IAEA-TECDOC-1664

Physical Mapping Technologies
for the Identification

and Characterization of
Mutated Genes to Crop Quality



Physical Mapping Technologies for
the Identification and Characterization
of Mutated Genes Contributing to Crop Quality



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN
ALBANIA
ALGERIA
ANGOLA
ARGENTINA
ARMENIA
AUSTRALIA
AUSTRIA
AZERBAIJAN
BAHRAIN
BANGLADESH
BELARUS
BELGIUM
BELIZE
BENIN
BOLIVIA
BOSNIA AND HERZEGOVINA
BOTSWANA
BRAZIL
BULGARIA
BURKINA FASO
BURUNDI
CAMBODIA
CAMEROON
CANADA
CENTRAL AFRICAN
REPUBLIC
CHAD
CHILE
CHINA
COLOMBIA
CONGO
COSTA RICA
COTE D’IVOIRE
CROATIA
CUBA
CYPRUS
CZECH REPUBLIC
DEMOCRATIC REPUBLIC
OF THE CONGO
DENMARK
DOMINICAN REPUBLIC
ECUADOR
EGYPT
EL SALVADOR
ERITREA
ESTONIA
ETHIOPIA
FINLAND
FRANCE
GABON
GEORGIA
GERMANY

GHANA
GREECE
GUATEMALA
HAITI

HOLY SEE
HONDURAS
HUNGARY
ICELAND

INDIA
INDONESIA
IRAN, ISLAMIC REPUBLIC OF
IRAQ

IRELAND
ISRAEL

ITALY

JAMAICA
JAPAN

JORDAN
KAZAKHSTAN
KENYA

KOREA, REPUBLIC OF
KUWAIT
KYRGYZSTAN
LATVIA
LEBANON
LESOTHO
LIBERIA
LIBYAN ARAB JAMAHIRIYA
LIECHTENSTEIN
LITHUANIA
LUXEMBOURG
MADAGASCAR
MALAWI
MALAYSIA
MALI

MALTA
MARSHALL ISLANDS
MAURITANIA
MAURITIUS
MEXICO
MONACO
MONGOLIA
MONTENEGRO
MOROCCO
MOZAMBIQUE
MYANMAR
NAMIBIA
NEPAL
NETHERLANDS
NEW ZEALAND
NICARAGUA
NIGER

NIGERIA

NORWAY

OMAN

PAKISTAN

PALAU

PANAMA

PARAGUAY

PERU

PHILIPPINES

POLAND

PORTUGAL

QATAR

REPUBLIC OF MOLDOVA

ROMANIA

RUSSIAN FEDERATION

SAUDI ARABIA

SENEGAL

SERBIA

SEYCHELLES

SIERRA LEONE

SINGAPORE

SLOVAKIA

SLOVENIA

SOUTH AFRICA

SPAIN

SRI LANKA

SUDAN

SWEDEN

SWITZERLAND

SYRIAN ARAB REPUBLIC

TAJIKISTAN

THAILAND

THE FORMER YUGOSLAV
REPUBLIC OF MACEDONIA

TUNISIA

TURKEY

UGANDA

UKRAINE

UNITED ARAB EMIRATES

UNITED KINGDOM OF
GREAT BRITAIN AND
NORTHERN IRELAND

UNITED REPUBLIC
OF TANZANIA

UNITED STATES OF AMERICA

URUGUAY

UZBEKISTAN

VENEZUELA

VIETNAM

YEMEN

ZAMBIA

ZIMBABWE

The Agency’s Statute was approved on 23 October 1956 by the Conference on the Statute of the IAEA held at United Nations
Headquarters, New York; it entered into force on 29 July 1957. The Headquarters of the Agency are situated in Vienna. Its principal
objective is “to accelerate and enlarge the contribution of atomic energy to peace, health and prosperity throughout the world” .



IAEA-TECDOC-1664

PHYSICAL MAPPING
TECHNOLOGIES FOR
THE IDENTIFICATION
AND CHARACTERIZATION
OF MUTATED GENES
CONTRIBUTING TO CROP QUALITY

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 2011



COPYRIGHT NOTICE

All IAEA scientific and technical publications are protected by the terms of the Universal
Copyright Convention as adopted in 1952 (Berne) and as revised in 1972 (Paris). The
copyright has since been extended by the World Intellectual Property Organization (Geneva)
to include electronic and virtual intellectual property. Permission to use whole or parts of
texts contained in IAEA publications in printed or electronic form must be obtained and is
usually subject to royalty agreements. Proposals for non-commercial reproductions and
translations are welcomed and considered on a case-by-case basis. Enquiries should be
addressed to the IAEA Publishing Section at:

Sales and Promotion, Publishing Section
International Atomic Energy Agency
Vienna International Centre

PO Box 100

1400 Vienna, Austria

fax: +43 1 2600 29302

tel.: +43 1 2600 22417

email: sales.publications@iaea.org
http://www.iaea.org/books

For further information on this publication, please contact:

Plant Breeding and Genetics Section
International Atomic Energy Agency
Vienna International Centre
PO Box 100
1400 Vienna, Austria
Email: Official.Mail@iaea.org

PHYSICAL MAPPING TECHNOLOGIES FOR THE IDENTIFICATION AND
CHARACTERIZATION OF MUTATED GENES CONTRIBUTING TO CROP QUALITY
IAEA, VIENNA, 2011
IAEA-TECDOC-1664

ISBN 978-92-0-119610-1
ISSN 1011-4289
© IAEA, 2011
Printed by the IAEA in Austria
September 2011



FOREWORD

The improvement of quality traits in food and industrial crops is an important breeding objective for
both developed and developing countries in order to add value to the crop and thereby increasing
farmers’ income. It has been well established that the application of mutagens can be a very important
approach for manipulating many crop characteristics including quality. While mutation induction
using nuclear techniques such as gamma irradiation is a power tool in generating new genotypes with
favourable alleles for improving crop quality in plant breeding, a more thorough understanding of
gene expression, gene interactions, and physical location will improve ability to manipulate and
control genes, and directly lead to crop improvement. Physical mapping technologies, molecular
markers and molecular cytogenetic techniques are tools available with the potential to enhance the
ability to tag genes and gene complexes to facilitate the selection of desirable genotypes in breeding
programmes, including those based on mutation breeding.

This Coordinated Research Project (CRP) on ‘Physical Mapping Technologies for the Identification
and Characterization of Mutated Genes Contributing to Crop Quality’ was conducted under the overall
IAEA project objective of ‘ldentification, Characterization and Transfer of Mutated Genes'. The
specific objectives of the CRP were to assist Member States in accelerating crop breeding programmes
through the application of physical mapping and complementary genomic approaches, and the
characterization and utilization of induced mutants for improvement of crop quality.

The IAEA-TECDOC describes the success obtained in the application of molecular cytology,
molecular markers, physical mapping and mutation technologies since the inception of the CRP in
2003. The CRP also resulted in two book chapters, 35 peer reviewed papers, 25 conference
proceedings, one PhD thesis, and 22 published abstracts. In addition, thirteen sequences were
submitted to the worldwide Genbank.The CRP was initiated by S. Nielen, continued by M. Miranda,
both formerly of the Joint FAO/IAEA Division. The IAEA Officer responsible for this IAEA-
TECDOC was Y. Lokko.
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SUMMARY
1. INTRODUCTION

Physical and molecular mapping techniques are tools that allow identification of landmarks on DNA
including genes and provide new opportunities for the rapid advancement of marker-assisted selection
in breeding programs including the and are applicable to gene manipulation for crop improvement. It
has been well established that the utilization of nuclear techniques such as gamma irradiation is a very
important approach for manipulating many value-added traits for improved crop production on a
world-wide scale (for example, improved nutritional quality and abiotic stress tolerance).
Understanding of gene expression, gene interaction, and physical location will improve the ability to
manipulate and control genes, and directly lead to crop improvement.

Previously, various aneuploid, genetic, and mutation stocks (spontaneous and induced by irradiation or
chemical treatments) have accelerated crop production. Molecular markers provide an unlimited
number of polymorphisms for diverse crops enabling the construction of genetic and physical maps of
phenotypic characters. On the other hand, physical mapping of value-added traits are target oriented.
By integrating classical breeding with molecular marker and cytogenetic techniques, considerable
progress has been made in manipulating genes and gene complexes for crop improvement. However,
plant breeders are still not able to utilize large proportions of the publicly available genomic
information and a better understanding of genome structures and variation (spontaneous and induced)
to carry out the directed gene manipulation is required.

Following the complete genome sequencing for several plant species, vast amounts of DNA sequence
information are now available, but the complexity in annotating these sequences and understanding
gene interactions delays progress in utilizing them in plant breeding. The localization of cytogenetic
and molecular markers on chromosomes and genomes is essential for physical mapping. Development
of fluorescent staining methods and molecular cytogenetics tools (e.g. FISH, GISH, TUNEL test,
COMET assay), high-resolution mapping and genotyping (e.g. RFLP, AFLP, SSR, SCAR, ISSR,
IRAP, EST, SNP), and megabase technology (e.g. BAC libraries with deep genome coverage) add
powerful new dimensions to chromosomal analysis, including assessing mutation induced changes.

1.1. Justification

The improvement of quality traits in food and industrial crops is one of the most important goals in
plant breeding. Improved crop quality is considered to be of great economical value for both
developed and developing countries and in the case of nutritional quality it will have a significant
positive effect on human health. The use of induced mutagenesis is an efficient means of altering
genes controlling quality trait. Physical mapping can also provide an effective means to manipulate
various quality characters, including the transfer of genes between varieties and even species. The
technology is applicable to seeded as well as non-seed propagated crops. A particular advantage is that
genetic polymorphisms and large segregating populations are not required for physical mapping.

The IAEAs involvement in the development and coordination of the CRP was justified by:

1. The need to promote crop improvement with the production of quality trait mutants and to
maximize the application of information, genetic, cytogenetic, and molecular stocks, linkage
maps, and germplasm for crop improvement;

2.  The need to foster relationships, transfer knowledge, technology, and genetic resources between
all research groups for their mutual benefit between and among developing countries;

3.  The need to generate, physically map and characterize quality trait variation with the aim of
utilization;

4.  The need to include physical mapping approaches currently not covered by other international
programs;



5. The need to encourage distribution and dissemination of basic information, genetic stocks,
cytogenetic and molecular techniques on an unrestricted basis;

6. The need to produce guidelines and publish methods on the application of molecular
cytogenetics to plant breeding.

1.2. Objective

The objective of this IAEA coordinated Research project (CRP) on Physical Mapping Technologies
for the Identification and Characterization of Mutated Genes Contributing to Crop Quality, aimed at
enhancing Member States’ capacity to identify, isolate, characterize and transfer agronomically useful
genes produced through the application of induced mutagenesis, physical mapping and complementary
genomic approaches, and the characterization and utilization of induced mutants for improvement of
crop quality.

It was envisaged that the CRP would enable participants to:

. Establish, transfer and utilize quality genes and to promote the development of new crop
improvement programs in the context of enhancing sustainable agricultural systems;

. Explore and develop genetic, cytogenetic, molecular and comparative genomic approaches to
physical mapping of mutated crop genomes;

. Characterize by physical mapping new and/or existing radiation-induced mutations affecting
quality traits;

. Develop, and apply to new crops, techniques for physical gene mapping through workshops and
dissemination of generic techniques.

The expected research outputs were:

1. Quality-trait data generated by physical and genetic mapping associating cytogenetic markers
with induced mutants.

2. Quality-trait data generated by physical and genetic mapping associating DNA markers with
induced mutants.

3. Association of mutated genes with individual large insert clones (for example, BACs and

arrays).

4.  Quantifying the effects on genome structure of tissue culture and induction of mutations.

5. Identification of homology between the induced mutations and known genes in crops or model
species.

6. Newly characterized lines with physically mapped genes or chromosome segments entered into
national breeding programmes for quality.

2. IMPLEMENTATION OF THE CRP

Under this CRP, 10 funded research projects and 4 research agreements were initially supported from
Argentina, Bulgaria, China, Czech Republic, Germany, Iceland, Pakistan, Poland, Ukraine, United
Kingdom, and Viet Nam.

The main crop species included in the CRP represented various botanical and genetic classifications
such diploids and polyploids, seed and vegetatively propagated, dicot and monocot, annual and
perennial. The specific crops wekéusa spp (banana and plantai®ryzasp (wild and cultivated

rice); rye, barley and wheat and their relatives; Perefdmititeae Brassica; quinoa; sugar beet and
relatives; Capsicumspp (chilli peppers (hot and sweet)ycopersicon esculenturttomato and
relatives) and cotton. Value-added quality traits that were assessed within the CRP were; bread
making (quinoa and lymegrass); fruit colour and shape (tomato and chilli pepper); carotenes (tomato
and chilli pepper); anthocyanins (chilli pepper and tomato); low phytic acid (rice); fibres (cotton); oils
and fatty acids (Brassica); amylose and starch (rice); cold tolerance (rice); salinity (rice); acidity (rice,
rye, wheat); male sterility (chilli pepper and tomato); plant architecture (chilli pepper and tomato); and
yield.



The first Research Coordination Meeting (RCM) was held from 31 March — 4 April 2003 at the IAEA
headquarters’ in Vienna, Austria, to discuss the individual project activities, to adapt the work plans,
and to facilitate possible collaboration between the research teams. To ensure that a platform of key
technologies is available to all participants at the time of project initiation, a three-day workshop was
held at the Agency’s Laboratories in Seibersdorf. All ten contract holders attended the workshop with
agreement holders P. Heslop-Harrison, University of Leicester, UK, and K. Anamthawat-Jonsson,
University of Reykjavik, Iceland were resource persons. The workshop provided a hands-on
opportunity for the participants to standardized protocols and techniques for their respective crops.
Since some of the participants already had good experience with some of the techniques, it also
functioned as a place for exchange of practical tips, which usually cannot be found in published
papers.

The progress and achievements made in line with the project objectives were reviewed during the
second RCM held in Reykjavik, Iceland, 22-26 August 2005, and at the third RCM in Cordoba,
Argentina, 19-23 March 2007. Each RCM provided an opportunity to further strengthen collaboration
between the research teams, discuss and critically asses individual work plans, and recommend
suitable changes where required.

Following the success implementation of the CRP and the significant results obtained towards
achieving the objects of the project, the CRP was awarded an extension up to 31 December 2008, to
complete the characterization of stable mutant lines for incorporation into germplasm enhancement
and breeding programmes. The final RCM of the CRP was held from 11-15 August 2008 at the IAEA
Headquarters in Vienna, Austria, in conjunction with the International Symposium on Induced
Mutation in Plants (ISIMP).

In addition to induced mutations used to generate the populations and tissue culture for propagation
the CRP employed a range of molecular and cytogenetic technologies to address the problem and
provided the counterparts the knowledge and skills on the use of these techniques.

2.1. Specific research achievements and recommendations
The main research outputs from this CRP are listed under the following five sections:

2.1.1. Quality-trait data generated by physical and genetic mapping associating molecular markers
with induced mutants

Molecular markers (gene specific markers) for beta carotene content in sweet pepper were developed
and incorporated into breeding programmes for marker assisted selection (MAS).

. Molecular markers (SSR and RAPD) associated with high Oleic acid content in mutant rape
seed populations were identified for MAS.

. A preliminary genetic linkage map was developed and markers associated with approximately
16 QTLs for cotton fibre quality were identified to initiate marker-assisted selection (MAS).

. Three QTLs for cold tolerance in rice were identified and the associated markers will be
developed for MAS.

. High inorganic phosphate gene in japonica rice (HIPj) was mapped on chromosome VI.

. Physical mapping of centromere associated markers (satellite and retrotransposons) were
develop in sugar beet which can be used for the selection of interspecific hybrids.

. Rice-derived PCR-based markers in rye are being used in marker-assisted-selection (MAS)
programs designed to transfer rye gene complexes into hexaploid wheat via wheat/rye
hybridizations followed by backcrossing to wheat and selecting for the presence of a wheat plant
phenotype and presence of the markers flanking the rye region of interest.



Recommendations:

. RAPD and anonymous markers should be converted into robust sequence tagged sites.

. Markers associated with specific quality traits should be used in breeding programmes to
facilitate early selection if not already initiated.

. Additional markers should be identified to saturate chromosomal regions containing QTLS.

2.1.2. Association of mutated genes with individual large insert clones (for example, BACs) and arrays

Seven BAC clones was found suitable for use as cytogenetic markers in Musa. Preliminary results
with FISH on meiotic pachytene chromosomes confirmed a possibility of using this approach for
cytogenetic mapping in Musa.

. Selected BAC clones were physically mapped to integrate genetic linkage maps with
chromosomes in sugar beet.

. BAC clones that are rich in unigue sequences for the identification of individual chromosomes and
chromosome arms in brassica and wheat).

. A rice BAC clone was used in high resolution mapping and characterisation of the aluminium
tolerance gene complex Alt3 gene complex in rye.

. Three rye BAC clones have been identified that hybridize to acid soil tolerant gene complexes
from other species. These three rye BAC clones are being sequenced in order to establish the
location and function of rye genes controlling acid soils tolerance.

Recommendations:

. Identifying BACs that contain relevant genes should be continued and integrated with publicly
available genome sequences of crops.

. Microarray as a technology to identify genes has been superseded by other genomic tools (next-
generation sequencing) and is no longer recommended for plants.

2.1.3. Quantification of the effect of tissue culture and induction of mutations on genome structure

. Assessment of DNA damage and repair in barley cells by COMET and TUNEL assay.
. DNA damage and repair due to irradiation was characterised in developing seedlings of barley.

. Cytological and physiological data on the effect of X ray irradiation in chilli peppers were
obtained to facilitate the development of induced reciprocal translocation lines in chilli peppers.

. Cytological and physiological effects of irradiation were correlated degree of DNA damage
assessed by the TUNEL test.

Recommendations:

. Wider use of TUNEL and COMET test to estimate DNA damage after irradiation and to select
optimal radiation doses for mutant generation is recommended.

2.1.4. Homology between the induced mutations and known genes in crops or model species identified
. Mutated genomic segments in sweet pepper with homology to genes associated with beta

carotenelfCrtZ-A ; bCrtZ-B; bCrtZ-C; bCrtZ-D ;bCrtZ-E; bCrtZ-D/Q were isolated.

. Different mutant genes, (such as anthocyaninless of Hoffiagn gnthocyanin withoutaiw),
Baby leaf syndromeb(s) and positional sterility ps-2), encoding economic useful traits
anthocyaninless and positional sterility were transferred into Lycopersicon esculaptim

. A mutation in the starch synthase lla gengSlla) associated with low gelatinization
temperature in rice was identified.



. Fifty advanced mutant lines @Weneration) with substantially higher and lower fibre quality are
available for functional genomic studies.

Recommendations:

. Agronomically useful genes identified in this CRP should be optimized for diagnostic markers
in cross species applications.

2.1.5. Newly characterized lines with physically mapped genes or chromosome segments entered into
national breeding programmes for quality

« Five sweet pepper mutant lines with high beta carotene (pro-vitamin A) content have been
introduced into breeding programmes and are in advanced field trials in Bulgaria.

e Sweet pepper mutant lines with agronomically useful traits (earliness, fruit size, anthocyaninless,
male-sterile) are being pyramided into mutants with high beta carotene content to develop new
varieties in Bulgaria.

« Three mutant lines of tomato with high lycopene and beta carotene contents have been introduced
into breeding programmes in Bulgaria.

¢ Male-sterile mutant lines of tomato and pepper for hybrid seed production in Bulgaria.

« Tomato and pepper with determinate habit (more suitable for mechanical harvesting) have been
identified for breeding in Bulgaria.

e A translocated chilli pepper line @ developed in Argentina with a conspicuous marker
rearranged chromosome is available for field evaluation in Pakistan.

« Fifteen rapeseed mutant linesglyeneration) with high mono-unsaturated fatty acids (Oleic acid)
and low undesirable fatty acid profile identified, isolated and field tested for agronomic
performance in Pakistan.

* Three stable high yielding mutant lines of rapeseed with improved oleic acid content have been
recommended for advanced yield trials in Pakistan.

e Seventy substitution lines Myeneration) with different fatty acid profiles have been developed
for future utility in breeding programs in Pakistan.

* Five tetraploid cotton mutant lines with high quality fibre traits are in uniform yield trials in
Pakistan.

¢ One mutant rice line with low gelatinization temperature, requiring less energy for cooking has
been introduced into breeding programmes in China.

« Five rice mutant lines with varying levels of amylose (either low or high) for specific market
demands have been introduced in breeding programmes in China.

e Eight rice mutant lines with low phytic acid content and enhanced bioavailability of minerals
(based on preliminary animal test has been identified.

Recommendations:

. Counterparts are encouraged to exchange of useful mutant lines to other counterparts in the
CRP or other Member States for breeding, in accordance with the respective national
regulations on material transfer.

In addition to the five sections listed above, the CRP yielded a number of spin-offs:

2.1.6. Development and establishing of protocols in Member States

« Protocols based TUNEL and COMET test were developed to quantify the effect of radiation at the
molecular and cellular levels in barley.



« A method for HPLC analysis of carotenoids was adapted for sweet pepper.

* Fluorochrome staining techniques, for comparative investigation of chromosome structure was
applied in Capsicurspecies.

« A marker system based on SINEs for genetic mapping and evaluation of diversity in crops was
developed and applied in sugar beet and potato.

« Platform for genomic analysis (bio-robotics) for automated handling of large genomic libraries
developed.

* A rye BAC library approximately 6x in genome size with an average insert size estimated to be
130 kb was developed, and is being screened in an attempt to evaluate rye as a source for the map-
based positional cloning of various abiotic genes and gene complexes for utilization in gene
characterization and for cereal improvement.

* Targeted isolation and application of cytogenic markers (mini-satellites, dispersed repeats) from
repeat enriched genomic libraries frdtusa sp (8064 clones; 614 sequenced) and Bétmris
(2340 clones, 1763 sequenced).

* Flow-diagram for the identification of rye alien material in wheat background by FISH with
genomic DNA and specific repetitive sequences was developed.

* Development and evaluation of molecular marker based screening method for drought tolerance in
cowpeas collected from Ghana.

2.1.7. Germplasm evaluation and assessment of existing biodiversity

. Repetitive sequences including retroelements-like sequences were isolated from wild rice with
the aim to study diversity and applied as diagnostic molecular markers.

. Molecular cytogenetic markers including repetitive DNA sequenced were developed for
characterizing chilli pepper germplasm, identification of chromosomes and establishing
chromosome homologies between Capsicum species.

. Phylogeny of the genuSapsicumand the geographic origin of domesticated chilli peppers were
determined.

. Translocation lines in chilli peppers are available for studies on chromosome pairing and
recombination.

. New chromosome markers f@rassica andChenopodiumspecies were identified for gene
mapping and diversity studies in the two species.

. Estimation of genome size and localization of rDNA loci and nucleotide sequence analysis of
ITS region in a set of banana species provided novel information about genetic diversity and
phytogenetic relationships within the family Musaceae

. A total of 100MB sequence data from Musa was obtained that will facilitate characterization of
most of DNA repeats in the Musa genome and the isolation of new markers for diversity studies
and to identify specific chromosomes.

. The autopolyploid or segmental allopolyploid genomé@fmusspecies was confirmed based
on the isolation and characterization of Ns genome specific repetitive sequences from Leymus.

. Using genomic in situ hybridisation (GISH) and FISH of various genome and chromosome-
specific probes, genome composition in Triticgadyploids was identified.

. New Ns specific repetitive sequences were isolated for identification of individual chromosomes
and chromosome segments in Triticoleyrand wheat breeding lines.

. Diversity of Iranian Triticum tauschii varieties was established by FISH, SSR and IRAP
markers.



. Diversity and genome organization of a repetitive DNA element was studied in diploid,
polyploidy and hybrid wheat and rye.

. Diversity of 20 Southern Indian banana varieties was established by inter-retro-element (IRAP)
DNA markers.

. Retroelement diversity, evolution and function were studied in wild and cultivated banana and
sugar beet.

Recommendations:

. Information from genome diversity studies of wild species should be used for the identification
of novel quality traits and improvement of crops.

2.1.8. Dissemination of Information

The CRP also resulted in 2 book chapters, 35 peer reviewed papers, 25 conference proceedings, 1
PhD thesis, and 22 abstracts in published book of abstracts where produced under this CRP. In
addition, thirteen sequences were submitted to the worldwide Genebank. The list of publications
according to participating country is listed Annex |

2.2. General recommendations

. To facilitate selection of quality traits and the isolation of genes responsible for these traits,
approaches combining a range of molecular tools some of which have been already employed in
the CRP are needed. In addition, novel approaches using next generation of sequencing
technologies, TILLING and DaRT markers should be considered either by outsourcing to
laboratories or as services provided by the IAEA’s Agriculture & Biotechnology Laboratory.

. The techniques available in the CRP should be further disseminated to other Member states use
in their national crop improvement programmes through training.

. The techniques available in the CRP for the assessment of the existing genetic diversity as
sources of useful genes should be utilised in member states to ensure a continued maintenance
and improvement of the existing biodiversity.

. To further characterise useful quality trait genes from induced and natural mutants and to be
transfer to cultivated crops as new varieties, another CRP on use of nuclear techniques physical
mapping should be initiated.

3. CONCLUSION

To a large extent, the CRP achieved its objective by enhancing the capacities in the participating
institutions, to identify, isolate, characterize and transfer genes conferring improved crop quality,
through mutation technigques and other biotechnology methods (molecular cytogenetics and molecular
markers). This is evident by the number well characterised advanced mutant lines of tomato, pepper,
rice, oil seed rape and cotton, with improved quality traits (nutritional, organoleptic, processing, fiber-
quality and abiotic stress tolerance), which were developed and the molecular markers associated with
the traits identified. As the crop varieties used were targeted to improve their quality traits, the mutant
lines selected in most cases are being used by breeders, to meet the demands for improved varieties
with high yield, quality, and market-preferred traits.

In most cases, molecular and cyotogentic maps based on mutant germplasm were developed for
further genetic studies of the affected traits. In the case of wild rice (China), lymegrass (Iceland) and
Quinoa (Poland) the technique were applied to new or orphan crops.

Finally, this CRP added to the knowledge and use of induced mutations in crop improvement, marker
technologies, genomics and cytogenetics among participating institutions.
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Abstract

Repetitive DNA sequences form a major component of plant genomes and show often species-specific
amplification, divergence and dispersion patterns along chromosomes. Repeats vary widely in sfze; type
copy number and are subject to rapid evolutionary changes. Our research is focussed on tandemly’repeat
(satellites and minisatellites) and various types of transposable elements. In order to perforfit&mpar
genomic studies we have applied key technologies including construction and screening of Iargfér-ﬂ{?egrt
analyses of the oft-1) DNA fraction and fluorescent in situ hybridization (FISH). We demonstrate the
application of FISH for the physical mapping of repeats and genes, and for structural analyse &%;‘EWI%
domains such as centromeres. Of particular interest are chromosomal mutations consisting of & fiBn
chromatin or rearranged minichromosomes in sugar Beta ulgari3.

1. INTRODUCTION

Nuclear genomes of higher plants vary enormously in size. A substantial proportion of this variation is
due to polyploidy, and it is assumed that 50% or more of angiosperms are polyploids. However,
although all plants at the diploid level require a similar number of genes and regulatory DNA
sequences for physiological processes like germination, growth, flowering and reproduction, the total
amount of the chromosomal DNA ranges from some 154 Mbp in the model speal@dopsis
thaliana L. up to more than 25000 Mbp in the timber speipas elliottii Engelm. varelliottii. The
differences in complexity of diploid nuclear genomes over several orders of magnitude [1] are caused
by repetitive DNA.

The genudBeta belongs to thAmaranthacea@and includes the sectioBeta, Corollinae, Nanaeand
ProcumbentesAll cultivars such as sugar beet, fodder beet, table beet and chard are domesticated
variants ofBeta vulgarisL. and belong exclusively to the sectiBeta. Sugar beet is the only crop
grown in temperate climates for the production of sugar and is also important for animal feeding and
as a source for sustainable energy such as bioethanol.

The genusBeta provides a group of about 10 to 12 closely or distantly related species which
represents an attractive set of plants for comparative studies of genome organization and evolution.
Diploid forms of sugar beet have 2n=18 chromosomes and some 60% of its 758 Mbp genome [2]
consist of repeated sequences [3]. The large scale genomic organization of the sugar beet genome has
been well studied and numerous dispersed and tandemly repeated sequences have been localized along
chromosomes [4-8]. In particular, the chromosome structure of sugar beet has been extensively
investigated by fluorescent in situ hybridization and molecular methods to study the large scale
organization of repetitive DNA. Major repeat classe®of/ulgaris consisting of different satellites

and retroelements have been physically mapped and incorporated into a plant chromosome model.

Interspecific crosses between sugar bBetdq vulgari$ and wild beets of the sectid*rocumbentes

(Beta procumbensBeta webbiana an@eta patellari3 enabled the selection of genotypes such as
PRO1 and PAT2 containing small monosomic chromosome fragments derived from the wild beet
species [9-11]. The stability of the chromosome fragments during mitotic cell division strongly
suggests that they contain functional centromeric DNA sequences. Two BAC (Bacterial Atrtificial
Chromosomes) libraries with deep genome coverage with more than 20 genome equivalents have been
generated and represent a major resource for genome anahBisvolgaris outlined in various

projects [12,13].



This paper is focussed on the molecular cytogenetics of Beta centromeric DNA, the characterization of
different classes of transposable elementBefa vulgarisL. and the genome-wide analysis of
repetitive DNA isolated by a targeted approach.

2. MATERIALS AND METHODS

For comparative evolutionary studies, a collection of wild beet specieBetadcultivars has been
established and maintained under glass house conditions.

A complementary set of methods such as automated DNA sequencing, high-resolution FISH, BAC
analysis and many standard molecular techniques is used. Biorobotic techniques are applied for clone
handling and replication. Furthermore, plasmid libraries consisting of 55000 clones with 0.5-2.0 kb
inserts are available. Large and small insert libraries (BAC and plasmid clones) are spotted on high-
density filters which are used for screening of repeated DNA sequences.

Positive BACs containing novel repeated DNA motifs are nebulised, subcloned and sequenced on an
automated capillary sequencing machine followed by database searches and various bioinformatic
analyses. After Southern hybridization, repeats are localized @etachromosomes by high-
resolution fluorescent in sithybridization. All methods have been described in detail in various
publications of our group cited in this paper.

3. RESULTS AND DISCUSSION
3.1. Genome analysis platform

A current topic of research is the genome-wide molecular-cytogenetic characterization of repetitive
sequences of thd. vulgaris genome. In particular, our research is focused on the analysis of
retrotransposons and transposons as major factors affecting plant genome size and organization.
Another research topic is directed to the molecular dissection of specific chromosome domains. These
results are related to the evolution of sequence families, genomes and chromosomes and to species
phylogeny. Furthermore, we aim for the identification and comparative analyses of novel repeat
families and the isolation of a plant centromere towards the construction of plant artificial
chromosomes.

In order to achieve these objectives we have introduced methods of high-throughput genome analyses.
We have established biorobotic techniques for automatic handling of large-insert libraries each
consisting of 86,000 ordered clones. These techniques include spotting of clones on high-density
filters containing 27,684 colonies in duplicate on a single membrane, and replicating of BAC libraries.
The genome analysis platform includes a facility for automated dispensing of liquid media and
downstream applications such as DNA nebulisation for cloning, automated sequencing and high-
resolution fluorescent in situ hybridization (FISH).

3.2. Characterization of centromeres

Repetitive DNA is a key component of plant centromeres which are essential domains of eukaryotic
chromosomes. Although the long-range sequence organization apparently follows similar structural
rules, the DNA composition of plant centromeres displays a high degree of variation, even between
chromosomes of a single species. It has been shown that the centromeric DNA of most higher plants
extends over several hundred kilobase pairs and is predominantly composed of various repetitive
sequences such as satellite repeats and retrotransposons [14]. Apart from a few rice centromeres, the
organization of plant centromeric DNA is still poorly understood.

An excellent experimental system for the isolation of a single plant centromere is provided by hybrids
between cultivated and wild beets. These chromosomal mutaBtsvafgaris designated PRO1 and
PAT2 carry a monosomic chromosome fragmenBofprocumbensnd B. patellaris respectively,

which is efficiently transmitted in mitosis. Ambiguities in physical mapping due to allelic variations
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are excluded as the centromeres can be analyzed on a monosomic minichromosome in a heterologous
genetic background. In addition, genome-specific satellite DNAs that can unequivocally distinguish
between B. procumbemsd B. vulgarishromatin are available.

By high-resolution multicolour-FISH on pachytene chromosomes and extended DNA fibres we
analyzed the long-range organization of centromeres in the wildBbggbcumbensising a set of
centromeric repetitive sequences. We developed a structural model of a plant centromere which has
been compared with the putative centromere of the monosomic PRO1 and PAT2 chromososome
fragments [12]. According to this model the two non-homologous satelite repeats pTS4.1 and pTS5
form large arrays directly adjacent to each other and represent the majority of the centromeric DNA.
TheB. procumbenspecific sequences pTS4.1 and pTS5 were used for the isolation of BAC clones on
high-density filter grids (Fig. 1) to investigate the molecular structure of the centromeric DNA.

The mutant PRO1 carries a sinde procumbenghromosome fragment of approximately 6-9 Mbp

and resembles a minichromosome which is functionaugar beet. So far, 86 BACs were identified
originating from the minichromosome centromere. Based on PCR assays, AFLP analyses, BAC
fingerprinting and FISH, BACs were grouped into four classes which could be assigned to specific
regions of the PRO1 centromere. Tandemly repeated DNA sequences are highly amplified at the
centromere. FISH analysis has shown that the satellite arrays reside at the physical end of the
minichromosome indicating an acrocentric position of the centromere, and it has been shown that the
centromeric satellite arrays of the PRO1 minichromosome occupy approximately 340 kb [15]. The
arrays are interspersed with other repetitive sequence elements, in particulayypSy3-
retrotransposons as revealed by FISH to extended chromatin fibres and BAC subcloning.

Restriction analysis of centromeric DNA by pulsed field gel electrophoresis showed that the PAT2
centromere has only a size of 50-70 kb. Therefore, the PAT2 system has been chosen for further
analysis. Both PRO1 and PAT2 minichromosome centromeres consist mainly of satellite DNA
families (pTS5 and pTS4.1) and rearranged @ypsylike retrotransposons. Restriction analyses
enabled the identification of 10 out of 97 BACs spanning the PAT2 centromere. A candidate BAC
containing two large satellite arrays is considered as a candidate clone and currently prepared for
sequencing. In order to investigate whether PAT2 centromere if fully functional in sugar beet and able
to recruit centromeric proteins we aim to develop antibodies against kinetochore-associated proteins,
in particular CenH3, which is a centromere-specific variant of histone H3. Selected BACs will be
introduced intoB. vulgaris callus cells by biolistic transformation and tested for stabilty and
inheritance.

Fig. 1. Screening of pTS5-containing BACs on a high density filter containing 9256 clones spotted in duplicates.

3.3. Identification and molecular characterization of transposable elements
Transposable elements, in particular retroelements, are discrete components of plant nuclear genomes

that can amplify and reinsert as novel copies at other genomic sites, thereby increasing the genome
size and causing genetic diversity. Depending of the mode of transposition, either DNA transposable
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elements (class Il transposons) or retrotransposons, class | transposons) are differentiated. Both classes
are characterized by extreme sequence heterogeneity. Retroelements are the major portion of the
repetitive DNA and frequently make-up half of plant nuclear DNA. Major classes of retroelements are
Tyl-copia-, Ty3-gypsy- and env-like retrotransposons as well as LINEs and SINEs.

3.4. Ty3-gypsy retrotransposons

The molecular investigation of centromic DNA revealed that retrotransposons are highly amplified in
this chromosomal region of Beta genomes. In particular, Ty3-gypsy-like retrotransposons are very
abundant in centromeres and dispersed throughout large satellite arrays forming islands of complex
DNA organization. The complexity of the centromere is further increased as most Ty3-gypsy-like
retrotransposons are rearranged, truncated or have a nested structure.

Two Ty3-gypsy-like retrotransposons originating from a PRO1 centromeric BAC have been isolated
and characterized [16]. They were designated beetle 1 and beetle 2. Beetle2 has inserted in inverse
orientation into the polyprotein region of beetle 1. beetle 1 and beetle 2 have a chromodomain in the
C-terminus of the integrase gene and are highly similar to the centromeric retrotransposons (CRs) of
rice, maize, and barley. PCR analysis using RNA as template indicated that beetle 1 and beetle 2 are
transcriptional active. Based on the sequence diversity between the LTR sequences it was estimated
that beetle 1 and beetle 2 transposed within the last 60,000 years and 130,000 years, respectively. The
centromeric localization of beetle 1 and beetle 2, their transcriptional activity combined with high
sequence conservation within each family indicate an important structural role in the centromeres of
B. procumbens chromosomes. Fig. 2 shows the molecular characteristics and nested organization of
beetle 1 and beetle 2.

Both retroelements were localized in the centromeric regioB.gbrocumbenshromosomes by
fluorescent in situ hybridization (Fig. 3). Therefore, they can be classified as centromere-specific
chromoviruses.
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Fig. 2. Structure of the centromeric Ty3-gypsy retrotransposons beetle 1 and beetle 2 (schematic drawing to scale).
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Fig. 3. Localization of beetle 1 and beetle 2 on prometaphase and metaphase chromosomes of B. procumbens and PRO1
minichromosome by fluorescent in situ hybridization (FISH). In each panel, the DAPI-stained DNA (blue fluorescence)
shows the morphology of the chromosomes. Hybridized probes were detected with Cy3 (red fluorescence) and FITC (green
fluorescence). The LTRs of beetle 1 (A) and beetle 2 (B) hybridize exclusively to the PRO1 minichromosome (arrows, red
signals). Note that the pTS5 satellite family (green signals) co-localizes with beetle 1-positive regions (A). Yellow signals in
the overlay of the beetle 1-LTR and the pTS5 satellite repeat originate from simultaneous hybridization (right in A). (C) The
beetle 1-LTR (red fluorescence) exclusively hybridizes to the centromeric regions of all B. procumbens chromosomes. (D)
The beetle 2-LTR strongly hybridizes to the centromeric regions, however not all centromeres could be detected (examples
are marked by arrowheads). Scale bar in D: 10um (Modified from Weber and Schmidt 2009).

3.5. LINEs and SINEs

A systematic search @&etagenomes has so far revealed many characteristic features of mobile DNA
sequences. Non-LTR retrotransposons are evolutionary older than LTR retrotransposons, less
characterized and divided into LINEs (long interspersed nuclear elements) and SINEs (short
interspersed nuclear elements). The absence of LTRs makes is difficult to delimit the borders of the
elements. The analysis of high density BAC filters resulted in the identification of the non-LTR
retrotransposons BvL1, BvL2 and BvL3 which were studied in detail. For example, BvL2 is 6679 bp
long and create target site duplication of 18 bp upon integration. Both BvL1 and BvL2 are
characterized by a poly(A) tail at their 3’ends. LINEs of this type are characteristic for many plant
genomes.

We have also identified a novel LINE type which is characterized by a substitution of the Zinc finger

in ORF1 which is replaced by an RNA recognition motif. This RNA-recognition motif may play a role
during reverse transcription. Database searches revealed the presence of this LINE variant in genomic
sequences of many higher plant genomes.

Another type of non-LTR retrotransposons is represented by SINEs. Using a combination of methods
we were able to identify many SINE families in public databases such as Genebank. The experimental
approach is based on the design of tRNA-related query sequences which are used for successful SINE
mining from database entries. This method is complemented by an in-house developed computer
algorithm which is used to search in public databases. The analysis of diverged SINE families initiated
the development of a PCR-based marker system based on family-specific primers. These markers are
designated Inter-SINE amplified polymorphisms (ISAP) and can differentiate beBeteeas well as
Solanunmgenotypes and segregate in a Mendelian fashion.

3.6. Genome-wide analysis of repetitive DNA and targeted isolation of tandemly
repeated sequences in Beta vulgaasd Leymus triticoides

In order to get a comprehensive insight into the repetitive DNA of the sugar beet genome, we have

established adt-1) plasmid library. The isolation of(t-1) DNA is based on differences of the re-
annealing time of heat-denatured single stranded DNA. Formation of double stranded DNA by
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controlled renaturation depends on the copy number; sequence motifs with repetitive DNA sequences
show a faster renaturation.

The g(t-1)-library consists of 2304 clones which were completely sequenced. 1763 clones had inserts
large enough for further analyses while the remaining inserts most likely represent very short
microsatellite motifs which are highly abundant in the sugar beet genome. The size distribution of
inserts is shown in Fig. 4.
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Fig.4. Distribution of insert sizes of 1763 clones of #§feX)-library. The average insert size is 250 bp.

In total, approximately 440kb of repetitive DNA have been cloned. Comparative inspection revealed
that the most abundant sequence classes in the library belong to tandem repeats (Fig. 5). Further
analysis resulted in the identification of 752 novel repeat which are currently analyzed in detail. Using
bioinformatic software (Tandem Repeat Finder) we were able to isolate minisatellites which can rarely
be isolated by other methods. So far, we have characterized 10 different minisatellite families with
repeating units ranging from 10 to 96 bp. Most families have a dispersed organization alReig all
chromosomes, however, there is one minisatellite, which is amplified on a limited set of chromosomes
only. This repeat can be used as a cytological marker for chromosome identification.

The molecular characterization of repetitive sequences is of central importance as repeat sequences
can make up 50-90% of higher plant genomes. The group at the TU Dresden is partner in a national
consortium aiming to sequence the sugar beet genome. Based on a physical BAC map sequencing is
currently underway and detailed knowledge about the repeated DNA is crucial for genome annotation.
The cloning of the «t-1) DNA of plant genomes is an efficient technology to identify repetitive DNA

and investigate the evolution of repeated sequences as has been shown in small grain cereals such as
Leymus [L7] where repetitive clones provide cytogenetic marlemabling also insight into the
chromosome evolution.
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Fig. 5. Abundance of major repeat classes in Hfel library.
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Abstract

A mutant population of oilseed rapBréssica napus& mustard Brassica juncepconsisting of 25,748 M
mutants developed and screened through non-destructive quality analysis using Near Infrared Spectroscopy
(NIRS) for modified fatty acid profile. The genetic stability of mutant lines with desirable fatty acid profile
ascertained in the M population. The DNA molecular polymorphism survey was conducted using DNA
extracted from stable mutant lines. A total of 80% of the SSR primers screened yielded amplification products in
all the selected lines. The polymorphism for the mutated genetic makeup of selected mutant plastsoaf

with respective initial parents were studied using fluorescence in situ hybridization (FISH) to characterize the
distribution of rDNA probesWith modified fatty acid composition 14 brassica nmitéines of the Ms
generation were tested for yield performance under replicated yield trials for two consecutive years at Nuclear
Institute for Food & Agriculture (NIFA). The yield and quality performance of these 14 mutant lines were also
evaluated under diversified agro-climatic conditions across the country. All the brassica mutant lines confirmed
the genetic stability in modified fatty acid composition and yield potential.

1. INTRODUCTION

One of the most important objectives in rapeseed and mustard breeding programme at the Nuclear
Institute for Food & Agriculture (NIFA), Peshawar is genetic modification of seed quality by changing
the proportion of fatty acids suitable for either nutritional or industrial purposes. Presently, the oil of
indigenous rapeseed varieties cultivated in Pakistan is low for nutritionally desirable fatty acids such
as oleic acid (18:1n-9) [1]. Contrary to the nutritional necessity of certain n-6 and n-3 polyunsaturated
fatty acids (PUFA), rape and mustard oil containing 8-15% linolenic acid (18:3n-3) and are more
liable to rapid oxidative damage than oils with little or no 18:3n-3. The oxidation of linoleate (18:2n-

6) and linolenate are approximately 10 and 25 times higher respectively than that of oleic acid. To
increase the oleic acid content and concomitantly, lower the level of PUFA, induced mutations
through physical and chemical mutagenesis has been successfully used in conjunction with breeding
methods and other advanced molecular techniques [2]. The objective of this project aimed at
developing better quality mutant genetic stock in oilseed brassica.

2. MATERIALS AND METHODS
2.1. Rant materials and field experiments
2.1.1. Radiation treatment and;eneration

Rapeseed Brassica napud..) is characteristically grown as a winter sown crop in northern cool
temperate areas of Pakistan such as Northern Punjab and North West Frontier Province. The rapeseed
winter crop is drilled during the mid of September to mid of October and harvested in May. A high
yielding B. napusvariety Abasin-95 was used in this study. Uniform and healthy seeds (12%
moisture) were exposed to gamma ray doses of 0.8, 1.0 and 1.2 kGy (approximately 500seeds/per
dose) from &°Co source. The Mgeneration was planted in the field during the normal winter sowing.

At maturity, the pods from the main raceme were collected from thplavits and the seeds were

bulked dose-wise.
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2.1.2. Segregating Mand stable MM, generations

The harvested Mseeds from Mplants were planted in separate blocks according to the doses in field
and the segregating Myeneration was raised to identify and select the mutant plants with modified
fatty acid profile. The selected mutant plants were sown in plant to progeny rows in fielgd as M
generation. The stable Mnutant lines for modified fatty acid composition promoted togeheration

for further field testing.

2.1.3. Assessment of genetic stability of advanced mutant lines

Genetically stability of selected 14 advanced iMutant lines for modified fatty acid profile and
agronomic performance were evaluated in preliminary replicated field trails at different agro-climatic
regions of Pakistan. Data was collected on important agronomic traits including 50% flowering, plant
height, pod length and number of branches recorded. At maturity, the seeds of five randomly selected
individual mutant plants, entry-wise and replication-wise were harvested for biochemical analysis and
seeds of the remaining plants were bulked entry-wise and replication-wise. The total seed yield and
seed weight recorded accordingly. The quality analysis of seeds was determined using a non-
destructive Near Infrared Reflectance Spectroscopy (NIR) System. All the collected data was
subjected to principal component analysis and compared to a model PCAL and or PCA2 data principal
component analysis. The basic purpose of principal components is to account for the total variation
forming a new set of orthogonal and uncorrelated composite traits. The first principle component has
the largest variance; the second have a variance smaller than the first but larger than the third, and so
on. Therefore, traits that included in the first components are considered the most important ones [3,4].

2.2. Seed quality analysis
2.2.1. M generation screening

The fatty acid profile of the seeds (about 4g) of the individual harvesi@ihit of generation were
scanned on a monochromator (NIR Systems, model 6500 Inc., Silver Spring, MD) equipped with
sample autochanger. For each sample the reflectance spectrum; (log 1/R) from 400 to 2500 nm was
recorded at 2-nm intervals with ISI software, version 3.10 (Infrasoft International, Port Matilda, PA).
The fatty acid profile quantified for oleic Acid (C18:1), linolenic Acid (C18:3) and erucic acid (C22:1)

in whole seeds of the mutant plants [5,6].

The total oil content in intact seeds of each individual mutant plant,oiv&4 also determined as
mentioned above on NIR Systems, model 6500.

2.2.2. M/M,4 and advanced generation assessment

The fatty acid composition of bulked seeds af W, plant to progenies and advanced mutant lines of
Ms/Mg generations was estimated similar method as described above through NIRS.

The total oil content in intact seeds o§/M, plant to progenies and advanced mutant lines Myl
generations was quantified through NIRS.

2.3. Fluorescence in situ hybridization (FISH)

Healthy and uniform seedsl¥mutant plants of brassica were germinated and treated for fluorescence

in situ hybridization (FISH) to characterize the distribution of rDNA probes for homologous sites on

the chromosomes. The rDNA probes were labelled with digoxygenine or rhodamine and FISH was
applied to mutant lines of brassica chromosomes according to Hastexiok7]. The 5S rDNA probe

was amplified and labelled with rhodamine- 4-dUTP from the wheat clone pTa794, using PCR with
universal M13 sequencing primers. The 25S rDNA probe was obtained by nick translation with

digoxygenin-11-dUTP of a 2.3 kb sub-clone of the 25S rDNA coding region of A. thaliana.
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2.4. Molecular mapping

Seventy seven stablesivhutant lines ofbrassica from the four gamma irradiation treatedssica
populations including both high oleic acid and low high oil content types were studied for induced
genetic polymorphism. The mutant lines were raised in isolation, DNA was extracted from fresh leaf
material of the selected mutant lines and initial parent line using phenol-chloroform protocol. A total
100 microsatellite primer sets were used to screen the polymorphism between initial parent, the
segregating Mpopulation and the Mstable mutant lines [9]. PCR amplification was achieved using a
final reaction volume of 2%l containing: 50ng of template DNA, 20Puof each dATP, dGTP,
dCTP, dTTP, 50mM KCI, 10mMTris, 1.5mM MgCI2, 2.5 U of Taq DNA polymerase and.0/R6f

primers and the final volume adjusted with distilled, sterile water (App. 1). The amplification was
carried out in a GeneAmp PCR System 2700 (Applied Biosystem) programmable thermocycler. The
program began with 2 min denaturation at®@4followed by 31 cycles of 1 min at 94°C, 1 min at
annealing temperature, 1 min elongation atC78hd final extension at 7G°for 5 min. Depending on

the primer pair, annealing temperatures wereC66f 55C. PCR-products were separated by 2%
agarose or 10% polyacrylamide gel electrophoresis. The polymorphism between the initial parent with
normal oleic acid and mutant lines with high oleic acid content were analyzed.

2.5. Seed yield

At physiological maturity, yield was determined in the individually harvestgedlafts). The seeds of
Ms/M,4 generations and advanced mutant lines in replicated field trials were harvested at maturity and
seed yield recorded entry-wise.

3. RESULTS AND DISCUSSION

3.1. M; generation

Following gamma irradiation, a majority of plants had normal morphology. A few plants in each
applied dose developed with severe growth retardation in both selected species of brassica. The
frequencies of some morphologically different plants are given in TabBraksica napudad a

higher percentage of plants with changed morphology and sterility.

TABLE 1. EFFECTS OF GAMMA IRRADIATION ON M SEEDLINGS - EMERGENCE, SURVIVAL AND
PLANT MORPHOLOGY

Treatments Seedlings % Frequency (%) of plants with
Emergence Survival Small Short Small/thin Sterility
leaves plants pods

Brassica napus 90.4 80.7 17.3 9.4 16.4 8.5

(mutants)

Brassica napus 945 87.5 0 0 0 0

(control)

Brassica juncea 94.6 83.1 9.8 45 20.4 6.5

(mutants)

Brassica juncea 95.2 88.9 0 0 0 0

(control)
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3.2. M, generation
The plant growth in the Mgeneration was mostly normal and fertile. A few plants were observed with

retarded growth or sterility. About 25,748 individual healthy plants harvested at maturity. The species-
wise selection details for both species given in Table 2.

TABLE 2. DOSE WISE COLLECTIONS OF MPLANTS IN OILSEED BRASSICA

Species 0.8 kGy 1.0 kGy 1.2 kGy Total

Brassica napus 4814 5024 5590 15429
Brassica juncea 3750 3885 2684 10319
Total 8564 8910 8274 25748

The fatty acids profile determined on NIRS of mature harvested seeds fyondiMdual plants of

both species showed variability. The gamma irradiation of 1 kGy effectively induced variability for
erucic acid (&) and linolenic acid (€5 in Brassica napusnutant plants (Fig. 1). Thiuncea spp.
showed sensitivity to 0.8 kGy dose for oleic acigs(l; linolenic acid (G5 and erucic acid (£.).

Selection and evaluation of thesvhutant lines for the field agronomic performance was also initiated

in this generation. Based on modified fatty acid profile, 379 mutant plants of the two spegsi;a
napusandBrassica junceavere selected to ascertain their genetic satiability in plant to row progeny
test. A total of 18%Brassica napusmutant plants and 194 mutant plantsBoéssica junceawith

modified fatty acid profile were planted (Table 3). The oleic acid can be increased with high oil
content in brassica mutants by gamma radiation and the single mutant plant selection as shown in Fig.
2. Maximum oleic acid of more than 60% was observed in 20nMtant lines with an elevated oil
content up to 52%.

TABLE 3. SELECTIONS OF MLINES WITH MODIFIED FATTY ACIDS

Species 0.8 kGy 1.0 kGy 1.2 kGy Total
Brassica napus 45 87 53 185
Brassica juncea 95 57 42 194

Total 140 144 95 379

3.2.1. Screening of mutants with modified fatty acids

All the collected 16,000 Mmutant plants screened for the mutated fatty acids (Erucic Agid C
Oleic Acid G4, and Linolenic Acid Gg3) through Near Infrared Spectroscopy (FOSS 6500 NIR
System).Brassica napugxpressed more induced mutations as compar@iatgsica juncea for the
fatty acid profile in intake seeds (Fig. 2 and Fig. 3). Erucic Acid{§Ghowcased highest mutation
frequency than the rest of the fatty acids.

3.3. Field assessment of Mmutant lines:

A maximum seed yield of 803g plbtwith unit plot size 2.5m2) was recorded in this field experiment

of 38 advanced limutant lines. The oil content in seeds of mutant lines ranged from 32-47%. The oll
yield plot* (gm) of top yielding mutant lines with initial parent is presented in Fig. 3. The pattern of
Oleic Acid and Linolenic Acid content in seed oil of these advanced mutant lines is presented in
Fig. 4. A total of eight mutant lines confirmed with high Oleic Acid content (> 65%).
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Fig. 2. M; generation mutants with high oleic and high oil content.
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3.4. Cenetic stability of Ms mutant lines

The PCA of the performance of the mutant lines showed a consistence in their expression of the
gudity traits in the three locations. Mutants expression low erucic acid, the fatty acid responsible for
the canola quality of the oilseed brassica species clustered in the lower quartile of PC1 and PC2
(Fig. 5). The low PC1 and PC2 values confirmed the genetical stability of the mutant lines for the
modification in erucic acid content [6,7]. The mutants performed with confirmed consistency
regarding the desirable monounsaturated fatty acid oleic acid at three different locations. The oleic
acid expressed a high range of PC1 as well as high PC2 (Fig. 6). In case of linolenic acid PC1 for the
three locations is high but PC2 for Centre and South zones were high and for North it was low. The
PC2 for glocusinolate content in seeds of mutant lines was low at three locations but at Centre and
South it was high for PC1 while at North PC1 was low. Total three mutant lines significantly out
yielded the check variety Abasin-95. The six mutant lines produced low concentrations of undesirable
erucic acid in their seeds as compared to check. Regarding oleic acid three mutant lines synthesized
higher content than check while three mutant lines also produced high oil content as compared to
check variety Abasin-95.

Fig. 5: Scatter plot of PC1 and PC2 for different yield and quality traits of stable mutant lines in zonal field trials.

Fig. 6. Mutant plants with high oleic acid and oil content.
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3.5. Fluorescence in situ hybridization (FISH) studies in mutants

The polymorphism of number, appearance and chromosomal localization of ribosomal DNA (rDNA)
sites and in relation to anueploidy, induced mutations and mutated fatty acid profile in selected
mutants oBrassica napustudied. FISH revealed frequent polymorphism in number, appearance and
chromosomal localization of both 5S and 25S rDNA sites. The polymorphism was observed between
intermutants i(e. interindividual) of initial variety. A number of aneuploids (2n=35,36,37) were
identified. The number of rDNA sites can differ significantly within mutants of the same initial parent
with the same or variant chromosome number (aneuploids). A total of eight variant chromosomal
types with ribosomal genes were indentified in the mutants. The extent of polymorphism is genome
dependent but not dependent on the gamma radiation dose. Comparing the A and C genomes revealed
the highest rDNA polymorphism in the A genome. The loci carrying presumably inactive ribosomal
RNA genes are particularly prone to polymorphism [8].

3.6. Chromosomes typing

The FISH investigations demonstrated the utility of simultaneous use of 25S and 5S rDNA probes in
the case of the mutants of Brassica species. The results of simultaneous FISH of 25S and 5S rDNA
probes to the somatic metaphase chromosome complement of the initial parent are presented in Table
4. Ribosomal DNA sites effectively marked seven different chromosomal types in this genotype of the
allotetraploid spp. oBrassica napudor A and C genomes. Chromosomal type | is the preserved
chromosome of the A genome and bears the secondary constriction, and a large 25S locus closely
linked to a smaller 5S site in its short arm. The nucleolar organising chromosome type VI of genome
C is similar, but does not possess a 5S site in the short arm. Chromosome type Il of the A genome is
the only other chromosome to bear both 25S and 5S rDNA sites, which are in close apposition in the
long arm. Chromosome type 1V is found in the C genomes and having one proximal 5S rDNA site in
the long arm. Chromosome type V is confined to the A genome, and is a small submetacentric with a
terminal 5S rDNA site in the long arm. Chromosome type VII has a prominent, distal 25S rDNA site

in C genomes, and chromosome type VIII of the A genome only bears a large proximal 25S rDNA site
in its long arm. Double-target FISH with 5S and 25S rDNA probes enables the discrimination of a
substantial number of chromosomes of the complement of the initial parent and the mutants under
observation.

3.7. Frequency of changed cells

Variation in the frequency of changed cells has been observed in different mutant lines as compared to
initial parent line (Table 5). In the case of initial parent line only 40% frequency of changed cells has
been observed but in three mutant lines NM77, NM85 and NM90, a 100% frequency of changed cells
were registered. The mutant line NM78 and NM81 produced 85 and 84% frequency of changed cells
respectively. The lowest frequency of changed cells, 35%, was observed in the mutant NM80.

3.8. Chromosome numbers
The majority of the mutants had normal chromosome counts of 38 chromosomes. The three mutant

lines namely NM80, NM81 and NM85 registered a variation in the chromosome numbers with 35-38
or 36-38 (Table 5).

TABLE 4. DIFFERENT TYPES & NUMBERS OF CHROMOSOMES OF BRASSICA

Chromosome type | Il [\ V VI Vi VI
rDNA 55+25S 5S+25S 5S 5S 25S 25S 25S
Genomes A A C A C C A
Chromosome numbers 2 4 2 2 2 2 2
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TABLE 5. CHANGED CELLS AND CHROMOSOMES WITH rDNA SITES

Genotypes Frequency of changed cells (%) 2n No. of chromosomes with rDNA sites
5S 25S 55+25S

NM-47 40 38 4 5-7 6

NM-77 60 38 4 6-8 6-7
NM-78 100 38 4 6-7 7-8
NM-80 85 38 4 7-8 6

NM-81 35 35-38 4 5-7 6-8
NM-85 84 36-38 3-5 6-7 6

NM-90 100 35-38 3-4 7-8 5-7
NM-100 100 38 3-4 4-7 7-8
NM-47 10 38 4 7-8 4-6

3.9. Chromosome pattern of rDNA loci

Convincing variations for number of chromosomes in the different mutant lines with rDNA loci were
obsrved (Table 5). The highest number of rDNA loci for 5S (3-5) was detected in the mutant line
NM81 while mutant lines NM85 and NM90 produced 3-4 sites. The rest of the mutants counted with
4 rDNA loci as in the initial parent. In case of 25S rDNA loci all the mutants registered variations
except the mutant NM80. Double targeted rDNA with variant loci at 5S and 25S were observed on the
chromosomes of six mutants Bfassica napusOnly two mutants NM78 and NM81 remained in the
range of initial parent.

3.10. Molecular characterization of mutant lines

The simple sequence repeats polymorphism survey was conducted using DNA extracted from total 77
representative plants of one control and three irradiated brassica populations (0.8., 1.0 & 1.2 kGy).
The results of the polymorphism survey are summarized in Fig. 6. The 84 primer pairs produced
amplification products from all used plants. All the SSR primers that yielded amplification products
could discriminate between the high and low oleic acid plants (Fig. 4). However, none of the primer
pairs tested was able to detect variation between the control & mutant plants or between the gamma
irradiation doses [9].
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MARKER ASSISTED SELECTION FOR FIBER QUALITY IMPROVEMENT
IN MUTATION BREEDING PROGRAMME OF COTTON
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Faisalabad, Pakistan

Abstract

A total of 34 cotton genotypes were screened for fibre quality traits. Out of these, four genotypes; FH-883, FH-
631S, CIM-707 Gossypium hirsutunh., an allotetraploid species) and Ra. (arboreum a diploid species)
contrasting for lint quality traits were selected. The genotypes, CIM-707 (fibre length above 30 mm) and Ravi
(fibre length 17 mm) were irradiated with gamma rays (125, 150, 200, 250 and 300 Gy), and were also treated
with EMS (1, 1.5 and 2%). Both mutagens adversely affected the germination percentage of cotton seed. EMS-
treated M population was much better than irradiated pdpulation with respect to germination and plant
growth. Moreover, ploidy level also affected the germination percentage. Staple lengthpidrits derived

from the Ravi variety was in the range of 13-17.5 mm, while ppMnts derived from CIM-707 was in the

range of 22-31 mm. EMS and gamma irradiation can successfully be used for creating variation among cotton
germplasm and hence mutation is a valuable tool for fibre quality improvement. After surveying 520 RAPDs and
435 SSRs, a genetic linkage map was constructed using,}1iids derived from a cross FH-631S x FH-883.
Twenty loci were mapped into four linkage groups (LG) spanning around 230.2 cM with 5% of the cotton
genome coverage. The average genetic distance was 11.5 cM between two adjacent loci. Low level of
polymorphism between the two parents might be the result of narrow genetic base, as reported in multiple
investigations. LG1 to LGwere assigned to chromosome 20, 10, 18, and 15, respectively. QTLs for fibre traits
were identified using SMA, IM and CIM at LOD > 2 with WinQTLCart. In total, 16 putative QTLs were
identified for fibre traits including fibre length, fibre fineness, fibre strength, fibre length uniformity, short fibre
index, fibre elongation, and fibre colour. Out of these, nine fibore QTLs were detected on A-subgenome, while
seven on D-subgenome, which suggest that fibre traits result from gene interaction of both the subgenomes of
cotton.

1. INTRODUCTION

Cotton is the leading fibre crop worldwide. Pakistan is the fourth-largest producer of cotton in the
world. Cotton is vital for Pakistan's economy and its products share about 60% of foreign exchange.
Cotton fibre quality is defined by the physical properties associating to its spinnability into yarn and
contributes to textile performance and quality [1]. The most important fibre properties are associated
with the length, strength and fineness (micronaire) [2]. The commercially grown cotton varieties have
limited genetic diversity [3,4]. Several evolutionary bottlenecks have reduced the genetic variation in
modern cultivated cotton. Further more, several decades of intensive breeding for better and improved
cotton fibre traits has also narrowed the gene pool available for cotton improvement. Chemical
mutagenesis has proven to be an important tool in genetic mappiAgalotiopsisgenome [5].
Mutation breeding has been successful to increase genetic diversity in economically useful traits of
many major crop plants such as rapeseed, sugar beets and rice [6-11].

Although historically, mutation played a marginal role in cotton breeding [12], however, in the last
decade it is being successfully employed for improvement of different traits in cotton [13-17]. Induced
mutagenesis using gamma irradiation has been employed for the creation of mutant tetraploid cotton
and breeders have found mutants with improved earliness [13], enhanced phosphorous uptake,
improved drought tolerance, photoperiod insensitivity, cytoplasmic sterility, fibre properties, increased
lint percent and improvements in both earliness and lint yield [17]. Chemical mutagenesis has
identified mutants in botlks. barbadensendG. hirsutum Cotton researchers were able to identify
resistance toVerticillium wilt (dimethyl sulfate), found glandless mutants and improved fibre
characteristics (ethylmethane sulfonate). Colchicine has also been used to create genetic variation in
lint yield, lint percentage, fibre quality, partially naked seed and parthenogenesis. The treatment of
cotton seed with colchicine in combination with gamma radiation or with gamma radiation alone
resulted in increased chromosomal aberrations [17].
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Molecular markers can accelerate breeding progress for complex traits such as fibre quality, which is
otherwise difficult with conventional and mutation breeding procedures. Today, various marker
techniques and breeding strategies have been employed to detect polymorphisms for mapping and
analysis of quantitative trait loci (QTLs) [18]. The DNA markers currently available in cotton are
based on restriction fragment length polymorphisms (RFLPs), random amplified polymorphic DNAs
(RAPDs), amplified fragment length polymorphisms (AFLPSs), microsatellites/simple sequence repeats
(SSRs), and single nucleotide polymorphisms (SNPs) [19]. Mutagenesis in combination with the
application of modern genomic tools has the potential to rapidly increase the genetic variability in
cotton for quality and yield improvement [17]. The main object of this research work was the
improvement of cotton fibre quality through DNA markers in mutation breeding.

2. MATERIALS AND METHODS
2.1. Sreening of cotton genotypes and mapping population for fibre quality traits

Thirty-four cotton genotypes collected from different cotton research institutes were screened at
NIBGE for three main fibre quality traits (fibre length, fibre fineness or micronaire and fibre strength)
quality traits during normal cotton growing season in 2002 (Table 1). Plant to plant distance was 30
cm while row to row distance was 75 cm. All the agronomic practices were kept similar among the
three replicates. At crop maturity, bulk seed cotton was harvested from each line. After harvesting,
seed cotton was ginned and the lint of these cotton genotypes was analyzed from Fibre Technology
Laboratory. On the basis of these screening results cotton parents with extreme diverse quality fibre
were selected for hybridization and induction of mutation.

Fibre length can be accurately determined by photoelectric measurement with fibrograph and high-
volume instruments (HVI) [20]. Staple length is reported to the nearest 32nd of an inch or to the
nearest millimetre (mm). For this experiment we measured fibre length in mm with fibrograph.
Micronaire (Mic) has been the most widely used method of determining fibre fineness. Mic reading is
a measure of resistance to airflow of a constant weight of fibres. We took micronaire reading as an
indicator of fibre fineness. Bundle fibre strength is measured in grams-fortevieaxHVI while in

Pressley zero-gage it is reported as thousand pounds per square inch (tppsi), when relative humidity of
testing room is adequately controlled [21]. We measured the fibre strength in tppsi.

Two G. hirsutuncotton genotypes FH-883 (30 mm fibre length) and FH-631S (23 mm fibre length) of
contrasting for fibre quality traits were selected on the basis of their field performance. To develop a
population for mapping QTLs associated with fibre quality traits, these two genotypes were crossed.
The R population was grown in green house and selfed to getdds to develop the segregating F
popukbtion. During the next season, single rows of each individuplaft were grown to obtaink
popuhtions. Seed cotton was harvested from 11y detton lines for the analysis of quality traits.
Fibre analysis of 117 cotton lines of fFH631S x FH-883) population were performed with USTER
High Volume Instrument (HVI), Fibre Technology Department, University of Agriculture Faisalabad
(UAF), Pakistan, for eight fibre quality traits: fibre length (FL), fibre fineness (FF or Mic), fibre
strength (FS), fibre length uniformity (FU), short fibre index (SFI), fibre elongation (FE), and fibre
colour (Reflectance or Rd and Yellowness or +b).

2.2. Gamma irradiation and EMS treatment of selected cotton varieties

Three cotton genotypes, CIM-707 (32 mm extra long fibre), PBD-883 (30 mm long fibre) and Ravi
(17 mm very short fibre) selected for quality traits on the basis of their previous performance in the
field, were irradiated at different doses (125 to 300 Gy) using cobalt-60 as a source of gamma
radiations(Table 2). Ethyl methanesulfonate (EMS) was also used as a chemical mutagenesis, to
induce mutations in the three selected cotton genotypes (Table 3) with different doses (1 to 2% v/v).
Safety measures were taken during the gamma irradiation and EMS treatments.
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TABLE 1. COTTON GENOTYPES/ VARIETIES AND THEIR FIBRE TRAITS

S. No. Cotton genotypes/ varieties greeding centre Staple Length (mm)  Finengsg) Strength (tppsi)
1 Qalandri CRS, ARI, Tandojam 28.8 3.5 92.4
2 B-557 CRI, AARI, Faisalabad 27.0 4.6 92.3
3 MNH-93 CRS, AARI, Multan 28.2 4.7 94.1
4 NIAB-78 NIAB, Faisalabad 27.2 4.8 92.2
5 S-12 CRS, AARI, Multan 28.4 4.5 93.1
6 FH-87 CRI, AARI, Faisalabad 28.5 4.4 95.2
7 CIM109 CCRI, PCCC, Multan 27.2 4.3 91.3
8 RH-1 CRS, AARI, R. Y. K. 28.8 4.0 99.2
9 NIAB-86 NIAB, Faisalabad 28.9 4.4 94.1
10 BH-36 CRS, PCCC, Bahawalpur 28.2 4.3 87.5
11 NIAB-26 NIAB, Faisalabad 28.1 4.5 934
12 S-14 CRS, AARI, Multan 294 4.4 93.7
13 SLS-1 CRS, PCCC, Sahiwal 27.3 4.5 95.7
14 KARISMA NIAB, Faisalabad 26.6 4.9 97.3
15 CIM1100 CCRI, PCCC, Multan 29.3 4.1 94.2
16 FH-634 CRI, AARI, Faisalabad 28.4 4.2 95.2
17 CiM448 CCRI, PCCC, Multan 28.3 4.3 94.0
18 CIM443 CCRI, PCCC, Multan 27.5 4.6 96.5
19 BH-118 CRS, PCCC, Bahawalpur 28.4 4.8 96.4
20 FH900 CRI, AARI, Faisalabad 26.6 4.6 92.6
21 FH901 CRI, AARI, Faisalabad 26.8 5.1 92.8
22 MNH552 CRS, AARI, Multan 27.4 5.3 96.4
23 CIM473 CCRI, PCCC, Multan 29.2 4.6 94.6
24 FH-631 CRI. AARI, Faisalabad 23.0 55 79.0
25 RH-114 CRS, AARI, R. Y. K. 26.7 5.1 87.5
26 VH-59 CRS, AARI, Vehari 26.0 5.6 85.5
27 NIBGE-1 NIBGE, Faisalabad 28.0 4.8 99.8
28 PBD-883 NIBGE, Faisalabad 30.0 4.4 97.0
29 CIM-707 CCRI, PCCC, Multan 321 4.3 97.3
30 ST-12 Exotic 26.6 5.1 83.4
31 DP-54A Exotic 25.8 5.3 82.2
32 Coker-312 Exotic 27.5 4.91 90.0
33 Giza-66 Exotic 27.0 5.8 80.6
34 Ravi CRI, AARI, Faisalabad 17.0 7.5 70.0
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TABLE 2. COTTON GENOTYPES AND DOSE OF RADIATION

S. No. Cotton genotypes Species gsg;agg;) No. of seeds irradiated
1 CIM-707 Gossypium hirsutum 300 1000
2 CIM-707 Gossypium hirsutum 250 1000
3 CIM-707 Gossypium hirsutum 200 800
4 CIM-707 Gossypium hirsutum 150 800
5 PBD-883 Gossypium hirsutum 300 275
6 Ravi Gossypium arboreum 200 1000
7 Ravi Gossypium arboreum 150 1000
8 Ravi Gossypium arboreum 125 1000

TABLE 3. SELECTED COTTON GENOTYPES AND EMS TREATMENT

S. No. Cotton Genotypes Species EMS % age No. of seeds treated
1 CIM-707 Gossypium hirsutum 2.0 1000
2 CIM-707 Gossypium hirsutum 15 1000
3 PBD-883 Gossypium hirsutum 2.0 175
4 Ravi Gossypium arboreum 15 1000
5 Ravi Gossypium arboreum 1.0 1000

2.3. Development of mutant cotton population for selection of desired mutants

M, seeds of the three cotton genotypes, viz., CIM-707 (32 mm), PBD-883 (30 mm) and Ravi (17 mm)
that were EMS treated and irradiated at different doses using cobalt-60 as a source of gamma
radiations was planted in NIBGE cotton fields during 2003 normal cotton season. Gamma irradiated
and EMS treated Mseeds were sown along with controls. The EMS treategdpulation was
subjected to extensive selfing to obtain, Beeds and a large,Myopulation (3039 M plants) was

sown during 2004. Two large EMS treated pbpulations (one foG. hirsutun¥ 2000 M, plants and

second forG. arboreum=1039 M, plants) were developed to obtain maximum variationsMitants
contrasting for fibre length were selected and in successive years gieiMilines were developed.

Fibre analysis of selected mutants was conducted. However, in case of gamma irragiated M
not only germination was adversely affected but also observed significant delay in flowering.
Therefore, a relatively small gamma irradiated pbpulation was planted in 2005. Its
generations were not successfully advanced in successive years due to very low germination
and poor seed setting each year.

2.3.1. DNA markers analysis, genetic mapping and identification of cotton fibre QTLs

DNA fingerprinting techniques (RAPD and SSR) were applied to find DNA markers and QTLs linked
to fibre quality traits. DNA was extracted from the young leaves of the cotton parents (FH-883 and
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FH-631S) and f» population using a modified CTAB (22). DNA concentration was measured with
DyNAQuant 200 Fluorometer. The quantity of DNA was also compared with Quantification
Standards, PhageDNA (GibcoBRL) on 0.8% agarose gel. Quality of DNA was checked by running
50 ng DNA on 0.8% agarose gel. Working dilutions of DNAs were prepared from stocks accordingly
for RAPD and SSR analysis. Five hundred and twenty RAPDs and 435 SSRs (including 85 EST-
SSRs) were surveyed on the two cotton parents. PCR amplifications were performed in Eppendorf
mastercycler gradient, Germany. RAPD primers belonged to the series OPA through OPZ, with
20 primers in each series (Operon Technologies, Inc. USA). RAPD products were analyzed by
electrophoresis on 1.2% agarose gel in 0.5x TBE buffer and detected by ethidium bromide (10 mg/ml)
staining. SSRs of different series (BNL, CM, JESPR and MGHES -EST based SSR primers) were
obtained from publicly available cotton microsatellite data (CMD) (www.cottonmarker.org) and
synthesized from GeneLink, USA. MetaPhor agarose (Cambrex Corporation, USA) gels (4%) made in
1x TBE and stained with ethidium bromide were used for resolving SSRs. Polymorphic RAPD and
SSR markers were surveyed on 1}34 fFH-631S x FH-883) cotton lines.

A preliminary genetic linkage map was constructed using the Mapmaker 3.0 software. Map units (cM)
were computed by applying the Kosambi function. Linkage groups were identified at a minimum LOD
3.0 and a maximum distance of 37.2 cM. WinQTLCart 2.5 was used for QTL analysis using single
marker analysis (SMA), interval mapping (IM) and composite interval mapping (CIM).

3. RESULTS AND DISCUSSION

3.1. Development of mutant population

Germination of irradiated and EMS-treated, Beeds was adversely affected. In another study,
reduction in cotton seed viability of the EMS treated Whs less than 50% was reported [17].
Germination of CIM-707, PBD-883 and Ravi was affected with the increment in radiation dose
(Table 4). Germination of EMS treated, eeds of CIM-707 and Ravi was increased by decreasing
the dose concentration of EMS. However, PBD-883 could not be evaluated because of failure in
germination (Table 5).

The EMS-treated Mpopulations were much better than irradiated pdpulations with respect to
germination and plant growth. Furthermore, EMS treated oMthe diploid G. arboreum (2x)
genotype (Ravi) was comparatively better than the EMS treatqubplation from the tetraploid (4x)

G. hirsutumgenotypes (CIM-707 and PBD-883). A range of different mutants were obtained in the M
populations for staple length (Figs. 1 & 2). Staple length of selected mutant lisapboreum
ranged from 13 to 17.5 mm, while for the G. hirsutuntant lines they ranged from 22 to 31 mm.

All these lines were advanced to; fbr harvesting stable mutants. Few of these mutants have been
utilized for doing crossing with the locally adapted material. Also, these mutants would be utilized for
initiating functional genomic studies. All these resources would be available to the international cotton
community for identifying the functions of various genes involved in fibre development and
conferring high quality traits in cotton which would certainly set a stage for achieving sustainability
not only in cotton production but would also way for breeding high quality lint

3.2. Mapping population and molecular marker analysis

The intraspecific 117 & lines exhibited significant variations for fibre traits based upon the family
means. Among ffamilies, the range of fibre quality traits was 21.2 to 29.6mm for fibre length (FL),
3.6 to 6.2 reading for micronaire (FF or Mic), 14.5 to 28.9 g/tex for fibre strength (FS), 42.8 to 56.6%
for fibre uniformity (FU), 7 to 31.6% for short fibre index (SFl), 4.9 to 8.2% for fibre elongation (FE),
and for fibre colour 47.8 to 70.1 value for Rd and 4.9 to 12.4 value for +b.
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TABLE 4. EFFECT OF GAMMA RAYS ON GERMINATION IN M GENERATION

Treatment Cotton Genotypes Radiation Dose (Gy) Germination % age
1 CIM-707 300 0.1
2 CIM-707 250 0.2
3 CIM-707 200 4.4
4 CIM-707 150 5.1
5 PBD-883 300 0.7
6 Ravi 200 0.00
7 Ravi 150 0.00
8 Ravi 125 10.8

TABLE 5. EFFECT OF EMS TREATMENT ON GERMINATION IN MGENERATION
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Treatment Cotton Genotypes EMS % age Germination % age
1 CIM-707 2.0 8.60
2 CIM-707 15 10.3
3 PBD-883 2.0 0.00
4 Ravi 1.5 9.70
5 Ravi 1.0 11.2
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Fig. 1. Fibre length and Mmutants (G. arboreum).
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Fig. 2. Fibre length and M2 mutants (G. hirsutum).

Out of 520 RAPD primers, 506 amplified scoreable fragments while rest of the primers was poorly
amplified. The total number of loci amplified was 2683 with an average of 5.3 loci per primer, ranging
from 1 to 13 fragments per primer. Out of the 506 primers, eight primers were polymorphic between
the two parents and amplified 10 polymorphic loci. Four hundred and thirty five SSRs including 85
EST-SSRs derived from fibre tissues were also surveyed on the cotton parents FH-883 and FH-631S.
Four hundred and nine SSRs amplified 750 loci with an average of 1.8 loci per SSR. A total of 401
were monomorphic SSRs, while eight (2%) were polymorphic. Three primer pairs JESPR-152,
JESPR-153 and MGHES-73 produced three, two, and two loci, respectively; yielding 12 polymorphic
SSR loci with product size range of 85-420 bp. All the polymorphic RAPDs and SSRs were surveyed
on the 117 lines of the;gFpopulation.

3.2.1. Genetic linkage map and identification of cotton fibre QTLs

A preliminary genetic linkage map of cotton was constructed with Mapmaker (version 3.0) using
polymorphic molecular markers data of 117 lines of(FH-631S x FH-883) population. Twenty loci

out of 22 RAPDs and SSRs were mapped into four linkage groups (LGs) (Fig. 3), while two markers
were polymorphic but could not be assembled into any linkage group. The resulting genetic map
spanned 230.2 cM with 5% of the cotton genome coverage. The average genetic distance was 11.5 cM
between two adjacent loci. The number of markers placed on these linkage groups ranged from three
to eight. Linkage groups were assigned to specific chromosomes of cotton using already known
anchored and informative loci. LG1 was assigned to long arm of chromosome 20 in D sub-genome,
while LG2, LG3 and LG4 were assigned to chromosome number 10, 18 and 15 respectively.

Analysis of cotton fibre related QTLs was conducted with WinQTLCart using the phenotypic and
genotypic data of the 11%.Hines. QTLs for fibre traits were identified by performing SMA, IM and

CIM at LOD > 2. All the QTLs were detected in linkage groups LG1 (Chr. 20) in the D subgenome
and LG2 (Chr. 10) in A subgenome, and these two are also homologous chromosomes. The
comparative positions of the fibre QTLs are presented in Fig. 4. SMA detected eight QTLs, 15 QTLs
were identified with IM, while 10 QTLs were found with CIM analysis. Collectively 16 putative QTLS
were identified, of which 12 were commonly found with at least any two of the procedures, while four
QTLs were identified with IM or CIM only.

Two QTLs (L1s and L2s) for FL located on LG1 and LG2 were identified with SMA and the positions
of L1s and L2s were 0.01 cM and 37.9 cM at LOD 2.52 and 2.25, respectively. Similarly two QTLsS,
L1li and L2i were detected for FL with IM at LOD 2.59 and 2.76, respectively. The phenotypic
variances explained (PVE) were 11.5 and 16.6% for L1i and L2i, respectively. With the CIM analysis,
one QTL (L1c) for FL explained 11.5% of the phenotypic variation at 2.6 LOD. SMA identified one
QTL (F1s) for FF with position at 88.8 cM on LG1 and at LOD 2.47. Two QTLs designated as Flia
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and Flib were found on LG1, with IM. Their PVE were 9.6 and 7.4% at LOD 2.21 and 2.66,
respectively. With CIM, two QTLs F1c and F2c were associated with micronaire, located on LG1 and
LG2 with PVE of 6.3 and 10.3%, and at LOD 2.46 and 2.17, respectively. QTLs Sl1ls and S2s
associated with fibre strength were detected with SMA at LOD 2.88 and 2.37, respectively. Position of
Sls was at 0.01 cM on LG1, while S2s was at 21.3 cM on LG2. Three QTLs S1i, S2ia, and S2ib for
FS, one on LG1 and two on LG2 were identified with IM at LOD 4.05, 2.75, and 3.16, respectively
with PVE 16.5, 12.9, and 17.7%, respectively. Similar to S1i, CIM found one QTL (Slc) for FS at
LOD 4.03 and 16.5% PVE.
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Fig. 3. Genetic linkage map constructed using (FH-631S x FH-883)irfraspecific cotton (G. hirsutum) population.
Marker positions are in centiMorgan (cM) with Kosambi function at min LOD 3 and max distance 37.2. The informative and
framework loci that were already anchored to specific chromosomes of cotton are in boxes.
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No QTL was detected for FU with SMA, however, one QTL (U2i) was found on LG2 with IM
explaining 11.6% PVE at LOD 2.06. Similarly, CIM identified one QTL (U2c) identical to U2i in
percentage PVE and LOD. With SMA, two QTLs Sils at 0.01 cM with LOD 2.3 and Si2s at 37.9 cM
with LOD 2.41 for SFI were mapped on LG1 and LG2 respectively. The IM analysis also revealed
two QTLs (Sili and Si2i) at about the same positions. The PVE of Sili and Si2i were 9.4 and 14.6% at
LOD 2.42 and 3.28. However, CIM analysis found only one QTL (Si2c) for short fibre content on
LG2 with LOD score 3.28 and PVE 14.6%. No QTL was found for FE with SMA, however, one QTL
(E2i) at 86.7 cM with LOD 2.28 was found on LG2 using IM procedure. With CIM analysis one QTL
(E2c) for FE similar to E2i in position and LOD was identified. One QTL for reflectance (Rd) was
detected with SMA on LG2 at 21.3 cM with 2.19 LOD score. Three QTLs, one (R1i) on LG1 and two
(R2ia and R2ib) on LG2 were identified for Rd with IM. LOD score of R1i was 2.21 with PVE 12.1%.
For R2ia and R2ib, LOD was 2.25 and 2.12, while their PVE were 12.5 and 9.6%, respectively.
Similarly, CIM revealed two QTLs for Rd on LG2 identical to two QTLs found with IM. For
yellowness (+b), one QTL was detected with IM, which was identical in position (81.3 cM) and LOD
(2.15) to QTL found with CIM analysis.

4. CONCLUSIONS

Sensitivity level to EMS and gamma irradiation was variable for different cotton genotypes. CIM 707
and Ravi cotton varieties are more sensitive to gamma radiation than EMS treatment. The immediate
effect of these mutagenic agents is obvious as reduced germination rate while gamma radiation also
delays the flowering. EMS and gamma irradiation can successfully be used for creating variation
among cotton germplasm. Bofh arboreumandG. hirsutumdiverse mutant lines have been selected
which have a range for fibre quality traits. The mutants with desirable traits are being used in cotton
breeding programs for fibre quality improvement.

In the present study, level of polymorphism between two cotton parents (FH-883 and FH-631S) was
1.6% for RAPDs and 2% for SSRs, which was less than the expected. It may be due to narrow genetic
base between the cotton genotypes. Factors such as introduction of high-yielding tetraploid cotton
varieties in early 1970s from America; repetition of same gene pool in breeding programs; release of
sister lines as different varieties; and a compulsion to breed for cotton leaf curl disease resistance by
using limited resistant genetic resources contributed towards narrowing the genetic win@ow in
hirsutum blood. Globally, many other researchers have reported such commonalities. Linkage map
with less coverage of genome was possibly due to low polymorphism at DNA level between parents in
the present study. Collectively 16 putative QTLs related to eight cotton fibre quality traits were
detected. The co-localization of the QTLs for fibre traits was mostly in accordance with the observed
phenotypic correlations. The QTLs detected in both the A and D subgenomes suggest that fibre-related
traits result from gene expression and interaction between homologous A and D subgenomes.

ACKNOWLEDGEMENTS

We are thankful to different cotton breeders for providing cotton genotypes and to Chairman, Fibre
Tech. Dept., Univ. of Agri. Faisalabad (UAF), for conducting fibre analysis. The research work was
supported by International Atomic Energy Agency (IAEA) through Research Contract No. 12396,
entitled ‘Marker assisted selection for fibre quality improvement in mutation breeding programme of
cotton’.

REFERENCES

[1] CHEE, P., X. DRAYE, C.X. JIANG, L. DECANINI, T. DELMONTE, R. BREDHAUER,
CW. SMITH and A.H. PATERSON (2005). Molecular dissection of interspecific
variation betweenGossypium hirsutumand Gossypium barbadensécotton) by a
backcross-self approach: I. Fibre elongation. Theoretical and Applied Genetics 111: 757-
763.

35



[2]
[3]
[4]

[5]

[6]
[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

36

POEHLMAN, J.M. and D.A. SLEPER (1995). Breeding field crops. lowa State Univ.
Press.

MAY, O.L., D.T. BOWMAN and D.S. CALHOUN (1995). Genetic diversity of U.S.
Upland cotton cultivars released between 198- and 1990. Crop Science 35:1570-1574.
RAHMAN, M., D. HUSSAIN and Y. ZAFAR (2002). Estimation of genetic divergence
among elite cotton cultivars-genotypes by DNA fingerprinting technology. Crop Science
42: 2137-2144.

JAMES, D.W. Jr. and H.K. DOONER (1990). Isolation of EMS-induced mutants in
Arabidopsisaltered in seed fatty acid composition. Theoretical and Applied Genetics
80:241-245.

ASHRAF, M., A A. CHEEMA, M. RASHID and Z. QAMAR (2003). Effect of gamma
rays on M1 generation in basmati rice. Pakistan Journal of Botany 35(5): 791-798.
HASSAN, M., B.M. ATTA, T. M. SHAH, M.A. HAQ, H. SYED and S.S. ALAM (2005).
Correlation and path coefficient studies in induced mutants of chickpeer (@rietinum

L.). Pakistan Journal of Botany 37 (2): 292-298.

HOHMANN, U., G. JACOBS and C. JUNG (2005). An EMS mutagenesis protocol for
sugar beet and isolation of non-bolting mutants. Plant Breeding 124:317-321.

KHATRI, A, AK., IMTIAZ, M.A. SIDDIQUI, S. RAZA and G.S. NIZAMANI (2005).
Evaluation of high yielding mutants bfassica junciecv. S-9 developed through gamma
rays and EMS. Pakistan Journal of Botany 37 (2): 279-284.

wu, J.L., C. WU, C. LEI, M. BARAOIDAN, A. BORDEOS, M.R.S. MADAMBA, M.
RAMOS-PAMPLONA, R. MAULEON, A. PORTUGAL, V.J. ULAT, R.
BRUSKIEWICH, G. WANG, J. LEACH, G. KHUSH and H. LEUNG (2005). Chemical
and irradiation induced mutants of indica rice IR64 for forward and reverse genetics. Plant
Molecular Biology 59:85-97.

SPASIBIONEK, S. (2006). New mutants of winter rapesdgigsica napud..) with
changed fatty acid composition. Plant Breeding 125:259-267.

AULD, D.L., M.D. ETHRIDGE, J.K. DEVER and P.D. DOTRAY (1998). Chemical
mutagenesis as a tool in cotton improvement. Pp. 550-551. In: P. Duggar and D. A.
Richter (eds.) Proc. Beltwide Cotton Conf. San Diego, CA. 5-9 Jan. Natl. Cotton Council,
Memphis, TN.

KANDHRO, M.M., S. LAGHARI, M.A. SIAL and G.S. NIZAMAI (2002).
Performance of early maturing strains of cott@ogsypium hirsutunt.) developed
through induced mutation and hybridization. Asian Journal of Plant Science 5:581-582.
ASLAM, M., M.T. ELAHI and N. IQBAL (2003). Development of improved germplasm

of cotton through radiation and DNA-mediated embryo transformation technique -
evaluation and confirmation of novel genotypes. In: Improvement of new and traditional
industrial crops by induced mutations and related biotechnology. IAEA. Pp. 69-80.
ASLAM, M., N. IQBAL, A.A. BANDESHA and M.A. HAQ (2004). Inductions of
mutations through crosses with gamma irradiated pollen in cotton. International Journal of
Agriculture and Biology 6:894-897.

AKHTAR, K.P., M. ASLAM, M. HAQ, F.F. JAMIL, A.l. KHAN and M.T. ELAHI
(2005). Resistance to cotton leaf curl virus (CLCuV) in a mutant cotton line. Journal of
Cotton Science 9:175-181.

AULD, D., G.G. LIGHT, M. FOKAR, E. BECHERE and R.D. ALLEN (2009).
Mutagenesis systems for genetic analysi€&ossypiumPp 209-226. In: A.H. Paterson
(ed.), Genetics and genomics of cotton, Plant genetics and genomics: Crops and models 3,
Springer, NY.

JAUHAR, P.P. (2006). Modern biotechnology as an integral supplement to conventional
plant breeding: The prospects and challenges. Crop Science. 46:1841-1859.

RAHMAN, M., Y. ZAFAR and A.H. PATERSON (2009)GossypiumDNA markers:
Types, numbers and uses. Pp. 101-139. In: A.H. Paterson (ed.), Genetics and genomics of
cotton, Plant genetics and genomics: Crops and models 3, Springer, NY.

MOORE, J.F. (1996). Cotton classification and quality. Pp. 51-5Glade, E. H. Jr., L.

A. Meyer and H. Stults (eds) The cotton industry in the United States. Agric. Econ. Rep.
739.



[21] MEREDITH, W.R. Jr., W.T. PETTIGREW and J.J. HEITHOLT (1996). Sub-okra, semi-
smoothness, and nectarless effect on cotton lint yield. Crop Science 36: 22-25.

[22] IQBAL, M.J., N. AZIZ, N.A. SAEED, Y. ZAFAR and K.A. MALIK (1997). Genetic
diversity of some elite cotton varieties by RAPD analysis. Theoretical and Applied
Genetics 94:139-144.

37






MUTAGENESIS AND PHYSICAL MAPPING OF GENES IN CROPS
WITH SMALL CHROMOSOMES

J. JUCHMIUK-KWASNIEWSKA, B. KOLANO, R. HASTEROK
M. HOSIAWA, J. MALUSZYNSKA

Department of Plant Anatomy and Cytology,

University of Silesia,

Katowice, Poland

Abstract

The manipulation of quality genes in agronomical and economical important plant species requires well-
established cytogenetic maps and detailed genome characterization. Advance cytogenetic molecular methods,
especially fluorescence in situ hybridization (FISH) have proved to be helpful in detecting chromosome-specific
tags. The introduction of new cytogenetic markers to karyotyping using FISH is necessary, especially in species,
which chromosomes are inordinately small and morphologically uniform, suBhaasicaand Chenopodium

species. The application of rDNA as probes for FISH does not provide enough chromosome specific landmarks
in Chenopodium and BrassicMore molecular markers are still needed for identification of chromosomes of
investigated species. In this study, different DNA sequences: BAC clones, retroelements-like and transposon-like
sequences were localized on chromosomes of the three species studied using FISH. A detailed characterization
of chromosomal aberrations kordeum vulgarg2n = 14) cells was done by the identification of individual
chromosomes involved in their formation with FISH. Simultaneous FISH with 5S and 25S rDNA and, after
reprobing of preparations, telomeric and centromeric DNA sequences as probes, was used to compare the
cytogenetic effects of different mutagens on root tip meristem cells of barley. This is the first application of more
than 2 DNA probes in FISH experiments in order to analyze chromosomal aberrations in plant cells. A better
knowledge of the correlation between the level of DNA breaks detected by TUNEL and comet assay and the
frequency of chromosome aberrations could speed up evaluation of effectiveness of mutagenic treatment in
barley root cells. The comet assay and TUNEL test can be used as a predictive test for the outcome of the CA
after using physical mutagen. The potential usefulness of the analysis of the level of DNA breaks in embryo in
order to speed up the evaluation the effectiveness of mutagenic treatment was proved.

1. INTRODUCTION

Chenopodiunspecies have started to attract scientific attention because of their high nutritional value.
Among them especiall€. quinoa(quinoa) is becoming more and more popular as a crop for human
food and animal feed. Quinoa seeds have a high nutritional value and a better amino acid balance than
the proteins in most cereals. There is little information about the genome and karyotype of
Chenopodiunspecies, however the agronomical importance of these crops makes their chromosome
mapping necessary. The small size and great number of quinoa chromosomes make cytogenetic
analysis difficult.

The genus Brassica contains a number of important crop species, however molecular cytogenetic
investigations are often limited to species of the classic ‘U-triangle’ [1]. The main diploid species in
the triangle areB. campestris, B. nigra, B. oleracea, which represent the A, B, and C genomes
respectively. Others species in the triangle are allotetraploids, which arose by spontaneous
interspecific hybridization from diploid ancestors, and contain a full chromosome set of both ancestral
species. Since in thBrassica species both classes of rDNA are usually found in numerous loci
situated in very different chromosomal locations, simultaneously FISH with 5S and 25S rDNA probes
is a powerful tool for more detailed studies, regarding intergenomic and interindividual polymorphism
studies, polyploidization events, as well the analysis of the behaviour of alien chromosomes during
meiosis in monosomic addition lines (MALS), or to assay chromosome variation follawiitjo

culture. Although FISH with rDNA as probes enables the discrimination of a substantial number of
chromosomes iBrassica species, still more cytogenetic markers are needed for a better identification
of all chromosome pairs. The objective of this part of study was development of chromosome (-arm)-
specific markers for Brassica and Chenopodium species for physical mapping of quality genes.
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A wide range of chemical and physical agents are used to induce gene mutations in order to increase
plant variability. Gene mutations induced by chemical and physical agents are accompanied by direct
DNA damage and chromosome rearrangement. The majority of induced DNA breaks are repaired, but
if not repaired or repaired improperly may lead to chromosome aberrations (CA). A better knowledge
of the correlation between the level of DNA breaks and the frequency of chromosome aberrations
should speed up evaluation of effectiveness of mutagenic treatment. The effect of mutagenic treatment
can be determined directly on DNA level as a frequency of the DNA fragmentation estimated in a
comet assay (single cell gel electrophoresis) and TUNEL test (Terminal transferase (TdT) mediated
dUTP-digoxigenin/biotin Nick End Labelling). Most studies, which involved the comet assay used
animal and human cells, however, recently some studies have been published on the use of the comet
assay in plant systems [2,3]. The procedure of the comet assay, especially isolation of nuclei and
electrophoresis conditions needs to be modified to each species. TUNEL test, based on labelling the
3'OH ends of DNA with fluorescein — conjugated dUTP by terminal deoxynucleotidyl transferase
(TdT) mainly had found application in apoptosis studies, but it was adapted to the detection of DNA
damage in mutagenesis [4,5]. A positive correlation between results of methods, which detect DNA
fragmentation and CA frequency could speed up evaluation of effectiveness of mutagenic treatment,
as analysis of CA is labour-intensive. Hartmann et al [6] demonstrated the usefulness of the comet
assay as a screening test for the prediction of the outcome of the chromosomal aberration test in
Chinese hamster cells and human lymphocytes.

The choice of proper dose of mutagen for treatment is very important for effectiveness of mutagenesis.
The optimal dose of mutagen should reveal high mutagenic efficiency and not cause high sterility and
a reduction of survival. There are differences in sensitivity among various species and varieties of the
same species to a particular mutagen [7]. Cytogenetic tests of the frequency of chromosomal
aberrations, as well as tests for somatic effects (germination dynamics, emergence reduction and stem
growth reduction tests) are quick methods for the estimation of optimal doses of mutaggheimt$4

Although structural chromosomal aberrations, which accompany gene mutations, can be detected with
simple classical cytogenetic methods, physical mapping technologies and especially FISH, provides
new tools for chromosomal aberrations analysis. The identification of chromosomes or chromosome
arms is very helpful in the detection and detailed characterization of chromosome rearrangements.
Additionally, one of the advantages of FISH technique is the possibility of detecting chromosome or
chromosome fragments in interphase nuclei. Until now, FISH is not widely applied in plant
mutagenesis for detection and precise localization of chromosome aberrations, because DNA probes
required for particular plant species are limited. Nevertheless, there are some examples where FISH
has been successfully used in analysis of chromosomal aberrations in plant cells [8,9].

Among various chromosomal aberration bioassays, the micronucleus test is widely recommended for
the evaluation of the genotoxic effects of chemical and physical agents. Micronuclei could be results
of acentric fragments, as well as whole chromosomes, which can be involved in micronuclei due to
damaged kinetochores or spindle fibre defects. FISH with specific DNA probes can improve existing

micronucleus test providing information on the mechanisms underlying the formation of chromosome

aberrations [10].

The objectives of this part of study are as follows:

. The analysis of correlation between frequency of DNA breakdragdency of chromosome
aberrations after mutagenic treatment in order to assess the effectivity of the mutagens.
. The analysis of the involvement of barley chromosomes and chromosome arms in formation of

chromosome aberrations following chemical mutagenic treatment. Simultaneous telomere,
centromere- and 5S and 25S rDNA specific probes were used for fluorescent in situ
hybrydization (FISH) in order to estimation of the frequency of micronuclei containing
individual groups of chromosomes or chromosome arms in Hordeum vulgiisd¢reated by N-
nitroso-N-methylourea (MNU) and maleic acid hydrazide (MH). The frequency of micronuclei
with signals of used specific DNA probes were analyzed.
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. The analysis of the frequency of DNA breaks by comet assay and TUNEL test after irradiation
with different doses of ray in H. vulgareembryo cells in order to speed up evaluation of the
mutagenic treatment by irradiation.

2. MATERIALS AND METHODS

2.1.Chenopodiumspecies

Three Chenopodiurspecies were investigated:

. Chenopodium quinoa, 2n=4x=36.

. Chenopodium album 3 forms: diploid (2n=2x=18), tetraploid (2n=4x=36), and hexaploid
(2n=6x=54).

. Chenopodium berlandieri(2n=4x=36), with 2 subsp. — cultivated. nuttaliae (2 forms -

Quelita and Huazontle), and berlandierii (wild cultivar).

Since the chromosomes spread is difficult to obtain from root tips, young leaves were collected for
cytogenetic analysis based on mitotic chromosome preparations and extended DNA fibres (EDF).
Leaves were pre-treated with 8-hydroksyquinoline for 4h in RT, fixed in methanol — glacial acetic acid

(3:1) and stored in -20°C until use. Prior to use material was digested enzymatically and squash
preparations were made in a drop of 60% acetic acid.

The procedure of extended chromatin fibre techniqueCloenopodium quinoa was elaborated by
modification of existing protocols foArabidopsisby Franszet al [11]. Leaves of 2-week ol€.

quinoa plant were chopped in isolation buffer NIB (10 mM Tris-HCI pH 9.5, 10 mM EDTA, 100 mM

KCI, 0.5 M sucrose, 4 mM spermidine, 1 mM spermine and 0.1% 2-mercaptoethanol). The
homogenate was filtered through nylon mesh filter and then pelleted by centrifugation. The pellet was
then resuspended in isolating buffer and the nuclei suspension was pipetted on one edge of object slide
and air dried. The nuclei were then disrupted in STE lysis buffer (0.5% SDS, 50 mM EDTA and 100
mM Tris, pH 7.0) in room temperature for 45 s. The DNA fibres were stretched by tilting the glass
slide and allowing the buffer to float downwards. After air-drying the slides were fixed in
ethanol/acetic acid (3:1) for 2 min, air dried and store @tutftil used.

Fluorescence in situ hybridization was applied according to the method described by Maluszynska and
Heslop-Harrison [12] with minor modifications.

Different sequences were used as probes to FISH:
. 5S rDNA from Triticum aestivum [13] and 25S rDNA fromalidopsis thaliana [14].
. two repetitive sequences isolated from C. quinoa genome: 12-13P and 18-24J.

. retroelement—like (22-19A, 15-5D, 21-5D) and transposon-like (20-201) sequence£ from
quinoa genome.

. dispersed repetitive sequences pTaql0.
. centromeric satellite pBV 1 (presents in section Beta).
. intercalary satellite pEV4 (presents in sections Beta and Procumbentes).

. subterminal satellite pAV34 (presents in all Beta sectionsSpinthcia).
2.2. Brassica species

Different species ofBrassicaceaefamily were used for the studies. Seeds were obtained from
botanical gardens, plant breeding stations, research centres and commercial sources.

Additionally, B. rapa - B. oleracea var. alboglabra MALS (2n=2x=20+1; AA+1C) monosomic
addition lines (MALSs) were used.
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For Brassica, root tips were used for the cytogenetic analysis. Mitotic and meiotic chromosome
preparations followed techniques described for Arabiddf&iswith minor modifications.

Method of FISH was adapted with some madifications from Schwarzacher and Heslop-Harrison [16].
Different sequences were used as probes to FISH:

. 5S rDNA from Triticum aestivum pTa794 [13] and 25S rDNA from Arabidopsis thaliana [14].

. few BAC clones isolated from B. oleracea genome.
2.3. Mutagenesis

Seeds of the barleyHprdeum vulgare, 2n=14) variety ‘Start’ were used for mutagenesis with n-
nitroso-N-methylourea (MNU) and maleic acid hydrazide (MH) and gamma irradiation. The barley
seeds were pre-soaked in distilled water for 8 hours, then treated for 3 hours with 1; 2; 3 and 4 mM
MNU solution or 1; 2; 3 and 4; mM MH solution, then washed 3 times in distilled water. Five doses of
gammae-irradiation 150; 175; 200; 225 and 250 Gy were used to irradiate barley seeds. The
determination of the doses of chemical and physical mutagens was carried out on the basis of
germination and growth rate of Mblants. Two concentrations of chemical mutagens: 3 and 4 mM
MH, 2 and 3 mM MNU and two doses of gamma rays: 175 and 225 Gy were selected for cytological
analysis based on the mitotic index and frequency of chromosomal aberrations in root-tip meristems
using Feulgen method.

Previously established TUNEL (according to the manufacturer’s specifications of in situ Cell Death
Detection Kit, Roche) and comet assay (using modified procedure according to J@ttehejl 7])
protocols forHordeum vulgareroot and embrycacells were used in this studfhe results of the
optimisation of duration of electrophoresis in comet assay showed that 14 min of electrophoresis
should be used in further experiments. Then experiments to elucidate the correlation of comet assay
and TUNEL test results to chromosomal aberrations test were carried out from 36 to 84 hours after
treatment.

Fluorescence in situ hybridization was applied according to the method described by Maluszynska and
Heslop-Harrison [12] with minor modifications. Two FISH experiments were applied on the same
slides:

First one with:

. HT100.3 - telomere DNA isolated forArabidopsis thaliana labelled with rhodamine-4-dUTP
(Roche)

. CCS1 - centromere DNA isolated foBmachypodium sylvaticutabelled with digoxygenin-
11-dUTP (Roche)

Second FISH experiment with:

. 5S rDNA isolated fromTriticum aestivum pTa 794 directly labelled with rhodamine-4-dUTP
using PCR labelling kit (Amersham Life Sciences)

. 25S rDNA isolated fromArabidopsis thaliana labelled with digoxygenin-11-dUTP by nick
translation (Roche).

The frequencies of micronuclei with specific DNA signals and without signals were calculated. The
results of analysis were pooled for all concentrations of MH and MNU as well as post incubation
times (36, 48, 60 h).

The protocols of TUNEL test and comet assay were also optimized for embryo cells and then level of
DNA damage was estimated.
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3. RESULTS AND DISCUSSION
3.1. Development of chromosome specific markers for Chenopodium species

To search for chromosome markers, the number and localization of rDNA loci were studied in
Chenopodiunspecies. FISH with 5S and 25S rDNA as probes has shown markers for only three pairs
of C. quinoa chromosomes, whereas additionally two pairs are distinguish because of their size. The
number of 5S and 25S rDNA loci was also examinedinalbumforms: diploid, tetraploid and
hexaploid. Three pairs of chromosomes could be distinguishing in diploid fo@naibum four, in

the tetraploid form and six, in the hexaploid form. This study allowed the analysis of the evolutionary
events of this species. The number of rDNA bearing chromosomes changed in correlation with the
ploidy level only in the case of one 5S rDNA bearing chromosome type. The number of other 5S and
25S rDNA-bearing chromosomes in the polyploids was lower than expected. FISH with rDNA
revealed the difference in the number of marked chromosomes in subspeCidseofandierii The
discrimination of three chromosome pairs was possible in subspesitdieri, whereas four
chromosome pairs could be easily distinguish in subspeaitaliae cultivar Quelita, and five in the
cultivar Huauzontle. Summarizing, FISH with rDNA to chromosomeStenopodiunspecies tagged

a maximum 6 chromosome pairs, so ribosomal rDNA is an insufficient marker for their chromosomes.

To develop new chromosome specific markerdfoquinoathe distribution of mobile elements in its
genome were analysed using FISH with retroelement-like sequences: 21- 5D, 15-5D, 22-19A and
transposon like sequence: 20-20I. Analysed clones came fr@magainoa genomic DNA library.

After visualization and image capturing, slides were reprobed with rDNA. All retroelement-like
sequences were seen as relatively weak, but with discrete hybridization signals. Two types of
retroelement-like sequences (22-19A, 15-5D) were present on all eighteen chromosome pairs, whereas
21-5D hybridized only with twelve pairs. In all cases hybridization signals were preferentially
localized in a pericentromeric region, but chromosomes with distal signal were also observed. A few
chromosome groups could be distinguished basing on distribution pattern of analysed sequences. A
characteristic banding pattern for one pair of chromosomes was observed when 15-5D and 22-19A
were applied. Additionally three pairs of homologous chromosomes were distinguishable when these
repetitive sequences were combined with 25S and 5S rDNA.

Similarly, a transposon-like sequence (20-20l) was detected on all chromosomes, mainly in the
pericentromeric region. Two chromosome pairs wittmawous small signals dispersed along the
whole chromosome arms were present. In interphase nuclei signals of hybridization with all elements
were present mainly in heterochromatic regions.

The chromosomal distribution of retroelements in plants shows high variability and depends on
retroelement types and host genome organization. Tyl-copia retrotransposon were distributed
uniformly along chromosomes @&eta vulgariswhereas LINEs showed an organization in discrete
clusters [18] similar to this was observed @h quinoagenome. Discrete clusters of Tyl-copia
retroelements were observed @wossipium hirsutunchromosomes but in this case signals were
predominantly localized near the telomeres, whereas pericentromeric region were largely devoid of
signals [19]. Centromeric localization of Ty3-gypsy-like retrotransposon was detected on
chromosomes ofBeta vulgaris [20]. Opposite to retroelements, reports on the chromosomal
localization of class Il transposons by fluorescent in situ hybridization are rare. StagtgaiuR1]
indicated that this type of repetitive sequences was distributed in discrete clusters within pericentric
heterochromatin regions adjacent to euchromatic region on chickpea chromosomes. Some
chromosomes possessed also loci in pericentromeric heterochromatin. Both on quinoa and chickpea
chromosomes transposon sequences were largely excluded from the NOR and centromere region.

FISH conducted on mitotic chromosomes @f quinoa indicated that hybridization signals of 5S

rDNA overlap with 21-5D and pTaql0 signals what suggested that 5S rDNA arrays are not completely
separated from these two disperse repetitive sequences. A higher mapping resolution was achieved by
FISH to DNA fibres (EDF-FISH). After double FISH with 5S rDNA and repetitive sequences pTaql0
hybridization signals were observed as dots arranged in shorter or longer arrays. Signals for 5S rDNA
created long tracks interrupted with gaps what indicated that 5S rDNA arrays are not homogenous in

43



quinoa genome, but they are interrupted by unrelated sequences. Comparison of 5S rDNA and pTaql0
localization revealed that these two sequences are mainly separated and very rarely hybridization
signals for these sequences were interspersed. Hybridization signals for retroelement like sequence 21-
5D, similarly to clone pTagl0, were present as arrays of different length. However tracks of 21-5D
signals often co localized with hybridization signals of 5S rDNA. It suggested that interspersion of the
5S rRNA genes and retroelement like sequences occurs, and that they are not completely spatial
separated.

Mapping resolution of FISH using metaphase chromosomes is limited to 2-5 Mbp. The use of
extended DNA fibres enhances the physical mapping resolution to the extent of 2-5 kb. Because EDF-
FISH display linear position of DNA sequences it is a very powerful method to analysed organisation
and interspersion of DNA probes at the kilobase level [11,22]. EDF-FISH used in studies on detailed
structural organization of centromersBxéta or maize revealed a complex structure of that region of
chromosomes [20,23]. Preliminary results obtainedfoquinoa genome indicated that 5S rDNA loci

do not only consist of arrays of the monomer, but their structure is more complex.

Genomic organization of a few transposable elements was also examined in ge@rarapfodium
species:C. berlandierii (cultivated subspnuttalliae and wild subspberlandier) and C. album
(diploid and hexaploid form). Analyzed clones came fro@. ajuinoa cove. ‘Real’ genomic DNA
library and included three retroelement like sequences (22-19A, 15-5D, 21-5D) and transposon-like
sequences. (20-201). Cloned DNA probes were labelled with digoxigenine-11-dUTP by PCR.
Southern hybridization experiments were conducted using DIG High Prime DNA Labelling and
Detection Starter Kit 1l (Roche). Our results indicated that only 21-5D retroelement-like sequence was
present in genomes of all analyzed species. This cloned sequence was abu@dguoirina andC.
berlandieri genomes, but less abundantGn aloumgenome. Each species was characterized by a
different hybridization pattern. After FISH with 21-5D clone hybridization signals were observed on
C. berlandierichromosomes as week, but discrete signals localized mainly in the pericentromeric
region of every chromosome. @. albumgenome copy number of the clone was too low to be
detected by FISH.

The retroelement-like sequences (22-19A, 15-5D) and transposon-like sequences (20-201) were
present inC. quinoa andC. berlandierigenomes but not i€@. album These sequences were present in

a fewer copy numbers i@. berlandierithanC. quinoa. It was especially easy to notice in case of 22-
19A retroelement-like sequences, which was observed as a very weak band in farfisrtzndieri

lines. FISH onC. berlandierichromosomes exhibited hybridization pattern very similar to the results
for C. quinoa but signal number and strength was reduced. Low copy number of 22-19A dbne in
berlandieri made the FISH analyze impossible. The hybridization pattern indicated that used clones
were characterized by disperse organization in genomes of analyzed species what corresponds to
results obtained earlier fd€. quinoa. Disperse genomic organization exhibits many transposable
elements for example LINEs and Ty3-gypsy-like elementéHandeum genome or En/Spm-like
transposon in Cicer arietinugenome [21,24].

Mobile elements in plants show high variability in chromosomal localization for exampleopia
retrotransposon were distributed uniformly along chromosomédiwh cepa whereas retroelements
belonging toTy3-gypsyfamily were localized in grass centromers [25,26]Chenopodiungenome
transposable elements were localized in many small loci mainly in pericentromeric region. Similar
distribution of retroelements exhibitd®keta vulgaris[25,27]. Discrete clusters of DNA transposon

were revealed within pericentric heterochromatin regions adjacent to euchromatic region on chickpea
chromosomes [21]. Localization of transposable elemen. iperlandierigenome is similar in all
chromosomes; therefore these sequences were not as good chromosome markers as rDNA, which
allowed to distinguish a few chromosome pairs in karyotype of Chenopodium species.

In order to find markers fa€henopodiunthromosomes and to study the phylogenetic relationship of

two other repetitive sequences isolated fr@émguinoa,showing homology to Beta corroliflora and
Drosophilasequences, were also applied as probes to FISH. The results showed that both sequences
exist in C. quinoa andC. berlandierigenome in high copy number. One of the sequences 18-24],
hybridized to all out of 36 chromosomes@f quinoaandC. berlandierii however the signals were
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stronger on 18 chromosomes, thus confirming allotetraploid origin of this species. The clone 12-13P is
localized on all chromosomes @Gf quinoa andC. berlandieriiin pericentromeric regions (however

the signals are weaker on 18 chromosomes) thus confirming that both ancestral species of both species
possess the same centromeric sequences. These results pro@djthawa andC. berlandieriimay

have the common ancestral species.

Moreover physical mapping of three repetitive sequences on chromosoi@besrafpodiunspecies
was done:

. centromeric satellite pBV 1 (presents in section Beta).
. intercalary satellite pEV4 (presents in sections Beta and Procumbentes).
. subterminals satellite pAV34 (presents in all Beta sections and Spinacia).

After FISH using different conditions (hybridization stringency, hybridization time) no signals were
observed indicating lack of these sequences in Chenopaginome.

3.2. Development of chromosome specific markers for Brassica species

FISH with rDNA enabled the discrimination of a substantial numbdsragsica chromosomes and
eight chromosomal types with ribosomal genes frBmassica species previously described by
Hasterok et al. [28] was recently completed by analyzing numespasiesof Brassicaceae
Additionally, the intergenomic and interindividual polymorphism regarding rRNA genes was shown.
Comparison the A, B and C genomes revealed the highest rDNA polymorphism in the A genome.

Molecular cytogenetic analysis of meiosis in the speci@&adsica using double-target FISH with 5S

rDNA and 25S rDNA probes was the continuation of the previous study performed on somatic
metaphase chromosomes [28,29]. As the individual rDNA-carrying bivalents are also identifiable by
the same way, they can be easily tracked down during diakinesis and metaphase | at meiosis. This
enables detailed study of chromosome pairing both in diploid and allotetraploid spegiassita as

well asB. campestrix B. oleracea monosomic addition lines (MALS), which were designed for the
purpose of fine analysis of meiotic chromosome interactions between closely related species of that
genus.

To find new markers foBrassica chromosomes the distributionBfoleracea(2n=18, C genome)

BAC clones (BoB21L05, BoB34L12, BoB39C15, BoB14006, BoBO6N23, BoB45BaiB02E15)

was analyzed using fluorescence in situ hybridization. The BAC clones come fi&nolaracea
genomic DNA library at the TAMU BAC Centre, Texas, USA, and were also the subject of study by
Howell et al. [30]. Simultaneously rDNA probes were used with BAC clones to compare the
localization of investigatedlones with known chromosome markers Byassica. FISH was applied

to the B. oleracea,B. campestrisand B. napuschromosomes. The results of FISH revealed the
diversity in the number and physical distribution of investigated clonBs gampestri@ndB. napus
chromosomes. The BoB21L05 and BoB34L12 clones are interstitially located, as discrete signals on
one pair ofB. oleraceachromosomes. In other species these two clones are mapped on more than one
pair of chromosomes: BoB21L05 clone on six chromosom&s campestriend eight chromosomes

of B. napusBoB34L12 clone on 12 and 24 chromosomeB.afampestris anB. napusrespectively.

The BoB39C15 and BoB14006 BAC sequences occur as dispersed signalsBin cddlracea
chromosomes, as we noted in earlier study, and hybridize to 16 dddchBpestrichromosomes,
respectively. InB. napusboth clones preferentially hybridize tB. oleracea—derived genome,
distinguishing 18 of 38 chromosomes. Application of BoBO6N23 allowed identification of one
chromosomes pairs iB. oleracea and B. napugenome. In addition, one chromosome pairBof
oleracea could be distinguished using BoB02E15 clone.The application of investigated BAC
sequences for clear characterization of remaining chromosomes revealed the signal co-existence of
these sequences with reference to one of rDNA markers and also identification of known types of
chromosomes. The part of BAC clones hybridizes to chromosomes without any marker, showing a
new type ofBrassicachromosomes. One of these sequences, the BoB21L05 BAC clone showed the
terminal localization on some & campestrichromosomesnd terminal and interstitial localization
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on some of thd. napuschromosomes. The presence of chromosome with terminal localization of
21105 BAC clone in B. napumay confirm the membership of this chromosome to the genome A.

In the light of earlier study on genome in tBeassicaallopolyploids, there were no possibilities to
positive differentiation of A and C genome in allopolyploids nuclei [31]. The close homology between
these two genomes did not allow for chromosome identification of A and C genome by use of GISH
method. The BoB39C15 and BoB14006 BAC sequences allow tracking down of particular genomes in
allotetraploid B. napus Both clones enable the differentiation of C genome in this species, and
application of this BAC system is effective techniques of genomes identification in B. napus

As BoB14006 allows identification of all chromosomes of C  genome,

it was used with the marker 25S rDNA in the analysiBrassicagenomes, with suspected changes

in in vitro conditions. Regarding the polyploidy existencenirvitro cultures ofBrassicaspecies, the
application of BAC clones was essential in such investigations. BoBBWG6clone and 25S rDNA

were used to probe chromosomes of diploid and polyploid cels oferaceaB campestrisand B.
napuscalli. In theB. oleracea callus lines, cells with different ploidy level were observed. In diploid
cells, the BoB14006 BAC sequence occurred as dispersed signals with the same level of fluorescence
intensity in allB. oleraceachromosomes. In the polyploid cells Bf oleracea callus, FISH with this

BAC sequence also revealed the BAC signals in all chromosomes, however, interestingly in some
chromosomes the fluorescence more intense than in diploid cells. These results may indicate an
amplification of retrotransposon-type sequences, which are in BAC located, to a different extent in
particular chromosomes.

The BoB14006 BAC sequence allows tracking down of ancestral genomes in allotetBapiajus

This clone enables the differentiation of C genome in this species and application of FISH with this
BAC is an effective technique for genomes identificatioB.imapus In diploid B. napuscallus cells

the investigated BAC clone hybridized to 18 chromosomes, originating from the C genome. In the
octopolyploid cell ofB. napusFISH with BAC BoB14006 can also identify chromosomes belonging

to B. oleracea-derived genome. These results indicate that durividgro culture, polyploidysation
concerns equally both genomes of allopolyploid. As rDNA enabled the discrimination of a substantial
number of chromosomes of Brassica FISH with these sequences as probes was also used for
identification of structural chromosome aberrations in metaphases and numerical aberrations in
interphase cells.

To find newmarkers forBrassica chromosome and to distinguish the species the methods for the
detection of methylated DNA and histones were applied. The immunostaining with monoclonal
antibodies (anti-5'mc, anti-H3K4me2, anti-H3K9me2, anti-H3K9me3) to chromosome and interphase
nuclei of Brassicaspecies was applied. No specific banding pattern of methylated DNA was observed
on metaphase chromosomes, however the differences in the localization and intensity of signals were
seen between investigated species. 8-10 chromosomBs ca&mpestrisvere characterized by the
stronger intensity of anti-5'mc signals. Al. oleraceaand B. napuschromosomes have similar
centromeric signals.

The signals of the anti-5'mc, anti-H3K4me2, anti-H3K9me2, anti-H3K9me3 in interphase nuclei were
located mainly in heterochromatin region (chromocentres). The pattern of methylation of DNA
molecules can be informative in distinguishing tBeassica species, rather than as chromosome
markers.

3.3. Analysis of DNA damage induced by mutagenic treatment

Somatic effects seen as reduction of germination, emergence and growth reduction were observed for
al mutagens treatments. Results of seed germination test did not show significant differences between
MH and MNU action. MH did not change time of germination, but percent of germinated seeds after
treatment decreased with increasing the of mutagen dose. Somatic effect of MH treatment was weaker
than MNU treatment. Based on these results 3 and 4 mM MH, and 2 and 3 mM MNU were used in
cytogenetic analysis. The chromosomal aberrations observed after chemical mutagens treatment were
acentric fragments, and dicentric chromosomes, seen as bridges at anaphase of mitosis. The highest

46



frequency of aberrations was observed after 4 mM MH treatment and 3 mM MNU. The mutagen in
applied doses did not significantly reduce mitotic activity of root meristems.

The frequency of chromosomal aberrations increased after MH and decreased after MNU treatment
with the prolongation of post incubation time. These differences can be a result of a different phase of
the cell cycle when applied mutagens act: MH acts in S-phase, whereas MNU in G2 [32].

The effect of gamma rays seen as a reduction of the number of germinated seeds was not significant.
In contrast to germination, irradiation of the seeds caused high reduction of seed emergence. The
growth reduction increased in proportion to gamma rays dose: the highest effect, about 25%, was
generated after irradiation with 225 and 250 Gy whereas no reduction was observed after 150 Gy
irradiation. On the basis of the analysis of somatic effects of irradiation, 175 and 225 Gy gamma
irradiation were chosen for cytogenetic test. The frequency of chromosomal aberration (bridges and
fragments) after 175 and 225 Gy irradiation, in 36 hours after treatment, of about 8%, was similar.
Prolongation of post incubation time after treatment caused decreasing of the frequency of
chromosomal aberration. Applied doses of mutagen did not cause significant changes in mitotic index.

In subsequent experiments the correlation between frequency of chromosomal aberrations induced by
MNU, MH, gamma ray and DNA fragmentation detected by TUNEL and comet assay in barley was
estimated. Each of three mutagens within the concentration range used in the experiments caused
nuclear DNA damage in barley cells. MH and gamma irradiation induced higher level of DNA
damage than MNU. In our studies, primary roots were treated at the embryo stage, as such low values
of comet parameters could be used to indicate their lower sensitivity compared with roots treated at the
seedling stage. In our studies, DNA damage observed in root cells of barley roots treated at the
seedling stage with 2 mM MNU were similar with DNA damage observed with 1 mM MNU in
another study [17]. It is also possible that most of DNA damage may have been repaired during 36 h
between treatment and cell harvest. It may have been useful to take an earlier sample, so we optimized
the procedure of comet assay for embryo cells. The highest values of TD were observed in 36 h of
germination, and then the level of DNA damage within analysed recovery times is decreased.
Similarly in previous studies, in barley roots treated with MNU in seedlings stage, showed significant
reduction of DNA damage during recovery time was observed [17]. Nevertheless, in our present
studies, we did not observe a complete repair of DNA damage in analysed post incubation times, even
with comets values were over the control. Results of comet assay indicate that MH induced higher
level of DNA damage, and/or more effective repair processes are activated than in case of MNU.

The analysis of the level of DNA damage expressed as TD caused by 175 and 225 Gy gamma
irradiation in embryo cells showed that it increased from 30h to 36h of germination. It is well known
that breaks present in DNA may indicate high damage and/or repair or misrepair processes [33].
Additionally, DNA breaks can be due to repair-mediated breaks still formed with high efficiency but
not effectively sealed, which leads to increase level of DNA damage.

The present studies indicated a high correspondence between the results of comet assay and CA test
after treatment with gamma ray. TD values and chromosomes aberration frequency changed in direct
proportion with prolongation of post incubation time after irradiation. In contrast, no clear correlation
between DNA fragmentation and CA was observed after treatment of barley seeds with the chemical
mutagens.

Whereas DNA damage can be measured quantitatively in comet assay, the TUNEL test shows only the
frequency of nuclei with DNA fragmentation. Similarly as in case of comet assay the correlation
between DNA fragmentation analysed in TUNEL test and CA gave clearer results only in case of
physical treatment. The frequency of cells with DNA fragmentation after gamma irradiation analyzed

in TUNEL test decreased only during early germination, till 10h of post incubation. These results
indicate that the comet assay and TUNEL test can be used as a predictive test for the outcome of the
CA after treatment with a physical mutagen.

Analysis of the correlation between DNA synthesis and the level of DNA damage in barley cells after
gamma irradiation with use of the simultaneous bromodeoxyuridine (BrdU) incorporation into DNA
and TUNEL test was done. The results showed that the cells with DNA fragmentation after mutagenic
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treatment could undergo DNA synthesis. The analysis of the frequency of nuclei with incorporated
BrdU showed that gamma irradiation slightly decreased the rate of DNA replication, probably in order
to repair processes.

FISH applied in this study allowed the analysis of the composition of micronuclei and a better
understanding of the mechanisms of micronuclei induction by two the chemical mutagens MH and
MNU which are characterized by different mechanism of action. MH is a clastogenic agents, leading
to chromosome breaks, and it can cause spindle fibre defects, whereas MNU as alkylating agent
mainly induces gene mutations. No differences were observed in the composition of the micronuclei
after treatment with the mutagens. The micronuclei with telomere specific signals, micronuclei with
centromere specific signals, micronuclei without any signals and micronuclei with telomere and
centromere specific signals were observed with similar frequencies after MH or MNU treatment. Both
mutagens frequently caused terminal deletions, as micronuclei with signals of telomeric DNA were
most often observed. Similarly Jovtchev al [34] has shown that most MNU-induced micronuclei
revealed telomere specific signals, whereas the frequency of micronuclei with only centromere-
specific signals was very low. Similarly, the analysis of the frequency of micronuclei with signals of
the investigated DNA probes did not showed differences between the MH- and MNU- induced
micronuclei. In subsequent experiments, the application of rDNA together with centromeric and
telomeric DNA as probes for FISH, allowed more detailed analysis of the composition of the
micronuclei, by the evaluation of involvement of specific chromosomes with 5S or 25S rDNA in the
micronuclei formation.

The concentrations of mutagens, as well as a post incubation times used in the study did not influence
the frequency of micronuclei with signals of the DNA probes used. As such all obtained data
generated were pooled for both MH and MNU. Interestingly differences between the frequency of MH
and MNU induced micronuclei with specific signals follow from the results. The micronuclei with
signals of telomeric DNA and rDNA were the most frequently observed in both mutagens, however
with a higher frequency after MH treatment (46%) than MNU (37%). Moreover, only 10% of MH-
induced micronuclei are characterized by presence of telomere DNA sequences only, whereas almost
3 times more in case of MNU- induced micronuclei (28%). These results could indicate that in the
case of MNU, a higher number of small distal acentric fragments (which are not including rDNA loci)
are involved in micronuclei formation. In contrast, MH rather leads to large acentric chromosome
fragments including rDNA loci, which are located in the interstitial regions or near the centromere.

In this study, the presence of micronuclei revealing centromeric and telomeric signals could indicate
aneugenic action of the mutagens, which fit the expectations in the case of MH, but was not expected
for MNU. It is related to the mechanism of action, in that MH can cause spindle fibre defects
[17,35,36].

The application of FISH with few DNA probes, including reprobing, in detailed characterization of
chromosomal aberrations in plants is not known. There are only few examples where rDNA sequences
are used as probes in FISH, to distinguish between micronuclei of different origin and detailed
characterization of other chromosomal aberrations [10,37].

As the quantification of micronuclei in plant cells is not very popular, results presented are very
valuable in plant genotoxicity studies due to understand the mode of action of MN inducers.

4. CONCLUSIONS

The FISH with rDNA probes to chromosomesQGbfenopodiunspecies tagged a maximum of 6 pairs

of chromosomes. Also the distribution pattern of retroelements-like sequences and transposon-like
sequences coming from tk quinoa cv. ‘Real’ genomic DNA library, did not provide sufficient and
convenient chromosome markers. Only a few chromosome grouPs guinoa are distinguished,

based on distribution pattern of analyzed sequences. A significant progress was made using resolution
extended DNA fibres technique: a co-localization of retroelements-like sequences with 5S rODNA in
quinoa chromosomes was showed. In addition the application of the two other repetitive sequences
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isolated fromC. quinoadid not bring new chromosome markers however provedGhguinoa and
C. berlandieriimay have the common ancestral species.

Similarly, beside rDNA more molecular markers are still needed for identification of all chromosome
pairs of Brassica species. The different DNA sequences localize on chromosomes using BAC- FISH
are good chromosomes marker. The physical mapping ofBfewaleracea BAC clones enabled to
distinguish new chromosomes types with specific distribution patteBr campestrisandB. napus
genomes. Surprisingly, using this technology, a progress has been made with respect to the
identification of genomes in allotetraploid Brassica napus

Cytogenetic effects of mutagenic treatment observed as chromosomal aberrations, such as fragments,
bridges and micronuclei in root cells can be detected using simple cytogenetic methods such as
Feulgen staining. Even though the availability of region and chromosome specific DNA probes in
plants is still not as wide as for human, FISH improves the effectiveness of the assessment of the
effects of mutagenic treatment. One of the advantages of FISH is the possibility to study
chromosomal fragments in interphase nuclei. MN test combined with FISH made possible to explain
their origin. Due to the possibility of distinguishing the majority of barley chromosomes by presence
and specific localization of 5S and 25S rDNA, these sequences and additionally telomere- and
centromere-specific probes were used as probes to FISH. Two FISH experiments (including
reprobing) were used for identifying the specific chromosome or chromosome fragments involved in
the micronuclei, induced by treatment with MH and MNUff@&ences between the frequency of

MH- and MNU-induced micronuclei with specific signals were observed. We showed that in case of
MNU a higher number of small distal telomeric fragments (which are not including rDNA loci) are
involved in micronuclei formation. In contrast, MH rather leads to large acentric chromosome
fragments, including rDNA loci. Application of new plant chromosome markers as probes for FISH
can make this method more valuable.

Molecular methods enable analysis of direct effects of mutagenic treatment. Quantitative analysis
expresses by frequency of cells with DNA fragmentation is possible in TUNEL test. Comet assay
make possible to estimate the level of DNA damage in one single cell. The comparison of DNA breaks
and chromosome aberrations frequency in root cells enabled the description of the effectiveness of
repair processes, then leading to CA. The potential usefulness of the analysis of the level of DNA
breaks in embryo in order to speed up the evaluation the effectiveness of mutagenic treatment was
demonstrated.
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