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Constructing the TreeFam database

Li Heng (Major in Theoretical Physics)

Directed by Zheng Wei-mou

The Institute of Theoretical Physics

Chinese Academic of Science

Abstract: TreeFam is a database of phylogenetic trees of gene families. It aims

to develop a curated resource that presents the accurate evolutionary history of

all animal gene families, as well as reliable orthologs and paralog assignment. In

developing TreeFam, four novel algorithms were designed to improve the accuracy

of tree building or to serve special needs for development. The first is a constrained

neighbour-joining that efficiently adds new sequences to an existing tree while

maintaining the original topology at the same time. This method is used to

expand a seed tree to a full tree without losing any information added by manual

curation. The second algorithm is a leaf reordering that orders the leaves of a tree

according to the weights of leaves. When it is drawn as a picture, one tree can

be displayed in different ways, depending on the order of leaves. This algorithm

helps to display trees in a consistent algorithm and facilitates visual examination of

trees, which is particularly helpful when comparing two trees. Thirdly, duplication

and loss inference is fit into a more general theoretical framework and extended to

allow for a multifurcated species tree. A fourth algorithm has also been developed,

which is a new algorithm for merging trees. The tree merge algorithm itself is

not a tree building algorithm, but it reconstructs an optimal tree from several

trees that are built from an identical sequence set with different tree building

methods. The resultant tree should combine the advantages of, and so outperform,

all the candidates. This is shown to occur successfully in a large-scale benchmark

presented in the last chapter. This benchmark is one of the few evaluations

that are based on real data in the phylogenetics literature. It also highlights the

fact that each tree-building algorithm has its own strength, although ML and

parsimonious methods are slightly better in general. TreeFam is freely available

at http://www.treefam.org or http://treefam.genomics.org.cn.

Keywords: molecular phylogenetics, tree reconstruction, database
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Pufferfish

C.intestinalis

Homo/Pan/Gorilla

MurinaeEutheria

Amniota

Tetraodontidae

Euteleostomi

Chordata

Eutheria [loss]

CCNI_human

ENSPTRT00000030141_chimpanzee

ENSCAFT00000013762_dog

Ccni_mouse

ENSMUST00000058380_mouse

ENSMUST00000054409_mouse

XP_214007_rat

XP_420590_chicken

GSTENT00004608001_T.nigroviridis

SINFRUT00000165765_pufferfish

ENSGALT00000011124_chicken

GSTENT00033752001_T.nigroviridis

SINFRUT00000148117_pufferfish

ENSCINT00000007140_C.intestinalis

GENE1

GENE2

Homo/Pan/Gorilla

Eutheria

MOUSE

MOUSE

Murinae

Eutheria

Amniota

Tetraodontidae

Euteleostomi

Tetraodontidae

Euteleostomi

Euteleostomi

Chordata

Amniota

Figure 1.2: Ô«äÚÄÏä�~f"þã�Chordataj���Ô«ä§�©3Ù

§Ù!�¬¦^ù�Ô«ä"eã�Cyclin IÄÏ[x�ÄÏä"S(:�>��

Ni��¹�AykÄÏ�ykÔ«¶"3ù�ÄÏä¥<�ÄÏCCNI humanÚ

/�XP 420590 chicken´1:1�XÓ
§Ï�§�Ñ´l</�ÓykAmniota��

�ÄÏ?z
5"�ù�<�ÄÏÚENSGALT00000011124 chicken�´ÊÏÓ



Ø´�XÓ
§ù´Ï�¦+ü�ÄÏ3Euteleostomi¥´��ÄÏ§§�3</

�ÓykAminota¥´ü�ÄÏ(GENE1ÚGENE2)",	§ù�ÄÏä��Ñ
A

�1:n�XÓ
�~f§'X§ÄÏENSCINT00000007140 C.intestinalisÚàK�ü�Ä

ÏSINFRUT00000165765 pufferfish�SINFRUT00000148117 pufferfish´1:2� X Ó 
 "

e¡�ÄÏä�¬Ñy31oÙ§3@p¬�Ñ�õ�[!"
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ation)L§2y"TreeFamêâ¥���´�Ø©�����¯ØÓ�?´§�

þ��Ô«äÚÄÏä�m�'Xíä?z¯�§¿^ù«'X5JpgÄï

ä�þ"

1.4 ä�Ä�Vg

3ãØ¥§ä´vk��ëÏã§§d(:(node or vertex)Úë�(:�

>(branch or edge)|¤"��(:�±´�ë��^>�	(:(external

node)��±´ë�ü^½�õ>�S(:(internal node)"	(:�¡��

(:(leaf)"

î��`§z��?zäÑ´k�ä(rooted tree)§�LX?z���5"

§��(:(root)�LXä¥¤kÔ«½ÄÏ��@��Óyk"3k�ä¥z

��S(:Ñk§�f(:(children or daughter)¶Ø
�(:§z��(:Ñ

k��I(:(parent)"�Cä��{((:)¡��p�{((:)§
�C�f

�¡��$�{((:)"�½��(:�8Ü§CXù
(:��$(:¡�

�C�Óyk(last common ancestor, LCA)¶ù�8Ü¥¤k�(:Ñl§�

�LCA(:üzÑ5"

��ý¢�?zä�´���
ä(binary tree)§§�z��S(:k�=

kü�f(:"du3�
ä¥¤k�©zÑ´�Ù�§�
ä�¡���

®û½ä(resolved tree)"�´§XJü�ëY�©z¯�3{¤þéá��

mSu)§§�3ïä�´éJO(«©�§Ïd3¢^¥��S(:�#

Nkn�½�õf(:§ù��(:¡�õ©
:½�û½:(multifurcated

node, unresolved node, or polytomy)§¹kõ©�:�ä¡�õ©�ä½�

û½ä(multifurcated tree or unresolved tree)"y32�¦^�NCBIÔ«©a

ä [18]´��õ©�ä"

1.4.1 ä�L«

w«��ä���*�{´ò§x3�þ"�´§��ã/QØU��^êÆ

�ó5£ã�ØUé�B�^O�Å§S5?n§Ïd·�k7�òä±Ä�

��ó5£±±�[�ãk'ä��{"

3�©·�ò¦^n«ä�L«�{µãL«(graph representation)§iÎ

GL«(string representation)Ú8ÜL«(set representation)"cü«L«{ò

3e¡0�§
1n«ò31ÊÙÚ\§3@�Ù§�\Ä��8ÜL«{�

kÏuî�/�²�{Úy²"
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ãL«µ½Â9PÒ

Ø
1ÊÙ·�¬�
�BäÜ¿�{�0�
Ú\#�PÒ§ù��!�½

ÂÚPÒòA^u��Ø©"XJ·�@�/¥þ¤k)ÔÑ�k���Óy

k§¤k?zäÑ´k��"Ø
3�OÙ!·�AÏ(²¬�ÄÃ�ä§3

�©ý�Ü©��Äk�ä"313.3!·�¬w�XÛ�Ã�ä½�"

�
�

�
�

�
�

�
�

@
@

@
@

@
@

@
@

@
@

�
�

1 2 3 4 5

6 7

8

a a a a a

a a

a

@
@

@
@

@
@

@
@

1 2 3 4 5

6 7

8

q q a q a

q a

a

T T |A

Figure 1.3: ^ u ) º Ä � V g � � � ~ f " 3 � © � äT¥ §lca({4, 6}) =
8Úω(8) = {1, 2, 3, 4, 5}¤ á " X JA = {3, 5}§ K k w « 3 m > � � uA� f

äT |A§ 3 ù � ä ¥VE(T |A) = {3, 5}± 9VI (T |A) = {7, 8}¤ á " � 5 ¿ � ´ 3

f äT |A¥ § ( :7� k � � f ( : " äT� ± ^ ù � � � �New Hampshirei Î

G(� � � !)5 L « µ((1,2)6,3,(4,5)7)8¶ X J Ø O � f ^ S § � � ± L «

¤((5,4)7,(1,2)6,3)8"§�´Ó��ä"aq/§T |A�New HampshireiGL«

�µ((3,(5)7)8)"

-T´��k�ä§V (T )´§�(:8§VE(T )´T�	(:½�(:8§


VI(T )�S(:8"�½��(:v§§�f(:/¤8Üchi(v) ⊂ V (T )§§

�I(:�par(v) ∈ V (T ).

é(:u, v ∈ V (T )§XJudv?z
5·�KPu < v½v > u"(:v¤C

X�¤k�(:|¤8Ü�µ

ωT (v) = {u ∈ VE(T ) : u ≤ v}. (1.1)

aq/§A ⊂ V (T )CX��(:�8Ü�µ

ωT (A) =
⋃

u∈A

ωT (u). (1.2)

k�XJ3þe©�Ñy��äT§·��òωT(v){P�ω(v)"

e¡·�5wXÛL«T���fä"é��(:�8ÜA§-lca(A)�A�

�C�Óyk"-T |A��3lca(A)�¹T¥ë�ω(A)�´»|¤�fä"ù�

fäT |A�(:8�µ

V (T |A) = {v ∈ V (T ) : ωT (v) ∩ ωT (A) 6= ∅} (1.3)
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·��{PT |{v}�T |v"ã 1.3�Ñ
'uù
Vg���äN~f"

ä�iÎGL«µNew Hampshire�ª

New Hampshire (NH)§½Newick�ª´IO�O�Å�£O�ä�L«�{"

§¦^�pi@�)Ò5L«ä�(:'X§l
òä=z¤��iÎG§¡

�NHiG(NH string)"

NH�ª�©{ü
�*"ã 1.3��Ñ
��~f"^�ª�/ª©

{(formal grammar)6§NH�ª�±î�/�¤Xe/ªµ

<tree> → <cell>;

<cell> → <nhcell> | <nhcell>[<comment>]

<nhcell> → <node> | <node>:<dist>

<node> → <id> | (<list>) | (<list>)<id>

<list> → <cell> | <list> , <cell>

ùp<comment>!<id>Ú<dist>©OL«5º!I£ÎÚål§§����±

^�KL�ª(regular expression)5L«"¯¢þ§TreeFam¤¦^��ª´

*ÐNH�ª(New Hampshire eXtended, NHX)"ù«�ªò(:�Ù§&E±

�«A½�“:�=�”��ª�u<comment>¥"NHX�ª�@dZmasek�<J

Ñ [19]"

·�7L5¿�Ó��ä�±^NõØÓ�NHiG5L«§ù
iGÑ

�LÓ��ÿÀ§§��ØÓ3u�(:3iG¥Ñy�^SØÓ"3¢^

¥·�S.þUäx3�þ�ã/¥�(:Ñy�^S5�NHiG§'Xé

ã1.3¥�äT·�S.þòÙL«�((1,2)6,3,(4,5)7)8
Ø´Ù§iG"l

ù�:þ`§��NHiGÚ��ä�ã/kXg,���éA'X"

Xc�ã¤�Ñ�§��ä�±Ly�ØÓ�ã/½ØÓ�NHiG"¦+

ù
ã/ÚiGÑL«XÓ��ä§�3<�ú¥§�´éØ�Ó�"�½ü

�¹kAz��(:��ä§XJü�ä�(:ü�^SØ´é�q§��3

Àúþ'�ü�ä´4�(J�"�O��±Ó��ªxä��{�©7�"

·�ò31nÙ)ûù�¯K"

1.4.2 Ã�äÿÀ�'�

� ½ � � 8 ÜV §V � � � � © � � é Ø � � � 8 ÜAÚB§ L «

�A|B½B|A§§÷vµ(i) A∩B = ∅¿�(ii) A∪B = V "-T = (V (T ), E(T ))´

6/ª©{´O�Å�Æ?È�n¥é§S�O�ó�~^L«�{"



Chapter 1. �µ0� 15

��Ã�ä§V (T )´§�(:8§E(T )´>8§KäT�z�^>ÑòT©¤

ü�Ø���Ü©¶XJ·�-ùü�Ü©¤��(:�8Ü©O�AÚB§

KA|B´V (T )����©"ù�§T�z�^>ÑéA��V (T )��©A|B§

Ïd·��±½Âµ

T̃ = {A|B : �3T��^>éAuV (T )��©A|B} (1.4)

w,|T̃ | = |E(T )|¤á"�T´�
ä�|E(T )|�����2 · |V (T )|−3§|T̃ |��

���2 · |V (T )|−3"3�©§XJ·�`/>A|B3T¥�30§·��A|B ∈

T̃§½ö�d/§T¥k�^>�A|B�éA"±ã1.3�~§>(8, 6)éA��

©�µ{1, 2}|{3, 4, 5}"

8ÜT̃Ú\�§k�Ó�(:8�ü�äÒ�±?1'�
"-T1ÚT2´

ü�Ã�ä§¿�V (T1) = V (T2)§ïþ§��mÿÀØÓ�Robinson-Fouldå

l[20]�µ

dT (T1, T2) = |(T̃1 ∪ T̃2) \ (T̃1 ∩ T̃2)| (1.5)

ù�ål¯¢þ�u�3���ä�Ø�3u,���>��ê"�5¿Ú�

(:�ë�>oÓ�3ü�ä¥�3§ÏddT�����2 · (|V (T1)| − 3)§§3

�ü��
äT1ÚT2��ØÓ���"
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TreeFamêâ¥�ïá

l?z��Ý`��ÄÏ[x¥�ÄÏ´�p'é�"�
3Ô«mD4Ä

Ï5º�&E±9�
ïÄÄÏ?z�5Æ§©Û��ÄÏ[x¥ÄÏ�?

z'X´�'­��§
¢yù�8���Ð�{´�ïù�ÄÏ[x�?

zä"?zäØ=�Ñ
?z�z�[!§��?�Ú�õUíäJø
Ä

:"TreeFam [15] (Tree families database)´'uÄÏ[x?zä�êâ¥"§

�8�3umu²L<ó���]
±O(�Ñ¤kõ[�ÄÔÄÏ[x�?

z{¤±9Äu?zä��«íä"3ù�Ù·�ò0�TreeFamêâ¥�S

NÚ(�±9�ïTreeFam�gÄ6§"

2.1 TreeFamVA

2.1.1 �o´TreeFam

Ä kTreeFam´ � � © a ê â ¥ " § r Ä Ï © ¤ Ä Ï [ x ¿�z � �

[ x Ú ­ � � f [ x · ¶ " ± � © a ê â ¥ § XKOG [7], PAN-

THER [8]ÚSYSTERS [9]§ Ñ ´ Ï L S�� m � � q Ý 5 y © Ä Ï §

�TreeFamKØ,"§r��ÄÏ[x½Â¤lõ[�ÄÔ�Óyk¥��

�ÄÏ§½öl1�gÑy3õ[�ÄÔ¥���ÄÏüzÑ5��+ÄÏ"

¯¢þ§±�q5©ê�Ly�?z�Ç3ØÓ�ÄÏ�m´ké��É�§

Äu�q5½Â�ÄÏ[xØ�;��¬éàa�ã¤¦^�K��~¯a§

ù«½Â�"y)Ôþ�¿Â"�'�e§TreeFamØ¬��ù��¯K"�

XPhIGsêâ¥ [10]¤�Ñ�§�TreeFamù�l?z�Ý½Â�êâ¥Ø¬é

K�¯a§�\­½§��ä)Ô¿Â"

Ù g §TreeFam´ � X Ó 
 Ä Ï(ortholog)� ê â ¥ " § l Ä Ï

[ x � ? z ä þ í ä � X Ó 
 Ä Ï " D Ú � { ´ l ¤ é Ô «
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Ä Ï S � � ' é 5 í ä � X Ó 
 Ä Ï § � Ü © Ó 
 Ä Ï ê

â ¥ Ñ ´ Ä u ù « � { § � ) µNCBI�HomoloGene [18]§Ensembl-

compara [11]§OrthoMCL [12]ÚInparanoid [21]"¦+ù
êâ¥éÓ
ÄÏ

�íäå�
È4�^§��ÄÏ"�u)�§§�Ò¬Ñy¯K"ù´du

¤éíä�vkw�Ù§Ô«§¤é�{Ñ¬¦K�
�O¯�
ýÿÑ�õ

��XÓ
ÄÏ"��î­�´§¤é�{3ØÓÔ«éþ�íä�U´�g

ñ�"Þ�~f"b�ÄÏg1Úg2±9g2Úg3©O´üé´���XÓ
(1:1 or-

tholog)§Kg1Úg3nØþ�A´���XÓ
"�^¤éíä��{§g1Úg3�

U�íä¤Ø´1:1�XÓ
§ù´Ï�néÄÏ(g1, g2)!(g2, g3)Ú(g3, g1)´©

O?n�§¤é�{Ø�¦§��m´gU�"�'�e§duÄu?zä

��{òNõÔ«w¤���N§ù
¯KÒØ¬�3
"â·�¤�§Ø


TreeFam8c�kHOGENOM [13]l?zäþíä�XÓ
ÄÏ"

��§TreeFam´��²L<ó���êâ¥"¢Sêâ�E`²3ØÓ«

XÚØÓÄÏ[xm�?z5Æ´ØÓ�"O(�gÄïä©ª´)Ô&E+

��ä]Ô��K��"ù�´��o)ÔÆ[=¦��Äu?zäíä�`

:�Ø�Øò
¦Ùg¦^¤é�{��Ï"¦+TreeFammu
#��{±

�Jpïä�O(5§gÄïä�´ØU�<ó���'���k<U
¤õ

�(Üõ�¡�&E§��k<U
D�?zä±)ÔÆ�¿Â"TreeFamA

Ï�?3u§´²L<ó���"

2.1.2 TreeFam�Ä�(�

TreeFam�Ä�(�é�Pfam[22]����<ó����x�(��(protein

domain)ê â ¥ " �Pfam� � §TreeFam� � ¹ ü � Ü © µ ² L < ó � �

�TreeFam-A§ÚgÄ)¤�TreeFam-B¶z�Ü©Ñ�)ü«a.�S�µ²

L<ó��½lPhIGs5�«fS�(seed)§±93«fS�¥\\#S�
/

¤��S�(full)"ã 2.1(A)�Ñ
ù
Vg�m�éX"äN�[!ò3e¡

0�"

2.2 Ñ\êâ

2.2.1 S�8

TreeFam-2�¹lGenBank [18]!SGD [23]!WormBase [24]!GeneDB [25]ÚEnsembl [11]�

êâ¥¥e1�19�®ÿSÔ«�Ø�Ú�xS�(L2.1)"XJêâ¥JøÄ

Ï3ÄÏ|¥��IÚ�A��x�(��§ù
êâ�ò\\TreeFam"3



18 Constructing the TreeFam Database

BLAST

HMMer

Seed alignment

Muscle

N

Y

Muscle

seed-to-full

Seed sequences

Preliminary full sequences

Full sequences

is A?

Full tree

Full alignment

Constrained
Neighbour-joining

Neighbour-
    Joining

Seed-A tree

Cut tree

Full tree

Tree-cutting

Curated tree

Literature
Annotations
Taxonomy

In-house Tools

PhIGs cluster

Seed-B

Full-B

Seed-A

Full-A

 manual
curation

seed-to-full  manual
curation

Remove incorrect
sequences

Adjust topology

Add missing
sequences

Label internal
nodes

(A) (B) (C)

Figure 2.1: TreeFam�6§ã"(A) �N(�"TreeFam-B¥�«fS�(seed)5g

uPhIGsêâ¥"ù
«fÏL(B)¥£±�L§
*Ð���S�(full)"<ó��

òTreeFam-B�ÄÏ[x���TreeFam-A§
TreeFam-A�ÄÏ[x��±3F�­

#��"(B) «f*Ð����L§"J�Ú�Úcµ�©iL«ù
L§��3

u@Ï�TreeFam-1.x§
�Ú�µ��µL«�'Ü©�3TreeFam-2¥k¤UC"

�5¿�´§���«f*Ð����L§�^uS�,?��¹"�TreeFam-B�

��TreeFam-A�§#�TreeFam-A�«fdÃó)¤§��S����gTreeFam-
B"(C) <ó��VA"ù�L§�9�Ö©z�|±Ú�
TreeFamAkóä�¦

^"

�Ù§TreeFamS�8ò{¡�TFSEQ"

319�Ô«¥§ü«�1Ú[H-(A.thaliana)Ñ��	+(outgroup)"3Ä

Ïä¥§	+ÄÏUw«Ñ@uõ[�ÄÔ�C�Óyk���PÔ«§§�

^u�ä´Äü|ÄÔÄÏAT©�ü�TreeFamÄÏ[x¥
Ø´��"�

±`§	+�\\.½
ÄÏ[x���"

2.2.2 «fS�8

��TreeFamgÄ6§�å:´TreeFam-B«f8Ü�ïá§ù7LÏLàa

�{"3$�´PhIGs®²Uì·�Ï"��ªò¤kÄÔ��x?1
à

a"3PhIGsêâ¥¥§z��a¥�ÄÏÑ´l�
�½Ô«��Óyk�

�ÄÏ?z
5�¶ÄÏdu?z'X
Ø´�m��qÝ
àa3�å"

8cPhIGs�ÕJøü«àaµ�«´é¤kBHÄÔ�ÄÏàa§�«´é

¤kõ[�ÄÔ�àa"n�G¹e§1�«àae���a�ÐéAu�

�TreeFam�ÄÏ[x"�ud§TreeFamaL
àaù�Ú
��^PhIGs�
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a��TreeFam-B�«f"

2.2.3 Ù§êâ

��?zäØ==Jø
ÄÏ[x?z�{¤§§��?�Ú�?zïÄJø


Ä:§'XµS¹f(intron)?z§�x(��?z9ÄÏõUUC�ïÄ"

�
9Ïù
ïÄ·���òÙ§�'&E\\TreeFam"gTreeFam-2å§·

�®²\\}�Ú(��&E§3TreeFam-3¥·�ò?�ÚJøL�&E"Ä

ÏvØ�L.(JÚGO5º(GO ontology [26]) �k�U\\?5"

2.3 TreeFamgÄ6§

TreeFam-2¤ ¦ ^ � g Ä6§ ÚTreeFam-1.x´ Ø Ó � " ù « Ø Ó N y 3 ü

:µPhIGs�­àaÚ/¿�0�{�¦^"

Table 2.1: TreeFam-2¥�¹�¤k��ÿSÔ«"ü«�1(S.pombeÚS.cerevisiae)9

[H-(A.thaliana)��	+"

Tax ID Tax Name abbr. Common Name

9606 Homo sapiens HUMAN Human

9598 Pan troglodytes PANTR Chimpanzee

10090 Mus musculus MOUSE Mouse

10116 Rattus norvegicus RAT Rat

9615 Canis familiaris CANFA Dog

9031 Gallus gallus CHICK Chicken

8364 Xenopus tropicalis XENTR Western clawed frog

31033 Fugu rubripes FUGRU Japanese pufferfish

99883 Tetraodon nigroviridis TETNG Green puffer

7955 Danio rerio BRARE Zebrafish

7719 Ciona intestinalis CIOIN

7227 Drosophila melanogaster DROME Fruit fly

7165 Anopheles gambiae ANOGA African malaria mosquito

7460 Apis mellifera APIME Honeybee

6239 Caenorhabditis elegans CAEEL

6238 Caenorhabditis briggsae CAEBR

4896 Schizosaccharomyces pombe SCHPO Fission yeast

4932 Saccharomyces cerevisiae YEAST Baker’s yeast

3702 Arabidopsis thaliana ARATH Mouse-ear cress
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2.3.1 TreeFam-B«f8�)¤

3TreeFam-1.x¥ §·� � � ^PhIGs¹ k n � ½ � õ ÄÔÄ Ï � a 5 �

�TreeFam-B� « f " , 
 § duPhIGs 3 à a � ã q � ¦^
é î�I

O§�[x�¤
?zé¯�§§k�¬r��ÄÏ[x©¤eZ�a§

ù�PhIGs�àa²~ �§´,�ÄÔÄÏ[x�f[x¶�kA�àa�

¿8â�L��[x"3��L§¥ù«y��ku)§ù�r¦·��Ä

3TreeFam-2¥3PhIGs�Ä:þ­#àa"

3TreeFam-2¥§PhIGs¥�aUXe�ªàa"Äk§�©�àa¥�S

�^BLAST1 [27]�TreeFamS�8TFSEQ�'�§Ï"�(E-value)�K��

30.01"'éþ�TFSEQ2^HMMER2 [28]2?1�H'é|¢§Ï"��

30.1¶Ù¥HMMER��.ëê´ldMUSCLE3 [29]é�©PhIGsa¥�S

�?1�õS��'é�ï�"�X·�lHMMER�(J¥�ï��'X

ã§3ù�ã¥§z��(:(vertex)éAX���©�PhIGsa§z�^\

�>(weighted edge)�LXü�a�¹k�Ó�ÄÔÄÏ"�O(/`§�½

��PhIGsau§-Ru´UÚu¥S���¿�HMMER©ê�L¤k��	+

ÄÏ�ÄÔÄÏ�8Ü(TFSEQ�f8)§XJRu ∩ Rv 6= ∅¤áK3u�v�m

\þ�^>§ù^>��­�
|Ru∩Rv |

min{|Ru|,|Rv|}
"ïÐù�\�ã��§·�Ò�

±^�«ÄuãØ�àa�{5?1àa"3TreeFam-2¥§·�¢y
��

3Zdobnov�< [30] ��{Ä:þU?����²��{(heuristic algorithm)§

ù��{Ú�õêÓa�{��Áãé�SÜéX;�
Ø�Ù§akéX�

���8ì 4"��§à3�å�PhIGsa�Ü¿3�å��#�«f"�K

þù«àa�L§�±�E?1��(J­½��¶�¯¢þ·�uyüÓ½

�õ�Ó�àa¬���õ��¹A�ÄÔÄÏ[x��[x(superfamily)§

ù�U´Ï���õ�S�·å5��HMMER¬C�Ø
¯a"Ïd·��

éPhIGs?1
�gàa§Ù(J���^5��«f"

1BLAST (Basic Local Alignment Search Tool) ´^u|¢Ó
S���É�H�§S"§

ò�^S�Ú��S�8¥�z�^S�?1'é§O�'é©ê§¿^±�^�ÅS��

Ó�����Å¥'é�Ñy'*ÿ©ê�p�S�ê�êÆÏ"(E-value)5ïþÓ
�wÍ

5"
2HMMER�´?1Ó
'é�óä"§^Ûê��Å�.(Hidden Markov Model, HMM)

�õS�'éï�(alignment profile)§¿¦^ïÐ��.5ïþÙ§S�´ÄÚ�½õS�'

é���"duHMMER¦^
õ^S�§HMMER��'¦^¤é'é�BLAST�\¯a�

�O("�§��Ý�ú"
3MUSCLE´�Clustalw���õS�'é§S"§r�|S�'é��å±¦§��k�

Ó
«��±��"��5`§MUSLCE'Clustalw�¯��O("
4¯¢þ§MCL�{ [31]�N�\Ü·"
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2.3.2 ¿�5�©�S��[x

3TreeFam-1¥§[x¤
´�ä}{(tree-cutting)�{5û½�"ù«�{ò

lõ[�ÄÔ�Óyk,��ÄÏ?zÑ5�Ó
ÄÏ(homolog)läþíØ"

n�G¹e§ù«�{�´·�¤Ï"�"�´3¢SA^¥§du�
ÄÏ

�N´¿K±9ïä�{3�{þ�N´u)Ø�§ù��{²~Ñ�
¦�

��TreeFam[x�¹Nõ�ØTáuù�[x�S�"ù�3TreeFam-1.x¥

��ÄÏ�±Ó�áuA�$�A��[x§ù��Ò´ØgU�§��<ó

���5
Nõæ�",	§du'éÚ?zä´3NõØ7�S�üØ�c

ïá�§�¹�L500^S��
��'é²~�±��§ù4�\­
$��

Kú"Ïd§·�û½3TreeFam-2¥mu�Ð��Y"

3TreeFam-2¥§Ó
ÄÏ(homolog)�|¢�´�(ÜBLASTÚHMMER5

�¤�§=k^BLASTÐç2^lMUSCLE'éïá�HMMER5°[]À"

3ùÚ��§z�^S��r1©��HMMER©ê���@�[x¥¶
�

XJ��[x�¹��ÄÏ�ØÓ��C}�/ª§�kHMMER©ê�p�

@�}�/ª��3e5"3ùù�Ú�z��ÄÏ[x�¤
®²(½
"

�â·��¢S*	§XJ«fS���þéÐHMMER�{�(éO(


k�§�õêÄÔÄÏ§cÙ´BHÄÔÄÏ�±éO(�©��ÄÏ[

x¥"��«f�¹kA^S�½'é(Jé��§HMMER�©êØ2°(

¿�U���Ø"¿�§ÃÓ
ÄÏ(orphan gene)Ú«f8�Ø��5�¬K

��(Jµ=¦��ÄÏØáu?Û®kTreeFam[x§§�´¬�r1�©

�§
Ø+BLASTÚHMMER�©êkõ$"3e����¥§·�¬éù


¯K�±�õ�'5"

2.3.3 ,?&E��l

TreeFamò<ó���&E�uTreeFam-A�«fä",
�XS�8�,?§

Ó��ÄÏ�£OÎ(identifier)�U¬UCl
3Î��«fä(seed tree)��

l,"ù�Ü©��&EÒ¬"�§
XJù«&E�"�±Yu)§<ó�

��ãåòGÃÀ6"~�ù«&E6���ÝéTreeFamù��<ó��ê

â¥�'­�"

TreeFam-2¥·�3©�[x�S����O
��;��6§5�lü�

��mØÓ�ÄÏ·¶"ÙÄ���{´§#�·¶�±ÚÎ����AT÷

vn�^�5µ(i) ü^S�5gÓ�Ô«¶(ii) §�3����?è«A��

Ó¶(iii) vkÙ§Úü^¥�?�^�C�Ù§S�"^�(i)Ú(ii)�±éN´

5ù�üÑ3#�TreeFam-3¥¬k¤UC"
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����ä§
1n��±l#Î��ÄÏ·Ü
ï�ä¥w�"3ù�ä¥

XJ#Îü����ÄÏk�Ó�I(:K§���ä�Ó�^ÄÏ"ã 2.2

�Ñ
~f"

*CCNI-wrong_PANTR

CCNI_HUMAN

CCNI-old_PANTR

ENSCAFT00000013762_CANFA

*Ccni-new_MOUSE

Ccni-old_MOUSE

ENSMUST00000058380_MOUSE

ENSMUST00000054409_MOUSE

XP_214007_RAT

*CCNI-wrong_CHICK

CCNI-old_CHICK

GSTENT00004608001_TETNG

SINFRUT00000165765_FUGRU

Figure 2.2: ^ u ) º Ä Ï I £ � l � � � ~ f " ù � ä Q � ) ü � � �

m v k u ) I £(identifier)U C � S�(� Ú i N)§ � � ) u ) I £ U C �

S�(ç Ú i N)" � 3 # � � ¥ � 3 � S�^ � N w « " ù � ä ¥ § S

�CCNI-old PANTRÚ*CCNI-wrong PANTR ØA´Ó�^§ù´Ï�CCNI HUMAN�\�

Ccö¶S�CCNI-old CHICK�*CCNI-wrong CHICKØA�Ó�^§Ï�§��m�

ål��¶�k�à�ü�ÄÏ3#Î��´Ó��ÄÏ"

2.3.4 ?zä��ï

du¿�{�A^§TreeFam-2�z��[x3ïäcØ2�¹Ã'��
S

�"ÚTreeFam-1.x�'§ïä�¤^�S�þ���õ§ù�¦�¦^�4�

q,{ù«�\O(%�ú��{¤��U",	§·�3#��¥��\ª

��¦^äÜ¿�{§ù�kÏuJpïä�O(5"

3 # �TreeFam-B¥ §�� ä ´ d Ó Â�� ä(synonymous neighbour-

joining tree§¦^ÓÂâC(synonymous mutation) ål�ïålÝ
^��

{(neighbour-joining)ï�ä) Ú�ÓÂ��ä(nonsynoymous neighbour-joining

tree)ÏLäÜ¿�{
���"3TreeFam-A¥§�ï��ä���±<ó�

��«fä���å"�d§gÄ6§(å"

�
¼��O(�gÄïä§·��}ÁéÓÂ��ä§�ÓÂ��ä§�

x�.e�4�q,ä(maximum-likelihood tree)ÚØ�4�q,äA^äÜ¿

�{(1ÊÙ)ïä"ÃØ´18Ù�µÿ�´<ó���L§¥�*	ÑL²

ù�Ü¿ä�(�L
Ù§��{"Ü¿äò3TreeFam-3¥u�����^"
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ÄÏä�­�

l©fS��E�?zä�L
?z�{¤
Ø´ïþS��m��qÝ"{

¤´ý¢�3�§�(�ä�Ò´ý¢�§Ð��{7LU
O(¡E?z{

¤"�,��¡§{¤3é�§Ýþ´���§?zä��ï�U��yk�

*ÿêâ"¦+z��­�Ô«äJø
­�yâ§�duz��u÷é(

J§§�Ø�U£ã©f�gþ�?z§­�ÄÏä�U��S���qÝ"

XÛlS���qÝO(¡Eý¢�?z{¤´©f?zÆ[ð�ÌK"

ù�ÙòùãTreeFam´XÛ3�½��õS�'é��ïÄÏä�"3é

�«ïä�{��µØ�§·�Äk0�TreeFam¥1���¯ØÓ��{µ

�å��{(constrained neighbour-joining)"Ã�ä�½�Ú�(:­ü�{�

¬�±0�§ùü�ÌKÑ�ïä��?n;��'"3TreeFam-1.x¥§·�

�¦^
��{§�gTreeFam-2.0m©§·�3Ù¥A^
�õ�`D�{�

)4�q,{ÚäÜ¿�{"ù
�{¿��)3�Ù"1ÊÙò�[£ãä

Ü¿�{§18Ùòé�«�{�±µÿ"

3.1 IOïä�{

¦+�«?z�5�Ñ�±^5�ï?zä§©f?zÆ8¥ïÄXÛlõS

�'é¢yä�­�"õS�'é´­�?zä�å:§�Ù�{Ñ±õS�

'é���Ñ\"318Ù¥§9Ï�&Eâ¬^uïä"

ïä�{�±©�oaµål{§{�{§q,{ÚBayes�{"z�«�

{Ñk�g��?Úf:"3c[�?z©Û¥§¤k�{ÑT}Á±���

����?zä"318Ù�µÿ¥§ù�:��©²w"
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3.1.1 ål{

ål{¯¢þ´��alålÝ
(dij)ïä��{�o¡"ù�ålÝ


�z����ïþ
�éS�i�j�m�,«?zål"ù«ål���

N�õS�'é¥S���qÝ§§�±´'é�©ê§����ê(q¡

�p-distance)§½öl,«ÚO�.¥�OÑ�íÄO�ê"

3¤kål{¥§UPGMA [32]´�@�"§��
XÚàa(hierarchical

clustering)�L§§z�Úòål�á��éé(å5"UPGMA�{b½S

�©ª±�Ó��Ý?z(©f¨b�, molecular clock hypothesis)§�ù¿

Øo´¯¢¶±���{���Ø2r1�¦ù�b�"31967c§Cavalli-

SforzaÚEdwards [33]JÑ�(?zä¥?Ûü�(:äþ�´»�Ý(=ë�

ü(:´»þ�{�Ú)AT¦�U�ålÝ
�Ñ�ål�C§ùÒ´ï

ä����¦�{(Least Square, LS)"��ïLSäI�H{��ä�m±|

¢�`ä§ù«O�þ´J±�É�"��FitchÚMargoliash [34]¦^Cq

{z
���¦�{¿�Ñ
��¢S¥�1��{"ål{uÐ�â»

u)31987c§ù�cSaitouÚNei [35]JÑ
��{(neighbour-joining, NJ)"

��{Ø�UPGMAzÚë��é�C�(:
´ë���?z(minimum

evolution, ME1)[36]¿Âe��éC�(neighbour)§l
Ø2I�©f¨��

3"��{{ü!O(!p�§´�É�H�ïä�{��"3��{Ñ

y10c��§BIONJ [37]ÚWeighbor [38]�{���UJÑ§§�Ñáu��

{�C/§�ØL3ë�(:�L§k¤Uõ"¯¢þ§��{´��?z�

�%Cq§=§3z�Ú�lME�5K§�¿Ø�yU�EÑ3�Û¿Âþ

�MEä"�C§DesperÚGascuel [39]JÑ
²ï��?z(balanced minimum

evolution, BME)�nØµe§3ù«nØe§MEä�±¯�
O(��ï"

¦�JÑ��{(¡'��{9ÙC«Ñ�O!�¯"18Ù�µÿ�Ü©y

¢
ù�:"

ål{�¤±É�H´Ï�§��Ý§§´�ï�L1000^S�?zä��

��À",
§<�²~1µål{3ïä�¿K
Nõ&E��ü^S�z

�� :m�O��Ø ¤
��êi"ù«Ø E¤�&E¿�Ø�K�


§�O(5§���
ål{�?�ÚA^"'X§¦^ål{ØUíÿyk

S�§�ØU�O�«?zëê"3ù
�¹e·��U��Ù§�{"

1��?z@�?z��u{�Ú�á�ä§,«§Ýþ§é�e��!0����{��

n"RzhetskyÚNeiy² [36]XJ�éS�m?zål��O3ÚOþ´Ã �¿�ä{�´d

���¦�O�§K��?z�noU�EÑ�(�?zä"
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3.1.2 ��{�{

�½��?zäÚ��õS�'é§·�U÷X?zä�Ñ�?z¤O�ÑU


)º�½êâ���O�ê¶éØÓ�äù���O�ê�Ø�Ó"��{

�{(Maximum parsimony, MP) [40]K´3ä�m¥Ïé¦��O�ê���

ä��­�ä"

Äuck0S
(Ockham’s razor)�K��ýÿ�{ü�nØÏ~´�(�

��{�{±Ù�{ü�b�/ª
Í¡µ�(�ä¹k���O�ê"§�

¦^Ø�6u?Û?z�.",
§¦+{�{�`:3õê)ÔÆ[ú¥é

káÚå§ÚOÆ[Kk,	�w{"¦�1µ{�{3Ñy�{�ØU�ï

�(�ä [41]¶¦�(¡{�{¯¢þb½
��?z�Ç3 :9�mªÝ

þÑ�Ó
Ø�¢S�nØ�. [42]¶¦���Ñ{�{�ØU�q,{@�

�Ñ�õ�&E"�,¡��«���¯K§{�{�,�)ÔÆ[¤O§¿

3¢^¥w«
§�O(5 [43]"

3.1.3 4�q,{ÚBayes�{

4�q,{(maximum-likelihood, ML) [44]3ä�m¥|¢3���½?z�.

e¦�T�.eVÇ���@�ä�­�ä"XJØ�Ä�Çþ�¯K§4�

q,{�L§Ù¢é{üµéz��äO�VÇ§2l��ä�m¥]ÀVÇ

���@�ä"4�q,�Ñ
��nØµe§§�¢SA^����«?z

�.§du?z�.��O�±�©(¹§q,{�Ò�©(¹
õ�§�«

?z&EÑ�±3ÚO�µeeg,�íäÑ5",	§q,{��@�´�

O(�ïä�{ [45, 43]"õê©f?zÆ[¬«@4�q,{�Ñy3XÚ?

zù�+�´�g�·"

,
§q,{�¦^I�4��O�þ"=¦3õ«U?�{JÑ5�

� [46, 47, 48] ï��kAz��(:�ä�´4�(J�§�Ø�`éä?1

õggÐ(bootstrapping) u�(13.4!)
",	§¦+4�q,{#N�«?

z�.�¦^§�^r���U¦^^�ýkSÜ�½Ð��.
ØU�B�

Mï�.½ò�«�.�(Ü"ù{N
4�q,{3�E,?z¥�A^"

Bayes�{�±w�´4�q,{��«C/"§Ø´�q,{@�ÌÄH

{��ä�m5Ïé4�zVÇ�ä§
´ÏLMCMC(Markov Chain Monte

Carlo)5æ��½�.U�)�?zä§?
é�4�z��VÇ�@�

ä [49]"Bayes�{���`:´§Ã�Ô'�(¹5"du§)¤ä
Ø´é

�½äO�VÇ§O�ä�VÇ��9�NõE,�)ÛO��±�±;�"

ù�·��±3Bayesµee�B�¦^½(Ü�«E,��.¿læ��ä
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þg,�íä�«?zëê§�k�Uò�Ün�k�©Ù\\�.",	§

3MCMCL§¥�æ�ä3,«§Ýþ��±w¤´gÐä[50]"ÏL'�ù


æ�ä·���±�B�O�wÍ�
ØI��þ�O�]
"ØL§�5

¿�´ù
�  Lpu(excessively high)�(�wÍ� [51, 52, 53]"

3.2 �å��{

¤k�DÚïä�{Ñ´ÃiÒ(unsupervised)�{§§�l5Ã{|^<

Jø�®�&E"=¦·����q�(:A´Ú,�qB©m�§3­�

ä¥§��U��·3
�å",
3TreeFam¥§·�7LU
3ï��

ä(full tree)��3«fä(seed tree)�ÿÀ§½ö`��ö��£"ù´��

�iÒ(supervised)�L§"·�7L�O#��{5¢yù��¦§ÄKX

J��äØU|^���ÿÀ§;[�ó�Ò¬G�À6"3ù�!·�0

�TreeFam�1��'��{§�å��{"§U
r#�S�\�®�ä¥


ØUC®�ÿÀ"

3.2.1 IO��{

XJ�3��ä¦�äþ?Û�é�(:m´»�Ý�uålÝ
(distance

matrix)�Ñ��Ý§@où�ålÝ
¡��\�(additive)"�L5§XJ�

�ålÝ
´�\�§K7�3¦��\5¤á�@�ä"��{ [35]Ò´^

ué�ù�ä�"

3$^��{�§z�ÚÑk��ë��éC�(neighbour)�#�S(:

�\\ä¥¶
�½��é¡�Ý
dij§�éC�é´¤k�U�(i, j)¥¦

�Dij���@é�(:§Ù¥Dij½Â�µ

Dij = dij − (ri + rj)

ri =
1

n− 2

n
∑

k=1

dik

�ë��éC�(I, J)�#(:K�\\�§§��m�ål�O��µ

dIK =
1

2
(dIJ + rI − rJ)

dJK = dIJ − dIK


KÚ¤kÙ§(:�ål�µ

dKm = 1
2
(dIm + dJm − dIJ), for m = 1, 2, . . . , n, m 6= I and m 6= J
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�XIÚJ�íØÚK�\\§�5�n× nÝ
z�(n− 1)× (n− 1)�Ý
"�

d�ÓS�(å"ù�L§�E?1§��Ý
=�3× 3�¥�2¶�Ìë��

L§·�Ò�±�����
Ã�ä§ùÒ´��ä"XJålÝ
÷v�\

5(additivity)§ù�äÒ´¦��\5¤á�@�ä"Durbin�<�Ö [2]¥�

Ñ
y²"

3z�Ú��{ò��zDij��é�(:�ë§
Ø´ò��zdij��

é�ë§ù´��{�UPGMA�Ì�«O��"©f¨b�(molecular clock

hypothesis)���~±Ñy�{�A�§
��{Ñy�UPGMA�{ÒN´

Ñy�Ø"��zDij�±;�ù���Øë�§ù´��{��?"�5¿�

�:´��{�¦Þ~Ý
´�\�§¦+ý¢êâé�÷v�\5§�XJ

�OØ�§��{��±O(­��(�?zä"

3.2.2 �å��{

�å��{oNg�´é{ü�§§�ÊÏ��{���ØÓ´�å��{B

����åäÿÀ�ë�¶�du3z�Ú¤k��(:éÑ�ë��ä§�

ä#Në�7Lv
p�"¯¢þ§XJ·�5¿��g#Në��Uu)3

âk�ÓI(:�ü��(:�m§·�Ò�±3z�g¦^���å�Â 

�åä(constraining tree)§ò®²¦^��åíØ
rú^�I(:����

#��(:"du�äü�f´Ääk�ÓI(:�3O(1)¢y§�ä´Ä´

#Né(�±�3O(1)�m�¤"Ïd�å��{ÚÊÏ��{kX�Ó��

mE,ÝO(N3)"ã3.1 �Ñ
��äN~f"�{��[£ãë�L3.1§ùÜ

L��Ñ
IO��{"

3.2.3 ?�Ú�?Ø

¯ ¢ þ § � å�� { ¿ Ø � Ì /�� 0 ù � 5 K " § Ø U � y � é C

�(neighbour)oU�é("ù´Ï��å��{o´b½�åä´��k�

ä§§Ø¬�ÄÙ§k�ÿÀ
r1�Uì�½ä(:��M^S(suffix or-

der)35?1ë�"�
)ºù�:§·�5w��~f"b½·�k��

ä((1,2),3,4)dIO�NJ�{�ï"lù�(Jþw§����gë�u)

31Ú§�C�2�m"y3·�UYb½½��ù�ä�(((3,4),2),1)¿^

ù�k�ä���å"@o3A^þã�å��{�§¦+ý��C�(1,2)3

2Ï�Ã��
ä�z��S(:Ñkn��ë��>
3XJ±�M^S5H{��k�ä�¤k(:§�$�(:o¬ku�p�(:�H{

�"
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Ã�ÿÀ¥´ÎÜ�å�§(3,4)��½¬�kë�å5"Ïd§�å��{¬

�Ïë��^S
»����K"

XJålÝ
î�÷v�\5§½ö`XJü��(:m´»��Ýo�

Ý
¥�ål��§@oë�(:�^S¿Ø­�§ÃØ±N��^Sé(Ñ

¬�����Ó�ä"�3y¢¥§î���\5é�÷v§=¦r��IO

�NJä���å§�å��{²~¬)¤��ÿÀ�Ó
{�ØÓ�ä"

Ñuù��Ï§·��mu
,�«�±±Ã�ä��å��å��{"

Constraining tree Joining procedure

Step 1:

1 2 3 4 5 1 2 3 4 5

[12]

Step 2:

[12] 3 4 5 [12] 3 4 5

[45]

Step 3:

[12] 3 [45] [12] 3 [45]

Final tree:

1 2 3 4 5

[12] [45]

Figure 3.1: �å��{���~f"3cnü§�>�ä´3�Ú½��åä§m

>�´�{�(:Ú�Ð��"31nÚ��en�(:§§�¬�ë3�å
/¤

��n©
:"���(Jw«u���ü"�5¿�´§(:‘3’vkÑy3�åä

¥§XJ3,�Úk(:Ú§C�(neighbour)§§�±gd�Ú‘3’(:��"
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3c¡�Ñ�~f¥§#��{U
�(�rC�(1,2)�é("ù�´�

�O(N3)��{§�§�Øv´�UA^u�
�åä§ÄK§�mE,ÝÒ

Table 3.1: �å��{"Ø±‘∗’mÞ�1Ò�±��IO���{"

Input:
Distance matrix (dij)
A rooted constraining tree C with all its leaves appearing in the matrix

Output:
A neighbour-joining tree T = (V (T ), E(T ))

Procedure:
Let L be the set of nodes that appear in the distance matrix
LC ← VE(C)
V (T )← L
E(T )← ∅
while |L| > 2 do

for each node i ∈ L do
ri ←

1
|L−2|

∑

k∈L dik

for each node pair (i, j) ∈ L × L do
M ←∞
Dij ← dij − (ri + rj)
if Dij < M then

∗ if {i, j} 6⊂ LC OR parC(i) = parC(j) then
M ← Dij, I ← i and J ← j

V (T )← V (T ) ∪ {K}
E(T )← E(T ) ∪ {(K, I)} ∪ {(K, J)}
for each node m ∈ L do

dKm ←
1
2
(dIm + dJm − dIJ)

dIK ←
1
2
(dIJ + rI − rJ)

dJK ← dIJ − dIK

L ← (L ∪ {K}) \ {I, J}
∗ if {I, J} ∩ LC 6= ∅ then
∗ if chi(parC(I)) = {I, J} then
∗ parC(K)← parC(parC(I))
∗ else if I ∈ LC then
∗ parC(K)← parC(I)
∗ else if J ∈ LC then
∗ parC(K)← parC(J)
∗ LC ← (LC ∪ {K}) \ {I, J}

add a new node K that joins the remaining three nodes in L
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¬O\"ù��{'c¡�Ñ�E,�õ§·�ùpØ2?Øù��{"

3.3 ä�½�

XJ·�@�/¥þ¤kÔ«Ñ�k���Óyk§@o¤k�?zäÑ´k

��§=?z´k���"�´§~^���{Ú4�q,{�U�EÃ�

ä§Ïd·�7Lk�{5�Ã�ä½�"½�Óïä��­�§���Ø�

�£ãXØÓ�?z{§"

½�kn«�{"�~^��«´3ë�ïä��(:¥À���	+§,

�r���½3ë�ù�	+S��{þ"�´§3"�¿©)Ôyâ��¹

e§	+�ÀJé(J§cÙ´éu@
E,�ÄÏ[x"�TreeFam�z�

�ÄÏ[xÑ�½��	+´Ø�¢S�§ÏdT�{�3TreeFam¥¦^"

1�«�{´l¤kk�ÿÀ¥ÀJpÝ�L�k�ä§ù��ur�½3

�(:m��´»�¥:"XJS��?zÄ�ÎÜ©f¨^�§ù«�{U


�Ñ�(�� [2]"Huelsenbeck [54]�<q?�Úòù«�{B\
Bayesn

Ø�µe¥"

�Ð�´1n«�{§ù�´TreeFam¤¦^��{"ù«�{ÏLÀJÚ

Ô«ä¦�U���k�ä5½� [55]§
3e¡�Ù·�¬w�§ù«Ô«

äÚÄÏä��q5�±lÄÏäþíäÑ��{��O/"�¯�ê5�ä§

��K��q"XJë�ïä�S�(´áu��ÄÏ[x�S�¿�3ù�

[xvku)éõ"�¯�§ù��{��ÑUé��(�ä�"��5¿�

´�OÚ"�¯�ÑAT��Ä^5½�¶�ê�Oê²~¬��Nõäk�

Ó�Oê�k�ÿÀ [56]"

3.4 gÐu�

lÚO��Ý§^uïä�S��±w¤´ÎÜ,«?z�.�¤kS��Ä

�§Ïd­�ä3,«§Ýþ�´���ÅCþ§u�ù��ÅCþ�­½

5§=u���ÿÀ´Ä´É�Å¯�K�§é­�?zä�'­�"

k A « � { Ñ � ± ^ 5 u � ä �­½ 5 § � ¦ ^ � 2 � � ´ g Ð

{(bootstrap)[57, 58]"gÐ{�Ñ\´��õS�'é(Xij)n×m Úlù�'

éï���äT§Ù¥Xij´'é¥1i^S�1j� �þ�íÄ¶gÐ{�Ñ

Ñ´T¥��^{Ñy3lX�ÅÄ�)¤�'éï��ä�ªÇ"äN5`§

3�ÓgÐ¥§·�l'é(Xij)�m� :¥��£�­EÄ�mg§zgÄ

��§¿òÄ�Ñ�m� :|¤��#�'é(¡�­Ä�'é)(Xr
ij)"·�
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2^Xrïä��T r(¡�­Ä�ä)§¿'�TÚT rµéT�z�^{A|B ∈ T̃§

XJA|B�Ñy3T r¥§K3{A|B�Oêþ\\1¶ÄKØ\"�·�rù�

L§­E'X`1000g�§{A|Bþ�OêÒ¡�gÐ�§��K�Ð"

�î�/`§�½��'é(Xij)n×mÚl(X)þï�äT§­Ä�'é´ù

����ÅÝ
µ

Xr
ij = XiJj

(3.1)

Ù¥�ÅCþJj, j = 1, . . . , mÑl[1, m]þ�lÑþ!©Ù§=é¤kk =

1, . . . , m§Pr{Jj = k} = 1
m

"-T r´lXr¥ï�ä§KT�^>A|B ∈ T̃�gÐ

|±�µ

B(A|B) = Pr{�©A|B ∈ T̃ r} (3.2)

²LC/§Xþ£ã��gÐL§�O���±ék�äO�§�´du½

��(J§ù«^{'���",	§gÐ{��±^u'uä��«ÚOþ

�O�§Ä�g�´aq�"

3.5 �(:­ü�{

lêÆþ`§ä´��Ä��¢N§§��(:|¤��8Ü
vk^S�`

{¶�´�räx3�þ§·�7Lr�fü¤�½�^S"¦+ÃØù�^

SN�x3²¡þ�ä3êÆþ`Ñ´�Ó�(identical)§�ù
ä3<�ú¥

�U�Ø�Ó"Ó��äUØÓ�f^SxüHÀúþ�U��Ã{©E¶ü

��ä?1'�§é�Ø���©{²~´4�(J�"N�òäUì�½�

�ªxÑ5éä�w«�©­�"

3ù��!ò£ãN�òäUì���½��ªxÑ5§½ö`N�ò�

(:U�½��ªü�§¦��q�ä3Àúþo´�q�"�
��ù�8

�§·���z���(:D����­§¿�O��8I¼ê¦�3§��

`z�§�­���(:��uü�3�­��(:�c"ù�`zL§�±

^���*
qO(�O(N)�{¢y"

{üå�§ù��!�?Øk��
ä"é��k�ä�í2Ù¢�éN

´"

3.5.1 �(:­ü¯K9�{

� ½ � � kn� � ( : � k � � 
 äG§ =|VE(G)| = n§ ½ ÂG� � � ^

S(order)�����N�I : VE(G) → {1, . . . , n}§¦��3��NHiG(NH

string)÷vv ∈ VE(G)Ñy3iG¥�1I(v)� �þ"XJG´���
ä§
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��3k2n−1�ØÓ�^S§�LX3n− 1�S(:þØÓ�ü{��"Xc

¡¤?Ø�(Section 1.4.1)§NHiGÚäx3�þ�ã/kXg,���éA

'X§��^SI¯¢þû½
äAT±N���ªx3�þ(�ã3.2)"XJ·

�?�ÚD�z��(:v���­W (v) ∈ <§�(:­ü¯K�é���^

SI¦�Xe8I¼ê��µ

∑

v∈VE(G)

[W (v)− αI(v)]2 (3.3)

Ù¥α > 0´��~ê"duI´����N�§KI−17,�3§·�Ò�±ò

�§3.3 C/�µ

min
I

∑

v∈VE(G)

[W (v)− αI(v)]2

=
∑

v

W 2(v) +
∑

v

α2I2(v)− 2α max
I

∑

v

W (v)I(v)

=
∑

v

W 2(v) + α2
∑

i

i2 − 2α max
I

∑

v

W (v)I(v)

∼ max
I

∑

v

W (v)I(v)

= max
I

n
∑

i=1

i ·W (I−1(i))

ù�§�(:­ü¯KÒ´Ïé��I¦�e¡ªf4�µ

n
∑

i=1

i ·W (I−1(i)) (3.4)

A

B

C

D

C

D

A

B

Figure 3.2: �(:�^S"ãþw«�ü�äâk�Ó�ÿÀ�kXØÓ�^

S(order)"�>�ä�NHiG�((A,B),(C,D))§ÏdI(A) = 1§I(B) = 2§I(C) =
3± 9I(D) = 4¶ 3 m > §NHi G�((C,D),(A,B))Ï 
I ′(A) = 3§I ′(B) =
4§I ′(C) = 1ÚI ′(D) = 2"
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�(:­ü¯K�����{´qÞ¤k�UI§�ù��{Ã¦´��

�"¯¢þ§ØÓ(:�©{��´�pÕá�§�Ò´`XJ3��(:þ

�©{��U
ü$8I¼ê(�§3.3)��§§ÒoUü$ù��
Ø+3Ù

§(:XÛ��©{"Ïd§·�oUA^n− 1gÕá�©{��5é��`

�I∗"y3§�e�¯KÒ´XÛ3��(:þÀJÜ·���."ù�5K

Ù¢�é{üµ3��S(:§��©{¦�§�fäþ²þ�(:�­�u

§mfäþ�²þ�­"·�5y²ù�:"

j + 1
...

j + k

j + k + 1
...

j + k + l

{

{

j + 1
...

j + l

j + l + 1
...

j + l + k

}

}

Figure 3.3: �mä����ü�^S"����3�>ä¥1(j + 1) �þ��fÑ

y3m>ä1(j + l + 1) �þ¶
1(j + k + 1)��fÑy3
(j + 1)"êÆz�
§

�i = 1 . . . k�§I ′(I−1(j + i)) = j + l + i§
�i = 1 . . . l�I ′(I−1(j + k + i)) = j + i"

ã3.3� Ñ
ü � ^ S µ � � c �IÚ � � � �I ′"-wi ≡ W (I−1(i))±

9w′
i ≡ W (I ′−1(i))§i = 1, . . . , n§ Kwi´ 3 ^ SIe � 1i� � ( : � ­ §


w′
i´I ′e1i��(:��­"lã¥�Ñ��f^S�C�·���e

�'X¤áµ

wi = w′
i (i = 1, . . . , j, j+k+l+1, . . . , n)

wi+j = w′
i+j+l (i = 1, . . . , k)

wi+j+k = w′
i+j (i = 1, . . . , l)
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ù�·�Ò�±3��c�'�8I¼ê3.4"

n
∑

i=1

i ·W (I−1(i))−
n
∑

i=1

i ·W (I ′−1(i))

=
n
∑

i=1

iwi −
n
∑

i=1

iw′
i

=

j+k+l
∑

i=j+1

iwi −

j+k+l
∑

i=j+1

iw′
i

=

[

k
∑

i=1

(i+j)wi+j +

l
∑

i=1

(i+j+k)wi+j+k

]

−

[

l
∑

i=1

(i+j)w′
i+j +

k
∑

i=1

(i+j+l)w′
i+j+l

]

=

[

k
∑

i=1

(i+j)wi+j +

l
∑

i=1

(i+j+k)wi+j+k

]

−

[

l
∑

i=1

(i+j)wi+j+k +

k
∑

i=1

(i+j+l)wi+j

]

=

l
∑

i=1

kwi+j+k −
k
∑

i=1

lwi+j

= kl ·

(

1

l

l
∑

i=1

wi+j+k −
1

k

k
∑

i=1

wi+j

)

3ù�ªf¥§ 1
k

∑k
i=1 wi+j´��c�fä²þ�(:�­§
1

l

∑l
i=1 wi+j+k

´mfä�²þ�­"é²w§�k��fä²þ�­����5�äâI�

��©{"ùÒy²
þ�ã¥JÑ�·K§?
y²
�(:­ü�{"

3.5.2 �­¼ê�½Â

�­¼êW (·)û½
�(:TXÛ­ü"TreeFam8c¦^ü«�­¼ê"1

�«Äu��®²½Ð^S(order)�Ô«ä§1�«KÄu®½^S�ÄÏ

ä"

b½·�k��Ô«äS9Ù^SIs : VE(S) → {1, . . . , |VE(S)|}§�(:g ∈

VE(G)��­�½Â�µ

Ws(g) = Is(M(g)) (3.5)

Ù¥M(g) ∈ VE(G)´ÄÏg�Ô«"ù�����­¼ê��uòÄÏäG��

(:ü��aquÔ«ä"

�(:­ü�kÏu'�lÓ��S�8�EÑ5�ü�?zä"b�·�

k��äG0Ú§���^SI0§·��r^,�«�{�ï�äG1U�q�/

GxÑ5"·��±½Âµ

W0(g) = I0(g) (3.6)
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-α = 1§�ü�ä�Ó�8I¼ê3.3¬�u"§@oü�äÒ¬±���Ó

��ª3ÀúþLyÑ5"��5¿�´XJü�äØ´éØ�Ó§8I¼

ê3.3��U�""ù´Ï�ù����8I¼ê��Ä
�(:
vk�ÄS

(:�ÿÀ(ã3.4)"�wü�ä´Äâk�ÓÿÀAT�'���ä�z�©

{´Ä3,��ä¥Ñy"1�Ù®²�Ñ
�[�`²"

rat mou1 mou2 hum chig :
1 2 3 4 5I(g) :

G1

gc
1

gc
2

hum chi mou1 mou2 ratg :
4 5 2 3 1W (g) :

G2

6/39/2

gc
1

gc
2

rat mou1 mou2 hum chig :
1 2 3 4 5W (g) :

G2

gc
1

gc
2

mou1 mou2 rat hum chig :
2 3 1 4 5W (g) :

G2

1/15/2

Figure 3.4: �(:­ü�{���~f"äG1´���^S�ä"·��8�´

òG2��(:ü�¤�G1�q�^S"mþ��äw«
G2�5�^S"3gc
2(:§

�fä�²þ�­�4.5'mfä��­�§3ù�(:���mfä·���me�

�ä/"
3(:gc
1§�fä�²þ�­��umfä§·���©{
���ª�

(J(�e�)"ù�~f¥§­ü�G2��fÚG1�Ñy^S�Ó§¦+§�ÿÀØ

Ó"
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ÄÏ�OÚ"��íä

ý Ø Ä Ï [ x � � ? z d n � Ï � û ½ µÔ« © z(speciation)! Ä Ï �

O(duplication)�ÄÏ"�(loss)"Äk§Ô«©z�Ó��¦ÄÏ©z�Ø

ÓÔ«§z��ÄÏ[x�{¤Ñ�NXÔ«?z�{¤µ���ykÔ

«(ancestral species)©z
§§¤k�ÄÏÑ¬©z�§���¿3��¥�

éÕá�uÐ"Ô«©zØU�)#�ÄÏ§�ÄÏ�O���Ô«9Ù�

�5\#�ÄÏ§l
Jø�øg,ÀJ��ÀÄÏ"�õ{ÄÏ�)�§

ÄÏ"��X!KéÔ«õU�ÏØ��#ÄÏ"ÄÏüz!�)Ú��§

£±
ÄÏ[x�?z¤1"ã 4.1�Ñ
��~f±`²�OÚ"�¯�´N

���ÄÏ�?z�"XJ·��Éä¥�Ñ�íä§@où�ÄÏ[x?

z�{¤´ù��µ�@�ykÔ«Chordata�k��ÄÏ¶ù�ÄÏ3?z

�Euteleostomi�u)
�gE�¶gdù�ÄÏ3EuteleostomiÑk
ü��

�¶1����3�YÔ«¥�~?z§�3mouse¥�ëu)ügE�¶,

��K3Eutheriau)
�g"�"ùÒ´ù�ä¤£±�?z{§"

ÄÏ�OÚ"�´ÏL'�ÄÏäÚÔ«ä�Ñ5�§ù�L§Ï~��

/äKÜ0(tree reconciliation)"äKÜ�@dGoodman [63]JÑ§��dNõ

Æö�U¢y¿Jp [64, 65, 66]"�CZmasekÚEddy [55]�Ñ
��{'`

{��{4�{z
äKÜL§§
Dufayard�<qò�í2�Ô«ä¹k

õ©���/§¦+¦�vk��[!"±þ��«�{Ñáu{�{§�

½ÄÏä�Ô«ä§�o´�Ñ�O�"�ê���íä"�C§Arvestad�

< [67]�O
Bayes�{5íä�O�"�§3ü�~fþ¦�L²ù«ÄuÚ

O��{�±k��~�vkíäÑ5��O�"�¯�"

3ù�Ù¥§·�òr�O/"�íä�u����nØµe¿�Ñ��#

1Y²ÄÏ[£(Lateral Gene Transfer, or LGT)�´K�ÄÏ?z�Ï���§�´LGT²

~u)u¾Ó½�Ø)Ô�m§
é�u)up�õ[�)Ô [59, 60, 61, 62]
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�¢y�{"·���{ÄuZmasekÚEddy�ó�§�#Nõ©��Ô«ä"

4.1 Ô«N�

�
£ãÄÏ�O/"�©Û§·�I�3Ô«äÚÄÏä�mïá��xùµ

Ô«N�(species map)"Ô«N�ò��ykÄÏ½ykÄÏN��Pkù�

ÄÏ�Ô«(yk½ykÔ«)"�·���
z��ÄÏáu=�Ô«§·�

ÒUòÔ«?zÚÄÏ?z��Ü§­y{¤?
¢yíä"

·�^êÆ�PÒ5£ãù�L§"-G´��ÄÏä§S´Ô«ä"ù

üöÑ´k�ä"�½��ykÄÏg ∈ VE(G)§-sg ∈ VE(S)´¹kÄÏg�

ykÔ«"@o§Ô«N�M : V (G) → V (S) éz��g ∈ V (G)÷vµ(i)

XJg ∈ VE(G)§KM(g) = sg¶(ii) é¤kg′ ∈ ωG(g)§sg′ ≤ M(g)¶(iii) X

Jg < g′§KM(g) ≤ M(g′)"Ô«M(g)´�¹kÄÏg�Ô«"N�M¯¢þ

ò��Ô«äi\ÄÏä§§Ny
Ô«?z´XÛK�ÄÏ?z�"3e¡

�Ù!¥§·�òw�=��Ô«N�M·�ÒUíäÑ{¤þ¤k��O�

E�¯�"ÏdÔ«N�û½X��íäL§§§´�Ù�'�"

�½��Ô«äÚÄÏä§NõN�Ñ÷vXþü�^�"4�q,{ÀJ

¦,«�.eVÇ���@�N�"ù�L§�©Ñ�"��ØÓ�´{�{

{ü�ÀJ��{�Ô«N�M∗5?1íä§��{�N�o´íäÑ��ê

þ��O/"�¯�"3�©·�Ø\y²��ÑM∗�±Xe�Eµ

M∗(g) = lca{sg′ : g′ ∈ ωG(g)} (4.1)

Eutheria [loss]

CCNI_human

ENSPTRT00000030141_chimpanzee

ENSCAFT00000013762_dog

Ccni_mouse

ENSMUST00000058380_mouse

ENSMUST00000054409_mouse

XP_214007_rat

XP_420590_chicken

GSTENT00004608001_T.nigroviridis

SINFRUT00000165765_pufferfish

ENSGALT00000011124_chicken

GSTENT00033752001_T.nigroviridis

SINFRUT00000148117_pufferfish

ENSCINT00000007140_C.intestinalis

GENE1

GENE2

Homo/Pan/Gorilla

Eutheria

MOUSE

MOUSE

Murinae

Eutheria

Amniota

Tetraodontidae

Euteleostomi

Tetraodontidae

Euteleostomi

Euteleostomi

Chordata

Amniota

Figure 4.1: ÄÏ?z���~f"3S(:>þ�N�¶i´�¹ykÄÏ�ykÔ

«"�O¯�(n�oN:)Ú"�(�Ú�µ)´^�Ùe¡0���{íä�"
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é²w§M∗´��Ô«N�§§Ù¢´�U�¹ÄÏg�â8�C�Ô«"ù

�´M∗�·¶�{�Ô«N���Ï��"ã4.2�Ñ
{�N�Ú�{�N

��~f"

4.2 ÄÏ�O/"��íä(DLI)

3n��¹e§ÄÏ��O�±ÏL*	��Ô«�ÄÏ´ÄÑyõg


��"XJvkÄÏ"��Z6§ù´�±���"�´XJ"�u)§

ù«{ü�üÑÒ¬¦KÜ©�O¯�"·�3íä�7L�¡EÑ¿�

�ÄÏâU���(�(J"é���©
�Ô«ä§·��±{ü�'

�M(g)ÚM(par(g)) [55]§eM(g) = M(par(g))¤á§K3par(g)u)�gE

�"�é��õ
Ô«ä§ù«�{¬õ�OÑ�
�O¯�"ã 4.3�Ñ
�

Human Rat Mouse Chicken

S

hum rat mou chi

g

G

M∗

Human Rat Mouse Chicken

S

hum rat mou chi

g′

G

M ′

Figure 4.2: `²Ô«N��~f"þ¡�ãw«
Ô«äSÚÄÏäG�m�{�Ô«

N�M∗"3ù�N�e§z�ÄÏÑ�~üz
vku)L�O½"�¯�"e¡

�ãw«
,���U�Ô«N�M ′"XJù�Ô«N�´¯¢§ù�ÄÏ[x��

²{
�g�O(3(:g′)Úüg"�(ã¥�J�)"3ù�~f¥§{�vk?Û¿

Â§=��ã�B"
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�~f"3ù�~f¥§gÚgp ≡ par(g)Ñ�Ô«N�N��Eutheria§�gp�

´��©z!:§
Ø´�O!:"�
ò�O/"�íäí2�õ©�Ô«ä

��/§·�7Lwª�¡E3ÄÏä¥"��Ô«"

Human Mouse Rat Dog Chicken

S

M∗(g) = M∗(gp) =Eutheria

hum rat dog chi

G

g

gp

Figure 4.3: ` ²σ(g)� ^ � ~ f " � > ´ � � k õ © 
 : �Ô« äS" m > ´

� k � � " � � Ä Ï äG" ( :g ∈ V (G)3 � { �Ô« N � e N � uM∗(g)§


gpN � uM∗(gp) = M∗(g)" 3 ù � ~ f ¥σ′(g) = {Human,Rat}§σ(g) =
{Human,Mouse,Rat}±9ωS(M∗(g)) = {Human,Mouse,Rat ,Dog}"ùn�8Ü*d

ØÓµdu�à(mouse)k��ÄÏ"�§σ′(g)'σ(g)�¶
duM∗(g)´��n©


:§ωS(M∗(g))'σ(g)�"

�
��ù�:§·�Ú\ü�#�8Üµ

σ′(g) = {sg′ : g′ ∈ ωG(g)} (4.2)

±9

σ(g) = σ′(g) ∪ {s ∈ VE(S) : ∃s′ ∈ σ′(g), lca(s, s′) < M(g)} (4.3)

8Üσ′(g)��¹�lä¥��*ÿ��ykÔ«§
�§4.3�1��8Ü¥�

�¹
3G|g¥"��Ô«"Ïd8Üσ(g)�¹¤kÃ"��¹eG|g¥ATÑ

y�Ô«"

¦ + 8 Üσ(g)� ½ Â w å 5 � © E , § � ù ´ 7 � � " ù � : � ±

lσ′(g)!σ(g)ÚωS(M(g))ùn�8Ü�'XwÑ5µσ′(g) ⊂ σ(g) ⊂ ωS(M(g))

o ´ ¤ á � § ¿ � �Ã" � u ) �σ′(g) = σ(g)§ 
 �M(g)´ � 
 ! :

�σ(g) = ωS(M(g))¤á"ã 4.3`²
ùn�8Ü�ØÓ"·�3e©¬w

�σ(g)3�O/"�íä¥u�X­��^"

4.2.1 ÄÏ�OÚ�XÓ
ÄÏ�íä

XJ3g ∈ VI(G)u)
�g�O¯�
vku)�U�"�§·�o¬w

�σ′(g1) = σ′(g2) (chi(g) = {g1, g2})"�´§XJ"�u)
§σ′(g1) ∩ σ′(g2) =
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∅��U¬¤á¶3ù�§σ(g)��^Òu�Ñ5
§ù´Ï�§Ø��)
U

3ä¥*ÿ��Ô«§��¹
"��Ô«"lêÆþ`§XJσ(g1) ∩ σ(g2) 6=

∅¤á§K`(:g´���O(:(duplication node)½`3(:gu)
�O¯

�"ã4.4�Ñ
~f"

XJØÓÔ«�ü�ÄÏ3ùü�Ô«��C�Óyk¥´��ÄÏ§K¡

ùü�ÄÏ��XÓ
ÄÏ(ortholog) [17]¶�A�§3��ÄÏä¥§ü�y

kÄÏg1Úg2´�XÓ
ÄÏA÷v^�µlca(g1, g2)Ø´���O(:"±þ

ù�{ü�^�X¢�ÓP
)ÔÆþ�Ñ�½Â"

4.2.2 ÄÏ"��íä

e¡·�½Â��"�8loss(g) ⊂ V (S)§ù�8Ü�¹¤k3gp ≡ par(g)?z

�g �"��Ô«"��5¿�´§3ù«½Âe§loss(g)´½Â3>(g, gp)þ

�§3��(:þ�íäØ¬K��Ù§(:"��ÄÏä¤�¹�o"�ê

�é¤k|loss(g)|�¦Ú"

duÔ«©zÚÄÏ�O�LXØÓ�)ÔÆ¯�§gp´Ä����O(

:¬¦�íäk¤ØÓ"�gp´���O(:�§fäG|gp
ÚG|gAT¹kÓ

G1_Human

G1_Rat

G1_Chicken

G2_Chicken

g1

g0

G1_Mouse [lost]

G2_Human [lost]

G2_Mouse [lost]

G2_Rat [lost]Murinae [lost]

Eutheria [lost]

Murinae

Amniota

Eutheria

Amniota

Amniota

Figure 4.4: Ä Ï � O/" � í ä � ä N ~ f " � kg0´ � � � O ( : " z

� � S ( : � > � � N i � Ñ
é A y k Ä Ï � y kÔ« " � Ú i N Ú

> w «
d u Ä Ï " � 
 Ø U 3 y 3 * ÿ � � Ä Ï " 3 ù � Ä Ï ä þ §

� 
σ8 Ü X e µσ(G1 rat) = {Rat}, σ(G2 chicken) = {Chicken}, σ(g0) =
{Huamn, Mouse, Rat, Chick}±9σ(g1) = {Human, Mouse, Rat}"!:g1´©z¿Ï

d3G1 ratÚg1mu)�"��{Mouse}¶g0´���O!:Ï
G2 chickenÚg0mu

)"��ykÔ«�σ(g0) \ σ(G2 chicken) = {Human, Mouse, Rat}§ùÙ¢d�g"

�{Eutheria}ù��"�¯�Úå"
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��Ô«¶ù�^����¿�X"��u)§s ∈ σ(gp) \ σ(g)�¹¤ku)

ÄÏ"��Ô«"XJgp´��©z(:§Ø
s ∈ σ(gp) \ σ(g)ù�^�§�

�u)"��Ô«s�AÑy3M(gp)�¹M(g)�fäS§½�d�§s7L÷

vlca(s, M(g)) < M(gp)"-loss′(g)�gp?z�gu)"��Ô«§Kloss′(g)�O

��µ

loss′(g) =

{

σ(par(g)) \ σ(g) if par(g) is a duplication

{s ∈ σ(par(g)) \ σ(g) : lca(s, M(g)) < M(par(g))} otherwise

(4.4)

8Üloss′(g)��¹¿K�ykÔ«§�ù�Ø
Ð""���ykÔ«¬E¤

¤k��Ô«�"�§Äu{��K§·�AT�P�g"�¯�"Ïd·�

Ú\µ

loss(g) = {s ∈ V (S) : ωS(s) ⊂ loss′(g), ωS(par(s)) 6⊂ loss′(g)} (4.5)

8Üloss(g);�
þã¯K"§Ù¢´÷vωS(A) = loss′(g)���A ⊂ V (S)"

� < ã4.1�~ f § 3 @ � ä ¥ §loss′(ENSGALT00000011124 chicken) =

{human,mouse, rat , dog} ¿ �loss(ENSGALT00000011124 chicken) =

{Eutheria}¤ á § 
Eutheria � ´ " � u ) �Ô« " ã4.4� Ñ
,� �

~f"

4.3 �O¼êÚ"�¼ê

�O¼êÚ"�¼êÑ´½Â3VI(G)þ�"§�½Â�µ

DG(g) =

{

1 if g is a dupliation

0 otherwise
(4.6)

LG(g) =
∑

g′∈chi(g)

|loss(g′)| (4.7)

�O¼êDG(g)ïþ
g´Ä����O(:§"�¼êLG(g)P¹
�güz�

§�f(:u)�"�¯���ê"é²w§��ÄÏäu)�¤k��OÚ

"�¯�oê©O�
∑

DG(g)�
∑

LG(g)"é���Ô«N�M§�O¼êÚ

"�¼ê�½Â�6uÄÏäG�ÿÀ§�XJ·�¦^{�Ô«N�M∗§ù

ü�¼ê�±�ä��NÿÀÃ'"·�31ÊÙ0��ä�8ÜL«��¬

­#"Àù�¯K"
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4.4 O�Ô«N��ÚO�{

Ô«N�M��û½
E��"��íä§3ù��!§·�UY?ØXÛÀ

JM"Ñu{�Ô«N��{'��B§���¹e·��ÀJM∗§�´XJ

3��õÄÏ[x¥u)
Nõ�O�"�¯�§M∗Ò¬$�¯�u)�g

êl
�)�Ø§ù�·�AT^�����."Arvestad�< [67, 68]�éd

�¹�O
��Bayes�{5)ûù�¯K"3�©§·�Ø¬Lõ�?Øù

�Bayes�{�[!§
�é{�{�Bayes�{�'���
µØ"

3Bayes�µee§�(�Ô«N�AT��z��VÇPr{M |G, S}§§�

±O��µ

Pr{M |G, S} =
Pr{M, G|S}

Pr{G|S}

=
1

Pr{G|S}
·

∫

µ

∫

λ

Pr{M, G, µ, λ|S} dµ dλ

=
1

Pr{G|S}
·

∫∫

Pr{M, G|S, µ, λ}Pr{µ, λ|S} dµ dλ

=
1

Pr{G|S}
·

∫∫

Pr{M, G|S, µ, λ}p(µ, λ|S) dµ dλ

Ù¥λ´�)�Ç§µ´"��Ç§
p(µ, λ|S)´�½��Ô«äS�(λ, µ)�

k�VÇ�Ý"�vkk��£�øë��§·�����>.�þ!©

Ù§Arvestad�<�´ù���"3þ¡��§¥§�G�½�Pr{G|S}´�

�~ê
Øë�'�"@o·�����Pr{M, G|S, µ, λ}"XJ·�b�Ä

hum rat mou chi

Eutheria

G

Murinae

Figure 4.5: { �Ô« N � � � � � � ~ f " b � ý ¢ � ? z { ¤ � ¹ � g �

O(3Eutheria)Úüg"�(©O3MurinaeÚHuman)¯�§ù�<Ú�à(mouse)�

ÄÏØ´�XÓ
"r1¦^{�Ô«N�M∗¬¦Kù
¯�¿�Ø/íäÑ<Ú�

à�ÄÏ´�XÓ
"
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Ï3©l���Ø+duÔ«©z�´�O¯���Ò�pÕá�üz§@

oPr{M, G|S, µ, λ}�±�¤�X��pÕáÏf�¦Èµ

Pr{M, G|S, µ, λ} =
∏

s∈V (S)

∏

g∈M−1(par(s))

qG(g, s) (4.8)

Ù¥§qG(g, s)´par(s)?z�s�par(s)¥���ÄÏg?z
/¤ykÄÏä�

VÇ"K
∏

g∈M−1(par(s)) qG(g, s) ´Ô«par(s)?z�s
/¤ykÄÏä�VÇ"

Äuc<��
ó� [69, 70]§Arvestad�Ñ
O�qG(g, s)�[!"

Bayes�{�äKÜL§C½
��`{�nØµe§§��«E,�ÄÏ

?z©ÛC½
Ä:§3ù«µee·��U|^Ô«ä�ÄÏä�m�'X

p�9Ïl
­��O(�?zä[68]"�´§Bayes�{3)ÔÚêÆ�¡¡

�X�
nØþ�¯K"Äk§Ø+´duÔ«©z�´ÄÏ�O§ÄÏ3©

l�¿Ø´Õá?zµ"��²~;�XE��u)§ü��ÄÏéJ¬u)

"�[71]"ù
¯¢�vk38c�Bayes�.¥Ny",	§Bayes�{7Lb

½��k�©Ù§Ün�k��±Jpíä�O(5�ØÜ·�k�%�U

E¤ �"�>.þ!©Ù´ØT��"��¡§lTreeFam [15]�ÄÏäþ

w§�)ÇλÚ��ÇµÑ´é��¶,��¡§�
UA^u¦{�{���

@
�kNõ�OÚ"��ÄÏ[x§>.�7Lé�§=λÚµ�ÀJ��é

2"ùÒE¤
gñ"é���(�ÄÏä{�{l5Ø¬ýÿÑ�Ø��O

¯�§�Bayes�{¬§
>.þ!©Ù�¦^¬\­ù�¯K§ù´Ï���

�λ�µVÇ �¬��u�õ��O/"�¯�"�Ø��O/"��UE¤�

���J§XJ�3¢^¥���¦^Bayes�{§·�7Léù�:�?1µ

ÿ"

ý�õê�¹e§µÚλÑ´é��§ù�{�{®²v
O("¦+3�

�ª�u)�O/"��ÄÏ[x¥{�{¬u)�Ø§�duù��ïÄÏä

Ñé¤¯K§Bayes�{�¦^¿Ø¬�·�O\&%",	§�{�Ô«N�

�¦^�¦��O¼êÚ"�¼ê´ÿÀÃ'�"318Ù·�òw�§�­

�5"
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äÜ¿�{

?zä(phylogenetic tree)´©f?zÆ(molecular phylogenetics)�Ø%"Ñu

§Ø�O��/ §?zÆ[��O
Nõ�{5�ï?zä±¡E?z

{¤§ù
�{�)µål{(distance based)§{�{ [40](maximum parsi-

mony)§4�q,{ [44](maximum likelihood) ÚBayes�{ [49]¶ù
�{C

½
�{ÆÄ:§�A^¥§��I�äN�?z�.Úëê5�Óó��

)JTT [72]§WAG [73]§HKY [74]ÚGY94 [75]"Q,·�kùoõ�{Ú�

.§ä­�¯K��ª)û
íº�Y´Ä½�§Ù¥��Ì��Ï´µ?z

�ÇÚ�ª3ØÓ�mØÓ«Xm´k�É� [76]"���·Ü,��mã½

?z�ª��.�U3O��ã�Ñ�Ø�íä¶¿��é5�r§E¤ù«

�Ø��U5���"¦+�
�ö®²5¿�
ù�y� [77, 78]§¿�é{

ü�¹?1
c[©Û [79, 80, 81, 82]§�3¢SA^¥)ÔÆ[��´Ø�Ø

^�«�{Ú�.ïä§c[*	¿��<²�Ãóò�«(J(Ü¤���

ä"�)ÔÆ[´XÛ���º·�k�{¢y���{gÄ�¤ù�:íº

ù�Ùò£�ùü�¯K"

�
n))ÔÆ[´XÛµdÚÜ¿A�?zä�§kw��~f"ã 5.1

�Ñ
ü�ä9ÙÜ¿(J"ã¥�ü�ä§ÓÂäds��ÓÂädn
1§Ñ´d

��{�E�"Ø^Ù§�&E§)ÔÆ[é¯Ò�±³²��äÓÂä�$

�©|Ú�ÓÂä�p�©|´�(�"ù«�äÄun�5Kµ(a) ���©

|Ï~äk�p�gÐ|±¶(b) ÓÂäé�C�Ô«�k�§
�ÓÂäé�

1� Ó Â å l(nonsynonymous distance, dn) O þ
K � R Ä �(amino acid)C z � Ø

�(nucleotide)âC§
ÓÂål(synonymous distance, ds)Oþ
ØK�RÄ�Cz�â

C [83, 84, 75, 85]"ùü«ål�U^u?èS�(CDS)"nØþdsU�O(�ïþS�

�?zål§ù´Ï�¦+�èf��5(codon bias)´�3�§dsÏ~ØÉØþ!?z�

ÀJ[86, 1]¶,
§�©z�m���§ds¬��u�Ú(saturation)l
ØUO(�O§Ï

ddsä�p�©{Ø��"��/§dn=¦3©z�m����ØN´�Ú§�§é�qS�

�J%Øo´éÐ§Ïddnä�$�©{�é
óØ
O("
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�Ô«k�¶(c) �(�ÄÏä²~�quÔ«ä"XJ·�U¢y�«üÑ½

�{5nÜ�Äù
5K§·�Ò�±gÄÜ¿A�^ØÓ�{�E�?zä


���Ð��J"ùÒ´äÜ¿�{(tree merge algorithm)"

�KþäÜ¿�{¿ØE,"§�´3z��S!:ÀJ�éU3�À

dN CCNI_human
ENSPTRT00000030141_chimpanzee

ENSCAFT00000013762_dog
ENSMUST00000054409_mouse

ENSMUST00000058380_mouse
Ccni_mouse
XP_214007_rat
XP_420590_chicken

GSTENT00004608001_T.nigroviridis
SINFRUT00000165765_pufferfish

ENSGALT00000011124_chicken
ENSXETT00000009033_frog

ENSDART00000050533_zebrafish
GSTENT00033752001_T.nigroviridis

SINFRUT00000148117_pufferfish
ENSCINT00000007140_C.intestinalis

100
97

52

67

34

62

100

100

100

97

100
100

92

95

dS CCNI_human
ENSPTRT00000030141_chimpanzee

ENSCAFT00000013762_dog
Ccni_mouse
ENSMUST00000058380_mouse

ENSMUST00000054409_mouse
XP_214007_rat

XP_420590_chicken
ENSXETT00000009033_frog

ENSGALT00000011124_chicken
ENSDART00000050533_zebrafish

GSTENT00004608001_T.nigroviridis
SINFRUT00000165765_pufferfish

GSTENT00033752001_T.nigroviridis
SINFRUT00000148117_pufferfish

ENSCINT00000007140_C.intestinalis

100
91

92
91

99

91

60

30

100

100

47

12

5

11

dN+dS CCNI_human
ENSPTRT00000030141_chimpanzee
ENSCAFT00000013762_dog
Ccni_mouse
ENSMUST00000058380_mouse
ENSMUST00000054409_mouse
XP_214007_rat
XP_420590_chicken
GSTENT00004608001_T.nigroviridis
SINFRUT00000165765_pufferfish
ENSGALT00000011124_chicken
ENSXETT00000009033_frog
ENSDART00000050533_zebrafish
GSTENT00033752001_T.nigroviridis
SINFRUT00000148117_pufferfish
ENSCINT00000007140_C.intestinalis

100
97

92
91

99

91

100

100

100

97

100
100

92

95

Figure 5.1: ä Ü ¿ � { � ~ f " l � Ó Â å l Ý 
 � E � � Ó Â��

ä(nonsynonymous tree, dN tree)ÚlÓÂålÝ
�E�ÓÂ��ä(synonymous
tree, dS tree)þdIO��{(neighbour-joining)�ï"ùü�äÜ¿����e¡�

Ü¿ä"\o���lÓÂädS¥À��{§
�e��gdN"Ü¿ä¹k���"

�ê§
äk�p�gÐ(bootstrap)|±"
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ä¥é���`f!:"��
Uî�
O(�£ãù��{§·��´�

Ú\NõÄ��Vg"3�Ù·�k0�ä�1n«L«{§8ÜL«(set

representation)"�X§äÜ¿�{ò±î��/ªJÑ"3y²9£ãù��

{��·���©Û§��mE,5"3e�Ù·�ò�Ñ��µÿ±y²ä

Ü¿�{�k�5"

5.1 ä�8ÜL«

3'�ü�lÓ�S�8ØÓ�{�EÑ�ü�ä�§ä�ãL«¿Ø�B"

^ãØ��ó§·�7LÓ�'�!:8�>8âU(½ü�ä´Ä�Ó"�

ù�L§Ù¢¿Ø7�"3k�äþ§z�^>�±��/^§��$!:C

X��!:�f8Ü5(½¶·��±^���!:�f85L«�^>2§ù

�ä�ÿÀ'��z¤8Ü�'�§�{'���"

1 2 3 4 5

G

ḡ = {1, 2, 3} g

{2, 3}

{1, 2, 3, 4}

{1, 2, 3, 4, 5}

Figure 5.2: ä � 8 Ü L « � ~ f " 3 ù � ä þ § 8

ÜωG(g)w « 3 z � � S ( : � � > § 
G� 8 Ü L « �Ḡ =
{{1}, {2}, {3}, {4}, {5}, {2, 3}, {1, 2, 3}, {1, 2, 3, 4}, {1, 2, 3, 4, 5}}¶ � L 5 § X J ·

� � �Ḡ·� � Ò � �
G� ÿ À " � ? � Ú § X J·�-ḡ = {1, 2, 3}§ K

kḠ|ḡ = {{1}, {2}, {3}, {2, 3}, {1, 2, 3}}§ù´fäG|g �8ÜL«"

-V ´���!:8Ü§Σ(V ) = {G´��k�ä : VE(G) = V }´¤k�!

:8�V �k�ä�8Ü"é¤kG ∈ Σ(V )§·��±|^ωGN�(�§1.1)�

EḠ ⊂ 2V 3µ

Ḡ = {ḡ ⊂ V : ḡ = ωG(g), g ∈ V (G)} (5.1)

é²w§XJG1ÚG2�ÓK7kḠ1 = Ḡ2¶
eüöØÓKḠ1ÚḠ2�Ø

Ó"Ïd�§ 5.1¯¢þ3ãGÚ8ÜḠmïá
����N�§ãGo�±

2aq�§Ã�ä�>�±^�!:8��©(bipartition)5L«"
3�½��8ÜV §2V = {A : A ⊂ V }´V ¤k�f8|¤�8Ü§�)V ��Ú�

8∅"2V �¡�σ-8Ü"5¿�
∣

∣2V
∣

∣ = 2|V |o´¤á�§ù�´2V PÒ�d5"
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^Ḡ5L«§ùÒ´k�ä�8ÜL«"�£ã�B§·��Ú\µ

Ḡ|ḡ = {ḡ′ : ḡ′ ⊂ ḡ} (5.2)

8ÜḠ|ḡ´fäG|g�8ÜL«"ã 5.2�Ñ
��~f"

3�Ù�ḠÚḡù��PÒo´�L8ÜL«"

5.2 �O�"�¼ê�8Ü/ª

3c�Ù��!4.3¥§�O�"�¼ê½Â�(�§4.6)µ

DG(g) =

{

1 if g is a duplication

0 otherwise
(5.3)

LG(g) =
∑

g′∈chi(g)

|loss(g′)| (5.4)

ù«�ª½Âe�ü�¼ê´ÚÄÏäG�ÿÀ�'�§=�k�½��äâ

UO�§�"¯¢þ§XJ·�^{�Ô«N�M∗5íä�O�"�¯�§ù

ü�¼ê�±�¤ÿÀÃ'�/ª"4·�3ä�8ÜL«e­#"À§��

í�"

3e©¥§PÒḡ§ḡ1Úḡ2o�VE(G)���f8"aqu�§4.1Ú4.3·�

½Â:

σ′(ḡ) = {sg′ : g′ ∈ ḡ} (5.5)

M∗(ḡ) = lca(σ′(g)) (5.6)

σ(ḡ) = σ′(g) ∪ {s ∈ VE(S) : ∃s′ ∈ σ′(g), lca(s, s′) < M∗(ḡ)} (5.7)

K{��O¼ê�µ

D∗(ḡ1, ḡ2) = D∗(ḡ2, ḡ1) =

{

1 if σ(ḡ1) ∩ σ(ḡ2) 6= ∅;

0 otherwise.
(5.8)

{�"�¼ê�µ

L∗(ḡ1, ḡ2) = L∗(ḡ2, ḡ1) = |loss(ḡ1, ḡ2)|+ |loss(ḡ2, ḡ1)| (5.9)

Ù¥µ

loss′(ḡ1, ḡ2) =

{

σ(ḡ1 ∪ ḡ2) \ σ(ḡ1) if D∗(ḡ1, ḡ2) = 1

{s ∈ σ(ḡ1 ∪ ḡ2) \ σ(ḡ1) : lca(s, M∗(ḡ1)) < M∗(ḡ1 ∪ ḡ2)} otherwise

(5.10)
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loss(ḡ1, ḡ2) = {s ∈ V (S) : ωS(s) ⊂ loss′(ḡ1, ḡ2), ωS(par(s)) 6⊂ loss′(ḡ1, ḡ2)} (5.11)

ùü�¼ê©OéAu�§4.4Ú4.5"y3§{��O¼êÚ"�¼êÑ´½Â

3ü��(:8Üþ�¼ê§ù�§��O�´ÿÀÃ'�§=ü��(:8

SÜ�ÿÀ(���OÚ"�¼ê�O�Ã'"ù�5�3äÜ¿�{8I¼

ê��ï¥�~­�(15.3.2!)"

5.3 äÜ¿�{

5.3.1 äÜ¿¯K

�½���
k�ä�8ÜΦ = {Ḡ1, Ḡ2, . . . , Ḡn}§½Â#N!:8µ

G(Φ) =
⋃

Ḡ′∈Φ

Ḡ′ (5.12)

-Ω(G)�¤k÷vḠ ⊂ G�k��
äḠ�8Ü§@oΩ(G) �½´Σ(V )�f

8§§�±w�´Ḡ1, Ḡ2, . . . , Ḡn3Σ(V )Ü¤�äf�m"�e©Qã�B§·

�aq�Ú\µ

G|ḡ =
⋃

Ḡ′∈Φ

Ḡ′|ḡ (5.13)

K8ÜΩ(G|ḡ)�±w¤´Ḡ1|ḡ, Ḡ2|ḡ, . . . , Ḡn|ḡÜ¤�äf�m"

-F´½Â3Σ(V )þ�¼ê§2ÂäÜ¿¯K(general tree merge prob-

lem)�µ3Ω(G)¥é�k��
äḠ¦�¼êF�`"é���8I¼êF§�

��)û�Y´qÞΩ¥�¤kä§O�F¿|¢�`¶�éu�aAÏ�F§

ù«¡Þª�|¢�±^p�
O(��{5O�"3�©¥§·�=�ÄX

e/ª�8I¼êµ

F (Ḡ) =
∑

ḡ∈Ḡ

f(chi(ḡ)) =
∑

ḡ∈Ḡ

f(ḡ1, ḡ2) (5.14)

Ù¥é��ḡ§ḡ1Úḡ2�Lḡ�ü�f(:"¼êF (Ḡ)kü��©­��A5µ

1�§�\5¶1�§¼êf½Â32V × 2V §ù¿�Xf(chi(ḡ))�O���ḡ�

¯fḡ1�ḡ2��k'§
�ḡ1�ḡ2 SÜ�ÿÀÃ'"3e¡��(¥·�ò

w�§ùü�5��y�`ä�±3O(|Φ| · |V |2)�mé�"(dÂ)äÜ¿¯

K(special tree merge problem)�µ�8I¼ê÷v�§ 5.14�3Ω(G)¥é�k

��
äḠ¦�¼êF�`"
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5.3.2 8I¼ê��E

�â�§ 5.14§äÜ¿�{�k�5���ûu¼êf§3�Ñ�[��{£

ã�c§·�AT(½ù��f�3¿�3)Ôþk¿Â"¯¢þ§f�±ù�

½Âµ

f(ḡ1, ḡ2) = f(ḡ2, ḡ1) = αD∗(ḡ1, ḡ2) + βL∗(ḡ1, ḡ2)− γB∗(ḡ1, ḡ2) (5.15)

Ù ¥ §α, β, γ > 0§D∗(ḡ1, ḡ2)ÚL∗(ḡ1, ḡ2)© O�� O ¼ ê Ú " � ¼ ê §


B∗(ḡ1, ḡ2)�u¤k¹k{ḡ1, ḡ2}ù«©
�ä�Ñ��ÐgÐ|±"D∗ÚL∗¥

�(ÒL²{�Ô«N�M∗�^uO��OêÚ"�ê§ùü�¼êïþ
Ä

Ïä�Ô«ä��q5§���Ð"�uB∗�½Â§·��¬33���!?

ØÙ§��U5",	§XJ·�¯k��3,�©|,«�{�Ð§·��

�±r1�NpgÐ�"�d§3�ÙcópJ��n�5KÑ��Ä�
"

5.3.3 äÜ¿�{

äÜ¿�{,«§Ýþé�Ä�5y�{§§r¡Þª�|¢=z�éz�

�ḡ ∈ GO�F ∗(ḡ)µ

F ∗(ḡ) = min
Ḡ|ḡ∈Ω(G|ḡ)

F (Ḡ|g) (5.16)

éw,F ∗(V ) = min F (Ḡ)o´¤á§ù�Ïé�`ä¯K¢SþÒ´XÛ¦

ÑF ∗(V )§
�FÑl�§ 5.14�ù���±48�5¦)"�
£ãù�L

§§·��éz��ḡ ∈ G�ï#Nf!:8µ

C(ḡ) = {{ḡ1, ḡ2} : ḡ1, ḡ2 ∈ G, ḡ1 ∩ ḡ2 = ∅ and ḡ1 ∪ ḡ2 = ḡ} (5.17)

8ÜC(ḡ)´ḡ��Àf(:8§=§�z����{ḡ1, ḡ2}Ñ´�±��chi(ḡ)"

ù�§·��±O�µ

F ∗(ḡ)

= min
Ḡ|ḡ∈Ω(G|ḡ)

F (Ḡ|g)

= min
Ḡ|ḡ∈Ω(G|ḡ)

∑

ḡ′∈Ḡ|ḡ

f(chi(ḡ′))

= min
{ḡ1,ḡ2}∈C(ḡ)







min
Ḡ|ḡ1∈Ω(G|ḡ1 )

∑

ḡ′
1
∈Ḡ|ḡ1

f(chi(ḡ′
1)) + f(ḡ1, ḡ2) + min

Ḡ|ḡ2∈Ω(G|ḡ2 )

∑

ḡ′
2
∈Ḡ|ḡ2

f(chi(ḡ′
2))






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l�§5.16Ú5.14·���µ

F ∗(ḡ) = min
{ḡ1,ḡ2}∈C(ḡ)

{F ∗(ḡ1) + f(ḡ1, ḡ2) + F ∗(ḡ2)} (5.18)

ù�F ∗(V )Ò�±48�¦)
"

�§5.17Ú5.18C½
��äÜ¿�{�Ä:"L 5.1�Ñ
�õ�[!"3

¢^¥§·��¦^MF(hash)Eâ5¢y8Ü��\�'�§XJ�é8Ü

��O��MF¼ê�~n�§·��^O(|V |)�mÒ�±�¤�g8Ü��

é��\"ù��¬��Jp�{��Ý"

gc
1

gc
2

g3

g4

rat mou1 mou2 hum chi

1

G1

gc
1

gc
2

g5 g6

rat mou1 mou2 hum chi

2

1

G2

gc
1

gc
2

g5

g4

rat mou1 mou2 hum chi

G∗

Figure 5.3: äÜ¿�{�äN~f"ÄÏäG1ÚG2Ü¿¤�G∗"\o!:��O:


ä{�>�êi´u)3ù^>þ�"�ê"'X§|loss({mou1}, ḡ3)| = |{Rat}| =
1§|loss(ḡc

1, ḡ6)| = |{Human,Chicken}| = 2
|loss(ḡ6, ḡ
c
1)| = 0"

M F � ¦ ^ ¦ � ä Ü ¿ � { �~ p� "3 L§ConstructG¥ §¤ k

� M F � � ± 3O(n · |V |(|V | − 1)) � m S O � " � e 5 �n · (|V | − 1)g

8 Ü ' � Ú � \ � õ ^O(n · |V |2)� m " L §OptimizeF � H {G¥ ¤ k

��9Ù¤k�U�f!:y©"ù�Ú�´O(n · |V |2)"�e�ü�L

§BuildTreeÚTreeMergeÑ�3O(|V |)�¤"Ïd��äÜ¿�{��m

E,Ý´O(n · |V |2)"

ã 5.3� Ñ 
 ä Ü ¿ � � � ä N ~ f " 3 ù � ~ f ¥ §G =

{{hum}, {mou1}, {mou2}, {rat}, {chi}, ḡc
1, ḡ

c
2, ḡ3, ḡ4, ḡ5, ḡ6}, C(ḡc

1) =
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{{ḡ3, {mou2}}, {{rat}, ḡ5}} 
C(ḡc
2) = {{ḡ4, {chi}}, {ḡc

1, ḡ6}}" �

kC(ḡc
1)ÚC(ḡ

c
2)ù ü � 8 Ü � ¹ ü � ! : é § Ù § �C(·)Ñ � ¹ k �

� � � " X J·�-� §5.15¥α = β = 1Úγ = 0§·� � ± O �

Ñf(ḡ3, {mou2}) = 1 + 1 = 2, f({rat}, ḡ5) = 0, F ∗(ḡ5) = 1±9F ∗(ḡ3) = 0§

Ï dF ∗(ḡc
1) = min{0 + 2 + 0, 0 + 0 + 1} = 1§ ( : é{{rat}, ḡ5}� ` " a

q /·� � �f(ḡ4, {chi}) = 0, f(ḡc
1, ḡ6) = 3, F ∗(ḡ4) = 1 + 0 + 0 = 1 ±

9F ∗(ḡ6) = 1§@oF ∗(ḡc
2) = min{1 + 0 + 0, 1 + 3 + 1} = 1§(:é{ḡ4, {chi}}�

`"�ª�Ü¿ä�Ḡ∗ = {{hum}, {mou1}, {mou2}, {rat}, {chi}, ḡc
1, ḡ

c
2, ḡ4}§


F (G∗) = F ∗(ḡc
2) = 1"

5.4 ?Ø

äÜ¿�{�±ÓP)ÔÆ[�g�§¦+§��¿Ø´��ïä�{§�§

�±(ÜØÓ�ä�{Ú�.�`:§gÄ3ØÓ�«XmÀJ�Ü·��

{"XJ�À�{Ú�.`³pÖ§äÜ¿�{BUu�Ñ���Ç"�´§

�XØ�ÑCq�(��Àä)ÔÆ[ØU��Ñ���(�ä��§XJ�

Àäkî­�Ø§äÜ¿�{�U¬�� �¶k�<UE@ÑÑ\�Ø
é

Ñ3Ωä�m�	�ÿÀ§�äÜ¿ØU§ù´nØþ���",	§äÜ¿

�{�Ly�ûu8I¼ê"��ù��`8I�?z{¤�¬-äÜ¿�)

�Ø"ù
Ñ´·�3¦^äÜ¿�{�AT5¿�"

X J·� ? U � §5.15¥B∗� ½ Â § ä Ü ¿ � { � � ± w � ´ ¦ �

� ä(consensus tree)� {[87]� C / " b �·� kn� ­ Ä � ä(resampled

trees)µΦ = {Ḡ1, Ḡ2, . . . , Ḡn}§�½ḡ1, ḡ2 ∈ G(Φ)·��±òB∗(ḡ1, ḡ2)½Â�

÷v{ḡ1 ∪ ḡ2} ⊂ Ḡi�Ḡi��ê§ù�B∗(ḡ1, ḡ2)Ò´{ḡ1, ḡ2}¤�L�{�gÐ|

±§
XJ·�-α = β = 0§äÜ¿�{¯¢þÒ´A^uk��
ä���

ä�E�{"Ïd§XJB∗Xþ½Â§äÜ¿�{´ék���ä�E�{3

�ÄÔ«?z��*Ð§§kÏuJp��ä�O(5"

äÜ¿�{´^5?nÔ«?z'X²(��
ÄÏä�"31nÙ·�?

Ø
XÛ½�"ÏL?UDurand�< [88]��{·���±|^Ô«äòÄÏ

ä¥�õ©�!:(multifurcated node)©l¤�
!:(binary node)§Ïdõ

©�ä¯K��)û",
§/Ô«?z'X²(0ù�^�´�©'��"

±·��²�§Ù§ÎÜ�§ 5.14�IO�ØU�ù�^�ùok�"
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Table 5.1: äÜ¿�{"L§ConstructG�E8ÜGÚC(ḡ)¶OptimizeF 48/O

�F ∗(ḡ)¿r�`�f(:é(J�uselected¶BuildTreeL§^c�Ú�&E�ï

Ü¿ä"3ù��{¥BuildTree)¤��8ÜL«e�ä"·���±éN´�?

Uù�Ü©¦�)¤ãL«e�äG∗ = (V (G∗), E(G∗))"

Function:
TreeMerge(V, Ḡ1, Ḡ2, . . . , Ḡn)

Input:
n gene trees Ḡ1, Ḡ2, . . . , Ḡn ∈ Σ(V );

Output:
Tree Ḡ∗ by merging Ḡ1, Ḡ2, . . . , Ḡn

Procedures:
G ← ∅
C ← ∅
ConstructG(Ḡ1, . . . , Ḡn)

for i = 1 to n do
for each ḡ ∈ Ḡi do
G ← G ∪ {ḡ}
C(ḡ)← C(ḡ) ∪ {chi(ḡ)}

selected← ∅
OptimizeF(ḡ)

if F ∗(ḡ) has been calculated then
return F ∗(ḡ)

min←∞
for each {ḡ1, ḡ2} ∈ C(ḡ) do

score← OptimizeF(ḡ1) + f(ḡ1, ḡ2) + OptimizeF(ḡ2)
if min > score then

min← score

minpair ← {ḡ1, ḡ2}
F ∗(ḡ)← min

selected(ḡ)← minpair

BuildTree(ḡ)
if selected(ḡ) = ∅ then

return {ḡ}
{ḡ1, ḡ2} ← selected(ḡ)
return BuildTree(ḡ1) ∪ {ḡ} ∪BuildTree(ḡ2)

TreeMerge(V, Ḡ1, Ḡ2, . . . , Ḡn)
ConstructG(Ḡ1, . . . , Ḡn)
for each v ∈ V do

F ∗({v})← 0
OptimizeF(V )
return BuildTree(V )
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¦+¯õïä�{��.�?zÆ[­�?zä�Jø
�þ�À§��«�

{��.m��É  -¦��¾"�½��Ó
ÄÏ(homolog)�S�8§Ä

¾=�«�{Ü·��m©���´���"S�����¹e)ÔÆ[��

±GÃ¢�½���þ©z5(½O(�?z'X§�éu�5�êâ§ù�

¤�¤å�ó�´J±���¶=¦ù��ó��±3±c�±Ï���mS

�¤��'XTreeFam�8��O(/gÄïä�7òkÏu~�ó�þ§Ó

���±k�;�du�Øïä
Úå�Ø�"éuTreeFamêâ¥§ù��

µÿ(JkX­�¿Â"

Nõ�öéïä�{9�.�O(5�Ñ
µÿ"�âÿÁ8a.�Ø

Ó§ù
µÿ�±©¤naµa) Äuo�Ê��!:{ü?zä�XnØ©

Û [89, 90, 91]¶b) ÄuO��[êâ��5�©Û [45, 43, 92]¶±9c) Äu¢

�ö��ý¢êâ�µÿ [93, 94, 95]"¦+ù
µÿ��{��.�ÀJJø


�B�OK§§�Ñ�3X�g�"�µnØ©Û�UA^u�!:é��

?zä§
¢Sä  kA�$�þz�!:¶�[êâ�±;�ù�Øv§

�S��)�.é�Uk�uý¢{¤l
E¤µÿþ� �¶Äu¢��µ

ÿÏL¢���?z{§§�ù�<óö��L§�ØU�yÚý¢{¤�

Î"ý�Ün�êâ5
u�5��ý¢êâ§�¯K´·�éJ(��¼�

ý¢�?z{¤"

3ù�Ù¥·ò�Ñ��#L�µÿ"§3ü:þØÓu± �¤kµÿµ

1�§ÿÁêâ85
u²<ó����5�ý¢êâ¶1�§¦^ÄÏ�

O/"�ê5ïþïä�O(5§
ù�þ´�.Ã'�"É�u;[���O

(5Ú�~eý¢?z��u�õ�O/"�ê��U5§ù�µÿ�N�ØU

é=«�{�`D����ª½Ø"�ùgµÿ7òé�{�ÀJJøkÃ�

ë�§�ò�«�{�k��
A5"
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6.1 ë�µÿ��{9�.

� g µ ÿ C X n � a ² ; � { µ å l {(distance-based method)§ { �

{(maximum parsimony) [40]�4�q,{(maximum likelihood) [44]§�)~

^�Ø�9RÄ��."ü«Ü¿ä�ë�
µÿ"L 6.1�Ñ
ë�µÿ

�17«?zä"e¡Aã�Ñ
�õ�[!"

ål{¢Sþ´��a�{�o¡§�)µFitch-Margoliash [34] ME (Min-

imum Evolution§��?z) [36]§UPGMA [32] NJ (Neighbour-Joining§��

{) [35] Ú�
��{�C/"ÑuIO��{�ÊH5Ú��?z{�O

(5 [39]§3�©·��µÿ
ùü«ål{"µÿ¥§��{^NJTREE^

��ï§��?zä±ÄuGMEµe�FASTME^��ï"ålÝ
�O�

^TREE-PUZZLE [96]�¤"éØ�S�§·�¦^
HKY [74]�."6�/=

�'(transition/transversion ratio)1lêâ¥�O¶RÄ�S�^WAG [73]�

."Γ©Ù�^5�[ :mØÓ�?z�Ç§Ù/GÏfα�½u1.0"ÑuO

1=��u)3purine (A or G)�m½pyimidine (C or T)�m�Ø�O�¶Ù§«a�O�

Ñ¡�6�"3)Ôþ§=�'6��N´u)§¿Ï
3é§��ï�þ�k¤«O"

Table 6.1: ë�µÿ��{Ú�."Ù¥§ëêκ ´6�/=�'§α´Γ©Ù�/GÏ

f"Γ©Ù^C�lÑCþ5Cq"

Name Method
CUR Curated trees from TreeFam
NJ-NT-HKY4 Neighbour-Joining, HKY model, C = 4, α = 1.0, κ estimated
NJ-AA-WAG4 Neighbour-Joining, WAG model, C = 4, α = 1.0
NJ-NT-dN NJ, non-synonymous distance, no correction for multi-substitutions
NJ-NT-dS NJ, sysnonymous distance, no correction for multi-substitutions
NJ-AA-MM NJ, p-distance (or mismatch) distance, no correction
NJ-AA-Kmr NJ, with Kimura correction
ME-NT-HKY4 FastME, HKY model, C = 4, α = 1.0, κ estimated
ME-AA-WAG4 FastME, WAG model, C = 4, α = 1.0
PAR-NT Parsimony (dnapars)
PAR-AA Parsimony (protpars)
ML-NT-HKY4 PHYML, HKY, C = 4, α = 1.0, κ estimated
ML-NT-HKY2 PHYML, HKY, C = 2, α = 1.0, κ estimated
ML-NT-HKY1 PHYML, HKY, C = 1, α = 1.0, κ estimated
ML-AA-WAG4 PHYML, WAG, C = 4, α = 1.0
MJ-NT-dM Tree merge from NJ-NT-dS and NJ-NT-dN

MERGE Tree merge from ML-NT-HKY4, ML-AA-WAG4, NJ-NT-dN and NJ-NT-dS
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���B§·�¦^o�lÑCþ5CqëY�Γ©Ù [97]"TREE-PUZZLEò

'é�� (gap)w¤"�êâ2"duTreeFam-1.x¦^�{ü�p-distance3(�

«vk�Ä­EâC(multi-substitution)4 �ål)5�ï��ä§ù«�.��

B\ùgµÿ"

� � { � ä(Maximum Parsimonious tree)dPHYLIP [98]^ � � ¥

�dnaparsÚprotpars5�ï"XJ§SÑÑõ�Ó`�?zä§·�¦^

äÜ¿�{òÙ(Ü"��5¿�´§dnapars¬�ïÑõ©
ä"duÄÏ

�O/"�íä(duplication/loss inference, DLI)�{ÚäÜ¿(tree merge)�{Ñ

�UA^u��ä§Ü©Ø�Y²þ�{�äØ^5©Û"RÄ�{�ä©ª

´�
ä"

PHYML [47]^u�ï4�q,ä"?z�.9ëê�TREE-PUZZLE¦^

��Ó§=´µØ�S�^HKY�.§RÄ�^WAG¶ :m?z�Ç��

É^/GÏf�1.0�Γ©Ù5�["�
u�lÑΓ©Ù�k�5§·�òΓ©

Ù©OCq�o�Úü�lÑCþ¶Ø¦^Γ©Ù��.�ë�
µÿ§±u

�Γ©Ù�k�5"I�5¿�´§PHYMLÚTREE-PUZZLE3�.�¢yþ

k����É"�·�©O^ùü�^���ä�{��§ù�:Òé²wµ

XJ·�Ø¦^Γ©Ù§ü�^��ÑA��Ó�(J¶��·�Ú\Γ©Ù

�§ü�(JÒ¬k�É"�´§duPHYML�U^5�ä
ØUO�ål

Ý
§
TREE-PUZZLE�U�Ý

ØU�ïIO�4�q,ä 5§·��

UÓ�¦^ùü�^�
�Ñù�����O"

ü«däÜ¿�{)¤�?zä�ë�
µÿ"1�«ä(Ü
lÓÂ?

zålÚ�ÓÂ?zål�ï�ü���ä¶1�«ä(Ü
o�ü�.?z

äµØ��.ÚRÄ��.�4�q,ä§±9ÓÂä��ÓÂä"éuäÜ

¿�{¥�8I¼êf (�§5.15)§·�-α = 100000§β = 1000±9γ = 1"g

Ð�(bootstrapping values)Ý5u0�100�m"3ù«��e§�Ogê��o

´`k�Ä§�k��O�Ó�â'�¿�¶gÐ��k3cüöÑ�Ó�â

å�^"du4�q,{¤IO�þé�§gÐu�vk^u4�q,ä"3

4�q,ä�S!:þ·�r�-gÐ��80"�¤±D±Xdp�gÐ�´

Ï�4�q,äÏ~'ål{O( [45]"3ùp§gÐ���^����Ï´

2q,{3O�ål�Uò'é�� (gap)w¤"�êâ§ù«?n�\��"
3P-distance�¡���ål§§�uü^S���«�þ��� :�z©'"
4Multi-substitution�3Ó� :u)õgâC"'X�Z�ccØ�AC�G§�Êz�c

cGqC£A§ù�=¦8c3ü^S�*ÿ�ü�A§·��ATPügâC"Ð��.´U


�Äù�Ï��"�´§XJü^S�©zéÈ�§����O���Ò¬é�¿Ï
éØ

O("
5TREE-PUZZLE�±�ï/o4Cq0e�4�q,ä"
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ü���ä�{E�Ué�Ø�>�Ñ�p�gÐ�¶�Oê��^�u"�

ê´Ï�?zþ�O��u)§
"��õcÙ´3u)�g�O��"

6.2 ÿÁêâ8��ï

�ù g µ ÿ·� � E
ü � ÿ Á ê â 8 µTestSet1�TestSet2" ê â

8TestSet1� ¹1041� ² L � � � Ä Ï [ x " ù 
 ê â ´ 3TreeFam-1�

ã lNJ-AA-MMg Ä ä � � � § � )12��� ÿ S �Ô« µARATH£ [

H - ¤ §SCHPO£ � 1 ¤ §YEAST£ � 1 ¤ §HUMAN£ < ¤ §MOUSE£ �

à ¤ §RAT£ � à ¤ §CHICK£ / ¤ §BRARE£ �ê~ ¤ §FUGRU£ à K

~ ¤ §DROME£ J G ¤ §CAEBR£ � Á ¤ �CAEEL£ D w � Á ¤ " ê â

8TestSet2�¹113�3TreeFam-2�ã���ÄÏ[x§O\
Ô���ÿ

SÔ«µPANTR£ç**¤§CANFA£[�¤§XENTR£��¤§TETNG£àK

~¤§CIOIN§ANOGA£S¨¤ÚAPIME£�·¤"ù113�ä´ÄuMERGEä�

��"Ø
êþ�gÄ�{�ØÓ§TestSet2��u�¹N´���ä§¿�ù


äE,§Ý·¥¶���'§TestSet1Q�¹�
éJ�(���?zä§�

�)�
3TreeFam@Ï�ã\\é{ü�ä"��
ó§TestSet2�\��§

¦+êþ �"

�ïü�8Ü�§�©�RÄ�õS�'éÑ´��lTreeFamêâ¥¥¼

�"ù
'éÏLRÄ��nëè(codon)�éA=�¤Ø�'é"���ÿ

S�Ô«�üØ3	"·�¦^NJTREE5�K'é���Ü©Ú¶-$©¡

ã"Thompson�<[99]�©Ù�Ñ
�[�{"
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Figure 6.1: ÿÁ8��!:ê©Ù
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6.3 µdIO

·�^ü��I5ïþïä�O(5"Äk§òz��gÄä©O���ä

�'§§��m�ÿÀål(Robinson-Fouldsål§11.4.2!)dT [20]½Â�ü

�äm��3u��ä�SÜ©{(Øë��(:�>)��ê[45]"Robinson-

FouldsåldT �±^uÃ�õ©�ä"XJ�'��ü�ä���Ó§§��

�0§XJ��ØÓdT�����2n− 6"ùpn´Ù¥��ä��!:ê"Ä

uRobinson-Fouldsål§·��±?�Ú½Âü«�{M1�M2m�ålµ

dM(M1, M2) =

∑m
i=1 di

T (M1, M2)
∑m

i=1 2ni − 6
(6.1)

ùpm´ë�µÿ�ÄÏ[xoê§di
T(M1, M2)�Äu1i�[xü��{�ï

�?zä½gÄä���ä�m�ÿÀål§
ni´�A�S�ê8"�{å

ldM©ª0u0�1�m§1− dM�L
UÓ��ü«�{­��SÜ©|�'

~"­#Ý5�§dM��±3ØÓêâ8�m?1'�"

��ä´ÄugÄä�ï�§§��(5Ø�;��¬É�åÐ�gÄ�

{�K�"Ó�§��´��Ì*L§§��ö�²��G�½õ½�¬K

���ä��*5"�
�*�µd�«gÄ�ä�{§·�¦^/z©�

O(percent duplication)0pDÚ/²þ"�(average loss)0pL5ïþO(5µ

pD(M) =

∑m
i=1 D∗

i (M)
∑m

i=1 ni − 1
(6.2)

pL(M) =

∑m

i=1 L∗
i (M)

∑m
i=1 ni − 1

(6.3)

Ù¥D∗
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ål§pD´z©�O(percent duplication)
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TestSet2 TestSet1

Type dM σ pD σ pL σ dM pD pL

CUR 0.000 0.000 0.249 0.017 0.388 0.029 0.000 0.175 0.494
NJ-NT-HKY4 0.225 0.017 0.313 0.017 0.786 0.042 0.133 0.204 0.630
NJ-AA-WAG4 0.256 0.016 0.322 0.016 0.901 0.050 0.154 0.220 0.756
NJ-NT-dN 0.201 0.011 0.308 0.015 0.796 0.040 0.135 0.211 0.714
NJ-NT-dS 0.527 0.017 0.431 0.014 1.761 0.041 0.464 0.345 1.561
NJ-AA-MM 0.225 0.012 0.308 0.016 0.823 0.042 0.137 0.213 0.740
NJ-AA-Kmr 0.275 0.018 0.333 0.017 0.988 0.065 0.165 0.226 0.790
ME-NT-HKY4 0.200 0.015 0.307 0.017 0.720 0.035 0.131 0.202 0.620
ME-AA-WAG4 0.232 0.014 0.317 0.017 0.858 0.047 0.151 0.217 0.744
PARS-NT 0.203 0.013 - - - - 0.151 - -
PARS-AA 0.181 0.013 0.286 0.016 0.614 0.035 0.150 0.207 0.684
ML-NT-HKY4 0.152 0.017 0.300 0.016 0.676 0.041 0.145 0.206 0.636
ML-NT-HKY2 0.147 0.018 0.301 0.017 0.677 0.041 0.143 0.206 0.639
ML-NT-HKY1 0.172 0.017 0.306 0.016 0.693 0.038 0.143 0.208 0.647
ML-AA-WAG4 0.185 0.015 0.299 0.016 0.705 0.044 0.159 0.213 0.709
NJ-NT-dM 0.165 0.011 0.291 0.016 0.687 0.037 0.121 0.195 0.622
MERGE 0.092 0.015 0.259 0.016 0.457 0.033 0.111 0.178 0.503
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A.3 Perl API
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Table Description
genes sequence ID, gene name, transcript name, symbol, description and so on
species tax ID, taxonomy name, abbr. name, and common name of species
map genomic locations of transcripts; in UCSC format
pfam Pfam predictions for each sequence
aa seq amino acid sequences
nt seq nucleotide sequences
familyA accessions, symbols and names of TreeFam-A families
familyB basic information on TreeFam-B families
famB2A relation between curated TreeFam-A and original TreeFam-B families
phigs PhIGs accessions of TreeFam-B families
trees phylogenetic trees in NHX format
misc feat symbols and names of B families; curators of A families
misc key descriptions of ‘key’ used in ‘misc feat’ table
aa seed align amino acids multialignment for TreeFam-A seeds in CIGAR format
aa full align full multialignment for both A and B families in CIGAR format
hmmer HMMer scores of matched sequences

Table A.1: TreeFamêâ¥L�SN"Ø�­��Ú��oN�Lvk�3Ù¥"
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