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Abstract: Butterflies, with their spectacular morphological diversity and complex ecological adaptations, have long served as
a premier model system for studying evolution, development, and ecology. The advent of the genomic era, marked by the
publication of the first reference genome for the monarch butterfly (Danaus plexippus) in 2011, has fundamentally
transformed lepidopteran research. This revolution is driven by the convergence of rapidly advancing sequencing
technologies, sophisticated bioinformatic tools, and powerful functional validation methods like CRISPR/Cas9 gene editing.
These advances have enabled a paradigm shift from descriptive studies to mechanistic investigations of the genetic and
developmental basis of butterfly diversity. This review synthesizes the remarkable progress in butterfly genomics research
over the past 15 years, providing a comprehensive overview of the field's evolution, key findings, and future trajectories. We
begin by outlining the technological journey that has underpinned this progress. We detail how sequencing paradigms have
evolved from early short-read assemblies to the current era of highly contiguous, chromosome-scale genomes achieved
through long-read sequencing (PacBio, Oxford Nanopore) and chromatin conformation capture (Hi-C) techniques. This
section highlights how each technological leap, from the first reference genome to the latest assemblies incorporating three-
dimensional chromatin data, has broadened the scope of biological questions, allowing researchers to advance from gene
discovery to analysis of genomic architecture and regulatory evolution. We then synthesize major scientific advances
facilitated by these genomic resources. We discuss insights from butterfly phylogenomics, where large-scale datasets have
resolved long-standing debates about higher-level relationships and timing of diversification events. A central focus is the
functional genomics of wing patterning, a classic example of evolutionary developmental biology (Evo-Devo). We
systematically review the identification and validation of conserved "genetic toolkit” genes (e.g., WntA, optix) governing color
pattern elements, and the groundbreaking work elucidating how cis-regulatory evolution and non-coding RNAs (e.g., the
cortex locus and its associated ivory IncRNA and mir-193 miRNA) generate stunning pattern diversity, from Miillerian
mimicry rings in Heliconius to seasonal polyphenisms in Junonia. Beyond color patterns, we also cover genomic insights into
other adaptive traits, including migration, detoxification, and sensory biology. Finally, we critically assess the current state of
the field, identifying persistent challenges such as uneven taxonomic sampling of genomes, barriers to conducting functional
validation in non-model species, and the need to integrate micro-effect genetic variation into models of complex trait
evolution. Based on these limitations, we propose a forward-looking perspective. The next frontier lies in integrating single-
cell multi-omics, spatial transcriptomics, and advanced gene-editing approaches to construct predictive, multi-scale models
that bridge the gap from genotype to phenotype. By consolidating knowledge on the history, methods, and major discoveries
in butterfly genomics, this review aims to serve as a foundational reference for both newcomers and established researchers,
while charting a course for future work that will further solidify butterfly’s role at the forefront of evolutionary and functional

genomics.
Legend
[[] Hesperiidae Abraximorpha davidii w
I Pieridae £
[ Lycaenidae = § ﬁ(‘
[ Nymphalidae /B N
[ Papilionidae / i/ Cupido argiades w
100% Bootstrap support value Polyommatus amorata N 4
s Publications / Danaus plexippus el
Citation frequenc; | Heliconius clysonymus 2
! 4 Heliconius melpomene =y
— ‘ Limenitis homeyeri w
| : ‘ Junonia coenia -4
‘ 1 \ Kallima inachus "
| | | Vanessa cardui w
Papilio machaon w
H | Papilio paris M
H u Papilio polytes /W}Wp
_ “ Parnassius glacialis fo e
l I i I I Hyphantria cunea
| l l Pyralis farinalis
FFEFLEFOEI q9\"' q/Q\"’ q/Q\“ q9\5 RN W/Q\‘*’ PP

Key words: butterfly; genomics; phylogenomics; evolutionary developmental biology (Evo-Devo); adaptive evolution; gene
editing

BEREA ERE R L, CEENYME T KRR E . SO — R RS 254
M 18 7000 HAIEAS AT R RIETE L [ R T /AT SR IR KR A
JEBLI w5 AR S AR A kR AP B R B OCE R IRE . 5 bR RIS



ket 45 . SRR 40 AT kR R R 1519

Lt , W58 7R O R R RURAR LRI o
H5) TS0 Z R 5 ixX Se R AR 558 B 5%
FE B WAL (At U ) Bl e 85w 40 AH G
15, INTATRE A% ELUL A 7~ [ SR B8R 5 MR B A i Ak
ST HVEFIALHI L BRI, R R LS AR 2
VAN =S Ta RS VN RNV Eey i N AP A A L o i
12 BB AT S 2o i 2 551500
T A MR T I 2 B A ST AE LB A 2R i S
fikh -, 38 A A i) 5 XS Y BEA  EB L
K MEMESMEFEAS SR A TR AR X
— IR R GAEREIE BRI B Iy 1 &
BHAR . MESE I TR SFHERN A 12BN R4,
B RIEEVURE T 50 RS L B F bR iz 4%
Z TR RS, B S EL (Hesperiidae ) RS}
(Papilionidae) 3R} (Pieridae) KR} (Lycaenidae) |
e} (Nymphalidae ) REEAL (Riodinidae ) Fl12Z ff
Pl (Hedylidae) ' 3% — RGEHAS AT 5 , B A FFx
TAHESVRIR A BER L (Pattern ) JHJE (Shape) 54
Y (Size ) M IR] T S HE AL = SCRTR A ST . MK
FE RRB AR T R R 4R, o
REAL A = BEORST T 50 R OC R s ks , o ieki
T 1R IR ZUAE N AL R R . i, AR
17, i MR B (Danaus plexippus) i v K125
AT A TR Y R A TR () OGS
AR AR BIT T, MG/ N IR DS b 38 R 7R
R (R AT S 8, TR 20 S e 1 HLAE A SR B SR 42k
PERE PR ST RE b AR 2 xR
A AP 2 3K — 40l ) L3, 05 A O B 1 1 A L 4
SchwanwitschF1Stifferts3 N7 F A T st i 51 22
ARRAR 7 2 R AR AT, s RIS 7 €] (Nymphalid
ground plan,NGP) , R RS T BESC A B[R] TR A
G5, WO S 2 AL R X — R
Ge Wil S R AR 8 FEBR R S
KBRS T XS i B 2R
FAGE TR AR T AR AR
2012 904EAR A Z2 1224, 4> FARicH A
(DL MR R G R BRI ok T artEAE i, H
ISR T EORAREE D, A 2 40 B €8 3R SR AL I
FLI(cytochrome ¢ oxidase subunit I, COI) Y “DNA %%
A" HEAR | B Hebert 20 (2003 ) # e 2 Hiix — 18
AIFIIE T AR SR YA P A ), A
T T AR AR A M 5 R0R A &R

SR BWITCBEE T Al BEETTE R, 2 E ]
INHE A —SE R BAERRURE RGER B KRN
TEJR R o Bl S, 9735 7 Be B 2 8P (amplified
fragment length polymorphism, AFLP) Jf#HLH 1 %
AMEDNA (random amplified polymorphic DNA,
RAPD) % 2 i B R A U HORAF B 12 0, 3%
BEH A o S B R 2 K F 19 7 FRic, 4 sh 1B
FEMNW R BT [0 T AR 352 A% 25 A6 0 2 At b D it 491
AN, AFLPHARBEN T A R (Pieris ) 82
TIAHES & REPAMRERISL AL AR WF 9T RN
ot ] i) e PRI ERAK , 0 7 B 1y 20 B3 T L R 2%
YR R R R AR TGRS,

201 14F 7 FBEIES H R DR 20 1 B ROR AT, S
T L b — A BT A, B S R AT 5T
MFET R R RARIC IE A R FE R 4L 2
X — SR T AR AR RE R 2 RUBE | 53 B
WAL DT AR T A SE R E I, JT R TR Ak
PR 2 0 A A LA X LAY 194 2 055 WL T A ) R
BT, . IS, S B IRSE S 2 SE D 20 AR 3R
SR 4 PR 2H T P B AR R S AR R 1Y
BHEHLHIBEE T RS

T BIFFE A5 LA 4 5 TR 2H 4
I TR DATE X LUV A v A A 911 2n , 7 S5 T
(Heliconius ) & 3= ALt fe v, 85 R A T i Fh
()2 S F , X 45 TR LR G A A R AR Il 1 IR
AR FH 45 PR 2 O SR P e R b (B i 2
(B A F YRR 1), DT i 25 588 T 0 i 19 ) 2 Ao ) 52
TR MRMT IR G T REE S 00, AT 5T
EHAE ZH PRI R T . AR BR T/
SHYHERI P, i il B G s 2 R A5
REFEA 2057 T B, P4 G g MoK P AR HOR  TRA
R BN LT SEAILE . Flan, 75 =4k
BEPRZH T, T 5 T 2 IRV R B % A ) s o
PRLZH, A7 Bl T 48 s e (0 1A B G ] e a4 BE DR R
i LB EH A B B s A R B 24 A S R,
TELABITFTARAT B K R BE HEA T 40 8%, Ak 225 | G 3RAT ]
PRI PRS- A i AL A AL

1 BREBAFARERSHARTE

H T RN B A A R B R TR A AR
Pl “butterfly genome” &Y “butterfly genomics”a¥

“butterflies genome” ¥ “butterflies genomics™ A



1520

LA LA (L)

384

A 120

100

o]
(=]

Publications
D
3

o 8 &
-

T ==
|\l

O, u—

Cp mmwmm
[ \o—
[
[
[ enh—
-
| —
)

B N)mplmhs Eurema C
3/0

Parnassms lloduudae :
1.9% A

Lycae; Q.6%

T[IEHHWS

S"

Jununm

Heliconius
7 34%

Mehmea

Danaus J
11%

Hybridization and speciation genomics
10.1% Z

Chromosome evolution and
structural genomics
12.6%

Adaptive evolution and
ecological genomics
14.4%

Pieris
10% y Transcriptomics and
/ gene expression
. 15.7%
~~__ Papilio
[ 16%

4500
4000
3500
5
I 3000 =
o
2500 5
.2
2000 B
E
1500
1000
500 == Publications
0 Citation frequency
O AN AV A X
SISO
DA AR AR

Conservation genomics Host-parasite interaction genomics
4.8%| 2.6%

Dissection of key traits
27.5%

Phylogenomics
20.4%

Gene family expansion and contraction
18.7%
Genome a@sembly and annotation

E1 20052024 F M EF A FXEitE 5T R F RS
A AEBESCER R R s RO RS TR, Horp 2R R 20 1 VAR MESK AR — AN 3 BE PR 2H & AR B 1) 71 45 B AR A ek i BL- )8

IIAHREIME IR 5 C A SCHR EZT T [ Gei A

Figure 1 Bibliometric and research focus overview of butterfly genomics literature (2005-2024)

A: Annual publication volume and citation trend. The dashed line indicates the publication year (2011) of the first butterfly reference

genome. B: Nested circular chart of family-genus distribution for the sampled literature. C: Pie-chart summary of the major research

themes addressed in the sampled literature.
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Figure 2 Mitogenomic phylogeny and nuclear reference genome landscape of hotspot butterfly taxa

A: Maximum-likelihood phylogenetic tree reconstructed from complete mitochondrial genomes; B: Snailplot illustrating the status

and quality assessment of published nuclear reference genome assemblies corresponding to the phylogeny.
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Table 1 Assembly statistics of representative butterfly reference genomes
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(4.0%)
KR Pieris rapae 40 256 Mb 13 Mb 107 Mb  8.44 Mb  C(98.1%)F(0.6%)D(0.5%)M  33.2
Papilionidae (1.3%)
Papilio polytes 3.87 k 227Mb 988 Mb 3.67Mb 930kb  C(88.3%)F(6.5%)D(0.2%)M  34.0
(5.2%)
Papilio machaon 33 252Mb  112Mb 878 Mb 6.07 Mb  C(98.4%)F(0.5%)D(1.1%)M  34.5
(1.0%)
Parnassius glacialis 124 135Gb  73.6 Mb 492 Mb 352 Mb  C(96.5%)F(0.9%)D(0.8%)M  38.0
(2.6%)
R Colia serate 87 325Mb 173 Mb 113 Mb  7.33 Mb  C(98.6%)F(0.5%)D(0.4%)M  33.6
Pieridae (0.9%)
R Cupido argiades 45 446 Mb 253 Mb 184 Mb 149 Mb  C(97.9%)F(0.7%)D(3.0%)M  36.9
Lycaenidae (1.3%)

1 7TEBUSCOZ I 4¥E H , C(Complete) 3R /n 5E 24 FL A LU 451] , F(Fragmented) A Bt AL I , D(Duplicated) i 8 & LA, M(Miss-

ing) ERAR LA

Note: In the BUSCO statistics, C (Complete) indicates the proportion of complete genes, F (Fragmented) represents fragmented

genes, D (Duplicated) denotes duplicated genes, and M (Missing) refers to missing genes.

RESH RN H B (B12B R 1) IR |, &R
Gik BT a5 SR EL AR , A RIS N M T A
R ARAERLA o T SORF S R Rt RUERY
HHRR} A5 LA TE SE DR 21 A AF 50 v ik 3 Fn LA
RERVER RS , JF I 2 5L 91 B a5
2 A5 RTE AR 25 5 LA, “J@?ﬁﬁ%
P B 3 I T A A5 TR %) 5 PR A 2 ok e
1.1 ERAFEEARLZRSEEFREAREE

FEPR 2 2 BR 1) PR A R 2 e 2E T RS AR
TR, PR F IR 0T Ak A A PR AR B 1o
AR T AL

PUllumina A1 3% i) 4 1324 B R (next-generation
sequencing ,NGS, F—{CIF) , B H & = | = fEf
PEFIR A Y PLFA AR T IR 22 BRI 2 Y “ A TE
A7 201 14FE K AR B 32 B L PR 2 2 X — B B
AR R , FEZH 3 £ B FERoche 454 GS-FLX

Titanium K 2K 5, H4# DL Sanger A< i Fie X+ SCZE I
lumina GATR B AT TE M. PRI T 1542
FEPR A R EAFST < DNOEI 1 B[R] 8, (i A5 9% 5 RE

8 T YT E L DN 21 2 T R SR A AR 2 Ptk
AL RN 22T RN 4 B KA N X o T AT

JE 2% 5 T DL 2 DX Sl et 1 i 1A SR B, S B e vy
BEE Ak (Contig NSO #8054 ) , IR KA BRI
TR SRR SRR S R R SRR L S A
JEHNIRERII ST o

R T i AR R A Y TRl R, = AR R
K (third-generation sequencing, TGS )iz Ifij 4 , H
M R fFEPacBiolll ¥ (single molecular real-
time, SMRT, 543 F 5B ¥ ) #1Oxford Nanopore
P o KR AL O IATE T REDS E 2 8 2R
HG T 9 XN EE 78 S 7 i, ARAS b fif e T4
TR 2 2 v UL R 5 SCTRD R, AT R 35 K] 2 24 2 o
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H38%:

IR R HERE B o R L S BE Y %
FORTE R R R 20 2= P AR PRS2 T WA, 9114n, 2018
A B — T 55 M FH PacBio K e K i xof B 22 i R
HUX] FLVH2 85 (Anopheles gambiae) BIFERH AT T
T 3T I T S A o LM I
DNA (100 ng)VE AR IAMEL, AT T LM (EE
HEN50i43.5 Mb) 5 58 Bk (i 98% I PR <F B2 A oy
RO AR SR, B 90% LA T IR A & fir
%) 35 PR o7 22 A ) e A IR AT T =02
—FE PRI A A RS S o I TAEA N R4 s )3
NP AL A TR St T B A , U] T PacBio
F AR P A e /INRY e B 25 A ) R K] 2 2 e v
AL ) s TG B, ol 8 R 2 B I PR () S A it R
L2 JE T XA VT RE , A HERR AL R DR KR 5k
SUSCAR ST A SR () L PR 20 5 4 2 S 4R T nT 5
FREE HEA

KR F 5 Hi-C (high-throughout chromosome
conformation capture , /=i & e (O ARG G AR ) S5 4l
BRI R EE G, bl B RIS I P 2 2 o i A
T RGN R AU O Hi-CHAR
SR i/ i d ot e o1 I Rl N R Y SR S U2
4 37 MR A O R 2 B B e (s 137
IR R N FE (A5 40 2 v T 19 2 2% SE R 4
FEFFRIR AR L S A AT T g, DR RUE
(Papilio bianor) } ], HHE R W5 7RI 4R R H7 22
AL, 20194F, WF5¢ & il i PacBio (K B2 1K 5 Hi-CIk
AT, UARAT T 5 R G e (AR ST (1 225 L
2 (K K421.52 Mb, contig N50=5.5 Mb, scaffold
N50=13.12 Mb,BUSC0=96.3%) , "4 Ji5 LLHF 57 4 5
TORHER BRI . R FZ G R A e MR R
FH R R B /R AT e BB 4% (Pairwise Sequentially
Markovian Coalescent, PSMC ) A5 Y i b 28 JXUSE 16 7
IR R Bh A, 45 5 s HAT RORhRE LSS B AR Ik (] vk
HAVIRRREEY 5K, 2 R VK I IR B (H, 31X 5 5601
CHGE R 2R B P 4 R — 20, 2R 140K
V1S B AU ST S5 R A A 2 R 1) gt
BRI FHLHI B T FEa, A JRUSERL T 28 9]0 7%
TR RTREEL R 5 LR W) 2R PR R AL T OGS A 5T
5B ZEEER I, Zhou 5 P TR S 2 T %
I R . MU AT 185 m e B )
28 RUERL R 2H (5K 528.53 Mb, contig N50=11.56 Mb,
scaffold N50=13.59 Mb,BUSCO=98.5%) , B LAt

Ffil, BRI D RGN T SR 0 TS5 TE
28 [ RS BRI 2H FHE A% 2 v 0 T A X S5 D g
BN o IR IR R T B 41 2 2 ik A
YL A 2= AT, FLEEAR T T AR R 2 = e R A 1Y
TR ey B 2 R R AR S SR AVRIHT AR IR 3R B MRS 2
PR 20 = ARG AR D —GEJF 51 " 4 i 22 = 4k 25
HUIRE" WA . WEERHESR R 3 2 4L
HLTI A AT , S5 IRUIRE P 2 051) 335 B b R BT, 00 5 4 2
BRBYEAEFATG IR SR R YR 0 2 Aetendy
RIZHLH

1.2 iRl (Nymphalidae)

W B Z IR PR R 2 )T BT
i H AR — R B AR A A A A
FEHI BT
1.2.1 AREEERJE (Junonia)

IR B2 W32 9 s s Pk PR 28 22—, X A R 2 D
THRIERHEEE | ml RE B A SRR S & & B 55
SEZRTtel3 IR IR A (Bicyclus anynana) &5
FIF GG IR BREAF T s U i, RO = 25 4i0A T
IRBEAY OB B AR KD B SRR, JFE
S AT R I e R b i AR, S
tuFE Distal-less (DIl) spalt(sal) .Notch?§ 5 IR BE &
B SRS PO o RERRISEE (Junonia coenia) T,
S b 2 S5 & T B DIBE [RI RS IR S 2 A TR
BEX IR P B R L R B A e
Hr L PR ] (co-option ) , R FH A CAFIE R
i B h A EE R SR R DiRE . 24 SR T B
R R MR BRE 1) 5L IR 2 [R] 4 AR G R A5 IR A
FEAT , IR SE L AR A R B R 4R 81 . R
PERIIE S K FE DI spalt(sal) MlAntennapedia
(Antp ) TE P R AH 6 35 R4 I 2 114 4 55 5 w5 DI
sal PRI T2 S B BE ol L e R ) i
R A i IR A BT LT U ) 2 2 i
D PP E5 s, B FEE— 2T 1 8% i A B 0 o AL,
Y8 BRI S IR B Rl senseless FIM R A2 AR SE A
HR3STER AN iz e 5 7301k P i B R 44
WA, R A e g PN I8 1) 2 U B 9 P 58 4 [
L RZ M PR AE T AR e R AR R rp S A A
SLE AT RIRA R AR T A S
KHYFHE . G56 N IR et ] Stk 54
ST A ST 7S S 2 € G ] DA — e R A
(AT SR PRAIR L A2 SRy a5t A% e AR e AR, B & A4 T
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1% A4k (genetic assimilation ) , 33X — i F& & i
T WP A6 SO DR B R B RS T
1.2.2 #4%E (Heliconius)

R E R TT I, — Lol AR 1A 55 1 Ll
FEE LR E O AL S BN R G, R P
AT TR R HEAD R X R ah R R Az BT
S AT o M A FEAR Y P BB B A

B R T 4 e 1 R, A
791400 A b A ) M SR O T O A % B P R
AR PO B . T R B R )
Fpa) e B A B2 G 48125 (Miillerian mimicry ) 2H 5 B0
Hh A R R K R 22 X S R R I R TR B
[47257% 5, (warning coloration) '), 1 & & %1 52 i
(assortative mating) 2 L, AR, BIEF
T 7RI b S ) 2 S AE B DG T A
DR 53950 e i e L b IS 4 0 R 5 2 T v R
WHREEN , L HIE T A FARS 2N S
—M o BN, wntASE R i 21 BELE R ( Limenitis
arthemis astyanax )AAUAG 590 S 0 5 XU ( Battus
philenor) ) R B g T e MM optixF3& K 2
SR LT M (Agraulis vanillae) /NI (Vanessa
cardui ) FIA IRME (Chonala episcopalis) AR ES
ZER IR T TR R A TR L R
T R v, o] A5 n] EE R e 2 R 8
BRI 20 43 BT AN AV TR R R & R
ZIB1 B R TN RN B A S (2 Bk T %HH
TUAYAR 26570 538 Bl F7 1O SR A BRATE . e
firf HH 11320 P S N (S HIRAE K B el £, A 28 L
R RV . A7 0% BRI 422 53Rk 5
BT ZRA 5T 2R W, Rl Aty S 400 o T 36 5 21 6,0 80
I AR R A I 4 I IR 4 B — S8 A
regucalcin IS, HMZ R agFakm A &
CRISPR/Cas9FE [N E BRI IITUEE T i%FEN S 5H5L
BCE R R . X — R SCHF T A3 AEA T o Ak )
YER, It4E7R 1T A0 5 | AT e Fhad i 5 18 i rh
(i E B

FET MR TR R R T 35 5L 4 %
U5, At DR 21 S AL ) AR DG S IS T 2Tk e
Ry 5 0 I G ) e DR H 22 TR] Y 4574 4% 5 (structural
variation, SV) , BP9 i H =AM IR G a8 P Fh
DITF R ) i B DR 2 2540 78 S LR, 45 2R B i
IR 18 % %) 5 A1 2 Ay 1 5 83 A B4 78 22 i) 1) 47 A

2K, TRIR 62.7 % 1 ik PR 24 Ay e e ) o ik PR 2 22 [ 1Y)
T RRF SR IESE L 5 R IIIE D A (R 2540 A2 5 T2
FETE, T F R 1 91 FEEERAE N TR B A 2 rp
BERUA AR )88 7T ) (transposon element, TE) %), 5@
TP R L — 2L 3144 Heliconiini i , JF Ji
63 MW Fh Iz B A 404, W BE— 22 T 1
RGN B 5 HEEE IF AT XRG4S 43 SR B A
AT IR O TR P e (05 1) 45 25 Y 3
filt b, At RER A (6] (0] LU — 20 e B e 4 5 i T
TORRIE | % 2R B ( Heliconius erato) FNZTAT B 1K)
i VR it AT B P G €8 ST Y (assay for transposase-
accessible chromatin using sequencing , ATAC-seq) %%
P 0 34T, 1 — 20 LA A B R F e 0 5T T
PEo AT & BT R W AR S 1 ) G £ O i IXC
Iof, 33X S DX 5 Tz B R A B e RS R 2
18 DCBE 3 I 30 M Hh At S R R S 1 oprix
FLPR A1 58 1, 938 5f CRISPR/Cas 93 K 4 iy vk
BAE 1k — I TR X T 4R AL B
IR

1.2.3 #hHERER B (Kallima)

R T Wb Z AR B AU AR , BRI P g
AL T BT (masquerade ) BLE , 4140
RIS ARt P77 P 44 PR A IR T SIS . oy TR B AH
T, A iR 8 T 22 R 2 R B S S s A e b SR |
A7 408 T R 2 e Ay R e T
Wl o3 S A AR A TR A B S AT s
BRI [R) 1 DX A AR P e R R, PR A TR T
S BE N Z VRN R R G AER , 85 R SRl
IR N E AR AR P S AR, BIVRG - e S - 48 DA
WA 52 (inachus-alicia clade ) B i e 401
Fili - R 5 TC R Al R B S (incognita-limborgii-
paralekta clade)™'. SR , i FHAS [F) B 46 i) 2
PR 2R AR NG YR AEAN 58 A0 R e Bl
R T ISR A I P S A [
WA IS, BN =AY R A T 5 R AR
Hh XA SR L T R DR 2 S B R R RS AR T
b A , H AR A R AR R E [T SRR
WA ZIE Z YR b s 456 RS TSR, B
& 15 E R 1L DK AR 3 bl DX A A o e i i ke U
Skl T GWAS, %0588 % E 1
cortexFE R Z 5 H%2 R B A, It —218
1 CRISPR/Cas9% [H £h 45 F i Rt PR S AL A HEA T
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T IIREHAIE ; X TR s A T oA KA R S ) R
AeEFR) RIS 2280, Ao i i R AR it A
BREAY 1) J7 1k B T A AR 110 7 8 0 2 2Ry 3K
131320 R A et R EL A T LR -y
%, H RS b AR £ () 5L PR UL ST I I AT R
WG TR A G BNUESE o — 30 DUAR RS R 4l £ 3 00 S 56
FW], 2 B IR AR DO R AfERS | 230
KT R T A ZE A et 60T IR g v 1
SEYS IR 7RSS A B A S R R .
1.2.4 A% E(Morpho)

WESR A Sy M S A7 DG TE AR AR , MU FE 1Y
2= i A ZFER SR €, Horb HAT B Ha 25 1
R NERE — BT AT ZR IR B Z W Fh
[R50 YIRS . AR DRI IE 15 e R L
XSV By 38 1l X =A™ [ sl A 1) PR S Ao ) B R 4 3
Mrdg 7 , B SR [N 1) A g BE AR AL, (HAEZ G4 (1
PR AN B 2R KRB B, ax S (o [ 2 1y A2 S
A e T A TR LA B b P AT B AR A S ¢
ISE SEAN
1.2.5 BEERJE (Danaus)

BB AT IR R LRI AR )2 R R R T 28 32 DG , 191N
DIRK PR BT Ak 44 098 E5EE AR 2 250 Hr
7R, FPERAFAE — S AR Z L (A 530 40w g
EARRLETE BT Y4 24 (neo-sex chromosome) ,
YR O ARTE T 2% B BEIR I & (Hypolimnas ) )P 2
A RIEPETY S SRR B A LT I s, B B
W B A EE R B T B R A B PR, i E7E
FER2H PR

AR ZHOR FHEEAAE A G 1k 2 5575 A
HR (T R L K L ZR DXCsR) , (EL A1 7 i LU bk LAV
(RN ELE AR AR JE I o A, T RIS T B2l B
[ DIE) NS AN U L5 1 7 N = N & e e
P74 S 8O 175 BREMAE g Y AR 1) J5E IR 2 00 3 A 26
W1, AL iR R TR R . ERE SO
FE 295 Mb S ITHEA T A AH G A B PR 4 X dl, Horpr—
AN21 kbfY J BER B B3 w22 K I
collagen 1V a-1R:R 73 A 580447 Ry 22 e AH DG, HoAE
FHMLHI AT REWS B R AG ATIRMER 22 R Zeft st
7N T8 DR v R ' R B AT TR R 4EAE R A
WG T ERON Y SR, AR R
FERZAGERAEY 7. SRV RH R PRI A JE R 20
BT A %, JT R o 2w e I 2 A4~ B Be g 14457

FEA I RNA-seq Bl 4T T 5 BRI, M i Ay o
I 5 AL B T B R e R (AR
() , AR ST BERM R T 5, TN AR D)
I TIEREAT . YRR R SR 5T A &
I, e TR IR——E P ARHIR 1) 2 5 5 Karst
MG ARFAOG o T 5 3 T e AH OC I BRAX 1 1R 2 5 1
(single nucleotide polymorphism, SNP )y & 7E b 3E
FRRE AR A AR, X SR B RN PR B A T A A9 ST
EHET OA ML AR R, 13X S48 S AE 0 32 B K
A B2 T VM S R AT R R ok
1.3 R Fl(Papilionidae) R | (Papilio)

Sl b SR 2 ] B AR BB AN [R] XU
JE SIS = LR T E O R T 2R Y
L4, B D1 FC4PIZS (Batesian mimicry ) X HAF 5
BB AL o X2 RUIER 5 F B0 o B S g ) — 3%
P, DA SOEME R S A 40U 22 5 1 ——— I 5 1o AR 4D
Y Ul A A R P () B LA AT A 1 XU i e
e )38 (AR R s L8800

DL E 15 XU (Papilio polytes) R, - 2438
SEUG B T AU R AR 32 B PR e TR 15t A% R
. Bl B9 T80 i GWAS I Mk 3 R A 2 E
{3t Edoublesex(dsx) —ANTE B 1 1 e o 3 %
SR e SR T AR R R, A
TEHE 7 KU 8 A HOLAS I 52 EL AT ] iy st 1 A «
HAR ] B C A H dsx I UZS X D Rewl e 42
T RO FERLSSERE D dsx SE P A BRI 5 A
S {3 7 o A R 820830 b ot 35 T A JRUEE %
A JUA USSR D FR L AT 53 B, AT 38 B dsx i
PR B A o s - FE PR B A — AR 1% 55 5
1 bt 5 XU ( Papilio phestus ) F1TF-23 3¢ XU (Papilio
ambrax) W, dsx B[R JEL ) TS L5 k%
S840 BRI A B0 14 R 5l 7 (e 0 A e Y e
ZAEMEE [ ok I AR L2
B dsx BA 2 MR FE o1, I8 5w 0 v 5
UE T H S R SRR A,

i 7 SRR 56 DR 2 5 AN BT R 3R A9 2 i DA
= AR A2 TR T Y AR HE X R B R 5
Wi o —JGURE T Hi-CHAR IS, 385 Hos i JRUsE
A = 24 5 DR 2H 25 ) B, Y o 4 ) o HET L A Y
Y Y0 ST S AR S e AR, T e A N L HE N 25
AR = AR LE R, R Rel | 1ft 35 R B ARG SEA
BRI o IZFSEE— 2D e B DR G S, B E T
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CTCFZE &0 S A% 0 5 B P i VR R 124
1.4 iRl (Pieridae)

KR 2 A Tk 2 X, LR AR
WP ESRG T, X—FHFR ey 2
TR AR G ) S 0 T 5 52 OG0, IR PR A 2= 9 R
P A7 (0 R VT ZREVE I A AL R DL R PR (o ik
() A A0 D R AL T AR LA

FEEZE A T, BREHR IR IS AR AR
SRS, 55 IR RN RV 8% 7 45 A RIS A

NREORAN, 2B RSB F 6 B R
552 AN o R A R R RS AR W) G e
12485 IR M X Ry o 6 B A ]
WA s o an, X hn N b X SR A IR (Pierapis
rapae) W E BT R U], HH (A7 2 2Ry
PETT S R ) — AR S0 BRIk W T S
5 TR R ARV G D
= TR BN, HMEEA R AR B s T i
P o NS E— 20N N TS R A R X
ZEOTT ) SBRP R, T TR B 1) DT Ak U A 7
M2 25 b R R 22 0 2 M T B A7 2] S A
PAE R R A S AN R e 38 ) I ¥ 3, (R T
A WAE B 2 A R FH 22 4 3 5 I 1) 1 b
W7 Giraldo%F Mk — B HRER TSN (@
FHOE, HOZRHE TR R RS 22 R o 1, 1Rl i
T W % 5 b 2R O RS RO R R B0 HE S
350~400 nm 5 5 R HE 22% , T A S5 AL - (5 2 T
[ A SN (5, I W s ME R TR o

FEPE G o A A0 7 T, B SR Jre I T R
Wi, S 2 H S b R Z WA G (R iy ik
WEREAS AL, by WA Ay WG (8 AR DA A 2 A A 1)
A s e SR IR Y, IE AL TE AR R R B, A
=AM PR A R s ik T B2 P
SR ZH B XERSL , B UIRAS T R R W £ (AR 1 R
BEELLT ] o XX AT 2R B R iieRt (r w
AR BRI I Z-F Y AR A N Z YL AR, Bt
SCZA PRI KA s Bt 5 i 5 i o D AT ol ,
AN ERRTES A AR SE A, R i R e Ak
TSR RAR I T I NS TR L SRR 0L
1.5 HitRE

ZH IR} (Parnassiidae ) 4585 J& ( Parnassius ) 7K
TG LHME (Parnassius glacialis)) PL ] JRAARE R “E
™, s ax — PRy ie 5 R B ARG . HE T K

11 4 W e o (A AP BRI 20 B 94 R ) i I i
GyHT I, LA R PR 20 1Y) 32 8 i PR 2 I T /Y
PR 508 AR EH, A, 55T AE
KR LA 8 S 52 e R AR M DX B R Ak
RS b X B FP A AT BB ZE T3 1 st AL T, JFORER T
— 2l ELUA S P SRR BT XS AR 1ORT
VK 28 W 5 DR 2 e A R R, i — DR Z W D
TERPRED 5K P E REALHI 2 RE T AT a0

TERE AT b B AFAE— D 5 451, R
PR ) BT 47 3 Wi W (Polyommatus atlantica ) 3
A 220K YL A, HAR SR AT G 0 X e
RS S FER e (R AL SR B R 3R (HHAE L
RO TRRE RS R LB I 58 45 0Ly 2
ARG AT A LE DS 5 QR Z A P it T
B,
1.6 TEERFEXBPFRINGEIEMTAR

T RE 50 IE 2 17 4 5L P 971 5 e B AL ) i) G B
Mo TESREOESE T 202 TN R 38 5 o 3] B
AR ZREA . AN, JRA 2258 H R (in situ
hybridization, ISH) Al 1t Yk 37 5 B e 41 21
MYRERNAZE & B Ei B PR 3k i HOR B I T
SIS A R B 552 k5, 20184, T
570432 [ i (hybridization chain reaction, HCR )Y
J A A58 Ty Al FHDNAREL , 75 22 P 254 ] i
454 BImRNARYFE P A, 2B i B, B AT (]
B RS Z2 A 5 9 23] 0 RNA T4 (RNA inference,
RNAI) J& 75— EFXf 2 PRI 5SS oK 9 5 i, il
5] AXUEERNA (double strand RNA ,dsRNA ) SZ#H
AR EIRNATLER B T 28083 H B U RNA T
PAFAERSRPE S R 2 5 — 2 B . it
PRI — [l W5 2 i 2ok v o 1 5 2 dsSRNA A
ISR v, S T I0 1 F fE P ADL 285 %) G B i A
dsx , WEVE R SR B Fe B 2 S A e 8. T
CRISPR/Cas 9 A 4 2 48 1 i a7 15 W PR R D))
REBEPR 40~ 4fE n] RGEA S AGUEALHT S 8 . BRI
SIA 15 T RE 56 UE A PP A5 LA 2R 1 5T 4 i [X 8
AR B PETEIX, T IR TIREIX
1.6.1 EARFBERNRBRFAR

XoF 2 1 J5T G R DR R AT D B R 1 R e, A
WEHERA D Reny 4 T-B . Wi X ih T
CRISPR/Cas9 5k P Ji 45 45 AR AE S b 1 B I o
20154, WFE 3 78 58 A A RIS (Papilio xuthus) 5
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H38%:

4 I (Papilio machaon ) W& R 20 4025 J , 18 1 40
W] i SR Abdominal-B .ebony M frizzled =N~ 5L K
FASCHYEE N, B A BB S8 T CRISPR/Cas9
FE R G, AR A T W R A ik A AR
X —FFRME TAEA OB HE TR L T 5B i KA
ZHGENR T TR RS R R A T A A S AR 1Y
FRE R, A TR RS X0, TR
filt L, BFSE T R [ 2 R B st A% T AL R )/
R JETF T Rt DiiesnE , i@ ot — R 55 e
TR0 R TER AL S I B B AT AN ] Bt
YEH . AN, wneAHE R TE FERR WRAE |/ INLT e KR
F- BREARE A0 8 A T B A IR, NI T RSV T R v
R X PR R 8 S SMINTh 2 R Gesis 7] oprindE
Z: 5 Z R 5 O, mBR IR ] S 3
JINZTMJAE | PR HIR A e i i MR e A AR 43 2Tl s [
21 {0 S BE S B 7] 1 AR e s ] Mg
1) 0 % fIOUL &5 A4 A8 Ak, AT AR R A A5
08 I B (0 B S 45 i 2 R )
BE. Tt rh E B aristaless 13E R, W< S BT
P (SRR i A8 SR B0, T 3K — (0 B0 5 i A ) P e
Tl sl bR T o R m R g i e S R M
T DA S I R 1) L AR B 2R 28U 2 ) ) R SR AT R
TRAL T X RSH 2R B AL AL A R A
1.6.2 =X A=E TR ThEEfE AR

H R i 7 AN e % T 58 2 P i X )
YyEe , i ] LTRSS E A . Bx— ik,
R RN T3 SO ST E S Fh A A AE
RS I RE A4 ] B 4 5785100 100] - B S R B 41
BET CRISPR/Cas9 4k A il A B AR 75185 ik
DSR2 ks 20 i M 3 DR I B R R s ML A
THEZTH,

MR T optix BE DR (R 3G 58 -G48 T VR ik — 2
W TE G AR RIS IE S uh YA Y optix i
AR B R 7 91 e B AR ST, (HHAH b 2T (B2
oA K/NFT AR 22 57 1 2 o LR R R 2
AT WF ST T X LE P (Y op i S R L TR 48 0
B PRST AR G 5 DX, #3000 Ay 428 2100 B2 Y 1
5RF . FIHICRISPR/Cas9 3k P 4t 4 AR — M ik
SRR R -, ] SO B L A B 5E 4
Bkl RGE LT HWIE— BRI X el E i
PEREHAE A ST 8k S R bl i S AR T R
I, NZIRE SRR 1 0 42 4 1) P4 7 T A2 3K

PIBRPEX — 2 E NI R W E S S AA L
HILO3T SZBRITR R T Rl e A 2L i B S
PRI BAILR , BPAT DA E o I = 45 o 1y 4 AR
S M LA A RN A B, TR b A T HA LR 1Y
HEHYIHE

FE T BB A% S B AR 2 T 471 B o il A A 1) R 1R
AHEAR , Wallbank 09 5fe i iof N 5k 14 U548 588 7
THBR TR 1 A BB, bl 5 s — A AN Tt
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