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Amsalu Ayana (2001). Genetic Diversity in Sorghum (Sorghum bicolor (L.)

Moench) Germplasm From Ethiopia and Eritrea

Department of Biology, Science Faculty, Addis Ababa University, P. O. Box 1176, Addis Ababa, Ethiopia

Abstract

Information about the amount and distribution of genetic variation in germplasm collections is
important for efficient management of germplasm collections and for effective utilization of
such materials in plant breeding. Sorghum (Sorghum bicolor (L.) Moench) is one of the most
important cereals worldwide and its tolerance to drought makes it particularly important in
semiarid tropical regions, including Ethiopia and Eritrea. The significance of sorghum
germplasm from these countries for worldwide improvement of sorghum is also well
acknowledged. However, there is limited information about the amount and distribution of
genetic variation in sorghum germplasm from these countries. In this thesis, the amount and
patterns of distribution of genetic variation was determined in cultivated sorghum (S. bicolor
ssp. bicolor) germplasm collections from Ethiopia and Eritrea using morphological traits,
allozymes and random amplified polymorphic DNA (RAPD) markers. A similar investigation
was made on wild sorghum (S. bicolor ssp. verticilliflorum) from Ethiopia using RAPD
markers.

The results show that the materials exhibit a wide range of variation for quantitative

traits and a high Shannon-Weaver diversity index (H= 0.90) for 10 qualitative traits. In

contrast, the level of allozyme variation was found to be low (mean expected heterozygosity =

0.024). The level of RAPD variation was found to be intermediate both in cultivated (H=



0.53) and wild sorghum (H= 0.49). The lack of correspondence among the three levels of
variation revealed by these methods points at the difficulty of making prediction of variation
of one based on the other and explanations are provided for the possible causes of the
disparity. Despite the disparity in the levels of variation from the three data sources (i.e.,
morphological traits, allozymes and RAPD markers), the structure of the variation was found
to be similar for all the data sources. In all, the within accessions, regions and the within
adaptation zones variation accounted for a large portion of the total variation compared with
the between accessions, regions and the between adaptation zones variation. Based on these
results, sampling more accessions within each regions and adaptation zones and more
individuals within populations are suggested as future sampling strategies. Grouping of the
materials into lowland, intermediate and highland elevations seems to be justified only for
discriminant analysis of quantitative traits, otherwise, there was no convincing evidence that
such materials are genetically substructured. Regions with overall high diversity are identified
and suggested for /n situ conservation. The results from quantitative trails indicate that
accessions from Eritrea could be important sources of genes for early maturity. Detailed
implications of the results for germplasm conservation and utilization are discussed and future

lines of research are suggested.

Key words: allozymes; genetic variation;, germplasm; morphological variation; RAPD; Sorghum bicolor
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Chapter 1

General Introduction

Genetic diversity refers to the variation among alleles of genes in different individuals of
populations of a species (IPGRI, 1993; Weir, 1996; Kremer, et al., 1998). While the ultimate
source of genetic diversity is gene mutation, it is molded and shaped by selection,
recombination, genetic drift, and migration in the face of heterogeneous environment in space
and time (Falconer and Mackay, 1996; Hartl and Clark, 1997). Since natural selection chooses
the best fit among the variants within a population based on the adaptability to the ever-
changing environment, there can be no adaptive evolution without genetic variation. It
follows that genetic diversity is an essential raw material for evolution, enabling populations
of the species to survive, adapt, and evolve into new genetic variants that meet long-term
changes in the environment (Avise and Hamrick, 1997; Hedrick, 2000).

Similarly, genetic diversity is a raw material in plant breeding for developing high
yielding varieties and for maintaining the productivity of such varieties by incorporating
genes for disease and insect resistance as well as tolerance to abiotic stresses, such as drought,
cold, and salinity (Allard, 1999). Indeed, the amount of genetic diversity determines the
evolutionary potential of a species and the rate as well as gain from artificial selection in
breeder's materials. Consequently, a major focus of research in genetics has been to determine
the amount of genetic variation in both natural and domestic populations and describing the
possible mechanisms maintaining such variability (Weir, 1996).

Germplasm, also known as plant genetic resources, includes landraces, advanced or
modern varieties, wild relatives of domesticated plants, wild species, genetic stocks and
cloned genes (Chang, 1992; Frankel et al., 1995). Landraces, also known as traditional

varieties, are cultivated forms of a crop species, which have evolved over generations of



selections by farmers (Harlan 1992; Frankel et al., 1995; Smale, 1997). According to these
authorities, landraces are characterized by high genetic heterogeneity, good adaptation to local
environmental conditions and low productivity. They are also noted as sources of useful genes
required for further increment and maintenance of the productivity of modern varieties.

Studying the genetic diversity of sorghum (Sorghum bicolor (L) Moench) germplasm
from Ethiopia and Eritrea attracts special interest for several reasons. Both countries are
characterized by a diversity of climate, physiography, soils, vegetation, farming systems and
soci-economic conditions. For instance, the Natural Resources Management and Regulatory
Department of the Ministry of Agriculture of Ethiopia, divided the country into 18 main agro-
ecological zones and 49 sub agro-ecological zones (MOA, 1998). The diversity in abiotic and
biotic factors results in evolution and maintenance of different genetic variability of the
various crops grown in the country, including sorghum. The presence of a wide range of agro-
ecological conditions presents an opportunity and a challenge for germplasm conservationists
and plant breeders.

Sorghum is the second preferred cereal after tef (Kragrostis tef (Zucc.) Trotter) for
preparing 'injera’, which is the staple food in both Ethiopia and Eritrea (Gebrekidan and
Gebrehiwot, 1982; Doggett and Prasada Rao, 1995). According to Central Statistics Authority
of Ethiopia (Central Statistics Authority, 1999), sorghum ranks third after maize (Zea mays
L.) and tef in total production, after maize and wheat (7riticum spp.) in yield per hectare and
after tef and maize in area harvested. Its adaptation to stress environments such as drought,
makes sorghum in a sense more important than the other cereals (Kebede and Menkir, 1987,
Kebede, 1991; Debelo et al., 1995).

Moreover, Ethiopia and Eritrea come within the broad geographical range where
sorghum is believed to have been first domesticated (Vavilov, 1951; Mann et al. 1983;

Doggett, 1988, 1991) and where the greatest genetic diversity for both cultivated and wild



than one locus, where as allozyme is different molecular forms of an enzyme having the same
catalytic function but coded by different alleles of a specific locus (Markert and Moller, 1959;
Prakash et al., 1969). In other words, isozymes are the result of the expression of different
genes, whereas allozymes are the result of the expression of different alleles of a single gene
(Weeden, 1989). Both terms are used in this thesis. Molecular markers are those markers that
reflect direct changes at the DNA sequence level.

Information on the extent and patterns of distribution of genetic variation of a crop
species is essential for: (1) effective utilization of germplasm in plant breeding programs
(Hayward and Breese, 1993; Moreno-Gonzalez and Cubero, 1993); (2) devising appropriate
sampling procedures for germplasm collection and conservation (Allard, 1970; Marshall and
Brown, 1975); (3) obtaining core collections for efficient germplasm management (Brown,
1989a, 1989b); (4) elucidating the taxonomy, evolution and origin of the crop species (de Wet
et al., 1976).

Therefore, the objective of this study was to determine the amount and patterns of
distribution of genetic diversity in large samples of sorghum germplasm from Ethiopia and
Eritrea using morphological, isozyme and random amplified polymorphic DNA (RAPD) data.

The thesis is divided into 7 chapters. In chapter 2, literature germane to the thesis is
reviewed. In chapters 3, 4 and 5, morphological, allozyme and random amplified polymorphic
DNA (RAPD) diversity in cultivated sorghum (Sorghum bicolor ssp. bicolor (L) Moench) are
presented, respectively. In chapter 6, RAPD diversity in wild sorghum (S. bicolor ssp.
verticilliflorum) is presented. Chapter 7 deals with general discussion and conclusions. To avoid
redundancy and save space, all references cited in the entire thesis are listed under one section

and placed at the end of chapter 7 and appendices are put at the end of the reference section.



Chapter 2

Literature Review

Economic importance

In 1998 worldwide production of sorghum was over 63 million metric tons of grain from over 44
million hectares of land with an average yield of 1.4 metric tons per hectare (FAO, 1998). This
places sorghum fifth among the major cereals of the world after wheat, rice, maize, and barley.
More than 80% of the world area under sorghum is in Africa and Asia (FAO, 1998). The top ten
worldwide major producers of sorghum include USA (13,207), India (9,000), Nigeria (7,516),
Mexico (6,386), China (5,767), Sudan (4,891), Argentina (3,720), Ethiopia (1,083), Australia
(1,068) and Burkina Faso (943) (FAO, 1998). Figures in parenthesis indicate production in
thousands of metric tons.

The sorghum grain is staple food for more than 500 million people in the semi-arid
tropics of Africa and Asia and is also used for preparing traditional beverages (Doggett, 1988,
House, 1995b). Both the grain and the stover are also used as animal feed (Duncan, 1996).
Industrial use of sorghum for making sugar, starch, syrup, alcohol and molasses is increasing
(House, 1995b). The stalk is used for construction and fuel. For the traditional farmer, as is in the
Harerge area of Ethiopia, every part of sorghum is utilized — the grain for food; the leaf for
feed; the sweet stalk for chewing; the dry stalk for construction; and the root and the dry stalk for

fuel (personal observation).



Adaptation

Sorghum is widely adapted, being grown between 40°N and 40°S of the equator (Doggett,
1988). Although sorghum is cultivated both in tropical and temperate climates, it is primarily
adapted to the semi-arid parts of the world. Indeed, sorghum is best known for its good
adaptation to the drought-prone semi-arid tropical (SAT) regions of the world (Doggett, 1988;
Tuinstra et al., 1996, 1997; Unger and Baumhardt, 2000). SAT is defined as tropical areas where
rainfall exceeds evapo-transpiration for two to seven months in the year, usually less than 1,200
mm, and where there is a long dry season (Doggett, 1976). Within the SAT, sorghum is
dominant in those areas that receive between 600 and 1,000 mm rainfall per annum, but below
and above this range pearl millet and maize, respectively, become more important than sorghum

(House, 1995b).

Taxonomy

The genus Sorghum is highly diverse and comprises five sections (Garber, 1950). These are:
Chaetosorghum, Heterosorghum, Parasorghum, Sorghum, and Stiposorghum. According to de
Wet (1978), the section Sorghum includes (1) S. halepense (L.) Pers., a tetraploid (2n = 40)
rhizomatous perennial species, (2) S. Propinguum (Kunth) Hitchc, a diploid (2n = 20)
rhizomatous species, and (3) S. bicolor (L.) Moench, a diploid (2n = 20) annual species.
Although generally treated as predominantly self-pollinating, sorghum is a wind pollinated crop
with an outcrossing rate of 5-30% (Ellstrand and Foster, 1983; Doggett, 1988; Pedersen et al.,
1998).

S. bicolor is further subdivided into the following three subspecies (Harlan and De Wet,

1971): (1) S. bicolor ssp. bicolor, which includes cultivated sorghum. (2) S. bicolor ssp.



arundinaceum including wild sorghum. (3) S. bicolor ssp. drummondii includes weedy types,
which are hybrid derivatives produced wherever cultivated and wild sorghums are sympatric.
They are commonly known as shattercanes (Harlan, 1992). The naming of the spontaneous
subspecies arundinaceum was changed into S. bicolor ssp. verticilliflorum by de Wet and

Prasada Rao (1986) and its consistent use is recommended by Doggett (1988). The subspecies
verticilliflorum includes four races: aethiopicum, arundinaceum, verticilliflorum and virgatum.
The races are known to differ in morphology, geographic distribution and ecological adaptation
(de Wet et al., 1970, 1976). All the wild races freely hybridize with cultivated types (de Wet et
al., 1970).

Harlan and De Wet (1972) partitioned S. bicolor ssp. bicolor into five basic races
(bicolor, caudatum, durra, guinea, and kafir) and ten two-by-two combinations of the basic
races, yielding a total of 15 races. The classification was based on spikelet and inflorescence
morphology and proved to be simple and practical. Races differ in spikelet morphology,
geographic distribution, ecological adaptation and ethnobotanical attributes (Harlan and De Wet,
1972; Shechter and de Wet, 1975). Ethiopia and India are the centers of diversity of durra, which
is normally adapted to dry environment. The region from eastern Nigeria through Chad and the
Sudan to western Ethiopia is a center of diversity for the caudatum race. The region from
western Nigeria to Senegal is the center of diversity of guinea, which is largely adapted to wet
and humid environments. The region from Tanzania to South Africa is the center for kafir. The
bicolor lacks a specific center of diversity (Harlan and de Wet, 1972).

For practical purpose, it is relevant here to refer to Harlan and De Wet's (1971)
classification of cultivated plants and their near relatives into primary, secondary and tertiary
gene pools. The classification was based on extent of natural gene transfer, ease of crossability
and subsequent hybrid fertility and, hence, it has direct application in plant breeding. Primary

gene pool includes two subspecies, one for the cultivated races and the other for spontaneous



races. Crossing is easy, hybrids are generally fertile, genes are normally segregating and gene
transfer is generally easy between the two subspecies. Secondary gene pool includes those
species that can cross with the cultivated group but where recovery of fertile hybrid becomes
difficult because of poor chromosome pairing. Tertiary gene pool includes those species, which
may be crossed with the cultivated group but hybrids are almost completely sterile and hence
gene transfer is nearly impossible with known traditional techniques. Modern techniques of
molecular genetics are expected to access the tertiary gene pool.

Based on such system of classification, the primary gene pool of sorghum includes S.
bicolor ssp. bicolor, S. bicolor ssp. verticilliflorum, S. bicolor ssp. drummondii, and S.
propinquum (Acheampong et al., 1984). Available evidence indicates that the types of sorghum
that form the primary gene pool of sorghum occur naturally in Ethiopia (Doggett, 1988, 1991).
For instance, shattercanes are noted as the most serious weeds in the highlands of Ethiopia,
where they are known as keelo or sepo in local languages and it means the fool (Damon, 1962;
Harlan, 1975; Doggett, 1991). The secondary gene pool of sorghum includes only one species,
i.e., S. halepense. The tertiary gene pool of sorghum includes the different sections of Sorghum

listed earlier.

Origin

All lines of evidence indicate that cultivated sorghum originated from wild members of S.
bicolor ssp. verticilliflorum (de Wet and Huckaby, 1967; de Wet and Harlan, 1971; Mann et al.,
1983; Doggett, 1988; Duvall and Doebley, 1990; Aldrich and Doebley, 1992; Sun et al., 1994).
However, unequivocal evidence is lacking about which members of the subspecies
verticillifforum were progenitors of the cultivated sorghum. Some authorities suggest that

different races of the subspecies verticilliflorum gave rise to the different cultivated races. For



instance, de Wet and Huckaby (1967) suggested that the wild race aethiopicum gave rise to race
bicolor; arundinaceum to race guinea, verticilliflorum to race kafir and, in tum, kafir to race
durra. The suggestion was based largely on botanical similarity between the respective wild and
cultivated races. However, this suggestion was discounted for two major reasons (de Wet et al.,
1976). First, the morphological similarity could be the result of a considerable amount of
introgression of genes between the wild and the cultivated sorghum (Doggett, 1965a, b).

Second, distribution patterns exclude arundinaceum, a forest grass, and virgatum, a
desert grass, as probable progenitors of early-cultivated sorghum (Harlan 1976, 1989). This
presents races verticilliflorum and aethiopicum as more probable progenitors of the early
cultivated sorghum, with balance of evidence favoring the former race (de Wet et al., 1976;
Harlan, 1976; Harlan and Stemler, 1976; Mann et al., 1983; Aldrich et al., 1992; Sun et al.,
1994).

The distribution of these races coincides perfectly with the presumed area of early
domestication of sorghum (Doggett, 1988). Thus, it is more likely that races verticilliflorum
and/or aethiopicum first gave rise to the race bicolor-type. However, it is to be recalled that all
wild races have greatly contributed to the evolution of cultivated sorghum through free gene flow
(Doggett, 1965a, b). Harlan and de Wet (1972) described race bicolor as the most primitive of
the five basic races of the subspecies bicolor and is widely distributed throughout sorghum
growing regions, without marked center of diversity. With the possible exception of race kafir,

the other races are thought to be modifications of the early bicolor-type (Mann et al., 1983).

10



Center of domestication

Early cultivated sorghum is believed to have originated in the African savanna (Doggett, 1988).
However, convincing evidence is lacking to demonstrate where and when it was first
domesticated in Africa (Wasylikowa and Dahlberg, 1999). Vavilov (1951) and Doggett and his
coworkers (Doggett, 1965a, 1976, 1991; Doggett and Prasada Rao, 1995) considered Ethiopia
as the center of domestication. However, the assertion that Ethiopia is the center of
domestication has been criticized by Harlan and his co-workers (Harlan, 1969, 1971, 1975,
1992; de Wet et al., 1976; Stemler et al., 1975, 1977), suggesting that sorghum arose across a
large area (extending from Sudan to Chad), where it was likely domesticated many times over
a period of years. Specifically, Harlan (1971) presented sorghum as a typical example of non-
centric crop plants.

Analysis on the origin and early cultivation of sorghum in Africa by Mann et al. (1983)
tries to bring the two proposals into one by suggesting a more extended area for the origin of the
early bicolor-type. Implicit in the suggestion is that the area for the early bicolor cultivation of
sorghum might extend from Ethiopia through the Sudan to Chad, with the possibility of
domestication taking place at different places at different times. Although specific evidence is
lacking, all lines of evidence (biogeographic, isozyme and molecular data) point to the north-east
quadrant of Africa as the probable center for domestication of sorghum.

It has been suggested that sorghum might have been domesticated some 3,000-5,000
before present (BP) (Doggett, 1965a; Mann et al., 1983; Bramel-Cox et al., 1995). Recent
evidence from archeological investigations in southem Egypt (Wendrof et al., 1992; Wasylikowa
and Dahlberg, 1999) and from ancient DNA sequencing (Rowley-Conwy et al., 1999) revealed
exploitation of sorghum by humans as far back as 8000 BP. Nevertheless, such remains are

found to be more similar to the present day wild than to the cultivated sorghum. Based on the

11



results, these authors conclude that sorghum domestication is a recent phenomenon, not much

before 3000 BP.

Methods for estimating genetic diversity

In sorghum, as is true for other crop plants, the earliest methods for estimating genetic
diversity include Mendelian analysis of discrete morphological traits (Doggett, 1988) and
statistical analysis of quantitative agro-morphological traits along with eco-geographic
information (de Wet et al,, 1976; Murty, 1976). These methods, particularly statistical
analysis of agro-morphological characters, are still widely used to quantify the amount and
distribution of variation in large samples of sorghum germplasm collections (Zongo et al.,
1993; Prasada Rao and Ramanatha Rao, 1995; Appa Rao et al., 1996; Teshome et al., 1997,
Ayana and Bekele, 1998, 1999, 2000; Dje¢ et al., 1998). Analysis of morphological variation is
technically simple (Bretting and Widrlechner, 1995; Lee, 1995).

However, these methods of estimating genetic variation have several limitations.
Discrete morphological traits, though they have high heritability, are limited in number, each
being conditioned by a few genes (Karp et al., 1996, 1997; Berg and Hamrick, 1997). Thus,
only a small portion of the genome could be covered. They are usually characterized by
epistasis, pleiotropy and dominant-recessive relationships, further limiting their values as an
ideal genetic marker (Smith and Smith, 1992; Bretting and Widrlechner, 1995).

The quantitative traits are influenced by environmental factors and show continuous
variation, resulting in low heritability and high genotype by environment interactions.

Consequently, it is difficult to accurately determine genetic diversity. Their complex

12



inheritance makes them also less amenable to statistical estimation of basic population genetic
parameters (Gepts, 1995).

To overcome these problems, biochemical (primarily seed storage proteins and
isozymes) and many molecular techniques have been widely used in genetic diversity
assessment. As remarked by Karp et al. (1997), characterization of plant genetic resources for
agro-morphological traits cannot, however, be replaced by any of the biochemical or
molecular techniques or both. The results of agro-morphological, biochemical and molecular
studies should be used in combination, supplementing and complementing one another.

Kafirin, the seed storage protein of sorghum, is found to be environmentally stable and
provide high levels of variation (Smith and Smith, 1988). However, contrary to the situations
found in other major cereals such as barley, maize and wheat, as well as grain legumes
(Gepts, 1990), there are limited number of studies on variation of seed storage proteins in
sorghum (Virupasha and Sastry, 1968; Shechter, 1975; Shechter and de Wet, 1975; Smith and
Smith, 1988; Derose et al., 1989). This may be because of the high heterogeneity of these
proteins and their complex molecular basis (Virupasha and Sastry, 1968). These studies have
demonstrated that seed storage proteins can effectively discriminate the different races of
cultivated sorghum. Derose et al. (1989) also demonstrated very high sequence homology
between the kafirin and zein (maize seed storage protein) gene families, indicating that
sorghum and maize have evolved from a common ancestor.

The most remarkable progress in attempts of measuring genetic variation was made in
1966, when gel electrophoresis of isozymes was successfully applied to reveal an enormous
amount of genetic variation in Drosophila pseudobscura (Lewontin and Hubby, 1966) and in
humans (Harris, 1966). In plants, the applicability of gel electrophoresis of isozymes for the
study of genetic variation was soon demonstrated in cultivated barley (Khaler and Allard,

1970) and Avena fatua and A. barbata (Marshall and Allard, 1970). Since then, isozymes
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have been widely used for estimating the amount and distribution of genetic variation in both
cultivated and natural populations of a wide range of plant species and comprehensive
reviews are found in Hamrick et al. (1979), Gottlieb (1981), Loveless and Hamrick (1984),
Weeden (1989), Hamrick and Godt (1990, 1997) and Berg and Hamrick (1997). These
reviews have drawn several general conclusions regarding the extent and patterns of
distribution of isozyme variation in cultivated and natural plant populations. They have also
identified important life history traits and ecological factors affecting the levels and patterns
of distribution of isozyme variation. Among several factors, breeding system and
geographical range have the most influential role at the population level.

As a result, predominantly self-pollinating crop plants, such as sorghum, have less
genetic diversity than predominantly outcrossing crop plants, such as maize. Similarly, self-
pollinating crop plants usually maintain more of the total genetic variation between
populations than do outcrossing crop plants.

In sorghum, many studies have used isozyme or allozyme analysis to quantify the
level of genetic variation within and between cultivated and wild populations (Tripathi et al.,
1983; Warwick et al., 1984; Doebley et al., 1986; Morden et al., 1989, 1990; Ollitrault et al.,
1989; Aldrich et al., 1992; Djé et al., 1998, 1999; Ayana et al., 2000c). The major conclusions
that have emerged from these studies are that: (1) the extent of allozyme variation is low in
sorghum compared to other cereals, (2) differentiation of accessions is more pronounced on
the basis of geographical origin than on the basis of racial classification of Harlan and de Wet
(1972), (3) the amount of genetic variation found within cultivated forms is less than that
found in wild relatives, suggesting populations are subjected to bottleneck during
domestication, (4) the level of genetic variation is higher in north-eastern Africa than in other
regions both for cultivated and wild types, confirming the previous conclusions that this part

of Aftica is both the center for origin and diversity.
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The major disadvantages of isozymes compared to molecular markers include low
polymorphism and limited coverage of the genome (Weeden, 1989; Clegg, 1990). Gel
electrophoresis of isozymes detects only variation for coding genes and still only a fraction of
mutational events that change protein mobility (Lewontin and Hubby, 1966). Thus,
differences in trinucleotide sequences that code for the same amino-acid are not detected.
Similarly, changes in intron sequences that are post-transcriptionally removed from the
mRNA are not detected. Thus, isozyme analysis may underestimate the actual genetic
variation present in the population. Moreover, isozyme patterns may be influenced by
developmental stages of the plant tissue (Karp et al., 1997; Hash and Bramel-Cox, 2000). The
solution is to use complementary techniques that include one or more of the various molecular
markers (Clegg, 1990; Tanksley et al., 1989; Breeting and Widrlechner, 1995; Karp et al.,
1996, 1997).

The most remarkable development in search for more desirable methods for
determining genetic variation is the advent of molecular markers in the late 1970s. The
discovery of restriction enzymes (Linn and Arber, 1968; Meselson and Yuan, 1968) and a
method for the separation of DNA restriction fragments electrophretically, followed by
immobilization on nitrocellulose membranes and detection by radioactive probe labeling
(Southern, 1975), have lead to the use of restriction fragment length polymorphism (RFLP)
for measuring genetic variation more accurately than ever before (Tanksley et al., 1989;
Paterson et al., 1991). Variation in RFLP arises because of length difference (i.e. molecular
weight), which, in turn, arises because of mutation that alters nucleotide sequences at the
restriction sites (Paterson et al., 1991). The mutation event could be gain or loss of restriction
site, as well as inversion or insertion (Tanksley et al., 1989).

Depending on the sources of the probes (¢cDNA or genomic DNA), RFLPs could

reveal variation in coding (low-copy number genes) or both coding and non-coding sequences
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(high copy number sequences). Similarly, depending on the objective of the study, RFLP
could be used to investigate variation in nuclear, chloroplast, and mitochondrial DNA
(nDNA, cpDNA and mtDNA, respectively). Crop plants have diverged from their wild-weedy
relatives only during the last ten to fifteen thousand years (Harris, 1989; Harlan, 1992).
Therefore, nDNA RFLPs are suitable since nDNA generally evolves faster than the cpDNA
and mtDNA, whereas the latter ones are preferred to resolve taxonomic relationships since
they are relatively more conserved (Doebley and Wendel, 1989). In general, RFLPs have such
desirable attributes as high reproduciability, high polymorphism (esp. relative to isozymes),
co-dominant inheritance, selective neutrality and freedom from epistatic and pleiotropic
effects (Clegg, 1990; Jones et al., 1997; Karp et al., 1997).

In sorghum, nDNA RFLPs (Aldrich and Doebley, 1992; Tao et al., 1993; Deu et al.,
1994; Vierling et al., 1994; Cui et al., 1995; Oliveira et al., 1996), mtDNA RFLPs (Deu et al.,
1995) and cpDNA RFLPs (Duvall and Doebley, 1990; Aldrich and Doebley, 1992) have been
used to investigate the level of genetic variation and to establish genetic relationships between
cultivated and wild forms. Results showed a higher level of polymorphism and a greater
number of alleles per locus among accessions within races and among geographic groups than
those obtained in isozyme studies. Moreover, these studies provided supporting evidence that:
(1) northeastern Africa is the center of diversity both for cultivated and wild sorghum, (2)
there is high level of differentiation among the accessions on the basis of geographic origin
compared to racial classification, which is based on morphological traits, (3) sorghum is
characterized by a low level of polymorphism compared to other cereals such as maize and
barley, and (4) S. bicolor ssp. verticilliflorum is the progenitor of cultivated sorghum.

However, RFLP is expensive to be routinely applied for germplasm characterization at
intraspecific level and it is also of generally low polymorphism (Waugh and Powell, 1992).

Moreover, since RFLP is detected by probe-hybridization, it involves radioactivity, requiring
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more expertise and safety conditions. It also requires relatively more sample DNA than
polymerase chain reaction (PCR) based markers. Perhaps these might be the reasons why
RFLP analysis has been much more widely used for construction of genetic linkage maps
(Hulbert et al., 1990; Binelli et al., 1992; Whitkus et al., 1992; Chittenden et al., 1994; Xu et
al., 1994; Bennetzen, 1995) than for estimation of genetic diversity in germplasm collections
of sorghum. Generally RFLP also exhibits lower level of polymorphism than PCR-based
markers.

The invention of PCR has led to the rapid development of increasing number of
molecular markers (Saiki et al., 1985; Mullis et al., 1986). In PCR, a segment of the DNA
molecule of known or unknown function is amplified many times by the enzyme DNA
polymerase (Saiki et al., 1985). Three temperature stages are involved in the PCR assay.
These are: (1) denaturation temperature, at which the double stranded DNA is separated apart,
(2) annealing temperature, at which primers with complementary sequences are annealing or
priming at two ends of the DNA segment to be amplified, and (3) polymerization temperature,
at which DNA polymerase synthesizes a new double stranded DNA in the presence of free
nucleotides and MgCl, in the PCR buffer system.

During the initial development of PCR, Klenow polymerase was used. This enzyme
was thermo-sensitive (i.e., liable to denaturation by heat treatment) and a fresh enzyme had to
be added after each cycle of amplification. A major breakthrough came when a thermostable
DNA polymerase (i.e., resistant to denaturation by heat treatment) was isolated and purified
from the bacterium Thermophilus aquatics, which lives in hot springs (Mullis and Faloona,
1987; Saiki et al., 1988). The use of TAQ polymerase allowed automation of the three
temperature stages. In 30-45 cycles, a very large quantity of the target DNA segment would

be amplified. The amplification products are separated electrophoretically, mostly in agarose
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gels. After staining with ethidium bromide, the bands are detected under ultraviolet light
(Saiki et al., 1985, 1988).

Unlike in the RFLP analysis, a small quantity of template DNA is required in PCR
assays (Williams et al., 1990). Since the quantity of the amplified DNA is high enough to be
detected by staining with fluorescent chemicals, such as ethidium bromide, there is no need to
develop probes by cloning and detection by radioactive labeling (Williams et al., 1990). This
makes the PCR assay, simple and safe compared to RFLP.

In the beginning, it was a requirement to have a prior knowledge of the sequences of
DNA segment to be amplified and to design two complementary primers (Saiki et al., 1985).
This limitation was overcome in 1990 with the advent of random amplified polymorphic
DNA (RAPD) (Williams et al., 1990) and arbitrary-primed PCR (AP-PCR) (Welsh and
McClelland, 1990). In RAPD, short primers (usually 10 base pairs (bp)), with a guanine-
cytosine (i.e., G-C) content of at least 50%, are used and amplification products are separated
in agarose gels and detected with ethidium bromide staining (Williams et al., 1990).

In contrast, in AP-PCR slightly longer primers are used and amplification products are
separated in polyacrylamide gels and detected with silver staining (Welsh and McClelland,
1990). A slight modification of these two markers, DNA amplification fingerprinting (DAF)
was developed in 1991 (Caetano-Anollis et al., 1991). In DAF, short random primers of 5-8
bp are used and amplification products are detected with silver staining after electrophoresis
in polyacrylamide gels. RAPD is more widely used for assessing genetic diversity than AP-
PCR or DAF (Karp et al., 1997).

In sorghum, RAPD has been widely used for assessing genetic variation (Tao et al.,
1993; Vierling et al., 1994; Menkir et al., 1997; Ayana et al., 2000a, b). RAPD results
demonstrated considerable differentiation among accessions on the basis of geographical

regions than on the basis of racial classification, confirming the results obtained in the RFLP
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analysis. Overall, the results showed a higher level of polymorphism than with allozymes
analysis and comparable or more than that obtained in RFLP analysis. This high
ploymorphism, the technical simplicity, safety and high speed of the RAPD assay all make
RAPD a method of choice for analyzing a large sample of germplasm collections (Tao et al.,
1993; Vierling et al., 1994; Menkir et al., 1997; Ayana et al., 2000a). However, the dominant
inheritance of RAPD markers and the low reproducibility of results (due to the high
sensitivity of PCR reaction conditions) are the two major limiting factors in the use of RAPD
markers (Hadrys et al., 1992; Tao et al., 1993).

Alternatively, other PCR-based markers, such as simple sequence repeats (SSR) or
microsatellites (Brown et al., 1996; Djé et al., 1999, 2000; Smith et al., 2000) and inter-simple
sequence repeats (ISSR) (Yang et al., 1996; Taramino et al., 1997), are increasingly being
used in sorghum genetic diversity analysis. These markers are co-dominantly inherited, show
high level of polymorphism and results are quite reproducible (Powell et al., 1996; Jones et
al., 1997). Microsatellites are tandem repeats of short (2-6 bp) DNA sequences (Tautz and
Rez, 1984; Tautz, 1989). Polymorphism results from the number of repeat units and, hence,
length variation. However, prior sequence information, which is usually species specific, is a
requirement to design SSR primers and, hence, initial cost is high (Gupta et al., 1999).

Another marker system gaining wide acceptance in genetic diversity analysis is the
amplified fragment length polymorphism (AFLP) (Vos et al., 1995; Barrett and Kidwell,
1998). It is a robust and reliable molecular marker. The number of polymorphism detected per
reaction is much higher than that revealed by RFLP and RAPD. The steps in AFLP analysis
include digestion of genomic DNA with two endonucleases and site-specific adapters are then
ligated to the DNA fragments. Primers complementary to the adapters and to the restriction
sites are designed with two or three selective nucleotides added to the 3' ends of the primers.

Thus, only DNA fragments with nucleotides flanking the restriction sites that match the
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selective nucleotides of the primer are amplified during PCR (Karp et al., 1996; McGregor et
al., 2000). The amplified fragments are radioactively or fluorescently labeled and separated on
sequencing gels. AFLP is believed to combine the advantages of RFLP and RAPD.

However, AFLP is technically more demanding and require more DNA than RAPD
and it generates dominant markers rather than co-dominant markers (Boivin et al., 1999;
Mueller, 1999). In sorghum, AFLP is used for linkage mapping (Boivin et al., 1999), but not

for diversity assessment, at least for my knowledge.

Comparison of marker systems

A number of studies involving two or more markers in sorghum (Vierling et al., 1994;
Oliveira et al.,, 1996; Djé et al., 1999) and other crop plants (Kongkiathgam et al., 1995;
Bjernstad et al., 1997; Chan and Sun, 1997; Fernando et al., 1997; Russell et al., 1997; Schut
and Stam, 1997; Yee et al., 1997; Bahrman et al., 1999; Bohn et al., 1999; Fuentes et al.,
1999; McGregor et al., 2000) as well as many reviews based on a vast body of literature
(Gepts, 1993, 1995; Bretting and Widrlechner, 1995; Jones et al., 1997; Karp et al., 1997,
Mohan et al., 1997; Haussmann et al., 2000) concluded that each marker system has its own
advantages and disadvantages. Hence, no single method is adequate to reveal the full picture
of the genetic variation available in germplasm collections. Rather, a combination of
complementing methods should be used depending on the objective of the study and
availability of resources (Karp et al., 1997; Mueller et al., 1999). In the following studies,

morphological characters, allozymes and RAPD markers are used.
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Chapter 3

Morphological Variation in Sorghum (S. bicolor ssp. bicolor (L.) Moench)

Introduction

In light of the rapidly increasing human population and expansion of agriculture into marginal
areas, the importance of sorghum in the semi-arid regions of the world will increase in the
future (Gebrekidan, 1987; Andrews and Bramel-Cox, 1993; House, 1995a, b). Under such
situations, there will be a continuous demand for broad genetic base sorghum varieties that
are high yielding and stable under abiotic and biotic stresses (Appa Rao et al., 1996). The
development of high yielding and stable varieties requires a continuous supply of new
germplasm as a source of desirable genes and/or gene complexes. The primary sources of
such genes are landraces, introductions, weedy, and wild relatives of crop plants (Brown and
Munday, 1982; Brown, 1978; Prasada Rao et al., 1989; Harlan, 1992; Frankel et al., 1995).
The utilization of such germplasm requires the identification of areas of diversity of various
characters of agronomic importance, especially within the centers of diversity (Bekele, 1984;
Beuselinck and Steiner, 1992; Brush, 1995). Therefore, the study of genetic diversity of
Ethiopian and Eritrean sorghum is worthwhile, since both countries lie within the center of
diversity of the crop (Doggett, 1976, 1988, 1991; Doggett and Prasada Rao, 1995). Both
countries are also constantly facing severe environmental stresses, such as drought, to which
sorghum is more tolerant than other major cereals (Doggett, 1988).

With regard to morphological variation of Ethiopian sorghum germplasm, some
studies have been done in the past. However, these studies have two major limitations. First,

the studies did not show the patterns of character variation and distribution in the different
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agro-ecological zones of the country. Since sorghum is grown throughout Ethiopia and also in
Eritrea with a wide range of variation in altitude, rainfall, temperature, agricultural systems,
socio-economic factors, it is essential to assess the patterns of character variation and
distribution in different regions and adaptation zones. The significance of such line of studies
for efficient germplasm conservation and utilization has been emphasized in many studies on
other Ethiopian major cereals such as tef (Bekele, 1996), tetraploid and hexaploid wheat
(Bekele, 1984; Tesfaye et al., 1991; Bechere et al., 1996) and barley (Bekele, 1983; Negassa,
1985; Demissie and Bjernstad, 1996).

Secondly, the previous studies were limited with either using only univariate statistics
(Damon, 1962; Gebrekidan and Kebede, 1977, 1978; Gebrekidan and Menkir, 1979; Abebe
and Wech, 1982) or using samples from a limited geographical range (Teshome et al., 1997).
Multivariate methods are useful for characterization, evaluation and classification of plant
genetic resources when a large number of accessions are to be assessed for many characters of
agronomic and physiological importance (Peeters and Martinelli, 1989). The application of
multivariate methods for handling morphological variation in germplasm collections has been
demonstrated in many crop plants. Examples among cereals include sorghum (Zongo et al.,
1993; Prasada Rao and Ramanatha Rao, 1995; Teshome et al., 1997; Alagarsmamy and
Chandra, 1998; Ayana and Bekele, 1999), barley (Cross, 1992), finger millet (Hussaini et al.,
1977), maize (Alika et al., 1993), oat (Souza and Sorrels, 1991), rice (Kanwal et al., 1983), tef
(Bekele, 1996), and wheat (Bekele, 1984; Elings, 1991; Pecetti et al., 1992; Damania et al.,
1996). In whole, knowledge of the amount and patterns of distribution of genetic variation
within and among germplasm collections as well as across geographical and ecological ranges of

germplasm collections is important for efficient management and utilization of the germplasm.
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In this chapter, the extent and patterns of distribution of morphological variation is
presented for 25 agro-morphological (15 quantitative and 10 qualitative) characters in 415

sorghum accessions using univariate, bivariate and multivariate approaches of data analyses.

Materials and methods

Plant material

A total of 415 sorghum (Sorghum bicolor (L.) Moench) accessions, consisting of 391
landraces, 8 standard varieties and 16 introduced elite breeding lines were used in this study
(Appendix 3.1). The landraces were obtained from the Institute of Biodiversity Conservation
and Research (IBCR), Ethiopia, along with their passport data. The improved varieties and
introduced lines were obtained from the Ethiopian Agricultural Research Organization along
with relevant data.

The 391 landraces and the 8 standard varieties were collections from Eritrea (54) and
from the following regions of Ethiopia: Bale (2), Gamo Gofa (24), Gojam (10), Gonder (42),
Harerge (56), Illubabor (38), Kafa (6) Shewa (38), Sidamo (25), Tigray (30), Welega (14),
and Welo (60) (Fig. 3.1). The landraces were sampled from all regions of Ethiopia (except
Arsi) and from Eritrea. The altitude of the collection sites for the landraces used in this study
ranged from 400 to 2890 meters above sea level, while the altitude of the sorghum database in
the IBCR ranged from 400 to 2940 meters above sea level. Thus the landraces reasonably
represented the altitudinal distribution of sorghum germplasm collection base of the IBCR
and presumably the distribution of the crop in Ethiopia. The introduced materials were one
each from Burkina Faso and Somalia and two each from America, India, Kenya, South

Africa, Sudan, Uganda, and Zimbabwe.
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Fig. 3.1. Map of Ethiopia and Eritrea showing regions from where the sorghum
germplasm are collected.
Solid lines represent international boundaries; broken lines rcpresent boundaries between previous

provinces within Ethiopia.
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Methods

For data analysis, the standard varieties were assigned to the different regions of Ethiopia
depending on their record of previous origin and/or the regions for which they are normally
recommended for cultivation. Accessions from regions with sample size less than 12 were
also included in adjacent regions to reduce experimental error due to small sample size.
Hence, the two Bale accessions were included in Harerge; the ten Gojam accessions were
included in Gonder and the six accessions of Kafa were placed in Illubabor. This reduced the
12 regions of Ethiopia from which the landraces were originally drawn to nine. With the
Eritrea and the introduced materials included, 11 regions of origin were used in the statistical
analyses.

Characterization and evaluation of germplasm collections must be made in an area of
adaptation of a particular collection (Frankel, 1970). Recognizing the importance of this fact,
the national sorghum improvement program of Ethiopia identified four representative
characterization and evaluation sites largely based upon altitude and rainfall (Gebrekidan,
1981, 1982; Kebede and Menkir, 1987) (Table 3.1). Recently, the Natural Resources
Management and Regulatory Department of the Ministry of Agriculture, Ethiopia, (MOA,
1998), classified the country into 18 agro-ecological zones and 49 subagro-ecological zones.
Therefore, it is to be noted that the four agro-ecological zone classification of Gebrekidan
(1981) for sorghum is quite broad. On the basis of altitude of the collection site of each
accession, the 415 materials were divided into three sets. These were: (1) 196 lowland
accessions (<1600 meter above sea level), (2) 109 intermediate accessions (1600-1900 masl),
and (3) 110 highland accessions (>1900 masl). Since rainfall data were not available in the
passport data of the accessions, the lowland dry and lowland wet were treated together as

lowland accessions.
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The lowland, the intermediate, and the highland accessions were grown at Nazareth,
Jimma, and Arsi Negele research centers, respectively, during the 1996/97 growing season in
Ethiopia. List of the three groups of accessions are given in Appendix 3.1. Details of the

planting locations are shown in Table 3. 2.

Table 3.1. Adaptation zones for sorghum research in Ethiopia®

Adaptation zone  Altitude Rainfall Growing period Recommended evaluation
(masl)® (mm) (days) site (s)

Lowland dry <1600 <600 90-130 Nazareth, Kobo, Mieso

Lowland wet <1600 >1000 110-150 Gambella

Intermediate 1600-1900  =>1000 150-180 Jimma, Bako

Highland >1900 800 170-200 Arsi Negele, Alemaya

* After Gebrekidan (1981) and Kebede and Menkir (1987).
® masl = meters above sea level.

Table 3.2. Some meteorological data for the three evaluation locations"

Location Latitude Altitude Rainfall Temperature Growing
(masl)®  (mm) (°C) period
(days)
Nazareth/Melkassa 8030 N 1500 <600 21.5 85-130
Jimma/Melko 76 N 1753 1469 18.8 150-180
Arsi Negele 720 N 1960 900  18.4 170-200

* Source: Meteorological Stations of respective locations.
® masl = meters above sea level.

Thirty-eight accessions, consisting of the eight standard varieties and 30 landraces (ten
each from the lowland, intermediate and the highland altitudes) were also grown in all the
three locations irrespective of their particular adaptation zone. Within a group, each landrace
accession was chosen to represent different regions of origin. Data from these 38 accessions
were used for comparison purposes and to help combining of data from the three groups of

accessions planted in the three locations.
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Each accession was grown in a single row plot of 3 m long, and 0.75 m between rows,
with two replications in a randomized complete block design. Within every row, the spacing
from one plant to another was 0.3 m. Fertilizers were applied at the rate of 100 kg ha
diammonium phosphate (DAP) and 100 kg ha™ urea as recommended for sorghum production
in Ethiopia. All DAP was applied at the time of planting, while urea was a split application.

For every accession, ten individuals were used for recording data for quantitative
characters, except days for 50% flowering, which was recorded on plot basis (Table 3.3a). For
the qualitative characters (Table 3.3b) the most frequent character state was recorded. For
both the quantitative and qualitative characters, data was recorded based on Sorghum
Descriptors (IBPGR/ICRISAT, 1993). For leaf characteristics, procedures developed by

Ayyangar (1942) and Stickler et al. (1961) were used.

Table 3.3a. List of quantitative characters used for the study

Character Code Description

Leaf number (count) LN Count of total leaves per plant

Leaf length (cm) | Length of the fourth leaf from the flag leaf

Leaf width (cm) LW Width of the fourth leaf from the flag leaf

Leaf area (cm”’) LA Area of the fourth leaf from the flag leaf

Length of leaf sheath (cm) LLS Length measured on the fourth internode from the surface

Internode length (cm) IL Length measured on the fourth internode measured from
the surface

Stalk diameter (cm) SD Diameter measured on the fourth interonde from the surface

Plant height (cm) PH Height from the surface to the tip of the panicle

Peduncle exsertion (cm) PE Length between the base of flag leaf and the base of the panicle

Days for 50% flowering

(count) DF Days from planting to when 50% plants in a plot
flowered half way down the panicle

Panicle length (cm) PL Length of the panicle from its base to tip

Panicle width (cm) PW Width of the panicle in middle

Number of Primary

branches per panicle (cm) NPBP  Counts of primary branches per panicle

Length of primary branches per

panicle (cm) LPBP Length of primary branches per panicle

Thousand seed weight (g) TSW Weight of 1000 seed counts
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Table 3.3b. List of qualitative characters used for the study along with their codes and
descriptions

=]
(=W
(¢]

Character Description

White
Dull green
Yellow
Brown
Slightly present
Medium present
Mostly present
Completely present
Very lax panicle
Very loose erect primary branches
Very loose drooping primary branches
Loose erect primary branches
Loose drooping primary branches
Semi-loose erect primary branches
Semi-loose drooping primary branches
Semi-compact elliptic
Compact elliptic

10 Compact oval

11 Half broom cormn

12 Broom corn
Awn at maturity 0 Absent
1 Present
1 White
2 Yellow
3 Brown
4
5

Leaf midrib color

Waxy bloom

Panicle compactness & shape

VAU EWN—OTWnWwWhaWN—N

Glume color

Purple
Black
6 Gray

Grain covering 25 Glume covers 25% of the length of the grain
50 Glume covers 50% of the length of the grain
75 Glume covers 75% of the length of the grain
100 Glume covers 100% of the length of the grain

White

Yellow

Red

Brown

Buff

Dimple

Plump

Sub-coat color is absent
Sub-coat color is present
Completely corneous
Mostly corneous
Intermediate

Mostly starchy
Completely starchy

Seed color

Grain plumpness
Grain sub-coat

Endosperm texture

O WO W Wunibs W -
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Statistical analyses

Quantitative characters

Univariate analysis
Using the raw data of the 38 accessions, which were grown at the three locations, analysis of
variance was made for the 15 quantitative characters for each location. Homogeneity of the
error variances among the three locations was assessed by Bartlett’s test for each of the 15
characters. The test established the homogeneity of the error variances (P < 0.01) for seven
characters. These are LN, LL, LW, LA, LLS, SD, and PL. The data for these characters were
subjected to site-accession wise analysis of variance to determine effects of test sites and
genotype x environment (G x E) interaction. The results showed the non-significance of
effects of test sites for LN and the non-significance of G x E interactions for LL. For the other
five characters (i.e., LW, LA, LLS, IL, and SD) both test site effects and G x E interactions
were significant (p <0.05).

For the remaining eight characters, namely, IL, PH, PE, DF, PW, NPBP, LPBP, and
TSW, the test indicated significant (P < 0.01) heterogeneity of the error variances across the
three locations. Test site effects and G x E interactions were also significant (p < 0.05). For
these characters logarithmic data transformation, which is recommendable for continuous
data, also failed to homogenize the error variances. Heterogeneity of error variance and lack
of appropriate data transformation system are expectable because of the wide range of
phenotypic variation of the materials used and the nature of the data itself (Gomez and
Gomez, 1984, Pecetti et al., 1992). For such characters like plant height and days for 50%
flowering, values are expected to differ greatly from one location to another as well as from
one accession to another in the same location (as happens with the present study), leading to

heterogeneity of error variances that cannot be corrected by data transformation.
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Bivariate analysis

Correlations between the characters were computed at three levels, following the procedures
used by Thorpe (1976) and Bekele (1984). First correlations of the characters were assessed
based on the 415 accession means. Then inter-region correlation was computed using the
means of characters for each region. Lastly, a series of intra-region correlation coefficient
matrices were obtained for each region using the accession means from that region for the

characters.

Multivariate analysis

For multivariate analysis, the data were standardized to a mean of zero and a variance of unity
to avoid differences in scales used for recording data on the different characters (Sneath and
Sokal, 1973). Then a series of multivariate analyses were made using the appropriate
procedures of SAS computer program (SAS Institute, 1988). Principal component analysis
was performed using correlation matrix to define the patterns of variation both between
accessions and between their regions of origin.

The 415 accessions were clustered using the PROC FASCLUS of SAS (SAS Institute,
1988), which grouped and sorted the accessions into clusters. The measure of dissimilarity
was Euclidean distance and the clustering method was Unweighted Pair-Group Method Using
Centroids (UPGMC) (Sneath and Sokal, 1973). This procedure is preferable for clustering a
large number of accessions (SAS Institute, 1988). The number of clusters was determined in
such a way that a cluster should contain at least two accessions to allow subsequent statistical
analysis. Grouping into ten clusters met the criterion. The relationships among the clusters

were assessed by measuring the inter-cluster distances using Mahalanobis distance (D).
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For the regions of origin, hierarchical cluster analysis was run using the regional
means for the 15 quantitative characters. The measure of dissimilarity was Euclidean distance
and the clustering method was Unweighted Pair-Group Method Using Arithmetic Average
(UPGMA) (Sneath and Sokal, 1973). Discriminant analysis was used to assess if the

accession membership conformed to their regions of origin and adaptation zones.

Qualitative characters

Phenotypic frequency distributions of the characters were worked out for all the materials, the
regions of origin and the adaptation zones. The significance of proportions across regions and
adaptations zones for a particular character state was tested with chi-square using the formula
given by Fleiss (1973, p. 93). The Shannon-Weaver diversity index (H") was computed using
the phenotypic frequencies to assess the phenotypic diversity for each character for all the
entire sample, and the samples were grouped for each region of origin and for the adaptation

zones. The Shannon-Weaver diversity index as described by Hutchenson (1970) is given as:

H'= —Z plogepi

i=1
where p; is the proportion of accessions in the i class of an n-class character and n is the
number of phenotypic classes for a character. Each value of H" was divided by its maximum
value, logen, and normalized in order to keep the values between zero and one. The
partitioning of the phenotypic diversity into within and between regions of origin and within
and between adaptation zones was made following the methods given by Wachira et al.
(1995). Contingency chi-square test was made using the entire data set to assess whether the

distribution of the characters studied was random or non-random.
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Results

Quantitative characters

Univariate analysis

Analyses of variances revealed highly significant differences (P < 0.01) between the 11
regions of origin of the 415 sorghum accessions and between accessions pooled over the
regions for the 15 characters studied (Table 3.4). Region-wise partitioning of the variance
indicated significant within-region differences (P < 0.05) among the populations within Gamo
Gofa, Gonder, Harerge, Illubabor, and Welo for all the 15 characters; for 14 characters within
Tigray; for 13 characters within Eritrea, Shewa, and Welega; and for 12 characters for Sidamo
(Table 3.4). For accessions within the introduced materials differences in only seven of the 15
characters were found to be significant. In general, within region variation was greater for
plant height, peduncle exsertion, number of days for 50% flowering, thousand seed weight

and for panicle characteristics than for leaf characteristics for all the regions.

The Duncan’s multiple range testing for regional means for all the characters is shown
in (Table 3.5). Apparently, much more regional differentiation was observed for mean days
for 50% flowering and for mean plant height. The mean for number of days for 50%
flowering for the accessions from Sidamo were significantly higher than those for the other
regions (P< 0.05). The highest mean number of leaves per plant was also observed for the
Sidamo accessions. The introduced elite breeding materials and the Eritrea accessions attained
50% flowering significantly earlier than those of other regions. The mean for plant height for

the accessions from Welega was significantly higher than those for all the other regions.
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Table 3.4. Analysis of variance for 15 quantitative characters in sorghum®

Source df LN LL LW LA LLS IL S
Regions 10 24387  4863.14 44.60" 639016.55 45846  960.53
Pooled accessions within regions 404 941" 185.41™ 263  26810.74" 23.89" 82.49™
Accessions within:

Introduction 15 2.32 201.77" 226 1898249 5.70 22.23
Eritrea 53 3.557 128.74™ 246" 5676.40 9.75 37.80"
Gamo Gofa 23 12.34" 239.75" 269" 3125495 3673 12587
Gonder 51 9.72" 246.227 2677 31497.817 33.14” 99.74"
Harerge 57 12.517 289.67" 349" 42793.13" 26.31" 86.30""
Illubabor 43 16.50" 237.127 3.057 36954927 23217 105.28”
Shewa 37 9.66 79.04 230 2523568 18.45™ 52.23"
Sidamo 24 8.69" 74.07 1.65  12691.77 2027 61.99"
Tigray 29 728" 235.34" 250 37545.62" 32,547 111.107
Welega 13 3.26 154.05" 230  28662.57 22.85 67.87"
Welo 59 9.44" 11439 246 20214777 27257 102.307
Pooled error within region 404 2.14 72.83 1.64 12318.89 7.52 17.18

* Refer to Table 3.3a for the abbreviations of the characters.

* and ** significant at p = 5% and 1* levels, respectively.
gn
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Table 3.4 Continued®

Source df PH PE DF PL PW NPBP LPBP TSW

Regions 10 29048547 31720 61165.73° 188529 2390.00" 7463.00 134390 3025
Pooled accessions within 404  17981.45"  53.84° 1047.02° 74.077  85.547  464.79" 54947 436"
regions

Accessions within:

Introduction 15 2942797 4123  133.60" 46377 528 27697 4.40 043"
Eritrea 53 3540.12" 7439 468.17 9995 23017 971697 11468° 039"
Gamo Gofa 23 30752137 10929 2517.547 52197 167.79" 302.72" 89307  6.16
Gonder 51 1583724 6238 67690 88.197 101.60" 329.16° 44247 7127
Harerge 57  16900.42" 27747 1202.58" 84.49" 4576 60988 21907 536
Ilubabor 43 5533269 3098 3337.75 59747 44127 15407 82.67°  6.08"
Shewa 37 2497884 27507  522.16° 37.80° 171.167 396.55 56327 6017
Sidamo 24 17069.76"  85.13" 1713.147 49.017" 14255 491.927 32467  4.647
Tigray 29 10507.05° 7438 8886 78.63° 77.06° 536.56 ~  84.87 297
Welega 13 14415727 8886 77646 57797 232.69" 34875 47077 860"
Welo 59 5917.14"  37.48"  314.89" 88.89" 79.68" 345927 17.02" 223"
Pooled error within region 404 1068.53 15.92 29.09 19.14 8.24 87.41 482 0.24

* Refer to Table 3.3a for the abbreviations of the characters.

* and ** significant at p = 5% and 1* levels, respectively.
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Table 3.5. Regional means for 15 quantitative characters in sorghum®

Regions LN LL LW LA LLS IL SD
Introduction 9.22% 76.59® 850 431.55™ 13.66° 13.11° 221*°
Eritrea 954 61.92° 809 377.86° 13.96° 18.82°°¢ 205°°
Gamo Gofa 13.33" 78.66™ 9.01 551.34™ 18.96™ 23.18*" 234"
Gonder 12.60° 84.04*° 887 592.18% 19.03*™ 2346'° 2.19"°
Harerge 13.96® 75.92® 999 58986"° 14.64™ 16.40°° 2.65"
[llubabor 12.04>4 80.94™ 1034 654.63*° 17.85® 20.61*°° 2.37°°
Shewa 13.28% 8572 992 664.54°" 20.46® 25.66*° 2.17*°
Sidamo 15.85* 86.32° 938  624.17*°° 18.92™™ 21.04*®° 241°°
Tigray 111" 79.16® 859 53397 Ig4r™ 2198*®* 18"
Welega 13.57" 88.41° 922 646.18°" 21.70° 27.28*  2.12*°

Welo 13.45® 74.76™ 9.84 558.48'° 16.09™ 17.76*°¢ 2.65°
Entiredata 12.56  77.50 933 56333 17.17 2041 2.32

Table 3.5. Continued®

Regions  PH PE DF PL PW  NPBP LPBP TSW
Introduction 144.68' 7.21 71.68" 23.83*" 4.79° 56.11*°°¢  7.78° 1.51¢
Eritrea 171.91% 389 68.83" 14.81° 3.86° 75.82° 5.64° 2.06™¢
Gamo Gofa 314.27% 7.64 126.94% 25.04°° 15.07™ 47.42° 16.08%"* 303*"
Gonder 296.55°47.58 119.83% 29.24°° 11.31° 60.36°°¢ 1320  3.62°
Harerge  251.58% 2.14 122.59°¢ 19.61° 7.78% 75.52° 7.90° 3.04°"
lllubabor  302.15% 4.53 108278 25.50°® 9.40°¢53.53°¢  1297°¢  313*°
Shewa 317.69™ 420 140.18° 27.36°° 21.46° 63.56°°° 16.64™  3.02°°
Sidamo 335.81° 2.61 181.19° 23.35°® 19.79" 54.65°°¢ 17.86°°  2.50"
Tigray 219.58% 790 108.71% 28.13*° 11.20% 65.80*°° 13.05™  3.07*°
Welega 40535 534 148.04° 32.71* 18.19" 58.45*°°  19.02° 2.85"
Welo 256.79° 427 114.12°® 2578 7.64% 74.67*° o8% 1.92%
Entire data 266.47 4.87 11577 24.18 10.75 65.20 11.64 2.74

* Refer to Table 3.3a for the abbreviations of the characters.
Means of each character followed by the same letter were not significantly different at p < 0.05
according to Duncan’s multiple range test.

The accessions from Eritrea and Harerge were noted for having significantly shorter mean for

panicle length than those of the other regions. The mean number of primary branches per

panicle, a trait directly related to yield, was high for accessions from Eritrea, Harerge and

Welo, though statistically non-significant compared with those of most of the rest of the

regions. The accessions from Eritrea and the introduced materials were not significantly

different from each other for all the characters studied, except for panicle length.
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The range of variation of the accession means demonstrated wide variation between
the regions and the accessions within the regions for the characters studied (Table 3.6).
Peduncle exsertion showed complex range of variation between regions, ranging from 0 to 33
cm. For the other characters, the maximum score was 54 times the minimum for thousand
seed weight, 42 for panicle width, 24 times for length of primary branches per panicle, 9
times for number of primary branches per panicle and for inter-node length, 8 times for plant
height, 6 for panicle length and for leaf area, 4 times for days for 50% flowering, length of
leaf sheath and stalk diameter and, 3 times for leaf number, length and width. The same trend
was observed between accessions within a particular region. However, accessions within
Gamo Gofa, Gonder, Harerge and Illubabor showed wider ranges of variation than those

found in accessions within other regions for the majority of the characters.

Computed as a ratio of standard deviation of each character to the corresponding
entire data mean and expressed as percentage, coefficient of variation is useful to compare
different characters measured in different units. It is also useful to compare the same character
in different groups of populations with different sample size, mean and variance, or different
characters in different populations. In the present study, high coefficients of variation were
observed between regions and within each region for peduncle exsertion, leaf area, panicle
width, length of primary branches per panicle, plant height, hundred seed weight, days for
50% flowering and number of primary branches per panicle (Table 3.7). Though accessions
from a particular region were more variable for a specific character compared to other
regions, accessions from Gamo Gofa, Gonder, Harerge and Illubabor were more variable than
accessions from other regions. The accessions from Eritrea and the introduced materials had
low coefficients of variation for many characters, indicating relatively high within-region

uniformity.
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Table 3.6. Regional ranges of variation for 15 quantitative characters in sorghum®

Regions LN LL LW LA LLS IL SD

Introduction 6.91-11.91 47.22-80.22 6.56-10.06 274.20-565.90 11.54-17.04 8.64-22.14 1.85-2.68
Eritrea 6.91-11.91 4222-88.99 5.06-11.06 155.70-613.90 11.04-22.24 110.14-32.44 1.19-2.50
Gamo Gofa  8.41-17.13 4522-91.29 6.52-11.52 321.10-771.60 8.04-24.72  6.14-34.22 1.23-3.58
Gonder 7.63-18.41 59.22-108.99 5.02-11.06 289.70-851.10 7.04-27.22  5.14-34.92 1.25-3.04
Harerge 6.96-19.13 51.22-98.49 6.96-13.46 302.00-998.74  6.54-21.22  4.64-28.92 1.13-4.04
Illubabor 7.91-17.63 53.72-101.49 7.06-12.56 307.50-898.70  8.54-24.74  6.64-34.92 1.51-3.01
Shewa 8.46-20.13 73.72-99.49 7.46-12.02 450.50-884.80  8.04-26.74  6.14-32.94 1.25-3.60
Sidamo 10.91-20.63 71.79-97.99 7.46-11.46 458.70-747.90 10.22-24.22 9.94-32.42 1.56-3.68
Tigray 7.41-16.13 53.79-105.49 6.52-11.52 272.00-969.60 8.04-29.74  6.14-39.92 1.16-2.89
Welega 10.63-15.46 70.22-101.99 6.96-10.52 442.60-836.80 15.04-27.24 13.14-34.92 1.54-2.78
Welo 9.46-18.41 55.22-9249 7.06-13.46 333.80-826.90 8.04-22.72  6.64-32.92 1.57-3.86
Entire data  6.91-20.63 42.22-108.99 5.02-13.46 155.70-998.74 6.54-29.74 4.64-39.92 1.13-4.04

* Refer to Table 3.3a for the abbreviations of the characters.
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Table 3.6. Continued"

Regions PH PE DF PL PW NPBP LPBP TSW

Introduction  80.49-227.49 1.24-15.24 58.08-89.58 11.21-34.21 2.88-938 43.99-86.99  3.28-928 0.78-2.20
Eritrea 93.83-357.18 0.00-23.26 49.08-136.50 9.21-40.71 1.38-24.73 31.49-127.99 2.28-50.10 1.13-3.72
Gamo Gofa 150.50-558.70 0.00-23.50 60.58-188.50 16.48-35.81 5.38-42.23 13.99-68.06 5.12-26.60 1.04-6.52
Gonder 155.30-453.70  0.00-26.00 77.08-168.92 17.31-51.31 2.88-40.73 31.43-91.56 6.60-29.60 0.28-6.50
Harerge 83.30-484.20 0.00-17.24 69.58-175.42 7.98-51.21 1.00-20.23 41.43-116.49 2.12-21.60 1.08-6.315
[llubabor 141.50-611.70 0.00-14.74 65.58-170.92 18.21-39.31 2.88-18.89 30.43-80.56 5.78-25.10 0.63-7.02
Shewa 160.30-547.70  0.00-12.00 100.42-191.92 17.48-37.21 7.88-42.23 27.43-103.56 7.12-27.10 1.00-6.45
Sidamo 197.30-541.70  0.00-23.50 106.08-214.00 13.98-31.81 2.88-32.23  23.49-99.56 10.62-24.62 0.94-5.98
Tigray 110.80-394.70  0.00-33.50 60.58-133.50 15.21-45.81 2.88-27.73 37.43-98.06 5.28-34.10 1.18-5.58
Welega 295.70-561.20 0.00-21.00 98.42-171.42 24.81-46.81 3.88-33.73 38.43-74.56 12.60-27.60 0.13-5.88
Welo 169.83-454.68 0.00-15.74 80.58-136.42 13.21-44.71 1.38-23.73 50.43-104.56 3.28-16.78 0.48-5.94
Entitre data ~ 80.49-611.70 0.00-33.50 49.08-214.00 7.98-51.21 1.00-42.23 13.99-127.99 2.12-50.10 0.13-7.03

* Refer to Table 3.3a for the abbreviations of the characters.
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Table 3.7. Regional percent coefficient of variation for 15 quantitative characters in sorghum®

Region LN LL LW LA LLS IL SD PH PE DF PL PW NPBP LPBP TSW
Introduction 239 1036 597 17672 555 779 6.10 1149 7305 624 1526 1132 1493 394 11.25
Eritrea 6.69 682 686 8852 615 1573 6.82 13.19 111.03 12.80 2629 2528 3225 63.67 999
Gam Gofa 1798 11.79 7.77 22979 2226 36.12 2640 4572 14030 30.47 1681 83.09 1591 5584 62.79
Gonder 15.50 1201 7.69 23035 20.5 3148 1493 3225 9897 1555 2430 6356 1686 3814 67.69
Harerge 1830 1344 1031 27035 17.85 2880 2281 3339 4992 2092 23.64 4029 2479 2511 58.39
Ilubabor 2133 11.69 9.00 25035 1631 3252 9.14 61.81 5635 3513 18.63 3940 885 53.60 62.36
Shewa 15.44 227 6.16 20548 13.62 2051 23.61 41.03 4941 1356 1263 839 19.07 4359 61.99
Sidamo 14.41 1.02 0.76 142.02 14.71 23.19 21.77 33.57 120.79 25.06 1598 7623 2181 3194 5413
Tigray 1276 1163 7.03 25271 20.60 3358 1524 2578 111.02 472 2256 5457 2298 5435 4264
Welega 5.96 822 6.16 21965 16.12 2467 1554 30.66 12400 16.70 18.18 98.55 17.53 3949 74.62
Welo 15.21 588 6.86 18274 1829 3196 2400 1848 6742 1033 2442 5560 1744 2122 36.40

Entiredata 20.18 1371 1070 2191 2133 32.04 2132 40.67 96.19 3059 29.02 7582 2535 5475 56.20

# See the materials and methods for the abbreviations of the characters.
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Bivariate analysis

Phenotypic correlation coefficients for 15 quantitative characters were computed for the entire
data (Table 3.8). The majority of the correlation coefficients were positive and highly
significant. Panicle length was positively and significantly correlated with panicle width and
length of primary branches per panicle but negatively correlated with number of primary
branches per panicle. Twelve of the 15 characters also showed significant positive

correlations with altitude of the collection sites.

The trend for associations of characters for between regions (Table 3.9) and within
regions (Appendix 3.2) was similar to that of the entire data. For instance, plant height was
significantly and positively correlated with days for 50% flowering between regions and
within seven of the eleven regions. Leaf area correlated significantly and positively with leaf
length and width, which seemed to be due to functional relationship (leaf area = leaf length x
leaf width x 0.75). Leaf number correlated significantly and positively with plant height and
days for 50% flowering between regions and within most of the regions. Stalk diameter and
length of leaf sheath were positively and significantly correlated with plant height within most
of the regions. However, these characters were negatively and significantly correlated with
each other in five of the eleven regions. Another similarity of trend was that while most
correlation coefficients were positive, those involving peduncle exsertion and number of

primary branches were negative.
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Table 3.8. Simple correlation coefficients among 15 quantitative characters and between the characters and altitude of collection sites
(based on the mean for 415 sorghum accessions®)

LN LL LW LA LLS IL SD PH PE DF PL PW NPBP LPBP TSW
LI 036

LW 039" 035"

LA 045" 086 075

LLS 006" 056 000 0407

IL 000 0527 -005 0397 084"

SD 059" 0.04 0447 028 -031" -026"

PH 064" 060" 023" 0597 048" 057" 037"

PE 030" 007 -0297 -008 0.197 0257 -0227 0.06

DF 067" 062" 024" 054" 049" 038" 013" 065" -0.16"

PL 0.197 040" 008 0317 0427 0297 006 0437 033" 0297

PW 0.16° 046 005 0317 0627 0497 -0377 028 -004 0617 026"

NPBP 009 -025" 011" -015" -024" -024" 008 -024" -031" -009 -030" -013

LPBP 030" 060" 0.11° 0497 061" 058 001 067 0217 057 0627 055 -045"

TSW 028" 053" 010" 052" 036" 054" 018 066~ 0177 036" 0207 010" -0.28" 0427
Altitude 0.18™" 033" -008 017" 045" 044 -022 0247 -003 058 015 061 012° 035 016

* See the materials and methods section for the abbreviations of the characters.

* and ** significant at p = 5% and 1% levels, respectively.
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Table 3.9. Inter-region simple correlation coefficients among 15 quantitative characters
(based on the mean of the 11 regions of origin)”

LN LL LW LA LLS IL SO PH PE DF PL PW NPBP LPBP
L. 0.62"

LW 0.62" 042

LA 0.777 0.84" 0797

LLS 0.56 083" 026 076"

IL 042 0617 012 0610 0947

SD 053 -0.01 067 027 -026 -038

PH 0.78" 078 050 086 0.88° 080" 0.15

PE 045 011 -053 024 019 017 -057 -0.15

DF 094" 078" 047 080" 0747 059 025 085 -032

PL 029 0827 021 063 079 064 -023 062 048 044

PW 0.70° 081" 032 074" 088" 079" -0.10 082" -008 087" 056

NPBP -0.16 -058 -002 -032 -049 -033 013 -042 -045 -033 -045 -047

LPBP 0.64~ 0877 027 0757 095" 083 -0.16 088 0.12 083" 0717 094" -0.64
TSW 040 051 031 064 063 066 -013 057 016 043 043 045 -023 050

# See the materials and methods section for the abbreviations of the characters.

* and ** significant at p = 5% and 1% levels, respectively.



The distribution of the 11 regions of origin of the accessions along the first two axes
of the principal components is shown in Figure 3.2. The regions of origin of the accessions
were dispersed in all four quadrants. The first principal component was much more important
than the second one in separating the regions of origin of the accessions. On one hand, the
extremes of the first axis were occupied, by Eritrea and the introduced materials with low
negative principal scores and, on the other hand, by Welega, Sidamo and Shewa with high
positive scores (see Table 3.11). Apparently the first principal component differentiated
accessions that were short in stature and early flowering from those that were tall and late
flowering. On the second axis, Tigray and Welega had relatively high principal positive
scores, while Harerge and Sidamo had low negative scores. This axis differentiated accessions
mainly based on peduncle exsertion and stalk diameter. Illubabor was the closest region to the
center, while Eritrea was the most far away from the center, suggesting that accessions from

Eritrea were relatively more divergent from those of the other regions.

The 415 sorghum accessions were grouped into 10 clusters (Table 3.12). The number
of accessions per cluster varied from nine accessions in cluster X to 67 accessions in cluster
VL. Clusters I, II, III, V and VIII contained mostly lowland accessions from Eritrea, Gamo
Gofa, Gonder, Harerge, Illubabor, Tigray, Welo and the introduced materials. Cluster IV
encompassed mostly highland accessions from Gamo Gofa, Gonder, Shewa, Sidamo and
Welega. Clusters VI and VII were rather mixed encompassing nearly equal proportions of
lowland, intermediate and highland accessions, which were mostly drawn from Welo,
Gonder, Illubabor, Harerge and Tigray and with some accessions from Gamo Gofa, Shewa
and Sidamo. Clusters IX and X contained mainly intermediate elevation accessions, which

were mostly from Illubabor, Gonder, Shewa, Gamo Gofa, Sidamo and Welega.
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Fig. 3.2. Plot of principal component based regional means 15 quantitative characters in sorghum.

A = Introduction, B = Eritrea, C = Gamo Gofa, D = Gonder, E = Harerge, F = Illubabor, G = Shewa, H = Sidamo, I = Tigray, J= Welega, and K =

Welo.
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Table 3.12. Distributions of 415 sorghum accessions over 10 clusters by region of origin and adaptation zones®

Regions Zones I I mIr 1Iv V. VI VvII VII IX X Total For Zone Total For Region

Introduction 1 6 6 3 16
0

16
Eritrea

54
Gamo Gofa

—
NV MNOO

24
Gonder 13
26
1 13 52
16 30
o 1 18
10 58
27
15 16
1 1 44
1 1
2 2 9 13
3 24 38

—
etk
[um—
e e DD DD
[\

(8]
oo
—

Harerge

BN L e = =
f |

Y—
= B B
o

Illubabor

W
wh
o
—
(R

Shewa

1 18 2

* 1 = lowland (< 1600 m above sea level), 2 = intermediate elevation (1600-1900 masl), 3 = highland (> 1900 masl).
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Table 3.12 Continued®.

Regions Zones I I 1 Iv V. VI VII VI IX X Total For Zone Total For Region

o

Sidamo 1

> 1 3 1 5

3 1 14 2 2 19 25
Tigray 1 2 1 1 2 1 7

2 1 8 1 1 11

3 1 1 4 3 3 12 30
Welega 1 2 2

2 1 1 1 4 7

3 3 5 14
Welo 1 7 1 5 7 19 I 1 40

2 3 3

3 1 2 1 10 3 1T 60
Total 43 34 48 57 17 67 47 48 45 9 415 415

* 1 = lowland (< 1600 m above sea level), 2 = intermediate elevation (1600-1900 masl), 3 = highland (> 1900 masl).
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On the whole, lowland accessions from Gamo Gofa, Gonder and Illubabor showed
close similarity in their clustering patterns, while the highland accessions from Shewa,
Sidamo and Welega clustered together. On the other hand, the accessions from Gonder and
Tigray grouped together in most cases and it was also noticed that lowland, intermediate and
highland accessions from these two regions appeared in the same cluster. Similarly, the
accessions from Harerge and Welo appeared in the same cluster in most cases. From the
clustering pattern, clear-cut differentiation of the accessions into lowland, intermediate and
highland was apparent for Eritrea, Gamo Gofa, Illubabor, Shewa, Sidamo, and Welega.
However, such differentiation was not apparent for accessions from Gonder, Harerge, Tigray
and Welo.

Compared with accessions of the other regions, most of the accessions from Eritrea,
Welega and the introduced materials were grouped into a few clusters, suggesting that
accessions from these regions were relatively less variable than those from the other regions.
For most of the remaining regions, the accessions were distributed patchily over many
clusters, reflecting wide variation among accessions within a particular region. The
overlapping of the clustering patterns of accessions of many of the regions was an indication
of lack of strong regional differentiation, which could be partly ascribed to gene flow.

It was noteworthy that the clustering pattern of the standard varieties was consistent
with what was expected. For instance, the two early maturing and dwarf standard varieties,
Seredo and 76T1#23, were placed in cluster II, in which lowland accessions (mostly from
Eritrea, the introduced materials, Gamo Gofa, Gonder, Illubabor, Tigray and Welo) were most
frequent. Similarly, the two standard varieties for the highland areas, Alemya-70 and ETS-

2752, were included in cluster VII, which also included mainly highland landrace accessions.
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Based on the Mahalanobis distance (D?), all the clusters were different from each
other (Table 3.13). The lowest inter-cluster distance (9.03 units) was between cluster IIT and
cluster V, both of which were composed of mainly lowland accessions from Welo, Gonder,
Harerge, Tigray, Illubabor and the introduced materials. The largest inter-cluster distance
(75.70 units) was between cluster II (accommodating lowland accessions mostly from Eritrea,
Welo and the introduced materials) and cluster IX (containing intermediate elevation
accessions mostly from Illubabor, Shewa, Gamo Gofa, Welega, and Sidamo). This result
suggested that rainfall and growing season are the most important environmental factors in
differentiating the sorghum accessions since the latter group of regions are normally
characterized by greater annual rainfall and a longer growing period than the former ones.

Cluster analysis, based on means for regions of origin for 15 quantitative characters,
was used to obtain a dendrogram of the regions of origin (Fig. 3.3). The dendrogram clearly
showed the close relationship between accessions from Gonder and Tigray, Shewa and
Welega, Harerge and Welo, Gamo Gofa and Illubabor, and Eritrea and the introduced
materials. The cluster analysis thus substantially confirmed the distinctiveness of the
accessions from Eritrea from accessions of the other regions as a whole, which was already
shown by the bi-plot of the principal components (see Fig. 3.2).

Discriminant analysis, using the regions of origin of the accessions as a grouping
variable, revealed that 265 of the 415 (64%) accessions were correctly classified to their
respective regions of origin (Table 3.14). The percentage of accessions correctly classified
was relatively high for the introduced materials and accessions from Eritrea and Welega,
while it was relatively low for accessions from Gonder, Gamo Gofa and Illubabor. These
results agreed with the hypothesis made by Holcomb et al. (1977) and Pecetti and Damania

(1996) that the higher the diversity of the group, the higher is the probability of
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Fig. 3.3. Dendrogram showing the clustering patterns of eleven regions of origin of sorghum.
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Table 3.14. Summary of discriminant analysis for 415 sorghum accessions by regions of

origin
Put into region No True region

1 2 3 4 5 6 7 8 9 10 11
1 Introduction 16 15 1
2 Eritrea 54 4 46 1 3
3 Gamo Gofa 24 2 12 2 1 1 3 2 1
4 Gonder 52 1 | 1 24 2 4 5 7 1 6
5 Harerge 58 4 1 1 3 40 2 2 5
6 Illubabor 44 5 3 1 23 2 9 1
7 Shewa 38 2 2 2 2 1 23 2 1 3
8 Sidamo 25 3 1 4 16 1
9 Tigray 30 1 2 3 1 2 1 20
10 Welega 14 1 1 12
11 Welo 60 1 6 11 4 3 35
% correct 94 85 50 46 69 52 60 64 67 86 58

Table 3.15. Summary of discriminant analysis for 415 sorghum accessions by adaptation
zones"

Put into zone No True zone

1 2 3
1 Lowland 196 188 3 5
2 Intermediate 109 13 93 3
3 Highland 110 6 6 98
% correct 96 85 89

* 1 = lowland (< 1600 m above sea level), 2 = intermediate elevation (1600-1900 masl), 3 = highland
(> 1900 masl).

Misclassification and vice versa. Close examination of the predicted membership for the
misclassified accessions of each region revealed that most of such accessions were either
placed in the adjacent regions or in regions having similar climatic conditions. Discriminant
analysis, using the three zones of adaptation of sorghum in Ethiopia as a classifying variable,
revealed that 379 of the 415 (91%) accessions were correctly placed in their respective zones

of adaptation (Table 3.15).
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Qualitative characters

Regional distribution of characters

The regional frequency distributions for the ten characters are presented in Table 3.16. The
most remarkable result was achieved with regard to the distributions of different panicle
compactness and shapes. Out of the 415 accessions, 101 (24%) had the compact oval panicle
with goose peduncle or crooked head. They comprised 42, 40 and 16 accessions from
Harerge, Eritrea and Welo, respectively, and one each from Gonder, Tigray and the
introduced materials. The distributions of the other panicle types also showed interesting
patterns. The loose and semi-loose panicle types with erect primary branches were more
frequent among the accessions from Gonder, Tigray and Welo, while the loose and very loose
panicle types with dropping primary branches were more frequent among the accessions from
Shewa, Sidamo and Welega. Both the semi-compact and loose to very loose panicle types
were found more or less equally among the accessions from Gamo Gofa and Illubabor. The
number of accessions with awn was more or less equal to the number of awnless accessions
for all the entire samples combined. The same trend was maintained for accessions from
Harerge and Gamo Gofa. However, most accessions from Eritrea, Shewa, Sidamo, Tigray,
Welega and Welo had awn, while most of the accessions from Gonder, Illubabor and
introduced materials were awnless. The extent of the seed covered by the glumes varied from
25% to 100%. For all the materials, the number of accessions in which the glumes had
covered 25, 50, 75 and 100% of the grain decreased in the order given and a similar trend was
followed for accessions from Gamo Gofa, Gonder, Sidamo and Welo. The opposite trend was
exhibited by accessions from Welega. The most abundant glume colors were brown, black
and gray. White glume was more frequent among the accessions from Tigray and Sidamo,

while black glume was more frequent among the accessions from Welega.
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Table 3.16. Proportions in different phenotypic classes for 10 qualitative characters in sorghum by regions of origin

Regions Leaf midrib color Waxy bloom Panicle compactness and shape

- 1 2 3 4 3 5 7 9 1 2 3 4 5 6 /| 8 9 10 11 12
Introduction 13 62 0 25 7 31 31 3l 0 0 0 0 7 0 0 56 31 6 0 0
Eritrea 37 11 52 0 2 21 3% 2 0 0 0 4 5 4 0 9 4 74 0 0
Gamo Gofa 17 21 29 33 29 25 258 21 0 0 21 4 0 4 g8 13 17 0 25 8
Gonder 29 17 35 19 21 23 40 16 0 2 6 21 11 25 0 19 12 2 2 0
Harerge 12 46 28 14 36 33 12 19 0 0 0 4 2 0 0 T 12 72 3 0
Illubabor 4 24 25 47 9 38 31 22 T 0 2 2 7 7 4 51 2 0 16 2
Shewa 37 16 18 29 21 48 26 5 0 3 10 10 5 5 32 5 3 0 24 3
Sidamo 12 12 36 40 4 36 24 36 4 0 12 0 4 0 12 4 0 0 36 28
Tigray 10 7 70 13 30 47 10 13 3 0 3 10 7 44 3 17 10 3 0 0
Welega 29 14 36 21 29 43 28 0 0 0 i 0 57 0 29 0 0 0 7 0
Welo 10 5 65 20 37 38 22 13 0 0 0 3 2 12 0 25 31 27 0 0
All 19 20 39 22 24 32 26 18 1 1 4 6 7 10 6 18 12 24 8 3
Chi-square’ 37 60 59 43 25 15 19 16 18 7 32 29 66 68 77 68 46 217 67 73

* = Chi-square value > 18 is significant at p < 0.05 and indicates that column (i.e., regional) proportions are significantly different for a particular character
state.
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Table 3.16. Continued.

Regions Awn Glume color Grain covering

0 1 1 2 3 4 5 6 25 50 75 100
Introduction 94 6 i 12 25 0 6 50 25 69 6 0
Eritrea 30 70 0 6 48 2 33 11 37 43 18 2
Gamo Gofa 58 42 8 -+ 29 8 38 13 71 25 4 0
Gonder 63 37 6 15 19 0 41 19 N 31 19 6
Harerge 50 50 9 17 7 3 7 57 26 29 40 5
Illubabor 67 33 2 20 29 18 27 4 38 42 11 9
Shewa 21 79 8 3 26 32 21 10 32 34 24 10
Sidamo 28 72 24 0 8 36 16 16 40 28 16 16
Tigray 33 67 34 13 20 3 10 20 23 30 44 3
Welega 14 86 0 0 0 it 86 7 7 14 36 43
Welo 33 67 3 12 37 15 8 25 68 20 10 2
All 44 56 8 11 25 11 23 22 40 32 21 7
Chi-square‘ 61 61 45 18 40 55 68 67 47 22 37 43

* = Chi-square value > 18 is significant at p < 0.05 and indicates that column (i.e., regional) proportions are significantly different for a particular character
state.
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Table 3.16. Continued.

Regions Seed color Grain plumpness  Grain sub-coat Endosperm texture

1 2 3 4 5 3 7 0 1 1 3 5 7 5
Introduction 69 0 0 25 6 63 37 44 56 0 13 31 37 19
Eritrea 41 7 6 46 0 87 13 65 35 0 9 s 43 26
Gamo Gofa 33 0 17 33 17 88 12 79 21 0 12 8 42 38
Gonder 48 10 17 23 2 52 48 67 33 0 11 12 44 33
Harerge 53 21 10 16 0 74 26 90 10 0 22 38 23 17
Ilubabor 58 2 11 29 0 51 49 67 33 0 18 20 49 13
Shewa 11 10 32 42 5 45 55 87 13 0 16 5 53 26
Sidamo 28 0 52 20 0 52 48 76 24 0 0 0 68 32
Tigray 47 10 0 37 6 70 30 93 7 0 17 23 40 20
Welega 14 14 22 50 0 21 79 79 21 0 29 14 21 36
Welo 9 23 25 25 18 62 38 87 13 0 0 5 18 77
All 37 11 17 30 5 63 37 77 23 0 13 17 38 32
Chi-square” 63 28 48 22 40 46 46 35 35 0 23 40 34 73

* = Chi-square value > 18 is significant at p < 0.05 and indicates that column (i.e., regional) proportions are significantly different for a particular character

state.
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Among the different seed colors considered, the white and brown were the most frequent for
all materials and for all the regions of origin, except for Welo where the frequency of white
seed color was low. Yellow seed color was more frequent among the accessions from Harerge
and Welo. Most of the accessions had dimple seeds and a similar trend was found for
accessions from most of the regions. Exceptions were Illubabor in which accessions with both
dimple and plump seed forms were equally frequent and Welega in which accessions with
plump seeds were more frequent. On the whole, starchy endosperm texture was more frequent
than corneous one for all the accessions and regions. Most of the accessions had no grain sub-
coat color. The distributions of the different leaf midrib colors and waxy bloom did not show
any apparent trend in general or relative to a particular region. It is interesting to mention here
that we found one rare character, i.e., twin seeds. Only three accessions out of 415 (0.7%) had

twin seeds, all from Eritrea.

Distribution of characters in the three adaptation zones

The compact and semi-compact panicles were most frequent in the lowland areas, while the
loose panicles were more frequent in the intermediate and highland areas (Table 3.17).
Presence of awn increased as one moves from lowland to highland areas (Table 3.17). The
distribution of grain covering by the glume was also obvious. The proportion of the 50% grain
covering was more frequent in the lowland than in the intermediate and highland, while the
100% covering was more in the highland than in the intermediate and lowland (Table 3.17).

The 25% and 75% grain coverings were evenly distributed in the three adaptation zones.
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Table 3.17. Proportions in different phenotypic classes for 10 qualitative characters in sorghum by adaptation zones

Adaptation  Leaf midrib color Waxy bloom Panicle compactness and shape
zones

1 i 3 4 3 5 i { 9 1 2 4 3 6 7 8 9 10 11
Lowland 16 26 38 21 24 27 28 21 O 0 1 4 4 7 0 25 18 38 2
Intermediate 28 15 44 13 16 30 36 18 3 1 11 6 12 15 8 5 7 16 15
Highland 16 16 35 33 33 43 13 11 1 1 4 10 6 11 14 19 5 g8 14
All 19 20 39 22 34 36 35 31 1 1 4 6 7 10 6 18 12 24 8
Chi-square 7 | 2 13 24 11 28 38 6 2 18 4 7 5 26 19 14 40 22

* = Chi-square value > 6 is significant at p < 0.05 and indicates that column (i.e., across adaptation zones) proportions are significantly different for a
particular character state.

Table 3.17. Continued.

Adaptation  Awn Glume color Grain covering
zones

0 1 1 2 3 4 5 6 25 50 75 100
Lowland 61 39 3 15 32 7 20 23 38 42 17 3
Intermediate 39 61 3 10 23 9 32 23 43 24 28 5
Highland 19 81 21 5 14 20 21 19 41 24 22 13
All 44 56 8 11 25 11 23 22 40 32 21 7
Chi-square’ 52 52 37 7 12 13 6 07 08 15 5 12

* = Chi-square value > 6 is significant at p < 0.05 and indicates that column (i.e., across adaptation zones) proportions are significantly different for a
particular character state.
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Table 3.17. Continued.

Adaptation Seed color Grain Grain sub-coat Endosperm texture
zones plumpness

1 2 3 4 5 S 7 0 1 1 3 5 7 9
Lowland 45 10 10 30 S 71 29 68 32 0 9 17 36 38
Intermediate 37 11 17 33 2 56 4 79 21 0 24 22 38 16
Highland 25 12 29 26 8 55 45 92 8 0 8 12 43 37
All 37 11 17 30 5 63 37 77 23 0 13 17 38 32
Chi-square” 12 03 18 1 4 11 13 23 23 0 17 4 1 17

* = Chi-square value > 6 is significant at p < 0.05 and indicates that column (i.e., across adaptation zones) proportions are significantly different for a
particular character state.
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Among the different seed colors, white and red showed clinal variation. White increased from

highland to lowland, while red increased from lowland to highland (Table 3.17).

Estimates of diversity

The estimates of the Shannon-Weaver diversity index, H', by region of origin and by
adaptation zones for the ten characters are presented in Table 3.18. For all accessions, the
value of H" varied from 0.78 for grain sub-coat to 0.98 for waxy bloom and awn with an
overall mean of 0.90. Apparently there was high diversity for all the characters. Pooled over
characters within regions, the mean of H' ranged from 0.69 for the introduced materials and
Welega to 0.87 for Gonder. Individual characters showed different levels of diversity index in
different regions. The diversity estimates of all characters were also high for the three
adaptation zones (Table 3.19). Pooled over characters within adaptation zones, the mean of H’
ranged from 0.83 for the highland to 0.88 for the intermediate. It seems that the distribution of
variability for the characters is more or less uniform in the three adaptation zones.

Partitioning of the phenotypic diversity into within and between the regions revealed
that 86% of the total variation was found within regions of origin, while only 14% found
between regions (Table 3.20). Panicle compactness and shape contributed relatively more
(31%) to the regional differentiation and this agrees well with our field observations.
Similarly, 96% of the variation was found within adaptation zones, while only 4% was found
between adaptation zones (Table 3.20). Though the differentiation among the adaptation
zones was weak, grain sub-coat and awn contributed relatively more to the observed

differentiation.
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Table 3.18. Estimates of the Shannon-Weaver diversity index, H', for ten qualitative characters in sorghum by regions of origin

Regions Leaf Waxy  Panicle Awn Glume Grain Seed Grain Grain sub- Endosperm Mean+ S.E

midrib bloom  Compactness color covering color plumpness coat texture

color & shape
Introduction 0.80 0.92 0.41 033 0.67 0.56 048 095 0.98 0.80 0.69+0.07
Eritrea 0.68 0.98 0.39 0.88 0.62 0.81 067 0.55 0.94 0.78 0.73+0.06
Gamo Gofa 0.97 1.00 0.76 098 0.78 0.52 0.82 0.55 0.75 0.74 0.79+0.05
Gonder 0.97 0.94 Q.75 095 0.73 0.86 081 099 091 0.75 0.87+0.03
Harerge 0.89 0.93 0.39 1.00 0.57 0.89 074 084 0.46 0.83 0.75+0.06
Illubabor 0.84 0.92 0.66 091 0.80 0.85 061 099 0.91 0.77 0.83+0.04
Shewa 0.97 0.85 0.77 0.75 0.81 0.94 083 099 0.55 0.70 0.82+0.04
Sidamo 0.89 0.87 0.65 086 0.76 0.94 063 099 0.79 0.38 0.78 £ 0.06
Tigray 0.67 0.86 0.69 091 0.82 0.84 069 0.88 0.37 0.83 0.76 +0.05
Welega 0.96 0.78 0.43 0.58 0.26 0.79 076 0.75 0.75 0.83 0.69+0.07
Welo 0.71 0.95 0.59 091 0.80 0.64 097 097 0.55 0.41 0.75+ 0,07
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Table 3.19. Estimates of the Shannon-Weaver diversity index, H’, for ten qualitative characters in sorghum by adaptation zones

Adaptation Leaf ~ Waxy Panicle Awn Glume Grain Seed Grain Grain sub- Endosperm Mean + S.E
zones midrib bloom Compactness & color covering color plumpness coat texture

. color _shape o . , -

Lowland 097 099 067 097 082 081 0.83 0.86 0.89 078  0.86+0.03
Intermediate 0.91 0.97 0.90 097 0382 0.87 0.84 0098 0.75 0.83 0.88+0.02
Highland 0.94 0.88 0.90 0.68 0.88 0.95 094 0.99 0.40 0.73 0.83+0.06
All 0.96 0.98 0.86 098 0.87 0.90 0.88 0.95 0.78 0.80 0.90+0.02

Table 3.20. Partitioning of phenotypic diversity into within and between regions of origin and adaptation zones

Characters Region Adaptation zone
Hg, H; H/Hy, (Hy-H)Hy H, H,/Hy, (Hs-Hz)/Hg,

Leaf midrib color 0.96 085 0.89 0.11 094 098 0.02
Waxy bloom 0.98 091 093 0.07 095 097 0.03
Panicle compactness and shape 0.86 0.59 0.69 0.31 083 09 004
Awn 0.98 082 0.84 0.16 087 089 0.11
Glume color 0.87 069 0.79 0.21 084 097 0.03
Grain covering 0.90 078 0.87 0.13 088 098 0.02
Seed color 0.88 073 0383 0.17 087 099 0.01
Grain plumpness 0.95 086 091 0.09 094 099 0.01
Grain sub-coat 0.78 072 092 0.08 068 087 0.13
Endosperm texture 0.80 071 0.89 0.11 078 098 0.02
Mean 0.90 0.77 086 0.14 08 096 0.04

H,, = Diversity index for each character calculated from the entire data set, H, and H,= Average diversity index of each character for the eleven regions and
the three adaptation zones, respectively, H/H, and H,/H,, = Proportion of diversity within regions anq withit:l adaptation zones, rgspective!y; (Hy- H;)/Hg, and
; (Hy- H/Hg, = Proportion of diversity between regions and between adaptation zones, respectively, in relation to the total variation.
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Table 3.21. Associations among 10 qualitative characters in sorghum

Characters Waxy  Panicle Awn Glume  Grain covering Seed color Grain Grain Endosperm

bloom compactness and color plumpness sub-coat texture

shape DF =3

DF=3 DF=11 DF=1 DF=6 DF = 4 DF = 1 DF=1 DF=4
Leaf midrib color 8.86 87.64° 16.49° 27.07 2022 2247 1.94 0.74 16.54
Waxy bloom 5295 224 2234  14.93 31.727 370 439 5.80
Panicle compactness 39.00"  124.80" 127.50° 139.73° 52257 926 57.92"
and shape
Awn 17.86" 17.98" 43.43" 1.56 24347 243
Glume color 60.15" 110.55"  11.82° 6.18 46.70"
Grain covering 21.17" 18.04” 6.20 14.10
Seed color 23427 26807 61.097
Grain plumpness 0.59 1.02
Grain sub-coat 1.24

* and ** significant P = 0.05 and P = 0.01, respectively.
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There was low and non-significant correlation (r = 0.35) between the mean diversity
index for the regions pooled over the characters and the number of accessions from each
region. The correlation between mean diversity index for the adaptation zones pooled over
characters and the number of accessions from each adaptation zone was also low and non-
significant (r = 0.10).

Chi-square heterogeneity analysis revealed that seed color was significantly associated
with all the other characters (Table 3.20). This result suggests that the other characters might
have their influences on seed color. Awn, glume covering and glume color were also

significantly associated with other characters more than chance would permit.

Discussion

Quantitative characters

Univariate analysis

Phenotypic diversity in 415 sorghum accessions was studied for 15 quantitative traits. The
results suggest existence of significant phenotypic variation among the accessions as a whole.
Assuming that a significant portion of the phenotypic variation is genetic, it would be possible
to make selection for such important characters like days for 50% flowering, plant height and
panicle characteristics within a particular region. It was apparent that between regions
variance was greater than between accessions pooled over regions and the latter was greater
than that between accessions in some regions. Appa Rao et al. (1996) studied morphological
diversity in sorghum germplasm from India and reported substantially higher differences

among different states than within states. Since significant variation was found between
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regions and between accessions within regions in the present study, it would be necessary to
collect from as many regions as possible and to adequately sample the variable populations

from different localities in a region in order to sample the variation.

In general, accessions from Shewa, Sidamo and Welega were characterized by tall
plant height and late flowering. In areas with relatively high rainfall and high relative
humidity, like in the south-west of Ethiopia, late flowering types mature after the cessation of
rains and hence avoid grain-weathering problems. On the other hand, the introduced materials
and accessions from Eritrea and Tigray were characterized by short plant height and early
flowering, suggesting the possibility of obtaining genes for early flowering and short stature
from the landraces of the latter regions. To be more specific, the results clearly indicated that
sorghum accessions from Eritrea could be a good source of early flowering and short plant
height genes for which there is a strong need in Ethiopia. Gebrekidan (1981) pointed out that
early flowering and short stature sorghum types are not widely found among the Ethiopian
sorghum collections and he emphasized that they are the kinds of sorghum most suitable for
lowland areas with a limited amount of rainfall and a short growing season. This is also the
main reason for introducing sorghum germplasm from other countries (Kebede, 1986; Debelo
et al, 1995). The studies of Gebrekidan (1981) probably did not include materials from
Eritrea because the Eritrean sorghum collections were not available for morphological
description until recently (Doggett, 1988). The strong positive correlation between plant
height and days for 50% flowering revealed in the present study, as well as in previous studies
(Kumar and Singhania, 1984; Zongo et al., 1993) suggest that transfer of maturity and height
genes into a desired genotype would be successful. Recent analysis of quantitative trait loci

(QTL) showed linkage between QTL for height and maturity in sorghum (Lin et al., 1995).
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The Eritrea, Harerge and Welo accessions had relatively short and narrow panicles
with a higher number of primary branches per panicle, which are attributes of race durra
(Doggett, 1988; Doggett and Prasad Rao, 1995). On the other hand, long and fewer primary
branches, which are characteristic features of races bicolor and guinea (Doggett, 1988;
Doggett and Prasad Rao, 1995), were recorded for accessions from Gamo Gofa, Illubabor,
Shewa, Sidamo, and Welega. Taken together, there was similarity between the accessions
from Eritrea and introduced materials; between accessions from Harerge, Tigray and Welo;
between accessions from Gamo Gofa, Illubabor and Gonder; and between accessions from

Shewa, Sidamo and Welega

The high coefficients of variation observed for most of the characters agreed well with
those reported by Abu-el-Gasim and Kambal (1975) for indigenous sorghum of the Sudan.
The different levels of regional variability of a particular character could be due to differences
in forces of selection and/or differences in the intensity of a particular selecting force. Similar
results were reported in tetraploid and hexaploid wheat (Bekele, 1984; Pecetti and Damania,

1996).

The wide range of variation detected by the various univariate statistics for the
characters studied was in agreement with previous studies on Ethiopian sorghum germplasm
(Gebrekidan, 1973; Kebede, 1991). Kwolek et al. (1986) also reported large differences in
seed size in sorghum ranging from 0.70 to 6.10 g per 100 seeds, which is within the range
(0.13-7.03 g per 100 seeds) observed in the present study. Large seed size in sorghum has
been reported to be associated with increased germination percentage, improved stand
establishment and increased grain yield (Kwolek et al,, 1986; Kebede and Menkir, 1987).
Available evidence also indicates that it is possible to improve seed size in sorghum by mass

selection (Lothrop et al., 1985).
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Information on geographical pattern of variation in Ethiopian sorghum germplasm has
been mostly based on visual observations and personal experiences (Mengesha, 1975). Our
results provided experimental evidence on occurrence of significant geographical variation
and corroborated the idea that regions such as Gamo Gofa, Harerge, Illubabor, Gonder and
Welo have high variation for sorghum in Ethiopia. The overall patterns of similarity or
difference between regions seemed to depend on environmental factors such as rainfall,
temperature, length of growing season and altitude. Regional mean for plant height (See
Table 3.5 in relation to Fig. 3.1), for example, increased from north to south and from east to
west, which obviously followed the rainfall, temperature and growing season patterns in
Ethiopia (Tato, 1964; Stemler et al., 1977). Though its clinal variation was not as sharp as that
for plant height, the mean for number of days for 50% flowering also followed the same
trend. In this case temperature was implicated as a major factor since accessions from Gamo
Gofa and Illubabor, which both included many accessions from hot lowland areas, did not
follow the expected clinal variation. Similarly, Appa Rao et al. (1996) studied regional and
seasonal variation of morphological characteristics of sorghum in India and attributed the
considerable regional and seasonal variations for mean plant height and for mean number of
days for 50% flowering to differences in growing season, temperature and day length. The
clinal variation for plant height and days for 50% flowering could provide good opportunity
for breeding and selection, particularly for designing breeding programs. Breeders may be
able to predict the performance of segregating lines or hybrids based upon the height and
maturity of the parental lines and design their breeding plans to obtain “ideal” types for a
particular region. All in all, the results supported the previous studies (Gebrekidan, 1973) that
Ethiopia, with its unique geographic and climatic features, possesses a tremendously high

degree of morphological variation for sorghum.
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Bivariate analysis

The significant positive correlation of panicle length with panicle width but negatively with
number of primary branches per panicle may be explained by the “multiplication and
condensation” hypothesis of Harlan et al. (1973). They defined multiplication as an increase
of number of branches per inflorescence and condensation as shortening of internodes and
branches in cereals during domestication. In sorghum, increase of number of branches results

in shortening of the primary branches and the central axis of the inflorescence.

The correlation coefficients between altitude of the collection sites and most of the
characters are significant and positive. As described by Harlan et al. (1973), ecological
characteristics have considerable influence on the genotypic constitution of landraces during
domestication and hence a relationship exists between the agro-ecology of the collection site
and the morphological characteristics of the landraces. Thus, the significant positive
correlation between the altitude of the collection site and the various plant characteristics
would suggest that the variation between accessions is related to agro-ecological variations
among the collection sites. The correlation coefficients of altitude with leaf width and
peduncle exsertion were negative and non-significant, indicating that other environmental
factors (i.e., other than altitude) and/or non-environmental factors might account for the
variation for these particular characters. Appa Rao et al. (1996) suggested that the variation in
peduncle exsertion is more in improved varieties than in landraces and it is also related to the
type of sorghum race. Information on the relationships between environmental factors of the
collecting sites and morpho-physiological variation of germplasm could enhance the
understanding of evolutionary adaptive patterns, which could assist germplasm collectors and

users (Elings, 1991; Annicchiarico et al., 1995). For instance, Stemler et al. (1977) pointed
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out that the distribution of different races of sorghum in Ethiopia is largely determined by
environmental factors such as temperature, rainfall and altitude. Since temperature decreases
with an increase of altitude in Ethiopia (Tato, 1964; Stemler et al., 1977), it is more likely that
temperature has exerted strong selection pressure on highland Ethiopian sorghum. It is to be
noted that many cold tolerant sorghum lines have been identified from sorghum germplasm
collections from the highlands of Ethiopia and Uganda (Singh, 1985; Doggett, 1988). Such
relationship also calls for the need to have enough data on environmental variables of the
collection sites such as temperature, rainfall, etc., if germplasm collection is required to meet
its objectives effectively and efficiently. Unfortunately, data on such useful environmental
variables like temperature and rainfall are lacking in the passport data of Ethiopian sorghum
collections. Damania et al. (1996) and Pecetti and Damania (1996) also found environmental
factors of the collection sites as very important determinants in structuring morpho-

physiological variations in tetraploid wheat.

The significant positive correlation of leaf number with plant height and days for 50%
flowering is in agreement with the results of Quinby (1967) and Hesketh et al. (1969). These
characters also determine the competitive ability of a genotype when grown with other
varieties or species (Hesketh et al., 1969). Stalk diameter and length of leaf sheath are traits
that are related to lodging resistance (Esechie et al., 1977) and their positive associations with
height would help in reducing the chance of lodging as height increases. In the present study,
nearly all correlation coefficients involving panicle exsertion are negative. Abu-el-Gasim and
Kambal (1975) also reported negative correlation coefficients for combinations involving

peduncle exsertion.

Knowledge of the magnitude and the direction of correlation coefficients between

quantitative characters would be beneficial for the interpretation of the patterns of variation.
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Within the limit of experimental error and environmental effects, high correlation coefficients
between characters may show that the characters share some common element of genetic
control (i.e., pleiotropy, linkage) between genes or else from independently controlled
characters responding similarly to geographic variation in selection pressures (Thorpe, 1976;
Bekele, 1984). The between region (also called inter-region) correlation coefficient between
the characters measures the concordance of their patterns of regional variation, while the
within region (also called intra-region) correlation coefficient measures the association arising
from genetic factors but is not affected by regional variation (Thorpe, 1976). Since this study
showed significant positive correlations intra-regionally for some character combinations, it
seems that common genetic control is playing a role in bringing about correlations between
the various characters. However, it appears that similar responses to regional variation are
playing a greater role than common genetic control as shown by the many more significant
and moderate to high correlation coefficients inter-regionally than intra-regionally. Moreover,
correlations among characters are of interest to plant breeders because they help in the
identification of easily measured characters that could be used as indicators of more important
(but more complex to score) characters. They are also useful in pointing out the possibility

and limitation of simultaneous selection of desirable characters (Amurrio et al., 1993).

The large variation observed in this study and previous studies (Gebrekidan, 1973;
Teshome et al., 1997) in Ethiopian sorghum germplasm could be ascribed to many factors.
One important factor is the fact that sorghum is grown in many different environmental
conditions. These include rainfall, temperature, altitude, growing period, and edaphic factors,
resulting in 18 main agro-ecological zones and 49 subagro-ecological zones (MOA, 1998).
Other factors are linguistic, cultural, historical and economic system differences among the
people who are cultivating sorghum (Stemler et al., 1977), which contribute to its variation.

The various physical, biological and human factors as well as complex interactions among
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such factors all seem to have contributed to the wide range of variation of the crop in the
country. Another source of variation must come from gene flow between the cultivated
sorghum and its wild weedy relatives (Doggett and Majisu, 1968). Shattercanes (derivatives
of wild sorghum x cultivated sorghum) are often noted as the most serious weeds on the
highlands of Ethiopia, where they are known as ke/lo or sepo (which means the fool in local
languages) (Harlan, 1975; Doggett, 1988, 1991). As described by Harlan (1992), the
shattercanes mimic the type of cultivated sorghum race with which they are associated in

Ethiopia.

It is interesting to note here that many collectors of sorghum germplasm confuse
shattercane with wild sorghum because of such camouflaging ability of the shattercanes
(Harlan, 1984). There were certain accessions that the local farmers identified as kello or sepo
from the materials that we used for this study. If farmers” folk taxonomy was right (Teshome
et al., 1997), then the confusion holds also true the other way round, confusing the
shattercanes with cultivated sorghum. In any case, gene flow occurs between the cultivated
sorghum and its weedy relatives. The rate of outcrossing can be significant in sorghum
depending upon genotypes and environmental factors. Outcrossing rate ranging from 5 to 7%
is common in the race durra (Doggett, 1988) and from 10 to 30% in the race guinea
(Ollitrault, 1987 cited in Deu et al., 1994). Commonly, farmers grow mixtures of genotypes or
races of sorghum in the same field to meet immediate food requirements and for different
purposes (Appa Rao and Mushonga, 1987), which provide a good opportunity for natural
outcrossing. Since the bulk of sorghum production in Ethiopia is based on landraces (i.e.,
mixture of genotypes and even races) and since sorghum is grown under very variable
environmental conditions, it is reasonable to presume outcrossing as one of the sources of the
observed wide range of variation. For the future, it would be worthwhile to investigate the

extent of outcrossing rate in contrasting environments within Ethiopia and Eritrea.
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In conclusion, the results showed that there was a wide range of variation residing in
the materials studied at regional and within region levels. Therefore, future germplasm
collection should concern all levels of variation. Plant height and maturity are very important
characters in sorghum adaptation and breeding. The clinal variation observed for these
characters indicates that future germplasm sampling should pay more attention to populations
along gradients of growing period, rainfall and temperature. The enormous variation would

continue to provide breeders with good opportunities for breeding and selection.

Multivariate analysis

Results of multivariate analyses for 15 quantitative traits in 415 sorghum accessions suggest
that the structure of morphological variation in the sorghum accessions studied is strongly
influenced by environmental factors. The greater importance of such adaptive characters like
plant height and days to 50% flowering in differentiating accessions of different regions in
principal component analysis and the grouping together of accessions belonging to regions
having similar agro-climatic conditions in cluster analysis, all indicate the relevance of
environmental factors in ordering the structure of variation in the sorghum accessions. The
relative positions of the regions of origin in Figures 3.2 and 3.3 are consistent with geographic
variation of Ethiopia in terms of amount and distribution of rainfall, relative humidity and
length of growing season. These environmental factors also determine the distribution of
different races of cultivated sorghum in Ethiopia (Stemler et al., 1977). Thus the clustering
pattern of the regions of origin also reflects the distribution patterns of different races of

cultivated sorghum in Ethiopia (Stemler et al., 1977). This could be the most plausible reason
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for the relatedness of the accessions from Gamo Gofa and Illubabor as revealed by cluster
analysis, since the occurrence of similar races (for example, guinea, caudatum) in both
regions has been reported by Prasada Rao and Mengesha (1981) and Harlan (1992). In
general, the sorghum accessions are highly variable being clustered over ten clusters that are
significantly different from each other. However, the lack of strong regional differentiation
observed by the cluster and discriminant analyses could be partly ascribed to gene flow
between regions (Doggett, 1988; Teshome et al., 1997).

The greater discrimination power of adaptation zones compared to the regions of
origin of the accessions in the present study clearly indicated the greater importance of
environmental factors (altitude, mean annual rainfall, growing season, etc.) than regions of
origin in discriminating the sorghum accessions. It also corroborated previous studies
(Gebrekidan, 1981) that Ethiopian sorghum germplasm could be classified into lowland,
intermediate and highland materials. As human and natural selection factors affect
morphological traits related to adaptation of a population, genetic distances from quantitative
data allow inferences about the adaptation of populations (Camussi et al., 1985). Thus,
classification using multiple agronomic characters identifies adaptation of a genotype and
would improve the evaluation of genotype for potential adaptation (Souza and Sorrells, 1991).
Moreover, as Zhong and Qualset (1995) have suggested, the clustering together of accessions
from geographically similar areas is an indication for the evolution of co-adaptive association
of quantitative characters. This is substantiated by clustering of standard varieties for
lowlands with lowland landraces and standard varieties for highlands with highland landraces
in the present study.

All parameters that were used invariably point to the fact that the accessions from
Eritrea are closely related to the introduced materials. More importantly, both groups are

characterized by early flowering and short stature (Ayana and Bekele, 2000). Two standard
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varieties, Seredo and 76T1#23, which are early maturing and dwarf are also clustered in
cluster III together with a great proportion of accessions from Eritrea. Lin and Binns (1985)
and Lin et al (1986) showed the advantages of hierarchical cluster analysis in identifying
useful germplasm particularly by including reference cultivars. The importance of early
maturing and short stature types in national sorghum improvement has been pointed out
(Gebrekidan, 1981; Kebede, 1986; Ayana and Bekele, 1999, 2000) and also discussed in the
previous section. These authors emphasized that early maturing and short stature sorghum
types are the most suitable for lowland areas of Ethiopia, where rainfall is limited and the
growing season is short. From the results of the present study, it is concluded that the
accessions from Eritrea could be a good source of early maturing and short plant height genes.
The strong positive correlation between plant height and days to 50% flowering (Ayana and
Bekele, 2000) suggests that the transfer of early maturity and short plant height genes into
desired genotypes could be possible. The results also indicate that additional collection of
short stature and early maturing types of sorghum should be made in the lowland areas of
Gamo Gofa, Gonder, Harerge, Illubabor (Gambella), Tigray and Welo.

Categorizing germplasm accessions into morphologically similar, and presumably
genetically similar groups (Souza and Sorrells, 1991), is useful for selecting parents for
crossing. Crossing accessions belonging to different clusters of wide Mahalanobis distance
could maximize opportunities for transgressive segregation. Because there is a higher
probability that unrelated genotypes would contribute unique desirable alleles at different loci
(Hussaini et al., 1977; Kanwal et al., 1983; Shamusddin, 1985; Peeters and Martinell, 1989,
Beer et al., 1993). Therefore, the grouping of accessions by multivariate methods in the
present study would be of practical value to sorghum breeders in that representative

accessions may be chosen from different clusters for crossing programs.
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The number of germplasm collections of major crops continues to grow both in
national and international gene banks (Frankel and Brown, 1984; Brown, 1989a, b; Greener et
al., 2000a, b). Although holding very large and heterogeneous germplasm collections is
advantageous to preserve the genetic diversity of cultivated species before much is lost
forever, the effective and efficient management and utilization of the germplasm collection is
inversely related to its size (Brown, 1989a, b). As a solution to this paradox, Frankel (1984)
proposed the setting up of core collections. A core collection would represent the genetic
diversity of a crop species with a minimum repetitiveness, where in-depth evaluation and
effective utilization could be made from such a collection, while the remaining collection is
maintained as a reserve in a long-term storage (Frankel and Brown, 1984). Brown (1989a, b)
outlined the genetic basis of the core collection concept. He suggested that different data
sources (passport data, characterization and evaluation data of morphological traits, isozymes
and molecular markers data such as restriction fragment length polymorphism and random
amplified polymorphic DNA) could be used for establishing a core collection for a particular
crop species. Based on cluster analysis of morphological data in the world collection of red
clover (7rifolium pratense L.), Kouamé and Quesenberry (1993) suggested that a stratified
random sampling of 10% of the accessions in each cluster accessions could constitute a core
collection, representing the ecological and morphological variation of the germplasm. Prasada
Rao and Ramanatha Rao (1995) used multivariate analysis of morphological data and Grenier
et al. (2000a, b) used both morphological and molecular markers for establishing a core
collection from the world collection of sorghum. The data from the present study together
with data from isozymes (Aayna et al., 2000c) and random amplified polymorphic DNA
(RAPD) data (Ayana et al., 2000a), can form a baseline data towards establishing a core

collection for Ethiopian sorghum germplasm.
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Results of the present study also can help to define strategies for further collection.
Since our results indicate that the structure of observed morphological variation is governed
by environmental factors, future germplasm collections should aim to explore as many
geographically and climatically different areas within the country as possible, instead of

collecting extensively within individual regions.

Qualitative characters

In this section, results obtained with regard to the amount of variation and patterns of
distribution of the variation for 10 categorical traits in 415 sorghum accessions are discussed.
The results show that the regional distribution of the different panicle types are not random,
which could be explained in two ways. First, the patterns of distribution of the different
panicle types appeared to follow the temperature, humidity and rainfall patterns of Ethiopia
and Eritrea. The compact and semi-compact panicle types were more frequent in Eritrea and
in relatively hot and dry regions of Ethiopia such as Harerge, Tigray and Welo. The loose
panicle types with dropping branches occurred abundantly in relatively cool and wet regions
of Ethiopia such as Welega, Illubabor, Shewa and Sidamo. This finding corroborated the
suggestions of Stemler et al. (1975) and Prasada Rao and Mengesha (1981) that the open
panicle of sorghum is an adaptive trait, which facilitates quick drying of the panicle in areas
of high rainfall and humidity, thereby minimizing grain weathering due to fungal diseases
such as grain mould.

Secondly, the distribution of the different panicle types reflects the distribution of
different races of sorghum (Harlan and de Wet 1972; Acheampong et al. 1984). The compact

oval panicle with goose peduncle, characteristic of the durra race (Doggett 1988), was limited
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to the east and northeastern regions of Ethiopia and Eritrea. Brooke (1958) and Stemler et al.
(1977) reported the predominant occurrence of the durra race in the east of the Rift Valley in
Ethiopia. According to Stemler et al. (1977), race durra-bicolor (with an intermediate
morphological structure between the races durra and bicolor) is grown in the southwest of
Ethiopia because it does better under cold and high rainfall conditions than the race durra. The
fact that accessions from Gamo Gofa and Illubabor had the semi-compact and loose to very
loose panicle types in this study supported the occurrence of different races such as guinea
(often with open panicle) and caudatum (often with moderately compact panicle) in these
regions (Stemler et al., 1977; Prasada Rao and Mengesha, 1981; Harlan, 1992).

From the results of the distribution of glume covering and glume color, it was possible
to deduce the predominant occurrence of race bicolor in Welega, because enclosing black
glumes and loose panicle types are often characteristics of bicolor (Harlan and de Wet, 1972;
Doggett, 1988). The abundance of brown, black and gray glumes in our materials was in
disagreement with that of Kebede (1991), who reported that the most predominant glume
color in Ethiopian sorghum germplasm was purple, perhaps due to their lumping of color
groups. Many workers (Pluncknett et al., 1983; Bekele, 1984; Clawson, 1985; Harlan, 1992)
emphasized the importance of the practice of intra- and inter-specific diversity in traditional
tropical agriculture as a means of ensuring harvest security, adding variety to diet and
preserving genetic diversity. Most farmers in Ethiopia grow different types of sorghum in the
same field, which are frequently distinguished on the basis of seed color. In addition to
differing in resistance to environmental stresses, bird damage, as well as in appearance and
taste, the seed color-based varieties often differ in time of maturity and uses. The high
variation for seed color observed in the present study thus could be the result of both human

and natural selection.

80



to the east and northeastern regions of Ethiopia and Eritrea. Brooke (1958) and Stemler et al.
(1977) reported the predominant occurrence of the durra race in the east of the Rift Valley in
Ethiopia. According to Stemler et al. (1977), race durra-bicolor (with an intermediate
morphological structure between the races durra and bicolor) is grown in the southwest of
Ethiopia because it does better under cold and high rainfall conditions than the race durra. The
fact that accessions from Gamo Gofa and Illubabor had the semi-compact and loose to very
loose panicle types in this study supported the occurrence of different races such as guinea
(often with open panicle) and caudatum (often with moderately compact panicle) in these
regions (Stemler et al., 1977; Prasada Rao and Mengesha, 1981; Harlan, 1992).

From the results of the distribution of glume covering and glume color, it was possible
to deduce the predominant occurrence of race bicolor in Welega, because enclosing black
glumes and loose panicle types are often characteristics of bicolor (Harlan and de Wet, 1972;
Doggett, 1988). The abundance of brown, black and gray glumes in our materials was in
disagreement with that of Kebede (1991), who reported that the most predominant glume
color in Ethiopian sorghum germplasm was purple, perhaps due to their lumping of color
groups. Many workers (Pluncknett et al., 1983; Bekele, 1984; Clawson, 1985; Harlan, 1992)
emphasized the importance of the practice of intra- and inter-specific diversity in traditional
tropical agriculture as a means of ensuring harvest security, adding variety to diet and
preserving genetic diversity. Most farmers in Ethiopia grow different types of sorghum in the
same field, which are frequently distinguished on the basis of seed color. In addition to
differing in resistance to environmental stresses, bird damage, as well as in appearance and
taste, the seed color-based varieties often differ in time of maturity and uses. The high

variation for seed color observed in the present study thus could be the result of both human
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The predominant occurrence of starchy endosperm in the present study was in
complete agreement with previous studies (Kebede, 1991). The type of sorghum endosperm
texture is related to utilization and storage potential of the grain (Bello et al., 1990; Attere,
1994). Accordingly, the comeous endosperm is preferred to the starchy one for making 76 or
ugali (traditional thick African porridge) and for long storage period of the grain. On the other
hand, starchy endosperm is preferred for making bread such as injera (a traditional pancake
like bread in Ethiopia) and where the grain is stored for only a few months. Since a great bulk
of sorghum grain is used for making injeria in Ethiopia, it could be more likely that the
frequency of starchy endosperm texture increased by human selection. The presence of grain
sub-coat color, which is an undesirable trait for preparing any sort of food from sorghum
grain, occurred in several accessions of all regions often, deceitfully, associated with white
seed. In the absence of bird damage and/or grain mold, good food quality is usually associated
with white seed (Doggett, 1982).

The distributions of the different leaf midrib colors and waxy bloom did not show any
apparent trend in general or relative to a particular region. Certainly, there is no conscious
human selection for these characters in subsistence agriculture though farmers often
distinguish sweet sorghum by its leaf midrib color (Teshome et al., 1997). Available evidence
indicates that sorghum lines with brown leaf midrib color are desirable for forage (Duncan,
1996).

It is interesting to mention here that we found one rare character, i.e., twin seeds. Only
three accessions out of 415 (0.7%) had twin seeds, all from Eritrea. This character is also
reported by Harlan quoted in Frankel and Soule (1981, p. 195) to be rare among the world
collections of sorghum and it is said to have medicinal value for whooping cough among

pastoralists in the bordering areas of Ethiopia and Sudan.
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Distribution of characters in the three adaptation zones

The distribution of panicle compactness and shape also showed clear trends in the three
adaptation zones. The compact panicle types occurred more frequently in the lowland than in
the intermediate and highland, while the occurrence of the loose types generally followed the
opposite trend, indicating further the adaptive significance of panicle compactness and shape.
Asfaw (1989) also reported significant association between altitude and spike morphology of
Ethiopian barley (Hordeum vulgare L.).

The more abundance of awnless in the lowland than in the intermediate and highland
areas needs explanation. Under warm and dry climatic conditions and where leaf diseases
affect leaves, the presence of awn is advantageous in small cereals like wheat and barley
(Patterson and Ohm, 1975 and references therein; Negassa, 1986), serving as the closest
photosynthetic apparatus to the seed. The situation of sorghum seems to contradict the
adaptive significance of awn in dry areas. It is likely that the awnless character is favored in
sorghum to reduce evapo-transpiration in dry lowland areas. The need for immediate
photosynthetic products might be satisfied by the relatively large number of glumes on a
typical sorghum panicle as compared to a typical spike of wheat or barley. The validity of this
speculation warrants further investigation. An alternative explanation could be the more
prevalence of certain leaf diseases in sorghum in intermediate and highland than in lowland
areas. Thus it may be possible that the awn compensates for reduction of photosynthesis that
may result from loss of leaf tissues due to leaf diseases in the intermediate and highland areas.
The apparent increase of the frequency of red seed color from low to high and the opposite
trend for white seed color suggests that seed color might have adaptive significance. It seems
that the white grain sorghum lacks certain polyphenolic compounds that serve to protect the

sorghum grain from pre-harvest germination in humid regions in the intermediate and
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highland areas, while red and brown colored seeds are rich in polyphenolic compounds

(Asante, 1995).

Estimates of diversity

Characters with two to four phenotypic classes (i.e., descriptor states) generally had higher
diversity index than those characters with more than four phenotypic classes. For example,
nearly all regions had low diversity index for panicle compactness and shape compared to
other characters. This should be attributed to unequal distributions of the accessions of every
region over the 12 phenotypic classes of the character rather than lack of variation for the
character. As Negassa (1985) remarked, this result signified the caution that should be made
while interpreting the estimates of diversity index of different characters with different
phenotypic classes as measured by the Shannon-Weaver diversity index. Thus, it might be
misleading to compare the values of H' from characters having different classes.

There is more differentiation on the regional level than on the adaptation zones for the
categorical traits, which contrasts with the results from discriminant analysis of quantitative
characters. This could be because of the nature of the two sets of characters used for the study.
Taken together, panicle types, awn, glume and seed colors and grain sub-coat are useful in
discriminating accessions of different regions or adaptation zones. The classification of
Ethiopian sorghum into three adaptation zones (i.e., into lowland, intermediate and highland)
has been made largely on altitude, length of growing period and amount and distribution of
rainfall (Gebrekidan, 1981; Kebede and Menkir, 1987). Characters, such days to 50%
flowering, maturity and plant height, are more important in determining sorghum adaptation

to a particular ecological zone (Doggett, 1988). In a parallel study involving these and other
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quantitative characters, Ayana and Bekele (1999) found that the discrimination of sorghum
accessions was more pronounced when discriminant analysis was based on adaptation zones
rather than regions of origin.

Since the level of diversity was high and more or less similar for all regions and
adaptation zones pooled over characters, further collections should give equal weight for all
regions and adaptation zones regardless of the extent of acreage of sorghum production in a
particular region and adaptation zone. This suggestion was further supported by the low and
non-significant correlation (r = 0.35) between the mean diversity index for the regions pooled
over the characters and the number of accessions from each region. The correlation between
mean diversity index for the adaptation zones pooled over characters and the number of
accessions from each adaptation zone is also low (r = 0.10). Lack of a significant correlation
between the number of accessions per region and the mean diversity index pooled over
characters was also reported in wheat (Jain et al., 1975; Jaradat, 1992 and Pecetti et al., 1992)
and in barley (Demissie and Bjernstad, 1996).

Chi-square contingency table analysis revealed that seed color was significantly
associated with all the other characters. This result suggests that the other characters might
have their influences on seed color. Awn, glume covering and glume color were also
significantly associated with other characters more than chance would permit. Olsen and
Miller (1958) hypothesized that the degree of inter-dependence among morphological
characters is directly related to the degree of phenotypic morphological integration among the
characters. The degree of integration was measured by the intensity of statistical association
in the phenotype using the chi-square test, which revealed a very intense chatacter

association.
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In conclusion, the overall high diversity index (4 = 0.90) observed for the qualitative

in this study is consistent with Doggett’s long standing hypothesis that Ethiopia is not only
one of the centers of diversity but also the center of domestication of sorghum (Dogget, 1991;
Doggett and Prasada Rao, 1995). Knowledge of adaptive traits linked to certain ecological
conditions help in choosing sites for in situ conservation that need to be integrated with ex sifu
conservation. Our results clearly revealed that the patterns of distribution of panicle
compactness and shape followed the temperature, humidity and rainfall patterns of Ethiopia
and Eritrea, indicating that panicle compactness and shape have adaptive significance and
could serve as criteria in choosing sites for sorghum /n sifu conservation strategy. The
localized distributions of the different panicle types observed in this study and the adaptive
and taxonomic significance of panicle morphology (Harlan and de Wet, 1972) would also
indicate that samples collected from one or few regions do not represent samples from other
regions. Therefore, future study should include adequate samples from all regions and
analysis of variation should consider the finely classified main and subagro-ecological zones
(MOA, 1998). This would help to obtain better-refined information on the impact of

environmental variables on the distribution of genetic variation of sorghum in Ethiopia.

Summary

A total of 415 sorghum accessions consisting of 391 landraces collected from different
geographical regions in Ethiopia and Eritrea, 8 varieties and 16 introduced elite breeding lines
were evaluated for 15 quantitative and 10 qualitative characters to determine the extent and

geographical patterns of morphological variation. The extent of variation was highly
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portion of the total variation was found within regions (86%) of origin and within adaptation
zones (96%). Panicle compactness and shape contributed relatively more to regional
differentiation. These characters were also found to be disproportionately distributed within
the regions of origin with the compact panicles frequently distributed in relatively dry regions,
while the loose panicle types were widely found in relatively wet and humid regions. The
differential distribution of the different panicle types indicated the adaptive significance of
panicle compactness and shape and at the same time reflected the distribution patterns of
different races of sorghum in Ethiopia.

Based on the observed patterns of variation both for the quantitative and qualitative
characters, it is concluded that the morphological variation in the material studied is
structured by environmental factors. The implications of the results in plant breeding,
germplasm collection and conservation as well as the probable sources of the wide range of

variation are discussed.
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Chapter 4

Allozyme Variation in Sorghum (S. bicolor ssp. bicolor (L..) Moench)

Introduction

Assessing the amount and distribution of genetic variation maintained in germplasm
collections would enhance effective management and efficient utilization of the collections
(Bretting and Widrlechner, 1995; Lee, 1995; Karp et al, 1997). In the previous chapter (see
also Ayana and Bekele, 1998, 1999, 2000), it has been shown that sorghum germplasm from
Ethiopia and Eritrea is characterized by a wide range of variation for agro-morphological
characteristics, confirming earlier studies (Gebrekidan and Kebede, 1977, Teshome et al.,
1997). Furthermore, using 415 sorghum accessions for 15 quantitative characters, Ayana and
Bekele (1999) showed that the discrimination of these accessions is more pronounced when

the analysis was made based on the adaptation zones rather than the regions of origin.

Partitioning of the total variation ( /7= 0.90) in 415 sorghum accessions for 10 categorical
traits showed that a large proportion of the variation (86% and 96%) is found within the
regions of origin and within the adaptation zones, respectively. Apparently, relative
differentiation was more on the basis of regions of origin than on the basis of the adaptation
ZOnes.

Assessment of genetic variation in germplasm collections for agro-morphological
traits is interesting for a plant breeder who looks for adaptive traits. However, the fact that
these traits are polygenically inherited and hence highly influenced by environmental factors
limits their use for accurate measurement of genetic variation. In the succeeding two chapters,

80 accessions of cultivated sorghum were analyzed for 20 RAPD primers (see also Ayana et
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al., 2000a) and 11 populations of wild sorghum for 9 RAPD primers (see also Ayana et al.,
2000b). The results showed intermediate levels of variation both for the cultivated and wild
sorghum. Similar to the categorical morphological characters, partitioning of the total RAPD
variation showed that a large proportion of the variation is found within regions of origin and
within adaptation zones (Ayana et al., 2000a, b). The major limitation of RAPD for
assessment of genetic variation is the dominant inheritance of these markers (Williams et al.,
1990, 1993).

Primarily because of its co-dominant inheritance, allozyme analysis is one of the best
candidates for analyzing genetic variation in germplasm collections (Weeden, 1989). A
number of studies have already used allozyme analysis to estimate the amount and
distribution of genetic variation in sorghum (Morden et al., 1989, 1990; Aldrich et al., 1992;
Dje et al., 1998, 1999). However, these studies did not consider the allozyme variation in
relation to altitude, which influences largely the adaptation of sorghum to different eco-
geographic conditions in the tropics.

In this study, the extent and distribution of allozyme variation was determined in 48
sorghum accessions in relation to their geographical origin and adaptation zones. An estimate
of the level of gene flow between sorghum accessions in different regions and adaptation

zones was also provided.
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Materials and Methods

Plant material

A total of 48 accessions of sorghum (Sorghum bicolor (L.) Moench) was sampled from 80
accessions previously used for RAPD study (Ayana et al., 2000a). The sampling was made in
such a way that each region and each adaptation zone within a region is well represented
relative to the original sample. The 48 accessions were grouped into three equal adaptation
zones, i.e. lowland, intermediate elevation, and highland accessions (Appendix 4.1). Seeds
maintained from previous morphological and agronomic traits characterization (Ayana and

Bekele, 1998, 1999, 2000) were used. Ten individual plants were assayed per accession.

Enzyme assay

A total of 11 enzyme systems were analyzed with horizontal starch gel electrophoresis. They
are acid phosphatase (ACP, E.C. 3.1.3.2), aspartate aminotransferase (AAT, E.C. 2.6.1.1),
catalase (CAT, E.C. 1.11.1.6), esterase (EST, E.C. 3.1.1.-), glucose-6-phosphate isomerase
(GPI, E.C. 5.3.1.9), isocitrate dehydrogenase (IDH, E.C. 1.1.1.42), malate dehydrogenase
(MDH, E.C. 1.1.1.37), peroxidase (PRX, E.C. 1.11.1.7), phosphoglucomutase (PGM, E.C.
2.7.5.1), phosphogluconate dehydrogenase, (PGD, E.C. 1.1.1.44) and shikimate
dehydrogenase (SKD, E.C. 1.1.1.25).

The ACP, GPI, IDH, MDH, PGM, PGD, PRX and SKD enzyme systems were
resolved using a discontinuous buffer system with 0.005 M L-histidine-HC1, pH 8.0, gel

buffer and 0.410 M trisodium citrate, pH 8.0 electrode buffer (Wendel and Weeden, 1989).
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This system was set to run at a constant current of 50 mA and approximately 300 volt for six
hours. The AAT, CAT and EST enzyme systems were also resolved in a discontinuous buffer
system with 0.076 M Tris, pH 8.6, gel buffer and 0.3 M boric acid, pH 8.0, electrode buffer
(Wendel and Weeden, 1989). This system was set to run at a constant current of 120 mA and
approximately 300 volt for 8 hours.

For both systems, 11% starch was boiled in 425 ml of gel buffer and poured into a 10
mm gel-casting tray a day before electrophoresis was to be run. The gel surface was covered
with plastic film, wrapped with moist paper, put in a plastic bag and stored at 4°C overnight.
For extraction, dark grown 7 to 12 days old plant tissue was used. Plant material was cut and
placed in an ice-cooled 1.5 ml eppendorf tube to which 100 ul extraction buffer (10 mM Tris-
HCIl, pH 7.2 and 0.05% p-mercaptoethanol) was added (Persson and Bothmer, 2000).
Homogenization was made using a glass rod mounted onto a rotatory homogenizer and the
homogenized sample was kept on ice until loading.

One highland commercial variety of sorghum, ETS-2752, was used in every gel to aid
as reference while comparing migration distance of bands of different occasions. The gel was
kept cool during electrophoresis by a thermo-circulator machine set at 2°C.

Following electrophoresis, the gel was sliced into three slices of 3 mm thickness,
excluding the top thin slice, and stained for a particular enzyme system. For the AAT, IDH,
and SKD enzyme systems, staining recipes given by Morden et al. (1987) were used. For the
ACP, CAT and EST, (colorimetric) enzyme systems, staining recipes given by Wendel and
Weeden (1989) were used. For the GPI, MDH, PGD, PGM and the PRX enzyme systems,
staining recipes given by Persson and Bothmer (2000) were used.

Knowledge of the genetic and structural bases of the enzymes would be essential for

accurate interpretation of the bands scored. These aspects were inferred from Morden et al.
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(1987), Morden et al. (1989, 1990), Kephart (1990), and Aldrich et al. (1992). By so doing, it
was possible to determine the putative number of loci present for each enzyme assayed. The
following designation was used: AAT (enzyme), Aat-1, 2, etc., (locus), Aat-1a, b, etc. alleles
per locus. For enzyme systems with more than one locus, the most anodal band was
designated as locus one, and successive cathodal loci designated locus two and three,

respectively. Similarly, the most anodal band (i.e. allele) within a locus was designated as "a".

Statistical analysis

For each of the 48 sorghum accessions, genotype frequencies were calculated for each locus.
The genotype frequencies were further analyzed using BIOSYS-1 release 1.7 software
package (Swofford and Selander, 1989) to obtain estimates for the following standard
population genetics parameters: mean number of alleles per locus (A), mean number of alleles
per polymorphic locus (A;), effective number of alleles per locus (A.), percent polymorphic
loci (P), observed heterozygosity (H,) and expected heterozygosity (He) (Nie, 1978).
Differences in allele frequencies among accessions was examined using contingency chi-
square analyses for polymorphic loci. Since the number of individuals (10) analyzed per
accession was small, test for Hardy-Weinberg expectations and computation of fixation
indices were not made.

The genetic population structure was investigated for polymorphic loci using the gene
diversity statistics of Nei (1973, 1977). For each polymorphic locus, the total gene diversity
(Hr) was partitioned into its components, i.e., gene diversity within (Hs) and among (Dsr)

sorghum accessions. Hence, Hr = Hg + Dst. The coefficient of gene differentiation among the
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accessions was quantified by the gene diversity statistics, Gst = Dgr/Hr. The value of Gsr
indicates the proportion of total gene diversity that resides among accessions.

An indirect estimate of gene flow was obtained using the formula suggested by Wright
(1965).

(1- Fsr)
4 Fsr

Nm =

where Nm is the absolute number of migrants between populations per generation and Fsr is
the proportional deviation of overall observed heterozygosity from expected heterozygosity in
the subpopulations. Theoretically, the value for Fsr ranges from 0 to 1, where 0 indicates that
all samples are fixed for the same allele and 1 indicates that all populations are monomorphic,
but not all of them are fixed for the same allele. The significance of Fgy from zero was tested
using the X’ test.

X’ = 2NFgr(k-1); df = (k-1)(s-1),
where 'N' is the total number of individuals sampled, 'k' is the number of alleles at a locus and
's' is the number of population subdivisions.

Nei's (1978) unbiased genetic identities (I) and unbiased genetic distances (D) were
calculated from allele frequencies at all loci (i.e. both monomorphic and polymorphic) for
pair-wise comparison of the accessions. The genetic distances matrix was used to perform an
hierarchical cluster analysis using the unweighted pair group method with arithmetic averages
(UPGMA) (Sneath and Sokal, 1973). A dendrogram was constructed from the cluster analysis
to further illustrate the patterns of the relationship of the sorghum accessions.

All the above analyses were repeated for pooled accessions within regions of origin
and within, as well as between adaptation zones. In addition, multivariate ordination of the
regions of origin was performed by subjecting the variance-covariance matrix of allele

frequencies at polymorphic loci to principal component analysis.
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Results

A total of 23 putative loci encoding 11 enzyme systems was analyzed. A maximum of 27
alleles were scored across the 48 sorghum accessions studied. Nineteen loci, each with one
allele per locus, were found to be monomorphic and fixed for the same allele in the 48
accessions. Only 4 loci (Acp-3, Cat, Est-3 and Prx), each with 2 alleles per locus, were found

to be polymorphic across the 48 accessions.

Allele frequency variation

The allele frequencies at the polymorphic loci are presented in Table 4.1. None of the alleles
was unique for a particular accession. Instead, the common allele of each locus was the same
in most of the accessions. Moreover, no locus was polymorphic in all the accessions. The Prx
locus was the most variable locus, being polymorphic in 33 of the 48 accessions. The other 15
accessions were fixed for the most frequent allele at this locus. The Acp-3 locus was the least
variable as it was polymorphic only in 8 accessions, while the remaining 38 and 2 accessions
were fixed for the most frequent and less frequent allele, respectively. The Cat and Est-3 loci
were polymorphic in 16 accessions. For both loci, the remaining 32 accessions were fixed for
the most common allele, except for three accessions from Welega, which were fixed for the
less frequent allele at the Cat locus. In terms of accessions, only two accessions, one each
from Bale and Shewa, were polymorphic for all four loci. Polymorphism for three, two and
one loci prevailed in 8, 13, and 2 accessions, respectively. Nine of the accessions were fixed

for all loci.
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Table 4.1. Allele frequencies at polymorphic loci in 48 accessions (sample size 10)

Adaptation zone No  Acp-3 Cat Est-3 Prx
A b a b a b a b
Lowland 1 050 0.50 085 0.15 0.85 0.15 0.70 0.30
2 1.00 0.00 1.00 0.00 1.00 0.00 0.50 0.50
3 1.00 0.00 065 035 1.00 0.00 0.75 0.25
4 1.00 0.00 090 0.10 1.00 0.00 040 0.60
5 1.00 0.00 0.50 0.50 0.65 035 0.90 0.10
6 1.00 0.00 1.00 0.00 1.00 0.00 0.5 0.15
7 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
8 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
5 090 0.10 1.00 0.00 040 0.60 0.75 0.25
10 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
11 1.00 0.00 0.65 035 1.00 0.00 0.65 0.35
12 1.00 0.00 0.50 0.50 1.00 0.00 0.80 0.20
13 1.00 0.00 1.00 0.00 0.80 020 075 0.25
14 050 0.50 0.00 1.00 1.00 0.00 1.00 0.00
15 1.00 0.00 1.00 0.00 0.85 0.15 1.00 0.00
16 1.00 0.00 0.65 035 0.80 020 1.00 0.00

Intermediate 17 1.00 0.00 1.00 0.00 0.50 0.50 0.60 0.40
18 1.00 0.00 1.00 0.00 0.80 020 0.80 0.20
19 1.00 0.00 0.50 0.50 0.85 0.15 025 0.75
20 0.50 0.50 0.40 0.60 1.00 0.00 0.75 0.25
21  1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
22 1.00 0.00 1.00 0.00 1.00 0.00 0.60 0.40
23 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
24 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
25  1.00 0.00 1.00 0.00 1.00 0.00 0.75 0.25
26 1.00 0.00 1.00 000 1.00 0.00 1.00 0.00
27 1.00 0.00 1.00 0.00 1.00 0.00 0.95 0.05
28 1.00 0.00 1.00 0.00 0.70 030 0.85 0.15
29  1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
30 0.60 0.40 0.00 1.00 1.00 0.00 1.00 0.00
31 1.00 0.00 1.00 0.00 0.90 0.10 1.00 0.00
32 1.00 0.00 0.50 0.50 1.00 0.00 1.00 0.00

Highland 33  1.00 0.00 1.00 0.00 0.75 025 0385 0.15
34  1.00 0.00 1.00 0.00 1.00 0.00 0.50 0.50
35 0.00 1.00  1.00 0.00 1.00 0.00 0.50 0.50
36 1.00 0.00 1.00 0.00 1.00 0.00 040 0.60
37 055 045 075 0.25 1.00 0.00 0.75 0.25
38  1.00 0.00 1.00 0.00 1.00 0.00 0.90 0.10
39 1.00 0.00 0.75 025 070 030 0.60 0.40
40 0.70 030 0.50 0.50 0.85 0.15 0.75 0.25
41 1.00 0.00 1.00 0.00 1.00 0.00 0.05 0.95
42 1.00 0.00 0.50 0.50 0.85 0.15 0.80 0.20
43 1.00 0.00 1.00 0.00 1.00 0.00 0.90 0.10
44 1.00 0.00 0.65 035 1.00 0.00 0.60 0.40
45 1.00 0.00 0.85 0.15 1.00 0.00 0.05 0.95
46 0.00 1.00  0.00 1.00 1.00 0.00 1.00 0.00
47 1.00 0.00 0.50 0.50 0.90 0.10 0.95 0.05
48 0.50 0.50 1.00 0.00 1.00 0.00 040 0.60

Overall mean 0.89 0.11 0.80 020 092 0.08 0.76 0.24
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Allele frequencies at the 4 polymorphic loci are summarized by regions of origin
(Table 4.2). The most common alleles were the anodal bands for loci for pooled accessions
within the respective regions of origin, exceptions are the Cat and the Acp-3 loci in Welega,
where the cathodal bands were more frequent than the anodal ones. All the four loci were
polymorphic for pooled sorghum accessions within Bale, Harerge, Shewa and Welo. Only the
Prx and the Acp-3 loci were polymorphic for pooled accessions within Kafa and Welega,
respectively. Although no locus was polymorphic in all the regions, the Prx locus was the
most variable locus being polymorphic in 12 of the 13 regions (except in Welega), while Acp-
3 was the least variable, being polymorphic in 6 regions. Taken together, the mean allele
frequency data showed that Bale, Harerge, Shewa, and Welo were the most variable regions,

while Kafa and Welega were the least variable ones.

Table 4.2. Sample size and mean allele frequencies at polymorphic loci for pooled
accessions within regions of origin and adaptation zones

Category N  Acp-3 Cat Est-3 Prx
A b a b A b a b

Regions Bale 20 0.75 025 092 0.08 093 0.07 0.60 0.40
Eritrea 20 1.00 0.00 0.78 0.22 1.00 0.00 0.58 0.42
Gamo Gofa 60 1.00 000 092 008 0.78 022 0.75 0.25
Gojam 20 1.00 0.00 0.75 025 093 0.07 0.63 0.37
Gonder 50 070 030 0.88 0.12 1.00 0.00 0.73 0.27
Harerge 60 091 0.09 09 0.04 090 0.10 0.83 0.17
[llubabor 30 1.00 0.00 0.72 028 1.00 0.00 0.82 0.18
Kafa 20 1.00 0.00 1.00 0.00 1.00 0.00 0.88 0.12
Shewa 40 093 0.07 081 0.19 0.89 0.11 0.59 041
Sidamo 30 1.00 0.00 0.82 0.18 0.85 0.15 0.85 0.15
Tigray 40 1.00 000 088 0.12 095 0.05 0.60 0.40
Welega 30 037 063 000 1.00 1.00 0.00 1.00 0.00
Welo 60 092 008 078 022 091 0.09 0.89 0.11

Weighted mean 37 0.89 0.11 080 020 092 0.08 0.76 0.24

Adaptation zone Lowland 160 093 0.07 079 021 090 0.10 0.82 0.18
Intermediate 160 094 0.06 084 0.16 092 0.08 085 0.15
Highland 160 0.80 020 0.78 0.22 094 0.06 0.62 0.38
Mean 160 0.89 0.11 080 020 092 008 076 0.24
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All the four loci were polymorphic for pooled accessions within the adaptation zones
(Table 4.2). Here also the common allele was the same at all loci in the three adaptation
zones. There was a slight trend for the Prx locus to be more variable among the highland

accessions than among the lowland and intermediate elevation accessions.

(renetic variation

The genetic variation observed in the 48 sorghum accessions was within a very narrow range
(Table 4.3). For the individual accessions, from each of which 10 plants were studied, the
mean number of alleles per locus (A) varied from 1.0 to 1.2 (mean 1.1), while the mean
number of alleles per polymorphic locus (Ap) varied from 1.0 to 2.0 (mean 1.4). The mean
effective number of alleles per locus (A,) ranged from 1.00 to 1.08 (mean 1.03). The percent
polymorphic loci (P) varied from 0.0 to 17.4 (mean 6.7). The mean observed heterozygosity
(H,) and expected heterozygosity (H.) ranged from 0.000 to 0.091 (mean 0.026) and from
0.000 to 0.071 (mean 0.026), respectively. Considering the pooled data for the 48 accessions
as species level variation, As Aps, Acs, Ps, Hos, and Hes were 1.2, 2.0, 1.04, 17.4, 0.023, and
0.042, respectively.

For the regions of origin (Table 4.4), A varied from 1.0 for Kafa to 1.2 for Bale,
Harerge, Shewa and Welo (weighted mean 1.13), while Ap varied from 1.3 for Kafa to 2.0 for
Bale, Harerge, Shewa and Welo (weighted mean 1.8). A, ranged from 1.01 for Kafa to 1.05
for Bale, Gojam, Gonder and Shewa (weighted mean 1.04). P varied from 4.3 for Kafa and
Welega to 17.4 for Bale, Shewa and Welo (weighted mean 12.8). H, ranged from 0.000 for
Welega to 0.048 for Bale (weighted mean 0.026), while H, ranged from 0.010 for Kafa to

0.051 for Bale (weighted mean 0.037).
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Table 4.3. Estimates of genetic variation in 48 accessions: Mean number of alleles per locus (A);
mean number of alleles per polymorphic locus (AP); effective number of alleles per locus (Ae);
percent polymorphic loci (P); observed heterozygosity (H,); and expected heterozygosity (He)

Adaptation zone Acc. No A Ap Ae P Ho He
1 1.2 20 1.07 174  0.087+0048  0.065+0.032
2 1.0 13 1.02 43 0009+0009 0.023+0.023
3 1.1 15 104 87 0052+0037 0.038+0.026
4 1.1 1.5 1.03 87 0.009+0009  0.030+0.023
5 1.1 1.8 1.06 13.0 0.083£0.052  0.052+0.031
6 1.0 13 1.02 43 0013+£0013 0.017+0.012
7 1.0 1.0 1.00 0.0  0.000+0.000  0.000+0.000
8 1.0 1.0 1.00 0.0  0.000+0.000  0.000+0.000
9 1.1 18 1.05 13.0 0.030+0019  0.047+0.028
10 1.0 1.0 1.00 0.0 0.000£0.000  0.0004+0.000
11 1.1 15 1.04 87 0.043+0033  0.042+0.029
12 1.1 15 104 87 0052+0.044  0.038+0.027
13 1.1 1.5 103 8.7 0.004+0004 0.032£0.022
14 1.0 13 1.02 43  0.000+0.000  0.023 £0.023
15 1.0 13 1.01 43 0.013£0013 0.012+0.012
16 1.1 15 1.04 87 0.048+0034  0.035+0.025
Intermediate 17 1.1 15 1.05 87 0052+0.044  0.045+0.031
18 1.1 1.3 103 8.7 0.017 £0.017 0.029 £0.020
19 1.1 1.8 1.06 13.0 0.061 £0.045  0.052+0.030
20 1.1 1.8 107 13.0 0.091+£0.055  0.067+0.034
21 1.0 1.0 1.00 0.0 0.000£0.000  0.000=+0.000
22 1o 13 1.02 43 0.000+£0.000 0.022+0.022
23 1.0 1.0 1.00 0.0  0.000+0.000  0.000+0.000
24 1.0 1.0 1.00 0.0  0.000+0.000  0.000=+0.000
25 1.0 13 1.02 43 000440004 0.017+0.017
26 1.0 1.0 1.00 0.0 0.000+£0.000  0.000+0.000
27 1.0 13 1.00 43  0.004+0004  0.004 +0.004
28 1.1 1.5 1.03 87 0030+0.026 0.031+0.022
29 1.0 10 1.00 0.0  0.000+0.000  0.000+0.000
30 1.0 1.3 102 43 0.000=0.000 0.022+0.022
31 1.0 13 1.0l 43 0.009+0009 0.008+0.008
32 1.0 13 102 43  0.043+£0.043 0.023 +0.023
33 1.1 15 1.03 8.7 0.035+£0025  0.029+0.020
34 1.0 15 1.02 43 0.000+0.000 0.023+0.023
35 1L.o: 1.3 102 43 00170017  0.023+0.023
36 1.0 13 1.02 43 0.017+0.017 0022+0.022
37 1.1 1.8 1.06 13.0 0.057+0.32 0.057 £ 0.032
38 1.0 13 1.01 43 0.000+0.000 0.008+0.008
39 1.1 1.8 1.06 13.0 0.057+0.034  0.058+0.032
40 1.2 20 1.08 174  0.070+£0.046  0.071 £0.034
41 1.0 13 1.00 43 0.004+0004  0.004+0.004
42 1.1 18 105 13.0 0.057+0.045  0.049+0.028
43 1.0 13 10l 43  0.000+£0.000  0.008=+0.008
44 1.1 15 105 8.7 0.039+£0031 0.043 £0.030
45 1.1 15 1.02 87 0.017+0014 0.016+0.012
46 1.0 1.0 1.00 0.0  0.000+£0000  0.000=+0.000
47 1.1 1.8 1.04 13.0 005740044  0.035+0.024
48 1.1 15 105 8.7 0.061+£0046  0.045+0.031
Mean population 1.1 14 103 67 0026+0012 0.026+0.019
Species level 1.2 20 1.04 174  0.023+0.013  0.042+0.017
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For the three adaptation zones (Table 4.4), there was no difference in A and Ap, while
P was 13.0 for intermediate elevation accessions and 17.4 for the lowland and highland
accessions (mean 15.9). H, varied from 0.014 for the intermediate to 0.030 for the highland

(mean 0.023), while H. varied from 0.030 for the intermediate to 0.054 for the highland

(mean 0.041).

Heterogeneity of allele frequency and genetic population structure

Chi-square tests for heterogeneity of allele frequencies at polymorphic loci are presented in
Table 4.5. There were significant differences in allele frequencies at all loci for the entire
accessions and for regions of origin as well as for the within and among the adaptation zones,
although there was not diagnostic alleles in any of the categories.

The genetic population structure is summarized in Table 4.5. The mean total gene
diversity for the 48 sorghum accessions was 0.25; partitioning of it into its component parts
gave 59% within and 41% among accessions. For the regions of origin, 80% of the total gene
diversity was found among accessions within the regions of origin, while only 20% was found
among accessions between regions of origin. Partitioning of the total genetic variation within
each of the 3 adaptation zones revealed that 68%, 58%, and 57% of the variation was found
within the lowland, intermediate elevation and highland accessions, respectively. The
corresponding variation among accessions within adaptation zones was 32%, 42%, and 43%,
respectively. A very large portion of the total gene diversity (97%) was found among
accessions within adaptation zones, while only the remaining 3% was found among

accessions between the adaptation zones.
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Table 4.4. Estimates of genetic variation by regions of origin and adaptation zones: Mean number of alleles per locus (A); mean
number of alleles per polymorphic locus (Ap); effective number of alleles per locus (A¢); percent polymorphic loci (P); observed

heterozygosity (H,); and expected heterozygosity (H.)

Category A Ap A, 4 H, H.

Regions Bale 1.2 2.0 1.05 17.4 0.048 = 0.026 0.051 = 0.027
Eritrea 1.1 1.5 1.04 8.7 0.030 £ 0.022 0.037 = 0.026
GamoGofa 1.1 1.8 1.04 13.0 0.033 £ 0.021 0.038 = 0.022
Gojam 1.1 1.8 1.05 13.0 0.030 += 0.022 0.044 + 0.026
Gonder 1.1 1.8 1.05 13.0 0.025 £ 0.014 0.045 = 0.026
Harerge 1.2 2.0 1.03 13.0 0.014 = 0.007 0.031 =0.016
[llubabor 1.1 1.5 1.03 8.7 0.032 + 0.025 0.031 = 0.022
Kafa 1.0 1.3 1.01 43 0.002 = 0.002 0.010 +0.010
Shewa 1.2 2.0 1.05 17.4 0.034 = 0.020 0.050 = 0.026
Sidamo 1.1 1.8 1.04 13.0 0.029 = 0.019 0.035 =0.019
Tigray 1.1 1.8 1.04 13.0 0.015 = 0.012 0.035 = 0.023
Welega 1.0 1.3 1.02 43 0.000 = 0.000 0.021 = 0.021
Welo 1.2 2.0 1.04 17.4 0.038 £ 0.022 0.038 =0.019

Weighted mean 1.13 +0.08 1.79 =002 1.04 +£0.07 1275+ 1.30 0.026 = 0.030 0.037 = 0.031

Adaptation zone Lowland 1.2 2.0 1.04 17.4 0.025 = 0.013 0.039+ 0.019
Intermediate 1.2 20 1.03 13.0 0.014 = 0.007 0.030 = 0.015
Highland 1.2 2.0 1.06 17.4 0.030 = 0.016 0.054 = 0.028

Mean 1.2. =00 20+000 1.04+001 159180 0.023 =0.005 0.041 += 0.007

100



Table 4.5. Heterogeneity chi-square (X°) test and degrees of freedom (df), total gene
diversity (Hr), gene diversity within (Hs) and among (Dst), coefficient of gene
differentiation (Gsrt) and an indirect estimate of gene flow (N,,) for the entire sorghum
accessions, regions of origin, and adaptation zones

Category Locus X* df Hy Hs Dsr Gsr F(st) N
Accessions Acp-3 593.00° 47 0.19 0.08 0.12 0.60 0.62 0.17
Cat 500277 47 031 0.16 0.16 0.50 0.52 0.25
Est-3  249.05° 47 0.15 0.11 0.03 022 026 0.89
Prx  331.60" 47 036 025 0.11 031 035 0.56
Mean 025 0.15 0.10 0.41 0.44" 036
Among Regions Acp-3 27075 12 020 0.14 0.06 030 0.33 0.58
Cat  298.67 12 0.34 023 0.11 032 035 0.53
Est-3 63417 12 0.12 0.11 0.01 0.08 0.07 2.88
Prx 83.03” 12 0.37 034 0.03 0.08 0.10 2.88
Mean 026 021 0.05 020 021" 1.00
Within Lowland Acp-3 13569 15 0.13 0.08 0.05 0.62 042 0.15
Cat 14897 15 033 0.18 0.15 055 047 020
Est-3 9457 15 0.18 0.14 0.04 0.78 030 0.07
Prx 71.63" 15 030 025 0.05 0.83 022 0.05
Mean 024 0.16 0.07 0.69 035" 0.11
Within Intermediate ~ Acp-3 13539 15 0.11 0.06 0.05 0.55 042 0.20
Cat 21125 15 027 0.10 0.17 037 0.66 0.43
Est-3  87.43"™ 15 0.14 0.11 0.03 0.79 027 0.07
Prx 10755 15 026 0.18 0.08 0.69 0.34 0.11
Mean 020 0.11 0.09 0.55 0.45 020
Within Highland Acp-3 23258 15 0.32 0.09 023 028 0.73 0.64
Cat 146.80 15 0.34 0.19 0.15 0.56 0.46 0.20
Est-3 54117 15 0.11 0.10 0.01 091 0.17 0.02
Prx 11136 15 047 032 0.15 068 035 0.12

*

Mean 031 0.18 0.14 0.61 043 0.16

Among adaptation Zones Acp-3  43.56 2 0.20 0.19 0.01 0.05 0.04 4.75
Cat 845 2 029 029 0.00 000 0.01 0.00
Est-3 860° 2 0.13 0.13 0.00 0.00 0.01 0.00
Prx 50977 2 036 0.34 0.02 0.06 0.05 3.92
Mean 025 024 0.01 003 0.03" 8.08

* and ** = significant at 5% and 1%, respectively.
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Gene flow

An indirect estimate of the levels of gene flow between accessions, regions and within and
between adaptation zones is given in Table 4.5. The results showed low levels of gene flow
(mean Ny, < 1) between the accessions, regions of origin and between accessions within the
adaptation zones. On the other hand, the level of gene flow was high among the adaptation
zones. The high significance of mean Fgy for the sorghum accessions, regions of origins as
well as within and among adaptation zones supplemented the chi-square tests, which revealed

that allele frequencies were different for all the categories.

Genetic distance and cluster analysis

The mean unbiased genetic distance among the 48 sorghum accessions was 0.02 and varied
narrowly from 0.00 to 0.09 (data not shown). A dendrogram constructed from the
corresponding genetic distance matrix failed to group the sorghum accessions either on the
basis of region of origin or adaptation zone (Fig. 4.1).

For the regions of origin, the genetic distance varied from 0.00 to 0.06 with a mean of
0.01 (Table 4.6). Cluster analysis clearly showed three groups (Fig. 4.2). The mean genetic
distance among the adaptation zones ranged from 0.000 to 0.003 and averaged 0.002 (Table
4.7). For both the regions of origin and adaptation zones, the mean within genetic distance
was greater than the between genetic distance, suggesting that variation was more pronounced

from accession to accession than from region to region or from adaptation to adaptation zone.
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Fig. 4.1. Dendrogram generated based on unbiased genetic distance for 23 allozyme loci for 48 sorghum accessions
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Table 4.6. Unbiased genetic distance (above diagonal), mean within region unbiased genetic distance (diagonal) and genetic identity
(below diagonal) for 13 regions of origin of sorghum based both on monomorphic and polymorphic loci

Region 1 ¢ 3 4 5 6 7 8 9 10 11 12 13

Bale 0.013 0.003 0.004 0.003 0.000 0.003 0.006 0.006 0.001 0.005 0.002 0.053 0.005
Ernitrea 0.997 0.007 0.004 0.000 0.005 0.005 0.002 0.006 0.000 0.004 0.000 0.054 0.005
GamoGofa 0.996 0996 0.001 0.002 0.006 0.001 0.004 0.003 0.002 0.000 0.002 0.062 0.003
Gojam 0.997 1.000 0998 0.036 0.005 0.004 0.001 0.005 0.000 0.002 0.000 0.050 0.003
Gonder 1.000 0995 0.994 0.995 0.055 0.003 0.005 0.005 0.003 0.005 0.004 0.044 0.004
Harerge 0.997 0995 0999 0996 0997 0.015 0.003 0.001 0.003 0.001 0.003 0.057 0.001
Illubabor  0.994 0.998 0.996 0.999 0995 0.997 0.007 0.003 0.003 0.001 0.003 0.043 0.001
Kafa 0.994 0994 0997 0995 0995 0999 0997 0.003 0.005 0.002 0.004 0.064 0.003
Shewa 0.999 1.000 0998 1.000 0997 0997 0.997 0995 0.021 0.003 0.000 0.053 0.004
Sidamo 0.995 0996 1.000 0998 0995 0.999 0999 0998 0997 0.008 0.003 0.052 0.000
Tigray 0.998 1.000 0998 1.000 0996 0.997 0.997 09% 1.000 0.997 0.017 0.061 0.004
Welega 0.948 0948 0.940 0951 0.957 0945 0958 0938 0949 0949 0.941 0.008 0.042
Welo 0.995 0.995 0997 0997 099 0999 0.999 0997 099 1.000 099 0959 0.014

104



Distance

162 —

10—

Qa1 —

s T

1 5 2 4 9 11 3 6 8 7 10 13 12

Regions of origin

Fig 4.2. Dendrogram for regions of origin of sorghum

1 = Bale, 2 = Eritrea, 3 = Gamo Gofa, 4 = Gojam, 5 = Gonder, 6 = Harerge, 7 = Illubabor, 8 = Kafa, 9 = Shewa 10 = Sidamo, 11 = Tigray, 12 =

Welega, and 13 = Welo.
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Table 4.7. Unbiased genetic distance (above diagonal), mean within adaptation genetic
distance (diagonal) and unbiased genetic identity (below diagonal) based on both

monomorphic and polymorphic loci for the adaptation zones

Adaptation zones 1 2 3

Lowland 0.026  0.000 0.002
Intermediate 1.000 0.016 0.003
Highland 0.998 0997 0.026

Principal component analysis

Principal component analysis revealed that the first three principal components (PC)
accounted for 92% of the total variation (Table 4.8). For the regions of origin, the first three
PCs explained 96% of the total variation (Table 4.8). The first PC alone, with an eigenvalue
0f 0.05, explained 97% of the total variation found among the adaptation zones (Table 4.8).

A plot of the regions' principal scores against the first two principal axes distinguished
three groups (Fig. 4.3): (1) Gamo Gofa, Harerge, Illubabor, Sidamo and Welo with high
scores on PC1 and PC2, (2) Bale, Eritrea, Gojam, Gonder, Shewa and Tigray with high scores

on PCI1 but low scores on PC2 and (3) Welega with low scores on both axes.

Correlation of allele frequencies with altitude

The correlation between allele frequencies at the polymorphic loci and altitude was low and
non-significant for Acp-3, Cat and Est-3 (Table 4.9). Significant (P< 0.05) but weak negative
correlation (r = -0.29) was found between the most common allele of the Prx locus and vice

versa for the least common allele (r = 0.29).
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2000; potato, Rio et al., 1997). This calls for a comparative study of in situ and ex situ
materials to draw firm conclusions about the level of isozyme variation in sorghum. An
alternative explanation for discrepancy among studies could be the use of different enzyme
systems. Enzymes such as acid phosphatase, esterase, peptidase, and peroxidase are usually
more polymorphic than other enzymes (Weeden, 1989), an observation well supported by the
present study.

At the population level, the amount and distribution of allozyme variation is primarily
influenced by breeding system. Hamrick and Godt (1990) reviewed a large number of
allozyme diversity studies in plant species in general and in cultivated crops in particular
(Hamrick and Godt, 1997) and concluded that self-pollinating plants and cultivated crops
have lower levels of allozyme variation than their outbreeding counterparts. Their conclusions
also showed that self-pollinating plants maintain more of their genetic variation among
populations, while the outbreeding plants maintain more genetic variability within
populations. Sorghum is predominately a self-pollinating crop (Doggett, 1988). All the
measures of genetic variation obtained in the present study and in previous studies (Morden et
al., 1989; Aldrich et al., 1992; Dj¢ et al., 1998, 1999) are less than the mean corresponding
values reported for self-pollinating plants (Hamrick and Godt, 1990, 1997). The results
confirm the earlier conclusions made by Morden et al. (1989) that sorghum is depauperated in
allozymic variation compared to other cereals such as barley (self-pollinating) (Brown and
Munday, 1982) and maize (outbreeding but belonging to the same tribe as sorghum) (Doebley
et al., 1985).

Analysis of population genetic structure showed that 41% of the variation is found
among sorghum accessions, which lies between the mean values reported by Djé et al. (1999)
(Gst = 7%) and Morden et al. (1989) (Gst = 91%) and relatively closer to the value of Ggr for

self-pollinating plant species (Gst = 51%) (Hamrick and Godt, 1990) and self-pollinating
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cultivated crops (Gsr = 59%) (Hamrick and Godt, 1997). The discrepancy among the studies
can be due to sample size differences as well as differences in the number of informative loci
and the number of alleles per locus. Our results also showed that the proportion of genetic
variation maintained among regions (Gst = 20%) is the same as the corresponding value
among sorghum fields reported by Djeé et al. (1998). Similar results have also been obtained in
Ethiopian and Eritrean sorghum germplasm for qualitative morphological characters (Ayana
and Bekele, 1998) and random amplified polymorphic DNA (Ayana et al., 2000a).

According to Wright's (1978) classification of the level of genetic differentiation, the
values of Fgr obtained for the sorghum accessions and for the regions are very great and great,
respectively. The ¥ was also significant for Fgr Fundamentally, Fsr and Ggr are equivalent
(Slatkin and Barton, 1989; Berg and Hamrick, 1997). By analogy, Gsr is also significant. This
finding plus the highly significant heterogeneity in allele frequencies both among sorghum
accessions and among the regions of origin, the low frequency of some of the alleles and the
low levels of gene flow among sorghum accessions and among regions, all lead us to
recommend that future collection should consider sampling as many accessions as possible
from all parts of Ethiopia and Eritrea.

One of the goals of this study was to examine the extent and patterns of distribution of
genetic variation among the three adaptation zones of sorghum in Ethiopia and Eritrea. The
correlation of allele frequencies with the altitude of the collection sites was poor. This
contrasts with maize allozyme allele frequencies, which significantly associated with altitude
(Doebley et al., 1984, 1985). Furthermore, there was low level of genetic differentiation (Ggr
= 3%) among the adaptation zones, despite high levels of genetic differentiation among
accessions within adaptation zones. This may be explained by the observed high level of gene

flow, which leads to genetic homogeneity among the adaptation zones.
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However, the fact that we found low levels of gene flow among the sorghum
accessions as a whole and among the regions of origin, makes gene flow an unlikely
explanation. Alternatively, the low genetic differentiation among the adaptation zones can be
explained by invoking a suggestion that the altitudinal range of sorghum has expanded
recently to produce the appearance of a high level of gene flow. In other words, sorghum
might have radiated recently from lowland, its natural habitat, into intermediate and highland
elevations through human activity within the age of sorghum. Perhaps the idea of recent
radiation is viable because very recently DNA sequence data showed no differences among
ancient and modem races of sorghum (Rowley-Conwy et al., 1999). The authors concluded
that sorghum is domesticated recently in northeast Africa, although several studies indicated
the use of sorghum seeds by humans as late as 8000 before present (Wendorf et al., 1992;
Wasylikowa, 1997; Wasylikowa and Dahlberg, 1999). It is to be noted that Harlan and de Wet
(1972) classified cultivated sorghum into five basic (bicolor, caudatum, durra, guinea and
kafir) and ten intermediate races based largely on panicle morphology. However, recent
allozyme and molecular data do not support the classification. For instance, Morden et al.
(1989) found higher levels of differentiation on the basis of regions of origin than on the basis
of racial classification, which could be explained by invoking the hypothesis that the modern
races of sorghum radiated recently from the ancient bicolor-type. If the hypothesis that
sorghum is domesticated recently is proved, then the evolutionary time may not be enough for
sorghum to accumulate enough gene mutations that could lead to high allozyme variation.
However, such an argument is difficult to test at this stage. Another possibility is that
although the bands with same migration distance are considered as similar alleles in allozyme
assays, they could differ in their amino-acid sequences and what one considers as a single

allele per locus could be constellation of alleles.
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The fact that many of the loci assayed were monomorphic and the low level of
polymorphism in the present study and also in previous studies dealing with allozyme
variation in sorghum, suggest that the wide range of morphological variation is caused by
phenotypic plasticity or by genetic variation at a few loci. Lack of congruence between
morphological variation and genetic variation has also been observed in crop plants such as
cultivated groundnut (Arachis hypogaea L.) (Subramanian et al., 2000 and references therein)
and melon (Cucumis melo L.) (Dane, 1983; Shattuck-Eidens et al., 1990), as well as in wild
plants such as Poa annum L. (Poaceae) (Frenot et al., 1999) and arctic Potentilla (Rosaceae)
(Hansen et al., 2000). The latter two groups of authors attributed the conspicuous

morphological variation to phenotypic plasticity or genetic variation at limited number of loci.

Summary

The amount and distribution of genetic variation was investigated in 48 sorghum landrace
accessions, representing 13 regions of origin and three adaptation zones (lowland,
intermediate and highland elevation) in Ethiopia and Eritrea. Assaying 11 enzyme systems, 23
putative loci were scored for a total of 27 alleles. Nineteen loci were monomorphic and fixed
for the same allele, while the remaining four loci, each with two alleles, were polymorphic
across the 48 accessions. The results show significant differences in allele frequencies among
the accessions, regions of origin and the adaptation zones. However, all measures of genetic
variation used show that accessions maintained much lower levels of variation than the
corresponding mean values for self-pollinating crop plants, confirming previous conclusions
that sorghum is depauperated in allozymic variation. The total gene diversity was 0.25, which
partitioned 59% within and 41% among accessions. Similarly, most of the total gene diversity
was found within the regions of origin (80%) and within the adaptation zones (97%). Both the
dendrogram (constructed from Nei's unbiased genetic distance) and the plot of the first two

principal components (based on variance-covariance matrix of allele frequency at
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polymorphic loci) distinguished three groups of regions. The level of gene flow was low
among accessions, regions of origin and among accessions within adaptation zones, but high
among adaptation zones. The results are discussed with emphasis on genetic resources
conservation and utilization.

In conclusion, the sorghum accessions used in the present study maintained low levels
of allozyme variation. The results indicate that altitudinal variation does not contribute
substantially to gene differentiation among the sorghum accessions. All in all there is no
compelling genetic (allozyme plus RAPD) evidence that the low, intermediate and highland
sorghums are different, despite the wide range of differences for quantitative agro-
morphological traits. Hence, they can be considered as the same gene pool in breeding

varieties for the different adaptation zones.

114



polymorphic loci) distinguished three groups of regions. The level of gene flow was low
among accessions, regions of origin and among accessions within adaptation zones, but high
among adaptation zones. The results are discussed with emphasis on genetic resources
conservation and utilization.

In conclusion, the sorghum accessions used in the present study maintained low levels
of allozyme variation. The results indicate that altitudinal variation does not contribute
substantially to gene differentiation among the sorghum accessions. All in all there 1s no
compelling genetic (allozyme plus RAPD) evidence that the low, intermediate and highland
sorghums are different, despite the wide range of differences for quantitative agro-
morphological traits. Hence, they can be considered as the same gene pool in breeding
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Chapter 5
Random Amplified Polymorphic DNA (RAPD) Variation in Sorghum (S.

bicolor ssp bicolor (L.) Moench)

Introduction

Information about genetic variation in cultivated plant species is relevant for plant breeding
and for germplasm management (Allard, 1996; Grenier et al., 2000b). In chapter three, it
was shown that sorghum germplasm collections from Ethiopia and Eritrea are highly
variable for morphological and agronomic characteristics (also refer to Ayana and Bekele,
1998, 1999, 2000). Similar conclusions are also made previously based on some
morphological and agronomic traits (Gebrekidan, 1973; Teshome et al., 1997). However,
morphological variation does not reliably reflect the actual genetic variation because of
genotype-environment interaction and the largely unknown genetic bases of polygenically
inherited morphological and agronomic traits (Smith and Smith, 1992).

In contrast to the wide range of morphological variation, the allozyme analysis in
chapter four revealed low level of variation among 48 sorghum accessions drawn from
different ecological regions of Ethiopia and Eritrea (see also Ayana et al., 2000c),
confirming previous conclusions that sorghum is characterized by a low level of allozyme
variation (Morden et al., 1989; Aldrich et al., 1992; Djeé et al., 1998, 1999). Low level of
polymorphism and, thus, inadequate coverage of the genome, limit the use of allozymes as

an adequate technique for genetic diversity analysis (Clegg, 1990; Karp et al., 1997).
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This calls for use of DNA-based markers, which are generally more polymorphic
and cover a larger portion of the genome than isozymes and which measure genetic variation
at molecular level unlike morphological characters. Moreover, many studies have also
demonstrated that no single method (morphological, biochemical or molecular) is adequate
for assessing genetic variation in germplasm collections (Singh et al.,, 1991; Beer et al.,
1993; Liu and Furnier, 1993; Zhang et al., 1993; Oliveira et al., 1996). The reason is that
different methods sample genetic variation at different levels and, hence, differ in their
power of genetic resolution as well as the quality of information. Because of their generally
high polymorphism and high resolution, molecular markers should be considered only as
complementary to morphological characterization and isozyme analysis.

In sorghum, as is true for other crop plants, efforts to estimate genetic variation have
been greatly enhanced with the advent of molecular markers. These include restriction
fragment length polymorphism (RFLP) (Aldrich and Doebley, 1992), random amplified
polymorphic DNA (RAPD) (Tao et al., 1993; Oliveira et al., 1996; Menkir et al., 1997;
Ayana et al., 2000a), microsatellites or simple sequence repeats (Brown et al., 1996; Dean et
al., 1999; Dje et al., 1999, 2000; Grenier et al., 2000b), and inter-simple sequence repeats
(Yang et al., 1996; Taramino et al., 1997). The results from these studies have
demonstrated that molecular markers are providing additional and complementary
information regarding the amount and distribution of genetic variation in germplasm
collections and elite breeding lines, enhancing the efficiency of germplasm management and
utilization. Of all the DNA-based techniques, the RAPD technique is preferable for initial
assessment of genetic diversity in germplasm collections owing to its technical simplicity,
speed, cost effectiveness and the wide availability of universal primers (Tao et al., 1993;
Williams et al., 1993), although there are many other DNA-based markers with several

advantages over RAPD markers. As with other DNA-based markers, advantages of RAPD
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Table 5.1. Sample size of sorghum accessions used for the study by regions of origin

and adaptation zones
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DNA extraction

Ten individuals represented an accession for DNA extraction. Seed samples were
germinated in greenhouse pots. From each of the 10 individuals, fresh leaves were harvested
from 7-day old seedlings for DNA extraction. Total genomic DNA was extracted from 300
mg leaf samples according to the method of Junghans and Metzlaff (1990) with minor
modifications.

The DNA quality was assessed by electrophoresis in 1% agarose gels and the
concentration was estimated by fluorescence spectroscopy using Hoechst 33258 dye with
calf thymus DNA as standard (Brunk et al., 1979). An equal quantity of DNA from the 10

individuals was pooled to a working concentration of 25 ng/ml in ddH,O for each accession.
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The frequency of amplified products generated with 20 oligonucleotide primers
across 80 sorghum accessions is grouped into four classes and is given in Table 5.3. The
result showed that 61% of the bands have intermediate frequency (0.26-0.75).

The percentage of polymorphic RAPD bands for the 15 regions of origin is presented
in Table 5.4. The percentage of polymorphic bands ranged from 32% (for accessions from
Kafa) to 91% (for accessions from Harerge) with a mean of 77%. In general, sorghum

accessions from Harerge, Welo and Illubabor manifested the highest polymorphism.

Estimation of RAPD variation

Mean regional estimates of RAPD variation, computed from band frequencies using the
Shannon-Weaver diversity index, is given in Table 5.4 (refer to Appendix 5.2 for details).
Pooled over the 20 primers, the mean genetic diversity ranged from 0.21 for Kafa to 0.48 for
Illubabor, with an overall variation of 0.53, showing an intermediate level of RAPD
variation.

For the adaptation zones the mean estimates of the Shannon-Weaver diversity index,
pooled over primers within adaptation zones, varied over a very narrow range (0.49-0.52),
with an overall mean of 0.50 (Table 5.5). Apparently the adaptation zones did not differ

from each other in their overall RAPD variability.
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Table 5.2. Sequences, number of amplified products (bands) and approximate
molecular size range in base pairs (bp) for 20 primers used to generate RAPD
markers in 80 sorghum accessions

Primer Sequence 5’ to 3’ bands Bp
OPA-01 CAGGCCCTTC 10 400-1900
OPA-02 TGCCGAGCTG 10 500-1600
OPA-03 AGTCAGCCAC 8 400-1800
OPA-04 AATCGGGCTG 7 600-1900
OPA-05 AGGGGTCTTG 6 400-2000
OPA-08 GTGACGTAGG 4 800-1800
OPA-10 GTGATCGCAG 8 700-1700
OPA-11 CAATCGCCGT 10 400-2400
OPA-13 CAGCACCCAC 6 900-2100
OPA-14 TCTGTGCTGG 6 400-1800
OPA-15 TTCCGAACCC 7 400-1900
OPA-16 AGCCAGCGAA 8 400-2000
OPA-17 GACCGCTTGT 10 500-2300
OPA-18 AGGTGACCGT 10 400-1600
OPA-19 CAAACGTCGG 7 300-1800
OPA-20 GTTGCGATCC 7 500-1700
OPC-01 TTCGAGCCAG 3 700-2000
OPC-02 GTGAGGCGTC 8 500-1500
OPC-05 GATGACCGCC 8 500-2000
OPC-19 GTTGCCAGCC B! 800-2300
Total 147

Range 3-10 300-2400

Average 7:35
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Fig. 5.1. Amplification products from genomic DNA of 80 sorghum accessions amplified with primer OPA-11.

The molecular weight marker (100 bp ladder) is shown in the left lane (M) and the arrow indicates 800 bp band. The control lane is designated as (N).

Other Lane numbers represent accessions listed in Appendix 5.1.
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Table 5.3. Frequency of amplified products generated with 20 primers in 80 sorghum

accessions

Frequency of RAPD bands Number of bands Proportion

0.01-0.25 37 0.25
0.26 - 0.50 38 0.26
0.51-0.75 52 0.35
0.76 - 0.99 20 0.14
Total 147 1.00

Table 5.4. Percentage of polymorphic bands (P), mean estimates of the Shannon-Weaver diversity index

(Mean + S.E) for 20 primers for 15 regions of origin of 80 sorghum accessions

Region P Mean £ S.E
Fale 4835 0.28 + 0.04
Eritrea 70.00 0.39+0.03
Gamo Gofa 85.00 0.43 +0.03
Gojam 74.15 0.40£0.04
Gonder 80.80 043+0.03
Harerge 90.85 0.46+0.03
Tllubabor 89.20 048 +£0.02
Introduction 80.00 043 +003
Kafa 31.65 0.21+0.04
Shewa 82.50 0.44 +£0.02
Sidamo 78.35 0.43 +£0.03
Tigray 85.80 0.43 +0.03
Variety 77.50 0.44 +0.03
Welega 85.80 0.43 £0.04
Welo 90.00 0.46+0.02
Entire data 76.61 0.53+0.02
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Table 5.5. Estimates of the Shannon-Weaver diversity index for three adaptation
zones of 80 sorghum accessions

Primer Adaptation zones
Lowland Intermediate Highland

OPA-01 0.44 0.32 0.38
OPA-02 0.60 0.61 0.52
OPA-03 0.58 0.56 0.53
OPA-04 0.64 0.66 0.63
OPA-05 0.58 0.31 0.43
OPA-08 0.50 0.58 0.62
OPA-10 0.58 0.45 0.51
OPA-11 0.43 0.30 0.34
OPA-13 0.54 0.43 0.45
OPA-14 0.63 0.63 0.57
OPA-15 0.51 0.66 0.61
OPA-16 0.58 0.46 0.55
OPA-17 0.53 0.38 0.44
OPA-18 0.53 0.51 0.51
OPA-19 0.50 0.45 0.48
OPA-20 0.55 0.59 0.48
OPC-01 0.19 0.35 0.42
OPC-02 0.64 0.57 0.55
OPC-05 0.44 0.44 0.53
OPC-09 0.43 0.50 0.47
Mean 0.52+£0.02 0.49+0.03 0.50+0.02

Fartitioning of RAPD variation

A large portion of the total variation (77%) was found within the 15 regions of origin (Table
5.6). Similarly, partitioning of the variation into within and among adaptation zones revealed
that 94% of the total variation was found within and the remaining 6% among the adaptation

zones (Table 5.6), indicating very little differentiation among the adaptation zones.
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Table 5.6. Partitioning of genetic variation into within and between regions of origin and adaptation zones of 80 sorghum

accessions
Primer Total Region Adaptation zones

Hg, H, H/Hy, H,,-H,)/H, H, Hz/H,, (Hyp-H, )/Hgrg
OPA-01 0.41 0.30 0.74 0.25 0.38 0.93 0.07
OPA-02 0.61 0.47 0.77 0.23 0.58 0.95 0.05
OPA-03 0.58 0.46 0.79 0.21 0.57 0.96 0.04
OPA-04 0.65 0.51 0.79 0.21 0.64 0.98 0.02
OPA-05 0.50 0.37 0.74 0.26 0.44 0.88 0.12
OPA-08 0.57 0.48 0.84 0.16 0.57 1.00 0.00
OPA 10 0.54 0.43 0.79 0.20 0.51 0.94 0.06
OPA-11 0.40 0.29 0.73 0.27 0.37 0.90 0.10
OPA-13 0.51 0.40 0.78 0.22 0.47 0.92 0.08
OPA-14 0.66 0.51 0.77 0.23 0.61 0.92 0.08
OPA-15 0.60 0.50 0.83 0.16 0.59 0.98 0.02
OPA-16 0.56 0.45 0.80 0.19 0.53 0.95 0.05
OPA-17 0.49 0.36 0.74 0.26 0.45 0.92 0.08
OPA-18 0.53 0.41 0.77 0.22 0.52 0.98 0.02
OPA-19 0.51 0.39 0.76 0.23 0.48 0.94 0.06
OPA-20 0.58 0.44 0.76 0.24 0.54 0.93 0.07
OPC-01 0.31 0.20 0.63 0.36 0.32 1.00 0.00
OPC-02 0.63 0.48 0.76 0.24 0.59 0.94 0.06
OPC 05 0.44 0.33 0.75 0.25 0.40 0.91 0.09
OPC-19 0.48 0.38 0.75 0.25 0.47 0.92 0.08
Mean 0.53 +0.02 0.41£0.02 0.77 £0.01 0.23+0.01 0.50 £0.02 0.94+£0.01 0.06 +0.01

H, = Genetic variation for each primer calculated from the entire data set; H, and H, = Mean genetic variation index for each primer for the regions of origin
and the adaptation zones, respectively; H/H,, and H,/H,, = Proportion of genetic variation within regions of origin and within adaptation zones, respectively;
(Hy-H)/Hg, and (Hy,-H,)/Hg, = Proportion of genetic variation within regions of origin and within adaptation zones, respectively, in relation to the total

genetic variation.
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Cluster analysis

Cluster analysis of the 80 sorghum accessions failed to show close relationships among
accessions of the same region or adaptation zone (Appendix 5.3). Instead, the dendrogram
clearly showed three groups at 48% similarity, each including accessions from a wide range
of regions of origin and adaptation zones. The coefficient of genetic similarity ranged from
32.7% (between a landrace accession from Welega and an improved variety known as
Bakomash) to 92.5% (between two landrace accessions from Shewa and Tigray) with a
mean genetic similarity of 64%.

Cluster analysis based on regional frequencies of amplified bands showed that
accessions from Gojam and Sidamo; Gamo Gofa, Gonder and Illubabor; Shewa and
Welega; Tigray, Welo and Eritrea are closely related (Fig. 5.2). The coefficient of
dissimilarity among the 15 regions of origin ranged from 6.6% (between Sidamo and
Welega) to 34.3% (between Bale and a set of improved varieties) with an average of 13.3%

(Table 5.7).
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Table 5.7. Genetic dissimilarity among 15 regions of origin of 80 sorghum accessions

Region 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Bale 0.00

Eritrea 029 0.00

Gamo Gofa 0.14 0.17 0.00

Gojam 020 020 0.10 0.00

Gonder 021 016 0.08 0.12 0.00

Harerge 022 0.16 0.10 0.12 0.15 0.00

[Mlubabor 0.17 0.18 007 0.10 0.07 0.09 0.00

Introduction 0.25 0.16 0.12 0.17 0.14 0.11 0.14 0.00

Kafa 028 034 018 017 014 028 016 025 0.00

Shewa 024 0.17 009 015 016 010 0.12 015 027 0.00

Sidamo 020 0.19 007 007 012 0.10 0.09 015 0.16 010 0.00

Tigray 025 0.12 0.12 0.18 0.15 0.10 0.12 013 032 013 0.16 0.00

Variety 0.34 0.15 0.18 017 0.18 0.13 015 010 023 0.19 0.16 0.15 0.00

Welega 022 016 007 007 011 007 008 013 0.18 009 006 0.12 013 0.00
Welo 026 010 010 0.18 0.12 010 010 11.00 027 010 0.14 007 0.15 0.10 0.00
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Discussion

The mean number of bands per primer obtained in the present study is high compared to
most of the previous studies in sorghum using RAPDs (Vierling et al., 1994; Oliveira et al.,
1996; Menkir et al., 1997) and is comparable with that reported by Tao et al. (1993). The
observed level of RAPD polymorphism is also higher than those reported (25-77%) in
previous studies (Tao et al., 1993; Vierling et al., 1994; Yang et al., 1996; Menkir et al.,
1997). The higher level of polymorphism and average number of bands per primer may
partly be due to our sampling technique, which took into account not only differences in
geographical range and adaptation zones but also results of morphological variation (Ayana
and Bekele, 1999). Sampling germplasm collections across diverse environments and based
on morphological variation has been considered to be a more effective means for capturing
genetic diversity (Bogyo et al., 1980). Additional explanations may be differences in DNA
extraction protocols and bias in scoring bands of different intensity. Our protocol involved
RNase treatment. RNase-treatment and additional phenol/chloroform/isoamyl (25:24:1)
extraction yields purer DNA than methods of DNA extraction that do not involve RNase-
treatment. When the same concentration of primer is used, amplification is more efficient
when RNase-treated DNA is used as a template compared to the untreated DNA template
(Williams et al., 1993; Pammi et al, 1994). These authors added that constitution of
amplification mix, thermal cycling, sensitivity of gel staining system and purity of DNA also
may affect the number of amplification products.

The fact that sorghum accessions from Harerge, Welo and Illubabor manifested the
highest RAPD polymorphism is congruent with previous studies (Mengesha, 1975; Ayana

and Bekele, 1998). These authors reported that sorghum collections from these regions are
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highly variable for morphological and agronomic characteristics. However, the level of
variation observed for RAPD:s in this study is lower than the one observed for qualitative
characters (Ayana and Bekele, 1998) but more than that observed for allozymes (Ayana et
al., 2000c; refer also to chapter four in this thesis). The results imply that Ethiopian and
Eritrean sorghum germplasm has a lower level of variation for RAPD markers than for
morphological characters (ca. overall mean of H = 0.90) and still lower for allozymes than
for RAPD.

The fact that in the present study much more RAPD variation is found among
accessions within regions of origin than among regions of origin suggests weak regional
differentiation of the sorghum germplasm. The result is consistent with previous studies
using qualitative morphological characters (Ayana and Bekele, 1998) and allozyme analysis
(Ayana et al., 2000c), ), in which 86% and 80% of the total variation was found within
regions, respectively. Several studies have also reported limited regional differentiation for
the world collection of sorghum using allozyme data (Morden et al., 1989), RFLP (Aldrich
and Doebley, 1992; Deu et al., 1994; Cui et al., 1995) and RAPD data (Tao et al., 1993;
Menkir et al., 1997).

Similarly, much more RAPD variation is found among accessions within the
adaptation zones than among the adaptation zones. This result is also in agreement with
previous studies using qualitative morphological characters (Ayana and Bekele, 1998) and
allozyme analysis (Ayana et al., 2000c), in which 96% and 97% of the total variation was
found within adaptation zones, respectively. The classification of Ethiopian sorghum into
different adaptation zones (Gebrekidan, 1981) has been based mainly on altitude, which
determines length of the growing period. It is concluded that sorghums of the three
adaptation zones do not seem to possess significant genetic differences but differ only in

their adaptation to agro-ecological zones, which differ in length of growing period.
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Since much of the RAPD variation is found within regions of origin and adaptation
zones, it is tempting to suggest a germplasm sampling strategy in which many accessions
from a few regions or adaptation zones may capture a large portion of the genetic variation.
However, sampling from as many regions as possible, with a wide range of ecological
conditions, is still recommended because significant variation has been observed for
quantitative characters that have adaptive significance (Ayana and Bekele, 1999). In
addition, rare types can also be captured. Variation in RAPD patterns may not necessarily
have adaptive significance as both coding and non-coding regions of the genome are
accessed (Williams et al., 1993).

The result from the pair-wise similarity (dissimilarity) analysis suggests medium
RAPD variation among the 80 sorghum accessions studied. Both the range and average
similarity observed in the present study are very similar to those reported by other
investigators for sorghum using RAPD, RFLP and simple sequence repeats (SSR) markers
either singly or combined (Deu et al., 1994; Oliveira et al., 1996; Yang et al. 1996).

The results from the present study also showed that limited variation exists among
the regions of origin, almost twice lower than what was found among the accessions as a
whole. The overall close similarity of accessions from Gamo Gofa and Gonder as well as
from Shewa and Welega concurred with results obtained using multivariate analysis of
morphological variation of quantitative characters (Ayana and Bekele, 1999). Deu et al.
(1994) also found congruence between morphological classification and classification based
on RFLP for sorghum. These authors have hypothesized that such correspondence could
arise from multi-trait associations, which in turn result from founder effect during
domestication and restricted recombination after domestication.

Cluster analysis revealed that patterns of variation are not congruent with regions of

origin or adaptation zones. The fact that a large portion of the variation is found among
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accessions within region of origin and within the adaptation zones also confirms that
differentiation of the sorghum material on the basis of region of origin and adaptation zone is
weak. Results obtained using analysis of morphological and agronomic characters (Ayana
and Bekele, 1998) also showed weak regional and agro-ecological zone differentiation. The
low levels of genetic differentiation among sorghum accessions sampled from different
regions and adaptation zones may be due to: (1) the high rate of outcrossing (5-30%) in
cultivated sorghum (Ollitrault, 1987 cited in Deu et al., 1994), and, (2) hybridization of
cultivated sorghum with its wild and weedy relatives (Aldrich et al., 1992; Harlan, 1992).
Although genetic differentiation is low both on regional and adaptation zone bases,
regional differentiation is greater than differentiation on the basis of adaptation zone. Ayana
and Bekele (1998) also reported similar results using qualitative morphological data.
However, applying discriminative analysis to quantitative morphological and agronomic
data, they found that adaptation zone is more discriminative than regions of origin for 415
sorghum accessions (Ayana and Bekele, 1999). Apparently regions of origin become more
important in differentiating sorghum accessions when qualitative morphological characters
and RAPD markers are used, whereas adaptation zones do when quantitative morphological
and agronomic characters are used. This may be due to the fact that quantitative characters
like days to flowering and maturity and plant height are important in determining sorghum
adaptation to a particular agro-ecological zone (Doggett, 1988). On the other hand, some of
the qualitative characters and RAPD markers, having no or less adaptive significance, tend
to be less discriminative on the basis of adaptation zones. The significance of region of
origin for determining the relatedness or differences among sorghum accessions has been
documented in several studies (Morden et al., 1989; Tao et al., 1993; Deu et al., 1994;

Oliveira et al., 1996).
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The results reported here and those of others (Tao et al., 1993; Vietling et al., 1994,
Yang et al., 1996; Menkir et al., 1997) have shown that RAPD markers are useful for
measuring the extent and distribution of genetic variation in sorghum. However, there are
some drawbacks associated with the use of RAPD markers for studying genetic variation.
The dominant inheritance of RAPD markers (Williams et al., 1990, 1993) makes them less
informative for estimating population genetic parameters than co-dominant markers such as
isozymes and RFLPs. Since it is not possible to distinguish between heterozygote and
homozygote genotypes, it is impossible to calculate allelic frequencies for individual loci.
Consequently, the fraction of shared RAPD bands between two genotypes is used as the
measure of similarity between accessions. But the fraction of shared bands may not be
equivalent to the fraction of shared genes (Lynch, 1988).

The solution to the dominant inheritance of RAPD markers is to analyze a great
number of fragments by using many primers and thereby increase the statistical power (Lu et
al., 1995). Nei (1978) stated the advantages of using a large number of loci for estimation of
genetic distance and recommended that at least 50 loci should be used. In the present study
we used 147 RAPD bands (putative loci), which is almost three times the recommended
number. Therefore, it is likely that the values of genetic similarity obtained and the
dendrograms constructed from them are reliable indications of the relationship between the
sorghum accessions and their regions of origin.

Whether RAPD bands of similar size (i.e., co-migrating bands) are homologous
remains to be verified by hybridization experiments. This may be a serious problem when
comparison is made at higher taxonomic levels (Newbury and Ford-Lloyd, 1993; Rieseberg,
1996). However, it is likely that shared RAPD bands between different genotypes belonging
to a lower taxonomic group (i.e., below species level) reflects sequence homology (Kazan et

al., 1993; Tingey and del Tufa, 1993; Williams et al., 1993). Since our study is based on
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comparison of accessions of Sorghum bicolor ssp bicolor, it is thus presumed that shared
bands are homologous.

The molecular basis of the bands observed in a RAPD pattern is not yet clearly
understood. However, it has been suggested that RAPD polymorphism could arise because
of nucleotide changes at a primer binding site as well as from deletions or insertions that
change the size of the amplified product or render the priming sites too distant to support
amplification (Williams et al., 1990, 1993). As a result of this lack of genetic basis of RAPD
bands, analysis and interpretation are commonly limited to similarity and distance
comparisons between individuals rather than genetic analysis, unlike the results from
isozymes. Certainty whether individual RAPD fragments represent independent characters is
also lacking. Instead, they may be linked or allelic to each other (Lynch, 1988). However,
Tinker et al. (1993) provided evidence for non-allelism of individual RAPD bands and it is
considered valid to treat each RAPD band as an independent locus carrying two alleles,
either presence or absence of the band (Lynch and Milligan, 1994; Nevo et al., 1998).

Additional limitations of RAPDs include low level of reliability and poor
reproducibility because of PCR sensitivity to minor changes in reaction conditions and
competition for primer banding sites (Newbury and Ford-Lloyd, 1993; Skroch and Nienhuis,
1995). Rigorous standardization of the reaction conditions and care may reduce the number
of unreliable amplification products and increase reproducibility (Pammi et al., 1994; Skroch
et al., 1998). Our experience also supports this fact.

In conclusion, a large number of polymorphic RAPD bands are generated by each
primer among the 80 sorghum accessions. Hence RAPDs are very useful for estimating
genetic variation and investigating relationships among sorghum germplasm collections.
Information about genetic similarity (distance) between germplasm collections would be

helpful for plant breeders to choose diverse parents for crossing.
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Chpter 6
Random Amplified Polymorphic DNA (RAPD) Variation in Wild Sorghum
(8. bicolor ssp. verticilliflorum (L..) MOENCH) from Ethiopia

Introduction

Wild sorghum (Sorghum bicolor ssp. verticilliflorum (L.) Moench) is the progenitor of
cultivated sorghum (S. bicolor ssp. bicolor (L.) Moench) (Doggett, 1988; Wiersema and
Leon, 1999). S. bicolor ssp. verticilliflorum includes four races, namely aethiopicum,
arundinaceum, verticilliflorum and virgatum. They differ from each other mainly in
inflorescence morphology and distribution and they are fully inter-fertile with the cultivated
sorghum (de Wet et al., 1970; Doggett, 1991). The hybrid derivative is known as shattercane
(S. bicolor ssp. drummondii), which is a weedy type of sorghum. Shattercane, known as
‘keelo’ or ‘seepo’(literally means the fool in local languages), are weeds in cultivated
sorghum fields in Ethiopia (Damon, 1962; Doggett, 1991; Harlan, 1992). Doggett (1965a, b)
and Doggett and Majisu (1968) demonstrated prevalence of extensive genetic interaction
between wild, weedy and cultivated races of sorghum in Africa wherever they are sympatric.
Being in the primary gene pool with cultivated sorghum, these wild and weedy relatives could
be important sources of genes for sorghum improvement and are also used as forage for
animal feed (Wiersema and Ledn, 1999). Wild and weedy relatives of crop plants have been
known to be sources of useful genes, such as genes for resistance to diseases and pests as well
as genes for tolerance to different stress conditions like drought and cold (Hoyt, 1988;

Tanksley and McCouch, 1997; Ellis et al., 2000). A constant flow of genes creates new
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diversity in the cultivated, weedy and wild types (Doggett, 1965b, 1988; Doggett and Majsu,
1968; Harlan, 1992). Indeed, sorghum is one of the crop plants that has extensive genetic
exchange with its wild and weedy relatives.

In terms of natural distribution, wild sorghum is strictly African (de Wet and Harlan,
1971; Doggett, 1991) and continues to survive in the wild until today across many African
countries, including Ethiopia (Damon, 1962; Gebrekidan, 1970; Doggett, 1988, 1991),
although naturalized forms of wild sorghum can be found in the Americas, Australia, and
India (Wiersema and Ledn, 1999). As is the case elsewhere, however, wild sorghum in
Ethiopia is rapidly disappearing, largely because more and more of its natural habitat is used
for agriculture, grazing, human settlement, construction, etc. Old literature indicates the
presence of wild sorghum in places where none or few currently exist (Damon, 1962;
Gebrekidan, 1970). Thus, it is prudent to collect and conserve the rapidly disappearing wild
sorghum germplasm in Ethiopia before it is lost forever.

Information about the extent and distribution of genetic variation within a species is an
important requirement for efficient collection and conservation of plant germplasm as well as
for utilization of such a germplasm in crop improvement (Bretting and Widrlecher, 1995).
The present study reports the extent and distribution of genetic variation among eleven
populations of wild sorghum collected from different geographical regions of Ethiopia using
random amplified polymorphic DNA (RAPD) (Williams et al., 1990). RAPD markers have
been used successfully for characterization of genetic variation in germplasm collections of

sorghum (Menkir et al., 1997; Ayana et al., 2000a).
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Materials and methods

Plant material

Eleven populations of wild sorghum (Sorghum bicolor ssp. verticilliflorum) were collected
from five regions of Ethiopia (Fig. 6.1) during the period October-December 1998. For each
population, 10 to 15 panicles were collected from independent plants (i.e., excluding tillers)
across a transverse path throughout the selected site within a region. During the collecting trip
it was observed that the size of the standing population is quite variable. It was high (> 100
plants) per unit area of sampling (4 m x 4 m) for the Ghibe populations, moderate (50-100

plants) for the Gambella populations and low for the Assosa, Gamo Gofa and Pawe

populations (< 50 plants).

RAPD analysis

A total of 93 individual plants representing 11 populations were assayed. The number of
individuals per population varied from 4 to 10 (Table 6.1). For each individual, approximately
10 seeds were germinated in plastic pots placed on the laboratory tables. Total genomic DNA
was extracted from about 300 mg fresh leaves harvested from 7-10 day old seedlings
according to the method of Junghans and Metzlaff (1990), with some modifications (Ayana et
al., 2000a).

Nine decamer primers (Operon Technology, Ca., USA), which gave high and
reproducible bands in a previous study of cultivated sorghum (Ayana et al., 2000a; refer also

to Table 5.2 in this thesis), were used (Table 6.2).
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Sampling regions

1. Assosa
2. Gambella

3. Gamo Gofa
% 4. Ghibe
5. Pawe
-

Scale: 1:5,000,000

Fig 6.1. Map of Ethiopia showing the geographical regions from where the wild sorghum populations are collected.
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Table 6.1. List of wild sorghum (S. bicolor ssp. verticilliflorum) populations used for the study

Population Sample Geographic  Locality Altitude (m)

designation size al origin _ E—— N e———

Assosa 4 Assosa Banibis river bank. 43 km away from Assosa town on the way to Banbis Settlement 1050
Site

Gambella-1 9 Gambella Chebo Ukuna Settlement Site. 27 km away from Gambella town on the way to 630
Abobo town

Gambella-2 9 Gambella Abobo area. 54 km away from Gambella town on the way to Abobo town 605

Gambella-3 9 Gambella Mazoria. Itang-Larae junction. 46 km away from Gambella town on the way to Itang 570
town

Gamo Gofa-1 10 Gamo Gofa  Silie State Cotton Farm. 18 km away from Arba Minich town on the way to Konso 1000
town

Gamo Gofa-2 10 Gamo Gofa Chano Mili. 15 km away from Araba Minich town on the way to Sodo town 1020

Gamo Gofa-3 9 Gamo Gofa Yayika. 58 km away from Araba Minich town on the way to Sodo town 1010

Ghibe-1 9 Ghibe On the descending slope to Ghibe river bridge. 26 km from Walkite town to the 1385
bridge

Ghibe-2 9 Ghibe On stream bank after crossing the Ghibe river bridge. 1 km away from the bridge on 1185
the way to Jimma town

Ghibe-3 8 Ghibe On ascending slope from Ghibe river bridge. 7 km away from the bridge on the way 1490
to Jimma town

Pawe 7 Pawe Around Pawe abandoned Air Port 1240

93
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The PCR amplification reactions were performed in a final volume of 20 pl, consisting
of 1x PCR reaction buffer (Sigma), 0.20 uM primer, 100 uM each of dATP, dCTP, dGTP and
dTTP, 2 mM MgCl,, 0.5 units of Taq polymerase and about 25 ng of genomic DNA. The
amplifications were performed using a Genius Thermocycler (Techne Ltd, Cambridge), with
hot lid accessory. The amplifications were programmed for 3 min at 94 °C for initial
denaturation, followed by 45 cycles of 1 min at 94 °C; 1 min at 37 °C and 2 min at 72 °C,
using the fastest possible transition times between each temperature. A final extension was
programmed for 10 minutes at 72 °C and this was followed by hold time at 4 °C until samples
were collected.

Amplification products were resolved by gel electrophoresis in 1.2% agarose gels run
in 1x TAE (10 mM Tris-HCI and 1 mM EDTA) buffer, pH 8.0, for 2V hr at 90 voltage. The
gel was stained with ethidium bromide (10 mg/ml) and the DNA fragments (bands) were
detected by UV trans-illumination and photographed under UV using Polaroid 667 films.

Each RAPD band was considered as an independent character or locus and assigned
numbers in order of decreasing molecular weight. The size of each band was estimated
against the DNA molecular weight marker (100 bp ladder). A band was scored as present (1)
or absent (0).

The amount of genetic variation was determined using the Shannon-Weaver diversity

index. The Shannon-Weaver diversity index as described by Hutchenson (1970) is given as:

H=-2pnp,
where p; is the proportion of amplified and unamplified bands among individuals of a
population or among populations in a region of origin. The proportion of variation attributable
to differences between and within populations as well as between and within regions of origin

were estimated from the Shannon-Weaver diversity index following the method of King and
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Schaal (1989) as used in several RAPD data (Wachira et al., 1995; Menkir et al., 1997, Ayana
et al., 2000a).

Pair-wise genetic similarity matrix was generated among the 93 individuals using the
Jaccard’s similarity coefficient (Jaccard, 1908 cited in Mumm and Dudley, 1995). The

Jaccard similarity coefficient is given as

a
T a+b+c

where ‘a’ is the total number of bands shared between individuals ‘i” and ‘j’; ‘b’ is the total
number of bands present in individual ‘i’ but not in individual °j’; and ‘¢’ is the total number
of bands present in individual ‘j> but not in individual ‘i’. The similarity matrix was then used
for cluster analysis.

Following the assumption of Lynch and Milligan (1994) that there are two alleles per
locus when analyzing genetic population structure from RAPD data, we computed the
proportion of amplified bands (dominant alleles) and non-amplified ones (recessive alleles)
among individuals within every population as well as among populations within every region
of origin. Then pair-wise genetic distances among populations and regions of origin were
computed using Nei’s (1972) coefficient of genetic distance from the corresponding allele
frequency data. The formula for genetic distances (Nei, 1972) among populations and regions

of origin is given as:

o
D=10ge[J Y} J
P £ 2

where Jxy, Jx and Jy are the arithmetic means of jxy, jx and jy, respectively, and jx, = 2Xiyi; jx
= ¥x;* and jy =Yy;> where x; and y; represent the frequencies of the i™ allele in populations X

and Y,
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Fig. 6.2. PCR amplification products for genomic DNA of 14 sorghum samples using
OPA-11 primer.

From left, lane 1 molecular marker (bold band is 800 bp ladder), lanes 2-4 Gamo Gofa, lanes 5-7

Gambella, lanes 8-9 Ghibe, lanes 10-11 Assosa, lanes 12-14 Pawe, and lane 15 negative control.
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Table 6.2. Sequences, number of amplified products (bands) and approximate molecular
size range (bp) for 9 primers used to generate RAPD markers in 93 wild sorghum

individuals

Primer Sequence (5'to 3") Bands bp
OPA-01 CAGGCCCTTC 11 400-2000
OPA-02 TGCCGAGCTG 12 400-2400
OPA-03 AGTCAGCCAC 9 400-1900
OPA-05 AGGGGTCTTG 9 400-2300
OPA-10 GTGATCGCAG 8 600-1500
OPA-11 CAATCGCCGT 8 400-2300
OPA-17 GACCGCTTGT 9 400-1900
OPA-18 AGGTGACCGT 8 400-2000
OPA-19 CAAACGTCGG 9 400-1900
Total 83

Mean 9

Table 6.3. Frequency of amplified products generated with 9 primers in 93 wild

sorghum individuals

Frequency Number of bands Proportion

0.00-0.25 52 0.63
0.26-0.50 23 0.28
0.51-0.75 5 0.06
0.76-1.00 3 0.04
Total 83 1.00

Estimation of genetic variation

The extent of genetic variation for the 11 populations was determined from band frequencies
using the Shannon-Weaver diversity index (Table 6.5). Pooled over the 9 primers, the mean
genetic variation varied from 0.20 for the Ghibe-3 populations to 0.47 for the Ghibe-2 and the
Pawe populations, with an overall variation of 0.49 for the entire data. The estimate of genetic
variation, computed for the 5 regions of origin, is also given in Table 6.5. The mean for

genetic variation varied from 0.30 for Assosa to 0.50 for Gambella.
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Table 6.4. Number and percentage of polymorphic bands for 11 populations of wild
sorghum and for their five regions of origin

Category Number of Polymorphic bands % Polymorphic bands
Population Assosa 40 48
Gambella-1 53 64
Gambella-2 67 81
Gambella-3 43 52
Gamo Gofa-1 60 72
Gamo Gofa-2 72 87
Gamo Gofa-3 49 59
Ghibe-1 56 67
Ghibe-2 T2 87
Ghibe-3 32 39
Pawe 67 81
Mean 56 67
Entire data 83 100
Regions  Assosa 40 48
Gammbella 80 96
Gamo Gofa 83 100
Ghibe 77 93
Pawe 67 81
Mean 69 84

Partitioning of genetic variation

Partitioning of the genetic variation into between and within populations revealed that 75% of
the variation was found within the population, while the remaining 25% was found between
populations (Table 6.6). Similarly, 88% of the genetic variation was found within the regions
of origin of the populations, while only 12% was found between the regions of origin of the

populations (Table 6.6).
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Table 6.6. Partitioning of genetic variation into within and between populations as well as within and between regions of origin

of the wild sorghum populations

Population Region

Primer  Hyotal Hpop Hpop/Hrotat  (Hrotai-Hpop)/ Hrotal H; Hr/Hrota  (Hrota-Hr)/Hrotal
OPA-01 0.50 0.35 0.69 0.31 0.40 0.80 0.20
OPA-02 0.47 0.38 0.80 0.20 0.45 0.96 0.04
OPA-03 0.52 0.40 0.76 0.24 0.42 0.81 0.19
OPA-05 0.46 0.33 0.72 0.28 0.48 0.96 0.04
OPA-10 0.44 0.32 0.73 0.27 0.35 0.80 0.20
OPA-11 0.65 0.51 0.78 022 0.49 0.75 0.25
OPA-17 041 0.28 0.69 0.31 0.42 0.98 0.02
OPA-18 0.54 0.44 0.82 0.18 0.50 0.93 0.07
OPA-19 0.46 0.36 0.78 022 0.48 0.96 0.04
Mean 049+0.02 037+002 0.75+£0.01 0.25+0.01 044+001 0.88+0.01 0.12+0.01

Hrow = Mean for total genetic variation computed from the entire data set; Hp,, and H, = Mean genetic variation for the populations and regions,
respectively; Hpop/Hrota and Hy/Hrow = Proportion of genetic variation within the populations and regions, respectively; (Hrowi-Hpop)/Hrowl and

(Hrrow-H; )/ Hrois = Proportion of genetic variation between the populations and regions, respectively.
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Cluster analysis

Cluster analysis of the 93 wild sorghum individuals failed to completely group the individuals
either on population basis or regions of origin, although many individuals of the same
population or region formed close similarity at different points of the dendrogram (Appendix
6.1). Pair-wise genetic distances among the 11 populations is presented in Table 6.7. The
lowest genetic distance (0.03) was found between Gambella-3 and Gamo Gofa-3, while the
highest coefficient of genetic distance (0.13) was found between Gamo Gofa-1 and Gamo
Gofa-2. The average genetic distance was 0.0789, indicating the existence of a low genetic
variation among the populations. Likewise, the average genetic distance for the regions of
origin was 0.04 (Table 6.8). The lowest genetic distance (0.02) was found between Gambella
and Ghibe, while the highest (0.10) was found between Assosa and Pawe, with an average of
0.03.

Cluster analysis of the 11 populations revealed four groups at a half way cut-point
(Fig. 6.3). While the Assosa population formed a separate group at this cut-point, the
populations of Gambella, Gamo Gofa and Pawe failed to be differentiated. Similarly,
clustering of the regions of origin showed two groups at a half way cut-point (Fig. 6.4). Still
Assosa appeared to be distinct, while the other four regions were in the same group. A close
observation of this second group revealed that the Gambella, Ghibe and Gamo Gofa

populations were closer to each other than either was to the Pawe population.
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Table 6.7. Genetic distances among 11 populations of wild sorghum

Populations 1 s 3 4 5 6 7 8 9 10 11

1. Assosa

2. Gambella-1 0.10

3. Gambella-2 0.11 0.10

4. Gambella-3 0.12 0.11 0.11

5. Gamo Gofa-1 0.09 0.05 0.11 0.11

6. Gamo Gofa-2 0.13 0.13 0.06 0.10 0.13

7. Gamo Gofa-3 0.10 0.11 0.12 0.03 0.10 0.11

8. Ghibe-1 0.10 0.05 0.10 0.11 0.04 0.12 0.11

9. Ghibe-2 0.10 0.08 0.04 0.10 0.10 0.05 0.10 0.08

10. Ghibe-3 0.11 0.12 0.12 0.03 0.11 0.10 0.04 0.12 0.10

11. Pawe 0.10 0.11 0.09 0.10 0.11 0.07 0.09 0.10 0.07 0.10

Table 6.8. Genetic distances among the five regions of origin of wild sorghum
populations

Regions 1 2 3 4 5

1. Assosa

2. Gambella 0.09

3. Gamo Gofa 0.08 0.02

4. Ghibe 0.08 0.02 0.02

5. Pawe 0.10 0.08 0.07 0.07
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Genetic distance

0.125 0.100 0.075 0.050 0.025

Ass0sa
Gamobotfal
Gambwellal
Ghibel
Gamobota?
Ghibe?
Gambella?
Pawe
Gamobofa3
Gambella3
Ghibe3

Fig. 6.3. Dendrogram for 11 populations of wild sorghum collected from five geographical regions in Ethiopia.
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Discussion

We have analyzed RAPD variation in 93 wild sorghum individuals representing 11
populations from five geographical regions of Ethiopia to determine the extent and
distribution of genetic variation. The number of polymorphic bands generated per primer in
the present study was high and similar results are obtained for cultivated sorghum (Ayana et
al., 2000a). Based on our observation during the collecting trip, we witness that the population
size of the wild sorghum in Ethiopia is highly reduced because of rapid natural habitat change
for human settlement, agriculture, construction, etc. The high degree of RAPD polymorphic
bands observed in the present study is appreciable compared with the highly reduced
population size in all the five regions. It is also our observation that human population is
rapidly increasing in these regions with concomitant disappearance of wild sorghum from
these regions. Construction works, settlement projects and large farms are rapidly expanding
in the regions, particularly in Gambella and Ghibe, where relatively good stand of wild
sorghum is observed at the moment. This calls for strong need to collect and conserve this
invaluable genetic resource before it is lost forever. In several of his works, Doggett pointed
out that the Gamo Gofa and the Gambella regions of Ethiopia are the probable places where
sorghum was domesticated (Doggett, 1991; Doggett and Prasada Rao, 1995). The fact that the
populations from these two regions showed higher percentage of polymorphic bands and
higher genetic variation than populations of the other regions, did not only render support to
Doggett's and others long standing argument (Doggett, 1976, 1991, Prasada Rao and
Mengesha, 1981; Doggett and Prasada Rao, 1995) but also forces us to focus on these regions

for future germplasm collecting missions.
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reported by Ayana et al. (2000a, ¢) using RAPD and allozyme data and by Ayana and Bekele
(1998) using qualitative morphological characters.

Although both ex situ and in situ methods of germplasm conservation are possible and
complementary to each other, at this perilous time, conservation of wild sorghum germplasm
from Ethiopia in its natural habitat seems impractical as the natural habitat is rapidly changing
under various human activities. Moreover, existing socio-economic conditions do not seem to
allow allocating vast acreage for conserving wild sorghum in its natural habitat. Therefore, we
strongly recommend urgent rescue collection and in sifu conservation. In this regard the
Institute of Biodiversity Conservation and Research, Ethiopia, which is mandated for
germplasm collection and conservation, should be heightened for the collection and ex situ
conservation. Eventually it might be possible to extend to in situ conservation i.e., in the form
of a botanical garden. Abobo Agricultural Research Centre, which is situated in Gambella,

could play a significant role by allocating area for the establishment and maintenance of the

botanical garden.

Summary

The extent and distribution of genetic variation in wild sorghum (S. bicolor ssp.
verticilliflorum (L.) Moench) collected from five different geographical regions in Ethiopia
were analyzed using random amplified polymorphic DNA (RAPD) markers for 93 genotypes
representing 11 populations. Nine decamer primers generated a total of 83 polymorphic

bands, across the 93 genotypes, with 8-12 bands per primer and an average of 9 bands. The

amount of genetic variation within the populations ( / = 0.37) and within the geographical
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region ( H =044 ) was low to moderate, despite the high degree of polymorphic bands per
primer. Similarly, the average genetic distance (0.08) between populations as well as between
regions of origin (0.04) of the population was found to be low. The low genetic variation may
be due to the reduced population size of the wild sorghum in Ethiopia because of habitat
change. Partitioning of the genetic variation into between and within the population as well as
between and within the regions of origin revealed that 75% and 90% of the variation was
found within the populations and within the regions, respectively. Cluster analysis of genetic
distance estimates further confirmed the low level of differentiation of wild sorghum
populations both on population and regional bases. The implications of the results for genetic

conservation purposes are discussed.
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Chapter 7

General Discussion and Conclusions

Genetic variation is a prerequisite for short- and long-term survival of a species and for crop
improvement through plant breeding (Allard, 1996) and the significance of preserving the
genetic diversity of domesticated and wild plant species is widely acknowledged (Frankel et
al., 1995). As a result, many national, regional and international gene banks are maintaining a
large number of germplasm collections of economically important crop plants. For instance,
Ethiopia, being one of the Vavilovian centers of genetic diversity, is repository of germplasm
collections of worldwide important crop plants, including sorghum. The collections include
predominantly landraces, which are invaluable sources of useful genes for further increasing
crop yield and quality. Landraces are particularly noted as rich sources of genes for disease
and insect resistance as well as for stress tolerance against abiotic factors such as drought
(Frankel et al., 1995; Zeven, 1998). Incorporating such useful genes into breeding materials
helps to maintain the stability of crop productivity. Knowledge about the amount and patterns
of distribution of genetic variation in germplasm collections is of great importance for
designing future collection strategies and management of genetic resources as well as for
utilization of such collections for plant breeding (Frankel et al., 1995; Ortiz et al., 1998).

In this thesis, we have presented the amount and patterns of distribution of genetic
variation in cultivated sorghum (Sorghum bicolor ssp. bicolor (L.) Moench) germplasm from
Ethiopia and Eritrea as well as some introduced elite breeding materials using morphological,
allozyme and RAPD data. We also investigated the extent and patterns of distribution of

genetic variation in wild sorghum (S. bicolor ssp. verticilliflorum (L.) Moench) germplasm
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from Ethiopia using RAPD markers. The central objective of the studies has been to provide
comprehensive information about the magnitude and patterns of distribution of genetic
diversity in sorghum germplasm from Ethiopia and Eritrea that would help enhance the

management and utilization of the extant genetic resources.

Amount of genetic variation

For cultivated sorghum, analysis was made on 415 accessions for 15 quantitative characters
and 10 qualitative characters having a total of 46 character states; 48 accessions for 27 alleles
of 23 allozyme loci encoding 11 enzyme systems; and 80 accessions for 147 RAPD bands
generated using 20 oligonucleotide PCR primers. The results show that the materials
exhibited a wide range of variation for the 15 quantitative characters and a high level of

variation for the 10 categorical morphological traits (mean Shannon-Weaver diversity index,
H=090+ 0.02). However, the level of variation was found to be intermediate for the RAPD

markers (mean Shannon-Weaver diversity index, H=053+ 0.02) and low for the allozymes
(expected heterozygosity, He = 0.042 + 0.017). More recently, studying the patterns of
morphological and allozyme variation in sorghum landraces of Northwest Morocco, Dje et
al. (1998) also reported that the level of variation for morphological traits is more than that
for allozymes. Similar conclusions have been reached in earlier studies (Morden et al., 1989,
1990; Ollitrault et al., 1989; Duncan et al., 1991). Lack of congruence between levels of
genetic variation obtained from different techniques is also common in sorghum literature

(Vierling et al., 1994; Yang et al., 1996; Djé et al., 1999).
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Thus, despite considerable phenotypic diversity, studies of allozyme variation suggest
that genetic diversity in sorghum is limited. The low allozyme polymorphism in sorghum
could be attributed to its recent origin (Aldrich et al., 1992; Rowley-Conwy et al., 1999) and
to its self-pollination (Doggett, 1988) as well as to population bottleneck during
domestication (Morden et al., 1989; Gepts, 1993). Recently, Gupta et al. (1999) reviewed
molecular markers and their applications in wheat breeding and concluded that one of the
reasons for the low RFLP polymorphism in wheat is its recent origin. Self-pollinating species
such as sorghum are also generally characterized by low levels of allozyme variation
compared to their outcrossing counterparts (Hamrick and Godt, 1990, 1997).

The difference between the levels of allozyme and RAPD variations could be related
to the number of polymorphic loci/bands analyzed. We analyzed about 37 times more
number of polymorphic RAPD bands (147) than polymorphic allozyme loci (only 4 of the 23
loci were polymorphic). This result provides support to the claim made by Yee et al. (1999)
that the ability to resolve genetic variation among accessions may be more directly related to
the number of polymorphisms detected with each marker technique rather than a function of
which technique is employed. Moreover, rates and modes of evolutionary change may differ
greatly between coding and non-coding regions of the genome, because of differential
operation of selection (Schaal et al., 1991; Brown and Schoen, 1992). It has been suggested
that RAPD loci may, in certain instances, be more selectively neutral with respect to natural
selection than isozyme loci (Dawson et al., 1995; Allard, 1996). There is a possibility that
RAPD can access the more variable portion of the genome, i.e., the non-coding region
(Williams et al., 1990, 1993).

In contrast, allozyme assay detects variation arising only in the coding region of the
genome, which may be conserved to maintain the function of enzymes (Gottlieb, 1982). Still

only a fraction of the mutational events, those changing amino-acid composition and
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consequently charge and the electrophoretic mobility in a gel, can be resolved in allozyme
assays (Clegg, 1990; Hartl and Clark, 1997). In other words, many variations at the DNA
level can remain hidden at the protein level because several single mutations do not change
the amino-acid composition or the charge of proteins. Hence, estimates of genetic variation
that are based on allozyme may under estimate the overall amount of genetic variation
actually present in a plant species.

On the other hand, all mutational changes in DNA can be potentially detected by
DNA-based markers such as RAPD (Dubreuil and Charcosset, 1997; Karp et al., 1997).
RAPD markers have also shown more levels of genetic variability than isozymes in red
clover (7rifolium pratense L.) (Kongkiatngam et al., 1995), trembling aspen (Populus
tremuloides Michx.) and bigtooth aspen (P. grandidentata Michx.), which are outcrossing
tree species widely distributed in North America (Liu and Furnier, 1993).

Taking together the results of the present study and those of previous studies with
similar objectives, there remains an intriguing point that needs explanation about the level of
genetic variation in sorghum. Sorghum is noted as one of the most morphologically variable
crop plants (Doggett, 1988) and this high variability has been a major problem in sorghum
systematics (Snowden, 1936; Harlan and de Wet, 1972; de Wet, 1978). Our results
apparently show higher level of variation for morphological traits than those obtained for
allozymes and RAPD markers.

Similarly, if one critically reviews the literature for levels of genetic variation in
sorghum obtained by analyses of allozymes (Morden et al., 1989 1990; Aldrich et al., 1992;
Djé et al., 1998, 1999; Ayana et al., 2000c), RFLP (Aldrich and Doebley, 1992; Tao et al.,
1993; Vierling et al., 1994), RAPD (Tao et al., 1993; Menkir et al., 1997, Ayana et al.,
2000a), one would easily reach a conclusion that the level of genetic variation does not seem

to match with the enormous morphological variation for which sorghum is well noted.

162



Relatively high levels of variation have been reported when hypervariable markers with a
characteristic high mutation rates, such as SSR (Brown et al., 1996; Taramino et al., 1997,
Dean et al., 1999; Grenier et al., 2000b; Djé et al., 2000) and ISSR (Yang et al., 1996) are
used and when RFLP probes are carefully selected to cover the different sorghum linkage
groups (Ahnert et al., 1996).

Such discrepancy between the level of morphological variation and the levels of
protein and DNA polymorphisms has been observed in other crop plants such as cultivated
peanut (Arachis hypogaea 1..) (Kochert et al., 1991; Halward et al., 1992; Stalker et al., 1994;
and Subramanian et al., 2000 for reviews) and melon (Cucumis melo L.) (Dane, 1983;
Shattuck-Eidens et al., 1990). Reviewing a large body of literature in crop evolution studies,
Gepts (1993) also concluded that there is a general reduction in diversity at the biochemical
and molecular levels during domestication for majority of crop plants.

The discrepancy between the levels of morphological variation and that obtained
through allozymes and various DNA-based markers is not limited to domesticated species. It
is also common in wild species of crop plants. For instance, Black-Samuelsson (1997)
studied the genetic variation and phenotypic plasticity in the rare plant species Vicia
pisiformis L. and V. dumentorum L. (Fabaceae) and found higher level of variation for
quantitative characters than for isozyme and RAPD and still relatively higher for RAPD than
isozyme. Similar results have been obtained in other wild plants such as Poa annum L.
(Poaceae) (Frenot et al., 1999) and arctic Potentilla (Rosaceae) (Hansen et al., 2000).

Possible explanations for the discrepancy between the levels of variation for
morphological traits on one hand, and the levels of variation for allozymes and molecular
markers on the other hand, are as follows:

(1) That the variation for morphological characters has both genetic, environmental

and genotype by environment interaction components (Falconer and Mackay,
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1996), and the relative contribution of each of these is not easy to separate in
genetic diversity assessment of germplasm collections (because of lack of
controlled crosses) using morphological and agronomic traits. If the magnitude of
environmentally induced variation is large in comparison to genetic variation,
diversity estimates based on morphological data may poorly reflect the actual
levels of genetic diversity among accessions (Messmer et al., 1993; Yee et al,,
1999). But the fact that quantitative characters are mostly adaptive and their
variations are correlated with ecological factors, increase their value in plant
breeding and conservation genetics (Lewontin, 1984; Hamrick, 1989; Black et
al., 1995). Similarly, the present study on sorghum revealed the adaptive
significance of several quantitative characters such as panicle compactness and
shape, days for 50% flowering, and plant height (refer also to Ayana and Bekele,
1998, 1999, 2000).

(2) That the reduction in diversity at the biochemical and molecular levels during
domestication is accompanied by an increase in diversity at the phenotypic level,
perhaps being caused by a few genes having major effects (Gepts, 1993,
Paterson, 1997).

(3) That perhaps such discrepancy is much more pronounced in those species that are
of recent origin (Gepts, 1993; He and Prakash, 1997). This possibility could hold
for sorghum if the proposal of its origin is accepted (Aldrich et al, 1992;
Rowley-Conwy et al., 1999),

(4) That a species employ two alternative, but not mutually exclusive, adaptive
strategies — genetic and adaptive phenotypic plasticity (Bradshaw and
Hardwick, 1989; Sultan, 1995). If the species possesses no genetic variation or if

its environment changes very fast, then, adaptive phenotypic plasticity becomes
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The overall mean estimate of genetic variation for 83 individuals of wild sorghum

representing 11 populations from five regions in Ethiopia was (mean Shannon-Weaver

diversity index, H= 0.49). Comparing this diversity index to that of the cultivated sorghum

(H = 0.53), the wild material seems to be slightly less variable than the cultivated one. It
seems that the low level of genetic variation in wild sorghums from Ethiopia is due to
reduction in population size because of natural habitat destruction through human activities
(Ayana et al., 2000b). Previous studies indicate that wild relatives of sorghum maintain more
genetic variation than domesticated one for allozymes (Morden et al., 1990) and for RFLPs

(Aldrich and Doebley, 1992; Cui et al., 1995).

Regional levels of variation

Assessment of genetic diversity is important for identifying geographical regions where
diversity is high (Tuwafe et al., 1988; Aldrich et al., 1992; Menkir et al., 1997). In the present
study, examination of the levels of variation from the three sources of data all taken together
(i.e., morphological, allozyme and RAPD) revealed that Gamo Gofa, Gonder, Harerge,
Illubabor, Shewa and Welo rank as the top six regions with high amounts of variation.
Furthermore, cluster analyses and/or ordination techniques of the three sources of data
revealed that two or more of these regions are clustering together (refer to Figures 3.2, 3.3,
42, 4.3 and 5.3). However, perfect matching of the dendrograms or the plots is lacking,
which could be due to several reasons, such as the use of different algorithms and different

sample sizes (both number of regions and number of accessions per region), as well as or due
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to the nature of the genetic basis of variation for morphological characters, allozymes and
RAPD markers.

The results for morphological characters suggested that there were regional patterns
of diversity for traits such as days for 50% flowering, plant height and panicle compactness
and shape. Accessions from relatively dry regions were characterized by early flowering,
short plant height and compact panicle types (refer also Ayana and Bekele, 1998, 1999,
2000). The clinal variation for plant height, days for 50% flowering, and the localized
distribution of panicle compactness and shape, as well as the clustering together of regions
with similar climatic and ecological conditions in morphological analysis all suggested that
environmental factors play significant roles in shaping the amount and patterns of
distribution of variation and thereby the adaptive significance of some of the morphological

traits.

Levels of variation among adaptation zones

The distinctiveness of the 415 cultivated sorghum accessions was much more pronounced
when discriminant analysis for quantitative morphological characters was made on the basis
of adaptation zones than on the regions of origin. Multivariate analysis of morphological
traits is known to indicate the adaptation of populations (Camussie et al., 1985; Souza and
Sorrels, 1991; Zhong and Qualset, 1995; Ayana and Bekele, 1999). However, the levels of
variation for categorical characters, allozymes and RAPD markers were found to be of
similar magnitude for the three adaptation zones. Thus, there is no compelling reason to

assert that the sorghum materials from the three adaptation zones are genetically
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substructured. Then, they are of equal choice in breeding programs for either of the
adaptation zones. However, as already indicated, future studies aimed at diversity analysis in
sorghum in Ethiopia should consider the 18 main agro-ecological zones and 49 subagro-
ecological zones of the country (MOA, 1998), instead of the grossly classified three or four

adaptation zones for sorghum (Gebrekidan, 1981).

Patterns of distribution of variation

Information about how genetic variation is partitioned among accessions as well as among
regions and adaptation zones is essential for effective germplasm management (Dean et al.,
1999). The grouping of the accessions into different clusters using the three different data
sources for cultivated sorghum was not perfectly related to either their geographic origin or
adaptation zones, suggesting lack of complete differentiation. Moreover, all lines of evidence
(qualitative morphological traits, allozymes and RAPD markers) obtained for cultivated
sorghum indicated that a larger proportion of the variation is found within than among
regions and within than among adaptation zones. In addition, for the allozyme data, 59% of
the total variation was found within population, while the remaining 41% of the variation
was between populations. The latter was found to be statistically significant, suggesting that
the accessions are structured, confirming previous findings that the germplasm collection of
sorghum is highly structured for allozymes (Morden et al., 1989; Djé et al., 1998, 1999).
Observation of the relative differentiation of the materials revealed that the levels of
regional differentiation were more than those for the adaptation zones for categorical traits,

allozymes and RAPD markers. This contrasts with the higher discriminative power of
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adaptation zones than regions of origins for quantitative morphological characters (Ayana
and Bekele, 1999), suggesting the adaptive nature of quantitative characters as compared to
the presumably neutral molecular markers (Ohta, 1992). The fact that geographical origin has
significant influence in sorghum germplasm differentiation has already been noted in many
studies (Morden et al., 1989; Ollitrault et al., 1989; Aldrich et al., 1992; Menkir et al., 1997,
Djé et al., 2000). Interestingly, these authors have shown that the level of genetic
differentiation on the basis of geographical origin or individual accessions is higher than the
level of differentiation obtained on the basis of racial classification. Note that the five basic
races of sorghum and the 10 intermediate races are defined on the basis of spikelet
morphology (Harlan and de Wet, 1972).

Sorghum is largely self-pollinating species (Doggett, 1988). Accordingly, a large
portion of the variation must have occurred among populations than within populations
(Hamrick and Godt, 1997). This has been supported by results obtained for sorghum in
different studies using different techniques. Using allozymes data, Morden et al., (1989)
reported that 91% of the total variation was found among accessions, while only 9% was
found within accessions. Using simple sequence repeats, Dean et al. (1999) found that 90%
of the total variation is found among accessions, while 10% of the variation was found within
accessions of U.S. National sorghum collections. Similarly, using microsatellite markers, Djé
et al. (2000) reported 67% and 33% of the total variation to occur among and within
accessions, respectively. However, their results revealed relatively low level of geographical
and racial differentiation for the 25 accessions that they studied.

In the present study, partitioning of the total variation for the wild sorghum also
revealed that most of the variation was found within populations (75%) and within regions of

origin (88%) rather than between populations (25%) and between regions of origin (12%).
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Similar to the cultivated sorghum, genetic differentiation of the wild sorghum was also found

to be low.

Implications for conservation

Identification of rich centers of diversity is necessary for undertaking in situ conservation of
plant genetic resources (Marshall, 1990; Brush, 1995). The overall view of our results
revealed that Gamo Gofa in the south, Gonder in the northwest, Harerge in the east, Illubabor
(including the Gambella region) in the southwest, Shewa in the central and Welo in the
northeast of Ethiopia are rich in sorghum genetic diversity and hence could serve as satellite
regions for in situ conservation. Although considering all these regions for in situ
conservation appears to be expensive, respective regional states can easily accommodate in
their research and biodiversity conservation programs. In this way efforts can be shared but
for similar goal. Gambella, Gamo Gofa and the Ghibe valley also need due attention for
further exploration and in situ conservation of wild sorghum (refer to Ayana et al., 2000b).
Moreover, future sampling strategy should consider sampling as many as possible
samples within regions and within adaptation zones and as many as possible individuals
since a large portion of the variation has been found within categories compared with that
between categories. This strategy is also useful to capture genes for adaptive traits and rare
alleles. Further justifications for this sampling strategy are given in Ayana and Bekele (1998,

1999, 2000) and in Ayana et al. (2000a, b, c).
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Implications for utilization in sorghum breeding

Estimation of genetic diversity helps in the evaluation of different germplasm as possible
sources of genes that can be used in plant breeding programs (Cowen and Frey, 1987;
Melchinger et al., 1991; Gilzlice et al., 1993; Schut et al., 1997). The results of the present
studies show that sorghum accessions from Eritrea are early flowering and hence can be
useful sources of genes for early maturity, for which there is a great need in Ethiopia and
other African countries (Gebrekidan, 1981; Kebede, 1986; Ayana and Bekele, 1998, 1999,
2000). The results show similar materials could be found, although in low frequencies,
among lowland accessions of Gamo Gofa, Gonder, Harerge, Illubabor (Gambella), Tigray,
and Welo. Therefore, additional collection of short stature and early maturing types of
sorghum should be made in the lowland areas of Gamo Gofa, Gonder, Harerge, Illubabor
(Gambella), Tigray and Welo.

Likewise, choice of parents is a crucial step in planned hybridization because it
largely determines the outcome of subsequent selection steps in segregating populations
(Allard, 1999). Sorghum breeders produce many potentially useful crosses and evaluate
subsequent segregating generations (Debelo et al., 1995). It would be more likely that a wide
range of segregating materials are produced if crossing is made by choosing materials that
appear significantly different in cluster analyses for both morphological, allozymes and
RAPD data. So we suggest that future crossing programs consider the use of some of the
divergent accessions identified in cluster analyses of morphological traits (Ayana and Bekele,

1999), RAPD (Ayana et al., 2000b) and allozymes (Ayana et al., 2000c).
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Conclusions

The following major conclusions are made from the present studies.

(1) The sorghum materials displayed a wide range of variation for quantitative characters and
a high level of variation for categorical morphological traits.

(2) The distributions of some of the characters such as panicle compactness and shape
suggest that such characters have adaptive significance in sorghum.

(3) The clinal patterns of distribution of some of the morphological characters such as plant
height and days for 50% flowering suggest that environmental factors influence the
patterns of distribution and amount of variation for morphological traits.

(4) The level of genetic variation is low for allozymes.

(5) The level of genetic variation is intermediate for RAPD markers.

(6) The classification of the sorghum materials into three adaptation zones, i.e., lowland,
intermediate and highland seems to be justified only for quantitative traits, otherwise the
level of genetic differentiation appeared to be low.

(7) The pattern of distribution of the variation for morphological traits, allozymes and RAPD
markers is similar in that more of the variation is found within than between regions,
adaptation zones and populations.

(8) The level of RAPD variation in wild sorghum is low probably due to reduction in
population size.

(9) The level of differentiation of the sorghum materials either on regional or on adaptation
zones seems to be low.

(10) The relative differentiation is found to be higher on the basis of regions of origin than on

the basis of the adaptation zones.
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Suggestions for future research

We suggest that future studies to address the following areas.

(1) Continue the current lines of investigations (i.e., determine the amount and patterns of
distribution of genetic variation) using more sample size and the 18 main agro-ecological
and 49 sub agro-ecological zones of Ethiopia (MOA, 1998) as well as using more
polymorphic markers such as SSR.

(2) Compare degree of heterosis and amount and nature of genetic variation in crosses
obtained from similarity or genetic distance matrices of morphological, allozymes and
RAPD markers.

(3) Compare the amount of allozyme variation among in situ and ex sifu materials
regenerated at a specified years of intervals. This study would be necessary to reach a firm
conclusion whether the low level of allozyme variation is due to loss of genetic variation
during regeneration or due to its evolutionary consequences such as recent origin (see
arguments in chapter four or Ayana et al., 2000c¢).

(4) Study the amount and patterns of genetic variation in relation with the amount and
patterns of phenotypic plasticity in sorghum. Results from such lines of investigations
would help to get insight about the major strategy — genetic differentiation or adaptive
phenotypic plasticity — of adaptation of sorghum to its highly variable environments.

(5) Determine the rate of outcrossing in different ecological zones of Ethiopia.

(6) Establish core collection of Ethiopian sorghum germplasm using morphological and
passport data and subject the core collection to detailed genetic diversity assessment using

both morphological and suitable molecular markers.
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(7) Study the evolutionary consequences of the five basic races of cultivated sorghum
(Harlan and de Wet, 1972) by transplant experiments. The aim would be to see, for
example, whether characteristic features of guinea could divert into those of durra and
vice versa when both are grown in appropriate ecological conditions for many
generations. This is an experiment which requires long time and commitment.

We think that information obtained from the above lines of investigations would have

both theoretical and practical significance for sorghum improvement.
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Appendix 3.1. Continued.

No Acc.No Altitude Origin Status No Acc.No Altitude Origin  Status

249 223589 1600 Shewa Landrace 279 226072 2370 Gonder Landrace
250 225831 2260 Gamo Gofa Landrace 280 226073 2345 Gonder Landrace
251 225831 2260 Gamo Gofa Landrace 281 226074 1905 Gonder Landrace
252 225832 2260 Gamo Gofa Landrace 282 226075 1905 Gonder Landrace
253 225833 2260 Gamo Gofa Landrace 283 226076 1820 Gonder Landrace
254 226046 1600 Welo Landrace 284 226077 1820 Gonder Landrace
255 226047 1580 Welo Landrace 285 226078 1855 Gonder Landrace
256 226048 2570 Welo Landrace 286 226079 1855 Gonder Landrace
257 226049 2485 Welo Landrace 287 226080 1760 Gonder Landrace
258 226050 2485 Welo Landrace 288 226082 1760 Gonder Landrace
259 226051 2450 Welo Landrace 289 226083 1980 Gonder Landrace
260 226052 2450 Welo Landrace 290 226085 1955 Gonder Landrace
261 226054 1500 Welo Landrace 291 226087 1660 Gojam Landrace
262 226055 1450 Welo Landrace 292 227742 1480 Welo  Landrace
263 226056 2540 Welo Landrace 293 228108 1540 Welo  Landrace
264 226057 2450 Welo Landrace 294 228109 1520 Welo  Landrace
265 226058 2400 Welo Landrace 295 228111 1500 Welo  Landrace
266 226059 2400 Welo Landrace 296 228114 1500 Welo  Landrace
267 226060 2420 Welo Landrace 297 228115 1500 Welo  Landrace
268 226061 2590 Welo Landrace 298 228116 1500 Welo  Landrace
269 226062 2535 Welo Landrace 299 228251 1550 Welo  Landrace
270 226063 2530 Welo Landrace 300 228252 1550 Welo  Landrace
301 228253 1580 Welo Landrace 331 231186 1500 Harerge Landrace
302 228254 1580 Welo Landrace 332 231187 1550 Harerge Landrace
303 228736 1500 Shewa Landrace 333 231188 1500 Harerge Landrace
304 228738 1750 Shewa Landrace 334 231189 1570 Harerge Landrace
305 228821 1690 Harerge Landrace 335 231190 1550 Harerge Landrace
306 228824 1810 Harerge Landrace 336 231191 1500 Harerge Landrace
307 228826 1480 Harerge Landrace 337 231192 1540 Harerge Landrace
308 228830 1550 Harerge Landrace 338 231193 1500 Harerge Landrace
309 228831 1550 Harerge Landrace 339 231194 1710 Harege Landrace
310 228832 1550 Harerge Landrace 340 231195 1960 Harerge Landrace
311 228833 1920 Harerge Landrace 341 231196 1650 Harege Landrace
312 228836 1690 Harerge Landrace 342 231196 1500 Harerge Landrace
313 228839 1660 Harerge Landrace 343 231197 2000 Harerge Landrace
314 228846 1550 Harerge Landrace 344 231198 2000 Harerge Landrace
315 228849 1550 Harerge Landrace 345 231199 1600 Harege Landrace
316 228850 1580 Harerge Landrace 346 231200 1720 Harege Landrace
317 228851 1400 Harerge Landrace 347 231202 1700 Harege Landrace
318 228917 1800 Illubabor  Landrace 348 231203 1700 Harege Landrace
319 228922 1800 Illubabor Landrace 349 231204 1670 Harege Landrace
320 229240 2550 Shewa Landrace 350 231206 1700 Harege Landrace
321 229839 1450 Gojam Landrace 351 231207 1700 Harege Landrace
322 230065 1300 Bale Landrace 352 231208 1550 Harerge Landrace
323 230242 1750 Eritrea Landrace 353 231209 1550 Harerge Landrace
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Appendix 3.1. Continued.

No Acc.No Altitude Origin  Status No Acc.No Altitude Origin  Status
324 230243 1750 Eritrea Landrace 354 231459 1420 Harerge Landrace
325 230780 1200 Sidamo Landrace 355 231461 1450 Harerge Landrace
326 230875 1800 Harege Landrace 356 234089 2110 Tigray  Landrace
327 231179 1600 Harege Landrace 357 234096 1550 Tigray = Landrace
328 231181 1800 Harege Landrace 358 235442 1850 Gonder Landrace
329 231182 1950 Harerge Landrace 359 235443 1850 Gonder Landrace
330 231185 2000 Harerge Landrace 360 235445 1880 Gonder Landrace
361 235447 1060 Tigray Landrace 390 235932 620 Gonder Landrace
362 235448 1600 Tigray Landrace 391 235935 620 Gonder Landrace
363 235450 1710 Tigray Landrace 392 Alemaya-70 1980 Variety Variety
364 235453 1650 Tigray Landrace 393 Bakomash 1700 Variety Variety
365 235457 1680 Tigray Landrace 394 Birmash 1650 Variety  Variety
366 235458 1740 Tigray Landrace 395 Dinkmash 1426 Variety  Variety
367 235460 1700 Tigray Landrace 396 ETS-2752 1920 Variety  Variety
368 235462 1500 Tigray Landrace 397 Gambella-1107 1500 Variety Variety
369 235465 1490 Tigray Landrace 398 76T1#23 1400 Variety Variety
370 235466 1490 Tigray Landrace 399 Seredo 1500 Variety  Variety
371 235467 1460 Tigray Landrace 400 P9401 1500 America Introduction
372 235468 1700 Tigray Landrace 401 P9408 1500 America Introduction
373 235469 1700 Tigray Landrace 402 ISCV112BF 1500 Burkina Faso Introduction
374 235469 1700 Tigray Landrace 403 94MKSb#81 1500 India Introduction
375 235477 2260 Tigray Landrace 404 94MKSb#82 1500 India Introduction
376 235478 1620 Tigray Landrace 405 KAT/369-1 1500 Kenya  Introduction
377 235908 1620 Tigray Landrace 406 KAT/369-2 1500 Kenya  Introduction
378 235910 1430 Gonder Landrace 407 1S2284 1500 Somalia Introduction
379 235913 1640 Tigray Landrace 408 IS9302 1500 South Africa Introduction
380 235914 1640 Tigray Landrace 409 IS9308 1500 South Africa Introduction
381 235920 1150 Gonder Landrace 410 CR:35:5 1500 Sudan  Introduction
382 235921 1150 Gonder Landrace 411 SRN-39 1426 Sudan  Introduction
383 235922 1000 Gonder Landrace 412 94MK#84 1500 Uganda Introduction
384 235923 950 Gonder Landrace 413 94MK#86 1500 Uganda Introduction
385 235924 910 Gonder Landrace 414 3443-2-OP 1500 Zimbabwe Introduction
386 235925 960 Gonder Landrace 415 RSAVIENT# 1500 Zimbabwe Introduction
387 235926 930 Gonder Landrace
388 235927 820 Gonder Landrace
389 235928 850 Gonder Landrace
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