Crop-to-wild geneflow: environmental risk assessmerfor the

release of genetically modified sorghum in Kenya

Mutegi Evans

Thesis submitted in fulfilment of the requirementsfor the
degree Philosophiae Doctor in Plant Breeding in th&aculty of
Natural and Agricultural Sciences, Department of Pant

Sciences, University of the Free State, Bloemfontei

May 2009

Promoter:

Prof. Maryke Labuschagne

Co-promoters:
Prof. Liezel Herselman

Dr. Fabrice Sagnard



Table of contents

Table of contents

University declaration

Acknowledgements

Dedication

Quote

List of abbreviations and acronyms

List of tables

List of figures

List of articles published and presentations deliveed from thesis project
Chapter 1

General introduction

References

Chapter 2

Literature review

2.1 Introduction

2.2 Taxonomy of cultivated and wild sorghum
2.3 Sorghum domestication

2.4 Genetic relationships within and among cultiveed and wild sorghum

2.4.1 Extent and organisation of diversity in cultivatsatghum

2.4.2 Extent and organisation of diversity in wild sorgmu

2.5 Advances in developing genetically modified sghum

2.6 Crop-to-wild geneflow and its potential consecggnces

vi

Vii

Xi

XV

XVi

Xvili

10

13

13

15
17

19

20



2.7 Methods of estimating geneflow

2.7.1 Direct approaches to geneflow estimation

2.7.1.1 Pollen dispersal from point to source
2.7.1.2 Gene dispersal from point to source
2.7.1.3 Estimates of geneflow through paternitylysisa

2.7.2 Indirect geneflow estimation methods

2.7.2.1 Fixation index based geneflow estimation
2.7.2.2 Coalescent-based approaches

2.7.2.3 Bayesian model-based approaches
2.7.2.4 Spatial autocorrelation analysis

2.8 Conclusions

2.9 References

Chapter 3

Compared phylogeography of wild and cultivated sorgum in Kenya using microsatellites

3.1 Abstract

3.2 Introduction

3.3 Materials and methods

33.1
3.3.2
3.3.3
334

Material collection
DNA isolation
PCR amplification and genotyping

Data analysis

3.34.1 Extent of genetic diversity
3.3.4.2 Genetic relationships within and amongieatéd and wild sorghum
3.3.4.3 Cultivated and wild sorghum genetic strretu

3.3.4.3.1 F-statistics

3.3.4.3.2 Analysis of molecular variance (AMOVA)
3.3.4.3.3 Model-based cluster analysis

3.3.4.3.4 Spatial autocorrelation analysis

3.4 Results
3.4.1 Seedling growth, DNA yield, PCR amplification amehgtyping
3.4.2 Extent of genetic diversity in sorghum
3.4.3 Geographical variation in cultivated and wild diséy
3.4.4  Environmental variation in cultivated and wild sbigm diversity
3.4.5 Genetic relationships within and among cultivatedi avild sorghum
3.4.6 Cultivated and wild sorghum genetic structure

3.4.6.1 FST-based genetic differentiation
3.4.6.2 Analysis of molecular variance (AMOVA)
3.4.6.3 Bayesian model-based cluster analysis
3.4.6.4 Spatial genetic structure

3.4.7

Spatial analysis of cultivated-wild sorghum geneligtance

22

22
22
22
24
26
26
29
30
32

33

34

52

52

52

53

66

66
67
70

70

71

74
74
78
81
84

86



3.5 Discussion

3.5.1 Extent of genetic diversity in cultivated and watarghum

3.5.2 Genetic structure and relationships in cultivatedghum

3.5.3 Genetic structure and relationships in wild sorghum

3.5.4 Genetic relationships among cultivated and wildgdnm individuals

3.6 Conclusions and recommendations

3.7 References

Chapter 4

Estimation of the extent of crop-to-wild geneflown sorghum at local scale in Kenya

4.1 Abstract

4.2 Introduction

4.3 Materials and methods

4.3.1 Study site selection
4.3.2 Household selection and sample collection
4.3.3 DNA extraction, PCR amplification and genotyping

4.3.4 Data analysis
43.4.1 Bayesian admixture approach
4.3.4.2 Fixation index (@) - based analysis
4.3.4.3 Genetic structure
4.4 Results

4.4.1 Sample collection
4.4.2 Recent geneflow
4.4.3 Historical/long-term geneflow

4.4.4 Genetic structure
4.5 Discussion

4.5.1 Extent and direction of geneflow
4.5.2 Historical geneflow

4.5.3 Genetic structure in cultivated and wild sorghum

4.6 Conclusions and recommendations

4.7 References

Chapter 5

General conclusions and recommendations

87

87
89
91
92

94

96

105

105

105

106

110

110
110
111

112
112
114
115
115

115
118
121
121

123

123
125
126

127

128

136

136



Summary 140
Opsomming 141
Appendices 142

Appendix 1 List of the 24 microsatellite loci and lheir overall variation in the entire Kenyan sorghum

genepool 142

Appendix 2 Agro-climatic zones in Kenya with moistue index and annual rainfall 144



University declaration

| declare that this thesis hereby submitted by onehfe Philosophiae Doctor degree at the
University of the Free State is my own independeatk and has not previously been
submitted by me at another university/faculty. itfier cede copyright of the thesis in

favour of the University of the Free State.

Signedon ..o, at the University of the Figte, Bloemfontein, South

Africa.

Signature:

Name: Mutegi Evans

Vi



Acknowledgements

King Solomon once wrote;.!....Of making many books there is no end, and mudy st
wearies the body(Ecclesiastes 12:12). | am therefore, first amérfwst grateful to God
for constantly renewing my physical, mental andigml strength throughout this study.

To Him be all glory and honour.

This thesis formed part of a project titled “Enviroental risk assessment of genetically
engineered sorghum in Mali and Kenya”, initiatedthg International Crops Research
Institute for Semi-Arid Tropics (ICRISAT) with fusdrom the United States Agency for
International Development (USAID) through the Bidiaology and Biosafety Interface
(BBI) and Plant Biosafety Systems (PBS) programhan grateful to the management
of ICRISAT for granting me a PhD graduate fellowshinder this project and to my
employer, Kenya Agricultural Research Institute R\ for granting me three years paid
study leave to undertake the programme. Very spen@ntion goes to the project
principle investigator and thesis co-promoter, ldte Dr. Fabrice Sagnard (ICRISAT),
who until his untimely death on $8lovember 2008 spared no effort, time or passion to

offer much needed scientific guidance and morapsttp

| extend my sincere gratitude to Profs. Maryke &bschagne (promoter) and Liezel
Herselman (co-promoter) for their enthusiastic suppscientific guidance and well

appreciated inputs in reviewing the drafts of thissis. | would like to thank Dr. Santie
de Villiers (ICRISAT) for her passionate encouragamand logistical support at every
stage of this work, but above all for generouslyeamg to review the draft thesis
chapters. | am very grateful to Dr. Monique Deuntte de Coopération Internationale du
Recherche Agronomique pour le Développement (CIRAance) for her timely

assistance with data cleaning and analysis, andhéor enlightening comments and
suggestions on the draft thesis chapters. | wiskinoerely thank Dr. Kassa Semagn,
formerly of ICRISAT, whose expertise on moleculaarker data acquisition and analysis
has contributed immensely towards completion of study. | also extend my sincere
gratitude to Dr. Dan Kiambi (ICRISAT) for his stdast encouragement and scientific

support at every stage of this study.

vii



My sincere gratitude goes to several other persoms institutions for contributing in

various different ways towards the accomplishméniis study:

Farmers from Turkana, coastal, western/Nyanza aastem regions of the
country, for providing the bulk of the sorghum saespand accompanying
information for this study.

Mr. Ben M. Kanyeniji, project coordinator KARI, whesmmense knowledge of
Kenyan sorghum, as well as logistical support wastrumental in sample
acquisition trips in the various parts of the coynt

The Officer In-charge, National Genebank of KenyaR{, Mr. Zachary K.
Muthamia for providing extra sorghum samples fas gtudy.

Caroline N. Mwongera (ICRISAT) for her able assist with data and sample
collection within the intensive study site in tlosver parts of Meru South District.
Michael Kimani, formerly of ICRISAT for patientlyna painstakingly introducing
me to practical molecular techniques: DNA extratti®CR amplification and
genotyping. His assistance in the laboratory towachquisition of the molecular
data used in this study is deeply acknowledged.

Mr. Joseph Kamau (KARI, Muguga), Mr. Charles Mamar{fgARI, Embu), Mr.
Benard Rono (KARI, Embu) and Moses Muraya (PhD estiid University of
Hohenheim) for their useful inputs during the sampbllection trips in the
various parts of the country.

The Biosciences Eastern and Central Africa (BeCAb tocated within the
International Livestock Research Institute (ILRWairobi, for granting me bench
space and access to the state of the art genotigmiiges.

Mrs. Sadie Geldenhuys (University of the Free St&euth Africa) for her
logistical and administrative support during mydsés and especially during my

periods of stay at the university.

My sincerely heartfelt gratitude goes to my deafewRosemary Njeri and my lovely

daughter, Faith Kendi for bearing with my many daysl hours absent from home as |

pursued my dream. Their constant encouragementpeayers are highly appreciated.

Lastly, | am grateful to my mother Ciambuba M’'Njbay my brothers and sister for their

prayers and supportive encouragement.

viii



Dedication

In memory of Dr. Fabrice Sagnard who passed awal88mMNovember 2008 after a brave
battle with cancer. Dr. Sagnard was one of my awAmters and the principle investigator
of the USAID-BBI/PBS funded project on “Environmahtisk assessment of genetically
engineered sorghum in Kenya and Mali” upon whidl thesis was based. Dr. Sagnard
was an excellent population geneticist and paidiqudar attention to farmer practices
and in situ conservation of plant genetic resources. His passivarmth and deep

scientific insights will be missed by many.



Quote

All science is concerned with the relationship @fuse and effect. Each scientific
discovery increases man's ability to predict theseguences of his actions and thus his

ability to control future events.

Laurence J. Peter



List of abbreviations and acronyms

a Rousset’s genetic distance between individuals
AP Number of private alleles

A Number of rare alleles

Al Total number of alleles

ABI Applied Biosystems

ACZs Agro-climatic zones

AFLP Amplified fragment length polymorphism
AMOVA Analysis of molecular variance

ANOVA Analysis of variance

BC Before Christ

BBI Biotechnology and Biosafety Interface

BeCA The Biosciences Eastern and Central Africa
blog Regression slope

bp Base pair(s)

Bt Bacillus thuringiensis

CBSU Computational Biology Service Unit

cDNA Coding DNA

CIRAD Centre de Coopération Internationale du Rexie Agronomique pour le

Développement (French Agricultural Research Cdotrinternational

Development)

cm Centimetre(s)

cpDNA Chloroplast DNA

CTAB Cetyl Trimethyl Ammonium Bromide
d Dissimilarity among genotypes i and |
DNA Deoxyribonucleic acid

dNTP 2’-deoxynucleoside 5'-triphosphate
EDTA Ethylenediaminetetraacetic acid

F Fallow field

F First filial generation

Fi Kinship coefficients

Fis Fixation index of individuals relative to the spbpulation

Xi



Fir

Fst

FAM
FAO
FAOSTAT
Gst
GM
GPS
H

He
Ho
ha
HCI
HWE
ICRISAT
ILRI
ISS
K
KARI
KCI
km
LE
LIZ
LOD

masl
MCMC
mg
MgSO,
min

ml

Fixation index of individuals relative to the tbtpopulation
Fixation index of sub-population relative to tia¢al population/total
fixation index

5-Carboxyfluorescine

Food and Agriculture Organisation of the Unil¢ations.
FAO statistical database

Nei’s total fixation index

Genetically modified

Global positioning system

Test statistic for the Kruskal-Walllis test

Expected heterozygosity/gene diversity

Observed heterozygosity

Hectare(s)

Hydrochloric acid

Hardy-Weinberg equilibrium

International Crops Research InstituteSemi-Arid Tropics
International Livestock Research Institute

Intensive study site

Number of unknown populations/genetic clusters
Kenya Agricultural Research Institute

Potassium chloride

Kilometre(s)

Linkage equilibrium
ABI internal size standard for sequences upQ@6 bp
Log odds

Metre(s)

Migration (geneflow) rate

Molar

Metres above sea level

Monte Carlo Markov Chain

Milligram(s)

Magnesium sulphate

Minute(s)

Millilitre(s)

Xli



mm Millimetre(s)

mM Millimolar(s)

Mt. Mount

MtDNA Mitochondrial DNA

NaCl Sodium chloride

Ne Effective population size

NED 2,7,8-benzo-5-fluoro-2,4,7-trichloro-5-carbolxgrescein

ng Nanogram(s)

NJ Neighbour-joining

Nm Number of effective immigrants per generation

PBS Plant Biosafety Systems

PCoA Principle coordinate analysis

PCR Polymerase chain reaction

PET An ABI fluorescent dye

pH Measure of acidity/basicity

PIC Polymorphic information content

PNAS Proceeding of the National Academy of Scierddébe USA

P(X|K) Probability of X given K

Qi Mean proportion of estimated genome originatimgrfra particular
cluster

i Proportion of an individual’s genome in a partamugenetic cluster

r? Coefficient of determination

Fij Relative kinship coefficient

Rs Allelic richness

Rst Slatkin’s total fixation index

RAPD Random amplified polymorphic DNA

RFLP Restriction fragment length polymorphism

RNAse Ribonuclease

rom Revolutions per minute

S Second(s)

SF Sorghum field

SN-G Semi natural, grassland habitat

SN-R Semi natural, riverine habitat

SPAGeDi Spatial pattern analysis of genetic diversi

Xiii



ssp
SSR
Taq

TE
Tris-HCI
USA
USAID
uv

\%

viv

VIC

wiv

12
%

AK

°C

Subspecies

Simple sequence repeat

Thermus aquaticus

Tris/EDTA buffer

Tris (hydroxymethyl) aminomethane hydramifidle
United States of America

United States Agency for International Deysient
Ultraviolet

Volt(s)

Volume/volume
2'-chloro-7'-phenyl-1,4-dichloro-6-carboxyfluescein
Weight/volume

Beta

Weir and Cocherham'’s total fixation index
Microlitre(s)

Micromolar(s)

Private allelic richness

Percentage(s)
Delta K

Degrees centigrade

XV



Table 3.1
Table 3.2

Table 3.3
Table 3.4

Table 3.5

Table 3.6

Table 3.7
Table 3.8

Table 3.9

Table 3.10

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5
Table 4.6

List of tables

Comparative genetic diversity estimates for Kengaighum gene pool................ 68

Genetic diversity estimates for the sorghum gera pbvarious structuring factors

Fst-based genetic differentiation of the sorghum gesoa at various levels........... 74
Estimates of pairwisedr among collections of cultivated and wild sorghurithin
and among different geographical regions. ..ececeeceoooooveveieeiieeeeee e A6
Estimates of pairwisedr among collections of cultivated and wild sorghurithin
and among different agro-climatic ZONES .....cccccevvveveeeeiiiciiiieee e 77
Estimates of pair wisesiramong collections of cultivated and wild sorghuiithvi
and among different altitudinal (masl) rangesS..............cccccceeevivieeeee 18
Analysis of molecular variance among and withirtigated and wild sorghum ..... 79
Analysis of molecular variance within and amongggaphic regions for cultivated
=Yg Lo V71 (o B =To | 11 ] o SRR 79

Analysis of molecular variance within and amongoagimatic zones regions

(ACZs) for cultivated and wild SOrghUM .......cceeeiiiiiieeiiiiee e 80
Analysis of molecular variance within and amongtadinal classes regions for
cultivated and wWild SOrgNUM...........uuiiiiceemeeiiiiiiiiii e 80
List of microsatellite loci used in the aSSaY....c.....ovccvvviiiiieeeiiiiiieeeee e 112
List of collected cultivated and wild sorghum pagtidns ..........ccccceeeevviiiviieennenn. 117

Mean proportion of estimated ancestry in each efkKh= 2 clusters for cultivated
and wild SOrghum gene POOIS .......uvviiiiitccceeee e 119
Farm-level mean proportion of estimated ancestry {@ the pool of cultivated
sorghum and the co-occurring wild-weedy sorghunmuston(s) ........cccceveeeennns 120
Estimates of F-statistics for populations of cwted and wild sorghum............... 122
AMOVA partitioning of diversity within and among kivated and wild-weedy

ST o] o U]l o ToT o101 F= 11 o] o F= PP 122

XV



List of figures

Figure 2.1  Proportion of area devoted globallydmbBum production in the year 2007 ............ 9
Figure 2.2  Area devoted to sorghum and other ceregk in Kenya in 2007 ..................... 10.
Figure 2.3 Schematic presentation of the taxonohtlgeogenussorghum............cccccevvvveeeeeee. 11

Figure 3.1 Map of Kenya showing the sources ofeatibn for cultivated and wild sorghum
and the associated annual rainfall ClaSSES. .. ivvvieiiiiiiie e 57
Figure 3.2 Image of two week old cultivated anddwslorghum seedlings growing in potted
trays in the 1abOratory. ........ ... ceeeee i rmnnaseeeeeeeeene 67
Figure 3.3 Agarose gel electrophoresis image shpwihe quality of the sorghum DNA
L =T (o] o PR TP PO P PPPPPPPPTTPRIN 67
Figure 3.4 Biplot of the axis 1 and 2 of the prpiei coordinate analysis based on the
dissimilarity of 24 SSR markers for cultivated amittl sorghum...............ccceeeeeee. 71
Figure 3.5 Biplot of the axis 1 and 3 of the prpiei coordinate analysis based on the
dissimilarity of 24 SSR markers for cultivated ami¢tl sorghum. ...........ccccevvveveeen. 72
Figure 3.6 Neighbour-joining cluster analysis deggam showing the genetic relationship
among cultivated genotypes in KENYa. .......cuiuviiiriiieiieie e 73
Figure 3.7 Neighbour-joining cluster analysis degidam showing the genetic relationship
among wild/weedy genotypes in Kenya. .......ccceeeccvvieeieeeenninciiiineeeeee e 4
Figure 3.8 Estimated population structure at K fer2the entire sorghum gene pool ordered by
type and membership fraCtion. .............icececeeeeeeeeeieieeieeieeeee e ere e 81
Figure 3.9 A plot of Evanno’ad hocAK statistic against different possible values for.K.. 81
Figure 3.10 Estimated population structure at K ferScultivated and wild sorghum ordered by
type and geographiC rEQION. ..........uuiuriceereeee et aeeeeaeaeae s 82
Figure 3.11 Estimated population structure for wslmrghum gene pool at K = 2, ordered by
geographic region and membership fraction. weeeeveeeriiiiciiieneeeeiin. 83
Figure 3.12 Estimated population structure at K =fo¥ cultivated gene pool ordered by
o T=ToTo =T o] a1 TolN £=To 1 To] o LSRR 84
Figure 3.13 Correlograms for spatial patterns afegie differentiation in cultivated (a) and wild
(b) sorghum genotypes based on Ritland’s pairwiseship coefficient of
INAIVIAUAS. ..o e e e e s e m e e e e e e eennreeeeeas 85
Figure 3.14 Correlograms for spatial patterns afiegje differentiation in cultivated sorghum
genotypes for coast (a), eastern/central (b), reaiiern (c), Rift Valley (d),
Turkana (e) and western/Nyanza (f) regions baseditiand’'s pairwise kinship
coefficient Of INAIVIAUAIS. ........ccuiiiiiiimeeme e 86
Figure 3.15 A plot of Rousset’s genetic distancemgncultivated and wild sorghum in relation

to isolation distance (iN KM). .........coeewmmmeeeeeeesssiieeer e e e e s e e e e e eesneeeeee s 87

XVi



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Map of the intensive study site showdngjribution of the 372 visited households,
farmer perception on wild sorghum abundance andea®n sites for study
00T o101 F= 11 0] o < F PP 116

Evanno’aK statistic for K = 2 to K = 8. The modal valueaisK = 2. ................. 118

Bar plot of the estimated genetic stmectit K = 2 using the default STRUCTURE
parameters with the individuals ordered by sorgyme. ............cccccvvveveeriiiinnee. 118

Notched box plots showing farm-levefatiénces in the proportion of wild-weedy
sorghum genome originating from cultivated sorgh{arop-to-wild geneflow). .. 121

Correlograms for spatial patterns ofegierdifferentiation in (a) cultivated sorghum
and (b) wild-weedy sorghum based on Ritland’s paevkinship coefficients ..... 123

XVii



List of articles published and presentations deliveed from thesis project

E. Mutegi, F. Sagnard, M. Labuschagne and L. Harael2009. Assessing the genetic
structure and crop-wild geneflow in ti&®rghum bicologene pools of Kenya
using microsatellites. A presentation made at i IGraduate Fellow Forum
2009. ILRI, Nairobi, 5-6 March 2009.

E. Mutegi, F. Sagnard, M. Labuschagne and L. Harael2009. Crop-to-wild geneflow:
Environmental risk assessment and implicationsHerrelease of GM sorghum
in Kenya. Poster presented at the BecA - ILRI Hod 8yngenta Foundation
for Sustainable Agriculture Partnership ConferenEeom technology to
product development for the African farmer. BecA - ILRI Hub, Nairobi, April
29, 20009.

Xviii



Chapter 1. General introduction

Chapter 1

General introduction

Recent advances in biotechnology have culminatettiengenetic engineering of many
crops of economic importance. Undoubtedly this meehnology has profound potential
to improve the ever increasing demand for food allyb more so in the developing
countries. Nonetheless, critical concerns have bé&sn raised about the potential risks
posed by genetically modified (GM) crops on theiemment. Foremost among these
concerns is the potential escape of transgenes éutivated crops to their wild and
weedy relatives through geneflow. The possible fialroonsequences of such escape are
the evolution of more aggressive weeds in agricaltaystems, the generation of more
invasive species in natural habitats, the gradeplacement of wild gene pools by
cultivated ones and in some extreme cases, thencérm of crop wild relative
populations (Conneet al 2003; Ellstrand 2003; Haygoad al 2003; Cheret al 2004;
Johnstonet al. 2004). Scientific assessment of these potentiak@mmental risks is an
integral part of biosafety regulations and thereforecedes any decision to release a GM

crop.

Sorghum $orghum bicolor(L.) Moench) is Africa’s second most important eagrin
terms of both area harvested and annual producf\aoording to the latest global
statistics (FAO 2008), Africa contributed over 6@8&othe total land area dedicated to
cultivation of sorghum. There is no doubt thereftirat sorghum occupies an important
position as a dietary staple for millions of peomspecially in arid and semi-arid lands
of Africa and Asia. The important socio-economigifion enjoyed by sorghum makes it
a necessity for production enhancement programmeteveloping countries of Africa.
Advances in genetic engineering offer potentiallsorpising tools for augmenting
traditional approaches to sorghum crop improveméiausible progress has been
achieved towards developing and optimising pro®ctir transferring genes into
sorghum using electroporation, agrobacterium anccropiojectile bombardment
techniques (Casast al 1997; Zhaocet al 2000; Gacet al 2005; Howeet al 2006).

Sorghum has therefore been successfully enginegyaitist stem fungal rot, stalk borer
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and for high lysine content expression (Casasal. 1993; 1997; Zhuet al. 1998;
Krishnaveniet al. 2000; Zhacet al. 2000; Girijashankaet al. 2005; Ayoo 2008). In light

of the now increasing deployment of GM crops inaleging countries (James 2007), it
seems that it is only a matter of time before tgengc sorghum is deployed into Africa’s
predominantly traditional agro-ecosystems. A prdbatase in point is the on-going
initiative aimed at deploying nutritionally enhadctansgenic sorghum to subsistence
farmers on the continent, under the auspices oAfHean Biofortified Sorghum project
(Zhao 2008). It is essential that such deploymenpieceded by studies that characterise
potential environmental risks especially with egial and agronomical characteristics

of Africa’s traditional agro-ecosystems in mind.

Sorghum was domesticated in Africa and is a ctittmmponent of food security for
more than 100 million people on the continent todégveral wild relatives of cultivated
sorghum are found in Africa, both in natural hatsitand as weeds in farmers’ fields.
Spontaneous, morphologically-intermediate plantsveen cultivated sorghum and its
wild relatives have been reported in and near sorglields in Africa (Dogget and
Majisu 1968; Baker 1972; De Wet 1978; Dogget ands®ida Rao 1995; Tesst al
2008; Mutegi et al. 2009). Moreover, crop-to-wilgbhidisation in sorghum has been
implicated in the origin of at least one noxiousedgSorghum x almunfParodi and in
enhanced weediness and invasiveness of anothesgograssSorghum halepensg.)
Pers) (Ellstrand et al 1999). Prediction of the extent and directionimtrogression
between sorghum and its wild and weedy relativeghiss an important part of
environmental risk assessment of transgenic sorgl&unh studies have not yet been

reported in Africa, the centre of origin and divr$or sorghum.

Kenya borders Sudan and Ethiopia in the north antierefore located on the southern
outskirt of the north-eastern quadrant of Africdyene sorghum is believed to have been
first domesticated (De Wet 1978; Dogget 1988). Kesmigorghum gene pool is therefore
represented by both cultivated and crop wild reésti (Clayton and Renvoize 1982).
Sorghum is grown in all but one of the country’gtgiprovinces. The crop is grown for
subsistence mainly by small scale farmers undelitivpaal farming systems. In Kenya
sorghum is a particularly important part of thetalig needs of many people in the mid-
altitude western region, semi-arid lowland landgh& eastern region and the expansive

arid zones of northern Rift Valley. Although thelnave been attempts to breed and
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introduce improved varieties in most of these grmnareas, large sets of local landraces
still dominate cultivated sorghum diversity. Altlghuthe work of Dogget and Majisu
(1968) documented some morphological evidence biritigation between cultivated
and wild sorghum in Kenya and in the neighbouringrdries of Uganda and Tanzania,
detailed evidence based on the more reliable miaea@nalysis is still outstanding.
Moreover, neither the variability of genetic intregsion in different agro-ecological
zones of the country, nor the direction of geneflmtween particular cultivated varieties
and ecotypes of wild sorghums has been investigédedh information is urgently
needed in order to assist policy makers’ deliberation the potential impact of growing
transgenic sorghum in Kenya. Furthermore, inforaraton the extent and genetic
structure of both the cultivated and wild sorghueme pools in Kenya is lacking, but is

important both for effective conservation and cimprovement programmes.

Approaches based on population genetics theorgsrenhecular markers have proved to
be effective in investigating genetic structure ageheflow in different wild-weedy-
domesticate complexes. Examples include ri@eyfa sativalL.) (Kurodaet al 2006),
maize Zea mayd..) (Fukunageet al 2005), buckwheatfTfiticum aestivuni.) (Konishi
and Ohnishi 2007), lima beafPHaseolus lunatus.) (Martinez-Castilloet al 2007),
common beansPhaseolus vulgari.) (Papa and Gepts 2003; Zizumbo-Villarrealal
2005), pejipaye palmB@ctris gasipaesKunth) (Couvreuret al 2006; Ugaldeet al
2008), sugar beeBgta vulgarisL.) (Desplanqueet al. 1999; Arnaudet al. 2003) and
squash Cucurbita argyrospermdduber sspargyrospermaand C. moschateDuchesng

(Montes-Hernandez and Eguiarte 2002).

The present study employed microsatellite or singglguence repeat (SSR) markers to
generate allelic data for use in genetic distarasetl and model-based population
genetics approaches with a view to understand #metg structure and relationships
between cultivated and wild sorghum in Kenya. Femtiore, the extent and direction of
geneflow between the two taxa at country, regi@mal landscape scales was quantified.
Outputs from the work will contribute to developresf biosafety regulations and
guidelines for the introduction of transgenic sanghin the country by answering the
following questions:

0] What is the extent of genetic diversity in cultedtand wild sorghum gene

pools in Kenya?
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(ii) What is the structure of the genetic diversity attional, regional and
landscape scales?

(i)  What evolutionary factors shape the observed stre@t

(iv)  What are the genetic and evolutionary relationslhipsveen cultivated and
wild sorghum gene pools?

(V) Is there geneflow between cultivated and wild sargh If so, what is the
prevalent direction?

The goal of the study was therefore to contribotéhte understanding of the geneflow
related environmental risks of releasing genetiaaddified sorghum into Kenya'’s agro-
ecosystem and contribute to biosafety, conservadiwh utilisation decisions regarding
sorghum in the country. Specific goals are to cahducomparative phylogeography
survey of wild and cultivated sorghums in Kenya dodcharacterise the amount of

introgression at local scale.
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Literature review

2.1 Introduction

Sorghum §. bicolor(L.) Moench] is the world’s fifth most producedreal crop after
maize Z. maysL.), rice ©. sativaL., O. glaberrimaSteud.), wheatTfiticum spp.) and
barley Hordeum vulgarel.). In 2007, the world planted 43.8 million ha sbrghum,
with over 80% of the area devoted to the crop b&wgd in Africa and Asia (Figure 2.1)
(FAO 2008). Sorghum forms an important dietary comgnt of many people globally,
with the most significant contribution being in tlaeid and semi-arid lands in many
African and Asian countries. In Kenya, sorghumadsked third in importance among
other cereals. In 2007 alone over 100000 ha of Veeict devoted to sorghum production

in Kenya (Figure 2.2), with majority of the produsdeing small scale farmers.

South America Others

3.7% 2.0%
Central America

4.2%

Northern America
6.3%

Africa
60.9%

Figure 2.1  Proportion of area devoted globally to@ghum production in the year
2007 (Source: FAO 2008).
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Figure 2.2  Area devoted to sorghum and other cereafops in Kenya in 2007
(Source: FAO 2008).

2.2 Taxonomy of cultivated and wild sorghum

SorghumMoench is a large and heterogeneous genus befpngithe Andropogoneae
tribe in the botanical family Poaceae. The genubvisled into five sub-generic sections:
Eusorghum, Parasorghum, Heterosorghum, Chaetosuargind Spitosorghum (Figure
2.3). The primary and secondary gene pools ofteong which include the cultivars and
their wild and weedy relatives (Harlan and De W&t 1), are classified within the section
Eusorghum. Three species are recognised in tht®ose¢i) S. halepensea member of
the secondary gene pool, is a rhizomatous perewgatly taxa and a native of Eurasia,
but now introduced in warm temperate regions ofweld, (i) S. propinquum(Kunth)
Hitchc, a member of the primary gene pool, is aatratous perennial weedy species
with distribution mainly in south-east Asia andi)(i5. bicolor the most important
member of the primary gene pool, is indigenous tiacA and comprises all cultivars of
sorghum, their wild progenitors, as well as morplatally stabilised weedy forms that
are thought to be derivatives of crop-wild intraggien (De Wet 1978).
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ISorghum |
—|Eusorgum |
——iS. halepense |
—i{S. propinquum |
5. bicolor |
E— bicolor
—bicolor
— durra
caudatum
kafir
— cuinea
— 10 intermediates
verticilliflorum
verticilliflorum
arundinaceum
— virgatum
aethiopicum
drummondii
——Parasorghum |
——Heterosorghum |
——Chaetosorghum |
—|Spitosorghum |

Figure 2.3  Schematic presentation of the taxonomyf the genusSorghum.

Cultivated sorghum and its proposed wild progesitzaive been classified under a single
species,S. bicolor within which three sub-specific categories areogmised: ssp.
bicolor, ssp.verticilliflorum (Steud.)and sspdrummondii(Steud.)(Harlan and De Wet
1972; Dogget 1988) (Figure 2.3ll cultivars of sorghum are encompassed within. ssp
bicolor, in which five basic and ten intermediate racesfarther recognised on the basis
of spikelet and panicle morphology: (i) race bicakbcharacterised by open panicles and
long clasping glumes that usually enclose the tadligrain at maturity, (ii) race kafir is

characterised by more or less compact panicles ellihtic sessile spikelets and glumes
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that tightly clasp the usually longer grain at migyu (iii) race caudatum is characterised
by open to compact panicles, with grains that kteoin one side and distinctively curved
on the opposite and shorter glumes that leave thmg) exposed, (iv) race durra has
characteristic compact panicles, flattened andeosassile spikelets and lower glume that
is wrinkled near the middle and (v) race guineaharacterised by large, open panicles
with pendulous branches and glumes that are lomtglyvopen and with a conspicuous
awn. Pairwise hybridisation of the five basic radess further given rise to ten

intermediate races of cultivated sorghum (Harlash2a Wet 1972; Dogget 1988).

The closest wild relatives of cultivated sorghune &ound in Africa. These are all
encompassed within the ssgerticilliflorum, formally ssparundinaceumBased mainly
on variations in plant habit, leaves, inflorescermcel ecogeographical distribution,
members of the sspeerticillifforum have been classified into four botanical races:
arundinaceum, verticilliflorum, aethiopicum and gatum. Race arundinaceum
comprises of robust and tall forest grasses thatiromainly in humid and sub-humid
West Africa. It has large leaves and a broad |quesaicle with pendulous branches.
Race verticilliflorum is the most widespread of #ie wild sorghum in sub-Saharan
Africa. It is abundant in dry savannas and diffecsn arundinaceum mainly by having
panicles with non-pendulous branches. Race aethiopiis found in the southern
margin of the Sahara desert. Members of this raee shorter than those of
arundinaceum and verticilliflorum and are furthbaracterised by smaller panicles that
have erect to sub-erect branches. Race virgatanslsnder desert grass occurring from
central Sudan to Egypt, mostly along stream banKsir@igation ditches. The four races
are so closely related morphologically that theyndo deserve formal taxonomic status
and are considered to be essentially well defircedypes (De Weet al. 1970; De Wet
and Huckabay 1971; De Wet 1978; Dogget 1988).

Moreover, all races of cultivatefl. bicolorssp.bicolor and those of its closest wild
relative S. bicolorssp.verticilliflorum are inter-fertile and hybridise to produce highly
variable weedy types within and around sorghunmdsigiHarlan and De Wet 1972).
Morphologically stabilised derivatives of this iogression between the two congeners
have therefore been classified un&erbicolorssp.drummondii(Harlan and De Wet
1972; Dogget 1988).
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2.3 Sorghum domestication

While it is unequivocally agreed that sorghum pdaate African in origin, there have
been divergent views on where and when its donaggiit occurred. For example,
Murdock (1959) postulated that sorghum was domegstitin West Africa around river
Niger by the Mande peoples some 4500 BC and tleatribp was introduced from there
to the Sudan by 4000 BC. Based on comparative notogital studies and numerical
taxonomy, De Wet and Huckabay (1967) suggested gdhathum was domesticated
independently from local wild relatives of the crimpthree regions: Ethiopian region,
tropical West Africa and South East Africa. Har{d875) used the distribution of races
of sorghum in Africa to conclude that the initi@mrdestication of sorghum occurred in a
long belt across central Africa, perhaps runnimgubgh contemporary Ethiopia, Sudan
and Chad. Manret al. (1983) hypothesised that the origin and domesticaof
sorghum took place in north-eastern Africa, perhiapthe expanse of the land today
recognised as Ethiopia and Sudan, approximatelyese®®0 years ago. Based on his
hypothesis on the development and spread of agrreuln Africa, as well as on the
distribution of sorghum races, Dogget (1988) codetl that sorghum was first
cultivated by the Cushites in the Ethiopian highsof East Africa.

2.4 Genetic relationships within and among cultivated ad wild sorghum

Genetic compatibility between domesticated and wpldpulations in regions of
sympatric occurrence often leads to wild-weedy-dstinate hybrid complexes
(Ellstrandet al 1999; Elistrand 2003b) as a result of introgresdiybridisation from
domesticated populations to wild ones ance versa Crop wild relatives have long
been recognised as valuable sources of new variatio potentially novel genes and
therefore constitute important genetic resourcespfant breeding and conservation
programmes. In the advent of GM crops, howeverdwieedy-domesticate hybrid
complexes have become a source of growing biosatetgern due to their potential to
facilitate transgene escape. Knowledge on the jatipul structure can provide insight
into many important evolutionary and ecologicalgedies of a species. In particular it
can be used to estimate geneflow, a critical corapbrior assessing the potential
environmental risks posed by GM crops (Snow andavid?alma 1997; Connet al
2003; Haygoocet al 2003; Cleveland and Soleri 2005; Chapman and 68@®06;
Thies and Devare 2007; Chandler and Dunwell 20B8)thermore, understanding the
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extent and partitioning of the genetic diversityaofrop and its wild relatives is critical

to effective conservation and use of its genesoueces.

Several authors have documented the potentiak#isits in the wild sorghum gene pool
with regard to providing new sources of resistaaee adaptation in breeding (Sharma
and Franzmann 2001; Gurney al. 2002; Kamalaet al. 2002; Komolonget al. 2002;
Rao Kameswarat al. 2003; Jordaret al. 2004; Dillonet al. 2007; Hajjar and Hodgkin
2007). That wild and cultivated sorghums are iféetle and grow in sympatry in
many agro-ecosystems of sub-Saharan Africa has beeg documented (Dogget and
Majisu 1968; Dogget 1988; Dogget and Prasada R&86)1%or example, Dogget and
Majisu (1968) studied the relationship between vall cultivated sorghum in East
African countries including Kenya and provided ntosfogical evidence of wild-
weedy-domesticate hybrid complexes. However, neitiwe variability of genetic
introgression in different agro-ecological zones:; the direction of geneflow between
the diverse cultivated varieties and ecotypes dfl worghums in Africa has been
investigated. In many parts of Africa a wide assent of intermixed cultivars of
sorghum are grown in scattered cultivated plotsroft close proximity to its wild and
weedy forms in both cultivated fields and internageihabitats such as field margins
and fallow plots (Dogget 1988; Barnaetdal 2007; Tesset al 2008).

Molecular evidence of genetic introgression betwedd and cultivated sorghum has
been documented for tt& bicolorS. halepensgohnsongrass) complex in the United
States (Arriola and Ellstrand 1996; Morretlal 2005) and within th&. bicolorspecies
(Aldrich and Doebley 1992; Aldriclet al 1992; Casat al 2005). However, these
results can only be considered as indicative amdréan conclusive with regard to
development of comprehensive biosafety regulationstroduction of GM sorghum in
Africa’s agro-ecosystems. The work by Aldrich andebley (1992), for example,
focused only on 56 accessions of cultivated and wilrghum originating from nine
African and two Asian countries. Kenya’'s sorghumeegoool in their study was
represented by only six accessions of unspecifemb@phical origin, with only two
being of the wild form (Aldrich and Doebley 1992d#ich et al. 1992). More extensive
sampling is definitely necessary for more in-degtildies on the genetic relationships
within and between cultivated and wild sorghum papons in Kenya, if practical

biosafety, conservation and germplasm utilisatioesgions are to be answered.
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There has been a substantial effort over the Vastdecades to characterise at diverse
spatial scales, the levels and patterns of gedetarsity within cultivated sorghum by
means of morphological, biochemical and molecularkars (Morderet al. 1989; Deu

et al. 1994; Menkiret al. 1997; Djeet al. 1998; 1999; 2000; Ayanet al. 2000b; Kong

et al. 2000; Ghebriet al.2002; Menzet al. 2004; Abu-Assaet al. 2005; Folkertsmat

al. 2005; Kamaleet al. 2006; Barnauckt al. 2007; Perumagét al. 2007; Barnauakt al.
2008; Deuet al. 2008; Sagnarakt al. 2008). In comparison, only a few studies have
been directed towards expanding knowledge on gesgticture of wild sorghum and
on the genetic and evolutionary relationships betwwild and cultivated sorghum
(Aldrich and Doebley 1992; Cuwit al. 1995; Deuet al. 1995; Ayanaet al. 2000a; Casa
et al. 2005).

2.4.1 Extent and organisation of diversity in cultivated sorghum

Early genetic diversity studies on cultivated semghusing isozymes, showed genetic
diversity to be substantially spatially structuradglobal scale (Mordeet al. 1989;
Ollitrault et al. 1997) but not at national (Ayard al 2001) or local (Djest al. 1998;
1999) scales. Interestingly, local scale studiesgusorghum samples collectedsitu,
contradicted findings of the global scale studissmgex situcollections, by revealing
more variation within than between accessions.dth ltases however, the system of
racial classification for sorghum as proposed byldaand De wet (1972) was not
substantiated, perhaps due to low marker resoluAsmoted by Aldrich and Doebley
(1992), isozyme markers are restricted to a limiedhber of coding regions of the
genome and can detect only those mutations thatecablanges in protein mobility.
With the advent of DNA marker technologies, studeesploying nuclear restriction
fragment length polymorphism (RFLP) analysis reedatoncordance between genetic
differentiation and racial classification in culited sorghum (Deet al 1994; 1995;
2006). A study by Caset al. (2005) using 98 SSRs loci on 73 genebank accessibn
cultivated sorghum, however, seemed to contralede previous findings by revealing
little evidence of genetic differentiation amongcied groups. Reasons for this
disagreement are not clear although diverse coniposif the germplasm evaluated
(i.e. selection of accessions to include racial gadgraphic diversity in sorghum), the
occurrence of pollen or seed flow and/or recenéijgnce were suggested (Casal.
2005).
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Recent diversity studies on cultivated sorghum hralied heavily on SSR markers and
in situ collections in an attempt to elucidate the evohdry process that shape patterns
of genetic diversity at regional, national and lospatial scale (Barnauet al. 2007;
Deuet al.2008; Sagnareét al. 2008). Such information is critical for baitlh situ andex
situ conservation, as well as for utilisation of plaeietic resources. Recently, Detu
al. (2008) used 28 SSR markers to conduct a genetargily survey on 484 sorghum
samples collected in 79 villages across Niger. THetected high levels of genetic
diversity that was differentiated along sorghum abatal races, geographical
distribution and ethnic groupings of farmers, babily along climatic zones. The high
levels of diversity was explained by convergencettoke sorghum races (guinea,
caudatum and durra), while spatial distributiontgrais of different linguistic groups
that were associated with cultivation of specifiaces explained the observed

geographic and ethnic genetic structure (Beal. 2008).

In a local scale genetic diversity survey, Barnatidl. (2007) used 14 SSR markers to
characterise 21 landraces of sorghum collectedil@tge level among the Duupa
farmers in northern Cameroon. Despite observing fdwaners grew a mixture of an
average of 12 landraces per field, significant gerdifferentiation between landraces
was obtained, perhaps due to some form of bawiantér-landrace geneflow and seed
selection by farmers (Barnawet al. 2007). Furthermore, inbreeding was observed to
vary among landraces, a further suggestion thderdifit mating systems among
landraces might exist. Subsequent studies (Bareawd 2008) have indeed revealed
variable, though extensive outcrossing rates amlandraces. The authors further
postulated that the selection exerted by farmessaveey parameter for determining the
fate of new genetic combinations from the outcrag&vents and thus in the patterns of

genetic differentiation among landraces (Barnaudl.2008).

In a recent study, Sagnaet al. (2008) used 12 SSR markers and 1518 samples
collectedin situ from Burkina Faso, Mali, Niger and in the samdagé in Cameroon
sampled by Barnaudt al. (2007; 2008) to characterise the evolutionary derthat
shaped genetic diversity of cultivated sorghum attiple spatial scales. Their work
suggested that the genetic variability in a varistynainly the result of two factors: (i)

its mating system and (ii) genetic drift arisingrfr a limited number of reproductive

individuals either at the time the variety is imtuged into a household or each year
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when farmers select their seeds from only a fraatibtheir harvest. Furthermore, they
found no evidence of spatial genetic structure anaiftages separated by more than 30
km. This suggested that traditional seed exchaggems in West Africa operate at
local scale. When they compared genetic diversttyvben countries, Niger was found
to be genetically richer than Mali despite the fdwt the latter grows sorghum in a
larger agro-climatic range than the former. Theseilts demonstrated that the diversity
of human groups acted together with the agro-eamdbfactors to shape the structure of
sorghum genetic diversity (Sagnartlal. 2008). Both should thus be taken into account

in designing plant genetic resources conservatiohcaop improvement programmes.

2.4.2 Extent and organisation of diversity in wild sorghum

In the case of wild sorghum, Mordest al. (1990) used 90 genebank accessions
originating from Africa, India and Thailand to camd one of the first surveys on
allozyme variation among wild congeners of cultadatsorghum in the sub-generic
section Eusorghum. Their work failed to provide argar taxonomic differentiation
among species of the section as proposed by De (\88), possibly due to a
combination of low levels of marker polymorphismdamsufficient sampling ofS.
halepenseand S. x almum(Morden et al. 1990). Their work further compared the
allozymic variation of Sbicolor ssp.verticilliflorum with that of cultivatedS. bicolor
spp. bicolor from previous work (Morderet al. 1989) to reveal higher levels of
diversity in the wild gene pool compared to culte sorghum. In a similar study,
Aldrich and Doebley (1992) undertook nuclear antbrdplast DNA (cpDNA) RFLP
analysis focusing on the geographical and raciaérdity represented in cultivated
sorghum (sspbicolor) and its proposed wild progenitor (ssgrticilliflorum). Along
with observing a clear genetic differentiation bedn cultivated and wild sorghum, they
found higher levels of nuclear diversity within tl@tter compared to the former.
Moreover, the nuclear diversity of cultivated sargh was found to be well
encompassed within the wild sorghum gene pool. Theher observed that nuclear
diversity of the wild sorghum gene pool from noetstern Africa was comparatively
closer to that of cultivated sorghum. Gtial. (1995) made similar observations in their
RFLP analysis study on cultivated and wild genebankessions originating from
Africa, Asia and the USA. Considered together, ¢hessults strongly favour the

taxonomic classification of Harlan and De Wet (19&&d the hypothesis that sorghum
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was domesticated froi8. bicolorssp.verticilliflorum in the north-eastern quadrant of
Africa (Harlanet al. 1976).

Within wild sorghum, the work by Aldrich and Doepl€1992) further observed nuclear
genetic differentiation along geographical disttibn but not along racial classification.
On the contrary, cpDNA analysis revealed neithatiap genetic differentiation nor
genetic separation between cultivated and wild geows. Introgressive hybridisation
between the cultivated and wild gene pools was ghbio be behind the apparent
genetic homogeneity between cultivated and wildisom (Aldrich and Doebley 1992).
With the exception of one cultivated sub-racguiea margartiferurp similar
observations were made by Deut al. (1995) in their study on comparative genetic
diversity of cultivated and wild sorghum using neitondrial DNA (mtDNA) markers.
According to Deuet al. (1995), however, interspecific and interracial efén
homogeneity was as a result of a common mitochahdckground due to recent
common ancestry. Their conclusions are in line wiita hypothesis by Harlaet al.
(1976) that domestication occurred frdn bicolor ssp. verticilliflorum, followed by
diversification in cultivated sorghum in differegeographic areas under different
environmental and human selection pressures. longarative genetic study, Cast
al. (2005) used SSR markers to quantify and charaeteafiversity in a panel of gene
bank accessions of cultivated and wild sorghum estdblished that landraces retained
up to 86% of the diversity observed in wild sorglsur@enetic differentiation between
cultivated and wild populations was found to be srate while little evidence was
available for racial differentiation in wild formCasaet al 2005). All these studies
were, however, characterised by poor racial andjgehical representation, a fact that

could have an effect on the observed level of tarid geographical differentiation.

Ayana et al. (2000a) used random amplified polymorphic DNA (RPmarkers to
investigate the extent and partitioning of genetiversity in S bicolor ssp.
verticilliflorum collectedin situfrom five regions of Ethiopia, one of Africa’s gtemed
homes for sorghum domestication (Harktnal. 1976; Dogget and Prasada Rao 1995).
Overall, they observed genetic diversity in wildgtmum to be low and non-spatially
differentiated. Contrary to observations made lgvimus studies using both isozyme
and RFLP makers and SSR markers (Moreteal. 1990; Aldrich and Doebley 1992) at
global scale, Ayanat al.(2000a) found the overall genetic diversity ofdmlorghum in
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Ethiopia to be lower than what had been observeduitivated forms using similar
marker systems in another study (Ayaetaal. 2000b). Reduction of wild sorghum
populations through habitat destruction and fragat@n by human activities was

thought to be the leading cause of these obsensfiyanaet al. 2000a).

From the preceding review, it is evident that ofdw genetic diversity surveys have
been conducted on wild sorghum using samples ¢etlée situ from Africa, the centre
of origin and diversity for cultivated sorghum. Bypserving a lack of spatial genetic
differentiation in wild sorghum and less diversity wild compared to cultivated
sorghum, the study of Ayaret al. (2000a) is in contradiction with observations made
using gene bank collections at global scale (Aldaad Doebley 1992; Ceit al. 1995;
Deu et al. 1995; Casaet al. 2005). This may indicate that global scale divgrstudy
outcomes may be misleading if directly extrapolaiecdhational and/or local scale for
the management of conservation, breeding and/eafety programmes. Further studies
at national and local scale using exhaustively sadhip situ collections of cultivated
and wild sorghum, accompanied by detailed inforamation locations, growing
environments and farmer practices, will be necgsganore meaningful evolutionary
inferences of biosafety, conservation and util@aurposes are to be made. There are
still many gray areas with regard to genetic andlionary relationships between
cultivated and wild sorghum that need to be exploFeor example, while a number of
authors (Morderet al. 1989; Aldrich and Doebley 1992; Ceit al. 1995; Ghebriet al.
2002; Casaet al. 2005) have speculated that introgressive hybiidisabetween
cultivated and wild sorghum has been responsibteirftoducing new alleles into
cultivated forms, little empirical evidence has teeesented on the level and direction
of geneflow between the two congeners. In Kenys ifhicompounded by the fact that
little has been reported on the extent and pantitgp of genetic diversity in cultivated as

well as wild sorghum gene pools.

2.5 Advances in developing genetically modified sorghum

Optimised protocols for genetically transforminggtaum based on either agrobacterium
or particle bombardment techniques are now in pl@asaset al. 1993; 1997; Zhaet al.
2000; Gacet al.2005; Howeet al. 2006). Successful genetic engineering of sorghas h
been reported for chitosanase and/or chitinase ggamst fungal diseases (Zlet al.

1998; Krishnavenet al.2000; Ayoo 2008)Bacillus thuringiensigBt) genes against stalk
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borer (Girijashankaet al 2005) and alpha-hordothionin protein gene oritggafrom
barley {. vulgare for high lysine content (Zhagt al 2000). It is of interest to note that
Kenyan sorghum landraces were used in the work yafoA(2008). Similar efforts to
transform sorghum are underway, prominent amonm thbe initiative by the African
Biofortified Sorghum project whose aim is to depkyutritionally enhanced and more
digestible transgenic sorghum to subsistence fanrerAfrica (Zhao 2008). There is
current an urgent need therefore to generate seieased geneflow data in the wild-
weedy-domesticate complex 8f bicolorfor use by biosafety regulators in Africa with
regard to testing and commercially releasing transgsorghum. In Kenya for example, a
biosafety law was enacted at the beginning of §esr paving way for on-farm
deployment of transgenic crops, one of which caaldn be sorghum.

2.6 Crop-to-wild geneflow and its potential consequence

Geneflow involves the movement and incorporatiorgenes between gene pools of
populations (Futuyuma 1998). Along with geneticftdriselection and mutation,
geneflow represents one of the main evolutionarge® shaping gene frequencies in
diverse populations (Futuyuma 1998; Neal 2004)plemts, geneflow can occur via
movement of pollen and hybridisation or by direcbwement of seed or vegetative
propagules such as stolons, rhizomes, stem cuttiogés, crowns and bulbs. Pollen
dispersal is the main mode by which flowering pdagchange genes and thus the chief
mechanism of geneflow between populations of tineesspecies or sexually compatible

relatives (Levin and Kerster 1974).

Geneflow between crops and their wild relatives besn taking place since the dawn
of agriculture (Ellstranet al 1999; Haygoodt al 2003). Out of the world’'s 13 most
important food crops, 12 were identified to hybseli with their wild relatives
somewhere within their agricultural range (Ellsttat al. 1999). In a similar but more
expanded review, Warwick and Stewart (2005) idesdtithat only four out of the 25
globally important crops did not have sexually catite weedy relatives. Armstrong
et al (2005) reviewed the potential of 123 temperat@psrwidely grown in New
Zealand to hybridise with indigenous and introducedtives. They found that 54% of
the crops were reproductively compatible with aaste one other indigenous or

naturalised species, while a further 10% had astlesome limited reproductive

20



Chapter 2: Literature review

compatibility with wild relatives. Such hybrids reéo be only partially fertile to be

able to mediate geneflow (Haygoetial. 2003) through introgressive hybridisation.

At least five factors must be satisfied before igibation and subsequent introgression
can take place. Firstly, the two taxa in questiarsibe situated near enough for pollen
exchange to occur. Secondly, the populations irsidenation must overlap at least
partially in flowering time, to allow pollen fromne population to find a mate in the
other. Thirdly, for two taxa to hybridise, it is cessary that they share pollinators, a
condition that is most easily satisfied for windipated species. The fourth condition
necessary for hybridisation between two taxa isa@yctive compatibility. Finally, the
resultant k£ hybrid must be viable and at least partially fertito allow for the
introgression of alleles from one taxa into theeotthrough backcrossing (Conredral
2003; Haygoocet al 2003; Chandler and Dunwell 2008).

Since the mid-1990’s when the first transgenic sragre released, the land area under
these crops has continued on a path of growth ¢éo ®20 million hectares worldwide,
with approximately 13.3 million farmers in 25 cories growing transgenic crops today
(James 2008). Almost equally expanding is scientifincern on the potential harmful
conseqguences of transgene escape into wild andywekdive populations (Snow and
Moran-Palma 1997; Weet al 1999; Haygoodet al 2003; Armstronget al 2005;
Chapman and Burke 2006; Auer 2008; Chandler andMelirz008; Jhalat al 2008).
One of the possible consequences of transgeneeescapplacement of wild genes by
crop genes through genetic assimilation, the olvegault of which is genetic erosion in
wild populations (Haygoocet al 2003; Chapman and Burke 2006; Chandler and
Dunwell 2008). If the resulting crop-wild hybridseaof lower fithess in comparison to
their parents, wild populations may shrink and pb&tly become locally extinct. This

is because smaller populations are more vulnertbleabitat disruption, inbreeding
depression and other risks (Ellstrand and Elam 1868in et al 1996; Mooney and
Cleland 2001; Haygooeét al 2003). Crop-wild hybrids can also potentially bew
invasive if they carry more fitness than their pase Invasiveness in natural habitats is a
conservation problem due to the threat posed terothembers in the ecosystems.
Similarly, crop-weed hybrids with enhanced fith@s$armlands can potentially evolve
into more aggressive weeds leading to agricultlosses. Geneflow from cultivated

crops to their wild relatives has been implicatedtie evolution of more aggressive
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weeds in seven out of the 13 most important cr&tist(andet al 1999; Warwick and
Stewart 2005). As a result of these concerns, rdiffeapproaches have been used to
investigate the potential of transgene escape nap-t-wild geneflow in many crop
species (Arias and Rieseberg 1994; Arriola andralsl 1996; Desplanguet al. 1999;
Montes-Hernandez and Eguiarte 2002; Papa and GHj8; Chenet al. 2004;
Anderseret al. 2005; Martinez-Castill@t al.2007; Johnson and Galloway 2008; Tesso
et al. 2008; Mutegiet al. 2009).

2.7 Methods of estimating geneflow

Geneflow can be estimated using direct or indireethods. Direct approaches can be
categorised into three: (i) measurement of pollapeatsal from point to source, (ii)
measurement of gene dispersal from point and docikces and (iii) paternity analysis
of progeny in sink populations. Indirect approacbesthe other hand infer geneflow
from the population genetic theory (Levin and Kerst974; Slatkin 1985a; Slatkin and
Barton 1989; Niegel 1997; Whitlock and Mccauley 998IIstrand 2003a; Pearse and
Crandall 2004).

2.7.1 Direct approachesto geneflow estimation

2711 Pollen dispersal from point to source
In this approach, pollen movement is estimated eeitthrough inferences from
pollinator foraging distances (Maet al 2000; Osborne and Williams 2001; Chapman
et al 2003; Cresswell and Osborne 2004; Fertal 2006) or the dispersal of pollen
analogues (Smous al 2001; Gaudeul and Till-Bottraud 2004; Adler angih 2006;
Johnson and Galloway 2008), or both (Cresseell 1995; Cresswell 2000; Maat
al. 2000). Such approaches have been used to extameneflow from GM crops to
wild and weedy relatives. For example, Cressweltl absborne (2004) inferred
bumblebee pollen-mediated geneflow rates rangiam f2 - 8% between GM oilseed
rape Brassica napusL.) and its volunteer and feral populations in agfmented

agricultural landscape at distances ranging fromd® m.

2712 Gene dispersal from point to source
The second method of geneflow estimation uses stintbr sometimes natural stands

of plants, as experimental pollen source populatiothe source population, whose
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plants will usually bear a unique genetic markethen surrounded at variable distances
by pollen trap plants which are usually fixed fdteenate alleles. After harvest,
seedlings from seed borne by the sink populatiom mrogeny tested either by
morphological or molecular markers depending on ghgtem used. The fraction of
progeny in the recipient population bearing thecgpepollen-donor marker gives the
hybridisation rate and hence estimates of poteggaleflow between the two. Such
studies have been conducted to estimate the patesrop-to-wild geneflow in a
number of crops including lettuckgctuca sativa..) (Andrea and Guadagnuolo 2008),
maize Z. may$ (Ellstrandet al 2007), rice Q. sativg (Arriola and Ellstrand 1996),
sorghum §. bicolo) (Arriola and Ellstrand 1996; Cheet al 2004) and sunflower
(Helianthus annuuk.) (Arias and Rieseberg 1994).

In the study on crop sorghur8.(bicolorssp.bicolor) and its weedy tetraploid congener,
johnsongrass §. halepenge Arriola and Ellstrand (1996) observed spontasseou
hybridisation rates varying from 0 - 100% at dis&siranging from 0.5 - 100 m from
the crop. Such studies have, however, not beenucted in Africa where sorghum was
domesticated and continues to share sympatry wahynof its closest wild and weedy
relatives. The only similar study involving sorghum Africa was by Schmidt and
Bothma (2006) who looked at crop-to-crop geneflsks in South Africa using a male
sterile recipient population. They obtained averageridisation rates of 0.06 - 2.5% at
distances ranging from 13 - 158 m. Using matherahtitodels, Schmidt and Bothma
(2006) estimated that geneflow from cultivated korg could take place up to a
maximum distance of 700 m away. They reasoned ithtite pollen source was a
transgenic sorghum, presence of fertile crop anaid-weedy sorghum at these

distances could lead to introgression of transgenes

Estimation of geneflow from such experiments isyéweer, constrained by the artificial
nature of the systems. Relatively uniform plantsmonospecific experimental plots
may be poor analogues of situ populations where variations in plant sizes, SgaCi
phenology and the presence of other species that glollen are expected to play a role
in pollen dispersal (Ellstrand 1992). This may esgéy be true for small holder
traditional mixed cropping systems that might chtedase sorghum farming in many
parts of Africa (Dogget and Prasada Rao 1995; BRateaal 2008; Tesset al 2008).
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Furthermore, such experimental systems suffer fobficulties of measuring long-
distance dispersal events occurring beyond they silaed (Ellstrand 1992).

The common lesson from studies carried out to esérgeneflow from pollen dispersal
and via spontaneous hybridisation is that pollemds$eto be dispersed close to the
source, with the frequency of pollinations declmiwith distance. Moreover, studies
have shown that spontaneous hybridisation rategtaerdfore pollen mediated crop-to-
wild geneflow will vary with species, populatiorgenotypes, environments and even
seasons (Levin and Kerster 1974; Hamrick 19871rahsl 2003a).

2.7.13 Estimates of geneflow through paternity analysis
Paternity analysis attempts to assign paternalngan® seeds collected from known

maternal parent plants using genetic markers @dligand Lewis 1993; Sorkt al
1999). Paternity analysis approaches have foun@ wgE in investigations on both
historical and contemporary geneflow, especiallyjaatiscape scale (Sosk al. 1999;
Kameyamaet al. 2000; Smouset al. 2001; Austerlitzet al. 2004; Hardyet al. 2004;
Slavov et al. 2005; Burczyket al. 2006; Johannesseat al. 2006; van Treurert al.
2006; Bacles and Ennos 2008). Generally, the §tsp in these investigations is to
determine the multi-locus genotype of all reprodudy mature plants in a population
plus a sample of their progeny using highly polypioe genetic markers. In a second
step, paternity is inferred using either (i) patgrrexclusion or (ii) likelihood-based
paternity assignment approaches (Adamtsal 1992; Sorket al 1999; Bernasconi
2003).

Paternity exclusion approaches generally companetgpes of a sample of progeny to
those of potential male parents within a well dedifocal population. Progeny whose
multi-locus genotypes do not match those of alepts within the locality are assumed
to result from pollen originating from outside tis¢udy locality. Using SSR and
amplified fragment length polymorphism (AFLP) mal&ar markers in paternity
exclusion approaches, for example, van Tre@teal. (2006) compared the multi-locus
genotype of a rejuvenated ryegrakslium perenne..) gene bank accession to that of
its parental sample to infer at least 1.6% casesass-accession contamination through
pollen-mediated geneflow. In another study, Kameyahal. (2000) used six SSR

markers to investigate fine scale patterns of demein a 150 x 70 m quadrant
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containing 18 flowering plants of an endemic tréeub, Rhododendrommatternichii
var. hondoenseThe authors compared SSR genotypes of the seautinffsto the 18
potential parents to conclude that 20 - 30% ofsiseds were sired by pollen originating

from outside the quadrant.

In a field study aimed at investigating the pot@ntgeneflow from transplastomic
oilseed rapeR. napu} via hybridisation with its sexually compatible edy relative B.
rapal.), Johannesseet al (2006) reported hybridisation rates ranging fi@mh - 5.3%
with B. napusas the paternal parent. They observed hybridisatodecline with an
increase in the number of crop plants relativeh® weeds. While paternity exclusion
approaches have the advantage of simplicity duargely straight forward algorithms
and potentially unambiguous results, they can wexlgnate geneflow due to successful
immigrant gametes whose genotype is indistinguikhtbm locally produced gametes
(Devlin and Ellstrand 1990). Furthermore, the mdthequires exhaustive sampling of
potential parents and subsequent use of markehnshigh exclusion power. Even with
considerable multi-locus polymorphism, unambigueuslusion of paternity in large
populations may still pose a major challenge f@& &pproach (Allison and Lewis 1993;
Parkeret al 1998; Slavoet al 2005).

Prior to development of alternative genetic marlgrsh as the SSRs, allozymes were
the multi-locus genetic markers of choice in mastemity exclusion studies (Allison
and Lewis 1993). As the need for sampling largepubation sizes grew, however,
allozyme markers proved to be inadequate in theifusion power, necessitating the
development of a number of maximum likelihood-basexthods of assigning paternity
(Meagher 1986; Thompson and Meagher 1987). Likelihbased methods basically
consider the statistical probability that a givealenis the paternal parent, given the
genotypes of the known maternal parent and offgprirhe simplest of these is the
‘most likely’ method in which genotype probabilitycores (log odds, LOD) are
calculated for potential parent-offspring pairsaigiven study population and the male
with the highest LOD score is identified as the mmaxm likelihood paternal parent
(Meagher 1986). Another likelihood-based approacthe fractional paternity method
(Devlin et al 1988; Nielseret al 2001) which, unlike the ‘most likely’ method, agss

a proportion of parentage to even progeny with iplelt equally likely parents. Other

modifications of the ‘most likely’ method usepriori information on factors affecting
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the mating success in the study population suclspasial distances, fecundity and
phenological overlap to shape paternity likelih@stimates (Meagher 1986; Adaeis
al. 1992). Likelihood methods have particularly foymmpular use in estimation of the
level and patterns of contemporary geneflow at daage scale using multi-locus
genotype models (Sorét al. 1999). Multi-locus likelihood approaches have theaen
used for among other studies, estimation of pol®mvement distances within and
among populations and approximation of the raggotlen immigration into populations
at landscape scale (Hardyal 2004; Burczylket al. 2006; Hanaokat al 2007).

2.7.2 Indirect geneflow estimation methods
Indirect methods infer geneflow from population g&cs theory and associated

parameters such as the fixation index{Fand its analogues (Wright 1951; Nei 1973,
Weir and Cockerham 1984; Slatkin 1985a; Weir antl2002), Bayesian model-based
genetic admixture (Pritchawet al 2000), coalescent theory-based maximum likelihood
(Kingman 1982; Beerli and Felsenstein 1999; 200) spatial autocorrelation analysis
(Sokal and Oden 1978a; 1978b; Barbujani 1987; E=wouset al 2003). This group of
indirect approaches generally rely on statisticatleils that have been developed to use
either allele frequency distributions or the geogglof DNA sequences, to indirectly
infer geneflow. The first step in applying the apgrhes is to sample organisms from
the target population and depending on the gemeticker system used, data on the
spatial distribution of alleles, chromosomal segta@m phenotypic traits is generated to
calculate statistical parameters. Following estiomtthese statistical parameters are
related to a model of geneflow and of other medmasiof genetic evolution in order to
draw inferences on, not only the level and pattefngeneflow, but on other
evolutionary factors and dynamics of the popula@snwell (Slatkin 1985a; Ellstrand
1992; Niegel 1997).

2721 Fixation index based geneflow estimation
Geneflow has commonly been inferred from the exispopulation structure by use of

various statistical methods that indirectly estensihe parameterlNm, the average

number of effective immigrants per generation, ipagpulation. Most species exhibit
spatial variation in both morphology and gene fesgey, which is dictated by a balance
between forces tending to create local geneticerdfitiation and those tending to

produce homogeneity. Geneflow is the evolutionaoycé that opposes genetic
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differentiation, while mutation, genetic drift due finite population sizes and natural
selection are the main forces that favour gendfferdntiation of local populations.

Observed patterns of population genetic differd¢iatiiacan consequently be applied in
models based on population genetics theory to grédtorical geneflow (Slatkin 1987,

Futuyuma 1998; Hartl 2000).

Wright (1951) developed a method of estimating flemeusing the fixation index of
population subdivision relative to the total popiga (Fst), with an assumption of an
Island model of population structure. This modetumses equilibrium between the
homogenising effects of geneflow and the disrup#fects of genetic drift, uniform
population size and constant rates of geneflow mmace and time. The average
number of effective migrants per generatidim is determined from the following
expression (Wright 1951):

1

FST = —
(4Nm +1)

where Fris defined as genetic variance among (sub)pojpuigin the total sample and
therefore a measure of the genetic differentiatiotong populations. This model has
been further extended through the developmentr@ranethods for deriving a measure
of population differentiation under different assutimns (Nei 1973; Weir and
Cockerham 1984; Slatkin 1985b). Slatkin (1985a)psed the parametersR which
uses frequency of “rare alleles” to derive popuolatgenetic differentiation, while the
parameter Gr was proposed by Nei (1973) to measure genetierdiftiation in
populations using multi-locus and multi-allelic géic data. The other commonly used
population genetic differentiation parametemisvhich takes care of unequal sample

sizes in the multi-locus and multi-allelic genedata (Weir and Cockerham 1984).

The Fsr-based approaches have been widely used to stualyigtion structure and
historical rates of geneflow in diverse populatiof$oth plant and animal species. For
example, Cui and co-workers (1995) used this ambroto study phylogenetic
relationships and geneflow between cultivated aid sorghum. They used genotypic
data based on nuclear and cytoplasmic RFLP analydi2 cultivated accessions and 12
wild sorghum genotypes to suggest low levels ofegierdifferentiation and high rates

of introgression between cultivated and wild sorghitike in most studies using gene
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bank accessions, however, their samples were rwusktive and rates of geneflow

calculated from kr values may have been overestimated.

The Fsrbased approaches have come under increased soniti(borket al 1999;
Whitlock and Mccauley 1999; Pearse and Crandald2@8ainly due to the underlying
population structure assumptions of constant pajunasize, symmetrical and constant
inter-population geneflow rates and persistent fadmns for periods sufficient to
achieve equilibrium between geneflow and geneitiit (f/right 1951; 1978). Whitlock
and Mccauley (1999) for example, argued that thesderlying assumptions are
biologically unrealistic and likely to be violatdyy most populations, such that there is
no quantitative information to be gained about @ispl using gene frequency data. The
authors recommend thatfand its variants be limited to the study of theeak of
population genetic structure, arguing that rarélgyttranslate to accurate estimates of
geneflow. Their view was supported by Pearse amadil (2004) who argued that due
to the simple assumptionsgFbased approaches are likely to be biased estinedtes
geneflow. Examples include conservation geneticessaent studies where most
populations and species of conservation concersraedl and/or have recently declined
in size, experienced fragmentation or be othervdsturbed. Similarly, Sorlet al.
(1999) pointed out that sincg{{and its analogues) represent a summary stafistia
set of sub-populations, it provides little insiginto landscape-level processes that
differentially affect spatial patterns of geneticusture and rates of geneflow among

sub-populations.

Criticism on the Erbased approaches, coupled with advances in maledadta
collection and statistical analysis, have led te thevelopment of complementary
methods for studying population genetic structurd o indirectly estimate geneflow
with far less demographic assumptions. These mesthad be grouped into two broad
categories: (i) Coalescent or genealogical-bas@doaphes that rely on the ancestral
genealogy of DNA sequences to infer geneflow (Besmil Felsenstein 1999; 2001;
Beerli 2006) and (ii) Bayesian model-based multidl® approaches that use transient
gametic disequilibrium information to infer genefldPritchardet al 2000; Falustet

al. 2003; Baudouiret al 2004; Beaumont and Rannala 2004; Beerli 2006rf lis
currently an increased interest to use these aliermethods, especially in answering

practical conservation and evolutionary genetiagsstjans.
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2722 Coalescent-based approaches
In principle, coalescent-based methods analyse Bé&ifuence lineages in populations, in

order to make inferences on their demographic awolugonary history. Several
population-level characteristics, including migoati (geneflow) rate ng) (Beerli and
Felsenstein 1999; 2001), effective population gie) (Strobeck 1983) and population
growth rate (Kuhneet al 1998) are estimated, either simultaneously oarsgply. The
maximum likelihood coalescent method implementetha software MIGRATE (Beerli
and Felsenstein 1999) for example, is a two-pofmurlamodel that can be used to
simultaneously estimatdle and m, by analysing the genealogical relationships among
alleles both within and among populations. The santbors later extended this method
(Beerli and Felsenstein 2001) to allow for thereation of multi-directional geneflow
and effective population size for more than two-populations. Such approaches have
lately attracted interest in the study of genefland other parameters of population
dynamics in a number of plant species, includfugucaria angustifoligBert.) O. Ktze.
(Araucariaceae (Stefenonet al 2008) B. cretica (Guss.) (Brassicaceae) (Eeh al
2007), Lupinus microcarpugBenth) Jeps(Fabaceae) (Drummond and Hamilton 2007)

and serpentine sunflowdd ( exilis) (Sambatti and Rice 2006).

For example, Stefenoet al (2008) recently used the coalescent-based maximum
likelihood method of Beerli and Felsenstein (1989)estimate geneflow between two
neighbouring populations of the sub-tropical conépecies,A. angustifolia (Berth.).
Their study revealed estimates of effective migratirate about one migrant per
generation, a scenario congruent with low interypagoon geneflow in the species. The
study of Edh and co-workers (2007) provides a gexaimple of determining population
structure and geneflow using the coalescent-bastdads. The authors used nuclear and
chloroplast SSRs to reveal high levels of diffelign (Fst = 0.628 and 1.00,
respectively) accompanied by low rates of genef(biin = 0.286) among six endemic
populations ofB. creticain the Aegean islands of Greece. Like the tradéldsrbased
methods, coalescent-based approaches are basedgsaompdions such as constant
population size, constant mutation rate, constaigration rate and a drift-migration
balance. Furthermore, due to the complex naturepe@fforming simultaneously
computation parameters suchNeandm, caution is required in interpreting the results

from the computer software (Beebee and Rowe 2008).
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2.7.2.3 Bayesian model-based approaches
One of the approaches that has received greaesttéom researchers is the method

developed by Pritchar@t al. (2000) and expanded by Falusi al. (2003). This
approach uses multi-locus genotypic data in Bayesiatistics to infer population
structure, assign individuals to populations, a#i a® identify migrants and admixture
in individuals. The approach assume& anumber of unknown populations (genetic
clusters) in the study sample, each characterigeal et of allele frequencies at each
locus. Each individual in the sample is probahdadty assigned to a cluster or jointly to
two or more clusters if their genotypes indicateytare admixed. The loci are assumed
to be at Hardy-Weinberg (HWE) and linkage equilibmi (LE) (Pritcharcet al.2000). A
growing number of authors have recently used theghod to study population genetic
structure and geneflow in many plant species (Aseteet al. 2005; Garriset al. 2005;
Bretonet al. 2006; Kurodaet al. 2006; Mariacet al. 2006; Curtuet al. 2007; Konishi
and Ohnishi 2007; Martinez-Castilkt al. 2007). Bayesian model-based methods have
been used only to a limited extent in investigatgnetic structure in cultivated
sorghum (Barnaucet al. 2007) but not in the wild sorghum gene pools or i

investigating introgression between the two repotisiely compatible congeners.

Examples in other plant species include the stdd@anrris et al. (2005), which used
allelic data from 169 nuclear SSRs and sequencenvdtion from two cpDNA loci to
infer and assign 234 accessions of riQe gativd into five distinct genetic groups that
corresponded to five recognised varietal groupthéncrop. In another study, Curét
al. (2007) used isozyme and SSR data to decipher aguistructure and the extent of
hybridisation among six sympatrically distributgubsies of oakQuercusssp.) in west-
central Romania. In the study, the Bayesian modse&f analysis (Pritchaed al. 2000)
revealed four distinct genetic clusters each cpoeding to one of the four co-
occurring species and further demonstrated paie-wigerspecific introgression levels

between the six oak species that ranged from 1672%.

Similarly, these approaches have been used to gioplylation structure and geneflow
between domesticated crops and their wild and weethtives. In a comparative
genetic structure study involving a taxa closelgte to sorghum, Mariaet al (2006)

used 24 SSR loci to genotype 46 individuals of vpiéhrl millet Pennisetum glaucum

(L.) R. Br. sspmonodij and 426 individuals of cultivated pearl millé.(glaucunmssp.
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glaucun) in Niger. They used the Bayesian model-basedyaisalo demonstrate strong
differentiation between cultivated and wild peailleh taxa and at the same time reveal
reciprocal introgression between the two taxa.rlatlaer similar study Andersest al.
(2005) investigated geneflow to the wild sea béBéfa vulgarisL. ssp.maritima (L.)
Arcangeli)] from cultivated sugar beeB[(vulgarisL. ssp.vulgaris) (L.) Arcangeli)]
with a view of contributing to biosafety guidelinks seed production in GM sugar beet
in Denmark. They used eight SSR loci to genotypdividuals from 12 sea beet
populations originating from Denmark, six more fro@ighbouring countries and four
sugar beet lines originating from Denmark. At lesesten individuals showed triallelic
genotypes at one or two SSR loci, an indicatiohydfridisation between the two taxa.
Further admixture analysis by Bayesian model-basethod (Pritcharcet al. 2000),
however, revealed no evidence of introgression @moultivated and wild beet
subspecies; perhaps underlining that introgresseyond the first hybridisation is not
extensive (Anderseet al.2005).

A more recent example is the work of Martinez-Glaset al (2007) which used nine
SSR loci to study the extent and direction of glenefin the wild-weedy-domesticate
complex of lima beanRhaseolus lunatysunder traditional agricultural systems in four
regions of Mexico, one of the centres of origin atidersity of the crop. Bayesian
admixture analysis revealed a three-fold higheellesf geneflow via introgressive
hybridisation from the domesticated to the wild plgpions than in the opposite
direction (Martinez-Castilleet al. 2007). This observation led them to conclude that
genetic assimilation of the wild lima bean by itentesticated counterpart was a
possibility and a potential route for transgeneapsdn the centre of origin and diversity

of the crop.

Combined, these results serve to demonstrate thatoaches based on Bayesian
statistical inference of population structure andlgsis of admixture events (Pritchard
et al. 2000; Falushet al. 2003) are effective in assessing the extent ofetien

differentiation and introgression within and betwg®opulations of diverse taxa. The
methods therefore offer practical solutions to ¢joes on conservation, evolution and
biosafety with regard to understanding the partitig of genetic diversity within and

between crops and their wild relatives and in elating the level and direction of inter-

taxa and inter-population geneflow. Such studiesusong on comparative genetic
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structure and introgression between cultivated witd sorghum gene pools have not
yet been reported but are important for contrilutim their conservation, breeding and
biosafety strategies in Africa.

2724 Spatial autocorrelation analysis
Spatial autocorrelation analysis is a set of dtasisprocedures designed to detect and

guantify correlation between samples for a givemiaide (e.g. allelic frequency or
morphological measurements) as a function of spdistance (Sokal and Oden 1978a,;
1978b; Heywood 1991). In principle, every possiidér of sample locationsandj (i # j)

is assigned a distance class and used to estipatilsdependency for the variable in
consideration. The approach is commonly used tcestigate non-random spatial
distribution of genotypes due to isolation-by-dmste, the restricted geneflow among
individuals. Isolation-by-distance leads to higlgenetic similarity among neighbouring
individuals than among more distant individuals.aiples of spatial autocorrelation
coefficients include the traditional Moran’s | (Mor 1950) and Gearly’s ¢ (Geary 1954)
indices, but also the relatively recent Kinship flioents (Loiselleet al 1995; Ritland
1996; Rousset 2000; Hardy 2003). The coefficierkinghip between two individuals A
and B is the probability that a gene taken at randimm A, at a given locus, may be
identical in descent to a gene taken at random fBorat the same locus. Kinship
coefficients are then defined ag=F(Q,; — Q)/(1-Q), where Q represents the probabilities
of identity in state between two genes; for random genes between individuasndj
and Q for random genes within the reference pojmaampled. The pairwise kinship
coefficients thus measure the correlation in fregies of homologous alleles between
individuals (Barbujani 1987; Heywood 1991). Unlittee former spatial genetic structure
statistics, the kinship coefficients have a wel&eped foundation in population
genetics theory and thus provide a natural mearwibining data both over multiple
alleles at a locus and across loci to obtain a npmeerful test of genetic structure
(Heywood 1991; Smouse and Peakall 1999).

Results of a spatial autocorrelation analysis assgnted in the form of correlograms,
graphic displays in which the values of autocotretacoefficients are plotted against
distance classes. Tests of significance are olttaifioe each distance class by a
randomisation process under the null hypothesaarafom relationship among samples
of a population. (Sokal and Oden 1978a; 1978b; Heyivi991; Escuderet al 2003).
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Many studies have used spatial autocorrelationcgmbres to investigate spatial genetic
structure and geneflow within and among populatioindiverse plant species (Fensgétr
al. 2003; Papa and Gepts 2003; Kuraataal. 2006; Shimoncet al. 2006; Myerset al.
2007; Hu et al. 2008). For example Papa and Gepts (2003) perforsyatial
autocorrelation analysis based on AFLP data onird@giduals consisting of 18 wild and
13 domesticated common bears {ulgarig from different regions of Mexico. The
authors observed lower levels of isolation-by-disea among domesticated populations
compared to those of its wild/weedy counterparisMms attributed to higher levels of
farmer driven seed-mediated geneflow among the lptipus of domesticated common
beans. Kuroda and co-authors (2006) analysed 6#lésidonals of wild soyabean
consisting of 77 populations collected from itsirendlistribution range in Japan, using 20
SSR markers. Spatial autocorrelation analysis ef data revealed an isolation-by-

distance pattern with possibility of geneflow amauogulations as far apart as 100 km.

2.8 Conclusions

Sorghum is a crop of global importance and contedudirectly to the dietary and
nutritional needs of over 100 million resource tdraded people in Africa. Africa is the
center of origin, domestication and diversificatiom sorghum. Diverse cultivar types of
the crop still share sympatry with its closest wadd weedy relatives in many agro-
ecosystems of Africa. The two are inter-fertileigg/rise to a heterogeneous wild-weedy-
domesticate complex, which taxonomically classiftedether in a single species,
bicolor. The socio-economic importance enjoyed by the cnaes it an obvious target
for genetic engineering with a view to overcomingme of its productivity and
nutritional bottlenecks. Nonetheless, fear aboutidg wild and weedy relatives of
sorghum will most likely act as conduits for escaparansgenes for GM sorghum into
the environment with possible negative consequericesagricultural and natural
environments such as increased weediness, invassegenetic erosion and population
extinctions. There is currently an urgent needharacterise the environmental risks for
the deployment of GM sorghum in Africa, in orderdevelop scientifically supported
biosafety regulations and guidelines. Understanthiegextent and direction of movement
of genes between the domesticated and wild andeedw relative populations of
sorghum is the first step in characterising theeptial environmental risks of escaped
transgenes. Such information is currently lackibgt is critically needed for science

based decision making by biosafety regulators irncAf The wild-weedy-domesticate
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complex of sorghum in Africa constitutes importaenetic resources for crop breeding
programmes as it is a rich source of importantdraiest/disease resistances, tolerance to
abiotic stresses and yield enhancement. Nevertheleformation on the extent and
organisation of genetic diversity in the wild-weetymplex of sorghum is limited but
important for formulating effective genetic resaesc conservation and utilisation
strategies. In the current study, SSR moleculakerarwere combined with approaches
based on population genetics theory to analyse leampf wild-weedy-domesticate
complex ofS. bicolorat a country and local scale. The main aim of stugly was to
elucidate the extent and direction of geneflow leemv cultivated and wild sorghum
within the traditional agro-ecosytems in Kenyaatidition, the study aimed at expanding
knowledge on the extent and organisation of gendhersity within and among
cultivated and wild sorghum genepools in the counResults from the study are
expected to attract practical applications, firsttarmulating biosafety regulations and
guidelines for testing and commercially releasing Gorghum and secondly in
formulating appropriate strategies for conservatom utilisation genetic resources of

cultivated sorghum and its wild-weedy relatives.

2.9 References

Abu-Assar AH, Uptmoor R, Abdelmula AA, Salih M, G F, Friedt W. 2005. Genetic
variation in sorghum germplasm from Sudan, ICRISAMNd USA assessed by

simple sequence repeats (SSRs). Crop Science 461633!.

Adams WT, Griffin AR, Moran GR. 1992. Using pateynanalysis to measure effective
pollen dispersal in plant populations. The Ameribiaturalist 140:762-780.

Adler LS, Irwin RE. 2006. Comparison of pollen tségr dynamics by multiple floral
visitors: Experiments with pollen and fluorescepedAnnals of Botany 97:141-
150.

Aldrich PR, Doebley J. 1992. Restriction fragmerdriation in the nuclear and
chloroplast genomes of cultivated and widrghum bicolar Theoretical and
Applied Genetics 85:293-302.

34



Chapter 2: Literature review

Aldrich PR, Doebley J, Schertz KF, Stec A. 1992ttdtas of allozyme variation in
cultivated and wildSorghum bicolorTheoretical and Applied Genetics 85:451-
460.

Allison AS, Lewis PO. 1993. Reproductive traits andle fertility in plants: Empirical
approaches. Annual Review of Ecology and System&dc331-351.

Andersen NS, Siegismund HR, Meyer V, Jorgensen ZB5. Low level of geneflow
from cultivated beetBeta vulgarisL. sspvulgaris) into Danish populations of sea
beet Beta vulgarisL. sspmaritima (L.) Arcangeli). Molecular Ecology 14:1391-
1405.

Andrea LD, Guadagnuolo R. 2008. Hybridization rdiesveen lettuceLéctuca sativa
and its wild relative l{. serriold) under field conditions. Environmental Biosafety
Research 7:61-71.

Arias DM, Rieseberg LH. 1994. Geneflow between icated and wild sunflowers.
Theoretical and Applied Genetics 89:655-660.

Armstrong TT, Fitzjohn RG, Newstrom LE, Wilton AR.ee WG. 2005. Transgene
escape: what potential for crop-wild hybridizatiom®lecular Ecology 14:2111-
2132.

Arriola PE, Ellstrand NC. 1996. Crop-to-weed geoefin the genuSorghum(Poaceae):
Spontaneous inter specific hybridization betweerhndongrass, Sorghum
halepensgand crop sorghunt. bicolor. American Journal of Botany 83:1153-
1160.

Auer C. 2008. Ecological risk assessment and ré&gulafor genetically-modified

ornamental plants. Critical Reviews in Plant Scesn27:255-271.

Austerlitz F, Dick CW, Dutech C, Klein EK, Oddou-Nkatorio S, Smouse PE, Sork VL.
2004. Using genetic markers to estimate the pallspersal curve. Molecular
Ecology 13:937-954.

Ayana A, Bekele E, Bryngelsson T. 2000a. Geneticatian in wild sorghum $orghum
bicolor sspverticilliflorum (L.) Moench) germplasm from Ethiopia assessed by
random amplified polymorphic DNA (RAPD). Heredith32:249-254.

35



Chapter 2: Literature review

Ayana A, Bryngelsson T, Bekele E. 2000b. Genetigatian of Ethiopian and Eritrean
sorghum $orghum bicolor (L.) Moench) germplasm assessed by random
amplified polymorphic DNA (RAPD). Genetic Resourcasd Crop Evolution
47:471-482.

Ayana A, Byngelsson T, Bekele E. 2001. Geographit atitudinal allozyme variation
in sorghum $orghum bicolor(L.) Moench) landraces from Ethiopia and Eritrea.
Hereditas 135:1-12.

Ayoo LMK. 2008. Genetic transformation of Kenyanrgtmum Gorghum bicolorL.
Moench) with anti-fungal genes and responseCtilectotrichum sublineolum
infection. PhD Dissertation, University of Hambu@@grmany. pp. 116.

Bacles CFE, Ennos RA. 2008. Paternity analysis alfep-mediated geneflow for
Fraxinus excelsiolL. in a chronically fragmented landscape. Heredij\:368-
380.

Barbujani G. 1987. Autocorrelation of gene frequescunder isolation by distance.
Genetics 117:777-782.

Barnaud A, Deu M, Garine E, Mckey D, Joly HI. 20Q%cal genetic diversity of
sorghum in a village in northern Cameroon: struetaind dynamics of landraces.
Theoretical and Applied Genetics 114:237-248.

Barnaud A, Trigueros G, Mckey D, Joly HI. 2008. Higutcrossing rates in fields with

mixed sorghum landraces: how are landraces maeda@irleredity 101:445-452.

Baudouin L, Piry S, Cornuet JM. 2004. AnalyticalyBsian approach for assigning
individuals to populations. Journal of Heredity Zb7-224.

Beaumont MA, Rannala B. 2004. The Bayesian rewvatuith genetics. Nature 5:251-261.

Beebee JC, Rowe G. 2008. An introduction to mokacelkcology. Oxford University
Press. pp. 400.

Beerli P. 2006. Comparison of Bayesian and maxintikelthood inference of population
genetic parameters. Bioinformatics 22:341-345.

36



Chapter 2: Literature review

Beerli P, Felsenstein J. 1999. Maximum-likelihocgtireation of migration rates and
effective population numbers in two populationsngsa coalescent approach.
Genetics 152:763-773.

Beerli P, Felsenstein J. 2001. Maximum likelihoatireation of a migration matrix and
effective population sizes in subpopulations by using a coalescent approach.
Proceeding of the National Academy of Scienceshef UISA (PNAS) 98:4563-
4568.

Bernasconi G. 2003. Seed paternity in floweringnfda an evolutionary perspective.

Perspectives in Plant Ecology, Evolution and Systérs 6:149-158.

Breton C, Tersac M, Berville A. 2006. Genetic daigr and geneflow between the wild
olive (oleasterOlea europaed..) and the olive: several Plio-Pleistocene refuge
zones in the Mediterranean basin suggested by sisggiuence repeats analysis.
Journal of Biogeography 33:1916-1928.

Burczyk J, Adams WT, Birkes DS, Chybicki IJ. 20Q&ing genetic markers to directly
estimate geneflow and reproductive success parasnieiglants on the basis of

naturally regenerated seedlings. Genetics 173:3@3-3

Casa AM, Mitchell SE, Hamblin MT, Sun H, Bowers Jgterson AH, Aquadro CF,
Kresovich S. 2005. Diversity and selection in Sargh simultaneous analyses

using simple sequence repeats. Theoretical andekp@enetics 111:23-30.

Casas AM, Kononowicz AK, Haan TG, Hang L, Tomes Bikgssan RA, Hasegawa PM.
1997. Transgenic sorghum plants obtained afterapiojectile bombardment of
immature inflorescences. In vitro Cellular and Depenental Biology-Plant
33:92-100.

Casas AM, Kononowicz AK, Zehr BU, Tomes TD, AxtBll, Butler GL, Bressan AR,
Hasegawa PM. 1993. Transgenic sorghum plants viacroprojectile
bomabardment. Proceeding of the National Academy@énces of the USA
(PNAS) 90:11212-11216.

Chandler S, Dunwell JM. 2008. Geneflow, risk assesg and the environmental release

of transgenic plants. Critical Reviews in Plantebcies 27:25-49.

37



Chapter 2: Literature review

Chapman MA, Burke JM. 2006. Letting the gene outefbottle: the population genetics
of genetically modified crops. New Phytologist 14208-443.

Chapman RE, Wang J, Bourke AFG. 2003. Genetic arsabf spatial foraging patterns
and resource sharing in bumble bee pollinatorsebldbar Ecology 12:2801-2808.

Chen LJ, Lee DS, Song PZ, Suh HS, Lu B. 2004. Gendfom cultivated rice Qryza
sativg to its weedy and wild relatives. Annals of Botéd8:67-73.

Cleveland DA, Soleri D. 2005. Rethinking the riskamagement process for genetically
engineered crop varieties in small-scale, trad#iignbased agriculture. Ecology
and Society 10:1-33.

Conner AJ, Glare TR, Nap JP. 2003. The releaseepétirally modified crops into the
environment. Part Il. Overview of ecological risksassment. The Plant Journal
33:19-46.

Cresswell JE. 2000. A comparison of bumblebees'emants in uniform and aggregated
distributions of their forage plant. Ecological &mtology 25:19-25.

Cresswell JE, Bassom AP, Bell SA, Collins SJ, Kellg. 1995. Predicted pollen
dispersal by honey-bees and three species of bdpelele foraging on oil-seed
rape: A comparison of three models. Functional &gp9:829-841.

Cresswell JE, Osborne JL. 2004. The effect of patzé and separation on bumblebee
foraging in oilseed rape: implications for genefladournal of Applied Ecology
41:539-546.

Cui YX, Xu GW, Magill CW, Schertz KF, Hart GE. 1998FLP-based assay 8brghum
bicolor (L) Moench. genetic diversity. Theoretical and Apgl Genetics 90:787-
796.

Curtu A, Gailing O, Finkeldey R. 2007. Evidence foybridization and introgression
within a species-rich oalQuercusspp.) community. BMC Evolutionary Biology
7:218.

De Wet JMJ. 1978. Systematics and evolution of laamg sect. Sorghum (Gramineae).
American Journal of Botany 65:477-484.

38



Chapter 2: Literature review

De Wet JMJ, Harlan JR, Price EG. 1970. Origin afalality in the Spontanea complex
of Sorghum bicolarAmerican Journal of Botany 57:704-707.

De Wet JMJ, Huckabay JP. 1967. The originSafrfghum bicolar Il. Distribution and
domestication. Evolution 21:787-802.

De Wet JMJ, Huckabay JP. 1971. Origin and domdgiitaof Sorghum bicolar
Economic Botany 95:128-134.

Desplanque B, Boudry P, Broomberg K, Saumitou-Lder®, Cuguen J, Van Dijk H.
1999. Genetic diversity and geneflow between wgldfivated and weedy forms
of Beta vulgarisL. (Chenopodiaceae), assessed by RFLP and mielisat
markers. Theoretical and Applied Genetics 98:112d11

Deu M, Gonzalezdeleon D, Glaszmann JC, Degremor@hintereau J, Lanaud C,
Hamon P. 1994. RFLP diversity in cultivated sorghumrelation to racial
differentiation. Theoretical and Applied Geneti&a88-844.

Deu M, Hamon P, Chantereau J, Dufour P, Dhont Aaual C. 1995. Mitochondrial-
DNA diversity in wild and cultivated sorghum. Generd8:635-645.

Deu M, Rattunde HFW, Chantereau J. 2006. A globalvof genetic diversity in

cultivated sorghum using a core collection. Gend®td68-180.

Deu M, Sagnard F, Chantereau J, Calatayud C, He@ulMariac C, Pham JL,
Vigouroux Y, Kapran I, Traore PS, Mamadou A, GerardNdjeunga J, Bezancon
G. 2008. Niger-wide assessment iof situ sorghum genetic diversity with
microsatellite markers. Theoretical and Applied &ears 116:903-913.

Devlin B, Ellstrand NC. 1990. The development apgl@ation of a refined method for

estimating geneflow from angiosperm paternity asialyEvolution 44:248-259.

Devlin B, Roeder K, Ellstrand NC. 1988. Fractiomealternity assignment: theoretical
development and comparison to other methods. Thearand Applied Genetics
76:369-380.

39



Chapter 2: Literature review

Dillon SL, Shapter FM, Henry RJ, Cordeiro G, IzqdeL, Lee LS. 2007. Domestication
to crop improvement. Genetic resources for Sorghamd Saccharum
(Andropogoneae). Annals of Botany 100:975-989.

Dje Y, Ater M, Lefebvre C, Vekemans X. 1998. Patteof morphological and allozyme
variation in sorghum landraces of northwestern Mooo Genetic Resources and
Crop Evolution 45:541-548.

Dje Y, Forcioli D, Ater M, Lefebvre C, Vekemans X999. Assessing population genetic
structure of sorghum landraces from North-westenrddco using allozyme and

microsatellite markers. Theoretical and Applied &ers 99:157-163.

Dje Y, Heuertz M, Lefebvre C, Vekemans X. 2000. dsssnent of genetic diversity
within and among germplasm accessions in cultivasatghum using

microsatellite markers. Theoretical and Applied &ers 100:918-925.
Dogget H. 1988. Sorghum. Longman Scientific andhhémal Essex, England, pp. 512.
Dogget H, Majisu BN. 1968. Disruptive selectiorcnop development. Heredity 23:1-23.

Dogget H, Prasada Rao KE. 1995. Sorghum. In: Smrtimmonds NW (Eds.),
Evolution of Crop Plants. Longman Group, Burnt Mip. 180.

Drummond CS, Hamilton MB. 2007. Hierarchical comgots of genetic variation at a
species boundary: population structure in two sympavarieties of Lupinus

microcarpus(Leguminosae). Molecular Ecology 16:753-769.

Edh K, Widen B, Ceplitis A. 2007. Nuclear and cbigliast microsatellites reveal extreme
population differentiation and limited geneflow tine Aegeas endemmBrassica

cretica (Brassicaceae). Molecular Ecology 16:4972-4983.
Ellstrand NC. 1992. Geneflow among seed plant @ipns. New Forests 6:241-256.

Ellstrand NC. 2003a. Current knowledge of geneflaw plants: implications for
geneflow. Philosophical Transactions of the Royati&y of London Series B-
Biological Sciences 358:1163-1170.

Ellstrand NC. 2003b. Dangerous liaisons - whenivatiéd plants mate with their wild
relatives. Johns Hopkins University Press Baltimdi®, pp. 244.

40



Chapter 2: Literature review

Ellstrand NC, Elam DR. 1993. Population geneticsamuences of small population size:
Implications for plant conservation. Annual ReviefvEcology and Systematics
24:217-242.

Ellstrand NC, Garner LC, Hegde S, Guadagnuolo Ryn@&s L. 2007. Spontaneous
hybridization between maize and teosinte. Jourhblevedity 98:183-187.

Ellstrand NC, Prentice HC, Hancock JF. 1999. Gemefland introgression from
domesticated plants into their wild relatives. AahiReview of Ecology and
Systematics 30:539-563.

Escudero A, Iriondo JM, Torres ME. 2003. Spatiadlgsis of genetic diversity as a tool

for plant conservation. Biological Conservation BB3-365.

Falush D, Stephens M, Pritchard JK. 2003. Inferenteyopulation structure using
multilocus genotype data: linked loci and corredagdlele frequencies. Genetics
164:1567-1587.

FAO. 2008. FAOSTAThttp://faostat.fao.org

Fenster CB, Vekemans X, Hardy OJ. 2003. Quantifygegeflow from spatial genetic
structure data in a metapopulation@hamaecrista fasciculatalLeguminosae).
Evolution 57:995-1007.

Ferrari MJ, Bjornstad ON, Partain JL, Antonovic2006. A gravity model for the spread
of a pollinator-borne plant pathogen. American Malist 168:294-303.

Folkertsma RT, Frederick H, Rattunde HFW, Chandr&&u GS, Hash CT. 2005. The
pattern of genetic diversity of Guinea-ra@rghum bicolor(L.) Moench
landraces as revealed with SSR markers. Theoretindl Applied Genetics
111:399-409.

Futuyuma JD. 1998. Evolutionary Biology. Sinauersddates Inc. Sunderland, Mass,
pp. 763

Gao Z, Xie X, Ling Y, Muthukrishnan S, Liang GH. @0 Agrobacterium tumefaciens
mediated sorghum transformation using a mannosectsah system. Plant
Biotechnology Journal 3:591-599.

41



Chapter 2: Literature review

Garris AJ, Tai TH, Coburn J, Kresovich S, McCouch2805. Genetic structure and
diversity inOryza sativa.. Genetics 169:1631-1638.

Gaudeul M, Till-Bottraud I. 2004. Reproductive emgy of the endangered alpine species
Eryngium alpinumL. (Apiaceae): Phenology, gene dispersal and cemtive
success. Annals of Botany 93:711-721.

Geary RC. 1954. The contiguity ratio and statistioc@apping. The Incorporated
Statistician 5:115-145.

Ghebru B, Schmidt RJ, Bennetzen JL. 2002. Genatiersity of Eritrean sorghum
landraces assessed with simple sequence repeaj (88Rers. Theoretical and
Applied Genetics 105:229-236.

Girijashankar V, Sharma KK, Swathisree V, PrasadBist BV, Royer M, Narasu ML,
Altosaar I, Seetharama N. 2005. Development ofsgganic sorghum for insect
resistance against the spotted stem bo@#ilg partellug. Plant Cell Reports
24:513-522.

Gurney AL, Press MC, Scholes JD. 2002. Can wildtiets of sorghum provide new
sources of resistance or tolerance agdtdga species? Weed Science 42:317-
324.

Hajjar R, Hodgkin T. 2007. The use of wild relasvie crop improvement: a survey of
developments over the last 20-years. Euphyticalt8:

Hamrick JL. 1987. Geneflow and distribution of géne&ariation in plant populations. In:
Urbanska KM (Ed.), Differentiation Patterns in HegghPlants. Academic press,
London. pp. 67.

Hanaoka S, Yuzurihara J, Asuka Y, Tomaru N, Tsumyyrakubari Y, Mukai Y. 2007.
Pollen-mediated geneflow in a small, fragmentatural population

of Fagus crenataCanadian Journal of Botany 85:404-413.

Hardy OJ. 2003. Estimation of pairwise relatedndsstween individuals and
characterization of isolation by distance processeslg dominant genetic
markers. Molecular Ecology 12:1577-1588.

42



Chapter 2: Literature review

Hardy OJ, Gonzalez-Martinez SC, Freville H, Bogui&nMignot A, Colas B, Olivieri I.
2004. Fine-scale genetic structure and gene dasparsCentaurea corymbosa
(Asteraceae) |. Pattern of pollen dispersal. JduonfaEvolutionary Biology
17:795-806.

Harlan JR. 1975. Crops and man. American Scocief\gionomy Madison, pp. 284.

Harlan JR, De Wet JMJ. 1971. Toward a rational sifi@sition of cultivated plants.
Taxon 20:509-517.

Harlan JR, De Wet JMJ. 1972. A simplified classifion of cultivated sorghum. Crop
Science 12:172-177.

Harlan JR, De Wet JMJ, Stemler ABL. 1976. OrigirisAdrican plant domestication.
Mouton The Hague, Netherlands, pp. 498.

Hartl DL. 2000. A primer of population geneticsn&uer Associates, Inc. Sunderland,

Massachusetts, pp. 221.

Haygood R, Ives AR, Andow DA. 2003. Consequence®atfirrent geneflow from crops
to wild relatives. Proceedings of the Royal Soc@tyondon 270:1879-1886.

Heywood JS. 1991. Spatial analysis of genetic tiariain plant populations. Annual

Review of Ecology and Systematics 22:335-355.

Howe A, Shirley S, Dweikat I, Fromm M, Clemente 2006. Rapid and reproducible
Agrobacteriuramediated transformation of sorghum. Plant Cell ®®ep25:751-
758.

Hu Y, Zhu Y, Zhang QY, Xin HL, Qin LP, Lu BR, Rahma&, Zheng HC. 2008.
Population genetic structure of the medicinal plitex rotundifoliain China:
Implications for its use and conservation. Jourofalntegrative Plant Biology
50:1118-1129.

James C. 2008. Global status of commercialisedeBldGM crops: 2008 The First
Thirteen Years, 1996 to 2008. ISAAA Brief No. 38tp://www.isaaa.org)

43



Chapter 2: Literature review

Jhala AJ, Hall LM, Hall JC. 2008. Potential hybraiion of flax with weedy and wild
relatives: An avenue for movement of engineeredegerCrop Science 48:825-
840.

Johannessen MM, Andersen BA, Jorgensen RB. 2006p€ution affects geneflow
from oilseed rape ([female]) Brassica rapa[male]). Heredity 96:360-367.

Johnson LMK, Galloway LF. 2008. From horticultuggdéantings into wild populations:
movement of pollen and genesliabelia cardinalis Plant Ecology 197:55-67.

Jordan J, Butler D, Henzell B, Drenth J, Mcintyre2004. Diversification of Australian
sorghum using wild relatives, new directions fadigerse planet. Proceedings of
the 4th International Crop Science Congress
(http://www.cropscience.org.au/icsc2004/poster/3¢86 jordand.htn

Kamala V, Bramel PJ, Sivaramakrishnan S, ChandridaBnan S, Harikrishna S, Rao
DM. 2006. Genetic and phenotypic diversity in downjdew-resistant sorghum
(Sorghum bicolor (L.) Moench) germplasm. Genetic Resources and Crop
Evolution 53:1243-1253.

Kamala V, Singh SD, Bramel PJ, Rao DM. 2002. Sanfaesistance to downy mildew
in wild and weedy sorghums. Crop Science 42:135%013

Kameyama Y, Isagi Y, Naito K, Nakagoshi N. 2000.cMsatellite analysis of pollen
flow in Rhododendron metternichiiar. hondoenseEcological Research 15:263-
269.

Kingman JFC. 1982. On the genealogy of large pdjpums. Journal of Applied
Probability 19:27-43.

Komolong B, Chakraborty S, Ryley M, Yates D. 200fentity and genetic diversity of
the sorghum ergot pathogen in Australia. Australtlournal of Agriculture
Research 53:621-628.

Kong L, Dong J, Hart GE. 2000. Characteristicskdigpe-map positions, and allelic
differentiation of Sorghum bicolor(L.) Moench DNA simple-sequence repeats
(SSRs). Theoretical and Applied Genetics 101:438-44

44



Chapter 2: Literature review

Konishi T, Ohnishi O. 2007. Close genetic relatldpsbetween cultivated and natural
populations of common buckwheat in the Sanjiangaasenot due to recent
geneflow between them: An analysis using microkttemarkers. Genes and
Genetic Systems 82:53-64.

Krishnaveni S, Jeoung J, Muthukrishnan S, Lian@2@0. Transgenic sorghum plants
constitutively expressing a rice chitinase geneashmproved resistance to stalk
rot. Journal of Genetic Breeding 55:151-158.

Kuhner MK, Yamato J, Felsenstein J. 1998. Maximuielihood estimation of

population growth rates based on the coalescemietigs 149:429-434.

Kuroda Y, Kaga A, Tomooka N, Vaughan DA. 2006. Rapan genetic structure of
Japanese wild soybeaBlycine soja based on microsatellite variation. Molecular
Ecology 15:959-974.

Levin DA, Francisco-Ortega J, Jansen RK. 1996. Hiybation and the extinction of rare

plant species. Conservation Biology 10:10-16.

Levin DA, Kerster HW. 1974. Geneflow in seeds psarEvolutionary Biology 7:139-
220.

Loiselle BA, Sork VL, Nason J, Graham C. 1995. $pagenetic structure of a tropical
understory shruli?sychotria officinaligRubiaceae). American Journal of Botany
82:1420-1425.

Mann JA, Kimber C, Miller FR. 1983. The origin aedrly cultivation of sorghums in
Africa. Bulletin 1454, Texas Agriculture Experimeditation, College Station, TX,
USA.

Mariac C, Luong V, Kapran |, Mamadou A, SagnardEu M, Chantereau J, Gerard B,
Ndjeunga J, Bezanon G, Pham JL, Vigouroux Y. 2@&ersity of wild and
cultivated pearl millet accession®gnnisetum glaucunfL.] R. Br.) in Niger

assessed by microsatellite markers. Theoreticalrqoplied Genetics 114:49-58.

Marr DL, Leebens-Mack J, Elms L, Pellmyr O. 200M@ll&nh dispersal inYucca
filamentosa(Agavaceae): The paradox of self-pollination bétaty Tegeticula
yuccasellaProdoxidae). American Journal of Botany 87:673-67

45



Chapter 2: Literature review

Martinez-Castillo J, Zizumbo-Villarreal D, Gepts Eolunga-GarciaMarin P. 2007.
Geneflow and genetic structure in the wild-weedyndsticated complex of
Phaseolus lunatuk. in its mesoamerican center of domestication diversity.
Crop Science 47:58-66.

Meagher TR. 1986. Analysis of paternity within aumal population ofChamaelirium
luteum 1. Identification of most-likely male parents. elAmerican Naturalist
128:199-215.

Menkir A, Goldsbrough P, Ejeta G. 1997. RAPD baasskessment of genetic diversity in

cultivated races of sorghum. Crop Science 37:564-56

Menz MA, Klein RR, Unruh NC, Rooney WL, Klein PE,ulet JE. 2004. Genetic
diversity of public inbreds of sorghum determined mhapped AFLP and SSR
markers. Crop Science 44:1236-1244.

Montes-Hernandez S, Eguiarte LE. 2002. Geneticctira and indirect estimates of
geneflow in three taxa @ucurbita(Cucurbitaceae) in western Mexico. American
Journal of Botany 89:1156-1163.

Mooney HA, Cleland EE. 2001. The evolutionary impafcinvasive species. Proceeding
of the National Academy of Sciences of the USA (FBYA8:5446-5451.

Moran PAP. 1950. Notes on continuous stochastioginena. Biometrika 37:17-23.

Morden CW, Doebley JF, Schertz KF. 1989. Allozynagiation in old world races of

Sorghum bicolo(Poaceae). American Journal of Botany 76:247-255.

Morden CW, Doebley JF, Schertz KF. 1990. Allozynagiation among the spontaneous
species oSorghumsection Sorghum (Poaceae). Theoretical and Ap@ieaetics
80:296-304.

Morrell PL, Williams-Coplin TD, Lattu AL, Bowers JEChandler JM, Patterson AH.
2005. Crop-to-weed introgression has impacted ialletomposition of
johnsongrass populations with and without recepbexre to cultivated sorghum.
Molecular Ecology 14:2143-2154.

Murdock GP. 1959. Staple subsistence crops of afi@eographical Review 50:521-540.

46



Chapter 2: Literature review

Mutegi E, Sagnard F, Muraya M, Kanyenji B, RonoMByongera C, Marangu C, Kamau
J, Parzies H, de Villiers S, Semagn K, Traore P8buschagne M. 20009.
Ecogeographical distribution of wild, weedy andtimalted Sorghum bicolor(L.)
Moench in Kenya: implications for conservation acrdp-to-wild gene flow.
Genetic Resources and Crop Evolution (DOI 10.10@7282-009-9466-7)

Myers ER, Chung MY, Chung MG. 2007. Genetic divgraind spatial genetic structure
of Pinus strobugPinaceae) across an island landscape inferred ditozyme and
cpDNA markers. Plant Systematics and Evolution 264R0.

Neal D. 2004. Introduction to population biology.a@bridge University Press
Cambridge, UK, pp. 393.

Nei M. 1973. Analysis of gene diversity in subdett populations. Proceeding of the
National Academy of Sciences of the USA (PNAS) 32133323.

Niegel JE. 1997. A Comparison of alternative sgege for estimating geneflow from
genetic markers. Annual Review of Ecology and Systécs 28:105-128.

Nielsen R, Mattila DK, Clapham PJ, Palsboll PJ.2(BXatistical approaches to paternity
analysis in natural populations and applicationsho North Atlantic Humpback
whale. Genetics 157:1673-1682.

Ollitrault P, Noyer J, Chantereau J, Glaszmann 1@97. Structure génétique et
dynamique des variétés traditionnelles de sorghdatkina Faso.Gestion des
ressources génétiques des plantes en Afrique desn&a Chirat, St-Just-la-
Pendue. pp. 240.

Osborne JL, Williams IH. 2001. Site constancy ofmible bees in an experimentally
patchy habitat. Agriculture Ecosystems and Envirenn83:129-141.

Papa R, Gepts P. 2003. Asymmetry of geneflow afidrential geographical structure of
molecular diversity in wild and domesticated comniiman Phaseolus vulgaris

L.) from Mesoamerica. Theoretical and Applied Garse106:239-250.

Parker PG, Allison AS, Schug MD, Booton GC, Fuétst 1998. What molecules can
tell us about populations: choosing and using aemdar marker. Ecology
79:361-382.

47



Chapter 2: Literature review

Pearse DE, Crandall KA. 2004. Beyond F-ST: Analysdipopulation genetic data for

conservation. Conservation Genetics 5:585-602.

Perumal R, Krishnaramanujam R, Menz MA, Katile $hberg J, Magill CW, Rooney
WL. 2007. Genetic diversity among sorghum raceswoiking groups based on
AFLPs and SSRs. Crop Science 47:1375-1383.

Pritchard JK, Stephens M, Donnelly P. 2000. Infeesof population structure using
multilocus genotype data. Genetics 155:945-959.

Rao Kameswara N, Reddy LJ, Bramel PJ. 2003. Pateotiwild species for genetic
enhancement of some semi-arid food crops. Gene@soltces and Crop

Evolution 50:707-721.

Ritland K. 1996. Estimators for pairwise relatedneand individual inbreeding

coefficients. Genetical Research 67:175-185.

Rousset F. 2000. Genetic differentiation betweatividuals. Journal of Evolutionary
Biology 13:58-62.

Sagnard F, Barnaud A, Deu M, Barro C, Luce C, Bilp Rami JF, Bouchet S, Dembele
D, Pomies V, Calatayud C, Rivallan R, Joly H, BredkV, Toure A, Chantereau
J, Bezancon G, Vaksmann M. 2008. Multi-scale armalpé sorghum genetic
diversity: Understanding the evolutionary procesf@sin situ conservation.
Cahiers Agricultures 17:114-121.

Sambatti JIBM, Rice KJ. 2006. Local adaptation,grat of selection, and geneflow in the

Californian serpentine sunflowddélianthus exili$. Evolution 60:696-710.

Schmidt M, Bothma G. 2006. Risk assessment fosganic sorghum in Africa: crop-to-

crop geneflow irSorghum bicolo(L.) Moench. Crop Science 46:790-798.

Sharma HC, Franzmann BA. 2001. Host-plant preferemd oviposition response of the
sorghum midge, towards wild relatives of sorghunourdal of Applied
Entomology 125:109-114.

48



Chapter 2: Literature review

Shimono A, Ueno S, Tsumura Y, Washitani . 2006ath genetic structure links
between soil seed banks and above-ground popuatbPrimula modestan

subalpine grassland. Journal of Ecology 94:77-86.

Slatkin M. 1985a. Geneflow in natural populatiodsinual Review of Ecology and
Systematics 16:393-430.

Slatkin M. 1985b. Rare alleles as indicators ofeglenv. Evolution 39:53-65.

Slatkin M. 1987. Geneflow and the geographic stmecf natural populations. Science
236:787-792.

Slatkin M, Barton NH. 1989. A comparison of threwlirect methods for estimating

average levels of geneflow. Evolution 43:1349-1368.

Slavov GT, Howe GT, Gyaourova AV, Birkes DS, Adawi§. 2005. Estimating pollen
flow using SSR markers and paternity exclusion:oaating for mistyping.
Molecular Ecology 14:3109-3121.

Smouse PE, Dyer RJ, Westfall RD, Sork VL. 2001. Fyeoeration analysis of pollen
flow across a landscape. I. Male gamete heteropgeariong females. Evolution
55:260-271.

Smouse PE, Peakall R. 1999. Spatial autocorrelatiatysis of individual multiallele and

multilocus genetic structure. Heredity 82:561-573.

Snow AA, Moran-Palma P. 1997. Commercialization tighsgenic plants: potential

ecological risks. BioScience 47:86-96.

Sokal RR, Oden NL. 1978a. Spatial autocorrelation biology 1. Methodology.
Biological Journal of the Linnean Society 10:19822

Sokal RR, Oden NL. 1978b. Spatial autocorrelationbiology 2. Some biological
implications and four applications of evolutionagnd ecological interest.

Biological Journal of the Linnean Society 10:249.

Sork VL, Nason J, Campbell DR, Fernandez JF. 1B88dscape approaches to historical
and contemporary geneflow in plants. Trends in &gpland Evolution 14:219-
224.

49



Chapter 2: Literature review

Stefenon VM, Gailing O, Finkeldey R. 2008. The rofegeneflow in shaping genetic
structure of the subtropical cinifer spec&sucaria angustifolia.Plant Biology
10:356-364.

Strobeck C. 1983. Estimation of the neutral mutatiate in a finite population from
DNA sequence data. Theoretical Population Biologyl80-172.

Tesso T, Kapran |, Grenier C, Snow A, Sweeney BeRen J, Marx D, Bothma G, Ejeta
G. 2008. The potential for crop-to-wild geneflow $orghum in Ethiopia and
Niger: A geographic survey. Crop Science 48:1425114

Thies JE, Devare MH. 2007. An ecological assessmkitansgenic crops. Journal of
Development Studies 43:97-129.

Thompson EA, Meagher TR. 1987. Parental and sikeliikods in genealogy

reconstruction. Biometrics 43:585-600.

van Treuren R, Goossens PJ, Sevcikova M. 2006at/ami in effective pollination rates
in relation to the spatial and temporal distribntaf pollen release in rejuvenated

perennial ryegrass. Euphytica 147:367-382.

Warwick Sl, Stewart CN. 2005. Crops come from wildnts - How domestication,
transgenes, and linkage together shape feralityGtassel J (Ed.), Crop Ferality

and Volunteerism. CRC Press, Boca Raton, Florida3.

Wei W, Qian YQ, Ma KP. 1999. Geneflow between tgemsc crops and their wild
related species. Acta Botanica Sinica 41:343-348.

Weir BS, Cockerham CC. 1984. Estimating F-stassfiar the analysis of population
structure. Evolution 38:1358-1370.

Weir BS, Hill WG. 2002. Estimating F-Statistics. ual Review of Genetics 36:721-
750.

Whitlock MC, Mccauley DE. 1999. Indirect measurdsgeneflow and migration: FST
[ne] 1/ (4Nm + 1). Heredity 82:117-125.

Wright S. 1951. The genetical structure of popaladi Annals of Eugenics 15:323-354.

50



Chapter 2: Literature review

Wright S. 1978. Evolution and the genetics of pafiahs: Variability within and among
natural populations. University of Chicago Presg&o, pp. 590.

Zhao Z. 2008. The Africa biofortified sorghum prctje Applying biotechnology to
develop nutritionally improved sorghum for Afric®roceedings of the 11th
IAPTC&B Congress, August 31-18, 2006 Beijing, Chipa273-277.

Zhao Z, Cai T, Tagliani L, Wang N, Pang H, Rudert3¢hroeder S, Hondred D, Pierce
D. 2000. Agrobacteriummediated sorghum transformation. Plant Molecular
Biology 44:789-798.

Zhu H, Muthukrishnan S, Krishnaveni S, Wilde G, uleg J, Liang G. 1998. Biolistic
transformation of sorghum using a rice chitinaseegeJournal of Genetic
Breeding 52:243-252.

51



Chapter 3: Compared phylogeography of cultivaaed wild sorghum

Chapter 3

Compared phylogeography of wild and cultivated sorgum in Kenya

using microsatellites

3.1 Abstract

This study examined the diversity, structure, glewefand evolutionary relationships
within and among cultivated and wild genotypesSofbicolorin Kenya. A total of 439
individuals comprising 329 cultivated and 110 wddrghum genotypes were analysed
using 24 microsatellite markers. Two hundred andetyi five alleles were obtained
across all loci and individuals, with 257 allelesrg detected in the cultivated sorghum
gene pool and 238 alleles in the wild sorghum gemal. The cultivated sorghum gene
pool harboured significantly less genetic diverghgn the wild sorghum gene pool, a
suggestion that sorghum domestication was accomgdany a genetic bottleneck. The
overall genetic differentiation between the cultédh and wild sorghum gene pools as
estimated by principle coordinate analysis, neiginjoining, fixation index, analysis of
molecular variance and Bayesian model-based arsalyses low, although levels of
divergence varied in different sorghum cultivaticegions of the country. The close
genetic proximity has probably arisen primarily dtee historical and contemporary
geneflow between the two congeners. Variabilitythe level of genetic proximity
between cultivated and wild sorghum among growemjans may reflect differences in
the extent of the geneflow probably due to diffeesnin farmer practices. Spatial
autocorrelation analysis revealed a strong spgéaktic structure in both cultivated and
wild sorghum at country scale, with individuals it a radius of about 180 km showing
a close genetic relationship with one another. dhivated sorghum significant spatial
genetic structure was exhibited in eastern/centragtern/Nyanza and north-eastern, but
not in the coastal and Turkana regions. Finallg, ¢enetic distance between pairs of
cultivated and wild sorghum individuals increaseghgicantly with logarithmic distance,
a pattern typical of the isolation-by-distance nod&ich suggested that crop-to-wild

geneflow in sorghum can be predicted by the geducagistance between individuals.
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3.2 I ntroduction

Phylogeography (Aviset al. 1987) is a field of study concerned with the piphes and
processes governing the geographic distributiomesfetic variation, especially within
and among conspecific populations. In its puresimfoempirical phylogeographic
analyses deal with the geographic distributionshiwitand among alleles whose
phylogenetic relationships are known or can baregtd. In the broad sense, however,
phylogeographic analyses can encompass empiri¢hkoretical treatments that consider
the evolutionary relatedness aspects of the spdisatibution of any genetic trait(s),
whether morphological, behavioural, molecular oheotvise (Avise 1998; 2000). A
phylogeographic analysis affords insight into thstdrical, contemporary and biotic

factors that influence the genetic structuring abylations.

Plants demonstrate a wide range of diversity iir tn@rphology, adaptation and ecology,
the product of many years of evolutionary divergeaaod diversification. Characterising
the extent and partitioning of this diversity ac@®pulations and geographic regions of a
target taxon, coupled with an understanding ofrttezhanisms through which it arises,
has been of interest to plant genetic resourceseceation and crop improvement
programmes alike (Frankel and Hawkes 1975; Fraekell. 1995). Information about
genetic relationships within and among populatiohsarget taxa can help conservation
and breeding programme managers to focus effort randurces on truly distinctive
groups. Furthermore, geneflow, including that amdivgrged taxa, is recognised as an
evolutionary factor that strongly influences inpasific population genetic structure
(Ellstrand 1992). With the advent of GM crops theme mounting concerns that
transgenes will escape to sexually compatible wihdl weedy relatives via geneflow,
potentially leading to increased invasiveness, Wweess, genetic erosion and in extreme
cases extinction of populations (Ellstrand 1992owrand Moran-Palma 1997; Bhatia
and Mitra 2003; Conneet al. 2003; Haygoocet al. 2003; Cleveland and Soleri 2005;
Thies and Devare 2007; Auer 2008; Chandler and [@iIn®008). Estimation of
historical crop-to-wild geneflow through approacisesh as phylogeographic analyses is
therefore of great significance for the developmant implementation of biosafety

guidelines.

Sorghum is one of the world’s most important cevelilis especially important for food

security in arid and semi-arid lands of Africa ak&la. Out of the total land area grown
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with sorghum globally in the year 2007 for examp&jca’s contribution was in excess
of 60% (FAO 2008). Besides its use as a cereal, cropfrica, sorghum is extensively
used for fodder, construction material, broomsugyand beer. In Kenya, sorghum is
grown in all but one administrative province. Itas important food security crop and
dietary staple in the country’s arid and semi-dadds. A wide diversity of sorghum
landraces is cultivated under equally diverse atjroatic conditions and practices by
subsistence farmers in different communities of y&erMoreover, morphologically and
geographically diverse wild relatives of domesechsorghum in the primary and tertiary
gene pools are known to occur in the country (@ayand Renvoize 1982). Wild
relatives of sorghum are recognised as broad gebasie reservoirs and potential sources
for resistance and adaptation traits in breeding@mmes (Gurnegt al. 2002; Kamala
et al. 2002; Reeckt al. 2002; Rao Kameswakt al. 2003; Richet al. 2004).

Domestication of sorghum is thought to have comradraround 4000 - 3000 BC in the
region that corresponds today to southern SudanEthidpia (De Wet 1978; Dogget
1988). Cultivated sorghung( bicolorssp.bicolor) is taxonomically conspecific with its
wild progenitor §. bicolorssp.verticilliflorum) and the stabilised weedy derivative of
their hybridisation $. bicolor ssp. drummondij. Harlan and De Wet (1972) divided
cultivated sorghum into five basic races (bicoayudatum, durra, kafir and guinea) and
ten intermediate races, on the basis of panicle spiklelet morphology. Based on
inflorescence structure, plant habit and geogragisitibution, wild sorghum have on the
other hand been classified into four ecogeograpaies or ecotypes: aethiopicum,
arundinaceum, verticilliflorum and virgatum (De Wadtal. 1970; De Wet 1978; Dogget
1988). All subspecies @. bicolorare inter-fertile under sympatric conditions, lieadto

a continuum of wild-weedy-domesticate complex forthat co-occur within many
sorghum growing parts of Africa (Dogget and Majk268; Dogget 1988; Tesst al.
2008; Mutegiet al. 2009). Moreover, cultivated and wild sorghum ogcugiverse
ecological landscapes and have over the yearsswgected to diverse biotic and abiotic
selection pressures across their geographic range genetic diversity is therefore
anticipated in the landraces of cultivated sorghama their wild-weedy relatives in

Africa.

Early studies relied on morphological descriptang aumeric taxonomic approaches to

lay a foundation for genetic relationships betweeltivated sorghum and its wild-weedy
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congeners (Liang and Casady 1966; De Wet and Hagkab67; Murtyet al. 1967).
Perhaps the most comprehensive of these is the damk by De Wet and Huckabay
(1967), who used type specimens and original cidies of cultivated and wild sorghum
respectively, to show a clear genetic separatidwden the two gene pools, with the
weedy forms occupying a somewhat intermediate ipositLevels and patterns of
diversity within and among cultivated and wild dough gene pools have since then been
characterised using either allozyme or DNA marKeesling to increased insight into
their evolutionary and genetic relationships (Mardg al. 1990; Aldrich and Doebley
1992; Aldrichet al. 1992; Cuiet al. 1995; Deuet al. 1995; Casat al. 2005). Four major
observations are worth noting from these previdusliss: (i) there is low to moderate
genetic differentiation among cultivated and witdghum gene pools, (ii) portions of the
wild gene pools most genetically similar to cultivaoriginate in central-north-eastern
Africa, (iii) genetic diversity is greater in theild/gene pool than in the cultivated one,
with the diversity of the domesticate encompassedhe wild and (iv) introgression
among cultivated and wild gene pool takes place tloeli frequency is thought to be low
enough to allow distinct genetic constitutions. Tingt three of these observations are in
line with the views that cultivated sorghum aroserfS. bicolorssp.verticilliflorum and
that domestication of sorghum most likely took plaw the eastern-central African region
(Harlan and Stemler 1976; Dogget 1988).

With regard to introgression between cultivated aild sorghum, little is known on the
extent, patterns and direction. At the same timevipus results were all obtained mostly
using genebank collections and may need validatsamg exhaustive samples obtained
situ at different spatial scales, especially in Afri¢dtempts have been made to use
situ collected samples but such studies have beeretinitt separate investigations of
genetic diversity and structure in either cultiehsmrghum (Djeet al. 1998; 1999; Ayana
et al. 2000b; Ayaneet al.2001; Ghebrwet al.2002; Barnauet al.2007; Deuet al. 2008;
Sagnardet al. 2008;) or its closest wild relatives (Ayartial. 2000a). As well remarked
by Dogget (1988) ‘carefully designed sampling obgmphical area by geographical
area, using appropriate descriptors and analytiegthods, will shed a lot more light on

the history of the sorghum crop and also on thatitof forms’.

This study applied microsatellite markers to amalgsltivated sorghum and its closest

wild relatives sampled at a national scale in Kemnyi¢gh a view of elucidating patterns of
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diversity within and among the two congeners aretdlding more light on their genetic
and evolutionary relationships. Specifically thi®nw sought to answer the following
guestions:
()  What is the comparative extent of diversity witlwaltivated and wild gene
pools of sorghum at country and regional scalelfeve
(i)  Are cultivated and wild sorghum gene pools gen#yichfferentiated?
(i)  How is genetic diversity in cultivated and wild gbum gene pools partitioned
among growing regions and agro-climatic zones aiy&®
(iv) Is diversity in cultivated and wild sorghum genelscspatially structured?

(v) Has geneflow between cultivated and wild sorghukertgplace in the past?

33 Materials and methods

3.3.1 Material collection

Cultivated and wild sorghum seed samples were aeliein farmer fields in the crop’s
four main growing areas of Kenya: (i) Turkana, vhis situated in the northern parts of
the Rift Valley bordering Sudan and Ethiopia; @u¢stern/Nyanza region covering Kisii
Highlands and the lowland parts around Lake Vietor(ii) eastern/central region
covering the Highlands east of Mt. Kenya and thechndrier lowlands of the larger
Meru, Kitui and Machakos administrative Districgs)d (iv) coastal areas of the country
including Taita Hills and the adjacent areas ad a®lthe farming systems in the Indian
Ocean hinterlands (Figure 3.1). Three collectiopstiwere undertaken between June
2006 and July 2007 in order to capture differennesopping seasons amongst the four
growing regions. A sample sheet was used to retteedpassport data associated with
each collected sample. Farmer knowledge on cuttiVatrieties as well as on wild and
weedy sorghum distribution, ecology and dynamicss wecorded. The geographic
coordinates and elevation data associated with ealdrction point were recorded using
a handheld global positioning system (GPS) (eTrami@it HC, Garmin). Additional
georeferenced samples were acquired from the Ndt®anebank of Kenya to cover the
north-eastern region of the country bordering Hilsicand parts of central Rift Valley
where sorghum is grown but which were not coverethé collection trips. In total, 439
genotypes comprising 110 wild and 329 cultivatedgsom varieties were sampled.
Overall, the samples were representative of Kengarghum growing agro-climatic and

ethno-linguistic diversity. The highest number afrples for cultivated sorghum was

56



Chapter 3: Compared phylogeography of cultivaaed wild sorghum

collected in eastern/central (90), followed in @réasing order by western/Nyanza (72),
Rift Valley (55), Turkana (42), Coast (36) and heetstern (34) regions. In the wild

sorghum, the highest number of samples was sampleasstern/central (41), followed in

a decreasing order by Coast (39), Turkana (17wasiern/Nyanza (13) regions.

Ethiopia

L. Turkana

Somalia

L. victoria
B |n situ collected wild

o |n situ collected cultivar

@ Genebank cultivar

Annual rainfall

[ ]<600 mm
600-1200 mm
1200-2000 mm

I >2000 mm

a 300 G600 00 1200 Kilarmeters

Figure 3.1  Map of Kenya showing the sources of celttion for cultivated and

wild sorghum and the associated annual rainfall clsses.

3.3.2 DNA isolation

At least five seeds from each sample of cultivated wild sorghum were grown for two
weeks in the laboratory in potted plastic traysobefDNA isolation. To break seed
dormancy in wild sorghum, glumes were removed uaisgalpel blade and seeds soaked
overnight in water at 35°C. To ensure sufficieghti throughout the germination and
growth period, trays were placed on a bench nexzt gtass widow. Plants were watered
regularly to ensure normal growth. Only one seedtiar sample was used to extract total
genomic DNA from leaves using a modified versiontbhé high throughput Cetyl
Trimethyl Ammonium Bromide (CTAB) method describleg Maceet al. (2003) and a
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GenoGrinder (Geno/Grinder 2000, Spex Certiprep USAg approach of sampling one
individual per sample was necessitated by the teedaximize the number of different
accessions of cultivated and wild sorghum to beotygred countrywide. The approach
has proved sufficient to detect large-scale intamsle evolutionary trends in crops
and/or their wild relatives (e.g. Matsuokhal. 2002, Fukunagat al. 2005, Mariacet al.
2006; Deuet al. 2008) provided that the number of loci is suffitieSufficient CTAB
buffer [3% (w/v) CTAB, 1.4 M NaCl, 20 mM (hydroxyrttg/l) aminomethane
hydrochloride (Tris-HCI), 20 mM ethylenediaminegetcetic acid (EDTA), pH 8.0,
0.17% (v/v)pB-mercaptoethanol], corresponding to 48(er sample, was dispensed into
a glass bottle and incubated af®5n a water bath. Freshly harvested leaves (Zmp
were placed in a 96-well deep-plate, containing 4mmm steel grinding balls. To each
sample, 45Qud warm CTAB buffer was added before the plate wealed with a fitted
silicone mat. The plate was loaded into the Genud&n for grinding at a setting of 500
strokes/min for 10 - 15 min. After grinding, sanmpleere incubated for 10 min at°65in

a water bath with occasional mixing.

The plate was removed from the water bath and 456f chloroform-isoamylalcohol
(24:1) added to each sample. The plate was geméigried twice to mix the samples
before centrifuging at 10000 rpm for 10 min. A fixeolume of 400ul of the upper
aqueous layer was for each sample transferreesbli labelled 1.5 ml Eppendorf tubes.
In order to precipitate the DNA, 280 of isopropanol (stored at -20°C) was added to
each sample and the tubes inverted twice to mig.tlihes were subsequently centrifuged
at 10000 rpm for 10 min, before discarding the sogint and air-drying the DNA pellet
for 30 min. To wash the DNA pellets, 5Q070% (v/v) ethanol was added into the tubes
and centrifuged at 10000 rpm for 3 min. The supamtawas discarded and the DNA
pellet air-dried for 30 min, following which 1Q0 of low-salt TE [10 mM Tris-HCI, 0.1
mM EDTA (pH 8.0)] was added to re-suspend the DRAolume of 1ul RNAse (10

mg/ml) was added to each sample before incubatimgnioven at 37°C for 1 hour.

Following extraction, the quality of the DNA wasedked by loading 8l of each sample

on ethidium bromide stained 0.8% (w/v) agaroseagel electrophoresis at 100 V for 1
hour. The quality of the DNA was determined by wissing the gel under ultraviolet
(UV) light. The concentration of the DNA was detamad using the NanoDrop 3300

spectrophotometer (Applied Biosystems), by loading of each sample. Samples with
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low DNA concentration (less than 10 plj/were re-extracted. Upon quantification, all
samples were normalised to a final concentratiohOohg{ by adding variable volumes

of double distilled water to a final volume of 1000

3.3.3 PCR amplification and genotyping

Thirty SSR markers (Appendix 1) were analysed usireg M13-tailed primer method
(Schuelke 2000) to label amplicons for visualisation an ABI 3730 (Applied
Biosystems) capillary sequencer. Forward primenevgetailed with a 19-base pair (bp)
M13 universal sequence, 5-CACGAGCTTGTAAAACGACXXXXBXXXXXXX-3',

where the X’s denote microsatellite-specific prinmrquences (See Appendix 1 for

details).

Polymerase chain reaction (PCR) was performed ipll@action volumes, containing 5
ul of template DNA, 0.2 units of Amplitag Goldaq DNA polymerase (Applied
Biosystems), 1X PCR buffer (10 mM Tris-HCI pH 85) mM KCI, 1.5 mM MgSQ),
0.16 mM dNTPs, 2uM sequence-specific reverse primer, 0.0 5-M13 tailed
sequence-specific forward primer and 0, 5'-fluorescently labelled M13 universal
sequence primer in a GeneAmp PCR system 9700 tlogateo (Applied Biosystems).
The M13 universal sequence primer was 5’-tagged WItC, NED, FAM or PET
fluorescent dyes in order to facilitate post-PCRItiplexing. This allowed for the co-

loading of the 30 primer products in ten sets oééhprimer products each.

The PCR programme was as described by Folkeretrah (2005): initial denaturation at
94°C for 15 min followed by 10 cycles of 94°C fds &, annealing for 20 s at touchdown
temperatures declining from 61 to 51°C and extenaio/2°C for 30 s; this was followed
by 35 cycles of 94°C for 10 s, 54°C for 20 s an87for 30 s; and a final extension step
of 20 min at 72°C. Reliability of amplification fozach primer set was confirmed by
resolving 3ul of each of the PCR products on a 2% (w/v) agagedeat 100 V for 45
min. Subsequently, @l of each of the PCR products was denatured 4@ @#8pl of Hi-

Di formamide with 0.13ul of GeneScan 500 LIZ internal size standard (Agupli
Biosystems). PCR products were subjected to capiéectrophoresis in an ABI Prism
3730 DNA Analyser (Applied Biosystems) for alleletection. Allelic data was scored
using the software Genemapper 3.7 (Applied Biosysje A sorghum standard positive
control, BTX623 was amplified and genotyped alodgstach sample plate to ascertain

the reproducibility of allele scoring. Amplitaq GoDNA polymerase, like many other
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DNA polymerases is known to catalyse the additibnacsingle nucleotide (usually
Adenosine) to the 3’-end of a fraction of the ammtis potentially leading to inconsistent
allele calls. The software AlleloBin (Prasarghal. 2006) was therefore used to correct

single bp allele call inconsistence in the dataefach run.

3.34 Dataanalysis

3341 Extent of genetic diversity
Standard parameters of genetic diversity, includinal number of alleles (p number of

rare alleles (A alleles with a frequency < 5% per group), privatieles (R, alleles
unique to a group), observed heterozygosity) @hd unbiased expected heterozygosity or
gene diversity (| were computed for cultivated and wild sorghumngsihe software
GENETIX 4.05 (Belkhiret al. 2004). The genetic diversity parameters were taied
and compared within and among cultivated and wddylsum at four levels: country
scale, region of origin, agro-climatic zone andtwdinal class. Agro-climatic zones were
defined according to the agro-climatic zone mapg@hya (Sombroelet al. 1982) which
recognises seven zones using a moisture index las@mhnual rainfall expressed as a
percentage of potential evaporation (Appendix 2)e Beven agro-climatic zones are: |
(humid), II (sub-humid), 1l (semi-humid), IV (serumid to semi-arid), V (semi-arid),
VI (arid) and VII (very arid). The GPS based altiéuvalue associated with each sample
was used to define four altitudinal classes: “@0 m”, “from 500 - 1000 m”, “from 1000

- 1500 m” and “greater than 1500 m”. Since the okt number of alleles in a sample is
highly dependent on sample size, the programme®FGoudet 2002) was employed
to compute the mean allelic richness across aill(Rg for each defined level of genetic
structure. In addition the software HP-RARE 1.2l{ix@vski 2005) was used to compute

and compare the private allelic richnesFl €.on) in the cultivated and wild sorghum

gene pools. The two programmes implement the retiefastatistical method first used
by Hulbert (1971) to estimate species diversity.e Timethod allows for unbiased
comparisons among populations of unequal sampés diy calculating a standardised
estimate of allelic richness for a fixed sampleesiZhe principle is to estimate the
expected number of alleles in a sub-sample of 2rggiven that 2N (N>n) genes have
been sampled. In FSTAT, n is fixed for the smalitegnhber of individuals genotyped per

locus in a sample to calculate overall allelic nieks as:
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RsziZ; ((22;))

where Nis the number of alleles of type i among the 2Nage

The programme HP-RARE performs rarefaction on peivaleles using a hierarchical
sampling design to estimate the allelic richnessragnpopulations of balanced sample
size. The private allelic richness of a populatidfaxon is the expected number of private

alleles in a sample of size S taken from the pduialt is estimated by:

S . S
|_| taxon DZ:ui,taxon
i=1

Wheretaxonis either a population or a set of populations tieate been placed in the

same categoryys,., iS the probability that the"j allele will only be found in the

subsample from the taxon indicated. A balanced &amsige of 82 individuals (or 164
genes) for both cultivated and wild sorghum wasdusethe computation. This was
equivalent to the smallest number of individuals@gped across all loci.

taxon

Differences in R |_| =on @and H among the various levels were assessed for signite

using Wilcoxon’s signed-rank test as implementedthe software GenStat (VSN
International Ltd. 2007).

3.34.2 Genetic relationships within and among cultivated and wild sorghum
To investigate the genetic relationships amongwaitd and wild sorghum populations

at national and region of origin scale, the neighijoining (NJ) cluster analysis and
principle coordinate analysis (PCoA) algorithms lempented in the software DARwin
5.0 (Perrieret al.2003) were used.

In each case, a genetic dissimilarity matrix wast fcomputed from multilocus allelic

data for pairs of individual plants according te 8imple matching procedure:
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where ¢ is the dissimilarity among genotypes i and j, Inisnber of lociz is the ploidy

of the taxa being investigated and isithe number of matching alleles for locus I. The
pairwise deletion option was chosen to ensure disgimilarity calculations were done

only for pairs of genotypes where allelic scoresen@btained for at least 70% of all loci.

Eighteen samples which exhibited too many missaig goints were eliminated from the

final dissimilarity calculation. The dissimilaritpatrix for the remaining 421 samples was

subsequently used as input in the NJ and PCoA guoes.

3.343 Cultivated and wild sorghum genetic structure
In order to explore the genetic differentiationdaisition of different allele frequencies)

within and among cultivated and wild sorghum gemépat various spatial scales, four
complimentary approaches were used: F-statistiegie8ian model-based clustering,

analysis of molecular variance (AMOVA) and spasatocorrelation.

33431 F-statistics

F-statistics (Wright 1951; 1978) and their unbiagstimators (Weir and Cockerham
1984) are commonly used to estimate genetic difteatton under a hierarchical

population structure model. A population is saich&ve a hierarchical structure if it can
be subdivided into sub-populations that can beggdunto progressively inclusive levels
in which, at each group, the next lower levels m@uded or nested within the next
higher ones (Hartl and Clark 1997). Classicallye¢hF-statistics parameters, namely F

Fst and kr are defined for three hierarchical levels of ayafion under the assumptions
of random union of gametes according to the HWEe Buthe departure from random
mating in many natural populations, the paramedtgrand Fr are measures of the level
of inbreeding within sub-populations and the oJempulation, respectively, where

positive values indicate a deficiency of heterozggoand negative values indicate an
excess of heterozygotes. In turn the parameteuses allelic frequency information to
measure identity of individuals within sub-popubats as compared to individuals from

other sub-populations within the total population ahus measures the degree of genetic
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differentiation among sub-populations. The value Fgr ranges from O (indicating no
genetic differentiation among sub-populations) theoretical maximum of 1 (indicating
that sub-populations are fixed for different al#glein practice though, the observest F
value is usually much lower than 1, even in higtifferentiated populations (Hartl and
Clark 1997). The three F-statistics parametersrelaed in the following expression
according to Wright (1951):

1-Rr)=(1-hks) (1 -Fs1)

Under the assumption of similar (and low) mutafwassure in different populations, the
Fst of neutral marker loci is primarily determined e balance between random genetic
drift and geneflow. Consequently, the degree ofed#intiation among populations at
neutral marker loci as estimated by thg parameter, indicates the expected degree of
population differentiation as a result of the condal effect of genetic drift and geneflow
(Hartl and Clark 1997).

The software GENETIX 4.04 was used to compute edémof the F-statistics within and
between cultivated and wild sorghum following thebiased method of Weir and
Cockerham (1984). This method takes into accouar&due to sampling alleles within
loci and those due to sampling individuals withilbgopulations. The significance of the
F-statistics parameters was tested using the patiog (10000) procedure.

3.34.3.2 Analysis of molecular variance (AMOVA)

Analysis of molecular variance (AMOVA) is a framenkadesigned by Excoffieet al.
(1992) and later extended by Michalakis and Exeoff{1996) to study hierarchical
partitioning of molecular variation within a speiey incorporating information of DNA
haplotype divergence into analysis of variance firnThe input data is derived from a
matrix of squared-distances among all pairs of dtgpes. The approach estimates
variance components and F-statistics analogs, nkggid asb-statistics, reflecting the
correlation of haplotypic diversity at differentvids of both genetic and non-genetic
hierarchical sub-divisions as determined by eacslestigation (Excoffieret al. 1992).
Permutation approaches are used to test the signife of the variance components and
d-statistics, thus eliminating the normality assumptnecessary under conventional

analysis of variance (ANOVA) analysis but inappiaf@ for molecular data.
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Investigation of the genetic structure of cultidhtand wild sorghum was therefore further
undertaken by an AMOVA analysis using the softwaRi EQUIN 3.11 (Excoffieret al.

2005). The total variance among genotypes was tipagid into variance among
populations and within populations, the populatidreing defined on the basis of
sorghum type (cultivated vs. wild), geographic {oegof origin), agro-climatic zone and
altitudinal range criteria. The significance of fiteoning of the genetic variance

components was tested using 10000 permutations.

3.34.33 Model-based cluster analysis

In addition to the analyses discussed above, tlyedtan model-based clustering method
implemented in the software STRUCTURE 2.23 (Pritdhet al. 2000) was used to
explore genetic structure in the samples of cukidaand wild sorghum. The method
takes a sample of genotypes and uses the assungitiéfWWE and LE in loci to
simultaneously find the number of populations, lKattbest fits the data and the number
of individual assignments that minimise HWE and icEthose sub-populations. Thus
without any prior information on population samplidesign, STRUCTURE provides an
estimate of the number of sub-populations. The otkth useful in identifying geneflow
events since individuals whose genotypes indicdteixdure are assigned jointly to two
or more populations. The basic admixture model wittinked loci and uncorrelated
allele frequencies was used. The assumed numhmopofiations (K) varied from two to
10, with 10 replicate runs per K, a burn-in perledgth of 500000 and a post-burning
simulation length of 1x10 No a priori population information was used. Due to the high
computational requirement of STRUCTURE, all anadyaere performed using the web
resources of the Computational Biology Service YGBSU) from Cornell University

(http://cbsuapps.tc.cornell.edu/structure.jspke ‘true K’ for successive K values (K =

2 to K = 10) was estimated using theé hocstatisticAK (Evannoet al. 2005) which is
based on the second order rate of change of P(Xifi€)probability of the data with
respect to a given K. According to Evanno and cokers (2005) the modal value of the
distribution ofAK is located at the real K. The modal value wasstiated graphically by
plotting theAK values against successive K values. Followingitieatification of the
‘true K’, the run showing the highest P(X|K) valas considered in drawing a barplot of
the proportion of an individual's genome assignedetich of the clusters using the

software R (R Development Core Team 2007).
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3.34.34 Spatial autocorrelation analysis

To investigate the spatial structure of genetiediity in cultivated and wild sorghum at
the country scale, spatial autocorrelation analysis performed as implemented in the
software SPAGeDi (Hardy and Vekemans 2002). A gmagc distance matrix was
generated from the latitude/longitude coordinatesoeiated with each sample using the
software Geographic Distance Matrix Generator eersi  1.2.3

(http://biodiversityinformatics.amnh.org/open sougckengd. In each case, 20 distance

classes were defined such that there were apprtedynaqual numbers of pairwise
comparisons in each class. Within each class, etaive kinship coefficient {y was
estimated using the method of Ritland (1996). Thadex represents the correlation in
allelic states between homologous genes and waeiligde distribution by the inverse of
allele frequency, thus giving more weight to ralteles. This way the approach results in
lower sampling variance, hence, is powerful foredéhg genetic structure (Hardy and
Vekemans 2002). The cultivated sorghum samplesr@atdrom the genebank for north-
eastern and Rift Valley regions did not have cqoesling wild sorghum samples and
were therefore eliminated from the analysis tovalfor comparison. The significance of
the estimated values of kinship coefficient andesgion slope was tested by permuting
individuals among locations 1000 times. The retafop between genetic relatedness and
geographic distance was visualised in correlograsisg the software R, with the 95%
confidence interval envelope under the null hypsithef no spatial structure indicated.
The same approach was further used to test forasmgnetic structure in cultivated
sorghum within the various growing regions. The bemof distance classes was set to
eight for all regions except in north-eastern andk&na where, due to a limitation in the
number of sampling sites, six and four distancessgda were used, respectively. Wild
sorghum was not considered for this type of analgsie to limitations in the number of

sampling sites within most of the regions.

Further, the method of Rousset (2000) was useddwectly infer the extent of gene
dispersal between cultivated and wild sorghum iiddials. This approach is based on the
analytical model of isolation-by-distance, whichegicts that the genetic distance
between individuals (&) (Rousset 2000) increasgsroapmately linearly with the
logarithm of spatial distance. Rousset's measuigeattic distance, & , was computed for
each pair of individuals using the programme SPAG@Iardy and Vekemans 2002).
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Ten distance classes consisting of approximatebyalegqumbers of individual pairwise
genetic distance comparisons were defined. Subsdiguéhe pairwise genetic distance
estimates were regressed on the logarithm of $ghstance, providing a regression slope
(blog) and an estimate of the coefficient of determorat{). The significance of the
regression slope was tested by a randomisationegure whereby individuals were
permuted among locations 1000 times to asses #tebdition of the slope values under
the null hypothesis of no correlation between gaplgic and genetic distance. P-values
were estimated as the proportion of this distrimutlying higher than the observed slope
value. The programme R was used to plot estimaftefeopairwise genetic distance
between individuals of cultivated and wild sorghagainst logarithmic spatial distance,

with the regression line shown.

34 Results

3.4.1 Seedling growth, DNA yield, PCR amplification and genotyping
Most seeds germinated within three to four dayshies a height of 3 - 5 cm within 14

days (Figure 3.2). The DNA extraction protocol usedhis study yielded good quality
DNA (Figure 3.3) with the concentration rangingnfr@®.76 - 1069.3 ngl. All except
one (xtxp-295) SSR markers successfully amplifi¢diADn most of the samples. Of all
the SSR markers that amplified, data on five mark@nsbCIR-223, msbCIR-283,
Xgap265, xtxp278 and xtxp-289) was eliminated friva subsequent analysis due to
unspecific amplification. Both the failure to anipland the unspecific amplification may
reflect non optimal annealing temperatures duehto tbuch down temperatures used

during PCR amplification.
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Figure 3.2  Image of two week old cultivated and wd sorghum seedlings growing

in potted trays in the laboratory.
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Figure 3.3  Agarose gel electrophoresis image showithe quality of the sorghum
DNA extraction. The first well of each row represents a molecularize

marker, whereas the rest represent sorghum DNA sanigs.

3.4.2 Extent of genetic diversity in sorghum
Genetic diversity estimates for the entire sorgluaftection and separately for cultivated

and wild sorghum are presented in Table 3.1. lal,t@95 alleles were detected using 24
SSR markers on a total of 439 cultivated and waldjsum genotypes, with close to 70%
of these being rare alleles (present in less tR&nob the genotypes). The number of
alleles detected for the 329 cultivated sorghumotygres was 257, out of which 173

(67%) were rare and 15 (5%) private alleles. Inparnson, 238 alleles were observed for
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the 110 wild sorghum genotypes, with 122 (51%) deare and 13 (5%) private alleles.
The cultivated gene pool was observed to harbouelda@enetic diversity than the wild
gene pool, based on significantly lower mean a@llethness (< 0.05), private allelic
richness (X 0.05) and gene diversity (P < 0.001) values.

Table 3.1 Comparative genetic diversity estimatesof Kenya’'s sorghum gene

pool
Gene pool N Al A (<5%) AP R [Toen He  Ho
wild 110 238 122 13 968 260 06872 0.1762
Cultivated 329 257 173 15 863 122 05876 0.1100
Overall 439 205 204 i 1212 - 0.6304 0.1267

N = Number of samples,‘ﬁ: Total number of alleles, A& Number of rare alleles,’A Number of
private alleles, R= allelic richness,l_l tsaxon = Private allelic richness, 4 Expected (unbiased)

heterozygosity, kl= Observed heterozygosity.

Table 3.2 presents comparative estimates of thetigediversity parameters for the

cultivated and wild sorghum gene pools at threeelewf possible genetic structure:
regions of origin, agro-climatic zones and altihali class. In cultivated sorghum, the
proportion of rare alleles within regions rangednir 34 (31.8%) in the north-eastern to
86 (52.4%) in western/Nyanza regions, whereas ild worghum the range was 82
(83.7%) in western/Nyanza to nine (9.5%) in Turkeggions. The number of rare alleles
for cultivated sorghum was generally comparable ragnine various agro-climatic and

altitudinal classes. In wild sorghum, no rare akelvere observed in either the more
humid agro-climatic zones (sub-humid to humid) e thore elevated altitudinal classes
(>1500 m), largely due to the low number of sampealysed. In the most arid agro-
climatic zones (arid to very arid) the relative podion of rare alleles was notably low

(5.9%) for the wild sorghum gene pool. In cultivditsorghum, the highest number of
private alleles was detected in eastern/centrabmegmong geographic regions, in the
arid to very arid zone among agro-climatic zoned anthe 1000 - 1500 m above sea
level among altitudinal zones. In comparison, tighést number of private alleles in

wild sorghum was detected at the coast among gpbigraegions, in the semi-humid to

semi-arid zone among agro-climatic zones and in0thec00 m above sea level among
altitudinal zones.
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Table 3.2 Genetic diversity estimates for the sorgim gene pool at various
structuring factors
Ar
Structuring Factor N A (<5%) A” 'R. H, H,
Regions (22)

Cultivated Turkana 42 95 41 10 3.450.3396 0.0965
western/Nyanza 72 16486 18 5.34 0.4875 0.0905
eastern/central 90 1695 21 5.42 0.5595 0.1742
Coast 36 14148 5 5.59 0.5510 0.1200
Rift Valley 55 134 61 12 4.80 0.4549 0.0710
nortr-easter 34 107 34 4 4.2€ 0.419( 0.050¢

Agro-climatic zones (2€
I: humic 33 12t 48 6 5.1C 0.476f¢ 0.097
II: sub-humid 40 14157 9 5.49 0.5023 0.0905
I1l: serri-humic 51 157 74 12 5.8: 0.529¢ 0.091:
IV: semi-humid to semi-
arid 75 18C 97 12 6.2¢€ 0.567! 0.144:
V: semi-arid 50 14359 9 5.50 0.5538 0.1501
VI-VII: arid to very arid 80 152 78 14 5.03 0.5318 0.0785
Altitudinal range (31)
0-500m 46 14558 6 5.81 0.5287 0.0982
50C- 1000 n 11¢ 18z 9C 18 5.9¢ 0.597¢ 0.119¢
1000 - 1500 m 114206 131 28 6.61 0.5415 0.1147
>1500 n 5C 147 69 14 5.72 0.474. 0.086:
Regions (10)

Wild Coast 39 19577 46 6.00 0.6806 0.1287
eastern/central 41 16455 18 5.12 0.6215 0.1813
Turkana 17 95 9 7 3.670.5165 0.2381
western/Nyanza 13 98 82 6 3.9P.4836 0.2179

Agro-climatic zones (9)
I: humid 3 53 0 1 - 0.29930.3194
[I: sub-humid 10 1070 3 4.93 0.5266 0.2056
Ill: semi-humid 17 137 13 4 5.78 0.6508 0.0956
IV: semi-humid to semi-
arid 39 178 70 26 5.65 0.6326 0.1834
V: semi-arid 21 154 32 13 5.76 0.6272 0.1572
VI-VII: arid to very arid 20 1187 9 4.70 0.5668 0.2166
Altitudinal range (18)
0-500m 33 19068 36 7.19 0.6779 0.1621
500 - 1000 m 36 15757 13 6.09 0.6151 0.1976
1000 - 1500 m 32 16670 11 5.97 0.6133 0.1759
>1500 m 9 97 O 4 - - -

N = Number of samples,‘ﬁ; Total number of alleles, A& Number of rare alleles,’A Number
of private alleles, R= Allelic richness, = Expected (unbiased) heterozygosity,#HObserved
heterozygosity.calculated based on a minimum sample of gene cdphesvn in brackets for

each group).
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3.4.3 Geographical variation in cultivated and wild diversity
The allelic richness for cultivated sorghum wasgigantly lower in Turkana (meansR

3.45) compared to all other regions (426 <5.59; P< 0.05), where no significant
inter-regional differences in allelic richness weredent. In contrast, gene diversity was
significantly higher in the eastern/central regiomean H = 0.5595) compared to the
western/Nyanza (mean<H 0.4875; P = 0.005), Rift Valley (mean H 0.4549; P <
0.001), north-eastern (mean #0.4190; P = 0.003) and Turkana (mean-H.3396; P <
0.001) regions. The coastal region appeared tooharthe most genetically rich pool of
wild sorghum, as exhibited in a mean allelic rickmef 6.00, that was significantly
higher than those of TurkanasR 3.67; P < 0.001), the eastern/central $5.12; P =
0.004) and western/Nyanzag(R 3.92; P < 0.001) regions. This trend was alseatd

in the gene diversity estimates.

3.4.4 Environmental variation in cultivated and wild sorghum diversity
Cultivated sorghum from the semi-humid to semi-agigro-climatic zone exhibited

significantly higher allelic richness and gene dsity estimates (R= 6.26; H = 0.5673)
compared to the other six zones (50%s < 5.83; 0.5538 He > 0.4765; 0.002 P <
0.042). In the wild sorghum gene pool, the humitbagimatic zone was not considered
for the comparative genetic diversity due to insight sample size (only three samples).
For the remaining zones, wild sorghum genetic diter(both H and R) generally
appeared to be less diverse in the drier and wetiees compared to zones of moderate

humidity.

Within altitudinal ranges, cultivated sorghum adlelichness ranged from 5.72 (>1500
masl) to 6.61 (1000 - 1500 masl) and gene diveestimates from 0.4742 (>1500 masl)
to 0.5978 (500 - 1000 masl). Generally, cultivasedghum genotypes originating from
mid altitude (500 - 1000 masl) to high altitude @@G 1500 masl) appeared to harbour the
most diverse pool of cultivated sorghum as estithdig allelic richness and gene
diversity. In contrast, cultivated sorghum exhibiless genetic variability beyond 1500
masl both in terms of allelic richness and genemity. In wild sorghum, allelic richness
values ranged from 5.97 (1000 - 1500 masl) to 7019 500 masl) and gene diversity
values from 0.6133 (1000 - 1500 masl) to 0.67795%00 masl). Wild sorghum generally
exhibited a trend of greater diversity at loweitattes and less diversity at more elevated

altitudes.
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3.4.5 Genetic relationships within and among cultivated and wild sorghum
Figures 3.4 and 3.5 show the genetic relationsaipseng cultivated and wild sorghum

gene pools based on first (axis 1 and 2) and se(xid 1 and 3) planes of the PCoA,
respectively. The three main axes of the PCoA expth7.6%, 6.1% and 5.3% of the
total variability respectively. Generally, the segiion between cultivated and wild

sorghum gene pools is low. The first two planethef PCoA clearly separated the north-
eastern cultivated sorghum from both the cultivated wild counterparts from the other
regions (Figure 3.4). Similar trends were obserf@dthe second plane of the PCoA
where cultivated and wild sorghum from Turkana adlvas wild sorghum from the

coastal regions were separated from the othermedi€igure 3.5).

Cultivated sorghum

Wild sorghum
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Figure 3.4  Biplot of the axis 1 and 2 of the pringile coordinate analysis based on
the dissimilarity of 24 SSR markers for cultivatedand wild sorghum.
Letters E, C, N, R and W represent eastern/centralcoast, north-

eastern, Rift Valley and western/Nyanza regions, gpectively.
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Cultivated sorghum

Wild sorghum

Figure 3.5  Biplot of the axis 1 and 3 of the pringile coordinate analysis based on
the dissimilarity of 24 SSR markers for cultivatedand wild sorghum.
Letters E, C, N, R and W represent eastern/centralcoast, north-

eastern, Rift Valley and western/Nyanza regions, spectively.

The genetic relationships within cultivated anddnslorghum gene pools as determined
by NJ analysis are presented in Figures 3.6 andé&spectively. For cultivated sorghum,
genotypes were assigned into four broad groupsu(€i@.6; cluster A-D) of largely
mixed geographic origin. Cluster A consisted of tmolsthe Rift Valley sorghum and
some individuals from the western/Nyanza and eafstentral regions. Cluster B
consisted of four major sub-groups with membershigovn from all sampled regions.
Notably, most of the north-eastern collections watestered together in one of the sub-
groups in cluster B and so was a group of eastemival dual-season sorghum genotypes
cultivated only in the highlands of Mt. Kenya. GlisC included a sub-group consisting
of all but one of the Turkana genotypes, as weltalections from western/Nyanza,
eastern/central, Rift Valley and coastal regioriealy, cluster D was predominated by
genotypes from western/Nyanza alongside a few iddals from all other regions except

north-eastern and Turkana (Figure 3.6).
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Wild sorghum genotypes were grouped into two bthieiagenetically proximal clusters
(Figure 3.7). Cluster A consisted of most of thestal genotypes, a large proportion of
the eastern/central collections, a few collectifnasn Turkana and a single collection
from the western/Nyanza region. Cluster B consisfetiost of the Turkana genotypes in
a distinct sub-group, plus genotypes from the waStlyanza, eastern/central and coastal
regions (Figure 3.7).

lw]
T

Rift Valley Coast

1 Easternicentral Noth-eastern

Figure 3.6  Neighbour-joining cluster analysis dendsgram showing the genetic
relationship among cultivated genotypes in KenyaThe dendrogram
was generated based on data from 24 SSR markers.

73



Chapter 3: Compared phylogeography of cultivaaed wild sorghum

B

Coast Easternicentral

Figure 3.7  Neighbour-joining cluster analysis dendogram showing the genetic
relationship among wild/weedy genotypes in Kenyalhe dendrogram

was generated based on data from 24 SSR markers.

3.4.6 Cultivated and wild sorghum genetic structure

34.6.1 FST-based genetic differentiation
Consistent with previous results of PCoA, geneiifecentiation between cultivated and
wild sorghum based onsiFwas low but highly significant gr=0.062; P < 0.001) (Table

3.3).

Table 3.3 Fst-based genetic differentiation of the sorghum genpool at various

levels
Sorghum gene pool Differentiation level Mean &y
Overall Sub-specific (cultivated vs wild sorghum) .O@R***
Cultivated Geographic regions 0.187***
Agro-climatic zones 0.077***
Altitudinal classes 0.066***
wild Geographic regions 0.097***
Agro-climatic zones 0.054***
Altitudinal classes 0.062***

*** Highly significant P-value (P < 0.001)
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Within the cultivated sorghum gene pool, genetiffedéntiation was high among
geographic regions & = 0.187; P < 0.001) and moderate among agro-dlinznes
(Fst= 0.077, P < 0.001) and altitudinal rangesr@& 0.066; P < 0.001) (Table 3.3). In
contrast, similar levels of moderate genetic ddfegration were observed in wild sorghum
among geographic regionss@= 0.097; P < 0.001), agro-climatic zoneg{(E 0.054)
and altitudinal ranges §r= 0.062; P < 0.001) (Table 3.3). It is to be ndteat cultivated
sorghum showed two-fold higher genetic differeimiatamong geographic regions than

wild sorghum.

Table 3.4 shows estimates of pairwise genetic miffeation, kr, within cultivated and
wild sorghum at geographical level. Overall, all Falues were significantly greater than
zero (0.001 > K 0.05). Genetic differentiation among cultivated avild sorghum gene
pools was generally lower within F 0.03 - 0.18) than amongd¥ 0.05 - 0.33) regions.
Within regions, the highest genetic differentiatioetween cultivated and wild sorghum
gene pools was recorded in Turkana, while the wastrecorded in western/Nyanza(F

= 0.03). The genetic differentiation was comparaiid moderate between cultivated and
wild sorghum gene pools in the coastai(E 0.11) and eastern {F= 0.10) regions.
Both cultivated and wild sorghum showed variabiels of genetic differentiation across
regions, with the former generally exhibiting gerast values than the latter. The lowest
level of genetic differentiation §r=0.03) in cultivated sorghum was observed between
the eastern/central and coastal region populaaodsthe highest ¢r=0.44) among the
Turkana and north-eastern populations. Notably,igh hevel of inter-region genetic
similarity was exhibited between eastern/centratl aoastal regions g = 0.03),
western/Nyanza and coastal regionsr( 0.05) and eastern/central and western/Nyanza
(Fst=0.07). In contrast, Turkana and north-easteftivated populations appeared to be
clearly distinct both between each other and antbagest of the cultivated populations.
Similar trends were revealed in wild populationsithwsubstantial inter-regional
similarities among coastal, eastern/central andemegegions (0.06: Fst < 0.10), that
was coupled with substantial distinctiveness ofk@ina populations in relation to those
from other regions (0.18 Fst < 0.17, P < 0.001). Comparisons among sorghum types
showed closer genetic proximity among cultivated anld sorghum genotypes within
than between other regions for Turkana and wedgamza genotypes, but not for the

coastal and eastern/central genotypes.
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Table 3.4 Estimates of pairwise & among collections of cultivated and wild
sorghum within and among different geographical re@ns. Letters E,
C, N, R and W represent eastern/central, coast, ntir-eastern, Rift

Valley and western/Nyanza regions, respectively

Cultivated wild
C E N R T Wl|C E T W
Cultivated C * 0.03 0.24 0.11 0.25 0.05
E * 0.24 0.09 0.24 0.07
N * 0.30 0.44 031
R * 0.31 0.13
T *0.27
W *
wild C 0.11 0.13 0.23 0.17 0.31 0.14] * 0.06 0.13 0.10
E 0.10 0.10 0.26 0.14 0.31 0.13 * 0.13 0.09
T 0.15 0.17 0.33 0.24 0.18 0.20 * 0.17
w 0.05 0.07 0.31 0.13 0.32 0.03 *

Surprisingly, coastal and eastern/central cultivagenotypes were genetically closer to
wild populations from western/Nyanza than to thfimend in the same regions. Notably,
cultivated sorghum populations from both north-eastand Turkana generally showed a
high degree of differentiation from wild populatorof sorghum. Interestingly, there
appeared to be more divergence among cultivated vattl sorghum gene pools in
Turkana (kr = 0.18) than among Turkana and eastern/central safghum genotypes
(Fst=0.13).

Pairwise kst values within and among agro-climatic zones fathbeultivated and wild
sorghum failed to reveal any consistent patterndifbérentiation, except in populations
from the more the arid zones (VI - VII) which seehmeore genetically diverged from the
rest (Table 3.5).
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Table 3.5 Estimates of pairwise'Fsr among collections of cultivated and wild

sorghum within and among different agro-climatic zames

Cultivated wild
VI- VI-
I nmm v v vie fromoove v Vil
Cultivated 00 0.0 00 O0.0
[ * 1 1 4 9 0.16
00 00 0.0
Il * 0 3 8 0.13
0.0 0.0
i * 2 6 0.12
0.0
v * 2 0.11
\Y * 0.11
VI-VII *
wild 0.0 00 00 01 0.0 00 00
I 0.08 6 6 4 0 0.17] * 3 4 4 0.10
01 01 00 01 0.0 0.0
i 0.13 2 1 9 2 0.17 * 2 1 0.07
0.0 00 00 01 0.0
v 0.07 6 5 6 0 0.15 * 4 0.11
01 01 01 01
\Y 0.14 3 3 1 6 0.19 * 0.09
01 01 01 01
VI-vVll  0.17 6 5 3 5 0.12 *
Non significant values (P > 0.05) in bold. | = hdmil = sub-humid, Ill = semi-humid, IV =

semi-humid to semi-arid, V = semi-arid and VI-Vlarid to very arid.

Table 3.6 presents estimates gf Bmong cultivated and wild sorghum collections with
and among altitudinal ranges. Low to moderate Ewélgenetic differentiation ¢r 0.03

- 0.12; P < 0.001) were recorded for cultivatedgham among altitudinal ranges,
whereas in wild sorghum the level of genetic ddéfgration at altitudinal level was
generally moderate € 0.05 - 0.11; K 0.01). Genetic differentiation among cultivated
and wild sorghum populations was variable, rangirgm low to moderate within
altitudinal classes @t 0.05 - 0.16; P < 0.001) and moderate to greatngnadtitudinal
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classes (&1 0.09 - 0.20; P < 0.001). Overall, the pairwisg #alues did not reveal a
consistent pattern in levels of differentiation kit and among cultivated and wild

sorghum gene pools across altitudinal ranges.

Table 3.6 Estimates of pair wise & among collections of cultivated and wild

sorghum within and among different altitudinal (mad) ranges

Cultivated Wwild
500 - 1000 - 500 - 1000 -
<500 1000 1500 >1500| <5001000 1500 > 1500

Cultivated <500 * 0.03 0.06 0.12

500 -

1000 * 0.06 0.10

1000 -

1500 * 0.07

>1500 *
wild <500 0.13 0.10 0.10 0.15] * 0.06 0.06 0.05

500 -

1000 0.11 0.11 0.13 0.18 * 0.07 0.11

1000 -

1500 0.10 0.09 0.05 0.09 * 0.06

>1500 0.20 0.15 0.14 0.16 *

3.4.6.2 Analysis of molecular variance (AMOVA)
The outcome of partitioning of genetic diversitythim and between cultivated and wild

gene pools at national, geographical and envirommhgagro-climatic and altitudinal)
levels using the AMOVA procedure is presented ibl&a 3.7 - 3.10. Among cultivated
and wild sorghum gene pools, the analysis showlee¢habnce components to be highly
significant and the bulk of variation to be paatited within (93.6%) rather than among
(6.4%) the two congeners (Table 3.7). This appdremtlevel of differentiation between
cultivated and wild sorghum gene pools was alseesl in the preceding PCoA and
Fst genetic analyses procedures. The variance compownene highly significant for the

partitioning of cultivated and wild sorghum diveysiat geographic level (Table 3.8).
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There was much less differentiation among than iwitdpeographic regions for both
cultivated and wild sorghum as indicated by muchhbr partitioning of the genetic
variation within than among regions. Notably, diffietiation among geographic regions
was 1.7-fold higher in cultivated than in wild sbn. Significant genetic structure was
revealed in cultivated and wild sorghum gene pbolh at agro-climatic (Table 3.9) and
altitudinal (Table 3.10) level. There was by farremmgenetic variation within than among

the two environmental factors in both cultivated avild sorghum.

Table 3.7 Analysis of molecular variance among andithin cultivated and wild

sorghum
Source of variation Sum of squares  Variance componts Percentage variation
Among sorghum types 166.548 0.50701 6.4 (P <0.001)
Within sorghum types 6076.477 7.40010 93.6 (P €D.0
Total 6243.024 7.90712

Table 3.8 Analysis of molecular variance within andamong geographic regions

for cultivated and wild sorghum

Source of Sum of Variance Percentage
variation squares components variation
a. Cultivated
Among regions 735.651 1.40794 19.2 (P <0.001)
Within regions 3635.380 5.94047 80.8 (P < 0.001)
Total 4371.031 7.34841
b. Wild
Among regions 160.120 0.96419 11.2 (P <0.001)
Within regions 1545.325 7.68130 88.8 (P < 0.001)
Total 1705.445 8.64550
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Table 3.9 Analysis of molecular variance within andamong agro-climatic zones

regions (ACZs) for cultivated and wild sorghum

Source of Sum of Variance Percentage
variation squares components variation
a. Cultivated
Among ACZs 339.8 0.608 8.5 (P < 0.001)
Within ACZs 4031.2 6.586 91.5 (P <0.001)
Total 4371.0
b. Wild
Among ACZs 122.2 0.601 6.9 (P < 0.001)
Within ACZs 1574.3 8.091 93.1 (P <0.001)
Total 1696.5

Table 3.10  Analysis of molecular variance within ad among altitudinal classes

regions for cultivated and wild sorghum

Source of Sum of Variance Percentage

variation squares components variation

a. Cultivated
Among altitudinal

classes 247.1 0.518 7.2 (P <0.001)
Within altitudinal
classes 4123.9 6.717 92.8 (P <0.001)
Total 4371.0

b. Wild
Among altitudinal
classes 94.1 0.630 7.4 (P <0.001)
Within altitudinal
classes 1467.9 7.934 92.6 (P <0.001)
Total 1562.0
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34.6.3 Bayesian model-based cluster analysis
Consistent with the PCoA,siFand AMOVA results, the Bayesian model-based ctuste

analysis at K = 2 failed to identify distinct difmtiation among cultivated and wild
sorghum gene pools (Figure 3.8). Figure 3.9a-cemtssthe best K clusters as identified
by the Evanno’sad hocAK method: K =5, K =7 and K = 2 for the combingatghum

gene pool, cultivated gene pool and wild sorghumegeool, respectively.

Estimated membership fraction
00 02 04 06 08 10

Cultivated

Figure 3.8  Estimated population structure at K = 2for the entire sorghum gene
pool ordered by type and membership fraction.Each individual is
represented by a vertical line, which is partitione into coloured
segments that represent the individual’'s membershigraction in K

clusters.

o

Cultivated and wild sorghum b. Cultivated sorghum ¢. Wild sorghum
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Figure 3.9 A plot of Evanno’sad hoc AK statistic against different possible values
for K. The modal value indicates the most probable valuef &: (a) K
= 5 for entire sorghum gene pool, (b) K = 7 for ctivated sorghum

gene pool and (c) K = 2 for wild sorghum gene pool.
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Figure 3.10 Estimated population structure at K = 5for cultivated and wild
sorghum ordered by type and geographic regionEach individual is
represented by a vertical coloured line, which is artitioned into
coloured segments that represent the individual's embership
fraction in K clusters. Letters EC, CS, NE, RV andWN represent
eastern/central, coast, north-eastern, Rift Valleyand western/Nyanza
regions, respectively.

At K = 5 for the entire sorghum gene pool, wild glum populations were separated
largely into four genetic groups, the largest (bmpwf which was least shared with the
cultivated sorghum individuals (Figure 3.10). Cudted sorghum on the other hand was
generally represented in all five clusters, witlitheastern and Turkana collations being
restricted largely into single distinct groups. &lady, close genetic proximity among

cultivated and wild sorghum collections from westBlyanza zones was suggested by
assignment of individuals from both in similar ¢krs. For the rest of the regions, except
Turkana, cultivated and wild sorghum collectionersed to largely share at least two
genetic clusters. In Turkana, wild sorghum coll@asi were split into two clusters, one of

which (brown) was not shared with its cultivatedieterpart (Figure 3.10).

In wild sorghum, Evanno’ad hocAK method identified K = 2 as the optimal level of
genetic structure (Figure 3.9c). All 13 wild coliens from western/Nyanza were largely
assigned to one of these two groups (blue), wheress of the Turkana collections were
assigned to the other (Figure 3.11). Wild collatsidrom eastern/central and those from
the coastal region were assigned into both clustéts the largest number of individuals

in both cases sharing the same genetic group (Bki#)e western/Nyanza collections.
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Figure 3.11 Estimated population structure for wild sorghum gene pool at K = 2,
ordered by geographic region and membership fractin. Letters EC,
CS, NE, RV and WN represent eastern/central, coashorth-eastern,

Rift Valley and western/Nyanza regions, respectivgl

Evanno’sAK method determined the optimum number of gendtisters in cultivated
sorghum to be seven (Figure 3.9b). A high leved@fetic differentiation within regions
was supported by the observed assignment of ingalsdfrom a single region into several
clusters, apart from Turkana and to a large extbmt north-eastern region, where
cultivated sorghum individuals were largely groupett a single genetic cluster (Figure
3.12). Furthermore, in terms of the proportion lofster membership in each individual,
Turkana and to a large extent the north-eastetivatdd sorghum appeared to share little
or no ancestry with their counterparts from ottegrions. Cultivated sorghum from these
other regions, in contrast, showed a high degreshafed cluster membership, even
though Rift Valley collections appeared predomihait belong to one of the clusters
(pink) (Figure 3.12).
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Figure 3.12 Estimated population structure at K = 7for cultivated gene pool
ordered by geographic regionsEach individual is represented by a
vertical coloured line, which is partitioned into @loured segments that
represent the individual’s membership fraction in K clusters. Letters
EC, CS, NE, RV and WN represent eastern/central, @st, north-

eastern, Rift Valley and western/Nyanza regions, gpectively.

3464 Spatial genetic structure
Outcome of spatial autocorrelation analyses inivatkd and wild sorghum is presented

as correlograms in Figure 3.13. In both cultivasedi wild sorghum, there was a clear
decrease in pairwise relatedness among individusttsincreasing geographical distance,
a reflection of strong spatial genetic structuralti€ated sorghum had a mean regression
slope blog) value of -0.015 (P < 0.001) and a coefficiendefermination value {y of
0.045, while for wild sorghum, the mean regressitmpe blog) value was -0.017 (P <
0.001), while the coefficient of determination®)(rvalue was 0.055. The kinship
coefficient values were positive and significanthin a range of about 180 km in the two
conspecifics. Furthermore, negative and significkimship coefficient values were
clearly evident in wild sorghum beyond 600 km, whih cultivated sorghum significant
negative values did not show a consistent patiétimen spatial autocorrelation analysis
was performed within regions for cultivated sorghuwmnly Turkana and coastal regions
failed to show evidence of spatial genetic struetiifigure 3.14a-f). Eastern/central and
north-eastern regions showed significant positiveship coefficients at both short-
distances and long-distances, whereas Rift Valheyveestern/Nyanza were characterised

only by short-distance positive kinship coefficent

84



Chapter 3: Compared phylogeography of cultivaaed wild sorghum
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Figure 3.13 Correlograms for spatial patterns of geetic differentiation in
cultivated (a) and wild (b) sorghum genotypes basedn Ritland’s
pairwise kinship coefficient of individuals. The dashed lines represent
upper and lower 95% confidence limit envelopes araud the null

hypothesis of no spatial structure.
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Figure 3.14 Correlograms for spatial patterns of geetic differentiation in
cultivated sorghum genotypes for coast (a), eastelaentral (b), north-
eastern (c), Rift Valley (d), Turkana (e) and westa/Nyanza (f)
regions based on Ritland’s pairwise kinship coeffient of individuals.
The dashed lines represent upper and lower 95% coidience limit

envelopes around the null hypothesis of no spatiatructure.

3.4.7 Spatial analysis of cultivated-wild sorghum genetic distance
The genetic distance between pairs of cultivatetiwaitd sorghum individuals increased

linearly with logarithmic spatial distance (FiguBel5), demonstrating a typical pattern of
isolation-by-distance. The regression of pairwisgpeto-wild sorghum genetic distance
gave a significant positive slopel¢g = 0.149, Permutation test:<F0.001, f = 0.028).
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Figure 3.15 A plot of Rousset's genetic distance amg cultivated and wild

sorghum in relation to isolation distance (in km).

35 Discussion

3.5.1 Extent of genetic diversity in cultivated and wild sorghum
Mean gene diversity across the 24 SSR markersuitivated sorghum in Kenya ¢+

0.59) is similar to values reported for micrositiedl in Niger (H = 0.61) by Deet al.
(2008) and in South Africa ¢ 0.60) by Uptmooet al. (2003), but slightly lower than
values estimated for Eritrea by Gheletual. (2002) and for Morocco by Djet al. (1999).
In the wild sorghum gene pool, the mean gene diyegstimated for Kenya across the 24
SSR markers (H= 0.69) was higher than the gene diversity eseohdbr a set of
accessions selected to represent a wide geographipling in Africa (H = 0.59) by
Casaet al. (2005). As noted by Deu and co-workers (2008), éaew, comparisons of the
magnitude of genetic diversity between differenaidggs is difficult as it may be
complicated by differences in among other: (i) uhdeg sampling schemes (single plant
vs DNA bulk), (ii) the number of SSR surveyed,)(gize of SSR repeats (e.g. di-, tri-, or
tetra-nucleotide) and (iv) location of the SSR &e genome (coding vs non-coding

regions).
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During the process of domestication, evolutionancpsses of founder effect, population
bottleneck and artificial selection are all expdcte reduce genetic diversity of the crop
in relation to its wild progenitor (Ladizinsky 199Gepts 2004). This view was supported
in the present study by findings that cultivatecgbam harboured lower genetic diversity
(in terms of overall allelic richness, private &flerichness and gene diversity) than its
proposed wild progenitor. Findings were consisteith previous comparisons among
cultivated and wild sorghum using various genetarkers (Morderet al. 1990; Aldrich
and Doebley 1992; Cut al. 1995; Casat al. 2005). The large proportion of rare alleles
revealed in the entire sorghum collection suppodaiz previously reported for sorghum
germplasm with diverse phenotypes and geographgino(Casaet al. 2005). The
significantly higher private allelic richness irethvild sorghum relative to its cultivated
counterpart is of great importance to the consemaind utilisation of sorghum genetic
resources. These findings support the widely heéwvthat crop wild relatives are
potential sources of important and unique geneifop improvement programmes and
therefore deserve special attention in plant gemeBources conservation and utilisation

strategies.

The considerable variability in proportions of raaleles and in the extent of allelic
richness and gene diversity observed in both atkid and wild sorghum across
geographic regions and across environmental facfagso-climatic and altitudinal
variation) may point to differences in random geneifift. Adverse climatic conditions
and the associated possible reduction in effegeulation sizes, may also explain the
differences. For example, the proportion of rateles, the level of allelic richness and
gene diversity estimates in cultivated sorghum weweest in Turkana and north-eastern
regions. Historical and/or recent loss of some &arsaved seeds among planting seasons
through crop failure may have led to reduced eiffecpopulation sizes and with it
increased loss of rare alleles. In particular,rtble of drought in the loss of farmer saved
seeds has long been recognised. For instance, M@t§d4) documented drought related
recurrent loss of farmer saved seeds among Turkangers as far back as in the early
1970’s. Both Turkana and north-eastern regionviihin the drought-prone arid to very
arid agro-climatic zones (VI and VII) of Kenya, whiexperience less than 200 mm of
rainfall annually. In addition, differences in génediversity among regions may be a

reflection of regional level differences in farmsglection pressures and practices, the
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consequence of which might be fixation of differgignes or combination of genes in

different landraces.

3.5.2 Genetic structure and relationshipsin cultivated sorghum
Genetic differentiation appeared high among geducapegions in cultivated sorghum

(Fst = 0.19), but moderate among agro-climatic zongs £70.08) or altitudinal classes
(Fst = 0.07). Similar trends were reported for cultechtsorghum in Niger (Deat al.
2008), with moderate differentiation among regi¢fs- = 0.07) and lower differentiation
among annual rainfall classessfF= 0.03). These findings seem to suggest that
geographic isolation had played a bigger evolutiprmapact on the genetic structure of
cultivated sorghum than environmental factors. firfan evolutionary forces responsible
for producing genetic structure in plant populasicare geneflow, selection associated
with environmental heterogeneity and random gergiit (Hartl and Clark 1997; Neal
2004). Because most SSR loci are presumably sadctneutral, environmental factors
are expected to offer minimum contribution to thserved genetic structure. In contrast,
geographic isolation limits the level of geneflown@ng populations and should
contribute majorly to contemporary genetic strueturthermore, AMOVA patrtitioning
revealed 80.8% of the genetic diversity to residéhiw regions, whereas 19.2% was
attributable to differentiation among regions. Pagidies on geographic patterns of
genetic diversity distribution in cultivated sorghuwat country scale (Ayanet al. 2001;
Ghebruet al. 2002; Nkongolo and Nsapato 2003) have reportedasintnends and may
be explained by non-random geneflow within regidrtis may be the case especially for
localities within a region that are substantialgolated from each other to warrant

minimised levels of seed exchange among farmers.

Clustering patterns in cultivated sorghum baseddrand Bayesian model-based cluster
analyses were similar but failed to show cleargnauping according to the geographic
origin of genotypes. These results are generalhgistent with previous findings showing
a weak differentiation among regions in other Adriccountries: Ethiopia and Eriteria
(Ayanaet al 2000b; Ghebrwet al 2002), Malawi (Nkongolo and Nsapato 2003) and
Niger (Deuet al. 2008). With the exception of Turkana and the nedbtern regions
where cultivated sorghum constituted separate grospmples from the other regions
were assigned into three other non-exclusive gemgtiups (as shown by the Bayesian-

model based analysis). Some of the genotypes pesbdrigh levels of admixture.
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Intermingling of individuals of different geograghorigin in the NJ tree and in the
clusters revealed by Bayesian-model based anatyaig reflect contemporary and/or
historical geneflow among the geographic regiomsugh both formal and informal seed
exchange systems (Mutegi al. 2009). For example, the clustering pattern exaibivy

western/Nyanza individuals suggests that the regimht have played an important role
in the dispersal of cultivated sorghum in othertpaf the country except in the Turkana
and north-eastern regions. This hypothesis wasdursupported by results of pairwise
Fstin cultivated sorghum which revealed western/Nygatazbe generally less genetically

differentiated from all regions except Turkana aondh-eastern regions.

The strong spatial structure of genetic variatiomnd in Kenyan cultivated sorghum may
ascribe to long-distance (up to 180 km) seed e>gaim the present study, a number of
farmers originally from the western/Nyanza and eagtentral regions were for example
noted to have migrated along with their sorghumdtanes into the coastal region.
Medium to long distance seed exchanges among rggmostly through inter-ethnic
marriage relationships, but also appreciably thhofigrmal distribution of improved
varieties via government and non-governmental exbensystems (Mutegt al. 2009)
may have contributed to the observed pattern. Aerofilausible explanation for the
strong spatial genetic structure observed in catiéiet sorghum in the present study is
non-random distribution of the racial groups. Fraraple, a recent study on cultivated
sorghum in Niger by Deu and co-workers (2008) foandtrong relationship between
genetic relatedness and geographical distancenwéhiange less than 200 km. These
authors postulated that non-random distributiogesfetically distinct races, coupled with
restricted seed exchange over short distances til@ass100 km) within races were the
factors underlying the observed spatial genetiocstire. The present study revealed
variable patterns of spatial structure in the gendiversity of sorghum within regions.
The correlograms’ isolation-by-distance patterresded in the eastern/central and north-
eastern regions could be explained by a combinaifoshort-distance seed exchanges
among farmers and non-random spatial distributibrsarghum landrace types within
regions. Mutegiet al. (2009) reported sorghum seed systems in Kenyaetanainly
traditional where farmers’ relatives and local neskconstitute important sources of
seed. The lack of spatial genetic structure in Tiiekana and coastal sorghum was
consistent with random spatial distribution of ke probably due to extensive seed

exchange within the two regions. In Turkana for regke, it was established through
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farmer interviews that since the early 1980’s losalghum landraces mostly from the
southern part of the Turkana district have beentipligdd and distributed by different

non-governmental organisations across differembifag areas in the region.

3.5.3 Genetic structure and relationshipsin wild sorghum
Like in cultivated sorghum, genetic differentiationwild sorghum was on the basis of

Fst estimates higher among regiong«{E 0.097) than among agro-climatic zonegr(F
0.054) or among altitudinal classess{= 0.062). This suggested that wild sorghum
diversity was structured more along geographicaanthenvironmental factors.
Differentiation among geographic regions based MOWVA was statistically significant,
but as was the case in cultivated sorghum, the biutkversity (88.8%) was revealed to
reside within regions compared to 11.2% found amozgjons. The lower level of
differentiation in wild sorghum among regions waslier corroborated by pair-wiseF
estimates which were generally moderate, rangiogn 10.06 (coast vs eastern/central) to
0.17 (Turkana vs western/Nyanza). Similarly, NJ &@alesian-model based analyses
confirmed the poor differentiation among regionsvild sorghum, with genotypes failing
to group according to their geographic origin. Thessults generally conform to the only
other published country-scale diversity analysisdgtin wild sorghum (Ayaneet al.
2000a). The researchers found 88% of the total tgewariation in Ethiopian wild
sorghum to reside within regions of origin, wher&2% was partitioned among regions
of origin. This could be explained either by integional geneflow, recent common
descent or a combination of the two factors. Altjtoin the present study most of the
regions were well isolated from each other geogcally, long-distance seed dispersal of
wild sorghum could be effected via the exchangecufivated sorghum seed across
regions. For example, a putative hybrid sorghumividdal obtained from one of the
sorghum fields at the coast whose owner had migrixten the western/Nyanza region

was observed to cluster with some wild sorghumviddials from western/Nyanza.

In plant natural populations, spatial distributi@i genetic variation is primarily
determined by seed and pollen dispersal, habitatrilsition, micro-environmental
selection and genetic drift (Levin and Kerster 1L9Ef{person 1993). The significant
positive spatial autocorrelation within a rangeabbut 180 km, coupled with a significant
negative spatial autocorrelation from about 600f&ond in wild sorghum was typical of

clinal spatial genetic structure. Among the facttinat could explain this kind of
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correlogram profile, one could perhaps considedseediated and/or pollen-mediated
geneflow. Migration (seed and pollen dispersal wothwithout interbreeding) causes
similarity between neighbouring populations, wheréistant populations differ for the
studied autocorrelation coefficient (Sokal and Od&78; Epperson 1993; 2004). The
significant long-distance negative kinships obsérseyond 600 km may reflect founder
effects (through long-distance dispersal and estainlent of new populations), coupled
with geneflow among initially differentiated neighlring populations that resulted in
local autocorrelation. Surprisingly, significant gitove spatial autocorrelation was
observed within approximately 180 km in both cwldted and wild sorghum, suggesting
that largely similar evolutionary factors could enle the spatial genetic structure of the
two congeners (Sokal and Oden 1978). There areptawosible explanations for this
identical pattern of spatial genetic structureir(gdvertent dispersal and establishment of
wild sorghum seed via cultivated sorghum seed systand (ii) pollen-mediated crop-

wild geneflow in sites of sympatric occurrence.

3.5.4 Genetic relationships among cultivated and wild sorghum individuals
There was no distinct separation among cultivated wild sorghum genotypes as

revealed by PCoA and Bayesian analyses, a suggesficclose genetic proximity
between the two gene pools. These results appdaredntradict past studies using
allozyme (Aldrichet al. 1992), RFLP (Cuiet al. 1995) and microsatellite (Casa al.
2005) markers, where a distinct separation amortjvated and wild sorghum was
reported. All these previous studies acquired sasifspbmex situcollections and thus the
extent of range overlap between cultivated and sdilghum could not be ascertained. In
contrast, most of the samples of cultivated andl wibrghum analysed in the present
study were sympatrically growinigp situ within and around sorghum fields. The close
genetic proximity among cultivated and wild sorghimihe present study may therefore
reflect important historical geneflow between tiv® tcongeners. This interpretation was
further supported by the low level of genetic stuoe revealed between cultivated and
wild sorghum using thedr, AMOVA and Bayesian-model cluster analyses. Atsheme
time, results of pair-wise dr analysis between cultivated and wild sorghum acros
regions showed generally greater crop-wild semigandgthin than among regions.
Finally, genetic distance between cultivated anttl worghum individuals at country-
scale was observed to increase with increasinquist with a positive and significant

slope. Cultivated and wild sorghum are inter-fertivith natural hybrids among ssp.
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bicolor and ssp.verticiliflorum within and around cultivation in Africa being well
documented (Dogget and Majisu 1968; Dogget andadeaRao 1995; Tesst al. 2008).

Even in the present study, several putative hypladts, whose morphological attributes
were observed to be intermediate between cultivatedwild sorghum were encountered

in several of the visited localities across regions

The extent of differentiation between cultivatedd amild sorghum gene pools across
regions as revealed by pairwiservas shown to vary substantially across regiongséh
results seem to suggest that the extent of intssgra between the two congeners varies
across regions, probably due to regional differenicefarmer practices such as weed
management. In western/Nyanza for example, moshdiex were observed to tolerate
weedy putative crop-wild hybrids in their sorghudds even after harvest. In addition to
possibly enhancing hybridisation between cultiveaed wild sorghum on-farm (due to
overlapping flowering stages) such a practice ctedd to increased populations of wild
sorghum in the subsequent growing season. Not isumgly, genetic differentiation
among cultivated and wild sorghum was least in er@gNyanza region compared to the

other regions.

Most north-eastern cultivated sorghum genotypesveloa distinct genetic separation
both from the other cultivated sorghum and from whiel sorghum of other geographic
regions. This possibly suggested that the evolatipmistory of north-eastern cultivated
sorghum was separate from that of cultivated and sarghum gene pools from the other
geographic regions. This pool of cultivated sorghuray be part of the Ethiopian
sorghum gene pool, having originated largely frdme Boran agro-pastoralist ethnic
group who dominate the upper eastern and nortlemaptovinces of Kenya and whose
distribution spans across the Kenyan-Ethiopian é@or@he Turkana cultivated and wild
sorghum genotypes also showed a tendency to formistnct group from their
counterparts in the other regions, possibly a céfie of their independent evolutionary
history. The Turkana region is located toward nemthUganda and southern Sudan,
raising the possibility that the Turkana sorghumeg@ool might have originated from
either of these two countries. Furthermore, bothTthrkana and north-eastern regions are
geographically relatively remote in relation to ethsorghum growing regions and
therefore expected to have experienced minimalyf @oss-regional pollen and/or seed-

mediated genetic exchange. Interestingly this ajgoeto hold true even among the two
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regions, even though they are themselves geogm@phielatively close. The two regions
are separated by the Lake Turkana and Mt. Kulath led which could have acted as

physical barriers to seed-mediated geneflow.

3.6 Conclusions and recommendations

This study revealed higher levels of genetic difgrin the wild compared to its
cultivated congener, which suggests that the psooéslomestication reduced levels of
genetic variation in sorghum. Wild sorghum is tlaugotential source of novel genes for
broadening the genetic base of cultivated sorgh&orthermore, levels of genetic
diversity within the twoS. bicolorconspecifics differed significantly among geogriaph
regions. Adequate measures need to be put in fdacystematic conservation of these
important genetic resources using complemengansituandin situ approaches. Such
approaches could benefit from further studies enetktent and partitioning of diversity in
the country, with wild sorghum samples from natinabitats away from cultivated lands
and from the regions not sampled in the presemtys(Rift Valley and north-eastern)

being included.

This study revealed genetic diversity in cultivatadd wild sorghum pools to be
structured more at geographic level than at agroatic or altitudinal level. This

probably suggests that geneflow and genetic daifelplayed a more central evolutionary
role than environmental/adaptive selection in shgphe contemporary genetic structure
of both the crop and its wild progenitor in Kenyaurthermore, there was greater
partitioning of diversity within than among geognap regions for both cultivated and
wild sorghum, with the proportion of diversity disuted among regions being greater in
the former than in the latter. This possibly refifegreater uniformity within regions in the
cultivated sorghum as compared to the wild sorghprabably due to higher levels of

within-region geneflow in the former (through see@hange by farmers) than the latter.

Cultivated and wild sorghum showed strong spateieagic structure at country scale,
probably due to human-mediated long-distance sesmbial in the two congeners. The
strong spatial structure revealed in cultivated afld sorghum may in addition reflect

non random spatial organisation of distinct gengtjmes since some landraces and/or
ecotypes may be found in some regions and not stierther work is however needed

to confirm this hypothesis since the racial clasatfon of the various cultivated and wild
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sorghum samples used in this study was not coresidekt regional scale, different
patterns of spatial genetic structure were dematestrin the cultivated gene pool,
probably a reflection of variations in the undertyievolutionary forces such as seed-

mediated geneflow.

Important historical geneflow between cultivated avild sorghum is strongly suggested
by two findings in this study: (i) low level of divgence between cultivated and wild
sorghum gene pools and (ii) significant isolatignelistance between pairs of cultivated
and wild sorghum individuals. The level of divergenbetween cultivated and wild
sorghum varied among geographic regions, probablyeftection of intra-region
differences in the level of crop-to-wild geneflodifferences in farmer practices such as
weedy sorghum management and/or seed selectiosoane of the factors that could
explain this inter-region variation in the exteritasop-to-wild geneflow. Furthermore,
the pattern of increased genetic similarity betwgeographically close pairs of cultivated
and wild sorghum individuals relative to isolatetes (isolation-by-distance) as revealed
in this study is of further biosafety significandesuggests that crop-to-wild geneflow in
sorghum is spatially predictable, with the risk tohnsgene escape into wild-weedy
relatives of the crop being higher within and ambenltivated fields compared to natural
habitats away from cultivation. Overall, this studyggests that deployment of GM
sorghum in Kenya will lead to escape and persigtavictransgenes into wild-weedy
sorghum relatives, with the rate of crop-to-wilchgiow being variable among growing
regions. The consequences of such transgenes escdpgersistence is not known and
needs to be characterised so as to formulate atelusafety guidelines and regulations

for testing and commercially releasing GM sorghuarthie country.

Finally, this study brings to the fore the urgeaged to conduct systematic collection and
ex situconservation of existing wild-weedy sorghum gensegsources in the country as a
safeguard against unpredictable consequencesnsiggaeflow from GM sorghum. Such
effort should include landraces of the crop, whatfll form the bulk of cultivated

sorghum in all the crop’s growing regions in Kenya.
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Chapter 4

Estimation of the extent of crop-to-wild geneflown sorghum at local
scale in Kenya

41 Abstract

The extent and direction of geneflow in the wildedg-domesticate complex @.
bicolor was investigated at a local scale within traddiloiarming systems in the eastern
slopes of Mt. Kenya, Meru South district. A totdl 483 individuals consisting of 15
wild-weedy sorghum and 22 cultivated sorghum pdjaia were genotyped using 10
polymorphic SSR markers. Two complimentary appreachvere used to analyse
geneflow. The Bayesian model-based admixture methbdwed recent geneflow
between cultivated and wild sorghum to be asymmetrith the magnitude being almost
nine-times higher from the crop to its wild-weedyatives tharvice versaThis could be
explained by three non-mutually exclusive factam:farm population size differences
between the crop and its wild-weedy relatives thaour pollen flow from the former to
the latter, negative selection by farmers againkt-weedy sorghum alleles in maternal
crop parents, and/or natural outcrossing differerfoetween cultivated and wild-weedy
sorghum. Furthermore, significant differences wenrealed among farms in the extent of
crop-to-wild geneflow. The F-statistics based asialyurther revealed intermediate levels
of historical/long-term geneflonNfm = 0.66) between cultivated and wild sorghum, with
highly significant and substantial differentiatibetween the two congenerss{= 0.27;

P < 0.001). Overall, the findings in this study sudggbsit wild-weedy relatives growing
sympatrically with GM sorghum will most likely acs bridges for the escape and
diffusion of transgenes into the surrounding caltdd and natural habitats. The findings
are important for informing decisions on biosafetgulations and guidelines both for

testing and releasing transgenic sorghum in Kenyaditional farming systems.

105



Chapter 4: Extent of crop-to-wild geneflow in slougn

4.2 I ntroduction

The global area planted with GM crops has contintee@row steadily over the last
decade. In 2008 alone, the global area of GM cgopw by 9.4% to 125 million hectares.
In the same year significant progress was achi@veffrica, with Egypt and Burkina-
Faso joining South Africa in commercialising GM pso(James 2008). This continued
increase has been driven by a variety of potemgadefits, including increased yields,
easier and more effective weed/pest control, loggrsumer prices, a wider variety of
produce available throughout the year and prodoabionutrient enriched staple crops.
These benefits notwithstanding, growth in wide-saammercialisation of GM crops has
been accompanied by equally increasing concerngngrother, potential harmful effects
to the environment. One of the major environmem@hcerns is the possibility that
transgenes will escape via geneflow into sympatild and/or weedy populations and
depending on the nature of the engineered traged o harmful agricultural and/or
ecological consequences. In agricultural lands, feared that escape of transgenes may
confer yield enhancement or resistance to herlscidiseases or insect pests, potentially
altering the fitness of non-cultivated species.sThiight render existing weeds more
aggressive and difficult to control or enhance vieesk in species that are currently not
considered noxious weeds. In natural habitats, citrecern is that crop-wild hybrids
harbouring enhanced fitness may become invasienpally leading to genetic erosion
and in the worst case scenario, the extinction rifre recipient populations through
demographic and/or genetic swamping. It is arguwt the resulting economic and
environmental damage could potentially equal ofasyoutweigh any economic benefits
achieved through genetic transformation of the igfogers and Parkes 1995; Snow and
Moran-Palma 1997; Connet al. 2003; Hancock 2003; Haygoad al. 2003; Celiset al.
2004; Poppy 2004; Hails and Morley 2005; Chapmaoh Barke 2006; Cantamutto and
Poverene 2007; Auer 2008; Chandler and Dunwell 2B@®ftmanet al.2008; Kumaret

al. 2008; Schoeet al.2008).

For geneflow to take place between a crop andiltsweedy relative, four factors must
be satisfied, at least in part: (i) overlap in dlgttion range, (ii) overlap in flowering
times, (iii) shared pollinators and (iv) cross-catibpility. Although many crops are
known to co-occur with their wild and weedy relavand hybrids between them have
been reported, hybridisation alone does not coores$pio geneflow. Knowledge on

introgression, the permanent incorporation of gefresn one set of differentiated
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populations into another through recurrent crossisgfurther required in order to
establish the extent to which transgenes are liteelgersist in wild-weedy populations.
This is because introgression of crop genes in pdldulations beyond;Fhybrids might

be prevented or slowed down by hybrid sterilitbogakdown in early hybrid generations
(Ellstrandet al. 1999; Jarvis and Hodgkin 1999; Ellstrand 2003; stnanget al. 2005;

Warwick and Stewart 2005). In general, introgresssogoverned both by internal genetic
interactions determining reproductive compatibiléyd external (ecological) factors

affecting selection on hybrids in their environméhtnold 1997; Jenczewski al 2003).

The enhanced possibility of repeated hybridisatipcles leading to allele introgression
from crops to wild and/or weedy relatives in cestoé origin and diversity for specific
crops has long been recognised (Anderson 1949; BeaWvWl Harlan 1975; Arnold 1997).
These events occur first, due to overlapping diston and secondly, as a result of
permeable reproductive barriers between crop spea&d their progenitors.
Domestication is thought to be a recent processvislutionary scales, for complete
reproductive isolation to have taken place betwesops and their progenitors
(Simmonds 1992). Cultivated sorghur8. (bicolor ssp. bicolor) originated in Africa
(Harlan and Stemler 1976) and still occurs sympali§ with its proposed wild
progenitor 8. bicolor ssp. verticilliflorum). The two are thought to be reproductively
inter-fertile, the product of which is a highly betgeneous hybrid derivative. Stabilised
forms of the putative hybrid derivative have beéassified under a separate subspecies
asS. bicolorssp.drummondii(Harlan and De Wet 1972; De Wet 1978) and are kntmwv
co-occur as persistent weeds with the wild typesoirghum and other cereals fields and
in intermediate habitats such as fallows, field gies and roadsides in many parts of
Africa, including Kenya (Dogget and Majisu 1968; dyet 1988; Tesset al. 2008;
Mutegiet al. 2009). The three subspeciesSofbicolorare thought to form an inter-fertile
crop-wild-weed complex in traditional agro-ecosysseof sorghum in Africa (De Wet
1978; Dogget 1988; Tess al. 2008) and are likely conduits for escape and shbofa
transgenes from GM sorghum (Arriola and Ellstra@éé, 1997; Morrelkt al. 2005).

Notable progress has been made towards developidgoptimising sorghum genetic
transformation protocols (Casas$ al. 1993; 1997; Zhacet al. 2000; Gaoet al. 2005;
Howe et al. 2006). Successful genetic engineering of sorghas leen reported for

chitosanase and/or chitinase gene against fungahsies (Zhet al. 1998; Krishnavenet
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al. 2000; Ayoo 2008), Bt genes against stalk borerij@@hankaret al 2005) and alpha-

hordothionin protein gene originating from barldy. (vulgare for high lysine content

(Zhaoet al. 2000). It is of interest to note that Kenyan sarghlandraces were used in
the work of Ayoo (2008). Additional efforts to tsfiorm sorghum are underway,
prominent among them, the initiative by the Afridaiofortified Sorghum project whose
aim is to deploy a nutritionally enhanced and mdigestible transgenic sorghum to
subsistence farmers in Africa (Zhao 2008). Theristexan urgent need therefore to
characterise the extent and patterns of genefloiwdsn cultivated sorghum and its
closest wild-weedy relatives within the contextasf African traditional sorghum agro-

ecosystem.

Substantial work has been undertaken on the patdnti spontaneous hybridisation and
introgression between cultivated sorghun bicolorandits noxious weedy congenes,
halepenseor johnsongrass (Arriola and Ellstrand 1996; 198%rrell et al. 2005).
Arriola and Ellstrand (1996) documented evidence spiontaneous crop-to-weed
hybridisation betweel$. bicolorandS. halepensender experimental field conditions.
They determined that incidences and rates of higatidn vary with distance of the weed
from the crop, location of study site and year tfdg. The authors concluded that
transgenes introduced into crop sorghum can escalwation through interspecific
hybridisation with johnsongrass. In order to prevah insight into the potential fate of
transgenes in weedy populations, Arriola and HEistr (1997) compared fitness of
johnsongrass x crop sorghum hybrids with that oh-hgbrid johnsongrass under
agricultural conditions. No significant increase decrease in fithess was observed for
hybrid weeds, a result that led them to reasontthasgenes that are neutral or beneficial
to johnsongrass would most likely persist in popates growing in agricultural
conditions under continued geneflow from the cibipese conclusions were supported by
the study of Morrelet al (2005), which went a step further to investigéue extent of
introgression or long-term persistence of sorghuitivar alleles in weedy populations of
johnsongrass. Putative cultivar-specific alleleseMeund to be present in up to 32.3% of
individuals in johnsongrass populations with admgtof exposure to cultivated sorghum,
an indication that introgression between cultivaaed its weedy relative does occur and
is frequent (Morrellet al 2005). Besides, lower frequencies of cultivaresie alleles
were observed at a smaller number of loci in pama of johnsongrass without recent

exposure to cultivated sorghum, a further suggestiat introgressed cultivar alleles may
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disperse across long distances (Moregl al. 2005). The authors concluded that
johnsongrass populations potentially offer conduftsy escape and widespread
dissemination of transgenes from cultivated sorghiiom these series of experiments it
is plausible to conclude that, depending on thareadf the engineered trait, introduction
of transgenic sorghum into agricultural lands algeanvaded by johnsongrass, is a

serious biosafety risk.

Such detailed crop-to-wild geneflow risk assessrs@udies are yet to be reported for the
domesticated sorghum and its African closest wild aeedy relatives. With the now
growing possibility of transgenic sorghum deploytnen the continent (e.g. Zhao 2008),
however, significant scientific attention is beitigected towards the subject as evidenced

by studies in a number of countrie@sww.ifpri.org/pbs/pdf/bbiprojects.pdfFor example,

Tessoet al (2008) examined the current distribution of a@ted sorghum and its wild
and weedy relatives in Ethiopia and Niger. Culidhsorghum was found to overlap its
distribution range and flowering dates with its amlieedy relatives in many growing
regions in the two countries. Many putative hybridsere observed, especially in
Ethiopia. The authors anticipated current genestearfrom cultivated sorghum to wild
and weedy sorghum populations in Ethiopia and Nigebe widespread (Tessd al
2008). Similarly, in a study closely related to giresent one, Mutegit al (2009) more
recently reported widespread co-occurance of @ik and wild-weedy sorghum in all
major growing regions of Kenya. They documentedativg crop-wild hybrids to be
frequently present in the sorghum growing regiditgee authors conluded that crop-wild

geneflow in sorghum is likely to occur in many agansystems of Kenya.

In the present study, microsatellite markers weseduto analyse cultivated and wild-
weedy sorghum samples collected at a local scalkinva heterogeneous traditional
sorghum agro-ecosystem in the eastern parts of &ewith a view of estimating the
extent and direction of introgression between W ¢ongeners. Outputs from this study
should offer insight to biosafety regulators on fiwential geneflow risks for testing
and/or releasing transgenic sorghum within the 'srémaditional cropping systems in
Kenya. This will be achieved by answering threemupiestions:

0] Is there geneflow between cultivated and wild sargf

(i) If so, what is the extent and direction of intraggien between the two taxa?

(i)  Does the rate of introgression vary among farms?
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43 Materials and methods

4.3.1 Study site selection
An 8 km x 8 km intensive study site (ISS) was d#&abd on the eastern slopes of Mt.

Kenya, on the easternmost limit of Meru South adstrative district. Selection of the
site was motivated by among other factors, the mapce of sorghum to the farming
communities, occurrence of wild and weedy sorghwitisin and around cropping fields,
great environmental heterogeneity and variabilifyfarmers’ cropping systems and
practices. The ISS is home to four ethno-linguigtisups, namely th&haraka, Mwimbi,
Chuka and Muthambi Farming in the region is exclusively rain fed,ahscale and
largely for subsistence. The site experiences mdaal rainfall regime, with the short,
more reliable rain from October to December andyjdess reliable rain from March to
May. Subsequently, the short rains provide the majopping season with planting
around November and harvesting in late Januarylfeelpr while the long rains
correspond to more or less the minor season whaséry is in late February/March and
harvesting in July/August. Moreover, the site iswrecterised by an altitudinal gradient
which ranges between 1050 to 750 masl and correlapgly from the maize-tobacco
cropping zone to the sorghum-pearl millet croppaume. Thus although sorghum is
cultivated in the entire ISS, its importance dirsirés with increased altitude. Two main
types of sorghum varieties are grown within the:I§p single season varieties that
complete their cycle within one season and can lleuplanted twice a year and (ii) the
ratooning varieties that are planted in the shaim iseason, cut approximately 20 cm
above ground at the end of the same season, betorpleting the cycle in the

subsequent long rain season.

4.3.2 Household selection and sample collection
In order to establish a protocol for collecting I&presentative samples of cultivated and

wild-weedy sorghum populations, farmer interviewsrevconducted in 372 households
across the ISS. Information on among other geogerapboordinates, elevation, varieties
of all crops grown and on presence and abundanceildfweedy populations was
collected. Farm-level crop and variety diversityonmation was subsequently used to
select 44 households, representative of the crgpgystem variability within the ISS.
The selected households were visited for quanté#atiategorisation data and sample

collection. First, a hand-held GPS system (Geoxr@520rrimble) was used to map
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farmers’ fields in each of the selected househ@ddbsequently, two, 1 m wide transects
were performed across each mapped field in diftedirections to record data on

abundance of crop sorghum varieties and wild-wesalghum. Twenty two landraces of
cultivated sorghum (each consisting of five parstleorresponding to the ISS varietal
diversity were collected alongside 15 sympatricdwileedy sorghum populations (each
consisting of 25 panicles) in 13 out of the 44 farffwo more wild sorghum populations,
each consisting of 25 panicles were collected fne@r natural habitats next to two of the
farms. For each of the wild-weedy sorghum poputegjcsingle, mature panicles were
collected from 25 mother plants selected randomlpss each of the habitats: sorghum
field, fallow field and semi-natural. For each tket22 sympatric cultivated sorghum
samples in each site, five mature panicles of dagher named variety were randomly
sampled from the fields. In total, 110 wild-weedgrghum individuals and 373

individuals of cultivated sorghum were analysed.

4.3.3 DNA extraction, PCR amplification and genotyping
From each of the collected panicles of cultivated &ild sorghum populations, five

randomly selected seeds were planted in the latrgrand subsequently one seedling per
panicle used for DNA extraction. Growth conditioB8yA extraction, PCR amplification
and genotyping were performed as described in @h&ptThe 10 SSR markers used to
analyse the samples are shown in Table 4.1. Thkemsawere a subset of the 24 SSRs
used in Chapter 3, selected based on two critéjiability to genetically differentiate
country-scale cultivated and wild sorghum pools:(F0.02635) or (ii) high polymorphic
information content (PIC) values 0.70540) (Table 4.1).
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Table 4.1 List of microsatellite loci used in the ssay

Locus name Repeat Motif g, bpIC
Xcup5s (TTTA)s 0.2709¢ 0.2777"
Xtxp278 (TTG), 0.16386 0.33641
mSbCIR24: (CA)rs 0.1001 0.3892"
mSbCIR248 (GT)s 0.08459 0.67394
Xtxp57 (GTh 0.02635 0.86278
Xtxp12 (CT), 0.0094( 0.9130
SbAGBO02 (AG)s 0.00734 0.70540
Xtxp32C (AAG)20 0.0035¢ 0.8451
mSbCIR23: (AC)2s 0.0034! 0.8442:
Xgap206 (AC)/(AG)z0 0.01730 0.86687

2 = Fixation index; the degree of differentiation arg sub-populations’ = Polymorphic

information content.
4.3.4 Dataanalysis

4.3.4.1 Bayesian admixture approach
The extent and direction of introgression betweeativated and wild sorghum was
estimated using the Bayesian model-based methodememted in the programme
STRUCTURE (Pritcharet al. 2000; Falustet al. 2003). The programme uses Bayesian
methods with Monte Carlo Markov Chain (MCMC) toenfthe population structure of
individual genotypes in a sample by assuming a iodehich K populations (where K
may be unknown) are each characterised by a satla@é frequencies at each locus.
Individuals are assigned to discrete populationgoiotly to two or more populations if
their genotypes indicate they are admixed. The masilgumes that within populations,
the loci are at HWE and LE. Principally, individaahre assigned to K populations in
such a way as to achieve this. Besides its apgitath demonstrating the presence of
population structure, STRUCTURE can be used tggassidividuals to populations and
to identify migrants and admixed individuals, thtise extent and direction of
introgression among populations. STRUCTURE estimdhe ancestry of individuals
using four main models: (i) no admixture model asss that individuals are distinctly
from one population or another, (ii) the admixtum@del allows individuals to be of
mixed ancestry and estimates the proportion of eadlviduals genome that can be
traced to each of the inferred K populations, (iig linkage model is a generalised
admixture model to deal with “admixture linkageetjsilibrium” or the correlations that

arise between linked markers in recently admixegufsdions and (iv) the prior
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information model which allows some or all indivals to be assigned to pre-defined
populations (e.g. biological categories) and iskenthe default mode which uses only
genetic information to learn about population dinee (Pritchardet al. 2000; Falustet al.
2003).

To investigate the extent of divergence betweehvaiéd and wild-weedy gene pools,
the population structure in the entire SSR datawset first analysed using the default
parameter settings of STRUCTURE 2.2. The modeld assumed ‘admixture ancestry’,
uncorrelated allele frequencies and assigned nalgfiaed populations (cultivated and
wild-weedy) to the individuals. The analysis assdrpepulations (K) from K=1to K =
10. The method of Evanret al. (2005) was used to determine the most likely nunobe
clusters. This approach uses ah hocstatistic,AK, based on the second-order rate of
change of the posterior probability of K (PX|K) Wween successive K values. Using this
approach the best population divergence was olita@eK = 2, corresponding to the
cultivated and wild-weedy sorghum gene pools. Téxeell and direction of admixture
between the cultivated and wild-weedy sorghum gemas was consequently inferred
through an additional STRUCTURE run at K = 2, witlke population information
(cultivated and wild-weedy) for each individual hgi considered (USEPOPINFO
option). The prior probability that each individuahd pure ancestry from its assigned
population (cultivated or wild-weedy) was set @3using the option MIGRPRIOR =
0.05. To estimate the hypothesis that an indivichead mixed ancestry within the past
three generations, the option GENSBACK = 3 was Specifically, this investigated the
probability that an individual had a parent, a gigarent or a great grandparent in the
alternate population. The extent of the admixtuedéwieen cultivated and wild-weedy
sorghum was further estimated and compared amaoag Helected farms. This was in an
attempt to answer the question whether geneflowvdet the two sorghum congeners
varied among farms. Each of the selected farmsalathimum of three cultivar types (or
landrace names) and at least one co-occurring welelely sorghum population. The
landraces in each farm were pooled into a singl@ulaion and analysed in
STRUCTURE against the sympatric population(s) ofldwieedy sorghum. All
STRUCTURE analyses were performed using the higfopeance computing resources

of the CBSU from Cornell Universityh{tp://cbsuapps.tc.cornell.edu/structure.dspke

initial analysis included 10 runs per K value, wdas the subsequent runs at K = 2
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included five runs per K value. The programme washetime run with a burn-in of
500000 MCMC iterations followed by i@erations of data collection.

The extent and direction of introgression (ISS dadn-level) was investigated by
assessing the average proportion of membershjmp{Ghe sampled populations (i.e. ISS-
level: cultivated vs. wild-weedy; farm-level: laide pool vs. wild-weedy) in each of the
inferred clusters at K = 2. The proportion of adiwidual’'s genome belonging to each of
the clusters, qwas used to assess the assignment of cultivaavd-weedy sorghum
genotypes. An individual was assumed to be assigmacluster if it had at least 95% of
its genome (g> 0.95) in the particular cluster, with individualgth less (g < 0.95)
assumed to be jointly assigned to the clusters {dusdmixture or hybridisation). The
proportion of wild-weedy sorghum individuals’ genenn the cluster associated with
cultivated sorghum (cluster one) was used as aumneas crop-to-wild geneflow. The
non-parametric Kruskal-Wallis test was used in thegramme GenStat (VSN
International Ltd. 2007) to test the null hypotisesi no difference in the extent of crop-
to-wild geneflow among the four selected farms.riige comparisons of crop-to-wild
geneflow among the four farms was summarised geapipiusing notched box plots in
the programme R (R Development Core Team 2007adbfition to providing a visual
appraisal of data, notched box plots allow for appnate hypothesis testing.
Specifically, if the notches about the medians dibaverlap in a side by side comparison
of two or more box plots, the medians are, rouggyificantly different at about 95%
confidence interval (McGilét al. 1978). Values of pthe mean proportion of wild-weedy
sorghum individual's genome in cluster one, werestfinormalised through log

transformation before generating the box plots.

4.34.2 Fixation index (Fsr) - based analysis
The fixation index of population sub-division rel&t to the total population gy was

used to estimate historical geneflow between catiéist and wild sorghum using the
programme GENETIX (Belkhiet al. 2004), according to the equatidém ~ 0.25(1-
Fs1)/Fst (Wright 1951). The parametedm infers the average number of effective

migrants per generation.
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4.3.4.3 Genetic structure
The genetic differentiation among populations irticated and wild-weedy sorghum

genotypes at household/parcel level was analyseg tisree approaches: (i) F-statistics
[Fst, Rs, Rr; (Weir and Cockerham 1984)] was estimated usingNEBX (Belkhir et

al. 2004), (i) an analysis of molecular variance (AMA&) (Excoffier et al. 1992;
Michalakis and Excoffier 1996) was performed usikiRLEQUIN 3.11 (Excoffieret al.
2005) and spatial autocorrelation analysis (Sokal ®den 1978a; 1978b) using the
relative kinship coefficient {r) method as implemented in the programme SPAGeDi
(Hardy and Vekemans 2002).

4.4 Results

4.4.1 Sample collection
In total, 15 wild-weedy populations consisting & Ranicles each and 22 populations of

at least 12 farmer-named varieties of cultivatagisem, each consisting of five panicles,
were collected (Figure 4.1 and Table 4.2). Figuleshows the geographic distribution of
the sampled sites, together with the household-lpgeception on the density of wild-
weedy sorghum. Wild-weedy sorghum was present enrtiajority (89.5%) of the 372
farms, with farmers perceiving the density as eithiesent (10.5% of the respondents),
abundant (13.7% of the respondents) or scarce %@5f8the respondents). However, no

clear spatial trend on the wild-weedy sorghum presavas observed (Figure 4.1).

Table 4.2 presents a list of the sampled cultivatediwild sorghum populations, with the

associated provenance information. Most of the wiécbdy populations were collected

from either sorghum fields (66%) or the crops fallfields (20%). Semi-natural habitats

in the neighbourhood of cultivated fields were exmnted by only two wild-weedy

populations: (i) a riverine habitat located some 3rom the nearest sorghum field and
(i) a grassland habitat located some 20 m awam ftiee nearest sorghum. The farmers
from sites where samples were collected from gretween one and six sorghum

landraces with an average of three. Two traditidaatiraces were the most commonly
grown: (i) “Kathirigwa”, a single season varietyda(i) “Mugana” a dual season/ratoon

sorghum type. Populations were sampled from atuditial range of 817 - 1032 masl

(Table 4.2).
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Figure 4.1  Map of the intensive study site showindistribution of the 372 visited
households, farmer perception on wild sorghum abunance and

collection sites for studied populations.
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Table 4.2 List of collected cultivated and wild saghum populations

Site ID Altitude
Collection No. Population *Types ?*Variety names °>Habitat  (masl)
1 IS2 1 w F 841
IS3 2 C Ciamaguru
1S4 3 C Muruge
IS5 4 C Kaguru
IS6 5 C Mucuri
IS7 6 C Kathirigwa
IS8 7 C Mugana
2 1S20 8 W SF 820
3 I1S25z 9 W SF 884
1S26 10 C Musalama
1S27 11 C Kagurt
1S28 12 C Muruge
1S29 13 C Mugana
4 IS30 14 W F 846
1S32 15 C Mugeta
IS33 16 C Mugana
5 IS3€ 17 W SF 817
6 IS3¢ 18 W SF 840
7 1S43 19 W SF 869
1S44 20 C Kathirigwa 869
8 1S45 21 C Kathirigwa 890
1S46 22 C Serena
1S47 23 W SF
9 IS51 25 W F 874
10 IS5¢ 25 C Kathirigwe 869
1S54 26 W SF
11 IS55 27 W SF 884
IS56 28 C Mugana
IS57 29 C Munyerege
IS58 30 C Kathirigwa
12 IS60 31 W SN-R 1032
13 IS61 32 W SF 1012
19 IS62 33 w SF 936
1S64 34 C Mugant
1S66 35 W SN-G
IS65A 36 C Kathirigwa
IS65B 37 C Kathanta

"Sorghum type: C-cultivated, W-wild-weedfEarmer-named cultivar namesiabitat: F-
Fallow, SF-Sorghum field, SN-R — Semi natural riker SN-G — Semi natural grassland.

117



Chapter 4: Extent of crop-to-wild geneflow in slougn

4.4.2 Recent geneflow
The initial STRUCTURE analysis identified K = 2 Ibe the most appropriate number of

populations, according to the method described\u®nBo and co-workers (2005) (Figure
4.2).
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Figure 4.2  Evanno’sAK statistic for K = 2 to K = 8. The modal value isat K = 2.

The proportion of each individual’s genome in eatthe two clusters (Jjis presented in

the form of a bar plot in Figure 4.3. Cluster ldjrecorresponded to the cultivated
sorghum gene pool, with 92% of the individuals hgva g > 0.95, whereas cluster 2
corresponded to the wild-weedy sorghum gene paibl 58% of the individuals having a
g > 0.95. These results indicate that the wild-weedputations consisted of more

admixed individuals (close to six-fold higher) thiweir cultivated counterparts.
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Figure 4.3  Bar plot of the estimated genetic structre at K = 2 using the default
STRUCTURE parameters with the individuals ordered ly sorghum
type. Each individual is represented by a vertical line wiich is
partitioned into coloured segments that representt$ proportion of

genome in K (coloured) clusters.
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The mean proportion of estimated ancestry in editheotwo genetic groups (cluster one
and two) for the cultivated and wild sorghum genelp is presented in Table 4.3. For the
wild-weedy sorghum gene pool, the mean proportioestimated ancestry in cluster one
(corresponding to the -cultivated sorghum pool) wasbstantial (@ = 0.278).
Contrastingly, the mean proportion of ancestry dattivated sorghum in cluster two
(corresponding to the wild-weedy sorghum pool).33@. These results indicate that the
inferred local scale geneflow was almost nine tirhagher from cultivated sorghum

populations to the sympatric wild-weedy populatititenvice versa

Table 4.3 Mean proportion of estimated ancestry ireach of the K = 2 clusters

for cultivated and wild sorghum gene pools

Q) cultivated pool Q2 wild pool
Population (cluster one) (cluster two)
Cultivated 0.968 0.032
Wild-weedy 0.278 0.722

Farm-level estimates of the mean proportion of simgen cluster one and two for the
pool of sorghum landraces and the co-occurring -wikegtdy relative population(s) are
presented in Table 4.4. The mean proportion of wigdy sorghum genome originating
in cultivated sorghum (cluster 1) ranged from €)0.091 to @ = 0.583. The Kruskal-

Wallis test rejected the null hypothesis of no afiénces in the level of crop-to-wild
geneflow among the four selected farms (H = 42.8; ®001). The mean proportion of
cultivated sorghum genome estimated to originabenfthe wild-weedy sorghum gene
pool (cluster 2) (a measure of wild-to-crop genajlavas low (0.00% Q. < 0.066) (Table

4.4). These results confirmed the ISS scale observéhat geneflow was higher from

cultivated sorghum to its wild-weedy relatives tivéce versgTable 4.3).
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Table 4.4 Farm-level mean proportion of estimated rcestry (Q) for the pool of
cultivated sorghum and the co-occurring wild-weedy sorghum

population(s)

Mean proportion of

Distance from individual genome
Number of  cultivated (Qi)

Farm/site *Sorghum type individuals sorghum Cluster 1  Cluster 2
Cultivated 30 0.934 0.066
1 Wild-weedy (F) 25 5m 0.091 0.909
Cultivated 20 0.999 0.001
3 Wild-weedy (SF) 25 Within 0.382 0.618
Cultivated 15 0.999 0.001
11 Wild-weedy (SF) 25 Within 0.576 0.424
Cultivated 15 0.999 0.001
Wild-weedy (SN-G) 25 20m 0.214 0.786
19 Wild-weedy (SF) 25 Within 0.583 0.417

»Wild-weedy sorghum habitat in parentheses: F loalield, SF - Sorghum field and SN-G -
semi-natural grassland.

Figure 4.4 summarises the pairwise differences gmtba selected farms in the mean
proportion of genome originating from cultivatedgtum gene pool (cluster one). The
notches around the median on each rectangle bplagdithe significance (R 0.05) of
differences in the extent of crop-to-wild amongniar According to McGilket al. (1978)
box plots whose notches do not overlap in a pa@wisle by side comparison provide
evidence of differences ®0.05) in the sample median. Results in the prestedy for
example revealed significantly higher levels of psto-wild geneflow in farm 11
compared to all the other farms except farm 19cdntrast, the extent of crop-to-wild
geneflow was significantly lower in farm 1 compatedall the other farms (Figure 4.4).
Not surprisingly, the extent of crop-to-wild gerefl was generally higher among wild-
weedy populations acquired from sorghum fields cara@ to those from either fallow
fields or semi-natural habitats. In farm 19 for exde, the magnitude of crop-to-wild
geneflow was clearly higher (almost three-fold)tle wild-weedy sorghum population

acquired from a sorghum field compared to that &edqufrom a semi-natural habitat
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(Table 4.4; Figure 4.4). The length of a box plott@ys the variability of a sample. The
extent of crop-to-wild geneflow was thus variabieamg individuals within farms, with
the highest level being revealed in farm 11 andehst in farm 19.
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Figure 4.4  Notched box plots showing farm-level diérences in the proportion of
wild-weedy sorghum genome originating from cultivaéd sorghum
(crop-to-wild  geneflow). Wild-weedy sorghum habitats are
represented by the letters: F-Fallow field, SF-sofdgum field and SN-
Semi-natural habitat.

4.4.3 Higtorical/long-term geneflow
When the Er-based approach was used to investigate the Idévecal scale geneflow

between cultivated and wild-weedy sorghum popufetican overalNm value of 0.66
was obtained. The overall divergence between @i#ty and wild-weedy sorghum
populations was substantial and highly significéigr = 0.274; P< 0.001), an outcome
that was congruent with the STRUCTURE based separaf the two congeners into
distinct genetic groups (Figure 4.3).

4.4.4 Genetic structure
Cultivated and wild-weedy sorghum populations weighly differentiated, as indicated

by substantial and significantfvalues (0.392 and 0.354, respectively B.001; 5000
permutations) (Table 4.5). These results were stpgpdy AMOVA, with 43.5% (P<
0.001) and 36.2% (R 0.001) of the total diversity in cultivated andldvisorghum,
respectively, being attributed to variation betw@apulations (Table 4.6). The bulk of

the diversity in the two congeners was thus partéd within populations. High levels of
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overall inbreeding in cultivated sorghum and itédwieedy relatives were suggested by
mean overall fr values of 0.718 and 0.710, respectively (Tabl¢. 4 Bbe average EFwas

0.536 for cultivated sorghum and 0.550 for wild-dgesorghum suggesting that
substantial inbreeding occurs within populations lafidraces and their wild-weedy

relatives, on-farm.

Table 4.5 Estimates of F-statistics for populations of cultivated and wild

sorghum
Population *Fsr *Fir “Fis
Cultivated sorghum 0.392 (0.052) 0.718 (0.049) 6.68065)
Wild-weedy sorghum 0.354 (0.034) 0.710 (0.027) 0.65034)

1Jacknife over loci — Standard deviation in paresithé a measure of genetic differentiatiorg
measure of overall inbreeding in the studied geoelspof cultivated and wild sorghurfi;a

measure of inbreeding within sub-populations (asices).

Table 4.6 AMOVA partitioning of diversity within an d among cultivated and

wild-weedy sorghum populations

Source of variation ~ Sum of Variance % of P-
squares components variation  Value
Cultivated Among populations  244.14 1.11 43.5 <0.001
sorghum  Within populations ~ 262.77 1.44 56.5 <0.001
Total 506.92 2.55
Wild Among populations  682.28 1.06 36.2 <0.001
sorghum  Within populations 1200.96 1.86 63.7 <0.001
Total 1883.25 2.93

When the local scale spatial gene structure invatéid and wild sorghum populations
was explored using an autocorrelation analysis raaog to Ritland (1996), there was no

evidence of the an isolation-by-distance patterguie 4.5).
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8 | T
o
o
~N
o 8 |
=
[2) (2]
c c
@ 8 Q2 3
o o o o
E b=
) )
o o)
o o o |
o 3 a o
c o <
n n
k= £ o
A’ Y QO+
o
1o}
Q -
o
N
o
Q
T T T T T T T T T T T T
0 1 2 3 4 5 0 2 4 6 8 10
Distance (km) Distance (km)

Figure 4.5 Correlograms for spatial patterns of geatic differentiation in (a)
cultivated sorghum and (b) wild-weedy sorghum basedn Ritland’'s
pairwise kinship coefficients The dashed lines represent the upper and
lower 95% confidence limit envelopes around the nuhypothesis of no

spatial structure (random geneflow).

45 Discussion

45.1 Extent and direction of geneflow
The present study has demonstrated geneflow irstHacolorwild-weedy-domesticate

complex at a local scale in a traditional croppggtem. The estimated overall magnitude
of recent introgression was nine times higher ftbe crop to the wild-weedy gene pool
of sorghum than in the reverse direction. Theselt®sere generally consistent with past
studies on hybridisation and introgression wittna wild-weedy-domesticate complex of
sorghum (Dogget and Majisu 1968; Aldrich and Doghl®92; Arriola and Ellstrand
1996; 1997; Morrellet al. 2005), although directional extent of the intragien,
especially under traditional sorghum farming systam Africa has not been reported
before. Dogget and Majisu (1968) performed a hybriex analysis on samples ofSa
bicolor wild-weedy-domesticate complex in East Africa gsmorphological markers.

They speculated that samples genetically internedi@tween cultivated and wild
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sorghum were derivatives of hybridisation betweke two congeners. The study of
Arriola and Ellstrand (1996) used isozyme markerd progeny testing to conclude that
spontaneous interspecific hybridisation betw8ebicolorand the noxious weedy relative
S. halepensdjohnsongrass) can and does occur at substamtéinzeasurable rates.
Morrel and his co-workers (2005) used sorghum geaand coding DNA (cDNA)-

based RFLP probes to study crop-to-weed intrograssi naturalised populations of
johnsongrass in the USA. The authors found putatiultivar-specific alleles to be

present at higher frequencies in populations ofngoimgrass adjacent to sorghum

cultivation fields, than in those away from or adéssorghum cultivation regions.

The asymmetrical crop-to-wild/weed geneflow estidain the present study might have
resulted from three none mutually exclusive expiana. First, on-farm differences in
population size between cultivated and wild-weedygsum may favour pollen flow
from the former. Routine weed control and managénpractices by farmers are
expected to reduce the number of wild-weedy sorghmdividuals relative to their
domesticated counterparts. Under such circumstacoéis/zated sorghum is expected to
produce larger pollen densities relative to theildweedy relatives and therefore a
higher pollen flow toward the limited wild-weedy gpits within and around fields.
Secondly, farmer seed selection may reduce theapiiity of wild gene introgression
into the domesticated gene pool. Farmers may easilygnise and select against putative
crop x wild hybrids with morphological features fdilent from the cultivated sorghum
maternal parents. In this study farmers classibiethtive crop x hybrids together with the
wild-weedy sorghum under the nafeinya wa magunawhich translates to the monkey
sorghum. Most farmers were able to easily distisiguhe various wild-weedy forms
from their cultivated relatives using morphologidalatures such as loose panicles,
smaller and highly shattering seeds, high numbéilefs and narrower leaves and stems.
Finally, asymmetrical crop-to-wild-weedy geneflowtheS. bicolorcomplex may reflect
higher natural outcrossing rates in the wild-weegye pools relative to its cultivated
counterpart. For example, higher rates of naturtdrossing in the weedy Sudan graSs (
bicolor ssp.sudanensjs(up to 61%) compared to the grain type sorghumttu26%)
have previously been reported in the USA (Pedezsah 1998).

The extent of crop-to-wild introgression was obselrto vary significantly among farms,

probably a reflection of differences among farmarsheir crop and weed management
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practices. For example, differences among farmersmanagement of wild-weedy

sorghum may include: (i) frequency and timing of theeding and (ii) extent to which
farmers tolerate wild-weedy sorghum populationsceeed to have no effect on the
development of sorghum and other crops. Such irdton was not expressly collected
in the present study but could be important in aixphg the dynamics of crop-to-wild

geneflow at farm level. For example, during thédfisurveys in the in the present study,
the frequency of wild-weedy sorghum occurrence amfarms was observed to vary
among sites, both within sorghum fields and insheounding habitats such as fallows,
field margins and terraces. In principle, practiegfecting the level of spatial and/or
flowering overlap between cultivated sorghum arsl wild-weedy relatives can be

expected to have an impact on the extent of crepitb geneflow. For example, greater
magnitude of crop-to-wild geneflow was revealedhe wild-weedy sorghum population
found growing together with its cultivated congeneompared to the wild-weedy

sorghum population found in a semi-natural grasklaabitat on farm 19. The lower
levels of crop-to-wild geneflow in the semi-natutabitat may be explained by its
relative spatial isolation (20 m) from the nearfiskd of cultivated sorghum. Previous
studies on crop-to-weed (Arriola and Ellstrand 1986d crop-to-crop (Schmidt and
Bothma 2006) geneflow in sorghum have demonstrated rate of spontaneous

hybridisation in the crop to decrease with distance

4.5.2 Historical geneflow
Wright (1951) proposed that less than one effeativgrant per generatiolNm < 1) is

sufficient to allow population differentiation thrgh fixation and genetic drift, whereas
Nm > 1 is sufficient to overcome the effects of gendtift and thus reduce the level of
population differentiation. In the present studye estimated level of historical geneflow
between cultivated and wild sorghum was moder&ba € 0.66) and insufficient to
overcome the effect of selection and genetic dmitl thus divergence between the two
congeners (& = 0.274). This may be explained at least in pgredntinuous disruptive
selective pressure (exerted by the farmers inweu#d environments and by natural
selection in semi-natural habitats) against crowilkd hybrids and products of their
introgressive hybridisation. Disruptive selectiovalves simultaneously selecting more
than one level of a character in a population anthought to have played a major role
early in the domestication of sorghum. For examplegget (1988) hypothesised that a
disruptive selection situation existed and continteexist in the plots of many African

small-holders, where wild sorghum and wild x cudted hybrids are often found.
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4.5.3 Genetic structurein cultivated and wild sorghum
The substantial and highly significant differertatrevealed among populations of both

cultivated sorghum @ = 0.392; AMOVA: 43.5% variation among populatiors)d its
wild-weedy progenitor (& = 0.354; AMOVA: 36.2% variation among populations)
suggested the existence of some form of barrieget®flow. Among such barriers, one
should perhaps consider limited overlap in flowgrimmes and differences in panicle
morphology (Djeet al.2004; Barnauet al. 2007; 2008) among the various landraces and
wild-weedy types. In cultivated sorghum, the degrkdifferentiation among populations
(accessions) in the present study was within thgeaof what was previously reported
among 12 landraces {F= 0.36) in a local scale study in Cameroon (Badneu al.
2007), but lower than what was reported both by &jal. (2000) among 25 accessions
(Fst = 0.68) in a world collection and by Ghebat al. (2002) among 28 Eritrean
accessions @r = 0.50). The lower & values in the local scale studies could be expthin
by higher geneflow rates that potentially existsoag landraces on-farm, where a
number of landraces are usually planted closelyethir the fields (Barnauet al. 2007).
Furthermore, sorghum seed systems in the presady stere noted to be informal in
nature, with farmers either saving their own seetaining it from neighbours and
relatives and in some instances buying the seewoh flacal informal markets. Such
practices may enhance the magnitude of geneflowngrtamdraces and thus contribute to

reduced genetic differentiation among cultivatedjsam accessions.

Wright's (1951) F-statistics parameterg &nd kr can be used as indices of the level of
inbreeding in sub-populations (within accession®) & the overall population (entire
cultivated and wild sorghum gene pool), respecyivdlhe high level of inbreeding
inferred overall (based onFvalues) and within accessions (based grv&ues) for both
cultivated and wild sorghum in the present studg wansistent with the predominantly
self-pollinated mating systems associated with gbeghum gene pool. Similar results
have been reported previously in cultivated sorghi{je et al 1999; Barnaucet al
2007). Dje and co-workers (1999) compared populatiof cultivated sorghum
accessions among different fields at a regionalescaMorocco using SSRs to report
mean It and ks values of 0.675 and 0.635, respectively. Barnawcm-workers (2007)
compared different landraces at a local scale uillage in Cameroon using SSRs to
report mean f value of 0.68. Under a mixed mating system motthe,expression s =
2Rs/(1+FRs) (Weir 1996), a selfing rate of s = 0.70 and s.#l0would be expected in
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cultivated and wild sorghum, respectively. Theisglfrate value for cultivated sorghum
fell within the range of what has previously beeparted from experimental field data by
Ellstrand and Foster (2009) based on progeny aggssan s = 0.71) and by Ollitrawdt

al. (1997) based on a study on Guinea-race landradggrkina-Faso (mean s = 0.81).

Isolation-by-distance will generate positive andgngicant correlation between

geographic distance (or its natural logarithm) amdtilocus estimates of pairwise genetic
relatedness (kinship coefficient). This relatiopsivas not significant in the present study
suggesting that genetic differentiation among pajpoihs/accessions in cultivated and
wild sorghum at the local scale in the easternesay Mt. Kenya is not directly related to

physical distance. In cultivated sorghum, this rhayexplained by spatially random seed
exchange among relatives and/or friends and/orhasee of seed from local markets. In
the wild-weedy sorghum, lack of isolation-by-distanamong populations may be
explained either by human mediated secondary sispdrdal in seed lots and manure, or

by grasing animals.

4.6 Conclusions and recommendations

This study has demonstrated asymmetric geneflom fraltivated sorghum to its wild-
weedy relatives at a local scale in a traditiorsming system in Kenya. The first
implication for these findings is that geneflowrfracultivated sorghum (whether GM or
otherwise) will most likely greatly reduce genetitversity (genetic erosion) in the
sympatric wild and/or weedy populations. It wouktlibteresting to investigate the extent
to which crop-to-wild geneflow has impacted geneiiersity in wild-weedy relatives of
sorghum. Such an investigation would demand sampdinwild sorghum from both
cultivated and natural habitats away from cultiatifor comparison. Secondly,
asymmetric crop-to-wild geneflow suggests that wilekedy relatives of sorghum
growing sympatrically with deployed GM sorghum wilbst likely act as bridges for the
escape of transgenes into surrounding cultivateidnatural habitats. Whether or not such
escape will lead to extinctions, increased weedirsagl/or invasiveness will depend on
the nature of the transgene trait: whether neutiatrimental, or beneficial in the
ecological and genomic environment of the recipopulation (Ellstrancet al 1999).
For example, Arriola and Ellstrand (1997) demonstiasimilar levels of fithess between
the noxious weed johnsongrass and progenies ofytwidisation with cultivated

sorghum. The authors predicted the likely persisent neutral or beneficial transgenes
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in populations of johnsongrass growing in agric@tudands under continued geneflow
from the crop. Such hybrid fitness studies howenexd to be extended to GM sorghum
in order to generate empirical data for the possdflect of transgenes in ecological and/

or genomic environment of wild-weedy sorghum rekdi

Furthermore, this study has demonstrated differenoethe extent of crop-to-wild
geneflow among farms, probably a reflection of farndifferences in their crop
management practices. These findings emphasiseeth@ to take farmer practices into
consideration when formulating biosafety regulatemd guidelines for testing and/or
releasing GM sorghum. Such guidelines could ben&fim further studies that
incorporate farmer information on among other tieal seed systems, weed management
and history of the sampled fields. Finally, sorghiamdraces and their sympatric wild-
weedy relatives constitute important genetic resesifor sorghum breeding programmes
and deserve conservation attention. Conservatrategies should take into consideration
the substantial genetic differentiation demonstratethis study between cultivated and

wild-weedy sorghum gene pools as well as among tespective populations on-farm.
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Chapter 5

General conclusions and recommendations

Sorghum was domesticated in Africa and is the wefitth most important cereal, both

in terms of production and area dedicated to aatitn. In Africa, sorghum is the second
most important cereal; supporting the dietary aottition requirements of over 100

million, mostly resource challenged rural peoplethe continent's arid and semi-arid

lands. There is now a growing need to increasetipply of food in sub-Saharan Africa,

in an effort to cope with an ever increasing humpapulation. The prevailing urgent need
to increase productivity and nutritional quality Africa’s staple crops such as sorghum
cannot therefore be gainsaid. Advances in modenetgeengineering techniques offer
promising tools (in addition to traditional breegliapproaches) for overcoming some of
the productivity and nutritional bottlenecks ingloum. Although GM sorghum is not yet

available commercially, optimised transformatiorotpcols have been developed and
successfully applied on the crop for various tramség traits including insect resistance,
herbicide tolerance, anti-fungal attack and inaddgsine content.

The increasing prospect for deployment of transgeonrghum into Africa’s traditional
farming systems is exemplified by the African Bidfibed Sorghum project. This project
is a consortium of nine institutions working to dep and deploy into Africa, transgenic
sorghum varieties that are easier to digest anthzohigher levels of vitamins A and E
and the essential amino acid, lysine. Nonethelesds the case with other GM crops,
there are growing concerns that through crop-tohwineflow, transgenes may escape
from GM sorghum to its wild and/or weedy relativepplations in cultivated and/or
natural habitats. For example, there are environah@oncerns that escaped transgenes
may confer fitness traits into crop-wild/weedy hsrleading to increased weediness,
invasiveness, genetic erosion and in some sevees @xtinction of entire populations.
These concerns have stimulated a growing body #singations on geneflow related
environmental risk assessment studies in a numberops and their wild and/or weedy
relatives. The ultimate goal is to aid biosafetycidi®en-making for testing and/or
commercially releasing GM crops.
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In February 2009, the Government of Kenya enactbmwsafety law paving the way for
the commercial production of GM crops. There isrently an urgent need therefore to
formulate scientifically sound biosafety regulasoand guidelines. Understanding the
extent and direction of movement of genes betwdendomesticated and wild and/or
weedy relative populations is the first step inrelsterising the potential environmental
risks of escaped transgenes. Such studies ar® ym teported for sorghum in Africa,
even though diverse forms of the crop and its wild weedy relatives are known to still
co-exist widely within and near agricultural landehe present study was therefore
primarily motivated by the current need to chamaséethe extent and direction of
geneflow between cultivated sorghum and its wildveredy relatives under traditional
farming systems in Kenya. Estimates of the extedtdirection of geneflow in the wild-
weedy-domesticate complex & bicolorin the current study have provided a useful
foundation for formulating biosafety regulationsdaguidelines for testing and/or

commercially releasing GM sorghum in Kenya.

Using a combination of distance and model-basedilptipn genetics approaches, the
current study has demonstrated that geneflow tplese between cultivated and wild-
weedy sorghum populations under traditional farméygtems in Kenya. At the same
time, this study has established that geneflow éetwthe two congeners is asymmetric,
with up to nine-fold greater movement of genes fromitivated sorghum to its wild-
weedy relatives than in the reverse direction.tlarrhore, the present study has estimated
the extent of geneflow between cultivated and veitdghum to vary among growing
regions at national level and among farms and &tbiat local scale. The biosafety
implication of these findings is that wild-weedyrgloum populations growing within
and/or near GM sorghum fields will most likely aa$ conduits for the escape of
transgenes into agricultural and nearby naturalithtsb Biosafety regulators would
benefit from further studies on the likely genedimd/or ecological consequences of such
escape in the recipient wild-weedy sorghum popaati Nonetheless, the asymmetric
crop-to-wild geneflow revealed in the present studya pre-requisite for genetic
swamping of wild-weedy alleles with those from tugted sorghum populations. The
consequence of such swamping is genetic erosioregipient wild-weedy sorghum
populations. There exists a need to verify the réxte which such genetic erosion has

already taken place within and near cultivated lsang fields.
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Cultivated sorghum landraces and their wild an@/eedy relatives constitute important
genetic resources and should be conserved nowdsept and future crop improvement
programmes. Such efforts should ideally be precdmedn understanding of the extent
and patrtitioning of this diversity within and amotige wild-weedy-domesticate complex
of sorghum populations across ecological and g@bgraranges. Such information is
currently lacking for Kenya but undoubtedly impartain aiding conservation and

breeding programmes to focus effort and resournesuty distinctive groups. It was the

aim of this study therefore, to characterise theetje structure and relationships within
and between cultivated and wild sorghum in Kengaluiding understanding some of the

underlying evolutionary mechanisms.

The current study has revealed higher levels ofadivgenetic diversity in Kenya's wild-
weedy sorghum gene pool compared to the cultivateahterparts. These findings
suggest that the process of domestication was gmamaed by genetic bottlenecks as
cultivated sorghum was selected, diversified arndbdéished from a limited number of
founder individuals. Furthermore, these findinggpbasise the importance of crop wild-
weedy relatives as potential sources of unique monkl genes, especially towards
broadening the genetic base in the cultivated @vpatts. Unfortunately, these important
genetic resources are under immense threat ofdlesso a number of biotic and abiotic
factors: (i) habitat fragmentation and destructifi),climate change and its associated
negative environmental impacts and (iii) as haartyebeen demonstrated in the present
study, crop-to-wild geneflow and its associated efen erosion. The need to
systematically collect and conserve these importgmietic resources for breeding and

other potential future uses cannot be overempldsise

At the country scale, the present study revealddtantial differences in the amount of
genetic diversity among regions both in cultivasedghum and its wild-weedy relatives.
Based on the AMOVA, the current study further régdagreater partitioning of genetic
diversity within rather than among the growing e at country scale, in the two
congeners. This would suggest that future germplastploratory and collection
undertakings will have to sample more intensiveithim the different sorghum growing
regions in the country, in an effort to obtain séespthat are representative of the
available genetic variation. However, most wild-adgesorghum samples analysed in the

study were sampled from within and/or near agngalt lands. Furthermore, no wild-
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weedy sorghum samples from the Rift Valley and medstern regions of the country
were analysed. Strategies to systematically coesehe wild-weedy-domesticate
complex of sorghum in Kenya could benefit from diddial genetic diversity studies
using a more comprehensive sampling scheme. Particuwild sorghum samples from
natural habitats (e.g. protected areas) away franghsim cultivation should form part of
such studies. Phenotypic traits which may be ecaradly important to sorghum
improvement need to be exploited and evaluatedso@ation with molecular markers,
to determine whether the genetic diversity pattelrserved in the neutral markers reflect

similar patterns in the agro-morphologically usefilgles.

Finally, based ondr, AMOVA and Bayesian model-based analyses at cpwuale, this
study has revealed poor geographic differentiabbryenetic diversity in cultivated as
well as wild sorghum gene pools. This outcome ssiggéhat geographical isolation
distances are not sufficient to prevent geneflovoagnthe growing regions, possibly due
to long-distance seed exchanges among farmersthEowild sorghum gene pool, the
findings were rather surprising, but could reflésadvertent human-mediated long-
distance movement of wild seeds via cultivated Isong seed systems. This hypothesis
was given further credence by findings of significpositive spatial autocorrelation of
genetic relatedness (within approximately 180 ktmaantry scale in the two congeners.
These findings are of significance in formulatidrbemsafety strategies for GM sorghum
in the country. The implication is that existingglaum seed systems are capable of long-
distance dispersal of transgenic sorghum and/avateres for their hybridisation within
the wild-weedy-domesticate complex. Such factomukhbe considered in formulating
biosafety regulations and guidelines for testingl/an commercially releasing GM

sorghum in Kenya.

139



Summary

Summary

The important socio-economic position enjoyed bygsom has made it a target for
genetic modification to enhance productivity andiotritional quality. However, there
are growing environmental concerns that throughefiew, transgenes might escape
from genetically modified (GM) sorghum to its sekyaompatible wild and/or weedy
relatives, with possible negative effects. Chargitegy the levels and dynamics of
geneflow in the wild-weedy-domesticate complex airghum in traditional agro-
ecosystems of Africa, including Kenya, is of intdréo biosafety regulators. This study
used approaches based on population genetics thieo(y characterise the genetic
structure of the wild-weedy-domesticate complexSofbicolorat a country scale in
Kenya and (ii) to estimate the extent and directbryeneflow between cultivated and
wild-weedy populations at a local scale in the ¢ounThe structure and dynamics of
diversity was first estimated and compared at agwstale by genotyping 329 cultivated
and 110 wild sorghum individuals using 24 microBisée markers. Subsequently, the
magnitude and direction of geneflow between the ¢amgeners was estimated at a local
scale by analysing 483 individuals comprising of WBd-weedy and 12 cultivated
sorghum populations using 10 microsatellite markédserall, cultivated sorghum
harboured lower diversity than its wild counterpdrevels of genetic diversity in
cultivated and wild sorghum differed significanthmong regions, with most of the
diversity being partitioned more within than amahg crop’s growing regions. There
were generally low levels of differentiation withieind between cultivated and wild
sorghum at country scale, but the extent of crepitd genetic proximity varied among
sorghum growing regions. These findings may reflieeportant historical geneflow
between cultivated sorghum and its progenitor, wité level of crop-to-wild genetic
exchange varying among regions. At local scale, thent of geneflow was
approximately nine times higher from cultivatedgdarm to its wild-weedy relatives than
vice versa Additionally, the extent of crop-to-wild geneflovaried significantly among
farms. Overall, this study suggests that deploynen&M sorghum in Kenya’'s agro-
ecosystems will most likely lead to movement ohsgenes into sympatric populations of

its wild-weedy relatives.

Keywords: autocorrelationdiversity, genetic structure, introgression, phglography,

Sorghum bicolgrspatial analysis, wild-weedy-domesticate complex
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Opsomming

Die belangrike sosio-ekonomiese posisie van sorglnet dit die ideale gewas vir
genetiese modifikasie vir produktiwiteit en/of vaegbkwaliteitsverbetering gemaak.
Daar is egter groeiende kommer oor die omgewinggesien geenvloei transgeen
ontsnapping vanaf geneties gemodifiseerde (GM) haorg na wilde en/of onkruid
kruisingsversoenbare verwante kan veroorsaak, noeintiike negatiewe effekte. Die
karakterising van die vlakke en dinamika van geesivin die wilde-onkruidagtige-
verboude kompleks van sorghum in tradisionele afpasisteme van Afrika, Kenia
ingesluit, is van belang vir bioveilgheidsregulessd Hierdie studie het die benadering
van populasiegenetikateorie gebruik om (i) die ¢iese struktuur van die wilde-
onkruidagtige-verboude kompleks vanbicolorbinne die hele Kenia te karakteriseer en
(i) om die hoeveelheid en rigting van geenvloeisien verboude en wilde-onkruidagtige
populasies op ‘n plaaslike vlak binne die land épdal. Die struktuur en dinamika van
diversiteit is eers bepaal en toe nasionaal vekgdsur 329 verboude en 110 wilde
sorghum individue met 24 mikrosatelliet merkersaia is die hoeveelheid en rigting
van geenvloei tussen die twee groepe op plaaskkal depaal deur toetsing van 483
individue bestaande uit 15 wilde-onkruidagtige énvérboude sorghum populasies met
10 mikrosatelliet merkers te evalueer. In die geéhHest verboude sorghum minder
diversiteit as die wilde groep getoon. Vlakke vanetiese diversiteit in verboude en
wilde sorghum het betekenisvol tussen streke Versigt meer diversiteit binne as tussen
streke. Daar was oor die algmeen lae vlakke vaardifisiasie binne en tussen verboude
en wilde sorghum op nasionale vlak, maar die geawveagdlde genetiese afstand het
tussen sorghum produksie areas gewissel. Hierdigndiage kan die belangrike
historiese geenvloei binne verboude sorghum eridie van afkoms reflekteer, met die
vlak van gewas-na-wilde uitruiling wat verskil tessstreke. Op ‘n plaaslike vlak was die
hoeveelheid geenvloei ongeveer nege keer hoér edmowde sorghum na die wilde-
onkruidagtige verwantes as andersom. Verder hetldievan gewas-na-wilde geenvloei
betekenisvol tussen plase verskil. In die geheehaurdie studie aan dat die vrystelling
van GM sorghum in Kenia se agro-ekosisteem waaliskyra die beweging van

transgene na simpatriese populasies van die wilteda@agtige verwantes sal lei.

Sleutelwoorde:diversiteit, filogeografie, genetiese struktuutragressie, outokorrelasie,

ruimtelike analiseSorghum bicolgrwilde-onkruidagtige-verboude kompleks
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Appendix 1 List of the 24 microsatellite loci and heir overall variation in the entire Kenyan sorghumgenepool

Locus name Core motif Forward primer sequence (5-3’) Reverse primer sequence(-3’) Sizerange No. of alleles H, Ho

1. gpsbl23 (AC)7 (GA)5 M13-ATAGATGTTGACGAAGCA GTGGTATGGGACTGGA 284-316 8 0.7895 0.1235
2. mShCIR238 (AC)26 M13-AGAAGAAAAGGGGTAAGAGC CGAGAAACAATTACATGAACC 64-112 K2 0.8826 0.2044
3. mSbhCIR24i (TG)S M13-GTTCTTGGCCCTACTGAAT TCACCTGTAACCCTGTCTT(C 101-113 7 0.586: 0.111°
4. mSbCIR246 (CA)7.5 M13-TTTTGTTGCACTTTTGAGC GATGATAGCGACCACAAATC 87-109 9 0.3993 0.0857
5. mSbhCIR248 (GT)7.5 M13-GTTGGTCAGTGGTGGATAAA ACTCCCATGTGCTGART 84-122 14 0.7544 0.3890
6. mShCIR26: (CATG)3.2t M13-GCACCAAAATCAGCGTCT CCATTTACCCGTGGATTAGT 21C-24z 7 0.543¢ 0.073(
7. mSbhCIR276 (AC)9 M13-CCCCAATCTAACTATTTGGT GAGGCTGAGATGCTCTGT @238 9 0.4521 0.0958
8. mSbCIR300 (GT)9 M13-TTGAGAGCGGCGAGGTAA AAAAGCCCAAGTCTCAGTGCTA 9822 10 0.6278 0.1412
9. SbAGBO02 (AG)35 M13-CTCTGATATGTCGTTGTGCT ATAGAGAGGATAGCTTATAGCTCA a143 25 0.8359 0.1443
10. Xcup02 (GCA)6 M13-GACGCAGCTTTGCTCCTATC GTCCAACCAACCCACGTATC 3203 7 0.5147 0.1329
11. Xcupld (AG)10 M13-TACATCACAGCAGGGACAGG CTGGAAAGCCGAGCAGTATG 201-241 18 0.6536 0.0843
12. Xcup53 (TTTA)S M13-GCAGGAGTATAGGCAGAGGC CGACATGACAAGCTCAAACG 178-202 7 0.4760 0.2329
13. Xcup6l (GAG)7 M13-TTAGCATGTCCACCACAACC AAAGCAACTCGTCTGATCCC 18810 8 0.5241 0.1000
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Locus name Core motif Forward primer sequence (5’-3' Reverse primer sequence(5'-3’) Sizerange No. a@flleles H Ho
14. Xcup63 (GGATGC)4 M13-GTAAAGGGCAAGGCAACAAG GCCCTACAAAATCTGCAAGC 135-35 4 0.3551 0.0616
15. Sb4-72 (AG)16 M13-TGCCACCACTCTGGAAAAGGCTA CTGAGGACTGCCCCAAATGTAGG 6214 13 0.8040 0.0890
16. Xisep0310 CCAAT(4) M13-TGCCTTGTGCCTTGTTTATCT GGATCGATGCCTATCTCGTC 148-218 11 0.2864 0.0182
17. Xtxp010 (CMni4 M13-ATACTATCAAGAGGGGAGC AGTACTAGCCACACGTCAC 129-151 12 0.8233 0.0882
18. Xtxp012 (CMm22 M13-CGTCTTCTACCGCGTCCT CATAATCCCACTCAACAATCC 165-209 23 0.9286 0.1525
19. Xtxp015 (TC)16 M13-CACAAACACTAGTGCCTTATC CATAGACACCTAGGCCATC 201-235 16 0.8262 0.1800
20. Xtxp057 (GT)21 M13-GGAACTTTTGACGGGTAGTGC CGATCGTGATGTCCCAATC 217526 23 0.8998 0.1499
21. Xtxpli4 (AGG)8 M13-CGTCTTCTACCGCGTCCT CATAATCCCACTCAACAATCC 191-239 8 0.4786 0.0824
22. Xtxpl36 (GCA)5 M13-GCGAATAGCATCTTACAACA ACTGATCATTGGCAGGAC 2333 3 0.4350 0.0886
23. Xtxp320 (AAG)20 M13- GTGCAAATAAGGGCTAGAGTGTT 248-305 19 0.8684 0.1234
TAAACTAGACCATATACTGCCATGATAA
24. Xtxp40 (GGA)7 M13-CAGCAACTTGCACTTGTC GGGAGCAATTTGGCACTAG 103-142 11 0.4368 0.0881
25. mSbCIR223 (AC)6 CGTTCCAATGACTTTTCTTC GCCAATGTGGTGTGATAAAT Bhinated
26. mSbCIR283 (CT)8(GT)8.5 TCCCTTCTGAGCTTGTAAAT CAAGTCACTACCAAATGCAC Eliminated
27. Xgap206 (AC)13/(AG)20 HEX-ATTCATCATCCTCATCCTCGTAGAA AAAAACCAACCGACCCACTC Eliminated
28. Xtxp265 (GAA)19 GTCTACAGGCGTGCAAATAAAA TTACCATGCTACCCCTAAAAGTGG Elinmated
29. Xtxp278 (TTG)12 GGGTTTCAACTCTAGCCTACCGAACTTCCT ATGCCTCATCAIGTTCGTTTTGCTT Eliminated
30. Xtxp278 (TTG)12 GGGTTTCAACTCTAGCCTACCGAACTTCCT ATGCCTCATCAIGTTCGTTTTGCTT Eliminated

H. = Gene diversity (Expected heterozygosity)=tDbserved heterozygosity
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Appendix 2  Agro-climatic zones in Kenya with moistue index and annual rainfall

Agro-climatic zones Classification Moisture index Annual rainfall
(%) (mm)

I Humid >80 1100 - 2700
1 Sub-humid 65 —-80 1000 - 1600
1 Semi-humid 50 - 65 800 - 1400
v Semi-humid to semi-arid 40 - 50 600 - 1100
\% Semi-arid 25-40 450 - 900
VI Arid 15-25 300 - 550
Vi Very arid <15 150 - 350

144



