enzyme, while the
abundance of metabolites upstream of the target enzyme can
increase. This approach also allows detection of alternate fates
for pathway metabolites that accumulate due to gene disrup-
tion, revealing the existence of biosynthetically linked
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metabolites. Referred to as “silent metabolism” this component
of the metabolome is likely substantial and certainly under-
explored, including for engineering of novel products.'®*
Furthermore, as SM enzymes possess increased tendency for
catalytic promiscuity, untargeted metabolite profiling of lines
disrupted in an enzyme of interest may reveal the existence of
previously uncharacterized catalytic activities.

While purification and structural elucidation of metabolites
by NMR is a cornerstone of SM pathway discovery, it is time-
consuming and typically represents a major bottleneck. This
is especially problematic for metabolites that are of low abun-
dance or co-purify with other compounds. Recent structural
elucidation of acyl-hexoses from S. nigrum was achieved using
a combination of LC-MS, GC-MS, and 2D-NMR approaches from
crude and partially purified extracts without purification to
homogeneity.”” Similar approaches should be adaptable to
resolve the structures of other metabolites present in semi-
purified plant extracts. The recent adoption of microcrystal
electron diffraction (MicroED) for structural elucidation,
including absolute stereochemistry, of mixtures of small
organic molecules also shows great promise for structural
elucidation of plant specialized metabolites."***** MicroED can
be used to resolve the structures of nanocrystals of ~100 nm
(~107" g) and thus is potentially more suitable for low abun-
dance metabolites than NMR, which typically requires
hundreds of micrograms to milligram quantities of purified
compound. Application of this technology to specialized
metabolite discovery was recently demonstrated through
a combined genome-mining, synthetic biology, and MicroED
analysis that elucidated the biosynthesis and structures of
several 2-pyrridone metabolites from fungi.’® Similarly,
synthetic biology can be utilized to engineer production of plant
SMs in heterologous systems for subsequent purification and
structural elucidation. This strategy was effectively demon-
strated by the synthesis of gram scale quantities of the tri-
terpene B-amyrin by vacuum infiltration of N. benthamiana co-
expressing a feedback insensitive variant of HMG-CoA reduc-
tase and oat B-amyrin synthase.'® Subsequent experiments
combining co-expression of these enzymes with triterpene
decorating cytochrome P450s from multiple species facilitated
the production of novel non-natural triterpenes at sufficient
scale to allow purification and structural determination by
NMR. N. benthamiana is widely used for transient expression of
candidate genes and as demonstrated above, represents
a readily scalable platform to produce metabolites for purifi-
cation and subsequent structural elucidation.

9 Conclusions

Advances in genomics and metabolomics continue to enable
greater understanding of SM pathway biosynthesis and evolu-
tion. This review focused on the catalytic steps of five well-
studied SM classes that show varying degrees of lineage-
specific distribution across the Solanaceae. This genetic varia-
tion, coupled with high abundance, and often restricted
distribution in specific tissue or cell types, facilitated both
purification and structural elucidation of these diverse
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metabolites as well as the identification of the enzymes
responsible for their biosynthesis. For example, acylsugar and
terpene biosynthesis in glandular trichomes, nicotine and tro-
pane alkaloid biosynthesis in roots, and capsaicinoid biosyn-
thesis in pepper fruit placenta. These studies reveal examples of
both intra- and inter-specific variation as well as convergent
evolution that has shaped the metabolic landscape across the
Solanaceae. However, only a small fraction of the metabolome
and the genes responsible for its formation are resolved. Thus,
many opportunities exist to expand understanding of known
pathways as well as identify novel pathways that will enable
a network level understanding of metabolism across the Sol-
anaceae and identify target molecules for agricultural and
medicinal applications.
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