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ABSTRACT

Cassava Brown Streak Disease (CBSD) is a viral disease that impacts cassava tuberous

root quantity and quality by causing a brown, dry, corky necrosis within the starch

bearing tissues. Tire efficient way to control this disease is the use of resistant cassava

varieties. This study was carried out to genotype the mapping population of Mkombozi x

TMS 4(2)1425 and develop a single nucleotide polymorphic (SNP) genetic linkage map.

Before SNP genotyping was done, the study to determine the integrity of 325 Fl

individuals using ten polymorphic simple sequence repeat (SSR) markers to eliminate

unknown parental combinations was done. SSR data revealed 158 true crosses, 135 off-

types or admixtures, 31 selfs and one genotype (MT 210) was rejected due to many

missing data. SNP genotyping was carried out using a reduced representation genotyping-

by-sequencing approach at the University of Berkeley. Genetic linkage analysis was

performed using Join Map software, version 4.1, Linkage analysis resulted in a total of

1136 SNP markers spanning 3207.9 cM assigned into 18 linkage groups (LGs) of the

integrated linkage map. The average marker spacing of 3.4 cM that ranged from 1.3 cM

to 10.1 cM was observed from this population. The total of 802 SNP markers were

distributed on 19 LGs of female parent (Mkombozi) spanning 2848 cM with an average

marker spacing of 3.7 cM ranging from 1.7 to 6.2 cM. On the male parent (TMS

4(2)1425), 593 SNP markers were distributed on 18 linkage groups spanning 2482.8 cM

with average marker spacing of 5.2 cM ranging from 1.9 cM to 12.6 cM. The genetic

linkage map developed in this study will be used for the identification of molecular

markers and quantitative trait loci (QTLs) associated with CBSD tolerance in Mkombozi.

The molecular markers and QTLs identified provide useful materials to breed and select

CBSD resistance cassava varieties through marker-assisted selection (MAS).
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CHAPTER ONE

1.0 INTRODUCTION

Cassava, (Manihot esculenta Crantz) (2n = 36) which originates from Latin America is an

important food security crop for many tropical and subtropical countries. It is a source of

calories for 800 million people in tropical and subtropical Africa, Asia and Latin America

with an average consumption of approximately 500 cal/day (Iglesias et al., 1997;

Ceballos et al., 2010). The high starch content (20-40%) makes cassava a desirable

energy source both for human consumption and industrial biofuel applications (Balat and

Balat, 2009; FAO, 2008; Schmitz and Kavallari, 2009). Some of the most important

industrial uses of cassava include its use as a raw material in the feed industry, a source of

starch and starch derived products such as high fructose-glucose syrup and for the

production of ethanol (Ceballos et al., 2007; Kunkeaw et al., 2010a). Although roots are

poor in nutrition, consisting largely of carbohydrates, leaves are rich in proteins, vitamins

and minerals and are an important source of vegetables in the Democratic Republic of the

Congo (DRC), Tanzania, Kenya, Madagascar, Sierra Leone, Uganda and Zambia (Nweke

et al., 2002). The worldwide production of cassava is 233 million tons, of which more

than 50% occurs in Africa (FAO, 2010). Asia and the Americas contribute about 33% and

15% of the world production, respectively.

Cassava is an important staple crop in more than half of Tanzania and a subsistence crop.

especially in the semi-arid areas. Eighty four percent of the total cassava production in the

country is utilized as human food while the remaining 16% is for other uses like starch

production, livestock feed and export (FAO and IFAD, 2001). Both roots and leaves of

in Tanzania include Mwanza, Tanga, Coast, Mtwara, Mara, Ruvuma, Lindi, Shinyanga, and

cassava are of major nutritional importance in the country. Major cassava producing areas
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(FAO, 2010). Compared to yields achieved in some south Asian countries such as India

(34.8t/ha), Indonesia (20.2 t/ha), Thailand (18.86 t/ha) and China (16.8t/ha) (FAO, 2010)

yield in Tanzania is very low. The average yield in Tanzania is also well below the average

yield of 12 t/ha of Africa’s (and the world’s) largest cassava producer - Nigeria (FAO, 2010).

This low yield is caused by many factors, including susceptibility of commonly grown

varieties to major diseases and pests such as cassava brown streak disease (CBSD),

cassava mosaic diseases (CMD), cassava bacterial blight (CBB), cassava green mite

(CGM), cassava mealy bug (CMB) and nematodes. Biotic stress constitutes the principal

production constraint in Africa and Latin America. Whiteflies in particular are considered

one of cassava’s major pests due to its role as a vector for viruses that cause major

diseases in cassava as well as causing direct damage. The species Beniisia tabaci is the 3

vector of the most important production constraints (CBSD and CMD) in Africa (Maruthi

et al., 2005). CBSD is caused by two viruses Cassava Brown Streak Virus (CBSV) and

Uganda Cassava Brown Streak Virus (UCBSV) (Genus: Iponiovirus’, Family:

Potyviridae). CBSD causes 20 - 100% yield losses in cassava, affecting peoples'

livelihoods all over eastern Africa (UTA, 2007).

In conventional breeding for CBSD resistant cassava varieties, the number of years

required for the breeding and evaluation of promising clones under field conditions,

approximately 10 years. A quicker means of breeding for CBSD resistance is clearly

required. Use of molecular markers offers an opportunity to efficiently accelerate the

breeding in cassava through marker-assisted selection (MAS). MAS allows for selection

to take place at the seedling stage, it allows for the reduction of population sizes and in

the time taken to deliver a new variety. Molecular markers have been useful in

introgression of useful traits from wild Manihot relatives into cassava through MAS.

Kigoma (Kapinga et al., 2001). The average cassava yield for Tanzania is 5.5 t/ha
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Markers for root quality traits like dry matter content, protein and delayed post-harvest

deterioration as well as disease resistance have been identified and used successfully in

cassava selection at Centro International de Agriculture Tropical (CIAT) (Akano et al.,

2002; Fregene et al., 2006; Egesi et al., 2008).

It has been advocated that the development and use of resistant varieties could potentially

form the basis for controlling the cassava diseases with an understanding of genetics and

inheritance of their resistance (De Vries and Toenniessen, 2001). In cassava, using

phenotypic information and molecular genetic maps, the genetics of resistance of three

important diseases, CBB, CMD and CBSD have been studied and markers associated

with the resistance trait identified (Mba et al., 2001; Akano et al., 2002; Kulembeka,

2010). Kulembeka (2010) identified one significant quantitative trait locus (QTL) in one

of the best source of resistance to CBSD available, a variety named ‘Namikonga’ in

Tanzania and ‘Kaleso’ in Kenya (Kanju et al., 2010). Basing on the analysis of data from

diallel and selfing experiments, this resistance is likely to be conferred by a few genes

(Kulembeka, 2010). Attempt in understanding the inheritance and gene action of CBSD

was firstly done at Amani in Tanzania and breeding for resistance to CBSD and CMD

started in 1940s (Nichols, 1947; Jennings and Iglesias, 2002). This was done using M.

glaziovii and M. melanobasis, as the sources of resistance to CMD and CBSD in

interspecific hybridization with cassava varieties to produce Fl hybrids with improved

resistance (Jennings, 1957; 1960a, b). It was reported that resistance to CBSD was

multigenic and recessive in inheritance (Jennings, 1960a; 1978; Jennings and Iglesias,

2002). Kanju et al. (2010) reported a zigzag stem trait controlled by recessive genes

associated with tolerance to the disease whereby homozygous recessive and heterozygous

“zigzag” genotypes were tolerant to CBSD. Some works to produce cassava varieties



4

with resistance to CBSD through genetic transformation have been undertaken at the

International Institute of Tropical Agriculture (IITA) (Ingelbrecht et al., 2005).

Identification of molecular markers tightly linked to CBSD resistance gene/s would be

useful in breeding CBSD resistant cassava varieties. This can efficiently accelerate the

generation of elite cassava varieties resistant to the disease. A pre-requisite for identifying

markers associated with traits of interest is a framework genetic linkage map on which

variation in the phenotype can be mapped. Linkage maps have been constructed in a

number of economically important species such as soybean (Hwang et al., 2009), brassica

rapa (Li et al., 2009), jatropha (Wang et al., 2011) and grass carp (Ctenopharyngodon

idella) (Xia et al., 2010). In cassava, linkage maps have been constructed using different

markers such as Restriction Fragment Length Polymorphism (RFLP), Randomly

Amplified Polymorphic DNA (RAPD), SSR and isozyme (Fregene et al., 1997) and SNP

(Rabbi et al., 2012). A large variety of genetic molecular markers exists, each with its

own advantages and drawbacks. SSRs or Microsatellites used to be the markers of choice

for generating genetic linkage maps. However recently SNP markers have attracted

significant attention in creating dense genetic linkage maps and genome-wide association

studies (Wang et al., 2005). SNPs are the most abundant class of polymorphisms in

genomes and can be genotyped cost-effectively (Rafalski, 2002).

A number of sources of tolerance to CBSD have been observed in germplasm from Tanzania

such as Mkombozi which is one among varieties developed by the East Africa Root Crops

Research Network (EARRNET), and is a half sib of 92/0099S2 (SM). Through disease

and diagnostic survey conducted by IITA and Tanzania Root and Tuber Crops Program

(TRTCP) in 2009, this variety was observed to be tolerant to CBSD in the lake zone of

Tanzania (Kasele et al., 2009). Therefore there is a need to identify the molecular markers
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associated with new sources of CBSD resistance in this variety and become utilized in

cassava breeding programs.

In this study there were two objectives:

i. To determine the integrity of a mapping population using Simple Sequence Repeat

(SSR) markers to eliminate unknown parental combinations.

Genotype the mapping population for single nucleotide polymorphism (SNP)ii.

markers and generate a genetic linkage map.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Cassava: Origin and Distribution

2.1.1 Origin of cassava

Cassava is a member of the Euphorbiaceae, subfamily Crotonoideae, the tribe Manihotae

and the genus Manihot. The Manihot genus is reported to have about 100 species, among

which the only commercially cultivated one is Manihot escnlenta Crantz (Alves, 2002).

The species of the genus range from trees to shrubs and perennial herbaceous plants with

a woody rootstock known for the production of latex and cyanogenic glucosides (Fregene

et al., 2006). This genus Manihot has been formally studied since 1886. Previous studies

on Deoxyribonucleic acid (DNA) sequence and simple sequence repeats (SSR) markers

used to analyze populations of M. escnlenta and wild relatives in the genus Manihot

revealed that haplotypes and microsatellite alleles of cassava were subsets of those found

in M. escnlenta ssp flabellifolia (Olsen and Schaal, 1999, 2001). This confirmed that

cassava is derived from M. escnlenta ssp jlabellifolia (Schaal et al., 2006). The inclusion

of the M. pruinosa population in the analysis showed no evidence of its hybridization

with M. escnlenta ssp jlabellifolia. The data sets provided evidence that cassava was

domesticated in the southern region between the lower Amazon forest and the Ccrrado

region of Brazil from M. escnlenta ssp jlabellifolia (Schaal et al., 2006).

2.1.2 Cassava introduction and distribution

Cassava was first introduced from Latin America into Africa by Portuguese traders in the

16th century, around 1550 (Jennings and Hershey, 1985; Carter et al., 1992). Cassava was

first cultivated in Africa for the sole purpose of saving slaves in ships until 1600.

The crop was introduced in Western and East Coast of Africa by Portuguese sailors.
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By the 17th century, cassava cultivation diffused to other parts of Africa through European

explorers, French Navy colonialists and African farmers (Lebot, 2009). In Tanzania

cassava reached Lake Tanganyika from West Africa by the Congolese farmers, from there

it moved inland in Tanganyika through farmer to farmer diffusion (Carter et al., 1992).

Further spread was reinforced by the colonial administrators who encouraged farmers to

centuries. Cassava

continued to spread due to its ability to survive in harsh conditions and viability of the

cuttings which facilitated the natural spread of the crop (Masumba, 2006). Currently, in

Tanzania cassava is grown almost in every area below 2000masl.

2.2 Morphological Characteristics of Cassava

Cassava is a semi-woody perennial shrub mainly grown for its starchy roots.

The morphological characteristics of cassava are highly variable. Cassava landraces are

usually characterized on the basis of morphological and agronomic descriptors (Alves,

2002) but sometimes based on the crop utility. An International Plant Genetic Resources

Institute (IPGRI) descriptor list has 75 cassava descriptors of which 54 are morphological

and 21 are agronomic (IPGRI and CIAT, 2003) and an IITA descriptor list has 50 cassava

descriptors (Fukuda et al., 2010). Morphological descriptors (i.e., lobe shape, root pulp

colour, stem external colour) have higher heritability than agronomic characters (such as

root length, number of root per plant and root yield). Among morphological descriptors,

the following are considered as the minimum or basic descriptors that should be taken in

mind during identification of a cultivar. These are apical leaf colour, stem external colour.

root peduncle presence, root external colour, root cortex colour, root pulp colour, root

epidermis texture and flowering characteristics (Allem, 2002).

grow cassava and cultivation increased in the late 19th and 20th
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2.3 Characteristics of Mkonibozi and TMS 4 (2) 1425

2.3.1 Mkonibozi

Mkonibozi is a half sib of 92/0099S2 (SM) and was developed by the East Africa Root

Crops Research Network (EARRNET). It contains Light green Color of Apical Leaves,

light green leaf color and reddish green petiole color. The growth habitat of stem is

straight; the color for the outer root skin is Green-yellowish while the inner root skin

color is Light green and possessed Cream root fresh color. It is a CMD resistant and

CBSD tolerant cassava variety. A detail of its characteristics is shown in Appendix I.

2.3.2 TMS 4 (2) 1425

This is among the tropical Manihot species developed by UTA. It is a pedigree of 58 308

x Oyarugba Funfun with Purplish green Color of Apical Leaves, green purple leaf color,

silver stem colour and greenish red petiole color. The growth habitat of stem is zig- zag,

the color for the outer root skin is cream while the inner root skin color is white and

possessed white root fresh color. It is a CMD resistant cassava variety. A detail of its

characteristics is shown in Appendix 2.

2.4 Reproduction in Cassava

Cassava can be propagated either by stem cuttings or sexual seeds, although the former is

the most common practice by farmers for multiplication and planting. For plant breeding

and under natural conditions, propagation by seeds is common. Farmers are known to

occasionally use spontaneous seedlings for subsequent planting that is a starting point for

generating useful genetic diversity (Alves, 2002). Cassava is monoecious with male

flowers occurring near the tip of the inflorescence while female flowers occur close to the

base and they open 10-14 days before the male flowers on the same branch (IITA, 1990;

Ekanayake et al., 1997). This protogyny phenomenon favors cross pollination in cassava,
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but self-pollination can occur when male and female flowers on different branches on

different plants of the same genotype open simultaneously (Jennings and Iglesias, 2002).

Variation in flowering occurs between cultivars and in some, flowering is frequent and

temperature and photoperiod influence flowering. Synchronisation of flowering remains a

challenge in cassava breeding (Ceballos et al., 2004).

2.5 Seed Germination

After pollination and subsequent fertilization, the ovary develops into young fruits, which

takes about 70-90 days to mature. The fruit contains three endocarp locules, each with

one seed. When the fruit is dry the locules split to release the seeds. After maturity and

harvesting, cassava seeds often have a physiological dormancy period of a few months

that is common in Manihot species. Storing seeds at room temperature for two to three

months in pest free and pathogen free conditions has been recommended by CIAT,

(2004). Since at Ibadan, Nigeria, soil temperatures of 30-35°C and high soil moisture

content are common, seeds are planted directly in the field at the International Institute for

Tropical Agriculture (UTA) and these temperatures have been reported to be optimum for

cassava germination (IITA, 1980).

2.6 Production Constraints

Cassava production is affected by both biotic and abiotic constraints. Other factors

affecting cassava production include shortage of appropriate improved cultivars with high

genetic potential, long growth cycle, inadequate availability of disease-free planting

material, post-harvest physiological deterioration of roots, nutritional deficiency for

people who solely depend on cassava, cyanide content, diseases and pests (IITA, 1990).

The strongly out-crossing and monoecious nature of cassava (mediated by protogyny)

regular while in others it is rare or non-existent. Environmental factors such as
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make it difficult to develop appropriate stocks for classical genetic studies (Fregene et al.,

1997). From a breeding point of view, this limits and makes it difficult to develop

appropriate cultivars.

The most important diseases affecting cassava production in Tanzania include CMD,

CBSD, CBB and root rot (Phytopthora spp/ These diseases have been identified as the

major biotic constraints to cassava production in Tanzania. CMD occurs in all cassava

growing areas in Africa and is caused by the East African cassava mosaic virus

(EACMV), African cassava mosaic virus (ACMV) and (Uganda variant) UgV (Legg,

1999; Otim-Nape et al., 2000). Bacterial blight is common in the wet and humid areas of

east, central, south and West African countries. It is also found in South America and

Asia and this disease is caused by Xanthomonas campestris pv manihoti. Whilst cassava

green mite (Mononychellus tanajoa Bondar) and cassava mealybug (Phenaccocns

manihoti) are the major arthropod pests (Yaninek, 1994). Yield losses can be as high as

95% depending on the time of infection by any one or more of the diseases (Storey and

Nichols, 1938; Brian and John, 1940; Legg, 1999; Hillocks and Thresh, 2000).

2.7 Cassava Brown Streak Disease

Cassava Brown Streak Disease (CBSD) is a viral disease that impacts on cassava tuberous

root quantity and quality (Hillocks and Thresh, 2000). It causes a brown, dry, corky

necrosis within the starch bearing tissues, sometimes accompanied by pitting and distortion

that is visible externally and renders the root useless (Hillocks, 1997). It also causes foliar

chlorosis and sometimes stems lesions. CBSD is considered the major threat to food

security in worst affected areas of coastal, eastern and southern Africa.
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2.7.1 Causal agents

CBSD is caused by Cassava Brown Streak Virus (CBSV) and Uganda Cassava Brown

Streak Virus (UCBSV), Genus: Ipomovirus’, family Potyviridae and it is spread both

through propagation of infected cuttings and by a whitefly vector, Bemisia tabaci (Maruti

et al., 2005; Ntawuruhunga and Legg, 2007). The shape and size of the virion has recently

been confirmed by Mbanzibwa et al. (2009a). The presence of pinwheels and slightly

flexuous rod-shaped particles associated with CBSD symptoms was also detected in

Potyvirus is

associated with CBSD infection (Were et al., 2004a, 2004b; 2007). Winter et al. (2010)

characterized CBSV at the molecular level by comparing the complete coat protein

encoding sequence of isolates from the coastal lowlands of Tanzania and Mozambique to

those from Uganda, Kenya and Malawi, and detected two distinct virus species.

2.7.2 Virus transmission and spread

The Amani work done by Storey (1936) demonstrated that CBSV was perpetuated

through vegetative propagation and transmissible through grafting. Work on pathological

studies by Storey (1939) led to suspicions that whitefly (Bemisia spp) was the vector of

the virus in the field. Vector transmission of CBSV by whitefly (Bemisa tabaci

Gennadus) was confirmed by Maruthi et al. (2005) during their transmission studies

although the transmission efficiency was low (22%). It was first reported and

distinguished from CMD in Tanzania during the 1930s (Storey, 1936). Since CBSD was

first reported at Amani in Tanzania (Storey, 1936), a number of surveys have been

conducted that confirmed the presence of the disease at high incidences. A survey carried

out by IITA and TRTCP in 2009 identified the Lake Zone of Tanzania as a severely

affected area (Kasele et al., 2009). A disease survey that was conducted in Tanga Region

of coastal lowlands of Tanzania revealed crop losses of up to 74% (Muhana and

isolates from cassava samples collected from Kenya, an indication that a
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Mtunda, 2002) but in severely affected areas, entire fields were destroyed leading to

100% yield losses. In recent years it has spread to many areas in other countries such as

Uganda, DRC, Burundi and Rwanda where it is threatening cassava production and food

security (Alicai et al., 2007; Ntawuruhunga and Legg, 2007).

2.7.3 Disease symptoms

2.73.1 Leaf symptoms

Symptoms of CBSD on the leaf can take different forms depending on the cassava

variety, the age of the plant and conditions under which it is grown (Nichols, 1950).

Often, the most obvious symptom of CBSD is chlorosis (yellowing) on the lower older

leaves between and along the secondary y veins - veinal chlorosis (Plate 1). During

advanced stages much of the leaf lamina may be affected. The diseased leaves remain

attached to the plant for a long time. Unlike CMD in which leaf shape is distorted, the leaf

shape remains intact in CBSD. The distinguishing feature for CBSD infection is that the

lower, older leaves are usually affected (Nichols, 1950).

- a p,:. ■

Plate 1: Leaves infected by cassava brown streak virus showing symptoms 
on the lower and older leaves (Courtesy J.P. Legg)
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2.73.2 Stem symptoms

On young, maturing stem tissue, purple brown lesions may be observed on the exterior

surface of the stem, particularly on sensitive varieties. Necrotic lesions in the leaf scars on

the stem appear after the plant has shed leaves due to normal senescence. In severe

infections, lesions develop to kill dormant auxiliary' buds. When auxiliary' buds die, a

general shrinkage of the node occurs causing the death of internodes, leading to die back

(Plate 2 a) and (Plate 2 b).

(b)(a)

2.733 Root symptoms

The appearance of root symptoms varies with variety'. However, for many varieties the

most damaging symptom that renders the roots economically unmarketable is the

appearance of yellow or brown, dry' or corky necrotic rot in the internal tissues of the

storage roots. The corky' necrosis sometimes appears together with blue or black streaks.

The lesions seem to remain discrete, but in sensitive varieties almost the entire tissues of

the starch storage root may be affected. In the advanced stages of infection, soft rot may

Plate 2: (a) Brown lesions on young stem of plant infected with cassava brown 
streak virus (Courtesy J.P. Legg) (b) advanced stage of disease infection 
causing die back (Courtesy G. Rwegasira)
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appear due to secondary infection by secondary organisms (Nichols, 1950; Hillocks and

Thresh, 2000). Symptoms on the outside of the roots are variable; they may appear as

constrictions across the root or pits and fissures along the roof surface. Sometimes the

root appears healthy on the outside with no obvious constrictions or size reduction but

upon cutting, they are found to be necrotic (Plate 3 a) and (Plate 3 b).

(a) (b)

2.7.4 Economic importance of cassava brown streak disease

The main economically significant effect of CBSD is root necrosis. Yield loss due to

CBSD is more pronounced and obvious due to loss of root quality’ rather than root weight.

Comprehensive studies on the effect of CBSD on yield and root quality' of cassava was

done in Tanzania by Hillocks et al. (2001). Susceptible cultivars have been reported to

sustain root y'ield loss of up to 70% per plant (Hillocks et al., 2001). Using these estimates

and production data of FAO (2006), it was estimated that about 35 000 tonnes of cassava

is lost annually in the coastal regions due to CBSD. In economic terms it is estimated that

USS 16.5 million are lost per year due to CBSD (Kanju et al., 2007).

Plate 3: (a) Roots infected with cassava brown streak virus showing root 
constrictions (b) Plant roots infected with cassava brown streak virus 
showing root necrosis (Courtesy H. Kulembeka)
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In Malawi, yield losses of up to 60%

disease incidence of 40% translated to 137 000-172 000 tonnes per year (Gondwe et al.,

2003). This loss in monetary terms is estimated at US$ 6-7 million per year. All studies

indicated that losses were largely due to root necrosis, and in some cases, constriction of

roots. In cases where roots were severely necrotic, the quality of roots was significantly

affected and roots rendered unmarketable, leading to total losses. In Tanzania and

Malawi, farmers indicated that roots with mild root necrosis were sometimes eaten but

extensively damaged roots, whether processed or unprocessed, had a bad taste and were

usually thrown away (Gondwe et al., 2003; Mkamilo and Hillocks, 2006). Flours from

heavily necrotic roots arc discoloured and have a bitter taste that makes it unpalatable

(Gondwe et al., 2003).

2.7.5 Disease management

It has been advocated that the development and use of resistant varieties could potentially

form the basis of a sustainable management strategy for cassava diseases (Asiedu et al.,

1994; Mahungu et al., 1994; De Vries and Toenniessen, 2001).

2.8 Integrity of the Mapping Population

Genomics tools have been used to verify crosses (Supawadee and Sompong, 2009; Terzic

et al., 2006; Gomez et al., 2008). Tools utilized are mainly molecular markers capable of

co-dominant and capable of showing heterozygous polymorphic alleles in parents. Of the

major DNA marker types, restriction fragment length polymorphism (RFLP) and simple

sequence repeat (SSR) markers are co-dominant (Gomez et al., 2008). SSR markers are

however more convenient as they require smaller quantities of genomic DNA (Powell et

detecting false progenies in a hybrid or selfed line. The most desirable marker tools are

were reported and the range of loss at an average

al., 1996). SSR markers have been used for the verification of inter-specific crosses
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(Terzic et al., 2006) as well as verification of purity of intra-specific crosses in crops like

cotton (Dongre and Parkhi, 2005; Asif er al., 2009), maize (Salgado et al., 2006) and rice

be used to identify selfed progenies in crosses

false hybrids in populations by observation of banding

patterns not consistent with Mendelian segregation laws (Salgado et al.,' 2006).

Polymorphism in SSR markers in diploid crops such as cassava can be characterized by

two, three or four alleles (multi-allelic), with a maximum of two in each parent; thus SSR

markers are good for checking the integrity of the mapping population.

2.9 Molecular Markers and Construction of Linkage Map

Molecular markers are useful and powerful tools for genetic improvement of crops and

(Thottapilly et al., 2000; Kulembeka, 2010). They can be used to assess genetic diversity

of individuals in a population as well as to elucidate genetic organization in different

crops (Mace et al., 2006). In the genetic improvement of crops, MAS is an efficient

strategy and is based on linkage relationships between markers and traits. A genetic

linkage map is a common intermediary for determining the linkage between markers and

traits. Genetic linkage maps have been used for genetic studies in many crops like wheat

(Triticum aestivuni) (Mustafa et al., 2004), Sorghum (Sorghum bicolor) (Emma et al.,

2009) and Rice (Oryza saliva) (Akkareddy, 2010).

In cassava different types of molecular markers such as RFLP, RAPD, Amplified

Fragment Length Polymorphism (AFLP), Microsatellites or SSR, isoenzymes, Expressed

Sequence Tag derived SSR (EST-SSR), Sequence Related Amplified Polymorphism

(SRAP) and SNP have been deployed to construct the cassava molecular genetic linkage

map. The first genetic linkage map of cassava contained 132 RFLPs, 30 RAPDs, 3

(Gomez et al., 2008) as well as

(Tamilkumar et al., 2009). They can

can be applied in different aspects of plant breeding and germplasm management
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microsatellites and 3 isoenzymes and spanned 931.6 cM with 20 linkage groups (Fregene

et al., 1997). It provided initial tools for genetic analysis of several important traits of

cassava. The second genetic linkage map of cassava was developed by Mba et al. (2001).

The map consisted of only 36 additional markers that were placed on the cassava RFLP

framework map in order to increase density. The map possessed 18 linkage-groups.

RFLPs could not be transferred readily to national programs of the developing countries

since it was expensive and laborious; again facilities for the radioactive procedures were

not available in many laboratories. The SSRs were preferred to overcome the problems of

RFLP, since they are highly informative due to the number and frequency of alleles

detected and can distinguish closely related individuals, easy to implement in most

laboratories and amenable to high throughput marker genotyping (Okogbenin et al.,

2006). Okogbenin et al. (2006) developed the first SSR based linkage map of cassava; the

map contained 122 SSR markers spanning 1236.7 cM on 20 linkage groups with an

average marker density of 17.92 cM.

After the construction of the first SSR-bascd linkage map in cassava by Okogbenin et al.

(2006), other SSR based maps were developed. In 2010, a genetic linkage map of cassava

SRAPs and 35 EST - SSRs were included (Chen et al., 2010). This map contained 18

linkage groups and spanned 1707.9 cM with an average marker interval of 4.81 cM. Other

cassava SSR linkage maps were published in 2011, by Kunkeaw et al. (2010b) and

Sraphet et al. (2011). The map by Kunkeaw et al. (2010b) showed 20 linkage groups

consisting of 211 markers (56 EST-SSR and 155 SSR) spanning 1179 cM, with an

average distance between markers of 5.6 cM and about 11 markers per linkage group.

Sraphet et al. (2011) published a map, which had 510 markers and was 1420. 3 cM in

length distributed on 23 linkage groups. The map had a mean distance between markers

was generated with a total of 355 molecular markers where 231 FLPs, 41 SSRs, 48
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of 4.54 cM. Apart from cassava, SSR-based maps have been constructed in many plants

such as wheat (Torado et al., 2006), barley (Varshney et al., 2007), tobacco (Bindler et

found to have limitations, since they were not sufficiently dense to provide the genomic

coverage necessary for the dissection of complex traits. Moreover, automation in high-

throughput genotyping of SSRs was not very common. Currently, SNPs are now

proposed as the most useful markers, especially for the construction of highly saturated

maps, which will have very wide and novel applications in plant genomics.

SNPs and small insertions and deletions (indels) represent the most frequent kind of

naturally occurring genetic variation in population (Cho et al., 1999; Ferguson et al.,

2011) and normally occur at a frequency of one SNP every 100-300 bp (Edwards et al.,

2010). Although SNPs are biallelic compared to SSRs that are multi-allelic, they are

highly amenable to ultra-high throughput genotyping technologies compared to SSR

(Appleby et al., 2009). SNP genotyping can be performed using predefined SNP arrays or

de novo using techniques such as ‘genotyping- by-sequencing’ (Elshire et al., 2011).

SNP markers have been used in generating genetic linkage maps in several crop species

including Jatropha (Wang et al., 2011), apple (Antanaviciute et al., 2012) and chickpea

(Rashmi et al., 2012). The jatropha SNP map contained 506 markers (216 microsatellites

and 290 SNP from ESTs) while 2272 and 1063 SNP markers were found in the apple and

chickpea genetic linkage maps respectively. Only one SNP-based genetic linkage map of

cassava has been published (Rabbi et al., 2012). This map contained 568 markers

(434 SNPs and 134 SSRs) and spanned 1837 cM across 19 linkage groups with average

distance between markers of 3.4 cM.

al., 2011), chickpea (Gaur et al., 2011) and soyabean (Hwang et al., 2009). SSRs were
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CHAPTER THREE

3.0 MATERIALS AND METHODS
3.1 Cassava Plant Materials

Parents with contrasting response to CBSD infection were selected to generate an Fl

population for this study. Mkombozi was selected as the female parent and is field

resistant to CBSD. TMS 4(2)1425 was selected as the male parent and is susceptible to

CBSD. Stakes of the parents were obtained from Ukiriguru and Maruku Agricultural

Research Institutes which were multiplied by farmer groups in their fields during the

Great Lakes Cassava Initiative project (GLCI).

3.1.1 Genetic crosses

Crossing blocks consisting of the two parents were planted at Ukiriguru and Maruku

experimental stations in Mwanza and Bukoba respectively in the 2010 growing season.

Genetic crosses were performed by hand pollination according to Kawano (1980) and

IITA (1990). Plants started to flower six months after planting (MAP) and pollination was

the stigma of female flowers.

After pollination, flowers were bagged with muslin bags to prevent honey bees or other

insects from pollinating opened female flowers. Pollinated flowers were labelled to

indicate each of the cross combinations and mature seed were harvested and collected

70-90 days after pollination.

3.1.2 Seed germination and establishment of seedlings

In April 2011 about 800 seeds were germinated and grown in seed trays containing

sterilized forest soil in the screen house at SRI-Kibaha. Since temperatures up to 35°C are

required for seed germination of cassava (IITA, 1980; Ellis et al., 1982). seed trays were

performed by rubbing anthers with pollen on
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2011, 34 days after sowing the seeds, seedlings were transported and transplanted in the

field at Makutupora experimental station- Dodoma. The seedlings of about 20-25 cm long

and NPK fertilizer to maximize the multiplication rate.

3.1.3 Plant sample collection

Young leaf samples from 350 individual plants were harvested from the field at

Makutupora and placed in labeled aluminum foil packets and immediately kept in a cool

box with ice blocks after which were transported to International Livestock Research

Institute - Bioscicnces eastern and central Africa (ILRI-BecA) hub for DNA extraction.

The leaves were then stored at -80 °C deep freezer until DNA was extracted.

3.1.4 Extraction of DNA

Extraction of DNA from each of the 325 leaf samples was done at ILRI-BecA hub

Nairobi, Kenya. DNA was extracted using a modified mini preparation extraction

protocol of Dellaporta (Dellaporta et al., 1983).

3.1.5 Determination of DNA quantity and quality

Quantity and quality of DNA samples were determined using a spectrophotometer

(NanoDrop. ND-1000 Spectrophotometer) and agarose gel electrophoresis. The quality

and quantity of DNA was checked by running samples on a 0.8% (w/v) or 0.8g agarose

gel in 100ml lx Tris-boric EDTA (TBE). The agarose solution was brought to the boil in

a microwave oven. The product was cooled slightly and 5pl of Gel Red solution added.

running tank containing 1XTBE buffer.polymerize. The gel

were planted at spacing of 1.0 m x 1.0 m, 50 rows with 10 plants each row with irrigation

was then placed in a

put in the screen house to ensure optimum temperature for seed germination. Tn June

This solution was then poured into a gel tank with comb and left for 20-30 min to
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Approximately 3pl DNA and 3pl of loading dye were mixed and then loaded into each

well. The running tank was then connected to power at 120V for 30 minutes. Ultraviolet

(UV) illumination photograph

and after determination of DNA concentration and quality the DNA was stored at -20°C.

3.2 Screening for SSR Polymorphic Markers and Genotyping

To identify polymorphic markers, 38 SSR markers were screened against the two parental

genotypes. These were selected from a subset of 48 SSR markers developed at CIAT

(Chavariagga-Acquirc et al., 1998; Mba et al., 2001). Amplification of DNA samples was

carried out on a GeneAmp®PCR System 9700 Base Module (Applied Biosystems Inc)

PCR machine as described by Mba et al. (2001). PCR amplified product were visualized

on a 2% (w/v) or 2g agarose gel (Invitrogen, UK) as described in section 3.1.5 above for

checking the quality and quantity of DNA. Approximately 2pl PCR product, Ipl of

distilled water and 2pl of loading dye were mixed and then loaded into each well at the

extreme end wells.

3.2.1 Parental genotyping

Before PCR products were run on the ABI 3730 capillary sequencer for fragment

analysis, marker panels comprising of SSRs with no overlapping allele sizes or being

differently labeled were used to design co-loading primer sets for genotyping.

Co-loading markers were selected and put into groups of four based on their dye label.

About 2 pl of each fluorescently-labeled PCR product (i.e. 8 pl total products for four

PCR products) were combined in one new plate. Products were briefly vortexed and

centrifuged at 3500 rpm for 30 s. Then 900pl HI-DI form amide and 20pl LIZ was mixed

and 9 pl formamide-standard mix was added into each well of a new, empty PCR plate.

One pl of the PCR product mixture was added to 9 pl formamide-standard mix.

was used to check the sample DNA quality and quantity
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The pooled plate was vortexed and centrifuged at 3500 rpm for 60 s. Samples were

denatured at 95°C for 3 min, placed on ice for 5 min, centrifuged, and then loaded into the

ABI 3730. DNA fragments

between the parents using Gene Mapper software version 4.1.

3.2.2 SSR Genotyping of Fl progenies

Ten SSR markers that showed polymorphism amongst the parents were used to genotype

the entire mapping population (Table 1) - SSRY38, SSRY51, SSRY52, SSRY63,

SSRY102, SSRY119, SSRY147, SSRY155, SSRY169 and NS193. Amplification

reactions were set using the optimized PCR conditions for each marker in 96 PCR plates.

PCR amplifications were carried in an auto-Lid Dual 384-Well GeneAmp® PCR System

9700 (Applied Biosystems Inc). The thermo cycling as well as visualization of PCR

amplification product was performed as described in section 3.1.5 above.

Amplified SSR fragments were separated by capillary electrophoresis using an ABI 3730

sequencer and allele sizes were scored using GeneMapper. Co-loading markers were

selected and put into groups of three, two and one based on their dye label. Co-loading

group 1 contained SSRY38 (FAM), NS 193 (PET) and SSRY147 (VIC), co-loading group

2 consisted of SSRYU9 (FAM) and SSRY51 (PET), co-loading group 3 contained

SSRY119 (FAM) and SSRY63 (PET), co-loading group 4 consisted of SSRY102 (FAM)

and SSRY52 (PET) and co-loading group 5 had only SSRY155 which was NED. About 2

jil of each fluorescently-labelled PCR product (i.e. 2-6 pl total products for one, two and

plate and were prepared for capillary

electrophoresis.

three PCR products) were combined in one new

were analyzed for polymorphism (fragment size variation)
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3.2.3 Integrity of the mapping population

Sizing of fragments, allele calling and scoring of polymorphic markers were performed

using GeneMapper Version 4.1 computer software (SSRY155 is one of the SSR marker

used to score the allele size as shown in Fig. 1). The size of each marker was recorded.

True crosses, off-types (showing additional alleles, not present in parents), and selfs

identified by examining the identity of each allele at each locus, and then considering the

results of all loci together.

(showing an excess of homozygote) were identified. The true cross progenies were
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Berkeley (USA). A reduced representation approach involved restriction enzyme (JpeKI)

to digest small sample of DNA, this enzyme recognize and cut the motify (GCWGC).

The figments with low reads enable to capture the SNPs.

3.3.1 Restriction digest and ligation

DNA was first digested for 2 h at 75 °C with ApeKl enzyme. The ApeKl is a methylation

sensitive restriction endonuclease that recognizes a degenerate 5 bp sequence (GCWGC),

where W is A or T. It creates a 5' overhang sequence (GWC). Barcoded adapters were

then ligated to the sticky ends of the template DNA left by the restriction digestion.

This was done by adding 1.66x ligase buffer with Adenosine triphosphate (ATP) and T4

ligase to each well to ligate adapters. Each digested sample in a 96 wells had a different

barcoded adapters facilitating multiplexing of all samples into a single sequencing lane.

Unlike Elshire et al. (2011), Y- shaped adapters were used which ensure that each strand

of DNA has a different sequence on each end.

3.3.2 Multiplexing and amplification (pooling samples)

Barcoded adapters were ligated on to the restriction fragments, once the DNAs have

unique adapters; they were pooled and size-fractioned. Pooled, cleaned, and concentrated

an agarose gel. Fragment of sizes 400-800 bp were

excised and well-removed from any adapter-mers and selecting fragments that will cluster

well during sequencing. Well clustered fragments were then PCR amplified. PCR primers

complementary to adapter sequences were used in a PCR reaction and thus enrich for

properly-ligated DNA fragments which are subsequently sequenced on the HiSeq2000

(Illumina) sequencer.

3.3 SNP Genotyping

Genotyping of 157 Fl progenies from Mkombozi x TMS 4(2)1425 was carried out using

a reduced representation genotyping-by-scqucncing (GBS) approach at the University of

adapter-ligated DNA was run on
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3.4 Genetic Linkage Analysis

Markers segregating only in the first (female) parent were coded as Im x ll. Those

segregating in the second (male) parent were coded as nn x np. Both classes of these

markers were expected to segregate in the ratio of 1:1. The markers that were segregating

in both parents were coded as hk x hk and were expected to show 1:2:1 segregation ratio.

From 157 Fl progenies, twenty six had a large number of missing data (>10%) and were

removed from the analysis, leaving 131 progeny. A total of 4351SNPs were obtained

from the GBS procedure. Of these, 2783 were excluded from the analysis as they had a

large proportion of missing data (>10%), leaving 1568 SNPs.

Genetic linkage analysis was performed using JoinMap software, version 4.1

(Van Ooijen, 2006). Chi-square results for each marker were used to test for significant

deviations from Mendelian expected ratios (segregation distortion). Linkage groups were

identified using LOD values (logarithm of odds) and the LOD threshold ranged from 3.0

to 7.0 were used to create linkage groups. Regression mapping was used to construct the

map using a recombination frequency <_ 0.4. The recombination frequencies were

converted to map distances (cM) using the Kosambi mapping function (Kosambi, 1994).

3.5 Distribution of Markers in Scaffolds

To identify scaffolds associated with markers, SNPs needed to be queried against the

genome shotgun sequencing is available at Phytozome. Using the SNPs identification

code which consisted of a scaffold name followed by the base pair position, the numbers

of markers per scaffold used in this study were counted.

cassava genome assembly using BLAST. A cassava genome assembly from whole
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CHAPTER FOUR

4.0 RESULTS

4.1 Quantity and Quality of the DNA

Concentrations of DNA ranged from 62.1 to 2950.03ng/pl with an average of 364.04

ng/j.il according to nanodrop readings. Extracted DNA was of good quality (Fig. 2) with

Aioo/Amo absorbance ratio values ranging from 1.2 to 2.0.

4.2 Screening Markers for Polymorphism

A total of 38 SSR markers were screened to obtain the polymorphic markers against

parental genotypes. Of these, 10 primers were polymorphic and were used to provide the

informative and 17 markers did not generate good PCR amplification products. Therefore

28 markers were excluded from genotyping.

4.3 Composition of the Mapping Population

From an initial mapping population of 325 individuals, SSR data revealed 158 progenies

from true crosses between Mkombozi and TMS 4(2)1425, 135 off-types or admixtures

with allele(s) that were not present in either of the parents, 31 were identified as selfs

(Appendix 3) and one genotype (MT 210) was rejected due to many missing data.

information of the integrity of the mapping population, 11 were monomorphic and not

ng/j.il
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4.4 Integrity of the Mapping Population

Marker (NS 193) was homozygous in Mkombozi and heterozygous in TMS 4(2)1425

(Table 2). Using this marker all heterozygous progenies can be described as true crosses

because there is no possibility of having male selfs. However, the homozygote progenies

(250bp/250bp) could be either selfs of Mkombozi or a true cross receiving one 250bp

allele from each parent.

Using SSRY38, Mkombozi and TMS 4(2)1425 were heterozygous and homozygous

respectively. All homozygous (106bp/106bp) Fl progenies could either be true cross

progenies because they contain 106bp from each parent or could be male selfs. In this

case, since seed was collected from the female parent, there is no possibility of a male self

so all 106bp/106bp progenies were recorded as true crosses. However the heterozygous

progenies could not be classified as either true crosses or products of selfing due to the

alleles being found in the female parent.

Marker (SSRY63) was particularly informative as both parents were heterozygous and

shared one allele. True crosses were those from all four expected combinations and selfed

individuals are those possessing 289bp/289bp. SSRY102 was heterozygous in the female

parent and homozygous in the male parent. Homozygous (179bp/179bp) progenies could

either be true cross progenies or female self. The heterozygous progenies (179bp/181bp)

could not be classified as either true crosses or product of selfing due to the alleles being

found in female parent, this also required confirmation of other markers.

Using SSRY119, Mkombozi was heterozygous while TMS 4(2)1425 was homozygous.

Homozygous progenies were true crosses since they contain the unique male allele while

heterozygous progenies could not be easily described as either true crosses or product of
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selfing due to the alleles being found in female parent, this also required confirmation

from other markers. The individuals with alleles of the 169bp/169bp were selfs from

Mkombozi.

The female parent was homozygous at SSRY155 while the male parent was heterozygous

In this case the homozygous individuals (149bp/149bp) were either true cross progenies

marker were regarded as true crosses.

Using SSRY169, the female parent had heterozygous allele and male parent had

homozygous allele. The heterozygous individuals (89bp/99bp) were either true crosses

receiving 89bp from Mkombozi and 99bp from TMS 4(2)1425 or female selfed

either true crosses or product of selfing due to the alleles being found in female parent.

This required confirmation from other markers. The homozygous putative progenies

(99bp/99bp) could be true crosses.

Mkombozi was homozygous for SSRY147 and was heterozygous. All heterozygous

progenies (11 Ibp/lOlbp) were classified as true crosses. The homozygote progenies were

not easily classified because they possess a single allele (11 Ibp) common to both parents.

They could be female selfs or true crosses receiving the same allele from both parents.

At locus SSRY51, the female parent was homozygous for the allele 278bp while the male

parent was heterozygous (Table 2). All progenies homozygous for 259bp were classified

alleles of the two parents were confidently assigned as true cross progenies.

progenies. Therefore the heterozygous progenies could not be confidently classified as

or female selfed progenies. The heterozygous individuals from expected alleles in this

as female selfs, but the heterozygous progenies with expected combinations from the
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homozygote individuals (246bp/246bp and 263bp/263bp) were described as purely

female selfs.

Table 2: Size of parental alleles used to determine the integrity of the population

AdditionalMarker Allele size (bp) in Allele size (bp) in
Mkombozi TMS 4(2) 1425 allele (bp)

250/250 250/258 256NS 193
SSRY38 106/108 106/106 104, 80, 120 and 104

285/289 285/287 NilSSRY63
179/181 179/179SSRY102 Nil

157/157 Nil157/169SSRY119
Nil149/157149/149SSRY155

99/99 9789/99SSRY169
101/111 83, 100 and 110111/111SSRY147
259/298 279 and 281278/278SSRY51
257/267 265246/263SSRY52

4.5 SNP Markers Segregation Types

Marker segregation type indicated the total number of alleles segregating in the parents of

4(2)1425 (male parent) and 268 (17%) were heterozygous in both parents.

4.6 Segregation Distortion

Markers showing significant deviation from expected segregation ratios at P = 0.1, 0.05,

were segregating only in female parent (Mkombozi), 526 (34%) segregated only in TMS

the Fl progenies. Of 1568 markers which were used for linkage mapping, 774 (49%)

classified as true crosses. Those that were (246bp/263bp were classified as selfs). The

All individuals which were heterozygous for the expected allele combinations were

0.01, 0.005, 0.001, 0.0005 and 0.0001 levels were marked with *, **, **♦, **♦*, *****

Both Mkombozi and TMS 4(2)1425 were heterozygous at locus SSRY52 (Table 2).
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respectively. Of the 1568 markers segregating in the mapping

population, 1312 (84%) conformed to expected Mendelian segregation ratios and 18

markers (1%) were severely distorted with deviations of significance level marked with

Me Me Me Me Me M< * (P - 0.0001) based on chi-square value and were excluded from the analysis.

retained in the analysis and were observed not to significantly inflate the map distance or

disturb marker order.

4.7 Distribution of SNP Markers on Female and Male Parents

804 markers were distributed on 19 linkage groups (LG 1-LG 19) of the female parent

(Mkombozi). Distribution of markers in female parent spanned 2848 cM with an average

marker spacing of 3.7 cM ranging from 1.7 to 6.2 cM (Table 3).

Table 3: Characteristics of marker distribution on linkage groups of the female 
parent (Mkombozi)

7
17
30
12
15
7
9

24
6

10
2

II
2

213

Length 
(cM) 
184.8 
153.1 
243.1 
254.2 
133.4 
132.5 

55 
209.1 
178.5 
175.2 
192.3 
186.1 
94.8 

137.7 
132.6 
167.2 

15.3 
76.3 

126.8 
2 848

Number of 
SNP 

markers 
64 
88 
39 
47 
25 
45 
14 
66 
48 
34 
53 
45 
30 
47 
46 
30 

8 
37 
36 

804

Unique 
loci 

49 
56 
27 
37 
23 
35 
12 
49 
35 
32 
42 
37 
21 
32 
39 
24 

7 
30 
32 

619

Number of 
common 
markers 

23 
7 

15 
12 
4

cM/ 
marker 

2.9 
1.7 
6.2 
5.4 
5.3 
2.9 
3.9 
3.2 
3.7 
5.2 
3.6 
4.1 
3.2 
2.9 
2.9 
5.6 
1.9 
2.1 
3.5 
3.7

cM/ unique 
locus

3.8
2.7

9
6.9
5.8
3.8
4.6
4.3
5.1
5.5
4.6

5
4.5
4.3
3.4

7
2.2
2.5

4
4,7

The remaining, 238 markers (15%) with moderate distortion (0.0005 < P < 0.05) were

Linkage 
group 

LG1 
LG2 
LG3 
LG4 
LG5 
LG6 
LG7 
LG8 
LG9 
LG10 
LG11 
LG12 
LG13 
LG14 
LG15 
LG16 
LG17 
LG18 
LG19 
Total/Mean

Key: - = missing data

****** and *******
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The linkage group (LG4) was the longest (254.2 cM) and LG17 being the shortest (15.3

cM). The maximum number of markers occurred on LG2 with 88 markers and the

minimum number of markers occurred

markers were located at 619 discrete positions (unique loci) on the 19 linkage groups of

the female parent; hence the average space of the discrete positions was 4.7 cM, ranging

from 2.2 cM to 9.0 cM for LG17 and I.G3 respectively. Marker distribution on the male

parent (TMS 4(2)1425) had a total length of 2483 cM with average marker spacing of 5.2

cM ranging from 1.9 CM to 12.6 cM. The male parent contained a total of 593 markers in

18 linkage groups (Table 4).

Linkage 
group

Unique 
loci

Number of 
common 
markers

cM/ 
marker

cM/ 
unique 
locus

Length 
(cM)

277.6
152.5
173.7
187.4
37.9

339.5
110

184.7
165.9
122.3
28.3
192
177

37.8
120.5

66
49.4
60.3

2 483

27
25
59
55
35
17
34
33

8
19
6

17
11

593

144
22
43
28
10

21
20
50
41
28
12
33
28

8
17
5

12
11

468

98
17
34
24

9

7
17
30
12
15
7
9

24
6

10
2

11
2

213

23 
7 

15 
12 
4

1.9
6.9

4
6.7
3.8

12.6
4.4
3.1

3
3.5
1.7
5.6
5.4
4.7
6.3

11
2.9
5.5
5.2

Number 
ofSNP 

markers

16.2
5.5
3.7

4
4.4
2.4
5.8
6.3
4.7
7.1

13.2
4.1
5.5
6.2

2.8
9

5.1
7.8
4.2

LG1
LG2
LG3
LG4
LG5
LG6
LG7
LG8
LG9
LG10
LG11
LG12
LG13
LG14
LG15
LG16
LG17
LG18
LG19
Total/Mean_____

Key: - = missing data

Table 4: Characteristics of marker distribution on linkage groups of the male 
parent (TMS 4(2) 1425)

on LG 17 with eight markers. The 804 genetic
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The longest linkage group in this map was LG7 with 339.5 cM and LG 12 with 28.3 cM

lowest number of markers (6 markers) was found in LG 17. All 593 markers were located

in 468 discrete positions (unique loci) on the 18 linkage groups; therefore the average

space of the discrete positions was 6.2 cM, ranging from 2.4 cM for LG12 to 16.2 cM for

LG7.

4.8 Comparison of SNP Markers Distribution on Female and Male Parents

A comparison of the female and male parents indicated that there were some differences

in terms of number of linkage groups and number of markers used to generate a linkage

map. The female parent was having more markers than the male parent and it had 19

linkage groups compared to 18 linkage groups. Based on common markers found in both

parents, there were 213 common markers in female and male parents as shown in

Table 3 and 4. The number of common markers varied widely between linkage groups

and the highest number of common markers (30) was observed in linkage group (LG9)

while LGs 17 and 19 had the lowest number of common markers of two.

4.9 Construction of A Genetic Linkage Map

Of the 1568 markers, 1136 markers were mapped on 18 linkage groups of the integrated

map shown in Fig. 3 (a-f) which covered a distance of 3 207.9 cM with an average marker

spacing of 3.4 cM that ranged from 1.3 cM to 10.1 cM (Table 5). The largest linkage

group (LG1) contained 185 markers while the smallest group (LG 17) had only 12

markers. The shortest linkage group (LG 17) was 68.4 cM while the longest (LG7) was

343.0 cM. There was a large shift of about 62.7 cM between adjacent markers (si 1 216-

_156 124 and s07 007_68 359) observed in linkage group 3. The 1136 markers occupied

900 discrete positions on the 18 linkage groups, whereby the average space of the discrete

was the shortest. The highest number of markers (144) was observed in LG1 and the
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(LG7). Interestingly, LG 6 only contained markers that segregated in the female parent,

Mkombozi.

Table 5: Main characteristics of the integrated genetic linkage map

Linkage group
Number of 

markers
Unique 

loci
CM/ 

marker
cM/uniquc 

locus

343
205.7
187.5
173.7
189.4
185.8
152.2
158.1
134.3
157.7
68.4
83.8

132.5
3 207.9

235.4
163.3
240.9
265.7
130.5

34
74
77
76
73
55
55
56
48
39
12
43
45

I 136

185
103
67
63
31

28
58
65
62
60
44
47
44
41
34
11
35
41

900

132
68
51
51
28

1.8
2.4
4.7
5.2
4.7

1.3
1.6
3.6
4.2
4.2

Length 
(cM)

10.1
2.8
2.4
2.3
2.6
3.4
2.8
2.8
2.8

4
5.7
1.9
2.9
3.4

12.3
3.5
2.9
2.8
3.2
4.2
3.2
3.6
3.3
4.6
6.2
2.4
3.2
4.1

LG1
LG2
LG3
LG4
LG5
LG 6
LG7
LG8
LG9
LG10
LG11
LG12
LG13
LG14
LG15
LG16
LG17
LG18
LG19
Total / Mean_______
Key: - = missing data

positions was found to be 4.1 cM that ranged between 1.8 cM (LG 12) and 12.3 cM
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Figure 3 (b): LGs 2, 3 and 4
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Figure 3 (c): LGs 5,6,7 and 8
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Figure 3 (d): LGs 9,10,11 and 12
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Figure 3 (e): LGs 13,14,15 and 16
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4.10 Distribution of markers on scaffolds

As shown in Fig. 3 (a-f), the integrated linkage map contained 1136 markers distributed

marker and 204 scaffolds had 2-39 markers. Scaffold 07 520 in linkage group one, had

the highest number of 39 markers. Alternative way of locating SNP in the scaffolds is

through BLAST the sequence against the draft cassava genome sequence available on

phytozome.

4.11 Comparison with other SNP Map

published by Rabbi el al. (2012). This map was found to be longer with an average map

distance of 178.2 cM compared to 90 cM per group and had more SNP markers

(1136 compared to 348). The average distance between adjacent markers of 3.4 cM in

both maps.

By comparing the integrated map of this study and the integrated SNP map which was

on 415 unique scaffolds. Out of the 415 scaffolds, 211 were found to possess only one
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CHAPTER FIVE

5.0 DISCUSSION

5.1 Integrity of the Mapping Population

In NS 193, some Fl progenies possessed an allele 256bp which was not present in either

parent. Since 258bp came from TMS 4(2)1425, 256bp allele is likely to have come from

Mkombozi which indicates that there is genetic variation in female parent. Using SSRY

104bp, 80bp, 120bp and 104bp which suggesting there was variation in both parents.

Possibly 104bp and 80bp came from both parents since there were individuals with

104bp/104bp and 80bp/80bp. 120bp might come in TMS 4(2)1425 if 104bp found in

Mkombozi. This reflects variation in both parents-planted in the crossing block.

There was occurrence of the allele 97bp which was not found in either parent in

SSRY 169, which seemed to come in both parents since there was 97/99 and 89/97

suggesting that 97 came from both female and male parents, proposing variation in both

parents. At locus SSRY147, some individuals were found to have alleles that were not

present in either parent. These were 83bp, lOObp and HObp. Another observation was

that the 83bp/83bp alleles at SSRY 147 always occurred with allele 80bp/80bp in

many heterozygous individuals with

(265bp/267bp and 257bp/265bp) detected by SSRY52. Since 267bp and 257bp were from

the male parent, 267bp must have been derived from variation in the female parent

(Ferguson, M.E. personal communication, 2013).

parents (279bp and 281) suggesting that there was variation in both parents. There were

38, there were individuals with other alleles apart from the expected ones; these are

an allele that was not found in the parents

SSRY38. SSRY 51 reveal heterozygous individuals with alleles not found in either



45

grown in the field and adopted by farmers who grew them together with other cassava

varieties. Some out crossing is likely to have occurred with other varieties. Volunteer

seedlings are often allowed to develop resulting in a ‘true’ or ‘typical* parental variety

genetically slightly different (off-types) (Ferguson, M.E. personal communication, 2013).

During the selection of plants to be grown in the crossing block, either ‘true’ or ‘typical’

parents can be selected or off-type. This variation within the parents causes the presence

of unexpected alleles.

5.2 Genetic Markers

Several kinds of genetic markers have been used in the construction of genetic linkage

maps in different crops (Okogbenin et al., 2006; Xia et al., 2007; Li et al., 2009;

Kunkeaw et al., 2010b; Wang et al., 2011; Rabbi et al., 2012). Recently Single

Nucleotide polymorphism (SNP) markers have attracted significant attention in creating

dense genetic linkage maps and genome-wide association studies (Wang et al., 2005)

because SNPs are the most abundant class of polymorphisms in genomes, and can be

genotyped cost-effectively (Rafalski, 2002). Since the parents segregates in response to

CBSD infection, markers and QTLs associated with resistance to CBSD can be identified

from mapping population of Mkombozi x TMS 4(2) 1425, through QTL analysis of

phenotypic information and genetic results which have been obtained in this study.

The observed variation can be explained by the out crossing nature of cassava and past 

history of ‘clones’. Mkombozi and TMS 4(2)1425 were brought to the lake zone of 

Tanzania in 1990s by Eastern Africa Root Crops Research Network (EARRNET) and

(Mkombozi or TMS 4(2)1425) and plants that look similar to the parental variety but are

International Institute of Tropical Agriculture (I1TA) respectively. The varieties were
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5.3 Segregation Distortion

Segregation distortion is commonly encountered in actual genetic mapping populations

(Lu et al., 2002). The distortions

segregation distortion loci (SDL) genotypes in gametes before fertilization or by viability

differences of SDL genotypes after fertilization (Wang et al., 2005). In out-crossing

species like cassava, high proportions of segregation distortions are frequent. Cassava,

being an out-crossing species has high genetic load, suffers from severe inbreeding

depression upon selfing (Okogbenin et al., 2006) and segregation distortions should

therefore be expected. Segregation distortion is increasingly recognized as a potentially

powerful evolutionary force and would affect the construction of genetic linkage maps.

Segregation distortion detected in this study was 16% which is smaller than that reported

by Okogbenin et al. (2006). A further explanation for segregation distortion could be the

presence of mutations within the primer binding sites which results in preferential

amplification of one of the alleles (Rabbi et al., 2012). Distorted segregation has been

reported in several crop species (Li et al., 2010; Xu, 2008; Tai et al., 2000).

The segregation distortion detected in this study did not affect the constructing of the

linkage map and hence could not cause difficulties on targeting markers linked to CBSD.

5.4 Linkage Map

After constructing the map, the female parent was having more markers as compared to

the male. The integrated linkage map spanned 3207.9 cM. The map was longer than the

SNP map of cassava developed by Rabbi et al. (2012) which had 568 markers and

spanned 1837cM and longer than the cassava linkage maps developed by Kunkeaw et al.

(2010b) which had 211 markers and spanned 1178 cM ; Sraphet et al. (2011) which

consisted 510 markers and spanned 1420.3 cM; Chen et al. (2010) which contained 355

are caused either by differential representation of

which skew the frequency of genotypes from the expected Mendelian ratio



47

low density of markers in some of the linkage groups might be due to a higher rate of

recombination observed in cassava due to markers being far apart (Okogbenin et al.,

2006). The map generated in this study was expected to be longer as it consisted of many

more markers compared to previously developed cassava linkage map.

The greatest gap between two adjacent markers was observed in the female parent (62.7

cM) of LG3 which was larger than that found in the map developed by Rabbi et al. (2012)

of 30.9 cM. The large gap explains why there are 19 linkage groups in female parent

instead of 18 linkage groups (haploid number of chromosome) in cassava i.e. n = 18.

Cassava is diploid with 36 chromosomes and heterozygous, therefore it is expected to

have 18 linkage groups as haploid number of chromosome. The number of linkage groups

may be larger than the haploid chromosome number if there is recombination frequency is

close to 0.5 as observed in the linkage map. There was also a gap > 10 cM in many other

linkage groups which may suggest that there were ‘hotspots’ of recombination or

insufficient marker coverage. This case had been reported in soybean (Hwang et al.,

2009; Rabbi etal., 2012).

5.5 Comparison of SNP Markers Distribution on Female and Male Parents

The presence of heterozygous markers in both parents (M x M) favors the identification

of homologous linkage groups as well as the integration of the female and male parents

(Fig 3 a-i). Homologies were found in 18 linkage groups with a total of 213 common

markers. A higher number of markers for the female parent compared to the male were

observed. The difference in the total number of markers might be indicating that the

markers and spanned 1707.9 cM; Okogbenin et al. (2006) of 100 markers and spanned 

1236.7 cM and Fregene et al. (1997) that had 168 markers spanned 931.6 cM. 

Marker distribution along the linkage groups within the map varied and was not uniform,



48

(TMS 4(2) 1425). This larger heterozygosity might be resulting into genetically CBSD

tolerant in Mkombozi.

5.6 Comparison with other SNP Maps

In terms or average map distance between markers and number of markers per linkage

group, this map was longer than map published by Rabbi et al. (2012). The longer the

total size of this map might have been contributed by the larger number of markers used.

female parent (Mkombozi) had larger heterozygosity than the male parent
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CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In the view of the above results it is concluded that:

Five markers (SSRY38, SSRY169, SSRY147, SSRY51 and SSRY52) revealed variation

in both of the parents and NS 193 revealed variation only in Mkombozi. This variation

brought difficulties on identifying the true cross individuals, the self product from female

parent and off type cross hybrids. The variation is likely to be derived from parental

plants which were not typically Mkombozi or TMS 4(2)1425. The variation was likely to

have come from outcrossing events with other clones, as the parental genotypes had been

grown with a range of other genotypes for more than ten years.

A total of 1136 SNP markers were mapped on 18 LG of the integrated linkage map which

will be used in QTL analysis to detect QTL linked with CBSD tolerance. QTL mapping is

carried out by looking for associations between genotypes at individual markers and

phenotypic traits of interest. It is expected that QTL linked with CBSD tolerance in

Mkombozi will be identified after confirming the associations between the molecular

markers data with CBSD phenotyping data. The identified QTL linked with this trait will

be used in MAS. MAS is an efficient strategy to greatly improve selection efficiency for

breeding of CBSD resistance in which selection for resistant genotypes (plants carrying

CBSD resistance) can be done at seedling stage and allows for the reduction of population

sizes and in the time taken to deliver a new variety.
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6.2 Recommendations

made:

Breeding involves crossing between different species of the Manihot genusi.

(inter-specific cross) or within the Manihot esculenta species (intra-specific

crosses). Naturally, cassava is subject to both cross-pollination (outcrossing)

and self-pollination (selfing) depending on genotype, planting design and type

of pollinating insect present. Being outcrossing, cassava is subjected to

variations within a variety that is maintained through continuous vegetative

propagation. Genetic parental screen to be done before mapping populations

are developed to ensure the uniformity of parents.

To phenotype the mapping population to get the phenotypic data which will beii.

correlated with molecular data in order to carry out QTL analysis for detecting

QTL tightly linked to markers associated with CBSD tolerance gene/s.

Identification of this QTL will be useful in breeding CBSD resistant / tolerant

cassava varieties

Molecular markers linked with CBSD tolerance from Mkombozi obtainediii.

from this study to be used for introgression of this trait into a range of farmer­

preferred cassava varieties through MAS. This will quickly and effectively

enable the selection of resistant plants that carrying this trait at early stage of

breeding and hence can efficiently facilitate the generation of elite cassava

varieties resistant / tolerant to the disease.

According to the findings obtained in this study the following recommendations are
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APPENDICES

Number
1
2

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
34
35
36
37
38
39
40
41
42
43
44
45

Appendix 1: Characteristics of Mkombozi

Parameter________________ ____
Pedigree 
Color of Apical Leaves 
Pubescence on Apical Leaves 
Leaf Retention 
Shape of Central Leaflets 
Petiole Color 
Leaf Color 
Number of Leaf Lobes 
Length of Leaf Lobes 
Width of Leaf Lobe 
Lobe Margin 
Petiole Length 
Color of Leaf Vein 
Orientation of Petiole 
Flowering 
Pollen 
Prominence of Foliar Scars 
Color of stem Cortex 
Color of Stem epidermis 
Color of Stem Exterior 
Distance Between Leaf Scars 
Growth Habit of Stem
Color of End Branches of Adult Plant 
Length of Stipules 
Stipule Margin 
Fruit 
Seed
Plant Height 
Height of First Branching 
Levels of Branching 
Branching Habit 
Angle of Branching 
Shape of Plant
Number of Storage roots per plant 
Number of Commercial Roots Per Plant 
Extent of Root Peduncle 
Root Constrictions 
Root Shape
External Color of Storage Root 
Color of Root Pulp (Parenchyma) 
Color of Root Cortex 
Cortex Easy of Peeling 
Texture of Root Epidermis 
Root Taste
Cortex Thickness ______________

Characterization________
Halfsib of 92/0099S2 (SM). 
Light green 
Absent 
Average leaf retention 
Elliptic-lanceolate 
Reddish green 
Light green 
Five lobes 
12.9 
4 
Winding 
12.5 
Green 
Horizontal 
Present 
Present 
Semi-prominent 
Light green 
Cream 
Greeny-yellowish 
Short 
Straight 
Green 
Short 
Entire 
Present 
Present 
204 
37

Tetrachotomous 
75-90 
Open 
7 
7 
Mixed 
Some
Conical-cylindrical 
Light brown 
White 
White 
Easy 
Rough 
Sweet 

____________ Thick__________________  
Descriptors for cassava morphological characterization (Fukuda etui., 2010)
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Appendix 2: Characteristics of TMS 4(2)1425

Parameter_____________________
Pedigree 
Color of Apical Leaves 
Pubescence on Apical Leaves 
Leaf Retention 
Shape of Central Leaflets 
Petiole Color 
Leaf Color 
Number of Leaf Lobes 
Length of Leaf Lobes 
Width of Leaf Lobe 
Lobe Margin 
Petiole Length 
Color of Leaf Vein 
Orientation of Petiole 
Flowering 
Pollen
Prominence of Foliar Scars 
Color of stem Cortex 
Color of Stem epidermis 
Color of Stem Exterior 
Distance Between Leaf Scars 
Growth Habit of Stem 
Color of End Branches of Adult Plant 
Length of Stipules 
Stipule Margin 
Fruit 
Seed 
Plant Height 
Plant Height 
Height of First Branching 
Levels of Branching 
Branching Habit 
Angle of Branching 
Shape of Plant 
Number of Storage roots per plant 
Number of Commercial Roots Per Plant 
Extent of Root Peduncle 
Root Constrictions 
Root Shape 
External Color of Storage Root 
Color of Root Pulp (Parenchyma) 
Color of Root Cortex 
Cortex Easy of Peeling 
Texture of Root Epidermis 
Root Taste 
Cortex Thickness

Number 
1 2

4 
5
6
7 
8
9 
10
11
12 
13
14 
15
16
17 
18
19
20 
21
22
23 
24
25
26 
27 
28
28
29
30 
31
32 
3 3
34
35
36 
37
38
39 
40 
41
42
43 
44 
45

Characterization______
58308 x Oyarugba Funfun 
Purplish green 
Absent
Outstanding leaf retention 
Lanceolate 
Greenish red 
Dark green 
Five lobes 
17 cm 
5.0 cm 
Smooth 
19.4 cm 
Green 
Horizontal 
Absent 
Present 
Prominent 
Dark green 
Light brown 
Silver 
Short (< 8 cm) 
Zig-zag 
Green 
Long 
Entire 
Present 
Present 
86 cm 
86 cm 
45 
n

Tetrachotomous 
75-90 
Compact 
6

Sessile 
Few to one 
Cylindrical 
Yellow 
White 
White 
Easy 
Rough 
Sweet 

_________________________ Thick___________________  
Descriptors for cassava morphological characterization (Fukudactul.} 2010)
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250258MT 100 106'106 285'289 149119 89 99 101'111 259278 257'263 True cross
“1MT101 256 258 104'120 285287 97 99 100'100 259278 257 265 OfT-typc

MT102 -9-9 -9-9 285289 179181 149.149 99 99 132'132 278'298 263'267 Off-type

MTI03 256 258 106'121 285287 149149 99 99 111'111 257 265 OfT-typc-9-9
MT10I 250 258 106'108 287.289 179'179 149149 99 99 278 298101II1 263 267 True cross

MT 105 250256 101'120 285285 179/179 157/157 149 149 97.99 267267100 111 259279 OfT-typc
NTT106 250 256 104 104 285.285 9799 OfT-typc100 100

MT108 250 256 106'106 285'289 278 278 263 263 | Self111'111

MT109 250 258 106'108 285287 179/179 157,157 149 149 89 99 101/111 278298 216.257 True cross

\rrio 250256 106106 285287 157/169 149 157 278279 257265 OfT-typc179.179 9999 101.111

MTI10 250250 157/169 149 149 278298 246 257 True cross106'108 285289 179 181 99 99

267 267 OfT-typcMil11 250 256 9799106'106 285287

263267 Off-typeMT113 250 256 106'106 285287

257265 OfT-typcMT114 149'149250 256 106'121 285287 179'181 157'169

259'278 257263 True crossMT115 99.99 111/111250258 106'106 149149285/285 179'179

216/257 True crossMT116 179.181 .169,169'! 149149250.258 285.285106/108

257 267 OfT-typcMTHS 149'157157/169250250 106 106 285285 179'179

OfT-typc259 278 257263-9.-9149'149 9999MT119 157/169285 285 179 181-9-9 80 80

True cross8999157/169 149'149\fll 1 250250 285287 179 179106'108

169'169 ; 149 149 Self99 99MT120 285289250250 106'108
True cross99 99\rri2i 250250 287289106'108
Off-type9797 . 101/101157157 149'149MT122 179.181250'250 106T21 285'285

246/257259278 True cross111/111149149 9999157/157MT 123 179181250258 106'108
Self111/11189 99XTIT24 250'250 106'108

I
259 278 257/265 OfT-typc100'10099.99MT125 285285250250 104'120
259278 257 265 Off-type111/11199 99149149157/169179'181NfT126 285.289250'258 106'121

257267 Off-type279298111/1119999149157157/169179.181MT 129 285287250250 106'106

9999 111/111149149157/157179'179MTI2 285289250/258 106/106
111'11189.99149'149179'181Nffl31 250250 106/108 -9.-9

259278 246'257 Off-type83'838999287.289MT132 -9.-9 80 80
265'267 Off-type278,279101/11197,99149'157157/157285285 179/181MT133 250256 106'106

259278 263'267 True cross101/1118999149'149157/169179.179MT134 285287250258 106/108
True cross157/169MT135 250258
Self157/169 -9/-9MT136 250'250

259278 246'267 OfT-typc100/1119999149/149157/169179/181\ni37 250.258 285285104'106
298.278 257265 OfT-typc101/11197/99149'149157/157179/181MT138 250 256 285285106/106
278298 246'267111'111 True cross89.99149/149MT139 287289250258 106/106 r. 278279 246265 Off-type111/11189,97MT13 285.289250250 106'121
278298 257/263111/11! True cross9999149'149157'157179/181MT140 250258 106'108 -9/-9
259.279 257265101/111 OfT-type97,99MT141 250256 106/106 285287

278298 263.267101/111 True crossMT142 285/289250250 106'108
279.278 265267101/11! Off-type157/157 157/157 97,99179'181MT144 256250 106/106 -9/-9
278298 246257111/111 True cross99,99157/157 149/149179'179MT145 250258 287,239106/106

157/169 
---- —’I

278,298 -------- !

157/169 _ - -

265'267
____  '

-2WJ278 257263.. True cross 
.278278 246246 J Self

106/106 285287 179/179

106'108 ’ 289289 < 179'181

SSRY 
119

SSRY
155

SSRY 
169

SSRY 
147

SSRY
51

SSRY 
52

Cnnc 
lusions

SSRY 
63

Sample
ID

179/179 ,157/169 149/149
I 149,149 99.99

NS 
193

SSRY 
38

SSRY 
102

149/149 8999 101'111 278298_ 246257
[®89_J L278/278.J 246263

179/179 ^.157/169^ 
179'181 L14£I®J 149/157

179'181 157/169

179’179 . 169 169. ‘ 149 157

.111/111
101'101 _j 278 298

L 278278 _246/246.J

101/111 278298 246/267. ....
111/111 278278 . 246263

101/101
I 

8999 Jll/Ill 278 298

97 99 ■ 101'101 ! 259 278

259278 263267

278278 i 265.267

259 279
■

179'179 J57/169 149/157 

179 181 169/169.; 149149

157/169 
----- ---- 3 

179 181 169 169

169'169 ,

179'181 157/169 149 157

179 179 169169 i 149149 89 89

285'287

285/289 181/181 ’ 157/157 149/149
179'181 i 169/169J 149'157

179'179

179/181 169169.' 149149

Appendix 3: Mkombozi x TMS 4(2)1425 Fl mapping population integrity using 
SSR markers

179'181 ■..169'16?]

157'157

179.179 .. 169/16? j 149'149

99.99 111/111 278298
------- ----- ~1

9999 JOl/lOLi 259279
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MT146 250/258 101104 285285 179’179 157.157 149157 97.99 100 100 278.298 265'267 Off-type
MT147 250'258 106 106 285287 179.179 157/157 149149 9999 111'111 278279 267/267 Off-type
\rri48 250 258 106'106 285'285 179 179 157'169 149'149 9999 111/111 278298 257263 True cross
\flT4 250250 104'120 285287 179 181 157/169 149'157 97.99 100'111 Off-type
xrri50 250 250 106 108 285/289 179/181 157/169 149'149 9999 lll'lll 278 278 263 263
\ri’I51 250 250 285/289106'108 179181 157/169 149/149 99.99 101.111 278298 246’257 True cross
MT152 250 256 104'104 285285 179'181 157/169 149'149 9799 I00T11 Off-type

NfIT54 250'250 106'106 285285 157/157179.179 149149 9999 111/111 Off-type

MT157 250250 106'106 285287 179'179 157'169 149.149 9999 101'111 278 298 246 257 True cross
179181 169169 J 149149MT159 250'258 106'108 285.289 8999 278298 246/267111'111 True cross

MT15 250'258 157/157106'108 287289 179/181 149/149 278298 257,2639999 111/111 True cross

MT160 250 258 106'108 157/169 149'149 9999 259278 246257-9-9 179'181 lll'lll True cross

MT161 246267250258 106/106 157/169 149'149 8999 101/111 259278 True cross285285 179/179

179 181 1169'169: 149149\rri62 246 25799.99 278298 True cross-9-9 285 289 -9-9-9-9

MTI63 OfT-lypc89.99 278 298 263/267250.250 157/157 149149 100'111104'104 285285 179/181

\rri64 259278 246/267 True cross149149 8999 111/111250.258 157/157106'106 285289 179'179

263/267278293 True crossMT165 101/111250/250 149'149 9999106/106 285285 179/181

278298 265'267 Off-typeMT166 179/181 :.169/1®J 149149 9799 101/111250256 106'121 285285

278'298 263267 True crossMTI67 149’149 9999 lll'lll250250 287289 179'179106/108

246/257278'298 True cross101/111MT168 179'179 169T69; 149'149 9999250258 106'106 287289
Off-type279279 265/267100'11197.97MT169 149'157157/157250256 285285 179/181120'120

257/263278298 True cross111/1118999157/157 149149MT16 179/181250258 106'106 285'285
Off-type278279 265/2679799 111/111\ni7o 285285 179/181250256 106'121
Off-type279298 257'265101/11199,99MT171 250258 106'121 -9.-9

246/267 True cross2782988999 101/111149’149MT172 157/169179'179250258 285/289106'108
263267 True cross259.278101/11189,99149'149157/157Nffl73 179/181250'250 285287106'106

True cross101/11189.99149’149Mfl74 250258 106'108

Self89 89149’149MT175 250250 106'108
246.267278298 True cross111/1118999149149157/169Nfl’176 179’181250258 285287106'106

278298101/1118999149'149157/157MT177 179/181250258 106'106 285287
279298101'11199.99149/157157/1®MT 178 179/181250250 285/285106/106
259278 246/257 True cross101/1118999149'149157/169MT179 179/181285287250258 106'106

Off-type278279 257/267101'111149'149 99.99157/157MTI7 179'179285285256 258 106'121
278279 267/267 Off-type101/11197.99149'157157/169MTIS0 179/179285'285256258 106'106
259278 263267 True cross101/11189.99149/149157/169\ffl81 179/181287/289250/258 106'108

246257259278 True cross101/11189.99149/149157/169MT182 179'181287289250.258 106'106
257/267 Off-type29829883'8399.99149/149157/1®MT183 179/181-9-9-9-9 80/80

Off-typelll'lll97.97149’157157/157MT 184 179/179256250 -9/-9106'106
278.298 263267 True cross111/11197.99149.T49157/1®MT186 179/179285287250250 106/108

246267278298 True cross101/111149/149 8999169/1®MT 187 179/181250258 106/108 -9'-9
278298 246267 Off-type100/10089.99149/149MT188 2872®250250 104'106

Off-type100/10097.99149/149MT189 285285250250 104/120
Self9999149/149157/1®MT18 179/1812852®250250 106'108

279'298 265267101/111 Off-type9999149/157MT190 285285250250 106/121
"1

259278 257263101/111®99 True crossMT191 -9/-9250250 106'108

157/169

157/169
7~~1

SSRY 
38

179/179 .257/1®
179/179 169/1® j 149 '149

SSRY 
102

SSRY 
119

SSRY 
169

SSRY 
147

SSRY 
St

SSRY
52

Cone 
lusions

SSRY
63

Sample
ID

NS 
193

SSRY 
155

2852® .179/179

285285 JM/lMj 169

157/157 149'149 
179'179 L169/1® j 149'157

i 157/169
1 157/

278298! . 257/263

111/111 !. 278278.263'263 .

tJB&sJ 265267

.2782®
---

111/111 ,278/278 263263 1

259278 267267
;......... :

278278 i 263265

179/181 i 169/169
I

179/181 Ll®/1®..

267267
J Self

246'267 True cross

267-267 • Off-type
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\rri93 250 258 106'108 285289 179 179 . 169 169.' 149'149 9999 Htlll 278298 246 267 True cross
MT194 250 258 106/106 -9-9 149’149 89.99 m/m 278298 246'257 True cross
X1T195 250250 106'106 285287 179'179 169’169 j 149149 9999 llllll 259278 263 267 True cross
MT196 250250 106'108 285289 179'181 157/169 149'149 8999 101/m 278298 257263 True cross
MT197 250.250 106'106 287289 179’181 157/157 149'149 9999 m/m 278298 263267 True cross
MTI98 250258 104'120 285287 179/181 157/169 149'157 9999 259278 257,265100 111 Off-type

Xfl’199 250250 106/106 285287 157/169179/179 149'149 8999 246257m/m 278298 True cross

xni9 250.250 106'106 285285 157/169 149'149179/181 8999 111'111 278 298 246-267 True cross

xrn 250250 106'108 -9-9 179/181 8999 101'111 True cross
I\ri2oo 250.250 108 108 285285 Self89 89

NIT202 250250 259 278 246267157/169 149.149 9999 OIT-typc104'104 285.289 179'181 100 111

MT203 250250 278298 263 267 True cross157/157 149'149 8999 lll'IIl106/106 285287 179'181

MT204 259273 257263 True cross250250 157/157 149'149 9999106'108 287289 179’179

MT205 Self149'149 89 99250250 106'108 285,285 179'179

True crossMT206 9999 101/111250/258 106'108 285285
SelfMT207 m/m149/149 8989250'250 157/169106/108 285285 179.181

257/267 Off-type278298XfI208 97.99 101'111157/169 149149250/258 106'121 285'287 179181

246.263 True cross259278MT209 8999 101/111149’149157/169250258 179'181106/108 287287

246 257 True cross259278101/111MT20 149149 8999157/169250258 179.181106'108 285/289
Delete-9'-9m/m -9-9MT2I0 149/149 -9.-9157/157-9/-9 -9/-9106/106 -9.-9

257267 True cross27829899.99 101/mMT211 149'157157/169250 256 285/287 179'181106'106
Off-type267/267101/11197,99MT212 149157250 250 106121 285287
Self89.99149149MT213 250 250 106'108

257/263 True cross278298111/1118999MT214 157/169 -9-9250258 285287 179'181106'108
257265 Off-type27829883'83149'157 97.99MT215 157/169179'181-9.-9 8080 285287

Off-type246257278298100'Ill9999149149MT216 157/169179/181250'250 106'106
246263 True cross259278101/11!8999149’157MT2I7 157/169179/181250250
246/257 Off-type25927883'838999149/149MT218 157/169179/179-9/-9 80.80 -9/-9
257267 Off-type279 298111/111149'157 9999MT219 157/169179/181250.258 106'106 285287

Off-type278279 267'267m/m9999149'149157/169MT21 179.179250250 285287106'121
257263 Off-type278298100'11099.99149/149157/169MT220 179/179250/258 104/106 287289
246’257 True cross111/111149’149 99 99157/169MT221 285289 179179250'250 106'108

True cross99.99MT222 250258 -9.-9106/106
OfT-typc83'8399.99149'149MT223 -9/-9 80'80 -9/-9

246267 True cross278298111/1118999MT224 250258 285287106'108
279298 257267 Off-type101/11197,99179/181 U69.169J 149.157NfT225 285287250250 106/121

257263259278 True cross101/11199,99149T49157/169Xff226 179/181285287250258 106'108
259278 257263 True cross101/11199.99149'149MT227 285.287250250 106'106

True cross111/1118999149/149MT228 250250 106/108 285287
Off-type97,99149’157157/169MT229 179/181108'103J 285289250'256

246267lll/lll 278298 True cross9999149/149157/169\ff22 179/181250250 287289106/108
True cross111/11189 99MT230 179/179250258 106/106 285289 1r—
Selfm/m9999MT231 250250 285289106'108

-91-9 246/257lll'IIl True cross149/149 99.99MT232 287289250258 106/108
111/111 [ i Self149'149 89 89X1T233 250250 106/108 -9/-9

106/106 
SSRY 

38

287289 
SSRY 

63

179/179
SSRY 

102

157/157
SSRY 

119

149/149 
SSRY 

155

8999
SSRY

169

101 111 
SSRY 

147

278298 
SSRY 

51

True cross 
Cone 
lusions

263267 
SSRY 

52

X1T192
Sample
ID

250258 
NS 
193

179/181 -9/-9

Liaizwi ...iflwsJ

259278 263267
I-------------- 1

111'111 . 273 278 ‘ 246263

157/169 149,149

179/181 .■ 169169 ! 149'149

157'157 149149

179/181 i.l6f>/16?i 149149

111’111

m/m ’ 278'278 ! 246263

179/179 157/169

; 289289 18V181J 157'157

169'169 ’ 149’149

259278 246'267
‘ 278278...263263.J

259278 263.267
■ 278278 I 246263

179'179 157/157
179/179 .! 169/169 I

179'181 _157/169 149’149 
179,179 . I69T69 ’

179'179

157/169
179/181 1169/169 I 149149

278-298 

101/111 259259 • 267/267
' .278/2.78.J 246'263

.279298
111/111 j 278278 j 246263

259.278 263'267
101/111 i 278278J 263'267

285285 
' i 

106'106 .289289_

179.179 J57/169 

--------- ‘ 169169 '
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MI236 250'250 106 108 287 289 149149 9999 101/111 278298 246.257 True cross
MI237 250 250 106'108 285.285 179.179 157,169 149'149 9999 llllll 278298 246267 True cross
MT23S 250 256 106'121 285285 179'181 157,169 149157 9799 101'111 259278 257.267 OfT-typc
MI239 250 250 106'108 287289 179'179 149149 8999 101/111 278298 246 267 True cross

MT23 250 258 106106 285'287 179179 149'149 8999 101/111 259278 246,267 True cross
MI 210 256 258 106'106 285287 149 149 9999 101/111 279293 265267 OfT-typcrMI241 250 250 108 121 -9-9 97.99 263'267 Off-type111.111 -9-9
Ml’242 250 250 106'108 285289 179 181 157/169 149'149 9999 111'111 278 298 246 267 True cross

M1243 250 256 106'106 285285 157/169179'179 149/149 97.99 101'111 278'298 267267 OfT-typc

MT’244 250 250 106106 9999 246 267285.287 179'179 -9-9 149149 101'111 -9.-9 True cross

M1245 250 250 278 298106'108 157'169 149149 9999 101-1I1 257263 True cross285285 179'181

MT2-I6 250 258 278.298 257.267 OIF-type157/169 149149 9999 111/111106'121 179T 79-9'-9

MI247 278’298 257.263250258 True cross157/157 149149 8999 111'111106'106 287,289 179'179

MI248 OfT-typc279298 267267250 256 149157 9799 100 100157/169104'120 285285 179'181

101'111 .278 278 I 246'267MI249 Off-type250 256 157/169 149157 8999108'1.08 . 285.285 179181

265267 OIF-typeMI24 278'2989999 83'83149 149-9-9 80'80 179'179 157/169285287

M1250 True cross101'11189 99250.258 157'169 149T49106'108 285'287 179/179

SelfN 1'1251 99 99289289 : 179.181 149149250.250 157.T57106'108

2-16 267 True crossMT252 101,111 -9.'-99999149 149250258 157'169106'108 179'179285289
265267 OfT-typc279298101/111MI253 149149 97,99250 250 157/169179'179106'106 285287

246/257278,298 True cross101/1119999MT254 250 250 106T08 287289 J! OfT-typc259278 263267100'1008999ME255 250 250 285.287-9-9
246'257 True cross259 278111'1119999149/149MI256 157/157250258 179'179285.285106'108

179181 149/149 278,298 246'267 True cross101/1119999MT257 250250 285287106 108

298,298 257/267 OIF-type100'1009799149'157MT258 157/169179'181250.258 285287104120
246'257259278 True cross111/11189.99MI259 250250 106'108 287,289

OIF-type-9-9101/111 -9-997.99MT260 250 256 121/12] -9-9
267267 True cross259278101/11199-991491’149MT261 157'157179179250258 106'106 285285

Self111/1118999149'149108'108 285289 JLSl'.lSl.j 157/157MT262 250250
Self8999149/149MF263 157/169-9.-9250.250 285285106'106

111'11189 99149'149MI264 157/169179'179285289250250 106'108
89.99149149MT265 250/250

259278 265.267 OIT-lypc101/11199.99MT268 285285250258 106'121
278,298 246'257 True crossm/m99,99MI26 285287250258 106/108

257265 OIF-type259278100'11097,99149'149MT270 157/169179'179250250 285287104/120
OfT-typc279298 257,267111'11199.99149'149157/157MT27I 179/179285.287250258 106/121

278'298 246.267 True cross101'1119999149'149MI272 157/169179’181287.289250250 106/108
259278 257'263 True cross101/1119999149149157/169MT273 179/181285.285250'250 106/106
259.278 246.257 True cross101/11189.99149/149MT274 157/169179/181106/106 285287250.250
259278 263.267 True cross-9-99999149'149MI275 179'179285,285-9-9-9,-9
278298 246267 True cross179.181 ! 169/169. i 149'149 111/1119999MT276 287289106/108250250
278298 246/257 True cross-9-99999149149MT277 157/169179/179285287250.258 -9.-9

Off-typeIll-Ill97,99149/157157/157MT278 179’179285287250.258
Self9999149'149MT279 179/181

Self89'89MT27 179/181

157/169

169 169 '

157/169

80 80
SSRY

38

285.287 
SSRY 

63

179 181 J57/169, 149'149 

179'179 169/16? I 149'149

157169 
SSRY 

119

157/157
SSRY

155

9999
SSRY

169

-9.-9 
SSRY 

147

Off-type 
Cone 
lusinns

279281 
SSRY 

51

265 267 
SSRY 

52

MT234
Sample
ID

-9-9
NS
193

259278 257 263

111/111 278278 263,263

179'181
SSRY 
102

179 179 169 169 .

179.T81 . 169,169 r---i 181/181 169 169 i 149 149

278278 . 2632

111/111 .278278J -9-9

259279 265267
111/111 ' 278278 I 246/263

11U111 _278278j 246/263

106'106

250/250 | 108/108 285/289

250250 _108;108_' 285285

259.278 257 263

111'111 .278278J 246-263

106'108 289.28? 179 181 157/169

179'179 ; 169,169 | 149’149
179,179 J6?/16?J 149149

r 157/169 
; 169169 i 149/149

True cross 
| Self

179'179 157/157 149'149
I .... ~1

179/181 ■ 169'169 j 149'149
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MT281 250258 106106 285'289 149 149 9999 246'267 True cross
MT282 250250 106'121 285-287 97 99 Off-type257/267
MT283 250 258 106'108 285-287 179181 157/169 149149 9999 101'111 259278 246 257 True cross
Xfl284 250258 106'106 287/289 179 179 157'157 149'149 8999 111'111 259 278 216 257 True cross
X11285 250 256 121'121 285/285 157/169179 181 149157 9999 101'111 279 279 265'267 Off-type
X 1’12X6 250 258 106106 285-287 157/157179 179 149157 9799 101'111 279298 267.267 Off-type

MT287 250250 106106 285'285 157/157 lll'tll 278278 246'246179 181 149'149 8999 Self

MT288 250 250 106'108 149’149285289 179179 157/169 9999 101-111 278 293 246 267 True cross

XIT289 250 250 106 108 111'111 278 298 246'267 True cross285289 8999

M'128 250250 106'108 149149 9999 259 278 257'263 True cross285287 111'111

MT290 250.258 257265 Off-type149'149 99 99 101'111 279298106'121 285.287

MT29I Off-type259 278 257 265250 256 157/157 149 149 99 99 101'111106'106 285287 179179

X1T292 Off-type259 278 257.265250258 157/169 149 149 97.99 111/111106'121 179 181285287

MT293 259 278 263/267 True cross250250 157'169 149149 89 99 111'111106'106 287289 179'179

246 257 Off-typeXIT294 278298149'149 8999 100'110157'169250'250 285285 179 181104'106

259 278 246'267 True crossMT296 99.99 111'111157'157 149’149250250 285289 179 181106'108

257 265 Off-type259279101/111XO297 149 157 99 99157/157250250 106'121 285285 179 181

216'257 True cross89.99 101'111 -9-9MT298 149T49157/157250'250 179'179106'108 285285

257/263259278 True cross89 99 101'111MT299 149'149157’157250 258 106'108 287289 179'181

257265 Off-type279298111/11189 99149'149XIT29 157/157250'256 179 179106'106 285287

246 267 True cross278'298111'111149/149 8999157'157X1T2 179'181250258 106'106 285.289
257265259.279 Off-type100’10099.99149157157'169XIT300 179/181250 256 104 120 285'287

257/263 True cross111'11199 99149'149157'169MT301 287.289 179179250250 106'106
Self-9-989 99149149157/169XIT3O2 179,181-9—9 285289-9,-9
Off-type278279 257/26597'99 -9-9149'157157/169XIT3O3 285287 179'179250250 106'121

216-257 True cross25927889 99 -9-9149 149157'169Xff304 179 179285285250250 106'106
267/267 Off-type278/298-9-997/99149149157/169Xff3O5 179/179285/287250/258 106'121
246'257259 278 True cross101/11189.99149'149157/157XIT306 179/179250250 106'106 285287

278298 257/263 True cross-9'-9149/149 89.99X1T307 287289250.258 106'108
259278 257,263 True cross9999 101'111Xff308 285287250258 106'108

Off-type278298 257/267-9-997,99149/149157/157179'181MT309 285285-9/-9 -9,-9
246'257278.298 True cross101/1119999149'149157/169179.179Xff30 287289250'258 106'108

259.278 263'267 True cross101/11189.99149/149157/169X1T310 179'181285285250250 106/106
257267 Off-type83'83 27827997,99149/149157/169179 179xrrsii 285287-9/-9 80 80

278298 263267101'111 True cross8999149'149157/169179181X1T3I2 285285250250 106'108
259278 246’267 True cross111/1118999149'149157'169179/179X1T313 287289250250 106'106
278298 246'267 Off-type8999 83'83149149157/157XIT314 179/18180'80 287/289-9/-9
279.298 257/265 Off-type101/11197,99149/149157/169179/181X1T315 285285250258 106'106
259.279101/111 257'267 Off-type97,99149/157157/157X1T316 179,179250256 106'106 285285
259.278 257267 Off-type100/10099.99149’157157/169XIT317 179'179250258 104.104 285287

-9.-9 -9.-9 Off-type9999 111'111157/169 -9/-9XfT318 250250 -9.-9106/121 -9.-9
278298 257'2638999 111'111 True cross157/157 149'149XIT31 179'181250258 106'106 285289

278298 246/25799.99 101'111 True cross149'149157/169X1T32O 250250 179.179106'106 287289
259278111'111 263'26799.99 True cross157/169 149'149X1T321 250250 106'108 179/181285.289

2782989999 111/111 246267149'149 True cross157/169X1T322 250258 179'179106'106 287289

259278 
L.2W?«J 246’263

106'108 
SSRY 

38

285287
SSRY 

63

179’181
SSRY 

102

157/169
SSRY 

119

149'149
SSRY 

155

8999 
SSRY 

169

101'111
SSRY 

147

216'267 
SSRY 

52

True cross 
Cone 
lusions

259278 
SSRY 

51

Xff2S0
Sample
ID

250250 
NS 
193

179'179 .1.57/169

I79.T79 v 169169. j 149’149

179.181 157/169

179'179 169 169. 149 157 ■ 101’101 i 279298

179179 157.157 149149

179 181 169 169 '

179'179 169 169

278.298
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257/263 True cross259278179'181 169/169 ! 119 149 8999 101'111285285NIT324 250 258 106/106
Off-type263 267278281149.157 97.99 101'111157/157285287 I79T81MT325 250 258 106 106
Off-type257.2672782989999 101'111149 149157/169179'179285 287MT326 250 258 106 121

246 257 True cross259278101/111149'149 9999157/169179'179285287MT327 250258 106 108
True cross263267278298111/11189 99157'157 I49T49179 181287289MT329 250 258 106'108
Off-type2572672982989999 101.111149149157/169179 179285.285MT32 106 121250258
Off-type265 26727829897.99 101'111149149157'169179/179285287106'106MT33O 250 258
True cross257263278298101'1119999149149157/169179181285287MT331 250258 106'108

179'181 ! 169169; 149'149 True cross246 267278 2988999285289MT332 250250 106'106
Off-type257267149/157157/169179'181285 287M'1'333 250250 106'121
Off-type267 267279 298101/1119999149157285287MT334 250258 106'121
True cross257'263259278101'1119999285287MT335 250'258 106'108
True cross246257278 298101/1119999149'149157/169179179287289106'106MT336 250 250
True cross263/267278298101'11199.99149149157/157179'179285285MT337 106'108250 258
Off-type257265259278101'1 II9799149 157157'157179'181285.287MT338 250 256 106'106
Off-type257267278298100'1009999149/149157/169179/181285285N1T339 250 250 104'104
True cross246267259278101'1119999149’149157'157179.181285289MT33 106'106250.250
True cross111'1118999149149157/157179'181106'108MT340 250.258
Self89 99149/149157/157289 289 179/181MT341 106'108250'250
Off-type257/265279298111/11199.99149149157/157179'179285285MT342 106'121250258
Off-type97/99149157157/169179/179285285106'106MT343 250256
Self9999149 149157/169179'179285'289MT344 106'108250250
True cross246'267259278111/1119999149/149-9.-9106/108MT345 250'258
Off-type257/265-9.-9101'1ll97,99285287106'106MT346 250256
Off-type265267279298100/10097/99169169.. 149157179/179285287MT347 104'120250/258
True cross263'267278298101/11189.99149'149157/169179’179285285106'108MT348 250 250
Off-type26326725927883/8399.99149'149157/169179/17928528580'80MT349 -9.-9
Off-type257/265278298101/11197/99149149157'169179'179285287106'121MT350 250'250

246'257 True cross278298111/1119999149'149157/157179/179285.285-9'-9MT36 250258
246267 True cross278'298111/1118999149'149157/169179'181285.285NIT38 -9.-9250.250

Off-type265/267278298111/11197'99149/157179/181285285106'121N1T39 250/258
True cross111/1118999287289106'108MT3 250258
Self111/11189.99285.289106/106MT40 250/250

246257 True cross27829899,99285.285106'106MT41 250258
Off-type267/267

285.285MT42 106'121250250
Off-type257/265-9,-9lll.'Ill99'99157/157179/179285287MT43 106/106250256

263'267 True cross278298111/1118999149'149157/169179/181285287106/106MT44 250250
True cross246267259.278111/1118999149/149157/169179/179285287106/106MT45 250258

257 263 True cross259278101/11189.99149/149157/157179/181285287106'106MT46 250258
True cross246'257259278111/111-9/-9149'149157/157285287MT47 106/106250258
Off-type267267259279285/285104/120MT48 250,256

[.J81/WJ I169/169 ! 149/157 Off-type263267-9/-9MT49 106/106250258
Off-type265267278298100/1009999149'157179/179285287NIT4 104'104256258

246257 True cross259278111/1119999149/149285287NffSO 106/108250250
259 278 246'267 True cross101/1118999179/179 .JS9169J 149/149285289MT51 106'108250250

250250 
NS 
193

106.108 
SSRY 

38

179'181 
SSRY 

102

157/169 
SSRY 

119

149149 
SSRY 

155

9999 
SSRY 

169

278293 
SSRY 

51

263'267 
SSRY 

52

True cross 
Cone 
fusions

285287 
SSRY 

63

111'111
SSRY 

147

MT323
Sample
ID

278298 263.267

111/111 • 278273. ...246 246.. J
285287

179/179 .157/169 

179 179 169 169 149'149

10V111 T}9:29S_

111/111 .278278.! 246 263

179 179 .157/169 

179'181 L169/169.; 149/149

.LU'U! .
97,99 J 101.101 : 279298

157/169
179/179 i 169/169

‘3 257 265
____

179.181 (J157/157
179/179 169'169 ' 149'149

179/179 'J69H69 i 149'157

149/149

179/179
179/179.. J57/169., 149/157 97.99 JOO/JOO

89/89 j lOi'lQL! 281298

259278 257.263

[ 278.278 246263

157/157
179.179 [J69/169.J 149'149

149'149

101/11.1

97,99 LI.0.WQ1 J 278298
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xrr53 250250 106'106 -9-9 179'181 8999 111/11) 278298 257'263 True cross
MT54 250 258 106'106 -9/-9 9999 101'111 259278 263267 True cross
MT55 250 258 106'108 285-285 179181 157/169 149.149 8999 101/111 259278 246'267 True cross
MT56 256'258 106'106 285285 179/179 157/169 149’149 9799 111'111 259279

MT57 250258 106/106 -9-9 179 181 157/157 149'157 9999 101/111
MT58 250/258 106-106 285285 157/169179'181 149149 9999 111'111 Off-type

MT59 250 250 106106 285 285 157/157 111'111 !.271278 : 246'263179 181 149 149 89.99 Self
MT5 250258 104'104 285287 157/157179/179 149/149 97.99 100 100 Off-type279298 257/267

MT60 250 256 104'120 285285 157'169 149'149 9799 257265 Off-type179'181 100 100 279298

MT61 250250 106-106 287289 179.181 149.149 9999 111/111 True cross

\ff62 Self250 250 9999106'108 285289 lll/lll

MT63 263267250'250 157/169 149/149 8999 lll/lll 278298 True cross106'108 287289 179'179

179/179 169T69 J 149'149MT64 257 263 True cross8999 111'111 278293250250 106'108 285285

278279 246'265 Off-type\ff65 149157 8999 101/111250258 157/157106'106 285'287 179'181

278 298 257 263 True cross101'111MT66 149149 99 99250250 157/169179 179106'108 287/289

278 298 246267 True cross8999 lll/lllMT67 157/157 149149250/250 106'106 285289 179/181

278298 263'267 True cross101'111MT6S 149149 9999157/157250258 106'108 285285 179'181
263'267 True cross259278101/11189 99MT69 149149157/169250 258 285285 179'179106 108
246267 True cross278-2988999 101/111MT6 149149157/169250250 179'179106'108 285287

OfT-type278.298 267,267101/1119Z99149157MI70 157/169256 253 179'181106'106 -9,-9

101/111149'149 99 99157/169NfT71 179/179250258 106'106 285285

99 99149'149157/157MT72 289.289 : 179 181250250
Off-type246263278279101/111149'157 89 99157/157MT73 179'181250258

246.263 True cross278298101/1119999149'149MT74 179/181250250 106'106 285'289
Off-type279298 267/267lll/lll99 99MT75 285285250'256 106'121

263/267 True cross27829899.99 101'111149'149157/169Xff76 179/179250250 287289106/106
257/267 True cross259.278lll/lll99 99149157157'157MT77 179,179250/258 285285106/106

Off-type259278 246'257100/11099 99149'149157'169Xf!*78 179 181285.285250250 104'106
Off-type257267149’157157'157MT79 179/181256258 285287104’104
Off-type257/26597.99149/157157/157xrn 179179285287256’258 106'106

246267 True cross278298101/11199.99149'149-9'-9MT80 179/181285289250'258 106'106
True cross259278 263267lll/lll89.99179.179 L_l.69.169j 149'149MT81 250258 285287106'106

257/265 Off-type259279101'11197,99149'149157/169MTS2 179/181285287250258 106'121
263/267 Off-type259278100/HO99,99149/149157/157MT83 179/181250/258 287289104'104

259279 257267 Off-type-9/-9149/157 9999xrr84 285285-9/-9 -9.-9
1 259279 267267 Off-typelll/lll97,99MT85 285285256258 106/106

257265 Off-type259279lll/lll97.99149/149157/169Nff86 179/179250258 285.285106'106
Off-type100'11089.99149/149157/169MT87 179/181250.258 285287104/106
Self149'149 99,99157/169NffSS 250250 106'106

246'263 Selflll/lll149/149 89,39MT89 250250 106/108
259279 257265 Off-typelll/lll149/149 -9/-9157/169MTS 179/179250258 106106 285287
278.279 Off-type257'267101'11197,99MT90 179/179250250 106'106 285287
278.298 257263 Off-type100/1108999MT91 250258 104'106 285287
259279 257.265 Off-type-9-9149/157 97.99157/157MT92 179/181-9/-9 285285-9/-9
278298 246267100/110 Off-type89,99149/149157/169MT93 250258 179/181104'106 285287

278298 263/267

111/111 i 278 273 263 .263

257267

157'169
SSRY 

119

149149 
SSRY 

155

9799 JOO/lip
■ 101'101..! 278298

99.99 
SSRY 

169

101'111
SSRY 

147

278,298 
SSRY 

51

246 267 
SSRY 

52

True cross 
Cone 
lusions

285289 
SSRY 

63

179’181
SSRY 

102

MT52
Suniplc
ID

250250 
NS 
193

106'106 
SSRY 

38

285289 179/179

285289 EWyilEJ 157/157

278'298 246'267

111'111 ' 278278. . 246/246..

.157269 149'149

179/179 1-*9.'149

179/179 1.57/157

179'179 149157

-9-9-9-9

378278 I 246/263

106'106

108'108 i 285287

157/157 
. . ..... "1

179/179 169/169; 149’149

157/157 
!--------------1

179'179 ' 169'169 1 149/149

True cross
J Self

157.157 149149
179/181 ’ .169/169 j 149/149

278298

Off-type

278279 ' 263263 j Off-type

278 279 257 265
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!

MT95 250'258 106'121 285'285 179 181 157/169 149'149 97,99 11V111 OfT-lypc279 298 257,265

MT96 250258 106'106 285'289 149 149 8999 llllll 246 267278298 True crov

NTT97 250258 106'106 285287 9999 101'111 263'267278Z298 True cros

XTT98 250256 157'157 149157 298298 265'267 OfT-lypc106'121 285'287 9799 101'111

111/1II ...278278 • 246'263 Self149 149NTT99 250250 106/108 285,285 18M81 . 157/169 8999

Off-lypc149'149 8999MT9 250'250 179181 157'169 100'110106'104 285289

157/169 149'149 8999MK 250'250 106/108 285 289 179'181

257.267259 298157,157 149157 9999 101'111TMS 250'258 106 106 285287 179.179

Key C

....... I

179'179
......

True cros1
Cone 
lusiom

106/106
SSRY 

38

285-285 
SSRY 

63
SSRY 

102
SSRY 

155

8999 
SSRY 

169

101/111
SSRY 

147

259 278 
SSRY 

51

XTT94
Sample
ID

250’258 
NS 
193

246 257 
SSRY 

52

259278
111'111 '178278.; 246'263

OfT-lypc
j Self

Exactly as female
Exactly as male or male self

| True crosses
-9/-9 Missing data

246257

179 179 J57/169

179.181 j 169 169' 149149

179 181 ! 169J69; 149149 
SSRY 

119


