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ABSTRACT

Evaluation for effectiveness of new expressed simple sequence repeat (ESSR) marker is

an important component in the genetic improvement of cassava crop for agricultural

development. ESSRs are often the markers of choice for genetic studies and identification

of CBSD resistance. This study was aimed at: (i) Determining the optimum PCR

conditions on annealing temperature and MgCh concentrations, ii) Identifying

polymorphic loci for ESSR markers for genetic studies of cassava (iii) Identifying

polymorphic loci of ESSR markers linked to CBSD. PCR amplification of each ESSR

locus was optimized for annealing temperature and MgCh concentration. Variation at each

ESSR locus was assessed in 24 cassava genotypes from 11 different countries all over the

world. Successful amplification was achieved from a total of 68 primer pairs of which 53

showed polymorphism within the diversity of cassava genotypes panel. A total of 231

alleles were observed with an average of 4.35 alleles per marker and a range of 2 to 11

alleles. The PIC values measured by the frequency of alleles ranged from 0.173 to 0.844

with average allele frequency of 4.91. Fourteen (14) primer pairs were polymorphic to

identification of genotype linked to CBSD resistance total of 63 alleles with average of 4.5

alleles per locus. These markers will be useful for application in genetic conservation and

plant breeding. The genetic diversity observed by dendrogram revealed four major clusters

and one sub clusters, varieties most closely related were Per 458 and Mex 55 (D=0.1732),

TME 1389, and TME 1368 (D=0.1982), Mkita and Kalolo (D=0.3981) followed by

Pesangani and Kigoma (0.4912) while distantly related genotype were these varieties BRA

990 and Mcx 55 (0.7089). Albert and Mkita (0.6036), BRA255 and Cubl (0.6054), TME

230 and TME 539 (D=0.59I4), and Namikonga and Albert (0.5139).



iii

DECLARATION

I, Geradina Pantaleo Mzena, do hereby declare to the Senate of Sokoine University of

Agriculture that this dissertation is my own original work and that it has neither been

submitted nor being concurrently submitted for a degree award in any other institution.

DateGeradina Pantaleo Mzena

(MSc Candidate)

The above declaration is confirmed

DateDr. P. Kusolwa

(Supervisor)

/

Prof. S. O. W. M Reuben Date

(Supervisor)

II

LL



iv

COPYRIGHT

No part of this dissertation may be reproduced, stored in any retrieval system, or

transmitted in any form or by any means without prior written permission of the author or

Sokoinc University of Agriculture in that behalf.



V

ACKNOWLEDGEMENT

I wish to express my profound gratitude to my supervisors Dr. P. Kusolwa and Prof. S. O.

W. M Reuben of Department of Crop Science and production of Sokoine University of

Agriculture and Dr. M. Ferguson of the International Livestock Research Institute for their

intellectual motivation, guidance and valuable comments without which this work would

have been difficult to accomplish. May Almighty God bless you all. Special thanks are

also due to the entire staff of the Department of Crop Science and Production for their co­

operation and assistance. Their critical comments during the time of the entire study

significantly contributed to the success of this study. Acknowledgements are extended to

the different administrators of the ILRI- Nairobi for granting permission to undertake this

study. Mr. I. Nzuki, the Lab manager of ILIRI is highly acknowledged for his support.

time that I was undertaking this study. My gratitude also goes to the Ministry of

Agriculture, Food Security and Cooperatives and BeCa for sponsoring my studies at

Sokoine University of Agriculture. I would also like to thank my employer Ministry of

Agriculture, Food Security and Cooperatives for granting me a study leave to enable me

pursue the same. Thanks arc also due to my fellow postgraduate students in the

Department of Crop Science and Production for their moral and material support during

the course of this study.

I would also like to express gratitude to my family, my parents, the rest of the family and 

relatives for their love, constant support, encouragement and inspiration during the whole



vi

DEDICATION

This work is dedicated to my Almighty God who allowed me to accomplish this work

without him this work could not be possible. Most to my parents Pantaleo Dominic Mzena

and Agatha Bruno Mzena. I also dedicate to my lovely husband Elia A. Kibona, my lovely

throughout my study period.

son Lusekelo E Kibona and my lovely daughter Nitike E. Kibona for their support



vii

TABLE OF CONTENTS

ABSTRACT ii

DECLARATION iii

COPYRIGHT iv

ACKNOWLEDGEMENT v

viDEDICATION.

viiTABLE OF CONTENTS

LIST OF TABLES x

xiLIST OF FIGURES

xiiLIST OF APPENDICES

xiiiLIST OF ABBREVIATIONS

1CHAPTER ONE

1INTRODUCTION1.0

11.1 Background Information

Cassava production in Africa 21.1.1

Cassava production in Tanzania 21.1.2

Production constraints of cassava in Tanzania 41.1.3

Insect- Pests and Diseases 41.1.3.1

Cassava brown streak disease (CBSD) 41.1.3.1.1

Cassava mosaic diseases (CMD) 51.1.3.1.2

Shortage of planting materials and continuous use of1.1.3.2

cassava varieties with low genetic potential. 5

Cassava breeding in Tanzania 51.1.4



viii

6

1.3 Objectives 7

Overall objective1.3.1 7

Specific objectives1.3.2 7

CHAPTER TWO 8

8LITERATURE REVIEW2.0

2.1 Cassava: The Origin and Distribution of the Plant, 8

8Origin2.1.1

Introduction and spread of cassava in Africa and particularly Tanzania 82.1.2

2.2 Identification of Polymorphic Loci for Genetic Diversity and Relatedness of

9Cassava

2.3 Optimization PCR Condition on Annealing T° and Mgcl 2 Concentrations 11

12Uses of Markers in Cassava2.4

12QTL mapping2.4.1

Marker assisted selection (MAS) 122.4.2

13Useful Molecular Markers in Cassava,2.5

Restriction Fragment Length Polymorphism (RFLP) 132.5.1

Randomly Amplified Polymorphic DNA (RAPDs) 132.5.2

Amplified Fragment Length Polymorphisms (AFLPs) 142.5.3

Microsatellites (Simple Sequence Repeats) (SSRs) 142.5.4

15Expressed sequence tags2.5.5

2.6 Identification of Polymorphic Loci of ESSR Markers linked to CBSD resistance .. 16

2.7 Suitability of ESSR Markers for Genetic Diversity and Resistance to CBSD 16

1.2 Justification



ix

CHAPTER THREE 18

3.0 METHODOLOGY 18

3.1 Planting Materials 18

Genomic DNA Extraction3.2 19

3.3 PCR Optimization 20

3.4 Suitability of ESSR Primers for Genetic Diversity 21

Identification of ESSR Loci for Resistance to Cassava Brown Streak Diseases 223.5

23CHAPTER FOUR

RESULTS AND DISCUSSION 234.0

234.1 Optimization of PCR Condition

4.2 Identification of Polymorphic Loci for Genetic Diversity and Relatedness '

23of Cassava

234.3 Genetic Relatedness of Cassava Genotypes

Identification of ESSR Loci linked to Resistance to Cassava Brown Streak4.4

27Disease

30Discussion4.5

36CHAPTER FIVE

5.0 CONCLUSIONS AND RECOMMENDATIONS 36

36Conclusions5.1

37Recommendations6.2

38REFERENCES

47APPENDICES



X

LIST OF TABLES

The major cassava producing countries worldwideTable 1: 2

List of 24 cassava genotypes collected from different countries, 18Table 2:

Genetic distances between genotypes as revealed by markers in thisTable 3:

26genetic diversity array

Allelic diversity ofESSRs loci differentiating Namikonga (resistant)Table 4:

27and Albert (susceptible) to CBSD

Number of alleles, allele size, diversity, degree of availability and PICTable 5:

of ESSR markers observed in genotypes of cassava with respect to

29CBSD resistance



xi

LIST OF FIGURES

Cassava-producing areas of Tanzania,Figure 1: 3

Phylogenetic relationships among cassava genotypes on the basis ofFigure T

Wright’s (1978) modification of Rogers' genetic distance using

UPGMA clustering. 95% Bootstrap value was performed to test the

robustness of the dendrogram topology. 25

Namikonga (resistance genotype) plot of marker ESSR 76 showingFigure 3:

28heterozygote individuals.

Albert (susceptible genotype) plot of marker ESSR 76 showingFigure 4:

28hoinozygote individuals.



xii

LIST OF APPENDICES

List of ESSR primers and target repeats and sequences used in theAppendix I:

study 47

Optimized PCR conditions for amplification of ESSR primersAppendix 2: 50

Number of alleles, allele size, diversity, degree of availability andAppendix 3:

PIC of ESSR markers observed in different genotypes of cassava 52

56Peaks showed the Effect of Magnesium Chloride concentrationsAppendix 4:

Appendices 4 List of allele, frequency (freq), variance andAppendix 5:

standard (SD) deviation 57



xiii

LIST OF ABBREVIATIONS

AB1 Applied Biosylcins

African Cassava Mosaic VirusACMV

Amplified Fragment Length PolymorphismAFLP

Biosciences for Eastern and Central AfricaBee A

Cassava Anthracnose DiseaseCAD

Cassava Bacterial BlightCBB

CBSD Cassava Brown Steak Disease

Charged Coupled DeviceCCD

Cassava Green MiteCGM

International Centre for Tropical AgricultureC1AT

Cassava Mealy BugCM

Cassava Mosaic DiseasesCMD

Collaborative Study of Tropic in AfricaCOSCA

Chloroplast DNAcpDNA

Deoxyribonucleic AcidDNA

Deoxyuridine TriposphatedUTP

East African Cassava Mosaic VirusEACMV

Ethylenediamine Tetraacetic AcidEDTA

Expressed Simple Sequence RepeatESSR

Expressed Sequence TagsESTs

Forward and ReverseF/R

Food and Agriculture OrganizationFAO

Generation Challenge ProjectGCP



xiv

Institute of Genomic ResearchIGR

International Institute of Tropical Agriculture11TA

International Livestock Research Institute1LRI

International Plant Genetic Resource Institute1PGRI

MgCl2 Magnesium Chloride

Sodium ChlorideNaCl

Polyacrlamide Gel ElectrophoresisPAGE

Polymerase Chain ReactionPCR

PIC Polymorphic Information Content

Quantitative traits lociQTL

Randomly Amplified Polymorphic DNA’sRAPDs

Restriction Fragment Length PolymorphismR.FLP

Relative Fluorescent Unitsrfu

Sodium Dedocly SulfateSDS

Single Strand Conformation PolymorphismSSCP

Simple Sequence RepeatsSSR’s

Short Tandem RepeatsSTR’s

Unweighted pair group method with arithmetic averages algorithmUPGMA

Variable number of tandem repeatsVNTR’s



1

CHAPTER ONE

1.0 INTRODUCTION

1.1 Background Information

Cassava (Manihot esculenta crantz) is an essential tropical root crop that belongs to

Euphorbiaceae family containing 28' wild spp that evolved from inter-specific

hybridization among wild species. It is a major source of carbohydrate for million of

people in the tropics (FAO, 2006). Cassava is mostly produced by small scale farmers on

marginal land in humid and subhumid tropics. The crop is efficient in carbohydrate

production, thrives well on infertile soils and tolerates to adverse climatic conditions and

low input management (FAO, 2006). In sub-Saharan Africa, the average consumption

exceeds 300kg per person per year and about five hundred million people consume

(FAO, 2002) Cassava gives about 40% of carbohydrate production per hectare which is

61.53% higher than rice and 25% more than maize. As a result cassava is considered the

cheapest source of calories for both human nutrition and animal feeding. In most cases the

root tubers are used for making chips and flour. Both in developed and developing

countries the crop is also utilized for industrial purposes, in preparing starch flakes and

pearls and as a source of animal feed. Currently the role of cassava in Tanzania, Nigeria

and many parts of Asia and Latin America has been changed from traditional human food

to an efficient industrial crop (FAO, 2002).

In Tanzania the crop has gained economic importance through transforming it from a rural

subsistence staple to a cash crop. This situation has led to rapid increase in production and

marketing as a result it was been given a second priority in national ranking of crops in

Tanzania (FAO, 2006).

cassava daily, making it one of the most important food crops in sub-Saharan Africa
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1.1.1 Cassava production in Africa

Global cassava production in 2009 was forecasted at 242 million tones, 4% above the

record of the previous year (FAO, 2009). According to FAO (1999), the rate of increase of

cassava production has been higher than any other crop in Africa since the 1980s. It is

. (FAO, 2002).

Table 1: The major cassava producing countries worldwide

Source: FAO (2009).

1.1.2 Cassava production in Tanzania •

Tanzania is the fifth largest producer of cassava in Africa after Nigeria, Democratic Republic

of Congo, Ghana and Mozambique, with an estimated total root production of about 6.5

million tones (FAO, 2009). The main cassava producing areas in Tanzania are the coastal

strip along the Indian Ocean, around Lake Victoria, Lake Tanganyika and along the shores

of Lake Malawi About 48.8% of total production is produced from coastal areas, 23.7%

Highlands of Tanzania (Fig. 1)

Country_________________
Nigeria
Thailand
Brazil
Indonesia
Democratic Republic of Congo
Ghana
Mozambique
India
China
Tanzania
Uganda
Paraguay

Production (tons)
45,000,000
30,088,000
26,000,000
20,500,000
15,036,000
10,000,000
9,200,000
9,200,000
8,700,000
6,500,000
4,500,000
5,400,000

now one of Africa’s major starch staples second to maize, feeding 500 million people

comes from around Lake Victoria and 13.7% from around Lake Nyasa in southern
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Figure 1: Cassava-producing areas of Tanzania.

Source: Tanzania Ministry of Agriculture, Food and Cooperatives, Planning and
Marketing Division Dar-es-Salaam (1996).
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1.1.3 Production constraints of cassava in Tanzania

In 1 anzania, the low average yields of about 2 metric tons per hectare is caused by many

factors including susceptibility of commonly grown varieties to major diseases and pests

(Muhana and Mtunda, 2002). According to Thresh et al. (1997) eight diseases caused by

viruses have been observed on cassava in Sub-Saharan Africa, such diseases are East

African Cassava Mosaic Virus (EACMV), and the African Cassava Mosaic Virus

(ACMV), cassava brown steak disease (CBSD), cassava bacterial blight (CBB), cassava

green mite (CGM), cassava mealy bug (CM) and nematodes. Other constraints include

Shortage of planting materials and continuous use of low genetic potential cassava

varieties

1.1.3.1 Insect- Pests and Diseases

1.1.3.1.1 Cassava brown streak disease (CBSD)

CBSD is a viral disease, described by Storey (1936) who recorded it in the foothills of

Usumbara Mountains in Tanzania. Nichols (1950) later reported that the disease was

associated with chlorosis in roots and leaves, thus the disease is readily introduced into

newly planted areas through the use of infected planting materials. Storey (1936) believed

that the disease was caused by an insect-borne virus and that the most likely vector was a

whitefly (Bemisia spp.) Research at Kibaha and Naliendele in Tanzania has revealed as high

disease also now considered the greatest threat to food security of people who depend on

cassava in countries like Uganda and Tanzania. A number of genotypes with high levels of

tolerance to CBSD have been identified, such as Nase3 and MH96/296I and these are

currently being used in cassava breeding as parents to introgress genes for

resistant/tolerance to cassava brown streak disease (Fregene et al., 2003).

as 55% loss of root yield and quality due to CBSD (Muhana and Mtunda, 2002). The
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1.1.3.1.2 Cassava mosaic diseases (CMD)

CMD is widely distributed all over the country and is mostly transmitted through infected

cutting (81%) and only 19% by whitefly vector (Thresh et al.. 1997). Surveys conducted

throughout the major growing areas by COSCA showed that CMD was next to cassava

green mite in spreading symptoms which were observed in about 70 percent of the villages

(Thresh et al., 1997). Recently, CMD incidences were observed along the coast of the

Indian Ocean particularly in Mtwara and Lindi regions. The disease is more devastating

because heavy attacks by CMD can result in high magnitude yield loss and storage root

quality.

1.1.3.2 Shortage of planting materials and continuous use of cassava varieties with

low genetic potential.

Lack of adequate and clean planting materials is one of major constraint to cassava

production. Consequently, farmers plant any materials they come across. Most of the

varieties grown by farmers have been selected mainly on their characteristic such as sweet

taste. But most of such varieties have low genetic potential in term of yields/or resistance

to the major insect pests and diseases (Fregen et al., 2003).

1.1.4 Cassava breeding in Tanzania

Current! breeding programme in Tanzania emphasizes on increase of cassava production

to serve as the main food security in sub- Saharan countries. One of the best methods to

achieve that is through the development of better varieties that are resistant to diseases,

insect pests, drought, as well as high yielding (Moyib et al., 2007). However, it is difficult

to improve these traits in cassava using conventional methods because most of quantitative

traits, arc controlled by many alleles and influenced by environment (Muhana and

Therefore molecular markers which detect variation at the DNA2002).Mtunda,
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level, provide a method of accurately characterizing germplasm more accurately as they

are less influenced by environmental effects. The most prominent molecular marker

systems include; Restriction Fragment Length Polymorphism (RFLPs) (Southern, 1975),

Amplified Fragment Length Polymorphisms (AFLPs) (Vos et al., 1995), Randomly

Amplified Polymorphic DNA (RAPDs) (Williams et al., 1990), and SSRs (Weber and

. May, 1989). Among the recently developed molecular markers in cassava, SSRs markers

are being considered as the markers of choice as they detect the variation in allele

frequency at many linked and unlinked loci, high level of heterozygosity and codominance

nature (Wanger et al., 1994). In cassava most available sequences are expressed sequence

tags (ESTs). Here I report evaluation of effectiveness of ESSR marker for genetic

diversity and identification of CBSD resistance.

1.2 Justification

Based on importance of cassava worldwide efforts are being made to develop varieties

with high resistance to CBSD for increased production and quality in all coastal areas of

Tanzania (Muhana and Mtunda, 2002). Success in this depends on the adequate amount of

reliable marker system and identification of ESSRs that are linked to CBSD. These

markers are expected to be used in different cassava research stations to enhance breeding

programmes (Ferguson, 2004). Recently, through the Generation Challenge Programme

(GCP) funded project, the International Institute of Tropical Agriculture (IITA) and

Institute of Genomic Research (IGR) have generated new ESSR markers in cassava. These

markers need to be validated for genetic studies and polymorphism with respect to CBSD

from among different cassava varieties. Consequently, stable and high fidelity ESSR

markers will be used for genetic studies and breeding for CBSD resistance and other traits

in Tanzania.
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1.3 Objectives

1.3.1 Overall objective

The overall objective of this study is to identify reliable new expressed simple sequence

repeat markers (ESSRs) for genetic studies and identification of cassava brown streak

disease resistance.

1.3.2 Specific objectives

The specific objectives of the study are

To assess the optimum PCR condition on annealing T° and MgCI 2 concentrations(i)

(ii) To identify polymorphic loci of ESSR markers for genetic diversity of cassava

(iii) To identify polymorphic loci of ESSR markers with respect to CBSD resistance
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Cassava: The Origin and Distribution of the Plant

2.1.1 Origin

Cassava is originally from South America, probably domesticated in the Amazon region

(Olsen & Schaal, 2001). The process of cassava domestication involved selection for root

size, growth habit, number of stems and the ability of clonal propagation through stem

cuttings. About 98 species of Manihot are known, of which 28 wild species evolved

through interspecific hybridization. Sexual barriers within the genus appear to be weak,

indicating a recent evolution of the genus (Roa et al., 1997).

2.1.2 Introduction and spread of cassava in Africa and particularly Tanzania

Cassava was first taken to Africa from Latin America in early 15th century by European

traders as a potentially useful food crop. From 15th century cassava spread through Africa

by a number of mechanisms. The most important appear to have been initial contacts with

the Portuguese-Brazilian culture at the African coasts where the crop infiltrated the inland

2001). In Tanzania cassava first reached the shores of Lake Tanganyika from West Africa

by the Congolese farmers, from there cassava moved to the inland Tanganyika through

farmers to farmers diffusion (Cartel et al., 1992). Both bitter and non-bitter varieties were

grown at an early stage of introduction. Distinction between early maturing and late-

maturing varieties was important and the latter were used in areas where famine was a

frequent threat. Many, if not all, late-maturing varieties were bitter.

through riverine trade routes. Cassava arrived and diffused first along the West African 

coast, while it arrived at the East African coast during the 18th century (Fregene et al.,
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2.2 Identification of Polymorphic Loci for Genetic Diversity and Rclatedness of

Cassava

According to IPGRI and Cornell University genetic diversity is the product of interplay of

biotic factors, physical environment, artificial and plant characters such as size, mating

system, mutation, migration and dispersal which result into variation. The genetic

variation is the results of selection, mutation, migration, genetic drift and /or

recombination. All these phenomena influence genetic composition and genetic diversity

in populations. Variation in allele frequency at many unlinked loci is the preferred way to

assess genetic diversity and differentiation and to estimate the strengths of the various

forces shaping the diversity (Wu and Tansley, 1993). in cassava, genetic diversity holds

promise of providing ways around breeding obstacles of long growth cycle because

selection can be made earlier in the growth cycle, even at the seedling stage.

Genetic markers.have become fundamental tools for understanding the inheritance and

diversity of natural variation. The earliest markers in cassava were morphological such as

isozymes of which they provided a useful tool for genetic fingerprinting and diversity

studies of cassava. Isozymes have been applied to characterizing relationships among

accessions of African cassava germplasm and fingerprinting of the international cassava

collection held at International Centre for Tropical Agriculture (CIAT).

The greatest genetic diversity for cassava exists in Latin America; although there is

substantial diversity in Africa there are some factors that reduce diversity. Cassava being

mainly a vegetative by propagate crop, its genetic diversity has been reduced by

accumulation of systemic pathogens and viral diseases example CBSD this influence the

diversity.

shape and root colour. The second generations of markers were biochemical, such as
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Currently molecular markers are recognized as significant tools to orient plant genetic

species of interest (Hamrick and Godt, 1997).

Analysis of genetic diversity of African cassava was evaluated using restriction fragment

length. Polymorphisms (RFLP) (Beeching et al., 1993), random amplified polymorphic

DNA (RAPD) markers (Marmey et al., 1994) and simple sequence repeat markers (SSR)

markers (Fregene et al., 2003). The success of crop improvement program thus is highly

reliant on the power and efficiency with which the genetic variability in the different

populations can be manipulated. Genetic diversity analyzed by different markers such as

(SSRs) markers was measured in terms of number of alleles per locus and Nei’s unbiased

estimate of gene diversity (H) also known as expected heterozygosity (He) (Nei, 1987)

which is important in cassava breeding program.

However, RFLP, AFLP and SSR markers stand out as most effective in detecting

polymorphism in cassava (Weising et al., 1998). Given the large amount of DNA required

for RFLP detection and the difficulties in automating RFLP analysis and the dominance of

AFLP markers and the requirement of high quality DNA to ensure complete restriction

(Weising et al., 1998), SSRs are the markers of choice as they are highly polymorphic and

almost found in every organism. Therefore ESSR, are more easily transferred across taxa

and more likely linked to genes for traits of interest (Saha et al., 2004). ESSR are short

DNA molecules (300 - 500 bp) reverse-transcribed from a cellular mRNA population

(Macintosh et al., 2001). They are generated by single-pass sequencing of randomly

picked cDNA clones and have proven to be efficient and rapid means to identify novel

genes (Adams et al., 1991). ESSR thus represent informative source of partial expressed

genes and provide a sequence resource that can be exploited for large-scale gene discovery

(Whitefield et al., 2002).

diversity and genetic structure for a

resource conservation management, providing a means to accurately estimate the genetic
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Currently the pattern of genetic diversity within large cassava collections at the

International Centre for Tropical Agriculture (CIAT), Colombia and the International

Institute for Tropical Agriculture (1ITA), Nigeria is well characterized using SSRs markers

but this does not necessarily reflect the extent of genetic structure of varieties under

cultivating conditions:

2.3 Optimization PCR Condition on Annealing T° and Mgcl 2 Concentrations

Optimization is a balance between good amplification and nonspecific amplification. PCR

is sensitive to a number of parameters including magnesium ion concentration, template

DNA quality and concentration, primer concentration, and annealing temperature. These

parameters need to be optimized to avoid nonspecific amplification products such as

primer-dimers and fragments of heterogeneous size in cassava plants (Blanchard et al.,

1993). The annealing temperature of.62°C falls within the range of 55°C to 72°C that is

generally recognized to produce best results in cassava (Innis and Gelfand, 1990).

Magnesium ions are an essential co-factor for DNA polymerase in PCR (Innis and

Gelfand, 1990) and its concentration must be optimized for every primer system. Many

components of the reaction bind magnesium ions, including primers, template, PCR

products and dNTPs (Innis and Gelfand, 1990). Mg44 bind tightly to the phosphate sugar

backbone of nucleotides and nucleic acids, and variation in the MgCl2 concentration has

strong effects on nucleic acid interactions (Blanchard et al., 1993). It is necessary for free

Mg44 to serve as an enzyme co-factor in PCR. In general, magnesium ion should be varied

in a concentration series from 1.0-3.0 mM.
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maps. Linkage maps indicate the position and relative genetic distance between markers

along chromosomes, which is analogous to signs or landmarks along a highway (Collard

et al., 2005). However the effective use of QTL will require, first, a validation of the

markers through testing them in a larger population, in many environments and thereby

environments (Fregene et al., 2001). QTL is efficient used in mapping gene resistance to

cassava bacterial blight (Jorge et al., 2000, 2001). The potential use of the identified QTL

in cassava will be in pyramiding the disease resistance genes together with those for

agronomic traits in cassava genotype.

2.4.2 Marker assisted selection (MAS)

Marker assisted selection (MAS) is the use of DNA markers for selection of desired

individuals within a population, by linking the molecular marker to a desired trait

(Williams et al., 1990). Marker-assisted selection enables the breeder to eliminate inferior

early stage and increases the efficiency of selection by

allowing the breeder to concentrate on fewer genotypes. In cassava, application of MAS

has been developed more recently compared to other major crops. MAS for breeding

CMD resistance has successfully been applied for introducing resistance into elite gene

pools at CIAT (Fregene & Mba, 2004) and also to introgress resistance to cassava green

mite (CGM) and CMD in local Tanzanian varieties (Kullaya et al., 2004).

2.4 Uses of Markers in Cassava
2.4.1 QTL mapping

One of the great uses of DNA markers has been in the construction of genetic linkage

or superior genotypes at an

achieving a more accurate performance regarding the stability of the QTL across



13

2.5 Useful Molecular Markers in Cassava

2.5.1 Restriction Fragment Length Polymorphism (RFLP)

RFLP technique is a non- PCR based method. It was the first technique to be developed

and enaoled the detection of polymorphism at the sequence level (Southern, 1975).

Beeching et al. (1993) used RFLP to assess the genetic diversity within a collection of

. cassava germplasm. RFLPs have been applied in studies of phylogenetic relationships of

species within the genus Manihot and also in tagging resistance genes for diseases such as

cassava green mites. RFLP analysis is co-dominant, thus enabling identification of

heterozygotes from homozygotes. It is also reproducible within and between laboratories.

Limitations of RFLP analysis include usage of probes, high cost, and impossibility of

automation.

2.5.2 Randomly Amplified Polymorphic DNA (RAPDs)

The PCR based-RAPD technique has been used to provide means for genetic analysis and

identifying molecular marker for resistance to cassava anthracnose disease CAD.

Candidate genetic markers that can distinguish between resistant and susceptible plants

have been identified in the previous study by the method of bulked segregate analysis.

Where 80 -100% polymorphism observed in the arbitrary primers suggested the potential

markers linked to the putative anthracnose resistance locus was identified in a segregating

population derived from a cross TMS'92/0326 x TME117.

These results demonstrate that RAPD analysis can still be a suitable tool for detection and

mapping of major genes for marker-assisted selection in cassava breeding. Despite these

merits, RAPDs are dominant markers, and cannot be distinguished from homozygotes the

heterozygote. The technique causes incidence of non-inherited bands that are probably

use of RAPD markers in cassava (Akano et al., 2002). Relative position of all the RAPD
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genotyping (Welsh and McClelland, 1990).

2.5.3 Amplified Fragment Length Polymorphisms (AFLPs)

Amplified fragment length polymorphism (AFLP) is a reliable, PCR-based marker system

for obtaining quantitative estimates of genetic relationships (Vos et al., 1995). Ninety-

three varieties of M. esculenta (Crantz) were assessed by AFLPs for genetic diversity and

for resistance to CBB (Lozano and Sequeira 1974). AFLP analysis was performed using

two primer combinations and a 79.2% level of polymorphism was found. The phenogram

obtained showed between 74% and 96% genetic similarity among all cassava accessions

analyzed (Jorge et al., 2000, 2001).

The results demonstrate that resistance to cassava bacterial bright CBB is broadly

distributed in cassava germplasm and that AFLP analysis is an effective and efficient

of providing quantitative estimates of genetic similarities among cassavameans

accessions. Since polymorphism is detected as the presence or absence of amplified

restriction fragments, AFLPs are usually considered dominant markers which limit the use

of AFLP.

2.5.4 Microsatellitcs (Simple Sequence Repeats) (SSRs)

Microsatellites or simple sequence repeats (SSR) are the markers of choice for molecular

genetic mapping and marker-assisted selection in cassava. Simple sequence repeat (SSR)

markers are powerful tools for assessing genetic diversity, studying population genetics

and for marker applications in plant breeding because of their ubiquity, codominant

behaviour, reproducibility, amenability to high throughput visualization and high level of

polymorphism (Milbourne et al., 1997; Witsenboer et al., 1997). One drawback is that in

PCR artefacts and it is not reproducible. This limits utilization of RAPDs in cassava
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general SSRs need to be identified and flanking primers developed specifically at each

target locus within each species, although some SSR primers are transferable across

species and even genera (Wang et al., 2005). In cassava, the discovery, inheritance and

variability of 14 GA SSRs were described by Chavariaga et al. (1998). Later Mba et al.

(2001) reported 172 largely dinucleotide SSR markers derived from microsatellite-

. enriched genomic libraries. Thirty-six of these were placed on the genetic linkage map of

cassava. Roa et al. (2000) found ten SSR primer pairs to be generally compatible across

seven species within the genus Manihot.

2.5.5 Expressed sequence tags

ESTs are short DNA molecules (300 - 500 bp) reverse-transcribed from a cellular mRNA

population (Macintosh et al., 2001). They are generated by single-pass sequencing of

randomly picked cDNA clones and have proven to be efficient and rapid means to identify

novel genes (Adams et al., 1991).

The identification of ESSR through mining EST databases has become a fast, efficient and

low-cost option for SSR discovery in many plant species (Han et al., 2004; Thiel et al.,

2003). ESSRs are more easily transferred across taxa and more likely linked to genes for

traits of interest (Saha et al., 2004). In cassava most publically available sequences are

either expressed sequence lags (ESTs) or full-length cDNAs. ESTs thus represent

informative source of partial expressed genes and provide a sequence resource that can be

exploited for large-scale gene discovery (Whitefield et al., 2002). Recently, a large

number of cassava ESTs has been sequenced. Results of some of these studies have been

published (Anderson et al., 2004; Lopez et al., 2004).
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2.6 Identification of Polymorphic Loci of ESSR Markers linked to CBSD resistance

limited by the reliability of the screening

method for the trait than by any other factor. Thus the breeding of a new variety can take

between eight and twelve years and even then the release and adoption of an improved

variety cannot be guaranteed. This study provide eight 8 ESSR markers for identifying

resistance to CBSD. Most important among the biotic factors affecting cassava production

are viral diseases, specifically cassava brown streak disease (CBSD), which has long been

recognized as a major limiting factor to cassava production in Africa. Polymorphic loci of

ESSR linked to CBSD resistance are important due to the fact that DNA markers can be

used to identify genotype with resistance to CBSD earlier than the time such traits may be

assessed phenotypically. Effort has been made to use ESSR in both polymorphic

characterization and linking to CBSD by 1ITA - Roots and Tubers Programme.

The IITA branch, in Dar es Salaam and its partners namely Agricultural Research Institute

(ARI), Tanzania, and the National Agricultural Research Organization (NARO), Uganda,

have devised a concerted program supported by Bill & Melinda Gates Foundation to

identify and use molecular markers for faster and more accurate breeding of cassava

varieties resistant to Cassava Brown Streak Disease (CBSD). In identification for

resistance to CBSD, accurate sizing of ESSRs allele is crucial and the detection system

needs to be able to differentiate a Ibp difference (Buchanan et al., 1994).

another. PIC value is influenced by the number and frequency of alleles and it is a

valuable indicator of fidelity of marker for polymorphism (Liu et al., 2000). A high PIC

value indicates that the marker is highly informative and can distinguish closely

2.7 Suitability of ESSR Markers for Genetic Diversity and Resistance to CBSD

PIC is the measure of the usefulness of each marker in distinguishing one individual from

The effectiveness of selection may be more
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related genotypes. PIC values are affected by the number and frequency of alleles in the

population under study. Buchanan et al. (1994) reported that loci with a large number of

different alleles may have high PIC values, but if one or two alleles dominate, then the

PIC value may still be relatively small. .Up to date IITA and ARI have identified a few

varieties with some level of resistance to the disease and seek to identify the DNA markers

associated with the resistance gene in these varieties and integrate marker assisted

selection into cassava breeding programmes.
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CHAPTER THREE

3.0 METHODOLOGY

3.1 Planting Materials

The plant materials used in this study consisted of 24 different cassava genotypes obtained

from different countries. Of the 24 genotypes, 9 were from South America (Brazil.

Colombia, Peru, Cuba, Mexico and Venezuela), 9 from Tanzania comprising resistant and

susceptible genotypes to CBSD and 6 from Uganda, Ghana, Togo and Liberia (Table 2).

Table 2: List of 24 cassava genotypes collected from different countries

Country
Uganda 
Ghana
Ghana
Togo
Togo
Liberia
Brazil
Brazil
Colombia
Peru
Cuba
Mexico
Venezuela
Colombia
Colombia
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania 
Tanzania

DNA genotype ___________
TME - 539
TME- 1389
TME - 1368
TME-396
TME-230
TME-589
BRA - 990
BRA-255
Col - 297
PER - 458
CUB 1
MEX-55
VEN - 77
MCOL- 1468
MCOL- 1734
Namikonga (resistance to CBSD)
Albert (susceptible to CBSD)
Pesangani
Kigoma
Mwaya
Faraja
Mkita
Kalolo
Kibaha

S/No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
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al., 1983). Leaf tissue of 0.5g was ground to fine powder in liquid nitrogen using mortar

and pestle. The powdered tissue was transferred to a frozen 1.5ml eppendorf tube

containing 800jil of extraction buffer (lOOmM Tris-HCl, 50mM EDTA, 500mM NaCl,

1% PVP, 700pl of B-mercaptocthanol in one litre of extraction buffer) incubated at 65°C.

Thereafter, 50pl of 20% SDS was added to the mixture sample and put on a water bath at

65°C with intermittent mixing for 30min. After incubation, the tubes were cooled al room

temperature (25-27°C) and then 250pl of ice-cold 5M potassium acetate added with gentle

mixing by inverting the tubes after which they were incubated on ice for 20 minutes.

The solution was centrifuged at 12 OOOrpm for ten minutes in eppendorf table centrifuge.

The supernatant was transferred to a fresh 1.5ml eppendorf tube and one volume of ice-

cold isopropanol added with gentle mixing followed by incubation at -80°C for one hour

before centrifugation at 12 OOOrpm. The supernatant was poured off and last drops of

suspended in 500pl of TE buffer (50mM Tris-HCl /10mM EDTA and pH 8.0). .

The pellet was re-extracted and precipitated by addition of one volume of ice-cold

isopropanol followed by incubation and centrifugation. One hundred microlitres of lOmM

Tris-HCl, ImM EDTA containing lOmg/ml RNase was added and stored at 4°C overnight

to dissolve the pellet. The dissolved DNA was transferred to fresh appendorf tube and

stored at -20°C until used for PCR. DNA quality and quantity was determined using

spectrophotometer. One microlitre of DNA samples was loaded into a nano drop

spectrophotometer, which had been blanked with triple distilled water. Absorbance 

measurements were made at 260nm (A260), and 280nm (A280). The DNA concentration

3.2 Genomic DNA Extraction
Genomic DNA was extracted following the modified method of Dellaporta (Dellaporta et

isopropanol removed by placing the tubes facedown on paper towels. The pellet was re-
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was calculated automatically; the ratios A260/A280, which is an estimate of the DNA

purity, were also computed.

3.3 PCR. Optimization

The optimal annealing temperature for each primer pair was determined using a standard

most of ESSR amplified in broad range (62.7- 68) (Appendix 2). Standard PCR reaction

condition were set using 50 ng DNA; 0.8 pmole (Forward and Reverse) primer; 0.375U

Tag polymerase; 1.5 mM MgCh; 0.2 mM dNTPs, lx PCR buffer (50 mM KC1; 10 mM

Tris-HCl (pH 8.3). The reaction was done in volume of 10 pl and the PCR profile

consisted of 5 min initial template denaturation at 95°C, 35 cycles of 30 seconds at 95°C,

2 min at primer annealing temperature and 30 seconds at 72°C.

This was followed by a final primer extension of 72°C for 5 minutes. To optimize the

magnesium chloride concentration all primers were subjected to the above PCR conditions

using one DNA sample, but with a varying range of MgCh concentrations (1.0 mM, 1.5

mM, 2.0 mM, 2.5 mM and 3.0 mM) which shows a clear peak Appendix 4. The reaction

conditions that gave a clear single peak with relative fluorescent units (rfu) of above 2000

and minimum of stutter peaks was selected as the optimal PCR condition for that

particular ESSR primer. In a similar way the amount of fluorescent tail to be added for

analysis on the capillary sequencer was optimised across three concentrations: 0.125,

0.150 and 0.175 pmole/pl. The optimal PCR conditions were performed using capillary

electrophoresis for high throughput genotyping. The results are summarized in

Appendix 2.

. PCR protocol and gradient PCR between the temperatures of 55.8°C and 68.1°C were
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3.4 Suitability of ESSR Primers for Genetic Diversity

Selection of ESSR primers was based on peak quality detected by ABI 3730 sequencer.

ESSR primers that gave strong clear single peaks with minimum stray peaks were initially

identified by screening all the optimized ESSR primers against 24 cassava genotypes.

Amplification was carried out using the optimized PCR conditions and fragment analysis

performed on the ABI 3730 (Applied Biosystems). The peaks were sized and the alleles

obtained using the Genemapper software (Applied Biosytems). Genetic diversity was

measured in terms of number of alleles per locus and Nei’s unbiased estimate of gene

diversity (H) also known as expected Heterozygosity (He) (Nei, 1987). Distance matrices

were calculated on the basis of Euclidean distance among genotypes and geographic

origins. The distance matrices were subjected to UPGMA (Unpaired Group Method of

Arithmetic Averages) and clustering was done resulting in a construction of dendrogram

using Darwin software. Relative validation was performed to validate the dendrogram.

Polymorphic Information Content (PIC) for the polymorphic ESSRs was calculated

according to Nei (1987) as

n

PICi = 1-E (Pij)2 where

j=l

PICi = polymorphic information content of a marker i

Pij = frequency of the jth pattern for marker i and the summation extends over n

patterns. Distance matrices were calculated on the basis of modification of

Rogers’ genetic distance by (Botstein et al. 1980).

selected and subsequently subjected for polymorphism test. Polymorphic primers were
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3.5 Identification of ESSR Loci for Resistance to Cassava Brown Streak Diseases

co-loaded based on their dye label, fragment size and the relative fluorescence unit (rfu)

on the AB 1-3730. The pooled PCR products for each co-loaded group were centrifuged

and l.OpI drawn from the mix and added to 9.0pl of H1D1 ® formamide-LIZ 500 standard

mix. This cocktail was denatured at 95”C for three minutes and quickly chilled on ice

before loading on ABI-3730. Samples were introduced to the 48 capillaries by

electrokinetic inoculation migrates according to size, by electrophoresis through POP4

(performance optimized polymer) matrix containing urea, along a 36cm capillary array.

A run module which consists of 60°C run temperature, 10 seconds injection time, 15KV

through the detection cell, the fluorescent dyes were excited by an argon laser and

emission spectra of the various dyes were detected by charge coupled device (CCD)

Each electrophoresis run consisted of 48 samples that were simultaneously analyzed. After

the fragments were separated using ABI 3730 capillary electrophoresis machine (Applied

Biosystems), the peaks were sized and the alleles obtained through Genemapper software

(Applied Biosystems).

The results of two varieties of Namikonga (resistant) and Albert (susceptible) were

confirmed by observation of electropherograms of sample plot after analysis using

Genemapper software. The allele intensities were fairy good ranging between 4000 and

30 000. ESSR primers that gave a different allelic richness between Namkonga and Albert

run voltage and 20 min run time, were used for all samples. As the DNA fragments passed

A total of 14 ESSR were used for identification of CBSD loci. The amplified ESSR’s were

were initially selected and subsequently subjected for polymorphism test.

camera and the captured electrons were represented as relative fluorescence units (rfu).
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1 Optimization of PCR Condition

An annealing temperature of 62°C was found to be optimum for all primer pairs except for

ESSR 72 and ESSR 110 in which 57°C was found to be optimum. 0.175 pmole/pl

fluorescent nucleotides were found to be appropriate for all reactions. Optimum

magnesium chloride concentrations varied and are provided in Appendix 2. Of the 80

markers selected for optimisation 68 (85%) was successfully amplified while 12 (15%) of

markers failed to amplify.

4.2 Identification of Polymorphic Loci for Genetic Diversity and Relatcdness of

Cassava

During this study 68 ESSR primer pairs, which were found to amplify well were screened

presented in Table 5 ESSR73, ESSR 80, ESSR 81, ESSR 83, ESSR 84, ESSR 85, ESSR

93, ESSR 108, ESSR 109, ESSR 119, ESSR123, ESSR 125, ESSR134, ESSR 138 and

ESSR 139. Fifty three primers were polymorphic Appendix 3. On the other hand a total of

231 alleles were amplified by 53 ESSR, • the number of alleles per primer ranged from 2

to 11 Appendix 3. The mean number of alleles per primer was 4.35. The PIC values

ranged from 0.174 for ESSR 104 to as high as 0.844 for ESSR 91.

4.3 Genetic Relatcdness of Cassava Genotypes

indicated that cassava genotypes from the Rest of Africa and those from South America

fall in the same group presented by cluster 1 (Fig. 2). In this group/ cluster, four (4)

Four distinct groups of phylogenetically related cassava genotypes were identified in this 

study. Phylogenetic relationship demonstrated by UPGMA, genetic distance grouping

across 24 diverse genotypes. Of these fifteen (15) markers were monomorphic as
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genotypes from Rest of Africa namely TME 230. TME 1383, TME 1368 and TME 589

group distancing from genotypes in cluster one arc Mkita, Kalolo, Mwaya from Tanzania

and TME 539, TME396 from the Rest of Africa at a distance of 0.5116.

Also the UPGMA revealed that cassava genotypes from Tanzania and those from South

America fall in the same group presented by cluster 3 (Fig. 2). In this group three 3

phylogcnetically identical to Kibaha from Tanzania. The second group distancing from

other genotypes from cluster three 3 are CuBl, Venezuela from South America and

genotypes from Tanzania and those from South America fall in the same group presented

by cluster four. In this group four 4 genotypes from Tanzania namely Pesangani, Kigoma,

Albert, and Faraja, are phylogenetically identical to PERU 458 and MEX 55 from South

America at a distance of 0.5677.

Analysis of genetic distances between the genotypes (Table 3) showed that the varieties

most closely related were Peru 458 and Mexico 55 (D=0.1732), TME 1389 and TME

1368 (D=0.1982), Mkita and Kalolo (D=0.3981) followed by Pesangani and Kigoma

(0.4912) while distantly related genotypes were BRA 990 and Mex 55 (0.7089), Albert

and Mkita (0.6036), BRA255 and CuBl (0.6054), TME 230 and TME 539 (D=0.5914),

Namikonga and Albert (0.5139).

are phylogenetically identical to BRA 990 and BRA 255 from S. America. The second

genotypes from South America namely COL 297, MCOLI734, MCOL 1488 are

Namikonga from Tanzania at a distance of 0.5170. UPGMA revealed that cassava
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Figure 2:

Cluster, CS3a, b = 3rd a= main cluster and b= sub cluster and CS4 =

Phylogenetic relationships among cassava genotypes on the basis of 
Wright’s (1978) modification of Rogers’ genetic distance using UPGMA 
clustering. 95% Bootstrap value was performed to test the robustness of 
the dendrogram topology.
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4.4 Identification of ESSR Loci linked to Resistance to Cassava Brown Streak

Disease

'flic results reveal a set of 14 ESSR markers which arc able to discriminate resistant and

produced in the ABI 3730 electropherogram indicates that alleles ranged in size from 100

to 3000bp with the majority being between 400 and 2000bp. The number of alleles

detected by the different markers is shown in Table 4.

Observed Allele forObserved Allele size forMarkers
susceptibleCBSD resistant genotype

198182,188ESSR105
187183,192ESSR110

109,121117ESSR115
181132,138ESSR121
140102,105ESSR130
190202,208ESSR136
209171,177ESSR71
166186,189ESSR75
191207,210ESSR76
131123,129ESSR88
183180,186ESSR91
186111,117ESSR95
216109,112ESSR96
175191,182ESSR116

1527Total
1.071.93Mean

Table 4: Allelic diversity of ESSRs loci differentiating Nainikonga (resistant) and 
Albert (susceptible) to CBSD

susceptible individuals to brown streak diseases. The size of genotype plot that was
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Allelic difference from ESSR’s loci confirmed by observation of electrophelogram of

sample plot after analysis using Genemapper software. ESSR markers detected two

alleles in resistant genotype Namikonga (heterozygotes) (Fig. 3) and one allele in

susceptible genotypes (homozygote) (Fig. 4). This indicates the variation between the

two varieties.
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Figure 4: Albert (susceptible genotype) plot of marker ESSR 76 showing homozygote 
individuals.
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Figure 3: Namikonga (resistance genotype) plot of marker ESSR 76 showing 
heterozygote individuals.
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The number of allele per locus among 24 cassava genotype were detected, a total of 63

alleles were detected in this study (Table 5). The number of alleles per primer ranged

between 2 and 8, and the mean number of alleles per primer was 4.5. The PIC values

ranged from 0.239 to 0.844. Eight 8 markers namely ESSR91, ESSR116, ESSR96,

ESSR130, ESSR95, ESSR75, ESSR121 and ESSR110 had high PIC values, implying

their suitability for CBSD studies and genetic characterization for further research to find

gene that link to CBSD disease resistance.

PIC

0.55680.6146 0.6667 1.00006 4ESSR75

0.3333 1.0000 0.33600.356844ESSR88

0.4583 1.0000 0.45280.521756ESS R105

0.6667 0.59980.6649 1.000057ESSR130

0.6667 1.0000 0.57330.634557ESSR121

0.59760.6667 1.00000.651057ESSR95

0.63440.6832 0.7500 1.000069ESSR116

0.6667 1.0000 0.62240.6467710ESSR96

63

Tabic 5: Number of alleles, allele size, diversity, degree of availability and PIC of 
ESSR markers observed in genotypes of cassava with respect to CBSD 
resistance

Availa 
ability

0.8442
0.520171

ESSR91
Mean
Total allele

15
6.642

0.8602
0.576446

0.9167
0.616079

1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

0.2392
0.4783
0.5344
0.4657
0.3475

8
4.5

Allele 
Numbe 

r 
2 
3 
3 
3 
3

Marker
ESSR71
ESSR76
ESSR110
ESSR115
ESSR136

Observe 
alleles 

bp 
210, 181 
180, 192, 154 
182,187, 191 
188,194, 196 
201.204,168
201.203.205, 
177
198,201,204. 
191 
182,188,191, 
194, 198 
174,177,183, 
192,192 
199.205,208, 
209, 175 
204,206,213, 
215, 161 
186, 190, 192, 
196, 202,209 
166, 170, 173, 
176, 176, 178, 
204 
192, 196,198,
202.204.206, 
207,163

Gene
Diversity 

0.2778 
0.5720 
0.6016 
0.5512
0.3793

Hetcrozygo 
sity 

0.3333 
0.9167 
0.5833 
0.6250 
0.3750

Genotype 
Number

2
5
6
5
4
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4.5 Discussion

PCR is sensitive to a number of parameters including magnesium ion concentration,

template DNA quality and concentration, primer concentration, and annealing

temperature. These parameters need to be optimized to avoid nonspecific amplification

products such as primer-dimers and fragments of heterogeneous size. Therefore

. optimization is important for accurate and robust genotyping, particularly when

amplification products are to be post-PCR co-loaded onto capillary sequencers to reduce

unit costs (Beaulieu et al., 2001). One of the specific objectives of the study was to

determine the optimum annealing temperature and MgCl2 concentration. This study

revealed an optimum annealing temperature of 62°C. This temperature has proved to be

optimum and gave reproducible results during the evaluation of total of 80 ESSR, using 24

cassava genotypes from South America, Tanzania and other African countries The results

agree with the suggestions made by Innis and Gelfand, (1990) that annealing temperature

of 62°C falls within the range of 55°C to 72°C that is generally recognized to produce best

results.

Magnesium ions are an essential co-factor for DNA polymerase in PCR. The study

revealed that MgCl2 concentration varied from 1.0-3.0 mM (that means it shows a clear

peak when MgCl2 concentration is at 1.0, 1.5, 2.0, 2.5 and 3.0). The optimum MgCl2

concentration in the reaction mix was 2.0 mM for all primers. Variations in MgCl2

concentration below 4 mM affect primer specificity in PCR (higher concentrations lower

the specificity, lower concentrations raise primer specificity). In general, magnesium ion

should be varied in a concentration should range from 1.0-3.0 mM. In this work the

optimum MgCl2 concentration was 2.0Mm and therefore recommended for ESSR

amplification studies in cassava.
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The second specific objective of the study was to identify polymorphic loci of ESSR

markers for determining genetic diversity among 24 cassava genotypes. The average PIC

value for all 53 ESSR marker loci were fairly high this indicates that the markers that had

more useful for differentiating between closely related genotypes than others. Buchanan ct

al. (1994) indicated that loci with a large number of different alleles may have high PIC

values, but if one or two alleles dominate, then the PIC value may still be relatively small.

The effect of allele frequency can be demonstrated by the marker with the lowest allele

frequency of the dominating allele eg ESSR91 (191 bp) (18.7%) has the highest PIC

(0.844), while loci ESSR 104 with the highest allele frequency (90%) for the

predominating allele (190bp), has the lowest PIC value (0.173) Appendix 5. PIC values

found in this study ranged from (0.1736) to (0.844). Therefore PIC value which is

influenced by the number and frequency of alleles is a valuable indicator of fidelity of

marker for identifying polymorphism with respect to CBSD resistance and for genetic

studies in general (Liu el al., 2000). High PIC and large number of allele will enable the

breeders to determine whether the desired genes of the disease resistance have been

successfully transferred from the parents to the offspring at the seedling stage.

Twenty nine (29) ESSR markers were highly informative in genetic studies. The highest

PIC value of 0.8442 was observed for the marker ESSR 91. This marker also produced the

highest number of alleles (8 alleles) suggesting that it could be used to distinguish closely

related cassava genotypes. On the other hand 24 ESSR markers gave low PIC value and

low allele frequencies. The lowest PIC value of 0.1736 was observed for the marker ESSR

104. These results agree with the findings from Buchanan et al. (1994) that loci with a

large number of different alleles may have high PIC values, but if one or two alleles

high number of alleles had generally high PIC values indicating that some markers are
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dominate, then the PIC value may still be relatively small because of low genetic diversity.

Analysis of genetic distance among 24 genotypes revealed that Tanzania and South

America genotypes are well spread across the dendrogram. This indicates a high genetic

diversity due to high gene flow between genotypes from Tanzania and South America.

This indicates that there has been extensive germplasm was efficient exchange of cassava

varieties between Tanzania and South America as well as extensive distribution of

varieties in Amani breeding program from the 1920s to the 1960s throughout Tanzania.

The 53 ESSR markers reported here are therefore appropriate for further applications in

cassava germplasm characterization and plant breeding. Also dendrogram revealed that,

cluster,

indicating a narrow genetic diversity found in these countries. In this case there is an

urgent need to collect, conserve and utilize germplasm from both Tanzania and South

America for broadening the genetic base of cassava in the other African countries

The close genetic similarities observed among genotype Namikonga from Tanzania and

Venezuela from South America (0.3357) followed by Kibaha from Tanzania and

Colombia 297 from South America (0.4417) may be due to the historical events of cassava

introduction in Africa as described in section 2.1.2.

The genotypes BRA990 and Mex 55 from South America showed the highest genetic

distance (0.7089) as compared to the genotypes Albert and Mkita from Tanzania (0.6036)

and TME230 and TME 539 from other African countries (0.5913). This is an expected

result; although there, is substantial diversity in Africa there are some factors that reduce

the diversity. Being mainly a vegetatively propagated crop, a reduction in genetic diversity

is due to the accumulation of systemic pathogens and the spread of a few, vigorous,

adapted landraces could be expected. This together with possible founder effect (loss of

the genotypes from the other countries in Africa appear only in 1st and 2nd
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genetic variation) during the crop’s spread to Africa further influence the diversity and the

genetic base.

The study has also identified genetically closely related genotypes such as genotype MEX

55 and PER (D=0.1732), followed by TME 1389 and TME 1368 with 0.1982, MCOL1734

indicated in (Fig. 2 and Table 6) are the most closely related genotype since they had the

smallest genetic distance between them and clustered together in the dendrogram. This

similarity can be explained based on the common geographical area from which the

planting materials were collected. The most distantly related genotypes were TME 230

and kigoma at a distance of 0.7582, BRA 990 and MEX 55 (0.7089), Albert and Mkita

(D= 0.6036), BRA255 and CuBl (D=0.6054), TME 230 and TME 539 (D=0.5914),

Namikonga and Albert ( D=0.5139).

This dissimilarity observed between cassava genotypes is also possibly a result of

evolutionary adaptations and divergence over time that might have occurred, which cause

accumulation of allele unique to Rest of Africa, Tanzania and S.A. The accumulation of

novel variation suggest that germplasm from Rest of Africa has been separated from that

in Tanzania. Also this dissimilarity is due to the historical events on introduction of

arrivals of cassava from South America to Africa. Cassava arrived and diffused earlier at

the West African coast by the 15th century compared with the 18th centuiy in East Africa

This might cause accumulation of allele unique to Rest of Africa,(Carteret al., 1992).

Tanzania and South. America. The analysis revealed that genotype Albert is quite

separated in the phylogenetic cluster to which it belongs. This may be due to limited

introgression of Albert with other genotypes because of its high susceptibility to CBSD.

and MCOL1468 MKITA and KALOLO with 0.3981, TME 396 and Mwaya (D= 0.483) as

cassava in Africa from South America. It is known that there were two independent
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The third and last specific objective was to identify polymorphic loci of ESSR markers

associated with resistance to cassava brown streak disease (CBSD). Eight (8) ESSR

markers showed fidelity for effectiveness and efficiency in distinguishing resistant and

susceptible genotypes to CBSD. Thus providing tools for detection and mapping of major

genes for marker-assisted selection in cassava breeding programmes. Therefore eight

ESSR markers have proven to be effective in overcoming the limitations of traditional

breeding methods. These ESSR markers will enable the breeder to identify and eliminate

at an early stage susceptible genotypes of cassava. Eight (8) number of loci reported in

this study demonstrates high variability between resistant and susceptible parents to

CBSD. Therefore researchers should use these markers to speed up and improve the

efficiency of their breeding programmes.

The highly PIC value indicates that, the markers were informative and can distinguish

resistance and susceptible genotypes to CBSD. In this study eight (8) markers namely

ESSR 110, ESSR 121, ESSR 130, ESSR 75, ESSR 91, ESSR 95, ESSR 96 and ESSR 116
demonstrated high PIC values (Table 5),.are therefore highly informative linked to CBSD

individuals that are resistant to CBSD. Further work is required to develop a population

with a pool of individuals that are resistant to CBSD and a pool for susceptible in order to

link specific markers to resistance that can be use in future breeding work. Alternatively

segregating populations of general hundreds of cassava genotypes from a cross between

Resistant and Susceptible will need to be constituted in order to develop identify QTLs

and markers that will be linked to resistance to CBSD. However, to date gene expression

for CBSD is still unknown. The use of makers is expected to shorten breeding cycles

because selection of resistance can be made earlier in the growth cycle, even at the

resistance. The 8 markers preliminary indicate their ability to identify genotypes or
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seedling stage without waiting for root maturity. In contrast to conventional breeding

methods that rely on the direct selection based on phenotypic effect, DNA markers enable

indirect selection by identification of desirable genotypes for quantitative traits like

resistance to CBSD, and markers for QTL are not influenced by environmental conditions.

Most important among the biotic factors affecting cassava production are viral diseases,

specifically CBSD which has recently been recognized as a major limiting factor to

cassava production in Africa. Genotype (TME 230, Mkita, Kibaha, Pesangan, Kigoma,

BRA 990 and Mwaya, and Mcx 55, BRA 255 and TME 533, Albert,and Per 458

Namikonga and Faraja were found to be genetically more distantly related. However, this

study has not resolved fully the varying levels of resistance of the above genotypes except

for Namikonga and Albert. Albert which predominated in Mtwara District up until 1998,

still considered in genetic mapping due to its desirable traits such as high yielding, and

palatability (sweet taste). Since the resistant genotype (Namikonga) and susceptible

genotype (Albert) are demonstrated to be unrelated genotype at a distance of 0.5139 and

did not cluster together.

However the investigation of varying level of resistance to other genotypes should be

followed in for future research and more comprehensive use of markers be included in

National cassava improvement programme. Therefore the results observed in this study

indicates that the 53 ESSR markers reported here should be appropriate for further

applications in cassava germplasm characterization and plant breeding.
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CHAPTER FIVE

5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

An annealing temperature of 62°C was found to be optimum for all primer pairs except for

ESSR72 and ESSR101 in which 57°C was found to be optimum. Optimum magnesium

chloride concentrations varied and are provided in Appendix 2. 0.175 pmole/pl fluorescent

nucleotides were found to be appropriate for all reactions. Of the 80 markers selected for

optimisation 68 markers were successfully amplified.

The findings from this study showed that, markers used were highly in determining the

distinctness of cassava germplasm. ESSR 91 was the most informative with eight (8) of

alleles and highest PIC values. This marker was able to distinguish closely related

genotypes. The number and frequency of alleles at different DNA marker loci found in

this study had not been previously reported. This has allowed for the first time an analysis

of fidelity of ESSR for cassava genetic study and identification to CBSD resistance. This

study provides reference data with representative alleles across 53 polymorphic ESSR

markers that allow comparison of cassava accession for future genetic assessments. Also

the findings revealed 14 ESSRs which are able to discriminate resistant and susceptible

genotypes to CBSD making them useful markers for inclusion in mapping work for

spread across the dendrogram indicating that the diversity from South America is well

captured and represented in all clusters. The 53 ESSR markers reported in this study

should be appropriate for further applications in germplasm characterization and plant

breeding.

disease resistant loci. The Phylogenetic relationship revealed four major clusters and one 

minor cluster. Cassava genotype from Tanzania and those from South America are well
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The findings in this study indicated that Albert is in a quite separated Phylogenetic cluster,

this may be due to limited introgression of Albert with other genotype because of its

susceptibility to CBSD. Since the two genotypes which are Resistance to CBSD

(Namikonga) and susceptible (Albert) genotype are genetically unrelated I thereby

advocated to be included in National cassava improvement programs in the country

genetically dissimilar thus these cultivars can be used for breeding to introgress gene

resistance to CBSD.

6.2 Recoin inundations

Because of the desirable traits of cassava genotype Albert (high yielding and sweet test)

there is also a need to introgress genes of resistance to CBSD in order to develop variety

with high yield, sweet taste and resistant to CBSD by crossing it with Namikonga which is

resistant to CBSD and distantly related.

The ESSRs presented in this study showed to have average polymorphic information

content values ranging from 0.173 to 0.844 and can be used to improve the efficiency in

tagging agronomically important genes and in diversity studies. There are therefore very

useful in implementing cassava genetic improvement research. However further work is

required to be undertaken with a wider spectrum of genotypes consisting of varying levels

of resistance for more comprehensive use of markers.
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APPENDICES

IITA Name

IITA ESSR71 (CCA)5 183

IITA ESSR72 (GAA)5 190

IITA ESSR73 (TCA)5 167

IITA ESSR74 (GGTJ6 174

IITA ESSR75 (ATG)5 180

IITA ESSR76 (TCT)7 152

UTA ESSR77 (TCT)10 158

IITA ESSR78 (GCA)5 157

11 TA ESSR79 (GCAJ5 171

IITA ESSR80 (GAT)5 168

(AGA)5IITA ESSR81 150

(TGA)5IITA ESSR82 174

(TTC)5 185IITA ESSR83

(GGA)5 184IITA ESSR84

(CCA)5 185IITA ESSR85

(AAG)5 /151IITA ESSR86

(TCT)5 154IITA ESSR87

(ATC)5 175IITA ESSR88

(TCT)6 165IITA I-SSR89

(AGA)5 181IITA ESSR90

(CTC)7 172IITAESSR91

(TGA)6 165IITA ESSR92

(CCA)6 169IITA ESSR93

(TCT)8 162IITA ESSR94

(CTT)6IITA ESSR95 172

Nuclcotid 
c and no 

of repeats
Product
size (bp)

Appendix 1: List of ESSR primers and target repeats and sequences used in the 
study

CCG
TCATCACCTCTCGCAAA
ACAAAAGGC
ACGA.TCGAGCTGCAAC
CCCAA
TGGCAAAGACATGGGC
GGTC
TTGCAGCTTCCAAATGA
TGAGTGTTCA
ACAGCTGGTCC'nTGCT
CCGTTG
GAGCGTCTCTCCGGTG
ACGTTG
TTCCTTCAATTCTTGGC
CATCCCC
CTACCTCAAGGACAAA
AAGTGAGGCCA
CATCAATACCGGCGCT
AATTCTTCCA
CTGCTTCCTCCGTCTTC
CAAACGC
TGAAGAGAATGAGGAG
GGTGGATTGA
TCCTGGAGTTTGCTCCA
TTTGTTTGA
TGAAGGGAAGGCTCAA
ATGAAGAGCA
AAGTCACCACCCCCAC
CCCC
CAAAAGATGGGTGTTG
GAGGAACTTTG
AAATCTGTGGCCTCTAC
GATTCACCC
TCAGAGCCTTTTGGGTA
AAACCAAGC
TGGAACTGGTTTCGGC 
GGTG
TGGCTGACCTGCCAAT
GGTTTTG
TTCATTTCCAGGAGACC
ACCCTTTCA
TTGCAATGAGCTCCCTG
ATTATGCTG
CTTGGAGCTGCCTCTCA
CTACGGC
AAGGTGGCAACAGCAA
ATGGATGG
CCATCTCCAGAGCTCTA
AACCGCCA 

Forward primer___________ Reverse Primer_____
TGCTCCGCCAATTCAAG GGTGGAGGCGGAGGGCA 

GTA 
GCAACATCCTGGCTTTAG 
GAGTGTCC 
CGGTGTAGAAGTTGAAG 
CCGTTGAACC 
TGCGAGGCGTGTTACAGC 
TCTAATTG 
CATCTCTTGCTCATCGAA 
GTCAAGGC 
TGAAGCGCAGTGATTTTG 

• GCTCC 
CGGAGCAAATTATCATCA 
TCGAACCA 
GCATGTTGAGCCTGGGCT 
TGC 
CGGGGAACTTCTCAATGT 
rrrrcTTGG 
TCCACTACAGACGCCTCT 
CCGTTC 
ATCGGCGACGCTGAGATT 
CCC 
TCCTCCTTAGGTGCATCC 
TTCTTTGG 
CCATGCCATGTCGATAAC 
GATGC 
CACTCCTCTCTGCACCAC 
CACCC 
CACTGCATCAACGTTCGA 
TCTCGTCT 
CATTCTGAACCTTGAGCT 

.CACAGCCAT 
CCCGGGTATTCTTGTCAA 
CAAAGACAG 
GGGCCTGGACTGGAACA 
GAAGAGAA 
TCACGTCCTCTCTTTTGTC 
CAATCCAG 
GCTAGCTCAGTCACCCAT 
GTCTCCAC 
CCAAAGGAACACTCTCTG 
GGCCG 
GCCTTCACATGGCACGGT 
CG 
GGGTTGACGACTGGGTG 
GCG 
GCAAAAGGGTGGATAGT 
TTTGGTTTGG 
CGAGGAAGCATTCGAGA 
CGCA
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IITA Name

IITA ESSR96 (AGA)8 150

IITA ESSR97 (TCT)6 200

IITA ESSR98 (GAA)6 184

(T!C)5 176

(AAG)5 150

(AGA)8 166

(ACC)6 173

(GAA)6 176

159

71

(GCA)5 166

(TCT)5 164

(GCT)5 150

(TCA)5 163

(TCG)5 164

(GCT)5 157

(CTT)5 156

(GCA)9 175

(TGA)5 152

(CAA)6 165

(GCA)7 175

(CAC)8 150

(AGA)7 151

(CAT)6 152

(CTT)5 166

(TCT)8 179

(TTC)5 190

Nucleotid 
e and no 
of repeats

Product 
size (bp)

(TTC)ll
(TTC)7

IITA I-SSR99 
IITA 
ESSR100 
IITA 
ESSRI01 
IITA 
ESSR102 
IITA 
ESSR103 
IITA 
ESSR104 
IITA 
ESSR105 
IITA 
ESSR106 
IITA 
ESSR107 
IITA 
ESSR108 
IITA 
ESSR109 
IITA 
ESSRIIO 
IITA 
ESSR111 
IITA 
ESSR112 
IITA 
ESSR113 
IITA 
ESSR1I4 
IITA 
ESSR115 
IITA 
ESSR116 
IITA 
ESSR117 
IITA 
ESSR118 
IITA 
ESSR119 
IITA 
ESSR120 
IITA 
ESSR121 
IITA 
ESSR122

AAGGGCG
CTACCTTCAAAGCTTCA
GCCTTCAGCA
GAAGGAGCAACGTGAT
TACAGGGCA
TGGAATTGTTGGACGC
CGGA
TCCCATGTTGGAGACCC
CATCG
TGCCTCCTCCTCCTCCA
CTGC
CCGACGGCAAGGCTCA
GCTC
CGAGCTCCGCCTCTTTC
CCA
GGGGCTGGGTTTTGGG
GGA
GGTGGAGCTGGAGGGA
GTCGTG
TGCAACCCCAAAGATC
AGGGC
TTTATAAATACTCCGCC
CTTCCCATCG
GATGAAGCTGTTGAAA
CTGCAAAGCAA
TTCCGTCGTTCAAATGC
TTCCG
TCAAGCGAAGAGCATC
AGAGCAAATCT
GGGATCTGCGCCCATC
ACAGA
TACGAGCATCGCTCTCT
TCCCTCA
CGCCTCTTTCCCACCTC
CGA
CTTTGAAAGAACTCCA
AATGGCCACC
GTTGTGAAAGCCGAGA
AGACGCC
GATGGAGAGGATGCTT
ATGATATGCGG
AACGGCGGGTGTCTCA
CCTCC
GAAGGACCAAGGGTTT
TGCAGATGG
CCATTCTTTGCTACACA
TGGAGGGC 

______ Reverse Primer_____
TTGAATCACCGCTGCTCT
GATGG
GCGTCAACGGTTGCAGAT
TCTGACT
TTGGAGGAGGACCACCTT 
CTTTGC

Forward primer
TTTTTCCCTTTTCACCG 
CTCTGGTT 
CAAACCCTTTTCTCCCA 
TCGCCT 
CGAAGTTGGTGTCACA 
GAAGATCACGA 
TCACTCATGCAGCTAAC TGCTTCCACTTCCACCTG 

AGGTITACA 
AGACCTGCAGCTGTTTTG 
AGGCCTTT 
CGAGGAGGCATTGCTTGG 
CG 
CCGCGTAGAATCCTGAAT 
CGCC 
CCTCTGGTGGCTGTTGCC 
CA 
GGATCCGGAAGAGAGAA 
AAGAGGACC 
CCCAGCATCATCTTGAAA 
GCGAGG 
TGCCTGAAGCTCTGTAGC 
ATCGC 
TGGGCTTCATGGCCAAAG 

. GA
AACTCAATCCCAGGCGGC 
GG 
GCATCTCGGTGTAGAAGT 
TGAAGCCG 
CGCCGCTTTGGACGAGTC 
AAC 
GCTCGCCGAAGCTCGGG 
AATA 
CGGCGGTTGCTTGACAGC 
IC 
TGTCAGGATTGTAGGGAT 
TGACGGC 
CAGCTGCACGCTCTTCCG 
CA 
CGTGTAGTGCTCCGCAAA 
CTACCGA 
GAATGGCTTTCGCCTGAA 
GCTCTG 
TGGAGGTGGTGGGTTTGA 
.GGAAAA
TCTCCGGCAATGCAATTC 
TACTGCTT 
GCTTTTGCCTCTGATTTTG 
GGTCTGG 
GGTTGATGATAGGAGCA 
GGAGCAGC 
TCCTCAAAGATTCCTCTG 
CCTGTCTTG 
TCAGGAGTACCCTTCTGA 
AAGGGGAAA
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(CTT)5 178
(CAG)6 154
(TTC)5 166
(ATC)5 177
(TCT)5 171
(TCT)6 163
(TTC)IO 157
(CAG)5 174
(AGC)7 179
(AGG)6 155
(ATG)5 153
(GAA)8 193

179(GAA)6
(GAG)5 168
(GGT)5 172
(TC)8 158
(TTC)IO 152
(AGA)9 150
(GAA)6 152
(CT)6 171

169(GA)7
(TC)6 162
(CAG)6 . 181
(CAG)9 163
(TTC)6 162
(GAA)6 195
(AGG)6 170

Nuclcotid 
c and no 
of repeats

Product 
size (bp)

GCA
TCTGCAGGAGGGAGGCC 
AGC
TTCTTCTGCCTGGGTCGC
CA
GTGGCAAACCCGCCAAG
CAT
TCATCAGTTGAAAGCACA
AGAATGCCA
ACAGCCAACAAAACCAA
ACAGCTCC
TCCCTGGCCCTTACTCAT 
GGAAAA
TGACTCTCTCCCCGACAG
'ATCGC

1ITA Name 
IITA 
ESSR124 
IITA 
ESSR125 
IITA 
ESSR126 
IITA 
ESSR127 
IITA 
ESSR128 
IITA 
ESSR129 
IITA 
ESSR130 
IITA 
ESSR131 
IITA 
ESSR132 
IITA 
ESSRI33 
IITA 
ESSR134 
IITA 
ESSRI35 
IITA 
ESSRI36 
IITA 
ESSR137 
IITA 
ESSR138 
IITA 
ESSR139 
IITA 
ESSR140 
IITA 
ESSR141 
IITA 
ESSR142 
IITA 
ESSR143 
IITA 
ESSR144 
IITA 
ESSR145 
IITA 
ESSR146 
IiTA 
ESSR147 
IITA 
ESSR148 
IITA 
ESSR149 
IITA 
ESSR150

______Reverse Primer_____
TGCTCATCGACAAGCACC 
CTTTG
ACGACCACGTCCTCGGCC
AT
TGGTGCTGAGGTAATGAA 
GGCATGG
TGCCATTGCTGGGAACTT
GTCC
GGGAAGGTTGGTAAGCA
GTTGCATGA
TCAACGGTTGCAGATTCT
GACTGGA
GTTTCTTGGCCGTCCTGG
CG
AACCCGCTTACCATAACT
TTCAATGCC
TCCCAGTTGGCCGGTGGT
TG
CGCTATTCTTTCCGATGG
ACGACG
AAGGATGAAGGTGGTTT
GGTTACAGCA
CGCAAGATAAAAATCCTC
CAAACCCA
CTCGGGTCCTCTGGGCCC
TC
TGAGCTCGGCCCTTTTGC
CA
GCAACTCCAACAAGAAC
AAGCCCA
GCCTGGCTCCATCCTGTC
TGC
GTGAGCA 
GATCATCGTCACCGTCCA 
ATAATCCA 
TCCTGTTGAAAGAAAAAC 
CGACCCAA 

CATTCCCGTCAACCAAC TCCATGCAAAGTCCATCC 
CCTTTCTC 
AGAAGAACATTCAAAA 
TGCAAAGGGGG 
GTCCCTCAAACCCCAA 
AACTCCCC 
CCCCAATTTGCAGCAG 
CAAGGA 
GAGAATTATGGCTATG 
CCCCTGCTCC 
TTGGATCTCTTGCTTTG 
CAATTTGAGG 
TGGGCTTGAAGAAGGA 
TGGCAA 
GCGGAGGGATCGTCTG 
CGTC

_____ Forward primer
GCAGCTGCCGTTTTATC
CTCTTGC
TTCTCCTGGATATCAAG
CTCCGCA
GGGGATGAGAGCGGTC
TTGGTTTT
CTCGCCAACTCTTTGGC
CGC
ACGAGGTACGGCCGGG
GAGA
CCAACACATGTTTACAT
GGCTCAGCA
GCAAGCAACAACGTTT
CTGAGAGCTG
GTTGACTCTGGGGTGA
CCAAGATTCCT
CTCCCATACCACTGGA
ACAGCCTCA
TGTCCGCGGAGGGATC
GTCT
TACGAGTTCATTGGCTG
CAGTTATGGC
AAGGCTGAGGACCAAG
GTGCTGAAT
GCTCATCGGGTCAACA
ACCGC
CCGAGAATGCTTCCAG
GACCCC
TGCCTGTGTGCACTGAG
CGG
GGAAATTGCATTAAAG
CGTGTGTTTGG
GGGTCCCCATGTAAATT TGGCTAGAACCACTCCCT
GTAAAACCCC
ACGGGTTACTGAGTTTT
GATTGCATGG
GGGGATTCATGGGTCG 
TGCC
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Appendix 2: Optimized PCR conditions for amplification of ESSR primers

400 62

59 
129 
192 
554 
175 
189 
179 
170

196
428
192
188
196
161
224
205

196
187
44

205 
177 
172 
179 
191 
190 
173 
476 
212 
209 
293
177 
160 
198

1.0-2.5
2______
1.5- 2.5

Best 
Annealing 

(TA) °C 
62 
57 
62

57
62
62

62
62
62
62
62
62
62
62
62
62
62
62
62
62

Primer_______
I1TAJ3SSR71 
I1TAESSR72 
11TAESSR73 
1ITAESSR74 
I1TAESSR75 
11TAESSR76 
11TAESSR77 
11TAJ3SSR78 
1ITA ESSR79 
11TA_ESSR8O 
I1TAESSR81 
11TA_ESSR82 
IITAESSR83 
IITAESSR84 
1ITAESSR85 
I1TAESSR86 
11TAESSR87 
11TAESSR88 
11TAESSR89 
I1TAESSR90 
11TAESSR91 
IITA_ESSR92 
IITAESSR93 
I1TAESSR94 
11TAESSR95 
I1TAESSR96 
IITAESSR97 
I1TA_ESSR98 
IITAESSR99 
I1TAESSR100 
IITA-ESSR101 
IITA ESSR102 
IITA ESSR 103 
IITAESSR104 
IITAESSR105 
IITAESSR106 
UTA ESSR 107 
UTA ESSR 108 
IITAESSR109 
I1TAESSR110 
IITA-ESSR111 
IITA_ESSR112 
IITAESSR113 
IITA ESSR114

62
62
62
62
62
62
62

Oberved size 
(bp) 
208 
215 
189

Expected 
size 
183 
190 
167 
174 
180 
152 
158 
157 
171 
168 
150 
174 
185 
184 
185 
151 
154 
175 
165 
181 
172 
165 
169 
162 
172 
150 
200 
184 
176 
150 
166 
173 
176 
159 
171 
166 
164 
150 
163 
164 
157 
156 
175 
152

Optimum 
MgCI2 

mM 
1.0-2.5 
2 
1.5- 2.5

2
2______
1-3_____
1.5 and 3 
1-1.5 
1-2.5
1.5_____
1-2.5

62
62
62
62
62
62 •
62
62

1 -3
2 __
1-2 
1-3 
1-3
2 
1-3 
1-3 
1.5 
1-2

1 -3
2 ___
1-2
1-3
1-3
2__
1-3
1-3
1.5
1-2
2___
2 
1-1.5
1 -3
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170 62UTA ESSR150

175
191

197
181
169
173
177
193
195
201
195
69
202
69
199

215
180
62
179
193
181
169
189
177
195
192
186
180
217
137

Best 
Annealing 
(TA) °C 

62 
62

62
62
62
62
62
62
62
62
62
62
62
62

62
62

Oberved size 
(bp) 
197 
141

Optimum 
MgCI2 

mM
2_____
2_____
1.0-2.5
2_____
1.5- 2.5

Expected 
size 
175 
117 
151 
152 
166 
179 
190 
155 
178 
154 
166 
177 
171 
163 
157 
174 
179 
155 
153 
193 
179 
168 
172 
158 
152 
150 
152 
171 
169 
162 
181 
163 
162 
195

Primer______
I1TAESSR116 
I1TAESSR117 
11TAESSR118 
11TAESSR119 
IITAESSR120 
IITAESSR121 
I1TA_ESSR122 
11TAESSR123 
1ITAESSR124 
I1TAESSR125 
11TAESSR126 
11TAESSRI27 
1ITAESSR128 
IITAESSR129 
IITAESSR130 
11TAESSR131 
I1TAESSR132 
IITAESSR133 
1ITAESSR134 
IITAESSR135 
IITAESSR136 
11TAESSR137 
IITAESSR138 
IITAESSR139 
11TAESSR140 
IITAESSR141 
I1TAESSR142 
IITA_ESSR143 
I1TAESSR144 
I1TAESSR145 
IITAESSR146 
IITAESSR147 
I1TAESSR148 
IITA ESSR149

62
62
62
62
62
62
62
62
62
62
62
62
62
62
62

1 -3
2 __
1-2 
1-3 
1-3
2 
1-3 
1-3 
1.5 
1-2
2__
2__
2

1-3
2_____
1-2
1-3
1-3
2
1-3
1-3___
1.5____
1-2
2_____
2_____
1.0-2.5
2_____
1.5- 2.5
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Genotype Observed GeneNumber Heterozy Availability PIC

of alleles alleles bp DiversityMarker Number gosity

210. 181 0.2778 1.00002 2 0.3333 0.2392ESSR71

1.0000 0.3639256, 132 0.4783 0.79172 2ESSR78

0.8750 0.3361192. 147 0.4274 0.523823ESSR79
1.00000.2778 0.2500 0.2392190, 1853 2ESSR87
1.0000 0.36800.4861 0.0000187. 1892 2ESSR109

216, 187 1.0000 0.37460.95830.49912ESSR122 2

0.2917 0.35380.14290.4592194, 17523ESS R124
0.19480.1667 1.00000.2188198, 12423ESSR127

1.0000 0.33740.62500.4297184, 18122ESSR133

180,192,

0.47830.9167 1.00000.572015435ESSR76

130,157,

0.19930.87500.23810.214318133ESSR86

189, 192,

0.36331.00000.41670.402819734ESSR94
167,176,

0.33430.95830.47830.380922333.ESSR97
183, 190,

0.17360.8333 •0.20000.183822233ESSR104
165, 166.

0.3750 0.40350.44440.475317334ESSR107
182, 187,

0.53440.5833 1.00000.601619136ESSR110
188,194,

0.46571.00000.62500.551219635ESSR115
187,190,

0.52821.00000.66670.608519836ESSR120
201,204,

1.0000 0.34750.37500.379316834ESSR136
170,176,

0.9583 0.48190.17390.574768133ESSRI40
191,214,

0.56130.6667 0.87500.6156217,168.46ESSR72

Appendix 3: Number of alleles, allele size, diversity, degree of availability and PIC of 
ESSR markers observed in different genotypes of cassava
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Genotype Number Observed Gene Hetcrozy Availability PIC
NumberMarker of alleles alleles bp Diversity gosity

201,203,
ESSR75 205, 1774 0.61466 0.6667 1.0000 0.5568

198,201,

204,191. 0.3568ESSR88 4 4 0.3333 1.0000 0.3360
182, 188,
191,1946 4 0.5331 0.4783 0.9583 0.4609ESSR98
168,175,
187, 193 0.6388 0.4500 0.8333 0.57916 4ESSR102
177,185,

0.4696 0.5417 1.0000 0.3931194, 20445ESSR113
158, 170,

0.51460.6250 1.0000173,179 0.58686 4ESSR114
178,181,

1.0000 0.60220.79170.6710194,12447ESSR126
184, 187,

1.0000 0.60680.66670.6753189, 17247ESSR129

0.7917 0.59730.26320.659347ESSR145
202,205,

0.9167 0.55480.54550.6188210,20746ESSR146
164,173,
179, 182,

0.68121.00001.00000.728318056ESSR77
204,206,
213,215,

0.59760.6667 1.0000 .0.6510161.57ESSR95
174,180,

189,194,
1.0000 0.48220.62500.569420056ESSR101

182,188,

191,194,
0.4583 1.0000 0.45280.521719856ESSR105

102, 118,

155,170,
0.6059 0.7083 1.0000 0.536610256ESSR117

197,203,
211, 195
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Genotype Number Observed Gene Hctcrozy Availability PIC
Marker Number of alleles Diversity gosity

208,209,
7 5 175ESSR121 0.6345 0.6667 1.0000 0.5733

174, 177,

183,192,
192 0.66497 5 0.6667 1.0000ESSR130 0.5998
194,196,

197,216,
103 0.7378 0.7083 1.00008 5 0.6920ESSR131
171,174,
180. 184.

0.95830.4584 0.4783 0.4303192.ESSR141 6 5
203,207,
211,221,

0.9091 0.9167 0.61560.673619557ESSR142
157,181,
214,222,

0.62010.6597 0.8696 0.9583227, 10567ESSR82
166,169,
172,175,

0.9167 1.0000 0.55310.6250215,18668ESSR92
101,185,

190,192,
0.7391 0.9583 0.68170.7250198,212610ESSR106

121,136,

187.196,
0.7083 1.0000 0.68820.7335209,260610ESSR111

186, 190,
192, 196,

0.7500 1.0000 0.63440.6832202,20969ESSR116
216,218,
219 227,

0.6137 0.4583 1.0000 0.5812236,19768ESSR135

alleles bp
199,205,
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Genotype Number Observed Gene Hctcrozy Availability PIC
Number of allelesMarker alleles bp Diversity gosity

166,170,

173,176,

176,178,

10 2047 0.6467ESSR96 0.6667 1.0000 0.6224

140,190,

197,201,

203.316,

179 0.6033 0.7500 1.00008 7 0.5514ESS R132

199,203,

206,207,

211,221.

0.9091 0.9167 0.64610.69111018 7ESSR143

192, 196,

198, 202,

204,206,

0.9167 1.0000 0.84420.8602207,163815ESSR91

142, 170,

198,199,

213,226,

274. 283,
0.9583 0.56580.52170.5822319, 1781011ESSR128

180, 192,

194, 197,

225,232,

1.0000 0.50440.62500.51561791111ESSR74
0.49120.5784 0.94730.54954.35855.9434Mean

Total
231allele

202,203,

209,213



56

Appendix 4: Peaks showed the Effect of Magnesium Chloride concentrations
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Appendix 5: Appendices 4 List of allele, frequency (freq), variance and standard 
(SD) deviation

8
16
6
1
1

32
14

1
4
2

26
16

SD
0.0204 
0.0204 
0.0690 
0.0657 
0.0282 
0.0533 
0.0696 
0.0866 
0.0742 
0.0244 
0.0447 
0.0399 
0.0737 
0.0204 
0.0408 
0.0653 
0.0204 
0.0467 
0.0612 
0.0458 
0.0669 
0.0501 
0.0213 
0.0524 
0.1142 
0.1111 
0.1006 
0.1006 
0.0588 
0.0588 
0.0775 
0.0701 
0.0204 
0.0481 
0.0636 
0.0607 
0.0204 
0.0204 
0.0636 
0.0583 
0.0204 
0.0380 
0.0282
0.0717 
0.0636

Marker 
ESSR101 
ESSR101 
ESSR101 
ESSR101 
ESSR101 
ESSR102 
ESSR102 
ESSR102 
ESSR102 
ESSR104 
ESSR104 
ESSR104 
ESSR105 
ESSR105 
ESSR105 
ESSR105 
ESSR105 
ESSR106 
ESSR106 
ESSR106 
ESSR106 
ESSR106 
ESSR106 
ESSR107 
ESSR107 
ESSR107 
ESSR109 
ESSR109 
ESSR110 
ESSR110 
ESSR110 
ESSR111 
ESSR111 
ESSR111 
ESSR111 
ESSR111 
ESSR111 
ESSR113 
ESSR113 
ESSRU3 
ESSR113 
ESSR114 
ESSR114 
ESSR114 ' 
ESSR114

Allele
174 
180 
189 
194 
200 
168 
175 
187 
193 
183 
190 
222 
182 
188 
191 
194 
198 
101 
185 
190 
192 
198 
212 
165 
166 
173 
187 
189 
182 
187 
191 
121 
136 
187 
196 
209 
260 
177 
185 
194 
204 
158 
170 
173 
179

Freq 
0.0208 
0.0208 
0.5208 
0.3958 
0.0417 
0.0750 
0.1250 
0.5000 
0.3000 
0.0250 
0.9000 
0.0750 
0.6250 
0.0208 
0.0417 
0.2917 
0.0208 
0.0652 
0.3913 
0.1304 
0.3043 
0.0870 
0.0217 
0.0556 
0.2778 
0.6667 
0.4167 
0.5833 
0.2292 
0.2292 
0.5417 
0.3333 
0.0208 
0.1667 
0.3333 
0.1250 
0.0208 
0.0208 
0.6667 
0.2917 
0.0208 
0.0833 
0.0417 
0.5417 
0.3333

Variance
0.00041594 
0.00041594 
0.00475622 
0.00432219
0.00079572
0.00284375
0.00484375
0.00750000
0.00550000 
0.00059375 
0.00200000 
0.00159375
0.00542535 
0.00041594 
0.00166377 
0.00426794
0.00041594 
0.00217802 
0.00373962 
0.00209583
0.00447933 
0.00250678 
0.00045204 
0.00274348
0.01303155 
0.01234568 
0.01012731 
0.01012731
0.00345414 
0.00345414 
0.00600405 
0.00491898
0.00041594 
0.00231481 
0.00405093 
0.00368924
0.00041594 
0.00041594 
0.00405093 
0.00339988
0.00041594 
0.00144676 
0.00079572 
0.00513600
0.00405093

Count 
_1__
_1__
25 
19 
2 
3_
5

20__
12__

1__
36__
3 __

30__
1__
2__
14 .

3
18__
6__

14__
4 __
I__
1__
5 __

12__
20__
28__
H____n_
26__
16
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SD
0.0612
0.0624
0.0481
0.0282
0.0583
0.0442
0.0717
0.0338
0.0204
0.0481
0.0414
0.0204
0.0204
0.0750
0.0550
0.0675
0.0624
0.0204
0.0722
0.0442
0.0282
0.0646
0.0204
0.0204
0.1664
0.1664
0.0607
0.0204
0.0624
0.0589
0.0531
0.0531
0.0702
0.0213
0.0351
0.0213
0.0395
0.0213
0.0425
0.0213
0.0467
0.0213
0.0204
0.0550
0.0858
0.0588
0.0204
0.0636

Allele
188
194
196
186
190
192
196
202
209
102
118
143
155
170
102
187
190
198
199
205
208
209
175
216
187
194
175
178
181
194
124
198
124
142
170
198
199
213
226
274
283
319
178
184
187
189
172
174

Count
27
17
_4__

2
14
_6__
22
3

_1__
16
_5__
_l__

1
25
_7__
18
23

1
24
_6__
_2__
15
25
23
9
5 •

18__
_1__
17
12 __

6 __
42__
29__

1__
3 __
1___
4 __
1___
2 __
1___
3 __
1 ■
1___

17
17___
13 ___J__
20

Freq
0.5625
0.3542
0.0833
0.0417
0.2917
0.1250
0.4583
0.0625
0.0208
0.3333
0.1042
0.0208
0.0208
0.5208
0.1458
0.3750
0.4792
0.0208
0.5000
0.1250
0.0417
0.3125
0.5208
0.4792
0.6429
0.3571
0.3750
0.0208
0.3542
0.2500
0.1250
0.8750
0.6304
0.0217
0.0652
0.0217
0.0870
0.0217
0.0435
0.0217
0.0652
0.0217
0.0208
0.3542
0.3542
0.2708
0.0208
0.4167

Variance
' 0.00374349
' 0.00388817

0.00231481
' 0.00079572
0.00339988
0.00195313
0.00513600

' 0.00113932
0.00041594
0.00231481
0.00171803
0.00041594
0.00041594
0.00562428
0.00302011
0.00455729
0.00388817
0.00041594
0.00520833
0.00195313
0.00079572
0.00417752
0.00041594
0.00041594
0.02769679
0.02769679
0.00368924
0.00041594
0,00388817
0.00347222
0.00282118
0.00282118
0.00493137
0.00045204
0.00123284
0.00045204
0.00156160
0.00045204
0.00180817
0.00045204
0.00217802
0.00045204
0.00041594
0.00302011
0.00736039
0.00345414
0.00041594
0.00405093

Marker 
ESSR115 
ESSR115 
ESSR115 
ESSR116 
ESSR116 
ESSR116 
ESSR116 
ESSR116 
ESSR116 
ESSR117 
ESSR117 
ESSR117 
ESSR117 
ESSR117 
ESSR120 
ESSR120 
ESSR120 
ESSR121 
ESSR121 
ESSR121 
ESSR121 
ESSR121 
ESSR122 
ESSR122 
ESSR124 
ESSR124 
ESSR126 
ESSR126 
ESSR126 
ESSR126 
ESSR127 
ESSR127 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR128 
ESSR129 
ESSR129 
ESSR129 
ESSR129 
ESSR130

I ESSR130
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SD 
0.0494 
0.0806 
0.0204 
0.0464 
0.0750 
0.0657 
0.0589 
0.0204 
0.0612 
0.0204 
0.0204 
0.0338 
0.0509 
0.0282 
0.0204 
0.0494 
0.0494 
0.0408 
0.0816 
0.0408 
0.0448 
0.0481 
0.0414 
0.0414 
0.0588 
0.0531 
0.1034 
0.0947 
0.0395 
0.0213 
0.0294 
0.0601 
0.0395 
0.0551 
0.0583 
0.0497 
0.0475 
0.0366 
0.0222 
0.0548 
0.0366 
0.0524 
0.0222 
0.0366 
0.0366 
0.0222 
0.0729 
0.0988

Marker 
ESSR130 
ESSR130 
ESSR130 
ESSR131 
ESSR131 
ESSR131 
ESSR131 
ESSR131 
ESSR132 
ESSR132 
ESSR132 
ESSR132 
ESSRI32 
ESSR132 
ESSR132 
ESSR133 
ESSR133 
ESSR135 
ESSR135 
ESSR135 
ESSR135 
ESSR135 
ESSR135 
ESSR136 
ESSR136 
ESSR136 
ESSR140 
ESSR140 
ESSR140 
ESSR141 
ESSR141 
ESSR141 
ESSR141 
ESSR141 
ESSR142 
ESSR142 
ESSR142 
ESSR142 
ESSR142 
ESSR143 
ESSR143 
ESSR143 
ESSR143 
ESSR143 
ESSR143 
ESSR143 
ESSR145 
ESSR145

_[
3
13
2
1

15
33
2

28
2
3
8
5
5

37
6

20
22
4
I
2

33
4
6
19
15
6
3
1

20
3

13
1
3
3
1
5

13

Allele 
177 
183 
192 
192 
194 
196 
197 
216 
103 
140 
190 
197 
201 
203 
316 
179 
184 
181 
216 
218 
219 
227 
236 
197 
201 
204 
168 
170 
176 
168 
171 
174 
180 
184 
192 
203 
207 
211 
221 
195 
199 
203 
206_ 
207 
211 
221
101_
197

Count
9
17

1__
7
17
11__
12__

1__
27

Freq 
0.1875 
0.3542 
0.0208 
0.1458 
0.3542 
0.2292 
0.2500 
0.0208 
0.5625 
0.0208 
0.0208 
0.0625 
0.2708 
0.0417 
0.0208 
0.3125 
0.6875 
0.0417 
0.5833 
0.0417 
0.0625 
0.1667 
0.1042 
0.1042 
0.7708 
0.1250 
0.4348 
0.4783 
0.0870 
0.0217 
0.0435 
0.7174 
0.0870 
0.1304 
0.4318 
0.3409 
0.1364 
0.0682 
0.0227 
0.4545 
0.0682 
0.2955 
0.0227 
0.0682 
0.0682 
0.0227 
0.1316 
0.3421

Variance 
0.00244141 
0.00649233 
0.00041594 
0.00215205 
0.00562428 
0.00432219 
0.00347222 
0.00041594 
0.00374349 
0.00041594 
0.00041594 
0.00113932 
0.00258608 
0.00079572 
0.00041594 
0.00244141 
0.00244141 
0.00166377 
0.00665509 
0.00166377 
0.00200738 
0.00231481 
0.00171803 
0.00171803 
0.00345414 
0.00282118 
0.01068464 
0.00895866 
0.00156160 
0.00045204 
0.00086299 
0,00361634 
0.00156160 
0.00304101 
0.00340440 
0.00246525 
0.00225394 
0.00133828 
0.00049305 
0.00300526 
0.00133828 
0.00274699 
0.00049305 
0.00133828 
0.00133828 
0.00049305 
0.00532148 
0.00976819
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SD 
0.1046 
0.0418 
0.0621 
0.0936 
0.0222 
0.0513 
0.0481 
0.0481 
0.0530 
0.0720 
0.0665 
0.0320 
0.0204 
0.0494 
0.0204 
0.0282 
0.0204 
0.0338 
0.0282 
0.0282 
0.0204 
0.0204 
0.0204 
0.0408 
0.0589 
0.0653 
0.0481 
0.0338 
0.0481 
0.0358 
0.0442 
0.0510 
0.0442 
0.0204 
0.0509 
0.0414 
0.0414 
0.0628 
0.0628 
0.0374 
0.0594 
0.0480 
0.0213 
0.0294 
0.0351 
0.0465 
0.0232 
0.0428

Marker 
ESSR145 
ESSR145 
ESSR146 
ESSR146 
ESSR146 
ESSR146 
ESSR71 
ESSR71 
ESSR72 
ESSR72 
ESSR72 
ESSR72 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR74 
ESSR75 
ESSR75 
ESSR75 
ESSR75 
ESSR76 
ESSR76 
ESSR76 
ESSR77 
ESSR77 
ESSR77 
ESSR77 
ESSR77 
ESSR78 
ESSR78 
ESSR79 
ESSR79 
ESSR82 
ESSR82 
ESSR82 
ESSR82 
ESSR82 
ESSR82 
ESSR86 
ESSR86
ESSR86

Allele
203
211
195
202
205
210
207
210
181
191
214
217
168
180
192
194
197
202
203
209
213
225
232
179
201
203
205
177
180
192
154
164
173
179
182
180 
256 
132
192
147
157
181
214
222
227
105
130
157

Freq 
0.4474 
0.0789 
0.2727 
0.5227 
0.0227 
0.1818 
0.1667 
0.8333 
0.1905 
0.2143 
0.5476 
0.0476 
0.0208 
0.6875 
0.0208 
0.0417 
0.0208 
0.0625 
0.0417 
0.0417 
0.0208 
0.0208 
0.0208 
0.0417 
0.2500 
0.5417 
0.1667 
0.4375 
0.0833 
0.4792 
0.1250 
0.2500 
0.3750 
0.0208 
0.2292 
0.6042 
0.3958 
0.3095 
0.6905 
0.5217 
0.1957 
0.1522 
0.0217 
0.0435 
0.0652 
0.8810 
0.0238 
0.0952

Variance 
0.01093454 
0.00174953 
0.00385049 
0.00875751 
0.00049305 
0.00262960 
0.00231481 
0.00231481 
0.00280747 
0.00518303 
0.00442717 
0.00102581 
0.00041594 
0.00244141 
0.00041594 
0.00079572 
0.00041594 
0.00113932 
0.00079572 
0.00079572 
0.00041594 
0.00041594 
0.00041594 
0.00166377 
0.00347222 
0.00426794 
0.00231481 
0.00113932 
0.00231481 
0.00128400 
0.00195313 
0.00260417 
0.00195313 
0.00041594 
0.00258608 
0.00171803 
0.00171803 
0.00394126 
0.00394126 
0.00139722 
0.00353415 
0.00230131 
0.00045204 
0.00086299 
0.00123284 
0.00215959 
0.00053990 
0.00183565

Count
17

3__
12
23

1__
8
8__

40
8
9

23
2
1__

33___J_
2
1__
3__
2__
2
1__
1__
1__
2 ■

12
26__
8 __

21__
4

23
6
12
18 __

1__
11__
29__
19 __
13__
29__
24 .
9 __
7__
1
2 __
3 __

37__
1__
4
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Marker 
ESSR87 
ESSR87 
ESSR88 
ESSR88 
ESSR88 
ESSR88 
ESSR91 
ESSR91 
ESSR91 
ESSR91 
ESSR91 
ESSR91 
ESSR91 
ESSR91 
ESSR92 
ESSR92 
ESSR92 
ESSR92 
ESSR92 
ESSR92 
ESSR94 
ESSR94 
ESSR94 
ESSR95 
ESSR95 
ESSR95 
ESSR95 
ESSR95 
ESSR96 
ESSR96 
ESSR96 
ESSR96 
ESSR96 
ESSR96 
ESSR96 
ESSR97 
ESSR97 
ESSR97 
ESSR98 
ESSR98 
ESSR98 
ESSR98

Freq 
0.8333 
0.1667 
0.0417 
0.7917 
0.1042 
0.0625 
0.1875 
0.1042 
0.0833 
0.1458 
0.1042 
0.1875 
0.1250 
0.0625 
0.0208 
0.4583 
0.0208 
0.0833 
0.0208 
0.3958 
0.7500 
0.1667 
0.0833 
0.1458 
0.0625 
0.5000 
0.0208 
0.2708 
0.0625 
0.5625 
0.1250 
0.0417 
0.0833 
0.0833 
0.0417 
0.1957 
0.0435 
0.7609 
0.6087 
0.0435 
0.0435 
0.3043

Variance 
0.00318287 
0.00318287 
0.00166377 
0.00339988 
0.00171803 
0.00113932 
0.00244141 
0.00171803 
0.00144676 
0.00215205 
0.00258608 
0.00330946 
0.00195313 
0.00113932 
0.00041594 
0.00166377 
0.00041594 
0.00144676 
0.00041594 
0.00258608 
0.00347222 
0.00318287 
0.00144676 
0.00215205 
0.00200738 
0.00520833 
0.00041594 
0.00345414 
0.00113932 
0.00461155 
0.00195313 
0.00079572 
0.00144676 
0.00144676 
0.00166377 
0.00258897 
0.00086299 
0.00271225 
0.00562998 
0.00086299 
0.00180817 
0.00447933

SD 
0.0564 
0.0564 
0.0408 
0.0583 
0.0414 
0.0338 
0.0494 
0.0414 
0.0380 
0.0464 
0.0509 
0.0575 
0.0442 
0.0338 
0.0204 
0.0408 
0.0204 
0.0380 
0.0204 
0.0509 
0.0589 
0.0564 
0.0380 
0.0464 
0.0448 
0.0722 
0.0204 
0.0588 
0.0338 
0.0679 
0.0442 
0.0282 
0.0380 
0.0380 
0.0408 
0.0509 
0.0294 
0.0521 
0.0750 
0.0294 
0.0425 
0.0669

Count
40
8
2 _

38
_5__

3
9

_5__
4
7

_5__
9
6
3
1 •

22
1
4
1 __

19
36__
8 __
4
7
3 __

24
1__

13__
3 __

27
6 ■
2
4
4 __
2
9 __
2

35__
28__
2
2 __
14

_ Allele 
' 181
190
185
198
201
204
191
192

__196^
198
202
204
206
207
163
166
169
172

__175
215
186
189
192
197
204
206
213
215
161
166
170
173
176
178
204
167
176
223
182
188
191
194


