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Abstract

6'-deoxychalcones (isoliquiritigenin and butein) are important pigments for yellow and
orange to red flower color. 6'-deoxychalcones are glucosylated at the 4'-position in vivo,
but the genes encoding 6'-deoxychalcone 4'-glucosyltransferase have not yet been
identified. In our previous study, it was indicated that snapdragon (Antirrhinum majus)
chalcone 4'-O-glucosyltransferase (Am4'CGT) has isoliquiritigenin 4'-glucosylation
activity. Therefore, to identify genes encoding 6'-deoxychalcone 4'-glucosyltransferase
in dahlia (Dahlia variabilis), genes expressed in ray florets that shared high homology
with Am4'CGT were explored. As a result, ¢34671 gl il and c¢35662 gl il were
selected as candidate genes for 6'-deoxychalcone 4'-glucosyltransferases in dahlia. We
conducted transient co-overexpression of three genes (c¢34671 gl il or c35662 gl il,
dahlia aldo-keto reductasel (DvAKRI) or soybean (Glycine max) chalcone reductase5
(GmCHRY), and chili pepper (Capsicum annuum) MYB transcription factor (CaMYBA)
in Nicotiana benthamiana by agroinfiltration. Transient overexpression of c34671 gl il,
DvAKRI and CaMYBA resulted in increase of accumulation of isoliquiritigenin 4'-
glucosides; isoliquiritigenin 4'-O-glucoside and isoliquiritigenin 4'-O-[6-O-(malonyl)-
glucoside]. However, transient overexpression of ¢35662 gl il, DvAKRI and CaMYBA
did not increase accumulation of isoliquiritigenin 4'-glucosides. Using GmCHRS5 instead
of DvAKR1 showed similar results suggesting that c34671 gl il has isoliquiritigenin 4'-
glucosyltransferase activity. In addition, we conducted co-overexpression of four genes
(c34671 gl il, c35662 gl il or Am4'CGT, DvAKRI or GmCHR5, CaMYBA and
chalcone 3-hydroxylase from dahlia). Accumulation of butein 4'-O-glucoside and butein
4'-0-[6-0O-(malonyl)-glucoside] were detected for ¢35662 gl il, suggesting that
c35662 gl il has butein 4'-glucosyltransferase activity. Recombinant enzyme analysis

also supported butein 4'-glucosyltransferases activity of ¢35662 gl il. Therefore, our
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results suggested that both ¢34671 gl il and ¢35662 gl il are 6'-deoxychalcone 4'-

glucosyltransferases but with different substrate preference.

Key words: Butein, Flavonoid, Flower color, Glycosylation, Isoliquiritigenin, Yellow

pigment
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Introduction

Dahlia (Dahlia variabilis) is a popular ornamental plant belonging to Asteraceae. Dahlia
is autoallooctaploid (2n = 8X = 64) (Gatt et al., 1998), and it exhibits a variety of traits,
one of which is abundant flower color, including black, red, white, and yellow. These
flower colors are due to combination of flavonoids and related pigments (Ohno et al. 2013,
2021; Deguchi et al. 2016b), and many genes related to flavonoid biosynthesis in ray
florets have been characterized (Suzuki et al. 2002; Ohno et al. 2011a, 2011b, 2013,
2018a, 2022; Deguchi et al. 2013). Pigment that plays an important role in yellow and red
flowers of dahlias is 6'-deoxychalcone (isoliquiritigenin and butein). 6'-deoxychalcone is
one of yellow flavonoid pigments, which contributes to yellow flower color by solo
accumulation and orange to red flower color by co-accumulation with anthocyanins, and
its derivatives have also been detected in the leaves (Ohno et al. 2011a, 2018b, 2021).

Yellow flower color in many species is derived from carotenoids and
betaxanthins. Thus, most plant species that do not synthesize those pigments in flower
lack bright yellow flower color. In addition to carotenoids and betaxanthins, flavonoids
also exhibit yellow color. Chalcononaringein and aurone are known as yellow flavonoids
in flowers as well as 6'-deoxychalcone (Harborne 1966; Miyajima et al. 1991; Itoh et al.
2002; Ono et al. 2006; Saito et al. 2011; Deguchi et al. 2016a). Flavonoids can be
synthesized in almost all plant species, thus, they are promising targets for molecular
breeding of yellow flowers.

The presumed biosynthetic pathway of 6'-deoxychalcone in dahlia (Ohno et al.
2021) 1s shown in Fig. 1. First, isoliquiritigenin (2',4,4'-trihydroxychalcone) is
synthesized by chalcone synthase (CHS) and aldo-keto reductase (AKR) from

coumaroyl-CoA and malonyl-CoA as substrates (Welle and Grisebach, 1988; Ohno et al.
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2022). Then, butein is synthesized from isoliquiritigenin by chalcone 3-hydroxylase
(CH3H) (Schlangen et al. 2010). In coreopsis (Coreopsis grandiflora), butein is used as
a substrate to form aurone, sulfuretin (Kaintz et al. 2014; Molitor et al. 2015). Flavonoids
including 6'-deoxychalcones are generally glycosylated after synthesis in vivo.
Glycosylation is one of the major modifications in flavonoids, enhancing solubility and
facilitating transport into the vacuole (Jones and Vogt 2001; Bowles et al. 2005).
Glycosylation is generally catalyzed by UDP-dependent glycosyltransferases (UGTs)
superfamily enzymes (Ross et al. 2001), and in Arabidopsis thaliana, 120 UGTs have
been reported (Li et al. 2001). Flavonoids are glycosylated in various positions depending
on the substance by UGT (Hofer 2016). For example, aurone is glycosylated at 4'-position
to form 4-hydroxyaurone (Ono et al. 2006). In snapdragon (Antirrhinum majus), 4-
hydroxyaurone is synthesized by two enzymes; aureusidin synthase (AmAS1) and
chalcone 4'-O-glucosyltransferase (Am4'CGT) (Nakayama et al. 2000; Ono et al. 2006).
6'-deoxychalcone in dahlia ray florets is also known to be glycosylated at the 4'-position,
and the final product inferred from the structure is butein 4'-malonylsophoroside
(Harborne et al. 1990; Ohno et al. 2021). Pigment analysis of dahlia ‘Shukuhai’ (SH) ray
florets using fast-atom-bombardment mass spectrometry and nuclear magnetic resonance
techniques identified four 4'-glycosides for butein (butein 4'-O-glucoside, butein 4'-O-[6-
O-(malonyl)-glucoside], butein 4’-O-[2-O-(glucosyl)-glucoside] and butein 4'-O-[2-O-
(glucosyl)-6-O-(malonyl)-glucoside]) and four 4'-glycosides for isoliquiritigenin
(isoliquiritigenin  4'-O-glucoside, isoliquiritigenin  4'-O-[6-O-(malonyl)-glucoside],
isoliquiritigenin  4’-O-[2-O-(glucosyl)-glucoside] and isoliquiritigenin 4'-O-[6-O-
(rhamnosyl)-glucoside]) (Ohno et al. 2021). Structure of the pigments detected in ‘SH’
suggests the presence of chalcone 4'-glucosyltransferase (4'CGT). In addition to GT, the

presence of glucoside glucosyltransferase (GGT) and rhamnosyltransferase as
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glycosyltransferases and malonyltransferase as an acyltransferase was indicated in ray
florets, and the modification pathway of 6'-deoxychalcone was inferred (Fig. 1). Stich et
al. (1994) reported 6'-deoxychalcone 4'-glucosyltransferase activity from ray florets in
dahlia and Halbwirth et al. (1997) reported 6'-deoxychalcone 4'-glucosyltransferase
activity from ray florets in coreopsis, however, genes encoding 6'-deoxychalcone 4'-
glucosyltransferase have not yet been identified.

In our previous study, we demonstrated that co-overexpression of Am4'CGT in
combination with CaMYBA, which is a chili pepper (Capsicum annuum) anthocyanin
biosynthesis MYB transcription factor, and DvAKRI resulted in successful accumulation
of isoliquiritigenin 4'-glucoside in Nicotiana benthamiana leaves (Ohno et al. 2022). This
result indicated that Am4'CGT is able to function as isoliquiritigenin 4'-
glucosyltransferase. Furthermore, co-overexpression of DvAKRI and CaMYBA without
glucosyltransferase did not induce accumulation of isoliquiritigenin, suggesting that
4'CQGT is required for the accumulation of isoliquiritigenin in N. benthamiana.

In this study, with the aim of molecular breeding of yellow flowers by 6'-
deoxychalcone glycosides in the future, we attempted to identify 6'-deoxychalcone 4'-
glucosyltransferase genes in dahlia by exploration of genes those are expressed in ray
florets and have high homology to Am4'CGT. We found two candidate genes, and
function of the candidate genes was analyzed by transient overexpression in M.

benthamiana leaves and recombinant enzymatic analysis.

Materials and methods
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Plant materials

A red-white bicolor Dahlia variabilis ‘Shukuhai (SH)’ and a purple-white bicolor dahlia
‘Rinka (RK)’, which is bud mutation of ‘SH’, were used. ‘SH’ accumulates 6'-
deoxychalcone, anthocyanins and flavones in its ray florets, while ‘Rinka’ accumulates
only anthocyanins and flavones (Ohno et al. 2021; 2022). Ray florets for subsequent
analyses were collected at different developmental stages from field- or greenhouse-
grown plants in the experimental field at Kyoto University (Kyoto, Japan). N.
benthamiana plants for agroinfiltration were grown in a growth chamber without

environmental controls in Kyoto University.

Isolation of candidate genes

Since 6'-deoxychalcone accumulation was started from stage 2 in ray florets (Ohno et al.
2022), RNA-seq data of ‘SH’ stage 2 ray florets (DRR337625) and ‘RK’ stage 2 ray
florets (DRR337626) were de novo assembled by Trinity (Grabherr et al. 2011) with
default settings, and contigs that have high homology with other flavonoid
glycosyltransferases related to flavonoids were selected for the analysis.

Genomic DNA was extracted from leaves or ray florets using MagExtractor
Plant Genome (Toyobo, Osaka, Japan). Transcripts or genomic fragments were cloned
into pTAC-1 vector (BioDynamics Laboratory Inc., Tokyo, Japan) for sequencing.
Plasmids were extracted using Quick Gene Plasmid Kit S II (Kurabo, Osaka, Japan).
cDNA sequence in ray florets and genomic fragment ofc3467/ gl il and
c35662 gl il from ‘SH’ and ‘RK’ were sequenced 16 clones for each cultivar and were

compared. Primers used in this analysis were shown in Table S1.
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Phylogenetic analysis

A phylogenetic tree was constructed with the putative amino acid sequences of flavonoid
glycosyltransferase using neighbor-joining method, and bootstrap consensus inferred
with 1,000 replicates in MEGAT11 (https://www.megasoftware.net) (Tamura et al. 2021;
Saitou and Nei 1987). The accession numbers for amino acid sequences are listed in Table

S2.

Gene expression analysis

Total RNA was extracted from ray florets of ‘SH” at four different developmental stages
using Sepasol RNA I Super G (Nacalai Tesque, Kyoto, Japan) and was purified with
High-salt precipitation solution (Takara Bio, Ohtsu, Japan). The relative expression of
c34671 gl il and ¢35662 gl il genes was investigated using qRT-PCR as described
by Ohno et al. (2022). DvActin is used as an internal control. The primers used for qRT-

PCR are shown in Table S3.

High-performance liquid chromatography (HPLC) analysis

For pigment analysis, samples were frozen and pulverized with liquid nitrogen, and the
pigment was extracted with 5% acetic acid methanol (acetic acid: methanol: distilled
water =1: 10: 9, by vol.) to make the crude extract. For hydrolyzed samples, the crude
extract was air-dried and replaced with 5% hydrochloric acid methanol (hydrochloric

acid: methanol: distilled water = 1: 10: 9, by vol.) and boiled in water for two hours to
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make the hydroxylated extract. HPLC analysis was performed as described by Ohno et
al. (2022). Isoliquiritigenin and butein as standard chemicals were obtained from Tokyo
Chemical Industries (Tokyo, Japan). For analysis of crude extract, HPLC chromatogram
data of ‘SH’ (Ohno et al. 2021) ray floret extract was used as a standard, and prediction
of each peak was conducted based on retention time, order of peaks and maximum
absorption wavelength measured by the photodiode array attached to the HPLC.
Quantification of 6'-deoxychalcones 4'-glucosides in ray florets were performed with

three replications.

Agroinfiltration assay

Transient overexpression of 6’-deoxychalcone glucosyltransferase genes was examined
in N. benthamiana to verify their functional activities. cDNA of DvAKRI, chalcone
reductase 5 in soybean (Glycine max) (GmCHR5) (Mameda et al. 2018), c34671 gl il,
c35662 gl il, Am4'CGT, DvCH3H and CaMYBA were subcloned in pDONR221 vector
(Invitrogen), and then recombined in pGWB2 Gateway binary vector, which
overexpressed under the CaMV35S promoter (Nakagawa et al. 2007). CaMYBA was
cloned from the purple flowers of C. annuum ‘Peruvian Purple’ (Ohno et al. 2020). All
constructs were transformed into 4. tumefaciens EHA105 strain. The BETA-
GLUCURONIDASE (GUS) gene was used in control assays. The primers used for cloning
are shown in Table S4.

Agrobacterium harboring pGWB?2 transgene was shaken in liquid YEP medium
with 50 ppm kanamycin at overnight. After centrifugation, the pellet was collected and
redissolved in buffer (50 mM MES, 50 mM magnesium chloride (pHS5.5)). The

concentration of the solution was prepared to OD=0.7. For co-expression of Am4'CGT or
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34671 gl il or ¢35662 gl il, DvAKRI or GmCHRS5, DvCH3H, CaMYBA and p19,
agrobacterium harboring transgene were equally mixed, and injected into 4—-5-week-old
N. benthamiana leaves. p19 (pDGB3alpha2 35S:p19:Tnos, addgene) is a Tomato bushy
start virus-derived RNA silencing repressor that was introduced to increase the success
rate of infiltration. Leaves about 2 cm? were sampled between the fifth and the seventh
day post infiltration, and divided into two parts and one is used for pigment extraction
and the other is used for RT-PCR to validate transgene expression. Samples were obtained
in three biological replicates consisting of at least three different leaves for each
experiment. The GUS expression was confirmed by GUS straining as described by Ohno
et al. (2022). Primers used for RT-PCR to validate transgene expression are shown in
Table S5. Primers for GmCHRS5 were designed according to Mameda et al. (2018), and

primers for Am4'CGT were designed according to Hoshino et al. (2019).

Recombinant enzyme assay

cDNA of Am4'CGT, c34671 gl il and ¢35662 gl il were cloned into pET6xHN-N
vector (Takara Bio) for expression of recombinant protein in Escherichia coli. Plasmids
were extracted using Quick Gene Plasmid Kit S II (Kurabo). Plasmid sequences were
confirmed with the primers shown in Table S6. Plasmids were introduced into E. coli
BL21 strain by electroporation. Transformed BL21 strains were shaken at 37°C in liquid
LB medium containing 50 ppm ampicillin. The culture medium was diluted 20-fold into
new LB liquid medium and incubated until ODgoo = 0.7. 1% volume of IPTG (final
concentration 500 ppm) was added for induction of recombinant protein production. After
centrifugation (3000 x g, 4°C, 10 min), pellet was resuspended by xTractor Buffer

(Takara Bio USA, San Jose, CA), and crude protein extract was prepared. To detect
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chalcone 4'-glucosyltransferase activity, 100 mM Tris-HCI buffer (pHS8.0), 100 pL crude
protein extract, 30 uL. of 20 mM UDP-glucose (Cayman Chemical, Ann Arbor, MI), 50
pL of 1 mg/mL butein (Tokyo Chemical Industries) or isoliquiritigenin (Tokyo Chemical
Industries) (total volume 1 mL) were gently mixed and kept overnight at 30°C. The

mixture was analyzed by HPLC under the above-described conditions.

Results

c34671 gl il and 35662 gl il are candidate genes for 6'-deoxychalcone 4’-

glucosyltransferase in dahlia

De novo assembled RNA-seq data of ‘SH’ and ‘RK’ was analyzed to search for genes
with high homology to other flavonoid related glycosyltransferases, and seven contigs
(34671 gl il, 35662 gl il, 37087 gl il, «¢37958 gl il, ¢38610 gl i2,
c38674 gl il and 38795 g2 i3) were identified. Then, a phylogenetic tree among these
contigs and known flavonoid-related glycosyltransferases in other plant species was
constructed (Fig. 2). Flavonoid-related glycosyltransferases were classified into eight
clades: chalcone 4' and isoflavone 7 positions, chalcone 2 position, flavonoid C-
glycosyltransferase, flavonoid position-3, flavonoid position-5, flavonoid position-7,
UGT89B and GGT, respectively. The phylogenetic tree shows that ¢34671 gl il and
35662 gl il are most closely distributed to Am4'CGT. Other five contigs were assumed
to belong other glycosyltransferase clades; ¢38674 gl il: chalcone 2 position,

c38610 gl i2: flavonoid C-glycosyltransferase, ¢37087 gl il: flavonoid 5 position,
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38795 g2 il: UGTR9B, ¢37958 gl il: GGT, respectively. Thus, ¢34671 gl il and
c35662 gl il were selected as candidate genes for 6'-deoxychalcone 4'-
glucosyltransferase in dahlia.

c34671 gl il and c¢35662 gl il encode 460 and 466 amino acids,
respectively, and many variations in cDNA sequences existed in ‘SH’ and ‘RK’ (Table
S7 and S8). In putative amino acid sequence, the identity of ¢34671 gl il and
c35662 gl il to Am4'CGT was 47% and 43%, respectively, and the identity between
c34671 gl il and ¢35662 gl il was 50% (Fig. S1). c34671 gl il and c¢35662 gl il
belong to UGT88 group, which contains Am4'CGT, Lv4'CGT and soybean isoflavone 7-
O-glucosyltransferase (GmIF7GT) (Ono et al. 2006; Noguchi et al. 2007). The 7-position
of isoflavone is equivalent to the 4'-position of chalcone, thus, this result suggests that
isoflavone and 6'-deoxychalcone glucosyltransferases are of single origin. At3GT
(QI9LFJ8) and A¢7GT (AARO1231) have one intron and two exons, while ¢34671 gl il,
35662 gl il, Am4'CGT and GmIF7GT have no introns (Ono et al. 2006; Noguchi et al.
2007). Therefore, genomic structure also indicated these c¢34671 gl il, c35662 gl il

and Am4'CGT are phylogenetically related.

Gene expression analysis of ¢34671 gl il and c¢35662 gl il at different

developmental stages in ‘SH’ ray florets

To investigate the expression characteristics of ¢34671 gl il and ¢35662 gl il, we
analyzed the gene expression levels of the seven identified glycosyltransferase genes at
four developmental stages of ‘SH’ ray florets (Fig. 3a). For pigment analysis, a total of
seven glucosides of 6'-deoxychalcone were detected in 'SH' ray florets, of these, butein-

4'-[6-O-(malonyl)-glucoside] had the highest content. The content of butein-4'-[6-O-
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(malonyl)-glucoside] began to increase rapidly from stage 2, followed by a gradual
decrease (Fig. 3b). And the other six glucosides showed similar content trends (Fig. S2).
34671 gl il was highly expressed in stage 1 and stage 2 and its expression level
eventually decreased after stage 3 (Fig. 3c). ¢35662 gl il showed a similar expression
pattern to c34671 gl il, with high expression in stage 1 and stage 2, and a sharp decrease
in expression from stage 3 (Fig. 3¢c). ¢38610 gl i2, c38674 gl il and ¢38795 g2 il
showed similar pattern with ¢34671 gl il and ¢35662 gl il, while ¢37087 gl il has
high expression in stage 1 and stage 2, and ¢37958 g il has highest expression in stage
1 (Fig. 3c). ¢34671 gl il and ¢35662 gl il showed similar expression characteristics
with increased expression levels prior to pigment accumulation, and another
isoliquiritigenin biosynthetic gene, DvAKRI also showed the highest expression at stage
2 (Ohno et al. 2022), suggesting that 34671 gl il and ¢35662 gl il might be involved

in the accumulation of 6'-deoxychalcones.

Transient co-overexpression of candidate glucosyltransferase genes with 6'-
deoxychalcone biosynthesis-related genes induced accumulation of 6'-

deoxychalcone 4'-glucosides in N. benthamiana leaves

In the previous study, transient co-overexpression of DvAKRI, Am4'CGT and CaMYBA,
or GmCHRS5, Am4'CGT and CaMYBA both induced accumulation of isoliquiritigenin 4'-
glucosides in N. benthamiana leaves (Ohno et al. 2022). To verify whether c34671 gl il
and ¢35662 gl il have 4' glucosylation activity to 6'-deoxychalcone, we performed
agroinfiltration in N. benthamiana leaves. We at first used DvAKR1. The first transgene
combinations are combination 1: DvAKRI x CaMYBA x pl19, combination 2: Am4'CGT

X DVAKRI x CaMYBA x p19, combination 3: ¢34671 gl il Xx DvVAKRI x CaMYBA x p19
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and combination 4: ¢35662 gl il x DvAKRI x CaMYBA x pl9. Transgene expression
was confirmed by RT-PCR (Fig. S3). As aresult, for combination 1 (Dv4AKRI x CaMYBA
x pl9), two peaks (Fig. 4a peaks 1 and 2) were detected. Comparing our data with
previously reported ‘SH’ ray florets extract profiles (Ohno et al. 2021), the detected peaks
were presumed to isoliquiritigenin 4'-O-glucoside (peak 1) and isoliquiritigenin 4'-O-[6-
O-(malonyl)-glucoside] (peak 2). In addition, the detected peak in hydrolyzed extract also
corresponded to that of isoliquiritigenin standard (Fig. 4b). For combination 2 (4m4'CGT
x DvAKRI x CaMYBA x p19) and combination 3 (c¢34671 gl il x DvAKRI x CaMYBA
x p19), similar to combination 1, two major peaks (Fig. 4b peaks 1 and 2) were detected
in crude extract. In hydrolyzed extract, peak of isoliquiritigenin were detected (Fig. 4b).
For combination 4 (¢35662 gl il x DvAKRI x CaMYBA x p19), two peaks (Fig. 4a peaks
1 and 2) in crude extract and peak of isoliquiritigenin in hydrolyzed extract was detected
(Fig. 4b). However, peak areas detected in combination 4 were similar to combination 1
(Fig. 4c). We obtained similar results using GmCHRS instead of DvAKRI (Fig. 4a).
Therefore, these results suggested that Am4'CGT and c¢34671 gl il have
isoliquiritigenin 4'-glucosyltransferase activity, but ¢35662 gl il does not have
isoliquiritigenin 4'-glucosyltransferase activity and detected peaks in combination 4
might be due to background N. benthamiana UGT activity.

To further investigate whether the candidate genes have 4'-glucosylation
activity for butein, in addition to DvAKRI or GmCHRS5, CaMYBA and candidate
glucosyltransferase genes, we co-expressed DvCH3H, which is required for the
conversion of isoliquiritigenin to butein. The transgene combinations are combination 5:
DvAKRI x CaMYBA x DvCH3H x p19, combination 6: Am4'CGT x DvAKRI x CaMYBA
x DvCH3H x pl9, combination 7: ¢34671 gl il x DvAKRI x CaMYBA x DvCH3H x

pl9, and combination8: ¢35662 gl il x DvAKRI x CaMYBA x DvCH3H x pl9.
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Transgene expression was confirmed by RT-PCR (Fig. S3). First, for combination 5
(DvAKRI x CaMYBA x DvCH3H x p19), in crude extract, three peaks were detected and
two of them were presumed to be isoliquiritigenin 4'-O-glucoside (peak 1) and butein 4'-
O-[6-O-(malonyl)-glucoside]) (peak 5) (Fig. 5a). In hydrolyzed extract, no major peaks
were detected (Fig. 5b). This was supposed to be due to the degradation of the pigments
during the hydrolysis reaction. For combination 6 (Am4'CGT x DvAKRI x CaMYBA x
DvCH3H x pl9), in crude extract, several peaks were detected and four of them were
predicted to glycosides of 6'-deoxychalcone: butein 4'-O-glucoside (peak 3),
isoliquiritigenin 4'-O-glucoside (peak 1), butein 4'-O-[6-O-(malonyl)-glucoside] (peak 5)
and isoliquiritigenin 4'-O-[6-O-(malonyl)-glucoside] (peak 2) (Fig. 5a). Although another
major peak (peak 4) was detected in the crude extract, we could not identify the
compounds. In hydrolyzed extract, in addition to isoliquiritigenin and butein, another
peak was detected (black arrow in Fig. 5b), and it showed a maximum absorbance
wavelength at 380 nm and continued to around 420 nm (Fig. 5c), suggesting this
compound might be a chalcone-like compound, and peak 4 might be its derivative. For
combination 7 (c34671 gl il x DvAKRI x CaMYBA x DvCH3H x p19), similar peak
pattern to combination 6 was detected, but the highest peak of combination 6 was peak 4,
while that of combination 7 was peak 1. Two 4'-butein glucosides (butein 4'-O-[6-O-
(malonyl)-glucoside] and butein 4'-O-glucoside) were detected, indicating two
possibilities that ¢34671 gl il functions as butein 4'-glycosyltransferase, or that
c34671 gl il functions as isoliquiritigenin 4'-glycosyltransferase and then
isoliquiritigenin glucosides were converted to butein glucosides by DvCH3H. The peak
of unknown compound (black arrow in Fig. 5b) was also detected in the hydrolyzed
extract. Finally, for combination 8 (¢35662 gl il x DvAKRI x CaMYBA x DvCH3H x

pl19), in crude extract, two major peaks were detected, namely butein 4'-O-glucoside
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(peak 3) and butein 4'-O-[6-O-(malonyl)-glucoside] (peak 5) (Fig. 5a). Isoliquiritigenin
glucosides were similar level to combination 5 (Fig. 5d). Thus, it was suggested
¢35662 gl il functioned as butein 4'-glucosyltransferase. In hydrolyzed extract, the
peak of unknown compound (black arrow in Fig. 5b) was also detected as well as butein.
Overall, these results suggested that ¢35662 g/ il have butein 4'-glucosyltransferase

activity but not isoliquiritigenin 4'-glucosyltransferase activity.

Recombinant ¢35662 g1 il protein showed glucosylation activity against butein

To verify 4'-glucosyltransferase activity against isoliquiritigenin and butein, recombinant
proteins of Am4'CGT, c34671 gl il and c35662 gl il were expressed by pET6xHN-N
vector and crude extract was used for enzyme activity assay. Unfortunately, we could not
confirm enzyme activity when isoliquiritigenin was used as a substrate (Fig. 6a). However,
enzyme activity was detected when butein was used as a substrate. For ¢35662 gl il, a
major peak of butein 4'-O-glucoside was detected (Fig. 6b). For Am4'CGT and
c34671 gl il, one peak other than butein was detected (Fig. 6b). The peak showed
maximum absorbance wavelength at about 400 nm and continued to around 420 nm. Thus,
the peak was supposed to be not butein derivative but another chalcone-like compound.
From these results, it was suggested that ¢35662 g/ il has 4'-glycosylation activity

against butein in vivo.

Discussion
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In dahlia ‘SH’ ray florets, four 4'-glucosides for isoliquiritigenin and four 4'-glucosides
for butein were identified (Ohno et al. 2021). We explored candidate genes for 6'-
deoxychalcone 4'-glucosyltarnsferase from the transcriptome data of ray florets, and two
candidate genes (c34671 gl il and c35662 gl il) were detected (Fig. 2). In this study,
we conducted agro-infiltration and recombinant enzyme assay to verify function of the
candidate genes. In the control experiment, co-overexpression of DvAKRI x CaMYBA x
p19 (combination 1) without glucosyltransferase induces accumulation of small amount
of isoliquiritigenin 4'-O-glucoside (peak 1) and isoliquiritigenin 4'-O-[6-O-(malonyl)-
glucoside] (peak 2) (Fig. 4a). Glycosylation is important modifications in flavonoids,
enhancing solubility and facilitating transport into the vacuole (Jones and Vogt 2001;
Bowles et al. 2005), and in N. tabacum and N. benthamiana, there are several flavonoid
glycosyltransferases and acyltransferases with wide range of substrate preference
(Taguchi et al. 2001; Liu et al. 2017). Thus, it was supposed that forced glycosylation of
these glycosyltransferases in N. benthamiana resulted in detection of two isoliquiritigenin
4'-glucosides in combination 1. Co-overexpression of three genes (combination 2-4) in
tobacco leaves induced isoliquiritigenin 4'-glucoside. However, peak area detected from
combination 4 was similar level to combination 1 (Fig. 4c), suggesting ¢35662 gl il
does not have isoliquiritigenin 4'-glucosyltransferase activity, and only 4m4'CGT and
c34671 gl il have isoliquiritigenin 4'-glucosyltransferase activity.

Co-overexpression of four genes (combination 6-8) induced butein 4'-
glucosides in addition to isoliquiritigenin glucosides (Fig. 5). In both combination 7
(34671 gl il x DvAKRI x CaMYBA x DvCH3H x pl9) and combination 8
(35662 gl il x DvAKRI x CaMYBA x DvCH3H x pl9), the same 4'-glucosides of
butein (butein 4'-O-glucoside (peak 3) and butein 4'-O-[6-O-(malonyl)-glucoside] (peak

5)) were detected. These results indicated both ¢34671 gl il and ¢35662 gl il are



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

involved in butein 4'-O-glucoside formation. However, for ¢34671 gl il, we could not
judge from these results whether ¢34671 gl il glucosylated butein or ¢34671 gl il
glucosylated isoliquiritigenin at first and then isoliquiritigenin 4'-glucoside was converted
to butein 4'-glucoside by DvCH3H. From recombinant enzyme assay, butein 4'-O-
glucosyltransferase activity was not detected from ¢34671 gl il (Fig. 6b), indicating the
latter hypothesis is more likely. In combination 8, detected level of isoliquiritigenin 4'-O-
glucoside (peak 1) and isoliquiritigenin 4'-O-[6-O-(malonyl)-glucoside] (peak 2) were
again similar to the control experiment (combination 5) (Fig. 5d), indicating
35662 gl il does not have isoliquiritigenin 4'-glucosyltransferase activity.
Unfortunately, we could not confirm isoliquiritigenin 4'-O-glucosyltransferase activity
by recombinant enzyme assay (Fig. 6a), however, clear butein 4'-O-glucosyltransferase
activity was detected from c¢35662 gl il (Fig. 6b). Therefore, it was suggested
€35662 gl il is mainly involved in butein 4'-glucosylation but not isoliquiritigenin 4'-
glucosylation.

Am4'CGT is a chalcone 4'-O-glucosyltransferase involved in aurone formation
in snapdragon and it showed 2', 4', 6', 4-tetrahydroxychalcone 4'-O-glucoside activity
(Ono et al. 2006). Compared to c34671 gl il and ¢35662 gl il, Am4'CGT showed
similar HPLC chromatogram pattern with ¢34671 gl il (Figs 4 and 5), indicating
Am4'CGT and c34671 gl il have similar function as isoliquiritigenin 4'-
glucosyltransferase and substrate preference. However, there was slight difference in
combination 6 and combination 7 (peak 4 was the highest in combination 6, while peak
1 was the highest in combination 7: Fig 5a), indicating function of Am4'CGT and
c34671 gl il is not exactly the same.

In combination 6 and 7, one peak (peak 4) of unknown compound was detected

from crude extract (Fig. 5a). In hydrolyzed extract, one peak (arrowed in Fig. 5b) was
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detected, and photodiode array analysis indicated this compound is chalcone-like
compound (Fig. 5c¢). This compound was not detected without DvCH3H (Fig. 4b),
suggesting DVCH3H function is required for this chalcone-like compound formation. One
possibility is that DvCH3H hydroxylated some moiety and produced this unidentified
compound.

In conclusion, ¢34671 gl il and c35662 gl il were demonstrated to function
as 6'-deoxychalcone 4'-glucosyltransferase but with different substrate preference. It was
suggested that ¢34671 gl il is a major isoliquiritigenin 4'-glucosyltransferase and
35662 gl il is a major butein 4'-glucosyltransferase in dahlia. Based on these results,
hereafter c34671 gl il was designated as Dv4'CGT and ¢35662 gl il was designated
as Dv4'BGT, and the putative 6'-deoxychalcone glucosylation pathway in dahlia was
inferred (Fig. 7). The difference in glucosylation properties of the two genes may be
useful for molecular breeding of yellow flowers using 6'-deoxychalcone. In a previous
study, it was reported that there is the best correlation between dahlia b * values and butein
4'-malonylglucoside (Ohno et al. 2021). Therefore, it may be possible to create brighter
yellow flowers more efficiently by using ¢35662 gl il/Dv4'BGT. Further study is
needed to clarify interactions among ¢34671 gl il /Dv4'CGT, ¢35662 gl il/Dv4'BGT
and other glycosylation or acylation-related enzymes, that will be of great help in the

molecular breeding of yellow flowers.
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Table S1 Primers used for sequencing
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Table S2 Accession numbers for amino acid sequences used in the phylogenetic analysis
Table S3 Primers used for qRT-PCR

Table S4 Primers used for gateway cloning

Table S5 Primers used for validation of transgenic expression

Table S6 Primers used for recombinant enzyme assay

Table S7 SNPs of ¢34671 gl il cDNA in ‘SH’ and ‘RK’

Table S8 SNPs of ¢35662 gl il cDNA in ‘SH’ and ‘RK’

Fig. S1 Comparison of putative amino acid sequence among Am4'CGT, c34671 gl il
(Dv4'CGT) and ¢35662 g1 il (Dv4'BGT).

Fig. S2. Content of 6'-deoxychalcone 4'-glycosides at each developmental stage of *SH’
ray florets.

Fig. S3. Validation of transgene expression in infiltrated leaves by RT-PCR.
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Figure legends

Fig. 1 Presumed biosynthetic pathway for isoliquiritigenin and butein derivatives in
dahlia proposed by Ohno et al. (2021). Bt, butein; Bt4'G, butein 4'-O-glucoside; Bt4'MG,
butein 4'-O-[6-O-(malonyl)-glucoside]; Bt4'MS, butein 4'-O-[2-O-(glucosyl)-6-O-
(malonyl)-glucoside]; Bt4'S,  butein  4'-O-[2-O-(glucosyl)-glucoside]; Iso,
isoliquiritigenin; Iso4'G, isoliquiritigenin 4'-O-glucoside; Iso4'MG, isoliquiritigenin 4'-
O-[6-O-(malonyl)-glucoside]; Iso4'RG, isoliquiritigenin  4'-O-[6-O-(rthamnosyl)-
glucoside]; Iso4'S, isoliquiritigenin 4'-O-[2-O-(glucosyl)-glucoside]; 4'CGT, chalcone 4'-
glucosyltransferase; AKR, aldo-keto reductase; CH3H, chalcone 3-hydroxylase; CHS,
chalcone synthase; C4'GGT, chalcone 4'-glucoside glucosyltransferase; C4'GMaT,
chalcone 4'-glucoside  malonyltransferase; C4'GRhT, chalcone 4'-glucoside

rhamnosyltransferase.

Fig. 2 Phylogenetic tree for plant flavonoid glycosyltransferase based on amino acid
sequence. Glycosyltransferase putative amino acid sequences were aligned using
ClustalW, and the tree was constructed by the neighbor-joining method. Bootstrap values
obtained with 1000 repetitions are indicated on each branch. Putative amino acid

sequences used for the phylogenetic tree are shown in Table S2.
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Fig. 3 Analysis of expression levels of candidate glycosyltransferase genes and pigment
content at different developmental stages of ‘SH’ ray florets. a Inflorescence and ray
florets at different developmental stages of ‘SH’. Bars indicate 1 cm. b Butein-4'-[6-O-
(malonyl)-glucoside] content. ¢ Relative expression levels of ¢34671 gl il,
35662 gl il, 37087 gl il, c37958 gl il, 38610 gl i2, 38674 gl il and

38795 g2 i3. DvActin was used as an internal standard. Bars indicate £SE (n=3).

Fig. 4 Transient over-expression analysis by agroinfiltration in N. benthamiana leaves to
analyze glucosylation activity against isoliquiritigenin. a and b HPLC chromatograms of
over-expressed leaves analyzed at 380 nm (a: crude pigments, b: hydrolyzed pigments).
Number in chromatograms indicates 1: isoliquiritigenin 4'-O-glucoside, 2:
isoliquiritigenin 4'-0O-[6-O-(malonyl)-glucoside]. ¢ Quantification of peak areas of peak

1 and peak 2 in combinations 1-4. Bars indicate £SE (n=4-9).

Fig. 5 Transient over-expression analysis by agroinfiltration in N. benthamiana leaves to
analyze glucosylation activity against butein. a and b HPLC chromatograms of over-
expressed leaves analyzed at 380 nm (a: crude pigments, b: hydrolyzed pigments).
Number in chromatograms indicates 1: isoliquiritigenin 4'-O-glucoside, 2:
isoliquiritigenin 4'-O-[6-O-(malonyl)-glucoside], 3: butein 4'-O-glucoside, 4: not
identified chalcone-like compound, 5: butein 4'-O-[6-O-(malonyl)-glucoside].
¢ Photodiode array analysis of an unknown compound showing a peak indicated by
arrows in b of DVAKRI x Am4'CGT x CaMYBA x DvCH3H x pl9. d Quantification of
peak areas of peak 1, peak 2, peak 3, peak 4 and peak 5 in combinations 5-8. Bars indicate

+SE (n=3-6).
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Fig. 6 Enzymatic activity of recombinant Am4'CGT, c¢34671 gl il and ¢35662 gl il
proteins against isoliquiritigenin (a) and butein (b). Chromatograms show the absorption

at 380 nm in each reaction mixture.

Fig. 7 Presumed major glycosylation pathway for isoliquiritigenin and butein derivatives
in dahlia ray florets. C4'GGT, chalcone 4'-glucoside glucosyltransferase; C4'GMaT,

chalcone 4'-glucoside malonyltransferase; CH3H, chalcone 3-hydroxylase.
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