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Preface to the Series

Genetics, genomics and breeding has emerged as three overlapping and
complimentary disciplines for comprehensive and fine-scale analysis of
plant genomes and their precise and rapid improvement. While genetics
and plant breeding have contributed enormously towards several new
concepts and strategies for elucidation of plant genes and genomes as well
as development of a huge number of crop varieties with desirable traits,
genomics has depicted the chemical nature of genes, gene products and
genomes and also provided additional resources for crop improvement.

In today’s world, teaching, research, funding, regulation and utilization
of plant genetics, genomics and breeding essentially require thorough
understanding of their components including classical, biochemical,
cytological and molecular genetics; and traditional, molecular, transgenic
and genomics-assisted breeding. There are several book volumes and
reviews available that cover individually or in combination of a few of these
components for the major plants or plant groups; and also on the concepts
and strategies for these individual components with examples drawn
mainly from the major plants. Therefore, we planned to fill an existing gap
with individual book volumes dedicated to the leading crop and model
plants with comprehensive deliberations on all the classical, advanced and
modern concepts of depiction and improvement of genomes. The success
stories and limitations in the different plant species, crop or model, must
vary; however, we have tried to include a more or less general outline of
the contents of the chapters of the volumes to maintain uniformity as far
as possible.

Often genetics, genomics and plant breeding and particularly their
complimentary and supplementary disciplines are studied and practiced
by people who do not have, and reasonably so, the basic understanding of
biology of the plants for which they are contributing. A general description
of the plants and their botany would surely instill more interest among
them on the plant species they are working for and therefore we presented
lucid details on the economic and/or academic importance of the plant(s);
historical information on geographical origin and distribution; botanical
origin and evolution; available germplasms and gene pools, and genetic
and cytogenetic stocks as genetic, genomic and breeding resources; and
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basic information on taxonomy, habit, habitat, morphology, karyotype,
ploidy level and genome size, etc.

Classical genetics and traditional breeding have contributed enormously
even by employing the phenotype-to-genotype approach. We included
detailed descriptions on these classical efforts such as genetic mapping
using morphological, cytological and isozyme markers; and achievements
of conventional breeding for desirable and against undesirable traits.
Employment of the in vitro culture techniques such as micro- and megaspore
culture, and somatic mutation and hybridization, has also been enumerated.
In addition, an assessment of the achievements and limitations of the basic
genetics and conventional breeding efforts has been presented.

It is a hard truth that in many instances we depend too much on a few
advanced technologies, we are trained in, for creating and using novel or
alien genes but forget the infinite wealth of desirable genes in the indigenous
cultivars and wild allied species besides the available germplasms in national
and international institutes or centers. Exploring as broad as possible
natural genetic diversity not only provides information on availability of
target donor genes but also on genetically divergent genotypes, botanical
varieties, subspecies, species and even genera to be used as potential parents
in crosses to realize optimum genetic polymorphism required for mapping
and breeding. Genetic divergence has been evaluated using the available
tools at a particular point of time. We included discussions on phenotype-
based strategies employing morphological markers, genotype-based
strategies employing molecular markers; the statistical procedures utilized;
their utilities for evaluation of genetic divergence among genotypes, local
landraces, species and genera; and also on the effects of breeding pedigrees
and geographical locations on the degree of genetic diversity.

Association mapping using molecular markers is a recent strategy to
utilize the natural genetic variability to detect marker-trait association and
to validate the genomic locations of genes, particularly those controlling the
quantitative traits. Association mapping has been employed effectively in
genetic studies in human and other animal models and those have inspired
the plant scientists to take advantage of this tool. We included examples of
its use and implication in some of the volumes that devote to the plants for
which this technique has been successfully employed for assessment of the
degree of linkage disequilibrium related to a particular gene or genome,
and for germplasm enhancement.

Genetic linkage mapping using molecular markers have been discussed
in many books, reviews and book series. However, in this series, genetic
mapping has been discussed at length with more elaborations and examples
on diverse markers including the anonymous type 2 markers such as
RFLPs, RAPDs, AFLPs, etc. and the gene-specific type 1 markers such as
EST-SSRs, SNPs, etc.; various mapping populations including F,, backcross,
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recombinant inbred, doubled haploid, near-isogenic and pseudotestcross;
computer software including MapMaker, JoinMap, etc. used; and different
types of genetic maps including preliminary, high-resolution, high-density,
saturated, reference, consensus and integrated developed so far.

Mapping of simply inherited traits and quantitative traits controlled
by oligogenes and polygenes, respectively has been deliberated in the
earlier literature crop-wise or crop group-wise. However, more detailed
information on mapping or tagging oligogenes by linkage mapping or
bulked segregant analysis, mapping polygenes by QTL analysis, and
different computer software employed such as MapMaker, JoinMap, QTL
Cartographer, Map Manager, etc. for these purposes have been discussed
at more depth in the present volumes.

The strategies and achievements of marker-assisted or molecular
breeding have been discussed in a few books and reviews earlier. However,
those mostly deliberated on the general aspects with examples drawn mainly
from major plants. In this series, we included comprehensive descriptions
on the use of molecular markers for germplasm characterization, detection
and maintenance of distinctiveness, uniformity and stability of genotypes,
introgression and pyramiding of genes. We have also included elucidations
on the strategies and achievements of transgenic breeding for developing
genotypes particularly with resistance to herbicide, biotic and abiotic
stresses; for biofuel production, biopharming, phytoremediation; and also
for producing resources for functional genomics.

Anumber of desirable genes and QTLs have been cloned in plants since
1992 and 2000, respectively using different strategies, mainly positional
cloning and transposon tagging. We included enumeration of these and
other strategies for isolation of genes and QTLs, testing of their expression
and their effective utilization in the relevant volumes.

Physical maps and integrated physical-genetic maps are now available
in most of the leading crop and model plants owing mainly to the BAC,
YAC, EST and cDNA libraries. Similar libraries and other required genomic
resources have also been developed for the remaining crops. We have
devoted a section on the library development and sequencing of these
resources; detection, validation and utilization of gene-based molecular
markers; and impact of new generation sequencing technologies on
structural genomics.

As mentioned earlier, whole genome sequencing has been completed
in one model plant (Arabidopsis) and seven economic plants (rice, poplar,
peach, papaya, grapes, soybean and sorghum) and is progressing in an
array of model and economic plants. Advent of massively parallel DNA
sequencing using 454-pyrosequencing, Solexa Genome Analyzer, SOLiD
system, Heliscope and SMRT have facilitated whole genome sequencing in
many other plants more rapidly, cheaply and precisely. We have included
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extensive coverage on the level (national or international) of collaboration
and the strategies and status of whole genome sequencing in plants for
which sequencing efforts have been completed or are progressing currently.
We have also included critical assessment of the impact of these genome
initiatives in the respective volumes.

Comparative genome mapping based on molecular markers and map
positions of genes and QTLs practiced during the last two decades of the
last century provided answers to many basic questions related to evolution,
origin and phylogenetic relationship of close plant taxa. Enrichment of
genomic resources has reinforced the study of genome homology and
synteny of genes among plants not only in the same family but also of
taxonomically distant families. Comparative genomics is not only delivering
answers to the questions of academic interest but also providing many
candidate genes for plant genetic improvement.

The ‘central dogma’ enunciated in 1958 provided a simple picture of gene
function—gene to mRNA to transcripts to proteins (enzymes) to metabolites.
The enormous amount of information generated on characterization of
transcripts, proteins and metabolites now have led to the emergence of
individual disciplines including functional genomics, transcriptomics,
proteomics and metabolomics. Although all of them ultimately strengthen
the analysis and improvement of a genome, they deserve individual
deliberations for each plant species. For example, microarrays, SAGE, MPSS
for transcriptome analysis; and 2D gel electrophoresis, MALDI, NMR,
MS for proteomics and metabolomics studies require elaboration. Besides
transcriptome, proteome or metabolome QTL mapping and application
of transcriptomics, proteomics and metabolomics in genomics-assisted
breeding are frontier fields now. We included discussions on them in the
relevant volumes.

The databases for storage, search and utilization on the genomes, genes,
gene products and their sequences are growing enormously in each second
and they require robust bioinformatics tools plant-wise and purpose-
wise. We included a section on databases on the gene and genomes, gene
expression, comparative genomes, molecular marker and genetic maps,
protein and metabolomes, and their integration.

Notwithstanding the progress made so far, each crop or model plant
species requires more pragmatic retrospect. For the model plants we need
to answer how much they have been utilized to answer the basic questions
of genetics and genomics as compared to other wild and domesticated
species. For the economic plants we need to answer as to whether they
have been genetically tailored perfectly for expanded geographical regions
and current requirements for green fuel, plant-based bioproducts and for
improvements of ecology and environment. These futuristic explanations
have been addressed finally in the volumes.
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We are aware of exclusions of some plants for which we have
comprehensive compilations on genetics, genomics and breeding in
hard copy or digital format and also some other plants which will have
enough achievements to claim for individual book volume only in distant
future. However, we feel satisfied that we could present comprehensive
deliberations on genetics, genomics and breeding of 30 model and economic
plants, and their groups in a few cases, in this series. I personally feel also
happy that I could work with many internationally celebrated scientists
who edited the book volumes on the leading plants and plant groups and
included chapters authored by many scientists reputed globally for their
contributions on the concerned plant or plant group.

We paid serious attention to reviewing, revising and updating of the
manuscripts of all the chapters of this book series, but some technical and
formatting mistakes will remain for sure. As the series editor, I take complete
responsibility for all these mistakes and will look forward to the readers
for corrections of these mistakes and also for their suggestions for further
improvement of the volumes and the series so that future editions can serve
better the purposes of the students, scientists, industries, and the society of
this and future generations.

Science publishers, Inc. has been serving the requirements of science
and society for a long time with publications of books devoted to advanced
concepts, strategies, tools, methodologies and achievements of various
science disciplines. Myself as the editor and also on behalf of the volume
editors, chapter authors and the ultimate beneficiaries of the volumes
take this opportunity to acknowledge the publisher for presenting these
books that could be useful for teaching, research and extension of genetics,
genomics and breeding.

Chittaranjan Kole






Preface

Peanut (Arachis hypogaea L. Millsp), a grain legume crop, which originated
in South America, has become an important crop worldwide. Especially in
the context of the developing world, where the crop is grown in a marginal
environment by resource-poor farmers, peanut is either a crop for food
security or for income generation. Due to exposure of the crop to a range
of biotic and abiotic stresses, the crop productivity in developing countries
is about 1 ton/ha. Therefore, it is imperative for peanut researchers across
the world not only to understand peanut biology indepth but to use this
information for crop improvement that can help in improving the livelihood
of the poor in the developing countries.

Although peanut researchers have made great progress during the
last 5-6 years, many of the latest findings are in the form of publications in
various peer-reviewed journals. Much information has been generated on
ways to get to the germplasm of interest and utilize it in breeding programs.
The generation and utilization of a wide array of new sources of tetraploid
peanut (also called synthetics) are expected to broaden the genetic base of
peanut and to introduce useful traits. While transferring superior alleles
from wild species and unadapted germplasm in elite varieties, there is an
inherent issue of linkage drag. However, with the availability of large-scale
molecular markers, dense genetic maps, and the information on the QTLs
for traits of interest, issues like linkage drags can be overcome. Furthermore,
recent advances in genomics, proteomics and bioinformatics are expected
to enhance precision and efficiency in peanut breeding.

In view of above and with an objective of compiling information at
one place, we planned to have a book dedicated to peanut. We, indeed,
are privileged to have a panel of eminent scientists who are authorities in
their fields, to write chapters for the book. The most important aspect of
these chapters is that they don’t just provide a compilation but also present
a critical appraisal and future direction in the particular areas. In summary,
the volume documents the latest advances in research on germplasm,
molecular cytogenetics, genetic maps, trait mapping, transcriptomics,
proteomics and bioinformatics.

We would like to avail this opportunity to extend our sincere thanks
to all the authors (Annexure I) who accepted our invitation and wrote
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excellent articles. Sincere thanks are also due to the reviewers (Annexure
II) who spent their quality time, for the sake of high-quality science, for
providing useful suggestions to further improve the quality of chapters.
The editors are also thankful to Dr. William Dar, Director General, ICRISAT
for his encouragement to do and share high quality science and Dr. C.L.L.
Gowda, Deputy Director General-Research, ICRISAT for his support. We
are also thankful to several colleagues from ICRISAT for useful discussions
and support during the preparation of the book. The editors thank Prof.
C. Kole, Series Editor for his invitation and help in editing this volume.
The editors, also would like to thank Dr. Manish K Pandey, Dr. Manish
Roorkiwal, Dr. Reyazul Rouf Mir and Ms. Anu Chitikineni for their help
in editing this book.

The editors also recognize that the editorial work for this book volume
took away precious time that they could have spent with their respective
families. Nalini Mallikarjuna thanks her husband P Mallikarjuna for his
unstinted support and encouragement. Rajeev K. Varshney also appreciates
the help, support and understanding of his wife Monika and his children
Prakhar and Preksha who allowed their time to be taken away to fulfill
RKV’s editorial responsibilities for this book volume in addition to research,
managerial and other institutional duties at ICRISAT and Generation
Challenge Program (GCP).

Hyderabad Nalini Mallikarjuna
India Rajeev K. Varshney
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Genetics, Genomics and
Breeding of Peanut: An
Introduction

Nalini Mallikarjuna’ and Rajeev K Varshney234*

ABSTRACT

Peanut stands second to soybean in both area and production in the
world among legume oilseeds crops and is grown in >100 countries.
Genetic barriers have not allowed sharing of useful alleles from wild
relatives leaving the primary gene pool with a very narrow genetic
base. Improving pod yield and oil content have been the main
focus, along with providing resistance/tolerance against important
biotic/abiotic stresses. Realizing the ever increasing demand among
consumers, productivity needs to be increased significantly without
compromising the oil quality and providing defense shield against biotic
and abiotic stress. It is very difficult to achieve the above milestones
without integrating the modern genomics tools with conventional
breeding programs. The last decade witnessed significant progress
in terms of genomic resources and molecular breeding activities. The
objective of this book is to critically review the current updates on
different aspects of peanut such as germplasm collections, genetics,
genomics, transcriptomics, bioinformatics together with traditional
and molecular breeding. The book also summarizes the success stories
achieved through trait mapping and application of molecular markers
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in improving important traits. This chapter provides highlights of
different chapters which are expected to be a good resource for young
researchers, breeders and policy makers for employing better strategies
towards food security.

Keywords: Peanut, Groundnut, Arachis, Allotetraploid, Amphidiploid,
Synthetic, Genepool, Peanut improvement

1.1 Introduction

Peanut (Arachis hypogaea L. Mill sp.) with a postfix of nut in the name isnota
nutin the true sense, but is a leguminous crop, and because of a nutty cover,
the pod wall, is called peanut. On the other hand, because of its growth
and ripening of seed inside the ground, it is also known as groundnut. It
has many characteristics of nuts such as high amount of fat (46g/100g)
and other important constituents such as vitamins, protein, minerals and
phytochemicals. During expeditions on foot to the South and North Poles
by Discovery and Terra Nova expeditions in the early 19th century, consuming
peanuts was the deciding factor between life and death. Peanut butter
was the ideal foodstuff, freeing explorers from the transport and kindling
of cooking fuel (a near-impossibility in the frigid polar winds), and high
enough in protein and calories to fuel the party and keep them from freezing
to death in the harsh weather and freezing night-time temperatures.

Peanuts are rich in nutrients, providing over 30 essential nutrients
and phytonutrients such as niacin, folate, fiber, magnesium, vitamin E,
manganese and phosphorus, etc. (Savage and Keenan 1994; Whitley et al.
2011). Plumpy’nut a ready-to-use therapeutic food made from peanut is a
popular source of nutrient for malnutritioned children in Africa due to the
presence of about 25% protein, a higher proportion than in any true nut.
Peanuts are found to contain high concentration of antioxidant polyphenols
than other nuts and other antioxidant sources such as blackberries,
strawberries, carrots or beets (Craft et al. 2010). Furthermore, peanuts
are a significant source of resveratrol equivalent to that present in red
grapes (Sanders et al. 2000), a chemical associated with reduction in risk of
cardiovascular disease (Fraser et al. 1992; Hu et al. 1998; Prineas et al. 1993),
cancer (Awad et al. 2000) and anti-aging properties, hence would have a
high impact in both health and cosmetic industry. In addition, peanuts are
also a source of coenzyme Q10 (Pravst et al. 2010), as are oily fish, beef,
soybeans and spinach.

Peanut is believed to have originated in South America and was first
domesticated in the Brazilian-Paraguayan region (Vavilov 1951). The area of
the valleys of Paraguay and Parana rivers is the most likely center of origin.
Excavation in coastal Peru dating back to 800 BC evidenced the cultivation
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of peanut. From South America, peanut spread to other parts of the world.
It was commonly found in the West Indies but not in the United States in
pre-Columbian times. Peanut was introduced to the Old World in the 16th
century when the Portuguese took the seeds from America to Africa. The
Spaniards introduced it into the Philippines. It then spread to China, India,
Japan, Malaysia and other parts of the world. Human interaction through
selection of most suited lines over the centuries resulted in loss of much of
the genetic diversity /desirable alleles and genes whose importance is now
been realized. Further, we are still unaware of future preferences for the
so-called “lost” genetic diversity including genes for resistance/tolerance to
biotic and abiotic stresses, as well as taste and nutritional composition along
with yield. The domesticated peanut is an amphidiploid or allotetraploid,
meaning that it has two sets of chromosomes from two different species,
thought to be A. duranensis and A. ipaensis (Kochert et al. 1991, 1996; Seijo et
al. 2007). These species combined in the wild to form the tetraploid species,
which gave rise to the domesticated peanut. Cultivated peanut contains a
fraction of the genetic diversity, which is not more than 13% (Varshney et
al. 2009a), found in their closest wild relatives in section Arachis (Kochert
et al. 1991), a legacy of the “domestication bottleneck”.

The first domestication bottleneck was the combination of two species
A. duranensis and A. ipaensis amongst 26 species from section Arachis.
Crossing experiments between A. duranensis and A. ipaensis have shown that
the diploid hybrid is highly sterile (Mallikarjuna et al. 2011a). Had the hybrid
been fertile, there would not have been the need to double its chromosome
number to form the fertile amphidiploid. It would probably have remained
adiploid than a tetraploid as it is today. So the second bottleneck was in the
formation of a diploid sterile hybrid. The third bottleneck was in the process
of chromosome duplication to form the allotetraploid as it is known in
literature that polyploidy causes genetic bottlenecks (Sanford 1983). Ancient
farmers would have selected relatively few plants from the progenitors of
modern crops, in a limited number of places and a similar situation would
have existed for peanut in South America. This can be visualized as the
fourth bottleneck. The early Portuguese and Spanish traders during their
expeditions spread a few selected genotypes to the rest of the world thus
giving rise to yet another, the fifth, bottleneck, superimposed by the sixth
bottleneck which is the self-pollinating nature of the crop. To conclude
peanut is the product of evolution after a series of six bottlenecks.

Traditionally wild relatives of peanut were directly used in a crossing
program producing triploids as Arachis species in the compatible gene pool
are diploid and cultivated peanutis a tetraploid. Triploids are cumbersome
to use for peanut improvement, but such efforts have not gone without
dividends (Mallikarjuna et al. 2004a,b). More recently, development of
amphidiploid and autotetraploids utilizing Arachis species has been



4 Genetics, Genomics and Breeding of Peanuts

encouraging. With the development of synthetic peanut by combining
putative A and B genome donors as well as many other A and B genome
Avrachis species, a range of tetraploid peanut was synthesized at ICRISAT
(Mallikarjuna et al. 2011a). Screening some of these has shown that they
have not lost the traits present in the diploid species (Mallikarjuna et
al. 2011b). Newly synthesized tetraploids possessing several good traits
are fairly easy to use in the crossing program as minimum segregation
distortion (Fonceka et al. 2009) and minimal disturbance in meiosis has been
observed (Mallikarjuna et al. 2012) with high pollen fertility in the hybrids.
Fonceka et al. (2012) used a synthetic amphidiploid (Favero et al. 2006) and
applied conventional breeding technique to capture the genetic diversity in
peanut wild relatives. In their study, a set of 122 Introgression Lines (ILs)
that offered an extensive coverage of the cultivated peanut genome with
generally a unique fragment per line and overlapping fragments between
contiguous lines were developed and thus these newly developed synthetics
have opened new avenues for peanut improvement using new sources of
tetraploid/synthetic peanuts.

1.2 Pre-breeding Efforts

Although pre-breeding does not produce new varieties, but it does turn
up intermediate lines that breeders find easier to use. It throws up enough
variation to sustain breeding activities especially with the assistance of
molecular markers. Many public agricultural research institutions, such
as the International Rice Research Institute (IRRI), International Maize
and Wheat Improvement Center (CIMMYT), International Institute for
Tropical Agriculture (IITA) and International Crops Research Institute
for Semi-Arid Tropics (ICRISAT) have active pre-breeding programs in
their mandate crops. Pre-breeding is the link between conservation and
use of wild crop relatives. Out of all the raw materials at the breeder’s
disposal, the diversity of wild crop relatives has been relatively neglected.
The conserved germplasm in the gene banks is for present and future use.
Urbanization, explosion in population growth, dwindling water resources
and in a 2°C-warmer world, we may not have a choice but to bring in
new sources of variation that the new sources of synthetic tetraploids are
offering. Some of the recent success at ICRISAT in utilizing wild Arachis
species for tackling those diseases/pests for which high levels of resistance
is not present in cultivated peanut germplasm has been achieved. These
are stable tetraploid introgression or aptly called the pre-breeding lines
with trait(s) of interest.

i. Aflatoxin resistance: Inadequate levels of resistance in peanut germplasm
are one of the important factors for not having resistance to A. flavus-
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aflatoxin resistance in peanut. This means sources of resistances have tobe
scouted beyond the cultivated / primary gene pool. The report from Xue et
al. (2005) showed that Arachis species A. duranensis (eight accessions) and
A. cardenasii (two accessions) from section Arachis had high levels of
resistance to aflatoxin production and interspecific derivatives derived
from them continued to show the trait. ICRISAT screened advance
generation lines derived from A. cardenasii in aflatoxin sick plot for
three consecutive years and found many of the lines with low aflatoxin
production. This opens up new avenues for aflatoxin resistance
breeding in peanut (Mallikarjuna N and Sudini H, unpubl. data).
Late leaf spot: Sources of resistance to Late Leaf Spot (LLS) caused
by Cercosporidium personatum Berk. & M.A. Curtis is higher in wild
Arachis species compared to moderate levels of resistance in cultivated
germplasm (Subhramanyam et al. 1989). Arachis cardenasii derived
lines showed resistance to LLS when screened under unprotected
field conditions in different locations (Mallikarjuna N and Sudini H,
unpubl. data).

Peanut bud necrosis disease: Peanut Bud Necrosis Disease (PBND) is
an economically important virus disease of peanut in many Asian
countries where peanut is grown. The disease causes crop losses
exceeding US$ 89 million in India alone (Anon 1992). Sources of
resistance is absent in cultivated germplasm (Reddy 1998). Many of the
Arachis species have been found to be resistant to the disease (Reddy
et al. 2000). Stable lines derived from Arachis species were screened
for PBND in disease hot spot location and a few resistant lines were
identified (Sunkad and Mallikarjuna N, unpubl. data).

Root rot: Among the soil-borne fungal diseases of peanut, stem rot
caused by S. rolfsii is a potential threat to groundnut production
throughout the world. The disease causes severe damage during any
stage of crop growth, and yield losses over 25% have been reported
by Mayee and Datar (1988). Sources of resistance to the constraint
are not up to the desired level in cultivated germplasm. Stable lines
derived from Arachis species were screened for S. rolfsii in the disease
hot spot location at Dharwad, Karnataka state, India, and a few lines
with resistance were obtained (Kenchanagowda R and Mallikarjuna
N, unpubl. data).

Spodoptera litura: Spodoptera litura also called fall army worm,
a polyphagous insect, is becoming an important insect pest
of groundnut with sources of resistance to the pest absent in
cultivated germplasm. Yield losses of groundnuts have been
directly associated with higher density of larvae of S. litura, and
the intensity of defoliation (Panchbhavi and Nethradani 1987).



6  Genetics, Genomics and Breeding of Peanuts

Currently, no peanut cultivar is known to express resistance to
S. litura, however, some wild relatives of peanut were found resistant to
S. litura. Neonate larvae suffer high levels of mortality and the
development of older larvae on resistant wild species is severely
inhibited (Stevenson et al. 1993a). Flavonoids chlorogenic acid, quercetin
and rutin present in Arachis kempff mercadoi responsible for resistance
to S. litura were identified (Stevenson et al. 1993b). Mallikarjuna et al.
(2004a) developed lines utilizing A. kempff mercadoi and screened the
lines for S. litura resistance. Resistant derivatives were found to have
high levels of flavonoids and antibiosis mechanism prevented larval
growth. Susceptible derivatives and the female parent, A. hypogaea had
low levels of flavonoids (Mallikarjuna et al. 2004b).

1.3 Germplasm Resources and Cytogenetics

Chapter 2 entitled “Genetic Resources, Diversity and Association Mapping
in Peanut” deals with the conservation of a large collection of peanut
germplasm including wild Arachis species, which is the key to the success
in crop improvement. Much of the diversity of wild crop relatives that is
available in gene banks is not actively used because most crop-breeding
programs are generally not set up to best use it and wild relatives are viewed
as too unwieldy to use with sufficient ease and speed. Further, all the closely
related wild relatives in section Arachis are diploid whereas cultivated
peanut is a tetraploid and, hence, crossing diploids with tetraploids or
vice versa is a not a straight-forward process. Therefore, objective oriented
manageable germplasm sets possessing agronomically important traits such
as reference set, core collection, mini-core collection and mini-mini core
collections were structured in order to use these sets judiciously and more
efficiently. In addition to these sets, amphidiploids originating from distant
wild Arachis species were also developed in order to overcome bottlenecks
associated with peanut domestication and are being currently used in alien
introgressions and for several other genetical and breeding applications
which will enrich existing variability of primary gene pool.

Chapter 3 entitled “Classical and Molecular Cytogenetics in Arachis”
deals with the recent progress made in understanding the chromosome
complements of peanut and related wild species. In order to conduct
genetical studies, proper understanding on chromosome number, size and
structure play a significant role especially during integration of genomics
tools with conventional breeding programs. Cytogenetics has played an
important role through classical cytological studies in revealing important
information about the complexity of the peanut genome. Comparative
cytological mapping studies helped in defining chromosome numbers and
their karyotype features to establish the relationships among species and



Genetics, Genomics and Breeding of Peanut: An Introduction 7

the taxonomic sections. Further, efforts made to understand chromosome
structure and genome evolution within the genus by using chromosome
specific markers developed by fluorescent in situ hybridization (FISH).
These studies have also revealed variation in karyotype structure, which
represents different genomes. This chapter also addresses the integration
of genomic in situ hybridization (GISH) approaches with FISH analysis to
differentiate chromosomes of the two progenitors of cultivated tetraploid
peanut, i.e., A. duranensis and A. ipaénsis along with identification of center
of origin.

1.4 Conventional and Molecular Breeding

Chapter 4 on “Peanut Breeding” reviews the recent progress in peanut
breeding worldwide. Basically genetic enhancement through conventional
approaches has been achieved for few qualitative traits such as resistance
to Sclerotinia blight, root-knot nematode and Tomato Spotted Wilt Virus
(TSWYV), which is benefitting US peanut producers >$200 million annually.
Similar trends have also been observed in China as efforts led to at least
30% yield increase during the past two decades. However, the conventional
approaches are not able to address the further increased yield demand
as well as existing and future breeding challenges. In such a scenario,
integration of genomics with conventional breeding approaches has become
mandatory for developing superior cultivars with higher yield, better
quality and enhanced resilience.

Chapter 5 on “Molecular Markers, Genetic Maps, and QTLs for
Molecular Breeding in Peanut” deals with development and use of genomic
resources and their utilization in peanut improvement. The international
research community neglected development of genomic resources in peanut,
which left this crop in the group of “Orphan Crops”. Nevertheless, recent
efforts resulted in the development of limited genomic resources and it
was mostly in the last decade, which witnessed a speedy development
due to collaborative effort among several research partners. Large scale of
molecular markers such as Simple Sequence Repeat (SSR) and Diversity
Array Technology (DArT) markers have been developed recently, which
paved the way for construction of genetic maps, initially for diploids and
then for tetraploids (Pandey et al. 2012; Varshney et al. 2013). This chapter
provides detailed development of genomics resources such as markers,
genetic maps and Quantitative Trait Loci (QTL) analysis. SSR markers
assembled from public domain or collaborators were screened on parental
genotypes and several genetic maps were constructed based on cultivated
x cultivated genotypes. These genetic maps were then used for marker-
trait associations for drought tolerance and foliar diseases. The identified
markers/gene specific markers were successfully deployed through Marker-
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Assisted Backcrossing (MABC) for improving elite peanut varieties. With
international collaborations, dense reference consensus genetic map was
successfully improved from 897 (Gautami et al. 2012b) to 3,693 marker loci
(Shirasawa et al. 2013) and these dense consensus maps will set the platform
for several other genetic and molecular breeding activities in peanut. Efforts
to sequencing the peanut genome have been initiated with the formation
of a Peanut Genome Consortium (PGC) (http:/ /www.peanutbioscience.
com/peanutgenomeproject.html).

1.5 Genome Structure and Proteomics

Chapter 6 of this book entitled “An Overview of Peanut Genome Structure”
is focused in defining peanut genome structure. The studies in this area have
revealed that the A and B genomes are of similar size and are composed
mostly of metacentric chromosomes. With the genome of about 2.8 Gb for
tetraploid peanut seems to have high repetitive DNA content. A. duranensis
and A. ipaénsis are considered as the most probable diploid ancestors and
donors of the A and B genomes, respectively. The cytogenetical studies
integrated with genomic approaches revealed the possible ancestors, period
of origin of different subgenomes. The genetic similarity between A and B
genomes at sequence level is very low. Most importantly, cultivated peanut
genetically behaves as a diploid, the two subgenomes have a very high
genetic synteny, and do not appear to have undergone major structural
rearrangements after polyploidization. The structural genomics revealed
significant genetic similarity of peanut subgenomes with other legumes
that diverged during evolution.

This crop is witnessing a transition phase wherein the efforts are
continued towards development of genomic resources along with a large
amount of sequencing data, which need efficient data storage and retrieval
system along with statistical analysis support. The transcriptome represents
messenger RNA (mRNA) expressed in a particular cell/tissue/organ/
organism, and their quantity at a particular growth stage. These resources
are the primary source from where DNA markers are being developed to use
in several genetical studies. Transcriptomics also improves understanding
the genetic mechanism underlying important agronomic traits for peanut
improvement. Transcriptomics or genomewide transcriptional profiling
allows simultaneous examination of transcriptome that is the term
designated to the specific subset or complete set of mRNA expressed in
a particular cell, tissue, organ or organism, and their quantity for a given
developmental stage or physiological condition. It has been increasingly
used to understand transcriptomes of a range of peanut tissues at different
developmental stages under various environmental stresses. Chapter 7
entitled “Peanut Transcriptomics” reviews commonly used transcriptomic
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technologies, the definition of the transcriptomes for three principal
tissues (pod/seed, root and leaf), the transcriptomics of stress response
in peanut, as well as the use of transcriptome for marker development.
Peanut transcriptomics will make great contributions to the understanding
of genetic mechanism underlying important agronomic traits for peanut
improvement.

Peanut improvement by conventional or molecular approach relies
on an understanding of the biology of the plant, particularly interactions
occurring across hierarchical scales of organization. In this regard, the
application of metabolomics and proteomics is poised to deliver large
volumes of data on protein and metabolite fluctuations associated with
developmental and environmental cues. The challenge for the peanut
research community will be to ensure that similar data is generated,
interpreted and integrated towards crop improvement. Chapter 8 entitled
“Advances in Proteomics Research in Peanut Genetics and Breeding” gives
an insight into this field of research.

1.6 Transgenic Breeding

Chapter 9 entitled “Transgenic Interventions in Peanut Crop Improvement:
Progress and Prospects” deals with the strength of transgenic technology
specially when there is no source of variation for a trait in peanut genepool.
Advances in tissue culture and genetic engineering comprising important
areas of biotechnology have provided alternative pest control strategies. The
development and standardization of protocols for genetic transformation
in peanut for several genes are briefly discussed. Although this technology
has not been received open heartedly in many countries, it has shown great
potential in peanut improvement. Let us hope that once the regulatory issues
are solved in certain countries of the world, the material will be available
for peanut improvement across the world.

1.7 Bioinformatics Tools

Even though peanut lagged behind in generation of sequences still with the
limited genomic resources studies on genetic diversity, genetic mapping
and QTL analysis could be conducted. Expressed Sequence Tags (ESTs)
generated provided raw material /sequence to apply some bioinformatics
tools for extracting information to use them in genetic and breeding
applications. Chapter 10 entitled “Applications of Bioinformatics Tools to
Genetic Mapping and Diversity Analysis in Peanut” presents an overview
of available resources on peanut bioinformatics and their role in elucidating
biological and genomic information on peanut.
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1.8 Summary

In summary, developments in last decade in several research areas promise
to fill the research gaps required for handling the genetic bottlenecks in a
better and precise way. Much needed diversification using genomic tools
will facilitate the use of a diverse source for improving existing cultivars to
equip them with genes for high resilience and new cultivars with desired
traits. Although such concerns are raised at many of the scientific gatherings,
however not many initiatives have been taken even for very important food
crops. Hence, this is the prime time to retrieve desirable alleles not only to
address existing problems but also for the future as well in order to sustain
food production. Therefore, this is an effort to update the peanut research
community on developments at different aspects in peanut by compiling
all the developments made till date. It is also foreseen that compilation
of updates will encourage more inter-displinary collaborations to tackle
existing as well as advance initiatives to address future problems.
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ABSTRACT

Globally, peanut is an important crop, providing both oil and protein,
and genebanks across the world have conserved a large collection
of peanut germplasm including wild Arachis species. The key to the
success in crop improvement depends on how effectively and efficiently
the new genetic variation is introduced to broaden the genetic base
of cultigens. The genus Arachis harbors considerable diversity for
morpho-agronomic traits including resistance to abiotic and biotic
stresses. Impressive progress have been made towards developing
a large number of markers specific to peanut in addition to the
technological breakthrough in developing high-throughput genotyping
platforms for unlocking the genetic variation present in the germplasm
collections. Using core and mini core collections and genomic tools,
peanut researchers have identified a number of diverse germplasm
possessing agronomically beneficial traits that are now being used in
peanut breeding. Amphidiploids originating from distant wild Arachis
species crosses are expected to unravel the variation not earlier available
to peanut research community due to bottlenecks associated with
peanut domestication.
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2.1 Introduction

Peanut (groundnut) (Arachis hypogaea L.), an important food legume crop,
grown in more than 108 countries representing tropical, subtropical and
warm temperate regions of the world, extending cultivation between 40°N
to 40°S. It ranks 6th among the oilseed crops and 13th among food crops
of the world. Globally it is cultivated on 24.1 million ha area, with a total
production of 37.6 million tons and average productivity of 1.6 t ha™ (FAO
2010: http:/ /www.faostat.fao.org). Developing countries account for 96%
of the global peanut area and 92% of the global production. Asia accounts
for 64% of the global peanut production, while Africa only 28%. In Asia,
India and China together produce 57% of the global peanut production.
Other countries in Asia that produce substantial peanut include Indonesia,
Myanmar and Vietnam. Peanut in Africa is widely distributed, grown
over 50 countries across the continent. Nigeria, Sudan, Senegal, Chad and
Ghana together account for 54% of the peanut production in the continent,
with Nigeria the leading producer. North America contributes ~5% of the
global peanut production, 80% of which is in the USA, the world’s fourth-
largest producer. Europe and Oceania contribute less than 1% peanut
production.

Peanut seeds, rich in oil, protein, minerals and vitamins, are consumed
in a variety of forms. About two-thirds of global peanut production is
crushed for extracting vegetable oil, while the remaining is used in the form
of edible products and seeds. Peanut cake obtained after oil extraction is
used as protein-rich meal for livestock or for making other food products.
The haulms are an important source of good quality animal fodder,
especially in developing countries. Peanut helps improve soil fertility
through biological nitrogen fixation

Peanut production is adversely affected by both biotic and abiotic
stresses. Rust, early leaf spot and late leaf spot are the most common and
widely distributed foliar diseases, while peanut bud necrosis virus in
South Asia, rosette disease in Africa and bacterial wilt in Southeast Asia
are the major diseases of peanut, impacting yield and quality. The pests are
of localized importance, for example, leaf miner and Spodoptera in South
and Southeast Asia, termites in Africa and corn earworm, lesser corn stock
borer and southern corn rootworm in North America. Drought is one of
the major abiotic stresses, potentially limiting the peanut productivity
worldwide. Peanut quality is adversely affected by aflatoxin contamination.
All these factors either alone or in combination cause substantial yield losses
worldwide, which necessitates the utilization of host-plant resistance to
ameliorate losses to peanut production caused by biotic and abiotic stresses
(Dwivedi et al. 2003 and references therein).
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Legumes, including peanut, has a narrow genetic base, particularly
due to bottleneck associated with their evolution. Various studies have
shown that the cultivated peanut originated by a single hybridization
event between two wild diploid species with distinct genome giving rise
to a sterile hybrid followed by a spontaneous duplication of chromosomes
producing fertile tetraploid (peanut) that remain reproductively isolated
from its wild ancestors (Kochert et al. 1991; Jung et al. 2003; Seijo et al.
2004). Both pre- and post-zygotic hybridization barriers have been shown
to restrict crossing between cultivated peanut and wild Arachis species
(Halward and Stalker 1987). Crop genetic resources are the reservoir of
many useful genes but general reluctance of the breeders to use exotic
germplasm has severely restricted the introgression of useful variation
present in exotic germplasm including wild Arachis species. The main
reason for such low use of germplasm is due to the difficulties in evaluating
large sets of germplasm across multilocations to get reliable information
about the traits of economic importance. This chapter provides information
about the nature and extent of peanut genetic resources preserved across
genebanks globally, the pattern of diversity unearthed in cultivated and
wild Arachis species and various approaches including genomic tools to
promote utilization of genetic resources to broaden the genetic base for
sustainable peanut production.

2.2 Origin, Dissemination and Gene Pools

The genus Arachis contains nine sections comprising 80 species. Most of
these species are diploid with 2n = 2x = 20 and 2n = 2x = 18 (A. praecox,
A. palustris and A. decora in section Arachis and A. porphyrocalyx in section
Erectoides) except A. pseudovillosa, A. glabrata and A. nitida in section
Rhizomatosae and A. hypogaea (cultivated peanut) and A. monticola in section
Arachis, which are tetraploid with 2n = 4x = 40 (reviewed in Upadhyaya
et al. 2011a). The genus Arachis originated in South America, where it is
widely distributed, mainly in Argentina, Brazil, Paraguay and Uruguay.
The cultivated A. hypogaea probably originated in the region of southern
Bolivia and northern Argentina, since its progenitor A. monticola, the only
wild allotetraploid species that crosses with A. hypogaea is found in this
area (Krapovickas 1969). The diploid species A. duranensis and A. ipaensis,
the most likely donors of A and B genomes, are restricted to northwest
Argentina and southeast Bolivia (Krapovickas and Gregory 1994, 2007)
that overlap to the segmental allotetraploid, A. monticola/A. hypogaea and
A. monticola (Seijo et al. 2004). This, together with evidence on archeological
and morphological diversity, indicate that this region may be the center of
origin and the primary center of diversity for A. hypogaea (Krapovickas and
Rigoni 1957; Hammons 1994; Singh and Simpson 1994; Kochert et al. 1996).
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Archeological evidences suggest that peanut has been cultivated for over
3,500 years. Domestication probably first took place in northern Argentina
and southern Bolivia and was subsequently introduced to Africa, India and
the Far East by the Portuguese and from the west coast of South America
to the western pacific to Indonesia and China by the Spaniards in the early
16th century; and later on from Asian countries to east Africa. By the middle
of the 16th century, peanut was introduced to North America and other
parts of the world. Subsequent spread of the crop to different agroclimatic
zones brought further diversification and variability in growth habit and
seed and pod characteristics, which resulted into evolution of a number of
morphologically distinct botanical varieties that predominate and show
high levels of diversity in some geographical regions (Singh 1995; Singh
and Nigam 1997).

The four gene pools in genus Arachis include i) primary gene pool
(A. hypogaea landraces and its wild form A. monticola), ii) secondary gene
pool (diploid species from section Arachis that are cross-compatible with
A. hypoguaen), iii) tertiary gene pool (species of section Procumbentes, weakly
cross-compatible with A. hypogaea), and iv) the remaining Arachis species
from other seven sections, not easily cross-compatible with A. hypogaea
(Singh and Simpson 1994).

2.3 Conserving Arachis Species Diversity

Crop genetic diversity is threatened by several factors such as replacement
of traditional varieties and landraces with genetically uniform high yielding
cultivars, changes in dietary habits, habitat loss, natural calamities, land
and crop conversion, introduction of exotic crops, environmental pollution
and above all global warming. These genetically uniform modern cultivars
could become vulnerable to new pests and diseases resulting into epidemics
as have been seen in the past (Tatum 1971). Such experiences necessitate the
use of diverse sources in plant breeding programs with a view to broaden
the genetic base of crop cultigens. The landraces, exotic germplasm and
wild relatives are the repository of many useful genes/alleles and can
be utilized in breeding programs to develop new high yielding climate
resilient cultivars.

The CGIAR comprising 11 genebanks, represents the largest concerted
effort toward collecting, preserving and utilizing global agricultural
resources and holds nearly 7,60,000 samples of the estimated 7.4 million
accessions of different crops preserved globally (FAO 2009). There are a
number of germplasm banks, which are conserving the peanut germplasm
worldwide. International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT), Patancheru, India has the global responsibility of collecting,
conserving and distributing the peanut germplasm comprising landraces,
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modern cultivars, genetic stocks, mutants and wild Arachis species. It
contains 14,968 accessions of cultivated peanut and 477 accessions of 48
wild Arachis species representing eight sections from 92 countries. These
accessions came from donations as well as from collecting missions launched
in different countries. Other major genebanks holding peanut germplasm
include the National Bureau of Plant Genetic Resources, New Delhi (14,593
accessions), India; the Directorate of Groundnut Research, Junagadh (8,934
accessions), India; the United States Department of Agriculture (9,964
accessions), USA; the Instituto Nacional de Tecnologia Agropecuaria,
Argentina (8,347 accessions); the Institute of Crop Germplasm Resources,
Beijing (6,565 accessions), China; Institute of Oil Crops Research, Wuhan
(5,688 accessions), China; Crop Science Department, North Carolina State
University, Raleigh, USA (3,788 accessions) and Estacién Experimental
Agropecuaria Manfredi, EEA INTA Manfredi, Argentina (2,158 accessions)
(http:/ /apps3.fao.org). Other genebanks specialized in conservation and
maintenance of wild Arachis species are Texas A&M University, USA and
Centro de Investigaciones de Nataima, Instituto Colombiano Agropecuario,
Colombia (http:/ /apps3.fao.org).

2.4 Assessing Species Diversity
2.4.1 Wild Relatives

Besides resistance to biotic and abiotic stresses (Dwivedi et al. 2003, 2008),
wild Arachis species also harbor novel sources of variation for morpho-
agronomic and nutritional traits, which can be used to enhance the genetic
base of cultivated peanut. Stalker (1990) reported substantial variation
in leaflet size and shape, branching habit and flower size among 73 wild
Arachis species accessions, while Singh et al. (1996) found that the height of
the main axis, length of apical leaflet on the main stem, length of isthmus
between pods, seed width, and reaction to rust accounted for the greater
part of variation amongst 42 A. duranensis accessions. The A. pintoi accessions
from section Caulorrhizae also showed greater variability for most of the
morphological traits (Carvalho and Quesenberry 2009). Nautiyal et al.
(2008) based on relative injury identified NRCG 11824 (A. glabrata) as heat
tolerant and NRCG 12042 (A. paraguariensis) as cold tolerant, while NRCG
11786 (A. appresipila) susceptible both to heat and cold. Their study indicated
that the plants with thicker leaves were better protected from heat injuries
and epi-cuticular wax load helped in maintaining stomatal regulation and
leaf water relations, thus enabling these species to thrive under water-
limited environments. More recently, Upadhyaya et al. (2011b) evaluated
the largest collections of wild Arachis species (269 accessions) from 20 wild
Arachis species representing six sections for 41 morpho-agronomic traits
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and 89 accessions for nutritional traits. The species accessions showed large
variability for days to flowering, pod and seed characteristics, specific leaf
area (SLA) and for SPAD chlorophyll meter reading (SCMR). For example,
A. pusilla accessions, ICG 14898 and ICG 14906 flowered in 13-14 days, the
earliest flowering accessions among the 20 wild Arachis species studied
and were a week earlier than the earliest flowering cultivated groundnut
germplasm, Chico. Further, A. duranensis had maximum intraspecific
variability for 23 of the 41 traits. The other species with desirable traits
was A. villosa (high SCMR at 60 and 80 days after sowing). The best wild
Arachis accessions, possessing one to five desirable agronomic, nutritional
and drought related traits identified in this study were ICG 8144 (A. villosa)
high in SCMR, low SLA, high sugar content; ICG 13223, 13244, 14868, 14872,
14874, 14884 (A. stenosperma) superior in pod length and width and/or
seed length and width; ICG 13211 (A. pusilla) earliest to flower; ICG 13178
(A. monticola) and ICG 13189 (A. duranensis) high in sugar; ICG 15142 (A.
pusilla) and ICG 13227 (A. dardani) high in protein ), which may be exploited
to broaden the genetic base of cultivated peanut (Upadhyaya et al. 2011b).

2.4.2 Cultigens
2.4.2.1 Geographical Diversity

Geographical pattern of diversity, involving 13,342 accessions from 92
countries and 14 regions conserved in ICRISAT genebank, revealed that
South America (where primary and seven secondary centers of diversity
are located) and China (an important center of diversity) are under-
represented, which necessitates the exploration and collection of germplasm
from these regions (Upadhyaya et al. 2002a). This study further revealed
that though South America is under-represented in terms of number of
accessions (10.06% of total accessions) but contained adequate diversity
for morphological and agronomic traits. Further, the principal component
analysis grouped the 14 regions into three clusters—accessions from North
America, Middle East, and East Asia in the first cluster; South America in
the second cluster; and West Africa, Europe, Central Africa, South Asia,
Oceania, South Africa, East Africa, Southeast Asia, Central Asia, and
Caribbean in the third cluster.

2.4.2.2 Biological Diversity

Several studies in the past involving 22 to 125 genotypes were used to
quantify variability for morpho-agronomic traits (Vaddoria and Patel 1990;
Reddy and Gupta 1992; Pathirana 1993; Senapati and Roy 1998; Singh and
Chaubey 2003; John et al. 2005; Kotzamanidis et al. 2006; Sumathi and
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Muralidharan 2007; Korat et al. 2009; Sumathi et al. 2009; Sadeghi et al.
2011; Vekariya et al. 2011; Nautiyal et al. 2012).

Upadhyaya (2003) used morpho-agronomic traits to study phenotypic
diversity in peanut core collection consisting of 1,704 accessions of which
910 belong to subsp. fastigiata (var. fastigiata, vulgaris, aequatoriana, peruviana)
and 794 to subsp. hypogaea (var. hypogaea, hirsuta). The two groups, subsp.
fastigiata and hypogaea, differed significantly for most of the traits with the
hypogaea accessions having significantly greater mean pod length, pod
width, seed length, seed width, yield per plant and 100-seed weight. The
fastigiata accessions had higher plant height, leaflet length, leaflet width and
shelling percentage. He detected maximum diversity between ICG 13479
and ICG 8422 in the fastigiata group and between ICG 13723 and ICG 20016
in the hypogaea group. Further, he found that 12-15 morpho-agronomic
traits explained most of the phenotypic variability. The ICRISAT peanut
mini core (184 accessions) also showed sufficient variability for most of the
morphological traits (Madhura et al. 2011). Swamy et al. (2003) evaluated
Asia-specific peanut core collection (504 accessions, Upadhyaya et al. 2001)
for 20 agronomic traits for two seasons that detected sufficient variability
(except pod yield) explaining multivariate polymorphism.

2.4.2.3 Trait Diversity

2.4.2.3.1 Early maturity: Most breeding programs aim at developing
early-maturing cultivars that matches with the available crop duration.
Appropriate time to flowering is a major component of crop adaptation,
particularly in the environments where the growing season is restricted
by terminal drought and high temperature. In most breeding programs,
Chico has been used as the source of early maturity, which resulted in a
narrow genetic base of peanut cultivars of this early maturing source. In a
study involving sources of early maturity germplasm revealed that 21 such
germplasm had similar maturity as of Chico but produced ~12 and ~8%
greater pod yield at 75 and 90 days harvest including the control cultivars
such as Gangapuri and JL 24 (Upadhyaya et al. 2006). These new sources
of early maturity grouped into three distinct clusters—cluster I comprises
of ICG 9930, ICG 4558, Gangapuri and Chico, cluster II 12 landraces and
JL 24, while cluster III had seven landraces.

2.4.2.3.2 Yield and component traits: Evaluation of a peanut core collection
for Asia across multilocations resulted in identification of 15 fastigiata, 20
vulgaris, and 25 hypogaea type peanut accessions for pod yield, total pods,
shelling percentage, 100-seed weight and oil content. Clustering of these
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accessions together with controls resulted in four clusters in fastigiata and
three clusters each in vulgaris and hypogaea. The control cultivars, Gangapuri
in fastigiata, ICGS 44 in vulgaris and ICGS 76 and S 230 in hypogaea clustered
separately indicating that the selected accessions were diverse from the
control cultivars (Upadhyaya et al. 2005).

2.4.2.3.3 Drought tolerance: Upadhyaya (2005) evaluated peanut mini core
collection for SLA and SCMR, associated with drought tolerance. The five
and 13 most promising vulgaris and hypogaea accessions identified in this
study clustered into four groups, all vulgaris types (ICG 118, ICG 14985, ICG
2106, ICG 5236 and ICG 6654) clustering with controls (Gangapuri, ICGS 44
and ICGS 76) in Cluster I, most of the hypogaea accessions including control
cultivar M 13 (hypogaea) in cluster II, while ICG 6766 and ICG 14523 forming
separate clusters, indicating that these two are diverse and can be used in
breeding to enhance drought tolerance in peanut cultivars. Ravindra et
al. (1990) reported that GG 2 in comparison to ] 11, JL 24 and TMV 10 has
an inherent ability to produce more pods under drought stress occurring
at any growth stage, while Ratnakumar and Vadez (2011) suggested that
genotypes with lower leaf area may use water more sparingly under
intermittent drought stress, which will have less damaging consequences
for reproductive and pod development than genotypes having larger leaf
area.

2.4.2.3.4 Cold tolerance: Upadhyaya et al. (2009) studied the phenotypic
diversity in 158 cold tolerant peanut germplasm, which germinated at 12°C
and had substantial diversity for agronomic traits. The clustering pattern
grouped the cold tolerant accessions into four clusters. The accessions in
these four clusters differed in mean, variance and range for agronomic traits.
The cold tolerant accessions were superior to control cultivars for several
agronomic traits indicating the potential of these accessions in developing
genetically diverse cold tolerant peanut cultivars.

2.4.2.3.5 Salinity: Srivastava (2010) evaluated 275 accessions representing
mini core, high yielding breeding lines and landraces from salinity prone
areas and identified ICG 5195, ICG 442, ICG 7283, ICG 1711, ICG 2106 and
ICG 1519 as good sources of salinity tolerance.

2.4.2.3.6 Resistance to diseases: ICG 11426, ICG 13787 and ICG 8760 were
identified as resistant to rust and late leaf spot, and ICG 14985, ICG 3673,
ICG 6025, ICG 12625, ICG 13787 and ICG 8760 for Aspergillus flavus. Of
these, ICG 13787 and ICG 8760 were resistant to all the three diseases
(Kusuma et al. 2007); ICG 875, ICG 928, ICG 1668, and ICG 14466 resistant
to the bud necrosis disease (Ahmed 2008). In another study, accessions from
ICRISAT peanut mini core were found more resistant to seed colonization by
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Aspergillus flavus and aflatoxin production from ICRISAT peanut mini core
than those from Chinese peanut mini core, with ICG 6813, ICG 12370, ICG
4750, ICG 4156, ICG 12625, ICG 12697, ICG 14482 combining resistance to
both seed invasion and aflatoxin production (Jiang et al. 2010a). Molecular
profiling study further revealed that ICG 12625 (resistance to aflatoxin
production) and ICG 4750 (resistance to seed invasion) were diverse from
the rest of the accessions (Jiang et al. 2010a). ICG 36, ICG 118, ICG 1448, ICG
434,1CG 1415, ICG 5745, 1CG 76, ICG 1668, ICG 14710, ICG 6057, ICG 6201,
ICG 1455, ICG 397 and ICG 7633 were identified as resistance to bacterial wilt
(personal communication). US researchers identified a number of accessions
tolerant to root-knot nematode, early leaf spot, pepper spot, tomato spotted
wilt virus and soil borne fungal diseases, including pre-harvest aflatoxin
contamination (Isleib et al. 1995; Anderson et al. 1996; Holbrook et al. 1998,
2000; Franke et al. 1999; Damicone et al. 2010; Chamberlin et al. 2010).

2.4.2.3.7 Seed quality traits: Upadhyaya et al. (2012) found sufficient variation
for protein, oil and fatty acid composition including oleic (O), linoleic (L)
fatty acids and O/L ratio in peanut mini core collection. Subsp. fastigiata
as a group has shown relatively high variation for protein, while subsp.
hypogaea for high O/L ratio. They identified accessions with high protein
and oil, and better O/L ratio. Cluster analysis delineated these accessions
into three clusters: cluster 1 those with high oleic acid, high pod yield,
and high 100-seed weight, cluster 2 with those having high O/L and early
flowering, while cluster 3 had accessions with high protein and high shelling
percentage.

2.5 Genetic and Genomic Resources to Promote Utilization of
Germplasm in Breeding

2.5.1 Core/mini core Subsets to Identifying New Sources of
Variation

The low use of germplasm accessions in breeding programs is mainly due
to the lack of reliable information on traits of economic importance such
as yield, resistance to biotic and abiotic stresses and quality traits, which
often show high genotype x environment interactions that require replicated
multilocational evaluations. This is a costly and resource-demanding task
owing to the large size of the germplasm collections. Thus, the collection
needs to be sampled to get the size of the collections to a manageable
level for meaningful evaluation. Frankel (1984) coined the term “core
collection” to sample representative variability from the entire collection.
A core collection contains 10% of the accessions from the entire collection
that captures most of the available diversity in the species (Brown 1989a).
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Frankel and Brown (1984) suggested that greater use of germplasm in crop
improvement is possible if a small collection representing diversity is made
available for characterization and utilization. Thus, core collection has a
reduced size containing a diverse set of germplasm that represents the
entire collection. Such a core collection can be evaluated extensively and
the information derived could be used to guide more efficient utilization
of the entire collection (Brown 1989b).

Anumber of reduced subsets in the form of core or mini core collections
(Upadhyaya and Ortiz 2001) have been reported in peanut (Table 2-1),
which researchers at ICRISAT and national programs have used to identify
new sources of variation for important agronomic and nutritional traits
(Table 2-2) or resistance to various biotic and abiotic stresses (Table 2-3).
For example, 21 accessions combining early maturity with high yield
(Upadhyaya et al. 2006), 60 accessions having greater pod yield, shelling
percentage, 100-seed weight and oil content (Upadhyaya et al. 2005), or 12
accessions with 100-seed weight >60 g (Upadhyaya et al. 2010), Likewise,
a number of accessions with high oil and protein contents or accessions
with O/L ratio greater than 3.0 have been identified (Upadhyaya et al.
2012). Furthermore, accessions tolerant to drought (Upadhyaya 2005), low
temperature (Upadhyaya et al. 2009), salinity (Srivastava 2010), aflatoxin
(Kusuma et al. 2007; Jiang et al. 2010a) or resistant to bud necrosis disease
(Ahmed 2008) have been reported. Few of these accessions have also shown

Table 2-1 Core and mini core collections as reported in peanut.

Reduced | #accessions # traits used |# accessions|% of accessions|Reference
subset used in in forming in in reduced
forming reduced subset | constituted subset
reduced subset subset representing
entire
collection
us 630 26 77 12.22 Dwivedi et al.
Valencia 2008
core
US core 7,432 6 831 11.18 Holbrook et al.
1993
Chinese 6,390 15 576 9.01 Jiang et al. 2008
core
Asian 4738 15 504 10.64 Upadhyaya et
core al. 2001
Global 14,310 14 1,704 11.91 Upadhyaya et
core al. 2003
USA mini 831 16 111 13.36 Holbrook and
core Dong 2005
ICRISAT 1,704 31 184 1.28 Upadhyaya et
mini core al. 2002b
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Table 2-2 Promising germplasm accessions identified for agronomic and nutritional traits.

Traits Few promising germplasm Reference

Early maturity ICG# 4558, 4890, 9930, and 11605 having |Upadhyaya et al. 2006
early maturity and 34 seeds per pod

Large seed size ICG# 2381, 5016, 5051, 5745, 5662, 6057, |Upadhyaya et al. 2010

6766, 8760, 11219, 11855, 11862, and 14482
Yield and component |60 accessions: ICG# 4, 29, 3443, 14161, Upadhyaya et al. 2005

traits 11188, 7140, 2918 and others

Protein content (>30%) [5 accessions: ICG# 36, 5779, 3421, 3584, |Upadhyaya et al. 2012
and 2019

Oil content (>50%) ICG 442 Upadhyaya et al. 2012

Oleic acid (260%) 6 accessions: ICG# 2381, 10185, 15419, Upadhyaya et al. 2012
12276, 7243, and 11088

O/L ratio (>3.0) 12 accessions: ICG# 2381 (O/Lratio of ~ [Upadhyaya et al. 2012;

7.0), 10185, 6022, 1274, 7243, 6766, 12625, |Dean et al. 2009
12276, 15419, P1 274193, PI 290594, P1
468271

Table 2-3 Promising germplasm accessions having tolerance/resistance to abiotic/biotic
stresses.

Traits Promising accessions Reference

Drought 18 accessions: ICG# 14523, 6766, 7243, 862, |Upadhyaya 2005
6654, 14985 and others
30 accessions: ICG# 11088, 12697, 8751, Hamidou et al. 2012
3140, 3584 and others
Low temperature 15 accessions with superior pod yield: Upadhyaya et al.
ICG# 12625, 7898, 11130, 6148, 7013, 6022, {2009

7905, 7884, 4992, 9515, 10915, 10567, 1710,
11088 and 10945

Salinity 6 accessions: ICG# 5195, 442, 7283, 1711, Srivastava 2010
2106, and 1519

Rhizoctonia limb rot 6 accessions: PI# 343398, 343361, 288178, Franke et al. 1999

resistant 331326, 497351 and 274193

Late leaf spot 7 accessions: ICG# 12625, 11426, 12672, Kusuma et al. 2007
13787, 14475, 2857, and 8760

Rust 5 accessions: ICG# 9809, 11088, 11426, Kusuma et al. 2007
13787, and 8760

A. flavus 12 accessions: ICG# 14985, 3673, 6025, Kusuma et al. 2007;
12625, 13787, 8760, 6813, 12370, 4750, 4156, |(Jiang et al. 2010a
12697, and 14482

Bud necrosis 4 accessions: ICG# 875, 928, 1668, and 14466|Ahmed 2008

Combined resistance to |5 accessions: PI# 274193, 497599, 458619, Damicone et al. 2010
Sclerotinia blight, pepper|468195, and 259796
spot and web blotch

Sclerotinia blight 39 accessions Chamberlin et al.
resistant 2010
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multiple resistances—ICG 11426, ICG 13787 and ICG 8760 resistant to late
leaf spot and rust or ICG 13787 and ICG 8760 resistant to late leaf spot, rust
and A. flavus (Kusuma et al. 2007).

2.5.2 Assessing Population Structure and Diversity in Germplasm

Of late, a number of publications have come out detailing the allelic
richness and diversity amongst the cultivated peanut germplasm. Most
of these studies reported on an average 3-15 alleles per locus (Table 2-4),
with Barkley et al. (2007) and Kottapalli et al. (2011) detecting 13-15 alleles.
Furthermore, a few of these studies clearly separated accessions based on
botanical groups or accessions within species into different clusters, clearly
indicating diversity among accessions (Ferguson et al. 2004; Moretzsohn et
al. 2004; He et al. 2005; Mace et al. 2007; Kottapalli et al. 2011). For example,
10 simple sequence repeat (SSR) loci separated South American landraces
from African and Asian landraces (Ferguson et al. 2004); hypogaea and
fastigiata forming distinct clusters (Mace et al. 2007); Valencia accessions
clustering into different groups (Kottapalli et al. 2011); SSR loci contributing
more variation to rust and/or late leaf spot (Mace et al. 2006) and bacterial
wilt (Mace et al. 2007) or SSR loci detecting more diversity in fastigiata than
those of hypogaea accessions (Jiang et al. 2007); Chinese peanut mini core
contributing more diversity than that of ICRISAT mini core with accessions
L 2 Gangguo (a Chinese genotype) and ICG 12625 (an ICRISAT genotype)
revealing the highest genetic dissimilarity (Jiang et al. 2010b). Likewise,
the South American landraces showed high allelic diversity than those
from Africa and Asia (Ferguson et al. 2004), while a new marker (Ah-041)
differentiated AA-genome species accessions with those from non-AA
genome species accessions (Moretzsohn et al. 2004). These examples clearly
demonstrate that marker-based information provides breeders critical
inputs to plan future breeding strategies in peanut.

2.5.3 Molecular Markers and Genetic Maps

Molecular markers are important for germplasm characterization, to assess
variability for identifying genetically diverse traits-specific germplasm
and marker-trait association in crop improvement programs. DNA-based
markers provide a reliable means of estimating the genetic relationships
between genotypes and taxonomic groups as compared to morphological
markers. Restriction Fragment Length Polymorphism (RFLP), Random
Apmplified Polymorphic DNA (RAPD) and Amplified Fragment Length
Polymorphism (AFLP) markers detected little variation among A. hypogaea
cultivars and germplasm lines whereas abundant polymorphism amongst
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wild Arachis species (Halward et al. 1991; Halward et al. 1992; Paik-Ro et al.
1992; He and Prakash 1997; Subramanian et al. 2000; Gimenes et al. 2002).

The SSR (also known as microsatellites) and Single Nucleotide
Polymorphism (SNP) markers are becoming important in molecular
breeding of most crops including peanut because of their codominant
nature, high polymorphism and transferability among related species.
Concerted effort during the past decade has led to the development of
>6,000 SSR markers and about >2,000 SNPs at the University of Georgia,
USA (Pandey et al. 2012). The other marker system, a Diversity Array
Technology (DArT) platform comprising of about 15,000 DArT clones has
been developed at DArT Ptv. Ltd (Australia) in collaboration with ICRISAT
(India), CIRAD (France), Catholic University of Brasilia and EMBRAPA
(Brazil). Use of DATT arrays with a range of genotypes representing diploid
(AA, BB) and tetraploid (A ABB) genome species showed low polymorphism
in tetraploids but more diversity among accessions from diploid species
(Kilian 2008; Varshney et al. 2010), which indicate that DArT markers may
not be very useful in peanut breeding and genetics; however, more useful
in monitoring genome introgression from diploid to cultivated peanut
(Pandey et al. 2012).

Moretzsohn et al. (2005) constructed A-genome based genetic map in
Arachis by using an F, population derived from a cross between two diploid
species with AA genome (A. duranensis x A. stenosperma). This genetic map
placed 170 SSR loci on 11 linkage groups (LGs) covering 1,231 ¢cM, with an
average distance of 7.24 cM. Further, Gobbi et al. (2006) developed B-genome
based F, map by crossing A. ipaensis and A. magna, which mapped 130 SSR
loci into 10 LGs. However, these maps have limited value to cultivated
peanut, a tetraploid, and hence there is a need to develop tetraploid-based
genetic maps in cultivated peanut. Varshney et al. (2009) were probably the
first to construct SSR-based genetic linkage map for the cultivated peanut
that mapped 135 SSR loci into 22 LGs, which was further saturated with the
current map having 191 SSR loci into 20 LGs and a total map distance of 1,785
cM (Ravi et al. 2011). Subsequently, several other genetic maps for cultivated
peanut have become available (reviewed in Pandey et al. 2012).

2.5.4 Markers Associated with Agronomically Beneficial Traits

Using genetic mapping, a number of markers/QTLs (Quantitative Trait
Loci) associated with useful traits have been reported and used to introgress
beneficial traits to cultivated peanut. Introgression of nematode-resistant
gene from A. cardenasii into A. hypogaea was reported in 10 of 11 linkage
groups (Garcia et al. 1995), which were used to develop nematode-resistant
germplasm (Garcia et al. 1996). Two dominant genes conferring resistance to
root-knot nematode, Meloidogyne arenaria race 1 were mapped using RAPD
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and sequence-characterized amplified region (SCAR) markers (Garcia et
al. 1996). One marker, Z3/265, closely linked with M. arenaria resistance,
was mapped to a linkage group on a backcross map in an area known to
contain A. cardenasii introgression. This marker was cloned to make SCAR
and RFLP probes, which further confirmed the linkage with nematode
resistance. Subsequently, the RFLP markers linked to a locus for resistance
to M. arenaria race 1 has been identified by various workers (Choi et al. 1999;
Church et al. 2000; Seib et al. 2003) that provided a useful selection method
for identifying resistance to the peanut root-knot nematode. Likewise,
RAPD markers associated with nematode resistance in BC,F, of the cross
involving Florunner and TxAg-6 has been identified: RKN410 and RKN440
closely linked with each other identified a resistance gene derived from
either A. cardenasii or A. diogoi, while. RKN229, inherited from A. cardenasii
or A. diogoi was 9 cM away from this locus (Burow et al. 1996). Herselman
et al. (2004) identified 20 putative AFLP markers associated with aphid
vector of peanut rosette disease, of which, 12 mapped to five linkage groups
covering a map distance of 139.4 cM, while Varma et al. (2005) reported two
to seven SSR alleles associated with rust resistance in two F, populations. A
few SSR markers associated with yield and yield contributing traits were
also reported (Liang et al. 2009; Selvaraj et al. 2009).

Molecular mapping of drought tolerance traits identified 153 main-
effect and 25 epistatic QTLs (Varshney et al. 2009; Ravi et al. 2011; Gautami
et al. 2012). A major QTL each for leaf rust (Khedikar et al. 2010; Sujay et
al. 2012) and late leaf spot (Sujay et al. 2012) has been identified for use in
peanut breeding. Likewise, QTLs associated with peanut nutritional traits
such as oil and protein contents have been identified (Sarvamangala et al.
2011). Diagnostic markers for resistance to nematode (Nagy et al. 2010), leaf
rust (Khedikar et al. 2010), late leaf spot (Sujay et al. 2012) and high-oleate
trait (Chu et al. 2009; Chen et al. 2010) are available for use in molecular
breeding of peanut.

2.5.5 Association Mapping

The phenotypic variation of agronomically important traits is influenced
by multiple QTLs, their interaction, the environment and the QTL x
environment interactions. Association mapping, also known as Linkage
Disequilibrium (LD) mapping, is a relatively new and promising tool
for dissecting complex traits. Association mapping in comparison to
the traditional linkage mapping has major advantages due to increased
mapping resolution through exploitation of historical and evolutionary
recombination events at the population level (Risch and Merikangas 1996;
Nordborg and Tavare 2002). The prerequisites to perform association
mapping include a dense genetic linkage map, passport information and
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phenotypic data, an understanding of population structure, and contrasting
genotypes for beneficial traits (Kresovich et al. 2002). The marker-trait
association approach relies on the assumption that an allele responsible for
a phenotype and the associated flanking markers are inherited as a block,
and therefore neutral marker-based selection will be predictive of allelic
content at critical genes determining favorable phenotype. Such marker-
trait associations in a collection of plant genetic resources would allow the
assessment of the genetic potential of specific genotypes prior to phenotypic
evaluation and identification of superior trait alleles in germplasm collection
(Gebhardt et al. 2004).

Belamkar et al. (2010) used 32 highly-polymorphic SSRs to study
population structure and LD in 96 peanut genotypes comprising 92 US
peanut mini core accessions, the diploid progenitors A. duranensis (AA) and
A. ipaensis (BB) and synthetic amphidiploid accession TxAG-6 and a widely
grown US peanut cultivar, Florunner. The population structure revealed
that the diploid progenitors and their synthetic amphidiploid grouped
separately from most mini core accessions. UPGMA and model-based
clustering divided the population into four subgroups, two major subgroups
representing subspecies fastigiata and hypogaea, a third group containing
mixed individuals, while the fourth containing diploid progenitors and
TxAG-6. Unified mixed linear model analysis incorporating population
structure and kinship identified several SSR loci associated with drought
tolerance traits. This study revealed the importance of LD mapping in
exploiting the natural variation present in cultivated peanut. Wang et al.
(2011) studied the population structure and marker-trait association by
genotyping 94 accessions with 81 SSRs and two functional SNPs from Fatty
Acid Desaturase 2 (FAD2), which identified four major subpopulations,
related to four botanical varieties. Candidate-gene association analysis
verified that one functional SNP from the FAD2A gene is significantly
associated with oleic acid (C18:1), linoleic acid (C18:2), and oleic-to-linoleic
(O/L) ratio across this diverse collection.

2.5.6 Amphidiploids as Source of Agronomically Beneficial Traits

Utilization of wild Arachis species following interspecific hybridization has
resulted in the development of many elite germplasm lines and cultivars
with improved level of resistance to diseases and insect-pests (Dwivedi et
al. 2008 and references cited therein). Varieties such as Spancross (Hammons
1970), Tamnut 74 (Simpson and Smith 1975), Coan (Simpson and Starr 2001),
NemaTAM (Simpson et al. 2003), having a genetic base from wild Arachis
species, were released for cultivation in the USA. Likewise, ICGV-SM 85048
and ICGV-SM 86715 have been released for cultivation in Mauritius (Nigam
et al. 1998; Moss et al. 1998).
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The development and utilization of synthetic amphidiploids such as
TxAG-6 with high genetic variations (Simpson et al. 1993) in breeding
programs has made possible the transfer of resistance genes from wild
species into cultivated peanut. This amphidiploid has been synthesized
using species that are not in the direct lineage of the cultigen. However, it
is crossable with the cultivated peanut and produced fertile progenies thus
proved useful for introducing genetic variability into the cultigen. Crosses
involving TxAG-6 with cultivated peanut has resulted in the release of two
cultivars (Coan and NemaTAM) carrying genes for root-knot nematode
(M. arenaria) resistance from A. cardenasii (Simpson and Starr 2001, Simpson
et al. 2003). TxAG-6 is a small-seeded (~7-8 g 100 seed weight) and low-
yielding (2-5 g plant™), which when crossed with TMV 2 (32 g 100 seed
weight) at ICRISAT produced progenies with cryptic introgression and
showed much higher seed weight and yielded 23 to 68% more than TMV
2 (3,343 kg ha™). These progenies also out yielded by 10 to 50% the highest
yielding control cultivar ICGV 91114 (3,741 kg ha™, 49 g 100-seed weight™)
(Upadhyaya 2008). This demonstrated that the novel alleles of wild
relatives, that were considered to be lost in evolution to cultivated types,
could be used to enhance the trait value in peanut cultivar development.
Encouraged with this, the researchers at ICRISAT have developed a number
of amphidiploids that are being assessed for releasing novel variation for
use in peanut breeding (Mallikarjuna et al. 2012).

2.6 Conclusions

Natural genetic variation and means to exploit such variability is the key
to the success of crop improvement programs. Large collections of peanut
germplasm including wild Arachis species have been preserved in genebanks
worldwide, representing a large spectrum of diversity in the genus Arachis.
Development and evaluation of small-sized subsets such as core and mini
core have resulted in the identification of trait-specific germplasm accessions
for agronomic traits including resistance to abiotic and biotic stresses and
nutritional traits, which would result in the enhanced utilization of genetic
resources to broaden the genetic base to face new challenges to peanut
production. Considerable variability for some traits of interest exists in wild
Arachis gene pools, which can be brought, using wide hybridization and
applying novel tools, in crop cultigens for sustainable production of peanut
globally. Several elite germplasm lines and the cultivars carrying resistances
from wild Arachis species have been released for use as a resource in crop
breeding or even for direct cultivation. More importantly, amphidiploids are
now being developed using species that were earlier not easily crossable,
and the work so far revealed that these amphiploids have the potential to
release hidden variability that was locked due to bottlenecks associated with
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the origin of cultivated peanut, thus making available more variability to
peanut research community. Unlike in the 80s and 90s, the availability of
a large number of PCR-based markers (SSRs and SNPs), high-throughput
genotyping platforms and bioinformatics resources have enabling effects
towards identifying and tracking allelic variants associated with beneficial
traits and identifying desirable recombinant plants with the traits of interest,
thus accelerating molecular breeding in peanut improvement.
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ABSTRACT

The progress that has been achieved in understanding the chromosome
complements of peanut and its related wild species is reviewed
here. Chromosome markers developed by using fluorescent in situ
hybridization (FISH) with rDNA probes and fluorescent banding
allowed the construction of the first chromosome map in peanut and
in some diploid taxa. They also revealed the existence of different
karyotype structures within the section Arachis. Each group of species
having different karyotype structure was defined as having different
genomes. FISH analysis together with genomic in situ hybridization
allowed the differentiation of chromosomes from A. duranensis and
A. ipaénsis, the two species involved in the origin of cultivated peanut.
The results obtained by these techniques also suggest that the wild
tetraploid A. monticola is the direct ancestor of peanut and that the
Northwest of Argentina and South of Bolivia are the regions from which
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3.1 Introduction

7a7i

Arachis hypogaea (v.n. “peanut”, “groundnut”) is a cultigen that has become
the third most important grain legume crop of the world (Duke 1981)
because of its multiple use as human food, vegetable oil, feedstock and
ground cover (Wynne and Halward 1989). This species is adapted to a wide
ecological range of tropical and subtropical regions and is cultivated under
diverse agricultural production systems in Asia, Africa and the Americas
(Holbrook and Isleib 2001).

On the bases of morphological features, crossing experiments and seed
protein electrophoretic profiles, Krapovickas and Gregory (1994) recognized
two subspecies within the cultigen, hypogaea and fastigiata. Additionally,
six botanical varieties have been described, two of them within subsp.
hypogaea (hypogaea and hirsuta) and four within subsp. fastigiata (fastigiata,
aequatoriana, peruviana, and vulgaris). Moreover, there are numerous
landraces within varieties that are very diverse in their vegetative and
reproductive traits (cf. Krapovickas and Rigoni 1960; Grosso et al. 1994;
Krapovickas and Gregory 1994; Krapovickas et al. 2009).

Peanut genetic resources are available in the form of naturally evolved
landraces of cultivated peanut in the various centers of diversity, breeding
lines or materials developed in different peanut producing areas, and also
the numerous wild Arachis species. In spite of the morphological variability,
the major constraint to the genetic improvement of peanut is the narrow
genetic base of the extant crop. Wild Arachis species, by contrast, are diverse
and have the genetic variability and agronomically useful characters needed
to improve the peanut (Holbrook and Stalker 2003) and constitute valuable
resources for the genetic upgrading of peanut. In this sense, information on
the cytogenetics and phylogenetic relationships among wild species and
between these species and the peanut is critical for the rational development
of breeding programs and complete utilization of the wild materials.

The genus Arachis is a native of South America and naturally distributed
over a large area that extends from the eastern foothills of the Andes
Mountains in Bolivia and northern Argentina to the Atlantic coast in Brazil
and from the southern limit of the Amazonian rainforest towards the
northern coast of La Plata River in Uruguay. The species grow spontaneously
from sea level on the Atlantic coast in Brazil and Uruguay to around 1,450
m a.s.]. in the Andes Mountains of Northwest Argentina (Krapovickas and
Gregory 1994; Valls and Simpson 2005). Along this area wild Arachis species
are adapted to a wide variety of habitats. Their ecological preferences range
from the xerophytic forests to temporarily flooded areas, and from temperate
grasslands to open patches of the subtropical rainforest. Soil preferences are
also diverse, ranging from rock outcrops, layers of laterite pebble, heavy
soils, poorly drained areas to well drained sandy soils. In spite of the ample
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range of ecological preferences displayed by the wild species, the genus as a
whole is mainly associated with the savannah-like Cerrado biogeographical
region as defined by Cabrera and Willink (1973).

The genus consists of a diverse group of 80 autogamous (some probably
with variable percentages of allogamy) and geocarpic taxa (Krapovickas
and Gregory 1994; Valls and Simpson 2005). According to morphology,
cross-compatibility, viability of the hybrids, geographic distribution and
cytogenetics, they have been taxonomically arranged in nine sections
—Trierectoides, Erectoides, Procumbentes, Rhizomatosae, Heteranthae,
Caulorrhizae, Extranervosae, Triseminatae and Arachis (Krapovickas and
Gregory 1994). Trierectoides is considered to be the most ancestral section
since the species included in it have tuberous hypocotyls or roots, trifoliated
leaves and vaginated stipules, resembling those characters present in the
genus Stylosanthes. On the other hand, since section Arachis has species
with annual and perennial life cycles, with different basic chromosome
numbers, ploidy levels and karyotype structures it is considered as the
most diverse and derived. Between these two sections, species that belong
to sections Erectoides and Procumbentes seem to be the most related to
those of section Arachis. Some of the members of sections Rhizomatosae,
Heteranthae and Caulorrhizae may produce hybrids with the most derived
sections, but others show a strong genetic isolation. Sections Extranervosae
and Triseminatae are the most isolated, and their evolutionary position still
has to be determined (Krapovickas and Gregory 1994).

Among all the sections, Arachis has received particular attention
because it contains the cultivated peanut and its putative wild progenitors.
In accordance with its status as the most evolutionarily derived section,
geographically it is the most widely distributed. It extends in an east-west
direction between the Chapada dos Parecis in the central west of Mato
Grosso State (Brazil) and the northern edge of the Chacoan region. From
this latitudinal central axis, in the east, the species extend towards the
northeast along the Tocantins River (central Brazil) and southward along
the Paraguay—Parand and Uruguay River Basins (Paraguay, Argentina and
Uruguay) reaching the northern shore of La Plata River. In the west, they
are found towards the northwest along the Mamoré and Guaporé Rivers
in north Bolivia and towards the southwest along the Parapeti, Pilcomayo,
Bermejo, San Francisco and Juramento River Basins in southern Bolivia and
northern Argentina (Krapovickas and Gregory 1994).

Cytogenetics has played a main role among the biosystematic studies
carried out in the genus. Many classical cytological studies have been
performed in Arachis, which delivered important information about the
complexity of the peanut genome. The chromosome numbers and the
karyotype features of the species as well as the study of the meiotic divisions
of interspecific hybrids have provided irreplaceable information to establish
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the relationships among species and the taxonomic sections. More recently,
chromosome studies using fluorescent banding and in situ hybridization
of DNA have been important to reveal the genetic origin of the cultigen, to
provide a more realistic genome arrangement of the section Arachis and
to understand the chromosome structure and genome evolution within
the genus.

3.2 Chromosome Numbers

Classical cytogenetic studies began as early as the 1930s decade when the
chromosome number of 2n = 40 (Fig. 3-1a) for the cultigen A. hypogaea was
determined (Husted 1933, 1936). After these pioneer data, several authors
have reported the chromosome numbers for different species, although
most of them included few entities and generally those that were considered
most related to peanut (Gregory 1946; Mendes 1947; Smartt et al. 1978;
Singh and Moss 1982; Smartt and Stalker 1982; Stalker 1991). High-quality
chromosome plates from mitotic divisions, however, were obtained only

Figure 3-1 Mitotic metaphases of Arachis species stained with the Feulgen’s technique. (a)
Arachis hypogaea (2n = 40) showing A chromosomes and SAT chromosomes type 3. (b) A. ipaénsis
(2n = 20) without “A” chromosomes. (¢) A. duranensis (2n = 20) showing A chromosomes and
SAT chromosomes type 6. (d) A. praecox with 2n = 18 chromosomes. Black arrows indicate
A chromosomes and white arrows the satellites of SAT chromosomes. Scale bar = 5 pm for
all the pictures.
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after Fernandez and Krapovickas (1994). These authors carried out the most
comprehensive work on cytogenetics by classical techniques in Arachis
analyzing 41 species belonging to eight out of the nine recognized sections.
Further contributions made in the last two decades elevated the knowledge
of chromosome numbers to 95% of the species of the genus (Lavia 1996,
1998, 2000, 2001; Pefialoza et al. 1997; Lavia and Ferndndez 2004; Custodio
et al. 2005; Penaloza and Valls 2005). All these studies have revealed that
the genus is dibasic, with a great predominance of the species with x = 10
(Fig. 3-1b and c) and only four species with x = 9 (Fig. 3-1d) (Lavia 1996,
1998; Pefialoza and Valls 1997; Penialoza and Valls 2005). Three of the latter
belong to section Arachis while the remaining species belongs to section
Erectoides. They have also revealed that most of the species are diploid
and few are polyploids with 2n = 4x = 40. The latter are restricted to section
Arachis, with A. hypogaea and A. monticola, and to sect. Rhizomatosae with
A. glabrata, A. pseudovillosa and A. nitida (Gregory et al. 1973; Fernandez
and Krapovickas 1994; Pefialoza and Valls 2005). Arachis pintoi (section
Caulorrhizae) is the only known species of the genus with diploid and
triploid cytotypes (Lavia et al. 2011).

3.3 Karyotypes

Chromosome identification in peanut began with Husted (1933), who
distinguished two pairs of chromosomes: one of them that borne a secondary
constriction (SAT chromosome) and the other that has around half the size
of the other chromosomes of the complement (A chromosome) (Fig. 3-1a).
Based on these observations and in the meiotic behavior it was established
that A. hypogaea is an allotetraploid species with two A and two B sets of
chromosomes (Smartt et al. 1978). Several investigations carried out on
different peanut varieties (D’Cruz and Tankasale 1961; Singh and Moss
1982; Stalker and Dalmacio 1986; Ferndndez and Krapovickas 1994; Lavia
and Fernandez 2004) have shown that the karyotypes are highly symmetric
with a predominance of metacentric chromosomes. The most common
karyotype formula found is 38m + 2sm, although in some landraces of the
fastigiata and hypogaea botanical varieties the formula 36m + 4sm has been
reported (Ferndandez and Krapovickas 1994; Lavia and Fenandez 2004).
The average size of chromosomes is 1.88 pm ranging from 0.92 to 2.80 pm
and it is impossible to distinguish the A genome chromosomes from those
of the B genome. Only one pair of chromosomes with satellites is usually
distinguished in all the varieties, although the morphology of these pairs
varies among the landraces (Lavia and Fernandez 2004). In spite of these
minor differences, the karyotypes of the varieties and subspecies are very
similar. Even the karyotype described for A. monticola, which is a wild
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tetraploid closely related to peanut, is indistinguishable from that of the
cultigen (Fernandez and Krapovickas 2004).

The chromosomes of diploid wild Arachis species are also relatively
small and their size ranges from 1.11 to 4 pm. The karyotypes are completely
or mainly composed of metacentric chromosomes. One or two pairs (up to
six only in A. glandulifera) of submetacentric or subtelocentric chromosomes
can be also present in the karyotypes of some species. In general, the
karyotypes are moderately symmetric and fall into the 1A category of the
Stebbins’s asymmetry classification (Stebbins 1971). The chromosomes
within a particular karyotype are very similar to each other and only two
types of them are clearly distinguished. One of these types corresponds to
the SAT chromosomes, which bear a conspicuous secondary constriction and
a satellite (Fig. 3-1b). The other type corresponds to small A chromosomes,
which are present only in a group of species (Fig. 3-1c). Almost all species
have only one pair of secondary constrictions localized on the long arms
of metacentric or submetacentric chromosomes, which delimits satellites
of different sizes. Eleven types of SAT chromosomes have been identified
in Arachis on the basis of the relative size of the satellites and the proximal
segment of the chromosome arm. The variability found in the morphology
of these chromosomes has been used to develop a scheme of species
arrangement (Ferndndez and Krapovickas 1994) and was useful to delimit
the taxonomic sections.

All the species show allocyclic condensation of the chromosomes.
Chromatin condensation begins in the centromeric region and extends
toward the telomeres. This phenomenon is particularly observed in A
chromosomes, which usually has its distal region uncondensed until late
metaphase (Fernandez and Krapovickas 1994). In general, secondary
constrictions are extended at prophase and early metaphase, and the
satellites remain far from the corresponding proximal segments of the
chromosome arms; a fact that has frequently conducted to errors in
chromosome counts. In late metaphase the chromosomes are uniformly
stained along their length and secondary constrictions are very short.

3.4 Chromosome Banding

The first attempt to provide additional chromosome markers involved the
application of Giemsa C-banding in a few set of species (Cai et al. 1987).
This analysis has revealed large centromeric bands in all the chromosomes
of diploid species of the section Arachis, of the peanut, and of A. rigonii
of section Procumbentes. Several interstitial and terminal bands have
been also identified in different chromosomes of the species included in
that analysis. Giemsa C-banding was later applied to a few other species
belonging to different sections (Pierozzi et al. 2001) also revealing a high
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predominance of pericentromeric bands. In general, C-banding was helpful
to identify unequivocally 3—4 chromosome pairs in addition to the A and
the SAT chromosomes.

Counterstaining with DAPI after FISH treatment produced a banding
pattern that reveal differences in chromosome structure among different
groups of species (Raina and Mukai 1999; Seijo et al. 2004). As opposed to
the C-banding, DAPI staining after FISH has revealed that in the tetraploid
species, A. hypogaea (Fig. 3-2f) and A. monticola, half of the chromosomes—
those belonging to the A genome—have centromeric C-DAPI* bands, while
the remainder (corresponding to the B genome) have a uniform staining.
All A. hypogaea varieties and A. monticola have a similar distribution and
amount of C-DAPI* heterochromatin, which accounts for about 7% of the
total karyotype length (Seijo et al. 2004).

Among the wild species, those included in section Arachis and
Heteranthae have been the most comprehensively studied by fluorochrome
banding. The heterochromatin patterns revealed the existence of different
karyotypes among the species included in section Arachis. All the species
with A chromosomes have a similar pattern of heterochromatic bands
(Fig. 3-2d) with a total amount of heterochromatin that range from 10.28
to 14.67% of the karyotype length. Within this group, nine species have
conspicuous C-DAPI* centromeric bands in all the chromosome pairs,
while the others have conspicuous bands in all the chromosomes except in
one or two pairs (A7 and A4) with small and faint bands or without them
(Robledo et al. 2009).

By contrast, the species without A chromosomes showed three different
patterns of heterochromatic bands (Robledo and Seijo 2010). The group
composed of A. batizocoi (Fig. 3-2¢c), A. cruziana, and A. krapovickasii is
characterized by having karyotypes with conspicuous centromeric bands in
nine chromosome pairs and a total amount of centromeric heterochromatin
that varies from 11.36 to 12.55% of the karyotype length. The karyotypes of
A. trinitensis (Fig. 3-2a) and A. benensis characteristically have small and
faint centromeric bands in only seven or eight chromosome pairs and the
total amount of heterochromatin per complement varies from 5.89 to 7.52%.
The remaining non-A genome species have karyotypes completely devoid
of centromeric C-DAPI* bands. However, while A. ipaénsis (Fig. 3-2e) and
A. magna are completely devoid of detectable heterochromatin, A. gregoryi,
A. valida, and A. williamsii have one small interstitial or distal band in the
short arms of pair 3. Arachis glandulifera is very particular in the banding
pattern since it shows large centromeric blocks in the four subtelocentric
chromosomes, small centromeric blocks in the other three chromosomes,
and two interstitial blocks of medium size (Fig. 3-2b). This pattern revealed
that its karyotype structure differs from any other Arachis species (Robledo
and Seijo 2008).
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Figure 3-2 Somatic metaphases of Arachis species following double fluorescent in situ
hybridization (a—f), showing yellow-green FITC signals from the 55 rDNA probe and red TRITC
signals from the 185-265 rDNA probe. DAPI counterstaining (light blue) subsequent to the
FISH procedure was used to highlight the heterochromatin bands and to stain euchromatin. (a)
A. trinitensis (F genome). (b) A. glanduifera (D genome). (c) A. batizocoi (K genome). (d) A.
duranensis (A genome). (e) A. ipaénsis (B s.s. genome). (f) A. hypogaea (2n = 40). (g) Somatic
metaphase of Arachis hypogaea after double genomic in situ hybridization (GISH) using total
DNA probes of A. ipaénsis (red) and of A. duranensis (green). Scale bar = 3 um for all the
pictures.

Color image of this figure appears in the color plate section at the end of the book.
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Concerning the base composition of the heterochromatic bands found in
the species of section Arachis, direct CMA /DAPI staining has demonstrated
that all the centromeric ones are composed of AT-rich sequences. By contrast,
bands associated to the rDNA clusters, mainly those located at the secondary
constrictions, are CMA,* bands and thus composed of GC rich sequences
(Seijo et al. unpubli.).

As opposed to section Arachis, karyomorphological evaluation of five
species of section Heteranthae (Silva et al. 2010) revealed that the pattern
of GC rich heterochromatin is diverse and different from those described
for section Arachis. There are species with CMA_* centromeric bands in all
the chromosomes and others completely deprived of such bands. DAPI*
bands were only found in A. pusilla flanking some of the centromeric CMA*
bands.

According to the available data, the analysis of the heterochromatin
amount, composition and distribution by fluorochromes constitute
one of techniques that provided many useful chromosome markers for
the construction of karyotypes and the identification of chromosome
homeologies among species. In addition, the variation in the patterns of
heterochromatin that has been reported for species within and among
sections reflects that it constitutes one of the most dynamic genomic fractions
in the evolution of karyotypes within Arachis.

3.5 DNA Content

The nuclear DNA content has an important function in the evolution and
adaptation of plants (Bennett 1982; Price 1976, 1988) and its comparison
among related taxa contributed to clarify phylogenetic relationships and to
establish evolutionary trends in several groups of organism. The 2C nuclear
DNA amounts have been reported for around 40 Arachis species belonging to
eight out of the nine taxonomic sections (Resslar et al. 1981; Singh et al. 1996;
Temsch and Greilhuber 2000, 2001; Lavia and Fernandez 2008). However,
there are incongruences between the absolute DNA content values obtained
by different authors. Most of the microdensitometric studies found that
mean 2C DNA amounts varied from 10.26 to 11.82 pg among accessions
of A. hypogaea (2n = 4x = 40) and from approximately 3 to 7 pg in diploid
(2n = 2x = 20) species of the genus (Resslar et al. 1981; Singh et al. 1996;
Lavia and Fernandez 2008). By contrast, flow cytometric measurements,
corroborated with microdensitometric analysis, indicated that A. hypogaea
has a mean 2C = 5.914 pg and A. monticola a mean 2C = 5.979 pg (Temsch
and Greilhuber 2000). Similar analyzes determined that A. duranensis has a
mean 2C value of 2.63 pg that represents about half of the values obtained
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in other reports (Temsch and Greilhuber 2001). Discrepancies in the DNA
content have been attributed by Temsch and Greilhuber (2001) to technical
measurement problems that may have remained unrecognized in the other
studies; thus more research is needed to precisely determine the absolute
DNA content of Arachis species.

Another point of debate concerns the existence of variation in DNA
content among populations of any particular species. Intraspecific variation
among different landraces of A. hypogaea has been cited by Singh et al.
(1996) and by Lavia and Fernandez (2008). According to these authors, the
accessions belonging to A. hypogaea ssp. hypogaea (mean value 11.27 pg)
with a longer life cycle have significantly larger mean DNA content than
the accessions of A. hypogaea ssp. fastigiata (mean value 10.97 pg) with a
shorter life cycle. However, Temsh and Greilhuber (2000) were not able to
find that variation in DNA content.

By contrast, significant variation in the 2C amount of DNA has been
reported among populations of A. duranensis, in spite of the differences in
absolute values observed by different authors (Singh et al. 1996; Temsh
and Greilhuber 2001). There is a negative correlation of genome size with
latitude and altitude above sea level of the collection sites, and it has been
postulated that this variation may be due to selection for favorable genome
sizes in particular environmental conditions (Singh et al. 1996).

An overview of the published data showed that, in general, the diploid
perennial species of section Arachis have about 12% more DNA than the
annual species (Singh et al. 1996). Concerning the sections, the species
within Procumbentes, Caulorrhizae, Rhizomatosae and Arachis sections
have higher values of DNA content than those included in Erectoides,
Extranervosae, Triseminatae and Heteranthae sections (Singh et al.
1996; Lavia and Ferndndez 2008). There is no available data for section
Trierectoides. Comparisons of DNA content within section Arachis revealed
a great variation in DNA content among the species, in part due to the
presence of species with different basic chromosome numbers and levels of
ploidy. Considering the Cx values, the genome size per haploid complement
is smaller in polyploids than in the parental diploids, suggesting that
a postpolyploidization reduction of DNA content has occurred (Lavia
and Fernandez 2008). Taking in account the whole data for the genus,
it has been suggested that there is an apparent tendency to increase the
genome size during the evolution of Arachis (Lavia and Fernandez 2008),
as it is the general tendency in angiosperms (Leitch et al. 1998; Soltis et
al. 2004). However, the values published for section Arachis suggest that
the evolution of the genome size may have been dynamics and complex,
involving different cycles of expansions and reductions within particular
lineages of species.



Classical and Molecular Cytogenetics in Arachis 47

3.6 Molecular Cytogenetics

Modern cytogenetic tools, such as fluorescence in situ hybridization
(FISH) or genomic in situ hybridization (GISH) techniques have helped to
resolve the chromosome evolution history and enhanced the knowledge
on the mechanism that conducted to the genome differentiation in Arachis.
Localization of the 55 and 185-26S rDNA on the chromosomes by FISH was
initially applied to a set of species from different sections of Arachis (Raina
and Mukai 1999) revealing their usefulness for the characterization of the
group. Chromosome mapping of rDNA families by FISH was later used to
analyze in detail the karyotypes of all the species included in section Arachis
(Seijo et al. 2004; Robledo and Seijo 2008; Robledo et al. 2009; Robledo and
Seijo 2010), to propose a new genome arrangement of them and to bring
light on the genetic and geographic origin of peanut.

Physical mapping by FISH of the rDNA loci in the six botanical varieties
of A. hypogaea (Fig. 3-2f) and in A. monticola revealed two pairs of 55 and
five pairs of 185-265 rDNA sites. In both species, the 55 loci are proximally
located in short arms (pairs A3 and B3), while the 185-265 rDNA clusters are
proximally (pairs A2, A10, B3 and B10) or subterminally placed (B7). One
56 site is syntenic to an 185-26S site (B3). The high degree of homeology
detected between A. monticola and A. hypogaea strongly shows evidence that
they are very closely related taxa. The mapping of the rDNA loci, together
with the heterochromatin analysis, provided the first chromosome map for
peanut, which by anchoring other different sequence base markers, will be
useful to generate an integrated map for the AABB tetraploids of Arachis.

Concerning diploid species, those with A chromosomes have only one
pair of interstitial (or rarely proximal) 55 rDNA loci located on the A3 pair
(Fig. 3-2d). However, the number, size and chromosomal localization of the
185-265 rDNA loci are variable among the species (Robledo et al. 2009). The
number of these gene clusters ranges from two to four pairs (Fig. 3-2d). In
general, the largest loci are located in A10 pair, those of intermediate size
are borne by the A2 pair, while the smallest and faintest signals (in the cases
that the species have more than two loci) were detected in the A7 and A4
chromosomes.

In spite of the general homogeneous structure of the karyotypes,
according to the pattern of rDNA loci and heterochromatic bands, the species
with A chromosomes have been arranged into three subgroups (Robledo et
al. 2009). The first one is defined by having one or two chromosome pairs
without or with small heterochromatic bands, and by three to four pairs of
185-26S rDNA sites. This subgroup includes A. cardenasii, A. herzogii and
A. kempff-mercadoi. The remaining species, which characteristically have
heterochromatic bands in all the chromosomes, have been arranged in
two different subgroups according to the number of 185-26S rDNA sites.
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One of them, includes the species with five or six sites (A. diogoi, A. helodes,
A. kuhlmannii, A. simpsonii and A. stenosperma), and the other, is composed
of the taxa with two pairs of sites (A. correntina, A. duranensis, A. schininii
and A. villosa).

Arachis glandulifera has only one pair of 55 rDNA loci subterminally
located and five pairs of 18-26S rDNA loci (Fig. 3-2b). These markers,
together with the pattern of heterochromatic bands, were sufficient to
identify precisely all the chromosome pairs of the karyotype and to the
construction of the first wholly-resolved idiogram for an Arachis species
(Robledo and Seijo 2008).

FISH analysis within the species without A chromosomes revealed
that all of them have one pair of 55 rDNA loci localized in proximal (or
rarely interstitial) position on the metacentric pair 3. Arachis cruziana,
A. batizocoi (Fig. 3-2¢), and A. krapovickasii have two additional pairs of
loci. The number of 185-26S rDNA loci ranges from one in A. gregoryi and
A. trinitensis (Fig. 3-2a) to four pairs in A. magna and A. valida. Most of
them are located in proximal or interstitial position, but few are distally or
subterminally located.

3.7 Genome Organization of Section Arachis

The first genome constitution established within the genus Arachis was
the AABB for A. hypogaea (Smartt et al. 1978). On the basis of the crossing
experiments, chromosome features of the karyotypes and chromosome
pairing in interspecific hybrids, diploid species within the section Arachis
have been traditionally arranged into three different genome groups.
The species characterized by symmetric karyotypes and the small A pair
of chromosomes were included within the A genome (Smartt et al. 1978;
Fernandez and Krapovickas 1994). The species with symmetric karyotypes
but without A chromosomes have been considered members of the non-A
or B genome (Smartt et al. 1978; Smartt and Stalker 1982; Ferndndez and
Krapovickas 1994), while the only species with an asymmetric karyotype
(A. glandulifera) has been considered to have the D genome (Stalker 1991).

Molecular cytogenetics revealed a high degree of homogeneity among
the karyotypes of the species classically included within the A genome.
However, considering the statement that closeness of taxa is usually
correlated with the similarity of their heterochromatin and rDNA FISH
patterns (Hizume et al. 2002; Liu et al. 2003), the variation in number and
positions of C-DAPI* bands and 185-26S rDNA sites among species was
used to establish three subgroups of karyotype homeologies. Interestingly,
the species within each subgroup tend to be more closely distributed
geographically than those belonging to different subgroups; therefore
each subgroup was named using a geographical reference (Robledo
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et al. 2009). The first one, named Chiquitano, comprised the species
(A. cardenasii, A. chiquitana, A. herzogii, and A. kempff-mercadoi) that grow in
the southern and western portion of the Chiquitania biogeographic region
in Santa Cruz Department of Bolivia. The second subgroup, called Pantanal,
includes the species (A. diogoi, A. kuhlmannii, A. helodes, A. simpsonii and
A. stenospema) distributed in the Pantanal biogeographic region, in western
Brazil, northern Paraguay and eastern Bolivia. The third subgroup, called
La Plata River Basin, corresponds to the species (A. duranensis, A. schininii,
A. correntina and A. villosa) distributed along the La Plata River Basin (except
for the region that comprises the upper stream of the Paraguay River in the
Pantanal). Within this scheme, the A genome of A. hypogaea falls into the
subgroup of La Plata River Basin.

The particular karyotype features of A. glandulifera, i.e., assymetric
karyotype, the unique pattern of heterochromatin distribution and the 5
pairs of 18-26 rDNA loci, justify the maintenance of this species as having
the D genome (Robledo and Seijo 2008).

The other species with 2n = 20 included within the non-A genome
have been arranged in three different karyotype groups according to the
number, size and distribution of the rDNA sites and the features of the
heterochromatic bands. Moreover, each group of species having different
karyotype structure has been further segregated into different genomes
(Robledo and Seijo 2010). One of the karyotype groups includes A. batizocoi,
A. cruziana, and A. krapovickasii which have conspicuous heterochromatic
bands in nine chromosome pairs and three pairs of 55 rDNA loci. This
group has been named K genome. The second one, named F genome,
is integrated by A. benensis and A. trinitensis that have karyotypes with
small and faint heterochromatic bands in seven or eight chromosome pairs
and only two 55 rDNA loci. The last group is composed of all the species
without pericentromeric heterochromatic bands in their karyotypes, namely,
A. ipaénsis (Fig. 3-2e), A. gregoryi, A. magna, A. valida and A. williamsii. It
has been proposed that this group should retain the B genome sensu stricto
designation (Robledo and Seijo 2010). This proposal was based on the fact
that the B genome has been originally assigned to one of the chromosome
complements of the cultigen (Smartt et al. 1978). Thus, the wild donor of
this genome, A. ipaénsis (see below), and all the relatives that share the same
karyotype structure should belong to the same genome.

In accordance with the particular geographic distribution described
for each karyotype subgroup of the A genome species (Robledo et al.
2009), the species included within each of these new genome groups also
showed a strong tendency to be co-distributed, mainly those of the F and
K genomes. The K genome species are distributed in the northern and
northwestern edges of the Chaco Boreal region, whereas the species having
the F genome are restricted to the savannas around Trinidad city, Beni



50  Genetics, Genomics and Breeding of Peanuts

department in Bolivia. The B genome species are distributed over a large
area of semi-deciduous forests and savannas of the Cerrado associated with
the chiquitano highlands and peripheral mountain ranges of the western
portion of the Brazilian Precambrian Shield. The only exception is A. ipaénsis,
from which the only known population grows at the top of the sand banks
of streams in an ecotone between the Tucumano-Oranense deciduous forest
and the chacoan xerophytic forest (Robledo and Seijo 2010).

Diploid species with 2n = 18 of section Arachis are less characterized,
but their heterochromatin patterns and rDNA loci features revealed that
they have a different genome constitution from those observed in the species
with 2n = 20. Therefore, it was proposed that they should be included in a
new genome, named G genome (Silvestri et al. unpubli.).

The new genome arrangement is supported by a set of different kind
of data. For Arachis, records of pollen stainability lower than 25% in F,
hybrids are widely accepted as indicative of intergenomic crosses. In all
the hybrids obtained from crosses between species that have different
karyotype structures (different genomes after Robledo and Seijo 2010) the
pollen viability of the F, are below 25% (Smartt et al. 1978; Stalker 1991;
Krapovickas and Gregory 1994; Tallury et al. 2005; Burrow et al. 2009), thus
supporting the arrangements of the groups with different karyotypes as
different genomes. Bivalent formation at meiotic metaphases of hybrids
obtained by crosses between species with the same genome is usually higher
than 9.5 out of the 10 expected. However, in intergenomic hybrids of Arachis
species, the number of bivalents formed is lower than 7.5 (Stalker et al.
1991; Tallury et al. 2005). The number of bivalents formed in F, obtained by
crosses between species with large heterochromatic bands (A. batizocoi) and
those without them (A. ipaénsis and A. williamsii) is in the range expected
for intergenomic hybrids, also supporting the new genome arrangement.

Molecular analyzes performed in section Arachis have usually included
incomplete sets of non-A genome species (Milla et al. 2005; Tallury et al.
2005; Burow et al. 2009). However, in all of them, the group of species
without bands (i.e., the B genome s.s. after Robledo and Seijo 2010) always
formed a cluster separated from that formed by A. batizocoi, A. cruziana,
and A. krapovickasii (K genome) (Bechara et al. 2010). Similarly, whenever
A. benensis and A. trinitensis (F genome) were included in those analyzes,
they were always grouped together and in a separated cluster (Milla et al.
2005). Therefore, the clustering of species observed in those dendrograms
highly supports the arrangement of non-A genome species in three different
genomes (B, F and K genome) as proposed by Robledo and Seijo (2010).
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3.8 Genetic and Geographical Origin of Peanut

The origin of peanut has long interested to plant taxonomists, geneticists
and breeders. However, the knowledge about its origin is still limited
compared with other major crops. Concerning the genetic origin of
peanut, more than eight wild diploid species having either the A or non-A
genomes have been considered as involved in the origin of peanut. Since
the early 50s, when the first hybrid between A. hypogaea and the diploid A.
correntina (A genome) was obtained (Krapovickas and Rigoni 1954), several
other diploid species, have produced hybrids with A. hypogaea and, thus,
been proposed as putative progenitors of the tetraploids (Krapovickas
and Rigoni 1957; Raman 1960; Smartt and Gregory 1967; Krapovickas
1973; Stalker and Wynne 1979; Singh and Moss 1984). Different authors,
using morphology and cross compatibility data, have further proposed
A. correntina, A. duranensis, A. cardenasii (all with A genome), and A.
batizocoi (K genome) as probable parents of A. hypogaea (Krapovickas 1973;
Gregory and Gregory 1976; Singh and Smartt 1998). Classical chromosome
analyzes suggested that A. duranensis and A. ipaénsis (B genome) (Fernandez
and Krapovickas 1994), or A. trinitensis (F genome) and A. williamsii (B
genome), could also be the genome donors of the cultigen (Lavia 1996).
Assays on molecular markers have also revealed different species as
probable ancestors of peanut. For instance, from Restriction Fragment
Length Polymorphism (RFLP) analysis, A. duranensis and A. ipaénsis
were proposed as the most likely progenitors of A. hypogaea (Kochert
et al. 1991, 1996; Burrow et al. 2009), while from Randomly Amplified
Polymorphic DNA (RAPD) and Inter-Simple Sequence Repeats (ISSR)
analyzes, A. villosa (A genome) and A. ipaénsis were considered as the best
candidates (Raina et al. 2001). On the other hand, Amplified Fragment
Length Polymorphism (AFLP) data showed that at least three diploid
species with the A genome and three with the non-A genome display small
genetic distance when compared with the cultigen (Milla et al. 2005), while
microsatellite markers demonstrated that, although A. duranensis and
A. ipaénsis are closely related to the cultigen, a group of other species
having the A or non-A genome have small genetic distance with peanut
(Moretzsohn et al. 2004; Koppolu et al. 2010). Similarly, ITS analysis revealed
that a set of species having the A or B genome s.s. could have participated
in the origin of the tetraploids (Bechara et al. 2010).

The molecular cytogenetic approach involving the analysis of the
number (Raina and Mukai 1999) and the mapping (Seijo et al. 2004; Robledo
et al. 2009) of ribosomal gene clusters by FISH and heterochromatin
distribution showed that the species included in the La Plata River
Basin group of the A genome are the most related to the A genome of the
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tetraploids. Concerning the donors of the B genome of peanut, detailed
karyotype analysis supports A. ipaénsis from the B genome s.s. group as the
most probable B genome donor because (1) its chromosomes are completely
deprived of heterochromatic bands (Raina and Mukai 1999; Seijo et al. 2004)
and (2) its pattern of rDNA loci is the most similar (among the wild diploids)
to that observed in the complement without bands of the cultigen (Seijo et
al. 2004; Robledo and Seijo 2010).

Double GISH experiments on metaphase spreads of the wild
A. monticola and the cultigen A. hypogaea (Fig. 3-2g), showed that from all
the possible combinations among the diploid Arachis species (2n = 2x = 20)
that have been proposed as parents of the cultigen, the DNA of A. duranensis
and A. ipaénsis yielded the most intense and uniform hybridization pattern
onto the respective A. hypogaea chromosome subsets (Seijo et al. 2007). A
similar pattern was observed in all the varieties of the cultigen and also in
the wild tetraploid A. monticola, which was interpreted as an evidence of a
single origin of these taxa.

Long-standing ideas about the center of origin of the cultivated peanut,
which were based on the morphological variability of the landraces and
biogeography (Gregory et al. 1980; Krapovickas and Gregory 1994), place
the origin of the domesticated peanut in northern Argentina and southern
Bolivia, in a transition area between the Tucumano-Boliviano forest and the
Chaco lowlands. The distributions of the most accepted putative A and B
genome donors for A. hypogaea and the location of A. monticola in this area
provided additional support for this hypothesis. However, archeological
studies indicate the presence of A. hypogaea in the Huarmey Valley, near
the Peruvian coast, around 5000 yr BP (Bonavia 1982). Also pod samples
that strongly resemble those of wild species have been found in the Casma
Valley on the Pacific coast of Perd that date between 3500 and 3800 yr BP
and suggests that ancient people from northwest Perti may have used and
even cultivated some wild Arachis species (Simpson and Faries 2001). More
recently, radiocarbon-dated macrobotanical remains dating around 7840
yr BP, that appear to correspond morphologically to a wild Arachis species
or to peanut fruits in early stages of domestication, were recovered from
sealed house floors and hearths in buried preceramic sites in a tropical dry
forest of the Nanchoc Valley, on the lower western slopes of the Andes in
northern Pert (Dillehay et al. 2007). However, since there is no evidence to
indicate that the Nanchoc Valley was a domestication center for any major
economic plants, the early adoption of peanut, and other crops in these
valley, suggests that Arachis species must have been cultivated elsewhere
earlier than 8000 yr BP. In spite of these findings, the region of spontaneous
origin of peanut is thought to have been far from this valley because no
wild species of Arachis are presently found in the area. Wild Arachis species
would not be expected to have occurred in those valleys spontaneously
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because the genus originated in the Amambay ranges and nowadays it is
mostly distributed in Central-East Brazil, East Bolivia, Paraguay, and North
Argentina below 1,200-1,500 m a.s.l. Due to the geocarpic fruits, the Andes
mountains would have been an insurmountable barrier, preventing the
species from reaching the Pacific coast by natural dispersion. An alternative
hypothesis contemplates that peanut may have originated in the gardens
of ancient people from South America, who may have used and cultivated
wild Arachis species (Simpson and Faries 2001). In this scenario, the gardens
of those people may have also served as a possible site for the origin of
A. hypogaea.

The fact that both subspecies and all the botanical varieties of the cultigen
had identical patterns of genomic hybridization (GISH) suggests that the
same wild species participated in their origin. This statement implies that
all presently known varieties and subspecies of peanut arose from a single,
unique allotetraploid plant population, i.e., they have a common origin.
The common ancestry of all infraspecific taxa of A. hypogaea is supported by
the low genetic variability so far detected with most molecular markers in
the cultivated peanut (Halward et al. 1991; Kochert et al. 1996; Herselman
2003). Although possible introgression from other diploid species of Arachis
cannot be fully discarded, the fact that fragments of alien chromatin could
not be identified in the karyotype of A. hypogaea by GISH suggests that if
introgressions occurred during the history of peanut culture, the mechanism
of gene transference may have not involved large chromosome segments
or entire chromosomes (Seijo et al. 2007).

It has been postulated that diploid ancestors of A. hypogaea could first
have given origin to a wild allotetraploid plant (Krapovickas and Gregory
1994). The unique extant wild tetraploid species so far known within section
Arachis is A. monticola, which has several morphological traits similar to
A. hypogaea. It should be noted that the wild condition of A. monticola is based
mainly on its fruit structure (wherein each seed has its own shell separated
by an isthmus) and on its ability to persist as natural populations, unlike the
cultivated peanut. FISH and GISH results (Seijo et al. 2004, 2007), as well
as molecular marker data (Gimenes et al. 2002; Milla et al. 2005), revealed
a very close genomic relationship between both tetraploid species and
strongly supports the hypothesis that A. monticola is the immediate wild
antecessor of A. hypogaea. Accordingly, it was proposed that the origin of
A. hypogaea occurred by an initial hybridization event followed by
chromosome duplication or fusion of unreduced gametes that have given
rise to a wild tetraploid with two sets of the A genome chromosomes
and two sets of the B genome. It has been recently published that sexual
polyploidization may have been the mechanism by which the tetraploid
A. glabrata and the triploid cytotype of A. pintoi have arisen (Ortiz et al.
2011; Lavia et al. 2011). The production of unreduced gametes was reported
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for few diploid species in section Arachis, but they are common in hybrids
(Chatuverdi et al. 1990). These data supports the hypothesis advanced
by Seijo et al. (2007) which considers that the AABB tetraploid would
have arisen by means of bilateral sexual polyploidization of AB diploid
hybrids.

After the origin of the wild allotetraploid, probably A. monticola (which
possibly had larger seeds than any of the progenitors as a result of the gigas
effect in polyploids), A. hypogaea arose by domestication. High selective
pressure in different agroecological environments may have led to the
origin of the different subspecies and varieties of the cultigen. Therefore,
morphological variability would mainly result from artificial selection, as
it is the case in most domesticated crops, rather than from the participation
of several species in the origin of A. hypogaea.

The artificial resynthesis of an amphidiploid from A. ipaénsis and
A. duranensis (Favero et al. 2006), that is morphologically very similar to
A. monticola and that can hybridize with all varieties of the cultigen
producing fertile offspring, supports the model advanced.

3.9 Chromosome Evolution in Section Arachis

The analyzes of chromosome numbers have revealed the existence of two
basic chromosome numbers and two ploidy levels within the section.
Since x = 10 is the most widespread basic chromosome number within
the genus and since it is present in all the sections considered as ancestral,
the x = 9 should be considered as a derived character. Aneuploidy and
disploidy have been proposed as the mechanisms responsible for the
reduction of the chromosome number in Arachis (Lavia et al. 2008). The
former implies the loss of chromosomes, and consequently of all the genetic
information contained by them. On the contrary, the latter involves the
distribution of the chromatin of one or more chromosomes in some or all
the other chromosomes of the complement by successive unidirectional
translocations. In spite of the many cytogenetic studies performed in the
genus, evidences to support any of these mechanism as the responsible for
the origin of the x = 9 are still needed.

The two spontaneous polyploids (A. monticola and A. hypogaea) of section
Arachis are allopolyploids. This type of polyploids combines and maintains
diploid sets of chromosomes from two or more parental species (Leitch and
Bennett 1997). However, genome restructuring usually occurs during their
establishment in order to stabilize the newly built complex genome (Soltis
and Soltis 1999; Kenton et al. 1993; Lim et al. 2000). In opposition to this
general rule, the GISH patterns observed in the AABB tetraploids of Arachis
did not reveal large structural rearrangements of chromosomes between
the A and B chromosome sets of A. monticola/A. hypogaea (Seijo et al. 2007).
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These findings are in agreement with the conservative localizations of the
55 and 185-26S rDNA loci in the A and B complements of the tetraploids
compared to those localizations observed in their wild diploid progenitors,
A. duranensis and A. ipaénsis, respectively (Seijo et al. 2004). Moreover, the
analysis of few dispersed (Nielen et al. 2010, 2011) and tandemly repetitive
(Robledo et al. unpubli.) sequences showed that in the AABB tetraploids
those genomic elements are in almost the same amount than that expected
from the addition of the amounts present in their diploid progenitors.

Concerning the structural changes of chromosomes at diploid level,
since a karyotype formula is conserved among most of the species, it has
been postulated that these types of rearrangements may have not played
an important role during the evolution of the section Arachis (Lavia et al.
2009). The exception to this general statement is A. glandulifera because it
has been reported that its asymmetrical karyotype formula arose by the
occurrence of several translocations (Stalker 1991). In spite of the stasis found
in the karyotype formula of this group of species, chromosome markers
revealed by banding and FISH showed that changes in the amount and
distribution of AT rich heterochromatin are one of the most relevant factors
that determined the differentiation of the A, B, D, F and K genomes (Raina
and Mukai 1999; Seijo et al. 2004; Robledo and Seijo 2010).

GISH on AABB species demonstrated a clear differential hybridization
pattern between the chromosomes of the A genome and those of the B
genome. Since this technique relies largely on the hybridization of genome-
specific repetitive sequences, it was advanced that divergence in the content
of the genomic repetitive elements accompanied speciation and has driven
genome differentiation in Arachis (Seijo et al. 2007). A recent analysis on one
of the members of the Ty3-gypsy elements present in the Arachis genomes,
named FIDEL, demonstrated that it is dispersely distributed and that it is
more frequent in the A- than in the B-genome, with copy numbers of about
3,000 in A. duranensis and 820 in A. ipaénsis per haploid genome (Nielen et
al. 2010). This was the first evidence of uneven distribution of a dispersed
repetitive element among different genomes of Arachis. In conclusion, the
investigations carried out on dispersed elements and tandemly repetitive
sequences of the centromeric heterochomatin strongly support that the
changes in the repetitive fraction have played a key role in the chromosomal
and genome evolution of Arachis.
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ABSTRACT

Peanut is an important oilseed and cash crop in many countries, with
the global harvest area as 24.01 million hectares and production as
37.95 million tons in 2010. Breeding for improved cultivars is crucial for
increasing yield, enhancing quality and broadening adaptation of the
crop. Even high yield was the key objective in most peanut breeding
programs, more breeding efforts have been made for improving quality
and resistance to biotic and abiotic stresses in the recent two decades.
For enhancing efficiency in germplasm research and utilization in
breeding, core and mini core collections of peanut have been selected
and evaluated in several institutions. Breeding methods including
selection of variants from landraces or improved varieties, hybridization
breeding, interspecific hybridization for transferring elite traits from
wild Arachis accessions, and Marker Assisted Selection (MAS) have
been popularly applied in many breeding programs. Remarkable
progress has been achieved in peanut breeding for high yield, high
oil content, high oleic acid, resistance to leafspot, rust, bacterial wilt,
Tomato Spotted Wilt Virus (TSWV), Groundnut Rosette Virus (GRV),
aflatoxin contamination and drought stress. Application of improved
cultivars has largely contributed to the global peanut production
increase during the past two decades. Further research emphasis will
be given to enhancing and stabilizing peanut productivity in different
production systems, improving quality for diversified utilization, and
reducing aflatoxin and other harmful contamination in peanuts for
ensuring food safety.
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4.1 Introduction

Peanut or groundnut is an important source of plant oil and protein
worldwide. The oil content in peanut seeds ranges 45-60% and protein
ranges 22-35% in different varieties (Sun 1998). Globally, peanut is planted
in various enviornments with different soils, moisture, cropping patterns,
biotic and abiotic stresses and economic and social status in more than
100 countries between latitudes 40°N and 40°S (Liao and Holbrook 2007).
In 2010, the global sowing area under peanut was 24.01 million hectares
with a total production of 37.95 million tons thus reaching a productivity
of 1,581 kg/ha (FAO 2010). During the first decade (2001-2010) of the 21st
century, the global peanut harvested area and production increased by 4.05
and 5.78%, respectively while India had the largest peanut sowing area (6
million ha in average) and China had the largest production (14.24 million
tons in average) (FAO 2010). Other important peanut producing countries
are Nigeria, the USA, Myanmar, Senegal, Indonesia, Sudan, Argentina
and Vietnam. Approximately 53% of the total global peanut production is
crushed for edible oil, 32% is used for confectionery consumption and the
remaining 15% is used for animal feed and seed (Dwivedi et al. 2003). The
current utilization ratio of peanut in the world would not change much
in the coming decade and the crop will continue to be a major vegetable
oil source in certain developing countries especially in the largest peanut
producing countries such as India and China where edible oil supply is
likely still in shortage even though most of the peanut is used as direct food
consumption in a few developed countries where peanut is grown.
Breeding for improved cultivars is fundamental to the peanut industry
development. The history of peanut germplasm and breeding research can be
traced back to the early 20th century. Improved cultivars have predominated
in production for more than 50 years in most peanut producing regions
in the world. Several researchers have estimated the impact of breeding
on promoting peanut industry development. Isleib et al. (2001) estimated
that resistant peanut cultivars especially those with resistance to Sclerotinia
blight, root-knot nematode, and tomato spotted wilt virus (TSWV) have had
an economic impact of more than US$200 million annually for US peanut
producers. Wan (2003) also estimated that application of improved cultivars
has contributed at least 30% of the peanut yield increase in China during
the past two decades. It is common that fewer peanut cultivars have been
used in the developed countries than those in the developing countries. The
number of released cultivars may not necessarily reflect the breeding effort
or its effectiveness, but the diversified production conditions and lack of
effective seed system for quick seed extension in developing countries have
been the reasons for a large number of peanut cultivars used in production.
Marked progress has been made in collecting peanut germplasm, evaluating
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germplasm by selecting core and mini core collections (Holbrook et al.
1993; Jiang and Ren 2006; Liao and Holbrook 2007; Upadhyaya et al. 2001,
2003) and broadening genetic diversity of peanut cultivars. Combining
traditional and advanced technologies including introgression of genes from
wild Arachis species, marker assisted selection and transformation of alien
genes has been the most important strategic approaches in peanut genetic
enhancement (Nigam et al. 2000; Dwivedi et al. 2003; Liao and Holbrook
2007; Varshney et al. 2009). This chapter reviews the recent progress in
peanut breeding worldwide.

4.2 Breeding Objectives

The breeding objectives for peanut are determined by ecological
characteristics in the producing zones and utilization purpose of the
produce. Breeding for high yield is, of course, a common objective in most
peanut producing regions worldwide. Besides high yield, breeding for high
oil or protein contents and improved fatty acid profiles have also become
important breeding objectives. For edible peanuts, breeding objectives
for quality are more diversified and relatively limited research has been
conducted in some crucial traits such as flavor, texture and lowed saturated
fatty acids.

Resistance or tolerance to various biotic and abiotic stresses has received
increased breeding efforts during the past two decades. There are many
constraints to peanut production in different ecological environments.
The important widespread biotic constraints in peanut are foliar diseases
including late leaf spot [Phaeoisariopsis personata (Berk. & Curtis) Deighton],
early leafspot [Cercospora arachidicola Hori], rust [Puccinia arachidis Sperg.]
and web blotch [Didymella arachidicola (Chock.) Taber, Pettit & Philley],
stem or root rot caused by soil borne fungi such as Sclerotium rolfsii Sacc.,
bacterial wilt [Ralstonia solanacearum (E.F. Smith)], groundnut rosette virus
(GRV), Peanut Bud Necrosis (PBND), Peanut Stunt Virus (PSV), Peanut
Strip Virus (PStV), Tomato Spotted Wilt Virus (TSWV) and nematodes.
The abiotic constraints included drought, acid soil, low soil fertility and
low temperature. Late leaf spot, drought and rust are the most important
constraints in terms of economic losses globally (Dwivedi et al. 2003).
In Southeast USA, TSWV has been an important constraint to peanut
production. In certain regions of Africa, GRV is the most serious peanut
disease. In Central and South China and several Southeast Asian countries,
bacterial wilt can cause serious yield loss to peanut. Several fungi blight
diseases are becoming more serious in many peanut producing areas (Liao
and Holbrook 2007). Peanuts are susceptible to Aspergillus infection, which
can result in aflatoxin contamination during production, processing, storage
and transportation. In the USA, Aflatoxin contamination costs peanut
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industry over US$20 million annually (Holbrook et al. 2009). Allergins in
peanuts is also a food safety issue (Holbrook and Stalker 2003). Residual of
heavy metals such as Cadmium (Cd) is also a food safety concern in certain
regions, and varaiation in heavy metal accumulation has been observed
among different genotypes (Yu 2011) hinting that there is a potential for
breeding cultivars with reduced contamination of heavy metals. Under
this circumstance, much of the plant breeding effort in the world is being
redirected from only developing cultivars with high yields to ones that are
also incorporating genes conferring resistance or tolerance to the important
constraints to genotypes with adaptability to certain locations. Breeding for
resistance or tolerance to acid soil, iron deficiency, heat and cold stress in
peanut has not been properly addressed up to now.

4.3 Methods of Peanut Breeding

The general strategy for plant breeding is to create, identify and select
useful genetic variation from breeding materials. Selection of desirable
variants and cultivars from landraces of peanut in the originating centers
in South America and consequently in other continents has a long history.
Introduction and exchange of landraces and improved germplasm lines
among different regions have greatly contributed to breeding, production
and utilization of peanut. Modern standard breeding approaches for self-
pollinated plants have been extensively applied to develop peanut cultivars
(Isleib and Wynne 1992; Isleib et al. 1994; Knauft and Ozias-Akins 1995;
Knauft and Wynne 1995; Sun 1998; Nigam et al. 2000; Liao and Holbrook
2007; Yu 2011). Cultivars that have been widely distributed are commonly
used as parents in hybridization programs, and thus the genetic base of
peanut cultivars has historically been quite narrow (Hammons 1973).
In China, two peanut landraces, Fuhuasheng and Shitouqi, have been
extensively used as crossing parents in breeding programs from 1950s to
1970s and their pedigree could be found in more than 60% of the peanut
cultivars released (Jiang et al. 1998; Sun 1998; Yu 2011). However, since
the late 1980s, a large number of diverse cultivars have been released in
major peanut growing countries and consequently the genetic base of the
commercially produced germplasm is much broader (Liao and Holbrook
2007). Parental selection is the key consideration in plant breeding, and with
yield potential, resistance to pests, quality and uniformity requirements
imposed by the peanut growers and processing industries, the genetic
base of peanut might continue to be relatively narrow in the future, which
remains a great concern in future breeding programs (Nigam et al. 2000;
Nigam and Aruna 2008; Yu 2011).

Pedigree breeding is commonly used in peanut as in many other
self-pollinated crops. Backcross method is becoming more frequent with
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the identification of useful qualitatively inherited traits. Mass selection is
used infrequently in peanut because of negative correlations between most
disease resistance and yield potential (Knauft and Wynne 1995). Use of
single-seed descent method has greatly increased in recent years because
this method could save space and other resources in breeding (Isleib et al.
1994; Liao et al. 2010). Recurrent selection has received little attention in
peanut breeding because of the efforts needed to make a large number of
crosses. It is clear that most improved peanut cultivars were developed
through conventional hybridization and pedigree selection. For example,
about 300 peanut cultivars were developed by hybridization among the
400 improved cultivars released in China since 1950s (Yu 2011). Besides
selection for productivity, more emphasis is being given to resistance to
diseases, pests and abiotic stresses and quality traits that could be effectively
selected by pedigree breeding.

Transferring genes conferring important resistance or quality traits
from wild relative species of the genus Arachis has been a key strategy in
modern breeding programs. High levels of resistance to many diseases and
insect pests have generated much interest in creating interspecific hybrids.
Introgressing useful genes from wild species into A. hypogaea are normally
influenced by sterility barriers due to different ploidy levels, genomic
incompatibilities and cryptic genetic differences. Constraints to obtaining
hybrids may occur at the time of fertilization, during early cell division of
the embryo or during later embryo development. Even when hybrids are
obtained, genetic recombination is often restricted, and desired genes may
not be incorporated into the A. hypogaea genome properly. The progress of
research and utilization of wild Arachis species have been well reviewed
by several authors (Isleib et al. 2001a; Holbrook and Stalker 2003; Liao
and Holbrook 2007; Yu 2011). In China, extensive efforts have been made
for introgressing useful genes from wild Arachis species to the cultivated
peanut. A bacterial wilt resistant cultivar, Yuanza 9102, a selected progeny
of A. hypogaea cv. “Baisha 1016” with A. diogoi, has been released in several
provinces in China (Yu 2011). Several germplasm lines derived from
interspecific crossing with high oil content have been obtained (Sun 1998;
Yu 2011). In India, development for foliar disease resistant peanut cultivars
by using interspecific hybrid derivatives has progressed well, and GPBD
4, a Spanish bunch cultivar with desirable resistance both to late leafspot
and rust was released to production (Gowda et al. 2002).

Mutation breeding was used extensively in the late 1950s to early 1970s
in the USA, but the materials produced were not widely utilized in peanut
improvement or production. In China, mutation breeding of peanut has been
conducted in several institutions since 1960s, and several cultivars have been
developed with mutants as crossing parents (Qiu 1992; Yu 2011), among
which, Yueyou 551 and 8130 have been extensively cultivated in production.
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Peanut mutants with variation in content of protein, oil, amino acid and fatty
acid components have been obtained by treating a Spanish type cultivar,
Baisha 1016 (Qiu and Feng 1998). Mutants with improved resistance or
tolerance to salt, leaf spot and drought stress have been reported (Qiu and
Feng 1998). The effectiveness of mutation breeding can be enhanced with
other approaches such as hybridization. Wang (2002) reported production
of extra large and small pod mutants by chemical mutagenesis. Several
peanut cultivars have been developed by mutation breeding and cultivated
in India (Nadaf et al. 2009; Mothilal et al. 2010).

More recently, advances in molecular genetic technology have allowed
peanut researchers to more precisely measure genetic polymorphism and
enabled the identification of molecular marker or Quantitative Trait Loci
(QTLs) for economically significant traits (Holbrook et al. 2011). Marker
Assisted Selection (MAS) approaches would be available for high olerate
(Chu and Ozias-Akins 2009), resistance to rust (Khedikar et al. 2010), late
leaf spot (Xia 2007), bacterial wilt (Jiang et al. 2007), infection of A. flavus (Lei
et al. 2005) and drought tolerance (Ravi et al. 2011). The research progress
in molecular approaches and genetic transformation that could be used in
peanut breeding is reviewed in concerned chapters in this book.

4.4 Breeding Progress for Important Traits
4.4.1 High Yield and Early Maturity

Breeding peanut for high yield has been successfully conducted in
many countries. Breeding for other objectives such as quality traits and
resistance to biotic and abiotic stresses is also based on high yield. In the
north producing regions in China, some improved peanut cultivars could
harvest a yield over 9 t/ha under favorable cultivation conditions (Yu 2011).
Traditional breeding strategies have been widely used in high yield breeding
programs. Most of the cultivars with highest yield potential have large pods
and are developed through hybridization. Suitable growth period of new
cultivars is an important character for their adaptation to special cropping
systems. Early maturity (not more than 120 days from sowing to harvest)
is necessary for the summer-sown cropping pattern in which the peanut
is planted in late May to early June after wheat harvest in North China. A
similar growth period is also needed in South China where peanut is rotated
with paddy rice. In most hilly areas where drought stress is frequent in
autum, early maturing cultivars are also needed to avoid serious yield losses
from drought stress in late growth stage. In some tropical areas including
India and African countries, early maturity (100 days or a little shorter) is
necessary to avoid end-season drought stress (Nigam and Aruna 2008).
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4.4.2 High Oil Content and Improved Oil Quality

High oil content of peanut cultivars is a crucial trait for the oil processing
industry, especially in developing countries where most peanuts are for a
major source of cooking oil. Limited attention has been paid to breeding
for oil content in the developed countries where peanut is rarely used
for oil. It is estimated that each 1% increase of oil content would increase
the processor’s benefit by 7% (Liao 2003). Around 55% of the peanut
production in China is crushed for oil with an annual oil production of 2.3
million tonnes (Liao and Holbrook 2007) which is just second to rapeseed
oil among the domestic production of plant oil. As peanut oil is relatively
less competitive with other plant oils such as rapeseed and soybean oils
because of its relatively higher market price, breeding for cultivars with
high oil content could not only increase oil production but also enhance
the market competitiveness of peanut oil.

Extensive peanut germplasm screening has been conducted for high
oil content. Among the 5,947 peanut germplasm accessions tested in
China, the oil content ranged from 32.3 to 60.2% with an average of 50.6%
(Jiang et al. 2006). Most peanut accessions with relatively high oil content
(over 55%) belong to Spanish type with early maturity. Jiang et al. (2010)
also reported that the oil contents of 87 wild Arachis accessions ranged
from 51.4 to 62.9% with an average of 55.8%, and 12 of the 87 accessions
possess oil content higher than 58%, indicating the potential of enhancing
oil content in A. hypogaea by introgressing concerned genes from the wild
Avachis species. Liao et al. (2010) reported several high oil content lines
from a Recombinant Inbred Line (RIL) population derived from the cross
of “Yuanza 9102 x Zhonghua 5”. Currently, the average oil content of the
most popular 30 peanut cultivars extensively grown in China is just 51.4%
(Liao and Holbrook 2007) even more than 20 cultivars with oil content
over 55% have been developed and released during the past decade (Yu
2011). Low speed of peanut seed reproduction and extension system has
limited the coverage of high oil cultivars in production. Meanwhile, there
is variation among the high oil genotypes in terms of stability of oil content
across seasons and environments (Dwivedi et al. 1993).

The oil content in peanut has been reported as independently inherited
with most other agronomic traits (Yu 2011), but it is controlled by multiple
genes. The yield level of cultivars for oil extraction could be enhanced
through crossing high oil content parents with large-pod and high yielding
ones. Currently, it is relatively easy to screen oil content in a large scale
with the improvement of breeding facilities. However, it is relatively more
difficult to develop high oil cultivars with resistance to certain foliar diseases
such as late leafspot. Unfortunately, most of the available high oil cultivars
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are found to be more supportive to seed infection of Aspergillus flavus and
consequent aflatoxin contamination (Liao and Holbrook 2007).

Quality of peanut oil is determined by its fatty acid components. Oleic
(O) and linoleic (L) acids comprise over 80% of the oil content in peanut while
linoleic acid is less saturated and less stable than oleic acid. The oxidative
stability and shelf-life of peanut and peanut products can be enhanced by
increasing the O/L ratio. Among the 5,947 germplasm accessions tested in
China (Jiang and Ren 2006), there are 22 lines with oleic acid content higher
than 67% and three lines with palmatic acid less than 8%. The dragon type
(var. hirsuta) has highest oleic acid content at 53.6% and Valencia type has
the lowest one at 43.4% (Jiang and Ren 2006). Germplasm evaluation for
quality traits in peanut was also conducted in the USA (Isleib et al. 2001;
Holbrook and Stalker 2003) and ICRISAT (Upadhyaya et al. 2001, 2003).
Norden et al. (1987) tested fatty acid composition of 500 peanut genotypes
and fortunately obtained two lines with 80% oleic acid and very low linoleic
acid (2%). Since then, breeding for high oleic acid has been attracting more
research efforts in many countries. Several high olerate peanut cultivars
have been developed in the USA, Australia and other countires (Liao and
Holbrook 2007; Yu 2011).

4.4.3 Resistance to Foliar Diseases

Worldwide, three foliar diseases in peanut including early leaf spot, late
leaf spot and rust are most widespread (Dwivedi et al. 2003). In terms of
early leaf spot, the geographic distribution is relatively limited therefore
breeding for this resistance has been limited. More than 30 germplasm lines
have been identified as resistant (Singh et al. 1997). Most of these resistant
genotypes originated from secondary centers of diversity in South America.
Resistant lines have been identified in var. hypogaea, var. fastigiata and var.
peruviana but none in var. vulgaris (Spanish type). However, some of the
resistant lines showed less stable in resistance acrossing locations (Singh
et al. 1997). ICG 13917 is an interspecific derivative and showed stable
resistance to early leaf spot in Malawi and three locations in Asia. In the
USA, Wilson is a peanut cultivar with improved resistance to early leaf spot
and the resistance is reported as transferred from a plant introduction PI
476823 that is a genotype named “Xuxi 4” introduced from China (Porter
et al. 1992).

Late leaf spot in peanut is more widespread and destructive compared
to early leaf spot. Scientists at ICRISAT, India have tested over 13,000
germplasm accessions for their reaction to late leaf spot. In total 69 peanut
lines have been identified as resistant with disease scores ranging between
three and five based on a one to nine scale (Singh et al. 1997). In China,
53 genotypes have been identified as resistant to late leaf spot from 5,700
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accessions tested, and nearly 60% of these resistant materials belong to var.
fastigiata introduced from foreign countries (Liao 2003). Undesirable genetic
linkage between the resistance and low yield, late maturity, low shelling
outturn and heavy pod reticulation is believed to be the reason that most of
the resistant germplasm lines are difficult to be efficiently used in breeding.
Anumber of interspecific populations have shown high levels of resistance
to late leaf spot and better breeding efficiency and promising breeding
lines have been selected from them. Agronomically, the pod traits such as
shelling percentage and pod reticulation in the progenies generated from
the resistant interspecific populations are more acceptable compared to
those from the resistant ssp. fastigiata lines. Some interspecific germplasm
lines with resistance to leaf spot have been released in the USA (Stalker et
al. 2002). Until the release of “Southern Runner” with moderate resistance
to late leaf spot in 1984, no commercial cultivar was resistant to this disease
in the United States. Moderate to high levels of resistance are also available
in the cultivars Florida MDR 98 (Gorbet and Shokes 2002b), C-99R (Gorbet
and Shokes 2002a) and “Georgia-01R” (Branch 2002).

Peanut rust has been reported in most tropical and subtropical countries.
ICRISAT has also tested over 13,000 peanut germplasm accessions, from
which, 169 lines with disease scores of five or less on a one—nine scale
(Subrahmanyam et al. 1995) have been reported as resistant to rust
(Upadhyaya et al. 2001). In China, 92 accessions have been identified
as resistant to rust from 5,700 accessions screened (Liao 2003). Similar
to the resistance sources to early and late leaf spot, most of the rust
resistant landraces belonging to var. fastigiata and var. peruviana have poor
agronomic traits including low shelling outturns, thick pod shells, heavy
pod reticulation, and even unacceptable seed coat colors. Undesirable
genetic linkage between rust resistance and the poor pod characters has
been observed in most breeding programs and impeded the progress of
breeding. Several interspecific derivatives with rust resistance transferred
from A. batizocoi and A. duranensis might be more valuable and their use
may lead to release of cultivars with better agronomic characteristics.

Resistance to rust and late leaf spot is reported to be somehow correlated
(Anderson et al. 1990). Forty two genotypes resistant to late leaf spot are also
resistant to rust (Singh et al. 1997). ICG 13917, an interspecific derivative,
has shown high levels of resistance to late leaf spot, early leaf spot and
rust (Singh et al. 1997). Reddy et al. (2000) reported that ICGV 87853 was
released with high level resistance to rust and moderate resistance to late leaf
spot. Dwivedi et al. (2002) reported that the remaining green leaf area is an
important criterion for selecting resistance to late leaf spot and rust. Several
interspecific derivatives, ICGVs 99005, 99003, 99012, and 99015 for rust and
ICGVs 99006, 99013, 99004, 99003, and 99001 for late leaf spot, would be
desirable parents for use in resistance breeding programs (Dwivedi et al.
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2002). Yueyou 114 developed at Crops Research Institute of Guangdong
Academy of Agricultural Sciences (China) was resistant to late leaf spot and
bacterial wilt (Li et al. 2007). Zhonghua 4 and Shanyou 27 with moderate
resistance to rust have been extensively cultivated in central and southern
regions in China where rust is a problem (Liao 2003).

4.4.4 Resistance to Bacterial Wilt

In certain regions in China, Indonesia, Vietham and Uganda, Bacterial
Wilt (BW) caused by Ralstonia solanacearum is a serious problem in peanut
production. Planting resistant cultivar is the most useful approach to control
the disease and breeding for resistance started in the early 20th century in
Indonesia (Sun 1998). Peanut germplasm screening for resistance has been
conducted during the past century in China and Indonesia (Singh et al.
1997). High survival ratio under heavy disease pressure is a key criteria for
resistance assessment. Latent infection by the bacteria in peanut plants has
been reported (Liao et al. 1998). Resistant germplasm lines have also been
identified in Vietnam (Hong et al. 1999). Worldwide, more than 120 peanut
genotypes with high level resistance to bacterial wilt have been identified
including landraces and improved cultivars. Bacterial wilt resistance has
also been reported in wild Arachis species (Liao et al. 1998; Tang and Zhou
2000). Evidence in transferring of bacterial wilt resistance from wild species
into peanut without obvious undesirable genetic linkage verified that the
resistance in some wild species is controlled by major genes. Interestingly,
many dragon type landraces collected from South China where bacterial wilt
has been prevalent have been identified as highly resistant, but no landrace
collected from the northern regions (without serious BW incidence) in this
botanical type has been identified as resistant.

Even though many sources of resistance to bacterial wilt have been
identified, only a few have been successfully used in peanut breeding (Sun
1998). In China, most released resistant peanut cultivars have Xiekangqing
or Taishan Sanlirou as resistant parents. In Indonesia, only Schwarz 21 and
its derivatives have been used as resistant parents. All released resistant
cultivars are derived from resistant parents belonging to subspecies

fastigiata, even though many resistant lines in subspecies hypogaea have been
used in breeding programs. Several peanut cultivars including Zhonghua 4,
Zhonghua 6, Tianfu 11, Yuanza 9102, Yueyou 202-35, Yueyou 79, Yuhua 14
and Zhonghua 21 with desirable resistance to bacterial wilt and improved
agronomic traits have been developed and released for production in China
(Yu 2011). Several cultivars with bacterial wilt resistance developed at
Guangdong Academy of Agricultural Scienecs in China are also resistant to
rust. Besides being highly resistant to bacterial wilt, Zhonghua 6 developed
at the Oil Crops Research Institute of Chinese Academy of Agricultural



Peanut Breeding 71

Sciences has also been identified as relatively more resistant to aflatoxin
production compared to other cultivars (Liao et al. 2003). Application of
the resistant cultivars has greatly reduced wilting ratio in production to
less than 5% in hotspot areas.

4.4.5 Resistance to Viral Diseases

Several viral diseases are causing more yield loss in peanut production,
breeding for resistance has only been effectively conducted for Tomato
Spot Wilt Virus (TSWV) in the USA and Groundnut Rosette Virus (GRV) in
Africa. For many other viruses affecting peanut, no meaningful resistance
source has been identified even in the wild species. In the USA, Southern
Runner is the first commercial peanut cultivar with modertate level of
resistance to TSWV. Like Southern Runner, other TSWV resistant cultivars
such as Georgia Green, C-99R and Florida MDR98 all have P1203396 (a line
with resistance to late leaf sopt and TSWV) as their direct or indirect parent
are also relatively resistant late leaf spot. More recently, Tifguard has been
developed in the USA with resistance to both root knot nematodes and
tomato spotted wilt virus by hybridizing a TSWV-resistant cultivar with
a nematode-resistant cultivar. Resistance to GRV has been successfully
transferred from wild Arachis species to the cultivated peanut at ICRISAT.
Several GRYV resistant peanut cultivars have been developed by using the
resistant interspecific derivatives and they can be grown in Africa where
GRYV has been a serious problem in production.

4.4.6 Resistance to Aflatoxin Contamination

With the increased food safety concern caused by aflatoxin contamination in
agricultural products including peanuts, improvement of genetic resistance
to aflatoxin contamination in the host plant has received many research
efforts which may lead to effective reduction of contamination and food
safety risk (Nigam et al. 2009). Three types of resistance to aflatoxin in
peanut have been reported including resistance to Aspergillus invasion,
resistance to aflatoxin production and resistance to Preharvest Aflatoxin
Contamination (PAC). In most cases, resistance to seed infection by the fungi
and resistance to aflatoxin formation are assessed by in vitro inoculation
of healthy peanut seeds under controlled conditions (Mehan et al. 1991;
Cole et al. 1995; Xiao et al. 1999). Research efforts have also been made for
techniques of screening field ressistance. Several authors have investigated
the effect of temperature and moisture stress on colonization of kernels and
aflatoxin production (Hill et al. 1983; Sanders et al. 1985) and described
techniques for accurately measuring aflatoxins in breeding (Sanders et al.
1993; Holbrook et al. 1994; Anderson et al. 1996, Holbrook et al. 1998). In
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general, evaluation of resistance in peanut to aflatoxin contamination is
much more difficult compared to other traits, and only a small portion of
germplasm accessions have been tested.

Inconsistency between in vitro resistance screening and field resistance
testing has been reported (Blankenship et al. 1985; Anderson et al. 1995),
correlations between preharvest aflatoxin contamination or field resistance
and in vitro resistance have been reported in Africa (Zambettakis et al. 1981;
Waliyar et al. 1994), India (Mehan et al. 1986, 1987), and China (Wang et
al. 2004). In vitro resistance to aflatoxin formation in peanut seeds that had
been stored for two to four years with poor emergence capacity has been
observed (Wang et al. 2003), indicating that certain storage proteins could
be involved in resistance in these genotypes. Twenty one peanut genotypes
have been identified as resistant to seed invasion of Aspergillus flavus
with a seed infection frequency less than 2% in a sick plot under imposed
drought stress at ICRISAT (Singh et al. 1997). Although significant genotype
x environment interactions for seed infection have been reported, some
accessions including ICGs 1326, 3263, 3700, 4749 and 7633 have shown
consistent resistance to seed infection in India and Senegal. Most of these
lines also possess resistance to seed colonization in laboratory inoculation
(Mehan et al. 1991). It is interesting to note that most peanut genotypes
resistant to seed infection and colonization belong to A. hypogaea subsp.
fastigiata var. vulgaris with small seeds. Latha et al. (2007) analyzed the
relationship between total phenols and aflatoxin production of peanut
genotypes under end-of-season drought conditions. Milla-Lewis et al. (2006)
reported reduced aflatoxin production in interspecific hybrid derivatives.

Considerable variation in the ability to support aflatoxin production
has been observed among peanut genotypes, the resistance level is not high
and less stable. Xiao et al. (1999) reported two lines with lowest aflatoxin
production under artificial inoculation conditions among 1,517 peanut
accessions screened. U 4-7-5 and VRR 245 were indentified as resistant
to aflatoxin production even they were susceptible to seed colonization
by A. flavus (Singh et al. 1997). There is no significant correlation between
resistance to aflatoxin contamination, oil content, pod mass and BW
resistance and several breeding lines with high oil content, large seeds,
bacterial wilt resistance and reduced aflatoxin contamination have been
selected (Liao et al. 2010). Lei et al. (2004) reported that Taishan Zhengzhu
and Zhonghua 6 with resistance to bacterial wilt were relatively resistant to
aflatoxin formation in vitro. Some peanut accessions with field resistance to
PAC have been identified from the US core collection, and these accessions
exhibited a 70 to 90% reduction in aflatoxin contamination in comparison
to susceptible accessions (Holbrook et al. 1998). Asis et al. (2000) identified
some peanut breeding lines including Colorado Irradiado moderately
resistant to aflatoxin production. In Thailand, some peanut lines including
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ICGVs 98305, 98330, 98348, 98353 and Tifton-8 were reported to have low
aflatoxin contamination (Girdtha et al. 2009).

4.4.7 Drought Tolerance

Improved drought tolerance of peanut can help in sustaining pod yield
and reducing aflatoxin contamination risk (Wright et al. 1994; Reddy et
al. 2003). Drought tolerance has been reported to be associated with field
aflatoxin contamination of peanut (Arunyanark et al. 2009; Girdthai et al.
2010). Drought tolerance in peanut may be improved through enhancing
capability of extracting water from deep soil (Wright and Nageswara Rao
1994) or enhancing water use efficiency of the plant, or both (Hebbar et al.
1994). Drought tolerance is associated with root weight, length and size.
Selecting large root volume is effective in breeding for drought tolerance
(Nigam et al. 2005; Sun 1998). Dwarfed plants with more nodes, thick
leaflets and more hair on leaf surface are also meaningful traits (Sun
1998). Other physiological traits are also associated with drought tolerance
including stomatal conductance, surface wax, water potential, membrane
stability, accumulation of cytokinins and evapotranspiration. Normally,
selection of drought tolerance in peanut can be based on performace of
morphological and physiological traits. In conventional breeding programs,
biomass and pod yield under drought stress have been used for drought
tolerance assessment. For physiological selection approaches, some are
more expensive than others. Specific leaf area can be inexpensively and
easily measured, thus it has been used in breeding for drought resistance
in Australia (Nageswara Rao et al. 2000). Arunyanark et al. (2008) reported
a promising selection index for drought tolerance based on chlorophyll
stability. Drought tolerance traits including Special Leaf Area (SLA) and
Root Length Density (RLD) could be contributing to resistance to aflatoxin
contamination (Arunyanark et al. 2009). In the US, C76-16 is identified
with improved resistance to drought as well as to aflatoxin contamination
(Holbrook et al. 2009). Considerable progress in breeding drought tolerant
peanut has been made at ICRISAT, several Indian institutions and Australia
(Nigam et al. 2005).

4.5 Prospectives of Peanut Breeding

The global peanut production is expected to further increase with population
growth and market demand expansion. However, it is commonly recognized
that further production increase in peanut, as in many other crops, will
mostly come from yield increase rather than expansion of planting area.
Genetic enhancement for improved cultivars will continue to play a key
role in peanut industry development. Generally, research emphasis will
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be given to enhancing and stabilizing peanut productivity in different
production systems especially in low yielding areas, improving quality for
diversified utilization, and ensuring food safety by reducing aflatoxin and
other harmful contamination. Peanut breeding objectives will still be diverse
among locations. For the developed countries, breeding efforts have shifted
emphasis during recent years from mostly selecting for increased yields to
selecting high-yielding cultivars with better resistance to biotic stresses and
enhanced quality traits. For the developing countries, most efforts will still
be made for enhancing productivity, but more efforts will also be made for
quality improvement. High oil content will attract more breeding efforts
in regions where more peanuts are crushed for oil. Breeding for tolerance
to drought stress and aflatoxin contamination is of high priority in both
developed and developing nations. Further utilization of wild Arachis
species would contribute more to enhancing resistance to foliar diseases,
nematodes and viruses. Hopefully, interspecific hybridization will also
contribute more to improving quality in particular for high oil content. More
molecular techniques are being developed in peanut and more efforts will
be made in identifying DNA markers for breeding application (Varshney
et al. 2009). Even though no transgenic peanut cultivars has been released
for production, the concerned research would serve as a long-term strategy
for traits that are difficult to be addressed through conventional breeding
technology (Dwivedi et al. 2003).
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ABSTRACT

Integration of plant breeding, genetics and genomics promises to foster
genetic enhancement leading to increased productivity, oil quality and
resistance/tolerance to biotic and abiotic stresses. Recent advances in
peanut have resulted in the development of genomic resources such
as SSR markers, and genetic maps for diploids and tetraploids. Even
though the tetraploid species have both the genomes, the genetic
diversity observed in cultivated peanut maps has been low. Therefore,
only partial (<100 loci) to low-moderate (<300 loci) genetic maps could
be constructed. Consensus genetic maps were, therefore, constructed
with thousands of marker loci using mapping information of multiple
mapping populations in order to integrate as many markers as possible
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on a single genetic map. Development of SNP markers should lead to
even more dense genetic maps and use of these markers in routine
breeding and genetic applications. Efforts with the available limited
genomic resources led to the identification of linked markers for drought
tolerance, oil quality and disease resistance in peanut through trait
mapping. These developments also led to deployment of linked markers
to improve disease resistance and oil quality. Ongoing efforts should
lead to the availability of the whole-genome sequence in the near future,
providing huge genomic resources, which will hasten the much needed
linking of phenotype with markers/genome sequences. However, this
can only be achieved with precise and high-throughput phenotyping
for complex traits. Recent advances in peanut genomics and molecular
breeding efforts provide hope for efficient genetic enhancement of
peanut for production as well as quality constraints.

Keywords: Groundnut, Genetic maps, QTL mapping, Molecular markers,
Molecular breeding, Genomic resources, Genetic improvement

5.1 Introduction

Peanut or groundnut (Arachis hypogaea L.), with current annual production
of 38.0 million tons from an area of 24.0 m ha (http://faostat.fao.org), is
the fourth-largest oilseed crop in the world and is mostly grown in semi-
arid regions with relatively low inputs of chemical fertilizers. The crop
is cultivated in more than 100 countries of Asia, Africa and the Americas
with the largest (more than two-third) contributions coming from China
and India. Peanut plays important roles in food and nutritional security
along with improving the livelihood of resource-poor farmers. Peanut
seeds contain edible oil (40-60%), protein (20—40%), carbohydrate (10-20%)
and several nutritional components such as vitamin E, niacin, calcium,
phosphorus, magnesium, zinc, iron, riboflavin, thiamine and potassium.
Several uses of peanut make it an excellent cash crop for domestic as well
as international trade. The major share goes towards extraction of vegetable
oil for use in cooking apart from its use in the confectionary industry and
fodder, a major source for protein feed for animals.

Since peanut is generally grown in marginal environments in Asia and
Africa, the crop is challenged by several stress factors including biotic and
abiotic stresses. The lack of genetic and genomic resources has significantly
hampered peanut improvement programs. The major constraints for low
genetic enhancement of cultivated peanut is attributed to: (i) very recent
origin and highly conserved genome (Young et al. 1996), (ii) availability
of only one related tetraploid wild species (A. monticola) (Krapovickas and
Gregory 1994), (iii) the species in other sections are mostly diploid and hence



Molecular Markers, Genetic Maps and QTLs for Molecular Breeding in Peanut 81

limited sexual compatibility with cultivated peanut, (iv) lack of information
on genetic architecture of economically important traits of peanut, and (v)
limited availability of molecular markers, genetic maps and Quantitative
Trait Loci (QTLs). Genomics tools offer great promise to overcome the
complex genetic makeup of peanut but lack of minimum genomic and
genetic resources has hampered such efforts. Major biotic stresses include
Early Leaf Spot (ELS), Late Leaf Spot (LLS), leaf rust, mottle virus, rosette
virus, aphids, jassids and thrips/Tomato Spotted Wilt Virus (TSWV).
Drought is the major abiotic stress as 70% of the crop is grown in the semi-
arid tropics, which are characterized by low and erratic rainfall. In spite of
the genetical obstacles listed above, some efforts were made towards crop
improvement through stress management using conventional approaches.
Furthermore, restricted gene flow due to differences in ploidy level has
severely hampered transfer of desired alleles from diploid wild relatives and
hence, the much needed broadening of the genetic base of the species could
not be achieved so far. Thus, the increasing population pressure seems not
to be managed alone with conventional approaches and needs integration
of genomics tools with the peanut improvement programs.

Due to the increased availability of genomic tools in recent years,
Genomics-Assisted Breeding (GAB) offers hope for accelerated peanut
improvement. Additionally, integration of genomics tools should aid in
diversifying the existing narrow genetic base of the peanut gene pool with
useful alleles and in understanding the complexity of the large tetraploid
genome for genetic enhancement of cultivated peanut. Recent years have
witnessed much progress in better understanding of crop genomics and its
integration with conventional breeding, referred to as genomics-assisted
breeding (GAB) to practice precision breeding for target traits (Varshney
et al. 2005, 2010a). This advancement has not been achieved uniformly
for all important crops and most importantly, could handle only simpler
traits. Nevertheless, recent results showed significant advantages over
conventional breeding in handling traits which are difficult to manage
through conventional phenotypic selection and GAB has been successfully
demonstrated in several temperate cereal crops (Varshney et al. 2006)
and some legume crops (Varshney et al. 2010b, 2012a, 2013). In addition,
introgression/pyramiding of multiple recessive alleles can be achieved very
efficiently in less time and with more accuracy along with pyramiding of
several monogenic traits or QTLs for a single trait (Ribaut and Hoisington
1998; Xu and Crouch 2008; Varshney et al. 2009a,b) such as in the case
of marker-assisted improvement to develop a high oleic version of the
nematode resistant cultivar, Tifguard, less than three years (Chu et al. 2011;
Holbrook et al. 2011). However, to advance GAB in peanut, information
on available genetic variation in germplasm, availability of appropriate
molecular markers and genotyping platforms, suitable genetic maps,
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precise phenotyping platforms and QTLs with high phenotypic variance
are required.

In spite of the potential of molecular markers in crop improvement,
peanut experienced slow progress in the area of developing genomic
resources such as molecular markers and genetic maps until 2005. Since
then significant progress has been achieved as a result of concerted efforts
of the international peanut community resulting in the development of
several thousands of markers, several genetic maps, dense consensus genetic
maps, QTL mapping and molecular breeding for resistance/tolerance to
biotic stresses for peanut improvement (Guo et al. 2011; Holbrook et al.
2011; Pandey et al. 2012a). The progress made in genomic resources such as
molecular markers, genetic maps, QTL identification and marker-assisted
breeding in peanut has started to make progress with the help of genomic
resources and should help to overcome genetic bottlenecks, and result in
accelerated breeding progress.

5.2 Marker Development

Among all the genomic resources, molecular markers have proved to have
the most direct applications towards characterizing and harnessing available
genetic variation. These markers have been used in several genetic studies
such as germplasm characterization, trait mapping and most importantly
molecular marker-assisted breeding (Guo et al. 2011; Holbrook et al. 2011;
Pandey et al. 2012a). Although several marker systems such as Restriction
Fragment Length Polymorphisms (RFLPs), Random Amplified Polymorphic
DNAs (RAPDs), Amplified Fragment Length Polymorphisms (AFLPs)
and Diversity Arrays Technology (DArT) markers became available and
proved their utility from time to time (Varshney et al. 2006; Gupta et
al. 2010), Simple Sequence Repeats (SSRs) or microsatellites and Single
Nucleotide Polymorphism (SNP) markers are currently the most preferred
marker systems for genetic studies and breeding applications. Although
SSR markers are very much in use in current plant breeding applications,
due to high-throughput genotyping amenability, SNPs seem to have more
potential for future marker systems.

Early generation marker systems (RFLPs, RAPDs and AFLPs) were
used primarily for studying genetic diversity of peanut (Hilu and Stalker
1995; Kochert et al. 1996, Subramaniyan et al. 2000; Dwivedi et al. 2001;
He and Prakash 2001; Herselman 2003; Bravo et al. 2006). In some cases,
these markers were also used for construction of genetic maps (Halward
et al. 1993; Burow et al. 2001; Milla 2003; Herselman et al. 2004; Garcia et
al. 2005; Leal-Bertioli et al. 2009) and identification of associated QTLs
(Herselman et al. 2004). However, the insufficient number of these markers
and other discouraging reasons associated with them motivated researchers
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towards development and use of better marker systems. As a result, several
hundred SSR markers were generated (Pandey et al. 2012a). Low diversity
detected with SSR markers in the cultivated gene pool, however, demanded
development of large-scale SSR markers for effective use in routine genetic
and breeding applications. Therefore, aggressive efforts made worldwide
during the last few years resulted in the development of >13,000 SSR
markers from SSR-enriched libraries, Bacterial Artificial Chromosome
(BAC)-end sequences, Expressed Sequence Tag (EST) sequences and
transcript sequences generated by using 454/FLX sequencing technology
(Table 5-1). After screening 4,485 SSR markers on a set of parental genotypes
of several mapping populations, a set of highly informative SSR markers
(199 SSRs with >0.50 PIC) along with polymorphism features of 946 novel
SSR markers have been identified and these SSRs have been used for several
genetic and breeding studies in peanut (Pandey et al. 2012b). Similarly,
Zhao et al. (2012) and Macedo et al. (2012) have reported 143 and 66 highly
informative (20.50 PIC) SSR markers of the 1,343 and 78 polymorphic
markers detected after screening 9,274 and 146 markers, respectively.

In addition, a DATT platform (ca. 15,000 features) has been developed
at DATT Pty Ltd (Australia) in collaboration with ICRISAT (India), CIRAD
(France) and Catholic University of Brasilia and EMBRAPA (Brazil).
However, the use of DArT arrays showed a very low level of polymorphism
in tetraploid (AABB) genotypes as compared to moderate level of diversity
among diploid (AA and BB) genotypes (Kilian 2008; Varshney et al. 2013a).
The results indicated potential use of DArT markers in monitoring genome
introgression from wild relatives into peanut lines but limited use in genetics
and breeding applications in cultivated peanut.

Recently, SNP markers have also been developed but mainly in diploid
Arachis species. In the case of cultivated species, these SNPs have not
been very polymorphic. For instance, The University of Georgia (USA)
identified 8,486 SNPs after comparing the 454 /FLX transcript sequences of
17 genotypes (over 350 Mb transcriptome data) with reference transcriptome
of “Tifrunner” with moderately stringent filtering. An Illumina GoldenGate
SNP array with 1,536-SNPs with high confidence was designed and used for
genotyping on a diverse panel of Arachis genotypes. The newly designed
array worked successfully (>95%) but very low polymorphism was detected
for cultivated tetraploid genotypes (http://nespal.org/oziasakinslab/
projects/plant-biotechnology-peanut-grasses/peanut-snp-discovery /).
Another parallel effort resulted in identification of SNPs between diploid
genotypes for Tentative Orthologous Genes (TOGs) at the University of
California-Davis (Douglas Cook, pers. comm.) and development of 768-SNP
INlumina GoldenGate array. Despite these arrays being very informative
for diploid species, the study showed that homoeology between AA- and
BB-genomes posed a major constraint in proper use of these arrays for
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cultivated peanut. Hence, SSR markers remain the best choice for genetic
and breeding studies in cultivated peanut until the whole genome sequence
project is completed (www.PeanutBioscience.com). Also, in a collaborative
effort with Peggy Ozias-Akins (University of Georgia, USA), ICRISAT
has used a set of 96 highly informative SNPs in cultivated germplasm for
conversion into KASPar assays. This assay was validated successfully for
91 SNPs (Khera et al. 2013).

Thus, thousands of molecular markers such as SSRs (13,596), DArTs
(15,000) and SNPs (2304) are available (Table 5-1) for use in different
genetical and breeding applications in peanut.

5.3 Construction of Individual and Integrated Genetic Maps

Although initial efforts for construction of genetic maps with 1st generation
markers were reported in the last two decades of the 20th century, the
majority of genetic maps were constructed between 2005-2012. Most of the
initial genetic maps were developed based on mapping populations derived
using diverse diploid parental genotypes in order to put the maximum
number of markers on the maps. However, tetraploid populations have
recently been used for construction of genetic maps as well as identification
of QTLs for agronomically important traits.

5.3.1 Genetic Maps for AA-Genome

Genetic mapping in peanut was first started for AA-genome and marker
systems such as RFLP (Halward et al. 1993), AFLP (Milla 2003), RAPD
(Gardia et al. 2005), SSR (Moretzsohn et al. 2005; Leal-Bertioli et al. 2009)
and SNP (Leal-Bertioli et al. 2009; Nagy et al. 2010a) were deployed for
construction of several genetic maps (Table 5-2). The first genetic map of
Arachis species was constructed with RFLP markers using F, population
(A. stenosperma x A. cardenasii) mapping a total of 117 RFLP loci (Halward
et al. 1993). This map was followed by construction of three more genetic
maps, all with different marker systems such as AFLP (A. kuhlmanni x
A. diagoi, 102 AFLP loci; Milla 2003), RAPD (A. stenosperma x [A. stenosperma x
A. cardenassi], 167 RAPDs; Garcia et al. 2005) and SSR markers (A. duranensis
x A. stenosperma, 170 SSRs; Moretzsohn et al. 2005). Since, dense maps could
not be constructed using one particular marker system, efforts were then
made to use a range of marker systems for genetic mapping. These efforts
resulted in the development of comparatively more saturated maps. For
example, one of the above-described maps (Moretzsohn et al. 2005) with
170 SSR marker loci was then saturated with an additional 199 markers
including AFLP, RFLP, SCAR and SNP markers and a consolidated map with
369 marker loci was prepared (Leal-Bertioli et al. 2009). Recently, the use of
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newly developed markers resulted in the development of an even denser
genetic map using the F, population derived from the cross (A. duranenis
x A. duranensis) with 2,319 markers (971 SSRs, 221 single stranded DNA
conformation polymorphism (SSCP) markers and 1,127 SNPs) mapped on
10 linkage groups (Nagy et al. 2010a). This map has the distinction of being
the densest genetic map among all peanut diploid and tetraploid genetic
maps. The latter two maps combined different marker systems such as
AFLP, RFLP, SSR, SCAR, SSCPs and SNP markers.

5.3.2 Genetic Maps for BB-Genome

Only two maps have been reported for the BB-genome. One genetic map
with 149 SSR loci on 11 linkage groups covering 1,294 ctM genome, which
was developed based on an F, population (93 lines) derived from the cross
between A. ipiensis (KG30076) and A. magna (KG30097) (Gobbi et al. 2006;
Moretzsohn et al. 2009). The other genetic map was constructed with 449
SSR loci using again a F, population derived from the cross A. batizocoi
(PI298639) x A. batizocoi (P1468327) (Guo et al. 2010) (Table 5-2). Less
polymorphism has been observed in BB-genome genetic maps compared
to AA-genome genetic maps.

5.3.3 Genetic Maps for Tetraploid (AABB) Genome

Realizing the difficulty of transforming full information from diploids
to cultivated peanuts, intensive efforts have recently been made for
development of good genetic maps for tetraploid peanut. The very first
effort to construct a genetic map for AABB genome was with RAPD and
RFLP markers using the cross A. hypogaea and A. cardenassi. A total of 167
RAPD and 39 RFLP loci were mapped on 11 linkage groups covering 800
cM genome distance (Garcia et al. 1995) (Table 5-2). The second tetraploid
genetic map was developed six years later with 370 RFLP loci mapped on 23
linkage groups (2,210 cM genome coverage) using a backcross population (78
BC,F, lines) generated from the cross of TxAG-6 {a synthetic amphidiploid
line ([A. batizocoi x (A. cardensii x A. diogoi)]*)} and Florunner (Burow et al.
2001). The next genetic map was constructed using AFLP markers, which
resulted in development of a partial map with only 12 AFLP marker loci
(Herselman et al. 2004). The comparison of diploid and tetraploid linkage
maps revealed a high degree of colinearity between linkage groups (Burow
et al. 2001; Jesubatham and Burow 2006) and identification of genome
specific markers to assign A- and B-genome linkage groups in tetraploid
genetic maps.

Low number of markers (RAPDs, RFLPs and AFLPs) and low genetic
diversity among cultivated peanut seriously hampered the construction of
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dense genetic maps with 1st generation markers. Meanwhile, SSR markers
have become more popular among geneticists and breeders due to their
easy, reliable, cost-effective and robust genotyping nature. During the
last decade we have witnessed the development of >13,000 SSR markers
(Pandey et al. 2012a) and even identification of highly polymorphic genic
and genomic SSR markers (Macedo et al. 2012; Pandey et al. 2012b; Zhao
et al. 2012) that can be efficiently used in genetic diversity, mapping, QTL
analysis and molecular breeding applications (Varshney et al. 2012). The first
SSR-based genetic map using a Recombinant Inbred Line (RIL) population
derived from TAG 24 x ICGV 86031 was constructed with 135 SSR loci
after screening a total of 1,145 SSR markers (Varshney et al. 2009¢c) (Table
5-2). This genetic map was further saturated to 191 SSR loci mapped on
20 linkage groups with 1,785 cM genome coverage (Ravi et al. 2011). Later
genetic maps were all constructed using RIL populations (Hong et al. 2010a;
Khedikar et al. 2010; Sarvamangala et al. 2011; Gautami et al. 2012a; Sujay
et al. 2012; Qin et al. 2012) in addition to four maps, which are based on
backcross (Fonceka et al. 2009) and F, populations (Shirasawa et al. 2012a;
Wang et al. 2012, 2013), respectively. As the mapping populations used for
these maps also segregate for different traits, these maps have also been
used for QTL analysis (see later).

The next genetic map based on SSRs was constructed with 298 marker
loci on 21 linkage groups spanning a map distance of 1,843.7 cM using
a backcross mapping population with 88 individuals from the cross
between a cultivar (Fleur 11) and a synthetic amphidiploid (A. duranensis x
A. ipiensis) (Fonceka et al. 2009). This map showed overall colinearity
between homologous linkage groups of both the A and B genomes, and also
shed light on chromosomal rearrangements events prior to tetraploidization
of cultivated species. This effort was also significant towards diversification
of narrow cultivated gene pool. Hong et al. (2010a) reported the next three
genetic maps based on three RILs namely Yueyou 13 x Zhen Zhuhei, Yueyou
13 x FU 95-5 and Yueyou 13 x J 11 with 133 (793.1 cM), 109 (503.1 cM) and
46 (357.4 cM) marker loci, respectively. Using genotyping data from these
three populations, a composite map containing 175 SSR markers in 22
linkage groups was developed (Table 5-2).

ICRISAT in collaboration with the University of Agricultural Sciences-
Dharwad (UAS-D) initiated work on mapping QTLs for foliar diseases
and in the process developed two new partial genetic maps using the
RILs derived from the crosses TAG 24 x GPBD 4 (Khedikar et al. 2010,
462.24 cM genome coverage) and TG 26 x GPBD 4 (Sarvamangala et al.
2011, 657.9 cM genome coverage) with 56 and 45 marker loci, respectively.
Upon availability of more markers, these two maps were then saturated
to 188 (1,922.4 cM) and 181 (1,963 cM) marker loci, respectively (Sujay et
al. 2012). In addition to the above three updated maps (TAG 24 x ICGV
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86031, TAG 24 x GPBD 4 and TG 26 x GPBD 4), two more genetic maps
based on RIL populations namely ICGS 76 x CSMG 84-1 and ICGS 44 x
ICGS 76 were developed with 119 (2,208.2 ctM genome coverage) and 82
(831.4 cM genome coverage) marker loci, respectively. In parallel, Qin et
al. (2012) reported construction of two genetic maps based on the two
RIL populations namely Tifrunner x GT-C20 (T population) and SunOleic
97R x NC94022 (S population). Individual genetic maps were constructed
for T and S populations with 236 (1,213.4 cM) and 172 (920.7 cM) marker
loci, respectively (Qin et al. 2012). The effort towards saturation of T
and S population genetic maps based on RlILs is ongoing (Pandey et al.
2012¢c; Wang et al. 2013). The genetic map based on T population has the
distinction of being the densest genetic map for cultivated peanut using an
RIL mapping population. A segregating population (94 F, individuals) of
the T population was used to develop a denser map with 333 marker loci
on 28 linkage groups covering a genome distance of 1,674.4 cM (Wang et
al. 2012). Most recently, Shirasawa et al. (2012a) has reported construction
of two genetic maps using the F, population derived from the crosses, i.e.,
Satonoka x Kintoki (516 loci includes 351 SSRs and 165 transposon) and
Nakateyutaka x YI-0311 (293 loci includes 186 SSRs and 107 transposon)
covering map distance of 2166.4 and 1332.9 cM, respectively. These two
maps report mapping of transposon markers for the first time in peanut
making this map (Satonoka x Kintoki) the most dense genetic map so far
in tetraploid peanut.

As SNP markers have gained significant popularity during the past
five years and have shown promising results in several crops, efforts are
underway to integrate SNPs in the tetraploid maps of Arachis. For example,
efforts at the University of California-Davis, USA (Richard Michelmore,
pers. comm.) have recently started for generating ultra-high density genetic
maps through low coverage, shotgun sequencing of diploid and tetraploid
mapping populations and of reference sets of germplasm (Froenicke et al.
2011). These genetic materials represent populations from the AA genome
(A. duranensis x A. stenosperma), BB genome (A. ipiensis x A. magna) and
AABB genome (A. hypogaea cv. IAC Runner x synthetic amphidiploid of the
two progenitor species) along with reference sets of ICRISAT (Upadhyaya
et al. 2003), the US mini-core collection (Holbrook and Dong 2005) and the
Chinese mini-core collection (Jiang et al. 2010). The idea behind this study
is to identify SNPs in the diversity panel and to use these for estimating
Linkage Disequilibrium (LD) and improving the genetic bins of highly
dense genetic/consensus maps. Finally, these results will help in assisting
and complementing the assembly of the reference genome sequence for
peanut, which will be soon available for the peanut research community
(www.PeanutBioscience.com).
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5.3.4 Integrated or Consensus Genetic Maps

Dense genetic linkage maps have several genetic and breeding applications
such as trait mapping through linkage mapping or association analysis,
marker-assisted breeding, map-based cloning and physical map alignment.
Genome sequence information regarding marker order and location is very
important for judicious application in breeding. Since it is almost impossible
to map a large number of markers on a single map, the best option is to
combine marker information of many individual genetic maps on to an
integrated /consensus genetic map so that a maximum number of marker
loci are mapped. Consensus maps have several advantages over individual
genetic maps. The major advantages include ability: (1) to map several
marker loci onto a single map, (2) to determine the relative position and
stability of markers across populations and genome, (3) to provide evidence
for chromosomal rearrangements and gene duplication, (4) to assign linkage
groups to chromosome, and also (5) to provide the basic information for
comparative genomic studies among related species and subspecies (Beavis
and Grant 1991; Kianian and Quiros 1992; Hauge et al. 1993; Gentzbittel
et al. 1995). Because of the above mentioned features, consensus genetic
maps have been developed in many crop species like maize (Sharopova et
al. 2002; Falque et al. 2005), wheat (Somers et al. 2004), barley (Varshney
et al. 2007; Marcel et al. 2007), soybean (Song et al. 2004; Choi et al. 2007),
pigeonpea (Bohra et al. 2012) and more recently for peanut (Gautami et al.
2012b; Shirasawa et al. 2013) (Table 5-3).

The initial integrated genetic maps were developed based on two or
three mapping populations. The first integrated genetic map was based on
three RIL populations (F, ) with 175 marker loci on 22 linkage groups with
genome coverage of 885.4 cM (Hong et al. 2010a). The next integrated map
was developed using two mapping populations with 225 SSR loci covering
a total map distance of 1,152.9 <M (Sujay et al. 2012). Another integrated
map was based on three populations with 293 marker loci onto 20 linkage
groups covering genome distance of 2,840.8 cM (Gautami et al. 2012a). The
latter two integrated maps were also used to show QTLs on the map, which
were identified in individual populations for foliar disease resistance and
drought related traits, respectively. The most recent integrated map was
based on two mapping populations with 324 marker loci on 21 linkage
groups covering a 1,352 ctM genome distance (Qin et al. 2012).

Beside the effort towards development of integrated maps based on
two or three individual maps, the marker density and number of markers
has not been enhanced significantly. Therefore, a global effort was initiated
to put maximum markers on the same genetic map through integrating
markers from all published individual genetic maps. Marker information
from one BackCross (BC) population (Fonceka et al. 2009) was also included
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in the development of a reference consensus map along with 10 individual
genetic maps, which were all constructed using RIL populations. Finally,
the reference consensus genetic map was constructed with 897 marker loci.
These 897 marker loci (895 SSRs and 2 CAPS) could be mapped on 20 linkage
groups spanning a total map distance of 3,607.97 cM with an average map
density of 3.94 cM (Gautami et al. 2012b). More interestingly, this reference
consensus genetic map was divided into 20 cM along with 203 BINs, which
carry one to 20 loci with an average of four marker loci per BIN. Realizing
the importance of dense consensus genetics maps, the above consensus
genetic map has recently been improved further by international research
partners. The mapping information from five new genetic maps (total
16 individual genetic maps) were utilized for improvement of an earlier
consensus map from 897 to 3,693 markers spanning 2,651 cM of the genome
and 20 linkage groups (Shirasawa et al. 2013). These dense consensus maps
will have greater impact on peanut improvement because of their use in
several applications such as aligning new genetic and physical maps, QTL
analysis, genetic background effect on QTL expression and several other
genetic and molecular breeding activities in peanut.

5.4 Trait Mapping

The ultimate goal of development of markers and genetic maps is to identify
markers that are associated with traits of interest. Hence, denser genetic
maps covering the full genome will enhance chances for identification of
tightly-linked markers to agronomically important traits through linkage /
association mapping. That is why almost all the genetic maps (except Wang
et al. 2012) were constructed using immortal RIL populations segregating
for important traits in cultivated peanut. Once tightly linked/perfect/
functional markers are developed using these resources, these markers can
be deployed in marker-assisted peanut improvement.

Initial mapping populations in peanut were developed in order to map
the maximum number of loci on a single genetic map by selecting parents
with diverse origins. Realizing the restricted use of these genetic maps in
cultivated peanut improvement, later research focused on only development
of mapping populations targeting mapping of economically important
traits such as biotic stresses (TSWYV, early leaf spot, late leaf spot, rust, aphid
vector of groundnut rosette disease, Cylindrocladium black rot disease,
Sclerotinia and nematode resistance), abiotic stress (drought tolerance),
nutritional quality (aflatoxin contamination, oil content, oleic acid, linoleic
acid, oleic/linoleic acid ratio) and several agronomic traits (Pandey et al.
2012a; Varshney et al. 2013a) (Table 5-4). The initial efforts towards mapping
of economically important traits was through Bulked Segregant Analysis
(BSA) for identifying the linked marker to nematode resistance (Burow et
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al. 1996; Garcia et al. 1996) and aphid vector of groundnut rosette disease
(Herselman et al. 2004) using RAPD and AFLP markers, respectively.
Similarly, the above strategy was also used for mapping the yield and
yield components with SSR markers (Liang et al. 2009a; Selvaraj et al.
2009). The above mapping strategy is relatively simpler to use in crops
lacking genomic resources and also for simply-inherited traits. Hence,
with the availability of more SSR markers in public domains, a major shift
was observed towards development of immortal populations in order to
generate multiseason phenotyping data so that stable QTLs can be identified
along with studying G x E interactions using advanced mapping tools.
Such studies were conducted to identify the QTLs for drought tolerance
related traits (Varshney et al. 2009¢; Ravi et al. 2011; Gautami et al. 2012a),
resistance to biotic resistance (Khedikar et al. 2010; Pandey et al. 2012¢; Qin
et al. 2012; Sujay et al. 2012; Wang et al. 2013), morphological and yield
components (Varshney et al. 2009; Pandey et al. 2012c; Shirasawa et al.
2012a) and nutritional quality traits (Sarvamangala et al. 2011; Pandey et
al. 2012¢; Shirasawa et al. 2012a).

Three mapping populations (TAG 24 x ICGV 86031, ICGS 44 x ICGS
76, ICGS 76 x CSMG 84-1) were used for identification of QTLs controlling
drought-tolerance related traits (Varshney et al. 2009¢; Ravi et al. 2011;
Gautami et al. 2012a) and mapping of all the identified QTLs onto an
integrated genetic map (Gautami et al. 2012a). Multiseason phenotypic
data were generated on these populations for drought-tolerance related
traits such as transpiration, transpiration efficiency, biomass, specific leaf
area, pod weight, total dry matter, SPAD chlorophyll meter reading, total
dry weight, shoot dry weight and harvest index traits. Simultaneously,
genotypic data were generated on these three mapping populations
followed by construction of individual genetic maps with mapped loci
ranging from 82 (ICGS 44 x ICGS 76) to 191 (TAG 24 x ICGV 86031) marker
loci. Different QTL mapping programs such as QTL Cartographer, QTL
Network and Genotype Matrix Mapping (GMM) were used for detailed QTL
analysis using genotyping and multiseason phenotyping data. This analysis
resulted in identification of a total of 153 main effects and 25 epistatic
QTLs for drought-tolerance related traits (Varshney et al. 2009¢; Ravi et al.
2011; Gautami et al. 2012a). In addition, 16 important genomic regions on
the integrated maps were identified realizing their potential role towards
drought tolerance (Table 5-4). The above study revealed that the majority
of the identified QTLs contributed low phenotypic variation, and hence,
molecular breeding approaches such as Marker-Assisted Back Crossing
(MABC) will not be useful for introgressing drought tolerance. In order to
handle such QTLs, other modern breeding approaches (marker-assisted
recurrent selection and genomic selection) may be more appropriate.
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Another notable QTL study was conducted for mapping QTLs for
resistance to foliar diseases such as late leaf spot (LLS) and rust (Khedikar
etal. 2010; Sujay et al. 2012). Two RIL populations, namely TAG 24 x GPBD
4 and TG 26 x GPBD 4, were extensively phenotyped for rust and LLS
resistance for seven to eight seasons. Genotyping data were generated for
209 polymorphic markers for each of the two populations. Two individual
genetic maps with 188 (TAG 24 x GPBD 4) and 181 (TG 26 x GPBD 4) marker
loci were constructed along with development of an integrated map with
225 marker loci. Using the multiseason phenotyping data and genotyping
information, a comprehensive QTL analysis identified a total of 28 QTLs
for resistance against late leaf spot (LLS) and 13 QTLs for resistance against
rust explaining 10.07 to 67.8% and 2.54 to 82.96% of phenotypic variation,
respectively (Khedikar et al. 2010; Sujay et al. 2012). This study led to the
identification of tightly linked markers and one major QTL each for leaf
rust (55.2% PVE, Khedikar et al. 2010; 82.96% PVE, Sujay et al. 2012) and
LLS (67.98% PVE, Sujay et al. 2012) resistance (Table 5-4). The tightly linked
markers for rust resistance (IPAHM103, GM2079, GM2301 and GM1536)
were identified in both the populations and were then validated among
a set of resistant/susceptible breeding lines. Furthermore, phenotypic
data on oil content and quality were also generated on one of these RIL
populations (TG 26 x GPBD 4) to identify linked markers for important
nutritional traits. QTL analysis using phenotypic data and partial genetic
map information detected seven QTLs for protein content (2.54-9.78%),
eight QTLs for oil content (1.5-10.2%) and six common QTLs for oleic and
linoleic acid contents (3.3-9.7%) (Sarvamangala et al. 2011).

The next effort towards trait mapping was to identify linked markers
for tomato spotted wilt virus (TSWV) resistance using two RIL populations,
namely T (Tifrunner x GT-C20) and S (SunOleic 97R x NC 94022),
populations. Genotyping data of both the maps were used for construction
of an integrated map and identification of QTLs for TSWV resistance. QTL
analysis using QTL Cartographer detected one QTL in each of the two
populations with PVE ranging from 12.9 (QTSWV1) to 35.5% (QTSWV2) (Qin
et al. 2012). The linked markers IPAHM?287 and Seq12F7) need validation
before applying in routine MAS programs. Most recently, Shirasawa et al.
(2012a) reported identification of QTLs for several agronomic traits for
which PVE ranged from 11.8% (plant weight and angle of branch) to 28.2%
(pod length). The other traits (PVE%) for which QTLs have been reported
include flowering date (19.5%), length of main stem (15.7-19.2%), length
of longest branch (14.2-21.1%), number of branches (15.6%), mature pod
weight/plant (28.1%), pod thickness (21.7%), pod width (15.2-25.5%), pod
constriction (18.1%), seed weight (19.1%) and seed diameter (24.1%).

Attempts were also made to identify linked markers from wide crosses
for nematode resistance and as a result, two SCAR markers (Garcia et al.
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1996) and three RAPD markers (Burow et al. 1996) were identified using
the populations (A. hypogaea x A. cardenasii) and (A. hypogaea x TxAG-6),
respectively. Since these markers produced inconsistent results and were
complicated to use in routine molecular breeding programs, the RAPD
marker (RKN440, Garcia et al. 1996) was converted into a new PCR-
based dominant marker (5197) (Chu et al. 2007a). Nagy et al. (2010b) also
identified a total of 13 markers (including S197 reported by Chu et al.
2007a) in two tetraploid crosses. A total of three markers namely S197 (PCR-
based), 1169/1170 (CAPS) and GM565 (SSR) were used to select resistant,
susceptible and heterozygous allele, respectively during development of the
second marker-assisted product in peanut, i.e., Tifguard High O/L (Chu et
al. 2011). Another study with diploids resulted in the identification of five
QTLs for resistance to LLS from the cross A. duranensis x A. stenosperma
(Leal-Bertioli et al. 2009). Initially, CAPS markers were developed for
mutant FAD alleles in both genomes (Chu et al. 2009), but later PCR-based
allele-specific markers were reported by the same research group (Chu
et al. 2011). These allele-specific markers are now successfully mapped
on the peanut genome along with identification of a total of 155 QTLs for
oil quality and several agronomically important traits. QTL analysis also
revealed that the FAD2B gene contributes more than the FAD2A gene for
high oleic/linoleic (O/L) ratio (Pandey et al. 2012c). Further, very high PVE
(65.20-89.7%) has been reported for high oleate traits (Pandey et al. 2012c;
Shirasawa et al. 2012a).

Although linked markers to a few disease resistance traits such as
nematode (Nagy et al. 2010b), leaf rust (Khedikar et al. 2010; Sujay et al.
2012), LLS (Sujay et al. 2012) and TSWV (Qin et al. 2012) and one oil quality
trait, i.e., high-oleate trait (Chu et al. 2009; Chen et al. 2010; Pandey et al.
2012¢; Shirasawa et al. 2012a) are currently available to use in molecular
breeding, more research is needed for identifying tightly-linked molecular
markers to several other important traits. It is anticipated that the availability
of more genomic resources, such as SNPs, and the genome sequence will
accelerate trait mapping efforts in the near future and will make available
linked markers for many other traits (Varshney et al. 2012).

5.5 Genomics-assisted Breeding

Genomics-assisted breeding (GAB) offers a breeding platform where
genomics tools are integrated with conventional breeding methods to
develop improved genotypes, in a very short time, for several traits/genes at
once and is also able to minimize the inhibited fear of linkage drag in wide
crosses (Varshney et al. 2006). GAB, mainly marker-assisted breeding has
achieved only limited success in peanut, and even that has been restricted
to simply-inherited traits. The majority of agronomically important traits
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are complex in nature and governed by several genomic regions, which also
show interactions with environments (G x E) and other genomic regions
(epistasis). Hence, genomics tools along with modern decision making tools
should be used along with proven conventional breeding approaches to
understand the exact genetic nature of the target traits and for finding ways
for their possible manipulation leading to genetic enhancement.

Currently, GAB could be used for crop improvement in three ways, i.e.,
marker-assisted backcrossing (MABC), Marker-Assisted Recurrent Selection
(MARS) and Genomic Selection (GS). The first two approaches require
QTL information, while the 3rd one does not. In practice, introgression of
recessive genes and pyramiding of multiple genes is very difficult, costly,
lengthy and error prone using conventional breeding methods. Marker-
assisted selection (MAS) has proved its utility in several crops to overcome
such problems and many genes can be pyramided either for the same trait
or for different traits along with faster recurrent parent genome recovery
through intense background selection (Varshney et al. 2006). In addition,
MAS can be used to pyramid /introgress several recessive genes in less time
and with more precision, which is almost impossible through conventional
breeding. MAS has gained popularity due to its proven record in several
crops and is easy to use even in smaller research stations that have low to
moderate marker genotyping capabilities. In peanut, these tools have been
integrated into the conventional breeding programs very late due to the lack
of genomic resources such as molecular markers, genetic maps and most
importantly tightly-linked markers for the most desirable traits in peanut.
Nevertheless, some efforts have been made to use molecular markers in
peanut breeding.

Root-knot nematode (Meloidogyne arenaria) resistance, the first trait for
which linked molecular markers were identified, was introgressed from
A. cardenasii through the amphidiploid pathway into cultivated peanut
(Simpson 2001). This was relatively easy to identify due to sequence
divergence between diploid and tetraploid genomes (Chu et al. 2007a; Nagy
et al. 2010b). This effort led to the development of the first MAS product in
peanut, named as NemaTAM (Simpson et al. 2003), the first peanut cultivar
developed using MAS. MAS has shown several benefits in the development
of “NemaTAM” such as selection of heterozygous and homozygous
plants in early generations with very high precision at the seedling stage.
Phenotyping for nematode resistance is prone to environmental fluctuations
and more often leads to escapes (Simpson et al. 2003).

The RFLP marker system used to develop NemaTAM is very costly,
requires DNA in large quantity, entails health risk due to the use of
radioisotopes, also requires high technical expertise and has a long
turnaround time for results. Since breeders require timely genotyping
information to make backcrosses, efforts were made to develop more
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rapid and easy-to-assay markers for nematode resistance (Nagy et al.
2010b). Meanwhile, a tightly associated CAPS marker (1101/1048) became
available for another important trait, i.e., high oleic acid (Chu et al. 2009).
The associated markers for high oleic acid were deployed to backcross the
high-oleate trait (FAD2B) into the nematode resistant cultivar, Tifguard
(Holbrook et al. 2011). Homozygous recessive mutations in both AhFAD?2
homeologs are necessary to achieve high O/L. Since the frequency of a
spontaneous loss-of-function allele of AhFAD2A is high in the ssp. hypogaea
germplasm (Chu et al. 2007b) and fixed in most elite lines of US runner
and Virginia market-type peanuts (Chu et al. 2009), therefore, MAS was
required only to select the mutant allele of AhFAD2B for making Tifguard
High O/L. Markers linked with nematode resistance were used to monitor
flow of the nematode-resistant allele in backcross and selfed generations.
These markers have been used during MABC to select desired DNA
fragment carrying nematode resistance while simultaneously selecting for
a recessive AhFAD?2B allele necessary to recover lines with a high ratio of
oleic:linoleic acid (O/L) leading to development of the 2nd MAS product
in peanut namely, “Tifguard High O/L” (Chu et al. 2011).

Development of immortal populations and generation of multiseasonal
phenotypic data resulted in the identification of stable QTLs and tightly-
linked molecular markers for LLS and leaf rust (Khedikar et al. 2010; Sujay
etal. 2012). The linked markers for leaf rust were deployed to introgress leaf
rust resistance into the genetic background of three elite cultivars ICGV
91114, JL 24 and TAG 24) through MABC at ICRISAT, India. An important
result of this study was identification of SSR markers, which are easy to
genotype even in smaller laboratories. Three codominant markers (GM2079,
GM2301 and GN1536) and one dominant SSR marker (IPAHM103) were
used to select heterozygous allele at backcrossed F, (BC,F,, BC,F, and BC,F))
generations and homozygous allele at backcrossed F, (BC,F, and BC,F))
generations. As a result, a total of 200 advanced generation introgression
lines (117 BC,F; and 83 BC,F,) were developed using the above markers for
all the above three elite cultivars. Superior lines with desirable yield and
higher resistance to leaf rust were selected based on replicated evaluation
during the rainy seasons in 2011 and 2012 for further multiplication and
multilocation trails (Varshney et al. 2013b). The initial screening has been
very encouraging showing reduced disease symptoms and has led to the
identification of several promising lines in all the three genetic backgrounds.
However, in the case of drought tolerance, many QTLs were identified each
contributing only small phenotypic variance (Varshney et al. 2009¢; Ravi et
al. 2011; Gautami et al. 2012a). In such cases, MABC approach may not be
appropriate and hence, other modern breeding approaches such as MARS
or GS might be better approaches (Bernardo and Yu 2007; Ribaut and Ragot
2007; Bernardo 2009; Heffner et al. 2009; Jannink et al. 2010).
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Apart from three traits (nematode resistance, high oleate and leaf rust)
discussed above, QTLs and linked markers for two more diseases namely
LLS (Sujay et al. 2012) and TSWV (Qin et al. 2012) have been reported.
These markers linked to LLS (GM1573/GM1009 and Seq8D09) and TSWV
(IPAHM287 and Seq12F7) provide hope for marker-assisted improvement
of resistance to these two diseases in the near future. The future of GAB in
peanut may be more fruitful due to increased availability of linked markers
to other important traits of peanut which will accelerate multiple trait
improvement of existing high yielding cultivars and development of new
cultivars through gene pyramiding.

5.6 Diversification and Enrichment of Primary Gene Pool

Tetraploidization has restricted gene flow from diploids to tetraploid
(cultivated) which has created a serious genetic bottleneck. Efforts into
making wide crosses through use of hexaploids, autotetraploids and
allotetraploids have been plagued by serious problems with fertility barriers,
linkage drag and difficulty in tracking introgressed alien genomic regions
(Bertioli et al. 2011). Of these three barriers, two (linkage drag and tracking
alien genomic regions) can be efficiently handled by integrating genomics
into routine breeding programs to diversify the narrow peanut primary gene
pool. GAB can help in tracking alien genomic regions and hence, linkage
drag can be minimized. Several efforts have attempted to introgress wild
genes into cultivated, most involving disease resistance (Simpson 1991;
Singh 1996; Tansley and Nelson 1996; Stalker et al. 2002; Favero et al. 2006;
Fonceka et al. 2009; Leal-Bertioli et al. 2011; Mallikarjuna et al. 2011).
Introgressing useful alleles from wild relatives can be done with higher
precision using genomics and decision making tools. Molecular markers
evenly distributed throughout genomes have been utilized for tracking
genome recovery during backcrossing in several crops. While introgressing
genes from wild relatives, stringent background selection is required using
markers covering the full genome to avoid linkage drag from unwanted
genomic segments from wild relatives. The lone effort towards alien genomic
introgressions made using this approach in peanut was with the use of
limited genomic resources by Fonceka et al. (2009). A synthetic amphidiploid
(A. duranensis x A. ipaénsis) was used to cross with a cultivated variety (Fleur
11) followed by two backcrosses. Molecular markers were used to track alien
genomic region introgressions in the genetic background of the cultivated
genotype “Fleur 11”7 in backcross generations. This facilitated selection of
several introgression lines with varied amounts of wild genomic segments
for further study. With the availability of more genomic resources and high
throughput genotyping platforms, it will become easier to broaden the
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genetic base of the primary gene pool by introgressing genomic segments
from the wild species or synthetic amphidiploid genotypes with the help
of molecular markers.

5.7 Towards Assembling the Genome Sequence

Recent advances in Next-Generation Sequencing (NGS) technology
platforms have enabled much-needed faster sequence data generation
along with advancements in informatics and assembly tools to manage
and analyze NGS data (Varshney and May 2012). Before recent advances
in technology whole-genome sequencing of crops with larger genome size
and complex genomes was questionable. The main problem now lies in
analyzing and transmission of information to apply for crop improvement
through discovery of genes, and molecular markers associated with
economically important traits (Edward and Baitley 2010). Using advanced
technologies, whole genomes have been sequenced for several crop species
but sequencing of the peanut genome has not been accomplished due to its
large size, which is ~20-times larger than that of Arabidopsis thaliana, and 2-6-
times larger than that of rice, sorghum or soybean. Nevertheless, sequencing
for the peanut genome has been initiated by the Peanut Genome Consortium
(PGC) http://www.peanutbioscience.com/peanutgenomeproject.html)
for the tetraploid cultivar “Tifrunner”. The Peanut Genome Project (PGP)
is initiating sequencing of the peanut genome in collaboration with BGI-
Shenzhen (China). Itis, therefore, anticipated that a draft genome sequence
along with extensive genome and trancriptome information will be available
for the peanut research community within the near future. The genome
sequence data will lead to the identification of several hundred molecular
markers leading to the development of dense genetic maps, which will
facilitate identification of linked/associated markers with economically
important traits to use in genetic enhancement of cultivated peanut.

5.8 Summary and Future Prospects

GAB should accelerate genetic enhancement leading to improved
productivity, oil quality and resistance/tolerance to stresses. Recent
advances have resulted in the development of SSR markers and several
genetic maps for different genomes (AA, BB, AABB genomes). The density
of genetic maps in diploid (AA and BB) genomes was higher than the
tetraploid genetic maps. Even though the tetraploid species has both the
genomes, the genetic diversity observed in cultivated maps has been low.
Therefore, only partial (<100 loci) to low-moderate (<300 loci) genetic maps
could be constructed. One of the major challenges was to integrate as many
markers as possible on a single genetic map, which was solved through
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successful development of a reference consensus genetic map with 897
marker loci based on 11 individual genetic maps. Now, the expectation lies
with SNP markers to develop high density genetic maps but it will take
few years before these markers are in routine use for breeding and genetic
applications. Until that time, SSR markers are going to continue to be used
in genetic and breeding applications in cultivated peanuts. Efforts with
the available limited genomic resources led to the identification of linked
markers for oil quality (high oleic acid) and disease resistance (nematode,
rust, LLS and TSWYV) traits in cultivated peanut through trait mapping.
These developments also led to the deployment of linked markers to
improve disease resistance and oil quality through MABC approaches. It
is now feasible to pyramid resistance to all the four diseases along with
the high oleic trait. Further attention is required towards other challenging
areas such as drought stress along with aflatoxin/mycotoxin contamination,
which has teratogenic and carcinogenic effects on humans and animals.
The expected availability of genome sequence in the near future should
provide huge genomic resources, which will hasten the efforts of the much-
needed linking of phenotype with markers/genome sequences. However,
it can only be achieved with precise and high-throughput phenotyping for
complex traits. Recent advances in peanut genomics and molecular breeding
efforts provide hope for efficient genetic enhancement of cultivated peanut
to address different production as well as quality constraints.
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ABSTRACT

Cultivated peanut (Arachis hypogaea L.) is a Papilionoid grain legume
crop, important throughout the tropics. It is an allotetraploid of recent
origin with an AB type genome (21 = 4x = 40) and has very low DNA
polymorphism, a characteristic that has hampered genetic studies.
The A and B genomes are of similar size and are composed mostly
of metacentric chromosomes. The A genome is characterized by a
pair of small chromosomes and the presence of strong centromeric
heterochromatic bands, in contrast, B chromosomes are all of similar
size and have much weaker centromeric bands. The genome of peanut
is estimated at about 2.8 Gb and with a high repetitive DNA content.
Its most probable diploid ancestors are A. duranensis and A. ipaénsis,
donors of the A and B genomes, respectively. These two subgenomes
diverged from a common ancestor about three and a half million
years ago, more recently than the subgenomes of cotton or soybean.
Consequently, homeologous A and B genic sequences have very high
sequence identity. Genetically, cultivated peanut acts as a diploid, the
two subgenomes have very high genetic synteny, and do not appear to
have undergone major structural rearrangements after polyploidization.
Indeed, the peanut subgenomes even have detectable genetic synteny
with legumes that diverged during evolution about 55 Mya. The
patterns of synteny indicate that the A and B genomes are highly
diploidized, and that gene-space is likely to be ordered into about 10

Authors’ affiliations given at the end of the chapter.
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conserved blocks. In contrast to their conserved genetic synteny, the
repetitive DNA components of the subgenomes are very significantly
diverged. This may be substantially explained by the activity of a few
retrotransposons since the time of genome divergence. In addition, the
peanut genome harbors many miniature inverted-repeat transposable
elements that have been active since polyploidization. This activity has
probably contributed to the phenotypic variability of peanut.

Keywords: Allotetraploid, Polyploidization, Genome structure,
Karyotypes, Genomic shock, Domestication, Genomic in situ
hybridization (GISH), Long terminal repeat (LTR)

6.1 Introduction

It may seem a difficult task to write about peanut genome structure
when the sequencing of the entire DNA sequence genome is imminent
(The International Peanut Genome Initiative—IPGI) (http://www.
peanutbioscience.com). At present, we know only a restricted amount
of DNA sequence and what is known is yet unordered and unanchored.
Fortunately however, many broad features of the peanut genome are
already apparent, and the knowledge of these features will be of help to
put into context and even to generate, assemble and order an entire genome
sequence.

Many characteristics of a genome structure can be observed
independently of the DNA sequencing. Cytogenetics, genetics and linkage
mapping are prime examples that have given useful information on the
large-scale organization of the Arachis genome. In addition, a relatively
small amount of DNA information is very informative of genome structure
because, in eukaryotes, typically a few very abundant transposons make
up a substantial proportion of the genome. Already, some of the most
important properties of the transposon components of the peanut genome
are apparent, and some of the most abundant transposons are now well
defined.

6.1.1 The Position of the Genus Arachis within the Legumes and
Base Chromosome Number

Peanut, like most other economically important legumes is within the
subfamily Papilionoid. Most of these important legumes fall within two
subclades of this subfamily that diverged from each other about 50 Million
years ago (Mya): the Phaseoloids and Galegoids (Lewis et al. 1995; Lavin
et al. 2005). The Phaseoloids, which include soya and common bean,
have a base chromosome number of 2x = 20 or 22. The Galegoids, which
include pea, lentil, Lotus and clover have a base chromosome number of
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2x =10-16. However, Arachis falls in a different clade, the Dalbergioids. This
clade diverged from the Galegoids and Phaseoloids about 55 Mya (Cronk
et al. 2006). Dalbergioids are predominantly from the New World tropical
areas and have an ancestral chromosome number of 2x = 20. Accordingly,
most species of Arachis have 20 chromosomes and those that have different
chromosome numbers can be assumed to be derived states. Of particular
interest here is the cultivated peanut that differs from most of its wild
relatives in having an allotetraploid genome (21 = 4x = 40).

6.2 The Chromosomes of Wild Arachis and Cultivated Peanut

Peanut has mostly metacentric chromosomes of similar size. The diploid
wild Arachis species that are most closely related to it, and that have
symmetrical karyotypes, have been assigned to two genome types, A and
B, and belong to the botanical section Arachis. Species with the A genome
have a small pair of chromosomes, “the A chromosomes” (Husted 1936;
Smartt et al. 1978). Those species with symmetric karyotypes but without A
chromosomes were traditionally considered B genome species more properly
called non-A species. Recently, based on heterochromatin distribution and
rDNA loci localization, these non-A species have been divided into three
groups: B sensu stricto, F and K (Seijo et al. 2004; Robledo and Seijo 2010).
The B genome sensu stricto has undetectable or much weaker centromeric
heterochromatin, whilst F and K genomes have heterochromatic bands on
most chromosomes, but differ in the amount and distribution. Phylogenies
based on DNA sequence data strongly support the validity of this division
(Moretzsohn et al. 2004; Milla et al. 2005; Tallury et al. 2005; Bravo et al.
2006; Bechara et al. 2010).

Cytological analysis showing heterochromatic distribution, rDNA loci
and genomic in situ hybridization (GISH) indicated that the karyotype of
cultivated peanut is equivalent to the sum of the karyotypes of A. duranensis
(A genome) and A. ipaénsis (B genome) or very closely related species
(Seijo et al. 2004, 2007). This origin is supported by DNA sequence data,
the analysis of which has also revealed a very limited genetic variability in
peanut and the wild tetraploid A. monticola (Halward et al. 1991; Kochert
et al. 1996; Raina et al. 2001; Milla et al. 2005). Indeed, these two species
are most probably the same species. This very limited DNA variability also
indicates that A. hypogaea and A. monticola most probably had their origin in
a single or very few hybridizations followed by chromosome duplication. It
is not known if this origin occurred in the wild, or spontaneously when the
two diploids were cultivated in close proximity by ancient inhabitants of
South America. In either case, archaeological studies indicate the presence
of A. hypogaea in the Huarmey Valley in Peru as long as 5,000 BP (Bonavia
1982).
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Polyploids are sufficiently common among cultivated plants suggesting
that they may have an advantage during artificial selection by man (Hilu
1993). This may be in part because of greater vigor due to 1) heterosis, and 2)
increased size of harvested organs (Gepts 2003). In addition, events caused
by polyploidy such as 3) changes in gene expression through the increased
possibilities offered by: higher gene dosage, differential silencing, creation
of new diversity through “genomic shock”; activation of transposons, and
4) relaxed selection on duplicated genes granting the acquisition of new
gene functions are also likely to be important factors in allowing greater
adaptability to cultivation (Soltis and Soltis 1995; Wessler and Carrington
2005). Whatever are the exact molecular mechanisms involved, it is
remarkable that allotetraploid peanut, which has a very narrow genetic base,
was transformed by domestication into one of the world’s most important
crops: completely distinct in plant architecture, seed size and pod form
from its wild ancestors. In contrast, the much more genetically diverse
diploid species, which have been cultivated for at least the same amount
of time, only gave rise to a couple of proto-domesticate species cultivated
on a very limited scale by indigenous people to this day (JEM Valls, pers.
comm.; Freitas 2004).

6.3 Some Aspects of the Genetic Behavior of Wild and
Cultivated Peanuts

The center of diversity of the genus Arachis is in the Cerrado biome, a
savannah-like vegetation that experiences highly seasonal rainfall with
very distinct wet and dry seasons (Krapovickas and Gregory 1994; Valls
and Simpson 2005). Perhaps as an evolved adaptation to these climatic
conditions, all peanut species have an unusual reproductive biology. They
bear their fruits under the ground, or in other words, they are geocarpic. The
flowers are borne above ground, and, after fertilization the young fruit is
pushed into the ground through an elongated portion of the fruit structure
(“peg”) (Pelegrin et al. 2013) that has a specialized resistant tip. It penetrates
the soil, a few centimeters for cultivated peanut, and much further for the
wild species and the pod develops underground (Smith 1950). Deposited
below the soil surface, peanut seeds are afforded protection from many pests
and predators, favorable conditions for germination, and privileged access
to soil moisture. However, a buried seed cannot be efficiently dispersed,
and in natural conditions dispersal is mostly limited to the area covered
by the maternal plant. More rarely, seeds may be deposited further afield
by water-driven soil erosion, or animals (including man). In these cases,
a single or very few seeds then found a new population, which results in
natural populations that are “patches” with typically only 10s to 100s of
individuals.
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The combination of multiple recurrent severe genetic bottlenecks,
small population sizes and a typically high rate of self-fertilization have
provided the perfect conditions for genetic drift and the evolution of
genetic isolation. In the classic Bateson-Dobzhansky-Muller model for the
evolution of sexual incompatibility, diverging lineages evolve by mutations
at different loci that are innocuous in their native genomic context, but
interact negatively in hybrids (Bomblies and Weigel 2007). In the context of
Avrachis, its reproductive biology provides the perfect scenario for the fixation
of weakly deleterious mutations that affect reproduction or indeed any other
aspect of the plant’s biology. Once a mutation is fixed within a population,
any compensatory mutation in the same or an interacting gene will be
positively selected, thus driving forward species divergence and genetic
isolation. These mechanisms may have caused the remarkable degree of
sexual incompatibility observed between different collections classified
as the same species of wild Arachis (Krapovikas and Gregory 1994). At a
genomic level, we may expect the genomes of wild species to harbor the
signatures of genetic bottlenecks, isolation, inbreeding and genetic drift.

A very severe genetic bottle was imposed at the origin of peanut, and
with cultivation came different population dynamics. With man actively
transporting seeds, populations became mobile, and would be likely to
experience more genetic mixing. However, considering the low densities
of itinerant farmers in prehistory, genetic bottlenecks could still easily
have occurred. Also, a new genetic phenomenon may have accompanied
domestication: the selective sweep. Here, through strong artificial selection,
agronomically favorable alleles and their surrounding genomic regions
rapidly spread through populations and are genetically fixed. Such sweeps
leave characteristic signals in genome sequences, although they may be
difficult to detect in a background of very low DNA polymorphism.

6.4 The A and B Genomes of Peanut

Although peanut is an allotetraploid, chromosome pairing during meiosis
is almost entirely bivalent (Smartt 1990). This presumably indicates that
the A and B chromosomes have significantly diverged at the molecular
level. Recently, the date of evolutionary divergence of the A and B genomes
has been estimated for the first time. Sets of orthologous sequences were
obtained from four intron regions, from A. duranensis and A. ipaénsis, Lotus
and both palaeopolyploid components of soybean. Calibrating a molecular
clock of DNA sequence divergence using the known divergence dates of the
two genomic components of soybean (13 Mya), and the Galegoid, Phaseoloid
and Dalbergioid clades, the divergence of the Arachis A and B genomes was
estimated at 3.5 Mya (Nielen et al. 2011). Although such estimations must
always be used with caution, we can confidently say that A and B peanut
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genomes are much more similar than the soya subgenomes, and almost
certainly more similar than the allotetraploid cotton subgenomes, which
have an estimated divergence of 5-7 million years.

In terms of evolution, 3.5 million years is a relatively short time.
However, it is ample time for very significant transposon activity. Indeed,
most easily dated transposons in plant genomes are less than three million
years old. Older elements tend to be degraded by mutation or eliminated
by unequal crossing-over and illegitimate recombination (Vicient et al. 1999;
Devos et al. 2002; Pereira 2004). A substantial divergence in the repetitive
component of the two genome components of peanut is consistent with in
situ hybridization experiments where chromosome spreads were probed
with A. duranensis BAC clones (Fig. 6-1) (Guimaraes et al. 2008; Araujo et
al. 2012), or with GISH using whole genomic DNA of its most probable
ancestral diploids A. duranensis and A. ipaénsis (Seijo et al. 2007). The
genomic probes do not hybridize exclusively, but predominantly to the
chromosomes of their respective genome components. This shows that
the repetitive components of the ancestral species diverged substantially
during their separate evolutionary journeys traced since the time of their
most recent common progenitor. Also, that any movement of repetitive
DNA between the A and B genomes that occurred since the formation of the
allotetraploid species was not sufficient to homogenize their repetitive DNA
contents. Furthermore, the absence of any significant mosaic or chimeric
hybridization patterns indicates that no large translocations between the
A and B chromosomes have occurred since polyploidization. Indeed, the
genome of peanut observed by GISH (Fig. 6-1a) is not distinguishable
from the genome of a synthetic allotetraploid made from A. ipaénsis and
A. duranensis (Favero et al. 2006). Overall, it seems that there have been no
obvious major structural changes in the diploid ancestral genomes following
polyploidization.

The details of the GISH hybridization patterns could also be informative
as to the distribution of repetitive DNA within the chromosomes. The
strongest hybridization signals are at the interstitial chromosome regions.
Hybridization is not detectable at the centromeres or the chromosome
ends (Seijo et al. 2007; Nielen et al. 2010). Additionally, the smallest A
chromosome pair, which has the most pronounced heterochromatic band,
exhibits only very weak hybridization signals. From this, it is tempting
to conclude that the repetitive DNA content of centromere and terminal
regions of chromosomes are distinct from the interstitial regions and that
the A chromosome pairs have distinct repetitive DNA profiles. However,
it is also possible that the different hybridization patterns may, at least in
part, be due to different states of chromatin condensation that influence
the access of probes.
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Figure 6-1 In situ hybridization on metaphase spreads of Arachis spp. with DAPI counterstaining.
a) GISH on the synthetic amphidiploid (Arachis duranensis x A. ipaénsis)* with both parentals
genomic DNA probes—green signals with A. duranensis on half of the chromosomes (A
genome) and red signals with A. ipaénsis in the other half chromosomes (B genome) with signals
overlapping part of some chromosomes; b) BAC-FISH with ADH79023 (F12_S12_60VER)
probe with red signals over half of the chromosomes (A genome) and some dots on B
genome chromosomes, more concentrated labeling but at different intensity depending on
the chromosome. Hybridization signals were absent at centromere and telomere regions; c)
BAC-FISH with ADH51I17 probe with diffused red signals in the pericentromere regions only
on A genome chromosomes (F12_S14_50VER); d) BAC-FISH with ADH179B13 probe with
spotted green signals on A and B genome chromosomes but stronger on A chromosomes. Red
signals correspond to the rDNA 5S sites (F17_S12_4OVER1). Scale bar: 5 pm.

Color image of this figure appears in the color plate section at the end of the book.

Fluorescent in situ hybridization (FISH) patterns are also informative
as to the distribution of genes and repetitive DNA within genome.
Hybridization signals in A. hypogaea metaphase chromosomes using some
gene-poor clones from A. duranensis Bacterial Artificial Chromosome (BAC)
library (A genome) as probes, were scatteredly distributed at the interstitial
chromosome regions mainly in A chromosomes and eventually also in B
(Fig. 6-1b), suggesting that the repetitive content of the A and B genomes
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is diverged. Patterns of hybridization such as intensity, diffused or spotted,
varied according to the clone used as probe (Fig. 6-1b—d). Hybridization
was generally at the pericentromere region but not at telomeres (Fig. 6-1b—d).
Preliminary sequence analysis indicated that most of the repetitive sequences
present in these clones could be accounted for by multiple copies of just few
Long Terminal Repeat (LTR) retrotransposons and part of them (Bertioli et al.
2013). This will help the understanding of the peanut genome evolution and
to delineate strategies to help the assemblage of its full genome sequence.

6.5 The Size and Repetitive Content of the Peanut Genome

Estimates of genome size vary depending on the methodology and
standards used for its determination. The first estimate of genome size of
peanut (Singh et al. 1996) was later re-evaluated substantially downwards
to an equivalent of about 2.8 Gbp (Temsch and Greilhuber 2000, 2001). The
size estimates for the most probable ancestral A and B genome donors,
A. duranensis and A. ipaénsis, have been reported as being roughly similar
to each other, which is consistent with observed chromosome sizes. The
overall repetitive structure of the peanut genome has been studied by the
kinetics of renaturation (Dhillon et al. 1980; Table 6-1). The high estimated
percentage of repetitive DNA is within the range expected for genomes of
this size.

Eukaryotic genomes harbor different types of repetitive DNA. Here we
shall discuss ribosomal DNAs (rDNAs) and transposons.

Table 6-1 Repetitive structure of the peanut genome according to renaturation kinetics (data
from Dhillon et al. 1980).

% of Genome Class Average copy number
11.90% High repeat 38,000
14.80% Intermediate repeat 6,700
37.40% Rarely repeated 200
36.00% Single copy 1

6.5.1 rDNAs in Peanut and Its Diploid Ancestors

The most thorough study of the location and number of rDNAs was
conducted by Seijo and collaborators (2004) using FISH. The study showed,
as previously mentioned, that the number, size, and distribution of rDNA
clusters in A. hypogaea are virtually equivalent to the sum of those present
in A. duranensis and A. ipaénsis. A single pair of 5S sites is present on each
of the A and B chromosome complements, and two pairs of 185-25S sites
on the A chromosomes and three pairs on the B. The only exception to
this equivalence is that in both of the diploid species, 185-25S sites bear a
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thread-like constriction indicating intense transcriptional activity (forming
the SAT chromosome; Fernandez and Krapovickas 1994). However, in
the allotetraploid the constrictions are observed only on the A genome.
This indicates that the transcriptional activity of the B genome rDNAs has
been silenced, a common event in polyploids called nucleolar dominance
(Cermeno et al. 1984; Preuss and Pikaard 2007).

6.5.2 Transposons and Their Evolution in the A and B Genomes

Transposons can be divided into two classes depending on whether their
transposition intermediate is RNA (class 1, or retrotransposons) or DNA
(class 2, or DNA transposons). Archetypal members of each group encode
the protein products required for their transposition and are autonomous
in function. However in a reductio ad absurdum of the rhyme:

“Big fleas have little fleas,
upon their backs to bite ‘em,
and little fleas have lesser fleas,
and so on, ad infinitum...,”

even transposons are not free of parasites! In both classes of transposons
there exist “parasitic” members with incomplete, degraded or completely
absent coding regions. These transposons are non-autonomous, and depend
on the proteins encoded by other elements for transposition. Plant genomes
harbor a great diversity of transposons. However, two types, Miniature
Inverted-repeat Transposable Elements (MITEs) and Long Terminal Repeat
(LTR) retrotransposons have made particularly notable contributions to
plant genome organization and evolution (Feschotte et al. 2002).

MITEs are non-autonomous DNA transposons of less than 600 bp in
length. In peanut, Patel and collaborators (Patel et al. 2004) reported that,
following treatment with a chemical mutagen, a MITE insertion caused
functional disruption of the fatty-acid desaturase-encoding gene ahFAD2B,
one of the homeologous genes controlling the very important quality trait of
high oleic/linoleic fatty acid ratio in peanut seeds. This MITE did not belong
to the most common Tourist or Stowaway families but showed similarities
to the Bigfoot family in Medicago (Charrier et al. 1999). Later, AhMITE], a
transposon with sequence similarities to the previously reported MITE,
was observed to excise from a single locus in spontaneous and artificially
induced mutants (Gowda et al. 2010, 2011).

Evidence of activity and a tendency to transpose into genes or their
flanking regions (Feschotte et al. 2002) stimulated further interest in
MITEs, and recently a large-scale analysis in peanut has been completed
(Shirasawa et al. 2012). Using enriched genomic libraries, 504 unique
AhMITE1 sequences and their flanking genomic regions were obtained
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and shown to group into six families. Intriguingly, southern blots showed
multiple AhRMITE1 copies in the genomes of A. magna (a wild diploid B
genome species very closely related to A. ipaénsis) and A. hypogaea, but
not in the genome of A. duranensis, the most probable A genome donor to
peanut. This suggests that AhRMITE1 elements amplified in the B genome,
but not in the A genome after their divergence about 3.5 Mya. Surveying
of AhMITEL1 insertion sites in cultivated varieties by PCR showed 13%
polymorphism within a small sample of Virginia Runner type and 30%
polymorphism between three Virginia cultivars and a Spanish type.
This clearly indicates large-scale activity of AhMITE1 elements since
the formation of the cultivated peanut and indicated the possibility that
transposition events from the B to the A genome may have occurred in this
tetraploid. The distribution of AhRMITE1 markers in all the linkage groups of
the most dense linkage map for peanut produced to date support that this
migration has happened (Shirasawa et al. unpubl. data). This conclusion is
compatible with the apparent equivalence in GISH patterns of peanut and
synthetic allotetraploid mentioned above, because MITEs are small and
their movement would not be expected to significantly change genomewide
chromosome hybridization patterns.

The insertion rate of AhRMITE1 into BLASTX detectable genes (10.5%)
is much more frequent than would be expected by chance, and indicates
that this family of transposons is likely to have affected the expression of
numerous genes since the formation of the tetraploid, and may have had
an important role in the generation of present-day morphological diversity
of cultivated peanuts (Shirasawa et al. 2012).

The first comprehensively characterized peanut retrotransposon was
an autonomous Ty3-gypsy type element of about 11,200 bp named FIDEL
(Nielen et al. 2010). FISH analysis of peanut, dot blots and BAC-end
sequences from A. duranensis and A. ipaénsis indicate that this element is
more frequent in the A than in the B genome, with copy numbers of about
3,000 and 820 per haploid genome respectively (0.7% of the tetraploid
genome). Phylogenetic analysis of reverse transcriptase sequences showed
distinct evolution of FIDEL in the A and B genomes and indicated that
FIDEL most probably underwent two major events of transposition and
multiplication in the A genome after its evolutionary divergence from the
B genome.

In contrast to AhMITEL, FIDEL is less frequent near single copy genes,
a tendency that was observed using paired sequences from BAC clones
(Nielen et al. 2010). Interestingly, this tendency could not be demonstrated
with resistance gene homologs (see more on the association of transposons
and resistance gene homologs later in this chapter). On a chromosome scale,
the distribution of FIDEL; strongest hybridization in the interstitial regions
of chromosome arms, and absence of detectable signal from centromeres,
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telomeric regions and nucleolar organizer region, closely resemble that of
whole genomic DNA probes. This indicates that FIDEL may be an important
component of the divergence of the repetitive DNA of the A and B genomes
(Nielen et al. 2010).

Whilst FIDEL is common in the peanut genome, most copies are likely
to be in a mutated and/or epigenetic silenced state. This is suggested by
stop codons in coding regions and by the Ts/Tv ratio of >1.5:1 in the LTR
sequences (Nielen et al. 2010). However, searching Expressed Sequenced Tag
(EST) data does reveal some activity, and more intriguingly, transcription
from FIDEL seems to be up-regulated under drought and disease stress
(Brasileiro et al. 2012). Whether this evidence for activation indicates the
generation of functional proteins and transposition remains to be answered.
Whichever, FIDEL’s localization in euchromatic regions suggests that it
may have modified the expression of other genes, through insertional
inactivation, or through the promotor activity of its LTRs.

More recently, a 6,179 bp autonomous Ty1-copia retrotransposon from
the Bianca lineage named Matita has been characterized in peanut (Nielen
et al. 2011). Matita is much less abundant than FIDEL with an estimated
520 copies in the haploid cultivated peanut genome. Also, in contrast to
FIDEL, Matita is mainly located on the distal regions of chromosome arms
and is of approximately equal frequency on both A and B chromosomes.
Furthermore, phylogenetic analysis and molecular dating of transposition
events suggest that although Matita has been active since the divergence
of the A and B genomes, it underwent its last major burst of transposition
activity at around the same time as the evolutionary divergence of peanut’s
diploid ancestors. By probing BAC libraries it was shown that Matita is also
not randomly distributed in the genome but exhibits a significant tendency
of being more abundant near resistance gene homologs than near single
copy genes.

These studies have given a glimpse of the importance of transposons
in the evolution of the peanut genome, in terms of their influence on
gene expression and on genome structure. It is a common theme in plant
genome structure that a relatively few transposon species are present at
high number, and many more are present in low numbers. Peanut seems to
follow this pattern, as the sequence analysis of 12 A-genome BACs, spanning
about 1.25 Mb has recently shown (Araujo et al. 2012; Bertioli et al. 2013).
Within these BAC sequences, most of the repetitive sequences could be
accounted for by multiple copies of just seven LTR retrotransposons, their
solo LTRs and remnants (Bertioli et al. 2013). Interestingly, only three of
these elements were autonomous and four were non-autonomous, with
one of the non-autonomous elements having FIDEL-like LTRs. Most of the
datable transpositions were less than three Mya, indicating that much of
the divergence of the A and B gene-space may be accounted by the activity
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of a few species of LTR retrotransposons. These elements are frequent in
gene-space, but may be even more so in regions of the genome with few
or no genes (see the example in Fig. 6-2).
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Figure 6-2 Representation of BAC clone AD180A21 consisting of two contigs, one of 84,046
bp positioned at left hand side, and one of 5,920 bp positioned at right. Top: Repetitive Index
graph; Middle: Annotation scheme, and Bottom: dot plot. Repetitive Index is a score for
repeat content based on BLASTN against 41,856 A. duranensis BAC-end sequences. The score
is calculated using the formula Repetitive Index = logl0(N+1), where N is the number of
BLASTN homologies with an evalue of 1e-20 or less. The highest peak represented here is 1.9,
which is equivalent to 88 BLASTN homologies; the lowest peak is 0.3, which is equivalent to
a single BLASTN homology. The annotation scheme represents long terminal repeats (LTRs)
in blue and internal regions of transposons in white. Transposons in positive orientation are
represented on upper strand, and those in negative on the lower. The dot plot is of the BAC
sequence (horizontal) against whole representative sequences of the transposons FIDEL, Feral,
Pipoka, Pipa and Gordo (vertical).

This BAC clone consists almost entirely of LTR retrotransposons their solo elements and
remnants, and does not contain any non-transposon gene. The sequence contains two complete
FIDELS, one complete Pipa, and a complete Gordo interrupted by one of the FIDEL elements
(names in bold type), a lower copy LTR transposon (Element-FIB1), plus retrotransposon
fragments. All highly repetitive sequences in the BAC are derived from five retrotransposons:
FIDEL, Feral, Pipoka, Pipa and Gordo.

Color image of this figure appears in the color plate section at the end of the book.
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6.6 Comparison of the A and B Genomes in Low Copy Regions
of the Genome

Whilst the consideration of repetitive DNA above emphasizes the differences
between the A and B genomes, comparisons of genetic maps (see later in this
chapter) and lower copy DNA emphasize the similarities. At the moment
there is little data, but sequence identity is on average 94% between two 45
kb A and B homeologous genome sequences characterized by the authors
(Bertioli et al. unpubl. data). This degree of sequence similarity in noncoding
regions is compatible with the estimated date of evolutionary divergence
(3.5 Mya) and a substitution rate of 1.3 x 107 per site per year (Ma et al.
2004). This is likely to be representative of many regions of the genome.
In coding regions that are under conservative selection, we may expect
DNA sequence identity to be even higher. However, these regions of high
identity will be “broken” by fast evolving repetitive DNA. We may expect
that many of these breaks can be accounted by the activity of a rather few
species of transposons (Araujo et al. 2012; Bertioli et al. 2013).

We have already seen that the distributions of AhMITE1, FIDEL and
Matita are not spatially random. Over evolutionary time, nonrandom
patterns of transposon activity and elimination from the genome create a
genomic landscape with identifiable broad features. Next we will see what
light genetic mapping has shed on this.

6.7 Genetic Maps and Genome Structure

Sturtevant and Morgan’s insight that the percentage of meiotic recombinants
between two loci can be used as a measure of the distance between them
allowed the construction of genetic maps. The first genetic maps were made
using phenotypic characteristics, but traits controlled by single locus are
scarce, and modern genetic maps are based on DNA markers. In peanut,
which has very low DNA polymorphism, the generation of informative
genetic markers has been very difficult, and this has been a fundamental
limitation to peanut genetics.

The development of molecular markers for peanut has followed the
technical trends of the times. The first studies were based on isozymes and
proteins (Krishna and Mitra 1988; Grieshammer and Wynne 1990; Lu and
Pickersgill 1993), followed by Restriction Fragment length polymorphism
—RFLPs (Kochert et al. 1991, 1996; Paik-Ro et al. 1992), random Amplified
Polymorphic DNA—RAPDs (Halward et al. 1991, 1992; Hilu and Stalker
1995; Subramanian et al. 2000), Amplified Fragment Length Polymorphism
—AFLPs (He and Prakash 1997, 2001; Gimenes et al. 2002; Herselman 2003;
Ferguson et al. 2004; Milla et al. 2005; Tallury et al. 2005), more recently
microsatellite markers (Hopkins et al. 1999; Palmieri et al. 2002; He et al.
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2003, 2005; Moretzsohn et al. 2004, 2005, 2009; Palmieri et al. 2005; Bravo et
al. 2006; Budiman et al. 2006; Mace et al. 2006; Gimenes et al. 2007; Proite et
al. 2007; Wang et al. 2007; Cuc et al. 2008; Guo et al. 2008; Naito et al. 2008;
Liang et al. 2009; Yuan et al. 2010; Koilkonda et al. 2011) and molecular
markers based on MITE markers (Shirasawa et al. 2012 and unpubl. data).
Generally, these markers have shown a trend towards becoming more
informative, and now microsatellites, being codominant and easy to score
in the tetraploid genome, are considered the molecular marker of choice,
with MITE markers also showing much potential.

Markers based on Single Nucleotide Polymorphism (SNP) have proved
very difficult to apply for peanut. This is because they are very rare and
difficult to detect against the background of false A-B polymorphism. If
we consider that even very diverse peanut cultivars have diverged only a
few thousand years ago, whilst the A and B genomes diverged a few Mya,
then we can expect true A-A and B-B SNP rates to be in the region of 1,000
times less frequent than false A-B SNP rate. In addition to this difficulty of
discovering SNPs, the considerable problem of scoring them in a tetraploid
genome complicates it even more.

The obstacles to mapping in peanut meant that the first maps were
generated using crosses involving wild species. Some of the maps also
used the simpler diploid genetics of wild diploid species. Halward and
collaborators (1991) produced such a diploid map, based on RFLPs and an
F, population derived from two diploid A genome species A. stenosperma
and A. cardenasii. Another RFLP-based map was published for a BC,
tetraploid population derived from a synthetic allotetraploid [A. batizocoi x
(A. cardenasii x A. diogoi)]* crossed with peanut (Burow et al. 2001). In this
latter map, 370 RFLP loci were mapped onto 23 linkage groups, spanning
a total of 2,207 cM. This tetraploid map was particularly informative to
genome structure because it allowed the assignment of marker alleles to A
or B genomes by reference to the known genomes of the diploid parents of
the synthetic allotetraploid. In this way homologous linkage groups could
be aligned. This showed that marker order was highly conserved between
the A and B genomes.

The first map based on microsatellites was derived from a cross between
A. duranensis and A. stenosperma (Moretzsohn et al. 2005). This map consisted
of 11 linkage groups covering 1,230 cM. Subsequently, a microsatellite
map of the B genome based on a cross of A. ipaénsis and the closely related
A. magna map had 10 linkage groups, with 149 loci spanning a very similar
total map distance of 1,294 cM. The comparison of 51 shared markers
between these two maps revealed high levels of synteny, with all but one of
the B linkage groups showing a single main correspondence to an A linkage
group. This seems largely consistent with the observations for the previously
mentioned tetraploid map. The main differences being: in the tetraploid
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study, one large B linkage group shows no marker correspondences to the
A genome, whilst comparisons of the diploid maps showed no “orphan”
linkage groups. Furthermore, in the diploid comparison, two B linkage
groups correspond to one A, a situation not observed in the tetraploid map
(Moretzsohn et al. 2009).

Further markers were subsequently included in the diploid A genome
map. The most recently published version has 369 markers in 10 linkage
groups (Leal-Bertioli et al. 2009). The total genetic distance covered by this
map was more than 2,990 cM. Considering comparisons with subsequently
published maps (Foncéka et al. 2009), we can conclude that this distance is
overestimated several fold, probably due to the mixing of different dominant
and codominant marker types. Nevertheless, this overestimate does not
significantly reduce the information content of the map, because marker
order seems correct and virtually all markers were sequence-characterized.
Furthermore, many of the markers were particularly informative: 102 were
genome comparative markers developed from intron regions of low copy
genes (Leg anchor markers; Fredslund et al. 2006), and 35 were resistance
gene homologs.

The sequence-characterized markers, and high proportion of low
or single copy gene markers allowed the map to be aligned to the fully
sequenced genomes of Lotus japonicus and Medicago truncatula (Sato et al.
2008; www.medicago.org). These were represented as “genome plots” (Fig.
6-3; Bertioli et al. 2009). Inspection of these plots shows surprising degrees
of synteny considering the time of species divergence (estimated 55 Mya).
Although there are some regions of double affinities between Arachis and
these model legumes, most synteny blocks have a single main affinity and
not multiple affinities interleaved. This is an important observation. Genome
evolution, for instance, chromosomal translocations and inversions,
progressively breaks down syntenic relationships between species over
evolutionary time. However, in addition, whole genome duplications
occur periodically during plant evolution, followed by progressive
diploidization. In this chapter until now we have referred to diploid and
tetraploid as if they were absolute states. In fact, genome duplication in plant
evolution is sufficiently frequent that almost no plant is fully diploid, but
in varying states of diploidization, following the most recent polyploidy
event (Adams and Wendel 2005; Cui et al. 2006). From the single pairwise
affinities in the Arachis genome plots two main conclusions can be made.
The common ancestral genome of Arachis, that existed some 55 Mya was
already substantially diploidized during the last universal legume whole
genome duplication, which predated the divergence of Arachis from the
Galegoids and Phaseoloids.
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Secondly, that the so-called diploid Arachis genomes are therefore truly
substantially diploid; their internal duplication is likely to be in the same
range as for Lotus and Medicago 6.8 and 9.7%, respectively (Cannon et al.
2006).

Most economically important legumes and the two most important
model legumes, Medicago and Lotus, belong to the Galegoid or Phaseoloid
clades. Arachis is an outgroup, and so comparisons are particularly
informative for making evolutionary inferences. For this reason, the
Arachis vs. Lotus / Medicago plots were drawn with equivalent chromosomal
orders as a previously published comparison between Lotus and Medicago
genomes (Bertioli et al. 2009; Cannon et al. 2006; Fig. 6-3). Then, all possible
Arachis-Lotus-Medicago species-by-species analysis could be observed in a
comparable format. In this way, 10 distinct conserved synteny blocks and
also nonconserved regions could be observed in all genomes. This clearly
implies that certain legume genomic regions are consistently more stable
during evolution than others. It is notable that these regions are large scale,
and apparently in some cases consist of entire chromosomal arms.

An explanation for these observations was found by analyzing
transposon distributions in Lotus and Medicago. Retrotransposons are very
unevenly distributed in both the model legumes and it was observed that
the retrotransposon-rich regions tend to correspond to variable regions,
intercalating with the synteny blocks, which are relatively retrotransposon
poor. This tendency is particularly evident for Medicago, but somewhat less
so for Lotus. Furthermore, while the variable regions generally have lower
densities of single copy genes than the more conserved regions, some harbor
high densities of the fast evolving disease resistance genes (Bertioli et al.
2009; Fig. 6-3). For Arachis it was notable that LGs 2 and 4, which harbor
the most prominent clusters of Resistance Gene Homologues (RGHs)
and Quantitative Trait Loci (QTLs), showed shattered synteny with both
Lotus and Medicago. In a different study, resistance to root-knot nematode
was mapped to LGA 9 (Nagy et al. 2010). The upper region of LGA 9 is
a synteny block, but its lower region appears to be a variable region. The
region that confers nematode resistance is derived from the wild diploid
A. cardenasii, and is particularly genetically interesting because it displays
strongly suppressed recombination with the A genome of A. hypogaea and
appears to cover about one-third to a half of a chromosome.

Through large scale screening of Simple Sequence Repeat (SSR)
markers, a sufficient number of polymorphic markers were identified for the
generation of the first genetic linkage maps based on cultivated x cultivated
crosses (Varshney et al. 2009; Hong et al. 2008, 2010). These maps are very
useful for breeding because they incorporate QTLs for agronomically
important traits, such as disease resistance and drought-related traits. For
the creation of the highest density map of peanut to date, markers screening
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was done by in silico analysis of the parents. The map has 1,114 markers and
is 2,166 cM in length. Interestingly it has 21 linkage groups, two of which
are much lower density than the others (Shirasawa et al. unpubl. data).

6.8 Sequencing the Peanut Genome

In a new development, as an initial phase in the IPGI (http://www.
peanutbioscience.com), the very large capacity of Illumina sequencing is
being used for the generation of high density genetic maps. The data for
the generation of these maps is obtained essentially by using low coverage
sequencing as a method of high density genotyping. The approach is being
used in diploid and tetraploid peanut mapping populations and a peanut
diversity panel (Froenicke et al. 2011, 2012). The genetic maps generated
are expected to be especially useful in the ordering of contigs and scaffolds
in the Peanut Genome Project.

The estimated size of the cultivated peanut’s genome is about 2.8 Gbp,
almost as large as the human genome. Sequencing and properly ordering
of such a large genome is a challenging task. The main obstacle is not the
size itself but the repeat structures present within large genomes. Very
significant portions of large genomes consist of almost identical copies of
DNA repeated multiple times. During sequence assembly, the placement

Figure 6-3 contd.

Figure 6-3 Genome plots of Arachis vs. Medicago and Arachis vs. Lotus, integrated with each
other and graphs of synteny with Arachis, and retrotransposon, and resistance gene homolog
distributions for Medicago and Lotus (original figure is from Bertioli et al. 2009). Chromosome
orders and numbering of synteny blocks are the same as a Medicago vs. Lotus plot in Cannon
et al. 2006, allowing direct comparisons. Equivalent conserved regions (synteny blocks) and
variable regions are present in all possible combinations of species comparisons Arachis-Lotus-
Medicago. This shows that some genomic regions (synteny blocks) are consistently more stable
during evolution than others.

(a) Genome Plot of Arachis vs. Medicago.

(b) Density of blast detected resistance gene homologs of the TNL (red line) and CNL (green
line) subclasses plotted along the Medicago genome. High densities of resistance gene
homologs and retrotransposons coincide.

(c) Blackline: density of blast detected retrotransposons plotted along the Medicago genome.
Cyan-blue line: scaled synteny score of Medicago with Arachis. Synteny blocks occur in
regions of low retrotransposon density.

(d) Black line: percentage genome coverage of retrotransposons plotted along the Lotus
genome. Cyan-blue line: scaled synteny score of Lotus with Arachis. Synteny blocks tend
to occur in regions of low retrotransposon coverage.

(e) Density of resistance gene homolog encoding sequences, TNL (red) and CNL
(green), plotted along the Lotus genome. Clusters of resistance gene homologs and
retrotransposons coincide.

(f) Genome Plot of Arachis vs. Lotus. Markers mapped to intervals are plotted as horizontal
lines.

Color image of this figure appears in the color plate section at the end of the book.
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of sequence reads derived from these repeats into the wrong position can
prevent assembly being completed, or worse, induce the assembly to be
completed in the wrong way. The peanut genome is no exception and
harbors numerous repeat structures. It is know that each retrotransposition
event can create a new repeat structure and as discussed above, there seems
to have been significant evolutionary recent activity of transposons in the
Arachis genome, which is a potential problem for assembly.

The most problematic transposition events are very recent ones where
mutation has not had sufficient time to reduce sequence identity. The size
of transposons, and even many solo LTRs, usually substantially exceeds
the size of individual sequence reads. Therefore, paired sequence reads at
different scales will be particularly important for spanning transposons and
other repeat structures of varying scales and enabling assembly.

Although the overall repetitive profile of peanut seems compatible
with whole genome shotgun sequencing, the allotetraploid genome
with relatively recently diverged A and B components will be especially
problematic. Assembly of such a genome may encounter two frequent
problems, the first one being breaks in contigs because of misassembles at
ends of contigs (A reads at ends of B contigs or vice versa) and the second, the
generation of mixed A and B (chimeric) contigs. These problems are likely
to be worse with shorter sequence reads because, for instance, identical 100
bp A and B homeologous regions will be much more common than identical
500 bp regions. Strategies will be necessary to overcome these difficulties,
especially if the project is to take advantage of [llumina sequencing, which
produces massive amounts of data, but short sequence reads. Two possible
options are the sequencing of the diploid progenitors to provide templates
for a tetraploid assembly, and a multiplexed BAC-by-BAC strategy.

6.9 Conclusions

Although, at the time of writing this chapter, there is relatively little ordered
or anchored genomic DNA sequence available for peanut, many general
features of the genome are apparent. The knowledge of these features is
useful in the design of sequencing strategies, and should be useful to guide
assembly methods, and to generate and test hypotheses when an assembled
genome is available.
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Peanut Transcriptomics

Xiaoping Chen and Xuangqiang Liang*

ABSTRACT

Transcriptome designates a specific subset or complete set of messenger
RNA (mRNA) expressed in a particular cell, tissue, organ or organism,
and their quantity for a given developmental stage or physiological
condition. Transcriptomics or genomewide transcriptional profiling
allows simultaneous examination of transcriptome. It has been
increasingly used to describe transcripts of a range of peanut tissues at
different developmental stages under various environmental stresses.
Here, we review commonly used technologies for transcriptome studies,
their representation for three important peanut tissues (pod/seed, root
and leaf), for stress response in peanut, as well as their use for marker
development. It is now clear that various transcriptomics strategies are
complementary and synergistic and the increasing availability of newly
developed methods opens new opportunities for peanut transcriptome
analysis, contributing to the understanding of genetic mechanism
underlying important agronomic traits for peanut improvement.
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7.1 Introduction

Peanut or groundnut (Arachis hypogaea L.) is widely used as a source of
edible oil and protein. It is cultivated mainly in tropical, subtropical and
warm regions around the world. It is also the second most important seed
legume of the world following soybean, with a total global production of
36.46 million tons, ranking among the top five oilseeds cultivated in the
world (FAO 2009). China, India and the US have been the leading producers
of peanut for decades and consume approximately 65% of the world’s
production (Gunstone 2011). Despite the importance of peanut, progress
in peanut breeding, genetics and genomics still lag far behind that of major
crops. This is in large part because of the relatively few researchers involved
in this crop, the low financial resources allocated to fundamental study as
well as the complex genome of peanut (allotetraploidy, large genome size
of 2,800 Mb; Temsch et al. 2000). Peanut is an economically important food
crop worldwide, and thus its quality has become increasingly important
and received more attention from the food industry and consumers, while
growers are more interested on high-yielding varieties for higher income.
Peanut well known for its allergens, is affected by a wide range of diseases
such as those caused by Aspergillus, leaf fungi, nematodes and also various
abiotic environmental stresses including drought. These constraints have led
to yield loss as well as quality deterioration, e.g., allergenicity and aflatoxin
contamination (Li et al. 2000; Holbrook et al. 2003; Ratnaparkhe et al. 2011).
Peanut is morphologically diverse, however, many agronomical traits
are difficult to select by conventional breeding, as they are quantitatively
inherited. For this reason, it is quite hard to diminish the rate of adverse
reactions and to enhance resistance to abiotic and biotic stresses through
conventional breeding systems. The application of genomic tools in the
breeding programs would greatly facilitate the genetic enhancement
of cultivated peanut in a relatively rapid way (Livingstone et al. 2005;
Varshney et al. 2009; Knoll et al. 2011). Unfortunately, understanding the
genetic mechanism underlying complex traits in peanut is hindered by
the fact that peanut possesses a narrow genetic diversity and its genome
has not yet been sequenced and transcriptome resources are still limited
(Pandey et al. 2011).

For a complex agronomic trait, the traditional approach to elucidate the
underlying mechanism is to divide it into smaller, simpler and thus more
tractable units for studying (Romero et al. 2006). If a divided unit or trait
was dominated by a single gene/Quantitative Trait Locus (QTL), the gene/
locus can be isolated and investigated using various molecular techniques.
This strategy can assign a phenotype/trait to specific genes or QTLs, on the
basis of which, however, a complete understanding of genetic mechanism
underlying complex traits is not tenable (Strange 2005). Such complexity



Peanut Transcriptomics 141

can become tractable with the use of “omics” technologies, referring to
simultaneously studying DNA, mRNA, proteins, and metabolites in a
cell, tissue, organ or organism (Romero et al. 2006). The first and still most
well-known of “omics” technologies is transcriptomics or genomewide
transcriptional profiling, allowing simultaneous examination of mRNA
or transcript abundance and variations for much or all of genome with
the goal of understanding genes and pathways involved in the biological
processes (Gomase et al. 2008). “Omics” sciences have been taken to be
a general term of reference to studies of entities in aggregate (Weinstein
1998; Evans 2000), and hence the term “transcriptomics” is designated to
study the transcriptome that is a specific subset or complete set of mRNA
expressed in a cell, tissue, organ or organism, and their quantity, for a
given developmental stage or physiological condition (Hegde et al. 2003;
Gomase et al. 2008; Wang et al. 2009b). It has been widely applied in plant
biology, both in model species such as Arabidopsis, and also in crop plants
including rice and maize.

This chapter will provide an overview of peanut transcriptomics
including commonly used strategies for genomewide analysis, its current
status in peanut, its representation for three major tissues (pod/seed,
hereafter refer to as seed, root and leaf) and in stress response, its use for
marker development, as well its future perspectives.

7.2 Transcriptomics Strategies

In plants, transcriptome technologies are often used to identify the genes
whose expression is differentially regulated at different developmental
stages or in response to various biotic and abiotic stresses. There are many
strategies that have been developed in this particular area for examination
of large-scale gene expression profiling. Most of these strategies can
be classified into two broad categories (Shackel et al. 2006): (1) “closed
architecture systems” requiring existing knowledge of gene sequences and
no novel sequence information generated for this type of strategies, such
as microarrays (Schena et al. 1995); (2) “open architecture systems” not
requiring a priori knowledge of gene sequences and potentially producing
new sequences, including initial cDNA sequencing (expression sequence
tags, ESTs; Adams et al. 1991) and RNA sequencing (RNA-seq) recently
developed and becoming increasingly important in transcriptomics (Wang
et al. 2009b).

Array technology is a good representative of the “closed architecture
system”. It has revolutionized our ability to monitor global changes in
gene expression at a genomewide level and has become the preferred
technology of rapidly monitoring differential gene expression in hundreds
to thousands of mRNA transcripts in a single experiment (Schena et al.



142 Genetics, Genomics and Breeding of Peanuts

1998; Lipshutz 2000; Suarez et al. 2009). From its inception in the 1990s,
a number of derivative technologies for expression profiling proliferated
from this methodology (Schena et al. 1998; Lipshutz 2000; Govind et
al. 2009). There are currently two types of arrays used to monitor gene
expression in plants: cDNA-based and oligonucleotide arrays. cDNA arrays
are based upon the deposition of pre-assembled cDNA probes including
the nylon-based cDNA macroarray (Lennon et al. 1991; Pietu et al. 1996)
and ¢cDNA microarray (Schena et al. 1995). Oligonucleotide arrays are
made through in situ synthesis of oligonucleotide probes. According to
the length of probe, oligonucleotide arrays can be further divided into
short oligonucleotide of around 20 nucleotides (Affymetrix arrays or gene
chips) and long oligonucleotide with 50-70 mers (Agilent Technologies
and Roche NimbleGen; Kane et al. 2000; Kasuga et al. 2005). Regardless of
the density, probe length and preparation and support of all arrays, their
underlying principle remains the same on the basis of interactions between
complementary strands of DNA (Southern 1975). The advent of array
technologies has made a quantum leap in expression profiling analysis
across diverse biological conditions. However, array technologies suffer
from two main limitations: (1) reliance upon a priori knowledge of gene
sequences, and thus transcriptomics is limited to genes that are represented
on the array; and (2) the lack of standards presenting and exchanging data,
hindering the integration of data from different experiments.

In contrast to array technologies, sequence-based methods do not require
existing knowledge about transcript sequences, and directly determine the
cDNA sequence. There are a large number of sequencing-based technologies
used for transcriptome analysis including EST sequencing (Adams et al.
1991), Serial Analysis of Gene Expression (SAGE) (Velculescu et al. 1995),
Cap-Analysis Gene Expression (CAGE) (Shiraki et al. 2003), Massively
Parallel Signature Sequencing (MPSS) (Brenner et al. 2000), Polony Multiplex
Analysis of Gene Expression (PMAGE) (Kim et al. 2007), Differential Display
Reverse Transcription Polymerase Chain Reaction (DDRT-PCR) (Liang et
al. 1992; Cho et al. 2001), Suppressive Subtractive Hybridization (SSH)
(Diatchenko et al. 1996), cDNA Amplified Fragment Length Polymorphism
(cDNA-AFLP) (Kivioja et al. 2005), as well as High Coverage Expression
Profiling (HiCEP) (Fukumura et al. 2003). Compared to the “closed
architecture system” , they generate tags independent of knowledge of gene
sequences (Forrest et al. 2009). Most importantly, they can produce novel
sequences with the potential for gene discovery. However, most are based
on expensive and relatively low-throughput Sanger sequencing technology,
making it infeasible to annotate transcriptome at a high resolution. Recently,
on the basis of Next Generation Sequencing (NGS) technologies (Ansorge
2009), RNA-seq is becoming a revolutionary tool for transcriptomics, like
the appearance of microarray technologies for expression profiling in the
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mid-1990s. It has revolutionized our view of the extent and complexity of
transcriptomes as well as provided more precise measurement of levels
of transcripts and their isoforms than the previous methods (Wang et al.
2009b).

Despite the advent of EST sequencing (Adams et al. 1991) and the
microarray technology (Schena et al. 1995) nearly 20 years ago, the application
of transcriptomics in peanut has not happened until a decade ago, far
lagging behind the major crops such as rice and soybean. Microarray and
EST sequencing are commonly used strategies for peanut transcriptomics,
followed by other technologies such as SSH, DD-PCR and cDNA-AFLP.
Transcriptome analyses in peanut using these strategies provided a certain
amount of transcriptional information for a variety of peanut tissues at
different developmental stages under various environmental stresses.

7.3 Peanut Transcriptome

Because a complete reference genome is not available for peanut, consensus
transcriptome assembled from EST sequences have been developed as
an alternative reference for designing micorarray probes and aligning
the transcript reads generated by NGS technologies. Most of the peanut
transcriptome assemblies are based on dbEST and nucleotide divisions in
NCBI (www.ncbi.nlm.nih.gov). The earliest available assembly for peanut
was provided in 2007 by the Institute of Genome Research (TIGR, now the
J. Craig Venter institute, http://plantta.jcvi.org/cgi-bin/plantta_release.
pl). The assembly had only 6,965 unigenes with 1,491 contigs and 5,474
singletons since the TIGR plant transcript assemblies were updated in July
2007 when there were 13,174 peanut ESTs in GenBank. Another assembly
for peanut is PlantGDB-assembled Unique Transcripts (PUT, version 171a,
http:/ /www.plantgdb.org), which was released in June 2009. A total of
85,614 sequences filtered from 125,531 ESTs and cDNAs in GenBank were
used for assembly, resulting in 30,319 unigenes. Most recently, GeneBank
Unigene Build #2 consisting of 33,015 unigene clusters was developed
based on 117,331 sequences from dbESTs and nucleotide divisions through
9 June 2011. In addition, a peanut transcriptome assembly containing 32,619
contigs was reported by the so-called peanutDB that currently focused on
the transcriptomics analysis of Arachis hypogaea (Schmidt et al. 2011). On the
basis of sequenced transcriptome ESTs from 17 tetraploid genotypes and
publicly-available sequences, a comprehensive transcriptome assembly has
been developed, which is comprised of 211,244 unigenes with 3,907 bp of
the largest contig and an average length of 563 bp (Pandey et al. 2011).
With the NGS like 454 pyrosequencing and Illumina SBS, more and more
transcriptome sequences are being generated for peanut. Currently, there
are 2.7 Gb sequence data generated using 454 Titanium and Illumina GA
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platforms. In addition, a total of 225,264 peanut ESTs are available in dbEST
(release 120111) comprised of 150,922 ESTs from cultivated peanut (Arachis
hypogaea) as well as 35,291, 32,787, and 6,264 from three wild relatives
A. duranensis, A. ipaensis, and A. stenosperma, respectively. Most of these were
produced from seed, leaf and root tissues at different developmental stages
under various environmental conditions. Detailed information is listed in
Table 7-1. The length of these ESTs ranged from 37 bp to 2,038 bp with an
average length of 535 bp. They have been assembled into 60,328 unigenes
with 20,346 contigs and 39,982 singletons. Of these, 38,614, 16,776, 16,831
and 4,774 unigenes were expressed in A. hypogaea, A. duranensis, A. ipaensis,
and A. stenosperma, respectively (Fig. 7-1A).
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Figure 7-1 Peanut transcriptome assembled from ESTs in dbEST. (A) Distribution of transcripts
among cultivated species (A. hypogaea) and three wild relatives (A. duranensis, A. ipaensis and
A. stenosperma). (B) Distribution of transcripts among seed, leaf and root tissues.

Color image of this figure appears in the color plate section at the end of the book.

7.3.1 The Seed Transcriptome

Seed, the unique harvesting organ mainly accumulating oil and protein,
is undisputedly the organ of the greatest importance in peanut from an
agronomic perspective. However, little is known pertaining to the molecular
mechanisms underlying seed development. Defining its transcriptome and
understanding global expression profiling will provide critical information
for improvement of nutritional composition and enhancement of resistance
to pests of peanut. Gene expression profiling is essential to identify seed-
specific genes with preferential expression at specific developmental
stages. Because peanut has not a complete genome sequence and a limited
number of transcripts are publicly available, little is known with respect
to the number of protein-encoding genes and transcripts derived from
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alternative splicing in peanut. This aggravates the already difficult task
that is to estimate how many transcripts are expressed in peanut seed
tissue. Until now, there are no comprehensive studies of seed transcriptome
and rare resources for identifying and comparing organ transcriptomes.
Knowledge of seed transcriptome is inferred from transcript assemblies,
which are mainly compiled from ESTs. Based on the current available ESTs
in dbEST, a total of 35,403 unigenes were found to express in seed tissue
of peanut (Fig. 7-1B).

An initial de novo generation of ESTs resulted in 1,056 sequences from
immature pods (Luo et al. 2005b). Yan et al. (2005) reported more than
400 ESTs obtained from mid-maturation stage cotyledons of peanut. The
largest seed EST collection of 21,777 high-quality EST sequences were
generated from six cDNA libraries derived from developing peanut seeds
at three reproduction stages (R5, R6 and R7). These ESTs represented 8,689
unigenes in seed transcriptome. More than 20 functional categories were
found among these transcripts, providing some insights into the complexity
of the seed transcriptome (Guo et al. 2008). This study also showed that
gene expression patterns in seed were significantly different not only at
various development stages but also between genotypes (Guo et al. 2008).
Comparative transcriptome analysis indicated that peanut transcriptome
was more closely related to legume species than to cereal crops, and more
similar to dicot than to monocot plant species (Guo et al. 2008).

Microarray analysis is another widely-used method to examine seed
transcriptome and to provide insights into its complexity. Payton et al. (2009)
designed an oligonucleotide microarray containing 15,744 unique probes
and employed it to profile gene expression in various tissues of peanut,
with the purpose of developing a tool for expression profiling studies in
diverse tissues of peanut and of identifying tissue-specific genes. A total of
108 putatively pod-specific/abundant genes were identified. From these,
almost half represented unknown genes that were possibly peanut-specific
genes (Payton et al. 2009b). In the same year, Kottapalli et al. (2009) used 8
x 15K micoarrays to monitor changes in the transcriptome of peanut seeds
at six developmental stages from R2 to R8, aiming to investigate regulatory
processes and mechanisms underlying the development of peanut seeds.
Several clusters of gene profiles were identified with different time-scales
and models would be proposed to demonstrate how novel pathways may
impinge on the molecular mechanism of seed development in peanut
(Kottapalli et al. 2009). More recently, a cDNA microarray was developed
based on 17,000 ESTs from immature seeds at different developmental stages
(Bietal. 2010). It was used to analyze gene expression profiles in a range of
tissues as well as at different seed developmental stages. This study showed
that genes for seed protein and late embryogenesis proteins accounted for
more than one-fourth of the total transcripts at immature developmental
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stages. A large proportion of seed-preferentially expressed genes encoded
storage proteins and fatty acid metabolism proteins. Bi et al. (2010) identified
277 transcripts that were more highly expressed in seed in comparison to
other tissues including root, stem, leaf, flower and gynophore.

NGS has also been used for the understanding of peanut transcriptome.
Most recently, a study (Burow et al. 2011) using Illumina (Solexa) technology
was conducted on the high oleic Texas AgrilLife cultivar Olin, generating
28.8 million short reads, of which 21.3 million can be mapped to the UGA
Tifrunner reference set (Pandey et al. 2011). A total of 36,201 putative genes
were assembled from these reads, of which 19,000 genes contained 72,586
polymorphisms through a comparison to Tifrunner. Currently, to provide
deep insights into the pod transcriptome and comprehensively characterize
its expression dynamics throughout development, we conducted RNA-seq
using RNA isolated from 20 separated seed and shell samples representing
11 distinct stages of pod development, producing approximately 100 Gb of
sequence data, more than 30 times the size of peanut genome (Chen and
Liang unpubl. data).

7.3.2 The Leaf Transcriptome

Leaf, as a source organ, is also of great importance in peanut. Understanding
the leaf transcriptome is very important for the elucidation of transcription
profiles in leaf responding to diverse conditions. A large number of ESTs
were generated from healthy and stressed leaves to date and submitted in
GenBank (Table 7-1). Using 40,000 publicly available peanut ESTs, Payton
etal. (2009a) developed a high-density oligonucleotide microarray (Agilent
Technologies) and investigated gene expression in two lines. A total of 623
transcripts in leaf showed genotype-specific expression patterns (Payton et
al. 2009a). In another study, they identified 1,204 Differentially Expressed
Genes (DEGs) showing tissue-specific expression patterns in leaf tissue
(Payton et al. 2009b). In addition to microarrays, non normalized EST
sequencing data have also been used to study the leaf transcriptome and
global gene expression profiling in leaf. An initial study reported 769
ESTs generated from leaf tissue, of which energy-related genes accounted
for 27.3% (Luo et al. 2005b). A larger collection of ESTs from leaves was
submitted by Guo et al. (2009). They reported the generation of 17,376 ESTs
from leaf tissues of two peanut cultivars, Tifrunner and GT-C20. These
ESTs represented 6,888 tentative consensus transcripts expressed in leaf
tissue (Guo et al. 2009). Out of these unigenes, only 948 were shared by
the two libraries, indicating significantly differential expression profiles
present between the two genotypes. In a slightly later study, the use of SSH
generated nearly 700 genes that were identified to be enriched in subtractive
c¢DNA library from gradual process of drought stress adaptation (Govind
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et al. 2009). Most recently, normalized cDNA was produced from leaf
tissue, generating 22,356 long-read ESTs using the Sanger technology as
well as 509,180 short-read ESTs using NGS technology (Nagy et al. 2010).
In addition, a study of leaf tissue of a wild species, Arachis stenosperma, was
also reported, providing sequence resource and expression information
from another aspect (Proite et al. 2007).

7.3.3 The Root Transcriptome

On the basis of transcriptome assembly, approximately 41% of transcripts
(representing 24,762 clusters) were identified in root tissue, in comparison
to seed (58%) and leaf (31%) (Fig. 7-1B). More than half of the ESTs used for
root transcriptome assembly came from wild relatives of cultivated peanut.
The first study on the analysis of root transcriptome of a wild species was
conducted by Proite et al. (2007). Four cDNA libraries were constructed
using RNA extracted from root tissues, producing a total of 8,785 ESTs,
of which 6,024 (71.3%) had high quality with 3,500 clusters composed of
963 contigs and 2,537 singletons. SSH was also used to explore the root
transcriptome challenged by root-knot nematode (RKN) in both resistant and
susceptible genotypes (Tirumalaraju et al. 2011). A total of 960 differentially
expressed ESTs were sequenced from two SSH libraries, of which, 70 ESTs
were classified into several functional categories, representing a range of
expressed genes in response to root knot nematode infection. Payton et al.
(2009) found that only 78 out of 4,046 DEGs showed root-specific expression
patterns using a microarray. This is because most of the sequences used for
probe designing were generated from pod and leaf tissues (Payton et al.
2009b). Additionally, a large collection of root ESTs were submitted in July,
2011 (Table 7-1), which was not yet used by any study. Nagy (2010) used
both Sanger and NGS technologies to sequence root transcriptome, aiming
to develop a high-density molecular map of A-genome species, generating
21,487 long-read ESTs using the Sanger technology as well as 501,820 short-
read ESTs using NGS technology (Nagy et al. 2010).

7.4 Transcriptome Response to Stress in Peanut

Various stresses are major yield- and quality-limiting factors for peanut
improvement. Peanut suffers from a number of diseases caused by fungi,
virus and bacteria pathogens (Jackson 1969; Holbrook et al. 1994; Branch et
al. 1999; Tirumalaraju et al. 2011), and is also influenced by abiotic stresses
such as drought and heat (Rucker et al. 1995; Vara Prasada et al. 1998).
The transcriptome profile of an organ can be an exquisite sensitive
indicator of stress. Global analysis of mMRNA abundance via transcriptomics
strategies such as microarray and de novo generation of sequence tags is
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one of the most important approaches to discover important genes to
organisms undergoing environmental stress (Feder et al. 2005). Moreover,
identification of plant genes responding to environmental stresses is a
critical step leading to the elucidation of molecular mechanisms underlying
plant/stress interaction (Yuksel et al. 2005). This is of principal importance
in devising strategies to cope with challenges such as biotic and /or abiotic
stresses.

7.4.1 Biotic Stress

Relatively little genetic diversity in peanut increases its vulnerability to
nematode, fungi, bacteria and virus pathogens. A large number of studies
were conducted to investigate gene expression patterns resulting from
pathogens invasion, aiming to understand the resistance mechanisms at
the transcriptome level. Results obtained from these studies will contribute
to elucidate the defense mechanisms in peanut and provide the framework
for the generation of pathogen-resistant peanut cultivars.

Many studies were conducted to identify candidate genes for resistance
to Aspergillus spp., causative of aflatoxin contamination, which is a great
concern in peanut production worldwide. Phenotyping studies suggested
that peanut cultivars with drought tolerance may have less aflatoxin
contamination (Holbrook et al. 2000). An initial cDNA microarray with 384
cDNA clones that were selected from 1,825 ESTs was used to characterize
A. parasiticus infection-induced changes in gene expression under drought
stress (Luo et al. 2005b). Forty-two upregulated genes were identified in
response to both A. parasiticus challenge and drought stress. This study
identified a range of genes encoding pathogenesis-related proteins or with
high homology to disease resistance genes. Guo et al. (2008) constructed six
non normalized cDNA libraries using RNA from resistant and susceptible
peanuts and identified 10 differentially-expressed resistant genes such
as PR10 protein and the putative defensin 2.1 precursor. These studies
identified a number of common resistance genes, but failed to recognize
specific genes involved in the resistance to Aspergillus infection.

Nematodes are very damaging to peanut in some regions, and their
infection causes devastating yield penalties with considerable economic
losses annually around the world. The root-knot nematodes (RKN),
M. arenaria and M. javanica, are important pathogens of peanut (Starr et al.
2006). SSH was used to investigate differential gene expression between the
RKN resistant cultivar NemaTAM and the near-isogenic susceptible cultivar
Florunner (Tirumalaraju et al. 2011). Differential screening of 960 clones
from SSH libraries identified 140 clones from the forward library showing
a higher level of expression in NemaTAM, and another 123 clones from
the reverse library being highly expressed in Florunner. These ESTs were
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assembled into 70 unigenes, which were annotated and categorized into
seven GO functional categories. The largest subset of differentially expressed
sequences in both cultivars represented signal transduction. Discreet gene
expression of Pathogenesis-Related (PR) genes, patatin-like proteins and
universal stress related proteins, as well as those implicated in alleviation
of oxidative stress were primarily represented in RKN-infected NemaTAM
roots, which reflects a basal level of resistance operative against invading
nematodes (Tirumalaraju et al. 2011). Wild relatives are also an important
source of resistant genes, which could be integrated into cultivated peanut
via wide crossing or genetic transformation. A total of 8,785 ESTs were
produced from libraries inoculated with nematodes (M. arenaria) and non
inoculated cDNA libraries from leaves and roots of A. stenosperma (Proite et
al. 2007). These ESTs were assembled into 3,500 clusters and classified into
23 different functional categories. Numerous sequences related to disease
resistance were identified. In silico analysis identified three DEGs Auxin
Repressed protein (AsARP), Cytokinin Oxidase (AsCKX), Metallothionein
Type 2 (AsMET2) that were also found to have similar differential expression
profiles in macroarray analysis in the resistant and susceptible species both
after, and sometimes even before, challenge with nematodes (Guimarées et
al. 2010). These genes are possibly related to resistance through their roles
in plant hormone balance or in the hypersensitive response.

Early leaf spot and late leaf spot are the major destructive diseases
of peanut worldwide (Backman et al. 1984). An initial transcriptome
analysis for leaf spot was performed using a cDNA microarray with
384 cDNA probes picked up from an EST sequencing study (Luo et al.
2005a; Luo et al. 2005b). Based on the microarray analysis, there were 56
upregulated genes and 65 downregulated genes in resistant genotype
(C34-24), whereas susceptible genotype (GT-YY20) had 27 upregulated
genes and 16 downregulated genes (Luo et al. 2005a). These genes were
expressed at higher levels in the resistant genotype, as a response to C.
personatum challenge, than in the susceptible one. Recently, a study was
performed to investigate the molecular components of the initial stages of
the resistance to late leaf spot using SSH and differential screening of cDNA
macroarray techniques (Nobile et al. 2008). More than 700 unigenes were
involved in defense signaling pathways and cell cycle at the early stages of
C. personatum pathogenesis. More recently, the use of de novo generation of
ESTs from leaf tissues of peanut cultivars resistant and susceptible to tomato
spotted wilt virus and leaf spots suggested that gene expression profiles
between resistant and susceptible genotypes were significantly different,
implying the relative importance of specific transcripts to the degree
of disease resistance (Guo et al. 2009). Like the nematode study, a wild
species, Arachis diogoi, was used as a highly resistant genotype to perform
differential gene expression analysis in leaf tissues challenged by late leaf
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spot pathogen (Kumar et al. 2011). Sixty partial cDNAs were cloned and
sequenced from Arachis diogoi in response to fungal inoculation, which were
upregulated within 48 hour post-inoculation. Temporal expression patterns
were determined for cloned genes involved in phenylpropanoid pathway
and lignification process. A pathogen-induced cyclophilin (AdCyp) was
identified to reduce susceptibility towards late leaf spot pathogen and
enhance resistance to Ralstonia solanacearum in transgenic tobacco and the
resistance was associated with higher transcript levels of various defense-
related genes (Kumar et al. 2011).

Bacterial Wilt (BW), caused by R. solanacearum, is also a primary
constraint to peanut production in several Asian and African countries.
The cDNA-AFLP technique was used to analyze differential expression
of the genes related to BW resistance, aiming to illustrate the molecular
mechanism of peanut resistant to BW (Peng et al. 2011). A total of 12,596
transcript-derived fragments were amplified with 256 primer combinations,
of which 709 fragments generated from 119 primer combinations showed
differential expression. Functional analysis indicated various pathways,
e.g., defense, signal transduction, transcription and abiotic stress involved
in the resistance to BW in peanut.

7.4.2 Abiotic Stress

More than 70% of peanut production worldwide falls under tropical,
subtropical and warm regions, which are drought-prone areas (Holbrook et
al. 2003). Thus, drought stress is one of the most limiting factors for peanut
production. Several studies have been conducted to investigate DEGs that
were involved in desiccation tolerance using a range of transcriptomics
strategies including DDRT-PCR (Jain et al. 2001), cDNA microarray (Luo
et al. 2005¢), oligo microarray (Payton et al. 2009a), and SSH (Govind et
al. 2009).

One of the first studies of peanut related to drought stress was
carried out using DDRT-PCR (Jain et al. 2001). They identified 1,235 and
950 differential display products in irrigated and stressed peanut plants
respectively, with 21 primer combinations. Further analysis indicated that
stress could suppress RNA synthesis both qualitatively and quantitatively,
and thus reducing overall protein synthesis (Jain et al. 2001). Because
drought stress increases the predisposition of peanut to Aspergillus invasion
and subsequent aflatoxin contamination (Wilson et al. 1983), studies on
resistance to Aspergillus were often conducted in plants also submitted to
drought stress. Luo et al. (2005) used a cDNA microarray to characterize
gene expression profiling in peanut infected by Aspergillus under drought
stress. This study identified 42 upregulated genes in response to both
A. parasiticus and drought stress and 52 upregulated genes only responding
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to drought stress. From these, 25 cross-talking genes were found, which may
be common genes related to both treatments (Luo et al. 2005). Similarly, a
high-density oligonucleotide microarray was developed to investigate gene
expression in tolerant and susceptible genotypes under water-deficit stress
conditions. A total of 623 transcripts showed genotype-specific expression
patterns in peanut plants under water deficit stress (Payton et al. 2009a).
A study combining transcriptomics and proteomics revealed that several
genes encoding lipoxygenase, fatty acid biosynthesis enzyme, acetyl-CoA
carboxylase carboxyl transferase, lectin and aldolases could contribute to
a physiological advantage under drought stress, these genes are potential
candidates for marker-assisted breeding (Kottapalli et al. 2008). Recently,
the use of SSH generated nearly 700 genes, of which, approximately 50%
were not characterized, implying the underlying mechanism in peanut
tolerant to drought stress was complex (Govind et al. 2009). Most recently,
expression profiling studies of leaf, root and seed under deficit irrigation
and in response to heat stress were conducted through screening the US
mincore peanut germplasm collection. Anumber of stress-responsive genes
showed genotype-, tissue- and time-specific response patterns and two
types of DEGs were observed: constitutive DEGs between the tolerant and
susceptible genotypes, and DEGs resulting from condition and physiological
changes towards optima. Comparing the two subset genes, they supposed
that pre-acclimation stress followed by a return to optimal conditions can
confer the susceptible genotype again “constitutive” DEGs (Payton et al.
2011). Though it was not possible to identify specific genes or regulated
networks involved in peanut tolerance to drought stress, insights gained
from these studies will provide the foundation for further studies to
understand the question of how peanut plants are able to adapt to naturally
occurring harsh drought conditions.

7.5 Transcriptome Mining for Markers in Peanut

Marker-Assisted Selection (MAS) could accelerate the conventional
breeding process and provide a possible approach for precision breeding.
Relatively narrow genetic diversity requires more efficient markers to
generate enormous polymorphisms in cultivated peanut. It is generally
accepted that the development of genome-derived Simple Sequence Repeat
(SSR) markers is expensive, labor intensive and time-consuming (He et
al. 2003). Transcriptome sequencing, especially the advent of RNA-seq,
facilitates the development of SSRs and Single Nucleotide Polymorphism
(SNP) markers in peanut in a short time and at low cost. These markers
would not only be useful for gene discovery and genetic mapping, but
could also be used as anchor points in comparative mapping among diverse
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populations. A large number of EST-derived SSR (EST-SSR) have been
developed from cultivated and wild Arachis species by various groups to
date. Diversity analysis revealed that fairly limited polymorphisms existed
among cultivated peanut, while high levels of polymorphisms were found
within wild species (Proite et al. 2007; Liang et al. 2009; Song et al. 2010).
The first report for peanut EST sequencing and subsequent SSR
development was a preliminary study that produced only 44 EST-SSRs
from 400 unigenes (Luo et al. 2005b). A larger EST collection was used
for EST-SSR development, identifying 856 EST-SSRs among 6,888 unique
ESTs (Guo et al. 2009). Similarly, on the basis of 3,500 unigenes from a wild
genotype a total of 206 microsatellites with di- and tri-nucleotide motifs
being 119 and 72, respectively, were identified, of which 188 SSR markers
have been developed (Proite et al. 2007). Polymorphism analysis indicated
that 21 of these exhibited polymorphism for the AA population, and four
for cultivated peanut. Recently, a study for utility of EST-SSR generated
881 microsatellites with tri-nucleotide (63.9%) being the most abundant, of
which 290 SSR markers have been developed and were used for validation of
the amplification and assessment of the polymorphism among 22 genotypes
of cultivated peanut and 16 accessions of wild species, revealing that 26 of
these were polymorphic among cultivated peanut, and 221 for wild species
(Liang et al. 2009). A slightly later study identified 3,104 microsatellites from
28,023 non redundant unique sequences (Wang et al. 2009a). More recently,
Song et al. (2010) found 610 ESTs that contained one or more microsatellites
from 12,000 peanut ESTs. The most abundant SSRs were also tri-nucleotide
motifs (66.3%). A total of 94 SSRs have been developed, of which 33 were
used for polymorphism assessment among 73 cultivated peanut and 25 wild
species, showing only five were polymorphic for cultivated peanut, while
a high level of polymorphism was observed in wild species (Song et al.
2010). To circumvent low polymorphisms owing to narrow genetic diversity
within the cultivated peanut, a total of 2,134 SSR markers developed from
an A. hypogaea EST database were evaluated for polymorphism in the two
progenitor diploid species. Of them 2,319 markers were mapped into 10
linkage groups, including 971 SSRs, 221 single stranded DNA conformation
polymorphism (SSCP) markers, and 1,127 SNPs (Nagy et al. 2010). The
linkages identified in this study would be a resource for sorting the A
and B genomes and linkage relationships in the cultivated species. Most
recently, a total of 3,187 markers were generated from 10,102 potential non
redundant EST sequences (Koilkonda et al. 2011). Of these 1,571 EST-SSR
markers showed clear polymorphisms among 24 Arachis accessions. Further
polymorphic analysis with Fluoro-fragment Analyzer implied that 1,281 had
polymorphisms among 16 Arachis accessions including cultivated peanut
and wild species harboring A or B genome, as well as 366 were polymorphic
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among the 12 cultivated peanuts. Taken together, these EST-SSR markers
provide a valuable resource for genetic mapping, QTL analysis, comparative
genetic studies as well as MAS.

7.6 Perspectives

Transcriptomics in peanut is still in its infancy in comparison to that in model
plants and major crops. Nevertheless, it has already made contributions
to our understanding of peanut transcriptome and global expression
variations in response to environmental conditions. Regarding strategies,
microarray and EST sequencing have dominated peanut transcriptomics
during the past several years. Although it has been speculated that
microarray will be phased out owing to the rapid development of NGS, in
the short term, microarray will continue to be used until sequence-based
technologies have become cost-effective and easily used. Moreover, no
transcriptome technologies to date are optimal to any experiments, and
thus there is no single “correct” approach or methodology to examine the
transcriptome. Therefore, many transcriptomics technologies should exist
at the same time for sufficing different purposes of research and become
complementary and synergistic. No matter which strategy is used, it is clear
now that transcriptomics is becoming an indispensable tool for research in
peanut functional genomics. Furthermore, with the help of computational
biology, transcriptomics should not be an end in itself and new theoretical
frameworks built for understanding the genetic mechanisms underlying
various agronomic traits may invoke further research.
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ABSTRACT

Crop trait improvement aimed at increased yield and quality relies on
an understanding of the biology of the plant, particularly interactions
occurring across hierarchical scales of organization. In this regard,
the application of “-omics” techniques combined with field-level
agronomy is poised to deliver novel insight into previously unknown
or apparently unrelated interactions associated with developmental
and environmental cues that combine to give the final plant phenotype.
The challenge for the peanut research community, and all crop species,
will be to ensure that “-omics” capabilities and data are generated,
interpreted and integrated towards crop improvement. Peanuts are a
globally important renewable source of oil, protein and carbohydrate
for edible and industrial applications. Production areas range from
subtropical, water-abundant regions to semi-arid regions around the
world. The primary limitations to production vary across regions and the
major areas of production research address: 1) allergenicity and human
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nutrition, 2) abiotic stress, primarily water-deficit stress, and 3) biotic
stress. In this chapter, we describe the current knowledge regarding
the peanut proteome, new technologies, limitations to proteomics
and future omics approaches using example studies addressing
allergenicity, thermal and water deficit stress and Aspergillus infection.
Additionally, perspectives are presented on potential applications of
these technologies to molecular breeding, metabolic engineering and
elucidation of stress-response pathways.

Keywords: Structural genomics, Gene expression, Transcriptional
modification, cDNA libraries, Peanut allergens, Protein-protein
interactions (PPT)

8.1 Introduction

Legumes are the second crop group contributing to human sustenance,
following only to cereal grains as a source of calories (FAO 2006). With
a total global production exceeding 30 million tons, peanuts (Arachis
species), in particular, are an important source of dietary protein in many
developing nations, and provide an important source of oil for cooking and
fuel. Biological fixation of nitrogen makes legumes an important crop for
improving soil fertility and an important part of many crop rotations.

Cultivated peanut originated in South America, with putative progenitor
species identified in Bolivia and Brazil (Simpson et al. 2001). Hybridization
of A and B genome species was followed by chromosome doubling to the
tetraploid level and subsequent domestication of the tetraploid species.
European exploration resulted in the movement of peanuts to Africa and
Asia which now, along with South America, are all centers of diversity.
Peanut production is now widespread and occurs from tropical regions to
semi-arid subtropical production areas. Hence, a wide array of adaptive
responses to biotic and abiotic stress have been selected, making peanut an
important experimental organism and model crop. Current peanut research
using genomics techniques have focused on Aspergillus-resistance and other
biotic stresses, abiotic stress tolerance and allergenicity, using a wide array
of cutting-edge experimental techniques including structural genomics
(Rogers et al. 2008), functional genomics (Luo et al. 2005a,b; Payton et al.
2009), and proteomics (Kottapalli et al. 2008). To illustrate the importance
of peanuts as an experimental model, we will outline important research
on the development and elucidation of the possible mechanisms involved
in associated with this extremely important food source.

A number of phytochemical compounds are present in peanuts with
potential antioxidant capacity including polyphenolics tocopherols, and
proteins (Talcott et al. 2005). Numerous researchers have focused their
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studies on the role of phenolic antioxidants in preventing a great number
of pathological disturbances associated to the generation of free radicals.
Raw peanut seeds contain endogenous non enzymatic antioxidants such
as a-tocopherol that is an excellent chain breaking antioxidant (Cobb and
Johnson 1973). The antioxidative component has been identified as luteolin
(Yen and Duh 1996) in peanut hull. Aflatoxin contamination in peanut is the
major safety issue worldwide (Sampson 2004). Aflatoxin contamination can
occur at any time from preharvest to storage. Peanuts are used in a variety
of food products that are widely consumed, amplifying the health risks of
aflatoxin contamination (Sicherer et al. 2007). Although there are genotypic
differences in susceptibility to fungal invasion and aflatoxin production,
the resistance in the germplasm and breeding lines is low. Drought-stressed
plants lose moisture from pods, which lead to the reduction in the seeds’
physiological activity, thereby increasing the susceptibility to fungal
invasion (Dorner et al. 1989). Drought stress is also known to alter nutritional
quality of peanut seeds—oil and protein and oil quality (Dwivedi et al.
1996) and phytoalexin/resveratrol levels (Tang et al. 2010).

Peanut proteins are of two types, the non storage and storage proteins:
non storage proteins consist of enzymatic and structural proteins governing
normal cellular activities, which include synthesis of storage proteins that
are synthesized during seed development (Millerd 1975). Following seed
germination and subsequent to hydrolytic breakdown, storage proteins
serve as a source of nitrogen and carbon skeletons for the developing
seedling. Eighteen of the 32 peanut proteins have been identified as allergens
by binding to allergen-specific IgE antibodies (Dean 1998; Scurlock 2004).
Most peanut allergens characterized thus far are seed storage proteins—class
I allergens, which are water-soluble glycoproteins, and are resistant to heat,
acid and enzymatic digestion (Pele 2010). These allergens belong to a few
protein families and super families (Breitender and Radauser 2004):

1. The cupin superfamily, which are 7S and 11S seed storage proteins,
i.e., vicilins and legumins, respectively;

2. The prolaminin superfamily such as 2S albumins, which are related
to the protein family conglutin, nonspecific Lipid Transfer Proteins
(nsLTPs);

3. Pathogenesis-related proteins (PRs), which are involved in providing
resistance to pathogens and adverse environmental conditions;

4. Profilins, 2- to 15-kd cytosolic, actin-binding proteins that regulate
polymerization of actin filaments in eukaryotic cells;

5. Oleosins, 16- to 24-kd protein components of plant lipid storage bodies
known as oil bodies.
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To date, the Allergen Nomenclature Subcommittee of the International
Union of Immunological Societies has identified 11 such proteins, Ara h 1
to Ara h 11, from peanuts as allergenic (Table 8-1). Arah 1 and Arah 2 are
major peanut proteins that accounts for 12-16% and 5.9-9.3% of the total
peanut proteins, respectively (Koppelman et al. 2001). Individual content
of these allergens in peanut varieties is similar regardless of where such
peanuts were grown. Therefore, it would be useful to reduce the level of
allergens in peanuts that are mixed with other food ingredients to protect
consumers from potential life threatening allergic reactions. Elucidation of
these allergens would make it possible to identify peanut germplasm with
lower levels of allergens or genetically engineer the proteins so that they
are less or no longer allergenic, but retain their beneficial functions.

Table 8-1 Peanut Allergens Identified Until August 2012 (Allergome and IUIS).

Allergen |Protein Family MW (kDa) |Isoallergens'
Arahl |Cupin: 7S Vicilin-like Globulins 64.0 Arah 1.0101
Arah2 |Prolamin: 2S5 Albumin, Conglutin 17.0 Ara h 2.0101, Ara h 2.0201
Ara h3? |Cupin: Legumin-like (11S globin, 60.0 Ara h 3.0101, Ara h 3.0201
Glycinin)
Ara h4? |Cupin: Legumin-like (115 globin, 37.0 Ara h 4.0101
Glycinin)
Ara h5 |Profilin 15.0 Ara h 5.0101
Ara h6 |Prolamin: 25 Albumin, Conglutin 15.0 Ara h 6.0101
Arah7 (Prolamin: 2S5 Albumin, Conglutin 15.0 Ara h 7.0101, Ara h 7.0201,
Arah 7.0202
Ara h8 |Pathogenesis-related protein, PR-10 17.0 Ara h 8.0101, Ara h 8.0101
Ara h9 [Prolamin: Nonspecific lipid-transfer 9.8 Arah9.0101, Ara h 9.0201
protein
Ara h10 |Oleosin 16.0 Arah 10.0101, Ara h 10.0102
Ara h11 |Oleosin 14.0 Ara h 11.0101

'Isoallergens are variants which may be recognized differently by patient IgE which either
increases or decreases the severity of the allergenic response (Christensen et al. 2010)

?Arah 3 and Ara h 4 are 91% homologous and are regarded as isoforms of each other and are
considered to be the same allergen (Allergome http://www.allergome.org, and Koppelman
et al. 2003)

*Ara h8 is homologous to Betula verrucosa (birch) allergen Bet v 1 (Mittag et al. 2004)
Abbreviations: MW = Molecular Weight, kDa = kilodalton

8.2 Peanut Breeding and Genetics
8.2.1 Wide Array of Adaptive Responses to Various Stresses

Peanuts are particularly valuable as a model crop for examining abiotic
stress because of the tropical origin of the species, which has led to selection
for a diverse set of adaptive responses. Peanuts have been cultivated in many
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semiarid areas in the US, parts of South America, Africa and India, resulting
in selection for drought and heat tolerance and some accessions tolerant
to abiotic stress has been identified (Upadhyaya et al. 2001; Kottapalli et
al. 2009). Peanut’s adaptation to abiotic stress is unusual among legumes
in that shoot, root and pod-based mechanisms have also been identified
(Kottapalli et al. 2009).

Breeding peanuts for drought tolerance has been accepted as one of
the strategies for developing aflatoxin-tolerant peanut cultivars, which
would serve to extend the life of aquifers and reservoirs, improve water-
use efficiency in water-limited production areas, and help expand peanut
production in marginal and sub marginal soils. Success in this effort has
been slow due to lack of information on the interaction between drought
affected pathways and or pathogen invasion. Although some efforts
have been made to identify the quantitative trait loci and genetic basis of
drought tolerance in peanut the use of molecular genetic techniques is at an
early stage in peanuts compared to many other plant species of economic
importance (Varshney et al. 2009).

8.2.2 Abiotic Stress

Environmental stresses such as drought, high salinity and extreme
temperatures have adverse effects on crop productivity. Tolerant plants
respond and adapt to these stresses through various morphological,
physiological and molecular processes (Ingram and Bartels 1996). Most
molecular processes studied in response to drought to date, deal with
transcriptional modification of gene expression (Bray 2002). Gene products
are two types: those that regulate gene expression and signal transduction
during stress response and those that directly protect cells against
environmental stresses (Seki et al. 2001). Increases in protease activities have
been observed in several species including tropical and temperate legumes
in response to water deficit (Guo et al. 2006). Proteome-level differences
between a Salinity-Tolerant (ST) and -sensitive (SS) callus cell lines of
A. hypogaea were characterized with a view of further understanding the
molecular differences between the two lines that may be responsible for
the higher tolerance to sodium chloride (Jain et al. 2006).

Recently, the development of new tools for peanut functional analyses
have established transcript and protein analytical tools on an -omics scale
(Payton et al. 2009). Using these tools, key enzymes and structural proteins
of several biological functions have been identified that may be associated
with water-deficit and heat-stress tolerance in peanuts. More importantly,
these lines show significantly contrasting yields under managed field trials
in the semi-arid southwestern United States (Kottapalli et al. 2009). These
lines now represent the parental genotypes in on-going breeding studies
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and will serve as the foundation for identifying the molecular mechanisms
controlling abiotic stress responses in peanut and improving the stress
tolerance phenotype of cultivated varieties.

8.2.3 Drought and Aflatoxin Production

Drought prevents proper peanut seed maturation, which has a significant
effect on the synthesis of bio-competitive compounds such as phytoalexins
and phenols, which can inhibit the growth of Aspergillus species, preventing
aflatoxin synthesis. Aflatoxin contamination threat increases with increasing
seed maturity under drought. As the seed moisture content decreases during
drought, the capacity of seed to produce phytoalexins decreases resulting in
Aspergillus invasion and aflatoxin production (Payne 1998). Several peanut
cultivars with natural preharvest resistance to aflatoxin production have been
identified through field screening (Guo et al. 2008a). In peanuts a significant
number of Expressed Sequence Tag (EST)-cDNA libraries from leaf and pod
tissues showing homology to genes of known function have been released
into the public domain (Luo et al. 2005a). These ESTs were used to generate
c¢DNA microarray containing 384 unigenes, which were further used to
identify stress-responsive genes and for the development of EST-derived
SSR markers (Luo et al. 2005b). Likewise, ESTs were also generated from
developing seeds to identify resistance-related genes involved in defensive
response against Aspergillus infection and aflatoxin production (Guo et al.
2008b). The potential of developing new peanut lines with both resistance
to aflatoxin and bacterial wilt and high oil content was investigated through
extensive characterization of recombinant inbred lines (Liao et al. 2010).

Although many advances have been made in understanding host
resistance to Aspergillus infection and aflatoxin contamination (Guo et
al. 2003) but still very little is known about the molecular mechanisms of
drought stress-drought tolerance and resistance to Aspergillus infection
and aflatoxin contamination. The cDNA libraries were constructed from
immature pods of peanut line tolerant to drought stress and preharvest
aflatoxin contamination. The expression patterns of the resistant genes
or cDNAs in response to A. parasiticus infection and drought stress using
microarray analysis were studied. A total of 42 upregulated genes in several
functional categories were detected under both A. parasiticus challenge and
drought stress. A total of 52 upregulated genes were detected in response
to drought stress alone. There were 25 genes commonly expressed in both
treatments. Twenty upregulated genes from A. parasiticus challenged and
drought stress were selected for validation of their expression levels using
real-time PCR have been characterized (Luo et al. 2005b).
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8.3 Functional and Genomics Update
8.3.1 Transcriptome

Molecular studies in peanut leaves and seeds showed that drought
stress significantly altered gene expression with several transcripts either
upregulated or downregulated or newly synthesized. Transcripts induced
in response to drought were identified and two full-length genes namely;
AhSrp (Arachis hypogaea serine-rich protein) and AhLrp (Arachis hypogaea
ILeucine-rich protein) were constructed based on their sequence data (Jain
etal. 2001; Devaiah et al. 2007). Payton et al. (2009) reported a high-density
peanut oligonucleotide microarray using approximately 40,000 publicly
available ESTs, which were used to identify genotypes with contrasting
stress tolerance phenotypes for protein and transcript profiling studies.
A total of 368 unique transcripts were upregulated in the tolerant peanut
line under stress, but unchanged or repressed in the sensitive line, which
identified five candidate genes namely Pn-HsfA2, Myb91, EREBP, WRKY52
and TF EGL1 (enhancer of Glabra3) associated with drought/heat stress. The
differences between DT and DS lines were related to phenylpropanoid and
flavanoid biosynthesis, common pathways also involved in plant-microbe
interactions (Kottapalli et al. 2009). The proteomics and transcriptomics
profiling of peanut leaf tissues revealed significant differences between DT
and DS germplasms, relative to their basal thermotolerance response.

8.3.2 QTL Mapping

The genetic base of cultivated peanut is narrow because of the bottlenecks
associated with the evolution of peanut. There has been a very limited
introgression of useful traits using wild Arachis species due to differences
in ploidy levels and linkage drag often associated with beneficial traits.
Eliminating the linkage drag involves a lengthy process that may also result
in dilution of resistance (Varshney et al. 2006). Arachis genomics and some
efforts have been initiated towards QTL mapping and molecular breeding
for resistance/tolerance to biotic/abiotic stresses for peanut improvement
(Varshney et al. 2012).

8.4 Proteomics in Peanut
8.4.1 Integrating Biochemical Pathways

In peanuts, about 87% of the seed protein is globulin consisting of two major
fractions, arachin (glycinin) and conarachin (vicilin) (Mosse et al. 1983). The
peanut allergens Ara h 1, and Ara h 3/Ara h 4 have been assigned to the
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vicilin, conglutin and glycinin families of seed storage proteins, respectively
(Kleber-Janke et al. 1999). Ara h 2, and the minor allergens Ara h 6 and Ara
h 7 have been shown to have high sequence homology to proteins of the
conglutin family from various dicotyledonous plants. Rabjohn et al. (1999)
cloned Ara h 3 gene using degenerate cDNA probes, whose sequences
they determined based on N-terminal sequence information, and the gene
expressed as a 60 kDa IgE-binding protein containing both acidic and basic
chains. Studies of this new peanut allergen, Ara h 3-im, indicate that it may
have lower allergenicity compared to other known Ara h 3 proteins (Kang and
Gallo 2006). The peanut allergens, one cDNA fragment encoding an arachin
isoform and one encoding a conglutin isoform (Paik-Ro et al. 2002) were
isolated. Proteins are the major components of cellular metabolic pathways.
Marc Wilkins derived the term “proteome” in 1994 from a blending of the
words “protein” and “genome” to describe the complete complement of
proteins and their variants or proteins as result of time, distinct system
requirements and/or stresses undergone by a cell or organism (Wilkins
et al. 1996). Proteomics is the high-throughput identification and analysis
of proteins. It is an emerging field of research, facilitated by numerous
advances made in mass spectrometry, genome sequencing/annotation
and protein search algorithms (Anderson and Anderson 1998; Blackstock
and Weir 1999). There is an increasing interest in proteomics technologies
because DNA sequences provide only a static snapshot of the various
ways in which the cell might use its proteins, whereas the life of the cell
is a dynamic process. The direct utility of genomics is often limited in its
power to identify the genetic basis for inherited diseases and it cannot
address phenotypic changes, which are the result of physiological processes
altered by time, diet, environmental changes or encounters with pathogens.
Likewise, transcriptomics, the study the transcriptome or RNA transcripts,
i.e., mRNA, rRNA, tRNA and other noncoding RNAs produced by a cell
or a population of cells (Claverie 2005; Frith et al. 2005) do not provide
adequate explanation for the phenotypic changes. For instance, it is known
that mRNA content does not always correspond with the protein content
(Dhingraa et al. 2005). This lack of correspondence can be due to either not
all mRNA is translated into protein or the amount of mRNA ultimately
translated into protein is often dependent on the gene it transcribed from
and/or the physiological state of the cell (Buckingham 2003; Rogers et al.
2008). Therefore, proteomics is regarded as the “next step” after genomics
and transcriptomics as it confirms and quantifies a particular protein or a
set of proteins, including any metabolic-specific and/or time-dependent
modifications.
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8.4.2 Metabolomics

Metabolites are known as the measurable molecules, which will represent
the phenotypes. Technologies that allow the creation of new annotated
databases and interaction with already accessible annotated databases of
metabolite concentrations reflecting individuals with various phenotypes
are also needed. Recent development of mass spectrometry aimed to
enhance the basic understanding of biochemistry of the phenotype and
association of these metabolites to specific traits (Matuszewski et al. 1998).
The metabolomics also assist in discovering biomarkers for specific proteins
and the structural characterization.

Metabolic pathways and mechanisms of differential accumulation
of various proteins resulting in the diversity in seed quality, taste and
allergenicity remain unknown. Since proteins are directly associated
with function, proteomics approaches are being applied increasingly to
address biochemical and physiological questions. For example, Liang et
al. (2006) used two-DE-based proteomics approach to differentiate the four
peanut cultivars (New Mexico Valencia C, Tamspan 90, Georgia Green,
and NC-7) based on market types prevalent in USA. They detected 20
protein spots that differed in relative abundance among the four cultivars
and identified 14 non redundant proteins by nano-electrospray ionization
liquid chromatography tandem mass spectrometry. The majority of these
proteins belonged to the globulin fraction of seed proteins. It is also likely
that some of these proteins may be associated with the basic differences
in sensory attributes and nutritional traits including allergens in these
cultivars (Kottapalli 2008). In a preliminary study using gel electrophoresis
(Cherry et al. 1972), “standard” protein and enzyme patterns of peanuts
from a single cultivar (Virginia 56R) were compared with gel profiles of
these components from seeds contaminated with A. parasiticus in an attempt
to develop new genetic or agronomic techniques designed to prevent or
decrease susceptibility in peanuts (Cherry et al. 1974).

8.4.3 Proteomics and Stress Responses

Redox proteomics is an emerging branch of proteomics aimed at investigating
oxidative-stress induced modifications of proteins. Oxidative injuries to
proteins are produced by chemically reactive species. Modifications could
address oxygen species and thus generate Reactive Oxygen Species (ROS),
such as hydroxyl, peroxide and superoxide radicals or produce mixed
nitrogen-oxygen species (RNS) such as nitric-oxide and peroxynitrite.
The ROS/RNS are inevitably generated in metabolic pathways in all cells
and some of them might play important roles in cell signaling (Moller
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and Sweetlove 2010). However excessive levels of ROS from either the
environment or aberrations in electron transport can produce such high
levels of oxidative stress, which may irreparably alter the proteins (Stadtman
2001). ROS/RNS alter the whole proteome through side-chain modifications
and covalent changes, which have repercussions on protein activity,
unfolding, degradation and cell functioning (Sheehan et al. 2010).

Comparative studies involving drought-tolerant and -intolerant lines
under drought-stressed conditions have shown a negative correlation
between seed protein composition in peanut. Thus, drought-tolerant
lines showed little or no change in seed protein composition, while a
susceptible line had major changes in protein composition (Basha et al.
2007; Katam et al. 2007). For example, seed storage proteins such arachin,
conglutin and 2S proteins (Q647G9, P43238, Q647H2 and Q6PSU2) in an
intolerant line were highly suppressed, while in a tolerant line (Vemana)
their expression remained unchanged, suggesting significant alteration
in the metabolic activity and seed protein composition in intolerant lines
following drought.

The leaf protein reference map derived from drought-tolerant should
serve as the basis for further investigations of peanut physiology such as
detection of changes in gene expression due to biotic and abiotic stresses,
plant development and genetic differences (Kottapalli et al. 2009; Katam et
al. 2010a). Katam et al. (2010b) reported low abundance of certain proteins
in susceptible peanuts, which led them to believe that certain proteins
induced following stress in tolerant lines have a role in a drought tolerance
mechanism. Protein-protein interaction detected equilogs or orthologous
proteins in Arabidopsis (Jian et al. 2008).

Analysis of proteins is critical to define the function of their gene/s
and linking proteins to their genome sequence information is very useful
for functional genomics. Differentially expressed proteins in the control
and infected seeds provide information about the changes in seed protein
composition between tolerant and intolerant lines under drought-stressed
conditions and Aspergillus infection. Seed proteomics may thus demonstrate
if these proteins have a role in either pathogen suppression or supporting
A. parasiticus growth and aflatoxin contamination under drought-stressed
conditions.

8.4.4 Peanut Allergens and Human Health

The three peanut allergens extensively studied are Ara h 1, a vicilin-like
protein; Ara h 2, a conglutin-homolog protein; and Ara h 3/ Ara h 4, glycinin
proteins (Mills et al. 2003; Piersma et al. 2005). Ara h 1 and Ara h 2 accounts
for approximately 20 and 10% of the total protein content, respectively
(Van Hengel et al. 2007).
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The two-step mild extraction method and different degrees of processing
(blanching, mild roasting and strong roasting) has been used to compare the
extraction efficiency of peanut allergens. The complementary ELISA and
2D PAGE methods were applied for the detection of a number of peanut
proteins with a direct relevance to the allergenic potential of peanut (Kiening
etal. 2005). The composition of the peanut extracts has been investigated by
employing ELISA test kits specific to Ara h 1, Ara h 2 or to soluble peanut
proteins. The relative intensity of the ELISA signal obtained for the different
protein extracts has been calculated for comparative purposes. The storage
proteins in peanut seed, 145 and 7.8S globulins, possess different physical
and chemical properties, with the former referred as arachin (legumin)
and the latter as conarachin (vicilin) (Mosse and Pernollet 1983). The
arachin, a member of the legumin-like globulins, accumulate as hexameric
complexes, which consists of four or six polypeptides. Two-dimensional
PAGE analysis shows that the conarachin shares two main subunits with
the same molecular weight of 65 kD but different pI values of 6.3 and 7.4
(Lietal. 1998). A gene encoding the 65 kD subunit of conarachin was isolated
and cloned and the structure of this gene in relation to several transcription
factor motifs was investigated (Li et al. 2005).

Identification of peanut germplasm with a lower antigenic profile could
be used in classic cross-breeding experiments to create less allergenic peanut
cultivars. The development of peanut cultivars that are less allergenic has
already been undertaken, with GT-C9, whose 2-D protein profile showed
proteins with significantly lower levels of IgE binding, has been identified
(Guo et al. 2008c¢).

8.4.5 Protein-Protein Interaction in Peanut

Ahierarchical cluster analysis is used to study the expression profile of each
individual protein. Each protein clusters that interacted were estimated by
the representative time course that was calculated at each time point using
the median value. Every interaction between clusters is tested based on a
goodness-of-fit, which indicates how well the S-system differential equation
simulates the expression of the corresponding cluster using modified
computational method (Tanaka et al. 2005). The interactions showing R
(multiple correlation coefficients) >0.98 were considered as candidate
interactions.

Regulation and execution of biological processes require specific
interactions of proteins. Dynamic networks of Protein-Protein Interactions
(PPI) regulate numerous cellular processes and determine the ability
to respond appropriately to environmental stimuli, which direct the
implementation of developmental programs. Expression profiling at the
protein level represents the core of current proteomic approach. PPI plays
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an important role in deciphering the function of the proteins discovered
through molecular maps and proteomics. Katam et al. (2011) detected 302
proteins in leaf tissue of a peanut genotype of which 86 showed differential
expression to water stress. Thirty-eight of these stress-responsive proteins
have been mapped through unique protein identifiers, with 22 were shown
to have putative protein interactions (Fig. 8-1). Among them, 21 proteins
were further mapped across Arabidopsis thaliana Protein Interactome
Database (AtPID) linked to gene identifiers. All the 21 proteins with viable
interactors were confirmed and visualized. The PPI map suggests 65 nodes
form a Protein Interaction Network (PIN), a bona-fide functional interaction
network. Itis recommended that the said protein in peanut would also have
these functional partners since there might be interactions prevailing in
orthologs of peanut genomes. Yu et al. (2004) predicted functional orthologs
among water-stress responsive proteins from putative protein interaction
networks using orthology mapping, phylogenetic profiling, gene fusion and
text mining. Furthermore, the network analysis revealed novel candidates
among them to have potential functional linkages. These functional linkages
would complement the molecular evidences in determining the traits.
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Figure 8-1 Illustration of interolog mapping mapped for those orthologous proteins known to
have predicted interaction partners (Organism A: Arabidopsis; Organism B: Peanut).
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Color image of this figure appears in the color plate section at the end of the book.

8.5 Future Outlook

It is important to note that candidate gene(s) or protein(s) associated with
tolerance to drought and/or resistance to aflatoxin should be integrated
into genetic maps. This will help identification of correlation/association
between genes/QTLs conferring tolerance to aflatoxin and drought. It
is necessary to identify peanut lines that possess tolerance to drought
and resistance to aflatoxin for detailed understanding of the expression
and functional characteristics of various proteins and their interactions
associated with drought and aflatoxin resistance in peanut. Such a study
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is required to address the molecular and cellular components of both host
plant and fungal pathogen to understand the events leading to Aspergillus
entry into the drought-stressed plants, as well as discovering the molecular
and cellular responses of peanut plant to drought stress, Aspergillus invasion
and aflatoxin production. The research should focus to:

* Determine the interrelationship between drought tolerance, Aspergillus
invasion and aflatoxin production;

* Monitor the effects of drought stress and Aspergillus invasion on
the expression pattern of seed metabolites, amino acids, sugars and
phytoalexins, genes and proteins;

¢ Identify key genes and pathways involved in pod/seed development,
and tolerance to drought and aflatoxin production;

¢ Allele-specific sequencing of candidate genes/proteins in parents and
mapping populations.
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ABSTRACT

Legumes rank third in world crop production in which the major
constraint to crop productivity is attributed to biotic and abiotic stress.
Peanut, also known as groundnut (Arachis hypogaea L.) is a major oilseed
crop in the world, both for oil and as a protein source. Host plant
resistance provides the most effective and economic option to manage
stress tolerance in peanut which is also time consuming involving
expensive agronomic practices. However, for many biotic and abiotic
stresses, effective resistance gene(s) in cultivated peanut have not been
identified. Success in breeding for better adapted varieties to biotic/
abiotic stresses depend upon the combined efforts of various research
domains like plant and cell physiology, molecular biology, genetics
and breeding. Moreover, availability of known genotypes with natural
resistance to stresses is a prerequisite for the successful breeding
program. With a few exceptions, crop improvement in peanut programs
through conventional breeding has received little progress.

Over the years, biotechnology has emerged as a promising tool to
overcome both biotic and abiotic stresses in plants. Biotechnology
applications include potential approaches, especially where the existing
germplasm lacks the required traits for conventional breeding and
provide promising ways to increase peanut productivity, either through
improved seed quality or stress resistance. However, the progress has
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been very limited in legumes till date since these approaches require
the identification of genes that control important agronomical traits, the
understanding of gene regulation and metabolic pathways, along with
methods of delivering genes or small RNAs into peanut plants. A new
tool of engineering of multiple genes or regulatory machinery involving
transcription factors has emerged for controlling the expression of
different stress-responsive genes instead of inserting single genes for
a single trait. Hence, researchers have focused their research on peanut
functional genomics and biotechnology, and have achieved great strides
during the recent decades. In this chapter, we discuss the recent progress
and the current status of transgenic technology in peanut which offers
the best option in host plant resistance breeding to combat various
economically important biotic/abiotic stresses and its use in the crop
improvement for stress tolerance.

Keywords: Transgenic breeding, Genetic transformation, Regeneration,
Somatic embryogenesis, Genetically modified plants, Overexpression,
Gene silencing, RNAi technology

9.1 Introduction

Legumes, rich sources of proteins and minerals, are referred to as “poor
man’s meat” in certain cultures. In order of importance, peanut, cowpea
and beans represent about 80% of the production and cultivated area of
food legumes, which are essential staples in the diets of millions. Peanuts
share approximately 10% among production of 286.7 million metric tons
of the world total of oilseeds behind soybeans (53%), rapeseed (15%) and
cotton seeds (12%).

Peanut production process from planting to harvest is affected by
different types of biotic and abiotic stresses that cause annual yield losses
of over US$ 3.2 billion (Dwivedi et al. 2003). Since the mid-1970s, edible
peanuts have increased in both domestic consumption and export trade
in India. In contrast, production in Africa has declined by 17% over the
last two decades. Acreage, production and productivity of peanut in India
has shown large amount of fluctuations since 1993-94 to 2006-07. The
productivity of peanut in India suffers mainly since 80% of the crop is grown
under rainfed conditions by resource-poor farmers (Kaushik 1993). Lack
of irrigation facilities to protect the crop from soil-moisture deficit during
breaks in rainfall in the monsoon season affects germination. Rainfall pattern
during the presowing months and availability of substitute high-value
oilseed crops like soybean and sunflower with short durations requiring
less water had a significant negative impact on acreage allocation decisions
of the farmers (Patil et al. 2009). Resource-poor farmers who obtain low
yields of 500-800 kg.ha™ due to various biotic and abiotic constraints grow



180  Genetics, Genomics and Breeding of Peanuts

about 93.8% of the world’s production of peanut. Moreover, a big gap exists
between the realized yield and potential yield of peanut at both subsistence
and commercial systems of production in Asia and Africa.

The decrease in peanut productivity is mainly affected by various
biotic, abiotic and economic factors. The economic status of the small and
marginal farmers restricts them to use poor quality local seed in addition
to minimum or no fertilizer applied during cultivation, which is essential
as peanut is mostly grown in marginal and poor soils of low fertility. Use of
complex fertilizers may also add to deficiencies of nutrients such as calcium
and sulfur affecting the yields.

The major abiotic factors affecting peanut production include drought,
high temperature, low soil fertility, low soil pH and iron chlorosis. Among
the biotic factors, fungal diseases, virus diseases, bacterial wilt disease,
aflatoxin contamination, nematodes, foliar insect pests, and soil insect
pests, pod borer (Helicoverpa spp.) play a significant role in yield reduction
(Sharma and Oritz 2000; Dwivedi et al. 2003). The plant disease management
technologies are greatly influenced by environmental pollution, deleterious
effects of chemicals on nontarget organisms, resurgence of pesticide
resistance among pathogens and outbreak of secondary pathogens. Hence,
there is an urgent call for increased crop production to cater to the needs
of the increasing population. In order to reconcile with the demands of
intensive agriculture with maintenance of the ecosystem, pest control
strategies employed in the future must be environmentally compatible and
selective to target pests.

9.2 Rationale for Transgenic Peanut Breeding

From USDA estimates (FAS 2000), peanuts ranked third in production
among oilseeds and 90% of world peanut production was accounted by
developing countries (ERS 2001) with 2.5% increase annually. Though the
world harvested area of peanut has changed very little since 1970s with
an annual growth of only 0.1% (between 1972-1990) and 1.2% (between
1991-2000), the production has increased from 0.8 metric tons (during 1972)
to 1.37 metric tons (during 2000), i.e., 1.9% increase per year (Revoredo and
Fletcher 2002). It is generally accepted that the average yield of peanut is
below its presumed potential, and efforts to improve the productivity of
this crop by conventional breeding means have not been very effective. The
major reason behind this is the lack of sufficient and satisfactory levels of
genetic variability within the germplasm of cultivated peanut. Many wild
annual Arachis species, which possess a wealth of agronomically desirable
genes, are sexually incompatible with the cultivated varieties. Several
advanced research institutes or groups are working with ICRISAT and
other partners to apply modern biotechnology to the problems of peanut
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improvement in developing countries. Biotechnology tools such as marker-
assisted breeding, tissue culture, in vitro mutagenesis, embryo rescue and
genetic transformation have contributed to solve or reduce some of these
constraints. Major yield increases could be achieved by development and
use of cultivars addressing abiotic and biotic stresses. Comprehensive
reviews on the history of molecular marker development in peanut were
provided by Stalker and Mozingo (2001) and Dwivedi et al. (2003). However,
only limited success has been achieved so far. The emergence of “omics”
technologies and the establishment of model legume plants such as Medicago
truncatula, Glycine max and Lotus japonicus (Cannon et al. 2009) are promising
strategies for understanding the molecular genetic basis of stress resistance,
which is an important bottleneck for molecular breeding. Understanding
the mechanisms that regulate the expression of stress-related genes is a
fundamental issue in plant biology and will be necessary for the genetic
improvement of legumes (Bertioli et al. 2011).

Transgenic research has opened exciting opportunities in plant
protection which result in prolonged benefit in sustainable agriculture with
a high degree of safety which is also an important part of second green
revolution. The techniques of genetic modification will allow breeders to
access new gene pools, particularly those of wild Arachis species, bringing
valuable traits into the modern cultivated peanut that cannot be addressed
by conventional means. Development of transgenic peanut therefore has
a good potential for its improvement. Advances in biotechnology have
provided alternative pest control strategies that are based on natural
biological processes. Tissue culture and genetic engineering have proven as
important powerful tools in biotechnology that have been extensively used,
either by taking advantage of naturally occurring defense mechanisms,
which confer disease resistance of avoidance or by modifying plant genome
to develop pest resistance.

9.3 Genetic Transformation in Peanut

Successful genetic transformation of plants, including peanut, generally
requires a reproducible tissue culture system to regenerate whole fertile
plants from single cells (totipotency) as well as a method to deliver the
gene(s) of interest to those regenerating cells. Transformation frequencies
are directly related to the tissue culture response, and therefore highly
regenerative cultures are often transformation competent. The inefficient,
inconsistent and genotype dependent published protocols for peanut
regeneration have emboldened some researchers in adopting non tissue
culture-based approaches, that do not depend on the regeneration of
adventitious shoot buds for generating transgenic plants of peanut (Rohini
and Rao 2000). In vitro regeneration of whole plants of economically



182 Genetics, Genomics and Breeding of Peanuts

important commercial cultivars of peanut from explants such as protoplasts,
cell suspension cultures, callus tissue or organized tissue such as embryonic
axes, mature and immature embryonic axes (Atreya et al. 1984; Hazra et al.
1989; Brar et al. 1994; Baker et al. 1995), cotyledons (Atreya et al. 1984; Ozias-
Akins 1989) and leaves (Baker and Wetzstein 1992; Livingstone and Birch
1995) either by organogenesis or embryogenesis have been reported with
different culture media containing different phytohormone combinations
(Table 9-1, 9-2).

Regeneration by organogenesis occurs either by direct development of
shoots from the surface of cultured explants (Hazra et al. 1989; McKently et
al. 1991) or by an intervening callus phase (Bajaj et al. 1981; Bajaj and Gosal
1983, 1988). The reports of organogenesis from de-embryonated cotyledons,
immature leaflets, seed explants, epicotyls, hypocotyls and anther-derived
callus (Mroginski and Fernandez 1980; Mroginski et al. 1981; Narasimhulu
and Reddy 1983; Pittman et al. 1983; McKently et al. 1990; Willcox et al. 1991;
Li et al. 1994) had a very low frequency of transformation. However, not
much success with genetic transformation of peanut genotypes was achieved
until recently (Sharma and Anjaiah 2000) due to the lack of efficient protocols
to obtain whole plants through in vitro regeneration of adventitious shoot
buds from the transformed tissues. Direct regeneration systems favors easy
accessibility for Agrobacterium-mediated genetic transformation because of
advantages of de novo production of shoot primordia, synchronous with
the period of cellular differentiation, rapidity of morphogenesis and lack of
requirement for frequent subcultures. Sharma and Anjaiah (2000) obtained
success of high-frequency direct shoot regeneration from mature cotyledon
explants in various peanut genotypes. Shoot organogenesis and plants were
also successfully obtained using immature leaflets (McKently et al. 1991;
ICRISAT unpubl. data).

Regeneration via somatic embryogenesis also has been reported (Gill
and Saxena 1992; Zhuang et al. 1999; Cucco and Jaume 2000) which has
been used in transformation studies in peanut (Ozias-Akins et al. 1992;
Sellars et al. 1990; Chengalrayan et al. 1994, 1997). However, conversion of
somatic embryos into plants remains inefficient and limits the application of
somatic embryogenesis in many systems, including genetic transformation
(Wetzstein and Baker 1993).

Developments in genetic transformation for incorporation of novel
genes into the peanut gene pool have emboldened researchers with new
opportunities for crop improvement in this important legume to pursue the
development of transgenic peanut plants resistant to various diseases, insect
pests, enhanced nutritional quality and abiotic stresses (Sharma and Anjaiah
2000; Rohini and Rao 2001). Transformation of plants involves the stable
introduction of desirable DNA /gene sequences into the nuclear genome
of cells, which are capable of giving rise to a whole transformed plant.
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Transformation and regeneration are interdependent and the totipotency
(i.e., single cell capable of giving rise to a whole plant in vitro) of the somatic
plant cells via organogenesis or somatic embryogenesis under appropriate
hormonal and nutritional conditions (Skoog and Miller 1957) is the essential
feature for development of an efficient tissue culture techniques. Totipotent
cells give rise to adventitious shoots or somatic embryos, which are both
competent and accessible for gene transfer and will give rise directly to
nonchimeric transformed plants. Development of an efficient transformation
system for the introduction of genes into the crop plants also depends on
the various factors such as development of reliable and reproducible
tissue culture regeneration systems, selection and preparation of suitable
gene constructs and vectors, recovery and multiplication of transgenic
plants, molecular and genetic characterization of transgenic plants for
stable and efficient gene expression, transfer of genes to elite cultivars by
conventional breeding methods if required, evaluation of transgenic plants
for their effectiveness in alleviating the biotic and abiotic stresses in the field
condition, biosafety assessments including health, food and environmental
safety and deployment of genetically modified plants.

A suitable system for selection of transgenic tissues and plants is one
of the most important aspects of any transformation system. The utility of
any particular gene construct as a transformation marker varies depending
on the plant species and explant involved. Promoters are essential to
control expression of the gene and also provide valuable insights about
the overexpression or silencing of any gene in response to external
stimuli. The most commonly developed transgenic plants use either the
constitutive promoters like 35S of the Cauliflower Mosaic Virus (CaMV) or
the maize ubiquitin or potato ubiquitin (Yang et al. 2003; Joshi et al. 2005)
to drive expression of the gene of interest in their gene constructs. These
promoters being constitutive in nature sometimes results in expression of
the downstream transgenes in all organs and at all the developmental stages,
which can be metabolically expensive leading to undesirable pleiotropic
effects (Bhatnagar-Mathur et al. 2008). Hence, use of inducible or tissue-
specific promoters is increasing in recent years for enhancing targeted gene
expression, which also safeguards against biosafety and regulatory concerns
to a certain extent. Use of these tissue-specific constructs is also important in
RNAIi technology to augment gene silencing strategies (Bhatnagar-Mathur
et al. 2008).

The transformation and regeneration protocols for peanut are now
well-established. Transformation techniques and plant regeneration from
in vitro cultured tissues have been described for many species (Lindsey and
Jones 1989; Dale et al. 1993; Birch 1997). There are numerous reports of tissue
culture and transformation of peanut from various explants (Kartha et al.
1981; Sastri and Moss 1982; Kanyand et al. 1994). Regeneration via somatic
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embryogenesis has also been reported as one of the promising methods for
transformation studies in peanut (Ozias-Akins et al. 1993; Sellars et al. 1990;
Baker and Wetzstein 1995; Chengalrayan et al. 1994, 1997).

9.4 Transfer of Genetic Material

Different methods of DNA transfer have been developed for the production
of transgenic peanut over the last few years. The most commonly used
means of DNA delivery or transferring novel genes into either organogenic
or embryogenic cultures of plant cells/peanut are either biologically by
Agrobacterium tumefaciens or by direct gene transfer using microprojectile/
particle bombardment or by electroporation (Table 9-2). Research is being
carried out globally with single or multiple gene introductions to produce
disease resistant, pest-resistant, healthier and high-quality peanuts. Peanut
tissues are susceptible to infection by wild-type strains of A. tumefaciens
(Lacorte et al. 1991). The choice between using microprojectile bombardment
or Agrobacterium as the means by which to deliver DNA is determined
by several factors including the laboratory facilities and technical skills
available, the species and/or cultivar to be transformed (many monocots
are still recalcitrant to transformation with Agrobacterium, although this is
improving all the time), and the regeneration system.

9.4.1 Direct Gene Transfer

Direct DNA transfer methods can circumvent the genotype dependence
of Agrobacterium infection. Direct gene transfer has been accomplished by
several methods such as microprojectile bombardment, electroporation of
protoplasts and intact tissues, microinjection of protoplasts or meristems
and polyethylene glycol-mediated transformation of protoplasts. Among
these, microprojectile bombardment is the most commonly used method
for genotype-independent genetic transformation (Sharma et al. 2005).
Particle bombardment was developed by Sanford and coworkers
(Sanford et al. 1987; Klein et al. 1988; Sanford 1990) and has been the most
commonly used method for direct introduction of genes into a number of
plant species including peanut. Transient expression (Li et al. 1995) was
reported from cultures developed through bombardment of callus lines
from immature peanut leaflet tissue (Clemente et al. 1992) and leaflets
(Schnall and Weissinger 1995). However, bombardment of 1-2-year-old
embryogenic callus derived from immature embryos followed by stepwise
selection for resistance to hygromycin in semi-solid and liquid media
produced transgenic shoots at a frequency of 1% (Ozias-Akins et al. 1993),
while the shoot meristems of mature embryonic axis produced transgenic
plants at a relatively low transformation frequency of 0.9-1.0% (Brar et al.
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1994). Transgenic peanut plants using the somatic embryos were developed
from immature cotyledons by transforming the cry1Ac gene for resistance to
the cornstalk borer (Elasmopalpus lignosellus) (Singsit et al. 1997). Similarly,
Livingstone and Birch (1995) obtained efficiently transformed Spanish and
Virginia types of peanut by particle bombardment into embryogenic callus
derived from mature seeds. More recently, cobombardment of embryogenic
callus derived from mature seeds was used to develop peanut lines
exhibiting high levels of resistance to Peanut Stripe Virus (PStV) (Higgins
et al. 2004). Similarly, using particle bombardment transient expression of
GUS and 2S albumin gene from Brazil nut was observed in peanut (Lacorte
et al. 1997).

The advantages of particle bombardment system is that DNA may be
transferred directly to cells by the introduction of multiple DNA fragments
or multiple plasmids by cobombardment without using specialized or
binary vectors, thus eliminating the necessity of constructing a single
large plasmid containing multiple transforming sequences. However, the
biolistic-based system is labor intensive since it requires bombardment of
large number of explants for obtaining few stable transformation events.
It may also result in the integration of multiple copies of the transgene,
thereby leading to gene silencing which is the major drawback.

9.4.2 Agrobacterium-Mediated Genetic Transformation

The naturally-evolved unique system of Agrobacterium transfers the foreign
DNA sequences precisely into plant cells using Ti plasmids. Agrobacterium-
mediated transformation is the preferred method over microprojectile
bombardment for gene delivery as it results in higher frequency of stable
transformation with single or fewer integrated transgene copies, thus
reducing the risk of gene silencing and transgene rearrangements. Moreover,
when compared to direct DNA delivery system, A. tumefaciens infections
are less complex and Agrobacterium-mediated transformation is generally
precise in transferring and integration into the plant genome as it delivers
long stretches of T-DNA between the right and left borders.

Several reports have been published for transforming peanut using
A. tumefaciens method using hypocotyl explants (Dong et al. 1990; Lacorte
etal. 1991; Mansur et al. 1993), leaf explants (Eapen and George 1994), and
embryonic axes from mature seeds of peanut (McKently et al. 1995). High
transformation frequency was reported by using precultured cotyledons
as explants (Venkatachalam et al. 1998, 2000), or leaf segments with 0.3%
frequency of fertile transgenic plants (Cheng et al. 1997), whereas stable
3% transformation frequency was reported using a nontissue-culture
based Agrobacterium transformation involving direct cocultivation of
cotyledon attached embryo axis supplemented with wounded tobacco
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leaf extract (Rohini and Rao 2000). Sharma and Anjaiah (2000) reported an
efficient transformation system with >55% transformation frequency using
cotyledon explants. Recently, promoter tagged peanut transgenics using the
cotyledonary nodes as explants and a promoter-less fusion gene nptll:qus
were produced (Anuradha et al. 2006).

9.5 Selection of Transformed Plants

Uptake of DNA transferred by either method only occurs in a minority
of cells and selection of those cells is crucial. Most vectors used for the
genetic transformation of plants carry marker genes that allow selection and
screening of the transformed cells. More than 50 marker genes and molecular
techniques were reported to screen for genetic transformation (Liang et
al. 2010), which are divided into two categories: a) Selectable markers,
and b) Screenable (scorable, reporter, visible) markers. Marker genes are
usually co-introduced into a plant genome along with the transgenes in
a single plasmid (Curtis et al. 1995), or as separate effector (for genetic
transformation) and reporter (for screening) plasmids (Sakuma et al. 2006a).
Protocols with selectable markers have yielded 10-fold higher frequency of
recovered transgenic events compared to marker-free protocols (Birch 1997;
de Vetten et al. 2003; Darbani et al. 2007) and so the use of marker genes
is advantageous. Positive selectable marker genes promote the growth of
transformed tissue whereas negative selectable marker genes inhibit growth
or kill the nontransformed tissue (Liang et al. 2010).

Inclusion of selectable marker genes encoding resistance to an antibiotic
such as kanamycin or hygromycin or to a herbicide such as phosphinothricin,
glyphosate, bialaphos and several other chemicals (Wilmink and Dons 1993)
in addition to the gene(s) of interest, allows the selection of such cells, by
addition of the compound to the nutrient medium. Cells that express the
resistance gene can proliferate while the untransformed cells die. Judicious
choice of antibiotic and concentration levels may be an important criterion
for the recovery of transformed cells, because too high a level would be
deleterious even to the transformed cells at initial stages of screening. For
peanut, hygromycin B is the most appropriate compound for the selection
of transformed cells whereas kanamycin was also reported to be an effective
selection agent to select stably transformed callus tissue obtained from
immature leaflets of peanut (Clemente et al. 1992). The herbicide Basta®
(active ingredient phosphinothricin) has also been used to select transgenic
peanut tissue (Brar et al. 1994).

Screenable (reporter) genes have also been developed from bacterial
genes, which encode proteins that are used for easy detection in a
sensitive, specific, quantitative, reproducible and rapid manner, to
measure transcriptional activity and are used to investigate promoters
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and enhancers of gene expression and their interactions. Some of the
reporter genes reported include chloramphenicol acetyltransferase (CAT)
(Herrera-Estrella et al. 1983), a bacterial enzyme that transfers radioactive
acetyl groups to chloramphenicol; Luciferase (LUC/LUX) (Olsson et al.
1988), a firefly enzyme that oxidizes luciferin and emits photons; Green
fluorescent protein (GFP) (Reichel et al. 1996), an autofluorescent jellyfish
protein; B-galactosidase (GAL), a bacterial enzyme that hydrolyzes colorless
galactosides to yield colored products; -glucuronidase (GUS) (Beason 2003)
(an enzyme that hydrolyzes colorless glucuronides to yield insoluble colored
products) and nopaline synthase, and octopine synthase (Herrera-Estrella
etal. 1988). 5-glucuronidase or GUS (Jefferson 1987) is the most commonly
used reporter gene in plant genetic transformation studies including peanut.
Assays for screenable markers can be destructive or nondestructive, in terms
of the need to sacrifice the test material. GFP in peanut was reported as a
nondestructive gene which requires no exogenous substrate to fluoresce
by Joshi et al. (2005).

Identifying the small proportion of transformed cells in a large
experimental cell population, using only screenable markers is tedious
and time consuming. Hence, screenable markers are usually coupled with
selectable markers in transformation systems as in almost all commercialized
transgenic crops (Liang et al. 2010).

9.6 Future Roadmap for Transgenic Peanut

Genes for transformation can be broadly divided into those that will be used
to overcome agronomic limitations (high yield potential, resistance to biotic
and abiotic stresses) and ones that could be used to enhance value-added
traits (Schnall and Weissinger 1995). Although major emphasis is currently
being placed on improving the primary constraints, the manipulation of
value-added traits, such as flavor and nutrition will be of much concern for
peanut improvement using transgenic technology. Transgenic technology
could conceivably be used in peanut for the introduction of disease and
pest resistance as well as value-added traits such as improved vitamin,
protein and oil quality, enhancing the crop product value, quality and
safety. The genus Arachis, which itself is a repository for most of the valuable
pest and disease resistance genes, could be used to transform cultivated
peanut varieties (Bhatnagar-Mathur et al. 2008). Current efforts include
incorporating immunity or very high resistance to several viral and fungal
diseases through transformation of peanut cultivars that have very high
demand for which no adapted resistant peanut genotypes are available.
Improved crop protection through the transfer and expression of disease
resistance genes will decrease or eliminate the usage of pesticides, which
are costly to the grower and may be harmful to the environment.
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9.6.1 Abiotic Stress Tolerance

Drought is the major cause for low and erratic pod yield in peanut that
contributes to over 6.7 million t loss in annual world peanut production
(Subbarao et al. 1995), resulting in estimated monetary losses of over US$
520 million annually (Sharma and Lavanya 2002). Yield losses in peanut
due to water deficits vary depending on timing, intensity and duration
of the deficit, coupled with other location-specific environmental stress
factors such as high irradiance and temperature (Nigam et al. 2001). Due
to the scarcity of available water in semi-arid tropics regions, drought
management strategies, whether agronomic or genetic, therefore need to
focus on maximizing extraction of available soil moisture and the efficiency
of its use in crop establishment, growth, biomass and grain yield (Serraj
et al. 2005).

Many genes that display altered expression patterns in response to
environmental stresses have been identified over the last 10 years (Bray 2004;
Shinozaki and Yamaguchi-Shinozaki 2007) and the functions of some of
these genes have been studied in detail (Vinocur and Altman 2005; Lemaux
2008, 2009; Mittler and Blumwald 2010). Several genes that confer drought
tolerance have been tested in the field for many years (Yang et al. 2010)
among which a few are waiting for the approval of commercial release at
US federal regulatory agencies (Castiglioni et al. 2008; Yang et al. 2010).

Transgenic research using transcription factors has been the most widely
used technology in developing drought-tolerant varieties (Dubouzet et al.
2003; Pellegrineschi et al. 2004; Oh et al. 2005; Behnam et al. 2006; Xiao et al.
2006; Wang et al. 2008; Morran et al. 2011). At ICRISAT, efforts for enhancing
drought tolerance in peanut through genetic engineering was initiated as
early as 2003 through Agrobacterium-mediated genetic transformation of
drought sensitive cultivar of peanut, JL 24, using the transcription factor
AtDREB1A driven by constitutive CaMV35S promoter as well as a drought-
responsive promoter rd29A, which resulted into ~18 355:DREB1A and 50
rd29A: DREBIA T, transformants. Fourteen transgenic events showing
high levels of stress tolerance were screened under contained greenhouse
(Bhatnagar-Mathur et al. 2004, 2006) and field conditions (Bhatnagar-Mathur
et al. 2013). Substantial yield improvement of at least 17% was observed
under drought-stress conditions in a field trial across a wide range of
vapor pressure deficits, where one of these transgenic events showed 40%
higher transpiration efficiency than the control plants under water-limiting
conditions (Bhatnagar-Mathur et al. 2007, 2009, 2013).

Another study revealed that transgenic plants having AtNHX1 gene
are more resistant to high concentration of salt and water deprivation
than the wild type plants in which salt and proline level in the leaves of
the transgenic plants were also much higher than that of wild type plants
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(Asif et al. 2011). Similarly, regulated expression of isopentenyl transferase
gene (IPT) in peanut significantly improved drought tolerance under both
laboratory and field conditions (Qin et al. 2011).

9.6.2 Resistance to Biotic Stresses

Diseases attack by different pathogens which include primarily fungi, bacteria,
viruses, mycoplasma, nematodes, insect pests and parasitic flowering plants
are major constraints to peanut production throughout the world causing
majority of economic losses of yield up to 40 to 60%. Although, many
diseases infect the crop, only a few cause significant reduction in yields.
Comparatively low annual yields have been reported in developing countries
(~825 kg/ha) to developed countries (2,650 kg /ha). The major biotic stresses
for peanut include the foliar fungal diseases, leaf spot (early and late) and
rust. Seed and soil-borne diseases like collar rot, stem rot and dry root rot have
also been identified as important. Among viral diseases, bud necrosis (BND),
peanut mottle (PMV) and peanut clump (PCV) are important. With regard to
insect pests, a wide range of pests like leaf miner, tobacco caterpillar, white
grub, jassids, thrips, aphids, red hairy caterpillar and termite are known to
cause serious damage to peanut crop (Ghewande et al. 1987; Basu 1995).

However, crop improvement by conventional breeding lacks to meet the
demands of increasing population, especially in seed quality improvement
and developing virus and insect-resistant varieties. Therefore, in peanut the
Expressed Sequenced Tags (EST) would be a quick and economical approach
to identify important peanut genes involved in defense response against
fungal infections and also provide data on gene expression and regulation
(Houde et al. 2006; Nelson and Shoemaker 2006). Utilizing genomic and
proteomic tools, genes and proteins associated with A. parasiticus and
drought stress were identified (Luo et al. 2005; Guo et al. 2006, 2008).
Identified genes could be used for enhanced fungal disease resistance in
peanut through marker-assisted selection in breeding or by direct up or
down regulation of the target gene using genetic engineering. Identification
of novel promoter and enhancer elements will also be critical to achieving
efficacious expression of antifungal/anti-mycotoxin genes. The protocol
for genetic modification is now standardized and available for routine
applications (Sharma et al. 2000; Bhatnagar-Mathur and Sharma 2006).
Hence the major focus lies on developing transgenic peanut varieties for
resistance to insect pests/fungal pathogens/important viruses.

9.6.2.1 Fungal Diseases

Poor realization of potential yields has been mainly attributed to diseases
in peanut (Ghuge et al. 1981; Chohan 1974). Fungal diseases in peanut are
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the most significant limiting factor causing more than 50% yield losses
throughout the world. Among the foliar fungal diseases Early Leaf Spot
(ELS) caused by Cercospora arachidicola S. Hori (Mycosphaerella arachidis
Deighton), Late Leaf Spot (LLS) caused by Phaeoisariopsis personata Berk.
& ML.A. Curtis (M. berkeleyi), rust (Puccinia arachidis), crown rot (Aspergillus
niger Teigh.), collar rot caused by Aspergillus spp., root rot caused by
Macrophomina phaseolina, stem rot caused by Sclerotium rolfsii and Yellow
mold (Aspergillus flavus and A. parasiticus) causing aflatoxin contamination
are the major fungal diseases affecting peanut crop (Subrahmanyam
et al. 1985; McDonald et al. 1985) (Table 9-3). Infection by these fungal

Table 9-3 Genetic Transformation of peanut against major fungal diseases/pathogens.

Disease/pathogen Gene Source Reference
Late leaf spot by Chitinase Tobacco Rohini and Rao 2001
Phaeoisariopsis personatum  |Chitinase Rice Chenaultet al. 2005
Glucanase Alfa alfa
Early Leaf spot by Glucanase Tobacco Sundaresha et al.
Cercospora arachidicola Chitinase Bacteria 2010
Chitinase Rice Igbal et al. 2011
Chitinase Rice Igbal et al. 2012
ICRISAT
unpublished
A. flavus Glucanase Tobacco Sundaresha et
modl, Maize al.2010
D5C, Tomato Weissinger et al. 2003
anionic peroxidase Weissinger et al. 1999
synthetic peptide D4E1 Ozias-Akins et al.
2000
Cercospora arachidicola SniOLP Solanum Vasavirama and Kirti
Hori. and Phaeoisariopsis ~ |Rs-AFP2 nigrum 2010
personata Radish
(Raphanus
sativus)
defensin mustard Anuradha et al. 2008
Sclerotinia blight oxalate oxidase gene barley Livingstone et al.
2005
Chitinase Tobacco Rohini and Rao 2001
Chitinase Rice Chenaultet al. 2005
Glucanase Alfa alfa
A. flavus and aflatoxin Lox] Soybean Ozias-Akins et al.
biosynthesis 2000
Nonheme chloroperoxidase |Pseudomonas |Niu et al. 2009
gene(cpo) pyrrocinia
nonheme chloroperoxidase |bacteria Ozias-Akins et al.
gene 2003
PnLOX3 Peanut ICRISAT
Unpublished
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pathogens results in severe yield losses and generates poor quality seeds
(Pretorius 2005). The use of disease resistant peanut cultivars is the only
means of controlling fungal diseases in peanut. Genetic enhancement in
peanut through conventional breeding and chemical control has yielded
only limited success (Nigam et al. 2012) and the narrow genetic base of the
cultivated peanut Arachis hypogaea L. hampers the development of improved
varieties through conventional breeding leaving with the development of
transgenics as the only option.

9.6.2.1.1 Leaf spots: The annual economic losses caused by LLS and rust
account for over US$ 599 m and US$ 467 m, respectively (FAO 2004) by
causing yield loss of 50-70% (Gibbons 1980; Subrahmanyam et al. 1980a,b,
1984). These diseases damage the plant by reducing the green leaf area
available for photosynthesis and by stimulating leaflet abscission leading
to extensive defoliation (McDonald et al. 1985) which results in lower
seed quality, reduced seed size and oil content besides affecting the haulm
production and quality.

9.6.2.1.1.1 Early Leaf Spot: Early Leaf Spot, caused by Cercospora arachidicola
was first reported from Japan in 1919 (Hemingway 1955). Interestingly,
transgenic approaches using bacterial and rice chitinase genes for resistance
to early leaf spot in peanut showed fairly good positive correlation between
chitinase activity and fungal pathogen resistance (Igbal et al. 2011, 2012) in
which two lines transformed with bacterial chitinase gene showed 56-62%
suppression of disease over the nontransgenic controls. Similarly, use of
tobacco chitinase gene (Sundaresha et al. 2010) for developing transgenic
peanuts against Cercospora arachidicola resulted in 16 plants which performed
well against infection in the in vitro leaf bioassay against Cercospora, seven
transgenic plants that showed the lowest percent disease index (i.e.,
0-25% of leaf area was covered by spots) and delay in the onset of disease
were considered to be resistant and were selected for analysis for further
generations (Sundaresha et al. 2010).

9.6.2.1.1.2 Late Leaf Spot: Late Leaf Spot, caused by Phaeoisariopsis personatum
was first described in the USA in 1885 (Jenkins 1938; Kolte 1985). Transgenic
peanuts expressing tobacco chitinase gene (Rohini and Rao 2001), rice
chitinase and an alfalfa glucanase gene (Chenault et al. 2005) have been
shown to possess enhanced resistance to the late leaf spot. More recently,
transgenic peanut plants carrying mustard defensin gene showed variable
increased disease resistance to Cercospora arachidicola and Phaeoisariopsis
personata in detached leaf assays and greenhouse evaluations using conidial
suspensions (Anuradha et al. 2008). Similarly, over expression of SniOLP
(osmotin like protein cloned from Solanum nigrum) and Rs-AFP2 (defensin
gene from Radish (Raphanus sativus)) in a double construct resulted in
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enhanced resistance against Cercospora arachidicola and Phaeoisariopsis
personata in transgenic peanut (Vasavirama and Kirti 2010). At ICRISAT
efforts are carried out for developing peanut transgenics using rice chitinase
gene which resulted at about >50% decrease in disease incidence (Prasad
et al. 2012).

9.6.2.1.2 Rust: Rust, caused by Puccinia arachidis is another potential peanut
disease of economic importance not only in India but also in Africa, Asia,
Oceania and Australia (Hammons 1977; Mayee 1982, 1986, 1987a, 1989;
Mayee et al. 1977). At ICRISAT efforts have been made to develop peanut
transgenics using rice chitinase gene that resulted in over 50% decrease in
disease incidence (Prasad et al. 2012).

9.6.2.1.3 Sclerotinia blight: Blight disease is caused by soil borne fungus
Sclerotinia minor and Sclerotinia sclerotiorum. Transgenic peanut expressing
a tobacco chitinase gene (Rohini and Rao 2001), rice chitinase and an alfalfa
glucanase gene (Chenault et al. 2005) has been shown to possess enhanced
resistance to Sclerotinia blight, respectively. Transgenic events developed
using somatic embryos of the Okrun cultivar (Chenault et al. 2002, 2005)
were tested over a 3 year period (2000-2002) under field conditions where
14 transgenic lines showed up to 43 to 100% reduction in disease incidence
compared to their parent line Okrun showing increased resistance to
Sclerotinia blight. Similarly, overexpression of barley oxalate oxidase gene
in transgenic peanut developed from embryogenic cultures of Virginia
peanut cultivars, showed enhanced resistance to oxalic acid producing
fungi, Sclerotinia minor (Livingstone et al. 2005). Detached leaflet bioassays
carried out under laboratory conditions indicated reduction in the lesion
area ranging from 75 to 97% in these transformed plants when compared to
their respective nontransformed control cultivars. These transgenic peanut
lines identified with partial resistance to Sclerotinia blight might be useful
in traditional breeding programs for fungal resistance.

9.6.2.1.4 Aflatoxin: Peanuts are susceptible to aflatoxin contaminations
which are toxic, carcinogenic substances produced by fungi Aspergillus
flavus and Aspergillus parasiticus. Since conventional breeding methods for
controlling aflatoxin are only partially effective, novel biotechnological
methods for enhancing host plant resistance to preharvest A. flavus invasion
and aflatoxin contamination is considered to be the most cost-effective
control measure. Besides, a complete knowledge of the resistance associated
proteins/genes and their contribution to host plant resistance (comparative
proteomics) is critical to harness their cumulative or complementary benefits
in peanut for A. flavus infection and aflatoxin contamination.

Peanut produces stilbene phytoalexins in response to fungal infection.
Organ-specific expression of multiple copies of a gene for stilbene
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synthesis (Stilbene synthase) has proven to inhibit fungal growth and
spore germination of Aspergillus species and aflatoxin contamination.
Hydrolytic enzymes such as chitinases and glucanases, which degrade
the fungal cell wall, also pose as attractive candidates for development
of disease-resistant peanut plants (Eapen 2003). Similarly, glucanase gene
from tobacco introduced into peanut (PR protein from heterologous source)
showed enhanced disease resistance to in vitro seed colonization (IVSC)
and no accumulating aflatoxin (detected by HPLC) (Sundaresha et al.
2010). Maize and peanut transgenic expressing synthetic version of maize
ribosome inhibiting protein gene, mod1, showed enhanced resistance to
A. flavus and reduced aflatoxin contamination (Weissinger et al. 2003).

The aflatoxin biosynthetic pathway in vitro has been shown to be
suppressed by enzyme encoded by soybean lox! gene that catalyzes the
formation of a specific lipoxygenase metabolite of linoleic acid, (135)-
hydroperoxyoctadecadienoic acid ((13S)-HPODE). Transgenic peanut
expressing soybean lox! gene under the control of carrot embryo specific
promoter (DC3) (Ozias-Akins et al. 2000) resulted in reduction in the
aflatoxin content. Efforts are being carried out at ICRISAT for generation
of peanut transgenics with the rice chitinase gene (Prasad et al. 2012)
and peanut lipoxygenase gene (PnLOX3). Work is being carried out at
ICRISAT in developing construct for use in RNAi approach to suppress
9-hydroperoxide fatty acid producing lipoxygenases since incorporation
of plant antisense genes for the 9-hydroperoxide fatty acid producing
lipoxygenases also reduces mycotoxin contamination. Other antifungal
genes such as D5C (Weissinger et al. 1999), tomato anionic peroxidase (tap
1), and synthetic peptide D4E (Ozias-Akins et al. 2000) are transformed into
peanut and evaluated for antifungal activity against A. flavus. However, pure
D5C showed strong activity against A. flavus in vitro, due to phytotoxicity of
D5C, transgenic peanut callus showed poor recovery of plants. Expression
of cry1A(c) (Ozias-Akins et al. 2002) in transgenic peanut lines could also be
an effective means of inhibiting A. flavus infection by reducing the damage
into peanut pods by lesser cornstalk borer (LCB) Elasmopalpus lignosellus,
since it has been clearly reported that aflatoxin contamination can increase
with insect damage (Lynch and Wilson 1991). Similarly, Ozias-Akins et al.
(2003) reported 60-70% reduction in A. flavus colony growth in transgenic
peanut lines expressing the bacterial chloroperoxidase gene (Rajasekaran
etal. 2000). Niu et al. 2009 reported antifungal activity in transgenic peanut
by transforming with a non-heme chloroperoxidase gene from Pseudomonas
pyrrocinia.
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9.6.2.2 Viral Diseases

Viruses pose a great threat to peanut production throughout the world.
Viruses such as the Indian Peanut Clump Virus (IPCV), Peanut Bud Necrosis
Virus (PBNV), Groundnut Rosette Assistor Virus (GRAV), Peanut Mottle
Virus (PMV), Peanut Stripe Virus (PStV), Tobacco Streak Virus (TSV), and
Tomato Spotted Wilt Virus (TSWV) cause considerable damage to the crop.
The concept of pathogen-derived resistance (Sanford and Johnston 1985)
has stimulated research on obtaining virus resistance through genetic
engineering. Since, the insertion of genetic material from the virus had been
shown to confer resistance to infection by preventing virus replication and
spread in several crop species. Genetic transformation has been used to
develop peanut varieties with total resistance and not just tolerance to these
viral diseases. The development of new viral control strategies depends
on the molecular mechanisms underlying the roles of both dominant and
recessive resistance genes (Ritzenthaler 2005). In general, protein-mediated
resistance provides moderate protection against a broad range of related
viruses while RNA-mediated resistance has been shown to offer high
levels of protection only against closely related strains of a virus (Pang
et al. 1993; Lomonossoff 1995; Baulcombe 1996, Dawson 1996). Recent
research indicates that pathogen-derived resistance to viruses is mediated,
in most cases, by RNA-based Post-Transcriptional Gene Silencing (PTGS)
mechanism (Baulcombe 2004) resulting in the degradation of mRNA
produced both by the transgene and the virus. RNAi technology (RNA
silencing or cosuppression of homologous genes) provides a significant
tool for development of virus resistant peanut genotypes (Wang et al. 2000;
Colbere-Garapin et al. 2005). The development of genetically transformed
peanut cultivars with resistance to viruses and other biotic constraints
potentially have tremendous impact on crop productivity, especially in the
resource-poor agricultural systems of the semi arid tropics.

9.6.2.2.1 Groundnut rosette disease: Groundnut rosette disease is also one of
the major destructive viral disease in sub-Saharan Africa (SSA) resulting in
devastating losses to peanut production in Africa. The disease is caused by
a complex of three casual agents such as Groundnut Rosette Assistor Virus
(GRAYV), Groundnut Rosette Virus (GRV) and a satellite RNA (satRNA) and
is transmitted by an Aphid, Aphis craccivora (Naidu et al. 1998).
AtICRISAT Pathogen-Derived Resistance (PDR) for Groundnut Rosette
Disease (GRD) by using GRAVcp gene has been exploited to induce host plant
resistance to GRD for controlling GRD. Peanut transgenics for resistance to
GRAV are being produced in ICRISAT (KK Sharma, unpubl. results) and the
molecular characterized transgenic events have been transferred to South
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Africa for phenotyping under greenhouse conditions. Introduction of GRAV
or GRV genomic sequences or genes, or SatRNA-derived sequences that
down regulate GRV replication (Taliansky et al. 1996) into suitable peanut
cultivars is an ideal RN A-mediated / gene silencing approach.

9.6.2.2.2 Peanut Stem Necrosis Disease: PSND caused by Tobacco Streak
Virus (TSV) was reported in India in 2000 (Reddy et al. 2002). TSV was
reported as a frequent occurrence on peanuts in Brazil (Costa and Carvalho
1961), but it was first noticed on peanut in 1999 in South Africa (Cook et
al. 1999).

At ICRISAT, work is being carried out on engineering TSV resistance
through A. tumefaciens-mediated transformation of popular peanut variety
JL 24 (Spanish type) with TSV coat protein gene (TSV cp gene), and recovery
of transgenic plants that block systemic movement of TSV spread. The
resistant transgenic events identified under greenhouse conditions will be
evaluated under restricted field conditions in the TSV hot-spots in the near
future. Similarly, transgenic peanut lines containing sense and antisense
coat protein gene of TSV transformed through Agrobacterium-mediated
transformation of de-embryonated cotyledons of cultivar JL 24 are under
evaluation for their reaction to TSV (Bag et al. 2007).

9.6.2.2.3 Peanut Bud Necrosis: Peanut Bud Necrosis Disease (PBND) is
caused by PBNV—transmitted by Thrips palmi. Strategies to combat peanut
bud necrosis disease (PBND) include development of transgenic peanut
plants expressing PBNV nucleocapsid gene at ICRISAT, which showed
a modest tolerance to PBND (Chander Rao et al. 2006). Three selected
transgenic peanut events of T, and T, generation showed a 40 to 67% decrease
in disease incidence under greenhouse virus challenging experiments.
However, under field conditions in a contained on-station trial only one
event showed less than 25% disease incidence. The expression of symptoms
in some plants was delayed by 40-60 days and 14-21 days under greenhouse
conditions and contained on-station trial respectively as compared to the
control plants. Because of the unexpected lower frequency of virus resistant
events throughout the challenging experiments, an alternate strategy based
on RNA interference (antisense and hairpin-RNA) mediated gene silencing
is being used as a potential tool to address a complex constraint like PBN'V.
Currently, RNAi-mediated resistance approach to counter the effect of NSs
gene in the PBNV genome is being pursued.

9.6.2.2.4 Tomato spotted wilt virus: Tomato spotted wilt virus (TSWV)), first
reported in Brazil (Costa 1941) is transmitted by thrips Scirthothrips dorsalis
Hood (Mali and Patil 1979) and Frankliniella schultzei (Trybom) (Ghanekar
et al. 1979).
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Due to lack of availability of considerable levels of resistance in
germplasm, development of transgenic plants through genetic engineering
is the only effective approach for protection against TSWV which is carried
over by both RNA and protein-mediated control (Pang et al. 1993). These
approaches include using both sense and antisense TSWV nucleocapsid
protein gene (N gene) expression. Nucleocapsid protein gene (N gene)
was introduced into a runner and a Valencia type variety (Brar et al. 1994;
Chenault and Payton 2003) whereas the N gene, was inserted into New
Mexico Valencia A peanut, by Li et al. (1997). The field ratings from the
study of Yang et al. (1998) indicated that there was a potential to combine
nucleoprotein-mediated resistance in transgenic peanut with host-plant
resistance that already had been identified in the peanut germplasm. Variety
AT 120 transgenics with antisense nucleocapsid gene (Magbanua et al.
2000) and Marc 1 transgenics transformed with coat protein gene of TSWV
(Ozias-Akins et al. 2002) showed lower disease incidence than respective
nontransformed cultivar or than in moderately resistant cultivar Georgia
Green. Transgenic progeny of Marc 1 peanut cultivar also showed lower
incidence of spotted wilt in comparison to the nontransgenic controls in
field evaluations and under controlled environmental conditions in the USA
over years and locations (Yang et al. 2004), indicating its potential use in
conventional breeding programs. Use of stable pathogen-derived resistance
based on homology dependent RNA silencing for durable TSWYV resistance
was suggested by Bucher et al. (2003).

9.6.2.2.5 Peanut stripe virus (PStV): PStV is transmitted by seed and also
by aphids (Aphis craccivora, A. gossypii and Myzus persicae). Transgenic
plants of peanut varieties with high levels of RNA-mediated resistance to
peanut stripe potyvirus (PStV) were obtained following cobombardment
of embryogenic callus derived from mature seeds of the commercial
cultivars, Gajah and NC 7, which were transformed with one of the two
forms of PStV coat protein (cp) gene (an untranslatable, full-length sequence
(cp 2) or a translatable gene encoding a cp with an N-terminal truncation
(cp 4)) (Higgins et al. 2004). Resistance to PStV was stably inherited over at
least five generations in these transgenic plants of Gajah variety (Dietzgen
et al. 2004). From the study of Hapsoro et al. 2005, 2007, three different
kinds of response to PStV infection were identified-resistant, recovery and
susceptible, the transgenic peanut lines cv. Gajah proved stable up to seven
generations of selfing and some pure lines were identified. Franklin et al.
(1993) reported transformed callus expressing the PStV coat protein gene
through Agrobacterium-mediated genetic transformation.

9.6.2.2.6 Peanut Clump Virus (PCV): The disease is soil borne and is caused
by peanut clump virus (PCV) that is transmitted by a fungus, Polymyxa
sp. living in the soil. ICRISAT has developed the first-ever transgenic
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peanut, resistant to the dreaded Indian Peanut Clump Virus (IPCV) by the
introduction of coat protein (cp) gene and replicase (rep) genes of the target
virus IPCV by using Agrobacterium-mediated transformation (Sharma and
Anjaiah 2000). Field evaluations were carried out twice against IPCV under
controlled conditions during the rainy season of 2002-2004 in an on-station
sick plot at ICRISAT, Patancheru, India with 10 transgenic lines carrying
single gene inserts (five each with IPCVcp and IPCVrep genes) of which
four transgenic events (three with IPCVcp and one with IPCVrep) showed
complete resistance to IPCV.

9.6.2.2.7 Bacterial wilt: It is a soil-borne disease caused by Ralstonia
solanacearum. Anovel approach of introducing microbial toxins (phytotoxins)
such as tabtotoxin acetyl transferase and glucose oxidase into the plant
has emerged as an efficient way to develop resistance in a wide range
of host species (Eapen 2003). This approach can be conveniently used to
impart resistance against bacterial wilt of peanut caused by Burkholderia
solanacearum, formerly known as Pseudomonas solanacearum.

9.6.2.3 Insect Resistance

Among the insect pests Spodoptera litura, Aproaerema modicella, Amsacta
spp., Heliothis spp., aphids, jassids, thrips and termites cause major yield
losses. Though, a moderate level of resistance against specific pests was
observed in wild relatives of peanut cultivars (Stalker and Moss 1987),
but is often accompanied by undesirable agronomic features (low shelling
and undesirable pod and kernel traits), interspecific reproduction barriers
and linkage drag which impedes development of resistant cultivars using
traditional breeding approaches. Hence the development of transgenic
peanut for resistance to insects is gaining importance. The first transgenic
peanut expressing cry1 EC gene resistance to S. litura using de-embryonated
cotyledon explants were developed by Tiwari et al. (2008). Leaf feeding
bioassay was carried out twice under laboratory conditions on highly
expressing transgenic lines, which showed 100% death of larvae at the
2nd instar stage of S. litura. Since, besides spodoptera, Helicoverpa armigera
(Hubner) occasionally occurs on the peanut crop causing defoliation to
a limited extent resulting in major crop loss, development of the peanut
transgenics cv. TMV-2 expressing a chimeric Bt gene, cry1X, was reported
(Entoori et al. 2008). In vitro detached leaf bioassays under laboratory
conditions led to more than 50% mortality in 27 transgenic plants, showing
not more than 10% damage against H. armigera and S. litura. Among the
insect-pests, Lesser Cornstalk Borer (LCB), Elasmopalpus lignosellus (Zeller),
is another major pest of peanut in the southern United States causing severe
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reduction in crop quality. Peanut transgenics against LCB using cry1Ac gene
(Singsit et al. 1997) showed complete larval mortality to a 66% reduction in
larval weight in insect feeding bioassay of transformed plants indicating
various levels of resistance.

9.6.3 Biofortification and enhancing quality traits

Besides lysine, threonine and isoleucine, peanut is deficient in the essential
amino acid methionine. The dietary and nutritional value of peanut can
be improved by either raising the level of sulfur-containing amino acids of
storage proteins or by changing the proportion of methionine-rich proteins
already present in the peanut seed. Genetic transformation is an effective
and an alternative approach for developing methionine-rich peanuts.

Efforts have been made to identify genes that play an important
role in controlling the crucial and important regulatory biochemical
steps whose constituents play a major role in determining the quality of
peanuts. Attempts have been made to produce transgenic peanut plants
with improved protein quality by transferring genes like the Brazil nut
2S albumin gene (Lacorte et al. 1997). Malnutrition due to vitamin A, zinc
(Zn) and iron (Fe) deficiencies is a significant public health issue in most of
the developing and undeveloped world involving one-third of the world’s
population (~1.02 billion people) (FAO 2009). Hence providing biofortified
staple food with essential amino acids, vitamins and trace elements without
imposing any additional cost to the consumer is an alternative and best
solution to overcome the problem of vitamin and trace element deficiency
for the poor in the population. The success in peanut transformation
technology enabled researchers to address more complex and important
aspects of biofortification in peanut for enhanced levels of beta-carotene
(provitamin A). Work has been initiated at ICRISAT to develop genetically
engineered groundnut having enhanced levels of 3-carotene (pro-vitamin
A) to combat vitamin A deficiency. Owing to the high oil content >50% in
peanut, targeting -carotene to the oil bodies for enhanced bioavailability
was thought to be critical. This has been achieved by using oleosin promoters
for driving the carotenoid biosynthetic genes for targeting these to the oil
bodies (Bhatnagar et al. 2010; Bhatnagar-Panwar et al. 2013), as has been
previously reported in Arabidopsis and Brassica napus (Siloto et al. 2006; Hu
et al. 2009). Over 200 primary transgenic events of groundnut have been
developed by introducing the phytoene synthase gene (psyl) from maize
that resulted in increased f3-carotone levels, in seed oil bodies to an extent
of 20-25-folds when compared to the untransformed controls.
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9.6.4 Improvement in Quality of Oil

For peanut, oil content, oil quality and storage protein composition are
major issues for quality improvement, and genes controlling these important
agronomic traits have been the focus of peanut gene cloning. Currently
efforts are carried over to increase stability and quality of peanut oil by
hydrogenation to reduce the level of polyunsaturated fatty acids, which
also has undesirable health and food quality consequences. Peanut’s
oils contain high levels of monounsaturated fatty acids that are prone to
oxidation as compared to other oils with high levels of polyunsaturated
fatty acids. Different genes for improving quality of oil have been proposed
(Wang et al. 2011) that can be used for developing transgenic peanuts.
For enhancing the shelf-life of peanut products, a higher oleic/linoleic
(O/L) ratio is considered desirable. The introduction of the double bonds
in the plant fatty acids occurs by the action of enzyme delta-12 fatty acid
desaturase. Engineering a gene encoding for delta-12 fatty acid desaturase
in peanut by antisense or RNAi strategies may help to reduce activity of
this enzyme and hence produce oil with higher O/L ratio. Expression of
additional copies of the gene for this enzyme may enhance the content of
oleic acid and hence the O/L ratio. Several other reported genes which
can be used for developing peanut transgenics for improving nutritional
quality are listed in Table 9-4.
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10.1 Introduction

Peanut (Arachis hypogaea L.) is an important principal commercial oilseed
crop rich in high-quality edible oil (43-55%), digestible proteins (25-30%)
and carbohydrates (10-20%) (Maiti 2002). Peanut is the third most important
source of vegetable protein, fourth principal source of edible oil, which
plays an important role in ameliorating livelihoods, nutrition and economy
of many countries. Peanut is a good source of thiamin, riboflavin, nicotinic
acid, niacin, vitamin E and B. Additionally it possesses significant amounts
of phosphorus, calcium, magnesium, zinc, potassium and iron, which are
important for human nutrition (Savage et al. 1994). Peanut with high-quality
unsaturated fatty acid (oleic acid) and low saturated fat content along with
antioxidants, nutraceuticals, such as resveratrol, exhibit superior oxidative
stability and lowers serum LDL-cholesterol levels respectively (Guo et al.
2011). It fixes nitrogen and improves soil fertility by providing up to 60 kg/
ha nitrogen to the soil (Sprent 1994).

Peanut is an economically important crop in arid and semi-arid tropics,
mainly grown under rain-fed conditions. However, the yield of peanut
is compromized due to the reduction in area and productivity in these
areas due to various biotic factors, which include peanut stripe virus leaf
spot, leaf miner and aflatoxin contamination. Furthermore, abiotic stresses
drought, low pH, low temperatures and inadequate soil fertility (especially
N and P) severely affect the crop yields. Cultivated groundnut is a self-
pollinated, allotetraploid member of the section Arachis, classified into
two subspecies: hypogaea and fastigiata. The subspecies hypogaea is further
divided into hypogaea and hirsute varieties, while fastigiata into fastigiata,
vulgaris, aequatoriana and peruviana based on morphology and growth habits
(Krapovickas and Gregory 1994).

Drought is a multigenic, incompletely penetrant and quantitative trait
in nature that makes difficult to breed for drought tolerance, thus adversely
affecting crop productivity. In peanut limited empirical knowledge is
available about the physiological and molecular events regulating gene
expression under drought conditions (Jain et al. 2001). Breeding effort to
introgress complex traits from drought tolerant germplasm met with limited
success due to its complex polygenic nature, insufficient knowledge about
genetics of tolerant components, no correlation of tolerance at different
developmental stages and environmental effects (Jain et al. 2003).

10.2 Peanut Genome Sequencing

Cultivated peanut is an allotetraploid (2n = 4x (2A+2B) = 40) (Seijo et al.
2004) with a large genome size of 2,891 Mbp (Table 10-1; Feng et al. 2012).
Complicated (duplicate sets of chromosomes) and large size genome makes
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Table 10-1 Genome size comparison of Model Legumes.

Legume |Cicer arietinum| Cajanus cajan |Arachis hypogaea | Glycine max |Medicago truncatula

Ploidy |Diploid Diploid Allotetraploid  |Diploid Diploid
2n=2x=16) [2n=2x=22) |2n=4x=40) |(2n=2x=40)|(2n =2x =16)

Genome |740 858 2,891 1,115 ~454 to 526

(Mb)

the peanut difficult to sequence or assemble the whole genome and thus
remains unexplored at the genomic level (Feng et al. 2012). Lack of genetic
diversity as a result of polyploidization, hampered the genetic and genomic
characterization (Guimaraes et al. 2008). Expressed Sequence Tag (EST)
sequencing generates functional genomic level data and is an alternative to
whole genome sequencing for non-model organisms like peanut (Andersen
and Thomas 2003; Bouck and Vision 2007).

Peanut Foundation and the American Peanut Council on behalf of
international peanut research community and Peanut Genome Consortium
(PGC) has been pursuing a peanut genome sequencing project on a
collaborative approach with Chinese peanut collaborators for a possible
joint sequencing project along with other international partners. Peanut
Genome Consortium (PGC) was formed with specific goals: 1) a high-
quality chromosome-scale draft of a tetraploid (cultivated species) as the
reference genome sequence, plus high-density maps of both progenitor
and synthetic amphidiploid genomes; 2) high-throughput transcriptome
characterization of the reference tetraploid cultivar; 3) characterization of
gene space in amphidiploid and diploid (progenitor species) germplasm;
4) phenotypic association with mapped genetic markers; and 5) interactive
bioinformatics resources for data curation and application in a breeder’s
toolbox to enable molecular breeding approaches for enhancing peanut
yielding ability, optimizing resistance to diseases and insects, tolerance
to environmental stresses and improved quality traits. Beijing Genome
Institute (BGI) proposed the sequencing and assembly strategies adopting
integrated strategy whole-genome sequencing plus Bacterial Artificial
Chromosome (BAC) by BAC sequencing with Hiseq 2000 technology.

10.3 Comparative Genomics

Comparative genomics has emerged as a new approach contributing to
understand tetraploid peanut genome—origin, evolution, structure and
function to promote its genetic improvement. In several crops, EST-Simple
Sequence Repeat (SSR)’s cross-transferability has been reported across
genera/species (Gale and Devos 1998; Bennetzen 2000; Paterson et al. 2000).
Moreover, they can be used for comparative mapping as anchor markers as
they are reported to have high level of transferability than the genomic SSRs
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(Scott et al. 2000; Saha et al. 2004; Varshney et al. 2005). A comparison of SSR-
based cultivated peanut map and legume anchor markers was made with
maps from Arachis, Lotus, and Medicago (Moretzsohn et al. 2009). Percent
transferability of EST-SSRs to peanut from Medicago is 20 and from soybean
34 along with 25% SSRs (Mullet et al. 2002; He et al. 2005; He et al. 2003;
Wang et al. 2012). Recently, it rose to 39% from sorghum, thus prospects
additional DNA markers and comparative mapping between peanut and
sorghum as a possible monocot-dicot comparison (Savadi et al. 2012).

10.4 Genetic Resources and Their Utilization

Considerable variability for different traits has been exhibited by cultivated
peanut (Kochert et al. 1996). Peanut core and minicore collections enabled
to find new genes from the large number of accessions in gene banks (Table
10-2; Brown 1989). These germplasm collections assist in better germplasm
exploitation by the breeders and enhanced use of genetic resources in crop
improvement (Table 10-3; Upadhyaya et al. 2002; Holbrook and Dong 2005;
Jiang et al. 2010). Both these germplasm collections identified sources of
genetic variation and diversity in peanut for different traits (Jiang et al.
2010; Kottapalli 2011).

Table 10-2 Major gene banks holding peanut germplasm.

Cultivated Wild Total |[Research Centers
genotypes | genotypes |genotypes
14,968 477 15,445 |International Crops Research Institute for the
Semi-Arid Tropics (ICRSAT), India
- - 14,585 |[National Bureau of Plant Genetic Resources (NBPGR),
Indian Council of Agricultural Research (ICAR), India
9,310 607 9,917 |Plant Genetic Resource Conservation Unit (PGRCU),
Griffin, U.S. Department of Agriculture (USDA), USA
8,960 64 9,024 |Directorate of Groundnut Research (DGR), ICAR, India
7,837 246 8,083 |Oil Crops Research Institute (OCRI), Chinese
Academy of Agricultural Sciences (CAAS), China
4,210 - 4,210  |Crops Research Institute (CRI), Guangdong Academy
of Agricultural
3,534 106 3,640 |InstitutoNacional de TechnologiaAgropecuaria
(INTA), Argentina
1,200 1,220 2,420 |[EMBRAPA and CENARGEN, Brazil
2,140 - 2,140 |InstitutoAgronomico de Campinas, Brazil
- 1,200 1,200 |Texas A&M University (TAMU), USA
740 406 1,146 |North Carolina State University (NCSU), USA
- 472 472 Instituto de Botanica del Nordeste (IBONE),
Argentina
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Table 10-3 Peanut Core and Mini-core Collections.

Country Core Mini-core |Source
India | 1,704 accessions 184 Upadhyaya et al. 2002; Upadhyaya et al. 2003
USA 831 accessions 112 Holbrook et al. 1993; Holbrook and Dong 2005
China 576 accessions 298 Jiang et al. 2008; Jiang et al. 2010

10.5 Construction and Improvement of Peanut Genetic Map

For several species molecular maps have been developed that are important
for map-based cloning of potential genes with agronomic importance and
comparative genomics. Genetic linkage maps of cultivated peanut have been
developed for Quantitative Ttrait Locus (QTL) analysis and gene tagging
thus finding application in breeding. The genetic information pertaining
to the cultivated tetraploid was difficult to extract from the two Restriction
Fragment Length Polymorphism (RFLP)-based genetic maps, the first
one with 11 Linkage Groups (LGs) derived from a diploid interspecific
hybridization of A-genome species (A. stenosperma x A. cardenasii) (Halward
1993) and the next from a synthetic interspecific tetraploid population
with 23 LGs (Burow et al. 2001). Moretzsohn et al. (2005) constructed an
SSR-based linkage map for Arachis from an A-genome with 170 SSR loci
(from both genomic SSRs and EST-SSRs) on 11 LGs covering 1,231 cM and
located five candidate genes for resistance on this map (Alves et al. 2008).
Based on an F, population (93 lines) of A. ipaensis x A. magna a diploid
B-genome map with 149 SSR loci covering 1,294.4 cM was been developed.
Ahigh level of synteny was revealed by comparative mapping of both these
genomes (Gobbi et al. 2006; Moretzsohn et al. 2009). Peanut A-genome
map (A. duranenis and A. duranenis) was constructed with 2,319 (971 SSRs,
1,127 SNPs and 221 Single Stranded Conformation Polymorphism (SSCP))
markers on 10 LGs (Nagy et al. 2010).

Anintegrated genetic linkage map of cultivated peanut was developed
with 324 SSR loci into 21 LGs covering 1,352.1 cM derived from two
Recombinant Inbred Line (RIL) populations (“Tifrunner”x“GT-C20” and
“SunOleic 97R”x“NC94022"”). The largest collection of 4,576 SSR markers
was reported from three sources: SSR markers, EST-SSR markers and from
BAC end-sequences for construction of a genetic linkage (Qin et al. 2012).
EST-SSR’s marker density is very low and Single Nucleotide Polymorphism
(SNP) markers are yet to be integrated in the genetic maps of cultivated
peanut. Furthermore, SNP makers facilitates the development of SNP-based
genetic maps are in progress (Pandey et al. 2012b).
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10.6 Transcriptome Sequencing

The first report of ESTs in cultivated peanut was developed from two
cDNA libraries under biotic (leaf spot fungi/resistant response) and abiotic
stress (hydric stress/tolerant response). A total of 1,825 ESTs with 1,305
unique ESTs were identified (Luo et al. 2005a). Currently, a total of 252,832
peanut ESTs (178,490 for A. hypogaea including 745 for subsp. Fastigiata;
35,291 for A. duranensis; 32,787 for A. ipaensis; and 6,264 for A. stenosperma)
are available in the public domain in NCBI (as of January, 2013). There
are a total of 2,83,566 nucleotide sequences for A. hypogaea in Gene Banlk,
including 90,001 nucleotide (core nucleotide) sequences, 1,77,745 EST, and
15,820 genome survey sequences (GSS). These EST resources have been
used for novel gene discovery, gene sequence determination, microarray
gene expression, marker development and genetic map construction (Luo
et al. 2005b; Liang et al. 2009).

ESTs have been extensively used to monitor gene expression patterns
to biotic stresses such as leaf spot caused by Cercosporidium personatum,
aflatoxin by Aspergillus parasiticus (Luo et al. 2005a; Guo et al. 2008), virus
infection by tomato spotted wilt virus (Guo et al. 2009) and bacterial wilt by
R. solanacearum (Huang et al. 2012) have been analyzed via EST sequencing
that serves as valuable resources (Table 10-4) for peanut genomic research. A
total of 743,232 ESTs and functionally annotated 17,912 unigenes (singletons
and contigs) from A. stenosperma and 21,714 unigenes from A. duranensis
were generated by transcriptome analysis (Roche 454 GS FLX Titanium
technology) of A. stenosperma and A. duranensis challenged with biotic and
abiotic stress, respectively (Guimardes et al. 2011). A Golden-Gate assay
for 1,536 SNPs has been developed, based on the SNPs identified after
comparing the 454 sequence reads generated from 17 genotypes using 454/
FLX transcript sequences (Uni. Georgia, Athens). Gene/ transcript sequences
derived markers referred as Genic Molecular Markers (GMMs) are used
to develop the functional markers (Varshney et al. 2010a, 2012). On the
contrary, transcript-based markers exhibit lower polymorphism than DNA

Table 10-4 ESTs from various tissues of peanut.

Tissue ESTs Source

1. Developing seeds 21,777 Guo et al. 2008

2. Leaf tissues 16,931 Guo et al. 2009

3. Diverse seed development stages 17,000 Bi et al. 2010

4. Different plant develop-mental stages 12,000 Song et al. 2010
5.Gynophores, roots, leaves and seedlings 10,102 Koilkonda et al. 2011
6. Root tissues 8,000 Proite et al. 2007

7. Roots, leaves and developing seeds 63,234 Huang et al. 2012




222 Genetics, Genomics and Breeding of Peanuts

markers (Varshney et al. 2005, 2010c, 2010d). ESTs will play a vital role in
identification of SSRs and SNPs as potential genetic markers and fill in the
knowledge gaps after peanut whole-genome sequencing (Feng et al. 2012).
For tetraploid peanut a consensus transcriptome assembly of 211,244 contigs
has been developed. This transcriptome assembly can be used for aligning
the transcript reads using NGS technologies (Varshney et al. 2009) and the
alignments utilized for SNP discovery (Pandey et al. 2012b).

10.7 Molecular Markers in Peanut

Molecular markers being the most powerful genomic tool have
revolutionized the entire scenario of biological sciences and increased the
precision of selection. They instigated a revolution in the speed and quality
of germplasm characterization, trait mapping and molecular breeding.
In cultivated peanut markers that reveal polymorphism are available
(Ferguson et al. 2004a). However, low level polymorphism has been detected
using methods such as random amplified fragment DNA (RAPD), amplified
fragment length polymorphism (AFLP), and RFLP (Halward et al. 1991;
Kochert et al. 1991; Paik 1992; Subramanian et al. 2000; Gimenes 2002;
Herselman 2004), Inter-Simple Sequence Repeat (ISSR) (Raina et al. 2001)
and SSR markers (Mace et al. 2006). DNA polymorphism was revealed in
A. hypogaea using SSRs and diversity arrays technology (DArT) markers
(Varshney et al. 2006; Gupta et al. 2010). Polyploidization prevented gene
flow to a certain extent from related species affecting the genetic diversity
among the peanut cultivars, resulting in a narrow genetic base (Halward
et al. 1991; Isleib et al. 1992; Young et al. 1996). EST-SSRs are PCR-based,
genetically defined, codominant and multiallelic markers that are renowned
for their versatility and high information content (Tautz 1989; Weber and
May 1989; Powell et al. 1996). They can play a vital role in determining
protein function, genetic development and regulation of gene expression
(Lawson and Zhang 2006).

In recent years, many SSR markers were identified from the peanut
genome (Hopkins etal. 1999; He et al. 2003; Ferguson et al. 2004b; Moretzsohn
et al. 2005; Proite et al. 2007; Cuc et al. 2008) pertaining to resistance against
rust, late leaf spot (Mace et al. 2006), Ralstonia solanacearum (Jiang et al.
2007) and Sclerotinia minor (Chenault et al. 2008). A new type of 138 (GGC)
SSRs markers (Yuan et al. 2010) and 199 SSRs in addition to 946 novel SSR
markers were identified (Pandey et al. 2012a). Allele-specific sequencing
studies in cultivated genotype met with limited success compared to diploid
and tetraploid species (Alves et al. 2008; Pandey et al. 2012b).

Efforts are underway worldwide on the development of novel SSR
markers from SSR-enriched libraries, EST sequences, BAC-end sequences,
DATrT Arrays and transcript sequences produced by 454 /FLX sequencing
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technology (Pandey et al. 2012b). Diversity Arrays Technology (DArT) is
a cost-effective high-throughput whole-genome genotyping platform to
screen a large number of polymorphic loci and has the potential for genome-
wide diversity analysis and linkage mapping. DArT is a dominant marker
that are sequence-independent and detects all types of DNA variation.
Jaccoud et al. (2001) developed it for rice and it has been effectively deployed
to genotype other species with large genomes. DArT markers have been
developed in many species including several Triticeae crops for constructing
genetic maps and diversity analysis (Wenzl et al. 2006; Neumann et al. 2011;
Roy et al. 2011; Varshney et al. 2012). So far in legumes, the DArT arrays
have been developed in pigeonpea (Yang et al. 2011), common bean (Brifiez
et al. 2011), chickpea (Thudi et al. 2011), soybean and mungbean (Hang
et al. 2012). The first DArT-based framework linkage map for pigeonpea
was generated based on an interspecific F, mapping population. Maternal
and paternal genetic linkage map had 122 (270.0 cM) and 172 (451.6 cM)
unique DATrT loci, respectively (Yang et al. 2011). In common bean, a total
of 2,501 polymorphic markers were found from a PstI/BstNI and Pstl/
Tagl representation (Brifiez et al. 2011). DArT arrays with 15,000 clones
were developed from a Pstl/Tagl representation and 5,397 polymorphic
clones were from 94 chickpea genotypes (Thudi et al. 2011). In soybean
1,500 polymorphic clones were identified. DArT marker transferability
was 13.5% from soybean to mungbean and 3.1% from mungbean to
soybean (Hang et al. 2012). More than 6,000 SSR markers and DArT arrays
(15,360 features) have been developed in peanut. Very low and moderate
level of polymorphism was exhibited by using DArT arrays in tetraploid
(AABB) and diploid (AA, BB) genome species, respectively (Kilian 2008;
Varshney et al. 2010b). Even DarT and SNP markers exhibited low-level
polymorphism in cultivated genotypes. Perhaps DArT markers will be
helpful in monitoring genome introgression from diploids into cultivated
peanut lines and will empower advances in Genotyping By Sequencing
(GBS) methods in addition to SNP markers (Pandey et al. 2012b).

Till date SSRs have proven to be the best choice of markers for genetics
and breeding in cultivated peanut. Sequencing-based genotyping methods
will reveal new SSR and SNP markers in the peanut genome. Efforts on
development of allele-specific markers in peanut would make considerable
advancement in the marker technology for modern breeding programs.

10.8 Advancing Peanut Biology through Proteomics

Mass Spectrometry (MS) has revolutionized the field of protein research
and created a momentum in proteome analyses. Proteome analysis is
significantly more challenging than analysis of genes and genomes.
High-resolution two-dimensional electrophoresis (2-DE) along with mass
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spectrometry are the main technologies to study the organisms at the protein
level (Wang et al. 2011). Peanut (Arachis hypogaea L.), at the genomic level, is
limited due to the budding stage of peanut proteomics, numerous protein
studies of peanut seed have emphasized on storage protein composition,
nutritional value and immunological properties of the protein fractions
(Viquez et al. 2003; Koppelman et al. 2004; Kang and Gallo 2007). Storage
proteins analyzed from 12 different genotypes of cultivated peanut varieties
discovered protein markers that distinguish the subspecies hypogaea and
fastigiata (Liang et al. 2006). Methionine-rich proteins and arachin proteins
in seed continued to express in drought-tolerant genotypes, while they were
down regulated in drought-susceptible genotypes evident by MS analysis
(Katam et al. 2007, 2010).

Overall, there is a need to identify proteins from peanuts leaves, seeds
and their corresponding genes that can be incorporated in the marker-
assisted breeding project to select for drought-tolerant peanut genotypes,
which we see as a growing challenge. System-biology tools play an important
role in analyzing the genome which aid in identification of useful traits in
peanut at large. Protein-protein interactions, which cannot be identified by
gene expression analysis, can be identified with bioinformatics tools. Peanut
interaction database has to be developed similar to AtPID (Arabidopsis
thaliana Protein Interactome Database) for better understanding the peanut
proteomics. It has to be linked out with various other plant web servers
and databases including Gramine, Phytozome for finding comparative
mapping and synteny.

10.9 Peanut Database

PeanutMap is a new map database http://peanutgenetics.tamu.edu/
cmap for providing a web-based interface for viewing specific LGs and
compare multiple maps of a map set. The database allows identification
of corresponding LG’s from the results of different research projects by
comparing and finding associations between LG’s in multiple map sets.
For cross-species comparisons the data is incorporated into Legume
Information System website, http://www.comparative-legumes.org that
facilitates comparison of synteny among different legume species (Arun and
Mark 2006). Duan et al. (2012) generated peanut transcriptome assembly of
32,619 contigs with EC, KEGG and GO functional annotations. SSRs, SNPs
along with other genetic polymorphisms were detected for each cintig.
PeanutDB provides a comprehensive view of peanut transcriptome with
all mRNA, Sanger ESTs and 454 Illumina reads generated by Institute of
Plant Protection, Chinese Academy of Agricultural Science. The database
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is efficient to present a new perspective of peanut genome dynamics,
incorporating the most comprehensive datasets of peanut transcriptome
sequences.

10.10 Conclusions

Systems biology includes genomics, proteomics and metabolomics to
understand the metabolic pathways involved in a specific function of the cell
to improve the understanding of genetics and metabolism and also to assist
in the selection of productive lines. The gene discovery phase is followed
by the investigation of specific functions of the individual genes and, the
definition of their structural characteristics. Eventually, the objective is to
address “whole genome” analysis, through which the complete nucleotide
sequence of a genome will be determined. For the investigation of a
particular biological process a fundamental shift from hypothesis-based
approaches is represented by functional genomics technologies. In this
approach, only one or few genes or proteins are examined that involves the
collection and analysis of data relating to large numbers of genes or proteins.
It is well known that genes or proteins seldom act alone, and functional
genomics therefore addresses the complexity of cellular processes. Most of
the plant processes are mediated by large numbers of genes, therefore the
technology must necessarily be focused on large-scale profiling of genes,
mRNAs, proteins and metabolites that participate in cellular processes. This
would allow the determination of the function of a maximum number of
genes specifying the crop traits. Functional genomics studies on majority
of organisms are in their early stages, because some species have genome
duplications, self-incompatibilities and long generation time. In such cases,
the proteomics approach is a powerful tool for analyzing the functions of
the genes or proteins. Analysis of proteins is critical to define the function
of their genes, and linking of proteins to genome sequence information is
essential to follow sequential changes in protein expression in an organism.
One of the focal points in this research is to use computational biology to
understand the cellular processes regulated by protein-protein interactions,
post-translational protein modifications and enzymatic activities that cannot
be identified by gene expression studies.
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Color Plate Section
Chapter 3

Figure 3-2 Somatic metaphases of Arachis species following double fluorescent in situ
hybridization (a—f), showing yellow-green FITC signals from the 55 rDNA probe and red TRITC
signals from the 185-265 rDNA probe. DAPI counterstaining (light blue) subsequent to the
FISH procedure was used to highlight the heterochromatin bands and to stain euchromatin. (a)
A. trinitensis (F genome). (b) A. glanduifera (D genome). (c) A. batizocoi (K genome). (d) A.
duranensis (A genome). (e) A. ipaénsis (B s.s. genome). (f) A. hypogaea (2n = 40). (g) Somatic
metaphase of Arachis hypogaea after double genomic in situ hybridization (GISH) using total
DNA probes of A. ipaénsis (red) and of A. duranensis (green). Scale bar = 3 um for all the
pictures.
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Chapter 6

Figure 6-1In situ hybridization on metaphase spreads of Arachis spp. with DAPI counterstaining.
a) GISH on the synthetic amphidiploid (Arachis duranensis x A. ipaénsis)™ with both parentals
genomic DNA probes—green signals with A. duranensis on half of the chromosomes (A
genome) and red signals with A. ipaénsis in the other half chromosomes (B genome) with signals
overlapping part of some chromosomes. b) BAC-FISH with ADH79023 (F12_SI2_60VER)
probe with red signals over half of the chromosomes (A genome) and some dots on B
genome chromosomes, more concentrated labeling but at different intensity depending on
the chromosome. Hybridization signals were absent at centromere and telomere regions; c)
BAC-FISH with ADH51I17 probe with diffused red signals in the pericentromere regions only
on A genome chromosomes (F12_SI14_50VER); d) BAC-FISH with ADH179B13 probe with
spotted green signals on A and B genome chromosomes but stronger on A chromosomes. Red
signals correspond to the rDNA 5S sites (F17_S12_4OVER1). Scale bar: 5 pm.
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Figure 6-2 Representation of BAC clone AD180A21 consisting of two contigs, one of 84,046
bp positioned at left hand side, and one of 5,920 bp positioned at right. Top: Repetitive Index
graph; Middle: Annotation scheme, and Bottom: dot plot. Repetitive Index is a score for
repeat content based on BLASTN against 41,856 A. duranensis BAC-end sequences. The score
is calculated using the formula Repetitive Index = logl0(N+1), where N is the number of
BLASTN homologies with an evalue of 1e-20 or less. The highest peak represented here is 1.9,
which is equivalent to 88 BLASTN homologies; the lowest peak is 0.3, which is equivalent to
a single BLASTN homology. The annotation scheme represents long terminal repeats (LTRs)
in blue and internal regions of transposons in white. Transposons in positive orientation are
represented on upper strand, and those in negative on the lower. The dot plot is of the BAC
sequence (horizontal) against whole representative sequences of the transposons FIDEL, Feral,
Pipoka, Pipa and Gordo (vertical).

This BAC clone consists almost entirely of LTR retrotransposons their solo elements and
remnants, and does not contain any non-transposon gene. The sequence contains two complete
FIDELs, one complete Pipa, and a complete Gordo interrupted by one of the FIDEL elements
(names in bold type), a lower copy LTR transposon (Element-FIB1), plus retrotransposon
fragments. All highly repetitive sequences in the BAC are derived from five retrotransposons:
FIDEL, Feral, Pipoka, Pipa and Gordo.
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Chapter 7

Figure 7-1 Peanut transcriptome assembled from ESTs in dbEST. (A) Distribution of transcripts
among cultivated species (A. hypogaea) and three wild relatives (A. duranensis, A. ipaensis and
A. stenosperma). (B) Distribution of transcripts among seed, leaf and root tissues.

Figure 6-3 contd.

Figure 6-3 Genome plots of Arachis vs. Medicago and Arachis vs. Lotus, integrated with each
other and graphs of synteny with Arachis, and retrotransposon, and resistance gene homolog
distributions for Medicago and Lotus (original figure is from Bertioli et al. 2009). Chromosome
orders and numbering of synteny blocks are the same as a Medicago vs Lotus plot in Cannon
et al. 2006, allowing direct comparisons. Equivalent conserved regions (synteny blocks) and
variable regions are present in all possible combinations of species comparisons Arachis-Lotus-
Medicago. This shows that some genomic regions (synteny blocks) are consistently more stable
during evolution than others.

(a)
(b)

(©

(d)

(e

Genome Plot of Arachis vs. Medicago.

Density of blast detected resistance gene homologs of the TNL (red line) and CNL (green
line) subclasses plotted along the Medicago genome. High densities of resistance gene
homologs and retrotransposons coincide.

Black line: density of blast detected retrotransposons plotted along the Medicago genome.
Cyan-blue line: scaled synteny score of Medicago with Arachis. Synteny blocks occur in
regions of low retrotransposon density.

Black line: percentage genome coverage of retrotransposons plotted along the Lotus
genome. Cyan-blue line: scaled synteny score of Lotus with Arachis. Synteny blocks tend
to occur in regions of low retrotransposon coverage.

Density of resistance gene homolog encoding sequences, TNL (red) and CNL
(green), plotted along the Lotus genome. Clusters of resistance gene homologs and
retrotransposons coincide.

Genome Plot of Arachis vs. Lotus. Markers mapped to intervals are plotted as horizontal
lines.
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Figure 8-1Illustration of interolog mapping mapped for those orthologous proteins known to
have predicted interaction partners (Organism A: Arabidopsis; Organism B: Peanut).
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About the Series

Basic and advanced concepts, strategies, tools and achievements of
genetics, genomics and breeding of crops have been comprehensively
deliberated in 30 volumes each dedicated to an individual crop or crop
group.

The series editor, Prof. Chittaranjan Kole, is globally renowned for his
pioneering contributions in teaching and research for nearly three
decades on plant genetics, genomics, breeding and biotechnology. His
works and edited books have been appreciated by several
internationally reputed scientists including six Nobel Laureates for the
impact of his publications on science and society. He was conferred the
Outstanding Crop Scientist award at the 6th International Crop Science
Congress held in August 2012.

About the Volume

Peanut, an amphidiploid, is an important food and oil crop and has an
interesting evolutionary history with several setbacks. More recently
-omics technologies have demonstrated their potential in helping
understand basic biological mechanisms as well as genetic
improvement in many crops. Such efforts have been delayed in the case
of peanut due to paucity of appropriate resources and, thus, are in very
nascent stage. Nevertheless, the last decade has witnessed rapid
development in this direction. This book provides a glimpse of the
advances in genetic resources and genomics research of peanut made
during the last decade. The book contains an overview of germplasm,
advances in genetic and genomic resources; genetic and trait mapping;
proteomic and transcriptomic analyses; functional and comparative
genomics studies, and molecular breeding applications. This book
should prove useful to students, teachers and young research workers
as a ready reference to the latest information on peanut genetics and
genomics.
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