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6 02 I B M) 1) — > B B R ILRRAIE (Tanaka
et al., 2008), W AELELES ™Mb 7SR IE A . SRTT
H AR B W AR & 2 b . PLa
BB, Y FREYIE1T7 0008, H it fERE Y
4507, WG REEMBTEM2.7% (920 55 A8 [E B,
2002). Yift ™, A Z=(Rosa chinensis) il i J} &
(Dianthus caryophyllus)i¥i A4 B IE & X LRt
16, 10 i 3 N F B A RS 1 5% 6 B 5 60 B
(Tanaka et al., 1998, 2009; Sasaki and Nakayama,
2014). %j1t(Dendranthema morifolium)id i #% J [A]
FHART20179 3K B IE & X ER#E . 4E(Noda et al.,
2017). DHt, WFICE CAET R 2 T HLEDS T AE ST
B s B o mERE . AT HE R
RGBSR BAEE 7 26 A FRE R, )8
B AETE B AR B0 pHAE AH G EE R DL i 48
S B MEETT TSR, DU (780 i 6 i 42
Brg .

1 EeREER S i

fENEIE R, fH TR S 6 rp i 8 24
H, ¥ M 602 ¥ 5t — R 5 1€ . (Zhao and
Tao, 2015). {£H & 7 T1E BARIIE oL F A FR 2,
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GAE B GG RRYEN B oK R . Rl TEHFR
A2 B IR AR IE R EE I WO R, 25
AN B P, SRS THE . OGN
PHE &5 2% >k s i € i A€ Itk (B 20 B3 4%, 2003;
Tanaka et al., 2009; Yoshida et al., 2009b).

1.1 BELEVAMIER

16T G OS2 R IR A AR 1) S i T Ak, &
FSCER 1% DB I DR R B ) R AR B R B MR
3% X (Sasaki and Nakayama, 2014). {£#HH &
BAAT N3N EEM B, SR BRI R AR R
2 2L @ (phenylalanine ammonialyase, PAL). A&
FR-4-2 1L i (cinnamate 4-hydroxylase, C4H)#14-7
5 iR CoATE #: 1 (4-coumaroyl-CoAligase, 4CL)¥ 7
AR AL N T G EZ-CoA. 55 2 BOm T 2 /R B 4 ik
fif(chalcone synthase, CHS)AI%E /K i 7+ #4/ (chal-
cone isomerase, CHI)S 2| F K, < f5 il id i b i
3-¥2 1L i (flavanone 3-hydroxylase, F3H)#53 2] 434
i i (— 50111 451, dihydrokaempferol, DHK), DHKA]
43 93\ 3 i 25 ¥ iR 3'-#2 4L il (flavonoid  3'-hydroxylase,
F3'H) #1 2% 25 il 3',5'- #2 1t I (flavonoid  3',5"-hydro-
xylase, F3'5'H)f53 2| 2F0 A 6] 1) — A s BIlE, 73 0N



T &M B2 % (dihydroquercetin, DHQ)F — At &
(dihydromyricetin, DHM). 253 Bt il it & & i
/i 1% J5 i (dihydroflavonol reductase, DFR)FIE (12
& H B (anthocyanin synthase, ANS)fi 1k — & % il
15 31| 1¢ 75 & (anthocyanidin), 2 & i o 5 3L 54 7% g
(glycosyltransferases, GT){E{H R HEFEAA: ifEH
1 (anthocyanin), i i Bt % 7% # [ (acyltransfe-
rases, AT)F1/a H 2 # B (methyltransferase, MT)
SEEAT, B A (AR T (1) (Zhao and Tao,
2015; Bombarely et al., 2016).

CHSRILTH HA M E AN KA AL, %5
DKl G AL P B 456 1 AN 20 7 1 2 R -CoA 5 347 T IM A
- E-CoALE & T I /KB . Dares%(2013)i ik X 3
H(Malus x domestica)™ 3% CHSHE K] i3 17 RNAi b
B, EACFERR ROAR . HRIR R SR ARG B
TR, H A ARS8 iRk E W] 2K, Tai
252014 )il i X6} 3R 5 (Malus sp. )M+ CHSHIE
HHMRT-PCRA MR B & kL, kB CHS
TEACH WG R R E AR . Ak, S8
I CHSIY K IE A 52 . Dehghan5(2014)if# i
X} 41 1€ (Carthamus tinctorius)iE4T /K ¥ 2 Al £5 30
KhEE, CHSHIH B33k Fifl. SunZ(2014)il it #f &
% & % (Dryopteris fragrans) 414 i 73 5 #E 17 4°C1Ik
i 35°Crail FIEE AN b FR, CHSEKIE YA T

F3H. F3'HHF3'5'H& %At & i it 5 — 241K
FREGHLIN . B AR T K 2 B AR TE TS H AT e
B3 (delphinidin)ZH i, 1 DHM 2 & 3 2 34 B
LR . P Ik F3'5'H B FR o B (5 48 1 1% o0 25 K]
(Tanaka and Brugliera, 2013). Holton%5(1993)#f 51
xW], FS'HIE T A (4 5 P4505 )% . Sato%%(2011)
RILF3I'E'HE 51 X 3805 FE - 1 4 N\ 5 5k 2k 5] 248
oA, B, CAZMEYT 5 F35HEE R I
XPHATIRANI T . R AL E P, il T 5e
e, ZHAE T NFI'EHIEEK ) [F] I 22 0F F3HEE K 24T
RNAi4- 2 (Brugliera et al., 2013).

DFRE B A KV B, AREYHDFR
() S PE R IR [F] (Martens et al., 2002). ff %
DFRA] Lk JADHK. DHQAIDHM; 7£%7% %} (Petunia
hybrida)# DFR [ 3% EiDHQADHM (Zhao and
Tao, 2015). Zhao%:(2012) kX HIDFR K& FiL 51t
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HHHRR RIEMHR.

12 BiexEaERRnER
165 H ) i Pt 2 A A% g DAY o S T TOBE AT I R
WAB M o« 4675 AR LA I 250 W] 40y BRIt B 22 I A
HH (D 5%, 2003). HTEOLILETRKZAE
MALIR G, BT UAEE TS — B 2 e E
o) B S % 2 —(Yoshida et al., 2009b). 17 F 1]
1t 4 1 BAHD A1 SCPL % 4> A [ 1) £ B 52 1 4% i
BAHD 5 J% i F I 25 -CoAfE Jy It 2 ik 44, 76 240 fid J51
TS AL T T AT IR AL 1211, SCPLIK I M LAt -7 %
BEAE I AR, 72 W06 P 3R AT BE K 12 i (Miyahara
et al., 2013; Nishizaki et al., 2013; Sasaki et al.,
2014). JufH 3242 4¢ &K (gentiodelphin) >k (H ¥ 4 i fiH
(Gentiana makinoi), ZH1MEKENITEELZHCTH
T, JAHERREACE W SRR CAE ) 2 E
K. IHEREIE RSN, SRS N3 A AL,
Z J5iEIS 507 5 307 1 E IR AL TR AR e 2R 3-O- i hil
J-5-O- M E Dk - 5] 77 i -3'-O- Wi M E Dk - 38 467 B 1) 225440
(K2) (Yoshida et al., 2009b). Nakatsuka(2010)idit
RNAIHATTE e H(Gentiana cv. ‘Albireo’)+ 151355
RLBEACHEE DN, (R e A K3 3,5,3-O- =4
BIPETTAETE T . LA L R CER AR I A6 0 B SR
THEARY XM s W 2 R AL T BRI R R
o Ishii 55 (2017) 38 b X 7K e B Tl A 97 a2k 15 2
AA7BG-GT15AATBG-GT2XU IR AIFAE A, % IEAF
AR RUAA L TGVELE T AL IR, b 4k SR80 6 2 B,
BETETEAE ARt A (violdelphin), HAE iR &R IR
VAN e

WHRRFIRARE . Bk, WAL
T AT AR TG E 1L, AL B HIBEAL AT LR IG5 AS
FENE. HACHIAET H ELAEBA e e il . pHIRSL
AR S SN AR e PR A AR, e EIRAL
(EE . LB LR T 167 5 A E Mgt
Sr(Matsufuji et al., 2007; 2= =%, 2010; Zhao et
al., 2017). YoshidaZ%(2000 )il Al 7k il it 5 =M atith
eI R AL R o 9 23 A 5 S AL ) BRI AL 75 1 5
SEARIRIEIACTT 1 . 0 LR R LE KRR 1Y)
UV-VISIti, KINS'BLH IR TS, AL
JERH AR A S o RABUR 45 R A U R VE 22 A
(Dianella nigra)# F 4L H 2 # o 15 2 58 0E
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Figure 1 The anthocyanin biosynthetic pathway

PAL: Phenylalanine ammonialyase; C4H: Cinnamate 4-hydroxylase; 4CL: 4-coumaroyl-CoA ligase; CHS: Chalcone synthase;
CHI: Chalcone isomerase; F3H: Flavanone 3-hydroxylase; F3'H: Flavonoid 3'-hydroxylase; F3',5'H: Flavonoid
3',5"-hydroxylase; DFR: Dihydroflavonol reductase; ANS: Anthocyanin synthase; GT: Glycosyltransferases; AT: Acyltrans-
ferases; MT: Methyltransferase; AN9: Anthocyanin 9



WA F DL KA R -3,7,3' 5 DU A b AR, &
3Fh A 2—4/N % 53 -F A B (p-coumaroyl-glu-
cose, GC)HA7[FfE A% . Bloor (2001) K HIBH_E [t
HE AR EL AZR RN C PR B iR, 9 55 HF P N 3',5-GC>
7-GC>3-GC. 3GC 54GCHFt L (R MR &2 R HA
o) B (K12) . Sigurdson s (2017b)iiE i X 2 45 5 2
(cyanidin) AL A 7R B, BRALFNSE SECE AN EDXAE
HHSSESGYNEOREA YRR 2mfEHK
N ZIRAC R ZE 2 B M BRI AL R ZE 5 3R Anan™ TOIBEAL
RIZ Fhmaxo TE R TER RS R R TR R,
BEIEAL AN I AN ] Ao EAFAE—E H) ZE 5 Nishizaki%s:
(2013 )36 i Pk 5% - 7] 26 W5 A 14 AR T R 7-O- 7 A e
I 32 #% $% [ (acyl-Glc—dependent anthocyanin 7-O-
glucoside acyltransferase, AA7G-AT)7E ¥ {4 37 42
(Delphinium grandiflorum cv. ‘Triton Light Blue’)f
167 = PR K 5 44 2 3,7-O- 1 % B ¥ (cyanidin
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3,7-O-diglucoside) 17 Az s A F2 1L 28 o, F=47E
S b A B R K 520 nmAS %530 nm, iE
ST AL I A6 R EE € R T B A A . Sigurdson 4
(2018b )it i X} 1675 FFIE 38 0 e (Rt 72,k I AE i
(100 T I A 7 g A L e QB A S ) A 2 B0 L B 47 1)
W, MHEAMRPET TR T KERR., b, #F
TR, B—EF REE T LU E ==
0, EARAL S S EE I EE R P A 1 2 57
+43 i (Zhao et al., 2014, 2017; Sigurdson et al.,
2018a); H.Eafi [y p S A 7= AR 1) 0 0 LUk AL R A 75 8
P W 4 E 55 (Nakatsuka et al., 2010; Sigurdson
etal., 2016, 2017a).

1.3 ERETFIHETENRN
FEIAIE b & Ji 28 70 W AT A AR . B
RTRILIR 2 B0 e MR E T, &RE

OH
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o) OH
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O > \ <:2
OH o) OH
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KHEERK-3, 7, 3, S-PURHET
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B2 & B bS5 (Yoshida et al., 2000; Boor, 2001)

Figure 2 Acylated anthocyanin structure (Yoshida et al., 2000; Boor, 2001)
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TR R B AE T B — /N B 4 A (Tanaka et
al., 2009). it &8 & e H TR a5k mEM
XIEEILE P HE

131 &R#FH

SRATFE L -MBARNES T&R%SEY), HitF
THERIIETE E . HEAS)E 51 LL6:6: 211 LU I 4H & T
(EI3) (Tanaka et al., 2009). H #if 2% f B i 45
(commelina). J&i %% %451 (protocyanin) . Ji K BT
(protodelphin). &1 (cyanosalvianin) Fyiiie
T (nemophilin) 3574 J& 167 (% 1; 1¥l4) (Hondo et
al., 1992; Kondo et al., 1994; Takeda et al., 1994; Mori
etal., 2008; Yoshida et al., 2015). MEHEFFIF RG34
R T 2M e e EH, W@y, 153
2Fh & JR AT H 10 428 B 1 4 B AMg™ RilFe™
Mg2+ (Tamura et al., 1986; Goto and Kondo, 1991;
Yoshida et al., 2009b). Yoshida%5(2009b )il & 454 s
TEH B MR, HIE THEARIK OB, BRSO
EEINEER M, 78RR & ] Mg T
DL & W I AR il 7 DLOR 4228 3R B2 4 46 3 (petu-
nidin) & L (5 0L R, 060 1/6Fe™; RAE3E%
(pelargonidin) B4 41 2% % (malvidin) i % 7 [ ) 6 V2 T
B & B A .

HH
2%

B R
2% 2%

SR S S——

\ 2x |
WHEH ~ WHEH
2% 2%
i
2%
SIRAEHTT

HE T HE4 R 7=6:6:2
B3 £ EHF AN A Yoshida et al., 2009b)

Figure 3 Formation of metalloanthocyanin (modified from
Yoshida et al., 2009b)

®1 SFEJEILF IR (Yoshida et al., 2009a)

Table 1 Composition of five metalloanthocyanin (Yoshida
et al., 2009a)
H B Sy
SIRILHT SR _
HEH Hl £EET

WG B B e i A1 F1 Mg™
(Commelina communis)

FREHYE  REH A2  F2 Mg”, Fe*
(Centaurea cyanus)

Rk R B A1 F3 Mg**
(Salvia patens)

TERREREE KiFRER A3  F3 Mg
(S. uliginosa)

briLs IR FURAE A4 F4 Mg”, Fe™

(Nemophila menziesii)
[T Y T A1-AA RN IR 259 I F1-FARAL 2 451 DL IR 4.
The chemical structures of anthocyanins A1-A4 and flavonoids
F1-F4 are shown in Figure 4.

132 FUEHESREZEREFTH

& BT HHL, EErENS RS SR
FE R B D L, B & B 8T AR L RS T AR
PERIHR T E /NS £ (Tanaka et al., 2009). & @& 1 —
MEBH L& H2-3R BT R4 &, MR R T
REAANRAIX MG N (Sigurdson et al., 2016;
Fedenko et al., 2017). Shoji%(2007) % I HE 4= &
(Tulipa gesneriana){t 4% (1) 15 55 72 7 /& HH T 5 (3%
43 L 03 4y B BT 2 [fFe . Sigurdson #1Giusti
(2014) 3 2od ) AS [ 4 P A 75 52 B Hh S I AICH,
RIMFTEMAET EHSERFRESGIFRIHL
o, B A AICI; V& BE I 389 in, W {5t B 2 388 s
Sigurdson%%:(2016)itH i % M A6 AR BE AL 1) % 25 3R
M T ZMAR M EES S, RIA&RST
HAMEAE T H A EMa g S E, BEARSEE
TP ERRORAE, FrAEaBmnEREE FERRKN N
Fe¥'~ Ga’>AlP">Cr**>Mg®, AEMk ik o 455 % 7k
LR R TG R R4 2, AR RO /N Tt
R4 % . Negishi%:(2012)7E 45 5k 1€ (Hydrangea
macrophylla)t % 5& T VALTFIPALT1#E E H, 3
i 58 X 24N B 1140 SR FH T 00 I 5 R sk AT A
iz, RRPASBE FREEATKET TSRS 74
AR EEEA.

2 #BEpHEWE®R

2.1 EEpHXEEAEM
WEpHIA B ER RN E R AT RIEEEFEH. Ke
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B4 & Eieir4ls458(Yoshida et al., 2009b)
A1-ALRNIEHF TR, FI-FANEN R0

Figure 4 Structure of metalloanthocyanin component (Yoshida et al., 2009b)

A1-A4 are anthocyanins; F1-F4 are flavonoids.

WFFEAE A, AN [F) 1) 7 6 pH 2 A 42 2 I HE AN [F) 1) 4
ft(Andersen and Fossen, 1995). 40, Z5Ek{EH,
W pHE M4, EE T4 646N3.3 (Yoshida
et al., 2003). MarkhamZ(1997)%} 35 J 4 %
(Pelargonium hortorum)it 47 1 & A B €4 ff) o8 7 S
¥, Hrh 253 % (Johnson’s blue) R fEpH6.6—6.8%F

B NS IR B A e R I 5 0 R 0 R A IR L i
WEAH AL IR . AR TR €8 9% 72 4 (JIpomoea  tricolor cv.
‘Heavenly Blue')", {4 T il (o, fEAEEDIR
BN, IR BETAN B, {EATEE RS
AR, RARIEpHIEE2TTE 6.6 EF+E17.7 (Yoshida
et al., 2009a). TakamurafiMatsazaki (2015)iH it &
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PEFRAR AL %K (Cyclamen persicum) & B8 pHAE
RUATF R, TEAETE A AR MG LT L T fE
WA . Katsumotos (2007)/EXt it ie 7 T 8
Tolt FA) A Al A 438 v B A RS R A I pHEL (0 5
Noda (2018)I\ATE W (A8 & Fiud £ v 51 A AH R pH
B[R sk FpHIE A& IR -4 B L

2.2 REIEEBpHIMEXEE

H A O A Y06 K pH A 55 B PH 1-PH7 Al InNHX 1—
INNHX2P 4L 3L R P . PH1-7 5H (%5 5%, i
INNHX1-241 57K /Na* ) # iz (Vlaming et al., 1983;
Fukadatanaka et al., 2000). Verweij%%(2008) % i
PH5% 1% (1) 8 (1 4 52 A T E IH Psa-ATPase
JRFE, fimRREmEaE T, [EREpHE FF.
PH 15 RGN AR — i Mg® 538 & A RO R A, X
1215 T 40 T (KGhlbrandt, 2004). FaracoZ%(2014)
T R pHE AR AR T, R IPH & —Fh e {7
TR EIPss-ATPase & A, % & 5PH5
FEAER, A1 nsEPHS #1258 M4 3 96 ik 3
AL . PH3FI PH4 %S [X 4 1Y 5 % 5% K -1 AN RI
AN B AE H FIWRKY RIMYB & [, 1 45 PHS
F R K% 1A(Faraco et al., 2017). Fukadatanaka%s
(2000) W 78 & B, InNHX1F1 InNHX2 3 K] 4 15 K™/
Na' i ia & 1, " A4 FHiRiEpH{E . Ohnishi%s
(2005)WF TR F M, INNHXTLER . ZERHdr LA E
pr 3 B I e A A N5 S 2 R A S S N ]
INNHX27ERR . 25 3Rk, FEAR I b 1 20 0
58

3 KermsTFaEM

FLAE19874F, Meyers(1987)silid A1 A2 2F th ik A
T K(Zea mays) DFREINFRTG T RZH R mRILM
PR, XEFAGIEAEEREM . Holton%s
(1993) B IR M A 4= Hh 3 5 HE A G £ 40 1 O
KF3'6'H. Ja8: iR M, ZHEY) (I H Z=F%1E)
ToiF e AR W AL A 2 B Tz B R . F3'6'HI K
P 2 JE s e L N TR & Fh B A B U=
X o Holton (2000):f it [ 5 5 88 4 Nk H 74 4= 1
F3'5'HMIDFR, AMAR R T R R, RAMINEL
KRB R H 5. Brugliera:(2013)iN A, 1E#%

R A Z=h = {4 % (Viola spp.)f) F3'5'H tb %% 7= 4
F3'5'HW] B4 ik JF L B K K . Katsumoto 5
(2007)I\ M 1d A i i A 2R e B R ST I 1) H
Z= i A KA (1) RO IR, (2)
TP B A B m pHE; (3) BABN T, ®A
F3HEFMENE; (4) IR RZEERMARRER .
At ATY 30 S X O A2 HR PR R R N = K F3'5'H
Fifar 2 & 2 (Iris % hollandica)ff)DFRILK|, 15546
HZE iR . Huang%(2013) 46 H 7E 3 18 (Chrysan-
themum x morifolium) S NF3'S'HIF A GERL &
KHELER, R ARR I 55 AL F3HE ALK DI fE o
Brugliera®$(2013)#f 5t £ M1, H ZECHSE: N JE 3+
AN = A8, 3 F3'5 HAE e B DK 38 18 o m] LA AR 1 K
HEER, N RE A%, Noda:(2013)i 5tk
HH X2 & (Campanula medium) F3'5'Hf¥]cDNAXT7E
AL R MR R B mAUEH, %IEF3HIE3)
THREFEEhRE /1. Noda%:(2017)il it # N3 1
F3H J& %) -1 42 il W 55 (Clitoria ternatea) CtA3'5'GT
(anthocyanin 3',5'-O-glucosyltransferase) 3 [x 1 X
AHEFI'SHEL, 1931 G410, 18 H R
FIBFCHIALTE 7, 40 R F 5 %= 3-0-(6"-O-1H —
TR ) & b -3-O- M & B . RS, 3, 5-=-0-
] %7 B R G B 2K 3-0-(6-O- 75 Tt 5L ) 6 2 B -
3, 5'--O-#ij & M T (K5) . ZeinipourZs (2018)# H —
o] DA A E A A e WE A A R . 1%
AF 70 A BAIE  X6 30 4% > H 2= i M A I kAT AR AT B A
NIRRT 220K, PPAl 1 AN (] it Pfonod 28 fk B 2 40 1 e
71, R OLEE R T A R 7.

4 RE

W 70 W A6 T 1 23 7 HLEE S 61 1) 35 (A8 P R A =
B N o AGTE G RE % HORE DGR B (1 1) BRI TR
A2 B E AN, F3'5'H. DFR. AT G T4 5 5 [ o 48
E S MY e E . U 2R REE S IGAE 1 A
TR B &8 BT AE pHE X 5 G Ae ™
A EEER . BARE T O SN IE GAEH R0 &R L
HPRHEAT TIRAWEI, (HIEAEAE — SO TR E AR 0]
(1) HAe NF3'5'HE: AR AEAS B W5 A 467, TERAD
A P I oA R 4 R 4% 5 O U O B AT T
F&—TUARRTT 58 o WA TEAE D PN 350 2 3E B I pHIA 5%
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Figure 5 The anthocyanin synthesis pathway in transgenic chrysanthemum (Noda et al., 2017)

I A O B AE T FORE 2 AR BB L AE R AT KB RSN ISR AT K, R A A BT A 95 IR 5
FIi . (2) AN ERBEMEBAIETHNFR D, EHEEZ AN, (3) F3'5'HIF N (iR R
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A RZ DR, W IE A ITE Sl AR . 1A
WEFE R I, F3'6'HEEFLEAED R N+ id ik, 8w
FUHAZ A R ML F G R S A R T R TR
Bl . ARk, EWWRET T ORE T EAH S A,
e R A AT S AT E AR BB AL AROl K A
5 FE 22 [T AN G A6 AR RS R 2 X HE RN ATBA o 31X 26 4]
BA7EA] Zj(Paeonia lactiflora). 3§ 1t ) A {5 F(Muscari
neglectum)“5 48 15 & B B FE K 45 e . I (eI
&R F S B IE A AP 5 R pHER SR |
WHHA RS THLEESE M T REA 20
R (Bh B R4, 2012; 2R, 2013; X4 455,
2014; #JE 2RI, 2016). (H2, EHEELS TH
FhO7I, T A BB FE I AT B LR e N F3'5 HAE R K 58 ik
B B, ok 19 B H A W 18 0 S5 AR TR (48 R e,
2013; #hZ %, 2016; xIZ¥, 2016). Hit, =T
AL 7T B FOL A IR KBS EE .
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Recent Advances on Blue Flower Formation
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Abstract Flower color is an important feature of ornamental plants. There are only a few plants containing blue flowers
in nature; however, most of the ornamental plants lack blue varieties. Therefore, studying the molecular mechanism un-
derlying blue flower formation has great significance for flower breeding in the future. Recent studies have revealed that
flower pigmentation is mainly caused by the accumulation of anthocyanins. Anthocyanidins are catalyzed to the stable
anthocyanin form by glycosylation, acylation or methyl modification. Furthermore, the pH environment and metal ions in
the vacuole also influence the pigmentation. In this review paper, we summarized the progresses in the anthocyanin
biosynthesis and motablism pathways, the function of some key regulatory genes, the effect of anthocyanin acylation, the
regulation by metal ion chelation and pH environment, and molecular breeding of blue flowers.
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