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1 Ú ó

l©fY²þw, )·y��)u)Ô©f�
m��p�^. )Ô©f�m�ù«�p�^'X
�±ÏL�ä5L«, Ù¥!:L«ÄÏ!�x�
½��Ô, 
>L«�x��m�Ôn�p�^,

=¹N�½���A. ~���äkÄÏN��
ä!�x��p�^�ä9#����ä. �(/
�ïù
�ä´3©fY²þn))·�'�Ú
½��. Ïd, 'u)Ô�ä��ï¤�
XÚ)
ÔÆ�ïÄ9:��.

[��«­�)nL§�¢y, �)&Ò�D
�!é	.�¸9SÜ�¸Cz��A�Ñ´±
�x��m�p�^�Ä:. Cc5, �x��p
�^�ä®²��
2��ïÄ. �X�1V,
�, Äu�Ì�Gé�ÚXz�pÏþ¢�Eâ�
uÐÚ)Ô&EÆ3�x��p�^ýÿ+��
2�A^, <����5�õ�|^��x��p
�^êâ5�ï�x��p�^�ä [1−5]. éù


�x��p�^�ä(�A��ïÄuy�x
��p�^�ääkXek��ÿÀ5�µ(1) �
x��p�^�ä´DÕ�, !:�²þÝÑ'�
�¶(2) �x��p�^�ä´�­.�ä, äk
�á�²þ´»�Ý9�X{��Åã�'k�
��²þàaXê [4−7]¶(3) �x��p�^�ä
´ÃIÝ�ä [6,8], �Ò´`, ù
�ä�Ý©ÙÑ
l�Æ©Ù P (k) ∼ k−θ1 , 2 < θ1 < 3. ù¿�X�
x��p�^�ä´pÝÉ� (heterogeneous) �,

=�3�þ�Pk�þ>�!:Ú�ê8�Pk
�þ>�ÍÝ (hubs) !:¶(4) �x��p�^�
ääkõU�¬(� [9,10], =Ý� k �!:�²
þàaXê C(k) ±�Ç C(k) ∝ k−θ2 , θ2 → 1 P
~. ùL²Pk�þ>�!:äk��àaXêá
uÈ�ë���f�ä, 
ÍÝ!:äk��àa
Xêë�XØÓ�f�ä [12], ù�Òw«Ñ
õ
U�¬(�¶(5) �x��p�^�äLyÑÝK
'é�5� [12,13], Ù¥¤kÝ� k �!:��Ø
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�²þÝ Knn(k) �Ì Knn(k) ∼ k−θ3 , θ3 → 0.5.

Ïd, Ý��Ý�!:�m�ë��\È, 
@

Ý��Ý�±9Ý��Ý�!:�m�ë��³
� [12,13].

�
2y�x��p�^�ä�þãÿÀA
�, <�®²JÑ
�«��ÄuE�ÚCÉ�
�äO��.. ©z [7,14] JÑ
ü�{ü��
x�üz�.52y�x��p�^�ä�ÃI
ÝÚ�­.5�. Chung � [15] ©Û
!:���
E�ÚÜ©E��ãüz�., ¿�Ñ!:�Ü
©E��±�)��ê�u 2 ��ÆA�ã. Ä
uÄÏ�E�Ú#)¤ÄÏ�­ë, Pastor-Satorras

� [16] ïÄ
�x��p�^�üz¿�ÑTÅ�
�±2y<�Ù��)Ô��x�|�ÚOA�.

Ispolatov � [17] JÑ
��üëê�E�CÉ�ä
�.5£ã�x��p�^�ä�üz, ¿�Ä

�ëêCz��ä�g²þ (self-average) 5�. ,
	, Ispolatov � [18] �ïÄ
�ä¥ì (clique) �©
Ù. Liu � [19,20] ?Ø
E�ÚCÉé)Ô�ä�
ÝK'é5�K�. ,
, â·�¤�, ¤kþã�
nØ�.Ñvk`²�ä�õU�¬(�. �C,

Takemoto � [21] ��lnØþJÑ
�«ÏLÜ
¿�ëÏfã5üz�ä�., ¿L²Tüz�.
�±)¤�ÆÝ©ÙÚõU�¬(�. ?�Ú/,

¦�éT�.?1
U?, ^·A5°¦�J`ë
� (preferential attachment) 5ÀJ n �!:, (J
L²U?��.)¤��äØ
äk�ÆÝ©Ù
ÚõU�¬(�	, �äkÝK'é5� [22]. ÏL
éþãykó��©Û, ·�uyyk��x��
p�^�äüz�.ý�Ü©ÑØU�¡/�N
�ä�ÃIÝ5!�­.5!õU�¬(�9Ý
K'é5�ÿÀ5�, ��Ñ´ÛÜ�NÙ¥�,

5�. ©z [22] �Ñ�üz�ä�.Ä�äk

¤k(�A:, ��d�öJÑ
±�ëÏfã�
���E�ü��Å�, ù«E�Å�J±�)Ô
ÆL§éAå5, Ï
)Ô¹ÂJ±)º.

3ù��Ä:þ, ·�l)ÔÆ�ÝJÑ
�
�Äu)Ô?zg,ÀJ��Ün��x��p
�^�äüz�.. l��üëÏ��Åãm©,

ÏLÚ\ O�E��K9CÉÚ�þ!�É

�à (heterodimerization) �^, �ï
��{ü�

�x��p�^�äüz�.. ê�©ÛL², T
üz�.Ø
�±2yý¢��x��p�^�
ä��X�, ÃXÃIÝ5!�­.5ÚÝK'é
5�ÿÀ5�	, �ULyÑõU�¬(�. ù�
(Jén)�x��p�^�äüzL§��U
Å�Jø
�½��Ï.

2 �äO��.

lg,ÀJÚ)Ô?zØ��Ý5w, E�Ú
CÉ´)Ô�ä?z�S3Ä�Å�. E�´)Ô
�äO���Ì�5
, 
CÉ´õUõ�5�)
�å
. �Ä��x��ä¥@
Ý��!:, d
u)ÔõU��Å5, Ø´u)CÉ¶
@
3
�p�^±>�|©KN´u)CÉ [23], ù�·
��±Ün/b�z�!:�À�E��VÇ�
§�Ý¤�'. ,	, ©z [24,32] ���
�x�
�ÝÚ§���E�5�m�K�'5. Ïd, 3
�.¥, ·�æ� O�À�E�!:��Y, Ý
� ki �!: i ±VÇ P (i) = k−1

i /
∑

j k−1
j �À�

E�, =Ý��!:�À�E��VÇ��.

3 z � ! : E � � ¤ � �, � â ² ; � �
. [25], #)¤�!:��E��!:Pk��
�Ó�õU, ��, #)¤�!:��E��!:
üö��½öduòz (degenerative) âCC¤�
õU5½ö¼��
#�õU
�g,ÀJ�3
e5. duõU�­�5, �x��m��p�^
´�Å�, §��?�ÚUCÉ�
��, ,
ù
«��é#)¤�!:¬4�/~f [7,16], �Ò´
`#)¤�!:�N´u)CÉ. ,	, ©z [16]

�Ñ�E�!:Ú#)¤�!:Ñu)CÉ��
�(JÚ¢ÿ�êâ´ØÎÜ�. Ïdb½í>
Ú\>�CÉ�u)3#�)�!:þ. ù�C
ÉL§�[Xe: éë��#)¤�!:�z�^
>, ±VÇ α íØ, �±VÇ γ 3#)¤�!:�
�ä¥¤k�Ù¦!:�mV\#>. ,	, Hase

��Ñ
É
�à�^, =#)¤�!:��E
��!:�m±�½�VÇV\�^#>, ù�
b�3�1�x��p�^�ä�üz�.¥´
Ø÷¿�, ¤±?�ÚJÑ
�þ!�É
�à�
^�#�., Ù¥É
�à�^ Oë�@
��
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éõ�Ó�Ø�#)¤��E��!:é�m, ¿
L²
T�.�±2y�1�x��p�^�ä
�n�/� �©Ù (skewed distribution). �d, 3
·���.¥, ·��b�3#)¤Ú�E�!:
�mÉ
�à�^�VÇ β �'u§��Ó��
Øê8 (ncn), �Ò´ β = β0ncn, Ù¥ β0 ´~ê.

e β > 1, K� β = 1.

nþ¤ã, ·�¤�Ä�üz�.de¡Ú½
¤(½. ·�l��äk N0 �!:�üëÏ��
Åãm©, 3z���mÚþ�1±e�Ú½��
��¤Ï"��ä5�µ

1) � ä ¥ Ý � ki � ! : i ± V Ç P (i) =

k−1
i /

∑
j k−1

j �À�E�, �)�#!:P� i′,

§ë�� i �¤k�Øþ;

2) éë��#)¤�!: i′ �z�^>, ±
VÇ α íØ; ,	, �E�!: i Ú#)¤�!
: i′ ±VÇ β ë�, ùp β �'u§��Ó��
Øê8 (ncn), �Ò´ β = β0ncn, Ù¥ β0 ´~ê;

e β > 1, K� β = 1;

3) #)¤�!: i′ ±VÇ γ ë���ä�¤
kÙ¦!:þ.

3z���mÚ(å��ÿ, XJ�)
�á
!:, ·�r§l�ä¥íØK. l)Ô�*:5
w, ù
�á!:L«@
Ô�
¤k)ÔõU�
�vklÄÏ|¥�Ø��ÄÏ. ·��Ñ�õU
5ÄÏ²L·��CÉ�¡E�õU5ÄÏ�V
Ç, 3z���mÚ(å�íØ§�, 3e��ä
E´ëÏ� [26].

3 (JÚ?Ø

e¡ò��ÏLê��[5©Ûþã�üz
�.. Ø���5, b�Ð©�ä´d 100 �!:
|¤�²þÝ� 3.88 üëÏ�Åã, ��¦�ä�
ª�!:ê� 4000.

�.¥k 3 �gd�ëê, =í>VÇ α, É

�à�^VÇ β Ú\>VÇ γ, ¤±·�kÏL
�|^�¢yêâ5oÑ�Où 3 �ëê��U
���. ©z [12] ¥¢yêâL²!:ê� 3891

��1�x��p�^�ä�²þÝ < K > =

3.74, ²þàaXê < C > = 0.066 Ú²þ�á´

»�Ý < L > = 4.85. ,	, ©z [6] �O
�1
�x��p�^�ä¥\>Úí>�VÇ�'�
� γ/α 6 0.001. ù
¢yêâ�·�3e¡�ê
��[L§¥À� 3 �ëê�����Jø�½
��âÚë�.

ã 1 Ý©Ù P (k) (a) L«�.3 β0 = 0.03, γ = 0.00025

Ú α l 0.15 � 0.55 ëêe�Ý©Ù; (b) L«�.3 α = 0.35,

γ = 0.00025 Ú β0 l 0.015 � 0.055 ëêe�Ý©Ù; (c) L«
�.3 α = 0.35, β0 = 0.035 Ú γ l 0.00015 � 0.00055 ëê
e�Ý©Ù. ¤k�êâÑ´é 100 gÕá��ý¦²þ�(
J

3e¡�ê��[¥, ã¥z�êâ:Ñ´Ï
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LXeL§��. 3�½ëê�, � 100 ��Å�
ä��Ð©�ä, ,�^þãL§)¤�ä, 2�
²þ, ��
êâ:. Ó�, ·��éù
��¤�
�êâ?1
�5£8©Û, r ´^5�½���
5£8��[Ü`Ý�Ð�, p �(J�&§Ý�
��4~�I. ±eÚO©Ûò?�Ú�y¢·�
ê��[¤�(Ø´���.

3.1 ÝÝÝ©©©ÙÙÙ

Ý©Ù´�x�ä���­��ÚOA5, ½
Â� P (k) = (

∑
i δ(ki − k))/N L«?¿À���

!:, §�Ý´ k �VÇ, Ù¥ δ(·) Ú N ©OL
« Kronecker δ ¼êÚ�ä�o!:ê [22].

ã 1 L«3�«ëê^�e�ä�.�Ý
©Ù. ê��[(JL², 3�«ëê^�e�
ä � . � Ý © Ù ¥ y Ñ � Æ © Ù, � N 
 � ä
�ÃIÝA5; ¿��±wÑØÓüz�.�
���ä�Ý©Ù���êÑªCu 2.5, ùÚ
¢ÿ��x��p�^�ä¥�A5´�ÎÜ
�. Ó�, ·�éêâ?1
ÚO©Û, ±ã 1

¥ α = 0.45, β0 = 0.03, γ = 0.00025 �ä�.¤�
�êâ�~, r¤kÝ� k Ú�A� p(k) ü|ê
â?1�5£8©Û�� r = 0.976, p < 0.001, �
A���ê� 2.467, d(JL²ê��[¤��
(Ø´���, éÙ¦ëê^�e�êâ�?1

�Ó�ÚO©Û, (JÑ�y¢. ,	, lã 1(a)

*	��X α �O\, ��ê´Ä��±ØC�,

ã 1(b) ¥�k�Ó�ª³, �3ã 1(c) ¥�X γ �
O\, ��êk��~��ª³. ùL², ÃIÝ5
éu�.ëê
ó´°��, ù«y�3)Ô�ä
¥´��ÊH�.

3.2 ààà - ÝÝÝXXXêêê

�þ�ý¢)Ô�ääkõU�¬(�, ù
�A5�±ÏL¤kÝ� k �!:�²þàa
Xê C(k) � k �'X5�x. é5KE�k�
¬(���ä�±y²k C(k) ∼ k−1, �5l¢
ÿ)Ô�ä¥�uy
aq(J, Ï
8c��
^ù�ÚOþ5`²�äkõU�¬(��A
� [9]. ¤kÝ� k �!:�²þàaXê C(k)

½Â� C(k) = (
∑

iCiδ(ki − k))/(
∑

iδ(ki − k)), Ù
¥ Ci = 2ei/(ki(ki − 1)) ´!: i �àaXê, Ýþ

�ä¥!:��Ø�vàå, ki ´!: i �Ý, ei

´!: i � ki ��Ø�m��ë�>ê [27].

ã 2 C(k) ©Ù (a) L«�.3 β0 = 0.03, γ = 0.00025

Ú α l 0.15 � 0.55 ë ê e � C(k) © Ù; (b) L « � .
3 α = 0.35, γ = 0.00025 Ú β0 l 0.015 � 0.055 ëêe
� C(k) ©Ù; (c) L«�.3 α = 0.35, β0 = 0.035 Ú γ

l 0.00015 � 0.00055 ëêe� C(k) ©Ù. ¤k�êâÑ´
é 100 gÕá��ý¦²þ�(J

¢y(JL², C(k) ´'u k �4~¼ê, 3
Ý����SÑy
� (fat tail) ©Ù. ù«y�L
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²Ý��!:��áuSÜpÝëÏ���¬,


Ý��!:��ØK©OáuØÓ��¬, �
Ò´�g�¬(� [28]. ã 2 L«3�«ëê^
�e�ä�.� C(k) ©Ù. ·��±w�, C(k)

� k 3Véê�Iew«Ñ²Þ (flat head) 
�
Ù, ùÚ¢ÿêâ´Ä��q�, ¥yÑ
õU
�¬(� [9]. ¯¤±�, � C(k) ©Ù���ê©
�C 1 �, �¬(�A��²w. ·��ê�(
JL²3 α = 0.35, β0 = 0.035 Ú γ = 0.00025

NC, C(k) � k �m�ù«Cq'X��±. d
	, ·��±*	� C(k) ©Ù���êÌ��
6uí>VÇ α ÚÉ
�à�^VÇ β. �(�
/`, ��ê�X α �O\
~�, �X β0 �O
\
O�. ,	, lã 2 ·��±w�� k ��,

C(k) ∼ k−1, 
� k ��, C(k) ∼ k−2. C(k) �ù
«5�®²3¢ÿêâ¥��
y¢, ¿�Ñ

)º [1−3,11,29]. ��, ·�éêâ?1
ÚO©Û,

±ã 2 ¥ α = 0.45, β0 = 0.03, γ = 0.00025 �ä
�.¤��êâ�~, ·��cã, = k ���ê

â, ?1�5£8©Û�� r = 0.965, p < 0.001, �
A���ê� 1.052, k ���êâ©Û(J� r =

0.856, p < 0.001, �A���ê� 2.186, éÙ¦ë
ê^�e�êâ�?1aq�©Û, (JÑL²ê
��[¤��(Øäk��5.

3.3 ÝÝÝ - ÝÝÝ'''ééé

� ä � Ý - Ý ' é, = ! : Ý � m � ' X,

´ � x � � � ! : � m ë � � ª ³. e Ý �
� ! : � � u ë � Ý � � ! :, � ä ¡ � � �
' (assortative) � ä, 
 Ý � � ! : � � u ë �
Ý � � ! : �, � ä Ò ¡ � K � ' (disassorta-

tive) �ä [31,32]. ùp·�|^¤kÝ� k �!
:�²þ�ØÝ Knn(k) 5ÝþÝ - Ý'é, ½
Â� Knn(k) = (

∑
iknn,iδ(ki − k))/(

∑
iδ(ki − k)),

Ù¥ knn,i = (
∑

j∈O(i)kj)/ki ´!: i �Ø�²
þ�ØÝ, O(i) éAu!: i ��Ø�8Ü. X
J Knn(k) ´'u k �4O¼ê, @o�ä´��
'�¶XJ´ k �4~¼ê, @o�ä´K�'�.

L 1 �«ØÓëêe�ä�.�²þÝ < K >, ²þàaXê < C >, �á´»� < L > ��

β0 = 0.03 γ = 0.00025

α = 0.15 α = 0.25 α = 0.35 α = 0.45 α = 0.55

< K > 4.5699 4.2731 4.0182 3.7757 3.5490

< C > 0.1073 0.0810 0.0620 0.0488 0.0368

< L > 3.8792 4.2551 4.6610 4.9493 5.3838

α = 0.35 γ = 0.00025

β0 = 0.015 β0 = 0.025 β0 = 0.035 β0 = 0.045 β0 = 0.055

< K > 3.9339 3.9984 4.0472 4.1060 4.1622

< C > 0.0382 0.0535 0.0690 0.0846 0.0947

< L > 4.6222 4.6502 4.5982 4.6521 4.6406

α = 0.35 β0 = 0.035

γ = 0.00015 γ = 0.00025 γ = 0.00035 γ = 0.00045 γ = 0.00055

< K > 3.4830 4.0472 4.6663 5.2800 5.9475

< C > 0.0801 0.0690 0.0610 0.0550 0.0517

< L > 4.7655 4.5982 4.5282 4.3982 4.2716

ã 3 L « 3 � « ë ê ^ � e � ä � .
� Knn(k) � k � ' X. ê � � ý ( J L ², 3
�«ëêe Knn(k) Ñ´� k 4~�, `²�.
¤)¤��ä�±�)ÝK'é. ·��±w

� Knn(k) ©Ù���êÌ��6uí>VÇ α Ú
\>VÇ γ. �äN/, ��ê�X α �O\
~
�, �X γ �O\
��~�. ,	, ê�(JL²
3 α = 0.35, β0 = 0.035 Ú γ = 0.00025 NC, � k
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��, Knn(k) ∼ k−0.5, 
� k ��, Knn(k) ∼ k−1.

Knn(k) �ù«5�®²3¢ÿêâ¥��
y¢,

¿�Ñ
)º [12,13]. ��, ·�éêâ?1
ÚO
©Û, ±ã 3 ¥ α = 0.45, β0 = 0.03, γ = 0.00025 �

ã 3 Knn(k) ©Ù (a) L«�.3 β0 = 0.03, γ = 0.00025

Ú α l 0.15 � 0.55 ë ê e � Knn(k) © Ù; (b) L « � .
3 α = 0.35, γ = 0.00025 Ú β0 l 0.015 � 0.055 ëêe
� Knn(k) ©Ù; (c) L«�.3 α = 0.35, β0 = 0.035 Ú γ

l 0.00015 � 0.00055 ëêe� Knn(k) ©Ù. ¤k�êâÑ´
é 100 gÕá��ý¦²þ�(J

ä�.¤��êâ�~, ·��cã, = k ���
êâ, ?1�5£8©Û�� r = 0.998, p < 0.001,

�A���ê� 0.460, k ���êâ©Û(J

� r = 0.933, p < 0.001, �A���ê� 1.551, é
Ù¦ëê^�e�êâ�?1aq�©Û, (JÑ
L²ê��[¤��(Ø´���.

3.4 DDDÕÕÕ555ÚÚÚ���­­­...555

3 � « ë ê � ¹ e O � 
 � ä � . ² þ
Ý <K>, ²þàaXê <C>, �á´»�Ý <L>,

L 1 �Ñ
O�(J. ù
(J�©z [12] �Ñ�
¢yêâÄ��ÎÜ. Ó�, �äk�Ó����
Å�ä�', �ä�.�²þàaXê <C> '�
Å�ä����õ. Ïd, �ï��ääkDÕ5
Ú�­.5.

4 ( Ø

lg,ÀJ�?zØÑu, �ï
���x�
�p�^�ä�üz�.. 3�.¥, Ú?
�N
)Ô?zL§Ñy�E�, àÜÚCÉ� 3 �ëê,

¿�Ä
)ÔþkyâL²�3� O��A�.

ê�(JL²ù��.U
éÐ/2yÑ¢ÿ�
x��p�^�ä�DÕ5!�­.5!ÃIÝ
5!ÝK'é5ÚõU�¬(���¡�ÚOA
�. �®kó�ØÓ�?´, Ø='Ù¦ó���
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�3�ï�.¥, z
��Ú½Ñk�Ù�)Ô¹ÂÚ±)Ô¢���
�y.
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Ô¹Â, ·�uyùüöéu)¤Ün�)Ô�ä
q�ÑØ�"�. ù�(J�Uý«)Ô?zL§
´d(½5Ú�Å5ùü�Ï�û½, )ÔXÚ�
/¤´�ö�p�^��,«²ï�(J.

,	, ·��[/©Ûí>VÇ α, É
�à
�^VÇ β Ú\>VÇ γ ùn�ëêéÃIÝ5,

õU�¬(�ÚÝK'é5�K�. (ØXeµ(1)

·��ä�.�ÃIÝ5é�.�ëê´°��,

ù«y�3)Ô¥´éÊH�¶(2) õU�¬(�
Ì��6uí>VÇ α ÚÉ
�à�^VÇ β. �
(�/`, ��ê�X α �O\
~�, �X β0 �
O\
O�¶(3) ÝK'éÌ��6uí>VÇ α

Ú\>VÇ γ. �äN/, ��ê�X α �O\
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(
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äkë�d�.
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Abstract

Scale-free connectivity, small-world pattern , hierarchical modularity and disassortative mixing are prominent features shared by

most biological networks. Up to now, various network growth models invoking gene duplication and divergence have been proposed

to understand the evolutionary mechanisms shaping the scale-free connectivity, small-world pattern and disassortative mixing . In this

paper, we present an evolutionary model by introducing a rule of small preference duplication of a node and sequently divergence

plus non-uniform heterodimerization meaning that the probability that an heterodimerization link is added between duplicated nodes

is proportional to the number of common neighbors shared by these nodes based on biological background, showing that our model

can almost display series of topological characteristics of real protein interaction networks, such as scale-free connectivity, small-

world pattern, disassortativity of degree-degree correlation and hierarchical modularity. Our model may yield relevant insights into the

evolutionary mechanism of protein interaction networks behind it.

Keywords: protein interaction networks, small-preference duplication, non-uniform heterodimerization, hierar-
chical modularity
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