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Lotus japonicus is an important model legume plant in sev-
eral fields of research, such as secondary (specialized) me-
tabolism and symbiotic nodulation. This plant accumulates
triterpenoids; however, less information regarding its com-
position, content and biosynthesis is available compared
with Medicago truncatula and Glycine max. In this study,
we analyzed the triterpenoid content and composition of
L. japonicus. Lotus japonicus accumulated C-28-oxidized tri-
terpenoids (ursolic, betulinic and oleanolic acids) and soya-
sapogenols (soyasapogenol B, A and E) in a tissue-dependent
manner. We identified an oxidosqualene cyclase (OSC) and
two cytochrome P450 enzymes (P450s) involved in triter-
penoid biosynthesis using a yeast heterologous expression
system. OSC9 was the first enzyme derived from L. japonicus
that showed o-amyrin (a precursor of ursolic acid)-produ-
cing activity. CYP716A51 showed triterpenoid C-28
oxidation activity. LjCYP93E1 converted [-amyrin into
24-hydroxy-f-amyrin, a metabolic intermediate of soyasapo-
genols. The involvement of the identified genes in triterpen-
oid biosynthesis in L. japonicus plants was evaluated by
quantitative real-time PCR analysis. Furthermore, gene
loss-of-function analysis of CYP716A51 and LjCYP93ET was
conducted. The cyp716a51-mutant L. japonicus hairy roots
generated by the genome-editing technique produced no C-
28 oxidized triterpenoids. Likewise, the complete abolition
of soyasapogenols and soyasaponin | was observed in mutant
plants harboring Lotus retrotransposon 1 (LORET) in
LjCYP93E1. These results indicate that the activities of
these P450 enzymes are essential for triterpenoid biosynthe-
sis in L. japonicus. This study increases our understanding of
triterpenoid biosynthesis in leguminous plants and provides
information that will facilitate further studies of the physio-
logical functions of triterpenoids using L. japonicus.

Keywords: Betulinic acid e CRISPR/Cas9 ¢ LORET e Oleanolic
acid e Soyasapogenols e Ursolic acid.

Accession numbers: The nucleotide sequence reported in this
article has been submitted to the DNA Data Bank of Japan (DDB))

under the accession numbers of AB706297 (CYP716A51),
LC414182 (LjCYP93ET) and LC485316 (OSCO).

Introduction

Triterpenoids are a category of plant-specialized metabolites
with vast structural diversity and pharmacological activities
(Thimmappa et al. 2014). The first committed step of triter-
penoid biosynthesis is the cyclization of 2,3-oxidosqualene by
oxidosqualene cyclases (OSCs), which generate simple triter-
pene skeletons such as a-amyrin, lupeol and B-amyrin. These
simple skeletons are modified by cytochrome P450 monooxy-
genases (CYPs or P450s) and UDP-dependent glycosyltrans-
ferases (UGTs), resulting in the production of triterpenoid
sapogenins (aglycones) and triterpenoid saponins (glycosides)
(Thimmappa et al. 2014, Seki et al. 2015).

Legume plants produce various triterpenoids in large
amounts. The model legume Medicago truncatula produces
hemolytic sapogenins and saponins from fB-amyrin (Huhman
et al. 2005, Confalonieri et al. 2009). Hemolysis refers to the
ability of certain compounds to disrupt red blood cell mem-
branes, which, for triterpenoids, is highly dependent on the
backbone and the oxidized carbon positions (Vo et al. 2017).
CYP716A12 is a key enzyme involved in hemolytic saponin
biosynthesis that catalyzes a three-step oxidation at the C-28
position of B-amyrin to produce oleanolic acid (Carelli et al.
2011, Fukushima et al. 2011). CYP72A68 (Fukushima et al. 2013,
Biazzi et al. 2015) and CYP72A67 (Biazzi et al. 2015) produce
medicagenic acid through oxidation at the C-23 and C-2f3 pos-
itions, respectively, of oleanolic acid. Cyp716a12 and ugt73f3 (a
UGT enzyme involved in hemolytic saponin biosynthesis)
mutant plants exhibited a drastic dwarf phenotype, suggesting
that triterpenoid sapogenins may be toxic or that hemolytic
saponins are important for the growth and development of M.
truncatula plants (Naoumkina et al. 2010, Carelli et al. 2011).

Soyasaponins are widely distributed in legume plants such as
soybean (Glycine max) and M. truncatula (Fenwick et al. 1991,
Huhman et al. 2005, Confalonieri et al. 2009, Carelli et al. 2011).
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Soyasaponins are classified as nonhemolytic saponins, as their
aglycones (soyasapogenols B, A and E) do not have hemolytic
activity. Some P450 genes are reportedly involved in soyasapo-
genol biosynthesis in the abovementioned two legume plants.
In G. max, CYP93E1 and CYP72A61 oxidize B-amyrin at the C-
24 and C-22 positions, respectively, to produce soyasapogenol B
(Shibuya et al. 2006, Ebizuka et al. 2011, Krishnamurthy et al.
2019). Soyasapogenol A is biosynthesized by oxidation of the C-
21 position of soyasapogenol B by CYP72A69 (Sg-5) (Yano et al.
2017). Soyasapogenol E is likely to be produced from soyasapo-
genol B by further oxidation at the C-22 position; however, the
soyasapogenol B C-22 oxidase responsible has not yet been
identified. CYP93E2 and CYP72A61v2 of M. truncatula are
orthologs of CYP93ET and CYP72A61 of G. max, respectively
(Fukushima et al. 2011, Fukushima et al. 2013). The physio-
logical functions of soyasaponins are still under discussion.
However, the selective secretion of soyasaponins from the
roots of hydroponic-cultured legume plants suggests roles for
soyasaponins as chemical signals in the interaction between
legume plants and other organisms in the rhizosphere (Tsuno
et al. 2018).

Lotus japonicus is a model legume plant. Five OSCs and one
P450 were functionally characterized as triterpenoid biosyn-
thetic enzymes in heterologous expression systems and by
gene-silencing analyses (lturbe-Ormaetxe et al. 2003, Sawai
et al. 2006a, Sawai et al. 2006b, Delis et al. 2011, Krokida et al.
2013). AMY2 is a multifunctional OSC enzyme that produces
dihydro-lupeol, which is subsequently oxidized by CYP71D353
at the C-20 and C-28 positions to produce 20-hydroxy lupeol
and 20-hydroxy betulinic acid, respectively, when transiently
expressed in Nicotiana benthamiana leaves by agroinfiltration
(Krokida et al. 2013). Although dihydro-lupeol, 20-hydroxy
lupeol and 20-hydroxy betulinic acid were not detected in L.
japonicus plants, amy2-silenced plants showed nonflowering
and short and stunted root phenotypes (Krokida et al. 2013).
0SC3 encodes a lupeol synthase (Sawai et al. 2006b). Lupeol
accumulation decreased in osc3-silenced plants and they
showed higher expression of the ENOD40 gene (an early nodu-
lin gene), resulting in a rapid nodulation phenotype (Delis et al.
2011). This finding suggests a negative effect of lupeol or its
derivatives on nodulation (Delis et al. 2011).

Although L. japonicus, as well as M. truncatula and G. max,
has been used in studies of the biosynthesis and physiological
functions of triterpenoids, the triterpenoid sapogenin profile of
this plant has not been analyzed. In addition, no P450 enzyme
involved in triterpenoid biosynthesis in planta has been identi-
fied. In this study, we qualitatively analyzed and quantified
sapogenins in L. japonicus for newly detecting some triterpen-
oids (ursane, lupane and oleanane types) and for revealing their
tissue-dependent accumulation. We functionally characterized
one OSC (0SC9) and two P450s (CYP716A51 and LjCYP93E1)
involved in the production of major triterpenoids in this plant
using a yeast heterologous expression system. We also exam-
ined the expression patterns of identified triterpenoid biosyn-
thetic genes in L. japonicus plants. Finally, we directly evaluated
the roles of P450 genes via in planta loss-of-function analyses,
using the clustered regularly interspaced short palindromic

repeats/CRISPR-associated protein 9 (CRISPR/Cas9) (Sander
and Joung 2014, Wang et al. 2016) technology and Lotus retro-
transposon 1 (LORET)-tagged lines (Fukai et al. 2012, Urbanski
et al. 2012).

Results
Triterpenoid profiling in L. japonicus

Leaves, stems, roots, flowers and fruits were collected from
2.5-month-old L. japonicus. Extracted triterpenoids were ana-
lyzed by gas chromatography-mass spectrometry (GC-MS)
(Supplementary Figs. S1, S2). Quantification of the triterpen-
oid sapogenins in the acid-hydrolyzed extracts (Table 1)
shows the total amount of nonglycosylated triterpenoids in
plants and aglycones of triterpenoid saponins because sugar
moieties were removed from saponins by acid hydrolysis.
The chromatograms contain the peaks of simple triterpenoid
skeletons, a-amyrin (1), lupeol (5) and B-amyrin (9), and their
C-28-oxidized derivatives, ursolic acid (4), betulinic acid
(8) and oleanolic acid (12) (Fig. 1; Table 1). Soyasapogenols
[soyasapogenol B (15), soyasapogenol A (16) and soyasapo-
genol E (17)] and their biosynthetic intermediate [sophora-
diol (14)] were also detected (Fig. 1; Table 1). Although a
small peak at the same retention time (Rt) as the authentic
standard of 24-hydroxy-B-amyrin (13) appeared in root ex-
tracts (Supplementary Fig. S2), we could not identify it as its
intensity was too low and it co-eluted with an unknown
metabolite.

Among the abovementioned triterpenoid sapogenins, o-
amyrin (1), ursolic acid (4), betulinic acid (8), B-amyrin (9),
oleanolic acid (12), sophoradiol (14), soyasapogenol A (16)
and soyasapogenol E (17) were detected for the first time in
L. japonicus in this study (Fig. 1). Together, our triterpenoid
profiling experiments revealed a tissue-dependent accumula-
tion of triterpenoids in L. japonicus. In brief, betulinic acid (8)
and soyasapogenol B (15) accumulated mainly in roots and
ursolic acid (4) and oleanolic acid (12) accumulated mainly in
stems (Table 1).

To determine whether these triterpenoids are glycosylated
or not in planta, we compared the GC-MS total ion chromato-
grams (TICs) of the extracts of each tissue with and without
acid hydrolysis (Supplementary Fig. S1). Soyasapogenols were
detected only in the acid-hydrolyzed extracts, whereas C-28
oxidized triterpenoids were also detected in nonhydrolyzed ex-
tracts. Furthermore, we quantified the amount of each triter-
penoid in roots with and without acid hydrolysis using selected
ion monitoring (SIM)-GC-MS analysis (Supplementary Table
S1). We detected small amounts of soyasapogenol B (16) and
soyasapogenol E (17) without acid hydrolysis. However, the
amounts of these compounds in acid-hydrolyzed extracts
were 830 times and 78 times higher, respectively, compared
with nonhydrolyzed extracts. No soyasapogenol A (16) was
detected without acid hydrolysis even in SIM mode. These re-
sults suggest that most soyasapogenols are glycosylated in this
plant. The C-28 oxidized triterpenoids appear to accumulate as
aglycone forms in L. japonicus.
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Table 1 Quantitation of

triterpenoids

in 2.5-month-old L. japonicus by GC-MS

Triterpenoid (1.g/g-dw) Leaves Stems Roots Flowers Fruits
o-Amyrin (1) 3783 = 83 51+ 17 19 = 0.2 439.5 + 14.0 403 £ 5.0
Ursolic acid (4) 114.4 £ 10.3 1,029.8 + 104.4 nd 249 + 3.8 222 £ 57
Lupeol (5) nd nd 123 + 17.4 50.0 + 9.9 56.8 + 12.8
Betulinic acid (8) nd 2237 = 139 6,490.0 £ 1,979.6 103 += 14 4.6 £ 09
B-Amyrin (9) 116.7 £ 22.7 205 + 49 13.1 = 25 422 + 33 121 = 1.6
Oleanolic acid (12) 213.7 = 48 5,670.5 + 280.9 57.0 = 10.7 725 + 347 142 = 75
24-OH-B-Amyrin (13) nd nd nd nd nd
Sophoradiol (14) 79.8 = 6.0 264 = 2.1 1314 £ 99 247 £ 0.6 15.7 = 54
Soyasapogenol B (15) 609.2 + 59.7 361.0 + 46.6 5443. 4 £ 4423 364.8 = 56.7 385.2 = 120.0
Soyasapogenol A (16) 493 = 7.5 56.8 £ 14.1 7063 + 67.5 32 + 08 284 * 2.4
Soyasapogenol E (17) 74 + 0.7 50 = 0.2 4749 £ 129.0 11.6 + 1.8 9.3 + 5.0
Total 1,568.8 + 56.4 7,399.9 + 3959 13,335.5 = 2,032.2 1,043.5 + 64.1 589.5 = 154.5

The acid-hydrolyzed extracts were used for triterpenoid quantitation. Values are means + standard deviation (SD) of three biological replicates calculated from the
peak area of each compound and the internal standard (asiatic acid). Compounds were numbered according to Fig. 1. nd, not detected.
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Fig. 1 Proposed triterpenoid biosynthetic pathways in L. japonicus. Compounds 1, 4, 5, 8,9, 12, 14, 15, 16 and 17 were detected in L. japonicus
plants. Compound 13 was not identified due to its small peak intensity in plant extracts. The presence of compounds 2, 3, 6, 7, 10 and 11 was not
examined because authentic standards were not included in the GC-MS analysis of plant extracts. OSC enzymes reported thus far and OSC and
P450 enzymes newly identified here catalyze these reactions. The compound numbers are consistent with those in Table 1.

Identification of a-amyrin synthase in L. japonicus

Our triterpenoid profiling experiments revealed the accumula-
tion of a-amyrin (1) and ursolic acid (4) in L. japonicus. However,

2498

no OSC producing a-amyrin has been identified in this plant. We
mined the L. japonicus genome database to find an unidentified
OSC gene (Lj3g3v3617740), which was named OSC9.
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Fig. 2 GC-MS analysis of extracts of transgenic yeast expressing OSC9.
a-Amyrin was detected in OSC9-expressing yeast extracts but not in
empty vector control yeast extracts. Compounds were numbered ac-
cording to Fig. 1.

To elucidate the function of OSC9, we employed a yeast
heterologous expression system. o-Amyrin (1) was detected
in the extracts of OSC9-expressing yeast culture but not in
the extracts of empty vector control yeast culture (Fig. 2).
No other triterpenoid compounds specifically produced in
0OSC9-expressing yeast were found in this assay. Therefore,
OSC9 is an a-amyrin synthase (aAS) probably involved in the
production of a-amyrin (1) and ursolic acid (4) in L. japonicus.

Identification of P450 enzymes involved in the
production of major triterpenoids in L. japonicus

Recent studies have identified several P450 enzymes respon-
sible for triterpenoid oxidation reactions in different plant spe-
cies. Because L. japonicus accumulated C-28-oxidized
triterpenoids and C-24-oxidized triterpenoids (soyasapo-
genols), it is reasonable that CYP716A and CYP93E subfamily
P450s, previously reported as triterpenoid C-28 and C-24 oxi-
dases, respectively, are involved in their production. One
CYP716A gene (Lj4g3v3014670, CYP716A51) and one CYP93E
gene (Lj1g3v3555800, LjCYP93E1, named by Dr. David Nelson,
P450 Nomenclature Committee, in Du et al. 2016) were found
in the L. japonicus genome using a BLAST search on
miyakogusa.jp.

The activities of CYP716A51 and LjCYP93E1 were analyzed
using a yeast heterologous expression system as well. The func-
tion of CYP716A51 was evaluated against three simple triter-
pene skeletons: a-amyrin (1), lupeol (5) and B-amyrin (9). Yeast
strains expressing aAS (derived from Olea europaea)/

cytochrome P450 reductase (CPR)/CYP716A51, lupeol synthase
(Glycyrrhiza uralensis LUS)/CPR/CYP716A51 or B-amyrin syn-
thase (L. japonicus bAS)/CPR/CYP716A51 produced ursolic acid
(4), betulinic acid (8) or oleanolic acid (12), respectively, as final
products (Fig. 3A-C). The metabolic intermediates, uvaol (2),
betulin (6), erythrodiol (10), ursolic aldehyde (3) and oleanolic
aldehyde (11), were also detected (Fig. 3A-C), similar to our
previous report (Suzuki et al. 2018). Because the aAS used in this
assay is a multifunctional OSC that produces a-amyrin and [3-
amyrin, B-amyrin derivatives were also produced in the yeast
strain expressing aAS/CPR/CYP716A51 (Fig. 3A). The activity of
LjCYP93E1 was tested against the B-amyrin skeleton. The peak
corresponding to 24-hydroxy-B-amyrin (13) was detected in
the GC-MS chromatogram of bAS/CPR/LjCYP93E1-expressing
yeast extract (Fig. 3D). However, no oxidized triterpenoids were
detected from the yeast strains expressing only the OSC and
CPR genes (Fig. 3). These results demonstrate that CYP716A51
and LjCYP93E1 are C-28 and C-24 oxidases, respectively.

Expression patterns of OSCs, CYP716A51 and
LjCYP93ET1 in L. japonicus

Triterpenoids in L. japonicus accumulated in a tissue-depend-
ent manner (Table 1). We performed quantitative real-time
PCR (qPCR) analysis (Fig. 4) to examine the correlations be-
tween the triterpenoid accumulation patterns and expression
patterns of triterpenoid biosynthetic genes in leaves, stems and
roots. The expression of OSC9 (encoding aAS) was observed in
leaves and stems in which a-amyrin (1) and ursolic acid (4)
accumulated. The OSC9 expression level in roots was below
the quantification limit. OSC3 (encoding LUS) was highly ex-
pressed in roots that accumulated the most betulinic acid (8).
0SC1 (encoding bAS) is involved in the biosynthesis of both
oleanolic acid (12) and soyasapogenols (15, 16 and 17) (Fig. 1).
The OSCT expression was higher in stems (abundant oleanolic
acid) and in roots (abundant soyasapogenols). The CYP716A51
expression was too low to be quantified in leaves in which the
smallest total amount of C-28 oxides accumulated. The most
soyasapogenols accumulated in roots and the LjCYP93ET ex-
pression was similarly higher in roots. The expression of
0SC9, 0SC3, 0SC1, CYP716A51 and LjCYP93ET was variable in
different tissues (Fig. 4) and these differences may cause the
tissue-dependent accumulation of different triterpenoids in L.
japonicus (Table 1).

Knockout of the CYP716A51 gene in transgenic
hairy roots

To directly confirm the involvement of CYP716A51 in C-28-
oxidized triterpenoid production in planta, we used the
CRISPR-Cas9 system. We previously described a CRISPR-Cas9
vector, pMgP237-2A-GFP, which can express multiplex gRNAs
(Hashimoto et al. 2018, Nakayasu et al. 2018). Two target se-
quences on the first exon of CYP716A51, T1 and T2
(Supplementary Fig. S3A; Supplementary Table S2), were se-
lected using CRISPRdirect software (Naito et al. 2015). Both
target sequences were simultaneously integrated into the
vector to generate T1/T2-pMgP237. Transgenic hairy roots
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Fig. 3 GC-MS analysis of extracts of transgenic yeast after co-expression of OSCs, CPR and P450s. CYP716A51 was co-expressed with (A) aAS/
CPR, (B) LUS/CPR or (C) bAS/CPR in yeasts. (D) LjCYP93E1 was introduced into bAS/CPR-expressing yeast. As controls, the corresponding empty
vector lines were also analyzed, by GC-MS. Betulinic acid (8) and oleanolic aldehyde (11) co-eluted with a yeast endogenous metabolite.

Compounds were numbered according to Fig. 1.

were induced by Agrobacterium rhizogenes ATCC15834 harbor-
ing T1/T2-pMgP237 or the empty vector as a control.
Putative cyp716a51-mutant hairy root lines were selected by
PCR and electrophoresis (heteroduplex mobility assay). Some
extra bands were observed in the hairy root lines (T1/T2_#7, #8,
#11 and #15), but not in the vector control hairy root lines
(VC_#1 and VC_#2) (Supplementary Fig. S3B), suggesting
that mutations occurred in the CYP716A51 gene and produced
heteroduplex PCR fragments. Genomic DNA fragments around
the T1 and T2 target sites were cloned and sequenced. Mutated
alleles were not found in the control lines, VC_#1 and VC_#2
(Supplementary Fig. S3C). In addition, although wild-type (WT)
sequences were detected in T1/T2_#7, #8 and #15, several types
of mutations were observed in T1/T2_#7, #8, #11 and #15
(Supplementary Fig. S3C). All of the mutations resulted in
frameshifts with the exception of a 36-bp deletion mutation
around the T2 site in line T1/T2_#8, which resulted in the
translation of a short protein with as-yet-unknown activity.
We analyzed the triterpenoid composition of the control
and mutant lines. The control lines (VC_#1 and VC_#2) accu-
mulated several oxidized triterpenoids, including oleanolic acid
(12), betulinic acid (8), sophoradiol (14) and soyasapogenol B
(15) (Fig. 5). The mutant lines T1/T2_#7, #8, #11 and #15
accumulated sophoradiol (14) and soyasapogenol B (15) but
lacked oleanolic acid (12) and betulinic acid (8) (Fig. 5). The
same results were confirmed in extracted ion chromatograms
(EICs) at m/z=189 and 203 (Supplementary Fig. S4). These
results confirm that CYP716A51 is involved in oleanolic
and betulinic acids production in L. japonicus. Although

CYP716A51 produced ursolic acid (4) when heterologously
co-expressed with aAS and CPR in yeast, hairy roots of L. japo-
nicus did not accumulate ursolic acid (4) or o-amyrin (1).

Ljcyp93e1 loss-of-function mutant plants

The seeds of two independent mutant lines, 30030559 (X) and
30030927 (), both of which contain an LORET insertion (Fukai
et al. 2012, Urbanski et al. 2012) into the third exon of
LjCYP93E1 were obtained (Supplementary Fig. S5A). WT
allele-specific primer sets (A and B) and insertion allele-specific
primer sets (A and C) were designed for the LjCYP93E1 gene and
other genes that may have LORET insertions in their exons
(Supplementary Fig. S5B; Supplementary Tables S3, S4) accord-
ing to a previous report (Urbanski et al. 2012). Heterozygous
Licyp93e1 mutants (#X12 and #Y1) and homozygous Ljcyp93e1
mutants (#X1 and #Y4) were selected by PCR analysis
(Supplementary Fig. S5C, D).

We analyzed the sapogenin composition of the leaves of
WT, heterozygous Ljcyp93el-mutant and homozygous
Licyp93e1-mutant plants (Supplementary Fig. S6). 24-
Hydroxy-B-amyrin (13) was not detected in any plants, includ-
ing WT plants, but all of the plants accumulated sophoradiol
(14). Soyasapogenols (15, 16 and 17) were detected in WT and
heterozygous mutant lines (#X12 and #Y1), but not in homo-
zygous Ljcyp93eT-mutant lines (#X1 and #Y4).

To reveal how LORET insertion affected the expression of
LjCYP93E1, we analyzed the transcript levels of LjCYP93ET and
OSC1 in WT plants and the progeny of #X1 line by qPCR analysis
(Supplementary Fig. S7). The expression of LjCYP93ET decreased
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were normalized with the expression level of a reference gene (LjUBQT). Means =+ standard deviation (SD). nq, detected but not quantifiable.

significantly in #X1 plants, whereas OSC1 expression was not
affected. Amplification was observed in #X1 plants, even using a
third exon-specific primer set (amplifying the downstream se-
quences of the LORET insertion site). These observations sug-
gest that LORET insertion into the exon of LjCYP93ET caused
misfolding and degradation of the transcripts (Doma and
Parker 2007) and also resulted in the translation of nonactive
proteins, although the Ljcyp93e1-mutant allele was fully
transcribed.

To examine the metabolic changes between the WT and
homozygous Ljcyp93el-mutant lines in detail, we compared
the triterpenoid compositions of the leaves (Fig. 6A), stems

(Fig. 6B) and roots (Fig. 6C) of WT, #X1 and #Y4 lines with
and without acid hydrolysis. Peaks corresponding to soyasapo-
genol B (15), soyasapogenol A (16), soyasapogenol E (17) and
unknown compounds (u1-u4) were not detected in any tissues
of Licyp93eT1-mutant lines. These unknown compounds may be
artifacts of the acid hydrolysis of soyasaponins, such as soyasa-
pogenol C and F (Carelli et al. 2011, Tava et al. 2017). By con-
trast, o-amyrin (1), ursolic acid (4), lupeol (5), betulinic acid (8),
B-amyrin (9), oleanolic acid (12) and sophoradiol (14) were
detected in both WT and Ljcyp93e7-mutant plants (Fig. 6).
The accumulation of B-amyrin (9) and sophoradiol (14)
increased in Ljcyp93el-mutant plants because they are the
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Fig. 5 GC-MS analysis of triterpenoids in cyp716a51-mutant hairy root lines. Peaks corresponding to oleanolic acid (12) and betulinic acid (8)
were not detected in T1/T2 lines. Triterpenoids were extracted from 10 mg of dried materials and resuspended in 300 pl of chloroform/methanol
(1:1) after acid hydrolysis. One hundred microliters of the solution were evaporated and derivatized followed by GC-MS analysis. Compounds

were numbered according to Fig.1. VC, vector control.

precursors of the soyasapogenols that were reduced in the
Licyp93e1 mutants (Fig. 6). More sophoradiol was detected in
the acid-hydrolyzed extracts than in the nonhydrolyzed ex-
tracts of Ljcyp93e1 mutants, suggesting that the UGT enzymes
predominantly glycosylating soyasapogenols in WT plants ac-
cepted sophoradiol as a substrate instead of soyasapogenols in
Licyp93e1-mutant plants. The competing pathway product,
oleanolic acid (12), also increased in the root extracts of
Ljcyp93e1-mutant plants (Fig. 6C).

Unknown peaks, u5 and u6, were detected in the leaves and
stems of Ljcyp93e1 plants, and their intensities increased in the
roots of Ljcyp93e1 plants compared with WT plants (Fig. 6). Peaks
u5 and u6 were not detected in the nonhydrolyzed samples,
indicating that they are glycosylated in L. japonicus plants. The
molecular ion of u5 was m/z=7586.4 (Supplementary Fig. S8),
consistent with monohydroxy-B-amyrin + 2TMSi. Peak u6 had
a molecular ion of m/z = 674.5 (Supplementary Fig. S8), consistent
with dihydroxy-B-amyrin + 3TMSi. Because the mutant plants
lacked the C-24 oxidation activity by LjCYP93E1, compound u5
may correspond to 21-hydroxy-f3-amyrin and compound u6 may
correspond to cantoniensistriol (21,22-dihydroxy-B-amyrin).
However, we could not identify these peaks due to the lack of
corresponding authentic standards. In addition, the amount was
too small to purify and to elucidate the structure by nuclear
magnetic resonance analysis.

Finally, we performed liquid chromatography-mass spec-
trometry (LC-MS) analysis to confirm changes in saponin com-
position in Ljcyp93e1-mutant plants. Soyasaponin | content was
analyzed in the leaves, stems and root extracts of WT, #X1 and
#Y4 lines (Fig. 7A; Supplementary Figs. S9, S10). Soyasaponin | is
common in legume plants; it has soyasapogenol B as aglycone
and glucuronic acid, galactose and rhamnose attached to C-3
(Fig. 7B). The #X1 and #Y4 lines completely lacked soyasaponin
| (Fig. 7A). In addition, several peaks that may correspond
to other soyasaponins found in the TICs of WT plant ex-
tracts also disappeared in Ljcyp93eT-mutant plant extracts
(Supplementary Fig. S9).

Metabolic changes at the sapogenin and saponin levels in-
dicate the essential activity of LjCYP93E1 in L. japonicus triter-
penoid biosynthesis.

Discussion

Triterpenoid biosynthesis in L. japonicus

The presence of lupeol, soyasapogenol B and soyasaponins pro-
duced from the aglycones, soyasapogenol B, A and E, in L
japonicus plants has been reported (Delis et al. 2011, Tsuno
et al. 2018). In addition to the abovementioned triterpenoids,
we reported in this study the accumulation of ursane, lupane
and oleanane triterpenoids in a tissue-dependent manner
(Fig.1; Table 1). These results provide us with basic knowledge
of the biosynthesis and physiological functions of triterpenoids
in L. japonicus.

a-Amyrin (1) and ursolic acid (4) were detected throughout
tissues; however, roots accumulated the smallest amount of
a-amyrin and did not accumulate ursolic acid (Table 1). We
identified OSC9, which produced a-amyrin when heterologously
expressed in yeast. The accumulation pattern of o-amyrin
(Table 1) correlated with the expression pattern of OSC9
(Fig. 4), suggesting the involvement of OSC9 in ursane triterpen-
oid biosynthesis in this plant. In the phylogenetic tree of OSC
proteins, OSC9 is located in the same clade as B-amyrin syn-
thases and multifunctional OSCs, some of which have o-
amyrin producing activities (Supplementary Fig. S11). To date,
no OSC producing ai-amyrin as a single product has been found
(Brendolise et al. 2011, Thimmappa et al. 2014, Srisawat et al.
2019). In this study, we detected no triterpenoid products other
than o-amyrin in the OSC9-expressing yeast extract (Fig. 2).
However, OSC9 may produce undetectable levels of other triter-
penoids in this assay. Scale-up culture or a different expression
system will be required to clarify the product specificity of OSC9.

It was previously suggested that lupeol or its further mod-
ified compound regulates the expression of the ENOD40 gene
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Fig. 6 Changes in triterpenoid production between WT and Ljcyp93e1-mutant plants. TICs of extracts from (A) leaves, (B) stems and (C) roots
from WT and Ljcyp93el-mutant plants with or without acid hydrolysis. Triterpenoids were extracted from 10 mg of dried materials and
resuspended in 300 p of chloroform:methanol (1:1). A portion of the solution (100 pl for leaves or 50 pl for stems and roots) was evaporated
and derivatized followed by GC-MS analysis. Compounds were numbered according to Fig.1.

and affects nodule formation in L. japonicus (Delis et al. 2011).
In our triterpenoid quantitation analysis, nonglycosylated betu-
linic acid (8) was predominant in roots (Table 1;
Supplementary Fig. S1). Lupeol (5) could not be quantified in
two of the three biological replicates of roots, suggesting that
lupeol is rapidly converted into betulinic acid in roots. Thus,
betulinic acid may be the real contributor to ENOD40 gene
expression regulation.

B-Amyrin (9) and oleanolic acid (12) were also found
throughout the tissues. Stems accumulated the most oleanolic
acid without glycosylation (Table 1; Supplementary Fig. S1). No
hemolytic triterpenoid, except for oleanolic acid, was detected

in L. japonicus, although the other model legume M. truncatula
produces hemolytic saponins by further modifying oleanolic
acid.

The presence of soyasapogenols B, A and E (15, 16 and 17)
after acid hydrolysis of methanol extracts was consistent with
the presence of 2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-
4-one (DDMP) and groups B, A and E soyasaponins in this plant
as reported previously (Tsuno et al. 2018). In addition to
LjiCYP93E1, CYP72A subfamily P450 enzymes are likely involved
in L. japonicus soyasapogenols biosynthesis. Seven CYP72A sub-
family genes are found in the L. japonicus genome.
Lj3g3v3776580.1 is likely involved in soyasapogenol B
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biosynthesis via the C-22[ oxidation of the -amyrin skeleton
since it clusters tightly with previously reported C-22 oxidases,
G. max CYP72A61 (Ebizuka et al. 2011), M. truncatula
CYP72A61v2 (Fukushima et al. 2013), and G. uralensis
CYP72A566 (Tamura et al. 2018) in a phylogenetic tree
(Supplementary Fig. S12). CYP72A69 (Sg-5) was recently char-
acterized as a C-21B-oxidase responsible for soyasapogenol A
biosynthesis in G. max (Yano et al. 2017). By contrast, a P450
enzyme that converts soyasapogenol B into soyasapogenol E
has not yet been identified. Further experiments to prove the
involvement of CYP72A subfamily enzymes in soyasapogenols
and soyasaponins biosynthesis in L. japonicus are currently
ongoing.

CYP716A51 is involved in C-28-oxidized
triterpenoid biosynthesis in planta

Lotus japonicus contains one full-length CYP716A gene
(CYP716A51) in its genome. CYP716A51 converts o-amyrin,
lupeol and B-amyrin (1, 5 and 9) skeletons into ursolic, betulinic
and oleanolic acids (4, 8 and 12), respectively, in yeast via the
corresponding hydroxyl and aldehyde intermediates (Figs. 1,
3A-C). Interestingly, although a similar total amount of C-28
oxides accumulated in the stems and roots (Table 1), the ex-
pression level of CYP716A51 was 113 times higher in roots
(Fig. 4). CYP716A subfamily enzymes accepted o-amyrin,
lupeol and B-amyrin as substrates but had different conversion
ratios (amount of final oxidized product/amount of substrate)
when heterologously expressed in yeast (Suzuki et al. 2018).
Similarly, the conversion efficiency of lupeol by CYP716A51
seemed to be lower than that of B-amyrin in yeast (Fig. 3A-
C). This plant may express CYP716A51 at higher levels in roots
to overcome the low conversion efficiency of lupeol by
CYP716A51 and to produce betulinic acid efficiently.

We performed in planta loss-of-function analysis of
CYP716A51 in transgenic hairy roots using the pMgP237-2A-
GFP vector. The results indicated that this CRISPR-Cas9 vector
can be used in L. japonicus hairy roots as well as potato hairy
roots (Nakayasu et al. 2018) and tomato plants (Hashimoto

et al. 2018). The genome of the vector control lines (VC_#1
and VC_#2) harbored only the WT allele of CYP716A51
(Supplementary Fig. S3) and produced the CYP716A51 prod-
ucts, betulinic and oleanolic acids (Fig. 5; Supplementary Fig.
S4). Although both WT and mutated CYP716A51 alleles were
detected in three cyp716a51-mutant hairy root lines (T1/
T2_#7, #8 and #15), probably due to mosaicism, none of
these lines accumulated C-28-oxidized triterpenoids (Fig. 5;
Supplementary Fig. S4). The WT allele was not found in the
genome of the «cyp716a51-mutant line T1/T2_#11
(Supplementary Fig. S3C), and no C-28-oxidized triterpenoids
were detected (Fig. 5; Supplementary Fig. S4). Incomplete
disruption of the CYP716A51 genome resulting in a lack of
C-28-oxidized triterpenoids may have occurred because
(1) cells expressing active CYP716A51 may not be able to pro-
duce a detectable level of C-28 oxides or (2) CYP716A51 may be
expressed in specific cell types and CYP716A51 could be com-
pletely disrupted in these cells. In any case, mutations in
CYP716A51 and the abolition of C-28-oxidized triterpenoids
found specifically in T1/T2 hairy root lines strongly imply the
in planta function of CYP716A51 as a triterpenoid C-28 oxidase,
consistent with the yeast in vivo functional analysis. CRISPR-
Cas9 may induce undesired off-target mutations. To discard the
possibility that the abolition of C-28 oxidized triterpenoids in
established cyp716a51-mutant hairy root lines may result from
off-target effects, we surveyed the L. japonicus genome and
found no putative off-target sequences for T1 or T2 sites.

The functions of CYP716 family enzymes are well studied
(Ghosh 2017). Most of the CYP716A subfamily enzymes exhibit
C-28 oxidation activities (Carelli et al. 2011, Fukushima et al.
2011, Suzuki et al. 2018). Some CYP716A members also oxidize
different carbon positions not only C-28 positions (Moses et al.
2015, Yasumoto et al. 2016, Miettinen et al. 2017, Tamura et al.
2017, Pitter et al. 2019). CYP716C, CYP716E, CYP716S and
CYP716Y subfamily members show the oxidation activities at
different carbon positions of pentacyclic triterpenoid back-
bones (Moses et al. 2014a, Yasumoto et al. 2017, Miettinen
et al. 2017, Nakamura et al. 2018, Sandeep et al. 2019).
CYP716A51 is tightly clustered with other C-28 oxidases in
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the phylogenetic tree (Supplementary Fig. S13), which further
supports the result that CYP716A51 has a C-28 oxidase activity
as indicated in our experiments (Figs. 3A-C, 5; Supplementary
Figs. S3, S4).

The physiological functions of C-28-oxidized triterpenoids in
plants are largely unknown. Until now, CYP716A12-knockout
M. truncatula (Carelli et al. 2011) and CYP716A252- or
CYP716A253-transiently silenced Ocimum basilicum (Misra
et al. 2017) have been reported. Cyp716a12-mutant M. trunca-
tula with altered hemolytic saponin production showed a dras-
tic dwarf phenotype. Why the disruption of CYP716A12
resulted in the phenotypical alteration is still under discussion.
However, ugt73f3-mutant M. truncatula also exhibited a dwarf
phenotype (Naoumkina et al. 2010), suggesting that triterpen-
oid sapogenins may be toxic or that hemolytic saponins are
important for the normal growth of M. truncatula. In this study,
we used hairy roots to characterize the in planta function of
CYP716A51. Disruption of CYP716A51 and the abolition of olea-
nolic and betulinic acids did not result in growth inhibition, at
least in hairy roots (data not shown). The generation of whole
cyp716a51-mutant plants will enable comparison of the two
model legume plants, M. truncatula and L. japonicus, which
accumulate different C-28-oxidized triterpenoids.

LjCYP93ET1 is involved in soyasaponin biosynthesis
in planta by catalyzing C-24 oxidation of the
B-amyrin backbone

Several CYP93E subfamily genes from different leguminous
plants encode B-amyrin C-24 oxidases, as determined by heter-
ologous expression in yeast (Shibuya et al. 2006, Seki et al. 2008,
Fukushima et al. 2011, Moses et al. 2014b). The in planta activity
of CYP93E1 was demonstrated in an analysis of cyp93e71-mutant
G. max (Krishnamurthy et al. 2019).

The genome of L. japonicus contains one CYP93E gene
(LjCYP93ET). In vivo functional analysis of LjCYP93ET in yeast
(Fig. 3D) and triterpenoid composition analysis of WT, hetero-
zygous Ljcyp93el-mutant and homozygous Ljcyp93el-mutant
plants (Figs. 6, 7; Supplementary Fig. S6) indicated that
LjCYP93E1 has B-amyrin C-24 oxidase activity and provided
evidence for the involvement of LjCYP93ET in soyasaponin bio-
synthesis in planta. The correlation of soyasapogenol accumu-
lation patterns (Table 1) and LjCYP93E1 expression patterns
(Fig. 4) also supports our conclusion. All of the functionally
characterized CYP93E subfamily enzymes catalyze C-24 oxida-
tion of the B-amyrin backbone. LjCYP93E1 reasonably showed
around 80% amino acid identity with other CYP93E subfamily
members.

Mutant legume plants with altered soyasaponin compos-
itions have been reported. Takagi et al. (2011) manipulated
the expression of the bAS gene (GmBAST) and significantly
reduced soyasaponin accumulation in soybean seeds by RNA
interference with a seed-specific promoter, suggesting that
soyasaponins are not essential for seed germination. Natural
soybean mutants of CYP72A69 (Sg-5) lacked group A soyasa-
ponins but produced other types of soyasaponins (Yano et al.
2017, Rehman et al. 2018). Krishnamurthy et al. (2019) isolated

mutants of GmBAS1, CYP93E1 and CYP72A61 from a G. max
mutant library and showed that the Gmbas1-mutant plants
lacked saponins; however, this did not affect their growth. In
our study, Ljcyp93e1-knockout L. japonicus plants lacking soya-
saponins in all tissues grew with no obvious morphological
changes and could breed normally by self-pollination (data
not shown). These results suggest that soyasaponins are not
essential for the growth of L. japonicus plants as well. The
Licyp93e1-mutant L. japonicus analyzed in this study will be
useful to further study the physiological functions of soyasapo-
nins in planta.

The utility of L. japonicus for triterpenoid
research

Glycine max, M. truncatula and L. japonicus are useful for mo-
lecular biology research because their genomes have been
sequenced (Sato et al. 2008, Schmutz et al. 2010, Young et al.
2011), and they are more readily stably transformed than other
legume plants (Finer and McMullen 1991, Chabaud et al. 2007,
Hirota et al. 2012). In addition, retrotransposon insertion mu-
tants of M. truncatula and L. japonicus are available (Tadege
et al. 2008, Fukai et al. 2012, Urbanski et al. 2012).

The abovementioned three legume plants have similar
soyasaponin compositions, suggesting possession of common
biosynthetic pathways and physiological functions. Many soya-
saponin-deficient G. max mutants have been isolated to iden-
tify soyasaponin biosynthesis-related genes (Krishnamurthy
et al. 2019). However, the genome of G. max is two to three
times larger than that of L. japonicus due to two whole-genome
duplication events (Schmutz et al. 2010). Functionally redun-
dant genes may lead to failure to manifest soyasaponin-defi-
cient phenotypes in mutants in a particular soyasaponin
biosynthetic gene. Thus, the application of high-throughput
mutant screening strategy used for G. max (Krishnamurthy
et al. 2019) to L. japonicus may facilitate the discovery of new
soyasaponin-deficient mutant plants that were not found in G.
max.

Among the abovementioned plants, only M. truncatula pro-
duces hemolytic saponins. In Medicago species, triterpenoid
saponins, including hemolytic saponins, are thought to
function in the defense against insects and fungi (Tava and
Avato 2006). Overexpression of bAS (AsOXAT) in M. truncatula
enhanced saponin accumulation and nodulation (Confalonieri
et al. 2009). Instead of hemolytic saponins, L. japonicus accu-
mulated nonglycosylated oleanolic acid (a common precursor
of diverse hemolytic saponins in M. truncatula), ursolic acid and
betulinic acid (Table 1; Supplementary Fig. S1). Generally, non-
glycosylated triterpenoids are components of cuticular wax,
which protect the plant from biotic and abiotic stresses (Lee
and Suh 2015). A previous study (Delis et al. 2011) and our
results (Table 1; Supplementary Fig. S1) suggest that betulinic
acid regulates nodulation in L. japonicus. The differences be-
tween M. truncatula and L. japonicus make the latter useful for
analyzing the differentiation of the mechanisms by which tri-
terpenoid sapogenins and saponins regulate defense and nodu-
lation in legume plants.
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Triterpene saponin biosynthesis activating regulator 1
(TSAR1) and TSAR?2 are basic helix-loop—helix (bHLH) tran-
scription factors (TFs) that regulate the biosynthesis of soyasa-
ponins and hemolytic saponins, respectively, in M. truncatula
(Mertens et al. 2016). Interestingly, GubHLH3, the TF that regu-
lates soyasaponin biosynthesis in the medicinal legume G. ura-
lensis (licorice), is phylogenetically closer to TSAR2 than to
TSAR1 (Tamura et al. 2018). Therefore, the mechanisms that
regulate triterpenoid biosynthesis are not conserved in M. trun-
catula and G. uralensis. Analysis of L. japonicus will facilitate the
identification of orthologous TFs and evaluation of the evolu-
tion of the mechanisms that regulate triterpenoid biosynthesis
in legume plants.

Concluding remarks

We evaluated the triterpenoid profile of L. japonicus and iden-
tified the enzyme functions of 0SC9, CYP716A51 and LjCYP93E1
using yeast heterologous expression systems. Furthermore, we
assessed the in planta roles of CYP716A51 and LjCYP93E1 in
triterpenoid biosynthesis by performing gene loss-of-function
analyses using the CRISPR-Cas9 system and LORET insertion
lines. Our experiments proved the involvement of CYP716A51
and LjCYP93ET in the in planta biosynthesis of C-28 oxidized
triterpenoids and soyasaponins, respectively. These results in-
crease our knowledge of triterpenoid biosynthesis in legume
plants and will facilitate further studies of the biosynthesis
and physiological functions of triterpenoids in L. japonicus.

Materials and Methods

Plant materials

Lotus japonicus Gifu B-129 WT and LORET insertion lines (Fukai et al. 2012,
Urbanski et al. 2012) were provided by Miyazaki University, Japan and Aarhus
University, Denmark, through the National BioResource Project (NBRP).

Chemicals

B-Amyrin, a-amyrin, lupeol, erythrodiol, uvaol, oleanolic acid, ursolic acid and
asiatic acid were purchased from Extrasynthese (Lyon, France). Betulin was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Betulinic acid was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Soyasapogenol B and
soyasapogenol A were purchased from Tokiwa Phytochemical (Chiba, Japan).
Sophoradiol, 24-hydroxy-B-amyrin and soyasapogenol E were kindly provided
by Dr. Kiyoshi Ohyama.

Cloning of 0SC9, CYP716A51 and LjCYP93E1 and
plasmid construction

The coding sequence (CDS) of OSC9 and the backbone of pENTR1A vector
were amplified from L. japonicus cDNA and purified pENTR1A plasmids, re-
spectively, using primer nos. 1-4. The PCR products were purified using
Monarch DNA Gel Extraction Kit (New England Biolabs, Beverly, MA, USA).
The Gateway entry clone (pENTR1A-OSC9) was generated using NEBuilder HiFi
DNA Assembly Master Mix (New England Biolabs). The expression vector
(pYES3-ADH-OSC9) was generated using Gateway LR Clonase Il Enzyme Mix
(Thermo Fisher Scientific, Waltham, MA, USA).

The cDNA clone of CYP716A51 (MWL008g03) was provided by the
NBRP (Asamizu et al. 2000, Sato et al. 2001, Asamizu et al. 2004). The CDS of
CYP716A51 was amplified using primer nos. 5 and 6 (Supplementary Table S4).
The PCR products were cloned into the pENTR/D-TOPO vector using pENTR
Directional TOPO Cloning Kits (Thermo Fisher Scientific) following the

manufacturer’s instructions. The CDS of LjCYP93ET was amplified from L. japo-
nicus cDNA using primer nos. 7 and 8 and was cloned into the Gateway
pDONR221 vector using the Gateway BP Clonase Il Enzyme Mix (Thermo
Fisher Scientific) following the manufacturer’s instructions. The CDSs of
CYP716A51 and LjCYP93ET were transferred into the pELC-GW (Seki et al.
2008) vector using the Gateway LR Clonase Il Enzyme Mix (Thermo Fisher
Scientific) to generate pELC-CYP716A51 and pELC-LjCYP93ET, respectively.
The clone MWL008g03 is derived from the L. japonicus Miyakojima MG-20
accession. Sequencing analysis confirmed that the nucleotide sequences from
Miyakojima MG-20 and Gifu B-129 accessions were identical.

Yeast in vivo assay

We performed yeast in vivo assay as described previously with minor modifi-
cations (Fukushima et al. 2011, Suzuki et al. 2018). Saccharomyces cerevisiae
INVSc1 (Invitrogen, Carlsbad, CA, USA) harboring pYES3-ADH-bAS (LjOSC1;
AB181244), pYES3-ADH-aAS (aAS from O. europaea; AB291240) or pYES3-
ADH-LUS (LUS from G. uralensis; AB663343) was transformed with the
above-described expression clones to generate bAS/CPR (CPR from L. japonicus;
AB433810)/CYP716A51-expressing yeast, aAS/CPR/CYP716A51-expressing
yeast, LUS/CPR/CYP716A51-expressing yeast and bAS/CPR/LjCYP93E1-ex-
pressing yeast. The empty pELC vector was transformed into OSC-expressing
yeast strains to generate control strains (OSC/CPR-expressing yeasts).
Transgenic yeasts were inoculated into 2.5ml of synthetic complete (SC) +
2% glucose medium without specific amino acids. After incubation overnight at
30°C with shaking at 200 rpm, cells were collected by centrifugation and resus-
pended in 5 ml of SC + 2% galactose medium without specific amino acids to
induce CPR and P450s expression. Cells were cultured for 3d at 30°C with
shaking at 180 rpm. The obtained cultures were stored at —30°C until extrac-
tion. Next, ethyl acetate (3 ml) was added to the cultures. Cells were sonicated
for 30 min and centrifuged, and the ethyl acetate layer was collected. This
extraction step was repeated three times. The ethyl acetate was allowed to
completely evaporate and the pellet was resuspended in 500 pl of MeOH:
chloroform (1:1). One hundred microliters (for functional analysis of
LjCYP93E1) or 400 pl (for functional analysis of CYP716A51) of the solution
were evaporated and trimethylsilylated using a mixture of 50l of N,N-
dimethylformamide (Kishida Chemical Co., Ltd, Osaka, Japan) and 50 pl of
BSTFA:TMCS (99:1) (TCI) at 80°C for 30 min.

To analyze OSC9 activity, yeasts harboring pYES3-ADH-GW empty vector
were analyzed as a negative control. The culture and extraction methods were
similar to those described above, but 2% glucose was used instead of 2% gal-
actose because OSC9 expression is driven by a constitutive promoter.

Quantitative real-time PCR

Total RNA was extracted from leaves, stems and roots of 2.5-month-old L.
japonicus (Gifu B-129) grown on soil using PureLink Plant RNA Reagent
(Thermo Fischer Scientific) in triplicate. The RNA obtained was purified
using the RNeasy Plant Mini Kit (Qiagen, USA) after digesting contaminated
genomic DNA with recombinant DNase | (RNase-free) (Takara Bio, Shiga,
Japan). First-strand ¢cDNA was synthesized from purified total RNA by
PrimeScript RT Master Mix (Perfect Real Time) (Takara Bio). We performed
gPCR analysis with Light Cycler Nano (Roche, Germany) and FastStart Essential
DNA Green Master (Roche). The primers used are listed in Supplementary
Table S4 (primer nos.9-20). The expression of the Ubiquitin (UBQ) gene was
analyzed as a reference gene following Delis et al. (2011).

Cyp716a51 loss-of-function mutant hairy root
lines

The multiplex guide RNA (gRNA)-expressing CRISPR-Cas9 vector, pMgP237-
2A-GFP (Hashimoto et al. 2018, Nakayasu et al. 2018), was used for genome
editing of L. japonicus. The target sequences of the gRNAs (Supplementary
Table S2) were selected from CYP716A51 using the web-based tool,
CRISPRdirect (https://crispr.dbclsjp/) (Naito et al. 2015). Two gRNA target
sequences were simultaneously transferred into the pMgP237-2A-GFP vector
as described previously (Nakayasu et al. 2018), generating the T1/T2-pMgP237
vector. Agrobacterium rhizogenes ATCC15834 was transformed with the
pMgP237 empty vector or the T1/T2-pMgP237 vector.
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Induction of hairy roots was performed as reported previously (Hirota et al.
2012), with slight modifications. Seeds of L. japonicus were sterilized and placed
onto a 0.8% agar plate. The seeds were allowed to germinate at 23°C for 5d
under dark conditions and for 2d under 16 h light conditions. Agrobacterium
rhizogenes strains were cultured on YEB plates for 2d and suspended in ster-
ilized water. The roots of 7-day-old seedlings were cutoff, and A. rhizogenes was
infected into the cross-sections of hypocotyls. After co-cultivation for 4d and
hairy root elongation (HRE) for 2 weeks, hairy roots were dissected and cultured
on fresh cefotaxime-containing HRE agar medium for 2 weeks. After dissection,
hairy roots were cultured under dark conditions. Hairy roots exhibiting green
fluorescent protein (GFP) fluorescence were transferred to 5 ml of HRE liquid
medium without antibiotics. Isolated hairy roots were cultured for 2 months at
room temperature with subculturing every 3—4 weeks. Finally, hairy roots were
cultured in 100 ml of HRE liquid medium at 25°C with shaking at 90 rpm for
4 weeks.

Genomic DNA was extracted from the hairy root lines using the NucleoSpin
Plant Il Kit (Macherey-Nagel, Duren, Germany) following the manufacturer’s
instructions. Mutagenesis was confirmed by PCR with primer nos. 25 and 26
(Supplementary Table S4), and electrophoresis using an MCE-202 MultiNA
microchip electrophoresis system (Shimadzu, Kyoto, Japan) following the
manufacturer’s instructions. The target sequences amplified from putative mu-
tants were cloned into the pJET1.2/blunt vector (CloneJET PCR Cloning Kit;
Thermo Fisher Scientific). Insertion and deletion mutations were confirmed by
sequencing of several randomly selected clones.

Licyp93e1 loss-of-function mutant lines

Two independent mutant lines were cultivated on soil and crude genomic DNA
was extracted from their leaves. Homozygous and heterozygous Ljcyp93e1 mu-
tants were screened by PCR using LjCYP93E1-specific primers and a LORET-
specific primer (primer nos. 27-41 in Supplementary Table S4). Crude genomic
DNA extraction and PCR were performed using KOD FX Neo following the
manufacturer’s instructions (Toyobo, Osaka, Japan).

Triterpenoids were extracted from the homozygous (leaves, stems and
roots) and heterozygous (leaves) mutants and were analyzed as described
below.

The expressions of LjCYP93ET, Licyp93e1 and OSCT transcripts in WT and
the progeny of the #X1 line (2-week-old plants) were analyzed by qPCR using
primer nos. 15, 16, 19-22, as described above.

Extraction of triterpenoids from L. japonicus WT
and mutant plants

Plants at the flowering stage and hairy roots were lyophilized and powdered
using a multibead shocker (Yasui Kikai, Osaka, Japan).

GC-MS analysis.  Powdered tissues (10.00 + 0.15 mg) were extracted three
times with 1 ml of methanol by a sonication-assisted method. Completely dry
extracts were resuspended in 2 ml of 50% MeOH and 2 M HCI. The extracts
were incubated at 80°C for 1h to remove the sugar moieties of triterpenoid
saponins. The hydrolyzed products were extracted three times with hexane:
EtOAc (1:1) and dried completely. The obtained pellet was resuspended in
300 pl of MeOH: chloroform (1:1). A portion of the solution was dried in a
GC-MS vial. Derivatization was performed as described above. For quantitative
analysis, an asiatic acid authentic standard was applied to the plant tissue
powder before extraction. To analyze nonhydrolyzed samples, the heating
step was omitted.

LC-MS analysis.  Powdered tissues (10.00+0.15mg) were extracted in
1ml of methanol with sonication for 1h. The samples were centrifuged, and
the supernatants were filtered through a GL Chromato Disk 4 A (0.2 um; GL
Sciences, Tokyo, Japan).

GC-MS analysis

GC-MS analyses were performed on a 5977A MSD mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA) connected to a 7890B gas chromatograph

(Agilent Technologies) with a DB-1MS (30 m x 0.25mm, 0.25 um film thick-
ness; Agilent Technologies) capillary column for quantitative analysis and with
an HP-5MS Ul (30 m x 0.25 mm, 0.25 um film thickness; Agilent Technologies)
capillary column for qualitative analysis. The injection temperature was set at
250°C. The column temperature program was as follows: 80°C for 1 min, an
increase to 300°C at a rate of 20°C-min~", and hold for 28 min. The carrier gas
was helium at a flow rate of 1.0ml-min~". The ion source temperature was
230°C and the quadrupole temperature was 150°C. One microliter of the
derivatized sample was injected in splitless injection mode. Peaks were identi-
fied by comparing their Rt and mass spectra with those of authentic standards.
Samples were analyzed in SIM mode for quantitation (Supplementary Table S5),
and in scan mode for qualitative analysis (m/z = 50-850).

LC-MS analysis

Ultra-performance LC-MS (UPLC-MS) analyses were performed using the
Acquity Ultra-Performance LC-system with a tandem quadruple detector
(Waters, Milford, MA, USA). The sample room was maintained at 15+ 5°C.
Five microliters of each sample were injected for analysis. To separate com-
pounds, an Acquity UPLC BEH C18 column (150 x 2.1 mm, 1.7 pm particle size;
Waters) maintained at 60°C was used. The mobile phase consisted of water
with 0.05% formic acid (solvent A) and 100% acetonitrile (solvent B). The flow
rate was set at 0.56 ml-min~". The mobile-phase gradient was as follows: 95% A
at 0 min, 30% A at 30 min, 5% A at 33 min, 5% A at 36 min, 95% A at 36.1 min
and 95% A at 39 min. Compounds were ionized by the electrospray ionization
method in negative ion mode. Mass spectra were recorded in the range of 350—
2,000 m/z. The settings of the mass spectrometer were as follows: capillary
voltage, +3.0 keV; cone voltage, 80 V; source temperature, 150°C; desolvation
temperature, 450°C; cone gas flow, 50 I-h™"; and desolvation gas flow, 850 1-h~".
MassLynx (ver. 4.1) software (Waters) was used for data acquisition and
analysis.

Phylogenetic analysis

Full-length amino acid sequences were collected from GenBank and miyako-
gusa.jp (http://www.kazusa.or.jp/lotus/) and were aligned using MUSCLE soft-
ware (Edgar 2004). A phylogenetic tree was generated by the neighbor-joining
method with 1,000 replicates using MEGAG software (Tamura et al. 2013).

Supplementary Data

Supplementary data are available at PCP online.
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