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(FEMEERADNPHRT GRS FHUESLRE, PTEDOEFEREINM, = BB 650223)

WE: EAME 60 R, Kimura RN “hibdife” BULEE M KIA/R A ARFERER TR RA
Mk, BELERBIFR AN £ DNAKF, BREERIEEF " ARER" Kt XEHTRREGR
FIEERAEBAMBEEA DNA BENRR, URERBAREENRR, 7€ DNA K FRMAFFHESST
EMFEERERARSE: HASSHERRAMEAZRERE. WH L Tajina (1989) RILK D BEANRE, BH
KEET “hHEHT, FHRSFhEERR -8 WFEE, XeirkUPEREEIFRE, SaRiTRR
JTIRAIHT DNA B8, BFRA “PHERE”, XE RN TRR— 0 XL IR R A 2 R 4
VERENRAMRBEEEER L, ZXNM AL ERRN Yk, UEBAKNEE THREMNEERR
BRABRIE T,
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Detecting Natural Selection at the DNA Level

ZHOU Qi, WANG Wen*

( CAS-Max Planck Junior Scientist Group, Key Laboratory of Cellular and Molecular Evolution Kunming Institute of Zoology,
the Chinese Academy of Sciences, Kunming 650223, China)

Abstract: In the 1960s, the neutral theory proposed by Kimura caused an unprecedented challenge to the classical
Darwin’s theory of natural selection. However, recent advances in evolutionary genetics have provided a great deal of evi-
dence on the role played by natural selection at the DNA level. These progresses have been stemmed from the appearance
of enormous DNA sequence data of populations and genomes as well as the development of theoretical population genetics.
There are mainly two kinds of approaches to detect selection at the DNA level: intraspecific polymorphism tests and inter-
specific divergence tests. The former one is represented by Tajima’s (1989) D test while the latter one is based on the
principle that the intraspecific polymorphism should be consistent with the interspecific divergence under neutrality. These
methods are usually called “neutrality tests” because the neutrality hypothesis is taken as the null hypothesis in the tests.
They are important tools not only in solving the basic theoretical questions in evolutionary biology but also in interpreting
data and results obtained in the studies of human genetics and bioinformatics. In this paper, we shall review the progress-

es in detecting natural selection at the DNA sequence level and introduce the basis and application of several widely used
tests.
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EREBRKFRMB T REBETHNEEER, HNESKEHPHE, SEER, P AN DR N
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MEIHESHEILEHREREELHRERR
(Kimura, 1968, 1983). H THE R LS
Fob (molecular clock) A HE NP HEMILEL T
AR, HhEY¥E— B RS FK BRI
PEFEAL IS N2 AR B A BLARIR IR SGE B B8 E o

REml, AREFLKAFWKET. A
1983 4 DNA 3 Fr £ R Fi T 8 4 ot 1% BF 52 L oK
(Kreitman, 1983), 7£ DNA /K 34k B R BEHE
AR T e ERN— AR ARB, —FRFINE
EMRE S ZRREELE DNA 77 PR PR EEEM.
I Fay et al (2002) REE5HT M ARBENENAS,
WHERERTEERAARRERERT AL R
A, FEFERNERRESE S, EEERABRK
HTEBEAMAMG, W jingwe L) AEE K
sphinx (FIZF5elln) EEG, EREE QAR EENE
T RAE THRESA, NTHRRE R T HKIEE
(Long & Langley, 1993; Wang et al, 2000,
2002a), BATHAE AR SHEME A FHAE R B DN A A
BF THREENFELE (Wyckoff et al, 2000), FiRHf
FRAR N A REBRM T XRIERE. FERRNE
WA, 1E DNA K E#THREERERHER
MU BRRRA TR, X% KER D
HRU TR, Bl 5t Na R B
DNA ¥i#f, MR ARABENFLE. EIMN#H%
AR (neutrality test) o

XK RN, NMUVHEEEY¥, F
RS AR BEFFAEYE R ¥R TRA NN
DNA ¥E ot TR M EWBE T, n—1
HEREFRERESZ AREFEAT =L ST
b, ERTITERBRZENBENRE S X
HEYIFRITOMAIRR, #8F] L33 A X 8 0 YA AT
SATHERT. BIRAE, EAXHX — SR A R RIZE
I B TESLTREH B, EkBHEG THXE
FHURRE, FHRARBEFMERAENERE.
H R L BRI 8607 i R AR R AT — B
RN

A SOHE R A KL BV 0 B R i AT A
&, HHHEENRBHTENEE. TXBR
HA 5 o PR A 0 Y TSR T LA el 4 R A O E R
HH8 A F 4 i i) DNA B8R, X5 k430
FIAR N Z S (intraspecific polymorphism )

AR RS B6 ) L A [R] 43 % B8 LE 3 (interspecific diver-
gence) MK, EXLRAFTHERS, BMEKA
E-HREREFEAEED—ANTRNEE, £2¥F%
ERETE LM RR, HﬁaTnE%”’%"TETE:, i1
BE—- MBI ENGR.

1 ETRHASSERNHERR

ER KPR ZEERE R — Mt
BHHBEAARNESE (Ohta & Kimura, 1971),
BIEESUEERMAFLINERIAL, 5&
HEXML, DNA WESHAE TEFEFEMNESE
FEHREHGER, I EERE LA REERM T
E O S AR . BTLA, DNA ZBHE RN
IRFABAEFA R E LRI

i DNA ZSHLLBHFRANSEAE =M. o
BB (segregating sites), Ll K R, #§HE
DNA AP AFAFRBEF IV HE; £8
BRI Z A H B % 7 1 F 9% (the mean number
PLIT /7R ; BRHFE
W4 (frequency spectrum), 4875 % 75} 8] b 46
Ftﬂﬂﬂ’)ﬁTﬁ%’?*ﬁ@ﬁ#ﬁiﬁ, HERERR
HIMBREIT RN RS E

Tajima (1989) %'L‘H% AETFH N DNA 51
BRI, —RIEUNRLE %R
BE. ENTAEREMBEN TS EBEET
Tajima’s D R3S : B 5@ E SR AIMILA
& DNA ZBHNSECIRIEBRESE 0 T
o MALHY 0 BRIEARF BB NSE, BiglHN 4
Ny (N, AEBBBERAD, p ARTHEE), EF
HRIRAIRET, REBETES 6 MAATHEN X
W%, ETHESHEAMERSIEREITE
B

of nucleotide differences),

(L) - Ly) ()
V V(L - Ly)
AH L Ly FEAARFEEEW 0 BWAETHE,
BEAMRMGITFREE; vREFETE,
SRR T VL (Monte-Carlo simula-
tion) FAEXRTHRITKRR M S HMEFIERE, A
TERRK., (1) XKEBBEE (significant) M5
R, WERRHFZE TEEBEIETUIMNMERE
W, RES T AR

®MECAZ(hup 1//www . megasoftware . net) \PAML(ftp : //abacus. gene . ucl. ac. uk/pub/paml/) Fl DNAsp(http: //www.ub. es/dnasp/)
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1.1 Tajima’s D ¥

X Tajima (1989) M HHRER I, @&
A4 EM AR H K T ERKF I ZEE R F
BRI %6 TG

E(K) = a0, (Watterson,1975) (2)

Sf oy = S0 L R SREARE

E(IT) = = (Tajima, 1983) (3)
RIGHRHEE (2) M (3) WE Tajima’s D KK
T -0
= T~ % _ (Tajima,1989 4
D T =0 (Tajima, 1989) (4)
Kb g, = fl .

RTINS R, D ENSAFELA
PR IES S, RS g aMW L &#E. FrLl,
Tajima B LR ERMEL Y, M g Zk#lE D E
HiES N

FRTREMSES, BT K NiITBELREE
RN AR, RHBAENEHE., UAIEE
BAFES IS HARKKZER (mutations of low
frequency) WX K H™AMKEm, W I bF
HENRFIEFAEEME, BN EHREGER
IR NRR A ER AL T =AR KN W
(1),

Seql: AGCCCTTACG
Seq2: AGCCCTTACC
Seq3: AGCTCTTATC
Seq4: ATCTCTTATC

M1 Ko #itE
Fig.1 Computation of K and 8

RIAMAE 4 & DNA T35, HH 4 MRS H AN EHOBER
B, Bl K=4; BRE i RFHNSE XFFIRNERRE L, W:
dp=1, dia=3, du=4, dn=2, du=3, du=1, = (dp+
di+ - +dy) /6=2.33, 0,=2.18,

In the four DNA sequences listed above, there are 4 sites that have differ-
ent nucleotide. That is to say, K =4. If the difference between the ith
sequence and the jth sequence is dij, then: d;, =1, di3=3, dn,=4,
dpn=2, du=3, du=1, IT= (dyp+di+ " +dy) /6=2.33,
0,=2.18.

FAH K I MFEER, ST
HEELR (deleterious mutation) Bf, iXL67F Tkt
HTFRZAEEIEH (negative selection B purifying
selection) T £E ¥ AR ¢ L AR I Lo ), b B o
R LB 78 S P SR A T A B, DNA 4
HRBBBOR R 0, HEK, BRHRN D EH, Y
HhME - REMERZRRIWELEEER

(positive selection) B, HUHE 52 EEEH RN
FRPHEZERMAENER, BB RBER
S0 By A4 5k DR E B B - T AR L AR FHE RV P Y
BB, XRERMBBIR B BB (hitchhiking)
kBB (selective sweep), TTHHZ, BEM
RLJE, AR R RFERRE i BB AR L
AR, Bit, D RBRINASAANEESR, B
AHER A EHEE RN, WA WEEERBNAIE
B, MRZ, YMBEZBFEHLFE (balancing se-
lection) WItERIRT, B SHEAEFAIILAME
BEMSEMNEE, D ERHEME, FlmBohRINIER
W4 SRk RIMKFEIA (Wang et al, 2002b)
S5 ERBEMT. RIR 4 5 REK A ERRAHR
BAHWHEEH, BmEEL ETHRN— 8,
A S F R P RBEEN— N2 A/R
B, RERAVOBIRERH: 4 SEROEKEKFEFE
FEA, £— 14200k MEEH, ZBHE (d-
morphism) H} B #FF7E, H Tajima’s D {H W IE{E,
BB X — XA A BEFR 7 E A e B AE

HEEENRE, ZEFEER D EEENMHE
— IR, IV AR BB A BBk L ]
R D NFE (Tajima, 1989); M D A H
WIHEZIHEIB 27, Al p HERRERES
PR RN EENE T R E AR (Si-
monsen et al, 1995),
1.2 FufiLi REFZ

EAM 42 80 4E4X B Kingman (2000), Tajima
(1983) #i Hudson (1983) %% A @ EREFHAE K
R SR R B B F B HIL  (coalescent theory),
EAMTRTLUE S DNA B A X RO g it 46 7 BB #E 47
BIAIBER, Fu & Li (1993) iKY Fu fI Li RBIE
sl T IX—HEiE, WA RIE S R AR E R4
B BAT L, #TRRMEECRE/FS P
i

FEZRGMT, 5IKZ DNA BAF 5 B %
B E R E L AINEZ R (external mutation;
B2: d, e, f, g, h); MXH#, REESDNA B
AFFIAE R E R A HFRRE (internal mu-
tation; Bl 2: a, b, ¢)o NREMAIN, SMZFRE
FERYI8] | e R R AR B B A G BN

WRMBZ PR, FEERAEEK
B, SRE - RARNFAEELEMEE TN
ST R EEFIEARBEAA, B 2H &%
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Fig.2 A phylogenic tree made from five DNA sequences

#H Fu&Li (1993), ERE—EAREME DNA FFINLERAL, B EETERENE LHENES, .,

(m=2,

<, 5) REH m FFENNRBE (m-1) FFFIFBRE (generation time) o

From Fu & Li (1993). Every node represents the common ancestor of two DNA sequences. t, (m =2,

©, 5) is the time

(number of generations) required for the coalescence from m sequences to m-1 sequences.

RN MR ERBEARIE L, RZERZRF
TEEER, WAAZRELSLE D, Fuf L #Ed
R R A1 2R A PR 32 58 AR A BB AT LR
HRERHEERT, HENZREER. ATH,
WETHME TR, XEGIHRPESHRES
BN RER BN BERNA.
5bEF (outgroup) B S5 HTHR YR 4T
IEGEEH L ENFRE TR REFHNS LT B
BE-BRENEHEORER, BIAEBRB (rooted tree),
R LiRETHTHHIERE, 218 Fu Ml
Li S
E(g.) = 6 (Fu & Li,1993) (5)

E(p) = (a1 - 1)6 (Fu & Li,1993)  (6)
Hrp g KRR RERHEH, 5 REAXRERE;

=2 L, n RIVEREANE.

i=

RE (5) 1 (6) HE:

G= 776_(11 1

4’ V(ne —a?_l_l)

R, ¢ MINAEMS 7. Rl G EBER

(Fu & Li, 1993) (7)

MEATREZAEREN, RIUERE TR
EEBAERA. Fu#l L RIEE =AM REXIEHR
SR ENKE, RESIAARTHE 6 #74h
it, XEA——FR,

Fu (1997) FIE$E S, Fu fil Li EAER K S
MR T A T BELL Tajima’s D KB E R, FE
ETUTERE: F—, Fu M LIKEMS THES,
MREZENELHEEE THEIWEE, T
Tajima’s D K %6 {X % 28 Jt — B (8] 55 20 25 0 f9 308
5, Fu M Li B 6 B9t KR 5 F g,
Tajima’s D KeS:FEIR K fIT, @B E K
FEEWH, K. I ZEMEEBREXT .. »
(B 3), AgEit¥AmERE, ATRENARZ R
KEB/DN, RESPIREHE,

1.3 Fay #1 Wu i H R

WHTETR, BB RERFER SR EEH
KX, PHERBRHAENEREISE—ZE®
HEAMEREHTAMNBESR AR SRS, &
B#E4T DNA B84y i, BEAGAE 424 5 I g — 4>
RKBIBHRE, FERR AR R AR
FHFE#) DNA £ 5L, B, HFREHF (back-
groundselection , i TR —BHRNZAERER, 5
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e
\,

0.5

#7572 Covariance value
o
[J%)

0.1

f Cov(K,m)

“7 .

0 40 80

120 160

#HEBH No. of genes

B3 K. . q fgp ZEEEER
Fig.3 Relationships among K, IT, 7, and 7

BH Fu & Li (1993). BEMERN K MIT HFER, HAMSUEN p M hrE%, BMMELR 7 Mg QOHT R,

From Fu & Li (1993). The dotted curve represents covariance of K and IT; the dashdotted curve is the covariance of 7, and 7; the solid

curve is the covariance of 7e and P

ZEGME R ICBIRRRHR) SEBBIEKE
i yic o Pt o] o L N D S L S 8 R
X PEZ B BE AN,

HfRRIX — 8, Fay & Wu (2000) $#HT—
T EPRREBEMNAF AR % HRK, H
K% 5 Tajima’s D & AEH ML, FARNERREH
HT#ES KR Ee (6,) 5@ IT H#itE
PO (6n) FHATHLE; T H RBAELE R
IR RIN 0 (6y) 5 0 iR, BIRTE n Y6
b, BB RMERHEE RS, W

E 2842

BH = L.L_Jl n(n _ 1) (Fay & Wu,2000) (8)

Oy M THE BN R (mutations of high frequency)
R, YREEBBFERN, BT ERTERT
Pl ER, XEEEZNEHTEREZEN 1B
Fhib. AAX—HEAE H B%:

H = —F%L-"m (Fay & Wu,2000) (9)
Y HEAS Y ERR BESER, BIRR T
R A R BERBL AR Fay Fl Wo ¥ X

—HERATa T RREEHERAMEREANER
Acp26Aa ) DNA F35, 7EX—EB %Y 350 bp ) DNA
Frld, RRTHHYEEGTREZHNELRATR
DA R RE MR, BRX—XBHNEEE
FRL

2 ETFHEERMEAPERE

PRI TUE, HHREM RIS G ETR R
i EEHES S, FrLUR N DNA 275 14 F f )
DNA B L RN 2 —B, BIFNEEHRS
PPl o B BEAE PR T O Y B e . B B
¥, fMNEZSHESRESEEFERENRKE, N
BE N A E A .

AUERARE, ZARAMKERITEEHEREN
“FEREHERRIR”  (strictly neutrality) HIKCE:, BI#
ME-NEREFFIAARTHEN, THRERIMN
JUAS 2 FFh () B0 88 59 R B EF R X Kimura HH4EBR
(Kimura’s neutral theory) HIRLE:, B} K¥oHER
AR rEERRIITE SRS,

2.1 McDonald #1 Kreitman #3¢ (MK #18)
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A X 2245 (synonymous substitution) &R g7
HEEBMFINNRE, 5 LEE (replacement) F8HL
BEERFIIMNEL, MK RRMFEEZ. EXE
FEANPHERET, FIFRERBF AR L.
ENEENEMER L., EXRERIEL. RZ,
WHERTRE, PEERERRYFPZE T EEN
YEF. MK BB, HHEAR, AERRT
HERFmABERRS . TEZRE S RS
MREAEL, AREMASREEK, BEHMMEX
MFEN RS RREEW, TLUNAIZ.

McDonald & Kreitman (1991) XtFr#F3s# DNA
FRIIALE B e AT 328, LA 23 P 22 5 F e ]
E5 KRR E TTRE 2 S TR E E B B
EZRPME, EXHBEME (fixed site), 1EHRFP
[EZFHR & MK E BRI,
FEXAZEMEA A (polymorphic site), 1ERFHNZE
SR E. SPEREANE S SHEEMSZ
G, BEAE LR RAE R LGSR A4 R
AR MMUAR Sy, 5B MK BB MRS, Pk
HF:

E(ns) E(n,) .
DARf _ EARp/

ECs) = E(s,) (McDonald & Kreitman,
1991) (10)

A n ARFREER 5 530 8 X [ A5 Bt
REL, s RRBERIR) CZE 0 25 X2 [ = L S B s
SREL, n, AORBERSE RS R BB S ML
SBL s, AREERF RN S XREBN SR
=t 8

HRPERFE T AR M P, (10) XKW
MEAHE, WA, ARSI G-test K%
PLARAIEZERBEN, HEE, WRRRYHE
HI%E LR E A TR TN S5 THE R
BH, RAEEEYREZE T EEER,

72 1 51 McDonald & Kreitman (1991) Xf5ig

*1

B = 4~ ®, D.melanogaster. D .simulans #Hl
D .yakuba B Adh EHRFRIMSTER. KT 1 W
BaEmbl, 1/1752/402 BREFEE (6=7.43,
P=0.006), REnEZEREN FEFERNFE.
2.2 Hudson-Kreitman-Aquadé 7% (HKA

Kig)

ZREFEETHREES MK &K HIE, Hiz
RMERITH¥HFTE (¥ KK, EHE SR E M
MAZRORFITH, BREIRSGRRES5H#
FFTHHREY &, FUESITSF D 0y
SERE (goodness of fit test),

B K, AFRM 1 WEE i B DNA R85 5
s B, K,fWFM 2 A% i AL DNA TR 4
B SHE, D RFER AR 2 EE BTN
BEEFH . B =F0RFHMAEmER.

2 Z [Ki - E(Ky;)]? Z [Ky — E(Ky) ]2

y? = V(Ki) V(K»)
L 372
+ Z w—ll/%i (Hudson et al,1987) (11)

Kreitman & Hudson (1991) ¥ (11) FIFRig
Adh B:BRF 5 MR FF (flanking region) B/~ X B
DNA A LB K., 5 MEFIME— M Sn
RAERFI LR, HEAEEN —BPHRsX
B Adh EH5ZXBHRSRNEEN B (P =
0.05), B7/R Adh BEHEFF L HERAFE P
R, B Adh BRA FHFESERSEA,

HKA B BB W ER LR, 18 K HF
EEWN M, HEFEERNIRBIU L EAW
DNA (48 . HKZK BT R BTt s Mt /IME e
ERAE, PR TCE S,

2.3 K, vs.K, B (Z KIE)

ARFAPRENBEELRTEHEE EFRD,
TE XN A L, BRI B Bk i T U 4B
TR AR B R H R BRI K, 5 LR

R FnFh B A9 R X RTINS LR TR

Table 1 Number of replacement and synonymous substitutions for fixed differences
between species and polymorphisms within species

BN (FrEER)

FHMN (BRED)

Fixed site Polymorphic site
45 L %24 Replacement 7 2
M X 2RAF Synonymous 17

42

# B McDonald & Kreitman (1991),
From McDonald & Kreitman (1991).
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E, K, AR REHER, B TRIXEEARER
HEMFH, BT ERE R CRE S PHERE, K
SMEGLT, DNA AUl K./K, B T REEER
W/AAF 1, EHPHEHT, K/K BRBENR 1,
184 1F R BAE AR, F—IERBERNEA
BEEMN K/ KR, REBERT 1. XHTHE
T Z K (CRUKGE) RAK K, MK ZEREHF
EREER, & K, BEXTK,, BNERENF
&Ho BT Z RKRFTERA DNA FHIBERSL, B
RV HI R R AR B EN BRI,
HWHE K, MK, ®I7EHA =3 LA Nei-Gojobori
FARFE B #4L B BE 5 (Evolutionary Pathway Meth-
ods) (Nei & Gojobori, 1986), LA Li-Wu-Luo XRFE
HIET Kimura NS EE R K 1L (Methods Based
on Kimura’s 2-Parameter Model) (Li et al, 1985),
LA Yang MBS FEREE G RENRRLARE
(Yang & Bielawski, 2000), HAamfmiELER
M, @ EARBTETEL K, K B, g Z K
5.
7o K=K
VV(K, - K,)
FEAL S EEZED) (12)
# (12) BRBENER, NERESERYN
A

3 ZRERE

PR PRSI EZBRE, UKEK
DNA K FABERRBHAENEN, FEFRENS
RENHETEREA™EWEEBER, HWA
SRR, BARPARRRHELE R =4 R A
{17 DNA 2L R, MHEBIERGEERA BRI
PEERFH FBTBENEE, SEHTHMEN
—BHE (NEH. FEPHERETE) MERER
ABE. B, 7EEESRFEMEERN, A NS
KR TECABZ B, KR FREOBIRMA R
REXE KB 45 R B E M B LUSMY L B R #R £ 5)
R, BIIFERRITEERRASEEERT
SRR R kA, HAEREFIIXE, %

(Nei & Kumar,2000;

W F IR (codon bias, FEHIEE—FEERNEE
TP, APRERERARENE - ERIRER
BFHNIALR) BEZBRAR, Hadirs
REd g W, NMAEXERK (HKA KK) W,
R SRR B MRS,

Hok, ol — MRS PR E N RA I
AREURBERBENGFE, Shrifen, #H%ERA
K, vs. K, S HLEC PRI R LR AR R AR LR F £
%, RGHET Tajima’s D KRHETFHANZESEL
¥, B MK BRHTRHEZR LR, @1
Ru6 7 B REXT i AR AR, MLAh, AT AN
MG ER R T P B ERY R KK, R
R XA R 2 B REFXE DNA FF
FIVE R EPE R, MASEERIEAR R XA S
EEEABRBNER, BWEMBEERY DNA
FHIRRE—AMLE &4 T2k, ZERATERE
TEMEARMEFRMIIRE, EhEaKiA g
Tork A HE R A I PR B 2278, DA T %ot ARG M X A 49
wELBRIREN .

LR RS IR R KR T Bk,
B, ERHAREERN—NEEEFHEREW
B EEAE R LIAT & DNA SR KPR tE L. it FU
Yun-xin B LR E FAES X LFR DNA BRI R
AT ST IR K (Fu, personal communication ),
FEBUR T —ABEUMER (Lietal, 2002),

BR TAA REWREALGE T E, T XERE
R RT LR BUHAD S mg , RATERME A AR F
JITAE AR A A8 Ao B AR AL b 5 O B R AR A R
T RE W AT P R BLRL T A 4070 SR A B R B ) A 7E
(Wyckoff et al, 2000); BEHIMEEBHYKTESR

BERETEARNDESERENMEFERES
FAE (Q0 Zhang et al, 2002),

Bift: 2 # FU Yunxin (F=#) HEOH A
gEAk., RN EEH LTS MEIHEARY
k. EFT, RBPRAERAERAIGHR IR PLEY

EHERL,

ORTHALBRERE. BEE, 8 i, BHMNE. dbx. SSEF HE,. 47-48, 218-231.
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