
107© Springer International Publishing AG 2017 
K.R. Hakeem et al. (eds.), Plant Bioinformatics,  
https://doi.org/10.1007/978-3-319-67156-7_2

Systems-Based Approach to the Analyses 
of Plant Functions: Conceptual 
Understanding, Implementation, and Analysis

Brijesh Singh Yadav, Amit Kumar Singh, and Sandeep K. Kushwaha

B.S. Yadav (*) 
Department of Bioengineering, The University of Information Science and Technology 
(UIST), St. Paul, Republic of Macedonia
e-mail: brijeshbioinfo@gmail.com 

A.K. Singh 
Department of Molecular Biology and Ecology of Plants, Tel Aviv University, Tel Aviv, Israel 

S.K. Kushwaha 
Department Plant Breeding, Swedish University of Agriculture Sciences, Alnarp, Sweden

Contents

1  �Introduction of Plant Systems Biology�   107
2  �High-Throughput Experimental Techniques in Plant Systems Biology�   109
3  �Data Analysis�   113
4  �Networking Analysis�   115
5  �Application of Network System in Plant Biology�   117
6  �Conclusion and Future Prospective�   129
�References�   131

1  �Introduction of Plant Systems Biology

Plant structure and function is a complex biological system determined by its 
molecular constituents such as DNA, RNA, proteins, metabolites, and macro- and 
microelements. Plants are enormously investigated in various aspects, like molecu-
lar genetics, breeding, genomics, and proteomics; however, we still have limited 
knowledge about plant genetic architecture and functioning mechanisms. Various 
solitary and mixed approaches have been developed in the past decades which have 
enhanced our knowledge about the role of genetics in plant. But, a holistic research 
approach requires a complete understanding of the plant structure and function at 
the molecular level which needs a lot of computational resources, different kinds of 
data generation, and integration algorithmic approaches (Sheth and Thaker 2014). 
The most widely identified challenges are the data integration and management of 
large datasets from various sources such as genomic sequences, phenotype images, 
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protein 3D structures, and -omics data. Data heterogeneity is another major chal-
lenge due to different data syntactic (formats, schemas, and query interfaces) and 
semantic (data formalisms and abstraction, scope-specific naming conventions and 
inconsistencies). The recent advancements of computational techniques, resources, 
and high-throughput sample processing technologies have broken the technical and 
implementation barriers and facilitated the evolution and integration of “-omics” 
fields such as genomics, transcriptomics, proteomics, metabolomics, and phenom-
ics for the implementation of systems biology paradigm in plant science. A large 
number of comprehensive and quantitative datasets have been generated in numer-
ous targeted and system-wide studies facilitating the development of databases, 
software, data formats, and multivariate approaches for the integration of multi-
omics data. The high-throughput genetic and molecular tactics adopted to generate 
-omics data that can be analyzed and used in mathematical and computational mod-
els for revealing the networks on a global scale in the same platform is termed as 
systems biology (Fig. 1). Systems biology approaches successfully categorized the 
key molecules and their roles in complex biological events in the recent period. It 
reveals the large complex set of transcription factor with protein, primary metabo-
lite (carbohydrates and lipid), and secondary metabolite (glucosinolates, phenols, 
and many more) association which regulate physiology, growth and development, 
and response to the environment requires the identification of networks on a genome 
and proteome scale. These interactions can be either physical or functional and 
often can be inferred from available data (Yadav et al. 2016; Malik et al. 2014).

Fig. 1  Outline of systems biology approach
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Systems biology-based approaches are applied to reconstruct and model meta-
bolic networks which identify significant limiting steps in seed development of both 
monocot and dicot plants (Sreenivasulu and Wobus 2013). A comparative co-
expression network examines to fortitude the seed size—a significant yield-related 
characteristics (Sreenivasulu and Wobus 2013). Malik et al. (2014) explored bio-
logical networks to study protein-carbohydrate interactions in plant lectins using 
glycan microarray data. The integrated systems and network methods have helped 
to understand the complex behaviors of nitrogen use efficiency (NUE) which pro-
vide modalities in the form of products, process, and practices for improving agri-
cultural productivity (Bi et al. 2009). While working on photosynthetic parameters, 
-omics-based investigations have generated huge amounts of proteomics and 
genomics data which has helped to identify important traits for the improvement of 
photosynthetic efficiency in crop plants (Bräutigam et al. 2014; Kanwal et al. 2013). 
Systems-based studies on model plants characterized genes such as CIR1, RPS2, 
RPM1, WRKY31, MPK9, WRKY33, FLS2, RPS4, and RPP13 which play impor-
tant roles in biotic stress tolerance (Carstens et al. 2014; Chinchilla et al. 2007; Leal  
2013). Mishra et al. (2011) identified chlorotic toxin as a cyclodepsipeptide which 
affects many components of MAP kinase machinery, hypersensitive response, and 
systemic acquired response. Understanding the mechanisms of plant responses to 
multiple simultaneous abiotic stresses is therefore crucial in providing opportunities 
for the development of broad-spectrum stress-tolerant crops. Recently, cellular and 
metabolic response in abiotic stress was studied in Arabidopsis using systems biol-
ogy and network approach (Yadav et al. 2016) which represents the effect of metab-
olites in osmotic, wound, genotoxic, drought, salinity, heat, and UV-B stresses.

2  �High-Throughput Experimental Techniques in Plant 
Systems Biology

Parallelization is the central theme of high-throughput experiment (HTE), which 
has featured to carry out many experiments simultaneously. High-throughput exper-
imentation technique and methods have evolved significantly in the last two decades 
which enabled to probe the plant circadian clock, a key coordinator of vital biologi-
cal processes for whole system and targeted studies.

2.1  �DNA Microarray Technology

Microarray allows to study the expression of thousands of genes simultaneously 
through the hybridization of probe sequences to nucleic acid sequences in mixture. In 
microarrays, probe sequences are fixed on solid surface and hybridizations are detected 
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through fluorescent detection signal of labeled samples. Microarray technology was 
developed in the late 1970s and revolutionized in the beginning of new century due to 
high growth in genomic sequences, genomic sequencing projects, and availability of 
publicly curated and non-curated databases. Glass spotted arrays, in situ synthesized 
arrays, and self-assembled arrays are basic types of arrays used in the time frame 
(Bumgarner 2013). Microarrays were used to measure gene expression levels and dif-
ferential gene expression studies, comparison of expression patterns across samples, 
trait associations, etc. These studies improved our understanding of the cellular physi-
ology and dynamics, interconnection of gene networks, and products for environmen-
tal input processing and phenotypic regulation which facilitates the global gene 
expression studies at systems level (Yamaguchi-Shinozaki and Shinozaki 2005; Chen 
and Zhu 2004). Deciphering of gene network for soybean and Arabidopsis seed com-
partments from pre-globular to early maturation stage, seeds are the excellent and 
widely used examples of microarray application in plants genotyping  (http://seed-
genenetwork.net/). Microarrays are used for single-nucleotide-polymorphism geno-
typing and most commonly used for allele discrimination by hybridization, 
allele-specific extension, and ligation (Hirschhorn et al. 2000). Microarray is a popular 
technique because of its simple application and cost- and time-effective process which 
suits best for routine practice. Limitations of microarray technology are information 
of known sequences required for probe, no molecular resolution for hybridization, 
biased detection of novel and rare transcripts, constrain of hybridization, and relatively 
low specificity and sensitivity.

2.2  �Next-Generation Sequencing (NGS)

After microarray, there were revolutionary advances in DNA sequencing technolo-
gies with the advent of next-generation sequencing (NGS) techniques. As tech-
niques and datasets continue to improve and grow, we are also rapidly moving to the 
point where every organism, not just selected “model organisms,” is open to the 
power of NGS. For transcriptome analysis RNA sequencing is important because it 
can show the expressed sequences in specific tissues at a specific time and is rapidly 
replacing other methods for studying gene expression such as microarrays. For 
experimental setup it needs (1) organism-specific features, such as level of hetero-
zygosity and availability of a reference genome and the consequences of organism 
choice on analysis; (2) tissue treatment and selection of tissue types to obtain the 
desired transcriptome and the desirability of replicates; (3) techniques for efficiently 
selecting transcripts for sequencing; (4) normalizing transcripts to avoid overrepre-
sentation of highly abundant transcripts; (5) choice of sequencing platforms; and (6) 
methods of data assembly, with a useful table of assembly programs.

Evolution in DNA sequencing technologies has transformed the biological sci-
ence research and outreach. In 1987, capillary electrophoresis-based first sequenc-
ing instrument, i.e., AB370, was introduced by Applied Biosystems, and a decade 
later, AB3730xl was introduced as “first-generation” working horse for high-
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throughput sequencing. From 2005, sequencing techniques have revolutionized 
and transformed into short read, massively parallel sequencing and established as 
the “next-generation” sequencing technique (Metzker 2010).

In early second generation sequencer, Roche 454 GS FLX+ pyrosequencer was 
well known for the sequencing of long read length (approx. 700 bp) and low output 
(approx. 1 Million reads/run). It was widely used for 16S variable region sequenc-
ing as well as targeted amplicon sequencing. Illumina reversible terminator sequenc-
ing is popular for versatile sequencing potential, i.e., read length (50–300 bp) and 
read number (25 million–6 billion per run) vary from platform to platform. Illumina 
application is well known in small- and big-size genomic sequencing and rese-
quencing projects, transcriptome, SNP detection, and metagenomic studies (http://
www.illumina.com/technology/next-generation-sequencing/sequencing-technol-
ogy.html). Evolution in sequencing techniques is continued for next-generation 
sequencers due to high demand for a low-cost technology. Many sequencers are 
already in active practices from the third generation sequencer. Ion PGM (Personal 
Genome Machine) and ion proton are semiconductor-based sequencing platforms 
with automated workflow from sample preparation to analysis and having chip-
based wide range of sequencing potentials, i.e., Ion 314™ Chip v2, Ion 316™ Chip 
v2, and Ion 318™ Chip v2 (read length, 200–400 bp; reads/run, 500 K–5 million). 
These sequencers are well used in targeted, small-scale studies and routine practices 
(https://www.thermofisher.com/). PacBio RS is gaining popularity due to high long 
read lengths through single molecule real-time (SMRT) sequencing technology. It 
produces reads from 1 to 60 Kb. Each SMRT (single molecule real-time sequenc-
ing) cell can generate approximately 50,000 reads. PacBio RS is ideal for the 
sequencing of small genomes, regions of high G/C content, and DNA methylation, 
resequencing projects due to longer read length feature (http://www.pacb.com/prod-
ucts-and-services/pacbio-systems/rsii/). Oxford nano-pore, based on nano-pore 
conductivity, is under active development. Current sequencing technologies offered 
several common benefits which are perfect for exploitative studies, i.e., no need of 
prior molecular information, molecular level sequence resolution, discovery of 
novel and rare transcripts, broad dynamic range, etc. But it imposed common tech-
nical problems as well, such as short read assembly and mapping, low coverage for 
GC content enriched region, sequencing error, etc. High coverage and deep sequenc-
ing can overcome these problems up to certain extent (Hui 2012).

2.3  �Proteomics

Proteomics is known for the study of quantitative measurement of proteins expressed 
by genome to characterize organism or biological processes which explain the 
mechanism of gene expression control. Field of protein research is continuously 
evolving since the isolation of individual proteins of E. coli from protein complexes 
through two-dimensional polyacrylamide gel electrophoresis (2-DE). Later, mass 
spectrometry (MS) was coupled with 2-DE gels for the identification of large 
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number of proteins which evolved as proteomics (Anderson and Anderson 1998). 
Proteomics studies have three main components, i.e., expression proteomics, bioin-
formatics analysis, and functional proteomics. Expression proteomics is about sam-
ple preparation through gel-based or gel-free methods and protein identification 
analysis. Protein extraction methods can be different from protein to protein due to 
different physical and chemical properties of proteins. After protein extraction, 
2-DE or liquid chromatography (LC) is used to isolate individual proteins from 
sample mixtures, and later these proteins are identified through MS-based methods. 
Quantitative proteomics have been used to identify proteins expressed in a specific 
cell or tissue, comparison of protein expression profile in differential experimental 
conditions or disease states to explore physiology and pathogenic mechanisms. Due 
to recent advancement, bioinformatics is extending its outreach to guide the future 
direction of functional proteomics studies. Bioinformatics analysis has been used in 
quantitative proteomics after the protein identification to gather different kinds of 
information, such as sequence alignment and homology; motifs and domains; trans-
membrane regions; protein structure, i.e., primary, secondary, tertiary, and quater-
nary; protein interactions and networks; as well as subcellular locations (Bencharit 
et al. 2013). Functional proteomics is a protein characterization approach of pro-
teomics to understand the role of targeted proteins in cellular functions which 
requires high-throughput comprehensive analyses of protein-protein interactions, 
protein complexes, and transmembrane of organism. Bait- and prey-based 
approaches are very popular in functional proteomics like protein chip, co-
immunoprecipitation techniques coupled with 2-DE, affinity chromatography, bio-
molecular interaction analysis mass spectrometry (BIA-MS), etc. (Chandramouli 
and Qian 2009).

2.4  �Metabolomics

Metabolome is the collection of all kinds of metabolites in a biological cell, tissue, 
organ, or organism as the end products of cellular processes. Metabolomics profil-
ing is getting popularity due to instant snapshot of the cell physiology, whereas gene 
expression and proteomics analyses are limited up to genes and their products being 
produced in the cell. Nowadays, metabolomics is integrated into “-omics” family 
along with genomics, proteomics, and transcriptomics to provide a better under-
standing of cellular biology (Johnson et al. 2014). Cellular metabolomics is a cohe-
sive network of metabolite and biochemical interactions which have not yet been 
fully characterized for products, reactants, intermediate steps, and regulatory mol-
ecules. Metabolite profiling and metabolic fingerprinting are the major approaches 
used in metabolomics. Metabolite profiling is used to identify and quantify metabo-
lites of plant cell. Metabolic fingerprinting is the high-throughput approach of 
metabolomics which is used for tissue comparison and discrimination analysis. 
Metabolomics is also used on the metabolic response of organisms to physiological 
stimuli or genetic modification (Johnson et al. 2014).
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3  �Data Analysis

3.1  �Gene Identification and Expression Analysis

In both microarrays and NGS methods, we need to identify the expressed genes for 
further downstream analysis. There are several methods and tools already available 
for microarray based identification of expressed gene. This technology allows wide-
spread changes in expression patterns to be probed in a single experiment. Gene 
expression is normalized in reference to control genes on a chip. Further, t-test and 
false discovery rate are applied to detect differentially expressed genes between 
treatment and control groups (Yadav et al. 2016).

Statistical analysis is an essential component for RNA-seq data, but due to the 
short history of the technology and its continuous development, there are no stan-
dard methods available yet to detect and analyze differentially expressed genes 
based on NGS data. Analytical programs for these data are just emerging and need 
to be evaluated. There are freely available R software packages which provide 
method to detect differentially expressed genes. Kvam et al. (2012) describe four 
recently proposed statistical methods (edgeR, DESeq, baySeq, and a method with 
two-stage Poisson model [TSPM]) on significance ranking of genes and false dis-
covery rate control through simulation studies under various settings mimicking 
real data. Cufflinks tool has been developed to estimate transcript-level expression 
by tackling the problem of related transcripts’ sharing most of their reads (Trapnell 
et al. 2010) and TopHat software (Li and Dewey 2011) used for the estimates tran-
script abundances. The results show that the performances of different methods vary 
and that baySeq performs best in terms of significance ranking of genes. The false 
discovery rate may not be controlled well in practice, and they suggest applying a 
relatively stringent level to avoid too many false positives. In addition, the flexibility 
of handling different experimental design varies among the current versions of the 
different packages. Plant biologists may want to choose the one that best fits their 
experimental design and goal.

3.2  �Gene Enrichment Functional Analysis

To understand the biological context of DE (differentially expressed) genes, path-
way enrichment analysis ensues. Once if the list of DE genes is available then we 
can start gaining biological insights into experimental systems, developmental 
stages, or understanding of disease or molecular mechanisms. In gene enrichment 
analysis experiments, gene transforms information from gene expression profiling 
into a pathway summary (Subramanian et al. 2005). Gene function enrichment anal-
yses depend upon various annotation databases, for instance, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways (Kanehisa and Goto 2000), Gene Ontology 
(GO) (Botstein et  al. 2000), DAVID (Huang et  al. 2009), etc. One traditional 
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analysis starts with a gene list of interest, identified from differential RNA-seq or 
microarray analyses, and applies statistical methods, such as the Fisher’s exact test 
to test for enrichment of each annotated gene set, network, and pathway. DE genes 
are quite often involved in the same biological pathways, and GSE (Gene Set 
Enrichment) results offer greater biological interpretability over individual gene 
analysis. GSVA (Gene Set Variation Analysis) (Hänzelmann et al. 2013) extends the 
current GSE methods to RNA-seq data, and provides increased power to detect sub-
tle pathway activity changes, and constitutes a starting point to build pathway-cen-
tric models of systems biology. SeqGSEA (Wang and Cairns 2014) is a new 
open-source Bioconductor package for GSVA, which can detect more biologically 
meaningful gene sets without biases toward longer and highly expressed genes. 
Previous pathway analysis methods have been developed based on algorithms con-
sidering pathways as simple gene lists and ignoring pathway structures. Recently, 
few methods have been developed to incorporate various aspects of pathway topol-
ogy. For example, Yadav et al. (2016) have done the experiment to analyze the abi-
otic stress data in plants. Functional annotations were retrieved from the MapMan 
that is structured in the form of a hierarchical tree and was specifically designed to 
cover plant-specific pathways and processes. Arabidopsis genes were assigned into 
functional categories within the hierarchy of MapMan pathway scheme (Thimm 
et al. 2004). Pathway enrichment in each experiment was determined by calculating 
the cumulative hypergeometric p value for the probability that a group of genes are 
overrepresented within a functional bin at a rate higher than chance expectation.

3.3  �Biological Network Topology and Characteristics

Nodes and edges are the basic element for network building. In biological science, 
genes and proteins works as nodes, and functional or physical relationships between 
them are known as edges. In general, network topologies are defined as the order of 
nodes and edges to determine the functional aspects of the network. Node degree (i.e., 
number of edges connected to a node) and degree distribution (i.e., overall distribu-
tion of node degrees in a network) determine the nature of networks. The degree 
distribution of networks is often used to differentiate different classes of networks, 
whereas a number of edges are used to measure distances between networks. 
Navigability of network is measured through minimum path length (minimum num-
ber of edges) or mean path length (average of shortest path between all pairs of 
nodes). Node centrality or hub node is measured through the shortest path between all 
pairs of nodes in a network. In contrast to hub node, bottleneck node which does not 
necessarily have higher interaction works as linker between different subnetworks. A 
node can work as hub and bottleneck node both. Network robustness can also be 
characterized through network redundancy and degeneracy. Nodes’ redundant con-
nectivity through multiple paths is important for network sustainability and integrity 
in the absence of other connections, whereas network degeneracy is a special type of 
redundancy which leads to both overlapping and separate effects of network.
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Network models are very important for the understanding of complex networks 
and explanation of observed network characteristics. Here, we described some basic 
models which are necessary for critical understanding of biological networks. 
Random network model assumes that all nodes are connected to approximately the 
same number of links, i.e., average and node degrees follow a Poisson distribution 
which indicates that nodes that significantly deviate from the average are extremely 
rare. Scale-free networks are well known to follow power-law degree distribution. It 
assumes that probability of highly connected node is statistically more significant 
than in a random graph. Network hub properties are determined by a relatively 
small number of highly connected nodes. Most of biological networks are very 
close to scale-free network. A substructure of large network is formed through 
densely connected node, and long-distance connection with other nodes is known as 
module or subnetwork. These modules are specialized for particular function like 
co-expression network where most of the nodes are organized in modules having 
limited connections between subparts of the network (Hu et  al. 2016). Network 
module graphically represents integrative genomics strategies used in current 
research that successfully identify candidate genes taking advantage of gene co-
expression networks.

4  �Networking Analysis

4.1  �Networking and Data Integration for System Level 
Understanding

Gene set enrichment analysis provides information about all the genes which are 
significantly involved in cellular or metabolic pathway level processes at a given 
condition and time point. This plasticity generally involves changes at the level of 
DNA, RNA, protein, and metabolites, resulting in complex phenotypes governed by 
multiple genes. The major challenges in plant systems biology are to elucidate the 
genotype-phenotype relationship in plant cellular systems. The integrated network 
analysis tries to find correlation between genes and pathways which with the help of 
mathematical models have received particular attention.

4.2  �Scale Within Network System

One of the most key characteristic of system is the set of interactions existing 
between its constitutive elements. To understand complex interactions, the behavior 
of system needs to be modeled because it cannot be understood by direct approaches. 
Network approach is one of the common ways to model systems as a collection of 
its interacting elements. All the constitutive items of the system are represented as 
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set of nodes that are linked by edges which indicate the interactions between those 
items by means of mathematics. To represent systems as a unified whole into given 
network, all the nodes must be linked to other node by at least one edge; the mode 
of such linkage is called topology of the network (McCormack et al. 2016). There 
are three main steps for modeling of a biological system: (1) We have to define 
which component will be considered as a node in the network and associate vari-
ables of interest and evolution rules to those nodes based on properties of the con-
sidered biological components. (2) Describe the association between the components 
of the system as edges associated with interaction functions in the system network. 
(3) Study the nature of the system under different conditions, changing evolution 
rules and network topology as dictated by experiment until a perfect prediction of 
the modeled system behavior can be achieved (Hu et al. 2016).

4.3  �Analysis of Network

There are two methods used to interpret the complexity of biology: one is “top-
down” and another is “bottom-up” approach. In “top-down” method, large-scale 
datasets are analyzed to decode relationships between different levels of transcripts 
and proteins. On the other hand in “bottom-up” approach, properties of genes or 
proteins with available quantitative information such as kinetics data and transcrip-
tion rates are used to construct a model of well-characterized components that can 
be simulated computationally to identify and predict the behavior of system in dif-
ferent conditions (Bassel et al. 2012).

Approaches have been developed to identify functional modules in the plant sci-
ence such as metabolic and regulatory modules. In the network system, character-
ization and recognition of the community structure is one of the major issues. At 
present time one highly effective method is the optimization of the quality function 
known as “modularity” over the possible divisions of a network. It can be expressed 
in terms of the eigenvectors of a characteristic matrix for the network which leads 
to a spectral algorithm for community detection (Zhao 2016).

Co-expression of gene network method uses statistical matrices to create cor-
relations between gene expression profiles for various samples on the basis of 
guilt-by-association rule (Bhardwaj and Lu 2005). The generation of co-expres-
sion networks is a feasible top-down approach to generate genome-wide cofunc-
tional network models in plants. The Pearson correlation coefficient is generally 
used in co-expression networks to create linear pairwise correlations between 
enriched gene pairs in an adjacent matrix. For nonlinear correlations, another 
associative matrix that can be used is the Spearman correlation coefficient which 
enables nonlinear correlations between genes to be uncovered. A modified graphi-
cal Gaussian model that takes into account partial correlations between genes 
after removing the effects of other adjacent genes has also been used (Ma et al. 
2007). Following the establishment of gene associations, a cutoff threshold is then 
set, and pairwise interaction values exceeding this selected threshold are kept. 
The strength of the correlations between gene pairs can be considered as edge 
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weights indicating the strength of co-regulation between gene pairs. The end 
result of such an approach is a network consisting of nodes which represent genes 
connected by edges showing significant similarity in their common expression 
pattern. It is important to note that both positively and negatively acting compo-
nents of a biological process can be co-expressed (Lee et al. 2011). Network anal-
ysis seeks to map and understand as systems-level views of cell behavior. In the 
context of gene, protein, and metabolites interactions, network biology provides 
the tools to answer questions such as the survival of plant during different abiotic 
stress (Yadav et al. 2016), the effects of diverse environmental conditions on the 
flow of biological information between genes and proteins, and the phenotypic 
results of perturbations of protein communities.

4.4  �Software and Tools for Network Analysis

Researchers develop and use bioinformatics software or databases for the compre-
hensive study of plant systems biology. Many of the tools, databases, and other 
resources used in the analyses of the individual -omics platforms include the tools 
for network visualization, modeling environments, pathway construction and visu-
alization tools, systems biology platforms, and repositories of the models. 
Visualization is a means of investigative data analysis and a key method for network 
analysis. The purpose of large -omics data visualization should be to create clear, 
meaningful, and integrated resources without being besieged by the inherent com-
plexity of data (Gehlenborg et al. 2010). Pathway databases are used for modeling 
systems, since they offer a clear-cut way of building network topologies by the 
annotated reaction system. We have listed some of the widely used tools and data-
bases by plant research community in Table 1.

5  �Application of Network System in Plant Biology

5.1  �Gene-to-Metabolite Network

This network calculates the correlation and significance between differentially 
expressed genes which are associated with metabolic regulation at a given set of 
condition. In this interaction network, genes and metabolites act as node and edge, 
respectively. The interactions are interpreted depending on the distance between the 
genes and the metabolites. This type of network is highly complex and difficult to 
study in plants, owing to the enormous diversity and number of metabolites being 
produced in the cells due to their sessile lifestyle. In the area of plant science, gene-
to-metabolite networks elucidate the interrelations among biological processes, 
gene functional annotation, discovery of new genes in biosynthesis regulation, and 
transport of metabolites (Yuan et al. 2008). For the various biotic and abiotic stresses 
in plants, researchers utilize gene-to-metabolite networks to reveal how genes 
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regulate cellular pathways as well as primary and secondary metabolites synthesis 
to protect plants (Zulak et al. 2007; Yadav et al. 2016). These networks have helped 
in the discovery of novel candidate genes for terpenoid indole alkaloid biosynthesis 
in Catharanthus roseus (Rischer et al. 2006) in response to nitrogen deficiency and 
during diurnal cycles (Blasing et al. 2005) and so on.

5.2  �Protein: Protein Interaction Network

Protein-protein interactions (PPIs) are one of the most significant components of bio-
logical networks. In PPI networks, the nodes are proteins which are associated by 
direct edges if the direction of information flow during their interaction is known or 
nondirect edges if there is strong evidence of their physical interaction or association 
without an evidence for directionality of interaction (Assmann and Albert 2009). Two 
types of interactions might be possible: genetic or physical. In genetic approaches, a 
network of genes characterized on the basis of genetic interactions to explain gene 
function within physiological processes (Boone et al. 2007). Still, this method is dif-
ficult to implement owing to the ploidy levels and perennial plants. While in physical 
methods, interaction maps have been experimentally elucidated for homo- and het-
ero-dimerization within two large classes of transcription factors, for example, net-
works between the MADS box transcription factors (Immink et al. 2003; de Folter 
et al. 2005) and the MYB transcription factor family (Zimmermann et al. 2004a, b).

5.3  �Carbohydrate: Protein Interaction Network

People are exploring protein-carbohydrate interactions because it plays significant 
role in numerous physiological and pathological processes in plants. Recently, 
many computational methods have been suggested to study protein-carbohydrate 
interactions. Malik et al. (2014) developed a method to group various plant lectins 
and their interacting carbohydrates by the community detection analysis of a lectin-
glycan network generated by the glycan microarray data. They identified three lec-
tins having large degrees of connectivity playing the roles of hubs. This work reveals 
global organization of lectin-glycan interactions and helps to identify strongly cor-
related lectin and glycan clusters in plants.

5.4  �Transcriptional Regulatory Network

Transcription regulatory network elucidates the regulatory interactions between tran-
scription factors and downstream genes. To understand cellular dynamics, thorough 
knowledge of each regulatory network is required. In this network, nodes represent 
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transcription factors and regulatory genes, whereas edges represent transcriptional 
regulation (Babu et al. 2004). There are various methods that are applied to interpret 
the transcriptional regulatory networks which includes genome-wide expression pro-
filing and RNA interference (RNAi) screens (Baum and Craig 2004). Nachman et al. 
presented transcription rate assessment by measurement of mRNA decay rates 
(Nachman et  al. 2004). Other regulatory network models are evaluated based on 
promoter co-occupancy by pairs of transcription factors (Geisberg and Struhl 2004) 
and computational prediction of cis-elements (Beer and Tavazoie. 2004). In 
Arabidopsis, a transcriptional regulatory map was created for cold signaling medi-
ated by the ICE1 transcription factor (Benedict et al. 2006), in rice to understand the 
role of oxidative signals in cold stress (Yun et al. 2010; Todaka et al. 2012), and in 
response to abiotic stresses in grasses (Nakashima et al. 2009).

5.5  �Gene Regulatory Network

A gene regulatory network reveals role of genes in physiological processes of 
life, including cell differentiation, metabolism, the cell cycle, and signal trans-
duction. In this network, the nodes correspond to genes and messengers RNAs 
or proteins, and the edges represent the regulatory interactions like activation, 
inhibition, and repression between the components of the network. Generally 
it’s a collective network of genes, noncoding RNAs, proteins, metabolites, and 
signaling components (Long et al. 2008). Gene regulatory network incorporates 
regulation of DNA transcription, RNA translation, posttranscriptional RNA 
processing, as well as the posttranslational modifications like protein targeting 
and covalent protein modifications. Gene regulatory networks display the 
dynamics of the plant systems (Yuan et al. 2008). Coen and Meyerowitz pre-
sented ABC model, a first plant gene regulatory networks model, and explained 
the interactions among transcription factors that regulate floral pattern forma-
tion across plant species (Coen and Meyerowitz 1991). The gene regulatory 
model controls guard cell size in stomatal closure (Li et al. 2006) in plants, and 
cell fate determination during flower development in A. thaliana (Espinosa-
Soto et al. 2004). Reconstruction of biological network and analyses has been 
an important method in plant systems biology. Figure 2 graphically illustrates 
the central part of typical systems biology method which is thoroughly discussed in 
this chapter.

6  �Conclusion and Future Prospective

It is a scientific challenge to incorporate every piece of biological knowledge into a 
unified manner, but there is a requirement of an iterative process between different 
experimental data and mathematical modeling. In the last few years, systems 
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biology approach is employed to address key biological questions which provide 
crucial information and developed hypothesis not only in plant but also in the other 
areas of life sciences. This chapter defines how to accomplish our research; it starts 
with genomics and makes relationships between gene-gene, gene to protein, 
protein-protein, and gene to metabolites. To make this correlation, various methods 
calculate confidence hypothesis between entities which adds depth breadth to a 
network and leads to the identification of general network properties. Validation of 
generated biological network by the various screens and predictions, and their 
functional consequences in a spatiotemporal manner, is still major challenge. For 
example, protein-protein interaction shades were attained in systems that do not 
deliver the spatiotemporal environment of complex formation in addition with pro-
tein levels exceeding the native levels. To understand these networks, information 
is required at the cellular, tissue, and whole-plant system levels. The interpretation 
of biological networks is important to link an organism that can develop, grow, and 
reproduce. There are some studies which have nicely demonstrated gene regulation 
in developmental processes and functions of the cell type and tissue, to understand 
transcriptional dynamics using cell- and tissue-specific transcript profiling. In sys-
tem and network biology to understand regulatory networks and protein-protein 
interactions, it will be important to implement structural features and posttransla-
tional modifications.

Fig. 2  Graphical representation of systems biology approach in plant biology
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