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How to tackle biological complexity?

Lobo 2008

genome.jp/kegg/

https://www.genome.jp/kegg-bin/show_pathway?map01100
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#
https://www.genome.jp/kegg/


Moving from reductionist approaches towards global characterisations
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How to tackle biological complexity?
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Integrative approaches, and global patterns


• Feature association


• Modeling


• Network analysis
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How to tackle biological complexity?

Mardinoglu 2018

https://www.nature.com/articles/s41575-018-0007-8
https://www.nature.com/articles/s41575-018-0007-8
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#


Networks are representations of complex systems


Permit defining and studying global properties of interacting components


Give us insight not easily achieved by other approaches:


• Comprehensive


• Coordinated
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What are networks?



Protein - Protein interaction (PPI) networks


Transcription-factor regulatory networks


Gene - gene co-expression networks


Signal transduction networks


Drug-disease association networks
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What are biological networks?

Aim 
Functional characterisations



Metabolite - Enzyme - Signal - Genes (GEMs)


Multi-tissue networks


Multi-species networks


Disease networks


Integrated networks
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What are biological networks?

https://www.nature.com/articles/s41467-019-10744-6
https://bmcsystbiol.biomedcentral.com/articles/10.1186/1752-0509-5-180
https://www.metabolicatlas.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6410263/
https://www.sciencedirect.com/science/article/pii/S1550413116302480?via=ihub


Stanley Milgram (1967) - 6 degrees


Backstrom et al. (2016) - 3.6 degrees


Biological Networks
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Small world

https://snap.stanford.edu/class/cs224w-readings/travers69smallworld.pdf
https://www.ebi.ac.uk/training/online/course/network-analysis-protein-interaction-data-introduction
https://arxiv.org/abs/1111.4570


Use networked systems to:


• Identify global / local patterns


• Identify functional properties


• Make predictions
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Why look at network topology?

Examples:


• How associated are the elements of my network?


• What are its first-hand associated elements?


• What are the “neighbourhoods”?


• What are their common functional relationships?


• What are the “key” elements in my network?


• What are the "weakest" links in the network?



Any adjacency matrix may be translated to a network format


Many standard analyses may be employed regardless of data type


     …but care must be taken in generating the network


Some of the functional analyses depend on annotation
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What is my biological network?



What modeling formalism suits your data and biological question?
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Motivation

Adapted from Hartmann et al.

Details

Size

Pros Cons

Kinetic
Detailed


Quantitative

Dynamic / Steady state

Small

Requires detailed parameterization

Stoichiometric
Comprehensive


Semi-quantitative

Steady state

Static

Topological Comprehensive

Only topological information Hard to examine dynamically

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4306315/
https://en.wikipedia.org/wiki/Chemical_kinetics
https://www.ncbi.nlm.nih.gov/pubmed/23893965
https://en.wikipedia.org/wiki/Graph_theory


Terminology and initial properties 
in graph analysis

1. Introduction 
2. Terminology 
3. Network construction 
4. Key properties 
5. Community analysis



Graph G consists of a set of nodes (V) interconnected by edges (E)


G = (V, E) 

V={v1,v2,v3,v4} 

E={a,b,c,d} 

Nodes sometimes called vertices 

Two connected nodes are called neighbours, adjacent, or end-
nodes
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Graphs, nodes, edges

a b

c

d



Hypergraphs contain edges that connect any number of nodes
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Hypergraphs

https://pdfs.semanticscholar.org/3e2e/aa5da64158270b90f0305c32a5fe6474bd3f.pdf
https://pdfs.semanticscholar.org/3e2e/aa5da64158270b90f0305c32a5fe6474bd3f.pdf


Examples:


- Undirected graphs: co-expression networks


- Directed graphs: metabolic networks
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Directed vs undirected graphs



Weighted edges associate a value to an interaction between 
two nodes. Usually give the confidence in the interaction.


Negative weights?


E.g. weighted co-expression networks
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Weighted vs unweighted graphs

0.4 0.2

0.9

0.8
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STRING-db.org: TP53

Multi-edged


Weighted multi-edged


Multi-edged directed

https://string-db.org/
https://string-db.org/cgi/network.pl?taskId=Oy30TZXf0j7W
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Bipartite graphs
A graph 


G=(V,E) 

may be partitioned into two sets of nodes (V1, V2) 
such that 


u ∈ V1 and v ∈ V2


All ei has end-nodes in V1, V2


A subgraph of G will thus be given by


G1 = (V1,E1) 

V1 V2

Examples?
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Bipartite and k-partite graphs

Example of bipartite graph:


Enzyme - Reaction


Metabolite - reaction - enzyme


k-partite graphs display k-types of nodes 

 

Väremo 2013

https://www.frontiersin.org/articles/10.3389/fphys.2013.00092/full
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#
https://www.frontiersin.org/articles/10.3389/fphys.2013.00092/full
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Adjacency matrix (undirected graphs)

Vertex association 

(undirected network)

Adjacency matrix is symmetric  

(undirected graphs)  
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Connected vs disconnected networks

Connected network: there is at least 1 path connecting all 
nodes in a network


Disconnected network: some of the nodes are unreachable


Connected components
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Connected components

In biological networks, often the most insightful properties 
come from the largest connected  component(s)

CC>1? CC>5? CC>30?



Biological network 
inference
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Interomic vs Intraomic networks

Networks may be build for individual omics or for their integration


Should I even integrate different omics? What is my biological question?


• Do I want to analyse vertical relationships between features?


• Why integrate omics with different coverage such as transcriptomic and proteomic 
data


• Do I want to extract functional properties?


• Am I predicting biomarkers?

Hasin 2017

https://link.springer.com/content/pdf/10.1186/s13059-017-1215-1.pdf
https://link.springer.com/content/pdf/10.1186/s13059-017-1215-1.pdf
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Interomic vs Intraomic networks

Multi-modal (k-partite) networks may be generated from different sources


• Transcription-factor - Gene (DNAseq)


• Gene-gene (Co-expression, PPI, GEMs)


• Gene-metabolite (GEM)


• Metabolite-metabolite (GEM)


Integrated Networks

Lee 2016

https://www.cell.com/cell-metabolism/fulltext/S1550-4131(16)30248-0
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(16)30248-0
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Different approaches for network inference

1. Feature association


2. Genome-scale metabolic models


    Pathway-based 


3. Network deconvolution

No prior graph structure

Filter indirect effects

Based on  
available information



1. Feature association


2. Genome-scale metabolic models


    Pathway-based


3. Network deconvolution

29

Different approaches for network inference

KEGG


Interactome


Reactome


…




Balanced dataset, standard pre-processing of each omics needed


Normalization may be needed to make omic datasets comparable (e.g. 
standardization)


Common approach: compute correlations between different features


Extend known associations

30

1. Feature association

Wu 2019

https://www.mdpi.com/2571-5135/8/1/4
https://www.mdpi.com/2571-5135/8/1/4


Easy to interpret


Unweighted vs weighted ( )


Unbalanced and dense networks


Prone to type I errors


Filtering


• FDR vs Bonferroni


• Correlation coefficient cutoff


• Number of edges (KNN)


Need adjustment to possible confounding factors

−1 ≤ ρ ≤ 1

31Wu 2019

Uhlen 2017

1. Association analysis

https://science.sciencemag.org/content/sci/357/6352/eaan2507.full.pdf
https://www.mdpi.com/2571-5135/8/1/4
https://science.sciencemag.org/content/357/6352/eaan2507/tab-pdf


Adjusting for confounding factors: partial correlation analysis


Still considers linear relationship between variables


Below: 


- gender and age are known confounding factors


- feature regression on confounding factors, followed by correlation on the residuals of each model 

32

1. Association analysis

Price  2016

https://www.nature.com/articles/nbt.3870
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2. Using genome-scale metabolic models for graph creation

GEMs may be used to find such missing relationships, but there is a coverage issue


The overall strategy follows


1. Integrate proteomic, transcriptomic, metabolomic, fluxomic


2. Flux distribution


3. Compute metabolite-reaction-gene relationships


4. Extract relevant relationships (met-met, gene-gene, met-gene)


4b. Exclude unnecessary interactions (e.g. cofactors)


5. Downstream analysis (e.g. topology, stratification)

Varemo 2013

https://link.springer.com/article/10.1007/s10295-014-1554-9
https://link.springer.com/article/10.1007/s10295-014-1554-9


Biology is noisy, which may result in edges that are not true


• 1 → 2


• 2 → 3


• 1 ⇢ 3


Direct and indirect effects


Indirect effects can be of arbitrary length:


• 2 → 3 → 5


• 1 → 2 → 3 → 5


• …


Decreasing effect with increasing path length
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3. Network deconvolution

Feizi 2013

https://www.nature.com/articles/nbt.2635
https://www.nature.com/articles/nbt.2635
https://www.nature.com/articles/nbt.2635#f1
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4. Network deconvolution

Gobs = Gdir + Gindir

2nd order effects (paths of length 2)
3rd order effects (paths of length 3)

Gindir = G2
dir + G3

dir + G4
dir + . . .

Gobs = Gdir + G2
dir + G3

dir + G4
dir + . . .

Indirect effects

Feizi 2013

https://www.nature.com/articles/nbt.2635
https://www.nature.com/articles/nbt.2635
https://www.nature.com/articles/nbt.2635#f1
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4. Network deconvolution

Feizi 2013

Nonlinear indirect effects are not always captured


May remove some direct interactions


Does not take into consideration edge weight


Still improve predictions (true edges: experimental)
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Sample-sample clustering based on multi-omic data improves clustering 

Enables further comparisons between clusters
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Similarity network fusion

Wang 2014

https://www.nature.com/articles/nmeth.2810
https://www.nature.com/articles/nmeth.2810
https://www.nature.com/articles/nmeth.2810


Key network properties

1. Introduction 
2. Terminology 
3. Network construction 
4. Key properties 
5. Community analysis



You have built an association network (e.g. PPI, multi-omic, 
GEM-derived).  How to identify pivotal features, their 
organization, and biological characteristics?

39

Motivation

multiomics.inetmodels.com/

http://multiomics.inetmodels.com/
http://multiomics.inetmodels.com/
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Key network properties to discuss
1. Network density 

2. Paths 

3. Centrality 

4. Degree distributions 

5. Small world 
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A dense graph is a graph where the number of edges approximates 
the maximum possible number of edges for the given node number.


We can thus compute the network density (or global connectivity) as


  


E : number of edges

V : number of vertices

D =
E

V ⋅ (V − 1)

1. Network density

(  directed graphs)≠
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Higher density indicates higher associations in the network,  
which implies lower resilience to changes.

0 ≤ D ≤ 1

1. Network density 

D ≈ 0.67 D = 0.5 D ≈ 0.33
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Evolutionary analysis of biological networks indicates general sparsity


Network structure must balance robustness to mutation, stochasticity and environmental queues


Sparse networks show higher robustness when accounting for costs and benefits of complexity


1. Biological network density

Leclerc 2008

D

https://www.embopress.org/doi/full/10.1038/msb.2008.52
https://www.embopress.org/doi/full/10.1038/msb.2008.52
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2. Paths
Distance between nodes is measured in path length 


Important in many centrality measures

d(v4,v3) = 2
 d(v4,v3) = 3
 d(v4,v3) = inf
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3. Centrality
Indicate the most central nodes in a network

Why look at the central nodes? 


Hubs


Example: Transcription Factor Master Regulators


Tyagarajan 2014

https://www.nature.com/articles/nrn3670
https://www.nature.com/articles/nrn3670
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3. Centrality
Indicate the most central nodes in a network


Central nodes possibly most  important in the network


There are many different measures of centrality:


- Degree 

- Eccentricity 

- Closeness  

- Betweenness 

- Eigenvector 

- Katz


- PageRank


- Percolation


- Cross-clique


…
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Degree indicates the number of connections with a node


d(v) = |N(i)| 

where N(i) is the number of 1st neighbours of a node.

deg(v1) = 4

deg(v1) = 4

3. Centrality: degree centrality
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3. Centrality: degree centrality

Normalized degree centrality accounts for the total possible number of 
connections


Centrality normalization allows for comparison between networks of different sizes

CD(vi) =
N

∑
j=1

eij

Degree centrality

CD(vi) =
∑N

j=1 eij

N − 1

Normalized 
degree centrality

Network inference and nodes with highest degree
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3. Centrality: eccentricity centrality

max d(i, j)

Diameter = 3


Radius = 2

Network Diameter is the maximum distance


Radius is the minimum distance


Central point is that which has 


Graph center: set of nodes with minimum ecc


Periphery: set of nodes with 

d(i, j) = radius

d(i, j) = diameter

Central point

Graph center

Periphery
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3. Centrality: eccentricity centrality

Eccentricity considers a node’s max path to all other nodes


max d(i, j) CE(vi) =
1

max d(i, j)
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3. Centrality: limitations
Node centrality does not necessarily imply importance  

How to tackle this?


1. Complement with experimental observations


2. Compute multiple metrics and summarise joint observations


Bidkhori 2018

https://www.pnas.org/content/115/50/E11874
https://www.pnas.org/content/115/50/E11874
https://www.nature.com/articles/nrn3670
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3. Degree distribution

P(k) gives the probability that a selected node has exactly k edges


Allows distinguishing different kinds of networks

Random network 
(e.g. Erdös-Rényi model)

Poisson degree distribution  
shows no highly connected nodes

Barabasi 2004

Most nodes have near <k>

https://www.nature.com/articles/nrg1272
https://www.nature.com/articles/nrg1272
https://www.nature.com/articles/nrg1272
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Metabolic networks show hierarchical topology

Ravasz 2002

Metabolic networks of 43 organisms are organised 
into small, tightly connected modules 

Their combination shows a hierarchical structure

https://www.nature.com/articles/nrg1272
https://science.sciencemag.org/content/297/5586/1551
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3. Degree distribution
Biological networks do not follow topology features of random networks.


Degree distribution follows the power-law , and is termed scale-free


Degree exponent , where smaller  indicates larger degree


Scale-free networks tend to display high robustness to node failure: removal of <80% nodes still 
retains paths between any two nodes

P(k) ∝ k−γ

2 < γ < 3 γ

Degree distribution 
shows many with low degrees 
a few highly connected nodes

Barabasi 2004 
Jeong 2000

In practice: 
:


 and 


:  
network behaves like random

γ < 3
P(k) ∝ k−γ P(k) ∝ N

γ > 3

https://www.nature.com/articles/nrg1272
https://www.nature.com/articles/nrg1272
https://www.nature.com/articles/35036627
https://www.nature.com/articles/35036627
https://www.nature.com/articles/nrg1272
https://www.nature.com/articles/nrg1272
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4. Small world
Any two nodes can be connected in a small number of steps.


This is a property seen in random networks where the mean path length 


  for a network of size N 

Scale-free networks show ultra-small world:





In practice, this indicates that perturbations may quickly spread throughout the network

l(G) ≈ logN

l(G) ≈ log(logN )

Highly central hubs tend not to be 
connected in biological networks: they 
are disassortative 

(social networks:

Barabasi 2004

assortative)


https://www.nature.com/articles/nrg1272
https://www.nature.com/articles/nrg1272


Community and functional 
analysis

1. Introduction 
2. Terminology 
3. Network construction 
4. Key properties 
5. Community analysis
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What are modules?

Modules are physically or functionally associated nodes 
that work together to achieve a distinct function


Protein complexes are physical modules


reactome.org
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Pathway-associated proteins may represent functional modules


Gene Ontology


reactome.org

What are modules?

https://reactome.org/PathwayBrowser/#/R-HSA-71387&PATH=R-HSA-1430728
https://www.nature.com/articles/nrm3629
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In addition to physical or functional modules, one may identify other types of modules 

Topological: derived from their high within-module degree


Disease: highly interconnected nodes associated with a disease response 


Drug: highly interconnected nodes associated with a drug response


Subgroup: highly interconnected nodes associated with a sample subgroup (e.g. cancer subtype)


Tissue-, cell-type-specific: highly interconnected nodes associated with a specific tissue or cell type


Barabasi 2011

What are modules?

Highly interlinked local regions of a network

https://www.nature.com/articles/nrg2918/
https://www.nature.com/articles/nrg2918/
https://www.nature.com/articles/nrg2918/
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Moving from full network to modular characterisation


Different features (diseases, biological processes, etc.) may be associated with the 
same module


Prediction: in silico, relies on available knowledge  

Validation: experimental responses  (e.g. drug or essentiality screens) 

Barabasi 2011

The challenge: identify and characterise modules

https://www.nature.com/articles/nrg2918/
https://www.nature.com/articles/nrg2918/


Modularity is a property of the network 

Modularity (Q) measures the tendency of a graph to be organised into 
modules


Modules computed by comparing probability that an edge is in a module 
vs what would be expected in a random network


For a given partitioning of the network into individual groups s, compute     


61

Modularity

Random network with 
same number of nodes, edges and  
degree per node

Q ∝ ∑
s∈S

[(es) − (es_expected)]

                      


                        

# edges in group s
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Modularity

Number of expected edges e if network is random, given the degree for its nodes

−1 < Q < 1
Q = 1: much higher number of edges than expected by chance


Q = -1: lower number of edges than expected by chance


Q > 0.3 - 0.7 means significant community structure
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Module detection: Louvain algorithm
Phase 1: greedy modularity optimisation


1. Start with 1n/community


2. Compute  by moving i to the community of j 

3. If >1, node is placed in community


4. Repeat 1-3 until no improvement is found. Ties solved 
arbitrarily  

Phase 2: coarse grained community aggregation


5. Link nodes in a community into single node. 


6. Self loops show intra-community associations


7. Inter-community weights kept


8. Repeat phase 1 on new network

Q

ΔQ

Campigotto 2014

Traag 2019

Leiden algorithm

https://arxiv.org/abs/1406.2518
https://www.nature.com/articles/s41598-019-41695-z
https://www.nature.com/articles/s41598-019-41695-z
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Community characterisation

Mooney 2015

Hypothesis: community-associated features show coordinated changes 
associated with common biological processes


GSEA calculates overrepresentation by comparison of gene-level statistics 
against those of the gene-set, considering sample and feature permutation
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Enrichment analysis
GO-terms, pathways, subcellular location, TF-targets, disease, drug, other?


Tests for significant overlap between groups 


Some biological processes may have no biological meaning in your analysis


Does not serve as validation

http://geneontology.org/
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Enrichment analysis

MSigDB Enrichr

https://amp.pharm.mssm.edu/Enrichr/
http://software.broadinstitute.org/gsea/index.jsp
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Enrichment analysis
Important databases with gene-sets: 


- MSigDB (gene)


- Enrichr (gene)


- KEGG (metabolite, gene)


- DIANA (miRNA)


- MetaboAnalyst (metabolite)


- DAVID (web)


- Reactome (web)


Creating custom sets and joint sets 

References as hyperlinks

http://software.broadinstitute.org/gsea/index.jsp
https://amp.pharm.mssm.edu/Enrichr/
https://www.genome.jp/kegg/
http://snf-515788.vm.okeanos.grnet.gr
http://www.msea.ca
https://david.ncifcrf.gov/
https://reactome.org/
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Tools for Enrichment analysis

References as hyperlinks

https://string-db.org/cgi/global_enrichment.pl?taskId=TSEfKdNd5zF3


• Network Science -  A textbook on graph theory and network analysis.


• Communication dynamics in complex brain networks - Whether and how network topology may be applied to study the 
brain networks.


• A Systematic Evaluation of Methods for Tailoring Genome-Scale Metabolic Models - General review and discussion on 
methods to use in genome-scale metabolic models.


• Analysis of Biological Networks - Introduction into biological networks, network notation, and analysis, including graph 
theory.


• Multi-omics approaches to disease - Introduction to how integrative approaches may be applied in disease 


• Analysis of Biological Networks - Introduction into biological networks, network notation, and analysis, including graph 
theory.


• Using graph theory to analyze biological networks - overview of the usage of graph theory in biological network analysis


• Survival of the sparsest: robust gene networks are parsimonious - analysis of network complexity and robustness.


• Network biology: understanding the cell's functional organization - Overview of key concepts in biological network 
structure


• Graph Theory and Networks in Biology - extended perspective on how graph analysis is applied in biology


• Scale free networks are rare


• Modularity and community structure in networks


Additional references displayed as hyperlinks in each slide.
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Additional reading

http://networksciencebook.com/
http://www.apple.com/uk
https://www.cell.com/fulltext/S2405-4712(17)30010-8
https://books.google.se/books?id=YeXLbClh1SIC&source=gbs_navlinks_s
https://link.springer.com/content/pdf/10.1186/s13059-017-1215-1.pdf
https://books.google.se/books?id=YeXLbClh1SIC&source=gbs_navlinks_s
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3101653/
https://www.embopress.org/doi/full/10.1038/msb.2008.52
https://www.nature.com/articles/nrg1272
http://mural.maynoothuniversity.ie/1885/1/HamiltonMasonGraphTheory.pdf
https://www.nature.com/articles/s41467-019-08746-5

