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Flavone and flavonol

Isoflavone
Apigenin (Ry=H, R,=0H, Ry=H, R =H) Biochanin A (R,=0CH,, R,=0H)
Luteolin (R,=CH, R;=0H, R;=H, R,;=H) Genistein (R,=0H, R;=0H)
Chrysoeriol (R,=0CH;, R;=0H, R3=H, R,=H) Daidzein (R,=H, R;=H)

Baicalein (R,=H, R,=0OH, Ry=H, R,=0OH)
Quercetin (R,=0H, R,=0H, R;=0H, R,=H}

Kaempferol [R,=H, R,=0H, R;=0H, R,=H)

Resveratrol [Stilbene) Epicatechin (Flavan-3-ol)

Supplemental Figure S1. Chemical structures of the major (iso)flavonoid compounds tested as

substrates for UG(A)Ts in the present work.
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Supplemental Figure S2. Screening of mammalian UGATSs for activity against flavonoid
compounds. Mammalian UGATs were incubated with the acceptor substrate (0.75 mM) and
UDP-GIcA (2 mM) for 2 h, and the percentage conversion to the glucuronidated products was
measured by HPLC. Results are expressed relative to UGT1A9, where 100 % activity for

guercetin = 2.79 nmol/min/mg protein. The screening assay was performed one time.
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Supplemental Figure S3. LC-MS analysis of the reaction products from incubating UGT1A9 with
luteolin as acceptor substrate and UDP-GIcA as sugar donor. A, LC-MS chromatogram of the
acceptor substrate luteolin. B, LC-MS chromatogram of the glucuronidated products of luteolin

resulting from incubating UGT1A9 with luteolin and UDP-GIcA. There are three possible



reaction product peaks resulting from glucuronidation at three of the five free -OH groups,
including Lut-7-0-GIcA which co-eluted with the standard of this compound. C, LC-MS
chromatogram of commercial standard of Lut-7-O-GIcA. D, Mass spectra of the glucuronidated
products of luteolin generated by UGT1A9, showing the expected molecular mass of the parent
ions (m/z = 461 in negative mode) for the three mono-glucuronidated products eluting at 13.1

min (Lut-7-0-GlcA), 13.7 min and 14 min.



Using query UDPGT, accession PF00201.17,
Hidden Markov Model software (HMMER) was
used to select top 280 from over 300
annotated UGTs in the M. truncatula genome
based on UGT pfam protein domains such as
PSPG motif and protein size ~410-550 amino

acids. 280 candidate selected.

Tissue specific expression of candidates as

determined from the M. truncatula gene
expression atlas and qPCR in correlation
with plant tissue where flavonoid
glucuronides are found (leaving 9

candidates).

Multiple sequence alignment and
phylogenetic analysis with respect to
characterized UG(A)T (UDP-GIcA specific:
BpUGT94B, F7GAT and UDP-Glu specific:
UGT73P12, UGT71G1, UGT72L1,
UGT78G1). Clades proximal to established
UG(A)Ts were selected (giving 25

candidates)

Analysis of UGT features and structural

residues near conserved key catalytic
residues (e.g. His22 and Asp121 in
UGT71G1) by automated protein
modeling using SWISS-MODEL and
WinCoot software and visualization by

pyMol (leaving 19 candidates)

Supplemental Figure S4. Outline of methods and criteria for selection of candidate UG(A)T genes from
the genome of the model legume M. truncatula.
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Supplemental Figure S5. Amino acid sequence alignment around the largely conserved aspartic
acid (green arrow, Asp121 in UGT71G1) residue in plant UGTs believed to be involved in
stabilizing the catalytic histidine (His 22 in UGT72G1) involved in deprotonation of the acceptor
substrate during catalysis. This residue was found to be substituted in some of the candidate
UGTs we identified. The origins and accession numbers of the sequences are given in the legend
to Figure 1 and Table S2. Blue boxes in the left hand column indicated previously identified
UDP-glucuronosyltransferases. Orange boxes and binary names (e.g. C3, J5) indicate M.

truncatula UG(A)T candidates in this study.
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Supplemental Figure S6. Multiple sequence alignment of the conserved PSPG motif located in

the C-terminal domain of plant UGTs. The F7GATs (UGT88D-1, 5, 4, 6 & 7) from Lamiales

species have an amino acid substitution (green arrow) in this region that is believed to

contribute to sugar donor recognition. Arg351 in the UDP-GIcA dependent UGT88D7 replaces

the tryptophan (e.g. Trp367 in UGT88A7) found to be highly conserved in UDP-Glu dependent

UGTs. The origins and accession numbers of the sequences are given in the legend to Figure 1

and Table S2. Blue boxes in the left hand column indicated previously identified UDP-



glucuronosyltransferases. Orange boxes and binary names (e.g. C3, J5) indicate M. truncatula

UG(A)T candidates in this study.
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Supplemental Figure S7. Phylogenetic analysis of selected UG(A)T candidates. Candidate
protein sequences from M. truncatula were aligned with previously characterized plant
UG(A)Ts using multiple sequence comparison by Log-Expectation (MUSCLE). The resulting

alignment was used to construct the maximum-Likelihood phylogeny tree by performing 1000



bootstrap replicates using PhyML 3.0 algorithm. The number for each node indicates the
bootstrap support values for the node where 1000 represents maximum support for the node
and the scale on top of the tree indicates the branch length. Length on the scale indicates
evolutionary distance in substitutions per amino acid. The UGT clades are labelled on the tree.
UGT84F9 (conformed UDP-glucuronosyltransferase) is marked in red; those Medicago UGATs
marked in brown passed all selection criteria but were shown to utilized UDP-Glc rather than
UDP-GIcA. The origins and accession numbers of the sequences are given in the legend to

Figure 1 and Table S2.



w UGTS84F9 transcript level intensity >

UGT71G1 transcript level intensity

6,268.85 -

5,018.14

3,767.43

2,516.72

1,266.01

2,583.35 1

2,077.39

1,571.43

1,065.47

559.51

52.55

MEGEA: M. truncatula Gene Expression Atlas / Noble Foundation (https://mtgea.noble.org/v2)
—Mtr.38344.1.51_at

[ ]
o /
[ ] ./.
E L ]
. oo, .,
o N i
. -
3 . 'd o—e. A L i
P I R R U S P g JF O e OIS PP IO S G O g g S L
P T T F S SRS S A A O O G S S S X N
S I 1 & Z 7

£ x%xe"x“‘?’(\é\\§i"‘€\ﬁ“€ PPN e S

Sy Za S S
YEE S ST RS A@b

T e o

Qo F e
AR e

& SIS

SEats &
¥ ‘;v?a & 9

MEGEA: M. truncatula Gene Expression Atlas / Noble Foundation (https://mtgea.nable.org/vz)
=Mtr.43655.1.51_at

"

.
P e st s s s e s B, (B B e B e o i e e B e B ¥
e B RIRRIER 3 S T s N
I c}'z:;‘é"@«-z;‘ﬁf‘\;‘v‘;&‘}‘x‘e‘;\\ﬁé‘:&*‘z}iﬁfgx ‘:é“o&‘}i@& Ld“‘i&" ‘°Q¢°°t—°‘9&‘:§j§#ﬁ;@°q‘,“i@“@i“%“ﬁ“a “?ﬁi&i@j@”ﬂ@ﬁ@" 5‘;&‘:&5\&&@&0 PFE @3@;\"? @"‘@"‘;\@;\Qi@‘@““@“‘
Fo & FESELE 8 & s £ O I P F L E T TEEF T T R F L LRI FLLE TS
FX eI T ESTTEE LT ¢ 880 ea e ot g CEEF N & A O S e W e
FF S g g P I EIEE S W0 aSe a N 5 o O AP ST S o & e o
W 3O LA g 9 TP S F T E S O Tt gy B T Fp e
\3‘»\'{?&"5’5«.@@_&2}' A q.°°‘°a~'\ 3 c,Q\quF"“«qu“d(\& DPETFSEEF G E 0 Qe’e*qa“
AT O s S et gt TEITFE A SIS N SR S S
. P ! SR Sl P LA S e e R STy
Tt S “ Bt 5 A A g RS G Fatse® T SICIOP I
R o @ FOF T G SSEE *90“9:@“"& o saf‘g'qé\rf
SRR FEF & & S 5 8 ‘(}\‘i\\" &
& h 5 N 5 N
&c;‘d: [y Q,‘ oﬁ&d §eR & (F\\ f
K <

M. truncatula tissue or treatment conditions



UG(A)T expression pattern

25000

M Leaf ®mStem M Shoot Flower ®pod M Root

20000 A

15000 A

Tissue specific transcript level

10000 A I
_ "N
5000 - I I I
I [ I | N
| - [
E B - = = B B B o =
0 - — T T T T T T T T T T LI — = T LI — T T |._|
AN 0 M o «F = 1N O o N N < d N N I N O NN 0 A NmMm n W o
L N N O O <24 0O >N 0 0 0o @ " " D 5D DS, 0000 S VU o0
< W won oo N & Now (@]
0 00 0 o0 N N NN
= 0 0 N - F - F ®©
O F F F 0 O 0o 0 =K
> 0 0 v 5 05 50
o D D )

UG(A)T candidates

Supplemental Figure S8. Expression of UGAT candidates and previously characterized UGTs in
M. truncatula. A, B, The transcript expression pattern of A, UGT84F9, and B, UGT71G1, in
different tissues and under different conditions, retrieved from the M. truncatula Gene

Expression Atlas (https://mtgea.noble.org/v3/). C, Tissue-specific expression of all UGAT

candidates and previously characterized UGTs as retrieved from the Gene Expression Atlas.


https://mtgea.noble.org/v3/

75 kD

50 kD

37 kD

25 kD

Supplemental Figure S9. SDS-PAGE of purified recombinant UGT84F9 and its site-directed
mutants. UGT84F9 and mutant UGT84F9s are MBP-tagged with a total molecular weight of
95.44kD.



Absorption at 350 nm

AL

AL

AL

DADTE, Sig=350.0 4.0 Ref=off

180 4
160 4
140 4
120 4
100
a0 4
B0
404
204

A

Apigenin-GIcA

oo

140 4
120 4
100
50+
B 1
40 1
201

Chrysoeriol-GIcA

oo

80 1
7101
B0+
A0 1
40 1
30 1
20
104

C Luteolin-GIcA

T

Luteolin

o

A

Retention time (min)

Supplemental Figure $10. HPLC-UV analysis of conjugated flavones generated by

recombinant UGT84F9 with UDP-GIcA as sugar donor. A, Apigenin as acceptor. B,

Chrysoeriol as acceptor. C, Luteolin as acceptor. Reactions with apigenin and chrysoeriol

yielded one major glucuronidated product while the reaction with luteolin generated

two glucuronidated products. Incubation was for 2 h.
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Supplemental Figure S11. LC-MS analysis of glucuronidated products of luteolin generated by
recombinant UGT84F9 with UDP-GIcA as sugar donor. A, LC-MS peak for luteolin. B, LC-MS
peak for luteolin-glucuronides eluting at 11.6 min and 14.2 min. C, D, Mass spectra showing the
molecular ions of the two glucuronide products of luteolin (m/z = 461). The LC-MS was

performed in negative ion mode.
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Supplemental Figure S12. HPLC-UV and LC-MS analysis of glucuronidated products of UGT84F9
activity with the di-glycoside kaempferol-3-O-rutinoside and the mono-glucuronide Q-3-O-GIcA
as sugar acceptors and UDP-GIcA as sugar donor. Incubation was for 2 h. A, HPLC-UV profile of

reaction products from kaempferol-3-O-rutinoside. B, HPLC-UV profile of reaction products from



Q-3-0-GlIcA. C, The mass spectrum of the reaction product from kaempferol-3-O-rutinoside
showing the molecular ion (m/z = 769.1) D, The mass spectrum of the reaction product from Q-

3-0-GlIcA showing the molecular ion (m/z = 653). The LC-MS was performed in negative mode



Initial Vel. (nmol sec” mg'1)

1000

[Luteolin] uM

0 500

1500

2000

07 T T
0 500 1000

Initial Vel. (nmol sec” mg'1)

T
1500

[Quercetin] uM

2000

O

Initial Vel. (nmol sec” mg™)

Initial Vel. (nmol sec” mg'1)

0.6

0.4

0.2

0.0-T T T T T T
0 200 400 600 800 1000

[Quercetin] uM

-
(=]
1

©
1

T
600

T
0 200

[Kaempferol-3-rutinoside] uM

400 800

Supplemental Figure S13. Michaelis-Menten curves for activity of UGT84F9 towards acceptor

substrates. Products were detected and measured by HPLC, and the apparent Vmax and Kn,

values (Table S2) determined by fitting the initial velocity to the Michaelis-Menten equation by

non-linear regression using GraphPad Prism 7.04. A, Luteolin using UDP-GIcA as sugar donor.

B, Quercetin using UDP-GIcA as sugar donor. C, Quercetin using UDP-Glc as sugar donor. D,

Kaempferol-3-rutinoside using UDP-GIcA as sugar donor. The analyses were performed with

three technical replicates and error bars represent standard deviation.
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Supplemental Figure S14. Michaelis-Menten curves for wild-type and mutant UGT84F9 towards
sugar donor substrates with quercetin and apigenin as acceptors. A, Kinetics of UGT84F9

towards UDP-GIcA using quercetin as acceptor substrate. B, Kinetics of UGT84F9 towards UDP-



Glc using quercetin as acceptor substrate. C, Kinetics of UGT84F9-H22S towards UDP-Glc using
guercetin as acceptor substrate. D, Kinetics of UGT84F9-H22S towards UDP-GIcA using
guercetin as acceptor substrate E, Kinetics of UGT84F9 towards UDP-GIcA using apigenin as
acceptor substrate. F, Kinetics of UGT84F9 towards UDP-Glc using apigenin as acceptor
substrate. The analyses were performed with three technical replicates and error bars

represent standard deviation.
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Supplemental Figure S15. Relative activity of UGT84F9 mutant and wild-type proteins towards

Relative glycosylation activity (%)

UDP-GIcA and UDP-Glc. Quercetin was used as the acceptor substrate in all assays. The
activities are expressed with respect to the most active enzyme; UGT84F9-H22S for UDP-Glc
with specific activity = 33.038 umol/min/mg of protein and wild-type UGT84F9 for UDP-GIcA
with specific activity = 41.44 umol/min/mg of protein. Relatively the same amount of mutant
or wildtype protein was used following quantification by SDS PAGE resolution and
densitometry as described in Materials and Methods. The enzyme assays were performed in

duplicate.



NF5230-NS , NF5230-Heterp * « NF5230-Homo

Supplemental Figure S16. Five weeks-old plants of NF5230 mutant lines harboring a Tnt1
insertion in the UGT84F9 gene. The homozygous UGT84F9 Tnt1 insertion line (C) shows smaller
size compared to the corresponding heterozygote at the UGT84F9 locus (B) and a
corresponding NF5230 line that is null segregant wild type at the UGT84F9 locus (A). PCR

genotyping is shown in Fig. 7B.
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Supplemental Figure S17. MS spectra of apigenin glucosides detected in extracts from M.
truncatula leaf tissue of NF8294A null segregant, and heterozygous and homozygous knockout
lines. All the lines analyzed accumulate apigenin glucoside at retention time 8.7 min. The MS

spectrum for apigenin glucoside shows the molecular mass of the parent ion at [M-H]* = 431.
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The LC-MS was performed in negative mode.
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Supplemental Figure S18. LC-MS analysis of extracts from M. truncatula leaf tissue for
detection of apigenin-7-0-GlcA-(1-2)-0O-GIcA and apigenin-7-0-[2'-O-coumaroyl-GlcA-(1-2)-0O-
GlcA by scanning for their molecular ions of [M-H]* = 621 and [M-H]* = 767 respectively.



A,C, LC-MS chromatograms showing apigenin-7-O-GlcA-(1-2)-O-GIcA in the NF8294A- null
segregant (NS), and NF8294A- heterozygote, respectively.

B, D, LC-MS chromatograms showing apigenin-7-0-[2"-O-coumaroyl-GlcA-(1-2)-O-GIcA in the
NF8294A- null segregant (NS) and NF8294A- heterozygote, respectively.

Neither apigenin-7-0O-GlcA-(1-2)-O-GIcA nor apigenin-7-0-[2'-O-coumaroyl-GIcA-(1-2)-O--GIcA
accumulate in extracts from NF8294A- homozygote (E, F, G, H).

The LC-MS was performed in negative mode.
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Supplemental Figure S19. Mass spectra of extracts from M. truncatula leaf tissue for detection
of apigenin-7-0-GlcA-(1-2)-0-GIcA (m/z = 621), apigenin-7-0-GlcA-(1-3)-0-GlcA-(1-2)-O-GIcA
(m/z =797 at retention time 12.5 min), chrysoeriol-7-0-[2’-O-coumaroyl-GlcA-(1-2)-O-GlIcA]
(m/z =797 at retention time 14 min), and apigenin-7-0-[2'-O-coumaroyl-GlcA-(1-2)-O-GIcA (m/z
= 767).

A, C, The mass spectra for apigenin-7-0-GlcA-(1-2)-O-GIcA (m/z = 621) and apigenin-7-O-GIcA-
(1-3)-0O-GIcA-(1-2)-0O-GIcA in extracts from NF8294A- null segregant (NS) and NF8294A-
heterozygote, respectively.

B, D, The mass spectra for apigenin-7- O-[2'-O-coumaroyl-GlcA-(1-2)- O-GIcA (m/z = 767) and
chrysoeriol-7-0-[2’-O-coumaroyl-GlcA-(1-2)-0-GlcA] (m/z = 797 at retention time 14 min) in
NF8294A- null segregant (NS) and NF8294A- heterozygote, respectively.

None of these flavonoid glucuronide metabolites was detected in NF8294A- homozygote
extract (E, F, G, H).

The LC-MS was performed in negative mode.
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Supplemental Figure S20. LC-MS chromatograms of formononetin-7- O-glucoside and
quercetin glucoside detected in extracts from M. truncatula leaf tissue of NF8294A UGT84F9

null segregant (NS) (A, B), heterozygote (C, D) and homozygous knockout lines (E, F, G, H). All



the lines analyzed accumulate formononetin-7-O-glucoside and quercetin glucoside as detected

by scanning for their molecular ions at [M-H]* = 429.1 and [M-H]* 463.1 respectively.
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Supplemental Figure S21. Mass spectra corresponding to the chromatograms showing

formononetin-7- O-glucoside and quercetin glucoside in Figure S20. All the lines analyzed



accumulate formononetin-7-O-glucoside (at retention time 11.5 min) (A, C, E, G) and quercetin
glucoside (at retention time 14.7 min) (B, D, F, H) based on the presence of their respective
molecular masses at [M-H]* = 429.1 and 463.1 respectively. The LC-MS was performed in

negative mode.



x
jaN

0 7 ESIEIC(269.0) Scan Apigenin standard

A H
Fy Apigenin
2 ¥
g 0.5
IS
N
x10 % _gq) EIC(445.0) Scan ; ;
Apigenin-GIcA L
B - % Apigenin-7-0-GlIcA standard
g
c
o
=
0,
c x10 % g EIC(269.0) Scan NF5230-NS
Fy Apigenin
. J\I\J_ﬂ g
ot
[
- PN FUNDVUSURSENEI P U S
x10 5
D ESI EIC(445.0) Scan o NF5230-NS
> Apigenin-GIdA
D ¥
IS J
- o *‘_J\MWJM—A_H_,W%,_‘_,—U,
E X0 * g EIC(269.0) Scan NF5230-Hetero
Fy Apigenin
=2 5
< ¥
S (\—N\—P\I\_/v\_/*
c
- &w
x10 ° g EIC(445.0) Scan ) ) NF5230-Hetero
F_ . Apigenin-GIcA
=
[%2]
C
4qc_)' 0.5
- o %W
G x10 4 g Ei0(269.0) Scan NF5230-Homo
> 5 Apigenin
-8 2.5
[
0,
x10 3 _Eg) EIC(445.0) Scan NF5230-Homo
H >
f WMWW
£ FM&MMMM
£

10 11 12 13 14 15 16 17 18
Retention ! Time (min)

Supplemental Figure S22. Disappearance of apigenin glucuronide due to loss of function of UGT84F9

in the homozygote ugt84f9 Tnt1 insertion in NF5230 mutant lines M. truncatula.



Figure shows MS analysis of flavonoid metabolites from leaf extracts of null segregant, heterozygote and
homozygote ugt84f9 Tntl insertion in NF5230 mutant of M. truncatula. In comparison with apigenin
standard (m/z = 269) and apigenin-7-O-GlIcA standard (m/z 445) (A, B), apigenin was detected in the
extracted ion chromatogram from scanning the NF5230-null segregant, heterozygote and homozygote
extracts for m/z = 269 (C, E, G), whereas apigenin-7-0-GIcA (m/z = 445) was detected in leaf extracts of
null segregant and heterozygote (D, F) but not the homozygotic ugt84f9 Tnt1 insertion in the NF5230

mutant (H). The LC-MS was performed in negative mode.
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Supplemental Figure S23. Mass spectra corresponding to the metabolites in Supplemental Figure

$21. The MS spectrum for apigenin, with molecular mass of the parent ion at [M-H]* = 269, was seen in

all the samples (C, E, G); The spectrum of apigenin-7-O-GlcA, [M-H]* = 455, was present in the extract



from NF5230- null segregant and heterozygote (D, F) but was not detected in the extract from NF5230-

homozygote (H). The LC-MS was performed in negative mode.
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Supplemental Figure S24. LC-MS analysis of flavonoid metabolites from root extracts of NF8294A-null

segregant, -heterozygote and -homozygote ugt84f9 Tnt1 insertion mutant of M. truncatula. The

disappearance of apigenin glucuronide was observed due to loss of function of UGT84F9 in the

homozygote ugt84f9 Tnt1 insertion in NF8294A mutant lines.



A, B, Apigenin standard (m/z = 269) and apigenin-7-O-GlIcA standard (m/z 445). Apigenin was seen in the
extracted ion chromatogram from scanning NF8294A-null segregant, -heterozygote and -homozygote
root extracts (C, E, G), whereas apigenin-7-0O-GlcA was detected in root extracts of NF8294A-null

segregant and -heterozygote (D, F) but not in the homozygotic ugt84f9 Tnt1 insertion in the NF8294A

mutant (H). The LC-MS was performed in negative mode.
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Supplemental Figure $25. Mass spectra corresponding to apigenin in Supplemental Figure S24. The
molecular mass of the parent ion at [M-H]* = 269 (A), was seen in extracted ion chromatograms of root
extracts from NF8294A-null segregant, -heterozygote and -homozygote (B, C, D). The LC-MS was

performed in negative mode.
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Supplemental Figure S26. Mass spectra corresponding to apigenin-7-O-GlcA in Supplemental Figure
$24. The molecular mass of the parent ion at [M-H]* =445 (A), was seen in root extracts of NF8294A-null
segregant and NF8294A -heterozygote (B, C), but was not detected in NF8294A-homozygote root

extracts (D). The LC-MS was performed in negative mode.
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Supplemental Figure S27. Disappearance of laricitrin-3-O-glucopyranoside-5'-O-glucopyranosyl-7-O-
glucoside due to loss of function of UGT84F9 in the homozygous ugt84f9 Tnt1 insertion in NF8294A
mutant lines of M. truncatula.

A-E, LC-MS analysis of laricitrin-3-O-glucopyranoside-5’-O-glucopyranosyl-7-O-glucoside (m/z = 817) in leaf
extracts of M. truncatula WT, NF8294A -null segregant, -heterozygote and -homozygote ugt84f9 Tnt1
insertion mutant. The target compound was detected in the extracted ion chromatograms from the M.
truncatula WT, NF8294A -null segregant and -heterozygote leaf extracts (A, B, C) whereas laricitrin-3-O-
glucopyranoside-5'-O-glucopyranosyl-7-O-glucoside was not detected in the homozygous ugt84f9 Tnt1

insertion in the NF8294A mutant (D, E). The LC-MS was performed in negative mode.
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Supplemental Figure S28. Mass spectra corresponding to laricitrin-3-O-glucopyranoside-5'-O-
glucopyranosyl-7-O-glucoside in Supplemental Figure S27. Laricitrin-3-O-glucopyranoside-5'-O-
glucopyranosyl-7-0-glucoside, with molecular mass of the parent ion at [M-H]* =817.1, was seen in leaf
extracts of M. truncatula WT, NF8294A-null segregant and NF8294A -heterozygote (A, B, C), but was not

detected in NF8294A-homozygote leaf extracts (D, E). The LC-MS was performed in negative mode.
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Supplemental Figure S29: Levels of apigenin, luteolin and formononetin mono-glucosides in ugt84f9
Tnt1 insertion lines. Flavonoid glucosides were determined by LC-MS analyses of extracts of the leaves
of 4-week old M. truncatula NF8490A lines (NS, null-segregant; Hetero, heterozygote; Homo,
homozygote) as described in Methods. The values represent the mean % s.d. (n = 3 biological replicates).
*P > 0.05 indicates statistically insignificant differences and **P < 0.05 indicates significant differences
compared with the null-segregant in one-way ANOVA with Tukey test (GraphPad Prism 7.04). The
experiment was repeated with a second set of plants of the same age, and essentially the same results

were obtained.



Supplemental Table S1. Screening of selected flavonoid compounds and their derivatives for
glucuronidation by mammalian UGATs.

Mammalian

Acceptor substrates

Position of conjugation on acceptor

UGAT substrate or product formed ?
UGT1A1 apigenin, luteolin, epicatechin, 4°-O- 7-OH (g, 3'mqg, 4'mq, a, 1), 3’-OH (q,
Me-Epi, quercetin, 3" and 4’- O-Me-Q  4'mq, |), 3-OH (g, 3’'mq), 5-OH (e,
4’'me)
UGT1A3 apigenin, luteolin, quercetin, 4’-O-Me-  7-OH (g, 4'mq, a, |), 3’-OH (g, 4'mq,
Q 1)
UGT1A4 apigenin, luteolin, quercetin 7-OH (a, 1, q), 3"-OH (I, q)
UGT1A6 apigenin, luteolin, epicatechin, 4°-0O- 7-OH (g,4'mq, a, 1), 3"-OH (g, 4'mq,
Me-Epi, quercetin [), 5-OH (e, 4'me)
UGT1A7 apigenin, luteolin, epicatechin, 4°-0O- 7-OH (g, 4'mq, a, |), 3°-OH (g, 4'mq,
Me-Epi, quercetin ), diglucuronide (4'mq), 5-OH (e,
4’'me)
UGT1AS apigenin, luteolin, quercetin, 4’-O-Me- 7-OH (g, 4'mq, a, | ), 3"-OH (g, 4'mgq,
Q 1)
UGT1A9 apigenin, luteolin, epicatechin, 4°-0O- 7-OH (g, 4'mq, 3’'mq ,a, l), 3’-OH (q,
Me-Epi, quercetin, 3" and 4- O-Me-Q 4’'mq, ), 4’-OH (q, 3'mq, ), 3-OH (q,
3’'mq), 5-OH (e, 4'me)
UGT1A10 apigenin, luteolin, epicatechin, 4°-0O- 7-OH (g,3'mq, 4'mgq, a, 1), 3’-OH (q,

Me-Epi, quercetin, 3" and 4’- O-Me-Q,

4lmqr I), 3'OH (qr 3lmq ’ 4lmq)r 41_
OH (q, 1), diglucuronide (4'mq), 5-
OH (e, 4'me)

3ldentities were based on co-chromatography with authentic standards where available, or are

tentative assignments based on deductions or literature information. See Table S5 for details of

sources of standards, and Docampo et al. (2017) for a summary of products reported in the

literature. a, apigenin; |, luteolin; g, quercetin; 3’mq, 3'-O-methyl quercetin; 4'mq, 4’-O-methyl

guercetin; e, epicatechin; 4’me, 4°-O-methyl epicatechin.



Supplemental Table S2. GenBank accession numbers of the UG(A)T sequences analyzed in the

present work.

Organism name
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Bellis perennis
Medicago truncatula
Medicago truncatula
Medicago truncatula
Glycyrrhiza uralensis
Medicago truncatula
Glycyrrhiza uralensis
Glycyrrhiza uralensis
Medicago truncatula
Medicago truncatula
Vitis vinifera
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Perilla frutescens
Erigeron breviscapus
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Antirrhinum majus
Sesamum indicum
Scutellaria baicalensis

Scutellaria laeteviolacea

Perilla frutescens

Protein Sequence ID
XP_013454613.1
XP_013466442
XP_013446783.2
XP_003619124.1
Q5NTHO
AFK34364.1
XP_024637606
RHN62167.1
ANJ03631
XP_003609043.1
LC314779
LC315805
XP_013466939.1
ABI94026.1
BAI22846.1
XP_003610166.3
XP_003610163.1
XP_013470035.1
XP_003621424.1
XP_003621425.2
XP_003621427.1
XP_003620191.1
XP_003618190.1
XP_003622620.2
EU434684
XP_003615613.1
RHN57636.1
XP_003618094.1
BAG31949.1

XP_013451680.1
XP_013451685.1
XP_024642419.1
XP_013451676.1
XP_013451675.1
BAG31945
NP_001306616.1
BAH19313.1
BAG31946.1
BAG31948.1

Assigned annotation
G3

G2

G4

14
BpUGT94B1
C6

C5

C8
GuUGAT
J1
UGT73P12 (canonical)
UGT73P12 (variant)
c3

C4

VWGT5
UGT78G3
UGT78G1
UGT84F9
16

17

18

J5

G1
UGT72Y5
UGT72L1
UGT71G1
J2

J3
UGT88A7
UGT88X
C1

C2
UGT88E29
UGT88E27
UGT88E28
UGT88D4
UGT88D6
UGT88D1
UGT88D5
UGT88D7



Supplemental Table S3. Kinetic parameters of recombinant UGT84F9 with selected flavonoid

substrates in the presence of saturating concentrations of sugar donor (5mM UDP-Glc or

UDP-GIcA).

Sugar Keat/Km

Enzyme Substrate donor Km (LM) Keat (sec?) (sectmm-?)
Kaempferol-3-

UGT84F9 O-rutinoside UDP-GIcA 609.3 +103.5 1.41 +0.137 2.314
UGT84F9 Luteolin UDP-GIcA  380.4 +65.25 0.397 £ 0.024 1.04
UGT84F9 Quercetin UDP-Glu 58.65+ 10.43 0.046 +£ 0.003 0.782
UGT84F9 Quercetin UDP-GIcA  768.2 +56.39 0.516 £ 0.018 0.672
UGT84F9 Apigenin UDP-GIcA 772.6 + 249.3 0.491 £ 0.072 0.635




Supplemental Table S4. Primer sets used in this study

Primer name

Primers Sequence (5'-3') used for molecular cloning of UGT84F9

UGT84F9Ndel-F

CAC CCA TAT GAC ATA CGA AGA TCC CAT TAAGC

UGT84F9EcoRV-R

GGG CCC GAT ATC TTA GAT GTT AAC ATT ATT AATTAA TG

Primer name

Primers Sequence (5'-3') used for mutagenesis of UGT84F9

UGT84F9-H22R-F

GGA CACATA AACCGT CTT GTT GGA CTA GG

UGT84F9-H22R-R

CCT AGT CCA ACAAGACGG TTT ATG TGT CC

UGT84F9-H22S-F

GGA CACATA AACAGT CTT GTT GGA CTA GG

UGT84F9-H22S-R

CCT AGT CCA ACAAGACTG TTT ATG TGT CC

UGT84F9

GGA CACATAAACGCT CTT GTT GGA CTA GG

UGT84F9

CCT AGT CCA ACAAGA GCG TTT ATG TGT CC

UGT84F9-N122D-F

CAT GTATCATAAACG ATTATT TTTTTCCAT GGG TTT G

UGT84F9-N122D-R

CAA ACC CAT GGA AAAAAATAATCGTTT ATG ATACAT G

Primer name

Primers Sequence (5'-3') used for qPCR

qUGT84F9-F TCC AGC ACA AGG ACA CAT AAA
qUGT84F9-R CGT CTCTGT TGT GGT GAA GAT
qUGT78G3F GAT GGA TTA CCA GAA GGG TAT GT
qUGT78G3R CTGCCACAGCTTTAACCATAAC
qUGTS88E27F GCA GAA CAA AGG CTG AAC AAG
qUGTS88E27R CTAACT CGG TTCCACTCACAA A
qUGTS88E28F AGG ATCTCC ATACGCCTCTT
qUGTS88E28R CCCATCACATTG CCT CAT AGT
qTUB-F TTT GCT CCT CTT ACATCCCGT G
qTUB-R GCAGCACACATCATGTITTTIGG

Primer name

Primers Sequence (5'-3') used for analysis of UGT84F9 Tnt1 transposon-

insertion mutant lines

UGT84F9tnt-F

GAG CAAGTATTCTCT TGCTAT AGGTATCTCC

UGT84F9tnt-R

GGA TAG TTT ACT AGA GTC CCG AAA GAG ACG

UGT84F9tnt-R,

GGG CCC GAT ATC TTA GAT GTT AACATT ATT AATTAA TG

TNT1-F

CCT TGT TGG ATT GGT AGCCAACTT TGT TG

TNT1-R

TGT AGC ACC GAG ATA CGG TAATTA ACA AGA




Supplemental Table S5. List of standards or methods used for identification of glucuronide

products

Compound

Quercetin-3-0-GIcA

Quercetin-3"-0-GIcA

7-0O-glucuronides of
apigenin, luteolin,
quercetin
4’-0-Me-quercetin-3’-0-
GlcA
3’-0-Me-quercetin-3-0-
GlcA
4’-0-Me-quercetin-7-0-
GlcA
Quercetin-4’-0-GIcA

Di-glucuronides

Epicatechin-5-O-GlIcA and 4'-
O-Me-epicatechin-5-0-GIcA

Standard or method used for
identification

Purchased standard

Tentative, based on comparison
to chemically synthesized 4’-O-Me-
Q-3"-0-GlcA

Enzymatically generated

Chemically synthesized standard

Chemically synthesized standard

Chemically synthesized standard

Tentative, by chromatographic
separation behavior

Tentative, by early
chromatographic separation
relative to monoglucuronide, plus
m/z value from MS analysis

Chemically synthesized standard

Source

Sigma-Aldrich
(Docampo-Palacios et al

2020a)

Generated using F7GAT,
UGT88D4 (Noguchi et al
2009)
(Docampo-Palacios at al
2020a)
(Docampo-Palacios at al
2020a)
(Docampo-Palacios at al

2020a)

(Docampo-Palacios at al

2020b)
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