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Notation

! u, v, vi, s, t: !"#$%&$'"()"*"+%*,-

! G."!"+%*,-"/$)01$/"23"*"&4,5$"6V,E7
! V."8$&"()"#$%&09$8:";v1,<<:"vN=">-$%$"N 08"&-$"14?2$%"()"

1(/$8
! E."8$&"()"$/+$8:"$*9-"$/+$"08"/$)01$/"23"*",*0%"(vi, vj)

%$,%$8$1&01+"*"501@"2$&>$$1"&-$8$"&>("#$%&09$8
! A(%"*1"$/+$"(vi, vj)" vj 08"8*0/"&("2$"*/B*9$1&"&("vi



!"#$%"&'()*+,*$-'$,./"/-0/$),1

! !"#$"%"&'(&)*+*)$+#,
" -($".'"/01&/($".'"/02"(),'"/*)$+#,

! 34&&".'(5('6*4&*+*)$+#,
! 789&"':4$;%0%89)$+#,%

! <$+5"$%+=*4&*+*)$+#,



!"#$"%"&'(&)*+*)$+#,

! !"#$%&'%()*$+,-.

! !"#$%&'%()/-0+



!"#$%&'%()*$+,-.

!

"#$%&'#()*+,(-$*$.$/0 1(23&4$05(6$&7*'(8'40'9/(:';'&0</(=>>?(

-

"

@

:

A

B

> C C C C > > C

C > C > > > C >

C C > > > > > >

C > > > > > > >

C > > > > C > >

> > > > C > C >

> C > > > C > C

C > > > > > C >

D

"

-

!

@

B

D

:

A

" - ! @ B D : A

/$+,-. 01$2&"),&3,&2&'+$+-4'5)"&'2&

VEF"5(-5(!5(@5(B5(D5(:5(AG
EE(FH"5-I5H"5!I5H"5@I5H"5BI5H"5AI5H-5!I5H-5:I5H@5"I5HB5"I5HB5DI5HD5:I5H:5AIG



!"#$%&'%()*+,-

!

"

#

$

%

&

'

(

.+,-)/$,&")0&10&,&'-$-+2'3),1$0,&4),1$%&)&55+%+&'-

# " ! $ ' &

" # ! %

! # "

$ #

' # (

( % '

% " ( &

& # %



!"#$%&'%()*+,-).&/,0,)1$-/+2

! !"#$%&'%()*+,-

! ./$%&)&00+%+&'-
! !,1+'2)+0)-3&4&)+,)$')

&"2&)%$')5&),*67

! 84&0&44&")73&')-3&)
24$/3)+,),/$4,&

! !"#$%&'%()9$-4+:

! ;&4()0$,-)-6)$,1)+0)-3&4&)
+,)$')&"2&

! .-64$2&)+,)<=>)73&4&)<)+,)
-3&)'?95&4)60)'6"&,)+')
-3&)24$/3

! 84&0&44&")73&')-3&)
24$/3)+,)"&',&



!"#$%&$'()#*+,-

!

"

#

$

%

&

'

(

! ')*+,-./0+-)12+34156/7148-56-4.+9
! #):/3+638-9/421;-1,-65-756*+2-,899+4213

< < < = = < < <

= < < < < < = <

= = < < < < < <

< < < < < < < <

< < < < < < < <

< < < < = < = <

< < < < < < < =

= < < < < < < <

#

"

!

$

'

(

%

&

# " ! $ ' ( % &



!"#$%&"'($)*+%,

!

"

#

$

%

&

' ' ' '() *(+ '

*(, ' ' ' ' '

'(- '(, ' ' ' '

' ' ' ' ' '

' ' ' ' ' -

.(* ' ' ' ' '

#

"

!

$

&

%

# " ! $ & %

! &/01234561371804923:;3941<(
! =13>5;345613/8?1>91/35;/3@;/8?1>91/37180491/30?5A42(
! B4131C5<AD1324:7;382394593:E353/8?1>91/37180491/30?5A4

'(,
*(,

'(-

.(*

*(+'() -



!"#$%#$&'$$

! !"#$%&'(&#)"&(*+%,
" -&.%&&/)! 0)1234&%)+5)"&$.64+%7)+5)8)"+#&

! -$%&'(&#)"&(*+%,
" 9")#&.%&&/)! "#0)1234&%)+5)$"'+3$".)&#.&7
" :2()#&.%&&/)! $%&0)1234&%)+5)+2(.+$".)&#.&7)

;

<

=

-

>

?

@

A ! 9")#&.%&&)+5)<)$7)B
! :2()#&.%&&)+5)=)$7)C)

D68()$7)(6&)+2()#&.%&&)+5)@E



!"#$%&"'(&)*)+,%

! !"#$ !"
" #"$#%&"'()*"+,(%,-"s%)"t ./"G .0"#"0,12,/3,")'"+,(%.3,0"4v0,É, vk5"

023&"%&#%"s=v0 #/6"t=vk #/6"4vi,vi+15"#(,",67,0"./"E8

" 9"$#%&".0"%-./+, .'"%&,(,"#(,"/)"(,$,%.%.)/0")'"#"+,(%,-8

! 0,")$"1+, !"9"+,(%,-"t .0"2,")$"1+, '()*"+,(%,-" s .'"%&,(,"
.0"#"$#%&"'()*"s%)"t

! !"#$&+,'3#$!":&,"%)%#;"/2*<,(")'",67,0"./"#"$#%&

! 4$52#,%#&/"#$!":&,"$#%&"<,%=,,/"%=)"+,(%.3,0"=.%&"%&,"
0&)(%,0%"$#%&";,/7%&

! 6*)+,!"9"$#%&"=&,(,"v0 #/6"vk #(,"%&,"0#*,



!"#$%&"'(&)*)+,%

!

"

#

$

%

&

'

! ()*+*,-+*,./0,1-.)2,3+04,",.0,$
! 5)67),62,.)*,2)0+.*2.,1-.)8

9-.)2,3+04,",.0,$

:

!

"

#

$

%

&

'

#,7;7<*

:

7;7<*

9-.)2



!"##$%&$'(%")*"#$#&+

! !"##$%&$'(%")*"#$#&+!"#$%"&%'"()"*%+',-%&"'$.'".+%"
+%.-$./0%")+(1"(2%"2(3%"'(".2('$%+

! ,&-"#./0(%"##$%&$'(%")*"#$#&+!"#$%"&%'"()"*%+',-%&"
'$.'".+%"+%.-$./0%")+(1"(2%"*%+'%4"'(".2('$%+",2"."
3,+%-'%3"5+.6$7

! !"##$%&$'(.-1*2!"82"923,+%-'%3"5+.6$",&"-(22%-'%3"
,)"%*%+:"6.,+"()"*%+',-%&",&"-(22%-'%3"/:"."6.'$

! ,&-"#./0(%"##$%&$'(.-1*2!"8"3,+%-'%3"5+.6$";$%+%"
.00"*%+',-%&".+%"+%.-$./0%")+(1"%.-$"('$%+



!"##$%&$'(%")*"#$#&+

!

"

#

$

%

&

!

'

(

)*+,-+../-0/1,-+23+./.04

$ # " %

' ( &

(+56,406+.789,-+../-0/1,-+23+./.04

"+../-0/1,-+23+./.04,:.,;.,
5.1:6/-0/1,76;3<

"+../-0/1,-+23+./.04,:.,;,
1:6/-0/1,76;3<



!"#$%&'()*"#+(,-(./&"0+

! 1,2"'#)#(./&"0 !"#$"%$&'()*+)&",(#-."/.)()"#00"
1)(+'*)2"#()"$)',.34(2"45")#*."4+.)("

! 3%"&/)%)#(./&"0!"#",(#-."G=(V,E) /.42)"1)(+)6"2)+"'2"
&'1'&)&"'$+4"+4"2)+27"89 #$&"8: 2%*."+.#+"54(")1)(;"
)&,)"<u,v="'$"E7"u '2"'$"V1 #$&"v '2"'$"V2

! 4%/#$)#5(&$*$'%$(./&"0!">"&'()*+)&",(#-."+.#+".#2"$4"
*;*0)2

! 6/##!">",(#-."/.)()")1)(;"-#'("45"1)(+'*)2"#()"
*4$$)*+)&"3;"#"%$'?%)"2'@-0)"-#+.



!"#$%&'(

! !"#$%&'"GÕ=(V,ÕEÕ) ()"%")*+#$%&'",-"%"#$%&'"G=(V,E)
(-"VÕ! V .VÕ ()"%")*+)/0",-"V1"%23"EÕ! E4

! 5(6/2"%")*+)/0"VÕ! V7"GÕ=(VÕ,EÕ) ()"%")*+#$%&'"
)*+",-+ +8VÕif EÕ={(u,v)" E; u, v " VÕ}.

! 9/":(;;"*)/")*+#$%&'"%23")*+2/0:,$<"
(20/$='%2#/%+;8

! >*+#$%&')":/"?*)0")%:@
" A8=;/7"&%0'7"=,22/=0/3"=,B&,2/20



!"##"$%&'()*%+'(,-'.(/%(/&"'0+*#.

! !"#$%&'()*"+&,+#$"-'

! .#/&' ()*"+&,+#$"-'



!"#$%&'()*"+&,+#$"-',.!/01

! !"#$%&'&()'*+&G=(V,E) '%,&'&-./)0$&#$)1$2&s!"345&
$2*6.)$-&G 1.&
" 7"%,&$#$)8&#$)1$2&1+'1&"-&)$'0+'96$&7).:&s
" ;.:*/1$-&1+$&-+.)1$-1&*'1+&6$%(1+&7).:&s1.&'66&)$'0+'96$&

#$)1"0$-

! 345&$2*6.)$-&'66&#$)1"0$-&'1&'&*')1"0/6')&,"-1'%0$&
9$7.)$&1+$&%$21
" 5.&"1&/%"7.):68&'00$--$-&'66&#$)1"0$-&'0).--&1+$&<9)$',1+=&.7&

1+$&7).%1"$)



!"#$%&'()*"+&(+#$",'($-./"*&'0(+1#&,'

! !"#$%&&#'""(#)$*#)+,"-#*.#(/)/#-)012)10"-
" 340""#/00/+-5#2*&*0#!"#"$6#(%-)/'2"#%6#,0"("2"--*0#&
" 7#81"1"6#81"1"#'( 1-"(#.*0#(*%'9#)4"#)0/:"0-/&#*.#'*("-#%'#

/#.%0-)#%'#.%0-)#*1)#*0("0

! ;*&*05#7#'*("#%-#$4%)"6#<&/2=#*0#90/+
" !4%)"5#/-#+")#1'(%-2*:"0"(
" >&/2=5#/&&#'"%94<*0-#4/:"#<""'#(%-2*:"0"(
" ?0/+5#-*@"#'"%94<*0-#@/+#'*)#4/:"#<""'#(%-2*:"0"(#

! A%-)/'2"#="",-#)0/2=#*.#)4"#-4*0)"-)#,/)4#&"'9)4#
! B0"("2"--*0#%-#1-"(#)*#,0*(12"#)4"#,/)4#



!"#$%&'()*"+&(+#$",'($-./"*&'0

1: procedure BFS(G,s)
2: for each vertexu ! V (G) \ { s} do
3: color[u]=WHITE
4: ! [u]=NIL
5: d[u] = "
6: ! [u] = NIL
7: end for
8: color[s]=GRAY
9: d[s] = 0

10: ! [s]=NIL
11: Q = #
12: Push(Q, s)
13: while Q $= # do
14: u=Pop(Q)
15: for eachv ! Adj [u] do
16: if color[v]==WHITE then
17: color[v]=GRAY
18: d[v] = d[u] + 1
19: ! [v] = u
20: Push(Q, v)
21: end if
22: end for
23: color[u]=BLACK
24: end while
25: end procedure

1: procedure DFS(G)
2: for each vertexu ! V (G) do
3: color[u]=WHITE
4: ! [u]=NIL
5: end for
6: time=0
7: for each vertexu ! V (G) do
8: DFS-VIST(u)
9: end for

10: end procedure

2

1: procedure BFS(G,s)
2: for each vertexu ! V (G) \ { s} do
3: color[u]=WHITE
4: ! [u]=NIL
5: d[u] = "
6: end for
7: color[s]=GRAY
8: d[s] = 0
9: ! [s]=NIL

10: Q = #
11: Push(Q, s)
12: while Q $= # do
13: u=Pop(Q)
14: for eachv ! Adj [u] do
15: if color[v]==WHITE then
16: color[v]=GRAY
17: d[v] = d[u] + 1
18: ! [v] = u
19: Push(Q, v)
20: end if
21: end for
22: color[u]=BLACK
23: end while
24: end procedure

1: procedure DFS(G)
2: for each vertexu ! V (G) do
3: color[u]=WHITE
4: ! [u]=NIL
5: end for
6: time=0
7: for each vertexu ! V (G) do
8: DFS-VIST(u)
9: end for

10: end procedure

2
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1: procedure BFS(G,s)
2: for each vertexu ! V (G) \ { s} do
3: color[u]=WHITE
4: ! [u]=NIL
5: d[u] = "
6: ! [u] = NIL
7: end for
8: color[s]=GRAY
9: d[s] = 0

10: ! [s]=NIL
11: Q = #
12: Push(Q, s)
13: while Q $= # do
14: u=Pop(Q)
15: for eachv ! Adj [u] do
16: if color[v]==WHITE then
17: color[v]=GRAY
18: d[v] = d[u] + 1
19: ! [v] = u
20: Push(Q, v)
21: end if
22: end for
23: color[u]=BLACK
24: end while
25: end procedure

1: procedure DFS(G)
2: for each vertexu ! V (G) do
3: color[u]=WHITE
4: ! [u]=NIL
5: end for
6: time=0
7: for each vertexu ! V (G) do
8: DFS-VIST(u)
9: end for

10: end procedure

2

1: procedure DFS-VISIT(u)
2: color[u]=GRAY
3: time=time+1
4: d[u]=time
5: for each vertexv in Adj(u) do
6: if color[v]=WHITE then
7: ! [v] = u
8: DFS-VISIT(v)
9: end if

10: end for
11: color[u]=BLACK
12: time=time+1
13: f[u]=time
14: end procedure

3



Depth  first search example
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Guanine 
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[ 

Cytosine ¥ 
DNA's Double Helix. DNA molecules are found inside the cell's nucleus, tightly packed into chromosomes. Scientists use the term 
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following the procedure detailed in Materials and Meth-
ods. From the way they are built, the randomized net-
works have the same number of TF and RG nodes, and
each node has the same number of links as in the corre-
sponding original networks.

We further calculated the connectivity distributions for
the E. coli and S. cerevisiae, original and randomized, TF
and RG projected networks. As seen in the plots of Figures
4a and 4b, the connectivity distributions corresponding to
the E. coli TF-projected original and randomized networks
are power-law distributions with slope about -1.5. The
corresponding S. cerevisiae distributions show a slight
non-monotonic growing tendency.

In the plots of figures 4c and 4d, the connectivity distribu-
tions for the E. coli and S. cerevisiae RG-projected networks
are presented. Notice that the connectivity distributions
for the S. cerevisiae RG-projected networks show an
approximately exponential decreasing behaviour, while
the distributions corresponding to E. coli have various
local maxima and present a slow decreasing tendency.

Interestingly, the TF and RG projected networks of E. coli
and S. cerevisiae have very different connectivity structures,

despite the strong similarities observed in the bipartite-
network link distributions (see Figure 3). Furthermore,
the connectivity distributions of the original and rand-
omized RG-projected networks are very similar in both
the E. coli and S. cerevisie cases, while small deviations
from the behaviour of the randomized plots are observed
in the TF projections. This indicates to our understanding
that the observed differences between the connectivity
distributions of the E. coli and S. cerevisiae projected net-
works are mainly due to the very different number tran-
scription factors and regulated genes in both organisms.

A network's clustering coefficient (C) is an estimation of
its nodes tendency to form tightly connected clusters (see
Materials and Methods). We calculated the clustering
coefficient of the E. coli and S. cerevisiae, original and ran-
domized, TF- and RG-projected networks, and the results
are shown in Table 1. Observe that the clustering coeffi-
cient of the original and randomized RG projected net-
works are quite similar for both E. coli and S. cerevisiae.
Contrarily, the C values of the randomized TF projections
are consistently larger than those of the original network
projections.

Representation of the E. coli transcriptional regulatory networkFigure 1
Representation of the E. coli transcriptional regulatory network . a) Representation of the transcription-factor gene 
regulatory network of E. coli. Green circles represent transcription factors, brown circles denote regulated genes, and those 
with both functions are coloured in red. Projections of the network onto b) transcription factor and onto c) regulated gene 
nodes are also shown.
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mathematical properties of random networks14. Their
much-investigated random network model assumes that
a fixed number of nodes are connected randomly to each
other (BOX 2).The most remarkable property of the model
is its ÔdemocraticÕor uniform character,characterizing the
degree,or connectivity (k;BOX 1),of the individual nodes.
Because, in the model, the links are placed randomly
among the nodes, it is expected that some nodes collect
only a few links whereas others collect many more. In a
random network, the nodes degrees follow a Poisson
distribution, which indicates that most nodes have
roughly the same number of links,approximately equal
to the networkÕs average degree,<k> (where <> denotes
the average); nodes that have significantly more or less
links than <k> are absent or very rare (BOX 2).

Despite its elegance, a series of recent findings indi-
cate that the random network model cannot explain
the topological properties of real networks. The 
deviations from the random model have several key
signatures, the most striking being the finding that, in
contrast to the Poisson degree distribution, for many
social and technological networks the number of nodes
with a given degree follows a power law. That is, the
probability that a chosen node has exactly k links 
follows P(k) ~ k Ð!, where ! is the degree exponent, with
its value for most networks being between 2 and 3 
(REF. 15). Networks that are characterized by a power-law
degree distribution are highly non-uniform, most of
the nodes have only a few links.A few nodes with a very
large number of links, which are often called hubs, hold
these nodes together. Networks with a power degree
distribution are called scale-free15, a name that is rooted
in statistical physics literature. It indicates the absence
of a typical node in the network (one that could be
used to characterize the rest of the nodes). This is in
strong contrast to random networks, for which the
degree of all nodes is in the vicinity of the average
degree, which could be considered typical. However,
scale-free networks could easily be called scale-rich as
well, as their main feature is the coexistence of nodes of
widely different degrees (scales), from nodes with one
or two links to major hubs.

Cellular networks are scale-free.An important develop-
ment in our understanding of the cellular network
architecture was the finding that most networks within
the cell approximate a scale-free topology. The first evi-
dence came from the analysis of metabolism, in which
the nodes are metabolites and the links represent
enzyme-catalysed biochemical reactions (FIG.1).As many
of the reactions are irreversible, metabolic networks are
directed. So, for each metabolite an ÔinÕ and an ÔoutÕ
degree (BOX 1)can be assigned that denotes the number
of reactions that produce or consume it, respectively.
The analysis of the metabolic networks of 43 different
organisms from all three domains of life (eukaryotes,
bacteria,and archaea) indicates that the cellularmetabo-
lism has a scale-free topology, in which most metabolic
substrates participate in only one or two reactions, but a
few, such as pyruvate or coenzyme A, participate in
dozens and function as metabolic hubs16,17.

Depending on the nature of the interactions, net-
works can be directed or undirected. In directed
networks, the interaction between any two nodes has a
well-defined direction, which represents, for example,
the direction of material flow from a substrate to a
product in a metabolic reaction, or the direction of
information flow from a transcription factor to the gene
that it regulates. In undirected networks, the links do
not have an assigned direction. For example, in protein
interaction networks (FIG. 2)a link represents a mutual
binding relationship: if protein A binds to protein B,
then protein B also binds to protein A.

Architectural features of cellular networks
From random to scale-free networks.Probably the most
important discovery of network theory was the realiza-
tion that despite the remarkable diversity of networks
in nature, their architecture is governed by a few simple
principles that are common to most networks of major
scientific and technological interest9,10. For decades
graph theory Ñ the field of mathematics that deals
with the mathematical foundations of networks Ñ
modelled complex networks either as regular objects,
such as a square or a diamond lattice, or as completely
random network13. This approach was rooted in the
influential work of two mathematicians, Paul Erdšs,
and AlfrŽd RŽnyi, who in 1960 initiated the study of the

Figure 2 |Yeast protein interaction network. A map of proteinÐprotein interactions18 in
Saccharomyces cerevisiae, which is based on early yeast two-hybrid measurements23, illustrates
that a few highly connected nodes (which are also known as hubs) hold the network together.
The largest cluster, which contains ~78% of all proteins, is shown. The colour of a node indicates
the phenotypic effect of removing the corresponding protein (red = lethal, green = non-lethal,
orange = slow growth, yellow = unknown). Reproduced with permission from REF. 18©
Macmillan Magazines Ltd.
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Figure 1

An outline of systematic screening strategies in three prominent model systems,Saccharomyces cerevisiae,
Caenorhabditis elegans, and mammalian cell culture. All systematic screens follow a similar pattern involving
the generation of double mutants (Step 1), the scoring of a double mutant phenotype, which must be
compared with the corresponding single mutant phenotypes (Step 2) and the construction and interpretation
of the resulting genetic interaction matrix (Step 3). In Step 1, the black line with a red x indicates a mutated
gene in a chromosome. In Step 2, a.u. stands for arbitrary units.
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