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Crocus sativus L. is considered as one of the richest sources of apocarotenoids,
including crocin, picrocrocin, and safranal. The oxidative breakdown of carotenoids
generates apocarotenoids. Glycosylation is the final step of crocin biosynthesis which
is crucial due to its role in pigment solubility in water and changes the chemical
properties and bioactivity of the molecule. In this study, the protein sequence of
UGTs in saffron and their homologs in other plants were analyzed from different
points of view, including phylogeny analysis and motif identification, functional
divergence analysis, and structural analysis. The present study focused on UGTs
responsible for primary and secondary glycosylation in crocin production and
picrocrocin glycosylation in plants where crocin is found. Also, the evolutionary
relationship of the UGT protein family in Crocus and other plants was investigated,
including type | and type Il functional divergence. Phylogeny analysis showed that
UGTs that carry out primary glycosylation and UGTs that carry out secondary
glycosylation were placed in two groups with the highest functional distance. Motifs
were group-specific and amino acids with a high functional divergence coefficient
were identified in those motifs, which can be attributed to the functional difference
of these sequences. These findings may facilitate future researches aimed at
characterizing the function of these genes.
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Extended Abstract
Introduction

Glycosyltransferases catalyze the transfer of a sugar residue from nucleotide-sugar donors to various
acceptor molecules. These enzymes change the hydrophilicity, chemical properties, and bioactivity of the
molecules. The process of glycosylation is critical in the food and pharmaceutical industries. Prediction of
functional residues in a protein is crucial because these residues can be attributed to new functions, change
the protein properties, define protein families and subfamilies, or identify the occurrence of an innovation. A
phylogenetic analysis of a protein family and functional divergence analysis is valuable for identifying
conserved and divergent regions that may offer insights into potential functions.
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Material and Methods

In the current study, we placed particular emphasis on UGTs (UDP-glucuronosyltransferases), which play
a critical role in both primary and secondary glycosylation during crocin biosynthesis. Two distinct datasets
were gathered. The first dataset contained UGT protein sequences specifically identified within the Crocus
genus. The second dataset comprised homologous UGT protein sequences retrieved from NCBI using the C.
sativus UGTs gene sequence as a query in other plant species. On the first data set, phylogeny and motif
analysis and on the second data set, phylogeny, motif, functional divergence, and structural similarity
analysis were performed. The phylogeny tree was constructed using MrBayes 3.1.2 software. DIVERGE 3.0
software was utilized to identify functional divergence among members of the UGT protein family. Some
UGTs found in plants containing crocin were compared for structural analysis. The SWISS-MODEL server
was used for structure prediction, the PyMOL software was employed for structure visualization, and the
Dali server was utilized to compare the degree of structural similarity among the desired UGT structures.

Result and discussion

The study focused on UGT enzymes in the Crocus genus, specifically comparing those responsible for
primary and secondary glycosylation in crocin production. According to the phylogeny analysis, UGT
proteins were classified into different subfamilies, forming separate branches on the tree. Results revealed
four distinct groups within Crocus and six when including sequences from other plants in the phylogenetic
tree analysis. In both phylogenetic trees, the primary and secondary glycosylation groups were distinctly
separated from the beginning, indicating the difference between these two groups.

Using MEME software, 15 shared motifs were identified among these sequences, which likely play
crucial roles in protein specificity and function. Based on the position and presence of motifs in sequences, it
has been concluded that sequences grouped together likely share similar functions. On the other hand,
sequences grouped in different clusters perform distinct functions, which can be justified by the presence of
different motifs within them. When UGTs of Crocus were studied alongside other plants, motifs 10 and 11
were found in the primary glycosylation group, overlapping with motifs 5 and 7 in the primary glycosylation
group identified in the first analysis. This overlap may indicate the significance of these motifs and their
potential role in the functional specificity of this group.

Based on previous researches, while the C-terminal region of UDP-glucuronosyltransferases (UGTS)
often interacts with the sugar donor group, the N-terminal region interacts in substrate recognition of the
sugar acceptor group. Additionally, crystal structures of UGTs have shown that the N-terminal region is less
protected compared to the C-terminal region, which correlates with the diversity of UGT receptors. In the
current study, specific motifs at positions 7 (first analysis) or 11 (second analysis) in primary glycosylation
groups, and motif 13 (second analysis) in secondary glycosylation groups located at the N-terminal region.
According to previous studies, these motifs may contribute to substrate specificity between primary and
secondary glycosylation groups.

In the present study, the functional divergence coefficient of type 1 was significantly greater than zero,
indicating a substantial divergence pattern among the subfamilies examined. However, the functional
divergence coefficient of type 2 was very low. These results suggest a predominant pattern of functional
divergence type 1 for distinguishing between the subfamilies under investigation, and selective pressure
specific to certain sites is likely to play a significant role in most UGT genes, leading to the evolution of
specific subfamily functions following divergence.

Conclusion

Phylogeny analysis showed that UGTs that carry out primary glycosylation and UGTs that carry out
secondary glycosylation were placed in two separate groups. These two groups had high functional distance.
In each group, motifs were found specific to the same group. In these specific motifs, amino acids with a high
functional divergence coefficient were identified, which can be attributed to the functional difference of these
sequences.



s 4 &
Y o/l DO 0135 (A AL r)" e

YEYY—vay. ij i u;;,&:,u,&';
v

Homepage: http://ijhs.ut.ac.ir//

S 31 st 33 ) gSuls Ol (58 (W 399 (59 Mo (313519 g TSI g0 (5ol
oL by 38 T S PJood g 4l 45 ) > 4 35290 (UGT)

P s LS pake s |7 (5,00 5551 9, | "M o0

M.fallah9B@ULAC.IT :asbll, .l oSl oKuiils ¢(5 5yl 018l (sl wodie 5 (SUEL pole 09,5 )
rnaderi@Uut.ac.ir :asbll, .\l pl Syl 05 olKuiily ((55y9LiS 0aSiily jaw (sldb wdige 9 (SLEL pole 09,5 .Y
asalami@ut.ac.ir :asbll, . )yl oz Sl s oKl ¢(g5y9lisS” 0aKuiily jomr (gLad it g (SUEL pole 09,5 ¢ Jofume o5 .Y

oS> Ao SN
ommwgyS ol adese,5sl 5l e mle 5l o Crocus sativus L. ole pU b ol; olyie; Wl £o5
W3S e Jol bassin)ls gilins] cuss Sl baseis) Syl el JUlEle 5 g SeSy
Coogad LUK, 4 1pj Gl wg)S Friwge 015 0 whe shun g 2l 4 pe gmmdljoSlS g3y Alio

Iy adllao ol 53 oo i 1y JsSge o Jlab s 5 aliond ols 5 st e o o o
Gl claoly I LS plo 5 Ll S gan | olyad colyis; 1 s5390 sBUGT _iigy,
2B B ey 390 L ST 5 90,Skes Sy T e Lol 5 5ok T Jeld (g v qpy el g,
S SbLS 13 gy g5 > 4l 5 adsl g Jotue o5 35 GUGT (g9 adlllas 3505 (¢ w61y S NG
2 lS g glyie 2 UGT O Dl el A o At 5 SEL Ll > 0ok ien sy b
BUGT & by (Lis (559kd 5JU1.c8)5 )18 (awyp )90 93 £95 9 S 99 92,8ee (2I)Sy Jol VEY 5l 2Ll o B
52w (o plxl |y 458 9 MjoSls & QUGT L )15 osgs o 1) sl (190 djsSels” o5
S ab 8l lacisye 095 > waBS S (00 Sles Gl i b Al M 058

d))ﬂo.c L5’|)§19 w).o l.: u;l.mm-l .\Mul ‘wol..ab‘ LSLQL.Q.A.J}A u)l Bel 9 .\J.)y bs)f uLo.tb @oha.ol :Lﬁb)‘ﬁn\.ﬁs
OSen aidl cpl ob cund b Jlg cpl (60, Sloe Cols @ 1) baasly ol Hlg o0 oS A:w ol YU il ige Lol
S s g5 ol 0,8 os (40,8 asuie a1y odi] Gladss cuwl a5l i

UGTS fyduly

iz 59 39298UGT) ) (slojlinil JjsSelS lind (03 g 9,Skoe STy 5 JsSlge ol (VF+T) Lol (oMo 5 5531 29, <630 fape 2 3l6 D Lnw]
DOI: https://doi.org/10.22059/ijhs.2024.368681.2135  ¥¥A-¥0F (¥) 80 «y/u/ JLel pole 4 puiii alS plo y> o] oS san 5 oy

ks © ol olls L] duae $ bl
SawTEm DO!: https://doi.org/10.22059/ijhs.2024.368681.2135



mailto:asalami@ut.ac.ir
https://doi.org/10.22059/ijhs.2024.368681.2135
https://doi.org/10.22059/ijhs.2024.368681.2135
https://creativecommons.org/licenses/by-nc/4.0/

VPl o & ylass ety g oloely 8,50 o/t (FLLl pgle 4yl Y

40dio

o S50 31 ooy cisb & (s3gtS 5 (sl 1 w8 JySgh o witn o 3T (GTS) Lalaudls jsSls
29 Js¥se ol Grogdl 5 WS oo St () i 5 ) lord Slge 9 490 slacuslie dagigersn dlox ||
s pl (Offen et al., 2006; Vogt & Jones, 2000) sz o i |y ol Jd s g obowd Lolgs dous
Ollges LS Joli o) Clogage dod ) Lo 4@ b jl il 5 56805l Sl 0d) Cldgsgo cawlio 5, Slos (4l
21,6 (Lim & Bowles, 2004) sun 55 k> gy 0lgils G 5l iso oblS 55 g 15,15 3459 o muanslS 19,500
b Sl 5 Cle g ca )3 5 S o0 Jos i sileg)h 5 2 mlio 3 s IR Olgis 4 s jeSS
(Ahmed et al., 2006; Mandai et al., 1992; Weymouth-Wilson, 1997) s s ié calisee

3 4d ol Jshs ueilSlo g 5Slas 3l 3)50 13 (glod 1S i 1d] g Cunl (ca28 Jlns a2l 09,5 0l
ol oleMbl a5 31 .(Le Roy et al., 2016; Rahimi et al., 2019; Wang et al., 2023) cul o ploo! bagy 3l
2 ot Slompl onl 5l ok sloasz e Sl onl b sl odd (3155 535 olyies 5 Lol L lasye sloj g s 5l
ol odle 4Ll dious )l olS oyl

9 OmwgyS 9y5w (omwgyS sbddee)S el I oYL e ool Crocus sativus L. ale pb b ely; olyac;
(Caballero-Ortega et al., 2007; scwd lyac; o e o 5l pab «S) Joime cudy 4 &S 5L 0 JUlL8Lo
Lt 4l joSUIS (60595, )] LS 5 alas I ((pwiegyS (sl yiuol) by ,S Winterhalter & Rouseff, 2001)
02l U 4 Cungd] clansess S el cpl (Ahrazem et al., 2017) w5 935 alS I (c39a5e 09,5 > &
,»» (Christodoulou et al., 2015) wlas,5 1,3 oolitwl 3y90 (09,1 5 2lie mluo )5 0358 job 4y o9yl 5 ()
o9y g (Lo 03losia) (ostangS GpmedejsSelS il (gsadle oSS 2o Al yo cipmuog S g A3
ol 405 5> W3S o Jos Ll JijsSlS 5 JuS 508 sloog)S (555 52 45 3980 plonl ajlyhdl 5 JyjsSlS Lawss
— 98 A1y S I 3p09)8 = pnss S Llopls &y (S Gilises 55 gty oS oIS dass ol 1 oSy
oo cxl > (Puetal, 2020) 355 0 JSi3 (Ljs55S <5 99 93 e oz Gl cui @) Vo(ppws)S 5 IV
[(Liang et al., 2014; Xi & Qian, 2006) cul ;ylyae; ;5 39390 (Lol ymg)S 555 soly o b = pensg S

S oplie 3 3es 2151y 05l sl lSe plulid 5 (g srodlgls )3 o3 Sdes 1Sy e e
(Chagoyen et al., 2016; Nguyen Ba et al., 2014; SWint- cuwl Shog55luy Sldllas 1> pro oo glyl 51 (S
Cacudgize cunp g o 1) 0 S 63, Sles Cuonl &S Cul sud abypldy 03,8 ok 4 Kruse, 2016)
(Abhiman et al., 2006; Arnau et al., 2006; Mirny & Gelfand, 2002; s (wSgp o Jg 63,Sles
A Jad o s Solgen o Ko o osd cbles s slacusdge ¢ Jlo ¢l Naylor & Gerstein, 2000)
(Bharatham et al., 2011; del Sol Mesa et al., x,ls i& gy odlgls o] S yute 3,Sles ;5 aasly o
GAlST o8l 55 03l (G gy Cun K 4 puasie 45 claisel dul daly K 5,Slee slulis 2003)
(Lietal, 2003; »oi diedin glagyls sl sile ¢ JSlop b (655)6SSs0 (slacd piny & oo Llg5 o a5 Conl
oS oS claiel dul claasly o o sly N SIlICO (o o9, aswgi 9, ) 5l .Umesono & Evans, 1989)

ol ddyio &y ygyi0 ABl 09y 3D pxe 0dlgls SO 55 slae! le (60,8l ]Sy 50 Cunl

1Glycosyltransferases
2Target specific medical drugs



FEY  OR0 s 2/ sl o jsRllS lid (60 ot yor (g0 Klas (2 )5Ty 9 (S35 g0 (iehS (g Sy — cale)

oy oL plo p3 Ll S glgan L olyen (lyis; uix )3 39290 la UGT (iigyy Jlgi caallan cpl 5

daly (yriomed il Gawg)S Fwsn 50 4l 5 adgl erdljsSS Jgtue a5 59 ola UGT () (ol 38 5 0

5 Su g5 60,8des ISy colps &S CE S B gy 3y50 500 LS g oliaej 3 UGT (559 oolgils (LolSS
Ded e Jold 1) 95 g3

(Breton et al., ol ooy Hlis bjlyausly J5eS5 calisre (bapunilSo 3 1) ope ladiin  (Setiw Slalllas
S5 hawdly 56U solgls 4 slaie (UGTS) ajliawsl s ) joS5— UDP .2012; Breton & Imberty, 1999)
odiiS 38 (5 o Sl i & 398 0 ygaS )1> GEE 0k pdy s JgSge S| (Slod S A (g 9SS )3 9 Wit
465 L ;5 LUGT jl (g3g00 dlaws ks Jbs ) b (Le Roy et al., 2016) wsl awsls 3959 oL ja posj ;5 UGT
Modolo ) w5,y 8 jlice youwd 655D 5 gl 5555 A1)3 95y 3 da UGT 3l 5y bilonds jasuiv alS
.etal., 2007; Zhang et al., 2006

ly o9 )S yamwd 5555 adgl als o 1S 0 081, UGTCS2 jl (glaseus a5 CSUGTT74ADL 5 o yacj olS o
55 UGTO1P3 olS ! > .(Demurtas et al., 2018a) cusl (s)9p0 ‘pwg)S S gl a5 dad o pl]
ol aslis yals Koo 5l .(LOpez-Jimenez et al., 2021) sad o plos] (puwgyS Mg )0 |y 49l oy amodly 5555
Jzw» Buddleja davidii (Scropulariaceae) , Gardenia jasminoides, (Rubiaceae) « ywg)S zezs sy
9 owgyS oM ;eSUS ;> UGTT5LE o5l Lis)l5 oS ,» (Ahrazem et al., 2017; Pfister et al., 1996)
[Nagatoshi et al., 2012) 51> & 456 oM joSU5 3 UGTIAES § yiwg,S b3sSslS (sl yiol & o)l s

S Cul 1519 g o cblis sblio ool Coa wiad))) (bg) (xSgn o3Pl o Suijskd Jlbos g 4520
@ 8o 2181y o)l CBlie g (f (Sb caslae ams il gl (sladSlos 3j90 3 ) ala i Cunl (S
(Ohno, 2013) wgus o 43,5 Jas )5 eSS (6 )glg Lol @olio lgic

Sygpo 53,8as £95 oy oz GOT and loglipy jl slasgarmo 55y 2 SFkd T &5 (gladllas 5
&S WS asuie glaiel sl glaasly dadlles pl 50 el Candy by Dgy pl JolSS )50 0 b mls c8)S
Fose) ly dlize GLGGT ()lub 5 )93dbl £95 )3 Lboglis ks & laplSe cpl g2 23l 5 o (colazs]
Verma et al., ) sl oaiS SoS' old sl GGT ply o ol glrossbil shb j> witwile o asly 65,5 0
W pll LS 465 Ve 3 KNOX 45 odlgls sla S5g (JoSge (Lol swyp (slp &S (5,505 adlllas 5 .(2015
b ol 5 93 4 Suiokd 85 (Giluil g BN (dyen oll p g 4 Qlelid (F cpl o3l I gz IVA
4 o5 OY 5 S g5 (93,8kas (2lSly lgie 4 el sl (IS 1D (03, Shos ISy Julos g 450y b g
KNOX (5 oslgsls JgSdge JolSS ) (soten i Wlg5 oo WalSe cpl b (lulid 93 93 (63,8ee 2] STy (lyie
.(Meng et al., 2020) 18 ! laasgS oyl 4o

SR g 3 Wl gy
Loo1d 5,497 &0

1Uridine diphosphate glycosyltransferases
2Gardenia



VPl o & ylass ety g oloely 8,50 o/t (FLLl pgle 4yl veY

e iz )3 0ad plulid (LBigy sl Jold gl asgerme b (6)5laex 00l degozme 93 sy cnl 3
NCBI colo 5l by ol cwny ohis; gus » Sdhl UGT Jlg Yo sbw 5 o
y90 ol ) lhhaes i pb g "ilauils J5eS el calS aslS I ealil b (https://wwwv.nchi.nlm.nih.gov)
L g BLASTP 3l dlawlss 4 39 UGT Slgan istigy csloJly Lol pod degomo () cawsgns) 1125, 11,5 goviaue
UGT85 UGTIL GLT2 UGT74) lyic; s ,» 35390 UGT Lifign o ls j ooliws ) odlisu
695 I TV slass gt ol )3 s opglien K03 LS ) gt b lgw 3,00 JI Glsis 4 (UGTT707
Lubign il g S3ghd WLT
L MAFFT pb a4 Jlgs ailaia (gdadpon 133l o33 5l ool b (9 sla Jlgp 1l o 555k €853 5 Cax
5l o5 K5 s i caolimal gy ) ool b Sk Ul 0 Ciyen 0 s sloinfS 5 Lajial
3 Jgl asgemme pd 10,8 edlaiwl Jdo oy yiee bl gl MrModelTest 58l 505 5l .. sbsl MrBayes 3.1.2

Coccomyxa pb & juw Sl e I UGT Jlg cpgd acgeme 45 g Freesia hybrid olS ;I UGT Jlg da Jlgs
MEME 4sbys 5l (uy 2 3)90 (suign o ly 2 cisse Ay alolid caa 0,8 Sl 098 (g Olgis &
A oalawwl (http://meme.nber.net)
§9 e 31 5519 WIGT

235 ool 3,90 UGT gy o3lgls (sliael oy (63,Skas (ol,STy olulis cas DIVERGE 3.0 5l )3
N33l ey 5l odlizl b &S S5skd <0 5 FASTA Cuy 4 UGT (camlsinel Jgp alis Liden b5
Sly lols caa oo,8es STy 3BT s ools I eyl 4 939y Clgiear 03 sy el
e 423 pas Jlax 5] o b e & Glaals e 58 o Slagile ell 5 ol 93 5 Sy 55 (93,Skos
A dgwloee e sbaog,S o (Ol 5 O iy 4) 93 5 S g5 @3 y5das 2SNy cupd 05 5wl duslie

sbialy ololid coa JIg5 (g caslie ;S0 2l a0 5l 3555 STy cwl S g she 2151y cupe Yoomo
sl (3,Skas 21319 b Laipo (glaizel sy
Syl WIUT

3o pnis sl osds cladlone bl JIg 4 s Selgagn lapligy [isle LSS (b 5 &8 bl )
sobate & adlllae ol 3 g cul jl sl polosel LB Jlgi ol 2 3)Sdos (e &y s Jlib b bl 2 L9 0
HOIM ) Dali ygy0 5 li5lo iy s PYMOL 5138l 5 « iy > SWISS-MODEL g0 j1 (5,5 Lo 3U]
30,5 oslatwl Has 5y90 SUGT (sla,lidl calud e awslis jolais (et al., 2023

oy 3 sl
o165 e 33 UGT o 13l 5o Mgh it hign 3 o339k 56T

in 9 UGT iy JIg To Sfoled iy atol Cawty NCBI 5l &8 Lla Jlg ol 52 ol degoone
5,5 15 (IV g 111 d) 09,8 oz 5> ol puin 3 39390 SWUGT &8 sl ot ol 0 ousy e
(Ahrazem et al., 2014; sts L35 bidgissdh osmodljsSals 15 g,m & UGT703 4 UGTT07 sla Jlg

1Query
2Bayesian


https://www.ncbi.nlm.nih.gov/
http://meme.nbcr.net/

FFO K0 2/ sl phnl o oSS ol (60 (s yg0 ($95das (20515 5 (Se5 g0 (Al (g st — (ols)

plo Loy i 49l emod ;SIS 55 a5 UGT94p3 Jlg .ad )5 )8 1 09,5 1> o2 L Trapero et al., 2012)
L (Ahrazem et al., 2015) 5)l> & b 55 > 4« UGT8S  JIgi pow 05,5 15 .cd,5 1,8 1l 09,5 > LUGT94
3 S sl ol G pab Jole &S oliae; Lol a8 K00 (awgySe,Sw Frwgw oS UGT709 g
325 b s (IV-C dV-B dV-A) 05,5 105 dw & 09,5 (poylea - Lad (g 09,5 ool (Diretto et al., 2019)
3y eS8l adgl yamedl 3655y 48T cuwl UGTCs4 g GLT2 UGT74AD s JIg Jolis IV-C 09,5
Moraga et ) 3)l> ¢S ki idgigoMs amedly5585l5 1> a5 GT45 (Demurtas et al., 2018b; Lai et al., 2022)

() JS3) €85 )8 (6,503 09,5 ) 53 Ll ez 05,5 )5 35 (al., 2009

F.hybrid-fh3GT2-QDJC04466.1

C sativus-UGT707B1-CCGE6331.1 M '—"'H—'i- T 17-]{!1

C.s2tivis-GLT3-Q8WRFW1.1 = 7 -
C satvus-UGT703c1-AIFTS774.1 ———————— R |
C.sativus-gt5-CAE48294 1 T‘—F"—W—m’“‘ -~
C.sativus-UGT703B1-AIF79773.1 B o i e 3 e A
00— C.sativus-UGT91K2-UAJTS042.1 {F——— ., ————

1 [__
C sativus-UGTS1K3-UAJT5043.1 T

100~ C.sativus-UGTI1PS-UAITE044.1
100 C sativus-UGTS1P4-UAJT5040.1
100 C-sativus-UGTE1P5-UAJTE041.1
C sativus-UGT91P3-UAJ75038.1

100[ C.siebed-UGT-QCD16736.1
C satvus-UGT708G1-APUS4ETT 1

100
C sativus-gt1-CAE482980.1
100 "
b C sativus-UGT85V1-AIF76150.1
1007 C.salivus-UGTB5U2-AIF78151 1 4'6' '—re"l-";"'“‘ 1.
100
C.sativus-UGTB5U1-AIFT8152.1 f: — P L T —_
A P
|V-A|_ [ C.sativus-gt3-CAE48292.1 T — " -
= C salivusgla-CAEAB293 1 T
100 - =
IV-B 83 C.sativus g2 CAE48291 1 L L R
- C sativus-GT45-ACKBB350. 1 = T LT —
o i <zn
= Teatvis-UGTCe5- ASORE27 1 E1 R N s 1 a5 SR i
C.sativus-UGTCs4-AS085226.1 e e s T
100|192 =t - S — AV
10 C satvus-UGTT4AD1-AVWNS5750.1 N R T

C.sativus-GLT2-Q1S62337.1 ] A A i ] s s L i

IvV-C C sativus-GLT2-Q6X1C0 1 3 BN i TR} e

wwl Nre— - —

100— C.ancyrensis-UGTT4AD2-ALQ36954. 1 2 | 7 71 € e & VOO v S—

C.ancyrensis-UGT74AD3-ALQ56953,1 (21 * | lee] v SR —

100 C.ancyrensis-UGT74AD4-ALO56554.1 o i M i el

C.ancyrensis-UGT74AD5-ALQ56E54. 1 N i B | il i

5'l T T T T T T T T T T 1 ;
0 50 100 150 200 250 300 350 400 450 500 550

el VKSIG. Tv. STILONR] 809 [GFNy T.0Tx. 4o

mmmmmmmmmmmm =2 28R & R R R B A

* TLANTBELNSTK.5. 0. vy EC| SOGFDscCuybA, ses FDRLESY

nnnnnnnnn e =

sy ozl b & placisge olen & 138 mu) bt 3l L oS Glhies puin 0 UGT Soll o Jg 5k ca 5 ) S
Slod 8l o plsl |y agl 956U &S IV-C 095 55 sl JIg 3 ks &Y 30 sl cige a5 olulis MEME

» UGT Sl oIy o e 1 (aloli e MEME I3l o5 5 o 3,Shas | jgizas 55 pkiio
dod DY 9 ) lacadae g Cglae Jield iy I Jols 09)5 Jlaa oy adge dlad b edlatwl lyee; s
yemn 53 izl s a5 513 5% 5 ¥ i 50 aaalie olyie i UGT Sl iy slo
o)l P UGTCs4 s UGT74AD &S 1V 045 51 IV-C 05,5 15 55 iily joas b JIg5 den )3 Lo yd Cadge jlea op



109

VFeF qoguw &ylas qoixiy 9 olaxiy 8590 (ylp! (UL pglc a4y puii \iid

09,5 (nl LA g AN Hgds 05 (gloog ) 5l S g 3 45 S edalie V5 0 0)led (slacigge ciil )5 o)
() JS3) 55

53 UGTI1p3 5 ¥F 5 YA adge 90 o mulal £+ (59) MEME aJgl Gladas 3 adge sl &5 Jloj

s UGTIIPS JIg 93 (yo cidse 93 pl dwslio jd .uis cél LUGTIL ple o o5 w85 1,8 UGT91p5

Sl ol 93 0 FF Cadge Lol iy Jlgv 90 o o |y polie MolS” Jlgs YA Casgo &S 0 yasuie UGTI1P3

(¥ Js2)
g[c sativus-UGT91K2-UAJ75042 1 IR o i T o e R L EU I L
C.sativus-UGT91K3-UAJ75043.1 I ki B S o M o ST I i B
C sativus-UGT91P6-UAJ75044. 1 BT T L LT R T
1004(0 sativus-UGT91P4-UAJ75040.1 B T L s e T R e
00| Csativus-UGT91P5-UAJ75041.1 o e s ml'—ﬁmam
ALC sativus-UGT91P3-UAJ75039 1 4m'¥!'-mﬁ-ﬂ'—!* b Y s K v

a.

_ bits
n

| TADESTOCASTIOW

= R

uuuuuuuuu =z

a5 mdljoSalS )3 oS UGT91P3 I Jels i iz UGT Sl ol g 1 9,5 & birye ishss oo j) stamd ¥ JSoid

K19 GBS 3 85 i 39 UGT Sgdgon Mg o wiigo 3 39k 36T

05,5 9933 bl i sy S5 LS 5 s i 3 UGT Selgon slaJs sl (Jsokd e85 (olKin
C. 5 G. jasminoides-UGT4ES sla JIg5 3o (A-I1 g A-l) 09,5 5 45 Jolis A 09,5 085 slb B s A IS
S8 &l 09,55 90 )0 Lol 0g)S (pl j diad o pbl 1) (pews)S Agil (emedl 5SS aSSativus-UGT91p3
C. 4 C. sativus-UGT74AD1 sla Jlgs 5e (B-IV ¢ B-II1 B-Il B-l) 09,5 »j ke Jolis B 05,5 a8,5
& G. jasminoides-UGT75L6 L olpon dimd o pbsl |y (pitwgyS” ol (amodMjoShsS &S sativus-GLT2
Sl 28)5 5158 3 Jlgi j e slasls 05 53 Ll og)S cul 3 w3 o ploxl |y (pstwg S gl 5 adgl (gD joSlS
QB> 09)5 5 53 Ll B og)S 5 aad o plosl 1) g 89,80 edlo i (el joSuS &S C. sativus-UGT709G1
8,5 51,8 (B-1 5 B-1l s 4) (4

Lo (5 b o (slaciige &5 3l o5 %3 oS 5 olyiej i )3 UGT Sylgan slaJlg o ciign 30U
5o 5SS aisee (LUGT &S wus <l B-1l 09,5 105 15 s V) 9V slacasge sl joas b s den )
LS Il o awglio | Jols V9 0 (glo Case b i 4 ciige 93 cnl iy 18 09,5l )3 (g S 4l
w5l oo 5655 e UGT a8 wis cdl A 05,5 13 s W cadge il Sliged LS cs )5 ;s UGT
(¥ JS2) 2392 BIV 03,8 atses 3 A 55 (slaciipn a2zl )5 09,5 ool



FEV K09 26 /. (sl sl o joSlS oldansd (60 s yo9 (5005 los (1 105Tg 9 (S g0 (Siglid (g Sy — ode)

CoccomyxaUGT2A1 Y {
1 00 V.vinifera-UGTO4ES_4 Pl S S S . R [ I
B.davidii-UGTS4 ST BT — A-l
o4 G.jasminoides-UGTY4E5 —] T T — .
E— L.barbarum-UGT94E1 LT BT T A
C.sativus-UGT91P3 SRV ] ——_—T— B
Q.lobala-UGT91A1 i e o o A it
M.integrifolia-UGT91C1 TH s+ _1ﬁj_ A-ll
C littledalei-UGT91C1 T BT 7
A.officinalis-UGT91C1 T — 7 ﬂ'ﬂ'——{ 7 -
il A.strigosa-UGT707A21 " OB [N ——L M
1 C.sativus-UGT707B1 = TN B |
1_[ P.dactylifera-UGT71K1 :—H_I'—E-E—g-'-v——j-g—
E.guineensis-UGT71K1 T T—
[ G jasminoides-UGT75L6 —'_T’_TL T
100 A officinalis-UGT2 2 »ﬂ_1M- 7"
100 ] 100; C.sativus-UGT74AD1 TN TP
| C.sativus-GLT2 o R e ) o
C.nucifera-UGT2 | AR
100 Z-officinale-UGT2 B e i B_I |
Z officinale-UGT74F2 Az — e
S italica-UGT74F2 7 T T B
L 100, 5 Cllittiedalei-UGT2 T T T
Z mays-UGT74F2 I S Sl it
Cllittledalei-UGT74F2 S I R >
QZLPdﬁclyhfera UGT709G2 o B i i ]
100 C sativus-UGT709G1 —TW'—'!‘*— 7 T —'F—B m
100 0.glaberrima-UGT709G 2T 2o "I Fmmm. =2 i T e—
- 00 S.viridis-UCT70sG2  -TETE- . —E—EL_-TL;.-H_
P.virgatum-UGT709G2 -3 [B-{i8——TIm— " — T ——
C.micranthum-UGT85A2 ST TR -, BT e —
c salivus-UGT85U1 TR R T e T T
ofﬁc inalis-ugt85A2 B B i iy L L IR i o o
Q‘LJ:A annua-UGT85A8 Bl B L o S e i R o S T LY
96 Tc acac-UGT85A2 TS T - T T ——
oo Tcacao-UGTASAT B L TR, e T
C.sinensis-UGT85A2 -’T‘;’T—'E‘—*NT—'!‘M—:T}-F;.‘T'F{T—'!'—
V.vinifera-UGT85A28 R T i i o w7 R

5II T T T T T T T T T T I3‘
0 50 100 150 200 250 300 350 400 450 500 550

AR}

W 22
1Rk §!2$Qu'r§; | ‘-;;-sL 5L
o3litl L &8 placisge olyod 4 105 sy (liyis J133l 25 b & S0 lalS g lyie; puin 3 UGT Sglgen L"‘J‘y Siskd <o ¥ JS
g g 5yl il (ystgS sl (ogmdljsSls 15 &8 Bll 0,515 cslo Jlgi 5 s 46 V) 5 )+ slacisige 1 olulis MEME asb,
Db Bl wmd oo pll 1) (rtuag S 456 (y5ed oSS 4 A oS (sla g 5 o 45 VY

b
—
s
—
m@

>
m
=1
l:l
=0
»

My oUly &8 B. davidi 4 C. sativus (G. jasminoides LSl UGT Lii oo bis Casge od & oK
i oo pll 1y (awg 98 odloi meMjoSlS 5 (iS4l 5 adgl (igme M jeSIS g WSS 1) (yrwg S
29,5 0 Gl Syie UGT i oy i g duo 90 S5 (glolou b caige jloa a5 A asuiie 03,5 puued
ol orizmen 5 ol Syt Ll o o 003 013 Ve iige Sy sind oo plogl ) s S A (et jpSS oS
2 Ll aad 30 0 i 4 gl ob g adsl eSS 5 o2 a5 G. jasminoides-UGT75L6 » cagge
PV 930 Y (elacigige i cdl and o plosl Jhie ) Luin 53 |y iwssS adsl yasedl jsSLS 45 UGTT4AD1
Pl |y 49l (9nodjoSlS oS (29)S )3 (Jg 039 S e i3 (oo ploxl ) (g S gl (gt 9SS &S (g8
1y S 9,5 03bo sty (yomeodljoShS 45 UGTT09GL Jlgi 3 WV o)) Ciige ecplp ogdle i cdly uimd o
{F JS2) 25 b 55w e plos



VPl o & ylass ety g oloely 8,50 o/t (FLLl pgle 4yl FFA

B.davidi-UGT84 — 3

Gjasminoides-UGTS4ES {3 | 1
—
.

C .sativus-UGTS1P3

C .sativus-UGT708G1 -

— 1 —
G jasminoides-UGT75L68 — il i e e S T
C satius-UGT74AD1  —T8 G S O
5 I I I |I_I I I I I I 13
0 50 100 150 200 250 300 350 400 450 500 550

2
0>
-
L
<IK
(3]
e

—
.
°

AN

—_—
x=
DX
A
=
OX
mX
—
=
A
“Oom
>
2<
W om
 lmm !
Lw)
202

A\

bits

7))
-
>=Z
—
—

! %FKT#SD )

mmmmmmmmm =

Ayl omod3oSulS 5 aals 1y g S Mg Ulys oS B. davidi 4 C. sativus . G. jasminoides ;lals ;lUGT Lié o cadge F JSWi
A ol Vo (g9) MEME gl claas jo Ciigo alass aimd o plol |) (0959 S 03lo sty 015mod 955 5 (oniang S 46

28 QLS 5 ol i) iz 39 UGT Sgfgad sl JNgi (o (59 Sk 3I06T

O 5N LS 5 ohis) i 3 Selsen o UGT (1 G g9 63,Sbos (2STy o adlllae ol 0
@Sly caa |y amled o5 35 jho ) i ey S (i Slulie aen 3 1STy cops () Jo2) w35
WS oo @l UGT (slaog S o S g9 62,8hos

LRT oS, g5 s5las a5l s 1 505 LS 3 s i > Sgan (sl UGT K4 g5 (53,50 (oS caps ) Jpin
S Ikl (gl ISE ( sled Causyd Cand 9051

P-Value ol dns! glasnlg Blass LRT OI£SE! 3590 W 09,5
>+[) g3, M0s (1 STy L b 5o A o
(Qk
P<.feeeiy ¥ Yo Iy YA A B-15A
P<./vvsey vy YR NS : B-11 A
P<./eeeay o YEINS Y5k Y B-111 < A
P<.feviy ¥ AY/VE JoVE -/ B-IV 5 A
P<.feviy y. OA/YY SJOF £ -/Y B-11 5 B-I
P<./vvsey - Aod N L B-I11 5 B-I
P<./vvsey Yo A/ -5 N Y RY B-1V 5 B-I
P<./eeey 5 ¥¥/V- JEaE L/.5 B-111 5 B-11
P<.feviy G\ \YY/VY JovE -/ B-IV s B-ll
P<./evsey v Y. /vy N YR B-1V 5 B-llI

IStandard error
Aikelihood ratio test



PR R0 s 26/ sl jlpdud] s jeSolS wldad (60 kst (§9,5das ()T 5 (S5 s0 (gl (g fy — ole)

Loog)S o (i srduglie dan (o 93 9 (e 2l Sy cupd (S5 g9 2o 2l SNy cu S S

Sal e gl sl Baog)S (93 g9 62,Mes 215y 989 Sl aly alsd d92g pas Sl & 39 (0l b

ools L5 & S5 5 (63, Skes 45 Jgb 5 15 ploxl 63, Skes Alold 5T ] pglita (g3 Khos (L35 5] 05,8 plS
W5l 0dge 1y Adgl (1gmu D joSlS oS 39 (29,5 4y bgiye aSLE Jobo oy iy A

BV
0422723

Bl
057615
043707

(GU, 2013) ol 04 835 a5 DIVERGE V.3.0 jl oslizil L asls Jsb UGT (elag,S s (69,8kas s 1 lod . S5

aitce Jobgy dusbe b ansl UGT oalgls (63,Skes 21,51y Jgtue Cal (w45 aae diual ] claisly
Hym (QIK) > </ ) /251 YL g Jlass] olise (VU gds) B05 dw i oy Jlein! 30T wll K6
o3litl UGT (slnog S cyo sii> (slodunlio dod 1> S5 g9 (63,Sdes 2],STg ol (cleglSlo plulid ¢l ailinl uo
Hlyeas (Q(K) > /0 ) aiel sl 5]y YV ¢ s sloduslio dan ;D Julod g )55 3y90 K YO+ o ,d A0
2585 e A g Bl slaog S (g (63,Sdes glis Jgte

» bisse il (18 U wd awlie MEME by ol (ogin ladisse b odd (npin 251y bl
lacisge jd anly YV B-ll g A 09,5 65 ‘po odd o i diuel Sl YO 51 30,5 Slolid aog)S o (63,Shes g4
05l aisol dul) o i 4« Bl 09,5 & lxio VY g Ve o)l olaid] clacidge 3 S jeb 4 il )8
) digel sl ¥ A 09,5 4y (3late WY polatil cige 13 9 (VD 5 ¥F O Ve (glaojlad aipal syl) aipal sl oz 9 (0
53 ol /A <y Jloinl b 5 95 (99,Shos 01,519 b by (YY 9 ¥V Y O (ol oo digol al
Sl 6T

Sloss Lais anel dul sl JIg 5l i plp Ve B Y iBgn claykdle a8 ub ool ol adllas ol p
9 CmiwgyS 49l g adgl D ;oSS oS Cowie UGT i (gybsle calis w,yyp (Illergdrd et al., 2009)
sl a8 sl lis k5,1 oage » Gardenia g Budleja Crocus oS aw ;3 1y pawgS'9,Se oo i ygumdl ;oSS
» UGTOIPS g5 aitun exlite 55 ()l Jai 1 055 G5 cmagS M55 55 dusil 5 adgl (50Dl )3 o
& (oS jhaw e 4 5 cul cglate Budleja 4 Gardenia > sgn90 UGT94 Jlgs b (gylidle Hlas 51 olyae;
op oS ) wimd o pbol |y adgl yomd ;oSS a8 olams 3l b el 5 o)kl L ) wwl saws Budleja

IFunctional distance analysis



VPl o & ylass ety g oloely 8,50 o/t (FLLl pgle 4yl fo-

3yl 8 i e oL 5 cymonSySar copmmdlijoSels 3 & UGTT09GL L yicj > UGTOIP3 iy canlid
B ol yidands Ao plol |y 4g) (ygmidlijpSLS 45 UGT @ (g )lislo il UGTT09GL S 55 .5l 3525
(B JSs) a8 o 8 15 493 50Dl 55SUIS 5 &S LS

@151y Jgno cl (San &8 S5 ol 5 plyie; puin > Selgen slo UGT 13 0ns Cigsjan JIg )3 wre sl sl (slasoly cusbse .Y Jou
09,5 Oi 5 ligel sl Cuxbgo O] &S 29)S plb g okl astine laiise ) Oi ligol sl o)lows ol yors &y Al UGT ol (g3, Slos
QI (K) > 0.9) /2 5l pYL paan Jloin] lse i3l )8 Cadige )3 conl odti S5 awige Ll (gl &5 oo Candge .ol oad clblis

A 4,8 e ) aill de lgin

(b..\.w cblis 09; cuﬁgsa »® 4..3,‘9‘ S| b)l.o..:: ‘dz.g,.o ) XYW dg.b)n.b ‘3‘93 »® %oi K %.xéga bg;
VEE— (A FY AF) VoY -5 T B-1sA
—A XY YNV (A XY ATN-Y -(B-1 e VA (A a1/ ars —5F -5 —(B-11 xy 8)rv -(B-llay &)vo Bll sA

WA =(B-11 oy ENYA (A ¥+ NV —(A 0Y $)ss —(B-11 A E)sy —vo¥ —(B-11 o ay)iva —(A xv av)ny
Y X) YO —(A SV XA (A XY F)va -(B-IT & x)vsy —(B-11 o oA -(B-11 oy a)ya. —yvE-yy. —y..
(B-11 x a)oay —of- —(B-11 &3+ ¥)ove —a-v =0+« —(A XA A)FAY —(B-11 & A )FFA —(A & AY)FYY —F.5 .0 (A

(AAY AV)EY(A A AYIFFF —(A F AY)FYY — Y —(A o 3 B-ll1 s A

B- xa sjvav -(B-1V v £)ye. — (B-IV yA $NAY -(B-1V oA aa)ivy —(B-1V ay aa)iva —(A A dapny B-IV s A
058 —0¥5 —0-Y —(B-1V & A)FFa —(A ¥ AYFFY —(A £y 5)ras (A 5 Xy -(B-1V o §)jres -(IV

-(B-1 & av)ryy -(B-I1 x5 x)¢-- —(B-11 & )1t —(B-11 o av)va -(B-11 oy )=y —(B-11 v ¥)re B-11 s B-I
o+ —=(B-11 ¥ af)¥an —(B-11 &5 a)fA. —(B-I & av)ers

- B-111 s B-l

Vo —(B-1V &y aapys -(B-1V ay aa)iva —(B-1V xv ARA-(B-1V a¥ A}y -af - -(B-1V oy &) B-1V s B-I
B- v X)vas —(B-1 £y &)vas —(B-1 £+ &)¥a¥ —(B-1V ¥ ¥)yAM -vsY 1af —(B-1 xv £)AY -(B-1V & £)\5¥
B- «v- a)avy =(B-1V oA a)psa -(B-1V v a)aoy —(B-1 oy vjava —-(B-1V o ¥)ava -+ —¥.5 —¥. ¢ —f.v (|

(v

£ra vy -vya —(B-11 oy AV )YE vy —(B-11 oy ) B-111 s B-11

B- &y SPAY =(B-IV &+ £)\wa -\ =(B-IV A A —(B-IV & gy -(B-IV ar apy -B-IV oy apr | B-IV yB-ll
—(B-11 v+ )y —(B-11 & a)ray —fry —fra —¥.5 —(B-1l ¥y y)vas -(B-1V & a)yay -(B-1V sy s)voo (11
-00) —afs —at0 —(B-1V oy &avA -(B-11 oy v)jave —(B-1V & ¥))a —(B-11 & Af)¥aA —(B-1V ¥A o )FAY
ovy =(B-11 a5 a)asy

B-1V & av)ryy —(B-I1 ov- aapay -(B-1V oy &) B-1V s B-lll

&

oL 7
O Me5sSlS lp 0 & el g o jealy Ll i)y dgrg GlalS ) (c1555 sl clplio g5 o)lse
Wei et al., ) col ouds pbsl LUGT Jjekd 65y (s3b; Oldllas Slosuss adlis JolS jobo & join s i
Slo UGT cglis 1 55,05 b hyiej i UGT (a1l 5o (2021; Yu et al., 2017; Wilson & Tian, 2019
Sl slaJlg o basge (lolid 5 S5skd 305 05 ) 09)S 55 50 45 9 Ayl (15rd 9SS Jgtuns
oz Sl sl Jly (S55kd C8 ) ) I a5 ol LS @l b plxl Selgen (sladisS 5 o jiej (i PUGT
s ly boohes e pua UGT (b iy gljen (poyn jl Jolbs (Siokd <o jl 5 095 ke olyis;
21l ples 549l g adsl (9maM ;oSS 09,5 (STskd €8)3 93 a3 ad Jols 09,8 b 5 LS Sglgen
10 MEME Jjle 5 5l olitl b boo b 3l 05,5 93 el Coolis otimd (b 45 4158, 41,5 loza MelS 09,5 5

9 u.uéy: U»LA‘ 2 ..\3)‘.) uﬂ.m me.f;Q)J L)J] .),S.Lo.c 9 )JLo.? o aS Cowl 0l u.:l.wL.w ngly L)"l O LS).AJMﬁ ;0..49.9




FOV K0 26/ sl j il joSolS wldand (60 bty (§9,5das (15T 5 (S5 s0 (gl (kg fy — (oolc)

o Shos Ylats] 5,5 o )8 alito cloog,S 3 &S o Jlg &5 ord &) ams daJlg 5> Wiigse jpis
ool &S e o Ll Jglaie slas Slas W)y 118 alisee (glrog S 0 &S sl g o0 Byl il sl
SBlS lo b olan i glo UGT & Liloj 555 dnsi Sl o bl )3 Ciliseo clacinigo Syg alawly 4 lncsglis
09,5 PV 90 o)led (glachige b g wad COb adgl (gD jsSAl5 09)5 3 M) 5 )+ slacisige C8)S JE (g 390
ol el Lt g bcagge ol Coanl s1imd 5L Wl o 45 culs ligsen ol 30T 51 Jols adsl oypmmsdl ;oSS
b UGT Jise s Cm 4ol o8 Jlo )3 (L5 slaimgly (ol 2 a8l 09)5 cpl 3,8ee (392 (polaid] > baciige
9 )b Jolei (48 09,5 61y odlo i Lasudd 2 Jley N — anl sl bl o (ga8 05,5 odimd L el
Cuol o Cblas 1S Jluo i C — 4l 4 Cowd Jlo g N — anl o o ol b UGT Jliw )57 jLdle pioen
adlles oyl yo . (Akere et al., 2020; Albesa-Joveé et al., 2014)s> )l Slyswen b UGT (slrosipdy g45 L oS
2 (9> 301 ) W polaidl hige 5 adsl (9amMiisSilS 09,5 53 (p9d 5IU1) VYV L (gl 5UT) ¥ (olaisl ciise
iy Colaid] ) Wl e (JE Gl 4 a2 b oS W)l JL8 Jlse i Noasl 3 46l (90D joSlS 09,5
Al 4Bl 18 4 g gl (9N jeSlS 09,5 93 (o dulie 3 edle iy

s 05,5 K3 33 8 sl oo Jolis Wgib oo 0305 G Ky £33 (95, 8kas Sy 41 45 s 5 oo
sy )90 69,5 93y Lol 5 0 Glyew sniad i b K cpl sl i [503 09)5 )0 Lol cul onds clbles
MolS slonsign Sluoguad Lol ditun oad clilis 09,5 ¢ y2 ;5 a5 Sla Ko 93 g5 (63,Sdoe 2]y LT .aiien
el & 9o 03lil digel dpusl JIgi 31 gy o2l o 45 LT 51 (GU, 2008, 2006) 35 o sk |y )5 glize
2SS il Aid Sl g (asis BB Bole sla e 10 oS (g i Olnsd g Cuns wlus Bl e gla S0
P BB jeba S§ £ai (60, Slos &15‘9 Copd &S AS uaSuie dalllae C)?-‘ » (Cao, 2012). JJ)L'@L;‘: UP9) O—’..l
o a5 5 A 5SS am o (i 5l 331 o8 Sl 9 5 (83,Shae oSy o Ul s s ] s
Sops Yozl & canl ol Sl sl ol copiomen ol Sy g5 @3,Slas 2SNy 0dd gy sbodlgl
L Sly 5 e o 03lgis s K o (losg 5,Slas JolST sl 5 sl L5l UGT (elayy 181 55 ol sl
b opl s odd plelid glacadge | widy wid b i 1Sy b Se I (S pols adllas > Lol o
alols ) (Meng et al., 2020) uS o cogis Wl (o3,Slas sla S5y o @olis sl o 1) b Ko o) Cuonl
sobe 35 Job ol plml 1) adgl (9Dl eSS &5 g (295 4 bape 3L Job (e (g3 Sles
Casl ol Sl 280 (a8 450 Jsbo do o Lol sl 09,8 ] 5 dvgi B bl youis (05, Slas Cudgine odimd ol
‘L').."l).gLQ .(Tine etal., 2012) J)L\ Sy cals (gl ) b 9 04w waclao oa)f OT 5 L‘)K.o - Jalfo zr S
Sl ooluasl 5 b gy Golds il b duslie j3 adgl amedl ;5SS 05,5

oo iy Coolaidl g ()93l pusille md lp 1) e olol ol LUGT Jliw )57 (clajlis Lo
sl L L g amd i 1y o3lo iy Conoluats] Wlgi oo ol bl UGT itige sl 03,5 ol 3
a5l sl 5 adsl CamoMl5eSS 05, g3 45 5 odls s adllas oyl > (WaNg, 2009) aas ials L sl
09,5 & 315 LB (ymenyS5ySen odlo sty CromedlijsSeS ) a5 UGTT09GL g it coglisie pi b s (6 k5o
A5 adgl oM oS 3 &S e UGT 51 929 Jloinl ol onlpls 21> (st cnled gl (yguadho joSlS
i Pl 5 1y g S 9,5 oM oSS Al eIy GRE (yamg)S



VP ¥ pguw & ylass ooy g oloniy 6,50 yli) (el pole 4y i

oy

B.davidii-UGT94

G.jasminoides-UGT94ES

C.sativus-UGT91P3

B.davidii-UGT9% -

G.jasminoides-UGT94ES -

C.sativus-UGT91P3-

C.sativus-UGT74ADI-

G.jasminoides-UGTT75L6-

C.sativus-UGT709G1-

43

40

35

Ao ot -3 A
= Grg‘thh \Sc““}\? c;i‘)b& . v
v s o o el w\@
W ' B
el

oS s 3 1y (hm9)S 55 03lo sy (gmd J5SlS 5 (rsinn S gl 9 Al (s d oSS 85 Couie sl UGT jlb s (g5lis Lo canles 28 S5

s sxe » Gardenia . Budleja Crocus



FOY R0 236/ sl jlpbudlsd i joSolS wldud (60 (bt ya1 (§9,5dos (1T 5 (S5 g0 (igld (kg iy — (oolc)

S5 A
Sl > Sty g Sl (8 & Cunl olondon 9 (S5l 5 b iSly (nytere S (So gmedhjoSIS
oo 4 GT (ology; aisej 50 (slodyind @liiog b cul oad el G cuonl opl o)l ()90 slaan] )b
i3S iz alolid 2929 b 25 plodl (rub Y gz g 5 Splie udite 1 Wl ) st o0
o 51 cnl 5 oalisl )3 loren (e LB (lacodgize wils (B (oMl isSlS sl 8 )5 & (GT) il
5 Lol ol ol 93 Culled 4 plgi o Wacudgiome nl alox )00 0 cdaliie ¢ ixiio slad ) )3 ofig4
3 Bhe (o)ldpope > (mle Jelos ol 3,8 o)Ll Wmosle i bl (> )l &l Kise g 583 Sl cla Shg
Sl axwgi b o)l lagjloainy 4 5l g Bg)ee Jled 4 iaio Slaptus 1> 3l ol Jilsy
sl (M55l A018 ¢ i) wre 5 hol S mnyS g Al se (BTl e Aty |y 00 i
55 gl Gloyd ol g cllad (55 ol g 03 Sglito g oo Juate o5l 4y 4T (B 09 Sl jLas Sl I cyresg S
ol 2l gygpe bl 3Sles g 18 daml nl 5 Gres CELS Sy ol e W5 Car cul g
oy (oblS o 5 ohe olS > UGT o Jig 5 )lislo auslie gyl jl 5 insilico i 4 cool (g
a5l 5 adgl onMjsSlS oS g (WUGT (g9 (il (ol 35505 b oy gl 93,Sbos STy 555 5 ()skd
09,5 93 oyl 0 0,as 0IS1e b ladye &S b sladiel wl 8l Gan g Wy sdge |y g S A
lacigse ol 0 &S (o3,50ae lSls b Loy (slaaiiol sl g 09,5 s olars] glaciss dallas ol b it
53 (63,Soe diel sl glaasly o i Cuenl b am (63,08 Oldlae jlodie; B3 o 48 A Bl W)l )\
g Lodlgld iy Ao Sy e chite (3,Sdes (2hb > Wil lasly pl 1 il dgpde ngn So
s BGT (awdine o (sglfodhy S cS)lie (o3,8kes (55l58 o g5y alolid b (g laodlsl ;)
cla)lidle diwe asuie MolS la Shy b bis clag il anwg g aiS clp 13,9, cpy 0diSlodual
AlphaFold2 e YU cés b egume (b slagby, b b Sgbie b (alKilojl (slagsg) b & Jlw S
dbaly oAb pbyy Led e woie (Pennisi, 2021) Rose TTAFold 4 (Tunyasuvunakool et al., 2021)

e sle a5 Canl sl pwels 5 bicigige alolid ol ol e ol ysbo 4y 3,8 Wialys gy |y 3 Shas— ks L
55 slss K8 LUGT Lalaie shb )3 4 5,8 o 5l o] Lol called

RERERENCES

Abhiman, S., Daub, C. O., & Sonnhammer, E. L. L. (2006). Prediction of function divergence in
protein families using the substitution rate variation parameter alpha. Molecular Biology and
Evolution, 23(7), 1406-1413. https://doi.org/10.1093/molbev/msl002.

Ahmed, A., Peters, N. R., Fitzgerald, M. K., Watson, J. A., Hoffmann, F. M., & Thorson, J. S.
(2006). Colchicine glycorandomization influences cytotoxicity and mechanism of action.
Journal of the  American  Chemical Society, 128(44), 14224-14225.
https://doi.org/10.1021/ja064686s.

Ahrazem, O., Diretto, G., Argandofia, J., Rubio-Moraga, A., Julve, J. M., Orzéez, D., Granell, A.,
& GoOmez-Gomez, L. (2017). Evolutionarily distinct carotenoid cleavage dioxygenases are
responsible for crocetin production in Buddleja davidii. Journal of Experimental Botany,
68(16), 4663-4677. https://doi.org/10.1093/jxb/erx277.

Ahrazem, O., Rubio-Moraga, A., Mozos, A. T., & Gbomez-Gomez, M. L. (2014). Genomic
organization of a UDP-glucosyltransferase gene determines differential accumulation of
specific flavonoid glucosides in tepals. Plant Cell, Tissue and Organ Culture (PCTOC), 119,
227-245. https://doi.org/10.1007/s11240-014-0528-y.

Ahrazem, O., Rubio-Moraga, A., Trapero-Mozos, A., Climent, M. F. L., Gomez-Cadenas, A., &



https://doi.org/10.1021/ja064686s
https://doi.org/10.1093/jxb/erx277

VPl o & ylass ety g oloely 8,50 o/t (FLLl pgle 4yl Yot

GOomez-Gomez, L. (2015). Ectopic expression of a stress-inducible glycosyltransferase from
saffron enhances salt and oxidative stress tolerance in Arabidopsis while alters anchor root
formation. Plant Science, 234, 60—73. https://doi.org/10.1016/j.plantsci.2015.02.004.

Arnau, V., Gallach, M., Lucas, J. I., & Marin, 1. (2006). UVPAR: fast detection of functional shifts
in duplicate genes. BMC Bioinformatics, 7(1), 1-12. https://doi.org/10.1186/1471-2105-7-
174.

Bharatham, K., Zhang, Z. H., & Mihalek, I. (2011). Determinants, discriminants, conserved
residues-a heuristic approach to detection of functional divergence in protein families. PL0S
One, 6(9), €24382. https://doi.org/10.1371/journal.pone.0024382.

Breton, C., Fournel-Gigleux, S., & Palcic, M. M. (2012). Recent structures, evolution and
mechanisms of glycosyltransferases. Current Opinion in Structural Biology, 22(5), 540-549.
https://doi.org/10.1016/j.sbi.2012.06.007.

Breton, C., & Imberty, A. (1999). Structure/function studies of glycosyltransferases. Current
Opinion in Structural Biology, 9(5), 563-571. https://doi.org/10.1016/S0959-440X(99)00006-
8.

Caballero-Ortega, H., Pereda-Miranda, R., & Abdullaev, F. I. (2007). HPLC quantification of
major active components from 11 different saffron (Crocus sativus L.) sources. Food
Chemistry, 100(3), 1126-1131. https://doi.org/10.1016/j.foodchem.2005.11.020.

Chagoyen, M., Garcia-Martin, J. A., & Pazos, F. (2016). Practical analysis of specificity-
determining residues in protein families. Briefings in Bioinformatics, 17(2), 255-261.
https://doi.org/10.1093/bib/bbv045.

Christodoulou, E., Kadoglou, N. P. E., Kostomitsopoulos, N., & Valsami, G. (2015). Saffron: a
natural product with potential pharmaceutical applications. Journal of Pharmacy and
Pharmacology, 67(12), 1634—-1649. https://doi.org/10.1111/jphp.12456.

del Sol Mesa, A., Pazos, F., & Valencia, A. (2003). Automatic methods for predicting functionally
important  residues.  Journal of Molecular  Biology, 326(4), 1289-1302.
https://doi.org/10.1016/S0022-2836(02)01451-1.

Demurtas, O. C., Frusciante, S., Ferrante, P., Diretto, G., Azad, N. H., Pietrella, M., Aprea, G.,
Taddei, A. R.,, Romano, E., & Mi, J. (2018). Candidate enzymes for saffron crocin
biosynthesis are localized in multiple cellular compartments. Plant Physiology, 177(3), 990—
1006. https://doi.org/10.1104/pp.17.01815.

Diretto, G., Ahrazem, O., Rubio-Moraga, A., Fiore, A., Sevi, F., Argandofia, J., & Gomez-Gomez,
L. (2019). UGT709G1: a novel uridine diphosphate glycosyltransferase involved in the
biosynthesis of picrocrocin, the precursor of safranal in saffron (Crocus sativus). New
Phytologist, 224(2), 725-740. https://doi.org/10.1111/nph.16079.

Gu, X. (2003). Functional divergence in protein (family) sequence evolution. Origin and Evolution
of New Gene Functions, 133-141. https://doi.org/10.1007/978-94-010-0229-5 4

Gu, X. (2006). A simple statistical method for estimating type-Il (cluster-specific) functional
divergence of protein sequences. Molecular Biology and Evolution, 23(10), 1937-1945.
https://doi.org/10.1093/molbev/msl056.

Gu, X., Zou, Y., Su, Z., Huang, W., Zhou, Z., Arendsee, Z., & Zeng, Y. (2013). An update of
DIVERGE software for functional divergence analysis of protein family. Molecular Biology
and Evolution, 30(7), 1713-1719. https://doi.org/10.1093/molbev/mst069.

Holm, L., Laiho, A., Tordnen, P., & Salgado, M. (2023). DAL shines a light on remote homologs:
One hundred discoveries. Protein Science, 32(1), e4519. https://doi.org/10.1002/pro.4519.
Illergard, K., Ardell, D. H., & Elofsson, A. (2009). Structure is three to ten times more conserved
than sequence—a study of structural response in protein cores. Proteins: Structure, Function,

and Bioinformatics, 77(3), 499-508. https://doi.org/10.1002/prot.22458.

Lai, C., Yang, N., Yusuyin, M., Zhang, D., Yang, Y., Li, C., & Xu, H. (2022). Characterization of a
novel crocetin glycosyltransferase UGTCs4 involved in two steps of glycosylation in crocin
biosynthesis from crocus cultured cell.

Le Roy, J., Huss, B., Creach, A., Hawkins, S., & Neutelings, G. (2016). Glycosylation is a major



https://doi.org/10.1016/j.sbi.2012.06.007
https://doi.org/10.1111/jphp.12456
https://doi.org/10.1111/nph.16079
https://doi.org/10.1093/molbev/mst069

FOO R0 2/ sl jlpdundl i o SolS cldand (60 kst (59 ,5bas ()T 5 (Ss g0 (iel (kg fy — (oolc)

regulator of phenylpropanoid availability and biological activity in plants. Frontiers in Plant
Science, 7, 735. https://doi.org/10.3389/fpls.2016.00735.

Li, L., Shakhnovich, E. I., & Mirny, L. A. (2003). Amino acids determining enzyme-substrate
specificity in prokaryotic and eukaryotic protein kinases. Proceedings of the National
Academy of Sciences, 100(8), 4463-4468. https://doi.org/10.1073/pnas.0737647100.

Liang, Z., Yang, M., Xu, X., Xie, Z., Huang, J., Li, X., & Yang, D. (2014). Isolation and
purification of geniposide, crocin-1, and geniposidic acid from the fruit of Gardenia
jasminoides Ellis by high-speed counter-current chromatography. Separation Science and
Technology, 49(9), 1427-1433. https://doi.org/10.1080/01496395.2013.879179.

Lim, E., & Bowles, D. J. (2004). A class of plant glycosyltransferases involved in cellular
homeostasis. The EMBO Journal, 23(15), 2915-2922.
https://doi.org/10.1038/sj.emboj.7600295.

Lopez-Jimenez, A. J., Frusciante, S., Niza, E., Ahrazem, O., Rubio-Moraga, A., Diretto, G., &
GOmez-Gomez, L. (2021). A new glycosyltransferase enzyme from family 91, UGT91P3, is
responsible for the final glucosylation step of crocins in saffron (Crocus sativus I.).
International Journal of Molecular Sciences, 22(16), 8815.
https://doi.org/10.3390/ijms22168815.

Mandai, T., Yoneyama, M., Sakai, S., Muto, N., & Yamamoto, I. (1992). The crystal structure and
physicochemical properties of L-ascorbic acid 2-glucoside. Carbohydrate Research, 232(2),
197-205. https://doi.org/10.1016/0008-6215(92)80054-5.

Meng, L., Liu, X., He, C., Xu, B., Li, Y., & Hu, Y. (2020). Functional divergence and adaptive
selection of KNOX gene family in plants. Open Life Sciences, 15(1), 346-363.
https://doi.org/10.1515/biol-2020-0036.

Mirny, L. A., & Gelfand, M. S. (2002). Using orthologous and paralogous proteins to identify
specificity-determining residues in bacterial transcription factors. Journal of Molecular
Biology, 321(1), 7-20. https://doi.org/10.1016/S0022-2836(02)00587-9.

Modolo, L. V, Blount, J. W., Achnine, L., Naoumkina, M. A., Wang, X., & Dixon, R. A. (2007). A
functional genomics approach to (iso) flavonoid glycosylation in the model legume Medicago
truncatula. Plant Molecular Biology, 64, 499-518. https://doi.org/10.1007/s11103-007-9167-
6.

Moraga, A. R., Mozos, A. T., Ahrazem, O., & Goémez-Gémez, L. (2009). Cloning and
characterization of a glucosyltransferase from Crocus sativusstigmas involved in flavonoid
glucosylation. BMC Plant Biology, 9(1), 1-16. https://doi.org/10.1186/1471-2229-9-109.

Nagatoshi, M., Terasaka, K., Owaki, M., Sota, M., Inukai, T., Nagatsu, A., & Mizukami, H. (2012).
UGT75L6 and UGT94E5 mediate sequential glucosylation of crocetin to crocin in Gardenia
jasminoides. FEBS Letters, 586(7), 1055-1061. https://doi.org/10.1016/j.febslet.2012.03.003.

Naylor, G. J. P., & Gerstein, M. (2000). Measuring shifts in function and evolutionary opportunity
using variability profiles: a case study of the globins. Journal of Molecular Evolution, 51,
223-233. https://doi.org/10.1007/s002390010084.

Nguyen Ba, A. N., Strome, B., Hua, J. J., Desmond, J., Gagnon-Arsenault, 1., Weiss, E. L., Landry,
C. R., & Moses, A. M. (2014). Detecting functional divergence after gene duplication through
evolutionary changes in posttranslational regulatory sequences. PLoS Computational Biology,
10(12), e1003977. https://doi.org/10.1371/journal.pcbi.1003977.

Offen, W., Martinez-Fleites, C., Yang, M., Kiat-Lim, E., Davis, B. G., Tarling, C. A., Ford, C. M.,
Bowles, D. J., & Davies, G. J. (2006). Structure of a flavonoid glucosyltransferase reveals the
basis for plant natural product modification. The EMBO Journal, 25(6), 1396-1405.
https://doi.org/10.1016/j.febslet.2012.03.003.

Ohno, S. (2013). Evolution by gene duplication. Springer Science & Business Media.

Pennisi, E. (2021). Protein structure prediction now easier, faster. American Association for the
Advancement of Science. doi: 10.1126/science.373.6552.262.

Pfister, S., Meyer, P., Steck, A., & Pfander, H. (1996). Isolation and structure elucidation of



https://doi.org/10.3389/fpls.2016.00735
https://doi.org/10.1016/0008-6215(92)80054-5
https://doi.org/10.1515/biol-2020-0036
https://doi.org/10.1016/S0022-2836(02)00587-9
https://doi.org/10.1016/j.febslet.2012.03.003

IFel g 6 )lads oty g oloety 8,90 /] (ALLY gl a1yl Yor

carotenoid— glycosyl esters in gardenia fruits (gardenia jasminoides ellis) and saffron (crocus
sativus linne). Journal of Agricultural and Food Chemistry, 44(9), 2612-2615.
https://doi.org/10.1021/jf950713e.

Pu, X., He, C., Yang, Y., Wang, W., Hu, K., Xu, Z., & Song, J. (2020). In vivo production of five
crocins in the engineered Escherichia coli. ACS Synthetic Biology, 9(5), 1160-1168.
https://doi.org/10.1021/acssynbio.0c00039.

Rahimi, S., Kim, J., Mijakovic, I., Jung, K.-H., Choi, G., Kim, S.-C., & Kim, Y.-J. (2019).
Triterpenoid-biosynthetic UDP-glycosyltransferases from plants. Biotechnology Advances,
37(7), 107394. https://doi.org/10.1016/].biotechadv.2019.04.016.

Swint-Kruse, L. (2016). Using evolution to guide protein engineering: the devil is in the details.
Biophysical Journal, 111(1), 10-18. http://dx.doi.org/10.1016/j.bpj.2016.05.030.

Trapero, A., Ahrazem, O., Rubio-Moraga, A., Jimeno, M. L., Gémez, M. D., & Gomez-Gomez, L.
(2012). Characterization of a glucosyltransferase enzyme involved in the formation of
kaempferol and quercetin sophorosides in Crocus sativus. Plant Physiology, 159(4), 1335—
1354. https://doi.org/10.1104/pp.112.198069.

Tunyasuvunakool, K., Adler, J., Wu, Z., Green, T., Zielinski, M., Zidek, A., Bridgland, A., Cowie,
A., Meyer, C., & Laydon, A. (2021). Highly accurate protein structure prediction for the
human proteome. Nature, 596(7873), 590-596. https://doi.org/10.1038/s41586-021-03828-1.

Umesono, K., & Evans, R. M. (1989). Determinants of target gene specificity for steroid/thyroid
hormone receptors. Cell, 57(7), 1139-1146.

Verma, V. V., Gupta, R., & Goel, M. (2015). Phylogenetic and evolutionary analysis of functional
divergence among Gamma glutamyl transpeptidase (GGT) subfamilies. Biology Direct, 10(1),
1-21. https://doi.org/10.1186/s13062-015-0080-7.

Vogt, T., & Jones, P. (2000). Glycosyltransferases in plant natural product synthesis:
characterization of a supergene family. Trends in Plant Science, 5(9), 380-386.

Wang, M., Ji, Q., Lai, B., Liu, Y., & Mei, K. (2023). Structure-function and engineering of plant
UDP-glycosyltransferase.  Computational and  Structural Biotechnology  Journal.
https://doi.org/10.1016/j.csbj.2023.10.046.

Wang, X. (2009). Structure, mechanism and engineering of plant natural product
glycosyltransferases. FEBS Letters, 583(20), 3303-3309.
https://doi.org/10.1016/j.febslet.2009.09.042.

Weymouth-Wilson, A. C. (1997). The role of carbohydrates in biologically active natural products.
Natural Product Reports, 14(2), 99-110.

Winterhalter, P., & Rouseff, R. L. (2001). Carotenoid-derived aroma compounds. ACS
Publications.

Xi, L., & Qian, Z. (2006). Pharmacological properties of crocetin and crocin (digentiobiosyl ester
of crocetin) from saffron. Natural Product Communications, 1(1), 1934578X0600100112.
https://doi.org/10.1177/1934578X0600100

Zhang, C., Griffith, B. R., Fu, Q., Albermann, C., Fu, X, Lee, I.-K,, Li, L., & Thorson, J. S. (2006).
Exploiting the reversibility of natural product glycosyltransferase-catalyzed reactions.
Science, 313(5791), 1291-1294. doi: 10.1126/science.113002.



https://doi.org/10.1021/jf950713e
https://doi.org/10.1104/pp.112.198069
https://doi.org/10.1177/1934578X0600100112
https://doi.org/10.1126/science.1130028

