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Evolutionary fate and expression patterns of chimeric new
genes in Drosophila melanogaster
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Abstract: Origin and evolution of new genes contribute a lot to genome diversity. New genes usually form chimeric
gene structures through DNA-based exon shuffling and generate proteins with novel functions. We investigated
polymorphism of 14 chimeric new genes in Drosophila melanogaster populations and found that eight have premature
stop codons in some individuals while six are intact in the population, four of which are under negative selection,
suggesting the two evolutionary fates of new chimeric genes after origination: accumulate premature stop codons and
pseudolize, or acquire functions and get fixed by natural selection. Different from new genes originated through
RNA-based duplication (retroposition) which are usually testis-specific or male-specific expressed, the expression
patterns of these new genes through DNA-based exon shuffling are temporally and spatially diverse, implying that they
may have the potential to evolve various biological functions despite that they may become pseudogenes or
non-protein-coding RNA genes.
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HEALED) S P BT R Rl (new genes), MR
ANEERIL N (young genes), 2t MR LN 4L
B R YR EE D . A SRR JIE S 0 I A (Drosophila
melanogaster subgroup) 1 &5 — /> #7 FE [F jingwei
(Long & Langley, 1993) 1 &I 44>, B k&AL 1)
LT RN R T . 1K
T ML 5 5L 4 51 5 (gene duplication). 4 & 7 FHE

Wk H#E: 2011-07-14; #2532 HH: 2011-10-10
RETH: HEK BRPRHERE4 T S H (30930056)

(exon shuffling). 1% % 8 (retroposition). 7K T3k Kl #%
 (lateral gene transfer) . & [X 4> % 5 il & (gene
fusion/fission). M kiZ Y5 (de novo origination) (Long
et al, 2003; Li et al, 2004; Zhou & Wang, 2008). #r3&
s S e A& 3 Fhamiz: WY fgth
(subfunctionalization). 2 fig ft.(neofunctionalization)
FITE B figfk(nonfunctionallization) (Force et al, 1999;
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Lynch & Conery, 2000). IV ZhAEALAHT Th ek KB
FERI AR FE DAL R AR B R oK, o ek 8
DRI A o Bl A RS DRI AR T I8 TV 2K o B DRI S DRl 4k
AWRNIEAR: (1) FEAFRA MBS HE(ORFs,
open reading frames), i 4d A/t 2K 5€ 4% (indel,
insertion/ deletion). B S8 AR A, (2) 2k 2255 X TN RE
AL DLHTHI ST T A EI, B R I H B
R A R BE R 454, an kg 1) jingwei  sphinx.
Adh-Twain (Long & Langley, 1993; Wang et al, 2002;
Jones & Begun, 2005), LA & A ff PIPSK1A.,
PMCHL1, PMCHL2 (Courseaux & Nahon, 2001;
Babushok et al, 2007). 7&fRJER b, 29 30%H %
PRI Wik 5 R G5 /), TR () e 1) ) R 1 e
PR, e JRe v ] B AR e 1)l i R ) (1) FE 2 g X
(Zhou et al, 2008).

kA FTFE R AT LA RNA A 4B 7 B4 (G
B E) M DNA KP4 81 BEHEE . 5 1 Ky
—MERH) mRNA s cDNA JE 46 21 ]
Hrp, IFHEZHMERPAN S 7, NmERRA
RN BRI R FE R, Witk AT 4RIE ) jingwei (Long &
Langley, 1993; Long et al, 1999; Wang et al, 2000)(}4
IA) o ST 0 TG o T2 B (R 5 i DR A SR e L A
Y AN EAMNSEA R AR TR 2T RS
HIHH 57 (Betran et al, 2002; Emerson et al, 2004; Wang

et al, 2006; Bai et al, 2007). H: A5 AN /D56 110 4 )i
TR k5 FE DR R 22 22 451, 4n SR e ) jingwed s
sphinx. Adh-Twain (Long & Langley, 1993; Wang et
al, 2002; Jones & Begun, 2005), ML s+ 1)
PIP5K1A-PSMD4 ., TRIM5-CypA. RBMXL1, Utpldc
(Sayah et al, 2004; Marques et al, 2005; Rohozinski et
al, 2006; Babushok et al, 2007; Brennan et al, 2008;
Virgen et al, 2008; Wilson et al, 2008). DNA 7KV~
AT EHENEE T DNA AP EE S, ikt
(Al 542 (gene duplication). ¥ 33 X 5 & (partial gene
duplication). f Bt # & (segment duplication)%%, ¥
A ZAER A B RS Bk, BE RN
TR AN 1 AR B AT iR A (1) 3 D5 45 44 (Long
et al, 2003; Li et al, 2004; Zhou & Wang, 2008),
1B, dHEM N E T R EH G e EA
(illegitimate recombination), K iX P A~k # £ A3
A B BOET R (Gilbert, 1987; van Rijk et
al, 1999). s AE MR R WA AT ST R,
JI& i (Drosophila melanogaster) H 1L 14 AN7E
DNA K41 &1 B HE ™ A= 1 ik 5 2L Rl (Rogers et al,
2009), H:H 8 4~ D. melanogaster F5 1, R AZJ
T 540 TAERI(ER 1). kAL DALY 11.4 A SRR
AR 5, B S DU i B T, v
A 1A% /R Bl e T oK.

AR yande ek i — - - —— Adh
Parental genes o e
., _-'-..
W o L ——_-_-'_‘_ =
Chimeric gene JHIEWEL o —" e ~
i & X dnf W A X Ja
Duplicated region Retroposed region
B J.Lillﬂ CG12822-RA T I—1 - — CG11205-RA
Parental genes —— — —
CG12822-RB - —__-T_ — — - CGI11205-RB
fﬂ\.’% L CGI8853-RA _:—:—_—_

Chimeric gene

& PO

Duplicated region Retroposed region

T A X

Bl1 Ak 7 S A A SR R R P AL
Fig. 1 Two molecular mechanisms of chimeric gene formation by exon shuffling
A: RNA N PRSME TR E): —NEEE (Adh)Il i 3 4% 5% 5 3l A 2 55 40— AN JE R (yande) W B, AN R AR 27— e 2L IR 5 I 26 TR
(jingwei); B: DNA /KP4 57 FHE: FEPIZ 1l i 552 0 5 A JE R (CG 12822 FiT CG11205) 11— 43 F 2 —AS TE A ik 5 1F H 3 R (CG18853) » Sk

1 4 L X Sl R 2 e DX sl ) o s

A: RNA-based exon shuffling (retroposition), in which the reverse transcribed copy of one gene (Adh) was inserted into another gene (yande), and the exons of

these two genes were transcribed together and formed a young chimeric gene (jingwei); B: DNA-based exon shuffling, in which the parts of two parental genes

(CG12822and CG11205) were duplicated and transcribed together and formed a young chimeric gene (CG18853). Duplicated regions and retroposed regions

were illustrated in the figure.
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Tab. 1 The ages and species of the chimeric new genes

B A AR AR AR B 2 RSP Y ©
New gene Par gene A® Par gene B Age (Myr)® Species®
CG31904 CG13796 CG7216
CG18853 CG12822 CG11205
CG32318 €G9191 CG9187
CG31864 CG12264 CG5202

<5.4 Dmel

CG12592 CG18545 CG12819
CG31687 CG2508 CG31688
CR18217 CG17286 CG4098
CG31668 CG33124 CG8451

CG6653 CG31002 CG17200 61128 Dmel, Dsim, Dsec, Dyak.
CG17196 CG17197 CG17195 Dere
CG30457 CG10953 CG13705 12.8~44.2 Dmel, %Se';‘;’ g;ﬁg Dyak,
CG11961 CG9416 CG30049 _

CG3978 CGY656 CG10278 44.2~54.9 Dm‘g'e ?ef'gégfeS'siyak*
CG6844 CG5610 CG11348

*Par gene A: H1JGJEIN A; Pargene B: #LZGJEN B: ° AFHS: IR ASEDR IR A A
Drosophila melanogaster; Dsim: D.simulans; Dsec: D. sechellia; Dyak:
Dspe: D. pseudoobscura). iX453#ikiE T Rogers et al (2009)¥/#Rki& .

par gene A denotes parental gene A, while Par gene B denotes parental gene B; ® Age denote the ages of these chimeric new genes. Myr

Myr: T4 © IR A FRTETS (Dmel:
D.yakuba; Dere: D.erect; Dana: D.ananassae;

denotes million years. ° The abbreviation of species names (Dmel: Drosophila melanogaster, Dsim: D. simulans, Dsec: D. sechellia, Dyak: D.

yakuba, Dere: D. erecta, Dana: D. ananassae, Dspe: D. pseudoobscura). This data was derived from previous report by Rogers et al (2009).

P 00 28 R T 8 P 8 5 25 PR 5 2 AL Ay A ik B
R R I B RIARE, IX ] REAEREE AR R S
10 EAK b 3 354 T 2L (1 AR (4 (Betrén et al, 2002;
Emerson et al, 2004). tH4h 21 FHE B ik A 2L A,
HABHRRIER R, EANEE.

B M TIX 14 S WA SR A
4 Hr K (Rogers et al, 2009) 7t D. melanogaster 44
2SRRI A, R I 2 AR AL BRI
5 X)L 2 G DX 14D 52 W) 1T 4] 0 4 T L2 5 AT Tl e,
g 5 DX PR A% Y PR R 2 A s G R R T & b T
(premature stop codons), ‘&A1& 77 ik 55 M I PR
(positive selection) =l 111 £ (negative selection). iX
L6 O BT A By T S T AR X S ik A B R DR R RS
b Bz, RIEeA1E DB 3E R (pseudogene)
PGB BB &, b 24k s B Dh e .
W Hr AR, FRATDUER 21X Le ik & HE A
KB o5 CAIRE N AT, eI HA G )5
B AL RUISAY 22 5 IURE PR il R SR S Itk I A, T
ST R Z R AR

1 RS

1.1 ®R#R
ARSCHFITI) 14 ARG BT 3L R R YR T LAl

i (Rogers et al, 2009), X6 Jk P 5 (1) 4 A R BT A
(R DA S AR SRR DR AR 103X S8 Bk DR Y T
AR AR, e 8 42 D. melanogaster 47 1) (4F
W& /NT 540 JI4E).

FAIM Ensembl Genome Browser (http://www.
ensembl.org/) FELEX 14 ANH 58 K DA SLAH 56 6 A
(AR 1 i P4 o N 2 R R P 41 LA S LX)
I 141 P 40 i, HEE R (1) BE LA RRCAS 2 Ensembl
Genes 61, BDGP5.25. [rif, FATiE i Mk T 2k
2|7 D. melanogaster 143 2 &M dE, XL
PR B5CHE AR T ST AR KL DA 41 27 150 H it DPGP
(Drosophila Population Genomics Project:
http://www.dpgp.org/), Ensembl [ 3k & 485 AH . 1)
JF 41 X} 31 D. melanogaster /52 % i K 4] /b ik (A
DX ok (045 25 11 T4 5 [X ek (protein-coding regions)
AEBH I LS X I8 (UTRs, untranslational regions)-.
21X J8 (intronic regions). LUK PRI i) (X 45),
X R RRAS A Ensembl Variation 61. ix 4852 &%
P50 K PEF 50 4 D. melanogaster & &, Bl
MW11-1 1. MW27-3_1. MW28-1 1. MW28-2-3 1.
MW38-1 1. MW38-2_1. MW46-1 1. MW56-2-3 1.
MW6-1 1. MW6-2 1. MW6-3 1. MW63-1 1.
MW63-2-3 2. MW9-1_1. MW9-2_1. RAL-301_1.
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RAL-303 1. RAL-304 1. RAL-306_1.RAL-307 2.
RAL-313 1. RAL-315 1. RAL-324 1. RAL-335 2.
RAL-357 1. RAL-358 1. RAL-360 1. RAL-362 2.
RAL-365 1. RAL-375 1. RAL-379 1. RAL-380 2.
RAL-391 2. RAL-399 1. RAL-427 1. RAL-437 1.
RAL-486 1.RAL-514 1.RAL-517 1. RAL-555 1.
RAL-639 1. RAL-705 1. RAL-707. RAL-714 1.
RAL-730_1. RAL-732_1. RAL-765 1. RAL-774 1.
RAL-786 1.RAL-799 1.RAL-820 1 fil RAL-852 1,
Horh MW $i5 BRI I AR 1 350 5 r 4 LR [
(Malawi), RAL & kii 32 EA-R 2 kg
Jf§ ' %1 (Raleigh,NC) .
1.2 WM SEREEFESN

SR e ik A B RS AT R Dfe, B 148
% Tl 3t A G 60 >R S BT X A 7 R TR A A5 52 1) 6 35 1)
IEERRECE L. FATTRE M Ensembl Variation 61
R 2 AR IS SR BN R R TR A L
IFHh R A s g i e 41 DAk — 28 3 . 3X 2
ZAMEHE 20 3 S W UK IR 4T
(synonymous substitution sites: SS). %% X A% 1 1 s
77 5. (non-synonymous substitution sites, NSS)F1$2 Hif
2 |17 57% (synonymous substitution sites, STOP).

B, BATR AT AT 2 1T SRAZ I N 53 B 1K,

X L6 5L DR AR W] RE IF 75 fB i R4k (pseudogenization),
BRI P R AT Dhies ok, €% D. melanogaster
ARG IR, BT X REERRER Bz 5 AR
WIER, HZ2 e 51 5 S0 D[R] ) 48 H oK
b BETGVEAE 55 R MR B R R AT RO 3, R GVAAE H
AR 2 R AT A S . DRI, AT g ddid bl
OB h 2 ML RUOR I R X S8k 5 B PR 1 32
FIIEPE. FRATH DnaSP #f4-fu(Rozas et al, 2003)%>
Prix 2o ik & B 1) 2 &M, JF iS5 Tajima’s D
(Tajima, 1989)#1 Fu-Li’s D*/F* (Fu & Li, 1993; Fu,
1997). FA1EAEH MEGA 4.0 (Tamura et al, 2007)
BT IX R S DR AR R A T P 38 A [R) S/ X
AT 5 F 2 H (ds AT dy) LK dildse Bk
Ab, R HABY R LR R AL DR () ik 5 SR, JR
13644 H] MEGA 4.0 (Tamura et al, 2007) {54 7 ix 4t
i 5 DR B R ) 5K DR 2 T ) SRS SO 8
DA S LB (Ka/Ks) o

BEAh, EFXHEGER CR18217, TATILHE— 0
7 T D. melanogaster 7 4>t i S A b X RAS ] i &R
2SR DL A R AT CS. HG. OR,

EC154. EC157. EC167. EC174. 301A. 303A.
313A. 315A. 335A. 350A. 375A. 732A. 736A.
7T40A. T87A. 799A 5. FA1¥it T WXt PCR W
g1, UAEY REERAK, 519750080 (1) k
#7514 F1: 5-CGTTCGCACTGCAAACTGTAACT -'3,
U7 51 % R1: 5-TCACGTTACTTTCTGATTCG
GGC-'3; (2) i34 F2: 5'-GTTCGGAAAATATAT
GGAACATTG-3, Nii#51#) R2: 5-ACCATTAGGC
AGTTGATCTTAACTC-'3. /7514 kLA L PCR 5]
Yy k. 5'-GTAACAGACGACACCAT CGATC-3 (E
%), 5'-GACCGCTGTATGGCAACCATC-'3( ).
PCR Jx W 41F 4:94 “C 3 min, 95 °C 305,56 C 30s,
72 °C 1 min 30 s, 35 {Xfi#, 72 'C 10 min, 4 C &
ffo PCR J=WITE 1.2%Lx IEFHEER vk FALEE, I
il FH R AR AL AR R 5] (TIANGEN) 1) B2 g Bl
B GRS i PCR 774, I BigDye 7
BT, WP S N SRR 5 ouL, B35 0.5 pL
BigDye. 0.5 pL 5B 1 pl P22l 3 pl
DNA R ZE 487K o I e N 254 96°C 1min, 95
‘C 105,50 C 55, 60°C 4 min, 25 {X{EH, 4 C £
ffo G50 FEAlAb T S N =), Ji FH Ik I v At i
3700 W PACBEATI . P2 AE R Lasergene &
) SeqMan.exe F2 )7 AT e FN 34T

1.3 EERESH

1.3.1 EST r#r AT NCBI _EN# D.
melanogaster ESTs J¥ %1 (http://www.nchi.nlm.nih.
gov/nucest) H BLAST #kff:(Altschul et al, 1997) 7 [
Blastn bEt 213X S ig £ 35 PR DL K HAH 56 58 R ) P 471
o HIF IR T AR (R A SR R S A SE R R TR
TR 71 b ) [R1 s K e, BT TR T8 A P A& 1)
Pk, RIEGEHUISLEAHIEEAE 95%LL b, X RE
EST KJE 90% LA b (1)J741, ik — 25 22 BRI A ] it
Lexh 2R 2 2 AR ESTs, IR B Aets =
P UG C 31k A ik R 5 JUAH S 6P B ) ESTs. M
NCBI | F #x 2oy e 1 1) ESTs 41 2154k & I
RS R I, AT P B ik B DR DL K
HAH SRR R IR A A

132 EilsEREBEIE 28 M FlyBase T4
P s 200 2 77 A4 1) D. melanogaster = e 2 ik 5
A B ¥ (ftp://flybase.org/flybase/associated_files/
Gelbart.2010.10.13.tar.gz). FAI Tl HIX 14 4
kO 2 R DA S AR S BE PR A R B0dl o IX SRR 4
P73 MKIE T 30 MR AT N EiG 00~02
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h. 02~04 h, 04~06 h, 06~08 h, 08~10h. 10~
12 h, 12~14h, 14~16 h. 16~18 h. 18~20 h,
20~22 h, 22~24 h; #jdi L1, L2, L3 % 12 h,
L3 Ak ¥ (puffstage) 1~2 h. L3 fiZfiki 3~6 h. L3
MR 7~9 hy It il (white prepupae) i 1. M
O lH 12 he (G 24 h, dH2d. 3d. 4d; %
dufetk 1dy 5d. 30d, gk 1dy 5d. 30ds
AT X LR I A 5 B, RIS 4. 9.
R HUHEMERIMEYE . KPS FlyBase $RAEMIFRUE, £ik
AR 9 MY, BIARRIE0). HERIE
(1~10). Fik ERAE(11~100). ik (101~400).
A K TE (401~ 1400) . A R FE R IE (L 401~4
000). 1A (4 001~1 J7). FIE #1R 5(1.0001 J ~
10 J7+  #JEm#ik(10.0001 J5~2 00 J7).

2 # R

21 WHMEMEBRNPHEEIRUARBEREEFEDN
ASCHTREIEI 14 AMika B iR R YR T Rogers
et al (2009)FHRIE (K 1), IXLLHk A HIEF AT 6
(CG31904. CG31687. CG17196., CG11961. CG3978
I CG6844) 171 E Z Rk #E R BT U, Horp 2 A
(CG31904 F1 CG31687) & HriTEdili i, 1M oish 4 4>
D) Je TR R R R A R 28 AMHSEIEI A 8
M Z R IR PP U 6T B e s
TR, TR IEEARLT, 758N 5
AL BIR 2 54, RIS RS H P,
AT IE A0 Wi HE 5 40 S R PR 2 ) ) 4 DA J HL 72
15 DIRET 32 2] A ARk +E . BRltk, FATRIH 14 4S8
FEDRI DL S AR S TR DR 7 SR 50 ANANA] (1) i FR Bl
BRI A 2 AP, SRR A T I L ik 5
DR 3L AH 26 26 B b ) B B g A X IR
(protein-coding regions) 1) #% 1 2 &5 4 £ H DL & 2K
B SR ER, 14 MG EER T A 8 NMGT.1%)EH
AR LR TR AT L T RAB(KR 2) WHR S
HIZ1E 75848 1) 6 N E R W AT 4 /M) D. melanogaster
KA H, Bl CG32318, CG31864, CG12592 A1 CG31687.
P X 6 AN IR RAE AT 2 1E 1 R )
ik G B DR AR A vp R A S ) SO 4 38 LA LU
Z F 5 a5 R s AR I A ik A R A
R CG30457 #1 CG17196, & FikFE(dy/ds< 1, P <
0.05)(# 3). HAx 4 A~ Z WS AR BIE RS 5
1] D. melanogaster % 1]k & & A (CG32318,
CG31864 ., CG12592 il CG31687)', CG31687 fzir

i 2% (dn/ds=0.507, P=0.08065). Tajima's D F Fu-Li's
D*/F*Ky i 7, CG32318. CG12592 1 CG31687
AIRERZ 21 0 25 1 A AR FR (K 3). Hirr, CG12592 Al
CG31687 1] dy/ds<l H. Tajima's D<0, Fu-Li's
D*/F*<0, KW eA152 2 W # 1 fik$e. CG32318
1) dy/ds>1, . Tajima's D<0, Fu-Li's D*/F*<0, %M
LR W] REAEREAR N IEAE 52 B E IR FAEH . PR,
BERBL 22 T R, 78 14 MREEE A 6 4
(42.9%) AN AN Gt B HE 7 A A4 v 5 28 iy HLAS [R) R 52
P EEESE, AIREATDhAE. HARE 8 NIRRT
PR B THRM &L T4 Bk, el gt
FERI B R 19 tE 1 RNA R,

22 WMEMERBRIESH

221 T EST HuRmRE st AMEH EST
Hi R R A X LR A BT S AR e A S Rk .
THAX L iR A i AR A AR AT, PRI W] R S 4
EST fie [R] I LYot 21 W AN B335 P AN LA 1) [R) 95 25 [
o HERAIX 238 e PR S AR SR IR R ek, 3kAT]
AT T AL e Lo 2 — R R B ESTs, Jf
DA 2 #r ik 6 2 R 5 FLAH 5B B R 2 ) () Rk 41 2

WM 4 s, 14 AMRGIER DA 7 48 2R H R
PE) EST ¥, 7oh 7 Mk RIS, R, 4hilt
WAL 2 N IR Ik . o AT 5 ANSERILE IR R I
WA RIE, 2 AN SR, A — AR
(CG31684)7E it HURg S 1A, (HiF EST #dnfa
B, Jovk oA o A 2 LR e E R Ak . (RE A
CR18217 e/l ek, e 7 MR THETZ
1B T 5B ik A R (T e IE R EE b)) R 3 A
WA R RRE R (1) BST #dl, 3 AMEMG I IR,
1AMk RIR . 28 MR 21 M EST
i, N2 A gihkik, Kb 6 ANERHE T
Fak o FRATTRR I =BT e R AR B R 1) 2 TR 4
KL Z Rk . EST $u¥i Bor, CG31904 &
KRR IA, CG31864 7L R HUKE S rh ik, CR18217,

CG6653 il CG3978 {EMJIG I &L . R Ry
PEEE X Bk A FE R ) EST Bl A bR, WA 7 ML
AL PR EST Hdls, HIX L8k 5L ] e

ANGAY G P B DR — SR B ORGSR SR A,
HATE N Z AR IE B

2.2.2 Tl EREE R RIS N
HE— 20 93 1 I et B 55 TR (1 2 T8 5 = LA ] g
TEVRLE R & INHHBAT D fig, 15007 T ik &5k
ERIAE SR e A Ay JEL 30T i 30 MM R IR WL 7E
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Tab. 2 Distribution of synonymous, nhon-synonymous substitutions and premature stop codons of chimeric

genes and their parental genes in Drosophila melanogaster populations
FEK 4 7 (Gene ID)? FRIE R (SNS) P
CG ID FBgn ID FBtr ID SS NSS STOP
B DA FBtr0079501 29 45 1
New gene CG31904 FBgn0260479 FBUr0079502 29 45 1
FBtr0079503 49 33 0
HLAE LD A FBtr0079504 49 33 0
Parental gene A CG137961 FBgn0031939 FBUr0079505 49 33 0
FBtr0114496 49 33 0
HULIEIN B CG7216 FBgn0014454 FBtr0079500 20 25 2
Parental gene B
B CG18853 FBgn0042173 FBtr0089426 2 9 1
, ) FBtr0088841 7 11 0
ML A CG12822t FBgn0033229 FBIr0088842 7 1 0
, ' FBtr0088838 19 30 0
A B CG11205t FBgn0003082 FBIr0088539 18 29 0
Bk CG32318% FBgn0052318 FBtr0072732 5 8 0
HLAEHER A CG9191 FBgn0004378 FBtr0072733 60 54 2
AR B CG91871 FBgn0035194 FBtr0072731 15 8 0
B CG318641 FBgn0051864 FBtr0080288 1 1 0
HLAESER A CG12264 FBgn0032393 FBtr0080290 15 25 1
. FBtr0080286 8 15 0
AR B CG52021 FBgn0032391 FB0100626 3 5 0
B CG12592% FBgn0037811 FBtr0082233 8 17 0
HLAESER A CG18545t FBgn0037812 FBtr0082234 2 7 0
. FBtr0082231 26 56 4
SRR B CG12819 FBgn0037810 FB0082232 2% 56 4
- FBtr0081361 18 38 0
Bk CG31687% FBgn0051687 FBI0302224 9 15 0
HLAEHE R A CG2508 FBgn0032863 FBtr0081362 24 18 1
. FBtr0273378 13 12 1
A B CG31688 FBgn0051688 FBr0273379 18 36 1
Bk CR18217" FBgn0036646 FBtr0301925 NE NE NE

HLAEHE R A CG17286 FBgn0027500 FBtr0075363 20 49 1
HMSEHEH B CG40981 FBgn0036648 FBtr0075361 0 12 0
B CG31668 FBgn0051668 FBtr0113412 34 42 4
HLAESER A CG33124t FBgn0053124 FBtr0300181 54 62 0
M52 B CG8451 FBgn0031998 FBtr0079637 33 16 1
WA CG6653 FBgn0040255 FBtr0082376 19 38 1
ML A CG31002t FBgn0051002 FBtr0085813 17 30 0
H5EH B CG17200 FBgn0040253 FBtr0082377 16 31 2
Bk CG30457% FBgn0050457 FBtr0086998 20 19 0
HLAEHE R A CG10953 FBgn0034204 FBtr0086997 22 13 1
tH5e3EH B CG13705 FBgn0035582 FBtr0073352 30 47 1
FBtr0084922 19 6 0

B3 A
B CG17196% FBgn0039368 FBr0302177 17 6 0
HLAEHE R A CG17197 FBgn0039367 FBtr0290204 19 29 1
HMSEHEH B CG17195t FBgn0039369 FBtr0084921 12 10 0
FBtr0086519 95 23 2

B3 A
LA CG11961 FBgn0034436 FBr0086520 o6 % 5
FHLAEHE R A CG94161 FBgn0034438 FBtr0086555 86 19 0
23N B CG30049 FBgn0050049 FBtr0087906 55 56 2
- FBtr0083220 40 48 1
BrAE CG3978 FBgn0003117 FB0083221 15 i 1
e FBtr0081808 20 48 2
ML D] A CG9656 FBgn0001138 FB0300040 39 ga 5
H5EH B CG10278 FBgn0038391 FBtr0083218 44 72 2
r FBtr0084639 42 10 1
HrAER CG6844 FBgn0000039 FBr0084640 p 10 1
ML A CG5610 FBgn0000036 FBtr0084619 a4 35 1
e FBtr0073299 45 12 0
AN B CG11348 FBgn0000038 FBr0073300 1 5 1

AILE L FR: CG ID A1 FBgn ID 43 BlE—MEFERIPIFARF 4 FR; FBUr 1D S5 M EFE I A LR, ° BRI SS Fagmil I A% 1R [ SU- i

HrH ;s NSS SRR SO e (bt O )8 H s STOP $5 % H R e /B4R i 21740 H

PRATBRAT 2 1L F R AR S HE R (11/28);
2Gene ID: CG ID and FBgn ID denote two names of each new gene or parental gene; ® SNS: SNP denotes single nucleotide substitution in protein-coding
regions. SS denotes the number of synonymous substitutions, NSS denotes the number of non-synonymous substitutions, and STOP denotes the number of
pre-mature stop codons; "CR18217: CR18217 was annotated as a pseudogene (NE: not existed); T The parental genes which do not have pre-mature stop codons
in population (11/28); ¥ The new genes which do not have pre-mature stop codons in population (6/14).

R D B PR AT 26 1L R AL KBTI (6/14) o

“CR18217: CR18217 Mii B BRI I (NE $5 R FEAE); TR
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Tab. 3 Results of neutral tests on chimeric genes
CG#4Fk * FBgn 4k °  FBU4FK © FAISC B b b ¢ Fu-Li's
CGID®  FBgnID®  FBIID®  SeqN  Sites M ds dvds  Pvalue®  Tajima's D o -
CG32318 FBgn0052318 FBtr0072732 21 2025 0.00554 0.00371 1.493 0.27388 -2.33784**  —3.39120**  —3.60866**
CG31864 FBgn0051864 FBtr0080288 5 372 0.00369 0.00730 0.505 0.23832 —0.75199 -0.41017 -0.48709
CG12592 FBgn0037811 FBtr0082233 18 495  0.00113 0.00208 0543  0.10899 —2.42979*** _351295**  —3.68453**
CG31687 FBgn0051687 FBtr0302224 15 1056  0.00248 0.00489 0.507 0.08065 —2.35146*** —3.22751**  —3.43465**
CG30457 FBgn0050457 FBtr0086998 31 570  0.00380 0.03389 0.112  0.00211** —1.45689 —2.22966* —2.33216*
CG17196 FBgn0039368 FBtr0084922 29 831  0.00337 0.01432 0.235  0.00322**-1.92071* ~1.55541 -1.97526
AILE L FR: CG ID Fil FBgn ID 235l —ANERE WA R ZFR; FBHr ID 23 MEFE I FEA LR, O dy 58RI UL 5 SO -2

HH s ds $EREA R SR LR SRR B o © Z Rl P .

3Gene ID: CG ID and FBgn 1D denote two names of each new gene or parental gene; ® dy: Mean number of nucleotide substitution per non-synonymous site, ds:

Mean number of nucleotide substitution per synonymous site. “P value for Z test.
*: P<0.05, **: P<0.01; ***: P<0.001 (Z test and Tajima’s D Test).
*:0.10>P > 0.05, **: P<0.02; ***: P<(Fu and Li’s D*/F* Test).

R4 BREAEHMERSHEREEMNFTAAR

Tab. 4 Expressed tissues of chimeric new genes and their parental genes

Bk LILHLR AP A FiLHL e B EE N
New gene Exp tiss Par gene A" Exp tiss ® Par gene B " Exp tiss
CG31904 H CG13796 E CG7216 H
CG18853 UN CG12822 UN CG11205 ATE
CG32318 UN CG9191 AT,E,O,SL CG9187 EG
CG31864 AT CG12264 AT,EH,LP,O,SL CG5202 SL
CG12592 UN CG18545 UN CG12819 AT,E,LP,O,SL
CG31687 UN CG2508 AT,E CG31688 E,SL
CR18217 E CG17286 AT,E,LP,O,SL CG4098 E,SL
CG31668 UN CG33124 L CG8451 ATEH,LP,O
CG6653 E CG31002 E CG17200 UN
CG17196 UN CG17197 UN CG17195 UN
CG30457 E CG10953 E CG13705 EH
CG11961 E,EGH,LP CG9416 E,O CG30049 UN
CG3978 E CG9656 E CG10278 E,LP
CG6844 UN CG5610 UN CG11348 B,EH

Exp tiss FEAHTHE N B AL I K AL AL, "Par gene A KIRHLJEIEI A: Par gene B KRS By 4 BRI 5—E: JIEJf:

EG: RGN

L: 40t LP: ZhR-FU0 AT: bR H: ks

SL: Schneider L2 4iffd; O: BF; B: fi: UN: FKJH.
3Exp tiss denotes the tissues in which new genes or parental genes are expressed; °Par gene A denotes parental gene A, while Par gene B

denotes parental gene B; The abbreviation of the tissues, organs or cell lines (E: embryo; EG: embryonic gonads; L: larvae; LP: L-early

pupae; AT: adult testes; H: head; SL: Schneider L2 cell line; O: ovary; B: brain; UN: unknown).

JRHG Gy i e p d PR Rl R B A s,
14 Mk G LK A 11 45(78.6%)7E 3 Fh f2 UL L F i
WIRI S K UL E RIS (B 2), X HIRKE ik

I RTE 2 P G AR T T REAT AR DI fE
A BE A AR (B PR ) FE DR R B 2 AR AL RIS

A RER A BEERLL ) 8 MNIERI A 6 ANFE 3 Fl J LA
R R LR A K DL E R SRIA . i, CG18853
LEFTA 1 30 AN 3 o A A e v 5 DL B R R IE KT

CG11961 7EKENE 00~02 h LLAMI i ] oh # 4 #5
HEELL ERRIAAKCE, SR E RS TG
FIKIER . fE 14 MG EER AT 6 1M(42.9%)7E
Rl 00-02 h Py I AE L EIERIAIKF, X iR
AR BRE M R IL . EIX 6 MEER
CG12592 R AT 1) 24 h 9 HAE 00~02 h Y&
AP, B RIAAKCTE (K 2), XiRE R
REJGKN LA
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Fig. 2 Expression patterns of young chimeric genes
Drosophila melanogaster SERFYIF 1 R B W UIA, SR KA 2= R DL 2 HERIE B Ay
MIEREAT, SRR IR H R oy BRI T 30 MR A E I, BIER 00~02 hy 02~04 h, 04~06h, 06~08h. 08~10h, 10~12h, 12~14h, 14~
16 h. 16~18h., 18~20h, 20~22h, 22~24 h, %4t L1, L2, L3 12 h. L3 f#fik{i(puffstage) 1~2. L3 2K 3~6. L3 ik 7~9. 1t Tiilf(white
prepupae) i, 12h. 24h. W 2d. 3d. 4d. FEMEME 1d. 5d. 30d. pedufEdE 1dy 5d. 30d. IRATEHX LR B I 5 B, BIRRAG. 40,
UL B R S M . FRIE B IGS 9 ANGUN, BIARRIE(0). EEARFRIE (1~-10) KL EIRMK(11~100). {KFIE(101~400). 45Kk (401~
1400). &R ERIA(1401~4000). K IA(4001~1 J7). Rk AR (1.0001 J7~10 J7). B/ i1k (10.0001 J7~200 J7).
The phylogenetic tree of Drosophila melanogaster subgroup was shown on the left, while the corresponding chimeric genes and their expression patterns were
shown on the right.
From left to right, these expression data were derived from 30 developmental stages, including embryo 00-02 h, 02-04 h, 04-06 h, 06-08 h, 08-10 h, 10-12 h,
12-14 h, 14-16 h, 16-18 h, 18-20 h, 20-22 h, 22-24 h, larva L1, L2, L3 12h old, L3 puffstage 1-2 h, L3 puffstage 3-6 h, L3 puffstage 7-9 h, white prepupae new,
white prepupae 12 h, 24 h, pupae 2 d postWPP, pupae 3 d postWPP, pupae 4 d postWPP, adult male 01 d, 05 d, 30 d, adult female 01 d , 05 d, 30 d. The
expression levels could be divided to 9 levels, including no expression (0-0), extremely low expression (1-10), very low expression (11-100), low expression
(101-400), moderate expression (401-1400), moderately high expression (1401-4000), high expression (4001-10000), very high expression (10001-100000),
extremely high expression (100001-2000000).

FERC I RIS, 6 AN(42.9%) ik 5 FE A 7E
PR ) rp S R b AR DL B I R AR KR, 4 A
(28.6%0) 5k [A] 75 PR 4 J31) v #5 AS ik 5 Rk B Al
WK, 2 4N(14.3%)FE[K(CG32318 I CG31864) {7
BEVE P BRI A LB RIEAKCE, 2 AN (14.3%) 551
(CG17196 1 CG6844) N Ar MM 1 52 I 45 LA L
FTILIKF . Horpr CGL7196 FEMENE LK I i A1 %) s B
SRR AR AN RIS, TEH) L AT DL A
HUEME R RIE, R EAT T R KB H
Ko BT AR 7, 3052 e T 13 1) 3 ek DR A
) T 0 I HEPE T — MRS RS T MR A A
(Betran et al, 2002; Emerson et al, 2004) . A/ 111 45
RO, B R Y BRI —FE, DNA ZKF-4h
B HHE Y B kA R R R I R 2 R R IA

B, AN BRTORG S I MRk . R,
WEREA AT IRE, WA e RAT N 2L B
Difig.

3 i i’

31 S57T1%MEBEEREATREEETHIBRERFENE
EEH R4 RNA EE

FATXF D. melanogaster 2 A A P )ik A5 8T 5
BRI R WY, 14 MG FE BT 8 4N (57.1%) FA 2
THRATZ LA, AT Rt B, A
Al sphinx — AEAR % T B 1E 7 A2 B A 2 Y
RNA (non-coding RNA, ncRNA)X:RE . Hrh7E D.
melanogaster £ [1) 8 Mk G HEH T 4 MRET
PR T IR IR (R 2, 3). 72 Rl FAR ) b
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TR R R 6 ASEHERI T 4 MR TR ET4L
TRAR . IXEGE RGN, BB A B 4K
2SR AR S HE RS Rk, AEE
DRIZH B OR B SR IR R A R AR AR 25 e B R A
DRI, RerEREDR 2 EACHACR B AT A= % D e i)
AR IR/ o IR R 5% Tk & B R R
WFFTEoR, k&3 R7E D. melanogaster Az H iV
W DURE T A 10,4 ASHE R R B = A, b ReTE
SRR BB ORI, OGN 1.4% (Rogers et al,
2009). HARTE 14 ANk LK K45 CR18217 #kiE
RSB DR, (R4 22 20 1T o, B7.1% k&
SERIAE B P R B T SR 2 b P R AR S AR Ik
P BRI E, XHRIROCHR o kA BT R R T BE IE AR
B R B L AR AR AR 2 1 T A 1) RNA LA
Kimura (1983)42 i T — 2 ML (152 70 — S5 4%
7 (waiting model)——3fc 4 i 51 57 KL R (7 A= 7
D] 5 21 7 X2 —) e R A5 5 T e O 7 ik R 4
AR N k. BRESE, T AW
AN UL B SOk BRAT B, DR RE AR B rh 58
A, HRAERA, 4, —ANEFEEANE IR
B oy AR LA SOE PTG bR, EEAPIEIERE

A CG17286

JT R B (Kimura, 1983) . 4 JEGX AN, 5y PR Y5
JE W RIHR B, T SO RN, B R A R I
kR B RS B I A HRAS, DATE P
FAREANGEAR, Ik Fr D ae AR RF 51 B )
MRE. FEXAN TR B, B BRI A R A R R
(IRFIE . TR, B3 BRI T R A i 22 R A H i 1)
RERI— AN APRAS o 17 IEAEABR S R R ik 5 R R
Z /b Redt b B et A Rt —20 b

CR18217 ¥ £ 4% FlyBase [ i (http://flybase.org/)
TR AR RIS IE R CG18217 (LI A
Dmel r 4.3, FB2006_10), FLAEMTREAERIE N, H.
SR G5k 5 LA A —FE (B 3A) . AT Bk
PCR(RT-PCR) 55l J3> 11 &5 SR b S K537 (1) 55 8 45 4
BV EL IR A CG18217 R 28 3N & T #e ok
). BEAh, FATTIAA T CR18217 7E D. melanogaster
AFRHAP R RS, R LIRTA R ORF A A7
7E 3 ML 5875 (frame shift mutations) (3 MM T
AR RIAE 1L 31. 4 bp BIERR), B E T gn S RE
TEREAR I AT e[ 2 T k. Rk, CR18217 1R
T RE A B DA o i B R TP B 3 2000 I 1 4
P SRR AR B R, B s Ay e AR

CG4089

CG18217 :—:L- H
;’\"1‘:(} TQG
CG18217 - -,
N g— R
Ibpdel 31bpdel 4bp del
- [ p— e
T — i .y B JEF R K el N A A 1
IR —— | Ee it o i
Sequence reads — — UTRs or exons of pseduogenes
o — 7 A 5 1] ® . .
- | - HEESEX protein-coding regions

CRI8217 -m-

K3

—_— N1 introns

ek

Sequence reads

m]]]]]ﬂ]]]] M R E
Intron retention

& 3L CR18217 MIJERISE M. 25 5IERIEEYI

Fig. 3 Gene structure, polymorphsims and alternative splicing of chimeric genes CR18217
A: CR18217 M/ MILSEIE R CG17286 I CGA098 i Ak & T AR Ik, HeBe I ERE e A i ik Rl CG 18217, RT-PCR Il SEHLYE I RE 4L A
44512 IE 1, Drosophila melanogaster #1453 #T R & A =AM R (del) 2 PEBAR T IR TR ELIGAE, R CR18217 M AS /& 4 1 B i K [ o B
NP 7= A Py S BB s HAPTE 2 ik et s DI, Forh 35— AR R — N 98 PR BB DI A 3% 7.
A: CR18217 arose through fusion of parts of two parental genes CG17286 and CG4098 by exon shuffling. CR18217 was initially annotated as a protein-coding

gene. RT-PCR results showed the current gene structure is correct. Drosophila melanogaster population analysis showed that two deletion (del) polymorphisms

disrupted its initially annotated ORF (open reading frame), thus CR18217 is indeed not a protein-coding gene. B: the sequence reads generated in transcriptome

sequencing showed that CR18217 has multiple alternatively spliced isoforms.
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HIFERE B RELL X 31 CR18217 |, HT A 2B
IR AN E TR B, A — NS — A
BT AEAS ) 1R 152 B b Bl B 1 B D sl AR B (&
3B). Kk, CR18217 1] REAF{E 2 FIAS [ (1L £ BY
P

Bribz 4, 15 14 MG R IEf 6 NMFAEZ
Rk FErE B DE . P AU 2 NIRRT R R
(1) 8 ANk FE DR, 3K 5 WU R YR P ik A5 BE R
HAT /D50 (25%, 2/8)fF ALk £ BY VI i B VR L
(R A i DR PP K 23 (66.7%, 416) 174 i £ BT )
DRI, S B Ul T LAl ok AL DU ik 5 25 PR e 5 7
FEA EARE R R —AMbR, OB SE D R4
P BTOMR AT RN T IhRed b M 75 22, Rieq]
IEAEA T D Re b AL v 2% Rk, CG31687 =2 21 I
FI LR 3) R T Ref iRE. 4 CG31904 Fil
CR18217 ¥4 [ s gt 8 ) AE A H A 1l [ e
Sk, (AAEE Z Pk Rk By IR, 5 AT dRiE 1)
sphinx #H{l(Wang et al, 2002), ‘e f10 e e
PIAEER T gm s RNA JEIA; sl db 18 2 R kL
P PRAS, AP —3, fEARKR e sl
HUBN ORF Fi b A 5 5 A% 1 2 58T 1) A 11
TR FAHR (1) DR . (ERERAL EOREE T K N [a)
) CG11961.CG3978 Fl CG6844 7t D. melanogaster
AR P AT L RAR, EA1S CG31904
M CR18217 —Ff Al Al BEAFEAE IR EAL firiz—1))
REMIARR (T gnts RNA JE RRIEEAL H 87 10 25 11 5t
Yt He

25 EPTiR, DNA ZKP A0 27w = A= R ik &
BN, FEREAAR 2R D) B SR A 2 S AR R DR AL,
RAFERLIE T . e e A — A ER AR
LR T ok RV X e ik & S IR R 7 Ak &
DML ) 5 OB b &, (2 D5 A
HAF AR B0k PR B DI, Bk, &

S K
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TR BEWIE sphinx (Wang et al, 2002)—#F¢, & HA
DhREM AR ARG ) RNA SRR Bl i 45 f5
A (Kimura, 1983) ik i) — 4%, tH T IE AR M
MR, 23R, Ak, &1
FEHEA BT I TR IR O HE, IR B i 2 1 B
. DA, (RAEDMBAR AT B IX 8 0 ik & B DA 3R 4L
R ep IR A o

32 NMEBFEHFENHREERREEGEASHNL

BRIk

kA DA 32 2 i RNA 340 5 Ak G ie)
HI DNA JKFI A0 8 AP R ™ 2. 1005
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