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Supplementary Online Methods 

Defining a gene set for RiceNet v2 

From 39,054 Non-TE locus from Os-Nipponbare-Reference-IRGSP-1.0 (1), we excluded 2,619 
hypothetical proteins from the genes for RiceNet v2. We also excluded ChrSy and ChrUn genes 
because these genes were not mapped to any chromosomes. Including mitochondrial and 
chloroplast genes, total 36,736 genes were considered in constructing RiceNet v2. If either of 
two genes of a network link does not belong to these genes, the link was removed.  

 

Gold standard gene pairs for training RiceNet v2 

The Gene Ontology biological process (GO-BP) terms annotated by Biofuel Feedstock 
Genomics Resource (2), Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic 
pathways (3), MapMan metabolic pathways (4) and known/predicted biochemical pathways 
from RiceCyc (5) have been used to generate gold standard gene pairs to train the networks. The 
gold standard gene pairs were generated by pairing all the genes in each annotated terms. This 
method can give rise to training bias if a term has too many annotated genes because there will 
be too many gold standard gene pairs from a single term which may cause functional bias 
towards those terms. To minimize the training bias, ten biggest GO-BP terms were ignored 
during gold standard set construction. The gold standard set from GO-BP annotations was 
composed of 75,732 positive gene pairs and 4,937,629 negative gene pairs covering 3,167 O. 
sativa genes, ~9% of the 36,736 genes for network construction. For the same purpose of bias 
reduction during construction of a gold standard set based on KEGG, we ignored two biggest 
terms and five broad-concept terms of the KEGG pathways (release 72.0). Excluding the seven 
metabolic pathway terms resulted in a gold standard set of 290,809 positive and 8,384,886 
negative gene pairs for 4,166 O. sativa genes, ~11% of the 36,736 genes. To generate gold 
standard from MapMan metabolic pathways, we generated gene pairs from pathways of third or 
fourth subBINs of hierarchy, because first and second BIN contains broad concept terms. We 
also ignored all the BINs starting with 35 because they are unknown. We ignored 11 pathways 
with vast number of annotated genes during gene pairing, resulted in a gold standard set of 
201,359 positive and 22,29,3919 negative gene pairs for 6,708 genes, ~18% of the 36,736 genes. 
Lastly, for RiceCyc (version 3.3), we generated the gold standard pairs with ignoring three 
biggest pathways, resulted in 90,014 positive and 3,001,327 negative gene pairs for 2,487 genes, 
~7% of the 36,736 genes. We combined all of the four sets of gold standard gene pairs to 
generate the integrated gold standard set, composing 591,664 positive and 58,416,152 negative 
gene pairs for 10,864 O. sativa genes, ~30% of the 36,736 genes. The excluded pathway terms 
during gold standard construction are listed at Supplementary table 2. 
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Benchmarking and integrating inferred functional links 

Functional associations between genes from experimental, computational data were inferred by 
calculating the likelihood ratio (Log likelihood score, LLS) based on Bayesian statistics 
framework. LLS was calculated with the following equation; 

LLS ൌ ln ቆ
ܲሺܦ|ܮሻ/ܲሺ൓ܦ|ܮሻ
ܲሺܮሻ/ܲሺ൓ܮሻ

ቇ 

where P(L|D)/P(¬L|D) is the  odds of gold standard positives (P(L|D)) and negatives (P(¬L|D)) 
for a given data. P(L) /P(¬L) is the odds of all gold standard positives (P(L)) and negatives 
(P(¬L)). A network functional link can be supported by many multiple data types with different 
LLSs. Since not all of the data for integration are fully independent, naïve Bayesian integration is 
not a plausible approach. Hence, we used the weighted sum (WS) formula to integrate the data by 
modifying naïve Bayesian (6). The WS is defined as 

  ܹܵ ൌ ܵ଴ ൅	∑
ௌ೔
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where S is the LLS. S0 is the best LLSs and Si is LLS of ith rank. D is a free parameter that is used 
to give weight. T is the minimum LLS threshold. Weighted sum takes full score of the top LLS 
and partial scores of the rest of the LLS by weight factor to alleviate the addition of redundant 
information. 

 

Inferring links from genomic context: Phylogenetic profile similarity (PG) and Gene 
neighborhood (GN)   

Similar evolutionary conservation pattern between two genes across species are sometimes due 
to their functional relatedness. This genomic context similarity enables us to infer co-functional 
links between genes. For constructing RiceNet v2, we used the two most widely used genomic 
context based network link inferring methods, Phylogenetic profile similarity (PG) (7-9) and 
gene neighborhood (GN) (10-12). A total of 2,144 sequenced genomes were used. (122 Archae, 
1,626 Bacteria and 396 Eukarya genomes) 

Phylogenetic profile similarity of two rice genes reflects their co-inheritance during speciation. 
Co-functionality of genes can be inferred from co-inheritance because genes that function 
together tend to be inherited together. To measure probability of co-inheritance of two genes, we 
first ran BLASTp for all O. sativa genes against the 2,144 genomes. With the best BLASTp 
scores for each of genomes, 36,736 (number of O. sativa genes) by 2,144 (number of genomes) 
phylogenetic profile matrix was constructed. The association between two genes based on 
phylogenetic profiles was measured by mutual information (MI) scores as described in Date et al. 
(13). We did not use the whole concatenated profile of the 2,144 genomes. Rather, sub-profiles 
for each of three domains of life (Archaea, Bacteria, Eukarya) were separately used which 
resulted in constructing three networks. These were subsequently integrated to construct a single 
network. We found that there was substantial increase in the network coverage and accuracy by 
using this divide-and-integrate approach based on domain-specific phylogenetic profiles. 
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Two distinct measures of genomic neighborhood exist: i) direct physical distance between 
neighboring genes (11,12,14), and ii) neighborhood probability (10). There have been evidences 
that these two measures are complementary (15). We reasoned that if the two methods give 
complementary information, both of the measurements can be useful. Thus, we inferred co-
functional links with both measures. They were subsequently integrated to generate a single GN 
co-functional network. 

 

Inferring links from literature curated (LC) protein-protein interactions (PPI)   

Observing protein-protein interactions (PPIs) in the cell is one of the most popular and certain 
way to discover the functional associations between genes. To infer the PPI interaction based 
functional associations for rice, we mined three PPI databases: DIP(16), IntAct (17), MINT (18).   

 

Inferring links from co-expression (CX) patterns  

Genes with similar biological functions tend to co-express in diverse biological contexts. High 
dimensional microarray and RNA-seq data can be used to infer co-functional links between co-
expressed genes. We analyzed expression data sets based on four array platforms in GEO (Gene 
Expression Omnibus) database (19): GPL2025, GPL13160, GPL6864 and GPL8852. To infer 
co-functional linkages by co-expression patterns, we first created a vector for each gene that 
contains expression profiles across microarray experiments (GEO samples) in each GEO series. 
Then we calculated all pairwise Pearson correlation coefficients between vectors to address for 
co-expression patterns. GEO series with less than 12 samples were not used because measuring 
correlation with short vectors can generate many promiscuous co-expression patterns between 
genes. Each GEO series (see Supplementary table 1) generated a single co-functional network. 
Benchmarking with the gold standard set resulted in 39 co-functional networks. They were 
further integrated into a single CX network for rice. 

 

Links transferred from other species’ networks by orthology (Associalogs) 

Many biological functions of genes are evolutionarily conserved across species by orthology. 
This allows transferring the functional information of genes from one species to another. We 
transferred co-functional linkages from networks of other organisms to RiceNet v2 using the 
associalog method (20). The links were transferred from three organisms with published genome 
scale functional gene networks: YeastNet v3 (21) for Saccharomyces cerevisiae, WormNet v3 
(22) for Caenorhabtitis elegans, AraNet v2 (23) for Arabidopsis thaliana. In addition, 
unpublished network links were transferred from three other organisms: Homo sapiens, Danio 
rerio, and Drosophila melanogaster. Orthology between genes were mapped by using 
Inparanoid (24).  
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Supplementary table 1. Comparison between RiceNet v1 and RiceNet v2 

Network RiceNet v1 RiceNet v2 
Gold 

standard 
gene pairs 

for 
network 
training 

Gene pairs that share the same Gene 
Ontology biological process terms annotated 
by TIGR Rice Genome Annotation release 5.

Gene pairs that share pathway terms annotated by at 
least one of the four databases: i) Biofuel Feedstock 

Genomics Resource, ii) Kyoto Encyclopedia of Gene 
and Genomes (KEGG), iii) MapMan, and iv) RiceCyc 

as of November 2014, 

Network 
size 

588,221 links, 19,647 genes 1,775,000 links, 25,765 genes  

AT-CX 

Associalogs from AraNet v1. Which was 
constructed by integrating co-expression links 

from 11 sets comprised of 242 experiments 
from TAIR 

Associalogs from AraNet v2. Which was constructed 
by integrating co-expression gene links  

from 64 GEO series comprising 1,261 experiments 
using the Affymetrix DNA-chip (GPL198) 

(GSE1491, 2473 , 3350, 4847, 5617, 5620, 5621, 
5623, 5624, 5625, 5626, 5627, 5628, 5629, 5630, 
5631, 5632, 5633, 5634, 5636, 5637, 5638, 5639, 
5686, 5696, 6160, 6176, 7631, 8955, 9674, 9719, 

10670, 11262, 12402, 12403, 12887, 13739, 15165, 
15689, 16722, 17159, 18071, 18975, 18978, 19520, 
19700, 20039, 20454, 21684, 2473, 25067, 26297, 
26983, 27985, 30030, 30223, 30492, 31158, 31587, 

34667, 35325, 35544, 39384, 42896, 30166 

AT-CC Not Included Associalogs from AraNet v2 (23) 

AT-HT Not Included Associalogs from AraNet v2 
AT-LC Associalogs from AraNet v1 (25) Associalogs from AraNet v2 
CE-CC Associalogs from WormNet v2 (26) Associalogs from WormNet v3 (22) 

CE-CX Associalogs from WormNet v2  

Associalogs from WormNet v3 which was constructed 
by integrating co-expression links from 12 GEO series 
of experiments using the Affymetrix DNA-chip (GEO 
platform GPL200) (GSE11055, 12298, 16050, 19310, 
2180, 23528, 25633, 32339, 35354, 6547, 8462, 9682)

DM-CX Not Included 

 Associalogs from the co-expression networks of 30 
GEO series (GSE2863, 3057, 3854, 5430, 7159, 7614, 

7763, 8751, 8892, 10012, 11695, 14517, 14531, 
14779, 16152, 16713, 17013, 17874, 21520, 24978, 
27163, 27345, 33100, 33779, 33801, 34400, 42255, 

46550, 47176, 48997) were integrated. 

DM-HT Not Included 
Associalogs from Drosophila high-throughput protein-

protein interactions by iRefWeb 4.1 (27)   

DR-CX Not Included 

Associalogs from the co-expression networks of 21 
GEO series (GSE4201, 8856, 9020, 10188, 11107, 
11893, 12991, 13068, 13371, 14495, 14979, 16264, 
16740, 17949, 19754, 24528, 32360, 33981, 39731, 

47039, 48806) were integrated. 
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HS-CX 
Associalogs from the integrated co-

expression network (HS-CX) of HumanNet 
(28) 

Associalogs from the individual co-expression 
networks of 50 GEO series (GSE2113, 3218, 3307, 
5847, 6365, 6477, 6740, 7390, 8052, 8218, 8401, 

9419, 9874, 989110327, 10445, 11903, 12662, 13355, 
13425, 14034, 14062, 14209, 14323, 14994, 15935, 
16015, 16131, 16214, 16476, 17356, 17700, 17855, 
17967, 18723, 19577, 20910, 21122, 24427, 26366, 
26713, 27155, 28497, 29354, 34211, 34620, 34733, 

36701, 39411,) were integrated 

HS-HT 

Integrated associalogs from affinity 
purification mass spectrometry analysis data 

(HS-MS) and high throughput yeast two 
hybrid data (HS-YH) 

Integrated associalogs of high-throughput protein-
protein interactions from 6 published literatures.  

(29-34) 

HS-LC 
Associalogs from five protein-protein 

interaction databases (HPRD (35), BIND 
(36), BioGRID (37), IntAct, MINT) 

Associalogs from an integrated protein-protein 
interactions by HPRD,  BioGrid,  IntAct, MINT, DIP, 

iRefWeb data  

OS-CX 

Integrated individual co-expression networks 
from 11 GEO series with 274 experiments 
(GSE4409, 4438,6893, 6901, 7071, 7531, 

7532, 7951, 10373, 11157, 16793) 

Integrated individual co-expression networks from the  
39 GEO series comprising 1345 experiments 

(GSE6719, 7951, 10373, 11025, 12069, 13988, 
14298, 14299, 18361, 18685, 21396, 21397, 21398, 
25647, 30136, 30583, 30941, 31077, 31834, 36042, 
36043, 36271, 36777, 39426, 39427, 39429, 39635, 
39687, 40964, 41556, 41798, 43780, 45571, 48500, 

51289, 53417, 54724, 57645, 63110) 

OS-GN Used a probability-based method only 
Integration of distance-based and probability-based 

methods 
OS-LC Not included Protein-protein interactions from DIP, MINT, IntAct 

OS-PG 
Inferred co-functional linkages from the 

phylogenetic profiles of 424 bacterial 
genomes 

Integrated co-functional linkages generated from the 
profiles of 2144 genomes.(122 Archaea, 396 

Eukaryote and 1626 Bacterial genomes) 
SC-CC Associalogs from SC-CC of YeastNet v2 (6) Associalogs from SC-CC of YeastNet v3 (21) 

SC-CX 
Associalogs from the integrated co-

expression network (SC-CX) of YeastNet v2 

Associalogs from the individual co-expression 
networks from 6 Stanford microarray database sets 

(Cell cycle, DNA damage, Diauxic, Nutrition, 
Osmotic stress, and YPD stationary growth) and 40 
GEO series (GSE7645, 8799, 9320, 10031, 12220, 
12221, 12442, 13684, 14748, 15254, 15936, 16799, 

1693, 17364, 17877, 19213, 1934, 20108, 22269, 
22832, 23012, 23204, 24802, 24888, 25582, 26829, 
26923, 27062, 27235, 30052, 30054, 3076, 31774, 

32974, 33276, 33427, 34964, 38848, 40399, 40817) 
were integrated 

SC-GT Associalogs from the SC-GT of YeastNet v2 Associalogs from the SC-GT of YeastNet v3  

SC-HT 
Associalogs from links by affinity 

purification mass spectrometry analysis data 
(represented as SC-MS in YeastNet v2).  

Associalogs from the SC-HT of YeastNet v3  

SC-LC Associalogs from the SC-LC of YeastNet v2 Associalogs from the SC-LC of YeastNet v3 
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AT-DC 
CE-GT 
CE-LC 
CE-HT 
CE-GT 
HS-DC     
SC-DC 
SC-TS 

Included 
Excluded  

The networks show low prediction power when 
trained with the new gold standard set. 

Datasets described above are denoted by XX-YY. XX represents the names of the species: AT: Arabidopsis thaliana, 
CE: Caenorhabtitis elegans, DM: Drosophila melanogaster, DR: Danio rerio, HS: Homo sapiens, OS: Oryza sativa, 
SC: Saccharomyces cerevisiae. YY represents the type of data used to infer network links: CX: inferred from co-
expression pattern of genes, CC: inferred from co-citation of genes across published papers, DC: inferred from 
protein domain co-occurrence pattern of the genes, GN: inferred from gene neighborhood, GT: inferred from genetic 
interactions, HT: inferred from high-throughput protein-protein interaction experiments, LC: inferred by curating 
protein-protein interactions from the literature, PG: inferred by measuring phylogenetic profile similarity, TS: 
inferred from protein tertiary structure based protein-protein interaction model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

Supplementary table 2. Ignored pathway terms during generation of gold standard gene pairs 

Pathway database Ignored pathway terms 

BFGR GO-BP 

DNA integration (GO:001574) 
Protein phosphorylation (GO:0006468) 
oxidation-reduction process (GO:0055114) 
RNA-dependent DNA replication (GO:0006278) 
regulation of transcription DNA template (GO:0006355) 
transmembrane transport (GO:0055085) 
translation (GO:0006412) 
carbohydrate metabolic process (GO:0005975) 
proteolysis (GO:0006508) 
transport (GO:0006810) 

KEGG 

dosa01100-Metabolic pathways 
dosa01110-Biosynthesis of secondary molecules 
dosa01200-Carbon metabolism 
dosa01210-2-Oxocarboxylic acid metabolism 
dosa01212-Fatty acid metabolism 
dosa01230-Biosynthesis of amino acids 
dosa01220-Degradation of aromatic compounds 

MapMan 

29.5.11 protein.degradation.ubiquitin 
30.2.17 signalling.receptor kinases.DUF 26 
27.3.99 RNA.regulation of transcription.unclassified 
20.1.7 stress.biotic.PR-proteins 
29.2.1 protein.synthesis.ribosomal protein 
30.2.99 signalling.receptor kinases misc 
29.4.1 protein.postranslational modification.kinase 
27.3.25 RNA.regulation of transcription.MYB domain transcription factor family 
30.2.24 signalling.receptor kinases.S-locus glycoprotein like 
20.2.1 stress.abiotic.heat 

RiceCyc 
PWY-2881 cytokinins 7-N-glucoside biosynthesis 
PWY-2901 cytokinins 9-N-glucoside biosynthesis 
PWY-2902 cytokinins-O-glucoside biosynthesis 
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