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Abstract

Glycosylation contributes to the diversity and stability of anthocyanins in plants. The
process is catalyzed by various glucosyltransferases using different anthocyanidin
aglycones and glycosyl donors. An anthocyanidin
3-O-glucoside-2"’-O-glucosyltransferase (3GGT) from purple sweetpotato (cv.

Ayamurasaki) served for the catalytic conversion of anthocyanidin 3-O-glucoside into
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anthocyanidin 3-O-sophoroside, which is functionally different from the 3GGT
ortholog of Arabidopsis. The phylogenetic analysis indicates regioselectivity of 3GGT
using UDP-xylose or UDP-glucose as the glycosyl is divergent between
Convolvulaceae and Arabidopsis. Homology-based protein modeling and site-directed
mutagenesis of Ib3GGT and At3GGT suggested that the Thr-138 of Ib3GGT is a key
amino acid residue for UDP-glucose recognition and plays a major role in sugar donor
selectivity. The wild type and ugt79b1 mutants of Arabidopsis plants overexpressing
Ib3GGT produced the new component cyanidin 3-O-sophoroside. Moreover, Ib3GGT
expression was associated with anthocyanin accumulation in different tissues during
Ayamurasaki plant development and was regulated by the transcription factor
IbMYBL1. The localization assay of Ib3GGT showed that further glycosylation occurs
in the cytosol and not endoplasmic reticulum. The present study revealed the function
of Ib3GGT in further glycosylation of anthocyanins and its Thr-138 is the key amino

acid residue for UDP-glucose recognition.

Key words: Ipomoea batatas, anthocyanins, further glycosylation, UDP-glucose,

glucosyltransferase, regioselectivity.

I ntroduction

Anthocyanins are major secondary metabolites responsible for color variation in
plants, exhibiting health-promoting properties (de Pascual-Teresa and
Sanchez-Ballesta, 2008; He and Giusti, 2010). The basic structures of anthocyanins
are mono- and di-glycosylated forms in common anthocyanidins, which include
cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin (Moglia et al.,
2014). Different sugar moieties, i.e., glucose, galactose, xylose, arabinose, or fructose
can be linked to hydroxyl groups at 3, 5, 7, 3’, and 5’ positions, with the glycosylation
at the 3" position on the C-ring ubiquitously (Andersen and Jordheim, 2010).
Glycosylation of 3-OH is catalyzed by a series of UDP carbohydrate-dependent
glycosyltransferases (UGTSs), which utilize the nucleotide-activated sugars as donor
substrates and anthocyanidin aglycones or anthocyanins as acceptors. These activities
increase the structural diversity of anthocyanins by adding different types and/or
numbers of sugar moieties on various positions (Gachon et al., 2005). The

glycosylation of anthocyanin is speculated to occur on the cytoplasmic surface of the
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endoplasmic reticulum (ER), and may serve as a signal for the transport of
anthocyanins to vacuoles via multiple pathways; this transport is essential for the
stable storage of anthocyanins in vacuoles (Ono et al., 2006; Matsuba et al., 2010; Sun
etal., 2012; Zhao et al., 2011; Zhao, 2015). Glycosylation also participates in the fine
adjustment and stabilization of flower pigmentation in ornamental plants
(Yonekura-Sakakibara et al., 2012).

Monoglycosylation of anthocyanidins produces anthocyanidin 3-O-glucosides,
the first major stable colored pigments in the anthocyanin biosynthesis pathway
(Griesser et al., 2008a; Montefiori et al., 2011). Deficiency of the activity of the
corresponding UDP-glucose:flavonoid 3-O-glycosyltransferase (UF3GT), in maize
bronzel and Arabidopsis anll, results in a significantly suppressed accumulation of
anthocyanin (Fedoroff et al., 1984; Kubo et al., 2007). Until now, UF3GT is one of
the well-characterized UGTs related to anthocyanin biosynthesis (Gachon et al., 2005;
Yonekura-Sakakibara and Hanada, 2011). Further glycosylation of anthocyanidin
3-O-glucosides involves diverse sugars in different species, such as UDP-rhamnose,
UDP-glucose, UDP-xylose, and UDP-arabinose, as donor substrates to be added at a
species-specific position to the glycosides of mono 3-O-glycosylated anthocyanins
(Yonekura-Sakakibara et al., 2012). The mutants affected in this further glycosylation
function may be impacted in the anthocyanin accumulation, as reported in petunia and
Japanese morning glory (Kroon et al., 1994; Morita et al., 2005). Since all the UGT
proteins are highly similar in their secondary and tertiary structures, with a defined
fold structure and highly conserved putative secondary product glycosyltransferase
(PSPG) motif (Breton et al., 2006; Lairson et al., 2008; Osmani et al., 2009),
structure-based modeling have identified the key residues of UF3GT responsible for
sugar donor specificity (Kubo et al., 2004) in Arabidopsis (Kim et al., 2013), Freesia
hybrid (Sun et al., 2016), grapes (Offen et al., 2006; Ono et al., 2010), lamiales
(Noguchi et al., 2009), perilla (Noguchi et al., 2009), and red daisy (Osmani et al.,
2009). Nevertheless, the residues involved in UDP-sugar selectivity in 3GGT are yet

unknown.

Although the anthocyanidin decoration by glycosylation is progressive, it
commonly begins with 3-O-glycosylation to ensure the stability of the aglycon.
Additional glycosylation leads to the compound and functional diversity, thereby
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contributing to several varieties of anthocyanins in the plant (Gachon et al., 2005;
Caputi et al., 2012). To date, more than 600 anthocyanins or their derivatives have
been identified in nature (Glover and Martin, 2012); however, only a limited number
of genes encoding UFGTSs in different species have been well characterized. Several
flavonoid 3-O-glycosyltransferases have been characterized in Arabidopsis (Kubo et
al., 2007; Saito et al., 2013), strawberry (Griesser et al., 2008a, b), grapes (Offen et al.,
2006), and maize (Fedoroff et al., 1984). In addition, for further flavonoid
glycosylation multiple UGTs were also characterized, including anthocyanidin
3-O-glucoside 6°’-O-rhamnosyltransferase in Petunia hybrida (Kroon et al., 1994),
anthocyanidin 3-O-glucoside 2°’-O-glucuronosyltransferase in red daisy flowers
(Sawada et al., 2005), and flavonol 3-O-glucoside 2°’-O-glucosyltransferase in
Arabidopsis (Yonekura-Sakakibara et al., 2014). Apparently, the divergence towards
different glycosylation types occurs at this step. At the same 2” position, different
glycosylation types, i.e., glycosylation or xylosylation, are found in various plant
species. In morning glory, anthocyanidin 3-O-glucoside 2°’-O-glucosyltransferase
catalyzes the addition of a glucose molecule to anthocyanidin 3-O-glucosides on the 2”
position to form anthocyanidin 3-O-sophorosides (Morita et al., 2005). In Arabidopsis,
further glycosylation of the 3-O-glucoside is catalyzed by anthocyanidin
3-O-glucoside 2’’-O-xylosyltransferase (AtA3G2XyIT, i.e., At3GGT) to add one
xylose molecule specifically to the first glucose residue (Yonekura-Sakakibara et al.,
2012). Further decorations, for example, to the diversity or functionality,

malonylation and aromatic acylation rely on the glycosylation of anthocyanidins
(Sasaki et al., 2014).

Purple sweetpotato (Ipomoea batatas) accumulates a lot of anthocyanins in
storage roots. Anthocyanidin 3-O-glucoside-2’’-O-glucoside (anthocyanin
3-O-sophoroside) and derivatives are the major anthocyanin compounds (Tian et al.,
2005). So far, at least 26 components, mostly caffeoylated, coumarylated or
feruloylated anthocyanidin glucosides have been identified (Truong et al., 2009; Lee
etal., 2013). In contrast, 11 anthocyanins have been identified in Arabidopsis; all of
them derived from cyanidin 3-O-glucoside-2’’-O-xyloside (Tohge et al., 2005;
Yonekura-Sakakibara et al., 2012; Kovinich et al., 2014). Therefore, unlike

Arabidopsis, purple sweetpotato uses UDP-glucose as sugar donor for further
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glycosylation of anthocyanidin 3-O-glucosides to form anthocyanidin
3-O-sophorosides. In the present study, we characterized a UFGT, termed as
UDP-glucose:anthocyanidin 3-O-glucoside-2’’-O-glucosyltransferase (IbA3G2GIuT,
i.e., Ib3GGT) that catalyzes the anthocyanin glycosylation in purple sweetpotato and

its key amino acid for sugar donor selectivity.
Materials and methods

Plant materials

The purple-fleshed sweetpotato (Ipomoea batatas Lam.) cultivar Ayamurasaki was
used in this study. The in vitro shoot cultures were subcultured on SBM medium (MS
salts including vitamins + 0.3 mg/L VB1 + 30 g/L sucrose, pH 5.8) in plant growth
chambers under a 16 h photoperiod provided by cool-white fluorescent tubes (~50
umol/m?/s), at 25°C and 50% relative humidity. One-month-old plantlets were
transplanted into plastic pots containing well-mixed soil (soil:peat:perlite, 1:1:1) and
grown in the greenhouse (16 h/8 h light/dark cycle, 25°C day/night). Various tissues
including leaves, stems, fibrous roots, and storage roots of sweetpotato plants at
different developmental stages were harvested from the pot- or field-grown plants for
multiple analyses. The Arabidopsis plants were grown under a 16 h/8 h light/dark
cycle, at 22°C in the growth chamber.

Plasmid construction and production of transgenic sweetpotato

The open reading frame of Ib3GGT (1380 bp) was amplified from the cDNA of
sweetpotato Ayamurasaki using the primers Ib3GGTF
(5’-CGGGGTACCATGGGTTCTCAAGCAACAAC-3’, Kpnl site underlined) and
Ib3GGTR (5’-AATGTCGACTCATCCAAGGAGATCCTGCA-3’, Sall site
underlined). This fragment was inserted into the Kpnl/Sall sites of the
pCAMBIA1301-based plant expression vector to generate the binary vector
pOE-Ib3GGT containing the expression cassette of Ib3GGT driven by the CaMV 35S
promoter. The pRNAI-Ib3GGT binary vector was manipulated to express
double-stranded hairpin RNA of the 252 bp Ib3GGT fragment (382—-633 bp) based on
the pRNAI-DFR vector (Wang et al., 2013). Then, pOE-Ib3GGT and pRNAI-Ib3GGT
were introduced into Agrobacterium tumefaciens strain LBA4404 for sweetpotato
transformation, as described previously (Yang et al., 2011). Transgenic plants were

produced and verified for Ib3GGT expression by real-time RT-PCR. For total Ib3GGT
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expression, an internal primer pair of Ib3GGT was designed for detecting the Ib3GGT
expression in WT, OE-Ib3GGT and RNAI-Ib3GGT plants by real-time RT-PCR
(Table S2). The Actin gene of sweetpotato was used as an internal control for gene

amplification.

Transfor mation and analysis of | b3GGT-over expr essing Arabidopsis

Two independent UGT79B1 Arabidopsis transposon mutants, ugt79b1-1 and
ugt79b1-2 (Kuromori et al., 2004; Ito et al., 2005), along with the WT Nossen and
ecotype Col-0 were transformed with A. tumefaciens LB4404 harboring pOE-Ib3GGT,
using the floral dip method (Clough and Bent, 1998). The transformants were selected
on 1/2 MS medium containing 50 mg/L hygromycin for Nossen and mutants or 25
mg/L hygromycin for Col-0 plants. The RNA extracted from T3 homozygous
Arabidopsis seedlings was used for RT-PCR analysis. The primer pairs used to detect
the expression of At3GGT and Ib3GGT in WT and transgenic Arabidopsis plants were
designed using software Primer 3.0 and listed in Table S2. At3GGT were amplified a
223-bp fragment from position +369 to +591 bp and Ib3GGT were amplified a 189-bp
fragment from +1009 to +1197 bp. The Actin gene of Arabidopsiswas used as a

reference gene.

Phylogenetic Analysis

To construct a phylogenetic tree, 16 UGT protein sequences obtained from NCBI
GenBank were aligned by ClustalwW and implemented in MEGAG6 (Tamura et al.,
2013). Ten closely related UGTs were used to illustrate the relationship. The
maximum likelihood method was used to obtain the alignment results (Stamatakis,

2014). Bootstrap values were obtained with 1000 replications.

Site-directed mutagenesis and in vitro enzymatic assay of recombinant |b3GGT
and At3GGT

The full-length sequence of the Ib3GGT gene was amplified by PCR using the
primers IbGGT-FP (5’-CCCAAGCTTATGGGTTCTCAAGCAACAAC-3’, HindllI
site underlined) and IbGGT-RP
(5’-CGCGGATCCTCACATCACCATCACCATCACTCCAAGGAGATCCTGCA-3,
BamHI site and 6 His sites underlined). The full-length At3GGT was amplified by
PCR using the primers AtGGT-FP
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185 (5-GGGGTACCATGGGTGTTTTTGGATCGAA-3’, Kpnl site underlined) and

186  AtGGT-RP

187 (5’-CGGAATTCTCACATCACCATCACCATCACTGACTTCACAAGTTCAATTA
188  AATT-3’, EcoRl site and 6 His sites underlined). Site-directed mutations were

189  generated by changing the Thr-138 nucleotide ACC into ATT in Ib3GGT and lle-142
190  ATC into ACT in At3GGT using PCR-based amplification with a Phusion

191  Site-Directed Mutagenesis Kit (Thermo Scientific). The sequence fragments, with or

192 without the mutation of the 3GGTs, were cloned into the pYES2 vector and

193  introduced in Saccharomyces cerevisiae BY4742 according to the manufacturer’s
194 instructions (Cat# VV825-20, Invitrogen). The recombinant 3GGT proteins were

195  induced by replacing the carbon source from 2% glucose to 2% galactose in the SC-U
196  medium. The reaction mixture for the 3GGT enzymatic assay consisted of 100 mM
197  phosphate buffer (pH 7.0), 0.6 mM flavonoid aglycones (cyanidin,

198  cyanidin3-O-glucoside, cyanidin 3,5-O-diglucoside, or flavonol 3-O-glucoside), 1
199  mM UDP-glucose, and 20 pL of crude yeast extract as the enzymatic solution in a
200  reaction volume of 100 pL. After incubation for 2 h at 37°C, the reaction was

201 terminated by centrifugation. The enzymatic activity of mutant 3GGT was assessed
202 by cyanidin 3-O-glucoside as the acceptor substrate and different UDP-sugars

203  (UDP-glucose, UDP-xylose, UDP-galactose or UDP-arabinose) as a sugar donor.

204 LC-MSanalyses of metabolites obtained by enzymatic reaction

205  Ten pL of filtered supernatants were analyzed on an Agilent

206 HPLC1200-MSD/Q-TOF 6520 system (Agilent, Waldbronn, Germany) as described
207  previously (Wang et al., 2013). Briefly, the mobile phase consisted of 0.5% (v/v)

208  acetic acid in water (eluent A) and 100% acetonitrile (eluent B). The samples eluted at
209  a flow rate of 0.2 mL/min passed through a reverse-phase C18 column (Agilent

210 ZORBAX Eclipse XDB, 4.6 x 50 mm ID, 1.8 um), and a DAD detector at 530 nm
211 monitored the anthocyanin. Subsequently, an ESI interfaced Q-TOF mass detector
212 (m/z40-1500) collected the mass m/z data that were processed by Agilent Mass

213 Hunter Qualitative Analysis (version 3.0) for the estimation of accurate molecular
214 mass as well as spectrum evaluation. Cyanidin 3-O-sophoroside (Tongtian, Shanghai,

215  China) was used as a standard.

216 Subcellular localization of Ib3GGT in plant cells
7133
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217 The Ib3GGT gene was amplified by PCR using Pfu polymerase (Takara, Shanghai,
218  China) to obtain a non-stop coding sequence using the primers FPGGT_L

219  (5’-AATGTCGACATGGGTTCTCAAGCAACAAC-3’, Sall site underlined) and

220 RPGGT_L (5’-GGACTAGTCCAAGGAGATCCTGCAGTT-3’, Spel site underlined).
221  Ib3GGT-eGFP was constructed by inserting the Ib3GGT fragment into the

222 corresponding sites of a modified pCambial300 to fuse with the eGFP coding

223  sequence. The construction of the ER-marker (Nelson et al., 2007) and the expression
224 construct for mRFP (Claudia et al., 2017) has been described elsewhere. The ER

225  marker, ER-mCherry, contains a signal peptide of AtWAK?2 at the N-terminal and a
226  synthetic HDEL at the C-terminal (He et al., 1999; Nelson et al., 2007). All constructs
227  were introduced into A. tumefaciens GV3101 (pMP90). The growth conditions for N.
228  benthamiana and A. tumefaciens, as well as the agro-infiltration procedure, were

229  described previously (Leuzinger et al., 2013). The images were acquired 36 h

230  post-infiltration with a Leica SP8X confocal microscope equipped with a Leica HC
231  PLAPO CS2 63x/1.20 water immersion objective. The GFP fluorescence was

232 detected by hybrid detector HyD1 in the range of 500-540 nm and excited using the
233 488-nm line of an argon ion laser. mCherry and mRFP fluorescence were detected in
234 the range of 580-630 nm by HyD2 after excitation at 561 nm with a diode-pumped
235  solid-state laser. Both fluorophores were recorded line-by-line sequentially at a 3- to
236  4-fold average in a background noise-dependent manner. The Leica Application Suite

237 X software was used for image acquisition and intensity estimations.

238  Anthocyanin measur ement and detection

239  Total anthocyanins in the WT and transgenic lines were extracted using previously
240  described methods with slight modifications (Wang et al., 2013). The total content of
241  anthocyanin in the WT and transgenic lines was quantified as cyanidin

242  3-O-sophoroside equivalent. The anthocyanin autofluorescence in epidermal cells of
243  sweetpotato leaves was examined using a PCM-2000/Nikon Eclipse 600

244 laser-scanning microscope (Nikon, Japan) equipped with an argon and helium-neon

245  laser (excitation 488 nm, emission 544 nm).

246  Luciferase assay
247 The Ib3GGT promoter (2000 bp) was amplified by the primers Ib3GGTprFP
248  (3’-AACTGCAGTTCAGTCAGGCAATCACAGG-5’, Pstl site underlined) and
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Ib3GGTprRP (3’-CGCGGATCCAATAATACCTAGCTAGCT-5’, BamHl site
underlined) and cloned into the pLLOOR vector to generate the luciferase reporter
vector. The IbMYBL gene was amplified by the primers Ib0MYB1FP
(3’-GGGGTACCATGGTTATTTCATCTGTATG, Kpnl site underlined) and
IbMYB1RP (3’-AACTGCAGTTAGCTTAACAGTTCTGAC-5’, Pstl site underlined)
and subcloned into pPCAMBIA1300 to generate the CaMV35S-IbMYB1 effector
plasmid. A. tumefaciens strain GV3101 harboring the Ib3GGT promoter-LUC reporter
and CaMV 35S-IbMYBL1 effector was infiltrated into the 5-week-old N. benthamiana
leaves using a needleless syringe for assessing the luciferase activity. The plants were
grown for 48 h (16 h/8 h light/dark cycle, 25°C day/night), followed by injecting the
leaves with 0.94 mM luciferin as substrate. The leaves were collected in the dark after
3 min and luciferase signals detected on a Tanon-5200 image system. The LUC
reporter empty vector with 35S-IbMYB1 or Ib3GGT promoter-LUC reporter with
empty effector vector was also co-infiltrated as a negative control. These experiments

were repeated at least three times, and similar results were obtained.

Molecular modeling of Ib3GGT and At3GGT active sites

The 3D models of Ib3GGT and At3GGT were generated using SWISS-MODEL
workspace (Biasini et al., 2014; Wetterhorn et al., 2016) and I-TASSER server
(Hiromoto et al., 2006) based on the structure of N-/O-glucosyltransferase of A.
thaliana that served as a template (UGT72B1 PDB ID: 2VCE, Brazier-Hicks et al.,
2007). The substrate binding sites were predicted by superposing both models to
UGT72B1 using the COOT program (Emsley et al., 2010).

Statistical analyses

All data were represented as mean = SD from at least three biological replicates.
One-way ANOVA analyses were performed by using SPSS Statistics 17.0 to Duncan’s
multiple comparison tests. A value of P < 0.05 was considered as statistically

significant difference.

Results

Comparison of anthocyanins indicates different further glycosylation patternsin

sweetpotato and Arabidopsis

In purple sweetpotato cv. Ayamurasaki, anthocyanins include aromatically acylated
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anthocyanidin 3-O-sophoroside and derivatives, whereas in Arabidopsis Col-0,
anthocyanin components are anthocyanidin 3-O-glucoside-2""-O-xylosylderivatives
(Table S1). This phenomenon implies that, although the first glycosylation step of
anthocyanins is similar for the production of anthocyanidin 3-O-glucosides and is
catalyzed by UDP-glucose:flavonoid 3-O-glucosyltransferases, further modifications
of anthocyanidin 3-O-glucosides diverge based on the utilization of different sugar
donors, i.e. glucose in sweetpotato and xylose in Arabidopsis. In Arabidopsis,
glycosyltransferase UGT79B1 (At3GGT) catalyzes the conversion of UDP-xylose
and cyanidin 3-O-glucoside into cyanidin 3-O-glucoside-2""-O-xyloside (Tohge et al.,
2005; Saito et al., 2013). In sweetpotato, a novel glucosyltransferase,
UDP-glucose:anthocyanidin 3-O-glucoside-2-O-glucosyltransferase (Ib3GGT), was

predicted to participate in further glycosylation.
Cloning and phylogenetic char acterization of Ib3GGT

The full-length Ib3GGT CDS sequence (GenBank accession number EF108571) was
identified from a sweetpotato cDNA library by comparison with the At3GGT
sequence. The 1380-bp 1b3GGT gene harbors an open-reading frame encoding 459
amino acids (aa) with a calculated molecular mass of 50.87 kDa and an isoelectric
point 6.537. Further sequence analysis of Ib3GGT showed that its amino acid
sequence shared the common domain of PSPG box (334-377 aa, Fig. 1A) with other
UF3GGTs in the C-terminal region (Osmani et al., 2009). In addition, although the
sugar donor specificity was reported to be partially determined by the last amino acid
residue of the PSPG box, i.e., glutamine (GIn) for UDP-glucose and histidine (His)
for UDP-galactose (Kubo et al., 2004), the last residue of PSPG in Ib3GGT (at 377
aa), At3GGTF (UDP-glucose:flavonol 3-O-glucoside-2’’-O-glucosyltransferase),
At3GGT, and Ip3GGT are Gln that is conserved among these glycosyltransferases.
This phenomenon indicated that other amino acid residues in their sequences might

contribute towards sugar donor specificity, which necessitates further elucidation.

Phylogenetic analysis showed that Ib3GGT belongs to a cluster of typical further
glycosyltransferases, and is most closely related to Ip3GGT of Ipomoea purpurea
(Morita et al., 2005), showing 94.3% identity (Fig. 1B). Ib3GGT is also homologous
to At3GGT and At3GGTF with 45.7% and 45.6% identity, respectively.
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311 Ib3GGT isan enzyme that catalyzes the glycosylation of anthocyanidin
312 3-O-glucoside into anthocyanidin 3-O-sophoroside

313  To further examine the function of Ib3GGT in vitro, recombinant His-tag fusion

314  Ib3GGT and At3GGT proteins expressed in the yeast expression vector pYES2

315  (Invitrogen, USA), were used for assessing the enzymatic activity. The specificity of
316  Ib3GGT was examined using different sugar acceptors and donors. The recombinant
317  Ib3GGT protein only catalyzed the conversion of cyanidin 3-O-glucoside into

318  cyanidin 3-O-sophoroside using UDP-glucose as a sugar donor (Fig. 2A). Other

319  glucosyl acceptors such as cyanidin, cyanidin 3,5-O-diglucoside, and flavonol

320  3-O-glucoside could not serve as substrates, and hence, no product was detected (Fig.
321 2B, 2C, 2D), similar to the negative control (empty vector) (Fig. 2E). In addition, the
322  Ib3GGT protein could use peonidin 3-O-glucoside as the glycosyl acceptor to form
323  peonidin 3-O-sophoroside (Fig. 2F). These findings indicated that Ib3GGT used

324  anthocyanidin 3-O-glucoside as the glycosyl acceptor.

325 Ib3GGT specificity was also confirmed using four different UDP-sugars (Table
326  1). No detectable or predominant UGT activity was detected by UDP-sugars except
327  UDP-glucose, indicating that Ib3GGT is highly specific to UDP-glucose. The weak
328 utilization of UDP-xylose to produce cyanidin 3-O-glucoside-2”’-O-xyloside

329 indicated the low affinity to this substrate. In contrast, the At3GGT protein was

330 capable of using only UDP-xylose (not for UDP-glucose) as the sugar donor to

331 catalyze cyanidin 3-O-glucoside into cyanidin 3-O-glucoside-2”’-O-xyloside (Table 1,
332  Yonekura-Sakakibara et al., 2012), showing the divergence in the specificity of sugar
333  donors by the two UF3GGTs from different species.

334  Thr-138 of Ib3GGT contributesto sugar donor preference

335  To further identify the key amino acid residue of Ib3GGT responsible for sugar donor
336  recognition, docking experiments were performed based on the 3D structures of over
337 10 different glycosyltransferases enzymes from various plants (Brazier-Hicks et al.,
338  2007; Hiromoto et al., 2006; Hiromoto et al.,2013; Modoloet et al., 2009; Offen et al.,
339  2006; Shao et al., 2005; Wetterhorn et al., 2016). The overall structures of these

340  glycosyltransferases share a similar folding topology: two Rossmann-like domains
341  formed a cleft which contains two substrates binding sites and one functional

342  conserved histidine residues located between these sites (Supplementary Fig.S1). By
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using DALI services 8 (Holm and Laakso, 2016), more UGT homologous structures
were analyzed and the root mean square deviations (RMSDs) between each other
ranged from 1.1 to 2.5 A over the core structure region (Supplementary Fig. S2).
Although the sugar acceptor ligands in these structures are diverse, the sugar donors
(most of them are UDP-glucose) are similar and share a group of conserved residues

in their binding pockets (Supplementary Fig. S2).

Two different methods, SWISS-MODEL (Biasini et al., 2014) and I-TASSER
Suite (Yang et al., 2015), were used for Ib3GGT structure modeling building. To
qualify the modeling results, the overall structures of Ib3GGT with the two service
models were compared with proteins 2VG8 and 2VCH; then the corresponding
residues in the modeling structures were also checked. Both sets of results were
similar, especially in the ligand binding sites (Supplementary Fig. S3). The RMSD
between two 1b3GGT modeling structures is 1.72A and two At3GGT modeling
structures is 1.92A, showing similar structure folding of the two services. Thus, the
results of SWISS-MODEL service were used to compare the Ib3GGT/At3GGT
modeling structures with an Arabidopsis thaliana O-glucosyltransferase (PDB ID:
2V CE, Brazier-Hicks et al., 2007) by superposing all three structures together. The
UDP-glucose in the template structure (2VCE) was also well bound in
Ib3GGT/At3GGT modeling structures. In Ib3GGT modeling structure,
Thr22/Ser276/Glu360/GIn337/GIn338/Trp334 form a binding pocket and interact
with the uridine group of UDP-glucose (Fig. 3A, Supplementary Fig.S1B);
Glu277/His352/Ser357 show tightly interactions with diphosphate group
(Supplementary Fig.S1C). All these residues are extremely conserved in UGTs (Hsu
et al., 2018; Thompson et al., 2017).

The two modeling structures shared a common group of residues in binding the
sugar donors (Glu277/Asp376/GIn377 in Ib3GGT and GIn285/Glu385/GIn386 in
At3GGT). The only difference in sugar binding pocket is the Thr-138 in Ib3GGT
which is equivalent to lle-142 in At3GGT. The distance between O-6-glucose and

Thr-138 is 2.7A (Supplementary Fig. S4), which can form a tight interaction.
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However, the distance in At3GGT is 1.7A (Supplementary Fig.S4B), which is too
short to bind the UDP-glucose. While replacing UDP-glucose with UDP-xylose in the
same position may lead to weak interaction between the xylose group and Thr-138 in
Ib3GGT (Supplementary Fig.S4C) and forms a 3.9A hydrophobic interaction in
At3GGT (Supplementary Fig. S4D). These modeling observations are consistent with
our enzymatic activity assays (Table 1). Therefore, we hypothesized that the residue
Thr-138 in Ib3GGT and its equivalence lle-142 in At3GGT are the key residues for

sugar donor specificity in purple sweetpotato and Arabidopsis, respectively.

To further attest to our hypothesis, firstly the corresponding site-directed mutants,
namely 1b3GGT™®' (Thr-138 changed to lle-138) and At3GGT"*? (lle-142 changed
to Thr-142), were constructed. Their enzyme activity showed that both the intact
protein and 1b3GGT**®* could catalyze UDP-xylose to cyanidin
3-O-glucoside-2”-O-xyloside. However, the Ib3GGT ™ mutant failed to use
UDP-glucose (Fig. 3B). On the other hand, At3GGT"*" could not only primarily
catalyze UDP-xylose to produce cyanidin 3-O-glucoside-2’-O-xyloside but also use
UDP-glucose to synthesize cyanidin 3-O-sophorosides. These findings confirmed that

T138 is a key residue for sugar (glucose/xylose) recognition in Ib3GGT.

To check whether the Thr-138 is a key residue for other sugar recognition, 3D
models generated for UDP-galactose and UDP-arabinose were compared in the same
position with UDP-glucose and UDP-xylose. The only difference between
UDP-galactose and UDP-glucose is the direction of OsH moiety which changes the
distance between O,H moiety with the main chain N from 3.1A t0 4.93A, thus
UDP-galactose should have less binding affinity than UDP-glucose (Supplementary
Fig. S5A, S5B). The UDP-arabinose also has less binding affinity than UDP-xylose as
the disappearance of the interaction between O5 with His-20 (Supplementary Fig.
S5C, S5D). As expected, no enzymatic activities were detected for Ib3GGT or
Ib3GGT ™*¥' using UDP-galactose and UDP-arabinose as sugar donors (Table 1).

To verify whether other species have the same mechanism of sugar donor
selectivity, two 3GGT proteins containing Thr-138 residue from Prunus persica
(Pp3GGT, XP_007213494) and Lupinus angustifolius (La3GGT, XP_019424989 )
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and one containing lle-138 from Camelina sativa (Cs3GGT, XP_018450414) were
cloned (Supplementary Fig. S6). Both Pp3GGT and La3GGT prefer UDP-glucose
rather than UDP-xylose as sugar donor (Table 1). Their weak utilization of
UDP-xylose indicated the low affinity to this substrate. On the other hand, the
Cs3GGT protein was capable of using only UDP-xylose as the sugar donor (Table 1).
Therefore, Thr-138 residue plays a key role in specificity of UDP-glucose donors by
the two kinds of UF3GGTs. These results indicated that plant UGTs may share a same

mechanism in sugar donor selectivity.
Ib3GGT expression in Arabidopsis produces new anthocyanin molecules

To further validate the activity of Ib3GGT in planta, the Ib3GGT gene driven by the
CaMV 35S promoter was overexpressed in Arabidopsis Col-0 and the UGT79B1
transposon insertion mutants, ugt79b1-1 and ugt79b1-2 (Kuromori et al., 2004; Ito et
al., 2005). More than 10 independent transgenic plant lines were produced for each
transformation event and their T3 homozygous lines (Fig. 4A). Further RT-PCR
analysis confirmed the overexpression of Ib3GGT in these transgenic lines of Col-0,
ugt79bl1-1 and ugt79bl-2 (Fig. 4B, 4C). In the T3 homozygous Ib3GGT-OE
transgenic lines, a new peak with an m/z value corresponding to cyanidin
3-O-sophoroside was detected in comparison to WT Col-0 by HPLC-electrospray
ionization (ESI)-tandem mass spectrometry (MS/MS) analysis (Fig. 4D), although the
purple-color phenotype and anthocyanin content at the cotyledon-stage seedling was
indistinguishable (Fig. 4A, 4E. Moreover, the seedlings of ugt79b1-1 and ugt79bl-2
lines, which lacked the purple coloration as compared to the WT Nossen on 4.5%
sucrose containing media, showed recovered anthocyanin accumulation when
overexpressing the Ib3GGT gene (Fig.4A, bottom panel, Supplementary Fig. S7). The
comparison of anthocyanin profiles among WT, ugt79b1-1, and ugt79b1-1
overexpressing Ib3GGT showed the production of cyanidin 3-O-sophoroside in
transgenic lines (Fig. 4D; Supplementary Fig. S7). These results confirmed that
Ib3GGT could specifically catalyze the conversion of cyanidin 3-O-glucoside to

cyanidin 3-O-sophoroside in Arabidopsis, a biological process absent in this plant.

Ib3GGT expression is associated with anthocyanin accumulation and organ
development and isregulated by IbMYB1
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Anthocyanin accumulation in Ayamurasaki plants showed an organ-dependent pattern.
The immature leaves and mature storage roots contained maximum levels of
anthocyanins (Fig. 5A); while mature leaves and fibrous roots had the least amounts.
Among leaves, Lf1 reached a concentration of 0.6324 mg/g, approximately 7-fold that
of Lf5. The Ib3GGT expression analyzed by real-time PCR in different organs also
showed a similar pattern — high expression was found in immature leaves as well as
developing and mature storage roots (Fig. 5A). Ib3GGT was expressed abundantly in
developing storage roots (Dt, Fig. 5A) as compared to mature roots (Mt), which
accumulated 30% more anthocyanins (0.4276 mg/g, Fig. 5A). Overall, Ib3GGT
expression was associated with anthocyanin accumulation in different organs of

Ayamurasaki plants.

The transcription factor IbMYB1 predominantly regulates the anthocyanin
biosynthesis in purple sweetpotato (Mano et al., 2007), and its expression in
Ayamurasaki plants was associated with anthocyanin accumulation. Therefore,
Ib3GGT could potentially be a target gene of IbMYB1 that regulates the expression of
downstream genes by binding the G-box element (CACGTG) in their promoters
(Mano et al., 2007). Nonetheless, the promoter region of Ib3GGT showed a G-box
element at position 992 as analyzed by the PlantCARE software (Supplementary Fig.
S8). To confirm that Ib3GGT expression was stimulated by IbMYBL, a luciferase
gene reporter driven by a 2000 bp promoter of Ib3GGT was assayed for luciferase
activity in tobacco leaves after co-agroinfiltration with the effector, which harbors the
CaMV 35S::IbMYBL1 expression cassette. Interestingly, a strong luciferase activity
was detected. Reporter only or effector with a corresponding empty vector failed to
detect the luminescent signals (Fig. 5B). These findings indicated that IoMYB1

regulates the Ib3GGT expression in sweetpotato Ayamurasaki plants.

Regulation of Ib3GGT expression in sweetpotato Ayamurasaki altersthe

anthocyanin content but not the overall component profile

To further elucidate the role of Ib3GGT in sweetpotato, Ib3GGT-overexpressing
(OE-Ib3GGT) or -RNAI (RNAI-Ib3GGT) transgenic Ayamurasaki plants were
analyzed. Multiple independent transgenic plant lines were produced and propagated
in the greenhouse. Compared to the WT, RNAI-Ib3GGT lines showed reduced

anthocyanin levels in the leaves of pot-grown plants, whereas OE-1b3GGT plants
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465  showed an increased anthocyanin accumulation in the top leaves (Fig. 6A, 6B). The
466  expression of Ib3BGGT was down-regulated in the RNAI-Ib3GGT lines and

467  up-regulated in the OE-Ib3GGT lines by real-time PCR analyses (Fig. 6C).

468  Anthocyanin level in the third leaf was reduced to 28.5% of WT in the

469  RNAI-Ib3GGT-2 and increased up to 112% of WT in the OE-Ib3GGT-2 (Fig. 6A, 6B,
470  6D). The changes in the anthocyanin levels were correlated to Ib3GGT expression in
471  these plants (Fig. 6C, 6D). Nevertheless, the overall profile of anthocyanins did not
472 alter in these plants (Fig. 6E), indicating that Ib3GGT is involved in an early stage of
473 anthocyanin modifications. Furthermore, the auto-fluorescence assayed in leaf

474 epidermal cells showed a dramatic reduction in the fluorescent intensity in

475  RNAI-Ib3GGT lines, while WT and OE-Ib3GGT transgenic plants displayed strong
476  signals (Fig. 6F). Similar trends of altered anthocyanin accumulation were also

477  observed in the field-grown corresponding plants (Supplementary Fig. S9).
478  |b3GGT functionsin the cytosol

479  Anthocyanins have been suggested to be synthesized on the outer surface of the ER.
480  To determine the location of the glycosylation of anthocyanins by Ib3GGT, the

481  putative transit peptides were predicted in silico by Signal 1P3.0, but none was found
482  inthe full IbL3GGT protein sequence. To test whether Ib3GGT is associated with ER,
483  the N- and C-terminal fusions of Ib3GGT to eGFP regulated by the CaMV 35S

484  promoter, together with an ER-marker or a soluble mRFP, were transiently expressed
485 in Nicotiana benthamiana leaves (Fig. 7). Both, the N- and C-terminal Ib3GGT fusion
486  proteins were found to localize in the cytosol, similar to the soluble mRFP (Fig. 7C,
487  7D). However, some signal of the eGFP-Ib3GGT fusions was also observed in the
488  nucleus. Additionally, when Ib3GGT-eGFP was expressed together with ER-mCherry,
489  no co-localization was found (Fig. 7A, 7B). Thus, Ib3GGT is a soluble protein in the
490  cytosol and not associated with the ER (Poustka et al., 2007).

491  Discussion

492  Further glycosylation modifications of anthocyaninsin the cytosol
493  Further glycosylation of anthocyanins is an essential step in their biosynthesis,
494  accumulation, and stability (Yonekura-Sakakibara et al., 2008; Zhang et al., 2014). In

495  purple sweetpotato, the major anthocyanins include cyanidin and peonidin
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3-sophorosides as well as their acylated derivatives (Truong et al., 2009; Lee et al.,
2013), indicating that further glycosylation is required for the conversion from
anthocyanidin 3-O-glucosides into anthocyanidin 3-O-sophorosides. In this study, we
found that Ib3GGT was responsible for the reaction using UDP-glucose as the sugar
donor. Unlike sweetpotato, further glycosylation of anthocyanins is xylosylation
catalyzed by UGT79BL1 in Arabidopsis (Saito et al., 2013). Apparently, Arabidopsis
lacks the enzymes to form cyanidin 3-O-sophoroside using cyanidin 3-O-glucosides
as the substrate for further modification, as the overexpressing Ib3GGT in
Arabidopsis only showed a peak of cyanidin 3-O-sophoroside without a change in
other anthocyanin components. Therefore, Ib3GGT is a key player of anthocyanin for

further glycosylation modifications in sweetpotato.

Further glycosylation is a critical step determining the subsequent anthocyanin
modifications, such as malonylation and acylation (Yonekura-Sakakibara et al., 2008;
Andersen and Jordheim, 2010). The Ib3GGT as UDP-glycosyltransferase can add a
sugar residue to anthocyanidin 3-O-glucosides but not anthocyanidin
3,5-O-diglucosides (Fig. 2A, 2C). Thus, we conclude that 5GT catalyzes a glucose
molecule into the 5" position of C-ring that can hinder the transfer of a glucose
molecule into the 2” position of anthocyanidin 3-O-glucosides. In certain order
modification of anthocyanin, this phenomenon might be a crucial factor for providing
the condition for subsequent modification in anthocyanin. Ib3GGT cannot catalyze
flavonol-3-O-glucoside as acceptor substrate, demonstrating that IbD3GGT has
substrate specificity in purple sweetpotato (Fig. 2D). However, At3GGT can catalyze
flavonol-3-O-glucoside and anthocyanin-3-O-glucoside as a broad substrate in
Arabidopsis (Saito et al., 2013).

As a primary sedative mechanism that maintains metabolic homeostasis in plants,
glycosylation contributes to the diversity in synthesizing various secondary plant
metabolites, thereby altering the biological functions of these metabolites (Jones and
Vogt, 2001; Gachon et al., 2005). Apparently, divergence occurs among species by
adaption of glycosyltransferase substrate specificity. In peach, the PpUGT79B is
responsible for glycosylation by adding a rhamnoside molecule to anthocyanidin
3-O-glucosides forming the anthocyanidin 3-O-rutinoside (Cheng et al., 2014).

Ib3GGT was functional in transgenic Arabidopsis by producing
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anthocyanin-3-sophoroside; while the overexpression of UGT79B1 (At3GGT) in
sweetpotato did not catalyze the production of anthocyanin
3-O-glucoside-2”-O-xylose (Supplementary Fig. S10). These findings indicated that
anthocyanin glycosylation in sweetpotato diverges from that of Arabidopsis towards
the specific sugar acceptor. Interestingly, the further glycosylation of anthocyanin
occurs in the cytosol, not like other UGTs that are mainly ER membrane-bound
enzymes (Poustka et al., 2007; Zhao, 2015).

Key amino acids in UGTs affect both sugar donor preference and regioselectivity
The phylogenetic comparisons of flavonoid GGTs suggested that the potentially
conserved amino acid residues are involved in further substrate-selectivity. Four

amino acid residues (Trp-334/GIn-337/Glu-360/His-352 in Ib3GGT) are generally
conserved across all known flavonoid 3-O-glycoside-2""-O-glycosyltransferases. The
close relationship between Ib3GGT and UGT79B1 in the phylogenetic tree also
indicated that the sugar donor selectivity of flavonoid GGTs was established after
species differentiation (Saito et al., 2013). In sweetpotato, Ib3GGT accepts
UDP-glucose as sugar donor to conjugate to anthocyanins, such as cyanidin
3-O-glucoside or peonidin 3-O-glucoside. Interestingly, Arabidopsisalso has a
UDP-glucose:flavonoid3-O-glucoside-2”-O-glucosyltransferase (At3GGTF), which
preferentially uses flavonol 3-O-glucoside and UDP-glucose as substrates (Kubo et al.,
2007). Thr-138 as the key residue for UDP-glucose recognition is also conserved in
glucosyltransferases that uses UDP-glucose as sugar donor in morning glory,
Arabidopsis (At3GGTF), Ricinus communis, and Glysin max (Supplementary Fig. S6).
Corresponding to the Thr-138 residue, the lle-142 is the residue for UDP-xylose
recognition in Arabidopsis. Instead, the corresponding sites of lle in Camelina sativa,
Thr in Tarenaya hassleriana and Brassica napus, and Val in Eucalyptus grandis are

also responsible for recognizing UDP-xylose (Supplementary Fig. S6).

Anthocyanin glycosyltransferases are regulated by transcription factors (TFs)
Anthocyanin biosynthesis is a finely regulated system involving multiple TFs
associated with plant development (Pireyre and Burow, 2015; Xu et al., 2015). For
example, the temporal and spatial regulation of anthocyanin production in flowers
mediated by TFs, R2R3-MYB, basic Helix-Loop-Helix (bHLH), or WD40 type

(reviewed in Davies et al., 2012) brings the colorful variation in the world. Hitherto,
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the only well-characterized TF in sweetpotato is R2ZR3-MYB type IbMYB1, which
controls anthocyanin biosynthesis specifically in tuberous roots by inducing all the
structural anthocyanin genes (Mano et al., 2007). In this study, the accumulation of
anthocyanin in different organs was strongly associated with the Ib3GGT expression,
which indicates its divergent regulation during plant development. Importantly, the
activation of the Ib3GGT promoter by IbMYB1 confirmed that Ib3GGT is highly
regulated by the TF in storage roots. The relatively low level of IbMYBL transcript in
the leaves might reflect its tissue specificity. In Arabidopsis, it is well-documented
that the R2R3-MYB TF can induce glycosyltransferases such as UGT79B1 (Tohge et
al., 2005; Yonekura-Sakakibara et al., 2008; Stracke et al., 2010).

In summary, sweetpotato Ib3GGT catalyzes the anthocyanidin 3-O-glucosides
into anthocyanidin 3-O-sophorosides using UDP-glucose as a sugar donor. The
Thr-138 of Ib3GGT is a key residue for sugar donor selectivity in the further
glycosylation that contributes to the stability and diversity of anthocyanins. The
Ib3GGT glycosylation occurs in the cytosol and is regulated by IbMYB1 TF. The
present study provides further insights regarding the glycosylation enzymes involved
in secondary metabolism in divergence that can assist in developing a useful approach

to diversifying certain flavonoids in crops.

Supplementary data

Fig. S1. UDP-glucose binding sites of Ib3GGT. (A) Chemical structure of
UDP-glucose. (B,C) Close-up views of the interactions of uridine moiety (B), and
diphosphate moiety. (D) Overall structure of Ib3GGT modeling structure.
UDP-glucose is showed with ball-and-stick model and the protein structure is showed

with cartoon; the helix/sheet/loops are showed in cyan/red/magenta, respectively.

Fig. S2. Structure alignment of UGT homologs. (A) All structures are showed with
ribbon and superposed by Coot (Emsley et al., 2010). The PDB numbers of these
structures are 2ACW, 2C1Z, 2PQ6, 2VG8, 3HBF, 3WC4, 5GL5, 5NLM, 5TMB and

5U6M. (B) Ligands in superposed structures are showed with sticks.

Fig. S3. Sequence alignment of Ib3GGT with 2VG8 and 2VVCH proteins using
SWISS-MODEL and I-TASSER.
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Fig. $4. Sugar donor binding sites in Ib3GGT and At3GGT. (A, B, C, D) Close-up
views of the interactions of UDP-glucose with Ib3GGT (A), UDP-glucose with
At3GGT (B), UDP-xylose with Ib3GGT (C), and UDP-xylose with At3GGT (D).
UDP-glucose and UDP-xylose are showed with stick-and-ball in magenta and red,
respectively; side chain residues are showed with stick; the hydrogen bonds are

indicated by dashed lines.

Fig. S5. Difference in binding affinity of sugar analogies. (A, B, C, D)
Ball-and-stick model of UDP-galactose (A), UDP-glucose (B), UDP-arabinose (C),
and UDP-xylose (D). They are showed in grey, magenta, pink, and yellow,
respectively. Chemical structure of galactose, glucose, arabinose, and xylose are

showed in the corresponding positions.

Fig. S6. Amino acid sequence comparison of GGT analogies with Ib3GGT. The
Thr-138 site is boxed.

Fig. S7. Anthocyanin pigmentation and component profiles in seedlings of the
ugt79bl1-2 mutant and Ib3GGT-overexpressing ugt79bl1-2 transgenic line
(ugt19b1-2+Ib3GGT-OE).

Fig. S8. IbBGGT promoter sequence showing the two G-box sites.

Fig. $9. Leaf and root phenotypes of field-grown wild-type (WT), RNAI-Ib3GGT-2
and OE-Ib3GGT-2 plant lines.

Fig. S10. Analysis of anthocyanin compounds in wild-type (WT) and
At3GGT-overexpressing (OE-At3GGT) sweetpotato by HPLC-MS.

Table S1: Anthocyanin compounds in sweetpotato (Tian et al., 2005) and Arabidopsis
(Tohge et al., 2005)

Table S2: List of primers for gene expression analysis in Arabidopsis and sweetpotato

plant lines.
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871 Tables

872  Table 1: Sugar substrate specificity of different 3GGT proteins

Relative activity (%)

Sugar
donor Ib3GGTT1 La3GG
Ib3GGT At3GGT Pp3GGT - Cs3GGT
38l

UDP-glucos 100 £ 100 £ 100 £
e 8.5 ND ND 10.5 9.3 ND

104 + 100 £ 114 + 100 £
UDP-xylose 12 15.0 6.1+0.79 94zx14 12 117
UDP-galacto ND ND ND 3 B B
se
UDP-arabin ND ND ND 3 B B
ose

873  Note: The reactions were performed with cyanidin 3-O-glucoside as the sugar

874  acceptor. ND, not detected; --, not tested. The method for calculation of sugar donor
875  specificity is according to Yonekura-Sakakibara et al. (2012). Abbreviations for

876  species: At, Arabidopsisthaliana; Ib, Ipomoea batatas; Pp, Prunus persica; La,

877  Lupinus angustifolius; Cs, Camelina sativa.
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878  Figurelegends

879  Figure 1 Alignment of amino acid sequences and phylogenetic tree of flavonoid

880  glycosyltransferases. (A) Multiple alignments of amino acid sequences of sweetpotato
881  Ib3GGT, morning glory Ip3GGT, and Arabidopsis At3GGT. The underlined

882  nucleotides represent the putative C-terminal UDP binding motif for

883  glycosyltransferases (PSPG). (B) Non-rooted molecular phylogenetic tree of

884  flavonoid glycosyltransferases from selected plant UDP-glycosyltransferases. All
885  amino acids were aligned using CLUSTALW. Bootstrap values from 100 retrials are
886 indicated at each branch. The scale shows 0.2 amino acid substitution per site. The
887  GenBank accession numbers or genome sequence codes for the sequences are shown
888 in parentheses: AtA3G2"XyIT (NP_200217); AtF3G2"GIcT (NP_200212);

889 BpA3G2”GIcAT (AB190262); CmF7G2”RhaT (AY048882); CrF3G6"GIcT

890 (BAHB80312); CsF3G2"XylT(XP_018450414); CsaF3G2"GIcT(CCG85331);

891  CsiF7G6"RhaT (NP_001275829); Ib3GGT (ABL74480); IbF3G2"XylT

892  (XP_019151635); IpA3G2”GIcT (AB192315); INF3G2"GIcT (XP_019194233);

893  ItF3G2"GIcT (itf02912970.t1); ItF3G2"GIcT (ith02g08330.t1); ItF3G2"XyIT

894  (itb03g28310.t1); ItF3G2"XyIT (itf03g22690.t2); LaF3G2"GIcT(XP_019424989);
895 PhA3G6"RhaT (CAA81057); PpF3G2"Glc (XP_007213494). Abbreviations for

896  species: Ac, Actinidia chinensis; At, Arabidopsis thaliana; Bp, Bellis perennis; Cm,
897  Citrus maxima; Cr, Catharanthusroseus; Cs, Camelina sativa; Csa, Crocus sativus;
898  Csi, Citrus sinensis; Ib, Ipomoea batatas; In, Ipomoea nil; Ip, Ipomoea purpurea; Itf,
899  Ipomoeatrifida; Itl, Ipomoea triloba; La, Lupinus angustifolius; Ph, Petunia hybrida;
900  Pp, Prunuspersica.

901  Figure 2 Functional assays of Ib3GGT recombinant protein using UDP-glucose and
902  different acceptor substrates by HPLC. (A) Cyanidin 3-O-glucoside as acceptor

903  substrate; (B) Cyanidin as acceptor substrate. (C) Cyanidin 3,5-O-diglucoside as
904  acceptor substrate. (D) Quercetin 3-O-glucoside as acceptor substrate. (E) Cyanidin
905  3-O-glucoside as acceptor substrate without Ib3GGT protein treatment. (F) Peonidin

906  3-O-glucoside as acceptor substrate.

907  Figure 3 Three-dimensional modeling of Ib3GGT and At3GGT interacting with a
908  sugar donor and a glycone acceptor. (A) Active center of Ib3GGT showing the key
909  amino acid residues for sugar donor and acceptor positions. (B) Docking illustration
910  of sugar donors and a glycone acceptor in the binding pocket of WT and mutant
911  Ib3GGT and At3GGT. The performance of their reactions using cyanidin
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3-O-glucoside with sugar nucleotide UDP-glucose or UDP-xylose is shown in the
bottom panel. The percentage of relative enzyme activity is indicated in the

parentheses.

Figure 4 Anthocyanin characterization of transgenic Arabidopsis plants
overexpressing Ib3GGT gene. (A) Anthocyanin pigmentation in seedlings of WTs
(Col0 and Nossen), Ib3GGT-overexpressing ColO0 lines (Ib3GGT-OE), ugt79bl
mutant (ugt79b1-1), and Ib3GGT-overexpressing ugt79bl line
(ugt79b1-1+Ib3GGT-OE). (B) The expression of At3GGT and Ib3GGT in the WT
Col0 and I1b3GGT-overexpressing Col0 lines (Ib3GGT-OE1 and Ib3GGT-OE2) by
real-time RT-PCR analysis. (C) RT-PCR detection of At3GGT and 1b3GGT
expression in the WTs (Col0 and Nossen), two independent Ib3GGT-overexpressing
ColO lines (Ib3GGT-OEL1 and Ib3GGT-OE2), ugt79b1 mutant, and two
Ib3GGT-overexpressing ugt79bl lines (ugt79b1-1+Ib3GGT-OE1 and
ugt79b1-1+1b3GGT-OE2). Different letters indicate significant differences (one-way
ANOVA, P < 0.05). (D) Anthocyanin component profiles by HPLC/PDA/MS in the
seedlings of WTs (Col0 and Nossen), ugt79b1 mutant, and Ib3GGT-overexpressing
ugt79bl line (ugt79b1-1+Ib3GGT-OE). Blue arrows indicate the new peaks of
cyanidin 3-O-sophoroside. (E) Anthocyanin content in the WTs (Col0 and Nossen),
two independent Ib3GGT-overexpressing ColO0 lines (Ib3GGT-OEL1 and
Ib3GGT-OE2), ugt79bl mutant, and two 1b3GGT-overexpressing ugt79bl line
(ugt79b1-1+Ib3GGT-OE1 and ugt79b1-1+I1b3GGT-OE2).

Figure5 Correlation of anthocyanin accumulation and gene expression in various
organs of sweetpotato cv. Ayamurasaki. (A) Profiles of anthocyanin accumulation,

and Ib3GGT and IbMYBL transcript levels as detected by qRT-PCR in different organs.
Lf1, Lf2, Lf3, and Lf4 represent leaves of different developmental stages: St, stem;
Ft1, white fibrous root; Ft2, red fibrous root; Dt, developing root; Mt, mature root.
Values are mean + SD (n = 6). (B) Luciferase assay of Ib3GGT promoter activity

(reporter) regulated by IbMBY1 (effector) in agroinfiltrated tobacco leaves.

Figure 6 Anthocyanin characterization of wildtype and 1b3GGT transgenic
sweetpotato plants. (A) Pot-grown plant phenotypes. WT, wild type; OE-Ib3GGT line,
transgenic plants overexpressing Ib3GGT; RNAI-Ib3GGT line, Ib3BGGT RNAI
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transgenic plants. (B) Anthocyanin pigmentation in top leaves of WT,
RNAI-1b3GGT-2, and OE-1b3GGT-2 plants. Both the adaxial (left) and abaxial (right)
leaf surfaces are shown. (C) Relative transcription levels of native Ib3GGT and the
Ib3GGT transgene in WT and transgenic lines assessed by qRT-PCR. (D)
Anthocyanin content in WT, RNAI-Ib3GGT, and OE-1b3GGT plant lines. Different
letters indicate significant differences (one-way ANOVA, P < 0.05). (E) Component
profiles of anthocyanins in WT, RNAI-Ib3GGT-2, and OE-Ib3GGT-2 plants, as
assessed by HPLC. (F) Anthocyanin autofluorescence in leaf epidermal cells of
RNAI-Ib3GGT-2 and OE-1b3GGT-2 plants.

Figure 7 Subcellular localization of Ib3GGT after transient expression in Nicotiana
benthamiana leaves. (A) Optical section through a pavement cell, co-expressing
Ib3GGT-eGFP (left panel) and ER-mCherry (middle panel). GFP and mCherry signals
are distinct in the merged image (right panel). The outlined region is shown at a
higher magnification in (B). (B) Relative fluorescence intensity along the axis is
marked by the dotted arrow in the right panel. (C) Co-expression of eGFP-Ib3GGT
(left panel) and soluble mRFP (middle panel). White pixels of the merged image show
an overlay of both channels (right panel). The marked region was enlarged in (D). (D)
Intensity plot, as presented before. eGFP-Ib3GGT and soluble mRFP were

co-localized in the cytoplasm. Scale bar, 15 um.
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Ib3GGTT'38+UDP-Xyl Ib3GGTT138+UDP-Glc

At3GGT+UDP-Xyl At3GGT+UDP-Glc At3GGT"42T+UDP-Glc At3GGT"42T+UDP-Xyl
Reaction Substrate Enzyme HPLC product

1 Cyanidin 3-glc + UDP-glc Ib3GGT Cyanidin 3-glc-2"-glc (100+8.5)

2 Cyanidin 3-glc + UDP-xyl Ib3GGT Cyanidin 3-glc-2"-xyl (10.4+1.2)

3 Cyanidin 3-glc + UDP-xyl Ib3G Gt Cyanidin 3-glc-2"-xyl (6.1£0.79)

4 Cyanidin 3-glc + UDP-glc Ib3GGTT38 No product

5 Cyanidin 3-glc + UDP-xyl At3GGT Cyanidin 3-glc-2"-xyl (100£15.0)
6 Cyanidin 3-glc + UDP-glc At3GGT No product

7 Cyanidin 3-glc + UDP-glc At3GGT!42T Cyanidin 3-glc-2"-glc (91.0+12.5)
8 Cyanidin 3-glc + UDP-xyl At3GGT!42T Cyanidin 3-glc-2"-xyl (100+18.3)



https://doi.org/10.1101/332486

70 r
B 50

18 ab3GeT 30
[ wA3GGT 10

)
>
K
g 14
.a 12 -10 T L v L] T v L] T L] T T L] T L T Ll L
2 10 0 10 20 30
E_ 8 70 ¢
X Ib3GGT-OE
o 6 50 | X
Q 4
2 30 |
E 2
GO\OG.(,Q‘EAG,‘,QE‘Q o —
3G \02C 0 10 20 30
90 r Nossen
C T o
Q Q
= =
(O] (O]
w L ] 2
Ol Ol 7 + + 10
- - < -~ - - - T T T T T T
O © ¢ 3 3 = 0 10 20 30
S 8 2 8 % § &
o &2 £ =z S5 3 3 14
10 ugt79b1-1
.y N Gy e 6
2
At3GGT
0 10 20 30
18
t79b1-1
Ib3GGT 1t | ug o
Ib3GGT-OE
10
ey ey SNy o T oy — 6
AtActin 2
ugt79b1-1 . =2 ——rTrr T T T
+ b
Ib3GGT-OE \- 0 10 20 30
E 35
30 ~ a

=
3

| H B
; []
co® <08 OF cge™ oot <08 <.0E?
\b?:G \‘dg,GG NO \)9\1 W c Ao
o1 u@ﬁgb\—


https://doi.org/10.1101/332486

Ib3GGT

®© © ¥ o
o o o o

(6/6w) uluelooyjuy

uoissaidxa aAlje|ay

uoissaidxa aAne|oy

Ft2 Dt Mt

Ft1

Lf2 Lf3 Lf4 St

Lf1

Reporter (1)

=
o
o
(2]
=

o

Effector (2)

(2}
1
o
>
=
©
(&)
o


https://doi.org/10.1101/332486

RNAI-Ib3GGT-1 RNAl Ib3GGT-2 OE-Ib3GGT-2 OE-1b3GGT-4

Sy | b3GGT
.g 10
RNA-Ib3GGT-2y ﬂ,q g 2 i
ﬁ%‘!é“’s !
3 4 w,z‘ i A § 2 |
OE-Ib3GGT-2 l ! ! E 0
45 WT
35
0.8 25
N 0.7 b 12 i
= I
= 0.6 5 : .
E o5 4510 20 30
£ 35 | _
c 04 RNAI-Ib3GGT-2
© 25 |
>
0.3 15 |
(8]
< 0.2
& N 10 1'5 2I0 2'5 3I0
0 3B OE-Ib3GGT-2
o A X -
A\ e Oeﬂ 66« OC’(
SRR Cadir
&7 o

RNAi-Ib3GGT-2 OE-Ib3GGT-2



https://doi.org/10.1101/332486

lb3GGT-eGFP ER-mCherry

B 200 ® ER-mCherry
160 ® |b3GGT-eGFP
120

N
o

Relative Intensity
(0]
o

D 200
160
120

® eGFP-Ib3GGT

N
o
1

Relative Intensity
(0]
o

o
I

pm

Scale is 15 um


https://doi.org/10.1101/332486

