Plant Molecular Biology
https://doi.org/10.1007/s11103-018-0723-z

@ CrossMark

A tandem array of UDP-glycosyltransferases from the UGT73C
subfamily glycosylate sapogenins, forming a spectrum of mono-
and bisdesmosidic saponins

Pernille @sterbye Erthmann'® - Niels Agerbirk’ - Seren Bak'

Received: 22 November 2017 / Accepted: 25 March 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract

Key message This study identifies six UGT73Cs all able to glucosylate sapogenins at positions 3 and/or 28 which dem-
onstrates that B. vulgaris has a much richer arsenal of UGTs involved in saponin biosynthesis than initially anticipated.
Abstract The wild cruciferous plant Barbarea vulgaris is resistant to some insects due to accumulation of two monodesmo-
sidic triterpenoid saponins, oleanolic acid 3-O-f-cellobioside and hederagenin 3-O-B-cellobioside. Insect resistance depends
on the structure of the sapogenin aglycone and the glycosylation pattern. The B. vulgaris saponin profile is complex with
at least 49 saponin-like metabolites, derived from eight sapogenins and including up to five monosaccharide units. Two B.
vulgaris UDP-glycosyltransferases, UGT73C11 and UGT73C13, O-glucosylate sapogenins at positions 3 and 28, forming
mainly 3-O-f-p-glucosides. The aim of this study was to identify UGTs responsible for the diverse saponin oligoglycoside
moieties observed in B. vulgaris. Twenty UGT genes from the insect resistant genotype were selected and heterologously
expressed in Nicotiana benthamiana and/or Escherichia coli. The extracts were screened for their ability to glycosylate
sapogenins (oleanolic acid, hederagenin), the hormone 24-epibrassinolide and sapogenin monoglucosides (hederagenin and
oleanolic acid 3-O-p-p-glucosides). Six UGTs from the UGT73C subfamily were able to glucosylate both sapogenins and
both monoglucosides at positions 3 and/or 28. Some UGTs formed bisdesmosidic saponins efficiently. At least four UGT73C
genes were localized in a tandem array with UGT73C11 and possibly UGT73C13. This organization most likely reflects
duplication events followed by sub- and neofunctionalization. Indeed, signs of positive selection on several amino acid sites
were identified and modelled to be localized on the UGT protein surface. This tandem array is proposed to initiate higher
order bisdesmosidic glycosylation of B. vulgaris saponins, leading to the recently discovered saponin structural diversity,
however, not directly to known cellobiosidic saponins.

Keywords UDP-glucosyltransferases - Bisdesmosidic triterpenoid saponins - Tandem repeat - Barbarea vulgaris -
Evolution of plant chemical defense compounds

Introduction

Plants produce an array of low molecular weight defense

compounds like glucosinolates, flavonoids and saponins.
Glucosinolates are found mostly in the plant order Bras-
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numbers of monosaccharide units (Augustin et al. 2011;
Osbourn 2003; Vincken et al. 2007). The backbone can
be classified as either a triterpenoid or a sterol backbone,
with the former derived directly from 2,3-oxidosqualene
and the latter formed via precursors from the sterol path-
way, although a more detailed sub-classification based on
backbone structures as suggested by Vincken et al. (2007)
is rewarding. Saponins with one carbohydrate moiety are
known as monodesmosidic, while those with two carbo-
hydrate moieties are known as bisdesmosidic. Monodes-
mosidic saponins are reported to exert toxicity or other
negative effects on a variety of organisms, with anti-fungal
monodesmosidic saponins from oat (Avena sativa) being
a well-studied example (Osbourn 1996). The molecular
mechanism behind monodesmosidic saponin activity is not
fully understood but is believed to involve disturbance of
membrane structure due to association with membrane ster-
oids (Augustin et al. 2011; Osbourn 2003). Additionally,
saponins are well known to have hemolytic activities on red
blood cells (Vo et al. 2016), and are able to permeate insect
cell membranes (De Geyter et al. 2012).

The biosynthesis of saponins with a triterpenoid back-
bone (called saponins hereafter) generally involves three
main steps (reviewed by Augustin et al. 2011; Seki et al.
2008; Thimmappa et al. 2014); first the backbone ring struc-
tures are formed by cyclization of 2,3-oxidosqualene medi-
ated by 2,3-oxidosqualene cyclases (OSCs) (Khakimov et al.
2015; Osbourn 2003), then functional groups e.g. hydroxyl
or epoxide groups are added by cytochromes P450 (P450s)
to form the sapogenin (Carelli et al. 2011; Geisler et al.
2013; Khakimov et al. 2015; Kunii et al. 2012; Seki et al.
2008), and finally various saccharides are added by family
1 UDP-glycosyltransferases (UGTs) generating the saponins
(Li et al. 2016; Meesapyodsuk et al. 2007; Shibuya et al.
2010) (Fig. 1a).

Our research on saponins relates to how pest-deterrent
saponins in the wild cruciferous plant Barbarea vulgaris
have evolved at the molecular level, and their function in
plant-insect interactions. Barbarea is unique within the
Brassicales order because it is the only genus known to
produce saponins. B. vulgaris is polymorphic for saponin
content (Khakimov et al. 2016) and for resistance to cru-
cifer-adapted herbivorous insects such as a particular flea
beetle species (Phyllotreta nemorum) and the diamondback
moth (Plutella xylostella) (Agerbirk et al. 2001, 2003b). In
Eastern and Central Europe, two ecotypes of B. vulgaris
are found, generally known as the G-type (Glabrous type)
and the P-type (Pubescent type) (Agerbirk et al. 2015;
Christensen et al. 2014; Heimes et al. 2016). The P-type
(Pubescent type) is the common B. vulgaris ecotype in
Eastern Europe and is susceptible to the above mentioned
herbivores. In contrast, the G-type is resistant to P. nemo-
rum and the diamondback moth due to the accumulation
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of saponins (Kuzina et al. 2009; Nielsen et al. 2010a; Shi-
noda et al. 2002). Five triterpenoid saponins, all derived
from B-amyrin have been structurally identified from the
G-type; hederagenin 3-O-p-cellobioside, oleanolic acid
3-0-B-cellobioside, 4-epihederagenin 3-O-p-cellobioside,
gypsogenin 3-0-f-cellobioside and cochalic acid 3-O-f-
cellobioside (Fig. 1b) (Agerbirk et al. 2003a; Nielsen et al.
2010a; Shinoda et al. 2002). For brevity, the shared 3-O-p-
cellobioside moieties are in the rest of this paper simply
referred to as cellobioside moieties. Hederagenin cellobio-
side and oleanolic cellobioside are quantitatively dominant
and seem to be major determinants of resistance due to
strong post-ingestive deterrent activity (Agerbirk et al.
2003a; Kuzina et al. 2009; Nielsen et al. 2010b; Shinoda
et al. 2002). In contrast to the known p-amyrin derived
G-type saponins, the P-type saponins are mainly derived
from lupeol (Khakimov et al. 2016). However, no P-type
saponin structure has yet been elucidated with respect to
the glycosidic part.

In addition to the above-mentioned saponins, a vast num-
ber of other saponins have been tentatively identified in B.
vulgaris (Khakimov et al. 2016). These structures were
not fully elucidated, rather, numbers of glycosyl groups,
chemical shifts of anomeric carbons and apparent molecular
masses of the aglycons were identified. In total, 27 saponin-
like metabolites were partially identified in the G-type and
22 in the P-type, all with between two and five monosac-
charides linked to the sapogenin moiety (Khakimov et al.
2016). It is an open question whether each structural vari-
ant is reflected in bioactivity. However, the presence of the
cellobioside moiety at position 3 in G-type saponins has
been confirmed to be critical for insect deterrence. In feed-
ing assays, flea beetles were presented to either the main
naturally occurring monodesmosidic saponin cellobiosides;
oleanolic acid cellobioside and hederagenin cellobioside or
the corresponding sapogenins; oleanolic acid and hedera-
genin (Nielsen et al. 2010a), and only the saponin cellobio-
sides exhibited deterrence, demonstrating the impact of gly-
cosylation in position 3 for insect deterrence. Furthermore,
the presence of a hydroxyl group in position 23 on the sapo-
genin is critical as hederagenin cellobioside was significantly
more flea beetle-deterrent than oleanolic acid cellobioside
(Nielsen et al. 2010a). Finally, experiments with flea beetles
resistant to hederagenin cellobioside were carried out, dem-
onstrating that a single flea beetle gene (Mendelian locus) for
resistance to hederagenin cellobioside did not confer resist-
ance to another monodesmosidic saponin—a-hederin—with
the same hederagenin aglycone but containing a different
disaccharide moiety (Nielsen et al. 2010a). In combination,
these experiments provided evidence that specific backbone-
decorating steps and specific glycosylation steps are critical
to the natural pest resistance of B. vulgaris. Similar results,
also showing saponin activity to be depending on glycoside
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Fig.1 Overview of saponins and their biosynthesis in Barbarea
vulgaris. a Overview of known and hypothetic reactions in hedera-
genin-based saponin biosynthesis in B. vulgaris. Known reactions are
indicated with fully drawn arrows. After the formation of 2,3-oxidos-
qualene, the saponin biosynthesis branches off from the sterol bio-
synthesis by cyclizing 2,3-oxidosqualene into the saponin backbone
structures exemplified by P-amyrin. The backbone structures are
further modified by enzymes such as cytochromes P450 monooxy-

moiety position and structure, have been reported by other
authors (Osbourn 2003; Vo et al. 2016).

Until now, two UGTs involved in sapogenin glucosylation
from the insect resistant G-type have been identified and
characterized; BvUGT73C13 and BvUGT73C11 (Augus-
tin et al. 2012). BvUGT73C13 glucosylates oleanolic acid
and hederagenin at position 3 and 28 (Fig. 1a), whereas
BvUGT73Cl11 is more position specific and preferen-
tially glucosylates at position 3 with a low Ky;. Surpris-
ingly, despite the importance of glycosylation for pest
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genases (P450s) and UDP-glycosyltransferases (UGTs). Positions
for putative glycosylation of hederagenin are marked with the corre-
sponding carbon number. Hypothetic reactions discussed in the text
are indicated with broken arrows and question marks after enzyme
names. b Structures of the five structurally similar saponins that have
been identified in B. vulgaris to date. All five have been isolated from
the G-type of the species, and oleanolic acid cellobioside and hedera-
genin cellobioside are quantitatively dominant

resistance, the genomic localizations of BvVUGT73C11 and
BvUGT?73C13 did not co-localize with the QTL locations
(quantitative trait loci) for neither flea beetle resistance nor
saponin production (Kuzina et al. 2011).

In the present study, we mined the transcriptome (Kuzina
et al. 2011) for additional UGTs possibly involved in B. vul-
garis saponin biosynthesis. Using this extended set of UGTs,
we explored their genomic architecture and enzymatic activ-
ities. We characterized 23 UGT genes in G-type B. vulgaris
and showed that four or perhaps six of these (BvUGT73C21,
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BvUGT73C22, BvUGT73C23, BvUGT73C26 and possibly
BvUGT73C25, BvUGT73C27) are organized in a tandem
array on pseudomolecule 3 and may be involved in saponin
biosynthesis, based on their ability to glucosylate sapogen-
ins after transient expression in Nicotiana benthamiana and
heterologous expression in Escherichia coli.

Results

Screening of UGT candidates for involvement
in saponin biosynthesis

To identify UGTs involved in glycosylation of saponins
in B. vulgaris, a B. vulgaris transcriptome (Kuzina et al.
2011) derived from 3- to 12-week-old G-type plants grown
in a growth chamber and known to accumulate saponins
was mined. As other genes in saponin biosynthesis were
known to be represented in this transcriptome (Augustin
et al. 2012; Khakimov et al. 2015), the missing additional
UGT(s) were also expected to be represented. Nineteen
full-length UGT candidates covering UGT families 71, 72,
73,79 and 91 (Fig. 2) were identified. Partial hits were not
pursued based on the hypothesis that good candidates will
be expressed at a reasonable level and thus be full-length in
the transcriptome. However, an additional subfamily 73C
member (BvUGT73C27) was later included in functional
analysis after discovery in the genome, because this subfam-
ily attracted particular attention, increasing the number of
screened UGTSs to 20. Finally, three members of the family
74 as well as the two previously characterized BvUGT73C11
and BvUGT73C13 were included in the phylogenetic tree
(Fig. 2). The genomic positions of the UGT candidates were
also compared with genomic areas (QTLs) previously linked
to saponin production or flea beetle resistance (Byrne et al.
2017; Kuzina et al. 2011), however, none of the candidates
localized in these areas.

The 19 initially identified UGTs were screened for
involvement in glucosylation of sapogenins and saponin
glucosides by transient expression in N. benthamiana. To
assess their ability to glucosylate the monoglucosidic prod-
ucts of BvVUGT73C11 they were transiently co-expressed
with three enzymes forming the expected monogluco-
sidic saponin precursors; BvLUP5-G, BvCYP716AS8]1,
and BvUGT73C11 (Khakimov et al. 2015). In the bio-
synthesis of oleanolic acid 3-O-p-glucoside, BvLUPS-
G catalyzes the cyclization of 2,3-oxidosqualene to
B-amyrin, BvCYP716A81 hydroxylates p-amyrin at C28
into oleanolic acid, and finally BvUGT73C11 glucosylates
oleanolic acid into oleanolic acid 3-O-f-glucoside. The
candidate UGTs were initially screened in pools of 7,
however some of the UGT candidates later turned out to
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be caused by PCR errors, and these were neither given a
systematic name nor included in the overview (Table S1
in Supplementary Material). Leaf methanol extracts
were analyzed by LC-MS/MS and total ion chromato-
grams showed minor changes when expressing Pool #1
compared to the control (BvLUP5-G, BvCYP716A80 and
BvUGT73C11), whereas Pool #2, Pool #3 and Pool #4
showed highly differentiated metabolite profiles (Fig. 3).

To identify UGT pools conferring glucosylation of
saponins, targeted extracted ion chromatograms were ana-
lyzed for the presence of mono- and also higher order sap-
ogenin glycosides as it is well known that N. benthamiana
has endogenous glucosyl transferases that may glucosylate
metabolically engineered saponins (Khakimov et al. 2015).
B. vulgaris UGT pool #4 (BvUGT71B11, BvUGT73C21,
BvUGT73C22, BvUGT73C23, BvUGT73C24,
BvUGT73C25, and BvUGT73C26) resulted in changes in
the profile of putative saponins, while no apparent major
effects on putative saponins were observed for the remain-
ing three B. vulgaris UGT pools when compared to the
control (Fig. 3).

In addition to the in planta screening in N. benthamiana,
Transcription/Translation (TnT) assays were performed
using the 23 identified UGT genes (Table S1 in Supple-
mentary Material). In these assays, the ability of the UGTs
to glucosylate the UGT generic substrate 2,4,6-trichloro-
phenol (TCP) was included as a positive control for expres-
sion of the UGTs in a functional fold (MeBner et al. 2003)
(Table S1 in Supplementary Material). Five of the newly
discovered BvUGT73Cs (BvUGT73C21, BvUGT73C22,
BvUGT73C23, BvUGT73C24 and BvUGT73C26), and
seven of the remaining 14 UGT genes, (BvUGT71B10,
BvUGT71C6, BvUGT71C7, BvUGT71C8, BvUGT71D3,
BvUGT72D3 and BvUGT71B11) were able to glucosylate
TCP, meaning that we can consider them to encode pro-
teins folded in a functionally state. Further work focused
on the newly discovered BvUGT73C sub-family mem-
bers (BvUGT73C21, BvUGT73C22, BvUGT73C23,
BvUGT73C25, BvUGT73C26) since their pool lead to
changes in the saponin targeted LC-MS chromatograms in
the N. benthamiana screening (Fig. 2). This included the
later discovered subfamily-member (BvUGT73C27). The
last members of pool 4, BvUGT71B11 and BvUGT73C24,
were not further pursued. The 71B subfamily member
was not further characterized because it was prioritized
to characterize the subfamily 73C members found in the
same cluster as the previously implied UGTs in the biosyn-
thesis. Likewise, BvUGT73C24 was not further character-
ized because it was orthologous to AtUGT73C7 from A.
thaliana (Fig. 2) and thereby assumed not being involved
in saponin biosynthesis in B. vulgaris.
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Fig.2 Maximum Likelihood
phylogenetic tree of the UGT
candidates from B. vulgaris and
homologous UGTSs in A. thali-
ana. B. vulgaris sequences are
marked with a Bv prefix, and A.
thaliana sequences are marked
with an At prefix. Each clade

is framed with the UGT-family
number indicated. The green

box represents the UGT73-fam-

ily from which some members
were characterized by heter-
ologous expression in E. coli.
Only bootstrap values above
70% are shown in the tree. The
bar represents 0.5 substitutions
per site
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Fig.3 LC-MS analysis of metabolites in N. benthamiana leaves
after transient expression of UGT candidates divided into four pools.
Genes for formation of oleanolic acid 3-glucoside (BvLUPS5-G,
BvCYP716A81 and BvUGT73CI11) were co-expressed in N. bentha-
miana alone or with each of four UGT pools, and leaf extracts were
analysed by LC-MS. a Total ion chromatograms representing the
mock control (upper lane) and the UGT pools (the lower four lanes).
b Extracted ion chromatograms using m/z values (£0.5) to repre-
sent saponins with various numbers of hexose residues: oleanolic
acid with one hexose residue, m/z 617.4 [M-H]™ (red); with two

Mono- and bisdesmosidic glucosides formed
from sapogenins and saponins by BvUGT73Cs

To characterize the product profiles of the newly identi-
fied BvUGT73Cs, each were expressed in E. coli and crude
protein extracts were incubated with UDP-p-glucose and
10 uM of the different sapogenin substrates. In this section,
we identify the individual products, while product profiles of
individual UGT enzymes are concluded in the next section.
As UDP-p-glucose was used, all products were D-glucosides.
Two products were identified as oleanolic acid 3-O-f-
glucoside (tg 26.6 min, m/z value 1237 [2M—H]~, minor
MS ion and major MS? fragment at m/z 618 [M—H]™) and
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Retention time tg [min]

hexose residues, m/z 779.5 [M—H]™ and m/z 825.5 [M+formiate]™
(green); with three hexose residues, m/z 941.5 [M—H]™ (black);
with four hexose residues, m/z 1103.6 [M—H]~ (blue). Puta-
tive saponins peaks are indicated with m/z values of the observed
[M—H]™ and/or [M+formiate]~ ions. Pool #1: BvUGT71B9,
BvUGT71B10, BvUGT71C6. Pool #2: BvUGT71C7, BvUGT71C8,
BvUGT71D3, BvUGT72D3, BvUGT91A10, BvUGT79B32.
Pool #3: BvUGT79B33, BvUGT79B34, BvUGT91C3. Pool #4:
BvUGT71B11, BvUGT73C21, BvUGT73C22, BvUGT73C23,
BvUGT73C24, BvUGT73C25, BvUGT73C26

hederagenin 3-O-f-glucoside (tz 22.8 min, m/z value 1268
[2M—H]~ and 680 [M+formiate]~, major MS? fragment of
[2M—H] at m/z 634 [M—H]") by comparison with authen-
tic standards (Figs. 4, 5, S1 in Supplementary Material). A
total of five additional products were observed, provisionally
named a—e, all tentatively identified from substrate struc-
tures by m/z values, susceptibility to alkaline hydrolysis and
fragmentation in MS? (Figs. 4, 5). While the 3-glucosides
were resistant to alkaline hydrolysis (cleaving ester bonded
glycosides but not ordinary O-glycosides), four of the five
unknowns were susceptible to alkaline hydrolysis while
product d was at so low level that the results were inconclu-
sive (Fig. S2 in Supplementary Material).
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Fig.4 LC-MS analysis of products of B. vulgaris UGTs expressed
in E.coli and assayed with oleanolic acid or hederagenin. The
extracted ion chromatograms are based on m/z-values+0.5 of 634
[Mp-anhydroglc-H]™; 680 [My+formiate]™; 842 [Mp+formiate]™;
1268 [2Mp—H]~ for determination of mono- (M,,) and digluco-
sides (Mp) of hederagenin and 618 [Mp—anhydroglc—H]™; 664
[My+formiate]™; 780 [Mp—H]"; 826 [Mp+formiate]™; 1237

From incubation with oleanolic acid or oleanolic acid
3-0-p-glucoside as substrates, oleanolic acid 3-O-f-
glucoside and two additional products (a, b) were observed
(Figs. 4, 5). As the same UGT enzyme (BvUGT73C22)
formed both oleanolic acid 3-O-f-glucoside and products
a and b, we suggest from a shared reaction mechanism
argument that the glucosides of products a and b are also
fB-linked. Product b (tg 27.3 min) corresponds to a mono-
glucoside of oleanolic acid according to its m/z value (664,
[M+formiate]”) and MS? fragments of 618 ([M—H]™) and
455 ([M-anhydroglucose-H] ") (Fig. S1 in Supplementary
Material). As the product was not the 3-linked monoglu-
coside available as standard, it had to be a glucosyl ester at

Retention time tg [min]

[2Mp—H]™ for determination of mono- (M,,) and diglucosides (Mp)
of oleanolic acid. Visual inspection of raw data did not reveal other
putative saponin products. Peaks marked with asterisks were sus-
ceptible to alkaline hydrolysis suggesting ester-like linkage. a Chro-
matograms with oleanolic acid as substrate. b Chromatograms with
hederagenin as substrate

position 28, a position well-known to be glucosylated in B.
vulgaris saponins (Augustin et al. 2012; Khakimov et al.
2016). Susceptibility to alkaline hydrolysis agreed with
this deduction. Accordingly, we suggest that product b is
oleanolic acid 28-0-B-glucoside. Product a (tz 19.8 min)
corresponds to a bisdesmosidic diglucoside according to its
miz value (826, [M+formiate]™), lack of loss of a digluco-
side moiety in MS? (in contrast to the case for the authentic
oleanolic acid cellobioside standard), and a major MS? frag-
ment corresponding to loss of anhydroglucose (m/z value of
618 [M—anhydroGlc—H]") (Fig. S1 in Supplementary Mate-
rial). We propose that product a is oleanolic acid 3,28-0-f-
diglucoside, as positions 3 and 28 are the only positions at
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(A) Substrate: Oleanolic acid 3-glucoside
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Fig.5 LC-MS analysis of products of B. vulgaris UGTs expressed
in E.coli and assayed with oleanolic acid 3-O-f-glucoside or hedera-
genin 3-0-P-glucoside. Visual inspection of raw data did not reveal
other putative saponin products. Peaks marked with asterisks were
susceptible to alkaline hydrolysis suggesting ester-like linkage. The
extracted ion chromatograms are based on m/z-values+0.5 of 634
[Mp—anhydroglc—H]™; 680 [M,,+formiate]™; 842 [Mp+formiate];

which O-glycosylation can occur and as product b was also
formed from the 3-glucoside as substrate (hence, product b
cannot be a diglucoside at position 28). The 3,28-diglucoside
is also a logical product from enzymes forming the deduced
3- and 28-monoglucosides. Susceptibility to alkaline hydrol-
ysis agreed with this deduction. Finally product b co-eluted
with an in-house standard (Augustin et al. 2012).

From incubation with hederagenin and hederagenin
3-0-fB-glucoside as substrates, hederagenin 3-O-f-glucoside
and three additional products were observed (c, d, e) (Figs. 4,
5). In this case, three potential sites for glucosylation were
present in the substrate. According to m/z values, product e
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(B) Substrate: Hederagenin 3-glucoside
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1268 [2Mp—H]~ for determination of mono- (M) and digluco-
sides (Mp) of hederagenin and 618 [Mp—anhydroglc—H]™; 664
[M+formiate]™; 826 [Mp+formiate]™; 1237 [2Mp—H]~ for deter-
mination of mono- (M,,) and diglucosides (Mp) of oleanolic acid. a
Oleanolic acid 3-O-p-p-glucoside as substrate (indicated with arrow).
b Hederagenin 3-O-B-p-glucoside as substrate (indicated with arrow)

is a monoglucoside while products ¢ and d are diglucosides.
From a shared UGT reaction mechanism argument, we again
assume that all glucosides produced are p-linked. Product e
(tg 22.1 min) corresponds to a monoglucoside according to
its m/z value (680, [M+formiate]™) and a major fragment
corresponding to loss of anhydroglucose (m/z value of 472,
[M—anhydroGlc—H]") (Fig. S1 in Supplementary Material).
Theoretically, for the e product, it can either be glucosylated
at position 23 or 28, but as BvUGT73C22 mainly forms
the 28-glucoside (product b) from oleanolic acid and also
formed product e from hederagenin, a shared substrate rec-
ognition argument would suggest product e to be the ester
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at position 28. Susceptibility to alkaline hydrolysis agreed
with this deduction. Indeed, MS? spectra of products b and
e were similar except for the mass difference from the extra
oxygen of hederagenin. Accordingly, we conclude product
e to be hederagenin 28-0O-p-glucoside. The products with
tg 17.4 min (c) and 18.2 min (d) both correspond to bides-
mosidic diglucosides according to their m/z values (842,
[M+formiate]~ in both cases) (Fig. S1 in Supplementary
Material). Additionally, both products also have a major
fragment corresponding to loss of anhydroglucose (m/z
value of 634 [M—anhydroGlc—H]") (Fig. S1 in Supplemen-
tary Material). Product ¢ was no longer detectable after alka-
line hydrolysis. This suggests one of the glucose moieties is
at position 28. As product ¢ was formed when hederagenin
3-0-B-glucoside was used as substrate for BvUGT73C22, we
conclude product c to be hederagenin 3,28-0-f-diglucoside.
Finally, product d also corresponds to a bisdesmosidic diglu-
cosylation. Like product ¢, product d is formed from both
hederagenin and hederagenin 3-O-f-glucoside, so the glu-
coside at position 3 is definitely p-linked. We suggest the
second position for glucosylation at product d is at position
23 because the 3,28-0-p-diglucoside is product c. In conclu-
sion, product d is hederagenin 3,23-0-p-diglucoside.

Products with three or more glycosides were searched
for in the chromatograms but not found. As all products are
concluded to be O-p-glucosides in p-linkage, only the glu-
coside position is mentioned hereafter, e.g. as hederagenin
3-glucoside for the 3-O-p-p-glucoside.

BvUGT73 family members accept both hederagenin
and oleanolic acid as substrates but with different
product profiles

Extracts of E. coli expressing six of the newly discovered
BvUGT73Cs individually, were characterized for their abil-
ity to accept sapogenins and their corresponding 3-gluco-
sides as substrates. All six UGTs catalyzed glucosylation of
both oleanolic acid and hederagenin (Fig. 4). Two of them
(BvUGT73C21 and BvUGT73C26) exclusively glucosylated
at position 3, forming oleanolic acid 3-glucoside and hedera-
genin 3-glucoside, and thus appear to be functionally equiva-
lent to BvUGT73C11, the UGT previously reported to cata-
lyze this specific reaction (Augustin et al. 2012).

The remaining four UGTs (BvUGT73C22, BvUGT73C23,
BvUGT73C25, BvUGT73C27) also catalyze additional glu-
cosylation at position 28 to various extents, both with sapo-
genins and their corresponding 3-glucosides as substrates.
BvUGT73C27 mainly formed 3-glucosides of the tested
sapogenins. Hence it represents an intermediate product pro-
file between the above mentioned that exclusively form 3-glu-
cosides and three UGTs discussed below. However, when
3-glucosides of both oleanolic acid and hederagenin were
used as substrates of BvUGT73C27, only low levels of the

3,28-diglucosides were formed. This reveals a modest ability
to glucosylate at position 28. A second UGT (BvUGT73C22)
accepts both sapogenins and both 3-glucosides as substrates
but mainly glucosylates at position 28. BvUGT73C22 also
produces small amounts of the 3-glucosides from both sapo-
genins, as well as the corresponding bisdesmosidic digluco-
sides observed when the 3-glucosides were used as substrates.
Hence, BvUGT73C22mainly glucosylates both sapogenins
in position 28 but also in position 3, forming bisdesmosidic
diglucosides. A third UGT (BvUGT73C23) seemed to be
more processive and/or less regioselective than the remaining
characterized UGT73Cs, as bisdesmosidic diglucoside prod-
ucts were mainly observed from sapogenins. Furthermore,
BvUGT73C23 catalyzed formation of moderate amounts of
the 3,23-diglucoside when hederagenin was used as substrate,
indicating reduced regioselectivity. Product peaks were mod-
erately more intense with this BvVUGT73C23, but relative
magnitudes of kinetic constants cannot be concluded from
this observation, as expression levels of UGT genes are likely
to vary in the experiment. A fourth UGT (BvUGT73C25) also
catalyzes glucosylation in both positions 3 and 28. However,
the ratio of the corresponding products was different accord-
ing to the substrate; when oleanolic acid was used as substrate
similar amounts of 3- and 28-glucosylation were observed,
however, when hederagenin was used as substrate the 3-gluco-
side product dominated. Hence, of the BvUGT73Cs analyzed,
BvUGT73C25 is the only one to exhibit different reactivity
with oleanolic acid and hederagenin. Apparently, the presence
of a hydroxyl group at position 23 in hederagenin stimulates
glucosylation at the nearby position 3 or disturbs glucosyla-
tion at the distant position 28 by BvUGT73C25. However, the
characterization of this enzyme (BvVUGT73C25) was uninten-
tionally carried out with a sequence elongated form. This was
due to a deletion and frame shift near the end of the cloned
gene, resulting in a 29 amino acid extension at the C-terminal
as detailed in materials and methods. Hence, it cannot be rules
out that this extension might have influenced the folding of the
enzyme and the product profile.

The currently characterized saponins from B. vulgaris
all have a cellobiosidic sugar moiety attached to position 3
of the sapogenin. No product peak matched the sapogenin
cellobioside authentic standards (Figs. 4, 5). Hence, the six
BvUGT73Cs do not, at our conditions, convert the 3-glu-
cosides of hederagenin and oleanolic acid into their cor-
responding cellobiosides, although this route would be a
straight forward pathway for their formation (Fig. 1a).

UGT73Cs glucosylates 24-epibrassinolide at a high
substrate concentration

AtUGT73C5 and AtUGT73C6 from Arabidopsis thaliana

cluster with BvVUGT73Cs in phylogenetic trees (Fig. 2,
Table S5 in Supplementary material), and have been shown
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to glucosylate the steroidal plant hormone 24-epibrassi-
nolide (Husar et al. 2011; Poppenberger et al. 2005). As the
dedicated BvUGT73C11 forming sapogenin 3-glucosides
has retained a weak side-activity for 24-epibrassinolide,
we tested the additional BvVUGT73C family members at
the same high 24-epibrassinolide concentration (100 uM)
as done by previous authors (Augustin et al. 2012). This
high substrate concentration was used in order to reveal even
low affinity reactivity, and was ten times higher than the
sapogenins substrate concentrations used above. Although
product levels seemed low, all six BvUGT73Cs were able
to glucosylate 24-epibrassinolide into four different prod-
ucts (See Fig. S3 in Supplementary Material for more infor-
mation). All four products have an apparent molecular ion
with an m/z value of 688 [M+formiate]~ corresponding to
formiate adducts of 24-epibrassinolide monoglucosides. The
major fragment (MS?) of this ion has an m/z value of 642
[M—H]™ as expected for the formiate adduct parent ion (Fig.
S3 in Supplementary Material). Hence, all products seem
to be monoglucosides. Diglucosides were searched for but
could not be detected. As the UGTSs glucosylate sapogenins
in B-linkage, the products would represent 3-glucosylation
at each of the four hydroxyl groups of 24-epibrassinolide.
Accordingly, the six BvUGT73Cs accepts 24-epibrassinolide
as substrate at a high concentration, with ability to indi-
vidually glucosylate each of the four available sites of the
molecule. However, the relative amounts of the four mono-
glucosidic products differed significantly between the UGTs
(Fig S3 in Supplementary Material). Chromatograms from
incubations of E. coli extracts expressing three BvUGT73Cs
(BvUGT73C22, BvUGT73C23, and ByUGT73C25) and
assayed with 24-epibrassinolide were dominated by one
product, with medium levels of two other products and traces
of the fourth product. In contrast, three other BvUGT73Cs
(BvUGT73C21, BvUGT73C26, and BvUGT73C27) yielded
similar amounts of two products and lower amounts of two
other, indicating less regioselectivity. Surprisingly, the lat-
ter were the most regiospecific towards oleanolic acid and
hederagenin as substrates (Fig. 4).

BvUGT73C are organized in a tandem repeat

The four of the UGTs from subfamily 73 (BvUGT73C21,
BvUGT73C22, BvUGT73C23, BvUGT73C26) are organ-
ized in a tandem repeat along with the previously identified
BvUGT73C11 on pseudomolecule 3 (Fig. 6¢). The remaining
two BvUGT?73s (BvUGT73C25 and BvUGT73C27) seemed
initially to be located elsewhere in the genome (pseudomol-
ecule 7 and Contig 7281, respectively, with the previously
identified BvUGT73C13 also on contig 7281). However,
based on synteny with A. thaliana and the fact there is
an unresolved region covering app. 13,000 nucleotides
between BvUGT73C11 and BvUGT73C23, it is possible that
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BvUGT73C25, BvUGT73C27 and BvUGT73C13 also are
localized on pseudomolecule 3, despite the different or unre-
solved localization in the published genome. The order of
the UGTS in the tandem array corresponds well to the topol-
ogy of the phylogenetic tree, and the order is in agreement
with the syntenic tandem array in A. thaliana (Fig. 6a). This
was also the case for a BvUGT pseudogene in the tandem
repeat that was highly similar to AtUGT73C2. The pseudo-
gene contained a nucleotide deletion causing a frameshift
mutation resulting in a premature stop codon. Accordingly,
the pseudogene encodes a 216 amino acid protein showing
91.3% sequence similarity to AtUGT73C2 and was therefore
not included in the molecular phylogeny. The uncertainties
regarding localization are due to high number of UGT73C
paralogs combined with a high degree of sequence iden-
tity between UGTSs as well as other genes from the saponin
biosynthesis. This is hampering assembly and resulting in
the genomic regions covering these genes being undissolved
leading to many saponin genes being located on unanchored
contigs (Byrne et al. 2017).

Residues on the surface of the BvUGT73Cs are
under positive selection

To analyze for selection pressure on the BvUGT73C
sequences, the ratio (o) of non-synonymous (dN) to syn-
onomous (dS) substitutions were determined. The average
o for all tested models are between 0.29 and 0.40 (data not
shown) suggesting purifying selection (o < 1). The models
with best fit to the data are model 3 and model 8—both
significant with p values < 0.05. Due to similar log-likeli-
hoods none of the two models are significantly better than
the other. Model 3 has three site-classes and model 8 has
12 site-classes, however, in both models only one site-class
has a @>1 (Table 1). The two w-values> 1 have p values
of 0.036 and 0.071, hence 3.6-7.1% of the codons in the
BvUGT73Cs are under positive selection. From a Naive
Empirical Bayes analysis with a strict threshold above 95%,
model 3 identified 11 possible sites under positive selec-
tion, and model 8 identified two possible sites under positive
selection, which are consistent with model 3 (Table S2 in
Supplementary Material).

In order to deduce topological positions of the amino
acid residues under positive selection, a homology
model of AtUGT73C1 was created using the known
crystal structure of the 3-O-flavonoid glucosyltrans-
ferase MtUGT78G1 (3hbf) from Medicago sativa as
template. This template show high sequence identity
to AtUGT73Cl1 and is co-crystalized with a substrate
and donor, hence it was regarded the optimal template.
AtUGT73C1 was chosen as it has a defined substrate
and the position numbers in table S2 in Supplementary
Material corresponds to this. The model was visualized
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Fig.6 Phylogenetic analysis and syntenic localization of UGT73Cs
from B. vulgaris and A. thaliana. B. vulgaris sequences and genes
are marked with a Bv prefix, and A. thaliana sequences and genes
are marked with a At prefix. Phylogenetic clades are marked with
colors (green, blue and magenta). a Phylogenetic analysis. Only
bootstrap values above 70% are shown in the tree. The bar represents
0.05 substitutions per site. b Selection of A. thaliana chromosome 2,

1 1

which covers six UGTs from the UGT73C subfamily. ¢ Selection of
B. vulgaris pseudomolecule 3, which covers at least five UGTs and
a pseudogene from the UGT73C subfamily. The broken line denotes
an undissolved region of pseudomolecule 3. Genes (BvUGT73C25,
BVUGT73C13, BvUGT73C27) suggested to be anchored to this
undissolved region on pseudomolecule 3 are denoted by an question
mark (?) while asterisks (*) denote non full-length genes

Table 1 Nonsynonymous/

Classes of @ with corresponding shares of sites fitted to each @

A Best fit models Average ®
synonymous substitution rates
(o) for the UGT73Cs sequences Model 3: (discrete) 0.3383
Model 8: ( and w) 0.3413

p: 0.49253 0.43660 0.07087
: 0.05152 0.46514 1.54976

p: 0.09639 0.09639 0.09639 0.09639 0.09639 0.09639 0.09639
0.09639 0.09639 0.09639 0.03609

: 0.00213 0.01813 0.04927 0.09572 0.15822 0.23808 0.33757
0.46063 0.61516 0.82369 1.98185

p; share of sites fitted to each ®

in Pymol and the corresponding sites with signs of posi-
tive selection in UGT73Cs were identified (cyan) (Fig. 7).
Codons 1-6 and 495-499 from the substitutions calcula-
tions were not included in the homology model, however
no sites suggested to be under positive selection are situ-
ated in that range. The codons suggested to be under posi-
tive selection by model 2 and model 8 all localize on the
solvent-facing surface of the enzyme, near the substrate
and UDP-glucose entrance (Fig. 7).

The branches in the phylogenetic tree (Fig. 6a) were
also tested for positive selection, however no significant
evidence for positive selection on branches were found
(data not shown).

Discussion

Previous research has elucidated core biosynthetic steps
in the formation of sapogenin 3-glucosides that are con-
sidered intermediates of the main cellobiosidic saponins
known to accumulate in B. vulgaris (Augustin et al. 2012;
Khakimov et al. 2015). As the cellobioside moiety of the
saponin end-products consists of two glucosides con-
nected by a (1 — 4) p-glycosidic bond, the envisioned
missing enzyme was expected to be a UGT (Thimmappa
et al. 2014). Using several strategies aimed at identifying
UGTs converting sapogenin 3-glucosides to sapogenin
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Fig.7 Model of AtUGT73C1 with the flavonoid 3-O-glucosyltrans-
ferase UGT78G1 (3hbf.1.A) as template complexed with UDP and
myricetin. The structure of the model is shown in grey, the donor
UDP-glucose is represented by UDP shown in black and the acceptor
myricetin (corresponding to the sapogenin substrates of UGT73Cs) is
shown in red. Amino acid residues corresponding to sites with signs
of positive selection in A. thaliana and B. vulgaris UGT73Cs are
shown in cyan, and marked with the three-letter code for the amino
acid and number in the alignment used for positive selection

3-cellobiosides, we screened 20 B. vulgaris UGTs and
found six of them to catalyze glucosylation of the sapo-
genin and saponin 3-glucoside precursors of the major
pest-deterrent saponins. These BvUGTs belonged to the
UGT73C subfamily; a UGT subfamily that had previously
been shown to be involved in the first glucosylation steps
in saponin biosynthesis in B. vulgaris. Four of the six
BvUGT73Cs were organized in a tandem repeat, possibly
including the remaining two BvUGT73Cs (Fig. 6). How-
ever, our screening strategy did not identify an enzyme
catalyzing the expected last step of the biosynthesis, from
the 3-glucosides of oleanolic acid or hederagenin to the
corresponding 3-cellobiosides. In contrast, the identified
BvUGT73Cs formed monoglucosides or bisdesmosidic
saponins.

At least three questions arise from our results: (I) What is
the functional and evolutionary background of gene organi-
zation and functional diversity in the BvUGT73C subfam-
ily? (II) How are multiple specific glycosylation patterns in
specialized B. vulgaris metabolites controlled with an avail-
able set of UGTs with low catalytic selectivity? (IIT) What
is the reason for the repeatedly observed tendency to form
bisdesmosidic saponins in this species, in contrast to the
known monodesmosidic nature of the major pest-deterrent
saponins?
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Genomic organization and evolution

Both A. thaliana and B. vulgaris have UGT73s organ-
ized as tandem repeats in their genomes. There are seven
UGT73Cs in the A. thaliana genome, of which six are
localized on in a tandem array on chromosome 2. Simi-
larly, until now nine full-length UGT73C genes and one
UGT73C pseudogene have been identified in B. vulgaris. A
phylogenetic analysis indicates duplications of UGT73Cs
in both lineages after the divergence of A. thaliana and B.
vulgaris (Fig. 2). Duplications of genes in plant special-
ized metabolism drives chemical diversity; subsequent
changes of the substrate and product specificity of newly
duplicated genes may result in new metabolites (Ham-
berger and Bak 2013; Ober 2010). BvUGT73C11 is an
example of a duplicated gene that evolved from a more
promiscuous UGT73C5-like ancestor into an efficient and
specific C3 sapogenin glucosyl transferase, that most likely
facilitate that B. vulgaris, as the only know crucifer, has
evolved to produce saponins from a sapogenin predisposi-
tion (Augustin et al. 2012).

The AtUGT73C1-6s are organized in a tandem repeat on
chromosome 2 and A. thaliana and B. vulgaris have been
found to show high synteny (Kuzina et al. 2011). Accord-
ingly, we suggest a number of BvUGT73Cs to be organ-
ized in a tandem array on pseudomolecule 3. Despite huge
sequencing efforts (Byrne et al. 2017), one-third of the
genome region covering the BvUGT73Cs is still undissolved
(indicated by broken lines in Fig. 6¢). A major problem is
high sequence identity within the BvUGT73Cs, and current
sequencing technologies and assemble algorithms do not
facilitate assembly of such highly repetitive regions (Byrne
et al. 2017). Consequently, this region may include genes
that we have not been able to identify and analyze, which
might have limited our screening strategy. To resolve the
unknown region in pseudomolecule 3, and other unknown
regions, additional sequencing of very long genomic frag-
ments using other next generation sequencing technologies
than those already used (Byrne et al. 2017) should be con-
sidered. Although it can be concluded that the diversity and
expansion of the UGT73C family in B. vulgaris has evolved
as a tandem repeat, in case of the four genes mapped with
certainty (Fig. 6¢), better sequence data and methods would
be desirable for more detailed studies of possible evolution-
ary events in the genus.

Interestingly, the amino acid residues corresponding to
the codons in the UGT73C subfamily that showed signs
of positive selection, were modeled to be on the solvent-
exposed surface of the enzyme, rather than in the interior.
We tentatively suggest some of these positions to be involved
in substrate entry to the catalytic center and/or be involved in
interaction with other enzymes in the saponin pathway. Such
interactions could result in protein—protein interactions that
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serve to facilitate efficient channeling of specific substrates
to the active site of the UGT.

Difference in product profiles in vitro reflects
the structural diversity in planta

From the in vitro assay product profiles of the six
BvUGT73Cs and those previously reported (Augustin et al.
2012), we concluded that the product profiles of the indi-
vidually expressed enzymes were diverse but partly overlap-
ping (Figs. 4, 5). The enzymology of sapogenin glycosyla-
tion is still in its infancy, and information in the literature
of UGT selectivity is sparse. Three UGTs, BvUGT73C21,
BvUGT73C26 and BvVUGT73C27 glucosylate at position 3
only, like the previously identified BvUGT73C11 (Augus-
tin et al. 2012). Glycosylation at position 3 is common for
saponins from many other plant species (Vincken et al.
2007). To our current knowledge, besides the BvUGT73C
members discussed here and elsewhere (Augustin et al.
2012), only UGT74AE2 from Panax ginseng is known to
catalyze glucosylation at position 3 of a sapogenin (proto-
panaxadiol) (Jung et al. 2014). Three UGTs, BvUGT73C22,
BvUGT?73C23 and BvUGT73C25 were able to glycosylate
at position 28, like the previously identified BvUGT73C13
(Augustin et al. 2012), although they have a very different
product profile. Enzymes with the ability to glucosylate trit-
erpenoid backbones in position 28 are also known in other
plants: UGT73F3 from Medicago truncatula gluosylates
hederagenin at position 28, and UGT74M1 from Saponaria
vaccaria gluosylates gypsogenic acid at position 28 (Mee-
sapyodsuk et al. 2007; Naoumkina et al. 2010). These two
UGTs belong to two different UGT families, so their similar
selectivity was proposed to be a result of convergent evolu-
tion (Seki et al. 2015). Two other UGTs, BvUGT73C23 and
BvUGT73C25, are apparently able to glucosylate hedera-
genin at position 23, but only as a minor reaction compared
to glucosylation at positions 3 and 28. To our knowledge,
no UGT glycosylating preferentially at position 23 has
been reported previously. The ability of BvUGT73C22,
BvUGT73C23 and BvUGT73C25 to form bisdesmosidic
saponins may be crucial for the immense saponin diversity
in the species.

The apparent high product specificity of some of the
BvUGTs, specifically BvUGT73C21 and BvUGT73C26,
was challenged when incubating with the more structurally
distant substrate 24-epibrassinolide (at 100 uM) since this
led to the production of minor peaks of apparent glucoside
products. In addition, trichlorophenol was included as a
generic UGT substrate (Augustin et al. 2012), and found to
be glucosylated by the BvUGT73Cs, albeit at high substrate
concentration (500 uM). However, even the very product
specific BVUGT73Cl11 catalyzing the first glycosylation
step in B. vulgaris saponin biosynthesis showed these side

reactions, possibly reflecting an ancient role of the UGT73C
subfamily in A. thaliana 24-epibrassinolide metabolism
(Chung and Choe 2013). Future research should consider
whether some of the BvUGT73Cs have retained a role in
24-epibrassinolide turnover. However, as all possible sub-
strates cannot be tested and compared in vitro, gene knock-
out or similar experiments or specific gene expression stud-
ies would be needed to conclude in vivo product profiles of
the UGTs in B. vulgaris. Gene expression studies have been
reported for B. vulgaris (Wei et al. 2013), but due to the high
sequence identity between the BvVUGT73Cs, distinction of
the paralogous BvUGT73Cs transcripts is far from simple.

This and previous reports (Augustin et al. 2012; Liu et al.
2016) show that UGTs are involved in forming the diverse
spectrum of many kinds of specialized metabolites in B. vul-
garis, and a series of metabolite structure elucidation stud-
ies have shown that bond types in oligosaccharide moieties
of flavonoids, glucosinolates and saponins differ (Agerbirk
et al. 2015; Dalby-Brown et al. 2011; Khakimov et al. 2016;
Nielsen et al. 2010b). In flavonoids, oligosaccharide moie-
ties were elucidated and found to include p-glucosylation at
position 2 and 6 of the innermost glucoside (Dalby-Brown
et al. 2011). These positions differ from position 4-gluco-
sylation in the cellobiose moiety of saponins, meaning that
B. vulgaris has the capacity to form at least three types of
connections between glucoses in specialized metabolite oli-
goglycoside moieties. In glucosinolates, however, the sin-
gle thioglucose is not further glycosylated but occasionally
acylated (Agerbirk and Olsen 2011), meaning that highly
specific biosynthetic machinery governs position, presence
or absence of higher order glycosylation in B. vulgaris spe-
cialized metabolites. Stringent regulation must take place
in the known seasonal fluctuations and complex inductions
of glucosinolates (Agerbirk et al. 2001; van Molken et al.
2014), flavonoids (Dalby-Brown et al. 2011) and saponins
(Agerbirk et al. 2001, 2003a; van Mélken et al. 2014) with
contrasting glycoside moieties.

Biochemical functions of bisdesmosidic saponins

We did not find any UGT that catalyzed the formation of sapo-
genin cellobiosides, which are the dominant saponins in B. vul-
garis and involved in insect resistance in planta. Our screening
was based on the hypothesis that the corresponding monoglu-
cosides were substrates of the cellobioside-forming enzyme.
Although we did not characterize all potentially responsible
UGTs, this study tentatively suggests that cellobiosides in B.
vulgaris are not formed directly from 3-monoglucosides in
a single step catalyzed by a UGT. Hence, the hypothesized
biosynthetic pathway may need to be reevaluated. It is pos-
sible that a bisdesmosidic saponin, or a saponin exclusively
glycosylated at position 28, or another conjugate is an interme-
diate in the biosynthesis of the cellobiosides. Thus, the UGTs
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catalyzing glucosylation in position 28 could also play a role
in the biosynthesis of the cellobiosides, assuming an indirect
pathway (Fig. 1a).

An alternative hypothesis is biochemical transfer of the
entire cellobiosyl group to the sapogenin. Such assembly of a
complex substituent before conjugation has experimental sup-
port in case of a complex acyl group added to an oat-saponin
(Owatworakit et al. 2013). A mechanism of this kind could be
referred to as “cellobiosylation”. However, we are not aware
of a similar documented mechanism for transfer of complex
oligosaccharides to sapogenins. Analysis of gene expression
during herbivore attack (Wei et al. 2013; Zhang et al. 2015),
further analysis of UGT product profiles, and seasonal transi-
tions may shed light on these questions in the future.

Levels of insect resistance and cellobioside saponins
concentrations in B. vulgaris are known to be seasonally
regulated, with a decline during the fall (Agerbirk et al.
2003a). However, in that study higher order glycosylated
forms (Khakimov et al. 2016) were not analyzed since their
existence was not known at the time of the study. The func-
tion of this decline could be to avoid plant membrane dam-
age in the cold season, where the rosette leaves are retained
and metabolically active, as bisdesmosidic saponins may
function as inactive or less active storage forms of saponins
(Moses et al. 2014; Osbourn 1996). One possible function
of the UGTs catalyzing glucosylation in position 28 could
be to form inactive conjugates that could still have colliga-
tive effects reducing e.g. frost damage, and could possibly
be turned over to pest-deterrent monodesmosidic saponins
in the following spring.

If bisdesmosidic saponins are indeed biosynthetic inter-
mediates of the cellobiosides, these saponins should be
included as substrates in future enzyme assays aimed at
reconstituting this biosynthesis. In the present study, we
used the previously characterized BvUGT73C11s to pro-
duce the 3-monoglucoside substrates. The UGTs reported
here are well suited for preparing sapogenin 28-glucosides
and sapogenin 3,28-diglucosides for use as substrates. In
this way, increasing the enzyme tool box of specific UGTs
will enable us to prepare increasingly complex saponin sub-
strates for elucidating the complex biosynthesis of saponins
in pest resistant B. vulgaris. In addition to the complexities
of defense-regulation, saponins may also serve regulatory
roles in plants [reviewed by Moses et al. (2014)], so the
complex glucosylation machinery and metabolite diversity
could also play a role in such processes.

Conclusion
This study clearly demonstrates that B. vulgaris has a much

richer arsenal of UGTs involved in saponin biosynthe-
sis than initially anticipated. While the tendency to form
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bisdesmosidic saponins is in agreement with the recent study
by Khakimov et al. (2016), the apparent lack of an UGT to
convert monoglucosides to their corresponding cellobiosides
challenges previous hypotheses on the biosynthesis of pest-
deterrent sapogenin cellobiosides. The moderate substrate
specificity and product selectivity of these enzymes agrees
with the highly diverse mixture of saponins in the species,
but does not explain the characteristic glycoside moieties
of known B. vulgaris saponins responsible for insect resist-
ance, and other classes of specialized metabolites. The pos-
sibility of UGTs taking part in biosynthetic multi-enzyme
complexes (metabolons) is a tempting hypothesis to explain
apparent substrate specificity and product selectivity in the
biosynthesis, supported by indications of positive selection
for amino acid residues on the UGT73C protein surfaces.
Further work on elucidation of saponin biosynthesis in B.
vulgaris should take into account additional biosynthetic
routes than previously anticipated, including bisdesmosidic
intermediates (Fig. 1a), a much higher number of UGTs
involved than previously recognized in the pathway, and the
possibility of controlling UGT product profiles by metabo-
lon formation. Additional biosynthetic routes could include
transfer of the cellobioside moiety in a single step, or forma-
tion of the cellobioside moiety as part of a bisdesmosidic
saponin, followed by hydrolysis to a monodesmosidic sapo-
genin cellobioside (Fig. 1a).

Materials and methods
Reference saponins and sapogenins

Hederagenin 3-O-p-p-glucoside (hederagenin 3-glucoside)
and oleanolic acid 3-O-p-p-glucoside (oleanolic acid 3-glu-
coside) preparations were the previously reported (Augus-
tin et al. 2012). Oleanolic acid 3-O-p-cellobioside was of
the originally reported preparation (Agerbirk et al. 2003a).
Hederagenin 3-O-B-cellobioside was a kind gift from Dr.
Francisco R. Badenes-Perez (Badenes-Perez et al. 2010,
2014) and the identity and purity was controlled by "H-NMR
analysis (data not shown). Proposed oleanolic acid 3,28-O-f-
p-diglucoside, formed from UDP-p-glucose and oleanolic
acid using UGT73C13 (Augustin et al. 2012) as catalyst, was
a kind gift of Dr. Qing Liu. Hederagenin and oleanolic acid
were those used and confirmed by NMR in (Augustin et al.
2012), and 24-epibrassinolide was from Sigma (E1641).

Identification of gene candidates

A selection of UGT sequences involved in multiple glyco-
sylation of metabolites were used as query in a tBLASTn
against a B. vulgaris transcriptomic database (Kuzina et al.
2011) and a B. vulgaris genomic database [early version
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of Byrne et al. (2017)] using the CLC main workbench
and standard settings: UGT71Al, UGT71A15, UGT71Al6,
UGT73El, UGT74A1, UGT74B1, UGT74C1, UGT74Dl,
UGT74El, UGT74F1, UGT74G1, UGT74HI, UGT71HS5,
UGT74J1, UGT74M1, UGT74N1, UGT74R1, UGT79A1,
UGT79A2, UGT79B1, UGT79B2. UGT79B5, UGT79B15,
UGT79Bl16, UGT79C1, UGT91AIl, UGT91A2, UGT91B,
UGT91C1, UGT91DI1, UGT91EI, UGT91F1, UGT91F2,
UGT91G1, UGT91G7, UGT91H4, UGT91H6, UGT82C2,
UGT710ES5, UGT705A4, UGT709A10, UGT99C4,
UGT74H7, UGT98B4, UGT85B2, UGT74H5, UGT75ES3,
UGT88C, UGTS85F13, UGT93B9, UGT703A5, UGT93BS,
UGT75E2, UGT74H6, UGT710F3, UGT73C1, UGT73C2,
UGT73C3, UGT73C4, UGT73C5, UGT73C6, UGT73C7,
UGT73C9, UGT73C10, UGT73Cl11, UGT73Cl12,
UGT73C1I3.

Cloning of UGTs and transient expression
in Nicotiana benthamiana

Primers 1-46 (Table S3 in Supplementary Material) were
designed to amplify the identified full length candidate
genes via PCR (98 °C 30 s, 35 cycles of 98 °C 10 s, 55 °C
305,72 °C 90 s, 72 °C 10 min) with the X7 polymerase
(Ngrholm 2010). The template DNA was from B. vulgaris
G-type genomic DNA extracted as in (Byrne et al. 2017).
Except for BvUGT74F3, BvUGT74F4 and BvUGT74F5 all
the UGTs were intron less. The cloned genes were assigned
GenelDs and a UGT name according to the UGT nomencla-
ture (Mackenzie et al. 2005) (http://prime.vetmed.wsu.edu/
resources/udp-glucuronsyltransferase-homepage) (Tables
S1, S4 in Supplementary Material). Unintentionally, elon-
gated versions of BvUGT73C25 and BvUGT91A10, respec-
tively, were used in this study. BvUGT91A10 had a prema-
ture start codon 10 codons upstream the true start codon, and
BvUGT73C25 had a deletion of nucleotide no 1477 which
caused a change of reading frame in the last four amino acids
as well as a C- terminal sequence elongation of additional
29 amino acid residues (Tabel S4 in Supplementary Mate-
rial). When BvUGT73C25 and BvUGT91A 10 are mentioned
it is the elongated versions that are analyzed. Constructs
were cloned using Gateway cloning BP and LR kits from
Invitrogen (BP clonase ® Enzymes Mix, and LR clonase
® Enzymes Mix) according to the manufacturers protocol.
pDONR207 (Invitrogen) and pEAQ-HT-DEST1 (Sainsbury
et al. 2009) were used as donor and destination vectors,
respectively. UGT expression constructs were transformed
into Agrobacterium tumefaciens strain AGL1 by electropora-
tion, and positive clones were used for transient expression
in N. benthamiana.

The UGT candidates were divided into four pools and
each pool was screened in combination with known genes
from the saponin biosynthesis; BvLUP5-G, BvCYP716A81

and BvUGT73C11 (Khakimov et al. 2015). Transient expres-
sion of the UGT candidates in N. benthamina leaves was
performed according to (Khakimov et al. 2015), and metabo-
lites were extracted with 80% aq. MeOH.

Saponin and general metabolite analysis

Metabolite extracts in 80% aq. MeOH were analyzed for
saponins and general polar metabolites by LC-MS/MS. The
instrument used was an Agilent 1100 Series HPLC (Agilent
Technologies), equipped with a Gemini NX column (35 °C;
2.0 X 150 mm, 3.5 mm; Phenomenex) and coupled to a
Bruker HCT Ultra ion-trap mass spectrometer (Bruker Dal-
tonics). Mobile phases were eluent A, water with 0.1% (v/v)
formic acid and 10 uM NaCl, and eluent B, 80% acetonitrile
with 0.1% (v/v) formic acid. A short gradient was used for
screening of N. benthamiana extracts, while a longer gradi-
ent was used for identifying specific saponin products from
UGT product profile assays. The short gradient program was
as follows: 0—1 min, isocratic 17% B; 1-12.5 min, linear
gradient 17-80% B; 12.5-12.6 min, linear gradient 80-98%
B; 12.6—-16 min, isocratic 98% B; 16—18 min, isocratic 17%
B. The flow rate varied during the program as follows: 0—8
min, 2 ml/min; 8-12.5 min, 0.3 ml/min; 12.5-18 min, 0.45
ml/min.The longer gradient was the same as previously
published (Augustin et al. 2012). The detector was operated
in negative electrospray-ionization mode, and MS? spectra
were acquired in automatic mode using the SmartFrag func-
tion with the instrument default settings. The obtained data
were analyzed using Bruker Daltronics Dataanalysis 4.0,
including total ion chromatograms to reveal polar metabo-
lites in general and extracted ion chromatograms targeted at
relevant saponin oligoglycoside m/z values (0.5 to allow
for the inherent moderate accuracy of the ion trap detector).

Activity assays of UGTs using the TnT system

To analyze for the UGTs ability to glucosylate 50 uM hedera-
genin 3-monoglucoside the Transcription/Translation system
(TnT) from Promega was used. Primers 55-88 (Table S3 in
Supplementary Material) were designed to add TnT T7 sites
to the UGTs via PCR (98 °C 30 s, 35 cycles of 98 °C 10 s,
62 °C 30 s, 72 °C 90 s, final extension 72 °C 10 min) with
the X7 polymerase (Ngrholm 2010). The DNS templates used
were the plasmids from the N. benthamiana expressions plas-
mids. PCR products were purified using the Qiagen MinFElute
gel extraction kit. Transcription/translation of the UGTs were
performed in total amounts of 10ul: 40 ng purified PCR prod-
uct, Nuclease-Free water, 0,5 uCi fresh L-[35S] methionine
(PerkinElmer), 55 uM Methionine and 8 ul TnT T7 PCR Quick
Master Mix were mixed and incubated 90 min at 30 °C. The
formed proteins were separated by SDS-PAGE and visualized
by incubating the dried gels for 4 days on phosphorimager
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screens, following scanning with a STORM 860 molecular
imager (Molecular Dynamics). The assays were performed
in total volumes of 50 ul:10 pl transcription/translation reac-
tion (produced using only non-radiolabeled methionine),
2 uCi [Glucose-'*C (U)]-UDP glucose (PerkinElmer), 0.5 mM
2,4,6 trichlorophenol (TCP), 5 mM MgCl,, 1 mM CaCl, and
25 mM TAPS-HCI buffer (pH 8.6). The reaction mix was incu-
bated 30 °C for 1 h, and the reaction stopped by addition of
150 ul 100% MeOH. The reaction was centrifuged 10 min at
12,000xg, filtered by centrifugation for 2 min 3000xg using
96-well filter plates (polyvinylidene difluoride; 0,45 um). The
samples were concentrated using a speed vacuum concen-
trator 30 °C 1 h. The formed metabolites were resuspended
in 15 ul 100% MeOH and separated by thin layer chroma-
tography [silica gel 60 F254 plates (Merck), mobile phase:
dichloromethane:MeOH:H,0 (90:9.5:0.5)] and visualized
by incubating the dried plates for 3 days on phosphorimager
screens, following scanning with a STORM 860 molecular
imager (Molecular Dynamics).

Cloning of UGTs, expression in E. coli, and analysis
of saponin product profile

The most promising UGTs from transient expression in N.
benthamiana identified by LC-MS/MS analysis were re-
amplified as above using primers listed in Tabel S3 in Sup-
plementary Material, cloned into pDONR 207 and then into
the destination vector pJAM1786 (Lou et al. 2007; Takos
et al. 2011). The expression constructs were transformed
into Xjb DE3 autolysis TM E. coli cells (Zymo Rescearch)
according to Augustin et al. (2012) and used for E. coli
expression.

Activity assays for identifying UGT products of sapo-
genins were performed in a total volume of 50 pl containing
(final concentrations) 750 uM UDP-glucose, 10 or 100 uM
substrate, 5 mM MgCl,, 1 mM CaCl, 1 mM dithiothreitol
(DTT) and 25 mM TAPS-HCI pH 8.6 as described else-
where. The following substrates were used: 10 uM heder-
agenin, 10 uM hederagenin 3-O-B-p-glucoside, 10 uM
oleanolic acid, 10 uM oleanolic acid 3-O-f-p-glucoside, and
100 uM 24-epibrassinolide (Sigma) all dissolved in DMSO.
The assays were incubated for 1 h at 30 °C and stopped by
the addition of 150 ul MeOH. Samples were filtered (poly-
vinylidene difluoride; 0.45 um) and solvent evaporated by
vacuum concentrator. Samples were dissolved in 50 ul 80%
MeOH prior to analysis by LC-MS/MS (long gradient) as
described above.

Testing for ester-linked glucosides by alkaline
hydrolysis

Aqueous NaOH was used as a reagent for specific hydrolysis
of ester but not general glycoside bonds. The protocol was
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modified from (Augustin et al. 2012): Products from UGTs
expressed in E. coli and incubated with UGT substrates
were dried under vacuum at 42 °C. 0.5 ml 2 M aq. NaOH
was added, followed by brief vortex mixing (30 s), followed
by agitation at room temperature for 1.5 h at 1400 rpm.
Then, 100 pl of 12 M aq. HCI was added to ensure low pH
keeping carboxylic acids uncharged. The resulting solution
was extracted twice with a total of 3 ml of diethyl ether,
in order to remove saponins from the high ionic strength
aqueous phase. The diethyl ether fractions were washed
with 1/2 volume of H,O and vortexed for 30 s, followed
by centrifugation at 4000xg for 5 min. The ether fraction
was then transferred to a new tube, completely dried under
nitrogen flow and re-solubilized in 50 pl of 85% aq. MeOH
before analysis by LC-MS/MS as described above. Peaks
still detected after alkaline hydrolysis were considered not to
contain ester bonds (glucoside at position 28), while major
peaks not observed after alkaline hydrolysis were considered
to contain ester bonds. Due to less than full recovery, one
minor peak (the proposed 3,23-diglucoside of hederagenin)
could not be unequivocally assigned to linkage type in this
way.

Sequence analysis and phylogenetic trees

Calculation of sequence identity were performed at the
webserver Clustal omega (EMBL EBI) using standard set-
tings (McWilliam et al. 2013) (Table S5 in Supplementary
Material).

Prior to the phylogenetic analysis alignments of the
sequences were performed using the MUSCLE alignment
algorithm (Edgar 2004) in MEGA version 6.6 (Tamura
et al. 2013) (Fig. S4, S5, Table S6, S7 all in Supplementary
Material).

The phylogenetic analysis of aligned sequences used
in Fig. 2 was based on the Maximum Likelihood method
using on the JTT matrix-based model in MEGA version 6.6
(Tamura et al. 2013). The tree with the highest log likeli-
hood (-22361.9316 for Fig. 2 and —5618.6034 for Fig. 6a)
is shown. Initial tree(s) for the heuristic search were obtained
by applying the Neighbor-Joining and BioNJ method to a
matrix of pairwise distances estimated using a JTT model.
A discrete Gamma distribution was used to model evolu-
tionary rate differences among sites [5 categories (+ G,
parameter =2.0744 for Fig. 2 and 0.8622 for Fig. 6a)]. The
rate variation model allowed for Fig. 2 some sites to be evo-
lutionarily invariable ([+ ], 3.1685% sites). The tree was
drawn to scale, with branch lengths measured in the number
of substitutions per site. All positions with less than 95%
site coverage were eliminated. There were a total of 387
positions for Fig. 2 and 485 positions for Fig. 6a in the final
dataset.
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Analysis for sites and branches under selection
pressure

To analyze for selection pressure on the UGT73C sequences,
the ratio (@) of non-synonymous to synonymous substitu-
tions (dN and dS, respectively) was calculated for a codon-
based nucleotide alignment using the program Codeml from
the PAML X user interface (Xu and Yang 2013; Yang 2000).
In Codeml, model =0 was selected (which uses a single ®
among branches), and then different codon substitutions
models (NSsite models MO-MS8) (which account for het-
erogeneous o ratios among codons) were tested (Yang and
Bielawski 2000; Yang et al. 2000). The log likelihoods of
the models were compared, and to test their significance
log likelihood ratio tests were carried out. Where probable
positive selection was found, a naive empirical Bayes analy-
sis identifying positively selected sites with a p>95% and
p>99% was made using Codeml.

To test if any branches of the tree (Fig. 6a) are under
positive selection we used a branch model (model =1b in
Codeml), which assumes an independent o ratio for each
branch and compared this log likelihood to the log likeli-
hood of the model 0 (same ® for all branches) (Hall 2004).

Using Swiss model (Bienert et al. 2017), the crystal
structure of UGT78G1 (3hbf) (Modolo et al. 2009) was
used as template and the model was visualized in Pymol
(Schrodinger LLC).The model was included in the alignment
used for calculation of positive selection, and the amino acid
residues corresponding to the sites where positive selection
were identified and visualized.
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