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Acylsugars are synthesized in the glandular trichomes of the Solanaceae family and are implicated in protection against abiotic and
biotic stress. Acylsugars are composed of either sucrose or glucose esterified with varying numbers of acyl chains of differing length.
In tomato (Solanum lycopersicum), acylsugar assembly requires four acylsugar acyltransferases (ASATs) of the BAHD superfamily.
Tomato ASATS catalyze the sequential esterification of acyl-coenzyme A thioesters to the R4, R3, R3’, and R2 positions of sucrose,
yielding a tetra-acylsucrose. Petunia spp. synthesize acylsugars that are structurally distinct from those of tomato. To explore the
mechanisms underlying this chemical diversity, a Petunia axillaris transcriptome was mined for trichome preferentially expressed
BAHDs. A combination of phylogenetic analyses, gene silencing, and biochemical analyses coupled with structural elucidation of
metabolites revealed that acylsugar assembly is not conserved between tomato and petunia. In P. axillaris, tetra-acylsucrose assembly
occurs through the action of four ASATs, which catalyze sequential addition of acyl groups to the R2, R4, R3, and Ré positions.
Notably, in P. axillaris, PaxASAT1 and PaxASAT4 catalyze the acylation of the R2 and R6 positions of sucrose, respectively, and no
clear orthologs exist in tomato. Similarly, petunia acylsugars lack an acyl group at the R3’ position, and congruently, an ortholog of
SIASAT3, which catalyzes acylation at the R3’ position in tomato, is absent in P. axillaris. Furthermore, where putative orthologous
relationships of ASATSs are predicted between tomato and petunia, these are not supported by biochemical assays. Overall, these

data demonstrate the considerable evolutionary plasticity of acylsugar biosynthesis.

Plants synthesize an array of specialized metabolites
that contribute to fitness through their roles in defense
against pathogens and herbivory or the promotion of
reproduction through the attraction of pollinators and
seed-dispersing fauna (Tewksbury and Nabhan, 2001;
Klahre et al., 2011; Mithofer and Boland, 2012; Dudareva
et al., 2013). Specialized metabolites are often synthe-
sized at a specific stage of development or in response to
environmental stimuli, and their biosynthesis may be
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restricted to a single tissue or cell type (Bird et al., 2003;
Murata et al., 2008; Arimura et al., 2009; Bedewitz et al.,
2014; Rambla et al., 2014). Glandular trichomes are epi-
dermal cell appendages present on the surface of many
plant species that serve as the location for the synthesis,
storage, and secretion of diverse classes of specialized
metabolites, including phenylpropanoids, terpenoids,
and acylsugars (Schilmiller et al., 2008; Tissier, 2012).
These compounds act directly as toxins or repellants to
deter herbivory or serve as signaling molecules in tritrophic
interactions to attract predators and also have been coopted
by humans for use as medicines, narcotics, aromatics, and
flavorings (Schilmiller et al., 2008; Weinhold and Baldwin,
2011; Bleeker et al., 2012). The glandular trichomes of
members of the Solanaceae family are structurally and
chemically diverse and synthesize specialized metab-
olites that are often restricted to individual species or
specific accessions (Luckwill, 1943; Shapiro et al., 1994;
Fridman et al., 2005; Gonzales-Vigil et al., 2012; Kim
et al., 2012, 2014a). This chemical diversity is manifest
through tremendous genetic variation that includes
gene duplication and loss, expression variation, and
amino acid substitutions that alter enzyme activity
(Schilmiller et al., 2010b; Kim et al, 2012, 2014a;
Matsuba et al., 2013; Kang et al., 2014). Together, these
studies illustrate the plasticity and rapid evolution of
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glandular trichome-derived specialized metabolites,
supporting their role as primary defense mechanisms
that likely facilitate plant adaptation to differing envi-
ronments.

Acylsugars are synthesized in the glandular tri-
chomes of several solanaceous species and are partic-
ularly abundant in Nicotiana spp., Petunia spp., and the
wild tomato species Solanum pennellii, which can syn-
thesize acylsugars up to 20% of leaf dry weight (Fobes
et al., 1985; Severson et al., 1985; Arrendale et al., 1990;
Chortyk et al., 1997). Secretion of acylsugars creates a
sticky exudate that covers the aerial surfaces of plants
that is implicated in direct defense against herbivores,
tritrophic interactions, and possesses antimicrobial ac-
tivity (Goffreda et al., 1989; Chortyk et al., 1993; Hare,
2005; Weinhold and Baldwin, 2011; Luu et al., 2017).
Acylsugars consist of either a Suc or Glc backbone onto
which acyl groups of differing lengths, typically C2 to
C12, are esterified at various positions (King et al., 1986,
1988; Halinski and Stepnowski, 2013; Ghosh et al., 2014).
Acyl groups can be straight chain (n) or branched chain,
with the latter present in the iso (i) and anteiso (ai)
configurations (Ghosh et al., 2014; Liu et al.,, 2017). A com-
bination of ultra-high-performance liquid chromatography-
mass spectrometry (MS) followed by purification and
structural characterization by NMR spectroscopy
revealed that trichomes of cultivated tomato (Solanum
lycopersicum) synthesize a relatively simple mixture of
approximately 15 tri- and tetra-acylsucroses (Ghosh
et al., 2014). This acylsugar profile is dominated by the
compound 54:17 (2,5,5,5), which consists of a Suc (5)
molecule esterified with four (54) acyl groups that in-
cludes a C2 chain and three C5 chains, to give a total
number of carbons in the acyl groups of 17 (Schilmiller
et al., 2010a; Ghosh et al., 2014; Fig. 1A). In addition to
the short-chain acyl groups, several acylsugars from
S. lycopersicum contain a single acyl group ranging from
C10 to C12 in length that is esterified at either the R3 or
R3’ position of Suc (Fig. 1A). Additional chemical
complexity is manifest through isomers, which have the
same elemental formulae and mass but varied positions of
esterification (Ghosh et al., 2014). In contrast to the rela-
tively simple acylsugar profile of S. lycopersicum, diverse
accessions of the wild tomato species Solanum habrochaites
collectively synthesize at least 34 acylsucroses and two
acylglucoses, although these numbers are likely underes-
timates once isomers are considered (Kim et al., 2012;
Ghosh et al., 2014). Diversity also exists between acces-
sions of S. pennellii, some of which preferentially accu-
mulate acylglucoses rather than acylsucroses (Shapiro
et al., 1994). Overall, these data illustrate that, although
acylsugars are fairly simple molecules, considerable di-
versity can occur as a result of acylation pattern and the
length and structure of the acyl donors.

Until recently, the genes required for the assembly of
acylsugars remained elusive. However, a combination
of metabolite profiling of introgression lines of tomato,
coupled with positional cloning and RNA interference
screens of trichome-expressed genes, identified four
acylsugar acyltransferases (SIASAT1-SIASAT4) that
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Figure 1. Acylsucroses from S. lycopersicum and P. axillaris. A,
Structures of characteristic tetra-acylsucroses from S. lycopersicum.
Details of the length of the acyl chains typically found at each position
in the most abundant metabolites are provided together with the
identity of the ASAT enzymes responsible for acylsucrose assembly and
the order in which they catalyze acylation reactions. Data represented
are summarized from previous reports (Schilmiller et al., 2012, 2015;
Ghosh et al., 2014; Fan et al., 2016). B, Structures of characteristic
acylsucroses from P. axillaris. Details of the length of the acyl chains
typically found at each position are derived from NMR-based structural
characterization (Liu et al., 2017). The order of assembly of P. axillaris
acylsucroses and the identification of the corresponding ASAT enzymes
is the subject of this study.

belong to the BAHD acyltransferase superfamily
(Schilmiller et al., 2012, 2015; Fan et al., 2016). Biochem-
ical characterization revealed that these ASATs sequen-
tially catalyze the esterification of acyl chains at the
R4, R3, R3’, and R2 positions of Suc to generate a
tetra-acylsucrose, and their activities with different
substrates are sufficient to explain the structures of
S. lycopersicum acylsugars (Fig. 1A; Ghosh et al., 2014;
Fan et al., 2016). Furthermore, a combination of gene
duplication, gene loss, and allelic variation at the asat2,
asat3, and asat4 loci determines much of the chemical di-
versity observed in the wild tomato species S. habrochaites
and S. pennellii (Kim et al., 2012; Schilmiller et al., 2012,
2015; Fan et al., 2016).

The trichomes of Petunia spp. synthesize large quan-
tities of acylsugars, and ultra-high-performance liquid
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chromatography-MS analysis identified more than
100 acylsucroses in Petunia axillaris, Petunia exserta, and
Petunia integrifolia (Liu et al., 2017). Twenty-nine of these
acylsugars were purified and their structures deter-
mined by NMR. Together, these approaches revealed
that petunia synthesizes a mixture of neutral and malo-
nated acylsugars. Each acylsugar contains four acyl
chains esterified to the pyranose ring at the R2, R3, R4,
and R6 positions and, depending on the species, a single
malonate ester can be formed on the furanose ring at
either the R1" or R6' position (Fig. 1B; Liu et al., 2017). In
petunia, the length of the acyl groups ranges from C4 to
C8, and NMR analyses revealed that the structures of
these groups were a mixture of iC4, iC5,iC6,iC7, and iC8
together with aiC5 and aiC6 (Fig. 1B). However, these
acyl groups are not equally represented across the acyl-
sugars, as aiC5 predominates, whereas iC4, iC5, and
aiCé6 are relatively minor components. NMR analyses
also revealed that the medium chain length acyl groups
(C6-C8) are almost exclusively esterified to the R3 po-
sition of Suc, whereas the shorter chain acyl groups (C4
and C5) are located on the R2, R4, and R6 positions.
Thus, petunia synthesizes a suite of acylsugars that are
completely distinct from those found in tomato, and
these differences are manifest through acyl chains of
different lengths and conformation that are esterified
to different positions of Suc.

With the exception of tomato and closely related wild
relatives, the enzymes required for acylsugar assembly
remain unknown. As petunia synthesizes a completely
different suite of acylsugars than tomato, with acyl
chains of different lengths that are esterified at alter-
native positions on the Suc molecule, it was hypoth-
esized that the mechanisms of acylsugar assembly
would differ between the two species. This hypothesis
was tested and confirmed through the identification
and characterization of four ASATs that are required
for the assembly of tetra-acylsucroses in P. axillaris.
Notably, the order of acylsugar assembly differs be-
tween tomato and petunia, and the orthologous rela-
tions and biochemical activities of tomato and petunia
ASATSs are not conserved, suggesting that acylsugar
biosynthesis has evolved differentially within diverse
members of the Solanaceae family.

RESULTS
Identification of Putative ASATSs from P. axillaris

The four ASATs from S. lycopersicum, SIASAT1
(Solyc12g006330), SIASAT?2 (Solyc04g012020), SIASAT3
(Solyc11g067270), and SIASAT4 (Solyc01g105580), were
used as query sequences in tBLASTN searches against a
de novo transcriptome assembly of P. axillaris that in-
cludes transcripts generated from trichomes (Guo et al.,
2015). Two P. axillaris unigenes, Pax36474 and Pax31629,
were recovered that share 68% and 61% amino acid
identity with SIASAT1 and SIASAT2, respectively.
Examination of their expression patterns derived from
the transcriptome data, which included callus, whole
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seedlings, shoot apices, flowers of mixed developmental
stages, and trichomes, revealed that both Pax36474 and
Pax31629, like SIASAT1 and SIASAT?2 (Fan et al., 2016),
are expressed preferentially in trichomes (Supplemental
Table S1). Confirmation of the trichome-enriched ex-
pression of Pax36474 and Pax31629 was obtained by real-
time quantitative reverse transcription (qQRT)-PCR in
whole petioles, shaved petioles, and trichomes, which
indicated ~100-fold enrichment in trichomes for both
genes when compared with shaved petioles (Fig. 2). A
phylogeny of ASAT-related BAHDs constructed using
available sequences from across the Solanaceae family
confirmed the close relationship between both SIASAT1
and Pax36474 and SIASAT2 and Pax31629 (Fig. 3).
Furthermore, comparison of ~120 kb of genomic se-
quence surrounding the SIASAT1 and Pax36474 loci
(Tomato Genome Consortium, 2012; Bombarely et al.,
2016) revealed considerable synteny between tomato
and P. axillaris within this region, suggesting that the
genes are orthologous (Supplemental Fig. S1). However,
no syntenic relationship was observed between the ge-
nomic regions of SIASAT2 and Pax31629. Together, these
data suggest that the Pax36474 and Pax31629 unigenes
represent candidate ASATs. Two additional P. axillaris
unigenes, Pax21699 and Pax39119, also were recovered
in tBLASTN searches using SIASAT1 as the query se-
quence (Fig. 3). These unigenes are more divergent to
SIASATI1 than Pax36474, each sharing approximately 38%
amino acid identity with the query sequence. In particular,
Pax21699 does not appear to possess a putative ortholog in
any of the Solanaceae genomes investigated (tomato, po-
tato [Solanum tuberosum], and pepper [Capsicum annuum)),
and while a small amount of synteny exists between the
corresponding genomic region of petunia and two regions
of tomato chromosome 2, the latter do not contain any
predicted BAHD acyltransferases (Supplemental Fig. S2).
Similarly, although there is synteny between tomato and
petunia in a genomic region that flanks the Pax39119
locus, tomato does not contain a putative ortholog of
this petunia BAHD acyltransferase (Supplemental Fig.
S3). Analyses of expression by qRT-PCR revealed that
both Pax21699 and Pax39119 are strongly preferen-
tially expressed in trichomes relative to shaved peti-
oles (Fig. 2).

In tomato, SIASAT3 catalyzes the addition of acyl
groups to the 3’ position of the furanose ring, a position
that is not acylated in petunia acylsugars (Schilmiller
etal., 2015; Liu et al., 2017). Reciprocal BLASTP searches
and phylogenetic analysis indicated that SIASAT3 is 53%
identical to, and most closely related to, the P. axillaris
unigene, Pax16120. However, Pax16120 is not expressed
in trichomes (Supplemental Table S1), suggesting that
this unigene is unlikely to be involved in acylsugar as-
sembly. Tandem gene duplications are a feature of many
plant genes and are particularly prevalent in genes in-
volved in specialized metabolism (Matsuba et al., 2013;
Chae et al., 2014; Boutanaev et al., 2015). In tomato,
SIASAT4 resides at a locus on chromosome 1 that con-
tains two additional BAHD acyltransferases (Schilmiller
et al., 2012), and similar clustering of tandem duplicates
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of SIASAT4-related BAHDs occurs in the potato and
pepper genomes (Potato Genome Sequencing Consor-
tium, 2011; Kim et al.,, 2014b). In P. axillaris, several
unigenes were identified that share approximately 50%
amino acid identity to SIASAT4 (Fig. 3), and three of
these, Pax24741, Pax28156, and Pax35115, are expressed
preferentially in trichomes (Supplemental Table S1).
However, gqRT-PCR analyses revealed that the transcript
abundance of Pax24741, Pax28156, and Pax35115 is
enriched between 5- and 18-fold in trichomes compared
with shaved petioles, which is in contrast to the at least
100-fold enriched expression of Pax21699, Pax31629,
Pax36474, and Pax39119 in P. axillaris trichomes (Fig. 2).
Phylogenetic analyses revealed that the SIASAT4-related
proteins form a separate clade from those more closely
related to SIASAT1, SIASAT?2, and SIASAT3 (Fig. 3).

Silencing of Putative ASATs in P. axillaris

Based on phylogenetic analyses and their highly
enriched (100-fold or greater) expression in trichomes (Figs.
2 and 3), the role of four putative ASATSs, Pax21699,
Pax31629, Pax36474, and Pax39119, in acylsugar bio-
synthesis was investigated using virus-induced gene
silencing (VIGS) in P. axillaris. The four candidate
P. axillaris ASATs are highly divergent at the nucleo-
tide level, and it was possible to identify fragments of
each gene ranging from 247 to 375 nucleotides in length that
are highly specific for each target. For example, BLASTN
searches against P. axillaris transcriptome and genome as-
semblies (Guo et al., 2015; Bombarely et al., 2016) failed to
identify any additional nucleotide sequences longer than
19 bp that share 100% identity with each VIGS fragment,
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Figure 2. Expression analysis of putative P. axil-
laris ASATs. The expression of candidate ASATs
was determined in whole petioles, shaved petioles
with trichomes removed, and trichomes of P.
axillaris. Three biological and three technical
replicates for each sample were analyzed. Data
are presented as mean expression values * st
relative to those observed in shaved stems. Values
labeled with different letters are significantly dif-
ferent (least square means, P < 0.05).

[ Pax31629

a

indicating that there is very limited potential for off-target
silencing. Upon silencing, the abundance of each target
transcript was reduced by approximately 80% to 90% in
silenced lines when compared with those of TRV2 empty
vector controls (Supplemental Fig. S4).

Prior analyses using MS and NMR spectroscopy
revealed that P. axillaris acylsugars contain four acyl
groups on the pyranose ring and often possess a
malonate ester on the furanose ring (Fig. 1B; Liu et al.,
2017). In agreement with these prior findings,
the acylsugar profile of petioles of P. axillaris TRV2
empty vector control plants is composed of approxi-
mately 10 compounds and is dominated by the S5 ester
S(m)5:26 (m,5,5,5,8) (Fig. 4, A and B). Furthermore, the
molecular formulae of the acylsugars identified in
TRV2 empty vector control plants (Fig. 4A) match those
of a number of structurally resolved acylsugars from P.
axillaris (Supplemental Table S2).

Silencing of Pax21699 resulted in qualitative and
quantitative changes to the acylsugar profile (Fig. 4, A
and B). Total acylsugars were reduced in Pax21699 si-
lenced lines by approximately 60%, which was manifest
by a reduction in all of the acylsugars detected in TRV2
empty vector lines. In addition, several acylsugars were
apparent in the Pax21699 silenced lines that were un-
detectable in the empty vector lines, and each lacks a
single C5 acyl group. For example, S(m)5:26 (m,5,5,5,8)
is reduced in the silenced lines while S(m)4:21 (m,5,5,8)
and S3:18 (5,5,8) increase (Fig. 4, A and B; Supplemental
Fig. S5). These data suggest that Pax21699 possesses
ASAT activity and may be responsible for adding a C5
acyl group to the pyranose ring of P. axillaris acylsugars
(Fig. 1B). Similarly, silencing of Pax31629 also resulted in
an overall reduction in acylsugar levels of approximately
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Figure 3. Phylogenetic analysis of putative ASATs. An unrooted phylogenetic tree of known S. lycopersicum (tomato) ASATs
together with related amino acid sequences from S. lycopersicum, Solanum tuberosum (potato), Capsicum annuum (pepper), and
P. axillaris was constructed using the maximum likelihood method from a multiple sequence alignment of deduced full-length
amino acid sequences. The tree was constructed using MEGA version 5, and bootstrap values of 50 or greater are shown from
2,000 replicates. Known tomato ASATSs are shown in red, and putative trichome preferentially expressed ASATs from P. axillaris
are in blue. Subsequent functional characterization of the putative P. axillaris ASATs reported herein led to the identification of
four enzymes involved in acylsugar assembly, PaxASAT1 to PaxASAT4. The positions on the Suc molecule where the addition of
acyl chains occurs following ASAT-mediated catalysis are provided in parentheses.
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50%, and this was accompanied by an increased abun-
dance of minor acylsugars containing only C4 or C5 acyl
groups, including S4:20 (5,5,5,5) and S4:19 (4,5,5,5) (Fig.
4, A and C). These data indicate a shift from the C6 to C8
acyl groups in favor of shorter acyl chains. Notably, in
structurally resolved acylsugars of P. axillaris, the C6 to
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Figure 4. The P. axillaris acylsugar profile is al-
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C8 acyl groups are esterified predominantly to the R3
position of the pyranose ring (Liu et al., 2017). In contrast
to silencing Pax21699 and Pax31629, which resulted in
both qualitative and quantitative changes to the acylsugar
profile of P. axillaris trichomes, only quantitative changes
were observed following the silencing of both Pax36474
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and Pax39119, with an overall reduction in acylsugar
levels of between 50% and 60% (Fig. 5). Overall, these
data suggest that the four highly trichome-enriched
unigenes, Pax21699, Pax31629, Pax36474, and Pax39119,
each encoding predicted BAHD acyltransferases, are in-
volved in acylsugar assembly.

Biochemical Characterization of P. axillaris ASATs

In tomato, SIASAT1 (Solyc12g006330) catalyzes the
first step in acylsucrose assembly through the acylation
of Suc at the R4 position, using several acyl-CoA donors
(Fanetal., 2016). As the P. axillaris unigene, Pax36474, is
the putative ortholog of SIASAT1 (Fig. 3; Supplemental
Fig. S1), it was hypothesized that this enzyme also
would catalyze the initial acylation of Suc. However,
Pax36474 failed to catalyze the acylation of Suc using
several acyl-CoA donors (C4-C8 in length), including
aiC5, which represents the most frequent acyl group
esterified to the R4 position of P. axillaris acylsugars (Fig.
1B; Supplemental Table S3; Liu et al., 2017). The failure of
Pax36474 to utilize Suc as a substrate indicated that this
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Figure 5. P. axillaris acylsugar levels are reduced in Pax36474- and
Pax39119-silenced lines. The abundances of individual and total (insets)
acylsugars in TRV2::Pax36474-silenced (A) and TRV2::Pax39119-silenced
(B) lines relative to those in TRV2 empty vector controls are shown. Data are
presented as peak area normalized to dry weight and internal standard peak
area and represent means = st of 12 biological replicates. Asterisks denote
significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001) as de-
termined by Student’s ¢ tests.
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enzyme does not possess ASAT1 activity, suggesting
that the assembly of acylsugars differs between tomato
and petunia and prompting investigation of the activity
of the additional putative P. axillaris ASATs, Pax21699,
Pax31629, and Pax39119. Only Pax39119 was active with
Suc as an acyl acceptor and led to the synthesis of various
mono-acylsucroses when supplied with acyl-CoA
donors ranging from C5 to C8 in length but not with
iC4-CoA (Supplemental Fig. S6; Supplemental Table
S3). These data suggest that Pax39119 catalyzes a reaction
consistent with ASAT1 activity in P. axillaris; therefore, we
renamed this protein PaxASAT1. Notably, different
retention times were observed for the S1:5 products
generated by SIASAT1 and PaxASAT1, using either
iC5 or aiC5 as acyl donor, suggesting that the acyl
groups are not esterified to the same position of Suc
(Fig. 6). To determine the position at which PaxASAT1
acylates Suc, a reaction using Suc and aiC5 was scaled
up to generate sufficient material for purification and
structural determination by NMR spectroscopy. Sub-
sequent heteronuclear single-quantum correlation
(HSQC) spectroscopy together with correlation spec-
troscopy NMR spectra revealed that PaxASAT1 cata-
lyzes the addition of the acyl group to the R2 position of
Suc, which is in contrast to SIASAT1, which catalyzes
addition at the R4 position (Fan et al., 2016; Fig. 6B;
Supplemental Table 54).

To define the second step in acylsucrose assembly, the
S1:5 (aiC5%%) product generated with PaxASAT1 was
utilized as a substrate together with acyl-CoA donors,
ranging from C4 to C8 in length, in sequential reactions
with one of the additional putative P. axillaris ASATs,
Pax21699, Pax31629, or Pax36474. Only Pax36474
acylated 51:5 (aiC5%%), and the enzyme was active
with iC4-CoA, iC5-CoA, aiC5-CoA, and iC6-CoA acyl
donors, indicating that it possesses PaxASAT?2 activity
(Fig. 7A; Supplemental Table S3). The synthesis of
S2:10 (aiC5R , aiCb), formed through sequential reac-
tions of Suc and aiC5-CoA catalyzed by PaxASATI1
and PaxASAT?2, was scaled up, and the product was
purified by preparative HPLC and its structure was
determined by NMR spectroscopy. The resulting NMR
spectra (Supplemental Table S5) revealed that the two
acyl groups of 52:10 are esterified to the R2 and R4 posi-
tions of Suc, yielding S2:10 (aiC5%%, aiC5™). This is con-
sistent with the structural characterization of acylsucroses
from P. axillaris, indicating that while aiC5 is the
predominant acyl group at the R4 position, iC4-CoA
also can be incorporated (Liu et al., 2017). However,
enzyme activity assays (Supplemental Table S3) sug-
gest that, at least in vitro, PaxASAT2 possesses greater
catalytic promiscuity with respect to the acyl donor
substrate than is observed in the acylsugar profile in
planta.

Sequential reactions were performed subsequently
with PaxASAT1 and PaxASAT2 and either Pax21699 or
Pax31629. These reactions revealed that tri-acylsucroses
were formed only in the presence of Pax31629 using
iCé, iC7, and iC8 as acyl-CoA donors but not iC4- or
aiC5-CoAs, suggesting that this enzyme corresponds to
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Figure 6. ASAT1 activity is not conserved in P.
axillaris and S. lycopersicum. A, In vitro formation
5.05e4 of S1:5 by recombinant S. lycopersicum ASAT1
(SIASAT1) and P. axillaris ASAT1 (PaxASAT1) using
Suc as the acyl acceptor and either iC5-CoA or

6.00 aiC5-CoA as the acyl donor. Negative ion mode LC-

MS extracted ion chromatograms for the reaction
product mass-to-charge ratio (m/z) 461.1 (S1:5;
[M+CI]7) are shown. The vertical dashed line
highlights a retention time shift of S1:5 products
formed by SIASAT1 and PaxASAT1, suggesting that
different S1:5 isomers are formed by these enzymes.

9.85e5

6.00 B, Structures of the S1:5 reaction products formed

by SIASAT1 and PaxASAT1 using iC5-CoA and
aiC5-CoA, respectively. Data for $1:5(1C5%) formed
by SIASAT1 are based on prior structural charac-
4.81e4 terization (Schilmiller etal., 2015; Fan et al., 2016),
while the structure of $1:5(aiC5%%) was determined
by NMR (Supplemental Table S4).
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PaxASATS3 (Fig. 7B; Supplemental Table S3). In P. axillaris,
these medium chain length acyl groups (C6-C8) are es-
terified predominantly to the R3 position of acylsucroses
and are not present at the R6 position (Liu et al., 2017), the
remaining open position on the pyranose ring that can
serve as an acyl acceptor once the R2 and R4 positions are
occupied in 52:10 (aiC5%, aiC5"*). These data suggest that
PaxASAT3 catalyzes the addition of acyl groups to the
R3 position of a diacylsucrose, a hypothesis supported by
reduced levels of acylsugars containing C6 to C8 groups
in Pax31629 VIGS lines (Fig. 4). Furthermore, SIASAT2
(Solyc04g012020), which is phylogenetically closely
related to PaxASAT3 (Fig. 3), also catalyzes acylation
at the R3 position in tomato (Fan et al., 2016).

P. axillaris acylsugars possess four acyl groups on the
pyranose ring (Fig. 1B; Liu et al., 2017), and the current
biochemical analysis indicates that the R2, R4, and R3
positions are substituted by the activities of Pax39119,
Pax36474, and Pax31629, respectively. Thus, the R6
position is the final position of the pyranose ring to be
acylated. Silencing of Pax21699 led to an overall re-
duction in acylsugars that was also associated with
the accumulation of acylsucroses that lack a C5 chain,
suggesting that Pax21699 possesses ASAT activity

Plant Physiol. Vol. 175, 2017

(Fig. 4; Supplemental Fig. S5). Although Pax21699 was
inactive with Suc, S1:5 (aiC5%), and S2:10 (aiC5%?,
aiC5") as substrates, tetra-acylsucroses were formed
following incubation of Pax21699 with tri-acylsucroses,
generated by the sequential action of PaxASATI,
PaxASAT2, and PaxASAT3 and either iC4- or aiC5-CoAs
(Fig. 7C; Supplemental Table S3). These data are congru-
ent with the structural characterization of P. axillaris
acylsucroses (Fig. 1B; Liu et al., 2017). Pax21699 was also
active with 53:16 and S3:17 to yield S54:21 and S4:22 when
supplied with aiC5 as an acyl donor (Supplemental Table
S3). Together, these data indicate that Pax21699 possesses
PaxASAT4 activity, and overall, all four of the trichome-
expressed candidate BAHD enzymes demonstrate ASAT
activity.

DISCUSSION

The tremendous chemical diversity observed in
plant-specialized metabolites is mediated in part by the
formation of ester linkages between starter molecules
that result in the formation of increasingly complex
phytochemicals (D’Auria, 2006; Mugford et al., 2009;
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Figure 7. Identification of ASAT2, ASAT3, and ASAT4 activities of P. axillaris. A, In vitro formation of S2:10 by recombinant
P. axillaris ASAT2 (PaxASAT2) using S1:5 (aiC5%%) as the acyl acceptor and aiC5-CoA as the acyl donor. A negative ion mode LC-
MS extracted ion chromatogram for the reaction product m/z 555.2 is shown. B, In vitro formation of S3:17 by recombinant
P. axillaris ASAT3 (PaxASAT3) using $2:10 (aiC5%?, aiC5") as the acyl acceptor and iC7-CoA as the acyl donor. A negative ion
mode LC-MS extracted ion chromatogram for the reaction product m/z 667.3 is shown. C, In vitro formation of S4:22 by re-
combinant P. axillaris ASAT4 (PaxASAT4) using S3:17 (@iC5®?, iC7®, aiC5™) as the acyl acceptor and aiC5-CoA as the acyl donor.
A negative ion mode LC-MS extracted ion chromatogram for the reaction product m/z 751.4 is shown. D to F, Tandem mass
spectra of the acylsucroses formed by PaxASAT2, PaxASAT3, and PaxASAT4. The fragmentation of specific reaction products of
m/z 555.2, 667.3, and 751.4 presented in A to C is shown. Fragmentation in negative mode reveals the length of the acyl chains
esterified to the Suc core due to the loss of acyl groups as ketenes.

Nishizaki et al., 2013). Acylsugars are plant-specialized
metabolites that are synthesized in the glandular tri-
chomes of members of the Solanaceae family and are
formed through the direct coupling of primary metab-
olites or their immediate breakdown products. Glc or
Suc serves as the backbone of the acylsugar molecule,
and ester linkages are formed at the various hydroxyl
groups of these sugars through the addition of acyl
groups derived from the metabolism of branched-chain
amino acids (Kandra et al., 1990; Walters and Steffens,
1990; Slocombe et al., 2008; Ning et al., 2015) and, in the
case of Petunia spp., the presence of a malonate ester
derived from malonyl-CoA, a precursor of fatty acid
biosynthesis (Liu et al., 2017). Hence, relative to more
structurally complex specialized metabolites, including
many alkaloids and terpenoids that are synthesized by
multistep pathways involving several enzyme classes
(Winzer et al., 2012; Lange and Turner, 2013; Bedewitz
etal., 2014; Dugé de Bernonville et al., 2015), acylsucrose
assembly is seemingly simple, as only four acylation
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steps catalyzed by the same class of enzyme, BAHD ac-
yltransferases, are required in S. lycopersicum trichomes to
synthesize the characteristic tetra-acylsucroses (Fan et al.,
2016). However despite this apparent simplicity and the
metabolic proximity to primary metabolism, the acylsu-
gars with structures depicted in Figure 1 are not widely
distributed across the plant kingdom and, thus far, are
found only in the glandular trichomes of the Solanaceae,
where expression data indicate that their synthesis is re-
stricted to the single glandular cell at the tip of type I and
IV trichomes (Schilmiller et al., 2012, 2015; Ning et al.,
2015; Fan et al., 2016).

Although acylsugars are structurally simple, chemical
complexity is apparent between and within species, and
this is mediated by the varied lengths and conformations
of acyl chains (C2-C12) that are esterified to different
positions of the sugar backbone together with the cata-
lytic promiscuity of the BAHD acyltransferases that
possess the ability to utilize multiple acyl-CoA donors
(Ghosh et al., 2014; Schilmiller et al., 2015; Fan et al., 2016;
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Liu et al., 2017). Plant-specialized metabolism is highly
variable and evolves rapidly, a phenomenon attributed
to the reduced evolutionary constraints compared with
those imposed upon primary metabolism (Milo and
Last, 2012). This rapid evolution frequently involves
gene duplication, gene loss, and allelic variation that
subsequently alter enzyme activity, and these phenom-
ena are apparent within the Solanaceae and contribute to
the acylsugar phenotype. For example, deletion at the
asat4 locus (formerly asat2) in S. pennellii and select ac-
cessions of S. habrochaites alters the acylsugar phenotype
(Kim et al., 2012; Schilmiller et al., 2012). Similarly, var-
iation at the asat3 locus in the tomato clade also con-
tributes to acylsugar diversity. For example, while the
allele from S. lycopersicum acylates a di-acylsucrose on
the furanose ring to form a tri-acylsucrose, the allele from
S. pennellii acylates a mono-acylsucrose on the pyranose
ring to form a di-acylsucrose (Schilmiller et al., 2015).
Furthermore, duplication of the asat3 locus in multiple ac-
cessions of S. habrochaites coupled with neofunctionalization
creates ASATs with altered acyl donor and acyl acceptor
specificities that explain much of the acylsugar diversity
observed in the species (Kim et al., 2012; Schilmiller et al.,
2015).

Petunia and S. lycopersicum diverged from a common
ancestor ~30 million years ago (Sarkinen et al., 2013),
and the acylsugar profile of Petunia spp. is completely
different from that of Solanum spp. due to the structure
of the acyl donors and their locations on the sugar back-
bone (Ghosh et al., 2014; Liu et al., 2017). This chemical
diversity prompted the examination of whether acylsugar
assembly is conserved across the Solanaceae and involves
putative orthologs of the tomato ASATSs or whether addi-
tional enzymes have evolved ASAT function in P. axillaris.
Utilizing a combination of transcriptome-guided candidate
gene identification, gene silencing, and biochemical anal-
yses, four trichome-expressed BAHD enzymes designated
PaxASAT1 to PaxASAT4 were identified from P. axillaris
that are required for acylsugar assembly and whose ac-
tivities are congruent with the acylsugar profile of the
species. For example, Pax39119/PaxASAT1 can utilize C5,
C6, C7, and C8 acyl donors to acylate the R2 position of
Suc (Supplemental Fig. S6; Supplemental Table 54), and
NMR-based structural characterization of P. axillaris
acylsugars indicates that, while aiC5 is the most frequent
acyl group at this position, iC6 and iC8 acyl groups are
present in S4:24[1] (IC6%*, iC8%, aiC5™, aiC5"%) and
S4:24[2] (iC8®?, aiC6™, aiC5™, aiC5™) (Liu et al., 2017). In
all structurally resolved P. axillaris acylsugars character-
ized to date, either an iC4 or aiC5 group is present at the
R4 position (Liu et al., 2017), and PaxASAT?2, which cat-
alyzes addition to the R4 position, is active with acyl do-
nors up to C6 in length. Silencing of Pax31629/PaxASAT3
leads to a reduction in acylsugars with C6 to C8 acyl
chains, which are esterified primarily at the R3 position of
the pyranose ring (Fig. 4; Liu et al., 2017). This is accom-
panied by a small increase in very minor acylsugars that
contain four short acyl chains, including 54:18 (4/4,5,5),
54:19 (4,5,5,5), and S4:20 (5,5,5,5) (Fig. 4C). In agreement
with the hypothesis that PaxASAT3 adds C6 to C8 acyl
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groups to the R3 position of the pyranose ring, recombi-
nant PaxASAT3 was active with iC6, iC7, and iC8 acyl
donors but inactive with C4 and C5 acyl donors (Fig. 7B;
Supplemental Table S3). Similarly, silencing of Pax21699/
PaxASAT4 leads to a reduction in total acylsugars to-
gether with the accumulation of several tri-acylsucroses
that lack a C5 acyl group, and this enzyme is active with
C4 and C5 acyl donors (Fig. 4; Supplemental Table S3).
Together, these data indicate a general consensus between
the known structures of P. axillaris acylsugars and the
observed silencing and biochemical phenotypes. How-
ever, the assays performed using recombinant enzymes
illustrate broader catalytic potential among the P. axillaris
ASATSs than is currently observed among the structurally
resolved acylsugars from this species. For example, re-
combinant PaxASAT?2 possesses activity with acyl donors
up to C6 in length (Supplemental Table S3), whereas only
iC4 and aiC5 acyl groups are present at the R4 position in
structurally resolved P. axillaris acylsugars (Liu et al.,
2017). Such discrepancies may simply reflect acylsugar
abundance in the species, which typically drives the se-
lection of targets for purification and NMR structural
elucidation. Alternatively, a restricted in planta acylsugar
profile compared with that obtained from the in vitro bi-
ochemical activity of a recombinant enzyme may reflect
reduced availability of an acyl donor or lower levels of
ASAT activity with specific substrates.

Silencing of each petunia ASAT transcript led to a
quantitative reduction in total acylsugar abundance
(Figs. 4 and 5). This reduction would be expected,
particularly for early steps in the pathway, such as that
catalyzed by Pax39119/PaxASAT1, and indeed was
observed previously in SIASATI-silenced lines (Fan
et al., 2016). However, in general, metabolic precur-
sors did not accumulate to levels that might be ex-
pected based on the extent of reduction of some of the
individual acylsugars. For example, while the most
abundant petunia acylsucrose, S(m)5:26 (m,5,5,5,8),
is reduced by approximately 70% in Pax21699/
PaxASAT4-silenced lines (Fig. 4B), there is only a slight
increase in abundance of the predicted precursors
53:18 (5,5,8) and S(m)4:21 (m,5,5,8). Similarly, when
Pax36474/PaxASAT2 and Pax31629/PaxASAT3 were
silenced, accumulation of either mono-acylsucroses or
di-acylsucroses would be predicted, respectively. How-
ever, these intermediary metabolites were not detected in
any of the silenced lines. While the underlying reasons
for this remain unknown, it is possible that when ASAT
activity is reduced by silencing, precursors may be
turned over by acylsugar hydrolases or further metabo-
lized to compounds undetected by our metabolite anal-
yses. Together, these processes may contribute to the
overall reduction in acylsugars observed in VIGS lines.

Notable differences exist between the P. axillaris and
S. Iycopersicum ASATs, and their orthologous relation-
ships and acyl acceptor preferences are not fully con-
served, leading to an altered order of tetra-acylsucrose
assembly between the two species (Fig. 8). For example,
based on phylogeny (Fig. 3), it was hypothesized that
Pax36474, like SIASAT1, would encode an enzyme with
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ASAT1 activity that utilizes Suc as the acyl acceptor and
catalyzes the addition of an acyl group to the R4 posi-
tion of the pyranose ring (Fig. 1A). However, Pax36474
was inactive with Suc as an acyl acceptor and every acyl
donor tested (C4—C8), whereas subsequent biochemical
analyses and NMR-based structural characterization of
reaction products identified Pax39119 as PaxASAT1
that catalyzes the addition of a range of acyl groups to
the R2 position of the pyranose ring of Suc (Supplemental
Fig. S6; Supplemental Tables S3 and S4). Thus, rather than
initiation at the R4 position, as in tomato, acylsugar
assembly in P. axillaris begins with acyl chain addition
at the R2 position, and subsequent acylations at the R4,
R3, and R6 positions complete tetra-acylsucrose as-
sembly. This is in contrast to the sequence of acylsugar
assembly in S. lycopersicum, which occurs through se-
quential acylations at the R4, R3, R3’, and R2 positions
(Fan et al., 2016; Fig. 8). These data indicate that pri-
mary sequence is not a good predictor of ASAT sub-
strate preference, as SIASAT1/Solyc12g006330 of tomato
utilizes Suc as an acyl acceptor whereas Pax36474 has
ASAT?2 activity and utilizes a mono-acylsucrose substrate.
This shift in substrate preference also is observed between
SIASAT2/Solyc04g012020 and Pax31629/PaxASATS3,
which are phylogenetically related and share approx-
imately 61% amino acid identity (Fig. 3). While SIA-
SAT?2 utilizes a mono-acylsucrose as an acyl acceptor
(Fan et al., 2016), PaxASATS3 utilizes a di-acylsucrose
(Fig. 7B). Despite these changes in acyl acceptor speci-
ficity between related P. axillaris and tomato ASATs,
SIASAT1 and PaxASAT2 both acylate at the R4 position
of the pyranose ring, while SIASAT2 and PaxASAT3
each catalyze additions to the R3 position. These data

A
SIASAT1
R4
}I/O
(0]
R3
SIASAT2 R2
0 0
SIASAT4 Y
SIASAT
step 1: R4 =iC5

step 2: R3 =iC4, aiC5, iC5, iC6, iC10, nC12

step 4: R2 = C2

suggest that sequence conservation between ASATSs of
diverse species may be a useful predictor of acylation
position. Indeed, structure-function analyses of ASATs
from tomato and closely related wild species has proven
to be a powerful approach to identify amino acid resi-
dues that specify substrate preferences (Fan et al., 2016).
However, given the evolutionary distance between pe-
tunia and tomato and the fairly low sequence identity of
their ASATs, additional comparisons between putative
ASATs of diverse species from across the Solanaceae
phylogeny will likely be required to enhance the power
of this approach. Alternatively, resolving the structures
of ASATs bound to their substrates may reveal the un-
derlying biochemical changes that have led to the ability
of seemingly orthologous enzymes to evolve new sub-
strate preferences.

While sequence conservation is observed between
SIASAT1 and PaxASAT2 and between SIASAT2 and
PaxASAT3, additional PaxASATs are less well con-
served. For example, P. axillaris does not appear to
contain a putative ortholog of SIASAT3, which is in
agreement with the lack of a branched acyl group on the
furanose ring of acylsugars from this species (Liu et al.,
2017). Similarly, additional ASATs are not fully con-
served across the Solanaceae. For example, Pax39119/
PaxASAT1 is 72% identical to Ca06g15270, a predicted
BAHD from pepper, although no closely related pro-
teins are found in tomato or potato (Fig. 3). In addition,
while putative orthologs of Pax31629/PaxASAT3 are
readily identifiable in tomato, potato, and pepper, pu-
tative orthologs of Pax36474/PaxASAT2 are present in
tomato and potato but not in pepper (Fig. 3). In contrast,
Pax21699/PaxASAT4 is more divergent, sharing less

PaxASAT4
(Pax21699)
R6
B
unknown
R1'

PaxASAT2
(Pax36474)

R4

R3
PaxASAT3
(Pax31629) 53

Fax

step 2: R4 = aiC5

step 3: R3 = aiC5, aiC8, iC6, iC7, iC8
step 4: R6 = iC4, aiC5, iC5

step 7: R1' = malonate

Figure 8. Comparison of tetra-acylsucrose assembly in tomato and P. axillaris. A, Structure of a generic tetra-acylsucrose from
tomato. B, Structure of a generic acylsucrose from P. axillaris. The four steps required for the formation of tetra-acylsucroses in
each species are shown. Orthologous enzymes predicted by sequence analysis are indicated by the same color. Note that the
predicted orthologous relationships between SIASATT and PaxASAT2 and between SIASAT2 and PaxASAT3 are not conserved at
the biochemical level, and this, together with the presence-absence variation of other ASATs between tomato and petunia, results

in differential acylsucrose assembly in these two species.
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than 40% identity with the most closely related se-
quences from tomato, potato, and pepper, suggesting
that a putative ortholog of this gene is likely absent
from these species. While the functions of the putative
ASATs from potato and pepper need to be character-
ized to determine whether they are involved in acyl-
sugar biosynthesis, the lack of complete conservation of
the ASATs and related BAHDs across the Solanaceae
(Fig. 3) reflects the plasticity of specialized metabolism,
which frequently involves gene duplication and loss
(Pichersky and Lewinsohn, 2011; Chae et al., 2014).
Although four P. axillaris ASATs have been identified
that can explain much of the acylsugar diversity within
this species, there are ASAT activities in P. axillaris that
remain to be identified. For example, many P. axillaris
acylsugars possess an unusual malonate ester on the
furanose ring at the R1’ position that has thus far not
been detected in acylsugars of other members of the
Solanaceae (Liu et al., 2017). However, despite our efforts
to identify the ASAT activity responsible for adding this
malonate group, the enzyme remains unknown. Thus, it
is unclear at what step in acylsugar assembly the mal-
onate group is added and whether this may affect ASAT
activity. However, our favored hypothesis is that malo-
nylation is the final step in acylsugar assembly in Petunia
spp., as neutral and malonate ester forms of multiple
acylsugars coexist. For example, S(m)5:25 (m,5,5,5,7) is
present with S4:22 (5,5,5,7) in P. axillaris trichomes and
both S(m)5:26 (m,5,5,5,8) and 54:23 (5,5,5,8) occur in the
trichomes of P. exserta (Liu et al., 2017). In addition, the
enzyme responsible for catalyzing the esterification of
either a C4 or C5 acyl group to the R3 position of the low-
abundance acylsucroses that accumulate in Pax31629/
PaxASAT3-silenced lines, S4:18 (4,4,5,5), S4:19 (4,5,5,5),
and S4:20 (5,5,5,5), is uncharacterized, and further ex-
perimentation will be required to confirm its identity.
Although there has been a longstanding interest in
the role of acylsugars in plant defense (Goffreda et al.,
1989; Buta et al., 1993; Chortyk et al., 1997), until rel-
atively recently, the enzymes involved in trichome-
derived acylsucrose assembly remained unknown. A
combination of genetics- and genomics-enabled bio-
chemistry led to the identification of several BAHDs
from tomato and closely related wild species that are in-
volved in acylsugar assembly and chemical diversity
(Kim et al., 2012; Schilmiller et al., 2012, 2015; Fan et al.,
2016). This study utilized the tomato ASATSs as a frame-
work to explore the potential conservation of acylsugar
assembly. Acylsugar composition differs between tomato
and Petunia spp., and although four trichome-expressed
ASATs were identified from P. axillaris that can explain
much of the acylsugar diversity within this species, the
data indicate that the genes encoding ASATSs are not fully
conserved across the Solanaceae and that considerable
variation exists in the substrate preference of tomato and
P. axillaris ASATs as well as in the mechanism of acyl-
sucrose assembly between these two species. These data
expand the existing knowledge of acylsugar biosynthesis
in plants, highlighting the evolutionary complexity that
contributes to the chemical diversity of these structurally
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simple specialized metabolites. Additional studies are
required using species from across the Solanaceae to de-
termine the extent of acylsugar chemical diversity, their
assembly, and the biochemical evolution of ASATs.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Seeds of Petunia axillaris (P1667515) were obtained from the Germplasm
Resources Information Network. Plants were grown in 4-inch pots in peat-
based compost supplemented with one-half-strength Hoagland solution in a
growth room under a 16-h photoperiod (145 pumol m™2 s™') at a constant
temperature of 24°C.

Multiple Sequence Alignments and Phylogenetic Analyses

Sequence analysis was performed using MEGA version 5 (Tamura et al.,
2011). Amino acid alignments were generated using MUSCLE (Edgar, 2004),
and phylogenetic trees were constructed using the maximum likelihood
method and the Jones-Taylor-Thornton model. A bootstrap test of 2,000 repli-
cates was used to assess the reliability of the phylogeny.

VIGS

Constructs were assembled in TRV2-LIC vector as described previously
(Dong et al., 2007) using the primers listed in Supplemental Table S6. VIGS
experiments were performed as described (Velasquez et al., 2009). The P. axillaris
first true leaf was inoculated with Agrobacterium tumefaciens strain GV3101 cul-
tures. Plants inoculated with A. tumefaciens carrying the TRV2-LIC empty vector
were used as controls, and TRV2::PHYTOENE DESATURASE plants were used
to monitor the progression of gene silencing. Plants were grown as described
above. Petiole segments of 10 mm were harvested from the fifth true leaf of
5-week-old plants for acylsugar profiling, and trichomes for RNA extraction were
harvested from frozen petioles by brushing and collection directly into liquid
nitrogen.

RNA Extraction, cDNA Synthesis, and qRT-PCR

Total RNA was extracted from tissues of P. axillaris using the RNeasy Plant
Mini Kit and subjected to on-column DNase treatment (Qiagen). cDNA was
synthesized from 800 ng of total RNA using the SuperScript III first-strand
synthesis kit (Invitrogen). Following synthesis, cDNAs were column purified,
and their quantity and quality were determined by UV absorbance. Gene-
specific primers (Supplemental Table S6) were designed using Primer Ex-
press 3.0 software (Applied Biosystems), and primers from petunia EFla
(Mallona et al., 2010) were utilized for normalization. Each primer pair was
validated to ensure that the amplification efficiency of each target gene was
similar to the EFla endogenous control using serial dilutions of cDNA syn-
thesized from trichome RNA. Only primer pairs that had an absolute value of
the slope of AC; versus log of the input cDNA concentration of 0.1 or less were
utilized. Experiments to determine the relative expression of target genes in
trichomes versus shaved stems were performed using 20 ng of cDNA template,
while those investigating the efficiency of gene silencing were performed with
30 ng of cDNA template. PCRs (10 uL) containing 2X FAST SYBR Master Mix
(Applied Biosystems), cDNA template, and 300 nm of each primer were as-
sembled using a Biomek 3000 liquid handler and amplified using an Applied
Biosystems ABI Prism 7900HT Real-Time PCR System. Amplification condi-
tions were as follows: 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of
15 s at 95°C and 1 min at 60°C. Data were analyzed using the AACT method to
generate relative expression values.

Acylsugar Profiling by LC-MS

For acylsugar profiling, 10-mm segments of petioles were placed in 1 mL of
extraction solvent (acetonitrile:isopropanol:water, 3:3:2, v/v) containing 0.1%
formic acid and 5 uMm telmisartan as an internal standard. Samples were gently
agitated for 1 min, and the solvent was transferred to HPLC vials. The acylsugar
extracts were analyzed using a Shimadzu LC-20AD HPLC system connected to
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a Waters LCT Premier ToF-MS device. Ten microliters of sample was injected
onto a fused-core Ascentis Express C18 column (2.1 mm X 10 ¢cm, 2.7 um
particle size) for reverse-phase separation. Column temperature was set to
50°C. The flow rate was set at 0.3 mL min ', and start conditions were 99%
solvent A (10 mv ammonium formate, pH 2.8) and 1% solvent B (acetonitrile).
The 20-min elution gradient was as follows: ramp to 60% B at 1.25 min, 90% B at
12.5 min, and 100% B at 15 min. Hold at 100% B up to 19 min, return to 1% B at
19.01 min, and hold to 20 min. The MS parameters employed electrospray
ionization and were as described (Schilmiller et al., 2015). Five separate ac-
quisition functions were utilized to generate spectra at different collision po-
tentials (10, 25, 40, 55, and 80 V), providing both nonfragmenting and a range of
fragmenting conditions. Acylsugar abundances were determined using the
Waters QuanLynx analysis tool to integrate extracted ion chromatogram peak
areas relative to the peak area of the internal standard. Representative samples
(Fig. 4A; Supplemental Fig. S5) were analyzed using a Waters Acquity UPLC
system connected to a Waters Xevo G2-S QToF LC-MS device. Chromatogra-
phy conditions were identical to those described above, except that the 20-min
elution gradient was modified slightly such that 100% acetonitrile was main-
tained from 12.5 to 18 min followed by 1% acetonitrile from 18.01 to 20 min.

Synthesis of Acyl-CoA Thioesters

Isobutyryl-CoA (iC4-CoA) and isovaleryl-CoA (iC5-CoA) were purchased
from Santa Cruz Biotechnology and Sigma-Aldrich, respectively. Additional acyl-
CoA thioesters were synthesized from their cognate fatty acids using a carbon-
yldiimidazole method (Kawaguchi et al., 1981) with modifications outlined by
Schilmiller et al. (2015). 2-Methylbutyric acid (aiC5), 4-methylpentanoic acid (iC6),
and 5-methylhexanoic acid (iC7) were purchased from Sigma-Aldrich, and
6-methylheptanoic acid (iC8) and CoA trilithium salt (CoA) were obtained from
BOC Sciences and Crystal Chem, respectively. The concentrations of the resulting
acyl-CoAs were obtained by UV spectroscopy using the CoA extinction coeffi-
cient of 16,400 at 260 nm.

Recombinant Expression of BAHD Acyltransferases and
Enzyme Assays

Full-length open reading frames of candidate ASAT enzymes were amplified
from P. axillaris trichome cDNA using the primers described in Supplemental
Table S6. Linkers containing either Nhel or Ndel together with BarmHI or Sall
were added to permit subcloning of the fragments into the pET28b vector (EMD
Millipore). Constructs were transformed into BL21 Rosetta Cells (EMD Millipore)
for recombinant protein production. His-tagged protein production was induced
in Escherichia coli cultures by 0.05 mm isopropyl 8-p-1-thiogalactopyranoside for
16 h at 16°C. Soluble protein was partially purified by nickel-affinity chroma-
tography as described previously (Schilmiller et al., 2012). Enzyme assays were
performed for 30 min at 30°C in a 30-uL volume containing 50 mm ammonium
acetate (pH 6) with 100 uMm of an appropriate acyl-CoA donor and 1 mm Suc as the
acyl acceptor. Assays were terminated by the addition of 60 uL of acetonitrile:
isopropanol:formic acid (1:1:0.001) containing 10 um propyl-4-hydroxy benzoate
internal standard and centrifugation at 13,000 for 10 min.

For sequential enzyme assays, heat inactivation of previous enzyme activity
was achieved by incubation at 65°C for 5 min followed by cooling on ice and the
subsequent addition of an appropriate acyl-CoA donor (100 um) and a candidate
ASAT enzyme. Enzyme reactions were terminated as described previously
(Schilmiller et al., 2015). Acylsugars produced in vitro together with representa-
tive samples from plant extracts were analyzed using a Waters Xevo G2-S QToF
LC-MS device interfaced to a Waters Acquity UPLC system. Ten microliters of leaf
dip extract was injected onto a fused-core Ascentis Express C18 column (5 cm X
2.1 mm, 2.7 um particle size) interfaced to a Waters Acquity UPLC system. The
column temperature was maintained at 40°C. The start conditions were 95% A
and 5% solvent B with flow rate set to 0.3 mL min . The 7-min linear gradient was
as follows: ramp to 60% B at 1 min, then to 100% B at 5 min, hold at 100% B to
6 min, return to 95% A at 6.01 min, and hold until 7 min. The MS settings are
identical to those of Schilmiller et al. (2015). Three acquisition functions were set
up to generate spectra at different collision potentials (5, 25, and 60 V). The method
and MS parameters for electrospray ionization in both positive and negative ion
modes are similar except that, in positive ion mode, the capillary voltage was 2.61
kV. Liquid chromatography-tandem MS in negative ion mode was used to de-
termine the fragmentation of selected acylsucrose products from enzyme assays
detected as m/z 555.2, 667.3, and 751.4 under the same conditions as above but
with a single acquisition function at the collision potential of 6 V and acquisition
mass range from m1/z 50 to 600, 700, and 800, respectively.
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Collision-induced dissociation MS in negative ion mode was used to obtain
acylsugar structure information about the number and length of acyl chains
according to the carboxylate fragment ion masses, whereas MS in positive ion
mode was used to cleave the glycosidic bond linking the Suc pyranose and fura-
nose rings and obtain information on the number and length of acyl chains present
on each ring as described previously (Schilmiller et al., 2010a; Ghosh et al., 2014).

Analysis of Mono-Acylsucroses

To analyze the shift in retention time of mono-acylsucrose (S1:5) products
formed by PaxASAT1 and SIASAT], reaction products were analyzed using a
Waters Acquity UPLC system connected to a Waters Xevo G2-S QToF LC-MS
system. Ten microliters of reaction product was injected into a fused-core
ACQUITY UPLC Ethylene Bridged Hybrid amide column (2.1 mm X 10 cm,
2.7 wm particle size; Waters) with column oven set to 40°C. The flow rate was
0.4 mL min ", with initial conditions at 5% solvent A (0.15% formic acid) and
95% B (acetonitrile). The 9-min elution gradient was as follows: hold at 5% A to
1 min, then ramp to 40% A at 6 min, ramp to 95% A at 7 min, return to 5% A at
7.01 min, and hold until 9 min. The MS parameters were as described
(Schilmiller et al., 2015), except that the mass range was m/z 50 to 1,000 and five
separate acquisition functions were utilized to generate spectra at different
collision potentials (10, 25, 40, 55, and 80 V).

Purification of Acylsugars and Structural Elucidation
by NMR

One-liter cultures of E. coli expressing either PaxASAT1 or PaxASAT2 were
induced, and protein was extracted and purified as described above. Enzyme
assays with PaxASAT1 to form S1:5 (aiC5) were performed in a 30-mL reaction
volume containing 50 mM ammonium acetate (pH 6), 0.66 mm Suc, and 50 um
aiC5-CoA at 30°C for 3 h. For the sequential assay with PaxASAT2 to form S2:10
(aiC5, aiC5), PaxASAT1 was inactivated at 65°C for 1 h, the reaction was cooled
on ice and centrifuged, 30 um aiC5-CoA and PaxASAT2 were added, and the
reaction was incubated for 3 h at 30°C. Reactions were terminated by the ad-
dition of 60 mL of acetonitrile:isopropanol:formic acid (1:1:0.001) followed by
centrifugation at 4,500 rpm for 10 min. Solvent was evaporated to dryness, and
the residue was dissolved in 1 mL of water.

S1:5 (aiC5) and 52:10 (aiC5, aiC5) purification was performed using a Waters
2795 HPLC device and a Thermo Scientific Acclaim 120 C18 semipreparative
HPLC column (4.6 X 150 mm, 5 wm particle size). The mobile phase consisted of
0.15% formic acid in water (solvent A) and acetonitrile (solvent B) with flow rate
of 1.5 mL min . For the purification of S1:5, a linear gradient consisted of 1%
solvent B at 0 min, 8% solvent B at 3 min, 9% solvent B at 11 min, and 100%
solvent B at 12 min. Solvent composition was held at 100% solvent B for 12 to
14 min, brought back to 1% solvent B at 15 min, and held at 1% solvent B for
15 to 16 min. For the purification of S2:10, a 40-min method with a linear gra-
dient consisted of 1% solvent B at 0 min, 8% solvent B at 3 min, 9% solvent B at
11 min, 17% solvent B from 12 to 35 min, ramped to 18% solvent B at 35 min and
then to 100% solvent B at 36 min, held at 100% solvent B until 38 min, returned
to 1% solvent B at 39 min, and held until 40 min. Eluted fractions of S1:5 were
collected in 1-min fractions for five injections and eight injections for S2:10,
using an injection volume of 200 uL for each injection. The desired compound
was collected in 7 to 10 min for S1:5 and 23 min for 52:10 and evaporated to
dryness. The residue was dissolved in 1 mL of water with sonication for 10 min,
followed by transfer to a polypropylene centrifuge tube and centrifugation at
3,000¢ for 2 min at 25°C. Supernatants were collected in HPLC vials with glass
low-volume inserts. Purified acylsugars were dissolved in 250 uL of deuterium
oxide and transferred into Shigemi solvent-matched NMR tubes. NMR spectra
were recorded using a Bruker Avance 900 NMR spectrometer equipped with a
TCI triple-resonance inverse detection cryoprobe at the Michigan State Uni-
versity Max T. Rogers NMR facility. NMR experiments measured 'H (899.13
MHz), correlation spectroscopy, and HSQC spectroscopy (F1, 226.09 MHz; F2,
899.13 MHz). Acylsugar substitution patterns were determined by chemical
shifts of H based on "H and HSQC spectroscopy.

Accession Numbers

A P. axillaris transcriptome assembly and associated sequences are available
under GenBank/EMBL/DDB]J BioProject PRINA261953 (Guo et al., 2015). Se-
quences of P. axillaris ASATs are deposited in GenBank under the following
accession numbers: PaxASAT1 (KT716258), PaxASAT2 (KT716259), PaxASAT3
(KT716260), and PaxASAT4 (KT716261).
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Supplemental Figure S1. Synteny between the SIASATI and Pax36474
genomic regions.

Supplemental Figure S2. Synteny between the Pax21699 genomic region of
P. axillaris and two separate regions of tomato chromosome 2.

Supplemental Figure S3. Synteny between tomato and P. axillaris within a
region that flanks the Pax39119 locus.

Supplemental Figure S4. Transcript abundance in candidate ASAT-
silenced lines.

Supplemental Figure S5. Mass spectra of acylsugars that accumulate in
TRV2::Pax21699-silenced lines.

Supplemental Figure S6. Activity of PaxASAT1 with multiple acyl-CoA
donors.

Supplemental Table S1. Putative ASATSs identified from P. axillaris tran-
scriptome data.

Supplemental Table S2. P. axillaris acylsugars detected in petioles of
P. axillaris.

Supplemental Table S3. In vitro activities of candidate ASAT enzymes of
P. axillaris.

Supplemental Table S4. NMR chemical shifts of S1:5 (aiC5) produced
in vitro by PaxASATI.

Supplemental Table S5. NMR chemical shifts of S2:10 (aiC5) produced
in vitro by sequential action of PaxASAT1 and PaxASAT2.

Supplemental Table S6. Oligonucleotide primers utilized in this study.
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