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Abstract Recent advances in genomic and post-genomic technologies have provided the opportu-

nity to generate a previously unimaginable amount of information. However, biological knowledge

is still needed to improve the understanding of complex mechanisms such as plant immune

responses. Better knowledge of this process could improve crop production and management. Here,

we used holistic analysis to combine our own microarray and RNA-seq data with public genomic

data from Arabidopsis and cassava in order to acquire biological knowledge about the relationships

between proteins encoded by immunity-related genes (IRGs) and other genes. This approach was

based on a kernel method adapted for the construction of gene networks. The obtained results

allowed us to propose a list of new IRGs. A putative function in the immunity pathway was pre-

dicted for the new IRGs. The analysis of networks revealed that our predicted IRGs are either well

documented or recognized in previous co-expression studies. In addition to robust relationships

between IRGs, there is evidence suggesting that other cellular processes may be also strongly related

to immunity.

Introduction

Recent advances in genomic and post-genomic technologies
have provided the opportunity to generate vast datasets. How-
ever, the data stored in genomic databases does not itself pro-

vide an understanding of biological processes and has not
always been generated under biological conditions of interest.
Nevertheless, available data could be combined with own data

generated in-house for the biological condition of interest to
improve results and generate more confident biological conclu-
sions. The new challenge is to develop mathematical methods
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to assess biological problems or phenomena from a holistic or
system-level perspective and to use own and other information
available. Approaches to extract knowledge from genomic dat-

abases and combine these data with new experimental data
should allow the integration, interpretation and analysis of
genomic and post-genomic data and should represent the ac-

quired biological knowledge in the form of gene or protein net-
works showing functional/co-expression relationships or other
structured representation. This representation should reflect

relationships at the individual and categorical levels, which
would assemble genes/proteins of known, unknown and hypo-
thetical functions.

Several different approaches have been developed in recent

years to assess relationships between functionally known and
unknown genes/proteins through biological networks and pre-
dict new functions of genes/proteins, especially in humans [1].

These methods are often supervised and allow the integration
of multiple genomic data sources in different ways [2,3], thus
generating reliable and robust results, often including the pre-

diction of new protein functions [4]. Due to the specific and
complicated characteristics of genomic data, proper analysis
and generation of useful inference represent real mathematical

and statistical challenges.
Predictions of function are better conducted using methods

that allow the integration of prior knowledge (supervised
methods), the identification of non-linear relationships and

the fusion of heterogeneous genomic and post-genomic data.
Kernel methods [5] have these characteristics and among them,
kernel canonical correlation analysis (KCCA) can be useful in

relating proteins of known function with those of unknown
function to predict participation in processes of interest.
Earlier studies have reported the use of KCCA methods to

predict the functions of unknown proteins [4,6,7]. KCCA of-
fers a rigorous mathematical but also intuitive framework to
represent biological data through kernel functions [4,5].

KCCA provides a methodology for supervised network infer-
ence and does not require exhaustive data assumptions [8]. It is
therefore in contrast to alternative strategies such as Naı̈ve
Bayes (NB) models [9], which require regularization methods

and have challenges of computational efficiency in the presence
of many data sets [10].

Losses caused by plant pathogens represent one of the most

important limitations in crop production, which can compro-
mise the food supply [11]. Plant immunity depends on the rec-
ognition of conserved microbe-associated molecular patterns

(MAMPs) or strain-specific effectors by pattern recognition
receptors (PPRs) or resistance (R) proteins, leading to
MAMP-triggered immunity (MTI) and effector-triggered
immunity (ETI), respectively [11,12]. Upon recognition, plants

activate a complex network of responses that includes signal
transduction pathways, novel protein interactions and coordi-
nated changes in gene expression [13]. Detailed information

concerning specific and punctual interactions between effector
and resistance proteins has been accumulated in the recent
years; in some cases, a global picture for some of these interac-

tions has been established [9,14]. Immunity networks have
been described for model plants such as Arabidopsis and rice
primarily using yeast-two hybrid experiments [15,16].

In this study, we employed a kernel-based approach to
reconstruct functional relationships between genes based on
genomic and post-genomic data from various sources (primar-
ily extracted from databases but also produced by laboratory

experiments) for a group of well-characterized immunity-re-
lated genes (IRGs). We employed this approach to analyze
Arabidopsis and cassava (Manihotesculenta), a staple crop with

little genomic information available, following challenge with
bacterial pathogens. This approach allowed us to identify a
group of new IRGs in both species. Many of the identified

genes were of unknown function. Based on our further detailed
analyses and literature knowledge, we established a list of top
gene candidates potentially related to immune responses.

These results indicate that publically-available data can be
combined with in-house generated data using novel data-min-
ing methods to potentially answer challenging biological
questions.

Results

Exploratory analysis of categorical data

A total of 22 datasets were collected for Arabidopsis and cas-
sava (see Materials and methods section for more details).
Number of genes and the number of columns for each dataset

are listed in Tables S1 and S2. To obtain a preliminary archi-
tecture of the data, we conducted classical descriptive multi-
variate analyses using multiple correspondence analysis
(MCA), clustering and principal component analysis (PCA)

[17] as a first step to evaluate the data structure, reveal un-
known relationships and reveal clusters of genes potentially in-
volved in immune responses. Our results showed that no

groups of IRGs were clearly detected, indicating that func-
tional relationships cannot be extracted using linear descriptive
methods. Nevertheless, we were able to summarize the infor-

mation of microarray data with fewer variables using an
exploratory descriptive analysis. We found that most of the
information contained in the microarrays is correlated and
can be represented with two new variables (principal compo-

nents). Accordingly, only a small portion of genes have differ-
ent expression behaviors across experiments, which could be
new IRGs. Furthermore, we found that RNA-seq data con-

tains information that complements the microarray data.
These results are useful and indicate that expression data con-
tains valuable information to differentiate IRGs from non-

IRGs if a more appropriate method is implemented.
All in all, the exploratory analyses showed that IRGs can-

not be grouped together using only linear methods and meth-

ods such as KCCA (introduced in following section) are
desired. For details on the procedure and the results of explor-
atory analyses, see the Supplementary File 1.

Relationship between genes/proteins obtained using KCCA

Since linear relationships between gene expression variables
did not show any structure or pattern that allowed the group-

ing of IRGs based on either categorical or continuous data, we
used non-linear kernel methods to integrate both types of data
for extraction of relationships between genes. We used the

supervised KCCA method [6] to predict functional relation-
ships between genes. To do this, two reference datasets were
used in the KCCA, including the real reference dataset and a

random reference dataset of IRGs constructed by randomly
placing a similar number of IRGs from the real reference in
five categories to emulate five types of IRGs.
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