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Abstract: Flavin-containing monooxygenase (FMO) is the key enzyme in the biosynthesis
pathway of CSOs with sulfur oxidation. In order to explore the molecular regulatory mechanism
of FMO in the synthesis of onion CSOs, based on transcriptome database and phylogenetic
analysis, one AcFMO gene that may be involved in alliin synthesis was obtained, the AcFMO
had a cDNA of 1 374 bp and encoded 457 amino acids, which was evolutionarily closest to the
AsFMO of garlic. Real-time fluorescence quantitative polymerase chain reaction (qQRT-PCR)
indicated that AcFMO was the highest in the flowers and the lowest in the leaf sheaths. The
results of subcellular localization showed that the AcFMO gene product was widely distributed
throughout the cell A yeast expression vector was constructed, and the ACFMO gene was
ecotopically overexpressed in yeast to further study the enzyme function in vitro and could
catalyze the synthesis of alliin by S-allyl-L-cysteine. In summary, the cloning and functional
identification of AcFMO have important reference value for understanding the biosynthesis of
CSOs in onions.

Keywords: onion (Allium cepa L.); alliin; flavin monooxygemase; sulfur oxidation
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TEATEMT . TRIEVE 20 R B (LB (FMO) 7E 35
ARG BORFE PR, X 8w i 2R i (A
I D Re v v 20 o A HE e LK
I8 AN E

R T IR AR AR A W B A&
A IR, AHIESE R R Ve 2000 i s 20D
gEAL, TR A S ATE M R AL
fitf ACFMOs ZERIER , AL 31, 1EHE
T— N5 KFE ASFMOL B4 % R RIL A
ACFMO JER HEA T w8 , il 2k 32 35k IR 1Y) e 18 437
IV 40 Ao % T B AL JS W AR SN BE 43T, F
FEHXT S-BEFE (M )-L- P e AR i A Ak A= &
IS HFEAR Ry & R B AL S ) 0 o1 IR T
2 CSOs Mk . WA U AL h Z 50 &
WAL SR AR I S %

1R

1.1 ##

JE IR v b S SRk MR R R BB
ZahF L17136, 2021 4 2 A MAHEM, =4 A
HHRIZNETIRE] 4 B B E AL TS R E T AR
M KA RS . 7 R B 3 B A A A R A
RN W A S DR e A RL s AR ISR Y

F1 XHETARSY
Table 1  Primers used in this study

LS, F 2022 4F 4 P A)ERL, 6 1 a)
HU S BRYVFZMEPRBIEEZE . MR 2K fEAInt
W, RO ARG, TR R IE .
JIFA A 2 AR R S i A T80 °CHI T T —
AR

STV 240 0 7 S T FH R L S A FRAH L 0
FiFHERTFE SR b, e B IR SR A
B A S . TR 26 °C, FHAHEE 60%, St
HE/BRIE I 16 h/8 W™, YW E A= K3 7-8 i
W2 4-5 7 B TR .

ARSI B FH Y pCBC-MTI1T2 ., pSuperl300-
eGFP, pTRV1, pYES2, pHUN411, pTRV2 #;
VTR o B WAT 11 AR AR 328 = -7, K
Wkt R DHSa J8S2 80 Tt R AE YR A
BRN G0 JRTE AN W], GV3101 R T 2 25 0
pEASY-T3 # &g FAbmt XX 44 Y R Rk
WA R H]
1.2 3|4

WA 5 >3 2H D e %5 40 i 1 15 B ACFMO
(90340) 3 [K #4475 ¥ 5l (coding sequence, CDS)
SRS, FIF Primer Premier 5.0 #{4-i%it
ACFMO (1) BE R s e | JE R385 20 Bt LA 2k Ay
51, BIERILE 1.

Purposes

Primer name

Primer sequence (5'—3’)

Construction of ACFMO subcellular ~ AcCFMO-F'
localization vectors ACFMO-R’
AcFMO CDS full-length sequence AcFMO-F
amplification ACFMO-R
ACFMO yeast vector construction ACFMO-J-F
ACFMO-J-F
AcFMO g-PCR AcCFMO-q-F
AcFMO-gq-R
p-AcActin (housekeeping gene in p-AcActin-F
onion) g-PCR S-AcActin-R

GCTCTAGAATGATTTCCTCATCTTATTTGTC
GGGGTACCTGAAAGATATTTGTTGAAAGTTTC
ATGATTTCCTCATCTTATTTGTC
TTATGAAAGATATTTGTTGAAAGTT
GGGGTACCATGATTTCCTCATCTTATTTGTC
GCTCTAGATTAGTGATGATGATGATGATGGCTGCTGCCTGA
AAGATATTTGTTGAA
CCATAACTATCGTATCCCTGAACC
AGTGCCCTCAGTTATTGACCTATT
ACACGGCCTGGATAGCAACAT
AGAGCAGTATTCCCAAGCATT

http://journals.im.ac.cn/cjben
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1.2.1 RNA 2Bl cDNA E—#5

FIH TRIzol iRFVL LI A L17136 57
AL O B RNA, 28 1% B s
TG SE 8P, cDNA 55— 4486 TOYOBO
f] ReverTra Ace"qPCR RT Master Mix with gDNA
Remover it B #4F
1.2.2 AcFMO ERE B 5 &

PEEUFE S RNA, Kl RNA 5% M
RNA MR, #Edh RNA KB ER 517 3 58,
JHE 34 TOYOBO ) ReverTra Ace®qPCR
RT Master Mix with gDNA Remover 1B 4
RO SR & S sk O, ik PCR 471548
3 ACFMO JEH 4K o RN MR 20 uL, L35
KOD Mix 10 uL, 31#(AcFMO-F, AcFMO-R,
W BE 10 pmol/L)4% 0.8 uL, cDNA 2 uL, KEK
ANFEE 20 pL. PGSR 98 °C 20 s;
98°C 10s,50°C 10s, 68 °C 30's, 72 °C 10 min,
35 MEFR; 72 °C 10 min,

1.23 ACFMOX¥IEEZENH

I MEGA 7.0 3 {F%F 5] B T NCBI B4
FJT . KRS . KFRHY FMO 5 AcFMO [R5 42 3
BRIy 5 i AT R G AL 531 . FIFH DNAMAN
X AcFMO M2 551875 5 K5 AL R I+ 1 FMO
HEAT RIS T 51 E XS 53 #T o
1.2.4 AcFMO ERE R FIXER 747

PEEUFE M . 25 M fEZEFAEA LN
RNA, S, P& A2 cDNA #—1k
7 100 ng/pL. Lk ACFMO-q-F 1 AcFMO-q-R i
17 qPCR 738, WNZSEEH R p-AcActing ik
% N: cDNA #i#z 2 L. SYBR"™ Green Realtime
PCR Master Mix 10 pL, AcCFMO-g-F (10 umol/L),
AcFMO-g-R (10 pmol/L)%% 0.8 uL . ddH,0 6.4 pL.
W AEF A+ 95 °C 3 min; 95°C 10's, 60 °C 20 s,
72 °C 40 s, 40 MEH; 95 °C 10 s, it 274
TPV Excel 2013 iF4 P8R T B8RRI 3 4

&: 010-64807509

YRR, BRI ADEARER,
1.2.5 AcFMO i 4 ff i 52 43 #7

HEHL pSuper1300-eGFP {4 I Xba I il Kpn 1
REL P DD 7 s AT 5 (3R 1), #E TS
Pt iy £ S T (TAA), FHALE 5/
b Kpn T RR il RGO 467 55 (] 1A). PCR KRR K
R 1.2.2 A BRI VTG Xba T Al Kpn 1
Ay Y] pSuper1300-eGFP & 1A F1 H i) A EX
Ji2 [ ISOWL D) I 7=, T4 DNA Y5
RS B9 R B i v ik = Kin e
W, S PR SRR fS T S SR EUSTRL, —20 °C
A5 o B EH A 2k pGFP-AcFMO 175 2 14
pSuper1300-eGFP F| FlRRNZH4 4L 2 RFT I, B
RERAE WAL & X & B AR A R A
GV3101 AT PRS2 A UL AT o IR Yl 49 21
SR (k2 4—6 R, WEARIE 24 h 5,
16 16 h OGHE/8 h JRAWE Z5F T 3557 2 d, YISt
iR g B M L RO R AR B
HATHEN AR
1.2.6 BWEREEZFIEFIIEEIIE

I pYES2 #ifAk I Kpn 17 Xba I 3% 2 4>
PR RO S BT (R 1), PCRAKR K5k
PRI 1.2.2. ¥ AcCFMO JE[H DL C-%ii & 6His A1
2517 DNA JF BCil o i) 3% 122 00 J7 i A 2 5l
(A= 2B 5 23 7 R VNI I I =4 R B S N
pYES2-AcFMO-6His (Kl 1B)., PCR 41 H iy Bt
JE ¥ PYES2 A H i i BOWEY), T4 DNA i
HMRERR S B B S it 2 K
o, FHE A BRI T PCR 71, 48
FEBAPESERE , MY 5 B BUTTRL, —20 °CIRAERS .

RGBT . R R/
FRH(PEG/LIAC)AWR, 1.1 xSRI ZE rivi(TE/LiAc)
W, 0.9% (BUifAFR5r40) NaCliiil . il 45 1%
BHRZ A, Bz S,
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A Xbal Kpnl
- Super-Pro AcFMO eGFP
B Kpnl
fl ori pgg%tler T7 promoter

CaMV 355-Pro

Lac (enhanced)
Xbal
6His ori

1 pGFP-AcFMO (A)5 pYES2-FMO (B)# A~ E &

Figure 1

OB A I DR A7 0% 20 1 B TR 7 i R W g
(SC-URAY AR F(F 2% 40 F iRk,
#i ] Coolber 2\ w1 Yeast Total Protein Extraction
Kit #81E, —80 °C fRAF# M. #RJ5 4T Western
blotting |, {8 F§ GE ImageQuant800 i1 7 k2%
RICHUGAI , PRAE RS R .

DL S-# 9 BE-L-E B2 R N IR, 5 AcFMO
SR B S RTINS SR AT
HPLC faill, HAANLERMT . HoefEs et
JIMA L3k & A 500 umol/L Y S-45 78 F-L-2f B
fi% . 1 pg/uL HZEM . 50 mmol/L Tris-HC1 (pH
7.8). 500 pmol/L NADPH, 500 pumol/L FAD,
0.1 mmol/L EDTA; 30 °C % 10 h; W #¥fl
FH B30 U8 B R OV IR G Y R
(O FREHEM 10 kDa); KW #id 0.22 um 3§
JBE, R U R R WORE B /N B N A A
#47 HPLC # I, #:I J7 % . Waters 1260 11
T SO A 5,33 1L, XDB-C18 (4.6 mmx150 mm,
5 um), DAD Kl # , &M h 214 nm, V(H
):V(7K)=80:20, N 0.7 mL/min, FEFERE
20 uL.

http://journals.im.ac.cn/cjben

The pGFP-AcFMO vector (A) and the pYES2-FMO vector (B) map.

2 HZRE5OM

2.1 F# FMOs HIiFiEFN AcCFMO & E /)
= E

BT AR S 2 P 2 s AL e s, 4
GUERE RS M, Tkt T 7 N FMO
BB 2), N T ARG 5V AR @ BR A U DG 1Y
FMO J&[H, LA MEGA 7.0 8 {4 #2274 FMO
FIEE BRI L K FK R FMO 2 LR )7 51 1)
RERKER . FMOs MAG KT RXRAZARVIFEAE
f) 74~ FMOs 43 3J& T FMO F% ) 3 %o
i 2 Fros, cluster-29851.101991 (1 554 bp) .
cluster-29851.120590 (771 bp)J& T Plant clade I,

&2 FEETANFMO E£RHTR
Table 2 List of 7 FMO genes in onion

Gene name Gene length Amino acid
(bp) length (aa)
Cluster-29851.172991 1218 405
Cluster-29851.172992 1047 348
Cluster-29851.76044 1128 375
Cluster-29851.76046 1128 375
Cluster-29851.101991 1554 517

Cluster-29851.120590 771 256
Cluster-29851.90340 1374 457
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0.09 Plant clade I1

2 FMO #4547
Figure 2 Phylogenetic analysis of FMO. The FMO gene of onions is marked with a black asterisk.

cluster-29851.172991 (1 218 bp). cluster-29851.172992
(1 047 bp). cluster-29851.76044 (1 128 bp)F
cluster-29851.76046 (1 128 bp)J& T Plant clade II,
HA cluster-29851.90340 (1 374 bp) SR+
TP A A B 54 FMOgs.ox 2 Rl 4k
F Plant clade 1I, K25 A MEYE K
i) AsFMO BEA WAL fEX A4 B, HYS

cluster-29851.90340 (1 374 bp) E & AH4E, 1H6HH —
FAEEG R R i I H FMOgs ox
AR FRH FMO 5E K 435 76 5T -3 1 55 2 1R
G R E EEAEN, Hr i R R
AALmE B A m A ERN, XWRPT
cluster-29851.90340 (1 374 bp)JLN 1 e 5 V¢

i CSOs AW iy S-4UAb N, BRI, KL
B: 010-64807509

B<: cjb@im.ac.cn



1082 ISSN 1000-3061 CN 11-1998/Q 4=4# T #2244k  Chin J Biotech

VE e RE N, AT IIRE
SRR FHM P H cluster-29851.90340

B, IR BN, DA L17136
cDNA M#ith, P55 1 500 bp 248 HEY
A B p RIS F A 2K 1 374 bp, ik
457 MEIER . FiZI7 55 cluster-29851.90340
HATEEXT, — 3% CDS B ¥4 —2:k 99.34%,

M L8 741 — 3N 100%, U8R — 3% 1 M [
ARIE T PR

— LA, 2 IR R R
Rl iy 44 5 ACFMO,

Cluster-29851.90340
AsFMOI1

Atlgl2140 FMOGS-0X5
Atlg62540 FMOGS-0X2
Atlg62560 FMOGS-0X3
Atlg62570 FMOGS-0X4
Al1g65860_ FMOGS-OX1
Consensus

Cluster-29851.90340
AsFMOI1

Atlgl2140_ FMOGS-0X5
Atlg62540 FMOGS-0X2
Atlg62560 FMOGS-0X3
At1g62570 FMOGS-0X4
Atlg65860_FMOGS-0OX1
Consensus

Cluster-29851.90340
AsFMOI1
Atlgl2140_FMOGS-0X35
Atlg62540_ FMOGS-0X2
Atlg62560_ FMOGS-0X3
Atlg62570_ FMOGS-0OX4
Atlg65860 FMOGS-0X1
Consensus

Cluster-29851.90340
AsFMOI1

Atlgl2140_ FMOGS-0X5
At1g62540 FMOGS-0X2
Atlg62560 FMOGS-0X3
Atlg62570 FMOGS-0X4
Atlg65860 FMOGS-0X1
Consensus

SITE
SITE
SNES!
SEF
REP!

eplykhvf:palapgl

e W ™ m

Cluster-29851.90340
AsFMOI

Atlgl2140 FMOGS-0X5
Al1g62540_ FMOGS-0X2
Atlg62560_ FMOGS-0X3
Atlg62570_ FMOGS-0X4
Atlg65860 FMOGS-0X1
Consensus

FMO- 1dent|fy1ng

2.2 AcFMO 5X35x. #lE 3T FMO BI[EIR
4 bk Xt
FIHEATH ACFMO 5lrgIr b 7 e g7

MF A A B 5 A FMOgsox 2EH . K EF'?%
S @R YA ASFMO i [R (f) 24 HL R 7
SIiHAT Z E X AT, R A 7 4~ FMOs
WP —BE R 74%, dE—Bor b e, &
ENHAAE FAD 4565 5F . TGY 37,
NADPH %54 3¢ Fl FEMO iR 51 51 2 77 (| 3),
ACFMO #fi iy B R AT FAD 454 . TGY.

cvvvferek vgglw y:p

esdpl:ldptr i

dd szdsrrypshrevlaqudfarer eemvrfetevyr epv

delfdavvvcnghy:epn ahlpgl supgkqlh:hnyrvp pf devvvvit

NADPH- blndmg

ea glpkrych 1g

nfe q:kwvaavl:gzvtlps dknred a ya

Cluster-29851.90340 NECBYSC RLMYNETMENREK PrEfEn. ByiS.......... 458
AsFMOI1 NEGGYSCIRERE RLMYKEVSKNRKE VARRETHS . BFLS. ...000nus 457
Atlgl2140 FMOGS-0X5 EQIEAFFRRCREYOE INGEYYRLATC J_: (EDNLRORLISSIESCLIES 459
Atlg62540 FMOGS-0X2 EECECEL NQQIVREYCRLYS 2 GRRE FHESHIL. 457
Atlg62560 FMOGS-0X3 KESECEL! GQEVLGGEYLRLVA b 1] 4@5 L. vz:asyu.s:ns 461
Atlg62570 FMOGS-0X4 CLCGFE R DQEVIRGYQRLGNG F BARLNLINFEPSRFLESG 460
Atlg65860 FMOGS-0X1 EECHCS k3 IQEVERGE QRMV S EERYKORARELIBSHESYFLES . 459
Consensus q eylnw a ecg ve Wr ge gy rl penyrdewddd 1 eeayedf r kxlis ps 1le

3 FMO @[EE 5% E IR M b3t

Figure 3 Homology comparison of FMO amino acid sequences.
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NADPH %541 FMO #1357, Hp B 5 AtFMO
(UFFIT) . AsSFMO1 (Kosp) B, ifE—20 1]
FMOs & K 7E YRk A A2 v s BEOR ST
2.3 AcCFMO EFERFRIEER 17

JEHf ACFMO JEIA pg T 25 ik i, LU
B-AcActin A NS, I q-PCR H ARG 125 K
FEN R 2R P fE AR R T SR R 2R E
L. RFHRARZE PRI E2ZEF IR
W 0 /K-, 2 ACFMO JE K Ay 2H 44 Stk 3
KR, B RIETHAEENSNRE
HERKIKFE L, AFHETRAEERDE:
DIfEh Rk i m, 2ot R, BEEEFIIEZE N
2% TEMHEE R RGR R L, RIKEL AN A
i 2L FAEZE 1) 50% (& 4).
2.4 AcFMO £ & Y 48 i 7E iz

M HE AR pSuper1300-eGFP |- 1y G o5
Xba I #l Kpn I #%1it AcCFMO fyvals |1, Hgt
A v 2R AR XS AL R4 T PCR AN,
Kl 5A i, B350 1 374 bp BIAL T FORLE
FIWEEYISEE , AP SB BN, Kl JGiR Jm ik 1
ERIFLEM T, SIEFH X e e —8, %
B pGFP-AcFMO #4448 2 i 3y

bp M 1

2 3 PC NC

1374 bp

% pGFP-ACFMO fili 52445 pSuper1300-eGFP
25 AT RS B A A AR e rp mE AR
i 2 R A R AR At 0 9 R 1 (green
fluorescent protein, GFP)5 gl & 45 10 R A 1E
. E 6 Fizs, pSuperl300-eGFP 75 # K7
GFP ¥R, ANMIJ . A2 DL R 4 it pEE
B POLEAS, pGFP-AcFMO @il & H

3.0r

F—

1
=

C

Relative expression
L

b
1.0+ c ﬂ
d
0.5
i H []
' Leaf Bulb Sheath  Flower Flower bolt
4 FEAREHEL{HR AcFMO HIHENRIEZE

Leaf: ' H; Bulb: #52%X; Sheath: "-#%4; Flower:
1 Flower bolt: f£25. ARI/NGFRERI/NERE
ik B KF-(P<0.05)

Figure 4 The relative expression of ACFMO in

different tissues of onion. Different lowercase
letters showed significant difference at 0.05 level.

1374 bp

5 AcFMO-eGFP & & PCR (A) % X E&17] 35 IiE (B)

Figure 5 PCR (A) and double digestion verification (B) of AcFMO-eGFP bacterial broth. A: PCR validation
of bacterial solution. M: DNA marker 2000; Lane 1-3 represents Escherichia coli. B: Double digestion
validation. M: DNA marker 15000; Lane 1—4 is pGFP-AcFMO double digestion validation. NC: Negative
control; PC: Positive control.

&: 010-64807509 B<: cjb@im.ac.cn
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pSuper::eGFP i

pSuper::AcFMO-eGFP §

6 pGFP-AcFMO fi& &R LBEERL 57 47

25 pm

25 pm

pSuper::eGFP M43 4K ; pSuper::AcCFMO-eGFP il

GHEARBEIL; GFP: GEIOEHE N ; Bright: BlY; Merge: &MENMR
Figure 6 Subcellular localization analysis of pGFP-AcFMO fusion protein. pSuper::eGFP is an empty carrier;
pSuper::ACFMO-eGFP is the fusion protein expression vector; GFP: Green fluorescence protein; Bright: Bright

field; Merge: Overlay the image.

TE 240 Jf 5T RN A A B R T AR sk B 0O, R
pGFP-AcFMO [H/E 7 B & A 5%, Enl b
FEFEA 240 B A AR
2.5 AcFMO HIE#&ZFIESTEERIE

PRI B R FA R pYES2-AcFMO-
6His fil pYES2 Z5 gkl ik 2= WATI1 PRI
BERkrp, BRI 2-3 dJn, FEAThryE A
e B B A PR 1 B R 3 R bR AR PRl
FEPAR S ET PCR IRAIE, 74454875 1 500 bp
AAMBE B, S5R0E 7A. RO R
WATI11-pYES2 #l WAT11-pYES2-AcFMO 4
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7 BEE% PCRIIE. E4AZEH Y Western blotting 21 & AcFMO & B RIA~HE HPLC 247
A: BERFEYE PCR BilE. M: DNA marker 2000; 1-3: WATI1-pYES2-AcFMO; NC: BtEXfBE; PC:
FEEXTRE. B: T A Western blotting Kijll. M: Protein marker 120 kDa; 1-2: WAT11-pYES2-AcFMO;
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Figure 7 PCR validation of yeast colonies, Western blotting detection of recombinant proteins, and HPLC
analysis of AcFMO protein expression products. A: Yeast colony PCR verification. M: DNA marker 2000;
1-3: WAT11-pYES2-AcFMO; NC: Negative control; PC: Positive control. B: Western blotting detection of
recombinant proteins. M: Protein marker 120 kDa; 1-2: WAT11-pYES2-AcFMO; CK: WAT11-pYES2. C:
HPLC analysis of AcFMO protein expression products. I: Alliin standard; II: Empty carrier catalyzed
products; III: AcFMO protein catalyzed product.
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Figure 8 The biosynthesis of alliin in Allium cepa.
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