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Plants produce a vast array of defense compounds to protect themselves from pathogen attack or herbivore predation.
Saponins are a specific class of defense compounds comprising bioactive glycosides with a steroidal or triterpenoid
aglycone backbone. The model legume Medicago truncatula synthesizes two types of saponins, hemolytic saponins and
nonhemolytic soyasaponins, which accumulate as specific blends in different plant organs. Here, we report the identification
of the seed-specific transcription factor TRITERPENE SAPONIN ACTIVATION REGULATOR3 (TSAR3), which controls
hemolytic saponin biosynthesis in developing M. truncatula seeds. Analysis of genes that are coexpressed with TSAR3 in
transcriptome data sets from developing M. truncatula seeds led to the identification of CYP88A13, a cytochrome P450 that
catalyzes the C-16a hydroxylation of medicagenic acid toward zanhic acid, the final oxidation step of the hemolytic saponin
biosynthesis branch in M. truncatula. In addition, two uridine diphosphate glycosyltransferases, UGT73F18 and UGT73F19,
which glucosylate hemolytic sapogenins at the C-3 position, were identified. The genes encoding the identified biosynthetic
enzymes are present in clusters of duplicated genes in the M. truncatula genome. This appears to be a common theme
among saponin biosynthesis genes, especially glycosyltransferases, and may be the driving force of the metabolic evolution
of saponins.

INTRODUCTION

Plants are often confronted with various abiotic and biotic stress
situations, such as herbivore and pathogen predation. As a de-
fensive measure, plants may activate the production of bioactive
specialized metabolites to combat or deter the attackers. A
specific type of defensemolecules are the saponins, a structurally
diverse class of glycosides with a steroid, steroidal alkaloid, or
triterpenoid aglycone backbone that are widely distributed in the
plant kingdom but also occur in certain marine invertebrates
(Osbournetal., 2011;Claereboudtet al., 2019).With their lipophilic
aglycone or sapogenin covalently bound to one or more hydro-
philic sugar chains, saponinsareamphipathicmolecules that form
a colloidal solution in water, which forms a stable soap-like foam

when shaken (Vincken et al., 2007). Due to these physicochemical
properties, saponins are often used as emulsifiers and foaming
agents in the food and beverage industries. Furthermore, their
structural and functional diversity is reflected by their broad
spectrum of biological activities, making them attractive mole-
cules for the cosmetics and pharmaceutical industries (Vincken
et al., 2007; Augustin et al., 2011; Osbourn et al., 2011; Gholami
et al., 2014).
The model legume barrel medic (Medicago truncatula), a mem-

ber of the Fabaceae plant family and a close relative of the im-
portant forage crop alfalfa (Medicago sativa), accumulates
a complex mixture of up to 100 different oleanane-type triterpene
saponins and has been widely used to study triterpene saponin
biosynthesis (Suzuki et al., 2002; Pollier et al., 2011; Tava et al.,
2011; Gholami et al., 2014). The saponins produced byMedicago
species provide protection against herbivores due to their bitter,
astringent flavor, which deters the attackers from eating the plant.
Medicago saponins also serve as antinutritive substances by
reducing the palatability and digestibility of plants in ruminants
and due to their toxicity toward monogastric animals and her-
bivorous insects (Gholami et al., 2014; Rafińska et al., 2017). Two
types of triterpene saponins can be distinguished in Medicago
species based on their biological properties: the hemolytic
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saponins and the nonhemolytic soyasaponins. The hemolytic
properties of the saponins are due to their affinity for membrane
sterols and are determined by the aglyconemoiety (Podolak et al.,
2010;Carelli et al., 2011). Theaglyconesof thehemolytic saponins
are oxidized at the C-28 position, which is often accompanied by
different degrees of oxidation at the C-23 position. The aglycones
of the nonhemolytic soyasaponins have a hydroxy group at the
C-24 position, which appears to exclude oxidation at the C-28
position (Carelli et al., 2011; Tava et al., 2011).

The biosynthetic precursor of M. truncatula saponins is 2,3-
oxidosqualene (Figure 1), which is synthesized via the cytosolic
mevalonate pathway. The cyclization of 2,3-oxidosqualene by
b-amyrin synthase leads to the production of b-amyrin and forms
thebranchpoint betweenprimary sterol andspecialized triterpene
saponin metabolism (Figure 1) (Suzuki et al., 2002; Iturbe-
Ormaetxe et al., 2003). Subsequently, the competitive action of
two cytochrome P450 enzymes (P450s) causes branching of the
M. truncatula triterpene saponin biosynthesis pathway (Figure 1).
CYP716A12 catalyzes the carboxylation of b-amyrin at the C-28
position, thereby yielding oleanolic acid, the precursor of he-
molytic saponins (Carelli et al., 2011; Fukushima et al., 2011),
whereas hydroxylation at the C-24 position, catalyzed by
CYP93E2, leads to the production of nonhemolytic soyasaponins
(Fukushima et al., 2013). In the hemolytic branch, oleanolic acid is
thesubstrateof twoadditionalP450s,CYP72A67andCYP72A68,
which catalyze hydroxylation of the oleanane backbone at the
C-2 position and a three-step carboxylation at the C-23 posi-
tion, respectively, thereby yielding the major Medicago aglycone
medicagenic acid in addition to a set of reaction intermediates
such as hederagenin and bayogenin (Figure 1; Fukushima et al.,
2013;Biazzi etal., 2015;Tzinetal., 2019).Medicagenicacidcanbe
further converted into zanhic acid by a yet-unknown C-16a hy-
droxylase (Figure 1). Zanhic acid glycosides aremajormetabolites
in the aerial parts of the plant, but are absent inM. truncatula roots

(Confalonieri et al., 2009; Pollier et al., 2011; Lei et al., 2019). In the
nonhemolytic branch, 24-hydroxy b-amyrin is the substrate of
CYP72A61 that catalyzes hydroxylation at the C-22 position,
leading to the production of the major soyasaponin aglycone
soyasapogenol B (Figure 1; Fukushima et al., 2013). Soyasapo-
genol B can be further oxidized at the C-21 position toward
soyasapogenol A (Figure 1). The P450 enzyme catalyzing this
reaction has not been identified in M. truncatula; however, this
activity was described for CYP72A69 in soybean (Glycine max;
Yano et al., 2017; Rehman et al., 2018; Sundaramoorthy et al.,
2018), a legume closely related toM. truncatula. After oxidation of
thebackboneat variouspositions, theaglycones areglycosylated
with one ormore sugar chains. To date, only two UDP-dependent
glycosyltransferases have been described in M. truncatula.
UGT73F3catalyzes theglucosylationof theaglyconesat theC-28
position and is thus only involved in the biosynthesis of hemolytic
saponins (Naoumkina et al., 2010). UGT73K1 glucosylates agly-
cones from both the hemolytic and the nonhemolytic branches;
however, the position to which the glucosyl residues are trans-
ferred has not been determined (Achnine et al., 2005).
As defense compounds, M. truncatula saponins accumulate

constitutively as tissue-specific mixtures of tens of different
metabolites. Upon pathogen attack or herbivore feeding, how-
ever, saponin biosynthesis in Medicago species is further en-
hanced (Agrell et al., 2004; Gholami et al., 2014). The concerted
transcriptional activation of the saponin biosynthesis genes is
mediated by a signaling cascade in which the jasmonate (JA)
phytohormones play an essential role (Broeckling et al., 2005;
Suzuki et al., 2005; Pollier et al., 2013; Mertens et al., 2016a). In
plants, the oxylipin-derived JAs are implicated in growth and
development and in biotic and abiotic stress responses
(WasternackandHause, 2013;Goossensetal., 2016;Wasternack
andFeussner, 2018). The primary JA-mediated signaling cascade
leads to the activation ofMYC2, a transcription factor that induces
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Figure 1. The Saponin Biosynthesis Pathway in M. truncatula.

Blue, purple, and orange indicate the biosynthetic steps controlled by TSAR1, TSAR2/3, and TSAR1/2/3, respectively. Dashed arrows indicate multiple
steps. HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; BAS, b-amyrin synthase; CAS, cycloartenol synthase; MVA, mevalonate. *CYP72A69 was
characterized in Glycine max.

2022 The Plant Cell



the expression of JA-responsive genes that are either bio-
synthesis genes or downstream transcription factors (Kazan and
Manners, 2013; Chini et al., 2016; Colinas and Goossens, 2018).
In M. truncatula, the JA-responsive transcription factors TRI-
TERPENE SAPONIN ACTIVATION REGULATOR1 (TSAR1) and
TSAR2 trigger the concerted transcriptional activation of the
nonhemolytic and hemolytic saponin biosynthesis genes, re-
spectively (Mertens et al., 2016a). However, the exact position of
the TSAR transcription factors in the JA signaling cascade relative
to MYC2 remains elusive.

Here, we report the characterization of TSAR3, a seed-specific
transcription factor that positively regulates hemolytic saponin
biosynthesis inM. truncatula. Analysis of genes coexpressedwith
TSAR3 in transcriptome data sets from developing M. truncatula
seeds led to the identification and functional characterization of
CYP88A13, a cytochrome P450 that catalyzes the final oxidation
step of the hemolytic saponin biosynthesis branch in M. trunca-
tula, i.e., the C-16a hydroxylation of medicagenic acid toward
zanhic acid. Furthermore, an extended coexpression analysis
revealed two uridine diphosphate glycosyltransferases,
UGT73F18 and UGT73F19, which glucosylate hemolytic sap-
ogenins at the C-3 position when expressed in yeast (Saccha-
romyces cerevisiae) and wild tobacco (Nicotiana benthamiana).

RESULTS

TSAR3 Is a Seed-Specific Regulator of Triterpene
Saponin Biosynthesis

Thebasichelix-loop-helix (bHLH) transcription factorsTSAR1and
TSAR2 positively regulate the production of nonhemolytic and
hemolytic triterpene saponins, respectively, in the model legume
M. truncatula (Mertens et al., 2016a). Analysis of theM. truncatula
Gene Expression Atlas (MtGEA; https://mtgea.noble.org/v3/; He
et al. [2009]) revealed that a third paralog of these TSAR tran-
scription factors, Medtr2g104650, which we named TSAR3, is
exclusively expressed during seed development, with a transient
expression profile peaking mid-maturation that correlates well
with theexpressionprofile of the3-hydroxy-3-methylglutaryl-CoA
reductase gene HMGR1 (Pearson’s correlation coefficient, 0.91)
and MAKIBISHI1 (MKB1; Pearson’s correlation coefficient: 0.87)
in developing seeds (Supplemental Figure 1). We previously
showed that TSAR1 and TSAR2 were capable of transactivating
reporter constructs harboring the 1000-bp promoter regions of
HMGR1 (ProHMGR1) andMKB1 (ProMKB1) fused to theFIREFLY
LUCIFERASE (fLUC ) gene (Mertens et al., 2016a). Transient ex-
pression assays in tobacco (Nicotiana tabacum) protoplasts

Figure 2. Transactivation of Triterpene Saponin Biosynthesis Gene Promoters by TSAR Transcription Factors in Transfected Tobacco Protoplasts.

(A) to (G) Transactivation of ProHMGR1 (A), ProMKB1 (B), ProBAS (C), ProCYP72A67 (D), ProCYP72A68 (E), ProCYP93E2 (F), and ProCYP72A61 (G) by
TSAR1, TSAR2, and TSAR3 in transfected tobacco protoplasts. Values on the y axis are normalized fold changes relative to protoplasts cotransfectedwith
the reporter constructs and a pCaMV35S:GUS control plasmid (CTR). The error bars represent the SE (n 5 8 biological replicates of independently
transfected protoplasts). Statistical significance was determined by a two-tailed Student’s t test (**P < 0.01 and ***P < 0.001).
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revealed that TSAR3 induced the luciferase activity of the
ProHMGR1 andProMKB1 reporter constructs by 20- and 32-fold,
respectively (Figures 2A and 2B), which is similar to the effect of
TSAR2. TSAR3 also induced the luciferase activity of a reporter
construct containing the 1000-bp promoter region of b-AMYRIN
SYNTHASE (ProBAS; Figure 2C), suggesting that TSAR3 regu-
lates triterpene saponin biosynthesis in M. truncatula.

Because the transcription factors TSAR1 and TSAR2 differ-
entially regulate the nonhemolytic and hemolytic triterpene sa-
ponin biosynthesis branches, we performed transient expression
assays with TSAR3 and reporter constructs containing the pro-
moter regions of P450 genes from both biosynthetic branches.
Like TSAR2, TSAR3 induced the luciferase activity of reporter
constructs containing the promoters of CYP72A67 (ProCY-
P72A67) and CYP72A68 (ProCYP72A68; Figures 2D and 2E),
corresponding to P450s involved in the biosynthesis of hemolytic
triterpene saponins (Fukushima et al., 2013; Biazzi et al., 2015).
TSAR3 also induced the luciferase activity of reporter constructs
containing the promoters of CYP93E2 (ProCYP93E2) and
CYP72A61 (ProCYP72A61; Figures 2F and 2G), corresponding to
P450s involved in the biosynthesis of nonhemolytic triterpene
saponins (Fukushima et al., 2011, 2013). However, the activation
of these promoters by TSAR3 was markedly lower compared to
that by TSAR1, the known regulator of the nonhemolytic saponin
biosynthesis branch, indicating that the nonhemolytic branch is
likely not the preferred target of TSAR3, as was also the case for
TSAR2 (Mertenset al., 2016a). Taken together, thesedata indicate
that TSAR3 is a potential regulator of the triterpene saponin
biosynthesis pathway in M. truncatula, with a preference for the
hemolytic branch.

Overexpression of TSAR3 Boosts Hemolytic Triterpene
Saponin Biosynthesis in M. truncatula Hairy Roots

To examine the functionality of TSAR3 in planta, we generated
three independent M. truncatula hairy root lines ectopically
overexpressingTSAR3 (TSAR3OE).Weused three independentM.
truncatula hairy root lines expressing b-glucuronidase (GUS) as
a control. According to RNA sequencing data previously gener-
ated by Mertens et al. (2016a), the seed-specific TSAR3 is not
expressed in control M. truncatula hairy roots. We verified the
expression ofTSAR3 in the TSAR3OE lines byRT-PCR (Figure 3A),
which confirmed that TSAR3 was ectopically expressed in the
TSAR3OE lines but not in the control hairy root lines.

RT-qPCR analysis of triterpene saponin biosynthesis genes
revealed increased expression of HMGR1 in the TSAR3OE lines
(Figure 3B), whereas no effect onMKB1 expressionwas observed
(Figure 3C). Furthermore, we detected significantly increased
transcript levels of the triterpene saponin biosynthesis genes
BAS, CYP716A12, CYP72A67, CYP72A68, and UGT73F3 in the
TSAR3OE lines compared to the control (Figures 3D to 3H). By
contrast, the transcript levels of CYP93E2, CYP72A61, and
UGT73K1 decreased in the TSAR3OE lines versus the control
(Figures 3I to 3K). Overall, this pattern, which is reminiscent of that
in TSAR2OE lines (Mertens et al., 2016a), indicates that the he-
molytic triterpene saponin biosynthesis branch genes are tran-
scriptionally upregulated in response to the overexpression of
TSAR3.

To explore the effect of TSAR3 expression at the metabolite
level, we performed untargeted metabolite profiling of the three
independent TSAR3OE and GUS control lines by liquid
chromatography-mass spectrometry (LC-MS). Peak integration
and alignment yielded a total of 17,922 m/z features, which were
log-transformed and pareto-scaled for principal component
analysis (PCA). This PCA showed that the expression of TSAR3
explained most of the variation (44.2%) in the data set, as the first
principal component clearly separated the TSAR3OE and GUS
control lines (Figure 4A; Supplemental Figure 2). Within the 100
most abundant m/z features of the metabolite profiling data set,
41 m/z features corresponding to 37 metabolites were over
fivefoldmore abundant or discretely present in the TSAR3OE lines,
and four were over fivefold more abundant in the GUS control
lines. We identified the metabolites corresponding to these dif-
ferentialm/z featuresbasedon their accuratemass,MSn, andMS/
MS fragmentation spectra and available standards. This analysis
revealed that the ectopic expression of TSAR3 led to the accu-
mulation of hemolytic triterpene saponins in M. truncatula hairy
roots, whereas the abundance of the major soyasaponins re-
mained unaltered (Figures 4B to 4G; Supplemental Data Set 1).
Within the set of compounds that were unique to the TSAR3OE

lines, two types of saponins could be distinguished. First, several
zanhic acid glycosides accumulated in the TSAR3OE lines. Zanhic
acid is a major aglycone found in the aerial parts ofM. truncatula
plants (Kapusta et al., 2005a, 2005b) that is absent from M.
truncatula roots and hairy roots (Confalonieri et al., 2009; Pollier
et al., 2011; Lei et al., 2019). In addition, several of the major
medicagenic acidglycosidesnormallypresent in theaerial partsof
the plant, but not in roots, were detected in the TSAR3OE lines.
These metabolites include 3-Glc-28-Ara-Rha-Xyl-medicagenic
acid and 3-GlcA-28-Ara-Rha-Xyl-medicagenic acid, which were
confirmed with authentic standards. Interestingly, the latter me-
tabolite is the dominant saponin inM. truncatula seeds (Huhman
et al., 2005). Thus, ectopic expression of TSAR3 in M. truncatula
hairy roots leads to the transcriptional activation of the hemolytic
saponin biosynthesis pathway and the accumulation of hemolytic
saponins that arenormally restricted to theaerial partsof theplant.

TSAR3 Regulates Hemolytic Triterpene Saponin
Biosynthesis in Developing M. truncatula Seeds

To further validate the role of TSAR3 in planta, we screened aM.
truncatula Tnt1 retrotransposon insertion population (Tadege
et al., 2008) for TSAR3 loss-of-function mutants. From the Tnt1
flanking sequence tagdatabase (https://medicago-mutant.noble.
org/mutant/index.php), three candidate mutant lines were se-
lected: NF14212, NF15672, and NF17107. We obtained homo-
zygous insertion mutants for all three insertion lines, with
a retrotransposon insertion in the first exon of TSAR3 for Tnt1
insertion line NF15672 and in the second exon for Tnt1 insertion
lines NF14212 and NF17107 (Figure 5A; Supplemental Figure 3).
For each insertion line, we obtained homozygous escape lines in
which both TSAR3 alleles were intact (Supplemental Figure 3). In
accordance with the M. truncatula Gene Expression Atlas, RT-
PCRanalysis confirmed thatTSAR3expression is restricted to the
developing seeds of wild-type plants (Supplemental Figure 4).
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RT-qPCR analysis with primers spanning the Tnt1 retro-
transposon revealed that the transcript levels of TSAR3 were
drastically reducedorevenundetectable indeveloping seedsof the
insertion lines (Figures 5B and 5C). Furthermore, we detected
a drastic decrease in transcript levels of HMGR1, BAS, and the
hemolytic triterpene saponin biosynthesis genes CYP716A12,
CYP72A67, CYP72A68, and UGT73F3. The transcript levels of
CYP93E2, CYP72A61, and UGT73K1, which are involved in
soyasaponin biosynthesis, appeared to be slightly higher in these
lines than the wild type, whereas the expression levels of MKB1
werebarelyaffected (Figures5Dto5M). In leavesof thesameplants,
no major effect on the transcript levels of the saponin biosynthesis
geneswas observed (Supplemental Figure 4). Together, these data
point to thespecific transcriptional downregulationof thehemolytic
triterpene saponin biosynthesis branch in the seeds of tsar3 plants,

supporting the role of TSAR3 as a seed-specific regulator of he-
molytic triterpene saponin biosynthesis.
We performed untargeted metabolite profiling of developing

seeds and leaves of wild-type and homozygous tsar3 plants by
LC-MS, which yielded a total of 15,819 m/z features. A PCA re-
vealed a clear separation of the samples derived from wild-type
and tsar3 seeds (Figure 6A), whereas no such separation was
observed for samples derived from leaves of the same plants
(Figure 6B), pointing to a seed-specific effect in tsar3 plants. In
accordance with the transcriptome data, the levels of the major
hemolytic saponins in the seeds were drastically reduced,
whereassoyasaponin levels remainedunaltered.Noeffectson the
accumulation of hemolytic or nonhemolytic saponins were ob-
served in the leaves of these plants (Figures 6C to 6H). To identify
themetabolites that contributemost to thedifferencebetween the

Figure 3. Ectopic Expression of TSAR3 in M. truncatula Hairy Roots Affects the Expression of Triterpene Saponin Biosynthesis Genes.

(A) RT-PCR analysis showing TSAR3 expression in three independent transgenic TSAR3OE hairy root lines compared to three control (CTR) lines. The RT-
qPCR reference gene ELFa was used as a control. The Eurogentec SmartLadder SF was used as a size marker (Ladder).
(B) to (K)RT-qPCRanalysisof triterpenesaponinbiosynthesisgenes in three independentcontrol andTSAR3OEM. truncatulahairy root lines.Valueson they
axis are normalized fold changes relative to the average of the three control lines. The error bars represent the SE (n 5 3 technical replicates). Statistical
significance was determined by a two-tailed Student’s t test (*P < 0.05, **P < 0.01, and ***P < 0.001).
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seeds of tsar3 and wild-type plants, we performed a partial least
squares discriminant analysis (PLS-DA) of the samples derived
from developing seeds (Figure 6I). The 50 m/z features that
contributemost to the separation of tsar3 andwild-type plants are
listed in Supplemental Data Set 2. Identification of the corre-
sponding metabolites revealed that most of these m/z features
correspond to hemolytic saponins that are present in developing
wild-type seeds but absent in developing tsar3 seeds. Together,
these data confirm the notion that TSAR3 plays a specific role
in regulating hemolytic saponin biosynthesis in developing M.
truncatula seeds.

Selection of Candidate P450s Involved in Hemolytic
Triterpene Saponin Biosynthesis

As the ectopic expression of the seed-specific TSAR3 in M.
truncatula hairy roots led to the production of zanhic acid gly-
cosides, we reasoned that this transcription factor might also
regulate the yet-unknown C-16a hydroxylase that catalyzes the
oxidation of medicagenic acid to zanhic acid inM. truncatula. To

identify candidate P450s that might carry out C-16a hydroxyl-
ation, we performed two coexpression analyses usingmicroarray
data sets from developing M. truncatula seeds. First, we calcu-
lated the Pearson’s correlation coefficient between the probe set
corresponding to TSAR3 and all 19,012 differentially expressed
probe sets duringM. truncatula seed development (Verdier et al.,
2013). Within the 88 probe sets with a Pearson’s correlation co-
efficient above0.95, probesetscorresponding toall characterized
P450s of the hemolytic triterpene saponin branch were present
(Supplemental Data Set 3). Remarkably, a probe set corre-
sponding to CYP72A65, encoding a P450 shown to catalyze the
C-30 oxidation of oleanolic acid to queretaroic acid (Seki et al.,
2011; Reed et al., 2017), was also present in this data set. Fur-
thermore, probe sets corresponding to more upstream triterpene
saponin biosynthesis genes, such as BAS and MEVALONATE
KINASE, were also present in this set, implying that the hemolytic
triterpene saponin biosynthesis genes and TSAR3 are tightly
coregulated in developing seeds.Within these highly coregulated
probe sets, we identified several probe sets corresponding to
P450s that might be the missing C-16a hydroxylase.

Figure 4. Ectopic Expression of TSAR3 Leads to Enhanced Accumulation of Hemolytic Triterpene Saponins in M. truncatula Hairy Roots.

(A) Principal component analysis of samples from TSAR3OE and control (CTR) hairy roots. Different symbols indicate the different transgenic lines.
(B) to (E) Relative accumulation of triterpene saponins in three independent control and TSAR3OE M. truncatula hairy root lines. Values on the y axis are
normalized fold changes relative to the average of the three control lines.
(F) and (G)Average total ion current of the peaks corresponding to two hemolytic triterpene saponins. Themean andSE (n5 5 technical replicates inwhich
the rootsweregrownandanalyzed independently) are shown, anddotplots (blackdots) are overlaid. Statistical significancewasdeterminedbya two-tailed
Student’s t test (*P < 0.05; **P < 0.01; and ***P < 0.001). ND, not detected;metabolites were (a) identified using authentic standards or (b) predicted based on
their accurate mass and MS/MS fragmentation spectra (Supplemental Data Set 1) according to Pollier et al. (2011).
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We performed a second coexpression analysis of a data set
consisting of 60 transcriptomes from developing seeds that
were produced under different environmental conditions
(SupplementalDataSet4;Righetti et al., 2015).Wealsocalculated
the Pearson’s correlation coefficient between the probe set
corresponding to TSAR3 and all other probe sets in this data set.
Within the 121 probe sets with a Pearson’s correlation coeffi-
cient above 0.85, probe sets corresponding to CYP716A12
and HMGR1 were present, but probe sets corresponding to

CYP72A67 and CYP72A68 were absent, implying less strict
coregulation of the hemolytic triterpene saponin biosynthesis
genes within this data set. In both data sets, Medtr5g014240
was the P450 gene that had the highest coexpression level
with TSAR3. We therefore considered this gene to be our
primary candidate C-16a hydroxylase gene. In addition to
Medtr5g014240, 12 other P450s were present in one or both data
sets. As several of these candidates corresponded to incomplete
genes in the genome or genes that were not expressed in M.

Figure 5. Hemolytic Saponin Biosynthesis Is Affected in the Seeds of tsar3 Plants.

(A)Schematic representation ofTSAR3. The locations of theTnt1 retrotransposon in the insertion lines are indicated by triangles. Exons are represented by
gray boxes.
(B) to (M) RT-qPCR analysis of triterpene saponin biosynthesis genes in the seeds of three independent tsar3 Tnt1 lines. Values on the y axis are average
normalized fold changesof threeplants per insertion line (KO) relative to the averageof three individual control (wild-type [WT]) plants. Themean andSE (n5
3biological replicates) areshownanddotplots (blackdots) areoverlaid.Statistical significancewasdeterminedbya two-tailedStudent’s t test (*P<0.05and
**P < 0.01). TSAR3-1 primers span the first Tnt1 insertion (NF15672); TSAR3-2 primers span the Tnt1 insertion in lines NF14212 and NF17107. ND, Not
detected.
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truncatula shoots, which are known to accumulate zanhic acid
glycosides (Kapusta et al., 2005a, 2005b), the list of candidate
genes was further reduced. Finally, of the remaining candidate
genes, we were only able to successfully clone the full-length
sequences of three genes: the top-candidate Medtr5g014240
(CYP88A13), as well as Medtr5g023680 (CYP83E45) and
Medtr8g035780 (CYP704G5).

Functional Characterization of Candidate P450s in Yeast
and N. benthamiana

InMedicago species, only two compounds with hydroxylation at
the C-16a position have been reported, caulophyllogenin and
zanhic acid, which are oxidation products of hederagenin and
medicagenic acid, respectively (Tava et al., 2011; Gholami et al.,

Figure 6. Hemolytic Triterpene Saponin Accumulation Is Reduced in Developing Seeds of tsar3 Tnt1 Insertion Mutants.

(A) and (B) Principal component analysis of samples from tsar3 (KO) and control (CTR) seeds (A) and leaves (B). Different symbols indicate the different
transgenic lines.
(C) to (H) Relative accumulation of triterpene saponins in developing seeds and leaves of tsar3 (KO) and wild-type (WT) plants. Values on the y axis are
normalized fold changes relative to the average of theWT plants. Themean and SE (n5 8 or 9 biological replicates) are shown. Statistical significance was
determinedby a two-tailedStudent’s t test (**P<0.01). ND, Not detected;metaboliteswere (a) identified using authentic standards or (b) predicted basedon
their accurate mass and MS/MS fragmentation spectra (Supplemental Data Set 2).
(I) PLS-DA of the samples from developing seeds of tsar3 (KO) and wild-type (WT) plants. Different symbols indicate the different transgenic
lines.
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2014). Despite its occurrence in Medicago polymorpha, caulo-
phyllogenin has not been reported as a saponin aglycone in M.
truncatula (Tava et al., 2011). Hence, we assumed that medi-
cagenic acid is the substrate of the unknownC-16a hydroxylase
inM. truncatula. To screen for a functional C-16a hydroxylase in
yeast, we engineered a yeast strain that produces sufficiently
high levels of medicagenic acid. This was achieved by coex-
pressing the genes encoding b-amyrin synthase from licorice
(Glycyrrhiza glabra; GgbAS), cytochrome P450 reductase from
M. truncatula (MtCPR1), and the C-2 (CYP72A67), C-23
(CYP72A68), andC-28 (CYP716A12) oxidases fromM. truncatula
in the starter strain JP034 (Supplemental Table 1). JP034 is
a BY4742-derived yeast strain in which an additional auxotrophic
marker (TRP1) and a disruption of the phosphatidic acid
phosphatase-encoding gene PAH1 were introduced using
CRISPR/Cas9. Disruption of PAH1 leads to a dramatic expansion
of the endoplasmic reticulum, which stimulates the production of
recombinant triterpene biosynthesis enzymes and ultimately re-
sults in increased heterologous triterpenoid production (Arendt
et al., 2017;Bicalhoetal., 2019). Furthermore, thenative lanosterol
synthase (ERG7) promoter was replaced by a methionine-
repressible promoter in strain JP034, allowing ERG7 to be
downregulated by the addition of methionine to the cultivation
medium. This downregulation of ERG7 leads to higher b-amyrin
production in yeast, presumably by increasing the availability of
2,3-oxidosqualene for the expressed BAS (Kirby et al., 2008;
Moses et al., 2014).

To identify the functional C-16a hydroxylase, we expressed the
candidate P450s in the medicagenic acid-producing yeast strain.
Compared to the empty vector control, the gas chromatography-
mass spectrometry (GC-MS) chromatogram of an extract of the
spent medium of the medicagenic-acid-producing yeast strain
expressingCYP88A13 showedasinglenewpeakat retention time
51.50min. (Figure 7A). To confirm that this newpeak corresponds
to zanhic acid, we analyzed the spentmediumof themedicagenic
acid-producing yeast strain expressing CYP716Y1, a C-16a hy-
droxylase from the medicinal plant Bupleurum falcatum (Moses
et al., 2014), by GC-MS. A peak with the same retention time and
electron ionization (EI)-MS fragmentation spectrum as the unique
peak in theCYP88A13 chromatogramwas visible (Figures 7A and
7B). However, in contrast to CYP88A13, several additional unique
peaks were visible in the CYP716Y1 GC-MS chromatogram
(Figure 7A;Supplemental Figure5). Thesepeaks likely correspond
to other oleananes with a C-16a hydroxy group, indicating that
CYP88A13, unlikeCYP716Y1,only recognizes thehighlyoxidized
medicagenic acid as a substrate.

In addition to yeast, we also expressed the candidate
P450s in combination with GgbAS, CYP72A67, CYP72A68, and
CYP716A12 in wild tobacco (N. benthamiana) leaves by agro-
infiltration. We analyzed methanolic extracts of leaves harvested
3 d after agroinfiltration byGC-MS. Again, compared to the empty
vector control and to any of the other infiltrated candidate P450s,
zanhic acid was only present in the GC-MS chromatograms of N.
benthamiana leaves infiltrated withCYP88A13 and the previously
characterized B. falcatum C-16a hydroxylase gene CYP716Y1
(Figures 7C and 7D). Taken together, these data indicate that
CYP88A13 is a functional medicagenic acid C-16a hydroxylase
when expressed in yeast or N. benthamiana.

CYP88A13 Catalyzes the Final Oxidation Step in the
Hemolytic Saponin Biosynthesis Pathway

Despite the occurrence of caulophyllogenin in M. polymorpha
(Tava et al., 2011), the only reported sapogenin with a C-16a
hydroxy group in M. truncatula is zanhic acid (Tava et al., 2011;
Gholami et al., 2014). To investigate whether the identified C-16a
hydroxylase CYP88A13 is capable of oxidizing intermediates of
the triterpene saponin biosynthesis pathway other than medi-
cagenic acid, we expressed it in yeast in combination with en-
zymes leading to the production of biosynthetic intermediates.
First, we investigated the capacity of CYP88A13 to oxidize
b-amyrin. Upon expression of CYP88A13 in a b-amyrin-pro-
ducing yeast strain, no 16a-hydroxy b-amyrin was produced,
whereas the expression of CYP716Y1 led to the accumulation of
16a-hydroxy b-amyrin (Figure 8A; Supplemental Figure 6), in-
dicating that b-amyrin is likely not a substrate of CYP88A13.
Likewise, in contrast to the expression of CYP716Y1, the ex-
pressionofCYP88A13 in anoleanolic-acid-producingyeast strain
failed to yield echinocystic acid (Figure 8B; Supplemental Figures
7 and 8), excluding oleanolic acid as a substrate of CYP88A13.
Similarly, no 2b-hydroxy echinocystic acid accumulated upon
expression of CYP88A13 in an augustic-acid-producing yeast
strain (Figure 8C; Supplemental Figure 9). Finally, we expressed
CYP88A13 in a yeast strain that accumulates gypsogenic acid.
Like the positive controlCYP716Y1, the expression ofCYP88A13
in this strain led to theproductionof 16a-hydroxygypsogenic acid
(Figure 8D; Supplemental Figures 7 and 10), suggesting that
gypsogenic acid serves as a substrate for CYP88A13. The
presence of 16a-hydroxy gypsogenic acid was observed in the
leavesof aM. truncatulamutant lackingCYP72A67 activity (Biazzi
et al., 2015), further supporting the notion that gypsogenic acid
indeed serves as a substrate of CYP88A13. However, as gyp-
sogenicacid isonlypresent inmutants lackingCYP72A67activity,
this metabolite may not serve as a substrate in M. truncatula.
Similar results were obtained upon infiltration of N. benthamiana
leaves with CYP88A13 and the genes encoding enzymes leading
to the production of various intermediates (Supplemental
Figure 11).
Taken together, these data point toward the following order of

oxidation of the b-amyrin backbone in the hemolytic saponin
biosynthesis pathway inM. truncatula. First, b-amyrin is oxidized
at its C-28 position by CYP716A12 to yield oleanolic acid (Carelli
et al., 2011; Fukushima et al., 2011). Next, oleanolic acid is
concomitantly oxidized at the C-2 and C-23 positions by
CYP72A67 and CYP72A68, respectively (Fukushima et al., 2013;
Biazzi et al., 2015; Tzin et al., 2019), thereby yieldingmedicagenic
acid inaddition to reaction intermediates suchashederageninand
bayogenin. Finally, medicagenic acid is hydroxylated at its C-16a
position by CYP88A13, leading to the formation of zanhic acid
(Figure 1).

The Expression of CYP88A13 Is Regulated by TSAR3

As CYP88A13 is strictly coregulated with TSAR3 in developing
M. truncatula seeds (Supplemental Data Sets 3 and 4), we
investigated whether TSAR3 regulates the expression of
CYP88A13. First, RT-PCR analysis revealed CYP88A13
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expression in the TSAR3OE lines, but not in the GUS control lines
(Figure 9A), implying that, like the other hemolytic P450s, TSAR3
can control the expression of CYP88A13 in M. truncatula hairy
roots. We then performed transactivation assays in tobacco
protoplasts with different CYP88A13 promoter (ProCYP88A13)
constructs. In the first assay, TSAR3 failed to induce the luciferase
activity of a reporter construct containing the 1000-bp region
upstream of the start codon of CYP88A13 (Figure 9B). A more
detailed analysis of ProCYP88A13 revealed an N-box (59-CAC-
GAG-39) located 2051 bp upstreamof theCYP88A13 start codon;
this promoter element is required for TSARbinding (Mertens et al.,
2016a). Three additional N-box-like sequences are located within
50bpupstreamof thefirst identifiedN-box, includinganE-box (59-
CACGCG-39) located 2096 bp upstream of the CYP88A13 start
codon. Hence, we cloned a 2118-bpProCYP88A13 fragment and

used it for transient expression assays with TSAR3, revealing
threefold induced luciferase activity compared to protoplasts
cotransfected with the GUS control (Figure 9C). Furthermore, in
linewith its role in hemolytic saponin biosynthesis,ProCYP88A13
was also transactivated by TSAR2. TSAR1, a regulator of soya-
saponin biosynthesis, did not transactivate ProCYP88A13
(Figure 9C). Finally, the expression of CYP88A13 was consider-
ably reduced in developing seeds of all three tsar3 Tnt1 insertion
lines (Figure 9D), implying that TSAR3 controls CYP88A13 tran-
scription in developing M. truncatula seeds. No effect on
CYP88A13 expression was observed in the leaves of these in-
sertion lines (Figure 9E),which is in linewith the absenceofTSAR3
expression in leaves of wild-type plants (Supplemental Figure 4).
Taken together, these data imply that TSAR3 stimulates the ex-
pression of CYP88A13 in developing M. truncatula seeds.

Figure 7. CYP88A13 Catalyzes the C-16a Hydroxylation of Medicagenic Acid in Yeast and N. benthamiana.

(A)Overlay of GC-MSchromatograms of amedicagenic acid-producing yeast strain expressing the candidate P450 genes,CYP716Y1, or an empty vector
(EV) control (CTR). Zanhic acid accumulates only in the strain expressing the characterizedC-16a hydroxylase geneCYP716Y1 andCYP88A13. In addition
to zanhic acid, several other C-16a hydroxylated triterpenoids (indicated by gray arrows; Supplemental Figure 5) accumulate in the yeast strain expressing
CYP716Y1.
(B)Comparison of the EI-MS spectra of trimethylsilylated zanhic acid produced by yeast expressing the characterizedC-16a hydroxylase geneCYP88A13
(top) or CYP716Y1 (bottom).
(C) Overlay of GC-qTOF-MS chromatograms of medicagenic acid-producing N. benthamiana leaves infiltrated with the candidate P450 genes or
CYP716Y1. Zanhic acid accumulates only in leaves infiltrated with the characterized C-16a hydroxylase gene CYP716Y1 and CYP88A13.
(D) Comparison of the EI-MS spectra of trimethylsilylated zanhic acid produced by N. benthamiana leaves infiltrated with CYP88A13 (left) or CYP716Y1
(right).
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Functional Characterization of CYP88A13 in M. truncatula

As CYP88A13 catalyzed the C-16a hydroxylation ofmedicagenic
acid in yeast and N. benthamiana, we reasoned that the ectopic
expressionofCYP88A13 inM. truncatulahairy rootswould lead to
the accumulation of zanhic acid glycosides. To verify this hy-
pothesis, we generated three M. truncatula hairy root lines ex-
pressingCYP88A13 (CYP88A13OE). ThreeM. truncatulahairy root
lines expressing GUS were used as a control. RT-PCR analysis
confirmed the ectopic expression of CYP88A13 in CYP88A13OE,
but not in theGUS control hairy root lines (Figure 10A). In addition,
metabolite profiling by LC-MS confirmed that zanhic acid
glycosides such as 3-Glc-zanhic acid accumulated in the
CYP88A13OE lines (Figure 10B).

To further validate the role of CYP88A13 in planta, we screened
aM. truncatula Tnt1 retrotransposon insertionpopulation (Tadege
et al., 2008) for CYP88A13 loss-of-function mutants. As done for
TSAR3, three candidate mutant lines were selected from the Tnt1
flanking sequence tag database: NF11894, NF17520, and
NF13195. Homozygous insertion mutants were obtained for
line NF17520, with a retrotransposon insertion in intron 2 of the

5652-bpCYP88A13 gene, and lineNF11894,with aTnt1 insertion
in the first intron of the gene (Figure 10C; Supplemental Figure 12).
We investigated the leaves of homozygous plants of both Tnt1
insertion lines by LC-MS, revealing that both lines still accumu-
lated zanhic acid glycosides (Figure 10D). RT-PCR analysis with
primers spanning the Tnt1 insertion revealed that the Tnt1-
containing introns were spliced out, which did not affect
CYP88A13 expression (Figure 10E).
Inspection of the M. truncatula genome v4.0 revealed that

CYP88A13 forms part of a tandem repeat with CYP88A14
(Medtr5g014250) and a third, seemingly incomplete pseudogene,
Medtr5g014230, resulting from a 1628-bp genomic repeat that
overlaps with CYP88A13 (Figure 10F). Since CYP88A13 and
CYP88A14 share 77% amino acid identity, we speculated that
alsoCYP88A14might encode a functional C-16a hydroxylase. To
validate this hypothesis, we expressed CYP88A14 in the medi-
cagenic-acid-producing yeast strain and in N. benthamiana
leaves in combination with GgbAS, CYP72A67, CYP72A68, and
CYP716A12. In both systems, the expression ofCYP88A14 failed
to lead to the production of zanhic acid, instead leading to the

Figure 8. Investigation of the Substrate Tolerance of CYP88A13 in Yeast.

(A) Overlay of GC-MS chromatograms of a b-amyrin standard and extracts of the spent medium of a b-amyrin-producing yeast strain expressing
CYP88A13,CYP716Y1, or an empty vector (EV) control (CTR). 16a-hydroxy b-amyrin accumulates only in theb-amyrin-producing yeast strain expressing
CYP716Y1.
(B) Overlay of GC-MS chromatograms of authentic erythrodiol (Ery), oleanolic acid (OA), and echinocystic acid (EA) standards and extracts of the spent
mediumof anoleanolic-acid-producingyeast strain expressingCYP88A13,CYP716Y1, or anempty vector control. Echinocystic acid,whichelutes close to
ametabolite (tris(2,4-di-tert-butylphenyl) phosphate;Supplemental Figure 8) present in all samples, primulageninA (1), and16a-hydroxyoleanolic aldehyde
(2) accumulate only in the oleanolic acid-producing yeast strain expressing CYP716Y1.
(C)OverlayofGC-MSchromatogramsofanoleanolicacidstandardandextractsof thespentmediumofanaugustic-acid-producingyeast strainexpressing
CYP88A13, CYP716Y1, or an empty vector control. 2b-hydroxy echinocystic acid (3) and 2-oxo echinocystic acid (4) accumulate only in the strain ex-
pressing CYP716Y1.
(D)OverlayofGC-MSchromatogramsof caulophyllogenin, hederagenin, andquillaic acid standardsandextractsof the spentmediumof agypsogenic acid
(GA)-producing yeast strain expressing CYP88A13, CYP716Y1, or an empty vector control. 16a-hydroxy gypsogenic acid (5) accumulates in the strains
expressing CYP716Y1 and CYP88A13. GN, Gypsogenin. The reaction schemes and EI-MS spectra of the identified metabolites and standards are
presented in Supplemental Figures 6 to 10.
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productionof twounknownmetabolites (Supplemental Figure13).
These results indicate that CYP88A14 encodes a functional
protein that is not involved in zanhic acid biosynthesis.

Selection of Candidate UGTs Involved in Hemolytic
Triterpene Saponin Biosynthesis

In addition to theproductionof zanhic acidglycosides, theectopic
expression of TSAR3 in M. truncatula hairy roots also led to the
accumulation of several of themajormedicagenic acid glycosides
that normally only occur in the aerial parts of the plant. We thus
reasoned that this transcription factor might also regulate the
UDP-dependent glycosyltransferases (UGTs) responsible for
glycosylation of the medicagenic acid aglycone. The UGT-
encoding genes that were coexpressed with TSAR3 in the two
coexpression analyses that led to the identification of CYP88A13
(SupplementalDataSets3and4)wereconsidered tobecandidate
UGT genes involved in hemolytic saponin biosynthesis. This list
was expanded with UGT candidates from a third coexpression
analysis inwhich theM. truncatulageneexpressionatlas (Heet al.,
2009) was probed for UGTs coexpressedwithCYP716A12. UGT-
encoding geneswith aPearson’s correlation coefficient above0.6
wereconsidered tobecandidateUGTgenes involved inhemolytic

saponin biosynthesis. Combined, these three coexpression
analyses led to the generation of a comprehensive set of 20
candidate UGTs, 10 of which we were able to clone for further
analysis (Supplemental Table 2).

Functional Characterization of Candidate UGTs in Yeast and
N. benthamiana

To identify functional UGTs using S. cerevisiae, we expressed the
UGT candidates in the yeast strain engineered for medicagenic
acid accumulation and used for the identification of CYP88A13. In
addition to medicagenic acid, this yeast strain also accumulates
pathway intermediates such as oleanolic acid, hederagenin, and
bayogenin, thus providing a whole array of potential substrates
with different degrees of oxidation of the b-amyrin backbone.
As a positive control, the C-3 glucosyltransferase UGT73C11
(Augustin et al., 2012) and theC-28 glucosyltransferaseUGT73F3
(Naoumkina et al., 2010) were used. LC-MS analysis of cell ex-
tracts expressing the different UGTs revealed the production of
glycosides in the strains expressing two of the candidate UGTs
and in the strains expressing the positive controlsUGT73C11 and
UGT73F3 (Figures 11A and 11B).

Figure 9. The Expression of CYP88A13 Is Regulated by TSAR3.

(A)RT-PCR analysis showing thatCYP88A13 is expressed in three independent transgenic TSAR3OE hairy root lines, but not in theGUScontrol (CTR) lines
(top). The RT-qPCR reference gene ELFa was used as a control (bottom).
(B) and (C) Transactivation of the 1000-bp (B) and 2118-bp (C) ProCYP88A13 reporter constructs by TSAR1, TSAR2, and TSAR3 in transfected tobacco
protoplasts. Values on the y axis are normalized fold changes relative to protoplasts cotransfected with the reporter constructs and a pCaMV35S:GUS
control plasmid (CTR). The gray dashed line indicates twofold induction compared to the control and serves as the cut-off. The error bars represent the SE
(n 5 8). Statistical significance was determined by a two-tailed Student’s t test (*P < 0.05, **P < 0.01, and ***P < 0.001).
(D) and (E) RT-qPCR analysis of CYP88A13 in developing seeds (D) or leaves (E) of the tsar3 Tnt1 lines. For each Tnt1 insertion line, three individual
homozygous escape (wild-type [WT]) and homozygous knockout (KO) plants were tested. Values on the y axis are normalized fold changes relative to the
average of three individual control plants. The mean and SE (n 5 3 biological replicates) are shown, and dot plots (black dots) are overlaid. Statistical
significance was determined by a two-tailed Student’s t test (*P < 0.05; **P < 0.01; and ***P < 0.001).
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Expression of UGT73F19 in the medicagenic-acid-producing
yeast strain led to the production of two major glycosides
(Figure 11A). Based on their accurate mass, MSn fragmentation
spectra, and an available standard, these metabolites were
identified as 3-Glc-medicagenic acid and 3-Glc-gypsogenic acid.
Both metabolites were also present in the extract of a yeast strain
expressing the previously characterized C-3 glucosyltransferase
gene UGT73C11 (Figure 11A). Thus, like UGT73C11, UGT73F19
catalyzes the 3-O-glucosylation of the sapogenins medicagenic

acid and gypsogenic acid when expressed in yeast. Unlike
UGT73C11, however, UGT73F19 did not accept substrates with
a lower degree of oxidation of the b-amyrin backbone.
Expression of UGT73F18 in the medicagenic-acid-producing

yeast strain resulted in the production of a whole array of different
glycosides that were absent in the control strain (Figure 11B).
Based on their accurate mass, MSn fragmentation spectra, and
an available standard, these metabolites were identified as 3-
O-glucosides of medicagenic acid (1), hederagenin (3),

Figure 10. Functional Characterization of CYP88A13 in M. truncatula.

(A)RT-PCRanalysis showingCYP88A13expression in three independent transgenicCYP88A13OE (CYPOE)hairy root lines, butnot in theGUScontrol (CTR)
lines (top). The RT-qPCR reference gene ELFa was used as a control (bottom).
(B)Overlay of the LC-MS chromatograms (extracted ion, 679.37) of an extract of a control hairy root line (black) and an extract of a hairy root line expressing
CYP88A13 (green). 3-Glc-zanhic acid accumulates only in the line expressing CYP88A13.
(C)Schematic representationofCYP88A13. The locationsof theTnt1 retrotransposon in the insertion linesare indicatedby triangles. Exonsare represented
by gray boxes.
(D)Overlay of the LC-MSchromatograms (extracted ion, 1103.49) of an extract of leaves of wild-type (R108) and homozygousNF17520 andNF11894 Tnt1
insertion lines. 3-GlcA-28-Ara-Rha-Xyl-Zanhic acid (retention time 16.85 min) still accumulates in the homozygous Tnt1 insertion lines.
(E) RT-PCR analysis of CYP88A13 in two wild-type (R108) and two homozygous NF17520 and NF11894 Tnt1 insertion lines. Primers spanning the Tnt1
insertion of NF17520 (top) and NF11894 (bottom) were used for amplification, indicating the Tnt1 insertion is spliced out during RNA processing.
(F)Organizationof theCYP88A13-CYP88A14 tandemduplicationonchromosome5of theM. truncatulagenome.Genomic repeats are indicatedbyorange
(461 bp) and by light gray (1628 bp) boxes, respectively. Genes are indicated by dark gray arrows.
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polygalagenin (4), gypsogenin (5), augustic acid (6), and oleanolic
acid (7). In addition, small amounts 3-Glc-bayogenin and 3-Glc-
gypsogenic acid comigrated with 3-Glc-medicagenic acid and 3-
Glc-hederagenin, respectively. Thus, like UGT73C11, but in
contrast to UGT73F19, UGT73F18 also catalyzes the 3-O-glu-
cosylation of sapogenins with a lower degree of oxidation of the
triterpenoidbackbone,witholeanolic acidbeing the least oxidized
substrate that is still accepted by both UGTs upon expression
in yeast.

In addition to yeast, we also expressed the candidate UGTs
in combination with GgbAS, CYP716A12, CYP72A67, and
CYP72A68 in N. benthamiana leaves by agroinfiltration. We
analyzed methanolic extracts of leaves harvested 4 d after
agroinfiltration by LC-MS and confirmed the production of 3-O-
glucosides of medicagenic acid and gypsogenic acid upon in-
filtration with UGT73F19 (Figure 11C). Remarkably, only trace
amounts of 3-Glc-medicagenic acid were observed in leaves
infiltrated with UGT73C11, whereas 28-Glc-medicagenic acid
accumulated in these leaves. The accumulation of C-28 gluco-
sides was also observed when no candidate UGT gene was in-
filtrated and they were also observed in a previous study in which
UGT73C11 was infiltrated into N. benthamiana leaves (Khakimov
et al., 2015). Hence, we postulated that N. benthamiana contains
a UGT that catalyzes the C-28 glycosylation of triterpenoid
aglycones that competes for the triterpenoid aglycone substrates

with the expressedUGTs. Upon expression ofUGT73F19, almost
no 28-Glc-medicagenic acid was detected (Figure 11C), sug-
gesting that UGT73F19 has a higher affinity for the medicagenic
acid substrate. Infiltration ofUGT73F18 inN. benthamiana leaves
resulted in theaccumulationofboth28-Glc-medicagenic acidand
3-Glc-medicagenic acid in addition to small amounts of 3-Glc-
hederagenin and 3-Glc-polygalagenin, suggesting that this glu-
cosyltransferase has a slightly lower affinity for the sapogenin
substrates compared toUGT73F19. Taken together, these results
suggest that both UGT73F19 and UGT73F18 encode functional
sapogenin C3 glucosyltransferases when expressed in yeast and
N. benthamiana, with UGT73F18 having amore relaxed substrate
tolerance compared to UGT73F19.

UGT73F18 and UGT73F19 Are Part of a Cluster of
Duplicated Genes

The glucosyltransferase genes UGT73F18 and UGT73F19, en-
coded by MTR_120s0024 and MTR_120s0028, respectively,
are part of a gene cluster encoding six highly homologous
UGTs spread over a range of 57 kb in the M. truncatula ge-
nome (Figure 12A). This cluster of duplicated genes is located
on sequence contig 120s of the M. truncatula genome release
Mt3.5 (Young et al., 2011) but is unfortunately no longer pres-
ent in the more recent Mt4.0 genome release (Tang et al., 2014).

Figure 11. Functional Characterization of Candidate UGTs in Yeast and N. benthamiana.

(A) Overlay of LC-MS chromatograms of a 3-Glc-medicagenic acid (3-Glc-MA) standard and extracts of a medicagenic-acid-producing yeast strain
expressing the candidate glycosyltransferase gene UGT73F19, the positive controls UGT73C11 and UGT73F3, or an empty vector (EV) control (CTR).
(B) Overlay of LC-MS chromatograms of a 3-Glc-medicagenic acid standard and extracts of a medicagenic-acid-producing yeast strain expressing the
candidate glycosyltransferase gene UGT73F18, the positive controls UGT73C11 and UGT73F3, or an empty vector control.
(C) Overlay of LC-MS chromatograms of a 3-Glc-medicagenic acid standard and extracts of N. benthamiana leaves coinfiltrated with UGT73F19, the
positive controls UGT73C11 and UGT73F3, or a leaf not coinfiltrated with a UGT gene.
(D) Overlay of LC-MS chromatograms of a 3-Glc-medicagenic acid standard and extracts of N. benthamiana leaves coinfiltrated with UGT73F18, the
positivecontrolsUGT73C11andUGT73F3, oracontrol leafnotcoinfiltratedwithaUGTgene. (1), 3-Glc-medicagenicacid; (2), 3-Glc-gypsogenicacid; (3), 3-
Glc-hederagenin; (4), 3-Glc-polygalagenin; (5), 3-Glc-gypsogenin; (6), 3-Glc-augustic acid; (7), 3-Glc-oleanolic acid; (8), 28-Glc-medicagenic acid.
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The duplicated UGTs show a high sequence similarity of 92%
at the nucleotide level and 88% at the amino acid level
(Figure 12B). As both UGTs carry out the same reaction, i.e., C-3
glucosylation of triterpenoid sapogenins, it is plausible that
other members of this gene cluster also encode functional C3
glucosyltransferases.

Compared to CYP88A13, the degree of coregulation between
the two characterized UGTs and TSAR3 is less pronounced. RT-
qPCR analysis ofUGT73F18 andUGT73F19 in the TSAR3OE lines
revealed that these genes also appear to be regulated by TSAR3.
However, their transcriptional upregulation was only approxi-
mately fourfold (Figure 12C), which is comparable to the upre-
gulation of the C-28 glucosyltransferase gene UGT73F3 but less
pronounced than the upregulation of P450 genes involved in
hemolytic saponin biosynthesis (Figure 2). Transactivation assays
in tobacco protoplasts, however, revealed the substantial
activation of the UGT73F18 (ProUGT73F18) and UGT73F19
(ProUGT73F19) promoters by all three TSARs (Figure 12D).

DISCUSSION

Toprotect themselves frompathogenattackorherbivorepredation,
M. truncatulaplants accumulate organ-specific blends of triterpene
saponins whose biosynthesis is regulated in a JA-dependent
manner. Here, we report the identification of TSAR3, a seed-
specific transcription factor that regulates hemolytic saponin
biosynthesis in developing M. truncatula seeds. Extensive coex-
pression analyses with TSAR3 in transcriptome data sets from
developing M. truncatula seeds led to the identification and func-
tional characterization of CYP88A13, which catalyzes the final
oxidation step of the hemolytic saponin biosynthesis branch in M.
truncatula, i.e., theC-16ahydroxylationofmedicagenicacid toward
zanhic acid. Furthermore, the coexpression analyses revealed
UGT73F18 and UGT73F19, which were shown to glucosylate he-
molyticsapogeninsat theC-3positionwhenexpressed inyeastand
tobacco. Together with the previously characterized hemolytic
saponin biosynthesis genes, these biosynthesis genes form
a TSAR3-regulated regulon in developing M. truncatula seeds.

Figure 12. The Two Identified Glucosyltransferases Are Part of a Cluster of Six Duplicated UGTs.

(A) Organization of the UGT gene cluster on sequence contig 120s of the M. truncatula genome release Mt3.5.
(B) Sequence identities of the six UGTs on sequence contig 120s at the nucleotide (NT) and amino acid (AA) level.
(C)RT-qPCR analysis ofUGT73F18 andUGT73F19 in three independent control (CTR) and TSAR3OEM. truncatula hairy root lines. Values on the y axis are
normalized fold changes relative to the average of the three control lines. The error bars represent the SE (n5 3 technical replicates). Statistical significance
was determined by a two-tailed Student’s t test (**P < 0.01 and ***P < 0.001).
(D)Transactivationof the2000-bpProUGT73F18andProUGT73F19 reporter constructsbyTSAR1,TSAR2,andTSAR3 in transfected tobaccoprotoplasts.
Values on the y axis are normalized fold changes relative to protoplasts cotransfected with the reporter constructs and a pCaMV35S:GUS control plasmid
(CTR). The error bars represent the SE (n 5 8). Statistical significance was determined by a two-tailed Student’s t test (***P < 0.001).
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Recruitment of Clade IVa bHLH Transcription Factors to
Regulate Metabolic Pathways

TSAR3 is a clade IVa bHLH transcription factor. These often JA-
responsive transcription factors are involved in regulating diverse
metabolic pathways in different plant species (Goossens et al.,
2017; Shoji, 2019). Like TSAR1andTSAR2 (Mertens et al., 2016a),
we demonstrated that TSAR3 is also involved in regulating tri-
terpene saponin biosynthesis in M. truncatula. Like TSAR1, the
JA-responsive TSAR ortholog GubHLH3 regulates soyasaponin
biosynthesis in Chinese licorice (Glycyrrhiza uralensis; Tamura
et al., 2018), implying that TSAR transcription factors play con-
served roles in legumes. Similarly, the TSAR-Like (TSARL) tran-
scription factors TSARL1 and TSARL2 regulate saponin
biosynthesis in quinoa (Chenopodium quinoa), with TSARL1, like
TSAR3, beingexclusively expressed in the seedswhere it controls
thebiosynthesis of hemolytic, bitter-tasting saponins (Jarvis et al.,
2017). Quinoa, a member of the amaranth family, is not related to
the legumes M. truncatula and G. uralensis, pointing to the pos-
sible conservation of the role of clade IVa bHLH transcription
factors in regulating saponin biosynthesis beyond the legume
family. However, not all dicots accumulate saponins, and in
Madagascar periwinkle (Catharanthus roseus), the JA-responsive
clade IVa bHLH transcription factors BIS1 and BIS2 regulate
monoterpenoid indole alkaloid biosynthesis (Van Moerkercke
et al., 2015; Mertens et al., 2016b; VanMoerkercke et al., 2016). It
thus seems more likely that the transcriptional control of saponin
biosynthesis by TSAR or TSARL transcription factors in M.
truncatula and quinoa represents a case of convergent evolution.
By gaining cis-regulatory elements in the promoters of bio-
synthetic genes, metabolic pathways could be recruited into
a regulon controlled by the clade IVa bHLH transcription factors
(Shoji, 2019) that are often an integral part of the conserved JA
signaling cascade.

TSAR Transcription Factors Determine the Tissue-Specific
Blend of Saponins

TSAR3 is the third clade IVa bHLH transcription factor shown to
be involved in regulating triterpene saponin biosynthesis in M.
truncatula. Upon inspection of the M. truncatula genome (Tang
et al., 2014), we identified a staggering number (30) of additional
clade IVa bHLH transcription factors (Supplemental Figure 14).
Based on the role of the three characterized TSAR transcription
factors, we speculate that the other TSAR transcription factors
might also be capable of inducing (a specific branch of) the tri-
terpene saponin biosynthesis pathway in M. truncatula during
(specific) responses to environmental and developmental cues.
Assuch, their specificexpressioncouldallowtheplant tofine-tune
the composition of its triterpene saponin blend depending on the
specific needs of the moment and/or the organ.

An important question that remains is how the TSAR tran-
scription factors differentiate between the hemolytic and the
nonhemolytic saponin biosynthesis branches. Like TSAR2,
TSAR3 controls hemolytic triterpene saponin biosynthesis, yet
based on the phylogeny of its characteristic bHLH domain
(Supplemental Figure 14), TSAR3 appears to be more closely
related to TSAR1, a regulator of non-hemolytic soyasaponin

biosynthesis (Mertensetal., 2016a).Thus, it appears that theDNA-
binding bHLH domain itself is not responsible for the specificity of
the TSAR transcription factors. In addition to the bHLH signature
domain, clade IVa transcription factors also contain an ACT-like
domain that is required for homo- and heterodimer formation (Van
Moerkercke et al., 2016). It is therefore possible that interactions
with other proteins, not necessarily clade IVa bHLH transcription
factors, determine the specificity of these transcription factors
toward the specific saponin branches.

CYP88 Proteins Play a Conserved Role in
Triterpenoid Biosynthesis

CYP88A13, which is strictly coregulated with TSAR3 in de-
veloping M. truncatula seeds, encodes a cytochrome P450 that
catalyzes the C-16a hydroxylation of medicagenic acid toward
zanhicacid.C-16ahydroxylationof triterpenebackboneshasalso
been demonstrated for cytochrome P450s belonging to the
CYP716 and CYP87 families (Moses et al., 2014, 2015; Miettinen
et al., 2017),making theCYP88 family the thirdP450 family shown
to have the inherent capacity to catalyze the C-16a hydroxylation
of triterpenoids. The discovery that a CYP88 family member is
responsible for this reaction suggests that CYP88 proteins play
a conserved role in the oxidation of triterpene backbones. Indeed,
two other members of this family were reported to be involved in
triterpenoid biosynthesis. G. uralensis CYP88D6 and cucumber
(Cucumis sativus) CYP88L2 carry out the two-step oxidation of
b-amyrin at the C-11 position to produce 11-oxo-b-amyrin and
the C-19 hydroxylation of cucurbitadienol during cucurbitacin
biosynthesis, respectively (Seki et al., 2008; Shang et al., 2014).
Hence, like the CYP716 family (Miettinen et al., 2017), it appears
that the CYP88 family is also an important P450 family that
contributes to triterpenoid diversity. However, in contrast to the
CYP716 family, whose role appears to have evolved specifically
toward triterpenoid biosynthesis (Miettinen et al., 2017), CYP88
familymembers are primarily considered to be ent-kaurenoic acid
oxidases involved in gibberellin biosynthesis (Bak et al., 2011).
Based on the structural similarity around the C-7 position of ent-
kaurenoic acid and the C-16 position of medicagenic acid
(Supplemental Figure 15), it appears that neofunctionalization of
a duplicated ent-kaurenoic acid oxidase toward a medicagenic
acid C-16a hydroxylase might have occurred. A similar re-
cruitment of a CYP88 protein that functioned in gibberellin bio-
synthesis was proposed for CYP88D6 (Hamberger and Bak,
2013). Thus, unlike theCYP716 family, theCYP88 familymight not
have originally been dedicated to triterpene biosynthesis, but its
reoccurring involvement in this process might instead be a con-
sequence of the structural and physicochemical similarities be-
tween diterpenes and triterpenes.

Gene Duplications as a Driving Force of Molecular Evolution

Upon inspection of the M. truncatula genome, we noticed that
CYP88A13 appears in a tandem duplication with CYP88A14.
Unlike CYP88A13, however, it appears that CYP88A14 is not
involved in zanhic acid biosynthesis. Yet, we were able to show
that thisP450alsohasacapacity for triterpeneoxidation, although
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its exact catalytic activity remains to be determined. Gene du-
plication followed by sub- or neofunctionalization is considered to
beamajor driving forceof evolutionary novelty in plant specialized
metabolism (Ober, 2010). This notion is supported by the ap-
parently different functionality of CYP88A14 toward triterpenes
compared to CYP88A13, which is encoded by its tandem repeat
gene. LikeCYP88A13 andCYP88A14, theUGTgenesUGT73F18
and UGT73F19 also appear in a tandem repeat, in this case
a repeat of six genes encoding highly similar proteins. Although
these two UGTs catalyze the C-3 glucosylation of triterpenoid
sapogenins, UGT73F18 displays a more relaxed substrate tol-
erance compared to UGT73F19. As such, these duplicated genes
also appear to have evolved slightly different functions. Because
of the sequence similarity between the two characterized UGTs
and theotherUGTswithin the tandemrepeat, it is likely that at least
some of the other UGT-encoding geneswithin this tandem repeat
also encode functional C-3 glycosyltransferases.

Tandem gene duplications of UGTs involved in saponin bio-
synthesis appear to be the rule rather than the exception. In the
cruciferousplantBarbareavulgaris, agene tandemarrayencoding
at least six functional UGTs is involved in C-3 and C-28 gluco-
sylation of oleanolic acid and hederagenin (Erthmann et al., 2018).
Similarly, three genes encoding highly similar UGT94 family
proteins that are organized in a tandem repeat are involved in the
biosynthesis of the natural triterpene sweetener mogroside V in
the Chinese cucurbit Siraitia grosvenorii (Itkin et al., 2016). Fur-
thermore, in soybean, UGT73F2 and UGT73F4 encode UGTs
involved in triterpene saponin biosynthesis and are arranged as
a tandem repeat within the Sg-1 glycosyltransferase locus
(Sayama et al., 2012). Hence, UGTs involved in saponin bio-
synthesis from different plant families and belonging to different
UGT families all appear in tandem repeats. With the increasing
availability of sequenced genomes, more and more of these
tandemrepeatscouldbeencountered. Indeed, upon inspectionof
the M. truncatula genome, UGT73F3 (Medtr2g035020), which
encodes a C-28 glucosyltransferase, appears to be part of
a tandem repeat encoding two additional UGTs. One of these
UGTs, encoded by Medtr2g035050, appeared in our list of can-
didate UGTs (Supplemental Table 2), but we failed to clone it for
our initial screening in yeast and N. benthamiana. However,
Medtr4g031800, encoding UGT73K1, is not part of a tandem
repeat. Interestingly, this gene is located right next to CYP72A61
(Medtr4g031820), which encodes a P450 involved in non-
hemolytic soyasaponin biosynthesis. Therefore, UGT73K1 ap-
pears to be part of a small metabolic gene cluster, a phenomenon
not uncommon in plant specialized metabolism (Nützmann et al.,
2016, 2018). Hence, in addition to being coexpressed, saponin
biosynthesis genes often appear to occur in tandem arrays or
smallmetabolicgeneclusters.Assuch, the locationof acandidate
gene in thegenomemight serveasanadditional selectioncriterion
for candidate saponin biosynthesis genes.

METHODS

DNA Constructs

The sequences corresponding to the full-length open reading frames of all
genes used were retrieved from theMedicago truncatula genome version

3.5 (Young et al., 2011) or 4.0 (Tang et al., 2014) and cloned usingGateway
technology (Invitrogen). The gene sequences were PCR amplified (for
primers, see Supplemental Data Set 5) and recombined into the donor
vector pDONR221 or pDONR207. Sequence-verified entry clones for the
candidate P450s andUGTswereGateway recombined into the pEAQ-HT-
DEST1 vector (Sainsbury et al., 2009) and sequence verified. The resulting
constructs were used for transformation of Agrobacterium tumefaciens
C58C1 RifR (PMP90) for transient expression in Nicotiana benthamiana
leaves. For expression inyeast (Saccharomyces cerevisiae), entryclonesof
the P450s and UGTs were Gateway recombined into the high-copy-
number yeast destination vector pAG424GAL-ccdB (Addgene plasmid
14151; Alberti et al., 2007). For expression in hairy roots, the binary
overexpression vector pK7WG2D (Karimi et al., 2002) was used as the
destination vector.

For protoplast assays, the sequence-verified TSAR3 entry clone was
Gateway recombined into the p2GW7 vector (Vanden Bossche et al.,
2013). The promoter regions of BAS, CYP72A68, CYP88A13, UGT73F18,
and UGT73F19 were obtained from theM. truncatula genome version 4.0
(Tang et al., 2014), PCR-amplified from M. truncatula genomic DNA
(ecotype Jemalong J5), and recombined into the donor vector pDONR221.
Sequence-verified entry clones were recombined into the pGWL7 plasmid
(Vanden Bossche et al., 2013) for protoplast assays. The generation of the
effector plasmids for TSAR1 and TSAR2, and the reporter plasmids for
ProHMGR1, ProMKB1, ProCYP72A67, ProCYP93E2, ProCYP72A61,
ProUGT73F3, andProUGT73K1, was reported previously byMertens et al.
(2016a).

Transient Expression Assays in Tobacco Protoplasts

Transient expressionassays in tobacco (Nicotiana tabacum ‘BrightYellow-
2’) protoplasts were performed as previously described by Vanden
Bosscheet al. (2013). In brief, protoplastswere transfectedwitha reporter,
an effector, and a normalizer plasmid. The reporter plasmid consisted of
a fusionbetween thepromoter fragment of interest and the fLUC gene. The
effector plasmid contained the selected transcription factor driven by the
CaMV35S promoter. The normalizer plasmid contained the RENILLA
LUCIFERASE (rLUC ) gene under the control of the CaMV35S promoter.
Protoplasts were incubated overnight and lysed. fLUC and rLUC readouts
were collected using the Dual-Luciferase Reporter Assay System
(Promega). Each assay was performed in eight biological repeats of in-
dependently transfected protoplasts. Promoter activity was normalized by
dividing the fLUC value by the corresponding rLUC value. The average of
the normalized fLUC values was calculated and expressed relative to the
control fLUC values (i.e., protoplasts transfected with an effector plasmid
carrying a GUS gene).

Generation and Cultivation of M. truncatula Hairy Roots

M. truncatula seed sterilization (ecotype Jemalong J5), Agrobacterium
rhizogenes-mediated transformation ofM. truncatula seedlings (strain LBA
9402/12), cultivation of hairy roots, and metabolite extractions for LC-MS
analysis were performed as previously described by Pollier et al. (2011).

RT-qPCR Analysis

Hairy rootsgrown for 21d in liquidmediumasdescribed (Pollier et al., 2011)
were harvested by flash freezing in liquid nitrogen. The samples were
ground in liquid nitrogen with a mortar and pestle and used for total RNA
extractionandfirst-strandcDNAsynthesiswith anRNeasymini kit (Qiagen)
and an iScript cDNA synthesis kit (Bio-Rad), respectively. RT-qPCR was
performedwith a LightCycler 480 system (Roche), SYBRgreenmastermix
(Thermo Fisher Scientific), and RT-qPCR primers (Supplemental Data Set
5) designed using primer3 version 0.4.0 (Thornton and Basu, 2011;
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Untergasser et al., 2012). RT-qPCR was performed in a 5-mL of reaction
mixture in 384-well reaction plates. After initial denaturation for 10 min at
95°C, the PCR consisted of 45 cycles of denaturation (95°C for 10 s),
annealing (60°C for 15 s), and extension (72°C for 15 s). For the reference
genes, the M. truncatula 40S RIBOSOMAL PROTEIN S8 (40S) and
TRANSLATIONELONGATION FACTOR 1a (ELF1a) were used. Reactions
were done in triplicate, and qBase (Hellemans et al., 2007) was used for
relative quantification with multiple reference genes.

Coexpression Analyses

To select candidate P450s, two coexpression analyseswere performedon
microarray data sets of developing M. truncatula seeds. The first data set
consisted of 19,012 differentially expressed probe sets during M. trun-
catula seed development (Verdier et al., 2013). Genes coexpressed with
TSAR3 were identified by calculating the Pearson’s correlation coefficient
between the probe set corresponding to TSAR3 and all other probe sets in
the data set. The second data set contained five time series of developing
seeds. Four series correspond to the A17 genotype for which seeds were
harvested at different stages from plants that were subjected to various
environmental conditions from flowering onwards (Righetti et al., 2015). An
additional developmental time series was obtained from seeds of the
DZA315.16genotype (GEOsubmissionGSE137174).Like thefirstdataset,
genes coexpressed with TSAR3 were identified by calculating the Pear-
son’s correlation coefficient between the probe set corresponding to
TSAR3 and all other probe sets in this data set. Finally, to select candidate
UGTs, a third coexpression analysis was performed in which the M.
truncatula gene expression atlas (He et al., 2009) was probed for UGTs
coexpressed with CYP716A12. To this end, the expression values of all
probe sets in all 274 experiments included in the M. truncatula gene ex-
pression atlas were considered, and genes with a Pearson’s correlation
coefficient above 0.65 were considered to be coexpressed with TSAR3.

Yeast Engineering

Yeast strain PA147 was created from strain PA059 by CRISPR-mediated
knockout of PAH1 as described previously (Arendt et al., 2017). All yeast
strains used in this study are listed inSupplemental Table 1. Subsequently,
the ERG7 promoter of strain PA147 was replaced by the methionine-
repressible MET3 promoter. This was achieved by PCR amplification of
two overlapping fragments, a andb (Supplemental Figure 16), using primer
pairs 1162/1311 and 1312/1161, respectively, with genomic DNA from the
similarly engineered strain TM1 (Moses et al., 2014) as the PCR template.
The amplified fragments were ligated in the cloning vector pJET1.2/blunt
(Thermo Fisher Scientific) and sequence verified. The overlapping frag-
ments a and b were subsequently amplified from the sequence-verified
pJET1.2 clones, and strain PA147 was cotransformed with the resulting
PCR fragments. Transformants were selected on Yeast Peptone Dextrose
(Clontech)platessupplementedwith200mg/mLG-418disulfate (Duchefa).
Promoter replacement in the resulting colonies (strain JP034) was con-
firmed by PCR using primer pair 3428/1161.

The production ofmedicagenic acid was achieved by coexpressing the
genes encoding b-amyrin synthase from Glycyrrhiza glabra (GgbAS), cy-
tochrome P450 reductase from M. truncatula (MtCPR1), and the C-2
(CYP72A67), C-23 (CYP72A68), and C-28 (CYP716A12) oxidases fromM.
truncatula in the starter strain JP034. As only three auxotrophic markers
were available in this strain to express these five genes, two expression
plasmids were generated that each express two genes as a self-cleaving
polyprotein in which the two enzymes are linked via a viral 2A peptide. The
first plasmid, pAG425GAL[MTR1-T2A-CYP716A12], was obtained by
Gateway recombinationof theMTR1-T2A-CYP716A12entryclone (Arendt
et al., 2017) into the high-copy-number yeast destination vector
pAG424GAL-ccdB (Addgene plasmid 14153; Alberti et al., 2007). The

second plasmid, pESC-URA-tHMG1-DEST[CYP72A68-T2A-GgbAS],
was obtained by Gateway recombination of a CYP72A68-T2A-GgbAS
entry clone into the high-copy-number yeast destination vector pESC-
URA-tHMG1-DEST (Fiallos-Jurado et al., 2016). To generate this entry
clone,CYP72A68 andGgBASwere first PCR amplified from plasmid DNA
using primer pairs 2088/3716 and 3715/1297, respectively. The fragments
were joined by overlap extension PCR using primer pair 2088/1297 and
Gateway recombined into thedonorvectorpDONR221.Finally,CYP72A67
was expressed from the high-copy-number yeast destination vector
pAG423GAL-ccdB (Addgene plasmid 14149; Alberti et al., 2007).

Yeast Cultivation for Triterpenoid Production

Yeast transformations were performed using the lithium acetate/single-
stranded carrier DNA/polyethylene glycol method (Gietz and Woods,
2002), and transformed cells were selected on Synthetic Defined medium
supplemented with the appropriate dropout supplements (Clontech). To
evaluate the P450s, yeast cells were cultivated in the presence of methyl-
b-cyclodextrin as described by Moses et al. (2014). For GC-MS analysis,
1 mL of the spent medium was extracted three times with 0.5 volumes of
ethyl acetate. The organic extracts were pooled, evaporated to dryness
underavacuum,and the resulting residuewasused forGC-MSanalysis.To
evaluate the UGTs, yeast cells were cultivated without methyl-b-cyclo-
dextrin. For LC-MS analysis, yeast cells from 10mL of cultivation medium
were harvested in a 2-mLEppendorf tubeby centrifugation. The yeast cells
were broken by flash freezing the cells in liquid nitrogen, addingmetal balls
(one ø5-mmand twoø3-mmballs), andmilling using aRETCHballmill (two
times for 30 s at 30 Hz). Broken cells were extracted with 1mL of methanol
for 30 min at room temperature. After centrifugation, the methanol phase
was collected and evaporated to dryness under a vacuum. The resulting
residue was used for LC-MS analysis.

Agroinfiltration of N. benthamiana Leaves

A. tumefaciens C58C1 RifR (pMP90) cells were cultivated for 2 d in
ashaking incubator (150 rpm)at28°C in5mLof yeastextractbrothmedium
supplemented with 20 mg/mL gentamicin, 100 mg/mL rifampicin, and
25mg/mLkanamycin.After incubation,500mLof theprecultureswereused
to inoculate 9.5 mL of yeast extract broth medium supplemented with
antibiotics, 10 mM of MES (pH 5.7), and 20 mM of acetosyringone. After
overnight incubation, bacteria for transient coexpression were mixed,
collected via centrifugation, and resuspended in 5 mL of infiltration buffer
(100 mM acetosyringone, 10 mM MgCl2, and 10 mM MES, pH 5.7). The
amount of bacteria harvested for each construct was adjusted to a final
OD600 of 1.0 after resuspension in infiltration buffer. A. tumefaciens con-
taining M. truncatula tHMGR1 (Pollier et al., 2013) was infiltrated together
with the strains containing the triterpene biosynthesis genes to enhance
triterpene yield (Reed and Osbourn, 2018). After a 3-h incubation at room
temperature, the bacterial mixtures were infiltrated into the abaxial sides of
fully expanded leaves of 3- to 4-week-old N. benthamiana plants grown in
the greenhouse (21°C, 60% humidity, 16-h/8-h light/dark regime, 40 to
60 mmol/m2s photosynthetic photon flux). The infiltrated plants were in-
cubated under normal growth conditions for 4 d prior to metabolite
analysis. Four days after agroinfiltration, N. benthamiana leaves were
harvested and ground to a fine powder in liquid nitrogen. For each sample,
100mg of leaf material was extracted with 1mL ofmethanol. The resulting
organic extract was evaporated to dryness under a vacuum, and the
residue was used for GC-MS or LC-MS analysis.

GC-MS Analysis

For GC-MS analysis, the residue obtained from metabolite extraction of
yeastmediumorN. benthamiana leaveswas trimethylsilylated using 10mL
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of pyridine and50mLofN-methyl-N-(trimethylsilyl)trifluoroacetamide.GC-
MS analysis of yeast samples was performed using a GCmodel 6890 and
MS model 5973 (Agilent). One microliter of the sample was injected in
splitlessmodewith the injector port set to 280°C. Separationwas achieved
with a VF-5ms column (30m3 0.25mm, 0.25mm; Varian CP9013; Agilent)
with helium carrier gas at a constant flow rate of 1 mL/min. The oven was
held at 80°C for 1 min postinjection, ramped to 280°C at 20°C/min, held at
280°C for 45 min, ramped to 320°C at 20°C/min, held at 320°C for 1 min,
and cooled to 80°C at 50°C/min at the end of the run. The Mass Selective
Detector transfer line, ion source, andquadrupole temperatureswere set to
250°C, 230°C, and 150°C, respectively. For metabolite identification, full
EI-MS spectra were recorded betweenm/z 60-800 with a solvent delay of
7.8 min. GC-MS analysis of N. benthamiana leaf extracts was performed
using a 7890BGCsystemequippedwith a 7693Aautomatic liquid sampler
and a 7250 accurate-mass quadrupole time-of-flight MS system (Agilent).
Onemicroliter of the samplewas injected in splitlessmodewith the injector
port set to 280°C. Separationwas achievedwith a VF-5mscolumn (30m3

0.25 mm, 0.25 mm; Varian CP9013; Agilent) with helium carrier gas at
a constant flow rate of 1.2 mL/min. The oven was held at 80°C for 1 min
postinjection, ramped to 280°C at 20°C/min, held at 280°C for 60 min,
ramped to 320°C at 20°C/min, held at 320°C for 5min, and cooled to 80°C
at 50°C/min at the end of the run. TheMass Selective Detector transfer line
was set to 280°C and the electron ionization energy was 70 eV. Full EI-MS
spectra were recorded between m/z 50 to 800 at a resolution of >25,000
with a solvent delay of 20.0 min.

LC-MS Analysis

The residues obtained from metabolite extraction of yeast cells, N. ben-
thamiana leaves, or M. truncatula hairy roots were dissolved in 800 mL of
water/cyclohexane (1:1, v/v). The samples were centrifuged (10 min at
20,800g), and 200 mL of the aqueous phase was retained for LC-MS
analysis.

For LC-MS, 10mLof the samplewas injected into anAcquityUPLCBEH
C18 column (2.13 150 mm, 1.7 mm) mounted on either a Waters Acquity
UPLC systemcoupled to aSYNAPTHDMSQ-TOFor aThermo instrument
equipped with an LTQ FT Ultra for accurate mass measurements. Ioni-
zation was achieved via an electrospray ionization source. The following
gradient was run using acidified (0.1% [v/v] formic acid) solvents A (water/
acetonitrile, 99:1, v/v) and B (acetonitrile/water; 99:1, v/v) at a flow rate of
350 mL/min: time 0 min, 5% B; 30 min, 50% B; 33 min, 100% B. The mass
spectrometer was set to negative ionization mode with the following pa-
rameter values: capillary temperature 150°C, sheath gas 25 (arbitrary
units), aux. gas 3 (arbitrary units), and spray voltage 4.5 kV. For analyte
identification using the LTQ FT Ultra, full MS spectra were interchanged
with a dependent MS2 scan event in which the most abundant ion in the
previous full MS scanwas fragmented, two dependentMS3 scan events in
which the two most abundant daughter ions were fragmented, and a de-
pendent MS4 scan event in which the most abundant daughter ion of the
firstMS3 scan event was fragmented. The collision energywas set to 35%.

Peak areas for the untargeted metabolite profiling experiments were
determined usingProgenesis QI software (Waters). PCA andPLS-DAwere
performed using log-transformed, pareto-scaled MS data with standard
settings of the MetaboAnalyst 4.0 software package (Chong et al., 2018).

Analytical Standards

Analytical standards for GC-MS analysis (b-amyrin, erythrodiol, oleanolic
acid, hederagenin, medicagenic acid, quillaic acid, and caulophyllogenin)
were purchased from Extrasynthese. Saponin standards for LC-MS
analysis (Supplemental Data Sets 1 and 2) were obtained from Aldo Tava
(CRA-FLC, Italy) and Prof. Wiesław Oleszek (Institute of Soil Science and

Plant Cultivation, Poland) and were previously described by Pollier et al.
(2013).

Genotyping of Tnt1 Insertion Mutants

Tnt1 insertion mutants of Medtr2g104650 (TSAR3) and Medtr5g014240
(CYP88A13) were screened using a method modified from Cheng et al.
(2011). In brief, NF14212, NF15672, NF17107, NF11894, NF17520, and
NF13195 seeds from the Noble Research Institute were germinated and
grown in soil. Plants were grown in the greenhouse (21°C, 60% humidity,
16-h/8-h light/dark regime, 40 to60mmol/m2sphotosynthetic photonflux).
After 4weeks, two leaveswerecut fromeachplant, frozen in liquidnitrogen,
and ground using a RETCH ball mill. DNA was extracted as reported by
Cheng et al. (2011) and used as a PCR template. PCRwas performed with
gene-specific primers and primers within the Tnt1 retrotransposon
(Supplemental Figures 3 and 12; Supplemental Data Set 5). The PCR
fragments were sequenced to determine the exact location of the Tnt1
insertion. R108 wild-type plants and homozygous and hemizygous in-
sertion mutants were allowed to self-pollinate for seed production. Plants
grown from the resulting seeds were regenotyped and used for transcript
and metabolite profiling. For the TSAR3 Tnt1 insertion lines, seeds were
harvested;24dafter pollination (Supplemental Figure 17) and leaveswere
harvested at the same time.

Phylogenetic Analysis

An alignment of the bHLH domains according to Heim et al. (2003) was
used as input file (Supplemental Data Set 6) to generate a maximum
likelihood tree using MEGA5 software (Tamura et al., 2011). The Jones,
Taylor, and Thornton model was applied to determine evolutionary dis-
tances. Bootstrap analysis was performed with 1000 replicates. A
machine-readable tree file is provided as Supplemental Data Set 7.

Accession Numbers

Sequence data from this article can be found in the GenBank database
under accession numbers MN200610 to MN200629.
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