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Abstract

English Wikipedia, containing more than five millions articles, has approximately eleven thousands web 1

pages devoted to proteins or genes most of which were generated by the Gene Wiki project. These pages 2

contain information about interactions between proteins and their functional relationships. At the same time, 3

they are interconnected with other Wikipedia pages describing biological functions, diseases, drugs and other 4

topics curated by independent, not coordinated collective efforts. Therefore, Wikipedia contains a directed 5

network of protein functional relations or physical interactions embedded into the global network of the 6

encyclopedia terms, which defines hidden (indirect) functional proximity between proteins. We applied the 7

recently developed reduced Google Matrix (REGOMAX) algorithm in order to extract the network of hidden 8

functional connections between proteins in Wikipedia. In this network we discovered tight communities 9

which reflect areas of interest in molecular biology or medicine. Moreover, by comparing two snapshots of 10

Wikipedia graph (from years 2013 and 2017), we studied the evolution of the network of direct and hidden 11

protein connections. We concluded that the hidden connections are more dynamic compared to the direct 12

ones and that the size of the hidden interaction communities grows with time. We recapitulate the results of 13

Wikipedia protein community analysis and annotation in the form of an interactive online map, which can 14

serve as a portal to the Gene Wiki project. 15

Introduction 16

Wikipedia is a unique knowledge resource containing a collection of approximately 5.5 millions articles in 17

its English version, connected with each other by approximately 122 millions links (data from year 2017). 18

Studying the large graph of Wikipedia hyperlinks with a focus on a particular subset of pages can provide 19

interesting insights about certain topics. Thus, for example, Wikipedia networks were explored to establish the 20

top historical figures of human history over 15 centuries [11], the geopolitical relations between countries [9], 21

the leading world universities [7], world influence of infectious and cancer diseases [27, 28]. Hierarchical 22

structure of Wikipedia was revealed through application of network community detection algorithms [20]. 23

The variety of applications of Wikipedia in academic research was reviewed in [24,26]. 24

25

Wikipedia is a resource curated by a decentralized community effort (collective intelligence), which also 26

includes semi-automated page generation from other structured resources. With time, automatically generated 27
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pages are modified by the community and hyperlinked with the rest of the encyclopedia and external Internet. 28

In this way, potentially any structured resource can be imported into Wikipedia, profit from continuous 29

collective annotation by the Wikipedia editors and eventually become tightly embedded into the global 30

Wikipedia knowledge graph. 31

32

Such an effort was made in the past for representing human genes in Wikipedia, the Gene Wiki project, 33

https://en.wikipedia.org/wiki/Gene_Wiki. By 2008, a massive import of approximately 8000 gene- 34

specific pages from Entrez Gene database was made, which boosted the community-based annotation of 35

genes [17]. The initial set of protein page ”stubs” have been complemented by adding the knowledge 36

about protein-protein interactions, represented by hyperlinks between pages. Thus, in 2009, 3389 protein 37

pages were connected by the 12628 most confident interactions from BioGrid database [16]. In 2011, it 38

was estimated that 10369 protein pages in Wikipedia were annotated by 37578 PubMed citations with 39

about 200 new citations added each month [15]. In 2009, Wikipedia protein pages of Wikipedia have 40

been edited with a rate of approximately 1000 non-bot edits/month [16]. In 2016, the Gene Wiki project 41

was complemented by the mechanism of Wikidata for better structuring the infoboxes of protein and 42

gene pages [4]. As of today, Wikipedia pages related to proteins have become tightly integrated with 43

the pages of common interest, describing diseases, drugs, biological functions, general culture phenom- 44

ena. For example, the ”BRCA1” page in Wikipedia is linked by such pages as ”Oncogene”, ”Mastec- 45

tomy”, ”Joe DiMaggio”, ”Breast cancer”, ”Carleton College”, ”DNA repair” (selected from the top 20 at 46

https://en.wikipedia.org/w/index.php?title=Special:WhatLinksHere/BRCA1). 47

48

In this article, we were interested in studying how the knowledge about interactions between proteins 49

is represented in Wikipedia. We also focused on how this knowledge is interconnected with the rest of 50

the encyclopedia, serving a constantly updated corpus of annotation texts. Since the major bulk of direct 51

protein-protein interactions has been automatically imported from existing databases of molecular interactions, 52

the principal interest is in studying the topology of hidden, indirect connections between proteins through the 53

rest of the Wikipedia graph. In order to study this topology, we used the recently developed methodology of 54

reduced Google Matrix, which was already applied before for inferring hidden causal relations in a subnetwork 55

of interacting proteins, embedded into a global network of protein-protein regulations [19]. 56

57

The performed network analysis used the PageRank algorithm, which is at the foundation of the Google 58

search engine [3, 21], and other properties of the Google matrix employed for analysis of various types of 59

directed networks [12]. The recent approach of reduced Google matrix (REGOMAX) [13,14] allows estab- 60

lishing indirect interactions between the selected nodes of interest taking into account all hidden pathways 61

between these nodes via the remaining part of global network with a huge number of nodes. This REGOMAX 62

algorithm originates from the scattering theory of nuclear and mesoscopic physics and field of quantum chaos. 63

64

Using the REGOMAX formalism, we characterized the topology of hidden connections between proteins 65

in Wikipedia and identified the features distinguishing this topology from the network of direct connections. 66

Following the recipe of the well-known proverb Tell me who your friends are and I will tell you who you are 67

we characterize the function of specific hidden protein communities using their friendship network of links. 68

Results 69

WikiPedia networks of direct and hidden connections between proteins 70

We first listed all English Wikipedia page titles containing a description of a protein or gene and having 71

a link with at least one other Wikipedia page. This resulted in 4899 protein page titles from the global 72

Wikipedia network of N = 5416537 titles with Nl = 122232932 hyperlinks (for 2017 version and N = 4212493, 73

Nl = 101611732 for 2013 version [8]). Using the global Wikipedia graph, we extracted the subnetwork of 74

oriented direct hyperlinks between protein pages, which we will call in further the ”network of direct links” 75

between proteins. Then, we applied the reduced Google Matrix algorithm in order to quantify hidden links 76
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between all pairs of proteins (see Methods). As a result, for each oriented protein pair, a weight was assigned 77

representing the strength of the hidden connection through the rest of the Wikipedia network. We filtered 78

out the hidden connections having small weights, by setting a threshold such that the resulting network 79

would have the largest connected component (LCC) with the same average connectivity (number of nodes 80

divided by the number of edges) as the LCC of the network of direct links. We will refer to the remaining 81

links as ”strong hidden connections”. The resulting number of edges is indicated in Figure 1,B. Overall, 82

strong hidden links tend to connect less proteins than the direct ones. Most of both direct and hidden links 83

form one largest connected component (LCC) comprising more than 96-97% of total number of links. The 84

number of direct and hidden links grew from 2013 to 2017 (in 4 years) of 14% and 32%, respectively, showing 85

that the strong hidden connections form LCC increasing in size with time. 86

87

A noticeable structural difference between direct and hidden network concerns the number of their 88

bidirectional links (when two protein pages point to each other reciprocally): 35% in the direct network 89

and only 10% in the hidden one, see Figure 1. This might reflect the way the information about physical 90

interactions between proteins was populated in Wikipedia, where the large part of interactions were considered 91

non-oriented, so if protein A has protein B in the list of protein with which it interacts, then B should have 92

A in its corresponding list. 93

94

Hidden protein links are explained by the existence of connected Wikipedia page sequences (paths) of 95

hyperlinks through the rest of the Wikipedia network that connect two protein pages. We were interested 96

in quantifying how many Wikipedia pages separated two protein pages associated via a strong hidden link. 97

We found out that for the absolute majority of strong hidden links the shortest path length was equal to 98

2, compared to 3 or 4 for a randomly chosen protein pair, or to 5 and more for a randomly picked pair of 99

Wikipedia pages (10000 page pairs have been sampled in order to estimate the distribution), see Figure 1,C. 100

The shortest path length itself, however, is not a good measure of hidden link between two nodes of the graph, 101

since it does not reflect the global topology of the Wikipedia network, e.g., the total number of shortest 102

paths, connecting two nodes. By contrast, the weight of the link, estimated through the application of the 103

reduced Google matrix, reflects the global topology of the rest of network and the probability to arrive from 104

one protein page to an other one via a random walk through the rest of the graph. 105

Comparing the networks of direct and hidden protein links with existing pathway 106

databases 107

We checked how many links extracted from Wikipedia matches known regulations or physical interactions 108

between proteins, described in existing pathway databases. With this aim, we compared the reconstructed 109

protein connection networks with two protein networks, resulted from the systematic collection of the protein 110

interactions. One such database, SIGNOR, is characterized by a relatively small size and contains a set of 111

highly confident interactions [25]. Another database, Pathway Commons [5], is an assembly of protein-protein 112

interactions and regulations from multiple databases and computational predictions (including BioGrid [30]). 113

Therefore, it is larger in size, but it potentially contains many spurious interactions, observed only in a certain 114

context or predicted by computational biology methods. In order to compare interactions between networks, 115

each Wikipedia protein page title was matched to a standard HUGO gene symbol. 116

117

The overlap between the links extracted from Wikipedia and the pathway databases was not very strong 118

but highly significant. For SIGNOR, we found 1714 proteins in common with Wikipedia. These proteins were 119

connected in SIGNOR by 4026 interactions from which we found 861 direct and 170 hidden links matched in 120

Wikipedia. For Pathway Commons, we found 4768 proteins in common with Wikipedia protein page list. 121

These proteins were connected in Pathway Commons by 269665 interactions from which we found 8212 direct 122

and 2563 hidden links matched in Wikipedia. Taking as a null hypothesis that any two proteins from the 123

Wikipedia network could be connected, this gives statistical significance for a Fisher’s exact test with p-values 124

of the order of 10−300, in all comparisons. This overlap is, however, not completely surprising, given that a 125

number of direct interactions between proteins were automatically imported from pathway databases. At the 126
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same time, we found many direct and hidden connections between proteins from Wikipedia not found in 127

existing databases, which reflects relative independence and non-redundancy of two sources. 128

129

We verified subsequently if the connectivity distribution for the nodes matched between Wikipedia network 130

and pathway databases is similar. The comparison showed a significant correlation between the matched 131

node connectivities (see Figure 1,D, which was much higher for the network of direct links (Pearson R=0.4 132

and Pearson R=0.58 for SIGNOR and Pathway Commons correspondingly) compared to the network of 133

hidden links (Pearson R=0.18 and Pearson R=0.19 correspondingy). This correlation was determined, to 134

a large extent, by the existence of common hubs in two types of networks. For example, BRCA1 was the 135

top connected protein in the network of direct links form Wikipedia version 2017, and it ranks 35 in the top 136

connected proteins in the network of Pathway Commons. 137

138

We further checked which interaction types are more present in those links which were matched between 139

Wikipedia protein network and a pathway database. In order to do this, for each interaction type t, we 140

first computed the fraction of matched interactions ft = IWt /IPD
t , where IPD

t is the total number of links 141

in a pathway database PD of type t and IWt is the number of these interactions matched in Wikipedia 142

protein network. When computing IPD
t , we limit the network only to those proteins common between 143

Wikipedia and a pathway database. In order to compare direct and hidden connections, we used the relative 144

fraction value frelt = ft/
∑

t ft, which is shown in Figure 1, E. From this comparison it emerges that some 145

interaction types have higher chance to be found in the Wikipedia network (e.g., ”down-” or ”up-regulates 146

activity” interaction type in SIGNOR). We also detected a difference between direct and hidden interactions 147

with respect to which interaction type they match more frequently. For example, for the interaction type 148

”catalysis-precedes” of Pathway Commons there is almost three-fold increase in the relative frequency of 149

match with hidden interactions, while for the ”interacts-with” type the relative match frequency is much 150

higher for direct interactions. Also, it seems that the hidden interactions between proteins in the Wikipedia 151

network reveal more frequently co-participation of proteins in a complex, compared to direct interactions. 152

Community structure of the Wikipedia network of hidden connections between 153

proteins 154

Simple visual inspection of the 2D force-directed layouts of networks of direct and hidden connections shows 155

existence of relatively small scale compact communities in the network of hidden connections (Figure 2,A). 156

We compared the two networks, using three network topology measures, namely connectivity distribution, 157

average clustering coefficient distribution and average neighbourhood connectivity distribution (Figure 2,B-D). 158

For all three measures, the networks of direct and hidden interactions resulted to be similar for the nodes with 159

large (more than 20) number of neighbours. At the same time, nodes having smaller number of neighbours 160

(less than 20), are characterized by larger local connectivity in the case of the network of hidden protein 161

connections. This is particularly pronounced for the average clustering coefficient which equals 0.19 and 0.35 162

respectively for the direct and hidden connection networks, for the nodes having 10 neighbours (Figure 2,C). 163

This analysis allowed us to conclude that the hidden protein connection network is characterized by the 164

presence of communities, with a characteristic size of 10-20 protein pages. We thus hypothesized that 165

these communities could be matched to the biological functions implicitly defined in Wikipedia through the 166

community-based effort. 167

Annotated hidden protein connection community map 168

Following our conclusion about the presence of small communities in the hidden network, we clustered the 169

network of hidden protein connections using Markov Cluster Algorithm [10]. 274 and 289 communities were 170

identified in the network of hidden protein connections computed from the English Wikipedia graph from 2013 171

and 2017 correspondingly (only those communities having size at least 4 pages were kept in this phase). The 172

maximum community size was 148 and 187 correspondingly for 2013 and 2017 Wikipedia versions. Despite 173

this size of the largest community, overall the others resulted to be smaller with average community size 8.6 174
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and 9.7 in 2013 and 2017 correspondingly. 175

176

Using HUGO symbols matched to the Wikipedia protein page titles, we performed function enrichment 177

analysis for all communities using ToppGene [6]. The results of this analysis are available online at [1]. We 178

found that most of the communities had clear enrichment in one of the biological functions or in a biological 179

pathway. Thus, the geometric mean q-value of the most significant enrichment in a Gene Ontology-related 180

term was 10−19 (for community sizes in at least 10 proteins), and in a Pathway term it was 10−16. The 181

exceptionally large community with 187 nodes (2017 version) had enrichment in Gene Ontology terms 182

”cytokine activity” (q-value=10−30), ”leukocyte proliferation” (q-value=10−55), ”adaptive immune response” 183

(q-value=10−47), pathway terms ”Cytokine-cytokine receptor interaction” (q-value=10−50), ”Hematopoietic 184

cell lineage” (q-value=10−39) and other multiple immune system-related terms. It was also strikingly en- 185

riched in the MSigDB HALLMARK [22] gene sets: e.g., ”Genes up-regulated during transplant rejection” 186

(q-value=10−52), ”Genes defining inflammatory response ”(q-value=10−28). 187

188

Alternatively to the use of enrichment analysis, the biological function defined by a community could 189

be identified by looking at the direct connections through neigbouring Wikipedia pages. For each link 190

inside the community we extracted titles from the global Wikipedia graph along the shortest oriented paths 191

of length 2 connecting the connected pair of proteins. This defined an augmented community network, 192

with Wikipedia pages corresponding not only to protein pages but also to the Wikipedia titles through 193

which the shortest paths had gone through. An example of such an augmented network is shown in Fig- 194

ure 2,E. We ranked the set of nodes by their local connectivity in the augmented network, and used the 195

most connected page title for labeling the community. For example, the augmented network shown in 196

Figure 2,E was labeled in this way as ”Coagulation”. Also, among the most strongly locally connected 197

nodes there were such titles as ”Haemophilia”, ”Warfarin”, ”Heparin”, ”Liver” and others. The three most 198

connected proteins in the augmented network shown in Figure 2,E were ”Protein C”, ”Thrombin”, ”Factor X”. 199

200

Following this strategy, we annotated each community by the Wikipedia title, having the largest local 201

connectivity in the augmented network. In some cases, we manually changed this title, selecting among the 10 202

most connected titles, which would have a better match for the enriched biological function. Afterwards, we 203

counted the number of hidden links between the nodes in each community from the initial network of hidden 204

protein connections. In this way we constructed an abstracted graph of communities and oriented links 205

between them, which we visualized in Cytoscape [29], using force-directed layout, Figure 3. This map shows 206

the repertoire of biological functions described in English Wikipedia by groups of pages forming relatively 207

compact subnetworks in the global graph of hyperlinks. As one can see, the central place in this map is taken 208

by ”Immune system”, ”Apoptosis”, ”Cell cycle”, ”Insulin/Glycolysis”, ”Mitogen-activated protein kinase 209

kinase”, ”Cell migration” and other communities which correspond to well studied biological functions. There 210

exist relatively large protein page communities collecting proteins characterized by a presence of a particular 211

domain such as ”CARD domain”, ”RING finger domain”, ”SH2/SH3 domain”, ”C2 domain”. Interestingly, 212

the map is characterized by a meaningfull hierarchy of functions. For example, 4 communities annotated by 213

the names of the major DNA repair pathways (”Non-homologous end joining”, ”Nucleotide excision repair”, 214

”Base excision repair”, ”Fanconi anemia”) point to the large community annotated as ”DNA repair”. 215

216

We provide the hidden protein connection community map in interactive form, using NaviCell Google 217

Maps-based platform for annotated network visualization [2,18]. The online map of hidden protein interactions 218

in Wikipedia is available from http://navicell.curie.fr/pages/maps_wikipediacommunity.html. The 219

map can be queried for a protein name or a part of the Wikipedia page title. All community node annotations 220

are hyperlinked to the corresponding Wikipedia pages. Therefore, the interactive map serves as a convenient 221

portal to the set of Wikipedia pages related to proteins and associated pages. Moreover, the map can be used 222

for molecular data visualization, using NaviCell data analysis toolbox and binding to major programming 223

languages (R, Python, Java) [2] 224
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Evolution of WikiPedia protein network between 2013 and 2017 225

We compared the changes in the direct and hidden protein connections, between two versions of English 226

Wikipedia (2013 vs 2017). We found that 96% of direct connections did not change in four years, while only 227

71% hidden connections remained unchanged in the same period of time (Figure 4),A. This indicates that 228

the Wikipedia network of protein connections evolves more slowly through the curation of pages devoted 229

to proteins compared to more dynamic modifications of the information in the associated pages from the 230

network neighbourhood (for example, pages describing molecular mechanisms of diseases or pages devoted to 231

the systematic description of protein families). 232

233

From the reduced Google matrix analysis we know the relative PageRanks of proteins which were not 234

exactly the same between two Wikipedia versions, despite good overall correlation (Figure 4,B). Thus, we 235

found that a significant number of proteins strongly improved their PageRanks in 2017 (Supplementary 236

File 1). For example, MGMT gene changed its PageRank from 1856 to 174 (more than ten-fold) and 237

FANCB gene changed its PageRank from 3240 to 351 (almost ten-fold). Such drastic changes in PageR- 238

anks might indicate recent interest in studying these genes which led to intense curation of the associated pages. 239

240

We verified if these proteins were enriched in a particular biological function. To answer this question, 241

181 proteins whose PageRank improved more than two-fold were tested for enrichment in reference gene 242

sets using ToppGene. In the top of the list of the enriched categories we found such Gene Ontologies as 243

”fibroblast growth factor receptor binding” (p=10−6), ”damaged DNA binding” (p=10−5), ”response to 244

radiation” (p=10−10), ”aging” (p=10−9), ”DNA repair complex” (p=10−7), ”transcription factor complex” 245

(p=10−6). Among MSigDB signatures, the top enriched was ”Genes involved in DNA repair, compiled 246

manually by the authors” (19 genes, p=10−10). Overall, it shows significant recent editing efforts in the part 247

of Wikipedia related to DNA repair, which led to higher hidden connectivity between pages in this area. At 248

the same time, 46 genes loosing their PageRank position more than 2-fold did not show any strong enrichment 249

in Gene Ontologies or other reference gene sets (e.g., none has passed the corrected p-value threshold 0.001). 250

251

We matched the communities obtained in 2013 and 2017 versions of Wikipedia by computing the Jaccard 252

index for the overlap between the set of the genes composing them. We defined a match, if the Jaccard 253

index was reciprocally maximal between two community sets aka it is done for defining orthologous genes in 254

evolutionary bioinformatics [31]. Overall, 189 communities could be matched in this way with a minimum 255

threshold for the intersection in 3 proteins. We observed a consistent increase between the matched com- 256

munity sizes between 2013 and 2017 versions, starting from the community size in 10 protein pages, Figure 4,D. 257

258

The abstracted map of hidden protein connection communities shows emergence of some communities in 259

the 2017 version of English Wikipedia which can not be matched in 2013 version. Examples are ”RING finger 260

domain”, ”SWI/SNF”, ”ATPase”, ”Bcl-2 family”, ”Integrin”, ”Fanconi anemia” communities (Figure 3). 261

Hypothetically, this also indicates an active curation efforts happening between 2013 and 2017 in the Wikipedia 262

pages related to these functions or the pages directly connected to them. 263

Materials and Methods 264

Direct network of protein connections 265

Global network of links between English Wikipedia pages was extracted using in-house web crawler, for 2013 266

and 2017 years [Dima, please give details]. Protein and gene pages have been identified by querying for the 267

presence of ”Infobox protein” and ”Infobox gene” Wikipedia templates in the page text. Those pages not 268

having any outgoing or incoming links have been filtered out. 269
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Google matrix construction 270

The Google matrix G of a directed network with N nodes (titles) and Nl hyperlinks is constructed from 271

the adjacency matrix Aij with elements 1 if node (title) j points to title (node) i and zero otherwise. The 272

matrix elements have the standard form Gij = αSij + (1− α)/N [3, 12, 21] where S is the matrix of Markov 273

transitions with elements Sij = Aij/kout(j) and kout(j) =
∑N

i=1Aij 6= 0 being the out-degree of node j 274

(number of outgoing links); Sij = 1/N if j has no outgoing links (dangling node). The parameter 0 < α < 1 275

is the damping factor. We use the standard value α = 0.85 [21] noting that for the range 0.5 ≤ α ≤ 0.95 the 276

results are not sensitive to α [12, 21]. For a random surfer, moving from one title to another, the probability 277

to jump to any title is (1− α). 278

279

The right PageRank eigenvector of G is the solution of the equation GP = λP for the unit eigenvalue λ = 1. 280

The PageRank P (j) values give positive probabilities to find a random surfer on a node j (
∑

j P (j) = 1). We 281

order all nodes by decreasing probability P numbered by PageRank index K = 1, 2, ...N with a maximal 282

probability at K = 1 and minimal at K = N . The numerical computation of P (j) is done efficiently with the 283

PageRank algorithm described in [3, 21]. 284

Reduced Google matrix algorithm 285

The REGOMAX algorithm is described in detail in [13, 14]. It allows to compute efficiently a ”reduced 286

Google matrix” of size Nr ×Nr that captures the full transitions of direct and indirect pathways happening 287

in the full Google matrix between Nr nodes of interest. 288

For the selected Nr nodes their PageRank probabilities remain the same as for the global network with N 289

nodes, up to a constant multiplicative factor taking into account that the sum of PageRank probabilities over 290

Nr nodes is unity. The computation of GR provides a decomposition of GR into matrix components that 291

clearly distinguish direct from indirect interactions: GR = Grr +Gpr +Gqr [13]. Here Grr is given by the 292

direct links between selected Nr nodes in the global G matrix with N nodes. In fact, Gpr is rather close to 293

the matrix in which each column is given by the PageRank vector Pr, ensuring that PageRank probabilities 294

of GR are the same as for G (up to a constant multiplier). Hence Gpr does not provide much information 295

about direct and indirect links between selected nodes. The most nontrivial and interesting role is played by 296

Gqr, which takes into account all indirect links between selected nodes appearing due to multiple pathways 297

via the global network nodes N . The exact formulas for all three components of GR are given in [13,14]. 298

299

The efficiency of the REGOMAX approach has been demonstrated for various Wikipedia networks 300

[7, 9, 13, 27, 28], protein networks from SIGNOR database [19], and the multiproduct world trade network 301

from UN COMTRADE database [7]. 302

303

All matrix data and PageRank vectors for the reduced Google matrix of Nr = 4899 proteins are available 304

at [1] for Wikipedia versions of 2013 and 2017, together with the global Wikipedian networks. 305

Network of hidden protein connections 306

The network of hidden protein connections is obtained from the component Gqr of the reduced Google matrix 307

GR by keeping only matrix elements being larger than a certain critical cutoff value. This value if determined 308

from the condition of having the same connectivity value in the Largest Connected Components of both 309

networks. 310

Defining hidden communities by clustering 311

For the networks of hidden protein connections we applied Markov Clustering Algorithm (MCL) implemented 312

in ClusterMaker plugin for Cytoscape [23] with default parameters (granularity=2.0, edge weight cutoff=1.0, 313

number of iterations=16, maximum residual value=0.001). 314
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Functional enrichment analysis 315

The functional enrichment analysis was performed using ToppGene [6] and recapitulating the results in the 316

form of an interactive web-page, available at [1]. In the automatically produced summary of the enrichment 317

results for each hidden protein community, one of the reference set per category is displayed but only if it 318

overlapped with the query set in at least k = 5 genes and only if the corrected for multiple testing q-value 319

did not exceed s = 10−8. 320

Discussion 321

We studied the network of protein-protein interactions embedded into the graph of hyperlinks between 322

Wikipedia pages. We focused on comparing direct hyperlinks between protein pages (most of which were 323

automatically imported from existing molecular interaction databases) and hidden links through the rest of 324

the Wikipedia graph. The hidden links were identified by using the reduced Google Matrix approach. 325

326

The most striking conclusion from this analysis is the existence of pronounced small-scale (10-20 proteins on 327

average) clusters (communities) in the network of hidden protein connections. The absolute majority of these 328

clusters have rather clear biological meaning which was quantified by the functional enrichment analysis. This 329

is in contrast with the previous conclusions about the power law-like distribution of connectivity of protein 330

pages in the global Wikipedia network. Existence of such clusters (communities) points out to emergence, 331

due to collective intelligence of Wikipedia editors, of relatively well defined groups of proteins sharing the 332

common biological function (such as cell cycle), structural feature (such as SH2/SH3 domain) or other common 333

topics. These clusters are generally not present and can not be deduced from the network of direct interactions. 334

335

Interestingly, one can easily deduce the biological function of the community by looking at the titles of 336

the pages most tightly connected in the the augmented network of pages linking the community proteins. 337

Using this labeling, we created an abstracted interactive online map of connections between the protein 338

communities, which can serve a portal to the Gene Wiki Wikipedia project. 339

340

We characterized the evolution of the network of hidden protein connections and its community struc- 341

ture between two snapshots of Wikipedia in 2013 and 2017 years. We showed that the nature of hidden 342

protein connections is much more dynamic compared to the direct links. A clear trend has been noticed 343

on the faster relative increase of the number of hidden connections such that they combine more proteins 344

in one largest connected component. Interestingly, we show that there are more proteins that drastically 345

(by few folds) improved their PageRanks in 2017 compared to those who drastically lost their PageRanks 346

inside the global Wikipedia network. We found that the Wikipedia topics being improved in connectivity 347

were related to DNA repair and damage. Most of the hidden connection network communities between 348

2013 and 2017 can be matched in terms of maximally reciprocal Jaccard index quantifying their intersec- 349

tion. We show that the matched communities have larger size on average in 2017 compared to the 2013 network. 350

351

Altogether, these observations indicate increasing integration of the Gene Wiki project into the global 352

Wikipedia context, a trend which will certainly persist in the future. It remains an interesting question 353

what can be a practical use of of the protein function definition derived from the Wikipedia structure. 354

Another interesting question is how to use the insights obtained from analysing the topology of hidden 355

protein connections, in order to guide further evolution of the Gene Wiki project. For example, it would 356

be interesting to identify missing biological functions or topics which do not yet form tight clusters in the 357

Wikipedia network. 358
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Fig 1. Characterizing the networks of direct and hidden connections between proteins in the
global Wikipedia network. A) Example of a distinction between direct and hidden interactions. The
page ”Rab (G-protein)” links to a set of pages for the proteins from the family. Hidden interactions (in blue)
connects the whole family into an almost complete clique graph, making them a tight community. B)
Number of edges in the networks of direct and hidden protein connections. Number of bidirectional links is
separately show. C) Quantifying the shortest path length in the global Wikipedia network between proteins
connected by a hidden link, random protein pair and random Wikipedia page pair. D) Correlation between
node connectivities in the networks of direct (or hidden) protein connections extracted from Wikipedia and
two pathway databases (SIGNOR and Pathway Commons). E) Relative fraction of link types found in the
networks extracted from Wikipedia (direct and hidden) and in two pathway databases (SIGNOR and
Pathway Commons).
.
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Fig 2. Network of hidden interactions is characterized by relatively well defined communities
as compared to the network of direct interactions. A) Force-directed layouts of the networks of
direct and hidden connections. B-D) Comparison of two networks in terms of connectivity, average clustering
coefficient, average neighborhood connectivity distribution. E) One of the communities in the network of
hidden interactions is shown together with direct links to the Wikipedia pages connecting the protein pages.
.
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Fig 3. Map of connections between communities of hidden protein connections through the
global Wikipedia network. The size of the nodes reflect the number of proteins in the community.
Square nodes signify those communities identified in the 2017 Wikipedia network which do not have a match
in the 2013 Wikipedia network. The width of the line reflects the number of oriented links between the
communities. The node is labeled by the title of the Wikipedia page associated with the community by the
connector links, having the strongest internal connectivity. The interactive version of this map is available
from http://navicell.curie.fr/pages/maps_wikipediacommunity.html.
.
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Fig 4. Evolution of the networks of protein connections within the global Wikipedia network
between 2013 and 2017. A) Overlap between links for the network of direct and hidden protein
connections in two versions of Wikipedia. B) Changes in the PageRanks in the reduced Google matrix for
protein pages, compared between 2013 and 2017. C) Overlap between matched communities of hidden
protein connections extracted from two versions of Wikipedia. D) Change in matched hidden interaction
community size between two versions of Wikipedia.
.
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