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P L A N T  S C I E N C E S

Tomato root specialized metabolites evolved through 
gene duplication and regulatory divergence within a 
biosynthetic gene cluster
Rachel E. Kerwin1*, Jaynee E. Hart1, Paul D. Fiesel1†, Yann-Ru Lou1,2, Pengxiang Fan1,3,  
A. Daniel Jones1,4, Robert L. Last1,5*

Tremendous plant metabolic diversity arises from phylogenetically restricted specialized metabolic pathways. 
Specialized metabolites are synthesized in dedicated cells or tissues, with pathway genes sometimes colocalizing 
in biosynthetic gene clusters (BGCs). However, the mechanisms by which spatial expression patterns arise and the 
role of BGCs in pathway evolution remain underappreciated. In this study, we investigated the mechanisms driving 
acylsugar evolution in the Solanaceae. Previously thought to be restricted to glandular trichomes, acylsugars 
were recently found in cultivated tomato roots. We demonstrated that acylsugars in cultivated tomato roots and 
trichomes have different sugar cores, identified root-enriched paralogs of trichome acylsugar pathway genes, and 
characterized a key paralog required for root acylsugar biosynthesis, SlASAT1-LIKE (SlASAT1-L), which is nested 
within a previously reported trichome acylsugar BGC. Last, we provided evidence that ASAT1-L arose through 
duplication of its paralog, ASAT1, and was trichome-expressed before acquiring root-specific expression in the 
Solanum genus. Our results illuminate the genomic context and molecular mechanisms underpinning metabolic 
diversity in plants.

INTRODUCTION
Plants synthesize and store a vast array of metabolites. Essential and 
ubiquitous metabolites, including sugars, amino acids, and lipids, are 
synthesized through highly conserved general, or primary, metabolic 
pathways. In contrast, most of the chemical diversity observed among 
plants is produced through taxonomically restricted specialized meta-
bolic pathways that use general metabolic precursors (1). Specialized 
metabolites are commonly synthesized and stored in dedicated cells, 
tissues, or organs, and serve critical roles in herbivore defense (2–5), 
pollinator attraction (3, 6, 7), and abiotic stress mitigation (8–10). Spe-
cialized metabolite variation influences herbivory, disease, and fitness 
in the natural environment (11–13), reflecting their adaptive roles.

Specialized metabolic pathways often emerge through gene dupli-
cation and divergence, co-opting enzymes and precursors from other 
aspects of plant metabolism, including general metabolism (14–
17). Typically, enzymes involved in specialized metabolism exhibit 
broader substrate specificities and narrower expression patterns than 
those of general metabolism (15, 16, 18). However, the molecular 
mechanisms by which specialized metabolic pathway genes acquire 
their distinct expression patterns remain poorly understood, repre-
senting an important gap in our knowledge.

The genes of some specialized metabolic pathways colocalize on 
chromosomes into biosynthetic gene clusters (BGCs) (19, 20), which 
can facilitate pathway coregulation and localized metabolite produc-
tion (21). Established BGCs promote coinheritance of clustered 
genes due to reduced recombination, thereby maintaining metabolic 
pathway integrity (22, 23). Within BGCs, exchange of coding or regu-
latory sequences, for example, through recombination, can lead to 

gene duplication or altered gene expression patterns (24, 25), yet the 
precise roles of BGCs in the evolution of specialized metabolic path-
ways, particularly in the context of regulatory divergence, are not 
fully elucidated.

Acylsugar biosynthesis is an ideal system to investigate the mo-
lecular mechanisms underlying metabolic pathway evolution. These 
specialized metabolites are synthesized in the tip cells of type I/type 
IV glandular trichomes of Solanaceae species (26–29) and protect 
aerial plant surfaces against herbivory, disease, and desiccation (27, 
30–34). Composed of a sugar core decorated with straight or branched 
acyl chains, acylsugars in cultivated tomato (Solanum lycopersicum) tri-
chomes are assembled by four clade III BAHD (BEAT AHCT HCBT1 
DAT) acyltransferase enzymes, ACYLSUGAR ACYLTRANSFERASE 
1 (SlASAT1; Solyc12g006330), SlASAT2 (Solyc04g012120), SlASAT3 
(Solyc11g067670), and SlASAT4 (Solyc01g105580), which sequentially 
esterify acyl chains to a central sucrose core (35–37). Acylsugar bio-
synthesis also involves enzymes co-opted from general metabolism, in-
cluding ISOPROPYLMALATE SYNTHASE 3 (IPMS3; Solyc08g014230) 
(38), ACYLSUGAR ACYL-COA SYNTHETASE 1 (AACS1; Solyc07g043630) 
(39), and ACYLSUGAR ENOYL-COA HYDRATASE 1 (AECH1; 
Solyc07g043680) (39). Notably, SlASAT1, SlAECH1, and SlAACS1 are 
colocalized to a trichome acylsugar BGC spanning syntenic regions 
of chromosomes 7 and 12 (39).

In addition to their presence in glandular trichomes, a recent 
study unexpectedly revealed acylsugars in the roots of cultivated 
tomato (40), suggesting the existence of a previously uncharacterized 
root-specific biosynthetic pathway. Here, we examined the structural 
diversity, biosynthesis, and evolutionary origin of these cultivated 
tomato root acylsugars.

Our results are consistent with the hypothesis that a distinct acyl-
sugar biosynthetic pathway operates in tomato roots. Through de-
tailed metabolite characterization, we found that cultivated tomato 
roots accumulate acyldissacharides that are distinct from the tri- and 
tetraacylsucroses synthesized in trichomes. Nuclear magnetic reso-
nance (NMR) spectroscopic analysis demonstrated that the most 
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abundant cultivated tomato root acylsugar has a glucosylinositol 
disaccharide core. Analyzing coexpression across cultivated tomato 
tissues, we identified a set of root-expressed paralogs of characterized 
trichome acylsugar pathway genes. We functionally characterized 
SlASAT1-LIKE (SlASAT1-L; Solyc07g043670), the root-expressed para-
log of SlASAT1, the first core trichome acylsugar biosynthesis pathway 
gene, yielding results consistent with a role early in root acylsugar 
biosynthesis. First, genetic ablation of SlASAT1-L led to loss of detect-
able root acylglycosylinositols, with no impact on trichome acylsu-
croses, providing strong evidence for separate biosynthetic pathways. 
Second, consistent with the hypothesis that SlASAT1-L catalyzes the 
first step of acylglycosylinositol biosynthesis, the enzyme acylated 
myo-inositol, but not sucrose, in vitro.

Notably, root-expressed SlASAT1-L and paralogs of two other 
trichome acylsucrose biosynthetic genes are nested within the pre-
viously identified trichome acylsugar BGC (39). We analyzed syn-
teny and coexpression within the BGC, revealing that ASAT1-L arose 
via ASAT1 duplication and was originally trichome-expressed before 
evolving root-specific expression in a subset of Solanum species. 
Further, we found a correlation between the spatial expression pattern 
of ASAT1-L and the site of inositol-based acylsugar accumulation 
among extant Solanum species. Our findings demonstrate that gene 
duplication, regulatory divergence, and enzyme evolution within a 
BGC can modify the cell- or tissue-specific localization of a biosyn-
thetic pathway, shedding light on the molecular mechanisms con-
tributing to metabolic diversity in plants.

RESULTS
Gene coexpression network analysis reveals candidates for 
root acylsugar biosynthesis
To interrogate whether the trichome acylsugar pathway is active in 
roots, we evaluated transcript abundance across cultivated tomato 

tissues using publicly available data (table S1). We found that charac-
terized trichome acylsugar biosynthesis genes, including SlASAT1-
SlASAT4, SlIPMS3, SlAACS1, and SlAECH1, were highly enriched in 
trichomes compared to shaved stems devoid of trichomes (table S2), 
consistent with previous reports (35–39). In contrast, these genes 
showed negligible expression in root tips, root hairs, and whole roots 
(table S2), suggesting that they are unlikely to be involved in root 
acylsugar biosynthesis.

To identify candidates for root acylsugar biosynthesis, we per-
formed weighted gene coexpression network analysis (WGCNA) 
using 274 publicly available transcriptomes of various cultivated 
tomato tissues and developmental stages, including trichomes, root 
tips, root hairs, and whole roots (table S1). The resulting network was 
composed of 27 modules, each with an average of 941 genes (range, 
204 to 1584) with similar expression patterns (Fig. 1, Table 1, and 
tables S2 and S3). Within the WGCNA network, we identified a 
529-member module (“grey60”) predominantly containing trichome-
enriched genes, including characterized trichome acylsugar biosynthesis 
genes (Fig. 1, Table 1 and tables S2 and S3). This “trichome” module 
also included genes involved in trichome development and trichome-
localized terpene biosynthesis, including Hair2 (Solyc10g078990), 
SlCYCB2 (Solyc10g083140), Expression of Terpenoids 1 (EOT1, 
Solyc02g062400), and Terpene Synthase 5 (TPS5, Solyc01g105890) (41–
45). In addition, we identified three modules whose 1325 (“red”), 631 
(“midnight blue”), and 483 (“light yellow”) gene members were en-
riched principally in root hairs, root tips, and whole roots, respec-
tively (Table 1 and tables S2 and S3). The red “root hair” module 
contained putative orthologs of characterized root hair regulators, 
ROOT HAIRLESS 1 (RHL1, Solyc12g010170) and ROOT HAIR 
DEFECTIVE 6 (RHD6, Solyc12g088380), further supporting its 
classification (46–48). Because acylsugar accumulation in cultivated 
tomato root hairs was previously documented (40), we searched the 
root hair module for putative root acylsugar pathway candidates.
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Fig. 1. Coexpression analysis across cultivated tomato tissues reveals root acylsugar pathway candidates. Heatmap shows average transcript abundance for genes 
in the 27 coexpression modules across 15 cultivated tomato tissues, with values centered and scaled within each module. The color gradient provides a visual marker to 
rank the transcript abundance from max (red) to min (white). Dendrogram represents coexpression similarity across modules based on correlations between their eigen-
gene (first principal component) values. The number of genes in each module is indicated in parenthesis.
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Within the root hair module, we found a subset of genes be-
longing to the clade III BAHD acyltransferase family, including 
nine paralogs of trichome-expressed SlASAT1-SlASAT4 (Fig. 2, 
fig. S1, and table S2). Notably, paralogs of other trichome acylsugar 
biosynthesis genes, including SlAACS1, SlAECH1, and SlIPMS3, 
were also root hair module members (figs. S2 to S4 and table S2). 
We speculated that these root-expressed paralogs may be involved 
in acylsugar biosynthesis, prompting a detailed investigation of 
these metabolites in cultivated tomato roots.

Cultivated tomato roots accumulate a class of acylsugars not 
detected in trichomes
To characterize acylsugar variation across tissues, we screened me-
tabolite extracts from (i) homogenized roots and (ii) leaf, hypocotyl, 
and stem surfaces (i.e., trichomes) of 10-day-old cultivated tomato 
cv. M82 seedlings using liquid chromatography–mass spectrometry 
(LC-MS) combined with collision-induced dissociation (CID). An-
notating metabolites based on chromatographic retention times and 
CID fragmentation patterns, we observed distinct acylsugar profiles 
in roots and trichomes (Fig. 3A, fig. S5, and tables S4 and S5). We 
identified 50 putative root-specific acylsugars, comprising 18 distinct 
molecular masses plus apparent isomers (table S5). Annotations 
for 22 acylsugars were further supported by data-dependent LC-MS/
MS (table S5).

To describe the reported structures, we adopted the conventional 
acylsugar nomenclature (26): one or two letters designating the sugar 
core (e.g., “S” for sucrose) followed by the number of acyl chain 
attachments, and then a colon followed by the total number of acyl 
chain carbons, with individual acyl chain lengths identified in paren-
theses. For example, the most abundant acylsugar in cultivated toma-
to trichomes, S4:17 (2,5,5,5), is composed of a sucrose sugar core 
bearing four acyl chains with a total of 17 carbons (Fig. 3A).

All of the acylsugars detected in cultivated tomato root extracts 
are composed of a hexose-hexose disaccharide sugar core substituted 
with multiple acyl chains. While reminiscent of acylsucroses found 

in trichomes (35–39), these root acylsugars differ in acyl chain quanti-
ties, lengths, and positions. For instance, we readily detected acyldi-
saccharides with two to five acyl chain substitutions in roots, while 
detectable trichome acylsucroses only have three or four acyl chains 
(Fig. 3A and table S5). Further, root acylsugars are decorated with 
short acyl chains that are two (C2), five (C5), six (C6), or seven (C7) 
carbons in length, whereas trichome acylsugars are substituted with 
short (C2, C4, and C5) and medium (C10 to C12) acyl chains (37–
39). To infer the distribution of acyl chains across hexose sugar core 
rings, we performed positive mode CID, which produces fragment 
ions arising from glycosidic bond cleavage (fig. S5) (49). This analysis 
revealed that root acylsugars bear two to three acyl chain substitutions 
on one hexose ring and one or two on the other. In contrast, trichome 
acylsucroses carry two to three acyl chains on the pyranose ring and 
just a single acyl chain on the furanose ring (37). Further, C2 and C5 
acyl chains co-occur on the pyranose ring of trichome acylsucroses 
but reside on separate hexose rings of root acyldisaccharides. These 
details underscore the structural differences between trichome and 
root acylsugars in cultivated tomato (Fig. 3A and table S5).

On the basis of a previous report of acylsugars in cultivated tomato 
(40), we expected all detectable root acyldisaccharides to have a 
sucrose core. However, our LC-MS–based methods could not pro-
vide definitive structural resolution necessary to verify this claim 
because the individual hexose groups have the same masses. There-
fore, to elucidate exact structures of cultivated tomato root acyldi-
saccharides, we attempted to purify the most abundant acylsugar in 
root extracts [labeled GI5:26 (2,5,6,6,7) in Fig. 3], yielding two isomers 
(fig. S6) with indistinguishable LC-MS/MS spectra in both positive-
 and negative-ion modes. With this sample, we used an assortment 
of NMR spectroscopy techniques for detailed structural analysis (data 
S1). Contrary to expectations, NMR spectra of our semipurified root 
acyldisaccharide sample revealed a sugar core composed of 4-​O-β-
glucopyranosyl myo-inositol (glucosylinositol) rather than sucrose 
(Fig. 3B and data S1). On the basis of changes in chemical shifts at 
the sugar carbons where acyl groups are attached, we inferred that 

Fig. 2. Close paralogs of trichome ACYLSUGAR ACYLTRANSFERASE (ASAT) enzymes are expressed preferentially in cultivated tomato roots. Phylogenetic trees 
were subset from a maximum likelihood phylogeny of 98 predicted BAHDs (PF002458) in the cultivated tomato cv. M82 reference genome. The BAHD phylogeny was in-
ferred from amino acid sequences using IQ-TREE v2.1.3 with 100,000 ultrafast bootstrap replicates (fig. S1). Heatmaps show absolute transcript abundance (log2TPM) 
across 10 of 84 cultivated tomato tissues included in the analysis. The color gradient provides a visual marker to rank the transcript abundance from high (red) to low 
(white). TPM, transcripts per million.
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the myo-inositol ring of GI5:26 (2,5,6,6,7) isomer A is substituted at 
positions 1, 2, and 3 with short, iso-branched iC7, iC5, and iC6 acyl 
chains, and positions 2′ and 6′ of the glucose ring are esterified by 
iC6 and a C2 acetyl group, respectively (Fig. 3B). Support for the 
hypothesis that GI5:26 (2,5,6,6,7) isomer B (fig.  S6) differs by 
swapped placement of the C2 and iC6 acyl chains at positions 2′ and 
6′ comes from the indistinguishable MS/MS spectra of the two 
isomers.

Given these data, we propose that cultivated tomato root acyl-
sugars are composed of glycosylinositol cores, distinguishing them 
from the acylsucroses produced in trichomes, which is reflected in 
our metabolite annotations (Fig. 3, fig. S5, and table S5). Further, we 
hypothesize that acylsucroses and acylglycosylinositols in cultivated 
tomato are synthesized through independent biosynthetic pathways 
operating in trichomes and roots, respectively. To test this idea, we 
used CRISPR-Cas9 mutagenesis.

CRISPR-Cas9 gene editing validates a role for SlASAT1-L in 
root acylsugar biosynthesis
SlASAT1, which encodes the first step of trichome acylsugar biosyn-
thesis, has one close paralog, SlASAT1-L (Solyc07g043670), which is 
highly and preferentially expressed in roots (Fig. 2). Further, SlA-
SAT1-L is localized to an acylsugar BGC that harbors characterized 
trichome acylsugar genes, including SlASAT1 (39). On the basis of 
these criteria, we hypothesized that SlASAT1-L plays a crucial role in 
root acylsugar biosynthesis. To compare the in vivo functions of 
SlASAT1 and SlASAT1-L, we used CRISPR-Cas9–mediated mutagenesis 
in cultivated tomato cv. M82 (50). We recovered one SlASAT1 mutant, 
slasat1-1, carrying a 123–base pair (bp) deletion, and two independent 
SlASAT1-L mutants, slasat1-l-1 and slasat1-l-2, containing a 139- and 
1-bp deletion, respectively (fig. S7).

We profiled metabolites in homozygous null mutants using the 
same LC-MS–based approach applied to wild-type tomato tissues. The 
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Fig. 3. Cultivated tomato roots accumulate a distinct class of acylsugars. (A) Metabolite profiling of cultivated tomato trichomes (top trace) and roots (bottom trace) 
reveal nonoverlapping acylsugars in each tissue. Extracted ion chromatogram (XIC) peaks specify the internal standard (I.S.) telmisartan (m/z 513.23) and formate [M + FA-
H]− adducts of acylsugars labeled in figure (m/z values listed in tables S4 and S5). Acylsugars analyzed using LC-MS-CID in ESI− mode. Chromatograms scaled to the inten-
sity of the major peak across both traces [i.e., S4:17 (2,5,5,5)]. (B) NMR structural elucidation of GI5:26 (2,5,6,6,7) revealed two isomers, each with a glycosylinositol sugar 
core. Acylsugars annotated using the following nomenclature: one- to two-letter sugar core abbreviation (i.e., “GI” for glycosylinositol); acyl chain count, colon, and total 
acyl chain carbons; and then individual acyl chain carbon lengths in parentheses.
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results were notable: CRISPR-Cas9 inactivation of SlASAT1-L resulted 
in complete loss of detectable root acylsugars, while the trichome 
acylsugar levels remained unaffected (Fig. 4 and tables S6 and S7). 
In contrast, genetically ablating SlASAT1 led to the expected total 
loss of detectable trichome acylsugars but had no effect on root acyl-
sugars (Fig. 4 and tables S6 and S7). Notably, while trichome acylsugars 
were detected as minor constituents in a subset of wild-type M82 root 
extracts, they were completely absent in all slasat1-1 tissues (table S6). 

This result strongly suggests that trichome exudate contamination 
before or during tissue collection was the source of sporadic and minor 
trichome acylsugars in root extracts. The absence of root acylsugars in 
the slasat1-l mutants is consistent with the hypothesis that SlASAT1-L 
enzyme catalyzes an early step in root acylsugar biosynthesis. These 
results also provide compelling evidence that independent bio-
synthetic pathways synthesize acylsugars in cultivated tomato tri-
chomes and roots.
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Fig. 4. SlASAT1-L is required for acylsugar biosynthesis in cultivated tomato M82 roots. (A to D) Genetic evidence that root-expressed SlASAT1-L is required for acyl-
sugar biosynthesis in cultivated tomato [(A) and (C)] roots, but not [(B) and (D)] trichomes, and trichome-expressed SlASAT1 is required for acylsugar biosynthesis in culti-
vated tomato [(B) and (D)] trichomes, but not [(A) and (C)] roots. (A) and (B) XIC peaks specify the internal standard telmisartan (m/z 513.23) and formate [M + FA-H]− adducts 
of root and trichome acylsugars labeled in Fig. 3 (m/z values listed in tables S4 and S5). (C) and (D) Boxplots illustrate total acylsugar abundances in (C) roots and (D) tri-
chomes across slasat1-l-1, slasat1-l-2, slasat1-1, and wild-type M82. Acylsugar abundance in each sample was quantified by integrating peaks illustrated in (A) and (B) and 
normalizing to the internal standard area, solvent volume (in microliters), and tissue fresh weight (in milligrams). Letters above boxplots reflect Tukey’s post hoc test results 
(table S6). (E to G) Analysis of SlASAT1-L and SlASAT1 substrate preferences in vitro. To test acyl acceptor preferences, (E) SlASAT1-L and (F) SlASAT1 were assayed with 
nC7-CoA and glucose, sucrose, or myo-inositol. (G) To test acyl donor preferences, SlASAT1-L was also assayed with myo-inositol and acetyl-, iC5-, nC6-, or nC7-CoA. XIC 
peaks specify the formate [M + FA-H]− adducts of G1:7, S1:7, I1:7, I1:6, I1:5, and I1:2 (m/z values listed in table S4). Acylsugars were analyzed using LC-MS in ESI− mode. 
Stacked chromatograms in (A) and (B) and (E) to (G) are scaled to the intensity of the major peak in each panel.
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In vitro characterization of root-expressed 
SlASAT1-L protein
On the basis of sequence similarity between SlASAT1-L and SlASAT1 
and genetic evidence that SlASAT1-L is required for acylsugar accu-
mulation in cultivated tomato roots, we hypothesized that SlASAT1-
L catalyzes the first acylation in root acylsugar biosynthesis. To test 
this idea, we performed in vitro enzyme assays using recombinant 
SlASAT1-L purified from Escherichia coli. Initially, we intended to 
use the glycosylinositol core extracted from root acylsugars as a 
substrate, but it proved to be highly labile in aqueous solution. 
Therefore, we examined the substrate preferences of SlASAT1-L 
using sucrose as a representative disaccharide along with myo-
inositol and glucose, the individual components of the root sugar core 
(Fig. 4). For comparison, we performed these assays concurrently 
using trichome-expressed SlASAT1 and SqASAT1H, the trichome-
expressed Solanum quitoense ortholog of SlASAT1-L (Fig. 4 and 
fig. S8) (51). We found that SlASAT1-L produced monoacylsugars 
in vitro using myo-inositol as an acyl acceptor, but not using glucose 
(Fig. 4E). In addition, SlASAT1-L could acylate sucrose in vitro, but 
only by increasing the acceptor concentration 10-fold, to 10 mM 
(fig. S8A). Further, SlASAT1-L substrate specificity reflects that of 
its ortholog SqASAT1H, which preferentially acylates myo-​inositol 
in vitro (fig. S8B), but differs from SlASAT1, which only acylates 
sucrose under these assay conditions (Fig. 4F). This similarity between 
the two ASAT1-L orthologs is reinforced by assays in which we gave 
both SqASAT1H and SlASAT1-L nC10-CoA and myo-inositol, the 
native substrates of SqASAT1H (fig. S8C). The products of both 
enzymes comigrated in reversed-phase LC-MS, consistent with the 
hypothesis that, given the same substrates, these enzymes produce 
indistinguishable products.

Root acylsugars contain C2, C5, C6, and C7 acyl chains (Fig. 4 and 
table S5). To determine which acyl chain additions could be catalyzed 
by SlASAT1-L, we conducted in vitro assays using acetyl-, iC5-, nC6-, 
and nC7-CoA acyl donors, and myo-inositol as acyl acceptor. Because 
of the absence of commercially available iC6- and iC7-CoA, we 
initially used nC6- and nC7-CoA as substitutes. SlASAT1-L esterified 
nC6 and nC7 acyl chains to myo-inositol while showing a clear 
preference for nC7-CoA as substrate (Fig. 4G). We observed no acyla-
tion activity using either acetyl- or iC5-CoA as acyl donors, suggesting 
that enzymes other than SlASAT1-L are responsible for transferring 
these moieties to root acylsugars in vivo. Upon synthesizing iso-
branched iC6- and iC7-CoAs (52), we found that SlASAT1-L prefers 
iC7-CoA as an acyl donor over nC7-CoA, but has no apparent activity 
with iC6-CoA (fig. S8D). Together, the generation of monoacylsugars 
by SlASAT1-L in vitro and the phenotypes of slasat1-l-1 and slasat1-l-2 
support the hypothesis that SlASAT1-L catalyzes the first acylation in 
root acylsugar biosynthesis.

The tomato acylsugar BGC contains both root- and 
trichome-expressed enzymes
Previous work from our group identified a Solanaceae-specific acyl-
sugar BGC harboring BAHD, ECH, and ACS enzyme-encoding genes. 
This cluster is spread across two intraspecific syntenic regions, 
located on chromosomes 7 and 12 of cultivated tomato (39). Four 
genes within the cultivated tomato acylsugar BGC are trichome-
expressed, including SlASAT1, SlAECH1, and SlAACS1 involved in 
trichome acylsucrose biosynthesis (35, 39). Intriguingly, we found that 
SlASAT1-L, the root-expressed SlASAT1 paralog (Fig. 2) required for 

root acylsugar biosynthesis in cultivated tomato (Fig. 4), is also lo-
calized to the acylsugar BGC on chromosome 7. Upon closer inspec-
tion, we found that 7 of the 12 genes positioned within the cultivated 
tomato acylsugar BGC (39) are preferentially expressed in roots 
(table S2).

These observations prompted us to investigate the evolutionary 
relationship between formation of the acylsugar BGC in the Solanaceae 
and root acylsugar biosynthesis in cultivated tomato. We identified 
chromosomal regions that are syntenic with the acylsugar BGC across 
14 eudicot species with sequenced genomes, including 11 Solanaceae 
species and 3 outgroup species, Ipomoea trifida, Coffea canephora, 
and Vitis vinifera (Fig. 5). We also assessed orthology across the 14 
sequenced eudicots plus 2 other Solanum species, S. nigrum and 
S. quitoense, whose genomes have not been sequenced (table S8). 
Combining synteny and orthology information into our phylogenetic 
analysis extended our previous observations about the history of the 
acylsugar BGC (39) by revealing several key events associated with 
its formation, as described below (Fig. 5).

BAHD, ECH, and ACS genes localized to the acylsugar BGC in 
cultivated tomato separated into five orthologous groups (orthogroups; 
table S5). ECH and ACS homologs formed Acylsugar ECH (AECH; 
yellow arrows in Fig. 5) and AACS (blue arrows in Fig. 5) orthogroups, 
respectively. In contrast, BAHD homologs separated into three ortho-
groups, ASAT1 (green arrows in Fig. 5), ASAT1-L (brown arrows in 
Fig. 5), and ASAT3 (black arrows in Fig. 5). Consistent with the 
hypothesis that the acylsugar BGC emerged in the Solanaceae, we 
found AECH, AACS, ASAT1, ASAT1-L, and ASAT3 orthologs in 
syntenic regions of other Solanaceae species, but not the outgroup 
species (Fig. 5 and table S8).

Our analysis suggests that formation of the acylsugar BGC began 
when an AECH homolog was recruited to the syntenic region in the 
Solanaceae ancestor, following divergence from the Convolvulaceae 
(Fig. 5, event 1). Thereafter, whole-genome triplication (WGT) with-
in the Solanaceae (53) duplicated the syntenic region, resulting in 
an AECH copy on both chromosomes, designated A and B (Fig. 5, 
event 2). This hypothesis is supported by the fact that Nicotiana and 
Petunia carry an AECH homolog on chromosomes A and B (Fig. 5). 
Next, we propose that ASAT1 arose within the nascent BGC on chro-
mosome B, shortly after the WGT event (Fig. 5, event 3). Consistent 
with this hypothesis, we identified ASAT1 orthologs in all 11 Solanaceae 
species, and always on chromosome B (Fig. 5). Thereafter, we infer 
that AACS entered the BGC on chromosome A after Petunia split 
from the rest of the Solanaceae (Fig. 5, event 4), given that AACS 
homologs are absent from the syntenic region in Petunia. Next, we 
propose that ASAT3 was inserted into the acylsugar BGC on chromo-
some A in the common ancestor of Lycium and Solanum (Fig. 5, 
event 5), followed by subsequent duplications and deletions. Then, 
the cluster incurred substantial changes in the Datura-Solanum lineage. 
First, the AECH homolog on chromosome B was permanently lost 
(Fig. 5, event 6). Second, and most notably, chromosome A sustained 
AECH and AACS duplications and the appearance of ASAT1-L (Fig. 5, 
event 6). These changes effectively duplicated the full complement 
of acylsugar biosynthetic enzymes in the BGC, which may have 
potentiated formation of an independent pathway in roots. If true, 
root acylsugars would be restricted to species carrying root-expressed 
paralogs of trichome acylsugar pathway genes within the cluster, 
including S. lycopersicum and close relatives.

To test this hypothesis, we performed metabolite screening of root 
extracts from wild tomato (Solanum pennellii acc. LA0716), black 



Kerwin et al., Sci. Adv. 10, eadn3991 (2024)     24 April 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 19

nightshade (S. nigrum), and brinjal eggplant (Solanum melongena acc. 
67/3). Applying our established LC-MS–based methods, we detected 
acylsugars in root extracts from S. pennellii (fig. S9 and table S9), but 
not S. nigrum or S. melongena (fig. S10). Thereafter, we examined gene 
expression within the cluster using publicly available RNA sequencing 
(RNAseq) data from all three species (39, 54, 55). S. pennellii has one 
ASAT1-L ortholog within the cluster, SpASAT1-L (Sopen07g023230), 
which is highly expressed in roots, consistent with the observed 
acylsugar phenotype (Fig. 6 and tables S8 and S10). In contrast, 
S. melongena has three divergently expressed ASAT1-L orthologs 
within the cluster, SmASAT1-L1 (Smel4.1_07g013870), SmASAT1-
L2 (Smel4.1_07g013850), and SmASAT1-L3 (SMEL4.1_12g018370) 
(Fig. 6 and tables S8 and S11). SmASAT1-L1 is highly and preferen-
tially expressed in trichomes (Fig. 6 and table S11). SmASAT1-L2 is 
enriched in roots, although its overall expression is very low (Fig. 6 
and table S11). SmASAT1-L3 expression is undetectable in both tri-
chomes and roots (Fig. 6 and table S11). Although S. nigrum root 
RNAseq data were unavailable, we identified one ASAT1-L ortholog, 
SnASAT1-L (Snig_c64578_g2), which was highly enriched in trichomes 
versus shaved stems (Fig. 6 and tables S8 and S12). These findings 
show correlation between strong ASAT1-L root expression and root 

acylsugar biosynthesis. Furthermore, the phylogenetic distribution of 
ASAT1-L expression variation (Fig. 6) suggests that this gene was 
likely trichome-expressed when it first arose and subsequently evolved 
root-specific expression in a subset of Solanum species, ultimately 
leading to root acylsugar biosynthesis in cultivated tomato and its 
close relatives, including S. pennellii.

DISCUSSION
Trichome acylsugar biosynthesis has proven to be an exemplary 
system for studying metabolic evolution across hundreds of thou-
sands to tens of millions of years. Several attributes make these 
specialized metabolites well-suited to evolutionary studies. First, 
acylsugars are structurally diverse, despite being synthesized from 
simple components, typically with a sugar core based on sucrose, 
glucose, or inositol decorated with C2-C12 acyl esters. Second, 
analysis of trichome-enriched metabolites, transcriptomes, and 
proteomes is facilitated by their presence on the surface of aerial 
tissues. Last, the metabolic enzymes can be heterologously ex-
pressed and tested in vitro to analyze their activity singly or in 
combination.
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Fig. 5. ASAT1-L emergence within the acylsugar BGC is associated with root acylsugar pathway evolution. Schematic view of collinearity within a syntenic region 
shared across 16 eudicot species harboring the Solanaceae-specific acylsugar BGC. Members of five orthologous groups (orthogroups) identified by OrthoFinder (ta-
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This study was inspired by two observations: our identification of 
root-expressed paralogs of previously characterized trichome acyl-
sugar biosynthetic enzyme genes (Figs. 2 and 6 and figs. S1 to S4) and 
a recent publication from the Aharoni group (40) demonstrating exu-
dation of acylglucoses and acylsucroses from roots of 28-day-old 
cultivated tomato plants. Our results demonstrated that 10-day-old 
tomato roots accumulate a suite of 50 detectable root-specific acylsugars 
with a glycosylinositol core (Fig. 3 and table S5). Discrepancies between 
our observations and those of Korenblum and colleagues (40) may 
reflect differences in plant developmental stages, growth conditions, 
extraction methods, or our use of NMR and acylsugar-specific LC-MS 
analysis techniques.

Gene coexpression network analysis in cultivated tomato 
identifies root-expressed paralogs of trichome acylsugar 
pathway components
Analysis of 274 public domain cultivated tomato gene expression 
datasets (table S1) revealed the existence of root hair–expressed 
paralogs of previously characterized trichome acylsugar pathway genes 
(Fig. 2, figs. S1 to S4, and tables S2 and S8). For example, SlASAT1, 
which encodes the first core trichome pathway enzyme (35), has one 
close paralog, SlASAT1-L, which is highly and specifically expressed 
in roots (Figs. 2 and 6 and tables S2 and S8). In addition, the third 
and fourth trichome pathway enzymes, SlASAT3 and SlASAT4 (36, 
37), each have multiple root-expressed paralogs (Fig. 2, fig. S1, tables S2 
and S8). A similar trend was observed for paralogs of upstream acyl-
sugar pathway genes involved in acyl-CoA substrate production, 
including SlIPMS3 (fig. S4 and tables S2 and S8) (38), SlAACS1 
(fig. S2 and tables S2 and S8), and SlAECH1 (fig. S3 and tables S2 and 
S8) (39). This pattern was also seen for acylsugar modifying hydrolase 
(ASH) enzymes (56). Trichome-expressed SlASH3 (Solyc09g075710) 
and SlASH4 (Solyc04g005230) both fall into the trichome module, 

while their close paralog, Solyc09g075680, is root hair–enriched and 
clusters with the root hair module (tables S2 and S8). While this is 
consistent with the observation that gene duplicates often show di-
vergent expression patterns (57–59), the notable extent to which the 
trichome pathway enzymes are “replicated” in roots led us to inves-
tigate root acylsugars in detail.

Evidence for distinct acylsugar biosynthetic pathways in 
tomato roots and trichomes
Using LC-MS and NMR techniques, we obtained evidence for the 
presence of acylsugars with glycosylinositol cores in roots of 10-day-old 
cultivated tomato seedlings (Fig. 3 and table S5). Our NMR-based 
approaches annotated one tomato root acylsugar as containing a gluco-
sylinositol disaccharide core substituted with five acyl chains including 
C2, iC5, iC6, and iC7 (Fig. 3B and table S5). LC-MS studies revealed 
several dozen similar acyldisaccharides composed of hexose-hexose 
sugar cores that we infer are glycosylinositol based on parsimony 
(Fig. 3A and table S5). Most acylsugars detected in tomato roots are 
acylated on both hexose rings, and the acyl chain combinations are 
similar, suggesting that smaller acylsugars represent biosynthetic 
pathway intermediates or degradation products. Genetic evidence 
that accumulation of all root-specific acylsugars in cultivated tomato 
depends on SlASAT1-L (Fig. 4 and table S6) suggests the existence of 
a common acylglycosylinositol biosynthesis pathway anchored by 
root-expressed SlASAT1-L in cultivated tomato (Figs. 2 and 6). Further, 
functional differences between SlASAT1 and SlASAT1-L (Fig. 4, 
fig. S8, and table S6) support the hypothesis that acylsucroses and 
acylglycosylinositols are synthesized through separate pathways.

Using the same LC-MS approach, we identified acyldisaccharides 
decorated with similar short C2, C5, C7, C8, and C9 acyl chains in 
young 10-day-old roots of the wild tomato, S. pennellii LA0716 
(fig. S9 and table S9). In addition, wild tomato root acylsugars lack 
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the medium-length C11-C12 acyl chains present in trichomes (39, 
60, 61). Accumulation of different acylsugars in trichomes and roots, 
coupled with the root-specific expression of ASAT1-L in both wild 
and cultivated tomato (Fig. 6), reinforces the idea that independent 
biosynthetic pathways operate above and below ground.

CRISPR-Cas9 mutagenesis of the root-expressed SlASAT1-L and 
trichome pathway SlASAT1 (Fig. 4) also helped us address observa-
tions of root acylsucroses from the literature (40). We found that root 
extracts contained metabolites that resemble trichome acylsucroses 
based on molecular masses and fragmentation patterns. Coelution 
with trichome metabolite extracts provided strong evidence that these 
root “trichome-like” acylsucroses are identical to trichome acylsugars. 
However, their abundances in root extracts were substantially lower 
than seen in trichome extracts, and these trace quantities were not 
found in roots of slasat1-l null mutants (Fig. 4 and table S6). This 
result, combined with the fact that SlASAT1-SlASAT4 transcripts 
are not highly expressed in roots (Fig. 2 and table S2), led us to hy-
pothesize that our nutrient agar plate–grown plant root samples were 
contaminated with trichome acylsucroses before or during sample 
collection. A less likely possibility is that trichome-produced acylsu-
croses are transported to roots.

Hypotheses for cultivated tomato root 
acylsugar biosynthesis
On the basis of our acylsugar annotations (Fig. 3 and table S5) and 
in vitro SlASAT1-L substrate preferences (Fig. 4E and fig. S8D), we 
propose that acylglycosylinositol biosynthesis in cultivated tomato 
roots begins with acylation of myo-​inositol with an iC7 chain by 
SlASAT1-L. As all detectable cultivated tomato root acylsugars are 
composed of a disaccharide core decorated with two to five acyl 
chains, we hypothesize that the resulting monoacylinositols undergo 
subsequent acylations and a glycosylation, although the precise order 
is currently unknown. At some point, the multiply-acylated inositol 
is likely to become a poor substrate for glycosylation, although the 
acylsugar accumulation pattern observed in S. quitoense trichomes 
suggests that triacylinositols may be glycosylated in vivo. Detectable 
acylsugars in S. quitoense trichomes include acylinositols with acyl 
chains at positions 1, 2, and 3 and cognate acylinositol-disaccharides 
with identical acyl chains at positions 1, 2, and 3 plus a sugar moiety 
at position 4 (62). Tetraacylinositols acylated at positions 1, 2, 3, and 
4 are also detected in S. quitoense trichomes, suggesting that the acyl-
sugar biosynthetic pathway in this species branches at triacylino-
sitols (62).

Coexpression analysis identified several candidate root acylsugar 
biosynthesis genes in the red root hair module (Fig. 1, Table 1, and 
tables S2 and S3). If acylinositol biosynthesis is analogous to charac-
terized acylsucrose pathways, where each ASAT catalyzes a single 
acylation (35–37), we expect a total of five acyltransferases, including 
SlASAT1-L, to comprise the core acylglycosylinositol pathway in 
cultivated tomato roots. High-priority ASAT candidates include 
root-expressed paralogs of SlASAT3 and SlASAT4 (Figs. 2 and 6, 
fig. S1, and table S2). Plant-specialized metabolites are often gly-
cosylated through the action of uridine diphosphate–dependent 
glycosyltransferase (UGT) enzymes (63). Top acylinositol glycosyl-
ation candidates include 17 root-expressed UGTs in the root hair 
module (table S2). Testing these candidates using a combination of 
in vitro biochemistry and CRISPR-Cas9 mutagenesis could provide 
a blueprint for acylinositol pathway elucidation efforts in other 
Solanum species.

Potential biological functions of root acylsugars
The biological role served by root acylsugars remains an open ques-
tion. Given that trichome acylsugars defend aerial tissues against 
pests, it is tempting to posit that root acylsugars protect subterranean 
tissues. Acylsugars are exuded by cultivated tomato roots challenged 
with soil microbes (40), demonstrating that their transport, and pos-
sibly their biosynthesis, is triggered by biotic stimuli. However, it is 
unknown how acylsugars affect rhizosphere microbiota. It is possible 
that root acylsugars are exuded to select for association with some 
microbes while deterring others. Potato cyst nematodes (Globodera 
spp.) are specialized root pests able to colonize Solanaceae species, 
including tomato. Host plant root exudates are sufficient to trigger 
nematode eggs to hatch, initiating infestation (64). Future experi-
ments examining how root acylsugars structure soil microbiota and 
influence beneficial and harmful animal pests will shed light on the 
biological functions of these metabolites. The work performed in 
this study, including the availability of the slasat1-l knockout line, 
which does not accumulate detectable root acylsugars, should facili-
tate these downstream studies.

Evolution of inositol-based acylsugars: A tale of nested BGCs
Our observation that the cultivated tomato acylglycosylinositol 
pathway gene, SlASAT1-L, is a root-expressed component of the previ-
ously described trichome acylsugar BGC containing three trichome-
expressed genes, SlASAT1, SlAACS1, and SlAECH1 (39), prompted 
us to reexamine the evolutionary history of this cluster (Figs. 5 and 
6). We found evidence suggesting the BGC’s inception dates to an 
“early” period in Solanaceae evolution and changed over time, leading 
to nested trichome and root-expressed BGCs in tomato.

As illustrated in Fig. 5, acylsugar BGC formation likely began 
approximately 30 to 50 million years ago (Ma) in the Solanaceae 
ancestor (53, 65), driven initially by the integration of an AECH homo-
log into a syntenic chromosomal region conserved among Eudicots. 
The subsequent Solanaceae-specific polyploidization event (53, 65) 
led to its representation on both chromosomes (Fig. 5). Intriguingly, 
the genesis of AECH homologs within the BGC can be attributed to 
duplication of an ancient ECH homolog, Solyc12g011160 (table S8), 
localized to an adjacent region, roughly 3 Mb away from the chromo-
some 12 acylsugar BGC in cultivated tomato (table S2). Thereafter, 
we infer that ASAT1 and AACS homologs were recruited to this region 
in the lineages leading to Petunia axillaris and Nicotiana attenuata 
(Fig. 5), establishing the trichome acylsugar BGC approximately 24 
to 28 Ma (65). This early acylsugar BGC formation is consistent with 
broad distribution of trichome sucrose-based acylsugars across the 
Solanaceae, including Salpiglossis sinuata, Petunia spp., Nicotiana 
spp., Hyoscyamus niger, Datura wrightii, Iochroma cyaneum, Physalis 
origanifolia, Jaltomata sinuosa, and multiple Solanum spp., including 
wild and cultivated tomatoes (31, 39, 55, 66–75).

Our synteny analysis also revealed evidence of a notable expan-
sion of the established trichome acylsugar BGC approximately 19 to 
21 Ma, marked by duplication and nested integration of a gene array 
that included ASAT1-L, AECH, and AACS homologs (Fig. 5) in a 
common ancestor of extant Datura and Solanum species (65, 76, 77). 
While the nested AACS duplicate appears to have been subsequently 
lost in the Solanum genus (Fig. 5), the nested AECH and ASAT1-L 
were both recruited into acylsugar metabolism.

Previous genetic and biochemical evidence indicates that culti-
vated tomato SlAECH1 (Fig. 5) and its orthologs in wild tomato, 
SpAECH1 and S. quitoense, SqAECH1, produce medium-length 
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(C10-C12) acyl-CoA substrates for acylsugar biosynthesis in tri-
chomes (39). Further, the distribution of medium C10-C12 chain 
containing acylsucroses across the Solanaceae correlates with the 
presence of AECH duplicates nested between ASAT1-L and ASAT3 
homologs in the acylsugar BGC. For example, while only short chain 
(<C10)–containing acylsugars have been documented in Petunia 
spp. and Nicotiana spp., acylsugars decorated with both short and 
medium acyl chains have been identified in I. cyaneum (55) and 
many Solanum species (26, 38, 39, 55). These observations suggest 
that duplication of AECH within the gene cluster enabled incorpo-
ration of medium-length acyl chains into acylsugar biosynthesis.

In addition to cultivated tomato roots, inositol-based acylsugars 
accumulate in trichomes of several dozen species in different clades 
of the large and diverse Solanum genus, including S. melongena 
(brinjal eggplant), S. quitoense, and S. nigrum (51, 54, 62, 78, 79), and 
their spatial distribution across species is correlated with ASAT1-L 
expression (Fig. 6). For example, cultivated tomato SlASAT1-L is 
expressed in roots that accumulate acylglycosylinositols (Figs. 3 and 
6 and tables S2 and S5). In contrast, S. melongena SmASAT1-L1 and 
S. nigrum SnASAT1-L are trichome-expressed (Fig. 6 and tables S11 
and S12), and these species accumulate detectable inositol-based 
acylsugars in trichomes, but not roots (fig. S9). Previous work indicates 
that S. quitoense trichomes also accumulate acylinositols and express 
SqASAT1H (51, 55, 62), an SlASAT1-L ortholog (Fig. 6 and tables S8 
and S13). Further, inositol-based acyldisaccharides in S. quitoense 
and S. melongena trichomes and GI5:26 (2,5,6,6,7) in cultivated tomato 
roots (Fig. 3B) are all acylated on the inositol ring at positions 1, 2, 
and 3 (54, 62, 79). These results support the hypothesis that root and 
trichome inositol-based acylsugars are synthesized through similar 
biosynthetic routes anchored by ASAT1-L. If true, we would expect 
the acyldisaccharides detected in S. pennellii roots (fig. S9) to be 
inositol-based and synthesized through a pathway anchored by root-
expressed SpASAT1-L (Fig.  6 and table  S9). Future experiments 
examining acylsugar biosynthesis in S. pennellii roots will test 
these hypotheses and deepen our understanding of acylsugar path-
way evolution.

We infer that ASAT1-L arose through duplication of its sucrose-
acylating ASAT1 ancestor and then diverged functionally to acquire 
myo-inositol acylating activity. On the basis of biochemical evidence 
demonstrating that both SlASAT1-L and its S. quitoense ortholog, 
SqASAT1H (51), preferentially acylate myo-inositol over sucrose 
in vitro (Fig. 4 and fig. S8), we hypothesize that these functional 
changes must have occurred by 14 Ma, when the Solanum genus 
began radiating (65, 76). We hypothesize that other enzymes in-
volved in inositol-based acylsugar biosynthesis arose through dupli-
cation of acylsucrose pathway components and acquired inositol or 
acylinositol-disaccharide acylating activity during this time, as well. 
This neofunctionalization was likely enabled by the well-known 
process of relaxation of selective pressure following gene duplication 
(18, 80, 81).

Existing data suggest that inositol-based acylsugar biosynthesis 
first arose in trichomes and was redirected to roots in a subset of 
Solanum species, including cultivated and wild tomato, due to ASAT1-L 
expression divergence (Figs. 3 and 6 and fig. S9). On the basis of the 
observed ASAT1-L spatial expression distribution (Figs. 2 and 6 and 
tables S10 to S12), we infer that root-specific ASAT1-L expression 
arose 2 to 14 Ma, after the Solanum genus began radiating and before 
cultivated and wild tomato split (65, 76, 77). Gene expression diver-
gence is common among closely related species, due to changes in the 

cis (e.g., cis-regulatory elements) and trans (e.g., transcription factors) 
elements governing transcription (82–84). One intriguing possible 
mechanism is that spatial expression divergence of one or a few tran-
scription factors regulating the expression of inositol-based acylsugar 
biosynthesis enzymes led to redeployment of this pathway in the roots.

Inositol-based acylsugar biosynthesis, with its recent origin and 
restricted distribution within the Solanaceae, presents a rich system 
for detailed explorations into how metabolic pathways form and 
diverge. Investigating the causal mutations and mechanisms under-
lying the observed changes in substrate preferences and spatial ex-
pression patterns of ASAT1-L and other pathway components could 
transform our understanding of biochemical evolution. We also 
anticipate that further study of inositol-based acylsugar biosynthesis 
will impart wisdom concerning the fates of gene duplicates (85), the 
structure and function of BGCs (22, 86), and enzyme neofunction-
alization.

MATERIALS AND METHODS
Plant lines and growth conditions
Cultivated tomato S. lycopersicum cv. M82 seeds were obtained from 
the C.M. Rick Tomato Genetic Resource Center (https://tgrc.ucdavis.
edu/; RRID:SCR_014954). Unless otherwise noted, plants were grown 
under sterile conditions. Tomato seeds were surface sterilized in 40% 
bleach for 20 min with gentle rocking, rinsed five times with sterile 
water, and then sown in a straight line on Falcon 150 mm–by–25 mm 
cell culture dishes (Corning Inc., Corning, NY, USA) containing half-
strength Murashige and Skoog basal salts (Caisson Labs, Smithfield, 
UT, USA), supplemented with Gamborg’s B-5 vitamins (Caisson Labs, 
Smithfield, UT, USA), 3% sucrose (Thermo Fisher Scientific Inc., 
Waltham, MA, USA), and 0.7% Phytoblend agar (Caisson Labs, 
Smithfield, UT, USA) adjusted to pH 5.8. The plates were wrapped in 
Micropore surgical tape (3M Company Inc., Maplewood, MN, USA), 
then oriented vertically in steel alloy 4.25″ by 4.5″ by 13.5″ plate racks 
(Spectrum Diversified Designs LLC, Solon, OH, USA), and stratified 
in the dark at 25°C for 5 to 7 days to germinate seeds. Thereafter, verti-
cally oriented plates were transferred to a growth chamber and grown 
under a 12-hour diurnal cycle, 25°C/18°C, 175 μE light intensity.

Reference genome selection and transcriptome alignment
We used the S. lycopersicum M82 genome (87) as our cultivated 
tomato reference. Gene annotations for M82 were derived from 
ITAG4.0 (88) and the tomato pan-genome (89), which are missing 
SlASAT1 (Solyc12g006300). To correct this, we performed a BLASTn 
search to determine the coordinates for SlASAT1 in the M82 genome, 
and then updated the M82 annotation file accordingly. We generated 
mRNA, coding sequence (CDS), and protein fasta files from the M82 
genome using R (90), University of California Santa Cruz Genome 
Browser utilities (kentUtils; https://github.com/ucscGenomeBrowser/
kent), and BEDtools (91). The mRNA fasta file was the simplest to 
construct. First, we converted our modified M82 annotation file to a 
BED12 file using gff2ToGenePred, genePredToBed, and bedSort from 
kentUtils. The mRNA transcript sequences specified in resulting 
BED12 file were extracted from the M82 genome fasta file with the 
BEDtools getfasta command with -split -s -name parameters speci-
fied. To construct the CDS and protein fasta files, we first used R to 
select only CDS-encoding exon features from our modified M82 
annotation, and then used kentUtils and BEDtools as before to 
generate the CDS fasta file. To construct the protein fasta file, we 

https://tgrc.ucdavis.edu/
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translated the CDS sequences using the faTrans function from 
kentUtils, with the -stop parameter specified.

We performed transcriptome analysis in cultivated tomato using 
publicly available data accessed from two sources: the National Center 
for Biotechnology Information (NCBI) Sequence Read Archive (SRA) 
repository (92) and the Genome Sequence Archive (GSA) maintained 
by the Beijing Institute of Genomics (BIG) Data Center (93). We se-
lected 274 transcriptomes, representing 84 tissue-developmental stage 
groups, including four root tissues: young root hairs, young root tips, 
young whole roots, and mature whole roots (Table RNAseq). All tran-
scriptomes selected in this study were collected from the S. lycopersicum 
M82 cultivar except root hair samples, which were from the Heinz 1706 
cultivar. To download transcriptomes housed in the INSDC repository, 
we used the fasterq-dump command available from NCBI’s SRA Tool-
kit (https://github.com/ncbi/sra-tools). We downloaded raw fastq se-
quence files from the SRA and GSA repositories using the fasterq-dump 
command from the NCBI SRA Toolkit and the Wget utility, respectively.

To prepare sequences for mapping, we trimmed adapters and 
low-quality bases and then filtered paired- and single-end reads 
shorter than 65 and 36 bp, respectively, using Trimmomatic (94). 
These filtering steps removed 0.04 to 24.4% of sequences, yielding a 
high-quality set of 49- to 147-bp reads for alignment (Table RNAseq). 
We aligned the processed reads to the M82 reference genome using 
STAR in two-pass mode to optimize splice junction discovery and 
mapping sensitivity (95, 96). On average, 85.5% (range: 46.5 to 96.2%) 
of the reads in each sample mapped to a single, unique genomic loca-
tion (Table RNAseq). We filtered the resulting transcriptome align-
ments, according to Genome Analysis Toolkit (GATK) best practices 
(97, 98). Briefly, we removed optical and polymerase chain reaction 
(PCR) duplicates with the MarkDuplicates command from Picard 
tools (http://broadinstitute.github.io/picard), parsed reads into exon 
segments, and removed intron-spanning bases using the SplitNCigar-
Reads command from GATK (98) and then nonunique alignments 
(i.e., reads with a mapping quality score below Q60) using the 
SAMtools view command (99). We generated raw read counts 
from the filtered alignments using the htseq-count command from 
HTSeq (100).

Differential gene expression and weighted gene 
coexpression analyses
Raw read counts generated by HTSeq-count were used to perform 
differential gene expression analysis in edgeR (101). To restrict com-
parisons to expressed genes, we required at least one read count per 
million in two or more samples for further analysis. This filtering 
step removed 8256 (23.8%) of the 34,620 genes in our modified M82 
annotation, yielding a set of 26,364 expressed transcripts for differ-
ential gene expression analysis. Next, we normalized read counts 
across samples using the default trimmed mean of M values (TMM) 
method in the calcNormFactors function and then tested for gene 
expression differences across our 84 tissue-developmental stage 
groups using generalized linear modeling (GLM) with a quasi-
likelihood (QL) approach, which permits any combination of sample 
comparisons to be made. To set up our comparisons, we generated 
an experimental design matrix specifying the 84 groups with the 
model.matrix function and then used the glmQLFit function to fit our 
model to a QL-GLM framework. To identify genes with a log2 fold 
change (FC) > 2 between comparisons, we used the glmTreat function 
in edgeR. The glmTreat function performs threshold hypothesis test-
ing, which is a rigorous statistical approach that evaluates variance 

and magnitude to detect expression differences greater than the spec-
ified value (e.g., log2 FC > 2), and then applies false discovery rate 
(FDR) P value corrections on the resulting gene list. We categorized 
genes as significantly differentially expressed between two groups if 
log2 FC > 2 and FDR-corrected P value ≤ 0.05.

To identify clusters of genes that exhibit similar expression pat-
terns across the tissue-age groups in our transcriptome dataset, we 
generated a coexpression network using the WGCNA package in R 
(102, 103). To obtain the absolute expression values needed as input 
for WGCNA, we used the calculateTPM function from the R package, 
scater, to calculate transcripts per million (TPM) for all expressed 
genes in our dataset (104). We selected TPM as a measure of absolute 
transcript abundance rather than fragments per thousand base pairs 
per million reads mapped (FPKM) because TPM is more comparable 
across samples and experiments when used in combination with tran-
script normalization techniques, such as the TMM method used by the 
calcNormFactors function in edgeR (105). We took the one-step module 
construction approach using the blockwiseModules function in 
WGCNA, specifying the following parameters: power = 15, TOM-
Type = “signed,” networkType = “signed,” detectCutHeight = 0.995, 
maxBlockSize = 30,000, minModuleSize = 50, reassignThreshold = 
1e-6, mergeCutHeight = 0.15, pamStage = TRUE, pamRespects-
Dendro = FALSE, and deepSplit = 2. We specified signed as the net-
work type, which only clusters positively coexpressed genes. In 
contrast, in an unsigned network, both positively and negatively co-
expressed genes may be grouped together. The resulting coexpression 
network was composed of 27 modules of genes with positively corre-
lated expression profiles across our 274 transcriptomes.

Phylogenetic analysis
To identify candidates for root acylsugar biosynthesis, we searched 
for homologs of characterized trichome acylsugar genes, ACYLSUGAR 
ACYLTRANSFERASE 1 (SlASAT1; Solyc12g006330), SlASAT2 (Soly-
c04g012020), SlASAT3 (Solyc11g067270), SlASAT4 (Solyc01g105580), 
ISOPROPYLMALATE SYNTHASE 3 (SlIPMS3; Solyc08g014230), 
ACYLSUGAR ACYL-COA SYNTHETASE 1 (SlAACS1; Solyc07g043630), 
and ACYLSUGAR ENOYL-COA HYDRATASE 1 (SlAECH1; Soly-
c07g043680) (35–39), in the cultivated tomato M82 reference genome 
based on the presence of characteristic Protein family (Pfam) domains 
(106). Pfam domains represent evolutionarily conserved functional 
units and are identified through sequence similarity. We queried our 
reference trichome acylsugar sequences against the Pfam domain 
library using PfamScan (https://ebi.ac.uk/Tools/pfa/pfamscan/), which 
returned four Pfam domains, Transferase (PF02458), HMGL-Like 
(PF00682), AMP-binding (PF00501), and ECH_2 (PF16113). To 
identify related sequences in cultivated tomato, we screened the rep-
resentative hidden Markov model (HMM) profile for each Pfam 
domain against our modified M82 proteome (see the “Reference 
genome selection and transcriptome alignment” section for details) 
using the hmmsearch tool from HMMER (hmmer.org).

We reconstructed phylogenetic relationships among the resulting 
PF02458 (N = 98), PF00682 (N = 7), PF00501 (N = 60), and PF16113 
(N = 32) M82 proteins using MAFFT v7.471 (107) and IQ-TREE v2.1.3 
(108). First, we used MAFFT in E-INS-i mode to construct multiple 
sequence alignments (MSAs) for each group of proteins through itera-
tive refinement. The E-INS-i algorithm performs local alignment using 
a generalized affine gap cost suitable for distantly related sequences 
characterized by a conserved domain embedded within relatively 
unconserved regions, which are difficult to align (https://mafft.cbrc.

https://github.com/ncbi/sra-tools
http://broadinstitute.github.io/picard
https://ebi.ac.uk/Tools/pfa/pfamscan/
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Kerwin et al., Sci. Adv. 10, eadn3991 (2024)     24 April 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

13 of 19

jp/alignment/software/algorithms/algorithms.html). Next, we im-
plemented the ModelFinder tool in IQ-TREE v2.1.3 to select the 
optimal sequence evolution model for estimating phylogenetic re-
lationships based on the MSAs (109). Last, we used IQ-TREE v2.1.3 
to infer maximum likelihood trees for each Pfam based on the selected 
model, with branch support obtained from 100,000 ultrafast boot-
strap approximations (110). To visualize phylogenies with absolute 
transcript abundance (log2 TPM) heatmaps, we used the ggtree R 
package (111).

Metabolite extraction
Roots and shoots of 10-day-old seedlings grown under sterile conditions 
were separated at the base of the hypocotyl using a straight edge razor 
blade and collected for metabolite extractions. Roots were collected into 
preweighed 2-ml screw-cap tubes (Dot Scientific Inc., Burton, MI, USA) 
containing three 3.9-mm stainless steel grinding balls (Spex Sam-
plePrep, Metuchen, NJ, USA), weighed quickly, and then flash frozen 
in liquid nitrogen. Frozen root tissue was homogenized mechanically 
using a 1600 MiniG (Spex SamplePrep, Metuchen, NJ, USA). Briefly, 
tubes were placed in aluminum cryo blocks (Spex SamplePrep, 
Metuchen, NJ, USA) submerged in liquid nitrogen, transferred to 
the MiniG, ground for 30  s at 1600 rpm, and then quickly trans-
ferred back to liquid nitrogen. Samples were inspected individually, 
and this grinding cycle was repeated at least three times until root 
tissue was completely powdered. Thereafter, 500 μl of extraction 
solvent [90% methanol (v/v) containing 0.1% formic acid and 1 μM 
telmisartan (internal standard)] was added and samples were incu-
bated overnight at −20°C. The next day, root samples were centri-
fuged at 17,000 rpm for 20 min at 4°C, and the supernatant was 
transferred to Whatman Mini-UniPrep LC vials (0.5 ml) equipped 
with 0.22-μm polytetrafluoroethylene (PTFE) syringeless filters 
(Cytiva Life Sciences, Marlborough, MA, USA). In parallel, shoots 
(cotyledons and hypocotyls) were collected for aerial surface (i.e., 
trichome) metabolite extraction into preweighed 2-ml screw-cap 
tubes (Dot Scientific Inc., Burton, MI, USA), weighed, and immediately 
flash frozen. Thereafter, 1000 μl of extraction solvent was added to 
each sample and vortexed briefly, and 500 μl of supernatant was 
transferred to Mini-UniPrep LC vials.

LC-MS method
Metabolite profiling was performed using LC-MS on an Acquity ultra-
performance LC (UPLC) I-class LC system coupled to a Xevo G2-XS 
quadrupole time-of-flight (QToF) mass spectrometer (Waters Corpo-
ration, Milford, MA) equipped with an electrospray ionization (ESI) 
probe operating in positive (ESI+) and negative (ESI−) modes. The 
ionization source temperature was set to 100°C, desolvation tem-
perature was 350°C, capillary voltage was 2 kV, sampling cone volt-
age was 40 V, cone gas flow was 20 liters/hour, and desolvation gas 
flow was 600 liters/hour. We injected 10 μl of each metabolite extract 
onto a 100 mm–by–2.1 mm inside diameter (i.d.), 1.7-μm BEH C18 
UPLC column (Waters Corporation, Milford, MA) maintained at 
40°C. Metabolites were separated using a 30-min binary solvent gra-
dient, composed of aqueous 10 mM ammonium formate with 0.1% 
formic acid (solvent A) and 100% acetonitrile (solvent B), flowing at 
0.3 ml/min. The gradient program was as follows: 5 to 25% B at 0 to 
1 min, 25 to 100% B at 1 to 26 min, 100% B at 26 to 28 min (wash), 
and 5% B at 28.01 to 30 min (initial conditions). To generate frag-
ment ions useful for acylsugar annotation, we performed CID using 
three quasi-simultaneous (0.2-s acquisition times) collision potentials 

in negative (0, 10, and 30 V) and positive (0, 10, and 25 V) ionization 
modes. Spectra were acquired over mass/charge ratio (m/z) 50 to 
1500 and stored in separate acquisition functions. To increase mass 
accuracy, lock mass correction using leucine enkephalin as the ref-
erence was applied during data collection.

Acylsugar annotation and data-dependent tandem MS
We annotated acylsugars based on retention times, molecular and 
pseudomolecular ion masses, and fragmentation patterns obtained 
from LC-MS-CID (49, 78). The basic acylsugar structure consists of 
a central sugar core substituted with acyl chain esters, which will 
fragment into its component parts under appropriate CID condi-
tions. To identify putative acylsugars, we first searched the high-
energy data function for coeluting ions corresponding to (i) free 
acyl chain fragments and (ii) sugar core fragments after losses of all 
acyl chains. Acyl chain fragments, as carboxylate anions (e.g., m/z 
101.06 for C5), are readily apparent in negative mode CID spectra 
at our highest collision potential, 30 V. Sugar core identity has a 
major impact on fragmentation characteristics in positive and nega-
tive mode CID. For example, ions corresponding to deprotonated 
sugar cores remaining after neutral losses of all acyl chains are ap-
parent in negative mode CID spectra at our lowest (0 V) or highest 
(30 V) collision potentials for acylglucoses (glucose core m/z 161.05, 
143.03) or acyldisaccharides (disaccharide core m/z 341.11, 323.09), 
respectively. In contrast, acylinositols containing a myo-inositol sugar 
core are resistant to fragmentation in negative-ion mode, while their 
dehydrated sugar core fragment ions (m/z 127.04) are apparent in 
positive mode CID at our highest collision potential level, 25 V. Therefore, 
we search for acyl chains in negative mode and search for sugar cores 
in both negative and positive modes.

Next, we search for intact pseudomolecular ions of acylsugars 
calculated on the basis of observed sugar core and acyl chain frag-
ment ions. In MS spectra from positive and negative mode CID at 
0 V, adducts of ammonium, [M + NH4]+, and formate, [M + FA-H]−, 
are the most abundant acylsugar ions. The presence of calculated 
pseudomolecular ion masses coeluting with sugar core and acyl 
chain fragment ions is considered strong evidence for an acylsugar. 
Fragment ions resulting from successive neutral mass losses of the 
ester groups as ketenes (e.g., 84 Da for C5 ketenes) are apparent in 
negative mode CID at 10 to 30 V. Acylsugars are often decorated 
with acetate (C2) esters whose fragment ions are below our m/z 
50 mass spectra acquisition limit. Instead, acetyl groups are inferred 
from neutral loss of a C2 ketene (42 Da). These ions can be used to 
confirm acyl chain and sugar core annotations for individual acyl-
sugar compounds.

CID in positive mode provides information about the number 
and sizes of acyl chains attached to each hexose ring. The dominant 
fragment ions observed in positive mode CID at 10 V arise from 
glycosidic bond cleavage, leaving the esterified acyl chains intact. 
For acylsugars with a disaccharide (hexose-hexose) core, including 
those observed in cultivated tomato trichomes and roots, positive 
mode CID yields two major fragment ions, one for each acylated 
hexose ring. By comparing fragment and precursor ions, the acyl 
chain identity on each ring can be inferred.

To support our annotations for highly abundant acylsugar com-
pounds detected in wild-type cultivated tomato root extracts, we 
performed data-dependent LC-MS/MS using the same instruments, 
ion source parameters, column, and gradient method described above 
for LC-MS metabolite profiling analyses. For all acylsugar peaks 

https://mafft.cbrc.jp/alignment/software/algorithms/algorithms.html
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analyzed, formate [M + FA-H]− adducts generated using negative 
mode CID at 0 V were selected as precursor ions and fragment ions 
were generated using a collision potential of 25 V. For each acylsugar 
precursor ion, full-fragment ion spectra (m/z 50 to 1500) were ac-
quired over the relevant retention time window (using 0.2 s per scan 
acquisition times) and stored in a separate acquisition function.

The following nomenclature is used to describe acylsugar struc-
tures: one to two letters defining the sugar core (e.g., GI for glyco-
sylinositol) followed by the total number of acylations; then, a colon 
followed by the combined number of carbon atoms across all acyl 
chains; last, the numbers of carbon atoms in individual acyl chains 
are listed in parentheses. For example, an acylglycosylinositol with 
one C2, one C5, two C6, and one C7 acyl chains is written as GI5:26 
(2,5,6,6,7).

Acylsugar quantification and statistical analysis
To quantify relative acylsugar abundance across root and trichome 
extracts from wild-type M82, slasat1-1, slasat1-l-1, and slasat1-l-2, we 
performed LC-MS with an LC-20ADvp ternary pump (Shimadzu 
Corporation, Kyoto, Japan) coupled to a Xevo G2-XS mass spec-
trometer (Waters Corporation, Milford, MA). Metabolites (10-μl 
injections) were separated on an Ascentis Express 100 mm–by–
2.1 mm i.d., 2.7-μm HPLC C18 column (Supelco Inc., Bellefonte, PA, 
USA), maintained at 40°C, using the same 30-min binary solvent 
gradient used for root metabolite characterization, flowing at 0.4 ml/
min. Ion source parameters were as described above for LC-MS 
metabolite profiling analyses. Acylsugar compounds were quantified 
using extracted ion chromatograms of formate [M + FA-H]− adducts 
in negative mode CID at 0 V.

The TargetLynx tool in MassLynx V4.2 (Waters Corporation, 
Milford, MA) was used to integrate extracted ion chromatograms 
across specified retention time windows and then normalize acyl-
sugar peak areas to internal standard peak area (telmisartan [M-H]−; 
m/z 513.23). We adjusted the resulting acylsugar response values for 
each sample to solvent volume (in microliters) and fresh weight (in 
milligrams). We constructed analysis of variance models to test for 
differences in acylsugar abundance across the four genotypes in each 
tissue using the aov function in the R stats package (90). Then, we 
performed Tukey’s pairwise comparisons of acylsugar abundance be-
tween genotypes using the glht function from the multcomp package 
in R (112).

NMR analysis
To obtain purified GI5:26 for NMR analysis, approximately 100 root 
metabolite extracts were pooled and subjected to semi-preparative 
LC (semi-prep LC). Solvent was removed in vacuo by centrifugal 
evaporation, and dried residue was dissolved in 2 ml of acetonitrile: 
water:formic acid (80:20:0.001). Semi-prep LC was performed using 
a Waters 2795 HPLC (Waters Corporation, Milford, MA, USA) 
equipped with an Acclaim 120 4.6 mm by 150 mm, 5-μm HPLC C18 
column (Thermo Fisher Scientific, Waltham, MA, USA), maintained 
at 40°C. Repeated injections of 100-μl extract aliquots were separated 
using a 44-min binary solvent gradient, composed of water with 0.1% 
formic acid (solvent A) and 100% acetonitrile (solvent B), at a flow 
rate of 1.5 ml/min. To purify GI5:26, we used the following LC gra-
dient: 5 to 60% B at 0 to 2 min, 60 to 80% B at 2 to 40 min, 80 to 100% 
B at 40 to 42 min, and 5% B at 42.01 to 44 min. Fractions were collected 
automatically at 0.25-min intervals using a 2211 Superrac fraction 

collector (LKB Bromma, Stockholm, Sweden), and identical fractions 
were pooled between runs.

Pooled semi-prep fractions were analyzed for GI5:26 presence 
and purity using two methods: LC-MS and MS with direct infusion. 
LC-MS analysis of semi-prep fractions was performed using an 
LC-20ADvp ternary pump (Shimadzu, Kyoto, Japan) coupled to a 
Waters Xevo G2-XS QToF mass spectrometer (Waters Corporation) 
equipped with an ESI probe operating in negative mode, with the 
following parameters: 3-kV capillary voltage, 40-V sampling cone 
voltage, 100°C source temperature, 350°C desolvation temperature, 
20-liter/hour cone gas flow, and 600-liter/hour desolvation gas flow. 
We injected 10 μl of each fraction onto a Ascentis Express 100 mm–
by–2.1 mm i.d., 2.7-μm HPLC C18 column (Supelco Inc., Bellefonte, 
PA, USA) maintained at 40°C and then separated acylsugars using a 
14-min binary solvent gradient, composed of aqueous 10 mM am-
monium formate with 0.1% formic acid (solvent A) and 100% ace-
tonitrile (solvent B), flowing at 0.3 ml/min. The gradient program 
was as follows: 5 to 60% B at 0 to 2 min, 60 to 100% B at 2 to 10 min, 
100% B at 10 to 12 min, and 5% B at 12.01 to 14 min. We performed 
negative mode CID with three collision potentials (0, 25, and 60 V) 
and acquired spectra over m/z 50 to 1200 into separate functions 
with a scan time of 0.1 s. For direct infusion analysis, we injected 
10 μl of each fraction directly into the mass spectrometer and then 
performed negative mode ionization without CID (0 V) and ac-
quired spectra over m/z 50 to 1500 with a scan time of 0.1 s. To in-
crease mass accuracy, lock mass correction was applied during data 
collection using leucine enkephalin as the reference.

To prepare purified GI5:26 for NMR, solvent was removed in 
vacuo by rotary evaporation, and dried residue was dissolved in ei-
ther 300 or 600 μl of chloroform-​d1 (99.96 atom % D; Millipore-
Sigma, Burlington, MA, USA) and placed in a solvent-matched 
5-mm Shigemi tube (Shigemi Co. Ltd., Tokyo, Japan) or a 5-mm 
Kontes tube (MilliporeSigma, Burlington, MA, USA), respectively. 
The compound was analyzed with a Bruker Avance NEO 600-MHz 
spectrometer equipped with a 5-mm nitrogen cryogenic HCN 
Prodigy probe (Michigan State University Max T. Rogers NMR 
Core) and with a Bruker Avance NEO 800-MHz spectrometer 
equipped with a 5-mm helium cryogenic HCN probe (University of 
Michigan Biomolecular NMR Core). See data S1 for details. Col-
lected spectra were referenced to chloroform-​d1 (δH  =  7.26 and 
δC = 77.20 parts per million). NMR spectra were processed and 
analyzed with TopSpin v4.1.1 (Bruker, Billerica, MA, USA).

The GI5:26 structures were determined with a series of one-
dimensional (1D) and 2D NMR experiments (data S1), an approach 
used successfully in previous studies (54, 70, 79). We used total cor-
relation spectroscopy (TOCSY) to identify which proton signals 
correspond to each ring in the sugar core and then determined cor-
relations between individual 1H signals with correlation spectros-
copy (1H-​1H COSY), heteronuclear single quantum coherence 
(HSQC), heteronuclear multiple bond correlation (HMBC), and 
heteronuclear two-bond correlation (H2BC) experiments. Spin-
spin splitting patterns determined ring identities to be myo-inositol 
and glucose, and HMBC revealed that the sugars are glycosidically 
linked at position 4 of myo-inositol and position 1′ of glucose. We 
identified the acylated ring positions based on upfield shifted pro-
ton signals and connected specific acyl chains to those positions 
with HMBCs between the carbonyl acyl chain carbon and sugar 
ring proton.
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Protein expression and purification
The pET28b vector (MilliporeSigma, Burlington, MA, USA), which 
has a 6× His tag followed by a T7 tag, was modified to contain a 
tobacco etch virus (TEV) protease recognition site to enable tag 
cleavage. Inverse PCR was used to add the sequence CAACGACC-
GAAAACCTGTATTTTCAGGGC, which encodes the TEV recogni-
tion sequence (ENLYFQG) and a spacer (PTT), between the pET28b 
T7 tag and the Eco RI restriction site in the multiple cloning site. The 
PCR product was Dpn I–digested, phosphorylated by T4 polynu-
cleotide kinase, and then recircularized using T4 DNA ligase all fol-
lowing standard NEB protocols. The modified and recircularized 
plasmid was transformed into E. coli and confirmed by Sanger se-
quencing. The M82 SlASAT1-L cDNA sequence was cloned into 
the modified pET28b using Gibson Assembly (113), following the 
NEB protocol.

SlASAT1-L in TEV-28b was expressed in BL21(DE3) E. coli cells 
(MilliporeSigma, Burlington, MA, USA). For protein expression, 
overnight cultures of TEV-28b SlASAT1-L were prepared in Luria 
Broth (LB) media containing 1% glucose (w/v). The next day, 1 liter 
of LB media was inoculated with 15 ml of the overnight culture and 
grown at 37°C until it reached an OD600 (optical density at 600 nm) 
of 0.5. Thereafter, the culture was equilibrated at 18°C for 30 min, 
induced with a final concentration of 0.5 mM isopropyl-β-​d-
thiogalactopyranoside, and incubated at 18°C overnight. The cultures 
were pelleted the next day and resuspended in 15-ml purification 
buffer [50 mM tris (pH 7.2) and 150 mM NaCl containing 10% 
glycerol] before freezing at −80°C.

For protein purification, the frozen E. coli pellet was thawed and 
lysed by sonication. The disrupted cells were centrifuged at 20,000g 
for 45 min to obtain the soluble fraction. The soluble fraction was 
passed through a 0.45-μm filter and applied to an AKTA start fast 
protein LC instrument equipped with a Cytiva 5-ml HisTrap col-
umn (Cytiva, Marlborough, MA, USA). The column was washed 
with 10 volumes of purification buffer containing 40 mM imidazole, 
followed by elution for 11 volumes with purification buffer contain-
ing 250 mM imidazole. Eluted fractions with the highest A280 were 
pooled. Two milligrams of His-tagged TEV protease was added to the 
pooled fractions, which was dialyzed overnight into the purification 
buffer without imidazole using SnakeSkin dialysis tubing (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) with a 10,000 molecular 
weight cutoff.

The next day, cleaved and dialyzed protein was separated from 
TEV protease and the cleaved tag by applying the dialysate to the 
Histrap column. The flowthrough contained the cleaved protein, 
which was collected and concentrated to 0.5 ml. An equal volume of 
80% glycerol was added to the concentrated protein for enzyme as-
says and storage at −20°C.

Enzyme assays and detection of enzymatic products
To assess enzyme activity in vitro, purified recombinant enzyme (10% 
v/v of the reaction volume) was combined with 100 mM sodium 
phosphate buffer (pH 7.4), 0.1 mM acyl-CoA, and 1 mM sugar and 
incubated at 30°C for 1 hour (114). The reaction was stopped with the 
addition of two volumes of 1:1:0.001 acetonitrile:isopropanol:formic 
acid and incubated at −20°C for 20 min to precipitate the protein. The 
precipitated protein was pelleted by centrifugation, and the superna-
tant was removed for LC-MS. For substrates, iso-branched acyl-CoAs 
were synthesized precisely as described in (52), while myo-inositol, 
nC6-CoA, and nC7-CoA were purchased from Sigma-Millipore.

Enzyme assays were evaluated by LC-MS using an LC-20ADvp 
ternary pump (Shimadzu, Kyoto, Japan) coupled to a Waters Xevo 
G2-XS QToF mass spectrometer (Waters Corporation) equipped 
with an ESI probe operating in negative mode, with the following 
parameters: 2.15-kV capillary voltage, 60-V sampling cone voltage, 
100°C source temperature, 350°C desolvation temperature, 50-liter/
hour cone gas flow, and 600-liter/hour desolvation gas flow. We 
injected 10-μl samples onto a 5 cm–by–2.1 mm reversed-phase 
Ascentis Express C18 HPLC column (Supelco Inc., Bellefonte, PA, 
USA) maintained at 40°C and then separated enzyme assay products 
using a 5-min binary solvent gradient composed of aqueous 10 mM 
ammonium formate with 0.1% formic acid (solvent A) and 100% 
acetonitrile (solvent B), flowing at 0.4 ml/min. The gradient program 
was as follows: 2% B at 0 to 0.5 min, 2 to 35% B at 0.5 to 2 min, 35 to 
40% B at 2 to 2.1 min, 40 to 99% B at 2.1 to 3 min, 99% B at 3 to 4 min, 
and 2% B from 4.1 to 5 min. Co-retention analysis was done as above 
but with a 16-min gradient: 2 to 45% B from 0 to 11 min, 45 to 98% 
B from 11 to 12 min, holding at 98% B from 12 to 14 min, and hold-
ing at 2% B from 14 to 16 min to reequilibrate the column. We 
performed negative mode ionization using a CID ramp of 20 to 80 V 
collision potential (0.2-s acquisition times) and acquired spectra 
over m/z 50 to 1500. To increase mass accuracy, lock mass correc-
tion using leucine enkephalin as the reference was applied during data 
collection. Monoacylsugars were detected in negative-ion mode as 
formate [M + FA-H]− adducts.

CRISPR-Cas9 mutagenesis and plant transformation
We performed CRISPR-Cas9 mutagenesis of SlASAT1 (Solyc12g006330) 
and SlASAT1-L (Solyc07g043670) in cultivated tomato following pre-
viously described methods (39, 50, 115). Putative Cas9 targets were 
identified for each gene through the Find CRISPR Sites tool in Geneious 
(Dotmatics LLC, Boston, MA, USA), and then we selected two guide 
RNAs (gRNAs) that target a 100- to 300-bp exonic region. We synthe-
sized ~350-bp gene blocks (gBlocks; Integrated DNA Technologies, 
Coralville, Iowa) carrying 23- to 24-bp gRNAs, designed to be used in 
the Golden Gate cloning system. For each CRISPR construct, two 
gBlocks and four plasmids, pICH47742-35Spro::Cas9 (Addgene no. 
49771), pICH41780 (Addgene no. 48019), pAGM4723 (Addgene no. 
48015), and pICSL11024 (Addgene no. 51144), were mixed for DNA 
assembly using the Golden Gate assembly kit (New England Biolabs, 
Ipswich, MA, USA). The final CRISPR constructs were transformed 
into Agrobacterium tumefaciens strain AGL-0, which was used to trans-
form cultivated tomato accession M82 using tissue culture, as pre-
viously reported (39, 115, 116). To identify mutated transgenic T0 
plants, we performed PCR with primers flanking the gRNAs to am-
plify the target region and then performed Sanger sequencing on PCR 
products after clean-up. T0 plants with confirmed mutations were self-
pollinated, and then T1 progeny were genotyped to identify homozygous 
mutants. Mutated T0 and T1 plants were grown in growth chambers or 
in a greenhouse. The growth chamber conditions are described above. 
The greenhouse conditions consisted of a 16-hour diurnal cycle, 
25°C/18°C, with supplemental sodium iodide lighting. Plants were 
watered as needed using 0.5× Hoagland’s solution.

Orthology and synteny analysis
To investigate ASAT1-L evolutionary history, we performed genome-
wide orthology inference across 16 eudicot species, including 13 
Solanaceae species and three outgroup species using OrthoFinder 
v2.4.1 (117, 118). Using proteomes as input, OrthoFinder separates 
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genes into orthogroups or sets of genes descended from a single 
gene in the common ancestor of the species under consideration, 
which includes all orthologs and paralogs. We included 14 sequenced 
genomes—S. lycopersicum M82_MAS2.0 (87), S. pimpinellifolium (119) 
S. pennellii (120), S. lycopersicoides (121), S. tuberosum v6.1 (122), 
S. melongena v4.1 (123), I. cyaneum (124), Datura stramonium 
(125), Lycium barbarum (126), N. attenuata (127), P. axillaris (128), 
I. trifida (129), C. canephora (130), and V. vinifera (131)—and two 
transcriptomes—S. nigrum (55) and S. quitoense (55).

We also performed synteny reconstruction with the 14 eudicot 
species with sequenced genomes using the Multiple Collinearity 
Scan (MCScanX) toolkit (132). To generate required input files, we 
performed all-by-all BLASTp, retaining only the top five hits for 
each query sequence, as recommended. With this input, MCScanX 
identified putative homologous chromosomal regions, defined as 
colinear blocks of at least three genes within and between genomes. 
To aid synteny analysis, we selected I. trifida, C. canephora, and 
V. vinifera as outgroup species. C. canephora and V. vinifera were 
chosen because they experienced the paleohexaploidy event shared 
by all eudicots but did not undergo subsequent whole-genome du-
plication events. I. trifida is more closely related to the Solanaceae 
than C. canephora and V. vinifera but underwent an additional 
Convolvulaceae-specific WGT. Using all three species as outgroups 
enabled us to confidently identify synteny and reconstruct the evo-
lutionary events leading to formation of the acylsugar BGC.

To ascertain whether apparent absences of syntenic orthologs in 
each species are simply due to poor genome annotations, we performed 
TBLASTN searches. Using protein sequences of S. lycopersicum 
acylsugar BGC genes as queries, we searched against genomic 
sequences of the 14 sequenced eudicot species in our analysis, 
including cultivated tomato. If one of the six-frame translated 
sequences from a target genome had significant similarity to 
S. lycopersicum query sequences and was located within the syn-
tenic region but unannotated, we defined it as a putative syntenic 
ortholog. This analysis revealed two unannotated genes colocal-
ized to the acylsugar BGC in N. attenuata, an AACS and an AECH 
homolog, denoted with dashed outlines in Fig. 5.
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