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Abstract Chrysanthemum is one of the top floriculture
species with ornamental and medicinal value. Although
chrysanthemum breeding program has contributed to the
development of various cultivars so far, it needs to be
advanced from the traditional phenotype-based selection to
marker-assisted selection (molecular breeding) as shown in
major cereal and vegetable crops. Molecular breeding relies
on trait-linked molecular markers identified from genetic,
molecular, and genomic studies. However, these studies in
chrysanthemum are significantly hampered by the reproductive,
genetic, and genomic properties of chrysanthemum such as
self-incompatibility, inbreeding depression, allohexaploid,
heterozygosity, and gigantic genome size. Nevertheless, several
genetic studies have constructed genetic linkage maps and
identified molecular markers linked to important traits of
flower, leaf, and plant architecture. With progress in sequencing
technology, chrysanthemum transcriptome has been sequenced
to construct reference gene set and identify genes responsible
for developments or induced by biotic or abiotic stresses.
Recently, a genome sequencing project has been launched
on a diploid wild Chrysanthemum species. The massive
sequencing information would serve as fundamental resources
for molecular breeding of chrysanthemum. In this review, we
summarized the current status of molecular genetics and
genomics in chrysanthemum and briefly discussed future
prospects.
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3K Chrysanthemum morifolium)= 3}, 3HA 3 gl So] uff
S oot AAAA = Fast 3y Ao r A} £
3}, Shekste] Fej 2 o ). %3k BRI oy}
Z 2} 5 - o] =(flavonoid), E] H(terpene) 52 AJ =] & A A
24 ngel] PR S AgoRE Yol BgH)
(Kumar et al. 2005). 2538} 23} =3} (Asteraceae/
Compositae) =+ 3}=(Anthemideae) <+ 3+<(Chrysanthemum)©]|
5te, FokTe S0 4 B o] 10%01 48 ok At g
T2 K sfutel7] (sunflower), AN 2] (lettuce), 2] A 2] (chicory)
o 28 SHEBRT oz HUH R FaT HEFE
Z5FgcH(Hodgins et al. 2014).

LS R L EE PR

0%

517] 9l3el 2414

e HAFEY Aeet %%El’]r A7 E}Oﬂ]r ze
olfr= - o} Frh w3k AEE 7] A 71 x=9
ol o, 26l A - & 108 A| 7}A] Tﬂr"oh?} =& B elrh 539
A ol =+(C. morifolium)2 C. chanetii, C. erubescens, C. indicum,
C. japonense, C. lavandulifolium, C. makinoi, C. sinense, C. ornatum,
C. vesticum, C. zawadskii 5-°] A} 1 2F5Fo] WA = o] A&
Hl) A| (allohexaploid, 2n=6x=54)21 A S & FA T, o]4A4
(aneuploid)©] ot A A 3L ofl 47~63 7] G A 7F E A 5F= A
© 7 H® 315 ¢l th(Anderson 2006; Zhang et al. 2014). 712 3L
23} o] A Wl (outbreeding) S 3} A} 7HEBHEHA (self-
incompatibility)©] Q1o 4] ©]& 4 g4 (heterozygosity)©] 1} -$-

=1 SHATLE 93 S 1231 7] 7} o] F th(Anderson
2006). 7|7} $ 7207 9] 7] 5 0 S 7 o) 5}o] 9.4Gb o] 4.
2 H 1% 9] 3 (http://data.kew.org/cvalues/), =3}a} A& 9]
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Table 1 List of chrysanthemum linkage maps
. Population ~Marker Number of Nu.m ber of Map size
Population . N linkage 2 Comment Reference
type, size types markers a (cM)
group
“YVuhualuoving' x RAPD, First report on
. 1 g’ Fi, 142 ISSR, 210/190 44/33 1034/1095 chrysanthemum genetic Zhang et al. 2010
Aoyunhanxiao .
AFLP linkage map
Analyzed QTL for traits Zhang et al. 2011
“Yuhualuoying® x RAT of inflorescence, leaf,  Zhang et al. 2012a
‘ Aoyunhanxiao’ Fi, 142 S 333342 37155 >190071900 plant architecture and  Zhang et al. 2012b
flowering time Zhang et al. 2013
‘QX-145 x SRAP, Analyzed QTL for
‘Nannongyinshan’ Fi, 92 SSR 160/169 25/21 1457/1973 branching traits Peng et al. 2015

*Values for each parent are shown as maternal plant/paternal plant.

AL E EA1 31 2 1} whole genome duplication (WGD)©] Z|
A 33 WAlSle] GAA e xRy} BXSohH(Barker et al.
2008).

F0 A, 2B LY ALl T AESE
A B2}F5-F(molecular breeding) & 2 A 2% 31 Qi) EXL&
2o Y43 ATy Bwe] B A (molecular marker) S
0]-8-5}o] 33 & (phenotype)2 7+ 4 © 2 A3} = marker-
assisted selection (MAS) W 0. 2 43 =t} waba] 374 9
FaFol &gt 2@ 9 Hol & AR H oA AWAE A
Wsto] e ert =1, 270 Aol 7hEsto] 5 A%
g 37| or BEA Y 4 Ak 20 2o BE 447
7} &&= a1, 24| o) & 7] 4] G B A (next-generation sequencing,
NGS)7] % 2§29 5k 8409 44 genotype) & A
H-g-of w2 A B4 4= QlojA BARAE = T2
G 9T o ol mAY A we} Eabotel YA g
BATAE FYE0] BASES 02 4sta Aol
a3t A= F& RS, ALY okt
F2E #A5, ZTAB/AE FH5H= A EAE
A7} 2 -85 ¢ 31(Chen et al. 2007; Lema-Rumifiska et al.
2004; Wang etal. 2007), Z| Lof| A oF E2} E A & &-§-5fo] =

4 A A} A T (genetic linkage map)7} A|ZtE o, HE
8 9] stel linkage mapping & 5 A YA £20
Z}2H(quantitative trait loci, QTL) &4, o13+E A (association
study) 5-0) 470 <177} 490 ¥ 9o, T, NGS 2 o] &3}
=ste] AA L BAR AL, o] S o BARAE
e ot & =il F2o] 59 =3k f-44
A9} QTL ¢ A ho] tfake] 2 okahm, 3ke] FAMA),
FAA AtseFn FE Aol viste] =staLat gt

o)

rhe

E
23} FEAKE L QTL ¢

sotol o] A7HRBHE AT A A2 S AN TS 75

st7]7F of H a1, 53] o] P o] 2 AEFS two-way
pseudo-testcross mapping & = 572 -7} =34 = T Grattapaglia
and Sederoff, 1994; Ritter etal. 1990). =, o| F H A o] =2 oF
218 wHjsle] 53 F AT 112 B3+ testeross
marker& ©]-§-5}0f QFzl o] o 5}of Z}2} mapping2 >2Y 3t -
AL HA O S AR A =5 u} 2 AHA] 3T Grattapaglia and
Sederoff, 1994; Ritter et al. 1990). 3:1=2 £ 2]3} = intercross
markerZ 0§50 F FAAA =5 T 1= ATHKirst
etal. 2012). 3HH, =310 a3 FAL A FFe W
i, o g AT SA o 24 35H7] ol QTLO] &4 &
Utk 53] ahgl A= o AF e e sho] &, oL A=A 9
T2 54 9 R3] o Bl E QTLO] 54 =}t

C. morifolium @) AR = F=A X 7)E&% ‘Yuhualuoying’
3 23 3= ‘Aoyunhanxiao’S W H[Sto] SESEF A
o 1427) 7] 2 o] &-5}0] 2F4 =] 91 THTable 1)(Zhang et al. 2010).
-2 randomly amplified polymorphic DNA (RAPD), inter simple
sequence repeat (ISSR), amplified fragment length polymorphism
(AFLP) )2 B4 T 20 alo] 247t A E
£ ZFAJ 3 2 7}, ‘Yuhualuoying’-2 44 7Y, ‘Aoyunhanxiao’2 33
71 9] linkage group (LG)S & A 3} tH(Zhang et al. 2010). o]
© A EZ o AMA (2n=6x=54) 1 27T} B2 A=,
TN Ee Al Y RAFEA] 20 S/ minor LGO] T
Ho| i, th420] A F A7} LGo|| EFE A] oFoba] FH
A Z 7} E 4= ¢l 7] wj Eo]tH(Zhang et al. 2010). $-A
AA = o) A7) oA ZH2E 1034cM 3} 1095eM 2 =53}
QA 0] 51%9} 55% 2 2549 CHZhang et al. 2010). 37
intercross markerS o]-&3}0] ¥z o] FAA =S FE3H
Ak 679 LGS S shg o, 93 BAEA7} A e
S AL #AEA 7] A 2o £t 3ol 7t 91 eHZhang
etal. 2010).

FY3HF 2 sequence related amplified polymorphism
(SRAP)C. 2 ZA 1L AR =5 ThA] 21 5Fof 2hd &=
7} 7§ A = QA th(Tablel) (Zhang et al. 2011). ‘Yuhualuoying’->
577Y, ‘Aoyunhanxiao’ = 557 2] LGS & A 5}o] o] H o] §HA
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ZFA = R o LG 7|47} 271519 tHZhang et al. 2011). 12
U o] A o] - AA] T = T F 0] minor LG & /8 ¥ WHH,
major LG ©] “Yuhualuoying’-2 127} of| 4] 337]| 2, ‘Aoyunhanxiao’
= 9700l A 297 = F A 8] F7Fste] QTL 241 0] 7Hs 3 Al
THZhang et al. 2011). 7§ A ¥ F-HAAA =5 S-85}0] £9
A5, A/ 3Hray floret) o] 74> 9 Z oo FgFE = QTL
o] Z+ZF 47 A A 5= A o &2 8FE H th(Zhang et al. 2011).
o, 9o B4 245 QTLE 4 Eo| Zolet yH
= ZH7F 57)1 9] QTLo], A o] &} 1 H| 9] H]&-2 271 ¢] QTL O]
245, 9o dolof YH| = =& ATTA 7o 3%
9] epistatic QTL ©] 31 1 th(Zhang et al. 2012a). =3} 9] HE| =
Aot QTL A3 A3} 7] 9F v H| &= 242} 271 9] QTL
o], ZEZ o|(flower neck length)= 17]] 9] QTLo| X435},
npt] Zojof s A= QTL& 22 4= §1%1 3L, 1178-9] epistatic
QTL = 4 = ¢l th(Zhang et al. 2012b). F &+ 2] oFzl 0] 7} 3}7]
ok Zpol 7t Al AL ' HilE o] Fee|g A7), Fao]
Hol= A7), WSHAL W 7], Fol Al E= A7) & AN &
SRAP mapol £33t A1} 35719 additive QTLZ} 104-2]
epistatic QTL &= ¥F= & ¢ Th(Zhang et al. 2013).

Lxo] = 3tof A ZA|(branching)= AHj &} 4F/d ol
W$ St YA ke iy o $x YA plE
QTLO| WE Tk $41, HA W ol Aol7h 2 QX-145°
2} ‘Nannongyinshan’2 uwHjjs}o] 9271 9] F; et =3t
S SRAP I} simple sequence repeat (SSR) X & 0|83} &
AAA=E A3 A, (QX-1450| X = 25709] LGo],
‘Nannongyinshan’ o] A =217 €] LGo] A & 1 L map®] =
7)== 242k 1,456.6¢M, 1,927¢cM 1 tH(Table 1) (Peng et al. 2015).
A8 54e AR 3 QTLS #4343, primary
branch ] Z o] =47 9] QTL, &4 9] 7|4, A o], 2 == 7+2}
478,371,470 2] QTLo] F &2 3= th(Pengetal. 2015). 3+H,
AlEA 9 7], &A1 9 74 & A ofof 2] 7} ¢l+= ‘Kitam’ 2}
‘Relinda’ S wufjslo] S = 1607 2] Fy A eho| Al AFLPZ
A T AT A} YO BATA L B
T 68 H) o A B 7+ 5191 tHKlie et al. 2016). L2 L} ANOVA
AR BAY N, AEY 7], £Y A7) S 2 A
< Hol= 17709 QTL o] ¥z ¢l th(Klie et al. 2016). E3T,
E 2] & A o strigolactone & 2 H o] = Q 51Tl BT 0 0]
o] A3kA], 914 Zof 4 = BRC1, CCD7, CCD8, MAX2 &
AR BAFE R 2 9F2 = 9 ThKlie et al. 2016). T et 7]
ol A 458 FAAEPCRE R d S AT = FAH
A ok B TA & A5 I MAX2E A gt oHE &
AApol| A K5 7709 FAFEA|7E = QU H(Klie et al.
2016).

=212 GWAS A+

2] @} 7o) biparental population®f 4| QTLS 5% 3}+= linkage

mapping-> R &0 Lo IS whA] ka1, JgFE o] Y2
QTLE AT 4= 9lojA 8- 3}t}(Abdurakhmonov and
Abdukarimov 2008). 11} 54 A thokAl o] A|SHA o] W, meiotic
recombination 2] ¥l %= 7} Yo} fine mappingS YA = At
o] Fret Bx:xA e 47t Aok gt (Abdurakhmonov
and Abdukarimov 2008). Wb o], t}oFst G A LS £HF
v} §74 9] o 5 A(association mapping)o] 217 &-8-3+
Bodeodtt FR 2l A EXAEAE TS
3+ 4~ Q) th(Abdurakhmonov and Abdukarimov 2008). A t}7}
meiotic recombination ¥1 =7} uj & =0} map o] A =7} =
3, kel 3] Ak} vl o] HA Eohz AU 9t
(Abdurakhmonov and Abdukarimov 2008). o] 23} & 2 o] H &
AL B2 A= F ol A reference A A 7} 8 = = a1, f A
HY FAFESNGSE AAl = o2 E4 0] 7Hs 3 o
w2} genome-wide association studies (GWAS) = Hofj =] ¢t
Fobe oA ARIb 9T BAEAE 257 kol GWAS
w8 AL ey, FaESH AN £
Ho| BATAZ BHE D, RAFT| Qe o] 53l
it 20124 =] o] 23t A7 A2 M s o], F3

(o)
F59) 343 29 QoA 2712159 FAS VAL,
20539 SSR X2 {AFS EASYtH(Zhang et al.
2014). ThE AL H o] = 20470 9 allele o] A 4271 9] allele
o] 197 A} A= L, THE allele> o] 4
of & Aol A= A th(Zhang etal. 2014). 337, 159 F5f =
o1& iAo = A (inflorescence) o A =4 +x9] F 4
1122 X A}5}aL, SRAP, start codon targeted (SCoT), expressed
sequence tag-simple sequence repeat (EST-SSR) I X| & o] 83}
o] 9 ML B89 thLietal. 2016). L A 770774 9] allele
ZollA 54717F A =2 Ay o] Yl th(Lietal. 2016).

23}9| FAR|(Transcriptome) =4

NGS7} &= 1 =] 7] o] & of| C. morifolium @] Z= 2| o] A &
+ 7,3077] 9] expressed sequence tag (EST)7HChen et al. 2009),
C. lavandulifolium )| A 2347) 2] EST7} o] u] X 11 %] 9] t}(Huang
etal. 2012). 2013 =5 B = NGS o] &3t =3}9] AAMA &
Ao T4 B o] thobgt B84 A 2o 4 BALE
2, o o osfjint ofy 2} thekeh e A o A Sol
202 WHE = AAAZE ERE A w3k FAA 7}

oba] 55 2] ghol7] thite] AARIS BATIOZA §
Ao £7-E stobaa o] 25 e EAEAE AAE SEO
29 4 ole A, Thobe 8, e ArE o) 4] S o] 4
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OS2 NAE = FHAAE AT =N FHAY 75 A+
7 7b3531) ST Fkel AAH S BT Ao A
2] Q1 A b= vk 7L Table 20 Q@ oFahqiTt.

NGSS g3t Foke] HA] AT 6ujH) ol Auo)
o 2oz oregon AuEuc A4 277} 2
3L F27F 2rst 29 A 91 C. nankingense 2} C. lavandulifolium
of| ] A12 =] T}, C. nankingense= o Al AHAYsFH 1L
2, A2, x2S 3T o) & ASshe FAAE e R
(Yang etal. 2006; Zhao et al. 2009) RNA-seq-2 <=3 5} 4] 70,895
Mol SAAE B HEG Oom o] 5 3= 64.59%91 45,7897 7}
NCBIo| 5% A} 454F Hol L 7]50] 78 =
¢l tH(Table 2) (Wang et al. 2013). &R ¥ 4 &}o A SSR &
A& AZrsto] =3kE AESo TS A4 5 24
A &= A A TH(Wang et al. 2013). 9, =3k= A= Z-
of Aol =g 7 stohE 3t} 7| 3h7t A8 =] o] 13
7F AN, 0°C o] o) A gt Ao A A g5t P51
2Zo) 77 =& E ol Y3 & Hol= A-23Hlow
temperature acclimation)& 553tc) o] & 245t 7|23
T8 3F LA} C. nankingense | A A 2=3F 5 W 3HAd of Fof
w2} RNA-seq= 434 5} S th(Table 2) (Ren et al. 2014). 7L A
T A2 AL AT dE G AR, AAPR AR}, AR 24
A} 5o] A23tet e/ d o Thofsh= A& I E gl
CHRen et al. 2014). A 284k ofy 2} A2Z Y = A S
= Adfotes FRAAR Kl o] H4 o) Aln| o] whet
A B o A HE E = AR 7} £A] = Gl Th(Table 2). 1
A FY, AathAL AARE QAL protein kinase7F 4~
A gk of| 317} Q) 9 th(Wang et al. 2015). C. lavandulifolium
NM=7Hr 4 B TFY FAAE R 7] skl oY
A RE L=, o A s, Eeed o
A HA Y AR ol AX, ¥, A2, L2, T
2 X abscisic acid (ABA), salicylic acid (SA)7} A 2| = A/ 2 &
poolingd} 11 HAMA S &4, 2 slo] 108,7377] 9] 7}
£ &1 3} ¢l th(Table 2) (Wang et al. 2014). 18] 1 =3} 9] 7}
& Fas A NSt 2ol A E F=7], gibberellins,
23} 4 2], autonomous pathway, A AL A Q%9 §-Z =}7}
AF5H 0 2 B4 5 th(Wang et al. 2014).

26 A Q1 =3k AlEoll A R HARA A
1 C. morifolium ©. = 247 & o] thefet FF 3t 2 4 27
of A B4 =] 9t} 94 abiotic 29101 AR AEH A 2|9
ofgh A7) wral S 24 5to] 98,1807 €] 5 A A7 A
o] A NGSE 2013W o] 2] % & 712 %] 9] THTable 2) (Xu
etal. 2013). £3],8,558 7] Q) GAA7 AR AEY A9 B
EQlom, o]5 & HAFZR A QA= 3067, protein kinases+=
2287) 7} 23k A th(Xu et al. 2013). £3] MYB, Zinc finger,
AP2/EREBP, HB7} % @ 3}, 0] 5 Zo] ] H.= ABA 9} circadian
clock¥} THE A S 2 B 715 ¢ thXu et al. 2013). Protein kinases
Z20]| A += leucine rich repeat kinase, S domain kinase, SNF 1-related

protein kinase, MAPK 7} 2= @ 3} %l th(Xu et al. 2013). Al t}7} &
28, 5, ofu AL, AL, ol AT AIALE 5 A AE
o PR R AT BT o7 4E 2 A e
9 A7} 2 1% 9 ohXu et al. 2013).

5ol 2k 22 biotic AEH A A MR E Hol®
g AAA &AL 25t F235F 2202 C. morifolium
of IFol, vhol A, Fo 5= T T AAA o W
ool RH AT 4 YRR E Yosle Bl
Alternaria tenuissimaS 723t 9 7} 0] 9} 0]-23} 4] systemic
response-= H.o]= ¢, 12|11 o] 5 2] th ROl A A ARA| 7}
E A5 QA th(Table 2) (Li et al. 2014). 1 A3} H o <14,
reactive oxygen species®] 34, A|3E® %A, jasmonic acid
(JA)QFSA 322 A1 49 5 s FHAE0] Td
of M3zt AL, 53] FFA A FFolE Y A4
of o] A F = 7 gFo] 9l lth(Lietal. 2014). 3HH, =3}
O s}uto] 2 o) = (Chrysanthemum stunt viroid, CSVd)o 7+ <
H C. morifoliumo| A = AALA 7} A E &=, o] &= o
NGS Sl 4] GS FLX4547} ZAARA] 24 of] 2-8-%| 31 th(Table 2)
(Joetal.2014). 2 A Lo A = 2 & 8- &} 2 gene ontology
242 ool CSVA A AFE Wi HHALS 5
ot th(Joetal. 2014). 9HH, 7] & ol FE5H 3t HARA
2 E 0]-83} o] 135K microarray 7| 7] & & o] 35 ] RNA virus
ol ot AALA| &) ¥ 37} &4 = ¢l tH(Table 2) (Choi et
al. 2015). @ o]X x}o]Zu}o]H A (Cucumber mosaic virus,
CMV), EulErHE ¢ Z2ulo] 2 2 (Tomato spotted wilt virus,
TSWV), ZFA}a}o] & A X(Potato virus X, PVX)of| 72 7 &
3374 GARTE BEHOoZ WMlrh 9 ATHChoi et al.
2015). Chitine response2} ethylene signaling¥} -2 ~AEH A
HHS F A7 R o] F7FE Q1AL 58] TSWV ol A= DNA
O thAte} e H A AL W o] 2423k TH(Choi et al.
2015). W] ZA o] o3t sk ofl ek AT B 2
° 2% 2851 o] A5 B A EF| A
AT Hel offo] whel AAA 7 4 ek Table 2)
(Xiaetal. 2014). s 5-ofl 2|3t g sff Fof &22 4AE 1L
gho] Qlof Ql9jH o= FHS W tRFo A= HARA 7L
27tH 02 BAEITHXia et al. 2014). L AT} BIA,
reactive oxygen species, A| 8, & 22 Al 5 A 4|, AR Z Q]
A #E AR o FaFe Wekth(Xiaetal. 2014).

FIA 02 F8H: BAgol7] uh o] To| weeh 7]
Bg olaat AL W $ F st 4B F5o)4
T (short-day) 2 jof osf StopR a7t fFEE= 7|4t
ol &l 3} LA} A AA| 7} B4 =] 9 th(Table 2) (Liu et al. 2015).
7%]—
=

me

% (long-day) A 2] %91 4 FAY A (vegetative buds), T
A1 23 5 Spo} 287} 517] 2714 o] 29 2 (buds), 3o
W3H7F Al E o] A/dsto] SpAo] Hol 7] A7A| o Ew
(floral buds)ol| Al A AFA| 7} B4 =] ¢l th(Liu et al. 2015). 7 2
7} floral buds®} vegetative buds 7+oll = 1,876 711 9] §H A7}
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Table 2 List of transcriptome analysis in Chrysanthemum species

Species Sequencer Number of Orthologue Experimental Main Reference
P 4 unigenes (%)* scheme pathwayd
C. nankingense HiSeq2000 70,895 64.59 Used a diploid NA® Wang et al. 2013
species
Developed EST-SSR
markers
C. nankingense HiSeq2000 NA® NA® Used a diploid Ca™ signaling, Ren et al. 2014
species MAPK cascade,
Studied cold post-transcriptional
acclimation and low regulation, functional
temperature proteins in stress
tolerance
C. nankingense HiSeq2000 NA NA® Used a diploid Nitrogen and energy Wang et al. 2015
species metabolism, early stress
Studied shoot and response, photosynthesis
root in nitrogen
deficient and normal
conditions
C. lavandulifolium HiSeq2000 108,737 53.43 Used a diploid Flowering pathway Wang et al. 2014
species
Constructed gene set
with plant in
vegetative and
flowering stage and
with tissue pooled
after stress
treatments
Focused on the
genes in floral bud
emergence
C. morifolium cv. Fall HiSeq2000 98,180 59.16 Studied dehydration  Proline metabolism, Xu et al. 2013
color stress hormone response
C. morifolium cv. HiSeq2000 NA® NA® Infected by the  Photosynthesis, pathogen Li et al. 2014
Zaoyihong nectotrophic fungus recognition, antioxident
Alternaria pathway, cell wall
tenuissima modification, hormone
Studied both local response
and systemic
response after
inoculation
C. morifolium cv. GS FLX454 11,600 60.03 Infected by NA® Jo et al. 2014
Shinma Chrysanthemum
stunt viroid
C. morifolium cv. HiSeq2000 NA® NAP Used an aphid Hormone response, Xia et al. 2014
Nannongxunzhang resistant cultivar antioxident pathway,
Studied photosynthesis, cell wall
aphid-treated, biosynthesis, secondary
punctured and metabolism
control plants
C. morifolium cv. HiSeq2000 91,367 4721 Studied vegetative Photoperiod, flower organ Liu et al. 2015
Fenditan buds, floral buds determination
and buds
C. morifolium cv. HiSeq2000 103,517 58.65 Used a pentaploid ~ Anthocyanine pathway  Hong et al. 2015
Purple Reagan light-responding
pigmentation
cultivar
Studied flowers at 3
developmental
stages and with light
or shade conditions
C. morifolium x C.  Illumina® 116,697 58.41 Used a wide-crossed  Cell death, homone Zhang et al. 2014
nankingense chrysanthemum to response, energy
study mechanisms metabolism
of embryo abortion
C. morifolium Chrysanthemu NA NA Used microarray  Chitin response, ethylene Choi et al. 2015

m [35K
microarray

instead of NG signaling, DNA
Studied infection b metabolism,
3 RNA viruses suc RNA processing,
as CMV, TSWV chloroplast genes
and PVX

“The percentage of genes annotated by BLASTX or other tools is calculated.
®De novo assembly of transcriptome was not conducted. Sequencing reads were mapped to previously reported unigenes to identify differentially

expressed genes.

“The exact sequencing platform is not informed in the original paper.
The list indicates the pathways that are differentially expressed in given experimental conditions and discussed in the original papers. Since
transcription factors and protein kinases are addressed in most papers, they are not included here.
“The original paper provided the overview of genes and pathways in chrysanthemum instead of detailed pathways responsible for specific traits.



J Plant Biotechnol (2016) 43:272-280

277

floral buds2} buds 7+Hol| = 3,300 7] 2] & 2} 7} BH& o) 2}0] 7}
AATh ol 2 gt F-AA = AR A IAL, B3t AL protein
kinases, & 2 X A1 S A, v o] 7| & Sof Te o] Q) 9l th(Liu
etal. 2015). £3] =3}of| A FF 7144 S 24 38= CRY, PHY,
LHY, EFL4, FKF1, TOC1, ZTL, GL CO, FT -4 &} S} & v
9= £ A5k ABC modelof| 898t FAAEE 778 &
%A THLiu et al. 2015). = 3h= 9] FejiEnt ofy 2} SHM &=
Z 257 fio] o2 2UstE /1A% 79 H 9l hHong
etal. 2015), | & 9J5}0] W& A2l 5d AN ] £L 7 oL
E504 9] o) o3t w Leo] ure 4w o wke} HAY
S R4stel 7 A2 vhe Sol 4o wase 407
£ E-E3}5} ¢ th(Table 2) (Hong et al. 2015). 3] SFE Ao}
Wol Ay Azo) S FREAASL AARAAL)
MYBZ}bHLH} 6] 4 o] o] &) HE Alobil & A gHgs}
of AL S F =3k 7210 2 ¥ha] F th(Hong et al. 2015).

sshe] WA S el flohe] AE A AR o] &
oFAYF 2 A (wide cross)& =3 FAITE A A A A e
2 Qlsto] £ Ago] M- R A7 AUtk 53549 44
Z Agl= 32 v 9] AFAkembryo abortion)©] ¥ Q1Ql Ao &
deH o, o] o FE3t 72 o] A A A| &Skt o] 2%t
vl A of| A C. morifolium<: C. nankingense 2 5~ A1 A LAl
A2 23 ol A AR 7} 41 5] 9l chTable 2) (Zhang et
al. 2014). AN T 18U HE] v 9] AFAto] T2 E] 7] wfj =
of wufE 12U % 7173k 41/ 3 vl (globular embryo)2} 18
= A1 23] vfj(hear-shaped embryo)S A 743t A1t AFALE A
o2 FF5to] 2F 3 F 9 vfoll A RNA-seqo] 43 = et
(Zhang et al. 2014). 74733} vl 2} B] W a}o] AFAFE Bf of A =
A4l ol |3 2] A AL, el A o 1 e E fA AR T o
AAE Bt o2l T 22, Tl o of A E [
= 95 o] 271519 th(Zhang et al. 2014). AL Z H oA} &= &
ol whek HE of el ake]7h gl e n, 53] programmed
cell deathx'} Y& % caspase T & O] W& o] ARALHE Hfj of A
%7} 9 th(Zhang et al. 2014).

=212 miRNA A+

miRNA+ Zo]7} 21~22nt¢] non-coding RNA Q] 3t &7 2
target nRNAE base-pair2 912]3t & mRNAE AHsl Ao}t
translation2 &} A| S 2= 2 RNA silencing 1} 7 3}of A=
o wrd 9l Ao Fa3 TS ghrf(Rogers and Chen
2013). £3] miRNA & target mRNA 7} tfj 2 0] A=A 9]
42 5h9 g A ke] wralo = dgS 7] vRo] 1
o] o9 A =3}of A= NGSE &-835F] miRNA7ZF 2
A ZFo A B4 5 9l th(Xia et al. 2015; Zhang et al. 2015).
AR o FEE 3579 ol A 2287 2] miRNAZ}
FAE o, ZFZEo] v o A Eo] A o & W == miRNA
&= 7178 = A Th(Zhang et al. 2015). 3H, A S & &2 &84

A 7L 7Fe A AR et 2o A miRNA S 4] 8o tf
2 oAz & HEH 303712 miRNAQ} 234719 Al
miRNAZ WA 35}o] 22 537712 miRNA 7} 32 E| ¢l th E3]
715-0] Z ok Al miRNA 9] 4] miR159a, miR160a, miR393a
7t A &9 Bldfof Ao Sol4 oz W5l th(Xia et
al. 2015). & :=Fof Al = miRNA &] target mRNA = Y H 2 11
Sk

=319| FXH(Genome) 7

QTLI} GWASE S |tz 129 o2 )9 A 4 Th4:9]
SAHAE 2 Q7] WEo] AN FAS U
SHAZ pinpoint3t7] $15}0] fine-mapping & 4 5te] 1
02 533, 22 §H7) /)%, o], A% Fo] B4
2 2 27} 9l ck(Huangand Han 2014). o] 213t ¥4 A7-5 5
WAL LA EE 93 4T LAEAZ L2593
A $AHA AR B ashy Seks ok SR} s

=3t A& AR 7L HA6ke] o2 2ol v|sfo]
A A7) o] REsh, AAl A o2 F a3 A& o
5}-¢] UC Davis7} 5 & 8}+= ‘Compositae Genome Project’ of| A]
A=A 0 g 8 Folrh. L2y w37t &3 13152 A
TFolA AE AdAolth w3t AEFolA= ARA
glyphosate o] A 3+A]-S 1 o|+= %2l W2(Conyza canadensis,
horseweed) 2] - A 7} 3| = =] 91 © ™ (Peng et al. 2014), 3jj v}
2}7] (http://www.sunflowergenome.org/) 2} A} X] (https://lgr.geno
mecenter.ucdavis.edu/) 2] GA A 7} =5 1 Q)

C. morifolium-> BH F0] AW A Fefj el o] &S

Hj Al o] i A A 7F A 51 (9.4Gb) o] FH A= FA
A sl =0l of F}. whebA] C. morifolium @] H34T F-HAA &
A2 HE =5t iAol 28 Al FAFY] FAAE Sl
=3 Sof ouf A of) th5lof MW EA S R YT B ar) it
ol AL B o A Q) Fshs 4 B2 5 Al o] mzhalel
AF=H(C. boreale) I} 73=(C. indicum)©] )
Ao JL- 2(C. zawadskii) @} v} 7] e SHC. makinoi)7} ) Tk
(Kim and Tobe 2009; Kim et al. 2014). + A 2= Q1o e 9
8 M AA) Sl uteh 1ol 4] ob 0 2 vl % R e}
(Kim and Tobe 2009; Kim et al. 2014). AF=+3} 0} 7] = =3} =2
W Ao A QL3 o] 7} AL ol A M E| AL, L2
v A et 4uf A 5 el LA xR = O E AT E = =
< A Hoof 2uf A FE 1084 714 2 A% oh(Kim
etal. 2003; Lee 1969).

A =3t FAA Y S 5 EAEA 5 ohEA A A A
Ao APz 20149 7E FEATH(HsdLshe,
=g Yo S&atet)ol A XY=L Qlek. C. morifolium ©]
FAA = si=ol Wi ojHE Ao o4t 94 C
boreale S A A &= 74 5191 th. karyotype2& A3 A 3t
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C. boreale-2- 29| H|(2n=2x=18) %} .1} (Kwon et al. 2013), Illumina
O HiSeql. & g 7] 4 &E-& 54 3}9] K-mer frequency & ZA}
S A -G A A Q) 2717} ) 2F2.9Gb o 2 of| 25| ) tHunpublished
data). 3+, repeat A -2 A A F-A A 2] 70%0] = XA gk
21 0 &2 e thH(unpublished data). 3- 2 A= AR 12} 25
%] %10 o, contiguity 2} coverage S FAFA 717 ¢35t S
St oo oloh ME R AR P71 BL 7
517] 9]5kof HiSeqoll &7t ¢ 7] A 9= NCBIoj| 555 =3t
AEA 2] & 7] A Eof mappingA| 71 & reference-guided assembly
HFH O 72 23} 11 annotationS &= 5FQICH o] AR = =
Sh A B A SA A7 EE Bl skl ZAWAE =
A 8t=d AHEE ol A o]tk

=
S % B 94 SAAT olel9) BBl T
£ A= ut gol A AHYAT, o2 A7 913 7
& FEskA ol e A w7} Y 9ich NGSE Tgsto] 33}
o) AR Thopa ke A W B 2 A ol 4] LA GO R
WY AAROR a3 §AL 2 ARl
W e g, 383 QekE BAEA S W] §13HQIL
mapping2} G174 % S E|glek. et Fohe] 3 6

AATo] BEH FAAA £ WES} vrof S H wALE
Ag EAL T 48 FLEY 4 9T FEATI Lol
t}. SFH, genotyping-by-sequencing (GBS) 22 restriction-site-
associated DNA sequencing (RAD-seq)¥} 22 NGS 7| &2 &
Goto] FARTY FAF S Al&sta gt 24D
Al goll whet P21 AE RS w2 G2
Al = At 22y Fimapping & 3 8h= =7 8h= °| 9
gol gl FAA o 271 7F A8t w2 ol A 2
7| ol e A 2L 7lss FEst 4%
el A& o438 of ek,
AT B AL 17} draft SR A D A
5% A48 B ek oleh Sskat 4 2o 4 WaD7} 33

32 o
Y

3:0

al

o o2 ¥ >
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