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RERLBEHFENICE > TAUTEY, EHNOSF L L TOEREDKE
DI, FEPHDIWVXZIERLTHD EER L, ZOPFSLHIT—RIZZITA
o, BEEBWHL SR OV TOEKRBVEE & /NEDOT —Z Db L NI
ENTEELDOD, —fRARAE = 2B ITITEIVEZEL DT ) ARELETFOD
TR BT OLERD D,
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TELfTbhD X o ey, EBRNAMEOCEEMENTBRINTE T, 5TFE
{LDOEABZBRITZS 7 LD KE X & DNA BESIOEIZH D DT, DNA D
L ELZ EBILT 7= DICEZER - MAFEMFEILEL RS, LT, &L
FEOEBEHRY ) A7 uY e MCEDERRT — % ZBERFENIHIT T4
TMEDN D | EMBERFEE VO F 22— BB RESL STV 5 —J5 T, Ohno(1970)
DIRE LTS AOEICRIT D EGFEEOEEMEN, T—FDEEL LD
WZHHLEDTRBENTVD, ZNHDF ) LT —XiL, BEFESCEFERLT
T, HEWE - BAR - DEZEREOEBRHRENL, BEE - BY - BT
THEVSHEASHE TH LW A FEICEN S, E0F ORI O RLITHK
BHIPOBMAHICBEVWOSBEERE L, T L CAEEFOMMMESL LTH
RZBILINTWS,

ARIFFRTIE, 25 Li=4 )/ AESIOERNRFEEE WD oHic, BEMMT
B2 Y ) ARSI OKET — & &AW T, EEAED O BERITREN T 2
179, B2, HWEMRORY & HIERIFHELZF LI L, DNA BRI ZT
LEDOBBRERLS, B U, EEEOHEE CHREL DORNDL. T LD
BEAREEZHLMCL, Fiza RUEREE L OBKRZR LS, &REIC, Z




NODRERND, 7 LOEIZOWTEFERREREIT 5,
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L LFATRT AEERWM L, DEFEERB L, TLT, BEFLDHD
HLOETTHL150FRE, FETHOBENWLOEZED D L HEK B 1EREL L
DEINER L TWNB EHEINTND,
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REOAEW TH D LIEIEL BTV, £D X 9722727, Lamarck 1353
R TR LT D L&, 83 2% L, £LT, EOEER
HELLELLBEB LR LUONLILIICR oD, BEREAFENMHEIZ
Darwin(1859) DL B E 5, HiT. BEHEENE LA A= LEHD
mhotzbon, FE TEOER] OF T, BUITEBCHEREDHFEDD &I
BAREIKICE > TAET A LIEE L, 1 9HAIZED . Mendel NBEEDOERI%
%%/% L. BoOHARCELGHEROAENRAL NI D L, BENERNA

TRERIZEET D Z &R &1L, Darwin DE(LGRIZTRA « F—TU 4 =X A
&Jm\ IEDORETEMITNS L DTk o, FOEKRAVERE L L T, Fisher,
Wright, Haldane NMENERFOHFHRE KB I T, o, Muller iZ¥ 3 v
Ca UNRTOBEGOMENDL, XRBFICEI2EBCTOEREROFELHER
L. £UEBRTENZTMAIND Z LD, BABIK L IIERERBOMT
WHENRRDZ L ThY, BETITREMOERTH D &R,
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2519 6 OFERENTELOELOMFEIZBEAIND LI IZRoTz, £L T,
MO RHETEEIZBET 5 M, RELRE) D DNA tﬁ%ﬁa&‘u%T 2/ BB %
B B 5 FRBEFHBIT~ B o T oz, BT, LB RERFNFENRTX
7R VHIER B DAY O HIIEIZEET 28I b\“c FHICEERRELET
T %, Whittaker(1969)1%. & &} 3 EMmE B, R, ER. RELEMR,
MEFRICDET 55 RUERE Lz, MIROERHLBEDEV D)L, Mg
EREZ2VHEE. ThbbREAYE. B, EH. EE. BEERLRED
Mg ZESEY. TRbbEEYLE 2007 N —TIZRELSSFEIND D,
Woese and Fox(1977)i3B =04 & L THMEZ R L, 1EROMEE ~ B IEM
BELTRAMLE, THEL. B TEZE-THEOL S Th 5, Hika
EOEER/N YT 2=y b URY —AGSRNAPELEHEE bEZEYE R
25, LT, JRIEHIR EOBRELS BbE 2HAMBREICERT 2 bDORE,
Hori and Osawa(1987)iZ. 58 U R Y —.2 RNA OHE G5, il IR
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1.2 77 AEEH & BiEFHEE
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FDZETHD, ERETIEY ) LY EICBEFOEOPMRFEINTEY .,
INEV T == LIREN, RIS AV A RRB G TR EI3BD TEEk
ThV, BLEHL RNAKIFZAL e A LA L) REERALH 5,

WH., RV EORRERET D EEEHRIZ. 3EE (P TV b)) %
—HALETH I RUR, Fx—EOT I ) BEIZa— NS5 DNA HERS TH
REND, 4x4x4=64BYVDa RN 20@VOT7 I BICHREIND
. I RACEEENDY . K20z N FERBEEIRBICL>THE—ED
WOBRHY ., BZE > I BERES OB OERIb A LN D,

BEFOBEIEEEMEEZAEY E TRRY, FIFIRZEAER TV
TXYUTH ) AEERLIFEALE - FERTHIN, BHIZ=X Y A~
e UEBEREDL, BEFLEEFHICKBIT A EGEREE EED RERE T
b5, BEFIZTETA v Y v —RNAMRNAWEEINDB, FZNDHART
TAVTICE VR U ORPED, =XV UORBHIET I B a—F
THa— REHTHY ., —REBEEEMOOBRVBRMINDEEKE A ba s L
Lo AV b OEFITERE GT THEY., AG THKbDD, Zhix GT-AG &
FES, A v b difESCEEMEO - TobHESN, =% Y A b
o UEEIRFERR L0 TH Y, BERMECER CIXAERMEIEICE LAY
BEOBBTIELAL RN EHESNTWS, o, =% Y O,
Z R EROMSL UG, BEEEMNZa—FLTWEAbD8HY, 2D X
D RGN AL, MBI R 2 a— R L x Y VOBRBRIZE -
T, BLOBETHLWF VI ERNEAHENTELE NS XY - Uy
TV TRRB DB, £, ANE—FT 4T« ATTA TR KiE
DPDE U NRIBERERTDHZENTEHHEATH, BETOSE#EEIIENT
bHrEEZLND,

DNA E2FiZiZ 5°->3 o F RS Y | BRI 5->3HRNCEE S5 D3,
BEFO LT SANCITECFRAZHET 28RS 5, BERBZITORY
AT —EREET L e —F —EEC, BEERLHET D= oY —RE
DO, B MMl OoEEERIBNTEIZ L OBLGFTRIZ LRIZ CpGT A 7~
R EEN 58 G OREEAICEET 2HEE S D, B M7/ AT CpG
THEHEEOEENEFITES M LN TWAR, 2D CpG T A 7 FTIX CpG
DEENEV, ZHid, CpG D CHBAFMLEZITHZ & EEBR LTS,
) AERFIDHEE LT WO BEEF TR AWV NS,




1.3 DNA OfEE, B, BE L RBALR

Chargaff(1950)i%. T X CORTHEMEKN T 7= (A) =FIv (). 7
7= (G) =Vhr (C) THAHZLERER L, ZOEKIX., Watson and
Crick(1953)23% R L7-KD L 9 72 DNA D —E L HABEIZL > THLMNZ R -
77 (M1.1), HDEFTNL (BEIDNA HHA) (X, BEBEHRBIRE, B85, &
HEIN DA EZBHRINR LTV,

Z D1, DNA FEfD X BT H 6. DNA OFEEITEMNTB R DIZ) A IR
ZRIRY, SESEREEL LV B ERNbho7z, AR BE DNA TGS
XHEAT, ZOBRVIERLEMI—HEETHD, BAKIZE->TBRENS AR
OEB|BEZ Y, ZEOHEAITR 572 RNA ~7 R RNA-DNA EEEIT A
L gAEEE L5, ZAE DNAXAEERE LHAT, TOKY IR UBEMIT EE
ETH5, ZBDNA L, CGCGRCACA R EDEHICT IV Y IDVUBER
AIZ#R D RHEETIERIND,

HESOFIIT 2 >OHENFR —FEHEZRWEOLHY, Zhbid7
T VA RMNEEINETNEZEDL, DNAFIZR-THEDOHEAELRY D)
BERETS, ZOLORTELRAOTHSRFTHNREEDEIT, HER
Fizk > TkE D, DNA DEEDEMBEERINEST X 7 EIZ. 2D
FCFIEEME 2 B¢ 2 —EH LB ADHREN L, ENESIORFEL AT D & HER
ENb, 2. BEILBAITIRD HTME#HWCHN 720 | REFTHREEL
FEAEENEETICBOLEALTERLIZY TE, ZOXIREROESIH
EMZRNZEE RO THD (Stryer 1995),

DNA OERIZE L Tk, ZoBERBASHAESEZEMCREEZEY. I b
ay RY T TCRARRD, RBETO DNA BEIIE—0ERIBEMEA (oriC) T
WBE Y. EFAoER L ClEre, BEIZIZ2 OBEU LD F U RTER N
ETHY ., DnaA ¥ L7 B oriC FEBEMEZIZIS L, ATP 2R X —JRET
BN =B THD DnaB ¥ LI EBATHI L THERM T+ —7 %2255, Z
DBEBLT +— 27 TIIHE DNAD ZAKEBTEH & FH LWV DNAGROBER L 725,
DNA DT X 78 (BR) DAL RNA RY A TF—FO—FDOTF T ~v—F
Lo T2 b-EV RNA %2 7T 4 ~—& LThEE S, DNA HDO—J5i
U—F 4 I LTI 8>3 IEBERNCARENDE B, b I —FHIX T X I
LT 1 k bRREDKA  BIE T T 7 A 2 MRS S>3 IR ERICER I .
L LTIEP>5S A EN5 (K1.2), EEEMICBWTHES /) LOBER
X HmEETH B, BREMIIAEDO L DI TN KBS 5, &5
MO baryRITH LI LEE BETERETNL—2oT SOERRABELIH D
N, Bl —FRThHd, HHEOEEICEL TITHATH I, BRICEE
THRIAT—VIIME L VEZEMOL OIZITWS, DNA OBERIZITE




BERMEEBERS DD, ARKFORYPMMBEINBRNWERBRER LD, 22
REBRITBERERORE ) O EOLEREEEE, EEOMASRKK, ML
Lo TELD, BMASLKENa— REKTEL S &, HERSNOFTARY
EEASEELTEMERDY, TNor2 7L —AY 7 MERER LS, BV
ARKRIZBHIZFERNLDNA OEEIZEDZHDOTHY  HEIX N7 VAR
SR LTREIAD, —2OBES»HMMOEES~DBEBRI K HE,
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4.

WiHmEHEWE2ARORY X7 LAF F#EHAEOHMOEDY IZb6HAZE
BNWT, AREO_BELHEAXIEKT S

YL LY ITDUREIEROHAONMINC, Ve T A XY R AN
& 5,

7=y (A) BF Iy (T) &, Z7=r (G) ¥ h¥yv (O LHET
Do

R BRI, A BISOkER X O Z B P RiiEIC L 2RSS,
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5 3

AN

V—TF 4 > 788 X T

1.2 DNA 0BRSS 25 A, DNASEO—FIXY —F 4 » T LI 5>3°1C
BHERICARENDD, I —FHixgX U 7#HEMRIN1 K bf%ﬁf*‘@léﬁ?}# fi]
75 7 AL b REE S SPICRERRICAR S, 2L LTI 3>5ICER S
n3




1.4 WEBWD Y — 0 L BEHEOHTE

BHICIZ2BEHY ., Y UVHEERESHAZNEYY IV UVIBEERTIE X
babhsoovay (BB &, VBRIV CHIWVEEY I VR
TV VB EBRDD F T A= g v (i) ERES, —RERMEmE S LT,
KNS U Py avOBEEFRN T VA=Y a VICHRTEL, bTrPva R
BRI 34T DM IOV T Watson and Crick(1953) b i TR Y, 4TEDOEE
DKRBRFDONL OWIIMNEEZEZ THEERMEERE S DREENH D Lk~
TWb, 72/ ECNEHH)PBEMELT D LA I BENAICRY . & FE(-C=0)
NEMALT DL ) —ANABI=C-OH) L 72D, ZDX 74 I ) BRex ) — VAR
TERMEKON-bE L BZDIT, FHEEIZOWTEFRATNICEETHDH, BERE
MEARIZ—1BMETH DD, @E D Watson-Crick *f L I1ZRRDEEGEZSDHT L
NTED, 22 201F. ADA I (AHEEERMEEIT C LIEEMEZA L., f#
FEH D DNA 842 A* - CHEERISVBTEREIND L THABITTOMEIZ CZEY
RATLEY, TBETEENTICEDE, T>C h T oYy irarveid, B
RFEAEZERBERDE LTI LIEEERER L o BRI X DB 1o /E 0
HAET D,

BN ARBEOHEEATC GORTI VFALIRBIDIRETHE M T AN
—DarBRFGoVvar k) 2EEL A ERTFRENSY (K 1.3), £
BT ENAEEIV S PP a g I D, L, TV
Tarmd4oDORITEREETIIRL, ¥ LAPEBICE o TER D, BBInT
TR RS TWVWA T, BEBGFICHNTEBREEILES ., fl 2 XwWALE
DILBEIEFDBEE C>T, G>A BLOBEENR b - L bEy (R14), T, 7
J LECFNZEBWT CpG TEEED CHRAF LI ND LT 7 IMIZE->TTIZ
LT WD THD, 20L& MM TIX TpG & MARIC CpA L ELT
B2, G>A b Vv a VOBEELRBRICEL D, BICbBRRZS T
LAEED CpG TEHEDOHEENERIEN LIXZFDOLDTHD, LL, 7
o B & ACTH ORERERGF DB TiX, G>A, C->G, A->G 3% < N->G N->A
DEICTV ~DBEBRNIZN (K 15), o, @FIWOI Fa FI T
BOBGFICHS, BHEENEV, D-loop & FEEN S HIEIEE TIXITE N
=, EEESCRENDORHEMREZ RS L EICL<AVLRD, H1.6D LD
2. B rD I by RY 7 ofIEGERTIX. T>C, C->T, G>A,A>G DJRIZ +F
O a v kT ANR—D g VITHARERBNIZ Y,

HEBWE A HET DR EARRZRTTERX, Jukes-Cantor E7 /1(1969) T %,
ATBOBENFNFNEHRRTER L 3SBOBREIZERT S (T20H, a=p)
EIRELTWS, ¥72, FIvPiay (o) EhTUAR—Tar (B) 2K
Bl L7 Kimura @ 2 Z#E(1980)1%, S TH VI WL TS, LovL,




BHEIFEEOFDO L S IC4TBEOHEEA T, C,GROBEREENBEHRIIZLY
BB, HRxBREBRET VNEBIN. REBEITICHVORTWD, £
DELIE, OFBVEEL2 REHTEANLZbOTHY, REIELDOBETHE
EHERNENT A EETERLEZSDIID AW, Felsenstein £ /L (1981)23 3
EMBROMY ZEE L TWAEH, HKYSS BT LVZ b T Pvay - FT AN
—Va VOEWVWEEEHBEORY OF 5 E2EE L TWD (Hasegawa et al. 1985),
DX, HFTFT—FOEEL L b, LVHEEOEMBRIZENLAEET IV
PREINTVD,
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v

13 U Py g VEBEEBEH o (A<>G T<>C) & F T A= g IR
A B B,
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BBEFICE T HEX ERRE

25 e
20
15
BA
BBy BT
oc
10 — oG
|
5
2 A TR C e
mA 4.4 6.6 20.7
T 4.7 21 7.2
ac 5 8.2 5.3
oG 9.4 3.3 4.2
ERmOEE

1.4 BlETICBT 5 AfEOEE A, T, C, G Blofx{EfusE, —hbofl
I ELEIC BT S 1 6 BloABEGEFOBREERT — 2|25 TWD (Li et al

1984 L V), C>T,G>A bF > TirardnEu,
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HEBERE T ICH 1 X E SR

25
20 |
15 . EA
ﬁ |mT
il = | |lacC
10 oG
5 .
e A T C G
mA 5 8.1 209
T 42 9.4 48
ac 6.3 3.7 1.5
oG 11.5 i 13
BERATOER

15 Zub bt ACTH OfEB{ETicBiT 5. AFB O A, T, C, G MO
%t i 455 (Gojobori et al. 1982 £ V), G=>A, C->G, A->G DIFEIZZ A, N->G,
N->A DL HNZT Y r~OEBEIE N,
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35

30

25

20

15

10

mtDNA® Fl I FELE =& (548 % B R EE

mA
BT
oc
aG

—

T

C

@A

03

1.1

20

BT

0.4

258

1.1

ac

1.1

33.8

1.6

oG

14.1

0.3

0.5

ERATDER

[ 1.6 £ F® mtDNA OflfEERIZ T 5 4 FE OB A, T, C, G B o xahE
Hd € (Tamura and Nei 1993 £ V), T=>C, C->T, G->A, A>G DIEIZ b F 2
g UB T ARNA—T g VT HARERICSE W,
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1.5 FFEB L O FFHE LB

o— FEERICB T AHEEBBOL T, 7/ BEELIERVWRBERT
Hb, RLTI/VEBEEETLIERDa RUIRED R eI, 1.1 OE
GREEENODLPDLEIICIFLALDRABEI FUEE IRV a v OHBPEL
LTW5, BIRISY a v BNETEILDOLLTNIHEN, F2RY g
DEALTDHDIER, LER->T, b LEREAN T VHFLMIETELT
b, FNANEFCEET HHEEBERIT. 7/ BOEEREISBRVEIRY
varilgli{gansoths (®1.7),

a RUCBITAEEY A FNEBRBICHOET S L. MEMRE ZEREE —E
IR, EMERY A hD4AOHT Y =25, WEMEYA MITARATORE
FTAENFIEBE L 700 . #&IE =2 R(TAA, TAG TGA) &R 6 LBV DB A=
Ry9b, 32BYVDaRVOE=ZRYYaryThd, —EMBY A MI. 3
DODERERED S H 2ONFEBEHTH Y, 3BV DA VY uaArra R/ (ATT,
ATC,ATA)YDE=ZRT v a V2T Th b, ZEMBYA NI 3 OOFRERE(L
DHIELED1OEFREBHTHEY AT, 6 LBEYDEVYZRITFDHH2
ABYVDOE=ZRT a0, 40 nnuA T a RATTA, TTG, CTA, CTG)
E4BY DT NAX =3 RU(CGA, CGG AGA, AGG)DHE—RY v a rTh o,
BYOTXTOYA MIEHEBETH D,

o FUBOEEREEZEE LT, RBEREEZHET HO0OREFRITIE
MERENTVWASY, FAEB L OIERZEY A MIDNABIIZEWTEES LT
BRI & & BICELT B2, MEERKOMME &b ICHEEBEOERES D
T3, TOH, ARSI VFRBRBRBOHEMSEELFTDLE, a KO
3ODEERY Y g VIR ABEBREZ R AWETHZILIZE-T, BB
LXZFDEZE/DZENRZV (K1.8),

%< DL BRBEF THAALONFER, —RICARBEREEIIIREE
PR ICHAFERICE WA, WA RRMEEN S MEEREIT 055 THD
(Graur 1985), BHUEEIIZRICL > TRELKSBRY, v~ TR LTy NI
FHOMOBE LY S 25122 E< (Wu and Li 1985), WHEOI ba RUTHE
GFIIEELEFD 1 0% (Brownetal 1982), A ' I AT U HF U 4 VABLFIX
BHEEAYMOBBETF LY 200 5EbEV (Holland et al. 1982), LS DEIEF
TEARERENEVOIL, DNA H5ViX RNA DERERICLHIBELEET
AEDDAI=RALNRIML TN ZLIZL D LB TS (Holland et al.
1982),
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& 11 RERCE SR

afRy 7I)8 =y TI/E aky 7I/8 afRy TI/B
uuu Phe UCU Ser UAU Tyr UGU Cys
UUC Phe UCC Ser UAC Tyr UGC Cys
UUA Leu UCA Ser UAA Stop UGA Stop
UuG Leu UCG Ser UAG Stop UGG Trp
CUU Leu CCU Pro CAU His CGU Arg
CucC Leu CcCC Pro CAC His CGC Arg
CUA Leu CCA Pro CAA Gln CGA Arg
CuG Leu CCG Pro CAG Gln CGG Arg
AUU Ile ACU Thr AAU Asn AGU Ser
AUC Ile ACC Thr AAC Asn AGC Ser
AUA Ile ACA Thr AAA Lys AGA Arg
AUG Met ACG Thr AAG Lys AGG Arg
GUU Val GCU Ala GAU Asp GGU Gly
GUC Val GCC Ala GAC Asp GGC Gly
GUA Val GCA Ala GAA Glu GGA Gly
GUG Val GCG Ala GAG Glu GGG Gly

16



BIEFRIO10EEOERL--IERSOBEH

40 _

35

30

25

20

15

BEHDREH

10

5 1

0 H i
AG|TC AT|AC|TG|CG

k| @
>
=
@]
O
(]
(2]
I %
I s

"r

18 8 [19| 34 15] 9 8110 8 [10
112 |12

mE—HRTia
l%_.iﬁ'“ 3 32(35|20]| 7 1] 5
OgE=RIiayv

'S

4'

1.7 v¥F¥O e/t rBafeév7ADR Yo il{aT? DNA K
BT 5 1 0RO B~ HRENOBEN, a FroRISya T Loln
& RENTWAD (Nei 1987 £ 1),
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YA bHYDEREEBRBOHEE

1.4 —
1.2 —
1
& 08 =
g
2 0.6
0.4
0.2
0 - : - »
JCik K2Pi% GIN;E TN;E
BE—RI 3y 0.64 0.64 0.68 0.67
BE—RSI 3y 0.42 0.42 0.52 0.47
Of=HRIiav 0.88 0.92 - 117

M18 2 FrORTvavil, 9F¥O e/ v BRIGTFEYVADRIBY
YBEEFEO, YA Mz OREEBEOHETER., 4MBHOMEEEICLS,

(JC : Jukes-Cantor. K2P : Kimura @ 2 Z#%. GIN : Gojobori-Ishii-Nei. TN :
Tajima-Nei. -:#if T& 720y, Nei 1987 £ 9.)
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1.6 537k & Einry2i
STFECICERBEGELL L 1TE S EHEN H 503, WIS ELTFORSTH
RIEEIZE D HDTH Y, Kimura and Ohta(1974)13 5 DDERNZE L DTV D,

1. HE2DEUNRIHIZHONT, T VBEHBRTE L-ELEEIL. #0010
BERE L ZUBENAERICEDL L7200 E )  FREOZROM TYH A bHTz
D, EHZVIE—ETHD (TR,

2. BEEMEEMHOBVWSFELIISFO—EE, EEEHEOREWV DO X EE
EBRRE,

3. BEIEDSFREECHEEED & OB LN/ SUVRSFR R BERIL, KEREEE
CTEHL Y HLEEOBETEZ Vo7,

. LW EZFOBERFOHRICIT. BICEBTOEENEITT D,

5. AERERERBLRFOBARBIKICEDBRESL  EKICPLEZITIHEER
RRE BB LT OBBRUEEDIZ S B, FARERERBLFITGTHED
Darwin ¥k & ¥ L OBR TIXIZ D 0NTHREICE Z 5,

L, st Ho ., Ersar) oRoEBERBREAEURESHE (MHC)
BE, RERICET ABREBFIITEORKEZZIT TV, MHC IIEFICE LR
BHY . 5 TEOT I BN R AVURRRARTIX. FRREBEREEIFE
BEEED 2. 5{E &L TW5 (Hughes and Nei 1988), Z DL 5z, EH#
WE L BEHSEIITRVEBERS Y. EBOT—F0bb. o FELEBR
EMHOBEHIZEOHSEENRFR CEBLEAR THHZ EE2TRB L TN,

MIEEMIZBT 2EEMNEE, 2F 0 EMELER Z TURNCEELT DR
LT TIZHPN TS =9 (Tajima 1983; Takahata and Nei 1985) . FEDRH &
BLEFORRIIBEICIIRR D, S5, BEsTFEI bay R 7 TiERE
BABELRZ-0, EHOEHRRE I LEGTFOSBELRLR D, H@EHED
EMOKREZE N LTBL, 2EERAEOKERRET TIX2N H#HRTH D05,
R har RY T TIIERMEER S ML A d e, EFIOARKE ZIX
BOBIGFD 1/4 L2720 (Takahata 1985), it~ C, I ha v RU TEEFOL
IS V2 LR TR T O3 E < 72 5,

VTR, ERE COEBEMEN O —HESLA (SNP) OTF —FNEEICRY, KA
BARF —Z_N— 2RI NTWE, 20 L5 RT—F 2k L SR OHERE
BOMFEIZHIENT I ENHFEINDIN, & FD SNP DL CpG DY A T
HDHZEF, DEEEOHEESCERO Y- EHEKRLTEY . RO THK
RV,
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2. KB

Ibav NI TOREES ) L(359, KA THEOEEY  A(15, K
A2). MEDZEEY ) 5 (90, £ A3), BEORIBOERKEME AHDTE
)5 (6) & R57 K (3) @ DNAIREESIT—F % NCBl O WWW 7355
v ru— N UBHTIZ AW,
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3. WEHHRDORY & DNA BRI 25 A

3.1 Hx

Watoson-Crick Xf DFELEHEND, —KICA &L T, G & C OMERITIZIEZEL
WEINBED, G- CHITA-THREVESSVE WEHOMEMITIERD, G &
COMMEAEDLETGCEELHD, — R BERIZINTND, 7/ AR
5 GCERIIBAEMCL - TERRY FHIEMTII3IE5~45%LLEELTND
D, FEAHTII20~8 0% LRIZL > THEILZKTHD, MILDGCHE
BOEW ., ELDOBRR T GCAT ER o TolzH&EZbNA0, 22— NE
BTz FroRI Y a v TLICENOZITHITERY, BEOZVEIRY
v a v CHEIZRND (Muto and Osawa 1987), EHEIZIL GC FEDEWZIT T
B T Ao TAROEEDCHRIZIZRMY BNdH V. 20X IR HE
U5 AN =X LI ORFRE & BIFR LTV 5  (Sueoka 1995; Lobry 1995, 1996)

b L., HEEBEHS DNA O ZKRETHHNCR D LIRET DL, T/ AT
XV —=F 4 T HETX T, I b RUTTE H $E L i8N T,
Watoson-Crick % D ¥ERID & B RIIGIFRAI /2 5, Bl 21X, A>G BB —

HOETECDIMEL P, L L. ZTOHMETELIMRE QL TDE Pp=
Ore THY | FRRIZQ,; =B Th D, HIHEDREND S & TIHP, =0, TH
B, Py =P 320, =0pc £720, 6BV OETOEBRUTHEKRTH D,

TIZTAROHEIIRITE AT,GCOEEEZNEN £, fr, [or [o&THIE,
A & T OBEEOEIT,

Afy= —(PgtPytPe) fit Py o+ Pyt fotPy Jo

Afp =Py fu— (BytBet R frt Byt fot B ® Je
T HH, Watoson-Crick SENIBIEMBL DR Y BRI NIE = fr, f3=1f. T
HEMLDH, Af=ALERD AL TOHEEERLELEFE LIRS, RRKRIC, A f,

=Af B0, DRICHEMRICE Y (TE TRV, £ OBEBET VI,
IO DICHEEMBRICRY B2, MEABRLEMIFHTH DL LIRELTWVD
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Dy, ERITEEMBRICRE Y BH Y TiX DNA OER, 5, Al 5T

REFTRRD7DTHDLEZ HNTVD (Wuand Maeda, 1987; Kunkel 1992;

Waga and Stillman 1994; Beletskii and Bhagwat 1996; Francino and Ochman 1997;

Freeman et al. 1998), = LT, FHEEHTIT C>T 77 B Z HT<
(Beletskii and Bhagwat 1996) . S5FEt FRAO 22 B RIDFR U BEMIZ BT 5 B

BRAEEMIE, BRERICHTHIELEEZEDTVDHI LV OIRA LD D
(Furusawa and Doi 1992, 1998) ,
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3.2 FHik

b LEEBRLSEIEIHRICETCTWBETIE. AL T, G & COEEDCH
IR BNAET D, £ LT, BRBEMAZHT EHETIE. Z0ORY OfFm (Skew)
NERFICANEDLS I T THD, ZOXIRREDHL LT, UTDXIIZE
NEND Skew ZEHE L.

ATS:fA_fT
St tr

GCS = fG — fc
Jot /e
WURT 4 RUH A XT ATS X GCS 25tHTHZ LICL» T, BEEZAEYMD
BROBBEN TR S TW5 (Grigoriev 1998; McLean et al. 1998; Lopez et al.
2000), McLeanetal. (1998) I%1 2 DFZAEY T ATS & GCS ZF~, a2 KD
FB=ARTTa OBhERAVD EERMBBEOTRABE NS ED Z L2 LTH
Do
AT, FT1520 bary RITORES ) LAERFEICHEL,
) LAEERIZBITS ATS & GCS 2f~7-, LT, B hevmAXF AT B
BOIPa NITTIE. ULy RUERESTT /) AEETD ATS & GCS DX
= BRI, WRIZ, 6 6 DEEEMOTEERY /) LIZHOWVWT, 10kbDY
4 RUY AT, ATS & GCS EHIZFNLEZRE LM (cumulative skew)
ZHEL, /7L, BEEHTEIEFD21F, 22%F, 6FEDaT
4 7O T, BXUOBHRE YA XF ATtk BRO 6 FARKIT
DOWTRARIZEHE L=,
EHiZ, 359I harRYT. 105FEEAEY. TLTORBODERZEYY
JAIZBTAEa— FERAHE L, &= — FEERTO ATSBLTGCS L= K
YOEFERY T a VRN ATS & GCS 2FHHE L, GCE&E L DHEEEZHRN,
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32 fER
I rINYT

1520 mDNA X, W (1~40), B (41~50), J€hf\ (51
~56), M4EEH (51~56), A (59~80), EFHMHHY (81 ~12
0), B (121~125), #® (126~137), BLY (REAEML 3
8~152) THh5D (KAS, HERHSMD mDNA (25T 5 GC ZEITHR
40%REETHY, EEEEHAIBFE U THSD (Jukes and Osawa 1990; Osawa
1994), ZDOMOEHTIX, GCERLERRTH V| Apis mellifera (15.1%) B35
H 4K < . Balanoglossus camosus (48.6%) Wi bE\, BEEKEEFHAIGZRRMIEL
TEY, BPFD GIEINCBI DF —FRX—R 2L 55 HESTHDHH, Jukes and
Osawa(1993)\Z DN T B,

BN DOED E R £ < OFE T, ATS & GCS OEDH 522 0 2644
IWTEY, ATS & GCS DIEIIZERIZRLR D, ZNHD/NZ =T ATS >0 5D
GCS <0, HbLLKITATS <0 D GCS>0THY, Vv RUEE-TATS &
GCS DEZFANNIEFNFNEFRI M E =138 35, —H DT ATS, GCS
>0 ThdEX, LbH—HDETILATS, GCS<0THHIH, 2 ODNF—
ITHEE LEDOBEWEIT TH Y EANIIZRA U Z —r ThrEEXDND,
ATS & GCS THLMITRY O RZ = BAETLZDIE, HIZ L » THEKFDRY
DNRE—PRRERRD-DTHY, BERFORVITIZLEACEFELTH RN

(Francino and Ochman 1997),

WD mtDNA D5 ) LY A XIZEPHOHDIZHART1 00D 2 0fFL RE
<\ 3 ODHWFHEY TIL.|ATS], |GCS| £ 0.01 TH Y 2FEDRY BIFT L A LRV,
D mtDNA OBERKERIC OV TIEHBAS A TIEARWVD, ¥rA XFAF T
ATS & GCS D 3% —2 3k D mtDNA O/8% —> D X D IZHEFRATIE R B
THH7=D, O mDNA TIIEROBERIEH DV 2E TR 2FIHHL
HhoTnbEBEXOND, -, BEEEOHA GBS/ & L [E CEFEERRT
HY . ATS R° GCS D/F — 2 HLEIMD mDNA L VIS ) LDRE—
TWA 7, BRERXLEY ) Dl T3 TsetEd &, BERE (Saccharomices
cerevisiae) ® mtDNA 138 ERA T, ATS & GCS D F — I HEFEITEHTH D,
BEHRIBARA R 3 2 L EHRBRA ISR 4 2H 0 . BROF MR 25 H T
B DAREMED R ENTUWS D (Lecrenier and Foury 2000) . £&fKD ATS & GCS @
EIZITLHE LG TBLTENDEETH D, 20 Lk, EROFMBROEI
FTRL, BRROFAKICET ABHENEETHH I L 2RRT D5, BROM
WBEMEEH -T2 LThH, £2 DA THOBERBEXIBNANED L 2T,
RY DF— 2 L ERBRE S CREETICERAZ R RS 5, BERED mtDNA O
BRI 2T JMZONWTIE, EBHENEWNZITEH O mDNA (ZEITB Y, YD
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mtDNA L TR 5,

T2, 359D ba vy RYTH ) AIBITAH CDS 28D GCEEEEZ A N
YARY T a VB GCEELE OB (FHfE) Tk, BF1XRTY Y a D GCEHEIT
mVEBIRT Y a VTLRIZGCEENMES THEDKEW, F2 R g
I, FREICEEA/NEW (K3.1), CDS D GCEHEEEE 2 RUEKRT Y a V5] ATS
& GCS DFEAIZ DWW T, ATSIZE 2 RV a VUAIEOHEENRH Y . GCS X2
TROHETHD, /2. & 2 R a TVThbAOEBRICOmNEL .
A<T 732 G<C DMV (K 3.2),




100
90
o /
570
= ,// GG
ggu G+G2
© @03
-gﬁﬂ — (G+C1)
5 — (@3
g Y1
k4P |
20
10

=

] 10 20 30 40 50 60 70 80 90 100
G+ (%

®31359FD bar FITH 2 ACBITSHCDSEADGCEREE 2 FUR
Pva Bl GCEREDHB CEME), H1AY a0 G6CEHFRITM. H
3R a i, 2FICGCERMES THEBRKEY, B2ARVaviE, #
[ CTH X2/ E W,
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{32 359FDO hary RUTH I AICBITACDS DGCERLEB FURY
> a B ATS () & GCS(FRHDFEBE, ATS i22>WTik, B2 AR T a L

SMIEDHEE THY . GCS ILOPWTIHLETADEETHS, =, B2HRYY
a VEWTRLADEIRICHHENE . A<T 23 G<C OEAA L,
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IR

FREAEMODT ) KX, ZEAEEERa— REKTHLIB, £DF ) LT A
O BEMRIZIZHETH D, BBEEEICARTIEZAEYD TIE, BUIxT 58
BIOREMENLE GC D KRB GCEENREL RV | ARRRELRBE
fREBAHEBELTWD,

FEAHTIINTR L, &R0 ATS & GCS DENIZEAEO0THS, Ll
BRBO, V4 RUEBESTREDNRE—U 2R DL, HITX-oTATS £72
I% GCS BIEFIZTH Skew ZF b, b DEMPERBATANEDD Z &
WL T 2FETITBHE L TWDH Z &3 H 5 (McLean et al. 1998) (X 3.3),
%< DEEME T IZE—EDEV ATS £721X GCS BT ) LDL k. H E¥5y
*d‘ofj&wgﬁzbét&b\ BHICERBBRE TRT A Z L0 TE % (Grigoriev
1998), LML b, ElE TIZ. ATS & GCS DAY — b BHETHY ., &
HOBRBROTFREIZE LD THEH LY, HHEOEEENIZOVWTIIAATHD
25, HME L 0 IZEEEHOFERIBTWNBE L EDLNTEY, Skew D/3F— B
BREAEMOKY ) JMIPTWAZ e id oz XiFET 5,

7. BARER Skew D% — L B OEIFME 1238V T, Proteobacteria @ a, B,
y-subdivision , Actinobacteria, Chlamydiales, Spirochaetales TiZ ATS & GCS D5
IIKER L CTWAB 728, Skew DX — NI L » TE Ul-rlgetEREm W (F
B2, KIBEICIIBRERDK Y b« ARy hTHDH Chi B¥ & TN D
5-GCTGGTGG-3HH25% ¥ (Horiuchi 1995). Z DEFIDHA GCS D/3F —
YELELLTWALSTHD, LoL, Bacillus 7 /b—7"Tik ATS & GCS D
HERRLTHDID, AL GHREBRCHENELSLTWS, 2FY, J—T 1
VITEHET XU TEHIIBOWT, —HIZTFYVUREL B H—FHIIEY IVUNE
WIERRMETH D720, BEBBROEBHEAN LN LHETE D,

o— REEBICRIT S GC & &, GCS. ATS 2RV a VRNCEE Li-EO#AA
MbBICL-oTEHRTH D, KIBEOHER TIL. 240 GC E&ITER DD,
WEFNRLEHE L FI3E2RSVavDETHD, RIBEY/ LOFE IR a
NIRFIE & D358 (K] 3.4) , ATSIZ2ED GCE ' E A DOFHBEIZR > TWDH A,
GCSIFE=RI L a VUANTITEDHBEIC 2> TW5, FIZFELLS A D L, ATS
TiE, Bl F2 F3IQETHY, GCS TIE. F1, F3. F2DIETH D,
DFED, B1ITIHARGHEL, FE2THEHC E3TETHZY (K35 K
3.7,
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§ | rep_terminus I

¥

~—— gkew (AT)

——cumulative
skew (AT)

- ——skew (GC)

skew

—cumulative
skew (GC)

_3 i

sequence (10kb)

——p ——T] =—G6 ——CC —®—AT —8—TA —e—GC —o—CG
=g=Af =0—(] -0—-GA —8—TC ~x AC x 6T = CA -=-T6

X 3.3 KHBES / A 5 Skew( L) & MR OB EEMFHE (TR,
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E coli

8

G+C(%) in each position
8 8 & 8 8 8 8 8

5
|
|
\

%

80
s 10
=

60
g B

- 842

g“’ e
2 . — (@)
& — (6+C2)
330 — (6+C3)

2

-
=]
T

3.4 K@Y 2 & (ER) EH5FEES 2 A (FE) 123615 CDS @ GC & i
LEa RUARY Y a Bl GC &L OB, &0 GC ERMITRARLH, WTTh
L1, B3 B2ARY T a L OIATHD, KIBEY / LOFI RT3 /134
(B & A5,
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E eali

. |
0.8 ‘
06 i
a4 i
| o ATS
61— & ATSI1
| x ATS2
= . 4 + ATS3
-
] 0 0 0 w0 W |
! ! (ATS)
0.7 | — (ATSD)
— (ATS2)
o4 : — (ATST)
|
0.8 l
|
0.8 i
|
' 4 . i J
[0
E oali
‘ —_— — e — — e
|
08 1
|
!
o8 {
|
1
o4 |
| o GCS
0.2 | & BCs1
| | = ecs2
o | 4+ BCS3
3 1] ol ™ 80 1] 160 —_— ECS)
0.2 J — (GCS1)
— (6052)
_om
=04
0.8
0.8 —
x
1 e - —— Y —
(21

X 3.5 KBBEY / AMcBiTHCDS DGCEMEFI FRT v a VR ATS (E
X) & GCS (FE) OB, ATS Tix, B 1. B2, BIDIATH Y . GCS Tix,
1, B3 B2OBETHD, 2V, BITEARLGHEL, B2 TIEC. B
3TIXTHREW,
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oLE
0e —
[N ]
o ATS
o2 —_— & ATS1
| x ATS2
= = ] + ATS3
=
10 L] o L] 0 |!H — ATS)
| —_—
Y { (ATS1)
| | = (ATSD)
| a—
o4 IATH}_’
0.8
0.8 I
|
1 = — == -
[T
B Aslodurans
1 — — — = _——
Y]
0E
0.4 | —
o 65
0.2 & G051
[ = 8C52
g o ,' B0S3
1° ] ] = ] o — s}
| —
2.2 — i (6Cs1)
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e
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|
0.8 — I
1
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1 e " — -

3.6 REEEY 7 ACBITS CDS DGCEHEREZ 2 FUERY T a U5 ATS (L
) & GCS (FE) ofapg, KBELFEL<, ATS TiE, #1, 2, B3 OIA
THY, GCSTIE. 1. B3, F2DMETH 5,
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v A

EESE N a7 a v FOREPFER I (nature 2001) . AEFEFIZ
Xt N AORERFINREIND FETH S, BLIZEFIDRE S NI F
Bipars 4 7L LT 6HELEAIKRD HLA fHiK 4. 4Mb(X 3.7). 2 1 FLAME
DOER2 8. S5Mb(X 3.8), 2 2BGREEDOER 2 3Mb(X 3.9)D N7 — 2 2l
~Jz, HLA fBIRi%. 7/ AR TR OLEGTFEENEL . CpG T A T~ FD4534
R0, BETOBENRBITOSE 2 L, LR BEA TV S,

E MRIIUOEEENDT ) JI KELTA a7tk > TGCHENPER
V.| YRy REECERIEFN OE WV E BE LTV D (Bernardi et al. 1985)
{HIREMY L TIREMW & TIZRR DM, v M7 AT, & GC (GC-poor) DT
AYaTLELBEEDE6 2%% ED, & GC (GCrich) DH L H,322%¢&

9% ThHV., HZbbE GCRH,I1L3~4%TH5 (Bernardi 1995), Fealhm N

M@, FAVRAICEDZENDLD GV RERAVRIIFITHH, EBIZ
RAVRFO—EIXT AN RIZZ T oNb,GN RiZL & LB RV NIEH,

ELL LS TN RIZEIZH, & H IR 7TV % (Saccone et al. 1993),

TV FTIHGCEERE L, MlEHORWRHICER M TON DB, G

RTIX GC EEMNEL . BROITON DAL EYY (Bernardi et al. 1985), £ L
T, —RIZEEBETD GC ERIFFDELBTVBMNMNBLTWVOIN R LIETA Y
a7OGCEEEHEBELTHS,

HLA fEIKCTONY FERO—2L LT, 77 AM EI7 TR N OEEFI T
A —FOERBH 0 | Z Z TIIHEEN GC EE&DE( & EREFE DR 7
515 (Ikemura et al. 1990; Fukagawa et al. 1995), ZDERIL, =T 4 7Dk
YhaATE ) »S5 1IMbIZERRH Y. ZOFETIXIED REELZ D ATS
NDRITATS <0272V | 0 IIEWA D REMEZ D GCS BRIZ GCS > 01272 D,
T AT HFMIZWL &, ATS X GCS DRFEE TV Db DIBER - /D13 5
.7 T AN DREBETZ 7 AF —BEOERMTIZINTH A THREIZ/R > T
W3, ZOL9 RBETIE, BREHS ZWVITEREMOEEPEE TS E
HRXND, oo T 0 IOV THIBIZEZDZ L THDHH, ATS DiF
IMGCS LV HLEHD ULNT=NRENT LT AT ERNRL Do TelzdEEZ
bvd,

21FEDaT 4 71, GCEENEBICE > TRESERY AU 131FL
O GC fEELISME, BIRICBEBE T EEN/ NI WER TR TH D, 2 2FD
VT 4 T Skew OESWIEIKE L, RFTREENILH 5 b O DM ATS
>0 & GCS<0 D—BHENE, 20| ERBEMIIERESDIITTTHLA, =
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RED—F TV —FT 4 VI EHERDBEHBEL, bO—FTRIXF U TRE
RABEBNEL o TWNB EEZLND, 2 2FTIL. ATS & GCS DREED
RE—UPEHMEL 7oA L TWAED, BEAEYMYT ) LDL 51, —K
DETY =T 4V THERDERE X T E 72 DB EREICME S AN
Bbbh, WEMIR-TnWbdEEZLND,

o— FEEIRIC 1T D GC & &, GCS. ATS 2RV Y a VHNCEHE LI EO#Am
B2 HIT(R 3.10), FTEIRY T a3 rTIEGC FENEL., o#HbRE< T,
2RO GCERBEERALTVWDZENbND, LT, B2HRT Y a VTEEI
GC EEMEDTH Y., GCS & ATS iTWTFh b LD GC E&EADHEBICZR
STWBEN, FERY Y g D GCS IZEDHEEE RO AR LV, Skew (2D
WTEEDDE, BIRIVaUNIALGOTIUNREL, FE2RY Vg T
CHEL Y, EIRYTa I TREL 2> TVA(X 3.11),
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——gkew (AT)

——cumulative
skew (AT)

——gkew (GC)

shew

—cumulative
skew (GC)

“Extended Classical Classical Extended
-2 |_Class | Class | Class I11] Class 11 1 Class |1

sequence (10kb)

0.4
0.2
o A i A b hd kb A b A a4 & i 4 i i id P 1
1 1 21 31 41
sequen|{ ——AA —— [T ———BG —CC ~®—AT —®=TA —8—GC —®—CG —O—AG —O—CT

—O—GA —8—TC % AC X GT X (A —*-T6




3.7 & b 6 FYAE (HLA 8% (2B 5 Skew (EX) & TEIREEOHE/
HfHE (TR), HLA fEIRTONY RERDO—D2E LT, 77 AME7 T A1
DB|EF 7 T AX —ROER TIIEENT GC FEOE( L BERFHOELS
LB, ZOERIZ. avFo oty a2 7 B) »H51MbIEEICH
0. ZOFHETIZIED REME A E D ATS VAUZ ATS < 012729, 0lZiEVWAD
BREE LD GCS BNAIZGCS>0127 5, 7r AT HEIZWL &, ATS ¥ GCS
DEBETHL DL OEK B/ R3H b, 77 A 1O&IEF7 7 AZ —HiE
DEFMTIZBNTHEATHREIZ /2> TWD, 20X ) RBE TR, Elk
HH 5 WVFERICET I~ 7 u 2SO ERE & TV D ATREMER R,
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1.5 -

= skew (AT)

—cumulative
skew (AT)

— skew (GC)

—cumulative

skew (GC)
! 1 !
i ' GC-poor GC-middle GC-rich
=1 ; region r%ginn region
' : sequence (100kb)
1.4 -
TC, 66
x CA TG
1.2 CT, AG
' A, TT
2 1 6C
Q
AT
61, AC
0.8 -
0.6
0.4 —
62 E]
0
{21 41 61 81 101 121 141 161 181 201 221 241 261 281
sequence] —M ——TT ——08 ——CC —+—AT —e—TA ——GC —=—C8 —o—AQ

—o0—(CT —o—6A —=-TC =x AC = GI = CA = TG
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38 b b 21 BEREAMEIZEIT S Skew( X)) & THEEEOHEMFHE (TR,
ERIEBRICBT 2 baAT/ITHY ., AmiEITa A TRITH S, 4l 2/3
FEE, BETRELEINIEEFEEOZDLO THRWEETH D, 22
Tk, ZTEEREICHAEOEFHNIZ LA EA LR,
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0.6

~— skew (AT)
——cumulative
skew (AT)
—— skew (GC)
—cumulative
skew (GC)
-0.8
sequence (100kb)
1.6
1.4
r { ucr BG
: i |CT, AG
1.2 4 ICA, TG
. AR, TT
{ .':f TC, GA
!l!l MN'-‘,‘..\’ . g
% 0.8 AT
Q # GT, AC
0.6 4]

|

0.4 ;
|lr
0.2 i

1T 21 41 6l

81 101 121 141

e

sequence (100kb)

AA 1T GG

=M Al A =T

—s—AT —=—TA ——GC —=—CG6

= CA :'Ii
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39 b b 22 BRAMAKIZEIT D Skew( EX) & EIEEOHEE/MFFE (TR,
Skew D/XF— 2 21 BYRAIKE DBEVBA LD, EBEEOEEERIIFE
CTHDHN, 2 1BICHANEBRFEENENEWD NIRRT L,
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hs chr 21

g

— (6+C2)

B+C (%) in each position

8 8 8 8 8 8 8 8

o 0 ® ® & ® ® » ® » o

G+C (%)
310 & b 21 FREEICBITACDS DGCERELEIRVRY T a Ui GC
SRl 0N, BE3ITIIHEEXNKELL GCERLEDTHY . F2 TIHEDTH

Do
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ha chr 21

e — — S el =
o
x |
> - ° L
o4
8 A
e ® ATSI
x NS
+ AR
2 3 |
-] ]
i n " w0 109 s )
| — (ATS2)
4.2 . — s
|
0.4 |
|
2
. |
|
4.8 !
|
) = o L _—
L]
h shr 3
e — M - - . 18 W
®
08 =
[ ]
oe
|
0.4 |
0.2 —
g o
10 n ® "
02
04
a1
o
e

3.11 b b 21 FBiffafkizdiT 5 CDS D GC EltL &3 FyBRT v a B ATS

(EF) & GeS (FM) ofEps, 2R a o GCS sk, wFhibao
HETH D, KIBECREE LR, ATS TiE. B 1, $2, FEI3IDETHY .,
GCS Tix, #1. B3, B2DRTH D,

42



ZDMOERAEY

) DERIIEEDRT, uA XFRAFDEES ) MIT— 2 BEFICE
BETHD?, RAEKREERIZSHADRAILN TS GCEEEXELT D MU AR
VDR E, GCS D — L ORIZRWVEBER H D, BSREKRTHEL
T, B bhuXAT b LEENT- L Z AT ATS X° GCS O/XF— 358720 |
T ATIGESIZ MR L 12D 5L 2o TVWA(K 3.12, 18 B), #BDT /
LEFDOF—ZIIHEVICE XY v ITRE o727, Skew D/ — IHEH
PEMEV ((H&B), BERED 6 FRAAK T, BEOBBRENERNICHON
TUWB D, Skew D/XF — 2 ORBE & IEFIZHEBEMEIE,

o — REEIRIZBIT 5 GCE&. GCS, ATS # R Y a VHIZEHE LIEORK
AT, B IR RIBEMADHD (K312~ ®3.15), £T. vuaAfXF R
FROERTIIE RT3V DGCEEDIEIN. E3IRTa Ly DGCHEL
DHhEy (K3.12), BiZ. P falciparum <° S. pombe Tix, FE=FRT T 3 D GC
EENPRBIEL 25X 3.14),
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A thaliana chr 1

— (G+C1)
— (6+C2)
— (G+C3)

G+C(%) in each position

P. falciparum

8

G+C(%) in each position
8 8 &8 8 8 8 8 8

0 10 20 30 40 50 60 70 80 0 100
G+C(%

3.12 A.thaliana D5 | FHaEk (L) & Pfalciparum 77 7 A (FIE) (280F
HACDSDGCERELEa FURT Y a LY GC & OB, Athaliana TlE, 8
1, B3, B2OMETH Y, Plalciparum 1TEED GC ERMEL, BIHFRT a3
YOO GCHRHIEFHE BLAIVY,
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0.8
0.8
04
o ATS
02} & ATS1
| x ATS2
2 | + ATS3
& 10 0 " w0 » L
.2 | | —omsn
24 ! | — sy
-8 8
a8
| = ¥ L i .
tem
A thallane chr |
' —
0
oE
B
o &S
ot ® BCS1
x 86052
! 8 + BCS3
10 n — (GCS)
a2 = (GCS1)
' — (80s2)
— {8C53)
=0 4
0.8
o8
- Ao

2 3.13 A.thaliana ©35 1 e fkizBIT 5 CDS D GC ML FEa FryRY v a v
7 ATS (LX) & GCS (TEH) B, ATS Tix,. 1, B2, BEIDETH Y,
GCS CliF 1. B3, F20IETHS, 2 TAOHETH S,



£ faiciparss

s
® ATS1

| x ATS2

| + ATS3

50 @ ™ L] L] IIH — (ATS)

| | =TSy

== (AT52)

| = (ATS3)

&
=
L - |

P faiciparos

o 6C5
e G651
x BC52

— (6CS)
— (6C51)
— (665D
— (6CsT)

(0]

X 3.14 Pfalciparum \=311% CDS @ GC Ffcl %= FrRY v a VR ATS (L
X) & GCS (FX) B, ATS Tix, 1, F2, FE3IDIATH Y, GCS Tid,
Bl H3, BF2OETHD,
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8 ceravisise

100
80
80 [ el
6+C2
s 70 ¢ @03
= |— (asc1)
g e |=— (@+02)
|=— (G+C3)
)
E
40
o
g
20
10

E

6+C(¥) in each position
2 8 &8 8 8 838 8 8

1
= |

B 3.15 S.cerevisiae (EE) & Spombe (FE) 23115 CDS O GC L& =
RyiRT v a Bl GCERDOFMB. Scerevisiae Tix, 1, 3, B2DIETH
V. Spombe TIXH1, B2, BIDIETH S,
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£ cwreviaion

[ ] L]
o f e - —_—
0.8 —
L=
o — o ATS |
® ATl |
x ATS2
E o + AR
10 ™ © 0 1 e
—um1|
| e (ATED)
22 N — ]
44 = =
8 -
0.8
1 — —— .
m
& cerevision
1 = —
an - -
o l— SN e
o4 | e
01 B
o 65
x asr |
g o . | |+ wn
0 ] 0 w w [T R
% | — sy
— (RCEY)
%2 — (s |
04
0.8
a8

[X] 3.16 S.cerevisiae \ZEBITHCDS O GCERk L Ea FURY v a H ATS (LX)
& GCS (TR DOFEPE, ATS Tix, %1, H2, FIDIETHY, GCS Tix. B
1. 3, F20IETHA,
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3.3 fEwm

Skew D/3F—U bbbk Z Lix, BRIZETIHOMEDOANEDLY TH
5, METIX, 7/ A2EN 1 SOERBALIZR > TWDST20DIZ, Skew D/3H
— UL ERBEENBE S TR T 5, BEEMTIIERDO Y R T L0 EH
THDHIH, BRENOTFENIEE LD, Skew DX F—DANEDLY b,
V=T 4 VITHETX U THOANBRDL D BHERIFETH D, 25 LI F—
VIEBEAO TR, R—ENTHLRERICL > TEZFHETH D, WTHUZL
Th, TRTOF ) JBWTEERFENH D Z LIXHALATH Y . BRI
K DR RITEHIERHIZAE LT TV D,

7. CDSIZBITS GCEE L OMEETIZ, WIhvdh ATS TIXE 1. 2. &
3PDIETHY, GCS TIHFE 1, F3. FE2DIETHD, 2FEV, BE1RYVa v
TITADBGHEL, FE2TIETH, F3THGHEZWEHAN®H D,




4, T#EHEE (dinucleotide) D7 7 AEARIREMEL o RUEREE

41 FE

5 ) D DNA HERFILT v & LTk <. DNA OFEREECHERE & BfR
LT, BHEECENIEINRCEOO THEDRWEN DD, BEREHD2—
REESE TiE, CpG < TpA ? EHEMES T2 5N TE Y | TpG = CpT A=A
EIZHE T 5 (Ohno 1988), [IHRIZ., FIEAEMSCANTRT . U 4V ADES
b, FRFNICREEAR R EIIENSH 528 (Karlin and Burge 1995; Karlin and
Marézek 1997) . Karlin and Burge(1995)i%. A FAL-7 7 I{kiC £ 5 C>T 2BRE
BT TR 80 Far RY T3 CpG OMEHNIFHA TE RN,
TEERICHEESMEIIDNAD —ELHADOFEEOER LT EARODLR T v
XUV AR DERLTWBEEREL TS, U UVEBERKES TERFLTWY
52 ODBBICHABEDEICE T, A¥ vyx Y (a—n) MAEHZRLF
—WNERY, DNAD_E OB ADBEDOER LT ENERD | TpA I&xbE
BT CpG I3H&Z BAEVY (Hunter 1993), ZD7=%, TpA IXE&ETIEIIH I TW
%03, TATA-box 72 & DNA OEEEZ TV B 2 BFHESNICHWH N TE Y CpG
OIMENIRY (CG) NEZEXD ZARI DNABELZ LD LLBE/RL TS LE
ZHh T35,

a— REEIZT I VBAa— RLTWAED, a RACL 350855, &
GRERICIIMERH Y (& 4.1), ALz NUoFRABEEIRECL-> T, BaF
WX -oTRRD, KBFECERTIE, FIFRSELE/RLT, FEa FofEA
$EFE L (RNA B & ORICEWHEEN S 5 (Tkemura 1981, 1982), = R FSEE
WZOWTIE, 74 /a7 GCEREDERR L, MIZbike RN H DB, —
FXIZ CpG =° TpA DI SN TWA S/ AT, =— FEKIZBWTH CpG R
UpA &t ROFEREENMEI SN TEY ., 2 FEREEIXTERED
BEEMEMIZER < B A2 Z T TUWD (Nussinov 1981),
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#* 4.1 BEHEEERT SR (FORDES)

2Ry 7I/B aFy FI/B aky 7B 3Ry TR
vty phe DB B uau Tyr  UGU Cys
uuce rhe  UEE B uvac Tyr  UGC Cys
il = - & B OE O -
e B e = B W e Trp
Bl W co Pro  CAU His GOl Arg
BE B ccc Pro  CAC His GO0 Arg
Bl B cca Pro  CAA cn  GGR Arg
BE B ccc Pro  CAG cn 008 Arg
AUU B acu Thr  AAU Asn  NGH Ser
AUC B Acc ™ AAC Asn  NGE@ Ser
AUA B Aca  Thr  AAA Lys NGA Arg
B M Acc m™r  AAG s N Arg
GUU val  GCU Ala GAU Asp GGU Gly
GUC Vval GCC Ala GAC Asp GGC Gly
GUA val GCA Ala  GAA Glu GGA Gly
GUG  Val GCG Ala  GAG Glu GGG Gly
Ate 6@HMEE: A 4AEMGE ;& SEMR; & 2EMER ;% B

i

fAs = B2 GEMER) ; &

Wik = B (3 HEAfidIR)

51



42 FHiE
THEEHEIT4Ax4=16EY DMBEDLERDH D, XpY DHEEL f,, & L

EXOHEEY f, L T5&., MM REERMIILLTOL S 2HIFHE L O pyy

DHRODLND,

Sy

Sxfy

MBELEORHMEELZEZEB L1 0@ OMAGDLE (p*,) BERESL TV

% 0% (Burge et al. 1992) | ARBFFE CIISH DIt FRMEEL EE L TEREOXZ AWV T,
3 ED Skew DFHERE & FFRIZIT - 72,

Pxy =
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43 HER

I harRY7T

TEHBEEEECELT, I har RITEHEEOERSW oBEI N (K
4.1), £9°, Skew DA NEFNESAET—E L TEBY (ATS#0 7213 GCS #0 23,
THEEEOHEEILLEE L, HARBOMASGDER THEICRY AETTY

B, BlZIE BEEEBWO mONA T fog > fros fie > Jorr Jre > Jon

for > fie CHDBHB, TOMO mDNATEHEL TWHHEAEDOELH D,

DOFEY, —HEL LD Skew 1T TEHEICHEELEZ TS, KRIZ, FEZ
B GpG = CpC 1% < D mtD N AICEB W TEMEE TH 525, CpG X GpT i
BLImAoTWS, ZOMEMIZ. AF -7 7 i L DER L ITBRMN 2
W, RERBIE, AFILOBEE 2\ a v Y a UNx (Drosophila) 1
BWTHR CERANBEINEINL TH D, £72. BERE (S. cerevisiae) ® mtD
NAIZREIZGpG & CpC &R DEAMHA, 8 6 k bDF / AD GCEHEREIT1
7% L& FEFIZE AT T, CpG IHELS AN TNDD, C& GIETTRH
— e RoTEBRIZSF LTS, L T3-2HOEMIX. CpG DA TpG &
CpA DEMEHEDLRNWZLETHY, ZOZLEFATFUE-TT IUIZED C>T
B TIZFEI TEX 22\, Cardon et al. (1994)%° Karlin and Burge (1995)i%. &
EHEEICEEL 52 ZBENTOMICFETHZ L 2RRLTND,
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41 152D hary NI T4 LB 2 T EEEXOEE/MFE (CpG,
CpC, CpG, GpT, CpA, TpG), BFHEMW (EX) Tix. WTIhbEmEBIETEY .
FomofE (FR) TIREEL LTS, i, BooNHEIE (& A5,
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Ssccharcmyces cerevisise (o 122) |
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R
THEBEOHEEMERIT mtDNA &RV HHRKENLEAE DERLIX
[ UMM % &> (Burge etal. 1992), ~7 1 #EET TR, AEITEERE
WZOWTHRAKRTH Y, JEREEOHEOLKEIISHAHHN TH DH, Ll
NH, T4y RUEESTHLIFANDS & B Skew DR (B OB
RELIIKIER) T, BERENEAEDERANED> TS, THEE
EDRY b,
DNS = fXY _fX’Y'
fXY +fX'Y'
ELTHETES, 22T, XY XpY DHBRETH D, %< DEZEEMIZ
BUWT, DNS DEIZIETOMAEDLETOIIZEL 72 525, Proteobacteria
y-subdivision @ Xylella fastidiosa Ti%.GpT & TpG 3% DEFKEED ApC & CpA
IZHEART20%HBV, ATS & GCS D/3% — b P TRIIBEINIEL S IZ
o TWVWA,
) — OB NI, HBHRWE L b TV CpG DR A,
S OMDEAEMTIIE TITE LW & ThH, HHE TliX. Halobacterium sp.

NRC-1 (GCEE6 8%) M py>1TH Y, EILME TS Bacillus 7 /L—7 (4

B 72 &) X Proteobacteria @ a, B, y-subdivision DiE & A EDTET p, > 1 & CpG

DESEE CBEIND, BEIEME TIX. CpG Tid/e< TpA X GpT 23& b#nfl &
NTEY ., ApC R ApT BZENHIZKE< . Ureaplasma urealyticum 1%, IEEIZ GC

EEMES25. 5% THHD. py, 1X 079 THY pg = 088 LV DTMIC

IEV, TpA OIHFNIT LAEBHITH Y . BISMNIEHE D Aderopyrum pernix
(pr=121) REDLTHTH D,

WL OO TIE, JHEEEOARY — N FFMICELN B SR H D 2D
& O REE CIIKEEB AL U TV 5 AIEEMED E VY, Proteobacteria a-subdivision
®D Mesorhizobium loti TIIIEFI\IEE Uiz HEEED/RF— 2 ZFFD05, 5Mb
FHECEBEE ApT A TFRY ., IS TV TpA BEML TW5, GCE&
LI THE D ERWALTEY, [MO2DEFINEDELCTND, £,
Bacillus 7 /L —"7"® Staphylococcus i%.BA#E7: ATS & GCS D/3F — RO,
Skew DZEALA T GpC & CpA DNABIZER L, GpG & CpC BRKETT 5, 21
b, BREARRICBENREINICLIS2bDEEZOND,
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=0 /A AN
RN AOTEEREOREME LT, REZHEEENZWZ ENEITHND,

ZLT, NEF =i GC EROHEBERBML TWDD. P Pec T Pu=Pr &£
DHREL, CpG BEFEOLTN20~40%ThHd, V4 Ry A%
INEL T B E, fofg DAL 7 BRERIZENDE, ZNHIEATF SRR

CpG 7TA T RTHY., RAVRNIZEFLTWNAELDTHD (Cross and Bird
1995), TEBEEOHBEERITVTHOREGAETHLIBELTEBY, 4207 —
T bbb, £ p> 1 THDHDIE, ApA, TpT, GpG, CpC, TpG, CpA, ApG,
CpT Tdh D, KIZ. p=0.8 D ApT, TpA, ApC, GpT & p=0.2 ® CpG, & L THREIZ
p~1 ® GpA, TpC, GpC TH 5 (X 3.7 ~ [X3.9), CpG O#FIL, mtD N A & [k
IZ TpG, CpA DM THE L X TITW RS, m t DNA & B/ ) R ERR
72 TEBEOEEITSRITIZIER UTH D (DNS=0),

Z DD ERZEY
FNEFNCREANR EEED Y — 200, BEAEMICHEEREMN
NE, EHRERTIIU - RZ = 2F2b00, LT L RERREERE
KL TWB DT TR, RFZ—roflAGbEns, B MbEDIEAX
FAF, BB, BROF T, BERARLRFHRERTHD LR DH(X4.2),
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Dinucleotide Diagram for Eukaryotes

(@ AA/TT Over-represented
CA/TG Over-represented
AC/GT Under-represented
TA Under-represented
AT Under-represented

@ ca Under-represented

® 6G/CC Over-represented

@ GA/TC Over-represented

3% 1human-specific
AG/CT Over-represented

¥2C. elegans-specific
AG/CT Under-represented

M3A. thaliana-specific

GC Under-represented
Human 31
0@
o 0 X
Yeast elegans 2
[ONCRON) 0@
o 0 0 o0 X X 0

X 42 BEZEWIBT 5 EEEOEEER, TEIVCEBERRZR EEE
DY =2 EFON, BEERICILERERMA L, EHEER I F—
VEBFOLOD, LT LLKERBHBEMRERBRL TWD DT TIERWY, ¥
— VOB EDLENDL, EFbEDYRA X T RS, BE, BROF T, BER
DERDRENREMTHD L2 5,
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4.4 FEim

—EE LUV OEIERIHMEIC b LT, FRENDST ) ARSIEKIC—E
L7-REEANR EEEOEEERANSD D, FEEYH OEEEMETHL D
DREICEBNT TpA i3 7% <, BITEBRIRER TH D, A TF -7 T UL
BREREEDITINC CpG M T MO LOMENRSH D EEZ O, AN
7RI DNA OFERBE LR THIAF v X 7 - XX —PFREE T T
Hb, A XTI « 2XAX—LRETFES DL WIESFEOHEEERICLD
BAETZRLE—THHED, FNFho EHEEOHASDLETRRS, £L
T, ZOTRALF—IZ L B5E VD DNA O EREED BN LR D 505, TpA D
HABDEITR L ABEENEL CpG IR LEETHH 5 2R Y (CG) ITEEE
“ELHEAD ZEIDNAEBEER LD, £D-H, TpA X CpG M T LI TN D
LENTWVWS, LT, 0o T HEELEDTL 6@Y OMEAEHOEET
WBWT, ¥/ A —BLEEEERNDD Z EbHATE S, ¥, RES
RUDERBEELFNEFNOETRYBH Y. TEREYWTIL tRNA OFER
EHBWEENH DN, B FOELGF TIE CpG R TpA 2 Etea N OERSEE
DI HNTEY., 7 A2FIcB 3 _EEEOHEEBMORE LB ZIT
TW5, ZOMOERAEMIB N THRMBEIC, o RUofEREEIT EEED
HEEERAOEES R ZITTRY, EEEOHEAESOEITERINIIEEIZH
WHEETHD EWVZ D,
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5 FrEICBETIEE

A Ay DFEAELHIBAIELIC OV T2 A H D . W h REBBRIR
LOTHDHD, BERPLENLZEBICHEND D Z LIIRARTH D, 7/
LG ENE DNA Tid/2 < RNA T, BUIHT A LEMD D DNA EFI2 —iRHEY
IR ol ENTWAER, AXTHESNTZ L HIZ DNA OFEREEIIKRE W EH
THY, BADNA D _ELHADMIZE AR 2R EOSFIREBERF O Z
EN. EMEBFETO L TARI T X2 ICBbhd, £ LT, 2OHEIX
FEHIDIW NN L > TIRE D70, BLHIOR S ERP R —HE L 0 TEEE
LAULT, 2O IR R — U R EBIfR L TBIE SN D Z LT, B
F| L AEE L BEENEREICEE L CW AL TH 5,

AMEEIICB I 2AFMEL VS THREICL > THRATHY, TDLEXDL
X DRECEREHZ L TBRMEIC L » T, BN RESIBEEMRM MR SR
5b, BEDCLISRBEAADAFZ - 22X 5XESTDOTHA S, iFMls
BT L > T, ZNODONRE — v BERHTHER —D>— DB LNIZR>TW
OPbL LR, LT, FhbE2ETRAETHZLICL- T, Afmdidm
N2HDHWVE, EOXEICLTHAEL, FOLHIREREZERT TN DON? L
WO RIEOBENREDONTWS ZEEES,
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6 5w

KIFZEDFERD D, Skew ° EHEMEIZE L TF /) LSO ERRESD
FBRBALNERST, LLARRS, BRRY ) AOERFT— 212, £DIF
DN BREX RN — U NEIEL D B, FNDH DAY — U ROFT 2T — ZHRATIC
o T, ZTNETIZEB SN o FEERCEMBEFIZE T 2 BERmORIES,
WRHEBMMEIND,
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MITOCHONDRIA

No. SPECIES ACNO. BASES
1 Acanthamoeba castellanii NC 001637  415910bp
2 Acropora tenuis NC 003522  183380bp
3 Albinaria caerulea NC 001761 141300bp
4 Alligator mississippiensis NC_001922 166460bp
5 Allocyttus niger NC 004398 167500bp
6 Allomyces macrogynus NC 001715 574730bp
7 Ancylostoma duodenale NC 003415 137210bp
8 Anguilla japonica NC_002707 166850bp
9 Anomalopteryx didiformis NC 002779  167160bp
10 Anopheles gambiae NC 002084  153630bp
11 Anopheles quadrimaculatus A NC 000875 154550bp
12 Anoplogaster cornuta NC 004391 165110bp
13 Antigonia capros NC 003191 16508 bp
14 Aphredoderus sayanus NC 004372  166010bp
15 Apis mellifera ligustica NC 001566 163430bp
16 Apteryx haastii NC 002782 168160bp
17 Arabidopsis thaliana NC 001284 3669230bp
18 Arbacia lixula NC 001770  157190bp
19 Arcos sp. KU-149 NC 004413 165340bp
20 Arctocephalus forsteri NC 004023 154130bp
21 Arctoscopus japonicus NC 002812 165770bp
22 Arenaria interpres NC 003712  167250bp
23 Artemia franciscana NC 001620 158220bp
24 Artibeus jamaicensis NC 002009 166510bp
25 Ascaris suum NC 001327 142840bp
26 Asterina pectinifera NC 001627  162600bp
27 Ateleopus japonicus NC 003178 166500bp
28 Aulopus japonicus NC_ 002674  166530bp
29 Aythya americana NC_000877 166160bp
30 Balaenoptera musculus NC _ 001601 164020bp




31 Balaenoptera physalus
32 Balanoglossus carnosus
33 Bassozetus zenkevitchi
34 Beryx decadactylus

35 Beryx splendens

36 Bombyx mandarina

37 Bombyx mori

38 Bos taurus

39 Branchiostoma floridae
40 Branchiostoma lanceolatum
41 Brugia malayi

42 Buteo buteo

43 Caelorinchus kishinouyei
44 Caenorhabditis elegans
45 Cafeteria roenbergensis
46 Caiman crocodilus

47 Candida albicans

48 Canis familiaris

49 Carangoides armatus

50 Caranx melampygus

51 Carapus bermudensis

52 Carassius auratus

53 Casuarius casuarius

54 Cataetyx rubrirostris

55 Caulophryne pelagica

56 Cavia porcellus

57 Cebus albifrons

58 Cepaca nemoralis

59 Ceratitis capitata

60 Ceratotherium simum

61 Cetostoma regani

62 Chaetosphaeridium globosum
63 Chalinolobus tuberculatus
64 Chauliodus sloani

65 Chaunax abei

66 Chaunax tosaensis

NC_001321
NC 001887
NC_004374
NC_004393
NC_ 003188
NC_003395
NC_002355
NC 001567
NC_000834
NC 001912
NC_ 004298
NC 003128
NC_003169
NC_001328
NC_000946
NC_002744
NC_ 002653
NC_002008
NC_004405
NC_004406
NC 004373
NC_002079
NC_002778
NC_004375
NC_ 004383
NC_000884
NC 002763
NC_001816
NC_000857
NC_001808
NC_004389
NC 004118
NC_002626
NC_003159
NC_004381
NC_004382

16398 0bp
15708 0bp
165790bp
165350bp
165290bp
159280bp
156430bp
163380bp
150830bp
150760bp
136570bp
186740bp
159420bp
137940bp
431590bp
179000bp
404200bp
167270bp
165560bp
165930bp
166130bp
16578 0bp
167570bp
164950bp
166570bp
16801 0bp
165540bp
141000bp
159800bp
168320bp
16508 bp
565740bp
16818bp
178140bp
164861bp
1648801bp




67 Chelonia mydas
68 Chimaera monstrosa
69 Chlamydomonas eugametos
70 Chlamydomonas reinhardtii
71 Chlorophthalmus agassizi
72 Chondrus crispus
73 Chrysemys picta
74 Chrysodidymus synuroideus
75 Chrysomya chloropyga
76 Ciconia boyciana
77 Ciconia ciconia
78 Cochliomyia hominivorax
79 Cololabis saira
80 Conger myriaster
81 Coregonus lavaretus
82 Corvus frugilegus
83 Cottus reinii
84 Coturnix japonica
85 Crassostrea gigas
86 Crenimugil crenilabis
87 Crioceris duodecimpunctata
88 Crossostoma lacustre
89 Cryptococcus neoformans var. grubii
90 Cyanidioschyzon merolae
91 Cynocephalus variegatus
92 Cyprinus carpio
93 Dactyloptena peterseni
94 Dactyloptena tiltoni
95 Danacetichthys galathenus
96 Danio rerio
97 Daphnia pulex
98 Dasypus novemcinctus
99 Diaphus splendidus
100 Dictyostelium discoideum
101 Didelphis virginiana

102 Dinodon semicarinatus

NC_000886
NC_003136
NC_001872
NC_001638
NC 003160
NC 001677
NC 002073
NC_002174
NC_002697
NC_002196
NC_002197
NC_002660
NC_ 003183
NC_002761
NC_002646
NC_002069

NC_004404

NC_003408
NC_001276
NC_003170
NC 003372
NC 001727
NC 004336
NC_000887
NC_004031
NC_001606
NC_003194
NC_004402
NC_003185
NC 002333
NC_000844
NC_001821
NC_003164
NC_000895
NC_001610
NC 001945

164970bp
185800bp
228970bp
157580bp
162210bp
258360bp
168660bp
341190bp
158370bp
176220bp
173470bp
160220bp
164990bp
187050bp
167370bp
169320bp
165610bp
166970bp
182240bp
160190bp
158800bp
16558 0bp
248740bp
322110bp
167480bp
165750bp
167170bp
167510bp
165550bp
16596 bp
153330bp
170560bp
159850bp
555640bp
170840bp
171910bp



103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

138 Gorilla gorilla

Dinornis giganteus
Diplacanthopoma brachysoma
Diplophos taenia

Dogania subplana
Dromaius novaechollandiae
Drosophila melanogaster
Drosophila yakuba

Dugong dugon
Echinococcus multilocularis
Echinops telfairi
Echinosorex gymnura
Elassoma evergladei
Eleotris acanthopoma
Emeus crassus
Emmelichthys struhsakeri
Enedrias crassispina
Engraulis japonicus
Eptatretus burgeri

Equus asinus

Equus caballus

Erinaceus europaeus
Eudromia elegans

Eumeces egregius
Eumetopias jubatus
Eutaeniophorus sp. 033-Miya
Exocoetus volitans

Falco peregrinus

Fasciola hepatica

Felis catus

Florometra serratissima
Gadus morhua

Gallus gallus

Gambusia affinis
Gasterosteus aculeatus

Gonostoma gracile

NC_002672
NC 004376
NC_002647
NC_002780
NC 002784
NC 001709
NC_001322
NC_003314
NC_000928
NC_002631
NC_ 002808
NC 003175
NC_004415
NC_002673
NC_004407
NC_004410
NC 003097
NC_002807
NC_001788
NC 001640
NC_002080
NC 002772
NC 000888
NC_004030
NC_ 004390
NC_003184
NC_000878
NC 002546
NC_001700
NC_001878
NC_002081
NC_001323
NC_ 004388
NC 003174
NC_002574
NC_ 001645

17070C0bp
164950bp
164180bp
172890bp
167110bp
1951700bp
1601900bp
168500bp
137380bp
165550bp
170880bp
157800bp
165220bp
17061 0bp
165020bp
165220bp
166750bp
171680bp
166700bp
16660 bp
174470bp
153020bp
174070bp
166390bp
16508 bp
165270bp
180680bp
144620bp
170090bp
160050bp
166960bp
167750bp
166140bp
157420bp
164360bp
163640bp




139 Gymnothorax kidako
140 Haematopus ater

141 Halichoerus grypus
142 Halocynthia roretzi
143 Harpadon microchir
144 Helicolenus hilgendorfi
145 Heterodontus francisci
146 Heterodoxus macropus
147 Hippopotamus amphibius
148 Homo sapiens

149 Hoplostethus japonicus
150 Hyaloraphidium curvatum
151 Hylobates lar

152 Hymenolepis diminuta
153 Hypoatherina tsurugae
154 Hypocrea jecorina

155 Hypoptychus dybowskii
156 Ictalurus punctatus

157 Iguana iguana

158 Ijimaia dofleini

159 Indostomus paradoxus
160 Isoodon macrourus

161 Ixodes hexagonus

162 Ixodes persulcatus

163 Katharina tunicata

164 Lama pacos

165 Laminaria digitata

166 Lampetra fluviatilis
167 Lampris guttatus

168 Laqueus rubellus

169 Latimeria chalumnae
170 Lemur catta

171 Lepidosiren paradoxa
172 Lepus europacus

173 Limulus polyphemus
174 Lithobius forficatus

NC_004417
NC 003713
NC_001602
NC 002177
NC_003161
NC_003195
NC_003137
NC 002651
NC_000889
NC 001807
NC 003187
NC_003048
NC_002082
NC 002767
NC_004386
NC_003388
NC_004400
NC_003489
NC 002793
NC 003179
NC_004401
NC_002746
NC_002010
NC_004370
NC_001636
NC_002504
NC 004024
NC 001131
NC_003165
NC_002322
NC_001804
NC 004025
NC_003342
NC_004028
NC_003057
NC_002629

165790bp
165890bp
16797 0bp
147710bp
16061 0bp
167280bp
167080bp
14670Cbp
164070bp
165710bp
165280bp
29593 0bp
164720bp
139000bp
165660bp
421300bp
164790bp
164970bp
166330bp
166450bp
161520bp
168520bp
145390bp
145390bp
155320bp
166520bp
380070bp
161590bp
155980bp
140170bp
164070bp
170360bp
16403 0bp
177340bp
149850bp
156950bp




175 Locusta migratoria
176 Loligo bleekeri

177 Lophius americanus
178 Lota lota

179 Loxodonta africana
180 Lumbricus terrestris
181 Lycodes toyamensis
182 Macaca sylvanus

183 Macropus robustus
184 Macroscelides proboscideus
185 Malawimonas jakobiformis
186 Manis tetradactyla

187 Marchantia polymorpha
188 Mastacembelus favus
189 Melanocetus murrayi
190 Melanonus zugmayeri
191 Melanotaenia lacustris
192 Mertensiella luschani
193 Metridium senile

194 Monocentris japonicus
195 Monopterus albus

196 Monosiga brevicollis
197 Mugil cephalus

198 Muntiacus reevesi

199 Mus musculus

200 Mustelus manazo

201 Myctophum affine
202 Myoxus glis

203 Myripristis berndti
204 Myzxine glutinosa

205 Naegleria gruberi

206 Narceus annularus
207 Necator americanus

208 Neoceratodus forsteri
209 Neocyttus rhomboidalis
210 Neoscopelus microchir

NC_001712
NC_002507
NC_004380
NC_004379
NC_000934
NC_001673
NC_004409
NC_002764
NC 001794
NC_004026
NC_002553
NC_004027
NC 001660
NC 003193
NC_004384
NC_ 004378
NC_004385
NC_002756
NC_000933
NC_ 004392
NC 003192
NC 004309
NC 003182
NC_004069
NC_001569
NC_000890
NC_003163
NC_001892
NC_ 003189
NC_002639
NC_002573
NC 003343
NC_003416
NC_003127
NC_004399
NC_003180

157220bp
172110bp
164790bp
165270bp
168660bp
14998 0bp
166970bp
165860bp
1689600bp
16641 0bp
473280bp
165710bp
186609 bp
16498 0bp
167580bp
165640bp
164870bp
166500bp
174430bp
165670bp
166220bp
76568 0bp
166850bp
1635400bp
162950bp
167070bp
162390bp
166020bp
165310bp
189090bp
498430bp
148680bp
13604 Cbp
165720bp
167450bp
166860bp




211 Nycticebus coucang
212 Ochotona collaris

213 Ochromonas danica

214 Odobenus rosmarus rosmarus

215 Onchocerca volvulus
216 Oncorhynchus mykiss

217 Oncorhynchus tshawytscha

218 Ornithorhynchus anatinus
219 Orycteropus afer

220 Oryctolagus cuniculus
221 Oryzias latipes

222 Osteoglossum bicirrhosum
223 Ostichthys japonicus
224 Ostrinia furnacalis

225 Ostrinia nubilalis

226 Ovis aries

227 Pagrus major

228 Pagurus longicarpus

229 Pan paniscus

230 Pan troglodytes

231 Pantodon buchholzi

232 Panulirus japonicus

233 Papio hamadryas

234 Paracentrotus lividus
235 Paragonimus westermani
236 Paralichthys olivaceus
237 Paramecium aurelia

238 Parazen pacificus

239 Pedinomonas minor

240 Pelomedusa subrufa

241 Penaeus monodon

242 Percopsis transmontana
243 Petromyzon marinus

244 Petroscirtes breviceps
245 Phoca vitulina
246 Physarum polycephalum

NC_002765
NC_003033
NC_002571
NC_004029
NC_001861
NC_001717
NC 002980
NC_000891
NC_002078
NC_001913
NC_004387
NC 003095
NC_004394
NC_003368
NC_003367
NC 001941
NC_003196
NC_003058
NC_001644
NC 001643
NC_003096
NC_004251
NC 001992
NC 001572
NC_002354
NC 002386
NC 001324
NC_004396
NC_000892
NC_001947
NC_002184
NC_003168
NC_001626
NC_004411
NC_001325
NC_002508

167640bp
16968 bp
410350bp
165650bp
137470bp
166420bp
16644 0bp
170190bp
168160bp
172450bp
167140bp
16006 0bp
16541 0bp
145360bp
145350bp
166160bp
170310bp
156300bp
165630bp
165540bp
158450bp
157170bp
165210bp
156960bp
149650bp
170900bp
404690bp
16848 bp
251370bp
167870bp
159840bp
160790bp
16201 0bp
16680 bp
16826 bp
62862 bp




247 Physeter catodon

248 Physiculus japonicus
249 Phytophthora infestans
250 Pichia canadensis

251 Plasmodium falciparum
252 Plasmodium reichenowi
253 Platichthys bicoloratus
254 Platynereis dumerilii
255 Plecoglossus altivelis
256 Podospora anserina
257 Polymixia japonica

258 Polymixia lowei

259 Polyodon spathula

260 Polypterus ornatipinnis
261 Polypterus senegalus senegalus
262 Pongo pygmacus

263 Pongo pygmaeus abelii
264 Poromitra oscitans

265 Porphyra purpurea

266 Protopterus dolloi

267 Prototheca wickerhamii
268 Pterocaesio tile

269 Pterocnemia pennata
270 Pteropus dasymallus
271 Pteropus scapulatus
272 Pupa strigosa

273 Pylaiella littoralis

274 Pyrocoelia rufa

275 Rajaradiata

276 Rana nigromaculata
277 Ranodon sibiricus

278 Rattus norvegicus

279 Reclinomonas americana
280 Rhea americana

281 Rhinoceros unicornis

282 Rhipicephalus sanguineus

NC 002503
NC_004377
NC 002387
NC_001762
NC_002375
NC_002235
NC_003176
NC 000931
NC 002734
NC 001329
NC 002648
NC 003181
NC_004419
NC 001778
NC_004418
NC 001646
NC 002083
NC_003172
NC 002007
NC_001708
NC_001613
NC 004408
NC 002783
NC 002612
NC_002619
NC_ 002176
NC_003055
NC_003970
NC_000893
NC_002805
NC_004021
NC_001665
NC_001823
NC_000846
NC_001779
NC_002074

16428 0bp
169990bp
379570bp
276940bp

59670bp

59660bp
159730bp
156190bp
165370bp
941920bp
164810bp
164730bp
165120bp
166240bp
166270bp
163890bp
164990bp
163870bp
367530bp
16646 0bp
553280bp
16496 0bp
167470bp
167050bp
16741 0bp
141890bp
585070bp
177390bp
167830bp
178040bp
164180bp
163000bp
690340bp
167140bp
168290bp
147100bp




283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

Rhizophydium sp. 136
Rhodomonas salina
Rhyacichthys aspro
Rivulus marmoratus
Roboastra europaca
Rondeletia loricata
Saccharomyces castellii
Saccharomyces cerevisiae
Salarias fasciatus

Salmo salar

Salvelinus alpinus
Salvelinus fontinalis
Sardinops melanostictus
Sargocentron rubrum
Satyrichthys amiscus
Saurida undosquamis
Scaphirhynchus cf. albus
Scenedesmus obliquus
Schistosoma japonicum
Schistosoma mansoni
Schistosoma mekongi
Schizophyllum commune
Schizosaccharomyces japonicus
Schizosaccharomyces octosporus
Schizosaccharomyces pombe
Sciurus vulgaris
Scopelogadus mizolepis
Scyliorhinus canicula
Smithornis sharpei
Soriculus fumidus
Spizellomyces punctatus
Spizellomyces punctatus
Spizellomyces punctatus
Squalus acanthias

Stephanolepis cirrhifer

Strongylocentrotus purpuratus

NC 003053
NC 002572
NC_004414
NC_003290
NC 004321
NC_003186
NC 003920
NC_001224
NC 004412
NC_001960
NC_000861
NC_000860
NC 002616
NC 004395
NC_004403
NC 003162
NC_004420
NC_002254
NC_ 002544
NC_002545
NC 002529
NC 003049
NC 004332
NC_ 004312
NC_001326
NC_002369
NC_003171
NC_001950
NC_000879
NC_003040
NC_ 003052
NC_003060
NC_003061
NC_002012
NC_003177
NC_001453

688340bp
480630bp
165180bp
173290bp
144720bp
165300bp
257530bp
857790bp
164960bp
166650bp
166590bp
166240bp
16881 0bp
165260bp
16526 0bp
157370bp
164930bp
427810bp
140850bp
144150bp
140720bp
497040bp
800590bp
442270bp
194310bp
165070bp
163750bp
16697 0bp
173440bp
174880bp
588300bp

11360bp

13810bp
167380bp
16306Ibp
156500bp




319 Struthio camelus

320 Sufflamen fraenatus

321 Sus scrofa

322 Tachyglossus aculeatus
323 Taenia crassiceps

324 Taenia solium

325 Takifugu rubripes

326 Talpa europaca

327 Tamandua tetradactyla
328 Tarsius bancanus

329 Terebratalia transversa
330 Terebratulina retusa

331 Tetrahymena pyriformis
332 Tetrahymena thermophila
333 Tetrodontophora bielanensis
334 Thrips imaginis

335 Thryonomys swinderianus
336 Thyropygus sp. DVL-2001
337 Tigriopus japonicus

338 Tinamus major

339 Trachipterus trachypterus
340 Trachurus japonicus

341 Triatoma dimidiata

342 Tribolium castaneum

343 Trichinella spiralis

344 Trichosurus vulpecula
345 Tupaia belangeri

346 Typhlonectes natans

347 Ursus americanus

348 Ursus arctos

349 Ursus maritimus

350 Venerupis (Ruditapes) philippinarum
351 Vidua chalybeata

352 Volemys kikuchii

353 Vombatus ursinus

354 Xenopus laevis

NC 002785
NC_ 004416
NC_000845
NC_003321
NC 002547
NC_004022
NC_004299
NC 002391
NC_004032
NC 002811
NC_003086
NC_000941
NC_000862
NC_003029
NC_002735
NC 004371
NC_002658
NC 003344
NC_003979
NC 002781
NC_003166
NC_002813
NC 002609
NC_003081
NC_002681
NC 003039
NC_002521
NC 002471
NC_003426
NC_003427
NC 003428
NC_003354
NC_000880
NC_003041
NC_003322
NC_001573

165950bp
165840bp
166130bp
163600bp
135030bp
137090bp
164470bp
168840bp
163950bp
169270bp
14291 0bp
154510bp
472960bp
475770bp
154550bp
154070bp
166260bp
151330bp
14628 bp
167020bp
161620bp
165590bp
170190bp
15881 00bp
16706Cbp
171910bp
167540bp
170050bp
168410bp
170200bp
170170bp
226760bp
168950bp
163120bp
169960bp
175530bp




355 Yarrowia lipolytica NC 002659  479160bp
356 Zenion japonicum NC 004397 16843 0bp
357 Zenopsis nebulosus NC 003173 16065 bp
358 Zeus faber NC 003190 167150bp
359 Zu cristatus NC 003167 159870bp
RA2 HMETES /A (15)
ARCHAEA
NO. SPECIES ACNO. BASES
1 Aeropyrum pernix NC 000854 16696950bp
2 Archaeoglobus fulgidus NC 000917  21784000bp
3 Halobacterium sp. NRC-1 NC 002607 20142390bp
4 Methanococcus jannaschii NC_000909 16649700bp
5 Methanopyrus kandleri AV19 NC 003551  16949690bp
6 Methanosarcina acetivorans str. C2A NC 003552  57514920bp
7 Methanosarcina mazei Goel NC 003901  40963450bp
8 Methanothermobacter thermautotrophicus str. NC_000916  17513770bp
Delta H
9 Pyrobaculum aerophilum NC 003364  22224300bp
10 Pyrococcus abyssi NC 000868 17651180bp
11 Pyrococcus furiosus DSM 3638 NC 003413  19082560bp
12 Pyrococcus horikoshii NC 000961  17385050bp
13 Sulfolobus solfataricus NC 002754  29922450bp
14 Thermoplasma acidophilum NC 002578  15649060bp
15 Thermoplasma volcanium NC 002689  15848040bp
K A3 METEET /A (90)
‘ BACTERIA
NO. SPECIES AC NO. BASES
1 Agrobacterium tumefaciens str. C58 (Cereon) NC 003062  28415810bp
2 Agrobacterium tumefaciens str. C58 (Cereon) NC 003063  20747820bp
3 Agrobacterium tumefaciens str. C58 (U. NC 003304 284149000bp
Washington)
4 Agrobacterium tumefaciens str. C58 (U.  NC_003305 20755600bp
Washington)
5 Aquifex aeolicus NC 000918  15513350bp




6 Bacillus anthracis str. A2012
7 Bacillus halodurans
8 Bacillus subtilis
9 Bifidobacterium longum NCC2705
10 Borrelia burgdorferi
11 Brucella melitensis
12 Brucella melitensis
13 Brucella suis 1330
14 Brucella suis 1330
15 Buchnera aphidicola str. Sg (Schizaphis
graminum)
16 Buchnera sp. APS
17 Campylobacter jejuni
18 Caulobacter crescentus CB15
19 Chlamydia muridarum
20 Chlamydia trachomatis
21 Chlamydophila pneumoniac AR39
22 Chlamydophila pneumoniaec CWL029
23 Chlamydophila pneumoniae J138
24 Chlorobium tepidum TLS
25 Clostridium acetobutylicum
26 Clostridium perfringens
27 Corynebacterium glutamicum ATCC 13032
28 Deinococcus radiodurans
29 Deinococcus radiodurans
30 Escherichia coli CFT073
31 Escherichia coli K12
32 Escherichia coli O157:H7
33 Escherichia coli O157:H7 EDL933
34 Fusobacterium nucleatum subsp. nucleatum
ATCC 25586
35 Haemophilus influenzae Rd
36 Helicobacter pylori 26695
37 Helicobacter pylori J99
38 Lactococcus lactis subsp. lactis
39 Leptospira interrogans serovar lai str. 56601
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NC_003995
NC_002570
NC_000964
NC_004307
NC_001318
NC 003317
NC 003318
NC_004310
NC_004311
NC_004061

NC_002528
NC 002163
NC_002696
NC_002620
NC_000117
NC_002179
NC_000922
NC_002491
NC_002932
NC_003030
NC_ 003366
NC_003450
NC_001263
NC_001264
NC_004431
NC_000913
NC_002695
NC_002655
NC_003454

NC_000907
NC_000915
NC 000921
NC_002662
NC_004342

5093554 0bp
42023530bp
42148140bp
225664601bp

9107240bp
21171440bp
11777870bp
21077920bp
1207381 0bp

64145400bp

640681 0bp
1641481 0bp
40169470bp
1069411 0bp
10425190bp
1229858 0bp
1230230 0bp
1226565 0bp
2154946 0bp
394088001bp
30314300bp
3309401 0bp
2648638Ibp

4123480bp
5231428 0bp
4639221 0bp
54984500bp
55284450bp
21745000bp

1830138 0bp
16678670bp
1643831 0bp
23655890bp
43322410bp




40 Leptospira interrogans serovar lai str. 56601

41 Listeria innocua

42 Listeria monocytogenes EGD-e

43 Mesorhizobium loti

44 Mycobacterium leprae

45 Mycobacterium tuberculosis CDC1551

46 Mycobacterium tuberculosis H37Rv

47 Mycoplasma genitalium

48 Mycoplasma pneumoniae

49 Mycoplasma pulmonis

50 Neisseria meningitidis MC58

51 Neisseria meningitidis Z2491

52 Nostoc sp. PCC 7120

53 Oceanobacillus iheyensis

54 Pasteurella multocida

55 Pseudomonas aeruginosa

56 Ralstonia solanacearum

57 Ralstonia solanacearum

58 Rickettsia conorii

59 Rickettsia prowazekii

60 Salmonella enterica subsp. enterica serovar
Typhi

61 Salmonella typhi

62 Salmonella typhimurium LT2

63 Shewanella oneidensis MR-1

64 Shewanella oneidensis MR-1

65 Shigella flexneri 2a str. 301

66 Sinorhizobium meliloti

67 Staphylococcus aureus subsp. aureus MW2

68 Staphylococcus aureus subsp. aureus Mu50

69 Staphylococcus aureus subsp. aureus N315

70 Streptococcus agalactiae 2603V/R

71 Streptococcus mutans UA159

72 Streptococcus pneumoniae R6

73 Streptococcus pneumoniae TIGR4

74 Streptococcus pyogenes M1 GAS

NC_004343
NC_003212
NC_003210
NC_002678
NC_002677
NC 002755
NC_000962
NC_000908
NC_000912
NC_002771
NC_003112
NC_003116
NC_ 003272
NC_ 004193
NC_ 002663
NC 002516
NC_003295
NC_003296
NC_003103
NC_000963
NC_ 003198

NC_002305
NC_003197
NC_004347
NC_004349
NC_004337
NC 003047
NC_003923
NC_002758
NC_002745
NC_004116
NC_004350
NC 003098
NC 003028
NC 002737

358943bp
30112080bp
2944528 0bp
7036074 0bp
3268203 0bp
44038360bp
44115290bp

5800741bp

816394 0bp

9638790bp
22723510bp
218440601bp
6413771 0bp
3630528 0bp
22574870bp
6264403 0bp
37164130bp
20945090bp
1268755 0bp
1111523 0bp
48090370bp

180461 0bp
485743200bp
4969803 0bp

1616130bp
46072030bp
36541350bp
28204620bp
287804001bp
28136410bp
21602670bp
20309210bp
20386150bp
21608370bp
1852441 0bp



75 Streptococcus pyogenes MGAS315 NC 004070  19005210bp
76 Streptococcus pyogenes MGAS8232 NC 003485  18950170bp
77 Synechocystis sp. PCC 6803 NC 000911  35734700bp
78 Thermoanaerobacter tengcongensis NC 003869  26894450bp
79 Thermosynechococcus elongatus BP-1 NC 004113  25938570bp
80 Thermotoga maritima NC 000853  18607250bp
81 Treponema pallidum NC 000919  11380110bp
82 Ureaplasma urealyticum NC 002162 7517190bp
83 Vibrio cholerae NC 002505 29611490bp
84 Vibrio cholerae NC 002506 10723150bp
85 Wigglesworthia brevipalpis NC 004344 6977210bp
86 Xanthomonas axonopodis pv. citri str. 306 NC 003919  51755540bp
87 Xanthomonas campestris pv. campestris str. NC 003902 50761880bp
ATCC 33913
88 Xylella fastidiosa 9a5c¢ NC 002488  26793060bp
89 Yersinia pestis NC 003143  46537280bp
90 Yersinia pestis KIM NC 004088  46007550bp
FAL OFOEBAEM(1~3IERT T M 4~93FF"ET /L)
EUKARYOTES
NO. SPECIES CHR LINEAGE
1 Homo sapiens 1~22 Metazoa; Chordata; Craniata; Vertebrata;
X Y Euteleostomi; Mammalia; Eutheria; Primates
2 Mus musclus 1~19  Metazoa; Chordata; Craniata; Vertebrata;
X Y Euteleostomi; Mammalia; Eutheria; Rodentia
3 Drosophila X Metazoa; Arthropoda; Hexapoda; Insecta
melanogaster
4  Caenorhabditis 1~5 Metazoa; Nematoda
elegans X
5 Arabidopsis thaliana 1~5 Viridiplantae; Streptophyta; Embryophyta;
Tracheophyta; Spermatophyta;
Magnoliophyta
6  Plasmodium 1~14  Eukaryota; Alveolata; Apicomplexa;
falciparum Haemosporida; Plasmodium
7 Saccharomyces 1~16  Fungi; Ascomycota; Saccharomycotina

cerevisiae
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8  Schizosaccharomyces 1~3 Fungi; Ascomycota; Schizosaccharomycetes
pombe
9  Encephalitozoon 1~11  Fungi;  Microsporidia;  Unikaryonidae;

cuniculi Encephalitozoon




RASI2EDI b RYTRES /) LZEBIT 5 ATS & GCS

species bp G+Ca Gb  ATS®¢ GCS¢

1 Homo sapiens 16569 44.4 2 0.11 -0.41
2 Pan paniscus 16563 434 2 0.11 -0.41
3 Pan troglodytes 16554 43.7 2 0.11 -041
4 Gorilla gorilla 16364 43.9 2 0.10 -0.40
5 Pongo pygmaeus 16389 45.7 2 0.12 -042
6 Pongo pygmaeus abelii 16499 459 2 0.13 -043
7 Hylobates lar 16472 455 2 0.12 -0.40
8 Papio hamadryas 16521 43.7 2 0.12 -0.40
9 Tupaia belangeri 16754 40.8 2 0.10 -0.29
10 Dasypus novemcinctus 17056 38.9 2 0.13 -0.34
11 Erinaceus europacus 17447 32.6 2 0.01 -0.23
12 Talpa europaca 16884 38.9 2 0.12 -0.26
13 Oryctolagus cuniculus 17245 40.2 2 0.05 -0.32
14 Sciurus vulgaris 16507 37.0 2 0.02 -0.32
15 Mus musculus 16295  36.7 2 0.09 -0.33
16 Rattus norvegicus 16300 38.7 2 0.11 -0.36
17 Myoxus glis 16602  36.2 2 0.02 -0.30
18 Cavia porcellus 16801 393 2 0.06 -0.26
19 Artibeus jamaicensis 16651 379 2 0.04 -0.31
20 Loxodonta africana 16866 38.8 2 0.07 -0.30
21 Equus asinus 16670 42.1 2 0.12  -0.37
22 Equus caballus 16660 42.0 2 0.11 -0.36
23 Ceratotherium simum 16832 40.9 2 0.13 -0.37
24 Rhinoceros unicornis 16829 40.2 2 0.12  -0.37
25 Orycteropus afer 16816  38.1 2 0.07 -0.34
26 Canis familiaris 16728 39.7 2 0.05 -0.29
27 Felis catus 17009 40.3 2 0.09 -0.30
28 Halichoerus grypus 16797 41.7 2 013  -0.32
29 Phoca vitulina 16826 41.7 2 0.13 -0.32
30 Bos taurus 16338 39.4 2 0.10 -0.32
31 Ovis aries 16616 38.9 2 0.10 -0.33
32 Sus scrofa 16613 39.5 2 0.15 -033
33 Lama pacos 16652 40.9 2 0.08 -0.29




34 Hippopotamus amphibius 16407 42.6 2 0.14 -0.34
35 Balaenoptera musculus 16402  40.7 2 0.10 -0.36
36 Balaenoptera physalus 16398 40.6 2 0.10 -0.34
37 Physeter catodon 16428 43.1 2 0.12 -0.38
38 Macropus robustus 16896 39.2 2 0.09 -0.34
39 Didelphis virginiana 17084 33.2 2 0.06 -0.27
40 Ornithorhynchus anatinus 17019 37.1 2 0 -0.27
41 Corvus frugilegus 16932 443 2 0.10 -0.34
42 Smithornis sharpei 17344 452 2 0.10 -0.44
43 Vidua chalybeata 16895 45.8 2 0.15 -0.35
44 Falco peregrinus 18068 44.4 2 0.18 -0.39
45 Gallus gallus 16775 46.0 2 0.12 -0.41
46 Aythya americana 16616 48.4 2 0.14 -0.35
47 Ciconia boyciana 17622 46.3 2 0.15 -0.38
48 Ciconia ciconia 17347 463 2 0.14 -0.38
49 Rhea americana 16714 46.9 2 0.08 -0.37
50 Struthio camelus 16591 44.7 2 0.10 -0.36
51 Alligator mississippiensis 16646  43.0 2 0.10 -0.37
52 Dinodon semicarinatus 17191 399 2 0.16 -0.39
53 Eumeces egregius 17407 44.2 2 0.09 -03

54 Chelonia mydas 16497 395 2 0.17 -0.39
55 Chrysemys picta 16866 38.8 2 0.13 -0.34
56 Pelomedusa subrufa 16787 38.7 2 0.11 -0.37
57 Xenopus laevis 17553 370 2 0.05 -0.27
58 Typhlonectes natans 17005 45.1 2 0.10 -0.29
59 Carassius auratus 16578 42.6 2 0.09 -0.24
60 Crossostoma lacustre 16558 455 2 0.08 -0.26
61 Cyprinus carpio 16575 433 2 0.12 -0.27
62 Danio rerio 16890 39.8 2 0.06 -0.20
63 Oncorhynchus mykiss 16642 46.0 2 0.03 -0.26
64 Salmo salar 16665 45.2 2 0.04 -0.28
65 Salvelinus alpinus 16659 455 2 0.03 -0.25
66 Salvelinus fontinalis 16624 452 2 0.03 -0.25
67 Gadus morhua 16696 42.4 2 -0.03 -0.21
68 Paralichthys olivaceus 17090  46.5 2 0.02 -0.28
69 Polypterus ornatipinnis 16624 39.8 2 0.07 -0.29




70 Protopterus dolloi 16646 422 2 0 -0.25
71 Latimeria chalumnae 16407 41.7 2 0.18 -0.28
72 Mustelus manazo 16707 383 2 0 -0.27
73 Scyliorhinus canicula 16697 38.0 2 -0.01 -0.26
74 Squalus acanthias 16738 38.8 2 0.01 -0.26
75 Rajaradiata 16783 40.3 2 0.02 -0.29
76 Lampetra fluviatilis 16159 38.6 2 0.03 -0.26
77 Petromyzon marinus 16201 37.3 2 0.03 -0.28
78 Branchiostoma floridae 15083 373 5 -0.14  0.15
79 Branchiostoma lanceolatum 15076 374 5 -0.14  0.15
80 Halocynthia roretzi 14771  31.7 13 -0.29 0.46
81 Balanoglossus carnosus 15708 48.6 9 -0.03 -0.30
82 Laqueus rubellus 14017 41.6 5 -0.29  0.27
83 Terebratulina retusa 15451 428 5 0.03 -0.29
84 Arbacia lixula 15719 375 9 -0.06 -0.09
85 Paracentrotus lividus 15696  39.7 9 0.02 -0.13
86 Strongylocentrotus 15650 41.0 9 -0.03 -0.10
purpuratus
87 Asterina pectinifera 16260 38.7 9 0.06 -0.27
88 Florometra serratissima 16005 27.2 9 -0.27  0.15
89 Apis mellifera ligustica 16343 15.1 5 002 -0.27
90 Bombyx mori 15643 18.7 5 0.06 -0.22
91 Ceratitis capitata 15980 225 5 0.02 -0.19
92 Drosophila melanogaster 19517 17.8 5 0.02 -0.15
93 Drosophila yakuba 16019 214 5 0.01 -0.14
94 Anopheles gambiae 15363 224 5 0.03 -0.15
95 Anopheles quadrimaculatus 15455 22.6 5 0.04 -0.18
96 Locusta migratoria 15722 24.7 5 0.18 -0.18
97 Artemia franciscana 15822 35.6 5 -0.04 -0.01
98 Daphnia pulex 15333 377 5 0.01 -0.12
99 Penaeus monodon 15984 294 5 0 -0.14
100 Ixodes hexagonus 14539 273 5 0.03 -0.37
101 Rhipicephalus sanguineus 14710 22.0 5 -0.03 -01
102 Lumbricus terrestris 14998 384 5 -0.03 -0.18
103 Platynereis dumerilii 15619 359 5 -0.03 -0.14
104 Albinaria coerulea 14130 294 5 -0.07  0.06




105 Cepaea nemoralis 14100 40.2 5 -0.12  0.06
106 Pupa strigosa 14189 38.9 5 -0.1 0.06
107 Crassostrea gigas 18224  36.7 5 -0.13 0.2
108 Katharina tunicata 15532 30.5 5 -0.10  0.22
109 Loligo bleekeri 17211 28.7 5 0.09 -0.36
110 Ascaris suum 14284 28.0 5 -0.38 0.45
111 Caenorhabditis elegans 13794 238 5 -0.18  0.25
112 Onchocerca volvulus 13747  26.7 5 -0.47 049
113 Fasciola hepatica 14462 37.8 5 -048 047
114 Paragonimus westermani 14964 483 14 -039 0.29
115 Schistosoma japonicum 14085 29.0 5 -0.30 042
116 Schistosoma mansoni 14415 315 5 -0.26 0.46
117 Schistosoma mekongi 14072 27.8 5 -0.28 0.48
118 Echinococcus multilocularis 13738 31.0 14 -0.40 051
119 Taenia crassiceps 13503 26.0 5 -0.31 0.41
120 Metridium senile 17443  38.1 4 -0.13 0.11
121 Pichia canadensis 27694 18.1 4 0.02 0.12
122 Saccharomyces cerevisiae 85779 17.1 3 0.02 0.06
123 Podospora anserina 100314  30.1 4 0.02 0.11
124 Schizosaccharomyces pombe 19431  30.1 4 -0.03 0.05
125 Allomyces macrogynus 57473  39.5 4 -0.04 0.06
126 Arabidopsis thaliana 366923 448 1 0.01 -0.01
127 Beta vulgaris var. altissima 368799 439 1 0 0
128 Marchantia polymorpha 186609 42.4 1 -0.01 0.01
129 Chlamydomonas eugametos 22897 34.6 1 0.01 0.15
130 Chlamydomonas reinhardtii 15758 452 1 0.01 0.01
131 Scenedesmus obliquus 42781 36.2 22 -0.04 0.12
132 Pedinomonas minor 25137 222 4 -0.19 0.13
133 Prototheca wickerhamii 55328 25.8 1 0.03 -0.02
134 Rhodomonas salina 48063 29.8 1 0.05 0.06
135 Chondrus crispus 25836 27.9 4 0.05 0.04
136 Cyanidioschyzon merolae 32211 271 1 0.01 0.06
137 Porphyra purpurea 36753 33.5 4 0.07 0.04
138 Paramecium aurelia 40469 41.2 4 0.14 0.06
139 Plasmodium falciparum 5967 31.6 4 -0.05 0.01
140 Plasmodium reichenowi 5966 31.7 4 -0.05 0.01
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141 Tetrahymena pyriformis 47296 213 4 -0.04 0.02
142 Acanthamoeba castellanii 41591 294 4 -0.09 0.11
143 Naegleria gruberi 49843 222 1 -0.09 0.17
144 Leishmania tarentolae 20992 21.1 1 -0.03 0.10
145 Physarum polycephalum 65862 259 1 0.03 0.02
146 Dictyostelium discoideum 55564 274 1 0.20 0.24
147 Malawimonas jakobiformis 47328  26.1 1 0.03 0

148 Reclinomonas americana 69034 26.1 1 0 0.13
149 Cafeteria roenbergensis 43159 273 4 -0.05 0.11
150 Chrysodidymus synuroideus 34119 241 1 0.02 0.05
151 Ochromonas danica 41035 26.2 1 0.06 0.01
152 Phytophthora infestans 37957 223 1 0 0.05

BFIL 9 DD I N—FIZ T bhb HAE (1~40), BE (41~50),
J€h¥E (51~56), WA (57, 58), Fa¥H (5 9~8 0) (Cephalochordata
and Urochordata #&%e) . EHHEN (8 1~1 2 0) (Hemichordata Z&1e) .
EE(121~125). #m(126~137),. 7FAEEM(138~152),
aGCEE (%)
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‘Archaea; Crenarchaeota (3)




A-1 Aeropyrum pernix NC_000B54 1,669,695 n 56.3
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A-8 Sulfolobus solfataricus NC_002754 2,992,245 n 354

AE00B641

ATS — Cumlulative ATS
—GCS — Cumlulative GCS
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Sulfolobus tokodaii NC_003106 2,694,765 11 328
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‘Archaea; Euryarchaeota (8)




A-2
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Archaeoglobus fulgidus NC_000917 2,178,400 11 48.6
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A-3 Halobacterium sp. NRC-1 NC_002607

2,014,239 1 67.9
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A-4 Methanobacterium thermoautotrophicum NC_000916 1,751,377 1 49.5
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A-5 Methanacoccus jannaschii NC_000909 1,664,970 1" 31.4
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A-10 Thermoplasma acidophilum NC_002578 1,564,306 1 46.0
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A-11 Thermoplasma volcanium NC_002689 1,584,804 1 39.9
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B-42 Sinorhizobium meliloti NC_003047 3,654,135 11 62.7
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B-38 Rickettsia conorii NC_003103 1,268,755 1 32.4
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B-34 Neisseria meningitidis MC58 NC_003112 2,272,351 n 51.5

skew

P 8 @ o 3 o = ~N w & wn @ ~

" " A I A i 1A
\ v | 7
% 50 i Ty AV

345 ] { t — TV I‘

35

Lo 12", hadllE 13U T Jud |55 1 el el o ! N sURoEs 8 .IP.' L
ok el T e Bl N LR el [ 0 iagiriet, R Vg, |
W] AR A m Do b A L b SISO R
- e e . bl
: o S+ 1Al _. . i 4 P VR EINL R Ju : :
g ST T o K R o 15 “-.1,.:1 A Ca ) R
| X |~ L \
. *
.

] I :
SR -!*--
b it iﬁ 1...1."
& : * 5 1 :

- -ﬂ——-

21 M 61 81 101 121 M 181

positon (10 kb) <4 0,3 "?‘G:} g} "'?‘%fwrj %M




B-35

Neisseria meningitidis Z2491 NC_003116 2,184,406 1 51.8

f e i R T il el TP e A e ad 4
¥ A "3 V) v — W
21 4 1 :}] 101
Pz i
\// . \\ /\/\f’A‘JW
i W

ol JMW’W‘W“W‘\« I e
1 DL (LAABOL

j
SR w I \p
W"‘}!,L,,.ALM‘] ,t ‘ﬂ |

Lw -'*

1 21 41 61 81 101

'1% 5 E E:




- Bacteria; Proteobacteria;

gamma subdivision (13)
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B-18 Escherichia coli K12 NC_000913 4,639,221 1 50.8
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B-52 Vibrio cholerae chromosomel NC_002505 2,961,149 1 47.7
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B-23 Helicobacter pylori J99 NC_000921 1,643,831 1 39.2
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Bacteria; Firmicutes;

Bacillus/Clostridium group (15)
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Bacteria; Firmicutes;

Actinobacteria (3)
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‘Bacteria; Cyanobacteria (1)
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- Bacteria; Chlamydiales (5)
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‘Bacteria; Spirochaetales (2)
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‘Bacteria; Thermotogales (1)
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Bacteria; Aquificales (1)
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Bacteria; Thermus/Deinococcus group (2)
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Abstract. Based on 152 mitochondrial genomes and
36 bacterial chromosomes that have been completely se-
quenced, as well as three long contigs for human chro-
mosomes 6, 21, and 22, we examined skews of mono-
nucleotide frequencies and the relative abundance of
dinucleotides in one DNA strand. Each group of these
genomes has its own characteristics. Regarding mito-
chondrial genomes, both C,G and G,T are underrepre-
sented, while either G,G or C,C or both are overrepre-
sented. The relative frequency of nucleotide T vs A and
of nucleotide G vs C is strongly skewed, due presumably
to strand asymmetry in replication errors and unidirec-
tional DNA replication from single origins. Exceptions
are found in the plant and yeast mitochondrial genomes,
each of which may replicate from multiple origins. Re-
garding bacterial genomes, the “universal” rule of C,G
deficiency is restricted to archaebacteria and some eu-
bacteria. In other eubacteria, the most underrepresented
dinucleotide is either TpA or GPT. In general, there are
significant T vs A and G vs C skews in each half of the
bacterial genome, although these are almost exactly can-
celed out over the whole genome. Regarding human
chromosomes 6, 21, and 22, dinucleotide C,G tends to be
avoided. The relative frequency of mononucleotides ex-
hibits conspicuous local skews, suggesting that each of
these chromosomal segments contains more than one
DNA replication origin. It is concluded that, when there

*This paper is dedicated to the late professor Thomas H. Jukes, whose
contribution to molecular evolution was conceptually unprecedented.
Correspondence to: Dr. Naoyuki Takahata; email: takahata@
soken.ac.jp

are several replicons in a genomic region, not only the
number of DNA replication origins but also the direc-
tionality is important and that the observed patterns of
nucleotide frequencies in the genome strongly support
the hypothesis of strand asymmetry in replication errors.

Key words: Replication origins — Nucleotide substi-
tutions — T,A/C,G deficiency — T,G/C,T excess

Introduction

If nucleotide substitutions occur symmetrically in both
leading and lagging strands of replicating nuclear DNA
or both heavy and light strands of replicating mitochon-
drial (mt) DNA, the transition probability of one nucleo-
tide to another has to have some symmetric relationships
owing to the Watson—Crick pairing rule between the two
strands. For example, if nucleotide A at a particular site
is replaced by G, with probability P, in one strand and
with O, in the other strand, Qo = Prc and Pyg =
Orc are expected in each strand. Under the assumption
of strand symmetry (Ppg = Oag)> Pac = Prc and Oug
= Qrc must therefore hold true. Obviously, there are six
such relationships in total. As a result, the frequency of
A in one strand equals that of T in the same strand, and
the same relationship is expected for the frequency of G
and C.

Jukes and Cantor (1969) proposed a simple model in
which all four nucleotides are substituted by each other
with equal probability. It is remarkable that the proposal
was made in a paper dealing with protein sequences, but
in which the authors tried to infer the number of nucleo-




tide substitutions in light of the genetic code. Since then,
a number of nucleotide substitution models were pro-
posed to take into account realistic situations. Of these,
Sueoka (1995) and Lobry (1995, 1996) considered the
six-parameter model, which takes explicit account of
strand symmetry or no-strand-bias conditions. As men-
tioned above, one immediate consequence of this sort of
nucleotide substitution models is that at equilibrium, the
frequency of A (f,) is equal to that of T (fy), and f; is
equal to f-. In other words, there should not be any
significant skew between f, and f; or between f; and f..
Without knowing any relevance to strand symmetry, Ta-
kahata and Kimura (1981) also proposed a five-
parameter model and obtained formulas for multiple-hit
corrections. This five-parameter model is exactly the
same as the strand symmetry-based six-parameter model
when the latter further assumes that the rate of nucleotide
substitutions between A and T is equal to that between G
and C.

However, it has been emphasized that the comple-
mentary strands differ from each other with respect to
DNA replication, transcription, and recombination (Wu
and Maeda 1987; Kunkel 1992; Waga and Stillman
1994; Beletskii and Bhagwat 1996; Francino and
Ochman 1997; Freeman et al. 1998). Strand asymmetries
in mutations, if present, may result in skewed nucleotide
frequencies. This property has been of particular interest
in attempts at identifying DNA replication origins (Grig-
oriev 1998; McLean et al. 1998; Lopez et al. 2000) and
at examining the hypothesis of C-to-T deaminations in
the nontranscribed strand (Beletskii and Bhagwat 1996).
Also, it was suggested that possible disproportionate rep-
lication errors between the complementary strands allow
the genome to increase genetic variance in a population,
thereby increasing the efficacy of natural selection (Fu-
rusawa and Doi 1992, 1998).

On the other hand, S. Ohno and S. Karlin have con-
ducted a series of examinations of oligonucleotide rela-
tive abundance. In particular, they noted a marked un-
derrepresentation of C,G and T,A in eukaryote genes
(Ohno 1988) and in a diverse set of prokaryotic, eukary-
otic, organelle, and viral sequences (for a review see
Karlin and Burge 1995; Karlin and Mrazek 1997). Karlin
and Burge (1995) argued that the classical scenario based
on methylation—deamination—mutation cannot account
for the pervasive C,G underrepresentations in all animal
mitochondrial genomes. The stacking energy hypothesis
was instead invoked in the context of flexibility for un-
winding of the DNA double-helix.

The purpose of this paper is to examine skewed
mononucleotide frequencies and relative abundance of
dinucleotides simultaneously. Furthermore, since under
strand symmetry, the dinucleotide frequency of CA,
A,C,C,T, and T,C is also expected to be equal to that of
TpG, GpT, ApG, and GpA, respectively, we extend the
analysis of skewness in mononucleotides to the case of
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dinucleotides. Based on completely sequenced mtDNAs
and prokaryote genomes as well as long contigs for hu-
man and arabidopsis chromosomes, we show different
patterns of mono- and dinucleotide frequencies in differ-
ent genomes and provide evidence for strand asymmetry
of nucleotide substitutions in relation to DNA replication
origins.

Materials and Methods

We downloaded 152 complete mtDNA sequences (Table 1), 36 com-
plete prokaryote chromosomes (Table 2), and several long contigs for
human and Arabidopsis thaliana chromosomes, which were available
as of October 2000. The total number of nucleotides analyzed is more
than 200 megabases (Mb). In a given DNA sequence, we measure
skewed mononucleotide frequencies by

fG "fc

GO ==k

ATS=2—T )

=5 2

where fxy denotes the observed frequency of dinucleotide XY and fx
denotes the observed frequency of nucleotide X. In Eq. (2), we do not
use the symmetrized version (p*xy) proposed by Burge et al. (1992),
because our concern is in part with the presence or absence of strand
asymmetries. Although the frequency of a dinucleotide happens to be
close to that of the inverted complementary dinucleotide, such a rela-
tionship is definitely violated in some genomes. For instance, fog =
4.8% is much lower than for = 8.7% in the human mtDNA, although
fag and for are almost the same in the prokaryote genome.

McLean et al. (1998) examined ATS and GCS at the third codon
positions only, in completely sequenced 12 prokaryote genomes. This
was based on the consideration that the base composition skew at the
third codon position reflects mutational biases more faithfully than that
over all bases. While this approach is sensible and certainly feasible for
mtDNA and prokaryote genomes, it is not practically so in eukaryote
genomes, in which the vast majority are noncoding and not all genes
are identified. For this reason, we do not distinguish between coding
and noncoding regions. Rather, examining a large number of genomes,
we try to identify which sequences or genomes in each group are
atypical in terms of skew and relative abundance of mono- and di-
nucleotides.

Results

mtDNAs

Among the complete mtDNA sequences deposited in
GenBank, 120 come from animals, 5 from fungi, 10 from
plants, and 14 from protozoans (Table 1). The jawed
vertebrate mtDNASs are all similar in GC content (ca.
40%) and identical in genetic code (Jukes and Osawa
1990, 1993; Osawa 1994). In other organisms, the GC
content varies greatly; it is lowest in Apis mellifera Ii-
gustica (15.1%) and highest in Balanoglossus camosus
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Table 1. List of 152 species in which the mitochondrial genome is Table 1. Continued
completely sequenced®

Species bp G+C° G° ATS® GCS®  Species bp G+C° G° ATS® GCs*
1. Homo sapiens 16,569 44.4 2 011 -041 62. Danio rerio 16,890 39.8 2 0.06 -020
2. Pan paniscus 16,563 43.4 2 011 -041 63. Oncorhynchus mykiss 16,642 46.0 2 003 -026
3. Pan troglodytes 16,554 437 2 011 -041 64. Salmo salar 16,665 45.2 2 0.04 -0.28
4. Gorilla gorilla 16,364 439 2 010 -040 65. Salvelinus alpinus 16,659 45.5 2 0.03 -025
S. Pongo pygmaeus 16,380 45.7 2 012 -042 66. Salvelinus fontinalis 16,624 452 2 003 -025
6. Pongo pygmaeus abelii 16,499 459 2 013 -043 67. Gadus morhua 16,696 42.4 2 -0.03 -021
7. Hylobates lar 16,472 455 2 012 -040 68. Paralichthys olivaceus 17,090 46.5 2 0.02 -028
8. Papio hamadryas 16,521 43.7 2 012 -040 69. Polypterus ornatipinnis 16,624 39.8 2 007 -029
9. Tupaia belangeri 16,754 40.8 2 010 -0.29 70. Protopterus dolloi 16,646 42.2 2 0 -0.25

10. Dasypus novemcinctus 17,056 389 2 013 034 71. Latimeria chalumnae 16,407 41.7 2 018 -028

11. Erinaceus europaeus 17,447 326 2 001 -0.23 72. Mustelus manazo 16,707 383 2 0 -0.27

12. Talpa europaea 16,884 38.9 2 012 -0.26 73. Scyliorhinus canicula 16,697 38.0 2 -0.01 -026

13. Oryctolagus cuniculus 17,245 402 2 005 -032 74. Squalus acanthias 16,738 39.8 2 001 -026

14. Sciurus vulgaris 16,507 37.0 2 002 -0.32 75. Raja radiata 16,783 40.3 2 002 -029

15. Mus musculus 16,295 36.7 2 009 -0.33 76. Lampetra fluviatilis 16,159 38.6 2 003 -026

16. Rattus norvegicus 16,300 38.7 2 011 -036 77. Petromyzon marinus 16,201 373 2 003 -028

17. Myoxus glis 16,602 36.2 2 002 -0.30 78. Branchiostoma floridae 15,083 37.3 5 -0.14 0.15

18. Cavia porcellus 16,801 39.3 2 006 -026 79. Branchiostoma

19. Artibeus jamaicensis 16,651 379 2 004 -031 lanceolatum 15,076 374 5 -0.14 015

20. Loxodonta africana 16,866 38.8 2 007 -0.30 80. Halocynthia roretzi 14,771 317 13 -029 046

21. Equus asinus 16670 421 2012 03T g pulanoglossus camosus 15708 486 9 —0.03 030

22. Equus caballus 16,660 42.0 2 011 -036

. . 82. Laqueus rubellus 14,017 41.6 5 -029 027

23. Ceratotherium simum 16,832 40.9 2 013 037 .

. . . 83. Terebratulina retusa 15,451 42.8 5 003 -029

24. Rhinoceros unicornis 16,829 40.2 2 012 -037 L

84. Arbacia lixula 15,719 37.5 9 -0.06 -0.09

23. Orycteropus afer 16816 38.1 2 007 -034 85. Paracentrotus lividus 15,696 39.7 9 0.02 -0.13

26. Canis familiaris 16,728 39.7 2 005 -0.29 8 6' Stronevlocentrotus ’ ’ ) )

27. Felis catus 17,000 403 2 009 -030 » DIrongy

. purpuratus 15,650 41.0 9 -0.03 -0.10

28. Halichoerus grypus 16,797 41.7 2 013 -0.32 . ..

. 87. Asterina pectinifera 16,260 38.7 9 006 -027

29. Phoca vitulina 16,826 41.7 2 013 -0.32 ..

88. Florometra serratissima 16,005 27.2 9 -027 015

30. Bos taurus 16,338 394 2 010 -0.32 . . L

L 89. Apis mellifera ligustica 16,343 15.1 5 002 -027

31. Ovis aries 16,616 38.9 2 010 -0.33 .

90. Bombyx mori 15,643 18.7 5 0.06 -022

32. Sus scrofa 16,613 39.5 2 015 -0.33 91 Ceratiti irata 15980 22.5 s 002 —0.19

33. Lama pacos 16652 409 2 008 -029 o D‘;o‘s’;;;ﬂ‘:" Ha ’ : : :

34. Hippopotamus amphibius 16,407 42.6 2 014 -0.34 melanogaster 19517 17.8 5 002 -0.15

35. Balaenoptera musculus 16,402 40.7 2 010 -036 .

93. Drosophila yakuba 16,019 214 5 001 -0.14

36. Balaenoptera physalus 16,398 40.6 2 010 -0.34 04 Anopheles eambiae 15363 224 5003 -015

37. Physeter catodon 16428 431 2 012 -038 o5 Am)ﬁ oy & ' i : .

38. Macropus robustus 168% 392 2 009 034 quadrimaculatus 15455 226 5 004 -0.18

39. Didelphis virginiana 17,084 332 2 006 -0.27 . .

40. Omithorhynchus anatinus 17,019 37.1 2 0 027 96. Locusta migratoria 15,722 247 5 0.18 -0.18

) ’ ) ) 97. Artemia franciscana 15,822 35.6 5 -0.04 -001

41. Corvus frugilegus 16,932 44.3 2 010 -0.34 98. Daphnia pulex 15,333 377 5 001 -0.12

42. Smithornis sharpei 17,344 452 2 010 -044 99, Penaeus monodon 15,984 294 5 0 -0.14

43. Vidua chalybeata 16,895 45.8 2 015 -0.35 100. Ixodes hexagonus 14,539 273 5 003 -037

44. Falco peregrinus 18,068 44.4 2 018 -0.39 101. Rhipicephalus

45. Gallus gallus 16,775 46.0 2 012 -041 sanguineus 14,710 22.0 5 -0.03 -0.10

46. Aythya americana 16,616 48.4 2 014 -0.35 102. Lumbricus terrestris 14998 384 5 -0.03 -0.18

47. Ciconia boyciana 17,622 46.3 2 015 -0.38 103. Platynereis dumerilii 15,619 359 5 -0.03 -0.14

48. Ciconia ciconia 17,347 46.3 2 014 -0.38 104. Albinaria coerulea 14,130 294 5 —-0.07 006

49. Rhea americana 16,714 46.9 2 008 037 105. Cepaea nemoralis 14,100 40.2 5 012 0.06

50. Struthio camelus 16,591 44.7 2 010 036 106. Pupa strigosa 14,189 38.9 5 =010 006

S1. Alligator mississippiensis 16646 43.0 2 010 —037 .07 Crassosirea gigas 18,224 367 5 013 020

. L 108. Katharina tunicata 15,532 305 5 -0.10 022

52. Dinodon semicarinatus 17,191 39.9 2 016 -0.39 . ,

K 109. Loligo bleekeri 17,211 287 5 009 -036

53. Eumeces egregius 17,407 442 2 009 -030 .,

. 110. Ascaris suum 14,284 28.0 5 -0.38 045

54. Chelonia mydas 16,497 39.5 2 017 -0.39 "

K 111. Caenorhabditis elegans 13,794 238 5 -0.18 0.25

55. Chrysemys picta 16,866 38.8 2 013 -0.34

S6. Pelomedusa subrufa 16787 387 2 011  -037 112. Onchocerca volvulus 13,747 26.7 5 -047 049

) ’ ’ . ’ 113. Fasciola hepatica 14,462 37.8 5 048 047

57. Xenopus laevis 17,553 37.0 2 005 -027 114. Paragonimus

58. Typhlonectes natans 17,005 45.1 2 010 -029 westermani 14,964 483 14 -039 029

SO. Carassius auratus 16578 42.6 2 009 -024 115. Schz.stosoma ]aponmfm 14,085 29.0 5 =030 042

116. Schistosoma mansoni 14,415 315 5 =026 046

60. Crossostoma lacustre 16,558 45.5 2 008 -0.26 117. Schistosoma mekongi 14072 278 5 _028 048

61. Cyprinus carpio 16,575 43.3 2 012 -027 : 8 ’ ’ ’ ’




Table 1. Continued

Species bp G+C* G° ATS* GCS?

118. Echinococcus
multilocularis

119. Taenia crassiceps

120. Metridium senile

121. Pichia canadensis

122. Saccharomyces
cerevisiae

123. Podospora anserina

124. Schizosaccharomyces
pombe

125. Allomyces macrogynus

126. Arabidopsis thaliana

127. Beta vulgaris var.
altissima

128. Marchantia polymorpha

129. Chlamydomonas

13,738 31.0 14 -040 051
13,503 26.0 5 =031 041
17443 38.1 4 -013 011

27,694 18.1 4 002 012

85,779 171 3002 0.06
100,314 30.1 4 002 o1

19,431 30.1 4 003 0.05
57473 395 4 -0.04 006
366,923 44.8 1 001 -001

368,799 439 10 0
186,609 424 1 =001 0.01

eugametos 22,897 346 1 001 015
130. Chlamydomonas

reinhardtii 15,758 452 1 001 001
131. Scenedesmus obliquus 42,781 362 22 =004 0.12
132. Pedinomas minor 25,137 222 4 -0.19 0.13
133. Prototheca wickerhamii 55,328 258 1 003 -0.02
134. Rhodomonas salina 48,063 29.8 1 005 0.06
135. Chondrus crispus 25,836 279 4 005 004
136. Cyanidioschyzon

merolae 32,211 27.1 1 001 0.06
137. Porphyra purpurea 36,753 335 4 007 0.04
138. Paramecium aurelia 40,469 412 4 014 0.06
139. Plasmodium falciparum 5967 31.6 4 -0.05 001
140. Plasmodium

reichenowi 5966 31.7 4 -0.05 0.01
141. Tetrahymena pyriformis 47,296 21.3 4 -004 0.02
142. Acanthamoeba

castellanii 41,591 294 -0.09 0.11
143. Naegleria gruberi 49,843 222 1 -0.09 0.17
144. Leishmania tarentolae 20,992 21.1 1 -0.03 0.10

145. Physarum

polycephalum 65,862 259 1 003 002
146. Dictyostelium

discoideum 55,564 274 1 020 024
147. Malawimonas

Jjakobiformis 47,328 26.1 1 003 0
148. Reclinomonas

americana 69,034 26.1 1 0 0.13

149. Cafeteria roenbergensis 43,159 273 4 -0.05 0.11

150. Chrysodidymus
synuroideus

151. Ochromonas danica

152. Phytophthora infestans

34,119 24.1 1 002 0.05
41,035 262 1 006 001
37,957 223 1 0 0.05

 The sequences are grouped into nine: mammals (1 to 40), aves (41 to
50), reptiles (51 to 56), amphibians (57 and 58), fish (59 to 80) includ-
ing cephalochordata and urochordata, invertebrates (81 to 120) includ-
ing hemichordata, fungi (121 to 125), plants (126 to 137), and protozoa
(138 to 152).

® GC content (%).

¢ Genetic code number adopted in NCBI is based primarily on Jukes
and Osawa (1993): 1, stands for the standard code; 2, for the vertebrate;
3, for the yeast; 4, for the protozoan and mycoplasma; 5, for the
invertebrate; 9, for the echinoderm; 13, for the ascidian; 14, for the
flatworm; 22, for S. obliquus mitochondrial code.

4 Skews between A and T and between G and C, defined in formula (1).
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(48.6%). The genetic code is also at variance, and the
code numbers used in NCBI are based primarily on Jukes
and Osawa (1993).

In most organisms, excluding cephalochordata and
some invertebrates and plants, ATS or GCS over the
whole mitochondrial genome often deviates significantly
from 0, and the absolute ATS and GCS values differ
from each other (Table 1). If we compute the cumula-
tive value of ATS or GCS over consecutive small win-
dows, it increases or decreases monotonously. There are
two patterns showing either ATS > 0 and GCS < 0
or ATS < 0 and GCS > 0. However, it should be noted
that if ATS or GCS > 0 in one strand, necessarily ATS or
GCS < 0 in the other stand. Accordingly, unless we
compare the same strand such as the heavy strand, the
distinction between the two types does not have any
biological meaning. In any event, significantly skewed
ATS or GCS implies that the tempo and mode in repli-
cation errors may differ between the complementary
strands. Although neither strand of mtDNA is replicated
discontinuously, the bias results from the particularities
of mtDNA replication, and it is less likely that transcrip-
tion can bias the occurrence of nucleotide substitu-
tions between the two strands (Francino and Ochman
1997).

No significant skew is observed in the whole mtDNAs
of three embryophyta (JATS| and |GCS| =0.01). Thus,
whereas strand asymmetry is the rule rather than the
exception in animal mtDNAs, it is erased in these plant
mtDNASs. The size of plant mtDNAs is generally 10 to 20
times larger than that of animal mtDNAs. Because of this
large genome size, the DNA molecule may replicate
from multiple origins, although the molecular cause for
unbiased patterns of nucleotide frequencies await further
scrutiny. Similarly, the yeast (Saccharomyces cerevisiae)
mtDNA is relatively long, the genome contains three
replication origins as well as four other replication ori-
gin-like positions, and replication might be bidirectional
(Lecrenier and Foury 2000). Nonetheless, both ATS and
GCS values over the genome tend to be positive, and
strand symmetry is not recovered. This suggests that, in
addition to the number of replication origins, information
on the mode and direction of DNA replication is defi-
nitely important. In fact, even when there are multiple
replication origins on the genome, strand asymmetry can
still be expected if the DNA molecule replicates in the
same direction. The proposed mechanism of the yeast
mtDNA replication system is still hypothetical. Phenom-
enologically, the system is similar to that of animal mtD-
NAs, but different from that of plant mtDNAs.

In mtDNA, there are several characteristic dinucleo-
tide profiles. First, in accord with ATS # 0 and GCS #
0, fxy is quite different from the frequency of the in-
verted complementary dinucleotide. In the jawed verte-

brate mtDNAS, fea > fr, fac > fors fre > foa, and for >
fag are observed, but in other mtDNAs these relation-
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Table 2. List of 36 bacterial chromosomes®

Species bp G+C G ATS GCS
1. Aeropyrum pernix 1,669,695 56.3 11 -0.01 -0.01
2. Archaeoglobus fulgidus 2,178,400 48.6 11 0 0
3. Methanobacterium thermoautotrophicum delta H 1,751,377 49.5 11 -0.01 0
4. Methanococcus jannaschii 1,664,970 314 11 0 0.01
5. Pyrococcus abyssi 1,765,118 44.7 1 0 0
6. Pyrococcus horikoshii OT3 1,738,505 41.9 11 0 -0.01
1. Aquifex aeolicus 1,551,335 43.5 11 0.01 0
8. Bacillus subtilis 4,214,814 43.5 11 0 0
9. Borrelia burgdorferi 910,724 28.6 1 -0.01 0

10. Buchnera sp. APS 640,681 26.3 11 0.01 0.01

11. Campylobacter jejuni 1,641,481 30.6 11 0 0

12. Chlamydia trachomatis 1,042,519 41.3 11 0 0

13. Chlamydia muridarum 1,069,412 40.3 11 0 0

14. Chlamydophila pneumoniae CWL029 1,230,230 40.6 11 0 0

15. Chlamydophila pneumoniae J138 1,228,267 40.6 11 0.01 0

16. Chlamydophila pneumoniae AR39 1,229,858 40.6 11 0 0

17. Deinococcus radiodurans R1 chromosome 1 2,648,638 67.0 11 0 0

18. Deinococcus radiodurans R1 chromosome 2 412,348 66.7 11 0.02 0

19. Escherichia coli K-12 MG1655 4,639,221 50.8 11 0 0

20. Haemophilus influenzae Rd 1,830,138 38.2 11 0 0

21. Helicobacter pylori 26695 1,667,867 38.9 11 -0.01 -0.01

22. Helicobacter pylori J99 1,643,831 39.2 11 0 -0.01

23. Mycobacterium tuberculosis 4,411,529 65.6 11 0 0

24. Mycoplasma genitalium G37 580,074 31.7 4 0.01 0

25. Mycoplasma pneumoniae M129 816,394 40.0 4 -0.02 0

26. Neisseria meningitidis MC58 2,272,351 515 11 0 0.01

27. Neisseria meningitidis 72491 2,184,406 51.8 11 0 0

28. Pseudomonas aeruginosa PAQ1 6,264,403 66.6 11 0.01 -0.01

29. Rickettsia prowazekii Madrid E 1,111,523 29.0 11 0 0.01

30. Synechocystis PCC6803 3,573,470 47.7 11 0 0

31. Thermotoga maritima 1,860,725 46.3 11 0 0.02

32. Treponema pallidum 1,138,011 52.8 11 0 0.01

33. Ureaplasma urealyticum 751,719 255 4 0 0.02

34. Vibrio cholerae chromosome 1 2,961,149 47.7 11 -0.01 0

35. Vibrio cholerae chromosome 2 1,072,315 46.9 11 0 0.01

36. Xylella fastidiosa 2,679,306 52.7 1 -0.05 0.05

® The first 6 are archaebacteria and the remaining 30 are eubactaria. The total number of nucleotides over the 36 chromosomes is 70,046,804 bp.

ships are reversed. In other words, skews at the level of
mononucleotides also manifest at the level of dinucleo-
tides. Second, homo dinucleotide G,G or C,C is over-
represented in most mtDNAs, whereas both C,G and
G,T are underrepresented, compared with the expected
occurrences based on mononucleotide frequencies (Fig.
1). This trend has nothing to do with the presence of the
methylation—deamination mechanism, since it is also
found in organisms such as Drosophila which are be-
lieved not to possess the mechanism. The yeast mtDNA
stands out again, showing enormous overrepresentation
of G,G and C,C. Although the 86-kb genome is AT-rich
and C,G is underrepresented, each of G and C tends to
occur in homo dinucleotides. Third, a deficiency of C,G
does not accompany an excess of TPG or CpA, which is
expected to occur when the methylation—deamination
process converts C to T in either strand. As noted by
Cardon et al. (1994) and Karlin and Burge (1995), there
must be some other mechanisms for generating these
biases in dinucleotide frequencies.

Prokaryote Genomes

Interestingly, all 36 prokaryote chromosomes show that
ATS and GCS in the entire region are almost exactly O
(Table 2). This does not mean a complete absence of AT
and GC skews. On the contrary, there exist strong skews
in one half of the genome, but they are almost exactly
canceled out by the opposite skews in the remaining half
[Fig. 2; see also McLean et al. (1998) and references
therein]. There is a more conspicuous rise and fall in
GCS than in ATS over consecutive small windows, and
the minimum and maximum of the cumulative GCS are
located at the replication origin and terminus, respec-
tively (Grigoriev 1998). The skews are thus local and
attributed to the bidirectional mode of DNA replication.

Unlike mtDNAs, the frequency of a dinucleotide over
the prokaryote genome is very similar to that of the in-
verted complementary dinucleotide (Burge et al. 1992).
This symmetry holds true not only for hetero dinucleo-
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sents not only G,G and C,C but also C G,
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Note that C,G is overrepresented, while T A is most underrepresented.



tides but also for homo dinucleotides, implying that any
particular dinucleotide occurs equally frequently in both
strands. To quantify skews of dinucleotide frequencies
under strand asymmetry, it is convenient to define

fXY _fX’Y'

DNS =
Jfxy Hfxy

G)

similar to (1). In the above, X"Y’ represents the inverted
complementary dinucleotide of X, Y. The absolute value
of DNS is smaller than 0.03 in all but one prokaryote
genome. The exception is Xylella fastidiosa, belonging
to the Xanthomonas group in the v subdivision, and the
genome is 20% more abundant in G,T and T,G than in
their inverted complementary A,C and C A, respec-
tively. However, in general, no strand bias is found in the
whole prokaryote genome, and this trend holds true even
for tri- or tetranucleotides (data not shown).

Another rather surprising feature is that in some pro-
karyotes, the “universal” rule of CpG deficiency is vio-
lated. That is, pcg is greater than 1 and thus C,G is
overrepresented. The C,G overrepresentation occurs in
13 eubacteria including Bacillus subtilis, Escherichia
coli, and Neisseria meningitidis, but in none of the six
archaebacteria. An example for the latter is the genome
of Aeropyrum pernix, a member of desulfurococcaceae
in Archaea, in which pog = 0.70, and an even more
extreme example is the genome of Methanococcus jan-
naschii, in which pog = 0.32. In eubacterial genomes,
the most underrepresented dinucleotide is T,A or G,T
rather than C,G, followed by A,C and AT. It is inter-
esting to note that the GC content (25.5%) of Ure-
aplasma urealyticum is the lowest among the 36 pro-
karyotes. Yet the pr, value is 0.79, even smaller than
pcg = 0.88. Except for A. pernix, in which pp, = 1.21,
usage of T A is avoided in all other prokaryote genomes.
These observations are inconsistent with the hypothesis
of methylation—deamination—mutation (Karlin and Burge
1995).

Human Chromosomes 6p21.3, 21q, and 22q11.2-q13.2

There are many long contigs sequenced for the human
genome. Here we use DNA sequences for a 4.4-Mb re-
gion of chromosome 6 containing HLA, a 28.5-Mb-long
arm portion of chromosome 21, and a 23-Mb-long arm
portion of chromosome 22. Of these, the HLA region is
the best characterized concerning the gene density, C,G
island, functional analysis of genes, polymorphism, and
SO on.

Bernardi et al. (1985) and Ikemura (1985) found that
chromosomal band zones are related to the mosaic struc-
ture of GC content and DNA replication timing. Subse-
quently, Ikemura and his co-workers have made detailed
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examinations of the HLA region, proposing that, among
many, one GC junction boundary, between class III and
class II gene clusters, is a chromosomal band boundary
and corresponds to a switching point of DNA replication
timing (Ikemura et al. 1990; Fukagawa et al. 1995). This
junction is located 1 Mb away from the centromeric
(right) end of the contig. Around this junction, ATS < 0
locally and the positive cumulative value decreases
sharply, while GCS > 0 locally and the negative cumu-
lative value approaches O (Fig. 3). In further telomeric
regions, there are several prominent local maxma and
minima in the cumulative ATS. Toward the telomeric
end of class I region (left), there is also a reciprocal rise
and fall between the cumulative GCS and the cumulative
ATS values. By analogy, these local maxma and minima
may correspond to replication origins.

The four homo dinucleotides occur more often than
expected over the HLA region (pxx > 1). It is interesting
to note that fxx reflects the GC content, but pgg = pcc 18
greater than py , = ppr almost everywhere. Dinucleotide
C,G occurs with only 20-40% representation of the ex-
pected value, followed by T,A, G,T, AT, and A,C.
However, in small window sizes, a number of spikes of
Je become visible. Most spikes correspond to unmeth-
ylated C,G islands which are concentrated in the R-band
chromosomal regions (Cross and Bird 1995).

Mono- and dinucleotide profiles of chromosomes 21
and 22 are presented in Figs. 4 and 5, respectively. The
patterns of cumulative skews are different between the
two chromosomes. In particular, the degree of skews is
larger in chromosome 21 than in chromosome 22. Fur-
thermore, in chromosome 21, the cumulative ATS and
GCS are reciprocally ragged in the positive and negative
region, respectively. The pattern is somewhat similar to
that in mtDNAs. It is interesting to note that two-thirds of
the chromosome 21 contig exhibits a low gene density
and is extremely stable in dinucleotide frequencies. In
chromosome 22, the cumulative ATS and GCS cross the
horizontal axis several times, and this pattern is some-
what similar to that in the prokaryote genome.

In both chromosome 21 and chromosome 22, the 16
dinucleotides may be divided into four groups according
to the value of p in Eq. (2). One group, having p > 1, is
represented by A A, T,T, G,G, C,C, T,G, C A, AG,
and C,T. Like mtDNAs and prokaryote genomes, all four
homo dinucleotides tend to be overrepresented. The sec-
ond group, having p =0.8, is represented by AT, T A,
A,C, and G,T. The third group, with p = 0.2, is singly
represented by C,G. The final group, with p =1, is rep-
resented by the remaining GPA, T l,C, and GpC. Like
mtDNAs, a deficiency of C,G is not compensated by an
excess of TPG, CPA, or both, but unlike mtDNASs, the
frequency of a dinucleotide is always equal or nearly
equal to that of the inverted complementary dinucleotide
(DNS = 0).
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Fig. 4. AT and GC skews and relative abundance (pyy) of dinucleotides in chromosome 21q of 28.5 Mb. The window size is 100 kb. The top
and bottom figures are comparable to those in Fig. 3. Dinucleotides T, A, AT, G,T, and A,C are more underrepresented and C.G is less

underrepresented in the GC-rich region than in the GC-poor region.
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content varies greatly, ranging from 40 to 58%, but unlike chromosome 21 there is no GC-rich on poor region clearly clustered. The top and bottom
figures are comparable to, but the scales of the ordinates are different from, those in Fig. 4.



Discussion

It is interesting to compare human chromosomes with
other eukaryote chromosomes, so we examined a 17.5-
Mb sequence of A. thaliana chromosome IV. Although
the ATS and GCS profiles look like Fig. 4 for human
chromosome 21, one remarkable difference is that C,G is
not very much underrepresented, and pog as well as pra
is as high as 0.8. Another difference is the underrepre-
sentation of G,C. Such chromosome-specific patterns of
mono- and dinucleotides cannot be easily explained, but
the present analysis suggests that knowledge about
strand asymmetry, genome structures, and DNA replica-
tion is indispensable. Indeed, all genomes show locally
biased occurrences of mono- and dinucleotides which
can be strongly influenced by strand-dependent replica-
tion errors. Francino and Ochman (1997) argued that
both DNA replication and DNA transcription are asym-
metric and can bias the occurrence of mutations between
the complementary strands. Transcription may overex-
pose the nontranscribed strand to DNA damage. How-
ever, since the bias is found in noncoding regions as
well, the highly asymmetric effect of transcription on
mutagenesis alone cannot account for the characteristic
dinucleotide profiles observed in eukaryote genomes.

The window size used here varies from one figure to
another and is rather arbitrarily chosen. However, for
eukaryote chromosomes, it must be properly adjusted in
light of the size of a replicon. If the window size is too
large, it is likely that strand asymmetry, even if exists,
becomes undetectable. In particular, it is recalled that the
window size used in analyzing human chromosomes is
too large to demonstrate the C,G island of about 1 or 2
kb often located in the 5’ region of genes (Cross and Bird
1995). If, on the other hand, the window size is too small,
stochastic noise may erase all information. An appropri-
ate window size also depends on whether di-, tri-, or
polynucleotides are studied.

When we are interested in evolutionary changes or
conservation of mono- and dinucleotide profiles, it is
necessary to compare orthologous genomic regions
among diverse organisms. As a first attempt, we com-
pared four genetic loci, mostly among primates, but oc-
casionally among mammals or even among eukaryotes:
the B-globin gene cluster, BRCA1 (exon 11 only), Ika-
ros, and HSP70. The B-globin gene cluster includes in-
trons and intergenic regions, while the remaining three
are almost exclusively for exons. In terms of pog, Ikaros
and HSP70 show rather high values in various species, in
contrast to B-globin and BRCA1, with the ordinary low
value of pog = 0.2. These exemplify that dinucleotide
profiles are rather gene specific, although Ohno (1988)
examined coding sequences then available and proposed
a universal rule—T A/C G deficiency and T,G/C,T ex-
cess. Indeed, the deficiency is substantial for T A at the
present four loci. However, the rule for C,G is violated
at Ikaros and HSP70, and the excess of T,G/C,T is slight
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or even absent at HSP70 in some species. Thus, the
generality of Ohno’s rule in coding regions has to be
examined for various genes among diverse organisms.
Our results for eukaryote chromosomes show that Oh-
no’s rule, when applicable, is not restricted to coding
regions, suggesting that the characteristic profile of di-
nucleotides stems from the intrinsic nature of DNA
rather than from primordial repeating units in coding
sequences.

Both single-strand DNA during replication or tran-
scription and lagging-strand DNA during replication are
more prone to errors than the complementary strand, as
first noted by Wu and Maeda (1987) and Wu (1991).
Since there is no a priori reason to assume that mutations
take place in a similar manner between the two comple-
mentary strands, strand asymmetry should manifest not
only in the rate but also in the pattern of nucleotide
substitutions. In addition, the regional dependence of
strand asymmetry can result in heterogeneous rates of
nucleotide substitutions across the genome. These com-
plications definitely violate some important assumptions
made in the model of Jukes and Cantor (1969). Directly
or indirectly, various refinements of their model have
since been made in molecular evolutionary studies (e.g.,
Kimura 1980), but no doubt, Jukes and Cantor (1969)
pioneered this then-new field of biology.
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