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WA, B E L SEBAOR T < OFEZELS 2 ThTns. Kk L2265
PR, fadbhm, SRR, LA O ke REHNERE 7Y Y 7IE S %5
WTH 55, stEEWELEORIZE < OEBELEBEGAFHELL T 5. RIEE, RFHRAE
W, BEEORM, RROFMEOMNT A L, B AORE ISR & 2t L T 7.
KFHROHMIE, ZOHBOEA, X 5ICH 5 -0OMENTEAVFGE, S5 ITBNFE
BT RFEOMRTHN SN T2 BN G FHlZ W< OP 52528125 5.

F—v—F RUBGRATY, Ris

1. BA

IR RN T, AR 7 L OMALOKTEN PRI HEETH O, AREE, K
B, Afem, HARREEIZIBH S b (il 212, Pedersen, 2006; Pillay et al., 2007; Friesen et al.,
2006; Craven et al., 2001; Edwards et al., 2007; Haarmann et al., 2005; Barluenga et al., 2006) .

BAONIzT 74 ¥ A2 L2 6 Rl & HERIS 5 TkiCid, wotwk, pRERCHES Sk,
Rk, XA Xk E, WA WA D B (Felsenstein, 2003).

BOBEMEEANDT7 7u—F L LTRBMET L TOEDEREETH 5. ALK TIIMHE X
DNA BeADEAL % SRkt b o> iR~ L 2 7 g K 0 Rdeb4 5. ke~ v o 7 HH
FEBITINC K D RO T S h, REBHIEOBIfR &t D& & (SrikiRei) & HostHEIc k> T
YT 5. DNABAIIEE /) — FTOABE SN, B EOMWEH, ERER e 24 7)), Ho
RTFREL TS, R~ L3 78R OHERITH] P(t) 1337 2 &4 & EOERETH Q
125D exp(Qf) L&D, [ LMOERED 5 4 & L BOKOE X £ FB58F — 21255
WTHEE T 5729121, EM (expectation maximization) 7L T X 4 BHW 5 R (Hobolth and
Jensen, 2005), ZOEHFH AT » 713 Q DEFEMEEA R PUICKDBGICERES. ZOMGE
TN BT 5 720123 (B2, SIPEOREN) GHRRBOFErMEDbNS. k56, 20
HALET I, Tabb R/ %2 FREET 2 20 OEBELTH Q % & DMk~ L 2 7k
&, REMEIETL2Z26TH S,

HAEREH ~ L 3 7 MR IR OERS O LA ORI OME %252 5. Fd%#BEROT 53R
HEH & MRS 2 22 OISO Z L OFFfEZ S5 2L & TE, TXTONOHBOMEREOHES
7 6 Ak & P S 5 AT b A HEHEHC D HEBHWE S, 74 VAV M LER
ENZFTRTCOXRT Z L DOFFOEAR, EEIIBOHEELE5 200, 22T, BojtEs g,
BtokgE % & DREH T 2459, Thw A, HEECED K TETIE, WS »0RMEE LT T
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T4 VAV I oEIRENIG T L ORI ERITREEVBIOREZHRT I L2 HiEY.
HECHED < R S MlAS D mICBtR T 5. FEER, BoOZEM, $4abb, $TOMHEE
THDHEAD EOFTRTOMOFHROERIIZIARHEDOES & L TELETE 3.

MBI B 2 MEDOR AT 2 8505 213, KR, HEtRFECH LS Lt RF %
TOR$ 5., HBISBHEEO—BEZE L SN TO AL 5720 D2 DOBFDITE A,
kA B EMFNBEICEE L T0ha. 20 K5 BaBo—on 0y, & IS0 NE%
FZHED S ERNHATH 5. ZAOEWEI% & T, DNA & & V737 4|57 — 4 (Pachter
and Sturmfels, 2004a; Levy et al., 2006), RNA @ 2 & (Heitsch and Condon, 2002), W 4
L 2 D24 (Sitharam and Agbandje-McKenna, 2006), Mg t¥ v b9 -2 DEFT ) V7
(Laubenbacher and Stigler, 2004; Jarrah et al., 2007), & 51X+ v b Y — 27 2R T 51K
¥ 7 (Mishra and Mysore, 2007) 23 5. fREADETHW S N3 REBWTFEIER, sV o7 )
B, AR, Zmifkskh], RREAEOT 7 =9 2B &R, 22 TIEIh S ORHSE
% 3 DODOMHAHN L DHITT 5.

BFOHDEADHOMHEDRERAERET HICH7->T 1 D2ORFET 27 T —FI3, EF
D RMFAERNS L TH D, ZOREICHNT, #alETIVIIBAFHD DNA DT
TA VAV FOHEBEET S L 2RI N SR E KRBT 2DICHWO NS, RKEBEPBEDS
DIF, JHFHETLOMERIZETILOINT A ZDLHXNENH6TH D, Thd L, REFN
T T ZUOCHER AR DOFRBIE TS (AR TRAEADOME 50 5 L& 8 W
LV ThE. ZhoDETLEBNIT2200RBENT 2=y 200 ED1E, EFLOR
#r I AZ i (Allman and Rhodes, 2003; Sturmfels and Sullivant, 2005), §Z&bH, EF LI
JE 4 AL OMER A K D iz s < Tdia 6 & WIRIEHER 54 LD 2 HR O %X O%
ThHDb. INOORERIE, KT TILOWEEDOBIED 7230 OFEHROREEIZFE S Z & 2
T ¥ % (Eriksson, 2005; Casanellas and Ferndndez-Sénchez, 2007) .

TRFEAOREN 7 710 — FIIREGHE 2O 3 TH 0, STEEWFIZ 2L OBHR D 5.
I DRI L K 5IH &N 5 FHEE Algebraic Statistics for Computational Biology (Pachter
and Sturmfels, 2005) IZ58FH T 5. REHEHI L < OFETET A2 CE)RENESTH
LV BERICHEDNTHIBE S TS, TO&EM & Zh b ORBIES EOEXOFZEI3H
AtHENICAETS 5. 207 70 —FIERRAHTIGH & h, HIV 26T % 3EAREH M THED
e (Beerenwinkel and Sullivant, 2009), FHIDT 54 VA Y bDISF A b Y v 27 k258D
7€ (Pachter and Sturmfels, 2004a), & & HIE DA DAFFE (Beerenwinkel et al., 2007) 7 £ A3
b 5. RBEREHEIIEY AL L DISHZ S D, ZADOEFZH TS &, 7—2HRN
I (Fienberg and Slavkovic, 2004), 2RI (Pistone et al., 2001), XEHHEE 7L DIRGiMR
%€ (Diaconis and Sturmfels, 1998), RJCHERE (Buot and Richards, 2006; Catanese et al., 2006) ,
A TEHZ B 1) B EHE O (Watanabe, 2001; Rusakov and Geiger, 2005) &2 E 23 dH 5.
Drton and Sullivant (2007) (21, 4880 O SUIR CREBAAETE T IOLIFFED R 22 Ml A
PRI TS, BEREERZROIZIET N TOMETETANRNRIZED, 2 < OMGHERER
DETILEZDHETIHS ZENTES., LT, 2Tho OREEEHNT 7 = 71355,
BHEEYZEO X SIS OfTHHE BbN 5.

ZORHETIE, & HICHIS 20 OMEN TR AVTEG &, X 5 ICRENFEL D T RTED
XRTHW ST Bk A E iz < O» 52 5.

2. EHIARE
AETIHRZ 3 DODFBEIZTOWTFEL RS, 1) & 3HENLTTILDO T TORMFERARZL
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H, 2) BoZEM %M, 3) balanced minimum evolution (BME) D2 tHE, TH 5.
BME =3 FREEICHD < D 1 DT, HHEHCE S HEDI R L<flibhsEtDD 1D
T & B S A (Neighbor-Joining) #i3 BME O&E/ETH 5.

2.1 RI[\FNAEE

RENIAZERIIABEDFIIBT O TR I N TS5 TH 5 (Allman and Rhodes,
2007 & % D5 HSCHR) .

ThEnDE)—F2EOER[BIEL, VIO ETO/ - FTOEEETS. ThFho/ —F
veV(M) IZDNWT X, # kB DRk D% & 2EHHGERE R E 35, X, VIRE & & 51X
PXo=i) &FBA &I, nm &ty OMERLER X, OHET S, TNTNID/ — FoeV\{r} I
DN, aw) o D—RIZEZZAHETS. al) 5 v NOHEEE kx k175 AW 45 &
&, TNZTNhD / — FOMEREAMILLT OMAITRGEINICEIRTZ 5.

k
(2.1) P(Xy=j)=Y_ AJ - P(Xa@) =1).
i=1

ZOHHANI TR TOMRER X, ORISME5 42 5. TOHE) — F%1,2,...,n, £, BE
J = FOEBOREA A % RD & 5 IZHEEET 5.
(2.2) Dirig...in = P(X1=11,X2=12,..., Xn =1n).

ETNLDORMPIAL R LN, ) — FOMEE piy. 0, DEHENT, /37 X 2DETHFIZK
5F50Il%530% 05, ZhLDLEADERIIRET piyiy..i, LOZHERBRORA T T
L% 759 (Allman and Rhodes, 2003; Sturmfels and Sullivant, 2005). X 512, ROEHBEKD
ASR

EIE 1. (Sturmfels and Sullivant, 2005) R T _LOFICHE DI MERDOETLICEWT, &
HFIAREROZA TFTTME, TOZTHETHONE /) — PO DEFETFTILORERE, T
DIFEOFNZI1T B DT E ST Th 5 2 & B RET 5 2 REERICEDERE NS,
ZZT, BIHOL BT L, BB ED B HEGRES & B HGIR v L2 7T L
IZBWT, 28T A — 203 d BFEOFEE D & D %487 (Pachter and Sturmfels, 2005) .

Casanellas et al. (2005) 1%, A LR EDZETILDOT T, JMENAEEDT A T4 7 &#HN
TNEOBO A 2 a2 ONTEwm Lz, 22T, /NEWEIEIE 5 LT OZE ) — N & & Dff
YT, TOBEMETAE T 2 TH A M, DNEOEIO EDR L 3 R/RFENET L O A LR
KBRS AR - LA Tk A 2 2 2 HIEL T 5.

2.2 R#EFEHOEMEFE

Billera et al. (2001) (2, & L7235 — F & & DT X TORJGMOES 4 Rfl1912 E F AL
TSRS DOV THR A7z, ZEARAIZEY % E R OHMIE Griinbaum (2003), Sturmfels
(1996) , Ziegler (1995) & ZHA.

TEAEREAS X :={1,2,...n} 12X D TN XN — P2 DOEA(EX) DX HREE T
5. Zhi3EHRd:(3)—REEHTS. Z2T() BTRTOES — FO T ~ILONET % X
LAEWROEAZET. d%#HE ) — FOXOFRE 45 (Tabb, IHEMEG S d: X x X —R,
ZZTd(z,2)=0, doy=dyo TH3). Gl d: (5) =RBTRTD4,5,ke X IZDNT

dij <max{di,d;1}

Eii7zd & &, ZOESEBEHE (ultrametric) £ 9. d 13 {dij, dik, djr} DIRKHIDEL LB
2EERINS L EHEIETH S V> TE KW, WEMREEZFRT 5013, 7 i (EfE)
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1. n=3 OBIOZEM. ZHZNhOHIZOWT, Hydd 5 HO K& TO/BHIXISY 2 B
DR S & KT. TREhOVERAHEE LT

—ETHE00ZNFEOR S TR ZNS Z &) AW FIICEELRH 15 TH 5. T
Bt 2 IET 5 &, BIEEE I N5 T XTOAEYfIZHmHES» SRR 2 LT 72
O, R[EFEHIEEIEE 2. 24Ut b v ¥ L8l & 7% L (Pachter and Sturmfels, 2004b),
Z ozl RG) O pEA L LT

T, ={deR®) . g 31 )

DEIIZHEZENE. ZhEBEALSE - AEXDMBOIEE ) 2 K- W EEORIES (i
Btz 0H) TH S, T, 1Ry x RE? ICEMOHONESRTH 5. bbb, @HilRD
Bha, BE COMEAFEET IR OATHE 2 (212, n=3 TIIBO F Ko v—
E72E 120857 AL THENMORETEE D). T LHE R ENHOEAE /ST 4
TA TS, HlaE, T B3R 1 D3 O200%EbDTHD, aHLEMTIIERTS 5.

ARk IR AW ORM L EHTEX 3D, ZORNMIIEHAMEGS 2 ER L 5L TS KW,

EFE L {1,2,...,n} LOIEHBIEGS {di;}7 -0 1, noxon JEATHIT, MAKTIE 0, Z
DD FRTORIFIZIETH 5.

BORHEE 4 &M TEZRTZ 5. JEEMEER d 12 ZAREX
(2.3) d(i,7) <d(i, k) + d(k,j),  ij.keX:={1,2,...,n}
EiizzTEZEREXITNSE D, HHEIDY, X TINLINEELEES, KPS FREORE X%

b, 2TOE e ye X 12ONTH 2 h 51 y D—TEORIOE X 25 d(z,y) 125 LA
dse %, Boihe KiZhs.

TEIE 2. (4 fi%fF, Buneman, 1971) d #IFHMEERE 5. diX, $XTOARELRLS
B = F i, k,LIZDWNT, {dij + ditydik + dji,dig + dji} DIRARDDELS LG 2[RRI NS
L&, ZOWIZIRD, dI3BORETH 5.

EH 2 ED, {1,2,...,n) LoBioititg RE) hosofEa L LTI Eh 3 (Pachter and
Sturmfels, 2005) .

Owen and Provan (2011) 1%, BOZEEIZET 5 2 DO O IEHE D13 (Billera et al.,
2001) (Z ZHEAIFB THAETH B Z & #7/R L7z, F72, Chakerian and Holmes (2010) 1%, o
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B AREEE D A & BERER 2 7 2 2 v 7 OB OFHli N OIS % 7R L 7=

2.3 EBHES EDREME

Gascuel and Steel (2006) 1%, & L fHibh 2 BAEZHEFHEE T LT LD 1DOThHH
VB A4 (Saitou and Nei, 1987) 23 IEFHIUE BURIC L D E £ % BME & B D) 2 20 DO ERK
WTdhBHZL%EM L7 Eickmeyer et al. (2008) 1% n <8 DIGFHIZDWTHHK S HIZ L U 7=,

d={di;}1';=1 ZIFFPIEEIR L 52 Ik 2 0 DIEH, EOEREED nxn 75 TH
%). BME M#IZXAR/MET 28 T #RO3252LTh%.

1 1 &
(24) |0(T)| Z |:§ ;dlizi+1:| 3 In41=7T1.

(1, zpn)€o(T)

ZZTo(T) 3T OFHANDHDIAAIZLWTEDLNLE ) — FOFTRTOKMEBROEST
BB, BTORE)—F ik j eI HINE S — FOERE pl < L, (23)13KkE
RMET 5 Z &2 L,

(2.5) > Adiy.
i

ZZT, i DEE N, =T],c,r (deg(v) —1)7", Mi=0T&%. Z4ud NP N#EAHHE il
% (Day, 1987) ThH 22, ZOEEIIKOEIL» S b2 5.

EFE2. TEnDHE/ —FEHOBEL, 1ET)-R, THHIRIE2525E 5. 11
kB3 TORXIIRTE#RINS.

UT)= > Ie).
ecE(T)

EH 3. (Desper and Gascuel, 2004) T Z#I&E2 1: E(T) - Ry TH5 4 5h, JEEDUETH
d={di;}7,_ #ED25AKET S, dyy D5 225N 5 (8 BB 12N T var(dij) =
PG LARET IR, (2.4) ZEUMEL 728 01 T ORIV RIEE R TH 5. X 51224l
HAN Z R/ 2 FREHEREISE LWV,

Z OfEFRIZ (2.4) DTTREARDTMUICEH AN Z /) 2 ek & 5 RIS 4D, BME KD b —
TEBRT ST L OERENARHIAT 5.

E#E 3. BMEAKRY b= EIERORZ PLOMATH B.
{Mas M sy Ay A1) 2 TEHES — F & n f508 ).

FRADFONBD IR Y-, H£LDHE) - FEn & OB(T &F5)I2X7 P AT %
5%2%. ZZTi3Zh% BMERZ ML e &R ATEOIEHELEESIZOWT, (2.4) #HvME
THHNE BME £ ) b —FOEETH D, WIZ25KTH 25, 20L& mkicid AL =2-174]
T 5 (Pauplin DA E V. Semple and Steel, 2004). BME polytope 1 RG) 12 n, Xt
X (g) —2TH5. BME KRV b =7 DIEHE (normal fan) 1%, FEFALIE G4 R(E) D2 D%
HifAr#E|E LT BME $#(%28% Zhbid, 408 7120 T, TH(24) 2i/MbT5 K5
EIERBGDELS ERT.

WS A (2.4) OERRER 2720 DEKETH 5. ZZTETLTY X L0 (Gascuel
and Steel, 2006 #ZH) IZEHL< P, B/ - FOXIEED/BEATEIZLEBORTEDOTH S, i
J = FOX%E L BI2H 72 > TOZEFIEEIZIETRUE GARIZ DO TRIE (Bryant, 2005) &5 3F
LWHEDRH . 2ho i, EREESTEL, / — FOX T L OSBRSS 2L X,
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+—>

>

Xl 2. 7%&DBME KR F =72\ THTHEIThEWIEEOX. 2 2O1HE, Zh o O
3OO0 T VREEDL, RUIRT 200 ) — FORBIDONWTREI L X, /27
DL EIZIRD, ATHTh RN,

EFOLEIRY, FEoBA RT3, 22T, BEASEROMOESERE) O Lk
EIRT 575, ZhaiBiiasts K& 2hoz, EEERATEE, FEEET — 2 20RO 8
DHERIZH DL E, 20 L 2R, FrEDl T #11J13 5. Eickmeyer and Yoshida
(2008) 13, WEBESEAHIE, RG) 258352, AR LAWI LA&RLE 20T LIk
WEAEOEHIZ W TEELEERSH D, Eickmeyer and Yoshida (2008) 13 Z % n< 71220
TN,

Eickmeyer et al. (2008) 3%/ — F O 8 LI F OMARRH M DOWT BME R + — 7 %4t
FERIIZENR, X HICRO—RINAIEEZ R L 7=

1858 1. (Eickmeyer et al., 2008 Dffif 3.1) LEEDE /) — FOE n 2 DOWT, BMEKRY b —
TOIERIE, n DE/ — FEFEDTRTOEMRE 2 7 ARMME O BME X7 FLIZRHISET 5. 2
KRB (TRTDE ) — P& Z—DDNE/ — FOBIZDANI % & D) O BME X7 L
I BME £ b —=TOWNFHIZH D, DTN TD BME X% FLiZ BME EY +—FOHIRIC
bH5.

Eickmeyer et al. (2008) & BME &Y b — 7 OINIDWTEHEREGHIIZHHN, n(>6) TiZ BME
RV =TOAR LTI 7EnD /) —FELDRES I T THBHILERNLE. DT
X, /- FOEDNPFELWBOIIZDOWT, #IZ 2 DO (HE—0) HiITKREA & BME #ic
55 &0 RIFENEG RSB I L EEKTS. LiArL, n=7D& X, BMEFY b —7134
THIEN G OHASDERNLTEEON AL D, 7TODHE ) —F L 3DOD% 25 VK2 DD
J = FE 1 DOBET 2NN 5 5 2808) 28 D200 25KiE, K 21RT 2 D0%E ) —
FOZ|THEBDOTFONI EE, FH-Z0EZFICRD, ITH S K.

Haws et al. (2011) i, L&D 2 5AK2 5D 2 55 AKND SPR (subtree-prune-regraft) F#)
BME BV b= 7OICHIET B Z L AFH L. ZHZED LD & 2 50KD 5RO 2 53RN
D NNI (nearest-neighbor-interchange) 8% BME K1) b =7 O IGT 5 Z & 2R L, #
RELT, V7 Y x7 FastME IIFBEXI N TV 5 BME %, NNIF#ENZ LD BME R
F =T ONEBETEEDTHD. X612, HEIE, FE M TOARORIEE (clade) 12X D /¥
5ANS4 XENEBME RY F =T DHDTRTCEEHZL, tbL 7=

3. ESICHB LI

EF OB OGEISHEIIC B W TEETH 5. #LETIL, BEETLIIONT,
REE» SO FEREDNTE 2. REDHFHIE LT, Allman et al. (2008, 2011), Chai and
Housworth (2011), Rhodes and Sullivant (2011), Sullivant (2011) 2% 5.

ST DR A & TR RS 2 F R HEES WL D2 H 5 (15l 213 Ardila et al., 2012 & 5HH) .

BME F) b —7OREOTE & 0IZ Xk 5 E#IZ, ®E% BME 42 RO 3200 Lk
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WELEKIE DRI D2 8 Lt il 213, BME #:1& BME KV b — 7" EOFEZE
W25, BME R b—T7OUOKBIEHWS 7 FTu—F ¢ i~ A 5. £7-, Haws et al.
(2011) 1%, BME KV I — T ORMRMEEFIZEL TS, FHl2IE, EED 25K»56 24K
D TBR (tree-bisection-regrafting) F481& BME AV = 7IZHInd 5, §4b5, L 2D
D25KR T & To B TBR BENZ LD TH UL, ATt & A2 X BME R =700 % %
9, WS PRNH B.

Haws et al. (2011) {ZB83# L T, Bordewich et al. (2009) i SPR BB L 211D HEIZk 5
T, ED XS LIFEMEBHRDO ASNZONWTE BME R4 H3Z &N TEBRZ L ARNLT-.
ZDZ L, BME#& SPRBBIBNEEFETH B Z L 4T, & 512, TBR HE)IX SPR #£H)
DO—LE» S5, ZDZ Lid BME 72 TBR B#I L EPIETH 5 Z &£ &/RIET 5. BME A
NNI M@ & EFETH B Z L AN TOEEKEN,

z £ X M
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Algebraic Methods for Molecular Phylogenetics

Ruriko Yoshida! (Shuhei Mano, trans. to Japanese)

IDepartment of Statistics, University of Kentucky, Lexington, KY 4050, U.S.A.

Recently there have been much work and collaborations between modern biology and
higher mathematics. A number of important connections have been established betweeen
computational biology and the emerging field of “algebraic statistics”, which applies tools
from combinatrics, computational algebra, and polyhedral geometry to statistical com-
putational problems and statistical modeling. Phylogenetics has provided an abundunt
source of applications for algebraic statistics, with research areas including phylogenetic
invariants, the geometry of tree space, and analysis of phylogenetic reconstruction. The
purpose of this review is to provide the reader with an introduction to this subject, a
noncomprehensive guide to further reading, and a collection of more detailed case stud-
ies that provide examples of how algebraic methods have been used in the context of
molecular phylogeny.

Key words: Algebraic statistics, phylogenetics.
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