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ABSTRACT

An exploration was made from October through November in 2008 to five sorghum
growing geographical regions to study the distribution, the range of co-occurrence and
diversity in the crop-wild-weed sorghum complex. Data were recordeadh ogitu
guantitative and qualitative phenotypic characters from 30 populations. Moreover, the
genetic structure of 19 wild populations from the five regions, eight cultivar populations
from three regions, and 10 wild sorghum accessions from ICRISAT was studied using
nine SSR loci. The extent of outcrossing was investigated in seven wild/weedy sorghum
populations using five polymorphic SSR markers. The study was also aimed at
investigating the fitness of wild-crop sorghum hybrids for various juvenile survival, adult
and fertility phenological and morphological characters. Further, included in the present
study was investigation of ecotypic differences of wild sorghum for dormancy, longevity,
and their seed germination requirements as part of a risk assessment of crop-wild gene
flow. There was high diversity among the wild/ weedy sorghum populations for
phenotypic traits. SSR diversity was greater in the Ethiopian wild sorghum populations
than in the sampled cultivars or wild accessions. Analysis of molecular variance
(AMOVA) showed that 41% of the genetic variation in the wild plants was partitioned
among populations, indicating a high degree of differentiation and the average number of
migrants per generation {)was 0.43 indicating limited gene flow within the wild pool.
Cluster analyses showed that some wild populations were grouped by geographic region,
whereas others were not, presumably due to long-distance seed movement. There was
moderate differentiation between the wild and the cultivated sorghum probably because

of historical gene flow. Wild sorghums collected from different geographical regions

Xiv



exhibited variation (range=0.31-0.65) in outcrossing rate. Most wild x crop hybrids
didn’t show any fitness costs with respect to the measured traits and in some cases they
showed mid-parent heterosis. The study indicated that crop-to-wild gene flow is possible,
and the existence of morphologically intermediate forms between cultivated and wild
sorghum indicates that gene flow is likely to have occurred in Ethiopia. Moreover, the
high outcrossing rates of wild/weedy sorghum populations in Ethiopia may indicate a
high potential for the spread of crop genes into the wild pool. The probable gene flow
from the cultivated sorghum to the wild sorghum and introgression may pose risk of loss
of genetic diversity in the wild and genes from transgenic sorghum are expected to enter
wild populations if transgenic sorghum is deployed in Eastern Africa. Therefore,
effective risk management strategies may be needed if the introgression of crop genes
(including transgenes) from improved cultivars into wild/ weedy populations is deemed

to be undesirable.

Key words: Gene flow, genetic diversity, mating systems, population structure, sorghum,

transgenic
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1. INTRODUCTION

All the major crop species of today are believed to have been domesticated by humans
between 5000 and 10,000 years ago (Smith, 2001) from their wild ancestors through
conscious and unconscious selection for agronomically desirable traits. The majority of
them originated in today's developioguntries, which hold ligh diversity of traditional

crop varieties and crop wild relatives and thus could serve as important sources for new
genesAlthough the antiquity of sorghum is not known (Doggett, 1965) it is assumed to
have originated from around 4000-3000 B.C. in Ethiopia and surrounding countries from

wild forms (Dillonet al, 2007).

Sorghum is among the most important grain crops in the world including Ethiopia.
Because of its multiple purposes and its ability to cope up with unfavorable growing
conditions, sorghum will continue to feed the world’s expanding populations. Moreover,
sorghum will be the crop of the future due to the changing global climatic trends and
increase in use of marginal lands for agriculture (Patessah, 2008). Even though wild
relatives and traditional varieties could serve as sources of new genes and offer an
untapped wealth of novel traits agaimgtw pests or changing abiotic conditions
(Tanksley and McCouch, 1997; Dillat al., 2007), little attention has been paid to wild
sorghum conservation in Ethiopia. Moreover, very limited research has been done to
study the geographical distribution, the extent of genetic diversity and population
structure, and mating systems yet these are important steps on the effort towards the use

of these valuable genetic resources. The presence of wild and weedy types of sorghum
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(Amsalu Ayana et al, 2001; Tesfaye Tess@t al., 2008) and heterogeneous
environmental conditions in Ethiopia make the country an ideal place for conducting

population genetic studies of wild sorghum.

Population genetic studies are useful for determining how genetic diversity is partitioned
within and among populations of native plant species and for inferring levels of gene
flow among populations. This baseline knowledge provides a starting point for designing
in situ and ex situ conservation programs (Rice, 2004; Ellstrand and Elam, 1993).

Determining the level of gene flow between crops and their wild relatives also is critical

for conserving wild germplasm (Ellstraetial., 1999; Jarvis and Hodgkin, 1999).

Conservation of genes in the wild has become a concern especially since the past two
decades due to the development and official release of transgenic crop plants (Gepts and
Papa, 2003). The concerns are to the most part associated with the trepidation that
transgenic plants containing herbicide tolerance gene(s) (for example) may escape to the
environment and create increased weediness or even “super weeds”, which can be
difficult to control. Due to the increasing deploymehgenetically modified (GM) crops

in developing countries (James, 2011), scienti& assessment of gene flow from
transgenic plants and their impact on conventioraby crops and crop wild relatives is
needed to establisadequate biosafety regulations and measures. For example, it is
important to understand the level of outcrossing under current field conditions.
Assessment of gene flow and its consequences should also include the current crop-

specific mitigation strategies by studying the species biology such as sexual

2]



compatibility, presence of related species, seed dispersal, fecundity and dormancy (Van
Deynze, 2011) because seeds and pollen are the vehicles of gene dispersal and

movements in plant species.

Although centers of diversity of crop species are often mentioned in discussions of risk
assessment and regulatory policies for GM crops (Gepts and Papa, 2003; Hayagjood
2003), little work has been done so far to address the issue of gene flow and outcrossing
rates under field conditions in sorghum in the center of origin. To date, no transgenic
sorghum is under commercial production, but it is under development for improved
nutritional traits (Zhao, 2007). Even if studies have been conducted to estimate
outcrossing rate in culivated sorghum (Bjeal, 2004; Barnauet al., 2008), and in wild
sorghum (Murayat al., 2011b), such work is lacking in the center of origin. In Ethiopia,

it is likely that natural cross-fertilization between wild and cultivated species occurs since
the two forms grow together (Tesfaye Tessa@l., 2008). Determining the level of gene
flow between crops and their wild relatives is critical for sustainable management of
genetic resources in the wild (Ellstrapt al, 1999; Jarvis and Hodgkin, 1999) and to

develop specific biosafety regulation for GM sorghum.




1.1. Underlying hypotheses and objectives of the study

The study was carried out with the following hypotheses:

1.

Wild sorghum adapted to different geographical and climatic regions might show
different patterns of genetic diversity

Genetic diversity differs among and within populations of wild sorghum

The population genetics of the species can be explained by various evolutionary
forces

The genetic variation (gene flow) of the species follows isolation-by-distance

Wild and cultivated sorghums co-exist in sympatric range and their co-occurrence
might have resulted in gene flow

Wild sorghum could have high outcrossing rate which could lead to wild to wild
gene flow so that genes (including transgenes) transferred from crop to wild could
spread in the wild pool

Crop genes (including transgenes) could have fithess advantage in the crop-wild
hybrids and could lead to increased weediness

Wild sorghum seeds carrying crop genes could persist in the soil bank and serve as

reservoir for future gene flow and this persistence could differ among ecotypes

The study had the following objectives

General objective

To study the population genetics and ecology of wild sorghum and the factors associated

with biosafety and genetic resources conservation
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Specific objectives:
I.  To investigate the distribution amd situ phenotypic diversity in wild sorghum in

areas where sorghum is the major crop;

ii. To determine the distribution of microsatellite variation within and among
different populations of wild sorghum to aid efforts to conserve genetic diversity;

iii. To estimatein situ outcrossing rates of wild sorghum populations using
microsatellite markers;

iv.  To quantify the levels of gene flow within and among populations of wild and
cultivated sorghum using indirect population genetic methods;

v. To estimate the fitness of wild x crop sorghum hybrids compared to their parents
for various life history traits;

vi. To assess ecotypic variation in wild/weedy sorghum populations for dormancy,

longevity and germination requirements.




2. REVIEW OF LITERATURE

2.1. Origin, domestication and distribution ofSorghum bicolor

The antiquity of sorghum is not clearly known (Doggett, 1976) and there is no consensus
among the different authorites with regard to its originer€ is aspeculation that the
domestication has its origins 3000-5000 years ago (Doggett, 1976; Billah, 2007;
Laidlaw and Godwin, 2008). There also anthropological evidence that hunter-gatkere
consumed the crop during the early 8000BC (Smith and Frederickson, Z0G0).
primary centers of origin and diversity for sorghum are believed to be in sub-Sahara
Africa extending from the extreme East to West Africa (Laidlaw and Godwin, 2008).
Most literatures share the speculation that this region is in the North eastern quadrant of
Africa (Doggett, 1965; 1988). However, at present the most accepted probable place
seems to be the area extending from Ethiopia to Lake Chad, which was also supported by
allozyme evidence (Aldrichet al, 1992). Members of the wild5. bicolor ssp.
verticilliflorum are reported to be the immediate progenitors of the domesticated sorghum
(Snowden, 1936; Doggett, 1965; de Wet and Huckabay, 1967; de Wet, 1978) and are dry
savanna plants that were most probably domesticated west of the Ethiopian highlands

(Stemleret al, 1977).

Stemleret al. (1977) reported the existence of all raceS.dsicolorssp.verticilliflorum
except racevirgatumin Ethiopia. Amsalu Ayanat al. (2001) reported the presence of

wild sorghum(Sorghum bicolorssp. verticilliforum (L.) Moench) in five districts of
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western, north western and south western Ethiopia. Likewise, survey results of Tesfaye
Tessoet al. (2008) indicated that wild sorghum has been found in all the surveyed areas
in eastern, north eastern and northern Ethiopia. There are no other reports regarding the

classification and distribution of wild sorghum in the country.

2.2. Taxonomy in the genusorghum

Formal taxonomy

The taxonomy of sorghum is among the most unsettled despite the publication of a
number of papers by different authors with continued modification (e.g., Snowden, 1936;
Garber, 1950; De Wet, 1978). Sorghum belongs to the family poacea, tribe
Andropogoneae, subtribe Sorghinae, genus Sorghum Moench (Clayton and Renvoize,
1986). Moench (1794) coined the name sorghum by changing the original Haloes*

that was given by Linnaeus in 1753 (House, 1985). Piper (1916), Stapf (1917), Kuwada
(1915, 1919), Marchal (1920), and Vinall (1926), all contributed to the classification of
sorghum (as cited in House, 1985). However, the significant changes in the taxonmic
classification were made after the publication of Snowden’s (1936) book, containing a
comprehensive grouping within the genus. He classified the genus Sorghum into
Halepensia and Arundinaceaand furtherthe Arundinaceainto 48 taxa including
cultivated, wild and, hybrids between them. TH@epensiaincludes four rhizomatous

taxa including Johnson grass. halepenggDe Wet and Harlan, 1971).

Cytogenetically Johnson grasS. (halepenges tetraploid (2n = 40). Later they all were

included under the speci8s bicolor(L.) Moench (de Wet and Huckabay, 1967). Garber
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(1950) and Celarier (1959) divided the genus in to five subgenera: Eusorghum
(sorghum), Chaetosorghum, Heterosorghum, Parasorghum, and Stiposorghum. The
sorghum genus consists of 25 species (USDA-ARS, 2007). Species of the genus have
chromosome numbers of 2n = 10, 20, 30 or 40 (Garber, 1950; Lazatidés 1991).
Kuwada (1915) first reported the diploid chromosome numb&oojhum bicolor (the

thenAndropogon sorghupto be 2n=20.

The most recent classification was made by de Wet (1978) based on experimental data
accumulated over two decades of biosystematic studies of herbarium specimens and seed
collected across the range of section Sorghum in Europe, Africa and southern Asia. He
changed the five “subgenera” classification given by Garber (1950) into “sections”.
According to such a classification, section Eusorghum includes the s{@ci@solor

which in turn includes three sub-species: 1) ssmlor which includes 5 basic and 10
hybrid cultivated races; 2) sub-spectksmmondii, which includes the hybridized forms
between the cultivated and the races of sgmticilliflorum; and 3) sub-species
arundinaceum which was first divided into 3 races/varietiestrundinaceum
verticilliflorum, andaethiopicumby de Wet and Huckabay (1967) and later raggatum

was added as a fourth race within the sub-species by DetVdkt(1970). Later Dogget

(1988) named the sub-speciesvaticilliflorum. S. bicolorsspdrummondii (also known

as shatter cane) is a well known aggressive weed and causes much damage to the crop

(Harlan and de Wet, 1974, Ejeta and Grenier, 2005).




Sorghum bicolor ssp. arundinaceum and ssp. verticilliflorum have very similar
morphological appearance in that both of them have large and open inflorescences, the
difference being the flexuous and/ or spreading inflorescence branches that are undivided
near the base in the case of smpindinaceunbut are usually divided near the base in
ssp.verticilliflorum. (Harlan and De Wet, 1971). Ssethiopicumand sspvirgatumare

also characterized by their small, contracted inflorescences with suberect branches. ssp.
virgatumis typically known for its narrowly linear leaf blades (De Wet and Harlan, 1971;

1978).

Folk Taxonomy

Farmers in different parts of Ethiopia recognize each sorghum type commonly grown in
their area by various vernacular/ folk names (Brhane Gebrekidan, 1982; Awgchew
Teshomeet al., 1997; Beyene Seboka and van Hintum, 2006; Firew Mekbib, 2007).
These names may be reflections of their morphological appearance e.g., Mishinga
Worabisa (Oromo language, meaning hyena like sorghum, due to the awn covering of the
panicle), Cherekit (Amharic, moon like, due to its very white, shiny seeds it lights as a
moon) or the special purposes they offer, e.g., Marye (Amharic, my honey, due to its
sweet taste), Gan seber (Amharic, pot breaker, due to its potency in making local beer).
Moreover, names are given due to their ability in surviving biotic and abiotic stresses
(e.g.,Kitign ifere, unafraid of syphilisKitign/striga, mean to say tolerant to striga). They
also recognize wild sorghums by different vernacular names. However, unlike the
cultivated sorghum, most of the naming is related to their noxious nature. For instance, in

Wello and Pawe areas farmers call them “Killo” (the fool, as it fools farmers by
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mimicry), “Yeseyitan ageda” (Satan’s cane), “yeseyitan mashila” (Satan’s sorghum) in
Ambharic to express their abhorrence to this weed. In Oromifa, it is c8dego In

Tigray it is called “Kancha Seyitan” (Alamata area), “Kuchuye” (Adenkel area), “Seyitan
zer” (in Subday), and “Aadar” (in Hagereselam and Humera areas). “Aadar” is similar to

the naming in the adjacent region of Sudan (Gebisa Ejeta and Grenier, 2005).

2.4. Importance of cultivated and wild sorghum

Sorghum is the fifth most important food crop in the world and a staple food crop in
many regions of Africa and Asia (Ejeta and Grenier, 2005). In Ethiopia, it covers 16% of
the total area allocated to grains (cereals, pulses, and oil crops) and 19.5% of the area
covered by cereals (CSA, 2011). The crop stands third next to tef and maize in area of
production (CSA, 2011). It is the second most important cromjera making quality

next to tef. The grain is used for the preparation of traditional foods, distilled and
undistilled beverages and the stalk is used for construction, fuel and animal feed. In

Ethiopia the crop grows almost exclusively during the main rainy season.

The primary gene pools of many crop plants are depleted in genetic variability and
breeders often rely on wild relatives for sources of important agronomic traits (e.g.,
Langridge and Chalmers, 2004). Therefore, wild relatives and locally adapted cultivars
(landraces) are often viewed as sources of "genetic insurance" aga@rging pests or

changing abiotic conditions (Tanksley and McCouch, 1997) including climate change.
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Thus, there has been continued interest in studying the wild relatives of domesticated

species as reservoirs of genetic variation for crop improvement (Escatlahiel 994).

As Ethiopia is one of the centers of origin for sorghum (De Wet and Harlan 1971;
Doggett 1988), diversified forms of the crop and its wild relatives represent possible
sources of germplasm for crop improvemdsar example, sources of resistance have
been identified from wild sorghum species to ergot and green bug éRakd2002) and

to Striga (Richet al, 2004). Singh and Axtell (1973) identified two high-lysine
Ethiopian sorghum varieties. Moreover, recent studies identified sources of “stay-green”
drought tolerance derived from sorghum lines native to Ethiopia (Borrel, 2001). As a
center of origin and diversity for domesticated sorghums, Ethiopia may harbor unique

wild germplasm that is worthy of further conservation efforts.

2.5. Genetic diversity in sorghum

Over the years, a number of studies have been carried out in many countries including
Ethiopia to estimate genetic diversity in cultivated sorghum using phenotypic traits (e.g.,
Amsalu Ayana and Endashaw Bekele, 1998; 2000; Zehgd., 1993; Appa Raet al.,

1996; Dahlberget al., 2002; Shehzagt al, 2009), RAPDs (Abebe Menkat al., 1997;
Amsalu Ayaneet al., 2000; Agrama and Tuinistra, 2003; Nkongolo and Nsapato, 2003;
Uptmooret al, 2003), RFLPs (Cuet al., 1995; Yangpt al., 1996; Jordast al., 1998),
AFLPs (Uptmooret al., 2003; Menet al, 2004; Nemera Gelett al, 2006; Ritteset al.,

2007), and SSRs (Deat al., 1999; Djeet al., 1999; 2000; Smitét al, 2000; Grenieet

al., 2000; Ghebret al, 2002; Agrama and Tuinistra, 2003; Uptmebal., 2003; Menz
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et al., 2004; Abu Assaat al., 2005; Casat al., 2005; Dilloret al, 2005; Folkertsemat
al., 2005; Nemera Gelegt al., 2006; Manzellet al., 2007; Barnaudt al., 2007; Aliet
al., 2008; Deet al., 2008; Zharet al., 2008; Wangt al, 2009; Shehzadt al. 2009;
Mutegi et al, 2010). Some of these studies were based on world and national accessions
from gene banks, while others were based on field collections and most of them reported

high diversity.

Few studies dealt with the genetic diversity of wild sorghum accessions (Aédradh

1992; Cuiet al., 1995; Casat al., 2005). Amsalu Ayanet al. (2001) 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 and reported low genetic diversity. There were no other reports on wild
sorghum diversity in the country. Recently, Situ population genetic studies done on
wild sorghum in Kenya and Mali using SSR markers indicated high diversity (Mettegi

al., 2010; 2011; 2012; Murayt al. 2011; Sagnaret al., 2011).

The earlier reports on molecular marker based studies used randomly amplified
polymorphic DNA (RAPD) markers, which lack many of the desirable properties a
molecular marker has to fulfil. However, simple sequence repeat (SSR) markers are
currently the markers of choice for population genetic studies due to their high
polymorphism even between closely related individuals within a species (Edevaaids
1996), high reproducibility, codominance, abundance, and fairly evenly distributed

throughout the euchromatic region of the genome (e.g., Schlotterer, 2004). However, they
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have limitations in genotyping errors associated with their potential null alleles, large
allele drop out and homoplasy (Estoup et al., 2002; Dewoody et al., 2006).
Todate, only two studies by Nemera Geletal. (2006) and Alemu Tirfessa (2009) used

these markers to study genetic diversity in Ethiopian cultivated sorghum.

2.6. Estimation of population genetic structure

Population structurés defined as “the amount of genetic variability and its distribution
within and among local populations and individuals within a species” (Templeton, 2006).
Genetic structure has an impact in the ecological adaptation and evolution of plant
species (Loveless and Hamrick, 1984). Genetic diversity can be studied using phenotypic
traits, biochemical, or molecular markers. The materials used for the study can be
accessions from gene banks, or field collections. Phenotypic traits do not give reliable
estimate of genetic diversity as these traits are limited in number and due to
environmental effect. On the contrary, molecular diversity data can potentially bridge
conservation and use when employed as a tool for mining germplasm collections for
genomic regions associated with adaptive or agronomically important traits€Calsa

2005).

For a better understanding of the evolutionary forces responsible for genetic variation, a
geographic component should be included in population genetic structure studies
(Gillespie, 1998). This is true because the geographical distribution of crops and their

wild relatives determines the probability of gene exchange between them and this is
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expected to be more in the centers of origin and/or centers of diversity (Simmonds,

1995).

Different coefficients can be used to study genetic structure among populations. Wright
(1951) first introduced fixation indexsffor use in population genetic studies and most
studies involving population genetic structure have used it as a measure of population

differentiation. Fixation index @) is computed as (Weir and Cockerham, 1984):

2
— JP

T pEL-p)

Where, p is the frequency of allele R, is the mean frequency of one of the alleles (with
two alleles) in the populations® is the variance in frequencies among populations

(demes). The interpretation of population differentiation basedFgnwas given by

Hartl (1980). Based on the magnitude of thejf, population pairs can be considered as
divergent or related. Accordinglysf< 0.05 can be considered as lowry ¥ 0.05 - 0.15
shows moderate differentiation,sfF= 0.15 - 0.25 can be considered as great
differentiation, and & > 0.25 indicates very great differentiation. Howevey; € 0.05

and even lower should not be considered as negligible (Wright, 1978, cited in Hartl,

1980).
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2.7. Gene flow and its consequences in natural plant populations

Rittner and McCabe (2004) defined gene flow as “The exchange of genes between
different but usually related populations.” Domesticated plants and their wild relatives
often hybridize and give rise to viable and fertile progenies if requirements for successful
mating are met (Ellstranet al, 1999). Such hybridization may lead to gene flow. Gene
flow can occur when an individual or groups of individuals migrate from one population
to another and interbreed with its members (Rittner and McCabe, 2004). Gene exchange
between crops and their wild relatives is a natural phenomenon and has a great
importance in the study of ecology and biodiversity. Effective crop-to-wild gene flow
depends on the completion of a number of successive steps required for gene dispersal
(Ellstrandet al., 1999; Jenczewsekt al. 2003, Gepts and Papa, 2003): (i) the presence of
crops and close relatives growing nearby, (ii) their biology and phenology in relation to
pollen and seed dispersal, (iii) the production of viable and ferfileybrids, (iv) the
production of fertile successive generations, (v) the opportunity for gene transmission,
chromosome recombination and crop gene introgression into the wild genetic
background, and ultimately (vi) the persistence of introgressed crop genes in natural
communities. The crop sorghum and its wild relatives are sympatric virtually everywhere
the crop is cultivated, and the flowering time of the two plants overlap (ldolad.,

1977).

While gene flow from the wild species to the crogimilead to reduced yield and loss of
the genetic purity of the cultivated varieties (Felkeeal, 2007), gene flow in the reverse

direction and introgression of crop alleles into wild germplasm could lead to the

15|



contamination of wild populations, which in turn could lead to increased weediness
and/or the erosion of genetic diversity of wild populations. Crop-to-weed gene flow may
lead to significant evolutionary flux in the recipient populations (Anderson, 1949). Gene
flow will most likely affect the organization of genetic diversity in a crop’s primary gene
pool (Harlan and de Wet, 1971). Because crops are typically genetically impoverished
compared to their wild relatives (Ladizinsky, 1985), extensive gene flow from the crop is
expected to deplete genetic diversity in wild populations (Elistedrad., 1999; Bartsch

et al. 1999). In the worst case scenario this can lead to the extinction of certain wild crop
relatives (Small, 1984) in plants mainly due to outbreeding depression and swamping
(Ellstrandet al., 1999). Also, it may have important practical and economic consequences
if it promotes the evolution of more aggressive weeds (Barrett, 1983) perhaps facilitated
by fitness-enhancing transgenes (Sretwal., 2005). Ellstran@t al. (1999) found that
crop-to-weed gene flow has been implicated in the evolution of enhanced weediness in
wild relatives of seven of the world’s 13 most important crops. Consequently, the escape
of transgenes through hybridization of crops with wild relatives in their centers of origin
has been cited as one of the potential environmental risks of transgenic crops (Halils,

2000).

Despite its obvious evolutionary significance, crop-to-weed gene flow has received little
experimental attention (Jenczewsitial., 2003). Identification and quantification of the
risks associated with gene flow, details of how to measure rare hybrid events and the
ecological fitness costs require knowledge of the mechanisms of pollen dispersal and

hybridization events. Population genetic studies are useful for determining how genetic
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diversity is partitioned within and among populations of native plants and for inferring
levels of gene flow among populations. This baseline knowledge provides a starting
point for designingn situ andex situconservation programs ( Rice, 2004; Ellstrand and

Elam, 1993).

Analyzing six non-GE maize hybrids, Mellon and Rissler (2004) found transgenes in
50% of the samples at levels from 0.1 to 1%. Messegueal. (2004) studied the
frequency of pollen-mediated gene flow from a transgenic rice line to the red rice weed
and conventional rice in the Spanigponica cultivar Senia and found gene flow in
conventional rice planted at 1, 2, 5 and 10 m distance and there was a clear decrease with

increasing distance.

So far, only limited studies dealt with investigating the risk of gene flow in sorghum.
Schmidt and Bothma (2006) carried out direct gene flow studies from crop to crop using
non-transgenic male sterile plants as pollen recipients. Arriola and Ellstrand (1997)
studied crop-wild gene flow. Tesfaye Teseb al. (2008) surveyed crop and wild
sorghum growing regions in parts of Ethiopia. Mutegal. (2011) also studied indirect
estimates of gene flow from crop to wild sorghum in Kenya. Muedya. (2010, 2011)
investigated the risk of trans-gene flow through estimation of outcrossing rate, pollen
competition, and wild-crop sorghum hybrid fithess in Kenya and Mali. All of the above

studies reported that gene flow from cultivated to wild sorghum is likely to occur.
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2.7.1. Estimation of gene flow

Knowledge about gene flow is primarily needed to evaluate whether novel transgenes
could unintentionally enter wild or weedy populations and confer fithess-enhancing traits
that could exacerbate weed problems. Generally, there is interest in knowing whether
transgenes are likely to spread from crop-to-crop, crop-to-weeds, and crop-to-wild
relatives, especially where landraces and wild or weedy relatives represent valued
germplasm for future crop breeding. Regardless of whether transgenic or nontransgenic
cultivars are grown, information about the potential for crop-to-wild gene flow is needed

to understand its effects on the genetic diversity of wild populations (Ellstrand, 2003).

The extent of gene flow is used to determine the extent to which different populations of
a species are independent evolutionary units (Slatkin and Maddison, 1989). Determining
the level of gene flow between crops and their wild relatives also is critical for
conserving wild germplasm (Ellstrared al, 1999; Jarvis and Hodgkin, 1999). Gene
flow can be estimated using direct and indirect methods. While direct methods, which use
estimates of dispersal distances and breeding success of dispersers, can be used to assess
the ongoing gene flow, the indirect methods, which are mainly based on spatial
distributions of allele frequencies and DNA sequence variations, can be used to infer past
gene flow (Slatkin, 1987). The direct methods use direct observation of dispersal by
estimating paternity from progeny seed set (Ellstietral., 1999). An indirect method of
estimating gene flow is one that uses observed spatial distribution of alleles,

chromosomal segments, or phenotypic traits to draw inferences about the level or pattern
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of gene flow in a population (Slatkin, 1985). Two indirect methods of estimating gene
flow and population structure are widely used in the literature. One uses Wright's (1951)
Fst and the other uses its analogue Slatkin’s (1995)(Ralloux and Lugon-Moulin,
2002). Fixation index (&), computed from molecular marker allele frequency data is
commonly used to investigate the role of migration in the genetic structure of a species.
Wrigh (1951) introduced the following relationship between fixation indey @nd the

number of migrant per generation,{Nunder the infinite allele model:

Which could be rewritten as:

1 Fs

N-=2F.

Fs1=0.2 is the turning point from gene flow to drift, which is equivalent to one migrant
per generation (Nm =1). WhenyHs greater than 0.2 (&1), it is genetic drift and not

gene flow which governs the genetic structure of populations (Halliburton, 2004).

Slatkin and Barton (1989) comparedrFrare alleles, and maximum likelihood as the
three indirect estimates of gene flow and concluded txas ore useful under realistic
conditions. kr can be computed from data on relative frequencies of molecular marker

alleles in adjacent populations. BotkrFand Rt based methods of computing the
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number of migrants per population use similar formula. The distinction between them is
that Fst assumes infinite allele model (IAM) whereagrRssumes the step-wise mutation
model (SMM) (Balloux and Lugon-Moulin, 2002). The limitation o§rRs its high

variance while the limitation ofdr is its bias (Balloux and Goudet, 2002).

2.7.2. Mating systems as determinants of gene flow Sorghum bicolor

Around 40% of the world production comes from crops pollinated by the wind (Ramsay,
2005). Information on the mating systems and probable introgresisioansgene into

wild relatives and its economic and ecologicainsequences is still rare despite
increasing study (Schmidt and Bothma, 2006). Mating system is one of the most
important life history traits of a plant species that determines gene exchange (Hamrick
and Godt, 1990) and plays a major role in shaping plant population genetic structure
(Brown and Allard, 1970; Ritland, 1983; Enjalbert and David, 2000). It is also a key
parameter in plant evolutionary studies (Brown, 1979). The dynamics of genetic diversity
may be influenced by mating system, which in turn is influenced by different farming
practices and environmental factors (Barnati@l, 2008). Cross pollination stimulated
most attention perhaps because of the uncontrolled and involuntary nature of the process,
and this source of impurity has received much publicity in scientific, public and political
forums in recent years (Ramsay, 2005). Thus, worldwide, government regulatory
agencies require information about the extent to which a transgenic crop will cross-

pollinate with its wild or weedy relatives (Muraya et al., 2011b).
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Attention is given to the extent of crossability between cultivated plants and their wild
relatives as the crosses have been extensively used in plant breeding (Jeretizalyski
2003). Spontaneous hybridization between dipidbicolorand tetraploidS. halepense

is frequent (Arriola and Ellstrand, 1996). The introgression of crop sorghum genes into
johnsongrassS. halepensgL.) Pers.) has been implicated in the increased weediness of
Johsongrass (de Wet and Harlan, 1975; Helral, 1977; Pedersegt al., 1998). Crop-
weed hybridization has been involved in the evolution of numerous weeds (Barrett 1983,
Small, 1984), and weedy sorghum subspecies such as shatte&aiedlor ssp
drmmondii) already exist (Defelice, 2006; Gebisa Ejeta and Grenier, 2005). It has been
suggested that a$. bicolorsspbicolor races can freely hybridize with wilf. bicolor

ssp. verticillifforum to produce shatter caneS. (bicolor spp drummondii) (Defelice,

2006; Dahlberg, 2000).

In general, prior to widespread release of new transgenic germplasm, the potential of
outcrossing between cultivated sorghum and its wild relatives should be assessed
(Polowicket al 2000). Brown and Allard (1970) first applied isozyme polymorphisms as
markers for the estimation of mating system parameters in maize and later Ritland and
Jain (1981) developed a computer program to analyze them. Since then the method of
computing mating systems has been employed in many plant species following the
advent of more polymorphic genetic markers such as microsatellites. Mixed mating
model is based on various assumptions. For instance Brown and Allard (1970) suggested
three basic assumtions: 1) deviation of the mating system from random mating is solely

caused by excessive self fertilization, 2) multilocus outcrossing rate is uniform across the
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maternal genotypes and pollen alleles (no incompatibility and independent mating
events), and 3) pollen is uniformly distributed over the maternal genotypes. Mating can
also vary among genotypes and among environments and can be influenced by genotypic
frequencies (e.g., Harding and Tucker, 1964). However, as it is difficult to estimate all of
these factors, Brown and Allard (1970) suggested to estimate t=1-s (where
t=outcrossing rate, s=selfing rate) as the simplest and more practical procedure, which
summarizes the complex set of biological phenomena in terms of random outcrossing and

selfing.

Two strategies have been used to estimate the outcrossing rates of a mixed mating
population from genetic markers: measuring the frequency of heterozygous genotypes
and the analysis of progeny arrays (Ritland 1983). Using the first approach, Wright

(1969) introduced a simple relationship between the within population inbreeding

1-t
(1+t)"

coefficient (f) and outcrossing rate (tf) fas Such relationship holds under

assumptions that selfing is constant for sufficient number of generations; the population
is in inbreeding equilibrium; and the major cause of departure from Hardy-Weinberg

equilibrium is selfing (Enjalbert and David, 2000).

Knowledge of the level of outcrossing under current field conditions is highly desirable
for designing effectiven situ conservation of wild and domesticated plants (Ritland and
Jain, 1981) and because it can be modified by phenology, field size and planting practices

(Barnaucet al., 2008).
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2.7.3. Seed as a vehicle for gene flow

Although both pollen and seed are the two major vehicles of gene flow, they are basically
related to each other as volunteer seeds can grow and contribute to pollen mediated gene
flow (Nielsonet al, 2009). Spatial seed dispersal by natural means is often considered to
be low because most crops have lost their ability for independent seed dispersal (De Wet
and Harlan, 1975). However, seed dispersal can be aided by animals, water, wind,
humans via agricultural implements, seed marketing, application of cattle manure, etc.
This dispersal can be an important step in the dynamics of crop-wild gene exchange
(Jenczewsket al., 2003). The initial level of seed dormancy, longevity and the response
of seed germination with respect to environmental flux can influence the potential
temporal dispersal of transgenes (Linder and Schmitt, 1994). If gene dispersal is known
to have occurred via seed, the next step is to study the persistence and further
establishment (Jenczewsét al., 2003). The role of soil seed bank dynamics in seed
mediated gene flow is quite substantial (Nielsbral., 2009) as soil seed banks are the
reservoirs of genetic material upon which natural selection can act (Simipslbri989).

Therefore, studying this dynamics is crucial for risk assessment of trans-gene flow.

Studies in natural plant populations have documented that the response of genotypes to
different environments include the formation of genetically distinct populations (genetic
differentiation), changes in response (phenotypic plasticity) or both (Hermanutz and
Weaver, 1996). If populations have an adaptive response to their native environment,
then local specialization will occur and phenotypic and genetic differentiation will be

observed. Populations of a plant species that are exposed to different environments may
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develop intraspecific genetic variation or ecotypic differences over time (Darwin, 1859).
Ecotypes are plants of the same species having distinctive heritable characteristics that
are often associated with environmental conditions, and are widely regarded as a
mechanism to cope with heterogeneous environments (Vaughton and Ramsey, 2001).
Allard (1965) suggested that self-fertilizing species are comprised of a large number of
local populations with distinctive morphological and physiological characteristics, such
that sharp differences may occur within a short distance in relation to environmental
change. This was thought to be due to predominance of homozygous loci, but with some
heterozygosity being present in a population which allowed for the segregation of better

adapted genotypes (Bennett, 1999).

One of the important features of seed dormancy is to maintain a reservoir of soil seed
bank for future re-establishment following unfavorable conditions (Monaghan 1979). It is
one of the major invasion and persistence mechanisms of weeds in agricultural fields
(Narwal et al, 2008). An important aspect frequently overlooked in studies of seed
dormancy is the possibility that populations in different environments will possess
differing seed dormancy strategies (Bennet, 1999). So far, no study has assessed whether
wild/weedy sorghum has been able to evolve differences in their seed dormancy and
longevity patterns enabling adaptation to particular environments in its center of origin,
yet such knowledge may be useful to understand the weediness potential of different wild
sorghum populations and also to design effective management methods. Environmental
factors affecting germination, particularly whether or not exposures to high soil

temperatures or soil moisture regimes are required for germination have not been
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determined. In Ethiopia, the range of environments where wild sorghum persists is wide.
Sorghum grows in the highlands and midlands as well as in the lowlands, where rainfall
is short and erratic. It is, thus, proposed that wild sorghum in different environments has
adapted differently in their response to different seed germination requirements at that

site.

Weed seeds buried in the soil have been of concern to agriculturalists (@mahi

1999). Soil seed banks constitute a key component of plant population dynamics,
community structure and annual life-cycles because they influence population size within
and between years. Also, seed characteristics such as longevity and dormancy enable
populations to survive for several years (Baker, 1974). The seed dormancy properties can
vary among ecotypes (Monaghan, 1979). Reports of researches done in different species
and ecotypes showed variable results for persistence of seed in the soil. The duration of
loss of viability in buried seeds may range from days in the seeds of the composites
(Marks and Nwachukut, 1986) to nearly 20 years in American dragonhead, common
lambsquarters, Pennsylvania smartweed, and shepherd’'s-purse €Cahn2006). In
between reports also vary with species and depth of burial. Natvedl (2008) found

total loss of viability of ryegrass seeds after 16 months of burial at 5 and 10 cm depth in
different soil and simulated rainfall conditions. Nol@ihal. (2006) compared the seed
longevity of several ecotypes of wild rice from 4 US states and found <1% viable seeds
in 3 ecotypes at 5cm depth, but 9 ecotypes had similar proportion of viable seeds at a
depth of 25cm after 2 years of burial at 2 locations in Texas, but within each depth there

was minor variation among ecotypes. Seed banks can serve as pools of genetic material,
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enabling a range of responses to environmental variability, and can buffer populations
against temporarily extreme adverse conditions (Teo-Shetrell., 1996). Seed-bank
persistence between years also allows plants to average their success over time, by
reducing both opportunity and risk (Cohen, 1966). Dormancy and the timing of
germination are also dependent on the environment because they are highly responsive to
environmental conditions and may strongly influence the evolution of post-germination
life-history characters beyond their role in reducing risk (Donohue, 2002). Benvenuti
(2003) found that germination inhibition due to burial depth was found to be directly
proportional to clay content and inversely proportional to sand content. Soil temperature
is known to strongly influence both percentage and time of germination of sorghum seed
(e.g., Kanemaset al, 1975). These authors suggested 23°C to be an optimum soil

temperature for germination of sorghum seed.

The study of seed dormancy and longevity is useful because it is a fundamental element
for determining seed bank dynamics (Van Mouek al., 2005). As a result,
characterization of the germination ecology of species and ecotypes would help to
indicate their potential to become noxious weeds in different systems of cultivation
(Buckleyet al., 2004). Therefore, knowledge of seed longevity and dormancy can help
weed management (Martinez-Gheedaal., 1997). Dunbabin and Cocks (1999) reported
large differences in the seed dormancy pattern of two ecotypes of capéwetethéca
calendulg in Western Australia. Studies related to ecotypic variation in wild plants are
considered to be essential for conservation of biodeiversity (Craetall, 2000).

Conservation of this diversity should, thus be maintained in order to avoid extinction
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associated with environmental change (Fraser, 2000). Dormancy is known to be

controlled by many genes (Li and Foley, 1997).

2.8. Transgenics in sorghum

Since the early development of transgenic plants in the 1980s, tremendous
accomplishments associated with transgenic biotechnology have been achievedefHuang
al. 2002). A great number of genetically modified (GM) crops have been released and
some have been commercialized (Huab@l., 2002). In 2011, 160 million hectares of

land was covered by genetically modified crops in 29 countries, of which 19 were
developing and herbicide tolerance has been consistently the dominant trait of the
genetically modified crops since the first commercialization of transgenic crops in 1996
(James, 2011). For the past 16 years, about 99% of the total GM crop land was dominated
by 4 major crops: Soybean (47%), Maize (32%), Cotton (15%), and Canola (5%) (James,

2011).

Because sorghum is th& Bnost economically important cereal in the world, it is one of
the candidates for genetic transformation (Arriola and Ellstrand, 2002). Transformation
of sorghum was started in the early 1990s via protoplast electroporation @iagio

1991) and shotgun (Battraw and Hall, 1991) methods. The first successful fertile sorghum
transformation results were reported by Casaal. (1993) and Zhaet al. (2000) via
particle bombardment and Agrobacterium-mediated transformation systems, respectively.

Unlike most cereals which were successfully transformed, the inefficiency in the genetic
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transformation of sorghum has been suggested to be its recalcitrant nature for

transformation (O’Kennedgt al., 2006).

Genetic transformation of sorghum has been underway for different characters using
Agrobacterium tumefaciensediated (e.g., Jeoured al., 1999; Zhaet al., 2000) and
biolistic bombardment (e.g., Zhet al.,, 1998) methods. Liang and Gao (2001)
successfully generated transgenic sorghum plants with a gene frochritéé, encoding
chitinase for resistance to Fusarium stalk rot, and another gene, also frortiprice,
encoding thaumatin —like protein for drought tolerance and disease resistance. The Africa
Biofortified Sorghum (ABS) project developed the first generation transgenic sorghum
line (ABS #1) that possesses grain with a 50% increase in lysine éhalg 2003).
Another nutritionally enhanced sorghum named as ABS #2 which overcomes the
nutritional deficiencies by substantially improving grain digestibility, by delivering
vitamins, the essential amino acids lysine, threonine and tryptophan, and by improving

the bioavailability of iron and zinc is under development (Zhao, 2007).
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3. MATERIALS AND METHODS

3.1. Population genetic structure, gene flow and genetic diversity in wild and weedy

sorghum [Sorghum bicolor (I.) Moench] in Ethiopia

3.1.1 Geographical distribution andin situ phenotypic diversity

3.1.1.1 Germplasm collection sites

Ethiopia is divided into 32 agroecologies based on the amount of annual rainfall,
temperature and length of growing period (MOARD, 2005). Oromiya, Amhara and
Tigray regional states are the three major producers of sorghum covering 86.4% of the
total area and 89% of the total production in the last 9 years (CSA 2003-2011). To study
the geographical distribution and phenotypic diversity of wild and weedy sorghum,
survey was made from October through November 2008 to five geographical regions
representing the above regional states and the Benishangul Gumuz regional state
(Metekel zone), belonging to different agroecologies. Collection &md situ
measurements were made at 31 survey sites which fell in 8 of the 32 agroecologies
(Table 3.1). These were A2=Warm arid lowland plains, SA2=Warm semi-arid lowlands,
SM2=Warm sub-moist lowlands, SM3=Tepid sub-moist mid highlands, M2=Warm moist
lowlands, M3=Tepid moist mid highlands, SH2=Warm sub-humid lowlands, and
SH3=Tepid sub-humid mid highlands. The major characteristics of the collection sites are

described in Table 3.1.
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Table 3.1 Geographical characteristics of the sites where wild sorghum collection was

made in 2008, and cultivated sorghum was collected in 2009

Geographical  Population code*

Name of location

reqior? Long. Alt. Agro-
9 (N) Lat. (E)  (masl) ecology
wild Cultivated
Ghibe G-1(M) Bhede-Dhero 8° 10 37033’ 1686 SH2
(Oromiya) G-2(1) Berha/Sateri 8011’ 37033 1425 SH2
G-3 (1) Ghibe-Aqorbach 8012 37°33 1261 SH2
G-4() GC2 Along Ghibe river
bridge 8013 37° 34 1115 SH2
G-5(M GC1 Ghibe-ILRI
M) ! 8°14'  37°34' 1149  SH2
G-6(M) Bogata and Serti 80 15’ 37037 1607 SH2
Hararghe H-1(M) Bisidimo Qo 12’ 420 13 1386 M3
(Oromiya) H-2(M) Kara (Gerbi) 8052 400 42 1709 SH3
AW(I) Awash National Park  go g’ 40° 05’ 1044 A2
Metekel/Pawe P-1(1) Kanensan 11° 01’ 360 27’ 1682 SH3
(Benishangul P-2(M) Pawe Agricultural
Gumuz) Research Center 11° 18" 360 24" 1118 M2
P-3(M) PC2 Village-5 11° 16’ 36° 23’ 1040 M2
P-4(1) Village-3 11013 36°21' 1045 M2
P-5(M) Village-7 11°21'  36°23 1076 M2
P-6(M) PC1 Mandura 11°05'  36°25’ 1404 SH2
Tigray T-1(M) TC1 Alamata-Gerjele 120 26’ 300 36’ 1462 SM2
(Tigray) T-2(M) Bidajira 120 40’ 390 38’ 1633 SM3
T-3(M) Adenkel 13°22' 39025’ 1925 SM3
T-4(1) Subday 14°21'  38°10’ 1808 SM3
T-5(M) Humera Agricultural
Research Center
14° 15’ 36° 37’ 609 SA2
T-6(M) Humera-Donkey 14014 36041 631 SA2
T-7(M) Golel 14°08' 36053’ 730 SA2
T-8(M) Hagereselam-Idris 140 05’ 36° 58’ 820 SA2
Wello Ww-1(M) WC1 Jara Kechema 10° 30’ 390 56’ 1433 M3
(Amhara) W-2(1) Hijira 10° 38’ 39°55° 1425 M3
W-3(M) Milamile 10045 39° 49’ 1436 M3
W-4(M) WC2 Abuare 12005 39039’ 1426 SM2
W-5(M) Aradom 12006' 39038’ 1460 SM2
W-6(M) Zobel 12011’ 39° 46’ 1712 SM3
W-7(M) WC3 Kobo town side 120 08’ 390 37’ 1500 SM2
W-8(M) Ayub 12014  39° 36’ 1467 SM2

8 Names of regional states in parentheses, *I= Isolated (>500m away from the crop), M=
Mixed with the crop (intermixed or found <500m from the crop)
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Fig.3.1 Regional map of Ethiopia showing the wild sorghum collection sites

Table 3.2 Agro-climatic characteristics of the five regions where collection was made*

Average  Annual
Geographical temperature rainfall

Dominant crops

region (°C) (mm) Dominant soil type grown
1000- Lithosols, eutric
Ghibe 25 2000 regosols, orthic acrisols ~ Sorghum, maize
Sorghum,
tobacco, mango,
Hararghe 21 800 Rendzina chat
Vertisols, Fluvisols, Sorghum, finger
Metekel/Pawe 32.5 1591 Regosols, Leptosols millet, maize
Sorghum, finger
700-  Eutric cambisols, vertic millet, sesame,
Tigray 21-33 1200 luvisols, vertisols cotton
Vertisols, Eutric Sorghum,
Wello 16-20 850 cambisols maize, tef

* Part of the data were adapted from MOARD (1998)
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Table 3.3 List of wild sorghum accessions acquired from ICRISAT

Subspecies Race Source of accessioficcession No.
Verticilliflorum arundinaceum South Africa IS-14300
Verticilliflorum arundinaceum Swaziland IS-14315
Verticilliflorum arundinaceum Angola 1S-14232
Verticilliflorum virgatum USA IS-18804
Verticilliflorum virgatum Egypt 1S-18810
Verticilliflorum verticillifforum Sudan 1S-18864
Verticilliflorum aethiopicum  Sudan 1S-14485
Verticilliflorum aethiopicum  Sudan 1S-18822
Drummondii Sudan IS-18920
Drummondii Ethiopia I1S-11490

3.1.1.2 Germplasm collection, acquisition and study @fh situ phenotypic diversity

In this study the 3 sub-species recognized by de Wet (1978): bgsgor, ssp.
drumonddij and sspyverticillifforum were used and all non-cultivated sorghum were
refered to as “wild” as in Aldriclet al. (1992) and Muteget al. (2011). A total of 600

wild/ weedy plants from 30 populations, representing the five regions of collection (Fig.
3.1 and Table 3.1) were measuirdsitu to estimate phenotypic diversity. There are no
reports about the existence of wild species other than the close relatives belonging to the
same specieS. bicolorin Ethiopia. Hence, during the collection trip the roots of at least
two plants in each population was excavated and checked for the presence of perennial

rhizomatous species. Of the 31 populations 23 were found intermixed or within 500m

32|




distance from cultivated sorghum (labeled as M in Table 3.1). The remaining 8
populations were found far from any crop (Awash and Ghibe-Bereha populations) or

weeds in maize, barley or tef (labeled as | in Table 3.1).

Sampling was done at 2 to 8 sites in each geographical region (Table 3.1), and each site
was considered to represent a population. At Ghibe, six populations were collected.
Collection was also made at two locations in South Wello and six locations in North
Wello. The weak culm, small grass-like wild sorghums were found in North Wello from
Kobo to Alamata. This kind of wild sorghum plants were also collected at three other
locations in Tigray (T-1, T-2, T-3) and one location in Hararghe (H-2). They are also
distributed in Central and East Shewa (also Brhane Gebrekidan, 1981, cited in Dogget,
1988). Such kind of wild sorghums were found either in tef or in barley fields and not in
sorghum or in maize fields. Moreover the compact head weedy sorghums were found in
Wello (at Zobel, W-6), the highest elevation (1711m) of all the Wello collection sites.
Farmers around that area grow compact headed durra type sorghum landraces. At Abuare
and Aradom (W-4 and W-5), weedy sorghums were found in the improved sorghum

variety 76 T1#23 in private commercial farms.

There were two geographically distinct regions of collection in Tigray. The first extends
from the Alamata plain adjacent to Wello (south Tigray) to Adenkel, 15Km away from
Mekele town towards Tenben (Central Tigray). The second region extends from Hagere-
selam to Humera bordering Sudan and Eritrea (western Tigray). In this area, both

compact (mainly in T-7) and loose panicle wild and weedy sorghum types were found in

33|



sorghum fields. However, unlike the Zobel (W-6) area the compact panicle weedy

sorghums in those areas were morphologically distinct from the caudatum landraces.

The wild sorghum populations at the Awash National Park were found to be very
interesting for this study because they were more than 30 Km away from places where
the crop sorghum was grown. However, phenotypic measurements were not recorded as
the seeds were shattered during arrival. In Beneshangu-Gumuz, six sites were sampled
from the border of Amhara regional state to village 7 including the Pawe Agricultural
Research Center close to the abandoned airport where Amsalu Ayala(2001)

reported.

In addition, 10 accessions of wild sorghum, which were originated in 7 countries and

identified by sub-species and races, were acquired from ICRISAT.

3.1.2. Population genetic structure, gene flow and genetic diversity in wild and
weedy sorghum Sorghum bicolor (I.) Moench] using SSR markers

Samples were collected from 9 situ wild sorghum populations (AW, G-2, G-4, G-6,
H-1, H-2, P-1, P-4, P-5, P-6, T-1, T-4, T-5, T-6, T-8, W-2, W-4, W-6, and W-7) for this
study (Table 1, Fig. 1). The distance among populations was calculated from global
positioning system (GPS) coordinates and ranged from 3.5 km (G-2 and G-4) to 828 km

(H-1 and T-5).
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In November 2009, DNA samples were also collected from 20 plants in each of eight
cultivated sorghum populations that were planted near wild populations shown in Table
3.1, in order to examine evidence for historical crop-wild gene flow. Four cultivars were
local landraces of durra, caudatum or durra-caudatum, and one, WC2, was an improved
cultivar of caudatum (76¥#23). Two of the durra cultivars, at WC3 and TC1, were

known locally as “Degalit”.

To compare wild sorghum populations with earlier accessions, 10 wild sorghum
accessions originated from at least 6 African countries were acquired from ICRISAT
(International Crops Research Institute for the Semi-Arid Tropics; Table 3.3). The goal
of including these materials was to determine whether the unidentified Ethiopian wild
sorghum collections clustered with any of the accessions according to the sub-species and

races.

3.1.2.1 DNA extraction

DNA was extracted in two stepis: situ collection of leaf squashes from live plants using

the Whatman FTA cards and Whatman chromatography paper in Ethiopia, and sample
purification in Aronoff laboratory following the manufacturer’s procedure and optimized

for sorghum by Asfaw Adugnet al (2011) at Ohio State University.
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3.1.2.1.1In situ squash collection

Samples were taken from the second or the third leaf, whichever was more succulent and
free from disease lesions. Flag leaves of mature plants did not produce adequate squashes
and thus were not used. A good time for sgash collection is until 10:30 in the morning.
Whatman chromatography paper cards were prepared by folding 3cm x 10cm pieces of
Whatman chromatography paper in half. Before collecting squashes, cards were labeled
according to the codes of the region of collection, population number and individual
number. The cards were placed in polytene bags and placed on a wooden board covered
with polytene sheet. A piece of the leaf was placed in between the polyethylene bag and
the appropriate section of the card with the back of the leaf facing towards the card. As
suggested by the manufacturer (Loetgal, 2008), leaf squashes were taken onto the
cards by pounding with a pestle until the card was stained. Alternately, a shoe horn was
used to rub the leaves until the squash was well soaked from the back of the card. Cards
were allowed to air dry for a minimum of 1 hour under shade before storage. Materials
(scissors, the polythene sheet covering the crushing board and shoe horn/pestle) were
rinsed or wiped with 70% ethanol between each sample to avoid cross-contamination.

Moreover, a new polythene bag was used for each extraction.

3.1.2.1. 2 Sample purification

This step was carried out in Aronoff Stanley J. laboratory at the Department of Evolution,
Ecology and Organismal Biology, Ohio State University, Columbus, Ohio, USA. A
single hole paper punch was used to remove a 6mm disc from the center of the dried

sample area on the FTA® and/or Whatman card. The disc was transferred to a 1.5ml
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microfuge tube. In order to ensure no residue was carried over to the next sample, the
punch tip was triple rinsed in distilled water, wiped with a tissue paper, and punched onto
a blank chromatography paper between samples. After addingl 4900 FTA®
purification reagent (Whatman Inc., USA) to each tube, the tubes were vortexed and
incubated for 4 minutes at room temperature. Used FTA® purification reagent was
discarded using a pipette so that the disc remained in the tube. The FTA® purification
reagent wash was repeated one more time. The disk was then rinsed witlof480
modified TE* (10 mM Tris, 0.1 mM EDTA) buffer in a similar manner. The Tisuffer

rinse was repeated once. Using tweezers, the disk was transferred to a 0.5ml microfuge
tube and 8@l of TE (10mM Tris, 1mM EDTA) was added. After centrifugation, the disk
was incubated in the buffer for 5 minutes at 95°C, cooled on ice, and stored at -20°C. To
check the quantity and quality of the DNA, samples were loaded with markers on 3%
super fine resolution (SFR) agarose gels stained with ethidium bromide and viewed under

UV transilluminator.

3.1.2.2. Polymerase chain reaction (PCR) and SSR fragment detection

Polymerase chain reactions (PCR) were run using 12 sorghum microsatellite loci that
were previously mapped (Browat al., 1996; Taraminet al., 1997; Bhattramaklet al.,

2000; Liet al., 2009) and represented all of the 10 sorghum linkage groups (Table 4.5).
These loci were selected based on high polymorphism and compatibility for multiplexing.
Three loci (Sb6-342, Sb4-15, and Sb5-236) failed to amplify in many samples from 4 of
the 19 wild populations (populations AW, H-2, T-1, and W-7) and hence were excluded

from the final analysis (Table 4.1).
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Polymerase chain reactions followed the QIAGENulti-master mix kit protocol for

SSR multiplex, and forward primers were labeled with different fluorescent colors. PCR
was carried out in 12 total volume of reaction mix containingu¥ of each primer pair

in a multiplex, Jul of template DNA, 2.6l of sterile ddHO, 6ul of QIAGEN® Multiplex

PCR 2X Master mix. Polymerase chain reactions were run in a Master cycler
(Eppendorf™) with an initial denaturation step of 15 min at 95°C, followed by 35 cycles

of 30 sec at 94°C, 90 sec at 58°C, 60 sec at 72°C, 30 minutes at 60°C, and held at 4°C

following QIAGEN® protocol for microsatellite multiplexes.

For fragment-size determinations,uP of the PCR product was diluted with 14 of

ddH,O and then 2u of the diluted PCR product was added to d4of 36:1 Hi-Di-
Formamide: GenScan™/350 Rox™ size standard in a 96 well microtitter plate and was
denatured at 95 °C for 5 minutes and cooled on ice for at least 5 minutes. Fragment
analysis of alleles was done by ABI 3100 Genetic Analyzer (DNA sequencer) and sizes
were read using the associated GeneMapper 3.7 software (Applied Biosystems Inc., CA,
USA). To verify the repeatability of allele scoring, samples of a well-studied sorghum
inbred line, BTx623, were included by obtaining seeds from the Department of
Agronomy, Purdue University. To exclude the possible effects of imprecise DNA
fragment sizes due to stuttering, large allele drop out, or null alleles on genotyping, the
software Allelobin (Prasantét al., 2006) was used to classify observed SSR allele sizes
into representative discrete allele sizes using a variation of the least-square minimization

algorithm of Idury and Cardon (1997).
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3.2 Estimation of mating system parameters inn situ wild/weedy sorghum using

SSR markers

For this part of the study, populations G-2, H-1, P-6, T-6, T-8, W-4 and W-7 were used
(Table 3.1). From each maternal plant 8 progeny plants (hereafter referred to as family)
were sampled for DNA extraction. Hence, a total of 1120 progeny plants were included
in the experiment. In other words, each population was represented by 20 families, which
is equivalent to 160 progeny plants per population. Moreover, the 140 maternal plants of
the sampled progenies were included. This set of 1260 plant samples was assumed to be
adequate to represent all of the regions of collection. Sampling from the geographically
diverse regions was aimed at assessing ecotypic variation on outcrossing rate and/ or for

the possible inclusion of more subspecies and races prevailing in different regions.

3.3. Morphology and fitness of wild x crop I hybrids of sorghum

3.3.1. Plant materials and crossing design

The list of the plant materials used in the study is presented in Table 3.4. Twenty-three
wild sorghum lines and two released cultivated sorghum varieties were involved for
initial crossing. Crossing was made in 2010 main rainy season at Melkassa Agricultural
Research Center (39°El 8°24N, altitude=1550m, located in the Rift Valley) by hand
emasculation and pollen shading. The wild sorghum lines served as female parents and
the pollinators were the two improved sorghum varieties, 76T1#23 and WSV 387

(Melkam) as this was the natural pattern of gene flow intended to be investigated. The
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crop varieties belong to race caudatum and are early maturing, recommended for
production in lowlands of Ethiopia similar to the places of collection of most of the wild
sorghum parents used in this study. Three of the wild parents were received from the
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in India. Out
of the ICRISAT wild parents, two belong to raaethiopicuum(originated from Sudan)

and one belongs to rasgrgatum from USA. The remaining parents were Ethiopian
collections in November 2008 from Hararghe and Tigray belonging to race
arundinaceumand from Wello which had unknown grouping (most probably belonging

to thessp drummondii). The Ethiopian collections were grown in progeny rows (head-to-
row). The seeds of all of the experimental parents were multiplied under the same
management at the same field where crossing of hybrids was made. The harvested seeds

were kept in the laboratory at room temperature until the beginning of the experiment.

3.3.2. Setup of the laboratory and field experiment

Germination test was carried out just after sowing the field experiment for those entries
which had adequate amount of remnant seeds. Before the test the glumes were removed
with fine sand paper to facilitate germination. Twenty-five seeds of the hybrids and their
parents were germinated on 115mm petridishes lined with number one Whatman® filter
paper moistened with distilled water in 3 replications. Each replication was represented
by a compartment in the incubator. The petridishes were kept at 30£3°C constant

temperature in the dark. Distilled water was added as needed.
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Table 3.4 Hybrids and their parents involved in the experiment

Entry No. Genotype Ssp./Race Source
F1 hybrids
1 H2-1 x WSV 387
2 H2-16 x 76 T1#23
3 T1-1 x WSV 387
4 W5-20 x 76 T1#23
5 1S18822 x WSV 387
6 1S14485 x 76T1#23
7 1S18804 x 76T1#23
Wild parents
8 H2-1 arundinaceum Hararghe collection
9 H2-16 arundinaceum Hararghe collection
10 T1-1 arundinaceum Tigray collection
11 W5-20 ssp.Drummondii? Wello collection
12 1S18822 aethiopicum ICRISAT/Sudan
13 1S14485 aethiopicum ICRISAT/Sudan
14 1S18804 virgatum ICRISAT/USA
Cultivar parents
15 76T1#23 MARC-released
16 WSV 387 MARC-released

The field experiment was carried out at Melkassa Agricultural Research Center (MARC)

during the main rainy season of 2011 (from 29 June to 29 October 2011). The amount of

rainfall during the season was 589.7mm. This amount was largely distributed in the first

three months (June-July=131.2mm, August=208.8mm, and September=197.5mm). There

was no rainfall in October. The soil at the experimental site is silty clay loam Andosol

with pH=7.8. Out of a pool of crosses made in 2010, seven F1 hybrids were selected for

this study based on the availability of adequate seed. Hence, a total of 16 entries

including hybrids, their cultivated and wild parents were involved (Table 3.4). The design
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was randomized complete block (RCBD) with 5 replications. The plot size was a single
row of length 3m. The inter row spacing was 0.75m and the space between plants was
15cm. The space between blocks was 1.5m. Two seeds were dropped by hand per hill and
latter the seedlings were thinned to a single plant per hill. The thinned seedlings were
transplanted wherever there were some missing hills. In order to avoid transplanting
shock, transplanting was done while it was raining. Because the wild parents and some of
the hybrids tended to lodge, they were braced with stakes. All management practices
were done as per the recommendation for sorghum in the lowlands where the wild
sorghums are better adapted in Ethiopia. Accordingly, Diammonium phosphate (DAP)
fertilizer was applied at the rate of 100kg/ha during planting. Moreover, urea was applied
at the rate of 50kg/ha when the plants reached 20-30cm in height. To control sorghum
shoot fly and stem borers, Karate 5% E.C. was appled at the arte of 320ml/ha. The field

was kept free of weeds throughout the duration of the experiment.

3.4. Ecotypic variation for seed dormancy, longevity and germination requirements

in wild/weedy sorghum

3.4.1 Effect of burial time and depth on seed longevity of different ecotypes of wild
sorghum

This study was composed of two sets:

Set-1. Of the total 30 sites where seed samples were collected in 2008, 5 populations

representing each region of collection were selected for this study based on the
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availability of adequate seeds. These were Ghibe (G-1), Hararghe (H-2), Pawe (P-6),
Tigray (T-8), and Wello (W-5) (refer to Table 3.1). Each population was represented by 5
individual plants. A total of 400 observations were originally buried in March 2009 at

Melkassa Agricultural Research Center. It was a factorial experiment in randomized
complete block design (RCBD) consisting of 5 individuals x 5 regions x 4 exhume dates

x 4 replications.

Set-2: For the second set of this study, seed from 3 to 4 plants from each of the two wild
sorghum populations collected from Pawe and Ghibe areas in November, 2009 was
bulked. Moreover, one cultivated sorghum variety, WSV387 was included. It was
arranged in a factorial experiment in RCBD with 3 replications. The 3 factors were 2
burial depths (10cm and 20cm), 3 Populations/genotypes (2 wild and 1 cultivar) and 3

exhume dates (6, 12, and 18 months).

For both sets of the experiment, double layered permeable nylon mesh bags of size 15cm
x 35cm were prepared for seed burial to create the natural soil environment. The mesh
bags were prepared in such a way that they had folds to hold Nylon strings for tying. Fine
soil particles were observed to pass through the mesh bags. To avoid this, first, the dry
soil was sieved with a 2mm sieve. The resulting soil was again sieved with a 1mm sieve
and what was left on the sieve (with particle size 1<X<2mm) was used for the
experiment. All of the wild sorghum seeds had more than 2mm size. Therefore, during
each excavation period, it was easier to recover seeds using a 2mm sieve, which would

pass all of the soil in the bags but not the seeds. In many of earlier studies (e.g..e®mami
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al., 1999; Narwalket al, 2008) a large number of seeds mixed with soils are placed in
small bags, usually 10cm x 10cm. However, high seed density in the mesh bags may
influence seed mortality because of elevation of pathogen levels as it is higher than the
natural density in the soil bank (Van Mour#d al., 2005). In this experiment a more

ideal proportion of soil to seed mixture was used as suggested by Teo-Sttealell
(1996). Accordingly, 50 seeds from the intended samples were mixed with 500 gram of
sieved soil in the mesh bag. The soil was collected at Melkassa where the species was not
grown for more than two years. Paper labels sealed in polythene bags were included in
each bag for identification of samples during exhume. In order to prevent loss of seeds
from the bags and to avoid entrance of soils and other species weed seeds, the bags were
tightly fastened and buried in horizontal position. The bags were buried on 14-15 March
2009 for set-1 in a 10cm depth with their colored strings extended to the outside of the
soil for easy detection of the bags during exhumation (e.g., Van, 2005). The bags were
buried 50cm apart from one another. There was no rainfall during the dry season except a
few days about 3 months before the burial date of set-1. The land where the seeds were
buried was previously used for doing other crop experiments and has been extensively
disturbed. However, during the duration of the experiment it was kept undisturbed (no
cultivation and weeding). Every six months (6, 12, 18 and 24), 20 bags (5 genotypes x 4
replications) from each region of collection (a total of 5 x 20 = 100) were exhumed for
viability test for set-1. For set-2, 18 bags were exhumed every 6 months and the last
samples were exhumed after 18 months. Exhumes were held on 16 September 2009, 26
February 2010, 5 October 2010, and 16 March 2011, for the first, second, third and fourth

exhumes, in that order for set-1. For set-2, bags were buried on 26 April 2010 and the
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first, second, and third exhumation dates were 25 September 2010, 16 March 2011, and 3

November 2011, respectively.

During each exhume, the seeds were sorted from the soil with 2mm sieve and graded
based on their physical appearance and strength. During the first exhume in both sets, the
seeds germinated in the field were found with their intact dead plumule and radicle
tissues. Moreover, some of those seeds which were died in the field crushed easily when
minimum force was applied between the thumb and index finger and the endosperm
looks decomposed (had brown endosperm). However, after a year it was difficult to
identify those seeds germinated in the field as the dried tissues decompose. The stiff
seeds were washed and kept in germination boxes and soaked in 2% Clorox for 5 minutes
in order to sterilize them and rinsed twice with distilled water. The seeds were then
placed in new 11cmx1lcmx3.5cm germination boxes on blotters wetted with distilled
water. The germination boxes were placed in incubator adjusted at 30°C temperature. The
temperature was selected based on calibration. The germinated seeds were counted and
removed starting from the third day for two weeks. Later, the non germinated seeds were
evaluated for viability by dissecting and soaking them in 1% Tetrazolium chloride (2,3,5-
triphenyltetrazolium chloride) solution for 6-8 hours at 35°C in an incubator. Those seeds
that fully or >2/3 stained (red) were considered viable. Therefore, the whole data in each
set was classified in to three proportions: germinated in lab (germinable), dormant and
dead. The proportion that was considered as dormant includes those seeds, which didn’t
germinate during lab germination test, but were found viable using TTC test. The dead

group includes seeds those germinated and/or decayed in the field and those found intact
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but confirmed dead after TTC test. All of the proportions of the viability measures were
estimated based on the original 50 seeds. Data on mean monthly soil temperature at 10cm
and 20cm depth and rainfall measurements were recorded at a meteorological weather

station of the research center located about 200 meters from the experimental plot.

3.4.2. Response of wild sorghum ecotypes to differential moisture stress and
temperature regimes

This experiment was carried out in September, 2011 at Melkassa Agricultural Research
Center in the laboratory. Polyethylene glycol (PEG 6000) is the best chemical known for
simulating drought stress in seed germination experiments. It was a 3 factor factorial
experiment in a randomized block design (RCBD) with 4 replications. The factors were
osmotic potential (OP) with 5 levels (OMPa (control), -0.3MPa, -0.6MPa, -0.9MPa, and -
1.2MPa), 3 constant temperature levels (15°C, 23°C and 30°C) and 3 wild sorghum
populations (H-1, P-5, and W-4). The above levels of OP were produced by mixing Og
(distilled water, control), 135.6g, 204.4g, 257.6g, and 302.5g at 15°C; similarly, Og,
148.19, 219.5¢g, 274.79, 321.2g at 23°C; and 0g, 160.5¢g, 234.7g, 291.6g, and 339.7g of
polyethylene glycol (PEG 6000) at 30°C in a liter of distilled water according to Michel

and Kaufman (1973) using the formula:

Vs = (-1.18 x 16)C - (1.18 x 1d )C+ (2.67 X 10)CT + (8.39 x 10)C°T
Where, ¥s =osmotic potential in Mega Pascals (MPa), C=PEG concentration,
T=Temperature. The minus sign indicates that dissolved PEG reduces the water potential

of a solution relative to the reference state of pure water (Tazi and Zeiger, 2003).
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The wild sorghum genotypes used in the study were grown at Melkassa Agricultural
Research Center during the 2010 main crop season under the same management and
harvested in November. The seeds were kept in the laboratory at room temperature
(25£5°C) until the beginning of the experiment. The genotypes were selected based on
their representation to 3 different agroecologies and by their high rate of germination
(>88%). In order to avoid mechanical seed dormancy, the grains were deglumed before
the experiment using fine sand paper. Twenty-five seeds from each of the 3 weedy
sorghum populations were placed in a 115mm petridishes on top of Wiiatmaber

one filter paper. Seeds were treated with AproffStaravoid decay of seeds by fungi.

Five milliliter of each solution was applied to each petridish and the petridishes were
sealed with a 2 inch wide Parafffnio avoid evaporation. The petridishes were randomly
placed in each of the two upper compartments of a WTC binder 78532 incubator
(Tuttlingen/ Germany) in the dark. In order to avoid breakage of the Parafilm, one liter of
distilled water was kept in a 5 liter beaker at the bottom compartment of the incubator to

increase the humidity of the incubator.
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3.5. Data recording and statistical analysis

3.5.1. Population genetic structure, gene flow and genetic diversity in wild and

weedy sorghum Sorghum bicolor (L.) Moench] in Ethiopia

3.5.1.1. Estimation of phenotypic diversity

Readings of the coordinates and altitudes of the collection sites were recorded by a
Global Positioning System (GPS), which was later overlaid on to the regional map of
Ethiopia using ArcGIS version 9.3 (Fig. In. situ phenotypic measurements were made
based on 20 plants from each of the 30 populations (Total 600). For analysis of
gualitative traits, 516 samples with complete data were included. Measurements were
made on 7 quantitative characters as per Appendix Table 1. In addition, hundred seed
weight was measured after harvest. Because the seeds of the wild sorghum were fully
covered by glumes, in order to record grain color and size, they were deglumed using fine
sand paper. Seed size was estimated based on visual relative comparison among
populations. For this, prior to measurement, 5 samples from each categorical class were
prepared as standard with which all the samples were compared. Simple magnifying hand
lens was used to observe the presence of hair on glumes. All of the other measurements
were recorded by integrating the descriptors for sorghum (IPGRI/ICRISAT, 1993 and
Bioversity International, 2010). GenStdt d. (DE3) version 7.2 (VSN International

Ltd., 2008) was used to calculate simple descriptive statistics. The resulting frequencies
of qualitative phenotypic measurements were used to compute Shannon and Weaver

Diversity Index (Hutcheson, 1970) as follows:
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H, ==Y R InPi

i
i=1

Where, for a given charact€ H is the Shannon Weaver diversity indexs the number
of phenotypic classes in a given categorical character pamsl the proportion of
observation in thé" class pi (1, 2,...n). In order to keep all values between 0 and 1, H
was later standardized to' Hs the ratio of H and In n, where n is the total phenotypic

character classes.

Principal component analysis was performed using the correlation matrix and Pearson’s
coefficient of correlation between all pairs of quantitative characters was also performed

and their significance tested using t test.

3.5.1.2 Population genetic structure, gene flow and genetic diversity in wild and

weedy sorghum Sorghum bicolor (I.) Moench] using SSR markers

3.5.1.1.1. SSR polymorphism and analysis of genetic diversity

Different measures of diversity were analyzed using two or more software programs in
order to verify consistency of the results. For estimating observed heterozygosity, total
expected heterozygosity, polymorphism information content (PIC) (Botstain, 1980),

and allele frequency based genetic distance analysis, PowerMarker software V3.25 (Liu
and Muse, 2005) was used and FSTAT software (Goudet, 2002). Nei's heterozygosity
estimates (bl Hs, and H) were computed using FSTAT software (Goudet, 2002). The

rarefaction method for allelic richness and private allelic richness trims unequal samples
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to the same standardized sample size, a number less than or equal to the smallest sample
size across populations (Szpiesthal., 2008). This method, implemented in HP-Rare 1.1
software (Kalinowski, 2005) was used to compute allelic richnéss.(,) and private

allelic richness [[3..0n) Of @ taxon. A taxon represents a single population, total
populations of wild sorghum, cultivated sorghum or ICRISAT accessions. For the ease of
presentation, the notations &1d R are used instead df,,,,, and[[f.on tO represent

alelic richness and private allelic richness, respectively. Allelic richnegs s
computed as:

m
§ S
A
Rs = P i,taxon

i=1
Where, PY,q.n is the probability that each allele (i=1, 2, 3, ...m) is represented in a
subsample of size S taken without replacement from the actual sample size N collected

from the taxon. Private alleleic richness (Rp) was also computed using the following

equation:
m
~ S
Rptaxon = z Ui,taxon
i=1
Where,
S S S
Ui,taxon = Pi,taxonQi'mxon’
Where,
S_ 4 _AS
Pi =1 Qi,taxon
Where,
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S _ [N(taxon)SO - Ni,taxon]
Qi,taxon -

[N (taxon) So ]

U3 raxon is the probability that thd"iallele will be found only in the subsample from the

taxon under consideration afd, .., is the probability that thdiallele is not contained

in a sample of size S from a taxon. N is the number of genes sampled enth&
frequency that thé"iallele was observed in the sample, apis$he number of genes for
which rarefaction will be computed. Significance of differences in gene diversity, allelic
richness, and private allelic richness was compared among the three sorghum types (wild
populations, cultivars and accessions) using Wilcoxon'’s signed rank test. Kruskall-Walis
test was also used to compare differences in the diversity paramefefR; @hd R)

among populations in each of the three sorghum types.

Shared alleles distance matrix (Jin and Chakraborty, 1993) was used to construct
UPGMA (unweighted pair-group method using arithmetic averages) clusters for the
various populations using PowerMarker, and the resulting UPGMA trees were viewed
using TreeView 1.6.6 (Page, 2001, available at,

http://taxonomy.zooloqgy.qgla.ac.uk/rod/rod.himl

The shared allele distancedd) of Jin and Chakraborty (1993) was computed using the

following equation:
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1
Dgy = EZ Z min (pij'qij)

j=11i=1

Where g and q are the frequencies of th8 allele at the jth locusn is the number of

loci examined:; and is the number of alleles at th ocus.

To study the distribution of the components of variance within and among the Ethiopian
wild sorghum populations, analysis of molecular variance (AMOVA) was performed
using Arlequin v 3.1 (Excoffieet al., 2005). Regions component was not included for

AMOVA as some regions had more extended areas of collection than others.

3.5.1.1.2. Estimation of population structure and gene flow

F statistics (Er) and Slatkin’s By, were computed using FSTAT software v.2.9.3.2
(Goudet, 2002). Further, the pattern of population structure and detection of probable
introgression was visualized using a Bayesian model based clustering method
implemented in STRUCTURE software, Version 2.2 (Pritcteral.,, 2000). For this, the
admixture model with correlated allele frequencies was used. A burnin period of 500,000
was used followed by 1,000,000 Markov Chain Monte Carlo (MCMC) replications for
data collection for K=1 to K=11. For each K value, five replicates were run. This
procedure clusters individuals into populations and estimates the proportion of
membership in each population for each individual (Fakishl., 2003). Moreover, the
model does not assume a particular mutation process (Pritethaatl 2000). The

optimum number of clusters was predicted between K=1 and K=11 following the
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simulation method of Evannet al. (2005) using the web based software STRUCTURE

HARVESTER v0.6.8. (Earl and von Holdt, 2011).

Two indirect estimates of gene flow based on the number of migrants per genergjion (N

were computed using Wright's (1951) fixation indexd{fand Slatkin’s Bras:

_ (1 — Fgr or Rgr)
4FST or RST

m

Rst is similar tof (standardized &) defined by Weir and Cockerham (1984), but in the
former case allele sizes are taken into account whereas in the latter analysis only identity
or nonidentity of allelic states are entered (Slatkin, 1995). The geographic distance matrix
of the sampling sites was calculated from geographical coordinates marked with the aid
of GPS using the Geographic Distance Matrix Generator (GDMG) version 1.2.3 software
of the American Museum of Natural History, Center for Biodiversity and Conservation

(http://biodiversityinformatics.amnh.org/open_source/gdmag/indeX.piipe correlation

between the resulting geographic distance matrix of the collection sites and Rousset’s
(1997) genetic distance matrix, which is most convenient for isolation-by-distance

models (Templeton, 2006), was computed and the significance was tested by a Mantel
test (Mantel 1967) using IBDWS v. 1.52 web-based program software (Bohonak, 2002)

to examine the geographic pattern of gene flow. Rousset’s (1997) genetic distance was

F : : .
computed aii. In order to estimate the level of divergence between wild and
~Fst

cultivated sorghum, & was computed by grouping the whole data set into wild and
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cultivated using PowerMarker (Liu and Muse, 2005). For this purpose, only those wild
and cultivated sorghum populations that were collected in the same region (see Table

3.1), were included.

3.5.1.1.3 Detection of recent population bottlenecks and estimation of effective
population size

This study aimed at investigating the occurrence of recent bottlenecks due to habitat
change as it was assumed by Amsalu Ayanhal (2001). For this study, only two
populations, which were isolated from the crop and presumed to be more vulnerable to
direct effect of environmental change, were included. These were Awash (AW) and
Ghibe Bereha/Sateri (G-2) populations. Two methods of detecting population
bottlenecks: heterozygosity excess and the mode-shift were applied. In this study, the
program BOTTLENECK 1.2.02 (Cornuet and Luikart, 1996) was used to detect
bottleneck in the wild sorghum populations. The program estimates the number of alleles
per locus and from which generates the expected heterozygosity and the equilibrium
expected heterozygosity (HeEQ). The statistical tests that the program applies include the
sign test, the standardized differences test, wilcoxon sign rank test and mode shift under
the three mutation models (infinite allele model (IAM), two-phase model (TPM), and ste-
wise mutation model (SMM)). However, for the standardized differences test to work, the
number of markers should be at least 20. Because only 9 SSR markers were used, this test
was not applied and the most appropriate tests were the Wilcoxon sign rank test and the

mode shift test (Cornuet and Luikart, 1996). In the mode shift test, the allele frequency
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distribution shifts from the normal L-shape in the presence of a bottleneck. Significance

tests were based on 10000 iterations.

Effective population sizeNg) was estimated using two methods on the basis of the
BOTTLENECK program output. The first one was the method of Hartl and Clark (1989),
which is based on the expected heterozygosity §dHd mutation rate (1) computed using

the following equation:

H

—_ e

© 4u@-H,)

Where, H is the expected heterozygosity and p is the rate of microsatellite mutation.
This equation assumes the IAM of microsatellite mutation. The second method was the

method of Ohta and Kimura (1973) which assumes the SMM (Nei, 1987) as follows:

{1JH } -1
\ola-ro

8u

Because the rate of mutation of microsatellites in sorghum is not available, that of maize
was used, which belongs to the same tribe, andropogoneae (57 Yig@urouxet al.

(2002)).
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3.5.2. Estimation of mating system parameters im situ wild/ weedy sorghum using

SSR markers

Mating system parameters were estimated both at the population level and at the family
level based on the mixed mating model of Brown and Allard (1970) using the most
popular procedure of Ritland and Jain (1981) (revised in 1990 and 1996) multilocus
mating system program (MLTR for windows revised version 3.3 (Ritland, 2008)

accessible at "http://genetics.forestry.ubc.ca/rittand/programs.html”.

3.5.2.1. Estimation ofin situ outcrossing rate

For estimation of outcrossing rate at the population level and at the family level, the
families within populations and the individuals within families respectively were used as
the units of resampling. The numerical method used was the Newton-Raphson (NR) as
recommended in the manual. Standard errors of the estimates were based on 500
bootstraps. The recommended initial values that allow iterations to start for each
parameter were used as they were checked by default. Assumptions of the model are
described in Ritland (2002). This model specifies that both selfing and outcrossing

(mixed-mating) occur in a given population (Shaw and Allard, 1982; Ritland, 2002).

Mixed-mating model is based on three important assumptions (Clegg, 1980): 1) self-
fertilization occurs at a rate of s and random mating (outcrossing) at a rate of t =1-s, 2)
the gene frequencies among pollen are distributed identically over all maternal plants,
and 3) maternal genotype doesn’t determine the rate of outcrossing. The mating system

parameters that were estimated from the progeny array data and the maternal genotype
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data of each population and the combined analysis include a) the multilocus population
outcrossing rate §); (b) the single-locus population outcrossing rage ¢ the single

locus inbreeding coefficient of maternal parents (Fm). The significance of the multilocus

outcrossing rates of the different populations was tested using Wilcoxon paired-match
test using GenStat Software v.7.2.222. Pearson’s correlation of the multilocus outcrossing
rate of the progenies with that of plant height, population density, and gene diversity of

the maternal plants was also calculated.

3.5.2.2. Estimation of inbreeding and biparental inbreeding

Three types of inbreeding coefficient: inbreeding coefficient of the maternal plants (Fm),
inbreeding coefficient of the progeniesy)Fand equilibrium inbreeding coefficient
expected from observed outcrossingg(fvere computed. The single locus inbreeding
coefficient of maternal parents {Fwas computed with MLTR program. Coefficient of
inbreeding of the progenies JjFwas computed using FSTAT (Goudet, 2002) by
randomly taking one progeny individual from each family. The inbreeding coefficient
expected at equilibrium ¢f was computed using the method of Fyfe and Bailey (1951)

as kq= (1-tn)/(1+ty), where , is the population level outcrossing rate.

The presence of biparental inbreeding, mating between related individuals was tested in
several ways as follow: 1) the difference betweggnarid t. The presence of biparental

inbreeding is declared if this difference is positive because single-locus estimates include
all apparent selfing due to biparental inbreeding, whereas multilocus estimates exclude

much of the apparent selfing due to biparental inbreeding (Shaw and Allard, 1982), as an
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observed outcross at any locus overrides the apparent selfing manifested at other loci
(Ritland, 2002), 2) by comparing the coefficient of inbreeding of the progeryear(&

the inbreeding coefficient expected at equilibriurgy)(Following Brown (1979). In the
presence of biparental inbreedingq Rwvill be less than f~(Neel et al, 2001). 3)
Evaluating the correlation of paternity (fraction of siblings that share the same father), 4)
correlation of selfing among locigfr With biparental inbreeding, this quantity is less
than one (Ritland, 2002), 5) single vs. multilocus correlated paternity. If single is greater
than multilocus, there is an effect of population substructure on the male similarity
between outcrosses (Ritland, 2008). Methods 1, 3, 4, and 5 were performed by the

MLTR program software.

3.5.3. Morphology and fitness of wild x crop F1 sorghum hybrids

Data were recorded at the three main life history stages following Eairae (1998).
Germination percentage and days to emergence were considered to be juvenile survival
traits. Days to flowering, plant height, number of productive tillers, flag leaf length and
width, leaf number, head length and head width were regarded as adult (growth)
characters. Likewise seed yield per plant (female fecundity) was regarded as fertility
(reproductive) traits. Data on germination percentage was taken in the laboratory every
day starting from the third day through day 10 and the germinated seeds were removed
after count. Data on days to 50% seedling emergence and flowering were collected on
plot basis. Plant height, flag leaf length and width, leaf number, head length, and head
width were recorded at flowering on individual plant basis from six to ten plants those

were randomly selected and permanently tagged in each plot throughout the field
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experiment. Number of productive tillers was counted at maturity. Panicles were covered
using water proof Lawson® paper bags when flowering was completed and started
producing seeds. Number of seeds per plant (female fecundity), was estimated from
grain yield and thousand grain weight, which was counted using an electronic grain
counter (Wagtech International, Tachtam, Berkshire, U.K.). Grain yield per plant was
determined in each plot on the tagged plants. For estimating grain yield per plant, all
heads from the six-ten main plants and from all productive tillers were threshed together,
cleaned carefully and weighed and the total weight was divided by the number of plants.
Count data were log transformed and percentage data were arc sine transformed. To
assess variation among the genotypes (parents and crosses) all measured variables were
subjected to analysis of variance and mean separation by Duncan’s Multiple Range Test
(DMRT) using SPSS Release 17.0. Two methods were followed to estimate the level of
fitness: mid-parent heterosis and direct comparison of relative fitness. Mid parent

heterosis (MPH) of the hybrids was computed using the formula:

(F1-MP)

MPH =
MP

100

where F1 is the mean value of wild x crop hybrid, MP= the mean values of the parents
involved in the cross. Significance of mid-parent heterosis was tested using t test
following the procedure of Wynret al. (1970) as follows:

t_ (F1ij — MPij)
- S.E.
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S.E.= |—MSE
2r

Where, F}=the mean of the'j cross, MR= the average of the parents of tHe djoss,
S.E. = standard error, MSE = Mean square of error, and r= number of replications. The
computed t value was compared with the tabular t value at degree of freedom of error at

95% and 99% levels of probability.

Relative fitness of the hybrids and their parents was computed following the procedure of
Songet al. (2004). Accordingly, the mean values of the three types for each trait were

arranged in an ascending order with the highest mean value receiving relative fitness of
1.0. The remaining values were computed from that value as a starting point and the

significance was tested using Duncan’s Multiple Range Test.

3.5.4. Ecotypic variation in wild sorghum for dormancy, longevity and germination
requirements

For all experiments, germination data were recorded every day starting from the second
day until day 15. A seed was considered germinated if the radicle was at least 2mm long.
All germinated seeds were removed after counting. The germination and TTC viability
data were converted into percentages of the total seeds, 50 in each bag, for the seed burial
experiment and 25 for the experiment involving temperature and osmotic potential. Total

viability was computed as the percent of seeds germinated in the lab plus percent of
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dormant seeds (TTC viable). General Linear Model (GLM) ANOVA with a Poisson
distribution was computed on the arcsine transformed data using MINITAB software
release 14. Replication was considered as random effect and genotype, region, depth,
temperature, osmotic potential, and duration of burial were regarded as fixed effects.
Analysis was done separately for each of the three data sets, set-1 and set-2 of the seed
burial experiment, and for the experiment involving temperature and osmotic potential.
For all sets, survival curves were plotted. Because most of the genotypes had zero
viability at the 24" month, the data in set-1 recorded at the final exhumation date was
excluded from ANOVA. Data were compared with means and standard deviations.
Because the viability of buried seeds in soils follow exponential decline (e.g.,eCahn

2006; Nielsoret al., 2009), the rate of decline was computed from the exponential decay

function as:

R, =Re™"
Where, R) = the number of seeds still viable after timegt=Rhe initial number of seeds
buried, r = the decay rate, and t = the time (duration) of burial (in years) in the soil.

Moreover, the time taken for 50% of the seeds to lose their viabigywWias estimated

from the above formula:

_ [In(05) —(In Ry)]
=-r

t0.5
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4. RESULTS

4.1. Population genetic structure, gene flow and genetic diversity in wild and weedy

sorghum [Sorghum bicolor (L.) Moench] in Ethiopia

4.1.1. Geographical distribution and phenotypic diversity of wild/weedy sorghum

Unlike the cultivated sorghum, which grows in wide altitude ranges of as low as 400m
and as high as 2500m, most of the wild sorghums were more abundant in lower altitudes.
They were found in all the surveyed areas from hot and low rainfall lowlands of 600m at
Humera to a relatively cooler and higher elevation (1925m) at Ademl,in Tigray.
However, they were not found in Hararghe during the season except at two locations,
Bedesa-Gelemso road side and at Bisidimo. They were more abundgeneashangul-
Gumuz(Metekelzone), than any other region of the country where collection was made.
Starting from a few kilometers from the first collection site P-1 (border of Amhara and
Benishangul Gumuz regional states) they continuously colonized the farm and the
uncultivated lands. No other species of wild sorghum with perennial nature was found in
all of the surveyed areas. The only populations found in a wild habitat far from any crop
were G-2, G-3, and AW. However, AW was not included in this study as the seeds were

already shattered during arrival for collection.

In Ethiopia, wild sorghums exist as weeds in cultivated sorghum or other cereals (maize,
tef and barley) or in naturally isolated and disturbed (e.g., near fences, irrigation ditches
and abandoned farm lands) and relatively undisturbed (e.g., national parks and forests)

habitats. They appear very vigorous wherever they occur as weeds in cultivated sorghum

62|



and volunteers in maize fields, perhaps they are hybridized forms and those found in

small cereals such as tef and barley appear very weak statured.

Quantitative traits

There was remarkable variation among the wild sorghum collections for quantitative
morphological characters. Table 4.1 shows the mean, range (min. and max.) and the
standard deviation of the eight quantitative characters measus#éd. The phenotypic
characters of the wild sorghum populations extend from weak stemmed, grass like open
panicle forms (typical wild) to those with vigorous stalks and panicles as compact as the
cultivated race durra (stabilized hybrid forms). In general, the magnitude of the
guantitative traits were in the range of 90cm (H-2) to 530cm (P-2) with an average of
277cm for plant height, 1.5cm to 10cm for leaf width, 18cm to 95cm for leaf length, 3 to
18 for number of leaves per plant, 0 to 24 for number of tillers per plant, 15 to 57cm for
head length, 4cm in the compact weedy types to 43cm in those with very lax panicle
typical wild types for head width. There was significant correlation (p<0.001) among all

pairs of characters except for hundred seed weight and number of tillers per plant.

The first two principal components (PC1 and PC2) explained 73.89% of the total
variation in the data set. Plant height had the largest contribution to the first principal
component (PC1) (45%) followed by leaf number (44%) and leaf width (44%). The
second component was mostly influenced by head width (65%) and hundred seed weight
(51%). Based on this, in the principal component biplot (Fig. 4.1) the short stature, loose

panicle and perhaps the ‘typical wild’ sorghum forms (T-1, T-2, T-3, H-2, W-7 and W-8)
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took their position in one side of the PCA biplot. Five of the six Metekel zone

populations were clustered together in the biplot. The putative hybrid populations of the

weedy sorghum H-1, T-6, T-7, and W-6 also took one side of the biplot.

Table 4.1 Summary of the descriptive statistical values of the quantitative morphological

characters measured on the 600 wild sorghum plants in the collection field

Character Min. Mean Max. SD
Head length (cm) 15 33.73 57 7.70
Head width (cm) 4 19.85 43 7.28
Leaf length (cm) 18 54.90 95 13.91
Leaf width (cm) 15 5.08 10 1.90
Leaf number 3 9.18 18 3.37
Plant height (cm) 90  277.10 530 93.40
Number of tillers 0 1.76 24 2.79
Hundred seed weight (gm) 0.4 1.41 3.8 0.63
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Fig. 4.1 Principal component biplot showing the population structure of wild sorghum for

the quantitative phenotypic characteristics

Qualitative traits

Qualitative traits are known to be less affected by environmental variation and are more
reliable phenotypic traits than quantitative traits. The frequency distribution of these traits
in Ethiopian wild sorghum was such that about 90% had awns at maturity (Table 4.2).
Moreover, 67.1% had high to very high shattering. Further, 52.7% had very loose to
loose panicles with both erect and drooping primary branches. The weedy sorghum

populations with compact panicles were found in Wello (Zobel) and in Tigray (Golel and
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Hagereselam/Idris). The panicle architecture of some wild/weedy sorghum samples is
presented in Fig. 4.2. For the grain associated traits, 65.7% had hairs on their glumes;
58.9% of the collections had grains fully covered; 41.1% had glumes longer than grain,
and 75.9% had very small (as fine as finger millet seed) to medium grain size. The
remaining proportion of them, mainly the stabilized hybrids, had large to very large seeds
resembling the cultivated sorghum and was distributed in all of the 5 regions. As much as
81.4% of the populations had light to dark brown seed colors. The observed grain colors
in the total collection were more than what was in the descriptors (Fig. 4.3), but they
were rounded to the nearest color to fit the descriptors. White grain samples were
observed only in Wello and Yellow grains were found in Tigray and Hararghe only. In
Tigray all color grains except white were observed. In total, 74.6% of the collections had

black (brown-black) glume color group.

The overall standardized Shannon-Weaver diversity indéx Hthe qualitative traits

was in the range of 0.48 (for presence of awn at maturity) to 0.98 (for grain covering). Its
pooled value over all characters was also in the range of 0.33 for Hararghe to 0.84 for
Tigray with an average of 0.76 (Table 4.3). Moreover, the distribution of the qualitative
traits in agro-climatic groups showed that warm semi-arid lowlands (SAZ2), which
comprised of Tigray collections supported the highest Shannon-Weaver diversity index

(H") for 4 qualitative characters (Table 4.4).
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Table 4.2 Frequency distribution of the various qualitative morphological characters by their region of origin and the total percentage

contribution of each character class to the total variation (see appendix Table 2 for description of character codes)

Glume Grain
Awn Shattering Panicle compactness hair covering
Sample
Region size 1 2 1 3 5 7 9 1 2 3 4 5 6 7 8 10 1 2 7 9
Ghibe 85 84 1 0 0O 42 15 28 18 O 0 49 0 13 5 0 O 56 29 55 30
Hararghe 38 35 3 0 0 0 0 38 0 0 18 0 0O 20 0o O O 38 0 38 0
Pawe 110 109 1 0 19 22 60 9 0O O 0 31 16 40 23 0 O 66 44 77 33
Tigray 106 75 31 12 4 0 56 34 o0 17 17 38 0 16 0 18 0 84 22 61 45
Wello 177 161 16 0O 18 53 O 106 O 11 81 38 0 24 6 0 17 95 82 73 104
Total 516 464 52 12 41 117 131 215 18 28 116 156 16 113 34 18 17 339 177 304 212
Percent
of the

total

89.9 10.1 23 7.9 22.7 254 41.7 3.5 54 225 30.2 3.1 219 6.6 35 3.3 65.7 34.3 58.9 41.1

Table 4.2 continued

Grain size Grain color Glume color

Sample
Region size 1 2 3 4 5 1 2 4 5 6 7 8 9 10 11 13 2 4 6
Ghibe 85 23 12 36 13 1 o0 o0 o 3 8 O 10 59 5 0 0 o0 28 57
Hararghe 38 18 0 1 6 13 0 O O 4 1 12 1 20 0 0 o0 1 1 36
Pawe 110 0 34 5 20 1 O O O 1 7 1 7 82 12 0 0 1 7 102
Tigray 106 2 43 20 19 22 0 2 2 3 1 23 25 46 2 1 1 18 30 58
Wello 177 61 46 40 22 8 2 O O 3 17 0O 18 113 20 2 2 2 43 132
Total 516 104 135 152 80 45 2 2 2 14 34 36 61 320 39 3 3 22 109 385
Percent
of the

total 20.2 26.2 29.5 155 8.7 04 04 04 2.7 6.6 7.0 11.8 620 7.6 0.6 0.6 4.3 21.1 746
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Fig. 4.2 Diversity in panicle architecture in wildrghum from a single population in
Ghibe valley (upper) and Pawe/Mandura (lower)
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Fig. 4.3 Diversity in Ethiopian wild sorghum seed colour and size. Color exawpiee

(W4-2), Chalky white (W4-12), Yellow (T8-1), Grey (T6-13), Light red (T8-10), Red
(W6-17), Light brown (G4-7), Dark brown (P2-9), Black (T2-3), Purple (T6-5). Size
example:Very small (T2-3), Small (W4-12), Medium (G1-2), Large (T8-2), Very large

(W6-17).
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Table 4.3 Estimates of standardized Shannon-Weaver Diversity Indgxof(Hvild
sorghum collections for the qualitative morphological traits by their region of origin

Region* N GLC GRCV GLH AW GRC GRS PCS SH Mean

Ghibe (5) 85 091 094 092 009 063 083 0.79 0.93.76
Hararghe (2) 383 022 000 000 040 0.70 0.80 1.00 0.@39
Metekel/Pawe

(6) 110 0.26 0.88 097 0.07 050 0.76 0.96 0.89.66
Tigray (6) 106 090 098 0.74 087 0.65 0.86 0.96 0.70.84
Wello (10) 177 056 098 099 043 058 090 0.82 0.82.76
All 516 062 098 092 048 056 096 0.83 0.83.76

*Figures in parentheses show the number of populations represented in each region,
each population consisted of 17-20 individual plants; N=Sample size, GLC=Glume

color, GRCV=Grain covering, GLH=Presence of glume hair, AW=Presence of awn at

maturity, GRGGrain color, GRS=Grain size, PCS=Panicle compactness and shape,
SH=Shattering

Table 4.4 Estimates of standardized Shannon-Weaver Diversity Indgxof(Hvild
sorghum collections for the qualitative morphological traits by agroecologies

Agro-
ecology* N GLC GRCV GLH AW GRC GRS PCS SH

SA2 (4) 71 0.93 0.98 0.46 0.95 0.73 097 099 0.85
SM2 (5) 89 042 0.99 0.51 0.68 0.53 0.77 083 0.73
SM3 (4) 69 0.63 0.99 0.99 0.32 0.67 094 095 0.94
M2 (4) 74 0.13 0.72 0.92 0 0.58 081 084 0.9
M3 (4) 74 0.66 0.99 091 0.25 0.77 092 084 0.99
SH2 (6) 103 085 0.91 0.91 0.07 0.57 0.81 087 0.97
SH3 (2) 36 0.65 0.96 0.97 0.18 0.31 0.80 094 0.81

*Figures in parentheses show the number of populations represented in each climatic
zone, each population consisted of 17-20 individual plants; N=Sample size, GLC=Glume
color, GRCV=Grain covering, GLH=Presence of glume hair, AW=Presence of awn at
maturity, GRGGrain color, GRS=Grain size, PCS=Panicle compactness and shape,
SH=Shattering
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4.1.2. Population genetic structure, gene flow and genetic diversity in wild and

weedy sorghum Horghum bicolor (I.) Moench] using SSR markers

4.1.2.1. SSR polymorphism

The observed microsatellite allele size ranges were more or less similar to that reported in
earlier studies using the same loci (Table 4.5). The mean number of observed alleles and
polymorphic information content (PIC) are presented in Appendix Table 3. The nine SSR
loci produced a total of 185 alleles from 640 individual samples pooled from Ethiopian
wild, cultivated, and ICRISAT accessions, of which 139 (75.13%) were rare (with
frequency<0.05). The Ethiopian wild population had a total of 165 alleles, of which 117
(71%) were rare. The cultivated sorghum also had 97 alleles, of which 64 (66%) were
rare. Moreover, the ICRISAT wild accessions contained 103 total alleles, of which 54
(52.4%) were rare. On average the number of alleles per the 9 SSR loci was 18.33, 10.78,
and 12.67 for the wild populations, ICRISAT accessions, and cultivars, respectively.
The polymorphism information content (PIC) in all populations ranged from 0.66
(SbKAFGK1) to 0.92 (Sb1-1) with a mean of 0.81. Moreover, availability of alleles in
each locus (the proportion of loci without missing alleles) ranged from 0.96 (Sb6-57) to

1.0 (Sh5-206, Sb5-256, Sb4-121, and SBKAFGK1).
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Table 4.5 Characteristics of the microsatellite loci used in the study.

Size range (bp)

Multiplex Set  Marker Flanking sequences (523 Repeat motif L& Earlier studie3  This study
1 Sb5-206 F: HEX-8ATTCATCATCCTCATCCTCGTAGAA (AC)1d(AG)y E 92-156 86-150
R: AAAAACCAACCCGACCCACTC
Sb1-1 F: FAM-6TCCTGTTTGACAAGCGCTTATA (AG)16 H 241-300 236-308
R: AAACATCATACGAGCTCATCAATG
Sb6-34 F: HEX-8AACAGCAGTAATGCCACAC [(AC)/(CG)]1s I 168-208 181-213
R: TGACTTGGTAGAGAACTTGTCTTC
Sb5-256 F: FAM-6AATTTGCTTTTTGGTCCGTTT (AG)g C 162-214 157-187
R: TAGGAAAGACAGTACTAGAGGTCA
Sb4-72 F: NED-TGCCACCACTCTGGAAAAGGCTA (AG)16 B 182-350 172-238
R: CTGAGGACTGCCCCAAATGTAGG
2 Sb6-84 F: FAM-TAACGGACCACTAACAAATGATT (AG)14 F 170-222 174-218
R: TAACGGACCACTAACAAATGATT
Sh4-121 F: NED-FAM-GAAAAATCTCCGTCAATCCCAAAAATAA (AC)14 D 200-229 181-228
R: CGCTGAACAACGAAAGGAATAAGTG
Sh6-342 F: HEX-6TGCTTGTGAGAGTGCCTCCCT (AC)zs A 250-320 252-350
R: GTGAACCTGCTGCTTTAGTCGATG
3 Sh4-15 F: HEX-GCTGCTAAGCCGTGCTGA (AG)16 E 119-135 106-142
R: TTATTTGGGTGAAGTAGAGGTGAACA
Sh5-236 F: NED-6GCCAAGAGAAACACAAACAA (AG)20 G 158-222 154-218
R: AGCAATGTATTTAGGCAACACA
Sb6-57 F: HEX-FAM-ACAGGGCTTTAGGGAAATCG (AG)1g C 283-320 284-314
R: CCATCACCGTCGGCATCT
4 SBKAFGK1 F: FAM-6GCTTTCGGCGAGCATCTTACAA (AAC), J 140-320 227-284

R: GCGGTTGGATTCGCCATG

2 markers excluded from final analysigF= Forward primer, R= Reverse primét)s = Linkage Group
9 Earlier results were compiled from Brownal. (1996), Dean et a{1999), Bisrat Ghebret al (2002), Agrama and Tuinstra (2003), Abu Asstaal. (2005)
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4.1.2.2. Genetic diversity of wild populations, accessions, and cultivars

Measures of genetic diversity for wild sorghum populations, cultivars and ICRISAT
accessions are presented in Table 4.6. The overall allelic richness over the nine SSR loci
was 14.93 in the wild sorghum pool, which was significantly high€0.0®1) compared

both to cultivars (Rs = 10.0) and accessions (Rs = 11.41). The wild sorghum populations
were also characterized by significantly higher level(05) of private allelic richness

(Rp = 3.79) than both the cultivars (Rp = 1.35) and the accessions (Rp = 1.59). Gene
diversity was also relatively higher in the wild pool (He = 0.89) compared both to the
cultivars (He = 0.68) and the accessions (0.79), even though the difference was only
significant (P< 0.01) for the wildvs cultivar comparison. The level of diversity varied
significantly among the wild populations (Table 4.6) in allelic richness (range: 1.87 in T-

1 to 4.98 in G-2; P <0.001) and in gene diversity (range: 0.17 in T-1 to 0.75 in G-1;
P<0.001) but not in private allelic richness (range: 0.02 in W-4 to 0.50 in P-2; P > 0.05).
Observed heterozygosity (Ho) was >0.50 in population T-4, while populations H-2 and
T-1 had the lowest observed heterozygosity (Ho = 0.01 and 0.04, respectively). The
latter two populations, along with AW (Ho=0.11) and W-4 (Ho = 0.14), formed a

separate cluster that was distinct from the cultivars in the UPGMA analysis (Fig. 4.4).
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Table 4.6 Genetic diversity indices of the Ethiopian wild and cultivated sorghum populations,
and ICRISAT wild sorghum accessions over all 9 loci (Rs= allelic richness, Rp= private allelic
richness, Ho= average observed heterozygosity, He= gene divegsitintdfeeding coefficient).

Population Rs Rp" He Ho Fis

Ethiopian wild

(N=380) AW 2.95 0.12 0.43 0.11 0.80
G-2 4.87 0.32 0.75 0.25 0.71
G-4 498 0.39 0.77 0.31 0.59
G-6 4.01 0.26 0.56 0.17 0.68
H-1 429 0.28 0.60 0.43 0.27
H-2 2.63 0.17 0.29 0.04 0.89
P-1 3.40 0.39 0.54 0.10 0.77
P-4 4,12 0.50 0.69 0.13 0.77
P-5 3.20 0.29 0.59 0.23 0.69
P-6 3.19 0.28 0.57 0.16 0.78
T-1 1.87 0.09 0.17 0.01 0.93
T-4 2.94 0.18 0.47 0.20 0.64
T-5 3.85 0.22 0.64 0.18 0.73
T-6 4.81 0.34 0.65 0.54 0.13
T-8 428 0.22 0.69 0.17 0.80
W-2 2.89 0.05 0.39 0.19 0.51
W-4 3.57 0.04 0.67 0.14 0.78
W-6 1.99 0.14 0.20 0.10 0.53
W-7 2.35 0.02 0.34 0.14 0.58
Overall 1493 3.76 0.83 0.19 0.66

Ethiopian Cultivatec

(N=160) GC1 1.93 0.11 0.15 0.12 0.25
GC2 324 0.17 0.50 0.25 0.55
PC1 4.14 0.80 0.41 0.10 0.76
PC2 4.43 0.77 0.52 0.24 0.55
TC 2.82 0.56 0.31 0.01 0.95
WC1 5.57 1.05 0.74 0.18 0.71
WC2 2.88 0.53 0.33 0.05 0.80
WC3 2.87 0.11 0.34 0.10 0.68
Overall 9.95 1.35 0.68 0.13 0.65
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Table 4.6 continued

Population Re Rp" He Ho Fis

ICRISAT

(N=100) South Africa-arundinaceum 201 0.00 0.22 0.02 0.90
Swaziland-arundinaceum 3.08 0.44 0.7 0.08 0.84
Angola-arundinaceum 3.36  0.76 0.55 0.18 0.70
USA-virgatum 292 055 0.55 0.32 0.46
Egypt-virgatum 1.76 0.32 0.27 0.07 0.79
Sudan-aethiopicuum-1 362 115 0.63 0.35 0.45
Sudan-aethiopicuum-2 229 096 0.27 0.09 0.61
Sudan-verticilliflorum 271 036 0.44 0.06 0.72
Sudan-drummondii 1.64 044 0.18 0.13 0.46
Ethiopia-drummondii 202 038 0.32 0.14 0.62
Overall 1141 159 0.79 0.14 0.65

*To facilitate comparisons, allelic richness and private allelic richness were computed with
corrected sample sizes among the three sorghum groups (wild, cultivar and accessions; N=92 for
each) and among populations (N = 7 in wild, N = 15 in cultivar and N = 7 in accessions) in each
of the groups.

4.1.2.3. Geographical and agroecological pattern of microsatellite diversity in wild
sorghum populations

Allelic richness (R and private allelic richness (Rp) were computed by grouping
populations according to their region of collection and agroecologies. Allelic richness of
the regions of origin ranged from 6.42 (Wello) to 9.94 (Tigray), but the difference was
significant between Ghibe and Hararghe (p=0.008), Ghibe and Pawe (p=0.05) and Tigray
and Wello (p=0.008). Similarly, private allelic richness)(Ranged from 0.3 (Wello) to

1.68 (Pawe). The variation in private allelic richness was significant only between Ghibe
and Wello (p=0.02) and between Tigray and Wello (p=0.027). Overall, Tigray had the
highest Rs whereas Pawe had the highest Rp. On the other hand, Wello had the lowest

wild/ weedy sorghum diversity based on these two indices.
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Variations in B and R were significant among the agroecologies. The range of allelic
richness of the agroeologies was from 2.95 (A2) to 5.99 (SH2). Private alleleic richness
was also ranged from 0.27 (A2) to 1.26 (SH2). In general, warm sub-humid lowlands
(SH2), which comprised of Ghibe and Mandura (Metekel) populations supported the
highest Rs and Rp, whereas Warm arid lowland plains (A2), which contains only Awash
populations in the present study, supported the lowest diversity based on these two
indices. Altitude had significant negative correlation with gene diversity (r=-0.529,
p=0.02), average observed heterozygosity (r=-0.448, p=0.054) and with allelic richness

(r=-0.526, p=0.021) of wild sorghum populations.

4.1.2.4. Relationship among wild populations

The 19 wild sorghum populations were distributed into 5 clusters (Fig. 4.4). The
population that was collected from Zobel (W-6), which was morphologically closer to the
cultivated sorghum is placed as single (I). The second clauster (ll) consisted of the
typically wild populations (AW, H-2, T-1 and W-7). Moreover, all of the four Metekel
zone populations (P-1, P-4, P-5, and P-6) clustered together in cluster Ill. The fourth
cluster (IV) consisted of populations from South Wello (W-2), Ghibe (G-6) and from
West Tigray (T-4). The fifth cluster (V) is the biggest cluster consisted of three sub-
clusters. In the first sub-cluster, the population from Abuare (W-4) was placed. The
second sub-cluster consisted of the two Ghibe populations (G-2 and G-4) and the third
one consisted of the three Tigray populations (T-5, T-6, and T-8) and the population from

Hararghe (H-1).
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Fig. 4.4 Cladogram showing relationships among the wild sorghum populations collected
from different geographical regions based on microsatellite data. See Table 3.1 and
Figure 3.1 for collection site information.

4.1.2.5. Relationship of wild populations to ICRISAT accessions

The cladogram that shows the relationship among the Ethiapiaitu wild sorghum
collections and the ICRISAT accessions (Fig. 4.5) is similar to the Fig. 4.4, but three of
the 6 clusters joined ICRISAT accessions with the Ethiopian wild sorghum populations.
Cluster | joined the Egypt and USA accessions belonging to race virgatum, which may
suggest that Egypt could be the country of origin for the USA material. Cluster Il joined

the 4 Ethiopian wild populations (AW, H-2, T-1, and W-7) with bicolor ssp.

77|



drummondii in the ICRISAT accession from Ethiopia. Below, additional evidence will be
presented showing that these 4 wild populations are genetically distinct from the others.
Cluster V joined the 2 Ghibe (G-1 and G-2), the 3 Tigray (T-5, T-6, T-8) and the
Hararghe (H-1) populations with Sudaethiopicuurrl. Cluster VI also joined W-4 with

the rest of the ICRISAT accessions.

Fig. 4.5 Cladogram showing relationship of Ethiopian wild sorghum populations and
ICRISAT accessions. See Table 3.1 and Figure 3.1 for collection site information.
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4.1.2.6. Relationship of wild populations to cultivars

All of the cultivars had compact and semi-compact panicles typical of the durra and
caudatum landraces, which are common throughout Ethiopia, and one, WC2, was an
improved caudatum variety, 7¢#23. Two durra populations, WC3 and TC1, were
collected in the same Kobo-Alamata plain located in adjacent districts (~35 km apart) and
had the same local name, “Degalit’. UPGMA relationships among the 8 cultivars (Fig.
4.6) showed four clusters, with the two “Degalit” landrace cultivars grouped together
(cluster II). These two landrace cultivars together with an adjacent wild sorghum
population collected from Zobel, W-6 also clustered together in a cladogram (Fig. 4.7).
Evannoet al. (2005) simulation model predicted K=4 to be the optimum cluster (Fig.
4.8). Similar to Fig. 7, the two “Degalit” landrace cultivars and the adjacent wild
sorghum population collected from Zobel clustered together at K=2 through K=4 in the

STRUCTURE bar graphs (Fig. 4.9).

The cultivated sorghum landraces from Pawe and Ghibe clustered together (cluster-lIil,
Fig. 4.6), as did the durra landraces from Wello and neighboring TC1 (Cluster-Il). In Fig.
4.7, an improved variety, 76T1#23 (WC2) and intermixed weed (W-4) were in one
cluster (Cluster-Ill). The landraces from Pawe and Ghibe also clustered together, as did
the landraces from Wello (WC3) and neighboring TC1 (Fig. 4.6). In Fig.4.7, four of the 7
clusters joined wild and cultivated sorghum together. Very interesting is that an exotic,
improved variety, 76 T1#23 (WC2) remained single in Fig. 4.6. In Fig. 4.7, 76 T1#23 and
intermixed weed (W-2) with it were in one cluster. Clustering of Ghibe cultivar (GC2)

with South Wello cultivar (WC1) could be due to long distance movement of seed.
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During the interview with farmers, they responded that they came from South Wello and
North Shewa areas as settlers.Overall, the results suggest that wild populations are
closely related to the cultivars (Figs. 4.7 and 4.9), as did a Principal Component Analysis
(Appendix Fig. 1). However, in spite of the fact that many wild populations grew in
close proximity to the crop (Table 1; Tesscal 2008), evidence for gene flow between

the cultivars and wild populations that were sampled was only moderate.

Fig. 4.6 Cladogram showing relationships among the 8 cultivated sorghum populations.
See Table 3.1 and Figure 3.1 for collection site information.
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Fig 4.7 Cladogram showing relationships among the 19 wild and 8 cultivated sorghum
collections. See Table 3.1 and Figure 3.1 for collection site information.

4.1.2.7. Genetic structure and gene flow in wild and cultivated sorghum populations

Wild populations displayed considerable genetic differentiation, some of which were
associated with geographic proximity. For example, overall valuesr@ing R for the

19 wild populations were 0.374 and 0.376, respectively (Appendix Table 3), which
indicates very great differentiation. Likewise, analysis of molecular variance (AMOVA)
showed that 41.2% of the variation occurred among wild populations and 58.8% found
within populations (Table 4.7). Indirect estimates of gene flow using Wrigt sufd
Slatkin’s Rst were similar and showed that the average number of migrants per

generation across wild populations wag=N0.43, with higher gene flow in some
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adjacent wild populations. For instance, the largest number of migrants per generation
was between G-2 and G-4 {N3). Similarly, N.= 2 between P-1 and P-4, ang=N1
between P-4 and P-6. In general, gene flow was evident in 18 population pairs (~10.53%
of the total population combinations) (with,&l to N,=3) computed from pair wisesF

(Appendix Table 5).

Table 4.7 Analysis of molecular variance (AMOVA) of the 19 wild sorghum populations
as revealed by SSR markers

Sum of Variance P value

Source of variation d.f. squares components  Variation (%)

Among populations 18 9099.1 1.20 41.2 <0.001
Within populations 7961 13629.6 1.71 58.8 <0.001
Total 7979 22728.7 291

Four wild populations consistently clustered together in the UPGMA analysis (Figs. 4.4,
4.5 and 4.7) and in each level of K in the STRUCTURE analysis (Fig. 4.9). These were
W-7 and T-1 in the North Wello-South Tigray region and AW and H-2 in the Awash-

Haraghe region. Interestingly, these populations were grouped with the Ethiopian
drummondii accession acquired from ICRISAT in the cladogram, and did not show
affinity with the cultivars in either type of cluster analysis (Figs. 4.7 and 4.9). Thus, they

can be considered to represent a distinct sub-group.
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Fig. 4.8 Evannat al. (2005) method predicted that the modal value (Delta K) at k=4 (the h
peak) tabe the optimum k valt

Fig. 4.9 STRUCTURE bar graph of 19 wild and 8 cultivated sorghum predefined populat-

axis) with k=2 to k=4. Figures in the-axis show coefficient of membership/ assignment. Eat
the 540plants is represented by a single vertical line of a color according to the es
membership fraction averaged over all the 9 loci and each color group represents a clut
Wild: 1=AW, 2=G2, 3=C4, 4=G-6, 5=H-1, 6=H-2, 7=P-1, 8=R-9=F-5, 10=P-6, 11=T-1,
12=T-4, 13=T5, 14=1-6, 15=T-8, 16=W-2, 17=W-4, 18=W-6, 19=W-Cultivated 20=GC1,
21=GC2, 22=PC1, 23=PC2, 24= TC1 [Degalit cultivar], 25= WC1, 26= WC2 [improved ct
76T1#23], 27=WC3 [Degalit cultiva
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There was weak geographic structuring in the wild populations. Only some of the wild
populations formed separate clusters according to their geographical regions (Fig. 4.4).
For example, all of the four Pawe populations and two of the three Ghibe populations (G-
2 and G-4) clustered according to their geographical origins. The three northwest Tigray
populations (T-5, T-6 and T-8) clustered with each other but this group also included
population H-1 (Hararghe) in the east. Similar patterns were observed in the
STRUCTURE analysis in that the four Pawe populations clustered together at all levels
of K as did G-2 and G-4. The remaining populations were clustered with cultivars in the

UPGMA (Fig. 4.7) and Structure (Fig. 4.9) analyses.

The divergence among all pairs of geographical regions was significant (P<0.05), but it
was relatively lower between Ghibe and Tigray and higher between Pawe (Metekel) and
Hararghe (Table 4.8). Similarly, population differentiation among all pairs of the climatic

zones (agroecologies) was significant (p<0.05). SH2 had the smallest divergence with
M2 and SA2 (Table 4.9). In general, the wild sorghum growing agroecologies were more

differentiated (kt=0.179) than the regions of collections{£0.134).

Mantel test of the correlation between Rousset’s genetic distance and geographic distance
matrices was not significant (r = -0.1520, p=0.0682). Even after transformation, the
correlation between log (genetic distance) and log (geographic distance) matrices was not

significant (r = 0.1012, p=0.9106).
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Table 4.8 Pair wise dr showing wild sorghum population differentiation across the
regions of collection.

Hararghe Ghibe Pawe Tigray
Ghibe 0.136*
Pawe 0.196* 0.111*
Tigray 0.109* 0.083* 0.120*
Wello 0.126* 0.157* 0.179* 0.109*

*significant (P<0.05)

Table 4.9 Pair wise dr showing wild sorghum population differentiation across the
climatic zones (agro-ecologies).

SH2 M3 SH3 M2 SM2 SM3
M3 0.132*
SH3 0.136* 0.252*
M2 0.085* 0.213* 0.164*
SM2 0.181* 0.250* 0.173* 0.211*
SM3 0.222* 0.244* 0.272* 0.291* 0.290*
SA2 0.084* 0.109* 0.158* 0.139* 0.163* 0.234*

*significant (P<0.05)
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4.1.2.8. Detection of recent bottlenecks and estimation of effective population size

Using the heterozygosity excess and mode shift methods, there were no bottlenecks

observed in the studied populations (Table 4.10). The effective population size of Ghibe

Bereha (G-2) population was more in both the IAM (Ne=9951) and the SMM

(Ne=37201) than a population from Awash National Park, which had IAM (Ne=5631)

and SMM (Ne=16015) (Table 4.11).

Table 4.10 Sign, wilcoxon and mode shift tests for existence of bottleneck in wild sorghum
populations from Awash National Park and Ghibe river valley (Ratios represent the number of
microsatellite loci exhibiting heterozygosity deficiency vs. excess).

Mode
Population Test IAM TPM SMM shift
Awash park S 0.405 5:4 0.342 5:4 0.036 7:2 None
w 0.820 0.359 0.019
Ghibe
valley S 0.211 2:7 0.538 4:5 0.109 6:3 None
w 0.019 0.496 0.250

S=Sign test; W= Wilcoxon test (two tail for H excess and deficiency)
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Table 4.11 Number of samples (n), observed SSR alleles (ko), expected heterozygosity (He), average expected heterozygosity (Heq)
computed from He, and effective population size (Ne) (based on IAM and SMM mutation models) of wild sorghum populations from

Awash national park and Ghibe valley

Awash Ghibe valley
Ne Ne
Locus n ko He Heq Ne(IAM) Heq Ne(SMM) n ko He HeqlAM) Heq (SMM)
Sbh5-206 40 2 019 0.23 1440 0.26 4428 38 10 0.89 0.82 21739 0.85 106085
Sb1-1 40 5 0.66 0.59 6996 0.65 19894 38 7 073 071 12001 0.76 42199
Sbh6-34 40 5 0.72 0.59 7025 0.65 19669 40 9 0.83 0.78 17481 0.82 77357
Sb5-256 40 4 035 05 4961 0.56 12776 40 4 07 05 4922 0.56 12718
Sh4-72 18 5 0.75 0.69 10809 0.72 31714 40 6 0.75 0.66 9307 0.71 29144
Sh6-84 40 3 0.38 0.39 3134 0.44 7760 40 6 0.65 0.66 9307 0.71 28746
Sh4-121 30 4 0.63 0.53 5572 0.59 14369 40 4 0.7 05 4961 0.56 12893
Sbh6-342 40 6 0.53 0.66 9307 0.71 29144 40 4 047 05 4941 0.56 12834
SbKAFGK1 40 2 01 0.23 1431 0.25 4381 40 4 051 05 4902 0.56 12834
Mean 36 4 048 0.49 5630 0.54 16015 40 6 0.69 0.63 9951 0.68 37201
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4.2. Estimation of mating system parameters inn situ wild/weedy sorghum using

SSR markers

4.2.1.In situ outcrossing rate of wild sorghum in Ethiopia

The SSR primer pair, sb4-72 failed to amplify the DNA of most of the famili&obo
population. Hence, this population, amplified with the remaining four pair of primers was
analyzed separately and excluded from the combined analysis. The number of observed
alleles in the total families ranged from 16 (sb5-256) to 56 (sb1-1) showing that the SSR
markers used were highly polymorphic. There was significant variation (p=0.016) in
outcrossing rate among wild sorghum populations collected from different geographical
regions. Multilocus outcrossing rateyXtranged from 0.33Humera/Donkey to 0.65
(Abuarg. The average multilocus outcrossing rate (tm) of all populations excluding Kobo
(which had 0.19) was 0.51. However, the value was in the extreme range of 0 to 100% in

some families.

Multilocus family outcrossing rate in the progenies was found to have no correlation with
plant height (r=-0.046, p=0.61), head length (r=-0.068, P=0.0.45) and width (r=0.026,
p=0.775). Moreover, the correlation between population outcrossing rate and panicle
compactness was negative, but not significant (r=-0.374, p=0.465). The population
outcrossing rate had highly significant correlation with gene diversity (expected

heterozygosity) of the maternal plants (r=0.714, p=0.01), but no correlation with altitude
(r=0.013, p=0.978). The inbreeding coefficient of the maternal plan¥$ B&d no

correlation with plant density (r=0.52, p=0.291), and altitude (r=0.59, p=0.217).
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Correlation of outcrossed paternity)(had negative, but not significant correlation with

plant density (r=-0.358, p=0.48).

4.2.2. Inbreeding and biparental inbreeding

Fig. 4.10 shows the three coefficients of inbreeding estimated from the population and
family data. In the figure, inbreeding coefficient of the progenigp\Was greater than

both inbreeding coefficient of the maternal plants)(Bnd equilibrium inbreeding
coefficient expected from the observed outcrossing) (R all populations except in
Mandura where it was less thap. Fnbreeding coefficient of the maternal plants (Fm)
was in the range 0.016£SE0.091 in Humera/Donkey to 0.662+SE0.063 in Mandura/Pawe
with an average of 0.496+SE0.029. Similarly, fanged from 0.436+SE0.036 in

Humera/Donkey to 0.710+SE0.022 in Abuare with an average of 0.691+0.043.
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Table 4.12 Estimates of the mating system parameters of the wild and weedy sorghum, figures in parentheses are standard errors

Estimate* Gibe Hararghe Pawe Humera/ Hagereselam  Abuare Kobo Combined**
Donkey

tm 0.569(0.073) 0.479(0.071) 0.453(0.053) 0.331(0.067) 0.609(0.0&854(0.054) 0.190(0.072) 0.505(0.027)

ts 0.242(0.037) 0.231(0.042) 0.265(0.033) 0.230(0.055) 0.343(0.0BAY6(0.046) 0.138(0.068)  0.205(0.014)

trts 0.328(0.041) 0.248(0.037) 0.187(0.028) 0.101(0.023) 0.266(0.021@Y8(0.032) 0.051(0.017)  0.300(0.016)

Fo(m) 0.732(0.127) 0.926(0.096) 0.138(0.040) 0.711(0.120) 0.545(0.115/1(0.108) 0.205(0.230)  0.783(0.042)

Fos) 0.487(0.164) 0.724(0.167) -0.069(0.038) 0.721(0.179) 0.238(0.0B4)19(0.133) -0.027(0.230) 0.512(0.058)

I's

0.128(0.066)

1.100(0.183)

0.341(0.068)

0.408(0.145)

0.270(0.122B9(0.084)

0.577 (0.177)

1.088(0.198)

*tm = multilocus outcrossing rate, ts = single locus outcrossing ratg=eprrelation of multilocus paternity,&= correlation of

single

locus paternity, s+ correlation of selfing among

loci; **

Combined value doesn’t
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Table 4.13 Multilocus outcrossing (tm) rate of wild sorghum as affected by head length
(HL), head width (HW), plant height (PH), and panicle compactness (PCOM)

Population* HL HW PH tm PCOM**
Ghibe 36.9 18.1 335 0.569 1
Hararghe 24.8 12.5 183.5 0.479 6
Pawe 43.5 26.1 346 0.453 6
Humera/Donkey 30.8 10.5 2075 0.331 6
Hagereselam 39.7 21.4 254 0.609 4
Abuare 35.8 26.7 256.5 0.654 6
Kobo 25.4 18.1 137.5 0.19 3

r 0.323 0.648 0.259 1 -0.374

*r= Pearson'’s correlation coefficient

**1= very lax panicle, 3=very loose, 4= loose, 6= semi-loose
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Fig. 4.10 The three coefficients of inbreeding estimated from the population and family
data (see text for meaning of Fm, Fp, and Feq)

Biparental inbreeding was evident in all populations with variable magnitude as
measured by the different procedures. First, the single locus outcrossing)ratas(t
consistently smaller than that of the multilocus outcrossing raran(tall populations
(Table 4.12). On averagg-ts = 0.24, which accounted for 48% of the total outcrossing
rate in all families, but the extent was lowerHomera(0.101+SE0.023) and higher in
Ghibe (0.328+SE0.041) families. Second, the coefficient of inbreeding of the progenies
(Fp) was greater thanefin six of the seven populations, which reveals that there was
more inbreeding in the progenies than expected from the observed outcrossing rate.
Third, correlation of outcrossed paternity) (was high in five of the seven populations
indicating the contribution of few fathers for the pollen pool, which in turn was an
indication of the presence of biparental inbreeding or non random mating. Fourth, the
correlation of selfing among loci was less than one in all except in Bisidimo populations.

Fifth, the single locus correlated paternity was less than the multilocus ones in all
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populations except in Humera/Donkey. Evaluation of the coefficient of inbreeding, it was

found that Fwas greater than both,land kg

4.3. Morphology and fitness of wild x crop k hybrids of sorghum

4.3.1. Performance of I hybrids and their parents for juvenile survival, adult
(Growth), and fertility traits

Analysis of variance has shown significant differences for all the measured adult
survival, growth and fertility traits (Table 4.14). Laboratory seed germination and field
emergence of crop-wild hybrids were compared with that in the parents as juvenile
survival traits. Early emergence was regarded as better fithess. There were significant

differences among parents and hybrids for laboratory germination and field emergence.

Mean comparisons of the various traits are presented in Table 4.15. Three of the 5
hybrids compared had better mean germination than their wild parents. In one case the
hybrid had no significant germination than both of its parents. However, hybrids showed

relatively later emergence than their wild parents.

Because the parents were extremely different for some characters, most of the hybrids
assumed intermediate magnitude for most of the growth traits. Four of the seven hybrids
had earlier flowering than their cultivar parents. The remaining three hybrids had
flowering times not significantly different from both of their parents. All hybrids except
W5-20 x 76T1#23 had heights significantly taller than their cultivar parents. Moreover,

three were significantly taller than both parents.
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All hybrids except W5-20 x 76T1#23 had significantly lower number of tillers per plant
than their wild parents and significantly higher tillering than their cultivated parents. Five
of the seven hybrids had significantly longer flag leaves than their wild parents, three of
which had also significantly shorter flag leaf length than their crop parents. Two hybrids
(W5-20 x 76T1#23 and 1S18804 x 76T1#23) had leaf length not significantly different
from their cultivar parent. All of the hybrids had significantly wider leaves than their wild
parents but had significantly narrower leaves than their cultivar parents. All of the
hybrids had significantly more number of leaves than their wild parents and less number
of leaves than their cultivar parents except 1S18804 x 76T1#23, which had leaf traits at
par with its wild parent (Table 4.15). The average number of seeds per plant was in the
range of 2249 (76T1#23) to 12363 (H2-16 x WSV 387). Virtually, all of the hybrids had
higher fecundity than both of their parents, but it was relatively lower in W5-20 x
76T1#23. Generally, cultivar parents had the lowest fecundity than wild parents and

hybrids.
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Table 4.14 Mean squares from analysis of variance (ANOVA ) of F1 hybrids and parents for different characters measured at

Melkassa in 2011

Source DF* GERM DTE DTF PH HL HW LL LW TILL LN NSPP
Replication 4 (3) 10.29 3.67* 135.72*  3815.95* 34.31 17.40 11.24 0.37 8.33* 2.24 1919410
Entry 15(13) 383.65** 2.40** 206.49* 10575.5** 203.64** 220.46** 108.32** 15.10** 47.61** 6.32** 45219200**
Residual 60(39) 15 0.91 30.15 1305.71 25.19 20.75 8.49 0.22 2.65 0.23 3409020
Total 79(55) 101.88 1.33 68.97 3192.90 59.53 58.50 27.58 3.05 11.47 1.49 11272200

*Figures in parentheses show the DF for GERM; GERM= germination percentage; DTE= days to emergence; DTF= days to flowering; PH= plant height; HL=

head length; HW= head width; LL= leaf length; LW= leaf width; TILL= number of tillers per plant; LN= leaf number; NSPP= number of seeds per panicle
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Table 4.15 Mean of various life history traits measured on wild x crop F1 sorghum hybrids and their parents at Melkassa in 2011

Genotyp: Strair GERM* DTE DTF PH TILL HL HW LL LW LN NSPF SSW
H2-1 wild parent o 11°¢ 57 182.9%e g F 28.9° 23.3°0 394« 2.9 4.7  5365° 0.0096
H2-16 wild paren 9  10.8° 54  193.pcdef g 3pcdel o5 £l 4o cde o @R 4.8 576€ 0.00972
T1-1 wild parent 84  10.8° 67  198.9%0 126 28.4° 3%l 4o gel 3P 4.8  4685% 0.0087
W5-20 wild paren 9X 9.8 5p@p  g7pmbed 4P 26.8 14 39 4o 5abe  gppgcde 0.014¢¢
1S18822 wild parent 68 11.4 55  2257°Hh  ged 428" 29.3 339 3¢ 48° 3847 0.0157
151448t wild paren 8¢’ 10%¢ 53 pp7.efh  gcc 3p . coh 25.69 38.%¢  4.¢€ 4.6%¢  417z00e 0.017%
1S18804 wild parent 7% 10.8° 60*° 246.9" g4 37.dn 26.9° 37.6° 35° 5pd 3384° 0.0112°
76T1#2: cultivar parer 9¢d 8.8  63° 126.4 1.7 19.62 7.6 486 8.6 7.3 2246 0.018%
WSV 387 cultivar parent 98 11 77 143.8°> 1.3 304 10.8 53.2 8.7 8.9  2553° 0.0246
H2-1 x WSV 38 F1 hybric 9% 10%c 530 264" .S 3ghodef 79 gode 4451 54 g 96579 0.01€
H2-16 x 76T1#23 F1 hybrid NA 10%¢ 57 2340 gL 3469 21.4°" 4330 5Frde 5 12363 0.0159
T1-1 x WSV 38 F1 hybric 10 10.7%¢  5g¥c 25290 7 39U 2420 gpL98f g gt g ghcde 10750 0.014°
W5-20 x 76T1#23 F1 hybrid eled 9.5° 5gbe 163.F¢  3.1° 26.6 11.4° 46.8" 6.2 5.8% 4696 0.018f
1S18822 x WSV 38 F1 hybric 9gd 11°¢ 542 29¢€ 42 44" 28,89 43.1%W  pgglet  gEbed  43pcde 0.0234
1S14485 x 76T1#23 F1 hybrid NA 9.6 54 2189°0" 42 20949 1709 423 6H 6.7 5137 0.022%
1S18804 x 76T1#z F1 hybric o 10 57 239.69"  gE°  3p.Ele o o 469" 53 pee  goad 0.017%

*NA= Not Available (seed was not adequate), Figures preceded by similar letter are not significantly different (p<0.05); GERM= germination percentage; DTE=
days to emergence; DTF= days to flowering; PH= plant height; HL= head length; HW= head width; LL= leaf length; LW= leaf width; TILL= number of tillers
per plant; LN= leaf number; NSPP= number of seeds per panicle; SSW= single seed weight
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4.3.2. Mid-parent heterosis of wild x crop crosses

Mid-parent heterosis values are presented in Table 4.16. Three of the five hybrids, which
had data, had significant mid-parent heterosis for germination. There was no hybrid that
showed significant mid-parent heterosis for days to seedling emergence and number of
tillers per plant. Most hybrids exhibited earlier flowering (10-20%) than their mid
parents, but three of the seven hybrids had significant mid-parent heterosis. All of the
hybrids except W5-20 x 76T1#23 had significantly high mid-parent heterosis for plant
height. Three hybrids showed significant mid-parent heterosis for head length and 2
others had significant mid-parent heterosis for head width. Most of the hybrids had head
shapes intermediate between both of their parents (Fig. 4.11). Four hybrids had
significant mid-parent heterosis for leaf number, 4 hybrids for leaf width and one for leaf
length. Four hybrids exhibited significantly higher mid-parent heterosis for number of
seeds per panicle. There was no cross that showed consistently superior mid-parent
heterosis for all the characters. However, two crosses, T1-1 x WSV 387 and 1S18822 x
WSV 387 exhibited significant mid-parent heterosis for most of the traits. On the
contrary, one cross (W5-20 x 76T1#23) had not significantly different from the mid-

parent for all the characters except for leaf width.
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Table 4.16 Mid parent heterosis (%) for different life history traits measured in wild x crop hybrids

Entry Cross GERM DTE DTF PH TILL HL HW LN LL LW NSPP

1 H2-1 x WSV 387 -3.1 -9.1 -21.4**  62.0* 31.4 11.3 12.0 -20.6** -17.3 -13.8** 143.8**
2 H2-16 x 76T1#23 - 2.0 -3.4 46.5** 25.5 33.6** 285 -8.5 -10.9 -8.8 208.5**
3 T1-1 x WSV 387 9.9 6.4 -18.1%  47.5** 0.7 18.4* 43.2* -15.8** -20.3* -6.5 197.2*%*

4 W5-20 x 76T1#23 3.7 2.2 0.9 9.1 12.7 14.2 4.1 -5.7 -3.7 -8.1* 45.0

5 1S18822 x WSV 387 19.3** -1.8 -18.3* 60.4** -13.1 20.7 43.6* -19.7** -19.0 -10.4* 34.4

6 1S14485 x 76T1#23 - 2.1 -6.6 23.6* 3.7 3.7 1.2 1.6 -13.0 -1.5 61.4

7 1S18804 x 76T1#23 12.6** 5.2 -7.0 28.5* 275 26.7* 253 -10.4* 53 -12.4** 216.8**

* Significantly different (p<0.05), ** significantly different (p<0.01); GERM= germination percentage; DTE= days to emergence; DTF= days to flowering; PH=
plant height; HL= head length; HW= head width; LL= leaf length; LW= leaf width; TILL= number of tillers per plant; LN= leaf number; NSPP= number of

seeds per panicle
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4.3.3. Relative fitness

Hybrids showed superior fitness for plant height and number of seeds per panicle (Table
4.17). Cultivar parents also had higher fitness for leaf characters (flag leaf length and
width, and leaf number). Fitness of the cultivars was also higher for germination, but the
difference with hybrids was not significant. Wild parents had the lowest fitness for these
characters. However, their fithess was higher for number of tillers per plant. Hybrids had
better reproductive fitness than both of their parents. However, as far as weediness is
concerned the hybrids should be compared with their wild parents (Snalky 1998).
Hence, hybrids had better juvenile and reproductive fithess than their wild parents, but
differences for growth fithess were not significant. Hybrids also had the highest

composite fitness (0.85).
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Table 4.17 Juvenile survival, growth and fertility fithess of wild-crop sorghum hybrids relative to their parents

Order* Juvenile fitnes Growth fitnes Reproductive fitne: composite
Genotyp: Type |GERM DTE |DTF PH TILL LL LW LN | NSPF fitness
WSV 387 1| cultivar 1 09| 055 054 014 1 1 [ 0.26
76T1#2: 2| cultivar NA 1| 08 05 012 1 1 1 0.1¢
WSV 387 3| cultivar 0.98 1| 069 057 01 1 0.24
76T1#23 4 | cultivar 1 1| 079 073 0.8 0.48
WSV 387 5| cultivar 0.9¢ 1] 057 046 018 1 1 1 0.5¢
76T1#23 6 | cultivar NA 1] 081 055 017 1 1 1 0.44
76T1#23 7 | cultivar 1 1| 089 051 013 1 1 0.25
Mear 09¢ 09¢| 07: 05 016 1 1 1 0.3¢ 0.6
H2-1 x WSV 387 1lr 0.95 1 1 1 075 083 057 061 1
H2-16 x 76T1#2 21k NA 08€| 09/ 1 071 08 06 0.74 1
T1-1 x WSV 38 3| F1 0.9: 1 1 05t 0€ 067 0.6¢ 1
W5-20 x 76T1#23 41 k1 0.92| 088 094 072 096 072 0[9 1
1S18822 x WSV 38 51 F1 1 1 1 0E 081 064 062 1
1S14485 x 76T1#7 6| F1 NA 0091| 0.96 09¢ 0.61 087 0.7¢ 08F 1
1S18804 x 76T1#23 " F1 0.99 0.84 1 097 072 095 062 0[7 1
Mear 0.9¢ 09:| 097 0.9¢ 06° 087 0.6° 0.72 1 0.8¢
H2-1 1] wild 096 09| 092 0.69 1 074 033 053 0.55
H2-16 2| wild NA  0.77 1 08 1 08/ 03z 062 0.45
T11 3| wild 0.84 0.9¢| 0.8¢ 0.7¢ 1 081 04z 0.4¢ 0.47
W5-20 4| wild 0.93 0.89 11 1 081 057 068 0.9
1S1882: 5| wild 0.6¢ 0.9¢| 0.9¢ 0.7¢ 1 0.6/ 044 0.5 0.8¢
1S1448! 6 | wild NA  0.8€ 11 1 07¢ 05: 0.67 0.6
1518804 7| wild 076 08 095 1 1 077 041 0.J1 0.88
Mear 0.8/ 0.8¢| 0.9¢ 0.87 1 077 047 061 0.6 0.6¢

* Related groups have similar numbering according to their order
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Fig. 4.11 Differences in panicle morphology between hybrids (in the middle of each
slide) and their crop (right) and wild (left) parents. A) 1S14485 x 76T1#23, B) 1S18804 x

76T1#23, C) W5-20 x 76T1#23
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4.4. Ecotypic variation for seed dormancy, longevity and germination requirements

in wild/weedy sorghum

4.4.1. Fate of the seeds of different ecotypes of wild sorghum after 18 and 24 months

of burial in the soll

General Linear Model (GLM) ANOVA showed no significant differences among
genotypes and among the regions of collection, but it was significant (p<0.01) for the
duration of burial (Table 4.18). The significance of the second order interaction (p<0.01),
Genotype x Duration of burial x Region indicates that genotypes (ecotypes) collected
from different geographical regions showed differential response on seed viability to the
different periods of burial. Some of them showed drastic decline in viability, but others
showed relatively slower, but ultimately, most of the seeds were depleted within the 24

months of burial.

The data of all populations in set-1 pooled together, 71% of all the seeds were viable of
which 49.7% were germinated in the laboratory, 21% were dormant and 24.14% were
germinated and/or dead in the field during the first 6 months of burial (Table 4.19). The
remaining 4.8% of the seeds were found intact but were confirmed as died using 1% TTC
test. Hence, a large proportion of the seeds were found to be viable after 6 months of
burial in the soil. After 12 months of burial, however, the viability sharply declined to
9.06% of which 2.32% were dormant. After 18 months of burial in the soil, only 1.82%
of the seeds remained viable of which 1.34% were still dormant. Furthermore, after 24
months of burial, 1.24% remained viable, of which 0.74% were still dormant. Fig. 4.12

shows the survival curve of wild sorghum seeds during the 24 months period of burial in
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the soil. On the basis of the total viability of seeds in the entire population, ecotypic
variation in the wild sorghum populations was not evident during the first exhume, but
there were differences among ecotypes for dormancy (the proportion of seeds that
confirmed viable by TTC test, but did not germinate). The highest dormancy was
recorded by Ghibe (39.1%) and Pawe (38.5%) populations, but the lowest (4.2%) was by
Hararghe population. After a year of burial, Ghibe population showed better total
viability than the rest of the populations included in the experiment followed by Pawe.
During the third exhume, Pawe and Ghibe populations still showed better total viability
than the remaining populations. After 24 months of burial, Ghibe populations had an
average viability of 4.8 %, more than 50% of which (2.6%) were still dormant. The other

populations had <1% viability.

Table 4.18 General Linear Model (GLM) ANOVA showing the effect of duration of
burial on viability of seeds from different wild sorghum populations collected in 5
geographical regions*

Source DF SS MS F Prob
Rep 3 0.06904 0.02301 0.86 0.461
Genotype (G) 4 0.0956  0.0239 0.9 0.466
Region (R) 4 0.20486 0.05121 1.92 0.108
Duration of burial (D) 2 40.72649 20.36325 764.33 0.000
GxR 16 0.67858 0.04241 1.59 0.072
GxD 8 0.10915 0.01364 0.51 0.847
RxD 8 0.7411 0.09264 3.48 0.001
GxRxD 32 150215 0.04694 1.76 0.01
Error 222 5.91454 0.02664

Total 299 50.04149

*values are based on Arcsine transformed viability data
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Table 4.19 Survival of buried seeds from five populations (ecotypes) of wild sorghum
after 6, 12, 18, and 24 months, based on pooled data from 20 mesh bags per population

Average Percent Percent intact Percent
Population percent of germinated Percent TTC but dead germinated/
viable seeds seedsinlab viable seeds seeds (TTC decomposed
(non-dormant) (dormant) non-viable) in field
Excavated after 6 months of burial
Ghibe 67.1 28 39.1 10.2 22.7
Hararghe 75.2 71 4.2 2.5 22.3
Pawe 66 27.5 38.5 2.5 315
Tigray 73.6 60.2 13.4 2.1 24.3
Wello 73.4 61.7 11.7 6.7 19.9
Average 71.06 49.7 21.38 4.8 24.14
SD 4.19 20.44 16.28 3.56 4.40
Exhumed after 12 months of burial
Ghibe 22.5 17.8 4.7 8.1 69.4
Hararghe 4.8 2.6 2.2 3.4 91.8
Pawe 9.2 7.7 15 5.4 85.4
Tigray 4.3 3.1 1.2 0.5 95.2
Wello 4.5 2.5 2.0 1.0 94.5
Average 9.06 6.74 2.32 3.68 87.26
SD 7.78 6.55 1.39 3.16 10.71
Exhumed after 18 months of burial
Ghibe 3.4 1 2.4 3 96.6
Hararghe 0 0 0 0 100
Pawe 4.3 14 2.9 3.2 95.7
Tigray 1.3 0 1.3 15 98.7
Wello 0.1 0 0.1 1 99.9
Average 1.82 0.48 1.34 1.74 98.18
SD 1.95 0.67 1.31 1.36 1.95
Exhumed after 24 months of burial
Ghibe 4.8 2.2 2.6 12.8 82.4
Hararghe 0.2 0 0.2 0.9 98.9
Pawe 0.7 0.2 0.5 6.1 93.2
Tigray 0.2 0.1 0.1 0.7 99.1
Wello 0.3 0 0.3 0.5 99.2
Average 1.24 0.5 0.74 4.2 94.56
SD 2 0.95 1.05 5.35 7.26
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Fig. 4.12 Survival of 25 wild sorghum population seeds after 24 months of burial in soil

The differences among all factors, except period of burial-by-depth interaction were
highly significant for total viability (survival). However, because the second-order
interaction (D x t x G) was highly significant, all of the three factors were not
independent of each other. Hence, different genotypes had different viability after some
period of burial at different burial depths. Differences for viability associated with
dormancy were highly significant only for genotype factor (Table 4.20). In general, crop
seeds lost their viability within the first 6 months regardless of the depth of burial (Fig.
4.13). However, wild sorghum retained their viability up to 31% and 33% in Ghibe and
Pawe populations, respectively after 18 months of burial at 20cm soil depth (also Table

4.21). At a depth of 10cm the rate of decline in viability was sharp in Pawe populations
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compared to the Ghibe populations. At 20cm depth, however, both showed more or less

similar pattern of decline.

Table 4.20 General Linear Model (GLM) ANOVA showing the effect of burial time and
depth on longevity of two wild sorghum ecotypes and a cultivar seed (Rep=random,

others=fixed) for total viable and dormant (TTC stained) seeds

MS (TTC viable/

Source DF MS (Total viable) dormant)
Replication 2 0.016 0.001
Depth of burial (D) 1 0.235** 0.017
Duration of burial (t) 2 0.403** 0.027
Genotype (G) 2 1.388** 0.293**
Dxt 2 0.002 0.01
DxG 2 0.126** 0.013
txG 4 0.130** 0.012
DxtxG 4 0.074** 0.028
Error 34 0.017 0.015

** gignificant (p<0.01), Arcsine transformed percentage data were used for analysis
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Fig. 4.13 Effect of burial time and depth on viability of wil Pawe m seed collected from
Ghibe and Pawe and sorghum variety WSV 387 (E-1= 25 Sept. 2010, E-2= 16 Mar 2011,
E-3= 03 Nov 2011)
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Table 4.21 Percent of viable seeds, the rate of decline and the time it takes for 50% of
wild and cultivated sorghum seeds to lose viability after 0.5, 1 and 1.5 years of burial in
the soil

10cm depth 20cm depth
Average Rate of
Duration of  Average viable Rate of viable seeds  decline
population burial, t (years) seeds (%) decline (r) 1/2t (%) (n 1/2t
0.5 72.7 0.64 1.085 57.3 1.11 0.623
1 55.3 0.59 1171 67.3 0.40 1.753
Ghibe 15 4.0 2.15 0.323 32.7 0.75 0.929
0.5 25.3 2.75 0.252 69.3 0.73 0.946
1 34.0 1.08 0.643 61.3 0.49 1.418
Pawe 15 18.0 1.14 0.606 30.7 0.79 0.880
0.5 0.7 10.02 0.069 0.0 0.60 0
1 0.7 5.01 0.138 0.0 0.60 0
WSV387 1.5 0.0 0.60 0.087 0.0 0.60 0

*1/2t is the time at which 50% of the seeds lose viability at time, t

4.4.2. Response of wild sorghum ecotypes for varying moisture and temperature
regimes

General Linear Model ANOVA showed that differences among all factors and their
interactions were significant (p<0.01) (Table 4.22). The three genotypes revealed
differential response to the varying levels of temperature and moisture regimes for seed
germination. At all temperature levels, germination was greater or equal to 80% in all the
genotypes under no osmotic potential (control) condition. In each genotype there was a
trend of increase in germination with an increase in temperature in each level of osmotic
potential. Accordingly, at the lowest temperature (15°C), all of the three genotypes
showed no germination less th#is=-0.6 MPa of osmotic potential (Fig. 4.14). At 23°C

all of them showed germination at additioigd= -0.9 MPa, and at 30°C, all of them
showed germination at all levels of osmotic potential. In general, there was a trend that

decrease in osmotic potential (increase in moisture stress) decreases seed germination in
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all genotypes, but the extent was different with temperature and genotype. There was no
significant difference between 0 MPa and 0.3 MPa, and even better germination was
observed at 0.3 MPa than the control in some genotypes. At the highest temperature
(30°C) W-4 population showed the highest germination when there was mild osmotic
potential s= -0.3 MPa) (Fig. 4.14). This germination was comparable to the highest
germination in the control treatment levels at all other temperature levels for the same
population. Similarly, a#s=0.6 MPa, this population showed better germination than the

other two populations.

Table 4.22 Mean square from General Linear Model (GLM) ANOVA showing the effect
of individual and combinations of temperature and osmotic potential on seed germination
of wild sorghum seed

Source DF MS
Rep 3 0.015
Genotype (G) 2 0.992**
Temperature (T) 2 0.381**
Osmotic Potential (OP) 4 10.052**
G*T 4 0.048**
G*OP 8 0.201**
T*OP 8 0.132**
G*T*OP 16 0.035**
Error 132 0.019
Total 179

**significant (p<0.01)
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Fig. 4.14 Response of wild sorghum populations from Hararghe (H-2), Pawe (P-5) and
Wello (W-4) for differential osmotic potential at different levels of temperature (1=15°C,
2=23°C, and 3=30°C)
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5. DISCUSSION

5.1. Population genetic structure, gene flow and genetic diversity in wild and weedy

sorghum [Sorghum bicolor (L.) Moench] in Ethiopia

5.1.1. Distribution andin situ phenotypic diversity of wild sorghum in Ethiopia

Knowledge of the distribution of wild and weedy relatives of crop species is essential for
their conservation and risk assessment of transgenic crops (Chandler and Dunwell, 2008).
This is due primarily to two reasons. First, gene flow from transgenic crops to their wild
relatives may aggravate weediness and also reduces genetic diversity in the wild. Second,
related species may provide a genetic bridge to plants more remotely related to the
transgenic crop and hence a comprehensive survey is required to identify any plants in
the taxonomic group that may be noxious weeds (Gealgl, 2003; Chandler and
Dunwell, 2008). In Ethiopia, wild sorghums exist in sympatric and allopatric ranges to
the cultivated sorghum in a wide range of geographical regions. In addition to the survey
covered by this study, early herbarium specimens from even a lower altitude of 180m at
the bank of Wabishebele River in the Somali regional state are preserved in the national
herbarium. Herbarium specimens are also available for Welega in Oromiya and Konso

and Omo areas in the Southern Ethiopia regional state.

In most sorghum growing areas of Ethiopia farmers practice mixed cropping system and
the farming system is predominantly mixed crop-livestock production. In the Ethiopian

settings particularly in South Wello and North Shewa, sorghum is cultivated in close

association with oil cropsjuizotia abyssinicandSesamum indicummainly because of

their combined uses in the cultural feeding system of local people and the presence of
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multipurpose sorghum land races in the area has played a significant role for oil crop
species diversity and theim situ conservation (Mulatu Geleta, 2001). It is common to
most areas that the farmers notice the weedy sorghums only after flowering, and when
they do so, they cut them and feed to their livestock around homesteads. In Kenya
farmers consume the intermediate wild sorghum forms (crop-wild hybrids) (Maitebj

2010), but there was no similar evidence in the studied areas of Ethiopia.

In areas where crop-livestock farming system is practiced it is hard to find wild sorghum
in open fields such as abandoned farm lands. However, those plants grown nearby fences
and in areas inaccessible to livestock have the chance to escape grazing and thus can
mature and shatter their seeds. Due to this disturbance, wild sorghums that are isolated
from the cultivated sorghum are found in patches. This patch occupancy and relative
abundance vary from place to place due to different farmers’ practices. Also, the
proportion of the weedy sorghum to the cultivated sorghum in a given farmer’s field was
found to be variable with location. Some farmers remove the wild sorghums during
flowering, but others do not notice until maturity. For instance, in a single farmer field at
Gibe (G-5), there were 39 weedy sorghum plants, but there were only 20 cultivated
sorghum plants in a quadrant (4m x 4m) of land after the first weeding (the removed
plants were laying under). In many places farmers responded that wild sorghums
preferentially grow in soils with high organic matter (manure) content. However, we
analyzed soil samples from 6 sites for organic matter and found no correlation between

genetic diversity and soil organic matter content. Probably it is not because the wild
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sorghums prefer high organic matter; instead they are dispersed by cow manure as they

are good fodder sources for livestock.

Unlike the reported high diversity in the cultivated sorghum landraces in Hararghe (e.g.
Amsalu Ayana and Endashaw Bekele, 1998; Amsalu Agarad, 2000; Nemera Geleta

et al., 2006), it was difficult to find a single head of wild and weedy sorghum during the
season when survey was made. Similarly, Tesfaye Tessd (2008) reported low
frequency of wild sorghum occurrence in Hararghe during their survey. Farmers in that
area predominantly grow compact headed durra type sorghum landraces; hence, the loose
panicle wild sorghum plants are easily identified and removed by farmers during
flowering and fed to livestock (also, Tesfaye Testal, 2008). Perhaps it is due to such

kind of farmers’ practice that there were no stabilized hybrid forms with compact panicle
those mimic the durras as they were in Zobel (Wello). Another possible reason is that due
to the absence of land that remained uncultivated and the use of even marginal lands for
the cultivation ofChat (Catha eduli¥ wild sorghums have no place to grow. Hence, wild
sorghums were not found in Hararghe following the major routes, except at two
locations, Bisidimo and Gelemso-Bedesa road side during the season. In the former
location, farmers witnessed that they had never seen the weedy sorghums those were
grown during the season intermixed with the cultivated sorghum variety, which in turn
was also different from the farmers’ durra landrace. It was said to have appeared in the
area recently with seed aid. The wild sorghum near the road sides past Bedesa town to
Gelemso were found in tef field, which were similar in their morphology to those found

in some parts of Wello (Kobo-Alamata plain) and central Shoa. Like in the Bisidimo
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area, farmers in Bedesa area said that the wild sorghums were recently escaped from the
nearby tree seedling nursery managed by the district agricultural bureau and thus they

might not be native to the area.

Earlier, Stemleret al. (1977) reported that the places where wild sorghum grows in
Ethiopia are limited and relatively unpopulated. The current observation also confirmed
that they mainly occupy patches wherever they are not intermixed with cultivated
sorghum. However, they are widely grown in the Ethiopian lowlands (<1600m) and to
some extent in the intermediate altitudes (1600-1900m). Of course, the wild and weedy
sorghums were more abundant in the Benishangul-Gumuz region (Metekel zone) than in
any other sites where the survey was made. This can be because of the early colonization
of the species in that area as it is one of the areas situated west of the Ethiopian highlands
where sorghum was believed to be first domesticated (Stetra¢r1977). Moreover, the

high rainfall and hot climate might have favored the expansion of the wild and weedy
sorghums in that area though they are supposed to thrive dry climates as well. Still, the
other reason can be the relatively larger area of land that remained uncultivated in that
region and the wide natural forest cover. Compared to the Wello and Tigray areas the
Benishangul-Gumuz area adopted agriculture in recent historical times. The farmers in
that region very rarely rear livestock (e.g., Ahrens, 1996) as a result of which the wild

sorghums were freely expanding.

In general, high diversity was observed in wild/weedy sorghum for the measured

phenotypic characters. Some characters like white, yellow and purple seed colors are rare
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and found only in specific sampling sites. Principal component analysis of the
guantitative traits also revealed some level of geographic structuring in wild sorghum
populations originated from diverse regions of Ethiopia. In the principal component
biplot (Fig. 4.1) five of the six Pawe populations clustered together and the Tigray
populations (T-1, T-2, T-3, and T-5) also clustered together. Moreover, the three South
Wello populations (W-1, W-2, and W-3) clustered together. In some cases the clustering
seems to have racial background. For instance, T-1, T-2, T-3, H-2, W-7 and W-8 took
their position in one side of the PCA biplot. These populations are morphologically
similar to one another in that they have short stature, loose panicle, weak culms and
perhaps the ‘typical wild’ sorghum forms. They also share similar habitat, found either in
tef or in barley fields. Morphologically, they resemble the already identified race
arundinaceunaccessions from ICRISAT. The well stabilized hybrid forms of the weedy

sorghum H-1, T-6, T-7, and W-6 also took one side of the PC biplot.

The number of populations sampled for phenotypic data analysis was not equal for all
geographical regions as they primarily differ in the area coverage and abundance of wild
sorghum. They were 6 for each of Ghibe and Pawe, 2 for Hararghe, and 8 for each of
Tigray and Wello. Despite this inconsistency in the number of samples, correlation

between phenotypic diversity and sample size was not significant (r=0.672, p=0.214).

5.1.1.1. Implications for gene flow and conservation
One of the limitations of using morphological based genetic diversity estimates is that

these characters are limited in number and are influenced by the environment (van
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Beuningen and Busch, 1997). The measurements of genetic diversity using different
techniques would have better meaning if they are carriednositu. Although it is
common to use gene bank accessions for determining population genetic studies in
sorghum, inferences based on these conseexedsitu collections may have little
relevance for current ecological and evolutionary assessments because the accessions
were often collected years ago and may no longer represent sorghum populations at the
site of collection (Asfaw Adugnat al., 2011). The preseit situ morphological based

study showed that wild and weedy sorghums are highly diverse in Ethiopia. This
variability could be important source for future breeding programs provided that the
bridge between pre-breeding and breeding is well established. In the surveyed areas due
to extreme cultural and social values associated with the crop, farmers grow sorghum
after sorghum, which aggravates the buildup of the weedy sorghums and helps them to
become noxious. Nonetheless, most of this weed seeds could have been depleted if

rotation is practiced due to loss of viability after a year (See section 5.4).

During domestication from wild sorghum, humans selected characters desirable for their
own use like large seed, reduced glume covering and low shattering. These are
domestication traits. For instance, high shattering (67% in the present experiment, Table
4.2) is the most conspicuous adaptation that separates wild from cultivated cereals
(Harlanet al., 1973), the more stabilized forms being with minimum shattering. Due to

disruptive selection of humans on one direction and nature in another direction the
diversity has increased within the species (Dogget and Majisu, 1968), which was further

facilitated by outcrossing (hybridization) with other species of sorghum. Hybridization
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between the crop and the wild/weedy sorghum is not a recent phenomenon and has an
age since the domestication of the sorghum crop. However, gene flow through
hybridization between crops and their wild relatives has received attention in recent times
due to the potential risks associated with the introduction of transgenic crops. To date no
transgenic sorghum is under commercial production. However, nutritionally enhanced
transgenic sorghum is being developed for Africa by the Africa Biofortified Sorghum
(ABS) project (Zhao, 2007). The present study has shown that gene flow is likely to have
occurred between Ethiopian cultivated and wild sorghums as the two congeners coexist,
have overlapping flowering windows and there is no apparent genetic barrier for
hybridization. Weedy sorghums in cultivated sorghum fields that show well stabilized
morphological domestication traits due to repeated pollen mediated gene flow and
introgression could be good evidences for this. This may call for effective conservation
(ex sity, transgenic mitigation and containment measures to be in place if transgenic

sorghum is to be deployed in Ethiopia.

5.1.2. Population genetic structure, gene flow and genetic diversity in wild and

weedy sorghum Horghum bicolor (I.) Moench] using SSR markers

5.1.2.1. Comparisons among wild populations, accessions, and cultivars

This study revealed significantly higher levels of diversity in wild population compared
to cultivars and accessions in terms of overall allelic richness, private allelic richness and
gene diversity. In similar surveys, previous investigators also reported greater genetic
diversity in wild accessions than in sorghum cultivars (e.g., Aldetchal. 1992; Casaet

al. 2005; Mutegiet al., 2011), consistent with the expectation that cultivars have
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undergone genetic bottlenecks during domestication and further breeding. However, in a
recent study at a local scale in Cameroun (Barredual., 2009), in Mali and Guinea,
Sagnarcet al. (2011) and in Kenya (Mutegt al., 2012) reported similar levels of genetic
diversity between cultivated and wild sorghum, which they attributed to crop-to-wild
gene flow. The authors also reported higher levels of diversity in agxosltuwild
accession compared both to extant wild and cultivar sorghum, which is opposite to what
was observed in this study. The significantly lower genetic diversity observed in the 10
ICRISAT accessions originating from 6 African countries suggests that extant wild
populations from Ethiopia are more diverse than tleesstucollections. This result also
corresponds well with the suggestion that Ethiopia is a center of origin and diversity for

sorghum.

5.1.2.2. Patterns of genetic structure in wild sorghum populations

Although much smaller than reported earlier in cultivated sorghum (E.gt@j& 2000;
Ghebruet al., 2002), the fairly high and significangrFvalue (0.37, K0.001 based on

1000 randomizations) observed in wild sorghum in this study shows high differentiation
among the various populations collected from geographically different locations, in
addition to being highly diverse. In comparison, Amsalu Ayanal (2001) reported

that 25% of the variation in RAPD markers was found amonin Bitu populations in
central, south western and western Ethiopia. In the current study, four widely separated
populations (W-4, T-1, AW, and H-2) were closely related to each other and to the
ICRISAT accession of subspecidsimmondii from Ethiopia (Fig. 4.5). Three of these

populations were collected in tef fields, close to cultivated sorghum, while the Awash
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(AW) population was found in a national park and was isolated from any cultivated
fields. Subspeciedrummondii is often described as a stabilized crop-wild hybrid lineage
(e.g. Doggett, 1988; Harlan and De Wet, 1972), and the data of this study suggest that
these populations form a fairly distinct group. The four wild populations shared
morphological characteristics such as short stature (91-230 cm), weak stalks, profuse
tillering, dense racemes, the peduncle vesterted narrow leaves (2-5cm wide), the
grain fully covered, and awned glumes. Another shared feature was that three of the 12
SSR primers those were originaly screened failed to amplify for most of these samples

(see Methods).

Two of the three Ghibe populations clustered with etliopicuural from Sudan. One
population from Wello with compact panicles clustered with Suttammondii (Fig.

4.2). Neighboring wild populations often clustered together, especially in Pawe, while
others showed greater affinity with distant populations (Figs. 4.1). The latter could be
related to long-distance seed movement, perhaps as contaminants of crop seed. For
example, during interview farmers at site H-1 (Bisidimo) said that wild sorghum was a
recent introduction to their area and its appearance coincided with food grain sorghum
aid. Moreover, the rare yellow seed color was observed in these two regions only (see
section 4.1.1). Therefore, clustering of the H-1 population from eastern Ethiopia with
Tigray populations near Sudan may occur because grain that was given as relief to
farmers was perhaps purchased in Tigray and the wild sorghum seeds might have moved
with it. Alternatively, these two areas might have received sorghum grain as food aid

from the same source (donor). Moreover, relatedness could be due to common ancestry.
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In Kenya, Mutegiet al. (2011) reported consistently strong spatial genetic structure in a
study of wild sorghum plants collected from throughout the country. These authors
attributed correlations between genetic and geographic distances to patterns of seed
movement within regions. Interestingly, sorghum landraces showed similar pattern of
spatial structure from these regions (Mutegal., 2011). In the present study, there was

no significant pattern of gene flow by isolation-by-distance presumably because of other

barriers including the steep mountainous topography in some of the collections sites.

The pattern of genetic diversity and population structure among the regions of origin of
populations was less than among the climatic zones, which may indicate that the latter is
more informative for population genetic studies in wild sorghum in Ethiopia. The
negative correlation between gene diversity, allelic richness, and average observed
heterozygosity with altitude may indicate high genetic diversity in the more lowlands
where the wild sorghums adapt better than in the higher altitudes. The negative
correlation between gene diversity and altitude was in agreement witheBakk2003)

who after examining the microsatellite diversity of 306 wild barléyorleum
spontaneumindividuals from 16 populations with altitude ranges of -120-1650masl in

Jordan, found higher gene diversity,(kh the lower altitudes than in the higher altitudes.

5.1.2.3. Evidence for crop-wild gene flow
Different methods confirmed the existence of historical gene flow with different
magnitude between the crop and the wild sorghum. This evidence was found by pooling

together the SSR data of individuals from both taxa and subjecting,t8tFucture, and
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PCoA analyses. The divergence between cultivated and wild sorghum was moderate
(Fst=0.105) compared to the inter population divergence within each taxon, indicating
the possible gene flow and introgression. Unlike a recent study by Maitagi(2011),

the results of this study were not consistent with the hypothesis that repeated gene flow
has blurred distinctions between wild and cultivated sorghum. As noted above, four
Ethiopian wild populations that clustered with an accession otlssmmondii were very
distinct from the landraces in this study. Likewise, some populations were also
differentiated from the crop. However, similar to Mutegiial. (2011) STRUCTURE
analyses at K=2 (Fig. 4.9) did not differentiate between wild and cultivated plants.
Moreover, a neighbor joining cluster dendrogram based on pair-wise simple matching
distance among the 540 individuals of cultivated and wild populations showed some level
of admixture (Appendix Fig. 2)These patterns could reflect extensive hybridization

and/or common ancestry of the cultivars from their wild progenitors in Ethiopia.

Differences between the findings of this study and those of Mateadi (2011) could be
attributed to several factors, including sampling designs, differences in SSR markers, and
variation in farmers’ practices of weeding out the wild or hybrid sorghum before it is able
to set seed. In Hararghe, for example, it was observed that farmers frequently remove
“off-types” and weeds during the growing season to feed livestock, making it difficult for
researchers to find surviving wild plants with flowering panicles. Tesfaye Btsso

(2008) also reported that wild sorghum was less common in Hararghe than in other

regions of Ethiopia where it occurred intermixed with the crop.
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In agreement with the present results, Casaal (2005) surveyed many African
accessions and reported that the degree of differentiation betweersvaldtivated was
moderate (kv = 0.13). In this study crop-wild differentiation was also moderate
(Fst=0.105). Similarly, Cukt al. (1995) reported moderate differentiation among wild
and cultivated sorghum. However, these findings are not inconsistent with the
expectation that a limited amount of gene flow has occurred, as many previous
investigators have speculated (e.g., Harlan and De Wet, 1972; Doggett, 1988; étldrich
al., 1992). Analyses of progeny segregation, allozymes, and RFLPs revealed crop-
specific alleles in wildS. bicolorwhen it co-occurred with the crop in Africa, suggesting
that intraspecific hybridization and introgression are common (Aldrich and Doebley,
1992). On the other hand, the result was against the result of Maitebi(2012) who
analyzed wild and cultivated sorghum at a local scale in Kenya and found great

differentiation between the two congenerg®.27).

A broad survey involving more cultivar samples and crop-specific molecular markers
might provide stronger evidence for crop-wild gene flow in Ethiopia, but data from the
current study do not suggest that such gene flow has been extensive. This is rather
surprising because cultivated and wild sorghum frequently co-occur and have
overlapping flowering times (e.g., Tesfaye Tessal., 2008; Muteget al., 2010). In
addition, k crop-wild sorghum hybrids do not show fitness penalties (Mugdyal.,

2012) and may even exhibit heterosis. As noted earlier, outcrossing rates of wild
sorghum ranged from 0.33-0.65 in a survey of six populations in Ethiopia and from 0.09-

0.70 in 12 populations in Kenya (Muragtal., 2011b). Populations with relatively high
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outcrossing rates should be more likely to hybridize with the crop, depending on the

likelihood of pollen flow and the likelihood of being weeded out by farmers.

5.1.2.4. Detection of recent bottlenecks and estimation of effective population size
Detection of bottlenecks and estimation of effective population size are of paramount
importance for the conservation of plant genetic resources, especially if they are
indigenous to a specific country. Because the immediate progenitors of cultivated
sorghum are indigenous to Ethiopia, studying their population status is timely for
providing advice to conservationists. In this study, both the heterozygosity excess
(mainly the TPM, which is known to be more reliable) and mode shift methods did not
detect any recent bottlenecks in the studied populations, which were previously assumed
to have threatened (Amsalu ayastaal., 2001). The effective size of the two populations
also showed no risk of population reduction in wild sorghum in these regions of Ethiopia.
The methods followed do not require prior information on historical population size
(Cornuet and Luikart, 1996). Therefore, the allopatric wild sorghum populations of
Ethiopia can survive by occupying patches in road sides, fences, abandoned farm lands,
forests, etc. and this shows that their wild characteristics of adaptation have been
adequate to survive from extinction at least until recently. However, this doesn'’t
guarantee the survival of these species for the futurexsduconservation is suggested

to maintain the population diversity.
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5.1.2.5. Implications for germplasm conservation and use

We found that considerable genetic diversity remains in extant wild populations, some of
which (the isolated types) were thought to be threatened by human overpopulation and
expansion of modern agriculture (Amsalu Ayaetaal., 2001). The existence of such
diversity in the weedy types will continue as it is the result of adaptation due to co-
evolution with the crop. The weedy sorghums are intimately associated with the crop by a
system of mimicry (Barrett, 1983), whereby they resemble the crop before flowering and,
as a result of misidentification, escape eradication. In addition, most of them shatter their
seeds before harvest of the crop. However, the result of the present study has shown that
genetic swamping from the crop has not occurred, although some crop-to-wild gene flow
is likely. This implies that transgenes could also spread to wild populations. The
significantly higher level of private allelic richness observed in wild sorghum populations
relative to cultivars may be beneficial to sorghum breeding as it may be linked to unique

traits. Further conservation effort may be necessary to safeguard this unique diversity.

As with many crop species, rigorous comparisons betwesitu andex situpopulations

are generally needed to fully assess genetic resources for germplasm preservation
(Heywood and Iriondo, 2003; Maxted, 2003). Sampling genetic diversity and storing or
propagating the collected material outside the natural environments esingtu
conservation methods is useful to safeguard endangered species (Heywood and Iriondo,
2003). For instance, after reintroduction of 20 cultivated sorghum accessions managed in
gene bank for an average of 17.5 years to their original places in Wello, Ethiopia, Beyene

Seboka and van Hintum (2006) found that 5 of them (those collected 22 years ago) were
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lost or not remembered by the farméEs. situconservation saved them from extinction.
Similar study was conducted in North Eastern Ethiopia (Wello) to investigate the possible
genetic erosion that occurred in cultivated sorghum for 30 years by making new
collections in 2003 and comparing with those similar types collected in 1973 and
conserved in gene bank (Godwen al., 2008). Based on the preliminary results, these
authors reported the loss of some important landraces. Moreover, Rice (2004) found that
the diversity of older Jala maize gene bank populatiersituconserved) was less and

more differentiated from recent Jala §itu conserved) due to gene bank collection and
regeneration methods. However, it has limitations such as poor genetic or demographic
management almost inevitably resulting in genetic erosion and spontaneous hybridization
(Volis et al., 2009) in addition to the costly operation (Maxted, 2003). On the other hand,

in situ conservation allows evolutionary change to continue in the component species and
populations (Heywood and Iriondo, 2003) and provides better representation of genetic
diversity (Voliset al., 2009). In this study, unlike the Ethiopian collections, which were
sampledin situ, the reduced gene diversity and allelic richness in the ICRISAT
accessions was perhaps because they have been under stringent selection pressure during
maintenance. Sampling accessions from seed banks that have been increased to maintain
the germplasm was suggested to be one reason for low variation in sorghum accessions
by Mordenet al. (1989). Maintaining the high outcrossing rate and other life history traits

may help sustain the high diversity (Barnatdl., 2008).
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5.2. Estimation of mating system parameters inin situ wild/weedy sorghum

[Sorghum bicolor (L.) Moench] using SSR markers

5.2.1. Variation in outcrossing rate among wild sorghum populations from different
geographical regions

The high variation in outcrossing rate (0.33-0.65) among wild sorghum populations
collected from different geographical regions in Ethiopia can be attributed to variation in
geoclimatic factors. These factors that might have affected outcrossing rate may include
temperature, humidity (and moisture), and wind (speed and direction). It is known that
the sorghum growing environments of Ethiopia are diverse in the geoclimatic variables.
The wild sorghum populations included in the present experiment were collected at
elevations ranging from 631-1709m. This wide range of elevations is accompanied by
modification of climatic and edaphic factors that might have favored or disfavored
outcrossing rate and inbreeding of populations from different geographical regions.
However, the correlation between altitude and outcrossingeatsewas not significant

in this study. Moreover, against the results of Bjeal. (2004) all of the measured
phenotypic traits (plant height, panicle length, width, and compactness) had no significant
correlation with multilocus outcrossing rate. Probably the proximity to cultivated
sorghum might have affected the mating systems because all of the wild sorghum
populations were collected from cultivated sorghum fields as weeds except Ghibe
populations, which were found in isolated habitat. This proximity to the cultivated
sorghum might be associated with the panicle size and shape of the cultivars, and the
relative density of the crop and the cultivar in the mixture as it may also affect pollen

competition. In sorghum, self pollen (within the wild or within the cultivated) is reported
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to have more seed siring efficiency than pollen from other taxa (M@tagh 2011b).
Differences in farmers’ cultivation practices were also suggested to affect mating systems

(Barnaucet al., 2008).

The relatively lower outcrossing rate in Kobo families might be due to the reduced
number of SSR loci used for outcrossing rate is a function of the number of loci used. On
the other hand, the highest outcrossing rate in Abuare families was probably the result of
better synchronization of flowering and better anther extrusion ability of the intermixed
improved variety developed through selection. Although crop specific SSR loci were not
used, the highest outcrossing rate that was observed in this weedy sorghum associated
with the improved variety is an indication of the high potential of gene flow from
improved varieties to the wild sorghums, which in turn is an indication of the high risk of
potential transgene flow from the future GM sorghum to the non-GM cultivated sorghum

and wild and weedy sorghum.

The presence of significant correlation between gene diversity and outcrossing rate
indicates the role of mating systems in shaping the genetic diversity of wild sorghum.
The negative correlation between the correlation of outcrossed pateghigndr plant
density (r=-0.605, p=0.203) though not significant, shows that when maternal plant
density decreases, the probability that any two progenies from the same mother share the
same father (being full sibs) increases due to low concentration of pollen admixture
received via wind as it was observed in Bombacaceous trees (Muratneskj 1990).

The high and variable outcrossing rate in the present experiment was in agreement with
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the results of Murayat al (2011b). It also verifies that outcrossing rate was more than it

was reported in cultivated sorghum in some of the earlier studies (Ellstrand and Foster,
1983; Dje et al., 2004). This can be expected because one of the evolutionary
consequences of domestication in self compatible crop plants is the evolution towards

inbreeding (Jain, 1976).

5.2.2. Biparental inbreeding

Biparental inbreeding has significant consequences for the evolution of mating systems,
yet is difficult to estimate in natural populations (Griffin and Christopher, 2003) and its
frequency is unknown (Kelly and Willis, 2002). However, recently, some procedures
have been proposed to estimate biparental inbreeding based on genetic data (e.g., Brown,
1979; Ritland, 1889; Ritland, 2002; Kelly and Willis, 2002). In this experiment, three of
the five methods applied revealed biparental inbreeding in the Ethiopian wild sorghum

populations.

The Ghibe population was found isolated from the crop sorghum on either sides of the
main road from Addis Ababa to Jimma crossing a natural forest. It occurs at high density
(135 plants per quadrant, 16rarea) and in a continuous hedge for more than 3Km
distance. However, no correlation was observed between multilocus outcrossing rate and
plant density (r=0.04) in the current set of populations, which was in agreement with the
results of Neeét al (2001) inEriogonum ovalifolium var. vineunMoreover, the plants

in this population had highly laxed panicles, which contribute to high outcrossing (eg.

Dje et al.,2004). The high biparental inbreeding in families derived from this population
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was perhaps due to the recurrent shattering and emergence of seeds in similar localities
(limited seed dispersal). However, the biparental inbreeding observed in the rest of the
families, whose parents were found intermixed as weeds with the cultivated sorghum or
found in close proximity might be due to farmer practices and/or in some cases the

reduced synchronization of flowering between the crop and the wild sorghum.

Each weedy sorghum plant is surrounded by a mixture of cultivated sorghum plants and
another weedy plants, most of which found in close proximity could be closely related.
Hence it may receive pollen by wind from these related plants and/or possibly from
unrelated individuals located a bit farther. If there is reduced synchronization of
flowering between the cultivated and the weeds, and due to better pollen competition, the
greatest chance of mating will be between related individuals, which are in close
proximity. Although Tesfaye Tesset al. (2008) reported the overlap in flowering
between the cultivated and the wild sorghum in most regions where they made the
survey, the wild sorghum seed for this experiment was collected from those main plants
which matured earlier than the cultivated sorghum in all excepibatre where the
cultivars were also early maturing. The interview with farmers also supports the view that
wild sorghum flowers earlier than the cultivated. This was further confirmed by a seed
maintenance activity held at Melkassa in the main season, 2010 where two samples from
each of the 30 wild sorghum populations were grown with the 8 cultivated sorghum
landrace populations collected from the same place where the 8 wild sorghum
populations were collected. All of the wild sorghum collections flowered earlier than the

cultivated ones. However, this doesn’t rule out the overlap in flowering between the
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cultivated sorghum and the late coming tillers of the wild sorghum as wild sorghum has
extended flowering time. In plants like wild and weedy sorghums whose seeds are
dispersed over short distances from the maternal plants, biparental inbreeding is not

unexpected.

5.2.3. Implications for crop-wild gene flow and conservation

The high outcrossing observed in wild sorghum in Ethiopia can have implications for
crop-wild gene flow as there are no barriers for hybridization to occur between the two
congeners. Moreover, it has implications on the spread of crop genes into the wild
sorghum pool. However, it is not only outcrossing potential that is required for gene flow
but also other factors like the presence of sexually compatible recipient plants in the
vicinity (e.g., Wilkinsonet al, 2003; Jenczewslkit al., 2003) and further the ability of
introgression in the recipient populations (Slatkin, 1987). Recent case studies also
showed that crop-wild gene flow is likely in sorghum (Tesfaye Tegsal., 2008;

Murayaet al., 2010, 2011b; Mutegt al., 2011).

The wild/weedy sorghums have their own mechanisms to survive in the environment
such as mimicry inside crop fields in which case the farmers are not able to identify the
weedy types. During flowering cross pollination takes place to both directions and can
bring about differential consequences, but then contributes to the perpetuation of the wild
forms. On the other hand, sometimes the farmers in Ethiopia may deliberately leave the
wild sorghums in and around their field to undergo interpollination with the cultivated

sorghum which could lead to beneficial characteristics being attained by the cultivated
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landraces (Awgchew Teshoreeal., 1999). Therefore, this kind of variation in farmers’

practices in different parts of the country might have contributed to the variation in
outcrossing rate of the wild sorghum populations collected from diverse environments.
Therefore, maintaining life history traits such as high outcrossing is important for

preserving genetic diversity in natural populations.

5.3. Morphology and fitness of wild x crop F1 sorghum hybrids

Because genetic transformation of sorghum has been underway (e.g., Sealur2004;

Zhao et al., 2000; Zhwet al., 1998; Liang and Gao, 2001; Zhabal, 2003) and is
expected to be released in the near future (Zhao, 2007; Metraya2011Db), it is timely

to undertake risk assessment studies case by case in each country (Ejeta and Grenier,
2005). Furthermore, although wild/weedy types of sorghum populations could be sources
of genes for crop improvement, they have direct negative consequences on sorghum
production. Hence, in order to provide better weed control methods, it is important to
perform studies to learn about crop traits affecting competitiveness and reproduction that

will make their way into weed populations.

Studying the fitness/breeding value of crop wild/weed hybrids is crucial to predict the
future fate of the rare hybrids on the environment as it determines the effectiveness of the
initial gene flow, especially in cases where alien transgenes might be included in the
hybrids and cause biosafety concerns (Sebwal., 2003; Grookt al, 2003; Songet al.,

2004). Ejeta and Grenier (2005) stressed the critical need of determining the fitness of
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crop-wild sorghum hybrids in order to evaluate the potential genetic introgression into

weedy types.

The present experiment was dealt with comparing crop-wild sorghum hybrids and their
parents for various fitness related traits: juvenile survival (germination and emergence),
adult growth (leaf, tillering, height, flowering and panicle traits) and reproductive/fertility
(female fecundity). These traits are believed to have significant contribution for
competition and reproductive potentials in crop-wild hybrids and thus are useful to
estimate fitness. Earlier during crossing there was no any form of barrier for
hybridization observed between the wild and the cultivated sorghum. Usually, the low
fertility of the early generation hybrids has been considered to be the major obstackle to
introgression (e.g., Weis, 2005). F1 fitnesses from crosses between wild and cultivated
rice were generally high, but hybrids from certain crosses showed reduced fertility
(Ellstrand et al., 1999). However, that is commonly the case in interspecific crosses.
Arriola and Ellstrand (1996, 1997) detected interspecific hybridization between the
tetraploidS. halepensand the diploid sorghum crof.(bicolo) using allozyme progeny
analysis and found that the resulting hybrids showed no fitness differences from the weed
under field conditions. However, intraspecific gene flow occurs more readily than
interspecific gene flow, since the cross compatibility is high and improved offspring
fitness (heterosis) is common (Jgrgensen and Wilkinson, 2005). To this end, cultivated
sorghum and its wild relatives belong to the same speSiesi¢olor(L.) Moench) and

can freely hybridize (de Wet, 1978). Due to this reason, such penalties in fertility were

not observed in the present study involving wild-crop sorghum hybrids. Moreover, all of
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the hybrids did not show any fitness costs with regard to the measured phenological and
morphological traits. In some cases even the hybrids exhibited significant mid-parent

heterosis for some of these traits.

In agreement with the present study, some empirical fithess assessment studies have been
carried out in crop-wild hybrids in different species with and without transgenes and the
results were quite variable. Some field experiments showed that different fithess
parameters exhibited by the non-modified hybrids could be as high as and even higher
than those of the weedy parent (Klinger and Ellstrand, 1994; Arriola and Ellstrand, 1997,
Hauseret al., 1998; Hauseet al, 2003). Diet al. (2009) also reported intermediate
composite fitness and lowest reproductive fitness of crop wild hybrids formed between
transgenic oilseed rap@®rassica napud..) and wild brown mustardB. juncea(L.)

Czern et Coss.]. Arnold and Hodges (1995, cited in Weis (2005) reviewed 44 studies on
species that hybridize naturally, and compared fithess components of hybrids to parental
taxa and found that in over half the cases, hybrids were as fit as or fitter than the parental

taxa.

Survivorship and reproduction of early-generation hybrids in a field environment
determines gene flow between crops and weedy relatives (Raybould and Cooper, 2005).
The better fitness of the hybrids at the juvenile and fertility (fecundity) stages than their
wild parents in the present study may indicate that crop genes in the hybrids are working
in two different directions to recombine the parental characters. First, unlike the wild

parents dormancy could be removed in the hybrids and second, unlike the crop parents,
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fecundity could be enhanced. This recombination can be beneficial to the survival and

spread of transgenes.

Some levels of mid-parent heterosis were observed at all stages in different wild x crop
cross combinations, but were not evident on emergence and tillering. Heterosis was
negative for days to flowering, which is considered to be advantageous in crop
improvement. This can also help the hybrids as an adaptation to shatter their seeds earlier
during the season. With the exception of a single hybrid, all have overlapping flowering
time with their wild parents. This was in agreement with the results of 8halv(1998)

and will help the hybrids to backcross with their wild parents and may ensure
introgression. Further, while plants in the cultivated sorghum plots flowered in
synchrony, the tillers in wild plants continued flowering for more than 15 days. This
behavior of asynchronous and wider range of flowering in the wild sorghum is in
agreement with Jenczewst al. (2003) and is what opens overlapping widows with the

cultivated sorghum for possible natural outcrossing.

Heterosis was also negative in leaf traits (number, length and width) because the
domesticated parents have values approaching to the positive maximum for these traits.
But it was positive for germination, plant height, head length and width, and number of
seeds per plant (fecundity). The number of seeds per panicle was lower in the hybrids and
wild parents than the cultivars. But superiority of most hybrids in fecundity over their
cultivar parents was attributed to the large number of productive tillers. Fecundity itself

was considered to substitute fitness, and all other things being equal, plants producing
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more seeds will make a greater proportional increase to the next generation (Hails and
Raymond, 2004). Similar heterosis pattern in crop-wild crosses was also observed in
sorghum (Murayaet al.,, 2012) and in other crop species (Haustral., 2004;
Guadagnuol@t al., 2006). The observed heterosis in the present crosses can be degraded
in subsequent generations. Nevertheless, based on two races of ssp. verticilliflorum (i.e.,
verticillifforum and arundinaceaum), Murawa al. (2012) studied the fitness of wild x
cultivated sorghum in F1, F2, and F3 generations in Kenya and Mali and found no
consistent differences among the three generations. However, they didn’t observe fithess

differences in seed yield (fecundity) of all the generations.

Such substantial degree of fitness in the wild x crop sorghum F1 hybrids in the present
experiment without the addition of alien transgene(s) into the cultivated parents may have
implications on introgression and spread of crop genes to the wild relatives. However, the
addition of transgenes may alter the fitness and competitiveness cost to either direction
depending on the behavior of the inserted gene and the environment. Usually, for weed
control purposes, transgenes that have fitness costs to the weedy species or tightly linked
to a disadvantageous gene are more preferable for transfer (Andow and Zwahlen, 2006).
So far it has been suggested that hybridization between wild and cultivated parents may
result in novel combination of genes, which may enhance fitness relative to wild plants
(Hauseret al., 1998; Kieeket al, 2007) and the results of the present study also support

this idea with evidences based on morphological observations.
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5.4. Ecotypic variation for seed dormancy, longevity and germination requirements

in wild/weedy sorghum

5.4.1. Effect of burial time and depth for seed germination of wild sorghum ecotypes

and the crop

The result of the present study on the fate of wild sorghum seed after 18 and 24 months
of burial was intermediate between the results of Burretide. (1996) and Teo-Sherrell

and Mortensen (2000). Burnsid¢ al. (1996) found little viability in weedy sorghum
seed after 5 years of burial, but they also observed 1% germinated after 17 years of burial
in eastern Nebraska. However, Teo-Sherrell and Mortensen (2000) reported more than
80% mortality in weedy sorghum seed within three months after burial (between
November and March) in Nebraska because of winter cold. However, such kind of winter
environment of the temperate regions is not available in most parts of Sub-Sahara Africa
including Ethiopia. The observation that an increase in depth of burial increases longevity
was in agreement with the previous reports in crimson and red clovers (Rampton and
Ching, 1970), in jointed goat grass (Donald and Zimdahl, 1987), in wild oat (Miller and
Nalewaja (1990), and iAmaranthus retroflexuseeds (Omaret al., 1999), to mention a

few.

The fact that differences for viability associated with dormancy were highly significant
only for genotype factor may indicate that dormancy is mainly a characteristic of the
plant (genotype). It could be largely influenced by the physiological and genetic makeup
within the seed. In general, crop seeds lost their viability within the first 6 months

regardless of the depth of burial. The difference in longevity between the crop and the
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wild seeds could be attributed to two reasons. First, it may be related to differences in
their initial dormancy. The wild sorghum seeds from Ghibe and from Pawe had 35% and
45% dormancy, respectively before burial whereas the cultivated sorghum had near
complete germination (94%) (data not shown). This much dormancy in the wild was
observed after five months of storage in the laboratory at room temperature (after
ripening). It is well known that there is a relationship between seed dormancy and plant
longevity (e.g., Jurado and Flores, 2005). The second reason could be that wild sorghum
seeds are covered by lemma, palea, and glumes, which may impose mechanical
dormancy for considerable period of time. This behavior of wild sorghum seeds was also
observed in earlier studies and degluming was found to improve germination astry

al., 2006). Similar observation was also reported in wild ricedGal., 2003).

Soil temperature at Melkassa seemed to have less effect to bring about variation in
dormancy among the different exumation periods as the trend was more or less similar
during the duration of burial (Appendix Fig. 3). However, the rainfall distribution might
have affected. Seed bags in set-2 of this experiment were buried in April, 2010. After the
burial, there was high rainfall; even the highest rainfall during the duration of burial was
in July-August of the same year (Appendix Fig. 4). That could be the main reason for the

depletion of crop seeds within the first 6 months of burial.
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5.4.2. Response of wild sorghum ecotypes for varying moisture and temperature
regimes

In this study germination of wild sorghum seed decreased with a decrease in osmotic
potential in all genotypes and at all temperature levels. Smith and Hoveland (1986) also
found 44% reduction in germination of cultivated sorghum seed when osmotic potential
decreased from 0 to -1.0 MPa. In agreement with this study, 8taih(1989) observed

no germination at 15 °C and at an OP of -1.2MPa in cultivated sorghum and in pearl
millet. Similarly, Lippaiet al (1996) studied the response of Horehound seed at different
temperature and osmotic potentials and found increased germination for each degree
increase in temperature but decreased with decreases in water potential and ceased at -1.5
MPa. The superior germination observed in W-4 population over the other two
populations at the highest temperature (30°C) with mild moisture sttess0(6 MPa)

might be associated with the fact that this wild population is adapted to the dry lowlands
characterized by high temperature and drought stress conditions. The observed better
germination in some of the test ecotypes at -0.3MPa of osmotic potential than the control
may indicate that some level of moisture stress is useful to enhance wild sorghum seed
germination. Perhaps this is among the reasons why wild sorghum is predominantly

distributed in the lower altitude, moisture stressed areas of Ethiopia than in the highlands.

6. CONCLUSION AND RECOMMENDATIONS

The exact number of wild sorghum accessions Bgldituin the institute of biodiversity
(IBC) as of 2011 is not known. The total germplasm of sorghum (12000-15000) has been

preserved undelS. bicolor with no classification into cultivated and wild (Mrs.
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Weynshet, personal communication). Moreover, the herbarium specimens kept at the
national herbarium are not adequate to represent the wild/weedy populations at the
country scale. Therefore, much needs to be done to collect, characterize and conserve
these genetic resources, which can be useful for future crop improvement to introgress
genes to meet the emerging needs. To this end, the contribution of the present study is
great. The collected samples used in this study are preserved at the national sorghum
research coordinating center (Melkassa Agricultural Research Center) and seeds will be

delivered to IBC with their complete passport data.

The present study was aimed at studying the relationship between cultivated and wild
sorghum (including the extent of gene flow). Hence, survey was made in the major
sorghum growing regions only. However, wild sorghums also grow near irrigation

ditches, river banks and areas where sorghum is not grown. Therefore, future studies
should focus on the geographical distribution of the various sub-species and races of wild

sorghums in areas of the country where this study didn’t cover.

The study has shown that wild and weedy sorghum of Ethiopia possesses higher genetic
diversity than the cultivated, which may indicate that the latter have undergone
bottlenecks during domestication. This high diversity and the presence of high private
allelic richness may be useful for future crop improvement. Moreover, there was no
signature of recent bottlenecks observed in the studied isolated populations. Therefore,
efforts should be made to safeguard such high diversity. Wild sorghum populations are

more differentiated within each region than between regions, which may indicate the
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importance of long distance seed movement among regions. The divergence between the
crop and the wild populations was smaller than the divergence within each taxon, which
may indicate gene flow between the two congeners. The pattern of variation among
climatic regions is generally more informative than among regions of collection for the
study of wild sorghum genetic structure in Ethiopia. More diversity could be observed in
extant populations than in gene bank conserved accessions, which may show the
advantage ofn situ conservation oveex situ conservation. Further fine tuned study
should be carried out involving more cultivar samples and crop-specific molecular

markers to predict the consequences of gene flow between the two congeners.

Wild sorghum in different geographical regions of Ethiopia exhibited variation in
outrcossing rate, but in general the rates were higher than has been reported in cultivated
sorghum in other countries. Several factors could affect the rate of outcrossing, but
altitude, plant height and panicle traits were not found to have significant correlation.
Differences in farmers’ practices of selective removal vs. maintaining them in different
parts of the country might have contributed to the variation. Because of the observed high
outcrossing, crop genes (including transgenes) transferred to the wild pool can easily
spread. Depending on the fithess advantage conferred by such genes/traits, this may cause
genetic erosion in the wild genetic resources, which calls for effective conservation

measures to be put in place.

The study has also shown that wild x crophlybrids could reproduce and had better

fitness than their wild parents. In some cases heterosis was also observed for some traits.
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The direction of the fithess could be determined by the behavior of the inserted gene, but
in the mean time the results of this study showed that hybrids containing crop genes
(including transgenes) could have fithess advantage and could be weedier than their
weedy parents. For a more robust conclusion regarding the effect of the environment on

the fitness of wild x crop hybrids, however, multilocation trials should be carried out.

If a genetically engineered gene escapes to the neighboring non-genetically engineered
crop or wild relatives belonging to the same species via pollen, the seed that will be
formed and shattered into the soil bank will have two outcomes. A proportion of that seed
may germinate and grow into a new generation plant whereas the remaining will remain
dormant and persist in the soil for some period of time. Therefore, studying the longevity
of wild/weed seeds in the soil bank is an important component of the biosafety risk
assessment procedures. In the present study that consisted of five populations (ecotypes)
representing different sorghum growing regions, on average 1.24% of the seeds remained
viable at 10cm depth after 24 months of burial. This proportion cannot be considered as
negligible so far as biosafety is concerned. Therefore, dispersed seeds carrying transgenes
could persist in the soil for considerable period of time, which may call for devising
effective risk management strategies if transgenic sorghum is to be deployed in Ethiopia.
However, from weed control point of view, because most of the seeds die within the first
year, it is possible to manage the weedy sorghum through crop rotation. Moreover, wild
sorghum seeds can germinate at reduced osmotic potential (high moisture stress) if it is

associated with high temperature.
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8. APPENDICES

Appendix Table 1. Description of measurements for quantitative traits

Character Description
The distance from the soil surface to the tip of the head during
Plant height flowering measured in cm

Flag leaf length

Flag leaf width

Leaf number
Number of tillers per
panicle

Head length
Head width
Hundred grain weight

The length of the flag leaf from the base to the tip measured in
cm

Measured in cm at the widest part of the flag leaf
The total number of leaves

The number of tillers

The length of the head measured in cm from the base to the tip

The width of the head measured in cm at the widest part
Weight in grams of hundred grains
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Appendix Table 2. Codes of the measured qualitative phenotypic characters and their
description in wild sorghum (IBPGRI/ICRISAT, 1993; Bioversity International, 2010)

Trait Code Description Code Description
Awn 1 present 2 absent
Glume hair 1 present 2 absent
Glume color 2 sienna 6 black
4 red
Grain colour 1 white 8 light brown
2 chalky white 9 brown
4 grey 10  black
5 light red 11 Purple
6 red 13  reddish brown
7 yellow
Grain covering 4 grain fully covered 5 glumes longer than grain
Grain shattering 1 very low 7 high
3 low 9 very high
5 intermediate
Grain size 1 very small 4 large
2 small 5 very large
3 medium
Panicle
compactness and semi-loose erect primary
shape 1 very lax panicle 6 branches
very loose erect semi-loose drooping primary
2 primary branches 7 branches
very loose drooping
3 primary branches 8 Semi-compact elliptic
loose erect primary
4 branches 10  Compact elliptic
loose drooping
5 primary branches
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Appendix Table 3. Indices of diversity of wild and cultivated sorghum for the 9
microsatellite loci. NA = Number of alleles, PIC = polymorphism information content,
Rs = allelic richness, Ho= observed heterozygosity, Hs=the mean expected
heterozygosity in the sub populations, Ht=expected heterozygosity in the total
population, R=Nei's (1978) unbiased genetic distancer£analogous to Wright (1951)

Fst, and Slatkin (1995) &

SSR Locus NA PIC Rs Ho Hs Ht Fst Dst Gst  Rst
Cultivated

Sb5-206 14.00.75 4.29 0.16 049 0.78 0.41 0.29 0.37 0.44
Sb1l-1 27.0 0.85 577 0.15 053 0.87 042 0.34 0.39 0.77
Sb6-34 8.0 050 299 0.11 0.31 0.54 047 0.24 0.44 0.02
Sb5-256 3.0 054 224 032 0.38 0.61 041 0.23 0.38 0.45
Sb4-72 9.0 0.61 341 0.13 0.41 0.66 042 0.26 0.39 0.19
Sb6-84 12.0 0.72 3.88 0.13 045 0.75 0.44 030 0.40 0.71
Sb4-121 8.0 0.62 3.42 0.05 0.41 0.68 042 0.26 0.39 0.38
Sb6-57 8.0 0.48 258 0.12 0.38 0.57 0.36 0.19 0.33 0.12
SbKAFGK1 8.0 0.63 2.79 0.07 0.38 0.69 0.49 0.32 046 0.50
Mean 10.78 0.63 3.48 0.13 0.41 0.68 0.43 0.27 0.40 0.40
Ethiopian Wild

Sb5-206 27.00.92 448 0.21 0.63 0.92 0.33 0.29 0.32 0.29
Sbl-1 32.0 0.92 3.85 0.17 053 0.93 0.44 040 0.43 0.68
Sb6-34 15.0 0.85 3.97 0.33 0.62 0.87 030 0.25 0.29 0.25
Sb5-256 11.00.71 294 0.07 048 0.76 0.38 0.28 0.36 0.22
Sb4-72 20.0 0.84 4.00 0.16 0.60 0.87 0.32 0.27 0.31 0.31
Sb6-84 21.0 0.82 3.39 0.20 052 0.83 0.38 0.31 0.37 0.39
Sb4-121 14.0 0.85 3.44 0.14 057 0.87 035 0.30 0.34 0.35
Sb6-57 15.0 0.73 2.85 0.14 042 0.76 0.46 0.34 0.45 0.39
SbKAFGK1 10.0 0.61 2.43 0.23 0.37 0.65 0.44 0.28 0.43 0.50
Mean 18.33 0.81 3.48 0.18 0.53 0.83 0.38 0.30 0.36 0.38
ICRISAT wild

Sb5-206 17.00.82 3.02 0.26 043 0.84 051 040 0.48 0.33
Sbl-1 20.0 0.89 3.32 0.16 052 0.90 045 0.38 0.42 0.62
Sb6-34 8.0 0.77 2.13 0.09 0.33 0.80 0.62 0.48 059 0.81
Sb5-256 40 050 1.88 0.12 0.32 056 0.46 0.24 0.43 0.40
Sb4-72 16.0 0.85 293 0.13 044 0.87 053 043 050 0.66
Sb6-84 11.0 0.83 2.21 0.16 0.38 0.85 058 047 055 0.68
Sb4-121 9.0 0.78 246 0.14 0.45 0.81 047 0.36 0.44 0.45
Sb6-57 10.0 0.78 2.72 0.10 043 0.81 050 0.38 0.47 0.19
SbKAFGK1 8.0 0.58 2.18 0.12 0.30 0.61 0.53 0.31 0.51 0.65
Mean 11.44 0.76 254 0.14 0.40 0.78 0.52 0.38 0.49 0.53
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Appendix Table 4. Pair wisesF(Cockerham and Weir, 1984) for the wild sorghum popula tions

AW  G-1 G-2 G-3 H-1 H-2 P-1 P-2 P-3 P-4 T-1 T-2 T-3 T-4 T-5 W-1 W-2 W-3
G-1 0.337
G-2 0.318 0.081
G-3 0412 0.282 0.145
H-1 0.422 0.224 0.202 0.227
H-2 0.399 0405 0408 0.507 0.524
P-1 0.455 0.261 0.250 0.327 0.312 0.570
P-2 0.376 0.160 0.161 0.267 0.257 0.482 0.128
P-3 0.400 0.187 0.215 0.354 0.292 0.510 0.333 0.210
P-4 0.452 0.234 0.253 0.344 0.284 0560 0.299 0.179 0.271
T-1 0546 0.465 0469 0582 0.585 0.674 0.620 0.508 0.529 0.591
T-2 0.468 0.348 0.288 0.293 0.337 0.571 0.341 0.310 0.407 0.368 0.634
T-3 0322 0.224 0.206 0.318 0.250 0.407 0.363 0.270 0.313 0.342 0.493 0.381
T-4 0368 0.215 0.185 0.215 0.102 0.472 0.311 0.227 0.262 0.287 0.508 0.299 0.248
T-5 0335 0.161 0.129 0.237 0.128 0.454 0.249 0.189 0.245 0.261 0.536 0.275 0.174 0.149
W-1 0531 0369 0.344 0.362 0.333 0.626 0.455 0.334 0.453 0.400 0.678 0.415 0.368 0.362 0.313
w-2 0.335 0.207 0.176 0.307 0.285 0.398 0.281 0.196 0.278 0.316 0.508 0.294 0.209 0.243 0.182 0.327
W-3 0.635 0.503 0474 0567 0522 0.698 0.582 0.527 0543 0.566 0.794 0.528 0.538 0.515 0.470 0.560 0.461
W-4 0392 0404 0.391 0458 0485 0.504 0.515 0418 0.482 0.498 0.608 0.470 0.324 0.436 0.402 0.477 0.330
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Appendix Table 5. Wild sorghum population pairs with some level of gene flowINm

POP1 POP2 FST Nm

G-1 G-2 0.081 3
G-1 P-2 0.160 1
G-1 P-3 0.187 1
G-1 T-5 0.161 1
G-2 G-3 0.145 1
G-2 P-2 0.161 1
G-2 T-4 0.185 1
G-2 T-5 0.129 2
G-2 W-2 0.176 1
H-1 T-4 0.102 2
H-1 T-5 0.128 2
P-2 P-1 0.128 2
P-2 P-4 0.179 1
P-2 T-5 0.189 1
P-2 W-2 0.196 1
T-3 T-5 0.174 1
T-4 T-5 0.149 1
T-5 W-2 0.182 1
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Appendix Table 6. Rousset (1997) genetic distance (upper diagonal) and the geographic distance of the collection sites (lower
diagonal) matrices used to estimate gene flow by isolation by distance

AW G-2 G-4 G-6 H-1 H-2 P-1 P-4 P-5 P-6 T-1 T-4 T-5 T-6 T-8 W-2 W-4 W-6 W-7
AW 0 0.509 0.465 0.700 0.730 0.663 0.834 0.603 0.666 0.823 1.204 0.878 0.475 0.582 0.503 1.132 0.504 1.737
G-2 290.7 0 0.088 0.392 0.289 0.681 0.353 0.190 0.230 0.305 0.870 0.533 0.288 0.274 0.192 0.585 0.260 1.010
G-4 288.7 3.5 0 0.169 0.253 0.689 0.334 0.192 0.273 0.339 0.884 0.405 0.260 0.227 0.147 0.524 0.213 0.899
G-6 281.2 11.0 8.0 0 0.293 1.027 0.485 0.364 0.548 0.524 1.392 0.414 0.466 0.274 0.310 0.568 0.443 1.309
H-1 236.1 525.2 523.4 516.0 0 1.099 0.452 0.346 0.411 0.397 1.408 0.509 0.333 0.113 0.147 0.499 0.399 1.090
H-2 67.4 354.1 3523 3449 1711 0 1.327 0931 1.042 1.274 2.063 1.332 0.687 0.894 0.832 1.675 0.661 2.313
P-1 460.4 337.4 334.7 333.0 662.6 5224 0 0.147 0.500 0.426 1.630 0.518 0.569 0.451 0.331 0.834 0.391 1.391
P-4 480.8 362.7 360.0 3584 679.2 5419 254 0 0.265 0.218 1.033 0.450 0.369 0.294 0.233 0.501 0.244 1.116
P-5 486.1 374.5 371.7 369.9 6815 546.5 37.5 13.5 0 0.372 1.125 0.687 0.455 0.355 0.325 0.829 0.386 1.188
P-6 467.2 3458 343.1 3414 668.0 528.8 85 169 293 0 1.444 0581 0.519 0.402 0.353 0.667 0.461 1.302
T-1 393.3 523.2 519.7 5129 459.7 4142 377.0 376.8 370.1 376.7 0 1.730 0.972 1.034 1.154 2.107 1.033 3.847
T-4 637.6 689.0 6855 680.5 7225 6685 414.6 3985 3858 409.1 263.0 0 0.616 0.426 0.380 0.708 0.417 1.118
T-5 702.1 683.3 680.2 676.8 828.8 7453 361.2 3385 3250 353.6 380.2 166.4 0 0330 0.211 0.581 0.264 1.165
T-6 695.8 679.0 6759 6725 821.8 738.8 358.2 3358 3223 350.7 3729 160.2 7.3 0 0.175 0.568 0.322 1.062
T-8 666.1 659.8 656.6 6529 788.2 707.8 346.4 325.2 311.7 3393 3381 131.6 423 350 0 0.455 0.223 0.887
W-2 190.2 376.2 373.0 365.3 298.2 213.8 380.7 3935 393.8 384.8 203.4 454.7 538.7 531.9 499.7 0 0.486 1.275
W-4 353.8 491.3 487.9 4809 425.7 375.0 368.8 371.2 3658 3694 395 298.9 407.7 400.5 366.1 163.9 0 0.854
W-6 363.5 506.8 503.4 496.3 426.4 382.3 383.7 3857 380.0 384.2 334 2964 4109 403.7 369.1 173.3 164 0
W-7 359.8 4947 491.3 484.3 4320 381.3 367.5 369.5 363.9 368.0 33.6 2925 401.7 3945 360.1 170.0 6.5 16.2
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Appendix Fig.1. Principal component analysis showing the the clustering pattern of individual wild (red square) and cultivated (green
square) sorghum plants
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Appendix Fig. 2. A neighbor joining cluster dendrogram based on pair-wise simple matching distance among the 540 individuals of
cultivated (gray) and wild (brown). Numbers represent source populations; population ID codes arel=AWd 2=G-1, 3=G-2,

4=G-3, 5=H-1, 6=H-2, 7=P-1, 8=P-2, 9=P-3, 10=P-4, 11=T-1, 12=T-2, 13=T-3, 14=T-4, 15=T-5, 16=W-1, 17=W-2, 18=W-3, 19=W-
4; Cultivated 20=GC1, 21=GC2, 22=PC1, 23=PC2, 24= TC1 [Degalit cultivar], 25= WC1, 26= WC2 [improved cultivar 76 T1#23],
27=WC3 [Degalit cultivar]
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Appendix Fig. 3 Monthly average soil temperature at Melkassa for the duration
seed burial experiment
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Appendix Fig 4. Monthly rainfall distribution at Melkassa for the duration of the ¢
burial andfitness experimen
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Appendix Fig.5. A) Collection of squashes from sorghum leaf, B) AindrFTA plan
saver card and C) Whatman chromatography paper, D) Single hole papkr pse

to puch out a disc from cards, and E) FTA purification reagent
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