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Plant Genome Databases 

Dr. J.Ramalingam, Professor 
Department of Plant Molecular Biology and Bioinformatics, CPMB&B,  

Tamil Nadu Agricultural University, Coimbatore.  
jrjagadish@tnau.ac.in 

 

Databases are capable of storing vast amounts of data. A database processes the data 

stored in its files and transform into usable information when the need arises. The plant 

genomics research group focuses on the analysis of plant genomes, using bioinformatics 

techniques. To store and manage the data, many databases were formed which provides a data 

and information resource for individual plant species. In addition the plant databases can 

provide a platform for integrative and comparative plant genome research. Number of plant 

databases is available which are repository for morphological, markers and sequence data. The 

information on fully sequenced organism like Rice, Arabidopsis, Maize and Soybean are 

valuable for any scientific work. 

 
Rice 

Rice (Oryza sativa L.) is the staple food for more than three billion people, over half the 

world’s population. It provides 27% of dietary energy and 20% of dietary protein in the 

developing world. About 90% of the world’s rice is grown and consumed in Asia (Zeigler & 

Barclay, 2008). Research into rice is crucial for the development of technologies that will 

increase the productivity for farmers who rely on rice for their livelihood. Research in rice is 

aimed at increasing the yield, yield stability and improving resistance against abiotic and biotic 

stresses. There exist a huge collection of rice germplasm carrying useful genes for the above 

traits and have been continuously exploited by the plant breeders towards developing 

improved rice varieties. Detailed documentation of the germplasm/varieties facilitated by an 

easy and efficient search and retrieval system is an absolute necessity considering the wide 

range of breeding activities taken up globally in rice, and other crops. There are a selective 

public/private databases carrying molecular and genetic data of specific model species such as 
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maize (Lawrence et al 2005), Medicago (Cannon et al 2005), rice (Sakata et al 2002) and 

Arabidopsis (Poole, 2007) which caters to more of an investigative nature of research. However, 

when it comes to applied varietal developmental programs, familiarity of the plant breeders on 

aspects such as, pedigree, yield, resistance levels to biotic and abiotic stresses etc., is important 

for evolving a successful hybridization program. TNAURice, a database on rice was developed 

from this centre to serve as ready reckoner to the rice breeders; it is a compilation of the rice 

varieties developed from Tamil Nadu Agricultural University, Coimbatore.  

The use of database technologies has drawn the attention of a subset of the biological 

community, as of now it is limited to a small sector of the scientific community. However, more 

and more individual institutions are generating experimental data on a large scale and are in 

need of developing and managing databases of their own. Effective use of information may 

strongly promote biological studies, and may lead to many important findings. Plant germplasm 

resources play an important role in crop improvement programs. The use and benefits derived 

from conserved germplasm is the sole criterion for assessing the genetic conservation program 

of a crop. The use of rice germplasm includes both direct use in rice production and indirect use 

in rice breeding programs as parents. Presently, information regarding the available and 

evaluated germplasm is rarely documented in the form of a well structured database. It is 

therefore, time-consuming and laborious for individual researchers to extract and organize 

varietal information from sources such as, notebooks/records or from typed electronic pages. 

Thus the primitive nature of documentation of the varietal information is a major limitation and 

restricts its utility by time and space. This draws an urgent need to consolidate rice germplasm 

through a database system. 

There are few Rice Genome Databases 

1. Oryza Base 

2. Gramene 

Oryzabase 

The Oryzabase (http://www.nig.ac.jp) is a comprehensive rice science database established 

in 2000 by rice researcher's committee in Japan. The database is originally aimed to gather as 
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much knowledge as possible ranging from classical rice genetics to recent genomics and from 

fundamental information to hot topics. The Oryzabase consists of five parts, (1) genetic 

resource stock information, (2) gene dictionary, (3) chromosome maps, (4) mutant images, and 

(5) fundamental knowledge of rice science. This database provides more extensive cross-

referencing of Oryzabase to the major DNA sequence database, literature database and other 

plant databases in order to provide the wealth of information to rice researchers. It currently 

contains information on NBRP Strains:  17,229, Strains: 10,938, Markers: 4,904, Trait genes: 

4,753, References for new gene and sequences: 5,739 

 
Gramene 

 Gramene (http://www.gramene.org) is a curated, open-source, data resource for 

comparative genome analysis in the grasses. Its goal is to facilitate the study of cross-species 

homology relationships using information derived from public projects involved in genomic 

and EST sequencing, protein structure and function analysis, genetic and physical mapping, 

interpretation of biochemical pathways, gene and QTL localization and descriptions of 

phenotypic characters and mutations 

 The rice genome is more than a resource for understanding the biology of a single 

species. It is a window into the structure and function of genes in other crop grasses as well. 

Using rice as the sequenced reference genome, researchers can identify and understand the 

relationships among genes, pathways and phenotypes in a wide range of grass species. 

Extensive work over the past two decades has shown remarkably consistent conservation of 

gene order within large segments of linkage groups in rice, maize, sorghum, barley, wheat, rye, 

sugarcane and other agriculturally important grasses. A substantial body of data supports the 

notion that the rice genome is substantially colinear at both large and short scales with other 

crop grasses, opening the possibility of using rice synteny relationships to rapidly isolate and 

characterize homologues in maize, wheat, barley and sorghum.  

 As an information resource, Gramene's purpose is to provide added value to data sets 

available within the public sector, which will facilitate researchers' ability to understand the 

rice genome and leverage the rice genomic sequence for identifying and understanding 
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corresponding genes, pathways and phenotypes in other crop grasses. This is achieved by 

building automated and curated relationships between rice and other cereals for both 

sequence and biology. The automated and curated relationships are queried and displayed 

using controlled vocabularies and web-based displays. The controlled vocabularies 

(Ontologies), currently being utilized includes Gene ontology, Plant ontology, Trait ontology, 

Environment ontology and Gramene Taxonomy ontology. The web-based displays for 

phenotypes include the Genes and Quantitative Trait Loci (QTL) modules. Sequence based 

relationships are displayed in the Genomes module using the genome browser adapted from 

Ensembl, in the Maps module using the comparative map viewer (CMap) from GMOD, and in 

the Proteins module displays. BLAST is used to search for similar sequences. Literature 

supporting all the above data is organized in the Literature database.  

 
Database for Arabidopsis - TAIR 

The Arabidopsis Information Resource (TAIR) (http://www.arabidopsis.org) maintains a 

database of genetic and molecular biology data for Arabidopsis thaliana, a widely used model 

plant. TAIR is located at the Carnegie Institution for Science Department of Plant Biology, 

Stanford, California. Funding is provided by the National Science Foundation, (Grant No. DBI-

0850219). Additional support is provided by corporate and nonprofit organizations through the 

TAIR Sponsorship Program.TAIR collaborates with the Arabidopsis Biological Resource Center 

(ABRC) to provide researchers with the ability to search and order stocks. The ABRC's mission is 

to aquire, preserve and distribute seed and DNA resources that are useful to the Arabidopsis 

research community.TAIR datasets can also be downloaded for your convenience. In addition, 

pages on news, information on the Arabidopsis Genome Initiative (AGI), Arabidopsis lab 

protocols, and useful links are provided.  

Data available from TAIR includes the complete genome sequence along with gene 

structure, gene product information, metabolism, gene expression, DNA and seed stocks, 

genome maps, genetic and physical markers, publications, and information about the 

Arabidopsis research community. Gene product function data is updated every two weeks from 

the latest published research literature and community data submissions. TAIR also provides 
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extensive linkouts from our data pages to other Arabidopsis resources. It currently holds the 

information on AA Sequence:  72149, Clone: 1998885, Clone End: 1883475, Gene: 76850, 

Database Reference: 1602, Flanking Sequence: 1160572, Genetic Marker: 4087, Nucleotide 

sequence: 2766322, Germplasm: 547838, Protein Domain: 27203, Restriction Enzyme: 619, 

Vector: 503 

 

Database for Maize: MaizeGDB 

The Maize Genetics and Genomics Database (MaizeGDB) is a central repository for 

maize sequence, stock, phenotype, genotypic and karyotypic variation, and chromosomal 

mapping data. MaizeGDB represents the synthesis of all data available previously from ZmDB 

(Zea mays DataBase) and from MaizeDB-databases that have been superseded by MaizeGDB. 

MaizeGDB is a USDA/ARS funded project which develops an effective interface to access this 

data and develop additional tools to make data analysis easier. Its goal in the long term is to 

have a true next-generation online maize database.  In addition, MaizeGDB provides contact 

information for over 2400 maize cooperative researchers, facilitating interactions between 

members of the rapidly expanding maize community.  

MaizeGDB (http://www.maizegdb.org) is the community database for biological 

information about the crop plant Zea mays ssp. mays. Genetic, genomic, sequence, gene 

product, functional characterization, literature reference, and person/organization contact 

information are among the data types accessible through this database. MaizeGDB provides 

web-based tools for ordering maize stocks from several organizations including the Maize 

Genetics Cooperation Stock Center and the North Central Regional Plant Introduction Station 

(NCRPIS). Sequence searches yield records displayed with embedded links to facilitate ordering 

cloned sequences from various groups including the Maize Gene Discovery Project and the 

Clemson University Genomics Institute. MaizeGDB can be accessed at 

http://www.maizegdb.org. 

 

 



6 

 

Database for Soyabean - Soybean Genome Database (SoyGD)  

The soybean genome is comparatively large, approximately 1,112 MB; a diploidized 

tetraploid, the product of two genome duplications that occurred 8-10 MYA(Million years ago) 

and 40-50 MYA; extensively segmented and reshuffled; and, 64 percent euchromatic and 36 

percent heterochromatic. The Soybean Genome Database (SoyGD) genome browser 

(http://soybeangenome.siu.edu) has, since 2002, integrated and served the publicly available 

soybean physical map; bacterial artificial chromosome (BAC) fingerprint database and genetic 

map associated genomic data. 

Above is the information on some of the agricultural important organisms. Numerous 

plant genomes were sequenced and are in sequencing process and are available online 

(www.genomesonline.org).  

 

References: 
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Application of Next Generation Sequencing in Plant Genomics 

Dr. K.K. Kumar, Assistant Professor  
Department of Plant Biotechnology, CPMB&B,  

Tamil Nadu Agricultural University, Coimbatore.  
kkkumar71@hotmail.com 

DNA sequencing was performed almost exclusively by the Sanger Automated DNA 

sequencing method before 2005, which has excellent accuracy and reasonable read length but 

very low throughput. Sanger sequencing was used to produce the reference genome of 

Arabidopsis thaliana, Oryza sativa, Escherichia coli, Drosophila melanogaster, Caenorahabditis 

elegans, and human.  Since 2005, new types of sequencing instruments have been introduced 

that permit amazing acceleration of the data collection rates for DNA sequencing, hence called 

Next Generation Sequencer (NGS).  The next-generation sequencing platforms are also referred 

to as ‘second-generation platforms’, as they constitute the second phase of technologies after 

Sanger sequencing. The next generation sequencing can produce over 100 times more data 

compared to the most sophisticated capillary sequencer based on the Sanger Method. Hence, 

NGS is a high throughput DNA sequence reducing the time and cost of sequencing. High 

throughput sequencing machines and advancement of modern bioinformatics tools at 

unprecedented pace, the target goal of sequencing individual genomes of living organism at a 

cost of $1,000 each is seemed to be realistically feasible in the near future. A common strategy 

for NGS is to use DNA synthesis or ligation process to read through many different DNA 

templates in parallel (Fuller et al., 2009). Hence, Next generation sequencer also termed as 

massively parallel sequencing. Second-generation sequencing platforms that produce large 

amounts (typically millions) of short DNA sequence reads of length typically between 25 and 

400 bp. While these reads are shorter than the traditional Sanger sequence reads with 700-

1200 bp.  

There are five Next generation sequencing platforms available commercially. Among 

them, the Roche/454 FLX, the Illumina/Solexa Genome Analyzer, and the Applied Biosystems 

(ABI) SOLiD Analyzer are currently dominating the market. The other two platforms, the 
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Polonator and the Helicos have just recently been introduced and are not widely used. Very 

recently, newer next-generation sequencing platforms have emerged that are referred to as 

‘third-generation platforms’, as they represent a further paradigm shift in sequencing 

technology compared with the Sanger platform and the Illumin , SoLiD and Roche 454 

platforms. Two such platforms commercially available are the Pacific Biosciences PacBio RS and 

the Ion Torrent Personal Genome Machine  

Application of Next Generation Sequencing 

Next generation sequencing technologies are being utilized for de novo sequencing of 

bacterial and lower eukaryotic genomes, genome re-sequencing and transcriptome analysis 

(RNA-sequencing). Compared to Sanger sequencing there are many different uses for next-

generation sequencer. The NGS is also used for genome-wide profiling of epigenetic marks and 

chromatin structure using other seq-based methods (ChIP–seq, methyl– seq and DNase–seq), 

and species classification and gene discovery by metagenomics studies (Metzker, 2010) . Ever 

declining sequencing costs and increased data output and sample throughput for Next 

generation sequencing and Third generation sequencing technologies enable the plant 

genomics and breeding community to undertake genotyping-by-sequencing (GBS). 

a.   Plant genome sequencing 

The preferred method of Plant whole genome sequencing is to identify the overlapping 

BAC clones covering the entire genome that had been isolated and located on a physical map, 

followed by sequencing the individual BAC clones, and then genome assembly is done. This 

method is termed the BAC by BAC sequencing method. The benefit of BAC by BAC genome 

sequencing is the reduction of complexity, as only relatively short regions are assembled at one 

time, and this approach is still favoured for genomes which contain a large number of repetitive 

elements. This strategy was used for the sequencing the rice, Arabidopsis, Poplar, Grape, Peach, 

Sorghum (Paterson et al. 2009) and Eucalyptus using the standard Sanger sequencing.  BAC 

sequencing can use traditional Sanger or NGS platforms like Roche 454 or Illumina GAII or 

potentially combinations of these methods. After the availability of NGS platforms, the 
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approaches to genome sequencing have also changed, moving from laborious BAC by BAC to 

whole genome shotgun  sequencing (WGS) methods (reviewed by Imelfort & Edwards, 2009) . 

The cost of producing and mapping the BAC library as well as the significant cost associated 

with the sequencing of large numbers of BACs makes BAC by BAC sequencing approaches 

increasingly unfavourable and several genome sequencing projects which started with the BAC 

by BAC approach has now moved to whole genome shotgun (WGS) methods using NGS.  

Recently, different NGS platforms are used for sequencing the plant genome (reviewed 

by Hamilton and Buell, 2012). For example, NGS platform, Roche 454 technology is being used 

to sequence the 430 Mbp genome of Theobroma cacao, while a combination of Sanger and 

Roche 454 Sanger sequencing and 454 (4 X versus 12 X coverage, respectively) is being used to 

interrogate the apple genome.  Illumina Solexa and Roche 454 sequencing has also been used 

to characterize the genomes of cotton. Roche 454 sequencing has been used to survey the 

genome of Miscanthus, while Sanger, Illumina Solexa and Roche 454 sequencing is being used 

to interrogate the banana genome. The Roche 454 platform has also been utilized for de novo 

sequencing of plant genomes. The genomes of the cucumber (Cucumis sativus, 376 Mb) and A. 

thaliana (157 Mb) were sequenced as a proof-of-principle using the 454 FLX Titanium platforms, 

with mate-paired libraries being essential to the assembly process. Roche 454 has been applied 

for the sequencing of complex BACs from barley and this has been complemented by repeat 

characterization using WGS Illumina Solexa data. However, the size of the wheat genome is 

much larger (17 000 Mbp) than related cereal genomes such as barley (Hordeum vulgare, 5000 

Mbp), rye (Secale cereale, 9100 Mbp) and oat (Avena sativa, 11 000 Mbp). The size and 

hexaploid nature of the wheat genome creates significant problems in elucidating its genome 

sequence.  However, bread wheat (Triticum aestivum) draft genome sequencing was done 

using the Roche 454 sequencer (Brenchley et al., 2012) 

b.   Plant Genotyping with Next Generation Sequencing 

The genotyping of plants has progressed through a range of technologies like RFLP, 

RAPD, AFLP followed by microsatellites or simple sequence repeats SSR. Since 2000, single 
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nucleotide polymorphism (SNP) markers have increasingly replaced the SSR markers as more 

sequence data and techniques for SNP discovery and analysis have advanced. SNP analysis 

methods with greater repeatability compared to SSR marker methods have been developed 

facilitating much more widespread adoption of SNP methods. By comparing the DNA sequence 

of any plant genotype with its reference genome help to identify the SNP marker. The discovery 

of genetic polymorphism between plants has been based upon a range of mutation detection 

techniques and DNA sequencing. With the availability of NGS platforms, the DNA sequencing 

has recently become a more cost-effective method for discovery of sequence differences 

(Mardis, 2008). 

Genome sequencing projects focus on obtaining the full genome sequence (reference 

genome) of a single organism as a representative of a species, polymorphism studies focus on 

genome-wide variation present within a species. Although the full genome sequence of a 

species provides valuable information regarding homology and distribution of genes across a 

genome, it does not provide information regarding the dynamic processes that affect a genome 

and the genes therein. Next generation offer the scope for re-sequencing the individual plant 

cultivar genome for which reference gene is present at low cost and time. Comparison of the 

individual plant cultivar genome sequence with the reference gene will help to identify these 

genetic variants, including single nucleotide variants (SNVs) or single nucleotide polymorphisms 

(SNPs), small insertions and deletions (indels, 1–1000 bp), and structural and genomic variants 

(>1000 bp).  As increasing numbers of reference genomes become available, it is expected that 

whole genome re-sequencing of crop genomes will become common.  Ossowski et al (2010) 

reported the re-sequencing of reference Arabidopsis accession Col-0 and two divergent strains, 

Bur-0 and Tsu-1 using Illumina Solexa technology to produce between 15 X and 25 X coverage. 

As well as finding over 2000 potential errors in the reference genome sequence, they identified 

more than 800 000 unique Single nucleotide polymorphism (SNPs) and almost 80 000 1–3 bp 

indels. The resequencing of rice and Medicago truncatula has also been undertaken using the 

Illumina Solexa for SNP discovery. A potential direct application of genome-wide SNP studies in 
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plant breeding is the generation of markers for the construction of (dense) genetic linkage 

maps.  

c.   Transcriptomics  

Next-generation high-throughput RNA sequencing technology (RNA-Seq) is a recently-

developed method for discovering, profiling, and quantifying RNA transcripts with several 

advantages over other expression profiling technologies including higher sensitivity and the 

ability to detect splicing isoforms and somatic mutations. Transcriptional profiling using high 

throughput next generation sequencing (RNA-Seq) has emerged as a superior alternative to 

microarrays. With the availability of faster and cheaper next generation sequencing platforms, 

more transcriptomic analyses are performed using a recently-developed deep sequencing 

approach, RNA-Seq (Wang et al., 2009). RNA-seq is a NGS method that sequences the 

transcriptome (all RNA transcripts). RNA-Seq, with its high resolution and sensitivity, has 

revealed many novel transcribed regions and Splicing isoforms of known genes. In addition, 

results from RNA-Seq suggest the existence of a large number of novel transcribed regions in 

every genome surveyed, including those of A. thaliana (Lister et al., 2008). These novel 

transcribed regions, combined with many undiscovered novel splicing variants, suggest that 

there is considerably more transcriptomic complexity than previously appreciated. 

A related application of next-generation sequencing technologies to the analysis of 

transcriptomes is small RNA such as miRNA and siRNA discovery and profiling. High-throughput 

sequencing offers a greater potential for the identification of novel small RNAs as well as 

profiling of known and novel small RNA genes. Small RNA profiling with 454 pyrosequencing 

technology has been widely reported, which include studies in the moss Physcomitrella patens 

(Axtell et al., 2006), A. thaliana (Henderson et al., 2006)  

d.   Other application of NGS 

Next-generation sequencing methods with single-base resolution have begun to 

characterize the epigenome, i.e. modifications to the DNA that do not affect the DNA sequence. 
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This includes DNA methylation, histone modification, nucleosome density and chromatin state. 

Examination of the A. thaliana epigenome, which was surveyed at the single-base level using 

the Illumina platform, revealed that DNA methylation was not evenly dispersed throughout the 

genome or the genes, and that the location and abundance of small RNA targets were positively 

associated with cytosine methylation (Lister et al., 2008). 
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Gene annotation  

 Dr. L. Arul, Associate Professor  
Department of Plant Molecular Biology and Bioinformatics, CPMB&B,  

Tamil Nadu Agricultural University, Coimbatore. 
arulsra@gmail.com 

 

The “Genome” is universally defined as the total nuclear DNA content of a haploid cell 

or half the DNA content of a diploid cell of any given organism. Sequencing genome(s) is 

regarded the way for an ultimate characterization of an organism. The first genome to be 

sequenced was a small phage Φ-X174 of size 5.38 Kb in 1977, only after the advent of the 

Sanger’s dideoxy method of DNA sequencing. The next major happening was the sequencing of 

the first bacterial genome, Haemophilus influenzae of 1.8 Mb in size during 1995. These were 

however remarkable achievements in the field of genomics which paved way for the successful 

sequencing of hundreds of prokaryotic and a few eukaryotic genomes so far.  

Concept of model plant genomes  

Model organisms (Drosophila melanogaster, Caenorhabditis elegans, and 

Saccharomyces cerevisiae) provide genetic and molecular insights into the biology of more 

complex species. The effort to determine the nucleotide sequence of a plant genome has issues 

with respect to the genetic makeup of the plants. The range of plant genome size is very large 

extending from approximately the same size as the genome of many small animals through 

more than five times as large as the human genome for many of the domesticated crops to 

almost forty times as large as the human genome for some ornamental flowers. Hence, the 

plant biologists started resorting to the concept of model organism which share features such 

as being diploid and appropriate for genetic analysis, being amenable to genetic 

transformation, having a (relatively) small genome and a short growth cycle, having commonly 

available tools and resources, and being the focus of research by a large scientific community. 

The species now used as model organisms for mono- and dicotyledonous plants are rice (Oryza 

sativa) and Arabidopsis (Arabidopsis thaliana) respectively. And today we have a long list of 

plants for which the complete genome sequence has been published (see table 1). 
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                     Table 1:    The plant genome with the complete sequence published  

Sl. No Plant Chr. No (n) Size (Mb) 

1 Arabidopsis thaliana (thale cress) 5 120 

2 Oryza sativa (rice) 12 430  

3 Glycine max (soybean)  20 950 

4 Medicago truncatula (barrel medic) 8 500 

5 Populus trichocarpa (black cottonwood) 19 480 

6 Sorghum bicolor  10 690  

7 Vitis vinifera (wine grape) 19 500  

8 Zea mays (corn)  10  

 

Gene annotation 

Whole genome sequencing of plants and animals had resulted in huge volumes of 

sequence data which pose to be highly incomprehensible. Understanding the genome 

constitution, growth and development, evolution and ultimately every other relevant issues are 

presently being addressed by a combination of experimental and bioinformatics tools. As a 

result of this synergy, there has been a tremendous progress in some of the areas which 

includes: gene finding and genome annotation, comparative genomics, allele mining, protein-

protein interactions, structure-function relationships, in silico dissection of quantitative trait 

loci, global transcript profiling, deciphering metabolic and signaling pathway, drug discovery, 

diversity analysis and phylogeny. 

Gene finding typically refers to the area of computational biology that is concerned with 

algorithmically identifying stretches of sequence that are biologically functional. This especially 

includes protein-coding genes, but may also include other functional elements such as RNA 

genes and regulatory regions. Gene finding is one of the first and most important steps in 

understanding the genome of a species once it has been sequenced. In the genomes of 

prokaryotes, genes have specific and relatively well-understood promoter sequences (signals), 

such as the Pribnow box and transcription factor binding sites, which are easy to systematically 
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identify. Also, the sequence coding for a protein occurs as one contiguous open reading frame 

(ORF), which is typically many hundreds or thousands of base pairs long. Furthermore, protein-

coding DNA has certain periodicities and other statistical properties that are easy to detect in 

sequence of this length. These characteristics make prokaryotic gene finding relatively 

straightforward, and well designed systems are able to achieve high levels of accuracy. 

However, gene finding in eukaryotes, especially complex organisms like humans, is 

considerably more challenging for several reasons. First, the promoter and other regulatory 

signals in these genomes are more complex and less well-understood than in prokaryotes, 

making them more difficult to reliably recognize. Two classic examples of signals identified by 

eukaryotic gene finders are CpG islands and binding sites for a poly(A) tail. Second, splicing 

mechanisms employed by eukaryotic cells mean that a particular protein-coding sequence in 

the genome is divided into several parts (exons), separated by non-coding sequences (introns). 

Splice sites are themselves another signal that eukaryotic gene finders are often designed to 

identify. A typical protein-coding gene in humans might be divided into a dozen exons, each less 

than two hundred base pairs in length, and some as short as twenty to thirty. It is therefore 

much more difficult to detect periodicities and other known content properties of protein-

coding DNA in eukaryotes. 

     Gene finders for both prokaryotic and eukaryotic genomes typically use complex 

probabilistic models, such as Hidden Markov Models, in order to combine information from a 

variety of different signal and content measurements. The GLIMMER system is a widely used 

and highly accurate gene finder for prokaryotes. Eukaryotic ab initio gene finders, by 

comparison, have also achieved a reasonable level of success notable example is GENSCAN   

(Figure 1).   
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Figure 1: GENSCAN model indicating states and transition, states are parameterized with signal 

and content features    
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Transcriptomics for miRNAs: Innovative Frontiers in Regulatory 
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Prelude  

MicroRNAs (miRNAs) are small, endogenous RNAs (~20 – 24 bp in length) that can play 

important regulatory roles in plant growth and development under normal and stressed 

conditions (Bartel, 2004). Usually miRNAs are endogenously expressed as non-translated RNAs 

and are processed by Dicer-like proteins from stem loop regions of longer RNA precursors 

(Figure 1).It comprises one of abundant classes of gene regulatory molecules in multicellular 

organisms and likely influence the output of many protein-coding genes. MiRNAs are chemically 

and functionally similar to small interfering RNAs. MiRNAs are deeply conserved within both the 

plant and animal kingdoms. However, there are substantial differences between the two 

lineages with regard to the mechanism and scope of miRNA-mediated gene regulation (Jones-

Rhoades et al., 2006).  

 
Historical perspectives 

In 1993, laboratories of Drs.Ambros and Ruvkunindependently investigated the first 

endogenous 22 bp RNAs in Caenorhabditis elegans. Theyfound that a small 22 nucleotides RNA 

derived from a gene called lin-4 suppressed the expression of lin-14, which controls the timing 

of Caenorhabditis elegans larval development (Lee et al., 1993; Wightman et al., 1993); lin-4 is 

recognized as the founding member of a new class of small RNAs called miRNAs and it was 

clearly noticed the transcript of these genes were not produced for protein. Since lin-4 was 

recognized as a miRNA in 2001, thousands of miRNAs have been identified from various 

organisms including C. elegans, Drosophila melanogaster, fish, mouse, rat, plants and human 

(Lee and Ambrose, 2001). Although investigations of plant miRNAs are less extensive, the 
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versatile functions of plant miRNAs are becoming clear. A majority of miRNA functions are 

currently investigated by over-expression or lowered expression of miRNAs. Plant miRNAs are 

mostly involved in transcriptional regulation, developmental timing, cell death, cell proliferation 

and even nutrient metabolism.  

 

Biogenesis of plant miRNAs 
 

MiRNA biogenesis in plants requires multiple steps in order to form mature miRNAs from 

miRNA genes (there are excellent reviews on this such as Bartel, 2004 and Jones-Rhoades, 

2006). Briefly, what has been known so far in biogenesis of plant miRNAs can be described 

below and illustrated in Figure 1.First, a miRNA gene is transcribed to a primary miRNA (pri-

miRNA), which is usually a long sequence of more than several hundred nucleotides. This step is 

controlled by Polymerase II enzymes. Second, the pri-miRNA is cleaved to a stem loop 

intermediate called miRNA precursor or pre-miRNA. This step is controlled by the Dicer-like 1 

enzyme (DCL1). In animals, pre-miRNAs are then transported by exportin 5 from the nucleus 

into the cytoplasm. Only the active miRNA strand of the duplex, but not the passenger strand 

(miRNA*) is incorporated into the RNA induced silencing complex (RISC). In this step, however, 

plant miRNAs differ from animals in that they cleaved into miRNA: miRNA* duplex possibly by 

dicer-like enzyme 1 (DCL1) in the nucleus rather than in the cytoplasm, then the duplex is 

translocated into the cytoplasm by HASTY, the plant orthologue of exportin 5. The 

accumulation of mature miRNAs is thought to be affected by DCL1 in response to different 

stresses and phytohormone like GA and ABA. In the cytoplasm, miRNAs are unwound into 

single strand, mature miRNAs by helicase. Finally, the mature miRNAs enter a ribonucleoprotein 

complex known as the RNA induced silencing complex (RISC) where they regulate targeted gene 

expression. This suggests that miRNA biogenesis is required several enzymes for processing of 

long pri-miRNA to ~20–24 bp mature miRNAs. The mature miRNA is typically 19–22 bplong.  
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a)                                                                                   b)                 

 

Figure 1. Schematic illustration of miRNA a) biogenesis and b) mechanism of action 

 
General features of plant miRNAs 

Since, the first report on plant miRNA was published in 2002, thousands of plant miRNAs 

were reported by employing several methods (see below) and a list of experimentally validated 

miRNAs is being updated at plant miRNA database, PMRD 

(http://bioinformatics.cau.edu.cn/PMRD),miRNAdatabase (http://www.sanger.ac.uk/Software/ 

Rfam/mima/), miRNEST (http://lemur.amu.edu.pl/share/php/mirnest /home.php) and other 

crop specific databases such as Arabidopsis (http://sundarlab.ucdavis.edu/mirna/). 

Experimental and computational analysis has indicated that many plant miRNAs and their 

targets are conserved between monocots and dicots (Sunkar et al., 2008). Axtell and Bartel 

(2005) employed microarray technology to analyse the expression of several miRNAs in 

different plant species, and found that some miRNAs existed not only in dicots and monocots 

but also in ferns, lycipods, and mosses. A set of 21 abundant miRNAs were found to be 

conserved among the angiosperms (Axtell and Bowman, 2008), many of which are involved in 

transcription factor regulation in developmental control. In another report, based on the 

analysis of ESTs for miRNA targets in many plant species Zhang et al. (2006) found that they are 

omnipresent. Both miRNA conservation and miRNA target conservation also indicate that plant 

miRNAs have a very deep origin in plant phylogeny, at least since the last common ancestor of 

bryophytes and seed plants. This suggests that miRNA-mediated gene regulation existed more 

than 425 million years ago in the plant kingdom. 

Conserved miRNAs do not necessarily exhibit the same levels of expression, patterns of 

stage of expression in different species. Therefore, sequence and expression divergence in 
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miRNAs between species may affect miRNA accumulation and target regulation leading to 

unique developmental changes and phenotypic variation. The conservation of miRNAs and 

other small RNAs between the conifers and the angiosperms indicates important RNA silencing 

processes were highly developed in the earliest spermatophytes (Morin et al., 2008). On the 

other hand some miRNAs are species specific (Ng et al., 2012). Non-conserved miRNAs may 

play more explicit roles in the given plant species (Rhoades, 2012) such as the differentiation 

and elongation of cotton fibres (Boopathi and Pathmanaban, 2012), nodulation regulated 

miRNAs in soybean root (Subramanian et al., 2008). 

 
Plant transcriptome regulation by miRNAs 

Although much is known about their biogenesis and biological functions, the 

mechanisms allowing miRNAs to silence gene expression in plant cells are still under debate. 

The current models for miRNA-mediated gene silencing can be explained as below. In the RISC 

complex, miRNAs bind to target mRNA and inhibit gene expression through its cleavage or 

stalling translation or by some unknown mechanisms (see Bartel 2004, for review). This causes 

gene silencing and termed RNA interference (RNAi) in animals, quelling in fungi and 

posttranscriptional gene silencing in plants (Baulcombe, 2004). In plants, most target mRNAs 

contain a single miRNA complementary site. Most corresponding miRNAs typically and perfectly 

complement to these sites and cleave the target mRNAs (Bartel, 2009). Unlike animal miRNA 

targets, the complementary sites in plants can exist anywhere along the target mRNA rather 

than at the 3’-UTR. Another mechanism was also identified in plant miRNA regulation where it 

regulated gene expression by repressing translation possibly, through inhibition of ribosome 

movement (Bartel, 2009). This suggests that miRNAs mediated regulation of gene expression in 

plants is more complex than in animals. 

MiRNAs regulate gene expression at the posttranscriptional level and act as key 

regulators in diverse regulatory pathways.  MiRNAs binding to target mRNAs often leads to 

blockade of translation or degradation of the target mRNAs. Thus, identification of target 

mRNAs is essential for understanding the biological functions of miRNAs. MiRNAs from plants 

induce direct cleavage and degradation by binding to the target sequences with perfect base 
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pairing. Targets of miRNAs are often difficult to predict, because few of them match to their 

target mRNAs perfectly. Their miRNA: mRNA duplexes often contain several mismatches, gaps 

and G:U base pairs in many positions. It is known that a so-called miRNA “seed region” (usually, 

nucleotides 2-7 at the 5’-end of miRNA) is the most important determinant for target specificity 

(Bartel, 2009). miRNA-mediated repression often depends on perfect or near-perfect base 

pairing of seed regions to their targets. A conventional way to search for miRNA targets is by 

using bioinformatics. The classical model for specific miRNA target recognition by most 

algorithms was mainly depended on (a) the detection of seed matches and (b) thermodynamic 

stability of miRNA: mRNA duplexes. Different algorithms always produce divergent results. To 

circumvent this problem to some extent, stacking binding matrix uses both the information 

about the miRNAs as well as experimentally validated target sequences in the search for 

candidate target sequences (Moxon et al., 2008). Further, methods do vary depending on 

whether a method is for animals, plants, or viruses, since the biology of miRNAs is somewhat 

different in each case. In addition, much work has been done to develop molecular tools to 

identify miRNA targets, such as HITS-CHIP and microarray technique (Huang et al., 2011). Those 

tools have been proven to be useful in miRNA targets research, but they are not widely applied 

because their processes are too complicated. Huang et al., (2011) demonstrated the hybrid-PCR 

as an effective and rapid approach for screening putative miRNA targets, with much more 

advantage of simplicity, low cost, and ease of implementation. Target mRNA candidates can be 

obtained through hybrid-PCR from any kind of cells at different development stages or from 

different tissues. Hybrid-PCR can be used as a quick screen tool in miRNA research, although 

more experimental validations are needed in further study. 

 

Tools for miRNA identification 

Methods for identifying miRNAs are based on their following major characteristics: (i) all 

miRNAs are small non-coding RNAs, usually consisting of ~20–24 nt in plants (ii) All miRNA 

precursors have a well-predicted stem loop hairpin structure and this fold-back hairpin 

structure has a low free energy as predicted by MFOLD or other computational programs and 
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(iii) Many miRNAs are evolutionarily conserved from ferns to higher plants (Kim and Nam, 

2006). To avoid designating other small RNAs or fragments of other RNAs as miRNAs, Ambros et 

al. (2003) developed combined criteria to identify new miRNAs. These combined criteria include 

both biogenesis and expression measures, neither of which on its own is sufficient for 

identifying a candidate gene for a new miRNA. So far, all newly predicted/identified miRNAs 

have confirmed to these rules.  

Both experimental methods and computational approaches have been adopted to 

identify miRNAs in plants. Recently, as deep sequencing technologies have become more 

available and affordable, more and more studies have been employing deep sequencing to 

discover and functionally analyse miRNAs in plants. In general, there are four approaches for 

identifying miRNAs: genetic screening, direct cloning after isolation of small RNAs, 

computational strategy or in silico methods and expressed sequence tags (ESTs) analysis. Sun 

(2011) summarized the major advantages and disadvantages of these methods. A range of 

techniques are available for miRNA quantification, including northern blotting, dot blotting, 

RNase protection assay, primer extension analysis, Invader assay and quantitative PCR. 

It is worth noting that standards of evidence for annotating miRNAs have been applied 

unevenly over the years. In particular, a substantial number of annotations were added to 

miRbase using the older paradigm, and have not been removed, even in cases where 

subsequent experiments provide strong evidence that they are in fact siRNAs rather than 

miRNAs. Therefore, analyses using miRbase as a set of verified miRNAs should take into account 

that not all annotated miRNAs are equally well supported by evidence (Rhoades, 2012). To 

experimentally identify and validate identified miRNAs, virtuous and efficient protocols are 

necessary to isolate them, which sometimes may be challenging due to the composition of 

specific tissues of certain plant species.  
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Key Software for miRNA identification 

miRanda: 

miRanda is an algorithm for finding genomic targets for microRNAs. This algorithm has 

been written in C and is available as an open-source method under the GPL. MiRanda was 

developed at the Computational Biology Center of Memorial Sloan-Kettering Cancer Center. 

miRBse: 

The miRBase database is a searchable database of published miRNA sequences and 

annotation. Each entry in the miRBase Sequence database represents a predicted hairpin 

portion of a miRNA transcript (termed mir in the database), with information on the location 

and sequence of the mature miRNA sequence (termed miR). Both hairpin and mature 

sequences are available for searching and browsing, and entries can also be retrieved by name, 

keyword, references and annotation. All sequence and annotation data are also available for 

download.  

PicTar: 

PicTar is an algorithm for the identification of microRNA targets. This searchable website 

provides details on 3' UTR alignments with predicted sites, links to various public database. 

TargetScan: 

Target Scan predicts biological targets of miRNAs by searching for the presence of 

conserved 8mer and 7mer sites that match the seed region of each miRNA. As an option, non-

conserved sites are also predicted. Also identified are sites with mismatches in the seed region 

that are compensated by conserved 3' pairing.  

MicroCosm: 

MicroCosm Targets (formerly miRBase Targets) is a web resource developed by the 

Enright Lab at the EMBL-EBI containing computationally predicted targets for microRNAs across 

many species. The miRNA sequences are obtained from the miRBase Sequence database and 

most genomic sequence from EnsEMBL. It provides the most up-to-date and accurate 

predictions of miRNA targets.  
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MapMi: 

MapMi is a tool designed to locate miRNA precursor sequences in existing genomic 

sequences (e.gEnsembl and EnsemblMetazoa), using potential mature miRNA sequences as 

input. After searching the genome for the provided mature sequences, these hits are extended 

and classified taking into account major structural properties of known miRNA precursors. 

MapMi uses Bowtie and RNAfold third-party tools.  

Sylamer 

Sylamer is a system for finding significantly over or under-represented words in 

sequences according to a sorted gene list. Typically it is used to find significant enrichment or 

depletion of microRNA or siRNA seed sequences from microarray expression data. Sylamer is 

extremely fast and can be applied to genome-wide datasets with ease.  

 
Potentials, problems and perspectives  

At the time of this writing, there are some gaps with respects to the phylogenetic 

distribution of miRNAs and understanding on the way in which miRNAs have evolved. The 

addition of novel sequencing data from key phylogenetic positions will likely accomplish many 

demands. For example, we now have data on small miRNAs and miRNA targets in 

representative species from green algae, non-seed plants and gymnosperms. But we do not 

have much information about the extent of diversity or conservation of miRNA expression 

within any of these lineages. Similarly, the analysis of more examples of closely related species 

will provide a clearer picture of how miRNAs evolve over shorter time frames. Several 

contrasting results have shown that the same miRNA have up- or down- regulated in different 

species in response to given abiotic or biotic stress (examples are provided in Sunker et al., 

2012). These conflicting results highlight the need for more in-depth and detailed 

characterizations of stress-responsive miRNAs in plants. It is likely that a more comprehensive 

analysis, including the impact of such regulation on miRNA targets, would provide better 

insights into miRNA-guided gene regulation. It is also imperative to analyse differential 

regulation of miRNAs in different tissues since it is important for adaptation to stress and that 
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tissue-specific regulation may be missed in analyses of whole plants. MiRNA*, the 

complementary strand of mature functional miRNA, is thought to degrade rapidly or 

accumulate at only very low levels, suggesting that it may not be functional. However, several 

recent studies have shown that plant miRNA* tends to accumulate at high levels under certain 

conditions and this also warrants additional investigation. Besides degradation of transcripts, 

several miRNAs have been shown to regulate targets via translational repression under normal 

conditions. However, it is unclear whether plants under stress use both modes of target gene 

regulation or whether one mode is preferred over the other. Identification of stress-responsive 

miRNAs is largely dependent on sequence-based profiling, which is known to have some bias, 

and thus requires independent validation. Small RNA blot analysis, although lacking sensitivity is 

a gold standard for validation. Implementation of highly reliable and rigorous assays is essential 

for firm characterization of stress-responsive miRNAs in plants. Further, examining the effect of 

stress regulated miRNA on its mRNA target using degradome analysis can provide robust 

confirmation of the stress responsiveness of miRNA. In addition to identifying miRNA targets, 

by analysing degradome libraries from control and stressed samples it should be possible to 

quantify the impact of a stress responsive miRNA on its mRNA target. 

In summary, plant miRNA dramatically alter gene expression during cellular 

developmental phases and under all types of stress. In order to assure plant growth and 

development under extreme environmental conditions, the metabolic network has to be re-

programmed. To this end, a comprehensive understanding of plant cell development is 

required to decipher the molecular mechanisms of plant stress responses. This can be achieved 

by successful integration of miRNA data with metabolomics, transcriptomics, proteomics and 

other ‘omics’ results. 
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The decreasing cost along with rapid progress in next-generation sequencing and 

related bioinformatics computing resources has facilitated large-scale discovery of SNPs in 

various model and non-model plant species. Large numbers and genome-wide availability of 

SNPs make them the marker of choice in partially or completely sequenced genomes. 

Molecular markers are widely used in plant genetic research and breeding. Single Nucleotide 

Polymorphisms (SNPs) are currently the marker of choice due to their large numbers in virtually 

all populations of individuals. The applications of SNP markers have clearly been demonstrated 

in human genomics where complete sequencing of the human genome led to the discovery of 

several million SNPs and technologies to analyze large sets of SNPs (up to 1 million) have been 

developed. SNPs have been applied in areas as diverse as human forensics and diagnostics, 

aquaculture, marker assisted-breeding of dairy cattle, crop improvement, conservation, and 

resource management in fisheries. Functional genomic studies have capitalized upon SNPs 

located within regulatory genes, transcripts, and Expressed Sequence Tags (ESTs). Until recently 

large scale SNP discovery in plants was limited to maize, Arabidopsis, and rice. Genetic 

applications such as linkage mapping, population structure, association studies, map-based 

cloning, marker-assisted plant breeding, and functional genomics continue to be enabled by 

access to large collections of SNPs. Arabidopsis thaliana was the first plant genome sequenced 

followed soon after by rice. In the year 2011 alone, the number of plant genomes sequenced 

doubled as compared to the number sequenced in the previous decade, resulting in currently, 

31 and counting, publicly released sequenced plant genomes (http://www.phytozome.net/). 

With the ever increasing throughput of next-generation sequencing (NGS), de novo and 

reference-based SNP discovery and application are now feasible for numerous plant species.  
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The major sequencing technologies are focused here, 

Roche (454) Sequencing 

Pyrosequencing was the first of the new highly parallel sequencing technologies to 

reach the market. It is commonly referred to as 454 sequencing after the name of the company 

that first commercialized it. It is an SBS method where single fragments of DNA are hybridized 

to a capture bead array and the beads are emulsified with regents necessary to PCR amplifying 

the individually bound template. Each bead in the emulsion acts as an independent PCR where 

millions of copies of the original template are produced and bound to the capture beads which 

then serve as the templates for the subsequent sequencing reaction. The individual beads are 

deposited into a picotiter plate along with DNA polymerase, primers, and the enzymes 

necessary to create fluorescence through the consumption of inorganic phosphate produced 

during sequencing. The instrument washes the picotiter plate with each of the DNA bases in 

turn. As template-specific incorporation of a base by DNA polymerase occurs, a pyrophosphate 

(PPi) is produced. This pyrophosphate is detected by an enzymatic luminometric inorganic 

pyrophosphate detection assay (ELIDA) through the generation of a light signal following the 

conversion of PPi into ATP. Thus, the wells in which the current nucleotides are being 

incorporated by the sequencing reaction occurring on the bead emit a light signal proportional 

to the number of nucleotides incorporated, whereas wells in which the nucleotides are not 

being incorporated do not. The instrument repeats the sequential nucleotide wash cycle 

hundreds of times to lengthen the sequences. The 454 GS FLX Titanium XL+ platform currently 

generates up to 700MB of raw 750bp reads in a 23 hour run. The technology has difficulty 

quantifying homopolymers resulting in insertions/deletions and has an overall error rate of 

approximately 1%. Reagent costs are approximately $6,200 per run. 

Illumina Sequencing 

Illumina technology, acquired by Illumina from Solexa, followed the release of 454 

sequencing. With this sequencing approach, fragments of DNA are hybridized to a solid 

substrate called a flow cell. In a process called bridge amplification, the bound DNA template 



31 

 

fragments are amplified in an isothermal reaction where copies of the template are created in 

close proximity to the original. This results in clusters of DNA fragments on the flow cell 

creating a “lawn” of bound single strand DNA molecules. The molecules are sequenced by 

flooding the flow cell with a new class of cleavable fluorescent nucleotides and the reagents 

necessary for DNA polymerization. A complementary strand of each template is synthesized 

one base at a time using fluorescently labeled nucleotides. The fluorescent molecule is excited 

by a laser and emits light, the colour of which is different for each of the four bases. The 

fluorescent label is then cleaved off and a new round of polymerization occurs. Unlike 454 

sequencing, all four bases are present for the polymerization step and only a single molecule is 

incorporated per cycle. The flagship HiSeq2500 sequencing instrument from Illumina can 

generate up to 600GB per run with a read length of 100nt and 0.1% error rate. The Illumina 

technique can generate sequence from opposite ends of a DNA fragment, so called paired-end 

(PE) reads. Reagent costs are approximately $23,500 per run. 

Applied Biosystems (SOLiD) Sequencing 

The SOLiD system was jointly developed by the Harvard Medical School and the Howard 

Hughes Medical Institute. The library preparation in SOLiD is very similar to Roche/454 in which 

clonal bead populations are prepared in microreactors containing DNA template, beads, 

primers, and PCR components. Beads that contain PCR products amplified by emulsion PCR are 

enriched by a proprietary process. The DNA templates on the beads are modified at their 3′ end 

to allow attachment to glass slides. A primer is annealed to an adapter on the DNA template 

and a mixture of fluorescently tagged oligonucleotides is pumped into the flow cell. When the 

oligonucleotide matches the template sequence, it is ligated onto the primer and the 

unincorporated nucleotides are washed away. A charged couple device (CCD) camera captures 

the different colours attached to the primer. Each fluorescence wavelength corresponds to a 

particular dinucleotide combination. After image capture, the fluorescent tag is removed and 

new set of oligonucleotides are injected into the flow cell to begin the next round of DNA 

ligation. This sequencing-by-ligation method in SOLiD-5500x1 platform generates up to 1,410 
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million PE reads of nucleotide each with an error rate of 0.01% and reagent cost of 

approximately $10,500 per run. 

Although widely accepted and used, the NGS platforms suffer from amplification biases 

introduced by PCR and dephasing due to varying extension of templates. The TGS technologies 

use single molecule sequencing which eliminates the need for prior amplification of DNA thus 

overcoming the limitations imposed by NGS. The advantages offered by TGS technology are (i) 

lower cost, (ii) high throughput, (iii) faster turnaround, and (iv) longer reads. The TGS can 

broadly be classified into three different categories: (i) SBS where individual nucleotides are 

observed as they incorporate (Pacific Biosciences single molecule real time (SMART), Heliscope 

true single molecule sequencing (tSMS), and Life Technologies/Starlight and Ion Torrent), (ii) 

nanopore sequencing where single nucleotides are detected as they pass through a nanopore 

(Oxford/Nanopore), and (iii) direct imaging of individual molecules (IBM).  

Helicos Biosciences Corporation (Heliscope) Sequencing 

Heliscope sequencing involves DNA library preparation and DNA shearing followed by 

addition of a poly-A tail to the sheared DNA fragments. This poly-A tailed DNA fragments are 

attached to flow cells through poly-T anchors. The sequencing proceeds by DNA extension with 

one out of 4 fluorescent tagged nucleotides incorporated followed by detection by the 

Heliscope sequencer. The fluorescent tag on the incorporated nucleotide is then chemically 

cleaved to allow subsequent elongation of DNA. Heliscope sequencers can generate up to 28GB 

of sequence data per run (50 channels) with maximum read length of 55bp at 99% accuracy. 

The cost per run per channel is approximately $360. 

 Pacific Biosciences SMART Sequencing 

The Pacific Biosciences sequencer uses glass anchored DNA polymerases which are 

housed at the bottom of a zero-mode waveguide (ZMW). DNA fragments are added into the 

ZMW chamber with the anchored DNA polymerase and nucleotides, each labeled with a 

different colour fluorophore, and are diffused from above the ZMW. As the nucleotides 
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circulate through the ZMW, only the incorporated nucleotides remain at the bottom of the 

ZMW while unincorporated nucleotides diffuse back above the ZMW. A laser placed below the 

ZMW excites only the fluorophores of the incorporated nucleotides as the ZMW entraps the 

light and does not allow it to reach the unincorporated nucleotides above. The Pacific 

Biosciences sequencers can generate up to 140MB of sequences per run (per smart cell) with 

reads of 2.5Kbp at 85% accuracy. The cost per run per smart cell is approximately $600. 

Among the TGS technologies, Pacific Biosciences SMART and Heliscope tSMS have been 

used in characterizing bacterial genomes and in human-disease-related studies; however, TGS 

has yet to be capitalized upon in plant genomes. The Heliscope generates short reads (55bp) 

which may cause ambiguous read mapping due to the presence of paralogous sequences and 

repetitive elements in plant genomes. The Pacific Biosciences reads have high error rates which 

limit their direct use in SNP discovery. However, their long reads offer a definite advantage to 

fill gaps in genomic sequences and, at least in bacterial genomes, NGS reads have proven 

capable of “correcting” the base call errors of this TGS technology. Hybrid assemblies 

incorporating short (Illumina, SOLiD), medium (454/Roche), and long reads (Pac-Bio) have the 

potential to yield better quality reference genomes and, as such, would provide an improved 

tool for SNP discovery. 

The choice of a sequencing strategy must take into account the research goals, ability to 

store and analyze data, the ongoing changes in performance parameters, and the cost of 

NGS/TGS platforms. Some key considerations include cost per raw base, cost per consensus 

base, raw and consensus accuracy of bases, read length, cost per read, and availability of PE or 

single end reads. The pre- and postprocessing protocols such as library construction and 

pipeline development and implementation for data analysis are also important. 

RNA and ChIP Sequencing 

Genome-wide analyses of RNA sequences and their qualitative and quantitative 

measurements provide insights into the complex nature of regulatory networks. RNA 



34 

 

sequencing has been performed on a number of plant species including Arabidopsis, soybean, 

rice, and maize for transcript profiling and detection of splice variants. RNA sequencing has 

been used in de novo assemblies followed by SNP discovery performed in nonmodel plants 

such as Eucalyptus grandis Brassica napus, and Medicago sativa.  

RNA deep-sequencing technologies such as digital gene expression and Illumina RNASeq 

are both qualitative and quantitative in nature and permit the identification of rare transcripts 

and splice variants. RNA sequencing may be performed following its conversion into cDNA that 

can then be sequenced as such. This method is, however, prone to error due to (i) the 

inefficient nature of reverse transcriptases (RTs), (ii) DNA-dependent DNA polymerase activity 

of RT causing spurious second strand DNA , and (iii) artifactual cDNA synthesis due to template 

switching. Direct RNA sequencing (DRS) developed by Helicos Biosciences Corporation is a high 

throughput and cost-effective method which eliminates the need for cDNA synthesis and 

ligation/amplification leading to improved accuracy. 

Chromatin immunoprecipitation (ChIP) is a specialized sequencing method that was 

specifically designed to identify DNA sequences involved in in vivo protein DNA interaction. 

ChIP-sequencing (ChIP-Seq) is used to map the binding sites of transcription factors and other 

DNA binding sites for proteins such as histones. As such, ChIP-Seq does not aid SNP discovery, 

but the availability of SNP data along with ChIP-Seq allows the study of allele-specific states of 

chromatin organization. Deep sequence coverage leading to dense SNP maps permits the 

identification of transcription factor binding sites and histone-mediated epigenetic 

modifications. ChIP-Seq can be performed on serial analysis of gene expression (SAGE) tags or 

PE using Sanger, 454, and Illumina platforms.  

Applications of SNP markers in Association Mapping 

SNPs are increasingly becoming the marker of choice for a wide range of applications 

including genetic mapping, MAS, diversity analysis and association mapping. Fast and efficient 
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generation of these SNPs has been facilitated by high throughput genotyping methods, as 

mentioned above thus making SNPs a marker of choice for association genetics studies.  

As the availability of SNPs increases, they are displacing other forms of molecular 

markers for association mapping studies. As costs associated with SNP discovery and detection 

continue to fall, SNPs will increasingly be associated with agronomic traits and will be applied 

for crop improvement through Association Mapping.  

General Scheme of Association Mapping for Tagging a Gene of Interest using 

Germplasm Accessions. 
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Types of Association Mapping 

Genome-wide Association Mapping (GWAS) 

 It is a comprehensive approach to systematically search the genome for causal genetic 

variation. A larger number of markers are tested for association with various complex traits, 

and prior information regarding candidate gene is not required. It works best for a research 

consortium with complementary expertise and adequate funding. 

Candidate- gene association mapping  

 Candidate genes are selected based on prior knowledge from mutational analysis, 

biochemical pathway, or linkage analysis of the trait of interest. An independent set of random 

markers needs to be scored to infer genetic relationships. It is a low cost, hypothesis driven, 

and trait specific approach but will miss other unknown loci. (Zhu et al., 2010). 

Genome Scans and Candidate Genes  

 Association studies with high density SNP coverage, large sample size, and minimum 

population structure offer great promise in complex trait dissection. To date, candidate-gene 

association studies have searched only a tiny fraction of the genome. As genomic technologies 

continue to evolve, we would certainly expect to see more genome-wide association analyses 

conducted in different plant species. So far, there have been few successful results from 

candidate-gene association mapping. But for many research groups, starting with candidate-

gene sequences and background markers will provide firm understanding of population 

structure, familial relatedness, nucleotide diversity, LD decay, and many other aspects of 

association mapping. Afterward, this knowledge can be built on through comprehensive 

genome scans with intensive sequencing and high-density genotyping. 

 Another reason for the promising but still limited success found in the candidate-gene 

approach is the way candidate genes were selected. Obviously, many candidate genes were 

discovered though comparisons of severe mutants and the wild-type lines. We do not have a 
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strong understanding of naturally occurring effects of alleles at such loci. Even if the loss-of-

function allele results in a significant phenotypic change, we can only expect that mild 

mutations would have a somewhat modest effect on the phenotype; those changes, in turn, 

could be detected with the assembled association mapping population. Moreover, both the 

frequency and effect of the allele effect whether variation explained by a locus is detectable. A 

skewed allele frequency would make it difficult to detect an association even though the 

candidate gene polymorphism is truly underlying the phenotypic variation. 

Nested Association Mapping 

 Ultimately, it is desirable to have both candidate-gene and genome-wide approaches to 

exploit in a species along with traditional linkage mapping. Joint linkage and linkage 

disequilibrium mapping have been proposed as “Fine Mapping’’ approach in theory (Mott and 

Flint, 2002; Wu et al., 2002) and demonstrated in practice (Blott et al., 2003; Meuwissen et al., 

2002). Nested association mapping (NAM), is currently implemented in maize, could be an even 

more powerful strategy for dissecting the genetic basis of quantitative traits in species with low 

LD (Yu et al., 2008). For other crop species, different genetic designs (e.g., diallel, design II, 

eight-way cross, single round robin, or double round robin) could be used to accommodate the 

level of LD, practicality of creating the population and phenotyping a large number of RILs, and 

resources available (Churchill et al., 2004; Stich et al., 2007). 

 In essence, by integrating genetic design, natural diversity, and genomics technologies, 

the NAM strategy allows high power, cost-effective genome scans, and facilitates community 

endeavours to link molecular variation with complex trait variation. 
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Functional genomics is a field of molecular biology that attempts to describe gene (and 

protein) functions and interactions. Functional genomics focuses on the dynamic aspects such 

as gene transcription, translation, and protein–protein interactions. A key characteristic of 

functional genomics studies is their genome-wide approach to these questions, generally 

involving high-throughput methods rather than a more traditional “gene-by-gene” approach. 

This approach is based on data mining, large scale experimental methodologies combined with 

statistical and computational analyses of the results.  

The goal of functional genomics is to understand the relationship between an 

organism's genome and its phenotype. Functional genomics involves studies of natural 

variation in genes, RNA, and proteins over time (such as an organism's development) or space 

(such as its body regions), as well as studies of natural or experimental functional disruptions 

affecting genes, chromosomes, RNA, or proteins. 

Techniques and applications 

Functional genomics includes function-related aspects of the genome gene expression 

level (molecular activities), mutation and polymorphism (such as SNP) analysis. Expression 

analysis (profiling) comprise a number of "-omics" such as transcriptomics (gene expression), 

proteomics (protein expression), and metabolomics. Functional genomics uses mostly multiplex 

techniques to measure the abundance of many or all gene products such as mRNAs or proteins 

within a biological sample.  
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Microarrays 

Microarrays measure the amount of mRNA in a sample that corresponds to a given gene 

or probe DNA sequence. Probe sequences are immobilized on a solid surface and allowed to 

hybridize with fluorescently labeled “target” mRNA. The intensity of fluorescence of a spot is 

proportional to the amount of target sequence that has hybridized to that spot, and therefore 

to the abundance of that mRNA sequence in the sample. Microarrays allow for identification of 

candidate genes involved in a given process based on variation between transcript levels for 

different conditions and shared expression patterns with genes of known function. 

SAGE 

SAGE (Serial analysis of gene expression) is an alternate method of gene expression 

analysis based on RNA sequencing rather than hybridization. SAGE relies on the sequencing of 

10–17 base pair tags which are unique to each gene. These tags are produced from poly-A 

mRNA and ligated end-to-end before sequencing. SAGE gives an unbiased measurement of the 

number of transcripts per cell.  

At the protein level: protein–protein interactions 

Yeast two-hybrid system 

A yeast two-hybrid (Y2H) screen tests a "bait" protein against many potential interacting 

proteins ("prey") to identify physical protein–protein interactions. This system is based on a 

transcription factor, originally GAL4, which possess separate DNA-binding and transcription 

activation domains required in order for the protein to cause transcription of a reporter gene. 

In a Y2H screen, the "bait" protein is fused to the binding domain of GAL4, and a library of 

potential "prey" (interacting) proteins is recombinantly expressed in a vector with the 

activation domain. In vivo interaction of bait and prey proteins in yeast cell brings the activation 

and binding domains of GAL4 close enough together to result in expression of a reporter gene. 

It is also possible to systematically test a library of bait proteins against a library of prey 

proteins to identify all possible interactions in a cell. 
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AP/MS 

Affinity purification and mass spectrometry (AP/MS) is able to identify proteins that 

interact with one another in complexes. Complexes of proteins are allowed to form around a 

particular “bait” protein. The bait protein is identified using an antibody or a recombinant tag 

which allows it to be extracted along with any proteins that have formed a complex with it. The 

proteins are then digested into short peptide fragments and mass spectrometry is used to 

identify the proteins based on the mass-to-charge ratios of those fragments. 

Loss-of-function techniques 
Mutagenesis 

Gene function can be investigated by systematically “knocking out” genes one by one. 

This is done by either deletion or disruption of function (such as by insertional mutagenesis) 

and the resulting organisms are screened for phenotypes that provide clues to the function of 

the disrupted gene. 

RNAi 

RNA interference (RNAi) methods can be used to transiently silence or knock down gene 

expression using ~20 base-pair double-stranded RNA typically delivered by transfection of 

synthetic ~20-mer short-interfering RNA molecules (siRNAs) or by virally encoded short-hairpin 

RNAs (shRNAs). RNAi screens, typically performed in cell culture-based assays or experimental 

organisms (such as C. elegans) can be used to systematically disrupt nearly every gene in a 

genome or subsets of genes (sub-genomes); possible functions of disrupted genes can be 

assigned based on observed phenotypes. 

Functional genomics and bioinformatics 

Because of the large quantity of data produced by these techniques and the desire to 

find biologically meaningful patterns, bioinformatics is crucial to analysis of functional genomics 

data. Examples of techniques in this class are data clustering or principal component analysis 

for unsupervised machine learning (class detection) as well as artificial neural networks or 

support vector machines for supervised machine learning. 
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Introduction 

Genome of each organism is the blue print that determines the ultimate life. In general 

genomes are grouped into two categories viz. prokaryotic and eukaryotic. The eukaryotic 

genome is safeguarded by the nuclear membrane from exposure to cytoplasm. The constitution 

of nuclear genome of different organisms has different sequences, variable amount of DNA and 

the number of chromosomes. However, certain features are unique to eukaryotic genomes 

compared with prokaryotic genomes (see Table 1).  

Table 1: Major differences between prokaryotic and eukaryotic genomes 

Characteristic Prokaryotes Eukaryotes 

Genome size 600kb to 9.5 Mb 3 Mb to 140000 Mb 

Average gene size/number 950bp/4300 2500bp/19000 

Operon-like regulatory unit General  No 

Horizontal gene transfer Significant Negligible 

Rate of non-coding sequences Low High 

Intron Rare General 

Redundant gene number Rare General 

Ploidy level Haploidy Haploidy to Polyploidy 

Chromosome number One More than one 

Heterozygosity No Yes 

What is a genome? 

 The conventional definition of genome is number of chromosomes representing 

haploidy. But the recent definition on a genome states the following: The term genome is used 

to describe the totality of chromosomes (in molecular term DNA) unique to a particular 
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organism or any cell within the organism, as distinct from genotype, which is the information 

contained within those chromosomes. 

 The first genomes to be studied in depth at the molecular level were those of the 

bacterium Eschercia coli and its bacteriophage. The second group of genomes to be studied in 

great detail at the molecular level was those of mitochondria and chloroplasts. Finally attention 

has turned to a detailed study of the nuclear genomes of selected eukaryotes: yeast 

(Saccharomyces cerevisiae), a nematode (Caenorhabditis elegans), a mammal (Homo sapiens) 

and plants (Arabidopsis thaliana) and rice (Oryza sativa). 

 
Figure 1. Genomes A) Arabidopsis thaliana (2n = 10), 

B) Oryza sativa (2n = 24) and C) Homo sapiens (2n = 46) 

Nuclear DNA content and genomes 

 The total amount of DNA in the (haploid) genome is a characteristic of each living 

species known as its C value. The fact that the DNA content of an organism is much greater 

than that required to code for and regulate the production of all necessary proteins has been 

termed the C value paradox. In eukaryotes, the C value is defined as the amount of DNA per 

genome (1 C = haploid nucleus, 2C = dipliod nucleus and 4C = nucleus which is just about to 
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divide by mitosis). There is enormous variation in the range of C values, from as little as a mere 

106 bp for a mycoplasma to as much as 1011 bp for some plants and animals. Table 2 

summarizes the range of C values found in different plant species. 

Table 2. Variation in nuclear DNA content of various plant species 

Species pg/2C Mbp/1C 

Arabidopsis thaliana 0.30 145 

Arachis hypogaea 5.83 2813 

Brassica juncea 2.29 1105 

Cicer arietinum 1.53 738 

Glycine max 2.31 1115 

Gossypium hirsutum 4.39 2118 

Helainthus annuus 5.95 2871 

Hordeum vulgare 10.10 4873 

Lycopersicon esculentum 1.88 907 

Oryza sativa 0.87 419 

Phaselous vulgaris 1.32 637 

Pisum sativum 8.18 3947 

Saccharum officinarum 5.28 2547 

Triticum aestivum 33.09 15966 

Vigna mungo 1.19 574 

Vigna radiata 1.20 579 

Zea mays 4.75 2292 

   1 picogram (pg) = 965 Million base pairs (Mbp) 

Genome or Chromosome Mapping 

 Genome mapping, otherwise also called as chromosome mapping, is establishing the 

road map of a genome. Mapping of chromosomes helps to locating important genes. 

Chromosome mapping helps to identify the molecular environment of both coding and non 

coding sequences. The map of a chromosome can be of two types: genetic map and physical 

map. 
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Figure 2. Diagrammatic representation of genetic map and portion of physical map of a  
chromosome  

Genetic map: Genetic map identifies the linear arrangement of genes on a chromosome and 

is assembled from meiotic recombination data. These are theoretical maps which give the order 

of genes on a chromosome. They cannot pinpoint the physical whereabouts of genes or 

determine how far apart they are. Distances on this map are not directly equivalent to physical 

distances. The unit of measurement is the centi-Morgon (cM). 

Physical map: Physical maps identify the actual physical position of genes on a chromosome. 

Distances are measured in base pairs (bp), kilobases (kb = 1000 bases) or megabases (mb = 10, 

00, 000 bases). 

Construction of a Genetic Map 

 The construction of a genetic map involves the linkage analysis of genes segregating 

among the progenies of a sexual cross. According to the Mendel’s Law of Independent 

Assortment, members of different pairs of alleles assort independently of each other when the 

germ cell is formed. This is only true if the genes are on different chromosomes. If they are on 

the same chromosome, they are said to be linked. The frequency of recombination of a pair of 

linked gene is constant and characteristic for that pair of genes. The strength of linkage and 

recombination observed is a function of the distance on the chromosome between the genes in 

question. The greater the distance recombination is expected between genes. In other words, 
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the frequency of recombinants (not similar to both the parents) determines the distance 

between genes. When multiple genes are considered for their recombination frequency, one 

can group all the genes, which are linked, and the resultant group is called as linkage group. The 

number of linkage groups equals the haploid number of chromosomes. The early work on 

linkage map construction was mainly based on the segregation of easily observable 

morphological traits among the progenies of a cross. There are several examples of linkage 

maps resulted from the morphological traits, otherwise called as morphological markers. 

Morphological markers are easily observable traits with discrete phenotype. Though these 

markers are highly advantageous, the number is the limitation. Further, these markers are 

influenced by the environment and the genetic background of the individual.  

Genes were the markers for earlier genetic maps 

 The first genetic maps, constructed in the early decades of the 20th century for 

organisms such as the fruit fly, used genes as markers. This was many years before it was 

understood that genes are segments of DNA molecules. Instead, genes were looked on as 

abstract entities responsible for the transmission of heritable characteristics from parent to 

offspring. To be useful in genetic analysis, a heritable characteristic had to exist in tow 

alternative forms or phenotypes, an example being tall and dwarf statures in the pea plants 

originally studied by Mendel. By 1922 over 50 genes had been mapped on the four fruit fly 

chromosomes. Figure 3 shows the genome and genetic map based on various genes of 

Drosophila melanogaster 
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Figure 3. Diagrammatic representation of genetic map and portion of physical map of a 

chromosome 

Concept behind the genetic map construction 

 Genes located on the same chromosome tend to remain together and all the genes do 

not assort independently as Mendel proposed. These genes on the same chromosome that do 

not show independent assortment are said to be linked.  The strength of linkage between a pair 

of genes can be determined based on the recombination between genes by a process called 

crossing over between two homologous chromosomes. This results in the production of 

gametes similar to parental types and some not similar to parental types in a heterozygous 
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organism. The non-parental type of gametes is called recombinant types. The frequency of 

recombinants is a measure of whether genes are linked or not, if so, how close together they 

are on the chromosome and this process is called as linkage analysis.  

 

 Figure 4. Diagrammatic representation of crossing over and recombination between two 

homologous chromosomes. 

 Based on the linkage analysis one can determine the distance between two genes on a 

chromosome and establish the order of genes with other genes. Two-point analysis is a method 

by which the genetic distance between two linked genes is determined. The order of genes is 

established based on three-point analysis. When many genes are involved it is called multipoint 

analysis.  

DNA markers hastened the process of genetic map construction 

In the past, genetic maps of different plant and animal genomes were constructed 

mostly based on morphological markers (phenotypes showing Mendelian segregation).  

However, the availability of fewer markers slowed down the approach of linkage map 

construction in several species. The advent of DNA markers - polymorphic and locus 

characterized by a number of variable lengths paved the way for easy and faster linkage map 
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construction. These DNA markers possess several positive features over the morphological 

markers. See Table 3 for the differences between the morphological and molecular markers.  

Table 3. Differences between morphological and molecular markers 

Morphological markers Molecular markers 

Less in number 

Interact with the environment 

Show differential expression across 

genotypes 

Not distributed throughout the 

genome 

Expression depends on the ontogeny of 

the individual 

Dominant-recessive expression 

More in number 

No environmental influence 

Phenotypically neutral 

 

Distributed throughout the genome 

Possibility of using these markers at 

any growth stage of the individual 

Codominant or dominant 

Codominant or dominant 

 Construction of genetic maps using molecular markers generally involves the following 

steps viz., 1) Identifying suitable DNA marker system for the map construction, 2) Parental 

survey to identify polymorphic DNA markers, 3) Establishing a suitable mapping population, 4) 

Segregation analysis of polymorphic markers on the individuals of the mapping population, 5) 

Linkage analysis to establish linkage map of each chromosome based on marker-segregation 

data and 6) Assigning chromosome numbers to linkage groups.  

Identifying suitable DNA marker system for the map construction 

DNA markers behave in the same way the genes behave as for as their inheritance thus 

giving the opportunity to locate them on specific chromosomes. These DNA markers can be 

grouped into two groups viz. single locus marker system and multi-loci marker system. Markers 

belonging to the first category are more useful in genetic map construction [e.g restriction 

fragment length polymorphism (RFLP) and simple sequence repeats (SSR)]. However, multi-loci 
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markers such randomly amplified polymorphic DNA (RAPD) and amplified fragment length 

polymorphism (AFLP) are also used in genetic map construction of various organisms. 

   

Figure 5. (A) Single locus markers (top RFLP; bottom SSR), (B) multi-loci marker system (top 

RAPD; bottom AFLP) 

As with gene markers, to be useful a DNA marker must exist in at least two allelic forms. 

Markers having differences in their allelic forms are said to be polymorphic and others not 

having the differences are considered monomorphic. For some of the DNA markers, the 

alternative allele may not exist. In other words, any one of the parents will have the marker. 

This kind of markers will not be detected in the hybrid of the parental combination in which the 

marker is polymorphic. These markers are called as dominant markers. The other category of 

markers are said to be codominant since both the alleles of a parental combination can be 

detected in the hybrid. The codominant markers thus differentiate the heterozygotes from the 

homozygotes thus they are more informative than the dominant markers.  
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Figure 6. A) Polymorphic marker, B) Monomorphic marker,C) Polymorphic co-dominant, D) 

Polymorphic dominant 

Parental survey to identify polymorphic DNA markers 

 To construct a genetic map using DNA markers, the foremost requirement is a set of 

polymorphic markers covering the entire genome of an organism. This can be achieved by 

selecting suitable parents which are not only divergent in their phenotypes but also in their 

genotypes. A survey of different individuals with selected DNA marker system will help to 

establish a suitable parental combination for developing the mapping population.  

Establishing a suitable mapping population 

The group of progenies derived from two parents employed to assess the segregation of 

DNA markers for the purpose of linkage map construction is called as mapping population. It 

would be always advantageous using populations of early generations such as F2, F3, BC 

population etc, since these populations can be established in shorter time scale. Apart from 

these populations, populations of recombinant inbred lines (RIL) and doubled haploid lines 

(DHL) are also used in many of the mapping projects. The maps constructed using the RIL and 

DHL populations remain the best choice considering the utility of genetic maps in various 

genetic studies.  
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Figure 7. Various routes to develop mapping populations for the purpose of genetic map 

construction 

Segregation analysis of polymorphic markers across the mapping population 

 When a set of polymorphic markers are identified for a particular parental combination 

then all those markers are to be surveyed on the segregating population of those parents. The 

segregating markers are given scores for their alleles. If the allele in an offspring is similar to P1 

the score to be given is ‘1’. Score ‘3’ will be given when the allele is similar to P2. If both alleles 

are present then the score to be given is ‘2’.  

 

Figure 8. Segregation of an RFLP marker on a set of recombinant inbred lines. 
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Linkage analysis to establish linkage map of each chromosome  

When the segregation pattern for a set of polymorphic markers is generated, the data 

set is subjected to two-point analysis followed by multi-point analysis using standard software 

packages. There are several software packages available that made the process of linkage map 

construction simple. An alphabetic list of genetic analysis software is available at 

http://www.nslij-genetics.org/soft/ ;http://linkage.rockefeller.edu/soft/. The routinely used 

software for linkage map construction is from Lander et al. (1987). The online tutorial is 

available at http://www-genome.wi.mit.edu/genome_software. 

Assigning chromosome numbers to linkage groups 

During early phase of linkage map construction, chromosomal assignment to linkage 

groups are done based on the establishment of chromosome specific markers using cytogenetic 

stocks such trisomics and monosomics. Most of the RFLP markers are assigned with 

chromosome numbers based on the dosage analysis using trisomics. With the advent of multi-

loci markers for genetic map construction, the chromosomal assignment is done by involving 

markers in the linkage analysis for which the chromosomal positions are known.  

 

 

 

 

 

 

Figure 8. A molecular linkage map of rice chromosome # 6. 
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Conclusion 

Demonstration of the role of DNA markers in the construction of genetic maps has been 

done in major crop species such as tomato (Bernatzky and Tanksley, l986) maize (Helentzaris et 

al., l986), lettuce (Landry et al., l987), potato (Bonierbale et al., l988) and rice (McCouch et al., 

l988). The recent developments in molecular biology simplified many aspects in the genome 

mapping based on the position of certain land marks (often referred to as genetic markers) in 

the genome. Genetic maps are the basic route maps locate both major and minor genes. But 

the genetic maps are not just for locating the important genes, it is also about the nature, 

organization and interaction of sequences on a chromosome. They also provide the key to 

understanding the nature of genes and their action across genomes. The molecular marker 

based genetic maps give the clue to clone the genes of agronomic importance. The increased 

use of genome maps in crop species is realized in various crop species which resulted in the 

better understanding on the molecular environment of the genomes.  
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In modern molecular biology and genetics, the genome is the entirety of an organism's 

hereditary information. It is encoded either in DNA or for many types of virus, in RNA. The 

genome includes both the genes and the non-coding sequences of the DNA. The term was 

adapted in 1920 by Hans Winkler, Professor of Botany at the University of Hamburg, Germany. 

It is a portmanteau word i.e., blending the sounds and the meaning of the two other words 

gene and chromosome, (Gene + ome (for mass), large number of genes gathered.  The term 

genome can be applied specifically to mean that stored on a complete set of nuclear DNA (i.e., 

the "nuclear genome"). Although plants possess mitochondrial and chloroplast genomes, their 

nuclear genome is the largest and most complex. Until very recently, the molecular analysis of 

plants often focused on the single gene level. Recent technological advances have changed this 

paradigm, enabling the analysis of organisms in terms of genome organization, expression and 

interaction. The study of the way genes and genetic information are organized within the 

genome, the methods of collecting and analyzing this information and how this organization 

determines their biological functionality is referred to as genomics. Genomics is reversing the 

previous paradigm of identifying genes behind biological functions and instead focuses on 

finding biological functions behind genes and also reduces the gap between phenotype and 

genotype.  

Effects of the Human Genome Project are surfacing in anticipated and unanticipated 

areas. One of the key discoveries from the project is the existence of individual differences in 

gene sequences that result in differential response to environmental factors, such as diet. 

Those genetic differences, single nucleotide polymorphisms (SNPs, pronounced snips), are the 

key genetic enabler of the emerging scientific discipline called nutrigenomics or nutritional 
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genomics. In the broad arena of health and wellness, one of the major impacts on the food 

industry, throughout the value chain from agricultural crops through consumer products, is this 

emerging understanding of human nutrition at the molecular level of gene expression. The 

science of nutrigenomics is the study of how naturally occurring chemicals in foods alter 

molecular expression of genetic information in each individual. In addition to bioinformatics, 

three scientific methodological approaches underpin nutrigenomics. Those methodological 

approaches are based on nutrition, molecular biology, and genomics. Integration of these 

disciplines are leading to identification and understanding of individual and population 

differences and similarities in gene expression, or phenotype, in response to diet. When a gene 

is activated or expressed, a protein is produced. Through molecular biology and the tools of 

genomics have identified genes responsible for production of nutritionally important proteins 

such as digestive enzymes, transport molecules responsible for ferrying nutrients and cofactors 

to their site of use, and numerous other molecules responsible for metabolism and utilization 

of our dietary components, including macronutrients, vitamins, minerals, and phytochemicals. 

Gene expression patterns produce a phenotype, which represents the physical characteristics 

or observable traits of an organism, e.g., hair color, weight, or the presence or absence of a 

disease. Phenotypic traits are not necessarily produced by genes alone. Phenotypic expression 

is influenced by nutrition. 

India has the largest number of vitamin-A deficient children in the world with 3, 30,000 

children dying directly or indirectly every year, due to this deficiency. Food sources containing 

natural carotenoids may be more beneficial than vitamin supplements (Van den Berg et al., 

2000).  Folate is required for synthesis of purine, pyrimidine, nucleoproteins and for 

methylation reactions that play an important role in cell division and development. Folates also 

plays important role in proper growth and for optimal functioning of the bone marrow. Folate 

deficiency is one of the world’s most common human nutrition problems because humans and 

animals are unable to make folates de novo and hence depend on dietary sources, especially on 

plants (Blancquaert et al., 2010, Scott et al., 2000).  
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Pulses are the predominant source of vegetarian protein in Indian diet. Pulses contain 

18 - 31 percent of protein. Pulses are grown for direct human consumption, available all year 

and important sources of dietary proteins, dietary fiber, iron, zinc, and calcium. Pulses have 

contributed significantly in providing nutritionally balanced food predominantly in vegetarian 

population of India.  Keeping above in mind, to contribute towards nutrigenomis an attempt 

was made to enrich the β-carotene and folate in pulses through genomics approaches.  Study 

was carried out on estimation of total carotenoids by spectrophotometer, β-carotene 

quantification by HPLC and 5-methyltetrahydrofolate (5-CH3-H4-folate) extraction by trienzyme 

treatment (α-amylase, protease, folateconjugase) and quantification of its content by HPLC in 

different pulses namely bengal gram, red gram, green gram, black gram and soybean.   

In bengal gram, the variety CO 3 was found to contain highest total carotenoids (1003 

µg/100g) and β-carotene (99.4 µg/100g), whereas 5-CH3-H4-folate was found to be more in CO 

4 (25.11µg/100g). Among all the red gram varieties tested, CO 7 was found to contain highest 

total carotenoids (1161µg/100g), β-carotene (105.6 µg/100g) and 5-CH3-H4-folate (46.08 

µg/100g). In green gram, the CO 7 variety was found to be contain highest total carotenoids 

(974 µg/100g) and β-carotene (165.3 µg/100g), whereas CO 5 was found to contain highest 5-

CH3-H4-folate (46.08 µg/100g). In black gram, the variety VBN 5 showed highest total 

carotenoids (661 µg/100g), highest in β-carotene (70.3 µg/100g), while 5-CH3-H4-folate 

content was more in CO 6 variety (23.84µg/100g). Among the soybean cultivar the total 

carotenoids was found to be highest in CO 2 (233 µg/100g) and β-carotene (70.3 µg/100g), 

while 5-CH3-H4-folate content was more in CO 1 (46.08 µg/100g). 

Several studies have demonstrated that carotenoid accumulation is mainly controlled by 

the transcriptional regulation of carotenoid biosynthetic genes like  Lycopene is cyclized by ε 

and/or β-cyclase to give rise to the yellow-orange pigments, (Matthews et al., 2003). Bai et al. 

(2009) suggested that higher levels of LCYB in the endosperm would result in increased β-

carotene content. The Arabidopsis aminodeoxychorismate synthase (AtADCS) gene is 

introduced in tomato plant with E8 promoter. Due to this gene incorporation there was 19 fold 
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enhancements in PABA. There crossing between the AtADCS plants and T1 folE gene (GCH) 

plants. The GCHI/ AtADCS transgenic fruit accumulated enough folates (840 g per 100 g) to 

provide the whole recommended dietary of pregnant women (Storozhenko et al., 2005).  

The degenerate primers were designed for β-carotene biosynthesizing gene (Lcy-β) and 

two of the folate biosynthesizing genes (ADCS and DHNA). The PCR conditions were 

standardized using genomic DNA from all the pulse crops tested. The expression level of β-

carotene and folate biosynthesizing genes was determined by reverse transcriptase PCR    (RT-

PCR) analysis. The β-carotene biosynthesizing gene β-lycopene cyclase (Lcy-β) expression was 

observed same in all pulse crops, but in folate biosynthesizing genes such as 

aminodeoxychorismate synthase (ADCS) and dihydroneopterinaldolase gene (DHNA) shown 

more expression in soybean followed by green gram and bengal gram.  
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Introduction  

 Crop improvement has a long history as key agronomic traits have been selected over 

thousands of years during the domestication of crops. More recently, this progress has been 

accelerated as the Green Revolution has brought about great increases in crop yields (Khush, 

2001). With the advent of genomics in the last 25 years, opportunities for crop improvement 

have continued to grow and may help to meet future challenges of food production and land 

sustainability. Novel DNA sequence information allows the development of additional 

molecular markers for breeding as well as providing targets for transgenic alteration of gene 

expression and introduction of new traits. Recently, a method called Targeting Induced Local 

Lesions IN Genomes (TILLING) was developed to take advantage of this new DNA sequence 

information and to investigate the functions of specific genes. TILLING also shows promise as a 

non- transgenic tool to improve domesticated crops by introducing and identifying novel 

genetic variation in genes that affect key traits.  

The TILLING method  

 TILLING applies advances in molecular biology and genomics to the identification of 

genetic variation at the level of a single base pair. In the first step of the TILLING process, novel 

single base pair changes are induced in a population of plants by treating seeds (or pollen) with 

a chemical mutagen, and then advancing plants to a generation where mutations will be stably 

inherited. DNA is extracted, and seeds are stored from all members of the population to create 

a resource that can be accessed repeatedly over time. Establishing a good population and 

preparing DNA samples from what typically constitutes thousands of plants for a TILLING 

‘library’ can easily take the better part of two years for crop plants. However, chemical 
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mutagenesis is readily applicable to many diverse plants and animals, and so has the potential 

for widespread use (Kodym & Afza, 2003). In crops that propagate vegetatively or plants with 

long generation times (e.g., mint, coffee, and trees), creating such a population may be more 

difficult. However, even in these cases, natural variation in crop and non-crop species can by 

uncovered by ‘ecoTILLING’ (Comai et al., 2004).  

 For a TILLING assay, PCR primers are designed to specifically amplify a single gene target 

of interest. Specificity is especially important if a target is a member of a gene family or part of 

a polyploid genome. The application of bioinformatics tools can also help leverage functional 

genomics data across species for investigation of targets in novel crops. Next, dye-labelled 

primers are used to amplify PCR products from pooled DNA of multiple individuals. These PCR 

products are denatured and reannealed to allow the formation of mismatched base pairs. 

Mismatches, or heteroduplexes, represent both naturally occurring single nucleotide 

polymorphisms (SNPs) (i.e., several plants from the population are likely to carry the same 

polymorphism) and induced SNPs (i.e., only rare individual plants are likely to display the 

mutation). After heteroduplex formation, the use of an endonuclease, Cel I, that recognizes and 

cleaves mismatched DNA is the key to discovering novel SNPs within a TILLING population 

(Oleykowski, et al., 1998; Colbert et al., 2001). Using this approach, many thousands of plants 

(or animals) can be screened to identify any individual with a single base change as well as small 

insertions or deletions (1–30 bp) in any gene or specific region of the genome (Comai et al., 

2004). To increase throughput, DNA is typically pooled from 4 to 8 individuals. Genomic 

fragments being assayed can range in size anywhere from 0.3 to 1.6 Kb. At 8-fold pooling, 1.4 

Kb fragments (discounting the ends of fragments where SNP detection is problematic due to 

noise) and 96 lanes per assay, this combination allows up to a million base pairs of genomic 

DNA to be screened per single assay, making TILLING a high-throughput technique.  

TILLING by sequencing 

  TILLING constitutes a desirable alternative as a functional genomic tool and indeed its 

application has now become widespread as multiple TILLING projects focused on a variety of 

crops are underway in the US, Europe, Australia, and Asia. Currently, TILLING efforts employ the 
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CEL I-LiCor technology, or close variations. This method is time consuming and very expensive 

as it employs the use of fluorescent primers for initiating the mutation screens. The fluorescent 

primers vary in quality and are intrinsically less efficient at PCR than regular ones. Operating the 

LiCor apparatus is labour intensive and the technology is susceptible to performance 

fluctuations. Ultra-high throughput sequencing is becoming available at low cost and it is a very 

attractive approach for TILLING. A new and advantageous model for a TILLING service is now 

possible. Academic laboratories, public and private breeding programs add their favourite 

genes to the TILLING service list. A resequencing run is initiated on a set of genes and 

additionally in this method, genes from different organisms can be mixed and processed in one 

run so that one does not have to wait for a critical number of targets to emerge in any given 

crop system. Indeed, the different genes provide biological barcoding that facilitates the 

analysis of massively parallel experiments. This method is particularly advantageous for pilot 

testing, where fewer individuals can now be sampled at many genes.  

 
TILLING as a functional genomics tool 

 Once mutations are identified by resequencing, the predicted impact on gene function is 

assessed and the data are posted to the community of users. Each user then chooses which 

mutations to characterize. For a gene of average composition and structure, about 5% of 

mutations are predicted to result in protein truncation because they are nonsense or affect 

splicing. About 50% of discovered mutations result in missense changes whose impact on 

function can be estimated in silico. The rest of the mutations are silent. For uncharacterized 

genes, complete knock-outs are desirable and so truncation mutations will be selected first. For 

other genes, allelic series of varying severity may be desirable and so a range of missense alleles 

will be selected.  

Arabidopsis TILLING  

 Since the inception of TILLING, this method has been widely used for the study of 

functional genomics in plants, especially for the model plant Arabidopsis thaliana. Greene et al. 

(2003) reported that the Arabidopsis TILLING Project (ATP), which was set up and introduced as 
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a public service for the Arabidopsis community (Till et al 2003), had detected 1,890 mutations 

in 192 target gene fragments. Heterozygote mutations were detected at twice the rate of 

homozygote mutations. Therefore, the mutational density for treatment of Arabidopsis with 

EMS was approximately 1 mutation / 300 kb of DNA screened with these mutations distributed 

throughout the genome. The numerous mutations in Arabidopsis thaliana that have been 

identified via TILLING have provided an allelic series of phenotypes and genotypes to elucidate 

gene and protein function throughout the genome for Arabidopsis researchers.  

 
TILLING in crops  

 Even though TILLING was originally designed for and applied mainly in Arabidopsis in the 

early years of its inception, it has been demonstrated to be an extremely versatile approach 

compared to many other reverse genetic approaches. This method has proven to be successful 

to rapidly identify variant genotypes and determine gene function in plants that are diploid and 

have relatively small genomes such as Arabidopsis. Additionally, it also can be easily applied to 

other crop plants with very large genomes that are further complicated by various ploidy levels 

such as wheat. Moreover, the uses of chemical mutagens in diploid and polyploidy plants 

produce a range of various mutations and a high density of mutations throughout the genome. 

Obtaining an allelic series for a gene of interest greatly assists in the overall determination of 

gene function by providing multiple types of phenotypic variants to be analyzed.  

Maize  

  In 2004, maize, which is an important staple crop with a large genome, was shown to be 

conducive to the TILLING method (Till et al 2004). A total of 11 genes were examined in a 

population of 750 mutagenized plants and six of these 11 genes had detectable induced 

mutations. One of the genes examined in this study, DMT102 (chromomethylase gene), has 

been previously suggested to play a role in non-CpG DNA methylation and gene silencing in 

Arabidopsis. A Maize TILLING Project established in 2005 at Purdue University has already 

identified 319 mutations in 62 genes, which has greatly assisted functional genomic studies in 

maize (Weil and Monde 2007). Barley, which is also an important cereal crop with a fairly large 
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genome size of ~5,300 Mb, was evaluated for the ability of induced mutations to be detected 

by TILLING. Two genes (Hin-a and HvFor1) were examined and 10 variants were identified, six of 

which were missense mutations. Phenotyping the M3 individuals demonstrated that 20% had 

visible phenotypes.  

Wheat 

 Wheat is an extremely important agronomic staple crop with an estimated production 

level of 600 million tons per year (Bagge et al 2007). A polyploid plant investigation to locate 

variants in the waxy locus (granule-bound starch synthase I, GBSSI) in wheat was implemented. 

Partial waxy wheat cultivars are desirable because production of amylose starch is reduced, 

which leads to the production of superior flour and noodle products for human consumption. 

Wheat genetics can be complicated because its genome is complex, it is an allohexaploid, and 

the total genome size is quite large (17,000 Mb). A total of 246 alleles were uncovered in three 

waxy gene homoeologues (Wx-A1, Wx-B1, and Wx-D1) from allohexaploid and allotetraploid 

wheat via TILLING. This comprehensive allelic series provided 84 missense, three nonsense and 

five splice site mutations. Phenotyping of M3 progeny demonstrated reduction of amylose 

production. Detecting genetic variants via Phenotyping in wheat can be difficult because 

redundant copies of loci in the genome can mask expression. This study identified more 

extensive allelic variation in GBSSI than was identified in any report produced in the last 25 

years (Slade et al 2005).  

Rice 

 Rice, which is also a staple and important economic crop around the world, currently 

estimated to provide 80% of the caloric intake for three billion people (Storozhenko et al 2007), 

has been the focus of a few TILLING studies. The rice genome has been predicted to contain 

~50,000 genes, of which gene function needs to be determined empirically. In 2005, a report 

was published on the generation of a large mutation population (60,000) using multiple 

chemical mutagens on IR64, a widely grown indica rice (Wu et al 2005). This study 

demonstrated that TILLING was suitable for reverse genetic studies with mutations detected in 
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two genes; albeit, the mutational density in the population was fairly low. In addition, extensive 

phenotypic variation was assessed for the various chemical mutagens used to develop the 

mutant population and albinism was a common phenotype no matter which mutagen was 

applied. In a separate study, EMS and Az-MNU were used to induce an elevated mutational 

density in rice, with 57 polymorphisms identified from 10 target genes by TILLING (Till et al 

2007). Another report on rice TILLING published in 2007, demonstrated the efficacy of TILLING 

to detect mutations by separation of products on Agarose gels (Raghavan et al 2007). Results 

were analogous to pooling DNA and detecting mutations on a LI-COR DNA Analyzer.  

Pearl Millet 

  TILLING populations were developed in the inbred line “P1449-2-P1”. Assuming a 

population size of 10,000 M2 lines to be ideal for mining allelic variants in drought- responsive 

candidate genes, a total of 31,000 seeds of inbred line “P1449-2-P1” were mutagenized in three 

different batches using 5, 7.5, 9 and 10 mM EMS and 10,000 TILLING lines, were developed. A 

total of 9 pooled plates, 5 plates from the DNA isolated from the initial set of mutagenesis 

experiments and 4 pooled plated from mutant lines generated during 2007 were prepared. 

Further, all the plate records were uploaded into LIMS (Laboratory Information Management 

System) followed at ICRISAT for data storage and retrieval. Thus the pools of DNA from mutant 

population will be made available for international pearl millet community for allelic mining 

candidate genes. Further, efforts are underway to mine allelic variants for drought responsive 

candidate genes (viz, DREB2A) in the mutant DNA pools prepared < http://www.icrisat.org/bt-

gene-discovery.htm>. 

Soybean  

 Soybean contains approximately 35-50% protein and has been shown to be beneficial 

for human health. It is an important economic crop that can improve soil quality by fixing 

nitrogen. Four mutant populations from two genetic backgrounds (Forrest and Williams 82) 

were created for soybean by treatment with EMS or NMU and evaluated for induced mutations 

(Cooper et al 2008). Several of the target genes initially tested amplified more than one target. 
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Further work was carried out to produce a single product to employ TILLING so that mutation 

detection functioned optimally. A total of 116 mutations were identified via TILLING from seven 

target genes. The majority of the mutations uncovered by TILLING were determined to be the 

expected G/C to A/T transitions. This study demonstrated that soybean is suitable for TILLING 

studies.  

Conclusion 

 Nucleotide sequences contain hidden information about the forces for conservation and 

variation that shaped their evolutionary history. It is known that detection of a gene 

responsible for a mutation is a challenging process. TILLING and Eco TILLING are inexpensive 

and swift natural polymorphism detection and genotyping methods . They have advantages for 

determining the range of variation for genetic mapping based on linkage analysis. In these 

techniques, if a mutation is detected in a pool, the individual DNA samples that went into the 

pool can be individually analyzed to identify the individual that carries the mutation. Once this 

individual has been identified, its phenotype can be determined. These techniques work with 

good results, even if a population contains pre-existing mutations that would compromise SNP 

discovery by other methodologies.  The use of these approaches can facilitate the handling of 

the large-scale discovery of induced point mutations through populations that are required. 

These new screening methods can be applied to several plant species, whether small or large, 

diploid or allohexaploid in nature. They may serve as rapid approaches to identify the induced 

and naturally occurring variation in many species. Now the successes have been reported in a 

variety of important plant species, the next challenge is to use these technologies to develop 

improved crop varieties.  
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Introduction 

Life in Asia depends on rice not only because it provides more than 70% of thedaily 

calories for the population, butalso because of its important role as a source of income for 

millions of rice farmersand landless workers (Dawe 2000).Global food security is at stake since 

the demand for rice is exceeding production. Furthermore, increase in rice production shows 

adiminishing trend, fallingfrom 1.6 per cent per annum in the 1990s toless than 1.0% by 2010 

(FAO2003). Having surpassed the seven billion mark, the global population growth is thelone 

serious factor that influence increased demand for rice (UNFPA 2011). With theincreasing 

urbanization, land suitable and available for agriculture is diminishing and an increase in rice 

production has to be obtained by increasing productivity, that is, increasedyield per unit land. 

In addition to improved and sustainable agro-management options, higher yielding and more 

nutrient-efficient genotypes have to be developed in order to secure rice production.  

Mineral nutrition in rice requiressixteen essential elements (De Datta 1981), of which 

nitrogen (N), phosphorus (P) and potassium (K) are applied to rice fields as chemical fertilizers 

in large quantities. N and P are fundamental to crop development because they form the basic 

component of many organic molecules, nucleic acids, and proteins (Lea and Mifflin 2011). 

Estimates suggest that, from 2008–2012, global fertilizer demand will increase by 1.7% annually 

amounting to about 15 million tons, of which 69% are required in Asia alone (FAO 2008). By 

2012, global demand for N fertilizer will increase by about 1.4% (7.3 M t) and by about 2% (4.2 

M t) for P fertilizer. Since Asia’s share in global rice production is more than 90% (Gulati and 

Narayanan 2002) a substantial proportion of the increased fertilizer demand would be utilized 

for rice production (Witt et al., 2009). This is of growing concern because recent estimates (FAO 
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2008) indicate a decliningtrend in nutrient-use efficiency as a result of fertilizer consumption 

exceeding grain production. In addition, fertilizer prices are increasing due to high energy costs 

and because natural resources are limited and increasingly difficult to assess, as will be outlined 

in more detail below. Therefore, a balanced and sustainable use of fertilizers is of utmost 

importance. The food crisis in 2008 (Von Braun 2008) which triggered socio-political unrests 

worldwide has given us a first glimpse on what there is to come if we do not succeed in 

providing sufficient food at affordable costs, long term and in a sustainable way.     

Nitrogen – A diminutively plant availablenutrient 

In spite of being the most abundant element in the atmosphere (78%), N is one of the 

most limiting nutrients in natural and agricultural ecosystems. It enters into the soil only in 

miniscule amounts through natural precipitation and biological N fixation. Although significant 

N reserves are present in the soil (2–20 tha-1) (Bockman et al., 1990), only a limited amount is 

available to plants. Since plants require large quantities of N, greater than any other primary 

nutrient, plant assimilation of soil N often exceeds the amount being replenished (Epstein and 

Bloom 2005). Native sources of soil N include pre-existing inorganic and organic forms, net N 

mineralization from organic matter, biological N fixation and N inputs from irrigation waters, 

and atmosphere deposition (Cassman et al., 1996). The majority of plant-useable N is 

consumed as nitrate (NO3) from well-aerated soils and as ammonium (NH4+)  from poorly 

aerated, submerged soils (Huang et al., 2000). Although NH4+uptake demands less energy than 

NO3, only few plant species, such as rice, are capable of growing exclusively with NH4+ 

(Kronzucker et al., 1999). Since rice is capable of assimilating both forms of N (Wang et al., 

1993a; Kronzucker et al., 1998) it is adapted to aerobic as well as to anaerobic growth 

conditions. 

In traditional rice ecosystems, low-N stress is a problem in marginal areas where no or 

sub-optimal levels of N are applied (Laffite and Edmeades 1994a,b; Agrama et al., 1999) 

because farmers lack resources to purchase fertilizer and agricultural practices are subsistence 

farming (Ortiz-Monasterio et al., 2001). Apart from the immense benefit of mineral fertilizer, 
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when applied in excess it causes eutrophication of fresh water estuaries and coastal water 

ecosystems (Raven and Taylor 2003)and increased emission of greenhouse gases, such as 

nitrous oxide (N2O, Matson et al., 1998). If this practice continues, problems of nutrient 

leaching and atmospheric contamination soon will become a wide-spread problem also in 

developing countries (Ortiz-Monasterio et al., 2001).  

Furthermore, diminishing non-renewable global energy resources, such as petroleum 

and natural gas, demands for a more efficient fertilizer use for two compelling reasons; (a) 

conservation of energy, because the chemical synthesis of N fertilizers requires ammonia 

produced by the Haber-Bosch process (Travis 1993) for which natural methane is the major 

hydrogen source and (b) for curtailing the ever-increasing fertilizer costs.  

Although, N deficiency in particular, can be managed to a certain extent by addition of 

organic manures and by cultivation of fallow legumes (Balasubramanian et al., 2004), a 

significant reduction in N-fertilizer application can be achieved by optimizing rate and timing of 

fertilizer application to synchronize N supply and demand (Peng and Bouman 2007). To further 

reduce N applications, an alternative approach is the development of varieties that use N more 

efficiently, either physiologically, that is increased carbon gain per unit plant N and time, or 

agronomically, that is greater dry matter production and protein yield per unit N (Laungani and 

Knops 2009). 

Crop varieties can respond to nutrient supply in four different ways (Figure 1), viz., 

efficient and inefficient under nutrient deficiency, and responder and non-responder under 

nutrient sufficiency (Ortiz-Monasterio et al., 2001). Efficient genotypes are those that possess 

high external (uptake) efficiency, while responders are characterised by high internal 

(utilization) efficiency. Since nutrient uptake and utilization are interdependent, it is difficult to 

distinguisha responder from an efficient cultivar. It is therefore important to developefficient 

selection criteria for low-nutrient tolerance, to differentiate between external and internal 

efficiency (Agrama 2006) and to assess genetic variability (Broadbent et al., 1987; DeDatta and 

Broadbent 1988). This necessitates a careful integration of both physiological and agronomic 
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evaluation of cultivars under low and high-nutrient regimes. For high-input systems, remarkable 

breeding efforts have already been carried out for the selection of responder varieties with high 

internal efficiency. This now has to be complemented with breeding of cultivars that are 

tolerant of nutrient-deficiency and cultivars that maintain a high yield with reduced fertilizer 

inputs.  

Selection in environments with low nutrient status is often plagued by problems of low 

heritability and high environmental variability. Although, nutrient-scarce environments are not 

normally preferred by breeders, selection under such conditions will be more effective for yield 

per se rather than selection for yield potential alone (Muruli and Paulsen 1981; Blum 1988). 

Evaluation under field conditions is preferable over screenings in nutrient solution since the 

latter cannot simulate the complex soil-plant interaction. Furthermore, in the case of N, 

screening of genotypes at low-N levels would additionally avoid problems of vulnerability to 

pests and diseases and lodging, which creates artefacts at high N levels (Tirol-Padre et al., 

1996).  

To establish selection criteria for higher uptake efficiency, it is essential to study yield 

components, biomass production, as well as nutrient assimilation in relation to traits 

determining uptake efficiency that is a large root volume, efficient nutrient absorption, and 

nutrient transport (Bassirirad 2000; Wang et al., 2006). In addition, a clear understanding of 

environmental parameters, such as location effect, weather, radiation etc., and their effect on 

nutrient uptake in different genotypes can leverage an objective-based distinction between 

uptake vs. utilization efficiency in the target environment. This is particularly important 

becausehigh nutrient-uptake efficiency without repletion of nutrient might accelerate nutrient 

depletion, while low-nutrient efficient genotypes may lead to increased nutrient leaching or 

volatilization under high nutrient situations (Ortiz-Monasterio et al., 2001).    
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Figure 1. Crop response to nutrient supply 

Genes and pathways of nitrogen uptake and metabolism 

In rice, excessive N stimulates shoot growth, root inhibition, delayed flowering, and 

senescence (Bernier et al., 1993; Stitt 1999), while deficiency results instunted growth, 

chlorosis, poor yield, and anthocyanin pigmentation due to carbohydrateaccumulation (Martin 

et al., 2002). Under low N conditions, rice plants attempt to acquire more N by increasing the 

root surface area which increases the root to shoot ratio (Marschner et al., 1986) with varying 

degree depending on the phenological stage (Sheehy et al., 1998). Rice genotypes show 

significant variability for N uptake (external efficiency) and utilization (internal efficiency) with 

yield being predominantly determined by the uptake process, particularly under low N 

conditions (Singh et al., 1998; Witcombe et al., 2008). The most N-efficient rice genotypes are 

those capable of accumulating N in the first 35 days of transplanting (Peng et al., 1994). 

External efficiency declines as the crop progresses to maturity with reduction in daily uptake of 

N towards terminal stages due to increasingly inefficient roots (Sheehy et al., 1998) and internal 
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N recycling from senescing tissues to the developing panicle (Mae and Ohira 1981). Under low-

N supply, the internal recycling accounts for 70–90% of the total panicle N (Mae 1997; Tabuchi 

et al., 2007). On the other hand, N concentrations in the straw at crop maturity is not 

significantly affected by changes in N supply at terminal stages (Tirol-Padre et al., 1996), hence, 

N uptake prior to panicle initiation is critical in building up the internal N reservoir (Figure 2).  

In young rice plants, roots play a significant role in N absorption with root density and 

distribution in the soil as the major determinants. Although there are many studies related to 

variation in nitrogen (N) uptake in rice, there seems to be little information on differences in 

root morphology that may contribute to this variation. A recent study on the N-use efficiency of 

two rice cultivars by Fan et al., (2010) indicates a significant influence of root morphological 

parameters and root physiological characteristics at different growth stages. The uptake 

process and N homeostasis are complex processes that involve recycling of N (especially amino 

acids) from shoots to roots via the phloem, and from shoots to roots via the xylem (Imsande 

and Touraine 1994; Marschner et al., 1997).  

 

Figure 2. Field management and plant-related traits relevant for improved nitrogen and 

phosphorus efficiency 
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This is under complex genetic control and the molecular genetics of N utilization is well 

studied in model species such as Arabidopsis. Many gene families, including NO3 and NH4+ 

transporters and primary assimilation genes, amino acid transporters, as well as transcription 

factors, and other regulatory genes have been identified by different approaches. With the 

identification of orthologous genes from rice, opportunities are now emerging of utilising these 

genes in marker-assisted breeding for N-efficiency (for reviews, see Li et al., 2009b; Kant et al., 

2011). N uptake in roots is mainly regulated by high-affinity transport system (HATS) that 

regulates uptake at N levels below 1 mM and a low-affinity transport system (LATS) which 

functions at higher N concentrations (Forde and Clarkson 1999; Glass et al., 2001; Williams and 

Miller 2001). It has been shown that the low-affinity NO3 transporter OsNRT1 contributes 

predominantly to N uptake in the root epidermis and in root hairs (Lin et al., 2000) acting in 

conjunction with the high affinity and NO3-inducible transporters NRT2 and NAR2 (Cai et al., 

2008). Recent data provided further insight into the complexity of N uptake showing that the 

mRNA of OsNRT2.3 is alternatively spliced (OsNRT2.3a/b) during the uptake process, and that 

OsNAR2.1 interacts with two other NRT proteins(Yan et al., 2011). Furthermore, it was shown 

that most transporter genes are up-regulated by NO3 and suppressed by NH4+, with an 

exception of OsNRT2.3b being insensitive to NH4+ (Feng et al., 2011). Similar to Arabidopsis, 

high-affinity rice NH4+ transporters are encoded by members of the AMT1 and AMT2 gene 

families (Gazzarini et al., 1999; Howitt and Udvardi 2000; Loqué and von Wirén 2004). So far, 

twelve AMT genes have been identified located on different chromosomes and grouped into 

five sub-families (AMT1 – AMT5) with one to three gene members (Li et al., 2009b). Gene 

expression analyses showed that OsAMT1;1 is constitutively expressed in shoots and roots 

(Ding et al., 2011). In contrast, OsAMT1;2 shows root-specific expression and is NH4+ inducible, 

whereas OsAMT1;3 is root-specific and N-suppressible. In addition, a high-affinity urea 

transporter (OsDUR3) encoding for an integral membrane-protein that is up-regulated under N-

deficiency has recently been identified in rice roots (Wang et al., 2012). OsDUR3 over-

expression improved growth on low urea and this gene might therefore play a significant role in 

N uptake in rice. Urea is converted to NH4+, and carbon dioxide in the presence of urease, 

which requires nickel (Ni) as co-factor. Interestingly, application of Ni has a marked effect on 
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plant growth in rice when urea was provided as the sole N source (Gerendas et al., 1998). 

Further, an early nodulin gene (OsENOD93-1) with potential function in amino acid 

accumulation and transport has been identified in rice (Bi et al., 2009). 

To enable plants to accumulate sufficient internal N, it is critically important to apply N 

fertilizer at the right developmental stages. In irrigated rice fields, N fertilizer is usually applied 

in three splits, that is, at transplanting (basal), at maximum tillering, and at panicle initiation. 

This practice is recommended to rice farmers (Williams et al., 2010) and is now widely adopted. 

Urea is the major source of N in rice ecosystems since it is rapidly converted to NH4+ or NO3 by 

soil micro-organisms. In cereals, depending on the genotype and environmental conditions, the 

root or shoot can be the main site for NO3 assimilation, with root assimilation dominating at 

soil-nitrate concentrations below 1 mM and shoot assimilation at concentrations above 1 mM 

(Andrews 1986; Andrews et al., 1995). Upon absorption, NO3 is reduced to nitrite by nitrate 

reductase (NR) and subsequently to NH4+ by nitrite reductase (NiR). NH4+ from both the 

nitrate reduction pathway and direct absorption is subsequently incorporated into amino acids 

through synthesis of glutamine and glutamate (Crawford and Glass 1998; Meyer and Stitt 2001; 

Campbell 2002) primarily in the chloroplasts and plastids via the glutamine synthetase (GS)/ 

glutamate synthase (GOGAT) cycle (Tobin and Yamaya 2001; Andrews et al., 2004) and 

alternatively via pathways involving glutamate dehydrogenase (GDH) and asparagine 

synthetase (Hirel and Lea 2002; Dubois et al., 2003). Although roots have high constitutive 

levels of GS and GOGAT, both enzymes are also induced by NH4+ (Ishiyama et al., 2003). For the 

conversion of glutamine to glutamate by GOGAT, either ferredoxin (Fd-GOGAT) or NADH 

(NADH-GOGAT) is used. For GS, two major forms are known, that is cytosolic GS (GS1), 

expressed in roots and shoots, and plastidic GS (GS2), expressed in chloroplasts and plastids. 

GS1 constitutes a complex gene family of three to six genes (Hirel and Lea 2002).  

Remobilization of internal N during grain filling is another key process in N metabolism. 

Among the primary N assimilation genes (for review see Lea and Mifflin 2011), physiological 

and biochemical evidences indicate that GS1 plays a major role in the synthesis of glutamine in 
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older leaves which is transported to the growing tissues (Kamachi et al., 1991; Habash et al., 

2001; Masclaux et al., 2001), a process positively related to yield and N use efficiency. The GS1 

genes from rice, OsGS1; 1OsGS1; 2 are expressed in all organs but with higher expression in leaf 

blades and roots respectively, while OsGS1;3 is found specifically in the spikelet (Tabuchi et al., 

2005). Prior to senescence, GS1 activity is reduced which leads to rapid accumulation of NH4+ 

and senescence since accumulated NH4+ is highly toxic to plant cells (Chen and Kao 1996). In 

addition, it was shown that a knock-out mutation in OsGS1.1 resulted in reduced plant growth 

and poor yield (Tabuchi et al., 2005), whereas over-expression of the GS2 gene increased yield 

in wheat and Arabidopsis (Habash et al., 2001; Martin et al., 2006), and enhanced photo-

respiratory capacity and salt tolerance in rice (Hoshida et al., 2000). Re-assimilation of 

glutamine to glutamate by GOGAT is tissue-specific with Fd-GOGAT predominantly active in 

photosynthetic tissues (Lea 1997) whereas NADH-GOGAT has a significant role in developing 

sink organs in the reutilization of glutamine (Tabuchi et al., 2007). Over-expression of NADH-

GOGAT increased panicle weight in rice in agreement with its important role in transporting 

glutamate to major sink tissues during grain filling (Yamaya et al., 1992), and therefore is 

considered a key enzyme in N utilization and grain filling in rice (Andrews et al., 2004). Two 

genes of NADH-GOGAT have been reported in rice; OsNADH-GOGAT1 expressed in growing 

tissues such as root tips, young spikelets and developing leaf blades and OsNADH-GOAGT2 

mainly expressed in mature leaves and leaf sheaths, of which NADH-GOGAT1 is important in N 

remobilization (Tabuchi et al., 2007). 

Gene-expression profiling of seedlings from the indica-type variety Minghui 63 grown in 

N-deficient hydroponics solution (Lian et al., 2006) revealed rapid down-regulation of genes 

involved in photosynthesisand energy metabolism in response to N stress. Interestingly, genes 

involved in earlyresponses to biotic and abiotic stresses, as well as transcription factors and 

other regulatory genes were responsive to N, especially in roots. In contrast, genes known to be 

involved in N uptake andassimilation showed little or no response to low N. However, since this 

study was conducted in hydroponics with very young seedlings, the data might not represent 

the actual situation in soil or the field.  
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Grain development in rice depends on the establishment and maintenance of a 

photosynthetically active canopy which acts as a major N storage before internal N is 

translocated to the panicle. Since this process occurs at the expense of the photosynthetic 

machinery, canopy longevity and maintenance of the photosynthetic capacity are vital for 

continuous remobilization of N and starch accumulation (Hawkesford and Howarth 2011). In 

this context the functional stay-green (FSG) trait is of interest since it delays leaf senescence 

and sustains photosynthesis in maturing plants which leads to increased biomass production 

and grain yield (Fu and Lee 2008). Recently, quantitative trait loci (QTLs) have been mapped for 

FSG (Yoo et al., 2007; Fu et al., 2011), that confer yield advantage and hold promise for marker-

assisted introgression of the stay-green trait into rice varieties.   

Phosphorus - Declining natural reserves and accessibility    

In contrast to nitrogen, P is a non-renewable natural resource and concerns are rising 

that rock phosphate reserves are limited. A recent study conducted by the International 

Fertilizer Development Centre (IFDC) concluded that currently known and easily accessible 

world rock phosphate reserves will last approximately another 300-400 years (van 

Kauwenbergh 2010). Investments are therefore made to discover new rock phosphate reserves 

and to develop alternative technologies to isolate P from e.g., marine sediments and faeces 

(see below).Another concern is the unequal geographical distribution of P reserves with the 

vast majority of phosphate rock located in Morocco, followed by the USA and China (van 

Kauwenbergh 2010). A dependence of the world’s food production on few countries is 

problematic and policies should be put in place in time to ensure equal access to P reserves in 

the future. In fact, China is already imposing seasonal export taxes to secure national supply of 

P fertilizer (http://agfax.com/2011/11/18/chinese-government-imposes-seasonal-export-

taxes). 

Whereas P fertilizer is applied in excess in the western world and some Asian countries 

(e.g., China, Japan, Korea; MacDonald et al., 2011), P deficiency is a major problem in many 

Asian and African countries, as well as in South America. The two main reasons for this are (i) 



79 

 

insufficient application of P in form of P-fertilizer or manure and (ii) P-fixing soil properties 

which renders P unavailable to plants even if present in sometimes large amounts. P 

imbalances in the world with too much in some countries and too little or inaccessible P in 

others (MacDonald et al., 2011) will require different measures and breeding strategies.  

In modern agriculture, inorganic P fertilizer has widely replaced the application of 

manure. A large quantity of P present in animal and human faeces is therefore removed from 

the nutrient cycle and ends up in waterways where it is no longer available and difficult to 

recycle (Cordell et al., 2009). In realization of this, technologies are being developed in Europe 

to extract P from sewage in urban centres to produce Struvite (ammonium magnesium 

phosphate) that can be used as P and N fertilizer (http://www.ceep-

phosphates.org/Files/Newsletter/scope50.pdf). In light of decreasing rock phosphate reserves, 

these efforts are extremely important and, once applied at a large scale, this technology will 

become more competitive in terms of production costs.  

The high concentration of P in human and animal faeces is due to the consumption of 

phytic acid (PA, inositol hexaphosphate) which is the major (50-80%) storage form of P and 

present in large quantities in cereal grains, legumes, soybean, and other plants (for a review 

seeLott et al., 2000). PA is not digestible by humans and animals and additionally binds iron, 

zinc, and other minerals thereby reducing their bioavailability. Research is therefore on-going 

aiming at the reduction of PA in crops (for review see Raboy 2009). Apart from its role as an 

“anti-nutrition”, PA is the main source of P drainage from fields. Estimates suggest that50-80% 

of the P in cereal grains and legume seeds is stored as PA (Lott et al., 2009). Studies on low PA 

(lpa) mutants in rice (Larson et al., 2000; Liu et al., 2007) and barley (Bregitzer and Raboy 2006), 

however, showed that total grain P was generally higher in lpa mutants compared with wild 

type and this is approach is therefore not directly applicable to reduce P drainage.  

For soils naturally low in P or depleted of P due to continuous cropping without 

repletion of P (and other nutrients), fertilizer or manure application is inevitable to maintain 

productivity and prevent soil degradation. However, continuous cropping of poor soil is often 



80 

 

related to poverty and breeding of efficient crops, therefore, has to be complemented with 

policy measures providing poor farmers with agricultural inputs. With regard to breeding for 

poor soils, crops with high P-uptake and high internal P-use efficiency need to be developed to 

maximize yield in such low-input systems. Besides, a combination of both, uptake and internal, 

efficiency is equally desirable for high-input systems since it would facilitate reduction of 

fertilizer doses without yield penalty. In rice, the P fertilizer-use efficiency is about 25% 

(Dobermann and Fairhurst 2000), providing a considerable scope for improvement.   

For areas with P fixing soils, high fertilizer applications are currently necessary to 

provide sufficient plant-available P. Soils with P-fixing properties are wide-spread in the Asia 

Pacific and occur on 5% of the total land area (Bot et al., 2000). In China, Indonesia, Japan, 

Thailand and Vietnam, P-fixing soils cover 9-15% of the total land area. These numbers are even 

higher in Laos (24%) and Myanmar (16%). In Africa, P fixing soils are especially widespread in 

Burundi, Congo, Liberia, Swaziland, and Rwanda (16-29%). Similar numbers are reported from 

South America, where P fixation occurs on 14-25% of the total land area in e.g., Brazil, 

Colombia, Venezuela, Peru, and Ecuador. In French Guyana, 79% of the total land area has P 

fixing properties (Bot et al., 2000). The development of crops that can access P-reserves in 

these soils and that are highly efficient in P-fertilizer uptake should therefore be a global 

breeding priority. In addition, it is critically important to develop crops with tolerance of 

multiple stresses because P deficiency is often a secondary effect in soils with high 

concentrations of iron and aluminium, and low pH, which restricts root growth even if P is 

available (Ismail et al., 2007).  

Genes and pathways of Phosphorus uptake and metabolism 

In irrigated rice systems, P fertilizer is generally applied only at the beginning of the 

season (basal) whereas N is applied in three splits (basal/after transplanting, maximum tillering, 

panicle initiation/booting). This is common practise in Asia and Africa (Haefele et al., 2005; 

Hossain et al., 2005) indicating that P acquisition and requirement are highest during early 

growth stages. Under P-deficient conditions, plant development is delayed and P-deficiency 
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symptoms (reduced tillering, darker leaves due to anthocyanine accumulation) are easily 

recognized and cause significant yield losses (Dobermann and Fairhust 2000). Another 

important factor is that P, in contrast to N and K, is not transported with the soil solution (mass 

flow) but mainly by diffusion (Schachtman et al., 1998). A large root surface area is therefore 

particularly important for P uptake since plants gain access to a larger soil area and thereby to P 

(Lynch 2007). In agreement with that, induction of root growth under P-deficiency has been 

described in many species (Hernández et al., 2007), though it should be noted that root growth 

under –P conditions is generally reduced compared with plants grown under +P conditions 

(Chin et al., 2010; Li et al., 2009a).  

For yield stability under P-deficient conditions, long root hairs and highly branched root 

systems, especially in the top soil where P is mainly located, are considered beneficial 

(Ramaekers et al., 2010). In agreement with this, the Pup1 major QTL for tolerance of P-

deficiency is an enhancer of root growth rather than a regulator of specific P-uptake 

mechanisms (Heuer et al., unpublished). The same was observed in the P-deficiency tolerant 

maize mutant line (99038; Li et al., 2008) which likewise developed a larger root system.  

P is transported into the plant by P transporters located in the root plasma membrane. 

In the rice reference genome, thirteen P transporter genes are present (Paszkowski et al., 

2002). Two of these transporters have been functionally characterized revealing that OsPT2 

encodes a low affinity and OsPT6 a high affinity transporter (Ai et al., 2009). High affinity 

transporters are generally induced under low P conditions (Paszkowski et al., 2002) and are 

therefore considered more important for P uptake under field conditions since the soil P 

concentration is about 1000 times lower compared with intracellular concentrations 

(Schachtman et al., 1998). In agreement with this OsPT6, but not OsPT2, was shown to be 

expressed in the root epidermis (Ai et al., 2009). In another study (Jia et al., 2011), the effect of 

the rice P transporter OsPht1;8 was analyzed by over-expression and RNAi. The authors showed 

that P uptake was enhanced and decreased according to the expectation, however, both 

approaches lead to a significant reduction in the number and size of panicles as well as to >80% 



82 

 

spikelet sterility. In another study on rice, transgenic plants over-expressing the tobacco 

transporter NtPT1 were generated but, although some lines outperformed the controls, on 

average transgenic lines yielded less (Park et al., 2010). Likewise, it was shown in barley that 

over-expression of the transporter gene HORvu; Pht1; 1 did not increase P uptake                   

(Rae et al., 2004). Taken together, the data suggest that over-expression of high-affinity 

transporters alone is not sufficient to improve P efficiency. In addition, because P is rapidly 

depleted at the soil-root interphase, it will be critically important to combine high-affinity 

uptake with increased access and mobilization of P, e.g., a large root-surface area, exudation of 

organic acids, acid phosphatases, and phytases (for review see Gahoonia and Nielson 2004).  

For an extended root system and thereby better access to P, mycorrhiza are generally 

considered important and the positive effect of arbuscular mycorrhiza (AM) symbiosis on 

nutrient uptake, especially P and N, has been demonstrated in several crops (for review see 

Karandashov and Bucher 2005; Sawers et al., 2008). In rice, surprisingly few studies on the 

effect of AM are available since research focussed on intensive rice systems which are flooded 

and anaerobic conditions are generally considered unfavourable for fungi. However, using the 

irrigated rice variety Nipponbare, it was shown that the P transporter OsPT11 is specifically 

induced in roots colonized with AM (Paszkowski et al., 2002). A study from Japan additionally 

showed that AM inoculation of Nipponbare seedlings significantly increased yield in flooded 

fields and that the fungi survived under these conditions (Solaiman and Hirata 1997). The latter 

was also found in a study by Hajiboland et al., (2009) that additionally reported a significant 

growth advantage of plants colonized with mycorrhiza. Surprisingly, this was observed only 

under flooded conditions, whereas growth was severely inhibited under aerobic conditions. 

Growth depression due to mycorrhiza colonization has also been reported from wheat, 

especially under P deficient conditions (Li et al., 2005). However, another study on rice that 

analysed the effect of mycorrhiza in four different upland crop-rotationsystems showed a 

significant increase in P uptake and grain yield in the system with the highest concentration of 

mycorrhiza (Maiti et al., 2012). These data are encouraging and more detailed studies should be 
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conducted to assess the potential of mycorrhiza for enhancement of P uptake in irrigated and 

rain-fed rice systems, and to assess genetic diversity for mycorrhiza interaction (Figure 2). 

In contrast to enhanced P uptake, improvement of internal P-use efficiency would target 

genes/pathways that enable plants to maintain cellular processes and productivity under low   

P conditions. Since P is an indispensible component of virtually all cellular functions and 

required in large amounts for e.g., ATP, NADPH, nuclear acids, and phosphoproteins, it can be 

expected that modification of P-related pathways will affect the whole plant. This is well 

reflected in microarray gene expression studies in rice (Wasaki et al., 2003; Pariasca-Tanaka 

2009) and Arabidopsis (Wu et al., 2003; Morcuende et al., 2007) showing that, depending on 

the study, between 220 and 5800 genes were responsive to P. For breeding applications, it will 

be critically important to identify genes that act upstream of this systemic response in order to 

reduce complexity and the number of genes/QTLs needed to modify internal P-use efficiency.  

The regulatory network of P homeostasis has been well studied in Arabidopsis andfor 

somegenes rice orthologs have been identified. The MYB-type transcription factor AtPHR1 

(Rubio et al., 2001) and its rice ortholog OsPHR2 (Zhou et al., 2008) act as positive regulators of 

P-transporters and other P-responsive genes, whereas other genes act as suppressors of P 

starvation genes, e.g., theubiquitin conjugating enzyme AtPHO2 and its rice 

orthologOsLTN1(Bari et al., 2006; Aung et al., 2006; Hu et al., 2011). Expression of PHO2 is 

negatively regulatedby a micro RNA (miR399) which itself is “sequestered” by target mimicry of 

the IPS1 gene (Bari et al., 2006; Aung et al., 2006; Franco-Zorrilla et al., 2007). Two recent 

reviews provide an excellent and comprehensive overview over the genes involved and their 

interaction (Nilsson et al., 2010; Hammond and White 2011). 

Alternative pathways have been described that are up-regulated under P-starvation 

utilizing PPi rather than ATP (for reviews see Hammond et al., 2004). This includes UDP-glucose 

pyrophosphorylase (PPi-dependent conversion of glucose to hexose-P) and 

phosphofructokinase (PPi-dependent phosphorylation of Fructose-6-P). Other adaptive 

processes include the substitution of phospholipids with galacto- and sulpholipids, and up-
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regulation of ribonucleases to mobilize P from nucleic acids (for review see Hammond et al., 

2004). Many other genes and pathways are altered under low P conditions, which is not 

surprising in light of the central role of P in living cells. The challenge will be to identify genes 

that enhance internal P-use efficiency without causing an imbalance in P homeostasis and 

negatively affect plant development.  

Interestingly, it has recently been shown in Arabidopsis that down-regulation of the 

PHO1 gene (an SPX protein) conferred tolerance via suppression of the P starvation response 

(Rouached et al., 2011). A similar observation has been made in tolerant Pup1 rice plants which 

did not differentially express P starvation genes in comparison with non-Pup1 controls 

(Pariasca-Tanaka et al., 2009; Heuer et al., unpublished). In this context it is important to note 

that most studies on P-starvation responses in rice were conducted in the intolerant variety 

Nipponbare. The identified genes and pathways, therefore, represent the intolerant response. 

In agreement with that genes not formerly related to P-starvation tolerance have been 

identified in the Pup1 donor variety Kasalath (Heuer et al., unpublished) as well as in a QTL-

mapping study using a tolerant Arabidopsisaccession (Reymond et al., 2006). It therefore seems 

important to further explore genetic diversity, in Arabidopsis as well as in rice, and to identify 

additional tolerant genotypes in order to gain access to large-effect genes and QTLs.  

Quantitative trait loci for molecular breeding 

Molecular breeding now provides a real opportunity to develop varieties with multiple 

tolerance traits - provided that large-effect QTLs/genes are available. The number of reported 

QTLs is steadily increasing, but still very few are applied in breeding programs. This is largely 

due to lack of data that validate QTLs/tolerance genes in different genetic backgrounds and 

environments (i.e., in field trials), which is a prerequisite for a large-scale application of QTLs.  

In rice, molecular marker-assisted breeding is at an advanced stage for few large-effect 

QTLs that confer tolerance of submergence (Sub1; Singh et al., 2010; Septiningsih et al., 2009), 

drought (e.g., qtl12.1; Bernier et al., 2009a,b; Swamy et al., 2011), salinity (SalTol; Thomson et 
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al., 2010), and P deficiency tolerance (Chin et al., 2011). The latter QTL, Phosphorus uptake 1 

(Pup1), has been identified more than ten years ago (Wissuwa et al., 2002) and is, to our 

knowledge, currently the only P-related QTL for which molecular markers are available and 

which has been evaluated in different genetic backgrounds under field conditions (Chin et al., 

2010; Chin et al., 2011; Heuer, unpublished data). Additional P related QTLs with smaller effect 

have been identified and are summarized in Table 1.  

Table 1: Quantitative trait loci for phosphorus-deficiency tolerance in rice 

Traits Population Cross 
No. of QTL 

Reference 
MQTL EQTL 

PUP, PDW, TN, PUE NIL Nipponbare / 
Kasalath 

8 - Wissuwa et al., 
1998 

RTA, RSDW, RRDW RIL IR20 / IR55178 4 - Ni et al., 1998 

RE, SDW, RPC, RIC F8 Gimbozu / Kasalath 6 - Shimizu et al., 2004 

REP CSSL Nipponbare / 
Kasalath CSSL29 

1 - Shimizu et al., 2008 

PH, MRL, RN, RV, 
RFW, RDW,SDW, 
TDW, RS 

ILs Yuefa / IRAT109 24  29 Li et al., 2009a 

PUP, Phosphorus uptake; DW, plant dry weight; TN, tiller number; PUE, Phosphorus use 

efficiency; RTA, relative tillering ability; RSDW, relative shoot dry weight: RRDW, relative root 

dry weight; RE, root elongation; SDW, ; RPC, relative phosphorus content; RIC, relative Fe 

content; REP, root elongation under phosphorus deficiency, PH, plant height; MRL, maximum 

root length; RN, root number; RV, root volume; RFW, root fresh weight; RDW, root dry weight; 

SDW, shoot dry weight; TDW, total dry weight; RS, root-shoot dry weight ratio. 

A QTL on chromosome 6 was mapped in two independent studies (Wissuwa et al., 1998; 

Ni et al., 1998) but has, compared with Pup1, a smaller effect. However, this QTL has gained 

importance after it was shown that a cluster of P-responsive genes is located in this region 

(Heuer et al., 2009). Among these is the transcription factor gene OsPTF1 which was shown to 
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confer tolerance of P deficiency (Yi et al., 2005). Within the larger-effect QTL Pup1, no P-

responsive gene has been identified and, in agreement with that, Pup1-based tolerance does 

not seem to employ currently known P-starvation response pathways as indicated by two 

independent gene array analyses (Pariasca-Tanaka et al., 2009; Heuer et al., unpublished). 

Interestingly, the region on chromosome 12, where Pup1 is located, has been associated with 

tolerance to several biotic stresses (Ramalingam et al., 2003; Li et al., 2006), as well as to 

drought (Babu et al., 2003; Bernier et al., 2007), aluminium toxicity (Wu et al., 2000) and cold 

(Andaya and Mackill 2003). Similarly in tropical maize, drought-tolerant selections are also 

found tolerant to low N (Bänziger et al., 2002). Whether this is a direct effect of Pup1 remains 

to be shown.  

  

Figure 3. Future approaches in breeding nutrient-efficient varieties essentially require 

integration of classical and modern tools 
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With respect to N, several genomic regions associated with N use and response have 

been mapped in rice (Fang and Wu 2001; Ishimaru et al., 2001; Obara et al., 2001), following 

the pioneering work on mapping QTLs for N-use efficiency in corn (Agrama et al., 1999). An 

overview of the published rice QTLs is provided in Table 2. Indications so far suggest possible 

links between very few of these QTLs with primary N assimilation genes and 

transporters,especially of GS structural genes and yield components (Obara et al., 2001; Obara 

et al., 2004; Senthilvel et al., 2008; Feng et al., 2010; Vinodet al., 2011). In a recent study, stably 

expressed QTLs for yield and associated traits at different N levels, especially those expressed 

at low N, were reported in recombinant inbred line populations (Tong et al., 2011).  

Table 2: Quantitative trait loci for nitrogen response and associated traits in rice  

Traits Population Cross 
No. of QTL 

Reference 
MQTL EQTL 

PH DHL IR64/ Azucena 10 - Fang and Wu, 2001 
Rubisco, TLN, SPC BIL Nipponbare/ 

Kasalath 
15 - Ishimaru et al., 

2001 
GS, GOGAT BIL Nipponbare/ 

Kasalath 
13 - Obara et al., 2001 

GS, PN, PW NIL Koshihikari/ 
Kasalath 

1 - Obara et al., 2004 

TGN, TSN, NUP, NUE, 
NTE 

F3 Basmati370/ ASD16 43 - Senthilvel et al., 
2004 

RDW, SDW, BM RIL Zhenshan 97/ 
Minghui 63 

52 103 Lian et al., 2005 

PH, PN, CC, SDW CSSL Teqing/ Lemont 31 - Tong et al., 2006 
TGN, TLN, TSN, NUP, 
SLN 

RIL IR69093-4-3-2 / 
IR72 

32 - Laza et al., 2006 

RL, RT, RM, BM etc. RIL Bala/ Azucena 17 - MacMillan et al., 
2006 

TGN, TLN, TSN, PNUE, 
BM 

RIL Dasanbyeo / 
TR22183 

20 58 Cho et al., 2007 

TPN, NUE DHL IR64/ Azucena 16 - Senthilvel et al., 
2008 

TPN, NDMPE, NGPE, 
TGN 

RIL Dasanbyeo / 
TR22183 

28 23 Piao et al., 2009 
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PH, NR,GS, GOGAT, 
BM etc 

RIL Basmati 370/ 
ASD16 

15 44 Vinod et al., 2011 

GYP, BM, HI etc. RIL IR64/ INRC10192 46 - Srividya et al., 2010 
PH, RDW, SDW, CC, 
RL, BM 

RIL R9308/ Xieqingzao 
B 

7 - Feng et al., 2010 

GYP, GNP RIL Zhenshan 97/ HR5 19 11 Tong et al., 2011 

BIL, backcross inbred lines; BM, biomass; CC, chlorophyll content; CSSL, chromosomal 

segment substitution lines; DHL, doubled haploid lines; EQTL, epistatic QTL; GNP, grain number 

per panicle; GOGAT, glutamate synthase; GYP, grain yield per plant; GS, glutamine synthetase; 

HI, harvest index; MQTL, main-effect QTL; NDMPE, nitrogen dry matter production efficiency; 

NGPE, nitrogen grain production efficiency; NHI, nitrogen harvest index; NIL, near isogenic lines; 

NR, nitrate reductase; NTE, nitrogen translocation efficiency; NUE, nitrogen use efficiency; NUP,  

nitrogen uptake; PH, plant height; PN, panicle number per plant, PW, panicle weight; PNUE, 

physiological nitrogen use efficiency; RDW, root dry weight; RIL, recombinant inbred lines; RL, 

root length; RT, root thickness; RM, root biomass; SDW, shoot dry weight; SLN, specific leaf 

nitrogen; SPC, soluble protein content; TGN, total grain nitrogen; TLN, total leaf nitrogen; TSN, 

total shoot nitrogen; TPN, total plant nitrogen 

One of these QTLs, for number of grains per panicle under low N level, is located in the 

same region as the Pup1 locus on chromosome 12, prospecting the use of Pup1 materials for 

testing low-N tolerance. Attempts to map loci for associative rhizosphere N fixation was also 

reported in rice and independent QTLs linked to the activity of different N fixing bacterial 

strains were identified on chromosome 2 (Ji et al., 2005). In independent studies (Lian et al., 

2005; Cho et al., 2007; Vinod, unpublished data), many small-effect epistatic QTLs have been 

mapped accounting for a large cumulative proportion of variation for traits under low and 

normal N conditions, many of which also show significant QTL x environment interaction, 

emphasising the importance of validating QTLs in multiple environments and genetic 

backgrounds before using them in selection.  
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Summary and outlook 

In light of scarce resources, increasing fertilizer-production costs, and the need to keep 

rice production at a pace with the growing demand, the development of nutrient-efficient crops 

is increasingly important. As outlined above, both, nutrient uptake and metabolic pathways are 

under the control of a complex regulatory network involving many genes (Figure 3). The 

identification of large-effect QTLs/genes is therefore a challenge. However, examples such as 

the submergence-tolerance OsSUB1Agene (Xu et al., 2006; Fukao et al., 2008) demonstrate that 

a single gene can modify many downstream responses without affecting plant performance 

under non-stressed conditions (Mackill et al., 2012). In addition to Pup1, large-effect QTLs have 

also been identified for drought tolerance (Vikram et al., 2011; Swamy et al., 2011). Cloning of 

the genes is in progress and it can be expected that upstream regulatory genes.Sub1, Pup1, and 

the drought QTLs have been identified by reverse genetic approaches using tolerant rice 

genotypes and screenings were mainly conducted under field conditions. Given the success of 

this approach for a complex trait like drought, it seems advisable to apply it for the 

identification of QTLs/genes for N and P use efficiency.  

With the experiences gained in QTL mapping and the rapid development of genome-

sequencing and molecular-marker technologies, more high-impact, large-effect QTLs will surely 

be identified in the future. These efforts require expertise in different disciplines and, 

therefore, modern breeding is more and more implemented in multi-disciplinary teams 

involving breeders, physiologists, and molecular biologists/geneticists. With the rapid advance 

in the development ofmolecular markers and other breeding tools, breeders now gain access to 

un-adapted genotypes that were difficult to use in breeding programs due to crossing barriers 

and poor agronomic performance of landraces. Molecular breeding now provides real 

opportunities to develop well-adapted and high yielding rice varieties, and will widen the gene 

pool that breeders use in their programs.  
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Plant Genome Databases and Comparison of Genome Sequences 

Dr. J. Ramalingam, Professor 
Department of Plant Molecular Biology and Bioinformatics, CPMB&B,  

Dr. S. Subashini, Senior Research Fellow 
Tamil Nadu Agricultural University, Coimbatore.  

jrjagadish@tnau.ac.in 

Aim:  

 To get familiarized with few plant genome databases and to compare the gene of interest in 

those plants. 

Description: 

Genome Database- Rice 

Database for Rice: Oryzabase 

             Oryzabase is an integrated database of rice genome resources. The Oryzabase consists 

of the following parts:  

(1) Strain stock information  

(2) Mutants information  

(3) Chromosome maps  

(4) Gene dictionary  

(5) Reference list  

(6) Fundamental knowledge of rice science  

(7) Featured links 

Procedure: 

1. Open Oryzabase using the URL http://www.nig.ac.jp/labs/PlantGen/english/home-e.html 

2. Search for your gene of interest  
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3. Collect the information about its position, Tanscript info, Exon info or the peptide info  

Gramene 

Gramene is a curated, open-source, data resource for comparative genome analysis in the 

grasses. Its goal is to facilitate the study of cross-species homology relationships using 

information derived from public projects involved in genomic and EST sequencing, protein 

structure and function analysis, genetic and physical mapping, interpretation of biochemical 

pathways, gene and QTL localization and descriptions of phenotypic characters and mutations. 

Gramene release 36 contains the following information: 

1. Genomes  

2. Maps and Markers 

3. Proteins 

4. Ontologies 

5. Genes 

6. QTL 

7. Pathways  

8. Diversity 

9. Germplasm 

10. Literature  

11. Website. 

Procedure: 

1. Open Gramene database using the URL http://www.gramene.org/ 

2. Select the Genome as your search option. 

3. Select any one species of Oryza. 
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4. Select the Chromosome and the location of the gene you are looking for. 

5. In the resulting page click on the Locus and get the information about that particular  

       locus. 

6. Then click on the Transcript info, Exon info or the peptide info of your interest. 

Genome Database- Maize 

Database for Maize: MaizeGDB 

MaizeGDB (Maize Genetics and Genomics Database) is a community-oriented, long-term, 

federally funded informatics service to researchers focused on the crop plant and model 

organism Zea mays. Genetic, genomic, sequence, gene product, functional characterization, 

literature reference, and person/organization contact information are among the data types 

accessible through this database. 

Procedure 

1. Open MaizeGDB using the URL:  http://www.maizegdb.org/ 

2. Select the All data option an enter the query of your interest and click go you can get all 

      information in the MaizeGDB database. 

3. Analyze the phenotypic characters and the genes responsible for particular trait. 

Genome Database- Arabidopsis 

Database for Arabidopsis: TAIR 

         The Arabidopsis Information Resource (TAIR) maintains a database of genetic and 

molecular biology data for the model higher plant Arabidopsis thaliana. Data available from 

TAIR includes the complete genome sequence along with gene structure, gene product 

information, metabolism, gene expression, DNA and seed stocks, genome maps, genetic and 

physical markers, publications, and information about the Arabidopsis research community. 
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Gene product function data is updated every two weeks from the latest published research 

literature and community data submissions. TAIR also provides extensive link outs from our 

data pages to other Arabidopsis resources. 

Procedure: 

1. Open the Arabidopsis database, The Arabidopsis Information Resource using the URL 
http://www.arabidopsis.org/ 

2. From search option, select gene 

3. Find the details of the gene of your interest. 

Genome Database- Soybean 

Database for Soybean 

SoyBase, the USDA-ARS soybean genetic database, is a comprehensive repository for 

professionally curated genetics, genomics and related data resources for soybean. SoyBase 

contains the most current genetic, physical and genomic sequence maps integrated with 

qualitative and quantitative traits. SoyBase also contains the well-annotated ‘Williams 82’ 

genomic sequence and associated data mining tools. The genetic and sequence views of the 

soybean chromosomes and the extensive data on traits and phenotypes are extensively 

interlinked. This allows entry to the database using almost any kind of available information, 

such as genetic map symbols, soybean gene names or phenotypic traits. SoyBase is the 

repository for controlled vocabularies for soybean growth, development and trait terms, which 

are also linked to the more general plant ontologies. 

Procedure: 

1. Open Soybase - soybean genetics and genomics database using the URL http://soybase.org. 

2. Search for gene in the Soybase toolbox provided. 
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Prediction of genes in genomic sequences 

Dr.L. Arul, Associate Professor  
Department of Plant Molecular Biology and Bioinformatics, CPMB&B,  

V. Srividhya, Senior Research Fellow 
 Tamil Nadu Agricultural University, Coimbatore  

arulsra@gmail.com 
 

Aim 

To computationally predict protein encoding region in a given DNA sequence 

Objectives 

1. To predict open reading frames (ORFs) in a prokaryotic example 

2. To predict the possible start, stop and intron/exon structures in a eukaryotic example. 

And, evaluate the gene finding accuracy, as well. 

 
 Brief methodology 

Gene finding in prokaryotes: Gene finding in prokaryotes is restricted to the search for 

open reading frame (ORF) in a DNA sequence. It is that region of the prokaryotic genome which 

could potentially encode a protein. An ORF is characterized by the occurrence of a start codon 

“ATG” and ending with any of the three termination codons (TAA, TAG, and TGA). Depending 

on the starting point, there are six possible ways (three on forward strand and three on reverse 

strand) of translating any nucleotide sequence into amino acid sequence according to the 

genetic code. These are called reading frames. ORFs are usually encountered when sifting 

through pieces of DNA while trying to locate a gene. Since there are altered genetic codes even 

among the prokaryotes, the ORF will be identified differently. A typical ORF finder will employ 

algorithms based on existing genetic codes and on all possible reading frames.  

        Gene finding in eukaryotes: The gene structure and the gene expression mechanism in 

eukaryotes are far more complicated than in prokaryotes. In typical eukaryotes, the region of 

the DNA coding for a protein is usually not continuous. This region is composed of alternating 

stretches of exons and introns. During transcription, both exons and introns are transcribed 



116 

 

onto the RNA, in their linear order. Thereafter, a process called splicing takes place, in which 

the intron sequences are excised and discarded from the RNA sequence. The remaining RNA 

segments, the ones corresponding to the exons, are ligated to form the mature mRNA strand. 

Gene finding typically refers to the area of computational biology that is concerned with 

algorithmically identifying features, usually in a genomic DNA. Gene finding is one of the first 

and most important steps in understanding the genome of a species once it has been 

sequenced. These include protein-coding genes as well as other functional elements such as 

RNA genes and regulatory regions. Three types of information are used in gene prediction 

process, i) Signals in the sequence, such as splice sites; ii) Content statistics, such as codon bias;  

and iii) Similarity to known genes. The first two types have been used since the early days of 

gene prediction, whereas similarity information has been used routinely only in recent years. 

One of the reasons that the accuracy of gene-prediction programs have improved in the last 

few years is the enormous increase in the number of examples of known coding sequences. 

Following gene prediction, determining the function of gene(s) is vital and it is done primarily 

through experimentation, although frontiers of bioinformatics research are making it 

increasingly possible to predict the function of a gene based on its sequence alone. 

Procedure 

Step 1: Find manually the presence/absence of an ORF in the sequence below.  

Find in which reading frame does ORF falls. 

5’ – TGCTTGTCTGATGTGCTGGCTGACGTGATGACATTTGTAGTTGATAG – 3’ 
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Step 2:  Go to following URL www.ncbi.nlm.nih.gov/gorf/gorf.html. Identify the ORFs in the 

given DNA sequences (Test sequence 2 & Test sequence 3) 

 

 

 

 

 

 

 

Step 3:  Predict gene using Rice HMM, http://rgp.dna.affrc.go.jp/RiceHMM/ for the “test 

sequence 3”. Find out whether your prediction matches with the experimental information on 

gene structure known to this sequence (GenBank AF323175). 
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Step 4: Predict gene using “Rice HMM” for the “test sequence 4”. Appreciate the deviations 

between predictions and experimentally published results (AB050986). Consult your results 

obtained in the light of the following questions, how many exons are predicted?  Where do the 

predicted exons start and end? If there is a difference, where does the difference lie? 

Inference 

Discuss your results with respect to the success in predicting genes given the prokaryotic and 

eukaryotic examples. 
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Comparative Genomics 

Mrs. N. Bharathi, Assistant Professor,  
Department of Plant Molecular Biology and Bioinformatics, CPMB&B,  

Tamil Nadu Agricultural University, Coimbatore. 
nb26@tnau.ac.in 

 

Introduction  

The rapidly emerging field of comparative genomics has yielded dramatic results. 

Comparative genome analysis has become feasible with the availability of a number of 

completely sequenced genomes. Comparison of complete genomes between organisms allow 

for global views on genome evolution and the availability of many completely sequenced 

genomes increases the predictive power in deciphering the hidden information in genome 

design, function and evolution. The rapid progress in genome sequencing demands more 

comparative analysis to gain new insights into evolutionary, biochemical, genetic, metabolic, 

and physiological pathways. Comparative genomics is the direct comparison of complete 

genetic material of one organism against that of another to gain a better understanding of how 

species evolved and to determine the function of genes and noncoding regions in genomes. It 

includes a comparison of gene number, gene content, and gene location, the length and 

number of coding regions (called exons) within genes, the amount of non coding DNA in each 

genome, and conserved regions maintained in both prokaryotic and eukaryotic groups of 

organisms. Comparative genomics not only can trace out the evolutionary relationship between 

organisms but also differences and similarities within and between species.  

 

Applications: 

Gene identification 

Once genome correspondence is established, comparative genomics can aid gene 

identification. Comparative genomics can recognize real genes based on their patterns of 

nucleotide conservation across evolutionary time. With the availability of genome-wide 

alignments across the genomes compared, the different ways by which sequences change in 
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known genes and in intergenic regions can be analyzed. The alignments of known genes will 

reveal the conservation of the reading frame of protein translation (Fitch et al., 1970).  

 

Regulatory motif discovery 

Regulatory motifs are short DNA sequences about 6 to 15bp long that are used to 

control the expression of genes, dictating the conditions under which a gene will be turned on 

or off. Each motif is typically recognized by a specific DNA-binding protein called a transcription 

factor (TF). A transcription factor binds precise sites in the promoter region of target genes in a 

sequence-specific way, but this contact can tolerate some degree of sequence variation. 

Thus, different binding sites may contain slight variations of the same underlying motif, 

and the definition of a regulatory motif should capture these variations while remaining as 

specific as possible. Comparative genomics provides a powerful way to distinguish regulatory 

motifs from non-functional patterns based on their conservation. One such example is the 

identification of TF DNA-binding motif using comparative genomics and denovo motif (Fitch et 

al., 1995). 

 
Other applications: 

Comparative genomics has wide applications in the field of molecular medicine and 

molecular evolution. The most significant application of comparative genomics in molecular 

medicine is the identification of drug targets of many infectious diseases. For example, 

comparative analyses of fungal genomes have led to the identification of many putative targets 

for novel antifungal (Batzoglou et al., 2000). This discovery can aid in target based drug design 

to cure fungal diseases in human. Comparative analysis of genomes of individuals with genetic 

disease against healthy individuals may reveal clues of eliminating that disease. Comparative 

genomics helps in selecting model organisms. A model system is a simple, idealized system that 

can be accessible and easily manipulated. For example, a comparison of the fruit fly genome 

with the human genome discovered that about 60 percent of genes are conserved between fly 

and human.  
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Tools for Comparative Genomics 

1. GLIMMER is a system for finding genes in microbial DNA, especially the genomes of 

bacteria and archaea. GLIMMER (Gene Locator and Interpolated Markov ModelER) uses 

interpolated Markov models to identify coding regions. 

2. CMR The Comprehensive Microbial Resource (CMR) gives access to a central repository 

of the sequence and annotation of all complete public prokaryotic genomes as well as 

comparative genomics tools across all of the genomes in the database. 

3.  CisMols - (Cis-regulatory Modules) is a tool that identifies compositionally predicted cis-

clusters that occur in groups of co-regulated genes within each of their ortholog-pair 

evolutionarily conserved cis-regulatory regions. 

4. DAVID Bioinformatic Resources - The Database for Annotation, Visualization and 

Integrated Discovery (DAVID) provides a comprehensive set of functional annotation 

tools for investigators to understand biological meaning behind large list of genes. 

5. DCODE.ORG The dcode.org website provides access to tools for comparative genomic 

analyses developed by the Comparative Genomics Center at the Lawerence Livermore 

National Laboratory. Tools include: zPicture, Mulan, eShadow, rVista, CREME, and the 

ECR Browser 

6. EnteriX- EnteriX is a collection of tools for viewing pairwise and multiple alignments for 

bacterial genome sequences. 

7. Mauve - Mauve is a stand-alone software tool for constructing multiple genome 

alignments.  

8. MicroFootPrinter - MicroFootPrinter identifies the conserved motifs in regulatory 

regions of prokaryotic genomes using the phylogenetic footprinting program 

FootPrinter. 

9. Viral Bioinformatics - Viral Bioinformatics provides access to viral genomes and a variety 

of tools for comparative genome analyses. 
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10. TIGR Software Tools - A list of open-source software packages available for free from 

The Institute for Genomic Research (TIGR).  

11. TraFaC- TraFaC (Transcription Factor Binding Site Comparison) is a tool that identifes 

regulatory regions using a comparative sequence analysis approach. 
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Aim 

To identify gene(s) those are differentially expressed under varied experimental 

conditions in a microarray dataset. 

 

Objectives 

1. To download microarray data from Gene Expression Omnibus (GEO) database 

2. To extract expression values for a select set of genes of choice from the microarray data    

file using array id/element id of the gene(s) 

3. Visualization of the differential expression pattern using MeV  

 

Brief methodology 

The key step in the differential expression analysis is “Clustering”. It basically group’s 

similar samples or genes together. Hierarchical clustering (HCL) is a commonly used clustering 

algorithm. A hierarchical clustering of samples is a tree representation of their relative similarity 

in expression profiled of the features over a set of samples or groups. The hierarchical 

clustering algorithm requires distance measure and a cluster linkage. The cluster distance 

metric specifies the distance between two clusters. The default distance metric used for HCL is 

Pearson correlation. The most common measure of correlation in statistics is the Pearson 

Correlation, which shows the linear relationship between two variables. Correlation between 

variables is a measure of how well the variables are related. Cluster linkage, this parameter is 

used to indicate the cluster-to-cluster distances when constructing the hierarchical tree. In 
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single linkage, the distances are measured between each member of one cluster and each 

member of the other cluster. 

Multi Experiment Viewer (MeV) is the tool which is used for this purpose, it is an open 

ware. MeV is a desktop application meant for the analysis, visualization and data mining of 

large scale genomic data. It is a versatile microarray tool, for clustering, visualization, 

classification, statistical analysis and biological theme discovery. MeV can be freely downloaded 

from the site http://www.tm4.org/mev/.  

 

Procedure  

Step 1: Open GEO database (URL: http://www.ncbi.nlm.nih.gov/geo/) and enter the following 

GSE ID (GSE6901) in the tab GEO accession.  
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Step 2: Download the “Series Matrix File” which contains the microarray experimental data 

 

 

 

 

 

 

 

 

Step 3: Extracting the expression values of a few select gene(s) from the entire microarray data 

file was carried out via searching the file for element/array id’s of the corresponding genes. 

Towards this, firstly the array id/element ids need to be decoded. Since the present exercise 

deal with the expression of rice genes, Rice Oligonucleotide Array Database (URL: 

http://www.ricearray.org) will be used to find the array id/element ids.  

 
Click, “Element Search”   “Single Element Search”, enter the GenBanK id (eg. Os01g0818400) 

of the gene(s) of interest (this information should be known prior to us).  

 
Example GenBank id’s: Os01g0818400, Os01g0818600, Os01g0818800, Os01g0818900, 

Os01g0819000 & (Os06g0681400, ubiquitin an internal control gene) 
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The following are the corresponding element Id’s for above said gene ids:  

Os.24893.1.S1_a_at, Os.34757.1.S1_at, Os.54860.1.S1_at, Os.51620.1.S1_at, Os.25065.3.S1_at 

& Os_Ubiquitin_M_f_at 

 
Note: The element id is unique for each of the microarray platforms eg (Agilent, Affymetrix and 

NSF etc.).  

 
Step 4: Subsequently, the microarray expression data was extracted by copying the values into 

a new file. A word search using “find” option has to be carried out as below. 
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Step 5: Instead of retaining the columns by GSM E ids, rename the column by experimental 

descriptors for easy interpretation (eg. Drought stress or control) 

 

 

Step 6:  The new file carrying the extracted data should be save in text format (*.txt ,Text tab 

delimited). Example file name: GSE 6901 data.txt 
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Step 7: Download MeV Tool from the URL: www.tm4.org/mev. After downloading the MeV, 

open the folder and then click Windows batch file to run MeV 

 

Step 8: Working in MeV 

MeV, go to File  Load Data, on the expression loader, select Browse tab 

Choose your file Example: GSE 6901 data.txt  
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A diagram will pop up with lots of tiny green and red boxes as shown below. This is the Heat 

map View. Each row represents a specific gene, whereas each column represents each sample, 

or experiment. The lightest green boxes are the most “under expressed” genes, the brightest 

red being the most “over expressed” genes. This is called result tree 

 

Step 9: For Hierarchical Clustering (HCL), on the left top click the “Clustering” drop down menu. 

Choose the first option, Hierarchical Clustering  
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Step 10: Choose 1- “Pearson correlation” and “Single linkage” method to get hierarchical 

clustering output. To view the clusters, double click “HCL” on the navigation tree on the left 

side of the window.  

 

 

Inference 

     Analyze the heat map generated for up/down (differential) regulation of genes under the 

given experimental conditions. 

 

Note 

Gene expression under specific conditions can also be analyzed by using .soft files from 

GEO database. 

   

 


