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Abstract

One of the most important breakthroughs in
the history of genetics and plant breeding was
the development of plant cytology and experi-
mental mutagenesis, which later brought
about plant cytogenetics and mutation breed-
ing and now they have entered in functional
biology era with the unprecedented develop-
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ment of plant molecular cytogenetics, genet-
ics, and functional genomics. Application of
cell biology particularly chromosome biology
in the fields of plant genome structure and
function has ushered the development of plant
cytogenomics. Development of advanced
technology like DNA base-specific fluores-
cence banding, GISH, and FISH-based chro-
mosome painting has greatly facilitated the
identification, localization, and mapping of
chromosome-specific markers in plants, which
is of high importance in plant molecular sys-
tematics, species identification, detection of
hybrid nature, alien chromosomes and chro-
mosomal aberrations, analysis of somaclonal
variations, and diversity analysis. The dyna-
mism of chromatin architecture and cell cycle,
representing chromosome functional biology,
is another important part of plant cytogenom-
ics. On the other hand, mutagenomics is
defined as applied mutation breeding, in which
genomic information and tools are utilized in
the designing of breeding strategies, screen-
ing, selection and verification/authentication
of natural and induced mutants, and the utili-
zation of desirable mutations in the breeding
processes. Considerable progress has been
made in recent times in breeding of cereals,
legumes, oil seeds, vegetables, horticultural
crops, spices and condiments, fiber-yielding
plants, and medicinal and aromatic plants for
diverse types of desirable agronomic and
functional traits including disease and abiotic
stress resistance/tolerance; herbicide resis-
tance; lowering of anti-nutritional factors;
enhancement of proteins, minerals, vitamins,
essential amino acids, flavonoids, antioxi-
dants, and dietary fibers; enrichment of soil
nutrition; enhancement of ornamental, medic-
inal, and aromatic values; and development of
functional and therapeutic foods and other
diverse traits related to nutritional quality and
high yield. This can be found in a mutant pop-
ulation which carries variant forms of poten-
tially each and every gene present in a
particular genome. The functionality of
mutagenomics is greatly enhanced due to inte-
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gration of classical mutagenesis with modern
“omics” technology through the development
of desirable diploid mutants, recombinant
inbred lines, and aneuploid and polyploid
lines as effective cytogenetic tools, utilizable
in genome mapping and analysis. Functional
sets of aneuploid tools are now available in
different edible plants, through which several
morphological, biochemical, and molecular
traits/markers have been assigned on definite
chromosomes to construct linkage maps.
Recently, induced mutations showing altera-
tions in antioxidant defense response have
been identified and tested against diverse
types of abiotic stresses to reveal intrinsic cel-
lular and metabolic events toward sensitivity
of seed plants to salinity, drought, metal toxic-
ity, and other stresses. These mutations are
giving vital inputs, which can be used in for-
mulating effective breeding strategies in dif-
ferent agroclimatic conditions. Mutagenized
population has revealed altered pattern of
genome response and can also be exploited in
enhancing production of natural plant prod-
ucts like antioxidants and flavonoids.
Furthermore, these large mutant populations
have the potential in reverse genetics approach
by employing various techniques, particularly
“Targeting Induced Local Lesions in
Genomics (TILLING)” technology to better
understand gene functions through high-
throughput mutation screening, and have been
successfully used in major crop plants along
with model plant Arabidopsis. The develop-
ment of mutagenomic approach, thus, pro-
vides a cost-effective, clean, and easy-to-use
functional tool to increase the genetic diver-
sity and in utilization of this diversity in plant
molecular mutation breeding through modern
genomic methods.

Keywords
Cytogenomics ¢ Mutagenomics ¢ FISH e
Cytogenetic stock * Gene mapping * Molecular
mutation breeding ¢ Reverse genetics ©
TILLING
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Introduction

One of the most important breakthroughs in the
history of genetics and plant breeding was the
development of plant cytology and experimental
mutagenesis, which later brought about plant
cytogenetics and mutation breeding. Plant cyto-
genetics has continued to flourish and make
essential contributions to advanced genomic
projects by delineating gene order, defining con-
tig gaps, and revealing genome rearrangements.
With the unprecedented development of advanced
technology like DNA base-specific fluorescence
banding and GISH as well as FISH-guided chro-
mosome painting along with availability of
whole-genome sequencing techniques, classical
plant cytogenetics has now entered the functional
genomic era, greatly facilitating the identifica-
tion, localization, and mapping of chromosome-
specific markers in plants, which is of high
importance in plant breeding, molecular system-
atics, species identification, detection of hybrid
nature, detection of alien chromosomes and chro-
mosomal aberrations, and analysis of somaclonal
variations and diversity (Chaudhary et al. 2011).
On the other hand, plant mutagenesis is used as
mutation breeding, in which genetic information
and tools are utilized in the designing of breeding
strategies, screening, selection and verification/
authentication of induced mutants, and the utili-
zation of desirable mutations in the breeding pro-
cesses. The integration of classic techniques of
plant cytology and mutagenesis with modern
“omics” technology has ushered the development
of two new concepts, plant cytogenomics and
mutagenomics, respectively.

Cytogenomic Techniques,
Chromosome Biology, and Genome
Analysis

Cytogenomics: Classical Cytogenetics
Meets Plant “Omics”

At the dawn of plant cytogenetics, the classic
approach of chromosome banding had immense

contribution in identification and characterization
of plant chromosomes. Early cytogenetic pio-
neers resolved the structure and dynamic behav-
ior of the chromosomes in rice, sorghum, maize,
and tomato and revealed the mystery of allopoly-
ploid nature of wheat, determined the ancestral
genome donors, and discovered the nature of
chromosome pairing (Gupta 2006). The develop-
ment of DNA base-specific chromosome banding
and in situ hybridization (ISH) techniques revo-
lutionized the classical concepts and flow cytoge-
netics, opening up opportunities for cytogenetic
analysis of essentially any species, regardless of
its inherent chromosome morphology and has
provided an abundance of knowledge regarding
the structural and functional genomics of plants
(Gupta 2006). In plants, the use of radioactive
tracer or modified nucleotides (attached to biotin,
digoxigenin, or fluorescent moieties) to make
ISH probes permits microscopic visualization
and localization of complementary sequences in
cells and nuclei and on individual chromosomes
(Lilly et al. 2001; Gupta 2006). All these new
advancements facilitated cytology-based molec-
ular analysis of a complete genome or cytoge-
nomics and increased our understanding of the
plant genome. The molecular cytogenetics and
cytogenomics are often used interchangeably in
different literatures, although the latter focus on
latest knowledge on molecular cytogenetic tech-
niques (Lilly et al. 2001).

Flow Cytogenetics in Chromosome
Functional Biology

Flow karyotyping is a quantitative, statistically
accurate, and high-throughput approach for
karyotype analysis and the detection of numeri-
cal and structural chromosome changes. This
technique has been used to detect trisomy of
chromosome 6 in barley; estimate the frequency
of alien chromosomes in populations of six
wheat-rye chromosome addition lines; identify
chromosomes carrying interchanges in field
bean, garden pea, barley, and wheat and chromo-
some deletions in wheat; detect accessory B
chromosomes in rye and maize; identify alien
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chromosomes in oat—-maize and wheat-rye chro-
mosome addition lines; detect alien chromosome
arms in wheat-rye and wheat—barley telosome
addition lines; and reveal chromosome polymor-
phism in barley, maize, rye, and wheat
(Kubaldkova et al. 2005; Gupta 2006; Simkova
et al. 2008). However, as the flow karyotyping is
based on chromosome DNA content and/or AT/
GC ratio, intrachromosomal rearrangements and
reciprocal translocations where equal amounts of
DNA are exchanged cannot be identified.
Detection of aberrations is also hampered by nat-
ural occurrence of chromosome polymorphisms.
With these limitations, the labor-intensive char-
acter, and a need for expensive equipment, flow
karyotyping is now augmented with advanced
methods of cytogenetics such as multicolor
genomic in situ hybridization (GISH), fluores-
cence in situ hybridization (FISH), chromosome
painting, and DNA arrays. Some of the important
uses of flow-sorted chromosomes in plant cytoge-
nomics are
(a) Physical mapping using DNA hybridization
and PCR
(b) Physical mapping using FISH
(c) Small-insert DNA libraries
(d) Large-insert DNA libraries
(e) Development of molecular markers
(f) Physical mapping on DNA arrays and array
painting
(g) Chromosome sequencing
generation technology
(h) Higher-order structure and proteins of
mitotic chromosomes
Using microfluidic technology, optical mapping
has now been shown to be particularly useful in
highly repetitive and duplicated genomes to
assemble their sequences and verify finished
sequence data, study genome structural polymor-
phism, and perform genome-wide DNA methyla-
tion mapping. A modified approach to construct
optical maps employs nanofluidic devices with a
series of parallel microchannels through which
DNA molecules move and can be analyzed by
using nicking enzymes and fluorescent labeling
of displaced single strands (DoleZel et al. 2012).
The use of chromosomal DNA could greatly sim-
plify the assembly of optical maps in organisms

using  next-
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with large and polyploid genomes such as bread
wheat (DoleZel et al. 2012).

Potential DNA markers can be developed
from clones of chromosome-specific DNA librar-
ies with large inserts after sequencing their ends,
and the markers can be developed directly from
only a few nanograms of chromosomal DNA
(Dolezel et al. 2012). Next-generation sequenc-
ing of chromosomal DNA identifies enough
sequences from genes and intergenic regions to
develop literally an unlimited number of mark-
ers, including single nucleotide polymorphisms
(SNPs), in crops like wheat, rye, and barley
(Mayer et al. 2011; Dolezel et al. 2012).

Coupling DNA array technology with flow
cytogenetics resulted in development of array
painting, which allows high-resolution analysis
of the content and breakpoint of aberrant chro-
mosomes. Painting probes are prepared from two
derivative chromosomes, each of them is labeled
with a different fluorochrome, and both are
hybridized to DNA microarray with mapped
DNA sequences. Plotting the fluorescence ratio
against the clone position along each chromo-
some provides information on chromosome com-
position. This approach has been used in mapping
of 162 SNP loci on barley chromosome 1H
through pilot oligonucleotide pool assay
(§imkové et al. 2008) and assignment of 16,804
genes on individual chromosomes using DNA
from flow-sorted barley chromosome 1H and
arms of chromosomes 2H-7H on barley 44 k
Agilent microarray (Mayer et al. 2011). The
robust mapping thus constructed is finally com-
pared with barley consensus genetic map, and
gene mapping using flow-sorted chromosome
arms then permitted the definition of pericentro-
meric regions in chromosomes 2H-7H (Mayer
etal. 2011).

Sequencing single chromosomes reduces
costs and simplifies data analysis as compared to
whole genomes. In species with sequenced
genomes, re-sequencing chromosomes is a rapid
means for studying variation at DNA level by
aligning short reads to the reference sequence.
The low-pass 454 sequencing flow-sorted chro-
mosome was a cost-effective approach to describe
gene content, repetitive sequence, assess gene
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synteny with other species, translocation, and
establish comprehensive linear gene-order
model, including candidate miRNA (microRNA)
precursors, for the chromosome, as successfully
applied in wheat (chromosome 4A, 5A, 7DS),
barley (chromosome 1H), and rye (chromosome
1R) (Mayer et al. 2011).

In a majority of cases, flow cytogenetics has
been employed to aid in analyzing chromosomal
DNA. However, there are as yet not fully explored
opportunities to analyze the higher-order struc-
ture of mitotic chromosomes and their major
component—the chromosomal proteins using
technique like immunostaining of chromosomal
antigens (Gupta 2006).

DNA Base-Specific Fluorescence
Banding

Due to phenotypic plasticity, symmetrical karyo-
type, and occurrence of chromosomal structural
rearrangements, instead of conventional banding,
DNA base-specific fluorescent chromosome
banding has been introduced with the use of two
common and effective fluorochromes, chromo-
mycin A3 (CMA) and 4-6' diamidino
2-phenylindole (DAPI), for the detection of
karyotypically visible landmarks, marking of
individual chromosome, detection of AT (by
DAPI) and GC (by CMA)-rich regions within
individual chromosomes, and phylogenetic stud-
ies in major crops (Akter and Alam 2005;
Talukdar 2010d). This molecular banding tech-
nique alone or in combination with ISH has been
found very useful in detection of aneuploids,
alien chromosome introgression, nature of poly-
ploidy, aneuploids in polyploidy background,
and cytogenotoxicity study (Lavania et al. 2010;
Talukdar 2010d).

Genomic In Situ Hybridization (GISH)

GISH/multicolor GISH allows the visualization
and comparison of chromosomes and genomes of
different materials, enabling one to characterize
them as polyploids, F; hybrids and their proge-

nies, partial allopolyploids, aneuploids, polyhap-
loids, or recombinant lines. The protocol for
GISH is essentially the same as for the FISH,
except for the blocking genomic DNA. The GISH
protocol is defined to eliminate most of the cross-
hybridization between total genomic DNA from
the two species. In rice, GISH resolved the dis-
tinction between two kinds of genomes in two
wild tetraploids, Oryza minuta (BBCC) and O.
latifolia (CCDD), and a highly reproducible
complete protocol of chromosome painting by
GISH is available. GISH using total genomic
DNA of a donor species in combination with an
excess amount of unlabeled genomic wheat DNA
permits the painting of whole genomes and alien
chromosomes in interspecific hybrids (Gupta
et al. 2008). GISH is also a very powerful tool for
characterizing wheat—alien translocations and
permits the determination of translocation break-
points and sizes of the alien segments. Most of
the available wheat—alien translocations confer-
ring resistance to various diseases and pests were
recently characterized by GISH and C-banding
analyses. Identification of wheat and tritordeum
(Hordeum chilense x Aegilops, hexaploid amphi-
diploid) chromosomes, introgression of rye chro-
mosomes to wheat and triticale, chromosome
pairing in the meiotic metaphase I of wheat-rye
hybrids, discrimination of wheat and rye chromo-
somes, and detection of the individual wheat and
rye chromosome arms involved in the chromo-
some associations are some of the outstanding
achievements obtained by GISH (Megyeri et al.
2013). GISH revealed the chromosome constitu-
tion of all aneuploids, demonstrating its impor-
tant role as a tool for genome monitoring in plant
breeding. However, the feasibility of chromo-
some painting by GISH for hybrids consisting of
different genomes depends on the diversity of the
different contributor genomes. For example, the
use of GISH in Brassica allopolyploids consist-
ing of a combination of the A, B, and C genomes
could not discriminate the three genomes because
the repeated sequences are highly homologous
among the three genomes. Employing multicolor
GISH, somatic hybrids between Oryza sativa cv.
“Kitaake” (AA, 2n=24) and O. punctata (BBCC,
2n=48) were identified in rice, and the progeny
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was rescued from embryo culture (Ohmido et al.
2010). In the medicinally important plant, gin-
seng (Panax spp.), GISH analysis using genomic
DNA as a probe revealed strong cross-
hybridization of genomes between P. ginseng and
P. quinquefolius (Choi et al. 2009).

Fluorescence In Situ Hybridization
(FISH)

FISH is a quick and affordable approach to map
DNA sequences on specific chromosomal
regions. The power of cytogenomic analysis pri-
marily depends on two related aspects of FISH:
probe-size detection limit and axial resolution
limit. Advances in microscopic sensitivity, signal
increase, and noise reduction have all contributed
to improved detection limits, whereas advances
in cytological resolution of closely linked loci are
primarily derived from methods that lengthen the
chromosome itself. Although FISH is commonly
used to map unique or low-copy-number
sequences, it is also used to localize repetitive
sequence to produce chromosome recognition
cocktails or explore genome relations in poly-
ploid or closely related plant species. FISH per-
mits rapid cytogenetic characterization and
chromosome identification by means of a variety
of probes such as those from repetitive DNAs,
large-fragment clones, or closely related species.
The synergy between plant cytogenetics and
genomics is strengthened by FISH-guided
genome sequencing, FISH-based karyotyping,
and mapping of various ribosomal DNA (Lavania
et al. 2003, 2005, 2010; Jiang and Gill 2006;
Chabhota et al. 2011). Mitotic and meiotic FISH
continues to be invaluable in genome sequencing
efforts. FISH played important roles, for exam-
ple, in the Solanaceae Genome Project, in the
direction of sequencing efforts through BAC-
based anchoring of contigs, and in the detection
and closure of numerous and significant gaps in
euchromatic regions of large genomes (Jiang and
Gill 2006). FISH analysis is also unique in dif-
ferentiation of triticale cultivars through their rye
chromosomes, ascertaining the number and chro-
mosomal location of ribosomal 5S and 35S DNA
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(rDNA) sites along with chromosomal transloca-
tion between Secale cereale, Dasypyrum villo-
sum, and their allotetraploid S. cerealexD.
villosum hybrids; construction of an integrated
molecular cytogenetic map of cucumber
(Cucumis sativus L.) chromosomes 2 through
mapping of 11 fosmid clones together with the
cucumber centromere-specific type III sequence
on meiotic pachytene chromosomes; and identifi-
cation of 12 metaphase chromosomes and con-
struction of a standardized karyotype of melon
(Cucumis melo L.) through cross-species fosmid
FISH, anchored by SSR markers (Liu et al. 2010;
Han et al. 2011; Fradkin et al. 2013). In Panax
(ginseng), FISH analysis revealed presence of
45S and 5S rRNA genes of P. notoginseng
(2n=2x=24) and P. ginseng (2n=4x=48) cluster
on a single locus on different chromosomes,
while P. quinquefolius 2n=4x=48), P. japonicus
(2n=4x=48), and Korean wild ginseng
(2n=4x=48) had one locus of the 45S rRNA
gene and two loci of the 5S rRNA gene,
respectively (Choi et al. 2009; Waminal et al.
2012). The broad applications of FISH in struc-
tural, comparative, and functional genomics
place plant cytogenetics in a formidable position
to complement, accelerate, or guide plant genome
research (Table 1). Furthermore, the FISH and
the genetic markers generated from the subrepeat
variation in the NORs (nucleolus organizer
region) in cereals, soybean, and Arabidopsis
provide anchor points for the construction of
cytogenetic, genetic, and physical maps of plant
genomes as well as for breeding programs
(Yang and Jeong 2008). With the advancement of
knowledge, the FISH techniques now have sev-
eral applied arenas in plant molecular cytogenet-
ics, some of the significant achievements of
which are presented in Table 1.

M-FISH and Pachytene-FISH

M-FISH or metaphase-FISH is based on plant
meristem tissues, such as root tip, and provides
readily available material but can produce vari-
able axial resolution limits (10,000 kb in some
cases) depending on whether the probes are in
euchromatic or heterochromatic regions. Despite
having the poorest axial resolution, M-FISH
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Table 1 Important achievements of using FISH techniques in cytogenomics, mapping and genome analysis of some

major food crops

Crop

Cereals (rice, wheat,
maize, rye, barley,
oat, sorghum)

Techniques

M-FISH, I-FISH,
Fiber-FISH, BAC-FISH,
YAC-FISH, Pachytene-
FISH, ultrasensitive FISH,
combined FISH with
immunotechniques,
extended DNA fiber,
superstretched pachytene
chromosome

Achievements

Rice, localization of glutelin gene, gall
midge resistance gene (Gm2) on
chromosome 1, bacterial blight resistance
locus Xa21 and blast resistance gene Pi-b
on chromosome 2, mapping of TrsA
repeats, detection of retrotransposons (Ty-1
copia, Ty-3 gypsy, RIRE 1), mapping of
ribosomal DNA; estimating the distance
between TrsA and telomere sequences at a
chromosomal end, chromosome addition,
confirmation of telocentric nature of extra
chromosome of telotrisomics; wheat:
physical arrangement of retrotransposon-
related repeats in centromeric regions, copy
number, and integration patterns of
transgenes in wheat lines obtained by
biolistic bombardment, selection, and
sorting of chromosomes, analysis of Gc¢ 2
(gametocidal) knockout mutation and
mapping on Gc¢2-carrier chromosome
T4B-4Ssh#1; maize: painting of all somatic
chromosomes, localization of centromere in
relation to genetically mapped markers,
characterization of centromere-specific
histone H3 variant, CENH3 and its
association with the kinetochore protein
CENPC, identification and distribution of
CentC and CRM repetitive sequences and
hypomethylation, immune detection of
DNA methylation; barley: identification
and polymorphism of Hordeum chilense
chromosomes and detection of BARE,
retrotransposon; oat: karyotyping of Avena
species, phylogenomic analysis; new
chromosome nomenclature from Avena
monosomic line; sorghum: molecular
cytogenetic map, sh2 gene, liguleless
linkage group in sorghum; rye: analysis of
B chromosomes, telomeric
heterochromatin, detection of rare
translocation, activity of rRNA genes,
identification of chromosome complement
in hybrid

References

Kato et al. (2004),
Kubaldkov4 et al.
(2005), Jiang and
Gill (2006), Marin
et al. (2008),
Ohmido et al.
(2010), Sanz et al.
(2010), and
Marques et al.
(2012)

(continued)
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Table 1 (continued)

Crop Techniques Achievements References
Grain legumes (pea, Dual-color FISH, Quantitative karyotyping, identification of  Ali et al. (2000),
chickpea, grasspea, BAC-FISH, NOR (nucleolus organizer region), Balyan et al.

beans, lentil)

Model legumes
(Lotus japonicas,
Medicago
truncatula)

Oil-yielding
(Brassica, soybean,
peanut, sunflower)

FISH, BAC-FISH,
multicolor FISH,
fiber-FISH, RAPD/
SSR-aided FISH

DNA combing-FISH,

BAC-BIBAC-FISH,
BAC-SSR-FISH

mapping of 5S and 18S-25S rDNA probes,
rDNA evolution, amplification of rDNA,
detection of aneuploids (trisomics),
analysis of B4 resistance (R) gene cluster
in common bean and macrosynteny with
Medicago truncatula and Lotus japonicas
in chromosomes M16 and Lj2, IDNA
localization in chickpea, karyotyping of
lentil chromosomes, phylogenetic
relationship, location of chromosome
telomeres, detection of NOR and satellite
DNA sequence families in different
Lathyrus, Pisum, and Cicer species

Cytogenomic mapping, chromosome
characterization, detection of two-linked
rDNA loci, comparative genomics with
grain legumes like Phaseolus and Arachis,
genome alignment and anchoring with
Arabidopsis and other nonleguminous
crops

Brassica: a 76-kb fragment in a P1-derived
artificial chromosome (PAC) clone
containing the SLG and SRK (self-
incompatibility locus) genes was used to
directly visualize the S locus. Using DNA
combing and FISH, the positions of the
fluorescent signals of SLG and SRK on the
clone are found consistent with their
positions on the restriction map;
chromosomal rearrangement through
homoeologous recombination in B. napus,
detection of amphidiploids and
chromosome triplication across
Brassicaceae; sunflower: IRNA mapping,
mapping of desired agronomic trait,
detection of single copy sequence,
construction of molecular cytogenetic map;
soybean: molecular karyotyping,
translocation mapping, detection of
segmental duplication, validation of
mutagenesis and TILLING; peanut:
confirmation of Arachis duranensis and

A. ipaensis as the wild diploid progenitors
of A. hypogaea, evidence for origin of
autotriploid A. pintoi

(2002), Moscone
et al. (2007),
David et al.
(2009), and
Ceccarelli et al.
(2010)

Ohmido et al.
(2010)

Seijo et al. (2004),
Jiang and Gill
(2006), Findley
etal. (2011), Lavia
et al. (2011), Talia
etal. (2011), and
Feng et al. (2013)

(continued)
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Table 1 (continued)

Crop

Vegetables (potato,
tomato, cucumber)

Sugar-yielding
crop (sugarcane,
sugar beet)

Herbs, fruits and
spices

Medicinal and
aromatic plants

Techniques

FISH, cross-species,
BAC-FISH, multicolor
FISH, pooled BAC-FISH,
DAPI-FISH, SC-FISH,

RAPD-FISH

FISH, multicolor FISH

FISH, Fiber-FISH,

BAC-FISH, Ultrasensitive
FISH with tyramide signal

amplification

FISH and DAPI-banding,

fiber-FISH

References
Stack et al. (2009),

Achievements

Karyotyping, DAPI and rDNA mapping,
genome sequencing, high-resolution Tang et al. (2008),
chromosome mapping, detection of Liu et al. (2010),
chromosomal rearrangement, assignment of and Han et al.
genetic linkage map to pachytene (2011)
chromosome, quantification of euchromatin

and heterochromatin, localization of single

or low-copy sequences on tomato

chromosome, high-resolution karyotyping,

mapping of 45SrRNA loci, construction of

integrated molecular cytogenetic map in

cucumber, synteny between Cucumis

sativus and C. melo and comparative

karyotyping with fosmid

D’Hont (2005) and
Paesold et al.
(2012)

Sugarcane: Determination of basic
chromosome number of Saccharum
officinarum, S. spontaneum, origin of
modern cultivars, extent of interspecific
chromosomal recombination, genome
remodeling, origin of new species and
introgression; sugar beet: High-resolution
mapping of YACs and the single-copy gene
Hs1(pro-1) on Beta vulgaris chromosomes,
construction of a reference FISH karyotype

for chromosome, identification of
chromosome arm, integration of linkage
groups and analysis of major repeat family
distribution in B. vulgaris

Localization of single-copy T-DNA
insertion in transgenic onion Allium cepa
L. (Liliaceae), physical localization and
measurement of 18S-5.8S-26S and 5S
ribosomal RNA in black cumin
(Ranunculaceae), Trigonella foenum-
graecum L. (Fabaceae), sex chromosome
differentiation in dioecious Spinacia
oleracea L. (spinach), distinction between
hybrids and non-hybrid accessions of
mandarin and mango, molecular
karyotyping, genome evolution and
cytogenomics of saffron (Crocus sativus L.)
(Iridaceae), “saffronomics”

Karyotyping and chromosome location of
rDNA in Hyoscyamus niger L.
(Solanaceae), Chlorophytum borivilianum
(Asparagaceae), Podophyllum hexandrum
Roxb. ex Kunth (Berberidaceae), Plantago
ovata Forsk., and its wild allies
(Plantaginaceae), Asparagus, Achyrocline
(Asteraceae, tribe Gnaphalieae) species,
Coccinia grandis L. (Cucurbitaceae),
Papaver somniferum (Papaveraceae) and
Hyoscyamus niger (Solanaceae), Artemisia
absinthium (Asteraceae), genomic
relationship through rDNA mapping in
Panax spp. (Araliaceae)

Lan et al. (2006),
Heslop-Harrison
and Schwarzacher
(2011), and
Chahota et al.
2011)

Lavania et al.
(2005, 2010), Dhar
et al. (2006), Choi
et al. (2009), Nag
and Rajkumar
(2011), and Sousa
etal. (2013)

(continued)
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Table 1 (continued)

Crop Techniques
Horticultural crops ~ FISH, Fiber-FISH,
multicolor FISH,

pachytene-FISH

Achievements

Variation and mapping of rRNA gene in
Lycoris spp. (Amaryllidaceae),
Paphiopedilum and Dendrobium
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References

Zhang et al. (2005)
and Begum et al.
(2009)

(Orchidaceae), mapping of 5S and 45S
rRNA and species relationship in Tagetes,
Aster, Chrysanthemum (Asteraceae),
karyotyping using centromeric repeat in
Antirrhinum majus (Scrophulariaceae),
Hibiscus (Malvaceae), Rosa spp.
(Rosaceae)

Meiotic-FSH, BAC-micro
satellite-FISH,
multicolor FISH

Fiber crops
(cotton, jute)

Cotton: detection of new rRNA gene
location, physical mapping, assignment of
six linkage groups to chromosomes 8, 11,

Wang et al. (2007)
and Begum et al.
(2013)

13, 19, 21, and 24 by translocation and
BAC-FISH; Jute: Chromosome
discrimination, detection of major satellite
repeats and retrotransposons from
Corchorus olitorius and C. capsularis

remains a crucial method in plant cytogenetics
for rapid assignment of cloned sequences to
chromosomes and for ordering loci separated by
at least several mega base pairs. Prometaphase
chromosomes further improve axial resolving
power, whereas interphase-FISH (I-FISH) pro-
vides a reported resolution of ~50—100 kb.
Compared to mitotic metaphase chromo-
somes, pachytene (meiotic) chromosomes may
be better substrates for FISH. Instead of two
nearby copies of each locus available for FISH
on a metaphase chromosome, there are four
closely associated copies of each locus available
for hybridization on a meiotic bivalent. In spreads
of pachytene chromosomes that have been pre-
pared to reveal synaptonemal complex (SC
spreads), chromatin extends as a diffuse cloud
around each SC, and spreads can be prepared
relatively free of overlying debris. The loops of
DNA extending from the SC appear to be more
accessible to FISH probes than the DNA of con-
densed metaphase chromosomes. Furthermore,
pachytene chromosomes are 5-15 times longer
than corresponding metaphase chromosomes, so
closely associated loci are more easily resolvable
on pachytene chromosomes than that on meta-
phase chromosomes. The SC-FISH is useful in
high-resolution localization of two single-copy

sequences and one low-copy sequence on tomato
SC 11 (chromosome 11) and suggested that
SC-FISH can be used to construct comprehen-
sive maps of single-copy sequences on pachytene
chromosomes (Stack et al. 2009).

BAC-FISH

The large genome size and high amount of repeti-
tive DNA have made FISH mapping of single-
copy DNA in many crops such as wheat difficult.
An alternative approach is the use of large-insert
vectors such as bacterial artificial chromosomes
(BACs) as FISH probes (BAC-FISH) producing
stronger FISH signals. BAC-FISH can facilitate
integration of molecular marker-based genetic
maps with physical maps, because the technique
can readily validate (or dispute) chromosome
models, which can be weak in domains high in
genomic repeat or in regions with a low density
of molecular markers (Findley et al. 2011). BAC-
FISH has been successfully used to reveal
karyotype change, genome dynamism, phyloge-
netic relationship, and evolution in major crops
(Table 1). In sorghum, BAC clones containing
molecular markers mapped to each linkage group
were hybridized to S. bicolor chromosomes, pro-
ducing a FISH-based karyotyping and nomencla-
ture system for all ten chromosomes. The strong
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bimodality of a repetitive sequence and differen-
tial FISH signals in pericentromeric regions sug-
gest underlying allotetraploid architecture and
occurrence of its remnants in modern sorghum
sub-genomes (Jiang and Gill 2006). In sunflower,
a set of linkage group-specific bacterial/binary
bacterial artificial chromosome (BAC/BIBAC)
clones has been used as probes in BAC-FISH to
encompass 17 linkage groups, providing valuable
tool for identifying sunflower cytogenetic stocks
(such as trisomics), tracking alien chromosomes
in interspecific crosses and development of
molecular cytogenetic resources (Feng et al.
2013; Talia et al. 2011). Using BAC-FISH, the
translocation between a (>17.9 Mb) segment of
chromosome 13 and a ~4.2 Mb segment of chro-
mosome 11 of Glycine soja (a wild relative of
cultivated soybean) and six new translocation
lines from G. soja, G. max, and G. gracilis are
characterized, for which differential chromo-
some painting with a cocktail of fluorophore-
tagged oligonucleotides has been developed
(Findley et al. 2011). Besides transgenomic FISH
and pooled BAC-PCR methods, introduction of
multi-BAC-FISH probe cocktails has markedly
facilitated the chromosome- and segment-specific
“paints” for analysis of chromosomal structure
without the cumbersome difficulties of microdis-
section, flow-sorting, and DOP-PCR (Feng et al.
2013). Cross-species BAC-FISH painting is use-
ful to reveal undescribed chromosomal rear-
rangement in potato and tomato. In narrow-leafed
lupin (Lupinus angustifolius L.), an economically
important legume, development of chromosome-
specific cytogenomic marker and assignment of
the first genetic linkage groups (LGs) to its chro-
mosomal maps are successfully accomplished
using the BAC-FISH approach. Based on BAC-
end sequences of clones (providing single-locus
signals), genetic markers were generated. Eight
clones localized on three chromosomes, allowed
these chromosomes to be assigned to three link-
age groups (LGs), providing a solid foundation
for future identification of all chromosomes with
specific markers and for complete integration of
narrow-leafed lupin LGs (Lesniewska et al.
2011).

123

BAC Landing-FISH

BAC landing (marker-assisted BACs) is an inte-
gral part of comparative genomics and assays of
colinearity between Arabidopsis thaliana and
Brassicaceae species and has been used to “paint”
chromosome arms in Arabidopsis (Lysak et al.
2003). It is proved to be highly reliable in reveal-
ing colinearity between genomes of model grass
Brachypodium distachyon and that of rice, wheat,
barley, and temperate grasses, determining the
pattern of divergence of the genomes of related
cereals and grasses, the reconstruction of the
archetypal grass genome, and the assembly of
chromosome “paints” in this species for molecu-
lar cytogenetic investigations of chromosome-
specific structure and function (Jenkins and
Hasterok 2007). The BAC landing is highly
effective to develop rapidly tiles of clones syn-
tenic to important regions of much larger
Gramineae genomes (Jenkins and Hasterok
2007).

Fiber-FISH

The use of extended DNA fibers as targets for
FISH (EDF-FISH) is a powerful cytogenomic
tool used to analyze large repetitive regions and
has greatly improved the resolution of the FISH
technique to about 2.94 kb/pm, which is the
range of the Watson—Crick double helix (Lavania
et al. 2003; Jiang and Gill 2006). It can be used to
gauge the distances between adjacent clones up
to ~500 kb and to measure repetitive loci up to
~1.7 mb. Combined with metaphase and inter-
phase nuclei analysis, this tool helps to map loci
to specific chromosomes and to determine the
distance between loci from a few kb up to several
mb. The EDF-FISH has also been used to charac-
terize complex genomic arrangements in plant
nuclei or plastids. Besides, Fiber-FISH is appli-
cable with BAC and circular molecules as
targets.

Fiber-FISH-based cytogenomic approach was
unique in revealing previously undocumented
very rare events in organelle genomes of higher
plants that cannot be detected by traditional tech-
niques such as DNA gel blot hybridization or
polymerase chain reaction. The remarkable flex-
ibility of this approach offers several advantages
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over earlier techniques employed to decipher

chloroplast (cp) DNA, such as (1) reliable analy-

sis of nearly all of the molecules released from a

lysed chloroplast, (2) individual intact molecules

can be analyzed in a relatively short time, and
data from a large number of molecules allow
quantification of the percentages of each type of
structure in the population of cpDNA molecules,
and (3) DNA fragments from different parts of
the cpDNA can be labeled and mapped (Lilly
et al. 2001). In pea, cucumber, Arabidopsis, and
tobacco, this technique revealed more structural
plasticity of higher plant cpDNA than previously
believed and determined the following points

(Lilly et al. 2001):

1. About 25-45 % of the cpDNA within devel-
oping leaf tissue consists of circular
molecules.

2. Pea exhibited fewer circular molecules (25 %)
compared with tobacco and Arabidopsis but a
correspondingly higher percentage (36 %) of
linear fibers.

3. The cpDNA from pea showed only one copy
of the inverted repeats (IR).

4. Both linear and circular DNA fibers with one
to four copies of the chloroplast genome were
present, with monomers being the predomi-
nant structure.

5. Occurrence of recombination events between
the IRs, and random cleavage, resulting in
multimeric and aberrantly sized molecules in
organelle genomes.

6. Rearranged cpDNA molecules of incomplete
genome equivalents.

7. Arabidopsis and tobacco chloroplasts con-
tained previously unidentified multimers 900
kb consisting of six to 10 genome
equivalents.

Combined FISH

Using combination of molecular methods and
chromatin cytology with advanced chromosome
preparations and high-resolution imaging appa-
ratus, new insights and models for understanding
chromosome organization are being achieved at
multiple scales. The power of FISH is strength-
ened further in combination with techniques like
chromatin immunoprecipitation, immunocyto-
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chemistry, immunostaining, and pachytene
chromosome superstretching, which are used
successfully to resolve organization of centro-
mere and DNA methylation pattern in cereals,
millets, legumes, and vegetables (Table 1). In
rice, pachytene-FISH allows the integration of
genetic linkage maps and quantitative chromo-
some maps. Visualization methods using FISH
can reveal the spatial organization of the centro-
mere, heterochromatin/euchromatin, and the ter-
minal structures of rice chromosomes.
Furthermore, extended chromatin fiber-FISH and
the DNA combing technique can resolve a spatial
distance of 1 kb between adjacent DNA
sequences, and the detection of even a 300-bp
target is now feasible. DNA combing is superior
technique for high-resolution measurements of
repetitive sequences in plants. Digitally mea-
sured distances can also be transformed into kilo-
bases of DNA using the length of a BAC clone of
known length along with the length of a standard.

The lengths of plant DNA fragments as small as

2 kb have been directly measured on circular

BAC molecules using this method.

The combined FISH has also been used suc-
cessfully in deciphering nuclear architecture and
dynamism. Although it is generally believed that
chromatin is intertwined and randomly distrib-
uted within the space available in the nucleus,
recent evidence has demonstrated that the nucleus
is a highly compartmentalized structure. The
chromatin within the nucleus is organized in the
form of chromosome territories (CTs) and inter-
chromatin compartments (IC) (Gupta 2006).
While CTs represent individual chromosomes,
IC contains macro molecular complexes which
are needed for replication, transcription, splicing,
and repair. A combination of 3-D FISH and
computer-aided  deconvolution  techniques
revealed the following features of chromatin
organization and behavior in higher plants
(Gupta 2006):

1. Each individual chromosome occupies a dis-
crete space, called the “CT,” and that there is
little intertwining among chromosomes in an
interphase cell,
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2. In interphase cells, each chromosome inter-
acts with the nuclear envelope through consis-
tent contact points.

3. Each chromosome interacts with other chro-
mosomes through its heterochromatic regions
during interphase.

4. In dividing cells, chromosome movements are
nonrandom.

Comparative FISH Mapping

DNA clones from one species can be used as
probes for FISH mapping in a related species.
Such comparative mapping has several advan-
tages over conventional genetic linkage mapping,
i.e., (1) a mapping population is not necessary;
(2) it does not require polymorphism, hence any
clones from one species can be utilized as a FISH
probe provided that they can generate signals in
another species; and (3) some evolutionary rear-
rangements, such as duplication, can be readily
detected (Jiang and Gill 2006). High-resolution
and ultrasensitive FISH is a powerful tool for
comparative genomics, as beautifully demon-
strated for members of the Brassicaceae,
Solanaceae, and Poaceae. The accessibility of
web-based chromosome homology map can
facilitate understanding of comparative biology
of crop plants (Nagarajan et al. 2008). For exam-
ple, the liguleless linkage group of Sorghum
bicolor was physically mapped using rice RFLP-
selected sorghum BACs (Kim et al. 2005). A
transgenomic sorghum BAC-FISH for maize
pachytene chromosome 9 revealed genome
hyperexpansion (Kim et al. 2005). In sorghum,
comparative cytogenomics are expedited using
multi-BAC-FISH to elucidate species relation-
ship between wild and cultivated genotypes.
Cross-species BAC-FISH painting of potato and
tomato chromosome 6 revealed chromatin struc-
tures, resolved physical mapping, and unde-
scribed genomic rearrangement (Tang et al.
2008). Role of genome duplication in expansion
of the Brassica rapa genome was determined by
comparative BAC-FISH of Arabidopsis thaliana
(Jiang and Gill 2006). The genetic, physical,
diversity, and cytomolecular maps of grasses and
grains have been integrated through FISH-guided
comparative cytogenomics, using the sorghum
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genome as basis (Kato et al. 2004). Fiber-FISH
confirmed that Arabidopsis thaliana and Brassica
rapa divergence was associated with chromo-
somal duplications. In addition, comparative
chromosome painting with pooled BAC probes
was used to investigate ancestral relationships
among species that diverged within the
Brassicaceae (Lysak et al. 2003, 2006). Soybean-
based FISH tools, particularly BACs, due to their
potential for significant cross-species hybridiza-
tion, may also be useful in comparative studies of
related Glycine species (e.g., wild perennial
Glycine species) (Findley et al. 2011).
Furthermore, in the analysis of fast neutron muta-
genesis and TILLING (Targeting Induced Local
Lesions in Genomes) populations, FISH can vali-
date deletions and trace the fate (integrity and
locations) of duplicated sequences.

FISH on Flow-Sorted Chromosomes

Chromosome flow-sorting allows identification
and isolation of individual chromosome types.
Flow-sorted chromosomes have been used to
construct chromosome-specific libraries in
plants. However, localization of genes on flow-
sorted chromosomes has been accomplished in
field bean using chromosome-specific PCR and
in maize with FISH mapping genes on maize-
sorted chromosomes (Lijia et al. 2006). To over-
come the problem of fixation of sorted
chromosomes which is a prerequisite for applica-
tion of in situ hybridization, FISH can be applied
directly on sorted chromosomes. The protocol
involves flow cytometric sorting of metaphase
chromosomes, then fixing them with 4 % para-
formaldehyde solution, and re-sorting these chro-
mosomes directly onto a spot on polylysine-coated
slides after stained. Sorted chromosomes are
advantageous over metaphase chromosomes as
targets for FISH mapping studies because a large
number of target chromosomes with better
chromosome morphology on a small area on the
slide are easy to gain by flow-sorting, background
is very clear, and hybridization sensitivity is
enhanced, as beautifully observed during map-
ping of 45S and 5S ribosomal DNA in maize,
barley, and oat (Lijia et al. 2006), analysis of the
intravarietal polymorphism in genomic distribu-
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tion of GAA clusters in wheat (Kubaldkova et al.
2005), and identification of a rare translocation
between A and B chromosomes in rye
(Kubaldkova et al. 2005). A further advantage of
using flow-sorted chromosomes for FISH is a
possibility to stretch them longitudinally up to a
hundredfold compared with untreated chromo-
somes, making them suitable for high-resolution
mapping. This approach is especially attractive
for plant species with large genomes as an alter-
native to FISH on pachytene chromosomes,
which are difficult to trace individually (Valarik
et al. 2004).

Bar-code FISH

Recently a novel method for high-resolution
FISH, using superstretched mitotic chromo-
somes, was presented, which provided a unique
system for controlling stretching degree of
mitotic chromosomes and high-resolution bar-
code FISH (Valdrik et al. 2004).

Primed In Situ (PRINS) DNA Labeling

The primed in situ (PRINS) DNA labeling is an
alternative to FISH for the detection of repetitive
and low-copy sequences on plant chromosomes.
This technique involves labeling of chromosomes
by annealing an oligonucleotide DNA primer to
the denatured DNA of chromosomes spread on
slide glass and extending it enzymatically in situ
with incorporation of labeled nucleotides. In
plants, the C-PRINS technique has been used to
rapid identification and determination of flow-
sorted plant chromosomes (Kubaldkové et al.
2005), as demonstrated in detection of single-
copy sequences in sunflower (Talia et al. 2011).

Chromosome Microdissection
and Microcloning

Chromosome microdissection is an advanced
technology in cytogenomic research. Unlimited
copies of DNA fragments from the isolated chro-
mosome can be obtained, which can be used as
probes for chromosome painting and can also be
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cloned to generate a chromosome-specific DNA
library. This would be useful for positional clon-
ing of genes located in the chromosome and for
producing mini-DNA libraries of specific single
chromosomes or chromosomal segments.
Construction of chromosome-specific libraries is
a potential strategy for the construction of high-
density genetic linkage maps of individual chro-
mosomes and the comprehensive analysis of
genomes. Usually, target chromosome must be
identified by standard karyotype, followed by its
isolation with fine glass microneedles controlled
by a micromanipulator. DNA fragments ranging
from 0.3 kb to 2 kb are acquired from the isolated
single target chromosome via two rounds of PCR
mediated by Sau3A linker adaptors and then
cloned into T-easy vectors to generate a DNA
library of that chromosome (Huang et al. 2004).
Till date, chromosome-specific libraries have
been successfully created in plant species such as
wheat, maize, barley, oat, rye, wild beet, and fruit
tree Citrus (Huang et al. 2004). A few clones
from these libraries are utilizable for probing
RFLP and tagging important genes. Using a PCR
approach based on the DNA of microdissected
metaphase chromosomes, STS derivatives of
RFLP markers, genetically mapped in oat (Avena
spp.) linkage maps, have been physically assigned
to chromosomes 2, 3, and 7 of diploid oat Avena
strigosa (2n=14). Based on either two or four
RFLP-derived STS markers, these three A. stri-
gosa chromosomes were found to be homoeolo-
gous to the oat linkage groups C, E, and F,
respectively (Sanz et al. 2010).

Chromosomal Rearrangement
and Genome Synteny

Analysis of the nature of the rearrangements
using whole genome sequence comparisons is
enabling the history of genome evolution to be
reconstructed with unprecedented accuracy. For
plant breeders, knowledge of the nature of the
changes is important to chalk strategies and can-
didate accessions for crossing programs. An
association between SSR-rich chromosome
regions and intergenomic translocation break-
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points is revealed in natural populations of allo-
polyploid wild wheat (Gupta et al. 2008). In
Cephalanthera (Orchidaceae), complex rear-
rangements are involved in chromosome evolu-
tion as deduced by analysis of rearranged
genomes (Moscone et al. 2007). Similar concept
successfully ascertained chromosomal phylog-
eny and karyotype evolution in Brassicaceae with
x=7, determined simple and direct macrosyn-
tenic relationship between faba bean and
Medicago truncatula, revealed occurrence of a
common chromosomal rearrangement relative to
M. truncatula in faba bean and lentil, revealed
different levels of conservation in model legume
Medicago truncatula chromosomes and con-
firmed phylogenetic relationships, and deter-
mined patterns of chromosomal evolution and
syntenic relationships among species of
Leguminosae, Brassicaceae, and Poaceae (Kato
et al. 2004; Mudge et al. 2005; Phan et al. 2006;
Lysak et al. 2006). Despite some successes, this
technique has been less used in plants, presum-
ably because of the more rapid homogenization
of DNA sequences from retrotransposons, So
probes from large amounts of DNA become
genome specific rather than chromosome- or
linkage-group specific. Recent advances in large-
insert (BAC or fosmid) hybridization suggest it
will be increasingly used to address chromosome
evolution (Lysak et al. 2006) and physical link-
age mapping of sequences (Han et al. 2011).

Mutagenomics: Linking Classical
Mutation Breeding with Modern
Plant Genomics

Mutagenesis is a fundamental approach in plant
biology to identify gene function, the concept of
which is being extensively utilized in modern
genomic era (Henikoff et al. 2004; Varshney
et al. 2010). Successful development of func-
tional biology tool in crop plants ensures efficient
and applicable breeding population/methods.
Various agronomic traits with desirable and trac-
table genetic variations can be developed either
through classical or molecular methods or com-
binations of both.
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The Natural Mutations as an Aid
to Plant Functional Biology Tool:
From Model Plant to Crops

Natural mutants are generated spontaneously
during species evolution. A large collection of
spontaneous mutants is still available during long
evolutionary history and exhibit higher resistance
to various abiotic/biotic stresses or have some
specific agricultural traits, which are valuable
germplasm resources for plant breeding. Natural
mutant screens played an important role in the
emergence of Arabidopsis as a model genetic
organism (Koornneef and Meinke 2010). In
Arabidopsis, cloning of monogenic disease resis-
tance genes, which had a simple inheritance pat-
tern, was successful in the early 1990s.
Subsequently, genomic regions of interest for
complex traits were identified by association of
specific trait values with segregating molecular
markers known as quantitative trait loci (QTLs).
This eventually led to cloning of the underlying
genes (quantitative trait genes, QTGs) through
confirmation and validation of QTLs in near-
isogenic lines (Nils) followed by fine-mapping
and complementation (Alonso-Blanco et al.
2009). Research on natural variation has also led
to the identification of functional alleles of genes
such as major flowering gene, FRIGIDA, and
several spontaneous frameshift mutations with
biased GC—AT transition in Arabidopsis
(Johanson et al. 2000). A number of spontaneous
mutations affecting plant architecture, leaflet
development, and nodulation process have been
identified in prominent grain legumes like field
pea, chickpea, and ground nut and used to develop
erect-growing varieties in different countries. In
chickpea and mung bean, several open-flower
mutants exhibiting protruded stigma and
crumpled petals in large number of flowers were
spontaneously appeared and used in hybridiza-
tion with improved cultivars to produce fertile
pods (Sorajjapinum and Srinives 2011; Srinivasan
and Gaur 2011). Spontaneous mutation has been
discovered and utilized in domestication of
narrow-leafed lupine (Lupinus angustifolius L.),
converting it a suitable grain legume in Western
Australia (Lesniewska et al. 2011).
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Apart from being a valuable resource for ana-
lyzing gene function, natural variation provides
an opportunity to study important features of
evolutionary ecology and comparative biology at
the molecular level. The plant with wide geo-
graphical distribution of accessions, coupled
with a full toolbox of molecular resources, can be
a suitable model for such studies (Weller et al.
2009). The considerable variation that exists
among different members of the Brassicaceae is a
valuable resource that remains to be exploited
through comparative studies with Arabidopsis,
as, for example, the analysis of heavy metal accu-
mulation in Arabidopsis halleri and the control of
flowering in the perennial species Arabis alpina
(Vernoux et al. 2000). This approach has now
been extended beyond the Brassicaceae with the
comparisons of flowering time control between
Arabidopsis and selected cereals (Greenup et al.
2009). Advanced genomic tools in Arabidopsis,
model legumes, and cereals have also enabled the
identification of variation that may underlie spe-
ciation events. The natural variation as exist from
model plant to wild crop has therefore resulted in
major advances of plant functional biology on
multiple fronts (Greenup et al. 2009).

Induced Mutagenesis: Development
of Mutant Genetic Stocks

as Applicable Tool in Plant Functional
Biology and Breeding

In the absence of desirable variability for a target
trait within the gene pool, induced mutation is the
ultimate source of new genetic variations. The
goal in mutagenesis is to cause maximal genomic
variation with a minimum decrease in viability.
Induced mutagenesis in plants usually involves
use of chemicals and/or ionizing radiations or
biological agents (T-DNA, transposon, etc.).
Chemical or physical mutagenesis can introduce
random changes throughout the genome, creating
a wide variety of mutations in all target genes,
and a single plant can contain a large number of
different mutations. While fast neutron bombard-
ment and gamma rays result in deletion of DNA
fragments of variable length from the genome
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(deletion mutagenesis), chemical mutagens in
general and EMS (ethyl methanesulfonate) in
particular can induce very high mutation fre-
quency and trigger point mutation through base
pair transitions and have gained popularity since
they are easy to use and do not require any spe-
cialized equipment (Mba 2013). In model plant
Arabidopsis, the saturation mutagenesis was an
early option as shown by finding multiple mutant
alleles of the same gene (Koornneef et al. 2003).
Mutations at single nucleotide pairs are always
valuable breeding tool. However, the mutagenic
event that alters chromosome structure to increase
the number of recombination events and breaks
undesirable linkages is also significant in plant
biology (Parry et al. 2009). The mutagenized
populations form huge resources for effective
utilization of desirable trait, a list of some of
which is in Table 2, and have been subjected to
both forward and reverse genetic screening
(Parry et al. 2009).

Mutagenesis in Understanding of Plant
Stress Tolerance

Mutational approach offers a powerful tool to
study the genetic and molecular mechanisms pro-
tecting plants against diverse types of biotic and
abiotic stresses (Table 2). Induced mutation is
effectively utilized to incorporate the resistant
gene(s) from the donor parent(s) through the
alteration of susceptible alleles. Treatments for
inducing mutations to improve yield or morpho-
logical traits often lead to improved tolerance to
biotic and abiotic stresses, and these are therefore
used as donors in the breeding for disease and
insect pest resistance (kharkwal and Shu 2009).
Pyramiding multiple genes responding to diverse
stress factors is successful through classical
mutagenesis which affects large parts of genomes,
and after proper selection, this can be developed
as basic platform to study breeding for stress tol-
erance. A brief list of successful development of
mutagenic stocks in relation to stress tolerance
has been given in Table 2.
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Table 2 Mutagenesis in generating desirable agroeconomic traits and stress tolerance in model plants to crop species

Plants/crop
Arabidopsis

Cereals (rice, wheat,
maize, barley)/millets
(pearl millet,
sorghum, oat)

Grain (common bean,
pea, chickpea, lentil,
grass pea, mung bean,
urdbean, faba bean,
cow pea, pigeon pea)
and underutilized
legumes (adzuki bean,
senna, lima bean,
moth bean, jack bean,
lupin, Clitoria, horse
gram, winged bean)

Mutagen used
EMS, y-rays,
carbon ion,
cadmium, fast
neutron,
spontaneous (UV
induced) de novo,
transposon

y-rays, X-rays,
NaN,, EMS,
NMU, N-ethyl
nitroso urea,

colchicine (0.1 %),

transposon

y-rays, X-rays,
NaN;, EMS, DES,
NMU, NaNj,
ENU,
y-rays+EMS/
NMU, fast
neutron, hydrazine
hydrate, site
directed, in vitro,
colchicine

Mutant traits identified

Transparent testa tt, glabrous (no trichome) leaf
(gl), abnormal leaf morphology, flavonoid
pathway mutants B, morphogenesis in
cytokinin pathway, gibberellin sensitive, male
sterility, vitamin C deficiency, stress-related
hos 1, 2, and 5, freezing tolerant eskimo 1,
freezing susceptible sfr, polygenic,
VARICOSE-Related, SLEEPY1 F-box, 40S
ribosomal protein S3, phosphoglucomutase,
and noncoding regions, cuticle biogenesis
(LACERATA, FIDDLEHEAD, BODYGUARD),
ebil (circadian clock mutant), MIR390a
precursor processing-defective mutants,
conditional meiosis mutant radially swollen 4
(block chromosome disjunction, loss of
separase function, excessive level of cyclin
B1;1, disrupt radial microtubule and movement
of cohesion complex), cytosine methylation,
thymine dimerization, herbicide resistance
Morphological, yield components, grain quality
traits, low phytate, adaptation of aromatic rice
in different climate, hormone (IAA, GA, ABA),
biosynthesis, photoperiod sensitivity, stress
responsiveness, tillering dwarf3 mutant with
enhanced leaf longevity, semi-dwarf (sdI) in
rice, starch branching enzyme (SBE 1I) mutant
in durum wheat, preharvest sprouting, drought
tolerance in sorghum, DELLA domain-related
reduced heightl (RhtI) from wheat, dwarf8
(d8) from maize, and slenderl (Sinl) from
barley, two semi-dwarf mutants dwarf &
irregular leaf (dill) in maize, enhanced
B-glucan, dietary fiber and fodder value in oat;
brown-midrib mutant with reduced lignin
content in maize, pearl millet and sorghum for
improved forage value

Compact, determinate, brachytic, dwarf, erect,
tall, multiple leaflets, leaflet shape and size,
unifoliate, cock’s comb raceme, open-flower
(chasmogamous), strong lodging resistance,
lobed pod, synchronous pod maturity, attractive
testa color (yellow/white), bold seed, higher
fertile branches, early maturing, male sterility,
high forage values, non-shattering pod, top
fruit bearing, high yield and seed protein,
super-nodulation, weed competitiveness,
disease (powdery mildew, YMV, Fusarium
wilt, insects, leaf spots, ascochyta blight,
mould, rust, pod borer, root-knot nematode,
weevil, storage pest, aphids) resistant,
herbicide tolerant, and tolerance to abiotic
stresses (waterlogging, drought, salinity,
nutritional deficiency, acidic soil, sodicity,
heavy metal/metalloid toxicity)

References

Koornneef et al.
(2003), Voisin et al.
(2009), Koornneef and
Meinke (2010),
Uchida et al. (2011),
and Yang et al. (2011)

Ahloowalia et al.
(2004), Qi et al.
(2009), Jiang and
Ramachandran (2010),
Tomlekova (2010),
Chakraborty and Paul
(2012), Tiwari et al.
(2012), and Mba
(2013)

Dixit et al. (2000),
Barshile et al. (2009),
Goyal et al. (2011),
Kharkwal and Shu
(2009), Kumar et al.
(2010, 2012), Pereira
and Leitdo (2010),
Talukdar et al. (2001,
2002), Hussain (2009),
Talukdar (2009a, b,
2010c, 2011a, b, c, d,
e, 2012a, b, c, e,
2013d, e), Talukdar
and Biswas (2002,
2006), Talukdar and
Talukdar (2003, 2013),
Talukdar (2011g,
2013c), Tsyganov

et al. (2013), Talukdar
(2014a, b), and
Tomlekova (2010)

(continued)
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Table 2 (continued)

Plants/crop

Oil-seed legumes
(Brassica, peanut,
soybean, sunflower)

Vegetables (potato,
tomato, cabbage,
cauliflower, radish,
lettuce, etc.), grain
amaranth

Sugar-yielding crops

Spices, herbs, fruits,
medicinal plants

Horticultural/

ornamental/fiber crops

Mutagen used
y-rays, EMS,
MMS, NaNj, fast
neutron, LASER
treatment,
transposon

y-rays, EMS, DES,
fast neutron, NEU,
NMU, transposon

EMS, y-rays,

in vitro
mutagenesis,
somaclonal
variation

y-rays, EMS,
carbon-ion beam

In vitro +radiation,
colchicine, EMS,
NaN3

D. Talukdar and A. Sinjushin

Mutant traits identified

Increased tolerance to drought, salinity, biotic
stresses, enhanced oil quality (high in
unsaturated fatty acid), morphological traits,
response and biosynthesis of auxins, high
protein accumulation, apetalous flower,
dominant petal-closed flower mutation
(cleistogamy) in Bn-clglA-1D gene in
Brassica, dwarf, erect, branching, leaf and
floral traits, male sterility, high shelling
out-turn, yield and yield components, early/
uniform maturity, bold seed, high oil and
minerals, enhanced seed quality and pod
shattering in soybean: pod shattering, oil
quality, disease resistance (mottled virus,
nematodes) and tolerance to abiotic (salinity,
acidic soil, waterlogging, drought) stress, high
yield of sesame

Salt tolerance, reduced tuber glycoalkaloid
content, meiotic mutants, dominant /vy leaf
(shape) mutant in potato; morphological traits,
hormone response, fertility restoration, male
sterility, fruit ripening (non-ripening, never
ripe), eIF4E mutant with resistance to
potyviruses in tomato, longer shelf life (tomato,
melon), improved starch quality (potato), and
virus resistance (peppers, tomato); high yield,
high starch, carotenoid content of storage roots,
disease resistance in sweet potato; HEAD and
SINGLE-LEAF, abiotic (freezing, drought,
salt) and mosaic virus-resistant mutants,
induced B-carotene synthesis in cauliflower;
trait improvement in grain amaranth (high
dietary fiber, minerals, flavonoids), radish,
broccoli, capsicum (quinine reductase
induction, secondary alkaloids), carrot
(carotene content), lettuce (dwarf, early
flowering, male sterility, downy mildew
resistance)

Germination percentage, number of tillers per
plant, stripped cane height, millable weight per
cane, stripped cane yield and sugar recovery, in
Saccharum spp.

Male sterility, floral development, season-
dependent flower homeotic mutant, increased
leaf yields in African Solanum nigrum-related
species, low oxalate variant in gynoecious
Spinacia oleracea (spinach), high alkaloid
value in Gloriosa, fruit quality, waterlogging
tolerance, salt tolerance in Citrus
Development of carnation plants, Rosa,
Chrysanthemum (salt tolerant), Gerbera (salt
tolerant), Gladiolus (flower color, storage
capacity of bulb), floral traits, morphogenesis,
improved yield and fiber quality, seed protein
content, photoperiod conversion in cotton

References

Zou et al. (2003,
2006), Seijo et al.
(2004), Pathan and
Sleper (2008),
Kharkwal and Shu
(2009), and Frasch
etal. (2011)

Tomlekova (2010),

Mou (2011), and Saito

etal. (2011)

Jung (2004), Wang
et al. (2007), and
Begum et al. (2013)

Ahloowalia et al.

(2004) and Tomlekova

(2010)

Ahloowalia et al.
(2004) and Hossain
et al. (2006)
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Mutagenesis in Exploring

Developmental Biology and Toward

Plant Phenomics

Understandings of morphophysiology and devel-
opmental processes are prerequisites to develop
effective and functional tools for plant biology
and crop breeding. Two classic examples of using
mutagenesis in exploring developmental biology
of vegetative and reproductive organs of plant
have come from model plant Arabidopsis in
Brassicaceae and Pisum sativum (pea) in
Fabaceae. While brief life cycle, shorter genome,
high and effective self-pollination, and diverse
distribution make Arabidopsis an ideal type for
plant biology, pea has traditionally searched for
morphogenetic analysis since the classic work of
Mendel on inheritance of seven developmental
mutations. To date, the molecular basis has been
uncovered only for four Mendelian mutations out
of six, and some of them are still of intense agri-
cultural interest (Reid and Ross 2011). A number
of valuable mutant stock has been developed in
both crops through induced mutagenesis and are
now being used to explore intrinsic genetic
mechanism of plant architecture, hormonal
response, photoperiod sensitivity, and, subse-
quently, genome mapping of desirable traits, an
updated information of which is presented in
Table 3, and a diagrammatic view of some pea
leaf mutations is given in Fig. 1. These mutants
were crossed with each other to get various
mutant backgrounds in combinations, facilitating
gene mapping and consequent manipulations of
different mutations and their interactions in
Arabidopsis leaf morphogenesis and pea com-
pound leaf development (Mishra et al. 2009;
Sinjushin 2011; Kumar et al. 2012). Two classes
of photoperiod-responsive induced mutants—(a)
early day-neutral mutants that behave under
short-day (SD) conditions as if grown under long
days (LD) and (b) late day-neutral mutants that
behave under LD as if grown under SD—affect-
ing early flowering day-neutral phenotypes in
several loci such as SN, DNE, PPD (all reces-
sive), a dominant hypermorphic phy A and COP1
orthologue LIPI, and late day-neutral class
(LATE 1, 2, and 6) have been genetically charac-
terized along with mutations governing high

response (HR), rhythmic expression under light/
dark cycles, and late flowering (LF) during flow-
ering in pea. Besides pea, mutations affecting
tendril development (tendril less, simple tendril,
anomalous branching, compound), leaf rolling
(inward, recurved), jugate arrangement (oppo-
site, alternate, leafletless), floral architecture
(open, malformed, extra sepals/keels, long pedi-
cels, distichous pedicels), stem growth, and stip-
ule formations were also isolated in gamma
ray-induced progeny of grass pea, another grain,
and forage legume and found to be recessive in
nature with monogenic and polygenic inheritance
(Talukdar 2009b). Several genes governing
spikelet development and floral organ formation
in cereals are found orthologous to ones of
Arabidopsis ABC+D and E flower development
system. For example, mutations in the SILKYI
(SI1) from maize and OsMADSI6 or
SUPERWOMANI (SPWI) from rice, orthologues
of Arabidopsis AP3 (APETALA 3) mutation,
induce homeotic changes from stamen into car-
pels and lodicules into lemma/palea-type organs
in cereals (Dwivedi et al. 2008). Similarly, null
mutations in the OsMADS1 or leafy hull sterile 1
(lhs1) genes produce leafy lemma and palea. In
addition, the lodicules and stamens are also mod-
ified into leafy lemma and palea structures in rice
(Dwivedi et al. 2008).

Construction of genomic platforms to high-
throughput processes permits the simultaneous
generation of very reliable genotypic data from
multiple samples and hence abates the problems
of generating and evaluating large numbers of
putative mutants in quest of invariably low-
frequency events (Mba 2013). However, there
must be reliable mechanisms for generating the
complementary phenotypic data to lead to valid
inferences on genotypes of the variants. The
adoption of phenomics, as the “the acquisition of
high-dimensional phenotypic data on an
organism-wide scale” as a component of the
detection and deployment of mutation events,
holds immense promise in analyzing morpho-
logical, physiological, and biochemical data of
robust mutant stocks available in model plant
Arabidopsis and other crops (Houle et al. 2010).
In line with Arabidopsis, preliminary attempts
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Table 3 Functional mutations (non-transgenic) affecting developmental biology in model plant Arabidopsis thaliana
L. and grain legume Pisum sativum L. (pea)

Plant

Arabidopsis
thaliana L.

Pisum
sativum L.

Type

Stem and plant

architecture

Leaf
development

Inflorescence

Flower
structure and
development

Stem form and
inflorescence
development

Mutant traits/genes

Stem fasciation, CLAVATA?2,
LIKE HETEROCHROMATIN
PROTEIN 1 (LHP 1), Iy

BLADE-ON-PETIOLE (BOPI,
2); ASYMMETRIC LEAVESI;
fugul—fugu5; angustifolia3
(an3), erecta (er), KIP-
RELATED PROTEIN2 (KRP2);
ROTUNDIFOLIA4,
compensating mutants; tonneau
(ton), ARGONAUTEI(AGOI)

terminal flower 1(tfl 1)

Mutations in ABC model,
APETALA (AP)1, 2, 3, Ap
2-null, AGAMOUS (AG),
PISTILLATA (PI), TERMINAL
FLOWER 1, SEEDSTICK
(STK), SEPALLATA (SEP)

Determinate (det); determinate
habit (deh); le and sin;
VEGETATIVE (VEG 1, 2),
LATE BLOOMER (LATE 5)

Mutant characteristics

Stem and floral meristems
affected in fasciation, plant

architecture, leaf development and
flowering time (LHP I); meristem

activity

Petiole ontogeny; induced
enhanced postmitotic cell
expansion (fugu2-1, fugu5-1,
an3-4, er 102); an (leaf-cell
expansion, the arrangement of
cortical microtubules in leaf cells
and expression of a gene involved
in cell-wall formation); cell
proliferation, expansion and leaf
shape, short petioles and rounded
leaves (rot), impaired
development by cyclin-dependent

kinases, positive regulation of cell

proliferation; planes of cell
division are altered while the
correct position of all the plant
organs is maintained (ton or
tonneau); absence of lateral
expansion in leaves and floral
organs (agol)

Determinate inflorescence,
reduced height, more rosette
leaves

A-function is triggered by AP/
and AP2, the B-function by AP3,
PI and the C-function by AG;
formation of reproductive organs
in place of petals and sepals (Ap
2-null), petal formation instead of
stamens, together with additional
flower formation in place of
carpels (AG, loss of function),
ovule development (D-function
gene, STK), triple mutants in
SEP]-3 produce only sepaloid
flowers

Determinate growth with terminal
raceme, less axillary
inflorescences (det); reduced
scale-like stipules (deh); dwarf
(le) and slender and elongated
phenotype (sin) (gibberellin
sensitive); secondary
inflorescence development

(veg, late)

References

Koornneef and
Meinke (2010)

Dwivedi et al.
(2008) and
Koornneef and
Meinke (2010)

Johanson et al.
(2000)

Johanson et al.
(2000) and

Koornneef and
Meinke (2010)

Weller et al.
(2009) and
Belyakova and
Sinjushin
(2012)

(continued)
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Table 3 (continued)

Plant

Type

Branching

Flower
number/
raceme
Compound
leaf
morphology
and
development

Mutant traits/genes
fasciata (fa, fas, fa2)

Double mutant det fa

Ramosus (rms, 1-5), sax;
grafting of rms/sax mutant

FN and FNA

UNIFOLIATA (UNI), AFILA;
MULTI FOLIATE-PINNA;
tendril-less (tl); tI2 and
insecatus (ins); COCHLEATA
(COCH); CRISPA (CRI);
recombinant af uni®; tendrilled
acacia-A (tac™); lld

Mutant characteristics

Ridge-like anomalous
enlargement of stem apical
meristem, formation of flattened
shoot with aberrant phyllotaxis
and axillary racemes clustered on
the top, flower normal, high yield,
lodging prone, axillary raceme
becomes terminated with
anomalous flower in some
fasciated plants

Weakly fasciated determinate
stem (“lupinoid”), high breeding
value

Pattern of branch development,
suppression of axillary meristem
(sax); rms/sax revealed startling
disconnection between major
cytokinin content of xylem sap
and shoot tissues of various rms
mutants, i.e., pea shoots possess
powerful homeostatic mechanisms
of long-distance signaling for
regulation of cytokinin levels
during shoot branching

Multiflowered phenotype similar
to distichous pedicel mutant of
grass pea

Simple leaf (uni); leaf with
preliminary formation of terminal
leaflet instead of distal leaf
structures (uni*); ramified leaf
rachis with terminal tendrils with
seldom semi-leafless + phenotype
(af); distal part of leaf in mfp
plants produces secondary axes;
leaflets instead of tendril; partial
leaflet-to-tendril transformation
(112, ins); pinnate and leaflike
stipules, anomalous flower and
inflorescence structure together
with unusual proliferation of root
nodules (coch); recombinant
“chameleon” phenotype with
strongly ramified rachis, leaflets
on long petiolules and
intermediate tendril-to-leaflet
organs (af uni*“°); ramified rachis
(as in afila), pinnate lobed leaflets
and tendrils with lodging resistant
and high breeding value;
completely penetrant leaflet
development (lld)
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References

Sinjushin and
Gostimskii
(2006, 2007)

Sinjushin and
Gostimskii
(2007)

Foo et al.
(2007), Mishra
et al. (2009)
and Kumar
etal. (2012)

Belyakova and
Sinjushin
(2012)

Mishra et al.
(2009), Kumar
et al. (2012),
and Sharma
etal. (2012)

(continued)
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Table 3 (continued)
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Plant Type Mutant traits/genes Mutant characteristics References
Flower Flower zygomorphy- KEELED  Homeotic replacement of wings to Sharma et al.
structure WINGS (K), LOBED keel petals (k), flag (standard) (2012)

STANDARD1 (LSTI), bears lateral notches in flowers
ELEPHANT EAR-LIKE LEAF1  (Ist), bilaterally symmetrical
and 2 (ELEI, ELE2) wings and keel petals together
with enlarged stupules (ele)
Floral organ identity- STAMINA Two adaxial stamens of outer Sinyushin
PISTILLOIDA (STP), whorl converted into carpelloid (2010),
PETALOSUS (PE), PEAMA4, structures, while other stamens Sinjushin
fasciation develop normally (multicarpellate) (2011), and
(stp-1), organ conversion and Kumar et al.
development (2012)
Pigmentation, gene a, B Absence of anthocyanins in stems, Kumar et al.
seed coat, leaves, pods and corolla (2012) and
(a), flower pigmentation, pink (b) Sharma et al.
by defective flavonoid (2012)
3’,5’-hydroxylase
Pod and seed  Mutant p and v, rugosus (r), Unlignified pod (p, v), with high ~ Belyakova and
traits development of funiculus (def),  forage value, no abscission layer  Sinjushin
seed testa color, on a boundary between funicle (2012), and
and seed hilum (def), Kumar et al.
(2012)

af

coch

Fig.1 Diagrammatic view of some prominent pea (Pisum
sativum L.) leaf mutations

have been made to develop a standardized lan-
guage of phenomics in model legume Medicago
truncatula and Lotus japonicus using mutant
phenotypes such as “late flowering” or “increased
internodal distance.” Precision in phenotypic
descriptions will be critical to genome scale
mutant hunts (Mba 2013).

Mutagenesis in Bioresource
Development and Functional Food
Biology
Instead of costly and unpredictable transgenic-
based molecular farming, induced mutagenic
technique can be successfully utilized to generate
active constituents, antioxidant compounds,
carotenoids and flavonoids, insecticide, antifun-
gal and other biocontrol molecules, biomass pro-
duction, weed-inhibiting allelochemicals, and
plant-based industrial raw materials (Mba 2013).
Worldwide, several mutant-based bioresource
development centers have been established for
effective utilization and management of plant
resources (Mba 2013).

Of the nearly 3,000 mutant varieties devel-
oped globally in different crops, 776 mutants
have been induced for nutritional quality (Jain
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and Suprasanna 2011). Biofortification is a sus-
tainable method of naturally enriching legumes
by conventional breeding and modern biotech-
nology to increase nutritional quality to combat
malnutrition in the form of “hidden hunger”
(ICARDA-HarvestPlus 2010). In cereals, mutants
exhibiting improved protein content and quality
with enhanced lysine, easily digestible carbohy-
drate, and vitreous grains (floury-2, mucronate,
defective endosperm B30, sugary-2 quality pro-
tein maize) have been isolated (Chakraborty and
Paul 2012). Chemically induced, nonlethal reces-
sive mutants that decrease seed phytic acid con-
tent have been isolated and mapped in maize,
rice, wheat, and barley. Low phytic acid crops
may improve cooking quality, milling by-
product, and nutrition for human population and
animal feed that depend upon grains and legumes
as staple foods. Several oat (Avena) mutants pro-
ducing heart-healthy high B-glucan and dietary
fiber and low glycemic carbohydrate have been
isolated (Mba 2013). Among the cultivated crops,
grain legumes are nutritionally rich in plant pro-
teins, minerals, fibers, and antioxidant flavonoids
but deficient in methionine and cysteine, two
important sulfur-containing amino acids (Singh
2003; Talukdar 2012g). Induced mutations for
enhancing nutritional quality (high protein and
minerals, balanced carbohydrate, low trypsin
inhibitor, lectin, high antioxidant capacity, phos-
phorus, low phytic acid) through genetic bioforti-
fication of edible cereals, millets, oil seeds, and
crop legumes have generated valuable breeding
tools  (Piotrowicz-Cie§lak et al. 2008;
Smulikowska et al. 2008; Talukdar 2009b;
Gaikwad and Kothekar 2011). In soybean and
peanut, mutations with high oil, protein, methio-
nine, isoflavones, lutein, enhanced oleic (O) acid
(FAD2-1A and FAD2-1B), and low linolenic (L)
(high O/L ratio) acid, without lipoxygenase and
low allergenicity (peanut), have been isolated.
Mutant lines with a methionine-overproducing
phenotype in soybean (Pathan and Sleper 2008)
and grass pea (Kumar et al. 2010), iron hyperac-
cumulation in pea, and high phosphorus in soy-
bean, mung bean, and common beans (Campion
et al. 2009; Porch et al. 2009) were isolated and
have the potential to be used as parents in hybrid-
ization. Metabolic profiling, a useful tool in plant
functional genomics, of the wild-type soybeans

Taiwan75 and Zhechun No. 3 and the two corre-
sponding Ipa (low phytic acid) mutants
Gm-lpa-TW75-1 and Gm-Ipa-ZC-2 identified
significant differences between the wild types
and the mutants for the trait (Pathan and Sleper
2008). In grass pea, mutant and segregants devel-
oped from mutantxcheck parent with signifi-
cantly low (<0.2 %) seed neurotoxin (f-ODAP)
and high seed protein, good amount of amino
acids L-homoarginine, methionine, and cysteine,
and fiber and mineral content have been isolated
in gamma ray/EMS irradiated progeny
(Smulikowska et al. 2008; Talukdar 2009b).
Beneficial oligosaccharide content has been
increased, while levels of flatulence-producing
raffinose family oligosaccharides (RFO) have
been lowered in seeds of grass pea mutants, sepa-
rately using helium-neon laser light, sodium
azide (NaN;) and N-nitroso-N-methylurea
(NMU) as mutagenic agents (Piotrowicz-Cieslak
et al. 2008). A recent work by Rao (2010) sug-
gested that the presence of homoarginine in grass
pea contributes to a sustained generation of nitric
oxide in animal physiology which is highly ben-
eficial in cardiovascular physiology and general
well-being. In a major paradigm shift from its
usual negative role, the possible therapeutic
potentials of multifunctional metabolite 3-ODAP
(the grass pea neurotoxin, p-N-oxalyl-L-a,f-
diaminopropionic acid) in treating Alzheimer’s
disease, hypoxia, and long-term potentiation of
neurons essential for memory through the activa-
tion of protein kinase C have been explored (Rao
2010). Mutations producing higher unsaturated
fatty acids compared to unhealthy saturated fatty
acid have been isolated in Brassica, sunflower,
safflower, and sesame (Table 2).

Besides food and fodder values, major and
underutilized legumes, cereals, spices, and herbs
exhibited remarkably high antioxidant activities,
flavonoid compositions, and type II diabetes-
related enzyme inhibition properties with low
glycemic index (slow digestion of carbohydrate)
in raw and differentially processed forms
(Talukdar 2012f, 2013a, b; Talukdar and Talukdar
2012; Varaprasad et al. 2011). The polyploids
have the capacity to generate antioxidant com-
pounds in increased amount and activity (Lavania
et al. 2010). Development of the commonly used
plants as functional and therapeutic foods needs
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successful breeding of these value-added traits
through utilizable genetic variations which can
be achieved through modern mutagenic
techniques.

Plant Molecular Mutagenesis

During the past decade, with the unprecedented
development in plant molecular genetics and
functional genomics, scientific exploration on
induced mutation in plants has progressed dra-
matically from basic research to the development
of advanced genomic-based technologies to their
unique applications in gene discovery and devel-
opment of novel crop traits (Kharkwal and Shu
2009; Varshney et al. 2010). Induced mutants are
now being used in identifying and ascribing func-
tions to genes through the deductive process of
identifying the modified traits and relating the
modifications to changes in genomic regions of
the induced mutants, in comparison to the wild/
normal types. The genomic region(s) responsible
for the expression of a trait, i.e., the gene, is
detected by analyzing a series of induced mutants
vis-a-vis the normal or wild-type variants. These
developments are bringing plant mutation breed-
ing into a new dimension—plant molecular
mutation breeding (Shu and Lagoda 2007).

Over the last several years, functionally char-
acterized genes, ESTs, and coding genome
sequences have been made available to build up
molecular markers like SNP (single nucleotide
polymorphism), SSR, or COS (conserved orthol-
ogous set) (Varshney et al. 2010). These markers
are often called perfect or functional markers and
are developed from putative coding sequences
having known function and consequently have
complete association with the QTL or gene.
These functional genomic resources are boosting
up development of perfect markers in cereals,
millets, pulses, herbs, spices, fruit crops, and
vegetables (Shu and Lagoda 2007; Varshney
et al. 2010). The progress made in using marker-
assisted selection (MAS) in tomato, cereals, and
pulses has been highlighted in a few recent
reviews emphasizing on mapping genes control-
ling agronomically important traits and molecu-
lar breeding of crops in general (Varshney et al.
2010). Several molecular markers such as diver-
sity arrays technology (DArT), amplified frag-
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ment length polymorphism (AFLP), random
amplified polymorphic DNA (RAPD), and mic-
rosatellites and SSR markers have been validated
in major cereals, vegetables, and pulses (Varshney
et al. 2010). In chickpea, a major grain legume,
SSR markers are effectively used to reveal high
genetic diversity among the radiation-induced 21
mutant lines and to discriminate the mutants from
each other (Khan et al. 2010). DNA markers such
as RAPD, SCAR (sequence-cleaved amplified
region), and microsatellite linked to induced
mutant/er (Erysiphe pisi Syd.) loci conferring
resistance to powdery mildew in pea have been
identified as reliable breeding materials (Pereira
and Leitdo 2010). In soybean, two male-sterile
mutants were mapped with molecular markers
(Frasch et al. 2011), and marker-assisted back-
crossing is attempted to introgress the low phy-
tate traits into cultivars (Kharkwal and Shu 2009).
In rice, wheat, and maize, segregating popula-
tions are being used to confirm co-segregation
between SSR markers and the gene for low phytic
acid, identified in mutants. Several mutant traits
controlling thermosensitive genic male sterility,
fertility restoration, spikelet architecture, and
flowering process were mapped in cereal
genomes using molecular markers like microsat-
ellites and STS (sequence-tagged sites) (Dwivedi
et al. 2008). Both forward and reverse molecular
marker (SSR)-assisted selection are effectively
utilized in maize for breeding with high protein
and good digestibility such as “quality protein
maize” associated with opaque-2 (high lysine)
and endosperm modification phenotype. In the
same crop, two independent, semi-dwarf maize
EMS mutants, designated as dwarf and irregular
leaf (dill), affecting internode length and leaf
size were mapped on the long arm of chromo-
some 6 with SNP, and CAPS (cleaved amplified
polymorphic sequence) markers and a candidate
gene are identified through positional cloning
and validated. In an allopolyploid Brassica
napus, EMS mutagenesis caused a dominant
point mutation in RINGv E3 ubiquitin ligase
homoeologous gene by C-to-T transition and
induced cleistogamy by the Bn-clglA-1D mutant
allele which has been mapped with SNP, STS,
AFLP, ACGMs (amplified consensus gene mark-
ers), and CAPS markers. Induced mutations
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facilitated the isolation of genes involved in cas-
cade of nitrogen fixation like controlling auto-
regulation of nodulation (leucine-rich repeat
receptor kinase gene or GmNARK), LjHARI,
kinase-associated protein phosphatase (KAPP),
several receptor kinases, GmNORK (needed for
both nodulation and mycorrhizal symbioses),
GmKAPP (encoding kinase-associated protein
phosphatase), and GmPOL (poltergeist; another
protein phosphatase) in mutants of soybean, pea,
and Lotus japonicas and revealed complex inter-
play during nodulation process and hormonal
signaling in legumes (Pathan and Sleper 2008;
Frasch et al. 2011).

Development of radiation-hybrid (RH) tech-
nology is another tool in advancement of molecu-
lar mutation breeding, effectively utilizing in
cereals, grasses, and some legumes (Riera-
Lizarazu et al. 2008). In oat—-maize RH where oat
plants are carrying radiation-induced subchro-
mosome fragments of a given maize chromo-
some, the transmission and integrity of maize
chromosome 9 rearrangements were evaluated by
using a series of DNA-based markers and by
GISH, exhibiting much higher transmission of
rearrangement (47.6 %) than normal (9.1 %) ver-
sion of chromosome 9 (Kynast and Riera-
Lizarazu 2011). RH mapping of wheat by
addition and substitution for chromosome 1D
(DWRH-1D), harboring nuclear—cytoplasmic
compatibility gene scs®, initially allowed detec-
tion of 88 radiation-induced breaks with 39 1D
specific markers, and subsequently, it was
expanded to a resolution of one break every 199
kb of DNA, utilizing 378 markers. Construction
of RH map is being initiated in rye chromosome
3B (Gupta et al. 2008).

Intermingling Cytogenomics

with Mutagenomics: Development
of Cytogenetic and Molecular Tester
Stocks and Genome Mapping

The recent progress in plant cytogenetics has
been stimulated mainly by the use of cytogenetic
stocks, in which various aneuploids like different
trisomics, tetrasomics, double trisomics, mono-
somics, monosomics alien addition lines, alien
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addition lines, deletion lines, intergeneric chro-
mosome addition (oat—maize), and chromosome
substitutions play pivotal roles in assigning target
traits (classical and molecular) on specific chro-
mosomes, defining linkage groups (classical and
molecular) and construction of saturated maps
(Singh 2003; Kynast and Riera-Lizarazu 2011).
A number of programs are exploiting the transfer
of important disease resistance genes into rice,
wheat, barley, maize, and millet crops through
alien addition lines (Heslop-Harrison and
Schwarzacher 2011). Induced mutagenesis has
been successfully used to develop arrays of dip-
loid and aneuploid mutants, autotetraploids,
aneuploids in polyploid background, and recipro-
cal translocation lines in cereal crops, legumes,
millets, grasses, oil seeds, and other plants. A
robust stock of aneuploids like different triso-
mics, tetrasomics, double trisomics, and tertiary
trisomics was identified in rice, wheat, maize,
barley, potato, cabbage, and legumes (Roman
et al. 2004; Zou et al. 2003, 2006; Talukdar 2008,
2009¢, 2010a, b, c, d, 2011b, 2013f; Talukdar and
Biswas 2007, 2008). An updated information of
cytogenetic stocks and their uses in assigning
classical and molecular linkage groups in promi-
nent crops are presented in Table 4. Several auto-
tetraploids (2n=4x=28) exhibiting enhanced
growth performances have been isolated through
colchicine treatments in grass pea (Talukdar
2010b), a hardy legume crop. These autotetra-
ploids are segregated into progenies of normal
tetraploid, tetraploid carrying reciprocal translo-
cation, and aneuploids. Among the aneuploids,
pentasomy—trisomy (2n=4x+1-1=28), one
single pentasomy (2n=4x+1=29), and another
double trisomy (2n=4x+1+1=30) were recov-
ered in polyploid background (Talukdar 2012d).
In tomato, a robust mutant in silico databases
designated as “TOMATOMA” comprising over
1,000 mutants isolated by EMS, and y-rays has
been developed for mutagenomic analysis, com-
parative biology, molecular mutation breeding
and forward as well as reverse genomic screening
(Saito et al. 2011). The cytogenetic stocks are
being used to map and linkage analysis of spe-
cific morphological, biochemical, and molecular
markers on specific chromosomes of various crop
plants (Table 4).
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Table 4 Cytogenetic and mutation genetic stocks used as functional biology tools in major crops

Crop Stocks/resources

Cereals (rice,
wheat, maize,
barley)

Primary, secondary and
tertiary trisomics, set of
telotrisomics,
isotetrasomics,
aneuhaploids, monosomic
alien addition lines
(MAAL), translocation,
B-A translocation,
duplicate deficient
(maize), polyploids,
aneuploids from
autotetraploids

Nullisomics,
monosomics, trisomics of
different types,
tetrasomies,
translocations, inversions,
duplications, deficiencies,
polyploids

Millets, rye,
buckwheat, pearl
millet, oat

Trait/gene mapping/linkage analysis/
gene expression/genomics

Rice: localization of morphological
markers like photoperiod sensitive,
rolled fine strip, slender glume, lax
panicle, liguleless, scented rice traits,
etc. RFLP mapping, centromere
mapping, isozyme alleles (diaphorase 1,
esterase, phosphoglucoisomerase),
assignment of DNA clones, chromosome
microdissection and developing
chromosome-specific DNA markers,
locating genes to pericentromeric
regions and genome-wide synteny
between rice and wheat; wheat:
microsatellite markers, radiation hybrid
mapping and map-based cloning by
irradiating pollen with 20 Gy gamma
rays; maize: isozymes of acid
phosphatase, p-glucosidase, alcohol
dehydrogenase, phosphor hexo
isomerase, phosphoglucomutase,
6-phosphogluconate dehydrogenase,
malate dehydrogenase linked with
increased grain yield, endopeptidase on
chromosome 6; transcriptomics of
global gene expression; barley: analysis
of ribosomal RNA cistron multiplicity in
chromosomes 6 and 7, acrotrisomic
analysis of linkage group, low phytate in
all four grains

Meiosis pairing in rye, assignment of S
(short style Ss, long style ss) gene of
common buckwheat (Fagopyrum
esculentum Moench) was located on
chromosome 4E, chromosomal
localization, dosage effect of peroxidase,
hybrid seed production from balanced
tertiary trisomics in pearl millet,
transmission of extra chromosomes in
foxtail millet (Setaria italica (L.)
Beauv.), analysis of B genome of oat
(Avena barbata, A. strigosa), new
chromosome nomenclature by A. sativa
and A. byzantina monosomic lines,
mapping of 400 maize sequences
including expressed sequence tags and
sequence-tagged sites by oat—maize
chromosome addition lines, analysis of
genome rearrangement by oat-maize
radiation hybrids

References

Subrahmanyam and
Azad (1978), Khush

et al. (1984), Auger and
Birchler (2002), Singh
(2003), Qi et al. (2009),
and Tiwari et al. (2012)

Jauhar Prem and Hanna
(1998), Sybenga
(1996), Okagaki et al.
(2001), Singh (2003),
Chen et al. (2007), and
Sanz et al. (2010)

(continued)
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Table 4 (continued)

Crop Stocks/resources

Legumes (pea,
chickpea, grass pea,
pigeon pea, lentil,
faba bean, common
bean, mung bean,
urdbean)

Primary trisomics,
tetrasomics, tertiary
trisomics, double
trisomics, autotetraploids,
aneuploids in polyploidy
background, reciprocal
translocation lines

Oil-yielding legume Primary, tertiary
(soybean, peanut) trisomics, MAAL,
translocation lines

Oil-seed crops
(sunflower,
Brassica, safflower,
soybean, peanut)

Primary, secondary
trisomic, double
trisomics, tetrasomics,
monosomics, MAAL,
hyper triploids,
tetraploids, translocation

Trait/gene mapping/linkage analysis/
gene expression/genomics

Morphological (dwarfism, leaflet shape
and color, stipule forms, leaf injury,
flower color, photoperiod sensitivity,
seed coat color, pod indehiscence, bold
seed size in lentil, grass pea, determinate
growth, solid distribution of pigment on
flower, yellow pigment on flower, hilum
color, red seed coat in faba bean), stress
responsive (flavonoid deficiency,
glutathione overproducing, cadmium-
sensitive mutations, leaf injury, catalase
deficiency ), isozymes (esterase and
peroxidase, aconitase, acid phosphatase,
aspartate aminotransferase,
phosphogluconate dehydrogenase,
fructokinase, malic enzyme, superoxide
dismutase, n-nitrosoglutathione
reductase) and molecular (RAPD, RFLP,
SSR) markers in beans and peas, dosage
effect of superoxide dismutase,
ascorbate peroxidase, glutathione
reductase, dehydroascorbate reductase
and catalases in trisomic and tetrasomic
genomes (grass pea)

Soybean: chromosome assignment of v2
(variegated leaf mutant), p2
(puberulent), wi (flower color), dia 1
(diaphorase ), u I (urease), Ix/
(lipoxygenase ), Rpsi-k (resistant to
phytophthora root rot), Rmd (resistance
to Microsphaera diffusa), Rj2
(nodulation response), y/0 (yellow leaf
mutant), 11 molecular linkage group
using SSR markers, 3 qualitative trait
loci (Pb, sharp/blunt pubescence, Y9,
and Y17- green/chlorotic foliage)
detection of segregation distortion of
SSR markers

Sunflower: characterization of
chromosomal complement, Safflower:
detection of translocation homo and
heterozygotes, Soybean: Mapping of
SSR markers in soybean, location of w/
locus on satellite chromosome, mapping
of yellow leaf y/0 mutant (chromosome
3), ms I msl locus (male sterile),
confirmation of genetic linkage map of
the Nucleolus Organizer Region, peanut:
branching pattern, tetraploid analysis,
genome arrangement
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References

Satovic et al. (1996),
Singh (2003), Roman
et al. (2004), Talukdar
and Biswas (2007,
2008), and Talukdar
(2008, 2009a, b, c,
2010a, b, ¢, 20124, f,
2013f)

Palmer and Xu (2008),
Cregan et al. (2001),
Singh (2003), and Zou
et al. (2003, 2006)

Xu et al. (2000), Singh
(2003), and Yang and
Jeong (2008)

(continued)
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Table 4 (continued)

Crop Stocks/resources
Vegetables
(cabbage,
cucumber, tomato)

trisomic, MAAL,

Sugar crops
(sugarcane, sugar
beet)

Primary trisomics,
MAAL

Forage crops Primary trisomic

Fiber (cotton) Primary trisomic,
monosomic,

monotelodisomic,

spontaneous trisomy,

hypoaneuploid

chromosome substitution

Medicinal and

aromatic plants aneuploids

Arabidopsis (model Diploid mutants, meiotic

plant) mutants, primary

trisomics, telotrisomics

Primary trisomic, double

monosomic, telotrisomics

Primary trisomics, natural
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Trait/gene mapping/linkage analysis/
gene expression/genomics

Alien gene introgression, chromosomal
assignment of molecular markers or
dominant plant traits, molecular
mapping of alien genes, the construction
of chromosome-specific libraries, and
production of disomic addition lines,
isozyme of esterase, peroxidase, linkage
mapping with tomato telotrisomics
Assignment of hypocotyls color, early
bolting, restorer, RAPD, RFLP, SCAR
(sequence characterized amplified
region), STS (sequence tagged site),
SSR markers in sugarcane; isozymes of
leucine aminopeptidase and glutamate
oxaloacetate transaminase in sugar beet

Isozymes of phosphoglucoisomerase and

glutamate oxaloacetate transaminase in
Lolium perenne, narrow-leafed lupin

Chromosome location of fertility
restorer gene, Rf; tightly linked with
RAPD, TRAP (target region amplified
polymorphism marker) and SSR
markers, glandless stem and boll
(gl1gl6), immature fiber (im), Ligon
lintless-2 (Li2), methylation (me),
nonpinking (npInp2), Raimondal
(RalRa2) in nine cotton loci through
trisomics, assignment of curly cotton
(ac), LeD, light brown lint on
chromosome 16, virescent-1 (v;) in the
long arm of chromosome 20, naked-
tufted seed (N'), in the long arm of
chromosome 26, mapping of
phosphoglucomutase-7 locus on
Gossypium hirsutum chromosome
Characterization of additional
chromosomes in Plantago lanceolata L.,
natural monosomics, double monosomy,
trisomy, tetrasomy, double trisomy in
Betula humilis (Betulaceae), Digitalis
obscura, Nigella sativa, Asparagus
officinalis, Trigonella foenum-graecum,

role of kinetin in dicot embryo formation

in Catharanthus roseus

Insensitivity to ethylene (dominant
mutation), nutritional mutant, dwarf
mutant, seed development (insertional
mutagenesis), chlorate-resistant,
cadmium-sensitive/rootless mutations,
vitamin C-deficient mutant,
morphogenesis, assignment of linkage
group, morphological markers to
chromosome arms and in locating
centromeres, detection of chromosome
inversion and translocation, deletion
within LDOX gene, gene expression,
dosage effect analysis

References

Chen et al. (2004) and
Diao et al. (2009)

Oleo et al. (1993) and
Jung (2004)

Singh (2003)

Kohel et al. (2002) and
Saha et al. (2012)

Choi et al. (2009) and
Jadwiszczak et al.
(2011)

Koornneef et al.
(2003), Henry et al.
(2010), and Vernoux
et al. (2000)
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Mutagenomics: Merging with Newer
“Omics”

With the rapid advancement of genomics and
functional genomics, microarray technology and
transcriptomics, metabolite profiling, and spec-
tral models of phenomes, the concept of classical
mutagenesis has now merged with more modern
“omics” techniques. Microarray analyses reveal
that plant mutagenesis may induce more tran-
scriptomic changes than transgene insertion
(Varshney et al. 2010). Through comparative
genomics, genes and pathways of mutated traits
could be identified in a number of crops. The
results of metabolite profiling of low phytic acid
mutants and their parents were indicative of the
genes mutated in rice and soybean, and the
deleted genes were identified through compara-
tive genomic analysis in Citrus. Recent works
suggest that gamma ray and EMS mutagenesis in
Phaseolus and lentil (catalase-deficient mutants)
and aneuploidy (trisomics and tetrasomics) as
well as translocation lines of grass pea induce
extensive transcriptomic changes of antioxidant
defense enzymes (Talukdar D, unpublished). In
gamma ray—irradiated progeny of cowpea,
cDNA-AFLP showed differential gene expres-
sion at different time points of drought stress.
The sequenced transcript-derived fragments
(TDF) showed high homology to expressed
sequence tags of soybean, with a possible func-
tion in cell defense/resistance and most impor-
tantly signal transduction. In soybean, altered
transcriptomic profiling of GmNARK (glycine
max leucine-rich repeat receptor kinase gene)
mutant plants revealed controlling of gene
expression involved in the jasmonate pathway by
GmNARK-mediated signaling and identity of a
second class of GmNARK-controlled genes in a
rhizobia-independent manner during nodulation
process of soybean (Pathan and Sleper 2008). In
grass pea, the candidate genes responsible for
condensation and biosynthesis of neurotoxin
B-ODAP in varieties differing in content may be
identified, cloned, and repressed through func-
tional genomic approach.

Aneuploidy, Dosage Imbalance,

and Transcriptomics: Case Study

in Maize, Arabidopsis, and Grass Pea

For most eukaryotic genomes, the balance in
gene dosage is essential for normal function.
Aneuploidy leads to severe dosage imbalance of
genes on the affected chromosome(s). The altera-
tions in chromosome number that result in aneu-
ploidy are usually associated with phenotypic
consequences. However the molecular causes of
specific phenotypes and genome-wide expression
changes that occur in aneuploids are yet to be
fully understandable. The subtle phenotypic dif-
ferences between different trisomics of a same
organism suggest that there might be specific
“key” genes on each of the chromosomes that
cause these phenotypic effects when their copy
number is out of balance with other genes. Stress-
response genes, transcription factors, and other
potential regulatory genes have been frequently
reported to be overrepresented among the genes
affected by aneuploidy in plants (Huettel et al.
2008; Makarevitch et al. 2008). Aneuploidy
causes greater quantitative changes in gene
expression of two maize genes (sus/ and shl) in
2-week-old plants compared with embryo and
endosperm tissues. Maize plants that are trisomic
for 90 % of the short arm of chromosome 5 and
monosomic for a small distal portion of the short
arm of chromosome 6 (segmental aneuploidy)
exhibited ectopic expression of knotted-like
homeobox gene knox10, which is located on the
short arm of chromosome 5, in developing leaves
of the aneuploid plants and developed the leaf
knotting phenotype (Makarevitch et al. 2008).
Expression profiling revealed that approximately
40 % of the expressed genes in the trisomic
region manifested the expected 1.5-fold increased
transcript levels, while the remaining 60 % of
genes did not show altered expression even with
increased gene dosage (Makarevitch et al. 2008).
Several of such studies on maize suggested that a
specific chromosome arm dosage series can
affect the expression of multiple genes located
throughout the genome through the even slight
alteration in the relative expression level of tran-
scription factors, or other regulatory proteins,
located in the affected chromosomal region,
resulting in both positive and negative correla-
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tions of gene expression (upregulation and down-
regulation) with the dosage of the varied
chromosome arm. Furthermore, genes located in
the affected region frequently do not exhibit
alterations in their expression level, suggesting
the occurrence of some level of dosage compen-
sation or, a “buffering” effect, when the level of
RNA transcript read from genes present in three
copies due to segmental aneuploidy were found
to be similar to wild-type levels (Makarevitch
et al. 2008). A further investigation on effects of
aneuploidy on global gene expression in
meristem-enriched and leaf tissues using micro-
array analysis of over 15,000 genes and on gene
expression changes in response to aneuploidy for
30 genes in six different maize tissues at three
early developmental stages after germination
revealed that at least 23 out of 30 genes analyzed
were either ectopically expressed or erroneously
silenced in mature aneuploid tissues.
Approximately, 50 % of trisomic genes exhibit
dosage compensation in each of two tissues. The
results also suggested that quantitative changes in
gene expression at developmental transition
points caused by variation in gene copy number
progress through tissue development and result in
stable qualitative changes in gene expression pat-
terns (Makarevitch and Harris 2010). In
Arabidopsis thaliana, a single locus, SENSITIVE
TO DOSAGE IMBALANCE (SDI), exhibited
segregation distortion in a ploidy-specific man-
ner, and the phenomenon is attributed to increase
in the likelihood of retaining genomic rearrange-
ments such as segmental duplications.
Additionally, in species where triploids are fer-
tile, aneuploid survival would facilitate gene flow
between diploid and tetraploid populations via a
triploid bridge and prevent polyploid speciation
(Henry et al. 2010). In grass pea, a grain as well
as forage legume, dosage-specific response of
genomes on antioxidant defense responses has
been studied in series of aneuploids such as seven
types of trisomics (tr), seven tetrasomics, and 21
different double trisomics (Talukdar 2011f). The
switching over of diploid genome to aneuploidy
through mutagenesis triggered a massive dosage
imbalance, which was manifested in three differ-
ent directions—extra dosage on activities of
superoxide dismutase (tr III), ascorbate peroxi-
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dase (tr V), dehydroascorbate reductase (tr II),
glutathione reductase (tr IV), inverse dosage on
catalase (tr VII), and disomic level of all five
enzymes in tr I and tr VI. The dosage effect was
magnified in tetrasomics and combined in double
trisomics (Talukdar 2011f). Transcriptomic anal-
ysis reveals that mRNA gene expression of iso-
zymes of superoxide dismutase, ascorbate
peroxidase, dehydroascorbate reductase, and glu-
tathione reductase is upregulated in respective
trisomics but is either downregulated or remained
in disomic level in case of other trisomics
(Talukdar D, unpublished observation). The
dosage-specific changes in expression of genes
governing metal tolerance are also being investi-
gated in diploid, triploid, and tetraploid geno-
types of grass pea (Talukdar D, unpublished).
Based on these results of global gene expression
profiling of aneuploids, it can be concluded that
aneuploidy causes (1) gene dosage effect and
predominantly common to multiple tissues, (2)
varying degrees of gene dosage compensation for
trisomic genes, (3) tissue-specific trans-effects
(likely as a result of misregulation due to the
slight variation in the presence of a regulatory
protein), and (4) tissue-specific fixed qualitative
variation in gene expression patterns that is more
frequent in mature tissues. However, all of these
changes are related with transcriptomic levels,
and it is still not clear which of these effects are
translated to the protein level and are indeed
important for phenotypic abnormalities, consid-
ering the occurrence of posttranscriptional and
posttranslational regulatory mechanisms in
higher plants (Makarevitch and Harris 2010).

Gene-Targeted Mutagenesis

Zinc-finger nucleases (ZFN) can be targeted to
specific genes causing a double-stranded break
which disables the gene. In the homologous
recombination of the targeted gene using ZFN,
specific gene can be targeted for mutation in situ
leaving the rest of the genome unperturbed. This
strategy has several advantages over gene addi-
tion procedures, which include the risk of muta-
tions arising from random insertion, because the
strategy aims to incorporate exogenous DNA at a
predetermined site in the chromosome.
Furthermore, the exogenous DNA does not have
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to include a complete protein coding sequence or
separate signals to ensure its expression because
it is incorporated at an endogenous locus. Thus, if
targeted mutation can be accomplished with high
efficiency, other genetic factors affecting the
mutant can be ruled out. Employing ZFN tech-
nology, the exact roles of three isoforms of iso-
amylase and pullulanase in starch debranching
are being elucidated in pea null mutations (Curtin
et al. 2011). An engineered ZFN followed by
Agrobacterium rhizogenes-mediated hairy root
transformation has been used to characterize the
mutations related to dicer-like protein and RNA
silencing (Curtin et al. 2011). In Arabidopsis,
ZFN-induced mutagenesis and gene targeting are
successful using Agrobacterium-mediated floral
dip transformation (Koornneef and Meinke
2010). The technique has the potential to be used
in both forward and reverse genomics.

Moving Mutagenomics Through
Reverse Genomics

With the advent of functional genomics and web-
based easily available data, instead of going from
phenotype to sequence as in forward genetics,
researchers are now opting for reverse genetics in
which a gene sequence is known, but its exact
function is uncertain. Reverse genetic approaches
have permitted the silencing or interruption of
individual candidate genes, providing the oppor-
tunity to investigate gene function and to relate
sequence information to traits. Specific reverse
genetic techniques used so far to induce/screen
mutations in functional biology of crop legumes
includes.

Gene Silencing by RNA Interference
(RNAi)

It involves the inhibition of expression of target
genes by antisense and sense RNAs. RNAi has
recently become a powerful tool to silence the
expression of genes and analyze their loss-of-
function phenotype, allowing analysis of gene
function when mutant alleles are not available.
Downregulation of the starch branching enzyme
1I (SBEII) gene by RNA interference (RNAi) was
previously shown to increase amylose content
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and resistant starch content in both hexaploid and
tetraploid wheat. In polyploidy wheat, dsRNA-
expressing constructs containing fragments of
genes encoding phytoene desaturase (PDS) or
the signal transducer of ethylene, ethylene insen-
sitive 2 (EIN2), showed stably inherited pheno-
types of transformed wheat plants that were
similar to mutant phenotypes of the two genes in
diploid model (Gupta et al. 2008). In soybean,
the RNAi machinery in hairy roots is fully func-
tional in a sequence-specific manner, which
allows the rapid analysis of sets of candidate
genes for alleles underlying variation. RNAi
knockouts have also been used to ascertain
homology in floral organ development between
cereals, Petunia, and Arabidopsis (Dwivedi et al.
2008).

Virus-Induced Gene Silencing

This is performed by cloning a 200-1,300 bp
cDNA fragment from a plant gene of interest into
a DNA copy of the genome of an RNA virus and
transfecting the plant with this construct using
Agrobacterium. Consequently, it leads to knock-
out or knockdown phenotype for the gene of
interest (Gupta et al. 2008). The apple latent
spherical virus (ALSV) has been reportedly used
with minimal side effects on cucurbits, tomato,
tobacco, potato, and different legumes. Recently,
Citrus leaf blotch virus (CLBV) has been recom-
mended for viral vector in Citrus crops
(Tomlekova 2010).

Insertional Mutagenesis/Transposon-
Mediated Mutagenesis

T-DNA (the segment of the Ti plasmid of
Agrobacterium tumefaciens known as T-DNA) or
transposon insertion has been exploited to create
disruptions in target genes of interest, introduce
new genes, or activate endogenous genes in the
plant genome. A population of plants each hav-
ing an insertion(s) at a unique site in the genome
is generated either by transformation (T-DNA) or
transposon activation. Transposon-tagged non-
nodulating mutant blocking the infection thread
and nodule primordia formation, designated as
nin (nodule inception), has been developed in
forage legume Lotus japonicus (Pathan and
Sleper 2008). In soybean, there has been a recent
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initiative to develop a sizeable number of mutants
using the maize Ds element (Dierking and Bilyeu
2009). In the model plant, Arabidopsis, a large
collection of knockout mutants of T-DNA inser-
tion developed through cloning, transformation,
tissue culture methods, and combination with
maize transposable elements are valuable tools
for reverse genetics (Alonso-Blanco et al. 2009;
Koornneef and Meinke 2010). Additional tech-
nologies for generating loss-of-function pheno-
types such as RNAi and miRNA (Schwab et al.
2006) have also become available. Random
insertion libraries have also been generated using
activation tagging (Koornneef and Meinke 2010)
for dominant mutants and promoterless reporter
constructs for selection of insertions at desired
intragenic locations coupled with visualization of
expression patterns (Koornneef and Meinke
2010). In rice, induced by the insertion of the
endogenous retrotransposon Tos!7, which corre-
sponds to CesA (cellulose synthase catalytic sub-
unit) genes, OsCesA4, OsCesA7, and OsCesA9
were expressed in seedlings, culms, premature
panicles, and roots but not in mature leaves,
revealing their importance in cellulose synthesis
in secondary wall. Many mutants appear to result
from transposon insertions such as albino rice
plants or barley forms differing in susceptibility
to powdery mildew. In barley, mutagenesis with
EMS, NMU, and NaN3 induces huge genome
changes accompanied with morphological varia-
tions which are likely driven by activation of
various transposons and subsequent deletion as
well as insertion, as revealed by sequence-
specific amplification polymorphism (SSAP) fin-
gerprints (Polok and Zielinski 2011). SSAP
profiles inform about the sites in whole genomes,
in which transposons are inserted, coupled with
point mutations at target sites. The low copy
number and high transposition frequency of Cs/
in sorghum and its homologous sequences in
rice, maize, teosinte, sudan grass, and sugarcane
imply that this transposon can be used as an effi-
cient mutagen, indicating its feasibility as a tag-
ging tool (Polok and Zielinski 2011).

TILLING: A High-Throughput Technique
for Mutation Discovery

During the last decade, the use of chemically
induced mutagenesis has had a renaissance with
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the development of TILLING (Targeting Induced
Local Lesions in Genomes) technology as the
most efficient reverse genomic tools in functional
biology (Henikoff et al. 2004). However, it was
also shown that it could be adopted to use mutant
populations developed through physical muta-
genesis, such as gamma and fast neutron irradia-
tion. For example, the De-TILLING technique
could be effectively used to detect a specific
mutant in a pool of 6,000 plants. In TILLING,
mutagenesis is complemented by the isolation of
chromosomal DNA from every mutated line, and
high-throughput screening of induced point
mutations at large scale is possible using
advanced molecular techniques. A diagrammatic
protocol of TILLING is given in Fig. 2. TILLING
in legumes has been used either to confirm, by
generating additional alleles, a lesion in forward
screened mutants, especially those associated
with the rhizobium-legume symbiosis, or to gen-
erate unique mutants as followed in cereals, mil-
lets, vegetable, spices, fruit crops, and of course
in the Arabidopsis (Perry et al. 2009). TILLING
is especially suited to species where there are few
genomic resources and where insertion mutagen-
esis to create knockout mutants is difficult either
through a lack of appropriate elements or an inef-
ficient transformation system (Parry et al. 2009).
The main advantage of TILLING as a reverse
genetics strategy is that it can be applied to any
plant species, regardless of its genome size,
ploidy level, or method of propagation. Chemical
mutagens, which are usually used in TILLING
protocols, provide a high frequency of point
mutations distributed randomly in the genome.
Furthermore, since it is a nongenetically modi-
fied technology, it is highly desirable in those
crops/countries where application of GM tech-
nology is restricted. These advantages have facil-
itated its swift move from models to crop plants.

Mutant discovery through TILLING process
involves: (a) Direct sequencing and next-
generation sequencing. (b) Li-Cor—It relies on
the specific cleavage of mismatched bases formed
as a result of repeated melting and reannealing of
a PCR product amplified from a region of inter-
est. (c) Denatured High-Performance Liquid
Chromatography (DHPLC). (d) Usual agarose or
PAGE-gel analysis. (e) High-Resolution Melt—
Intercalating dyes are used that fluoresce only
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Fig.2 Diagrammatic representation of generation of a TILLING population in plant

when bound to DNA. In increasing temperature,
DNA strands will melt apart causing a release of
the dye, and the total fluorescence will decrease
in a predictable way. A mutation will cause a
shift in the graph as the mismatched base changes
the melting temperature. (f) MALDI-TOF or
matrix-assisted laser desorption ionization time-
of-flight spectroscopy. So far, Li-Cor is exten-
sively used in mutant screening. In contrast to
conventional protocols of TILLING, which are
limited in their ability to detect mismatch cleav-
age due to nonspecific removal, by the nuclease,
of 5’ end-labeled termini, a new highly sensitive
and specific mismatch scanning assay being
employed in rice called “endonucleolytic muta-
tion analysis by internal labeling” (EMAIL) has
been developed using capillary electrophoresis,
involving internal amplicon labeling by PCR
incorporation of fluorescently labeled deoxynu-
cleotides. Multiple mutations among allelic pools

were detected when EMAIL was applied with the
mismatch nucleases, greatly enhancing the
capacity of mutation detection in specific genes
in pooled samples and improving throughput and
efficiency and have the potential to be used as
reliable and fast-track technology in crop muta-
tion biology and breeding through TILLING
(Cross et al. 2008).

Successful genome sequencing in Arabidopsis
along with model legumes, Lotus japonicus and
Medicago truncatula, and a web-accessible
mutant discovery by TILLING approach (Perry
et al. 2009) has markedly facilitated the search of
genes controlling agronomically desirable traits
in Arabidopsis, rice, wheat, maize, barley, oat,
sunflower, Brassica, sugar beet, potato, tomato,
pepper, grapes, Musa, and in the crop as well
model legumes, for which several TILLING plat-
forms and various web-based resources have
been developed (Table 5). In one of the first mod-
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http://www.icrisat.org/bt-gene-discovery.htm
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http://www.soybeantilling.org/index.jsp
http://www-urgv.versailles.inra.fr/tilling/pepper.htm
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ifications of TILLING technology, mutation
detection technology was used to discover poly-
morphisms in a natural population by Eco-
TILLING and individualized TILLING in A.
thaliana. Besides several yield traits, herbicide
resistance is another important target of agricul-
ture. Several classes of herbicides are known to
inhibit the ALS (acetolactate synthase) gene. The
highly selective ALS-inhibiting herbicides are
very valuable for the weed management for a
wide range of crops worldwide. Eco-TILLING
was used for the detection of single nucleotide
mutations in the ALS genes of sulfonylurea (SU)
resistant (R) in  Monochoria  vaginalis
(Pontederiaceae). Several new virus-resistant
alleles from natural population of Capsicum ann-
uum (eIlF4E and elF(iso)4E) and Cucumis spp.
(IF4E) are screened by Eco-TILLING. A modi-
fied TILLING system using non-labeled primers
and fast capillary gel electrophoresis was applied
for high-throughput detection of single nucleo-
tide substitution mutations in rice (Henikoff et al.
2004).

An ideal mutagenesis approach for a highly
duplicated paleopolyploid genome like soybean
would allow for the simultaneous recovery of
plants with single or multiple mutations in each
member of a gene family of interest without dis-
ruption to the rest of the genetic background. In
reverse genetics, a denser mutagenesis compared
to diploid has recently been achieved in autotet-
raploid Arabidopsis for a high-efficiency
TILLING (Tsai et al. 2013), and this can be
applied in other plants where sufficient polyploid
stock is available (Talukdar 2012d).
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