Botanical Research 1H¥J%7f 4L, 2016, 5(6), 186-209 Hans X
Published Online November 2016 in Hans. http://www.hanspub.org/journal/br
http://dx.doi.org/10.12677/br.2016.56024

Molecular Mechanisms and Natural
Selection of Flower Color Variation

Ruijuan Zhang!2, Yingqing Lu?*

'State Key Laboratory of Systematic and Evolutionary Botany, Institute of Botany, Chinese Academy of Sciences,
Beijing

2University of Chinese Academy of Sciences, Beijing

Email: zhangruijuan@ibcas.ac.cn, *yglu@ibcas.ac.cn

Received: Nov. 8th, 2016; accepted: Nov. 27th, 2016; published: Nov. 30th, 2016

Copyright © 2016 by authors and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Flower color plays a key role in attracting pollinators, and a staggering variety of flower color
variations including color parameters and pigmentation pattern exist in nature. Though many
studies have been done on the molecular mechanisms of flower color variation, there is still much
unknown, especially for pigmentation pattern. The contributions of pollinator and non-pollinator
agents to natural selection on floral color variation are also unclear. The review discusses recent
data on genetic mechanisms and natural selection of flower color variation. The summary may as-
sist us to further analyze molecular mechanisms of flower color diversity and role of natural se-
lection in flower color variation.
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1. 3]

FERREDRRF A A AL e 5 Aok 2 7 IR AR AR . (RO ROLRA —E e 2Eat, H
i B S S . YA BRI AR IR AR A5 A B2 2k DR 1) SR A 4 T e RAE B R Y
A5, BRFMMERMAG DM, EEARIEHLOSHRE OB . BT 2O FREXAIFEN
BIEATERE, HOARRS HRIEFZHH KRBT ERATIL . ASORE 2D AR AR,
(UL A8 57 AT AL AR AT A Ky 38 S ARAE AR A BT (U R 22 28k PR 7 i iR L S 8 55 X fE t gt AL I
ST R4, DA TR e 2 RE A AE OB .

2. B EMW Y TEM
21 EEMAEETREM

T2 IYR FEA = KIS fiSEh(betalains). 25EH 3 | 2 (carotenoids) A1 % il (flavonoids) [1] [2]
[3] FAP@SEmR. REHE N RFE R (B . BEERRE . R TR A RO . A, R
LT ROV R FENY TR AR T RAER 2RI, B, 8. EEHI0. £
T AR L0 BT b ANERE T 32 2 DA 08 (BOREAR) IR AR AE TG R [1] [4]. AEF R cEEA RE
3% % (pelargnidin). < 4% & (cyanidin). K #EH & (delphinidin). A52454¢ % (peonidin). 5471 & (petunidin)
A4 2% & (malvidin) 6 KJ4[5] [6] [7]. "EAI1¥EA C6-C3-C6 (A 41[3] [8] [9], 45 LA 3= Eifhk
WAE B-3F BB, WEALIREE . BIiZ, i, PEZNWEOEL. HFRE LS KEN
[F)FE P B S I A AT LR AR . WSRO R A R AR HiE TR IR SE 7 IR R IR
B i 0 K WA [3] [10]. FREAL . WAL, BERAL AR SR EAE T RA T2 28, T
TGO ZHE. BEEBORMBED, BRI e H Ko % E[11] [12] [13]. #2007 4, BRI
A4 500 FifETF R E[14]. B THFRI, EMIRIARI15] [16] [17]. Wi pH [18]-[25]. 4Rt
R NG BE T3] [12)48 2l (i £8. W KA KA S Fe¥* N & d 4 % (Tulipa
gesneriana) £ I 5 tA[26] [27].

2.2. LB EMABREER
T 2 B A R T L REH 2 ) — AR AARHER (4] 1) [3] [28] [29]. ‘& A S LA A(4-coumaroyl-CoA)
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4-Coumaroyl-CoA + 3 x Malonyl-CoA
CHS
AUS
Chalcone ———p Aurone

Kaempferol Naringenin

FIS  F3H F3'5°H
F3'H F3SH  N\a

Dihydrokaempferol (DHK) =———— Dihydroquercetin (DHQ) =———— Dihydromyricetin (DHM)

l DFR FI;S‘/ l DFR FLS, l DFR

Leucopelargonidin Quercetin Leucocyanidin Myricetin Leucodelphinidin
l ANS l ANS l ANS
Pelargonidin Cyanidin Delphinidin
l UF3GT l UF3GT l UF3GT
Pelargonidin-3-glucoside Cyanidin-3-glucoside Delphinidin-3-glucoside
P4
Peonidin Petunidin Malvidin

Figure 1. Anthocyanin biosynthetic pathway (modified from [132])
E 1. EFREREEE(IEKRA[132)

TR - BEHEE A(malonyl-CoA) NI, HZEMFER(CHS. CHIL F3H, F3’H. F3'5’H. DFR #il ANS)gwft

) — RV G R, FFE PR P IR AR BE I A S A1 /5 Bl s 2 0t b o Horb F3HL F3'H i F3°5°H

RNAEH ZRUE R =0/, KA s BT REER ., REFHRM AR, X EEE

TEVFZ M) ) O (6] [28]. EATTRT REE A2 MG G 0% 20AE R IR AT A6 (A0 Th eg[2] [3] [30].
e R SV RAC A R B ECR . ok B B a2 240 (0 5008 o R & S A0 RE A S50 B

fitf A 43 51K B T 2K 7 28 (phenylalanine) & Bl g 72 R RE B2 % (glycolysis) i F£[31]

CATEH #AAUIEEH MYB. Bl E - 28 - 18E(bHLH) 1 WD40 = 5 & 1 (WDR) = K% K+
FELL MBW = u B &R ATE[3] [22]. HH WDR IRIERAT iz, 1 MYB Al bHLH [1)3Rik 4]
IR FHEE HE[32]-[38]. Bz 5eE R, ARAER MBW EE5WE 2506 pH ]
JFIEE R AR REE. REIIIRE g g e S0 2. 2 MYB e T IR
PE[33] [34] [39]. £ MBW E &4, MYB F1 bHLH A 435l 4% 57 M 25 & 45 4 3L R 3 2h T X cis ol ——
ANCNNCC (MRE, MYB-recognizing element)f1 CACN(A/C/T) (G/T) (BRE, bHLH-recognizing element), H.
MRE 5 BRE 2 [fl{% 6 bp H[aAIFE[29] [40] [41].

{H—18 MYB A B pGEME R . Wi7E K (Zea mays) T, P1(subgroup?)m] B hsEH 48 A B — 3
JL[K (CHS, CHI, DFR, FLS)ififit #F T K i o ¥ IiF (phlobaphene) i1 & B [25] [36] [42] [43]. fE#LRSIT
(Arabidopsis thaliana)+', CHS. CHI. F3H. F3’H. FLS Al #{—% (41 R2R3IMYB (MYB11, MYB12,
MYB111) (subgroup7) Bk is [44] .

3. BN e RETFAEENH

AR ZHEEAMUEIELESH E, ZRNEABRA(E 2)EMEE THRANZE, R R
REA T 3G e ) A BT B o AR AR e BT — 8 ISR R A, AE75 AR AR b b My sl 2 2 K]
(%) R (0, G sl DX R 10 428 X)) #1822 B2 2 52 e e [R] 1) ) i B 3 08 80 T 5 M0 6 €0, AT () 4 2 S MR IA
BRE St 2 s AR (R Y
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a. ffi(color break): sKAfili(Narcissus pseudonarcissus) [61]. b-f. FBE(variegation): b. [HH24(Ipomoea
purpurea) [62]; c-e. 441, nil) [63]; f. KEN{E(Dahlia variabilis) [64]. g-j. ZFR(marginal picotee): &
2221 (Petunia hybrid) [65]. k. XUk (bicolor) KTii{t(Dahlia variabilis) [66] . I. E4R(star-type): #&2=4-(Petunia
hybrid) [67]. m-n. $AMER(UV/bull’s eye): Htr4:)t46(Rudbeckia hirta): m. B WG n. 40 R[68]-
0-g. JikeE(venation): 0. 4xfFE(Antirrhinum majus) [69]; p. 72 (Petunia hybrid); g. KAEH>%(Cymbidium
hybrida) [70]. r-s. ZE4L(oud flush): r. 35 (Malus x domestica) [71]; s. UYL &r(Lilium regale) [71]. t-v. 3§
Fa(spot): t. 4iK 175 (Clarkia gracilis) [72]; u. fii4:# (Tulipa gesneriana cv. Murasakizuisho) [27]; v. #jisE
2%(Phalaenopsis spp. I-Hsin Sun Beauty “KHM1065”) [73]. w. 3BFHHIBE S (raised spot): 475 E & (Oriental
hybrid lily “Le Reve”) [74]. x. ~KIRAIBE S (splatter spot): WM £r(Asiatic hybrid lily “Latvia™) [74]. y. HOIR
B (brushmarks): W & £ (Asiatic hybrid lily “Centrefold”) [74]. z. BRBEF(spot-halo): Ei#(Digitalis
purpurea) [69]

Figure 2. Reported types of pigmentation pattern
E 2. efpantasaR2Aa

3.1. #EWHKE

P F AR A S A 1) — MR 7 3, AR 2R B 2R ) A iR AR B R R B EE S /|, A
AT SR B A QR R N % IR TR B i [45] . — L FE R Th RE 3R A5 T fEIR T3 N 2 5 1 sh 21k
U1 CHI Wl IR Y5 T Fi 7 R 45 Bl S DR T Bk 20 AL [46]. P25 IR, 78 JRURHE Y F & 25 (liverworts) . &
#¥ (mosses) A1 AT 4 25 (club mosses) H A A B BE AR 35 AN 2 A B4 5T ()t B[4 7] FE B (ferns) ki 4 L
WRAETE R[47], TAETT 2 W NAERA SRR 714 Tt B B2 A AE T4 A [48] [49]. E TR
JiTH, BT MYB 85 1 D B AT ZH ZURs ek, 18 68 38 A TE 214G BN/ 31 2 (13R 153 6 A mT sl i cis B trans
(177 S AF G AL MYB =ik [50] [51] [52] [53] [54]Ek 1 AL MYB fiR&iA [551 5K SLHL(E 1),

32. NE/ZRBAA/MENERTER

TE R BN ZL (B0 il e T AR W R REUR B R B R L E R R, IR
FEREBE A, R I LEEE R F3'H 3% F35°H ()8R B IA B PR (32 2). A6
T REH R KZEIEZ[56] [57] [58], X T A& 5t B A W/ A AE 9 Fh i[5 3= 4= (Ipomoea purpurea).
A ZEAR (L nil). = EZEAR(1. tricolor) i &, AL I8 % /& T F3'H (4mhS [X 2848 1% p%[59] [60].
X T [F B R R BB A, IR AR G R e, 2 ERE F3'5TH B ThAE RIS [78]
[80]-[85] [87]Ei KA & T FE[53], A I AR F3'H fEAEH L RIA & (1 R F%[78] [80] [81]: #& W/ K B HR
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Table 1. Summary of MYB mutations for gain of pigment
%= 1 EBERENERRTER

W #E% REFBR KA F SEHR
Mimulus aurantiacus ssp. puniceus MaMYB2 Higher expression (CIS) Yellow to red [54]
M. luteus ssp. cupreus PLA1 (R2R3-MYB) ? Yellow to orange red [52]
M. luteus ssp. variegatus PLA2 (R2R3-MYB) ? Yellow to purple [52]
M. cardinalis ROI1 (R3-MYB) Lower expression (CIS or Trans) Light pink to dark red [55]
Phlox drummondii R2R3-MYB Higher expression (CIS) Light blue to dark red [53]
Antirrhinum majus ssp. Pseudomajus ROSEA® Gain of an activator (?) Light yellow to dark red [51]
A. majus ssp. Majus ROSEA® Gain of an activator (?) Light yellow to dark red [50]
COD RREHMX MR CIS FK cis IEX A Trans RERAMEHFEFHETHRISCE:  “?2” REBEEAV.
Table 2. Summary of mutations causing flower color changes from blue/purple to red/pink
2 eHBEREILMETHUNERRTEN
W 2R 4 REFBR KA R SEHR
Ipomoea purpurea F3'H 550-bp Tip201 insertion in exon3 (COD) Blue to pink [59]
|. purpurea F3'H 402-bp DNA sequences insertion in exon3 (COD) Blue to pink [60]
1. nil F3'H C to T mutation in exon3 (COD) Blue to pink [59]
. tricolor F3'H T insertion in exon2 (COD) Blue to pink [59]
F3'H Lower expression in flower (CIS and tissue specific regulatory)
1. quamoclit 15,3,3,6-bp in-frame and 98-bp DNA sequences insertion in Blue tored [75[]77[]76]
DFR-B 3'-flanking; Substrate specificity change (COD)
1. horsfalliae F3'H Lower expression in flower (CIS and tissue specific regulatory) Blue to red [76]
I. coccinea F3'H Lower expression in flower (CIS and tissue specific regulatory) Blue to red [77]
F3'H Lower expression in flower (CIS and tissue specific regulatory)
lochrominae.gesnerioides  F3'5'H A preorE?_tgfr_eer;%pe%%Tgt?gni?nezggiza?ggéf 6-bp Blue to red [78] [79]
DFR-B Substrate specificity change (COD)
F3'H Lower expression in flower (Tissue specific regulatory)
Penstemon barbatus F35'H A premature stop condon at a_mino acid 407; 11 Blue to red [80] [81]
nonsynonymous mutations (COD)
P. labrosus F3'5'H Low activity on DHK and very low activity on DHQ Blue to red [81]
P. subulatus F3'5'H No activity on DHK and very low activity on DHQ Blue to red [81]
Penstemon (10 species) F3'5'H Two or mo;er ?::mggmgissgﬁﬁgggr}%gge deletions, Blue to red [81]
Phlox drummondii F3'5'H Lower expression (CIS) Blue to red [53]
Petunia hybrida F3'5'H A Spm-like transposon (Psl) insertion in exon2 (COD) Blue to red [82]
P. hybrida F3'5'H Transposon insertion in exon3 (COD) Blue to red [83]
Gentiana scabra F3'5'H Two independent transposons insertion in exonl (COD) Blue to pink [84]
Antirrhinum majus F3'5'H Lose of function (COD) Blue to red [85]
Glycine max FLS Single base deletion in coding region (COD) Purple to magenta [86]

COD AEMMX FIRA: CIS ALK cis IHAEXHIRA: Trans AR RAEMEFZE TS “2” REBEEAE.
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TR RE  WE LA F3H 18 31 75 (cis TA%) 5 4R e A L& R A8 S i S B RE & R,
H AR At R 2 A A PRARAE AL 2 A R i 8 SR G R 4G R & BE[75] [76] [77] [87] [88]- X
RFNREH R T TR TAEEsh, TELIMBE . AR R W = e s s & A K EWREIE S
W BAEEMER, BrLl F3'H MIIRE RIS 1] RE 2 s AR AR K, 4R S M i 2 T DA BRI
A % 21 (deleterious pleiotropy). FiiHAidER MY E FRHALF LT R EBERNREHRZ, ROFHEYD
SRS FYIRER) F3'H #5501, 1 F3'5'H S 1EVF 2 B & i35 3kl (Rosaceae). % F}(Asteraceae). U I+ /&
(Arabidopsis). 7% J& (Ipomoea). %% % J&(Matthiola). Hi4: 7 J& (Tulipa) i Hi2:[45] [87].

BT F3'H 8¢ F3'5°H 7r SCH BT, 1675 FACHhE S H f87E F3H-DFR %1%, ArbAfbe W IE/% 63
LI IR A RE B DFR JIRARE R ER R, RIXHRY) DHK SEMMR)$ S, X DHQ F1 DHM
SRANPERIFEAR[77] [78] [79]. FLS ik & T B3 B B B & 8 T PRt 2 (48l i 58 (A N 21 4 [86] .

33 N/RABIR/RENHEER

Pt R B I A AR Sl AR EE ZE A RIEMAR R, RN, XA ]
Aok BEH 2BHERE—ANELZ NP IRIBHIT(F 3). B g5 3 R 15 M 746 A\ [62] [63] [89] [90]
[91] Bk AT AR [92] T B Th e TG 5K cis RAZ T EM RIS & T FE[95] [96]3 2 MAEMI = Az A AE o {H 25 K4 ik
DAL 1) 970 30 0 S (B MR T L= e R, e RIS R I 948 ] DL 3 . SRERRE . Bl
SREMY AT A, =R 2 A F 2 800, BRI IE & 2 (e.g. [93] [94]) - R2R3-MYB [50]
[51] [96]-[103]+ bHLH [104] [105]F1 WDR [99] 1) 5EA8 351 1] LAtk it 5 2 AR g 42 b 25 P 5 (R ) 3R T
MAKIES RIE R, (HHT R2R3-MYB E A & 4 23R IAKr R A1 Dh g 434K [33] [34] [39] [50] [103]
[106] [107], B ARRA BABARKI A E 2 8400tk AW SN B RGN %% R2R3-MYB (1) R42[88] .
X5 R2R3-MYB # bHLH F1 WDR K £ 1) 3k R H AT 58 a0 1 e SR [) SURAZ LE 26 () 22— S [98] [108] [109]
[110] [111]-

Wi ZENBH TR 5T RS AERE N REEZMA X, HAEPHIEANEE. EXMNEE
(Asiatic hybrid lilies Lilium spp.)#, MYB12 ik & S50 LT R R & 2 1EH[112]. R2R3-MYB #]
FIE TR /N R IESEER(P. drummondii) (PR4L) 5 Hik 2kl P. cuspidate (V& 1 1) 4248 F2 ARAFA R AL ALY
7 [53] [113].

34. HEEERANER

TEMEGEAFEEZAW G, B, &30, BIR. RIAME, B, WkemiFasE(& 2). Hirgmm
et RS R B PURR: B R T IR BB M R4, siRNA S SR R 5 e it
PR DRI ) T R R A R e Rk (6 4). BEKAIIAE (Narcissus pseudonarcissus) BT 7K Al AE -7
B 2= R W LI R [61] o 08 5 2 JAR - RS DR P 38 D4 N RN 2 [l 2 AR 2= A 46 € 22 2 BEAR [62] [63]
[64] [89] [90] [102]. XU EAAE(CLAELIA AN EAR) TR Il 5 2t T 1 €A [X 35 CHS 21k T I (FE ZEHH siRNA
S TS mRNA B M iR [65] [67] [114] [115] [116], BLA (4 IX 45 FLS 26k 1 i (5 B R %)
[65]. UV B0, BE Rl Bk ORI 20858 R AL 5 1675 2 AR A% 1 45 by sl 4 J5 DR ) I 23 e i B 0RIAS
[ #% DO 5% AE IR i A2 2 i, CHS-D = BEAE AR rh 20k T 28 1 BN FEME ) 56 €4, T CHS-E EZEAEAR R
TERKANAE 2R 20k, AT RE S AR M Bk AL bk LA BB s i T8 oA 6[117] [118] [119]. HO4b%
(Rudbeckia hirta)fEFE L #4 F3H. F3'H. FLS. F6H. F7GT s ik UV W ie 2k i) 2 i i 240
AR BRI TR R S 1) UV BX[68]; F3'H1-A 7EHEANIE kAl DFR2-A/B 1EBE £ (1) H.38148 & F3'5°H1-A/B
FI DFR1-A/B TEAEHN H (1) I 2 1A 7] B A2 TE A 1L 7 B (Clarkia gracilis)# (s 1 A B i 2 (1) 32 BLE A,
H P8 BE i A7 B R 7308 e e [72] [120]. [FIAE, 1675 RARI I 245 ) 22 A 741 1+ (Paeonia suffruticosa
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Table 3. Summary of known mutations for flower color changes from blue/purple/red to white/yellow
=3 BEHEELEHR/ACTMERRTRER

MR ERFH R RAUER SHER
. One copy of 3.9-kb Tip100 .

Ipomoea purpurea CHS-D insertion in intron (COD) Purple to white, flaked [62]

. Two copies of Tip100 .
I. purpurea CHS-D insertion in intron (COD) Purple to stable white [62]

: Rearrangement of DNA sequences between .
I. purpurea CHS-D exon1 and an adjacent Tip100 (COD) Purple to stable white [90]
I. purpurea CHS-D One cog;_/flcgn'll;ligéC)(%gsDe)rtlon in Purple to white, flaked [90]

. Purple to white flowers with
I. purpurea MYB1 6-bp and19-bp deletions (COD) colored rays [98]
IpMul insertion in exon2 and IpMu2 .
I. purpurea bHLH insertion in intron5 (COD) Bright blue to pale blue [105]
1. nil CHS-D 5.57-kb Tpn3 insertion in intron (COD) Purple to white flowers with [91]
colored tubes
1. nil CHI Tps:elclslzglggt;Ce:tgtrr(()g%)?)n)d a Purple to white, speckled [63]
1. nil DFR-B Tpnl insertion in intron2 (COD) Purple to white, flecked [89]
1. nil MYB1 AG insertion in exon2 (COD) Blue to white [99]
1. il bHLH 583}?%‘"2352; dsugri'gzt'(oc"ggg“’ed Bright blue to pale blue [104]
. 7-bp (GGAGTAC/TCCGTAC) .
1. nil WDR1 insertion (COD) Blue to white [99]
Torenia fournieri F3H A L_TR-ty_pe r_etrotransposon (TORE1) Violet to white [96]
insertion in the promoter (CIS)
- A En/Spm-like transposon (Ttf1) .
T. fournieri MYB1 insertion in intron2 (COD) Purple to white, flecked [102]
Petunia axillaris AN2 Frameshift and nonsense mutations (COD) Red to white [97]
Parrya nudicaulis CHS Lower expression (CIS) Purple to white [95]
Mimulus lewisii DFR A frameshift in exon2 (COD) Pink to white [92]
Antlrrh;r:?igwtgwrﬁjus SSP. ROSEA® Lose of an activator (?) Dark red to light yellow [51]
A. majus ssp. Latifolium ROSEA® Lose of an activator (?) Dark red to light yellow [50]
M)ib::rjﬁr?esri%m ROSEA® Lose of an activator (?) Dark red to light yellow [50]
Antirrhinum (3 species) ROSEA Lose of function (COD and CIS) Red to pale [50]
or yellow
— Purple to white
- ? ?

Aquilegia spp. R2R3-MYB? ? or yellow [100]
M. cardinalis SM PELAN Gene deletion (?) Red to yellow [103]
M. cardinalis CI PELAN Lower expression (?) Red to yellow [103]

M. guttatus PELAN No expression (?) Red to yellow [103]
Oriental Lilium spp. MYB12 Two amino acid substitutions (COD) Pink to white [74] [101]

COD REZIGIX FIRAL; CIS UK cis WP AIRAL; Trans A3 e R T g s

“27 REFRFAH,
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Table 4. Summary of known mutations that cause pigmentation patterns

4 CRMENTEEREAEXER

2
£ ERA KR FHES o
ps ell:lc?c:g:rsgiz SUS m’;‘ggicés\fil:i s Viral infection Color break (figure2a) [61]
_ One copy of 3.9 kb Tip100 insertion in Variegation (white, flaked)
Ipomoea purpurea CHS-D intron (somatic excision of transposon) (figure 2b) [62]
I. purpurea CHS-D One copy of_Tlpl()_O_lnsernon in 5-flanking Variegation (white, flaked) [90]
(somatic excision of transposon)
Tpn2 insertion in intron2 and a I .
1. nil CHI speckled-activator Varlegatloq (white, speckled) [63]
: L (figure 2c¢)
(somatic excision of transposon)
I nil DER-B Tpnl insertion in intron2 Variegation (white, flecked) 89]
' (somatic excision of transposon) (figure 2d, €)
Dahlia variabilis bHLH A 5.4-kb CACTA transposon (Tdv1) insertion Yellow ray florets with orange [64]
in intron4 (somatic excision of transposon) variegation (figure 2f)
Torenia fournieri MYB1 A_En/Spm-Ilke tr§n5p0§qn (Ttf1) insertion in Variegation (white, flecked) [102]
intron2 (somatic excision of transposon)
. . ) Lower expression in white margin White marginal picotee [65]
Petunia hybrida CHS-A (siRNA directed silencing in exon2) (figure 2g, h) [116]
. . - . Colored marginal picotee
?
P. hybrida FLS Higher expression in white center (?) (figure 2i, j) [65]
. - Lower expression in white regions e b .
Dahlia variabilis CHS (siRNA directed silencing in exon2) Red-white bicolor (figure 2k) [66]
C%qzlrlr'; r{ﬁﬁ?;!m CHS Lower expression in white regions (?) White Marginal Picotee [114]
L . . - 67]
. : Lower expression in white stripe A star-type red and white [
P. hybrida CHS-A (siRNA directed silencing in exon2) bicolor pattern (figure 2I) Hig}
F3H, F3’H, ,
Rudbeckia hirta FLS, F6H, Higher expression in the basal part (?) UV/b!J" S eye pattern [68]
F7GT (figure 2m, n)
[117]
CHS-D Tissue specific expression Flower limb pigmentation [118]
I. purpurea [119]
. - . Flower tube, ray,
CHS-E Tissue specific expression and anthers pigmentation
F3'H1 Early expression of F3’H1-A throughout the
Clarkia gracilis F3’5’Hi petal and DFR2-A/B in spots; later expression A single red-purple spot againsta  [72]
9 DER1 DFI’QZ of F3’5’H1-A/B and DFR1-A/B in the petal pink background (figure 2t) [120]
' background (?)
Paeonia suffruticosa CHS, F3'H, . - Purple spot at the base of
cultivar “Jinrong” DFR, ANS Higher expression in the purple spot (?) white petal [121]
Pansy (Viola x F3H, F3’5’H, . - . - Cyanic blotches on the
wittrockiana Gams.) DFR, ANS Higher expression in the cyanic blotches (?) vellow petal [122]
R . . - Petal lobe and tube venation [50]
Antirrhinum ssp. VENOSA Tissue specific expression pigmentation (figure 20) [124]
Antirrhinum ssp. ROSEA® Tissue specific expression Petal lobe and tube pigmentation [50]
. - . Tube venation pigmentation
DPL Tissue specific expression (figure 2p)
AN2 Tissue specific expression Flower I(lfrigzggzrg)entatlon
P. hybrida [106]
AN4 Tissue specific expression Flower tube and anthers
P P pigmentation
PHzZ Tissue specific expression (light induced) Vegetative tissue pigmentation

and bud blushing
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@R
Mimulus lewisii PELAN Tissue specific expression Petal lobe pigmentation [103]
M. lewisii, . - - L .
M. guttatus NEGAN Tissue specific expression Spot formation in the nectar guide  [103]
MYB2 Tissue specific expression Full-red pigmentation in tepals
. e . Red spots in sepals, petals and lip
Phalaenopsis spp. MYB11 Tissue specific expression (figure 2v) [73]
Venation pattern in the sepals,
MYB12 Tissue specific expression petals and the full pigmentation
pattern in the central lobe of the lip
- Tissue specific expression Vegetative tissue pigmentation
Lilium regale MYBI15 (light induced) and bud blushing (figure 2s) L/
. MYB12 : - : . . [74]
Asiatic Lilium spp. Mon/Ren/Lan Tissue specific expression Full-pink pigmentation in tepals [112]
[123]
Asiatic Lilium spp. MYB6 Tissue specific expression Vegetanvg tissue p!gmentatlon [123]
and raised spot in tepals
Asiatic Lilium spp.
cv MYB12-lat Tissue specific expression Splatter spot in tepals (figure 2x)  [126]
“Latvia”
. - . - . Full-pink and raised spot [74]
Oriental Lilium spp. MYB12 Tissue specific expression pigmentation in tepals (figure 2w)  [101]
MYB10 Lower expression in green stripes (higher Red and green stripes on fruit skin

Anple “H o methylation in promoter of green stripes) [125]
e “Honeycris,
PP yers Higher expression in red regions

MYB10 (light induced) Blushed fruit skin
RED LEAF Tissue specific expression Red leaf, red midrib, and red fleck
Trifolium spp. RED V Tissue specific expression V-broken yellow and red leaflet [107]
RED LEAF . e . .
DIFFUSE Tissue specific expression Diffuse red leaf
Vltéa(ccl?éilg:’g a Tissue specific expression at the

Tulipa gesneriana  iron transporter) bottom of purple perianth Blue spot at the bottom of the g%
cv. Murasakizuisho FER1 (coding Tissue specific expression at the inner purple perianth (figure 2u) [129]

an Fe storage
protein)

COD &G X A5, CIS AR cis WIEXHIRAL; Trans R RAMEMFRE TR “2” AREEAE.

upper of purple perianth

Cultivar “Jinrong”) [121]41 = {4 % (Viola x wittrockiana Gams.) [122]3% fifr & M Bl E RiE, XAE1Ek -
TE B s B IR EZRER . BUNAERE S BT RO R ol & o & 2 AN SR (i i R ek, HL S5 R B AT 1)
FARZ P EE I R2 ), BT DLGS R B DR PR I 2R S PR AR KR FE B P R H 42 66 R PR N 0 i e ek
YSE . V2B iR B R2R3-MYB I 23R e R IA A [BA 1) 35 €0 B A B 212 (3% 4) [50] [69]
[71] [73] [74] [101] [103] [106] [107] [112] [123] [124] [125] [126]. J& FEl A YEIR R BE AR R (1] 22) T g ST 4
Jil B 2L A1 (WDR) A Bk sl B4 A7 (R3-MYB) R AAT 95 [68] . R3-MYB A1 WDA0 - 45 24 jifa ]
AL B 1E[69] [106]. FEBEAAL MBW B &4 mI g1t R3-MYB fr=4:[127] [128], P& E X i R3-MYB
AL WDR Hi A HTEE R & BB BTG, M2 A BIBE s R 8. F 4k, 4ifIIR[15] [17] [69]
H Fe® 3@ RIAT it 25 11 I 4L 408 S M 0K [26] [27] [129]H W] BE B2 16 €5 BT 553 (11 7F Al o

HHT MYB I 725 SRR LI I ANTE 48 o 5208 FR M 2 205 151 R2R3-MYB 18 H 23 526 15
Fifi Rk, HIPHIER R3-MYB 245 0SS 5 %0 72 DUk 4 i U R [106] [127], (HIRSER A2
WHRAMAFHLHIIEAIFRE . R2R3-MYB J5 3+ X FIEALFR B A [F e HRIA S B mie s
REMAAL, (H DNA FIIEAL [ ZH ZURR = AL ) oK A [125]
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4. LB RBERHERIEFENH

T 7R S ] R 2y SR AN 5 BV AR 178 57, Ay & SAE LRI B R e (i i B B 2
M S KIALISR, AMTXHER & fEAE AL T e B R RIEIE -+ 7 . k4t etk &R (H
RIS, IR MR R 2 RS2 2 2514 [132] [180] [181].

4.1. EERTESEHERT

T il MR 470 P R A 22 VROMLST A6 68 IR 48 8 B 20 1) (B A8 6 MR /R0 B (R i e e, G2
Fe % J&(lochroma). 2 J& (Ipomoea). 28H#J& (Penstemon). #% -} 2% J& (Aquilegia) (/¥ 3a-d). HI#43E)E
(Costus) [45] [75]-[81] [87] [92] [130] [131] [132]. fEiXLkjE St NIRMGE, TR ORI
RN BRI 5 3 o R B 4 LA DL, T e v A e M5/ [92] [132] [133] i s R I 4 B4R 1E
T & Bl (Gesneriaceae) ) =~ J&(Sinningia, Paliavana 1 Vanhouttea)H ¥ % A5 i 22 Y AE (0 I 2T (0 31 5 ¢
[R5 H[134], 7£ 5 E576 )8 (Dalechampia) FIHR & (Acer) % 23 51 & A 3ek = VR AE o I\ G €00 B0 34 €0 ) 41 € B 4K
I 4R[135], TEVARRIKJE (Mimulus) A8 & AE o 16 £ 3 € B 4T sy 2 (1 5 4 (] 3e) [52]. el
3 T AR BRI RS A8t i BEAL 7 18] BA AR OR B BRI [132]. - H ATR T8 4 R BEAL et Fe b
B RN & R B T BE ARG IR, 7E A 20 MR IR S5 1 ik € 19 1 P A 40 (s 6 b i 5 B0tk
YHHR[50] [124].

T, At IR ER € B L0 € (1 2 A B AL B 3 M S (bees) 31114 % (hummingbirds) ) #4e,  ME/
BRI B 3 1L AR A R 2 G 2R Bl & )ik 5 (moths) (1% 462 [45] [87] [132] [136]. {EE )AL
SR F R AR 2 AR E B [75]. IR [137] [138] [139]. BE:}-3KJ@[100]. A
J& (Petunia) [140]. 1572 J& (Ipomopsis) [141] [142] W82 H . 85 N T B G FRER &S, [
353 A B PR I R (S 35 AT B 18 S B A R ) 2 404k AN [RIAE 64 [53] [113] [143] [159] [160] [161]
[162]. fEkraa xR B 2 1 B X4 68 J1IEAAAEVE 2 AN e ME[144] [145] [146]. & (R AR 40 im
SRR UG R, B R B S AR R R A AR B R A [147]-[152] £ %2 B %

4.2. fEHENSHBREFENEE AR

iy o Xt A € 3R R0 SR P X 50 ) A5 0 A B R A = AR R AR T8 R 12 X 7 2 i
FAS [F) A6 0 R R 16 A B (fitness) I AN [RI[132] » M A03E & 5 2H 73 (fitness components) G4l 3, 25FF
e, WIRFE. FER. TEHREAE R &SR ANMRRES AR A TS SRR .

Z BT T B Z SR [FIAE (A8 S 1038 & P PRl (e.g. [75] [100] [124] [137] [138] [140]). — LEHF 77 H &
T RGBS B ARSI BIAE Ky 3 X e B Rk B (e.g. [113] [143] [154] [156]). 7 B FEE B EIAS
[F) 16 E S B RS & FE R 22 5 B R 3 I 52, ARG VP S B0 R0 3 BT TE AR 3R W 1% 22 57 A% 0 8 T
(e.g. [72] [139] [152] [164] [166] [169] [175] [191]). 1EAH 24Kk 5 At 70 A0 1A k0 3 1A X Sl 1] 22 5 SR AN
TLERTIEYIES B ARG 5). ANFMEAD 2 X6 AN R 46 2 Y i 52 ] e 23 18145 1R — J& AN Rl P A el
[ Rl A TR A [ B R R D, 5 B0 B R 50 e B¢ (disruptive selection) [141] [142] [157] [158]. 7E [Flsk
HOIX Ay 1 3 Gkt [ AR R (0 SE G, At S R AR BAR[159] . R Rl K 38 6 AN R A8 €5 28 L ) Uk B S X
A R] P 22 5 3 BN R i S OB S 1 22 S e A 2 R PR I 4 LA B B E I [153] [167]. A&Ar & X1k
05— ST 1 4 5 P AT S 3008 i 5 171 P 3% % (directional selection) [145] [146] [151] [165] [168] [170] [172]
B R 8 T 1% B (stabilizing selection) [163]. AR, JE—1 AR AITESZ BIA K 2 (K Vs Il BF [ A8 S (0 3 2> 4 45
HIERFRAE — KT, WHE 72 A P75 (balancing selection) [168] [169] [170] [177] [178] [179], M\
YeFpfe 2 A5
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Table 5. Effects of flower color on pollinator visits and fitness components
< 5. LaxMEREME S EHRTHFMm

Jete g
54 i s 1 &
w4 s e EeERs fopahEs TOANIN meas  BEX
B A BRERE e B
Penstemon White, white with Small-to Fruit set, seed ) No ) [154]
digitalis purple striping large-bodied bees number
drumprgécr)])éii p Light/dark blue,  Butterflies, moths, Fn;';rsﬁ;’e?%d Liaht blue No ) [113]
o light/dark red and hawkmoths . ! g [143]
cuspidate survival rate
Seed
Wahlenbgrgla Blue to white Solitary bees number, No No - [155]
albomarginata pollen
export
Iris
atropurpurea,
purp Purple, dark brown I\:r?!-(leté)rze Seed set Dark brown No - [156]
1. haynei
Red morphs had
e,
Mimulus Red. vellow Hummingbirds  Survival rate, for red, ) than pellow [139]
aurantiacus Y and hawkmoths plant size hawkmoths Y
for white morphs at both
coast and inland
regions
Bumblebees Honeybee
. preferred abundance
mgﬂsilr:/:ta Red, white Burg];)r::bte;:nd Frur:trsstt),e:eed for red, - may maintain  [166]
4 honeybees had flower color
no preferences polymorphism
White, Honeybees, mZ:LlIJIi'g Sfertdi t Ir:;tr:agsfe %Zergtlgg
. amaranth rose, carpenter bees, under lower visits
Bixa orellana - number, seed Amaranth rose S [169]
petunia purple, cobalt ants, and number. seed may maintain
violet small flies mas’s flower color
polymorphism
. Small
Clarkia gracilis  Spotted/unspotted Evylaeus Slrgd seed d fWeak f postpollination [176213
SSp. sonomensis pink flowers pullilabris number, seed - pre er(;arf1|ce or ) siring advantages [164]
number spotted flowers for spotted plants [191]
Herbivores
spotted Male Pollen export, s(gczft?c;enqgergﬁ)r'
Ursm_la unspotted Megapalpus num'b_e r of Spotted flowers - Low latitude and  [152]
calenduliflora : fertilized - .
yellow flowers capensis ovules high altitude were
beneficial to
spotted morph
Bumblebees Ve flOWers e attitude
I were associated
Aquilegia White to blue Bumblebees and Seed set for blue, with the annual V@S correlated  [157]
coerulea hawkmoths hawkmoths resence of with bluer [158]
for white ﬁ awkmoths flowers
Ipomopsis Fruit set, seed Hummingbirds
agareqata .I Red, pink Hummingbirds set sirea seed for red, Disruptive ) [141]
%g nu?tubr;\ ' (hybrids), white and hawkmoths ’number hawkmoths selection [142]
for white
Avoidance of
pollinator Latitude
All yellow, Pollen competition explained 52%
M. bicolor white and Small-bodied bees  deposition, No with M. guttatus of the variation in  [159]
yellow bicolor seed number in sympatric ~ morph frequency
area, disruptive across sites
selection
. Pollen receipt Maintenance of
Antlrrhlnum Red, yellow, white Bumblebees and export, Yello_w or flower color - [153]
majus . white - [167]
fruit set polymorphism




KGR, &I

ik
Intermediately
colored flowers
set more fruit
than white or
red-flowered
plants, balancing
selection;
N Herbivores
. D|reqt|onal (preferring red
Claytonia . Andrena Frmt' selection for morph) showed
e White to red L production, - redness - [165]
virginica erigeniae fruit set (marginal selection
N antagonistic to
significant) - .
pollinators;
Pathogen
(preferring
infection of
white morph)
showed selection
opposing to
herbivores.
Lapeirousia With or without long-proboscid  Pollen export, Flowers Directional
P white nemestrinid fly  fruitset,seed  with white : - [151]
oreogena . - selection
arrows-markings ~ Prosoeca sp. nov. set arrows-markings
Violet-blue (dark, Fertilization N
Centaurea . Directional
violet and strong Bumblebees rate, seed - - - [145]
cyanus - selection
UV reflective) number
Germination,
seedling Dry and hot were
survival, N beneficial to blue
seedling mass, Dlreqtlonal morphs; Delayed
. . . selection for )
Lysimachia Solitary beesand  ovule and - selfing may exert [168]
. Blue, red h Blue blue in blue :
arvensis Bombus terrestris pollen biased balancing [170]
production, oulation selection on red
pollen export, pop morph in blue
seeds per biased population
fruit, seed set
Directional Seed predators
selection in avoided yellow
Torrest1’o flowers in
population; Torrestio
Yellownessin ~ Variationin  population, same [171]
Gentiana lutea Yellow to orange Bumblebees Seed number Torrest1’o pollinator directional [172]
population communities selection with
among pollinators;
populations may  Orangeness
maintain color increased
polymorphism westward
. Violet-blue . A
Anzr;c:rr?é)tls (lighter, strong Bumblebees Frflilji?l;ggser’ - Dslgfgctt'%nnal - [146]
contrast)
- Hummingbirds e
Delphinium . Stabilizing
nelsonii Blue, white and bumblebee Seed set Blue selection - [163]
queens
When white
phenotypes Increased selfing
Flower constitute 25% of rate of white [173]
Dark purple number, fruit the population, Negative morph under [174]
(MYB1MYB1), light number, seed pollinators were frequency lower visits and
I. purpurea Bumblebees - s - [177]
purple (MYB1mybl), mass, seed  against visiting dependent  overdominance of [178]
white (myb1) number, white flowers; selection heterozygote
- ; [179]
survival rate  no preference exerted balancing
for dark and selection
light flowers
- Overdominance
Fruit set and
_Ct_)smos Purple, pink, white Bumblebees and seed number Pink - of heterozygo_te [175]
bipinnatus honeybees . exerted balancing
per capitulum selection
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ok
Fruit set, size Overdominance
s Purple (dd), white  Bees, hover flies,  of mature of heterozygote
Sisyrinchium sp. (DD, Dd) and thrips fruit, seed exerted balancing [176]
number selection
Flower
number, fruit
set, seed Pleiotropy,
" . Butterflies, moths,  number, purifying
P. drummondii Red, white and hawkmoths  germination, No No selection for [188]
survival rate, white individual
fecundity,
relative fitness
Flower .
Purple (CHS-D-) number, Péﬁ'r?g?ﬁé ©o [
I. purpurea - ' Bumblebees survival rate, No No - [94]
white (chs-d) f . selection for
ecundity, . [189]
germination white individual
High spring
precipitation was
Linanthus . beneficial to
parryae Blue, white Beetles Seed number No No white morph, [190]
fluctuating
selection
“HB AR B (U AR Sy RN IZAE B RTE S R R CEE RS TR R REEREE ERr “-7 RN
TC SR -
a
Flower color
(unordered) core clade B /. calycinum b
[ white B /. baumii —/—— BN piebia
[ yellow B /. fuchsioides E g%;g%gg’s
I purple/blue B 1. gesnerioides 1 obscura
I red or orange S 1 graminea
B yellow + purpie B /. comifolium hetfuig
or green + purple B 1.cyaneum 1 imperati. )
9 ——1 diamantinensis
B equivocal (1. loxense M aquatica
[11.lehmannii = gggggg
[11. ellipticum BN coccinea
UA.arb — I quamoclit
-aiolescerls B ternifolia
(1. confertiflorum I (cnuiloba
Wisal 1 chamelana
-Saipoanum C— ampuilacea
B 1. peruvianum B mairetii
I nil
W . edule Il hederacea
BE lorentzii N purpurea
B 1. australe | .. 5 ;.r}bcgfor
M E fasciculata — L—— mmm parasitica
W D.brachyacantha I carnea
WD.spinosa — ﬁ;ﬁ;g
W/ parvifolium | ... 1 arborescens
BV breviflora | —— | p.fal‘enfr:js
B B conzattii
BV dichotoma L W szintronanensis
B D.obovata —  EE sclosa
0 D.spathulata I umbraticola
------ 1 lacunosa
[0 p.solanacea W (richocarpa
B S.quitensis W balalas
Ml amnicola
W s.punctata B epfophylia
B /. grandiflorum EEEEEE —— pandurata
- H asarifolia
B /. nitidum W pes-caprae
B . umbellatum B gracilis

W 1. tingoense W agrillicola



C Pigments  Species

1 Antirrhinum majus

K.ternata

P. barrettiae

P. newberryi

P. albertinus

P. attenuatus
P. caesius

P. whippleanus
P. watsonii

P. humilis

P. scapioides
P. leonardii

P. wilcoxii

P. anguineus

P. globosus

P. azureus

P. heterophyllus

P. rostriflorus

PR NN SN S SN SN SWw NS WS W

P. lentus

P. lanceolatus
P. incertus

P. clevelandii

P. c
P. kunthii
P. confusus

—wN W o»

P. hartwegii
P. isophyllus
P. linarioides
P. dolius

P. fremontii

P. speciosus

P. labrosus

P. dasyphyllus

P. thompsonii

P. centranthifolius
P. perpulcher

P. neomexicanus
P. barbatus

P. alpinus

P. palmeri
P. grinellii

WW St sn s SsN =S NN LY

M. guttatus
complex

M. cupreus:
yellow morph (rare)

orange morph
{commen)

M. najandinus

‘_;“ M. glabratus
o J complex

a. 2 [¢% J&(lochroma) [78]; b. %% )& (Ipomoea) [45]; c. #1%H#J&E (Penstemon) [132]; d. #%:}3)8
(Aquilegia) [131]; e. MHFRNJEMimulus) [52]; d {2 B R RHEIT RIE R S5 B0 2 I e o

Figure 3. Some generic phylogenies showing flower color transitions
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ZANEM, EEBRK. AHEKHEFEREIFH, FAGKRE & &8 %[132] [136] [182] [183]. {ufi
HABAE IR 2 7] ELA 5 A S (e.0. [184] [185] [186]), i HiAth A6 1 IR £ 16 436 7T g S S AE (L 0 AZ 5=
PR 22 1] PR A T RIS 2 R A 46 €77 1) M EAL PR — AN PR R [187].

4.3. FEEMERRNTSH B REFNE SHLIR M

ek & R 0 A R AR SR R IS & Bt A — 5 IsE (3 5)o BOAAF AR GRS R Bk
LR R S SIS N RE ST REANIE], BT DL IR S 5T TR BOA [RIAE 0 2R Y AE AN [F]
[X 73 A () 2 5 [152] [157] [158] [159] [168] [170] [171] [190], W] RE<= A4 (O () 4k Bl 5h 25 1k %
(fluctuating selection). M5 ¥ 54&K; # i 22 IR [R) AT BE 717 >R 5 4 80 2 1 B AH I 1 45 3134 ¢ (antagonistic
selection) [152] [165]. PASEEF- M5 & B0 5 i fE AL 0 2 A M 4E ey TR 5 4w EEER, Hd
WIS BR A6 5 1 7 T AR [165] [168] [170] [171] [172].

BRI 2 1t A e s fE € o A I, JR G R AR (30 AL 22 R I L S5 1% (overdominance) [165] [173] [174]
[175] [L76] 10 AE RS54 S RIS AR P4, WAL= APk sf . T RABEF A F 280, —aie)
A GO, B RABRKERRE. AAER. A5 e REms & & mE 1w K ee iz, B A
A BRI IE E B 1 52 3 246 % 5 (purifying selection), 45 RAEFEARH (5 BAR AT [93] [94] [165] [188]
[189].

5 RE

PEEORMI £ W R TR, AEE TR EERIAR T 7T HLHIA B SR FE KT
WA Z R AN B E R S HRTX R A BCR AR 0T FER Bb . Ak BR LR & A
B AL AR PR R FAE A AT RERZ e btk (HIAERINENE R EE 20 7. A M4l
ZHOL T EASFRA AN AN . TEORBA 7 S BUR )-8 & 5% 2 B0 A6 QT 52 ma ) 15 34K »
BEM A RGBSR T E L RE . Rl BRI R, B RIS R PR AN 4
B VTHEAT IR RS2 FA AR, AR BT TR S R BRATTR R T S ELAE 5 R IR

EHEWmHE

H XK BB 4. 91331116,
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