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Mathematical details of methods

Seed-based prioritization methods

In the mathematical derivations below, we use a symmetrical adjacency matrix A to

represent the gene network containing n genes. The entry aij > 0 if two genes i and j

are linked with associated score of aij; otherwise, aij = 0. The seed-based methods

rank genes according to their similarities (closeness) to seed genes in the

gene-network. The similarity measure can be computed by the following two

algorithms.

1) Random Walk with Restart (RWR)

The random walk on networks is defined as an iterative transition from the current

node to a randomly selected neighbor [1]. To obtain the transition probability, Tong

suggested using the following normalization of the adjacency matrix [2]:
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The random walk method was applied to the gene prioritization problem by Köhler et

al. [3] with the modification to allow restart from source nodes with probability r (we

used r = 0.5 as suggested by the author). It is defined by

1 0(1 )t tr r   p Ap p (2)

where pt is a vector with i-th element t
ip representing the probability of being at node i

at step t. The vectors is initialized with 0 1
ip

s
 if node i is one of the s seed genes;

and 0 0ip  otherwise. This enables random walk to start from each seed gene with
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equal probabilities. After enough steps, random walk will enter the steady-state when

the probability of being at each node become stabilized. We then rank the candidates

according to their values in the steady-state probability vector p∞. It can be

approximated by iterating (1) until the probability vector converges:
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2) Seed-based Heat Kernel Diffusion Ranking (sHKDR)

The heat kernel diffusion matrix was introduced by Chung et al. [4] defined

as e  LH , where β is a diffusion factor controlling the magnitude of the diffusion.

And matrix L is the normalized Laplacian of the graph defined as 1 L I D A , where

I is the identity matrix, A and D were defined as above. The kernel diffusion matrix

computes the similarity of two nodes in the network as the probability of reaching one

node at some time point after a random walk starting from another node. To simplify

the computation, here we used the discrete approximation introduced by Yang et al.

[5].
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with N being the number of iterations. The candidate genes are ranked by their

average similarities to seeds:
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We tried several sets of parameters of (N, β) in cross-validation studies to evaluate

their performances.
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3) Direct Interaction Ranking (DIR) and STRING Association Ranking (SAR)

To demonstrate the advantage of similarity measures that take both direct and indirect

links into account, we also used two methods that only consider direct interaction

partners for comparison: Direct Interaction Ranking (DIR) [6] and STRING

Association Ranking (SAR). In the DIR method, the candidate genes are ranked by

the number of directly linked seed genes. To implement the method, we only used

links with scores greater than 0.4 which represents the “medium” confidence in

STRING database. In SAR method, the candidate genes are ranked by the sum of

interaction scores (weights) with their direct neighbors.

Differential expression (DE)-based prioritization methods

1) Differential expression-based Heat Kernel Diffusion Ranking (deHKDR)

This method was first proposed by Nitsch et al [7] to prioritize genes for diseases with

little prior knowledge about their underlying genes, and extended in a subsequent

study [8]. Recall the scoring function for the seed-based HKDR(4). It can be

alternatively expressed using a vector form as

0 p p H (5)

where p0 stands for a preference vector, which is initialized the same way as the

probability vector in seed-based HKDR. The final score for each candidate gene can

be found in pα. DE-based HKDR method has the same weighting scheme as equation

(5), but instead of relying on seed genes, p0 is initialized by the differential expression

levels comparing the cases and controls. In this way, each candidate gene is scored by

a weighted sum of DE levels of itself and its neighbors, with the weights for neighbor
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genes equaling to their similarities to the candidate.

The assumption behind this approach is that the true disease genes tend to be

surrounded by differentially expressed neighbors. We tested if the assumption is valid

for the seed genes when evaluating the performance of the method. We also tried

several sets of parameters to fine tune the performance on predicting known host

resistance genes.

2) Direct Neighborhood Ranking (DNR)

As a comparison, we also implemented a network analysis method of differential

expression based on Direct Neighborhood Ranking (DNR) matrix. In this method,

neighbors of a candidate gene i are defined as all genes directly linked to the

candidate in the network with confidence score ija  . Here we set ε = 0.15 as

suggested by Nitsch [8]. The candidate gene i is scored by

, :
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where xi is the differential expression level of gene i. The parameter α controls the

contribution of a candidate gene’s own expression to its score, which is named as

steady factor relative to the diffusion factor in heat kernel diffusion models. N denotes

the number of direct neighbors near candidate gene i.
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Supplementary Tables

Table S1 - Parameter optimization for β and m in seed-based Heat Kernel
Diffusion Ranking model

m = 1 AUC of sHKDR β = 0.5 AUC of sHKDR

β = 0.25 0.904 m = 1 0.912

β = 0.5 0.912 m = 2 0.895

β = 0.75 0.907 m = 3 0.906

β = 1 0.890 m = 5 0.903

Table S2 - Parameter optimization for β and m in the differential
expression-based Heat Kernel Diffusion Ranking model

m = 1 AUC of deHKDR β = 0.5 AUC of deHKDR

β = 0.25 0.869 m = 1 0.915

β = 0.5 0.887 m = 2 0.897

β = 0.75 0.915 m = 3 0.891

β = 1 0.908 m = 5 0.888

Table S3 - Parameter optimization for α in the Direct Neighborhood Ranking
model

α AUC of DNR

α = 0.75 0.845

α = 0.5 0.864

α = 0.25 0.854

α = 0 0.829



a.  b.  

c.  d.  

Supplementary Figure S1: The STRING sub-networks consisting of a single seed gene and 

its directly adjacent neighbors 
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Supplementary Figure S2: Heatmaps of functional enrichment for different winner groups 
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