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ABSTRACT

The glycosylation of flavonoids is an essential modification contributing to the complexity
of secondary metabolites and is often the last step in the biosynthesis of natural compound,
affecting water solubility and stability of flavonoids. Glucosyltransferase (GT) are member
of glycosyltransferases and transfer glucose to an acceptor molecule.

In this study, ten novel GT genes were cloned and characterized from Citrus reticulata cv.
Siranui. These genes are named as GT150, GT1669, GT259, GT285, GTI173, GT2282,
GT3363, GT3591, CiGT1, and CiGT2, respectively. Eight GT genes (GT150, GT1669,
GT259, GT285, GT173, GT2282, GT3363, and GT3591) were amplified from first-strand
cDNA that synthesized from total RNA of C. reficulata leaves by using Polymerase chain
reaction (PCR) with gene specific primers. CiGTI and CiGT2 gene were amplified by using
reverse transcription (RT) - PCR with gene specific primers. The full-length GT cDNAs
were cloned and expressed as glutathione S-transferase fusion proteins, and then, their
activities were assayed with naringenin and quercetin, which are typical substrates for the
enzyme producing flavonoid 7-O-glucoside and flavonoid 3-O- glucoside, respectively.
Based on HPLC analysis, GT173, GT285, and GT3363 gene products showed GT activities
on naringenin and quercetin, demonstrating these genes were both related flavonoid 7-O-
glucoside and flavonoid 3-O- glucoside. Compared to G7285 and G73363, GT173 showed
only a detectable activity on naringenin.

GT2282 and GT3591 were determined to glucosylate naringenin, producing its 7-O-
glucoside. Interestingly, GT259 can glucosylate quercetin but its modification was not 3-O
site, suggesting the other site could be glucosylated. On the other hand, GT150, GT1669,
CiGTl1, and CiGT2 did not transfer glucose to two flavonoid substrates in this study. For

these four genes, further study need to identify their substrate.



1. INTRODUCTION

All plants contain secondary metabolites including flavonoids, alkaloids and terpenoids
[Wink M, 1999]. Flavonoids have general skeletal representation with 2 aromatic rings and
low molecule weight secondary metabolites. Figure 1 shows that general skeletal

representation of flavonoids [Lazarus and Schmit, 2000].

Figure 1. General skeletal of flavonoid [Lazarus and Schmit, 2000]

Flavonoids are unlike primary metabolites, which are not essential for plant survival.
Generally, flavonoids do not participate in primary biochemical activities such as growth,
development, and reproduction [Sarkar et al., 2007]. Nevertheless, flavonoids play an
important roles acting as feeding deterrents, UV protections, pollinator attractants, growth
regulators, and pigments for flower coloration [Harbone, 1976; Mori et al., 1987; Broillard
and Dangles, 1993]. Flavanones serve in specific plant life cycles by imparting different taste
properties, and play a key role of anti cancer in human. For example, naringenin found in
grapefruit, sour oranges, and lemon that affect bitter taste of these fruit. In human, quercetin
plays a role of antioxidation, anti-tumor of breast, and reduction in blood pressure (Fiugre2)

[Michael W. King, 2011].
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Figure 2. Structure of (A) naringenin and (B) quercetin [supplementary science]

Glycosylation refers to the enzymatic process that attaches glycoside to proteins or other
organic molecules. This modification is a common modification reaction in plant metabolism
and is the last step in the biosynthesis of natural compounds. Glycosylation donor molecule
is often an activated nucleotide sugar. The glycosylation of flavonoids affects their water
solubility that improves stability and bioavailability [Sayaka et al., 2009].

Glucosyltransferase (GT) are enzymes that transfer glucose to an acceptor molecule. GT
share a conserved region called plant secondary product glucosyltransferase (PSPG) box.
This box consists of 44 amino acid residue close to C-terminal region of the protein [Vogt
and Jones, 2000; Joe Ross (2001); Tian et al., 2006; Hughes and Hughes, 1994]. Over 12,000
sequences encoding GT in many different organisms have collected (http://afmb.cnrs-mrs.fr/
CAZY) [Kim et al, 2006 A; Claire et al, 2005]. These sequences classified into 77 families
through biochemical studies of their gene products or through sequence homology
comparison to the genes encoding enzymes of known catalytic activity [Lim, 2005]. Many
flavonoid GT have been isolated from different sources and biochemically characterized.
These enzymes act on different classes of flavonoids at different positions including the 3,
and 7-OH groups. GT tend to be specific as to flavonoid class, sugar to be transferred, and
position for substrates [Moraga et al, 2009; Patrik et al, 2003; Daniel et al, 2009; Goro et al,
2003], which give plants their characteristic feature [McIntosh, 1990; Heller and Forkmann,

1993].



Citrus is one of the most important fruit plant in the world for fruits and other products,
such as juice, soap, cosmetics, etc. Citrus species are much interest because they accumulate
large amounts of flavanone glycosides, whose aglycons are early intermediates in the
flavonoid biosynthetic pathway [Castillo, 1991].

In this study were carried out cloning and characterization of their enzymatic activity of
ten novel putative GT, GT150, GT1669, GT259, GT285, GT173, GT2282, GT3363, GT3591,

CiGT1, and CiGT2, from Citrus reticulata cv. Siranui.



2. MATERIALS & METHODS

2.1. Plant materials

Citrus reticulata cv. Siranui [(Citrus unshiu X Citrus sinensis) X Citrus reticulata] was
obtained from Citrus Research Station, National Institute of Horticultural & Herbal Science,

Rural Development Administration, Jeju 697-943, Korea

2.2. Total RNA extraction

Four of citrus tissues were collected from the greenhouse in the Citrus Research Station,
National Institute of Horticultural & Herbal Science and were kept on liquid nitrogen to
carry them to the laboratory. Frozen citrus tissues were ground to a fine powder quickly and
completely using a mortar and pestle with liquid nitrogen. Total RNAs were extracted from
flowers, young fruits, stems, and leaves by using PureLink RNA mini kit (Invitrogen. USA).
The total RNA quality and concentration were assessed using an Ultraspec 2100 Pro UV/Vis
spectrophotometer (Amersham Biosciences, UK) and by formaldehyde denaturing agarose

gel electrophoresis.

2.3. First-strand cDNA synthesis

First-strand cDNA from total RNA of Citrus leaves was synthesized according to the
protocol of In-Fusion® SMARTer' ™ Directional cDNA Library Construction Kit (Clontech,
USA): 2 ug of Total RNA sample, and 3' In-Fusion SMATer CDS primer (3' CDS primer:

5'-CGGGGTACGATGAGACACCAA(T)20VN-3' (N=A, G, C, or T; V=A, G, or C) were



incubated at 72°C for 3 min and 42°C for 2 min. After incubation for short time on ice, 5 X
First-Strand Buffer, 0.1 M DTT, 10 mM dNTP Mix, SMARTer V Oligonucleotide (5'-
AAGCAGTGGTATCAACGCAGAGTGGTACXXXXX-3"), 10 units of RNase Inhibitor
and 100 units of SMARTScript' " Reverse Transcriptase were added and incubated at 42°C
for 1 hr 30 min and terminated at 68°C for 10 min. The first-strand reaction product was

diluted to 15 pl with TE buffer (10 mM Tris [pH 8.0], 0.1 mM EDTA).

2.4. Primer design

Among 150 GT sequences of the C. platymamma Hort. ex. Tanaka (Byungkyool) genomic
DNA library data in our laboratory, eight gene sequences were chosen based on the highest
conserved region within the PSPG (Plant Secondary Product Glucosyltransferase) box.
CiGTI and CiGT2 gene sequences were predicted on the basis of EST sequences of NCBI
and Citrus Genetic Resources Bank, Korea.

Primer sequences used for amplifying target gene were as follows Table 1.



Table 1. The primers of ten glucosyltransferases

Primer name

Sequence

GT150-BamHI-5

GT150-Xhol-3

GCG CGG ATC CAT GGA AGA CAA GAAACTTCA CAT A

CGC CGC CTIC GAG TCA CAT GAG ATC AGC CAG GCT ATG

GT1669-BamHI-5

GT1669-Xhol-3

GCG CGG ATC CAT GGC TCA CGG CCA CAT GATTCC A

CGC CGC CTC GAG TTA GCT GCT TTG ATG GCG ACT TAA

GT259-EcoRI-5

CCG GGA ATT CAT GTC GAG CTCTAA CAC CAG AACC

GT259-Xhol-3

CGC CGC CTC GAG TCATTT CGC ATG AAG ATT TCT CAA

GT285-BamHI-5

GT285-Xhol-3

GCG CGG ATC CAT GCC GCC GGC CGG CGCTCATATT

CGC CGC CTC GAG TCA AAC TGC TGT CAA ATT TTT TCC

GT173-BamHI-5

GT173-Xhol-3

GCG CGG ATC CAT GTC AGA AGC AGC CGG AAGCACC

CGC CGC CTC GAG TCA AGT CCT GTT GAC AACTTC AAC

GT2282-BamHI-5

GT2282-Xhol-3

GCG CGG ATC CAT GGC ATC CGA AGC CAGCCAGTCA

CGC CGC CTIC GAG TCA CTT CTG AGG TTG GCC ATG GAA

GT3363-BamHI-5

GT3363-Xhol-3

GCG CGG ATC CAT GGC TTC TGA AGG GAGATGCCAG

CGC CGC CTC GAG TCA GGC GTT ATC TAT ATG TTG GTG

GT3591-BamHI-5

GT3591-Xhol-3

GCG CGG ATC CAT GGC ATC CGA AGC CAGCGAGTTT

CGC CGC CTIC GAG TTA CAT CAC TTC TGA GGT CGG CTG

CiGT1-EcoRI-5

CiGT1-Xhol-3

CGG AAT TCATGG AGA AGC AGATCATGTTC

CCCTCG AGT CAG CAATTT TGT GGT TGT GAG C

CiGT2-BamHI-5

CiGT2-Xhol-3

CGG GAT CCA TGG AGC AGC AAC AGC AAC CC

CCCTCG AGT TAG GGT CGT TTT TCT CTA CT

Each underline was indicated enzyme site




2.5. Plasmid cloning and nucleotide sequence analysis of GT gene

PCR was performed with 1 pl first-strand cDNA and npfu-special DNA polymerase
(Enzynomics, Korea) under the following condition : 95°C for 2 min, followed by 35 cycles
of 95°C for 30 sec, 52°C for 1 min, and 72°C 1 min 30 sec and finally, 72°C for 10 min. 5 pl
of each PCR products were separated on 1.0% agarose gel and stained with Safeview
(Applied Biological Materials, Canada). The PCR products were extracted from agarose gel
using GeneAll® Expin™ combo GP (Geneall, Korea).

The CiGTI and GT259 were digested using EcoRI and Xhol enzyme (Takara, Japan), and
rest of the GT were digested using BamHI and Xhol enzyme, respectively and incubated at
37°C for 2 h followed by purification with GeneAll® Expin"™ combo GP (Geneall. Korea).
The purified DNA was finally dissolved in 30 pl of deionized H,O. 2 pl it was run on 1.0%
agarose/EtBr gel alongside 5 pl of 1 Kb DNA size marker (Enzynomics, Korea) at 100 V
for 40 min.

The pGEX 4T-1 and pGEX 4T-3 (GE Healthcare, UK), a glutathione S-transferase (GST)
gene expression system vector, were digested with EcoRIl and Xhol, BamHI and Xhol,
respectively. And they were ligated with digested DNA fragments at a ratio of 5:1 using
DNA Ligation Kit <Mighty Mix> (Takara, Japan). The GT/ and GT259 PCR products were
ligated into the pGEX 4T-1 plasmid. And the rest of GT PCR products were ligated into the
pGEX 4T-3 plasmid. All ligation tubes were incubated at 16°C overnight. The recombinant
plasmids were transformed into E. coli DH5a cells by heat shock, and an aliquot was spread
on a pre-warmed 90 mm LB agar plate containing 100 pg/mL of ampicillin. The plates were
incubated at 37°C overnight [Ko, 2008; Miller et al., 1999; Lin et al., 2006]. The inserted
fragment sizes of the positive recombinants were analyzed by PCR amplification using the
vector-specific, pGEX 5 and pGEX 3, primers. The PCR products were resolved by agarose

gel electrophoresis to determine the size of each product. Sequence analysis was performed

8



by using an ABI 3130 XL Genetic analyzer (Applied Biosystems, Foster, USA). The
obtained sequences were compared with sequence database using BLASTN and annotated
on the basis of the exiting annotation of non-redundant databases at the NCBI. Sequence
analyses of the GT genes were performed by using GENETYX-WIN Software Ver. 5.0

(Genetyx, Tokyo, Japan) and a ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw?2).

2.6. Comparison of the amino acid sequence and phylogenetic analysis

Multiple alignments of ten GT amino acid sequences were made using the program
BioEdit software (Ver. 7.0.9.0, http://www.mbio.ncsu.edu/BioEdit/bioedit. html). The
phylogenetic tree of GT genes were constructed using the neighbor-joining methods [Saitou
and Nei, 1987] in Molecular Evolutionary Genetics Analysis (MEGA) software (ver. 4.0,

http://www.megasoftware.net/index.html) [Tamura et al., 2007].

2.7. Expression and biotransformation of glucosyltransferases

Full-length ¢cDNAs encoding ten GT genes were cloned into bacterial GST expression
vector pGEX4T-1 and pGEX4T-3 (Amersham Biosciences/GE Healthcare, UK) to create in
frame fusions at the 5' terminus with the GST coding sequence. Inserted genes were
sequenced to confirm their gene sequence and correct reading frame. To express fusion
protein, BL21 (DE3) E. coli cells were used. Transformants were selected on LB containing
ampicillin (AMP) plates and were grown overnight in 5 ml of LB medium at 37°C and 2 ml
of the cultured cells were used to inoculate 20 ml of LB-AMP fresh medium. The culture

was grown until absorbance at 600 nm reached 0.6~0.7. At this point, IPTG (isopropyl-1-



thio-B-D-galactopyranoside) was added at a final concentration of 0.1mM, and the
transformants was grown for 5 hours at 25°C. The cells were harvested and washed with
PBS buffer (137 mM NaCl, 2.7 mM KCIl, 10 mM Na,PO4, 2 mM KH,PO,, pH 7.4),
resuspended in the lysis buffer (1X PBS, ImM EDTA, 1mM DTT, 1mM PMSF, 1% TritonX-
100) and lysed by sonication (5 sec pulse, 30 sec resting for 1 min, on ice) [Kim et al.,
2006B; Noguchi et al., 2008, Hong et al., 2007]. After sonication, the samples were
centrifuged at 10,000 rpm for 5 min at 4°C. The supernatant and pellet were analyzed by
SDS-PAGE (polyacrylamide gel electrophoresis) for solubility of the fusion protein.

For the biotransformation assays, the cells were harvested and resuspended in half volume
of 50 mM potassium phosphate buffer (pH 7.0) containing 1 % glucose. Substrates
(Quercetin and Naringenin) were added 30 uM at each culture and the sample was incubated
at 28°C for 12 hr. The supernatant was collected and was extracted twice with ethyl acetate.
Then, the ethyl acetate extract was evaporated completely and the pellet was dissolved in

methanol [Kim, 2005; Kim, 2007; Kim, 2006C; Lin, 2006].

2.8. Analysis of flavonoids with high performance liquid chromatography (HPLC)

The reaction products were analyzed using a HPLC (Ultimate 3000, dionex, Idstein,
Germany) equipped with a photo diode array (PDA) detector and a Luna C18(2) column (5
um particle size, 4.6 mm X 250 mm, Phenomenex, Torrance, CA, USA). For analytical scale,
the mobile phase consisted of 50 mM potassium phosphate buffer (pH 3.0) and was
programmed as follows: 20 % acetonitrile at 0 min, 40 % acetonitrile at 10 min, 70 %
acetonitrile at 20 min, 70 % acetonitrile at 25 min, 100 % D.W at 30 min, 100 % D.W at 35

min, 20 % acetonitrile at 40 min. The flow rate was 1 ml/min and UV detection was

performed at 270 nm.

10



3. Results

3.1. Total RNA extraction of GT

Total RNAs were extracted from flowers, young fruits, stems, and leaves as previously
described. The concentration and purity of the total RNA was determined by measuring the
absorbance at 260nm (A,gp) and 280nm (Apg) in a spectrophotometer (Table 2). Integrity
was determined running the total RNA (3ug) in a formaldehyde gel stained with ethidium

bromide. Formaldehyde gel electrophoresis of total RNA showed Figure 3.

Table 2. Absorbance measurement of total RNA samples.

Concentration (ug/ul) 260/280 (O/D)
Flower 1.005 2.01
Leaf 2.647 1.96
Stem 0.401 2.01
Fruit 2.46 2.01

1 2 3 4

Figure 3. Formaldehyde gel electrophoresis of C. reticulata total RNA. Total RNA isolated

from flower, leaf, stem and fruit using PureLink RNA mini kit (Invitrogen).

lane 1, Flower; lane 2, Leaf; lane 3, Stem; lane 4, Fruit.

11



3.2. cDNA cloning and phylogenetic analysis of GT

cDNAs were synthesized from the total RNA of citrus leaf and PCR was carried out with
cDNA as template and specific primers. PCR products were separated on agarose gel. DNA
band of expected size was observed in the gel after staining with ethidium bromide (Figure
4). DNA in the band was extracted from the gel and ligated into the pGEX expression vector.

Colony containing target gene was identified by colony PCR with pGEX primers. Purified

plasmids were used for analysis of gene sequence.

M 1 2 3 4 5 6 7 8 M 1 2
(A) (B)
oo
]
C o ey N N e e U'
—

(8

Figure 4. The results of agarose gel electrophoresis of PCR products. (A) lane 1; GT150,
lane 2; GT1669, lane 3; GT259, lane 4; GT285 ,lane 5; GT173, lane 6; GT2282 , lane 7;

GT3363, and lane 8; GT3591 (B) lane 1, CiGT1 and lane 2; CiGT2.

12



Each of the genes concerning nucleic acid and amino acid were described table 3 and

Supplementary data

Table 3. Each GT gene of nucleic acid and amino acid size, respectively.

Gene name nucleic acid amino acid
GT150 1377bp 458aa
GT1669 1428bp 475aa
GT259 1410bp 469aa
GT285 1422bp 473aa
GT173 1365bp 454aa
GT2282 1467bp 488aa
GT3363 1491bp 496aa
GT3591 1473bp 490aa
CiGT1 1431bp 477aa
CiGT2 951bp 317aa

Figure 5 shows the Clustal W alignment of the deduced amino acid sequences of
glucosyltransferase family. Among the sequences, the highest amino acid sequence
similarity (80%) was observed between GT72282 and GT3591. The greatest level of

dissimilarity (13%) was observed between GT150 and CiGT2.

13
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GT3591 CLDILRVYSKVHENYSSDSE----¥FKVPGFP--HHIEFTKYQLPISPPTDE---- LKEFDEKILAADKKTYGVI INTFEE
CiGT1 SFHCIPDIIDAGELP IKGTEDVDRLITTVPG - -MEGFLRECRDLPS FCRYNDPMOPHLLLFARETRLSAHADGLILNTFED
ciGT2 VYYYYFNGYGDLIEGKWYND----LIELPGLPPLTGRDLPSFLDPRNSNDAYSFVYLPSFKEQMEAIVEETDPRILVNT FDA
250 280 2o 280 00 1o 20
| | | | | | | | | | | |
GT150 IEGAYCDYVESQF-EKRVILAG PEPPASYLEEE FEMLFS - - - - - - - -~ SFKAKS LI FCALGSECYLKKDQFQEL
GT1669 LEPAYADHYRKAL -GRRAWHI LCWNRNFED -ECLKWLNSKQPNEVYYVEOFGSLYNFTSEAQLMET]
GT259 LEGEYSDYLKRKMGHDRWYFG Lva-- - LE CHYTKWLDGCPDES YYYYEFGSQKALKRDGMEAL
GT2BS LERVYYIDHMKKE [ SHDRVWAVG PPDDD LVE -DYLTWLDSRROESVYVYACFGRRYVYLTAKQIHEL
GT173 LPPIVYVYETLKSRF--RKFLNVE LTF SRR P ERP G - - —mer 502 misis CLPWLNEHENASVYIYISFGESMITPPRAEVIAL
GT22B2 LESPECIEDYKKAK-QEKYWECI LCNKEP IDKAERGKKASIDVWP -ECLTWFDSQRPTSVYVYYVELGSICNLPSSQLIEL
GT3363 LESEYVKEYKKTK-GGKYWCL LCNKQDIDKAERGKKAAIDYS -ECLNWLDSWPPNSVYVYYVELGSICNLTSSQMIEL
GT3591 LESASVKEYKNAK- -QGKYWCI LCNKES LOKYERGNKAAIDIP -ECLTWLDSQQPSSVYVYVELGSICNLTSSQLIEL
CiGT1 LEGPILSQIRNHS -CPNIVSI LNAHLKVRIPEKTYSSSS LWKIDRS CMAWLDKQPKRSVIYYSFESIAVMSRDQLIEF
CiGT2 LEAETLKAIDKFN-- - -MIAI LYASALLDGKERYGGEDLEQNSS IEYYMEWLS SKPKSSVIVYAFGTICVLEKRQVEE
— —
E k4] 340 50 A80 LT+ 80 400
| | | | | | | | | | | | | | |
GT150 ILEFELTGELPFFAALKPPTG- - -HOTIESALPEGFEDRVKGRE FWH VOQOLILKHPSVYGCFYTHECGSGS LEEAMYNE
GT1669 ATELEASGRNFIWAYRKNMND EGGKEDWLPEGFEKRMEGKSE LTI APQVLI LDHEAVGEFVYTHCGWNS T LEAVAAG
GT259 ASCLEKSGIRFLWYVYKTGMI - GKGEDDGEYGSMPOGFEEQYAGRGLYL APQVS] LSHKAVGGEFLSHCGWNSLLEGIVGG
GT2E5 AAALEKTDVDFVYYCVYREPDE-RHASQDCGYLPDGFEDRYPGRGEYVI SOQYAI LRHKAVGAFLTHEGWNSVLEGYSAG
GT173 AEALEAIGFPFLWSFRGNA- - - - - - - - EEQLPKGFLERTKSYE -KVVLWAPQLKI LEHSSVCYFYTHEGWNSTIEGITGEG
GT2282 GLELEASNKPFVWVIRGES - - KLEELEKWLVYEENFKKRIKGRGELLIRGWAPQWLI LSHPAVGEEFLTHCGWNSS LEGI SAG
GT3363 CLGELEASKKPFIWYIRGENN-TSKEIQEWLLEEKFEERYKGRGILI LGWAPQYLI LSHPSIGEFLTHCOGWNSS LEATISAG
GT3591 GLELEASKKPFIWYTRVEN- - KLEELEKWLVYEENFEERIKGRGLLIRGWAPQVYMI LSHPAVEEFLTHCGWNSS LEGI SAG
CiGT1 ¥YYELVHSKKNFLWWYIRPDLISGKDGENR-- IPEELLEATKERGCIAG- COWNSTLESIVAG
CiGT2 ARELLDSGHP FLWVEREKRP - - == - cm o me oo mmme oo e e b
; 410 42io i azlo i i 45‘0 | eu?a I -uio aulo
GT150 CQLYLLPNVYEDQIINSRLMGEDL KYSYEVERGREDSE - - - - - - - - - - - - LFTRDGVCKAVKAYVMDDDESEVEKDARQNHAEL
GT1669 VP LVTWPYSAEQFYNEKMYNEVIL KIGVEVE] QKWERIWE - - - - - DFVKREKIEKAVNEIMYE - DRAEEMRS RAKAL G KMA
GT258 [JAMI LAWPMEADQFVYNAKLLVEDL GVAVQVECEGADS - - - - - === - - - - - VPDSDELGKIIAESLSQRDEVKI KAKELRDDA
GT2B5 [JVVMLTWPMDADQYTNAQLLVDOIL GVSIRVEGESTRN - - - - - - v - - - - - - IPESGALARLLAQSVYDGTRRERLKARELSGAA
GT173 JVPMVCRPYFADQALNGRI IETAWGIGVEVEGEKFTK - - - - - - - - - - -~ - DETVYNALKQVLSSEEGKRMRENVEALKKLA
GT22B2 VOMLTWP LFADQFCNEKLIVEVJLRIGVSVGY EEKIGYLVKKEDVYETAINI LMDDGQERDARRRRAEEFGELA
GT3363 JVPMITWP LFGDQFCNEKLIVQVILNIGVYRIGY EEEIGVLVKKEDVYVYKAINMLMNE GGERENRRKRARE FQMMA
GT3591 JVvOMLTWP LFSDQFCNEKLIVEVILRIGYSVYOVEVP LKFGEEEKTIGYLYKKEDVETAINI LMDDGEERDVRRKRAKEFEELA
CiGT1 MPMICWPS FADRRINSRFVGEY LGELBIKBLEDRMN - == = === s o2 mmm on s IVEKTYMND LMVERKEE FME SADRMARNLA
42 0 T T T T
Ty RS P Y. )
GT150 REFLISPELENSYVYDGFYQELHSLADIL- -- - -- -
GT1669 KRAVENGGSSYSDLSALIEELRLSRHOQSS -- - -- -
GT259 LAAVTSDGSSARDLDRLWVWEELRNLHAK- - - - - -- -
GT2B5 LSAVVYKGESSDRDLNDFIRRINELKSGKNLTAY- -
GT173 FKAVESDES STKNFKALWEIVMNRT - - - - -« -« -« -
GT22E2 KRALDEGGSSYNNIELFMQDIS FHEGQFQK-- - - - -
GT3363 KRATEETGSSSLMIKLLIQDIMHOFHSODHQHIDNA
GT3591 KRALEEGGSSYNNIGQLFFQDIMQGQFTSEVYM- - - - -
CiGT1 KKSYNKGGESSYCNLDRLYND I KMMS S QP QNC - - - -
{4 2

Figure 5. Alignments of the deduced amino acid sequences of GT genes isolated from
Citrus. The box indicates the conserved region among plant secondary product

glucosyltransferase (PSPG) box.
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GT150
GT1669
GT259
GT285
GT173
GT2282
GT3363
GT3591
CiGT1

10

WVQQQLILKHPSVGC
WAPQVLILDHEAVGG
WAPQVSILSHKAVGG
WSQQVAILRHKAVGA
WAPQLKILEHSSVCY
WAPQVLILSHPAVGG
WAPQVLILSHPSIGG
WAPQVMI LSHPAVGG

WVPQEEVLAHSAVGG
* * * *

20 30 40

: a5l ses s50ls sag leg sl cas ells zas
FYTHCGSGS LEEAMVYNECQLYVYLLPNVYGEGDQ
FVYTHCGWNSTLEAVAAGVPLVTWPVSAEQ
FLESHCGWNS LLEGIVGCGGAMI LAWPMEADQ
FLTHCGWNSVLEGVSAGVVMLTWPMDADGQ
FYTHCGWNSTIEGITGGVPMVYCRPVYFADQ
FLTHCGWNSS LEGISAGVQMLTWPLFADQ
FLTHCGWNSS LEAISAGVPMITWPLFGDQ
FLTHCGWNSS LEGISAGVQMLTWPLFGDQ

FLTHCGWNSTLESIVAGMPMICWPS FADQ
* % % * * * *

Figure 6. PSPG-box consensus sequence of Citrus glucosyltransferases. Highly conserved

amino acids were indicated star mark.

PSPG-box of the derived amino acid sequences of the nine putative glucosyltransferase

clones from C. reticulate cv. Siranui were shown in Figure 6. The CiGT2 did not have

PSPG box.

The phylogenetic tree of nine Citrus GT based on PSPG box is shown in Figure 7. The

minimum value of similarity between group I and group II was about 59%, group II and

group III was about 45%, and group I and III was about 43%. In Group I, the level of

similarity between CiGT1 and GT173, except CiGT2 that did not contain PSPG box, was

over 61%. A higher degree of similarity of group Il was 65% and low degree of similarity

of group II was 40%. A level of similarity in group III was range from 65% to 86%.
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Group I

CiGTZ

CiGTI
GT173

GT 259
GT 1669

2
GT 3363 il et
Group 11

GT 3591 GT2282
Group III

Figure 7. Phylogenetic analysis of family GT
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3.3. Expression of the GST-GT fusion protein

E.coli (DE3) rosetta2 cells were transformed with pGEX 4T-1/CiGT1 plasmid and induced
with IPTG. The cells produced a protein of around 78kDa (GST-CiGT1 fusion protein) that
was absent in non-induced cells expression of CiGT1 fusion protein was induced at different
IPTG concentration and 0.1mM IPTG concentration was the best concentration (Figure 8).
As shown in Figure 9, fusion protein expression was tested at different temperature and time.

When induced at 25°C for 5 h, the soluble protein reached the highest level.

17



Figure 8. Expression of CiGT! fusion protein at different IPTG concentration. M, Protein
Marker; 1, Uninduced lysate; 2, Induced lysate, 0.1mM IPTG. 3, Uninduced lysate; 4,
Induced lysate, ImM IPTG. S : Supernatnat, P : Pellet. The arrow indicates the expected

protein band in 78kDa

M 1S 28 3S 48 5S M 1P 2P 3P 4p 5P

Figure 9. Expression of CiGT/ fusion protein at different temperature and induction time. M,

protein marker; lane 2-8, Uninduced E.coli lysate ; lane 3-9, Induced at 25°C for 4hr; lane 4-
10; Induced at 25°C for 5hr ; lane 5-11, Induced at 18°C for 10hr; lane 6-12, Induced at

18°C for 12hr ; S : Supernatnat, P : Pellet. The arrow indicates the expected protein band in

18



78kDa

GT150, 1669, 285, 173, 2282, 3363, 3591, and CiGT2 were inserted into pGEX 4T-3
expression vector for protein expression and G7259, CiGT1 were inserted into pGEX 4T-1.
Recombinant protein expression resulted in the production of fusion proteins of the mass

described below (Table 4).

Table 4. Predicted recombinant proteins weight of GT genes

Gene name protein mass molecular weight

GTI150 50.3kDa 76kDa
GTI1669 52.2kDa 78kDa
GT259 51.5kDa 77kDa
GT285 52kDa 78kDa
GT173 49.9kDa 75kDa
GT12282 53.6kDa 79kDa
GT3363 54.5kDa 80kDa
GT3591 59.1kDa 84kDa

GT1 52.4kDa 78kDa

GT2 34.8kDa 60kDa
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3.4. Biotransformation of naringenin and quercetin with GT

The E.coli transformants expressing GT were grown and incubated with each of naringenin
and quercetin, as substrates in order to investigate the substrate specificity of the enzyme.
Flavonoid compounds used in this experiment could enter into E.coli and then, be modified
by the expressed protein. Figure 10 showed the protein expression pattern. The box indicated
GT285 and the arrow indicated expected protein band

GT285 was tested with naringenin and quercetin as substrates (Figure 11). The cells
expressing GT285 produced new products from both of naringenin and quercetin. New
products were determined as naringenin 7-O-glucoside and quercetin 3-O-glucoside,
respectively. GT285 transformed all of the quercetin used as substrate to quercetin 3-O-
glucoside and showed about half activity for naringenin, compared to quercetin. This result
indicated that G7285 more effectively transferred a glucose molecule to the 3-hydroxyl

group than 7-hydroxy group.

Figure 10. Expression of GT7285 recombinant protein. M, Molecular weight marker. The box

indicated G7285 and the arrow indicates expected protein band
20
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Figure 11. HPLC analysis of G7285 with naringenin and quercetin (A) HPLC analysis of

standard of naringenin (S1), (B) Reaction product of naringenin (P1), (C) Standard of

naringenin 7-O-glucoside (S2), (D) Standard of quercetin (S3), (E) Reaction product of

quercetin (P2), (F) Standard of quercetin 3-O-glucoside (S4)
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In case of GT173, this protein showed sufficient transformation activity on quercetin, but
only a detectable activity on naringenin (Figure 13). This result indicated that G7773 are
more specific for quercetin than naringenin, compared to GT2835.

Figure 12 showed the protein expression pattern. The box indicated GT/73 and the arrow

indicated expected protein band

Figure 12. Expression of G7'173 recombinant protein. M, Molecular weight marker. The box

indicated G7'173 and the arrow indicated expected protein band
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Figure 13. HPLC analysis of G773 with naringenin and quercetin (A) HPLC analysis of
standard of naringenin (S1), (B) Reaction product of naringenin (P1), (C) Standard of
naringenin 7-O-glucoside (S2), (D) Standard of quercetin (S3), (E) Reaction product of

quercetin (P2), (F) Standard of quercetin 3-O-glucoside (S4)
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GT3363 showed almost equally sufficient activity on both naringenin and quercetin (Figure
15) demonstrating this protein was related to produce naringenin 7-O-glucoside and
quercetin 3-O-glucoside. Figure 14 showed the protein expression pattern. The box indicated

GT3363 and the arrow indicated expected protein band

=

F 1 {81

Figure 14. Expression of GT3363 recombinant protein. M, Molecular weight marker. The

box indicated G73363 and the arrow indicated expected protein band
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Figure 15. HPLC analysis of G73363 with naringenin and quercetin (A) HPLC analysis of

standard of naringenin (S1), (B) Reaction product of naringenin (P1), (C) Standard of

naringenin 7-O-glucoside (S2), (D) Standard of quercetin (S3), (E) Reaction product of

quercetin (P2), (F) Standard of quercetin 3-O-glucoside (S4)
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In case of GT2282, reaction product showed only a detectable activity on naringenin, but
not quercetin. It is possible for this enzyme to have the other substrates modified. Further
study needs to identify the correct substrate of this enzyme. Figure 16 showed the protein

expression pattern. The box indicated G72282 and the arrow indicated expected protein band

Figure 16. Expression of G72282 recombinant protein. M, Molecular weight marker. The

box indicated G72282and the arrow indicated expected protein band
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Figure 17. HPLC analysis of G72282 with naringenin and quercetin (A) HPLC analysis of
standard of naringenin (S1), (B) Reaction product of naringenin (P1), (C) Standard of
naringenin 7-O-glucoside (S2), (D) Standard of quercetin (S3), (E) Reaction product of

quercetin , (F) Standard of quercetin 3-O-glucoside (S4)
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Similar to G72282 and GT3591 were only determined to glucosylate naringenin, producing
its 7-O-glucoside. In fact, GT2282 and GT3591 were classified as the same group (Group III,
Figure 6). These two genes were showed as very close genes because they have about 80%
similarities between amino acid sequences in full-length and above 95% similarities in PSPG
box region. Figure 18 showed the protein expression pattern. The box indicated GT3591 and

the arrow indicated expected protein band

.
-1
e
=

Figure 18. Expression of GT3591 recombinant protein. M, Molecular weight marker. The

box indicated GT3591 and the arrow indicated expected protein band
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Figure 19. HPLC analysis of GT3591 with naringenin and quercetin (A) HPLC analysis of
standard of naringenin (S1), (B) Reaction product of naringenin (P1), (C) Standard of
naringenin 7-O-glucoside (S2), (D) Standard of quercetin (S3), (E) Reaction product of

quercetin , (F) Standard of quercetin 3-O-glucoside (S4)
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Amino acid homology between G7259 and G7285 were about 65% in PSPG box (Group
IT) and about 38% in full length sequence. Different from the G7285 that showed activities
on both substrate, however G7259 was only determined to glucosylate quercetin. But
interestingly, G7259 was not modification 3-O-site, suggesting the other site could be
glucosylated (Figure 21). These results suggest that these two gene product share some
common substrates, but that have different preference on modification site. Figure 20
showed the protein expression pattern. The box indicated G7259 and the arrow indicated

expected protein band

Figure 20. Expression of G7259 recombinant protein. M, Molecular weight marker. The box

indicated G7259 and the arrow indicated expected protein band
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Figure 21. HPLC analysis of G7259 with naringenin and quercetin (A) HPLC analysis of
standard of naringenin (S1), (B) Reaction product of naringenin, (C) Standard of naringenin
7-O-glucoside (S2), (D) Standard of quercetin (S3), (E) Reaction product of quercetin (P2),

(F) Standard of quercetin 3-O-glucoside (S4)

31



CiGTI1, CiGT2, GTI50, and GT1669 were tested with naringenin and quercetin as
substrates. These four gene product did not show any activities on both naringenin and
quercetin (data not shown). CiGTI, CiGT2, and GT150 were involved in Group I, suggesting
this group may have the other substrate in plant. In this study, did not clearly confirm the
extent of protein expression and protein solubility. Further study needs to identify real

substrates for these genes.
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4. CONCLUSION

In this study, a novel ten full-length glucosyltransferase (GT) genes, GT150, GT1669,
GT259, GT285, GT173, GT2282, GT3363, GT3591, CiGTI, and CiGT2 were isolated from
Citrus reticulate cv. Siranui. Eight genes of the GT family were searched from the C.
platymamma Hort. ex. Tanaka (Byungkyool) genomic DNA library database. CiGT/ and
CiGT2 genes were based on the EST sequences of NCBI. The partial glucosyltransferase
nucleotide sequences were obtained from the searches in the EST databases of the Citrus
Genetic Resources Bank and used as query.

A phylogenetic tree based on PSPG box of the family of glucosyltransferases from C.
reticulate cv. Siranui showed that CiGT1, CiGT2, and GT 173 consist of group I, GT259,
285, and 150, group 11, and GT1669, 3363, 3591, and 228, group IIL.

To confirmed activity of GT, transformation assay were performed with naringenin and
quercetin as substrates. Three of genes (G773, 285, and 3363) were found to have function
as both flavonoid 7-O-glucosyltransferase and flavonoid 3-O-glucosyltransferase. Compared
to GT285 and GT3363, GT173 showed only a detectable activity on naringenin. G72282 and
GT3591 were determined to glucosylate naringenin, producing its 7-O-glucoside.

Interestingly, G7259 could glucosylate quercetin but its modification was not 3-O site,
suggesting the other site could be glucosylated. On the other hand, GT150, GT1669, CiGTI,
and CiGT2 did not transfer glucose to two flavonoid substrates in this study. For these four
genes, further study need to identify their substrate.

This research will increase our insight for the mechanism of glucosylation of flavonoid

and contribute the understanding of glucosylation in Citrus.
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SUPPLIMENTARY DATA

10 20 30 40 ol 60 10 80
HEDKKLHIAN YPYFAMGHLT SYLHISNKLA ERGHKISFIL PTNTHTKFEP FNLHKHLYTF IPITVPCNDG LPSGTETTTD

90 100 110 120 130 140 150 160
VPFPLHPLLM TANDLTEPAT EAIVRDIKPN IVFFOFTYWL PSLARKLGIK SIAFVTISPA TYGYLLSPER KLRDKYLTEA

170 180 190 200 210 220 230 240
DLL@PPQGFP PSKIKLRAHE AHGLﬂHATUK OFGGLSFMER LLLCLTECDA IGFKTCREIE GAYCDYVESQ FEKRVILAGP

250 260 210 280 290 300 310 320
YLPEPPASYL EEEFEMLFSS FKAKSLIFCA LGSECYLKKD OFOELILGFE LTGLPFFAAL KPPTGHOTIE SALPEGFEDR

330 340 350 360 310 380 390 400
YRGRGFYHGG WYQQOLILKH PSYGCFYTHC GSGSLSEAMY NECOLYLLPN VGDQIINSRL MGEDLKYGYE YERGDEDGLF

410 420 430 440 450 460 470 480
TROGYCKAYK AYNDDDSEYG KDARQNHAEL REFLISPGLE NSYYDGFVOE LHSLADIL

Supplementary Fig 1. The cDNA sequence and deduced amino sequence of GT150 gene

isolated from Citrus reticulata cv. Siranui.

10 il 30 4) o0 60 10 80
HAHGHNIPTY DMAKLFASRG VKASYITTPA NGPYVSKSYE RANEMGIELD VKTIKFPSYE AGLPEGOENL DAITNEYNKE

a0 100 110 120 130 140 150 160
LIVKFYGATT KLHEPLEGLL ROHKPDCLYA DIFFPYATDA AAKFGIPRLY FHGTSFFSLC ASNCLALYEP HKNYSSDSEP
170 | 80 190 200 210 220 230 240

FYNPHFPDEI KLTRNGLPDF YKQDMGONDF SRLLKAIDDS DLRSYGAAYN SFYELEPAYA DHYRKALGRR AWHIGPYSLC

250 260 210 260 280 300 30 320
NRNFEDKALR GROASIDELE CLKWLNSKOP NSYYYVCFGS LYNFTSAOLM EIATGLEASG RNF IWAVRKN MNDGGE GGKE

330 340 350 360 3 380 390 400
DLPEGFEKR MEGKGLIIRG WAPQYLILOH EAYGGFYTHC GUNSTLEAVA AGYPLYTWPY SAEQFYNEKN YNEYLKIGYG

410 420 430 440 40 460 410 480
YGIOKYCRIV GDFYKREKIE KAYNEIMVGD RAEEMRSRAK ALGKMAKRAY ENGGSSYSDL SALIEELRLS RHQSS¥

Supplementary Fig 2. The cDNA sequence and deduced amino sequence of GT1669 gene

isolated from Citrus reticulata cv. Siranui.
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10 20 30 40 il 60 il il
WSSSNTRTTH ILIFPYPAQG HMLPLLOLTH QLSLKOLDIT ILYTPKNLPI LSPLLDAHPA TKTLVLPFPS YPSIPPGIEN

a0 100 110 120 130 140 50 160
VIELGNRGNY PIMTALGKLY DPTIDWFRSQ ANPHYAILSD FFLGNTLKLA HOLNIVRIAF FSSGHLLASY ADYCHHHIGD

170 180 190 200 210 220 230 240
YKSLDYYEFP DLPRYPYFKR RHLPSHYRSY KESOPESQFY KDGNLANTSS WGCYFNSFDA LEGEYSDYLK RKMGHDRYFG

250 260 210 260 290 300 310 320
VGPLSLYGLE STGGGDPGLG PNDHYTKWLD GCPDGSYYYY CFGSQKALKR DOMEALASGL EKSGIRFLYY VKTGHIGKGD

330 340 350 360 anl 380 390 400
DGYGSHPDGF EEQYAGRGLY LKGWAPQYSI LSHKAYGGFL SHOGENSLLE GIVGGAMILA WPMEADQFYN AKLLVEDLGY

410 420 430 44) 450 460 410 480
AVOYCEGADS YPDSDELGKI IAESLSORDE YKIKAKELRD DALAAVTSDG SSARDLORLY EELRNLHAK+

Supplementary Fig 3. The cDNA sequence and deduced amino sequence of GT259 gene

isolated from Citrus reticulata cv. Siranui.

10 20 3l 40 o0 60 10 80
WSSSNTRTTH ILIFPYPAQG HMLPLLOLTH GLSLKDLDIT ILVTPKNLPT LSPLLDAHPA IKTLVLPFPS YPSIPPGIEN

a0 100 110 120 130 140 150 160
VIELGNRGNY PIMTALGKLY OPTIDWFRSQ ANPHVAILSD FFLGHTLKLA HOLNIVRIAF FSSGHLLASY ADYCYHHIGD

170 180 190 200 210 220 230 240
VKSLDVUEFP BLPHTPUFKR HHLPSHFHST KESDPESQFY KDGNLANTSS WGCYFNSFDA LEGEYSDYLK RKMGHDRVFG

250 260 Al 280 290 300 30 320
VGPLSLYGLE STGGGDPGLG PNDHYTKNLD GCPDGSYYYY CFGSOKALKR DOMEALASGL EKSGIRFLEY VKT GHIGKGD

330 340 350 360 310 360 340 400
DGYGSHPDGF EEQYAGRGLY LKGWAPQYSI LSHKAYGGFL SHCGUNSLLE GIVGGAMILA WPMEADGFYN AKLLVEDLGY

410 420 430 440 450 460 410 430
AYOYCEGADS YPDSDELGKI TAESLSORDE YKIKAKELRD DALAAYTSDG SSARDLORLY EELRNLHAK*

Supplementary Fig 4. The cDNA sequence and deduced amino sequence of GT285 gene

isolated from Citrus reticulata cv. Siranui.
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10 20 30 40 8l 60 10 80
HSEARGSTOR RHVYILAFPF GTHAAPLLOL YRRLSEAALE EEVTFSFFST AGSNGSLFME KDELRDCKIY PYNYESGLPE

90 100 110 120 130 140 150 160
GFRFTGNPRE PYEHFLKATP GNFYRALERA YAKTGLEISC LITDAFLUFA AEWAEEMRYP WIAYWTAGPR SLLAHLDSDI

170 180 190 200 210 220 230 240
IRETTGYNGP ENQTLESIPG FSSIRAKDLP EGITSGPLDS PFPIMLOKNG KTLPKATVYA INSYEELOPT YVETLKSRFR

250 260 210 280 290 300 310 320
KFLNYGPSTL TSPPPYSDPH GCLPWLNEHE NASYIVISFG SMITPPRAEYV TALAEALEAT GFPFLUSFRG NAEEQLPKGF

330 340 350 360 310 360 390 400
LERTKSYGKY VLYAPQLKIL EHSSYCVFVT HCGWNSTIEG ITGGUPMYCR PYFADQALNG RIIETAYGIG YGYEGEKFTK

410 420 430 44 40 460 410 480
DETYNALKQY LSSEEGKRMR ENVGALKKLA FKAYESDGSS THNFKALVED YNRTx

Supplementary Fig 5. The cDNA sequence and deduced amino sequence of GT173 gene

isolated from Citrus reticulata cv. Siranui.

10 20 30 40 50 60 10 a0
HASEASOSHF LLLPFLAPGH MIPMFDTARL LAQRGAIVTI VTTPYNAARF KTVHARAIDS GMOIRLIEIQ FPWQOAGLPE

90 100 110 120 130 140 150 160
GOENCDLLPT TDFARFLNSL HMLOLPFENL FERQTLKPCC ITSODMCFPYT VDTAAKFNYP RIIFHGFSCF CLFCLHLLGY

170 180 190 200 210 220 230 240
SKYHENYTSD SDYFNIPGLP DHIOFTKYQOL PISEQDDDFK ELQEQIFAAD KKTYGTIINT FEELESPCIE DYKKAKQEKY

250 260 210 280 280 300 310 320
#CIGPYSLCN KEPIDKAERG KKASIDYPEC LTWFDSQQPT SYYYVCLGSI CNLPSSQLIE LGLGLEASNK PFYWYIRGES

330 340 350 360 310 380 380 400
KLEELEKWLY EENFKKRIKG RGLLIRGWAP QYLILSHPAY GGFLTHCGEN SSLEGISAGY QMLTWPLFAD QFCNEKLIVE

410 420 430 440 450 460 470 480
YLRIGYSYGY EVPMKFGEEE KIGYLYKKED VETAINILMD DGOERDARRR RAEEFGELAK RALDEGGSSY NNIELFMODI

490 500 510 620 630 540 550 560
SFHGQPOK

Supplementary Fig 6. The cDNA sequence and deduced amino sequence of G72282 gene

isolated from Citrus reticulata cv. Siranui.
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10 20 a0 40 50 60 10 80
MASEGRCQOA HFYLFPFLAQ GHMIPMIDIG RLLAGNGAAI TIVTTPANAA RFKTYVARAM QSGLPLOLIE [OFPYQEAGI

90 100 110 120 130 140 150 160
PEGSENFDML HSMDLLFNFF KSLTLLOLPL ENLLKELAPK PSCIVSDMCY PWTYDTAARF NIPRISFHGF SCFCLLCLYN

170 160 190 200 210 220 230 240
LHTSKYHENY TSNSDYFYYP GLPDQIEMTK YOVPLMRENS KDFGELYLAA DMKSYGITIN TFEELESEYY KEYRKTKGGK

250 260 270 280 280 300 310 320
YICLGPYSLC NRQDIDKAER GRKAAIDVSE CLNWLDSWPP NSYVYVCLGS ICNLTSSOMI ELGLGLEASK KPFIWYIRGG

330 340 350 360 310 380 390 400
NNTSKEIQEY LLEEKFEERY KGRGILILGH APQYLILSHP SIGGFLTHCG WNSSLEAISA GYPMITWPLF GDQFCNEKLI

410 420 430 440 450 460 410 480
YOVLNIGYRI GYEVPLOFGE EEETGVLYKK EDVYKAINML MNEGGERENR RKRAREFQMM AKRATEETGS SSLMIKLLIQ

490 500 510 520 530 540 550 560
DIMHQPHSDH GHIDNA*

Supplementary Fig 7. The cDNA sequence and deduced amino sequence of G73363 gene

isolated from Citrus reticulata cv. Siranui.

10 20 30 40 50 60 10 80
HASEASEFHF TLLPFLAQGH LIPMFDIARL LAQHGATATI WTTPYNAARF KTYLARALOC RLQIRLIEIQ FPYOEAGLPE

90 100 110 120 130 140 150 160
GOENFDMLPS IDLAYNFLAS LOKLOLPFEN LFREQTPQPC CIISOMCMPY TYDTAAKFNY PRITFHGFSC FCLLCLDILR

170 180 190 200 210 220 230 240
YSKYHENYSS DSEYFKYPGF PHHIEFTKYQ LPISPPTDEL KEFDEKILAA DKKTYGYIIN TFEELESASY KEYKNAKOGK

290 260 270 280 290 300 310 320
YWCIGPYSLC NKESLDKVER GNKAAIDIPE CLTWLDSQOP SSYYYYCLGS ICNLTSSQLI ELGLGLEASK KPFIWVTRVG

340 350 360 370 380 390 400
NKLEELEKWL VEENFEERIK GRGLLIRGWA PQYMILSHPA YGGFLTHCGW NSSLEGISAG YOMLTWPLFG DOF CNEKLIV

410 420 430 440 450 460 410 430
EVLRIGYSYG VEVPLKFGEE EKIGYLYKKE DVETAINILM DDGEERDVRR KRAKEFEELA KRALEEGGSS YNNIGLFFQD

490 500 510 520 930 540 950 560
[NQOPTSEYM *

Supplementary Fig 8. The cDNA sequence and deduced amino sequence of GT3591 gene

isolated from Citrus reticulata cv. Siranui.
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10 20 30 4 0 60 0 il
WEKODHYHYA TLPLPAVGHY SSMLNLAELL GHAGIKITFL NTEHYYDRYI RHSSDAFSRY MQTPGFQFKT LTDGLPRDHP

a0 100 110 120 130 140 150 160
RTPDKFPELY DSLNCATPPL LKEMYSDSKS PYNCIITOGY MSRAIDAARE YGUSIIYFRT ISACAFWSFH CIPDIIDAGE

70 180 190 200 210 220 230 240
LPIKGTEDYD RLITTYPGME GFLRCROLPS FCRYNOPMDP HLLLFARETR LSAHADGLIL NTFEDLEGPI LSQIRNHSCP

250 260 210 280 290 300 310 320
NIYSIGPLNA HLKYRIPEKT YSSSSLUKID RSCHAWLDKQ PKQSYIYYSF GSIAVMSRDQ LIEFYYGLYH SKKNFLIYIR

330 340 350 360 3l 380 390 400
POLISGRDGE NQIPEELLEA TKERGCIAGH YPQEEVLAHS AVGGFLTHCG WNSTLESIVA GMPNICWPSF ADQQINSRFY

410 420 430 440 450 460 470 480
GEYWKLGLDT KDLCORNIYE KTYNDLNYER KEEFMESADR MANLAKKSYN KGGSSYCNLD RLYNDIKMNS SOPONC

Supplementary Fig 9. The cDNA sequence and deduced amino sequence of CiGT1I gene

isolated from Citrus reticulata cv. Siranui.

10 il il Ll al 60 1l 0
NEQQGPHFL LLTFPTQGHT NPSLOFARRL TRIGTRYTFA TAISAYRLMP NNPTAEDGLS FASFSDGYDD GFNSKQNDAT

a0 100 10 120 130 140 150 160
HFMGEFKRRS SEALAELITA SRNEGGOPFT CLYYPOLLIW AAEVARAYHL PSALLULOPA LVFDVYYYYF NGYGDLIEGK

110 180 190 200 210 20 230 240
UNDLIELPGL PPLTGROLPS FLDPRNSNDA YSFVLPSFKE QMEAIVEETD PRILYNTFDA LEAETLKAID KENMIAIGPL

240 260 210 260 290 300 310 320
VASALLOGKE QYGGDLCANS SIEYYNEWLS SKPKSSYIYV AFGTICYLEK ROVEEIARGL LOSGHPFLY SREKRP«

Supplementary Fig 10. The cDNA sequence and deduced amino sequence of CiGT2 gene

isolated from Citrus reticulata cv. Siranui.
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