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FE &K HARRLE 34231328003, 31300201). HE ARBI 4R SRR S-mHE NRBUFECE EL TS0 H(U1136601) . H ERR27# BE bk mg 5
SRHE LI (XDB03030112), FhEFRLABE T ATHRI7(2011312D11022)F1H FE RE 27 B F E 5 40 E L 525 01357 1 B Br A VEAK RE -0 % B

WS P EFEBAL N KIET R WA 5 — Fh R, I ATAA R A | XA
WA FRHFFESWES i, BHERAY, KPEERBERGAE N EARAREY | ATLEEY
PRARNIE, FARFH UG EES S, BESMMER AT, LR AGHERRLE | 2L
AMELW. AXFIBER Y, RARER AW UR S BRI AN SN EELBG Y H | ETEN
KD ERBH KR TSN, HIATRREBELERBR AR BRI | ZDET
EER. N EHERAGT BAATEEEB YA R R, THOZANHURSE |

Rk R T, 96 RR R S 2 B AT R T 8 0 8 LA -

7K F-FE K 4 #% (horizontal gene transfer, HGT), X
R 1) FE R 2 A% (lateral gene transfer, LGT), 54N
T8 LAY B 2R R TR A0 36 B 5L R 14 33 (vertical gene
transfer, VGT), fgs i) g ey, 765E5% 0 R
T A A LR [ DA 7 00 3 A5 (5 B RS 1. ke
R AA WIE A, KFIE R 52 68 45 B 2 &
A W) ik 3 e a5 5 A I ER 2 A0 3 R R IR Y g
AT 38 32 [R] 4 A i At R

TRIRSCHE CHP B IR ) v BT 58 48 R FL s 1Y
B IR T Ay Z W (tree of life) AHE",
HIZ e, FEE o SCRRR I, BVAE 4 2B, SRl
R AL TR — ER AW KT E K A H bR
SR A B I 0 kg s AT, Bt
B R AT REZE b 2 BT AR 2 B T IR 2 0 2. — LBt
FEINN, KRR R RA Y B2 8 ), i
Ak D3 A% 5N % < A= A 2 X 7 (web/net of life) > f
TSR, A X RS R B LA BT B, At

TR AR IA KT 28 R G B B 4 B A7 AE, (H IR HRIA
RIE S5 AR B, R ) Y R PR RS BT AR
SR T A LAXT = A s B E10 fdn, Ciccarelli %
NBIBERE TS HAEY 3 ANEGE R . AE M EZAY)
B 191 NP Fh SR A 7RG 36 3L, TEHERR T S
MBS NERE, FIHETH 31 AR
RN E T —RE R Emz i, X e
WA L B R MR R SR, XA Az 3 T H
MBS & 1) 3, Dagan F1 Martin! 18 3CH8 H, ML
LA, 31 PNIEEEHGRAER TR E A
L BT 1Y 1%, X T — MR K EZA YR,
HZEHH 0.1%, KL, Ciccarelli 25 A\ B2k B 1 AERR
FEH 1% BAS BRI, FFAS 2 A Pk A il S0
k. Swithers!' i35 Hi, Ciccarelli % N AYHF5T 5 47
FEWL BB, EARATA FRETET AT 31 A4 ok
Z FEH AL AR, (3 IFAS B I B 3 26 5L DA MR
R A R 5 A
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G IEAEASE, Ak 2 I — 7 g, B
o 7K SR R R W S A, L — B B 3 A 4
SRR R LR 1 L, S LT L3 i R A T B
A5 HC TR R T2k A2 B — 7, WA B
Frf 2 W B BN, A L — S A
SRR WA SR 2 AT I E. T 0, X%
W SAET: (1) AT RMEER RS RN
FBIEURA 2 (il ) AT B 1 361 B0 X A 4t
R T 2RI, 15 BRI T T, S
S8 W X G £ TSR R LT AR T A B L o 4
7 2 2 R I 2 K TR o 9 0, S T L B4 L
KT 3 R 2 B 2 3 AL S ) — B 4 9 M
G A R SR,

1 R R PR R RS T R il B 3 S

SRAE KA Z MM B Cnsh . Y. H
BRI A5 ) Y R T 2R R B B B G m] RE T 52 AT Y 5%
B, AHEEFE I3 N PRIK Y- 3 PR A% 060 25 W A ) 52
SR WG T — T IR A W R (B A o Ay
B ) KO SR B B K AR G B0 DR o AL ER 4 A2
HRA, HIERSEERER A, i EX TASC
TGS —— K RN e RS, R AR i R R X R Al
LY.

XFIRAZ AT, AR DY B8 AR A N R o
DR 2 A i P 0 A e TN e B LA
AW A WA AT ISR IR, 520K A ) E B DI b T A
F B2 BLRL, DT AR A5 JT #1856 0 AR 25 7 ) e
Ty R R SR 4 T A KT DR e R = A
S 0 TR TS 25 P A A FAR . B AR A O — b i 2
(BT B, AR 60 A b — L2 B A R
Tk 245 1 [ 0 PRI 1. WIS N B R B, A A AN XL g
PR 7 A T 2, T _EL BE E T 7 1] AR A% 1 X i e
T, I AE AT A T RE AN E] N AR A 2 R A R T
PE BTSN R R — G, KPR N5
B BBIF 9 A B A, B ST IS8 AR 1 it
2y B A B A8 10 3k % b 7 27 TR bk B o ] Iz AR
&, ARG A AT UG |z s G RS
TCIFARAFRIPUGCLE R AP, TS B PR . 2K
LT AR 254, — 28R A W BOR HLEE | AR
F1 A2 1 L3 B AL AT T A DG B T g 7K P A 1 1)

TRV FE U RS A Oy IR A AR Y — A B 2L
i, HE O 2N 2]Z ], (HR AR L] JE
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PR 20 i Ak 0 DTk R) &0 LR AE AR il 3 JLAR BB AR
FEHH, KV DR B8 o) D A A ) 1 52 ) T g R A G
]2 1. Dagan 8 AUOHGIN T A3 A AE 181 AN EAZAEY)
FENAPRIE 54 TR, KICEH R FE KA b
HRAT 2 /D (8115) % 1) F PRI AE I A Iy 2 v iy B B st
6] 5 7K SR B M SCHE. i Treangen FI Rocha®”!
WP A AR 4 8 AN IRk AR AL 1Y 110 A4~ PR 2 1
T 000, 455K, 88%~98%I1) 1 I F G 1 5K
RS G, I EHARXN T 5 —E A e iEsh
SI—HHNEE, KPR R R K A M
FAAET IR A . Zhaxybayeva 55 APLL 11 A4~ 58 3%
M R B 5 3 (Cyanobacteria) i [ 41 X 4, X HAu &
B 1128 M A IE R AT 8T, X 168
AT R HAD AL AR B A, AR R, e
A7 52 2 b Ak g s, 3 40 56 IR (B 22 R 2 B0 )
FEAS [A) Py b 1) G 2R AN i 1T B b 0 SRR 25 40 3%
N, WEGRIRIET &I, A7 7K R 1 g R R e 3 1L
T T e e A,

2 AR Y S W R S B R

2.1 pAR A SOk P R Re

T Z Ui B2 A, BAMEZEY R T
WA MM R, SRS 1 FE AN T5 2 55 ik
AT A Re g st 1L T 2, DR, KO SE R T
AE X HE AL A WO B AR IR A i ELAZ AR
LR A B R K -5 B A 4RE . Huang 258 A2
HIRTFFE R, A= G AR HoAth ) 1 i) — Ffr B 40 Jif 27 A
H——/NE L H (Cryptosporidium parvum)il i3 B3]
M G IFRB KRB EER, TS
B 27 A M DGR R 58, Andersson 45 AR
AT UIE A% ME B HUJE (Spironucleus) £ 5 5 HLUE
(Giardia) W WF 58 2 B, Wi 09 36 6] 41 e AR 7T 68 2 4
AU, T 3E 2 KO B DA TRAZ AR g Ak AR BRI 3 R A
— i TR A Bh X A S A Wl N T B A R T
Whitaker %5 APU%F 10 A4~ B4 EAZ% A W 2B AT T
— KB A A, A5 SR R B, rA 2EREh gAgAR
T TR 11%) 35 DR A 22 2 (14— R 43 2 3 e K S A
AT

2.2 A EE Y SN L R RS
TS O A R DA A O AP R R, R IX —
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BB, SO ME E A% AW K AR ) T — R S R R
T X A AL A W) 2 i Ak A T TR Y 52
PUAF LA A Wy 1) 56 DR 20 5L A B A g o e (B 3 ok
FAS R AR P35 2R B9 L R 8 a0), R T R4, Bpk
INAT B ff R, PIRD AT RE R LA C R BB (— Aty
VRLFI— AR T B ) 3ok oA AL 45 v B 17 LA
HE W) B i 3[R #H S5 (last eukaryotic common ancestor,
LECA), ZJG#H & —RIRIAT0E, H5HAbA: Py ro
PR A B LS KA, A T8 s T 390 78 LA e 2 K]
YL EAZ A P20 hiE— R AL R R, B
A2 200 LA Wk %) — b 200 T (TR AT BB 2 - 28 T T ) Rl 35
53 T BLZ AL AR R SRR, 332 Py A 2R R R 22 Ui i
WA 728 R T i, (XA 2R R R 15 5] 22
VU2 BRI 0 B R B — RSV SE R, AR Y
FEAAAEF /N, HEeg AT A F DR & A
—/INER G, RER 43 2 R A R e A R A G Y
PR A, e X Sk R b A i 2 A T R sy B A
= KM N 3 H 5% #% (intracellular gene transfer,
mnmmtﬁﬁmﬁigﬁ%%®wmmMMCgm
transfer, EGT)". 4 fifd #5 38 1 45 JHC 35 PR e 6 1) A 3
PRLZH P, Bk A G A R L 0 R A %) 2 I 2
(Muller’s ratchet effect)fy 3 1 KUY 55— )5,
T4 A g N AT A SRR S N 23 A KR 1 R,
I o 5 B B8 ke S DB B SRR R T A R R AR
M AE S R, A S A R T LA W LR, B
L — X WU A IR S SUeE RS, AT LA, 7R
A R AR, MR BAE h— B A 1
FARAR SEHL, X OB A 5 JhRR 0 BTk o 244K,
JtL P 5 R 7 A% 0 A AR AR 7 A% AR W 0 A B B
EWAETEZMMEZ EYH B, 2— 18 kE
3t A

3 ZUNNR IR YK PO PR A RS e B 1

TE K5 N 5% 72 0 5 9039, B0 200 i A4 90 40 4 )
WFEEE AT, B2 TR HR A B C A A 2 TR
AHTZBIEGE, (E7E 2 40 i B A 1) 45 sl P 20 5
FEANE . FRZ A WK SR A RS R4 R e R ok
TR, AR R 28 W22 KA 2 40l
FUAZ LR W S 04 A B A0 i 20 0 7K i PR e A A i it
T R LA T IR A FREAE, b TN A R 4K

e [N e A% A R A9 A B AR T AT 3 — s 9 F 52
PR A T PR T, 7 2 AT M A A A U Y B A X
B BEE 20 SR A F TAER TR, 1§
DURAE T U RSN BN BE PR 20 7 5 i AT K 4y
Bra K B, — 26 22 40 il B A% A M SE D AL 35 A A ok
FLANER ol DA A A R N, IR WK
B DR e A% I G 0 52 T A A 22 20 i LA AR Wtk A A
. BARMMEE IR HE A 2K, (HIF 2R G1%R
B, IR PR B Xk 22 A M A2 R A= 0 4 A A R e ik
e 83 BTk,

WA, TR J DR e B A IE 4k 72 22 41 AR AR W)
4 K53 ST B Sl R . AR SO e A e 2 56 1
3 ANRREE RS . MY . FCRDPEAT 28 A oA

3.1 KCPHEN R R A gh ity g i

(1) KPFRHEFERSFEAEHIAEE T XF
J&i 4= 8 (metazoans, RPJEA: 59 LA BT A £ 41
SR BRI, AP 2R A B s R & E
PET R B R BETA R AR AR A R Y, Ak
A BRI 40 R A O A T AR — AR A ik
AEHLEEAT A S A B R AL, 8 1 IR
24 1) FE 2R A B — R B BB 40 S AR AR B ik 4w SR
H BB S . Fir LA I o e 2B sh i # O Aa sl B 43
PR A A G D7 =X, AU SE T A 58 7 sCatE AT
A28 B4 R 2 0 W TR A (W T 6 B T 4ERNP.
B2 0% I %6 1 (bdelloid rotifers) i 77 ZE Pk K T X Fh Wl
JEPA S KRBT 4 T TR E &0tk
PRI H R E T Z= 4 460 RN R4
A HEAT A M A B %) W A SR R AT 7 K 0 A Ak
it R AR BRI IRURS: T i 22 B () S R 2
F 7% FE B O a3 48 d3 1 36 K 54 4 (gene  conver-
sion) FIK -3 R 5655 2 Fhigs 4 X JE N AL b A T4k, i
T 46 A FE R Al p & BT K R 1 20 B R R AT
Yy R PRSI ATBE b LR H B9 8% LA EMOY. X
—FH B, K R A R LA AR P A B ok 3
DR %) B T AR 7 A A L),

(i) KFIRHEFERSFEAE A EN. —8k
Ui, DA P A £ W 5 1 5 D 0 0 20 2 B — 1 M XoF
A Ry BB A —— 0 A0 B O B A AR ) ) LT AN
21 A7 9 SR 0 A — 2R 9 T L A 20 L 4 4,
M3 A W) 2 50— ELA R & G = X R EE 11, &
7 HRE I 3 18 S A U W sk s B i — H g e |
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TE 1998 4F, B AL E IR 2 FhoAS[R] @ i AE 4 2 2k
P 28 HeH R 3 T — b G i 20 R R A A G SRR, X
L5 0 S AL, JF BEANEAE T HAh 4 2k
B, REEATAT A8 7K 3 X 5% 5% DA 41 1 Ak
ARATHY S B 5 — 2R 5 vE K A B B A 2R S8 Y
R LN AR L b g A BN HRT A, A
A T AR A 1) R 45 28 RS Pl 3 2 R R ke Yy,
AETHYNGE N B LT T 3 WS AR IR,
K 1T 20 B R R T B A R DR A 2 T A A A N ot A
kT E A 08405450 T il R 2k R
A= FAE Y G R

(i) KFENER S EANYEEEL. 52
TRE T A W) AE A 2 ) AR AF PR A AR AN [R) 18 A 3 T
=, DAwh 2 g Wy A0 R —— 35 555 ¥ (Ciona  intesti-
nalis) BB, TEIEASIE L, M LA B B RHIE BB
THW R Z HBE RS, (R, HS5F R
R A 7] 0 2l 45 B A TR 25 20 Lk B 5 3 B N T M
Syvanen il Ducore®" 4% T 1 & BBV AS 7E N Y 6
MYIFPEFER A, G5RR, S 2SN,
Y3 A A LR o] LA IR 2 4, 0 Sk o AN TR
M HEA R, fATTIA R B AT RE AR R, B2
— MR A, BT IRERER kA I AE . G
AR 5 & B0, Bl 3 6 35 v 5 200 R 3 THORE 6 B Ak &2
DI RE 5L R AT R 2 N 2 Pt R b K PR RS T ok, x4k
I PN 35 i A7 A TN [E] sh i JE R Al b, B Je Ay m]
RETE s W L WA SE B Be gk A4S, JF H Al g x5 %
DB AR A R R . A DR IR T
ZFNTR RS, fonl e AR B2 S WA SE DL Z Rl
FONE TR X AEIE T Doolittle ™ WL #rn
HA (“you are what you eat”).

(1v) 7K P 3% N 7% B8 7 I A5 30 9 v i) H: At 451 F
HB 0 5 PR KT 55 78 2] 3l W JE KA 9 B B8 1 8 B 4
IR IR B 52 [ AR (Wolbachia) i) 5 R 20 98 4 1) | e
PR £ P 100, AR O ) B 4 i 22 i) 30T 30 % A A B o ik TR
RN, H8HH N R A YA A O A 3 R B
B R 2 95 . (pea aphids)H 0%, BB S EIRE AR
NZERPH A kBT Kk A % 4 8k R (Trypanosoma
cruzi) 5 RS FE N 10914

3.2 KOPREH SR AR 0

(1) KPERERNERSHEYFE. KIAEER
(Rafflesiaceae) Bl B B T 4 % & H (Malpighiales) 11,
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2004 4F, Davis Fl Wurdack'®™} 4 & 8 H 172 H A
RERE WG R B R, LRARIEN (marR) FIA%HE
[H(18S rDNA 5 phytochrome C)ZFFiXA~H2E, (HIE,
I3 — LKL FE X (nad 1 B-C) H1R: F I & T 4 45 7
(Vitaceae) N, FE T H &1 37 3 B ICHE & (Tetrastigma).
Davis F1 Wurdack®YA Jy, X —45 54 S i56 BH K A
FER G 43 £ R R J PR 4 R A KT 5 R S 1 T
AONHAE ERAS. X RIEFERMEY) Rafflesia cant-
leyi — 2 B S BT 22 A, L 2.1 % 10 JE R 53
W) 5 7K - 35 DR 2 B A 1900 S et 4 h AR 3 TR 40 40 B
BN, B35 Rafflesia cantleyi B35 F . ITLMTEN
6 YR ET LA R 38 DIRESE A R, A 24%~41%
B 3 (R 7 31 UE B KO 3 TR A RS A K R R
/jEj\j'_lmJ.

F RN AF 3 2 A AR K R RS I iR GE B T
51| 248l (Orobanchaceae) 4 2 A= Al ¥ A A %5 (Cistanche
deserticola)T, RRZE AN SRR FE PR 20 Rt 25 2 3
A, Eﬁﬁﬂ(ng%*zME%ifﬁ*ﬁ(Haloxylon
ammodendron)ib3K4% rpoC2 FEH®, i, Zhang %5
M, % B — A A R T AR AY S5 A A R
(strictosidine synthase-like, SSL)ZSRIFEH, F3 5l K -
% B MR 75 HE A Y) 53 K2 91 2 (Orobanche  aegyptiaca)
MZL 27 MY P 7 22§ (Cuscuta australis)F, #E—
HWFFE S5 R0, Z IR AE B 0 Z ARy Fh e al g
SR PATEZ M TIRE. MAE 2004 4, Nature |38
T MR D51 05 B, Mower 4F A UOTRE 4 i JE
(Plantago)atpl FE [ Hr B, #4410 J& A8 418
1 7K V- 3 R 5 B D 22 ¥ & (Cuscuta) . J7 145 H &
(Bartsia) YA RS arp] RFEN, X — 25 FL 155
A 0y b FE 2 S A TR B 1) S 3

(i) RPN SHEY . fa TOp 4
TR R, KRATE 5 G4, Rl Y6 i,
XA M AE R RGN G — 2, R
AL DI o — AN TR B SR AR G i AR
il A A 40 1 AHL 26 THT I 25 8 2R 85845 SR 1 1 Z2 Pk ik,
THE . AR L R SR AN AT TR
PR R IR fef HL ke A — R A B IE W AR R, 2009 4 & 3R
F 2 e SCEE R IUSTOL K S SE R 7 B B 4 nT TS Bl
ARG T REHIIREE. TR, Yue SR AN AL
i A= A ) B A e ——/INSL W EE (Physcomitrella patens)
AT TRKEA N, KX ANYF LR AP A
ZiK 57 N FRERKEIL 128 DI ENFEZ LY, H




EaEs

W MR B AL e R T R, OF HLER RS A A TE R W Ak Y
AR, FTHX R E R AR, HF—
HWERIIEEBE ST A, XEEES 55—
) B R AR YRR S I DR IE SR, AR R
JE R . FEYIBGAE . BAG VI ERY . 2. PSR
EY YA L. XS5 F U, TRt K A )
Bili A= 2 R sk R v, oKCF SR UG RS 4 T A Y L
B AR, TRZI L2 1 A 4 2k AL DT 2

(i) KFEREHSHEY Cy GHIEH. Gt
BER R —DE IR, RERE T2 WIRET
o RE R AL A A U0, Sk IR A | AR B
FArF A= W20 55 5 T B 58 2 B B9 C, M
HITEHER I, CoAEP A CitH e ARk, (HIFAJE
HEIERL, MRLD) T — AN FRR A C5-Cy ] BB B2
TERT ABFSE B ERT |, Christin 25 AR H T B AL
J& (Alloteropsis) N WF R X L GX MR EBE & A Cs
Y, XA C Y, XHE Cy iR i 2 4E Bk
TR A T TR ) 482 A T (ppr ) 25 TR R A TR s T TR R TR AR
P (pek) LR FEAT 08T, S5 EM, L2 1T
A, BEEE P HT Co B EMBZEREHA LR
A B, 204 4 UG K FE R 7 85 A R E R
HoAth g AL FRIL ppe FEH N pek FeH . X BB, 76 C3 6
EEHN C, RN T, EHEE TR
i T N EENAA, 2OEESEE PN
Christin % APO7E SCR i), BRIRE T C 3K
VIR B ke B S AR — R SR 2 Y, ROAR
XA B R B R AR R 1 A AE Y A Y A S
UEHE, (R RE A I AR s, AR R ARG R 2
5 25 B 2 BN

(Iv) 7KV R LR ZE A vh ) LA B IE. 5B 4>
I DRI K - 55 7% B AR P S DK 2 9 B iR B AR L 4G 2
A DDA AEL A Kb (B 93 S2) i) 4R R 0 X JRR e s )
RN, 5 MW M I 45 (Striga hermonthica) N H:
A FALIRAF— T8 AR S0 A FE S K ok A
N, HE RGP ARSI R A, MA Y AR 2
B 1) B J UR B9 8% - A W) —— TC M BE (Amborrella tri-
chopoda)ibHEF% B0V - WAk, B A SCEERGE T RN
A B Bl e A W 0] ) K55 8% . Diao %6 APHfE
T — A~ EF- (transposon) 1E 1 & B J& (Setaria) F1 /K 7
(Oryza sativa)Z [0 K4 T K548 Vaughn 2 A P2E
B A ) 25 5K 25 B 5 BB} (Piperaceae) 1) faf i AR
(Peperomia polybotrya) ™ & FL T M B Ab #4500

4 F(intron).

3.3 RCPIE RS R FLA M

(1) HEWERENAKEES. EERFEY, 5
rTE] A T ATV A AR A 6 B 3 DR R SR AR R .
2011 4E, Slot F Rokas®“ & F &R, A& PRI
5¢ i J& (Podospora) 1 il 1 1t B 2 (sterigmatocystin)
A R AR 1) — A FE RS D T 5 T8 (Aspergillus)
AL IKFEER TR Y. XA AP E LET, 2Rk
) LR KT R R A IR A SR A P AR RS T
— AN I, TR R B KO R SR R R A
54 kb, 3% 1 23 ANEE, IXORNAIE B /K- PR e 7% 1T
REXT H QIR A 035 DTk, WAE B P UK
b rl e & py R AR R T TR,

(1) ERMESRERNAKEES. a0 bSO,
FEJFAZ A s I AR b, K56 B 0 JE IR AT DA Sl 30
9 PR () — R U, RSN St T, B B A rh
] DL A R ) S0 BT B 55 R (R A B
— HL = EAEEIEE R S, B 2006 4F, Friesen 55
POV R — A 4 A 5 el 50 TR A 3 DR /N2 A
R B (Stagonospora nodorum)’s#% 2| /N 22 8 B A5 %
W (Pyrenophora tritici-repentis) ™, S8 T H—"®
INEBEIRPERR I & . Sun % AP R 2 EE S
A5V i F DR G 4 5310 DA BT T 9 I A R A48 R Ak 7K PP
#% 2|0 7% 18 (Batrachochytrium dendrobatidis) ™, 3 7]
FIE 7F M A AT 1140005 o7 2o R oy i 1 Y A .

(ii) 7P R R e B iy HoA e, 2Rl
TAEJG LS R G O, AP RN 7E
B A IE AR TG 22 . 3030, Cheeseman 45 Af
BT — N EE YRR T 5 %8 (Penicillium) ] Y 55 [
KRR, 2K R R 4 5 (genomic
island)iid 575 kb, 2955 250 PHEH . Ma 45 N5
B o e B R (Fusarium) N 22 2 e AR A K55 55
AT AT, X A R DR KT B 7% 1 B RN A 5 JE TN
B B HGE S SRS . AN, FEFEAKCER 3 A
TR i DR 2 9 10 091 38 38 ) b AR 445 g £ 5 g 1100101
INGYF BRI B O 1O A

4 gk es

4.1 KRR AN 5 13: e He B A= ML
HAR Babi¢ 2 AN"ME G R HZOEE Fbric AR
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i KIAHFT B (Escherichia coli)f K3 R #4242 0]
AL B, HE BT R 28 0T L2 E 24
M EAZ AR, BTREME A A T SRR A R R R
KB HEN. T UG ORI R G R T TR
AR X, Huang 1 Yue S 45 T 10 MESLPRRE D
oL BB N, HARS%. A, ENE GC &
L R A AE AT R R R R A
T A0 AR W 32 | TR 285 A 30 2 A5 LAty T A
e 4 5 Bh e .

XK 58 R 7 A% e AR ML A f g, B TR U,
T JFAZ A= W v 3 B2 5 Ak (20 M DA 6L B 45 v i WA e
B DNA) . 26 (132 (A 240 R il o o e 45 e e ik, ST
MRS IH 1 ) R T (LA BE SR R O A AT R RS ),
T A FLA% A W e ol T3 4 R A 0 g Ak A
A 8 Al . R ARASEA ) S A dn A O R |
AERR . MWIEIESE) . SR (— AR AR K
2N 55— ARl A AT Sk B AR IR A e (HD B S aE E)
By B B & X T EAZ A YK R H
(9 % A= AL, Huang! %38 $8 Hy T — 438 55 R 55 5
17 (the weak-link model), TE4H1HE T ZMEIE R BEA
AR . FERA, BB LR AT REE.

4.2 ROPHEPEERE K A i 1

MEHB B 5T, I N e B F 9 K A A
AULF LA, (1) AT kb X AR fE
i 1A% 28 JE A B ) O A3 ] fE b 22 A0 I 0%
PR A, ST R TR A SR L A ) R AR
F1% s PR S7 R iE A% T 25 T JC A0 32 BIR 1 B 85 ) A= B 400 i
FUONRI I, KPR R L B A1 HEA T IO AR AL 1 22 40 i
LA P A AT RE A O, (EDF AR BT A
MBI A MM AR EY P RELE, ZH
i A A W A LA ML B B e T B A D K 2

RPN

DR B i R AR AR T ALY, Yue SEAUTIXETEA
B i o B K OF B R B A A ST TE R T X —
Ay () AP R B A (L A A . AR R)
0 2 IR A AL R A KPR B RS TEFF AR R R
H, BENORER R AT E AP A RS, XS ESR
W o B A i 5 1) — B (1) 9 RS2 2R R HIL R s R
B AR 1 2 DR AR KT e A% 22 Jim R x5 B B R
WP E BN IMAL 1 T 2%, HIXOIFARBEZ R E
VAP A5 i R A AR A A K A KR RS
ATk, 8 AP e A AR AT 1 2 A ] RE 2 8 A B
WAFNSZARRR R T, TR R R &R 59—, R
X SE L N —JF IR IF ANl S 2 4wl S I TR
*HE‘,VEFH[W,I(W].

X AT [ P 5 K P S TR 8 1 A A A — o 1Y
FAFELRD, O X -G T Oy, (HEEE
YL, X S MU I H TS A IS BT R
SEHRRY, HSLRYNE DU 5 A BT 22, 1EXT KK
FENFAL A — 2R R T Z A2 Ik /Y.

4.3 ZUNBIARE AP hoK P R 5 R A Tl
i

ik ESCE T, FATIAC, KPR 1 2
A E A RO R TC R R E AT, R
Xt I A R AR B AR N, A AR R
A REARAS LA, (EAE 20 20 i B AR W A R 3
SRR A S AL B p, KPR L R TS AR 4
A SCHER f . T EPINA, 2R A T B AA
JITBIR, R AR AE 4 A 7K P 2 DR e A% A 22 4 it
R o B0 A S TR S A R, B 5
Bl AL e AR Bk, KPR N R G 2
T 25 40 M A% A= 1) v Ok B 22 b i R B, O AN T B
BT T 3xX — B B A AR

1 Keeling P J, Palmer J D. Horizontal gene transfer in eukaryotic evolution. Nat Rev Genet, 2008, 9: 605-618

2 Jain R, Rivera M C, Moore J E, et al. Horizontal gene transfer accelerates genome innovation and evolution. Mol Biol Evol, 2003, 20:

1598-1602

N O bW

2060

Darwin C. On the Origins of Species by Means of Natural Selection. London: Murray, 1859

Doolittle W F. Phylogenetic classification and the universal tree. Science, 1999, 284: 2124-2128

Syvanen M. Evolutionary implications of horizontal gene transfer. Annu Rev Genet, 2012, 46: 341-358

Williams D, Fournier G P, Lapierre P, et al. A rooted net of life. Biol Direct, 2011, 6: 45

Hilario E, Gogarten J P. Horizontal transfer of ATPase genes—The tree of life becomes a net of life. Biosystems, 1993, 31: 111-119



20

21

22

23

24

25

26

27

28

29

30

31

32

33
34

35

36

37

38

39

40

41

Ciccarelli F D, Doerks T, Von Mering C, et al. Toward automatic reconstruction of a highly resolved tree of life. Science, 2006, 311:
1283-1287

Puigbo P, Wolf Y I, Koonin E V. Search for a ‘Tree of Life’ in the thicket of the phylogenetic forest. J Biol, 2009, 8: 59

Galtier N, Daubin V. Dealing with incongruence in phylogenomic analyses. Philos Trans R Soc B-Biol Sci, 2008, 363: 4023-4029

Dagan T, Martin W. The tree of one percent. Genome Biol, 2006, 7: 118

Swithers K S. Trees in the web of life. J Biol, 2009, 8: 54

Dutta C, Pan A. Horizontal gene transfer and bacterial diversity. J Biosci, 2002, 27: 27-33

Gogarten J P, Doolittle W F, Lawrence J G. Prokaryotic evolution in light of gene transfer. Mol Biol Evol, 2002, 19: 2226-2238

Ochman H, Lawrence J G, Groisman E A. Lateral gene transfer and the nature of bacterial innovation. Nature, 2000, 405: 299-304
Davies J, Davies D. Origins and evolution of antibiotic resistance. Microbiol Mol Biol Rev, 2010, 74: 417-433

Jain R, Rivera M C, Lake J A. Horizontal gene transfer among genomes: The complexity hypothesis. Proc Natl Acad Sci USA, 1999, 96:
3801-3806

Garcia-Vallvé S, Romeu A, Palau J. Horizontal gene transfer in bacterial and archaeal complete genomes. Genome Res, 2000, 10:
1719-1725

Dagan T, Artzy-Randrup Y, Martin W. Modular networks and cumulative impact of lateral transfer in prokaryote genome evolution. Proc
Natl Acad Sci USA, 2008, 105: 10039-10044

Treangen T J, Rocha E P. Horizontal transfer, not duplication, drives the expansion of protein families in prokaryotes. PLoS Genet, 2011,
7:e1001284

Zhaxybayeva O, Gogarten J P, Charlebois R L, et al. Phylogenetic analyses of cyanobacterial genomes: Quantification of horizontal gene
transfer events. Genome Res, 2006, 16: 1099-1108

Huang J L, Mullapudi N, Lancto C A, et al. Phylogenomic evidence supports past endosymbiosis, intracellular and horizontal gene
transfer in Cryptosporidium parvum. Genome Biol, 2004, 5: R88

Andersson J O, Sjogren A M, Davis L A, et al. Phylogenetic analyses of diplomonad genes reveal frequent lateral gene transfers affecting
eukaryotes. Curr Biol, 2003, 13: 94-104

Whitaker ] W, McConkey G A, Westhead D R. The transferome of metabolic genes explored: Analysis of the horizontal transfer of
enzyme encoding genes in unicellular eukaryotes. Genome Biol, 2009, 10: R36

Rivera M C, Lake J A. The ring of life provides evidence for a genome fusion origin of eukaryotes. Nature, 2004, 431: 152-155

Katz L A. Origin and diversification of eukaryotes. Annu Rev Microbiol, 2012, 66: 411-427

Margulis L. Origin of Eukaryotic Cells: Evidence and Research Implications for a Theory of the Origin and Evolution of Microbial, Plant,
and Animal Cells on the Precambrian Earth. New Haven: Yale University Press, 1970

Gray M W. Evolution of organellar genomes. Curr Opin Genet Dev, 1999, 9: 678-687

Dyall S D, Brown M T, Johnson P J. Ancient invasions: From endosymbionts to organelles. Science, 2004, 304: 253-257

McFadden G I. Chloroplast origin and integration. Plant Physiol, 2001, 125: 50-53

Kurland C, Andersson S. Origin and evolution of the mitochondrial proteome. Microbiol Mol Biol Rev, 2000, 64: 786-820

Martin W, Rujan T, Richly E, et al. Evolutionary analysis of Arabidopsis, cyanobacterial, and chloroplast genomes reveals plastid
phylogeny and thousands of cyanobacterial genes in the nucleus. Proc Natl Acad Sci USA, 2002, 99: 12246-12251

Huang J L, Yue J P. Horizontal gene transfer in the evolution of photosynthetic eukaryotes. J Syst Evol, 2013, 51: 13-29

Martin W, Herrmann R G. Gene transfer from organelles to the nucleus: How much, what happens, and why? Plant Physiol, 1998, 118:
9-17

Allen J F, Raven J A. Free-radical-induced mutation vs redox regulation: Costs and benefits of genes in organelles. J Mol Evol, 1996, 42:
482-492

Timmis J N, Ayliffe M A, Huang C Y, et al. Endosymbiotic gene transfer: Organelle genomes forge eukaryotic chromosomes. Nat Rev
Genet, 2004, 5: 123-135

Dunning Hotopp J C. Horizontal gene transfer between bacteria and animals. Trends Genet, 2011, 27: 157-163

Muller H J. The relation of recombination to mutational advance. Mutat Res, 1964, 106: 2-9

Danchin E G, Flot J F, Perfus-Barbeoch L, et al. Genomic perspectives on the long-term absence of sexual reproduction in animals. In:
Pontarotti P, ed. Evolutionary Biology—Concepts, Biodiversity, Macroevolution and Genome Evolution. Berlin Heidelberg: Springer, 2011.
223-242

Flot J F, Hespeels B, Li X, et al. Genomic evidence for ameiotic evolution in the bdelloid rotifer Adineta vaga. Nature, 2013, 500:
453-457

Waggoner B, Poinar Jr G. Fossil habrotrochid rotifers in Dominican amber. Experientia, 1993, 49: 354-357

2061



8 & 2014HE7H #£59% H21#

42

43

44
45

46

47
48

49

50

51

52
53

54

55

56
57

58

59

60

61

62

63

64

65

66
67

68

69

70
71

Welch D B M, Meselson M. Evidence for the evolution of bdelloid rotifers without sexual reproduction or genetic exchange. Science,
2000, 288: 1211-1215

Segers H. Annotated Checklist of the Rotifers (Phylum Rotifera), with Notes on Nomenclature, Taxonomy and Distribution. Auckland:
Magnolia Press, 2007

Gladyshev E A, Meselson M, Arkhipova I R. Massive horizontal gene transfer in bdelloid rotifers. Science, 2008, 320: 1210-1213
Boschetti C, Pouchkina-Stantcheva N, Hoffmann P, et al. Foreign genes and novel hydrophilic protein genes participate in the desiccation
response of the bdelloid rotifer Adineta ricciae. J Exp Biol, 2011, 214: 59-68

Haegeman A, Jones J T, Danchin E G. Horizontal gene transfer in nematodes: A catalyst for plant parasitism? Mol Plant Microbe Interact,
2011, 24: 879-887

Walton J D. Deconstructing the cell wall. Plant Physiol, 1994, 104: 1113-1118

Smant G, Stokkermans J P, Yan Y, et al. Endogenous cellulases in animals: Isolation of -1, 4-endoglucanase genes from two species of
plant-parasitic cyst nematodes. Proc Natl Acad Sci USA, 1998, 95: 4906-4911

Danchin E G, Rosso M N, Vieira P, et al. Multiple lateral gene transfers and duplications have promoted plant parasitism ability in
nematodes. Proc Natl Acad Sci USA, 2010, 107: 17651-17656

Abad P, Gouzy J, Aury J M, et al. Genome sequence of the metazoan plant-parasitic nematode Meloidogyne incognita. Nat Biotechnol,
2008, 26: 909-915

Lambert K N, Allen K D, Sussex I M. Cloning and characterization of an esophageal-gland-specific chorismate mutase from the
phytoparasitic nematode Meloidogyne javanica. Mol Plant Microbe Interact, 1999, 12: 328-336

Blaxter M L, De Ley P, Garey J R, et al. A molecular evolutionary framework for the phylum Nematoda. Nature, 1998, 392: 71-75

van Megen H, van den Elsen S, Holterman M, et al. A phylogenetic tree of nematodes based on about 1200 full-length small subunit
ribosomal DNA sequences. Nematology, 2009, 11: 927-950

Keen N T, Roberts P A. Plant parasitic nematodes: Digesting a page from the microbe book. Proc Natl Acad Sci USA, 1998, 95:
4789-4790

Mayer W, Schuster L, Bartelmes G, et al. Horizontal gene transfer of microbial cellulases into nematode genomes is associated with
functional assimilation and gene turnover. BMC Evol Biol, 2011, 11: 13

Whiteman N K, Gloss A D. Parasitology: Nematode debt to bacteria. Nature, 2010, 468: 641-642

Syvanen M, Ducore J. Whole genome comparisons reveals a possible chimeric origin for a major Metazoan assemblage. J Biol Syst, 2010,
18: 261-275

Ni T, Yue J P, Sun G L, et al. Ancient gene transfer from algae to animals: Mechanisms and evolutionary significance. BMC Evol Biol,
2012, 12: 83

Doolittle W F. You are what you eat: A gene transfer ratchet could account for bacterial genes in eukaryotic nuclear genomes. Trends
Genet, 1998, 14: 307-311

Hotopp J C D, Clark M E, Oliveira D C, et al. Widespread lateral gene transfer from intracellular bacteria to multicellular eukaryotes.
Science, 2007, 317: 1753-1756

Graham L A, Lougheed S C, Ewart K V, et al. Lateral transfer of a lectin-like antifreeze protein gene in fishes. PLoS One, 2008, 3: 2616
Moran N A, Jarvik T. Lateral transfer of genes from fungi underlies carotenoid production in aphids. Science, 2010, 328: 624-627

Hecht M M, Nitz N, Araujo P F, et al. Inheritance of DNA transferred from American trypanosomes to human hosts. PLoS One, 2010, 5:
e9181

Barkman T J, Lim S H, Salleh K M, et al. Mitochondrial DNA sequences reveal the photosynthetic relatives of Rafflesia, the world’s
largest flower. Proc Natl Acad Sci USA, 2004, 101: 787-792

Davis C C, Wurdack K J. Host-to-parasite gene transfer in flowering plants: Phylogenetic evidence from Malpighiales. Science, 2004, 305:
676-678

Xi Z, Bradley R, Wurdack K, et al. Horizontal transfer of expressed genes in a parasitic flowering plant. BMC Genomics, 2012, 13: 227
Xi Z, Wang Y, Bradley R K, et al. Massive mitochondrial gene transfer in a parasitic flowering plant clade. PLoS Genet, 2013, 9:
¢1003265

Li X, Zhang T C, Qiao Q, et al. Complete chloroplast genome sequence of holoparasite Cistanche deserticola (Orobanchaceae) reveals
gene loss and horizontal gene transfer from its host Haloxylon ammodendron (Chenopodiaceae). PLoS One, 2013, 8: 58747

Zhang D, Qi J, Yue J, et al. Root parasitic plant Orobanche aegyptiaca and shoot parasitic plant Cuscuta australis obtained
Brassicaceae-specific strictosidine synthase-like genes by horizontal gene transfer. BMC Plant Biol, 2014, 14: 19

Mower J P, Stefanovi, Cacute S, et al. Plant genetics: Gene transfer from parasitic to host plants. Nature, 2004, 432: 165-166

Kenrick P, Crane P R. The origin and early evolution of plants on land. Nature, 1997, 389: 33-39

2062



72
73
74
75
76
77
78
79

80

81
82

83

84

85

86

87
88

89

90

91
92

93

94

95

96

97
98

99

100

101

102

Bateman R M, Crane P R, DiMichele W A, et al. Early evolution of land plants: Phylogeny, physiology, and ecology of the primary
terrestrial radiation. Annu Rev Ecol Syst, 1998, 29: 263-292

Sanderson M J, Thorne J L, Wikstrom N, et al. Molecular evidence on plant divergence times. Am J Bot, 2004, 91: 1656-1665

Waters E R. Molecular adaptation and the origin of land plants. Mol Phylogenet Evol, 2003, 29: 456-463

Richards T A, Soanes D M, Foster P G, et al. Phylogenomic analysis demonstrates a pattern of rare and ancient horizontal gene transfer
between plants and fungi. Plant Cell, 2009, 21: 1897-1911

Emiliani G, Fondi M, Fani R, et al. A horizontal gene transfer at the origin of phenylpropanoid metabolism: A key adaptation of plants to
land. Biol Direct, 2009, 4: 1-12

Yue J P, Hu X Y, Sun H, et al. Widespread impact of horizontal gene transfer on plant colonization of land. Nat Commun, 2012, 3: 1152
Ehleringer J R, Sage R F, Flanagan L B, et al. Climate change and the evolution of C, photosynthesis. Trends Ecol Evol, 1991, 6: 95-99
Sage R F. The evolution of C, photosynthesis. New Phytol, 2004, 161: 341-370

Edwards E J, Osborne C P, Stromberg C A, et al. The origins of C, grasslands: Integrating evolutionary and ecosystem science. Science,
2010, 328: 587-591

Kennedy R, Laetsch W. Plant species intermediate for Cs, C, photosynthesis. Science, 1974, 184: 1087-1089

McKown A D, Dengler N G. Key innovations in the evolution of Kranz anatomy and C, vein pattern in Flaveria (Asteraceae). Am J Bot,
2007, 94: 382-399

Raghavendra A, Rajendrudu G, Das V. Simultaneous occurrence of C; and C4 photosyntheses in relation to leaf position in Mollugo
nudicaulis. Nature, 1978, 273: 143-144

McKown A D, Moncalvo J M, Dengler N G. Phylogeny of Flaveria (Asteraceae) and inference of C, photosynthesis evolution. Am J Bot,
2005, 92: 1911-1928

Ueno O, Bang S W, Wada Y, et al. Structural and biochemical dissection of photorespiration in hybrids differing in genome constitution
between Diplotaxis tenuifolia (C3-C4) and radish (C;). Plant Physiol, 2003, 132: 1550-1559

Christin P A, Edwards E J, Besnard G, et al. Adaptive evolution of C4photosynthesis through recurrent lateral gene transfer. Curr Biol,
2012, 22: 445-449

Won H, Renner S S. Horizontal gene transfer from flowering plants to Gnerum. Proc Natl Acad Sci USA, 2003, 100: 10824-10829
Yoshida S, Maruyama S, Nozaki H, et al. Horizontal gene transfer by the parasitic plant Striga hermonthica. Science, 2010, 328:
1128

Bergthorsson U, Richardson A O, Young G J, et al. Massive horizontal transfer of mitochondrial genes from diverse land plant donors to
the basal angiosperm Amborella. Proc Natl Acad Sci USA, 2004, 101: 17747-17752

Rice D W, Alverson A J, Richardson A O, et al. Horizontal transfer of entire genomes via mitochondrial fusion in the angiosperm
Amborella. Science, 2013, 342: 1468-1473

Diao X, Freeling M, Lisch D. Horizontal transfer of a plant transposon. PLoS Biol, 2005, 4: e5

Vaughn J C, Mason M T, Sper-Whitis G L, et al. Fungal origin by horizontal transfer of a plant mitochondrial group I intron in the
chimeric coxI gene of Peperomia. J Mol Evol, 1995, 41: 563-572

Walton J D. Horizontal gene transfer and the evolution of secondary metabolite gene clusters in fungi: An hypothesis. Fungal Genet Biol,
2000, 30: 167-171

Slot J C, Rokas A. Horizontal transfer of a large and highly toxic secondary metabolic gene cluster between fungi. Curr Biol, 2011, 21: 134-139
Rosewich U L, Kistler H C. Role of horizontal gene transfer in the evolution of fungi. Annu Rev Phytopathol, 2000, 38: 325-363

Friesen T L, Stukenbrock E H, Liu Z, et al. Emergence of a new disease as a result of interspecific virulence gene transfer. Nat Genet,
2006, 38: 953-956

Sun G L, Yang Z F, Kosch T, et al. Evidence for acquisition of virulence effectors in pathogenic chytrids. BMC Evol Biol, 2011, 11: 195
Cheeseman K, Ropars J, Renault P, et al. Multiple recent horizontal transfers of a large genomic region in cheese making fungi. Nat
Commun, 2014, 5: 2876

Ma L J, Van Der Does H C, Borkovich K A, et al. Comparative genomics reveals mobile pathogenicity chromosomes in Fusarium.
Nature, 2010, 464: 367-373

Paoletti M, Buck K W, Brasier C M. Selective acquisition of novel mating type and vegetative incompatibility genes via interspecies
gene transfer in the globally invading eukaryote Ophiostoma novo-ulmi. Mol Ecol, 2006, 15: 249-262

Inderbitzin P, Harkness J, Turgeon B G, et al. Lateral transfer of mating system in Stemphylium. Proc Natl Acad Sci USA, 2005, 102:
11390-11395

Slot J C, Hibbett D S. Horizontal transfer of a nitrate assimilation gene cluster and ecological transitions in fungi: A phylogenetic study.
PLoS One, 2007, 2: €1097

2063



a4 % B & 2014478 $£59% £214

103

104
105
106
107

Hall C, Dietrich F S. The reacquisition of biotin prototrophy in Saccharomyces cerevisiae involved horizontal gene transfer, gene
duplication and gene clustering. Genetics, 2007, 177: 2293-2307

Babi¢ A, Lindner A B, Vuli¢ M, et al. Direct visualization of horizontal gene transfer. Science, 2008, 319: 1533-1536

Bock R. The give-and-take of DNA: Horizontal gene transfer in plants. Trends Plant Sci, 2010, 15: 11-22

Huang J. Horizontal gene transfer in eukaryotes: The weak-link model. Bioessays, 2013, 35: 868—875

Wellner A, Lurie M N, Gophna U. Complexity, connectivity, and duplicability as barriers to lateral gene transfer. Genome Biol, 2007, 8:
R156

Horizontal gene transfer provides new insights into biological evolution

WANG Qia'?, YUE JiPei'?, ZHANG TiCao', HUANG JinLing'~ & SUN Hang'

! The Key Laboratory for Plant Diversity and Biogeography of East Asia, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming 650201,
China;

% University of Chinese Academy of Sciences, Beijing 100049, China;

* Department of Biology, East Carolina University, Greenville 27858, USA

The discovery of horizontal gene transfer (HGT) has challenged the Darwinian “tree of life” concept and, at the same time, has
provided new insights into biological evolution. HGT is not only frequent in prokaryotes and unicellular eukaryotes, but also occurs in
multicellular eukaryotes. In this article, we review the occurrence and evolutionary significance of HGT in the three major groups of
multicellular eukaryotes (animals, plants, and fungi). We also briefly discuss HGT detection methods and possible transfer
mechanisms, and offer some predictions about the overall trend of HGT occurrence in multicellular eukaryotes.
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