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Figure 1
Jjasminoides fruits; (c) the structures of five types of crocins
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(Color online) The structure of crocins and its resource distribution in two medicinal plants. (a) Crocus sativus stigmas; (b) Gardenia
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Table 1 The UV-VIS spectroscopy characterization of crocins
Eivalllbeasiil TG AFAE Ay, nM) SCHR
1(440.0, 465.535439.5, 464.5)
11(440.0, 465.55%439.5, 464.0)
50% i 111(438.0, 461.0) [36]
1V(433.5, 456.0, 326.55%431.0, 453.0)
V(431.0, 453.0)
50%BE(EDTA) 1(440, 464); 11(440, 464); 1V (434, 458); V(432, 456) [37]
50% T 111(439, 462); V(433, 456) [38]
33%Hi g 1(440.3, 463.8); 11(439.6, 463.2); 111(438.9, 462.3); IV(434.3, 458.0); V(433.0, 457.1) [39]
50% FH it 1(437, 460); 11(434, 455); 111(433, 457); IV(439, 462) [40]
90% HH it 1(437, 461); IV(430, 452) [41]
FH it 1(433, 458) [42]
Ak 1(442, 465); T1(442, 465); IV(434, 457); V(433, 458) [43]
50 mmol/L Hepes/NaOH(pH 7.0) 1(442, 468); 11(442, 466); 111(434, 460); IV(438, 462); V(434, 458) [44]
2 WEARERRILFHE
Table 2 The mass spectrometry information of crocins
ey
3 ? T)'% 1 1T 1II v \%
= Y3 N as Vi v Vi Vi v 1 e 4 v1 Y- 3 2 Vi A R iﬁ
W +§'<) WM RMIEVERRR T RMIEMERE MEDT O RMEMERRE MEDT RMEMERER W RREMERRA
AR BT BT BT RETE ETIE BT BT R R BT
(m/z) (m/z) (m/z) (m/z) (m/z) (m/z) (m/z) (m/z) (m/z) (m/z)
745.2,
2(7);% 675.2, 583.2, 583.2, ggi;’
[M+Na]": 5831 [M+Na]:  583.2, [M+Na]": 513.2, [M+Na]:  365.0, [M+Na] 3071 [47]
999.3 " 837.2 513.2, 675.3 421.1, 675.3 347.0, 513.2 "
347.0, 259.0,
250.0 347.0, 259.0 259.0 2011
’ 259.0 ’
E it 927.6565, 745.2533,
S + 814.5748, 675.2621,
& i 752.3218, 583.1991, 584.1980, 631.2709,
513.2087, 421.1463,
675.2631, 513.2089, 421.1470 583.1994, 3511559
[M+Na]: 5943197, [M+Na]": 421.1475, [M+Na]" 351'1557’ [M+Na]™:  411.1935, [M+Na]": 259‘0939’ (48]
999.3686  530.2975,  837.3142 351.1564, 675.2611 ’ > 6752614 347.0945,  513.2085 ’ ’
259.0933, 185.0412,
421.1703, 347.0949, 185.0411 307.1679, 1190850
347.0955, 259.0848, 119' 0643’ 259.0803 '
208.1030, 185.0414, ’
185.0560 119.0856

a) +, F/RIEE TR b) ESI(electron spray ionization), F7~ {55 B TR

FXHEF(Gardenia jasminoides) 2L TIFFE K&

HEYIIT R R A R AR5 .

B, VHLLAETAEAS AR T BRI oy Bl 2 F

>4°C/KIETR>30°COR I >T2° COK s >R M £ 1> 1
FAL SR EIR. PHL AT AR E Mo o HAR B
BA ARG Y, R LT AR R E TR ST H R B
VUL AL 25 BTG e T BB AP E B AR R 22 5%, APELIqE

2 VLR A RIS

WL AT A A R =35 iRt s
FH 2- F - D- IR e -4 - B PRI A2 (MEP IR 42 7= A Mg 4
JL%EHEﬁFJL%(%@iﬁﬁ(GGPP)m; RS
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FRUHER, BIGGPPA—RINMERE . BiE Mk
VERAE RIS N ERALEY, Ik R%ES), T
T SR 8 N R IIRER . S S R VR AR,
HOCHERG P M S N R 2% XU 4 B (carotenoid
cleavage dioxygenases, CCDs). &/l % (/i (aldehyde
dehydrogenases, ALDHs)HIWEILH R f(UDP-glucosyl-
transferases, UGTs)(/&12). 5% N ZE LG W 7ECCDs
XTFR A A A T Bl A PO 20 AR W, P 2L
AETR — W28 ALDHsHEAAE I PT LT A6IR; PULIAERRAE—
FINUGTsHIVE T A AN RIS RL P L AE 1 7 ) (1~V).
SR XSGR AR, (iR TR e T2 3
K, TEVGLLAETT AW G GEAR h AT D e i JE DR A
FATFEHHRAR. BEEMFH AR B IS, 456 M T
ST TB, PRLLAET A A R A
DRI M CERTE ST LY ON S AU EAW iy Ry e

2.0 I P FEZYRAUNANFCCDs)ZHFHC, e
2 FiA

CCDs/ZMEMRIIE b RS W20 1Y S HE T,

MR NI RN 8 SR N = 22 5, F2En]
/3 HCCD1. CCD4. CCD7FICCDS8PUNEZIE, 45K
T DA 2 ) J TR 25 40 25 SR R 7 S AR AL BE AR I
CCD U F GRS = A R A A, &S
TE R A EEAE ), CCDANE A EAER Y (e b
HAFEEME; CCD7. CCD8Z SHHMs /4 Ik
(B R, X TAEIIAR . PUZE R & HoA AR

Frusciante5 A\ P58 %R [/ & & I 01 F 20 A8 A 3k
e SELR I A0 B R P LT AE T . PULLAE R & R
A, TS B K E il CsCCD2(GenBank:  KJ541749).
LB SE &R, 1EFTA CCDIEE K, CsCCD25
CCDVEEFEHAEIRMEL KR, (HX5CCDIERK
TR 5L 25k Je TR 22 A k. i — bl it IR A R A
TR ZR B TR WRFU 5 A ek R 20 I BEHEA TF 9T,
BN, CsCCD2HAT 24 KB Bk Vg £l e —
BERThEE, BRI A YE b s — 1%
SEBEELR . AhrazemZE AV TE LTI R B 4
2148 (Crocus ancyrensis) S 2I4~CCDsFE A, H
H AL $E— 5 CsCCD2 & FE MR ¥ 51 EL A 8 7% AH AL 1
CaCCD2(GenBank: KP792756). JFit%Z2ik1K % KoK

pxP —> MeP-MCTs cpp.ve MK cop-mep
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DXS MDsl g
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Figure 2 (Color online) The biosynthetic pathway of crocins
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P A

WAL IR R A KB, CaCCD25CsCCD2
DIfe—8, HAG 240 FoKEH7,8(7",8") Wik SUEE 1) 15
P, Ak, HAFEE A B X K [ £f 5 (Buddleja da-
vidii)iBACCDA4.1/4.3(GenBank: KX374547/KX374549)
RSN RE BT oY & B EL A 24 B oK B 7,8(7',8)
BB R I AE . XuZE AP TAG 7oA.
AL 20, 15058 4 fEGjCCD4a(GenBank:
ARUO08109.1), 5k RAKRIN BRI UENT 78 45 5 5.
/N, GjCCD4a AT ZARF LR . B-THE PEMEK
HF7,8(7', 8" i S I DI RE, S S5 PEL IR A
Az BBAh, SEFHEIL AL 0T, WFFE D1 M R
FERFIIE K HE 43 7= A D B R PG 2T A6 AT (8 N TE
TFHLHI, e T UL AL AR R L [ G CCD4a
P PR R A i A, N S PR R AR R R A R A
R VR AR LS, R T M o i S A
HLA.

e HAR R AR bR 2 —, S8
[, ‘EAICEE R sh b A FRETE, MEEE A &AL
Rk AL S Yt A Wy sl Ak A it (e T 3RS
IR A IVE? AR B3 A FRHE A Y
CCDsHP A AL T KB F7,8(7',8" )R hie WUE 4t i 1
fe, HARHLH RIS R A TRRARR, IR A
FaY R R R T B 525

22 CHBARHALDHs) LT LIRS

ALDHsZ— M bif R 5%, R s
YIEAL X N RIS, FESSHEYERE
H 5 R 0 i, ZmALDH2B2YE F K (Zea
mays) L2 B REE & VT T 45 2 E e oY,
OSALDH7X} F/KFi(Oryza sativa)Fh—¥ R I 17 6E
FEm B 1 FRAALDHIIIFAtALDH7BAREE
B ST (Arabidopsis thaliana)¥t T2 0k0 . Eha
T AL 1 7 e 12 VLR T AR A A
Zrh, ALDHsEZ M TR A bR AL e it
iR, IR PRI AR 1A Bt B TR o

HFON IR RN FLALE ARSI, Go-
mez-GomezZE N5 B AR 554 CsALD Hs S5 3L A
TG 2 SE AR B A vy, e X R 4 JE A
PEATINRERAE, B4 W& CsALDH54788(GenBank:
KU577904). CsALDH3898(GenBank: KUS577905)-
CsALDH20158(GenBank: KU577906). CsALDHI11367
(GenBank: KU577907). DIREFHIEAFRAE R BN, T

5 HAMAVE L bR A R A AL RR Y TRE. BR
[ B 2 A 40 T4 SRR 7R, ALDH2CAWE K%
RGP LT AR IR — WA i PE 2T AR R HLA T R
B U S TR R B I A £ AR Sk B S 2
PP R SE R [RIPRE ST, DemurtasE AP 15 64>
CsALDHsHE, 38 18 A% 3RA AR R S ARSI fg gk pif
¥R, HA CsALDH311(GenBank: MF596165)RE % i
MR PGLTAERR — W A PELTAEIR. Tane AV g 0 A Al
KB R LA S B S AL P AT, DA 334
CsALDHSHEN ) FH P2 V0 21 A6 R T (%) BB 40 i M i
&k, ¥ CsALDHsFER e 4 AH P AT RERAENT 5. 45
RN, CsALDH3H A A ALPYLIIEIR 0 R VH L1 4B TR
FITRE. XuZe NP TAE T 2 412400 BAE TRl 2
LU PTL AL S b, ALk #1190 GiALDHs %
R, 45 & SE R 0 J H 5 B L R G CCD4alt 33k
KT, B E S BEBFGJALDH2C3, RSN RERERTSY
&P, GGALDH2C3(GenBank: KY631926.1) B A4k 74
LIAEIR — AL E VG LLAERR I DI BE.

PE S e B 24 oA A PG 20 AR R I Ak v
LIAEIRIGTERYALDHSEE (1, 4% L P31 e i e
K I, CsALDH311HICSALDH54788 % JLlia 1351 AL J3
51%98.8%, CsALDH20158FICSALDH11367% 5L/
GUAHALE 1 84.9%, H AR 741 Z (B ARARLBE B AR (1513
(a), (b)). AT ik SR AL I R T T e 2
MIVELLAL T A BUED A5, A LEEXT BTy
PERFFIRABSE.

2.3 BEAEEERENHUGTs) AL P LLAERR L R va 2l
et

WEIEAY SO A2 1 Z 8 v i i L e e R 1Y) B
FRZ —, A R RIS P ok vk, AT ek
HEAL AP ZEIBI SR>, B R R 1 5
WEFEAL SO0 ) EE A WAL R, dE e AR R A Y
WAL B R, SCEUEE A AR
TEVULLACL HAE W& e, WS R il 2 210 3¢
CLAETR ISk, D RO A PR — W A A
(uridine diphosphate glucose, UDPG)H" ¥ #2254
R A 8 TE N WL EA N A

Dufresnes AF TG B BR2415 T AL 10 A i
LRI, JT TSN PULLALRR AL BN, DFSE
SRR, MR AL AR TULLAE Y. S50 NIRRT
LLAET YA sl Jr2e R, IF9E AN GO, PHLTAETR 2=
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(a) (b)
GIALDH2C3 P NAVCSNGNGSSDSHVKVP. . . (IKF TKLHINGHEVESVECKTFETI HBIRNCBVI AEI AEGGKEDVELAYKAAREAEDHTP WPRLP GS HRRKI MVKF ALl DENTQELATLDAI BAGRLF 116 ALDH:
CSALDH3 e R |
CSALDH20158 MAAAKKI ASI LLSRS. SSASRSFHLRRG. AASGI GRF ATAAVVEEEPI TPPVCIINHTCH KTFPTFOFRTCHEVI THVSCGEVEDVNI IPWPKNTAYERSRI [JF RAALTH [FKHNDH AALES WESIGRTY 148 . ity (%)=
CSALDHI1367 MAAAKRI ASSLI ARSLSTSSRSFLLRRGDATSGI GRF GTAAAVEEQPI KPS’ mc%%&mpu%‘r@l THVAEGD, ruﬂz R AR AYERSRI EFRAA%’»E HY\DE%LES KlGkPY 150 Seqs[1:2] Identity (%)=20.4
CSALDH3S9% ‘vie.ve..... M.QSPLRRASTLRTVRYPASLFRLSCFSASPQAYPLHGNPLISRVP SSTEVI NPATCE VSRVPLTTNEEFK) SAFPKVR. . NTPI TARQRVVFKLQ DVDKLALNI TTEQGR T 134 Seqs[1:3] Identity (%)=54.1
CSALDHSATSS L EMVKELRES) TTRSYE k% T MOALES Q& eqs[1:3] Identity (%)=54.
CsALDEBII PR, L LN KEMYKELRES[ED TTRS YEVRVKCLIKAVEKVTIBEKEKT VDAL ESELS| 60 .
Consams EEKEKTLR Q Seqs[1:4] Identity (%)=54.1
GIALDH2C3 YLCKI MAIPGAAETI RYYAQ . . . AADKI HGETLKNSTAL LHEBI PYNFIS OV AVKEIGPILAARCT] PABCTRLSALY KLAQ P @rfaracaat SSHND! By vSFITESITE ERLINGAZY 262 Seqgs[1:5] Identity (%)=23.9
CSALDHB e MWPTKMGWPLAARPITS . Sy sipLLC SAENA HLAZSSSIAFLINTNI PME. QML Q. [ACPNI GECLLEQRVIDK] FIE IESART SRMWNTAN 113
CSALDH20 E SBREI M1 RYMRYYAQ . . . MADKI HGLIMVP ADCPHHV! AG] PN wmv}ﬁg A RUSIALY AGLPDGVLNVAKIOVPTAGAAL AS HNEMDKL AF (€ 04 Seqs[1:6] Identity (%)=20.1
CSALDHI 1367 ECRALMELPLVWRLAVRYYAC] . [WSDKI HGLIMVP AD A Eli i LY L SCFEP TAGALAS ENENDH ARTRSTATSK W 296
Cs LKDCACQGDVFRGLEVVEI .. MGTLQMGE NVSHGI A A [VNEP’ L A {0 ANDTVANI CDDECI RAVSE[VE A 279 g| i 04)="
CSALDHS788 EERFI ENAKSVCGE NLK@KFEKMF/\CLH% m{ i3 A€ PSHI ARATSSLFRI LLEY. RIVE. . (AVPETTALLE K@F MENGKVER 206 Seqs[1:7] Identity (%)=20.1
CSALDBII LESFILHELISMAKS VCQF. KRWVKPEKVPAGLTTH] ABRFIGUMLI {5 AWELY ANE SPSHI ABATSSLFERI LLEY. E. . AVPETTALLE( FYI® R 206 .
Conmna : N e et T S : ket Seqs(2:3] Identity (%)=21.4
GIALDH2C3 VKNWIGDPF CP TS HAGRIQVDKKYL EHEK 405 Seqs[2:4] Identity (%)=21.1
CSALDHB. HLNRAALKKFYP. . . . NPEFVSKI IINRHQF R 253 X
CsALDH20158 SIKARA EQ DPFRKGVE(G i R 37 Seqs[2:5] Identity (%)=17.8
CsALDHI1367 RALRRMVADPFRKGVECK 439
CSALDH3S98 JEL 1 [RRAS ALKVNAGVEPETDLIGRIV | 25 Seqs[2:6] Identity (%)=46.9
CsALDHS4788 EF IEDPLETEDLSRI VNEN 347
e 11 K d X F YUECPLETEDLSRI VNENHV/ 347 . entity (%)=
Corsann . o Seqs[2:7] Identity (%)=46.6
GIALDHRC3 SWKFKT\A%g K N NBNTVARST RABAL CYF AFDRLS] RNSTFERC DGLKKYLA TP. 503 Seqs[3:4] Identity (%)=84.9
CSALDID Il TLKRI 1 RARPKPILVE YARIINNETLKKRI VEETSSMAL TENDALI QYVCDTWRE ROfRcY. - 1SR i S 387 N
CSALDH01S8 S| [FKE SDLDEV] RRSNASPE EINNVENANTLVRALRVE VTN, . CYGVF DAALRE NQERE. - K81 USILAVLEVESVTT 535 Seqs[3:5] Identity (%)=23.0
CSALDHI1367 JLKFRNEDEVI RRANASRYGLAAGEINNVDHANTEVRATKVETT W N © CRIMFDA i RE. . K61 CSIKAYLCASIVT, 537 X
(CSALDH3898 SMOADS IDI VNRNK? S1{EIITSGVSIARKF GSEI EA VPI PMPLPF FSFIESIKASF AGCLNF YERAGVCHETQI INTNTQQ. . . . . . . 538 Seqs[3:6] Identity (%)=20.7
CSALDH4788 TP TVEKT [BESF AV NSKTKI FLIKNKNLERVEVETVSSISGM | NDTVLHVANP YR . . HEKFSIFTJAFE _SRGFGGEVGARYP. a1
e 11 )l TVDKI [EDS FAVI [NSKTI ELYKNKNL ERMF VETVS SIEGML LHYANP VG Y. . HEKFSIFNAES SRGFGGEVGARY 481 Seqs[3:7] Identity (%)=21.0
Consansus t g 0 g s g g v
______________________________________________________________________________________________________________ \ Seqs[4:5] Identity (%)=22.7
(c) } ] B B B ! Seqs[4:6] Identity (%)=21.2
CSUGIT4ADI 3 NS . s SIGAMNAAPSIRRASE DRIES GSETLE [T [ESIRS HV] L] RSGIRSVAFTQPCAY 142 1 .
GIUGT74F8. Ad WK &g ﬁs@%{&%ﬂ@%@n%ﬁﬁn 1 QF@TFT ﬂ 138 1 Seqs[4:7] Identity (%)=21.4
GIUGTMEI3 ARGHISPGLED KNKI TGEYSDST HPVELCLPCLPDLP PHYHTTNGLPPHUVTTLKTAYELSIAPDFSNI LTALHg DI EIBSSKN PARCLPVGATM 139 1 .
Consensus T1Ip aghi pl kel t P yd Wwa  a T : Seqs[5:6] Identity (%)=17.8
= . . ' .
CUGTMADI LTI 1K REPGLPPERS CLPSFR TSP VWNPICLLI LKA EEFLIVESRLPL R S 1 Seqs[5:7] Identity (%)=17.8
GIUGTT4F8 NS @ELP LSE@S ETPSENYL s@ ALWVT uv@m LV \ ® asl3:7) y %)
GiUGTEI3 MAFSLEVLK. YSGKEFPHPEI YI RDYEMBKFQSRNCQUNDVS. . . . DRERI [k K1 LDV FMYTLS VAS GKKYVPIE 268 1 Seqs[6:7] Identity (%)=98.8
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(Color online) Amino acid sequence analysis of key enzymes in crocin biosynthetic pathway. (a2) Amino acid sequence analysis of ALDH;

(b) amino acid sequence identity analysis of ALDH; (c) amino acid sequence analysis of UGT; (d) amino acid sequence identity analysis of UGT
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Table 3 Comparative analysis on the synthetic biology of crocetin and crocins
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Natural products are important resources for drug discovery and have marvelous roles in the treatment of various diseases,
such as malaria, cancers, and viral infections. Crocins are the colored apocarotenoids derived from the stigmas of Crocus
sativus and often used as a spice/colorant in the food industry. Pharmacologically, crocins confer protection to the central
nervous system (especially in the treatment of Alzheimer’s disease) and prevent cardiovascular/cerebrovascular diseases.
Unfortunately, the demand for crocins based on their pharmacological benefits combined with a complex harvesting
process of C. sativus has driven the retail price of C. sativus stigmas up to 2000—7000 €/kg. Thus, their expense and limited
supply greatly restrict the development and clinical application of crocin-based pharmaceuticals. It is therefore urgent to
develop an alternative, sustainable way to bolster the supply of crocins.

In recent years, synthetic biology has been widely used to overcome shortages of plant-based natural products, including
artemisinic acid, etoposide aglycone, opioids, cannabinoids, breviscapine, and ginsenosides. As such, the genetic tools
required for crocin biosynthesis have attracted a great deal of attention. The crocin biosynthetic pathway includes three
stages: Stage (I), the precursor geranylgeranyl pyrophosphate (GGPP) is generated by the methylerythritol-4-phosphate
(MEP) biosynthetic pathway; stage (II), C,,-carotenoids are produced via the carotenoid biosynthetic pathway; stage (I1I),
crocins are synthesized by three key catalytic steps, namely, carotenoid cleavage, aldehyde oxidation, and glucosyl group
transfer. A series of studies have successfully decoded the crocin biosynthetic pathway and led to its reconstitution in
Saccharomyces cerevisiae and Escherichia coli.

Hereby, we summarized the chemical characterization of crocins using spectroscopy and mass spectrometry, and
elucidated stage (III) of the crocin biosynthetic pathway. Carotenoid cleavage dioxygenases (CCDs) degrade carotenoids.
CsCCD2, CaCCD2 (Crocus ancyrensis), BACCDA4.1 (Buddleja davidii), BACCDA4.3 and GjCCD4a (Gardenia jasminoides)
can cleave the 7,8 (7',8") double bond of zeaxanthin to yield crocetin dialdehyde. Subsequently, crocetin dialdehyde was
oxidized to crocetin by the catalysis of aldehyde dehydrogenases (ALDHs), including CsALDH54788, CsALDH3898,
CsALDH20158, CsALDH11367, CsALDH3I1, CsALDH3, and GJALDH2C3. Finally, the biosynthesis of crocins from
crocetin was catalyzed by UDP-glycosyltransferases (UGTs), including CsUGT74AD1, GjUGT74F8, GjUGT75L6,
GjUGT94ES, GjUGT94E13, Bs-GT (Bacillus subtilis 168), and Bc-GTA (Bacillus cereus WQ9-2). And then, we
displayed the research progress on the synthetic biology of crocins. With the rapid updating of genetic tools, we have the
potential to generate more types of crocins. The in vivo production of crocins is highlighted in this review. The engineered
E. coli with GUGT74F8 and GjUGTY94E13 can catalyze crocetin into five types of crocins. Furthermore, we put forward
some suggestions that might help to improve the bioproduction of crocins, such as the exploration of evolutionary
mechanisms of the key enzymes and the optimization of reaction conditions, etc.

Taken together, this review will facilitate the industrial production of crocins and the development of crocin-based
pharmaceuticals, providing a theoretical basis and method guidance for the sustainable development of crocin-based
traditional Chinese medicine.

crocins, chemical characterization, biosynthetic pathway, synthetic biology, Crocus sativus, Gardenia jasminoides
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