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Dataset 1: ‘RSEM.isoform. TMM.EXPR.matrix.txt’. RNA-seq abundance
estimates of transcripts generated in the de novo transcriptome assembly.
Dataset 2: ‘'SOM-analysis-results.xIsx’. Transcripts identified as co-expressed

with characterised avenacin biosynthetic genes in the Self-Organising Map analysis.

Supplementary Information Text

Materials and Methods

Analysis of RNA-Seq data and generation of self-organising maps (SOMs).
RNA-seq reads were corrected using the Rcorrector method and filtered with the
python script ‘FilterUncorrectabledPEfastq.py’
(https://qgithub.com/harvardinformatics/TranscriptomeAssemblyTools) (1). Adapters

and low quality bases (with a PHRED score lower than 5) were trimmed from
corrected reads using TrimGalore version 0.5.0

(http://www.bioinformatics.babraham.ac.uk/projects/trim _galore/) with a minimum

length threshold of 36 nucleotides. The resulting filtered RNA-seq reads from the six
oat tissues were pooled and used to generate a de novo transcriptome assembly
with Trinity version 2.4.0 (2) (S| Appendix, Table S2;
http://db.ncgr.ac.cn/oat/RNAseq.php). Transcript abundance levels were estimated
using the ‘align and estimate abundance’ perl script within the Trinity package.
Briefly, the filtered RNA-Seq reads for each of the tissues were aligned to the
transcriptome (Bowtie-1.2.2) and abundance per gene was estimated using the
RNA-Seq by Expectation-Maximization (RSEM) method using Trinity transcripts as a
proxy for genes. The transcript abundance estimates were normalised to account for
differences in library size by the trimmed mean of M-values (TMM) method (EdgeR)
using the perl script ‘abundance estimates to matrix.pl’ within the Trinity package
(Additional Dataset 1).

Self-organising maps were implemented and visualised in R (R version 3.5.2, 2018-
12-20) using the Kohonen package (3). The analysis was carried out based on the
method implemented in Jones et al. (4) and Payne et al. (5). To avoid boundary

effects a toroidal map was used so that every node in the SOM had the same



number of neighbours. To represent the variation in the data, the dimensions of the
SOM were chosen as the ratio between the two largest eigenvalues of the data (4-6).
The number of SOM nodes was chosen based on the following ratio as in Jones (4):

where N is the total number of genes; x4 is the expression vector for gene g; x is the
global mean of all expression vectors; x¢ is the expression vector for a SOM node c;
N¢ is the total number of genes assigned to SOM node c and S is the total number of
SOM nodes. The value of S was chosen so that the ratio was about 0.85 (§=16; ratio
= 0.84). The RNA-Seq data were filtered by removing transcripts that did not have
TMM-normalised values above 10.0 in any tissue. The filtered data were normalised
to have a mean expression level of 0.0 and a variance of 1.0 across tissues and
assigned to a SOM cluster based on a minimal Euclidean distance. The random
presentation of data during the training of a SOM can lead to different mapping
results if the training is repeated (3). The SOM training was repeated 100 times with
seed values 1-100. Transcripts that mapped to the same nodes as six characterised
avenacin biosynthetic genes (Sl appendix, Fig S1) in SOM runs were extracted
(Additional Dataset 2). To identify transcripts that encoded putative UGTs, the
transcriptome was mined with a tBLASTn (TBLASTN 2.7.1) search using full-length
sequences of representative UGTs from plant UGT subfamilies A-O (S| Appendix,
Table S3). Transcripts that encode putative UGTs were identified for the transcripts
that mapped to the same node as a characterised avenacin biosynthetic gene in
100% of SOM runs (Additional Dataset 2). The transcripts that encode full-length
putative UGTs are listed in S| Appendix, Table S4. The heatmap was drawn in R
using heatmap.2, https://CRAN.R-project.org/package=gplots).

Genomic DNA preparation. Genomic DNA for amplification and subsequent cloning
of UGT genes was extracted from leaves of 5-day-old A. strigosa seedlings. Ground
tissue was resuspended in 1.2 ml of extraction buffer (0.2 M Tris-HCI pH 8.0, 250
mM NaCl, 25 mM ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl
sulfate (SDS, Sigma-Aldrich) and centrifuged at 13 000 x g for 5 min. The

supernatant (4 x 375 ul) was removed to fresh tubes. An equal volume of



isopropanol was added and mixed by inversion, and the tubes centrifuged at 13 000
x g for 10 min. The supernatant was removed and the pellets washed with 600 pl of
70% ethanol, centrifuged at 13 000 x g for 10 min, and the pellets dried at 35°C for
20 minutes in a vacuum dryer. Pellets were resuspended in 200 ul water and stored
at 20°C.

Expression of recombinant glucosyltransferases in Escherichia col..
Chemically competent E. coli Rosetta strain DE3 (Novagen) was transformed with
pHIOGW expression vectors following the manufacturer’s instructions. Selected
transformants were cultured in liquid Lysogeny Broth (LB) at 37°C with shaking at
220 rpm with kanamycin (100 pg/ml) and chloramphenicol (35 pg/ml) selection. The
cultures were diluted 100-fold into fresh medium and grown at 37°C, 200 rpm until
they reached an ODeno of 0.5-0.6. Expression of recombinant protein was induced at

16°C overnight with 0.05 mM isopropyl-B-D-thiogalactopyranoside (IPTG) (Sigma-
Aldrich), after 30 min of acclimatisation. Cells were harvested by centrifugation at
3220 x g for 10 min, the supernatant discarded and the cells frozen at -80°C. The
frozen cell pellets were thawed on ice and resuspended in 6 ml of chilled sonication
buffer (300 mM NaCl, 50 mM Tris-HCI pH 7.8, 20 mM imidazole, 5% glycerol,
cOmplete™ EDTA-free protease inhibitor cocktail (Roche) (1 tablet per 50 ml
sonication buffer), 0.1% Tween 20 (Sigma- Aldrich). Resuspended cells were
sonicated using a bench top ultrasonic disintegrator (Soniprep 150 plus, MSE) in
iced water for 5 x 10 sec (amplitude = 7.0) with 20 sec rest. Cell lysates were
centrifuged at 12000 x g for 20 min at 4°C. Supernatants were incubated with 150 pl
pre-equilibrated Ni-NTA Agarose beads (Roche) with agitation at 4°C for 1 h. Beads
were transferred to 1.5 ml Eppendorf tubes and washed 3 times with 500 pl filtered
Buffer A (300mM NaCl, 50mM Tris-HCI pH 7.8, 20mM imidazole, 5% glycerol).
Proteins were eluted with 3 x 200 pl Buffer B (300mM NaCl, 50mM Tris-HCI pH 8,
500 mM imidazole, 5% glycerol). Protein elution fractions were combined, and the
buffer exchanged by adding 2 x 2 ml 50 mM Tris-HCI pH 7.5 and concentrating in
Amicon®Ultra-4 Centrifugal Filter Units with Ultracel-10 membranes (Merck) at 3220
x g, with a final volume of approximately 250 ul. Protein concentrations were
estimated using the Bradford assay (Bio-Rad Protein Assay Kit |, with bovine y-
globulin standard) as per the manufacturer’s instructions, and protein purity
assessed by SDS-PAGE.



Generation of deglucosylated avenacin A-1 substrates. To generate acceptor
molecules lacking the 1-2- and 1-4-linked D-glucoses, avenacin A-1 was
enzymatically deglucosylated using avenacinase, a glycosyl hydrolase from the
fungus Gaeumannomyces graminis var. avenae (7-9). For the isolation of avenacin
A-1, oats were grown hydroponically and the roots harvested after 1 week, and then
again after a further week of regrowth. Freeze-dried ground roots were extracted
overnight at 4°C with 80% methanol, filtered through Miracloth (Merck) and
Whatmann filter paper, and the methanol evaporated in using a rotary evaporator.
The aqueous filtrate was precipitated at 4°C overnight. The precipitate was collected,
freeze-dried, resuspended in methanol with sonication, and then dried onto
diatomaceous earth (Celite, Sigma-Aldrich). Compounds were separated on a
Biotage®SNAP C18 30g flash chromatography column with a flow rate of 25 ml/min
using a gradient of 5% methanol (Solvent A) and 95% methanol (Solvent B) as
follows: 0-100% Solvent B over 21.9 column volumes and 100% Solvent B for 17.4
column volumes. Fluorescent fractions were combined and avenacin A-1 purified
from the crude avenacin mix using a gradient of 0-100% Solvent B over 30.3 column
volumes and 100% Solvent B for 15.9 column volumes.

Avenacinase preparations were prepared as described in Osbourn et al. (7). Blocks
of mycelium from actively growing colonies of G. graminis var. avenae strain A3 (10)
were placed on potato dextrose agar plates with 50 pg/ml streptomycin and 50 pg/mi
ampicillin. After 5 days incubation in the dark at 22°C, colonies were scraped from
the plates and homogenised with 1 ml Jermyn’s medium (soluble starch: 1 g/L;
K,HPO,: 6 g/L; NH,CI: 8 g/L; Yeast Extract: 1 g/L; MgSO,.7H,0: 1 g/L; CaCl,: 0.02
g/L; ZnS0O,.7H,0: 0.002 g/L; MnSO,.7H,0O: 0.001 g/L) per colony. The homogenate

was added to 2 L flasks containing 500 ml Jermyn’s medium with 50 pg/ml
streptomycin and 50 pg/ml ampicillin (1 colony per 100 ml), and the cultures grown
for 5 days at 22°C with shaking at 200 rpm. Cultures were filtered through Miracloth
(Merck) and two EDTA-free protease inhibitor tablets (Roche) per 500 ml filtrate was
added. Filtrates were chilled to 4°C and ammonium sulphate added with stirring to a
final concentration of 580 g/L™" of culture filtrate. The culture filtrate was centrifuged
at 15000 x g at 10°C for 10 min, the supernatant discarded, and the pellet

resuspended in a minimum volume of ice cold sterile water. The protein preparation



was dialysed with four changes of buffer against 20 mM Tris-HCI pH 8 at 4°C,
centrifuged at 15000 x g at 10°C for ten min, and frozen at 20°C.

Avenacinase reaction conditions were adapted from Osbourn et al (7). To generate
3B-{deglucosyl-(1->4)-} avenacin A-1 (8) (S| Appendix, Table S1), avenacin A-1 (0.3
mM) was incubated with an avenacinase protein preparation (3 pl per 100 pl reaction
volume) in 100 mM sodium acetate pH 5.0 for 15 minutes at 37°C. To generate 3[3-
{bisdeglucosyl-(1->2)-,(1->4)-} avenacin A-1 (2) (S| Appendix, Table S1) the reaction
time was extended overnight. Reactions were dried down in a Genevac EZ-2 Elite
centrifugal evaporator and resuspended in methanol. Samples were loaded on to 20
x 20 cm preparative silica thin layer chromatography (Merck) plates using a pipette
(TLC plates were first pre-run three times in 100% methanol to 0.5 cm above the
loading line). Avenacin A-1 and deglucosylated products were then separated using
a mobile phase of dichloromethane:methanol:water (80:19:1; v:v:v) and visualised
under ultraviolet light. Avenacin A-1 hydryolysis products were scraped off the TLC
plates with a scalpel blade, resuspended in 15 ml methanol:ethyl acetate (25:75,
v:v), and the suspensions filtered through filter paper. Fractions were dried down
using a Genevac EZ-2 Elite centrifugal evaporator and stored at -20°C.

Glycosylation assays. Assays for UGT activity comprised 50 mM Tris-HCI pH 7.5,
0.5 mM UDP-a-D-glucose (Sigma-Aldrich) and 150 uM acceptor 33-{bisdeglucosyl-
(1->2)-,(1->4)-} avenacin A-1 (2) or 33-{deglucosyl-(1->4)-} avenacin A-1 (8) (SI
Appendix, Table S1) in a total volume of 50 ul. Reactions were initiated by addition
of 4 ug of recombinant protein preparation and incubated at 25°C overnight. AsTG1
activity reactions contained 50 mM citrate buffer pH 5.5, 5 mM p-nitrophenyl glucose
and 150 yM avenacin A-1 lacking the 1-4-linked D-glucose, 33-{deglucosyl-(1->4)-}
avenacin A-1 (8) (Sl Appendix, Table S1) . AsTG1 reactions were initiated by
addition of approximately 1 pg of recombinant partially purified AsSTG1-NOSIG
(AsTG1 missing the predicted N-terminal signal sequence) and incubated at 30°C for
90 min. Reactions were stopped by the addition of 50 yl methanol. Control reactions
were set up as above, except with protein preparations that had been boiled at 95°C
for 10 minutes. Reaction mixtures were centrifuged and product analysis was carried
out by reverse phase HPLC using a 50 x 2.1mm 2.6 y Kinetex XB-C18 column
(Phenomenex) with a column oven temperature of 30°C. Detection was by UV/Vis
absorbance (Shimadzu SPD-M20A), collecting spectra from 200-600nm.



Electrospray MS data (Shimadzu LC-2020 dual source MS) were collected in
positive and negative modes from m/z 50-1500. The gradient was run at 0.3 ml/min
with 100% water as Buffer A, 100% acetonitrile as Buffer B and was as follows: 25%
Buffer B from 0-0.6 min; 25-80% Buffer B from 0.6-7 min; 80-100% Buffer B from 7-
7.2 min; a linear gradient between 7.2-8 min; 100 to 25% Buffer B from 8-8.1 min,
and held at 25% Buffer B until 10 min.

Analysis of metabolites from N. benthamiana leaves. Leaves were harvested five
days after infiltration and freeze-dried. Dried leaf samples (20 mg) were ground twice
at 1000 rpm for 30 sec in a Geno/Grinder SPEX Sample Prep 2010. After
centrifugation at 13000 x g for 10 sec, the ground leaf material was extracted with 1
ml of 80% MeOH with 20 g digitoxin standard (Merck) at 18°C for 20 min with
shaking at 1400 rpm. Samples were centrifuged at 20000 x g at 4°C for 2 min and
0.8 ml of supernatant was partitioned twice with 400 pl hexane on ice. Aliquots (400
pl) of aqueous fractions were dried in a Genevac EZ-2 Elite centrifugal evaporator
maintaining the temperature below 30°C and stored at -80°C. For high performance
liquid chromatography (HPLC), samples were resuspended in 75 yl methanol and
filtered through Corning®Costar®Spin-X®centrifuge tube filters (Sigma-Aldrich). The
filtrate (50 ul) was combined with 50 pl 50% MeOH and 10 ul was analysed by
reverse phase HPLC using a 50 x 2.1mm 2.6 p Kinetex XB-C18 column
(Phenomenex). The column oven temperature was set at 30°C and detection was by
charged aerosol detector (CAD, Corona Ultra RS from Dionex), as well as
electrospray MS (Shimadzu LC-2020 dual source MS) collected in positive and
negative modes from m/z 50 -1500. The gradient was run at 0.3 ml/min with 100%
water as Buffer A, 100% acetonitrile as Buffer B as follows: 15% Buffer B from 0-1.5
min; 15-60% Buffer B from 1.5-26 min; 60-100% Buffer B from 26-26.5 min; a linear
gradient between 26.5-28.5 min; 100 to 15% Buffer B from 28.5-29 min, and held at
15% Buffer B for 30 min.

Purification and structure determination of 33-{[B-D-glucopyranosyl-(1->2)-a-L-
arabinopyranosyl]oxy}-12-keto,163-hydroxy-B-amyrin (4b) and 33-{[3-D-
glucopyranosyl-(1->2)-[B-D-glucopyranosyl-(1->4)]-a-L-arabinopyranosyl]oxy}-
12-keto,16B-hydroxy-B-amyrin (12b). To generate (4b), co-expression of tHMGR,
AsbAS1 (SAD1), AsCYP51H10 (SAD2), AsAAT1 and AsUGT91G16 was performed
by vacuum agro-infiltration of N. benthamiana plants following the method of Reed et



al. (11). To generate (12b), AsTG1 was co-expressed with the above enzymes. After
five days, leaves were harvested and freeze-dried. The dried leaf material (40 g and
33 g, respectively) was ground to a powder in a pestle and mortar. Extraction was
performed using a SpeedExtractor E-914 (Buchi) as described in Reed et al. (11)
with 6 cycles at 90°C and 130 bar pressure. Cycle one (ethyl acetate) had zero hold
time, cycle two (ethyl acetate) had five min hold time and cycles 3-6 (methanol) had
five min hold time. The run finished with a two min solvent flush and a six min N2
flush. Crude extracts were monitored by TLC or HPLC-MS and fractions containing
the compounds of interest combined and dried by rotary evaporation, resuspended
in methanol, and dried onto diatomaceous earth (Celite 545 AW, Sigma-Aldrich) for

dry-loading of chromatography columns.

For purification of (4b), extracts were separated by normal phase chromatography
on a column of silica gel 60 (Material Harvest) with DCM:MeOH (90:10, v:v) over 3 L,
DCM:MeOH (80:20, v:v) over 1 L and DCM:MeOH (70:30, v:v) over 1 L. Fractions
containing (4b) were identified by TLC, pooled and dried onto diatomaceous earth
(Celite, Sigma-Aldrich) and further purification was performed using an Isolera One
(Biotage) automatic flash purification system. The resulting solid was separated by
normal phase chromatography on a Biotage®SNAP KP-Sil 50 g column with a flow
rate of 100 ml/min as follows; 100 % DCM (Solvent A) and 0% methanol (Solvent B)
for 4.9 column volumes; 0-10% Solvent B over 7.7 column volumes; 10% Solvent B
for 3 column volumes; 10-15% Solvent B over 3.8 column volumes; 15% Solvent B
for 3.7 column volumes; 15-20% Solvent B over 3.5 column volumes and 20%
Solvent B for 3.6 column volumes. Fractions containing (4b) were identified by TLC,
combined, and dried onto diatomaceous earth (Celite, Sigma-Aldrich) for further
separation by reverse phase chromatography on a Biotage®SNAP C18 30g column
with a flow rate of 25 ml/min as follows: 45% water (Solvent A) and 55% methanol
(Solvent B) for 5 column volumes; 55-80% Solvent B over 30 column volumes; 80-
100% Solvent B over 1 column volume; 100% Solvent B for 5 column volumes.
Fractions containing (4b) as assessed by TLC were combined and dried by rotary

evaporation.

For purification of (12b), an Isolera One (Biotage) automatic flash purification system
was used. Extracts were separated by normal phase chromatography on a
Biotage®SNAP KP-Sil 100 g column with DCM (Solvent A) and 92.5% MeOH



(Solvent B) and a flow rate of 75 ml/min as follows: 95% Solvent A and 5% Solvent B
over 4 column volumes; 5-65% Solvent B over 10 column volumes; 65-100% Solvent
B over 0.2 column volumes and 100% Solvent B for 2 column volumes. Fractions
were monitored by TLC and HPLC-MS. Fractions containing (12b) were combined,
dried onto diatomaceous earth (Celite, Sigma-Aldrich) and separated by reverse
phase chromatography on a Biotage®SNAP C18 30g column with a flow rate of 25
ml/min as follows: 50% Solvent A (water) and 50% Solvent B (MeOH) for 5 column
volumes; 50-70% Solvent B over 30 column volumes; 70-100% Solvent B over 0.5
column volumes and 100% Solvent B for 5 column volumes. Fractions containing
(12b) were identified and combined as above and further purified using a SNAP Ultra
C18 12g column with a flow rate of 12 ml/min as follows: 44% Solvent A (water) and
56% Solvent B (MeOH) for 4 column volumes; 56-65% Solvent B over 30 column
volumes; 65-100% Solvent B over 0.5 column volumes and 100% Solvent B for 3
column volumes. Fractions containing (12b) as assessed by TLC were combined
and dried by rotary evaporation.

NMR spectra were recorded in Fourier transform mode at a nominal frequency of
400 MHz for 'TH NMR, and 100 MHz for "*C NMR, using deuterated methanol.
Chemical shifts were recorded in ppm and referenced to an internal TMS standard.
Multiplicities are described as, s = singlet, d = doublet, dd; coupling constants are
reported in hertz as observed and not corrected for second order effects. Where
signals overlap 'H & is reported as the centre of the respective HSQC cross peak
(see Sl Appendix, Tables S7 and S13).

Characterisation of AsUGT91G16 and AsTG1 oat mutants. Genomic DNA for oat
mutants was extracted based on the method described by Pallota et al. (12). Briefly,
50-100 mg of leaf material was harvested from two week-old seedlings, placed in 1.2
ml collection microtubes in 96 well collection microtube boxes (QIAGEN 19560) and
frozen at 20°C. Extraction Buffer (0.1M Tris-HCI pH 7.5, 0.05 EDTA pH 8.0, 1.25%
SDS) was pre-heated to 65°C and RNaseA (Sigma R4875) was added (27 pg/ml)
just prior to use. Extraction Buffer with RNaseA (333 ul) was added to each sample
and the wells were sealed with QIAGEN caps and shaken for 2 x 1.5 min at 30 Hz.
Spin plates were centrifuged briefly at 3000 rpm (Sigma 4-15). Plates were
incubated at 65°C for 45 min before cooling at 4°C for 15 min. Chilled 6 M
ammonium acetate (167 pl per well) was added, plates were sealed and shaken
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vigorously for 15 sec, chilled at 20°C for 10-15 min, and centrifuged at 5000 rpm
(Sigma 4-15) for 15 min to precipitate proteins and plant tissue. The supernatant
(400 pl) was transferred into pre-chilled (20°C) 1.2 ml storage plates with 240 pul of
isopropanol, and the plates were sealed and shaken vigorously for 15 sec and then
centrifuged briefly at 3000 rpm (Sigma 4-15). Plates were incubated for 10-15 min at
20°C to allow DNA to precipitate. DNA was pelleted by centrifugation at 5000 rpm
(Sigma 4-15) for 15 min and the supernatant removed. DNA pellets were washed in
350 pl 70% ethanol, the plates were centrifuged at 5000 rpm (Sigma 4-15) for 15
min, and the supernatant discarded. Plates were dried either overnight at room
temperature or at 65°C for 30 min. DNA pellets were resuspended in 200 ul water
and the plates sealed with PCR film and vortexed. DNA was allowed to dissolve at
room temperature for 1 h or at 65°C for 15 min, and the plates were then vortexed,
centrifuged at 5000 rpm (Sigma 4-15) for 20 min and stored at 20°C. The primers
used for amplification and sequencing are listed in Table S16. The purified PCR
products were sequenced by GATC Biotech.

To analyse segregating progeny, three day-old seedlings of F2 progeny from crosses
between the avenacin-deficient A. strigosa mutant #1139 (sad3) (9) and the S75 wild
type were phenotyped for root fluorescence and then transferred to soil in 96-well
trays and grown under glasshouse conditions. Three day-old seedlings of F> progeny
from crosses between the uncharacterised avenacin-deficient mutants #543 and
#1473 (9, 13) and the wild type were also phenotyped for root length and reduced
fluorescence and then transferred to soil and grown in the glasshouse. Leaf material
was harvested from two week-old seedlings and genomic DNA extracted as
described above. DNA fragments spanning regions of the respective single
nucleotide polymorphisms (SNPs) were amplified by PCR and sequenced (Eurofins).
Amplification and sequencing primers are listed in Table S16.
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A
Gene Gene acc.  Transcript I.D. in Trinity Reference
no. transcriptome
AsbAS1/Sad1 AJ311789 TRINITY_DN35223 c0_g1_i5 (14)
AsCYP51H10/Sad2  DQ680852  TRINITY_DN36969 c1_g5_i2 (13)
AsSCYP72A475/Sad6 MHS539812  TRINITY_DN30959 c0_g2_i2 (15)
ASUGT99D1/AsAAT1 MH244526  TRINITY_DN33604_c0_g2_i5 (16)
AsSCPL1/Sad7 FJ475130 TRINITY_DN35775_c3_g4 _i1 (17)
AsMT1/Sad9 JQO071450 TRINITY_DN27266_c0_g1_i1 (18)
AsUGT74H5/Sad10  EU496509 * (84)
B
Sad9 Sad10 Sad7 Sad1 Sad2

59 kb » 45 kb ‘1 7 kb» 62 kb * 66 kb

AsMT1 AsUGT74H5 AsSCPLA1 AsBASH1 AsCYP51H10

Fig. S1. Characterised biosynthetic genes of the avenacin pathway.

» 52 kb

(A) Summary table of characterised A. strigosa avenacin biosynthetic genes with

corresponding transcripts identified in the de novo Trinity transcriptome generated in

this study (http://db.ncgr.ac.cn/oat/RNAseq.php). *Only a partial sequence was found

in the de novo Trinity transcriptome.

(B) BAC contig showing the currently known physical distances of genes in the

avenacin gene cluster. Figure adapted from Mugford et al, (18).
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Whole root

Fig. S2. Self-organising map (SOM) analysis of the A. strigosa RNA-seq
dataset.
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(A) Codes plot of the gene expression profiles for the six A. strigosa tissues (root,
root tip, leaf, panicle, shoot and spikelet) associated with each SOM node. The
nodes containing the avenacin biosynthetic genes is circled in red. (B) Mapping
quality plot showing how closely the expression patterns of the genes assigned to
each node match the expression profile associated with that node. Nodes are
coloured according to the mean Euclidean distance of gene expression profiles to
the node expression profile. (C) Mapping plot showing the distribution of A. strigosa
genes (black circles) across the nodes of the SOM. (D) Mapping plot showing the
distribution of the characterised avenacin biosynthetic pathway genes across nodes
of the SOM: AsbAS1/Sad1 (red circle) (14), AsCYP51H10/Sad2 (blue circle) (13),
AsSCYP72A475/Sad6 (green circle) (15), AsUGT99D1/AsAAT1 (purple circle) (16),
AsSCPL1/Sad7 (pink circle) and AsMT1/Sad9 (grey circle) (17,18). Data are shown
for a representative SOM (seed = 57). (E) Heatmap showing the expression profiles
of the previously characterised avenacin biosynthetic genes (shown in bold) (Sl
appendix, Fig. S1) and the nine full-length UGT candidates that clustered in the
same node as an avenacin biosynthetic gene in 100% of SOM runs (S| appendix,
Table S4).
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Fig. S3. Enzyme activity assays of the two recombinant A. strigosa UGT
glucosyltransferase candidates.

Deglucosylated avenacin A-1 (2) (S| Appendix Table S1) and UDP-glucose were
incubated with protein preparations of AsUGT91G16 or AsUGT99C8. Control, boiled
protein. Data were analysed by HPLC-UV-MS, and fluorescence monitored at 357
nm (19). The enzymatic reaction with AsUGT91G16 resulted in new peaks at 4.1
and 4.8 minutes, both with m/z values of 932.4 consistent with the addition of D-
glucose. The peak at 4.1 minutes is likely to be a degradation product of the peak at
4.8 minutes, generated by loss of the unstable C12-C13 epoxide group. The peak at
4.2 minutes is likely to be the degradation product of (2). Results are representative

of two separate experiments.
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Fig. S4. Analysis of AsUGT91G16 products obtained by small and large-scale
transient co-expression of AsbAS1, AsCYP51H10, AsAAT1 and AsUGT91G16 in

Nicotiana benthamiana.
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(A) HPLC-MS-CAD analysis of methanolic extracts following small-scale leaf
extraction (20 mg of dried leaf material). The major peak is (4a) [m/z = 751, Rt = 16.7
min]. (4a) is likely to be the AsUGT91G16 product with an intact 12,13-epoxide. The
12,13-epoxide is known to rearrange to form the C-12 ketone and it is likely that a
proportion of (4a) has rearranged to form (4b) during the extraction. IS = internal
standard (digitoxin). (B) HPLC-MS-CAD analysis of methanolic extracts following
large-scale transient expression. Leaves of 150 N. benthamiana plants transiently
expressing AsbAS1/Sad1, AsCYP51H10/Sad2, AsUGT99D1/AsAAT1 and
AsUGT91G16 were freeze-dried and extracted by pressurized solvent extraction.
HPLC-MS with Charged Aerosol Detection (CAD) analysis showed that the major
product that was obtained and purified was (4b) (m/z = 751, Rt = 14.4 min). The
structure of (4b) was solved by NMR and shown to be 33-{[B-D-glucopyranosyl-(1-
>2)-a-L-arabinopyranosyl]oxy}-12-keto,16B-hydroxy-B-amyrin. As predicted, (4b) has
the triterpene scaffold 12-keto group instead of the expected 12,133-epoxide,
presumably because of the instability of the 12,13-epoxide during the extraction and

purification process.
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Fig. S5 HPLC-IT-ToF analysis of root extract of ugt97g76 mutant #85.
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(A) Total ion chromatogram (TIC) of root extract from the ugt97g16 mutant #85. The
two major peaks at 2.3 and 2.7 min (10 and 11) have masses consistent with
avenacins A-2 and A-1 respectively, with loss of a D-glucose and oxidation at the C-
30 position. The predicted structures for (10) and (11) are shown. (B) The mass
spectrum of the peak between 2.18-2.41 minutes (A) showed signals consistent with

the mass ion ([M-H]") and the formate adduct ((M+HCOQOOY) of (10). (C) The MS?
spectrum of the fragmentation of the mass ion of (10) (precursor mass ion for
fragmentation = m/z 887.4794) showed a signal consistent with the loss of a D-
glucose molecule from (10) (proposed structure shown). (D) The mass spectrum of

the peak between 2.61-2.81 minutes (A) showed signals consistent with the mass

ion ([M-H]") and the formate adduct ((M+HCOOT]) of (11). (E) The MS? spectrum of
the fragmentation of the mass ion of (11) (precursor mass ion for fragmentation =
m/z 916.5106) showed a signal consistent with the loss of a glucose molecule from
(11) (proposed structure shown). The difference in observed and expected mass
values in parts per million is indicated (ppm).
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Fig. S6. Reduced fluorescence of roots of A. strigosa asugt91g16 mutants #543 and
#1473 compared to the wild type (S75).
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Fig. S7. Take-all disease symptoms of wild type and mutant oat lines. Seedlings
were inoculated with the take-all pathogen G. graminis var. tritici isolate T5 and
scored for disease symptoms 21 days later as described by Papadopoulou et al. (8).

(A) Dark brown/black lesions on the roots are typical symptoms of infection. Images
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are representative of 31-35 biological replicates from two independent experiments.
(B) Quantification of disease symptoms. Symptoms were scored using a seven-point
scale (16). Mean disease scores (31-35 seedlings per line) are shown. The error
bars represent 95% confidence limits.
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Table S1) and UDP-glucose were incubated with protein preparations of
AsUGT91G16 or AsUGT99CS8. Control, boiled protein. Data were analysed by
HPLC-UV-MS and fluorescence monitored at 357 nm (19). (A) No new UV-active
peaks were observed for either UGT and (B) extracted ion chromatograms did not
identify any novel peaks with the expected mass of (8) with the addition of D-glucose
(IM-H] = 1092.1).
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TAAAGGGAGTCACCGCATAAACTGAGCCCGTAACCTGACGAGAATGAGTAGATGGCGCCCCCTGCTCAGAAGCCTGACCATCACACTGTC
CATTCGAAGCGAGAGCACGAGACGAACCGTAAGTAGTGGTGTCCGCTGGTCCAGAAGTATCCATAGCATCATCACCATTCTTCCCAGATC
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NNNNCAGAATTAAAATGCATCTGATTACCATTCAAATTACCTTGAAACTGGCCAGAAGGTGGGAAAGATGTTGAGGCAATAGCAGATGGA
CCGGGCGGATACCCAAATTGTTGCTGTCCAACCATAGCACTATGTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGACGATACA
GCCCCTGCAGCAAAGGAATTAGGCTGAAACATTCCCTGCATGTGTCCACCAGAAGCCACCCCTTGCCCGCCAGCAAACTGCGGCATCGGA
CCTCGATACGGTGGTTGAAGCGGCTGCTGCTGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTCAGGTTTCTAGATTGAC
ATGTTCGTAGTCATGCATTCCATTGCGAGAGCTCTCGACGTCACCGCAGCATGAGCTATACATCCTTTTGTGAGCGCCCCGGAACATTTT
TTTTACTAAGGGATGAGCGATAAATGTCAGCAGTGGACATGCAAATTACGTAGCGATC TAGAAACAAATAAAAATACAACCAAGACCCAC
AGTTTTACTATAAGGGTATTTTATCCTTAACCATTATTTTAATTAATATTGACACCGGGGCTAAATTATGGACGAGCTAAAGTGTGTTCC
TTTAATTCGAAGTGGCAGGTTTACCCGCAAAAAAAAATCGGAGTGGCAGGAACTCAAAGATATCCCATATGGGCCGTGTTTTGTTGGTTA
TGAATACCTGATAGTACARAGCTTCAACATATGAGAATGCATTGCAACCCGAGTAGTAGAGCCATCTCGATCGGATAAATAATACTCCCT
CCGTTCAGGATTTTTAGTCCGGTGATATAATTACTCCAGACTAATAATC TCAAACAATCTAAAAATACTCTCCGGACTAAAATTCCTGAA
CAGAGGGAGTACATTACCGAATAGTACAACAGCTAGCAACTTGTTGACGTCTTGTTTGACCACCTTAATTACATCGAGATCTGAAGTTGT
GCTAATAAAGAGTTTATTAGACAAGACTAGATGCATGCATGGTTTGTTCAATTGGATGCGATGATCGATCAGTCAGAGCAAATAAGGTTC
AGTCAGCAGGCTAGGGCTTAAACTAGTATATTACTAGTGCTAGTATCATAAAGTGTATCATGCATGTTAACTTGGCGAAAATCTGATTTG
GCGTCATAATTAATGAAGAGAGAGGTGGTTAGAGTATCATAGGTAGATACCATATCATAGCACGTARAACTAGAAATTATAGTGGCAAGT
AAATCTTGTACACACATTTTACATAGAGATTCTACAAATCAATAAATATACCACTACTATAATACTACTACATGNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTGAAAAATACTTTCGG
TGATACTAGTTTTATATCAAAACTATTCACGTATTTAGAGTAATTC TTGGTCAAAGTAAAAACACGCAAAACGAGAACGCCTTAAGCCTT
GAAACGGAGGGAGTACAATGCACTAAAGATATGCCCTAAAGAGAAGAGAGGAAGAAGGAGAGGTGATTTATGTCCAGATTTCTGAGAGGT
GACCGGTGGCGTGGAACCTAAGTTGTAAGCGTGGCGGCGATGATGGTCGTGTTGCGGCTATCGACTGTGATGTATGGAAATAATATCATC
GATTATAGTAATTGTTAGTAATATGTCCATTGACACTTTCCGTAAAATATGTATGGCGTGTTGCGTGTTGCGACTAGTAGTTTT TGCCGC
GAAGGTCCCTCCTCTCCATGTTTTTGTAAGCAGCGGGCCCGCTACCTATTTGAATGGTGGGATCGCCCGTCGCCGGCCAAACCATAGGAC
TCGTCCCGAAAACCAAGAATGGCCGCCTCTGCTTCCCGACCGTTGCATCTCGTGATCTGCCCTTGGCTGGCEGTTCGGGCACCTGCTCCCC
TGCCTGGAGCTCGCCCACCGCCTTGCCTCGCGCGGCCACCGCGTGTCCTTCGTATCCACGCCGCGCAACATCTCCCGTCTCCCGCNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGCCGAGGCCACCAGCGATGTCGGGGACGACAAGGCCGAGCTCCTCC
GCCTGGCCTCCGACGGCCTCGCCGAGCCCTTCTCCGAGTTCCTGCGCGCCGCGTGCGCCGCCGGCGGGGCAGACAAGCCCGACTGGCTCA
TCGTCGACATCGTCAACAACTGGGCGGCCGCCGCOGCCGCGGAACACAAGGTTCCGTGOGTCGCGCTCCTCCAGTGCGCCGCGAGGATGT
TCACTCCGCTGGCCGGCCCGATGTCCCACAACGACGACTGGATGAAGACGTACACCGTCGAGAGCCCCGCGTCGGGGGTCTCCATCGCGG
AGCGCTGCGCCATCACGCTCAAGGCGTGCAAGCTCGCGGCCCTGCGGAGCTGCCTCGAGTGGGAGCCCGACGCCGTCCCCCTGGTCAAGA
CGCACCCTCAGAGCGGCACGCCGGTCGTCACCCTGGGCCTCCTGCCGCCGCCGCCGCCGTCGGCCGACACACGCGGCAAGGACGACGACG
ACGACGCCACCGTGCGCTGGCTCGACGCGCAGCCGGCCAAATCGGTGGTGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGAGCAGGTGCACGAGATGGCGCTCGGGCTGGACCTCTCCGGGACGCGCTTCCTC
TGGGCTCTCAGGAGGCCTCGCGACGCCGCCCCCGACGCCGACGCCGACGACGTCCTCCCTCCGGGATTCGAGGAGCGCACGCGCGGACGC
GGGCTGGTGGTGTTCGGGTGGGTGCCCCAGGTGAGCATCCTGGCGCACGGCGCAGTCGCCGCCTTCCTCACGCACTGCGGCTGGAGCTCC
ACCATCGAAGGGCTCCGGTTCGGCCGTCCTCTGGTCATGCTGCCCATCGCCACCGGCGACCAGTGGCCGAACGCGCGGCTGATGGAGGAG
AGAGGGGTGGGACTACGGGTGCCCAGGGACGGAAACGACGGATCCTTCCACAGGGAAGGCCTAGCCGCCACCGTGCGGGCTGTCACGECG
GACCAAGGAGGGACCTTCGCGGCAAACGCCGGCAAGCTTCAGCTGGTCGTGGCGGACAGGGAGTGCCATGAGAGGTGCATCGATGGATTC
ATTCAGCAGCTCACGTCTTACATGGACTAGCTAGCGAGCGAGTGTACTACCTTGTCACGATGATGCATGCATTTCCAATCATCATCTTGT
TTTGAAAAAAGATACTACTACTACGTATATGGCTTTTAGT TCACCTTACTTATGCCATAGAAATAAATTAAGCGATTTTTCAATATGGTT
CCTTTTTGATGAATTACTAACTCAGTTTATCTCATATGTACATAGCCGACACAAGTCCAAATAGTCCGAAGAGATTACATATTATCTATC
ATGAGAAAATGCAAAACAACTAAGAACATAGTGAAGCGTCTATCCTTAGATTACGCTACCACCCATATTGGCGARAACATCCTTCGCCGT
ATCTTCAAGACGTGTAGAGTCCTCCATAAATATGTCGTGATTCTCCACTCATTGGAGAGAAGGGAGCGGACATGTACACCGGTACATAAC
CTAAATGAAGGATAAACTTTATTATTAAAAAATTATCATTACTACACATACAAGCCACAACACGGTGTAATTTTTATGAACGAGGACATG
AAGGCTATACCCAATTCGGCCCTAGATAAACAAGAACAAACAGTTTTTAAAGACAAAAACATAAATTATAGTTAGTATATCGGGTTTGAG
GGCATGATACCATGTATTCTATCTGGTGTAGTGGAAAGGCTTCGATCCTAGGCATGCATGTGTGTATTCTATGCAAATTATATTATTTAT
TGTAGCAATATTTTTGTATTGAGAGGCTGACATCGCCGATAATAACACATGCATGTAGCGCTCGTTAACCTAGCAGGCTATCCAACATAC
TGGTATAGAGAGGCTCGGGGACCTAGCAGGCAGGCCATAAACGGCTTCAACGAGCAACCTTGGCAAGGTCAAAATAGAGACCAAGGCCCA
AAAAAACACACGCTTGACATCAGTGACCCAGAAGTCATACTATACATGGATGCTGCATCGAGCAATGTTGTGAAGCTAAAAACGGCGAAC
ACAACAATGTTTCTTGTAAAGAGAGGCTGGCATCAAGGACCCATCATGAAGATCAAACACGACTGCAATGTGCAACGTTGACAAGGCTAA
AATAGCGGTTGCGAGITCGCACTGGAAAAATATTCAACATACACACATTTCTTATATAGAGAGGGTGACATCGGAGACCCACCAGCCAGAC
CCTACGCGGCTACCGCATCGATCAACATTGCCAAGTTCTAAGCAATGAGGCACGAGCGAAAACAAAAAGTTCATCATATACACATTGTITT
TTAATGAGAGGCTGACAATGAAGACCCAACAGCCAGACTAAATGGCTATTGCATCCAGCACGTTATCTAGTTCTAACCAGGGAGACGCGA
TCGGAAAAAGAAGTACCATCGAGCAACGTTATCTAACAACATATACTATTTT TATAGAGGGACTGGTATCTGAAAACCAACAACGTGACT
AAGTGGTTGATGCATCGAGCAAAGTTATCAAGTTCAAAACCGGAAGACACGAGCAAATAAAAAGTTCTTCGTACATATGTTTCTCCAATA
AAAAGGCTGACATCGGGAACGAATTCGAGCCGGAAATCTAACATCTATCACGAACCGGTCGAGATTTTGTCACGTTTCTGACAATTCTGT
GGCAGTAGAGAGCCGTGAAAACGGGAAAAATTGCATTTTTGACTAAATGGCTGATGCATCCCAAATCAAACGAGACGACAGTTACCGATA
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CTGTTTGCATCGGGATTCTAACCGTATTAATTCAGTTCAGCCGTTCAGGTCAAACGAGAGGAAATTATGGAGGCTGTTGCATCGGAATCC
TAACAGTTTTAATTCAAGATCACTTGCATCGGGATGCTTTCAAGATTTGATTCAGTTCAAGTCAAACGAGACGAGAGCTTGGCACGTTGT
TTGTGTCAGGATTCTAACGTCATAAGCTTCGTTCAGATCAATGGAGGCGAGAGACATCAAGATTGTTTGTGTCGGTATTCTAACAACACT
AATTCATCACAAGTCAAATGAGACGTGAGCTACTCTCAGTTTCGGTTTATAAGTCATGCGCCTATATCTAAGTTAGACAATTTAAATATT
AAAATGTAAAATGTAATAGTTGTTAGATTTTTAAATGATATAACTTTTATGTTATATAATTTATTTTTTCAGTGGTCAAATTGAGAATCT
AGGTATACGTGCAGGACTTGTAAGACTGGTCATAGTGAGAGTATCATACTAGTAGTATCATGCATATGATACTAGTGTATGATACTAGCT
CTATAGTGTATGGCATCATATGTTAGTACTCCCTCTGTTTGGGAATACTAGTTCGGACTATTATTTTCAAATGGAGGGAGTATCATAGTA
GTATTATATTTAATGATTTGTAAAATTTCTAGTTTTACGTGCTATGATACAATATTTAGCTATGATACTCTAATCATCTCTTTCTTCATT
AATTGTTGTGCCACATCAGATTTTTGGCAACATGGTATGCATAATATTAGTTATGATACTCTCACTAGGACTAGCCTAAACTGAAATGGA
GAGAGTACCAAGTTGTTTGTCTCGAGATTCTAAGATCATTAAAAAAATTGGTCAGACAAGAAGATAGTTAAAACATTTATAGTTTCTCAG
ATTTTCAAAATGCATTGTTCATAATTAGATCTACCCCGTTTGAGTAGATCTACCCCGTTTTGAGTATGTTAATTAGGAGGGTCGTGGTGG
CATCAAAAATTGCGGTAGGGTCATGGTGGCGTCGACGGAAGGCCTCATAGGGTCATGGTGGCGTCGACGAAAGGCCCCATAGGGTCATTG
CATTGATCCCTATCCTGAAGATGGGTTTGTAAAAGATGGAAGCGGTGATCTCTGTAGCAAGTGCATATGGTGCTCGCTCGGGGTCTGCTG
GACCGGTGCACCGGTTTTGTTGATGTGCTTTGGTGAAAGGTTAGGGCATACGGCCTTGATTCTGGCCTCCCCCTTCATGTGTTTAGTGAT
TTTATTCGCCAAAAGGGTGGCTTCGGGTTGATCATTATAATATCTTATAAGGCTTCGAGGAATAATTAATGAAAGCATGTTGTGTGCATC
TATTTGATGCATAGGCTGGGGTTACACCCTCCATTCTGAAACAAAAATCGATCACATTATAACACCCATTTGGTATTGGCCTTGACAGTT
ATCTAGGTGGTAGGTCACATAAGATGACGCCACATGAAGGTTTCATATTCTTTGGATTTTTTTGAATTTAGTTGTGCATACCCTTACCCT
AAACACTATGGGTACACCCTAATCCCTAACACTATCATATTTCTAGGAATTTTTGGAAAATATTTGATGAAATGTCATATTGTGGACCTA
TAAATGTCACCCCGGGTGCAAAGAGAAGTCTAGTATATACTAGACCTGCTACTTACCAAGTTTTTAGTCTCATGGTGAAGTCAGTCATGG
AGAAGGGCATGGAAGCCGAAGATCTGAGGACGACTAAGGGTGGTTCGAGTGCTGGTGATGATGAGGTTTCGGCTAGGTGATTTGTGACTT
GGAGCAGTGACAACAGCAAGTGGGGGGTGACAACACATGAGGAATTCTCGGTCTAATCTTACAGGGTGAAAGCCCAAGGTCTGGCCTTAG
TTGGTTGTGCCTAGCAATAACCTTGTTGGAGGCATTGTTTTATGAGTTCAGACCATCTCCTGGGTGAACCCCTGTGATCGATGATTAGGG
CGATGACGGCGTGTGCATTGTTTCCTTCTTGCAGGCGTCACTTTTAGAGAAGTTAGATTTCCGGTGTTTTTTTCGTGGTGGTTGGTGCGC
TGCAAAAAGGAGTAGATCACTATAACAGGACTTTTCTTCTTTCTTGTAACTCTTTTTTTTTGGACCGTGTGTATCGTCCGTAAGGTCGCA
AAGCCATGCGTTGTTGCAGAAGATAGATGTAATTGGTATCTTCGCGATATTAATATATACTCTTTTTTTAAAAAAAATCCTGGTCATGTA
CAGGTGTAACAATGGGCACATGATGATCATATCAGCATCACGGTGATTAACAAAGTGAATGAAGTTAATAGAACCCATATAAGAAGAAAA
AAAATGAAGGAATGCAAATGCAACTAAAAAAATTGTTAATCCAAATCGTGATCTTATTTATTTATAAGGATTTGATGTCTTCCAGGCTAG
TGGGATCTTTTACGGTGTCCTTTAAACTTATTATTACATGGTGAAGATTCACCACCGAAAAAAAATAGACGAGCTAGCTANNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNACACGGCAAGTGTCATACTAGTACTACTAGTAAACATTTCGGGCAGTGG
TGCACTCCCTAGCTCCAGTCCCGTGGCCATGGCACTGCTGCTCTGCTIGTTTCTCTTCAGCCTCCGGCTTGCCGCCCTCTCGGGAGACGT
TGTGGTGGCGGCGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNGCTAGCTACTATTTTTCGCTCCTCCATCTATCGTGTAAGCCGAATAGAAAGTAGTAATTTGTATGAGTCGATCAGGT
GGAAGGGGCGGTTGCGGAGGATGGAAGAAAGCCCAGCATTTGGGACACCTTCAGTCAGGGAGGTITACTCTGCCGACAAATCTACCGGAGA
TGTTGCAGCAGATCAGTACCATCATTACAAGGTGCCCCTCGATCGTTTACTCTTGATAATTACACTAGATTGAGTTTCTTCATAATAACT
AGATTGAGTTTCTTCATATATATATTAGGAGGACGTAAAGCTTATGCATGAGATGGGTCTAGACGCCTACAGATTCTCCATCGCATGGCC
GCGGCTTATCCCAGATGGAAGAGGAGATGTGAACCCAAAGGGATTGGAGTACTACAACAACTTGATAGATGAACTCATACGCCATGGTAA
TATATATATATATATACCTTCACTTGCTTTAATTTTGAGGATTATAAGCAAGCCGGCCTTCAACCCGGGCTGATCTGATCTGACTGACTG
ATTGATTGCAGGCATCCAACCTCATGTCACAATCTACCATTTCGATCTCCCTCAGTCCCTTCAGGATGAATACGACGGACTGCTGAGCCC
GAGATTCGTGTAATTAATAAGAACTTTTCCATGCATATATCGATCGATGCTACCTACTATCTCTGCTTGTTGGTTGGTTTCTGAATGAAT
TGGGATGTGCTTGTATATATGCATGCAGGGATGATTACACCATGTTCGCGGAGACGTGTTTCAAGAGCTTCGGGGACCGGGTGAAGCACT
GGGTGACCCTGAACGAGCCCAACGTGGAGGGTTTAGGCGGCTTCGACACCGGCACCATGCCGCCGCGCCGCTGCTCCTACCCCITCGGCG
CCAACTGCACCGCCGGAGACTCCACCAGGGAGCCCTACATCGCGGCGCACCACCTCCTGCTCGCGCACGCCGCCGCCGTGTCCCTCTACA
GGAGCAAGTACCAGGAAGCACAGAGGGGGCAGGTAGGAATCACCCTGCTGGCCGCGTGGTACGAGCCTGCCACCGCTGCGTCGCCGGACG
ACGTGGCTGCCGCTGCCAGGATGAATGACTTCGAGATCGGATGGTTCATGCATCCTTTGGTGTATGGGGACTACCCGCCGGTGATGAAGA
GCCGGGTCGGCGCGAGGCTGCCGGCCATAACCATGGACCTCTCCAAGAATTTGACCGGATCGITCGACTTCATCGGCTTGAACCACTACC
TCATGCTTAACGCACGCCACGACGAGCACGCCTTCAATCTCAAGCACAGGGACTACGCCGCCGACACAGCAATAGCAGGTAACTAAGTAC
TAGTATCAAATTAGTTACAAAGCCATATAGCTAAATGTATATAACACTTTCCTGATTGGATTGGATTCAGATGCAATGAAAGACATCCAA
GAGGTACGTACATACGGTGAAGCAAGCAATGCAAACTCTCTCTCTTTCACACAAAGTTTCCTTGGGCCACGGTAAATTTATATATGTTTC
TATCAATGGTTGCAGGGCCACGGTAAGTACGCTCCTITGGGCTCTCGGGAGTCTACTCGACCACATGCGTGTCAACTACGGAAATCCTCCT
ATCATCATCCATGAAAACGGTACTTGATGCAAATTAAAGGTTTTTTGTTTTTCTTACTGTATATAAGAGATGATGAGTGGACTCTGCAAA
ATAGTTTAGGGTGAATAATACATATGTTTACCTCTGTAAAACAAAATCAATATATATTTGTTTGATACTTCATTCAGGACGGGCTGACTT
CGTCAAAGACCCGAGCACGATCAGAACCGACGACTACCCTAGATCAGAGGTCCTGCAGGACTACTTGGAGGTTCTCCACGTGTCCATACG
GTGAGTTTGTTTACACTGCTTATTTTAAAAAATGCCAGAGCCACATATATATACCCACAAAAATGATCTGCAAACTATTCAGTTGAAACA
CTTCTCTTGAAGAATCACAAAAGGAATTCTGTTGACATCAGGTGGTTCTCGATCTTGAGTAGTAGTTTCTGATTATGACAGAGCTATACA
TGTTCTTGCTGCAGTAACGGATCGGACGCGCGGGGATACTTTGTATGGTCGTTTCTTGACCTTITTCGAGCTCGCAAATGGAAACACCCTG
CGCTTTGGCCTGATCGGTGTCGACATGACCGTAAAGGAGAGGACGCGGTATGTTAGGAACTCCGCCAGATGGTACTCTAGCTTCCTAAAC
GGCGGCGAGCTGCGGCAACCGGCGGCGCCCAAGARACAATATTACGACTCTGCGTGATGAGGCACCTAAGGATTCATGCTGCATCGCCGG
TCTACTCCGCCTCCGCCGGTGGCCTTGGGGTCTTGGAGGTGTGGTGGACTATGGCTCTTTGTCGGCAAGAGGTTTATCGTTCTCTACTTA
GGTCTTTTTTAGTGTCTTTTTTGGAATTCTGAGGCGGCAGTTATATCTTGATGTCAGAATAAAGTTATTTCCACCCTATCCTCGCACATC
GGCGGATGGCGTGTGGAGTTGTGTATCAGGCGGGTCTCTTTGGATCCTACCGTTTTTCGTIGTTAGTTTGTGTGGTTTCAGTTTAGTCCCT
TCCAATCTATATTGTTATCTTTGACAATGGTTGCTGCTCTGGTGCGTTTGTCTTTCGGGTCCTTAGCACGATGATTTTCTCGTTTGTCTA
CTATAATAAGCTCTTCTACGACAAGTTTTGGCCTTCTCTGGGGATGGACGAGCGAGAACGGCTCGCACTAATGTTTATAGTCGTCGCTAG
GTGGTCTAACAACCTATTTGTAATATTTATTACTTTTATGTTTCTTTATACCACCGTTGATGAATATTAATAGATCGGTGAAATTTTTGC
AAAACAAGTTTGAGACCGCGCGGTTATTCATACCGCTTTTTTTACTGCTTTATAATAGCCATTTTCACATTGGGTTAATAAAGTTGGTTT
TTTTCGTGAAGCTAATACTGCTATTGCCTTCTTGCACGTGGCTGCAGTTAGTTAGCTTGTTTTCAGCTCAACTTTCAGTTTCTGCGAGAA
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GTGGGTTCTTGCTTTGTACAGTGTTCTCCTTAAAAAGCAGAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTGTGTCAAATTTCAGAGTTTGGTAATCGTTGCCACACT
CCAGACAGGAAGGATCCAGCCGCCGTTCCGGCAACGATTAGCGACAGCCACGTGCGAGGGTCCTGCACTGCACATGGATGCGCGCTCGCG
TAGCCGTTCCCATCGCTCTCCTCCACGTCCTCAACTAGGCCATGTTGAAAACATGAGCCATTTACCATATGATTTAATTCATACAAATAG
TAGATAAAGCATGACTAATAATATAGTGATAAACATAATCATGCAATCTAACATATAGAATATAAATAACAAGTGTAAACAAAAGARACA
TGATCTGAAGAAGATGGATGAAAAAATACATATGGTGCAAAAGAAAAACCGTTTGCGTTGGTGTTGTTAGCCATGTCGTCGAAGAGGTGG
TCGACGTCACGGAAGAAGTCGTTGTCCAGGAAAAAGTTCACGGCGTCCGTGACAGCCCATCAGCATGTCGCGAGAGGCGTCGAGTGGCAG
AGGGTTGGTACCTCGCACGGCCTCCCGGACTCTTTCCCATTGAGCGTCATTGAAATGGATCTCTTAACAATTGCGATTGCTGTCGTTGGC
GGCTTCATGCGGTCTGTTCCCGTTGGGATTGGGTGGGGTGGACCGTTGACTTTGTTTGCGGCGTTAGTAGCCTGCGGATTGGTAGGGGAG
CCGTTGGTTCGGCTTCGTTGCCAATGTTACCATCGATGATGGCCGCGCACATGTAGCAGTGGGGGAGATTGTTGCTCACATAGCTCTCTG
ATCTGGAACCGTAGGTTCCTTCCTCCGTAGGAGGGTCACAAAGGTCGGAGTTGCGGTTGTTGCTATCATCCGAATCGTACATCAGTGATG
GTGCGCTTAAGACAACGATTGGTGGAACCCACGAAGCAAGTGCGATTGCCGGGGGTACCACCCGCTCAGGAAGGCGGATGGTGCCGATCT
TGCCTACCTGGAAGCATAGGCTCCCAAGCATCATGTCGACTCCATCTCTTATGGAATCAAAGTCCTGGCAGGTTGTTGGTGAGTGGACGG
TGAAGTCGATGGTGCCGAAGAGGAGGTGATTCTCCGCTGCAGAGGAGTCGAAGATCGTGGTGGATGGAGCCGTCACGACCGCACAATCAG
CATCCCCAGTTCCCACAGACGAAGCCAATTGACGAGGGTTCGACTCGTCAATGCCCATTGTTATGGACTTGGGTTTTGAAGAAGGAGGGG
ATGTTAGAGATCGCAGAACGGCTAACAGATTTGCAACACGGGGACACGAGGTTTACCCAGCTGGTTCAGGCCCTCGGAGGGAAAACCCTA
CTCCTGCTTGTATGTTCTTGATTGATGGCGATGCCGAAGATTACAAGGGAGCACAGATGAAATCTGTGAGTTGTGTGCTAGGGTTATGGA
TCGTCCTCCTCACCGTGCCCTCCTGGCCTTTATATGGGGAGGCCAGGTCTCGGGGATAGGTCGAGTAAGTTACAAATTAGGGTTTGACCC
TTTGAATTTTCTATCTAAATCTGGCACATCCTTCTTCATAGGCCTAGGTCACCCCGAATCCTTCCTGTGCCTCGTCGTCTGGAGTGGATG
ACTGGATGGGCTTCTGCCAGGCCAGACCGGGTAAGCTAACATCAGACACCCATAGGGCATACCCATGTCAAGACTCTTAAGTTAAACTTT
CACCTAGACTATATGTCACACTAGTTTACAACTTGTACAGTGGAATATGCATTGAACTGCAAGTTTGCTGCAAATTTAGTTTCACATAAA
GCCTTGATCGATATTAGGCAGTCGCAGGACTTCCCTGCGGGTAGAGCTTAAGCGTTATACCTGTGGCCTTTCATGAGTTTATTAGAGAGT
ATCTAGTTCTCATAGACTGTGACATTTAACTATCAAACTCGTATACATGTGTTCTTAAAAAGATGTTCTACATAACAACATCTTTTTTAA
GAAATAAGCCACTTAGAACACATTAAGATAAATTAGCCCGCCATGCAAAATAAAAGAGTATTGCATCTTCATGGAGAGGTATTATACAAA
GATAAGGACAATCTTCTCTCAATTGACCAACATCTTGTCACACAATTTATCTACATTTTCAACCACTTTGCTCATTGATTTAGTCCAGAA
TCTCACTAATCTTGGAATAAAATTGACATGAATGATGTTGTTATTAGCAACAACTCATTTTCTATCATTTCATATAGGAAACAAAGGAAA
TAATTGCTAATAAAATTAGGAAGCAAGTTTTATAGATAAGAAGGGCTATAGGACAGAGAAGTGGACCATAATCCCTACGAGGCGCCTAGG
AGGGCCCATGGCGCGACCCAAACCATATGTCGCGCCATGGTTGGGACTTGTCCCCTCGAGTCTCGCCTTGATTCATCCTTTTGCAACGAT
CTTCATATACCCTACAAACCAAATATTTGGGGTGGGCACGAAGTCTTACACGAATTAGAGCGCCATCACCACTGTAACTTTTGTTTTGGA
GATCTGTTTGATCTTTCTCACCACATCTGAGAGGAGGATTTCAACACCGTCTTCATCACCATCATCATCAAGCCCATCTCCATCATCCAT
GTGTACATTCCTTGTCACCATGTGTGATTAGTTCTCTATAGGCATGTGAGGTGGATGAGAATTGGATGAGATTGGTCATGTAATAATGCA
TAGCCATCAGGATTCGAGGTGTTTGTCTTGAAGATATTCTAGTATGGATGTTAATGCACTTTTGCTATGCTTAATACTCGTTACTCGGAC
TCGAGTGACTAATCTTGCGAACCCTAAAGTGACTACCGAAGAAACAAGGGGGATCTATTGTAATTTGACAAGTATCTGTGTTCATGGAGG
GTTGTTGTGTTGTCTTCGAGTGACTAGAAAAGGTTGTTCTTAATTATCCCAAGATCCCAGTGGTTCCGGGTGAAATGGGAGGATAGAACA
ATATGTGCACATTCTTTTGTTAACACATACAGCTACATTACGAACACACCTACATAACACAGAATTAGGGCCAAGCACCACAATTTATTT
TTTGTATTACCTGATTTCTTTTATTCATGCAATGTCCCGTTTATCACCTTATGCCTATGTTTATAGCCACTGAAAGTTATAACTCAATAC
TTTTCGGTGATTACTGAAAATCTTTTACTACTATTCCCTGTTTTTCTTTACTTAAGTATTGTTTGGAGCGAGGATTAGAGGTTGGGGTAG
GTTACCACAGTGCGCTCGTGGGTGGTCTGGACTCTCAGCCCATTCATCGGGTGTGATCCACCGCATCCAACGGTGCACGAGGCAGGGATC
GTACGAATCATTCCCTCCCTCTGGGGACGCCTAGGACTGCCCGAATTGAACTAGTTCGAGAGGATCTICTTACATGTGGGACCCAGCCAC
AGGTGAAAAATCATGCATGCCTAACGTTTTGGGATGCATGGAATATAATTTGCTCTCAAAATTGTAGAACAAAAGGTGTAAAGGAATTAC
TCCTAAGACAGATGTTTTTTTTTTTTGTGTTGAGATTTGGTTTGCTTCTTCTCATACAGTAGTTTGCCTTAGCTCCCAAGTAGTCAATGC
CATAGAAACCCATAGTCCTCTTCCTTCCTCTCTACTACTACTAGTACTAGTCTACTTCTCCCAGGTCGTCTTCCTCGCTAGCAGCATCAG
CGCTAATCCACCCCCTTAATCACCACCGCCCTAATCACCCCCCACCCTCCGCTACCGGCTGCTCGCGCGATGGCGGCGGCGGCGGCGACG
GCTCCGGTGGAGGTGCCGGTGAGTCCCGAGCTTCCTTTCTCCCCCCGCTCTCCTCTTTGCTGTCTARATTCTCCCGATGCTGGCCTGGAT
CTGGTCCGTGCCAGGGCGGTTCGATTTCGGCGGCGCCCGTGCCTCCCCGCGGCTCGTGCCGCCGGTTAGGGTTAGGGTTTGGTCAATTCG
TCGGAAGCGCGCGTCTCGATTCGGTTTGGGAACTCGAGATCGTACCCCGGTTGATTTAGCTACTTGCTCCTTCCTCGATTGCTTCTAGTG
TAACAGGATTTGCTTGAAACATGGGAATAGTTTTGAACTCATTACTAGCTGCTATCTTTGACTTAATGCTAGCTCTTGTCTTAATAATAA
TCTGTTGATTGGTCATCGTAACAACCAGCAGCTCTGGGATATCGAGTTTCAGCGCCTTTTCATGACTGATACTATTCAGAGTCGTGCTTA
CGGGATGAGCCATTAAGCCTCTGCTTGCTAGTGATTCATGCTTGTGGTATCGGAGTCAAGCTAAATGCCTCCTGTCTTGGGAGTTTTGCT
TGCTTTGATTAATTAGCTTGCTTTGTTATACAAGGTAATTTGTAAGTCCCTTGAAAGCACTTGGTGCTTGTATATGAGTTTTGTTTAGAC
ATGGGCTTTACTTCCATGTGGAAGATCAAGCTGATTGAGTCACCTCGCTGAGCTGTGTAAGTCTGCAAGATTGCTTAAGGCCCATTATAT
GGCTTACTCAATGAGCATACTTCATGATCACTTGAGACTCTGCGTTTTAATAAGTTTTAACTTGCAGGCTACAAAAGCAATCAGATAAGT
GGTCTAATGCTTCTCATTCGATTCACTAAATGCCTTTTCTGCAACATGCGCTTATACGAGGAGACCCAAGATTAGTTAGTTTGAGTCCTG
TTTACATGATAACCCAACTTTTAAATTGCACACTGGCTGCTTTGTTTTTTTTTTGGCTTCCCTTTTCATTTACCTTTGTACTCCTTCTGA
AGCTTTTAATGTTTGCAGGTGAGGACTGTGAAGGTCACTAATGTTTCCCTGAGTGCAACTGTGCAAGACATTAAGGAGTTCTTTTCCTTT
TCTGGAGACATCGAACATGTTGATATGCAAAGGTTTGTAAATTTTGCAATGCGTACAAAACAGGATCGTACATCTTTTACTTTTCCAAAT
AGTCCTTTTAGTACCATTTATCACATCTTAATTGGCCTACTCTTTTCTCTTGACAGTGGTGACGAGTGGTCTCAAGTTGCATATGTTACT
TTTAAAGACTCCCAAGGAGCAGAGACTGCACTTCTTCTTTCGGTGAGTAACTGAACGCTTTTGTATGATTCAGTTGAGTGGTTACAACCT
TCTCTTCTCCAATTGTTCACCACTCTTTAATCATTTGCTTCCTTCATTGGGACATGTATATGCCAAGTTGCCAAGTGTTTATGTCATATG
TAATATGTTTCAGATGCCATATCTTGTTTTCTATACTTTTTCATCTTAATGGAAATACTCAAGTCTCGTCAGTTTTGGACTCTTGGTACT
TCCTAGAGTCCTGCTTATGTCACGCCTTGCAAATATACAGTTCCCTTATTATCTGCTAATGTCACCCCTTGCAAATATACAGTTCCCTTA
TTATCTACTAATCTGGATGTTAATTAATCACCTAGCGATTTCTACTCAATGGTTTTGCAAAAAAAGAAACAAAGCTGGGAATATTTTGAT
CACAAATCCTATTTCAAGGAACGACGTCCATGCAATATTGTTTACGTTTCTTGGAAAAGATATT TCTGAGAAGACATTGTGTCTCGTTGT
AACAGGGTGCAACAATAGTTGATCTTTCTGTTATGATCGCGCCTGCTCCAGAATATCAACCACCCCCTACCGCCTCTGCTCCACTGGTAT
GTGATGCCTCAGTTTCCTGTGTTGAAGTATTCAATCCGTTTAGCATGTTGTGTCCTGAATTGAACATTACACATATGATAATTCTGGATG
CATGTTTGATGTCATGTCCTGCATATTTCTGTTTCTAGACAATAATTTAAATTAAATTGTTTAATGGTGATACATGCCTAGTTCTAGTTA
ACAAATGACAACTAGAACCCCTGAAATTTTTTGCATCCTATCAGTTCCAGACTAGAATACTTTTGGGTTCTGGTGTCATGTTTTTCTTAG
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AATAAAGATATTTTATGGTATGCATATGGTGAACTCTATGTATTTCATTTCTTGTTCAGATGCTCCGAGTTTTGACAGCCGTGTAGTGTG
GTATTGCTGGTGCTCATGGACCAGAGCTAATGTTACCACCAACCTTACTTCAGTAGTAAGGTTGGTGGTAACATTACTATTTAATTTTAA
GCCAACATCTTTGTCTTACTATTTAATTTTAATCTTGGGTGTTGTATTCTGT TGTTAGATGAGTGGAACCAGAGTACCAGTCGGTGGTCA
GAATGTGATCCACAAGGCTGAAGATGTTGTGAGCACTATGCTTGCGAGGGGTTTCACCCTGGGCAAAGACGCCGTCGGCAGGGCGARAATC
TTTCGACGAGACGCATGGCTTCACGTCGACCGCCAGTGCCAAGGTGGCGTCCATCGACAGGAAGATTGGGCTGAGCGAGAAGTTCACCAT
GGGCACCACCGTGGTGAACGAGAAGGTGAAGGAGATGGACCAGAAATTCCAGGTGTCGGACAAGACCAAGTCGGCGCTGGCGGCGGCGGA
GCAGACGGTGAGCAGCGCGGGGTCGGCCATCATGAAGAACCGGTACGTCTTCACGAGCGCGTCGTGGGTGACGAGCGCCTTCGGCAAGGT
GGCCAAGGCTGCCACGGACGTCGGCACGATGACCAAGGAGAAGATGTCGTCGTCCGAGGAGCAGCAGCAGAGGGGCTCCGGTTCGTCTGG
AGGGAACTCGTACACGCCCATCCGTTGATTTGTCTCTTGTACTGCCTCGCTCGACCGTGTTGTACTGGTGGGTCGGAAACATAGATATAG
AACACATCATATCTATCATGTGTGAACTCCAGGGCGACCCAGGAAATTTGTTTTCTCTCTCTCGGTAGAAGGAGAGGAGATGTGCAGATG
ACCACAGTGTATTCTGGGTGGTTTTATATACTGAGAATGTTACAAGGTAGGATTGCTGGGAATTGGGAATGAACATTTTACTTTGGTCAA
GTTGTGGAAGGGTGCTGTAATAATCGTGTTGTTCCCTTGGTGTACAATAACCCTGCCTCTCATCAGCCCAGTCGCCATTTGCAGCGTAGG
ACAGACGATTAATGTCCCTATATTTATTTATTTTGCCCTAGAAACCACATTGTGAGCTCCAATTGATATTATGAGAACATCTACCAGAGT
ACTACTGTATTTGCTGAGGTGATGAATCATGATAGTAGTACATGAATGCCCAATGTGTGGAGCTCCTTATGGCAGTATGGAACTGCATAC
ATGAAAGCATCCATCACATGGTGGTGGTGTACCATATGGTATCAAACGGTCGCACACTATTGTTCCTACTTAAAACATCGGAAGATAGAT
GGAGCATGATCATCACTCACAACGAAGCCATCCTGCATACCTAAGGCCGAGCAAGGGGTAAGCTGCTAGGTTCCTGCATTGCGTATACCA
CATGCATGCGCAATGTTCACAAATAGTATTTGTTAAGTTCATATCACCATGCACCACATAGGACCTCAAAGGATTTGGAAGCATCAGGAT
TTCACAAATGGTTGGAGCTGTGCTTCTCATCATCAAAGTTCCATAATCTACTTTCATTCCGTACGTGTGCACATATGGAAGAGCATGTAA
TGGTCACTCCAATGCCGTATCGTGGAGAGACAGGTCAAGTACAACGCATTAATTGTGTCGACACGTGTGCGATAACGTCGTGGGCGCTGT
TTTCTTTTGTTTTGTTTTGTTCATCGGTGAATTCATAATATTTATCGTATCATTTCTAGCGCATTAGCGCGTGGGGGGGAATTCTCCTCA
ACATATCGTAGTAAGCAAAAACTAAAAAAAATACACACCGAAAAAAGCAACTTGGACATATAAGCCTAGCTAGTGAAACAATAAAAAACC
CGAGAATCTACAATTGACACGGGTGCACAAGTACGAGAGACAAAAGCTAAGACCTGACGTTAGTCCTACATTGARACTGATCAAGCTGCC
AAATGACAGCAAGTATCAGCACCCGTCTGCATCTTACCTCAATACAGGATCCTCGTATAAATAAGAACAGTTCGTTGGCAGAAGGATAAA
CATTATTACGGCAAAGGGATTAAAATAAATTAATCATCAGAGTCGTTGTAGTATAGTGGTAAGTATTCCCGCCTGTCACGCGGGTGACCC
GGGTTCGATCCCCGGCAACGGCGATTTTTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNATCTTATGTTCTCCGCAAACATGCTCA
ATCTAGCCAACAAAATACTTGGACCAAGATTAGGAACAAAAGTGACCTCATGTGCCAAGTTGAAAGCACCCTGGTGCATTTAAGTTTCCT
GAGTTAACAATAACCTTGATGTTCATGTGAATCTAGTTCTTTCCTCCTAAGGCCCGCCCTGCTTGGGAGGTAGTTTTATTTCCAGGTCCG
TTTTGCTTACGGGTGTATTTAGACGTGCACTTCTTACTGCTARATCCAGTTTGCTCTCTGCTTCGGTTTGCTTACAGGGGACGGCTCAGG
CCAGTTTGTTTTCTGTTCCGGTTTGCTTACAGGGGAATTTGGATACACAGTACAGCCTACAAATTACAGCATACACAGTACATCATAAAA
ATTGAATCTTTCAACATACACACGTTAACTTACATAAAATCATCACATGTCATATTTTAACAGTTATCCATGTTAACTTGCATTTCTGAT
GAATATAAACATAATTATTAGCATACATGANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCTTCAGTT
TTTTCAGAGCAAAACAACTGTAGTTTTTAAGACCATAGCATCCAGTATCTTCCCATTTCCATACCGAGAGCACAAGGCATAAAGCGACCT
CTTCAACTCTGCAAGAAAGATCGACACATATTACAGTATGAAACGACCAARATGATTCATTGGTATACTACAACCTAACAACACAGAAGA
CTTGAACTCTGTAAGATGGTCATGCATGCCACTTGTTAACACAATAGTTAGTAGTATGTGCTAGCAGATAGTGTTCTCATGAGAATAAAT
AATGGCAGGTTCTCGCTGGAATATGCCTGCATCAAGTTACAAATCCACAAAGAAGGTTTACTGAATATAAAAGATGAATATGTTACAAAT
CTCTATCTGCATGAGCACGACTCCAAACCTGATTCAGTTTTCAAAAACAGTAACTACAGTACTACTATACTAGACATAAACCGAAACTAA
AATCTGGCAGTTCAGGCTGCTTTTTCCTCAACAAAGCTAGTATGTACCAGGACCAAAGCTAGTATGTTCCAGCAAGCAGATCAACAGATG
ATTTTCCAAAGCTAGTATGTTCCAAAGCTAGTATGTTCCAGCAAGCTAGTATGTACCAGGACCAAAACAAGACCAAAGCTAGTATNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNGACCATTGTTGTGGTCCTTCCCTACAGAGCACACTACAAACCTCCTATAAGTTCCTCCTAGATATACAAAGGGCAGCTGAAAAC
ACGCAGAGAAGACAACCGATTAATTAATACCAAACTCATGCAAAACTAAGACAATTACTTAGAAAATCTCAACCAACCACTTTTTGTTTT
GTTCTAATAAGAAAAATATGCCACTAAAAGAAAATTCAAATATGCTAAACTCGTGTATGAGAAGGATGTAAGGAATAATTCAGAAAGGTA
CATAAGCGCCATGGAAGGTTTAAATGACAAGGTAGAAAATAAAAAGTAGTACTCTACAATGAATATGACAAGATAGAATGGTGGAGTTAA
CTGTACTCTACAGGATGATGAATACCTCAGAGTGTGCAAGACATAGATGCAAATGCATGAACAATACTATCGTGTACCTTCGCATTTTAT
TGCAGTCTGTAGAAGGGCACCCATAATGATTAACTGGACCATCATCATGGTAAGACCAAATTCAATCTTGACCAGGAGAAAAAAACTAAG
CGCTCTAGACATTGCCCACAGTATCACACCTCATTTATGTTCCCTGACACGAAATGACTCAGTTTGTAGTATGATAAATGTTCATTGAAT
CTAAATAGAACATCTTAGATCTGAACCATTTAATCTTCTTTCCCAGATAAGAAACCCAACCAACCAATGAGTAACTAAAACATGTGTAAT
GGAGAACACTACATTGCCAATCAAAACTTATCCGGAAGTAATACTATACTGTCTCCATTATCTGGCATAATTCATGGATTCAAAACTATA
GTGCTTCAAACAATGCGCACTCTGCAGCGTCTCCATCACCTACCCATCTTAGGATTATAAGGTAAGAAAGGACAAGAAAACTCGTTTCAG
AAAAGAAAAAAAAGAGAAGAAACAGTTTATCATTTCAGTCCACTAATGGGAAGAAGTCAATGTAGGCTGGCAGCATCGGTAGGAGTAATA
TCCTTGCAAAATCCTGTGCAACTGTAGGCTCGTGGCATGGCATCGTGCCGACATGCTCTACATCGACGTTAGAAACTAGAATACTGGACA
GCGTCGGGAGCTTTCGCAGTGAAGTCTCCTGACTGCTCCGAACAAGCACGGAATCTCGCAACAGTGGAGCGAACTAATACAAAGAAGAGG
CAAGAACTCCTAGATACGAAGAAGGGTTTTGCCGTGTTACCAGGTAGTGTGGGTGGCGGGAGGAGTGCGATGATCTTGCGCCGCCGGACG
GGCTGGAGGTGGACCTGGAGAGGCAGACCTTGSCA

Fig. S9. Sequence of the scaffold containing the AsUGT91G16 and AsTG1

genes in Avena atlantica accession Cc7651. AsUGT91G16 is highlighted in red

and AsTG1 in blue.
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DgAA7BG-GT1 MGVMKIA-YLVL--DLFVVFNSITFIPKPANP-NODSSAFDRNNFPVNFTFGVSSSAYQF 56
DgAA7BG-GT2 MGVMKLA-YLIF--DLFVMFNPIFFIPKPADHTELDSSALNRKSFPVNFTFGVASSAYQY 57
0s9bglu3l ===MTPA=-===== RVVFICCVVLL-AAAAAAASSSTAAGITRADFPPEFIFGAGSSAYQV 50
AsGH1I = emmmmmmmmeeeee MALLLCLFLFSLRLAALSGDVVVAALTRRDFPDGFIFGAGTSSYQV 46
DcAASGT = —mmmeee MNMSCKFEIVLLVSWWLLLVLVFGVESSMFSEFDRLDFPKHFIFGASSCAYQV 53
CmAA7GT ===-MLTONQLKC--HLHLLLLVVGVCTNNW---DLTLADYSRLDFPSDFVFGAGTSAYQV 52
AaAAT7GT -==MI-S5-Y==---SLFFLLAFLFLYLVEFGISQOSNAPKFSRDDFSSEFVFGAGTLAYQY 50
DgAA7GT ===MCPS-FLVT--LLLLOLSSLVVVLVVW-AEQLPEFNVRRDDFPSNFVFGAGTSALQV 53

Fig. S10. AsGH1 (AsTG1) and other characterised GH1 transglucosidases have
predicted N-terminal targeting sequences. The N-terminal region of a Clustal
Omega alignment (20) of AsGH1 (AsTG1) with other GH1 transglucosidases is
shown. Predicted N-terminal signal sequences are underlined. DgQAA7BG-GT1,
Delphinium grandiflorum (GenBank accession number BAO04178) (21); DgAA7BG-
GT2, Delphinium grandiflorum (GenBank accession number BAO04181) (21);
Os9bglu31, Oryza sativa japonica (GenBank accession number B7F7K7) (22);
DcAAS5GT, Dianthus caryophyllus (GenBank accession number E3W9M2) (23);
CmAA7GT, Campanula medium (GenBank accession number BAO96250) (24);
AaAA7GT, Agapanthus africanus (GenBank accession number BAM29304) (25);
DgAA7GT, Delphinium grandiflorum (GenBank accession number E3W9M3) (23).



29

750 - (3)
] IS ﬂ
7 /\ control
500 -
< : (4a) \ﬁ«/\_,‘/\— AsbAST/AsCYP51H10/ASAAT 1
E . (12b) A
£ - J\-——~—A—‘ i) ~——  — ASbAST/AsCYP51H10/ASAAT 1/AsUGT91G16
z . /UL ~— ~— ASbAST/ASCYP51H10/ASAAT 1/AsUGT 91 G16/ASTG 1
C
o I N S | N—" \/\—/\—;J/W/\‘\J \_ / —~—  ——— AsbAS1/ASCYP51H10/ASAAT 1/AsUGT 91G16/NOSIGASTG 1
: N ~—————————— AsbAS1/AsCYP51H10/AsAAT 1/AsT G1
0 /L ASAAT1/ASUGTO1G16/ASTG 1

0 125 150 175 200
Retention time (min)

AsbAS1/ AsCYP51H10/ AsAAT1 ., AsUGT91G16

12,13p-Epoxy,
Oxidosqualene  B-Amyrin  16B-hydroxy-B-amyrin

Fig. S11. Transient expression of AsUGT91G16 and AsTG1 in N. benthamiana leaves. Analysis of N. benthamiana leaf
extracts from plants co-expressing tHMGR, AsbAS1/Sad1, AsCYP51H10/Sad2, AsUGT99D1/AsAAT1, AsUGT91G16 and AsTG1
in different combinations. Analysis was carried out by HPLC-MS with charged aerosol detection. AsbAS1, AsCYP51H10 and
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AsAAT1 together form the triterpene glycoside 33-(a-L-arabinopyranosyloxy)-12,13B-epoxy,163-hydroxy-B-amyrin (3) (green
trace). Addition of AsUGT91G16 (blue trace) results in accumulation of new peaks (4a) and (4b). Co-expression of this
combination together with AsTG1 (grey trace) leads to accumulation of a new peak (12b) at 12.2 min and an increase in the (4b)
peak at 14.4 min which is thought to be due to a new compound (12a) co-eluting. These peaks were greatly reduced when the N-
terminal signal peptide of AsTG1 was deleted (NOSIG-AsTG1; turquoise trace) suggesting that the signal peptide is critical for
AsTG1 activity in planta. AsTG1 appears to be dependent on the activity of AsUGT91G 16, as co-expression of AsbAST,
AsCYP51H10, AsAAT1 and AsTG1 without AsUGT91G16 (purple trace) results in the accumulation of (3). The activities of
AsUGT91G16 and AsTG1 are dependent on the arabinosyltransferase AsAAT1, as no new peaks are observed following co-
expression of AsbAS1, AsCYP51H10, AsUGT91G16 and AsTG1 without ASAATT (light blue trace). Similarly, no new peaks are
observed when the arabinosyltransferase AsAATT1 is co-expressed with AsUGT91G16 and AsTG1 in the absence of AsbAS1 and
AsCYP51H10, suggesting that these enzymes do not modify endogenous N. benthamiana compounds. Additional peaks (marked
by asterisks) were also present that were likely due to endogenous N. benthamiana glycosyltransferases. IS = internal standard

(digitoxin).
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Fig. S12. Fluorescent protein fusions of AsUGT91G16 and AsTG1 are
catalytically active in N. benthamiana.
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HPLC-MS-Charged Aerosol Detection of extracts from infiltrated N. benthamiana
leaves are shown. (A) Accumulation of the arabinosylated triterpene 33-(a-L-
arabinopyranosyloxy)-12,13B-epoxy,16B-hydroxy-B-amyrin (3) was detected in
leaves expressing AsbAS71, AsCYP51H10 and AsAAT1. Co-expression of AsbAS1,
AsCYP51H10 and ASAAT1 with wild type AsUGT91G16 (B) or with N- or C-terminal
AsUGT91G16 GFP fusion constructs (C, D) yielded similar accumulation of peaks
(4a) and (4b). Co-expression of AsbAS1, AsCYP51H10, AsAAT1 and AsUGT91G16
together with AsTG1 resulted in accumulation of (12a) and (12b) (E). (F) AsTG1
lacking the N-terminal signal sequence (NOSIG:AsTG1) shows reduced activity with
little accumulation of (12a/12b),while C-terminal fusions of MRFP (AsTG1:RFP) (G)
or GFP (AsTG1:GFP) (H) to AsTG1 accumulate the same product peaks (12a/12b)
as AsTG1 without a fusion tag (E). (1) C-terminal RFP fusion to AsTG1 lacking the N-
terminal signal sequence also showed reduced activity, similar to that seen in (F).
Schematic representation of fluorescent protein fusion constructs are shown to the
right. Construct diagrams are not drawn to scale. SP, AsTG N-terminal signal
peptide sequence; GFP, green fluorescent protein; RFP, monomeric red fluorescent
protein. Grey boxes represent linkers introduced by Gateway cloning.
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GFP:AsUGT91G16

Free mRFP

Free mRFP

Fig. S13. AsUGT91G16 localises to the cytosol in N. benthamiana leaves. Co-
localisation of free mRFP1 (26) with: (top panel), an N-terminal GFP fusion to
AsUGT91G16 (GFP:AsUGT91G16) and (lower panel), a C-terminal GFP fusion to
AsUGT91G16 (AsUGT91G16:GFP). The GFP fusions to AsUGT91G16 co-localise
with free mRFP1 in the cytosol and nucleus. GFP fusions are shown in green (left);
RFP is shown in magenta (middle) and merged images are shown in white (right).
Images were taken two days post-infiltration. Scale bar = 20 ym.
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AsTG1:GFP Free mRFP

ER:mCherry

AsTG1:GFP

Golgi: mCherry

¢
‘

Fig. S14. AsTG1 is targeted to the endomembrane system and traffics through
the ER. Co-expression of a C-terminal GFP fusion to AsTG1 (AsTG1:GFP) with: (top
panel), free mRFP (35S:mRFP (26)); (middle panel), ER:mCherry (ER-rk CD3-959
(27)), and (lower panel), Golgi:mCherry (G-rk CD3-967 (27)). One day post-
infiltration, a GFP fusion to AsTG1 co-localises with a marker for the ER, and does
not co-localise with free RFP in the cytoplasm or nucleus. No co-localisation was
seen with a marker for the Golgi. GFP fusions are shown in green (left);
RFP/mCherry fusions are shown in magenta (middle) and merged images are shown
in white (right). Images were taken one day post-infiltration. Scale bar = 10 ym.
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Table S1. Details of triterpene structures referred to in this work

Compound

Full name, formula,
monoisotopic mass

Structure

(1)

Avenacin A-1;
3B-{[B-D-glucopyranosyl-(1->2)-[3-
D-glucopyranosyl-(1->4)]-a-L-
arabinopyranosylloxy}-16[3,23-
dihydroxy-30-oxo-12(3,13-
epoxyoleanan-21{3-yl 2-
(methylamino)benzoate

Formula: CssHssNO21
Monoisotopic mass: 1093.55 g/mol

(2)

Bis-deglucosyl avenacin A-1; 33-
{bisdeglucosyl-(1->2)-,(1->4)-}
avenacin A-1; 3B-(a-L-
arabinopyranosyloxy)- 16[3,23-
dihydroxy-30-oxo-12(3,13-
epoxyoleanan-2143-yl 2-
(methylamino)benzoate

Formula: C43HesNO14
Monoisotopic mass: 769.44 g/mol

3)

EpHBA-3-O-Ara;
3B-(a-L-arabinopyranosyloxy)-
12,13B-epoxy,16B-hydroxy-3-
amyrin

Formula: CssHssO7
Monoisotopic mass: 590.42 g/mol

Predicted structure: 3p-{[3-D-
glucopyranosyl-(1->2)-a-L-
arabinopyranosylloxy}-12,13[3-
epoxy,16B-hydroxy-B-amyrin

Formula: C41HesO12
Monoisotopic mass: 752.47 g/mol

(4b)

3B-{[B-D-glucopyranosyl-(1->2)-a-
L-arabinopyranosylloxy}-12-
keto,163-hydroxy-pB-amyrin

Formula: C41HesO12
Monoisotopic mass: 752.47 g/mol

(5)

Avenacin A-2; 33-{[3-D-
glucopyranosyl-(1->2)-[3-D-
glucopyranosyl-(1->4)]-a-L-
arabinopyranosylloxy}-16[3,23-
dihydroxy-30-oxo-123,13-
epoxyoleanan-21p3-yl benzoate

Formula: CssHsoNO21
Monoisotopic mass: 1064.52 g/mol
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(6)

Avenacin B-1; 33-{[3-D-
glucopyranosyl-(1->2)-[3-D-
glucopyranosyl-(1->4)]-a-L-
arabinopyranosyljoxy}-16[3-
hydroxy-30-oxo-12(3,13-
epoxyoleanan-2143-yl 2-
(methylamino)benzoate

Formula: CssHssNO2o
Monoisotopic mass: 1077.55 g/mol

(7)

Avenacin B-2; 33-{[3-D-
glucopyranosyl-(1->2)-[3-D-
glucopyranosyl-(1->4)]-a-L-
arabinopyranosyljoxy}-16[3-
hydroxy-30-oxo-12(3,13-
epoxyoleanan-21f3-yl benzoate

Formula: CssHgoNO20o
Monoisotopic mass: 1048.52 g/mol

Mono-deglucosyl avenacin A-1;
3B-{deglucosyl-(1->4)-} avenacin
A-1; 3B-{[B-D-glucopyranosyl-(1-
>2)-a-L-arabinopyranosyl]loxy}-
163,23-dihydroxy-30-ox0-123,13-
epoxyoleanan-2143-yl 2-
(methylamino)benzoate

Formula: Cs9H73NO16
Monoisotopic mass: 931.49 g/mol

Mono-deglucosyl avenacin A-2;
3B-{deglucosyl-(1->4)-} avenacin
A-2; 3B-{[B-D-glucopyranosyl-(1-
>2)-a-L-arabinopyranosyl]loxy}-
163,23-dihydroxy-30-ox0-123,13-
epoxyoleanan-21p3-yl benzoate

Formula: CsgH7o0NO16
Monoisotopic mass: 902.47 g/mol

(10)

Predicted structure: 3p-{[B-D-
glucopyranosyl-(1->4)-a-L-
arabinopyranosylloxy}-16[3,23-
dihydroxy-12f3,13-epoxyoleanan-
21B-yl benzoate

Formula: C4sH72015
Monoisotopic mass: 888.49 g/mol

(11)

Predicted structure: 3p-{[B-D-
glucopyranosyl-(1->4)-a-L-
arabinopyranosylloxy}-16[3,23-
dihydroxy-12f3,13-epoxyoleanan-
21B-yl 2-(methylamino)benzoate

Formula: Cs9H75sNO15
Monoisotopic mass: 917.51 g/mol
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(12a)

Predicted structure: 33-{[3-D-
glucopyranosyl-(1->2)-[3-D-
glucopyranosyl-(1->4)]-a-L-
arabinopyranosyl]oxy}-12,138-
epoxy,163-hydroxy-B-amyrin

Formula: C47H78017
Monoisotopic mass: 914.52 g/mol

(12b)

3B-{[B-D-glucopyranosyl-(1->2)-[B-
D-glucopyranosyl-(1->4)]-a-L-
arabinopyranosylloxy}-12-
keto,16B3-hydroxy-B-amyrin

Formula: C47H78017
Monoisotopic mass: 914.52 g/mol




Table S2. Assembly statistics for de novo A. strigosa transcriptome

(http://db.ncgr.ac.cn/oat/RNAseq.php).
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Total Trinity transcripts

GC content

Contig N50

Total number of assembled bases

196905
48.55 %
1763
210050737




Table S3. Protein sequences used in tBLASTn analysis of the de novo A.

strigosa transcriptome
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GT1 family UGT name

Protein acc. no.

Plant species

OZEErrr Xe—IOTMmMmMmMmMMOO®®>»> > >

PgUGT94Q2
GmUGT79B30
GmMUGT91H4
AtUGT89C1
PoUGT90A7
GmMUGT73F2
PgUGT71A27
ZmUGT708A6
AtUGT72B1
AtUGT88A1
AtUGT78D1
AtUGT85A1
AtUGT76B1
AtUGT83A1
AtUGT87A1
AtUGT86A1
AtUGT84A1
SgUGT74AC1
AtUGT75B1
AtUGT92A1
AtUGT82A1
SIGAME17

AGR44632
BARS8077
BAI99585
QILNES
ACB56926
BAM29362
AlZ00429
AOA096SRM5
QIM156
AEE75831
Q9S9P6
AAF18537
NP_187742
QISGA8
064732
Q9SJLO
Q5XF20
AEM42999
AEE27854
QILXVO
QILHJ2
XP_004243637

Panax ginseng
Glycine max
Glycine max
Arabidopsis thaliana
Pilosella officinarum
Glycine max

Panax ginseng

Zea mays
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Siraitia grosvenorii
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Solanum lycopersicum




Table S4. Avena strigosa UGTs identified in the Self-Organising Map (SOM) analysis.

UGT name Transcript I.D. Transcript Protein Reference
length (nt) acc. no.
AsUGT706C11 TRINITY_DN36645_c2_g2_i1 1905 MN396759 This study
AsUGT703A5 TRINITY_DN36598 c0_g6 i3 1784 ACD03255 (28)
AsUGT705A4 TRINITY_DN36376_c1_g5_i2 2283 ACDO03241 (28)
AsUGT706F6 TRINITY_DN36313_c4_g2_i4 1898 AZQ26918 (16)
AsUGT85B2 TRINITY_DN35400_c0_g1_i1 1605 ACD03248 (28)
AsUGT84C2 TRINITY_DN35339 c1_g1_i2 1970 ACD03236 (28)
AsUGT99C8 TRINITY_DN34036_c1_g5_i5 1699 MN396758 This study
AsUGT99C4 TRINITY_DN34036_c1_g5_i2 1968 ACD03245 (28)
AsUGT91G16 TRINITY_DN33854 c2 g2 i2 1803 MN396760 This study
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Table S5. Characterised UGTs used in phylogenetic analysis

Enzyme Accession UGT family  UGT Plant species Reported activity Reference
number Group

AtUGT79B1 Q9LVW3 UGT79 A Arabidopsis thaliana Anthocyanidin 3-O-glucoside (29)
[1,2]-xylosyltransferase

AtUGT79B6 Q9FN26 UGT79 A Arabidopsis thaliana Flavonol 3-O-galactoside [1,2]- (30)
glucosyltransferase

Cs1-6RhaT ABA18631 UGT79 A Citrus sinensis Flavonoid 7-0O/3-O-glucoside (31)
[1,6]-rhamnosyltransferase

GmUGT79A6 BAN91401 UGT79 A Glycine max Flavonol 3-O- (32)
glucoside/galactoside [1,6]-
rhamnosyltransferase

LeABRT2 BAU68118 UGT79 A Lobelia erinus Delphinidin 3-O-glucoside [1,6]- (33)
rhamnosyltransferase

GmUGT91H4 BAI99585 UGTI1 A Glycine max Triterpene 3-O-galactoside [1,2]- (34)
rhamnosyltransferase

GmUGT91H9 NP_001348424 UGTI1 A Glycine max Triterpene 3-O-galactoside [1,2]- (35)
glucosyltransferase

IN3GGT Q53UH4 UGTI1 A Ipomoea nil Anthocyanidin 3-O-glucoside (36)
[1,2]-glucosyltransferase

GjUGT94E5 F8WKW8 UGT94 A Gardenia jasminoides Apocarotenoid glucoside [1,6]- (37)
glucosyltransferase

BpUGT94B1 Q5NTHO UGT94 A Bellis perennis Anthocyanidin 3-O-glucoside (38)
[1,2]-glucuronosyltransferase

Cm1-2RhaT1 AALO6646 UGT94 A Citrus maxima Flavonoid 7-O-glucoside [1,2]- (31)
rhamnosyltransferase

PguGT94Q2 AGR44632 UGT94 A Panax ginseng Triterpene 3-O-glucoside [1,2]- (39)
glucosyltransferase

SgUGT94-289-3 UGT94 A Siraitia grosvenorii Triterpene 24-0O-glucoside/3-O- (40)
glucoside [1,2]-/[1-6]-
glucosyltransferase

SIGAME18 XP_004243636 A Solanum lycopersicum Steroidal alkaloid 3-O-glucoside 41)

[1,2]-glucosyltransferase
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Enzyme Accession UGT family = UGT Plant species Reported activity Reference
number Group

VpUGT94F1 BAI44133 UGT94 A Veronica persica Flavonoid 3-O-glucoside [1,2]- (42)
glucosyltransferase

AtUGTB89C1 AAF80123 UGT89 B Arabidopsis thaliana Flavonol 7-O- (43)
rhamnosyltransferase

UGT89A2-Col-0  Q9LZD8 UGT89 B Arabidopsis thaliana Dihydroxybenzoic acid (44)
xylosyltransferase

PoUGT90A7 ACB56926 UGT90 C Pilosella officinarum Flavonol glucosyltransferase (45)

AlcUGT73G1 AAP88406 UGT73 D Allium cepa Flavonoid glucosyltransferase (46)

AtUGT73B3 AAM47999 UGT73 D Arabidopsis thaliana Flavonoid-7-O- 47)
glucosyltransferase

AtUGT73C1 AEC09294 UGT73 D Arabidopsis thaliana Cytokinin glucosyltransferase 1 (48)

AsUGT99D1 AZQ26921 UGT99 D Avena strigosa Triterpene-3-0O- (16)
arabinosyltransferase

BavUGT73C10 AFN26666 UGT73 D Barbarea vulgaris Triterpene-3-0O- (49)
glucosyltransferase

CbBet50OGT CAB56231 UGT73 D Cleretum bellidiforme Betanidin-5-O- (50)
glucosyltransferase

CsUGT73A20 ALO19886 UGT73 D Camellia sinensis Flavonoid 7-O/3-O- (51)
glucosyltransferase

CsUGT73AM3 KGN59015 UGT73 D Cucumis sativus Triterpene-3-O- (52)
glucosyltranferase

GmUGT73F2 BAM29362 UGT73 D Glycine max Triterpene 22-O-arabinoside (53)
[1,3]-glucosyltransferase

GmUGT73F4 BAM29363 UGT73 D Glycine max Triterpene 22-O-arabinoside (53)
[1,3]-xylosyltransferase

GmUGT73P2 BAI99584 UGT73 D Glycine max Triterpene 3-O-glucoronide [1,2]- (34)
galactosyltransferase

GuUGAT ANJO03631 UGT73 D Glycyrhiza uralensis Triterpene 3-O- (54)

glucoronosyltransferase/
Triterpene 3-O-glucuronide [1,2]-
glucuronosyltransferase
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Enzyme Accession UGT family = UGT Plant species Reported activity Reference
number Group

MtUGT73F3 ACT34898 UGT73 D Medicago trunctula Triterpene 28-0O- (55)
glucosyltransferase

SIUGT73L4 ADQ37966 UGT73 D Solanum lycopersicum Steroidal alkaloid 3-O-glucoside 41)
[1,3]-xylosyltransferase

StSGT3 ABB84472 UGT73 D Solanum tuberosum Steroidal alkaloid 3-O- (56)
glucoside/galactoside [1,2]-
rhamnosyltransferase

CrsUGT707B1 CCG85331 UGT707 E Crocus sativus Flavonol 3-O-glucoside [1,2]- (57)
glucosyltransferase

FcCGT BBA18062 UGT708 E Citrus paradisi/Fortunella  Flavonoid 3'-C/5'-C- (58)

crassifolia glucosyltransferase

AtUGT71B6 NP_188815 UGT71 E Arabidopsis thaliana Abscisate 3-glucosyltransferase (59)

AtUGT71C1 NP_180536 UGT71 E Arabidopsis thaliana UDP-glucosyl transferase 71C1 (60)

OsUGT707A3 BAC83989 UGT71 E Oryza sativa Flavonoid 3-O- (61)
glycosyltransferase

AtUGT72B1 Q9M156 UGT72 E Arabidopsis thaliana UDP-glycosyltransferase 72B1 (62)

AtUGT72E2 AED98252 UGT72 E Arabidopsis thaliana Hydroxycinnamate 4- (3- (63)
glucosyltransferase

MtUGT72L1 ACC38470 UGT72 E Medicago truncatula Proanthocyanidin precursor- (64)
specific UDP-glycosyltransferase

AmUGTS88D3 ABR57234 UGT88 E Antirrhinum majus Chalcone 4'-O- (65)
glucosyltransferase

MdPGT1 B3TKC8 UGT88 E Malus domestica Phloretin 2'-O- (66)
glucosyltransferase

RhGT1 BAD99560 UGT88 E Rosa hybrida Anthocyanidin 5/3-O- (67)
glucosyltransferase

ScUGT5S BAJ11653 UGT88 E Sinningia cardinalis UDP-glucose:3- (68)
deoxyanthocyanidin 5-O-
glucosyltransferase

GmUGT708D1 [1L3T1 E Glycine max Hydroxyflavanone-2-C- (69)
glucosyltransferase

OsCGT CAQ77160 E Oryza sativa C-glucosyltransferase (70)



Enzyme Accession UGT family = UGT Plant species Reported activity Reference
number Group

AtUGT78D1 Q9S9P6 UGT78 F Arabidopsis thaliana Flavonol 3-O-glucosyltransferase (71)

Fh3GT1 ADK75021 UGT78 F Freesia hybrid cultivar Anthocyanidin 3-O- (72)
glucosyltransferase

VmUF3GaT BAA36972 UGT78 F Vigna mungo Flavonoid 3-O- (73)
galactosyltransferase

VvGT1 AAB81683 UGT78 F Vitis vinifera Anthocyanidin 3-O- (74)
glucosyltransferase

AtUGT85A1 AAF18537 UGT85 G Arabidopsis thaliana Cytokinin-O-glucosyltransferase (75)
2

PdUGT85A19 ABV68925 UGT85 G Prunus dulcis Cyanohydrin glucoside [1,6]- (76)
glucosyltransferase

SbUGT85B1 AAF17077 UGT85 G Sorghum bicolor Cyanohydrin glycosyltransferase (77)
UGT85B1

AtUGT76D1 AEC07843 UGT76 H Arabidopsis thaliana Flavonoid-7-O- (78)
glucosyltransferase

SrUGT76G1 AAR06912 UGT76 H Stevia rebaudiana Diterpenoid 13-O-glucoside [1,3]- (79)
glucosyltransferase

ZmBx8 AAL57037 UGT76 H Zea mays UDP-glucosyltransferase BX8 (80)

AtUGT83A1 Q9SGAS8 UGT83 I Arabidopsis thaliana Unknown (81)

AtUGT87A1 064732 UGT87 J Arabidopsis thaliana Unknown (81)

AtUGT87A2 NP_001077979 UGT87 J Arabidopsis thaliana Unknown (82)

AtUGT86A1 Q9SJLO UGT86 K Arabidopsis thaliana Unknown (81)

AtUGT74E2 NP_172059 UGT74 L Arabidopsis thaliana Auxin (IBA) glycosyltransferase (83)

AsUGT74H5 ACD03250 UGT74 L Avena strigosa N-Methylanthranilate O- (84)
glucosyltransferase

HvUGT13248 ADC92550 UGT74 L Hordeum vulgare Epoxy-sesquiterpenoid-3-O- (85)
glucosyltransferase

OsUGT79 XP_015635481 UGT74 L Oryza sativa Japonica Epoxy-sesquiterpene 3-O- (86)
glucosyltransferase

PgUGT74A1 AGR44631 UGT74 L Panax ginseng Triterpene-3-0O- (39)

glucosyltransferase



45

Enzyme Accession UGT family = UGT Plant species Reported activity Reference
number Group

VhUGT74M1 ABK76266 UGT74 L Vaccaria hispanica Triterpene carboxylic acid 28-O- (87)
glucosyltransferase

ZmIAGT AAA59054 UGT74 L Zea mays Auxin glucosyltransferase (88)

AtUGT75B1 AEE27854 UGT75 L Arabidopsis thaliana Indole-3-acetate b - (89)
glucosyltransferase 1

CrsGT45 ACM66950 UGT75 L Crocus sativus Flavonoid 7-O- (90)
glucosyltransferase

GjUGT75L6 F8WKWO UGT75 L Gardenia jasminoides Apocarotenoid (37)
glucosyltransferase

MdUGT75L17 AAX16493 UGT75 L Malus x domestica Brokh.  UDP-glucose:phloretin 4'-O- (91)
glycosyltrasferase

MpUGT75L4 ABL85474 UGT75 L Maclura pomifera Flavonoid glycosyltransferase (92)

Pf3R4 BAA36421 UGT75 L Perilla frutescens Anthocyanin 5-O- (93)
glucosyltransferase

Via5GT AHL68667 UGT75 L Vitis amurensis Rupr. cv. Anthocyanin 5-O- (94)

'Zuoshanyi glucosyltransferase

AtUGT84A1 Q5XF20 UGT84 L Arabidopsis thaliana Hydroxycinnamate (95)
glucosyltransferase 2

BnUGT84A9a CAS03354 UGT84 L Brassica napus Sinapate/hydroxycinnamate (96)
glucosyltransferase

FaGT2 Q66PF4 UGT84 L Fragaria ananassa Cinnamate glucosyltransferase (97)

GtUF6CGT1 BAQ19550 UGT84 L Gentiana triflora Flavonoid 6-C- (98)
glucosyltransferase

CuLGT BAA93039 UGT84 L Citrus unshui Triterpene (limonoid)-17-0O- (99)
glucosyltransferase

AtUGT92A1 QI9LXVO UGT92 M Arabidopsis thaliana Unknown (81)

CcDOPA5GT BAD91804 UGT92 M Celosia cristata Cyclo-DOPA 5-0O- (100)
glucosyltransferase

MjcDOPASGT BAD91803 UGT92 M Mirabilis jalapa Cyclo-DOPA 5-0O- (100)
glucosyltransferase

AtUGT82A1 Q9LHJ2 UGT82 N Arabidopsis thaliana Unknown (81)
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Enzyme Accession UGT family = UGT Plant species Reported activity Reference
number Group

SIGAME17 XP_004243637 UGT93 O Solanum lycopersicum Steroidal alkaloid 3-O- 41)
galactoside [1,4]-
glucosyltransferase

ZmcisZog1 AAKS53551 UGT93 @) Zea mays cis-zeatin O-glucosyltransferase (101)

OsUGT709A4 BACB80066 UGT709A4 P Oryza sativa Isoflavonoid-7-O- (61)
glucosyltransferase

SgUGT720-269-1 UGT720 P Siraitia grosvenorii Triterpene 24-0/3-0O- (40)

glucosyltransferase




Table S6 Characterised plant UGTs with glycoside-specific glycosyltransferase activity

Enzyme UGT  Group Activity Plant species Reference
family

AtUGT79B6 UGT79 A Flavonol 3-O-galactoside [1,2]- Arabidopsis thaliana (30)
glucosyltransferase

BpUGT94B1 UGT94 A Anthocyanidin 3-O-glucoside [1,2]- Bellis perennis (38)
glucuronosyltransferase

CauGT3 UuGT94 A Flavonol 3-O-glucoside [1,6]- Catharanthus roseus (102)
glucosyltransferase (processive)

Cm1-2RhaT1 UGT94 A Flavonol 7-O-glucoside [1,2]- Citrus maxima (31)
rhamnosyltransferase

Cs1-6RhaT UGTI1 A Flavonol 7-O/3-0 glucoside [1,6]- Citrus sinensis (31)
rhamnosyltransferase

GjJUGT94E5 UGT94 A Apocarotenoid glucoside [1,6]- Gardenia jasminoides (37)
glucosyltransferase

GmUGT79A6 UGT79 A Flavonol 3-O-glucoside/galactoside [1,6]- Glycine max (32)
rhamnosyltransferase

GmUGT79A7 UGT79 A Flavonol 3-O-glucoside/galactoside [1,6]- Glycine max (103)
glucosyltransferase

GmUGT79B30 UGT79 A Flavonol 3-O-glucoside/galactoside [1,2]- Glycine max (104)
glucosyltransferase

GmUGT91H4 UGT91 A Triterpene 3-O-galactoside [1,2]- Glycine max (34)
rhamnosyltransferase

GmUGT91H9 UGT91 A Triterpene 3-O-galactoside [1,2]- Glycine max (35)
glucosyltransferase

LeABRT2 UGT79 A Flavonol 3-O-glucoside [1,6]- Lobelia erinus (33)
rhamnosyltransferase

LeABRT4 UGT79 A Flavonol 3-O-glucoside [1,6]- Lobelia erinus (33)
rhamnosyltransferase

PguGT94Q2 UGT94 A Triterpene 3-O-glucoside [1,2]- Panax ginseng (39)

glucosyltransferase
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Enzyme UGT  Group Activity Plant species Reference
family

PhA3G1-6RhaT UGT79 A Anthocyanidin 3-O-glucoside [1,6]- Petunia hybrida (105)
rhamnosyltransferase

IN3GGT UGTI1 A Anthocyanidin 3-O-glucoside [1,2]- Ipomoea nil (36)
glucosyltransferase

SiUGT94D1 UGT94 A Lignan 2'-O-glucoside [1,6]- Sesamum indicum (106)
glucosyltransferase

SguUGT94-289-3 UGT94 A Triterpene 24-0O-glucoside/3-O-glucoside Siraitia grosvenorii (40)
[1,2]-/[1,6]-glucosyltransferase

SgUGT94-289-2 UGT94 A Triterpene 24-0O-glucoside [1,2]-/[1,6]- Siraitia grosvenorii (40)
glucosyltransferase

SgUGT94-289-1 UGT94 A Triterpene 24-0O-glucoside/3-O-glucoside Siraitia grosvenorii (40)
[1,6]-glucosyltransferase

SIGAME18 UGT94 A Steroidal alkaloid 3-O-glucoside [1,2]- Solanum lycopersicum (41)
glucosyltransferase

VpUGT94F1 UGT94 A Flavonol 3-O-glucoside [1,2]- Veronica persica (42)
glucosyltransferase

GmUGT73F2 UGT73 D Triterpene 22-0O-arabinoside [1,3]- Glycine max (53)
glucosyltransferase

GmUGT73F4 UGT73 D Triterpene 22-O-arabinoside [1,3]- Glycine max (53)
xylosyltransferase

GmUGT73P2 UGT73 D Triterpene 3-O-glucuronide [1,2]- Glycine max (34)
galactosyltransferase

GuUGAT UGT73 D Triterpene 3-O-glucoronosyltransferase/ Glycyrhiza uralensis (54)
Triterpene 3-O-glucuronide [1,2]-
glucuronosyltransferase

SIUGT73L4 UGT73 D Steroidal alkaloid 3-O-glucoside [1,3]- Solanum lycopersicum (41)
xylosyltransferase

StSGT3 UGT73 D Steroidal alkaloid 3-O- Solanum tuberosum (56)

glucoside/galactoside [1,2]-
rhamnosyltransferase
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Enzyme UGT  Group Activity Plant species Reference
family

CsUGT707B1 UGT707 E Flavonol 3-O-glucoside [1,2]- Crocus sativus (57)
glucosyltransferase

PdUGT85A19 UuGT85 G Cyanohydrin glucoside [1,6]- Prunus dulcis (76)
glucosyltransferase

SrUGT76G1 UGT76 H Diterpene 13-0O-glucoside [1,3]- Stevia rebaudiana (79)
glucosyltransferase

SIGAME17 UGT93 @) Steroidal alkaloid 3-O-galactoside [1,4]- Solanum lycopersicum (41)

glucosyltransferase

Triterpene and steroidal glycoside UGTs are indicated in blue.
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Table S7. 13C & 'H & assignments for the product 3p-{[B-D-glucopyranosyl-(1-
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>2)-a-L-arabinopyranosyl]oxy}-12-keto,163-hydroxy-B-amyrin (4b) generated by
co-expression of AsbAS1/SAD1, AsCYP51H10/SAD2, AsAAT1 and
AsUGT91G16 in N. benthamiana.

Carbon numbering scheme and selected COSY and HMBC correlations

HO

" o\\\\“ .-

HO,

.../,,//OH

OH

Carbon
13
Number C5
161 (10, m)
12 217.46 / 1 39.98 i
T 105.47 451 (1H, d, J=6.1) 11 39.39 2.24 (2H, m)
17 104.82 459 (1H, d, J=7.7) 10 3823 /
3 90.89 3.21 (1H, m) 17 3777 /

, 1.86 (1H, m)
2 79.14 3.89 (1H, m) 15 36.91 o
5” 78.25 3.26 (1H, m) 18 36.02 2.64 (1H, dd, J=13.6, 3.9

. 1.84 (1H, m)
3 78.00 3.35 (1H, m) 7 35.74 st

. 1.34 (1H, m)
2 76.02 3.21 (1H, m) 21 35.25 st m
3 73.78 3.77 (1H, m) 29 33.19 0.91 (3H, s)

. 1.86 (1H, m)
4 71.79 3.25 (1H, m) 2 3221 e
6” 71.57 3.64 (2H, m) 20 3202 /

& 69.02 3.84 (1H, m) 27 2958 1.40 (3H, s)
16 66.76 3.92 (1H, m) 23 2872 1.09 (3H, s)

, 3.82 (1H, m) 1.87 (1H, m)
5 62.96 3.64 (1H, m) 2 27.00 1.75 (1H, m)
13 60.02 1.92 (1H, m) 30 2516 0.91 (3H, s)
5 56.85 0.88 (1H, m) 28 2219 0.79 (3H, s)
9 48.52 1.94 (1H, m) 26 2022 0.94 (3H, s)

1.59 (1H, m)
14 47.32 / 6 19.20 Vs (11 m)
1.67 (1H, m)
19 46.73 s 24 17.21 0.88 (3H, s)
8 43.28 / 25 16.51 1.02 (3H, s)
4 40.38 /

MeOH-d4 [referenced to TMS]. Coupling constants are reported as observed and

not corrected for second order effects. Assignments were made via a combination of



51

'H, 13C, COSY, DEPT-edited HSQC, and HMBC experiments. Where signals overlap
'H 3 is reported as the centre of the respective HSQC crosspeak. A HMBC
correlation was clearly observed between the C1’-H of the arabinose moiety and the
C3 of the triterpene scaffold confirming the initial site of glycosylation. This is
consistent with our previously reported functional characterisation of ASAAT1 (16).
The C2’ could be confidently assigned from a COSY correlation between the C1’-H
and C2’-H. Assignment of C2’ allowed confirmation of a 1,2 linkage of the second
saccharide moiety, through observation of a clear HMBC correlation between the
C1”-H and C2’._This clearly supports the proposed function of AsUGT91G1 as being
a triterpene 3-O-arabinose-B-[1,2]-glucosyltransferase. The analysis also revealed
that the compound possessed the triterpene scaffold of 12-keto,163-hydroxy-f3-
amyrin, and not the expected product of AsbAS1 and CYP51H10, 12,13[3-
epoxy,16B3-hydroxy-B-amyrin. This degradation of the avenacin epoxide has been
previously observed (19, 107-109) and mild acid conditions that leave the sugar
chain intact are sufficient to cause the opening of the epoxide ring and the formation
of the ketone (110).
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Table S8. Single nucleotide mutations in the AsUGT91G16 gene of avenacin-

deficient A. strigosa mutants.

Mutant Mutation event Predicted outcome
#85 G963A W321-STOP
#543 G375A W125-STOP
#1073 G776A G259E

#1473 G775A G259R
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Table S9. F2 progeny phenotype ratios of ugt91g16 mutant lines crossed to the
A. strigosa wild type parent (S75).

ugt91g16 Wild type root Mutant short root X2 Wild
mutant phenotype phenotype type:Mutant = 3:1
#543 134 58 2.778 (P> 0.05)

#1473 144 48 0 (P> 0.05)
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Table S$10. Predicted full length AsGH1 transcript identified by BLASTn
searches with the Avena atlantica AsGH1 gene region in a previously
generated A. strigosa accession S75 root tip transcriptome database®.

Name of transcript Transcript Predicted Sequence Transcriptome
length protein identity database
sequence
contig17777 1901 Full length 99.8% (111)

*Only partial sequences were found in the de novo transcriptome generated in this study.



Table S11. Glycosyl hydrolase family 1 (GH1) sequences used in phylogenetic analysis.

Enzyme name Accession GH1 Plant species Activity Publication
group
AaAATGT BAM29304 At/Os 6  Agapanthus africanus Acyl-glucose-dependent (25)
anthocyanin 7-O-
glucosyltransferase
AtBGLU35 Q3ECS3 At Arabidopsis thaliana Myrosinase (112)
AtBGLU38 P37702 At Arabidopsis thaliana Myrosinase (113)
AtBGLUS33 048779 At Arabidopsis thaliana Not determined (114)
AtBGLU30 Q9M1C9 At Arabidopsis thaliana Not determined (114)
AtBGLU31 Q9FLU9 At Arabidopsis thaliana Not determined (114)
AtBGLU26 064883 Atll Arabidopsis thaliana Myrosinase (115)
AtBGLU24 QILKR7 At Arabidopsis thaliana Not determined (114)
AtBGLU40 Q9FZEO At/Os 1 Arabidopsis thaliana Not determined (114)
AtBGLU41 Q9FIU7 At/Os 2 Arabidopsis thaliana Not determined (114)
AtBGLU42 Q9FIW4 At/Os 3  Arabidopsis thaliana B-Glucosidase (116)
AtBGLU44 Q9LV33 At/Os 4  Arabidopsis thaliana B-Mannosidase (114)
AtBGLU45 080689 At/Os 5 Arabidopsis thaliana B-Glucosidase (117)
AtBGLUG AJW76497 At/Os 6  Arabidopsis thaliana Predicted flavonol 3-O- (118)
glucoside 1,6-
glucosyltransferase
AtBGLU10 Q93714 At/Os 6  Arabidopsis thaliana Predicted anthocyanin A9 (119)
glucosyltransferase
AtBGLU12 Q9FHO03 At/Os 7 Arabidopsis thaliana Not determined (114)
AtSFR2 Q93Y07 At/Os 8 Arabidopsis thaliana SENSITIVE TO FREEZING 2 (120)
As-Glu1 Q38786 plastid B- Avena sativa Avenacosidase | (121)
Glu
AsTG1 At/Os 6  Avena strigosa Triterpene 3-O-arabinoside This study
1,4-glucosyltransferase
Bn_zeatin-O- CAA57913 Atll Brassica napus Zeatin B-glucosidase (122)

glucosidase
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Enzyme name Accession GH1 Plant species Activity Publication
group
Cs_B- BAC78656 At/Os 7  Camellia sinensis B-Primeverosidase (123)
primeverosidase
CmAA7GT BAO96250 At/Os 6  Campanula medium Acyl-glucose dependent (24)
anthocyanin 7-O-
glucosyltransferase
DgAA7GT E3WIM3 At/Os 6  Delphinium grandiflorum Acyl-glucose-dependent (23)
anthocyanin 7-O-
glucosytransferase
DgAA7BG-GT1 BAO04178 At/Os 7 Delphinium grandiflorum Acyl-glucose-dependent (21)
anthocyanin
glucosyltransferase
DgAA7BG-GT2 BAO04181 At/Os 7 Delphinium grandiflorum Acyl-glucose-dependent (21)
anthocyanin
glucosyltransferase
DcAASGT E3WIM2 At/Os 6  Dianthus caryophyllus Acyl-glucose-dependent (23)
anthocyanin 5-O-
glucosytransferase
Gm HIUHase Q8S3J3 At/Os 6  Glycine max Hydroxyisourate hydrolase (124)
Os3bglu6 Q8L7J2 At/Os 1 Oryza sativa japonica B-Glucosidase (125)
Os6bglu25 QODA21 At/Os 2  Oryza sativa japonica Not determined (126)
Os1bglu4 Q5N863 At/Os 3  Oryza sativa japonica Not determined (126)
Os12bglu38 Q2QSR8 At/Os 4  Oryza sativa japonica Not determined (126)
Os3bglu7 Q75193 At/Os 4  Oryza sativa japonica Not determined (126)
Os4bglu18 Q7XSKO At/Os 5  Oryza sativa japonica Not determined (126)
Os9bglu31 B7F7K7 At/Os 6  Oryza sativa japonica Acyl-glucose-dependent (22)
flavonol/phenylpropanoid/
phytohormone
glucosyltransferase
Os5bglu21 Q60DY1 At/Os 6  Oryza sativa japonica Not determined (126)
Os1bglus Q5JK35 At/Os 6  Oryza sativa japonica Not determined (126)
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Enzyme name Accession GH1 Plant species Activity Publication
group

Os4bglu10 Q7F9K4 At/Os 7  Oryza sativa japonica Not determined (126)

Os11bglu35 Q53NFO0 At/Os 7  Oryza sativa japonica Not determined (126)

OsSFR2 Q8L6H7 At/Os 8 Oryza sativa japonica SENSITIVE TO FREEZING 2 (126)

Pc Coniferin B- Q97764 At/Os 5  Pinus contorta Coniferin B-glucosidase (127)

glucosidase

Sa Myrosinase P29092 At Sinapis alba Myrosinase (128)

MB3

Sl_B- AAL37714 At/Os 4  Solanum lycopersicum  [-Mannosidase (129)

mannosidase

Sb_dhurrinase AAC49177 plastid B- Sorghum bicolor Dhurrinase (130)

Glu
Tr_linamarinase P26205 At/Os 7  Trifolium repens Cyanogenic B-glucosidase (131)
ZmGilu1 P49235 plastid B- Zea mays B-Glucosidase (132)

Glu
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Table S12. Characterised GH1 plant transglycosidases (TGs)
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Enzyme Accession GH1 Full name Subcellular Plant species Reference
group Localisation
AtSFR2 Q93Y07 At/Os 8 SENSITIVE TO FREEZING 2 chloroplast Arabidopsis thaliana (120)
membrane

AaAA7GT BAM29304 At/Os 6 Acyl-glucose-dependent not determined  Agapanthus africanus (25)
anthocyanin 7-O-
glucosyltransferase

CmAA7GT BAO96250 At/Os6 Acyl-glucose-dependent not determined = Campanula medium (24)
anthocyanin 7-O-
glucosyltransferase

DgAA7GT E3WOM3 At/Os 6 Acyl-glucose-dependent vacuolar Delphinium grandiflorum (23)
anthocyanin 7-O-
glucosyltransferase

DgAA7BG-GT1 BAO04178 At/Os7 Acyl-glucose-dependent vacuolar Delphinium grandiflorum (21)
anthocyanin glucosyltransferase

DgAA7BG-GT2 BAO04181  At/Os7 Acyl-glucose-dependent vacuolar Delphinium grandiflorum (21)
anthocyanin glucosyltransferase

DcAASGT E3WIM2 At/Os 6 Acyl-glucose-dependent vacuolar Dianthus caryophyllus (23)
anthocyanin 5-O-
glucosyltransferase

Os9bglu31 B7F7K7 At/Os 6 Acyl-glucose-dependent vacuolar Oryza sativa japonica (22)

flavonol/phytohormone/phenylpro
panoid glucosyltransferase
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Table S13: '3C & 'H & assignments for the product 3p-{[-D-glucopyranosyl-(1-
>2)-[B-D-glucopyranosyl-(1->4)]-a-L-arabinopyranosyl]oxy}-12-keto,16-
hydroxy-B-amyrin (12b)

generated by co-expression of AsbAS1/SAD1, AsCYP51H10/SAD2, AsAAT1,
AsUGT91G16 and AsTG1 in N. benthamiana.

Carbon numbering scheme and selected COSY and HMBC

Ho

/7~ ™\ HMBC
Carbon Bes He Carbon Bes He
# (100 MHz) (400 MHz) # (100 MHz) (400 MHz)
1.66 (1H, m)
12 21736 / 19 46.68 0.9 (141 m)
1" 105.67 4.47 (1H, d, J=7.7) 8 43.24 /
1 105.19 452 (1h, d, J=5.7) 4 40.35 /

" _ 1.62 (1H, m)
1 104.49 4.62 (1H, d, J=7.7) 1 39.93 12 (1t )
3 91.01 3.20 (1H, m) 11 39.36 2.25 (2H, m)
2 78.70 3.91 (1H, m) 10 38.20 /

4 78.34 3.98 (1H, m) 17 37.73 /

1.87 (1H, m)

3 78.19 3.27 (1H, m) 15 36.87 iy

5'&5"  78.06 3.35 (2H, m) 18 35.99 2.65 (1H, dd, J=13.5,4.0)
3" 77.92 3.27 (1H, m) 7 35.69 184 (1H, m)
1.43 (1H, m)

N 1.34 (1H, m)
2 75.81 3.20 (1H, m) 21 35.22 116 (1. m)
2" 75.44 3.24 (1H, m) 30 33.15 0.91 (3H, s)

, 1.86 (1H, m)
3 73.37 3.89 (1H, m) 22 32.17 V310 m)

& 7191 3.22 (1H, m) 20 31.97 /
4" 71.50 3.26 (1H, m) 27 29.53 1.41(3H, s)
15 66.75 3.91 (1H, m) 24 28.68 1.09 (3H, s)
5 6463 4.12 (1H, dd, J=12.0,4.7) 5 2688 1.87 (1H, m)
3.55 (1H, dd, J=12.0, 2.0) 1.74 (1H, m)
6"  63.12 B (0 ) 29 25.15 0.91 (3H, s)
3.61 (1H, m)
6" 62.77 3.88 (1H, m) 28 22.14 0.79 (3H, s)
3.66 (1H, m)
13 59.99 1.92 (1H, m) 26 20.18 0.94 (3H, s)
1.59 (1H
5 56.82 0.88 (1H, m) 6 19.16 59 (1H, m)
1.42 (1H, m)
9 48.49 1.93 (1H, m) 23 17.18 0.88 (3H, s)

14 47.27 / 25 16.47 1.02 (3H,s)
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MeOH-d4 [referenced to TMS]. Coupling constants are reported as observed and not
corrected for second order effects. Assignments were made via a combination of 'H,
13C, DEPT-135, COSY, DEPT-edited HSQC, HMBC. Where signals overlap 'H & is
reported as the centre of the respective HSQC crosspeak. * anomeric 'H d are in
close agreement with those reported for avenecin A-1: [17] 4.63 (1H, d, J=7.8), [1]]
4.53 (1H, d, J=4.7), [1""] 4.47 (1H, d, J=7.5), providing further support for the correct

trisaccharide moiety being present (109).
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Table S14. Single nucleotide mutations in the astg7 gene of sad3 mutants.
Mutant Mutation event Predicted outcome

#1139 G1800A Intron/exon

#105 G1705A Intron/exon

#368 G216A Val-29 Met

#891 C481T Ala-88 Val
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Table S$15. F2 progeny phenotype ratio of sad3 mutant #1139 crossed to the A.
strigosa wild type parent (S75).

sad3 mutant Root fluorescence phenotype X2 Wild type:mutant = 3:1

Wild type Reduced

#1139 142 48 0.007 (P> 0.05)




Table S16. Primer sequences

Name Sequence Annealing PCR
temperature cycles
UGT expression profiling primers:
GAPDH-RT-PCR-F GGTGGTCATTTCAGCCCCTA 58°C 27
GAPDH-RT-PCR-R CTCCCACCTCTCCAGTCCTT 58°C 27
SAD10FWD GAGGGAGGAGTTGGAGAGGT 58°C 30
SAD10REV GGGCCACAGATCGATCCATT 58°C 30
Frt-UGT99D1 (AsAAT1) CGAGCACAACGTCCACGAGT 58°C 35
Rrt-UGT99D1 (AsAAT1) TTCGCCTCTACAGGTGGTGG 58°C 35
Futr-UGT91G16like AGGAGAGAGGGGTGGGACTA 58°C 35
Rutr-UGT91G16bis GGAACCATATTGAAAAATCGCTTA 58°C 35
Fep-UGT99C4 AGGCTGCCCCTTGAAATAGT 58°C 30
Rep-UGT99C4 ACGTGTCCTTGGTCATCTCC 58°C 30
Frp-UGT99C8 CTGTGGTGCGTGAACACATT 58°C 30
Rrp-UGT99C8 TCCGATCTTGGGTAGTCTGC 58°C 30
Futr-UGT703A5 TGTGATACGCGGTGAGGTAA 58°C 30
Rutr-UGT703A5 AAAGCGAGCGAGGTACAAAA 58°C 30
TG expression profiling primers:
GAPDH-RT-PCR-F GGTGGTCATTTCAGCCCCTA 55°C 30
GAPDH-RT-PCR-R CTCCCACCTCTCCAGTCCTT 55°C 30
Sad1-1-5 ATGTGGAGGCTAACAATAGG 55°C 30
Sad1-2-3 TATCTCATGACGATGTTCCG 55°C 30
F-AsTG-8 CTCGGGAGTCTACTCGACCA 55°C 30
R-AsTG-8 GGGTGTTTCCATTTGCGAGC 55°C 30
Cloning primers:
attB1F-1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTA 50°C 25



Name Sequence Annealing PCR
temperature cycles

attB2R-1 GGGGACCACTTTGTACAAGAAAGCTGGGTA 50°C 25

attLF-1 TCGCGTTAACGCTAGCATGGATCTC 50°C 25

attLR-2 GTAACATCAGAGATTTTGAGACAC 50°C 25

Fgw-UGT91G16 AAAAAGCAGGCTTAATGGCCGCCTCTGCTTCC 60°C 18

Rgw-UGT91G16 GAAAGCTGGGTATCAGTCCATGTAAGACGTGAGCTGCTG 60°C 18

Fgw-AsTG AAAAAGCAGGCTTAATGGCACTGCTGCTCTGC 60°C 18

Rgw-AsTG AGAAAGCTGGGTATCACGCAGAGTCGTAATATTGT 60°C 18

Fgw-nosigAsTG AAAAAGCAGGCTTAATGGGAGACGTTGTGGTGGCG 60°C 18

Primers used to amplify AsUGT91G 16 gene in avenacin-deficient mutants:

F-UGT91G16-0816 GCCCGCTACCTATTTGAATGGTGG 67°C 40

RoutUGT91G16 GTGTTGACCATGCACGAATCTCC 67°C 40

Primers used to sequence AsUGT971G16 gene in avenacin-deficient mutants:

F-UGT91G16-0816 GCCCGCTACCTATTTGAATGGTGG

Rutr-UGT91G16-bis GGAACCATATTGAAAAATCGCTTA

AsUGT91G16 gene primers for F» analysis:

FUTR-UGT91G16-0516 TGTTTTTGTAAGCAGCGGGC 67°C 40

RUTR-UGT91G16-0516 AGGTAGTACACTCGCTCGCT 67°C 40

AsUGT91G16 gene sequencing primers for F» analysis:

Rrt-UGT91G16 ACGACCAGCTGAAGCTTGCC

Primers used to amplify AsTG1 gene in avenacin-deficient mutants:

R-AsTG-tot-1 GCGCGGTCTCAAACTTGTTT 65°C 40

F-AsTG-3 TGTCTTCCAGGCTAGTGGGA 65°C 40

Primers used to sequence AsTG17 gene in avenacin deficient mutants:
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Name Sequence Annealing PCR
temperature cycles

R-AsTG-3 TGCTGCAACATCTCCGGTAG

F-AsTG-4 TGTTTCTCTTCAGCCTCCGG

F-AsTG-5 GATTATAAGCAAGCCGCCGC

R-AsTG-6 GCTTGAGATTGAAGGCGTGC

F-AsTG-7 GGACTACCCTCCGGTGATGA

R-AsTG-7 CAGCCCGTCCTGAATGAAGT

F-AsTG-8 CTCGGGAGTCTACTCGACCA

R-AsTG-9 TCTTGCCGACAAAGAGCCAT

F-AsTG-10 ACTCCGCCAGATGGTACTCT

R-AsTG-10 GTTGTTGGACCACCTAGCGA

AsTG1 gene primers for F2 analysis:

F-AsTG-7 GGACTACCCTCCGGTGATGA 66°C 40

R-AsTG-7 CAGCCCGTCCTGAATGAAGT 66°C 40

AsTG1 sequencing primer for F2 analysis:

R-AsTG-7 CAGCCCGTCCTGAATGAAGT

C-terminal AsTG1:fluorescent protein fusion construct primers:

Fgw-AsTGsig-FULL GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCACTGCTGCTCTGC

Fgw-AsTG-NOSIG-FULL GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGAGACGTTGTGGTGGCG

Rgw-AsTG-NOSTOP- GGGGACCACTTTGTACAAGAAAGCTGGGTACGCAGAGTCGTAATATTGTTTC

FULL

N-terminal GFP AsUGT91G16 fusion construct primers:

AsUGT91-NTGW AAAAAGCAGGCTTATGGCCGCCTCTGCTTCC

Rgw-UGT91G16 GAAAGCTGGGTATCAGTCCATGTAAGACGTGAGCTGCTG 60°C 18

C-terminal GFP fusion AsUGT91G16 construct primers:
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Name Sequence Annealing PCR
temperature cycles
Fgw-UGT91G16 AAAAAGCAGGCTTAATGGCCGCCTCTGCTTCC 60°C 18

Rgw-UGT91-NOSTOP AGAAAGCTGGGTAGTCCATGTAAGACGTGAGCTGCTG

Fluorescent fusion construct sequencing primers:

midRFP-Rev GAGCCGTACTGGAACTGAGG
midGFP-Rev GTAGTTCCCGTCGTCCTTGA
midGFP-For TCAAGGAGGACGGAAACATC

midRFP-For CATCCCCGACTACTTGAAGC
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