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Propositions

1 The intermediate types found in durum and turgidum cv. groups and the large overlap in
microsatellite alleles between them implies that the groups are not separated and that gene flow
between these cv. groups occurs frequently.

(This thesis)

2 Anintegrated approach that includes the collection of data on morphological characters, stor-
age proteins, and microsatellites and in some cases, chromosome analysis is an effective diversity
way to perform diversity assessment in tetraploid wheat.

(This thesis)

3 The variation of storage proteins in Ethiopian tetraploid wheat landraces might be relevant for
the food processing technology.
{This thesis)

4 The occurrence of specific transtocations in Ethiopian tetraploid wheats makes these chromo-
somal rearrangements valuable tools for diversity assessment work.
(This thesis and in Taketa §; Kawahari T 1996)

5 The fact that in Ethiopian tetraploid wheat the within accession component of variation is higher
than the between accession compaenent can be ascribed to the prevailing Ethiopian agricultural
systems.

(This thesis)

6 The origin of wheat with purple seed colour that is unique to Ethiopian high land populations is
not well known . This unique trait may favour the assumption that Ethiopian regions could have
been one of the centres of origin for tetraploid wheats.

{Zeven AC 1991}

7 The fact that Ethiopia is recognised as the centre of origin for many plants and animals makes it
very useful to establish a genetic institute that could study the potential of these genetic
resources.

8 The gradual rise in global temperature by altered global weather conditions can be considered as
a sudden event that has a negative effect on genetic resources. Therefore proper conservation
strategies have to be developed to avoid loss of genetic diversity.

9 In the present world society where parts of the countries invest in the exploitation of resources
for future use and other parts are still struggling against poverty, further increase of the eco-
nomic difference between rich and poor countries seems unavoidable.

10 Fights between groups of people might be considered as a natural phenomencon; however, the
fact that this happens at such a wide scale in East Africa might be associated with the high ethnic
diversity in that part of the world.

These propositions are part of the thesis, “Multidisciplinary approach in estimating genetic diversity of
Ethiopian tetraploid wheat (Triticum turgidum L.} landraces” by Tesfaye Messele, Wageningen Univer-
sity, 18 September 2001.
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Abbreviations*

AFLP Amplified Fragment Length Polymorphism
A-PAGE Acid - polyacrylamide gels

C-bands Constitutive heterochromatin bands

CTAB HexadecylTrimethylammoniumbromide
DAPI 4 6-diamidino-2-phenylindole

DNA Deoxyribonucleic acid

Dst Diversity between population

FISH Fluorescence in situ Hybridisation

FITC Fluorescein isothiocyanate

Gst Coefficient of differentiation

HMW High molecular weight

Hs Diversity within populations

Ht Total diversity

IBCR Institute of Biodiversity Conservation and Research
ICNCP International code for nomenclature of cultivated plants
LMW Low molecular weight

NOR Nucleolar organiser region

OTUs Operational Taxonomic Units

PBs Phosphate buffered saline

PCA Principal component analysis

PCR Polymerase chain reaction

RAPD Random Amplified Polymorphic DNA
RFLP Restriction Fragment Length Polymorphism
rDNA, Ribosomal DNA

Rnase Ribonuclease

SDS-PAGE Sodium dodecylsulfate - polyacrylamide gels
5s5C Standard Saline Citrate

S5R Simple sequence repeats

UPGMA Unweighted pair group method algorisms
UPOV International Union for the Protection of New varieties
WMS Wheat microsatellites

*) All abbreviations of marphological traits used in this study are discribed in Table 2-1, page 21.



General Introduction

General introduction

1. Ethiopia: The Impact of geographic, climatic and
population factors in vegetation variation

1.1. Geographic and climatic features

Ethiopia is a tropical country located in eastern Africa between 30° and 18° north [atitude, and between
33° and 48° east longitude. The country has various geographic features including ragged mountains,
hills, flat-topped plateaux, deep gorges, roaring rivers, incised valleys, undulating plains and sharp cliffs,
whereas altitude ranges from 110 m below sea level up to 4620 m (Anonymous 1995).

Despite its tropical location, the central and most densely populated part of Ethiopia has a mild <li-
mate due to its high altitude, with a mean annual temperature of 18 °C (Anonymous 1995). Rainfall is
seasonal and amounts from 500 to 2800 mm per annum. Relative humidity closely follows the rainfall
pattern. The latter, along with extreme temperatures of under 10 °C and above 30 °C, together with
the geographic variation provide a large diversity in ecosystems, which leads to a large variation in vege-
tation (Alemayehu 1991).

1.2. Population

Currently, Ethiopia has an estimated population of aver 57 million, with more than 70 nationalities, each
with their own culture and language. About 88% of the total population are considered as rural dwell-
ers. Environmental factors such as altitude, mild climate, favourable conditions for agriculture such as
soil fertility and economic activities influence the settiement pattern of the population. The Ethiopian
highlands (above 1800 m), which cover 37% of the total area, are inhabited by about 80 - 88% of the
country's population and represent about 95% of the regularly cultivated land. About 75% of the live-
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stock are present in these regions (Bekele and Tesema 1997; Anonymous 1%86). Dense population of
these highlands of the country resulted in over-grazing and severe degradation of the vegetation. The
lowlands, being affected by insufficient rainfall and high temperature are sparsely populated. This
unequal distribution of human population is one of the important factors that affect productivity of agri-
cultural lands and the conservation and management of biological resources {Anonymous 1995).

2. Ethiopia: a centre of origin and diversity

Cereals, pulses, oil crops, root and tuber crops and other less prominent but potentially important crop
species are cultivated for many centuries in Ethiopia. For several economically important cereals such as
wheat (Triticum spp), barley (Hordeum spp) and sorghum {Sorghum bicolor}, the country is a centre of
diversity (Vavilov 1929) and also a centre of origin for crops like anchote (Coccinia abyssinica), chat
(Catha edulis), coffee (Coffea arabica), enset {Ensete ventricosum), gesho (Rhamnus prinoides), gomenzer
(Brassica carinata), noog (Guizotia abyssinica), Oromo potato (Coleus edulis) and teff (Eragrostis teff). The
degree of diversity and distribution within the country including the diverse cultural use of some crops
such as tetraploid wheats, barley, cowpea, finger millet, okra, sorghum suggest that these crops are
either of Ethiopian origin or have been introduced in the country since ancient times.

Wheat is one of the five major cereal crops grown in Ethiopia. It is grown over a wide range of envi-
ronments different in soil fertility, incidence of weeds, disease, pests {Hailu et al. 1991; Workneh 1989)
and water logged conditions. The most suitable areas for its production are between 1900 - 2700 m
{Hailu 1991). Estimations during 1987 - 1989 revealed that the area under wheat cultivation in Ethiopia
ranged from 700,000 to 750,000 ha, of which about 60 % is covered by durum wheat and 40 % by
bread wheat {Hailu 1991; Seme 1991). Durum wheat is usually grown by farmers (Hailu et of. 1991) as a
mixture of different morphotypes (Abebe and Giorgis 1991). Compared to other cereal species,
tetraploid wheat shows an enormous genetic variability, which makes Ethiopia an outstanding centre of
diversity (Vavilov 1929).

2.1. Taxonomy

Taxonomically wheat belongs to the genus Triticum of the tribe Triticeae within the subfamily Pooideae
of the Gramineae family. Seven species of the genus Triticumn are found in Ethiopia {Tesfaye and Jamal
1982). These include T. dicoccum, T. durum, T. turgidum, T. polonicum, T. gestivum, T. compactum (Vavilov
1929), while the seventh species, T. pyrimidale was split from 7. durum (Abebe and Giorgis 1991). The
genus comprises a series of diploid, tetraploid and hexaploid species with x=7. Tetraploid wheat, T.
turgidum L., is assigned the genome formula AABB, where A and B stand for the putative parental spe-
cies T. monococcum (or T. urartu) and Aegilops speltoides, respectively. Within tetraploid wheat two
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groups, T. turgidum and T. durum Desf., have been distinguished, which have previously been classified as
species, or as intraspecific entities, even of each other (T. durum subsp. turgidum (L.} V. Dorof, T.
turgidum subsp. turgidum convar. durum (Desf.) MacKey). In view of this extremely unclear taxonomic
situation and because these entities are cultivated groups rather than wild taxa, in the present work
they will be classified as cultivar-groups within the species Triticum turgidum. Following the rules of the
international Code for Nomenclature of Cultivated Plants (ICNCP, Trehane et al. 1995) their nomen-
clature thus becomes Triticum turgidum Turgidum Group and Triticun turgidum Durum Group.
Informally, they will be indicated as turgidum or durum cv groups.

2.2. Genetic diversity in Ethiopia Wheats

The genetic variation present, especially in Ethiopian tetraploid wheat is very high. This was already
recognised by Vavilov (1929), who observed in his study on Ethiopian wheats a large phenotypic varia-
tion within and between populations. The many endemic characters such as violet grained, beardless
and half-bearded hard durum types and similar forms of turgidum wheats impressed Vavilov. A study
conducted in tetraploid wheat landraces by Ghiorgis and Dibaba {1994) based on the morphological
characters of 3300 accessions collected from different regions of Ethiopia showed a wide variation of
botanical forms. The highest variability was detected on characters such as spike form and density, col
our and size of awn, glume colour, absence or presence of hairs and pigmentation in glumes, kernel cot
our, size and vitreousness. Tesfaye et al. (1991}, Getachew et al. (1993}, Tesfaye et ol. (1993}, Jain et dl.
(1975) and Luciano et al. (1996} also confirmed the existence of considerable morphological variability
and the uniqueness of certain genetic traits in Ethiopian tetraploid wheats {Melaku 199; Luciano et dl.
1992). The results obtained from isozyme studies (Seifu 1996) and chremosome portrait analyses
(Getachewl et al. 1994) of Ethiopian tetraploid wheats also showed high variation, In addition, the pres-
ence of specific translocations confirmed the uniqueness of Ethiopean tetraploid wheats (Kawahara and
Taketa 2000).

Variation of Ethiopian wheat landraces in respect to tolerance to various stress conditions including
diseases, pests and variation in the content of valuable protein, lysine and other basic amino acids has
also been reported (as cited by Abebe et al. 1989). The evaluation of resistance and/ or susceptibility to
two important Echiopian wheat diseases l.e., rusts and leaf blotches (Puccinia recondita, P. graminis tritici
and P. striiformis) in 502 accessions showed that 78.1% of the studied wheat landraces were resistant to
all of the three rust types (Hailu 1986).

2.3. The uses of landraces

Landraces are defined as a mixture of morphotypes evolved through human and natural selection
(Harlan 1575). Through centuries of cultivation the landraces have developed a broad spectrum of resis-
tance to various biotic and abiotic threats, which makes them very useful as starting material for breed-
ing of modern cultivars with stress resistance and increased yield. Maxted et al. (1997) considered six
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Altitude classes
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Fig. 1-1. Region of Shewa in the central part of Ethiopia (inset) where the tetraploid wheat accessions were coflected.
The numbers in the map refer to the collection sites (see table 1-1}, the grey hues of the circles denote the altitude class.
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Table 1-1. Overview of the accession, with their regions, localities and altitudes of collection. The humbers in
column 1 refer to the map positions in Fig. 1-1.

Number | Accession Region of collection | Locality Subregion | Adtitude
1 5314 Yerer & Kereyu ADA East 177
2 6038 Yerer & Kereyu ADA East 1870
3 5180 Yerer & Kereyu ADA East 2300
4 5989 Yerer & Kereyu ADA East 2250
5 5375 Yerer & Kereyu AKAKI East 1675
6 5917 Yerer & Kereyu LUME East 2000
7 5911 Yerer & Kereyu MOJO & WEDERA East 2400
8 5454 Gebat & Mecha AMBQOZ West 1772
2 7158 Gebat & Mecha AMBOZ West 2235
10 591 Gebat & Mecha DENDI West 2350
11 6000 Menagesha ALEMGENA West 2120
12 6158 Menagesha ALEMGENA West 2150
13 5441 Menagesha BEREH West 2300
14 5588 Menagesha BEREH West 2400
15 7190 Menagesha BEREH West 2500
16 5473 Menagesha SULULTA West 2900
17 55 Tegulet & Bulga BASOWERANA Neorth 2400
18 5976 Tegulet & Bulga MORET & jIRU North 2650
19 s Tegulet & Bulga MORET & JIRU North 2720
20 5977 Tegulet & Bulga ANGOLELA North 2780
P3| 5725 Tegulet & Bulga KIMBIBIT North 2810
22 6028 Tegulet & Bulga KIMBIBIT North 2835
23 5909 Tegulet & Bulga BASOWERANA North 3000
24 5908 Tegulet & Bulga BASOWERANA Nerth 3020
25 5904 Kembata & Hadia TIMBARU South 2440
26 6022 Kembata & Hadia TIMBARU South 2590
27 “Boohi” Ethiopia

28 “Arendato” Ethiopia

29 “Golden Ball” | South Africa

30 “Capeiti” Italy

uses of landraces for use in plant breeding, resistance to disease, adaptation to environment and chang-
ing agricultural practices, yield increase, improvement of growth pattern and growth rate of plants. So
far only 10% of the total plants in the world were evaluated for their value for agriculture and medicine
(Prance 1997), still more plants need to be evaluated for future utilisation.

"
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2.4. Genetic erosion

The loss of biodiversity is irreversible and irreparable, and includes the erosion of the gene pool within a
species to its total extinction (Frankel and Bennett 1970). Recurrent drought, displacement of native
varieties by higher yielding either native or exotic cultivars, and changes in crop pattern and land use,
largely affect genetic diversity by increasing the speed of genetic erosion. Genetic diversity in the Ethio-
pian landraces was only little affected until the seventies, but the threat of genetic erosion increased tre-
mendously since then {Anonymous 1995). The preference of farmers for crops with high economic
return pose the greatest threat to genetic diversity of crops in Ethiopia. Economically important crops
like durum wheats replace less profitable crops like teff.

2.5 Institute of Biodiversity Conservation and Research (IBCR)

Genetic erosion requires a strategy for long term preservation of the genetic resources of Ethiopia. As
one of the strategies to meet the challenge, the Ethiopian gene bank currently known as Institute of
Biodiversity Conservation and Research (IBCR) was established in 1976. Since its establishment this
institute has undertaken a series of expeditions to collect and conserve the country’s dwindling genetic
resources, including wheat. Until now, the institute has built up a collection of over 54,000 accessions
covering 101 different crop types of which 12,000 are wheat samples (accessions) collected from various
agro-ecological zones. In addition, materials were obtained through either donations or repatriations
from various countries (Mehari 1994).

3. Methods for assessing biodiversity

The conservation efforts need to be efficient, based on the knowledge of the genetic structure of the
crop and its eco-geographic distribution. Collection and conservation without proper identification is
not adequate. This necessarily involves the measurement of genetic variation. Scientific studies of the
landraces are becoming exceedingly important and constitute a prerequisite towards the exploitation
of the species in question. Previous studies were focussed on recording morphological information.
Such activities include characterisation of the landraces based on morpho-agronomic traits. So far, more
than 60% of all accessions, collected or received, have been characterised based on such
agro-morphological characteristics (Abebe et al. 1989). However, agro-morphological characters alone
can not be regarded as ideal tools for landrace characterisation (Ayad et al. 1995). The reason for this is
that a single description technique discloses a minor part of the whole genome. Moreover, the extent of
variation observed in different landraces can differ greatly based on the type of the technique applied.
Ayad et al. (1995} recommended that for a successful study of the extent of genetic diversity within and
between landraces a combination of different methods, preferably a group of techniques, which are
based on neutral genetic characters and affecting different parts of a genome, should be employed.

12
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Ower the last two decades identification and estimation of the genetic diversity of genetic resources
largely involved a combination of morphological methods, along with biochemicai techniques like analy-
sis of storage proteins or molecular techniques. Some of the methods frequently used for identification
and estimating genetic diversity are described below.

3.1. Morphological methods

Morphological methods are based on measuring visually or rating naturally occurring morphological
traits or group of traits. According to Liu (1998) morphological traits often have a one-toc-one corre-
spondence with the genes controlling the traits so this makes them reliable genetic markers. Newbury
and Ford (1993), and Hardon et al. {1994) suggest that, although morphological traits are often influ-
enced by environmental conditions, the method is still useful and easy to apply for classification, estimat-
ing diversity and registration of cultivars. So far, morphological methods have been used in estimating
diversity within and between populations of tetraploid wheats (Tesfaye et al. 1991; Getachew et al.
1993; Jain et al. 1975; Vavilov 1951).

Morphological traits can be divided into discontinuous characteristics, in which traits are independ-
ent from environmental factors, and continuous ones, which usually vary with differing environments.
Both types are heritable, but the discontinuous traits are favourable in providing more reliable charac-
terization and identification of genotypes. Since most morphological analyses can make use of only a lim-
ited number of discontinuous traits, additional continuous traits have to be included.

Morphological methods are important in classification and identification between groups of closely
retated plants. For example the durum group and the turgidum group are classified on the basis of mor-
phelogical traits. Turgidum morphotypes are characterised by short awed lemmas, compressed spikes,
usually narrow spike face, strongly curved or geneculate beak shape, while for durum long awed lem-
mas, lax to compressed spikes, strait to moderately curved glume beak are typical.

3.2. Chromosome marker methods

3.2.1. Chanding

The Chbanding technique is based on differential resistance to alkaline denaturation and SSC
re-annealing of heterochromatic regions, and gives complex banding patterns in the chromosomes of
most cereal species with relatively large genomes {rye, wheat, barley, oat and maize). Their darkly
stained Giemsa bands are generally confined to telomeres (rye), pericentromeres (A- and D-genome
wheat species) or interstitial regions (barley, B genome of wheat). The reliable and highly reproducible
patterns thus can distinguish rye and wheat genome chromosomes in triticale (rye x wheat hybrid).
However, the degree of polymorphism is in most cases not sufficient to detect chromosome band poly-
morphism at the level of subspecies and cultivars. Other banding techniques like N-banding, H-banding
and DAPI-fluorescence emerged, but their application for cereal chromosomes is still limited.

13
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3.2.2. Fluorescence in situ Hybridisation

New cytogenetic techniques, however, which have been developed in the last two decades, proved to
be reliable markers for taxonomic research. The more recent fluorescence in situ hybridisation tech-
niques of total genomic DNA and repetitive DNA families further improved the possibilities of chromo-
some and genome identification, even at the level of subspecies and cultivars.

Far more versatile are the DNA : DNA. in situ hybridisation protocols for locating specific DNA
sequences on the chromosomes and nuclei, Especially the introduction of different probes detected and
visualised with their own fluorochrome {multicolour flucrescence in situ hybridisation, FISH) has now
become the most powerful strategy for discriminating parental chromosomes and chromosome
regions.

3.3. Molecular methods

Molecular markers based on DNA restriction and PCR technologies have become available for assessing
genetic diversity (Russell et ol. 1997). RFLPs, RAPDs and other marker technologies displaying DNA
polymorphisms revealed minor differences in DNA sequences, thus allowing the direct comparison of
related genomes and circumventing any environmental effect on gene expression. The mast important
aspect of such markers based on DNA polymorphism are likely the nearly unlimited numbers of such
markers present in a genome and the relative easiness of analysing them on a large scale. However, the
low sensitivity of RFLP compared to PCR based methods and costs of the RFLP technology, together
with the insufficiently reproducibility of the RAPDs are major drawbacks and make them less suitable.
More appropriate are the AFLP and SSR (microsatellite) technologfes.

3.3.1. AFLP

AFLPs, which enable the analysis of large numbers of randomly distributed DNA sequences in a single
PCR reaction, makes it possible to survey the entire chromosomal complement more efficient than
ever before. The technique provides in general 30 - 100 genomic bands per lane on highresolution
polyacrylamide gels (Vas et al. 1995) and was found in a comparison of genetic variation among bariey
cultivars to give the highest diversity index when AFLPs were compared to RFLPs and RAPDs (Russell et
al. 1997). In another study in barley it was found that this marker technology was highiy effective in dis-
tinguishing genotypes from geagraphically' distinct areas (Pakniyat et al, 1996).

3.3.2. Microsateliites

Microsatellites or 55Rs (Simple Sequence Repeats) are based on repeat length variations of simple
sequences, generally between 2 - 8 base pairs. They occur in large numbers in the genome and are dis-
tributed on all chromosomes. Their presence has been well documented for many species including
cereals {Plaschke et al. 1995; Rbder et al. 1995). Their robustness and large allelic variation make
microsatellites ideal markers for population and evolutionary genetic studies (Bruford and Wayne
1993). SSRs are identified by PCR using synthetic oligonucleotides from the surrounding monomorphic

14
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DNA as primers. Primer matching these unique flanking sequences constitutes a single locus, which is
often multiallelic by variation of copy numbers in the tandem repeats.

3.3.3. Storage proteins

Storage proteins are based on the identification and analysis of glutenin and gliadin storage proteins of
wheat. Plant materials such as seeds, can be analysed to establish the identify of the genotype. The stor-
age proteins are less influenced by environmental conditions than the morphological characters and
have the advantage that they can be analysed in a relatively quick and easy way. The disadvantage can be
their insufficient differences between genotypes (Hardon et af. 1994}

4. Qutline of the thesis and general objectives

1. To assess the magnitude of genetic diversity within and between selected accessions of Ethiopian
tetraploid wheat landraces.

2. To identify the pattern of genetic diversity within and between geographical areas of collection

3. To compare the outcome of the analyses of

* Morphological traits
* Karyotypes including Giemsa C-banding and FISH of tandem repeats
* Molecular markers [AFLP and microsatellites)

* Seed storage proteins

4. To make an overall evaluation of the different methods for the assessment of biodiversity of the
Ethiopean tetraploid wheat accessions.

15
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Abstract

To estimate the level of diversity within and between accessions twenty-six accessions and two cultivars from
the Ethiopian National Gene Bank, together with two other cultivars from the Netherlands Gene Centre
were examined. Each accession was represented by fifteen OTUs (Operational Taxonomic Units), which
were reared in the green house in triplicate, each replicate containing five OTUs. The diversity for the 450
OTUs thus representing all 30 accessions was established using 14 morphological traits, which were classi-
fied into 3-7 continuous or discontinuous dlasses. The within and between accession variation was calculated
with the Shannon-Weaver diversity index. In addition, UPGMA dendrograms were constructed to distin-
guish redundancy and to observe level of similarity between the 30 accessions. We observed duplicate
OTUs within accessions in five cases, and between accession in 21 cases involving 45 OTUs. Qut of the 30
accessions used for this analysis 12 of them showed high Shannon-Weaver diversity values. Diversity com-
pared between durum and turgidum cv. groups based on trait variation showed that in 11 traits durum had
higher Shannon-Weaver diversity values than turgidum, while for turgidum relatively higher values were
found for the traits Coleoptial AnthoCyanin pigment, CAC (0.79), Days to maturity, MTD (0.59) and
Glume Beak Shape, GBKS (0.70).

Among the four altitude classes, cass IV {above 2800 m) demonstrated a relatively high Shan-
non-Weaver value (0.41). High diversity was also observed for the subregion South (0.46). The OTUs
dendrogram showed high similarity between OTUs from the same accessions compared to those from
different accessions. The dendrogram constructed showed that similarities between the 26 accessions is
in the range of 80 to 90%. The relationship between the durum and turgidum cv. groups was established
by calculating and analysing principal components (PCA), in which the first three PCs accounted for
49.8% of the total variation. The two cv. groups plotted against PC2 and PC3 had the best separation of
durum and turgidum compared to PC1 and PC2, and PC1 and PC3. Five traits, i.e., awn length, awn col-
our, lower glume shoulder width, glume beak shape and lower glume shoulder shape, were considered
major factors for separation of the durum and turgidum cv. groups.

This study showed that the morphological traits are helpful in identification of the closely related cv.
group durum and turgidum and for estimating diversity between accessions and to indicate geographical
trait distributions.

Keywords

Triticum durum, Triticum turgidum, accessions, Ethiopian tetraploid wheat, bicdiversity, morphological
markers
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Introduction

The Ethiopian National Gene Bank, currently known as Institute for Biodiversity Conservation and
Research (IBCR), has collected over 54,000 accessions of 101 plant types. In this institute the 12,000
wheat landraces belong to the major groups of its collection. It is unlikely that in this self-fertilising spe-
cies all accessions are different, although much variation is present (Jain et al. 1975; Bekele 1984;
Dominici et al. 1988; Tesfaye et al. 1991). Since Ethiopian farmers used to grow mixtures of various dif-
ferent botanical forms the occurrence of redundancy within an accession is likely relatively high (Tesfaye
et al. 1991). Thus for sustainable collection and preservation, diversity studies by using efficient and accu-
rate marker tools become imperative. For this purpose, morphological characters have been success-
fully used (Getachew et ol. 1994; Afshan and Ahsan 1991; Fekadu 1995; Ghiorghis and Hailu 1988; Jain et
al. 1975; Spagnoletti and Qualset 1987, 1990) and are still in use as markers for estimating diversity
among groups of wheat plants. Newbury and Ford-Lloyd {1997) mentioned that, although some of the
morphological traits are influenced by environmental conditions, the use of these characters has played
a central role as a tool in the characterisation, evaluation and analysis of variation in landraces.

The morphological characters that are frequently used to characterise wheat traits are ear form,
glume colour, spike density, awn length and colour, degree of glume hairiness, seed characters such as
seed colour, size, virtuousness, and flowering time and maturity (Tesfaye 1991b; Tesfaye et al. 1993;
Porcedu et al. 1994; Getachew et al. 1993; Davis and Heywood 1963). These descriptors enabled esti-
mations of diversity and classification of closely related types such as durum and turgidum cultivar
groups. The turgidum group features less bearded and lax to compressed spikes, a narrow ear width,
short or absent awned lemmas, flat spikes, overlapping to single glume rows, usually curved glume beaks
and single seeded glumes (Grubben and Soetjipto 1996). The durum cv. group usually displays longer
awned lemmas and has straight to moderately curved glurme beaks.

The aim of this study was to estimate the diversity of the 450 OTUs representing 26 landraces and
four medern cultivars using fourteen morpholagical traits. Qur study focused on the identification of
two closely related ¢v. groups, durum and turgidum. We also detected the extent of diversity between
these two cv, groups and between geagraphical areas like between and within four altitude classes and
between and within four subregions.

Materials and Methods

Twenty-six tetraploid wheat (Triticum turgidum L.) and four cultivars (two Ethiopian, “Boohai” (Et1),
“Arendato” (Et2) and two non-Ethiopian cultivars: Seuth African “Golden Ball” (Er1) and Italian
“Capeiti” (Er2) received from CEN (Centre for Genetic Resources, the Netherlands) were studied (see
Table 1-1 in Chapter 1), The twenty-six wheat accessions are from the collection of the Institute for
Biodiversity Conservation and Research (IBCR). The IBCR collections are from farmers fields, threshing
areas, farmers stores ete. For this study landraces collected from the central region of Shewa, which was
subdivided into four subregions, were used (see Fig. 1-1 in Chapter 1}. Accessions representing each
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region and altitude were randomly selected. Each altitude class is comprised of accessions collected
within the range of 400 m i.e., 1600-2000, 2000-2400, 24002800 and above 2800 m. Each accession
represented by the selfed progeny of fifteen randomly selected seeds, hereafter called OTUs (Opera-
tional Taxonomic Unit), was grown in a green house of Wageningen University starting from April
1999. Each line was replicated three times in 2 randomised complete block design {total 450 OTUs).

The morphological study was conducted using fourteen morphological traits, out of which twelve
were ear characters and two were flowering and maturity time, (See Table 2-1). This classification was
based on the descriptor list produced by the International Union for the Protection of New Varieties of
Plants, UPOV {Anonymous 1994).

Data analysis

To estimate the variations within and between accessions, and within and between altitude classes and
within and between subregions we calculated Shannon-Weaver diversity index {H} as:

H= _SP; Inp,
i=1

Where n is the number of phenotypic classes for a particular trait and p, is the proportion of the total
number of entries (n) in the i* class. Ht was calculated for each trait and for all accessions, by dividing H
by the logarithm of the number of trait classes.
Hs is the within component of variation and calculated as
Hs = Ht - Dst
Dst is the between accession component of variation and calculated
Dst=Ht- Hs
Gst compares the within and the between components
Gst = Dst
Ht
The phenetic relationships between the OTUs and between the accessions were analysed by con-
structing UPGMA dendrograms. The relation between durum and turgidum was visualised on the basis
of the 14 morphological traits and a Principal Component Analysis (PCA). For PCA we used data from
all 450 OTUs, while for the UPGMA dendrograms we used only the 150 OTUs that we selected for the
other markers (AFLP, microsatellites and storage proteins). The significant level for trait distribution by

altitude class and subregions were computed with the standard ¥ -test.

Result

Duplicates

We observed only five cases of identical OTU pairs (duplicates) within five different accessions. For 45
OTU duplicate pairs (20 cases) and triplicates (1 case) were found in 24 different accessions representing
a total of 21 morphological different OTUs.
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Morphological traits

Shannon-Weaver accession and trait variation

The total average diversity value {Ht) over all traits and accessions was 0.80. The mean diversity value
for accessions ranged from 0.02 to 0.58. Twelve out of 26 accessions showed significantly high Shan-
non-Weaver diversity values (P<0.05). The highest mean diversity value was observed in accession 6022
and 5921, followed by the accessions 5441 and 6028. Two accessions {5314 and 7118) showed a very
low Shannon-Weaver diversity value (0.02).

Regarding trait variation Shannon-¥eaver diversity values ranged from 0.22 to 0.53. Of the 14 traits
the highest Shannon-Weaver diversity value was observed for the traic KRL (0.53), followed by LGSS
(0.43). The Shannon-Weaver diversity value for the trait CAC showed the lowest variation {0.22) com-
pared to the other thirteen traits used in this study.

Percentage trait occurrence by trait classes

To determine the pattern of each trait class occurrence, the percentage trait class distribution was cal-
culated by poeling each trait over all the 26 accessions and displayed in table 2-1. For some traits the per-
centage occurrence of classes is highly pronounced, for example in the case of flowering date and kernel
colour where a class with medium flowering date (FLD, 71.0%) and kernel colour (71.8%) showed a
higher percentage occurrence as compared to other classes of these traits.

Table 2-1. Descriptor used for estimating morphological diversity in Ethiopian tetraploid wheat accessions,
trait diversity by number of classes and percentage occurrence of trait classes

Trait Observed classes Occeurrences (%)

. I 1. Absent/very weak 41.8
Coleoptial anthocyanin pigment {CAC)

P oY Pig ( 2. Weak 239
Presence/absence and extent of coloration at seedlings stage 3. Mediumn 10.0
4. Strong/very strong 24.4
Days to flowering {FLD) 1. Early (35-45 days) 16.4
] 2. Medium (46 -56 days) 7.0
Number of days from sowing to ear emergence 3. Late (> 56 days) 12.6
Days to maturity (MTD) 1. Early (65-70 days) 413
Days from sowing to complete physiological maturity 2. Medium {71-75 days) 56.2
{vellowish uppermost internode) occurred. 3. Late (> 76 days) 26
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Ear density (ERD) 1. Very lax 369
The number of spiklets at 10 cm internode of the rachis 2. Lax 267
in central part of the spike 3. Medium 16.4
4. Dense 19.2
5. Very dense 0.8
Ear length (ERL) 1. Short (< 4 mm) 1.3
Length in cm from base to top of the spike 2. Medium (4-6 mm}) 334
3. Long {6-8 mm) 58.7
4. Very long (8-10 mm) 6.9
Ear color (ERC)
1. Yelfow to white 62.8
Color at maturity 2, White to yellow 41
3. Brown to red 10.0
4. Red to brown 21.3
5. Dark brown or black 0.5
6. Yellow and dark 13
Awn length (AWL)
1. Short (< 3 mmy} 15.9
Length in cm from base to top of awn 2. Medium (3-6 mm) 182
3. Long (69 mm}) 59.2
4. Very long (> 9 mm) 6.7
Awn color (AWC}
1. White to yellow 551
Color at maturity 2. Red to brown 1.6
3. Purple to black 13
4. Yellow to white 31.0
Lower glume shoulder width (LGSW) 1. Absent 26.4
Width in profile 2. Very narrow 3.9
3. Narrow 254
4. Medium 292
5. Broad 6.4
6. Very broad 87
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Morpho.l'ogfcal traits

Lower glume shoulder shape {LGSS) 1. Sloping 17.7
Shape in profile 2. Slightly sloping 23
3, Strait 4359
4. Elevated 54
5. Strongly elevated 1.3
6, Elevated and sloppy 4.6
7. Strongly elevated with 14.9

second point present
Glume beak shape (GBKS) 1. Straic 400
. 2. Slightdy curved 18
Shape in profite 3. Moderately curved 25.9
4, Strongly curved 85
5. Geniculated 8.7
6. Strongly geniculated 1541
Spikelets per spike (SPLsp) 1.1-10 26
Number of spikelets per spike 2.11-20 44.9
3.21-3¢ 492
4.31-40 3.3
Kernel length (KRL) 1. Very short {< 5 mm) 5.9
Length in millimeters 2. Short 5 -7 mm 19.5
(Longitudinally measured) _ 3. Medium 6 - 8 mm 4.9
4. Long (> 8 mm) 29.7
Kernel colour (KRC) 1. White to gray 71.8
Colour of mature seed 2. Red to brown 14.4
3. Light to dark purple 13.6

*) The descriptor list used for this study was adopted from the manual used by the international unien for the protection of new
varieties of plants (UPQV).

Variation within durum and turgidum types

Table 2-2 presents Shannon-Weaver diversity values calculated to compare durum and turgidum varia-
tion by using fourteen morphological traits within each cv. groups. In all traits, except CAC, MTD and
GBKS, the total diversity in durum is higher compared to turgidum.
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Principbal component analysis

The principal component analysis (Fig. 2-2) was car-
ried out to distinguish the extent of variation or
similarity and divergence between the 450 OTUs.
This analysis did not effectively reveal the relation-

Table 2-2. Durum and turgidum total (Ht} Shan-
non-Weaver diversity index values for fourteen
morphelogical traits.

ships. Instead it showed good separation between | trait Durum Turgidum
the durum and turgidum cv. groups. The firstthree | CAC 0.75 0.79
principal components accounted for 21.74, 15.92 | FLW 0.80 0.74
and 12.15, respectively, explaining 49.8% of the [MTD 0.55 0.59
total variation (Table 2-3). Here we see that the five | ERD 0.74 0.66
ERL 0.77 0.74

characters that showed relatively high factor load-

ing on these PCs, i.e., AWL, AWC, LGSW, LGSS iﬁ g:: ggf
and GBKS can be considered the main characters AWC 0.75 0.64
separating the durum and wrgidum groups. This | |~y 088 0.79
separation is obvious in the scatter plotof PC2 and | | gss 0.88 0.40
PC3 (Fig. 2-2). The PC also showed the dlustering | GBKS 0.69 0.70
of few durums to the turgidum cv. group and | SPLsp 0.88 0.81
turgidum to durum cv. groups, indicating that they | KRL 0.88 0.78
are intermediate types. The four cultivars were dis- | KRC 076 0.39
persed in different directions within the PC. mean 0.77 0.68

Varigtion by geographic areas

a. Variation by altitude classes

The 26 accessions were subdivided into four altitude classes. Shannon-Weaver diversity index values per
altitude class were calculated and compared {Fig. 2-1a}. The mean diversity indexes for Shannon-Weaver
per altitude class were 0.32, 0.35, 0.32 and 0.41, showing, except altitude class [V {>2800 m), no signifi-
cant difference between altitude classes.

b. Trait variation by altitude classes

Average Shannon-Weaver trait variations by altitude classes were calculated to compare the pattern of
diversity within the four altitude classes. For altitude class | five traits (ERD, AWL, LGSW, LGSS and
KRL), for altitude class Il two traits (LGSS and KRL), for altitude class Il four traits (LGSWV, GBKS, KRL
and KRC) and for altitude class IV six traits (ERD, ERC, AWL, LGSW, GKKS and KRL) out of the four-
teen traits had significantly high {P<0.05) Shannon-Weaver diversity index values.
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Morphological traits

Table 2-3. Morphological traits showing highest factor loading for the first three principal components

Principal components

Traits
1 2 3
Factor loading

CAC -0.28 0.26 0.04
FLW 0.31 019 0.24
MTD 032 0.08 026
ERD 037 018 019
ERL 0.34 0.17 0.00
ERC 0.24 0.24 o1
AWL 0.06 0.45 £.38
AWC 0.14 0.48 010
LGSW 0.28 -0.02 0.40
LGSS 0.36 013 .35
GBKS 0.09 .29 0.57
SPLsp 0.19 0.35 017
KRL -0.10 0.33 017
KRC 0.3 0.05 0.03
Percentage per PC 21.74 15.92 12.15

Percentage total variation for the first three principal components amounted 49.81%.

The within altitude class bercentage trait distribution

The distribution of OTUs among trait classes was significantly associated with their distribution over
altitude and subregion groups (Table 2-4).

¢. Yariation by subregion

Fig. 2-1b presents the Shannon-weaver diversity values calculated for accession and pooled for the four
subregions (East, West, North and South). The values were calculated to determine the level of varia
tion per and among subregions. The total Shannon-Weaver means diversity calculated per subregion
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were: East (0.34), North (0.31), South {0.46) and West (0.37), showing no significant difference in varia-
tion between subregions.

d. Trait variation by subregions

For subregion East ten (FLD, MTD, ERD, ERL, AWL, AWC, LGSW, LGSS, SPLsp and KRL), for subre-
gion North ten (FLD, ERD, ERL, ERC, AWL, AWC, LGSW, LG5S, GBKS and KRL), for subregion South
ten (MTD, ERD, ERL, AWC, GBKS, LGSWY, LGSS, KRC, KRL, SPLsP) and for subregion West nine traits
(ERL, ERC, AWL, LGSW, LGSS, GBKS, SPLsp, KRL and KRC) out of the fourteen traits observed have
significantly higher (P<0.05) Shannon-Weaver diversity values.

The within subregion mean percentage trait class distribution

The within subregion mean percentage trait distribution by subregions that were calculated to deter-
mine the distribution of trait classes by subregions showed in all traits the distribution is significantly dif-
ferent and some traits like FLD for class medium in subregions West and South, and trait KRC for class
white to gray in subregion West and North even displayed highly significant values. The 93% trait occur-

1
08
8
=
g
b 0.6 < - < ©
3 ° 8 8 °
g
] < 4 B
G <0 <0
2 o4 83 2 . ®
=
o u < % ° L |
= % r | ¢ f
& Py ¢ ¢ $
0.2 & r >
° °
° < <
0 T T T T T T ? T T
1600 2000 2400 2800 East North South West
-2000 -2400 -2800 and>
b. altitude classes a. subregions

Fig. 2-1. Distribution of Shannon-Weaver indexes for accessions grouped in the four different regions and altitude
classes. Average values are represented by solid squares.
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rence in trait ERC for class yellow to white shows
the tendency of fixation of this class by subregion
in this case for subregion South (Table 2-5).

Dendrograms

Dendrograms constructed to depict the relation
among the 150 OTUs and among the 30 acces-
sions are presented in the Figs. 2-3 and 24. The
dendrogram for the 150 OTUs was subdivided
into two main groups (| and ) in which group Il is
composed of a subgroup (lla} containing three
cultivars and three landrace OTUs (Fig. 2-3). Clus-
tering by cv. group is less pronounced, except in
few cases where durum and turgidum OTUs clus-
tered together. Three of the control cultivars (Er1,
Er2 and Et1) showed close similarity among them-
selves, while the group of Et2 cultivar clustered in
subgroup {.b.2.2. There is no apparent clustering
according to region or altitude classes.

The dendrograms for 30 accessions (Fig. 2-4)
revealed two main groups. The three cultivars Et1,
Er1 and Er2 showed close clustering in the same
group. No clustering for altitude classes or subre-
gions was observed.

Discussion

The merphological method helped to distinguish
between the closely related durum and turgidum
groups (Table 2-2 and Fig 2-2) and also enabled to
observe duplicate OTUs within accessions.
Although OTUs from the same acessions could be
distinguished most of the times, the morphologi-
cal analysis did not revealed a strong differentiation
between regions and altitude classes. That flower-
ing and maturity time (FLW, MTD) showed low
diversity values can be explained by the fact that
growing of the Ethiopian tetraploid wheats is
depended on a short period of seasonal rain water

Morphological traits
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Fig. 2-3. UPGMA. dendogram of the 150 OTUs constructed on the basis of 14 morphalogical traits. The letters D, T
and X stand for durum, turgidum and intermediate type, respectively.
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Table 2-4. Percentage trait class (see table 2-1) occurrence by altitude classes
trait & Altitude classes (%) wrait & Altitude classes
classes 1 2 3 4 classes 1 9 3 4
CAC LGSW
1 55 28 35 €5 1 16 33 43 7
15 33 31 7 2 8 0 12 0
3 g é [ 23 3 21 30 16 28
21 33 28 5 4 31 22 12 61
FLD 5 9 10 0 3
1 47 8 8 12 [ 15 5 17
2 47 76 87 69 LGSS
3 7 16 5 19 1 24 15 8 28
MTD 2 8 2 55 35
37 36 39 59 3 23 53 13 3
2 63 62 61 32 4 0 5 0 25
3 0 2 0 9 5 9 9 4 Q
ERD [ 7 § 0 4
1 24 45 36 32 7 29 10 20 5
2 x| 20 2 43 GBKS
3 12 18 19 15 1 56 42 29 N
4 33 14 20 11 2 0 4 0 0
5 ¢ 0 4 0 3 28 33 16 17
ERL 4 5 3 g 23
1 ¢ 3 0 0 5 4 5 20 9
2 44 37 33 13 6 7 12 25 20
3 56 52 53 83 SPLsp
G 8 13 4 1 13 0 0 ¢
ERC 2 41 52 49 28
1 47 68 73 41 3 15 48 47 59
2 47 7 0 S 4 0 0 4 13
3 7 10 12 g KRL
4 0 12 12 44 1 3 5 8 9
5 0 3 0 13 19 27 20
6 0 3 0 3 51 52 48 21
AWL 4 33 25 17 49
1 11 17 35 0 KRC
19 10 b 45 1 79 68 60 85
3 68 60 53 55 2 5 18 20 1
3 13 3 0 3 16 14 20 4
AWC
1 40 &5 72 31
2 5 12 15 19
3 0 3 4 a
4 55 19 13 51
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Fig. 2-4. UPGMA dendogram of the 30 accessions constructed on the basis of 14 morphological traits. The letters
WIE, S, and N refer to the subregions West, East, South and North, respectively.
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Table 2-5. Percentage trait class (see table 2-1) occurrence by subregion classes
trait & Subregion classes (%) trait & Subregion classes (%)
classes E W N S classes E W N s
7 32 35 3 17 Lesw
¢ 1 30 26 24 23
2 43 16 18 17
3 5 13 14 0 2 2 3 2 B
4 20 36 5 67 2 28 M 32 0
4 19 36 32 27
FLD
5 g 2 17
1 23 15 1" 23 P 12 5 s 10
SRR
1 14 23 19 ]
MTD
40 42 35 &7 2 4 4 0 0
3 50 34 55 23
2 60 56 5% 33 4 4 4 4 23
3 0 2 é o
5 8 19 8 g
ERD ¢
4 3 17
1 28 54 31 17 7 16 13 1 37
i 1% 21 33 53 GBKS
19 " 17 30
1
34 14 17 0 2 50? 454 ?Z /
=RL 3 26 25 14 70
1 0 0 4 0 4 7 18 10
2 40 41 25 7 5 3 7 0 0
3 55 50 [1:] 73
4 5 20 6 10 13 23 13
5 3 SPLsp
ERC 1 10 0 0 0
1 9
5 506 f: 57 03 2 35 54 38 63
3 55 46 59 37
3 10 16 5 4] 4 0 0 1 0
: 33 6 32 7 KRL
y . ; 2 . 5 8 5 0
AWL 19 16 23 23
3 45 60 3 33
1 1 16 23 0
5 18 17 23 30 16 41 43
: 20 KRC
7 7!
4 f; f 0 507 70 1 59 73 83 33
2 5 21 8 43
AWC 3 27 7 9 23
1 38 65 53 77
2 10 13 13 17
3 0 4 0 0
4 52 18 33 7
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(Vavilov 1957). The second reason could be a combination of natural and human selection pressure pre-
vailed to provide an escape mechanism, which might contribute to sustaining medium and earlier types
(Engels 1993} and reducing the late flowering and maturing types.

Our observation that ERC showed low variation compared to the study conducted in Ethiopia
under field conditions by Tesfaye (1991a) indicate that the difference in the environment may have hin-
dered the detection of variation in ERC. In general pigmentation increases under specific stress condi-
tions, such as low temperatures and high light intensity, which may be true especially in regions at high
altitude. Pigmentation in wheat ear colour as a physiological change due to the change in environment
has been reported by Nastasi (1964) cited by Hailu (1991). Based on Nastasi's (1964) report wheat
grown at altitudes ranging 2200-2700 m has deeper pigmentation of the spikes, while wheat grown at
altitude ranging 1800-2000 m have yellow-kernels and a complete absence of pigmentation of the
glumes and awns. The relative small sample size used for this study may also have led to low variation in
ERC by chance. For subregion South ERC shows a tendency of clinal variation by subregion and the trait
seems to be fixed based on subregion (Table 2-3). Zeven (1991) suggested that purple seed colour was
absent at lower aititudes below 2400 m, however, a small proportion {7%) purple seeds was observed in
this study which were collected from altitude ranging from 1660 to 2000 m.

The presence of intermediate types between durum and turgidum could be a reflection of their
common ancestry and implies that these tetraploids cv groups have not yet undergone reproductive iso-
lation and because genetic exchange between types is possible, species distinction is not justified. The
lack of taxonomic distinction to discriminate these intermediate types or most probably con-specific
types (which are not yet diverged to species level) may be caused by this.

The reason for the existence of high tetraploid wheat variation in Ethiopia may be attributed to an
exposure of the early migrant wheats to the large diversity of agro-ecological niches of new environ-
ments (Ethiopia) coupled with the prevalent diverse Ethiopian culture and agricultural system that may
have resulted in the development of new genotypes and, as a result of a series of mutation and subse-
quent natural cross-fertilisation, the new genotypes may widen in variation. In addition, the common
practice of growing mixtures, probably to limit the risk that a specific genotype cannot provide a crop
failure in particular years or conditions, might contribute to more maintenance of variation.

The reason for high diversity in the high altitudes could be that more than 80% of the Ethiopian farm-
ing population are concentrated in altitudes greater than 2000 m and frequent harvest and diverse agri-
cultural practice including different cultural needs of the farmers may have imposed adaptation for
different traits and evolution to be continued. The low diversity detected in the east and north
subregions may be associated either to substitutions by improved varieties or by replacement with
other local crops such as oats.
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Chromosomal polymorphisms in
Ethiopian tetraploid wheat (Triticum

turgidum L.) landraces
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Chapter 3

Abstract

This chapter presents a pilot study on chromosomal polymorphisms in six Ethiopian tetraploid wheat acces-
sions and one Eurcpean durum wheat cultivar using C-banding and Fluorescence in situ Hybridisation (FISH)
with repetitive DNA sequences as probes. Comparison of their C-band patterns in the karyotypes of
metaphase complements revealed 12 polymorphic heterochromatin sites. An additional weak band on
chromosome arm 6BL of the European cultivar was absent in the Ethiopian accessions, whereas one of the
interstitial bands on chromosome arm 6BL of all Ethiopian accessions was absent in the European cultivar.
The FISH study with the 455 rDNA, 55 rDNA and the pSc119.2 tandem repeat probed to metaphase com-
plements of the Ethiopian accessions demonstrated polymorphisms for 455 rDNA on chromosome 6B and
for pSc199.2 on chromosome arm 6BL. Although many more chromosomal polymorphisms can be demon-
strated with both heterochromatin banding techniques and multicolour FISH using a great variety of tan-
dem repeats, these cytogenetic methods are considered far too laborious if compared with biodiversity
studies based on polymorphisms of morphological, molecular and storage protein markers. Chromosomal
polymorphism and other cytogenetic methods still remain important for those cases where large scale chro-
mosomal rearrangements between accessions are considerad,

Keywords

Triticum durum, Triticumn turgidum, accessions, Ethiopian tetraploid wheat, biodiversity, C-band polymor-
phism, FISH, repetitive sequence polymorphism

Introduction

Common wheat (Triticum aestivum L.) and durum wheat (Triticum turgidum L.), and most other Triticeae
species have highly differentiated chromosomes and well studied karyotypes. Upon Giemsa C-banding
or Nbanding these chromosomes depict clear heterochromatin bands, which are most helpful in the
identification of individual chromosomes in the complement and allow the distinction of chromosomes
from different genomes (e.g., Gill and Kimber 1974; Gill et al. 1991; Gerlach 1977). The chromosomes
from the A-genome, considered to be originated from T. urartu, have small bands in the centromere
regions and few diagnostic bands at distal and interstitial positions. The B-genome chromosomes, which are
miost similar to the wild species Aegilops speltoides, have far more differentiated chromosomes with con-
spicuous heterochromatin blocks in the proximal regions of all chromosomes and several other minor
bands in the short and long arms. The D-genorme chromosomes, with T. tauschii as putative parent dig-
play relatively few bands at the centromeres and at distal and interstitial regions. The Ethiopian durum
and turgidum landrace wheats studied in this thesis, contain the A-genome and B-genome chromo-
somes, but lack the D-genome chromosomes, which are typical for the hexaploid bread wheats.

A second group of techniques that allow identification of individual chromosomes is the Fluores-
cence in situ Hybridisations {(FISH), using repetitive DNA sequences as probes (e.g., Cuadrado and Jouve
1994). FISH techniques not only allow simultaneous detection of various repeat families in a multiprobe
- multicolour detection (Mukai et al. 1993), they also can be combined with genome painting using total
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