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8,14-seco-Triterpenoids are characterized by their unusual open C-ring. Their distribution in nature is rare and scattered in taxonomically
unrelated plants. The 8,14-seco-triterpenoid a-onocerin is only known from the evolutionarily distant clubmoss genus Lycopodium and
the leguminous genusOnonis, which makes the biosynthesis of this seco-triterpenoid intriguing from an evolutionary standpoint. In our
experiments with Ononis spinosa, a-onocerin was detected only in the roots. Through transcriptome analysis of the roots, an
oxidosqualene cyclase, OsONS1, was identified that produces a-onocerin from squalene-2,3;22,23-dioxide when transiently
expressed in Nicotiana bethamiana. In contrast, in Lycopodium clavatum, two sequential cyclases, LcLCC and LcLCD, are required to
produce a-onocerin in the N. benthamiana transient expression system. Expression of OsONS1 in the lanosterol synthase knockout yeast
strain GIL77, which accumulates squalene-2,3;22,23-dioxide, verified the a-onocerin production. A phylogenetic analysis predicts that
OsONS1 branches off from specific lupeol synthases and does not group with the known L. clavatum a-onocerin cyclases. Both the
biochemical and phylogenetic analyses of OsONS1 suggest convergent evolution of the a-onocerin pathways. When OsONS1 was
coexpressed in N. benthamiana leaves with either of the two O. spinosa squalene epoxidases, OsSQE1 or OsSQE2, a-onocerin production
was boosted, most likely because the epoxidases produce higher amounts of squalene-2,3;22,23-dioxide. Fluorescence lifetime imaging
microscopy analysis demonstrated specific protein-protein interactions between OsONS1 and both O. spinosa squalene epoxidases.
Coexpression ofOsONS1with the twoOsSQEs suggests that OsSQE2 is the preferred partner of OsONS1 in planta. Our results provide
an example of the convergent evolution of plant specialized metabolism.

Triterpenoids are a class of isoprenoids characterized
by an amazing structural diversity. Triterpenoids are
derived mainly from the 30-carbon precursor squalene-

2,3-oxide (SQO), which is synthesized from squalene by
squalene epoxidases (SQEs). The next step in triterpe-
noid biosynthesis is the cyclization of SQOmediated by
oxidosqualene cyclases (OSCs; Augustin et al., 2011).
Cyclization initiates with the acid-catalyzed epoxide
ring opening of SQO and continues through a series of
methyl and hydride shifts (Abe, 2014) that give a series
of conformationally discrete carbocation intermediates
(Van Tamelen et al., 1982; Boar et al., 1984). Carbocation
shifting in the catalytic cavity of the OSC is a dynamic
process (Tian and Eriksson, 2012) that terminates by
deprotonation of the carbocation intermediate, result-
ing in the formation of a neutral compound. SomeOSCs
deprotonate a single carbocation intermediate and,
thus, form a single cyclized product, while others have
the plasticity to deprotonate several carbocations at
different positions, rendering themmultifunctional and
capable of releasing multiple cyclized products
(Lodeiro et al., 2007; Wu et al., 2008). Thus, OSCs in-
crease triterpenoid diversity by producing distinct tri-
terpenoid skeletons, with over 100 triterpenoid
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skeletons estimated to originate from their action (Xu
et al., 2004).

The seco-triterpenoids are characterized by the pres-
ence of an open ring, a structural element that can be
connected directly to the cyclization mechanism or re-
sult from postcyclization bond cleavage. In this study,
we focused on the seco-triterpenoid a-onocerin (Fig. 1),
a symmetrical tetracyclic triterpenoid first isolated in
1855 from Ononis spinosa (Hlasiwetz, 1855) but only
structurally elucidated a century later by Barton and
Overton (1955). More than a decade after this work,
a-onocerin was isolated from the club moss Lycopodium
clavatum (Ageta et al., 1962) as well.

The occurrence of a-onocerin in only two phyloge-
netically distant branches of the plant kingdom makes
the biosynthesis of a-onocerin intriguing from an evo-
lutionary standpoint. In fact, the occurrence of a-ono-
cerin is inconsistent even within the Ononis genus. In a
survey of a-onocerin accumulation in Ononis spp., ex-
tracts from three species were recorded as lacking
a-onocerin: Ononis reclinata, Ononis viscosa, and Ononis
pusilla (Rowan and Dean, 1972). Decades later, Ononis
rotundifolia was reported as another non-a-onocerin
producer (Hayes, 2012). The Ononis genus is mono-
phyletic and splits into five major clades (Turini et al.,
2010); however, there is no clear clustering of a-ono-
cerin-producing species, as the nonproducing species
are found in the four major clades that have been tested
for a-onocerin accumulation. The simultaneous occur-
rence of a-onocerin-producing and nonproducing spe-
cies in a couple of monophyletic subsections of the
genus, such as Ononis pubescens and O. viscosa of the
Viscosae and Ononis minutissima and O. pusilla in the
Bugranoides, suggests that the ancestral species of the
Ononis genus gained the trait to produce a-onocerin
and that this trait was later lost in some of the Ononis
spp. during the course of evolution. The biological
function of a-onocerin in Ononis spp. is unknown;
however, it is noteworthy that no natural mutant un-
able to produce a-onocerin has been reported for Ono-
nis spinosa, implying a strong positive selection for
retaining this trait in at least this species.

Assays with O. spinosa enzyme extracts have shown
that a-onocerin is cyclized exclusively from squalene-
2,3;22,23-dioxide (SDO) and not the general triterpe-
noid precursor SQO (Rowan et al., 1971). Accordingly,
two key steps for a-onocerin biosynthesis are antici-
pated. First, an efficient SQE has to provide the
cyclase(s) with sufficient amounts of SDO under regu-
lar physiological conditions. SQEs from different or-
ganisms ranging from mammals (Bai et al., 1992) to
plants (Rasbery et al., 2007) have been reported to
produce SDO, although only when the subsequent cy-
clization steps were chemically inhibited for a couple
of hours with 2-isopropyl-4-dimethylamino-5-methyl-
phenyl-1-piperdiner carboxylate methyl chloride
(AMO-1618) or 3b-(b-dimethylaminoethoxy)-androst-
5-en-17-one (DMAE-DHA). This inhibition allows the
accumulation of SQO and its further conversion to SDO
(Field and Holmlund, 1977; Nagumo et al., 1995). The

second interesting step in a-onocerin biosynthesis is the
cyclization reaction. Recently, it was shown that, in L.
clavatum, the biosynthesis of a-onocerin is performed in
two steps by two substrate-specific OSCs acting se-
quentially. LcLCC cyclizes SDO to the two-ring struc-
ture pre-a-onocerin, after which LcLCD initiates
cyclization from the remaining epoxide bond of pre-
a-onocerin to finally produce a-onocerin (Araki et al.,
2016). However L. clavatum and O. spinosa are phylo-
genetically very distant, with the former being a lyco-
pod and the latter an angiosperm. Therefore, it is likely
that the a-onocerin pathways evolved convergently in
these two plant species.

Another aspect of triterpenoid biosynthesis that has
been overlooked in the literature is the uptake of SQE
products by OSCs. It has been suggested that the
sterol pathway proceeds by the channeling of sub-
strates between each step through microdomains of
the endoplasmic reticulum (ER; Benveniste, 2004).
However, it is known that active SQE and OSC en-
zymes can localize to related but nevertheless distinct
cell compartments (e.g. in yeast, active SQE is found
on/in the ER, whereas active lanosterol synthase is
found in lipid droplets along with the inactive form of
SQE; Leber et al., 1998; Athenstaedt et al., 1999). Aside
from the probable close proximity of lipid droplets to
the ER membrane network, another force driving tri-
terpenoid biosynthesis could be protein-protein in-
teractions. Surprisingly, protein-protein interactions
between SQEs and OSCs have not been reported, in
spite of existing evidence of specific SQE homologs
coexpressing with different enzymes of specialized
metabolism, specifically OSCs (Suzuki et al., 2002).

In this study, we identify and characterize a single
OSC from O. spinosa that can produce a-onocerin as
well as two SQEs that can boost a-onocerin production
upon transient expression in Nicotiana benthamiana. In
addition, we report protein-protein interactions of the
a-onocerin synthase from O. spinosa with the SQEs
from the same species. Insights into the spatiotempo-
ral contrasts of a-onocerin accumulation and a-ono-
cerin biosynthesis in the roots of O. spinosa also are
provided.

RESULTS

Wild O. spinosa Accessions Accumulate a-Onocerin in
the Roots

To identify plant material suitable for gene discovery
in the a-onocerin biosynthetic pathway, accessions of
Ononis spp. were collected from several sources and
screened for their a-onocerin content (Table I). All
O. spinosa accessions analyzed contained a-onocerin
in the roots but not in aerial tissues, as indicated
by thin-layer chromatography (TLC) and gas
chromatography-mass spectrometry (GC-MS) analyses
of dichloromethane extracts (Supplemental Fig. S1A).
Extracts from the accession Ont03 (Ononis natrix) ana-
lyzed by TLC showed a spot on the TLC plate that
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comigrated with the a-onocerin standard
(Supplemental Fig. S1A); however, GC-MS analysis
revealed that it was not a-onocerin (Supplemental Fig.
S1B). These data suggest thatO. natrix should be added
to the list of Ononis spp. that do not produce a-ono-
cerin, as a-onocerin was not detected in any of the
three replicates of the threeO. natrix accessions tested.

The wild accession OsDK7 was selected for pathway
elucidation, as it displayed high a-onocerin content and
seeds were readily available. To determine the optimal
OsDK7 rootmaterial for gene discovery, the accumulation
of a-onocerin was monitored across several time points
for plants grown hydroponically and in soil (Fig. 1A).
In roots of hydroponically grown O. spinosa plants, the
accumulation of a-onocerin was differentially regulated
throughout growth. a-Onocerin could not be detected in
the roots during early periods of development (15 d after
germination) but could be detected in trace amounts 25 d
after germination (0.00196 0.0003ngmg21 freshweight).
Subsequently, a sharp increase was observed 35 d after
germination (0.099 6 0.018 ng mg21), with the concentra-
tion peaking 45 d after germination (0.456 0.04 ng mg21).
a-Onocerin content dropped 60 d after germination to
levels similar to those observed at 35 d and remained in
that range 75 d after germination.

The a-Onocerin content of OsDK7 plants grown in
soil was similarly monitored throughout growth at
several time intervals. Sufficient amounts of root tissue
could not be obtained from plants 15 and 25 d after
germination and, therefore, were not analyzed. At 35 d
after germination, roots contained;0.186 0.07 ngmg21

a-onocerin, and the accumulation of a-onocerin
peaked 45 d after germination (0.56 6 19 ng mg21)
to levels comparable to those of hydroponically
grown plants of the same age.

Finally, O. spinosa hairy roots were generated, as it is
well know that hairy roots can accumulate elevated
levels of plant specialized metabolites and, thus, could
present an alternative to the hydroponic and soil-grown
roots. To generate stable hairy root lines, OsDK7 leaf
tissue was transformed with Agrobacterium rhizogenes
strain LBA9402 virGN54D. Two hairy root lines, des-
ignated Ohry1 and Ohry2 (Supplemental Fig. S2, A and
B), were obtained that produced a-onocerin. Ohry1
produced;4 times less a-onocerin than Ohry2 (0.0076
0.002 and 0.029 6 0.004 ng mg21 fresh weight, respec-
tively). Nonetheless, a-onocerin production in Ohry2
cultures was still ;15-fold lower than that in 45-d-old
hydroponic roots of OsDK7 (Supplemental Fig. S2C).
Consequently, further work was continued with
OsDK7 plants grown in the hydroponic system, as they
were cleaner and easier to process than those grown in
soil and accumulated more a-onocerin than the hairy
root lines.Figure 1. a-Onocerin content varies throughout plant growth and

across the root length. A, Time course of a-onocerin accumulation in
root and aerial tissues (fresh weight) ofO. spinosa plants grown in either
soil or a hydroponics (Hpn) system. B, Extracted ion chromatograms
(480–482 mass-to-charge ratio) of O. spinosa root sections, stem, and
leaf tissues. C, Mass spectrum of derivatized a-onocerin standard. D,
Representative mass spectrum of an a-onocerin peak in derivatized
extracts from root sections. Values represent means 6 SE from three

biological replicates for each time point; letters indicate significant
differences determined by ANOVA/posthoc Tukey’s honestly significant
difference (HSD) test at P , 0.05.
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a-Onocerin Accumulates Differently in O. spinosa
Root Sections

To narrow down tissues for transcriptome analysis,
we further investigated the accumulation of a-onocerin
across the length of O. spinosa hydroponically grown
roots at 45 d after germination. The roots were cut in
sections and analyzed by TLC (Supplemental Fig. S1C)
and GC-MS (Fig. 1B). A pronounced difference in
a-onocerin accumulation was observed across the root
length: with the highest content of a-onocerin detected
in the root base, the second highest in the midsection of
the root, and only trace amounts detected in the young
roots. a-Onocerin was undetectable in the root tips.

a-Onocerin Is Produced by a Lupeol Synthase-Like OSC,
and Its Production Is Boosted by OsSQEs

For gene discovery, RNA sequencing was performed
on root tips and midsection roots. Midsection roots
were chosen over basal roots since a-onocerin pathway
genes in midsection roots were expected to be more
actively transcribed than in basal roots, where tran-
scription might have diminished or stopped. A total of
16 million reads were assembled using Trinity, return-
ing a transcriptome of 25,433 predicted genes with an
N50 of 1,464 bp.

To select SQE candidates, the O. spinosa root tran-
scriptome was mined by BLASTN with the two pub-
lished Medicago truncatula SQEs (AJ430609 and
AJ430608) as query sequences. Two contigs were re-
trieved, and comparison of the coding sequences
showed that they are 94% and 78% identical at the
amino acid level to M. truncatula monooxygenase2, re-
spectively. To confirm the sequence of the contigs,
RACE was performed on RNA isolated from OsDK7
roots, and two distinct full-length transcripts were re-
trieved that were 82% identical to each other on the
amino acid level. OsSQE1 (GenBank accession no.

KY625494) showed 91% identity with M. truncatula
monooxygenase1 and OsSQE2 (GenBank accession no.
KY625495) showed 92% identity to M. truncatula mon-
ooxygenase2 at the amino acid level. A maximum-
likelihood phylogenetic tree was constructed from
the deduced amino acid sequences of several SQEs
(Fig. 2A) and showed that the two SQEs fromO. spinosa
clustered with their respective SQE orthologs in M.
truncatula, indicative of an SQE duplication before the
speciation of M. truncatula and O. spinosa.

To select OSC candidates, the O. spinosa root tran-
scriptome was analyzed by BLASTN using a small
subset of OSC sequences with defined product profiles
as queries. Four contigs were identified: OsCAS (Gen-
Bank accession no. KY657238) showed highest identity
to Pisum sativum cycloartenol synthase (91% identity at
the amino acid level), OsLAS (GenBank accession no.
KY657237) displayed highest identity to Arabidopsis
(Arabidopsis thaliana) lanosterol synthase (66%), and
OsBAS (GenBank accession no. KY657236) showed
highest identity to M. truncatula BAS1 b-amyrin syn-
thase (94%). The last contig showed 78% identity to
Glycyrrhiza glabra lupeol synthase, GgLUS1. This contig
was considered the most interesting candidate for
a-onocerin biosynthesis, since lupeol was not detected
in roots or leaves of O. spinosa. In addition, lupeol
synthases of other species have been shown to be
multifunctional (i.e. producing diverse products), as is
the case for LUP1 and LUP2 from Arabidopsis. RACE
was performed on OsDK7 root RNAwith gene-specific
primers designed from the lupeol synthase-like contig,
which facilitated the isolation and assembly of two
distinct transcripts, designated OsONS1 and OsONS2.
The principal differences between the transcripts were
the lengths of their 59 untranslated region sequences
(146 and 29 bp, respectively) and 25 single-nucleotide
polymorphisms across the whole transcript.

The predicted open reading frames of the four OSC
transcripts were expressed transiently inN. benthamiana

Table I. Presence of a-onocerin in the Ononis spp. accessions sampled

Label Species Serial Number
a-Onocerin

Source/Location
Roots Aerial

OsDK01 O. spinosa Wild + 2 Mulkholm, Denmark (latitude, 55.674585; longitude, 11.844718)
OsDK02 O. spinosa Wild + 2 Mulkholm, Denmark (latitude, 55.683618; longitude, 11.829641)
OsDK03 O. spinosa Wild + 2 Røsnæs, Denmark (latitude, 55.735394; longitude, 10.891202)
OsDK04 O. spinosa Wild + 2 Røsnæs, Denmark (latitude, 55.733825; longitude, 10.893441)
OsDK05 O. spinosa Wild + 2 Røsnæs, Denmark (latitude, 55.733014; longitude, 10.894868)
OsDK06 O. spinosa Wild + 2 Røsnæs, Denmark (latitude, 55.731662; longitude, 10.900188)
OsDK07 O. spinosa Wild + 2 Nekselø, Denmark (latitude, 55.771877; longitude, 11.293105)
Osp01 O. spinosa 16847 + 2 Botanische Gärten der Universität Bonn, Germany
Osp02 O. spinosa N/A + 2 Sheffield Seed Company, New York, United States
Osp03 O. spinosa N/A + 2 Jardin des Plantes et Botanique, Caen, France
Ont01 O. natrix 199706 2 2 Origin, Madaba, Jordan (maintained by Millennium Seed Bank [MSB],

Kew Royal Botanical Gardens, United Kingdom)
Ont02 O. natrix 122227 2 2 Origin, Zahle, Lebanon (maintained by MSB, Kew Royal Botanical

Gardens, United Kingdom)
Ont03 O. natrix 83951 2 2 Origin, Essaouira, Morocco (maintained by MSB, Kew Royal Botanical

Gardens, United Kingdom)
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Figure 2. Phylogenetic analysis suggests that the a-onocerin pathway genes in O. spinosa and L. clavatum are distantly related
and arise from convergent evolution. A, Maximum-likelihood tree constructed on deduced amino acid sequences of eight SQEs
aligned by ClustalW spanning 496 positions using theMEGA6 program. The statistical significance of each nodewas tested by the
bootstrap method using 1,000 iterations. Representative names are as follows: OsSQE1, O. spinosa squalene epoxidase1;
MtSQE1, M. truncatula mRNA for squalene monooxygenase1; AtSQE1, Arabidopsis squalene epoxidase1; PpSQE, Physcomi-
trella patens squalene epoxidase. B, Maximum-likelihood tree constructed on deduced amino acid sequences of 24 OSCs with
known product profiles aligned by ClustalW spanning 730 positions using the MEGA6 program. The statistical significance of
each node was tested by the bootstrap method using 1,000 iterations. Boldface names represent genes from O. spinosa and L.
clavatum. Representative names are as follows: OsONS1,O. spinosa onocerin synthase1; OsBAS,O. spinosa putative b-amyrin
synthase; OsCAS, O. spinosa putative cycloartenol synthase; OsLAS, O. spinosa putative lanosterol synthase; PsCASPEA, P.
sativum cycloartenol synthase; PsOSCPSY, P. sativumb-amyrin synthase; PsOSCPSM, P. sativummixed amyrin synthase;MtBAS,
M. truncatula b-amyrin synthase; AtLUP1, Arabidopsis lupeol synthase1; AtPEN6, Arabidopsis seco-b-amyrin synthase;
AtMRN1, Arabidopsis marneral synthase; AtBAS, Arabidopsis b-amyrin synthase; AtCAS1, Arabidopsis cycloartenol synthase;
AtLAS1, Arabidopsis lanosterol synthase; PgPNA, Panax ginseng dammarenediol II synthase; LcLCA, L. clavatum cycloartenol
synthase; LcLCC, L. clavatum pre-a-onocerin synthase; LcLCD, L. clavatum onocerin synthase; OeOEW, Olea europaea lupeol
synthase; GgLUS1, G. glabra lupeol synthase; LjOSC3, Lotus japonicus lupeol synthase; LjOSC7, L. japonicus lanosterol syn-
thase; CpCPQ, Cucurbita pepo cucurbitadienol synthase. GenBank accession numbers for each nucleotide sequence of OSCs
and SQEs are given in “Materials and Methods.”
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leaves. Five days after infiltration, dichloromethane
extracts of the infiltrated leaves were analyzed by
GC-MS. a-Onocerin was detected only in leaves
expressing OsONS1 or OsONS2 (Fig. 3A).

When expressed individually in N. benthamiana leaves,
both OsONS1 and OsONS2 transcripts yielded trace
amounts of a-onocerin (0.0007 6 0.0001 and 0.0009 6
0.0001 ngmg21 fresh weight, respectively). As a-onocerin
has been shownpreviously to be produced fromSDOand
not SQO, we speculated that N. benthamiana was not
supplying enough SDO to the a-onocerin synthases.
Therefore, OsONS1 and OsONS2 were coexpressed with
either OsSQE1 or OsSQE2. Production of a-onocerin by
OsONS1 and OsONS2 when coexpressed with OsSQE2
was increased 7.5- and 4.3-fold, respectively (Fig. 3A).
However, OsSQE1 increased the production of a-ono-
cerin of OsONS1 by nearly 20-fold. This a-onocerin boost
was also ;2.5 times higher than the a-onocerin produc-
tion boost from the combinations OsONS1+OsSQE2,
OsONS2+OsSQE1, and OsONS2+OsSQE2 (Fig. 3A), in-
dicating that the combination of OsSQE1 and OsONS1 is
the best performing for a-onocerin biosynthesis.

a-Onocerin Biosynthesis in O. spinosa Differs from That
in L. clavatum

To resolve the phylogenic relationship of theO. spinosa
OSCs, a maximum-likelihood phylogenetic tree was
constructed from a multiple sequence alignment of de-
duced amino acid sequences of a subset of OSCs with
confirmed product profiles (Fig. 2B). The phylogenetic
tree showed that LcLCC and LcLCD from L. clavatum,
known to be involved in the production of a-onocerin in
this species, stem from sterol metabolism, being closely
related to L. clavatum cycloartenol synthase (LcLCA; 58%
and 55% identity at amino acid level, respectively). On
the other hand, OsONS1 and OsONS2 from O. spinosa
branch from angiosperm-specialized metabolism from a
predisposition to lupeol synthesis of the Fabaceae family
and are distantly related to LcLCC and LcLCD.

TheN. benthamiana transient expression platformwas
used to compare differences in the a-onocerin biosyn-
thetic pathways of O. spinosa and L. clavatum. a-Ono-
cerin was not detected when LcLCC or LcLCD was
expressed alone or in combination with OsSQE1 or
OsSQE2 (Fig. 3B). a-Onocerin accumulation was
detected only when LcLCC and LcLCD were coex-
pressed together in the presence of either OsSQE1 or
OsSQE2. The amount of a-onocerin detected from the
L. clavatum pathway enzymes was 3 times less than that
of the OsONS1 and OsSQE1 combination.

To verify the results obtained in N. benthamiana,
OsONS1 was expressed in the erg7 knockout yeastFigure 3. a-Onocerin biosynthesis in O. spinosa is biochemically dif-

ferent from that of L. clavatum. A, a-Onocerin content of N. ben-
thamiana leaves transiently transformed with OSCs and SQEs of O.
spinosa. B, a-Onocerin content of N. benthamiana leaves transiently
transformedwith a-onocerin synthases of L. clavatum coexpressedwith
SQEs of O. spinosa. C, Total ion chromatogram showing the produc-
tion of a-onocerin in yeast strain GIL77 transformed with OsONS1 of

O. spinosa. Values represent means 6 SE from three biological repli-
cates; letters indicate significant differences determined by ANOVA/
posthoc Tukey’s HSD test at P , 0.05.
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strain GIL77. This strain is known to accumulate high
amounts of SDO and does not express other OSCs,
ensuring that the triterpenoids isolated from the cul-
tures are synthesized solely by the heterologously
expressed OSC. GIL77 cultures expressing OsONS1
produced a-onocerin (Fig. 3C), confirming that a-ono-
cerin was biosynthesized by the single cyclase.

The biosynthesis of a-onocerin in L. clavatum has
been shown to require two sequential steps catalyzed
by LcLCC and LcLCD. LcLCC first cyclizes SDO to
pre-a-onocerin, which is cyclized subsequently by
LcLCD to a-onocerin, starting the cyclization from the
remaining epoxide end (Fig. 4). To evaluate how
OsONS1 synthesizes a-onocerin, in silico molecular
docking simulations were performed. These models
aim to establish if OsONS1 can perform the two se-
quential steps known for L. clavatum OSCs or if it can
cyclize both ends of SDO simultaneously in the active
site. A homology model of OsONS1 was constructed
based on the crystal structure of human lanosterol
synthase (HsLAS). The model was evaluated using the
Prosaweb server and checked for Ramachandra out-
liers through the Molprobity server. Correct modeling
of the active site was inspected manually. First, the
multiple sequence alignment showed no indication
that the active site could protonate both ends of SDO
simultaneously, since there was no second DCTAE
motif (or a similar one). The DCTAEmotif is conserved
in all OSCs and is responsible for the protonation of
the epoxide ring that begins the cyclization cascade.
Absence of a second catalytic motif facing the regular
DCTAE motif was confirmed by the homology model
(Fig. 4, A and B). An alternative for simultaneous cy-
clization would be if OsONS1 forms a homodimer
with the active sites in close proximity facing one an-
other and both ends of SDO are cyclized simulta-
neously. However, this last hypothesis is unlikely for
two reasons. First, the size of SDO in a prefolded
conformation is estimated to be ;6 Å, which is too
small to span two active sites. Second, the OSCs follow
a strict mechanism by which the substrate enters the
active site through a substrate channel. Therefore, it is
more likely that OsONS1 is promiscuous for both SDO
and pre-a-onocerin. Molecular docking simulations
run for pre-a-onocerin revealed that the molecule
could be docked in the active site, interacting with the
catalytic residue Asp-482 in the OsONS1 protein
model at both the cyclized and epoxide ends (Fig. 4, A
and B). The binding energy for the residue Asp-482
forming a hydrogen bond with the hydroxyl group

Figure 4. Docking simulations of the OsONS1 homology model shows
that pre-a-onocerin can dock from both ends to the catalytic Asp resi-
due, Asp-482. Color coding is as follows: pink, carbon atoms of pre-
a-onocerin; green, carbon atoms in amino acid residues of theOsONS1
homology model; red, oxygen atoms; blue, nitrogen atoms; white,
hydrogen atoms; yellow, sulfur atoms. A, Epoxide end of pre-a-onocerin
forming a hydrogen bond with catalytic Asp-482 in the active site of the
OsONS1 homology model. B, Hydroxyl group from the cyclized end of

pre-a-onocerin forming a hydrogen bond with catalytic Asp-482 in the
active site of the OsONS1 homology model. C, Steps of the a-onocerin
biosynthetic pathway. D, Demonstrated cyclization reaction by rabbit
microsomes. Compound 1, 3-((3E,7E)-3,7-Dimethyl-10-((8aS)-2,5,5,8a-
tetramethyl-3,4,4a,5,6,7,8,8a-octahydronaphthalen-1-yl)deca-3,7-dien-
1-yl)-2,2-dimethyloxirane; compound 2, 8,14-seco-gammacera-7,
14-diene-3-ol.
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of pre-a-onocerin was 211.84 kcal mol21 (Fig. 4A),
whereas that of Asp-482 interacting with the epoxide
end of pre-a-onocerin was 22.32 kcal mol21 (Fig.
4B). This supported the hypothesis that OsONS1 cy-
clizes SDO to pre-a-onocerin, which is later diffused out
of the active site and then reenters to be cyclized into
a-onocerin.

OsONS1 and OsSQEs Localize to Neighboring Subcellular
Compartments and Show Protein-Protein Interactions

In the N. benthamiana coexpression experiments,
OsSQE1 boosted a-onocerin production 2.6-fold more
than OsSQE2. To determine if a-onocerin production
was boosted due to the overproduction of SDO by
OsSQE1, or if it was due to protein-protein interaction
of OsONS1 with OsSQE1, leading to metabolic chan-
neling, different combinations of N- and C-terminally
fluorescently tagged OsONS1 and OsSQEs were
coexpressed and analyzed using fluorescence lifetime
imaging microscopy (FLIM).

FLIM is a fluorescence/Förster resonance energy
transfer (FRET)-based method to investigate
protein-protein interactions, in which measurements
are dependent on the fluorophore concentrations.
Therefore, for an optimal protein-protein interaction
assay, it is generally advised that the least expressed
partner is fused to the FRET donor (eGFP tag) and
the most expressed partner to the FRET acceptor
(mRFP1 tag; Lalonde et al., 2008). Accordingly,
constructs of OsONS1, OsSQE1, and OsSQE2 fused
to eGFP at either the N or C terminus were prepared.
This enabled a qualitative assessment of the ex-
pression of the constructs in N. benthamiana and ad-
ditionally revealed the subcellular localization of the
enzymes.

Confocal images of OsONS1 constructs tagged at both
C and N termini showed OsONS1 to be soluble and lo-
calized in the cytoplasm, filling the space around the
cortical ER (Fig. 5, G–I) as well as entering the nucleus
(Fig. 5, A–C). The addition of the tag at either the N or C
terminus did not influence the observed localization of
OsONS1. In contrast, both OsSQE1 and OsSQE2 tagged
at the C terminus were localized exclusively to the ER
network membranes (Fig. 5, J–L) and nuclear membrane
(Fig. 5, D–F). However, when OsSQEs were tagged with
eGFP at the N terminus, no fluorescence was detectable,
suggesting that the tag at the N terminus interfered with
the expression, stability, or localization of the protein.

Figure 5. OsONS1 localizes in the cytoplasm while OsSQEs are re-
stricted to the ER membrane, as visualized by confocal microscopy of
N. benthamiana epidermal leaves. Confocal laser scanning microscopy
images were collected 3 d after agroinfiltration of N. benthamiana
leaves. Representative confocal images of the nucleus (A–F) and parietal
cell space (G–L) of leaves expressing eGFP-tagged target proteins are

shown. Soluble enzymes may permeate through the nuclear pores and be
found inside the nucleus (A–C) and fill out the cytoplasm around the cortical
ER (G–I). ER proteins are restrained to nuclear membranes (D–F) and to a
characteristic ERmembranenetwork (J–L).Due to turgescent vacuole pushing
the cytoplasm and ER near the plasmamembrane, awell-defined ERnetwork
and diffused cytoplasmic patterns may be visualized when observing the
cortical space in epidermal cells of N. benthamiana leaves. Bars = 10 mm.
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Hence, C-terminally tagged SQEs were used for further
FLIM measurements.
Overall, confocal imaging revealed that OsSQEs

C-terminally tagged with eGFP displayed higher
brightness compared with that observed for OsONS1
tagged at either the C or N terminus, indicating that
OsSQE constructs were expressed higher relative to
OsONS1 constructs. Therefore, constructs of OsONS1
fused to eGFP at either the C orN terminuswere chosen
as the energy donors andOsSQEswere fused to mRFP1
at the C terminus and used as the energy acceptors in
subsequent FLIM experiments.
In addition, the functionality of the a-onocerin

pathway proteins fused to the fluorescent tags was
tested. No a-onocerin was detected when the fusion
constructs of OsONS1 were expressed alone in N. ben-
thamiana leaves (Fig. 6, C and D), suggesting a detri-
mental effect of the tag on the enzymatic activity of
OsONS1. However, when tagged OsONS1 was coex-
pressed with OsSQE1 or OsSQE2 tagged with mRFP1
at the C terminus, a-onocerin was detected, with no
significant differences in a-onocerin levels between the
different combinations. These results indicated that
tagged OsONS1 could still produce a-onocerin but re-
quired higher abundance of SDO.
A significant fluorescence lifetime decrease was

observed for the donor OsONS1-eGFP in the

presence of OsSQE1-mRFP1 as compared with that
of OsONS1-eGFP expressed alone, indicating
protein-protein interaction between OsONS1 and
OsSQE1 (Fig. 6A). A further significant decrease was
observed when OsONS1-eGFP was expressed in the
presence of OsSQE2-mRFP1. As negative controls,
OsONS1-eGFP was coexpressed with either the sol-
uble mRFP1 or SbCYP98A1-mRFP1. The latter cyto-
chrome P450 enzyme from Sorghum bicolor is
unrelated to the triterpenoid pathway but also lo-
calizes to the ER membrane. Neither of these controls
showed a reduction of fluorescence lifetime for
OsONS1-eGFP (Fig. 6A), demonstrating that the in-
teractions observed for OsONS1 with OsSQE1 and
OsSQE2 are specific.

o investigate whether the tag position influ-
enced the protein-protein interaction, OsONS1 was
N-terminally tagged to eGFP and coexpressed in
N. benthamiana with C-terminally tagged OsSQEs.
FLIM results showed that eGFP-OsONS1 fluorescence
lifetime was not reduced when coexpressed with the
negative controls, but a significant decrease of the flu-
orescence lifetime values was measured in the presence
of OsSQE1-mRFP1, and an even further significant
decrease was observed when coexpressed with
OsSQE2-mRFP1 (Fig. 6B).

Figure 6. OsONS1 interacts with both
OsSQE1 and OsSQE2. A, FLIM values
forOsONS1 tagged with eGFP on the C
terminus coexpressed with several
mRFP1-fused constructs in transiently
transformed N. benthamiana leaves. B,
FLIM values for OsONS1 tagged with
eGFP on the N terminus coexpressed
with severalmRFP1-tagged constructs in
transiently transformed N. benthamiana
leaves. C, a-Onocerin content of N.
benthamiana leaves transiently trans-
formed with OsONS1-eGFP coex-
pressed with several mRFP1-tagged
constructs. D, a-Onocerin content ofN.
benthamiana leaves transiently trans-
formed with eGFP-OsONS1 coex-
pressed with several mRFP1-tagged
constructs. For A and B, letters indicate
significant differences determined by
ANOVA/posthoc Scheffe’s method at
P , 0.05. For C and D, values represent
means 6 SE from three biological repli-
cates; letters indicate significant differ-
ences determined by ANOVA/posthoc
Tukey’s HSD test at P , 0.05.
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OsONS1 and OsONS2 Coexpress with OsSQE2 in O.
spinosa Root Sections

The reduced fluorescence lifetime observed for tag-
ged OsONS1 in the presence of OsSQE2-mRFP1 as
compared with that of OsSQE1-mRFP1 in the FLIM
experiments is not enough to determine that OsSQE2
had a stronger protein-protein interaction or was the
preferred partner of OsONS1. The lower fluorescence
lifetime values could be due to the final positioning of
fluorescent labels on the proteins with no actual bio-
logical significance. In addition, the fact that higher
amounts of a-onocerin were detected when OsONS1
was coexpressed with OsSQE1 inN. benthamiana leaves
raises the question of whether OsONS1 has a specific
partner or whether it readily interacts with both
OsSQE1 and OsSQE2. Therefore, the expression of
OsONSs, OsSQE1, and OsSQE2 was assessed by
quantitative reverse transcription (qRT)-PCR in O. spi-
nosa root sections and leaf tissues to determine possible
coexpression. This analysis showed that the transcript
copies ofOsSQE1were generally 3 orders of magnitude
lower than those of OsSQE2 in root sections, except in
the leaves, where OsSQE1 transcript copies were 2-fold
higher than those of OsSQE2 (Fig. 7). Transcript copies
of OsSQE2 decreased from young root to midsection
root and decreased further in the basal root. Transcript
copies of OsSQE2 dropped 72-fold in leaf tissue as
compared with basal root tissues (Fig. 7B).

A specific primer pair could not be designed to dis-
criminate between OsONS1 and OsONS2; therefore,
primers were designed in a conserved region to quantify
both transcripts simultaneously. The OsONSs showed a
similar transcript abundance pattern to that of OsSQE2
across O. spinosa root sections. High transcript counts of
OsONSs were detected in root tips and young roots;
subsequently, transcript copies of OsONSs dropped
from young roots by approximately half in midsection
roots and basal roots, finalizing with an ;1,400-fold
drop from basal root sections to leaf tissue. These data
supported that OsSQE2 may be the specific SQE for
a-onocerin biosynthesis and is regulated at the tran-
scriptional level, despite that coexpression in N. ben-
thamiana showed that OsSQE1 can boost a-onocerin
production of OsONS1 to higher levels than OsSQE2.

DISCUSSION

a-Onocerin Biosynthesis Differs in O. spinosa and
L. clavatum and Is a Result of Convergent Evolution

Previously, it was shown that a-onocerin production
in L. clavatum proceeds in two cyclization steps (Araki
et al., 2016). LcLCC accepts SDO as a substrate and

Figure 7. OsSQE2 and OsONSs coexpress across root sections and
leaves of O. spinosa. A, Absolute quantification of OsSQE1 transcripts
in different tissues ofO. spinosa. B, Absolute quantification ofOsSQE2
transcripts in different tissues of O. spinosa. C, Absolute quantification
of OsONS transcripts in different tissues of O. spinosa. qRT-PCR was
performed on RNA extracted from the pooled tissues of five plants.

Values represent means 6 SE from three different poolings per tissue;
letters indicate significant differences determined by ANOVA/posthoc
Tukey’s HSD test at P , 0.05.
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initiates the cyclization cascade from one end of SDO to
produce the bicyclic pre-a-onocerin (Fig. 4C), which, in
turn, is cyclized by LcLCD from the remaining epoxide
ring to a-onocerin. Here, we show that, in O. spinosa, a
single OSC is capable of producing a-onocerin, in
contrast to the previously described two-enzyme sys-
tem of L. clavatum.
The biochemistry and the position of the a-onocerin

synthases on the phylogenetic tree strongly indicate
that the a-onocerin pathways in these two species
evolved convergently. OsONS1 and OsONS2 group
with highly specific lupeol synthases of other legumes,
such as L. japonicus and G. glabra (Hayashi et al., 2004;
Sawai et al., 2006). The Ononis and Glycyrrhiza genera
belong to the monophyletic inverted repeat-lacking
clade in the Fabaceae family (Wojciechowski et al.,
2004), which is predicted to have originated before the
Trifolieae clade, to which the Ononis genus belongs.
This suggests that an OSC with a predisposition for
lupeol production could have existed in the common
ancestor of the Ononis genus and that this OSC could
have undergone neofunctionalization to be able to
produce a-onocerin.
As for the functional mechanism of a-onocerin pro-

duction by OsONS1, neither multiple sequence align-
ments of deduced amino acid sequences of OsONSs
and characterized OSCs nor the homology model of
OsONS1 show indications of two catalytic motifs
(DCTA) facing each other in the active site for simul-
taneous cyclization of SDO from both ends. This ren-
ders it more likely that OsONS1 is a multifunctional
enzyme that is able to accept both SDO and pre-
a-onocerin and perform the cyclization steps of both
LcLCC and LcLCD. Indeed, the multiple sequence
alignment of deduced amino acid sequences suggests
that the synthesis of pre-a-onocerin by OsONS1 is
possible, as the OsONS residue Leu-725 corresponds to
that of yeast lanosterol synthase (Erg7) Phe-699
(Supplemental Fig. S3). This amino acid is predicted to
stabilize the anti-Markovnikov secondary cation for
C-ring expansion (Thoma et al., 2004), and changes
influencing the position of this amino acid in the cata-
lytic cavity have been reported to give bicyclic pro-
ducts. Since Leu is smaller than Phe, this change would
enlarge the catalytic cavity and, most likely, result in
destabilization of the anti-Markovnikov secondary
cation, thereby disabling C-ring formation. In addition,
the literature supports the possibility of OsONS1 being
able to perform both cyclization steps. Previous com-
munications reported that lanosterol synthase from
rabbit could produce the tetracyclic compound 2 from
the semicyclic compound 1 (Fig. 4D), thus providing
proof that a full-pocket fit is not indispensable for OSC
activity, as long as the epoxide required for initiation of
the cyclization cascade is present (Van Tamelen et al.,
1982). Possibly, the substrate specificity of the L. clav-
atum a-onocerin synthases could rely on amino acids in
the OSC substrate channel. In fact, a-onocerin syn-
thases of O. spinosa differ from those in L. clavatum in
amino acids that correspond to residues described in

the OSC substrate channel, in particular HsLAS Cys-
233 and Ile-524, which are both involved in the pas-
sage of the substrate to the active site (Thoma et al.,
2004), His-289 is involved in the hydrogen bond net-
work of the channel constriction loop (Oliaro-Bosso
et al., 2005), and Tyr-237 has been proposed to allow
access of the substrate to the catalytic cavity by rotating
(Oliaro-Bosso et al., 2011). Lycopods arose early on in
the plant phylogeny; hence, LcLCC and LcLCD have
perhaps had more time for substrate specialization.
Conversely, it can be inferred that a-onocerin biosyn-
thesis appeared more recently in the Ononis genus,
since OsONSs stem from the highly specific lupeol
synthase branch of OSCs. The appearance of two dis-
tinct a-onocerin synthases could relate to this substrate
specialization happening in O. spinosa. Future work on
site-directed mutagenesis of the above-mentioned res-
idues and in vitro studies would provide insights into
the specificity of a-onocerin synthases and in OSCs in
general.

OsSQE1 and OsSQE2 Interact Specifically with OsONS1
and Boost a-Onocerin Production

Previously, Rowan et al. (1971) established that
a-onocerin was produced exclusively from SDO by
protein extracts of O. spinosa roots. Endogenous SQEs
from N. benthamiana only provide enough SDO for
OsONS1 to produce low amounts of a-onocerin in the
transient transformation platform. In this study, we
report that two SQEs fromO. spinosa significantly boost
a-onocerin production to different levels in N. ben-
thamiana and that both show protein-protein interac-
tions with OsONS1. The difference in their expression
patterns suggests that one of the OsSQEs of O. spinosa
may have specialized for the a-onocerin pathway.

The production of SDO appears to be a common
feature of SQEs. The lack of substrate specificity of
SQEs was demonstrated previously by Van Tamelen
and Heys (1975), while Corey and Russey (1966)
showed that SQE from rat microsomes can epoxidize
both ends of squalene. Since then, several SQEs from
different mammalian and plant sources have been
shown to synthesize SDO in vitro (Bai et al., 1992;
Nagumo et al., 1995; Rasbery et al., 2007). However, for
these epoxidases to generate SDO, SQO must be
allowed to accumulate for several hours by inhibiting
the activity of OSCs (with AMO-1618 or DMAE-DHA;
Field and Holmlund, 1977; Nagumo et al., 1995), sug-
gesting that the rate of SDO production for OsSQEs is
different from those reported for the previous SQEs.

In addition, the in planta role of SDO is not known,
and it has not been isolated under normal physiological
conditions but only when the catalytic activity of OSCs
was inhibited, which leads to an overaccumulation of
SQO that then can be epoxidized to SDO (Field and
Holmlund, 1977; Nagumo et al., 1995). Nonetheless,
24,25-expoxycycloartenol has been reported to occur
naturally in tobacco (Nicotiana tabacum) tissue cultures
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(Schaefer et al., 1970), and this compound is likely to
derive from the cyclization of SDO by cycloartenol
synthase. In human cell cultures, some oxysterols have
been shown to inhibit 3-hydroxy-3-methylglutaryl-
coenzyme A reductase, suggesting that they have a
regulatory role in sterol biosynthesis (Kandutsch et al.,
1978; Spencer, 1994). In the N. benthamiana transient
expression experiments, a-onocerin production by
OsONS1 was 2.6-fold higher when coexpressed with
OsSQE1 than with OsSQE2, in spite of OsSQE2 show-
ing a stronger protein-protein interaction with OsONS1
(Fig. 6, A and B). These results suggest that the boost in
a-onocerin production by OsONSs heterologously
coexpressed with OsSQEs is most likely due to a higher
SDO production by the OsSQEs than by the endoge-
nous N. benthamiana SQEs. The protein-protein inter-
actions of OsSQEs with OsONS1 would favor
channeling of the SDO to a-onocerin production in-
stead of oxysterols that might halt triterpenoid bio-
synthesis. In yeast, disruption of the C-4 demethylation
complex of Erg25p/Erg26p/Erg27p/Erg28p in erg28
mutants reduces ergosterol levels compared with wild-
type strains (Gachotte et al., 2001), demonstrating the
existence of protein complexes in triterpenoid biosyn-
thesis (Mo et al., 2002) and the importance of protein-
protein interactions for metabolic flux in triterpenoid
pathways. However, protein-protein interactions
among enzymes in the early steps of triterpenoid bio-
synthesis had not been determined before, in spite of
existing indirect evidence such as the C-terminal do-
main of Arabidopsis squalene synthase being required
for efficient channeling of squalene to SQE (Kribii et al.,
1997). The results shown here may pave the way for
future investigations on the importance of SQEs and
their interactions with OSCs in the production of spe-
cialized metabolites.

The Biosynthesis and Accumulation of a-Onocerin Differ
across Root Sections

The FLIM experiments showed OsONS1 to have
stronger protein-protein interactions with OsSQE2 than
with OsSQE1 (Fig. 6, A and B). In accordance, OsONSs
and OsSQE2 coexpressed across root sections, sug-
gesting that OsSQE2 may be the specific partner of
OsONS1 in the a-onocerin pathway. In addition, the
FLIM and qRT-PCR data suggest that the root tips and
young root sections are the locations with highest
a-onocerin biosynthetic activity. However, a-onocerin
accumulation in the root sections contrasts with the
expression patterns observed for the OsONSs and
OsSQE2. While the basal and midsection roots show
highest a-onocerin contents, they have lower transcript
counts for OsSQE2 and OsONSs compared with the
root tips and young roots, in which no or only trace
amounts of a-onocerin are observed, respectively.

In agreement with OsSQE2 being the specific partner
of OsONS1, it was concluded that MtSQE2 was the
specific SQE for saponin metabolism in M. truncatula,

since it showed coexpression with b-amyrin synthase af-
ter root cultures were treated with methyl jasmonate
(Suzuki et al., 2002). In the same study, MtSQE1 was
found to be lowly expressed in all tissues before or after
methyl jasmonate induction. Similarly, in this study, a
lower transcript copy number of OsSQE1 compared
withOsSQE2 is reported in all root sections ofO. spinosa.

Concerning the distribution of a-onocerin across the
roots, analogous spatial-specific accumulation of tri-
terpenoids has been observed in other plants as well. For
example, a similar trend was observed for in vitro roots
ofPeritassa laevigata, where the accumulation ofmaytenin
and 22b-hydroxy-maytenin in the mature root tissue
decreased toward the root cap (Pina et al., 2016). How-
ever, no gene expression was measured in that study to
allow comparing the regulation of biosynthetic genes
with that in our study. The discrepancy of the conjecture
of a-onocerin biosynthesis occurring primarily in root
tips, but the product accumulating in the basal root, can
be explained by an active transport of a-onocerin or the
absence of special a-onocerin-storing structures in young
roots as opposed to mature root sections. The spatial-
specific distribution of a-onocerin in O. spinosa suggests
that this compound may have a specific function in the
plant, and our results will contribute to the unraveling of
the biological function of a-onocerin in O. spinosa.

CONCLUSION

In this article, we characterized two OSCs from O.
spinosa that are capable of producing a-onocerin when
expressed individually in N. benthamiana leaves. The
expression of OsONS1 in the yeast strain GIL77 and
phylogenetic analysis indicate that the O. spinosa
a-onocerin synthases arose from a different evolution-
ary route from those of L. clavatum, meaning that the
emergence of the a-onocerin pathways in these two
species is the result of convergent evolution. In addi-
tion, two SQEs of O. spinosa specialized for a-onocerin
production have been identified and characterized.
Both OsSQE1 and OsSQE2 displayed protein-protein
interactions with OsONS1 and boosted the a-onocerin
production of OsONS1 by providing more SDO. The
results described here will hopefully foster systematic
studies on the convergent evolution of specialized
metabolite pathways in unrelated plant species, a
puzzling event, especially for compounds like a-ono-
cerin, for which a specific biological target or function
has not been assigned yet.

MATERIALS AND METHODS

Plant Material

Seeds of wild Ononis spinosa accessions were collected from different lo-
cations on the island of Zealand, Denmark, or procured from botanical gar-
dens through the Botanic Gardens Conservation International Web site
(https://www.bgci.org/). Commercially available seeds were purchased, and
details on the origins and labels used throughout this experiment are given in
Table I. The seeds were first nicked using a scalpel, then soaked in water for
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48 h, and subsequently transferred to petri dishes that had a wet circular filter
paper (Frisenette no. 118) for them to germinate. After 5 d, seedlings were
transferred to either soil (Pindstrup substrate no. 2) or hydroponic solution
[KH2PO4 0.2 mM, K2SO4 0.2 mM, MgSO40∙7H2O 0.3 mM, NaCl 0.1 mM, Mg(NO3)

20∙6H2O 0.3 mM, Ca(NO3)20∙4H2O 0.9 mM, KNO3 0.6 mM, and micronutrients
Fe(III)-EDTA-Na 0.05 mM, MnCl20∙4H2O 7 mM, ZnCl2 0.7 mM, CuSO40∙5H2O 0.8
mM, H3BO3 2 mM, and Na2MoO40∙2H2O 0.8 mM]; finally, this solution was ad-
justed to pH 5.5. Plants were grown in the greenhouse with conditions of 16-h
day at 18°C and 8-h night at 15°C.

Generation of Hairy Root Lines

Seeds ofOsDK7werewashed for 20min inwaterwith soapand sterilized in
0.5% (v/v) bleach for 20 min. After rinsing with sterile water three times, the
sterilized seedswere plated onMurashige and Skoog (MS)medium. For hairy
root induction, Agrobacterium rhizogenes strains LBA9402, R1200, and Arqua1
were transformed with the modified pJCV51 vector (https://gateway.psb.
ugent.be) containing mRFP and a USER cloning cassette (New England
Biolabs) and selected with spectinomycin resistance. A stripe of a bacterial
colony was scraped off with a sterile scalpel blade and resuspended in 20 mL
of PS buffer (10 mM PIPES [P8203; Sigma-Aldrich]/KOH, pH 6.8, and 200 mM

sorbitol). The scalpel was dipped in the suspension and used to make inci-
sions through the leaves, roots, hypocotyl, and cotyledons of in vitro cultured
O. spinosa. Incised tissues were placed onto solid MS medium without anti-
biotics. After growing in the dark for 2 d, the inoculated tissues were trans-
ferred to fresh MS medium supplemented with 500 mg mL21 cefotaxime,
250 mg mL21 carbenicillin, and 50 mg mL21 kanamycin. Then, the inoculated
leaves were placed back in the dark and were regularly replaced in fresh
medium containing all antibiotics. After 1 month, expanding tissues were
tested for mRFP fluorescence.

Hairy root lines were imaged using a Leica M205FA fluorescence stereo-
microscope equippedwith a PLAN-APO1.03 lens (Leica-10450028) and a Leica
DFC450C camera. Images were acquired in the LAS 4.0 software (Leica), and
scale bars were added using ImageJ software (Schneider et al., 2012).

Transcriptome Analysis and RACE on OSC Fragments

The wild accession OsDK7 was grown in hydroponics, and at 45 d after
germination, the roots were cut in sections: root tips (1.5 cm from the tip),
young root (5 cm after root tips), midsection root (half of the remainder root
length), and basal root (remaining root base); tissues were frozen in liquid N2
and processed immediately. The RNA was isolated from 100 mg of root
section tissue using the Spectrum Plant Total RNA kit (Sigma-Aldrich) and
digestedwith RNase-free DNase I (catalog no. 79254; Qiagen). The root tips of
five plants were pooled to have enough tissue for RNA isolation. The quality
and quantity of RNA were assayed using the Bioanalyzer 2100 (Agilent).
Only RNA from root tips and midsection roots were shipped to Macrogen
sequencing services for sequencing with the MiSeq Illumina platform to
create paired-end read libraries. Total reads obtained for root tips and mid-
section roots amounted to 19.68 and 17 million, respectively. The quality of
data sets was assayed with FastQC, reads containing an overall quality score
below 20 were filtered out using the fastx toolkit, and low-quality bases were
trimmed from the ends of the reads using Trimmomatic. To assemble a
transcriptome representative of the whole root, the left-end files from
root tips and midsection roots were merged, and the same was done for
right-end sequence files. The merged files were matched with the pair-
ed_sequence_match.py script of paired_sequence_utils 0.1. A total of
16 million reads were input into the Trinity assembler (Grabherr et al., 2011) to
obtain the de novo assembly of the O. spinosa root transcriptome. BLAST was
downloaded from National Center for Biotechnology Information and used to
BLAST the transcriptome locally against a small data set of sequences from
previously characterized OSCs and SQEs retrieved from GenBank.

First-strand cDNA was synthesized from total RNA of roots from OsDK7
using the SuperScript IIIfirst-strand synthesis system (Thermo Fisher Scientific).
Fragments of OSC were obtained by nested PCR with the degenerate primers
161S, 711A, 463S, and 603A (Supplemental Table S1) following the conditions
reported by Kushiro et al. (1998). PCR fragments were separated by gel elec-
trophoresis, and the band of ;450 bp was excised and ligated to the pJET1.2
cloning vector (catalog no. K1232; Thermo Fisher Scientific) following the
manufacturer’s instructions.

We used the SMARTer cDNA synthesis kit (Clontech) to generate 59 RACE-
ready first-strand cDNA and 39 RACE-ready first-strand cDNA, from total

RNA of OsDK7 roots, following the manufacturer’s instructions. To obtain the
39 end of OsONS1/OsONS2, OsSQE1, and OsSQE2, the 39 template was am-
plified separately with primers RACE-ONS-F2, RACE-SQE1-F, and RACE-
SQE2-F, respectively, using the Universal Primer Mix as indicated by the
manufacturer. To obtain their 59 ends, the 59 template was amplified separately
using RACE-ONS-R3, RACE-SQE1-R, RACE-SQE2-R2 (Supplemental Table
S1), and the Universal Primer Mix. PCR conditions for all reactions were an
initial denaturation of 95°C for 3 min, then 25 cycles of 95°C for 30 s, 65°C for
30 s, and 72°C for 3 min, and ended with a final extension of 72°C for 5 min,
using the Advantage 2 polymerase mix provided. After gel electrophoresis, the
bands from each reactionwere blunted and ligated to the pJET1.2 cloning vector
and transformed into Escherichia coli cells (E. cloni; Lucigen), then several clones
of each fragment were cultured and subsequently sequenced. The 39 and 59
sequenced fragments ofOsONS1,OsONS2,OsSQE1, andOsSQE2were aligned
using the CLC main work bench version 7 (Qiagen) and were analyzed for the
identification of single-nucleotide polymorphisms.

Phylogenetic Analysis and Homology Modeling

Sequences of OSCs used for phylogenetic analysis had the following Gen-
Bank accession numbers: KY625496 (OsONS1), KY625497 (OsONS2), KY657236
(OsBAS), KY657238 (OsCAS), KY657237 (OsLAS), D89619 (PsCASPEA),
AB034802 (PsOSCPSY), AB034803 (PsOSCPSM), AJ430607 (MtBAS1),
NM_106546 (AtLUP1), NM_106545 (AtLUP2), NM_106497 (AtPEN6),
NM_123624 (AtMRN1),NM_106544 (AtBAS),NM_126681 (AtCAS1),AB247155
(AtLAS1), AB265170 (PgPNA), LC053637 (LcLCA), LC053635 (LcLCC),
LC053636 (LcLCD), BAA86930 (OeOEW), AB116228 (GgLUS1), AB181245
(LjOSC3), AB244671 (LjOSC7), and AB116238 (CpCPQ).

SequencesofSQEsused forphylogenetic analysishad the followingGenBank
accession numbers: KY625494 (OsSQE1), KY625495 (OsSQE2), AJ430609
(MtSQE1), AJ430608 (MtSQE2), NM_104624 (AtSQE1), NM_127848 (AtSQE2),
NM_119938 (AtSQE3), and XM_001781268 (PpSQE).

Protein-coding sequences were deduced using the Expasy translate tool
(http://web.expasy.org/translate/). The evolutionary histories for the SQE
and OSC protein sequences were inferred separately by using the maximum-
likelihoodmethod based on the JTTmatrix-based model (Jones et al., 1992). The
tree with the highest log likelihood was selected (23,976.2379 for the SQE tree
and 219,047.1377 for the OSC tree). Initial trees for the heuristic search were
obtained by applying the neighbor-joining method to a matrix of pairwise
distances estimated using a JTT model. The trees are drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis
involved eight and 24 amino acid sequences for the SQE and OSC trees, re-
spectively. All positions containing gaps and missing data were eliminated. In
total, there were 496 and 730 positions in the final data sets for the SQE andOSC
trees, respectively. The statistical significance of each node was tested by the
bootstrap method using 1,000 iterations. The evolutionary analyses were con-
ducted in MEGA6 (Tamura et al., 2013). Multiple sequence alignments are
given in Supplemental Figure S4.

Forhomologymodeling,protein sequencesofOsONS1andHsLASwere aligned
using MUSCLE, the alignment was uploaded to the Chimera GUI (Pettersen et al.,
2004), and the modeler (Eswar et al., 2001) integrated tool was used to generate
10models basedon theHsLAS crystal structure (ProteinData Bank code 1w6k). The
models were validated using Prosaweb (Wiederstein and Sippl, 2007), checked for
Ramachandra outliers through the Molprobity server (Davis et al., 2007), and un-
derwent manual inspection in Chimera itself. Chembio3DUltra 14.0 (Perkin Elmer)
was used to create the .mol2 files for pre-a-onocerin to use in Autodock 4 (Morris
et al., 2009) for molecular docking simulations.

Multiple sequence alignments of OSC proteins for comparison of active
residues was done with ClustalW, and residues were compared manually from
available functional information on OSCs.

In Planta Transient Expression in Nicotiana benthamiana
Leaves for Triterpenoid Analysis

The cDNA of O. spinosa roots was amplified by PCR using the attB-ONS
primers for OsONS1 and OsONS2, attB-SQE1 primers for OsSQE1, and attB-
SQE2 primers forOsSQE2 (Supplemental Table S1). Synthesis of the LcLCC and
LcLCD genes was ordered from GeneArt Gene Synthesis (Invitrogen). The
synthetic genes were amplified using attB-LCC and attB-LCD primers
(Supplemental Table S1), and the amplicons were Gateway cloned into pDONR
207 (Invitrogen) and subsequently into the pEAQ-HT-DEST expression vector
(Sainsbury and Lomonossoff, 2008). All PCR-based constructs were verified by
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sequencing. Expression constructs were transformed into Agrobacterium
tumefaciens strain AGL1. Colonies of A. tumefaciens were picked in the
morning and precultured in 5 mL of Luria-Bertani medium with appropriate
antibiotics. Afterward, 10 mL of Luria-Bertani medium containing antibiotics
was inoculated with 50 mL of the preculture and incubated at 28°C overnight
or until reaching an OD600 of 1.5. The cultures were centrifuged, the cell pellet
was resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES, pH 5.6, and
100 mM acetosyringone), and OD600 was adjusted to 0.4. The suspension was
incubated for 1 h on a shaker at 200 rpm at room temperature. Coinfiltration
of agrobacteria was performed with cultures mixed in equal density. N.
benthamiana plants were grown in soil (Pindstrup substrate no. 2) in a glass-
house with a 16-h day at 28°C and an 8-h night at 28°C. A transient expression
assay was performed on 3-week-old plants, and leaves were harvested 5 d
after infiltration, frozen in liquid N2, and stored at 280°C for further pro-
cessing.

TLC and GC-MS Analysis

a-Onocerin standardwas crystallized fromair-driedO. spinosa roots according
to Berger and Sicker (2009). All tissueswere crushed inN2, and 100mg of powder
was extracted with 1 mL of dichloromethane for 1 h at 37°C shaking (450 rpm).
For TLC analysis, 100mL of this extract was concentrated by divided into aliquots
to a glass vial insert and evaporated under vacuum for 20 min, subsequently
redissolving in 20 mL of dichloromethane, and loaded on a TLC silica gel 60 F254
plate (catalog no. 105554; Merck). TLC plates were developed with 8:2 chloro-
form:ethyl acetate solution, and a-onocerin was visualized by staining with
vanillin-phosphoric acid and heating to 115°C on a heating block.

For GC-MS analysis, 50 mL of extract was divided into aliquots into a glass
insert containing 20 mL of internal standard (100 mM betulinic acid in meth-
anol) and evaporated under vacuum. The glass inserts were sealed with air-
tight magnetic lids into GC-MS vials and derivatized by the addition of 30 mL
of trimethylsilyl cyanide as described (Khakimov et al., 2013). All steps in-
volving sample derivatization and injection were automated using a Multi-
Purpose Sampler (MPS; Gerstel). After reagent addition, the sample was
transferred into the agitator of the MPS and incubated at 40°C for 40 min at
750 rpm. Immediately after derivatization, 1 mL of the derivatized sample
was injected in splitless mode. The spilt/splitless injector port was operated
at 320°C. The septum purge flow and purge flow to split vent at 2.1 min after
injection were set to 3 and 15 mL min21, respectively. The GC-MS system
consisted of an Agilent 7890A GC device and an Agilent 5975C series MSD
(Agilent Technologies). GC separation was performed on an Agilent HP-5MS
column (30 m 3 250 mm 3 0.25 mm) by using hydrogen carrier gas at a
constant flow rate of 1.2 mL min21. The GC oven temperature program was
as follows: initial temperature, 40°C; equilibration time, 2 min; heat up to
270°C at the rate of 12°C min21; heat at the rate of 6°C min21 until 310°C; and
hold for 10 min. Mass spectra were recorded in the range of 50 to 700 mass-to-
charge ratio with a scanning frequency of 2.2 scans s21, and the MS detector
was switched off during the first 20 min of the run, since all targeted mole-
cules eluted after this retention time. The transfer line, ion source, and
quadrupole temperatures were set to 290°C, 230°C, and 150°C, respectively.
The mass spectrometer was tuned according to the manufacturer’s recom-
mendation by using perfluorotributylamine. The MPS and GC-MS devices
were controlled using vendor software Maestro (Gerstel).

Expression of OsONS1 in Yeast

The LR reaction was performed between pENTR207[OsONS1] vector
(previously created for N. benthamiana transient transformation) and pESC-
URA-tHMG1-DEST (Fiallos-Jurado et al., 2016) to obtain pESC-URA
(GAL10/tHMG1; GAL1/OsONS1) plasmid for expression in yeast. The yeast
strain GIL77 (gal2, hem3-6, erg7, ura3-167) was transformed with this plasmid
and precultured at 30°C in synthetic definedmedium containing Glc (Clontech)
and the uracil dropout (-U) supplement (Clontech) and supplemented with
20 mg mL21 ergosterol and 13 mg mL21 hemin (all from Sigma-Aldrich). After
5 d, precultures were inoculated in the induction medium synthetic defined
Gal/Raf-U containing 2% (w/v) Gal to a starting OD600 of 0.25 and incubated
for 72 h. Cells from 1 mL of the culture were collected and lysed using equal
volumes of 50% (v/v) ethanol and 40% (w/v) KOH according to Moses et al.
(2014). The lysate was extracted twice using 500mL of dichloromethane, and the
organic phases were pooled, lyophilized to dryness, and derivatized using
pyridine and N-methyl-N-(trimethylsilyl)trifluoroacetamide prior to GC-MS
analysis.

Absolute Quantification by qRT-PCR

Gel electrophoresis confirmed that the primers designed for qRT-PCR
(Supplemental Table S1) amplify only one amplicon. Amplicon sizes for
OsONSs, OsSQE1, and OsSQE2 are 290, 236, and 195 bp, respectively. The
ampliconswere excised and ligated into pJET1.2 vector. Plasmid concentrations
were quantified with a nanodrop (ND-1000). The transcript copy per microliter
of each fragment inside the pJET1.2 vector was calculated with the following
equation (Whelan et al., 2003):

Number of copies per mL ¼ 6:0223 1023ðcopy=mol
�
3DNA amountðgÞ

DNA length ðbpÞ3 660 ð g
mol$bpÞ

A 10-fold serial dilution series ranging from 1 3 106 to 1 3 1010 copies per
1 mL was prepared for each fragment, and to make the standard curves, Ct
values were plotted against the log of the copy number.

Each tissue was analyzed in triplicate, synthesizing cDNA from 1 mg of total
RNA using the SuperScript III kit, and final volumewas adjusted to 10 ng mL21.
All quantitative PCRs for the three primer sets were performed in the CFX384
real-time system (Bio-Rad) under the following conditions: 4 mL of PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific), 1 mL of forward primer
(2 mM), 1 mL of reverse primer (2 mM), 1 mL of cDNA (10 ng mL21), and 1 mL of
MilliQ water. The PCR conditions were initial 95°C for 5 min, followed by
40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s.

Protein-Protein Interaction Monitored by FLIM

The preparation of mRFP1 and SbCYP98A1-mRFP1 constructs was as de-
scribed (Laursen et al., 2016). The construction of OsONS1, OsSQE1, and
OsSQE2C-terminally fused to eGFP ormRFP1was done by amplifying the full-
length coding sequences with appropriate primers (Supplemental Table S1),
and the amplicons were inserted in the pCAMBIA1300/UeGFP or pCAM-
BIA1300/UmRFP1 vector, respectively, by the single-insert USER cloning
technique (Geu-Flores et al., 2007). Finally, to create the OsONS1 construct
N-terminally fused to eGFP, the full-length coding sequence of OsONS1 was
amplified with appropriate primers and the amplicons were inserted into the
pCAMBIA1300/eGFPU vector (Laursen et al., 2016) with USER cloning. For
transient expression in N. benthamiana, constructs were transformed to A.
tumefaciens LBA4404 virGN54D (van der Fits et al., 2000). Cultures were pre-
pared as described above but adjusted to a final OD600 of 0.15. A. tumefaciens
strains carrying the constructs of interest were coinfiltrated in equal densities
with A. tumefaciens transformed with a pCAMBIA1300 vector for expression of
the viral p19 silencing suppressor protein (Tzuri et al., 2015). Leaf discs from
transformed plants were sampled 3 d after infiltration for observation by con-
focal laser scanning microscopy and FLIM. An SP5x confocal laser scanning
microscopy device equipped with a DM6000 microscope (Leica) was used to
record images of enzyme subcellular localization with settings described by
Laursen et al. (2016). FLIM was performed by time-correlated single-photon
counting using the Microtime 200 system (Picoquant), and measurements were
done using an Olympus IX70 microscope with pulse laser excitation at 485 nm
provided by a Picosecond Diode Laser (PDL 828 SepiaII; Picoquant) with settings
as described (Laursen et al., 2016). Samples were scanned for 232 s with the ac-
curate FLIM method on the SymPhoTime64 software (Picoquant). For each
combination, measurements were calculated from at least 25 regions of interest
from independent images and cells, with a threshold of 50 counted photons and a
pixel binning of 2. Lifetime value populations were tested for statistical signifi-
cance by one-way ANOVA/posthoc Scheffe’s test using IBM SPSS Statistics
24 software.

Accession Numbers

GenBank accession numbers are as follows: KY625496 (OsONS1), KY625497
(OsONS2), KY657236 (OsBAS), KY657238 (OsCAS), KY657237 (OsLAS),
KY625494 (OsSQE1), KY625495 (OsSQE2), D89619 (PsCASPEA), AB034802
(PsOSCPSY), AB034803 (PsOSCPSM), AJ430607 (MtBAS1), NM_106546
(AtLUP1), NM_106545 (AtLUP2), NM_106497 (AtPEN6), NM_123624
(AtMRN1), NM_106544 (AtBAS), NM_126681 (AtCAS1), AB247155 (AtLAS1),
AB265170 (PgPNA), LC053637 (LcLCA), LC053635 (LcLCC), LC053636
(LcLCD), BAA86930 (OeOEW), AB116228 (GgLUS1), AB181245 (LjOSC3),
AB244671 (LjOSC7), AB116238 (CpCPQ), AJ430609 (MtSQE1), AJ430608
(MtSQE2), NM_104624 (AtSQE1), NM_127848 (AtSQE2), NM_119938
(AtSQE3), and XM_001781268 (PpSQE).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. a-Onocerin accumulates in the roots of O. spinosa
in a spatial-specific manner.

Supplemental Figure S2.Hairy root lines induced from O. spinosa produce
a-onocerin with different levels of accumulation.

Supplemental Figure S3. Multiple sequence alignment shows that a con-
served Phe residue of OSCs is substituted in a-onocerin synthases.

Supplemental Figure S4. Multiple sequence alignment of SQE and OSC
deduced protein sequences.

Supplemental Table S1. Primer list.
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