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Preface 

The completion of the Human Genome Project was not only the achievement of a goal, 
but the starting point for new projects towards complete understanding of the function 
of genes and of the regulatory regions in the genome.

Today sequencing data obtained from large international consortia, deriving from an 
incredible number of species, not only humans, are revealing unexpected functions for 
non coding regions of the genome and also the effect of the variability among
individuals. Genome-wide variation, gene expression, both at mRNA and at protein
level, protein-protein interaction and network organization are only some examples of 
the data produced by these kind of analyses. 

High throughput data for genome-wide analysis derive from new technologies on the 
market, like next-generation sequencing, which produce extraordinary information 
that require computer-based analysis downstream. In this scenario, new 
bioinformatics tools are needed for the analysis of these complex data and the 
integration of existing information with new ones deriving from different sources.  

This book titled “Functional Genomics” contains a selection of chapters focused on
crucial topics in functional genomics, from the analysis of the genetic code, to the
understanding of the role of the different genes and to the proteomic implications. The 
book provides an overview on basic issues and some of the recent developments in 
medicinal science and technology. Covering all the aspects involved in such a broad 
theme as functional genomics and in all its applications would be impossible within 
the same book. The different chapters represent a brief introduction to the topic, 
connecting the most promising developments in functional genomics technologies,
focusing on specific applications in biomedicine, agro-food technologies and 
zootechniques.  
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1. Introduction 

Since the start of genomics research, genome-wide expression studies have been used 
prolifically as a tool to improve our understanding of the involvement of genes in various 
biological processes. Measuring gene expression patterns simultaneously across all the 
genes in the genome, i.e. transcriptomics, is a uniquely powerful technology to explore 
potential novel candidate genes for a particular process. This genome-wide approach has 
the huge advantage that we do not have to specify in advance which genes we believe to be 
involved, and as such, we are not limited by our current knowledge. Transcriptomics is an 
important first step to study traits that are under the control of several to many genes (i.e., 
polygenic traits) and responsive to external conditions and internal states (i.e., multifactorial 
traits).  

The identification of potential novel candidate genes, however, is only a limited part of the 
power of transcriptomics. With this technology, the expression of thousands of genes is 
measured simultaneously. It provides a snapshot of all genes that are actively transcribed 
during a particular process. When we compare these measurements between conditions or 
treatments, those genes that are expressed at higher or lower level under a particular 
condition can be identified. As such, transcriptomics maximizes the awareness of effects 
anywhere in the genome, including those associated by costs, trade-offs and epistatic 
interactions. This could be viewed as a complication of transcriptomics data, because a 
change in expression does not necessarily reflect a causal relationship to the process of 
interest. In fact, however, it is also one of the major strengths of this technology. By 
combining various bio-informatic tools and resources, it is possible to obtain an insight into 
intricate gene-interaction networks, the regulatory control of traits, and the implications of a 
trait or process on the full phenotype.   

© 2012 Wertheim, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In functional genomics, transcriptomics studies are typically a comparison between 
biological samples (e.g., a cell type, organ, individual, or group of individuals) that were 
collected under different conditions, to analyse which genes were up-regulated or down-
regulated (i.e., were expressed at higher, respectively, lower levels) in response or relation to 
the condition. These conditions can be experimentally induced (e.g., treatment versus 
control, different dosages of a chemical, different food conditions or temperatures, etc.), or 
they represent different natural stages (e.g., diseased versus healthy, male versus female, 
different developmental stages or aged individuals, different genotypes, different tissues, 
different epigenetic profiles, etc). Including a proper control treatment or reference is 
crucially important for the interpretation of gene expression differences that results from 
such a comparison. There will always be a large number of genes expressed in any 
biological sample, and without control or reference, it is impossible to attribute expression 
of particular genes to the condition of interest. The purpose of transcriptomics is to reveal 
how the expression patterns change under different conditions. 

Transcriptomics technology is used to characterize the composition of the messenger RNA 
(mRNA) pools from each biological sample. The mRNAs are the transcripts of a gene that 
carry the information encoded in the gene to the site of protein synthesis. When a particular 
mRNA is present in a biological sample, it implies that the corresponding gene was 
expressed, and a template is available for the synthesis of the protein product of that gene. 
The abundance of each mRNA in the pool represents the level of expression of the 
corresponding gene. By comparing the relative proportional representation of each mRNA 
in the total mRNA pool among the samples, we can identify which genes differed in 
expression in response or relation to the compared conditions. The most widely use 
technological platform for whole-genome expression studies are microarrays, although the 
sequencing of the transcriptome is rapidly increasing in popularity (Figure 1).  

Microarrays are solid-based platforms (e.g., glass slides), containing millions of copies for 
thousands of ‘reporter probes’ that comprise part of the sequences of the genes in the 
genome. By binding (or ‘hybridizing’) fluorescent-labelled copies of the original mRNAs to 
the probes, measuring the label intensities for each position on the array, and associating 
these positions to their specific reporter probes, one can infer the presence and abundance of 
each transcript in the labelled RNA pool (Figure 1). It is assumed this representation is 
proportional to their abundances in the original mRNA samples. Microarrays are relatively 
cheap, and the tools to analyse the data have been developed, matured and tested. This 
makes microarrays an affordable and accessible platform for many applications [1]. After 
the initial introduction of expression arrays that reported only on known or predicted genes, 
tiling arrays were developed that contained reporter probes across the full genome, 
including the non-coding, non-translated and non-transcribed chromosomal regions.  This 
enabled the identification of novel transcripts, including non-coding RNA genes, as well as a 
better characterization of splice variants and exons [2].  

The latest developments in next-generation sequencing technologies are making 
transcriptome sequencing more affordable, and they provide a number of advantages over 
microarrays [3]. For this approach, the mRNA pool is converted into cDNA (either wholly 
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or after a partial digestion), which is then used as template for high-throughput sequencing. 
The generated sequence information is mapped to, or assembled into, a reference 
transcriptome, and the number of sequence copies generated for each gene is used to infer 
the number of mRNA copies in the original sample (Figure 1). Sequencing approaches 
provide more comprehensive information on the transcript characteristics (e.g. splice 
variants, mRNA sequence variations, gene fusions, etc.), they are not limited to the known 
or predicted genes of an organism or the genes represented on an microarray, and they 
avoid some problems inherent to slide-based technologies [4]. A downside of transcriptome 
sequencing is that the Quality Control and pre-processing and analysis procedures for these 
data have not yet fully matured, and the assembly of, or mapping against, the reference 
transcriptome requires substantial computing power, making this technology still less 
accessible.  

In essence, both technological platforms yield data of very similar nature, although the 
information of sequencing approaches may be more specific and detailed than array-based 
approaches. After the specific pre-processing that each platform requires, the data can be 
analysed with similar methods, leading to a list or ranking of genes that show changes in 
expression patterns or transcript characteristics (e.g. splice variants) among the compared 
conditions. As such, the gene list provides a first step to identify the genes that potentially 
matter or are affected by a particular condition. A change in expression, however, is 
insufficient evidence for establishing a clear link between a gene and the trait of interest. At 
best, the genes on the list may be associated with the trait or condition of interest, while 
causality or direct involvement in the trait still needs to be established through additional 
empirical approaches.  

Before discussing how gene lists can be generated or used for further analysis, it is 
important to emphasize that certain limitations are inherent to transcriptomics data. These 
limitations can be specific to the used platform, for instance microarrays can only report on 
the activity of genes that are known or represented on the array. Most limitations, however, 
are irrespective of the technology. As mentioned, genes that are differentially expressed are 
not necessarily causal to a particular trait or response. Moreover, not all the genes that are 
involved in a response or trait are detected by a changes in expression. Any post-
transcriptional modifications or non-transcriptional processes (such as the re-directing of a 
transcription factor from its regular processes towards another function) are typically not 
detectable by a change in gene expression. A further precautionary note is warranted for the 
design, set-up and execution of any transcriptomics study. An essential requirement for 
associating changes in gene expression among different samples to a particular condition or 
treatment of interest, is to ensure that the only difference is the condition or treatment of 
interest. For example, the collection of control and treatment samples should be done 
simultaneously (e.g., not before infection and 12 hours after infection) by the same person, to 
avoid that circadian rhythms or handling effects differ between the samples. When such 
precautions would not be taken, genes responsive to the treatment would be confounded 
with genes responsive to these extraneous factors. It is impossible to resolve such 
confounding effects after the measuring of gene expression. The only way to avoid such  
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Figure 1. Schematic overview of transcriptomics approaches, using microarrays or transcriptome 
sequencing. Although the technologies differ, both approaches compare all the mRNAs in biological 
samples under different conditions, and provide quantifications of the abundance of all gene transcripts 
for each sample. Images of GeneChips® courtesy of Affymetrix.  
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issues is to take due care during experimental design, sample collection and sample 
preparation. Despite these limitations that are inherent to any transcriptomics technology, 
the resulting data does provide an array of possibilities for further meaningful analysis.  

In this chapter, I will illustrate various ways in which transcriptomics data can be analysed, 
to identify novel candidate genes for the process of interest, and additionally, how to move 
beyond this list of candidate genes towards the molecular mechanisms and gene interaction 
networks of a trait. For these illustrations, I will mostly use transcriptomics data on the 
innate immunity in Drosophila larvae after parasitism. Our analysis on the transcriptomics 
during the acute immune response to infection by parasitic wasps [5], as well as between 
strains that differ genetically in resistance to these parasites [6], revealed a complex gene 
interaction network associated with defense mechanisms. The immune response to parasites 
is triggered by recognizing the invasion of the parasite, and comprises of the proliferation 
and differentiation of specialized blood cells that surround the parasite in a multi-layered 
capsule, and sealing the capsule with a layer of melanin. This melanotic encapsulation 
sequesters and kills the parasite [7]. By integrating the data from our studies with various 
resources and bioinformatics approaches, we gained a more comprehensive insight in the 
interactive and regulatory network of genes that are associated with the immune response 
to parasitism. We identified shared regulatory elements among genes that showed similar 
expression patterns, physiological costs associated with evoking the immune response, 
chromosomal positions that were associated with resistance traits and indications for 
epistatic gene-interactions. Combined, this information provided us with new insights on 
the mechanisms and complex genetic architecture of the innate immune response.  

2. Constructing a list of genes with differential expression 

The fundamental purpose of a transcriptomics experiment is to identify the genes with 
changed expression under a particular condition, which is done by comparing the 
abundance measurements for each gene transcript among the biological samples. 
Depending on the platform used, these abundance measurements are derived from 
fluorescence intensity measurements captured in digital images of the microarrays, or the 
counts of the number of transcripts for sequencing approaches (Figure 1). These 
measurements, however, are not only reflecting the biologically interesting variation in gene 
expression under the different conditions, but also a substantial level of technical variation 
that is introduced during the preparation and measuring of the samples. This includes, for 
example, residues of reagents that create a background signal on microarrays, short 
fragments of RNA that bind non-specifically to microarray probes or cannot be uniquely 
mapped to a reference genome, slight differences in RNA doses for the different samples, or 
slight differences among samples/batches in the efficiency of the molecular techniques. 
Some of these aspects affect whole samples, while others are specific to particular genes. To 
perform the meaningful comparisons on the variation in gene expression measurements, it 
is typically essential to first eliminate the bias introduced by technical variation as much as 
possible.  
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that is introduced during the preparation and measuring of the samples. This includes, for 
example, residues of reagents that create a background signal on microarrays, short 
fragments of RNA that bind non-specifically to microarray probes or cannot be uniquely 
mapped to a reference genome, slight differences in RNA doses for the different samples, or 
slight differences among samples/batches in the efficiency of the molecular techniques. 
Some of these aspects affect whole samples, while others are specific to particular genes. To 
perform the meaningful comparisons on the variation in gene expression measurements, it 
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The raw intensity measurements first need to be pre-processed to deal with the technical 
variation, normalized to scale all samples to the same range, and combined into a single 
expression value per gene per sample for comparisons. Many different approaches have 
been developed for the pre-processing and normalization of microarrays, and subsequent 
studies have tried to determine the optimal strategy to remove the noise without 
introducing bias. Some approaches are outperforming others and consensus has been 
mostly reached for the commonly used microarray platforms, although full consensus for all 
microarray platforms is still lacking  [8]. Also for transcriptome sequencing, normalization is 
important to address deviations due to slight differences in doses, the gene length and GC-
content. The exploration of the best pre-processing and normalization approaches for 
transcriptome sequencing are still being established (e.g., [4,9]).   

To statistically test for changes in gene expression, biological replication is essential. Having 
multiple biological units for each condition enables the estimation of variation within and 
between conditions, which allows for the partitioning of all variation into noise (i.e., 
technical and random variation), and the biologically interesting variation reflecting the 
changes in gene expression patterns. Technical replications are sometimes also incorporated 
in the platform or analysis, for example by repeating the same probes on a microarray, by 
applying a dye-swap on samples, or by testing the same samples twice. Although this can 
increase the accuracy and sensitivity for the estimation of technical variation, it is generally 
not as important as biological replication is for increasing the sensitivity and power of the 
analysis. The minimum number of replications that is required for any transcriptomics 
experiment depends, among others, on the objective of the experiment, the required 
sensitivity, the type of microarray or sequencing method used, the experimental design, and 
the number of treatment groups [10]. Measuring gene expression across a time course may 
also be a powerful way to increase the power of the analysis, as well as providing a means 
to determine the sequence of action for genes.  

For the statistical analysis of transcriptomics data, many different alternatives are available. 
Most tests developed for microarray data or transcriptome sequencing are essentially 
modifications of more standard statistical tests [8]. To identify the genes showing 
differential expression (i.e., differences in expression level) among treatments or conditions, 
many of the statistical procedures consist of some form of variance analysis and test whether 
the variance in expression patterns among treatments or conditions exceeds the variance 
between biological replicates within a treatment. The most commonly used tests include 
(modifications of) t-tests, ANOVAs, regression analysis, mixed models and generalized 
linear models. The modifications for these tests are primarily to increase power for the often 
small sample sizes, and to avoid violation of the assumptions for the parametric tests, in 
particular the assumptions of a Normal distribution and independence among 
measurements. Modifications include methods to shrink variance estimates (using 
combined information on variance for the large number of measurement on a single 
sample), permutation approaches and empirical Bayesian methods. Similar to the best 
choice for the number of biological replicates, the best statistical approach depends on the 
objective of the experiment, the transcriptomics platform used, the experimental design, the 
number of treatment groups and the number of replicates per treatment.   
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Not only statistical significance, but also the magnitude of a change in expression (or the ‘fold 
change’) between conditions is often provided, sometimes as an auxiliary for biological 
significance. Fold changes are typically provided at a log2 scale, so that the fold changes are 
centred around zero, and a doubling or halving of expression level in the treatment compared 
to the control would result in an equal deviation from zero. These fold change data can be 
plotted to visualize the differentially expressed genes, either in relation to the average 
expression level of that gene (MA-plot, Figure 2a), or in relation to the statistical significance 
(volcano plot, Figure 2b). It should be realized, however, that fold changes are fickle indicators 
of biological significance. Firstly, depending on the position and role of a particular gene in a 
regulatory network (e.g., a central transcription factor, or a direct regulator of transcriptional 
activity), a small fold change may have large biological implications. Large fold changes could 
be primarily expected at the margins of these networks, which may involve the final effectors 
of the response while that may reveal little about the key regulators of the response. Secondly, 
microarrays typically only detect large fold changes in the intermediate range of expression 
values. Low levels of expression may be below the detection limit of the array, and 
background noise or corrections may obscure any changes in the expression of such genes. 
High levels of expression may result in saturation of the probes, vastly underestimating the 
actual fold changes. Transcriptome sequencing approaches would not be biased towards these 
intermediate expression levels, but instead, could suffer from exaggerated fold-change 
estimates for genes not expressed, or expressed at very low level, in one sample or both 
samples (when the denominator approaches zero). 

 
Figure 2. Plots that summarize the fold-change differences in gene expression between two conditions. 
a) MA plots portray for each gene the average gene expression across the two conditions on the x-axis 
(A), and the log2 fold change difference in expression between the two conditions on the y-axis (M).  b) 
Volcano plots portray for each gene the log2 fold change in difference of expression between the two 
conditions on the x-axis (Fold Change) and the statistical significance for the t-test on expression 
measurements between the two conditions on the y-axis (–log10 P-value). The presented data is on 
Drosophila larvae 12 hours after being parasitized and control larvae (that had not been parasitized)  [5]. 
The ‘outliers’ in both plots represent genes that differed in expression between the two conditions. In 
red are the genes that both scored a P-value < 0.001 and had at least a 2-fold change in expression 
between the two conditions. Applying these combined criteria for assigning significance would exclude 
several ‘outlier’ genes with high average expression levels (a) and/or with low p-values (b).    
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Finally, to determine the genes with significant differences in expression among conditions 
or treatments, a statistical correction needs to be applied for the large number of statistical 
tests for each experiment (i.e., multiplicity or multiple testing). In a transcriptomics 
experiments, several thousands of genes are tested, and each gene is analysed for differences 
in expression among conditions. In statistics, we normally use a type I error rate of α = 0.05, 
which means that we accept that in 5% of cases where we rejected the null hypotheses (H0: 
no differences among conditions) and called something ‘significantly’ different, the 
observed difference was purely by chance. When we do not correct the type I error rate 
while performing thousands of statistical tests (i.e., one for each gene), this would result in 
hundreds of genes called significantly differentially expressed, while these differences were 
merely by chance. Genes that are deemed differentially expressed while they are not, are 
false positives. Genes that are deemed not differentially expressed while they are, are false 
negatives. Correcting for false positives in large scale experiments is needed to avoid 
including many erroneous calls, but it needs to be carefully balanced by controlling for false 
negatives to ensure optimal sensitivity and accuracy of the analysis. 

The typical statistical correction for false positives in non-genomic experiments with 
multiple testing is a Bonferroni correction, which divides α by the number of statistical tests 
applied to the data. This approach, however, is often too conservative (i.e., accepting the 
null hypothesis H0, while it was false) for the thousands of tests in transcriptomics analyses, 
and would result in a large number of false negatives. The most widely used correction for 
multiple testing in transcriptomics analysis is a False Discovery Rate (FDR) correction, 
which attempts to provide a more even balance between false positives and false negatives. 
Several FDR approaches exist, but they generally adjust or replace the P-value for 
significance to reflect the likely proportion of false positives among the genes that are called 
significant. For example, when we would identify 100 genes with an FDR adjusted P-value 
(Padj or q-value) of <0.05, we would on average expect less than 5 of these genes to be false 
positives [11].  The acceptance level for significance used with FDR often ranges from Padj 
<0.001 to <0.10, depending on the desired sensitivity and accuracy, the sample size (i.e., 
power) and the estimated numbers of genes with differential expression. 

The end result of all pre-processing steps, normalisation, statistical analyses and corrections 
for false positives is a list or ranking of genes that significantly changed expression in 
response or relation to the different conditions that were compared. This lists contains 
potential candidate genes that may be actively involved in the process of interest. However, 
many genes are also included in the list that are only indirectly associated with the response 
or process of interest. Moreover, the gene list does not contain all the (candidate) genes that 
are involved in the process, but only these that could be detected by transcriptomics and 
under the particular experimental conditions (e.g. time points during the response, sample 
sizes, technological platform) and analysis choices (e.g. normalization approach, acceptance 
thresholds for significance). Finding gene expression changes in a transcriptomics 
experiments is not required, nor sufficient, evidence for the function of a gene or its 
involvement in a biological process.  It is, however, a valuable starting point for further 
analysis.   
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3. Standard explorations of the gene list 
The first inspection of a gene list typically is to link the gene names to what is known, 
predicted and published about these genes, both in terms of the function of the gene 
(product), the protein family or protein domains that the gene codes for, and the signal 
transduction pathways in which it participates. For model species and other species for 
which the full genomic sequence is available, repositories exist that combine several sources 
of information on individual genes (for example, see “www.nature.com/scitable/content/ 
Genomics-Databases-744357” for a list of species-specific repositories [12]). The annotation of 
genes is mostly following a controlled vocabulary or restricted terminology. For functional 
annotations, Gene Ontology (GO) is a widely used vocabulary. Gene Ontology describes the 
genes and their products (e.g., the proteins for which a gene codes) within three main 
Ontology domains: Molecular Function, Biological Process and Cellular Component. Genes 
can be described at various hierarchical levels using this GO terminology, ranging from 
broad over-arching themes to very specific descriptions. Descriptions of protein domains are 
often inferred based on sequence similarity to other organism, for example using the InterPro 
terminology. Since many proteins are involved in several biological processes or contain 
more than one functional domain, genes (or gene products) have often different GO 
annotations across the three GO domains and different IP annotations (Table 1).  
 

Gene Name 
(symbol) 

Gene Ontology Annotation InterPro Annotation

αPS4 
 

Cellular Component: Integrin complex
Biological Process: Cell adhesion 
Biological Process: Cell-matrix adhesion
Biological Process: Heterophilic cell-cell 
adhesion 
Molecular Function: Cell adhesion 
molecule binding 
Molecular Function: Receptor activity

Integrin alpha chain
Integrin alpha beta-propellor  
Integrin alpha-2  
Integrin alpha chain, C-terminal 
cytoplasmic region, conserved site  
FG-GAP 

lectin-24A 
 

Cellular Component: -
Biological Process: Galactose binding 
Molecular Function: -

C-type lectin
C-type lectin fold 

Thiolester containing 
protein II (TepII) 

Cellular Component: Extracellular 
space 
Biological Process: Antibacterial 
humoral response 
Biological Process: Defense response to 
gram-negative bacterium 
Biological Process: Phagocytosis, 
engulfment 
Molecular Function: Endopeptidase 
inhibitor activity 
Molecular Function:  Peptidase 
inhibitor activity  

Terpenoid cylases/protein 
prenyltransferase alpha-alpha toroid 
Alpha-macroglobulin, receptor-binding 
Alpha-2-macroglobulin, N-terminal 
Alpha-2-macroglobulin, N-terminal 2 
A-macroglobulin complement 
component  
Alpha-2-macroglobulin, conserved site  
Alpha-2-macroglobulin, thiol-ester 
bond-forming 

Table 1. Examples of gene annotations, using the vocabulary of the Gene Ontology (GO) and InterPro 
(IP). Annotations are provided for three genes that were differentially expressed during the immune 
response of Drosophila after infection by parasites  [5]. The GO annotations describe the function and 
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process that have been reported for the protein, and the IP annotations describe the protein domains. 
Genes that are involved in different processes, or coding for proteins with multiple functional domains, 
may contain a variety of annotations. Many genes, however, are not fully annotated. 

The abundance and reliability of annotation information is highly variable among genes 
and species: some genes are well studied and annotations are solidly supported by 
empirical evidence, while other genes are not annotated, only partially annotated or 
annotations are based only on unconfirmed computer predictions or non-traceable author 
statements. Furthermore, for model organisms the functional annotations have 
accumulated by the studies of many researchers over long periods, while for non-model 
organisms or new model organisms, there is often only limited detailed knowledge 
available. Yet, even for these non-model organisms, various resources exist that enable 
high level analysis of transcriptomics data based on homologies, such as, for example, the 
Blast2GO suite [13].  

Gene lists from transcriptomics experiments are particularly amenable for enrichment 
analyses of functional annotations. An enrichment of a particular functional annotation 
implies that it is represented more often among the gene list members than would be 
expected by chance alone, based on the proportion of the genes in the genome with that 
annotation. Multiple interfaces and online tools have been developed for this purpose (e.g., 
DAVID for large gene lists [14] and Catmap for gene lists that are ranked for significance, 
but without actually applying a significance threshold cutoff [15]). When the conditions or 
treatments of interest resulted in a coordinated response in the gene interaction network, the 
likelihood increases of finding genes with changed expression sharing the same annotation. 
Such enrichments may be informative for identifying different biological processes or 
protein families that are associated with, or affected by, a response to the condition or 
treatment of interest. This may also be informative to identify possible costs or trade-offs 
that are associated with the response. For example, within the gene list for the response to 
parasite infection [5], we identified a set of genes involved in puparial adhesion. These 
genes were expressed at lower levels in the infected larvae at 72 hours after infection, and 
reflect the delay in development these larvae incurred by investing energy and resources in 
the immune response.     

The list of differentially expressed genes can be compared to other gene lists, which could be 
derived from other transcriptomics studies, known candidate genes for the process of 
interest, or any other approach that identified a set of genes associated with a particular 
condition. Venn diagrams can summarize these gene list comparisons (Figure 3). Reporting 
how many of the genes were shared with other gene list(s), and how many are unique for 
each gene list, provides a quick overview of the numbers of genes that may be of particular 
interest. Sometimes it is the genes that are also present in the other gene list(s) that are of 
particular interest, for example when multiple sources of evidence are combined or to 
identify cross-talk between gene interaction networks. Alternatively, one could focus on the 
unique genes to identify novel candidate genes that had not previously been associated with 
the process of interest.    
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Figure 3. Venn diagram of differentially expressed genes in Drosophila larvae after infection by a 
parasitic wasp, and genes that have been previously implicated in defense responses and anti-microbial 
immune responses. Infection by a parasitic wasp (‘macro-parasite’) triggers a cellular immune response 
that is substantially different from general defense responses and the mostly humoral immune response 
against bacterial and fungal infections (‘micro-parasites’). This is reflected both in the relatively large 
number of known immunity genes that did not change expression after infection with macro-parasites, 
and in the large number of differentially expressed genes after macro-parasite infection that had not 
previously been associated with immunity and defense. Redrawn with permission after [5], first published 
by BioMed Central. 

When several conditions or time points are included in the experimental design, clustering 
the genes according to their expression pattern across these conditions or time points allows 
for identifying groups of genes that responded similarly, and analysing these separately 
from genes with different behaviour. An enrichment analyses on such groups of genes may 
identify a common theme to groups with a particular expression profile across the 
conditions or time points. For example, in our transcriptomics study after infection with 
macroparasites, we identified groups of genes with a peak in up-regulated expression 1-6 
hours after infection, at 6-24 hours after infection, and at 24-72 hours after infection, and 
groups with down-regulated expression either throughout the time course, or at 72 hours 
after infection (Figure 4). The first group of genes was enriched for immunity genes (clusters 
1 and 2), the second group of genes for proteolysis and serine-type endopeptidases (cluster 
12), and the last group in puparial adhesion (cluster 9). These patterns can be used both to 
get a more detailed profile for the various processes that occur during the response. 
Additionally, it may serve as a starting point for inferring the functions of unannotated 
genes. For example, the Drosophila genome codes for 201 genes with serine-type 
endopeptidase activity, which function in development, immunity and various other 
biological processes. Only 22 of these genes had been functionally annotated with a role in 
immunity, but unannotated serine-type endopeptidase genes that responded similarly to 
infection as genes with a functional annotation in immunity or defense could be putatively 
assigned the same functions [16].      
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Figure 3. Venn diagram of differentially expressed genes in Drosophila larvae after infection by a 
parasitic wasp, and genes that have been previously implicated in defense responses and anti-microbial 
immune responses. Infection by a parasitic wasp (‘macro-parasite’) triggers a cellular immune response 
that is substantially different from general defense responses and the mostly humoral immune response 
against bacterial and fungal infections (‘micro-parasites’). This is reflected both in the relatively large 
number of known immunity genes that did not change expression after infection with macro-parasites, 
and in the large number of differentially expressed genes after macro-parasite infection that had not 
previously been associated with immunity and defense. Redrawn with permission after [5], first published 
by BioMed Central. 
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from genes with different behaviour. An enrichment analyses on such groups of genes may 
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groups with down-regulated expression either throughout the time course, or at 72 hours 
after infection (Figure 4). The first group of genes was enriched for immunity genes (clusters 
1 and 2), the second group of genes for proteolysis and serine-type endopeptidases (cluster 
12), and the last group in puparial adhesion (cluster 9). These patterns can be used both to 
get a more detailed profile for the various processes that occur during the response. 
Additionally, it may serve as a starting point for inferring the functions of unannotated 
genes. For example, the Drosophila genome codes for 201 genes with serine-type 
endopeptidase activity, which function in development, immunity and various other 
biological processes. Only 22 of these genes had been functionally annotated with a role in 
immunity, but unannotated serine-type endopeptidase genes that responded similarly to 
infection as genes with a functional annotation in immunity or defense could be putatively 
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Figure 4. Clustering of genes that show similar expression patterns in Drosophila larvae across the 72 
hour time course after infection by parasitic wasps. The average expression levels (± standard errors of 
the mean) for the genes within the clusters (log2 transformed and divided by the median expression 
level for that gene across all time points) is shown. Dashed red lines represent the gene expression in 
parasitized larvae and solid blue lines represent the gene expression in control (not parasitized) larvae. 
Partially redrawn with permission after [5] , first published by BioMed Central.  

In addition to these general approaches for any transcriptomics analysis, regardless of the 
platform that was used, some additional insights could be gained from using tiling arrays or 
transcriptome sequencing. Not only the expression level could be determined for each gene, 
but also alternative isoforms of transcripts, including splice variants and sequence variations 
(either in the coding regions or in the untranslated regions of the transcripts). In humans, 
transcriptome sequencing revealed that splicing isoforms from various tissues showed 
systematic differences, including exon skipping, alternative 3’ or 5’ splice sites, mutually 
exclusive exons and alternative first or last exons [17]. New methods allow for the 
quantification of gene expression levels for the individual isoforms, which can improve the 
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accuracy of expression measures and provide details on the role of the untranslated regions 
in gene expression regulation [18]. 

4. Beyond the gene list 

The descriptions of the analyses so far have centred on querying repositories containing the 
functional annotations for genes, to explore what is known on the genes in the gene list and 
what additional light this may shed on sub-processes, the unannotated genes and associated 
responses. Yet, many additional resources and genomic databases are available that may be 
cross-referenced and combined with the gene list, to obtain additional information on these 
genes and their interactions. Rather than focussing on individual members of the gene list 
and what is known, these approaches search for emergent properties of the gene list. 
Especially when the organism that is studied is a model organism for which many sources 
of additional information are publicly available, there is a large array of possibilities for 
further analyses.  

In addition to searching in specific repositories for functional annotations of genes, the 
extraction of information on genes and proteins from text documents (e.g., scientific 
papers) can leap across the boundaries of scientific disciplines. Text mining is the 
automated extraction of information on proteins or genes from a large literature collection 
(such as PubMed). It searches for associations between proteins and functional descriptors 
in the text. These descriptors can be of molecular origin to describe the annotations of the 
protein (as in the repositories), but also of a physiological, phenotypic or pathological 
origin to describe the inferences for the organism, or of phylogenomics origin related to the 
evolution of a gene. Through this additional dimension of information, text mining can 
help, for instance, to identify associations of the protein to rare mutations that are 
implicated in diseases, or to protein-protein interactions and regulatory pathways [19]. 
Text mining is different from a typical literature search, in that it not simply lists the hits, 
but parses the retrieved information according to further specifications (Figure 5). Various 
tools are available online (see for example www.ebi.ac.uk/Rebholz/resources.html for an 
overview).  

Physiological responses or the focal tissue of a response to the treatment or condition of 
interest may also be explored through analysis of the gene list. For some model organisms, a 
tissue atlas is publicly available that specifies the level of expression for each gene in all 
tissues and/or developmental stages (e.g., FlyAtlas, Human Atlas Suite and eMouse Atlas). 
A large fraction of genes in the genome are not expressed homogeneously throughout the 
body, but show high specificity for particular tissues [21]. Using this information provides a 
means to screen for tissues that may contribute disproportionally to the response. For 
example, when the gene list is enriched for genes that are primarily expressed in a particular 
tissue (e.g. testes, brain, liver or salivary glands), this could indicate that these tissues are 
most severely affected or responding to the treatment of interest. Additionally, the atlases 
have raised an awareness for experimental design in transcriptomics studies: when the 
transcriptomics responses are localized in a particular (minor) tissue, it is difficult to detect  



 
Functional Genomics 12 

 
Figure 4. Clustering of genes that show similar expression patterns in Drosophila larvae across the 72 
hour time course after infection by parasitic wasps. The average expression levels (± standard errors of 
the mean) for the genes within the clusters (log2 transformed and divided by the median expression 
level for that gene across all time points) is shown. Dashed red lines represent the gene expression in 
parasitized larvae and solid blue lines represent the gene expression in control (not parasitized) larvae. 
Partially redrawn with permission after [5] , first published by BioMed Central.  

In addition to these general approaches for any transcriptomics analysis, regardless of the 
platform that was used, some additional insights could be gained from using tiling arrays or 
transcriptome sequencing. Not only the expression level could be determined for each gene, 
but also alternative isoforms of transcripts, including splice variants and sequence variations 
(either in the coding regions or in the untranslated regions of the transcripts). In humans, 
transcriptome sequencing revealed that splicing isoforms from various tissues showed 
systematic differences, including exon skipping, alternative 3’ or 5’ splice sites, mutually 
exclusive exons and alternative first or last exons [17]. New methods allow for the 
quantification of gene expression levels for the individual isoforms, which can improve the 

Beyond the Gene List: Exploring Transcriptomics Data  
in Search for Gene Function, Trait Mechanisms and Genetic Architecture 13 
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Figure 5. Example of the output from a text mining tool, iHOP [20], for one of the genes that was 
differentially expressed in Drosophila larvae after parasite infection. The functional annotations for the 
same gene, TepII, are summarized in Table 1. The text mining tool provided additional information on 
the evolution of the gene through information on related genes (paralogs) and domains of the gene that 
show signs of positive selection. Screenshot retrieved from “iHOP - http://www.ihop-net.org/". 
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accurate expression differences when the tissue is not studied in isolation. The chances of 
missing or underestimating the change in gene expression in mixed-tissue comparisons, or 
inappropriate tissues, are substantial.  

To gain insight in the regulatory control of the response to the treatment or condition, a 
screen for cis-regulatory elements in the upstream regions of genes with differential 
expression may reveal transcription factors and/or co-factors that are involved. These cis-
regulatory elements can consist of Transcription Factor Binding Motifs (TFBM), promotors, 
enhancers, silencers and other sequence motifs that regulate the genes [22]. To identify 
(putative) cis-regulatory elements, one could search for known sequence motifs (e.g., TFBMs 
or promotors) within a specified region upstream of the start codon and in the first intron. 
Several databases exist (for example, TRANSFAC, RegTransBase and JASPAR) that contain 
the published TFBMs and promotors. As the binding sites are often relatively short (often 4-
12, but up to 30 bases long), and not all positions in the sequence are interacting (strongly) 
with the transcription factor, some sequence variation in the motif is common. Therefore, 
the TFBM are usually provided as positional weight matrices, which describe the relative 
occurrences of each base for each position. This can be converted into a graphical 
representation, or sequence logo, where the size and order of the stacked letters (A,C,G,T) 
represents the relative occurrence of the base at that position (Figure 6). These motifs may be 
investigated for particular genes of interest to obtain a prediction on the Transcription 
Factor(s) that regulate their expression.  

 
Figure 6. The Transcription Factor Binding Motif for the NF-ƘB transcription factor Relish / dorsal of 
Drosophila melanogaster, depicted as sequence logo and Positional Frequency Matrix. The variation that 
is commonly found in the binding motif for a transcription factor is incorporated by specifying for each 
position in the motif the frequency at which each base is recorded. The size of the stacked letters for 
each position represent the relative occurrence of the respective bases on each position.   

 
POSITIONAL FREQUENCY MATRIX 

A 0 0 0 0 4 2 0 0 0 1 
C 1 0 0 0 1 1 0 1 9 8 
G 7 7 9 8 0 0 0 0 0 0 
T 1 2 0 1 4 6 9 8 0 0 
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Apart from investigating the cis-regulatory elements for particular genes of interest, 
transcriptomics data is also highly suitable to test for over-represented cis-regulatory 
elements across (clusters of) co-expressed genes. This approach can identify groups of genes 
that are possibly co-regulated by the same Transcription Factor(s). Programs have been 
specifically developed to screen whether certain known motifs occur more often than you 
would expect by chance (for example, Clover [23]). These programs can also be extended 
with custom-made libraries of motifs, to include sequence motifs that could contain yet 
unidentified cis-regulatory elements. These novel motifs could be derived from aligning the 
upstream sequences of orthologs to identify conserved sequences among related taxa, or 
through the use of de novo motif discovery programs. Alternatively, MotifRegressor searches 
for any motif that is shared among genes that responded similarly in an expression study 
[24].  

Analyzing the cis-regulatory elements in co-expressed genes can be used to start unravelling 
the genetic architecture of a trait. In our study for the response to parasite infection, we 
identified seven cis-regulatory elements that were over-represented among the differentially 
expressed genes, using a combination of MotifRegressor and Clover. Three of these motifs 
were TFBMs for transcription factors that were known to be involved in the immune 
responses (the GATA-factor serpent, the NF-ƘB Relish/dorsal and the Janus kinase Stat92E), 
while three others novel motifs were identified that have not yet been associated with any 
regulatory function. The expression levels of the transcription factor serpent was not 
changed after parasitation, which may appear counter-intuitive as the TFBM was over-
represented in differentially expressed genes. Analysing the expression patterns of the 
clusters of co-expressed genes with the enriched TFBMs, however, and linking these to 
functional annotations for these groups of genes, suggested that this transcription factor was 
drawn away from it regular functions in development and metabolism (co-regulated genes 
with lower expression levels), towards the activation of the immune response (co-regulated 
genes higher expression levels) [5]. Additionally, we could hypothesize that the novel motifs 
may also be involved in coordinating the immune response to parasite infection. Using the 
cisRED database [25] as a first exploration of these novel motifs, two of these motifs were 
retrieved as a predicted regulatory element in the human genome sequences, including a hit 
in the upstream region of a known trans-activator of the MHC II complex (ZXDA). 
Although the functional characterization of the novel motif is still awaiting, these examples 
illustrate the complex genetic interactions that may coordinate the regulation of a trait.     

Not only transcription is regulated through regulatory sequences associated with genes, 
translation into proteins is also partially coordinated by regulatory sequences. A rich world 
of small non-coding RNA molecules have been discovered since the start of the genomic era, 
which added a completely new dimension to the regulation of gene interaction networks 
[26]. One large class of these non-coding RNAs, the microRNAs, bind to the 3’ untranslated 
regions (3’ UTRs) of mRNAs, inhibiting their translation by polymerases and targeting the 
mRNAs for degradation. Several databases exist that link target genes or sequence motifs in 
the 3’ UTR to specific microRNAs. These tools are accessible through the microRNA 
database miRBase [27]. Associating microRNAs to the genes in a gene list could be achieved 
in an analogous manner as the association to the transcription factors: either by searching 
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for known microRNA binding motifs within the 3’UTRs of differentially expressed genes, or 
by searching for any over-represented or conserved motifs in the 3’UTRs among the genes 
in the gene list and trying to associate those to microRNAs.  

Another approach to analyse the genetic architecture for a trait is to make use of protein-
protein interaction (PPI)  network databases. These databases contain the known and 
predicted protein-protein association network, based on experimental approaches (e.g., two 
hybrid assays, purification of protein complexes, Chromatin immunoprecipitation (ChIP), 
etc.) and/or computational methods for predicting protein interactions. A large collection of 
these PPI databases is publicly available (see for example the Jena Protein-Protein 
Interaction website ppi.fli-leibniz.de/jcb_ppi_databases.html for an extensive overview). 
Several web-based tools can be used to analyse and visualize the PPI networks (e.g., 
STRING [28] and VisANT [29]). Gene lists submitted to these tools are being assembled into 
inter-connected networks of proteins, based on the PPI databases. The submitted proteins, 
as well as the proteins that it is known (or predicted) to interact with, form the ‘nodes’ in the 
network. All connections between any of these proteins (directly, or through an 
intermediary protein) are depicted by lines or ‘edges’ (Figure 7). The topology of these 
networks describe the frequency distributions of edges per node, and this can reveal 
whether the network resembles a random assembly of proteins or not [30].  

 
Figure 7. A Protein-Protein Interaction (PPI) network for a subset of the genes involved in the 
regulation of blood cell proliferation and differentiation in Drosophila. The proteins (or ‘nodes’) are 
depicted by red or blue circles. The red symbols represent genes with changed expressed in a Drosophila 
strain with an increased immunological resistance against parasites [6]. The known PPIs among these 
proteins are depicted by lines (or ‘edges’) between nodes, mostly based on two-hybrid data. Some of the 
proteins are highly interconnected to other modules of proteins (e.g., pnt, bsk), and these genes can be 
considered ‘hubs’ or key coordinators of the changes in expression.     
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Constructing a PPI network for genes that changed expression in a transcriptomics study 
may reveal modules of genes that are associated through functional processes, or identify 
key regulators/modulators to the treatment or condition of interest. Different than with the 
clustering of genes based on similarity of expression patterns for various conditions or time 
points, a PPI network will also group genes together that behaved very different 
transcriptionally, yet may participate in the same signal transduction cascade. We 
assembled a PPI network for the genes that changed expression between two Drosophila 
lines from the same genetic background, but differing genetically in their resistance to 
parasites after only five generations of artificial selection. Approximately a third of the 
nearly 900 genes with changed expression were inter-connected in several modules through 
an intricate and non-random PPI network [6]. Some genes could be identified within the 
network that had a central position with a high level of interconnectedness, and these genes 
may function as a ‘hub’, as they have the potential to influence the activity of a large number 
of genes. These ‘hub’ genes, or their regulators, could be hypothesized to provide targets for 
selection for increased resistance to parasites, in regulating and coordinating a multitude of 
phenotypic responses.  

Another aspect of the genetic architecture of a trait is its relation to the genome architecture. 
The genes in a gene list can be mapped to chromosomal positions to search for chromosomal 
‘hotspots’ of differential expression. Transcriptional activity varies for chromosomal 
domains or regions, and characterizing these patterns may indicate regulatory mechanisms 
that act on these genes. For example, some chromosomal domains are highly transcribed 
due to epigenetic mechanisms (e.g., chromatin architectures) that maintain a high activity 
state, as is seen for heat-shock genes [31]. Such domains under epigenetic control may be 
recognized by mapping multiple highly expressed genes, or conversely, a complete lack of 
expression, in the same chromosomal region. Such genomic domains may evolve at a 
different rate. For instance, the regions around heat-shock genes are more susceptible to 
insertion by Transposable Elements (i.e., mobile DNA sequences that can translocate 
themselves within the genome) due to their chromatin architecture, which may lead to a 
faster accumulation of mutations [32]. Furthermore, some chromosomal domains are highly 
transcribed in particular tissues only, and the gene arrangements within these domains are 
highly conserved across taxa [33]. Moreover, chromosomal regions show different 
expression patterns in healthy tissues compared to cancers [34]. These examples indicate 
that the physical arrangement of genes within the genome may be a target of evolution, 
likely due to epigenetic and other regulatory mechanisms that control gene expression of 
sections of the genome.  

Additionally, examining the genomic positions of differentially expressed genes may reveal 
evolutionary processes that acted on the genes. Strong selection for a particular allele or 
genomic variant leaves a detectable pattern in the genome, which may be represented by a 
genomic clustering of genes with changed expression levels. When a particular allele 
provides an selective advantages to the individual, this locus may be swept through the 
population. Any allelic variation that is physically linked to this locus (i.e., resides in the 
nearby chromosomal domain) would be swept through the population as well. One of the 
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best examples of a strong selective sweep is a mutation in the lactase gene in humans, that 
confers lactose resistance and is highly common among Europeans. Yet, not only this 
mutation has spread through the European population, but a region spanning 
approximately a million bases was swept along as well [35]. Such a sweep can also be 
detectable in expression assays. In our own studies, we imposed a strong selective sweep for 
immunological resistance in Drosophila against parasites, and mapped the genes with 
changed expression to the chromosomes. This revealed a part of one chromosome bearing a 
signature of positive selection [6].  

Especially when information is available on sequence variations (i.e., different genotypes, or 
alleles) among the different biological samples in the experiment, genome-wide association 
mapping (GWAS) is another option to start unravelling the genetic architecture of a trait. In 
this approach, the individual variation in sequence is related to the variation in expression 
by statistical  modelling. Using a multiple regression approach, the allelic states at various 
loci (e.g., whether it has an A, T, C or G at locus x, an insertion or deletion (indel), or 
inversion) is related to the expression level of each gene. This approach can be applied both 
when the sequence variation is independently acquired, for example through independent 
genotyping assays on the same samples, or from the more detailed information that can be 
extracted from tiling arrays or transcriptome sequencing data. This approach requires large 
sample sizes to obtain sufficient power and resolution for the statistical modelling, and has 
been used in a medical context to associate rare mutations with diseases. Causally linking 
sequence variants to diseases, however, has proved to be daunting [36]. Yet, this approach 
has been useful in obtaining more basal knowledge on genome functioning, and the relative 
importance of various sequence variants (e.g., copy number variants (CNVs), Single 
Nucleotide Polymorphisms (SNPs), small insertions and deletions (indels)) on gene 
expression variation [37].      

5. Conclusions 

Transcriptomics analysis has been hugely popular to explore the unknown players in a wide 
range of biological processes, diseases, traits  and responses to stimuli. The technique is 
extremely powerful as a first step to implicate novel genes and pathways that may be involved 
or associated with a particular condition. It should be emphasized, however, that a difference 
in expression per se is not sufficient evidence to infer a direct involvement of the gene in the 
particular process or trait. This is a limitation of the technology, and it urgently requires the 
development of high-throughput empirical approaches to validate and functionally 
characterize the large numbers of genes that are putatively of interest. The availability of 
genome-wide libraries of RNAi stocks to knock down any gene of interest [38], or reference 
panels of genetic variants with fully sequenced genomes [39] are prime examples of the 
resources that are needed to follow up on transcriptomics studies. At the same time, the list of 
genes with potential involvement is certainly not the only information that can be derived 
from a transcriptomics study. It is especially the information on all the differentially expressed 
genes, including those that are not directly involved, that provides an exceptional source of 
information on regulation, correlated responses and the genetic architecture of a trait. 
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insertion by Transposable Elements (i.e., mobile DNA sequences that can translocate 
themselves within the genome) due to their chromatin architecture, which may lead to a 
faster accumulation of mutations [32]. Furthermore, some chromosomal domains are highly 
transcribed in particular tissues only, and the gene arrangements within these domains are 
highly conserved across taxa [33]. Moreover, chromosomal regions show different 
expression patterns in healthy tissues compared to cancers [34]. These examples indicate 
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Additionally, examining the genomic positions of differentially expressed genes may reveal 
evolutionary processes that acted on the genes. Strong selection for a particular allele or 
genomic variant leaves a detectable pattern in the genome, which may be represented by a 
genomic clustering of genes with changed expression levels. When a particular allele 
provides an selective advantages to the individual, this locus may be swept through the 
population. Any allelic variation that is physically linked to this locus (i.e., resides in the 
nearby chromosomal domain) would be swept through the population as well. One of the 
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changed expression to the chromosomes. This revealed a part of one chromosome bearing a 
signature of positive selection [6].  

Especially when information is available on sequence variations (i.e., different genotypes, or 
alleles) among the different biological samples in the experiment, genome-wide association 
mapping (GWAS) is another option to start unravelling the genetic architecture of a trait. In 
this approach, the individual variation in sequence is related to the variation in expression 
by statistical  modelling. Using a multiple regression approach, the allelic states at various 
loci (e.g., whether it has an A, T, C or G at locus x, an insertion or deletion (indel), or 
inversion) is related to the expression level of each gene. This approach can be applied both 
when the sequence variation is independently acquired, for example through independent 
genotyping assays on the same samples, or from the more detailed information that can be 
extracted from tiling arrays or transcriptome sequencing data. This approach requires large 
sample sizes to obtain sufficient power and resolution for the statistical modelling, and has 
been used in a medical context to associate rare mutations with diseases. Causally linking 
sequence variants to diseases, however, has proved to be daunting [36]. Yet, this approach 
has been useful in obtaining more basal knowledge on genome functioning, and the relative 
importance of various sequence variants (e.g., copy number variants (CNVs), Single 
Nucleotide Polymorphisms (SNPs), small insertions and deletions (indels)) on gene 
expression variation [37].      

5. Conclusions 

Transcriptomics analysis has been hugely popular to explore the unknown players in a wide 
range of biological processes, diseases, traits  and responses to stimuli. The technique is 
extremely powerful as a first step to implicate novel genes and pathways that may be involved 
or associated with a particular condition. It should be emphasized, however, that a difference 
in expression per se is not sufficient evidence to infer a direct involvement of the gene in the 
particular process or trait. This is a limitation of the technology, and it urgently requires the 
development of high-throughput empirical approaches to validate and functionally 
characterize the large numbers of genes that are putatively of interest. The availability of 
genome-wide libraries of RNAi stocks to knock down any gene of interest [38], or reference 
panels of genetic variants with fully sequenced genomes [39] are prime examples of the 
resources that are needed to follow up on transcriptomics studies. At the same time, the list of 
genes with potential involvement is certainly not the only information that can be derived 
from a transcriptomics study. It is especially the information on all the differentially expressed 
genes, including those that are not directly involved, that provides an exceptional source of 
information on regulation, correlated responses and the genetic architecture of a trait. 
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A large number of databases and bio-informatic tools are publically available to explore and 
annotate the individual genes on the gene list, and more importantly, to analyse the gene list 
collectively. The latter provides both additional power and a more comprehensive insight in 
the mechanisms and genetic architecture of a trait. Most traits, diseases and responses to 
environmental stimuli are highly complex, with environmental factors and genetic networks 
of interactions that contribute to the trait, disease or response. The factors and genetic 
network underlying a trait may be elucidated by a combination of bioinformatics 
approaches, and the emergent properties of such approaches may be more revealing than 
the search for individual candidates for a trait or process.  

Many of the bio-informatic tools that can be applied for these analyses have been made 
accessible to the research community through the Bioconductor platform 
(www.bioconductor.org) [40]. This platform is based primarily on the open-source R 
programming language and runs on all operating systems. A good introduction into this 
versatile bio-informatic environment has been made available by the Girke lab at the 
University of California, Riverside through a combination of online manuals 
(http://manuals.bioinformatics.ucr.edu/). Other freely available, online suites for the analysis 
of transcriptomics data include Babelomics (http://www.babelomics.org) [41] and Galaxy 
(http://galaxy.psu.edu/, especially for transcriptome sequencing) [42-44]. 

The latest development in high-throughput sequencing are opening up new possibilities for 
the analysis of transcriptomics data. More detailed characterization of transcripts is 
achievable, and the power of transcriptomics analysis can now also be fully harnessed for 
organisms without a sequenced genome. Many of the approaches that have been developed 
for transcriptomics data with microarrays are equally applicable to data from transcriptome 
sequencing. In that sense, the knowledge-base that has accumulated in the research 
community in transcriptomics analysis over the past decade will largely remain a valuable 
resource. The experience and expertise that has been developed in dealing with the 
limitations and possibilities of analysing microarray data will also be of use while exploring 
the specific limitations and opportunities that are associated with this new platform.  Robust 
and accurate methods need to be developed fast for the pre-processing, normalizing and 
analysing of transcriptome sequencing data. This will ensure that the full potential of this 
new technology can be made accessible to the wide research community. 
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1. Introduction 

The ‘age of omics’ has provided a wealth of genomic and transcriptomic information that is 
readily available in public databases. In September 2011, GOLD (the Genomes OnLine 
Database)1 (Liolios et al., 2010) lists more than 2,600 finished microbial genome sequences 
and more than twice this number for ongoing and incomplete genome projects, not counting 
the plethora of metagenome projects, which provide even larger sequence compilations. 
Comparable numbers of datasets can be retrieved from the two major microarray databases, 
the Stanford Microarray Database (SMD)2 (Demeter et al., 2007), and the Gene Expression 
Omnibus (GEO database)3 (Barrett et al., 2011) hosted by the National Center for 
Biotechnology Information (NCBI), which in September 2011 together provide over 9,000 
bacterial microarray datasets to the public. 

This enormous amount of data provides a treasure chest of information ready to explore. In 
recent years, a number of powerful comparative genomics databases such as GenoList4 
(Lechat et al., 2008), or MicrobesOnline5 (Dehal et al., 2010) have provided the community 
with toolkits to make use of this information.  

Combining microarray data with genomic information is a particular powerful approach for 
identifying and predicting regulons, which are regulatory units consisting of a number of 
genes or operons under the control of specific transcription factors. Such studies require the 
                                                                 
1 URL for the GOLD database: http://genomesonline.org  
2 URL for the Stanford Microarray database: http://smd.stanford.edu  
3 URL for the Gene Expression Omnibus: http://www.ncbi.nlm.nih.gov/geo/  
4 URL for GenoList: http://genolist.pasteur.fr/   
5 URL for the MicrobesOnline database: http://www.microbesonline.org 
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identification of co-expressed genes (indicative of co-regulation) from in-depth comparative 
transcriptome profiling, combined with genomic information, including operon structure, 
genomic context conservation and the presence of specific regulator binding sites. 

The major problem of combining genomic with transcriptomic data to ultimately extract 
meaningful regulon information is the lack of defined standard formats and software 
interfaces that allow a direct transfer of data sets derived from transcriptome analyses to 
comparative genomics databases and vice versa. The REACT suite was developed with the 
purpose in mind to facilitate such combinations of the different analysis steps outlined 
above in one intuitive and user-friendly environment. Transcriptome datasets from different 
sources can be integrated into REACT via a sophisticated import interface and are stored, 
together with the cognate genomic information, in a MySQL database. This database, together 
with the central part of the software toolkit and all interlinked third-party tools run on a 
central computer, which actually performs the analyses: the "REACT-server". It is accessed by 
the user-interface ("REACT-client”) via inter- or intranet. The user will solely work with the 
corresponding client program, which can be installed on the personal computers or laptops of 
various users. While the installation of the REACT-server demands some technical knowledge, 
the client can be run easily on computers with a java runtime environment. 

Taken together, the REACT suite provides users with a simple-to-use but powerful 
bioinformatics environment to perform regulon annotation and comparative genomics 
analyses based on microarray data and genome sequences. Both server and client software 
of the REACT suite are freely available from the corresponding author.  

2. The basic concept of REACT 
REACT was developed to enable users to perform the various steps of expression- and 
regulon analyses in a quick and intuitive manner. Tools are no longer separated entities 
demanding different and often incompatible data formats, but can be rather regarded as 
parts of a comprehensive, fully integrated unit. Data from a wide range of sources can be 
collected and analysed together. When working with REACT, the user has access to the 
various representations of the data as well as to the analysis tools via so-called "views" that 
are intuitively interlinked to enable an interactive flow of both data and analyses:  

The “GeneView” displays gene-centric information including DNA- and amino acid 
sequences, links to a number of external databases, as well as the genomic context of a gene 
in the form of a simple genome browser. 

The “RegulonView” lists all genes controlled by the same regulator as well as binding 
motif(s), individual binding sites, alternative promoters etc., based both on the information 
stored in curated public regulon databases and data added by REACT users. 

The “ArrayView” allows both importing new microarray datasets and performing data 
analysis on existing datasets. REACT has a sophisticated interface for the import of array 
data in nearly every tabulated data format from individual proprietary formats up to 
GEO/SMD datasets. Data analysis includes one- and two-dimensional scatterplot analyses of 
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signal or ratio-values, as well as gene- and array-clustering with various hierarchical 
clustering methods, distance methods and correction algorithms (normalization, gene-
centering, log-transformation) of all or only selected (collected) subsets of the data.  

The “MotifView” contains the information of all sequence motifs of known or putative 
regulator binding sites collected in the current REACT database. Moreover, it enables users 
to perform MEME analyses to discover new regulatory elements in the upstream regions of 
selected annotated genes or operons and MAST analyses of previously computed or 
imported motifs against pre-compiled upstream sequence datasets. 

The concept of REACT includes an in-depth integration of the different views via links, 
enabling users to switch easily between different aspects of the data. Most views are flexible 
and can be extended with additional data fields to accommodate additional external links, 
allowing more individualized views and analyses of the data.  

Moreover, wherever gene or array data are displayed, the user can easily collect them, 
thereby creating a data subset available as input for all other implemented analyses. During 
the various analysis steps, these collections can be continuously changed and expanded, 
again by selecting single genes and arrays or whole groups of them, such as groups of genes 
clustering together within a scatter plot analysis. All collected or “marked” arrays and genes 
are displayed throughout the various views of REACT in form of sortable lists. The items of 
these lists act as internal links to the corresponding detailed Array- or GeneViews. Current 
collections can be saved and opened again for later use, so that the user can easily switch 
between different data sets any time. In addition, the sequences of the selected genes can 
also be exported into external FASTA files.  

The implemented REACT-databases are organism-specific. In its current version, REACT 
contains two databases for the model bacteria Escherichia coli and Bacillus subtilis, but could 
also be extended to other microbial species. Each REACT-database is based on the detailed 
genomic data of the model organism, which will be described in the following paragraphs, 
as well as of an extendable amount of microarray data of this organism. Moreover, basic 
genomic information on related organisms, the so-called “reference organisms” is also 
integrated and can be included into some of the analyses. The list of reference genomes can 
easily be extended, to adjust a given database to the dynamics in genome sequencing.  

3. Description of the individual views of the REACT suite 

The information stored in REACT databases can be accessed via so-called views that display 
the data, allow their selection and provide functional links between different types of data 
for their interactive analysis. In the following sections, we will describe the major views of 
REACT, to provide an overview of their features.  

3.1. The GeneView 

The “GeneView” bundles all available information about individual genes (Fig. 1). On top of 
the page, the gene identifiers are displayed, accordingly to the existing genomic 
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in the form of a simple genome browser. 
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stored in curated public regulon databases and data added by REACT users. 
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signal or ratio-values, as well as gene- and array-clustering with various hierarchical 
clustering methods, distance methods and correction algorithms (normalization, gene-
centering, log-transformation) of all or only selected (collected) subsets of the data.  

The “MotifView” contains the information of all sequence motifs of known or putative 
regulator binding sites collected in the current REACT database. Moreover, it enables users 
to perform MEME analyses to discover new regulatory elements in the upstream regions of 
selected annotated genes or operons and MAST analyses of previously computed or 
imported motifs against pre-compiled upstream sequence datasets. 

The concept of REACT includes an in-depth integration of the different views via links, 
enabling users to switch easily between different aspects of the data. Most views are flexible 
and can be extended with additional data fields to accommodate additional external links, 
allowing more individualized views and analyses of the data.  

Moreover, wherever gene or array data are displayed, the user can easily collect them, 
thereby creating a data subset available as input for all other implemented analyses. During 
the various analysis steps, these collections can be continuously changed and expanded, 
again by selecting single genes and arrays or whole groups of them, such as groups of genes 
clustering together within a scatter plot analysis. All collected or “marked” arrays and genes 
are displayed throughout the various views of REACT in form of sortable lists. The items of 
these lists act as internal links to the corresponding detailed Array- or GeneViews. Current 
collections can be saved and opened again for later use, so that the user can easily switch 
between different data sets any time. In addition, the sequences of the selected genes can 
also be exported into external FASTA files.  

The implemented REACT-databases are organism-specific. In its current version, REACT 
contains two databases for the model bacteria Escherichia coli and Bacillus subtilis, but could 
also be extended to other microbial species. Each REACT-database is based on the detailed 
genomic data of the model organism, which will be described in the following paragraphs, 
as well as of an extendable amount of microarray data of this organism. Moreover, basic 
genomic information on related organisms, the so-called “reference organisms” is also 
integrated and can be included into some of the analyses. The list of reference genomes can 
easily be extended, to adjust a given database to the dynamics in genome sequencing.  

3. Description of the individual views of the REACT suite 

The information stored in REACT databases can be accessed via so-called views that display 
the data, allow their selection and provide functional links between different types of data 
for their interactive analysis. In the following sections, we will describe the major views of 
REACT, to provide an overview of their features.  

3.1. The GeneView 

The “GeneView” bundles all available information about individual genes (Fig. 1). On top of 
the page, the gene identifiers are displayed, accordingly to the existing genomic 
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nomenclature. The first identifier is the gene name, e.g. “icd” in case of the B. subtilis 
isocitrate dehydrogenase. If more than one gene name exists for a given gene, the 
nomenclature applied by REACT is derived from the genome annotation stored in the NCBI 
genome database6. Here, as in other views of the REACT suite, active features working as 
internal links are highlighted by red letters (Fig. 1). In case of gene names, a double click 
would bring the user to the corresponding GeneView, while a single click would mark the 
gene (= add it to the gene collection in the left panel) for further analyses. 

 
Figure 1. The GeneView. Exemplary screenshot for the gene icd, encoding the isocitrate dehydrogenase. 
See text for details. 

In addition to the name, each gene has a unique gene-ID or gene number, which consists of 
an abbreviation for the organism and a number of the gene (based on the chromosomal 
position). For example, the identifier of the B. subtilis isocitrate dehydrogenase is 
“BSU29130” (Fig. 1). Gene names and numbers are the major identifiers that are used 
throughout the several displays of the REACT suite. The gene numbers cannot be modified 
by the users to ensure the integrity of the database. The putative or known functions of the 
encoded proteins are shown below the gene name, including synonyms and alternative 
descriptions (if present).  

The central part of the GeneView are the external links and descriptive data fields. For each 
genome database implemented in the REACT suite, links to important public databases are 
already predefined for each gene. This include links to the COGs (Cluster of Orthologous 
Genes) database7 (Tatusov et al., 1997), hosted again by the NCBI, the Enzyme Nomenclature 
                                                                 
6 URL for the NCBI genome database: http://www.ncbi.nlm.nih.gov/sites/genome 
7 URL for the COGs database: http://www.ncbi.nlm.nih.gov/COG 
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database8 (Bairoch, 2000), the already mentioned MicrobesOnline comparative genomics 
database, the NCBI Protein database9, the protein data bank PDB10, a collection of protein 
structures and structure-related information (Rose et al., 2011), the Pfam11 (Finn et al., 2010), 
Prosite12 (Sigrist et al., 2010) and SMART13 (Letunic et al., 2009) databases, all of which are 
dedicated to the definition, maintenance and easy identification of protein domains and 
families. Further predefined links include a link to Pubmed and to Google. In addition to 
these general sites, the GeneView page also links to organism-specific databases and genome 
resources, such as BSORF14 or SubtiList15 in case of B. subtilis.  

For all of the above, the links in the REACT databases are gene-specific and directly connect 
the user with the cognate gene/protein-specific page of the external database. Depending on 
the type of the external database and the information available for the displayed gene, zero 
to many external hits will be provided as links. If no such specific database identifier exists, 
as in the case of Google`s search engine, a gene-related term (e.g. the gene name) has been 
chosen as the link parameter. REACT is highly adjustable to the individual users’ needs. 
Hence, the external links are not limited to those preimplemented in the existing REACT 
databases for E. coli and B. subtilis. (see section 5.3 “Modifying REACT: the administrator 
mode” for details).  

In addition to the links and data fields, the GeneView also displays the DNA and amino acid 
sequences of the current gene, which are linked to the BLASTn and BLASTp tools16 at NCBI. 
The user is therefore able to directly search for similar sequences in the public domain. 
Moreover, a genome browser is implemented at the bottom of the GeneView for a quick 
glance on the genomic environment of the current gene (Fig. 1). The gene icons are coloured 
according to the COG-functional classes assigned to each gene and serve as links to the 
corresponding GeneViews.  

Two additional functions are available in the GeneView. First, the user can retrieve the 
upstream genomic region of the gene via a specific dialog box, based on user-provided 
information, such as upstream region length, inclusion of start codon, or choice between the 
upstream region of the current gene or the first gene of its operon. The latter function is very 
useful for collecting upstream regions for motif searches (see section 3.5). Second, expression 
data of the active gene can directly be retrieved from the REACT microarray database. For 
this, the user can choose either all or only selected microarray datasets, and limit the set of 
extracted values by a certain threshold expression ratio level. The GeneView is therefore not 
only the central platform for all gene-centric data, but is also directly linked to all other 
views described in the following sections. 
                                                                 
8 URL for the ENZYME database: http://enzyme.expasy.org/enzyme_ref.html  
9 URL for the NCBI Protein database: http://www.ncbi.nlm.nih.gov/protein  
10 URL for PDB: http://www.rcsb.org/  
11 URL for the Pfam database: http://pfam.sanger.ac.uk/  
12 URL for the Prosite database: http://prosite.expasy.org/  
13 URL for the SMART database: http://smart.embl-heidelberg.de/  
14 URL for the BSORF site:  http://bacillus.genome.ad.jp/  
15 URL for SubtiList: http://genolist.pasteur.fr/SubtiList/  
16 URL for BLASTn and BLASTp: http://blast.ncbi.nlm.nih.gov/Blast.cgi  
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internal links are highlighted by red letters (Fig. 1). In case of gene names, a double click 
would bring the user to the corresponding GeneView, while a single click would mark the 
gene (= add it to the gene collection in the left panel) for further analyses. 

 
Figure 1. The GeneView. Exemplary screenshot for the gene icd, encoding the isocitrate dehydrogenase. 
See text for details. 

In addition to the name, each gene has a unique gene-ID or gene number, which consists of 
an abbreviation for the organism and a number of the gene (based on the chromosomal 
position). For example, the identifier of the B. subtilis isocitrate dehydrogenase is 
“BSU29130” (Fig. 1). Gene names and numbers are the major identifiers that are used 
throughout the several displays of the REACT suite. The gene numbers cannot be modified 
by the users to ensure the integrity of the database. The putative or known functions of the 
encoded proteins are shown below the gene name, including synonyms and alternative 
descriptions (if present).  

The central part of the GeneView are the external links and descriptive data fields. For each 
genome database implemented in the REACT suite, links to important public databases are 
already predefined for each gene. This include links to the COGs (Cluster of Orthologous 
Genes) database7 (Tatusov et al., 1997), hosted again by the NCBI, the Enzyme Nomenclature 
                                                                 
6 URL for the NCBI genome database: http://www.ncbi.nlm.nih.gov/sites/genome 
7 URL for the COGs database: http://www.ncbi.nlm.nih.gov/COG 
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database8 (Bairoch, 2000), the already mentioned MicrobesOnline comparative genomics 
database, the NCBI Protein database9, the protein data bank PDB10, a collection of protein 
structures and structure-related information (Rose et al., 2011), the Pfam11 (Finn et al., 2010), 
Prosite12 (Sigrist et al., 2010) and SMART13 (Letunic et al., 2009) databases, all of which are 
dedicated to the definition, maintenance and easy identification of protein domains and 
families. Further predefined links include a link to Pubmed and to Google. In addition to 
these general sites, the GeneView page also links to organism-specific databases and genome 
resources, such as BSORF14 or SubtiList15 in case of B. subtilis.  

For all of the above, the links in the REACT databases are gene-specific and directly connect 
the user with the cognate gene/protein-specific page of the external database. Depending on 
the type of the external database and the information available for the displayed gene, zero 
to many external hits will be provided as links. If no such specific database identifier exists, 
as in the case of Google`s search engine, a gene-related term (e.g. the gene name) has been 
chosen as the link parameter. REACT is highly adjustable to the individual users’ needs. 
Hence, the external links are not limited to those preimplemented in the existing REACT 
databases for E. coli and B. subtilis. (see section 5.3 “Modifying REACT: the administrator 
mode” for details).  

In addition to the links and data fields, the GeneView also displays the DNA and amino acid 
sequences of the current gene, which are linked to the BLASTn and BLASTp tools16 at NCBI. 
The user is therefore able to directly search for similar sequences in the public domain. 
Moreover, a genome browser is implemented at the bottom of the GeneView for a quick 
glance on the genomic environment of the current gene (Fig. 1). The gene icons are coloured 
according to the COG-functional classes assigned to each gene and serve as links to the 
corresponding GeneViews.  

Two additional functions are available in the GeneView. First, the user can retrieve the 
upstream genomic region of the gene via a specific dialog box, based on user-provided 
information, such as upstream region length, inclusion of start codon, or choice between the 
upstream region of the current gene or the first gene of its operon. The latter function is very 
useful for collecting upstream regions for motif searches (see section 3.5). Second, expression 
data of the active gene can directly be retrieved from the REACT microarray database. For 
this, the user can choose either all or only selected microarray datasets, and limit the set of 
extracted values by a certain threshold expression ratio level. The GeneView is therefore not 
only the central platform for all gene-centric data, but is also directly linked to all other 
views described in the following sections. 
                                                                 
8 URL for the ENZYME database: http://enzyme.expasy.org/enzyme_ref.html  
9 URL for the NCBI Protein database: http://www.ncbi.nlm.nih.gov/protein  
10 URL for PDB: http://www.rcsb.org/  
11 URL for the Pfam database: http://pfam.sanger.ac.uk/  
12 URL for the Prosite database: http://prosite.expasy.org/  
13 URL for the SMART database: http://smart.embl-heidelberg.de/  
14 URL for the BSORF site:  http://bacillus.genome.ad.jp/  
15 URL for SubtiList: http://genolist.pasteur.fr/SubtiList/  
16 URL for BLASTn and BLASTp: http://blast.ncbi.nlm.nih.gov/Blast.cgi  
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3.2. The OperonView 

Operons are transcriptional units consisting of two or more neighbouring genes that are co-
expressed. If a gene has been assigned to an operon and annotated accordingly in the 
REACT database, a link from the GeneView leads to the OperonView. Both views are 
organized in a similar fashion and the OperonView also contains a genome browser. It is 
identical to the GeneView's with the exception that here the current operon is highlighted. 

The operon identifier is again immutable, since it is used by REACT as internal reference. 
The operon name by default consists of the concatenated names of the genes within this 
operon. When displayed outside of the OperonView, it functions as an internal link, enabling 
the user to jump directly to the corresponding OperonView. From within the OperonView, it 
can be used as a link to an external database containing additional information regarding 
this operon.  

In addition to providing a direct link to all corresponding GeneView pages, the OperonView 
also provides a list of and links to all regulons, to which the current operon belongs. They 
are represented by their REACT-internal regulon identifier, the name of the corresponding 
transcription factor and a brief description of the regulon (see the following section for 
details). 

3.3. The RegulonView 

The next higher level of genetic units is the regulon, which consists of a number of genes or 
operons under the direct control of a specific transcription factor. Regulons are displayed 
within the REACT suite in the RegulonView, which is subdivided into two panels. The first 
section (“All regulons”) contains a tabulated list of all regulons currently defined in the 
REACT database, which includes the most important information such as the regulon-ID, 
the main description of the regulon and the associated transcription factor. The second part 
displays the detailed view of a specific regulon selected from the first list (“Act. regulon”). 
This view is organized similar to the GeneView or OperonView. It contains regulon identifier, 
a link to the corresponding transcription factor (if known) and the sequence motif of its 
cognate DNA-binding site, which is found upstream of the regulated operons or genes 
comprising this regulon.  

The regulon-ID is derived from the gene-ID of the corresponding transcription factor and 
marked by the extension “_R”. It is implemented as an active link that directly connects to 
an external regulon database. In case of B. subtilis, this is primarily DBTBS17, the database of 
transcriptional regulation in B. subtilis (Sierro et al., 2008), but BSORF or SubtiList have also 
been used for the initial regulon annotation. For E. coli, the regulon information has been 
extracted from RegulonDB18 (Gama-Castro et al., 2011). Additional regulon definitions can 
be added at any time, including putative regulons with only rudimentary information, such 
                                                                 
17 URL for the DBTBS database: http://dbtbs.hgc.jp/  
18 URL for RegulonDB: http://regulondb.ccg.unam.mx/  
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as sets of co-expressed genes. If the regulator DNA-binding site is known and defined, it 
will also be displayed as a so-called SequenceLogo (see section 3.5 for details). Below the 
general regulon-associated information and, if available, the sequence motif overview, 
additional data fields and external links are displayed.  

The central part of the RegulonView provides individual information on all associated 
operons and genes, including the name, the first gene in case of operons, the corresponding 
 factor and the position and sequence of the putative binding site in front of the regulated 
transcriptional units. This information enables the user to get a quick first impression of the 
regulated genes of this regulon. 

3.4. The ArrayView 

All three views explained so far are highly similar to one another and strongly integrated, 
not only regarding the information provided but also in the way the user can navigate from 
one view to the next. They all provide a gene-centric view on the REACT data and 
invariantly rely on the genomic sequence as a reference. Regulons consist of operons, which 
are made up of individual genes with a defined position on the chromosome. The same is 
true for regulator binding sites.  

In contrast, the ArrayView provides access to the second central data pool stored within the 
REACT database, the microarray datasets. Array data exist in a great variety of different 
formats. Especially data sets from the early years of transcriptome studies often are available 
only in form of simple tables or excel spread sheets without any defined data format, 
distributed over numerous journal homepages or webpages of individual research groups, 
making their implementation into comparative transcriptome analysis very difficult. As a 
result, public databases, such as the already mentioned GEO or SMD, have been developed 
for the storage and description of microarray datasets that comply to the MIAME (Minimal 
Information About a Microarray Experiment)19 standard (Brazma et al., 2001). Unfortunately, 
these databases still contain only a fraction of the published microarray datasets. The biggest 
challenge for a comparative transcriptome database is therefore to organize and import 
microarray data from diverse sources into a compatible format. 

3.4.1. Organizing microarray data in the REACT suite 

A complete microarray dataset contains at least three types of information. (i) A list of all 
genes represented by a given DNA microarray, which is linked to the corresponding 
expression values, either expressed as (ii) raw fluorescence values for the reference and 
experimental condition, or as (iii) the respective ratio (or fold-change) between the two 
conditions.  Within the REACT suite, such a data collection is called an “Array”. Obviously, 
the Array is only useful if additional descriptive information (meta-information) is available. 
This can be a short description of the specific experimental set-up or a link where this 
information is stored. Often, a group of array datasets are related to each other and 
                                                                 
19 URL for the description of the MIAME standard: http://www.mged.org/Workgroups/MIAME/miame.html  
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expressed. If a gene has been assigned to an operon and annotated accordingly in the 
REACT database, a link from the GeneView leads to the OperonView. Both views are 
organized in a similar fashion and the OperonView also contains a genome browser. It is 
identical to the GeneView's with the exception that here the current operon is highlighted. 

The operon identifier is again immutable, since it is used by REACT as internal reference. 
The operon name by default consists of the concatenated names of the genes within this 
operon. When displayed outside of the OperonView, it functions as an internal link, enabling 
the user to jump directly to the corresponding OperonView. From within the OperonView, it 
can be used as a link to an external database containing additional information regarding 
this operon.  

In addition to providing a direct link to all corresponding GeneView pages, the OperonView 
also provides a list of and links to all regulons, to which the current operon belongs. They 
are represented by their REACT-internal regulon identifier, the name of the corresponding 
transcription factor and a brief description of the regulon (see the following section for 
details). 

3.3. The RegulonView 

The next higher level of genetic units is the regulon, which consists of a number of genes or 
operons under the direct control of a specific transcription factor. Regulons are displayed 
within the REACT suite in the RegulonView, which is subdivided into two panels. The first 
section (“All regulons”) contains a tabulated list of all regulons currently defined in the 
REACT database, which includes the most important information such as the regulon-ID, 
the main description of the regulon and the associated transcription factor. The second part 
displays the detailed view of a specific regulon selected from the first list (“Act. regulon”). 
This view is organized similar to the GeneView or OperonView. It contains regulon identifier, 
a link to the corresponding transcription factor (if known) and the sequence motif of its 
cognate DNA-binding site, which is found upstream of the regulated operons or genes 
comprising this regulon.  

The regulon-ID is derived from the gene-ID of the corresponding transcription factor and 
marked by the extension “_R”. It is implemented as an active link that directly connects to 
an external regulon database. In case of B. subtilis, this is primarily DBTBS17, the database of 
transcriptional regulation in B. subtilis (Sierro et al., 2008), but BSORF or SubtiList have also 
been used for the initial regulon annotation. For E. coli, the regulon information has been 
extracted from RegulonDB18 (Gama-Castro et al., 2011). Additional regulon definitions can 
be added at any time, including putative regulons with only rudimentary information, such 
                                                                 
17 URL for the DBTBS database: http://dbtbs.hgc.jp/  
18 URL for RegulonDB: http://regulondb.ccg.unam.mx/  
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as sets of co-expressed genes. If the regulator DNA-binding site is known and defined, it 
will also be displayed as a so-called SequenceLogo (see section 3.5 for details). Below the 
general regulon-associated information and, if available, the sequence motif overview, 
additional data fields and external links are displayed.  

The central part of the RegulonView provides individual information on all associated 
operons and genes, including the name, the first gene in case of operons, the corresponding 
 factor and the position and sequence of the putative binding site in front of the regulated 
transcriptional units. This information enables the user to get a quick first impression of the 
regulated genes of this regulon. 

3.4. The ArrayView 

All three views explained so far are highly similar to one another and strongly integrated, 
not only regarding the information provided but also in the way the user can navigate from 
one view to the next. They all provide a gene-centric view on the REACT data and 
invariantly rely on the genomic sequence as a reference. Regulons consist of operons, which 
are made up of individual genes with a defined position on the chromosome. The same is 
true for regulator binding sites.  

In contrast, the ArrayView provides access to the second central data pool stored within the 
REACT database, the microarray datasets. Array data exist in a great variety of different 
formats. Especially data sets from the early years of transcriptome studies often are available 
only in form of simple tables or excel spread sheets without any defined data format, 
distributed over numerous journal homepages or webpages of individual research groups, 
making their implementation into comparative transcriptome analysis very difficult. As a 
result, public databases, such as the already mentioned GEO or SMD, have been developed 
for the storage and description of microarray datasets that comply to the MIAME (Minimal 
Information About a Microarray Experiment)19 standard (Brazma et al., 2001). Unfortunately, 
these databases still contain only a fraction of the published microarray datasets. The biggest 
challenge for a comparative transcriptome database is therefore to organize and import 
microarray data from diverse sources into a compatible format. 

3.4.1. Organizing microarray data in the REACT suite 

A complete microarray dataset contains at least three types of information. (i) A list of all 
genes represented by a given DNA microarray, which is linked to the corresponding 
expression values, either expressed as (ii) raw fluorescence values for the reference and 
experimental condition, or as (iii) the respective ratio (or fold-change) between the two 
conditions.  Within the REACT suite, such a data collection is called an “Array”. Obviously, 
the Array is only useful if additional descriptive information (meta-information) is available. 
This can be a short description of the specific experimental set-up or a link where this 
information is stored. Often, a group of array datasets are related to each other and 
                                                                 
19 URL for the description of the MIAME standard: http://www.mged.org/Workgroups/MIAME/miame.html  
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described in a single format, e.g. as a result of one experiment. This is reflected by the 
REACT data format “Array Set”. 

The ArrayView is split into four sub-views. The first sub-view, “All Arrays” contains a 
tabulated view of all array sets of the current REACT database. If one array set is selected, 
all arrays of this set are displayed below the upper window, again in tabulated format. Both 
tables contain some basic meta-information on either the array or array set, respectively.  

Selection of one array or array set leads to the next sub-view “Act. Array”, which provides 
the detailed information, including the ID, name, a description of the underlying 
experiment, the source of the data, available literature, and external links. The “Array Set” 
subview lists all individual arrays within the set, which can be marked separately for further 
analysis. The most important feature of this sub-view is a tabulated, sortable list of all genes, 
for which data are available within this array. It contains information on the gene name, the 
signal value, the control value, the ratio of signal to control, the number of replicates that 
were combined, the arithmetic mean and error of the values. This data is normally directly 
derived from the original data sets. Two additional columns indicate which genes are 
currently marked and if their value can be trusted. The trust value is a simple way to allow 
users to flag single values as untrusted, thereby automatically excluding them from 
subsequent analyses. Trust values can be easily set for marked genes within the current 
subview. 

The data table is sortable based on any column, e.g. high or low signals or ratio values. 
Genes of interest can be collected as “marked genes” for inclusion into follow-up analyses. 
Each gene-specific data row of the table functions as an internal link to the corresponding 
GeneView, thereby providing a direct connection between the array-centric data of the 
ArrayView and the gene-centric data of the Gene/Operon/RegulonViews.  

An additional feature of the ArrayView is the “Similar gene” function. For each array 
displayed in the dialog, the user can define ratio-thresholds similar to the ratio of the current 
gene. REACT then automatically retrieves a list of all genes fulfilling the user defined 
criteria. These genes can then be marked for subsequent analyses. The “Similar gene” 
function therefore provides a simple but efficient and direct way to find genes with similar 
expression characteristics from the available microarray database. 

3.4.2. Importing microarray data into the REACT database 

As already mentioned, one of the major problems in comparative transcriptome analyses is 
the lack of a mandatory gold standard for array datasets, especially from the early, pre-
MIAME era. But even ten years after this standard has been introduced, this problem is still 
far from be solved, and the number of microarray datasets not complying to these standards 
is still rising (Brazma, 2009).  

Even implementing the minimum amount of information needed to integrate an array data 
set into the REACT database – a two-column table, with one column containing the gene 
identifiers and the second containing either the signal values or expression ratios between 
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signal and control – can be daunting. Gene identifiers are either not used consistently (as 
synonyms often exist), or the DNA microarray might not contain all genes, or duplication of 
some. Likewise, signals can be represented as raw fluorescence values, either as mean or 
average values, in which case control values need to be provided or defined. Alternatively, a 
table might provide ratio of signal to control, which can be either expressed as log-values or 
as fold-changes. To facilitate handling and import such diverse types of data, the REACT 
suite contains an easy-to-use microarray import interface (Fig. 3). 

During import, microarray data in any tabulated format is initially pre-loaded into the 
REACT import panel. REACT automatically detects the number of columns in the file and 
generates an adequate number of numerated preview columns for easy identification. After 
semiautomated discrimination of commentary lines, the appropriate type of information has 
to be assigned to each column. REACT needs at least one column containing the gene 
identifiers and one column for the signal or ratio values. Other types of information can also 
be assigned, such as the signal background, the control value, and the control background. 
Based on the assignment, REACT ‘knows’ what to do with the individual data, e.g. if 
background columns are specified, their values will be subtracted from the corresponding 
signal or control values. Ratios between signal and control values can either be directly 
imported or will be calculated, depending on the data provided. It is even possible to import 
data with only a single column containing the signal values (e.g. during time course 
experiments). In a later step, one of the imported arrays (e.g. time 0) can then be used as a 
standard control for all datasets to calculate the ratio values needed for most analyses. Large 
datasets containing many replicates of one experiment can be imported in a single table. In 
this case, REACT offers the possibility to average the sets of columns assigned for signal, 
control or ratio values. 

 
 

Figure 2. The microarray import interface of the ArrayView. See text for details. 

If large numbers of different experiments are stored in a single table, they can be parsed at 
once using the “batch”-import. The user defines the different ratio-columns, and each 
column will be treated as a separate array, within a common array set. Moreover, it is 
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During import, microarray data in any tabulated format is initially pre-loaded into the 
REACT import panel. REACT automatically detects the number of columns in the file and 
generates an adequate number of numerated preview columns for easy identification. After 
semiautomated discrimination of commentary lines, the appropriate type of information has 
to be assigned to each column. REACT needs at least one column containing the gene 
identifiers and one column for the signal or ratio values. Other types of information can also 
be assigned, such as the signal background, the control value, and the control background. 
Based on the assignment, REACT ‘knows’ what to do with the individual data, e.g. if 
background columns are specified, their values will be subtracted from the corresponding 
signal or control values. Ratios between signal and control values can either be directly 
imported or will be calculated, depending on the data provided. It is even possible to import 
data with only a single column containing the signal values (e.g. during time course 
experiments). In a later step, one of the imported arrays (e.g. time 0) can then be used as a 
standard control for all datasets to calculate the ratio values needed for most analyses. Large 
datasets containing many replicates of one experiment can be imported in a single table. In 
this case, REACT offers the possibility to average the sets of columns assigned for signal, 
control or ratio values. 

 
 

Figure 2. The microarray import interface of the ArrayView. See text for details. 

If large numbers of different experiments are stored in a single table, they can be parsed at 
once using the “batch”-import. The user defines the different ratio-columns, and each 
column will be treated as a separate array, within a common array set. Moreover, it is 



 
Functional Genomics 34 

possible to define, if ratio data are in logarithmic format (they will be converted to internal 
non-logarithmic values) or not.  

One major challenge when comparing data from different sources and hence formats is 
dealing with variations and differences in the gene identifiers used in different microarray 
templates. REACT knows a large amount of different gene descriptions, as mentioned in 
section 3.1. During data import, REACT will accept any of these names and synonyms. But 
if unknown identifiers occur or synonyms have been assigned more than once in a 
microarray dataset (e.g. in case of different probes representing a single gene), REACT will 
ask the user for a specific decision. The user can then skip/delete the line, manually assign a 
gene name, or add the new synonym to the database for future use.  

Taken together, REACT should be able to import virtually all formats of array data, as long 
as they are tabulated. For the more complex datasets, such as those generated by the GEO, 
special parsing options for the corresponding meta-information are available in REACT. 

3.5. The MotifView 

The MotifView is divided into five sub-sections, three of which (the “Upstream”-panel, the 
“Act. Motif” and the “MotifTable”) are used for displaying the data and will be described 
here. The remaining two – MEME- and MAST-panel – are interfaces for the eponymous 
external analysis tools and will be discussed in more detail later (section 4.4).  

The “Upstream”-panel is used to collect and display DNA regions upstream of coding 
sequences. Mostly, this will be intergenic regions, which are of particular interest, since they 
contain both (alternative) promoters and putative DNA-binding sequences of transcriptional 
regulators. The possibility to retrieve and manage such upstream regions is therefore of 
crucial importance in the context of regulon analyses. Upstream regions can be added to the 
“Upstream”-table by one of three means: (i) collectively from the active list of marked genes, 
(ii) individually by gene name, or (iii) directly from within the GeneView for the 
corresponding gene. In all cases, the user can define parameters for the retrieval, such as the 
sequence length, inclusion of sequence up to the upstream stop codon or exclusion of 
sequences of upstream genes, in the case that they overlap with the selected upstream 
sequence length. 

The “Upstream”-table displays all upstream regions collected by the user in the course of an 
analysis by any of the three methods described above. For each upstream region, the ID and 
name of the corresponding gene, and the sequence and position of the respective region in 
the genome are displayed. These regions (or subsets thereof) can easily be removed or 
added, exported as FASTA-formatted sequence files or selected for further analyses, such as 
the MEME/MAST analyses (see section 4.4). 

In the context of regulon analyses performed within the REACT suite, motifs are defined as 
short stretches of nucleotide sequence that are conserved in a collection of upstream regions, 
derived e.g. from co-expressed genes. They are expressed as so-called position-specific 
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scoring matrices (PSSMs, also known as Position Weight Matrices, PWM) or regular 
expressions (RE), which both describe the probability for specific bases to occur at a specific 
position of the motif. Such matrices are graphically displayed as so-called “SequenceLogos”, 
in which the height of the letters representing the four bases is a measure for the degree of 
conservation at any given position within the motif.   

In REACT, defined motifs of known regulator-binding sites are stored in the “MotifTable”. 
In this table, each motif is represented by the REACT-internal ID, the name of the motif 
(normally equivalent with the name of its cognate regulator), the motif length, the 
associated regular expression or PSSM, as well as the corresponding SequenceLogo. 
Selection of a motif opens the “Act. Motif”-panel, which provides all available information 
of one motif, including the name of the regulon it is associated with. This regulon name 
serves as an internal link to the corresponding page within the RegulonView. Moreover, a 
multiple sequence alignment of all (upstream) sequences underlying this motif is shown (if 
available), which can be exported as FASTA format. 

4. Search options and analysis tools within the REACT suite 

So far, this book chapter has described the major views that represent and display the data 
stored within the organism-specific REACT databases. In the following sections, we will 
describe the tools that allow the user to search the database and analyse genes, motifs, and 
microarray datasets in order to extract and define regulons. These tools include a search 
engine, an internal BLAST tool, cluster analysis and scatter blot tools for microarray 
datasets, as well as the MEME/MAST algorithms to identify and search for regulator 
binding sites in upstream regions of co-expressed genes. 

4.1. The Search tool 

The wealth of information stored in the REACT databases requires search tools to find 
specific data sets. The REACT Search tool contains four panels, enabling the user to search 
for genes, regulons, arrays and array-sets, respectively. These panels share the same general 
structure and differ only in minor features. The common features will be described for the 
gene search panel (Fig. 3).  

Genes of interest can be searched by all gene-specific data fields, e.g. by gene-ID, name, 
synonyms, function, comments, but also any other user-defined field. These fields can be 
searched by a number of search strings, such as <containing>, <being equal to> or <starting 
with> a certain term. After the search hits are displayed in tabulated form in a result 
window below the search panel, where they can be marked or used as internal links to the 
respective views. Consecutive searches can be combined by <add>, <remove>, <keep> results 
or <negate> operations, thus enabling even for more sophisticated searches.  

The search functions introduced so far are available in all four search panels. For genes and 
arrays, an additional function allows searching marked genes or arrays, respectively. 
Moreover, genes can also be successively searched by COG categories and COG terms. 
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possible to define, if ratio data are in logarithmic format (they will be converted to internal 
non-logarithmic values) or not.  

One major challenge when comparing data from different sources and hence formats is 
dealing with variations and differences in the gene identifiers used in different microarray 
templates. REACT knows a large amount of different gene descriptions, as mentioned in 
section 3.1. During data import, REACT will accept any of these names and synonyms. But 
if unknown identifiers occur or synonyms have been assigned more than once in a 
microarray dataset (e.g. in case of different probes representing a single gene), REACT will 
ask the user for a specific decision. The user can then skip/delete the line, manually assign a 
gene name, or add the new synonym to the database for future use.  

Taken together, REACT should be able to import virtually all formats of array data, as long 
as they are tabulated. For the more complex datasets, such as those generated by the GEO, 
special parsing options for the corresponding meta-information are available in REACT. 

3.5. The MotifView 

The MotifView is divided into five sub-sections, three of which (the “Upstream”-panel, the 
“Act. Motif” and the “MotifTable”) are used for displaying the data and will be described 
here. The remaining two – MEME- and MAST-panel – are interfaces for the eponymous 
external analysis tools and will be discussed in more detail later (section 4.4).  

The “Upstream”-panel is used to collect and display DNA regions upstream of coding 
sequences. Mostly, this will be intergenic regions, which are of particular interest, since they 
contain both (alternative) promoters and putative DNA-binding sequences of transcriptional 
regulators. The possibility to retrieve and manage such upstream regions is therefore of 
crucial importance in the context of regulon analyses. Upstream regions can be added to the 
“Upstream”-table by one of three means: (i) collectively from the active list of marked genes, 
(ii) individually by gene name, or (iii) directly from within the GeneView for the 
corresponding gene. In all cases, the user can define parameters for the retrieval, such as the 
sequence length, inclusion of sequence up to the upstream stop codon or exclusion of 
sequences of upstream genes, in the case that they overlap with the selected upstream 
sequence length. 

The “Upstream”-table displays all upstream regions collected by the user in the course of an 
analysis by any of the three methods described above. For each upstream region, the ID and 
name of the corresponding gene, and the sequence and position of the respective region in 
the genome are displayed. These regions (or subsets thereof) can easily be removed or 
added, exported as FASTA-formatted sequence files or selected for further analyses, such as 
the MEME/MAST analyses (see section 4.4). 

In the context of regulon analyses performed within the REACT suite, motifs are defined as 
short stretches of nucleotide sequence that are conserved in a collection of upstream regions, 
derived e.g. from co-expressed genes. They are expressed as so-called position-specific 
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scoring matrices (PSSMs, also known as Position Weight Matrices, PWM) or regular 
expressions (RE), which both describe the probability for specific bases to occur at a specific 
position of the motif. Such matrices are graphically displayed as so-called “SequenceLogos”, 
in which the height of the letters representing the four bases is a measure for the degree of 
conservation at any given position within the motif.   

In REACT, defined motifs of known regulator-binding sites are stored in the “MotifTable”. 
In this table, each motif is represented by the REACT-internal ID, the name of the motif 
(normally equivalent with the name of its cognate regulator), the motif length, the 
associated regular expression or PSSM, as well as the corresponding SequenceLogo. 
Selection of a motif opens the “Act. Motif”-panel, which provides all available information 
of one motif, including the name of the regulon it is associated with. This regulon name 
serves as an internal link to the corresponding page within the RegulonView. Moreover, a 
multiple sequence alignment of all (upstream) sequences underlying this motif is shown (if 
available), which can be exported as FASTA format. 

4. Search options and analysis tools within the REACT suite 

So far, this book chapter has described the major views that represent and display the data 
stored within the organism-specific REACT databases. In the following sections, we will 
describe the tools that allow the user to search the database and analyse genes, motifs, and 
microarray datasets in order to extract and define regulons. These tools include a search 
engine, an internal BLAST tool, cluster analysis and scatter blot tools for microarray 
datasets, as well as the MEME/MAST algorithms to identify and search for regulator 
binding sites in upstream regions of co-expressed genes. 

4.1. The Search tool 

The wealth of information stored in the REACT databases requires search tools to find 
specific data sets. The REACT Search tool contains four panels, enabling the user to search 
for genes, regulons, arrays and array-sets, respectively. These panels share the same general 
structure and differ only in minor features. The common features will be described for the 
gene search panel (Fig. 3).  

Genes of interest can be searched by all gene-specific data fields, e.g. by gene-ID, name, 
synonyms, function, comments, but also any other user-defined field. These fields can be 
searched by a number of search strings, such as <containing>, <being equal to> or <starting 
with> a certain term. After the search hits are displayed in tabulated form in a result 
window below the search panel, where they can be marked or used as internal links to the 
respective views. Consecutive searches can be combined by <add>, <remove>, <keep> results 
or <negate> operations, thus enabling even for more sophisticated searches.  

The search functions introduced so far are available in all four search panels. For genes and 
arrays, an additional function allows searching marked genes or arrays, respectively. 
Moreover, genes can also be successively searched by COG categories and COG terms. 
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Figure 3. The Search tool of REACT, exemplified by the search panel for genes. 

4.2. The internal BLAST tool 

Within the REACT suite, BLAST analyses (Altschul et al., 1990) can be performed in two 
different ways. First, it can be performed from within the GeneView via a direct external link 
to the NCBI BLAST server (see section 3.1). Second, REACT also provides an internal BLAST 
search, which allows comparing a gene of interest with the internal reference genomes of the 
corresponding REACT database. This internal search, which can be accessed by the 
corresponding BLAST panel, allows retrieving not only the homologous gene or protein 
sequences, but also the corresponding upstream regions for further analyses, such as 
MEME/MAST (see section 4.4). 

Both external (pasted into the input window) and internal (derived from the gene/protein 
displayed in the current GeneView) sequences can be used as query, either as DNA or 
protein sequence. After choosing the appropriate BLAST algorithm and the sequence data to 
be analysed, the results are displayed in tabulated form in the corresponding panel. For each 
match, both gene-specific information (ID, name, function, organism) and BLAST-specific 
values (E-value, per cent identity, match length, number of mismatches/insertions/ 
deletions) are displayed. Moreover, the genomic context is illustrated in a genome browser. 

For each match, the DNA or amino acid sequence can be retrieved. Moreover, REACT also 
provides access to the corresponding upstream region via the “Retrieve upstream” function. 
The corresponding sequences will then be added to the “Upstream”-panel of the MotifView 
as described above (see section 3.5). 

4.3. Microarray analysis tools 

As mentioned before, the REACT suite is based on organism-specific databases that contain 
two types of data. The gene-centric data is derived from public genome sequence 
information and accessible through the Gene-, Operon-, Regulon-, and MotifView, while the 
array-centric data is displayed in the ArrayView. Two different types of tools have been 
implemented into the REACT suite in order to analyse this second type of data: (i) Scatter 
plot analyses (4.3.1) allow the comparison of up to two experimental conditions, while 
Cluster analyses (4.3.2) are used to extract expression values from multi-array comparisons. 
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4.3.1. The scatterplot tool 

A scatter plot is a graphical way to project values for two variables of a data set into a two-
dimensional grid, thereby placing similar samples in the same regions of the grid. The data 
is displayed as a collection of points, each having the value of one variable determining the 
position on the x axis and the value of the other variable determining the position on the y 
axis (Utts, 2005). A scatter plot is a very useful tool to identify similarities and differences in 
large, comparable datasets that agree in large parts with each other. The more the two data 
sets agree, the more the scatter tends to concentrate in the vicinity of a so-called identity line, 
where y = x. 

Within REACT, scatter plot analyses are normally used to display genes according to their 
expression data of two selected arrays, using the expression value of the first array as x 
coordinate and the values of the other as y coordinate. This representation of the data results 
in an interactive panel where genes with similar expression patterns are grouped together.  

In most cases, the vast majority of analysed genes should show the same expression 
values/ratios under both conditions and will therefore be placed closely together on the x=y 
line. In contrast, genes that differ significantly in their behaviour between the two conditions 
will appear as outliers and can therefore be easily identified in the plot. Of course, 
comparisons of array datasets from different research groups tend to deviate more or less 
significantly from this ideal situation. Hence, the differences in experimental conditions 
need to be kept in mind when comparing array data sets.  

Scatter plot analyses can be performed using either signal or ratio array values, thereby 
allowing to compare the behaviour of genes in the presence of different stimuli (ratio data), 
but also to compare different time points from one time course experiment (using signal 
data). Such comparisons of expression data from two different microarrays are called two-
dimensional scatter plots (see Fig. 4 for an example).  

But the user can also compare the data of one array against itself, using the same signal or 
ratio values as coordinates for the x and y axes. As this results in the placement of all genes 
on one line (the identity line), it is called a one-dimensional scatter plot. Such an analysis can 
be helpful to verify that a group of related genes (e.g. from one operon) behaves in a similar 
fashion within one experiment.  

The input (expression data) for both types of analyses can either be log-transformed or 
normalized for the arrays or for the genes (array- and gene-centering, respectively). 
Moreover, the data can be filtered to remove “untrusted” genes prior to the analysis. Here, 
REACT removes all genes previously flagged as untrusted and un-reliable (either 
automatically during the import or later by the user) in one or both array datasets. 

The major advantage over using external standard scatter plot tools is the deep integration 
of the REACT scatter plots with the REACT database. Without pre-selection of genes, the 
analysis will be carried out with the complete microarray data sets. Genes that specifically 
respond to only one of the two conditions will appear as outliers and can then be easily 
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information and accessible through the Gene-, Operon-, Regulon-, and MotifView, while the 
array-centric data is displayed in the ArrayView. Two different types of tools have been 
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dimensional grid, thereby placing similar samples in the same regions of the grid. The data 
is displayed as a collection of points, each having the value of one variable determining the 
position on the x axis and the value of the other variable determining the position on the y 
axis (Utts, 2005). A scatter plot is a very useful tool to identify similarities and differences in 
large, comparable datasets that agree in large parts with each other. The more the two data 
sets agree, the more the scatter tends to concentrate in the vicinity of a so-called identity line, 
where y = x. 

Within REACT, scatter plot analyses are normally used to display genes according to their 
expression data of two selected arrays, using the expression value of the first array as x 
coordinate and the values of the other as y coordinate. This representation of the data results 
in an interactive panel where genes with similar expression patterns are grouped together.  

In most cases, the vast majority of analysed genes should show the same expression 
values/ratios under both conditions and will therefore be placed closely together on the x=y 
line. In contrast, genes that differ significantly in their behaviour between the two conditions 
will appear as outliers and can therefore be easily identified in the plot. Of course, 
comparisons of array datasets from different research groups tend to deviate more or less 
significantly from this ideal situation. Hence, the differences in experimental conditions 
need to be kept in mind when comparing array data sets.  

Scatter plot analyses can be performed using either signal or ratio array values, thereby 
allowing to compare the behaviour of genes in the presence of different stimuli (ratio data), 
but also to compare different time points from one time course experiment (using signal 
data). Such comparisons of expression data from two different microarrays are called two-
dimensional scatter plots (see Fig. 4 for an example).  

But the user can also compare the data of one array against itself, using the same signal or 
ratio values as coordinates for the x and y axes. As this results in the placement of all genes 
on one line (the identity line), it is called a one-dimensional scatter plot. Such an analysis can 
be helpful to verify that a group of related genes (e.g. from one operon) behaves in a similar 
fashion within one experiment.  

The input (expression data) for both types of analyses can either be log-transformed or 
normalized for the arrays or for the genes (array- and gene-centering, respectively). 
Moreover, the data can be filtered to remove “untrusted” genes prior to the analysis. Here, 
REACT removes all genes previously flagged as untrusted and un-reliable (either 
automatically during the import or later by the user) in one or both array datasets. 

The major advantage over using external standard scatter plot tools is the deep integration 
of the REACT scatter plots with the REACT database. Without pre-selection of genes, the 
analysis will be carried out with the complete microarray data sets. Genes that specifically 
respond to only one of the two conditions will appear as outliers and can then be easily 
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selected directly from the plot and thereby added to the list of marked genes directly for 
further analyses within REACT. This deep integration and direct connection of array-centric 
results with gene-centric information is one of the major strengths of the REACT suite, 
which enables the user to efficiently analyse even complex datasets. 

 
Figure 4. Example of a two-dimensional scatter plot analysis with labelled genes. The inset on the right 
shows the parameter window for choosing the settings for a scatter plot analysis. 

But scatter plots can also be performed on only a small group of genes collected in previous 
analyses, thereby enabling the user to focus on a relevant subset of the data. The second 
approach is for example useful if these genes are known or suspected to belong to one 
regulon, in which case they should show a similar behaviour under various conditions. 
Two-dimensional scatter plots provide an easy way to test this hypothesis, since currently 
marked genes can be labelled in the plot and thereby easily visualized (Fig. 4). 

Images of the scatter-plots can be directly retrieved. For presentation or publication 
purposes, individual genes can be labelled with their names, or specific symbols can be 
assigned to groups of genes, in order to distinguish them. 

4.3.2. The cluster analysis (HeatMap) tool 

To perform more sophisticated expression analyses of multiple microarray datasets, the 
hierarchical clustering functions of the Cluster 3.0 Software (de Hoon et al., 2004), an 
enhanced version of the Cluster Software20, were integrated into REACT. This analysis 
assigns sets of genes into groups (the so-called clusters), so that the behaviour of the genes 
                                                                 
20 URL for the source code of the Cluster software: http://rana.lbl.gov/EisenSoftwareSource.htm  
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from within the same cluster is more similar to each other than to those in other clusters. 
Clustering is based on calculating a distance measure, which determines the similarity of two 
elements. During this calculation, the often n-dimensional data sets are reduced to their 
respective distances (one distance for each pair of objects). This less complex data set is then 
used as input for the final clustering. The corresponding algorithms achieving this differ 
significantly in their notion of what constitutes a cluster and in their efficiency of finding them. 

The hierarchical cluster analyses embedded in the REACT suite provide a way to compare 
the expression behaviour of genes over multiple microarray datasets but also, if needed, to 
group and cluster arrays. The result is a two-dimensional, colour-coded matrix (or grid) in 
which each row represents one gene, while each column corresponds to one array dataset. 
Rows and/or columns are sorted according to their overall distances, and this clustering is 
illustrated by flanking distance trees, in which the length of the branches serves as a 
measure for similarity: The shorter the branches, the higher their similarity (Fig. 5).  

 
Figure 5. Example of a cluster analysis performed with the HeatMap tool. The inset on the right shows 
the parameter window for choosing the settings for a cluster analysis. 

The complexity of the data is not lost, as all ratio or signal values for each gene within all 
arrays are visualized by the colour of the individual cells within the heat map grid. When 
ratio values are displayed, green colour indicates an increase (positive ratio value) and red a 
decrease (negative ratio value) of the expression in comparison to the control condition of 
the array, while the intensity of the colour is an indicator for the magnitude of change (Fig. 
5). Signal values are coloured according to their percentage from the lowest and highest 
measured value within the array. 
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To run a cluster analysis, the user has first to decide, which genes and microarray datasets 
are to be included. Again, the active list of marked genes/arrays can directly be applied. 
Since REACT only serves as an interface to the Cluster 3.0 software package, its panel 
mimics the original input fields, with some modifications (inset to Fig. 5). The choice of 
parameters includes: clustering of only genes, arrays, or both; (ii) use of ratio or signal 
values; (iii) log-transformation of the data; (iv) removal of “untrusted” data (see above). 
Distance measures such as Euklidian distance, Kendall's tau, Pearson correlation or 
Spearman's rank correlation are available for both gene- and array-clustering. Moreover, 
genes and arrays can again be normalized as well as centered, as described for the scatter 
plot analysis above. For the final linkage, the user can choose between Pairwise Single, 
Pairwise Complete, Pairwise Centroide and Pairwise Average Linkage clustering methods21. 

The results of the cluster analysis are displayed in the HeatMap window (Fig. 5). This view is 
vertically split into two subpanels. The left panel displays the complete heat map, including 
the distance trees, while the right subpanel displays selected areas in more detail, including 
gene-IDs, names and descriptions. The heat map is interactive and selecting one row will 
directly open the corresponding GeneView. Marked genes are highlighted in red in the heat 
map. 

To further analyse a certain gene cluster, it can directly be selected from the flanking 
distance trees, which are also interactive: Selecting any branch will mark the corresponding 
rows or columns. Intersections of selected rows and columns can be obtained and selected 
parts of the heat map can be displayed in higher resolution in the right subpanel of the 
HeatMap window, as described above.  

The content of each subpanel can be exported both as an image file (different file formats 
can be chosen), as well as in tabulated form. Cluster results can also be stored and reloaded 
again, e.g. to enable the user to compare the clustering of specific groups of genes between 
different analyses. 

4.3.3. The “Show regulons of marked genes” function 

Co-expression – and therefore co-clustering – of groups of genes is a strong indication that 
they presumably belong to one regulon, i.e. are under the direct control of a common 
transcriptional regulator. In case of the two model bacteria currently implemented in the 
REACT suite, B. subtilis and E. coli, many of these regulons are already known.  

To simplify the identification of known regulons within a marked group of genes derived 
from one of the above analyses, the “Show regulons of marked genes” function was 
implemented in the REACT suite, which displays all regulons to which at least one currently 
marked gene is associated in an additional window. Moreover, the results window will also 
list all operons and genes of any identified regulon, thereby providing a direct overview of 
the coverage of a given regulon within the group of marked genes identified by the cluster 
                                                                 
21 For details on clustering, see: 
 http://bonsai.hgc.jp/~mdehoon/software/cluster/manual/Hierarchical.html#Hierarchical 
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analysis. As usual, the identifiers of the regulons, operons and genes function as internal 
links to the corresponding views, enabling a seamless integration with subsequent analyses 
of the identified transcriptional units. 

This function therefore offers a very straightforward and easy-to-use approach to identify 
the regulators responsible for an observed co-expression of a group of genes. 

4.4. Motif analysis tools 

If the above mentioned function did not yield a direct insight into regulatory principles 
underlying an observed co-expression, the next step of a typical analysis would be to search 
for putative regulator binding sites in the upstream genomic regions of co-expressed genes 
and operons. To facilitate these analyses, the MEME/MAST tools from the MEME (Multiple 
EM for Motif Elicitation) suite22 (Bailey et al., 2009) were incorporated into REACT. MEME 
allows the identification of short overrepresented sequence motifs in a group of unaligned 
sequences of different length. MAST is a sequence similarity search algorithm that utilizes 
motifs either provided by the user or from a previous MEME analysis, to search for similar 
motifs in genome sequences. Starting from the upstream regions of co-clustering genes, these 
two tools, if applied in combination, often allow to identify putative regulator binding site in 
novel regulons.  

4.4.1. The MEME-Analysis tool 

A prerequisite for any motif search is a collection of (upstream) sequences that are supposed 
to contain a common motif. In the REACT suite, this is facilitated by the “get upstream” 
function, which can be found in a number of views, including the Gene-, Operon- or 
MotifView. The latter also contains the panels for the MEME and MAST analyses. Again, 
REACT's motif discovery function is just an embedded interface to these freely available and 
well established tools, which are components of the MEME suite. MEME is a tool for 
discovering motifs in a group of related DNA or protein sequences. It represents motifs as 
position-specific scoring matrices (PSSM's), which describe the probability of each possible 
letter at each position within the gapless pattern. MEME uses statistical modelling 
techniques to automatically choose the best width, number of occurrences, and description 
for each motif to reduce the number of false-positive hits. Nevertheless, they can occur 
incidentally, especially if the motifs are very short, and therefore have to be validated 
experimentally, both in vivo and in vitro (Cao et al., 2002). 

Like other analysis panels of REACT, the MEME view is also divided into two areas: in the 
upper part, the sequences and analysis parameters can be specified, while the results will be 
displayed in the lower panel (Fig. 6).  

To start a MEME analysis, the user has to provide the sequences (in this case: upstream 
regions of genes), which are believed to share a common motif. This can be done by one of 
three ways: (i) Selection of upstream sequences from the “Upstream sequence” panel, (ii) 
                                                                 
22 URL for online access to the complete MEME suite at: http://meme.nbcr.net  
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To run a cluster analysis, the user has first to decide, which genes and microarray datasets 
are to be included. Again, the active list of marked genes/arrays can directly be applied. 
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values; (iii) log-transformation of the data; (iv) removal of “untrusted” data (see above). 
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Spearman's rank correlation are available for both gene- and array-clustering. Moreover, 
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map. 
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again, e.g. to enable the user to compare the clustering of specific groups of genes between 
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REACT suite, B. subtilis and E. coli, many of these regulons are already known.  

To simplify the identification of known regulons within a marked group of genes derived 
from one of the above analyses, the “Show regulons of marked genes” function was 
implemented in the REACT suite, which displays all regulons to which at least one currently 
marked gene is associated in an additional window. Moreover, the results window will also 
list all operons and genes of any identified regulon, thereby providing a direct overview of 
the coverage of a given regulon within the group of marked genes identified by the cluster 
                                                                 
21 For details on clustering, see: 
 http://bonsai.hgc.jp/~mdehoon/software/cluster/manual/Hierarchical.html#Hierarchical 
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analysis. As usual, the identifiers of the regulons, operons and genes function as internal 
links to the corresponding views, enabling a seamless integration with subsequent analyses 
of the identified transcriptional units. 

This function therefore offers a very straightforward and easy-to-use approach to identify 
the regulators responsible for an observed co-expression of a group of genes. 

4.4. Motif analysis tools 

If the above mentioned function did not yield a direct insight into regulatory principles 
underlying an observed co-expression, the next step of a typical analysis would be to search 
for putative regulator binding sites in the upstream genomic regions of co-expressed genes 
and operons. To facilitate these analyses, the MEME/MAST tools from the MEME (Multiple 
EM for Motif Elicitation) suite22 (Bailey et al., 2009) were incorporated into REACT. MEME 
allows the identification of short overrepresented sequence motifs in a group of unaligned 
sequences of different length. MAST is a sequence similarity search algorithm that utilizes 
motifs either provided by the user or from a previous MEME analysis, to search for similar 
motifs in genome sequences. Starting from the upstream regions of co-clustering genes, these 
two tools, if applied in combination, often allow to identify putative regulator binding site in 
novel regulons.  

4.4.1. The MEME-Analysis tool 
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to contain a common motif. In the REACT suite, this is facilitated by the “get upstream” 
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REACT's motif discovery function is just an embedded interface to these freely available and 
well established tools, which are components of the MEME suite. MEME is a tool for 
discovering motifs in a group of related DNA or protein sequences. It represents motifs as 
position-specific scoring matrices (PSSM's), which describe the probability of each possible 
letter at each position within the gapless pattern. MEME uses statistical modelling 
techniques to automatically choose the best width, number of occurrences, and description 
for each motif to reduce the number of false-positive hits. Nevertheless, they can occur 
incidentally, especially if the motifs are very short, and therefore have to be validated 
experimentally, both in vivo and in vitro (Cao et al., 2002). 

Like other analysis panels of REACT, the MEME view is also divided into two areas: in the 
upper part, the sequences and analysis parameters can be specified, while the results will be 
displayed in the lower panel (Fig. 6).  

To start a MEME analysis, the user has to provide the sequences (in this case: upstream 
regions of genes), which are believed to share a common motif. This can be done by one of 
three ways: (i) Selection of upstream sequences from the “Upstream sequence” panel, (ii) 
                                                                 
22 URL for online access to the complete MEME suite at: http://meme.nbcr.net  
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directly pasting sequences into the respective sequence window of the MEME interface, or 
(iii) uploading an external file. The latter options enable the inclusion of sequences, which 
are not derived from the REACT database. Next, the number of allowed (or expected) motifs 
per sequence needs to be defined. Additional parameters include (i) the minimum and 
maximum motif-width, (ii) the maximum number of motifs to be discovered, (iii) a 
statistical threshold value, and (iv) limitation to palindromic sequences. 

 
Figure 6. The MEME analysis interface embedded in the MotifView. 

REACT`s MEME results consist of a graphical overview of the analysed sequences (Fig. 6) 
illustrating the occurrence and position of the motifs. Each motif is described by the 
following information:  a motif ID, the length of the motif, a statistical value as a measure for 
the reliability of the motif, and a corresponding SequenceLogo as a graphical representation of 
the motif. As computable definitions, the description also includes the Regular Expression, an 
alignment of the motif from the analysed sequences, and the PSSM, which can all be exported. 
Alternatively, these definitions can be used directly for a MAST analysis to screen genome 
sequences from the REACT database for additional upstream regions containing this pattern 
(described in the following section) or stored in the REACT database for later analyses. 

4.4.2. The MAST-Analysis tool 

An important strategy to identify regulon members in large datasets, such as (multiple) 
genome sequences, is to screen them for the presence of sequence motifs, especially in 
intergenic regions, that are known or postulated to function as regulator binding sites. Such 
patterns can be derived from known operator sites described in other, closely related 
organisms (Wecke et al., 2006), or from motifs identified by MEME analyses from collections 
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of co-expressed loci, as described above. One way of testing predicted motifs in silico is to 
apply them to larger data sets. This not only allows the identification of additional putative 
matches, but it might also help to improve the motif through iterations. In the REACT suite, 
this can be done with the MAST analysis interface.  

MAST is a tool for searching biological sequence databases for sequences that contain one or 
more copies of a known motif. The quality of a resulting hit is calculated as the strength of 
the similarity of the particular sequence to all motifs, based on statistical probabilities. 
MAST works by calculating match scores for each sequence in the database compared with 
each of the provided motifs. These initial scores are then converted into statistical 
probability values, which are used to determine the overall match of the sequence to the 
group of motifs. By this approach, the best fitting sequences in the analysed data set can 
ultimately be identified.  

The MAST interface of the REACT suite is located within the MotifView and resembles the 
one for the MEME analysis both in appearance and overall logic. Two important parameters 
need to be defined by the user. The first one is the motif. It can be directly imported from a 
MEME result table, from the motifs stored in the REACT database (accessed via the motif 
table), but also manually imported from an external motif definition, expressed as a PSSM.  

The second important parameter is the sequence database to be searched. REACT contains 
pre-compiled data files containing all upstream regions of the currently implemented two 
model organisms but also of all of the respective reference organism. These regions are 
defined as the 200 bases upstream of the start codon of each gene. Other parameters to be 
defined are the maximum number of sequences to be displayed, a probability threshold and 
if genes overlapping with the upstream regions should be displayed in the results. 

After the analysis has been performed, a graphical overview of the results in the form of a 
block diagram is displayed. It shows the matching regions for each motif within each 
sequence, the direction of the match (forward or reverse), the gene ID to which the upstream 
region belongs, and a probability value indicating the match strength. The information can 
also be displayed as in tabulated form. As usual, the diagram is interactive and provides a 
direct link to the corresponding gene-specific information.  

If additional promising matches could be identified, they can then be integrated into a new 
iteration of creating motifs with the MEME-tool and re-checking them with MAST. Again, 
the integrative nature of REACT will enable and simplify such follow-up analyses. 

5. Operating the REACT suite 

We will conclude this chapter with a brief summary of how the REACT suite can be 
navigated and modified. For this purpose, we will first describe a typical work flow through 
the features of REACT from the perspective of a user (5.1). In the second section, we will 
specifically address the rights and options of REACT-administrators (5.2). Finally, we will 
provide a brief summary of the REACT concept and infrastructure (5.3). 
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of co-expressed loci, as described above. One way of testing predicted motifs in silico is to 
apply them to larger data sets. This not only allows the identification of additional putative 
matches, but it might also help to improve the motif through iterations. In the REACT suite, 
this can be done with the MAST analysis interface.  

MAST is a tool for searching biological sequence databases for sequences that contain one or 
more copies of a known motif. The quality of a resulting hit is calculated as the strength of 
the similarity of the particular sequence to all motifs, based on statistical probabilities. 
MAST works by calculating match scores for each sequence in the database compared with 
each of the provided motifs. These initial scores are then converted into statistical 
probability values, which are used to determine the overall match of the sequence to the 
group of motifs. By this approach, the best fitting sequences in the analysed data set can 
ultimately be identified.  

The MAST interface of the REACT suite is located within the MotifView and resembles the 
one for the MEME analysis both in appearance and overall logic. Two important parameters 
need to be defined by the user. The first one is the motif. It can be directly imported from a 
MEME result table, from the motifs stored in the REACT database (accessed via the motif 
table), but also manually imported from an external motif definition, expressed as a PSSM.  

The second important parameter is the sequence database to be searched. REACT contains 
pre-compiled data files containing all upstream regions of the currently implemented two 
model organisms but also of all of the respective reference organism. These regions are 
defined as the 200 bases upstream of the start codon of each gene. Other parameters to be 
defined are the maximum number of sequences to be displayed, a probability threshold and 
if genes overlapping with the upstream regions should be displayed in the results. 

After the analysis has been performed, a graphical overview of the results in the form of a 
block diagram is displayed. It shows the matching regions for each motif within each 
sequence, the direction of the match (forward or reverse), the gene ID to which the upstream 
region belongs, and a probability value indicating the match strength. The information can 
also be displayed as in tabulated form. As usual, the diagram is interactive and provides a 
direct link to the corresponding gene-specific information.  

If additional promising matches could be identified, they can then be integrated into a new 
iteration of creating motifs with the MEME-tool and re-checking them with MAST. Again, 
the integrative nature of REACT will enable and simplify such follow-up analyses. 

5. Operating the REACT suite 

We will conclude this chapter with a brief summary of how the REACT suite can be 
navigated and modified. For this purpose, we will first describe a typical work flow through 
the features of REACT from the perspective of a user (5.1). In the second section, we will 
specifically address the rights and options of REACT-administrators (5.2). Finally, we will 
provide a brief summary of the REACT concept and infrastructure (5.3). 
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5.1. Navigating REACT: The user approach 

The functionality of the REACT suite relies on curated and comprehensive data that is 
provided by the organism-specific REACT database. It provides three different types of 
data: (i) gene-centric data (derived from genome sequences and their annotation), (ii) array-
centric data (extracted from microarray databases and individual sources of transcriptome 
experiments), and (iii) motif data (based on experimental and computational evidence).  

While there are many ways to use the REACT suite, it was developed with the goal in mind 
to enable the user to identify and characterize regulons starting from in-depth analyses of 
microarray datasets. Here, we will illustrate a typical workflow through the REACT suite 
(Fig. 7), in order to highlight the concept of REACT by connecting the central features that 
have so far been primarily described in isolation in the previous sections. 

 
Figure 7. Work flow through the REACT suite. Major views are indicated by light grey, analysis tools 
by the green colour. The numbers refer to the description in the text. 

A typical experiment could start with importing new microarray datasets  to be 
subsequently analysed in detail by scatter plot or cluster analysis . These initial studies 
will presumably be performed genome-wide, but with a limited number of relevant 
microarray datasets. As a result, groups of interesting genes will be identified  that 
respond in a condition-specific manner and could potentially be co-expressed and therefore 
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co-regulated. All unknown genes can be subjected to in-depth analyses, primarily using the 
information stored in the GeneView (including the external links), but to some extend also 
data from the OperonView, and RegulonView . Moreover, the group of selected genes could 
also be subjected to a second round of Cluster analysis, now incorporating a more diverse 
set of array conditions on this limited number of genes, to refine the clustering . Genes of 
interest derived from any of these studies can be selected and thereby added to the list of 
marked genes. For genes of interest that cannot be associated with known regulons, the 
upstream regions will be retrieved for the subsequent steps of the regulon annotation. To 
increase the chance of identifying regulator binding sites, internal BLAST analyses can be 
performed to extract upstream regions from orthologous genes from closely related species 
, assuming that they are subject to the same regulation. The collection of upstream regions 
will then be subjected to a MEME analysis to identify common sequence motifs as 
candidates for putative regulator binding sites . The motif definitions will be incorporated 
into the MotifView and subsequently used to screen genome sequences for additional 
candidates, using the MAST tool . If new candidate target genes preceded by the 
conserved motif could be identified, they will then be selected and subjected to the 
comprehensive studies described above, including Cluster analysis to compare their 
behaviour to the group of genes initially selected .  

Enabling such iterative and interactive processes that rely on both sequence-based and 
array-based data and analysis tools is a major advantage of the REACT suite. Because of its 
concept and architecture, the necessary information and data flow can be controlled easily 
and the analyses can be performed efficiently.   

5.2. Modifying REACT: The administrator mode 

In the age of omics, new genome sequences and microarray studies are published with ever-
increasing speed. It is therefore important that a REACT database, once established, can be 
updated regularly to grow with the increase of available data and information. But as a 
precautious measure to avoid data corruption and thereby ensuring the integrity of the 
database, it is advisable that not all users have the right to modify the core data at all times 
during analyses. REACT has therefore implemented two different user roles: the REACT-user 
normally works in the “read-only” mode. This will allow him to browse the data, perform 
analyses, and export data to external files. In contrast, login as a REACT-administrator enables 
the user to permanently import additional data (such as microarray datasets or new reference 
genomes), to edit data already implemented in the REACT database, and even to change the 
main views of REACT by incorporating additional links and features. 

When logged in as REACT-administrator, most data displayed in the different views can be 
edited manually. To prevent unintentional data corruption, data can only be changed after 
deliberately switching into the edit-mode via the appropriate buttons, provided in each 
view. In the edit-mode, all editable data is displayed in green and all links are disabled. Any 
changes applied to the data remains transient until they are confirmed by the REACT-
administrator and thereby sent to the REACT-server and stored permanently.  
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co-regulated. All unknown genes can be subjected to in-depth analyses, primarily using the 
information stored in the GeneView (including the external links), but to some extend also 
data from the OperonView, and RegulonView . Moreover, the group of selected genes could 
also be subjected to a second round of Cluster analysis, now incorporating a more diverse 
set of array conditions on this limited number of genes, to refine the clustering . Genes of 
interest derived from any of these studies can be selected and thereby added to the list of 
marked genes. For genes of interest that cannot be associated with known regulons, the 
upstream regions will be retrieved for the subsequent steps of the regulon annotation. To 
increase the chance of identifying regulator binding sites, internal BLAST analyses can be 
performed to extract upstream regions from orthologous genes from closely related species 
, assuming that they are subject to the same regulation. The collection of upstream regions 
will then be subjected to a MEME analysis to identify common sequence motifs as 
candidates for putative regulator binding sites . The motif definitions will be incorporated 
into the MotifView and subsequently used to screen genome sequences for additional 
candidates, using the MAST tool . If new candidate target genes preceded by the 
conserved motif could be identified, they will then be selected and subjected to the 
comprehensive studies described above, including Cluster analysis to compare their 
behaviour to the group of genes initially selected .  

Enabling such iterative and interactive processes that rely on both sequence-based and 
array-based data and analysis tools is a major advantage of the REACT suite. Because of its 
concept and architecture, the necessary information and data flow can be controlled easily 
and the analyses can be performed efficiently.   

5.2. Modifying REACT: The administrator mode 

In the age of omics, new genome sequences and microarray studies are published with ever-
increasing speed. It is therefore important that a REACT database, once established, can be 
updated regularly to grow with the increase of available data and information. But as a 
precautious measure to avoid data corruption and thereby ensuring the integrity of the 
database, it is advisable that not all users have the right to modify the core data at all times 
during analyses. REACT has therefore implemented two different user roles: the REACT-user 
normally works in the “read-only” mode. This will allow him to browse the data, perform 
analyses, and export data to external files. In contrast, login as a REACT-administrator enables 
the user to permanently import additional data (such as microarray datasets or new reference 
genomes), to edit data already implemented in the REACT database, and even to change the 
main views of REACT by incorporating additional links and features. 

When logged in as REACT-administrator, most data displayed in the different views can be 
edited manually. To prevent unintentional data corruption, data can only be changed after 
deliberately switching into the edit-mode via the appropriate buttons, provided in each 
view. In the edit-mode, all editable data is displayed in green and all links are disabled. Any 
changes applied to the data remains transient until they are confirmed by the REACT-
administrator and thereby sent to the REACT-server and stored permanently.  



 
Functional Genomics 46 

However, some data fields are not editable, as REACT uses them as immutable internal 
references (e.g. as primary and secondary database keys) to identify the complete dataset. 
This includes the names and IDs of genes, operons, or microarray datasets, as well as DNA 
and amino acid sequences from the GeneView, which are derived from and defined by the 
respective genomic sequence.  

A REACT-administrator can also define new data fields for the above listed views according 
to the individual requirements, including plain text fields and numeric fields. Moreover, 
new external links can also be added to the views. While it is quite easy to generate plain 
text or numeric fields (as just the field name and type have to be defined within the REACT-
administrator dialogue), creation of additional link-fields is technically a bit more 
demanding.  

In addition to the aforementioned options, REACT-administrators can import additional 
array data, create new array sets or change the assignments of arrays to a set. They can also 
store motifs computed during a MEME analysis permanently within the REACT database or 
define new regulons. In the RegulonView, new operons can be connected to or removed from 
the regulons. 

5.3. Expanding REACT: Embedding new organism-specific databases 

REACT was initially developed for the analysis of two model organisms, E. coli and B. 
subtilis. But given the wealth of knowledge already available for these organisms, the 
potential of REACT may be even higher when applied to genomic and expression data of 
other, less well-characterized organisms. 

Therefore, REACT is equipped with a small set of additional tools that enables researchers 
with little knowledge of programming languages or database administration to create new 
organism-specific REACT databases from scratch. Following the instructions provided by 
the software, the user has to download freely available files from sources like the NCBI, 
Uniprot or MicrobesOnline databases that contain the data used by REACT. Additional 
information (e.g. links to PFAM or PDB) will be obtained from the KEGG web service via 
SOAP/WSDL, again without the need for more than very basic user interaction. 

After the creation of an initial, empty REACT database (done by importing a provided sql-
file into the SQL database), the information contained in the downloaded files and provided 
by KEGG are parsed by helper tools provided by the REACT package, again minimizing 
user interaction.  

Users with basic programming knowledge will then be able to extend the new REACT 
database by parsing data from additional data sources, depending on the organism chosen 
and the focus of the respective database. Subsequently, additional data needed by REACT 
(e.g. interbl BLAST databases) will be computed automatically. The user will now be able to 
connect with this newly created REACT database, in order to upload the first array sets. 
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5.4. Developing REACT: Concept, sources and infrastructure 

TAs mentioned previously, the major aim of the REACT bioinformatics toolkit was the 
creation of an intuitive and interactive graphical user interface that allows an integrative 
view on genomic and microarray data and provides combined access to various 
bioinformatics tools commonly used in comparative genomic and transcriptomic studies. 
The overall structure of the REACT suite is illustrated in Fig. 8. 

In the current release, the tools listed in Table 1 are integrated into the REACT suite. The 
software was implemented using a client/server architecture, enabling the parallel and 
locally distributed work of one to multiple users (Fig. 8).  The REACT-server is the central 
computer running the database-managing software (MySQL), as well as all internal and 
integrated third-party analysis tools. The users will solely work with the corresponding 
client program, which can be installed on the personal computers or laptops of all users. 
Client and server are communicating via intra- or internet using remote method invocation 
(RMI) techniques. REACT is implemented as a java swing application, therefore client and 
server should run under a variety of operating systems depending only on the Java Runtime 
Environment (Version 5 or higher). However, in case of the server, this is limited by the 
external tools, as some of them (e.g. the MEME suite) depend on a Linux / Unix 
environment. To circumvent this limitation, REACT was developed and tested for being 
executable on Windows OS using Cygwin (1.5.x or higher), which is a Linux emulator for 
Windows and provides substantial Linux API functionality. 

 
Figure 8. Structure, components and data flow of the REACT suite. See text for details. 
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In the current release, the tools listed in Table 1 are integrated into the REACT suite. The 
software was implemented using a client/server architecture, enabling the parallel and 
locally distributed work of one to multiple users (Fig. 8).  The REACT-server is the central 
computer running the database-managing software (MySQL), as well as all internal and 
integrated third-party analysis tools. The users will solely work with the corresponding 
client program, which can be installed on the personal computers or laptops of all users. 
Client and server are communicating via intra- or internet using remote method invocation 
(RMI) techniques. REACT is implemented as a java swing application, therefore client and 
server should run under a variety of operating systems depending only on the Java Runtime 
Environment (Version 5 or higher). However, in case of the server, this is limited by the 
external tools, as some of them (e.g. the MEME suite) depend on a Linux / Unix 
environment. To circumvent this limitation, REACT was developed and tested for being 
executable on Windows OS using Cygwin (1.5.x or higher), which is a Linux emulator for 
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Figure 8. Structure, components and data flow of the REACT suite. See text for details. 
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Name Version Link Reference 

Blast 2.2.x ftp://ftp.ncbi.nlm.nih.gov/blast/executables/release/LATEST/ (Altschul et al., 
1990) 

Cluster 3 3.0.x http://bonsai.hgc.jp/~mdehoon/software/cluster/ (de Hoon et al., 
2004) 

MEME suite 4.0.0 http://meme.sdsc.edu/meme/meme-download.html (Bailey et al., 
2009) 

Cygwin 1.7.5.x http://www.cygwin.com/install.html n.a. 

MySQL 5.5.x http://www.mysql.de/downloads/mysql/ n.a. 

Table 1. Third party software tools implemented in the REACT suite. “n.a.”, not applicable. 

6. Conclusion 

This chapter aimed at providing a thorough overview of the concept and functions of the 
REACT suite, a bioinformatics toolkit that was developed to simplify regulon predictions 
and comparative transcriptomic analyses for biologists with little to no background in 
bioinformatics. REACT was written in the believe that it will provide a powerful, yet 
simple-to-use platform that will hopefully also support the work of other research groups in 
extracting meaningful data from transcriptome studies with the help of comparative 
genomics. The complete REACT suite, including the databases for B. subtilis and E. coli, are 
available from the corresponding author upon request. 
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1. Introduction 

One of the main research areas of bioinformatics is functional genomics; which focuses on 
the interactions and functions of each gene and its products (mRNA, protein) through the 
whole genome (the entire genetics sequences encoded in the DNA and responsible for the 
hereditary information). In order to identify the functions of certain gene, we should able to 
capture the gene expressions which describe how the genetic information converted to a 
functional gene product through the transcription and translation processes. Functional 
genomics uses microarray technology to measure the genes expressions levels under certain 
conditions and environmental limitations. In the last few years, microarray has become a 
central tool in biological research. Consequently, the corresponding data analysis becomes 
one of the important work disciplines in bioinformatics. The analysis of microarray data 
poses a large number of exploratory statistical aspects including clustering and biclustering 
algorithms, which help to identify similar patterns in gene expression data and group genes 
and conditions in to subsets that share biological significance.  

1.1. What is Clustering? 

A large number of clustering definitions can be found in the literature. The simplest 
definition is shared among all and includes one fundamental concept: the grouping together 
of similar data items into clusters[1]. 

Clustering is an important explorative statistical analysis of gene expression data. It aims to 
identify and group genes that exhibit similar expression patterns over several conditions 
and also group the conditions based on the expression profiles across set of genes. The 
successful clustering approach should guarantee two criteria which are homogeneity high 
similarity between elements in the same cluster, and separation – low similarity between 
elements from different clusters. When homogeneity and separation are precisely defined, 
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those are two opposing objectives: The better the homogeneity the poorer the separation, 
and vice versa [2]. Several algorithmic techniques were previously used for clustering gene 
expression data, including hierarchical clustering [3], self organizing maps [4], and graph 
theoretic approaches [5].  

1.1.1. K-means 

K-means is a classical clustering algorithm [6] invented in 1956 to classify or to group objects 
(genes) based on attributes or features (experimental conditions) into K number of groups 
(clusters). K is positive integer number and assumed to be known.  

K-means computational approach starts by placing K points into the space represented by 
the objects that are being clustered. These points represent initial group centroids. We can 
take any random objects as the initial centroids or the first K objects in sequence can also be 
used as the initial centroids. Then the K means algorithm will do the four steps below until 
convergence: 

1. Determine the centroids coordinate. 
2. Determine the distance of each object to the centroids using the Euclidean distance. 
3. Group the objects based on minimum distance. 
4. Iterate the above steps till no object moves its assigned group. 

Each iteration of k-means modifies the current partition by checking all possible 
modifications of the solution, in which one element is moved to another cluster. This is done 
by reducing the sum of distances between objects and the centers of their clusters. This 
procedure is repeated until no further improvement is achieved (No object move the group) 
and all the objects are grouped into the final required number of clusters. 

A disadvantage of K-means algorithm could be perceived in the need to specify the number 
of clusters K as a parameter value prior to running the algorithm. In cases where there is no 
expectation about K, user has to make trails with several values of K or use external 
techniques to guess the no of clusters may be exist. 

1.1.2. Hierarchical clustering (HCL) 

Hierarchical clustering does not partition the genes into subsets. Instead it builds a down-
top hierarchy of clusters using agglomerative methods or top - down hierarchy of clusters 
using divisive methods. The traditional graphical representation of this hierarchy is called 
dendrogram tree. The divisive method begins at the root and starts to breaks up clusters 
whose having low similarity. Whereas, the Agglomerative method begins at the leaves of 
the tree and starts with an initial partition into single element clusters and successively 
merges clusters until all elements belong to the same cluster [3]. (See Figure 1) The 
agglomerative method is widely used than the divisive one which is not generally available, 
and rarely has been applied. The idea of the agglomerative method can be summarized as 
following: Given a set of N items (genes in our case) to be clustered, and an N*N distance 
(or similarity) matrix [7], 
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1. Assign each item to a cluster, so you have N clusters, each containing just one item. 
2. Find the closest (most similar) pair of clusters and merge them into a single cluster. 
3. Compute distances (similarities) between the new cluster and each of the old clusters. 
4. Repeat steps 2 and 3 until all items are clustered into a single cluster of size N. 

In Step 3, distance or similarity measurements between the merged clusters and all the other 
clusters can be calculated in one of three schemes: single-linkage, complete linkage and 
average-linkage. 

 
Figure 1. HCL: Agglomerative and Divisive Methods.  

1.2. Biclustering 

Traditional clustering approaches such as k-means and hierarchical clustering put each gene 
in exactly one cluster based on the assumption that all genes behave similarly in all 
conditions. However, recent understanding of cellular processes shows that it is possible for 
subset of genes to be co expressed under certain experimental conditions, and at the same 
time; to behave almost independently under other conditions. From this context, a new two 
mode clustering approach called biclustering or co-clustering has been introduced to group 
the genes and conditions in both dimensions simultaneously. 

This allows finding subgroups of genes that show the same response under a subset of 
conditions, not all conditions. Also, genes may participate in more than one function, 
resulting in one regulation pattern in one context and a different pattern in another. 

Example, if a cellular process is only active under specific conditions and there is a gene 
participates in multiple pathways that are differentially regulated, one would expect this 
gene to be included in more than one cluster; and this cannot be achieved by traditional 
clustering techniques. 

Many biclustering methods exist in the literature [8]. Table 1 summarized some of 
promising biclustering algorithms  developed during the last ten years. In brief, we 
described some of these algorithms according to their prediction strength, their promising 
results, to what they extend in the community, whether an implementation was available, 
and the feedback from their authors to explain some ambiguous issues. 

1.2.1. Cheng and Church (CC) 

CC algorithm[18] is considered to be the first real biclustering implementation after the 
primary idea has been introduced by Hartigan [19] in 1972. 



 
Functional Genomics 52 

those are two opposing objectives: The better the homogeneity the poorer the separation, 
and vice versa [2]. Several algorithmic techniques were previously used for clustering gene 
expression data, including hierarchical clustering [3], self organizing maps [4], and graph 
theoretic approaches [5].  

1.1.1. K-means 

K-means is a classical clustering algorithm [6] invented in 1956 to classify or to group objects 
(genes) based on attributes or features (experimental conditions) into K number of groups 
(clusters). K is positive integer number and assumed to be known.  

K-means computational approach starts by placing K points into the space represented by 
the objects that are being clustered. These points represent initial group centroids. We can 
take any random objects as the initial centroids or the first K objects in sequence can also be 
used as the initial centroids. Then the K means algorithm will do the four steps below until 
convergence: 

1. Determine the centroids coordinate. 
2. Determine the distance of each object to the centroids using the Euclidean distance. 
3. Group the objects based on minimum distance. 
4. Iterate the above steps till no object moves its assigned group. 

Each iteration of k-means modifies the current partition by checking all possible 
modifications of the solution, in which one element is moved to another cluster. This is done 
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using divisive methods. The traditional graphical representation of this hierarchy is called 
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whose having low similarity. Whereas, the Agglomerative method begins at the leaves of 
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merges clusters until all elements belong to the same cluster [3]. (See Figure 1) The 
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and rarely has been applied. The idea of the agglomerative method can be summarized as 
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(or similarity) matrix [7], 

 
Analysis of Gene Expression Data Using Biclustering Algorithms 53 

1. Assign each item to a cluster, so you have N clusters, each containing just one item. 
2. Find the closest (most similar) pair of clusters and merge them into a single cluster. 
3. Compute distances (similarities) between the new cluster and each of the old clusters. 
4. Repeat steps 2 and 3 until all items are clustered into a single cluster of size N. 

In Step 3, distance or similarity measurements between the merged clusters and all the other 
clusters can be calculated in one of three schemes: single-linkage, complete linkage and 
average-linkage. 

 
Figure 1. HCL: Agglomerative and Divisive Methods.  

1.2. Biclustering 

Traditional clustering approaches such as k-means and hierarchical clustering put each gene 
in exactly one cluster based on the assumption that all genes behave similarly in all 
conditions. However, recent understanding of cellular processes shows that it is possible for 
subset of genes to be co expressed under certain experimental conditions, and at the same 
time; to behave almost independently under other conditions. From this context, a new two 
mode clustering approach called biclustering or co-clustering has been introduced to group 
the genes and conditions in both dimensions simultaneously. 

This allows finding subgroups of genes that show the same response under a subset of 
conditions, not all conditions. Also, genes may participate in more than one function, 
resulting in one regulation pattern in one context and a different pattern in another. 

Example, if a cellular process is only active under specific conditions and there is a gene 
participates in multiple pathways that are differentially regulated, one would expect this 
gene to be included in more than one cluster; and this cannot be achieved by traditional 
clustering techniques. 

Many biclustering methods exist in the literature [8]. Table 1 summarized some of 
promising biclustering algorithms  developed during the last ten years. In brief, we 
described some of these algorithms according to their prediction strength, their promising 
results, to what they extend in the community, whether an implementation was available, 
and the feedback from their authors to explain some ambiguous issues. 

1.2.1. Cheng and Church (CC) 

CC algorithm[18] is considered to be the first real biclustering implementation after the 
primary idea has been introduced by Hartigan [19] in 1972. 
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Algorithm Approach Time Complicity Prediction ability 
Bivisu [9]  Exhaustive Bicluster Enumeration  O(m2nlogm)a Coherent values 
MSBE [10]  Greedy Iterative Search  O((n + m)2) Coherent values 
Bimax[11]  Divide-and-Conquer O(nmβlogβ) Coherent values 
ROBA [12]  Matrix algebra  O(nmLN) Coherent Evolution 
x-motif [13]  Greedy Iterative Search nmO(log(1/α)/log(1/β)) Coherent Evolution 
SAMBA [14]  Exhaustive Bicluster Enumeration O(n2) Coherent Evolution 
OPSM [15]  Greedy Iterative Search O(nm3I) Coherent Evolution 
Plaid[16]  Distribution Parameter Identification XXXb Coherent values 
ISA [17]  Iterative Signature Algorithm XXX Coherent values 
CC [18]  Greedy Iterative Search O((n + m)nm) Coherent values 

a n and m are the row and column sizes of the expression matrix 
b not available 

Table 1. Biclustering Algorithms Comparison. 

CC defines a bicluster as a subset of rows and a subset of columns with a high similarity. 
The proposed similarity score is called mean squared residue (H) and it is used to measure 
the coherence of the rows and columns in the single bicluster. Given the gene expression 
data matrix A = (X;Y); a bicluster is defined as a uniform submatrix (I;J) having a low mean 
squared residue score as following: 

The CC Mean Squared Residue: 

   2

,
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I J  
     

Where: aij is gene expression level at row i and column j, aiJ is the mean of row i, aI j is the 
mean of column j, aIJ is the overall mean. CC algorithm will identify the submatrix as a 
bicluster if the score is below a level alpha which is a user input parameter to control the 
quality of the output biclusters. Generally; CC algorithm performs the following major 
steps: 

1. Delete rows and columns with a score larger than alpha. 
2. Adding rows or columns until alpha level is reached. 
3. Iterate these steps until a maximum number of biclusters is reached or no bicluster is 

found [18]. 

1.2.2. Iterative Signature Algorithm (ISA) 

The ISA algorithm [17, 20] is a novel method for the biclustering analysis of large-scale 
expression data. It is an efficient algorithm based on the iterative application of the signature 
algorithm presented in [17]. ISA considers a bicluster to be a transcription module which 
can be defined as a set of coexpressed genes together with the associated set of regulating 
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conditions (Figure 2). Starting with an initial set of genes, all samples (conditions) are scored 
with respect to this gene set and those samples are chosen for which the score exceeds a 
certain threshold (usually defined by the user). In the same way, all genes are scored 
regarding the selected samples and a new set of genes is selected based on another user-
defined threshold. The entire procedure is repeated until the set of genes and the set of 
samples converge and do not change anymore. 

Multiple biclusters can be discovered by running the ISA algorithm on several initial gene 
sets. This approach requires identification of a reference gene set which needs to be carefully 
selected for good quality results. In the absence of pre-specified reference gene set, random 
set of genes is selected at the cost of results quality[17]. 

 
Figure 2. The recurrence signature method. a, The signature algorithm. b, Recurrence as a reliability 
measure. The signature algorithm is applied to distinct input sets containing different subsets of the 
postulated transcription module. If the different input sets give rise to the same module, it is considered 
reliable. c, General application of the recurrent signature method. Copyright © [17]. 

1.2.3. Biclusters Inclusion Maximal (Bimax) 

Bimax[11] is a simple binary model and new fast divide-and-conquer algorithm used to 
cluster the gene expression data. It is presented in 2006 by Computer Engineering and 
Networks Laboratory ETH Zurich, Switzerland. Bimax discretized the gene expression data 
matrix and convert it into a binary matrix by identifying a threshold, so transcription levels 
(genes expression values) above this threshold become ones and transcription levels below 
become zeros (or vice versa). Then, it searches for all possible biclusters that contain only 
ones. This can be done by iterating these steps: 
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expression data. It is an efficient algorithm based on the iterative application of the signature 
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Analysis of Gene Expression Data Using Biclustering Algorithms 55 

conditions (Figure 2). Starting with an initial set of genes, all samples (conditions) are scored 
with respect to this gene set and those samples are chosen for which the score exceeds a 
certain threshold (usually defined by the user). In the same way, all genes are scored 
regarding the selected samples and a new set of genes is selected based on another user-
defined threshold. The entire procedure is repeated until the set of genes and the set of 
samples converge and do not change anymore. 

Multiple biclusters can be discovered by running the ISA algorithm on several initial gene 
sets. This approach requires identification of a reference gene set which needs to be carefully 
selected for good quality results. In the absence of pre-specified reference gene set, random 
set of genes is selected at the cost of results quality[17]. 

 
Figure 2. The recurrence signature method. a, The signature algorithm. b, Recurrence as a reliability 
measure. The signature algorithm is applied to distinct input sets containing different subsets of the 
postulated transcription module. If the different input sets give rise to the same module, it is considered 
reliable. c, General application of the recurrent signature method. Copyright © [17]. 

1.2.3. Biclusters Inclusion Maximal (Bimax) 

Bimax[11] is a simple binary model and new fast divide-and-conquer algorithm used to 
cluster the gene expression data. It is presented in 2006 by Computer Engineering and 
Networks Laboratory ETH Zurich, Switzerland. Bimax discretized the gene expression data 
matrix and convert it into a binary matrix by identifying a threshold, so transcription levels 
(genes expression values) above this threshold become ones and transcription levels below 
become zeros (or vice versa). Then, it searches for all possible biclusters that contain only 
ones. This can be done by iterating these steps: 
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1. Rearrange the rows and columns to concentrate ones in the upper right of the matrix. 
2. Divide the matrix into two sub matrices. 
3. Whenever in one of the submatrices only ones are found, this sub matrix is returned. 

1.2.4. Order Preserving Submatrix(OPSM) 

The order-preserving submatrix (OPSM) algorithm [15] is a probabilistic model introduced 
to discover a subset of genes identically ordered among a subset of conditions. It focuses on 
the coherence of the relative order of the conditions rather than the coherence of actual 
expression levels. In other words, the expression values of the genes within a bicluster 
induce an identical linear ordering across the selected conditions. Accordingly, the authors 
define a bicluster as a subset of rows whose values induce a linear order across a subset of 
the columns. The time complexity of this model is O(nm3I) where n andmare the number of 
rows and columns of the input gene expression matrix respectively and I is the number of 
biclusters. A disadvantage of OPSM algorithm is that it takes long time for high dimensional 
datasets. And this is because its time complexity is cubic with regards to the number of 
columns (dimensions) of the input matrix [15]. 

1.2.5. Maximum Similarity Bicluster(MSBE) 

MSBE Biclustering algorithm [10] is a novel polynomial time algorithm to find an optimal 
biclusters with the maximum similarity. The idea behind this algorithm is to find subset of 
genes that are related to a reference gene. The reference gene is known in advance. MSBE 
algorithm uses the similarity score for a sub-matrix to find the similar expressions in the 
microarray datasets. And the threshold of the average similarity score is a user input 
parameter in order to allow the user to control the quality of the biclustering results. 

1.3. Clustering or biclustering 

Clustering algorithms [21-23] have been used to analyze gene expression data, on the basis 
that genes showing similar expression patterns can be assumed to be co-regulated or part of 
the same regulatory pathway. Unfortunately, this is not always true. Two limitations 
obstruct the use of clustering algorithms with microarray data. First, all conditions are given 
equal weights in the computation of gene similarity; in fact, most conditions do not 
contribute information but instead increase the amount of background noise. Second, each 
gene is assigned to a single cluster, whereas in fact genes may participate in several 
functions and should thus be included in several clusters[24]. 

A new modified clustering approach to uncovering processes that are active over some but 
not all samples has emerged, which is called biclustering. A bicluster is defined as a subset 
of genes that exhibit compatible expression patterns over a subset of conditions [11]. 

During the last ten years, many biclustering algorithms have been proposed (see [8] for a 
survey), but the important questions are: which algorithm is better? And do some 
algorithms have advantages over others? 
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Recently Kevin et al.[25]proposed a semantic web algorithm to recommend the best 
algorithm based on user inputs like: is the dataset contain outliers, is it allowed to get 
overlapped clusters and the time to retrieve the biclusters.  

Generally, comparing different biclustering algorithms is not straightforward as they differ 
in strategies, approaches, time complicity, number of parameters and prediction ability. In 
addition, they are strongly influenced by user selected parameter values. For these reasons, 
the quality of biclustering results is often considered more important than the required 
computation time. Although there are some analytical comparative studies to evaluate the 
traditional clustering algorithms[21-23], for biclustering; no such extensive comparison exist 
even after initial trails have been taken [11]. In the end, Biological merit is the main criterion 
for evaluation and comparison between the various biclustering methods.  

In this chapter we attempt to develope a comparative tool (Bicat-Plus) which is showen in 
Figure 3 that includes the biological comparative methodology and to be as an extension to 
the BicAT program[26].  

The Goal of BicAT-Plus is to enable researchers and biologists to compare between the 
different biclustering methods based on set of biological merits and draw conclusion on the 
biological meaning of the results. In addition, BicAT-Plus help researchers in comparing and 
evaluating the algorithms results multiple times according to the user selected parameter 
values as well as the required biological perspective on various datasets.  

BicAT-Plus has many features, which could be summarized in the following:- 

Algorithms required to be compared could be selected from the biclustering list (left list) to 
the compared list (right list). External biclustering results for other algorithms could be 
included in the comparison process. In addition, the organism model, selectable significance 
level, and GO category should be selected. Finally, Comparison criteria have to be selected 
based on the user biological metric. 

1. User could perform biclusters functional analysis using the three Gene Ontology (GO) 
categories (biological process, molecular function and cellular component) (Figure3 
with label number 1).  

2. User could evaluate the quality of each biclustering algorithm results after applying the 
GO functional analysis and display the percentage of the enriched biclusters at different 
P-values (Figure3 with label number 2). 

3. User could compare between the different biclustering algorithms according to the 
percentage of the functionally enriched biclusters at the required significance levels, the 
selected GO category and with certain filtration criteria for the GO terms. (Figure3 with 
label number 3). 

4. User could evaluate and compare the results of external biclustering algorithms. This 
gives the BicAT-plus the advantage to be a generic tool that does not depend on the 
employed methods only. For example, it can be used to evaluate the quality of the new 
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algorithms introduced to the field and compare against the existing ones. (Figure 3 with 
label number 4). 

5. User could display the results using graphical and statistical charts visualizations in 
multiple modes (2D and 3D). 

 
Figure 3. BicAT-Plus Comparison Panel.  

2. Materials and methods 
Before using the BicAT-Plus, Active Perl version 5.10 and Java Runtime Environment (JRE) 
version 6 are required to be installed on your machine. BicAT-Plus has been tested and 
show good performance on a PC machine with the following configurations: CPU: Pentium 
4, 1.5 GHZ, RAM: 2.0 GB, Platform: windows XP professional with SP2. 
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Figure 4. Functional analysis results of the selected bicluster. Each column represents an enriched GO 
functional class. And the height of the column is proportional to the significance of this enrichment (i.e. 
height = -log (p-value). 

2.1. GO overrepresentation programs  

Many programs like: BINGO[27], FUNCAT[28], GeneMerge[29] and FuncAssociate[30] were 
used to investigate whether the set of genes discovered by biclustering  methods present 
significant enrichment with respect to a specific GO annotation provided by Gene Ontology 
Consortium [31]. BicAT-Plus used GeneMerge program as the most popular GO program. 
GeneMerge provides a statistical test for assessing the enrichment of each GO term in the 
sample test. The basic question answered by this test is as described by Steven et al.[27] 
"when sampling X genes (test set) out of N genes (reference set, either a graph or an 
annotation), what is the probability that x or more of these genes belong to a functional 
category C shared by n of the N genes in the reference set?  The hypergeometric test, in 
which sampling occurs without replacement, answers this question in the form of P-value. 
It's counterpart with replacement, the binomial test, which provides only an approximate P-
value, but requires less calculation time." 

2.2. Comparative methodologies  

BicAT-Plus provides reasonable methods for comparing the results of different biclustering 
algorithms by: 



 
Functional Genomics 58 

algorithms introduced to the field and compare against the existing ones. (Figure 3 with 
label number 4). 

5. User could display the results using graphical and statistical charts visualizations in 
multiple modes (2D and 3D). 

 
Figure 3. BicAT-Plus Comparison Panel.  

2. Materials and methods 
Before using the BicAT-Plus, Active Perl version 5.10 and Java Runtime Environment (JRE) 
version 6 are required to be installed on your machine. BicAT-Plus has been tested and 
show good performance on a PC machine with the following configurations: CPU: Pentium 
4, 1.5 GHZ, RAM: 2.0 GB, Platform: windows XP professional with SP2. 

 
Analysis of Gene Expression Data Using Biclustering Algorithms 59 

 
Figure 4. Functional analysis results of the selected bicluster. Each column represents an enriched GO 
functional class. And the height of the column is proportional to the significance of this enrichment (i.e. 
height = -log (p-value). 

2.1. GO overrepresentation programs  

Many programs like: BINGO[27], FUNCAT[28], GeneMerge[29] and FuncAssociate[30] were 
used to investigate whether the set of genes discovered by biclustering  methods present 
significant enrichment with respect to a specific GO annotation provided by Gene Ontology 
Consortium [31]. BicAT-Plus used GeneMerge program as the most popular GO program. 
GeneMerge provides a statistical test for assessing the enrichment of each GO term in the 
sample test. The basic question answered by this test is as described by Steven et al.[27] 
"when sampling X genes (test set) out of N genes (reference set, either a graph or an 
annotation), what is the probability that x or more of these genes belong to a functional 
category C shared by n of the N genes in the reference set?  The hypergeometric test, in 
which sampling occurs without replacement, answers this question in the form of P-value. 
It's counterpart with replacement, the binomial test, which provides only an approximate P-
value, but requires less calculation time." 

2.2. Comparative methodologies  

BicAT-Plus provides reasonable methods for comparing the results of different biclustering 
algorithms by: 



 
Functional Genomics 60 

 Identifying the percentage of enriched or overrepresented biclusters with one or more 
GO term per multiple significance level for each algorithm. A bicluster is said to be 
significantly overrepresented (enriched) with a functional category if the P-value of this 
functional category is lower than the preset threshold. The results are displayed using a 
histogram for all the algorithms compared at the different preset significance levels, and 
the algorithm that gives the highest proportion of enriched biclusters for all significance 
levels is considered the optimum because it effectively groups the genes sharing similar 
functions in the same bicluster.  

 Identifying the percentage of annotated genes per each enriched bicluster. 
 Estimating the predictive power of algorithms to recover interesting patterns. Genes 

whose transcription is responsive to a variety of stresses have been implicated in a 
general Yeast response to stress (awkward). Other gene expression responses appear to 
be specific to particular environmental conditions. BicAT-Plus compares biclustering 
methods on the basis of their capacity to recover known patterns in experimental data 
sets. For example, Gasch et al.[32]  measure changes in transcript levels over time 
responding to a panel of environmental changes, so it was expected to find biclusters 
enriched with one of response to stress (GO:0006950), Gene Ontology categories such as 
response to heat (GO:0009408), response to cold (GO:0009409) and response to glucose 
starvation(GO:0042149). The details of this comparison strategy are described in the 
results and in Table 3. 

2.3. Comparison Process Steps 

The following process diagram shown in Fig 5 summarizes the required steps by the user to 
compare between the different algorithms using the BicAT-plus: 

1. Download BicAT-Plus from (www.bioinformatics.org/bicat-plus/). 
2. Load Gene Expression Data to BicAT-Plus then run the selected five prominent 

biclustering methods with setting parameters as shown in Table 2. 
3. Run GO comparison tool in the BicAT-Plus and add the available biclustering 

algorithms to the compared list as shown in Fig 1. 
4. Select the available GO category e.g. biological process, molecular function and cellular 

components. 
5. Select the P-values e.g. 0.00001, 0.0001, 0.01, 0.005, and 0.05. 
6. Press compare button. 
7. Press comparison menu, Functional enrichment and select 2D or 3D charts. 
 

Bi/clustering Algorithm Parameter settings 

ISA tg = 2.0, tc = 2.0, seeds = 500 
CC δ = 0.5, α = 1.2, M = 100 
OPSM l = 100 
BiVisu Ε = 0.82, Nr = 10, Nc = 5, Po = 25 
K-means K=100 

Table 2. Default Parameter settings of the compared bi/clustering methods. The definitions of these 
parameters are listed in their original publications [9, 15, 17-18, 20] respectively. 
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3. Results & discussion 

The above comparison steps is performed on the gene expression data of S. cerevisiae 
provided by Gasch [32]. The dataset contains 2993 genes and 173 conditions of diverse 
environmental transitions such as temperature shocks, amino acid starvation, and nitrogen 
source depletion. This dataset is freely available from Stanford University website [33]. For 
each biclustering algorithm, we used the default parameters as authors recommend in their 
corresponding publications. See Table 2. 

 
Figure 5. BicAT-Plus Comparison process steps 

3.1. The percentage of enriched function 

After applying the above steps on Gasch data[32] , BicAT-plus produce the histogram 
shown in Fig 6. Investigating this figure, we observed that OPSM algorithm gave a high 
portion of functionally enriched biclusters at all significance levels (from 85% to 100 %). 
Next to OPSM, ISA show relatively high portions of enriched biclusters. 

In order to evaluate the ability of the algorithms to group the maximum number of genes 
whose expression patterns are similar and sharing the same GO category, we use the 
filtration criteria developed in the comparative tool by neglecting those bi/clusters which 
have study fraction less than 25%. The study fraction of a GO term is the fraction of genes in 
the study set (bicluster) with this term. 
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Figure 7 shows that OPSM and ISA have highly enriched biclusters/clusters that have large 
number of genes per each GO category. On the other hand, Bivisu biclusters are strongly 
affected by this filtration and they contain a lower number of genes per each category. This 
filtration will help in identifying the powerful and most reliable algorithms which are able 
to group maximum numbers of genes sharing same functions in one bicluster. 
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6. Press compare button. 
7. Press comparison menu, Functional enrichment and select 2D or 3D charts. 
 

Bi/clustering Algorithm Parameter settings 

ISA tg = 2.0, tc = 2.0, seeds = 500 
CC δ = 0.5, α = 1.2, M = 100 
OPSM l = 100 
BiVisu Ε = 0.82, Nr = 10, Nc = 5, Po = 25 
K-means K=100 

Table 2. Default Parameter settings of the compared bi/clustering methods. The definitions of these 
parameters are listed in their original publications [9, 15, 17-18, 20] respectively. 
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3. Results & discussion 

The above comparison steps is performed on the gene expression data of S. cerevisiae 
provided by Gasch [32]. The dataset contains 2993 genes and 173 conditions of diverse 
environmental transitions such as temperature shocks, amino acid starvation, and nitrogen 
source depletion. This dataset is freely available from Stanford University website [33]. For 
each biclustering algorithm, we used the default parameters as authors recommend in their 
corresponding publications. See Table 2. 

 
Figure 5. BicAT-Plus Comparison process steps 

3.1. The percentage of enriched function 

After applying the above steps on Gasch data[32] , BicAT-plus produce the histogram 
shown in Fig 6. Investigating this figure, we observed that OPSM algorithm gave a high 
portion of functionally enriched biclusters at all significance levels (from 85% to 100 %). 
Next to OPSM, ISA show relatively high portions of enriched biclusters. 

In order to evaluate the ability of the algorithms to group the maximum number of genes 
whose expression patterns are similar and sharing the same GO category, we use the 
filtration criteria developed in the comparative tool by neglecting those bi/clusters which 
have study fraction less than 25%. The study fraction of a GO term is the fraction of genes in 
the study set (bicluster) with this term. 

100
No of genessharing the GOterminabicluster

Study fraction of a GO term
totalnumber of genesinthisbicluster

         

Figure 7 shows that OPSM and ISA have highly enriched biclusters/clusters that have large 
number of genes per each GO category. On the other hand, Bivisu biclusters are strongly 
affected by this filtration and they contain a lower number of genes per each category. This 
filtration will help in identifying the powerful and most reliable algorithms which are able 
to group maximum numbers of genes sharing same functions in one bicluster. 



 
Functional Genomics 62 

3.2. The predictability power to recover interested pattern 

The user could compare bi/clusters algorithms based on which of them could recover 
defined pattern like which one of them could recover bi/clusters which have response to the 
conditions applied in Gasch experiments. In Table 2, the difference between the 
biclusters/clusters contents were summarized.  

 
Figure 6. Percentage of biclusters significantly enriched by GO Biological Process category (S. cerevisiae) 
for the five selected biclustering methods and K-means at different significance levels p. 

 
Figure 7. Percentage of significantly enriched biclusters by GO Biological Process category by setting the 
allowed minimum number of genes per each GO category to 10 and the study fraction to large than 50%. 
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Although OPSM show high percentage level of enriched biclusters (as shown in Fig 6, 7), its 
biclusters do not contain any genes within any GO category response to Gasch experiments. 
The k-means and Bivisu cluster/bicluster results distinguished a unique GO category, which is 
GO: 0000304 (response to singlet oxygen), and GO: 0042542 (response to hydrogen peroxide) 
The powerful usage of these bicluster algorithms is significantly appeared in GO: 0006995 
"cellular response to nitrogen starvation" where these algorithms were able to discover 4 out of 
5 annotated genes without any prior biological information or on desk experiments. 

 
GO Term / (number  
of annotated genes) 

K-means CC ISA Bivisu OPSM 

GO:0042493 
Response to drug /  (118) 4 5 7 6 0 
GO:0006970 
response to osmotic stress / (83) 3 5 6 3 0 
GO:0006979 
response to oxidative stress / (79) 2 7 11 0 0 
GO:0046686 
response to cadmium ion / (102) 2 3 2 2 0 
GO:0043330 
response to exogenous dsRNA / (7) 2 3 2 2 0 
GO:0046685 
response to arsenic / (77) 2 0 2 2 0 
GO:0006950 
response to stress / (532) 9 11 16 2 0 
GO:0009408 
response to heat / (24) 3 0 2 2 0 
GO:0009409 
response to cold / (7) 0 0 2 0 0 
GO:0009267 
cellular response to starvation / (44) 0 2 0 0 0 
GO:0006995 
cellular response to nitrogen starvation / (5) 4 4 4 0 0 
GO:0042149 
cellular response to glucose starvation / (5) 0 2 0 0 0 
GO:0009651 
response to salt stress / (15) 2 7 0 0 0 
GO:0042542 
response to hydrogen peroxide /(5) 0 0 0 2 0 
GO:0006974 
response to DNA damage stimulus / (240) 0 22 0 3 0 
GO:0000304 
response to singlet oxygen / (4) 2 0 0 0 0 

Table 3. Gene Ontology category per number of annotated genes of the  Bicluster/cluster algorithm 
results for the experimental condition on Gasch Experiments[32]. 
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4. Conclusion 

We have introduced the BicAT-Plus with reasonable comparative methodology based on the 
Gene Ontology. To the best of our knowledge such an automatic comparison tool of the 
various biclustering algorithms has not been available in the literature.  BicAT-Plus is an 
open source tool written in java swing and it has a well structured design that can be 
extended easily to employ more comparative methodologies that help biologists to extract 
the best results of each algorithm and interpret these results to useful biological meaning. 

In other words, the algorithms that show good quality of results (per the dataset) can be 
used to provide a simple means of gaining leads to the functions of many genes for which 
information is not available currently (unannotated genes). 

Using BicAT-Plus, we can identify the highly enriched biclusters of the whole compared 
algorithms. This might be quite helpful in solving the dimensionality reduction problem of 
the Gene Regulatory Network construction from the gene expression data. This problem 
originates from the relatively few time points (conditions or samples) with respect to the 
large number of genes in the microarray dataset. 

Finally there are several aspects of this research that worth further investigation, according 
to the Studies carried out so far and also introducing new ideas for consideration 

1. Enrich the BicAT-Plus with more comparative methodologies beside GO. For example, 
KEGG and promoter analysis by identifying the transcription factors for the clustered 
genes. 

2. Extend the BicAT-Plus to provide users with multiple export options for the interested 
enriched biclusters. 

3. Embed the BicAT-Plus as a plug-in in the Cytoscape platform[34] which is open source 
bioinformatics software for visualizing molecular interaction networks and biological 
pathways and integrating these networks with annotations, gene expression profiles 
and other state data. Thus, very promising challenge is to get use of the highly enriched 
biclusters identified by the BicAT-Plus in solving these integrated networks in the 
Cytoscape. 
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1. Introduction 

RNA interference is an evolutionarily conserved mechanism that uses short antisense RNAs 
that are generated by 'dicing' dsRNA precursors to target corresponding mRNAs for 
cleavage. Pioneering observations on RNAi were reported in plants, but later on RNAi-
related events were described in almost all eukaryotic organisms, including protozoa, flies, 
nematodes, insects, parasites, and  mouse and human cell lines [1, 2]. Called initial 
cosupression or PTGS (post-transcriptional gene silencing), RNAi was first discovered in 
transgenic petunia plants [3]. In order to increase the pigmentation the chalcone synthase 
(CHS) gene was over-expressed in petunia plants and instead of enhancing in the flower 
pigmentation an opposite effect was observed. Some of the flowers were completely lacked 
of pigmentation and others showed different degrees of pigmentation. It was shown that 
even though an extra copy of the transgene was present, the CHS mRNA levels were 
strongly reduced in the white sectors. It was suggested that interaction between transgenes 
and native transcripts triggers a mechanisms that leads to the destruction of both transcripts 
or to the obstruction of the translation process and to gene silencing. This phenomenon was 
called co-suppression because the extra copies of CHS transgene determined reduction of its 
own expression but also the endogenous gene expression.  

Later on, other study in the field of virus resistance was being exploited in order to produce 
virus resistance plants. Using different viral systems it has been shown that the expression 
of viral genes in the target plant genome was not associated with resistance to that particular 
virus [4-6]. The virus resistance in the recovered plants correlated with reduction of 
transgene mRNA in the cytoplasm, these phenomena was also called co-suppression. The 
finding provided supporting evidence of plant natural response to viral infection that the 
recovered parts of this plants response to virus would not only be resistant to initially 
inoculated virus but also cross-protect the plants against other viruses carrying homologous 
sequences [7]. This phenomenon was later called VIGS (virus-induced gene silencing). 
Further work found that the transcripts produced from both loci have been degraded in the 
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1. Introduction 

RNA interference is an evolutionarily conserved mechanism that uses short antisense RNAs 
that are generated by 'dicing' dsRNA precursors to target corresponding mRNAs for 
cleavage. Pioneering observations on RNAi were reported in plants, but later on RNAi-
related events were described in almost all eukaryotic organisms, including protozoa, flies, 
nematodes, insects, parasites, and  mouse and human cell lines [1, 2]. Called initial 
cosupression or PTGS (post-transcriptional gene silencing), RNAi was first discovered in 
transgenic petunia plants [3]. In order to increase the pigmentation the chalcone synthase 
(CHS) gene was over-expressed in petunia plants and instead of enhancing in the flower 
pigmentation an opposite effect was observed. Some of the flowers were completely lacked 
of pigmentation and others showed different degrees of pigmentation. It was shown that 
even though an extra copy of the transgene was present, the CHS mRNA levels were 
strongly reduced in the white sectors. It was suggested that interaction between transgenes 
and native transcripts triggers a mechanisms that leads to the destruction of both transcripts 
or to the obstruction of the translation process and to gene silencing. This phenomenon was 
called co-suppression because the extra copies of CHS transgene determined reduction of its 
own expression but also the endogenous gene expression.  

Later on, other study in the field of virus resistance was being exploited in order to produce 
virus resistance plants. Using different viral systems it has been shown that the expression 
of viral genes in the target plant genome was not associated with resistance to that particular 
virus [4-6]. The virus resistance in the recovered plants correlated with reduction of 
transgene mRNA in the cytoplasm, these phenomena was also called co-suppression. The 
finding provided supporting evidence of plant natural response to viral infection that the 
recovered parts of this plants response to virus would not only be resistant to initially 
inoculated virus but also cross-protect the plants against other viruses carrying homologous 
sequences [7]. This phenomenon was later called VIGS (virus-induced gene silencing). 
Further work found that the transcripts produced from both loci have been degraded in the 
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cytoplasm. In this case, activation of PTGS was taught to be due to the production of 
aberrant dsRNA by the transgene, which results in the silencing of the mRNA [8]. 

In fungi Neurospora crassa, it was shown that an overexpressed transgene could induce gene 
silencing at the post-transcriptional level a phenomenon called “quelling”[9]. Few years later, 
the efficiency of injecting single-stranded anti-sense RNA as a method of gene silencing in the 
nematode Caenorhabditis elegans by using its ability to hybridize with endogenous mRNA and 
inhibits translation was investigated [10]. The discovery that introduction of a dsRNA was 
more effective at inhibiting the target gene led to the conclusion that both original single 
stranded sense and antisense samples, may have been initially were contaminated with 
dsRNA. However, similarities between plant and nematode were recognized and the term 
RNAi was adopted in both systems [11]. Initial experiments on RNAi were successfully in 
plants and nematodes by introduction of a dsRNA into the cytoplasm. In mammalian cells, 
however, similar techniques, results in the initiation of the interferon response and cell death 
before processing could occur. This happen till the group of Elbashir and co-workers [12] 
reported as alternative method by introduction of a siRNAs under 30 base pair length in the 
mammalian cells and the interferon response was avoided and activated the RISC (RNA 
interfering silencing complex) complex and the mRNA destruction.  

The importance of the discovery of the RNAi by Fire and Mello was acknowledged in 2006 
with the Nobel Prize in Physiology and Medicine. Shortly after this discovery, dsRNAs were 
found to induce similar gene silencing in a variety of other organisms: in the fruit fly Drosophila 
[13], zebrafish Danio rerio [14], Hydra magnipapillata (cnidarian) [15], and in some plant species 
[16-17]. Many experiments have shown that an intermediate in the RNAi process, called short-
interfering RNAs (siRNA), might be effective in degrading mRNA in mammalian cells [18-19]. 
Nonetheless, it was still not believed that RNAi could work in humans, because long dsRNAs, 
larger than 30 base pairs in length, induce a cellular response (e.g. interferon response). The 
first evidence that RNAi functions in humans came from experiments performed by two 
groups of researchers. Kreutzer and Limmer (2000) [20] demonstrated that short fragments of 
dsRNA might mediate the RNAi response triggered by the long dsRNAs as observed by Fire 
and Mello. Despite the fact that these findings were not published, a key patent around this 
discovery and a company focused on the development and commercialization of RNAi 
therapeutics was established (www.huntington-assoc.com). In the same time, Elbashir and co-
workers [21] found that synthetic short dsRNA molecules result in a potent RNAi gene 
silencing in mammalian cells without inducing interferon response. 

The knowledge accumulated from RNAi studies opened an enormous potential for the use 
as a tool in functional genomics studies in both plant and animal systems. In recent years, 
numerous strategies have been developed for targeted gene silencing and a combination of 
approaches enhanced the manipulation of gene silencing for functional genomics studies.  

2. The molecular mechanism of RNA interference in eukaryote system 

RNA silencing mechanism was first recognized as antiviral mechanism that protects 
organisms from RNA viruses, or prevents random integration of transposable elements [22-
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25, 26]. In the last few years, important insights have been gained in elucidating the 
molecular mechanism of RNAi by identification and characterization of the central players 
of the core RNAi pathway. Extensive genetic and biochemical studies in various species 
have yielded a common model of RNA silencing in which trigger dsRNA. Using genetic 
screening analyses performed in several organisms, such as the fungus Neurospora crassa, the 
alga Chlamydomonas reinhardtii, the nematode Caenorhabditis elegans, and the plant Arabidopsis 
thaliana several host-encoded proteins involved in gene silencing as well as the essential 
enzymes or factors common in this process has been identified [27-28]. The molecular 
mechanism of RNA silencing involves several steps and a key step of silencing is the 
processing of dsRNAs precursors into short RNA duplexes [29-30].  

2.1. The core RNAi mechanism  

2.1.1. Processing the dsRNA precursors 

In the initiator step, the enzyme Dicer (RNAse III-like enzyme) chops dsRNA into small 
pieces called short interfering RNA (siRNA), which are around 21-24 nucleotide in length 
[12, 21, 26, 31-33]. Dicer or Drosha, proteins known for their catalytic RNAseIII and dsRNA-
binding domains, catalyzes the maturation of small RNAs. miRNAs are transcribed as long 
primary transcripts, which are processed by Drosha in the nucleus. Nuclear transport occurs 
through nuclear pore complexes, which are large proteinaceous channels deposited in the 
nuclear membrane. The miRNA precursor in further transported to the cytoplasm by means 
of the nuclear export receptor, exportin-5. Following their export from the nucleus, pre-
miRNAs are subsequently processed by the cytoplasmic Dicer that yields RNAs duplexes of 
21 nucleotides in length, with 5’ phosphates and 2-nucleotide 3’ overhangs. Numerous Dicer 
proteins have been identified in plants as well as animal system and each Dicer is 
preferentially processing dsRNAs, which comes from different sources [26].  

2.1.2. RNA silencing effector complex assembly 

siRNAs are loaded into the effector protein complex to form an RNA-induced gene silencing 
complex, called RISC-complex. Subsequently, the siRNA within RISC unzips, exposing 
anticodons and thus activating the RISC. Usually, effector complexes containing siRNAs are 
known as a RISC, while those containing miRNAs are known as miRNPs. For example, in 
Arabidopsis thaliana the rasiRNA-containing effector complexes are known as RITSs. All 
RISCs or miRNPs have a member of the Argonaute (Ago) family of proteins attached to 
them. RISCs and miRNPs differ in size and composition, based on the provenience 
organism. Further studies for identification of more specific and active siRNA duplexes for 
guidance of cleavage of mRNA, revealed that the sequence of the siRNA duplex had a 
significant impact on the ratio of sense and antisense siRNAs that were entering the RISC 
complex [26]. There have been different numbers of Ago proteins identified in different 
organisms. Arabidopsis thaliana has ten members, D. melanogaster has five members, and 
humans have eight members of the Ago protein family. Only a small number of these 
proteins have actually had their function characterized [26].  
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thaliana several host-encoded proteins involved in gene silencing as well as the essential 
enzymes or factors common in this process has been identified [27-28]. The molecular 
mechanism of RNA silencing involves several steps and a key step of silencing is the 
processing of dsRNAs precursors into short RNA duplexes [29-30].  

2.1. The core RNAi mechanism  

2.1.1. Processing the dsRNA precursors 

In the initiator step, the enzyme Dicer (RNAse III-like enzyme) chops dsRNA into small 
pieces called short interfering RNA (siRNA), which are around 21-24 nucleotide in length 
[12, 21, 26, 31-33]. Dicer or Drosha, proteins known for their catalytic RNAseIII and dsRNA-
binding domains, catalyzes the maturation of small RNAs. miRNAs are transcribed as long 
primary transcripts, which are processed by Drosha in the nucleus. Nuclear transport occurs 
through nuclear pore complexes, which are large proteinaceous channels deposited in the 
nuclear membrane. The miRNA precursor in further transported to the cytoplasm by means 
of the nuclear export receptor, exportin-5. Following their export from the nucleus, pre-
miRNAs are subsequently processed by the cytoplasmic Dicer that yields RNAs duplexes of 
21 nucleotides in length, with 5’ phosphates and 2-nucleotide 3’ overhangs. Numerous Dicer 
proteins have been identified in plants as well as animal system and each Dicer is 
preferentially processing dsRNAs, which comes from different sources [26].  

2.1.2. RNA silencing effector complex assembly 

siRNAs are loaded into the effector protein complex to form an RNA-induced gene silencing 
complex, called RISC-complex. Subsequently, the siRNA within RISC unzips, exposing 
anticodons and thus activating the RISC. Usually, effector complexes containing siRNAs are 
known as a RISC, while those containing miRNAs are known as miRNPs. For example, in 
Arabidopsis thaliana the rasiRNA-containing effector complexes are known as RITSs. All 
RISCs or miRNPs have a member of the Argonaute (Ago) family of proteins attached to 
them. RISCs and miRNPs differ in size and composition, based on the provenience 
organism. Further studies for identification of more specific and active siRNA duplexes for 
guidance of cleavage of mRNA, revealed that the sequence of the siRNA duplex had a 
significant impact on the ratio of sense and antisense siRNAs that were entering the RISC 
complex [26]. There have been different numbers of Ago proteins identified in different 
organisms. Arabidopsis thaliana has ten members, D. melanogaster has five members, and 
humans have eight members of the Ago protein family. Only a small number of these 
proteins have actually had their function characterized [26].  
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2.1.3. mRNA cleavage and repression of translation 

After the formation of the RISC complex, the siRNAs in the RISC complex guide degradation 
that is sequence-specific, of the complementary or near complementary mRNAs [26]. The RISC 
complex cleaved the mRNA in the middle of its complementary region. The cleavage does 
not require the presence of ATP, however multiple cleavages are more efficient in the presence 
of ATP. RISC and miRNP complexes work by catalyzing hydrolysis of the phosphodiester 
linkage of the target RNA [26]. It is not fully understood the mechanism by which repression 
of translation guided by miRNA (micro-RNA) as well as the mechanism by which mRNA 
cleavage are working. The first evidence that this occurs was described in C. elegans mutants, 
where specifically targeted miRNAs reduced synthesis of proteins without affecting the levels 
of mRNA. It has been suggested that miRNAs affect translation termination or elongation 
rather than actual initiation of the process. In addition, it has been shown that miRNAs can act 
as siRNAs and vice versa. Further investigations suggested that mRNA degradation and 
translational regulation guided by miRNAs could be used as simultaneous mechanisms for 
natural regulation [26]. Notably, siRNAs can also move from cell to cell and systematically 
spread and deliver the silencing signal to the entire organism [34]. 

2.2. RNA silencing pathways in mammals 

The 21-nucleotide miRNAs derive from dsRNA-like hairpin regions of 70 nucleotides within 
primary transcript [35]. Firstly, cleavage of the pri-miRNA in the nucleus by the RNAse III 
enzyme Drosha releases the stem-loop (or hairpin), and this precursor (pre-miRNA) is 
subsequently exported to the cytoplasm. The end of the stem of the pre-miRNA has the 
same characteristic 5’and 3’termini as siRNAs. In the cytoplasm a Dicer enzyme makes a 
pair of cuts that liberates a 21–nucleotide RNA duplex. Similar to siRNA duplexes, the 
strand whose 5’end is less stably paired will be used as guide/miRNA strand [36]. miRNA 
and RNAi pathways share the same core machinery, but in various animal species exist 
different specialization. MicroRNAs and non-coding RNAs are a major breakthrough in 
epigenetic of the last years, and have been found to contribute to almost all biological 
pathways, including gametogenesis, early development and cell signaling. While, this RNA 
gene silencing pathway is used by both siRNAs and miRNAs, there exist some important 
differences.  

Comparison of Drosophila, C. elegans and humans has revealed that homologous Drosha 
enzymes catalyze the first processing step of their miRNA pathway [35]. Nonetheless, these 
three species show more variation in respect to the functional roles of Dicer enzymes. In 
Drosophila, two distinct enzymes are responsible for pre-miRNA cleavage and siRNA 
production [26]. In C. elegans and humans only one Dicer enzyme is present, having both 
cleavage functions [26].  

In humans and other vertebrates, the main RNA silencing pathway seems to involved 
miRNA because of the existence of an immune response against long dsRNA, suggesting 
that the processing pathway for this type of RNAi trigger would be less important [37]. In 
humans, four Ago proteins (ago 1-4) have been identified [38]. A study of the assembly of 
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human RISC has revealed that miRNA processing and Ago2-mediated target-RNA cleavage 
are functionally coupled [39]. The demonstration of physical and functional coupling of pre-
miRNA processing and target-RNA cleavage provides an explanation for earlier 
observations that 27 nucleotide dsRNA and short hairpin RNA (shRNA) are considerably 
more potent triggers of RNAi than duplex siRNA [40-41].  

Animal miRNAs may act combinatorial, several miRNAs could binding a single transcript 
[40]. Also, experiments performed by Doench and his co-workers (2003) [42] suggested that 
multiple miRNAs could act cooperatively, reducing mRNA translation by more than the 
sum of their individual effect. The high number of putative target genes indicates that 
miRNAs function in a broad range of biological processes. Until now, the function of only a 
few miRNA have been analyzed in animals, but these studies have already revealed 
important roles of miRNAs in control of cell division, differentiation, apoptosis [43] in 
several developmental processes such as morphogenesis, neurogenesis and developmental 
timing [44, 45]. Nonetheless, antisense RNA has been implicated in imprinting and X 
inactivation.  

Studies of miRNA processing have also provided information that could improve scientists 
ability to design more efficient RNAi inducing RNA molecules for experimental and 
therapeutic applications [46]. Krutzfeldt and co-workers [47] identified a novel class of 
chemically engineered oligonucleotides named “antagomirs” which silenced miRNA in 
murine model. Antagomirs are cholesterol-conjugated single-stranded RNA molecules 21-
23nt in length and complementary to the mature target miRNA [48]. These oligonucleotides 
can be designed to specifically bind to the miRNA-RISC complex and they inhibit its 
function. Antagomirs down-regulated the proteins translation by the silencing miRNA [48]. 
It has been shown that these molecules are very stable in vivo and after one intravenous 
injection only, and can silence target miRNA in the liver, lung, intestine, heart, skin and 
bone marrow for more than a week. 

2.3. RNA silencing pathways in plants  

RNA gene silencing was discovered in plants as a mechanism whereby invading nucleic 
acids, such as transgenes and viruses, are silenced through the action of small (20–26nt) 
homologous RNA molecules [3]. Crucial to understanding the gene silencing mechanism is 
to know how to trigger it from the theoretical perspective of understanding a remarkable 
biological response to the practical use of silencing as an experimental tool.  

This process is initially triggered by dsRNA, which can be introduced experimentally or 
arise from endogenous transposons, replicating RNA viruses, or the transcription of the 
transgenes as shown in Figure 1. In brief, double-stranded RNAs generated through 
aberrant gene expression from a foreign gene, virus infection or tandem repeats sequences 
due to insertion of transposons / retrotransposon are digested into 21-25 nucleotide long 
siRNAs by Dicer. This siRNA functioned as a template for the targeted degradation of 
mRNA in RISC and acts also as the primer for RdRP to amplify the secondary dsRNA [49]. 
As mentioned in the mammals system numerous components of RNAi machinery were 
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identified and characterized in plants. For example, Argonaute proteins played an 
important role in RNA silencing in plants because they are components of the silencing 
effector complexes that bind to siRNAs and miRNAs. Dicer proteins are required for 
miRNAs biogenesis. Unlike the animal system, miRNAs in plants are more paired to their 
target RNA and use RNA cleavage rather than translational suppression as the primary 
silencing mechanism [35].  

 
Figure 1. RNA mediated gene -silencing pathway. Double stranded RNA is digested in siRNAs by 
Dicer; this siRNA function as a template for the target degradation of mRNA in RISC. siRNA acts as the 
primer for RdRp to amplify the secondary dsRNA. RISC (RNA inducing silencing complex); Dicer 
(RNaseIII –like RNase); RdRP (RNA-dependent RNA polymerase) 

In plants RNAi process engages the participation of numerous pathways [32]. Diverse 
biological roles of these pathways have been established including the mechanism of viral 
defense, regulation of gene expression and the condensation of chromatin into 
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heterochromatin. The first pathway of RNA silencing, called cytoplasmic siRNA silencing, is 
a mechanism by which the dsRNA could be a replication intermediate or a secondary-
structure feature of single-stranded viral RNA and maybe important for virus-infected plant 
cells. The source of dsRNAs includes replication intermediates of plant RNA viruses, 
transgenic inverted repeats, and products of RNA-dependent RNA polymerases (RdRPs). 
The dsRNA may be form by annealing of overlapping complementary transcripts [30]. 

Silencing of endogenous messenger RNAs by miRNAs is a second pathway of silencing in 
plants. These miRNAs negatively regulate gene expression by base pairing to specific 
mRNAs, resulting in either RNA cleavage or arrest of protein translation. Like siRNAs, the 
miRNAs are short 21-24-nucleotide RNAs derived by Dicer cleavage of a precursor [32]. 
miRNAs downregulate gene expression through base-pairing to target mRNAs, leading to 
either the degradation of mRNAs or the inhibition of translation or both. In plants, the 
prototype miRNAs were identified as a subset of the short RNA population, and are derived 
from an inverted repeat precursor RNA with partially double-stranded regions, and they 
target a complementary single-stranded mRNA.  

The third pathway of RNA silencing in plants is associated with DNA methylation and 
suppression of transcription. This type of silencing was evidenced in plants by the discovery 
that the transgene and viral RNAs guide DNA methylation to specific nucleotide sequences. 
More recently, these findings have been extended by the observations that siRNA-directed 
DNA methylation in plants is linked to histone modification [30]. An important role of RNA 
silencing at the chromatin level is probably protecting the genome against damage caused 
by transposons.  

2.4. Types of small RNAs in eukaryote 

2.4.1. siRNAs  

Small interfering RNAs (siRNAs) are 22nt fragments, which bind to the complementary 
portion of their target mRNA and tag it for degradation. siRNA have a role in conferring 
viral resistance and secures genome stability by preventing transposon hopping. RNAi 
mechanisms, in which siRNAs are involved keep chromatin condensed and suppress 
transcription, repress protein synthesis and regulate the development of organisms.  

2.4.2. miRNAs 

miRNAs are integral components of the genetic program that account for approximately 5% 
of the predicted genes in plants, worms and vertebrates. Loci encoding these miRNA are 
localised in the introns of protein-coding genes or in the noncoding region of the genome 
[50]. miRNAs help regulate gene expression, particularly during development [51]. The 
phenomenon of RNA interference, broadly defined, includes the endogenously induced 
gene silencing effects of miRNA as well as silencing triggered by foreign dsRNA. Mature 
miRNAs are structurally similar to siRNAs produced from exogenous dsRNA, but before 
reaching maturity, miRNAs must first undergo extensive post-transcriptional modification. 
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identified and characterized in plants. For example, Argonaute proteins played an 
important role in RNA silencing in plants because they are components of the silencing 
effector complexes that bind to siRNAs and miRNAs. Dicer proteins are required for 
miRNAs biogenesis. Unlike the animal system, miRNAs in plants are more paired to their 
target RNA and use RNA cleavage rather than translational suppression as the primary 
silencing mechanism [35].  

 
Figure 1. RNA mediated gene -silencing pathway. Double stranded RNA is digested in siRNAs by 
Dicer; this siRNA function as a template for the target degradation of mRNA in RISC. siRNA acts as the 
primer for RdRp to amplify the secondary dsRNA. RISC (RNA inducing silencing complex); Dicer 
(RNaseIII –like RNase); RdRP (RNA-dependent RNA polymerase) 

In plants RNAi process engages the participation of numerous pathways [32]. Diverse 
biological roles of these pathways have been established including the mechanism of viral 
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heterochromatin. The first pathway of RNA silencing, called cytoplasmic siRNA silencing, is 
a mechanism by which the dsRNA could be a replication intermediate or a secondary-
structure feature of single-stranded viral RNA and maybe important for virus-infected plant 
cells. The source of dsRNAs includes replication intermediates of plant RNA viruses, 
transgenic inverted repeats, and products of RNA-dependent RNA polymerases (RdRPs). 
The dsRNA may be form by annealing of overlapping complementary transcripts [30]. 
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The third pathway of RNA silencing in plants is associated with DNA methylation and 
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More recently, these findings have been extended by the observations that siRNA-directed 
DNA methylation in plants is linked to histone modification [30]. An important role of RNA 
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[50]. miRNAs help regulate gene expression, particularly during development [51]. The 
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miRNA is express from a longer RNA coding locus as a primary transcript called pri-
miRNA which is processed in the nucleus, to a 70-nucleotide hairpin structure known as 
pre-miRNA. The small miRNAs are processed from larger hairpin precursors by an RNAi-
like machinery. 

The first miRNA, lin-4, was discovered in C. elegans five years prior to the demonstration of 
dsRNA as an inducer or RNAi [52]. Short non-coding transcript from lin-4 represses the 
expression of the nuclear protein encoding gene lin-14 as part of the control of 
developmental timing. The existence of partial complementarity between the small lin-4 
RNA and several elements in the 3’ untranslated region (UTR) of the lin-14 mRNA 
suggested a mechanism of translational inhibition via an antisense RNA-RNA interaction. In 
this context, miRNAs were shown to compose a large class of ribo-regulators [36, 53-54]. In 
the same time, was demonstrated that Dicer converts pre-miRNA into mature miRNAs of 
approximately the same length as single-stranded siRNAs, establishing a formal connection 
between miRNAs and siRNAs [55-56]. Other studies have revealed the complete pathway of 
miRNA processing in animals, which is based on two steps catalysed by the RNase III 
enzymes Drosha and Dicer. The mature miRNAs of animals generally regulate their target 
genes by translational repression, but some cases of target mRNA cleavage have also been 
reported [35, 57]. This is in contrast with the situation in plants, in which target mRNA 
cleavage appears to be the main mechanism [58].  

With the discovery of the first miRNA lin-4, interest in the role of miRNA in the regulation 
of fundamental biological processes has rapidly emerged. Now, more than 18226 entries 
representing hairpin precursor miRNAs, expressing 21643 mature miRNA products, in 168 
species are tabulated in the miRNA registry (http://microrna.sanger.ac.uk). Among them, 
more than 300 miRNA have been discovered in humans [46]. In mammals, about one-half of 
the know miRNA are located within the transcription units of other genes and share a single 
primary transcript [59-60]. These miRNAs generally reside in the introns or in exon 
sequences that are not protein coding. The expression pattern of the miRNA varied. While 
some C. elegans and Drosophila miRNAs were expressed in all cells and at all developmental 
stages, other had a more restricted spatial and temporal expression pattern. This suggested 
that such miRNAs might be involved in post-transcriptional regulation of developmental 
genes [18].  

In plants, as in animal systems, miRNAs, are generated as single-stranded 20-24-nucleotide 
species, by several proteins such Dicer and Argonaute (Ago). Ago proteins are components 
of the silencing effector complexes that bind the siRNAs and miRNAs. miRNAs act in trans 
on cellular target transcripts to induce their degradation via cleavage, or to attenuate protein 
production. Based on a computational genome analyses in Arabidopsis, it has been estimated 
that there are about 100 miRNA loci and some of them are conserved between Arabidopsis 
and Lotus, Medicago or Populus but not founded in rice [30]. Currently, there are numerous 
known plant miRNAs, and, in several cases, the target mRNA has been experimentally 
validated by expression of a miRNA-resistant target gene with silent mutations in the 
putative miRNA complementary region [30]. In Arabidopsis many miRNAs have been 
identified and correspond to the mRNAs for transcription factors and other proteins 
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involved in gene regulation [61-63]. For example, miR159 and its putative target 
transcription factor MYB33vmRNA, has been regulated by the hormone gibberellic acid [27]. 
Gibberellic acid stimulus could lend to an increase in MYB33 mRNA that would initiate 
flowering, and, directly or indirectly, to an increase in miR159. A similar mechanism has 
been identified for miR177 that target a transcription factor in GRAS mRNA [62].  

2.4.3. Other molecules involved in RNAi processing 

In addition to endogenous miRNAs and exogenous siRNAs, several other classes of siRNAs 
such as: trans-acting siRNAs (tasiRNAs), repeat-associated siRNAs (rasiRNAs), small-scan 
(scn)RNAs and Piwi-interacting (pi)RNAs have been identified. tasiRNAs are small (~21nt) 
RNAs that have been reported in plants, and they are encoded in intergenic regions that 
correspond to both the sense and antisense strands [64-65]. In Arabidopsis thaliana, tasiRNAs 
require components of the miRNA machinery and cleave their target mRNAs in trans [64-65]. 
These siRNAs represses the gene expression though post-transcriptional gene silencing in 
plants and it is transcribed from the genome to form a polyadenylated, double-stranded 
precursor. rasiRNAs that match sense and antisense sequences could be involved in 
transcriptional gene silencing in Schizosaccharomyces pombe and A. thaliana [66-68]. scnRNAs 
are ~28-nt RNAs that have been found in Tetrahymena thermophila and that might be involved 
in scanning DNA sequences in order to induce genome rearrangement [69]. piRNAs are 
different from miRNAs and are possibly important in mammalian gametogenesis [70]. They 
are small (~26–31-nt) RNAs that bind to MILI and MIWI proteins, a subgroup of Argonaute 
proteins that belong to the Piwi family and that are essential for spermatogenesis in mice.  

2.5. Factors and proteins involved silencing 

2.5.1. Dicers 

Members of Dicer family which showed specificity for cleavage of dcRNAs, played central role 
in the processing of the dsRNAs precursors: miRNA and siRNA. Processing of dsRNAs by 
Dicer yields RNA duplexes of 21 nucleotides with 3’ overhangs of 2 to 3 nucleotides and 5’-
phosphate and 3’-hydroxyl termini [12]. Dicer namely DCR (in Drosophila) / DCL (Arabidopsis), 
has four distinct domains: an amino terminal helicase domain, dual RNase III motifs, a dsRNA 
binding domain, and a PAZ domain (a 110-amino-acid domain present in proteins like Piwi, 
Argo, and Zwille/Pinhead), which it shares with the RDE1/QDE2/Argonaute family of 
proteins that has been genetically linked to RNAi by independent studies [71-72]. Cleavage by 
Dicer is thought to be catalyzed by its tandem RNase III domains. Some DCR proteins, 
including the one from D. melanogaster, contain an ATP-binding motif along with the DEAD 
box RNA helicase domain. In Arabidopsis thaliana, four Dicer-like proteins (DCL1, DCL2, DCL3 
and DCL4) have been identified and are involved in the processing of several dsRNAs coming 
from different sources [73]. For example, DCL2 is required for production of siRNA from plant 
viruses while DCL3 is involved in production of rasiRNA [73]. On the other hand, in C. elegans 
and mammals one single Dicer gene, DCR-1 has been identified.  
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involved in gene regulation [61-63]. For example, miR159 and its putative target 
transcription factor MYB33vmRNA, has been regulated by the hormone gibberellic acid [27]. 
Gibberellic acid stimulus could lend to an increase in MYB33 mRNA that would initiate 
flowering, and, directly or indirectly, to an increase in miR159. A similar mechanism has 
been identified for miR177 that target a transcription factor in GRAS mRNA [62].  

2.4.3. Other molecules involved in RNAi processing 

In addition to endogenous miRNAs and exogenous siRNAs, several other classes of siRNAs 
such as: trans-acting siRNAs (tasiRNAs), repeat-associated siRNAs (rasiRNAs), small-scan 
(scn)RNAs and Piwi-interacting (pi)RNAs have been identified. tasiRNAs are small (~21nt) 
RNAs that have been reported in plants, and they are encoded in intergenic regions that 
correspond to both the sense and antisense strands [64-65]. In Arabidopsis thaliana, tasiRNAs 
require components of the miRNA machinery and cleave their target mRNAs in trans [64-65]. 
These siRNAs represses the gene expression though post-transcriptional gene silencing in 
plants and it is transcribed from the genome to form a polyadenylated, double-stranded 
precursor. rasiRNAs that match sense and antisense sequences could be involved in 
transcriptional gene silencing in Schizosaccharomyces pombe and A. thaliana [66-68]. scnRNAs 
are ~28-nt RNAs that have been found in Tetrahymena thermophila and that might be involved 
in scanning DNA sequences in order to induce genome rearrangement [69]. piRNAs are 
different from miRNAs and are possibly important in mammalian gametogenesis [70]. They 
are small (~26–31-nt) RNAs that bind to MILI and MIWI proteins, a subgroup of Argonaute 
proteins that belong to the Piwi family and that are essential for spermatogenesis in mice.  

2.5. Factors and proteins involved silencing 

2.5.1. Dicers 

Members of Dicer family which showed specificity for cleavage of dcRNAs, played central role 
in the processing of the dsRNAs precursors: miRNA and siRNA. Processing of dsRNAs by 
Dicer yields RNA duplexes of 21 nucleotides with 3’ overhangs of 2 to 3 nucleotides and 5’-
phosphate and 3’-hydroxyl termini [12]. Dicer namely DCR (in Drosophila) / DCL (Arabidopsis), 
has four distinct domains: an amino terminal helicase domain, dual RNase III motifs, a dsRNA 
binding domain, and a PAZ domain (a 110-amino-acid domain present in proteins like Piwi, 
Argo, and Zwille/Pinhead), which it shares with the RDE1/QDE2/Argonaute family of 
proteins that has been genetically linked to RNAi by independent studies [71-72]. Cleavage by 
Dicer is thought to be catalyzed by its tandem RNase III domains. Some DCR proteins, 
including the one from D. melanogaster, contain an ATP-binding motif along with the DEAD 
box RNA helicase domain. In Arabidopsis thaliana, four Dicer-like proteins (DCL1, DCL2, DCL3 
and DCL4) have been identified and are involved in the processing of several dsRNAs coming 
from different sources [73]. For example, DCL2 is required for production of siRNA from plant 
viruses while DCL3 is involved in production of rasiRNA [73]. On the other hand, in C. elegans 
and mammals one single Dicer gene, DCR-1 has been identified.  
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2.5.2. RISC complex 

RICS complex, the effector of RNAi silencing is a multi-protein complex of which several 
components were identified. One of the proteins identified in almost all organisms is AGO 
protein that is essential for mRNA silencing activity [74]. In plants 10 AGO member proteins 
have been identified. For example, AGO1 mutant plants have been found to develop 
distinctive developmental defects. miRNAs are accumulated in these mutants but the 
cleavage of target mRNA not longer occur [75]. AGO4 has role in the production of long 
siRNAs of 24bp and it was early reported that AGO4 is involved in long siRNA mediated 
chromatin modifications (histone methylation and non-CpG DNA methylation) [76]. In 
addition to AGO family members, several other proteins associated with RISC complex 
have been identified in vertebrate and invertebrate models. For example, the Drosophila 
homologue of the fragile X mental retardation protein (FMRP); R2D2, found in Drosophila 
and thought to facilitate the passage of the Dicer substrate to the RISC; members of the 
mammalian Gemin family, some of which are thought to have helicase activity [44].  

2.5.3. RNA-directed RNA polymerase (RdRP) 

In both plants and C. elegans, RNAi/PTGS requires proteins similar in sequence to a tomato 
RNA-directed RNA polymerase [77]. In Arabidopsis, RdRP homologue SDE1/SGS2 is required 
for transgene silencing, but not for virally induced gene silencing [78]. This may suggest that 
SDE1/SGS2 act as an RdRP, since viral replicases could substitute for this function in VIGS. In 
Neurospora, RdRP homologue QDE-1 is required for efficient quelling [79]. EGO-1, one of the 
C. elegans RdRP, is essential for RNAi in the germline of the worm [80], and another RdRP 
homologue, RRF-1/RDE-9, is required for silencing in the soma. All RdRP proteins could be 
involved in amplifying the RNAi signal. However, only the tomato and Neurospora enzymes 
have been demonstrated to posses RNA polymerase activity, and biochemical studies are 
required to establish definitively the role of these proteins in RNAi [81].  

2.5.4. Putative helicase 

Other proteins, helicases have been identified in plants (e.g sde3 in Arabidopsis) [78]. Although 
possible roles in RNAi for some of these proteins were proposed, e.g. MUT6 might involved 
in the degradation of misprocessed aberrant RNAs [81], their functions are mostly unknown 
and further biochemical experiments are needed to reveal their exact roles in RNAi. The 
quelling-defective mutant in Neurospora, qde3, was cloned and the sequence encodes a 1,955-
amino acid protein. This protein shows homology with the family of RecQ DNA helicases, 
which includes the human proteins for Bloom syndrome and Werner syndrome. 

3. Applications of RNAi in plant systems 

RNAi has been used as new tool to reduce the expression of a particular gene in mammalian 
and plant cell systems, to analyze the effect that gene has on cellular function, and also it has 
the potential to be exploited therapeutically and clinical trials. However, by using RNAi, 
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scientists can quickly and easily reduce the expression of a particular gene in mammalian 
and plant cell systems, often by 90% or greater, to analyze the effect that gene has on cellular 
function [18, 49, 82].  

3.1. Development of efficient RNAi vector cassettes  

In plants, many efforts were concentrated on the improvement of the nutritional content 
using the classical breeding approaches such as selection of the natural or induced genetic 
variations, or by genetic engineering of transgenic plants [83]. Genetic engineering 
technologies have advantages over classical breeding not only because they increase the 
scope of genes and the types of mutation that can be manipulated, but also because they 
have the ability to control the spatial and temporal expression patterns of the genes of 
interest [84]. The delivery of siRNAs in plants has been always achieved by expressing 
hairpin RNAs that fold back to create a double-strand region that will be recognized by the 
Dicer-like enzyme. Figure 2 depicted an typically RNAi construct in plants with the 
promoter region, the inverted repeats of the target gene with the appropriate orientation, the 
spacer region which separate the two inverted repeats sequences and the terminator region.  

 
Figure 2. A schematic representation of a RNAi vector cassette with the promoter/ terminator region, 
target inverted repeats, intron spacer region; the arrows represent the direction of transcription 

The double stranded RNA generated through aberrant gene expression from a foreign gene, 
viral infection, tandem repeat sequences formed due to insertion of a 
transposon/retrotransposon, are recognized by Dicer and digested in small interfering 
RNAs, which functioned as template for the targeted degradation of mRNA in RISC. This 
siRNA functioned also as primer for RdRP to amplify secondary dsRNA. On the other hand, 
in plants, RNAi is both systemic and heritable and siRNAs move between cells through 
channels in cell walls, thus enabling communication and transport throughout the plant. In 
addition, methylation of promoters targeted by RNAi confers heritability, as the new 
methylation pattern is copied in each new generation of the cell [85].  

Genetic transformation via Agrobacterium or by particle bombardment or by infecting plants 
with viruses that can express the dsRNAs, or the infiltration of Agrobacterium harboring the 
hairpin cassette for transient gene silencing are the common methods for inducing gene 
silencing in plant system. The transgene expression should be evaluated as soon as possible 
for each transgenic event, and over multiple generations to insure that each line is stable-
silencing its target. Many transgenic events should be generated and analyzed and the lines 
with active transgenes that are effectively inducing silencing cal be selected and maintained. 
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Currently, several vectors used for RNAi silencing that make use of Agrobacterium mediated 
delivery or artificially introduced dsRNA and/or VIGS into plants has been reported. For 
example, in 2007, an Arabidopsis genomic RNAi knock-out line analysis consortium was 
lunched out (AGRIKOLA) which is using the PCR products to generate gene-specific RNAi 
constructs for each Arabidopsis gene used in large scale gene silencing studies [86-87]; other 
consortium called CATMA (Complete Arabidopsis Transcriptome MicroArray), is generating 
gene sequence tags (GSTs) representing each Arabidopsis gene, designed so that they will 
hybridize on Arabidopsis cDNA microarrays in a gene-specific manner; the Medicago 
truncatula RNAi database (https://mtrnai.msi.umn.edu/) is a NSF-funded project planning to 
silence 1500 genes involved in symbiosis in this model legume; amiRNAi Central 
(http://www.agrikola.org) a NSF project funded to provide a comprehensive resource for 
knockdown of Arabidopsis genes.   

Moreover, a set of binary vectors, called ChromDB’s RNAi vectors, were designed for 
producing dominant negative RNAi mutants using a target sequence cloning strategy that is 
based on the inclusion of two restriction enzyme cleavage sites in each of two primers used 
to amplify gene-specific fragments from cDNA. This design minimizes the number of PCR 
primers and results in the placement of unique restriction enzyme recognition sites to allow 
for flexibility in future manipulations of the plasmid, e.g., moving the inverted repeat target 
sequence to a different vector (Chrom database). These vectors are based on pCAMBIA 
binary vectors, a set of plasmids developed by the Center for Application of Molecular 
Biology to International Agriculture (CAMBIA).  

The pHELLSGATE, high-throughput gene silencing vector and a high throughput tobacco 
rattle virus (TRV) based VIGS vector are binary vectors developed by Invitrogen are used 
for expression of GUS and GFP proteins. These vectors are base on Gateway recombination-
based technology, which replaced the conventional cloning strategy. It is based on the phage 
lambda system of recombination. It enables segments of DNA to be transferred between 
different vectors while orientation and reading frame are maintained. It can also be used for 
transfer of PCR products. It saves valuable time, because once the DNA has been cloned into 
a Gateway vector, it can be used as many genome function analysis systems as is required. 
In this way, the use of vectors in the process of plant functional genomics has been made 
much easier, while the process has also been made faster. This allows for higher throughput 
analysis to occur [88]. 

3.2. RNAi and functional genomic studies 

An important application of RNAi for functional genomics studies is to generate lines that 
are deficient for the activity of a subset of genes and then test the knockdown lines for a 
specific phenotype. The assessing of a specific phenotype requires the presence of a specific 
allele of marker genes and several generation of crosses are necessary for selecting a specific 
mutant allele for specific genotype. RNAi technology for functional genomics has advantage 
that a specific gene can be silenced if the target sequence is better chosen. However, since 
RNAi is a homology-dependent process a carefully selection of a unique or conserved 
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region of the target gene ensures that a specific member of a multiples gene family can be 
silenced. For example, RNAi can down-regulate specific target sequences when 3’UTR 
region is used as a trigger sequence [89-90]. It has been also shown that RNAi facilitates the 
generation of dominant loss-of-function mutation in polyploidy plants, even with short 
dsRNAs of a 37 nucleotide long [91]. 

Nowadays, numerous projects are lunched to produce siRNAs that will silence essential 
genes in insects, nematodes and pathogens using an approach called hdRNAi (host-
delivered RNAi) [92-94] based on the partial sequences similarities between plant and 
animal genes. There is also a limitation of this approach because, some unexpected genes 
can be silenced with consequences on the organisms itself but also environment.  

RNAi has been also used for the improvement of nutritional value of some important crops. 
For example, to decrease the levels of natural toxins in food plants a stable, heritable and 
distinct siRNA against the toxin could be used. Cottonseeds are rich in dietary proteins but 
unpalatable by humans as they contain a natural toxic terpenoid item, called gossypol. 
RNAi mechanism has been used to minimize the levels of delta-cadinene synthase, an 
enzyme crucial for the production of gossypol [95].  

RNAi technology has been also applied to barley for developing varieties resistant to BYDV 
(barley yellow dwarf virus) [96]. In rice, RNAi has been used to reduce the level of glutein and 
produce rice varieties with low-glutein content [97]. Soybeans can be engineered to produce oil 
with low levels of polyunsaturated fatty acids through a reduction of FAD2, a fatty acyl Δ12 
desaturase. This enzyme converts the monounsaturated fatty acid oleic acid (18:1Δ9) to linoleic 
acid (18:2Δ9, Δ12), which can be subsequently desaturated to α-linolenic acid (18:3Δ9, Δ12, 
Δ15) by FAD3 [98]. The reduced polyunsaturated fatty acid levels from >65% of the total oil 
content in normal soybean oil to less than 5% was observed [99]. In an attempt to specifically 
target FAD2-1, and not related family members, the soybean FAD2-1A intron was tested as an 
RNAi trigger, resulting in a reduction in polyunsaturated fatty acids in the seeds to about 20% 
[100]. This result was surprising, given that intron sequences are removed from precursor 
mRNAs (pre-mRNAs) by splicing in the nucleus and spatially separated from the cytoplasm 
where mature mRNAs are presumed to be targeted by the PTGS machinery [101]. 

There are also some limitations of using RNAi in functional genomics studies. Unlike the 
insertional mutagenesis, for the use of RNAi the exact sequence of the target gene is 
required. Secondly, the methods to delivery RNAi are very important, some species are 
easily transformable and some not. Nonetheless, further improvement of the delivery 
methods and vectors that can be used safely and reliably are needed. There have also been 
some reports that revealed the difficulty to detect mutants with subtle changes in gene 
expression. However, in plants, numerous marker genes are being developed that will 
indicate if a change in gene expression occurs [102]. 

3.3. RNAi and viral infections  

RNA silencing in plants prevents viral accumulation and accordingly, viruses have evolved 
several strategies to counteract the defense mechanism. A viral protein, HC-Pro (helper 
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Currently, several vectors used for RNAi silencing that make use of Agrobacterium mediated 
delivery or artificially introduced dsRNA and/or VIGS into plants has been reported. For 
example, in 2007, an Arabidopsis genomic RNAi knock-out line analysis consortium was 
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sequence to a different vector (Chrom database). These vectors are based on pCAMBIA 
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for expression of GUS and GFP proteins. These vectors are base on Gateway recombination-
based technology, which replaced the conventional cloning strategy. It is based on the phage 
lambda system of recombination. It enables segments of DNA to be transferred between 
different vectors while orientation and reading frame are maintained. It can also be used for 
transfer of PCR products. It saves valuable time, because once the DNA has been cloned into 
a Gateway vector, it can be used as many genome function analysis systems as is required. 
In this way, the use of vectors in the process of plant functional genomics has been made 
much easier, while the process has also been made faster. This allows for higher throughput 
analysis to occur [88]. 

3.2. RNAi and functional genomic studies 

An important application of RNAi for functional genomics studies is to generate lines that 
are deficient for the activity of a subset of genes and then test the knockdown lines for a 
specific phenotype. The assessing of a specific phenotype requires the presence of a specific 
allele of marker genes and several generation of crosses are necessary for selecting a specific 
mutant allele for specific genotype. RNAi technology for functional genomics has advantage 
that a specific gene can be silenced if the target sequence is better chosen. However, since 
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region of the target gene ensures that a specific member of a multiples gene family can be 
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generation of dominant loss-of-function mutation in polyploidy plants, even with short 
dsRNAs of a 37 nucleotide long [91]. 

Nowadays, numerous projects are lunched to produce siRNAs that will silence essential 
genes in insects, nematodes and pathogens using an approach called hdRNAi (host-
delivered RNAi) [92-94] based on the partial sequences similarities between plant and 
animal genes. There is also a limitation of this approach because, some unexpected genes 
can be silenced with consequences on the organisms itself but also environment.  

RNAi has been also used for the improvement of nutritional value of some important crops. 
For example, to decrease the levels of natural toxins in food plants a stable, heritable and 
distinct siRNA against the toxin could be used. Cottonseeds are rich in dietary proteins but 
unpalatable by humans as they contain a natural toxic terpenoid item, called gossypol. 
RNAi mechanism has been used to minimize the levels of delta-cadinene synthase, an 
enzyme crucial for the production of gossypol [95].  

RNAi technology has been also applied to barley for developing varieties resistant to BYDV 
(barley yellow dwarf virus) [96]. In rice, RNAi has been used to reduce the level of glutein and 
produce rice varieties with low-glutein content [97]. Soybeans can be engineered to produce oil 
with low levels of polyunsaturated fatty acids through a reduction of FAD2, a fatty acyl Δ12 
desaturase. This enzyme converts the monounsaturated fatty acid oleic acid (18:1Δ9) to linoleic 
acid (18:2Δ9, Δ12), which can be subsequently desaturated to α-linolenic acid (18:3Δ9, Δ12, 
Δ15) by FAD3 [98]. The reduced polyunsaturated fatty acid levels from >65% of the total oil 
content in normal soybean oil to less than 5% was observed [99]. In an attempt to specifically 
target FAD2-1, and not related family members, the soybean FAD2-1A intron was tested as an 
RNAi trigger, resulting in a reduction in polyunsaturated fatty acids in the seeds to about 20% 
[100]. This result was surprising, given that intron sequences are removed from precursor 
mRNAs (pre-mRNAs) by splicing in the nucleus and spatially separated from the cytoplasm 
where mature mRNAs are presumed to be targeted by the PTGS machinery [101]. 

There are also some limitations of using RNAi in functional genomics studies. Unlike the 
insertional mutagenesis, for the use of RNAi the exact sequence of the target gene is 
required. Secondly, the methods to delivery RNAi are very important, some species are 
easily transformable and some not. Nonetheless, further improvement of the delivery 
methods and vectors that can be used safely and reliably are needed. There have also been 
some reports that revealed the difficulty to detect mutants with subtle changes in gene 
expression. However, in plants, numerous marker genes are being developed that will 
indicate if a change in gene expression occurs [102]. 

3.3. RNAi and viral infections  

RNA silencing in plants prevents viral accumulation and accordingly, viruses have evolved 
several strategies to counteract the defense mechanism. A viral protein, HC-Pro (helper 
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component proteinase) was shown to mediate one class of viral synergism disease [103] and 
expression of this protein in transgenic plants allows the accumulation of heterologous 
viruses beyond the normal level suggesting that HC-Pro blocked the target plant defence 
mechanism [104]. There are several methods known to identify viral suppressor proteins, 
such as transient expression assay, the reversal of silencing assay and stable expression 
assay.  

A well known used method to study the transient expression is co-infiltration method using 
Agrobacterium strains, one strain used for inducing of RNA silencing of a reporter gene such 
as GFP (green fluorescent protein) and one strain that will express the candidate suppressor 
gene. Both strains will be infiltrated in a plant tissues such tobacco leaves, which are suited 
for production of a higher amount of protein in response to agro-infiltration. However, if the 
local silencing is triggered three days after infiltration the effect can be evaluated under UV 
light. If the candidate suppressor expressed from the co-infiltrated Agrobacterium interferes 
with RNA silencing, the tissue will remain bright green and in case not, the tissue will turn 
red [105]. In the case of reversal approach the candidates that may suppress silencing are 
identified. Several studies have shown that the viral suppressor proteins play an important 
role in this defense mechanism [106]. For two suppressor proteins, p21 encoded by beet 
western yellow virus [107] and p19 encoded by the tomato bushy stunt virus (TBSV) group 
[108] the molecular mechanism was identified. 

Stable expression assay approach, a stable RNAi line expressing a suppressor candidate is 
crossed with several lines silenced for a repressor gene [109-110]. This method is also 
advantageous because provide information about the molecular mechanisms of the 
suppression and is also suited to investigate the role of suppression in systemic silencing 
using grafting [111].  

However, the findings that certain viral proteins suppress RNA silencing open a new tool for 
biotechnologies applications. With silencing under control, many transgenic plants can be 
generated to produce desired plant traits or very higher level of expression to use the plant as 
a factor for producing pharmaceutical compounds, vaccines and other gene-products. 

4. Application of RNAi in animal systems 

4.1. RNAi and medicine 

The ability to trigger RNAi in mammals was first demonstrated by microinjection of long 
dsRNA into mouse oocytes and one-cell stage embryos [19]. In this case was demonstrated 
that the antiviral interferon response to long dsRNAs is not yet functional in early mouse 
embryos. It was discovered rather quickly that chemically synthesized siRNAs could trigger 
sequence-specific silencing in cultured mammalian cells without inducing the interferon 
response [21]. Starting from this important breakthrough, RNAi has emerged as a powerful 
experimental tool for analyzing mammalian systems.  

The ability of RNAi to determine ablation of gene expression has open up the possibility of 
using collections of siRNAs to analyze the role of hundreds or thousands of different genes 
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whose expression is know to be up-regulated in a disease, given an appropriate tissue 
culture model of that disease. The libraries of RNAi reagents can be used in one of two 
ways. One is in a high throughput manner, in which each gene in the genome is knocked 
down one at a time. The other approach is to use large pools of RNA interference viral 
vectors and apply a selective pressure that only cells with the desired change in behavior 
can survive [112]. Rapid progress in the application of RNAi to mammalian cells, including 
neurons, muscle cells, offers new approaches to drug target identification. Advances in 
targeted delivery of RNAi-inducing molecules has raised the possibility of using RNAi 
directly as a therapy for a variety of human genetic disorders. 

4.2. RNAi and therapy 

Considering the gene-specific features of RNAi, it is conceivable that this method it will be 
very useful for therapeutic applications. Direct transfection of siRNAs into cells, creating an 
expression construct in which a promoter drives the production of both the sense and 
antisense siRNAs which then hybridize in the cell to produce the double stranded siRNA 
and using viral vectors to infect cells with an expression construct are the methods used 
nowadays for RNAi-based therapy.  

Nonetheless, this hypothesis is based on the assumption that the effect of exogenous siRNA 
applications will remain gene specific and do not show nonspecific side effects relating to 
mismatches off-target hybridization or protein binding to nucleic acids. For example, several 
research groups have explored the use of RNAi to limit infection by viruses in cultured cells. 
There is a huge potential for using RNAi for the treatment of viral diseases such as those 
caused by the human immunodeficiency virus (HIV) and the hepatitis C virus.  

RNAi strategy includes multiple targets to neutralize HIV. For example, directed siRNAs 
against several regions of the HIV-1 genome, including the viral long terminal repeat (LTR) 
and the accessory genes, vif and nef [113-115]. Using Magi cells (CD4-positive HeLa cells) as 
a model system, they demonstrated a sequence specific reduction of >95% in viral infection 
after cotransfection of siRNAs with an HIV-1 proviral DNA. When the same assay was done 
in primary peripheral blood lymphocytes, which are natural targets for HIV-1, the 
frequency of infected cells was also substantially reduced. These could be targets that block 
entry into the cell and disrupts the virus reproduction cycle inside the cells. This technology 
will help researchers dissect the biology of HIV infection and design drugs based on this 
molecular information [116]. Researchers from Hope Cancer Center in Duarte have 
developed a DNA-based delivery system in which human cells are generated to produce 
siRNA against REV protein, which is important in causing AIDS [117].  

The delivery of siRNA to HIV-infected T lymphocytes, monocytes and macrophages is a 
challenge. As synthetic siRNAs do not persist for long periods in cells, they would have to 
be delivered repeatedly for years to treat the infection. Systemic delivery of siRNAs to 
lymphocytes is not feasible owning to the huge number of these cells. Therefore, the 
preferred method is to isolate T cells from patients. In clinical trial T cells from HIV-infected 
individuals are transduced ex vivo with a lentiviral vector that encodes an anti-HIV 
antisense RNA, and then reinfused into patients [118]. In other study, it was reported that 
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component proteinase) was shown to mediate one class of viral synergism disease [103] and 
expression of this protein in transgenic plants allows the accumulation of heterologous 
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gene. Both strains will be infiltrated in a plant tissues such tobacco leaves, which are suited 
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role in this defense mechanism [106]. For two suppressor proteins, p21 encoded by beet 
western yellow virus [107] and p19 encoded by the tomato bushy stunt virus (TBSV) group 
[108] the molecular mechanism was identified. 

Stable expression assay approach, a stable RNAi line expressing a suppressor candidate is 
crossed with several lines silenced for a repressor gene [109-110]. This method is also 
advantageous because provide information about the molecular mechanisms of the 
suppression and is also suited to investigate the role of suppression in systemic silencing 
using grafting [111].  

However, the findings that certain viral proteins suppress RNA silencing open a new tool for 
biotechnologies applications. With silencing under control, many transgenic plants can be 
generated to produce desired plant traits or very higher level of expression to use the plant as 
a factor for producing pharmaceutical compounds, vaccines and other gene-products. 

4. Application of RNAi in animal systems 
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The ability to trigger RNAi in mammals was first demonstrated by microinjection of long 
dsRNA into mouse oocytes and one-cell stage embryos [19]. In this case was demonstrated 
that the antiviral interferon response to long dsRNAs is not yet functional in early mouse 
embryos. It was discovered rather quickly that chemically synthesized siRNAs could trigger 
sequence-specific silencing in cultured mammalian cells without inducing the interferon 
response [21]. Starting from this important breakthrough, RNAi has emerged as a powerful 
experimental tool for analyzing mammalian systems.  

The ability of RNAi to determine ablation of gene expression has open up the possibility of 
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whose expression is know to be up-regulated in a disease, given an appropriate tissue 
culture model of that disease. The libraries of RNAi reagents can be used in one of two 
ways. One is in a high throughput manner, in which each gene in the genome is knocked 
down one at a time. The other approach is to use large pools of RNA interference viral 
vectors and apply a selective pressure that only cells with the desired change in behavior 
can survive [112]. Rapid progress in the application of RNAi to mammalian cells, including 
neurons, muscle cells, offers new approaches to drug target identification. Advances in 
targeted delivery of RNAi-inducing molecules has raised the possibility of using RNAi 
directly as a therapy for a variety of human genetic disorders. 

4.2. RNAi and therapy 

Considering the gene-specific features of RNAi, it is conceivable that this method it will be 
very useful for therapeutic applications. Direct transfection of siRNAs into cells, creating an 
expression construct in which a promoter drives the production of both the sense and 
antisense siRNAs which then hybridize in the cell to produce the double stranded siRNA 
and using viral vectors to infect cells with an expression construct are the methods used 
nowadays for RNAi-based therapy.  

Nonetheless, this hypothesis is based on the assumption that the effect of exogenous siRNA 
applications will remain gene specific and do not show nonspecific side effects relating to 
mismatches off-target hybridization or protein binding to nucleic acids. For example, several 
research groups have explored the use of RNAi to limit infection by viruses in cultured cells. 
There is a huge potential for using RNAi for the treatment of viral diseases such as those 
caused by the human immunodeficiency virus (HIV) and the hepatitis C virus.  

RNAi strategy includes multiple targets to neutralize HIV. For example, directed siRNAs 
against several regions of the HIV-1 genome, including the viral long terminal repeat (LTR) 
and the accessory genes, vif and nef [113-115]. Using Magi cells (CD4-positive HeLa cells) as 
a model system, they demonstrated a sequence specific reduction of >95% in viral infection 
after cotransfection of siRNAs with an HIV-1 proviral DNA. When the same assay was done 
in primary peripheral blood lymphocytes, which are natural targets for HIV-1, the 
frequency of infected cells was also substantially reduced. These could be targets that block 
entry into the cell and disrupts the virus reproduction cycle inside the cells. This technology 
will help researchers dissect the biology of HIV infection and design drugs based on this 
molecular information [116]. Researchers from Hope Cancer Center in Duarte have 
developed a DNA-based delivery system in which human cells are generated to produce 
siRNA against REV protein, which is important in causing AIDS [117].  

The delivery of siRNA to HIV-infected T lymphocytes, monocytes and macrophages is a 
challenge. As synthetic siRNAs do not persist for long periods in cells, they would have to 
be delivered repeatedly for years to treat the infection. Systemic delivery of siRNAs to 
lymphocytes is not feasible owning to the huge number of these cells. Therefore, the 
preferred method is to isolate T cells from patients. In clinical trial T cells from HIV-infected 
individuals are transduced ex vivo with a lentiviral vector that encodes an anti-HIV 
antisense RNA, and then reinfused into patients [118]. In other study, it was reported that 
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the GFP siRNA induced gene silencing of transient or stably expressed GFP mRNA was 
highly specific in the human embryonic kidney (HEK) 293 cell background [119]. Further 
study, in human non-cell lung carcinoma cell line H1299 have shown that specific siRNAs 
corresponding to akt1, rb1, and plk1 could be used as highly specific tools for targeted gene 
knockdown and can be used in high-throughput approaches and drug target validation. 

RNAi is also utilized as an antiviral therapy against diseases caused by herpes simplex virus 
type 2, hepatits A and hepatits B. Early RNAi studies noted that RNA silencing was 
prominent in the liver, which made this organ an attractive target for therapeutic 
approaches. Vaccine against HBV is used only for prevention and there is no vaccine for 
HCV. Mc Caffrey and his co-workers (2003) [120] demonstrated that a significant 
knockdown of the HBV core antigen in liver hepatocytes could be achieved by the siRNA, 
providing an important proof of principle for future antiviral applications of RNAi. They 
developed a transient model of HBV infection in which a plasmid containing approximately 
1-3 copies of the HBV genome (pTHBV2) was introduced into the livers of mice by 
hydrodynamic transfection. This results in production of all four families of viral mRNAs, 
including the pregenomic RNA. The pregenomic RNA is the template for the viral reverse 
transcriptase, which replicates new viral DNA. All four viral proteins are also made. 
Transient viral replication occured in the mouse liver for about 1 week.  In addition, RNAi 
has achieved regression of clinical traits in neurodegenerative disease model [121] but its 
potential for use in pharmaceutical target validation and as a therapeutic tool is still ongoing.  

The ability to induce RNAi across mucosal surfaces was also investigated as a means for 
treating de sexually transmitted disorders [122]. siRNA targeting tumor necrosis factor 
alpha was injected into the joints of mice with collagen induced arthritis (CIA) and the 
development of arthritis was scored by assessing the inflammation of joints in the mouse 
paw, and the mice with CIA, joint inflammation was successfully inhibited [123]. Antiviral 
RNAi therapeutics have already entered human clinical trials and will  hopefully prove to 
be safe and efcacious. 

4.3. RNAi and cancer 

The discovery of RNAi led to the realization that the RNAi machinery is also involved in 
normal gene regulation through the action of a class of small RNAs known as microRNAs. 
There is experimental evidence that miRNAs regulate cell division, differentiation, cell fate 
decisions, development, oncogenesis, apoptosis, and many other processes [35]. miRNA 
levels are also dramatically shifted in various cancers, and miRNAs can act as  oncogenes 
[35]. It is now clear that miRNAs represent a gene regulatory network of enormous 
signicance. The expression profile of miRNA is highly specific for a particular type of 
tissue and cell stage of cell differentiation [124]. Impaired miRNA functioning, which occurs 
during tumor transformation, can be evaluated as a consequence rather than the cause of 
loss of cell identity. However, detection of chromosomal rearrangement like deletions, local 
amplifications and chromosomal breackpoints in the region of miRNA genes (causing 
impairments in miRNA expression during cancerogenesis) is a good demonstration of direct 
role of miRNA in these processes.  
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Defects in miRNA expression could cause the development of cancer associated with 
impaired formation of oncoproteins or tumor supressors regulated by these miRNAs. One 
of the first identified miRNAs, let-7 found in C. elegans as well as in humans, is a tumor 
suppressor decreasing formation of the oncoproteins Ras and HMGA2 (High Mobility 
Group protein A2). In patients with lung cancer was a inverse correlation between 
expression of let-7 and Ras/HMGA2 [125]. miR-155 is an exemple of miRNA exhibiting 
oncogenic properties. This miRNA is required for B- and T- cells functioning [126]. Increased 
expression of miR-155 was observed in paediatric Burkitt’s lymphoma, diffuse large cell 
lymphoma, Hodgkin’s disease, lung, breast and pancreatic cancers [124]. In some tumor 
cells miR-21 and mi-R 24 act as oncogenes, and in others they act as tumor supressors. In 
HeLa cells, inhibition of miR-21 or miR-24 activity by modified anti-miR oligonucleotides 
accelerated proliferation [127]. Analysis of bioinformatic predictions of putative targets 
suggests that proto- and anti-oncogenic activity is typical for various miRNA [128].  

Defects in miRNA expression associated with carcinogens are caused not only by the 
chromosomal rearrangements, but also due to impairments in the machinery responsible for 
miRNA formation and processing. Inhibition of expression of ribonucleases Dicer and 
Drosha by complementary siRNA caused acceleration of growth of lung adenocarcinoma 
cells in murine model [129]. Tumor transformation may be also determined by primary 
impairments in regulation of expression of a single miRNA, which is then accompanied by 
imbalance in the entire miRNA network [124]. Impairments in miRNA functioning seen in 
cancerogenesis can be used for detection of miRNA expression for diagnostics of tumor 
origin. Each type of cancer is characterized by a certain pattern of miRNA expression [124]. 
Moreover, the evaluation of miRNA profiles can be used for prognosis of the development 
of tumors [130]. 

The importance of epigenomic modifications of chromatin structure for the development of 
tumors has been recognized [13]. Methylation of cytosine in DNA followed by formation of 5-
methylCytozine occurs in dinucleotide sequence CpG. Methylation can cause suppression of 
transcription by proteins recognizing methylated CpG attraction. Excesive methylation of 
CpG island of miRNA genes has been found in cancer cells [131]. The authors attribute the 
effect of this methylation to suppression of tumor suppressor genes represented by miRNA 
genes. Processes of DNA methylation may be closely associated with modification of 
chromatin histones. Some histone modifications like acetylation, methylation and 
phosphorylation of specific aminoacides residues are involved in gene expression. 
Impairments of histone modifications in tumor cells have been found in many studies [132]. 
Processes of epigenomic silencing may involve another type of non-coding RNAs, short 
siRNAs. This observation demonstrates the existence of nuclear RNA-interference, which is 
based on suppression of mRNA translation. Some experimental data suggest that siRNA 
plays a certain role in gene silencing at the level of chromatin in human cancer cells. There are 
some examples of involvement of short RNAs in epigenomic silencing, which is coupled to 
DNA methylation, histone modification of target genes, and attraction of the heterochromatin 
HP1 protein to them. All these chromatin modifications typically occur in the cancer 
epigenome [124]. The role of RNAi is recognized not only in silencing of proto-oncogenes or 



 
Functional Genomics 82 
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Defects in miRNA expression could cause the development of cancer associated with 
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tumor suppressors, but also in maintenance of heterochromatin structure of centromeric 
region in mammalian cells [133].  

4.4. Challenges for RNAi as a tool for diseases inverstigations 

One of the advantages of RNAi over gene knockout is the ability to restrict gene knockdown 
to specific tissues or even cell types. This is important when a disease is a result of a 
mutation in an essential gene. The versatility of the technique has led to many applications. 
RNAi can be used in drug target validation and RNAi can target specific spliced exons, 
enabling the investigation of the functional roles of alternatively spliced forms of a gene 
[134]. An important opportunity is the use of RNAi in identification of all candidate genes 
involved in certain physiological processes using genome-wide RNAi screening [135].  

RNAi can be applied to genetic model organisms such Drosophila, C. elegans and mouse in 
order to investigate and/or to treat some human disorders. Several models of human neural 
and neuromuscular disorders are available in this three experimental models. C. elegans is 
model for RNAi knockdown of genes to mimic loss of in order to elucidate the mechanisms 
of a number of muscle wasting diseases like: Duchenne muscular dystrophy [136], X-linked 
form of Emery-Dreifuss muscular distrophy [137], spinal muscular atrophy [137], fragile X-
syndrome [138], Alzheimer’s disease [139]. RNAi has been used in combination with 
overexpression studies to study the role of Parkin, an E3 ubiquitin ligase, in dopamine 
neuron degeneration in Drosophila in order to investigate the molecular mechanisms 
underlying Parkinson’s disease. Overexpression of Parkin was shown to degrade its 
substrate (Pael-R) and suppress its toxicity, whereas interfering with endigenous Parkin 
promoted substrate accumulation and augmented its neurotoxicity [140].  

Other experiment uses Drosophila in order to investigate human neurodegenerative disorders 
that are caused by expansion of CAG trinucleotide repeat. RNAi has been performed on two 
such diseases: Huntington’s disease and spinobulbar muscular atrophy. Drosophila S2 cells 
were engineered to express a portion of human ar gene with CAG tracs of 26, 43 or 106 
repeats tagged by green fluorescent protein (GFP) [141]. Cells carrying CAG  repeats of 43 
and 106 developed GFP aggregates. Using RNAi directed against AR protein, a loos of AR-
GFP aggregates by 80% in co-transfected S2 cells has been observed. Therefore, RNAi could 
have considerable therapeutic potential in neurodegenerative disorders [134]. Murine model 
was used to investigate the potential of RNAi as therapeutic tool in neurodegenerative 
disorders. Spinocerebellar ataxia type 1 (SCA1) has been successfully suppressed by RNAi 
in mouse model of this disease [121].  

RNAi might also allow future treatments of human disease such as Lou Gehrig’s disease 
(amyotrophic lateral sclerosis, ALS), a genetically dominant inherited disease. This pattern 
of inheritance allowed identification of a specific gene that is linked to the death of Betz cells 
in some families, the gene for an enzyme called superoxide dismutase. Superoxide 
dismutase can protect cells from molecular damage caused by free radicals of oxygen. 
Mutant forms of superoxide dismutase can lead to cell death [142].  
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The Nobel Prize-winning research on RNA inhibition might lead to new treatments for 
patients with this disease due to dominant mutations in the superoxide dismutase gene. 
Reduction in the level of the superoxide dismutase enzyme coded for by the mutant gene 
has been studied in animal models [143]. Working with laboratory mice as an experimental 
model system for the human disease ALS, Miller and coworkers showed that loss of muscle 
function could be slowed using RNA interference [144]. This result was obtained by using a 
virus to induce RNA interference in neurons. These results from laboratory experiments 
suggest that if RNA-induced inhibition of mutant superoxide dismutase can be induced in 
the correct cells of the brain and spinal cord, it might be possible to slow progression of Lou 
Gehrig's disease in humans.  

A high number of pharmaceutical and biotechnology companies have declared an interest in 
or have an active drug development program already underway in RNAi-based 
therapeutics to silence disease associated genes. This web (www.rnaiweb.com) collects 
together the latest research covering the development of RNAi based tools for drug target 
and gene function analysis. These include Sirna Therapeutics (Colorado) for macular 
degeneration; Avocel (Sunnyvale, California) for hepatits C; Alnylam Pharmaceuticals 
(Cambridge) for Parkinson’s disease; CytRx (Los Angeles, California) for obesity, type II 
diabetes and ALS etc. But the major challenge in turning RNAi into an effective therapeutic 
strategy is the delivery of the RNAi agents, whether they are synthetic short double 
stranded RNAs or viral vectors directing production of double stranded RNA. During 
diseases, changes in the pattern of microRNAs will occur with some being indicative of 
treatment outcome and disease progression. More exciting then diagnostic value is the 
evidence that directly involves miRNAs in a number of diseases (cancer, imprinting 
impairments etc). In this context there is an increased interest in manipulations miRNAs for 
therapeutic purposes. In the loos of miRNA function, one approch is to mimic miRNA 
activity by introducing microRNA „mimics”with the same genetic information as the 
natural miRNA. For exemple, by adding more of a microRNA named let-t, it has been 
possible to halt cancer cells from further multiplying [145].  

Another complementary approach to using miRNAs for therapy is to inhibit the activity of 
disease-associated miRNAs. This can be achieved by employing antisense oligonucleotides 
that, based on sequence complementarity, will bind to inactivate miRNA function. Esau end 
colleagues demonstrated that the inhibition of miRNA may be a potential therapeutic 
approach to the treatment of disease [146]. They inhibited miR-122 expression with 
antagomirs, which resulted in reduced plasma cholesterol levels and a decrease in hepatic 
fatty aceid and cholesterol synthesis rates in normal mice and in diet-induced obese mice. 
Targeting miR-122 with antagomirs resulted in inhibition of disease development. 

RNA interference has much promise in laboratory. In principle, RNAi might be used to treat 
any disease that is linked to expression of an identified gene [112]. The most  important 
challenge in turning RNA interference into an effective therapeutic strategy is the delivery 
of the RNA interference agents. Given sufficient research into delivery methods, some of 
these diseases will probably be treated effectively by RNAi based therapeutics. 
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5. Conclusions  
The study of RNAi has led to a revolution in the understanding of gene expression and the 
examples in plants, animal and mammalian system as reviewed here, showed the diversity 
and the potential of RNAi as new approach to replaces the classical genetic technologies and 
manipulation.  

Today, the RNAi strategies as a new tool for cheap screen of gene function in organisms for 
which, a genetic approach was not developed yet. However, after 11 years of extensive 
research, RNAi has now been demonstrated to function in mammalian cells to alter gene 
expression and used as a means for genetic discovery as well as a possible strategy for 
genetic correction and genetic therapy in cancer and other diseases.  

Finally, RNAi represent a significant tool for the accomplishment of these goals, and will 
undoubtedly be used to address many other challenges in eukaryote functional genomics.  

In future, a combination of RNAi and whole genome sequencing can contribute to the 
enhancement of the drug development success rates through better targets and RNAi 
platform efficiencies and keeping waste to a minimum by only treating people genetically 
predicted to respond to the therapeutic.  
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1. Introduction 

The phenomenon of double-stranded RNAs (dsRNAs)-mediated gene silencing or RNA 
interference (RNAi] was first discovered in nematode Caenorhabditis elegans by Andrew Fire 
and Craig Mello in 1998 [1]. This great discovery gives rise to a fast-growing field and leads 
to the identification of novel RNAi pathways by which small interference RNAs (siRNAs) 
regulate gene expression and gene functions. Collective evidence suggests that the RNAi 
pathway is conserved in many eukaryotes and this pathway can be triggered by either 
exogenous or endogenous small interference RNAs. Exogenous dsRNAs (e.g. a virus with 
an RNA genome) are typically required a membrane transporter for dsRNA uptake into the 
cytoplasm, while endogenous small interference RNAs (e.g. microRNAs) are encoded in the 
genome. The precursors of both dsRNA and microRNA are first cleaved into short 
interference RNAs by a ribonuclease III (RNaseIII) enzyme, Dicer. Then these short 
interference RNAs initiate RNAi process when interacting argonaute proteins in the RNA-
induced silencing complex (RISC). The small interference RNAs normally consist of 20~30 
nucleotides. They can repress the transcription of message RNAs containing homologous 
sequences by either post-transcriptional gene silencing (PTGS) or transcriptional gene 
silencing (TGS) [2].  

In their Nature paper, Fire and Mello wrote: ‘Whatever their target, the mechanisms 
underlying RNA interference probably exist for a biological purpose’. Indeed, it’s been 
shown that there are numerous cellular and physiological functions linked to RNAi [1]. For 
example, viral defense has been proposed to be the primary function of RNAi in both plants 
and flies [3]. In plants, virus infection could trigger sequence-specific gene silencing [4]. 
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Plant RNAi forms the basis of virus induced gene silencing (VIGS), proofed from the genetic 
links between virulence and RNAi pathways [5-6]. On the other hand, endogenous 
microRNAs (about 1000 microRNAs in human genome) [7] play essential roles in 
controlling cellular functions. For example, the early discovered microRNAs, such as lin-4 
and let-7 of C. elegans, were identified to regulate developmental timing [8-9]. Following the 
identification of let-7 in C. elegans and later in fruit flies Drosophila melanogaster (hereafter I 
will refer it as ‘Drosophila’), it is soon realized that let-7 belongs to a conserved microRNA 
family in many species. Besides the regulation on development, many microRNAs have 
been found to control key physiological processes, such as lipid metabolism [10] and insulin 
sensitivity [11]. The dysregulation of microRNA may result in many human diseases. A 
mutation in the seed region of miR-96 causes hereditary progressive hearing loss [12]. Some 
microRNAs have also been linked to cancer [13]. 

Soon after the discovery of dsRNA-mediated RNAi in 1998, gene silencing through RNAi 
was quickly developed as a powerful tool or technique in functional genomics studies. 
Comparing to forward genetics tools (e.g. EMS-induced mutagenesis screens), RNAi is one 
of effective reverse genetic tools, especially for non-model organisms and mammalian 
systems in which genetics is difficult. The advantage of applying RNAi in function studies 
becomes even more apparent when the whole genome sequences of model organisms (e.g. 
C. elegans and Drosophila) were completed in the late 90’s and early 2000’s [14-15]. In the 
post-genome era, utilizing high-throughput platforms and innovative bioinformatics tools, 
many large-scale RNAi screens has been successfully applied for the discovery of novel 
gene function associated with many important aspects of biology such as signal 
transduction [16], cell proliferation [17], metabolism [18], host-pathogen interactions [19] 
and aging [20-21]. Through these genome-wide RNAi screens, we have gained new insights 
on novel players in many key biological processes and complexity of cellular signaling 
networks. Cell-based and in vivo RNAi screen has been extensively reviewed in the past [22-
23].In this book chapter, I will focus on the recent development of high-throughput RNAi 
screen for functional analysis in cultured cells and in vivo systems, as well as its applications 
on functional genomics and the discovery of novel therapeutic drug and agricultural targets.  

2. RNAi screen methods 

Despite the challenges from off-target effects and false discovery during the data analysis, 
genome-wide RNAi screens have benefitted from improved RNAi delivery methods, 
automated high-content image system and robust statistic analysis [23]. In the following 
section, I will compare the different reagent delivery methods, read-out assays, and off-
target effects in various systems and platforms. I will also provide several examples from 
recent studies using genome-wide RNAi screen in cultured cells. 

2.1. Cell-based RNAi screen 

Genome-wide RNAi screen in cultured cells or primary cells provides an opportunity to 
systematically interrogate gene function. Now large-scale RNAi screens have been routinely 
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performed in Drosophila and mammalian cultured cells, as well as in primary cells. RNAi 
screen with Drosophila and mammalian cells has already led to important discovery in a 
wide variety of topics, including signal transduction, metabolism and cancer [22]. In general, 
a cell-based RNAi screen involves four major steps: [1]. RNAi library selection; [2]. 
Incubation of appropriate cell lines with RNAi reagents that are pooled or individually 
arrayed into 96- or 384-well plates; [3]. After additional treatments (if applicable), cells are 
subjected to the automated plate reader to quantify the specific readout (e.g. changes in cell 
morphology or fluorescence and luminescence signals from study targets); [4]. High-content 
image data analysis.  

RNAi library and reagent delivery methods. Since the completion of C. elegans genome 
sequencing in 1998 [14], more and more eukaryotic genomes have been sequenced, which 
makes it possible to produce whole-genome RNAi libraries for functional genomics studies. 
Typically, long dsRNAs are used for RNAi screen in Drosophila cells, while synthetic siRNAs 
or vector-based short hairpin RNAs (shRNAs) are commonly used for mammalian cells [24]. 
Several Drosophila cell lines (e.g. S2 and Kc167) can directly take up dsRNA without the help 
of transfection reagents, which provides great advantages in high-throughput RNAi screens 
[25-26]. For mammalian cells, RNAi reagents are transient transfected into the cells. 
Therefore, not only the variation of transfection efficiency among cell lines and experimental 
replicates will affect the RNAi knockdown effects, but also the doubling time will affect the 
duration of gene silencing. Compared to synthetic siRNA method, vector-based shRNA 
technology combining with viral delivery methods provides robust gene silencing for a 
longer period of time. Besides, vector-based shRNA approaches make it possible to build 
renewable and cost-effective RNAi libraries. 

Now RNAi libraries are available for many model organisms, especially Drosophila and 
mammalian cells (Table. 1). These RNAi libraries normally contain the collection of RNAi 
reagents (dsRNAs, siRNAs and shRNAs) for all annotated genes in the genome. In the RNAi 
libraries, typically there are several different dsRNAs or siRNAs corresponding to each 
gene. For example, The GeneNet™ Human 50K siRNA library from System Biosciences 
contains 200,000 siRNA templates targeted to 47,400 human transcripts (~4 different siRNA 
sequences per transcript) (http://www.systembio.com/rnai-libraries). In Drosophila DRSC 2.0 
RNAi collection, there are 1-2 dsRNAs per gene, including genes that encode proteins and 
non-coding RNAs (http://www.flyrnai.org). Beside genome-wide libraries, many pathway 
libraries or sub-libraries are also available for silencing specific signal pathways or multi-
gene families (e.g. kinases & phosphatases library, G protein-coupled receptor library, 
apoptosis & cell cycle library, etc.).  

Read-out assays. Together with luminescent and fluorescent reporter-based image analysis 
and improved high-content image processing packages (e.g. CellProfiler [27] , various read-
outs are used in RNAi screens, including the expression changes in target genes or proteins, 
post-translation modification, metabolic processes, and changes in sub-cellular localization 
patterns. Most of these read-outs are based on the measurement of the intensity of 
luminescent and fluorescent reporters. Although RNAi screens for cell morphology (e.g. 
cytoskeletal organization and simple cell shape) have been previously reported [28-30], 
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Plant RNAi forms the basis of virus induced gene silencing (VIGS), proofed from the genetic 
links between virulence and RNAi pathways [5-6]. On the other hand, endogenous 
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performed in Drosophila and mammalian cultured cells, as well as in primary cells. RNAi 
screen with Drosophila and mammalian cells has already led to important discovery in a 
wide variety of topics, including signal transduction, metabolism and cancer [22]. In general, 
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reagents (dsRNAs, siRNAs and shRNAs) for all annotated genes in the genome. In the RNAi 
libraries, typically there are several different dsRNAs or siRNAs corresponding to each 
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outs are used in RNAi screens, including the expression changes in target genes or proteins, 
post-translation modification, metabolic processes, and changes in sub-cellular localization 
patterns. Most of these read-outs are based on the measurement of the intensity of 
luminescent and fluorescent reporters. Although RNAi screens for cell morphology (e.g. 
cytoskeletal organization and simple cell shape) have been previously reported [28-30], 
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complex cell shape and structure-based read-outs still remain problematic. Frequently, 
additional treatments are performed before the read-out assays in RNAi screens. These 
treatments can be drugs, pathogens, or stress inducers [31-33].  
 

Name Species Type Link 
Genome-wide RNAi libraries 
Drosophila RNAi 
Screen Center 

Fruit fly dsRNA www.flyrnai.org/ 

DKFZ Genome RNAi Fruit fly dsRNA www.genomernai.org 

Open Biosystems Human, mouse siRNA , shRNA 
www.openbiosystems.com/R
NAi 

Sigma Human, mouse siRNA , shRNA www.sigmaaldrich.com 

SBI Human, mouse siRNA , shRNA 
http://www.systembio.com/r
nai-libraries 

Pre-defined or custom RNAi libraries 
Ambion Human, mouse siRNA , shRNA www.invitrogen.com/sirna 
Qiagen Human, mouse siRNA , shRNA www.qiagen.com 
Dharmacon Human, mouse siRNA , shRNA www.dharmacon.com 
The Netherlands 
Cancer Institute (NKI) Human shRNA 

www.lifesciences.sourcebiosc
ience.com/ 

Table 1. List of RNAi libraries used in cell cultures 

Off-target effects. False positive or false negative results are commonly associated with 
high-throughput studies, including genome-wide RNAi screens [34]. The false discovery in 
RNAi screens can be caused by instrument errors, statistical noises, low knock-down 
efficiency and off-target effects of RNAi reagents. Off-target effects of RNAi reagents usually 
include: [1]. A general interference on endogenous RNAi pathway; or [2] Sequence-
dependent effects on the expression of non-target genes. In order to minimize off-target 
effects, it is suggested to perform sufficient replication experiments and choose two or more 
RNAi reagents that target different regions of the coding sequences. Sequence-dependent 
off-target effects can be avoided by selecting sequences that do not contain 19 or more base 
pairs of contiguous nucleotide identity to other genes in the genome [34-35]. 

Recent cell-based RNAi screen studies. Genome-wide RNAi screens have been primarily 
conducted in both Drosophila and mammalian cultured cells (Reviewed in [22]. These 
screens are involved in studies on a variety of biology processes, such as signal 
transduction, metabolism, cancer, stem cells. The cell-based RNAi screens have yielded 
tremendous amount of novel discoveries and greatly promoted our understanding on many 
basic biological processes, molecular functions and complexity of cellular networks. New 
findings from genome-wide RNAi screens have led to the identification of novel 
components of canonical signaling transduction pathways, such new players of ERK 
pathway [16] and phosphorylation networks regulating JUN NH2-terminal kinase (JNK) 
pathway [36]; the role of S1pr2 gene (Sphingosine-1-phosphate receptor 2) in insulin 
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signaling [37]; novel modulators of p53 pathway [38]; and key genes that are essential for 
the proliferation of cancer cells [17]. Recently, an integrative approach with RNAi screen 
and whole genome structural analysis identified IKBKE kinase as a breast cancer oncogene 
[39]. Beside its application in studying signaling pathways, cell-based RNAi screens are also 
performed to understand the cellular responses to pathogens. For example, recent RNAi 
screens identified novel host factors that are required for dengue virus propagation [40] and 
influenza virus replication [41]. I will discuss more detail on some of genome-wide RNAi 
screens in section. 3. 

2.2. In vivo RNAi screen 

Many complex phenotypes, such as aging, cannot be tested in a cell-based assay, thus in vivo 
functional analysis is required. In vivo RNAi screen is one of such approaches to study gene 
function at an organism level. C. elegans and Drosophila are two model organisms that are 
commonly used in in vivo RNAi screens. Although ex vivo RNAi screens have been done by 
introducing shRNA-transfected cells into mice [42-43], direct in vivo RNAi screen in mice is 
still under development. Most importantly, in vivo RNAi makes it possible for gene function 
studies in species lacking classical genetic tools, even including species without whole 
genome sequences (Usually next-generation sequencing is used to identify gene coding 
sequences and to facilitate RNAi reagent design and production).    

In vivo genome-wide RNAi screen was first reported in C. elegans [44]. In C. elegans, dsRNA-
mediated RNAi effects are systemic and heritable [1], although gene knockdown is less 
efficient in the nervous system than in other tissues. In vivo genome-wide RNAi screens have 
been performed in the studies of aging [20-21, 45-46], metabolism [47] and microRNA 
pathways in C. elegans [48]. It is relatively easy to deliver dsRNA into C. elegans. Typically, 
dsRNAs are introduced to worms by soaking the animals in dsRNA solution [49], by injection 
of dsRNA [1], or by feeding the animals dsRNA-expressing bacteria [44]. The last method is 
commonly used to generate genome-wide RNAi libraries. These C. elegans RNAi libraries are 
now available from Ahringer lab RNAi collection and Open Biosystems (Table. 2).  

In contrast, dsRNA feeding does not appear to work for gene silencing in Drosophila, while 
RNAi via injection of dsRNA is effective only in certain embryonic stages. Therefore, 
transgenic RNAi approach has been developed to express a double-stranded ‘hairpin’ RNA 
from a transgene. In Drosophila, RNAi is cell-autonomous, so that gene silencing can be easily 
performed in tissue- and spatial-specific manner by using the binary GAL4/UAS expression 
system. Currently, there are three groups that have generated genome-wide transgenic RNAi 
Drosophila stains [50] (Table. 2). These transgenic RNAi stains are all expressing inverted-
repeat hairpin RNAs once crossing to appropriate Gal4 drivers. Recently, it’s been shown that 
small hairpin RNAs (~19 nt) can trigger stronger gene inactivation than long hairpin RNAs. 
Therefore new constructs expressing small hairpin RNAs were generated to produce second 
generation of transgenic RNAi Drosophila stains at Harvard medical school (Table. 2). In the 
past several years, a number of genome-wide RNAi screens in Drosophila have been conducted 
to study the major signaling pathways [51], as well as many important disease models [52-55].  
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transduction, metabolism, cancer, stem cells. The cell-based RNAi screens have yielded 
tremendous amount of novel discoveries and greatly promoted our understanding on many 
basic biological processes, molecular functions and complexity of cellular networks. New 
findings from genome-wide RNAi screens have led to the identification of novel 
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signaling [37]; novel modulators of p53 pathway [38]; and key genes that are essential for 
the proliferation of cancer cells [17]. Recently, an integrative approach with RNAi screen 
and whole genome structural analysis identified IKBKE kinase as a breast cancer oncogene 
[39]. Beside its application in studying signaling pathways, cell-based RNAi screens are also 
performed to understand the cellular responses to pathogens. For example, recent RNAi 
screens identified novel host factors that are required for dengue virus propagation [40] and 
influenza virus replication [41]. I will discuss more detail on some of genome-wide RNAi 
screens in section. 3. 

2.2. In vivo RNAi screen 

Many complex phenotypes, such as aging, cannot be tested in a cell-based assay, thus in vivo 
functional analysis is required. In vivo RNAi screen is one of such approaches to study gene 
function at an organism level. C. elegans and Drosophila are two model organisms that are 
commonly used in in vivo RNAi screens. Although ex vivo RNAi screens have been done by 
introducing shRNA-transfected cells into mice [42-43], direct in vivo RNAi screen in mice is 
still under development. Most importantly, in vivo RNAi makes it possible for gene function 
studies in species lacking classical genetic tools, even including species without whole 
genome sequences (Usually next-generation sequencing is used to identify gene coding 
sequences and to facilitate RNAi reagent design and production).    

In vivo genome-wide RNAi screen was first reported in C. elegans [44]. In C. elegans, dsRNA-
mediated RNAi effects are systemic and heritable [1], although gene knockdown is less 
efficient in the nervous system than in other tissues. In vivo genome-wide RNAi screens have 
been performed in the studies of aging [20-21, 45-46], metabolism [47] and microRNA 
pathways in C. elegans [48]. It is relatively easy to deliver dsRNA into C. elegans. Typically, 
dsRNAs are introduced to worms by soaking the animals in dsRNA solution [49], by injection 
of dsRNA [1], or by feeding the animals dsRNA-expressing bacteria [44]. The last method is 
commonly used to generate genome-wide RNAi libraries. These C. elegans RNAi libraries are 
now available from Ahringer lab RNAi collection and Open Biosystems (Table. 2).  

In contrast, dsRNA feeding does not appear to work for gene silencing in Drosophila, while 
RNAi via injection of dsRNA is effective only in certain embryonic stages. Therefore, 
transgenic RNAi approach has been developed to express a double-stranded ‘hairpin’ RNA 
from a transgene. In Drosophila, RNAi is cell-autonomous, so that gene silencing can be easily 
performed in tissue- and spatial-specific manner by using the binary GAL4/UAS expression 
system. Currently, there are three groups that have generated genome-wide transgenic RNAi 
Drosophila stains [50] (Table. 2). These transgenic RNAi stains are all expressing inverted-
repeat hairpin RNAs once crossing to appropriate Gal4 drivers. Recently, it’s been shown that 
small hairpin RNAs (~19 nt) can trigger stronger gene inactivation than long hairpin RNAs. 
Therefore new constructs expressing small hairpin RNAs were generated to produce second 
generation of transgenic RNAi Drosophila stains at Harvard medical school (Table. 2). In the 
past several years, a number of genome-wide RNAi screens in Drosophila have been conducted 
to study the major signaling pathways [51], as well as many important disease models [52-55].  
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For example, a genome-wide obesity gene screen revealed hedgehog signaling as one of major 
adipose tissue regulators [18], while genome-wide Parkinson’s disease modifier screen 
identified novel Park and/or Pink1-interacting genes [56]. In the following section, I will discuss 
some of these RNAi screens in more detail. 
 

Name Species Type Link 
Ahringer lab RNAi 
Library at Geneservice Nematode Bacterial clone 

www.lifesciences.sourcebiosc
ience.com/ 

Open Biosystems Nematode Bacterial clone 
www.openbiosystems.com/R
NAi/ 

Transgenic RNAi 
project at Harvard 
Medical School 

Fruit fly 
Long dsRNA, 
Short shRNA 

www.flyrnai.org/TRiP-
HOME.html 

Vienna Drosophila 
RNAi Center Fruit fly Long dsRNA stockcenter.vdrc.at 

NIG-FLY Fruit fly Long dsRNA 
http://www.shigen.nig.ac.jp/f
ly/nigfly/ 

Table 2. List of RNAi libraries used for in vivo systems 

2.3. Advantage and limitation of cell-based and In vivo RNAi screens 

Unlike forward genetic screens where mutations are randomly generated, RNAi screens 
provide a fast way to link phenotypes of interest to a precise gene. Beside, RNAi screens are 
generally performed in a genome-wide scale which brings us a comprehensive view of gene 
functions. Both cell-based and in vivo RNAi screens are highly effective and less labor-
intensive on the discovery of gene functions when compared to traditional mutagenesis 
screens. Furthermore, cell-based and in vivo RNAi can be applied to study gene functions in 
species lacking classical genetics tools. 

In the past decade, genome-scale in vitro RNAi screens have been successfully applied for gene 
discovery and understanding fundamental biological processes and cellular signal pathways. A 
variety of RNAi libraries for cell-based RNAi screens have been developed for both invertebrate 
and vertebrate systems. Nowadays cell-based RNAi screens are relatively less expensive, and 
have become a fast and user-friendly platform for functional genomics studies. On the other 
hand, complex phenotypes that cannot be analyzed in cell-based RNAi screens, are normally 
directly studied in vivo. When compared to forward genetic screens where mutations are 
occurred in every cell and many mutations lead to developmental defect or lethality, in vivo 
RNAi screens can be performed in various developmental stages and different tissues. This is 
especially useful when adult-specific functions of target genes are studied and these genes are 
essential for the development. Currently, most of in vivo RNAi screens are conducted in  
C. elegans and Drosophila due to the availability of a tremendous amount of resources  
and advanced genetic tools. In contrast, in vivo RNAi screen in mice is still in early stage. 
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3. Application of RNAi screen 

Genome-wide RNAi screen has greatly advanced our understanding on many fundamental 
biology problems, from signaling transduction pathways to complex phenotypes. 
Furthermore, the results from RNAi screen can be used to design future theroputic drugs 
and crop protection reagents. In the following section, I will discuss several applications 
using RNAi screen approaches. 

3.1. Deciphering cellular signaling pathways and complex traits  

RNAi is one of the most powerful tools in functional genomics studies. Genome-wide RNAi 
screens have accelerated our understanding of basic biological functions and cellular signal 
networks, as well as the novel modulators of diseases. Follow-up experiments are usually 
performed to confirm the screen results and further study the underlying molecular 
mechanisms of identified genes or pathways. In vivo RNAi screens have also been 
conducted to study complex traits, such as aging. C. elegans is the primary model organism 
used in longevity gene screen, not only because high-throughput RNAi experiments are 
relatively easy to do in C. elegans, but also because of its short lifespan [57]. 

3.1.1. Understanding signaling pathways 

Our understanding on canonical signal pathways is rapidly evolving and many new 
components or modulators are being identified with the help from improved technologies, 
including genome-wide RNAi screen. In the past decade, RNAi screens have been applied 
for deciphering many classical signal pathways, such as Notch, Wnt, and ERK signalings. 
Receptor tyrosine kinases (RTKs) are probably one of most critical protein families that 
regulate development, cell proliferation and growth. One of RTK families, insulin signaling 
plays important roles in controlling metabolism and growth. Disrupted insulin signaling 
leads to many human diseases, such as diabetes. To facilitate the underlying mechanism of 
diabetes and identify novel components and modulators of the insulin signaling pathway, a 
RNAi screen was conducted using 3T3-L1 adipocytes [37]. About 313 obesity and diabetes 
related genes were selected in the RNAi screen. The release of free fatty acid (FFA) was used 
as a read-out, since insulin-dependent FFA release is an indicator of insulin resistance. This 
screen showed that RNAi against 126 candidate genes resulted in significant changes of FFA 
release. After future filtering, S1pr2 gene was identified as one of key regulators of insulin 
signaling. Increased plasma insulin levels were detected in male S1pr2 -/- knockout mice, 
suggesting there is a potential link between S1pr2 and insulin resistance [37]. 

One of RTK downstream effectors is ERK signaling pathways. Misregulated RTK/ERK 
signaling leads to developmental disorder and many human diseases (e.g. cancer). A recent 
RNAi screen study using Drosophila cell lines has identified 331 regulators of ERK pathway, 
suggesting a number of integrated signal pathways in the regulation of fine-tuned ERK 
signaling [16]. In this study, fluorescently-conjugated phospho-ERK antibodies were used to 
monitor the changes of phosphorylated ERK upon insulin stimulation, which is the first 
time that a RNAi screen uses post-translation modification as a read-out assay. 
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for deciphering many classical signal pathways, such as Notch, Wnt, and ERK signalings. 
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3.1.2. Identification of longevity genes 

Aging is one of the complex traits that are controlled by a large number of genes or the 
interaction between multiple genes/pathways. The first longevity pathway, insulin/ IGF-1 
pathway, was identified in C. elegans in early 90’s [58]. Following studies have shown that 
TOR (Target of Rapamycin) [59] and AMP kinase signaling [60] are also involved in 
longevity regulation. To explore other potential longevity assurance genes/pathways, two 
systematic RNAi screens for longevity genes were independently conducted at almost the 
same time in C. elegans. [45-46]. Both groups used the Ahringer bacterial RNAi libraries, 
although they chose different worm strains in the RNAi screen. Initially, the maximum 
lifespan of each RNAi clone was monitored, due to the tremendous work on the large-scale 
lifespan screen. In one screen, 89 genes were identified to be involved in lifespan regulation. 
These candidate genes encode diverse biological functions, including metabolism, 
mitochondrial functions, signal transduction, protein turnover, and so on. In contrast, 29 
genes were identified in another screen. Although both groups are able to re-discover the 
genes in insulin/IGF-1 signaling, only three newly identified genes are shared by these two 
screens. This may be due to the different worm stains used in these two screens, plus high 
level of false positive/negative hits and off-target effects. Knockdown of these three genes 
led to robust lifespan extension [57].  

Although genome-wide RNAi screens for longevity genes have not been reported in other 
species, large-scale genetic screens were performed recently. A screen of 564 single gene 
deletion strains was conducted to identify longevity genes in budding yeast [59]. Deletion of 
10 genes led to extended replicative lifespan. Among them, many genes are involved in TOR 
pathway, suggesting a link between nutrient sensing and longevity. Recently, a large-scale 
misexpression screen for Drosophila longevity genes was reported. In this screen, a total of 15 
longevity genes were identified, including genes involved in autophagy, mRNA synthesis, 
intracellular vesicle trafficking and neuroendocrine regulation [61]. With more longevity 
gene screens from other species, a cross-species comparison of these large-scale screens may 
provide us a list of conserved genes/pathways in regulating longevity. 

3.2. Identification of therapeutic drug targets 

A number of genome-wide RNAi screens have led to the identification of novel modulators 
of human diseases. RNAi screens have become an effective tool to identify and validate 
drug targets and to enhance novel drug discovery. On the other hand, RNAi-based 
therapies have been developed to target viral infection, cancer, cardiovascular disease and 
neurodegenerative diseases using specific shRNAs, although we should always keep in 
mind that there are some drawbacks and concerns of this technology, such as off-target 
effects, activation of endogenous RNAi pathways, individual genetic variation.   

Traditional cancer drug discoveries still focus on a handful of known oncogenes. It remains 
a key challenge in identifying new targets. Application of genome-wide RNAi screens in 
novel target discovery greatly enhanced cancer drug discovery. In the past few years, 
several RNAi screens were performed using cancer cell lines to explore the essential genes 
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that are required for survival and proliferation of cancer cells. One of these studies 
identified more than 250 genes are essential for the proliferation of cancer cells [17]. In the 
same study, four genes were implicated in the response of cancer cells to tumoricidal agents 
(e.g. imatinib). Several similar screens on drug sensitivity have led to the identification of 
cancer-associated genes, e.g., ACRBP, TUBGCP2, and MAD2 in breast cancer [62]. 
Combining RNAi screen and other genomic tools (e.g. SNP array, aCGH, and SAGE data 
analysis), a recent study identified IKBKE kinase as a breast cancer oncogene [39]. This 
discovery could lead to the development of pharmaceutical inhibitors that block activity of 
IKBKE kinase in breast cancer. 

Metabolic syndrome, such as obesity, can increase the risk of developing cardiovascular 
disease and diabetes. However, the underlying molecular mechanisms are far from clear. To 
understand how adiposity is regulated in Drosophila, an in vivo genome-wide RNAi screen 
was reported recently. In this study, transgenic RNAi lines corresponding to 10,489 distinct 
open reading frames were used in RNAi screen. Tissue-specific gene inactivation for 500 
candidates identified from the first screen was further tested. This study reveals hedgehog 
signaling as one of major adipocyte regulators [18]. To test whether hedgehog signaling 
plays any role in mammalian adipose tissue, mutant mice were generated to activate 
hedgehog in adipocytes. Activation of hedgehog in mice adipose tissues resulted in a 
dramatic loss of white fat compartments (but not brown) by directly blocking differentiation 
of white adipocytes. These results support the idea that white and brown adipocytes are 
derived from distinct precursor cells. Interestingly, glucose tolerance and insulin sensitivity 
remained normal in mutant mice. This suggests that modulating hedgehog signaling can 
reduce lipid accumulation in white adipose tissue, while maintain a fully functional brown 
adipose tissue. Since it has been suggested that functional brown adipose tissue represents a 
potent therapeutic target for obesity control, novel adiposity regulators (e.g. hedgehog 
signaling) will be developed as obesity drug targets in the near future. 

3.3. Agricultural applications 

Initially, it’s believed that systemic RNAi is a unique feature in worms, until this idea was 
tested in insect species other than Drosophila. The first systemic RNAi in insects was 
reported in the red flour beetle, Tribolium castaneum [63]. Injection of dsRNA for bristle-
forming gene, Tc-achaete-scute (Tc-ASH), resulted in bristle loss phenotype. Following this 
study, it was discovered that systemic RNAi via dsRNA injection works in many insect 
species, including mosquitoes [64], honey bees [65], aphids [66], termites [67], etc. Therefore 
RNAi became a useful tool in functional genomics studies in many non-model insect 
species, especially those economically important ones. 

In 2007, two breakthrough studies described the technology on pest control through feeding 
transgenic plant expressing dsRNA [68-69]. It is the first evident to show RNAi can be used 
as a potential pest control strategy for crop protection and feeding RNAi works in certain 
insect group just like worms. In these studies, initially a list of potential target genes were 
chosen and dsRNAs against target genes were synthesized in vitro and mixed with artificial 
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3.1.2. Identification of longevity genes 
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longevity regulation. To explore other potential longevity assurance genes/pathways, two 
systematic RNAi screens for longevity genes were independently conducted at almost the 
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gene screens from other species, a cross-species comparison of these large-scale screens may 
provide us a list of conserved genes/pathways in regulating longevity. 
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A number of genome-wide RNAi screens have led to the identification of novel modulators 
of human diseases. RNAi screens have become an effective tool to identify and validate 
drug targets and to enhance novel drug discovery. On the other hand, RNAi-based 
therapies have been developed to target viral infection, cancer, cardiovascular disease and 
neurodegenerative diseases using specific shRNAs, although we should always keep in 
mind that there are some drawbacks and concerns of this technology, such as off-target 
effects, activation of endogenous RNAi pathways, individual genetic variation.   

Traditional cancer drug discoveries still focus on a handful of known oncogenes. It remains 
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that are required for survival and proliferation of cancer cells. One of these studies 
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Combining RNAi screen and other genomic tools (e.g. SNP array, aCGH, and SAGE data 
analysis), a recent study identified IKBKE kinase as a breast cancer oncogene [39]. This 
discovery could lead to the development of pharmaceutical inhibitors that block activity of 
IKBKE kinase in breast cancer. 

Metabolic syndrome, such as obesity, can increase the risk of developing cardiovascular 
disease and diabetes. However, the underlying molecular mechanisms are far from clear. To 
understand how adiposity is regulated in Drosophila, an in vivo genome-wide RNAi screen 
was reported recently. In this study, transgenic RNAi lines corresponding to 10,489 distinct 
open reading frames were used in RNAi screen. Tissue-specific gene inactivation for 500 
candidates identified from the first screen was further tested. This study reveals hedgehog 
signaling as one of major adipocyte regulators [18]. To test whether hedgehog signaling 
plays any role in mammalian adipose tissue, mutant mice were generated to activate 
hedgehog in adipocytes. Activation of hedgehog in mice adipose tissues resulted in a 
dramatic loss of white fat compartments (but not brown) by directly blocking differentiation 
of white adipocytes. These results support the idea that white and brown adipocytes are 
derived from distinct precursor cells. Interestingly, glucose tolerance and insulin sensitivity 
remained normal in mutant mice. This suggests that modulating hedgehog signaling can 
reduce lipid accumulation in white adipose tissue, while maintain a fully functional brown 
adipose tissue. Since it has been suggested that functional brown adipose tissue represents a 
potent therapeutic target for obesity control, novel adiposity regulators (e.g. hedgehog 
signaling) will be developed as obesity drug targets in the near future. 

3.3. Agricultural applications 

Initially, it’s believed that systemic RNAi is a unique feature in worms, until this idea was 
tested in insect species other than Drosophila. The first systemic RNAi in insects was 
reported in the red flour beetle, Tribolium castaneum [63]. Injection of dsRNA for bristle-
forming gene, Tc-achaete-scute (Tc-ASH), resulted in bristle loss phenotype. Following this 
study, it was discovered that systemic RNAi via dsRNA injection works in many insect 
species, including mosquitoes [64], honey bees [65], aphids [66], termites [67], etc. Therefore 
RNAi became a useful tool in functional genomics studies in many non-model insect 
species, especially those economically important ones. 

In 2007, two breakthrough studies described the technology on pest control through feeding 
transgenic plant expressing dsRNA [68-69]. It is the first evident to show RNAi can be used 
as a potential pest control strategy for crop protection and feeding RNAi works in certain 
insect group just like worms. In these studies, initially a list of potential target genes were 
chosen and dsRNAs against target genes were synthesized in vitro and mixed with artificial 
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diet. RNAi for several target genes results in larval growth arrest and lethality. Next, 
transgenic plant was engineered to produce dsRNA against genes whose inactivation results 
in strong RNAi response. Such genes include V-type ATPase A in western corn rootworm 
and cytochrome P450 (CYP6AE14) in cotton bollworm. These results provide strong 
evidence to support the feasibility of using RNAi in pest control and crop protection. 
Recently, feeding RNAi was also demonstrated in termites [67]. Feeding on cellulose disks 
soaked with dsRNA against digestive cellulose enzyme and hexamerin storage protein 
caused reduction in termite fitness and increased mortality. This study opened a new way 
for termite control using feed RNAi technology combining with a bait system. Although 
developing RNAi-based pest control approach is still at early stage and it is not as effective 
as current crop protection technology (e.g. Bacillus thuringiensis (Bt) toxin), RNAi will 
provide an alternative strategy for the future pest management. 

3.4. A case study: Large-scale GPCR RNAi screen for novel pesticide target 
discovery 

The G protein-coupled receptors (GPCRs) belong to the largest superfamily of integral cell 
membrane proteins and play crucial roles in physiological processes including behavior, 
development and reproduction. About 1-2% of all genes in an insect genome code for 
GPCRs. Whole genome sequencing identified about 200 GPCRs in Drosophila and 276 
GPCRs in African malaria mosquito, Anopheles gambiae. Currently, there is not a commercial 
insecticide that targets GPCR. The red flour beetle, T. castaneum is one of the worldwide 
stored product pests. The genome of T. castaneum has been sequenced in 2008 [70], which 
offers great opportunities for the studies on functional genomics and the identification of 
targets for pest control. In one recent study [71], 111 non-sensory GPCRs were annotated 
from the beetle T. castaneum genome. To discover potential GPCRs as pesticide targets, a 
large-scale RNAi screen was performed by injecting dsRNA into developing larvae. The 
outline of this study is shown in Figure. 1. In this study, eight GPCRs were found involved 
in larval growth, molting and metamorphosis. The identified GPCRs may serve as potential 
insecticide targets for controlling T. castaneum and other related pest species. 

In this GPCR RNAi study [71], 111 annotated T. castaneum GPCRs were classified into four 
different families based on conserved domain prediction program: Class A, Rhodopsin-like 
receptor; Class B, Secretin receptor-like; Class C, Metabotropic glutamate receptor-like and 
Class D, Atypical GPCRs. In summary, there are 74 Rhodopsin-like GPCRs, 19 Secretin 
receptor-like GPCRs, 11 Metabotropic glutamate receptor-like GPCRs, and 7 Atypical 
GPCRs. Rhodopsin-like GPCR family contains 20 biogenic amine receptors, 42 peptide 
receptors, four glycoprotein hormone receptors and one purine receptors.  

A large-scale GPCR RNAi screen was then conducted by injecting dsRNA for 111 T. 
castaneum GPCRs into one-day-old final instar larvae. Mortality and development defects of 
dsRNA injected insects were recorded every 2-3 days until adult eclosion. This screen 
identified 12 GPCRs that effect growth and development. Among 12 GPCRs identified there 
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are biogenic amine receptor (TC007490/D2R), peptide receptors (TC013945/CcapR, 
TC012493/ETHR, TC004716 and TC006805), and protein hormone receptors 
(TC008163/bursicon receptor and TC009127/glycoprotein hormone-like receptor).  Silencing 
of genes coding for four GPCRs (TC012521/stan, TC009370/mthl and TC001872/Cirl) in Class 
B and two GPCRs (TC014055/fz and TC005545/smo) in Class D also caused severe mortality 
(Table. 3). DsRNA-mediated knockdown for eight GPCRs caused more than 90% mortality 
after dsRNA injection. Interestingly, RNAi for one of the GPCRs, dopamine-2 like receptor 
(TC007490), resulted in high lethality during early larval stage. In Drosophila, dopamine-2 
like receptor (D2R) is one of the genes highly expressed in head and brain 
(http://www.flyatlas.org/) and D2R RNAi flies with reduced D2R expression show 
significantly decreased locomotor activity (Draper et al. 2007). Since TC007490/D2R RNAi 
beetles died during the larval stage, TC007490/D2R might be playing a critical role in the 
growth and development of beetle larvae by modulating neuronal development and 
locomotor activity as reported in D. melanogaster. Collectively, the RNAi screen in T. 
castaneum has provided useful information and it has also been proven to be a nice model 
system for future pesticide screen. 
 

 
Figure 1. The outline of GPCR RNAi screen in T. castaneum 

Beside mortality, RNAi for eight GPCRs also resulted in severe developmental arrest and 
ecdysis failure, including recently characterized bursicon receptor [72]. Interestingly, the 
majority of insects injected with TC007490/D2R dsRNA was not able to molt to the pupal 
stage and died during the larval stage. Only, a few larvae injected with TC007490/D2R 
dsRNA were able to reach quiescent stage (a non-feeding prepupal stage, about 96 hr after 
ecdysis into final instar), suggesting that this gene may play an important role during larval 
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diet. RNAi for several target genes results in larval growth arrest and lethality. Next, 
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in strong RNAi response. Such genes include V-type ATPase A in western corn rootworm 
and cytochrome P450 (CYP6AE14) in cotton bollworm. These results provide strong 
evidence to support the feasibility of using RNAi in pest control and crop protection. 
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soaked with dsRNA against digestive cellulose enzyme and hexamerin storage protein 
caused reduction in termite fitness and increased mortality. This study opened a new way 
for termite control using feed RNAi technology combining with a bait system. Although 
developing RNAi-based pest control approach is still at early stage and it is not as effective 
as current crop protection technology (e.g. Bacillus thuringiensis (Bt) toxin), RNAi will 
provide an alternative strategy for the future pest management. 
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The G protein-coupled receptors (GPCRs) belong to the largest superfamily of integral cell 
membrane proteins and play crucial roles in physiological processes including behavior, 
development and reproduction. About 1-2% of all genes in an insect genome code for 
GPCRs. Whole genome sequencing identified about 200 GPCRs in Drosophila and 276 
GPCRs in African malaria mosquito, Anopheles gambiae. Currently, there is not a commercial 
insecticide that targets GPCR. The red flour beetle, T. castaneum is one of the worldwide 
stored product pests. The genome of T. castaneum has been sequenced in 2008 [70], which 
offers great opportunities for the studies on functional genomics and the identification of 
targets for pest control. In one recent study [71], 111 non-sensory GPCRs were annotated 
from the beetle T. castaneum genome. To discover potential GPCRs as pesticide targets, a 
large-scale RNAi screen was performed by injecting dsRNA into developing larvae. The 
outline of this study is shown in Figure. 1. In this study, eight GPCRs were found involved 
in larval growth, molting and metamorphosis. The identified GPCRs may serve as potential 
insecticide targets for controlling T. castaneum and other related pest species. 

In this GPCR RNAi study [71], 111 annotated T. castaneum GPCRs were classified into four 
different families based on conserved domain prediction program: Class A, Rhodopsin-like 
receptor; Class B, Secretin receptor-like; Class C, Metabotropic glutamate receptor-like and 
Class D, Atypical GPCRs. In summary, there are 74 Rhodopsin-like GPCRs, 19 Secretin 
receptor-like GPCRs, 11 Metabotropic glutamate receptor-like GPCRs, and 7 Atypical 
GPCRs. Rhodopsin-like GPCR family contains 20 biogenic amine receptors, 42 peptide 
receptors, four glycoprotein hormone receptors and one purine receptors.  

A large-scale GPCR RNAi screen was then conducted by injecting dsRNA for 111 T. 
castaneum GPCRs into one-day-old final instar larvae. Mortality and development defects of 
dsRNA injected insects were recorded every 2-3 days until adult eclosion. This screen 
identified 12 GPCRs that effect growth and development. Among 12 GPCRs identified there 
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growth and development rather than molting and metamorphosis. In contrast, most of the 
insects injected with TC001872/Cirl dsRNA entered the quiescent stage and died during this 
stage. About 40% of the insect injected TC001872/Cirl dsRNA were able to molt to the pupal 
stage and eventually died during the early pupal stage. The majority of insects injected with 
TC012521/stan dsRNA was not able to complete adult eclosion and died during pharate 
adult stage. Interestingly, TC014055/fz and TC009370/mthl RNAi caused an arrest in both 
larval-pupal and pupal-adult ecdysis, suggesting that they may play important roles in the 
regulation of ecdysis behavior. In contrast, insects injected with TC009370/mthl dsRNA 
were arrested at the late phase of larval-pupal and pupal-adult ecdysis. The majority of 
insects injected with TC005545/smo dsRNA died during the early pupal stages without 
showing any ecdysis defects. 

The GPCRs identified in this study [71] could be served as potential pesticide targets, which 
can be used in small molecule screen, or the development of RNAi-based pesticides. Among 
the identified GPCRs, many of them belong to classic GPCR families, e.g. biogenic amine 
receptors (TC007490 /D2R and TC011960/5-HTR) and neuropeptide receptors 
(TC009127/glycoprotein hormone-like receptor). These GPCRs, which are activated by small 
molecules, can be used as potential tar-gets for novel pesticide development. On the other 
hand, it may not be possible to apply small molecule ligands for pest management through 
targeting identified atypical GPCRs (e.g. TC014055 / fz and TC005545 / smo) whose ligands 
tend to be larger proteins.  However, it should be possible to develop a RNAi-based pest 
control strategy through ingestion of specific dsRNA targeting atypical GPCRs as well as 
classical GPCRs [73]. 
 

 First Screen Second Screen 

Class Official ID 
Larva 

Mortality 
Pupa 

Mortality 
 

Larva 
Mortality 

Pupa 
Mortality 

/ malE # 6.7% 0.0%  2.4% 2.4% 

Class A 
Rhodopsin-like 

TC007490 64.3% 35.7%  100.0% 0.0% 
TC008163 10.0% 90.0%  21.2% 75.8% 
TC009127 50.0% 16.7%  40.0% 0.0% 
TC006805 0.0% 62.5%  9.1% 54.5% 
TC013945 0.0% 100.0%  42.1% 52.6% 
TC012493 20.0% 60.0%  * * 
TC004716 0.0% 41.7%  38.9% 22.2% 

Class B 
Secretin receptor-

like 

TC001872 55.6% 44.4%  68.4% 31.6% 
TC009370 0.0% 90.0%  42.9% 57.1% 
TC012521 0.0% 90.0%  31.6% 68.4% 

Class D 
Atypical GPCRs 

TC014055 0.0% 100.0%  60.0% 40.0% 
TC005545 0.0% 92.3%  46.7% 53.3% 

# : E. coli malE gene is used as a negative control. 

Table 3. Summary of RNAi for 12 GPCRs in T. castaneum. Asterisk indicates that RNAi for TC012493 
was not carried out at the second screen.  
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4. Conclusion 

Genome-wide RNAi screen is a powerful technique for studying gene functions, 
deciphering complex phenotypes, and identifying novel drug targets. It opens up a whole 
new field that allows researchers to explore new modulators in classical signaling pathways, 
new mechanisms underlying basic biological functions, and new drug targets of human 
diseases. An increasing number of genome-wide RNAi screens have been successfully 
conducted for all kinds of novel discoveries. Although the off-target effects and other false 
discovery issues still remain, RNAi screen technique will be greatly improved as the 
development of new RNAi libraries and image detection instruments. Most importantly, as 
our understanding of RNAi pathway continues to grow, we will be able to design more 
specific and effective RNAi tools for genome-wide RNAi screen. There is no doubt that, 
through genome-wide RNAi screens, we will gain more insights into complex signaling 
networks and molecular mechanism of diseases in the near future, which will eventually 
lead to the discovery of novel therapeutic drug and crop protection reagents.  
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were arrested at the late phase of larval-pupal and pupal-adult ecdysis. The majority of 
insects injected with TC005545/smo dsRNA died during the early pupal stages without 
showing any ecdysis defects. 

The GPCRs identified in this study [71] could be served as potential pesticide targets, which 
can be used in small molecule screen, or the development of RNAi-based pesticides. Among 
the identified GPCRs, many of them belong to classic GPCR families, e.g. biogenic amine 
receptors (TC007490 /D2R and TC011960/5-HTR) and neuropeptide receptors 
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molecules, can be used as potential tar-gets for novel pesticide development. On the other 
hand, it may not be possible to apply small molecule ligands for pest management through 
targeting identified atypical GPCRs (e.g. TC014055 / fz and TC005545 / smo) whose ligands 
tend to be larger proteins.  However, it should be possible to develop a RNAi-based pest 
control strategy through ingestion of specific dsRNA targeting atypical GPCRs as well as 
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4. Conclusion 

Genome-wide RNAi screen is a powerful technique for studying gene functions, 
deciphering complex phenotypes, and identifying novel drug targets. It opens up a whole 
new field that allows researchers to explore new modulators in classical signaling pathways, 
new mechanisms underlying basic biological functions, and new drug targets of human 
diseases. An increasing number of genome-wide RNAi screens have been successfully 
conducted for all kinds of novel discoveries. Although the off-target effects and other false 
discovery issues still remain, RNAi screen technique will be greatly improved as the 
development of new RNAi libraries and image detection instruments. Most importantly, as 
our understanding of RNAi pathway continues to grow, we will be able to design more 
specific and effective RNAi tools for genome-wide RNAi screen. There is no doubt that, 
through genome-wide RNAi screens, we will gain more insights into complex signaling 
networks and molecular mechanism of diseases in the near future, which will eventually 
lead to the discovery of novel therapeutic drug and crop protection reagents.  
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1. Introduction 

RNA mediated silencing technology has now become the tool of choice for induction of 
virus resistance in plants. A significant feature of this technology is the presence of double-
stranded RNA (dsRNA), which is not only the product of RNA silencing but also the potent 
triggers of RNA interference (RNAi). Upon RNAi induction, these dsRNAs are diced into 
short RNA fragments termed as small interfering RNAs (siRNAs), which are hallmarks of 
RNAi. Considerable resistance in transgenic plants against viruses can be created by 
exploiting the phenomenon of RNAi. In the current chapter, generation of potato virus Y 
(PVY) resistant potato and sugarcane mosaic virus (SCMV) resistant sugarcane by CEMB has 
been quoted as an example. 

We are in the dawn of a new age in functional genomics driven by RNAi methods. RNA 
interference (RNAi) refers to a post-transcriptional process triggered by the introduction of 
double-stranded RNA (dsRNA) which leads to gene silencing in a sequence-specific 
manner. It is one of the most exciting discoveries of the past decade in functional genomics 
and is rapidly becoming an important method for analyzing gene functions in eukaryotes 
and holds promise for the development of therapeutic gene silencing and which is therefore 
currently the most widely used gene-silencing technique in functional genomics. 

2. Need for resistance 

Agriculture sector of any country strengthen the economy by contributing in its gross 
domestic product (GDP). In Pakistan, the major agricultural crops include cotton, wheat, 
rice, sugarcane, potato and tomato etc. All of the above mentioned crops has great potential 
for yield and contribute 24 % in gross domestic product (GDP) of Pakistan economy [1]. 
There is a major gap in the actual yield potential of each crop with respect to its harvested 
yield, possible reasons include disease attack, environmental damages and in some cases 
lack of quality seed. Disease attack as being the most common cause include infections by 
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pathogens like viruses, bacteria and insects etc. Viruses can cause most devastating effects 
due to their systemic infections and hence decrease crop productivity in primary infection 
and reduce seed quality for subsequent use through persistent infection. Viral epidemics are 
often associated with the emergence of a new form of the viral strain or a new form of 
vector.  

Viruses are a major threat to agriculture all over the world. Up till now, more than 1200 
plant viruses have been reported which include 250 of those viruses that cause signicant 
losses in crop yield [2]. In nature, viral particles exist as obligate parasites which consist of 
hereditary material packed in a thick layered coat and completely depend on host cell 
throughout their life cycle. Viruses utilizes host resources like nucleic acid, amino acids and 
certain proteins for their replication and survival, thus disturbing host plant metabolism to a 
considerable extent. Most of the infecting plant viruses are ssRNA viruses like sugarcane 
mosaic virus, potato virus Y etc. In an infected plant, virus accumulation goes higher with 
increased progeny rate through its replication. The spread of the virus in a plant is achieved 
through its movement from infected cell to healthy one via plasmodesmata while long 
distance movement occurs through phloem. Entry of virus in plant usually occurs through 
physical injury like wound etc or via certain viral vectors like aphid, fly etc. 

Cotton (Gossypium hirsutum) as being commonly known as ‘white gold’ is an important 
cash crop in many developing countries including Pakistan. It is a natural fibre and has 
many uses in industries. It accounts for 8.2 percent of the value added in agriculture and 
about 2 percent to GDP of Pakistan.  The yield of the crop is severely affected by the viruses 
including geminiviruses (leaf crumple and leaf curl) and tobacco streak virus etc. These 
viruses can cause severe losses when infections occur on young plants; some infect cotton 
yield while others affect lint quality as well [3].  

Potato (Solanum tuberosum) is the world's major food crop and is one of the leading 
vegetables. Viruses are a serious problem, not only because of effects caused by primary 
infection, but also because the crop is vegetatively propagated and the viruses are 
transmitted through the tubers to subsequent generations. Potato virus Y (PVY) is 
probably the most damaging and widespread virus of potato and is found wherever 
potato crops are grown, where losses are reported upto 10 to 90% [4]. PVY is transmitted 
through aphids. 

Sugarcane (Saccharum spp. hybrid) is among the top 10 food crops of the world, and yearly 
provides 60% to 70% of the sugar produced around the world [5]. Yield harvested by the 
farmers of Pakistan is very low whose main cause is mosaic disease of sugarcane which 
continues to be a potential threat to the sugarcane production. It is a very common disease 
in all the major sugarcane growing regions, because of the perpetuation of the disease virus 
through vegetative propagules. Sugarcane mosaic virus (SCMV) is reported to infect 
sugarcane naturally and can cause severe losses to the farmers and lesser production to the 
industry [6,7]. Aphids are the vector for transmission of the disease. Seed produced by 
infected cane can also transmit the disease. 
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Tomato (Lycopersicum  esculentum) ranks among the most widely grown vegetables all over 
the world. In general, viral diseases are not a routine problem in most tomato plantings but 
incidence of some viruses including tomato spotted wilt virus, tomato leaf rolling, tobacco 
mosaic virus and single and double virus streak viruses has devastating impact on crop 
yield with losses of upto 100% have also been reported [8]. Tobacco mosaic virus is one of 
the most stable viruses known because it is able to survive in dried plant debris as long as 
100 years. 

Various control measures have been taken to overcome losses caused by plant viruses which 
are expensive and also inadequate.  Biotechnologists have developed and adopted several 
strategies for virus resistance in crop plants. These include cross protection, pathogen 
derived resistance and more recently RNA interference. Therefore, the development of virus 
resistant varieties seems the only economically feasible way to control viruses [9]. Today, 
use of resistant varieties has been advocated as the most promising and least expensive 
method of viral disease suppression. With the appealing results of RNAi in silencing target 
genes of attacking virus, RNAi seems to have potential for creating virus resistant crops. 

A plant is said to be resistant if it has the ability to suppress viral disease symptoms by 
inhibiting its replication or by blocking the virus expression. Resistance mechanism in plants 
may be either protein mediated or RNA mediated, however final outcome of both is 
reduced accumulation of virus in the host plant. Acquired resistance could be either high 
almost reaching immunity with no disease symptoms or moderate to low where mild 
symptoms of particular viral disease can be seen. In contrast, when a viral infected plant 
shows normal growth rate with a good yield along with milder symptoms of disease, it is 
said to be a tolerant plants. In this case, the host plant supports multiplication of virus rather 
than blocking its replication [10,11]. 

3. History of virus resistance in transgenic plants 

When a plant encounters virus, it reacts naturally through hypersensitive response (HR) and 
extreme resistance response (ER) which induces the production of secondary metabolites 
termed as response elements in plants. These response elements include elevated levels of 
ethylene, jasmonic acid, salicylic acid, nitric oxide and increased rate of ion flux, in 
combination these factors block the virus entry and /or helps eliminate the virus (figure 1).  

The acquired virus resistance mechanisms in plants are of two types: a) gene silencing 
independent virus resistance and b) gene silencing dependable virus resistance via Post 
Transcriptional Gene Silencing (PTGS). The first includes coat protein-mediated, movement 
protein-mediated and replicase protein-mediated resistance, while second includes 
pathogen-derived resistance, antisense RNA mediated resistance and RNA-mediated 
resistance. PTGS is an evolutionary conserved mechanism in plants against potential harms 
by viruses and transposons. In this process, a plant defends itself by exploiting the 
requirement of plant RNA viruses to replicate using a double-stranded, replicative 
intermediate (dsRNA).  The double-stranded RNA produced is cleaved into approximately 
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21 nucleotide fragments by the Dicer enzyme [12]. Evidence suggest that transgene loci and 
RNA viruses can generate double-stranded RNAs which are similar in sequence to the 
transcribed region of target genes, which further undergo endonucleolytic cleavage to 
generate small interfering RNAs (siRNA) that promote degradation of cognate RNAs.  

 
Figure 1. Natural response of plants against viral attack, where production of secondary metabolites 
cause extreme or moderate resistance. 

The first approach made by plant agronomists was the inoculation of susceptible plant with 
a milder strain of the target virus. This technique was named as cross protection and was 
employed on crops like tomato, papaya and citrus [13-15]. Scientists were met with success 
as considerable resistance was achieved in transgenic plants through employment of this 
approach but the success was accompanied with a major drawback that the milder strain of 
the virus providing protection to one crop may cause serious diseases on varieties growing 
nearby.  

To compensate the drawback of cross protection, pathogen derived resistance (PDR) based 
strategies were employed. These are based on the insertion of resistant genes that are 
derived from the pathogen (virus) into the host plant. Resistance was achieved by 
expressing viral genes in plants including coat protein, movement protein and replicase 
protein gene, each of them targets at a step crucial to virus replication. Coat protein gene is 
responsible for viral uncoating and is involved in virus replication [16], movement protein is 
crucial for cell to cell movement of the infecting virus [17] whereas the Rep protein  is 
involved in virus replication and its genome integrity [18,19]. Resistance was either due to 
protein accumulation (coat protein mediated resistance, movement protein mediated 
resistance and replicase protein mediated resistance) or because of accumulation of small 
RNA sequences (replicase mediated resistance).  

Uptill now, scientists have made considerable successful attempts to generate virus resistant 
transgenic plants by employing PDR concept [20, 21]. For example, virus-resistant potato 
varieties having PVY coat protein (CP) or P1 gene sequences has been reported in numerous 
studies [22-27]. Biotechnologists employed various genes of PVY and have met with mixed 
success in engineering PVY resistant transgenic potato plants [22,28-30,24,31,25,32]. In 
another study, the presence of the movement protein (pr17 protein) was reported to create 
resistance in transgenic plants against luteovirus Potato leaf roll virus [33]. 
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Although pathogen derived resistance strategies hold promise for upto 90% resistance 
against target virus and are being employed still to date but some remarkable and potential 
threats are also associated with the use of this technology. The major one includes; the 
expression of a gene fragment derived from virus in transgenic plant confers resistance to 
particular virus but at the same time also raises environmental safety concerns regarding the 
constitutive expression of viral genes. It is supposed that infecting virus can interact with 
expression product in transgenic plants and can potentially modify the biological properties of 
the existing virus, ultimately leading to creation of new virus species which have novel 
pathogenic properties, host range and altered transmission specificity. In the initial 
experiments, the virus resistance was based on protein expression but resistance was neither 
so stable nor effective as compared to the resistance achieved through RNAi.  

Among pathogen derived resistance strategies, antisense RNA complementary to part of 
the viral genome proves to have potential utility for protecting plants from systemic virus 
infection [34]. Antisense RNAs refer to small untranslatable RNA molecules that pair with a 
target RNA sequence on homology basis and thereby exert a negative control on interaction 
of target RNA with other nucleic acids or protein factors.  Further, RNase H cause an 
increase in rate of degradation of double stranded RNA [35]. Antisense RNA technology 
was quickly adopted by plant researchers because other approaches like homologous 
recombination and gene-tagging mutagenesis used were based on reverse genetics and also 
these were not applicable in plants nor these were well developed. This background makes 
antisense RNA-mediated suppression more powerful tool for transgenic research and also 
for the development of commercial products [36]. 

 
Figure 2. Major milestones in virus resistance strategies drawn to scale, starting form cross protection to 
RNA-mediated gene suppression. 

4. RNA silencing 

The development of the concept of pathogen derived resistance gave rise to strategies 
ranging from coat protein based interference of virus propagation to RNA mediated virus 
gene silencing. Virus resistance is achieved usually through the antiviral pathways of RNA 
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silencing, a natural defense mechanism of plants against viruses. The experimental 
approach consists of isolating a segment of the viral genome itself and transferring it into 
the genome of a susceptible plant. Integrating a viral gene fragment into a host genome does 
not cause disease (the entire viral genome is needed to cause disease). Instead, the plant’s 
natural antiviral mechanism that acts against a virus by degrading its genetic material in a 
nucleotide sequence specific manner via a cascade of events involving numerous proteins, 
including ribonucleases (enzymes that cleave RNA) is activated. This targeted degradation 
of the genome of an invader virus protects plants from virus infection.  

a. Transcriptional Gene Silencing (TGS) 

In plants, silencing is of two types: transcriptional and post transcriptional gene silencing.  
In both types, the inactivated genes are in trans position as homologous genes upon 
interaction reside on opposite chromosomes. TGS and PTGS differ from each other with 
respect to the underlying mechanism they exhibit. TGS requires sequence homology 
between promoters as compared to PTGS which require homology between coding region 
of the interacting genes. In TGS, an inactive allele residing on one chromosome can render 
another allele silenced. The mechanism behind transcriptional gene silencing is suggested to 
be DNA-DNA interaction which is thought to play an important role [37,38]. In other 
studies, it was proposed that RNA molecules interact with DNA and subsequently induce 
DNA methylation which then leads to gene silening [39-42], however it is not clear whether 
methylation of DNA alone is sufficient for silencing or not. It is proposed that DNA 
methylation in promoter region has a strong negative effect on interaction of certain 
transcription factors with promoter. Possible mechanism of TGS is depicted in figure 3. 

b. Post Transcriptional Gene Silencing (PTGS) 

‘RNA interference’ is a conserved mechanism of post transcriptional gene silencing (PTGS). 
It has rapidly gained favor as a “reverse genetics” tool to knock down the expression of 
targeted genes in plants. The term RNAi was coined in 1998 by Fire and Mello to describe a 
gene-silencing phenomenon based on double-stranded RNA [43]. PTGS mechanism controls 
processes including development, the maintenance of genome stability and defense against 
molecular parasites (transposons and viruses). Several reports pointed out that PTGS in 
plants is strictly linked to RNA virus resistance mechanism [44-46]. 

5. Mechanism of RNAi/PTGS 

RNAi (RNA interference) is a natural defense pathway evolved in plants against viruses and 
potential transposons. It is a cellular pathway in which target sequences are degraded on 
homology basis at mRNA level by small RNAs, thereby preventing the translation of target 
RNAs. In plants, two functionally different RNAs; microRNA (miRNA) and small 
interfering RNA (siRNA), have been characterized. The miRNAs are small 21-26nt long 
dsRNAs that are genome coded and are endogenous to every cell. Structurally, they 
comprised of a stem region which is double stranded and a loop region which is single 
stranded. The miRNAs generated from endogenous hpRNA precursors and are basically 
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involved in the regulation of development [47]. On the other hand, siRNAs are generated 
from long dsRNA and are involved in defense through RNA interference [48, 49]. 

 
Figure 3. Mechanism of transcriptional gene silencing, active in chromatin modification. 

RNAi is an immune system in plants which is directed against viruses [50]. Upon viral 
attack, long dsRNAs are produced from the replication intermediates of viral RNAs that act 
as substrate for an endonuclease termed Dicer which is located in the cytosol [51].  Dicer 
recognizes these dsRNAs and cleave them into duplex siRNA (21-25 nt) [52]. The siRNA 
duplex comprised of two strands; strand complementary to target mRNA is guide strand 
and other is passenger strand. The guide strand of short siRNA duplex is incorporated into 
the RNA-induced silencing complex (RISC) and then siRNA programmed RISC degrade 
viral RNA. As the RISC complex encounters a foreign mRNA which could be of virus origin, 
it has two consequences. 1) If the homology of guide strand and target mRNA is 100%, then 
perfect complement form between them resulting in mRNA cleavage and subsequent 
degradation or 2) in case of imperfect complement, where few mismatches exist between 
guide strand of RISC and target mRNA, translation of target mRNA is inhibited (figure 4). 

Same mechanism operates in microRNA triggered gene silencing. miRNAs processed from 
stem loop precursors (shRNA and/or hpRNA) and requires Dicer activity [53] followed by 
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involved in the regulation of development [47]. On the other hand, siRNAs are generated 
from long dsRNA and are involved in defense through RNA interference [48, 49]. 
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RNAi is an immune system in plants which is directed against viruses [50]. Upon viral 
attack, long dsRNAs are produced from the replication intermediates of viral RNAs that act 
as substrate for an endonuclease termed Dicer which is located in the cytosol [51].  Dicer 
recognizes these dsRNAs and cleave them into duplex siRNA (21-25 nt) [52]. The siRNA 
duplex comprised of two strands; strand complementary to target mRNA is guide strand 
and other is passenger strand. The guide strand of short siRNA duplex is incorporated into 
the RNA-induced silencing complex (RISC) and then siRNA programmed RISC degrade 
viral RNA. As the RISC complex encounters a foreign mRNA which could be of virus origin, 
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RISC assembly and subsequent degradation of homologous RNA in a sequence specific 
manner. 

 
Figure 4. Model for RNA silencing, an ordered biochemical pathway which is triggered by dsRNA of 
viral origin. The source of dsRNA is either the synthetic siRNA or pre-microRNA. Genome encoded pri-
miRNAs are processed by Drosha (an RnaseIII enzyme) into pre-miRNAs which are exported in the 
cytosol. dsRNA (siRNA or miRNA) subsequently joins Dicer, Ago and some other accessory proteins 
located in the cytosol forming RISC (RNA induced Silencing Complex).  The degree of complementarity 
between the RNA silencing molecule and its cognate target determines the fate of the mRNA: blocked 
translation or mRNA cleavage/ degradation. 

RISC is a combination of Dicer (an endonuclease enzyme), some accessory proteins namely 
argonaute (ago1, 4, 6, 9; catalytic endonucleases) and RNA binding proteins (RBP), and 
some trans-acting RNA-binding proteins (TRBP) [54,55].  

Stability of RNAi induced silencing is based on enzymatic methylation of siRNA. This 
reaction is catalyzed by the enzyme methyltransferase (HEN1) which methylates the siRNA 
at 3’ end, hereby preventing it from oligouridylation and subsequent degradation [56].  

6. Systemic spread of RNAi 
When RNAi is induced at one site in an organism including plant, a mobile signal is 
generated which spread cell to cell and systemically throughout the organism [57-
59,43,60,61] and make RNAi response obvious in distant tissues of the plant. This silencing 
signal moves inside plant either through the intercellular spaces called plasmodesmata or 
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through the phloem as shown in figure 5 [59,60]. Presence of a mobile signal has been 
proposed to be an integral part in systemic spread of silencing. The first evidence of the 
presence of a mobile silencing signal came from the study of Agro infiltration assay or 
particle bombardment in development of transgenic tobacco plants [59,60,62]. Subsequently, 
in silenced tissues of Agro-infiltrated plants, T-DNA or Agrobacterium was detected which 
suggests that mobile signal is responsible for propagation of silencing from one tissue to 
another [59] and this signal can also cross graft junction [59,60,62]. Candidates proposed to 
be responsible for mobile silencing signal involve siRNAs, Aberrant RNAs and dsRNA [63].  

 
Figure 5. Mobile silencing signal passes from infected cell to healthy cell upon RNAi induction. Candidate 
of RNA silencing could siRNA, aRNA or dsRNA and travel through plasmodesmata and/or phloem. 

Conclusively, transgenic approach mediated by RNAi pre-programmed an existing antiviral 
defense in plants [21,64-66].  Plant viruses are the strong inducers of RNAi as well as a 
target. The simplicity and specificity of RNAi has made RNAi a routine tool for the 
generation of virus resistant crops.  

7. Effective RNAi inducers 

In general, gene silencing has proven fruitful with both sense- and antisense transgenes in 
plant cells [67,68]. An RNA molecule that contains a fragment of a sense strand, an antisense 
strand and a short loop sequence between the fragment making a tight hairpin turn is 
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RISC assembly and subsequent degradation of homologous RNA in a sequence specific 
manner. 
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strand and a short loop sequence between the fragment making a tight hairpin turn is 
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termed as short hairpin RNA (shRNA) which has the ability to suppress the expression of 
desired genes via RNA interference [69]. Silencing can be more efficiently achieved by 
utilizing shRNA cassettes [70-72] which usually include a specific plant promoter and 
terminator sequences to control the expression of inversely repeated sequences of the dsRNA. 
Upon subsequent delivery of shRNA cassette in the plant cells, dsRNA molecules comprised 
of a loop (single-stranded) and a stem region (double-stranded) are formed. Further, stem 
region is used by Dicer as a substrate and trigger RNAi mechanism [72-74]. RNA silencing 
mediated by the use of shRNA cassette enforces stable and heritable gene silencing [67] as it 
utilizes the specific promoter to ensure that the shRNA is always expressed. Another reason 
which justify that the silencing efficiency can be more powerful when using shRNA cassette is 
due to the fact that dsRNA are being fed into a later step in the silencing pathway where they 
act as a substrate for Dicer (RNaseIII like enzyme) and therefore bypasses the step in which 
dsRNAs need plant encoded RdRps for their production [75]. 

Practically in development of virus resistant transgenic plants, specific hairpinRNA 
expression constructs have been designed for transformation. In this strategy, small dsRNAs 
which are hallmark of PTGS, are produced from the transformed construct and ultimately 
induce silencing. Scientists have used hpRNA construct for silencing of viral gene in potato 
and obtained efficient silencing results accompanied with production of siRNA [76]. Similarly, 
some others have compared various constructs in terms of their silencing potential and 
confirmed that most efficient and strong silencing in tobacco can be achieved through the 
expression of an intron containing construct, which trigger PTGS [77]. However, in another 
study where PVY resistant potato plants were obtained through CP gene expression, evidence 
for existence of both protein and RNA mediated mechanisms was verified [27]. 

While considering the appealing outcome of RNAi in development of virus resistant 
transgenic plants as reviewed in this article and the use of hairpin RNA for strong silencing, 
production of transgenic potato resistant against potato virus Y and sugarcane plants 
resistant against sugarcane mosaic virus developed by [69] at Centre of Excellence in 
Molecular Biology (CEMB), University of the Punjab has been quoted as an example in 
following chapter. 

8. Development of PVY and SCMV resistant transgenic plants 

Tabassum et al. [79] have developed PVY and SCMV resistant potato and sugarcane plants 
respectively through siRNA technology by targeting capsid protein gene of respective virus. 
In the study, the respective plant was equipped with shRNA cassette that reacts 
continuously against invading virus specifically, thus resulting in degradation of viral 
mRNA in a sequence-specific manner. Specialty of this shRNA cassette is that it contained 
screened siRNA (the one most efficient in in-vitro experiments) out of bulk. The 22nt long 
siRNA was used as core sequence in shRNA cassette while loop sequence and flanking 
sequences were taken from highly active regulatory microRNA of respective host plant.  

Initially, for screening of siRNA out of bulk, a strategy based on transient transfection assay 
was optimized in mammalian cell line (CHO). mRNA knockdown efficiency of capsid 
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protein gene of target virus was analyzed by real-time PCR. In case of PVY capsid gene, one 
specific siRNA out of a total six was found to be the most effective for knockdown of 
respective mRNA in transfected CHO cells by up to 80-90%. Data obtained showed that all 
six siRNAs used reduced the mRNA expression of target gene to some extent but only 
siRNA1 significantly reduced CP-PVY mRNA expression by up to 12.25 fold and, as is 
clearly shown in figure 6, expression was almost diminished or very faint in cells transfected 
with siRNA1 as compared to the control where scrambled siRNA was transfected. The 
remaining siRNA knockdown values were: siRNA 2  -  7x decrease ; siRNA 3  -  8x decrease; 
siRNA 4  -  10.8 x decrease; siRNA 5  -  9x decrease  and siRNA 6 - 10x decrease. These 
values were based on Ct values obtained from real-time PCR studies [78].  

 
Figure 6. Relative measure of the knockdown of mRNA expression of CP-PVY gene in transient 
transfection assays. Knockdown values are based on relative Ct values obtained in realtime PCR assay; 
GAPDH was used as internal control to normalize the results. 

Similar findings were met when knockdown in mRNA expression of CP-SCMV was studied 
in-vitro through transient transfection assays. As clear from figure 7, siRNA1 reduced the 
mRNA expression of target gene by upto 96%, while inhibition by siRNA2 was 46%, 
siRNA3 and siRNA4 inhibited target gene mRNA expression upto 50% and 77% 
respectively (figure 7). 

Subsequently, the screened siRNA for both viruses was used in shRNA cassette which is 
thought to synthesize target specific siRNAs that continuously guard the plant against 
respective viral attack. shRNA cassette cloned in pCAMBIA1301 vector and transformed in 
potato and sugarcane through Agrobacterium- and particle bombardment method 
respectively. Results were compared with control non-transgenic plants. Figure 8 and 9 
depicts the results, clearly indicating that in transgenic potato having shRNA1 cassette 
integrated in them, mRNA knockdown was upto 96% whereas in transgenic potato plants 
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having shRNA4 cassette in them, PVY knockdown was upto 57% as compared to control 
where PVY infection was maximum.  

 
Figure 7. Relative measure of the knockdown of mRNA expression of CP-SCMV gene in transient 
transfection assays.  

Similarly, in transgenic sugarcane plants, shRNA1 reduced the mRNA expression of SCMV 
to lesser extent with 30% reduction only while shRNA4 caused maximum knockdown of 
95% as compared to the control non-transgenic sugarcane plant.  

 
Figure 8. Percentage inhibition in mRNA expression of PVY rendered by integrated shRNA1 and 
shRNA4 cassette in potato plants. Transgenic plants were subjected to bioassay by PVY inoculation and 
RT-PCR was performed 30 days post PVY inoculation. 

In conclusion, we have developed transgenic potato and sugarcane plants that were highly 
resistant against PVY and SCMV infection respectively. This resistance was because of the 
shRNA cassette integrated in them that is targeted against capsid protein gene of each virus. 
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These shRNAs are supposed to create long-term targeted gene inhibition in cells and whole 
plant. Our shRNA construct designing was based on the hypothesis that if we express 
potentially effective screened siRNA in hairpin form which is further combined with the 
power of most active regulatory microRNA in respective plant, the level of resistance will be 
far more effective. Applying this theme, we were able to obtain transgenic potato and 
sugarcane plants where resistance level against targeted virus was upto immunity. 

 
Figure 9. Percentage inhibition in mRNA expression of SCMV rendered by integrated shRNA1 and 
shRNA4 cassette in sugarcane plants. Transgenic plants were subjected to bioassay by SCMV infection 
and RT-PCR was performed 30 days post inoculation. 

One important aspect of this strategy in engineering PVY-resistant plants is the fact that the 
integrated shRNA sequence is not of viral origin nor it is translated into a protein. 
Moreover, the actual RNA transcript is almost undetectable because it gets cleaved quickly 
in small fragments through RNAi pathway. These two features limit the environmental risks 
of this strategy, such as trans-encapsidation or recombination of the transgene with an 
incoming virus.  
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RNA); ssRNA (single stranded RNA); dsRNA (double stranded RNA); RdRp (RNA 
dependent RNA polymerase); hpRNA (hairpin RNA). 
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1. Introduction 

Legume functional genomics has moved many steps forward in the last two decades thanks 
to the improvement of genomics technologies and to the efforts of the research community. 
Tools for functional genomics studies are now available in Lotus japonicus, Medicago 
truncatula and soybean. In this chapter we focus on M.truncatula, as a model species for 
forage legumes, on the main achievements obtained due to the reported resources and on 
the future perspectives for the study of gene function in this species. 

2. Why do we need a functional genomics tool for forage legumes? 

Legumes are widely grown for grain and forage production, their world economic importance 
being second only to grasses. Legume species are unique among cultivated plants for their 
ability to carry out endosymbiotic nitrogen fixation with rhizobial bacteria, a process that takes 
place in a specialized structure known as nodule. Moreover legumes are able to establish other 
types of interactions such as arbuscular mycorrhyzal symbiosis with several fungi. For these 
outstanding biological properties legumes are considered among the most promising species 
for improving the sustainability of agricultural systems. In fact for farming system to remain 
productive and to be environmentally and economically sustainable on the long term it is 
necessary to replenish the reserves of nutrients which are removed or lost from the soil. 
Nodulating legumes have the potential to provide all nitrogen required for their growth and in 
this way to influence its balance in the soil and thus its availability for subsequent crops. In 
addition by reducing the inputs of fertilizers, legumes reduce the risk of nitrogen 
contamination of water resources. Furthermore, probably due to the wealth of interactions 
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that, as the recent advances in the knowledge of their nutraceutical properties are proving, can 
be considered of great importance for livestock welfare and for the quality of their products.  

Two legume species, Medicago truncatula and Lotus japonicus, are being used as model to 
study legume genetics and genomics. Medicago truncatula is closely related to alfalfa, the 
most important forage legume in the world. It has a small, diploid genome, it is self fertile 
and amenable to genetic transformation. In the present review we summarize the state of 
the art of M. truncatula genomics with particular emphasis on the available resources for 
functional genomics studies such as mutant collections.  

3. Medicago truncatula genome sequencing 

Functional genomics is greatly aided by knowledge on genome sequence and transcriptome 
of the target species. A concerted effort was carried out in M. truncatula which made genome 
data available to the community. 

Legumes are the plant family with the greatest amount of genomic data available. Three 
legume species, Medicago truncatula, Lotus japonicus, and Glycine max, have been sequenced 
(1). The assembly of Medicago truncatula genome is close to completion (2).  

M. truncatula sequencing was initially carried out on Bacterial Artificial Chromosome (BAC) 
libraries following a BAC-by-BAC approach focused on gene-rich BACs. To date the 
available sequence data consist of three main batches: i) 246Mb of non redundant sequences 
that could be organized in large scaffolds separated by gaps and anchored to the eight 
M.truncatula physical chromosomes, ii) 17.3Mb of unanchored scaffolds and iii) 104.2Mb of 
additional unique sequence obtained by next generation sequencing (NGS) with Illumina 
sequencing. In total, 367.5Mb of M.truncatula genome representing 73,5% of the ~500Mb of 
the predicted genome size and about 94% of the expressed genes is available.  

Taken together BAC sequences and non-redundant Illumina assemblies contain 62,388 gene 
loci with 14,322 gene prediction annotated as transposons. The average M. truncatula gene is 
2,211 bp in length, contains 4.0 exons and has a coding sequence of 1,001 bp. Genome 
analysis and comparisons to other sequenced genomes allowed the identification of a 58-
Myr-ago whole genome duplication (WGD) that has been associated with the evolution of 
rhizobial nodulation in M. truncatula and its relatives. Some nodulation-specific signalling 
components might have evolved through duplication and neo-functionalization from more 
ancient genes involved in host-mycorrhyzal signalling (2).  

Another interesting feature is the presence of many amplified and somehow specialized 
gene families like nine leghaemoglobines, 563 Nodule Cystein-Rich Peptides (NCRs), 764 
nucleotide-binding site and leucine-rich repeat (NBS-LRR) genes, genes in the flavonoid 
pathway such as chalcone synthases (CHS), chalcone reductases, chalcone isomerases. Many 
gene duplications occurred with the creation of large gene clusters (2). 

The availability of a first draft of the Medicago truncatula genome sequence has promoted 
several initiatives aimed at identifying molecular markers suitable for both evolutionary and 
genetic mapping studies.  
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384 inbred lines of M.truncatula with a 5x coverage and a subset of 30 with deep coverage 
(20x) will be resequenced through an Illumina-Solexa sequencing pipeline by the Medicago 
HapMap Project. In the first report on the analysis of sequence data from 26 M.truncatula 
accessions with ~15x average genome coverage, 3,063,923 mapped single nucleotide 
polymorphisms (SNPs) were described and first estimates of nucleotide diversity (θw 
=0.0063 and θπ =0.0043 bp−1), population scaled recombination rate and rate of decay of 
linkage disequilibrium have been published (3). More recently the same material was used 
to estimate population recombination rates at 1 kb scale and very interestingly in the three 
chromosomes analysed recombination was higher near centromeric regions in stark contrast 
to what observed in every non-plant system and in the majority of plants that show a 
negative gradient of recombination from telomeric to centromeric regions (4).  

In parallel, plant phenotyping is ongoing in greenhouse experiments for the Medicago lines. 
The combination of genetic and phenotypic data will be organized in a platform for 
genome-wide association mapping (GWAS) studies.  

4. Functional genomics in Medicago truncatula 

The discovery of gene function in model species is accomplished by exploiting resources 
such as mutant collections, using the ability to implement plant genetic transformation and 
analyzing gene transcription. In M. truncatula all the three approaches can be performed.  

Several strategies were pursued in M. truncatula to produce mutant collections (Tab. 1) and 
they will be analysed in the following section.  
 

Reference Mutagenesis 
technique 

Background Notes

(5) EMS Jemalong 
population 2828 

1,500 seeds treated for 24h with 0.2%EMS. 
400 M1 plants obtained. 250,000 M2 seeds 
harvested as a single batch. 

(6) γ-ray Jemalong line J5 462 M1 plants, screened as M2 families.  
(7) Ethyl-

nitrosourea 
  

(8) EMS Jemalong A17 3-7,000 M1 plants in 10-20 lots. M2 seeds 
bulked from each lot. 

(9) T-DNA R108-1 (c3) Test populations with 3 different T-DNAs  
(10) Tnt1 R108-1 (c3) First test population with Tnt1 (~200 R0 

plants)  
(11) FNB Jemalong A17 80.000 M1, 460.000 M2 

http://bioinfo4.noble.org/mutant/ 
(12;13) Tnt1 R108-1 (c3) 7,000 Tnt1 mutants, presently extended to 

19,000 as reported in 
http://bioinfo4.noble.org/mutant/ 
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Reference Mutagenesis 
technique 

Background Notes

(14) Tnt1 R108-1 (c3) ~1000 R0
(14) EMS Jemalong 2HA 2500 M2 plants 
(14) Activation 

tagging 
R108-1 (c3) ~100 mutant lines

(15) EMS Medicago 
littoralis ‘Angel’

Development of new annual medics varieties 
(i.e. resistant to herbicides)

(16) Tnt1 Jemalong 2HA Mutants produced in the frame of the 
european Grain Legumes Integrated Project 
(GLIP). The total number of mutants 
produced by 10 labs all around Europe 
should be several thousands (~6000). 2000 of 
them will integrate the Tnt1 collection at 
Noble.

(17) FNB Jemalong A17 31,200 M1 plants, 156,000 M2 plants 
(18) EMS Jemalong A17 http://195.220.91.17/legumbase/

2 populations. The first (not using single 
seed descent, SSD) 500 M1 produced 4500 
M2. In the second (using SSD) 4350 M1 and 
4350 M2.

Table 1. Mutant collections in Medicago spp. EMS = ethyl methanesulphonate. 

5. Chemical-physical mutagenesis 

5.1. Target Induced Local Lesion IN Genomes (TILLING) 

Alkylating agents such as ethyl methanesulphonate (EMS) have been used to develop 
mutant collections of Medicago truncatula. EMS induces single base pair C/G to A/T 
substitution in nucleotides. The mutagenized seeds are germinated and the resulting plants 
are selfed to produce M1 progenies. The M1 plants are then grown and a TILLING M2 
collection is established by growing few seeds from each M1 plant. Total genomic DNA is 
purified from each M1 plant and pooled. The mutant collections are usually screened with 
reverse genetics approaches. TILLING involves the identification of mismatches in 
heteroduplexes formed by single stranded DNA from the wild type and mutant alleles of 
the target locus. The target sequences are generated by PCR amplification from bulked DNA 
isolated from single M1 plants using labelled primers appropriate for the detection strategy 
employed. The amplicons are then heated, causing strand separation, re-annealed in order 
to form heteroduplexes, cleaved by an endonuclease active on single stranded DNA (i.e. 
CelI from celery) at the mismatch point and the products separated by electrophoresis. 
Several EMS mutant collections of Medicago truncatula are available. Within the framework 
of the European Grain Legume Integrated Project two mutant collections were established. 
The two collections showed the same number of M2 lines that however were obtained from 
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M1 populations with different size. Genetic analysis of the two collections allowed to define 
that the number of meristematic cells that contribute to seed (germ-line) in Medicago 
truncatula is 3. The number of mutations detected in the two EMS populations was 1 every 
485 kb. A pilot reverse genetic experiment with 56 target genes revealed an efficiency of 13 
independent alleles per exon screened, 67% of which were missense and 5% nonsense 
mutations. An Italian functional genomics initiative produced a small collection of TILLING 
mutants with about 2500 M2 lines and a reported efficiency of about 4 independent alleles 
for target sequence. Catalogue of mutant phenotypes were developed and services for 
reverse screening with target sequence are available (http://inra.fr/legumbase). A list of 
M.truncatula mutants is reported in Table 2. 
 

Reference Mutagenesis 
technique 

New 
mutants 

Phenotype Gene/Mutant line 

(5) EMS 1 Nod+Fix- TE7=Mtsym1 
(6) γ-ray 2 Nod-, Myc- TR25, TR26 
(6) γ-ray 4 Nod±, Myc+ TR34, TR79, TR89, TRV9 
(6) γ-ray 9 Nod+Fix-, Myc+ TR3, TR9, TR13, TR36, TR62, 

TR69, TR74, TR183, TRV15  
(6) γ-ray 3 Nod++Nts, Myc+ TR122, TRV3, TRV8  
(8) EMS 1 EIN, Nod++ sickle = skl1 
(8) EMS 1 Nod- C71 = Domi  
(19) γ-ray 1 Nod- TRV25 
(20) EMS 3 developmental mtapetala (tap), palmyra (plm), 

speckle (spk)  
(21) EMS 5 Nod- B85, B129, C54, P1, Y6 

Individuation of 4 
complementation groups 
(DMI1, DMI2, DMI3, NSP):  
dmi1-1 = C71 = domi 
dmi1-2 = B129 
dmi1-3 = Y6 
dmi2-1 = TR25  
dmi2-2 = TR26 
dmi2-3 = P1 
dmi3-1 = TRV25 
nsp1-1 = B85 
nsp1-2 = C54 

(22) EMS 7 Calcium oxalate 
defective 

cod1, cod2, cod3, cod4, cod5, 
cod6, cod7 

(23) EMS 1 Nod-, root hair 
deformation 

hcl = B56 

(24) EMS 1 Blocked in the formation 
of nodule primordial 

pdl1 
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Reference Mutagenesis 
technique 

Background Notes
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Individuation of 4 
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dmi1-1 = C71 = domi 
dmi1-2 = B129 
dmi1-3 = Y6 
dmi2-1 = TR25  
dmi2-2 = TR26 
dmi2-3 = P1 
dmi3-1 = TRV25 
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(22) EMS 7 Calcium oxalate 
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Reference Mutagenesis 
technique 

New 
mutants 

Phenotype Gene/Mutant line 

(24) EMS 1 Blocked in the formation 
and/or maintenance of 
epidermal cell infection 

lin1
(first citation) 
 

(21) EMS 3 Nod-, root hair 
deformations 

hcl-1 = B56
hcl-2 = W1 
hcl-3 = AF3 

(25) EMS 6 Oxalate crystal 
morphology defective 

cmd1, cmd2, cmd3, cmd4, 
cmd5, cmd6 

(26) Fast Neutron 2 Nod-, cortical cell 
division 

nsp2-1
nsp2-2 

(27) EMS 1 Nod-, does not respond 
to Nod Factors by 
induction of root hair 
deformation 

nfp = C31

(28) EMS 1 Nod++ Sunn
(29) EMS 1 Blocked in the formation

and/or maintenance of 
epidermal cell infection 

lin1
(first description) 

(30) EMS 1 Numerous infections and 
polyphenolics 

Nip

(31) EMS 1 Nod-, defective in lateral 
root development 

Latd

(32) γ-ray 2 Nod+,Fix-,Myc+ Mtsym20 = TRV43, TRV54 
Mtsym21 = TRV49 

(32) γ-ray 1 Nod-/+,Myc+ Mtsym15 = TRV48; 
 

(32) γ-ray 1 Nod-,Myc-/+ Mtsym16 = TRV58 
(33) Fast Neutron 6 Fix- dnf1-1 = 1D-1; dnf1-2 = 4A-17; 

dnf2 = 1B-5; dnf3 = 2C-2; dnf4 
= 2E-1; dnf5 = 2F-16; dnf6 = 
2H-8; dnf7 = 4D-5 

(34) Fast Neutron 1 Nod- bit1
(35) Tnt1 1 Single leaflet sgl1
(36) Fast Neutron 1 Increased nodule 

number 
Efd

(37) EMS 1 Impaired in nodule 
primordium invasion 

Api

(38) EMS 1 Aberrant root hair 
curling and infection 
thread formation 

Rpg

(39) EMS 1 Myc++, Nod-/+ B9 
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Reference Mutagenesis 
technique 

New 
mutants 

Phenotype Gene/Mutant line 

(40) Fast neutron 1 Leaf dissection palm1 
(41) T-DNA 1 Compact roots cra1 (not tagged) 
(42) Tnt1 various Leaf epidermal 

morphology 
Various 

(43) Tnt1 1 Lack of lignin in the 
interfascicular region 

nst1 

(44) Tnt1 1 Secondary cell wall 
thickening in pith 

mtstp1 

(45) Fast neutron 1 Compund leaf 
development 

fcl1 

(46) Fast neutron 1 Root determined 
noudulation 

rdn1 

(47;48) Fast neutron 1 Myc-, Nod- Vpy 
(49) Activation 

tagging 
1 Lack of hemolytic 

saponins 
Lha 

(50)(1) Tnt1 1 Stay green MtSGR 
(51) Tnt1 1 Smooth leaf margin slm1 
(52) Tnt1 1 Reduced leaf blade 

expansion 
Stf 

(53) Tnt1 1 Inhibition of rust germ 
tube differentiation 

irg1 

Table 2. Medicago truncatula mutants. Nodulation phenotypes: Nod++ = hypernodulator, Nod+ = wild 
type nodulator, Nod± = reduced nodulation, Nod- = lack of nodules, Nod-/+ = late nodulation. Nitrogen 
fixation phenotypes: Fix+ = wild type, Fix- = no fixation. Mychorrhization phenotypes: Myc+ = wild 
type, Myc- = absent or reduced mychorrhizas, Myc-/+ = mix of normal colonization and events of 
formation only of appressoria with no intercellular hyphae developing from them, Myc++ = hyper 
responsive to mychorrhization. Nts = nitrate tolerant nodulation. EIN = ethylene insensitive.  

5.2. “Delete a gene” collections 

Irradiation of plant seeds to appropriate dose of fast neutrons and γ-rays results in deletion 
of DNA fragments of variable lengths with an average modest reduction of seed viability.  

Large mutant collections by seed irradiation have been created for Medicago truncatula 
functional genomics studies. Although the first experiments were based on γ-ray 
irradiation of the Jemalong J5 seeds (6) the main body of the collection was obtained by 
Fast Neutron Bombardment (FNB) of the genotype A17. Globally the two larger 
collections, stored at the John Innes Center and at the Noble Foundation, consist of about 
616,000 M2 FNB families.  

Both reverse and forward genetic approaches have been successfully applied to study 
mutants from these collections.  
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Reference Mutagenesis 
technique 

New 
mutants 

Phenotype Gene/Mutant line 

(24) EMS 1 Blocked in the formation 
and/or maintenance of 
epidermal cell infection 

lin1
(first citation) 
 

(21) EMS 3 Nod-, root hair 
deformations 

hcl-1 = B56
hcl-2 = W1 
hcl-3 = AF3 

(25) EMS 6 Oxalate crystal 
morphology defective 

cmd1, cmd2, cmd3, cmd4, 
cmd5, cmd6 

(26) Fast Neutron 2 Nod-, cortical cell 
division 

nsp2-1
nsp2-2 

(27) EMS 1 Nod-, does not respond 
to Nod Factors by 
induction of root hair 
deformation 

nfp = C31

(28) EMS 1 Nod++ Sunn
(29) EMS 1 Blocked in the formation

and/or maintenance of 
epidermal cell infection 

lin1
(first description) 

(30) EMS 1 Numerous infections and 
polyphenolics 

Nip

(31) EMS 1 Nod-, defective in lateral 
root development 

Latd

(32) γ-ray 2 Nod+,Fix-,Myc+ Mtsym20 = TRV43, TRV54 
Mtsym21 = TRV49 

(32) γ-ray 1 Nod-/+,Myc+ Mtsym15 = TRV48; 
 

(32) γ-ray 1 Nod-,Myc-/+ Mtsym16 = TRV58 
(33) Fast Neutron 6 Fix- dnf1-1 = 1D-1; dnf1-2 = 4A-17; 

dnf2 = 1B-5; dnf3 = 2C-2; dnf4 
= 2E-1; dnf5 = 2F-16; dnf6 = 
2H-8; dnf7 = 4D-5 

(34) Fast Neutron 1 Nod- bit1
(35) Tnt1 1 Single leaflet sgl1
(36) Fast Neutron 1 Increased nodule 

number 
Efd

(37) EMS 1 Impaired in nodule 
primordium invasion 

Api

(38) EMS 1 Aberrant root hair 
curling and infection 
thread formation 

Rpg

(39) EMS 1 Myc++, Nod-/+ B9 
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Reference Mutagenesis 
technique 

New 
mutants 

Phenotype Gene/Mutant line 
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morphology 
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(43) Tnt1 1 Lack of lignin in the 
interfascicular region 

nst1 

(44) Tnt1 1 Secondary cell wall 
thickening in pith 

mtstp1 

(45) Fast neutron 1 Compund leaf 
development 

fcl1 

(46) Fast neutron 1 Root determined 
noudulation 

rdn1 

(47;48) Fast neutron 1 Myc-, Nod- Vpy 
(49) Activation 

tagging 
1 Lack of hemolytic 

saponins 
Lha 

(50)(1) Tnt1 1 Stay green MtSGR 
(51) Tnt1 1 Smooth leaf margin slm1 
(52) Tnt1 1 Reduced leaf blade 

expansion 
Stf 

(53) Tnt1 1 Inhibition of rust germ 
tube differentiation 

irg1 

Table 2. Medicago truncatula mutants. Nodulation phenotypes: Nod++ = hypernodulator, Nod+ = wild 
type nodulator, Nod± = reduced nodulation, Nod- = lack of nodules, Nod-/+ = late nodulation. Nitrogen 
fixation phenotypes: Fix+ = wild type, Fix- = no fixation. Mychorrhization phenotypes: Myc+ = wild 
type, Myc- = absent or reduced mychorrhizas, Myc-/+ = mix of normal colonization and events of 
formation only of appressoria with no intercellular hyphae developing from them, Myc++ = hyper 
responsive to mychorrhization. Nts = nitrate tolerant nodulation. EIN = ethylene insensitive.  

5.2. “Delete a gene” collections 

Irradiation of plant seeds to appropriate dose of fast neutrons and γ-rays results in deletion 
of DNA fragments of variable lengths with an average modest reduction of seed viability.  

Large mutant collections by seed irradiation have been created for Medicago truncatula 
functional genomics studies. Although the first experiments were based on γ-ray 
irradiation of the Jemalong J5 seeds (6) the main body of the collection was obtained by 
Fast Neutron Bombardment (FNB) of the genotype A17. Globally the two larger 
collections, stored at the John Innes Center and at the Noble Foundation, consist of about 
616,000 M2 FNB families.  

Both reverse and forward genetic approaches have been successfully applied to study 
mutants from these collections.  
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Reverse screening of FNB populations have been carried out by the DeTILLING strategy 
described by Rogers C et al. (17). This strategy allows detection of mutants by PCR on bulks 
of DNAs of FNB mutants. The wild type target amplification is avoided by a strategy that 
combines restriction enzyme digestion of the template and the use of poison primers. With 
this strategy a mutant recovery rate of 29% has been obtained from a population of 156.000 
M2 plants (4 genes out of 14 screened). 

Nevertheless deletion size can hamper reverse genetics screening (Chen R., personal 
communication) leaving forward genetics as the main choice in case of FNB populations. 
However map-based cloning required to discover the mutation of interest is helped by 
strategies such as transcriptional cloning, originally devised by Mitra R M et al. (54), which 
has allowed the identification of FNB induced mutations (see Table 3). This approach relies 
on the identification of mutated genes through detailed genome-wide transcriptomic 
analyses. Also genome-wide analyses of FNB mutant are expected to benefit of the recent 
development of a Medicago truncatula genome-wide tiling array by Nimblegen. A list of 
Medicago truncatula FNB mutants characterized by forward genetics approaches is reported 
in Table 2. 

6. Insertional mutagenesis with DNA mobile elements 

6.1. Tnt1 

T-DNA tagging has been the strategy of choice for many mutant collections in Arabidopsis 
and it has allowed fundamental discoveries in gene functions and advances in both basic 
and applied plant research (55). Unfortunately only Arabidopsis can be transformed easily by 
the floral-dip method which allows the generation of large numbers of mutants in a cost-
effective manner. Up to now transformation for the other plant species including M. 
truncatula can only be achieved by tissue culture-based protocols requiring great efforts to 
produce the number of mutants that would allow a significant genome coverage. An 
interesting strategy has been recently published in the legume Lotus japonicus based on the 
endogenous retrotransposon LORE1 (56;57). LORE1, originally activated via tissue culture, 
retained its activity for some regenerated plants in the subsequent generations. Based on 
such discovered germline activity, tagged M1 mutant collections were produced by seed 
propagation from activated starter lines (M0) (57;58). 

In M.truncatula large scale collections of mutants have been constructed using the tobacco 
Tnt1 retrotransposon. d'Erfurth and colleagues have demonstrated that in the Medicago 
truncatula R108 genotype, this element has the ability to transpose during the early steps of 
in vitro regeneration (10) with a high rate of insertion in transcribed genomic regions. 
Sequence analyses of insertion sites has showed the virtual absence of insertion site 
preference. The average amount of new insertions per regenerated line was calculated in the 
order of ~25. Based on these data it was shown that a collection of 14-16.000 Tnt1 lines will 
store tagging events for about 90% of M.truncatula genes (13). Such an ambitious objective 
has been pursued by working on two Medicago truncatula lines. 
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The collection maintained at the Noble Foundation (http://bioinfo4.noble.org/mutant/) 
which includes also the first mutants generated by CNRS in France, is based on the 
genotype R108-c3. Another collection of about 1000 lines from the same R-108 line was 
produced by CNR-IGV in Italy.  

In the framework of the GLIP project 8000 Tnt1 mutants were produced from the Jemalong 
2HA (2HA3-9-10-3) line. The GLIP collection is maintained by the various labs that 
participated to the project and a subset of plants were merged with the collection at the 
Noble Foundation.  

Iantcheva and colleagues reported that Tnt1 transposition efficiency in Jemalong 2HA has a 
lower efficiency with only 10-15 new insertions per line and a variable percentage of 
regenerated plants without transposition (16). The adoption of 2HA line for mutagenesis 
instead of R108, was motivated by the highest DNA homology to the line used for genome 
sequencing (Jemalong A17), and for the presence of active and characterized endogenous 
retroelements (59).  

Tnt1 mutant collections have been screened with both forward and reverse genetic 
approaches. Forward approaches have been based on cloning of host sequence flanking the 
insertion sites and subsequent identification of events linked to the studied mutation. Based 
on the duplicated Tnt1 long terminal repeats (LTR) sequences several molecular approaches 
including thermal asymmetric interlaced (TAIL)-PCR, Inverse-PCR have been used to 
recover the host sequences flanking the insertion sites (60). Segregation analysis of each 
cloned insertion site can then be used to select the event linked to the mutation. In 
alternative the insertion sites associated with the mutations can be selected by segregation 
analysis prior to host sequence cloning by employing a sequence specific amplification 
polymorphism (S-SAP) based protocol.  

Confirmation of the identity of the mutation can be obtained by means of complementation 
tests based on the reintroduction of the wild type gene sequence in the mutated 
background. In alternative one could obtain independent alleles of the target gene and 
compare their similarity to the original mutant phenotype. This can be done using TILLING 
and Tnt1 mutant populations as demonstrated by many publications that report successful 
recovery of alleles by reverse screening (61) and Table 3. The power of the Tnt1 mutagenesis 
approach is also witnessed by the prevalence of publications reporting successful gene 
cloning based on such strategy compared to the others since 2008 (Table 2 and 3).  

 
Reference Mutant Gene Approach 

(62) dmi2 NORK Physical mapping 
(63) dmi1 AY497771, possible membrane 

receptor 
Physical mapping 

(64) dmi3 Ca2 and Calmodulin dependent 
protein kinase 

Physical 
mapping/Transcriptional 
based cloning 
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approach is also witnessed by the prevalence of publications reporting successful gene 
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Reference Mutant Gene Approach 
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(63) dmi1 AY497771, possible membrane 
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Reference Mutant Gene Approach 
(65) nsp2 GRAS Transcriptional regulator Physical mapping 
(66) nsp1 GRAS Transcriptional regulator Physical mapping 
(46) sunn CLV1-like LRR receptor kinase Physical mapping and gene 

homology 
(67) mtpim MADS-box Reverse screening on Tnt1 

collection 
(68) mtpt4 Phosphate transporter RNAi and TILLING 

(reverse) 
(34) bit1 ERF transcription factor required 

for nodulation (ERN) 
Transcriptional based 
cloning 

(35) sgl1 MtUNI (transcription factor) Tnt1 forward
(36) efd Ethilene responsive factor 

required for nodule 
differentiation 

Fast neutron reverse 

(38) rpg Putative long coiled-coil protein Map based cloning 
(28) sickle MtEIN2, ethylene signaling gene Map based cloning and 

gene homology 
(69) lin E3 ubiquitin ligase containing a 

U-box and WD40 repeat domains 
Positional cloning 

(70) srlk LRR kinase TILLING reverse and RNAi 
(71) mate1 MATE Tnt1 reverse
(72) ugt78g1 Glucosyl transferase Tnt1 reverse
(73) mtapetala MtPI, MADS Box transcription 

factor 
RNAi and mutation 
segregation analisys 

(40) palm1 Cys(2)His(2)zinc finger 
transcription factor 

Fast neutron forward and 
Tnt1 reverse 

(74)  MtSYMREM1, remorin Tnt1 reverse
(44) dnf1 Signal peptidase complex subunit Fast neutron microarray 

based cloning 
(43) nst1 NAC transcription factor Forward screening and Tnt1 

flanking region cloning 
(44) mtstp1 WRKY transcription factor Forward screening and Tnt1 

flanking region cloning 
(75) ccr1, ccr2 Cinnamoyl CoA Reductase Tnt1 reverse
(76) ugt73f3 Glucosyl transferase Tnt1 reverse
(45) fcl1 Class M KNOX Fast neutron forward, map 

based cloning and Tnt1 
reverse 

(77) rdn1 Uncharacterized plant family Mapping 
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Reference Mutant Gene Approach 
(78) fta, ftc MtFTa, MtFTc, protein ligands Tnt1 reverse 
(48) vpy Vapyrin Microarray based cloning, 

Tnt1 reverse 
(49) lha CYP716A12, Cytochrome P450 Flanking sequence tagging 

and TILLING 
(50) MtSGR Stay green gene Tnt1 forward and flanking 

sequence cloning 
(51) slm1 Auxin efflux carrier protein Tnt1 forward and flanking 

sequence cloning 
(52) stf Stenofolia, WUSCHEL-like 

homeobox transcription factor 
Tnt1 forward and flanking 
sequence cloning 

(71) mate2 MATE Tnt1 reverse 
(53) irg1 Cys(2)His(2) zinc finger 

transcription factor 
Tnt1 forward and flanking 
sequence cloning 

(79) mtpar MYB transcription factor Tnt1 reverse 

Table 3. Medicago genes characterized using mutants.  

7. RNAi and VIGS 

Reverse genetics studies in Medicago truncatula did not only take advantage of the many mutant 
populations available but also of techniques based on post-transcriptional gene silencing (PTGS). 
In this case plants are transformed with a construct that will produce double-stranded RNAs that 
will guide sequence-specific mRNA degradation of the target gene. The phenotype of the 
transformed plants can gradually vary from wild type to knock-out thus many transformants are 
needed to obtain the desired effect. Mild effects can be beneficial in case of essential genes whose 
complete loss-of-function may cause lethal phenotypes. RNAi in M.truncatula has been 
extensively used to study gene function but it has not been a matter of a functional genomics 
approach as for Arabidopsis and the AGRIKOLA collection (80). Nevertheless many gene 
functions have been characterized exploiting RNAi. A list of gene function and Medicago 
truncatula physiology studies that used RNAi approaches is reported in Table 4. 
 

Reference Silenced gene Phenotype
(75) Lyk3 Marked reduction of nodulation when inoculated 

with Sm 2011ΔNodFE-GFP 
(75) Lyk4 Effect on infection thread morphology 
(81) CDPK1 Reduced root hair and root cell lengths. Diminution 

of both rhizobial and mycorrhizal symbiotic 
colonization. 

(82) DMI2 Reduction of organelle-like symbiosomes in 
nodules 
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Table 3. Medicago genes characterized using mutants.  

7. RNAi and VIGS 

Reverse genetics studies in Medicago truncatula did not only take advantage of the many mutant 
populations available but also of techniques based on post-transcriptional gene silencing (PTGS). 
In this case plants are transformed with a construct that will produce double-stranded RNAs that 
will guide sequence-specific mRNA degradation of the target gene. The phenotype of the 
transformed plants can gradually vary from wild type to knock-out thus many transformants are 
needed to obtain the desired effect. Mild effects can be beneficial in case of essential genes whose 
complete loss-of-function may cause lethal phenotypes. RNAi in M.truncatula has been 
extensively used to study gene function but it has not been a matter of a functional genomics 
approach as for Arabidopsis and the AGRIKOLA collection (80). Nevertheless many gene 
functions have been characterized exploiting RNAi. A list of gene function and Medicago 
truncatula physiology studies that used RNAi approaches is reported in Table 4. 
 

Reference Silenced gene Phenotype
(75) Lyk3 Marked reduction of nodulation when inoculated 

with Sm 2011ΔNodFE-GFP 
(75) Lyk4 Effect on infection thread morphology 
(81) CDPK1 Reduced root hair and root cell lengths. Diminution 

of both rhizobial and mycorrhizal symbiotic 
colonization. 

(82) DMI2 Reduction of organelle-like symbiosomes in 
nodules 
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Reference Silenced gene Phenotype
(83) NFP Nod-
(76) MtHAP2-1 Alteration of nodule development
(84) MtCPK3 Increased average nodule number 
(85) MtCRE1 Cytokinin-insensitive roots, increate number of 

lateral roots, strong reduction in nodulation. 
(86) MtPIN2, MtPIN3, 

MtPIN4 
Reduced number of nodules

(87) CHS Reduced levels of flavonoids and subsequent 
inability to nodulate 

(88) PR10-1 (pathogenesis 
related) 

Reduced colonization by the root pathogen 
A.euteiches. 

(89) HMGR1 Dramatic decrease in nodulation.
(90) IPD3 No obvious phenotype observed
(63) MtPT4 Premature death of mycorrhizal arbuscules. 
(91) MtSNF4b Reduced seed longevity, alteration in non reducing 

sugar content. 
(92) ENOD40-1, ENOD40-

2 
Reduced nodule number and altered symbiosome 
development. 

(93) MtFNSII-1, MtFNSII-2 Reduced nodulation
(94) MtCDD1 Alteration of the Arbuscular Mycorrhizal – 

mediated accumulation of apocarotenoids 
(95) MtDXS2 Reduction of AM-induced apocarotenoid 

accumulation. 
(78) MtSERF1 Strong inhibition of somatic embryogenesis 
(73) MtPI, MtNGL9 Altered flower development
(96) MtWUS Strong inhibition of somatic embryogenesis 
(65) Srlk Transgenic root growth less inibited by salt stress. 
(97) FLOT2, FLOT4 Reduced nodulation and root development. 
(98) MtMSBP1 Aberrant mycorrhizal phenotype with thik and 

septated appressoria, decrease number of 
arbuscules and distorted arbuscule morphology. 

(99) MtCDC16 Decreased number of lateral roots and increased 
number of nodules. Reduced sensivity to auxin. 

(100) NPR1 Acceleration of root hair curling at the beginning of 
symbiosis estabilishment 

(101) MtSNARP2 Aberrant early senescent nodules where 
differentiated bacteroids degenerate rapidly. 

(74) MtSYMREM1 Reduced nodulation and abnormal nodule 
development 
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Reference Silenced gene Phenotype
(102) MtN5 Reduced nodulation 
(103) Vapyrin Impaired passage across epidermis by AM fungi. 

Abolition of arbuscule formation. 
(104) MtAOC1 No nodulation phenotype observed 
(105) γECS Lower homoglutathione content. Lower biological 

nitrogen fixation associated with a reduction in the 
expression of the leghemoglobin and thioredoxin S1 
genes. Reduction in nodule size. 

(106) MtSAP1 Lower level of storage globulin proteins, vicilin and 
legumin in seeds and germination deficiency. 

(107) MtNR1, MtNR2 Reduced nitrate or nitrite reductase activity and NO 
level. 

(108) MtNoa/Rif1 Decrease in NO production in roots but not in 
nodules. Reduction of nodule number and nitrogen 
fixation capacity.  

(109) MtROPGEF2 Effect on cytosolic Ca2+ gradient and subcellular 
structure of root hairs. Reduced root hair growth. 

(110) MtROP9 Reduced growth , no ROS generation after 
microbial infection. Promoted mycorrhizal and 
A.euteiches early hyphal root colonization. 
Impaired rhizobial colonization. 

(111) MtNAC969 Improved growth under salt stress. 

Table 4. Use of RNAi approaches in Medicago truncatula. 

Virus-induced gene silencing (VIGS) is a PTGS technique that can be used transiently by 
scrubbing leaves or introducing the viral vector in the plant by agro-infiltration. VIGS is being 
used for large scale forward genetics screening by inoculation of cDNA library and subsequent 
identification of the gene involved in the process of interest (112). Viral vectors working on 
Medicago truncatula have been recently described. Grønlund et al. used successfully a Pea Early 
Browning Virus (PEBV) based vector for both transient expression of reporter genes and for 
silencing of the Phytoene Desaturase (PDS) gene that causes a bleaching phenotype (113). 
Várallyay and colleagues constructed two VIGS vectors based on the Sunnhemp Mosaic Virus 
(SHMV) that can systemically infect M.truncatula without causing severe symptoms and 
reported a successful silencing of the Chlorata 42 gene (114). Large scale screenings based on 
VIGS analysis have not been reported for M. truncatula as far. 

8. Perspectives 

Functional genomics of forage legumes started with the aim of determining the molecular 
and genetic bases of nitrogen fixation and since the beginning mutant collections have been 
thoroughly screened also for mycorrhyzal symbiosis. These aspects are still being 
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Reference Silenced gene Phenotype
(83) NFP Nod-
(76) MtHAP2-1 Alteration of nodule development
(84) MtCPK3 Increased average nodule number 
(85) MtCRE1 Cytokinin-insensitive roots, increate number of 

lateral roots, strong reduction in nodulation. 
(86) MtPIN2, MtPIN3, 

MtPIN4 
Reduced number of nodules

(87) CHS Reduced levels of flavonoids and subsequent 
inability to nodulate 

(88) PR10-1 (pathogenesis 
related) 

Reduced colonization by the root pathogen 
A.euteiches. 

(89) HMGR1 Dramatic decrease in nodulation.
(90) IPD3 No obvious phenotype observed
(63) MtPT4 Premature death of mycorrhizal arbuscules. 
(91) MtSNF4b Reduced seed longevity, alteration in non reducing 

sugar content. 
(92) ENOD40-1, ENOD40-

2 
Reduced nodule number and altered symbiosome 
development. 

(93) MtFNSII-1, MtFNSII-2 Reduced nodulation
(94) MtCDD1 Alteration of the Arbuscular Mycorrhizal – 

mediated accumulation of apocarotenoids 
(95) MtDXS2 Reduction of AM-induced apocarotenoid 

accumulation. 
(78) MtSERF1 Strong inhibition of somatic embryogenesis 
(73) MtPI, MtNGL9 Altered flower development
(96) MtWUS Strong inhibition of somatic embryogenesis 
(65) Srlk Transgenic root growth less inibited by salt stress. 
(97) FLOT2, FLOT4 Reduced nodulation and root development. 
(98) MtMSBP1 Aberrant mycorrhizal phenotype with thik and 

septated appressoria, decrease number of 
arbuscules and distorted arbuscule morphology. 

(99) MtCDC16 Decreased number of lateral roots and increased 
number of nodules. Reduced sensivity to auxin. 

(100) NPR1 Acceleration of root hair curling at the beginning of 
symbiosis estabilishment 

(101) MtSNARP2 Aberrant early senescent nodules where 
differentiated bacteroids degenerate rapidly. 

(74) MtSYMREM1 Reduced nodulation and abnormal nodule 
development 
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Reference Silenced gene Phenotype
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Abolition of arbuscule formation. 
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fixation capacity.  
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(110) MtROP9 Reduced growth , no ROS generation after 
microbial infection. Promoted mycorrhizal and 
A.euteiches early hyphal root colonization. 
Impaired rhizobial colonization. 

(111) MtNAC969 Improved growth under salt stress. 
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investigated and we expect that many more results will be published in the next years. A 
better understanding of nitrogen fixation and symbiosis is fundamental for the development 
of a sustainable agriculture aiming at a reduction of inputs and at maintaining soil fertility. 
Nitrogen (N) is one of the crucial nutrients for all organisms including plants. The doubling 
of world food production in the past four decades was contributed by a sevenfold increase 
of N fertilization (115). The anthropogenic N which is mostly lost to air, water and land 
affects climate, the chemistry of the atmosphere, and the composition and function of 
terrestrial and aquatic ecosystems (116). Improving the ability of plants to exploit 
environmental nitrogen would decrease N fertilization and its negative consequences; 
therefore a deep understanding of legume symbiosis with nitrogen fixing bacteria could 
help the long term goal of transferring the associative ability of legume species to non-
symbiotic crops of agronomic relevance. As a consequence functional genomics of 
nodulation will have an impact on reduction of intensive agriculture practices with benefits 
for the preservation of environment and quality of human activities. 

Another positive role for legumes in an environmental perspective is addressed by species 
such as Lotus spp. that have strong adaptive characteristics making them good candidates for 
restoration and phytoremediation of degraded environments (117). This happens in the 
Flooding Pampa (Argentina) where the presence of proteinaceous forages was re-
established by the introduction of L. tenuis, being the other legume species reduced by the 
harsh environmental condition. 

Pastures and feedstuff including forage legumes have a higher quality compared to those 
based only on grasses and provide an important input of protein in animal nutrition. More 
recently public and scientific debate has reassessed forage legumes importance for the 
quality of livestock nutrition and welfare has having relevant consequences on the quality of 
final products (meat, milk etc.) and ultimately on human health. This happened because of 
the occurrence of bovine spongiform encephalopathy (BSE) related to the traditional use of 
offal in animal feed lots as a source of protein. 

Functional genomics in M.truncatula proved useful in the study and comprehension of many 
aspects of plant development and plant secondary metabolism that could not be discovered in 
earlier models such as Arabidopsis. The availability of genomics tools in an increasing number 
of species has the effect of widening the possibility of new discoveries in the field of plant 
biology. Worth mentioning the recent advances in understanding compound leaf development 
and zygomorphic flower ontogeny based on the analysis of several mutants in M.truncatula . 

Living organisms, and among them plants, can be considered as an abundant and diverse 
set of biofactories with the ability to synthesize an enormous variety of chemical 
compounds. Legumes contain chemicals that can prove useful for their anti-oxidant, anti-
viral, anti-microbial, anti-diabetic, anti-allergenic and anti-inflammatory properties (118) . 
These properties are related to secondary molecules such as flavonoids and saponins. 

Modest levels of protoanthocyanidins (PAs) in forages reduce the occurrence of bloat and at 
the same time promote increased dietary protein nitrogen utilization in ruminant animals 
(119). The lack of PAs in the leaves of the major forage legume such as alfalfa has prompted 
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studies for the understanding of the molecular and cellular biology of PA polymerization, 
transport, and storage helped by the functional genomics tools available for M.truncatula. 
Recent positive achievements were obtained by biotechnological strategies based on the 
overexpression of MYB transcription factors that induced PAs accumulation in both alfalfa 
and clover leaves (79). 

In addition to well-known beneficial properties of flavonoids (cit) recent evidence suggests 
that flavonoids themselves, particularly fractions rich in PAs, can significantly reduce 
cognitive deterioration in animal model systems (120-122), and may more generally promote 
improvements in memory acquisition, consolidation, storage, and retrieval under 
nondegenerative conditions. 

In Chinese medicine one of the oldest herbal medicine was obtained by the roots of the 
legume plant licorice (Glychyrriza glabra).containing the triterpenoid saponin glychyrrizin 
exhibiting a wide range of pharmacological activities. Cytochrome P450 monooxygenases 
were proved to be responsible for synthesis of glychyrrizin via oxidative steps based on 
biochemical experiments (123).  

In forage legumes saponins can be toxic to monogastric animals and reduce forage 
palatability for ruminants. Mutant analysis in M.truncatula has unveiled the genetic control 
of key biosynthetic steps for saponins related to oxidation and glycosilation (49;124), 
opening possibilities of biotechnological manipulation of saponins in alfalfa. 

Both human and animal nutritional science are bound to profit from plant genetic analysis 
and nutritional genomics, opening possibilities to more personalized approaches to 
medicine and improvement of the quality of life. 
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1. Introduction 

The analysis of genetic diversity and relatedness within and between the different species 
and populations has been a major theme of research for many biologists. With the 
availability of whole-genome sequencing for an increasing number of species, focus has 
been shifted to the development of molecular markers based on DNA or protein 
polymorphism. DNA sequences originate and undergo evolutionary metamorphoses’ and 
thus may be used as powerful genetic markers to characterize genomes of wide range of 
species. This type of analysis is called fingerprinting, profiling or genotyping. DNA 
profiling based on typing individuals using highly variable minisatellites in the human 
genome was first developed by Jeffreys et al (1985). He demonstrated short repeat sequences 
tandemly arranged within the gene(s) and each organism has a unique pattern of the 
arrangement of these minisatellites, the only exception being multiple individuals from a 
single zygote (e.g. identical twins). DNA fingerprinting technique was notably used to help 
solve crimes and determine paternity. In addition, with the advances in Molecular biology 
techniques, isolation of genes tagged with minisatellites has become the most powerful tool 
for genome analysis. 

The term “repetitive sequences” (repeats, DNA repeats, repetitive DNA) refers to DNA 
fragments that are present in multiple copies in the genome. These sequences exhibit a high 
degree of polymorphism due to variation in the number of their repeat units caused by 
mutations involving several mechanisms (Tautz, 1989). This hypervariability among related 
and unrelated organisms makes them excellent markers for mapping, characterization of the 
genomes, genotype phenotype correlation, marker assisted selection of the crop plants, 
molecular ecology and diversity related studies. The nature of repeats provides ample 
working flexibilities over the other marker systems. This is because: (i) short tandem 
repetitive (STR) sequences are evenly distributed all over the genome (ii), are often 
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conserved between closely related species (iii) and are co-dominant. With these innate 
attributes, very small quantities of DNA can be used for simultaneous detection of the 
alleles tagged with STR employing minisatellite associated sequence amplification (MASA). 

Current data base has the information on the genomes of various livestock species, like 
cattle, sheep, goat, pig, horse, chicken, Silkworm, Honey Bee, Rabbit, Dog, cat and duck 
(Georges and Andersson, 1996). However complete sequence analysis of several important 
species such as Yak, Banteng, Zebu, Donkey, Goose, Turkey, Camel and Water buffalo are 
still underway. Efforts are required to characterize genes controlling important traits in 
order to produce genetically healthy breeds and segregate superior germplasm wherever 
possible. Water buffalo, Bubalus bubalis is important domestic animal worldwide having 
immense potential in agriculture, dairy and meat industries. We have studied several repeat 
loci in buffalo genome using Restriction Fragment Length Polymorphism and characterized 
a number of important genes employing Minisatellite Associated Sequence Amplification 
(MASA).  

MASA forms a rich basis of functional and comparative genomics contributing towards the 
understanding of genome organization, gene expression and development of molecular 
synteny. This approach also enables characterization of the same genes across the 
individuals within a species and amongst the individuals between the species. Thus, 
information about the organization of gene, its expressional, mutational and phylogenetic 
status, chromosomal location and genetic variations across the genomes maximize the 
chances of narrowing the search of possible genetic markers.  

In this chapter, we discuss overall organization of the repetitive sequences, their origin, 
distribution, application in genome analysis and implications. In addition, use of repetitive 
sequences in bubaline genome mining is highlighted elucidating the potential of functional 
and comparative genomics. Thus, organizational variation and expressional profile of a 
single gene originating from a specific tissue may be studied in many ways to meet the 
varying requirements of biology. 

2. Organization of repetitive sequences 

The mammals have approximately 3 billion base pairs per haploid genome harboring about 
20,000-25000 genes. A minor part of the genome (5-10%) is coding sequences (International 
Human Genome Sequencing Consortium, 2004; Hochgeschwender and Brennan, 1991) and 
the remaining part is non-coding representing repetitive DNA (Bromham, 2002). 
Comparison of the genome size of different eukaryotes shows that the amount of non-
coding DNA is highly variable and constitutes 30% to about 99% of the total genome (Elgar 
and Vavouri, 2008; Cavalier-Smith, 1985). The non-coding repetitive sequences are dynamic 
elements, which reshape their host’s genome by generating rearrangements, shuffling of 
genes and modulating pattern of expression. This dynamism of repeats leads to 
evolutionary divergence that can be used in species identification, phylogenetic inference 
and for studying process of sporadic mutations and natural selection. These repetitive 
sequences are mainly composed of interspersed and tandem repeats (Slamovits and Rossi, 
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2002). The later includes satellite, minisatellites and microsatellites. Satellite DNAs are 
predominantly associated with centromeric heterochromatin and the same is being 
increasingly utilized as a versatile tool for genome analysis, genetic mapping and for 
understanding chromosomal organization. On the other hand minisatellite and 
microsatellites are dispersed throughout the genome and are highly polymorphic in all 
populations studied. This arrangement has led to their extensive use as genetic markers for 
fingerprinting, genotyping, and for forensic analysis in human system. Based on their 
arrangements, repetitive DNA sequences are classed into two types (Figure 1).  

2.1. Highly repetitive sequences  

These are are short sequences (5 to10 bp) amounting 10% of the genome and repeated a 
number of times, usually occurring as tandem repeats (present in approximately 106 copies 
per haploid genome). However, they are not interspersed with different non-repetitive 
sequences. Usually, the sequence of each repeating unit is conserved. Most of the sequences 
in this class are located in the heterochromatin regions of the centromeres or telomeres of 
the chromosomes. Highly repetitive sequences interacting with specific proteins are 
involved in organizing chromosome pairing during meiosis and recombination.  

2.1.1. Satellite DNA  

These are represented by monomer sequences, usually less than 2000-bp long, tandemly 
reiterated up to 105 copies per haploid animals and located in the pericentromeric and or 
telomeric heterochromatic regions (Charlesworth et al 1994). Satellite DNA constitutes from 
1 to 65% of the total DNA of numerous organisms, including that of animals, plants, and 
prokaryotes. The term “satellite” in the genetic sense was first coined by the Russian 
cytologist Sergius Navashin, in 1912, initially in Russian (“sputnik”) and Latin (satelle), and 
was later translated to “satellite” (Battaglia, 1999). The more familiar usage of "satellite" 
relates to a small band of DNA with a density different (usually lower, because of a high 
AT-content) from the bulk of the genomic DNA, which are separated from the main band 
following CsCl centrifugation (Kit, 1961). Nucleotide changes and copy number variations 
fuel the process of their evolution within and across the species (Ugarkovic and Plohl, 2002). 
Satellite fraction(s), though not conserved evolutionarily (Bhatnagar et al 2004; Amor and 
Choo, 2002), are unique to a species and usually show similarity amongst related group of 
animals (Pathak et al 2011; Henikoff et al 2001; Ali and Gangadharan, 2000).  

2.2. Moderately or dispersed repetitive sequences  

These include short (150 to 300-bp) sequences or long ones (5-kbp) amounting about 40% 
and 1-2% of the total genome, respectively. These are dispersed throughout the euchromatin 
having 103-105 copies per haploid genome. These sequences are involved in the regulation of 
gene expression. In some cases, long dispersed repeats of 300 to 600-bp show homology 
with the retro viruses.  
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conserved between closely related species (iii) and are co-dominant. With these innate 
attributes, very small quantities of DNA can be used for simultaneous detection of the 
alleles tagged with STR employing minisatellite associated sequence amplification (MASA). 

Current data base has the information on the genomes of various livestock species, like 
cattle, sheep, goat, pig, horse, chicken, Silkworm, Honey Bee, Rabbit, Dog, cat and duck 
(Georges and Andersson, 1996). However complete sequence analysis of several important 
species such as Yak, Banteng, Zebu, Donkey, Goose, Turkey, Camel and Water buffalo are 
still underway. Efforts are required to characterize genes controlling important traits in 
order to produce genetically healthy breeds and segregate superior germplasm wherever 
possible. Water buffalo, Bubalus bubalis is important domestic animal worldwide having 
immense potential in agriculture, dairy and meat industries. We have studied several repeat 
loci in buffalo genome using Restriction Fragment Length Polymorphism and characterized 
a number of important genes employing Minisatellite Associated Sequence Amplification 
(MASA).  

MASA forms a rich basis of functional and comparative genomics contributing towards the 
understanding of genome organization, gene expression and development of molecular 
synteny. This approach also enables characterization of the same genes across the 
individuals within a species and amongst the individuals between the species. Thus, 
information about the organization of gene, its expressional, mutational and phylogenetic 
status, chromosomal location and genetic variations across the genomes maximize the 
chances of narrowing the search of possible genetic markers.  

In this chapter, we discuss overall organization of the repetitive sequences, their origin, 
distribution, application in genome analysis and implications. In addition, use of repetitive 
sequences in bubaline genome mining is highlighted elucidating the potential of functional 
and comparative genomics. Thus, organizational variation and expressional profile of a 
single gene originating from a specific tissue may be studied in many ways to meet the 
varying requirements of biology. 

2. Organization of repetitive sequences 

The mammals have approximately 3 billion base pairs per haploid genome harboring about 
20,000-25000 genes. A minor part of the genome (5-10%) is coding sequences (International 
Human Genome Sequencing Consortium, 2004; Hochgeschwender and Brennan, 1991) and 
the remaining part is non-coding representing repetitive DNA (Bromham, 2002). 
Comparison of the genome size of different eukaryotes shows that the amount of non-
coding DNA is highly variable and constitutes 30% to about 99% of the total genome (Elgar 
and Vavouri, 2008; Cavalier-Smith, 1985). The non-coding repetitive sequences are dynamic 
elements, which reshape their host’s genome by generating rearrangements, shuffling of 
genes and modulating pattern of expression. This dynamism of repeats leads to 
evolutionary divergence that can be used in species identification, phylogenetic inference 
and for studying process of sporadic mutations and natural selection. These repetitive 
sequences are mainly composed of interspersed and tandem repeats (Slamovits and Rossi, 

 
Repetitive DNA: A Tool to Explore Animal Genomes/Transcriptomes 157 

2002). The later includes satellite, minisatellites and microsatellites. Satellite DNAs are 
predominantly associated with centromeric heterochromatin and the same is being 
increasingly utilized as a versatile tool for genome analysis, genetic mapping and for 
understanding chromosomal organization. On the other hand minisatellite and 
microsatellites are dispersed throughout the genome and are highly polymorphic in all 
populations studied. This arrangement has led to their extensive use as genetic markers for 
fingerprinting, genotyping, and for forensic analysis in human system. Based on their 
arrangements, repetitive DNA sequences are classed into two types (Figure 1).  

2.1. Highly repetitive sequences  

These are are short sequences (5 to10 bp) amounting 10% of the genome and repeated a 
number of times, usually occurring as tandem repeats (present in approximately 106 copies 
per haploid genome). However, they are not interspersed with different non-repetitive 
sequences. Usually, the sequence of each repeating unit is conserved. Most of the sequences 
in this class are located in the heterochromatin regions of the centromeres or telomeres of 
the chromosomes. Highly repetitive sequences interacting with specific proteins are 
involved in organizing chromosome pairing during meiosis and recombination.  

2.1.1. Satellite DNA  

These are represented by monomer sequences, usually less than 2000-bp long, tandemly 
reiterated up to 105 copies per haploid animals and located in the pericentromeric and or 
telomeric heterochromatic regions (Charlesworth et al 1994). Satellite DNA constitutes from 
1 to 65% of the total DNA of numerous organisms, including that of animals, plants, and 
prokaryotes. The term “satellite” in the genetic sense was first coined by the Russian 
cytologist Sergius Navashin, in 1912, initially in Russian (“sputnik”) and Latin (satelle), and 
was later translated to “satellite” (Battaglia, 1999). The more familiar usage of "satellite" 
relates to a small band of DNA with a density different (usually lower, because of a high 
AT-content) from the bulk of the genomic DNA, which are separated from the main band 
following CsCl centrifugation (Kit, 1961). Nucleotide changes and copy number variations 
fuel the process of their evolution within and across the species (Ugarkovic and Plohl, 2002). 
Satellite fraction(s), though not conserved evolutionarily (Bhatnagar et al 2004; Amor and 
Choo, 2002), are unique to a species and usually show similarity amongst related group of 
animals (Pathak et al 2011; Henikoff et al 2001; Ali and Gangadharan, 2000).  

2.2. Moderately or dispersed repetitive sequences  

These include short (150 to 300-bp) sequences or long ones (5-kbp) amounting about 40% 
and 1-2% of the total genome, respectively. These are dispersed throughout the euchromatin 
having 103-105 copies per haploid genome. These sequences are involved in the regulation of 
gene expression. In some cases, long dispersed repeats of 300 to 600-bp show homology 
with the retro viruses.  
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Figure 1. Schematic diagram showing biological categories of the different repetitive sequences. 

On the basis of their mode of amplification, repetitive DNA sequences may be tandemly 
arranged or interspersed in the genome (Slamovits and Rossi, 2002).  

2.2.1. Interspersed repetitive DNA 

Interspersed repeat sequences scattered throughout the genome have arisen by 
transposition, having “ability to jump from one place to another in the genome” (Miller and 
Capy, 2004; Brown, 2002). Even though the individual units of interspersed repetitive non-
coding DNA are not clustered, taken together they account for approximately 45% of the 
human genome. By the mechanism of their transposition, interspersed repeats are classified 
into two classes:  

2.2.1.1. RNA transposons 

RNA transposons also known as retroelements found in eukaryotic genome require reverse 
transcription for their activity. Based on their structural relationship, RNA transposons are 
divided into two general categories: 

2.2.1.1.1. LTR elements  

LTR includes retroviruses whose genomes are made up of RNA. They infect different types 
of vertebrates. 

Endogenous retroviruses (ERVs)  

These are retroviruses integrated into the vertebrate chromosomes and inherited from 
generation to generation as part of the host genome. Some are still active and might, at some 
stage in a cell's lifetime, direct synthesis of the exogenous viruses. However, majority of 
them are decayed relics and no longer have the capacity to form viruses (Patience et al 1997).  
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Retrotransposons are the biggest class of the transposons. An important characteristic of this 
type of transposable element is that they usually contain sequences with potential 
regulatory activity. They have features of non-vertebrate eukaryotic genomes (i.e. plants, 
fungi, invertebrates and microbial eukaryotes). These elements code for mRNA molecule 
which is processed and polyadenylated. Retrotransposons have very high copy numbers. In 
maize, these elements occupy half of the genome. 

2.2.1.1.2. Non LTR elements 

LINEs (Long Interspersed Nuclear Elements) 

LINEs are several thousand base pairs in size and make up about 17% of the total human 
genome (Richard and Batzer, 2009). They contain reverse-transcriptase-like gene involved in 
retrotransposition process. Many LINEs also code for an endonuclease (e.g. RNase H). The 
most abundant LINE family is the 7-kbp, L1 repeat element having >500,000 copies and 
accounts for approximately 15% of the human genome (Lander et al 2001). Despite its 
abundance, no function of LINE 1 repeat is yet known. Initial studies on mouse have 
associated L1s in shaping the structure and expression of the transcriptomes (Han et al 2004; 
Han and Boeke, 2005). 

SINEs (Short Interspersed Nuclear Elements) 

SINEs are small elements, usually 100 to 500-bp in length, accounting for 11% of the human 
genome (Richard and Batzer 2009). SINEs do not have reverse transcriptase gene, instead they 
borrow reverse transcriptase enzymes from other retroelements. Well-known example of SINE 
in the human genome is Alu sequences (Capy et al 1998), which are 350 base pairs long, do not 
contain any coding sequences, and have over 1 million copies (Roy-Engel et al 2001)  

2.2.1.2. DNA Transposons 

DNA transposons do not require RNA intermediate and transpose in a direct DNA-to-DNA 
manner. In eukaryotes, DNA transposons are less common than retrotransposons, but they 
have a special place in genetics because a family of plant DNA transposons - the Ac/Ds 
elements of maize. There are two types of DNA transposons that both require enzymes 
coded by genes within the transposons. 

2.2.2. Tandem repeats 

Tandem repeats consists of repeat arrays of two to several thousand-sequence units 
arranged in a head to tail fashion. Tandem repeats may be further classified according to the 
length and copy number of the basic repeat units as well as its genomic localization. 

2.2.2.1. Mega satellite DNA 

These are characterized by tandemly repeated DNA in which the repeat unit is 
approximately 50-400 times, producing blocks that can be hundreds of kilobases long. Some 
mega satellites are composed of coding repeats. For example: RNA genes, and the 
deubiquitinating enzyme gene USP17. 
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Figure 1. Schematic diagram showing biological categories of the different repetitive sequences. 

On the basis of their mode of amplification, repetitive DNA sequences may be tandemly 
arranged or interspersed in the genome (Slamovits and Rossi, 2002).  

2.2.1. Interspersed repetitive DNA 

Interspersed repeat sequences scattered throughout the genome have arisen by 
transposition, having “ability to jump from one place to another in the genome” (Miller and 
Capy, 2004; Brown, 2002). Even though the individual units of interspersed repetitive non-
coding DNA are not clustered, taken together they account for approximately 45% of the 
human genome. By the mechanism of their transposition, interspersed repeats are classified 
into two classes:  

2.2.1.1. RNA transposons 

RNA transposons also known as retroelements found in eukaryotic genome require reverse 
transcription for their activity. Based on their structural relationship, RNA transposons are 
divided into two general categories: 

2.2.1.1.1. LTR elements  

LTR includes retroviruses whose genomes are made up of RNA. They infect different types 
of vertebrates. 

Endogenous retroviruses (ERVs)  

These are retroviruses integrated into the vertebrate chromosomes and inherited from 
generation to generation as part of the host genome. Some are still active and might, at some 
stage in a cell's lifetime, direct synthesis of the exogenous viruses. However, majority of 
them are decayed relics and no longer have the capacity to form viruses (Patience et al 1997).  
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Retrotransposons are the biggest class of the transposons. An important characteristic of this 
type of transposable element is that they usually contain sequences with potential 
regulatory activity. They have features of non-vertebrate eukaryotic genomes (i.e. plants, 
fungi, invertebrates and microbial eukaryotes). These elements code for mRNA molecule 
which is processed and polyadenylated. Retrotransposons have very high copy numbers. In 
maize, these elements occupy half of the genome. 

2.2.1.1.2. Non LTR elements 

LINEs (Long Interspersed Nuclear Elements) 

LINEs are several thousand base pairs in size and make up about 17% of the total human 
genome (Richard and Batzer, 2009). They contain reverse-transcriptase-like gene involved in 
retrotransposition process. Many LINEs also code for an endonuclease (e.g. RNase H). The 
most abundant LINE family is the 7-kbp, L1 repeat element having >500,000 copies and 
accounts for approximately 15% of the human genome (Lander et al 2001). Despite its 
abundance, no function of LINE 1 repeat is yet known. Initial studies on mouse have 
associated L1s in shaping the structure and expression of the transcriptomes (Han et al 2004; 
Han and Boeke, 2005). 

SINEs (Short Interspersed Nuclear Elements) 

SINEs are small elements, usually 100 to 500-bp in length, accounting for 11% of the human 
genome (Richard and Batzer 2009). SINEs do not have reverse transcriptase gene, instead they 
borrow reverse transcriptase enzymes from other retroelements. Well-known example of SINE 
in the human genome is Alu sequences (Capy et al 1998), which are 350 base pairs long, do not 
contain any coding sequences, and have over 1 million copies (Roy-Engel et al 2001)  

2.2.1.2. DNA Transposons 

DNA transposons do not require RNA intermediate and transpose in a direct DNA-to-DNA 
manner. In eukaryotes, DNA transposons are less common than retrotransposons, but they 
have a special place in genetics because a family of plant DNA transposons - the Ac/Ds 
elements of maize. There are two types of DNA transposons that both require enzymes 
coded by genes within the transposons. 

2.2.2. Tandem repeats 

Tandem repeats consists of repeat arrays of two to several thousand-sequence units 
arranged in a head to tail fashion. Tandem repeats may be further classified according to the 
length and copy number of the basic repeat units as well as its genomic localization. 

2.2.2.1. Mega satellite DNA 

These are characterized by tandemly repeated DNA in which the repeat unit is 
approximately 50-400 times, producing blocks that can be hundreds of kilobases long. Some 
mega satellites are composed of coding repeats. For example: RNA genes, and the 
deubiquitinating enzyme gene USP17. 
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2.2.2.2. Minisatellite DNA 

This comprises tandem copies of repeats that are 6-100 nucleotides in length (Tautz, D. 
1993). Alec Jeffrey’s first described minisatellites in 1985, from the non-coding (intron) 
regions of the human myoglobin gene. Since then similar DNA structures have been 
reported in many organisms including bacteria (Skuce et al 2002), avian (Reed et al 1996), 
higher plants (Sykorová et al 2006; Durward et al 1995), protozoan (Feng et al 2011; Bishop 
et al 1998), and yeast (Kelly et al 2011; Haber and Louis, 1998) genomes. Comparison of the 
repeat units in classical minisatellites led to early notion of consensus or core sequences, 
which exhibit some behavioral similarities with the Chi sequences of λ phage (GCTGTGG). 
Also called as variable number of tandem repeats (VNTR) (Brown 2002), majority of the 
minisatellites are GC rich, with a strong strand asymmetry. Often minisatellites form 
families of related sequences that occur at many hundred loci in the nuclear genome. In 
human genome, number of minisatellite loci is estimated to be approximately 3000 and each 
locus contains a distinctive repeat unit with respect to size and sequence content. The degree 
of repetition ranges from two to several hundreds. Repeat unit within a minisatellite usually 
display small variations in sequence. Minisatellite mutations usually consist of gains or 
losses of one or more repeat units. Such mutations at hypervariable minisatellite loci are up 
to 1000 times more common than mutations in protein coding genes (Debrauwere et al 
1997). 

In the humans, majority of minisatellites are clustered near sub-telomeric ends of the 
chromosomes limiting their usefulness for extensive gene mapping (Lopes et al 2006; Royle 
et al 1988), but there are examples of interstitial locations (alpha globin gene cluster 
(Proudfoot et al 1982) and type II collagen gene (Stoker et al 1985). Minisatellites of other 
species, such as mice or bovine (Georges et al 1991), are not always preferentially clustered 
at chromosomal termini as in the human genome, but are distributed along the entire length 
of chromosomes. Unlike microsatellites, which usually alter during the DNA synthesis stage 
of the mitotic cell cycle, minisatellites alter during meiosis, undergoing changes in overall 
length and repeat composition (Jarman and Wells, 1989; Jeffrey’s et al 1998). Minisatellite 
tracts have proven very useful for genomic mapping (Legendre et al 2007; Jeffrey’s et al 
1985) and linkage studies (Nakamura et al 1987). Examples of human minisatellite used for 
fingerprinting include consensus sequence of 33.6, 33.15 repeat loci. List of other 
minisatellite sequences according to Ali and Wallace, (1988) are mentioned in Table 1.  

2.2.2.2.1. Telomeric repeats  

These are composed of multiple repeats of short sequence elements (typically 5 to 8-bp in 
length, with a GT-rich strand oriented 5' to 3' toward the end of the chromosome) and range 
in length from a few repeat units to >10-kbp. Long simple sequence tandem repeats of 
interstitial TTAGGG arrays form a three-dimensional nuclear network of poorly transcribed 
domains, which involve gene silencing by repositioning. This network, as well as clusters of 
retroelements properly positioned in the nucleus, form unique lineage-specific structures 
that affect gene expression (Tomilin, 2008). The repeated sequence (TTAGGG)n is found at 
telomeres in all vertebrates, certain slime molds, and trypanosomes; (TTGGGG)n and 
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(TTTGGGG)n are found in the ciliated protozoan Tetrahymena and Oxytricha species, 
respectively; and (TG1-3)n is found in the yeast Saccharomyces cerevisiae. In organisms whose 
telomeres have been examined in detail, the GT strand extends 12 to 16 nucleotides (two 
repeats) beyond the complementary C-rich strand. The unique structure of telomere is 
involved in the maintenance of the integrity of the chromosome ends.  

S.No. Probe name Sequence 5’-3’ Total 
length

Length 
repeat 
unit 

No. 
Repeat 
units 

1 0-33.6-22 (CCTCCAGCCCT)2 22 11 2 

2 0-33.6-37 GCCCTTCCTCCGGAGCCCTCCTCCAGCC
CTTCCTCCA 

37 37 1 

3 0-33.15-32 (CACCTCTCCACCTGCC)2 32 16 2 

4 0-33.15-80 (CACCTCTCCACCTGCC)5 80 16 5 
5 0-AY-29 GAGGARYAGAAAGGYGRGYRVTGTGGG

CGC 
29 37 1 

6 0-YN-124 TCCTGAACAACCCCACTGTACTTCCCA 27 31 1 
7 0-33.1 GTGCCTGCTTCCCTTCCCTCTCTTGTC 27 62 1 

8 0-34BHI CCTGCTCCGCTCACGTGGCCCACGCAC 27 ? 1 
9 0-CCR-26 (CCR)8CC 26 3 8.67 

10 0-CCA-26 (CCA)8CC 26 3 8.67 
11 0-H-Ras CACTCCCCCTTCTCTCCAGGGGACGCCA 28 28 1 

12 0-GACA-16 (GACA)4 16 4 4 
13 0-GACA-24 (GACA)6 24 4 6 

Table 1. Sequences and hybridization characteristics of the oligonucleotides probes (Ali and Wallace, 
1988) 

2.2.2.2.2. Subtelomeric repeats  

Sub-telomeric Repeats are the classes of repetitive sequences that are interspersed within the 
last 500,000 bases of non-repetitive DNA located adjacent to the telomere. Some sequences 
are chromosome specific whereas others seem to be present near the ends of all the human 
chromosomes (Norman, 2001). 

2.2.2.3. Microsatellite /Short Sequence Repeats (SSRs)  

Tandem repeats are made up of usually, di-, tri-, or tetranucleotide units (1-6 bps), were 
earlier called simple sequences (Tautz and Renz, 1984). Later, this class of DNA was coined 
as microsatellites by Tautz 1989. Microsatellites or simple sequence repeats (SSRs) are 
ubiquitously interspersed in coding and non-coding regions of the eukaryotic and 
prokaryotic genomes (Gur-Arie et al 2000; Toth et al 2000). All the SSRs taken together 
occupy about 3% of the human genome in which they are widely dispersed and associated 
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2.2.2.2. Minisatellite DNA 

This comprises tandem copies of repeats that are 6-100 nucleotides in length (Tautz, D. 
1993). Alec Jeffrey’s first described minisatellites in 1985, from the non-coding (intron) 
regions of the human myoglobin gene. Since then similar DNA structures have been 
reported in many organisms including bacteria (Skuce et al 2002), avian (Reed et al 1996), 
higher plants (Sykorová et al 2006; Durward et al 1995), protozoan (Feng et al 2011; Bishop 
et al 1998), and yeast (Kelly et al 2011; Haber and Louis, 1998) genomes. Comparison of the 
repeat units in classical minisatellites led to early notion of consensus or core sequences, 
which exhibit some behavioral similarities with the Chi sequences of λ phage (GCTGTGG). 
Also called as variable number of tandem repeats (VNTR) (Brown 2002), majority of the 
minisatellites are GC rich, with a strong strand asymmetry. Often minisatellites form 
families of related sequences that occur at many hundred loci in the nuclear genome. In 
human genome, number of minisatellite loci is estimated to be approximately 3000 and each 
locus contains a distinctive repeat unit with respect to size and sequence content. The degree 
of repetition ranges from two to several hundreds. Repeat unit within a minisatellite usually 
display small variations in sequence. Minisatellite mutations usually consist of gains or 
losses of one or more repeat units. Such mutations at hypervariable minisatellite loci are up 
to 1000 times more common than mutations in protein coding genes (Debrauwere et al 
1997). 

In the humans, majority of minisatellites are clustered near sub-telomeric ends of the 
chromosomes limiting their usefulness for extensive gene mapping (Lopes et al 2006; Royle 
et al 1988), but there are examples of interstitial locations (alpha globin gene cluster 
(Proudfoot et al 1982) and type II collagen gene (Stoker et al 1985). Minisatellites of other 
species, such as mice or bovine (Georges et al 1991), are not always preferentially clustered 
at chromosomal termini as in the human genome, but are distributed along the entire length 
of chromosomes. Unlike microsatellites, which usually alter during the DNA synthesis stage 
of the mitotic cell cycle, minisatellites alter during meiosis, undergoing changes in overall 
length and repeat composition (Jarman and Wells, 1989; Jeffrey’s et al 1998). Minisatellite 
tracts have proven very useful for genomic mapping (Legendre et al 2007; Jeffrey’s et al 
1985) and linkage studies (Nakamura et al 1987). Examples of human minisatellite used for 
fingerprinting include consensus sequence of 33.6, 33.15 repeat loci. List of other 
minisatellite sequences according to Ali and Wallace, (1988) are mentioned in Table 1.  

2.2.2.2.1. Telomeric repeats  

These are composed of multiple repeats of short sequence elements (typically 5 to 8-bp in 
length, with a GT-rich strand oriented 5' to 3' toward the end of the chromosome) and range 
in length from a few repeat units to >10-kbp. Long simple sequence tandem repeats of 
interstitial TTAGGG arrays form a three-dimensional nuclear network of poorly transcribed 
domains, which involve gene silencing by repositioning. This network, as well as clusters of 
retroelements properly positioned in the nucleus, form unique lineage-specific structures 
that affect gene expression (Tomilin, 2008). The repeated sequence (TTAGGG)n is found at 
telomeres in all vertebrates, certain slime molds, and trypanosomes; (TTGGGG)n and 
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(TTTGGGG)n are found in the ciliated protozoan Tetrahymena and Oxytricha species, 
respectively; and (TG1-3)n is found in the yeast Saccharomyces cerevisiae. In organisms whose 
telomeres have been examined in detail, the GT strand extends 12 to 16 nucleotides (two 
repeats) beyond the complementary C-rich strand. The unique structure of telomere is 
involved in the maintenance of the integrity of the chromosome ends.  

S.No. Probe name Sequence 5’-3’ Total 
length

Length 
repeat 
unit 

No. 
Repeat 
units 

1 0-33.6-22 (CCTCCAGCCCT)2 22 11 2 

2 0-33.6-37 GCCCTTCCTCCGGAGCCCTCCTCCAGCC
CTTCCTCCA 

37 37 1 

3 0-33.15-32 (CACCTCTCCACCTGCC)2 32 16 2 

4 0-33.15-80 (CACCTCTCCACCTGCC)5 80 16 5 
5 0-AY-29 GAGGARYAGAAAGGYGRGYRVTGTGGG

CGC 
29 37 1 

6 0-YN-124 TCCTGAACAACCCCACTGTACTTCCCA 27 31 1 
7 0-33.1 GTGCCTGCTTCCCTTCCCTCTCTTGTC 27 62 1 

8 0-34BHI CCTGCTCCGCTCACGTGGCCCACGCAC 27 ? 1 
9 0-CCR-26 (CCR)8CC 26 3 8.67 

10 0-CCA-26 (CCA)8CC 26 3 8.67 
11 0-H-Ras CACTCCCCCTTCTCTCCAGGGGACGCCA 28 28 1 

12 0-GACA-16 (GACA)4 16 4 4 
13 0-GACA-24 (GACA)6 24 4 6 

Table 1. Sequences and hybridization characteristics of the oligonucleotides probes (Ali and Wallace, 
1988) 

2.2.2.2.2. Subtelomeric repeats  

Sub-telomeric Repeats are the classes of repetitive sequences that are interspersed within the 
last 500,000 bases of non-repetitive DNA located adjacent to the telomere. Some sequences 
are chromosome specific whereas others seem to be present near the ends of all the human 
chromosomes (Norman, 2001). 

2.2.2.3. Microsatellite /Short Sequence Repeats (SSRs)  

Tandem repeats are made up of usually, di-, tri-, or tetranucleotide units (1-6 bps), were 
earlier called simple sequences (Tautz and Renz, 1984). Later, this class of DNA was coined 
as microsatellites by Tautz 1989. Microsatellites or simple sequence repeats (SSRs) are 
ubiquitously interspersed in coding and non-coding regions of the eukaryotic and 
prokaryotic genomes (Gur-Arie et al 2000; Toth et al 2000). All the SSRs taken together 
occupy about 3% of the human genome in which they are widely dispersed and associated 
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with many genes (Subramanian et al 2003). The significance of specific microsatellite in 
different regions has not been completely understood. However, some microsatellites 
occurring in flanking regions of coding sequences are believed to play significant roles in 
regulation of gene expression by forming various DNA secondary structures and offering a 
mechanism of unwinding (Catasti et al 1999). The variation of length and unit type of simple 
repeats in upstream activation sequences might influence transcriptional activity (Kim and 
Mullet, 1995; Epplen et al 1996; Martienssen and Colot, 2001; Zhang et al 2004), and affect 
interaction with different regulatory proteins during translation (Lue et al 1989). 

Microsatellites are usually characterized by low degree of repetition at a particular locus. 
However, these elements containing identical motifs may be found at many thousand 
genomic loci. When the occurrence of SSRs in different functional genome regions is 
considered, it turned out that most of them show much higher density in non-coding 
regions. Exceptions to the rule are trimers and hexamers that are nearly two times more 
prevalent in exons compared to introns and intergenic regions. Their high frequency in 
coding regions may be explained by the fact that they do not change the reading frames and 
gene coding properties, thus, are much better tolerated than other SSRs. Their positive 
selection in exons suggests some functions for these repeats.  

The high mutation rate of these repeats and their frequent length polymorphism suggest 
that they may be involved in the regulation of gene expression thus leaving quantitative 
effects on the phenotype. Few examples of repeat units used for fingerprinting and 
transcriptome analysis includes (GATA/GACA)n, CA, (AT)n, (GAA)n, (TCC)n, (GGAT)n, 
(GGCA)n, and (TTAGGG)n. 

3. Evolution and inter-species variation of repeat sequences  

Several mechanisms have been proposed for their evolution, such as stand slippage during 
replication, base misalignment and unequal cross over between homologous chromosomes 
during meiosis, sister chromatid exchanges or even insertion of the viral genome (Barros, 
2008; Jeffrey’s et al 1985; Tautz, 1989).  

Microsatellites tend to be highly polymorphic, suggesting a 'stepwise mutation' model in 
which most variations are introduced by replication slippage, changing the array length by 
only one or two repeats at a time, but also with occasional larger 'jumps' in size at much 
lower frequency. Minisatellites, evolve more readily by larger-scale mechanisms such as 
unequal exchanges. For all classes, there appears to be a general bias towards increase in 
array length through evolutionary time. Highly repetitive DNA tends to accumulate only in 
regions of low recombination such as centromeres and telomeres, where recombination is 
suppressed, while repeats occurring in euchromatin are much more susceptible to crossing-
over and tend to be more variable in copy number relative to their array length.  

As mentioned above, mechanism of loss or gain of repeat by unequal cross over and gene 
conversation can lead to molecular drive of any given variant in a sexually dimorphic 
population. During the evolution of repetitive elements by unequal cross over, some 
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variants will be lost whereas others will increase in frequency, eventually replacing all 
others. These evolutionary changes leads to homogeneity in the repeats of an array within a 
species and heterogeneity in the units of the corresponding array in different species, giving 
rise to inter- species variations (Harris and Wright, 1995). This phenomenon however is 
affected by overall male female ratios, population size and possibility of infusion of newer 
genetic materials in a given gene pool and allele fixation involving evolutionary incubation 
time. 

4. Functional significance of repetitive sequences  

With respect to functional roles of these sequences, uncertainty persisted for a long time and 
it was largely believed that they represent detritus part of the genome (Ohno, 1972). 
However, recent studies have shown repeat elements influencing the structure, function, 
and evolution of the chromosomes in the host genomes (Sinden, 1999; Dey and Rath, 2005; 
Tang, 2011). Their association with the promoters and coding regions of the genes has made 
them very attractive objects of the study. Transcription, mRNA processing, translation, 
folding, stability and aggregation rates, as well as gross morphology have been found to be 
incrementally affected by the alterations in the tracts of tandem repeats (Fondon and 
Garner, 2004; Vinces, 2009). The human genome provides many instances of regulatory 
regions embedded in the remnants of repeat elements (Jordan et al. 2003) and studies have 
documented participation of repeat sequences in regulation of gene expression (Boeva et al., 
2006). This suggests that the repeat elements play a major architectonic role in higher order 
of physical structuring of the genome (Shapiro and Sternberg, 2005; Vermaak et al 2009). 
More studies on repeat sequences will lead to an increased understanding on the functions 
and dysfunctions of the genomes.  

5. Significance of repetitive sequences as marker 

Primers based on VNTR provide an unprecedented opportunity to develop potential 
molecular markers for a particular species. Where a complete genome sequence is available 
for an organism, repeats may be annotated with their physical position on the genome. 
Markers may then be selected either for their location within a specific region of interest or 
for their even distribution across the regions. Where a full genome sequence is unavailable, 
location may be predicted through synteny using a sequenced genome or through previous 
mapping exercises. Alternatively, for a genome whose sequences are not known can still be 
analyzed employing primers from other species for gene amplification. A gene so amplified 
may then be localized onto the chromosomes employing FISH. Similar set of primer may be 
used to amplify cDNA of the species. This approach circumvents the need for screening the 
genomic library.  

Furthermore, for species which exhibit low levels of polymorphism at repeat loci, candidate 
polymorphic loci may be predicted through mining large sequence datasets. The presence of 
short sequence repeat (SSR) polymorphisms within aligned sequences of different origin 
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variants will be lost whereas others will increase in frequency, eventually replacing all 
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Tang, 2011). Their association with the promoters and coding regions of the genes has made 
them very attractive objects of the study. Transcription, mRNA processing, translation, 
folding, stability and aggregation rates, as well as gross morphology have been found to be 
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location may be predicted through synteny using a sequenced genome or through previous 
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used to amplify cDNA of the species. This approach circumvents the need for screening the 
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Furthermore, for species which exhibit low levels of polymorphism at repeat loci, candidate 
polymorphic loci may be predicted through mining large sequence datasets. The presence of 
short sequence repeat (SSR) polymorphisms within aligned sequences of different origin 
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would be indicative of the level of polymorphism at that locus. These selection strategies 
could greatly reduce the time and cost associated with the development of repeat markers. 
Integration of this repetitive sequence data with genome databases would provide further 
benefits to genome researchers. 

6. Bubalus bubalis genome 

The water buffalo (Bubalus bubalis) population in the world is actually about 168 million 
head, of which 161 million can be found in Asia (95.83 percent); 3717 million are in Africa 
and Egypt (2.24 percent); 3.3 million (1.96 percent) in South America, 40 000 in Australia 
(0.02 percent); 500 000 in Europe (0.30 percent). Asian buffalo or Water buffalo is classified 
under the Genus: Bubalus, Species: bubalis. Asian buffalo includes two subspecies known as 
the River and Swamp types, the morphology and purposes of which are different so are the 
genetics. The River buffalo has 50 chromosomes of which five pairs are sub-metacentric, 
while 20 are acrocentric: the Swamp buffalo has 48 chromosomes, of which 19 pairs are 
metacentric. Swamp buffaloes are stocky animals with marshy land habitats. They are 
primarily used for draught power in paddy fields and haulage but are also used for meat 
and milk production. They produce a valuable milk yield of up to 600 kg milk per year, 
Swamp buffaloes are mostly found in South East Asian countries. A few animals can also be 
found in the northeastern states of India (Sethi, 2003). River buffaloes are generally large in 
size, with curled horns and are mainly found in India, Pakistan and in some countries of 
western Asia. They prefer to enter clear water, and are primarily used for milk meat and 
draught purposes. Each subspecies includes several breeds. Buffaloes are known to be better 
at converting poor-quality roughage into milk and meat. They are reported to have a 5 
percent higher digestibility of crude fiber than high-yielding cows; and a 4-5 percent higher 
efficiency of utilization of metabolic energy for milk production (Mudgal, 1988). 

India has about 97 million animals, which represents 92% of the world buffalo population. 
India possesses the best River milk breeds in Asia e.g. Murrah, Nili-Ravi, Surti Jaffarabadi, 
Mehsana, Kundi, Bhadavari and Nagpuri which originated from the north-western states of 
India (Sethi, 2003). However, despite the importance of buffalo to the economic and social 
fabric of the region, its population has been declining. There are many reasons for the 
decline of buffalo populations, foremost of which are: increased agricultural mechanization; 
increased urbanization, industrialization, and reforestation limiting paddy areas for 
buffaloes; growing buffalo slaughter rate to satisfy meat demands of a fast-growing 
population; poor reproductive performance; and lack of proper attention by policy makers 
and researchers. The low reproductive efficiency in female buffalo can be attributed to 
delayed puberty, higher age at calving, long postpartum anoestrus period, long calving 
interval, lack of overt sign of heat, and low conception rate. In addition, female buffaloes 
have few primordial follicles and a high rate of follicular atresia. Understanding potential 
quantitative trait loci associated with economically important traits will help in segregating 
genetically superior breeds. 
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7. Repetitive sequences as molecular markers in bovid genome 

Based on repeat sequences, a number of probes with varying length and sequence 
complexities have been successfully used as genetic markers (Kapur et al 2003; Jobling and 
Tyler-Smith, 2003; Bashamboo and Ali, 2001; Amos et al 1991; Tourmente et al 1994; Ali et al 
1986). Earlier conventional protein and biochemical markers were used for breeding 
program of bubaline species (Wilson and Strobeck, 1999). Subsequently, diallelic Restriction 
Fragment Length Polymorphism (RFLP) for the loci homologous to cattle (Blott et al 1999) 
were used. However due to low levels of polymorphism detected with these markers, their 
application remained limited. RFLP technology was followed by Random amplification of 
Polymorphic DNA (RAPD), followed by Amplified fragment length Polymorphism (AFLP) 
besides minisatellite markers. A series of synthetic oligonucleotide probes were developed 
as markers for genetic analysis and molecular systematics of Bubaline and related genomes. 
While probes based on repeat sequences are available there is no clear cut experimental 
approach that could assist identification and segregation of elite animals with superior QTL 
loci. This is because most of the physical and physiological attributes recognized to be the 
part of the elite animals, are controlled by several genes and it is extremely challenging to 
uncover all such genes implicated with superior germplasm. However marker based 
analysis would possibly bridge the gap and facilitate much-needed advance research to 
segregate genetically superior germplasm in the context of animal genetics in general and 
animal biotechnology in particular. 

8. Restriction Fragment Length Polymorphism (RFLP) 

The basic technique for detecting RFLPs involves the fragmentation of genomic DNA by a 
restriction enzyme. The resulting DNA fragments are then separated by length through a 
process known as agarose gel electrophoresis, and transferred to a membrane via the 
Southern blot procedure. Hybridization of the membrane to a labeled DNA probe then 
determines the size of the fragments, which are complementary to the probe. An RFLP 
occurs when the size of a detected fragment varies between individuals. Each fragment size 
is considered an allele, and can be used in genetic analysis. RFLP's are quick, simple and 
inexpensive ways to assay DNA sequence differences. It is the first DNA polymorphism to 
be widely used for genomic characterization, which detects variations ranging from gross 
rearrangements to single base changes. The polymorphisms are found by their effects on 
sites for restriction enzyme mediated cleavage of preparations of high molecular weight 
DNA. In buffalo, RFLP approach has been used to gain insight into organization and allele 
length variation of satellite fractions (Chattopadhyay et al 2001; Bhatnagar et al 2004). From 
our laboratory, BamH1 derived pDS5 and pDS4 and RsaI derived pDp1-pDp4 were found to 
be conserved only in buffalo, cattle, goat, and sheep (Pathak et al 2006; 2011). 

9. Minisatellite Associated Sequence Amplification (MASA) 

MASA involves random amplification of genomic or cDNA with primers specific to 
minisatellites by PCR. MASA can be performed with a small quantity of target substrate. 
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The novel part of the current approach is that functional, structural and regulatory genes 
associated with minisatellites are accessed without screening the conventional cDNA library 
proving this be highly useful for such genome analysis where prior information is absent or 
inadequately available. The expression profile of genes based on MASA under normal and 
abnormal conditions is envisaged to be of great relevance for identification of event/stage 
specific mRNA transcripts. In the context of comparative genomics, mRNA transcripts 
commonly expressing in a large number of species may be segregated. Following this 
approach, genes with highest levels of expression in a given tissue may be easily identified 
and the information from different breeds of animals may be established. In addition, 
differential expression of genes accessed by MASA may be used to establish genotype 
phenotype correlation in the context of genetic diseases, cancer biology, stem cell research, 
tissue engineering, organ transplantation, animal cloning, characterization of genetic 
integrity of different cell lines and conducting translational research. Minisatellite sequences 
33.6, 33.15 have been widely used to explore bubaline genome (Srivastava et al 2006; 2008; 
Pathak et al 2010). In addition microsatellite probes (2-6 base pairs) such as (AT)n, (CA)n, 
(GAA)n, (TCC)n, (GACA)n, (GATA)n, (GGAT)n, (GGCA)n and (TTAGGG) were used to 
analyze buffalo genome (Rawal et al 2012; kumar et al 2011). Following this approach, 
additional oligo primers based on VNTR loci may be used to undertake analysis of any 
desired species, cell lines, biopsied samples and cell lines.  

10. Technical approaches and methodologies 

We describe some of our works related to characterization of the buffalo genome. Further, in 
the context of functional and comparative genomics, DNA from across the species were also 
used. DNA was largely procured from the blood samples though in some cases, solid tissues 
were also used.  

10.1. Collection of blood samples and isolation of genomic DNA 

DNA was extracted from peripheral blood of buffalo Bubalus bubalis, goat Cipra hircus sheep 
Ovis aries tiger Panthera tigris, lion Panthera leo, humans Homo sapiens, langur Presbytis 
entellus, Indian rhinoceros Rhinoceros unicornis, fish Hetropnustes fossilis, bird Columba livia, 
baboon Papio hamadryas, pig Sus scrofa, rat Rattus norvegicus, jungle cat Felis chaus, bonnet 
monkey Macaca radiate and leopard Panthera pardus. Intactness of DNA was checked on 1% 
agarose gel and DNA was PCR amplified using bubaline derived β actin primers and 
visualized on UV transilluminator.  

10.2. RNA isolation and synthesis of cDNA 

Using buffalo as an experimental animal, total RNA was extracted from testis, kidney, liver, 
spleen, lung, heart, ovary, brain and sperm using TRIzol (Molecular Research Center, Inc., 
Cincinnati, OH) following manufacturer’s instructions. To check the contamination of 
mRNA from the cells other than spermatozoa, RNA extractions from the sperms were tested 

 
Repetitive DNA: A Tool to Explore Animal Genomes/Transcriptomes 167 

by RT-PCR both for the CDH1 (E-cadherin) and CD45 (tyrosine phosphatase). Similarly, 
presence of DNA was ruled out by PCR using β-actin primers. Following this, 
approximately 10 μg of RNA from different tissues and spermatozoa was reverse 
transcribed into cDNA using commercially available high capacity cDNA RT kit (Applied 
Biosystems, USA). The success of cDNA synthesis was confirmed by PCR employing 35 
cycles of amplification using buffalo derived β-actin primers. 

10.3. Minisatellite Associated Sequence amplification (MASA) 

Using oligo primer and cDNA from different tissues and spermatozoa, PCR amplifications 
were carried out. The reaction conditions involved 95°C denaturation for 5 min followed by 
35 cycles each consisting denaturation at 95°C for 1 min, annealing at the optimal 
temperature for 1.5 min, extension of the primer at 72°C for 1 min and final extension at 
72°C for 10 min. Approximately, 25 μl of amplified product was resolved on a 20-cm-long, 
3% (w/v) agarose gel in 1× TBE buffer at a constant voltage. The distinct bands were sliced 
from the gel, purified and cloned into pGEMT-easy vector (Promega, USA). In water 
buffalo, Bubalus bubalis using cDNA from the spermatozoa and eight different somatic 
tissues and an oligo primer based on two units of consensus of 33.6 repeat loci (5' 
CCTCCAGCCCTCCTCCAGCCCT 3'), Minisatellite-associated sequence amplification 
(MASA) identified 29 mRNA transcripts (Figure 2). 

 
Figure 2. A representative agarose gel showing minisatellite associated sequence amplification (MASA) 
with cDNA from different somatic tissues and spermatozoa of buffalo as shown on top of the lanes in 
panel (A). -actin was used as an internal control (B). M is the molecular marker given in base pairs (bp) 
(for details, see Pathak et al, 2010).  

10.4. Restriction digestion of buffalo genomic DNA  

Approximately, 4-5 μg of genomic DNA from buffalo, cattle, goat and sheep were subjected 
individually to restriction digestion using 4-5 units of BamHI and Rsa1enzyme. The digested 
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Cincinnati, OH) following manufacturer’s instructions. To check the contamination of 
mRNA from the cells other than spermatozoa, RNA extractions from the sperms were tested 
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by RT-PCR both for the CDH1 (E-cadherin) and CD45 (tyrosine phosphatase). Similarly, 
presence of DNA was ruled out by PCR using β-actin primers. Following this, 
approximately 10 μg of RNA from different tissues and spermatozoa was reverse 
transcribed into cDNA using commercially available high capacity cDNA RT kit (Applied 
Biosystems, USA). The success of cDNA synthesis was confirmed by PCR employing 35 
cycles of amplification using buffalo derived β-actin primers. 

10.3. Minisatellite Associated Sequence amplification (MASA) 

Using oligo primer and cDNA from different tissues and spermatozoa, PCR amplifications 
were carried out. The reaction conditions involved 95°C denaturation for 5 min followed by 
35 cycles each consisting denaturation at 95°C for 1 min, annealing at the optimal 
temperature for 1.5 min, extension of the primer at 72°C for 1 min and final extension at 
72°C for 10 min. Approximately, 25 μl of amplified product was resolved on a 20-cm-long, 
3% (w/v) agarose gel in 1× TBE buffer at a constant voltage. The distinct bands were sliced 
from the gel, purified and cloned into pGEMT-easy vector (Promega, USA). In water 
buffalo, Bubalus bubalis using cDNA from the spermatozoa and eight different somatic 
tissues and an oligo primer based on two units of consensus of 33.6 repeat loci (5' 
CCTCCAGCCCTCCTCCAGCCCT 3'), Minisatellite-associated sequence amplification 
(MASA) identified 29 mRNA transcripts (Figure 2). 

 
Figure 2. A representative agarose gel showing minisatellite associated sequence amplification (MASA) 
with cDNA from different somatic tissues and spermatozoa of buffalo as shown on top of the lanes in 
panel (A). -actin was used as an internal control (B). M is the molecular marker given in base pairs (bp) 
(for details, see Pathak et al, 2010).  

10.4. Restriction digestion of buffalo genomic DNA  

Approximately, 4-5 μg of genomic DNA from buffalo, cattle, goat and sheep were subjected 
individually to restriction digestion using 4-5 units of BamHI and Rsa1enzyme. The digested 
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DNA fragments were resolved on 0.8% agarose gel in 0.5X TBE for approximately 16-18 
hours. In water buffalo, two distinct DNA bands of 1378 and 673 bp with Bam HI and four 
bands of 1331, 651, 603 and 339 base pairs were cut, gel purified (Figure 3). The eluted 
fragments were cloned and sequenced following standard protocol. For Southern 
hybridization, DNA was transferred onto Nylon membrane and immobilized by exposure 
to UV. Membranes were rinsed in 2X SSC, dried and UV cross- linked. Blots were 
hybridized at 600C overnight with 32P α-dCTP labeled recombinant plasmid (25 ng) using 
random priming method (rediprimeTM II kit, Amersham Pharmacia biotech, USA). 
Washing of the membranes was done using standard protocols and signals were recorded 
by exposure of the blot to X-ray film (Pathak 2006; 2011). 

 
Figure 3. Agarose gel showing restriction digestion of buffalo Bubalus bubalis, genomic DNA with 
BamHI (A) and RsaI (B) enzymes. The two discernible bands 673 bp and 1378 bp with BamHI digestion 
and four bands 1331, 651, 603 and 339 bp in RsaI are highlighted. Molecular weight marker is given on 
the left in base-pair (bp). Since the patterns are not gender species, this suggests that the bands are 
originated from the autosomes (for details, Pathak et al 2006; 2011). 

10.5. Copy number assessment and relative expression using Real Time PCR 

Copy number of desired fragment was calculated based on absolute quantitation assay 
using SYBR Green dye and Sequence Detection System- 7500 (ABI, USA). The primers 
specific to fragments, respectively, were designed using Primer Express Software V2.0 
(ABI). The standard curve was obtained using 10 folds dilution series of the recombinant 
plasmids ranging from 30, 00,000 to 30 copies taking 3.36 pg DNA per haploid genome of 
(assuming haploid genome of farm animals =3.3 pg, wt per base pair = 1.096 × 10-21 gm) as 
standards. The reactions were performed in triplicate using 96 well plates in a 25 μl reaction 
volume, each having 0.5 ng of buffalo genomic DNA and 50 nM of corresponding primers, 
employing conditions of 500C for 2 min, 950C for 10 min, followed by 40 cycles of 950C for 10 
sec and 600C for 1 min. Real-time PCR analysis uncovered 1234 and 3420 copies of pDS5 and 
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pDS4 fragments per the haploid genome and ~2 × 104 copies of pDp1, ~ 3000 copies of pDp2 
and pDp3 and ~ 1000 of pDp4 in buffalo, cattle, goat and sheep genomes (Figure 4), 
respectively. (Pathak et al 2006; 2011) The copy number assessment of these repeats in 
different known and nondescript breeds of buffalo may enable to establish a correlation, if 
any, towards the delineation of different breeds. 

 
Figure 4. Standard curve based on 10 fold dilution series of pDp1, pDp2, pDp3, pDp4 and genomic 
DNA from buffalo, cattle, goat and sheep showing the amplification plot (a-d) panel (A), corresponding 
slopes of -3.3 to -3.5, panel (B) and a single dissociation peak, panel (C), substantiating maximum 
efficiency of the PCR reaction and high specificity of the primers with target DNA. Arrow indicates 
genomic DNA from buffalo, cattle, goat and sheep Buffalo, cattle, goat and sheep showed 
approximately same copy number for pDp1, pDp2, pDp3, pDp4 indicating their conservation across the 
bovid species (Pathak et al 2011). 

Relative expression using Real Time PCR was carried out for the desired fragments with 
Sybr Green assay using cDNA from different tissues and spermatozoa. The primers were 
designed using Primer Express 2.0 (Applied Biosystems) software. The cyclic conditions 
were same as that used for copy number calculations. The reaction was performed following 
standard protocol (Sriavastava et al 2006). The specificity of each primer pair and the 
efficiency of the amplification were tested by assaying serial dilutions of the cDNA 
hybridized with oligonucleotides specific for target and normalization control (GAPDH). 
The difference in the Ct value between the target cDNA from different tissues and the 
control samples (the tissue showing least expression) was used for calculation. The 
expression level of the desired fragments was calculated using the formula: expression = 
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designed using Primer Express 2.0 (Applied Biosystems) software. The cyclic conditions 
were same as that used for copy number calculations. The reaction was performed following 
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The difference in the Ct value between the target cDNA from different tissues and the 
control samples (the tissue showing least expression) was used for calculation. The 
expression level of the desired fragments was calculated using the formula: expression = 
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(1+E) -∆Ct, where E is the efficiency of the PCR and ∆Ct = difference in threshold cycle value 
between the test sample and endogenous control. To achieve the maximum (one) efficiency 
of the Real Time PCR, the amplicon size was kept small (70-150 bp) so that the expression 
level of the test gene remains 2 -∆Ct. Each experiment was repeated three times to ensure 
consistency of the results. Maximum expression of pDS5 and pDS4 was seen in the spleen 
and liver, respectively. pDp1 showed maximum expression in lung, pDp2 and pDp3 both in 
Kidney, and pDp4 in ovary. Nine, 33.6 MASA amplified transcripts showed highest 
expression in spermatozoa and one each in liver and lung (Figure 5). 

 
Figure 5. Expressional analyses of the representative 33.6 tagged mRNA transcripts. a-l represents 
different tissues, gonad, and spermatozoa. Note the maximum expression of some representative 
mRNA transcripts in the spermatozoa corresponding to Dp1, 4, 8, 10, 17,19, 20, and 26 shown in a, c, d, 
f, h, i, j, and l), respectively, and exclusive expression of Dp9 in liver (e). Bars represent relative 
expression of the transcript(s) in folds. Transcript IDs are mentioned on top left corner and tissues, 
below the panels (Pathak et al 2010) 

These 9 transcripts in the spermatozoa, representing vital genes supports their involvement 
in sperm development and possibly overall testicular functions. In the context of animal 
biotechnology, such selective tissue specific expression profile is very important to segregate 
the genetically superior germplasm or any other physical and physiological attributes. This 
is true particularly in case of buffalo since this species has several breeds. Clearly, 
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development of MASA mediated tissue specific transcript profiles is envisaged to go a long 
way in undertaking molecular characterization of not only the genome of buffalo but also 
those of other economically important animals. 

10.6 Chromosome preparation and Fluorescence In Situ Hybridization (FISH) 

When once mRNA transcripts are made available, it becomes feasible to fish out full length 
cDNA clones employing 3’ and 5’RACE. This approach enables isolation of genes without 
screening the cDNA library thus circumventing many arduous steps. When clones 
representing genes are obtained, these can be used for conducting fluorescence 
hybridization onto the metaphase chromosomes. We have used some of the clones to 
successfully conduct FISH on buffalo chromosomes to localize the genes and also uncover 
the distribution of several species of repeat elements.  

For chromosome culture, 2 ml of blood was drawn into heparinized vacutainer tubes with 
sterile syringe from buffalo, cattle, goat, sheep and human. To sterile tissue culture flask 
containing 5 ml RPMI- 1640, 20% fetal Bovine serum, 2% Phytohemagglutinin, PHA (2 
mg/ml), 5 l concavalin A (3 g/ml), 2.5 l mercaptoethanol (50 M), 50 l LPS (10 g/ml), 
2.2 ml Antibiotic/antimycotic (0.15mg/ml), 500 μl of blood was added and whole mixture 
was incubated for 72 hours in 5% CO2 at 370C. After 70 hours, colcemid (10 μg/μl) was 
added in culture flasks to arrest cells in metaphase stage and cells were further incubated for 
2 hours. The cells were then subjected to 0.56%KCL for 30 mins followed by fixative 
treatment (Methanol: glacial Acetic acid, 3:1). Few drops of cell suspension were dropped 
onto pre-cleaned chilled slide and blow-dried. The slides were Giemsa stained (Gibco, BRL) 
for 20 minutes, washed with PBS / distilled water and observed under microscope to record 
metaphases.  

For probe preparation plasmids containing gene of interest were labeled with desired 
fluorochromes using Nick Translation Kit from Vysis, (Illinois, USA) following supplier’s 
instructions. Hybridization was carried out in 20 μl volume containing 50% formamide, 
10% Dextran sulphate, Cot 1 DNA and 2X SSC, pH 7 for 16 hours at 370C in a moist 
chamber. Post hybridization washes were done in 2X SSC at 370C (low stringent 
condition) and then at 600C in 0.1X SSC (under high stringent condition). Slides were 
counterstained with DAPI, screened under Olympus Fluorescence Microscope (BX51) and 
images were captured with Olympus U-CMAD-2 CCD camera. Chromosome mapping 
was done following the International System for Chromosome Nomenclature. The pDS5, 
representing the 1378-bp fragment, showed FISH signals in the centromeric region of 
acrocentric chromosomes only, whereas pDS4, corresponding to 673 bp, detected signals 
in the centromeric regions of all the chromosomes. RsaI derived pDp1, pDp2 and pDp3 
showed distribution of repeats to all across the buffalo chromosomes (Pathak et al 2006; 
2011) (Figure 6).  

Chromosomal mapping of SARS2 gene, using bovine SARS2 BAC probe localized (Figure 7) 
the genes to buffalo metaphase chromosome 18 (Pathak et al 2010). 
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development of MASA mediated tissue specific transcript profiles is envisaged to go a long 
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those of other economically important animals. 
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When once mRNA transcripts are made available, it becomes feasible to fish out full length 
cDNA clones employing 3’ and 5’RACE. This approach enables isolation of genes without 
screening the cDNA library thus circumventing many arduous steps. When clones 
representing genes are obtained, these can be used for conducting fluorescence 
hybridization onto the metaphase chromosomes. We have used some of the clones to 
successfully conduct FISH on buffalo chromosomes to localize the genes and also uncover 
the distribution of several species of repeat elements.  

For chromosome culture, 2 ml of blood was drawn into heparinized vacutainer tubes with 
sterile syringe from buffalo, cattle, goat, sheep and human. To sterile tissue culture flask 
containing 5 ml RPMI- 1640, 20% fetal Bovine serum, 2% Phytohemagglutinin, PHA (2 
mg/ml), 5 l concavalin A (3 g/ml), 2.5 l mercaptoethanol (50 M), 50 l LPS (10 g/ml), 
2.2 ml Antibiotic/antimycotic (0.15mg/ml), 500 μl of blood was added and whole mixture 
was incubated for 72 hours in 5% CO2 at 370C. After 70 hours, colcemid (10 μg/μl) was 
added in culture flasks to arrest cells in metaphase stage and cells were further incubated for 
2 hours. The cells were then subjected to 0.56%KCL for 30 mins followed by fixative 
treatment (Methanol: glacial Acetic acid, 3:1). Few drops of cell suspension were dropped 
onto pre-cleaned chilled slide and blow-dried. The slides were Giemsa stained (Gibco, BRL) 
for 20 minutes, washed with PBS / distilled water and observed under microscope to record 
metaphases.  

For probe preparation plasmids containing gene of interest were labeled with desired 
fluorochromes using Nick Translation Kit from Vysis, (Illinois, USA) following supplier’s 
instructions. Hybridization was carried out in 20 μl volume containing 50% formamide, 
10% Dextran sulphate, Cot 1 DNA and 2X SSC, pH 7 for 16 hours at 370C in a moist 
chamber. Post hybridization washes were done in 2X SSC at 370C (low stringent 
condition) and then at 600C in 0.1X SSC (under high stringent condition). Slides were 
counterstained with DAPI, screened under Olympus Fluorescence Microscope (BX51) and 
images were captured with Olympus U-CMAD-2 CCD camera. Chromosome mapping 
was done following the International System for Chromosome Nomenclature. The pDS5, 
representing the 1378-bp fragment, showed FISH signals in the centromeric region of 
acrocentric chromosomes only, whereas pDS4, corresponding to 673 bp, detected signals 
in the centromeric regions of all the chromosomes. RsaI derived pDp1, pDp2 and pDp3 
showed distribution of repeats to all across the buffalo chromosomes (Pathak et al 2006; 
2011) (Figure 6).  

Chromosomal mapping of SARS2 gene, using bovine SARS2 BAC probe localized (Figure 7) 
the genes to buffalo metaphase chromosome 18 (Pathak et al 2010). 
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Figure 6. Chromosomal localization of pDS5 clone (A) on (a) buffalo and (b) cattle metaphase 
chromosomes. Note the absence of signal in all the bi-armed chromosomes. Fluorescence in situ 
hybridization (FISH) of pDp1 (B) clone on buffalo metaphase chromosomes (c). Note the dispersed 
signals over the metaphase chromosomes. (See Pathak et al 2006; 2011). 

11. Applications in animal biotechnology  

With the availability of human genome sequence much emphases is given to sequence all 
the potential farm animals. Despite of importance as farm animal research data on the water 
buffalo is limited. Water buffalo breeders and farmers have been facing many challenges 
and problems, such as poor reproductive efficiency, sub-optimal production potential, 
higher than normal incidence of infertility, and lower rates of calf survival. Genome research 
has created a broad basis for promoting and utilizing gene technologies in many fields of 
livestock production. Genome biotechnology will provide a major opportunity to advance 
sustainable animal production systems of higher productivity through manipulating the 
variation within and between breeds to realize more rapid and better-targeted gains in 
breeding value. This type of research will also make it possible to distinguish molecular 
phenotypes and thus improve the use of genetic resources of domestic animals.  

To date, researchers have identified several genes or DNA regions that are associated with 
traits of economic importance including reproduction, growth, lean body, fat quantity, meat 
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quality, physical traits and disease resistance. For example, the fatty acid composition of 
dairy and beef food products, increased disease resistance (and thus increased animal 
welfare). Similarly, decreased methane emissions in cattle help to address the needs of 
consumers and society for sustainable and cost-effective food production. A number of gene 
and marker tests are now available commercially from genotyping service companies. 
Examples are CAST (meat quality), ESR and EPOR (litter size), FUT1 (E. coli disease 
resistance), HAL (halothane – meat quality, stress), IGF2 (carcase), MC4R (growth and fat), 
PRKAG3 (meat quality) and RN (meat quality) (Walters, 2011). Many scientists are using 
genomic information embedded on SNP50 BeadChip, a glass slide containing thousands of 
DNA markers, to determine disease-resistant genes in cattle, swine, sheep, poultry, fish and 
then selectively mating the animals in order to create disease resistant animals. 
Understanding all the expressed genes, their organization and mode of action in bubaline or 
any other farm animals will positively bridge the gap and facilitate the much needed growth 
of animal biotechnology. 

 
Figure 7. Localization of SARS2 gene on the representative interphase nuclei and metaphase 
chromosome 18 using FISH.SARS2 BAC probe showing signals on buffalo metaphase chromosome 18 
(A) and interphase nuclei (a-e) (B). Note two signals in the interphase nuclei corresponding to those on 
the homologous chromosomes. (Pathak et al 2010). 

(a) (b) (c) (d) (e) 
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12. Concluding remarks 

Genetic improvement of animals warrants continuous and complex processes of sustained 
research employing cutting edge tools and techniques of modern biology and recombinant 
DNA technology. A much deeper and detailed understanding on a given species would 
eventually prove to be highly useful for possible manipulation of a desired genome. 
Improvement of domestic animal traits has been the foremost important task for animal 
breeding. In this pursuit, many techniques have been developed and tested. In recent years, 
advances in molecular genetics have introduced a new generation of molecular markers for 
the genetic improvement of the animals. However, utilization of marker-based information 
for genetic improvement depends on the choice and judicious use of an appropriate marker 
system for a given application. Selection of markers for different applications is influenced 
by the degree of polymorphism, reproducibility of the technique, speed of the experiments 
and cost involved.  

As the situation stand now, for a given biological phenomenon where multiple genes are 
implicated, technical approaches need to be developed to segregate the entire possible genes 
specific to that phenomenon. A good example is the spermatogenesis that involves 
putatively close to about 400 plus genes. However, their clear cut involvement and 
characterization in any species has still not been achieved. When once, such information is 
made available, this would then provide much needed basis of functional and comparative 
genomics. Perhaps then, molecular delineation of the “so-called” elite animals or specific 
breed representing superior germplasm would become feasible.  
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12. Concluding remarks 

Genetic improvement of animals warrants continuous and complex processes of sustained 
research employing cutting edge tools and techniques of modern biology and recombinant 
DNA technology. A much deeper and detailed understanding on a given species would 
eventually prove to be highly useful for possible manipulation of a desired genome. 
Improvement of domestic animal traits has been the foremost important task for animal 
breeding. In this pursuit, many techniques have been developed and tested. In recent years, 
advances in molecular genetics have introduced a new generation of molecular markers for 
the genetic improvement of the animals. However, utilization of marker-based information 
for genetic improvement depends on the choice and judicious use of an appropriate marker 
system for a given application. Selection of markers for different applications is influenced 
by the degree of polymorphism, reproducibility of the technique, speed of the experiments 
and cost involved.  

As the situation stand now, for a given biological phenomenon where multiple genes are 
implicated, technical approaches need to be developed to segregate the entire possible genes 
specific to that phenomenon. A good example is the spermatogenesis that involves 
putatively close to about 400 plus genes. However, their clear cut involvement and 
characterization in any species has still not been achieved. When once, such information is 
made available, this would then provide much needed basis of functional and comparative 
genomics. Perhaps then, molecular delineation of the “so-called” elite animals or specific 
breed representing superior germplasm would become feasible.  
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1. Introduction 

Proteins are dynamic and any detailed description of the proteome must reflect the dynamic 
variations in protein properties. For example, most proteins form complexes with other 
protein partners, can undergo various post translational modifications and can accumulate 
in different sub compartments of the cell. Spatial and temporal variations between proteins 
in different compartments and/or cell types mean that each experiment for mass 
spectrometric analysis must be carefully designed to optimise the data that can be obtained. 
Recent improvements in experimental methodologies and in the resolution and sensitivity 
of Mass Spectrometers, have expanded the complexity of proteomic analysis that is now 
possible[1]. In this chapter we outline current workflows and methodologies that facilitate 
complex proteomic analyses, from the design and execution of experiments, though to the 
analysis and interpretation of the resulting data. 

SILAC labelling can be used to quantitate a wide range of biological experiments based 
upon differential comparisons of two or three cell states or conditions. For example, 
immuno-precipitation and protein-protein interaction analysis, cellular fractionation for 
localisation studies and measurements of protein synthesis, degradation and turnover can 
all be quantitated using the SILAC approach [2-7].The SILAC approach can also be used to 
carry out high throughput analyses on entire proteomes and can help to identify subsets of 
proteins that respond to specific cellular perturbations. 

Reliable interpretation of SILAC data requires computational analysis. Widely accessible 
spread sheet applications like excel are commonly used for this task. This involves 
numerous peptide and protein identifications, with several isotope ratio and/or intensity 
values associated with each identification. The interpretation of these data is often the most 
complex part of the proteomics experiment. How to go about data quality assurance and 
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culling, as well as modelling the data in such a way as to draw valid conclusions will be 
discussed in this chapter. 

Mass Spectrometry-based proteomics is evolving into a multidimensional analysis world 
(e.g. identification, quantification, space and time), where not only do we identify and 
quantify the proteome but also characterize changes in protein properties (e.g. subcellular 
location) at different time points, and under different conditions (e.g. response to a drug 
treatment). These types of analyses help to provide a functional characterisation of the 
genome and may facilitate the application of proteomics for clinical studies. 

2. Mass Spectrometry of proteins 

Mass Spectrometry of proteins is based on several principals of chemistry and physics, 
namely mass and generation of charged molecules, or ions. Given the known composition of 
amino acids (Figure 1), and the inferred knowledge of protein composition (from the 
Human Genome Project [8], the protein products are predicted from the genetic code), we 
can therefore compute in silico the predicted molecular weight of every protein. 
Additionally, the mass change resulting from any modification (made in the laboratory, for 
example reduction and alkylation of cysteine di-sulphide bonds) can be accurately predicted 
and therefore matches can be made between these calculated values and the experimental 
ion masses measured in a mass spectrometer.  

For complex protein mixtures (e.g., cellular lysates, immune-precipitates, whole organism 
and/or tissue lysates) protein analysis is typically performed using the following 
methodology: 

Protein solubilisation; A separation step to fractionate the complex protein mixture (e.g. gel 
electrophoresis, isoelectric focussing or size exclusion chromatography); Reduction and 
Alkylation (to disrupt di-sulphide bonds in proteins, and add a carbomidomethyl 
modification to cysteine residues to inhibit di-sulphide re-formation); Digestion using a 
proteolytic enzyme such as trypsin (as bottom up –or peptide level analysis is the most 
common form of protein analysis in mass spectrometry); HPLC reversed phase 
chromatography (which reduces the complexity of peptide samples sufficiently for the 
instrument to measure the individual ions); Electro-spray ionisation and tandem mass 
spectrometry (Figure 2). Through the process of electro-spray ionisation peptides can be 
charged (mostly positively charged), and the charge used to control their movement 
through the instrument. The mass spectrometer then performs a survey scan (characterising 
all of the peptide ion masses present in a given time window), followed by several 
sequencing scans, which isolate and fragment peptides, one ion mass at a time, by colliding 
each selected peptide ion with inert gas molecules, thereby generating fragment or daughter 
ions. These fragment ions characterise the amino acid sequence of the selected peptide. 
Using this analysis strategy the current generation of mass spectrometer can generate 
~30,000 or more spectra from a typical protein lysate, thereby identifying and quantifying 
hundreds to thousands of separate proteins, depending on the complexity of the sample. 
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Figure 1. Structures of the common amino acids. 



 
Functional Genomics 182 

culling, as well as modelling the data in such a way as to draw valid conclusions will be 
discussed in this chapter. 

Mass Spectrometry-based proteomics is evolving into a multidimensional analysis world 
(e.g. identification, quantification, space and time), where not only do we identify and 
quantify the proteome but also characterize changes in protein properties (e.g. subcellular 
location) at different time points, and under different conditions (e.g. response to a drug 
treatment). These types of analyses help to provide a functional characterisation of the 
genome and may facilitate the application of proteomics for clinical studies. 

2. Mass Spectrometry of proteins 

Mass Spectrometry of proteins is based on several principals of chemistry and physics, 
namely mass and generation of charged molecules, or ions. Given the known composition of 
amino acids (Figure 1), and the inferred knowledge of protein composition (from the 
Human Genome Project [8], the protein products are predicted from the genetic code), we 
can therefore compute in silico the predicted molecular weight of every protein. 
Additionally, the mass change resulting from any modification (made in the laboratory, for 
example reduction and alkylation of cysteine di-sulphide bonds) can be accurately predicted 
and therefore matches can be made between these calculated values and the experimental 
ion masses measured in a mass spectrometer.  

For complex protein mixtures (e.g., cellular lysates, immune-precipitates, whole organism 
and/or tissue lysates) protein analysis is typically performed using the following 
methodology: 

Protein solubilisation; A separation step to fractionate the complex protein mixture (e.g. gel 
electrophoresis, isoelectric focussing or size exclusion chromatography); Reduction and 
Alkylation (to disrupt di-sulphide bonds in proteins, and add a carbomidomethyl 
modification to cysteine residues to inhibit di-sulphide re-formation); Digestion using a 
proteolytic enzyme such as trypsin (as bottom up –or peptide level analysis is the most 
common form of protein analysis in mass spectrometry); HPLC reversed phase 
chromatography (which reduces the complexity of peptide samples sufficiently for the 
instrument to measure the individual ions); Electro-spray ionisation and tandem mass 
spectrometry (Figure 2). Through the process of electro-spray ionisation peptides can be 
charged (mostly positively charged), and the charge used to control their movement 
through the instrument. The mass spectrometer then performs a survey scan (characterising 
all of the peptide ion masses present in a given time window), followed by several 
sequencing scans, which isolate and fragment peptides, one ion mass at a time, by colliding 
each selected peptide ion with inert gas molecules, thereby generating fragment or daughter 
ions. These fragment ions characterise the amino acid sequence of the selected peptide. 
Using this analysis strategy the current generation of mass spectrometer can generate 
~30,000 or more spectra from a typical protein lysate, thereby identifying and quantifying 
hundreds to thousands of separate proteins, depending on the complexity of the sample. 

 
Dynamic Proteomics: Methodologies and Analysis 183 

 
Figure 1. Structures of the common amino acids. 



 
Functional Genomics 184 

 
Figure 2. The basic workflow of bottom up proteomics, and how peptides are measured in a mass 
spectrometer. 

3. SILAC 

Relative quantification of proteins in two or more samples is aided by using isotope 
labelling  techniques such as SILAC [9]. SILAC (Stable Isotope Labelling of Amino acids in 
Cell culture) is a quantitative method of analysis where specific amino acids (typically 
arginine and/or lysine) undergo a forced enrichment of heavy carbon, nitrogen and 
hydrogen isotopes (namely C13, N15 and deuterium, all of which are not radioactive) in cell 
culture, by using amino acid depleted media. After approximately 6 cell division cycles the 
vast majority of the proteins are completely substituted with the heavy isotope labelled 
amino acids (Figure 3) [9]. These basic amino acids are cleavage sites for the enzyme trypsin, 
ensuring every tryptic peptide measured contains a single SILAC isotope label. Modern 
mass spectrometers are extremely sensitive instruments that can detect the changes in 
weight caused by the presence of different isotopes e.g. ‘medium’ labelling of proteins is 
generally created by using L-arginine-13 C6 14 N4 and L-lysine 2 H4 (R6K4). Thus the ‘medium’ 
labelled arginine and lysine will have an increased mass of 6Da and 4Da, respectively, 
relative to the normal ‘light’ isotopes in naturally occurring amino acids. The MS spectra 
display these differences as distinctive double (for 2 SILAC labels) or triple (for 3 SILAC 
labels) peaks at a given mass for the endogenous/light peptide 

Using this technology experimental scenarios have been established allowing the 
characterisation of the dynamic proteome [2-4, 6, 7].  
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SILAC specific instructions and some product information can be found in the 
Supplementary Methods section under ‘SILAC’. Please note other suppliers are available 
and these can be found on the internet. 

 
*’Light labelled’ proteins should be prepared from cells grown on media identical to the heavy labelled media (i.e. 
media, to which amino acids with the normal ‘light’ isotopes and dialysed Calf serum are added). [Using ‘normal’ non-
SILAC media is not sufficient as this will have a different composition, due mostly to the non-dialysed calf serum used 
in typical media. Non-dialysed calf serum may have more small molecules than dialysed, which could potentially 
change the growth rate of cells, therefore giving differential growth conditions between the control sample and the 
sample of interest. 

Figure 3. The principle of SILAC. Cells which have been grown for >6 generations in SILAC media 
contain proteins completely substituted with heavy isotope-labelled amino acids. These different mass 
labels can be used for distinguishing and comparing proteins in a wide range of experimental 
conditions. When mixed with a control sample, with a different SILAC label, the resulting spectra of 
each peptide, allow accurate relative quantitation. 

4. Protein interaction proteomics 

As mentioned in the introduction, many proteins do not act in isolation, but form complexes 
with partner proteins and a major goal is to identify the detailed composition of these 
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respective multi-protein complexes. However, the dynamic nature of the proteome means 
that there may not be a unique description of protein complexes. For example, at different 
cell cycle stages and/or under changed conditions (e.g. following drug treatment) the 
partner proteins in a complex might either change, or vary in abundance and/or 
modification state. Our aim, therefore, is to analyse both the composition and dynamic 
nature of protein complexes. 

 
Figure 4. Immunne-precipitation. The beads used in immune-precipitation experiments contribute a 
significant amount of non-specific binding proteins, and therefore need to be accounted for with the use 
of a bead control. This is done using cell lysate and the beads of choice, without the antibody, leading to 
a sample which contains only background proteins. With this information the genuine interactors can 
more easily be determined. 

Using immune-precipitation (harnessing the specificity of antibodies to protein targets) for 
protein interaction experiments has long been the gold standard, particularly in 
combination with traditional western blot analysis. With the application of mass 
spectrometry to characterise immuno-precipitates, the analysis has now expanded to 
identifying hundreds of proteins in each IP. A large percentage of the proteins pulled down 
in an immune-precipitation experiment bind non-specifically, for example binding to the 
beads used as the solid substrate for the antibody rather than to the bait or target protein 
(Figure 4). The beads often have a high general binding affinity for protein [4, 10]. Without 
good controls these non-specifically binding proteins can occlude identification of the 
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specific proteins of interest. To allow for this a bead control is often included as part of the 
experiment. A bead control is provided by applying equal amounts of the cell lysate of 
choice to the beads being used for the immune-precipitation, sans antibody. This generates a 
sample that will predominantly contain non-specific binding proteins, which can be 
identified during the analysis and distinguished from the genuine protein interaction 
partners in the complex of interest. While label free MS analysis is effective for this protocol, 
differential SILAC labelling to distinguish the control and experimental conditions (e.g. 
R0K0- bead control, R6K4 protein of interest, R10K8 protein + drug) improves the accuracy 
of quantitation and efficiency for this kind of analysis. 

Extensive analysis of hundreds of immune-precipitations, with lysates from various 
different cell lines and bead types has been used to generate a database recording protein 
identification frequencies, i.e., recording the number of previous experiments where any 
given protein was identified [4]. The higher the number of times a protein is identified in 
different IP experiments, the more likely it represents a non-specific binder. This protein 
frequency library information is available as an online resource for comparing immune-
precipitation results; see http://www.peptracker.com/datavisual/. 

A basic immune-precipitation protocol can be found in the Supplementary Methods section 
under ‘Immuno-precipitation Protocol’. 

5. Dynamic proteomics: How it’s done 

The use of SILAC labelling enables a wide range of assay formats to be designed for 
quantitative comparison of protein properties under different conditions. For example, 
using SILAC in conjunction with cellular fractionation, immune-precipitation and time 
course experiments it is possible to analyse the kinetics of protein transport, synthesis, 
degradation and interaction. 

Using a combination of physical and chemical separation methods, including differential 
density centrifugation, it is possible to fractionate cells and isolate subcellular organelles and 
components such as cytoplasm, nucleoplasm, membranes etc. There are also commercial 
kits available that can be used to fractionate cells and combined with MS analysis. The 
cellular fractionation most commonly used in our hands concentrates on distinguishing 
between cytoplasmic and nuclear localisation of proteins in eukaryotic cells, allowing 
analysis of compartmentalisation of protein function and nucleo-cytoplasmic transport 
under different cell growth conditions and responses [3, 11]. Figure 5 illustrates the 
procedure and the specifics of the methodology can be found in the Supplementary 
Methods under ‘Cellular Fractionation’. 

The principles of the fractionation strategy, as applied to mammalian cells grown in culture, 
are as follows; application of a hypotonic (low salt) buffer to freshly trypsinised cells, 
followed by a gentle mechanical disruption with a dounce homogeniser. This causes the 
cells to swell, and hence disrupts the outer cell membrane. The resulting ‘cellular’ 
suspension is centrifuged such that larger organelles, including the nucleus (which at this 
stage is intact) will spin down into a pellet, whilst the soluble material and smaller 
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cytoplasmic material will stay in the supernatant. Thereafter stronger mechanical disruption 
is employed (e.g. sonication) to lyse the nucleus, and one or more additional fractionation 
steps (e.g. density gradients) are used to separate organelles and other subcellular structures 
based on properties such as their size, density and/or shape.  

This can be combined with MS-based approaches and SILAC to determine changes in the 
subcellular organisation of the proteome induced by stress or other perturbations (e.g. UV, 
drug treatment etc.). This is done by growing cells in media with different SILAC labels, 
using one of the labels as an untreated control sample (e.g. ‘light’) while exposing cells 
grown in a different label (e.g. ‘medium’ or ‘heavy’) to the perturbation, e.g. stress, drug 
treatment. After incubating for the desired time, which will vary depending on the 
treatment being performed, equal numbers of cells from each control and experimental 
sample can be mixed and the fractionation protocol carried out. Alternatively, the cell 
fractionation can be performed separately for the different samples and then mixed to 
combine equal amounts of protein from each (Figure 5). In this technique proteins 
remaining unchanged as a result of the perturbation will show a SILAC ratio for the control 
and experimental isotopic forms of ~1 (or if a log ratio is plotted, 0). In contrast, proteins 
which have been altered as a result of the experimental treatment (e.g. moved from 
cytoplasm to nucleus) will show either an increased or decreased SILAC ratio, according to 
the design of the experiment. This conveniently highlights a particular subset of proteins 
that may respond to a specific perturbation and provides in parallel a direct comparison 
with the bulk response of the large number of cell proteins sampled in high throughput. 

This approach can also be used in combination with a Pulse SILAC experimental set-up, as 
discussed below. 

The cellular fractionation protocol described above allows the characterisation of changes in 
the steady state localisation of proteins and of kinetics of protein movement, but this is not 
the full story. Although the location of a protein is fundamental to its function, the change 
induced by your experimental variable might also affect protein turnover, either by 
changing rates of protein synthesis, degradation or both. So how do we characterise this? 
Pulse SILAC techniques have enabled an elegant experimental procedure to characterise the 
time dynamics of the proteome [3, 12, 13]. This involves generating a population of 
completely labelled cells in medium label (e.g.R6K4), and switching the media over to heavy 
(e.g.R10K8). Over time conversion of all the medium labelled protein into heavy labelled 
protein occurs. Collecting cells at various time points, and mixing these with light labelled 
cells (50:50 as per usual SILAC) as a control steady state of protein expression (Figure 6), 
gives samples which characterise protein synthesis and degradation (13).  

The benefit of this kind of experimental set up is evident in the downstream data analysis. 
Decrease in the medium to light ratios describes the degradation rate of a given protein, 
whilst increase in the heavy to light ratio describes the synthesis of new proteins. The time 
point at which these 2 curves intersect (assuming you have a sufficient number of time 
points for accurate measurements) describes the time required for turnover of 50% of the 
protein. Analysis of proteome turnover in the HeLa and HCT116 cell lines has been carried 
out and made publicly available at http://www.peptracker.com/turnoverInformation/. 

 
Dynamic Proteomics: Methodologies and Analysis 189 

Bearing in mind different cell lines have varying cell cycle length, the online Protein 
Turnover Viewer can allow comparison of new results with this database, and hence reveal 
differences in behaviour between cell lines. The Protein Turnover Viewer has an easily 
navigable interface, allowing Uniprot identifiers to be used to identify a protein of interest to 
find out the data on its turnover. 

 
Figure 5. Cellular fractionation, and SILAC cellular fractionation. The physiological properties of the 
cellular structure enable effective separation of parts of the cell, using combinations of chemistry, 
centrifugal properties and varying strengths of mechanical disruption. This method in combination 
with SILAC enables characterisation of different conditions in one experiment, describing quantitatively 
the regulation and location of proteins. 
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Figure 6. Pulse SILAC. Pulse SILAC uses an established labelled population of cells and when a media 
swap (i.e. from R6K4 to R10K8) is instigated, measurements of protein degradation and synthesis can be 
performed, when mixed with a control population (R0K0). 

This technique is not only useful for steady state, or ‘normal’ protein turnover analysis. It 
fits very well to drug treatment kinetics, microRNA effects, DNA damage analysis (e.g. UV 
or chemical induced), or physiological perturbations (e.g. hypoxia or other forms of stress). 
Analysis of the resulting data is more complex than a more simple SILAC experiment and 
the data set larger, but provides a useful wealth of information about protein dynamics. 

6. Data analysis 

Data analysis of SILAC experiments needs to be tailored to the specific question, but the 
beginnings of the analysis process are very similar and can follow this method: 

MaxQuant   Data Culling   Population Statistics   Data Grouping 

6.1. MaxQuant 

MaxQuant is a comprehensive software package widely used for the analysis and 
quantitation of MS-based proteomic data, including SILAC, that was created by Jurgen 
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Cox and Matthias Mann [14, 15]. It is made available as freeware and can be downloaded 
from http://maxquant.org/. MaxQuant includes a search engine that can use raw MS data 
from the mass spectrometer, perform peak picking, mass recalibration, SILAC pair 
matching and quantification, label free quantification, database searching (using 
Andromeda), and output peptide and protein data in extensive detail [14, 15]. While other 
commercial and freeware software options are also available for analysis of MS data we 
routinely use the MaxQuant package which works very well specifically for the protocols 
described here. 

6.2. Data grouping  

Data grouping is a way of making large data sets easier to manage. In an ideal world 
having a database with experimental values linked to reliable meta data describing the 
experimental parameters is the best case scenario for proteomic data management [2-4, 
15].  

Online versions of proteomic databases are available which allow mass spectrometry based 
experimental data upload, and subsequent comparison to other datasets contained in the 
database, such as PRIDE (http://www.ebi.ac.uk/pride/)[16]. Several other MS data 
repositories (namely Tranche and PeptideAtlas) have combined with PRIDE to form the 
Proteome Xchange (http://www.proteomeexchange.org) which enables submission from a 
single webpage and the combination of the data from all three repositories. In depth 
analytics on this data has not been performed- comparisons are mainly based around 
protein identification, and classification.  

Quantitative comparisons of datasets in this forum aren’t possible but grouping/result set 
selection according to numerous meta data and protein identifiers is possible. Absolute 
quantification comparisons with experimental datasets is possible through PaxDB 
(http://pax-db.org)[17] which not only contains data for most model organisms but has 
correlated absolute quantitation information from 28 datasets, and computed the average 
parts per million value for thousands of proteins. These data can be searched 100 identifiers 
at a time. 

Using the MaxQuant software for data processing allows the grouping and separation of 
data from individual MS analyses [14, 15]. MaxQuant can combine data from all the protein 
fractions from a sample (if it has been pre-fractionated before MS), and can separate 
different samples from different conditions, but combine and output the results in one excel 
sheet. This facilitates direct comparison between all samples with all ratio/intensity data 
present.  

When the appropriate population statistical analyses have been performed and a statistically 
valid significance cut-off has been calculated, the candidates for up- or down-regulated 
proteins from each group can be identified. When performing analysis of proteome 
dynamics, these results can also be compared with other variables. For example, a cell 
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Cox and Matthias Mann [14, 15]. It is made available as freeware and can be downloaded 
from http://maxquant.org/. MaxQuant includes a search engine that can use raw MS data 
from the mass spectrometer, perform peak picking, mass recalibration, SILAC pair 
matching and quantification, label free quantification, database searching (using 
Andromeda), and output peptide and protein data in extensive detail [14, 15]. While other 
commercial and freeware software options are also available for analysis of MS data we 
routinely use the MaxQuant package which works very well specifically for the protocols 
described here. 

6.2. Data grouping  

Data grouping is a way of making large data sets easier to manage. In an ideal world 
having a database with experimental values linked to reliable meta data describing the 
experimental parameters is the best case scenario for proteomic data management [2-4, 
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database, such as PRIDE (http://www.ebi.ac.uk/pride/)[16]. Several other MS data 
repositories (namely Tranche and PeptideAtlas) have combined with PRIDE to form the 
Proteome Xchange (http://www.proteomeexchange.org) which enables submission from a 
single webpage and the combination of the data from all three repositories. In depth 
analytics on this data has not been performed- comparisons are mainly based around 
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Quantitative comparisons of datasets in this forum aren’t possible but grouping/result set 
selection according to numerous meta data and protein identifiers is possible. Absolute 
quantification comparisons with experimental datasets is possible through PaxDB 
(http://pax-db.org)[17] which not only contains data for most model organisms but has 
correlated absolute quantitation information from 28 datasets, and computed the average 
parts per million value for thousands of proteins. These data can be searched 100 identifiers 
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Using the MaxQuant software for data processing allows the grouping and separation of 
data from individual MS analyses [14, 15]. MaxQuant can combine data from all the protein 
fractions from a sample (if it has been pre-fractionated before MS), and can separate 
different samples from different conditions, but combine and output the results in one excel 
sheet. This facilitates direct comparison between all samples with all ratio/intensity data 
present.  

When the appropriate population statistical analyses have been performed and a statistically 
valid significance cut-off has been calculated, the candidates for up- or down-regulated 
proteins from each group can be identified. When performing analysis of proteome 
dynamics, these results can also be compared with other variables. For example, a cell 
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fractionation experiment performed, in conjunction with a time course of a drug treatment. 
Time course data can also be analysed to determine trends. It is important to have a zero 
time point, to describe the basal protein level, and use this to normalise values from the later 
time points followed by detection and  grouping of trends. Most proteins will show little or 
no change over time but specific groups may show trends, for example reflecting regulation 
as a result of cell cycle, which appear as one or more peaks/troughs (figure 8) that can be 
identified by clustering analysis (this analysis was done with StatistiXL 
(http://www.statistixl.com/features/cluster.aspx) and further correlated with other data, 
such as GO terms or protein network information (Network analysis was done with String 
data base analysis http://string-db.org/[18]) . In the example shown, network analysis of the 
proteins found to have similar expression trends indicated that that the proteins identified 
were linkers between 2 or more functional networks, showing the transfer of effect through 
regulation, over time. With any other kind of grouping, such as for example Go term or 
subcellular location, this association between known networks would not be determined; it 
is only seen in the regulation trend association.  

 
Figure 7. Hierarchical clustering of protein ratios over time, leading to effective grouping of expression 
trends. This kind of trend grouping and analysis was not possible by grouping according to GO terms 
or cellular location, or network association. Network analysis of these clustered groups after 
hierarchical clustering is advisable however, as interaction between known networks is often  
identified.   
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7. Conclusions 

Life scientists working in the proteomics field have had the privilege of being at the cutting 
edge of an emerging technology that has opened up new possibilities for improving 
experimental design and data analysis. As proteomics can be “characterized more by its 
diversity than a common methodological or subject orientation”[1] the applications 
developed to accommodate this diversity should be made available and accessible to the 
wider scientific community. 

The methods described here allow the description and measurement of protein-protein 
interactions, changes in proteome localisation and rates of synthesis and degradation. While 
the bench-top methodologies are relatively straightforward, the key to harnessing the 
biological value of the experiments often lies in the methods used to analyse the resulting 
data. We recommend systematic recording and management of all data, from all 
experiments. Systematic recording of detailed meta data can be used to extract information 
and obtain new results through a comparison of data trends across many different and often 
unrelated experiments. We term this approach, ‘Super Experiments’. 

All protocols discussed above can be found on greproteomics.lifesci.dundee.ac.uk and 
www.lamondlab.com websites. 

8. Supplementary methods 

8.1. SILAC-Stable Isotope Labelling of Amino acids in Culture 

The following protocol provides a step by step guideline for preparing SILAC media and 
growing labelled cells in tissue culture. 

Media can be bought ready or be made by the user, prior to use. 

For media: 

1. DMEM or RPMI minus arginine, lysine and methionine. 
Order no: contact your local sales rep 

2. Dialyzed FBS (fetal calf serum) 
Order no: Invitrogen, cat no S181D (500ml) 

3. Standard amino acids (ROKO media for control) 
Order no: Sigma, L-Arginine (A8094, 25g), L-lysine (L8662, 25g), L-Methionoine 
(M5308, 25g) 

N/B: It is advisable to prepare 500µl aliquots of amino acids in PBS which can be stored at -
20⁰C. Add 500µl aliquot of each when preparing SILAC media.  

Stock concentrations: Arg0: 84mg/ml 
   Lys0: 146mg/ml 
   Met0: 30mg/ml 

R6K4 and R10K8 amino acids- please note all amino acids are purchased via Cambridge 
Isotope Lab (CIL; North America, www.isotope.com) for UK see http://www.cgkas.com  
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Amino Acid Symbol Cat. No Pack Size 
L-arginine-HCL (U-13C6, 98%) R8 CLM-2265 0.5g 
L-arginine-HCL (U-13C6, 98% : 
15N4, 98%) 

R10 CNLM-539 0.5g 

L-lysine-2HCL (U-13C6, 98%) K6  CLM-2247 0.5g 
L-lysine-2HCL (U-13C6, 98% : 
15N2, 98%) 

K8 CNLM-291 0.5g 

 

These will make enough SILAC media for approximately 12 bottles of media however you 
can buy smaller amounts of the amino acids if you only plan to do 1 or 2 experiments. 
 

Amino Acid Symbol Cat. No Pack Size 
L-arginine-HCL (U-13C6, 98%) R8 CLM-2265 0.1g 
L-arginine-HCL (U-13C6, 98% : 
15N4, 98%) 

R10 CNLM-539 0.1g 

L-lysine-2HCL (U-13C6, 98%) K6  CLM-2247 0.1g 
L-lysine-2HCL (U-13C6, 98% : 
15N2, 98%) 

K8 CNLM-291 0.1g 
 

 
4. Cell Dissociation Buffer 

Order no: Invitrogen, cat no. 13151-014 (100ml) 

When passaging cells it is very important to NOT USE trypsin!! As this may provide a pool 
of unlabelled amino acids) 

Preparing the SILAC media (500ml): 

To 500ml DMEM/RPMI media add: 

1. 500ml DMEM/RPMI media 
2. 50ml dialysed FBS 
3. 5.5ml Pen/Strep (and/or other antibiotics, if desired) 
4. 0.5ml Met0 stock 
5. 0.5ml Arg stock (R0, R6, R10) 
6. 0.5ml Lys stock (K0, K4, K8) 

Mix well then filter through 0.22µm sterile filter. Store at 4⁰C.  

Cells should be grown for a minimum 6 passages for complete labelling.  

8.2. Cellular fractionation protocol 

This protocol will provide an effective technique to fractionate a variety of different cell 
types into cytoplasmic, nucleoplasmic and nucleoli fractions. The exact recipes for the 
solutions required throughout the protocol are provided at the end.  
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We have also included a shortened version of the protocol that will give only cytoplasmic 
and nuclei fractions.  

N/B: Normal fractionation requires 5-15 x14cm circular dishes of completely confluent cells. 

Cytoplasmic, Nucleoplasmic and Nucleoli fractionation 

1. From confluent dishes. Trypsinise cells and spin in centrifuge for 4mins at 1000rpm. 
Wash pellet with PBS and spin again.  

2. Re-suspend pellet in 5ml of ice-cold Buffer A (see Buffer A recipe). Incubate cells on ice 
for 5mins.  

3. Transfer re-suspended pellet into a pre-chilled 7ml dounce homogeniser and break cells 
open using 10 strokes of a tight pestle.  

4. Centrifuge dounced cells for 5mins at 4⁰C, 1000rpm. Retain supernatant as cytoplasmic 
fraction. 

5. Re-suspend pellet in 3ml of S1 (0.25M Sucrose, 10mM MgCl2) and layer over a 3ml 
cushion of S2 (0.35M Sucrose, 0.5mM MgCl2) by slowly pipetting S1 solution on top of 
S2.  

6. Centrifuge for 5mins at 4⁰C, 2500rpm. 
7. Remove supernatant (retain if necessary) and re-suspend in 3ml of S2 (0.35M Sucrose, 

0.5mM MgCl2) and sonicate for 6 x 10 secs (with a 10 sec rest on ice between each 
sonication) using a probe sonicator. (N/B: if a probe sonicator is not available a bath 
sonicator can be used providing samples are sonicated in an ice bath to prevent 
overheating) 

8. Layer the sonicated sample over 3ml S3 (0.88M Sucrose, 0.5mM MgCl2) again by 
pipetting solution slowly on top S3 layer. Spin samples for 10mins at 4⁰C, 3500rpm.  

9. Retain supernatant as nucleoplasmic fraction! 
10. Wash pellet by re-suspending in 500µl of S2 (0.35M Sucrose, 0.5mM MgCl2) and spin for 

5mins at 4⁰C, 3500rpm- this is the nucleoli fraction. 

Nucleoli pellet can be stored in any volume of buffer at -80⁰C and can be spun out again 
using the same centrifugation parameters as step 10.  

Cytoplasm and Nuclei fractions only 

1. From confluent dishes. Trypsinise cells and spin in centrifuge for 4mins at 1000rpm. 
Wash pellet with PBS and spin again.  

2. From confluent dishes. Trypsinise cells and spin in centrifuge for 4mins at 1000rpm. 
Wash pellet with PBS and spin again.  

3. Transfer re-suspended pellet into a pre-chilled 7ml dounce homogeniser and break cells 
open using 10 strokes of a tight pestle. Centrifuge dounced cells for 5mins at 4⁰C, 
1000rpm. Retain supernatant as cytoplasmic fraction. 

4. Re-suspend nuclear pellet in 3ml of S1 (0.25M Sucrose, 10mM MgCl2) and layer over a 
3ml cushion of S2 (0.35M Sucrose, 0.5mM MgCl2) by slowly pipetting S1 solution on top 
of S2.  

5. Centrifuge for 10mins at 4⁰C, 3500rpm and retain pellet as nuclear fraction. 
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Amino Acid Symbol Cat. No Pack Size 
L-arginine-HCL (U-13C6, 98%) R8 CLM-2265 0.5g 
L-arginine-HCL (U-13C6, 98% : 
15N4, 98%) 

R10 CNLM-539 0.5g 

L-lysine-2HCL (U-13C6, 98%) K6  CLM-2247 0.5g 
L-lysine-2HCL (U-13C6, 98% : 
15N2, 98%) 

K8 CNLM-291 0.5g 

 

These will make enough SILAC media for approximately 12 bottles of media however you 
can buy smaller amounts of the amino acids if you only plan to do 1 or 2 experiments. 
 

Amino Acid Symbol Cat. No Pack Size 
L-arginine-HCL (U-13C6, 98%) R8 CLM-2265 0.1g 
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L-lysine-2HCL (U-13C6, 98% : 
15N2, 98%) 

K8 CNLM-291 0.1g 
 

 
4. Cell Dissociation Buffer 

Order no: Invitrogen, cat no. 13151-014 (100ml) 

When passaging cells it is very important to NOT USE trypsin!! As this may provide a pool 
of unlabelled amino acids) 

Preparing the SILAC media (500ml): 

To 500ml DMEM/RPMI media add: 

1. 500ml DMEM/RPMI media 
2. 50ml dialysed FBS 
3. 5.5ml Pen/Strep (and/or other antibiotics, if desired) 
4. 0.5ml Met0 stock 
5. 0.5ml Arg stock (R0, R6, R10) 
6. 0.5ml Lys stock (K0, K4, K8) 

Mix well then filter through 0.22µm sterile filter. Store at 4⁰C.  

Cells should be grown for a minimum 6 passages for complete labelling.  

8.2. Cellular fractionation protocol 

This protocol will provide an effective technique to fractionate a variety of different cell 
types into cytoplasmic, nucleoplasmic and nucleoli fractions. The exact recipes for the 
solutions required throughout the protocol are provided at the end.  
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We have also included a shortened version of the protocol that will give only cytoplasmic 
and nuclei fractions.  

N/B: Normal fractionation requires 5-15 x14cm circular dishes of completely confluent cells. 

Cytoplasmic, Nucleoplasmic and Nucleoli fractionation 

1. From confluent dishes. Trypsinise cells and spin in centrifuge for 4mins at 1000rpm. 
Wash pellet with PBS and spin again.  

2. Re-suspend pellet in 5ml of ice-cold Buffer A (see Buffer A recipe). Incubate cells on ice 
for 5mins.  

3. Transfer re-suspended pellet into a pre-chilled 7ml dounce homogeniser and break cells 
open using 10 strokes of a tight pestle.  

4. Centrifuge dounced cells for 5mins at 4⁰C, 1000rpm. Retain supernatant as cytoplasmic 
fraction. 

5. Re-suspend pellet in 3ml of S1 (0.25M Sucrose, 10mM MgCl2) and layer over a 3ml 
cushion of S2 (0.35M Sucrose, 0.5mM MgCl2) by slowly pipetting S1 solution on top of 
S2.  

6. Centrifuge for 5mins at 4⁰C, 2500rpm. 
7. Remove supernatant (retain if necessary) and re-suspend in 3ml of S2 (0.35M Sucrose, 

0.5mM MgCl2) and sonicate for 6 x 10 secs (with a 10 sec rest on ice between each 
sonication) using a probe sonicator. (N/B: if a probe sonicator is not available a bath 
sonicator can be used providing samples are sonicated in an ice bath to prevent 
overheating) 

8. Layer the sonicated sample over 3ml S3 (0.88M Sucrose, 0.5mM MgCl2) again by 
pipetting solution slowly on top S3 layer. Spin samples for 10mins at 4⁰C, 3500rpm.  

9. Retain supernatant as nucleoplasmic fraction! 
10. Wash pellet by re-suspending in 500µl of S2 (0.35M Sucrose, 0.5mM MgCl2) and spin for 

5mins at 4⁰C, 3500rpm- this is the nucleoli fraction. 

Nucleoli pellet can be stored in any volume of buffer at -80⁰C and can be spun out again 
using the same centrifugation parameters as step 10.  

Cytoplasm and Nuclei fractions only 

1. From confluent dishes. Trypsinise cells and spin in centrifuge for 4mins at 1000rpm. 
Wash pellet with PBS and spin again.  

2. From confluent dishes. Trypsinise cells and spin in centrifuge for 4mins at 1000rpm. 
Wash pellet with PBS and spin again.  

3. Transfer re-suspended pellet into a pre-chilled 7ml dounce homogeniser and break cells 
open using 10 strokes of a tight pestle. Centrifuge dounced cells for 5mins at 4⁰C, 
1000rpm. Retain supernatant as cytoplasmic fraction. 

4. Re-suspend nuclear pellet in 3ml of S1 (0.25M Sucrose, 10mM MgCl2) and layer over a 
3ml cushion of S2 (0.35M Sucrose, 0.5mM MgCl2) by slowly pipetting S1 solution on top 
of S2.  

5. Centrifuge for 10mins at 4⁰C, 3500rpm and retain pellet as nuclear fraction. 
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Nuclear pellet can be stored in any volume of buffer at -80⁰C and can be spun out again 
using the same centrifugation parameters as step 5. 

8.2.1. Solutions 

 
Stock mM (final) 

1M HEPES, Ph 7.9 10 

1M MgCl2 1.5 

2.5M KCl 10 

1M DTT 0.5 

dH2O Up to 10ml 

Protease inhibitor 1 mini EDTA-free COMPLETE tablet 

Table 1. Buffer A (10ml stock) is a hypotonic buffer that causes the cells to swell to they can be 
effectively broken open by dounce homogenizing. 

 

Stock mM (final) 

2.5M Sucrose 0.25 

1M MgCl2 10 

dH2O Up to 20ml 

Protease inhibitor 1 mini EDTA-free COMPLETE tablet 

Table 2. S1 (0.25M Sucrose, 10mM MgCl2) 20ml 

 

Stock mM (final) 

2.5M Sucrose 0.35 

1M MgCl2 0.5 

dH2O Up to 40ml 

Protease inhibitor 2 mini EDTA-free COMPLETE tablets 

Table 3. S2 (0.35M Sucrose, 0.5mM MgCl2), 40ml 

 

Stock mM (final) 

2.5M Sucrose 0.88 

1M MgCl2 0.5 

dH2O Up to 20ml 

Protease inhibitor 1 mini EDTA-free COMPLETE tablet 

Table 4. S3 (0.88M Sucrose, 0.5mM MgCl2), 20ml 
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Up-scale volumes as necessary.  
 

Stock mM(final) 
1M Tris, pH7.5 50 
5M NaCl 150 
10% NP-40 1% 
10% Deoxycholate 0.5% 
Protease inhibitor 1 mini EDTA-free COMPLETE tablet 

Table 5. RIPA buffer- used frequently to prepare cellular lysate (10ml) 

8.3. Immuno-precipitation protocol 

This technique is very useful in the purification of a protein of interest. The technique works 
through the formation of an antigen: antibody complex which is attached to 
agarose/sepharose/metallic bead. The bead coupled to an antibody provide a matrix to 
which the protein of interest can bind allowing the other undesired components of the 
whole cell extract to be washed away. The eluted sample from the beads can then be further 
processed by gel electrophoresis and MS. 

The protocol that follows is a very generic standard procedure presented as an initial 
recommendation for those who have not performed or optimised an IP previously. 

Reagents required.  

IP buffer: 
20mM Tris-HCl pH 7.5 
150mM NaCl 
1mM EDTA 
0.05% Triton X-100 
5% glycerol 
Protease Inhibitor cocktail tablets (Roche, cat. 11-873-580-001). 1 per 50ml buffer. 

Glycine elution buffer:  
100mM Glycine pH2.5 (adjusted with HCl) 

Standard elution buffer: LDS sample buffer (invitrogen, cat. NP0007. Diluted 4x buffer 1:1 
with milliQ to obtain 2x solution.  

8.3.1. Method 

N.B: All bead spin downs are done at 2000rpm for 2mins at 4°C.  

1. Place whole cell extract aliquot in a round-bottomed vial to ensure good mixing. Add 
antibody to the required specific dilution for what you’re using (you may need to 
consult your information booklet for antibody dilution guidelines.) When using cell 
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Nuclear pellet can be stored in any volume of buffer at -80⁰C and can be spun out again 
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Up-scale volumes as necessary.  
 

Stock mM(final) 
1M Tris, pH7.5 50 
5M NaCl 150 
10% NP-40 1% 
10% Deoxycholate 0.5% 
Protease inhibitor 1 mini EDTA-free COMPLETE tablet 

Table 5. RIPA buffer- used frequently to prepare cellular lysate (10ml) 

8.3. Immuno-precipitation protocol 

This technique is very useful in the purification of a protein of interest. The technique works 
through the formation of an antigen: antibody complex which is attached to 
agarose/sepharose/metallic bead. The bead coupled to an antibody provide a matrix to 
which the protein of interest can bind allowing the other undesired components of the 
whole cell extract to be washed away. The eluted sample from the beads can then be further 
processed by gel electrophoresis and MS. 

The protocol that follows is a very generic standard procedure presented as an initial 
recommendation for those who have not performed or optimised an IP previously. 

Reagents required.  

IP buffer: 
20mM Tris-HCl pH 7.5 
150mM NaCl 
1mM EDTA 
0.05% Triton X-100 
5% glycerol 
Protease Inhibitor cocktail tablets (Roche, cat. 11-873-580-001). 1 per 50ml buffer. 

Glycine elution buffer:  
100mM Glycine pH2.5 (adjusted with HCl) 

Standard elution buffer: LDS sample buffer (invitrogen, cat. NP0007. Diluted 4x buffer 1:1 
with milliQ to obtain 2x solution.  

8.3.1. Method 

N.B: All bead spin downs are done at 2000rpm for 2mins at 4°C.  

1. Place whole cell extract aliquot in a round-bottomed vial to ensure good mixing. Add 
antibody to the required specific dilution for what you’re using (you may need to 
consult your information booklet for antibody dilution guidelines.) When using cell 
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fractions use 200µl of Cytoplasmic protein solution, and 50µl of Nucleoplasmic protein 
solution (up-scaling as required). 

2. Incubate between 0.5hours and overnight at 4°C, rotating.  

NB. Perform all of the following steps on ice. Keep IP Buffer on ice also. 

3. Wash beads with 1ml of IP buffer and spin down. Repeat. Re-suspend the beads in a 1:1 
ratio with IP buffer. (i.e if 25µl of beads then 25µl of IP buffer) 

4. Add 50µl of bead slurry to each Ab-lysate sample and rotate for 1-3 hours at 4°C.  
5. Spin down beads. Retain the supernatant as this contains the unbound proteins.  
6. Wash beads 3x with 1ml IP buffer. Vortex for 1 min before spinning down the beads. 
7. Completely remove all liquid from the beads using gel loading tips then elute the 

bound proteins with either 2x 30µl aliquots of 2x LDS sample buffer (shaking for 5mins, 
at 95°C each time, for running samples on gels) or 2x 30µl glycine buffer (shaking for 
10mins, at room temp each time, for doing in-solution digest).  

N.B: if glycine buffer is used then it will result in a sample with an acidic pH. This needs to be 
neutralised so that further analysis can be done. Neutralisation of the sample can be done 
by slow, drop-by-drop addition of 1M Tris.HCl, pH 7.5. pH strips or LDS buffer (acidic 
pH will cause LDS buffer to turn yellow) colour can be used to check pH. In the case of in-
solution digest the protein will need to be precipitated- in which case pH adjustment is 
not required. 

8. Run both unbound and bound protein samples on a 1D 4-12% BisTris gel to provide a 
complete comparison. In Gel Digestion protocol can then be undertaken.  

For further details on IPs and analysis with Mass Spec see the following; 

 Boulon, S., Ahmad, Y., Trinkle-Mulcahy, L., Verheggen, C., et al., Establishment of a 
Protein Frequency Library and Its Application in the Reliable Identification of Specific 
Protein Interaction Partners. Molecular & Cellular Proteomics 2010, 9, 861-879. 

 Trinkle-Mulcahy, L., Boulon, S., Lam, Y. W., Urcia, R., et al., Identifying specific protein 
interaction partners using quantitative mass spectrometry and bead proteomes. The 
Journal of Cell Biology 2008, 183, 223-239. 

 Ten Have S, Boulon S, Ahmad Y, Lamond AI. Mass spectrometry-based immuno-
precipitation proteomics - The user's guide. Proteomics. 2011 Mar;11(6):1153-9. doi: 
10.1002/pmic.201000548. Epub 2011 Feb 16. 
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University of Dundee, Dundee, Scotland, UK 

9. References 

[1] Lamond, A. I., Uhlen, M., Horning, S., Makarov, A., et al., Advancing cell biology through 
proteomics in space and time (PROSPECTS). Mol Cell Proteomics 2012, 11, O112 017731. 

 
Dynamic Proteomics: Methodologies and Analysis 199 

[2] Ahmad, Y., Boisvert, F. M., Lundberg, E., Uhlen, M., Lamond, A. I., Systematic analysis 
of protein pools, isoforms, and modifications affecting turnover and subcellular 
localization. Mol Cell Proteomics 2012, 11, M111 013680. 

[3] Boisvert, F. M., Ahmad, Y., Gierlinski, M., Charriere, F., et al., A quantitative spatial 
proteomics analysis of proteome turnover in human cells. Mol Cell Proteomics 2012, 11, 
M111 011429. 

[4] Boulon, S., Ahmad, Y., Trinkle-Mulcahy, L., Verheggen, C., et al., Establishment of a 
protein frequency library and its application in the reliable identification of specific 
protein interaction partners. Mol Cell Proteomics 2010, 9, 861-879. 

[5] Boisvert, F. M., Lamond, A. I., p53-Dependent subcellular proteome localization 
following DNA damage. PROTEOMICS 2010, 10, 4087-4097. 

[6] Larance, M., Kirkwood, K. J., Xirodimas, D. P., Lundberg, E., et al., Characterization of 
MRFAP1 turnover and interactions downstream of the NEDD8 pathway. Mol Cell 
Proteomics 2012, 11, M111 014407. 

[7] Deeb, S. J., D'Souza, R., Cox, J., Schmidt-Supprian, M., Mann, M., Super-SILAC allows 
classification of diffuse large B-cell lymphoma subtypes by their protein expression 
profiles. Mol Cell Proteomics 2012. 

[8] Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., et al., The Sequence of the Human 
Genome. Science 2001, 291, 1304-1351. 

[9] Ong, S. E., Blagoev, B., Kratchmarova, I., Kristensen, D. B., et al., Stable isotope labeling 
by amino acids in cell culture, SILAC, as a simple and accurate approach to expression 
proteomics. Mol Cell Proteomics 2002, 1, 376-386. 

[10] ten Have, S., Boulon, S., Ahmad, Y., Lamond, A. I., Mass spectrometry-based immuno-
precipitation proteomics - the user's guide. PROTEOMICS 2011, 11, 1153-1159. 

[11] Boisvert, F.-M., Lam, Y. W., Lamont, D., Lamond, A. I., A Quantitative Proteomics 
Analysis of Subcellular Proteome Localization and Changes Induced by DNA Damage. 
Molecular & Cellular Proteomics 2010, 9, 457-470. 

[12] Schwanhausser, B., Gossen, M., Dittmar, G., Selbach, M., Global analysis of cellular 
protein translation by pulsed SILAC. PROTEOMICS 2009, 9, 205-209. 

[13] Boisvert, F.-M., Ahmad, Y., Gierliński, M., Charrière, F., et al., A quantitative spatial 
proteomics analysis of proteome turnover in human cells. Molecular & Cellular 
Proteomics 2011. 

[14] Cox, J., Mann, M., MaxQuant enables high peptide identification rates, individualized 
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat Biotechnol 
2008, 26, 1367-1372. 

[15] Schaab, C., Geiger, T., Stoehr, G., Cox, J., Mann, M., Analysis of high accuracy, 
quantitative proteomics data in the MaxQB database. Mol Cell Proteomics 2012, 11, M111 
014068. 

[16] Vizcaíno, J. A., Côté, R., Reisinger, F., Barsnes, H., et al., The Proteomics Identifications 
database: 2010 update. Nucleic Acids Research 2010, 38, D736-D742. 

[17] Wang, M., Weiss, M., Simonovic, M., Haertinger, G., et al., PaxDb, a database of protein 
abundance averages across all three domains of life. Molecular & Cellular Proteomics 
2012. 



 
Functional Genomics 198 

fractions use 200µl of Cytoplasmic protein solution, and 50µl of Nucleoplasmic protein 
solution (up-scaling as required). 

2. Incubate between 0.5hours and overnight at 4°C, rotating.  

NB. Perform all of the following steps on ice. Keep IP Buffer on ice also. 

3. Wash beads with 1ml of IP buffer and spin down. Repeat. Re-suspend the beads in a 1:1 
ratio with IP buffer. (i.e if 25µl of beads then 25µl of IP buffer) 

4. Add 50µl of bead slurry to each Ab-lysate sample and rotate for 1-3 hours at 4°C.  
5. Spin down beads. Retain the supernatant as this contains the unbound proteins.  
6. Wash beads 3x with 1ml IP buffer. Vortex for 1 min before spinning down the beads. 
7. Completely remove all liquid from the beads using gel loading tips then elute the 

bound proteins with either 2x 30µl aliquots of 2x LDS sample buffer (shaking for 5mins, 
at 95°C each time, for running samples on gels) or 2x 30µl glycine buffer (shaking for 
10mins, at room temp each time, for doing in-solution digest).  

N.B: if glycine buffer is used then it will result in a sample with an acidic pH. This needs to be 
neutralised so that further analysis can be done. Neutralisation of the sample can be done 
by slow, drop-by-drop addition of 1M Tris.HCl, pH 7.5. pH strips or LDS buffer (acidic 
pH will cause LDS buffer to turn yellow) colour can be used to check pH. In the case of in-
solution digest the protein will need to be precipitated- in which case pH adjustment is 
not required. 

8. Run both unbound and bound protein samples on a 1D 4-12% BisTris gel to provide a 
complete comparison. In Gel Digestion protocol can then be undertaken.  

For further details on IPs and analysis with Mass Spec see the following; 

 Boulon, S., Ahmad, Y., Trinkle-Mulcahy, L., Verheggen, C., et al., Establishment of a 
Protein Frequency Library and Its Application in the Reliable Identification of Specific 
Protein Interaction Partners. Molecular & Cellular Proteomics 2010, 9, 861-879. 

 Trinkle-Mulcahy, L., Boulon, S., Lam, Y. W., Urcia, R., et al., Identifying specific protein 
interaction partners using quantitative mass spectrometry and bead proteomes. The 
Journal of Cell Biology 2008, 183, 223-239. 

 Ten Have S, Boulon S, Ahmad Y, Lamond AI. Mass spectrometry-based immuno-
precipitation proteomics - The user's guide. Proteomics. 2011 Mar;11(6):1153-9. doi: 
10.1002/pmic.201000548. Epub 2011 Feb 16. 

Author details 

Sara ten Have, Kelly Hodge and Angus I. Lamond 
The Centre for Gene Regulation and Expression, College of Life Sciences,  
University of Dundee, Dundee, Scotland, UK 

9. References 

[1] Lamond, A. I., Uhlen, M., Horning, S., Makarov, A., et al., Advancing cell biology through 
proteomics in space and time (PROSPECTS). Mol Cell Proteomics 2012, 11, O112 017731. 

 
Dynamic Proteomics: Methodologies and Analysis 199 

[2] Ahmad, Y., Boisvert, F. M., Lundberg, E., Uhlen, M., Lamond, A. I., Systematic analysis 
of protein pools, isoforms, and modifications affecting turnover and subcellular 
localization. Mol Cell Proteomics 2012, 11, M111 013680. 

[3] Boisvert, F. M., Ahmad, Y., Gierlinski, M., Charriere, F., et al., A quantitative spatial 
proteomics analysis of proteome turnover in human cells. Mol Cell Proteomics 2012, 11, 
M111 011429. 

[4] Boulon, S., Ahmad, Y., Trinkle-Mulcahy, L., Verheggen, C., et al., Establishment of a 
protein frequency library and its application in the reliable identification of specific 
protein interaction partners. Mol Cell Proteomics 2010, 9, 861-879. 

[5] Boisvert, F. M., Lamond, A. I., p53-Dependent subcellular proteome localization 
following DNA damage. PROTEOMICS 2010, 10, 4087-4097. 

[6] Larance, M., Kirkwood, K. J., Xirodimas, D. P., Lundberg, E., et al., Characterization of 
MRFAP1 turnover and interactions downstream of the NEDD8 pathway. Mol Cell 
Proteomics 2012, 11, M111 014407. 

[7] Deeb, S. J., D'Souza, R., Cox, J., Schmidt-Supprian, M., Mann, M., Super-SILAC allows 
classification of diffuse large B-cell lymphoma subtypes by their protein expression 
profiles. Mol Cell Proteomics 2012. 

[8] Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., et al., The Sequence of the Human 
Genome. Science 2001, 291, 1304-1351. 

[9] Ong, S. E., Blagoev, B., Kratchmarova, I., Kristensen, D. B., et al., Stable isotope labeling 
by amino acids in cell culture, SILAC, as a simple and accurate approach to expression 
proteomics. Mol Cell Proteomics 2002, 1, 376-386. 

[10] ten Have, S., Boulon, S., Ahmad, Y., Lamond, A. I., Mass spectrometry-based immuno-
precipitation proteomics - the user's guide. PROTEOMICS 2011, 11, 1153-1159. 

[11] Boisvert, F.-M., Lam, Y. W., Lamont, D., Lamond, A. I., A Quantitative Proteomics 
Analysis of Subcellular Proteome Localization and Changes Induced by DNA Damage. 
Molecular & Cellular Proteomics 2010, 9, 457-470. 

[12] Schwanhausser, B., Gossen, M., Dittmar, G., Selbach, M., Global analysis of cellular 
protein translation by pulsed SILAC. PROTEOMICS 2009, 9, 205-209. 

[13] Boisvert, F.-M., Ahmad, Y., Gierliński, M., Charrière, F., et al., A quantitative spatial 
proteomics analysis of proteome turnover in human cells. Molecular & Cellular 
Proteomics 2011. 

[14] Cox, J., Mann, M., MaxQuant enables high peptide identification rates, individualized 
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat Biotechnol 
2008, 26, 1367-1372. 

[15] Schaab, C., Geiger, T., Stoehr, G., Cox, J., Mann, M., Analysis of high accuracy, 
quantitative proteomics data in the MaxQB database. Mol Cell Proteomics 2012, 11, M111 
014068. 

[16] Vizcaíno, J. A., Côté, R., Reisinger, F., Barsnes, H., et al., The Proteomics Identifications 
database: 2010 update. Nucleic Acids Research 2010, 38, D736-D742. 

[17] Wang, M., Weiss, M., Simonovic, M., Haertinger, G., et al., PaxDb, a database of protein 
abundance averages across all three domains of life. Molecular & Cellular Proteomics 
2012. 



 
Functional Genomics 200 

[18] Szklarczyk, D., Franceschini, A., Kuhn, M., Simonovic, M., et al., The STRING database 
in 2011: functional interaction networks of proteins, globally integrated and scored. 
Nucleic Acids Res 2011, 39, D561-568. 



 
Functional Genomics 200 

[18] Szklarczyk, D., Franceschini, A., Kuhn, M., Simonovic, M., et al., The STRING database 
in 2011: functional interaction networks of proteins, globally integrated and scored. 
Nucleic Acids Res 2011, 39, D561-568. 



Functional Genomics
Edited by Germana Meroni and Francesca Petrera

Edited by Germana Meroni and Francesca Petrera

This book titled “Functional Genomics” contains a selection of chapters focused on 
crucial topics in functional genomics, from the analysis of the genetic code, to the 

understanding of the role of the different genes and to the proteomic implications. The 
book provides an overview on basic issues and some of the recent developments in 

medicinal science and technology. Covering all the aspects involved in such a broad 
theme as functional genomics and in all its applications would be impossible within the 

same book. The different chapters represent a brief introduction to the topic, connecting 
the most promising developments in functional genomics technologies, focusing on 

specific applications in biomedicine, agro-food technologies and zootechniques.

Photo by Gio_tto / iStock

ISBN 978-953-51-0727-9

Functional G
enom

ics

ISBN 978-953-51-5316-0


	Functional Genomics
	Contents
	Preface
	Chapter 1
Beyond the Gene List: Exploring Transcriptomics Data in Search for Gene Function, Trait Mechanisms and Genetic Architecture
	Chapter 2
The REACT Suite: A Software Toolkit for Microbial REgulon Annotation and Comparative Transcriptomics
	Chapter 3
Analysis of Gene Expression Data Using Biclustering Algorithms
	Chapter 4
RNAi Towards Functional Genomics Studies
	Chapter 5
Genome-Wide RNAi Screen for the Discovery of Gene Function, Novel Therapeutical Targets and Agricultural Applications
	Chapter 6
How RNA Interference Combat Viruses in Plants
	Chapter 7
Medicago truncatula Functional Genomics – An Invaluable Resource for Studies on Agriculture Sustainability
	Chapter 8
Repetitive DNA: A Tool to Explore Animal Genomes/Transcriptomes
	Chapter 9
Dynamic Proteomics: Methodologies and Analysis



