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Abstract

Bambara groundnutVfgna subterranea(L.) Verdc.) is an important underutilised
legume crop, grown mainly by female subsistence farmers in Africa under traditional
low input agricultural systems. Bambara groundnut is known as being of high
nutritional value, as an atmospheric nitrogen fiaeid to possess high levels of
drought, pest and disease toleranBambara groundnut is a predominantly self
pollinated crop and is grown as locally adapted landraces. These are expected to exist as
norridentical inbred lines and are generally low yieldi&rategies involving genetic
analysis of this species could provide important data for breeding programmes that

could enhance food security in Africa.

A set of 124 SSR primers designed from different library sources were tested to
VFUHHQ D pefidctbssREZ IDIH D HZLGHYT IH QHé Wrimer EdRVYV )
cross between domesticated landraces (DipC and Tiga necaru) while the latter is a

cross between a domesticated landrace and a wild ancestor (DipC and VSSP11).

Residual heterozygosity in thg tnQDUURZY FURVV ZDV FRQILUPHG W
based on 33 polymorphic SSR primers, consistent wittaB RS XODWLRQ $ pQD!|
cross linkage map was constructed for the first time in bambara groundnut using 269
polymorphic markers (236 DArT and 33 SSRhe map consisted of 238 markers in

21 linkage groups of two or more linked markers, totalling 608.1cM and covering a
predicted 54% of the bambara groundnut genome, although the high mmemniker

linkage (at 89%) suggests a more comprehensive coveépddeanalysis was carried

out for 73 bulked lines of angpopulation and plants were evaluated for traits in a
controlled glasshouse suite and a field trial in Indonesia. Data from single plant

analysis of the ¥ generation of this cross grown in a colléd environment



glasshouse was also used. Most of the QTLs detected were clustered on linkage
groups 1, 4 and 12. Major QTLs forternode lengthand biomass dry weighivere
detected on LG4 and LG1, respectively, for the FutureCrop glasshouse and field
datasets. The highest LOD score of 9.7 was detecteghdduncle lengttand was
located within the confidence interval for a QTL faternode lengtHocus. Marker

locus bgPab®96774 was detected to be associated with QTL for six traade
no./plant pod no/plant, pod weight, seed no./plant, seed yield hiodnass dry
weight, on LG1 within one LOD score of confidential interval, potentially suggesting

pleiotropic effects of a more limited number (or even one) gene(s).

One hundred and fiftpine additimal markers 136 DArT and 23 SSRwere used to
LPSURYH WKH H[LVWLQJ SDUWLDO pZLGHY PDS$ $)/
population of 98 plants. A total of 194 markers were assigned to 20 linkage groups
VSDQQLQJ D WRWDO RI FO 7KH OLQNDJH PDS GHULY
VSSP11) had an expected genome coverage of 7R6%ittempt to combine both

maps througl82 common markers allowed a common QTLdays to emergende

be detected in both populatioimsclose association with the common DArT markers

601384 and 601748

The main segregating traits were found topkant spreadinternode lengthgrowth

habit, peduncle lengthpod weightseed yieldandbiomass dry weightDetecting the

same QTL positions for a number of traits, suggested that common underlying genes
might be responsible. iE QTL-DNA marker associations developed in this study

could be used pcéically for MAS in a future breeding program of this crop.
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Chapter 1. INTRODUCTION

1.1 Legumes: an overview

The legume family is one of the largest families of the angiospdPhasts in the
leguminsaefamily (alternative name, Fabaceae) form three identifiedfaurilies;
Papilionoideae, Caesalpinioideae and Mimosoideae. The firstfasuly, with
approximately 70% of the Leguminosae species, is the largest subgadilycludes
the important edible legume cropad major model legume specigsannonet al,
2009 Doyle and Luckow, 2003 The Fabaceae family ifé third largest amongst

flowering plants, with 18,000 species and 650 ge(feodill et al, 1987).

The wide distribution of legumosae throughout the world and their high protein
content give them great potential as food sourc&seir further cultivation and
increased utilization would positively contribute toward improving food secunty.
Europe consumption of legume seeds is 2.5 kg/cppit@annunwhile in other parts

of the world higher consumption ratbave beenrecorded(5.4 *14.4 kg/capita)
(SchusteiGajzago, 200P Focusing on accessible plant protein sources like legumes
is advisable in developing countries to improve the nutritional statuthe low
income groups and restrict malnutriti@igbal et al, 200§. Although,legumecrops

rank second in importande cerealslegumesare up to 2-3 times richer in protein
than cereagirains Thus they are an importacdmponent of balanced diet and are a
cheap source of protein in many African countries where animal protein is costly and
beyond the purchasing power of the low income groups in these @atasnal

Academy of Sciences, 19)/9
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The bw nutrient and degradedtatus ofmanysoils is aparticularproblem for small
landholders, asanycannot afford to usartificial fertilizers. Legumeyields are less
dependenupon arexternal supply of nitrogen fertiliz€although most do respond to
additionalnitrogen)and the ability of most of them to grow in poor sdiasfavored
their cultivation (Sandalet al, 2002. They are an important part of subsistence
agriculture asn addition toproviding aproteinrich foodthey alsoimprove the soil
structure(Satoet al, 2010. Faba beansareamong the bedegume cropgo increase
and restore organic matter in the sail developing countries and arid zon@&wlh
and Saxena, 20)1

Proteins are major components of legume seeds as saadsontain 200-2509g
protein/kg Legume seeds are riah iysinewhich cereals are deficient iwhile they
containa lower percentagef methionine and cysteine compared to the cerdals,
combinationcan be balanced by integrating grain legumes with cereathendiet
(SchusteiGajzago, 200p In an investigation of nutritional value sbmealternative
cropsin organic agriculturegrain legumes were reported as a source rich in protein,
carbohydratesind mineralgTable 11). The grainseedof fababean, chickpea and
lentil contairs around21g protein/100gwhich is higher than the content of pseudo
cereals The highest energy valweasregisteredor faba bean, with 396.58 kcal/1§0
seed(Toaderet al, 201). These pseudo cereals themselves were fdanble in
higher contents for carbohydrate, protein and oil compared to WBeati et al,
2000)

More than 30 species of grain legumes are grown across the tropics;Salsran
Africa and South Asiand they are an important component of sustainable agriculture

(Abateet al, 2019.
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Table 1-1: Nutritional values of alternative crops (Moara Domneasca Experimental Field,
Bucharest; (Toaderet al, 2011)

Alternative Speci Carbohydrate Proteins  Lipids Minerals Energy
pecies value
crops (9/1009g) (9/100g) (9/100g)  (g/1009) (kcal/100g)
Amaranthuspp. 66.87 16.47 491 2.61 389.97
Pseudaereals Quinoa 64.32 16.71 5.80 2.89 389.06
Buckwheat 65.50 16.03 3.53 2.31 351.05
Faba bean 63.90 21.50 4.40 5.85 396.58
Grain legumes Chickpea 56.20 21.23 4.31 341 360.95
Lentils 33.29 22.18 3.03 4.00 259.60
Safflower 26.41 12.60 28.38 3.60 426.73
Qil crops Camelina 36.27 20.43 31.75 4.28 532.02
Oil flax 27.73 22.56 34.10 5.25 528.56

The recent millennium repbof ecosystemassessment indicates that desertification
WKUHDWHQV RYHU RI WKH ZRUOGTYTV ODQG DUHD
North Africa andsub-Saharan Africa. Water scarcity aadailable watequality are
potentially serious threats to food securdpd health indry areascountries of
developing world whickcharacterized by marginal productiarith scarce resources
and very high population growth rate$ 2.5% (Erskine, 2003; Solh and Saxena,

2011)

1.2 Bambara groundnut

Bambara groundnutvfgna subterranea(L.) Verdc) (Figure 1-1) is an indigenous,

underutilized African legume crop from seamd Africa, grown mainly by
subsistence farmers for foodt has potential to assist with providing food security in
the dry @eas of Africa and also in other parts of the woAdmbara groundnut gives

reasonable yields with little rainfall and is a favored food crop for many local people,

being nutritionally comparable to other legumes, such as soybean, in the essential

amino &ids of lysine, methionine and cystei(Brough and AzanrAli, 1992). It is

also grown more broadly, having shown the ability to adapt to a broad range of

3
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ecological conditions and can be found in South East Asia. In Indahesia minor

crop, while the @erage rainfall can exceed 23@@m per year across Jayaldrian

and Djamil, 2008)

Figure 1-1: Bambara groundnut [Vignha subterranea (L.) Verdc.]. (a) a botanical sketch, (b)

flower, (c) fruits, (d) seed, (Maesen and Somaatmadja, 1989), (e) freshly harvested plant.

A phylogenetic tree is presented hd

Feg(ire 1-2

showing that bambara groundnut

belongs to the PhaseoleMillettioid clade, which diverged some 450 million years

ago from the Hologalegina clade. TRaseoloieMillettioid clade contains most

legume crops, such as pea, alfaféeflicago spp, chickpea, soybean and common

bean(Choiet d., 2004b)



Chapter 1. Introduction

Figure 1-2: Taxonomic relationships between crop legumes. Penalised Likelihood analysis (Doyle
and Luckow, 2003) was used to estimate the species divergence. Most crop legumes occur either
within the Galegoid clade, including tribes Viceae, Trifolieae, Cicereaand Loteae, or within the
phaseoloid clade (tribe Phaseoleae). MYA, million years ad@€hoi et al, 2004b)

1.3 The importance of Bambara groundnut

Bambara groundnut ranks as the third most important food legume crop Harsgmi
Africa in terms of production and consumption after groundAtachis hypogaed.)

and cowpea\(ignha unguiculataL. Walp) (Aremu et al, 2006; Doku and Karikari,
1970; Howell et al, 1994; Linnemann, 1992; Sellschop, 196#8)cause of the
shortage of sufficient rainfall for major legume cultivati@rought tolerance is the
most important traithatthis croppossesseds it can be grown and gives acceptable
yields in marginal areas where the cultivation of other legumes is not practicable
(Vietmeyer, 1979 In addition it has undergone a prolonged period of exposure to
pest and disease pressure under low input agriculfm@m-Ali et al, 200). It is a

rich source of protein and along with other local sources of protein could help to
alleviate nutritional problems in areas where staple foods are predominantly
carbohydrate source@Viassaweet al, 2005; Okpuzoret al, 2010) It has been

concluded that bambara groundnut seed is a useful ingredient for different food

5
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products obeverages, infants, children milk foadd different drinkgEltayebet al,

201). % DPEDUD JURXQGQXW VHHG PDNHV D pFRPSOHWH
contains sufficient protein (19%), carbohydrate (63%) and fat (6.5%) for a
nutritionally balanced die{Amarteifio and Moholo, 1998Brough and AzanrAli,

1992 ljarotimi and Esho, 20Q9 Mineral content was also estimated for 100g seed,
giving; iron 59 mg, potassium 1240 mg, phosphorus 296 mg, sodium 3.7mg and
calcium 78 mgAmarteifio and Moholo, 1998 In addition it has high protein quality
with a good balance of essential amino acidempared to most of other grain
legumes with relatively high lysine (6.8%) and methionine (1.3#B)youghet al,

1993 Ellah and Singh, 2008 kpuzoret al, 2010 which are often only available at

low levels in legumes. In a cream testa bambara groundnut a methionine content of
2.84% (of total crude protein) was repor{€dalekeet al, 2006. Also the seed pods

and other byproducts have been recommended for feeding all kinds of livestock.
Some anecdotal medicinal uses of bambara graunsed and leaves mixed with
other cropsin North Eastern Nigeriahave also been reporteAtiku, 2000;
Directorate plant production, 201 Bymbiosis of bambara groundnut wiRhizobium
bacteria to fix atmospheric,Nenhances the value of this crop for crop rotation and
intercropping, as it contributes to the supply of soil nitrogen for othes ¢kapikari

et al, 1999. Additionally, naturally-occurring NQ ion tolerant symbioses in
bambara groundnut have been identified. These compare well to toleraart@audl

nitrate in other legumes, where there is a strong inhibitory effect on symbiosis. This
potentially allows Nitrogen fertilization in intercropping systems without inhibiting

N fixation in the associated legum@akora, 1998

The annual world production of bambara groundnut is estimated to be ardyQ8@®3

WRQV ZLWK :HVW $IULFD 1LJHULD 1LJHU %XUNLQD )C
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nearly half of this amount, and the demand for bambara currentbpsted to be
greater than the quaniies produced(Brink and Belay, 2006 Directorate plant
production, 2011

Despite its importance as a part of the diet of much ofSaltaran Africapbambara
groundnut has not as yet received significant research intéfaste are no
established varieties of bambara groundnut and the crop is still cultivated mainly from
local landraces, rather than as genotgpecific varieties(Massaweet al, 2005.
Bambaragroundnut is characterized by higher genetic diversity in the wild ancestor
(Pasquetet al, 1999 compared to domesticated landraces. Many landraces also
consist of multiple genotypes, the mixes of which potentially increase the tolerance of
the landrace to biotic and abiotic stresses and make them better able to survive and
adapt to marginal areas undearsh conditiongMassaweet al, 2005. Both wild
material and genotypes within landraces could represent an important potential source
of beneficial genes for bambara groundnut breedingrpmog. Landraces could have

the advantage of yield stability through genetic and phenotypic heterogeneity, but this
is also likely to be one reason for limited yield compared to pure line crops. To
improve this crop through breeding and enable the disipitbudf this crop to
currently norproducing areas, detailed genotypic information and modern processing
methods for domesticated and wild landraces are required. The ability of the breeder
to exploit molecular technology to generate information at the deved using
different kinds of molecular markers (based on mapping and maekeanalysis to
locate important qualitative and quantitative trait loci (QTLS)) offers the opportunity
to gain a better understanding of bambara groundnut geneticscolitdspotentially
contribute to increased farmer income, better food security and also improve the

quality of local diets.
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1.4 Literature review

1.4.1 Underutilized crops

Underutilized crop species are often highly adapted to marginal environments and are
inherited agpart of the local culture and production systenMany such cropsre
consideredo be adapted toncertainenvironmentsand niches which cannot be filled

by othermajorcrop specie¢Bhag, 200}. They have oftebeenselected both dirdly

and indirectly to resist harsh conditemnder lowagriculturalinput, bothin terms of
nutrients and prophylactic chemicals. Plant scientists¥e emphasized the
availability of these species because of their significant adaptability to less favored
areas and harsh environmefBGRI, 2002; Padulosi and Hoesclzleledon, 2004;
Padulosiet al, 2002) Underutilized plant specieme those growprimarily in their

cente of origin or centers of diversityhat have beemmaintained by cultural
preferences and traditional practic8hey playan important role in food security,
nutrition, and income generation for local subsistdaomers, as well as often having
important cultural functiongInternational Atomic Energy Agency, 2004Some
underutilized crops were once widely grown but are today neglected by research and
conservation for a variety of agronomic, genetic, economic and cultural remstns

the understanding of theitilization is restricteaften toonly indigenous knowledge
(Magbagbeolaet al, 201Q Padulosi et al, 2002. Using nutritionallyrich
underutilized speciewhich areadapted to low input agriculture systeoould have
immediate consequencésr food security andhe income oflocal people(IPGRI,

2002 Naylor et al., 2004 2 QL D ¢t 4lIR 2009. These facts suggest that the
congervation of, and more research on, these underutilized species is required by

current ancgsubsequengenerationgDansiet al, 2012.
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1.4.2 Important considerations for underutilized crops

Humans have vigorously practiced plant and animal breeding for more than 12,000
years byselection withirthe crops they grow and animals they r&8dre development

of crop agriculture, in particulathas encouraged the development of permanent
settlemerg and has been key in the developmentodfilization (Moschini, 2008.

They have selected and developed those crop and breeds with traits of interest
appropriate to the regions where they were first domesticated and have subsequently
alteredthese speciey artificial selectioras their range has changed geographically
and climatically through the process of selective adaptatt@mrent climate change,

urban expansion, deforestation, and other human activities have accelerated genetic
erosion and are increasing the satd which species are becoming threatened and
vanishing.While the development dfigh yieldng varieties in the Green Revolution
allowed the rapidly increasing populat®oto be fed,but they havearguablyalso
increased the rate thddcal cropsare displacedrom many farmland areasspecially

in developing countriegThies, 200). At present human beings rely oa limited

number of food and nefood crops to meet the requirementdiadir staple diet and
associated needalthough, in the past more than 7,000 species of plants have been
cultivated for human consumption, 95% of human food eneugentlycomes from

only 30crops, four of which (rice, wheat, maize and potato) provide more than 60%
of our energy intakgFAO, 2011b) So a small numberof speciesoccupy the

majority of theagricultural landareafor cultivaton.

Although some underutilized species are globaly distribued, they remain
inadequately characterized and neglected by research and consdiirgtiaguirreet

al., 1999. They are barely represented er situgene banks and have no supply
system for their germplasrfihe plant genetic resources conserved today for food and

9
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agriculture exceeds6 million accessions. However, underutilized crd@ve poor

representatiorat around 20% ofthe total collection of crop germplasm witlon

average only eight accessions per sge@®adulosiet al, 2009 (Figurel-3

Figure 1-3: Minor crop representation in ex situgene banks (Padulosgt al, 2002).

Much of the underutilized species germplasm is presegdarmersin their field
through their use ofhem which makes loss of germplasm more of a risk than for

species where there are extensive geneb@nRi&RI, 1998.

Food production to sustain a steadily increasing population is becoming one of the
most important issudacing Humankindwith world population expected to exceed 9
billion by 2050 (Conforti, 201). Global agriculture productiormas to grow
substantially by between70% and by 100% ineVeloping countries over the next
four decades to feed this populatigRAO, 2011a) Developing more sustainable
practices to produce the food required fiois number of peoplé a big challenge
especiallywith the potentialimpact of ¢imate change anthe increasedlemand for
water resourcefor human useon agriculturalproduction. It has been reported that

climate changdnasdecreasedgricultural productionn low-latitude regions, where

10
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most developing countries are loca{éasterlinget al, 2007). In addition populdion

growth rates are highesh these areasespecially in the regions ahe greatest
poverty and food shortage making an existing problem potentially far worse
(Davies, 2003

Research has focused primarily on the current major crops in recent decadeg, as the
have dominated agriculture and human consumptfonong the commercialized
major crops for human consumption three crppaize, wheat, and rigsupply half

RI WKH ZRUOGYTV GDLO\ BhoRiuti a@ PreédG 26IDThRULHYV
displacement of indigenous and underutilized crops by introduced major staples has
also lead to a serious erosion of germpldsmmany local landrace@Brookfield,

2002. Thus, relying onlyon a small number of crops igotentially dangerous given

the circumstanceof increasing population pressure aidnate changé€Taylor et al,

2009. Any attempt to improve global food security has to include staple crops, as our
reliance on them is so great at the moment. Howeveglseehave no choice but to
focuson increased sustainability of crop productiorthe futureand onemeans of
realizingthis may be through growing crops which require fewer inputs or are more
resistance to stresgMayes et al, 2011). Growing indigenous cropgould help
resource poor farmers obtairsatisfactory(and more stablahcome In many cases,
women in these arease often responsible for growing additional crophile the

main staple croparegrown by menAlthough, germplasm lsbeen selected by local
farmers in marginal areas, food shortages have often notbeeiated because their
farming practiceas limited by the resources available and oftessocia¢d depleted,
degraded or simpl poor soils.From this argument it is obvious that a focus on
breeding for neglected crop germplasm, especially in more hostile environments, by

focusing on minor cropw/hich areresistant to drought, pesind diseasand whch

11
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are ofhigh nutritional value isequiral to help to tacklethe increasing demands for
food due to population pressuyidolmens, 1998

It has been proposed thanproving the genetics of existing underutilized crop
varieties, exploring podtarvest technology and better management, particularly of
soils, inthe regions of Africa and Latin America coulaling underutilizedspecies
back into cultivatiorto fill someof the yield gaps and enhance food secuAsythey

are generally more adapted to the extreme soil and climatic conditions preddyninant
foundin Africa than the major crops and they are extremely impos@untce forfood
production in low incomefood ceficit countries(Foley et al, 2011; Mohan and

Suprasanna, 2011)

1.4.3 Strategic approaches for underutilized species

Many successful projects for underutilized crops have focused epecific and
important singe enduse, however many underutilized crops are multipurpose and
their enduses vary from place to place. For examie legumelLathyrusis used
largely for fodder in Turky, and asa food legume in South Asia, while it issedas
animal feed andas agreen manure in Austral{@@Villiams and Haq, 2002 Identifying
a specific and important single ende ofa productwhich could substitute for a
major crop product from minor crops suchTagicale, Amaranthus buckwheat ad
sesame hagroven successful idevelopment of strategic approashto increase
uptake ofthese cropsThis process was appli¢droughdecades of research atiok
development of substantial germplasm collecjdollowed by selection, breeding
and multilocational trials and commercializati@shri, 1994 Williams and Brenner,

1995.

12
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Some organizations are engaged in strategic frameworks for research and
development actities to enhance the use of underutilized speeiesng to improve

the living condition of people worldwiddhe International Centre for Underutilized
Crops (ICUC)was established in 1992 as a global research, developmenagnmigtr
organization. Iprovided expertise and acted a knowledge cestfor tropical, sub
tropical and temperate plant developmé@tJC hasconductedesearclprogrammes

in partnershipwith international and local research groups in over 30 countries to
address increasing these of underutilized crops for food, medicinal and industrial
products, andor environmental conservatiqgiCUC, 200§.

The Global Facilitation Unit for Underutilized Species (GFU) was established in 2002
as a global partnership program focusing on networking and knowsdging
globally and to encourag incorporation of underutilized plant speciestoin
international anchational research. It focused the analysis of existing policies and
legal frameworks that affect the conservation and use of underutilized syzhies
than being directlyinvolved in the implementation of projects on particular plant
species.

In 2008a new international organizatiomas formedunder the name ofCrops for the
Future fThis organization has evolved from a union of the International Centre for
Underutilized Crops (ICUC) and the Global Facilitation Unit for Underutilized
Species (GFW It supports, collects, synthesizes and promotes knowledge on
neglected and underutilized species for the benefit of the poor and the environment
(Jamicke et al, 2009. An associated research cent€FFRQ was established
recenty as a unique publprivate partnership between a national

government and an international resedszh university

http://www.nottingham.edu.my/CFFRC/index.agpk will operate as the research
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arm of the global Crops for the Future (CHedy hosted in Malaysia by Bioversity
International and University of Nimigham Malaysia Campus (UNM@nd is a new
approach of a limited company without shareholders, but guaranteed by the
Government of Malaysia and the University of Nottingham in Malay3iae
Government of Malaysia has provided money for facilities anduioning costs for
seven years (erg017), by which time CFFRC is expected to be-Beéncing,
through competitive grant funding and direct interaction with indu§tRFRChas a

remit to implement research and development of underutilized

plants for food and nefood purposes worldwide

http://www.nottingham.ac.uk/news/pressreleases/2011/june/newcropsforthefuiureres

eachcentre.asgx The strategy ofCFFRC is to focus on differentminor and

underutilizedplant specigsas anattempt to promote diversification of agriculture.

This will hopefully improve nutritional food security, but also provides some
resilienceif climate change or other factors such as disease and pests caused major
crops to fail longtermin parts ofthe world(Mayeset al, 201). Underutilized crops

could alsohelp toprovide purchasing power for poor and subsistence farmgrthe

recent spikes in food commodity prices show that even if food is physically available,

the poor often do not have the purchasing power to obt@adulosiet al, 201J).

1.4.4 Origin and distribution of bambara groundnut

HLBPEDUD JURXQGQXWY ERMMmQuR@@®A (NOQRE@AEQ DV
:2n=2x=22; (Heller et al, 1995 belongs to the family Leguminosae, subfamily
Papilionoideae. It is related to cowp&agha unguiculata..) and is believed to have
originated fran Central Africa before the introduction of groundnufréchis

hypogaed..) from South AmericdGoli, 1997. It comprises twdbotanical formsthe
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wild sub-species Y. subterraneavar. spontanep found in Cameron, Sudan and
some parts of Nigeria, and the cultivated type $ubterraneavar. subterraneg
which is foundwidely distributedin SubSaharan Africa(Basu et al, 2007b)
Recently, a study of genetic diversity provided eviddoc€ameoon/Nigeriaasthe
putativecentre of origin fobambara groundnut, using bgthenotypic descriptors and
DArT markes (Olukolu et al, 2013. In an investigation bypoku and Karikari (1971)

it was proposed that cultivated bambara groundnut had developed gradually from var.
spontaneaThe suggested developments involeeshift in growth habit from open to
bunch type,a chang from outbreeding to inbreedingnd a reduction inpod shell
thickness.The germination of cultivated forms is rapid and uniform while in the wild
forms it is erratic andggerminationtakes longer (1530 days)(Basuet al, 2007b)
Other differences were alsibservedbetween the two typeslomesticated landraces
were found to haviargerseeds ad do not wrinkle upon dryingcompare to the wild
type (Basuet al, 2007b; Pasquet, 2003} has been deonstatedthat wild bambara
groundnut gpontanea is likely to be the true progenitor of domesticated bambara
groundnut gubterrane using both morphological and isozyme déRasquett al,

1999.

It is believed that &mbara groundnuwas brought first to East Africa and
Madagascar, then latenitas introduced by slaves at the time of the Slave Taade
distributed toSouth and South Ea#éisia (Hanelt, 2001 Somtaet al, (201Db) using
molecular markerproposedthat Thai bambara groundnlandracesoriginate from
both West Africa (Nigeria) and East Africanplying that it was introduced to
Thailand more than oncBambara groundnut is widely cultivated throughout tropical

Africa, India, Sri Lanka, Indogsia and MalaysiéGoli, 1997. It is also reported to be
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cultivated in other parts of the woryloshcluding South and Central America and parts

of northern AustraligLinnemann and Azarli, 1993, Suwanpraset al, 2006.

Evduation and collection of bambara groundnut germplasmaoaased outinitially
in the 19" century (Anonymous, 947). The International Institute of Tropical
Agriculture (IITA) in Nigeria hascarried out numerousollection expeditions in26
countries around the world and now there are 2030 germplasm accesstbes

collections(Stadler, 2009)

1.4.5 Morphological and physiological characteristics of bambara groundnut

1.4.5.1 Morphological characteristic

Bambara groundnus a hebaceous, intermediate, annydant and believed to be
mainly self-pollinating (Heller et al, 1997) The norphological structure of the crop
largely matches that of the groundnu&réchis hypogead), in thatthe pale yellow
flower stalk bends downwards after fertilization bearitsgpods below the ground
(Uguru and Ezeh, 1997)

It has twomain contrastinggrowth habitsthe branchedorm andthe bunchedhabit
with a reproductive cycle of usually 90 to 150 dagepending on environment and
landracegBerchieet al, 201Q Goli, 1997%. The tap root is well developed with many
profuse geotropic lateral roots afound20 cm long on the lower paikpalu, 2010).
Nodules forned on the rootsfix atmospheric nitrogen through symbis with
Rhizobiumbacteria,which makes them useful farrop rotation and intercropping

(Karikari et al, 1999 Linnemann and AzarAli, 1993).

Bambara groundnut is believed to be autogamous and floral reproduction starts 30 to

35daysaWHU VRZLQJ DQG PD\ FRQWLQXH XRnattoateWKH HQ
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Plant Production, 200%wanevelder, 1998 Flowers are normally carried pairs on

short peduncles by a pedicle which arises from the axis formed by the petioles and the
stem (Doku, 1968. Flowers produced on the same peduncle do not open
synchronously, although they will open withen24 hours interval. Delayed flower
opening may be caused by low temperatures and cloudy(dkessaweet al, 2003.

It has been reported that fertilization in bambara groundnut takes place on the same
day as anthesid.innemann and Craufurd, 19p4After fertilization, the flower stem
elongatesDuring this time, the peduncle elongates todp the ovaries to the soll

level and the pedicels penetrate the soil surface after fertilization to form the pods
(Helleret al, 1999. The sepal enlarges and the fruit develops above or just below the
soil suface. Pod development lasts up to 30 days after fertilization and the seed

develops over a further 10 dai@wvanevelder, 1998

The pod is small, round or slightly oval shaped and wrinkled. Generally a single seed
is produced in the podlthough two seeds per gpdnave been reportdePasquet and
Fotso, 199)Y. Seeds are mature whenetlparenchymatous layers surrounding the
embryo have disappeared and the pods become a light lffawngoset al, 2009.

The seeds are round, smooth and venygl lvehen dried, with highly variable testa

colors, including cream, brown, red and blotck®téphens, 2003Figure1-4).

Figure 1-4: Bambara groundnut; plant, flowers, pods and seeds with different testa colors.

17



Chapter 1. Introduction

1.4.5.2 Physiologicalcharacteristic

The growth and development of bambara groundnut is affected by the major abiotic
factors ofmoisture, temperature and photoperiod. Bambara groundnut requires warm
temperatures with an average day temperature of 20 to 28°C being ideal for the crop.
Germindion in bambara groundnut usually takes seven to 15 days under favorable
temperature conditions (28G-32.5°C) for bambara groundnut; while under lower
temperatures, the germination and seedling emergence can be delayed up to 31 days
with some seeds renmang dormant indefinitelyLinnemann and AzarAli, 1993;
Swanevelder, 1998Development irbambaragroundnutappears to badeterminate

with flowers often small and yellow cal@rising alternatively with leaves at each

node(Dimakatso, 2006

A number of physiological studies have begwertakenn bambara groundnut. €l
confirmed that differentandraceshave different responsdo photoperiod, sowing
date(Sesayet al, 2008) moisture defici{Collinsonet al, 1997; Mwat et al, 2007)
growth rate(Massaweet al, 2003)and drought ta@rance. These recorded variations
in the response of bambara groundprdvides a goodbackgroundto improve the
performance and develop varest for bambara groundnut in future breeding

programs.

Photoperiod

The life cycle of the bambara groundnut crop varies freé8onths, depending on

the landrace and climatic conditions. Photoperiod affects the days to maturity and it
has been found th#ihe podding is retarded by long photopesiad some landraces
(Harris and AzamAli, 1993) and different landraces have different photoperiod
requirements for pod rpduction. In the photothermal response of the onset of

flowering and the onset of podding for three Nigerian landraces ifouasl thatthe
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flowering of Ankpa 2 and Yola was controlled by temperature only, while Adkpa
was sensitive to temperature ankdofperiod.Whereas th onset of podding was
affected by temperature and photoperiod in all thi@edracesand the most
photoperiodsensitivewas Ankpa 4, followed by ola and Ankpa 2(Linnemann and
Craufurd, 1994)In another study itvasalsodetermined thaphotoperiod influence

the floweringandpodding in Ankpa 4with no pod being producednder 14 and 16
hour photoperiodswhile in Tiga necaru only the onset of podding is affected by
photoperiodLinnemannet al, 1995. A greenhouse experiment was conduacteder
16-17 hours photoperiod and®’Z - 25°C temperature to identify photoperiod neutral
lines in bambara groundnuthree landraces (TZA498, TZA1505 and TZA2114)
collected from Tanzanialose to equatohave been reported ghotoperiodneutral
lines havingclear pod setting whereas all othendracesemained in the vegetative
stage(Jorgenserrt al, 2009. It has been generally reported that floral initiation is not
photoperiod dependent but this is now being questioakkough the current data
suggestshat flowering is more likely affected by temperatubjle the reproductive
development and yield generation in bambara groundnut is affected by photoperiod

after flowering (P. Kendabie, personal communication)

Drought tolerance

With the potential rik of drought associated with climate change, drought tolerance is
likely to become even more important in African agricult@ambara groundnut as a
drought tolerahplanthas the potential as a crop to proviagrovedfood security in

the dry areas of #hica (Berchieet al, 2012) The plant is most suited for hot dry
areas is highly adaptable and tolerates harsh conditig@@unaratneet al, 2011).

The strong root system with compact tap root has been suggested to enhance the

resistance ofthis plant to drought(Begemann, 1986 Bambara groundnut is
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apparently able to maintain turgor through a combination of osmotic adjustment,
reduction in leaf area index and effective stomatal regulation of watef@o#sson

et al, 1997) Althoughthe mechanisms that alldvambara groundnut to stirodue

some yield during severe drouglare poorly understood, it has been stated that this
mechanism may be linkealith its relatively high rooghoot biomass ratio and small
leaf area, which restricts transpirational loss of water (Collies@h, 1996).

Drought response wadentified tobe different amon@pambara groundnut landraces.
Uniswa Red from Swazilandefined as alrought avoiding landracea pZD-WBYH U |
according to the three adaptation terms definedllapner (1979) It had the most

HR S W L Rilowt wikhf the largest leaf area reduction and the earliest stomata
closurewhichis important for survival during intermittent drought. While S®om

the low rainfall area of Namibis GHILQHG DV DHQRLMHWH W LWK D ODWH
stomata with a PRUH pFRQVHUY DW L, YnHH cdnipreZs@dKph&riolggyv H U Q
combined with reduction in leaf area and stomata cloJure drought responses of
S193 are fit well with the short cropping season of Namibia with annual terminal
drought problemgJorgenseret al, 2010)

Berchieet al.(2012) evaluatéthe performance offe bambara groundnut landraces
(Black eye, Burkina, NAV 4, NAV Bd and Tomto drought and heat stress,Toro-
Navrongo, upperastregion of Ghanarlhey stated the existencewariationamong
landraces with respect to drought tolerancBakina proved the mosiroughtand

heat tolerantexhibiting the greatest ob dry weight and leaf area at 120 DAS, and the
longest leaf area duratiomhe authors believe that this tolerance to drought may be a

result of adaptatioto environmental conditions the material
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1.45.3Management and agronomy

Different plant spacings are used in bambara groundnatltivation and the
recommended spacing lsoadly10 to 15cm in rows of 45 to 90cm apéidr rows
cultivation) and a spacing of20 x 20cm(250,000 plants hY in flat seedbedswith
semibunch types iging the highest yield LQ &{WH @ire¥t&aié) Hlant
production, 2011Kouassi and Zoro, 20}0

Bambara groundnut cregan grow in poor soils low in nutrients and requires suil
pH 56.5, preferring weldrained sandy loam ante average rainfall requirement of
this crop ranges between 6000mm during the growing seasdBwanevelder,
1998. It can be cultivated up to 1600m above lewal (Chittaranjan, 2007

Yields of bambara groundnuwary widely. A yield of 400-1400 kgha' unshelled pods
wasreported in ZimbabwéHeller et al, 1995. In Swaziland yield of 2600kg ha®
was recorded in the fiel¢Sesayet al, 2008, and over 300(kg ha' have been
obtained in South AfricéSwanevelder, 1998While nCéte GY,YRLUH VHHG \LHO
recorded as high as 400@ ha' (Kouassi and Zoro, 20}0wvith similar yields in

Ghana (J. Berchie, pensalcommnunicatior).

1.4.6 Genetic diversity of bambara groundnut

The evaluation of available genetic diversity is a -g@@uisite for genetic
improvement in crop plants, especially in underutilized crops such as bambara
groundnut(Olukolu et al, 2012) Investigation of genetic diversity in both wild and
domesticated species is equally important. Wild populations are known to be a
potential source of useful genes and traits which could be introduced into the
domesticated gene pool; inrgaular, genes responsible for adaptation to stressful

environments such as those providing a particular resistance to a pathogen or to arid
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conditions(CattanToupanceet al, 1998) Wild populations in ceetsof diversity or
domestication constitute the initial gene pad crops species. Crop failures and
dispersal of germplasm within the centre of origin or limited introduction or isolated
ORFDWLRQV Md)RXQGHU (IITHFWVY FRXOG OHDG WR UH
breeding populations, which could have lgegn negative consequences for
production(Trethowan and MujeeKazi, 2008) By focusing on commercial and elite
germplasm the breeder may further reduce the genetic diversity of the domesticated
gene poolgRaufet al, 2010; Yiet al, 2008) Studies of genetic diversity can help to

guide the exploitation of wild relatives mbreeding program to retrace enhance

gene flow between wild and domesticated populations which may increase the genetic

diversity in domesticated gene po{®epts and Papa, 2002)

Estimating the genetic diversity of crop species can be achieved using different
marker methods, including; morphological, trait/agronomic, biochemical and

molecular. The latter has several advantages over conventional phenotypic markers,
as they can be used efficiently regardless of the developmental stage of the plant

under investigatioiMondini et al, 2009)

Genetic diversity was analyzed within 1Gfngle plantaccessios of bambara
groundnut from a wide range of locations in Tanzania. They were assessed with 49
polymorphic bands of 11 informative AFLP primers. Cluster analysis revealed that
bambara groundnuthas twomajor groups in line with their putative geographic
origins (Ntundu et al, 2004) The results of this study agreed wélpreviousstudy

that used RAPD markerson 25 African accessions from the collectiom HTA
(Ibadan and Nigerjashowing two main groups of accessiawresponding taheir

geographic distributiofAmadouet al, 2001)
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High genetic identity between wild and domesticated accessian detected i@n
isozyme diversity study of bambara groundnut, Ht= 0.087 with 14 polynolpdi

and Ht= 0.052 with only 7 loci for the wild and domesticated, respectivelystlidy
suggest that wild bambara groundnut is likely to be the true progenitor of
domesticated bambara groundnut. Beside the high value ofpopaation diversity

in both wild and domesticated accessions, the study also suggests that self pollination
is the major mode of sexual reproduction for both accession (Aaesxjet et al,

1999) Two hundred and fortgingle plantaccessions of bambara groundnut were
assessed using 22 SSR markers. Higher gene and allelic diversity were obtained in the
West African and Cameroon/Nigeria regions than otheast African, central
African, andSoutheastAsian) with 6.68 and 6.18 alleles per locus, and 0.601 and

0.571, respectivelgSomtaet al, 2011b)

An extensive and diverse range of germplasas investigated to study genetic
diversity of bambara groundnut in the study by Oluletial. (2012). Morphological

and quantitative descriptors, alongside DArT markers that represent wide ggenom
coverage, were used and a high genetic diversity wasnagis for the
Cameroon/Nigeria region relative to other regions. This supports the hypothesis that

this region is the centre of diversity for bambara groun¢fdlukolu et al, 2012)

The available literature reveals a number of studies of genetic diversity in bambara
groundnutin the wild and domesticatiomaterial They offer a reasonable start to

understanding the genetic basis of the domestication event(s) in this crop, pgtentiall
enabling parents with a wide genetic base to be identified for developing mapping

populations and subsequent QTL analysis.
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1.5 Molecular markers

Evaluation ofgeneticvariation within and between populations and the interaction of
gene with theenvironmentas beenstudiedusing differentypesof markersover the
last century The first phenotypic markers were mapped in fruit fly in 1913
(Sturtevant, 1913 In plants, in 1923 alimited number ofmorphological markers
were tested and identified arassociation between seed sizeand seedcoat
pigmentation patterns in the common bd@imaseolus vulgari§Sax, 1923 However,
suchphenotypic markerscan often not be used aaliable indicators of theraits of
interestdue to an oftencomplex interaction othe genotype andhe environmenh
Moreover,in some speciethese markerareexpresedat a very low frequency which
makes their effective utilization in plant breedimdifficult (Farooq and Azam, 2002
Marker developmentovedforward with the discovey and developmendf protein
and isozyme markenghich resolvedsome of these problen{Markert and Moller,
1959. Protein and isozyme markers candfected by the environment atiteir use

is constrainedby the tissue and developmental stage of tipecseesunder study
(Avise, 1993. In addition they often havelimited polymorphismto assess genetic
diversity withina speciesA different method is required to detect different isozyme
systems, so a rangd application techniqueare required to generate datarfa
number of isozymanarkers(Fairbanks and Andersen, 1995) a study based on
DNA markers to evaluate genetmolymorphsm within cultivated tomatoeqL.
esculentumand L. pennelli), none of the isozyme markersvealed polymorphism
compared td53% that detected polymorphismasing RAPD markersbetween these

varieties(Fooladet al, 1993.

Breeding a new variety with conventional methods takes mpaagsespecially when

thereare effects oftrait pleiotropism andor when there is multifactorial basis to
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morphological traits. Hendareeders are interestedttg new techniques to make this
process more efficienDevelopnentsin molecular marker technology offers such a
possibility by adopting a wide range of novel approactieish have altered the way
plant breeding is beingndertakenallowing the breeder to use thgmtentiallyin
estimding the genetic diversity anthe level of heterozygosity among plants and
animals(Dani et al, 2008 Kumaret al, 200§ as a first step to determining the best

parents and best strategies for breeding.

DNA marker systems were introduced to genetic analysis in the {,\primarily
based orthe development of thBouthern blotechnique to assess polymorphism in
complex genomesDNA-based molecular markers have acted as versatile tools in
various fields such agaxonomy, physiology, embryology, genetic enginee(raghi

et al, 1999. DNA molecular markers are used to identify a particDIBIA sequence
DNA markers have becom& popular means for identification of plant and animal
species;they are generally stable and detectable iany part of the genome.
Additionally, they are notisually affected by the agghysiological condition of the

cell or environmental factorandare generally held tbhave nopleiotropicor epistatic

effecs (Mondini et al, 2009)

Currently extensive se of molecular markers derived from different tedahi
approachesllowsthe segregation patteyof differentallelesto be scoredeasily and
constructon of genetic maps$rom them Construction of linkage maps is one of the
main uses of DNA markers in research on crop spg€iellard et al, 2005. Such
genetic maps serve several purposes, includieigcting association between the
genes and traits studied @TL analysis,with theaim touse the markers tiag those
traits, allowing theappication of markerassisted selection of thetarget traits in

subsequenttreeding programSemagret al, 2006b)
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DNA-based markers have been established in many agricultural crops and the
availability of reliable molecular markers is of great importance for plant breeding as
molecular markers linked to demble traits have been used to accelerate plant
breeding programgRibaut and Hoisington, 1938 The ideal molecular marker
technique should generate hundreds of molecular markers that cover the entire
genome in a single, simple and reliable experiménikart et al, 2003. DNA
markers are diviedd based on the method of their detection into three classes,
hybridizatiorbased; polymerase chain reacti(ffCR) based and DNA sequence
based(Guptaet al, 1999 Joneset al, 1997 Joshiet al, 1999 Winter andKahl,

1995.

DNA markersthat discriminate between genotypes d@egmed polymorphic Co-
dominant markers revedhe allelic state of both alleles for a markera diploid
whereas dominant markeds not provide full information on the alleles presetu-
dominant markers may have many different alleles, whereas dominant markers only
have two alleles.e. presence or absen(eollard et al, 2005; Mondiniet al, 2009)

The polymorphic site of a genetic marker may be a short or even single base DNA
sequencedifference such as in a sihg basepair change (single nucleotide
polymorphism, SNP)Cotton, 1997 or could be due tgreatervariation, as with

repeat units fominisatellites.

Various types of molecular markers have besed Some of the morecommonly
used systemsare RFLPs (Restriction Fragment Length Polymorphism), ABLP
(Amplified Fragment Length Polymorphi3nRAPDs (Random Amplification of
Polymorphic DNA), VNTR (Variable Number TanderRepeat), Microsatellite(or
Simple Sequence Repeat; SSR), SNBingle Nucleotide Polymorphism), STR

(Short TandemRepeat), SFP (Single Feature Polymorphism), and DArT (Diversity
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Arrays Technology)No single techniquéulfil Is all research needs and it is difficult

to predict the emergeeof new standard techniquéSemagret al, 2006b) Different
aspects of costffectiveness, accuracy, sensitivity and reproducibility in addition to
the availability ofmarkers specific to anrgansm and their limitatios should be
taken into account to determine the best suitable technologysfeecificgenotyping
purpose and approacfihe most important features, details on the nature of these

markers, their use, advantages and disadvantdgéifferent applicationsasadapted

from Zalapaet al.(2012)can be found ifTable1-2

Table 1-2: Main characteristics of major types of molecular markers.

Characteristic RFLP SSR AFLP RAPD SNP
Locus number . . . . . . .

detected Single locus |Single locus Multi-loci Multi-loci Single locus
Allelism Co-dominant |Co-dominant Dominant Dominant Co-dominant
Level of

. Good Excellent Good Good Excellent
polymorphism

Polymorphism at

2 to 5 alleles |Multiple alleles |Presence/absenc|Presence/absengUp to 4 alleles

the locus
Quantity of DNA Large Small Small Small Small
needed
Quality of DNA V. Good reasonable Good reasonable reasonable
needed
Reproducibility Good Good Good Low Good
Fast, once Fast, once
Time Long markers are Fast Fast markers are
developed developed
Cost Expensive Average Cheap Cheap Expensivé
Technical difficulty |High Low Medium Medium High?

a: Both cost and technical difficulty are highly dependent on the chosen method of visualization and, hence, on

the expected throughput level

15.1 Restriction Fragment Length Polymorphisnms

Restriction Fragment Length Polymorphism or RRi&soncethe mostwidely used
molecular marketype The techniqueeveals differencem restriction sitedetween

individual genotypes which are contained in or flank the region of the hybridization
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probe The differences are caused by evolutionary processes, spontane@i®ns

or unequal crossing ovéfonzalezChaviraet al, 2006) In RFLP analysis the DNA
sample is digestedsing restriction endonucleasavhich recognize specific DNA
sequencanotifs, generally 4 or 6 bageair palindromic sequenceBigested DNA
fragments are size fractionated according to their length by gel electrophtiresis
they are transferredo a nylon flter and fixed into placebefore undergoing the
hybridization of a cloned sequence of DNA which hassibéabeled. The relative
positions of the hybridizing fragments are visualized through exposure of the
hybridized and washed filter to a light ofrdy ®nsitive surface. This gives a banding
pattern which reflects the position of probe hybridization which can differ between
individual genotypes due to fragment length differences due to the restriction cut sites
present (GonzalezChavira et al, 2009. High reproducibility, cedominant
inheritanceand good transérability between laboratories are considered the major
strengtts of RFLP markes. Howevertheir userequires high quality and quarmis of

DNA, and itis expensivetime consuminggfteninvolving radioactive/toxic reagents
(Mondini et al, 2009) Although now largely obsolete, RFLP analysis was the first
DNA profiling technique cheap enough to see widespread application. In addition to
genetic fingerprinting, RFLP was an important tool in genome mappingljzaton

of genes for genetic disorders, determination of risk for disease, and paternity testing.
RFLP markers were used for the first time in 1975 to identify polymorphisimalA
sequence for genetic mapping of adeiras serotypegGrodzickeret al, 1975, then
theywereused in human genome mappii@ptsteinet al, 1980, and later applied in

plant genomeéHelentjariset al, 1986 Weber and Helentjaris, 1989
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1.5.2 Random Amplification of Polymorphic DNA

RAPD (pronounced "rapid")s a PCRbased technologyn which randomshort
segments of DNA are amplifigumar et al, 2009. This techniquevasdeveloped
due to thdimitationsin the routine use of RFLRGarciaet al, 2004. The assay was
developed first byilliams et al. (1990) RAPDs are DNA fragments amplified by
PCR using shortsingle syntheticoligonucleotide primers (812 bp) of random
sequence. These primers serve as lmtvard and reverse primet two different
sites on complementary strande amplify fragments fronmultiple genomic sites
where the product size is within the range of PSiRultaneouslyTheresultantPCR
fragmens are visualized on agarose gels stdinwith ethidium bromide, and there is
no need for hybridization with labeled probes as in REK&mar et al, 2009. The
main advantageof RAPDsarethat they are quick and easy to assay, oelgtively
low quantities of template DNA are required, andonior sequence informatiofiom
the organism under study requred. However,they have the drawback of sensitivity
to reaction conditions whichan lead taheir profile varying between laboratories
even for identical reagentddditionally, as RAPD markers are not loesgecific and
several lociareamplified by each primer, heterozygoarsd homozygous individuals
cannot be distinguigld (Kumar et al, 2009 Paraguisonet al, 2013. Although
RAPDs are less popular due to thimitations, they have been applied genetic
variability analysis and individuapecific genotyping.RAPD has been used to
characterize, and trace, the phylogenyafiousplant and animal speci€gos et al,
1995 Zabeau and Vos, 199RAPDs have been applied in gene mapping studies to
fill gaps not covered by other markgilliams et al, 1990. In chickpea RAPDs
have been used for identification and mapping QTLs conferring resistance to

Aschochytalight (Santraet al,, 2000)
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Using RAPDs in bambara groundnut gave high levels of polymorphism in
compaison to isozyme markers among landraces investigatedPagquetet al.
(1999) They alsohave been applieth bambara groundnuib study thegenetic

diversity in some landracédmadouet al, 2001 Massaweet al, 2003.

1.5.3 Amplified fragment length polymorphism (AFLP)

Amplified Fragment Length Polymorphism PCR (AFBER) or just AFLP is a
PCRbased tool used in DNAngerprinting. Thismethod is based on the combination
of the sequence specificity afligestion of DNA through restriction endonuclease
enzymes andhe PCR technique. Itvas developed to overcome the limitation of
reproducibility associated with RAPMMondini et al, 2009) AFLP uses restriction
enzymes to cut genomic DNA, followed by ligation of adaptors to the sticky ends of
the restrictiorfragments The primer used is extend@aly addition of a random base)
into therestrictedfragments to achieve selective amplificationaoSubset of those
fragments followed byacrylamidegel analysis of amplified fragmenfi&umaret al,
2009 Vos et al, 19995. The amplified fragments are visualized on denaturing
polyacrylamide gels in combination witladioactivity (Mattheset al, 1998 or on
fluorescent imaging gels systems, such a LiCor apiary Electrophoresis systems,
such as the Beckmann CEQ 800rthe AFLP technique is highly reliable and
reproducible, does not require prior sequence informdtamn the species of intergst
gives high leves of polymorphism and allows multiple locus detection The
disadvantages ardf has a complicated methodology, requires both resmict
endonucleasand adapteiigation reaction, sahe template DNA used is required to
be pure andfree from inhibitor compounds which interferes with the restriction

enzymeor ligation reactiongGonzalezChaviraet al, 2006 Kumaret al, 2009. The

30



Chapter 1. Introduction

technique is also patented, which makes using AFLPs in programme which may lead

to commercial products more complex.

AFLP markershave beemsed to generate a genetic mapmaize 246 markers were
mapped to cover 2057 clfAjmone Marsanet al, 199). It was realized that the
generatiorof this marker type waasterthanRFLP andmarkes mapped on the same
population could be comparedshowing thatthe AFLP markers showgood
distribution over the genome and almadit markersin this case(98.1%) followed

Mendelian segregatigmatterns

Application of AFLP markers was alsosedin the genetic characterizaticand
mapping ofsomelegume cropsThey have been cegnizedas useful markers to
characterize thgenetic relationships betweanld common bean and lima beand

to deduce the predominant direction of gene flow and the spatial differentiation
between domesticated and wild bgBapa and Gepts, 2003n chickpea89.6% of

AFLP bands were found to kmolymorphic in 95 accessions that represshthel?
species ofCicer (Nguyenet al, 2004. The introgression of the rhizomatous trait
from Trifolium ambiguunto the important pasture specmswhite clover T. repeny

has been studied and bulked segregant AFLP analysis was used to identify markers

linked to the rhizomatous haljabbertonet al, 2003 to enable this work.

AFLP markers were employed in bambara groundnut to assess genetic diversity and
to investigate thegenetic relationshgppamong 100 selected landraces from \edie
geographic area of Tanzania, using 49 polymorphic amplification fragments scored
bands from 11 marker@Ntundu et al, 2004. In another investigation of geiet

diversityin bambara groundnuAFLP analysis provided sufficient polymorphism to
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determine the genetic diversity and to establish genetic relationahosig 16

landracegMassaweet al, 2009.

The AFLP marker techniqubasalsobeenusedto constructan initial genetic map of
bambara groundnuA total of 115 polymorphic AFLP bandsere generatethrough
selective amplitation using EcaRI/Msd primers with a total of 6 basepairs of
additionalselection. These primers along with 1 SSR marker were scored in the F
populationand usedo construct the first genetic linkage map in this crop derived
from the cross between the domesticated andlasidraces (DipC x VSSP1{Basu,

2005.

154 Simple sequence repeats

Simple sequence repeats (SSR) or short tandem repeats (STR) are comiréséd of
short motifs generally between 2 and 6 bpags long( di- to hexa nucleotide repeat
units), they carbe found in both codirgand noncoding regions for prokaryotes and
eukaryotes(Chambers and MacAvoy, 2000; Ellegren, 2004; Kel&aral, 2008)
They are reliable and popular markers as they posses&neimant inheritance, are
relatively abundant, are mutfillelic, have extensive genome coverage, are highly
reproducible and can often be simply detedqtddndini et al, 2009) SSR markers
are tandem repeats interspersed throughout the genome and can be amplified using a
primer that flanks these regio(Gristet al, 1993. These markerareoften presenat
high levels of inter and intraspecific polymorphism, particularly when the tandem
repeat number is ten or greai@owen and Wheals, 20R6The number of SSR
motifs at a locus is variabland it is believed that the basis for generation of high

levels of polymorphism is unequal crossing over and replication slippage, where the
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transient dissociation of the replicating DNA strand is followed by misaligned re
associatior{Levinson and Gutman, 198Richards and Sutherland, 1992
Microsatellites are not only present in the nuclear genome-éreintal inheritance;
there arealso chloroplast and mitochondrion genome microsatellites which are

usually inherited in a uniparental patté8oranzecet al, 1999.

In plants, the presence of SSRs was first demonstrated by hybridization of
oligonucleotide probes on phage libraries derived from tropical tree geriCoredit

and Hubbell, 1991 SSRs have become one of the most widely used molecular
marker systems in plant genetics and breeding as thevaliability of SSRs among
related organisms and a higegree of transferability between species make them an
excellent markers for genotype identification, analysis of genetic populatidn
diversity, phenotype and genetic mapping and marker assisted selection. It also
enables the investigation of comparatgenomic analysi@Powellet al, 1996 Tautz,

1989 Varsmeyet al, 20053. SSRs are the only molecular markers to provide clues
about which alleles are more closely related to each d¢®aporale, 2003with

mutation often leading to repeat unit changes in fragment size.

1.5.4.1 Inter -Simple Sequence Repeat

ISSR (intersimple sequence repeat) is a general term for a marker system based on
amplification of the genomic region between microsatellite (Kebouret al, 2012.

The technique is reported Eyetkiewiczet al. (1994 and is similar in many ways to
RAPDs DNA fragments of about 108000 bp located between adjacent, oppositely
oriented microsatellite regior(&umar et al, 2009 are amplified. ISSRs are mostly
dominant markers, although a few are codomir{@unzalezChaviraet al, 2006.

They are not proprietary and can be synthesized easily and no sequence information is
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required (Joshi et al, 2000) Although the ISSR technique has a reproducibility
problem, it is consideretly some authors asmple, fast to detect polymorphism,
costeffective and highly discriminativéShafieet al, 2011 andreasonably reliable

ISSRs are considered useful in gene mapping st@dietiewiczet al, 1994.

1.5.4.2 Expressed Sequence Ta§RR

EST-SSR wasidentified as a class of microsatellite B\damset al. (1991) Such
markers can be obtained by partial sequencing of random cDNA c¢ladasiset al,

1991). The expressed genes can be detected within EST libréBmsck and Vision,
2007). EST-SSRs have received reasonable attention with increasing numbers of
ESTs being deposited in databases for various plants, especially modes$ §gec
Gaonet al, 2007. Between 1% and 5% of ESTs from different plant species have
been found to contain SSRs suitable for marker developr{iémietyet al, 2002

Soott et al, 2000.

The generation of EST or genic SSR markers is relatively easy arpeimsive,
especially in plant species with characterized genes andeffigth cDNA clones,

such as ricéKikuchi et al, 2003, because they are a-pyoduct of the sequence data
from genes that are publiehvailable. Additionally, the sequence data for EX9Rs

are often available in GenBank and so can be easily downloaded to screen them for

the presence of microsatellite repeats

EST-SSR markers haveeen developed for a number of plant species, including
cultivated peanufLiang et al, 2009 grape(Cordeiroet al, 200J), rice (Temnykhet

al., 200)), durum wheat(Eujayl et al, 2002, rye (Hackauf and Wehling, 2002
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barley(Thiel et al, 2003, barrel mediqEujayl et al, 2009, ryegrasqFaville et al,

2009, wheat(Peng and Lapitan, 20D5and cottor(Hanet al, 20086.

EST databases can be processed rapidly to developSE&Tmarkers at relatively

low cost(Liang et al, 2009. As ESFSSR markers are derived from expressed genes,
they are more conserved and have a higher level of transferability to related species
than genomic DNA markerSahaet al, 2009. In addition these SSRappear to be

more closely related to importamaigronomical traitgQi et al, 2010) They are,
therefore, useful as anchor markers for comparative mapping across species,
comparativegenomics, and evolutionary studi¢€ordeiroet al, 2001 Eujayl et al,

2004 Kantetyet al, 2002 Sahaet al, 2004 Scottet al, 200Q Thiel et al, 2003,
however the conserved nature of ESERsn transcribed regionsay also limit their
degree of polymorphisnas lower levels of polymorphism are often reported
compared with genomic SSRs in crop plaiRsngiset al, 2004 Scottet al, 2000.

The transferability ofEST-SSR loci across species witha genus has in several
studies been above 50@irlewangeret al, 2002; Eujayktal., 2004; GaitarSoliset

al., 2002; Peakallet al, 1998; Thielet al, 2003) whereas the transferability of
genomicderived SSR loci across genera was p@eakallet al, 1998 Roaet al,

200Q Thiel et al, 2003 White and Powell, 1997 Recently, the application of next
generation sequencing (NGS) technology (lllumina and 454 sequencing) for genome
sequencing leads to the discovery of a large number of gewmieeand genebased
microsatellites in plant much more efficien{yunet al, 2011; Wanget al, 2012;

Zalapaet al, 2012)
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1.5.4.3 Application of microsatellites in different plant species

Microsatellites as a DNA marker havedn intensively used in a wide variety of
organisms including human®eckmann and Soller, 1990animals(Moore et al,
1991, plants(Condit and Hubbell, 1991and bacteria K. coli; (Gur-Arie et al,

2000)

However single nucleotide polymorphisms (SNPS aeplacing SSRs for some
applications as more species are sequertbed application in related minor species

is limited due to the restriction of their transferability within spe¢ieakkeret al,

2006; Vezzulliet al, 2008) In contrast, SSR markers will potentially continue to play
an important role in different genetic studies of many minor plant and insect species
in the future dueo their efficiency, transferability to related species, multiple alleles
and costeffectiveness and ease of use for assessing small numbers (W&o et

al., 2009.

Microsatellite markers can facilitate comparative mapping among different plant
species to discover genome syntenies in order to develop DNA markers to specific
chromosomal regions for markassisted selection. Anchoring the phykiceap of
model plant species oRrabidopsis and soybean required SSRs in specific
chromosome region&Shoemakeet al, 2008 Shultzet al, 2007 Wanget al, 1997

to assemble genome DNA sequences jaints together large pieces of overlapped

DNA fragmens.

SSR markersan be transferred to related species and to minor crops, which can
facilitate the construction of genetic maps in minor species and enrichment of regions
with low marker saturation. Placing barley SSR markers on rye and wheat genetic

mays is an examplefoone such cas@/arshneyet al, 20055).
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SSRs have become the marker of choice for evolutionary studies of natural plant
populations as they highly polymorphgenomewide and multiallelic. Data collected
from Chloroplast SSR molecular assays has been used to survey the cytoplasmic

diversity among wild and cultivated barley populatigiisovanet al, 1999.

There are many different applications of microsatellite in plant species. Over 80
genetic linkage maps have been constructed which include SSR markers with the first
one instance being reported in tropical tré@sndit and Hubbell, 1991followed by

major and minor crops, fruits and vegetal{ikkkayaet al, 1992 Wu and Tanksley,

1993 Zhao and Kochert, 1993In soybean, iron deficiency chlorosis associated with
two common SSR markers was-logated in two sepamtpopulationgWanget al,

2008.

Germplasm classification for choice of parental selection has been calculated in
different plant species through genetic distance and diversity assessment using the
SSR markerystem. Genetic diversity and phylogenetic relationships from germplasm
collections for cultivated and wild peanut collection have been evaluated by SSR

markerg(Barkleyet al, 2007 Cucet al, 2008.

Microsatellite markers have also been used in bambara groundnut. Microsatellite
primers developed from related legume species including cowpea, mungbean,
common bean and soybean, were screened for identification of polymorphisms in the
two parentsu' LS &Y DQG p9663 9§ R bnmapgirgJpdptilaiioWin atbara
groundnut. Out of 15 tested nine primers were amplified in both parents and only one
(from soybean) was detected as a polymorphic marker and this was used with the
polymorphic AFLP markes in constructing wide genetic map in this cr@asu,

2005. In another investigation a set of 22 polymorphic SSR markers (from bambara
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groundnut, azuki bean, cowpea and mungbean) were used to study genetic diversity in
a collection of 240 accession$ bambara groundnut of Africa and Asia. A total of

166 alleles were detected, with a mean of 7.59 alleles per (Soustaet al, 2011b)

Later a set of 75microsatelliteswithin specieswere characterized and used to
investigate the genetic diversity of 24 bambara groundnut daedr of Africa

(Molosiwa, 2012

The level of inter and intralandrace polymorphism was assessed within a small
collection of 10 Ghanaian landraces, using 10 reproducible SSR markers. A high level
of polymorphism was detected among the landraces investi(fited and Massawe,

2012

155 Single Nucleotide Polymorfism

SNPs are a marker system that can differentiate individuals based on variation
detected at the level of a single nucleotide b@semore)in the genome. Such
variation represents all sequence differences between individkalsar et al,
2009. Although SNPs can be usex a powerful andhigh throughput automated
marker systenm different applicationsf linkage disequilibrium and QTL analys$
plant species, thegreonly amenable in major cropshich havealready sequenced
(Parket al, 200). AlthoughSNP can now be developed in coding sequence through
Next Generation Sequengimpproaches at reasonable cdstytare more comman
non-coding regions of the genomes coding sequences are often under selective
constraintgMondini et al, 2009) On average, one SNP every 170 bp was identified
comparing the sequences from two different rice cultjuatsch makes this marker
systeman attractive tool in plant genomes in constructing linkagesp@pL analysis

and marker assistant selecti@uptaet al, 2002 Rafalski, 2002 Generally the
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frequency of SNPs iplant speciess estimatedo range froml in 30 bp tol in 500
bp (Parket al, 2009.

A set of 359 SNP markers derived from igeand intromc regions of the wheat
genomewere testedagainst20 wheat cultivars. Reasonable levefsdiversity were
observed among wheat cultivars for SNIBcated in two of the genomes and B
Markers in the D genomshow approximately halfthe level of polymorphisnof
those for the A and B genomels is anticipatedthat SNPmarkers will play an

increasingly important role ithe genetisand breeding of whe&Chaoet al, 2009.

15.6 Diversity array technology marker (DArT)

Diversity Arrays Technology (DArT) is a hybridizatidirased microarray platform,
geneic and cost effective as a genotyping technology andgrizedas a suitable
technique for genomwide discovery anddescriptionof genetic variation. This
technique wadevelopedto overcome some of the limitations of other molecular

marker technologiesuch as RFLP, AFLP and SSRkbari et al,, 2009.

This technology can be summarizasl follows complexity reductiorusing a chosen
combination of restriction endonucleases, followed by adaptor ligation to amplify
Pst-Pst fragmentsto obtain a genomic representationf the available genetic
diversity, library creationso thateachE coli colony contains one of the fragments,
micro-arrayingthe library onto glass slidedyeatment of individual genotypes with
the same complexity reduction technique dythridization of fluorelabeled DNA
onto the slides, scanning ofthe slides for hybridization signal and finally data

extraction and analysis using DArT softw#@kéondini et al, 2009)
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DArT allows the simultaneous scoring of thousands of restriction site based
polymorphisms between genotypes and does not require DNA sequence information
or sitespecific oligonucleotidegAlexander et al, 2005. Screening a library of
several thousand fragments frarsample of DNAragmentsrepresenting the whole
genonmic diversity in the speciess key to the efficient discoveryf new DArT
markers with all markers ora particular arraypeingscoredsimultaneouslyJaccoud

et al, 200). For these reasondt is consideredan imporant tool for scientists
studying and managing genetic diversityth high throughput and lowost data.
(Semagnet al, 2006b) DArT markers are applicable to model and ‘moodel
speciekrops in additionto complex polyploid genomes, whereby the presence of
individual fragment versus absence in genomic representative can be detected

(Jaccoucet al, 200).

The state of DArT development in plants

DArT technology has been used successfully in genotygimgany speciednitially

it was developed for rice, a diploid species with a small genome of 43{Jdbpoud

et al, 200) and afterverd it has beenappliedto many other species including
Arabidopsis(Wittenberget al, 2005, cassavéXia et al, 2005, and for species with
more complex genomsee.g.barley(Wenzlet al, 200§ andthe allopolyploid wheat
(Triticum aestivuni.) (Akbari et al, 2009. This technology has been used recently
to study the genetic diversity of bambara groundMdlosiwa, 2012 Olukolu et al,
2012.

The first version of a high density functional DAIT genotyping microarray has been

reported in 64 differenEucalyptusspecies dflowering|treesand shrubsit has been

identified that 56% ofthe total number of cloned fragments were found to be
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polymorphic among 284 individualsThis array will providea high-throughput
platform for population genetics and phylogenetic&urcalyptuswhere many of the

hybrids used commercially amger-specific(Sansalonet al, 2010).

Diversity Array Technologyhas been applied toat (Avena sativa..) allowing the
construction of a high density genetic maping mostof the problems of lower
throughputobtained usingthertechnologis. Three discovery arrays were run and
2000 polymorphic markergere identified and 1010 of them were used to saturate

and improve the 'Kanota' x 'Ogle’ genetic niBipker et al, 2009.

DArT markers have beemtegratedwith other markerstypes in different crop
species A high-density genetic map faa doubled haploid populatiofrom awide
barley cross was constructed usi2DArT markers along with36 SSRs. High
levels of polymorphism, cbnearity and telomeric coverage of the genome were

obtained comparedo a previously caistructednap(Hearnderet al, 2007.

The DAIT array has proed to bea usefulmarkersystemin Sorghum bicolar Over

500 markers havbeen deteed in this staple food and fodder crop, to be used in the
analysis ofgeneticdiversity and in construction @ mediumdensity genetic linkage
map. Thislargenumber of DArT markers offers moreprecise estimation of genetic
relationshipg and providesvaluable molecular breeding and genomic applications for

this crop(Maceet al, 2008.

1.5.7 Next generation sequencing

The originalSanger sequencing methddvelopedn 1977 (Sangeret al, 1977 and
its modifications (Madabhushi, 1998Smith et al, 1986) after discovery of the

polymerase chain reaction (PCR) in 1988ue and Orgel, 1983have prevailedin
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the DNA sequencing field for nearly three decades. Although in the past decade the
length of Sanger sequence reads has increased dramaticall43oirases to more

than 1kb, the primg restrictiors arecost per sequence and the need to prepare each
sequencing template separatéBmailuset al, 2005; Varshnewt al, 2009a) So to

try to overcome these limitations alternative next generation sequetecihgologies

have beerdevelopedwhich dramatically increase throughput (although are currently

still limited in sequence read lengitngeloniet al, 2019.

Next generation sequencing can be defined as athighghput sequencing method
thatparallelizes the sequencing process, producing thousands or millions of sequences
at once(Stapleyet al, 2019. Genome analysibas taken offvith the advent oNGS
systemswith the production ofrast quantitie®f sequencet relatively low cost and

in a very short timecomparedto anautomated Sanger sequenci@ghloss, 2008
However NGS technologiestill produce shorter reads and have greater error rates
than Sanger sequencirgacrificing assembled sequence quality for speed and greatly

reduced cost@Berkmanet al, 2019.

Next generation sequencingctinologiesincluding Roche454, lllumina GA, and
ABI SOLID, have been developed to generate more setugmith lower cost than
Sanger methods on ABI 3730xL platfo(Bonetta, 2006Schuster, 2008 The types

and volumes of data produced thgbuhese technologies have increased greatly over
the last few yearspromising further accelerate progress(Pareeket al, 201J.
Sequencingnore than 20 million base paiina4 hours periodndconsidered athe

first available system for NG@&asdeveloped by 454 and commercialized by Roche
asthe GS2(0Margulieset al, 2005. The greatest data volume of any NGS platform

is generated with HiSeq2000 from Illuminéth beenup to 600 Gbp of usable data

per run http://www.illumina.corrr (Barski et al, 2007; Johnsoret al, 2007,
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Varshneyet al, 2009a) The SOLID System from Life Technologies based on
sequential ligation with dytabeled oligonucleotides, can generate 280 Gbp of

data per day, with read lengths up to 75 bp for the lat&&0x8 system

http://www.appliedbiosystems.cqr{Berkmanet al,, 2019.

The efficient use of two major NGS technologies of g§rbsequencingnd lllumina

has been demonstrated recently to generate large numbers of genome or transcriptome
sequences. The sequence data generated from both techuzigbesusd efficiently

to discover SSR loci and identifying the high quality loci for marker ldgwveent,

using the latest computational tools and Higloughput methods, with reduced cost

and effort compaitto thetraditionalSangempproach(Zalapaet al, 2019.

Next-generation transcriptome sequenci(gther by de novo assembly ofthe
transcriptome sequence data or by aligning reads to a genome s¢ouemdse
applied normallyto analy® gene expression and sequence variation of genomic loci
(Morozovaand Marra, 2008 With next generation sequencirige whole genome of
many related organissncan be achievedallowing comparative and evolutionary
studies in different organissmegardlesf the state ofprevious genetic information
(Metzker, 201D. With moden NGStechnologies it is possible to identiénd track
genetic variation more efficiently amutecisely and hundreds or even thousands of

candidate geneald be tracked withiralarge geneban{ilian and Graner, 2012

Application of NGS in crop species
Traditional approaches of genome sequencing are progresbeiely substitutedyy
assemblies of NGS technologies and they are currently being used to ebgphmreo

genome sequencing in several crop spesieh as wheat, pigeonpea and common
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bean (Varshneyet al, 2009a) Genome sequencing and /or resequencing with the
ongoing revolution of steady cost reducticand increased read lengtbould be
extended beyond the major crops and model plant species to involve underutilized
species anceventhe progeny lines of mapping populations. This will allow the
breeder to follow the segregation of fragmeedsily fromparents to the progery.
Thesefragments can be placed ¢the genetic and physical majith more certaity,

which helps to confirm the introgression lafer the target traits and introdtimn of
specific fragment from one species to anoivarshneyet al, 2009a) An overview

of NGS applications relatg to crop genetics angreedings shownin Figure 15.

Figure 1-5: An overview of potential NGS applications in crop geneticand breeding. The
progress including the generation of genomic resources, marker development and QTL mapping,
wide crosses and alien gene introgression, expression analysis, association geaatigpopulation

biology (Varshney et al, 2009a)
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Using such innovate technologies as NGS will accelerate the possibility of importing
genetic knowledge into underutilized species from major or model species and gives a
new vision of working with the genomes of clusters of related species instead of
single species. The significant sequence data generated through these techniques also
allows DNA markers to be produced at reasonable cost in an unknown genetic
background which can be exploited for quality control, genetic diversity analysis and

practical breding approache@viayeset al, 201J.

RNA-seq is one fothe most important applications of NGS technologies that is
speedily replacing other methods of studying gene expression imaodal species
without a sequenced genonffdorozovaet al, 2009. With this method all RNA
transcripts can be sequenced. It is practical in underutilized crop species because a
reference genome is not strictly requirgstrickler et al, 2012. LegumesPisum
sativumandCicer arietinumwere among the first transcriptome characterized species

(Garget al, 2017 lorizzoet al, 201).

1.6 Construction of genetic mafs

The study of genetic linkage n@ipg dates back to the beginning of last century
when scientists began to understand the recombinational nature and cellular behaviour
of chromosomegWu et al, 2008) The first genetic linkage map of chromosoxhef
Drosophila melanogastewas constructety Sturtevant (1913)With the advent of
different molecular markers derived from different techniques it is now possible to
follow the segregation of valuable alleles in the populations and map (Bleotin,

2009)
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By the end of last century the introduction of DNA based markers caused genetic
mapsto become much more densely populated, generally into the range of several
hundred to more than a thousand markers per ge(iMuet al, 2008)

Linkage maps indiate the position and relative genetic distances between markers on
the chromosomes, allowing the identification of regions that contain genes and QTL
related to interested trai{®aterson, 1996; Vinod, 2009enes which are tightly
linked will be inherited togetlién the progeny much more frequently than those that
are located further apart or even on different chromosd®esagnet al, 2006a)

The recombination frequency of genetic markers allows the genetic distance between
the markers to be determined. There are three main steps to constructing a linkage
map: production of a mapping population, identification of polymorphic markers for
mapping and linkage analysis of the markers which includes statistical procedures and

the use of appropriasoftware packages (Collaed al. 2005).

1.6.1 Mapping populations

A segregation population is required to construct the genetic linkage map. Differences
shoud be present at least in one trait between the parents of the cross selected for the
mapping population. If the markénait associations to be attempted the individual
offspring of the population must be phenotypically evalugallard et al, 2005)
Segregating populations such asH; or backcross populations are frequently used to
construct a genetic linkage map, however the P P R poyut@§is of recombinant
inbred (RIL) and doubled haploid are preferable because they allow replicated and
multi-location experimest(Collard and Mackill, 208). It has been reported thie

basic population size for genetic mapping ranges fror@3individuals; however
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larger populations are often required for high resolution map(fegreiraet al,

2006; Moharet al, 1997)

Types of population used to investigate the genetic control of traits

Different kinds of genetic population are often developed in autogamous species, such
as: k, recombinant inbred lines (RILs), near isogenic lines (NILs), backcross
populations and doubled haploid populations (O8gmagnet al, 2010) These
populations are developed by ssmng two (often inbred) parents with clear
contrasting differences in the phenotypic trait(s) of interest, to follow the segregation
pattern of the desirable traits and subsequent genetic analysis (e.g. Quantitative Trait
Locus analysis) or for direct rding selection.

The steps to generate these populations involve selecting the parents, crossing them
with each other through controlled transfer of pollen from one parent onto the
receptive stigma of the other parent, then advancing the progeny in @préde
manner to obtain a set of individual plants or lines with variation for the traits of
interest. Besides differing for phenotypic traits, the parents of a mapping population
must also be sufficiently different at the genotypic level for the chromes
recombination events to be tracked using molecular ma(kokard et al, 2005;

Young, 1994) Sometimes relatively little genetic polymorphism exists between the
parents of crosses and this is often overcome through choosing genotypes which are
highly genetically distinct, sometimes crossingMitd species to increase the level of

polymorphism preserfKennardet al, 1994; Mufo<t al, 2011)
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F, and F; populations

These are quickly and easily developed by -gelfinating the Fk hybrid. In
inbreeding species, this is relatively simple, with a single controlled cross being the
rate limiting step to develop the Rybrid from inbred parental lingSemagret al,

2006a) The primary advantage of bothh Bnd F populations is their ability to
measure the effect of additive and dominant gene action dfispec because they
contain heterozygote individualspwever such populations are not fixable due to the
heterozygous genetic constitution present in individual Jimbsgch reduces with each
generation of inbreeding, such thaetproportion of hetemygous locihalveseach
generation, as the individual lines head towards being fully inbred. This lack of
immortality of the lines restricts their use in analysis of @RBkshitet al, 2012) In

an R population a single plant represents each genotype, so replication over time or
space cannot be carried ¢8emagret al, 2010)and phenotypic evaluation on single
plants are usually not considered reliable for quantitative traits like yidics
limitation of F, populations can be overcome by cloningpknts in species that are
easily cloned (e.g. by taking cuttings) to in@eahe replication of the traits. Another
possibility is to produce Fplants from E seltpollinated plants, eachzFamily
consisting of multiple plants to be used for phenotypic evaluation. The assessment of

single plants is replaced by an emphasishenperformance offfamilies.

Recombinant inbred lines (RILS) population

Recombinant inbred lines are homozygous (fixed) lines and can be developed from F
individuals using single seed descent or continuous inbred#iegrentjeset al,
2011) One seed is taken from each iRdividual and grown for a number of

generations (until aroundgFo Fg) with single seed descent at each generation until
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the lines are virtually homozygous at all loci. The result is a set of homogeneous,
homozygous lines for almost all lofarvasi and Soller, 1995These lines are true
breeding and large amounts of seed can be produced for replicated trials, making such
populations potentially immortal, for fully inbreeding specielsianget al, 2011)

RILs (or doubled haploids, where available) are considered powerful to analyze
guantitative traits effectively, witmarker data only needing to be generated once
(Collardet al, 2005; Tanksley, 1993Fully inbred lines can be readily circulated and
new data could be continuously added to the previously constructed map. Genotype in
this kind of population is represented by an inbred line, rather than by an individual,
So genetic components of variaramuld be assessed more accurately when studying
quantitative traitgBailey, 1981) The main limitations in using this population type
include the time and high cost for construction. Such popukatiolh detect only
additive effects without dominance effects. For species where the final product (such
as the cultivar) is fully inbred, additive effects are likely to be sufficient. Where the
final product is a hybrid between two inbreds, then dominance effectsnbeco
important and these population cannot intrinsically reveal the effects of particular

combinations of alleles within the hybriHaley and Anderson, 1997)

Backcross populations

This type of population is easy to develop by crossing;giant to one of its parents
XVXDOO\ WKH PEHWWHU SDUH Q \noHulatod, dachApbnmaby\Ww 6LP

backcross genotype is represented by a single plant. This kind of population is less

informative for|linkagg mapping compared to am, Ppopulation as recombination

among markers occurs in only one set of gametes (either male or female), although

interpretation is simplefLanderet al, 1987) BC1 populations can provide abundant
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genetic infornation to analyze both additive and dominant effects. It can also be used
to analyze QTL, however it is a temporary population and the population genetic
structure will change with further sgdbllination or backcrossing/Vang and Gee,

2010)

Doubled haploid populations

Heterozygous Findividuals are used to produce doubled haploid lines (DH lines)
using microspore culture or wide pollination techniquésey can also be produced

by female gametophyte (usually unfertilized egg cells) culibevaux and Pickering,
2005; Zhanget al, 2011) Production of haploids and chromosome doubling are two
key steps in DH production. Haploid plantlets produced from embryos can undergo
spontaneous doubling or this can often be induced through the use of Colchicine to
produce doubled Ipoid lines(Forsteret al, 2007) DH lines have the advantage of
producing homozygous or fixed lines that are no longer segregatireg single
generatior(Collardet al, 2005; Semagat al, 2010) This kind of populations can be
used efficiently in map construction and QTL analysis, particularly when the effect of
the QTL is small (Devaux and Pickering, 2005Yhey have been used for QTL
mapping in many species e(@ehnet al, 2005; Semaget al, 2007; Semaget al,

2006¢; Xu and Crouch, 2008)

1.6.2 Polymorphism identification

Identification of the polymorphic markers is the second step in genetic map
construction. Enough polymorphic markers are required to be present between the
parents of cross to construct the map (Young, 1994). The identified markers must then

be screene@gainst DNAs of the individuals of populatioand they have toeveal
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differences between individuals to be called mdymorphic. Depends on their
discrimination of lmmozygotes and heterozygotesyttare classified in ta@lominant

and codominant markers Codominant markers can differentiate between
homozygotes and heterozygatesth WKH GLIIHUHQFHYV L&ppakkektH VL]H |
while dominant markers are either present or absent within indivifDalirdet al,

2005; Semaget al, 2006a)

1.6.3 Linkage analysis of the markers

Analysis of a linkage map composed of molecular markers makes it possible to detect
the gene or QTLs controlling traits based on the genetic recombination during meiosis
(Tanksley, 1993)Mapping programs are used to analyse the segregation patterns of
DNA markers throughout coding the data for each markeyach individual of a
population and conducting linkage analy&iollard et al, 2005) Logarithm of odds
(LOD) value or LOD score is used ¢xpresghe strength ofinkage between markers
(Risch, 1992) The Distance between these markers along a linkage map is measured
in terms of the frequency of recombination between them, howedher genetic
distance on a linkage majoes notdepend on the genome size bé tplant species

(the physical distance of DNA between genetic majkbrg on the frequency of
recombination between the(Raterson, 19965ince recombination frequencynot

linear, mapping functias are required to convert recombination fractions into
additive centiMorgans (cMXistances Two commonly used mapping functions are
Kosambi and Haldane, assuming the presence of interference and assuming the
absence of interferenc@.e. no effect of crossing over in the neighbor regions,
respectively(Hartl and Jones, 2001; Kearsey and Pooni, 1996pmmonly used

software programs and freely available online include Mapmaker/(EXiRleret al,
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1987; Lincolnet al, 1993)and MapManager QTXManly et al, 2001) The JoinMap
softwareis another commoniysed program in constructing linkage magghough it

is not freg(Stam, 1993; Van Ooijen, 2006)

Construction of a genetic linkage map is one of various applications of molecular
markers in plant breedin It allows detailed genetic analysis of qualitative and
guantitative traits that enabilee localization of genes or quantitative trait loci (QTL)

(Doemge, 2002; Semaget al, 2006a; Yimet al, 2002)

1.7 Quantitative Trait Loci

Genetic variatiorin nature often takes the form of a quantitative phenotypic range,
with an approximately normal distribution, rather than of qualitative phenotypes that
fall into discrete categorig®aran and Zamir, 2003\ QTL is a genome region that
appears to contribute tocuantitative traitwhich can be localize by marker linkage
map as first demonstrated Byatersoret al. (1988) It can be a single gene or it might

be a cluster of linked genes that affect the trait. Mapping of @ws a statistical
descrption of the effecs of each genome region on quantitative tréitsiod, 2009)

QTL analysis stuiés the genetic variatioin a controlled cros$o locate the genes
respondile and to explore their effects and interactiffsarsey, 1998)

QTL mapping has facilitated investigations into the moleculaishasseveral traits in
plant species such @gabidopsis(El-Assalet al, 2001) rice (Kojima et al, 2002)
maize(Thornsberryet al, 2001) tomato(Fraryet al, 2000)and in soybea(Panthee

et al, 2007)

QTLs mapping analyses the association between the QTLs and genetic markers for
linkage disequilibrium, requiring the information on both markers arshqifipic

values of each individual in the population usdéiuynh, 2009) When genes
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controlling quantitative traits interact with afa other or there is a genpty and
environment interaction QTL mapping has to involve more sophisticated analysis
(Mackay, 2001) With increasing complexity levels of QTLdifferent techniques
have been developed in planis associate QTL with molecular markers using
mapping populatiorfNagabhushanat al, 2006) The commonly used techniques in

QTL mapping are:

Single Marker Analysis (SMA):Considered as the simplest method, does not require

a complete linkage map. This analysis can be performed with basic statistical software
programs to detect QTLs associated with single markers by testing the association
between trait values and the geyps at each marker locus. Linear regression is the
most commonly used statistical method for this analf@Galard et al, 2005) The
programs used to perform this analysis include QGéNelson, 1997)and
MapManager QTX{Manly et al, 2001) The sample size is the first consideration as
morerobustass@iationscan be obtained with larger samples of individwaild also
provides greatersensitivityto detect QTL(Doerge, 2002)The main disadvantage of

this method is that apparent QTL effeat a marker will be smaller than thaetual

QTL effect as a result of recombination between the marker and theA)Sd_when

the markers are widely spaced (more than 15 cM) the QTL may be quite far from all

markers causing the power of QTL detection to be decrdasedsley, 1993)

Simple Interval Mapping (SIM or IM): Considered a more powerful method
statistically compared to single marker analysis. It involves a test of association
between trait values and positions within nearkntervals along the linkage map to

check for the presence of a QTL at many positions between two markérdadier
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and Botstein, 1989)The interval mapping (IM) approach uses information from
informative markers simultaneously toiesdte the QTL location and its effe@nott

et al, 1996) The disadvantage of this sort of mapping is that the detection of QTLs
could be misleading by giving positive or negative results due to possible interference
of other markergRodriguezZaset al, 2002) MapMaker/QTL(Lincoln et al, 1993)

and MapQTL(Van Ooijen, 2009have beemevelopedo carry out thisanalyss.

Composite Interval Mpping (CIM): This method has been developed to address
problems with the previous two methods of QTL analysis. It combines interval
mapping with linear regression and the possibility to allow additional genetic markers
in the model in addition to an adjacent pair okéd markers for interval mapping
(Jansen and Stam, 1994; Zeng, 1993; Zeng, 1994JIM the variance from other
QTL is accounted for by oluding partial regressionoefficients from markers in
other regions of the genonfBastenet al, 2001)and the effects of other QTL are not
present as residual varian@@&hakaborty and Zeng, 2011 Morever the bias that
would normally be caused by QTL that are linked to the position being tested could
be eliminated by performing thesnalysis(Nagabhushanat al, 2006) To perform

this analyss a number of programmes have been develgpet asWindow QTL
CartographefBastenet al, 2001; Wanget al, 2007) MapManager QTXManly et

al., 2001)and PLABQTL(Utz and Melchinger, 1996)

Multiple Interval Mapping (MIM): QTL mapping by MIM model was first proposed
by Kao et al, (1999) This model could fit mitiple putative QTLs simultaneously to
reveal their individual effects in addition to analyse epistatic QTL and heritability of

guantitative traits. Thus, the comporeeot genetic va@ance contributed by individual
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QTL can be calculated and markeassiged to represent theifChakraborty and
Zeng, 2011) The software R/qtl can be usedestimate multiple QTL mapping for
guantitative trai{Arendset al, 2010)

However, none of these programs incorparatd the functions of QTL
methodological analysis im one QTL mapping system, the QTLNetwosoftware
package has been introduced to enable the detection of multiple Qufish can
simultaneously map quardttve trait loci (QTL) with individual effects, epistasis and

QTL environment interactiofiYanget al, 2008)

1.8 Marker -Assisted Selection

In plant breeding, as quantitative traits aatentially controlled by several QTLs,

and due to the cost of utilizing several QTLs only a few DNA markers that are tightly
linked to agronomical important traits (no more than 3 QTh&ye be used as
molecular tools for marker assistant selectiopractice(Collard et al, 2005; Ribaut

and Betran, 1999)Up to 5 QTLshasbeen reportedsbeing introgressed into tomato

via MAS (Lecomteet al, 2004) Markersdetected to &associated with QTLs from
preliminary mapping studies were not directly useful in MAS because of the
possibility of inaccurate position of QTL due to sampling i{idelchingeret al,

1998) Confirmation and validation steps for these QTLs are preferable before using
them without subsequent phenotyping MAS (Langridgeet al, 2001) although
there are some examples of highly accurate preliminary QTL mapping data
determined by subsequent QTL mapping rese@dhbe, 2006)

All QTLs selected for MAS shouldeally be stald across environments and they

should account for the majority of phenotypic variance for the (triitalmaniet al,
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2002; Ribaut and Betran, 1999; Tanksley, 1993he pipeline of marker

developments in QTL analysis and MAS can be descrihédyure1-6

Figure 1-6: Marker and QTL validation pipeline for MAS (Collard and Mackill, 2008) .

Other considerations for the markers used in marker assisted selectibayasbould

be tightly linked to target locitaless than 5¢cM genetic distance is preferable.
Flanking markers or intragenic markers increase the reliability of the markers to
predict phenotype. Good quantity and quality of DNA and simplicity of technica

procedure for marker assay are also required. In addition they have to be highly
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polymorphic in breeding material and be eeffective(Mackill and Ni, 2000; Mohler

and Singrun, 2004)

Markerassisted selection (MAS) inaapproachwhereby a phenotype is selected
based on the genotype of a marker. This approach has been developed to solve the
problems of selection criteria in conventional plant breeding through shifting from
phenotypic selection toward gene selection either direntlyndirectly, which may
greatly increase the efficiency and effectiveness in plant breeding compared to
conventional breeding metho@&8ollard et al, 2005) Once markers that are tightly
linked to genes or QTLs of interest have been identified, prior to field evaluation of
large numbers of plants, breeders may use specific DNA marker alleles as a
diagnostic tool to identf plants carrying the genes or QT(Mlichelmore, 1995;
Ribautet al, 1997)

Applying MAS in the early generatisnhas a great advantage allowing the
elimination of plants with undesirable gene combinations. Tneaterattention can

be concentrated on fewer highiority lines in subsequent generations. When the
linkage between the marker and the selected QTL is not very tight, the greatest
efficiency of MAS is in early generations due to the increasing probability of
recombination between the marker and Qi later generation&ollard and Mackill,

2008)

The trend of utilization of molecular markers agand genetic maps make MAS
possible both for traits controlled by major genes and for quantitative trait loci
(Franciaet al, 2005) Although the availability of public databases for markers and
QTLs will lead to the greater adoption of MAS in major crops, the incatgor of
MAS will still be very slow in plant breeding programmes for orphan crop species

and in developing countrig®Naylor et al, 2004) Focusing on comparative genome
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analysis for closely related crops especially between model crops and orphan species
might be one of the solutions to facilitate the construction of-tegtsity molecular
linkage maps for gene localization and QTL mapping of important agronomic traits in

these minor crops.

1.9 Aim and objectives of this study

The aim of this project is to construct and develop a genetic linkage map af an F
segregating population derived from the irgtdospecific cross (DipC x Tiga necaru).

The cross has been developed frdemesticated landraces which contrast for a
number of agronomically important traits, including; extent of bunching, internode
length, canopy spread, peduncle length, biomass and seed yield. A partial genetic map
for an intersubspecific cross between andesticated landrace and a wild ancestor
(Basu et al, 2007c)will also be improved, traits analysed and the genetic maps
compared. The mapping will develop, characterize and utilize microsatellites and
Diversity Arrays Technology (DArT) markers toarcy out a QTL analysis of
economically important trait§ling et al, 2009; Seragn et al, 2006b; Xueet al,

2010; Zhanget al, 2004) This should help to identify markémait linkages usefl for

the introgression of desirable genes or QTLs for maaksisted selection in breeding
programs of bambara groundnut. The analysis should also give a fundamental insight
into the genetics underlying important agriculturally relevant traits (as agethe
SURFHVV RI GRPHVWLFDWLRQ WKURXJK D PRUH GHWDL

could help inform conventional breeding selection.
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The objectives of this study were:

Validation of the population under study using microsatellite markeevaal the

residual heterozygosity in the population.

- Development of polymorphic SSR and DArT markers to construct the genetic
linkage map.

- Construction of a genetic map in the segregating population derived from an intra
subspecific narrow cross.

- ComparisRQ RI WKH pQDYBRIHMFLOWUDHQHWLF PDS ZLWK
subspecific genetic map.

- Evaluation of important phenotypic and agronomic traits through selection in two

different environments (Field and controlled environment glasshouses in

Indoresia and the UK) for QTL trait analysis.

- QTL analysis of the important agronomic traits.

Thesis outline

Chapterl: Presents the introduction and the aims of the project. It also provides a
review of the existing literature on underutilized crops, focusimg bambara
groundnut. Different types of molecular marker and their applicatiaiifferent plant
species, construction of genetic linkage maps, QTL analysis and 8ASalso

reviewed in this chapter.

Chapter 2: Explains the methodology of molecular naggealysis using SSR and
Diversity Arrays Technology (DArT) markers, phenotypic evaluation in glasshouse
and field experiments, data preparation, construction of the genetic maps and

subsequent QTL analysis.
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Chapter 3: Focuses on the results of screetiegSSR primer pairs (derived from
different microsatelliteenriched libraries) for polymorphism in the segregating
populations, DipC X Tiga necaru and DipC x VSSP11. It also describes the
development of DAIrT markers and the validation of the populatioweustudy,
through evaluating the presence of residual heterozygosity and evaluation of the

populations for contaminants/ectosses.

Chapter 4: Describes the distribution, segregation of agronomic traits and their
associations for thesfpopulation deried from the DipC and Tiga necaru landraces,

in controlled environment glasshouses (Sutton bonington campus, UK) and in the
Field Bungah field, Gresik, IndonegiaData collected previously from ah;
population of the same cross in the Tropical Crops &ekeUnit was also involved

alongside the fdata analysis.

Chapter 5: Presents the results of genetic linkage map construction for both narrow
(DipC X Tiga necaru) and wide (DipC x VSSP11) crosses, with a shared maternal
landrace (DipC) parent, using AFLSSR and DArT markers. This chapter also

describes the initial attempts to combine the wide and narrow genetic linkage maps.

Chapter 6: Describes the QTL analysis of agronomically important traits and their

inter-correlations.

Chapter 7: Overviewed the s@ts and discussion of different chapters and also

concluded some future works.
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Chapter 2. MATERIALS AND METHODS

This chapter is divided into four sections. It starts with the molecular biology
experiments in the laboratory (DNA and markechniques). A segregatings F
population derived from a narrow intsabspecific cross and an, Begregating
population from a wider intesubspecific cross were used. The second section
describes characterization of agronomic traits and their segregatitarns in a £
population derived from a controlled cross between the DipC and Tiga necaru
landraces, assessed both in the field and the glasshouse. The third and fourth sections
explain the methodology of constructing a genetic linkage map and QTLsenaly
respectively, in both segregating populations from the narrow and wide crosses of
bambara groundnut. Details of the materials and methods used for each aspect of the

investigation have been described in their appropriate sections.

2.1 Development of plymorphic SSR and DArT markers and validation of the

F3 population

2.1.1 Plant materials

A segregating Fpopulationderived from an intraubspecific cross between the DipC
(female) and Tiga necaru (male) landraces which wbtained originally from II'A

was used as the plant material for molecular analysis using SSR and DArT markers.
Although there was limited seed material available for theelgregating population
under study, it was possible to investigate a total of 73 lines in the glasshouseaand i
field trial. Another segregatingBopulation, previously studied in the construction of

an initial genetic linkage map for the cross of DipC x VSSP11, was also analysed.

61



Chapter 2. Materials and methods

2.1.2 DNA Extraction

For each line, approximately 5g of fresh leaf from the §laase (25 leaflets in total)
was picked from the bulk of plants within linefrom 4-10 plants per line were
sampled, depending on the seed availability for that-liaed flash frozen in liquid
nitrogen. All 73 lines were transferred to the laboratdhe leaves were ground with
liquid nitrogen using a prehilled mortar and pestle, after which the powder was
transferred to a prehilled 50 ml falcon tube (Sarstedt) to begin DNA extraction.
Genomic DNA was extracted from all the lines of the segregaiopulation using
the Dellaportaprotocol (Dellaportaet al, 1983) with some modifications DNA
extracted was rguspended in 500ul of 1X TE buffer. Samples were kept in 1.5 ml
Eppendorf tubes and stored-26°C. All work with DNA stocks was carried out on
ice. For the individualsf the K, population GenElute Plant Genomic DNA kit (Sigma
Aldrich) was used to extract DNA from silica dried leaves for all individuals and their

parents.

2.1.3 DNA quantitation

Gel electrophoresis was used to quantify and test the quality of genomic ANA
known volume of each sample was loaded onto a 1% Agarose Molecular Grade
(Bioline) gel in 0.5 x TBE (Tris borate EDTA) buffer alongside a range of uncut
lambda DNA standards containing 500 to 25 ng DNA. The gel contained 1pL of
10mg/mL ethidium bromidstock per 100ml of gel (Promega Corporation). This was
added once the dissolved gel had cooled enough to be handled safely and the gel was
swirled before pouring. The gel was allowed to fully set before submerging in the
same buffer in a Biorad Mini Su@ell GT kit and the comb removed. In the first lane,

5uL of 2-log DNA ladder (New England Biolabs) was loaded, followed by DNA
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samples of bambara groundnut premixed with 6x loading buffer (2uL DNA + 5uL 6x
loading buffer) for each sample. Uncut lambda DNe®(g/pL) was loaded in the
following amounts; 10uL, 5uL and 2.5uL to act as a fluorescence comparison with
the unknown samples, allowing an estimate of sample concentration to be made. The
gel was run at 90 Volt for 2 hours. The concentration of each DatApk was
determined approximately by comparing the fluorescence of the unknown sample
under UV light with lambda DNA bands for the same gel. The quality of DNA can
also be determined by visualization, comparing the size of extracted fragments with
the 2log ladder and lambda samples. After quantitation DNA samples were diluted to

10ng/pL to be used in PCR reactions.

2.1.4 Molecular markers

Two molecular marker techniques, microsatellite (SSR) and Diversity Array
Technology (DArT) were investigated in thstudy to analyze the differences at
molecular level in the segregating SRSXODWLRQ RI WKH pQDUURZT
heterozygosity was also revealed with polymorphic SSR markers, allowing the
validation of the identity and generation of the populatiodenrstudy. Microsatellite
markers were also appliedtothe ERSXODWLRQ GHULYHG IURP WKH pu
VSSP11) and the population was also analysed by DArT, allowing additional markers

to be added to the initial linkage map (primarily based on AriaFkers)

2.1.4.1 Microsatellite markers developed and used in this study
A total of 124 SSR markers were tested for segregation in the wide and narrow

crosses of bambara groundnut. These markers were derived from a number of sources,
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including a454sequenced microsatellienriched library and a bambara groundnut

leaf transcriptomeOne SSR marker from soybean was also used in this investigation.

Roche 454 pyrosequencing technology was used to facilitate microsatellite discovery
and sequencing. e libraries were developed using the methodEdivardset al.

(1996) The technique involved digestion of genomic DNA with a restriction enzyme.
Digested fragments were ligated to an adapter, then they were amplified with PCR,
before hybridization to immobilized synthetic SSR repeat motif oligontidies

After stringent washing, the repeatriched amplicons were recovered from the
hybridization filters and amplified. The pool of PCR fragments enriched for simple
sequence repeats was 454 Pyrosequenced (Roche) using a 1/16th plate run with
Titanium reagents. This was expected to give an average read lengti#3Qifp, as
defined by the manufacturer.

Sequences of microsatellite repeat motifs were used to screen for repeats within
individual sequence amplicons using the MISA.pl (Perl) script (pgrc.ipk
JDWHUVOHEHQ GH Play approacKwhassed % allow generic labeling
with a third (M13 sequence) primer which was directly labeled with one of the
following dyes; D2D4 (Black, Green, Blue; WellRED, Sigma Aldricf$chuelke,

2000)

The primers used in this investigation were classified to three primer sets according to
their development sources:

The first set of 57primers waspreviously developedPrimer pairs amplied PCR
fragments of the expected size were screened for polymorphism in the segregating
populations. These were developed using Sanger sequencing of individual clones.

Labeling used a M1 4Tag approach. One microsatellite marker from the related
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legume, soybeanQlycine maxL.) (Peakall et al, 1998) was also tested for

polymorphism within the individuals of;fprogeny|Appendix1).

The second set of 37 SSR primer pairs were also designed from the bambara
groundnut microsatellitenrich library (Mayes, unpublished data), this time using a
1/16" 454 Pyrosequencing ruwith Titanium reagents, allowing longer sequences
(expected length 36850bp) to be generated. A total of 37 primer pairs were designed

by the current author with 32 fragment sequences being screened for polymorphism in

the populations under studggpendix2). The first work on this library started with

identifying the unique fragments containing microsatellite repeats from sequences
contained SSRs. SSparameters, including motif, size, repeat start point and end

point were used to identify unique fragments from fasta dataset.

The third set of 29 primers was developed from bambara groundnut RNA deep
sequencing transcriptome library. RMased sequencelata was generated
previously using a 1 plate 454 Pyrosequencing from the3Sjénotype of bambara
groundnut as part of an investigation into temperature effect on gene expression in
EDPEDUD JURXQGQXW OHDI E\ 6HDQ OD\HVndilk& XS 7KH
for microsatellite repeat motifs. Of 68 primer pairs synthesized 29 gave polymorphic

SSR primers against a standard set of 24 genotypes representing Bambara groundnut

germplasm. These were tested as the third set of microsatellites on botangide

narrow cross populationgppendix3).
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Detailed microsatellite methods

Primer Design

Web-based programs Primer3 version 0.4katp;//frodo.wi.mit.edu/primerd/ by

Rozen and Skaletsky (200@)as used to design the primers flanking the identified

SSR. In the program the unique sequences were pasted into the input field. The target
665 ZDV LGHQWLILHG XVLQJ D VTXDUH EUDFNHW 3> @~
to exclude parts of the sequence such as adapter or obvious repetitive or poor
sequene regions. Some of the default parameters were adjusted manually in the
software package to screen for the required primer pair; for instance the product size
range was fixed to start from 100 bp instead of the default of 150bper GC%

minimum not to kb less than40 and an effort was made fc1n|\/|ax 3' Belf

Complementarity not to be more thar[F:Bg(ureZ-l .

Figure 2-1: Default parameters condition to pick the primer using Primer3 (v. 0.4.)
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The result of designed primer by wbhsed progranPfimer3 v.0.4.) wasipked and

saved as a text filg={gure2-2).

Figure 2-2: Primer pairs designed with the Primer3 software. The SSR motif repeat has been
highlighted, the forward and reverse primersZHUH GHQRWHG E\ 3!!l" DQG.3 °~ UHVSH

The modified M13 {21) tail sequence (CAC GAC GTT GTA AAA CGA C) was
DGGHG WedRd f khel forfvard primeréSchuelke, 2000)to give Forwarelag
primers. Fluorescently labeled M13 universal primer, labeled with blue dy®{)2
was ordered from Sigma Aldrich/Proligo at the 10 OD scale. Reverse -diag F
primers were all ordered from MWG Eurofins. The three primer labelingoapp
(Schuelke, 2000yvith modified M13 sequence was used to label the SSRs prior to

running the PCR products1 a Beckmann CE® 8000.

67



Chapter 2. Materials and methods

Preparation of main stocks of primer (200pmol/uL)

To prepare a 200pmol/uL (1000x main stock) from the ordered primers, Sigma

Molecular biology grade water was added into the lyophilized primer containing vials

to give a final cacentration of 200pmol/L, based on the synthesis report. The tubes

were vortexed, spun down and placed on ice for 30 min. After that a 5pL volume was
taken from the main stock of both Forward & Reverse primers, separately, and mixed
with 495 uL SDW, to prduce a 10x primer stock 10X ( 20 uM/uL) for each primer.

These were kept in a freezer26°C.

Three primer design
The system of three primer design was reporte®dyuelke (2000)This approach
allows a large number of potential microsatellites to be screened at reduced cost.
Detecting the length of PCR product by capillary seqeenmequires one of the
primers to carry a fluorescent label. In this system, a specific sequence is added to the
T HQG RI WKH -§pedifld Mardv/piie. TsHRag primer is used along
with the previously used sequenspecific Reverse primerDQG ppuXQLYHUVD

fluorescentlytabeled M13 {21) in the PCR reaction.

The forward primer used in the reaction was f/@bthe standard amount. The other
9/10" of the forward primer are made up with the Universal fluoresiedseied M13
primer. The reacdn conditions were chosen such that during the early cycles, the
forward primer with its M13 Q1) Tag (CAC GAC GTT GTA AAA CGA C) is
incorporated into the accumulating PCR products. Thus, the universal #2118 (
HWDNHYV RYHUY DV D )R par&ids GeSlubkeRdémd dizeQrin th€) FORU

product in later cycle
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Primer optimization

All the primers were optimized to identify the optimal and working annealing
temperature at the gradient range56f65°C using a Thermo Hybaid Express PCR
machine (Electron Corporation, Milford, MA, USA). Equal amounts of genomic
DNA from six landraces at 10ng/uL concentration were mixed and used as a template

in the primer optimization. The PCR reaction mixture is desdrds below:

2uL PCR Buffer (New England BioLabs; w/MgCIl ILQD O PO /| YJRUZDUG
—/ 5HYHUVH SULPHUYV 0o —/ —/ RI' O 7DJ 0 —

(0.25 mM each final concentration (Promega corporation), 0.1 pL of 5 unit Tag DNA

poymHUDVH 1HZ (QJODQG %LR/DEV —/ Rl WHPSODWH

of sterilized distilled water. The master mix for each primer set was dispensed into 12

wells of 96well plate (212) per primer pair. Eight primer pairs were screened per 96

well plate (Thermo Scientific). The plates were sealed with a ThermOwselaling

mat (Fisher Scientific) and spun briefly in an Eppendorf refrigerated centrifuge

(5180). Amplification was carried out across a gradient of 12 different temperatures

with the following cycling regime: 9%C for 3 minutes, 35 cycles of 93 for 1

minute, 12 temperatures from wells 1 to 12, ranging betweest%D for 1 minute,

72°C for 2 minute; with a final extension at®@for 10 minutes.

Gel electrophoresis of PCR products

A 500mlagarose 2% gel was prepared in 0.5 X TBE. 2uL of ethidium bromide stock
(10mg/ml) was added to the gel solution which was then poured into a taped Scot lab
gel tray, with 2éwell combs (Scotlab Maxi gel; model). 12 rows of combs (each row
contained 26 wdd) were fitted into the gel tray immediately after pouring. This

allowed 3 x 96 welplates to be analyzed at the same time. 5uL of 6x loading buffer
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was added into each well of PCR products after amplification. The plate was spun
briefly and 10pL from eeh well was loaded into the submerged gel, after removing
the combs. Each primer pair reaction was loaded into one half of a row of the gel
(each primer pair had 12 reactions across € Hnnealing gradient). 5uL of-ldg

DNA ladder (New England Biolabsyas loaded in the first lane of each primer pair.
The gel was run for 45 minutes at 120 Volt. It was visualized by illumination with UV
light and images taken using a Biorad (Gel DOC 2000), then printed on a thermal
printer (Mitsubishi P91). Based on thetensity and size of bands, the optimal

annealing temperatures were determined for the primers.

PCR reactions for the individual lines of segregating populations

7KH 3&5 UHDFWLRQV ZHUH FDUULHG RXW LQ D WRWDO
difference wasn the DNA template, with each well a single individual from the cross

being analysed (plus parents and controls). The amplification was carried out in a ABI

PCR 9700 Thermocyclemachine(ABI, Carlsbad, CA, USA)with the following

profile: Initial denatwation at 94C for 3 minutes was followed by 35 cycles of@4

for 1 minute, 5665°C for 1 minute (at the optimal annealing temperature derived

from a gradient annealing temperature PCR reaction) afi@ 7@ 2 minutes,

followed by a final extension at A2 for 10 minutes.

Gel electrophoresis for PCR products of the individual lines
Visualizing the PCR products of individual lines was conducted in the same way as
described for primer optimization. Products were visualized to ensure that all samples

hadamplified before loading samples onto the Beckmann &EBDOO.
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Capillary electrophoresis
The fluorescently labeled PCR products were loaded onto the BeckmanH'CEQ
8000 (Beckman Coulter Inc, Fullerton, USA). The Beckman Coulter EBD00
Genetic Analyzels a fully automated system for genetic analysis. It automatically
fills the capillary array with a patented linear polyacrylamide (LPA) gel, denatures
and loads the sample, applies the voltage program, and analyzes the data. All PCR
products (SSR fragmes)t were sized on with a 400 bp size standard. The sample
loading solution (SLS; Beckman coulter Inc, Fullerton, USA) was mixed with the size
standard $S; Beckman Coulter Inc, Fullerton, USA) in the ratio of 1:100 (v/v) and

/ RI WKH PL[W X Urtio th® indigded) elis®f & new PCR plate: 2 O
of the single or pooled PCR products (depending on the intensity of bands visualized
on agarose gel and size range of SSRs under analysis) from each genotype was added
into the mixture of SLS and SS sbans. Each well was overlaid immediately with a

drop of mineral oil (Beckman Coulter, Inc Fullerton, USA).

Capillary result analysis

The CEGQM 8000 Fragments Analysis Software Version 8 (Beckman Coulter Inc.,
Fullerton, USA) was used to measure and analyze the fragment sizes of PCR
products. The results were transferred to a Microsoft Office Word Document file. For
each microsatellite marker tipeoduct sizes were scored manually in all individuals.
The largest peak size (rounded to the nearest whole number) from the
electrophoretograms was recorded as the allele size for each individual. Scoring was
based on overall microsatellite allele patsgrnather than a specific peak, as the
relative peak height can change between alleles and it is the overall pattern which is

important to maintain a consistent scoring pattern.
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2.1.4.2 DArT marker

Diversity Array Technology marker assays were developedpanformed by DArT

Pty. Ltd (Yarralumla, AustraliTwww.diversityarrays.coT) as previously described

(Akbari et al, 2006; Semagret al, 2006c; Stadler, 2009; Wengt al, 2004)
Genomic representations were prepared from 73 DNA samples from the individual F
plants of the cross (DipC x Tiga necaru), using both restriction enzymes
representations (bgPabg andgP) as described in Stadle(2009. These
representatives were hybridized to the existing 7700 clone array and scored by DArT

Pty Ltd.

2.1.5 Application of the microsatellite markers in the E population

A segregating Fpopulation derived from the wide cross of DipC and VSSP11 were
prepared from dried leaves that had been stored for 10 years. Genomic DNA was
extracted from 98 individual lines of the population along with their parents angd F
hybrid, using the GenElutePlant Genomic DNA kit (Sigma Aldrich). All
microsatellite markers developed from different sources were tested for
polymorphism in this population. The parents andhybrid were used first to detect
potentially polymorphic markers and those showing diffi¢ allele sizes on the
BeckmannCEQ™ 8000 were screened against all individuals. Genomic DNA of
individuals from this cross was amplified with a slightly increased cycle number

(37-38) due to the relatively poor quality of the genomic DNA from ¢thiss.
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2.1.6 Isolating DNA from Bambara groundnut seeds

2.1.6.1 DNA Extraction

An experiment was carried out to extract the DNA directly from the endosperm of
bambara groundnut seed, without affecting seed viability. The seeds were drilled on
the oppoge side to the embryo with a Dremel craft drill (Dremel 300 series, model
300 F013030046, mexico). The GenElute Plant Genomic DNA kit (Sigma Aldrich)
was used (with some modifications) to extract the DNA from the endosperm powder.
Three different incubatio periods (10, 30 and 60 minutes al®pwere tested after
adding both parts of lysis buffer A and B, to optimize the incubation period to obtain

the highest yield of DNA from dried seed.

2.1.6.2 Germination test

The drilled seeds were tested for viakiih a germination test, to check the influence

RI GULOOLQJ WKH VDPSOH 7ZR GULOO GLDPHWHUYV
(1 and 0.5 cm diameter) and untreated seeds, were used in a (complete randomized
design) CRD experiment with three reaties of 5 seeds each. The seeds were treated
with 10% Parazone bleach for 15 minutes, prior to the experiment, to surface sterilize
them. Then they were rinsed three times with distilled water before use, to remove the
effects of the Parazone. Germinatiesting was conducted in the germination room

at 29C on Whatman filter paper in plastic petridishes, with 5 seed per dish. Water
was applied once a day to ensure that the paper remained wet and the irrigation water
was treated with FilkX fungicidal (0.625 ml/2.5L water) to protect the seeds from

fungal disease.
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2.2 Characterization of the segregating population

The segregatingsfpopulation lines derived from an intsaibspecific cross of DipC x

Tiga necaru landraces were evaluated in a controlledaamaent and in a field
experiment, to determine the segregation patterns and inheritance of morphological
and agronomic traits identified in the two parents of the crasseéd derived from
seltfertilization of 73 K plants were utilized for both evalians. Previous
phenotypic data recorded for the second filial generatighofffhe same cross grown

in the Tropical Crops Research Unit (TCRU) at Nottingham University were also
used in this study for trait and QTL analysis.

Phenotypic evaluation was i@med for the Esegregating lines and their parents in

a fully controlled glasshouse (FutureCrop glasshouses) at the School of Biosciences,
Sutton Bonington campus, University of Nottingham. The experiment was set in
complete randomized design (CRD) lw#t replicates. The individual plants represent
each replicate. The seeds were planted on 8th Aug 2011 after preparation of the soil
bed and seed were planted at @8 Z2m depth under the soil. The glasshouse
experiment was run for 5 months and plants heedeon the 8th Jan 2012. They were
grown in rows with a 25cm x 25cm spacing between individual plants. Photoperiod
was set at 12 hours using an automatic blackout system witl’G @8/ time
temperature and 23 during the night, set for a 12/12 splitickle tape irrigation

was used to irrigate the plant for 20 minutes, twice per day. Irrigation was adjusted as

needed to maintain well watered conditighgy(ire2-3). A field trial was also carried

out for all 3 progeny lines in Bungah field, Gresik, Indonesia on 30th May 2010.
Seasonal constraints at that time of the year in Indonesia constrained the life cycle of
this crop to around four monthadit was harvested on 26th Sep 2010. The available

seeds for each line {6 seeds) were planted directly into the soil with 40 cm between
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rows and 40 cm between the plants within rows. The morphological and important
agronomic traits here were also claesized according to descriptors in the book

H%DPEDUD JigRXNQEe@a08% (IPGRI, 2000)

Figure 2-3: Trickle tape irrigation for F 3 population of bambara groundnut grown in the

FutureCrop glasshouses after 5 weeks from sowing

2.2.1 Characterization of the traits

Glasshouse and field traits were characterized according to descriptors in the book
HM%DPEDUD JUdgX Quitt€prxndg (IPGRI, 2000)with some modifications.
Data was recorded for the individual plants at different growth stages and during

harvesting as follows:

2.2.1.1 Vegetative characters

Days to emergenceNumber of days from sowing to tlappearance dirst true leaf
on the soil surface.

Flower no./plant Counted each -3 days from the first day of flowering for the

duration of study.
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Leaf no./plant Recorded at the™4month after planting as total leaf no/plant in the
field experiment. In the glasshouses it was recorded weekly from 5 weeks after
emergence for a further three months.

Days to flowering Recorded from seedling emergernioghe appearance of the first
flower(s).

Plant height(cm): Recorded from 10 weeks after sowing and measured from the base
of the plant at ground level to the highest point of the terminal leaflet.

Petiole length(cm): Recorded as the average length igé fleaves of each plant at
10" week after sowing.

Terminal leaflet lengthand width(cm): Maximum length and width of central leaflet
was recorded for 5 leaves per plant at 10 weeks from sowing.

Leaf area(cm?): Estimated based on the central leaflegtanand width using the
method ofCornelisseret al.(2002)in the following equation:

Iolamt: 0.86 * Leaf numbepr /HQJWK 'LGWK E @

Where leaf number = leaf number/plant; length and width being mean length and
width of the terminal leaflet of five leavesPIQW DQG &

Plant spread(cm): Greatest distance between two opposite points at the base and top
of plant, measured at harvest.

Stem no./plant Recorded at harvest.

Branch no./stem:Average number of branches on three stems/plant, counted at
harvest.

Node no./stemAverage node number on three stems/plant, recorded at harvest.
Internode length (mm): Average length of fourth internodes measured for five

longest stems per plant at hest.
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Growth habit Recorded 10 weeks after sowing for all individual plants, based on the
4" petiole (P)/4' internode (1) length ratio (P/I) as measured in descriptors; Bunch
type (P/I = >9), Sembunch type (P/I = 7+9) and Spreading type (open) (B/K7).

In our investigation to follow the segregation pattern of growth habit in the
segregating £we used the following classification: Bunch types were recorded for
the DipC parent class (P/I = >13.53), sdyanch (intermediate) type (8.567< [P/I]
<13.8) and spreading type for Tiga necaru parental class (P/l = <8.567). This
modification of the standard classification was introduced to allow segregation in
comparison to parental types to be scored.

Peduncle length(mm): Average length of five peduncleempplant, measured at
harvest.

Days to podding onsetNumber of days from seedling emergence to the discovery of

the first pod(s) (at least 0.5 cm long).

2.2.1.2 Yield evaluation traits

Pod no./plant Counted at harvest. Number of pods with more than one seed was also
determined.

Pod weight(g/plant): Weight of dried pods (at 12% moisture content) was recorded

after maintaining the harvest pods for three weeks“@.37

Pod lengthand width (mm): [Digital Vernier Calipef(model no. OBD15GP, serial

no. 211810, Mitutoyo UK Ltd.) wassed to measure the greatest length and width of
five dried pods containing one seed and five pods containing more than one seed,

when available.

Seed lengthand width (mm): [Digital Vernier Calipefwas used to measure the

greatest length and width of four dried seeds (at 12% moisture content).
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Seed no./plantcounted after removing the shells of all pods.

Seed weighfg/plant): Weight of dried seed (at 12% moisture content).

Biomass dry weightg/plant): The dry weight of all organic materials produced by
the plant was measured.

Shelling percentage (%)measured as an average of all pods/plant, basedeon th
weight of matured dried seeds compared to the weight of dried pods.

100-seed weighfg): Recorded after harvest at 12% moisture content.

Eye pattern around hilumtaken as a presence verses absenegepattern around

hilumfor the seeds of individudihes in the population under study.

2.2.2 Statistical analysis:

AndersonrDarling Normality tests(Stephens, 1974were used to screen the
distribution of the trait data. The inhenice and segregation of contrasting
morphological traits were studied in the segregating population derived from the
DipC and Tiga necaru landraces.

Chi-Square (Goodness-fit test) (Snedecor and Cochran, 198@ps used as an

alternative to AnderseBarling test for trait data that was ranrmally distributed.

Where:

Oi = observed frequency.

Ei = an expected (theoretical) frequency, based gnuhldypothesi

)

The ChiSquare value was calculated depending on the expected model for complete

and incomplete dominance of the trait distribution which depend on filial generation.
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For instancehe expected ratio for the phenotype of Mendelian traits is 3:1 and 1:2:1

for complete and incomplete dominaroethe second filial generatipmespectively.

The result was compared to pblei-squared distributigprobability to determine the

goodnes=f-fit at k-1 degrees of freedom.

Box-Cox transformations were applied for the traits showingmamal distribution

and not following Mendelian patterns of segregation, before retesting to determine
whether the transformed trait was normally distributed.

Statistical software GenStat "L£dition and MINITAB (Release 16) were used to
analyze the variance, construct residual plots and detect significant association

between the traits (p< 0.05).

2.3 Construction of the genetic linkage maps

JoinMap4 software (Van Ooijen, 2006) was used tostoct linkage maps for the

two segregating populations of the narrow and wide crosses. All 73 individuals of
segregating Fpopulation derived from the cross of DipC x Tiga necaru were used as
the first mapping population. The population was screened $8R and DArT
markers and polymorphic markers were scored for all individuals to be used in
constructing the map. The segregatingopulation of 98 individuals derived from

the cross of DipC and VSSP11 was also screened with both marker types; SSR and
DArT. Polymorphic markers for this population were used to add to the earlier

version of the linkage map based largely on AFLP markers.

2.3.1 Preparation of the data files:

30DLQ WH[W ILOHV pu/RFXV JHQRW\SH ILOH OKRFT ZHUFG
marker loci. These were prepared with the text editor program Wordpad and loaded
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into JoinMap4 software to be analyzed. The locus genotype fildilgdcontains the
marker segregation patterns within the population. It has a sequential structure,
containing four line header instructions. The data body contains the actual genotype
information for all individuals grouped according to locus as defined in the manual
The four instructions defined the name of the population, the type of population, the

number of loci, and the number of individuals. The syntax of the four instructions is:

name = NAME
popt = POPT
nloc = NLOC
nind = NIND

where NAME was the name given to the population, NLOC and NIND were the
numbers of loci and individuals, respectivelyndaPOPT was the code for the
SRSXODWLRQ W\SH ZKLFK PXVW EH RQH RI WKH FRGH\

the manual for JoinMap 4.0.

In the segregating F SRSXODWLRQ GHULYHG IURP WKH upuQDU
landraces) the parental data was aadilable by the time of running SSR aD&rT
markers. Phase determination for DArT markers was carried out by analyzing the

population initially as a Cross Pollinator (CP) to determine linkage phase for these

markers, using the segregation type codehidkkk> (Figure2-4).

Linkage analysis was carried out (as described below for théafaset) and all
markers showing linkage were collected into a new linkage file, for conversion (using

the determined phasata) into the new Hoc file.
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Figure 2-4: The locus genotype file (.txt) used to detect the phases of DArT markers in
segregatingk SRSXODWLRQ GHULYHG IURP pQDUUR.ZY FURVV LQ EDPEDU

Phasein the linkage groups was used to convert the DArT marker loci to different
FODVVLILFDWLRGWRERODAV LR JO0Y uiviHg & & &/ yhilel i} »
gave b,d). The newly arranged marker locus loc file for thedpulation was
prepared again in plain text file to assign linkage groups.

In the wide cross population the population code was selected for use in mapping,

as shown ifFigure2-5
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Figure 2-5: The locus genotype file (.loc) used the phases of DArT markers in segregating F
SRSXODWLRQ GHULYHG IURP pZLGHY FURVYV LQ EDPEDUD JURXQGQ:

2.3.2 Genotypingcodes for population types

It is very important that the order of the individuals is identical over all loci in the file.

The genotype code for population typ&$.3 and k, were as follows:

Code Description

a homozygote as the one parent
b homozygote athe other parent
h Heterozygote

c not genotype a (dominantdilele)
d not genotype b (dominaniadlele)

genotype unknown

Classification type codes at each locus were summarized for all individuals

automatically by the software into differeggnotypic classes with the expected ratio

adjusted according to the expected segregation 1

T2 1).
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Table 2-1: Classification codes of Fand RIL3; the ratios of expected Mendelian segregation

Code - Ratio , Classification into genotype classes

F, population type RIL3 population type
(a,c) 1:3 35 a and c; h and b will be includeddtass ¢
(b,d) 1:3 35 b and d; a and h will be included in class
(a,h,b) 1:2:1 3:2:3 a, h,and b

2.3.3 Linkage analysis of the markers

The linkage map was assembled for both populations, using the JoinMap4 software.
The default calculation options were applied, started with calculating the LOD scores
and pairwise recombination frequencies between markers. The loci for all individuals
iNnbRWK SRSXODWLRQ W\SHV ZHUH JURXSHG DFFRUGLQJ
manually selected using thresholds from LOE> &nd Regression mapping was
carried out. The Haldane mapping function was used to convert recombination
frequencies into map distaax (centimorgan; cM). Segregation distortion was
determined through a ekguare test for goodness of fit by comparing the observed
ratios to those expected, at the threshold of p = 0.05. The third mapping round forces
markers which have been grouped, bejected in the first and second rounds of
mapping into the genetic map. The markers those forced to be grouped after first
round but showed negative map distances and farges (threshold value >5) in

mean chisquare values were removed from the map.

24 QTL mapping

Phenotypic data for all agronomical traits for each individual across different

environments were combined separately with genotypic data and the linkage map in
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order to identify QTLs associated with these traits usitagpQTL v.6 software, for

each environmer{Van Oajen, 2009)

In the narrow cross, QTL analysis was conducted for the means of agronomic data for
the segregating sFpopulation in both glasshouse and field trials. Phenotypic data
recorded previously for the segregating gopulation of the same cros$GRU,

2004) were also used for QTL analysis. In the wide cross QTL analysis was
performed for the phenotypic data recorded for thpdpulation, analysed using the

improved genetic map derived from the wide cross of DipC x VSSP11.

2.4.1 Data files for QTLanalysis

Three types of data files were prepared for QTL analysis. They were prepared
according to the instructions given in the software magvah Ooijen, 2009)All
three data files were imported into the program and placed in the same directory to

avoid confusion. These data files are:

1. Locus genotype filelt also calledloc-file, being the same file as was used for
JoinMap 4 software to construct the map. This file contains the genotype codes for the

loci of segregating lines.

2. Map file: containing the mapped positions of all lo@sulting from grouping and
mapping the markers to yield the constructed map. This file will be used by the
software to dictate the positions of the markers relative to each other for applications
such as Interval Mapping. In non parametric mapping theatecanalysed one by one
and the positions of map are only used to sort loci, while in the interval mapping they

are used to calculate recombination frequencies, necessary for likelihood calculation.
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Map file has no header and ssawith the instruction fogroup number. The loci with

their map positions must be given on subsequent lines in ascendingrogdee 2-6).

Figure 2-6: Part of a map file (.map) used for QTL mapping of narrow cross population

3. Quantitative data file(also calledquafile) has the data for all quantitative traits
for all individuals. The header of the file contains three instructions, followed by the
names of the traits. The data body contains the trait information for all individuals.
The three instructions define the numsef traits (ntrt = NTRT), individuals (nind =

1,1' DQG WKH WH[W WKDW LQGLFDWHG D PLVVLQJ YDO.

Figure 2-7).
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Figure 2-7: The trait file (.qua) of the field data used for QTL mapping in the narrow cross

population.

Transformation was used to try to normalize some of the traits which had not been
distributed normally, before performing a QTL analysis. The-Box transformation

(Box and Cox, 1964yas performed with QI macros SPC Software for Excel.
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2.4.2 The analysis of QTL

Nonparametric mapping (KruskaWallis analysis; KW)

This analyss was done for all normal and noormally distributed trait data. Interval
mapping has an assumption of normally distributed residuals, but KW analysis does
not rely on this assumption, so is suitable for both normally andnoomally
distributed traits The KruskalWallis test is regarded as the nonparametric equivalent
of the oneway analysis of variance. The test ranks all individuals according to the
guantitative trait, while it classifies them according to their marker genotype. A
segregating QTL (#h big effect) linked closely to the tested marker will result in
large differences in average rank of the marker genotype classes. A test statistic based
on the ranks in the genotype classes is calculated. For individuals in ties, i.e. several
individuals have equal values of the quantitative trait, the average rank (midrank) is
used, while for the test the statistic adjusted for ties is used (indicated by K¥*)
(Lehmann, 1975)

The KruskalWallis statistic K* is a Chisquare like distribution, including the degrees

of freedom (n1 df for i, and K populations) and the significance level in asterisks.
[Significance level: *:0. 1, **: 0.05, ***; 0.01, ****: 0.005, *****. 0.001, ******

0.0005, *******: 0.0001]

Interval mapping

In interval mapping a soalled QTL likelihood map is calculated. In each position in
the genomedvery centiMorgan) the likelihood for the presence of a segregating QTL
is determined [the likelihood under the alternative hypothékiy].(At the same time

the genetic effects of the QTL and the residual variances are calculated. Coefficient
determinain is performed from the model of analysis to estimate the proportion of
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phenotypic variance attributed to a particular QTL and the additive effects. This
likelihood underH1 is compared to the likelihood for the situation when a locus with
zero genetic éécts (no segregation) [the likelihood under the -hylbothesis K0)].

This comparison is done with a likelihood ratio statistic called the LOD (or LOD
score), which is the 1DBase logarithm of the quotient of the two respective
likelihoods. The maximal @D position was determined as a most likely position of
QTL and a one LOD decrease on either side of LOD peak was considered as a
confidence interval for the effect. The appropriate threshold was estimated, based on
the actual data under study, to detéet significance threshold for interval mapping.

This can be determined by performing a Permutation Test using 10,000 reiterations to

GHYHORS *HQRPH :LGH *: WKUH YV KGOGIlIDOoariEO HQW W

1994)
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Chapter 3: THE DEVELOPMENT OF POLYMORPHIC SSR AND
DAIrT MARKERS FOR MAP CONSTRUCTION AND

VALIDATION OF THE F ; POPULATION

3.1 Introduction

Molecular markers act effectively as chromosomal landmarks which possess multiple
alleles. These sequence variants are distributed in different individuals, so the pattern
of inheritance of alleles from parental genotypes can be traced after the camstructi
of a controlled cross between them. This allows the testing of the patterns of
inheritance of these loci and the surrounding chromosomal region that has been co
inherited. Generally, such markers are considered to be phenotypically neutral
(Chauhan and Varma, 2009)hey are passed on by the standard laws of inheritance
through the generations, potentiallyioaling target allele association with trait
inheritance(Semagnet al, 2006b) They have several advantages over traditional
phenotypic markers, particularly in terms of access to very large numbers of
phenotypically neutral markers which can be used to objectively assess associations
between marker and phaypes. This creates opportunities to improve crop varieties

in a shorter timescale, through the association of marker alleles and trait genes
(Farooq and Azam, 200ZJ here are several types of molecular markers which differ

in principle, methodology, a&h application. Careful consideration is required to
choose one or more classes of such marieesnagnet al, 2006b) In the current

study detection and exploitation of DNA polymorphism used both microsatellite and

DArT markers.
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This chapter includes a discussion of the methodologies of SSR and DArT markers,
WKHLU DSSOLFDWLRAQ DQDO\WLY DQG LQWHUSUHWDMW
populations. As a starting point for mapping, validation of the@dpulation under

study was carried out, both in terms of legitimacy and also to confirm the generation

of inbreeding of the lines. As an early application relevant to breeding programmes,

the isolation of DNA from dried bambara groundnut seed were also investigated with

a view to rapid fingerprinting of putative hybrids in the dried seed state.

3.1.1 Microsatelite markers

A microsatellite contains many copies of a short tandem repeat sequence. These sites
are usually in the size range of 16 to 60 bases in total, composed of individual repeat
units of up to six base pair repeats in length. The sequence repieandioverall

repeat distribution of different SSR motifs has been investigated in many organisms
(Trivedi, 2004) In plants, the average distance between SSRs was found 16 kie 6

which is similar to reports in mammalSardleet al, 2000) Microsatellites areften

very polymorphic, scattered throughout genomes, usually located in the same place on
the genome across individuals within a species, but often with a difference in the

number of repeat sequend&slia et al, 2011; Trivedi, 2004)

Amplification of SSR

Microsatellites can be identified by amplification with the polymeraisain reaction,

using primers designed to unique sequences flanking the repeat region. As these
markers are PCRased, only small amounts of DNA are needed for amplification and
polymorphism can be detected in a number of ways to reveal size diffebataesn

alleles(Hammock and Young, 2005)
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Limitations of SSR markers
Microsatellites have proven to be adaptable molecular markers, particularly for
population analysis, but have some limitations. Microsatellites developed for a

particular species can often be applied to closely related species, but the percentage of

amplified loci may decrease when fgenetic distangdéetween design and tested

species increasédarne and Lagoda, 1996)CR failure may result when a particular

allele at a locus fails to amplify, whereas others alleles may amplify more efficiently

and may appegromozygoupn a gel assay, when they are actually heterozygous in

the genoméGholizadeh and Mianji, 2007) 6 XFK pQXOOY DOOHOHYV DUH IF
and complicate the interpretation of microsatellite allele frequencies. These are
considered a techeal limitation which might lead to high frequencies of false
homozygotes and cause problems for diversity or parentage an@gisr and

Avise, 2004; Reecet al, 2004) Large allele dropout and slgirand mispairing for
microsatellites during PCR are considered another problem that can cause reduced
signal strength or increased stuttév/an Oosterhoutet al, 2004) Stutter bands are
artifacts having less signal intensity and usually they are shorter than the actual SSRs.
They are thought to arise due to the inherent instability of the repeat sequénee

PCR reaction, reflecting their instability vivo which leads to their high mutation
rates. These bands have to be taken into consideration during microsatellite scoring,
as improper scoring of the bands will lead to incorrect results during data analysis

(Wanget al, 2009)

Alleles containing more repeat sequence bases are more likely to-bepfigated as
the long alleles have more chance of recombination instability during meiosis

(Hancock and Simon, 2005)
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3.1.2 Diversity array technology markers (DArT)

Due to a number of limitations for other markers types, such as; time, cost and
resources required to discover a large number of markera &pecies, the DArT

system has been developed to overcome some of these limitations. DArTs have the
advantage of being highly locus specific, due to their detection by hybridization
(Jaccouckt al, 2001)but unlike SSRs they are considered dominant, therefore unable

to differentiate between homozygous and heterozygamusAdthough, SSR markers

have an advantage over DArT markers as they aaoounant, highly polymorphic

and widely distributed in the genom@ang et al, 2006) the requirement of
substantial sequence information to generate SSRs makes DArT more applicable,
especially in underutilized crops where no sequence infamakists, as is the case

for bambara groundnut.

Diversity Arrays Technology offers a lewost per marker higthroughput, robust

system with minimal DNA requirements, capable of providing comprehensive
genome coverage even in organisms with limited oDN& sequence information.

7KH 3JHQRW\SLQJ DUUD\" LV K\EULGL]JHG ZLWK DQ LQC
microarray technology; the resulting hybridization signal is measured and converted
LQWR D JHQRW\SH VFRUH IRU pSUH Veb€ek HefyeRpedibp EVHQF
Dr. Kilian and his team for about seventy species, includes; sorghum, rice, barley,
wheat, chickpea, pigeon pea and many others including animal species
(www.diversityarrays.com; as at July 2012).

DArT uses an array of individual clomdérom a genomic representation prepared by
DPSOLILFDWLRQ RI ITUDJPHQWYV EHWZHHQ pUBIUHYT FXW!
using adaptors to the cut sites. A second frequent cutting enzyme reduces the

complexity of the pool and the number of amplikyiPst-Pst fragments. Labeled
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genomic representations of the individuals to be genotyped prepared in exactly the
same way are then hybridized onto individual arrays. The polymorphisms scored are
the presence versus absence of hybridization to individualy elements. The
platform allows higkthroughput screening of tens of thousands of potential molecular
markers in parallel, and it especially suited for the generation of gewmee

markers for genetic linkage mapping.
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3.2 Results

A total of 37 primer pairs were designed in this study and used as additional
microsatelite PDUNHUV WR WKRVH GHYHORSHG SUHYLRXVO\
VHWY DV GHVFULEHG LQ &KDSWHU 7KH SRRO RI 3&
sequence repeats was generated from a bambara groundnut micresaidtite

library using a 1/18 454 Brosequencing run with Titanium reagents. A total of 5443
sequences were produced giving a total length of 1,697,965bp. As a result, 261
sequences were found to be unique and had enough sequence flanking the SSR repeat
motif to design the primer pail.lhe® unique sequences incluttee SSRs from -5

unit size, having allelic sizes from -BD bp for repeated unit and 19 of them were

with compound format of SSR. The results of the microsatellite motifs search, using

the MISA.pl script,and the distribution ofepeated type for library fragments are

shown inTable3-1

Table 3-1: Result of microsatelliteenriched library and the distribution of repeated type

Results of microsatellite search
Total number of sequences examined 5443
Total size of examined sequences (bp) 1697965
Total number of identified SSRs 1559
Number of SSR containing sequences 1290
Number of sequences containing more than 1 SSR 145
Number of SSRs present in compound formation 227
Distribution of different repeat type classes
Unit size 1 2 3 4 5 6
Number of SSRs 68 740 669 58 21 3
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Thirty seven primer pairs were designed in #gtigdy from a total of 32 fragments out
of 261 unique sequences. These primer sets were used along with the other two sets of
primers designed previously to give a total number of 124 primer pairs. These were

WHVW IRU VHIJUHIJDWLRQ WQRW K HF ERVYWWKH MZR IGHE PLED® P QI

3.2.1 Microsatellite markersappliedtothe ;s SRSXODWLRQ RI WKH pQDUURF

3.2.1.1 Primer optimization

The amplification was performed with a Thermo Hybaid Express PCR machine to
optimize annealing gradientemperatures for all the primers. The best annealing
temperature was identified for each primer based on the intensity of the amplified
bands from 12 different temperatures along the gradient. To detect polymorphic
alleles all individuals were amplified thi the primers at the best annealing
temperature using the Miag Forward primer in a three primer reaction to allow

fluorescent labelling.

In the first primer set all markers amplified as expected except Primer81, while
bam2colL58 gave a weak band witlagment size larger than expected (more than

500bp). Generally, most of the primers amplified with a wide range of gradient

temperaturgRigure3-1).

In the validation of the second primer set with bambara groundnut genomic DNA, the

product sizes in general were less than 300 bp, however the fragments amplified with
some of the primers were not in agreement with their predicted sizes. Based on
original sequences the product sizes of primers BN11 and BN21 were expected to be

152 and 114 bp, while the product sizes for both showed fragments more than 400 and
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500bp on agarose gel, respectivifjglre3-2) and they eliminated from further test.

In total the optimal annealing temperature was identified for 22 out of 37 primers as

the rest were not amplified well or they had unexpected product sizes.

Figure 3-1: Annealing gradient evaluation of a range of primers from the bambara groundnut
microsatellite enrichedlibrary, showing amplification across a wide range of temperatures (50
65°C) with different expected fragment sizes (168b{294) and unexpected (incorrect) fragment
size (>500bp) for primerbam2colL58.

Figure 3-2: Annealing gradient evaluation for a number of the second primer geof bambara
groundnut genomic enrichlibrary designed using Primer3 from sequence generated with
Titanium reagents. The temperature gradient ranges from 5 to 65°C and uses mixed genomic
DNAs representative of bambara groundnut germplasm. An expected digmert sizes of around
400bp and 50@p were amplified for both primers BN11 and BN21, respectively, which they were

too big to be use in capillary analysis.
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All 29 primers developed from bambara groundnut transcriptome amplified products
of the expected se in an annealing gradient test with bambara groundnut genomic
DNA. They were then used to amplify individual lines at the best optimized

temperature to screen for allelic size differences.

3.2.1.2 Detection of polymorphism

All primer sets with identifid optimal annealing temperatures were used to screen for
polymorphism within the £segregating population. Each primer pair was run against
8 lines of the cross, initially. When polymorphism was detected for primers, the
remaining lines were included t@igerate a full dataset for the mapping. The correct

size of different alleles were determined with the CE@000 Fragment Analysis

Software Version 8Rigure3-3) and data scored manually for segregation.

Figure 3-3: Capillary result for the polymorphic Primer 88 showing different fragment lengths of
parental alleles (DipC and Tiga necaru) withinselected lines of cross. Line 11 and 115 contained

one parental allele each, while line 60 has both parental alleles.
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The parents of £population were confirmed by genotyping of available seed pools
by the time of developing primers from the RNA deep sequencing leaf transcriptome
for bambara groundnut. All 29 primers were run directly against the parents of cross
(DipC and Tiga necaru)Yhe PCR products were run oapillary electrophoresis and

different fragment lengths for parental alleles weatentified for 15 primer pairs

Table3-2).

Table 3-2: Polymorphic microsatellite primers derived from the RNA sequence data in the §
SRSXODWLRQ RI pnQDUURZY FURVYV

No,  Primer Optimal annealing MQDUURZY FUR
" name temperature °C DipC Tiga necaru

1 D.5953 50 315 297

2 D.25551 60 200 198

3 D.42026 60 238 229

4 D.8148 65 244 229

5 D.8999 55 203 205

6 D.37053 55 181 178

7 D.12522 60 328 324

8 D.14265 55 182 176

9 D.16501 50 255 267

10 D.24269 60 246 238

11 D.35497 55 168 202

12 D.51646 60 185 189

13 D.7215 62 208 202

14 D.125 60 277 273

15 D.2094 60 224 227

Out of these 15 polymorphic primers, one of them (D.35497) was screened by agarose
gel electrophoresis. A 2.5% agarose gel in 0.5 X TBE (500ml tray size) was used

(adding 3pL of ethidium bromide stock; 10mg/mL) and the gel was run for 3 hours on

90Volts(Figure3-4).
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Figure 3-4: Reverse gel plate image of PCR products amplified by primer D.35497 (de&d from
the leaf transcriptome library) with a selection of the individual i OLQHYV RI WKH pQDUURZY F
allele from DipC parent, (b) allele from Tiga necaru and (h) for a heterozygote line within the

cross. Fragments are visualised on a 2.5% agarose gel run on 90 Volt for 3 hours.

3.2.1.3 Validation of the k5 population

All 73 individual lines of the Fpopulation derived from the cross of DipC x Tiga

necaru were screened with the 33 polymorphic SSR markers derived from these three

sources of SSRs. Heterozygote alleles were scored across all 73 individual lines by

each markeand the average level of residual heterozygosity in this population was

identified to be 24.86%

Table 3-3).

This result shows that this populatios

effectively an k population, as expected from planting history. In addition, no lines

which were not consistent with the expected origin were identified.

3.2.2 DArT markers appliedtothe F SRSXODWLRQ pQDUURZY FURVYV

The slide microarray was developed as previously desclildeyeset al, 2009;

Olukolu et al, 2012; Stadler, 2009)Of the 7680 fragments detected in DAIT array,

236 (3.1%) were assigned with at least one different score withipoihdation and

VR LGHQWLILHG DV SXWDWLYH SRO\PRUSKLF PDUNHU

derived from the cross of DipC x Tiga necaru landraces. Later the DArT marker data
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Table 3-3: Primers used in the initial screening of the segregatingspopulation, showing optimal annealing temperature, heterozygosity and parental

alleles

Optimal Fragment
Name Forward sequence  %c%o Length Reverse sequence 9%c%o Length annealing Hyterozygosity __length (bp)

temperature % Parent Parent

(°C) 1 2
PRIMER2 CGTGGATACCCATACCGTCT 20 TAAGTCCATTTTGTCCGATTGA 22 51 34.25 171 173
PRIMER7 GTAGGCCCAACACCACAGTT 20 GGAGGTTGATCGATGGAAAA 20 54 32.88 210 212
PRIMER10 TCAGTGCTTCAACCATCAGC 20 GACCAAACCATTGCCAAACT 20 54 27.40 260 234
PRIMER15 AGGAGCAGAAGCTGAAGCAG 20 CCAATGCTTTTGAACCAACA 20 58 30.14 238 212
PRIMER16 CCGGAACAGAAAACAACAAC 20 CGTCGATGACAAAGAGCTTG 20 55 16.9 189 187
PRIMER19 AGGCAAAAACGTTTCAGTTC 20 TTCATGAAGGTTGAGTTTGTCA 22 57 28.77 273 235
PRIMER26 CGCTCATTTTAACCAGACCTC 21 CAAACAAACCAACGGAATGA 20 55 20.83 183 185
PRIMER32 TTCACCTGAACCCCTTAACC 20 AGGCTTCACTCACGGGTATG 20 55 19.18 247 251
PRIMER37 CCGATGGACGGGTAGATATG 20 GCAACCCTCTTTTTCTGCAC 20 60 35.62 258 260
PRIMER38 TCACACTTGCAATGGTGCTT 20 TCGTTGTTTCTCTTTTCATTGC 22 57 31.51 194 191
PRIMER43 CTTGATGCTACCGAGAGAGAG 21 AGGCTCCAACAATGCGATAG 20 55 20.55 199 205
PRIMER45 CGTGGATACCCATACCGTCT 20 AAGTCCATTTTGTCCGATTGA 21 52 36.99 171 173
PRIMER48 TACCTGCATTCGGGACAGTT 20 TTCACTCTTTCTTGATCACATGC 23 60 20.55 238 230
PRIMERG65 GGACGTGAATCGATGGAGAT 20 TCCTTCCCCCTTCTCTGATT 20 55 35.62 172 176
PRIMER66 CGTTAGATCTGAGACGCCATT 21 CATCCATCACCTGTCACCAG 20 60 27.40 225 213
PRIMERS85 TTTCCAGATTGGATCGTTGA 20 TGTCTTCACACCGGAATTTG 20 58 22.54 248 252
PRIMER88 TGTGGTTGTGCTCCTTCTCA 20 GGGAAGAAGAGTGAAGTTGGAA 22 62 28.77 233 239
PRIMER95 AAGTCCATTTTGTCCGATTGA 21 CGTGGATACCCATACCGTCT 20 58 31.51 168 170
PRIMER98 TTTTGTCACTGTTTGCCACAA 21 AGATTTATATCTGGATGAGAGAGAGAG 27 57 15.07 264 294
PRIMER103 AAATTCAAAGGCCTGGAAAAA 21 TTTTTGAGTTCTGCGAGCAA 20 57 26.76 210 220
GH-19-B2-D9 ATCAAAATCAAGCAAATGAGA 21 ACCTTTTACGCTCATTTTAACCAG 24 50 26.03 236 238
BamcoL17 AACCTGAGAGAAGCGCGTAGAGAA 24 GGCTCCCTTCTAAGCAGCAGAACT 24 58 28.77 162 166
Bam2coL33 ATGTTCCTTCGTCCTTTTCTCAGC 24 AAAACAATCTCTGCCCCAAAAAGA 24 54 20.55 253 255
Bam2colL63 AAAATCTCACTCGGATGGCATGTG 24  TGGAATCACCTGATAGTAGTGTATTGG 27 55 23.29 293 295
Bam2colL80 GAGTCCAATAACTGCTCCCGTTTG 24 ACGGCAAGCCCTAACTCTTCATTT 24 58 13.70 220 224
mBam3co7 GGGTTAGTGATAATAAATGGGTGTG 25 GTCATAGGAAAGGACCAGTTTCTC 24 59 28.77 267 275
mBam3co33 TGTGTCTGTTTGTGGGGATATGTA 24 TTATCCCGGTCCTAATTCATCTTA 24 58 21.92 295 319
AG81 ATTTTCCAACTCGAATTGACC 21 TCATCAATCTCGACAAAGAATG 22 52 10.96 202 190
BN 6b CACTACCCTGTTCTTCATCCGT 22 CATTGCACGTCATAGAATTTGG 22 53 26.03 146 150
BN 145 GGCACTGGTAGCAACGAAA 19 CGTGGACGTAACAACACAACAC 22 50 13.70 150 154
BN 259 CGATTGCACGTCATAGAATTTG 22 GTTCCAGACACTACCCTCGTTC 22 50 21.92 159 163
D.24269 AGGTTCATGATCGTAGATGTGGAT 24 ACGATaTCATACTGACaTgtTTCATAC 27 60 17.81 246 238
D.35497 ACTTTTAGCTCTTGTCAGGAAACG 24 TCTTTCTACTTTTCTCTGGCTGGT 24 55 23.61 168 202
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was combined with the SSR marker data to construct the genetic linkage map. As the
parental seed sourcegere not confirmed by the time of the preparation of DNA
representations from the individual lines, the data for the DArT markers had only two
genotypic classes, present and absent, without knowing which parent was transmitting
the absence of the band (thély informative state). For this reason, the coding for

unknown phase, two genotypic classes, was usetlik(Figure3-5).

Figure 3-5: Allelic differences at loci for different DArT markers among in a selection of the
individual F 3 plants derived from the narrow cross of DipC x Tiga necaru. Alleles were scored
depending on the presenceral the absence of the allele, with the absence being fully informative
and presence unable to distinguish between a homozygous or heterozygous band, due to the

dominant nature of the hybridization-based DArT array marker system.

3.2.3 Microsatellite markas scoredinthe b, SRSXODWLRQ RI WKH pZLGHY

The population lines and their parents were extracted from dried leaves. The gel

picture of extracted DNA showed a smear, suggesting relatively low DNA quality for
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the parents and the individuad plants(Figure 3-6), as might be expected from old

silica gel dried leaf material. These DNA templates could be amplified with different
primers in PCR ustpgreater numbers of cycles (38 cycles). Different strengths of
amplification were produced depending on the primer pair, but they all had enough

PCR products to allow visualization on agarose gel and size calling on the Beckman

CEQ™ 8000Fragments AnalyzjtFigureB—?

Figure 3-6: Gel picture of extracted DNA from silica dried leaf tissue of parents (DipC and
VSSP11), their R hybrid and selected individuals of the F SRSXODWLRQ IRU WKH pzZLGH
showing poor DNA gquality and quantity.

Figure 3-7: Amplification of parents and seleted individuals of the wide cross population for a
number of different primer pairs (Primerl5, primer48 and primer103) compared with amplified
DNAs extracted from DNA derived from a single fresh leaf sample (control; narrow cross

individual).
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This SRSXODWLRQ zDV DOVR VFUHHQHG ZLWK WKH VDPH
cross population to identify polymorphic markers. The aim of this application was to
IXUWKHU GHYHORS WKH LQLWLDO PDS RI WKH pZLGHY
additon WR WKH FXUUHQW $)/3 PDUNHUV DQG WKHQ FRPS
population through a number of common markers. Out of 95 SSR markers established

from the first and second sets genomic library of bambara groundnut and soybean , 22

markers were polyorphic when amplified in the parents of the cross (DipC and

VSSP11)|Table 3-4). Among theseolymorphicprimersfour of themdid not show

polymorphLVP ZKHQ DSSOLHG WR pQ BlUd) R&SE pelynokphic SRS X O L
primers except Primer81 and Primer96 were screened with the individual lings of F

population.

Table 3-4: Polymorphic primers for the wide cross population recording the different allelic size

for the parents of the cross

No.  Primer name Optimal annealing PZLGHY FUR
: temperature °C DipC VSSP11
1 PRIMER10 53 268 237
2 PRIMER15 59 240 212
3 PRIMER16 55 189 185
4 PRIMER19 59 270 244
5 PRIMER26 55 183 189
6 PRIMER32 50 220 218
7 PRIMER38 56 194 191
8 PRIMER48 55 244 228
9 PRIMERG5 55 172 176
10 PRIMERG6 55 219 225
11 PRIMER73 56 236 234
12 PRIMERS81? 53 189 185
13 PRIMERS8Z 53 270 242
14 PRIMERS85 55 248 240
15 PRIMER96% 53 182 184
16 PRIMER98 59 274 276
17 GH-19-B2-D9 50 236 242
18 Bam2colL80 55 220 218
19 Bm2colL33 50 239 249
20 mBam3co7 55 267 271
21 AGS8?1 52 202 190
22 BN145 50 143 147

a: polymorphic only in the wide cross population

b: primer from soybean
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Amplified fragments of the individual Fplants by primers Primerl10 and Primer82
could be scored for allelic sized differences using agarose gel electrophoresis. A 2.5%

agarose gel in 0.5 X TBE (500ml tray size) was made adding 3pL of ethidium

bromide stok (10mg/mL) and the gel was run for 3 hours on 90 v‘tﬂtgt(reB-S .

Figure 3-8: Scoring the SSRmarkers in lines of wide cross population (k) for parental alleles
using agarose gel 2.5% for primerl0 and primer82. Two different fragment sizes for both
parents in the R K\EULG DQG D VHOHFWLRQ RI OLQHV IURP WKH 3ZLC

distinguishable on this system.

Scoring the F population with the other identified polymorphic primers was
conducted through running the PCR products on the Beckman"C&IDO capillary
electrophoresis machine. The electrophoretograms of the results were anatjzed w

the CEQ system software and the product sizes called manually from the traces

Figure3-9).
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Figure 3-9: Electropherogram for polymorphic Primer85 using the Beckman CEQ™ 8000
capillary electrophoresis machine Different alleles can be seen at 248bp for DipC, at 240bp for

VSSP11 and the presence of both parental alleles in the. F

Primers developed from the bambara groundnut transcriptome were run directly
against the parents (DipC and VSSP11) of thedgregation population. Out of 29

primers 19 of them showed polymorphism when amplified from the parents;and F
hybrid. Only 3primers (D.32936, D.48339 and D.51646) were used to screen the

ZKROH SRSXODWLRQ RI LQGLYLGXDCT&DIES}?(Vueth) MZLGHY

cod constraints in this part of the workhe population was screened with the second
primer (D.48339) using agarose gel electrophoresdditional primers could be

added when funding allows to increase the density of SSR markers in the wide cross.
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Table 3-5. Polymorphic microsatellite primers derived from the RNA sequence data for the
SDUHQWV RI uZLGHY FURVYV

. Optimal annealin ZLGHY FUR
No.  Primer name tpemperature °C ° DipCu VSSP11
1 D.15508 62 307 311
2 D.36186 62 172 163
3 D.42026 60 238 229
4 D.8148 65 244 229
5 D.8999 55 203 195
6 D.37053 55 181 190
7 D.12522 60 328 326
8 D.15619 55 221 217
9 D. 21310 50 178 186
10 D.24269 60 246 250
11 D.32937* 60 291 305
12 D.35497 55 168 166
13 D.48339* 60 197 161
14 D.51646* 60 185 195
15 D.1006 60 161 158
16 D.7215 62 208 202
17 D.8387 55 187 190
18 D.11860 55 271 283
19 D.2094 60 224 227

* . primer used to screen the whole population individuals

3.24 Genotyping errors in SSR analysis

During the course of the present study a number of issues were encountered with the

results of Beckman Coulter CE¥Y8000. These problems were:

- Stutter bands:One of the potential genotyping errors in analyzing the
electropherogram data of microsatelliteghe production of stutter bands. In
primer48, heterozygosity was difficult to score in line 106 for theldfived

from the cross DipC x Tiga necaEigjure:%—lO , but it became clear when the

peals of both alleles were comparethe results of parental alleles enabled a

clear scoring of line 106 as heterozygous.
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Figure 3-10: Capillary electrophoresis showing a potential scoring error to detect the both
parental alleles in the heterozygote sample of Primer48 L 106.F05 due to the effects of stutter
bands and overlap. While both alleles showed normal band separately in differehomozygote
lines of L85 and L108.

- Allele size calling: Allele sizes should be a whole number of bases, but as the
mass of bases is not identical, there is some degree of genuine mass difference
between sequences which may be the same length, but which have differen
base compositions. In addition, the capillary electrophoresis also can
experience technical issues relating to operating temperatures between runs,
quality of reagents and age of gel matrix which can cause minor shifts
between runs or even within runsthe calibration ladder is poor. These non
integer values can lead to mistyping errors due to rounding off of alleles
during binning. As there were only 2 different sizes of parental alleles within

the individuals for a particular SSR product, sample 2zd&s was recorded
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to the nearest whole number and it is not believed that this will be a major
source of mistyping, for this application.

- Noisy peak shape: some samples had a high background noise which made
scoring more difficult, especially when alledeze differences between parents

are small. Sample (a)|6ﬁgure3-11LV OLQH LQ WKH pQDUURZY F

amplified using Fmer 37 and showsan irregular peak shape, making it

difficult to score, as there is only a 2bp difference between the parental alleles.
A new PCR product gave a clear peak in sample (b), suggesting that there is a

technical basis in PCR for this effect.

Figure 3-11: Capillary electrophoresis showing a noisy background that made the scoring of
DOOHOH VL]H PRUH GLIILFXOW IRU 3ULPHU LQ WKH pQDUURZY

irregular peak shape, while in sample (b) the reamplified PCR product has a regular peak shape.
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3.2.5 DNA lIsolation from endosperm

3.2.5.1 DNA Extraction and quantitation

Endosperm powder was made from bambara groundnut seeds with a Dremel craft
drill. Genomic DNA was extracted using tli@enElute Plant Genomic DNA kit
(Sigma Aldrich). Isolated DNA with three incubation periods was quantified using gel
electrophoresis (1% agarose). The result of different incubation periods revealed that

the 30 minutes incubation had the best result foraetibn of genomic DNA from

dried endosperm, as shown on the agarosg-ggirne3-12).

Figure 3-12. Quantified DNA extracted from the endosperm of bambara groundnut seed with
three incubation periods for extraction (10, 30 and 60 minutes), using the GenElute Plant
Genomic DNA Extraction kit. Thirty minutes incubation produced the best results for quantity

of DNA extraction.
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3.2.5.2 Germination tests for treated seeds

Analysis of variance was conducted using the Minitab software (release 16). Three
OHYHOV RI GULOOLQJ WUHDWPHQW QRW GULOOHG DQC
applied against two seed sizes of bamabra groundnut, big and small seed sizes of 1cm
and 0.5 cm in diameter. According to the results, the germination percentage was
48.9% and an analysis of variance shows that there was no significant difference for
germination between the levels of drilling treatment [F (2, 12) =28,.01], seed

size[F (1, 12) = 0.4p < .01] and also for their interaction [F (2, 12) = (@4 .01]

Table3-6).

Table 3-6: Analysis of variance for germination test of drilled seeds

\S/erji;ct;aogf df SS MS F value probability
Drilling 2 1244 622 2.8 0.1

Seed size 1 89 89 0.4 0.539
Drilling*seed size 2 178 89 0.4 0.679
Error 12 2667 222

Total 17 4178
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3.3 Discussion

3.3.1 Microsatellite markers

Microsatellites essentially consist of short tandem repeated units and can be found in
both coding and nenoding regions in all prokaryotic and eukaryotic geno(Kesia

et al, 2011; Trivedi, 2004) It is considered to be a marker of choice to study
molecular genetics in plant speci@omtaet al, 2011b) Microsatellite markers used

in this study were developed from a genomnziched repeat library sequenced with
norttitanium and titanium reagents (Roche 454 Pyrosequenaiyjrom a bambara
groundnut leaf transcriptomic library (Roche 454 Pyrosequencing). Owlypomer

derived from another legume genome (soybean) was also mapped in the current study.

The RNA sequence data was generated as a part of an experimentabttomkffect

of temperature on gene expression in leaf. Primer pairs were designed for
microsatellite repeat motifs after their screeningsilico. The development of a
comprehensive set of ger8SR markers has been reported in pigeon pea using deep
transcriptome sequencing. They are considered as an important genetic resource in
their application for understanding the genetic relationship among different accessions

and regional origins in this crqPuttaet al, 2011)

The soybean microsatellite marker (AG81) was ablieleatify polymorphism in the
parents of both populations. High sequence similarity at the amino acid level was
identified between the AG81 sequence and a seryltRNA synthetaseAgaheldpsis
thaliana Z70313), suggesting that the conservation of thisidooould be due to

functional constraints on its evoluti¢Reakallet al., 1998)
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However the crosgenus amplification rate of SSRs amoktgdicagoand other
forage legume (32%) was low in comparison to some other-legames
(Dirlewangeret al, 2002) the transferability of SSR markers in genetic studies of
legume crops potentially opens a new approach to utilize them for the applications of
comparative mapping, functional analysis and for assessing genetic diversity

(Chandra, 2011)

The transferability of SSR markers across legume families has been investigated.
SSRs from existing databases of different legumes (inclubliadicagg soybean,
cowpea, and peanut) were used tresning 24 different legume accessions. About
onethird of DNA markers fromMedicago and soybean were reproducible and
amplification was obtained in peanut, clover, cowpea, guar, and other legumes,
suggesting that transferring SSRs across species andéss agenera could be an
efficient approach to develop DNA markers, especially for minor ofdfanget al,

20044a)

Although a few SSR markers (10 markersydnaeen reported fdsambara groundnut

(Basuet al, 2007a) markers from counterpart species such as azuki (Wanget

al., 2004b) cowpeaXu et al, 2010) and mungbea(Somtaet al, 2008)show a high

rate of amplification when applied ibambara groundnut and their utilization was
considered useful for genomics study in this (f®pmtaet al, 2011a)

DNA extracted from théndividuals of the F PQDUURZY F U Rogpulaiidp Gf WK H )
the wide cross using both the protocolPetlaporta and th&enElute Plant Genomic

DNA kit (Sigma Aldrich), respectively, were used to generate DNA stocks. DNA
VWRFNV R WKH ,pdpu@atdf) WwdoeRugad dijectly in the PCR reaction
without dilution because of the poor quality of the DNA. However, with additional

cycles of amplification (+2/3 cycles) strong amplification was generally achieved,
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making it unlikely that lack of templatcould be leading to issues with null alleles

(allelic dropout and false alleles) caused by quality a{Beenpanoret al, 2005)

The correct size of microsatellite amplification is consideredecctitical for the
confirmation of identity and correct locus amplification of SSR markers?CR
amplification for a limited number of SSR (three) the product sizes of target
sequences was greater than expected (bam2colL58, BN11 an#l).BN
Insertion/delebn of additional DNA between the designed primers could lead to
differences in size for particular genotypes, compared to the design sequences.
(Hackauf and Wehling, 2002)ncorrect priming or the abolition/mutation of the
original priming site might also lead to an additional product being amplified and with
transcriptome derived SSRs, the presence of an interveniog iwhen amplifying

from genomic sequences is always a possibility (although primer pairs were tested
against genomic DNA during the characterization pha@sehomic SSR fragments of
unexpected size are usually monomorgRode et al, 1998)andthese primers have

been eliminated from further analysis and scoring to avoid genotyping errors.
Furthermore running such fragments with capillary electrophoresis was not possible
as all PCR products were sized with a 400 bp siaadard and the software cannot
provide a size estimate beyond this range (as the calibration curve would not extend

this far).

Detection of SSR alleles

Although agarose gel electrophoresis has relatively low resoltang et al,
2009) it was possible to score allelic size differences for some of the markers.
Parental alleles were scored within the individuals pépulation derived from the

HMQDUURZY FURV\VsiRgPprimémDLBRAY, s dvEll@s in thefpopulation of
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MZLGHY FURVV IRU 3ULPHU . P&rentalPaiele difiz@riges within

the individuals using these primers were in the orde&86bp, allowing their
detection easily with 2.5% agarose gels afRl Hour run times on 890 Volt. The
agarose gel system using a 3% concentration ge3.®ohours has been applied by
other researchers to screen for polymorphism of SSR mgiBeyeneet al, 2005)

The CEQM 8000 (Genét Analysis System, Beckman Coulter, USA) was used to
HVWLPDWH GLIITHUHQW DOOHOH VL]HV IRU RWKHU SUL
populations. Although the CE® 8000 contains an automated allele binning wizard

to determine the sizes of allelesmérkers, product sizes were scored manually from
the electrophoretograms. Visual inspection is recommended to score sized fragments
with the CEQ system to avoid misporting of automated sizing caused by scoring
stutters as a real peak in automated sgoi@ombining automated allele size calling

and human inspection of electropherogram data has been suggested to provide
efficient and accurate detection of novel alld@sWoodyet al, 2006) but only peak

size estimation can be relied upon. The automated calling system is unable to cope
with changes in relative peak heights and it is essentially that the entire microsatellite
profile is taken into consideration. Changes in this more reailtireflect genuinely
different alleles. The heterozygosity of the individuals may have to be confirmed by

direct comparison of their peaks to the parental allele traces.

All markers were screened individually before multiplexing, using the blue M13
WellRed Dye to provide information on peak patterns and size ranges of the expected
alleles. This helped to avoid unidentified lai@kele dropout in multiplexing, when

one allele of a heterozygote randomly fails to amplify and leads to mistyping the
heteroygote loci as homozygot€dohnson and Haydon, 200Darge allele dropout

has been reported a common error in microsatellite sc@agin et al, 2004) The
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amount of PCR products added to a g@8R multiplex depended on the strength of
the amplification products before pooling, as asssm agarose gel. All primers
were fluorescently labeled with the D4 (blue) dye to avoid the problem of false peaks
due to colour bleed through and the PCR products were multiplexed3f@rithers
which showed a wide allelic size difference between rsetellites in their pre
screening. The problem of false signal was reported in multiplexing different PCR
products with different labeled dyes of D3 green and D4 IgMelosiwa, 2012)

where product allele sizes were similar.

SSR polymorphism

Polymorphism of the microsatellite markers was estimated to be around 36.3% in the
segregation population derived from the cross of DipC x Tiga necaru, while it was
DERXW LQ WKH pZLGHY FURVV SRSXODWLRQ IURP
similar percentage of polymorphism (40%) was identified for bambara groundnut
SSR markers inhe eight tested Bambara groundraiihgle genotypaccessions from

all major growing regions of the worlgvhile a lower level of polymorphism (17.4%)

was identified for these accession using SSR primers from the relatives of bambara
groundnut, azuki bean, cowpea and mungbegomta et al, 2011b) A high
polymorphism level for SSR markers (70.3%) was identified between the two
chickpea cultivars (BG 256 and WR 315). These were used as the parents of mapping
populations in linkage and quantitative trait loci (OTL) analysisdetermine the
position of a Fusarium wilt resistance gengQadir et al, 2007) A higher
polymorphism rate (81.3%) was presented in an investigatigpigeon pea. Sixteen
newly developed SSR markers were screened on 40 genotypes representing different

Cajanusspecies including eight wild pigeon pea genoty(@=sxenaet al, 2010)
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7KH KLJKHU SRO\PRUSKLVP REVHUYHG LQ WKH pQDUU
cross populatRQ FRXOG EH GXH WR WKH IDFW WKDW SDUHQW
different origins and domestication backgrounds. The results of a genetic similarity
analysis of 87 bambara groundnut genotypes based on the similarity matrix of 296
uniqgue polymorpld DArT markers revealed considerable structural differences
between DipC and Tiga necaru populati¢gtadler, 2009)while the wild accession

Rl 9663 XVHG DV D PDOH SDUHQW LQ FRQVWUXFWLQ.
from a similar background (despite being a wild ancestor/undomesticated individual)

as DipC . ThisZRXOG DUJXH WKDW WKH pzZLGHY FURVYV VHJUH
FKDUDFWHUV EXW RWKHUZLVH LV JHQHWLFDOO\ UHOD

does not segregate for domestication loci, but is genetically quite diverse.

Thirty SSR markers deloped from the genomic microsateH#ariched library of

bambara groundr and asingle SSRrom VR\EHDQ ZHUH SRO\PRUSKLF LQ
FURVV SRSXODWLRQ ZKLOH PDUNHUV ZHUH SRO\PRL
markers derived from the transcriptome data were polymorphic in the narrow cross
DQG ZHUH SRO\PRUSKLF LQ ovefdl figpesCoH45 BERRVYV JL°
polymorphic in the narrow cross and a similar number, 41 polymorphic in the wide

cross, which suggests levels of overall polymorphism in these crosses are similar,
despite the wide cross being from the domesticated subspecitge tancestor

subspecies, spontenea

7KH 'LS& ODQGUDFH ZDV XVHG DV WKH IHPDOH SDUHQ\
populations when crossed with landraces of VSSR1E\{bterraneapontenea) and

Tiga necaru Y. subterraneasubterranea), respectivelyhd legitimacy of the DipC

landrace as the source of the maternal parent was confirmed through production of the

same allelic size in both populations with all the polymorphic transcriptome primers
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and around half of the genomic microsatelétaiched libary primers applied. The
fact that the maternal alleles are not identical in both crosses is likely to be a
consequence of different individuals of the DipC landrace being used for the maternal

parent(Massaweet al, 2005)

3.4.2 Validation ofthe segregating k population

The K population derived from the cross between DipC and Tiga necaru landraces
was checked for the residual levels of heterozygosity before using it to construct a
linkage map and to carry out the subsequent QTL analysigeaing patterns of
parental loci were followed and screened for all individuals using 33 polymorphic
SSR markers. Residual heterozygosity was confirmed with these markers to match

with the predicted Mendelian ratios expected from the population history

3.4.3 DAIT Assay

DArT is a genetic technology which has the ability to type thousands of loci in
parallel, with reduced costs per data point compared to other genetic marker systems
(Kilian et al, 2005) Array development and genotyping waarreed out in
collaboration with Diversity Arrays Technology Pty Ltd (Yarralumla, Australia). In
this study DArT arrays were developed and a total of 3.1% polymorphism per array
element was obtainedpproximately 2% polymorphism oDArT array generated
previously for the intesubspecific cross of bambara groundnut was also used in this
study.DArT as a higkthroughput approach and has proven to be most aodttime
efficient in studying genetic diversity in bambara groundnut and it is considered as a
useful approach for other undetilized crops(Mayeset al, 2009; Olukoluet al,

2012; Stadler, 2009)A total of 236 polymorphic markers were detected for the
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individuals of the Epopulation deved from the cross of DipC x Tiga necaru. Due to

the high locus specificity of DArT markers, these can be easily placed into genetic

linkage maps with reasonable confidence that the same array element will usually
detect the equivalent chromosomal locatia all individuals(Wenzl et al, 2006)

Thus these developed markers along with SSR markers will be used for constructing a
genetic linkage map of bambara groundnut in the segregafipgplalation. This was

also used to improve the existing initial map from the cross of DipC and wild

accessiorfVSSP11).

3.4.4 DNA isolation from the endosperm

Many attempts were made to develop a successful hybridization technique for
bambara groundnuyBasu, 2005; Massawet al, 2004; Suwanpraseet al, 2006)
Hybrid seed production in bambara groundnut is by hand emasculation and
pollination, the number of successful Rybrids developed by artificial cross
pollination can be reduced by seffollination and it is not possible to distinguish
genuine k hybrids from seklpollination in the k seed, as the testa is genetically
maternal. It is only with the development of $eed that nomaternal characters
could be expresseahd only with iz seed that segregation for these can be observed
(Basu et al, 2007c) although if there are substantial differences in morphology
between the parents, these factors may be informative intipbait. PCRbased
molecular marker tectiques have been used to rapidly verify Hybrids in plant
crops (Sundaramet al, 2008) The standard method has been by growing all the
presumed hybrids and extracting genomic DNA from all of them to check their status
as R hybrids using molecular markers. In order to accelerate this process we have

investigated the possibility of extting DNA directly from the seed endosperm
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before planting, in a way that does not reduce their viability. Genomic DNA was
extracted from the endosperm of the seeds after optimizing the period of incubation in
the extraction process. The DNA extracted wiitis process could be amplified in the
polymerase chain reaction using molecular marker to identify genwimgbFds. The

seeds tested showed no effect on their germination frequency compared to controls,
suggesting that there was no reduction in vigbil(although viability was
comparatively low in this experiment and the experiment needs to be confirmed with
a largescale analysis on recently harvested seed). This approach seems feasible to
allow a rapid determination of hybrid status before plantihg; seed under optimal
conditions to ensure good seed production ferpBpulations for research and
breeding. Alternatively, confirmed;Seed could be sent for germination in countries

with in-field programmes of bambagroundnut research.
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Chapter 4: SEGREGATING POPULATIONS AND TRAIT

INHERITANCE

4.1 Introduction

The genetic improvement of crops is one of the most promising approaches for
addressing future resource constraints (particularly land pressurenaindnmental
concerns) and to enhance food production to meet the pressure of expected population
growth in the near future.

Genetic improvement of crop species and genetic resource conservation and
evaluation using both conventional and biotechnologipgiroaches is an agoing
activity, focused on improving tolerance to biotic and abiotic stresses while
maintaining high levels of productivity, profitability and quality. Estimating the
heritability of morphological and agronomical traits is an imporgart of effective
selection for breeding trait§Firouzian, 2003) The development of molecular
markers to such traits can assist the integration of desirable alleles into the crop
genotype to accelerate progress in agriculture and the delivery of new cultivars and

technolmies.

4.1.1 Inheritance of agronomic traits in crop plants

Traits inheritance falls into two main classes; continuous variation and discrete
classes. In crop plants most traits of agronomic important are quantitative and are
likely to be controlled by manyenes, often with an approximately normal

distribution, in contrast to qualitative phenotypes which usually form discrete classes.

The multiple genes often involved in many quantitative traits makes their control
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genetically more complex as each gene maye a minor phenotypic effect and can

be very sensitive to the environméd@houdharyet al, 2008) The combination of
many genes and their environmental interaction makes the study of quantitative traits
more complicaté (Chenuet al, 2011; Ikram and Chardon, 2010; Koornnegfal,

2004; Paran and Zamir, 2003)

Breeders often have limited information on the gemphenotype architecture for
the traits under studyCooperet al, 2005) Predictions of gene properties in
populations of genotypes can be obtained through understanding the genetic basis of

variation for simple and quatdtive traits.

Although, very few morphological and developmental studies have been carried out in
bambara groundnut, studies conducted on genome conservation and information
gained from other legume crops could shed light on the inheritance patterns of

important traits that are also present in bambara groundnut.

4.1.2 Inheritance patterns of phenotypic traits in selected legume crops

4.1.2.1 Qualitative trait samples

Thirty three domesticatiorelated traits in azuki beaiWwigna angulari$ were studied

by Isemuraet al. (2007) The traits were evaluated for the segregating populations
(BC; and F) which were derived from the cross between the wild spadigsa
nepalensis(female) andthe cultivated azuki bean (male and recurrent parent for
backcross). Three traits epicotyl colour seed coat colouandblack mottling of seed
coat were identified as qualitative traits. The segregation ratios for the three

qualitative traits matched ¢hratios expected for control by a single gene in both
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populations, except thaeed coat colouin the F population which showed distorted
segregation significant at the 5% level, perhaps suggesting that the single gene model
did not adequately explaihé genetic control of this trait.

The expression of morphological traits was studied Dgmayantiet al. (2010)in
hybrids of the cross of domesticated.varacrosperma wild Australian of tropical
tuberous legume \Mfgna vexillata (L.) A. Rich). Several traits flating to
domestication were evaluated, includifgoad leaflet size, ovate leaflet shape, non
pigmented stems, natehiscent pods, uniform seed testa colmuigreen seed testa.
The standard cksquare goodness of fit test suggested ttatsegregationatios for
these traits exceeed testa colowvere consistent with control by single dominant
genes, with the domesticated version actiagessively compared to the wild type
traits. Seed testa colouwas consistent with being controlled by two genes
dominanceepistatic relationshifDamayantet al., 2010)

In common vetch\{icia sativalL.) a full diallel cross was conducted @howdhuryet

al. (2004)using five parents of differemityledonandtesta colour. The segregation
patterns ototyledon colouvas studied in £ BC; and BG populations and found to
be governed by a single gene of two alleles with incomplete dominges& colour
was also found to be a qualitative trait and to be regulated by a gegé with
complete dominance. Similar results of monogenic inheritance for seed coat color
were reported biMilczak (1971)based on the analysis of population data.

Hasanet al. (2006) analysed a half diallel cross in French bé@haseolus vulgaris
L.) for yield related traits. The result indicated that recessive alleles gdagato
50% floweringwhile dominant alleles are more important in controllish@ys to

maturity.
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In a diallel experimentising drybean Phaseolus vulgarig.) the importance of both
additive and dominance genetic components was emphasized in the control of
different yield réated traits, includingdays to first floweringdays topoddingand

days to maturity, however the high value of heritability in the narrow sense
(explaining more than 50% of the trait variation) é@ys to maturityindicating the
largely additive controof this trait and possibility of selection for this trait to improve

this crop(Islam and Newaz, 2000)

4.1.2.2 Quantitative trait examples

In a genetic study of agronomic traits of 82 genotypes of mungbégna radiata

(L.) Wilczek.), major additive gene effects were reported 06-seed weightseed
yield/plant, andplant height(Rohmanet al, 2003) Another investigation biKhattak

et al. (2002)reported themportance of additive gene action in specifysegd yield

and its components in mungbean. Similarly, inheritance analysis of agronomic traits
of seven long bean varietie¥igna sesquipedalsfound higher additive genetic
variation compared to dominanemriation in the control oseed weight&and pod
length However, dominance was more importantgod no./plantandseed no./pod
(Mak and Yap, 1980)

Phenotypic parameters were estimated in cowpdapgset al. (2003)to understand

the genetic control of seed size. The I, BC, and BG populations from the cross
TVx505809C X Manteiguinha along with their parents were analysed. The additive
dominance model fitted the data fd0-seed weighaind the additive effecisere the

more important. Five genes were predicted to control the expressi@@0a&eed
weightand the authors suggested that selection could be made in the early segregating

generations for seed size in cowpea.

123



Chapter 4. Segregating populations and trait inheritance

An inheritance study in French befdPhaselus vulgarisL.) by Hasanet al. (2006)
estimated narrow sense heritability to be greater than 50%dnt heightand 100

seed weightindicating that themajority of the phenotypic variation was due to
additive gene action. It was concluded by the authors that selection would be effective
for the improvement of these characters in French b&aed vyield/plantwas
identified as a trait largely controlle¢ Imonadditive effects.

In dry bean Phaseolus vulgaris.) a diallel experiment was carried out using an F
population and evaluated in two different environmentdstam and Newaz (2000)

They emphasized the importance of both additive and dominance genetic components
in controlling the different yield related traits piant height pods/plant pod length
seeds/podseeds/planand20-seedweight Heritability, in the arrow sense, showed

high values (above 50%) f@od lengthin both environments, areD-seed weighin

one environment, indicating that the major portion of the phenotypic variation of
these two traits was additive in nature and selection of these dmitd be an
effective means to improve yield in dry bean.

Roy et al. (2006) studieden traits in bush bearPfaseolus vulgarit.) to identify
suitable traits for yield improvement. High heritability estimates in the broad sense
were observed fopods/plant (90.76), 100-seed weight(91.13), seed yielfplant
(90.54) andprotein percentag€99.78) in the genotypes, which indicated the presence
of additive gene effects in addition to dominance effects. The authors stated that this
crop could be improved through selection of these traitsnheritance study odays

to flowerandseed sizen pigeon peaGajanus cajanL.) Millsp.) was conducted by
Guptaet al. (1981). The authorased k, F, and backcrosses populations of a cross
between two parents with largea (ICP-8504) and small seed (Prabhat). Additive

gene effects were found to be most important in the expression oéédiessand
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seed sizeThe result showed that selection could be used to improveettesizen

early maturing cultivars of pigeon @e

In an inheritance study of seed yield and related traits in 15 lentil genotypes (
culinaris Medik) significant genetic variation was observedRasheecet al. (2008)

for all traits studied. High heritability values and expected percent of genetic advance
(respectively) were observed fareed yield(98.30%, 128.20%)harvest index
(97.10%, 79.40%)biological yield(94.30%, 56.10%) antl00-seed wight (88.30%,
50.80%) indicating the role of additive genes in controlling these traits. It was
concluded that the traits @D0-seed weight, harvest indexdbiological yieldcould

be exploited for the improvement of seed yield in this crop.

The studiesmade in legume crops suggest the differences in number of genes
controlling different traits. The effect of single or a few genes has been identified for
some of the phenology traits such as days to emergence, days to flowering and
maturity, seed and coablour, while the other traits (yield related) were found to be
under multiple gene effect. Identify the genetic control of these traits will delight the
process to study their inheritance with the suitable breeding program whether to be
through selectiorof hybridization. The inheritance studies of these legume related

crops could be exploited for the improvement of these traits in bambara groundnut.

4.1.3 Trait correlation studies in bambara groundnut

A number of studies have been made in bambara gnoirweh cultivars development

and the relationship between yield and its components. However, it is important to
note that bambara groundnut generally exists as landraces. As a strongly inbreeding
species, the landraces are likely to be mixtures of inbrexbs.| How genetically

diverse landraces are will depend upon the cultivation history of the landrace.
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Ofori (1996) estimatethe effects of yield components on tkeed yieldn bambara
groundnut germplasm from Ghana. Bqgibd no/plant and 100-seed weightvere
identified to have a positive effects seed yielgdas might be expected. For the bunch
morphology typeleaf no./plantwas more important in determinirsged yieldwhile
leaf sizewas more important in the spreading morphology typesociation was
detected between the traitssafed sizandleaf size Thus selection of genotypes with

bigger leaf size could contribute to improve the productivity of bambara groundnut.

Another correlation coefficient analysis for pod yield componerftshambara
groundnut was made bylakandaet al. (2009) Twenty bambara groundnut laiades

were evaluated at four planting dates in Zimbabwe outside the traditional growing
season of bambara groundnut. A significant correlation was indicated for most of the
traits studied in different planting dates.

Another experiment was conducted undereen house conditions at the Sokoine
University of Agriculture, TanzanialLeaflet lengthwas found to be the only
vegetative variable which had a significant and positive correlation seitd yield

This positive relationship suggests plant architectfior bambara groundnut that

favors longer leaves, results in more pods and higked yield Plant heightand

leaflet lengthwere both positively correlated with number of pods produced. The

authors also reported thgtod no./plant was highly correlated withseed yield

Whereasdays to floweringwas negatively correlated witbeed yieldand petiole
length was negatively correlated withOO-seed weightthis was largely due to its
negative effectiwseed sizéMisanguet al, 2007)

Chijioke et al. (2010 performed a comparative study bambara groundnut to
evaluate the contribution of agronomical traits to yield in this crop. They evaluated 30

local bambara groundnut cultivars over two cropping seasons in Nsukka, Nigeria. The
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correlation coefficients suggested that seed weight was iseymtify associated with
leaves per planplant height flowers per planandpods per plantconsidering these

traits as major determinant of yield in bambara groundnut.

Inheritance patterns in bambara groundnut were investigated for a number of traits
using a segregating, population and 14 smallzFamilies derived from the inter
subspecific cross of a domesticated DipC and wild VSSP11 accession. The additive
gene effects and several genes were suggested to control the triatdf afeag
specific leaf area carbon isotope discriminatiofCID) and 100-seed weightIn
contrast, the variation for traits such asernode length stems/plant days to
emergenceand seed eye pattern around the hilumas likely to be under largely

monogenic controlBasuet al, 2007¢)

The aim of the present study was to identify the inheritance patterns of domestication
and agronomically important traits in ag progeny segregating from the cross of a
DipC (female) landrace with a Tiga necaru (male) landrace grown under both
glasshouse and field conditions. The population itself was used to construct a genetic
linkage map using DArT and SSR molecular markers. Gtwmbination of this
linkage map with the trait data from current and previous studies was used to conduct
a QTL analysis in this cross. An analysis of the traits and their inheritance patterns
and distribution is presented here, before subsequent cligptan to describe the

mapping and QTL analyses.
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4.2 Results

The resultspresented in this chapter represent the analysis of the distribution and
associations of morphological traits for the segregatyanB F; populations derived

from the intra(sub-specific) cross between the DipC and Tiga necaru landraces.

The K populatioQ GDWD RI WKH 3 QDUURZ"™ FURVYV ZDV FROOHF
Crops Research Unit from the individual plants for each line. Data measured in the
FutureCrop glasshouse were recorded for four replicates in a CRD design. A single

plant represented daaeplicate and the QTL analysis was based on the means of
replicates however the variance between the lines for all 4 replications is also
presented for the glasshouse data. Data recorded for the Indonesian field trial of the
same cross @F came from tB mean of (8L5) individual plants per line (depending

on the availability of seed).

4.2.1 Data distribution of morphological traits for the F; population

Traits measured are (in concordance with the IPGRI descriptors for Bambara
groundnut), describing b®v a number of them evaluated in both FutureCrop
glasshouse and the field.

Days to emergenceData recorded for the number of days from sowing to attaining

the first true leaf for the segregation population linesof FutureCrop glasshouse

showed nomommal distribution(Table 4-1). As the Pvalue (P = 0.000) for the

AndersonDarling normality test was less than an alpha of 0.01, significant departure
from normality is indicated. Thearental data in the glasshouseeaed that the Tiga

necaru parent emerged within 7 days (sd= 0.94) and DipC in 10.7 days (sd= 0.82),
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classifying this trait into distinct classes. The field data also indicated -aoraral

distribution of this trai{Table4-2).

Leaf area (cm?): Leaf areadata using the method of Cornelissenal. (2002,
showed a nomormal distribution in the glasshouse, while kbaf areacalculated in

the field was revealed a normal distributileppendix4 . A Box-Cox transformation

was applied to normalize theaf areadataof glashiouse{Figure4-1).

Table 4-1: Statistical analysis and the distribution of trait data in the R population and the

parents in the glasshouse

arents
Trait Mean Variance® Variance® Stahdérd SkewnessKurtosis P Individual normality _pi'riga
value deviation value no. DipC
necaru

Days to emergence 7.9 1.3 15 2.80 3.0 13.5 0.00 73 nonnormal 10.7 7.0
Days to flowering 364 9.1 111 12.28 2.3 8.2 0.00 64 nonnormal 39.3 33.7
Flower no./plant 105.2 1187.2 1285.3 47.13 0.4 0.2 047 64 normal 116.7 82.0
Plant height 255 438 6.6 8.63 -0.3 -0.0 0.07 71 normal 273 21
Petole length 19.1 29 45 6.47 -0.8 0.4 0.01 71 normal* 20.6 14.1
Terminal leaflet length 8.2 0.7 1.0 2.81 -0.5 0.0 022 64  normal 78 7.2
Terminal leaflet width 3.5 0.2 0.4 1.24 -0.1 0.7 071 64  normal 3.6 24
Ledf area 3461.2 19257% 2153621 1719.54 1.8 5.6 0.00 70 nonnormal 2678 2312.1
Plant spread 33.7 404 51.8 12.54 0.8 0.5 0.02 64 normal*  26.3 31
Stem no./plant 10.3 3.0 4.6 3.76 0.6 0.7 0.01 64  norma*  11.0 9.7
Node no./stem 8.7 4.7 6.6 3.49 0.6 1.1 0.08 64  normal 6.2 12.0
Internode length 2.0 0.9 1.1 1.12 0.6 0.1 017 64  normal 1.1 16
Growth habit 12.0 43.0 51.7 7.26 1.3 1.3 0.00 64  nonnormal 13.5 8.6
Pod no./plant 47.6  256.0 319.2 2157 0.6 0.2 0.08 64 normal 483 195
Double seeded pods/plar 5.4 16.9 24.3 4.22 1.3 1.6 0.00 64  nonnormal 6.0 2.3
Pediuncle length 2.9 11 15 1.35 0.2 -0.7 024 64  normal 22 38
Pod weight/plant 36.8 216.4 287.6 18.26 0.7 0.1 0.03 64  norma*  40.0 35.0
Podlength plant 16.1 1.3 1.6 541 -0.1 -0.6 0.89 64 normal 17.4 14.8
Pod width/plant 130 0.7 1.0 4.33 -0.2 -0.4 059 64  normal 134 121
Double seeded pods lenc24.8 6.7 8.9 9.19 -0.5 1.3 0.04 62  normal 27.1 20.9
Double seeded pods widt13.3 0.6 0.8 4.82 0.1 -0.5 058 62 normal 13.0 121
Seed length 111 0.7 0.9 3.73 0.1 0.4 0.42 64  normal 115 104
Seel width 9.2 0.3 0.4 3.08 -0.8 1.7 0.08 64 normal 9.7 9.0
Seed no./plant 515 3179 423.2 23.68 0.5 -0.5 0.01 64 normal* 52.3 35.0
Sed weight 289 1449 1733  14.68 0.7 -0.1 0.00 64  nonnormal 33.4 14.7
Biomass dry weight 61.3 524.3 663.4  29.31 0.8 0.0 0.00 64  nonnormal 60.8 49.8
Shelling% 79.1 408 48.3 26.68 0.2 01 0.37 64 normal  83.4 4338
100-seed weight 55.6 75.6 97.8 19.98 0.2 -0.3 0.65 64 normal 63.6 43.8
Eye pattern around hilurr1.45  0.20 0.3 0.65 0.25 -1.76 0.00 64 nonnormal 1 2

* Normal distributed data at 99% of critical value
a: variance for the means of lines

b: variance of lines for all four replicates
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Internode length(mm): Wide variation was recorded forternode lengtltcounted as

the average of the five longest stems per plant at thintérnode, with the trait

ranging from 0.331.72 cm in the glasshouse and 0284cm in the field. An

AndersonDarling normality test indicated a normal distribution of this quanigati

trait in both locationgAppendix5

ang

Appendix6).

Table 4-2: Statistical analysis and distribution of the trait data in the F; population in the field

Trait Mean Variance Star-wd.j;\rd Skewnes: Kurtosis ndividual P Distribution
value deviation No value Squared

Days to emergence 6.5 0.4 1.41 1.3 2.7 70 0.00 9.57 non-normal
Days to flowering 429 47 17.83 1.2 11 65 0.00 4.78 non-normal
Plant height 185 111 6.57 -0.5 1.4 65 0.08 0.67 normal
Petiole length 107 57 4.15 -0.8 0.8 64 0.04 0.77 normal
Terminal leaflet length 4.8 0.7 1.70 -1.3 1.8 65 0.00 1.96 non-normal
Terminal leaflet width 2.1 0.1 0.76 -0.7 11 65 0.02 0.94 normal*
Leaf area 672.2 108700  377.69 0.1 -0.7 64 051 0.33 normal
Plant spread 271 76.6 11.77 -0.7 0.6 65 0.13 0.57 normal
Stem no./plant 4.0 0.5 1.54 0.8 3.9 63 0.02 0.90 normal*
Node no./stem 146 154 6.18 0.9 4.3 63 0.09 0.64 normal
Internode length 1.0 0.2 0.53 0.7 0.3 62 0.05 0.76 normal
Growth habit 128 401 7.51 1.6 3.2 60 0.00 2.18 nor-normal
Podno./plant 7.7 215 4.99 0.9 0.8 64 0.007 1.08 nortnormal
Double seeded pods/plant 1.4 1.3 1.16 1.0 1.6 61 0.00 1.89 nor-normal
Peduncle length 4.5 2.9 2.13 1.2 0.6 65 0.00 3.81 nor-normal
Pod weight 4.0 6.4 2.69 0.7 0.0 64 0.02 0.89 normal*
Pod length 136 3.1 4.96 0.7 3.7 63 0.01 1.07 normal*
Pod width 9.5 0.9 3.39 -0.6 0.9 63 0.19 0.51 normal
Seed length 8.1 13 3.44 -1.8 6.6 58 0.00 1.23 nortnormal
Seed width 6.1 0.6 2.54 -1.9 5.2 58 0.00 2.53 non-normal
Seed no./plant 6.9 175 4.61 0.7 0.5 59 0.07 0.68 normal
Seed weight 2.7 3.4 1.97 0.7 0.2 59 0.06 0.72 normal
Biomass dry weight 8.5 13.8 5.06 0.4 0.4 63 0.40 0.38 normal
Shelling% 63.3  379.7 30.38 -0.6 0.2 59 0.31 0.42 normal
100-seed weight 38.1 162.0 18.80 -0.1 2.1 59 0.01 1.00 normal*

* Normal distributed data at 99% of critical value
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Figure 4-1: Box-Cox plot for leaf areafor the F; population grown in glasshouse

Growth habit Non-normal distribution of both glasshouse and field data was

revealed [Appendix 7| and|Appendix 8). Trait distribution ofgrowth habitin the

population under study showed a highly significant-normal distribution (Rralue=

0.000). Based on the parental values obtained an attempt was made ifg class
offspring into parental classes, bunched habit of 13.53 or more for DipC parent in
contrast to Tiga necaru parent of semi bunched types of 8.567 or less (spreading
types). A Chisquare test was carried out by grouping these trait data into three
probale classes; beyond the parental classes and intermediate class. The results were
consistent with segregation in a ratio of 3:2:3, with 21 plants representing the DipC
parental class, 25 belonging to the Tiga necaru class and 19 classified as the
intermedate type (21:19:25), out of 65 segregatedifes. Chisquare tests gave a
result of 0.95 at 2 df <5.99 of probability 0.05. The result of this hypothesis was
consistent with codominance ofjrowth habitin the present cross.

Pod no./plant In order toestimate the yield of bambara groundnut the number of

pods/plantwas recorded. A normal distribution was observed in thedpulation
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with a Rvalueof 0.08 {(Appendix 9). While this trait was not normally distributed

having a Pvalue of 0.007) in the field. Be€ox transformation was used to

normalize this trait to give a 0.25\Rlue in anAndersonDarling test{Appendix10).

Double seeded pods/plamas recorded and found to be reormally distributed in
both glasshouse and field experimenifie data distribution ofdouble seeded

pods/plant in the glasshouse was normalized using a #mx transformation

Appendix11).

Seed weight(g/plant): A wide range of trait segregation was observed sesl
weight/plant Despite nomnhormal distribution of the data for this trait in the
glasshouse, normal distribution was revealed for the data recorded in the field (p =
0.056). BoxCox transformation was applied for glasshouse data to maximize the

closenesso normality, the transformed data was revealed to be normally distributed

(p = 0.19)|Appendix12).

Biomass dry weight(g/plant): Biomass dry weighreflects the amount oénergy
stored in the plant through capturing carbon andlight. The data recorded for
biomass in the glasshouse, unlike the field data collected for this trait, did not show a

normal distribution pattern in the; opulation lins. A BoxCox transformation test

was used to normalize the data for the glasshousestuBof 0.06 ‘Figure4—2
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Figure 4-2: Histogram of normal distribution for transformed biomass dry weightin the

glasshousdor the F3 population.

Eye pattern around hilum Since both parents have a creamsta colorand theeye
pattern is present only in DipC maternal parent, thyge patternsegregation was

studied in the glasshouse. Discontinuous distribution was revealed witkyéhe

patterntrait (Figure4-3). Chisquare tests were applied to the ratio of 40 presence: 24

absence. A hypothesis of complete dominanceyefpatterrwas proposed. 41 plants
belonged to the maternal type (DipC) andp2ants had n@ye pattern around hilum
belonging to the Tiga necaru paternal type. Xhealue at 1df was 0.06< 3.84 at 0.05
probability, indicating that this trait could be under the control of a single dominant

gene foreye patterrpresence.

Figure 4-3: Presence versus absence efe pattern around hilunfor the seed in both parents of

DipC and Tiga necaru landraces
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4.2.2 Distribution of the F, population data

Previous data collected from tlsegregating Fpopulation derived from the same

intra-subspecific cross of DipC x Tiga necaru landraces was also used to study the

inheritance of phenotypic traits of this crop before QTL analysis. The distribution of

all these data exceeed weighimatded with data recorded for the traits of F

progenies of the glasshouse, although some of them were transformed to follow the

continuous distributioT‘I(abIe&B :

Trait data of the segregating Fpopulation:

As in the segregatingsflata grown in glasshouse and fieddys to emergender the

F, segregating population of the same cross grown in TCRU showedanoral

distribution pattern. It was not possible to partition the data into different categories

GHSHQGV RQ WKHLU SDUHQWVY GDWD DV ERWK 'LS& DC(

time sgending to germinate.

Table 4-3: Statistical analysis and the distribution of traits data of  population and the parents

of narrow cross (DipC x Tiga necaru).

. Parents
Trait Mean Variance Standgrd Skewness Kurtosis Individual - P Normality -
value deviation no value . Tiga
DipC
necaru

Days to emergence 120 6.4 2.52 1.8 3.4 73 0.00 nortnormal 10 10
Days toflowering 6.7 0.1 4.14 0.7 0.3 73 0.00 nonnormal 43 40
Plant height 23.2 325 5.66 -0.2 -0.6 73 0.04 normal* 21 10
Petiole length 183 225 5.32 0.3 0.2 73 0.04 normal* 20.64 11.7
Terminal leaflet length 9.6 2.3 151 0.5 1.4 73 0.11 normal 7 7
Terminal leaflet width 4.1 0.7 0.82 0.0 0.2 73 0.16 normal 2.8 1.7
Plant spread 56.1 160.7 12.59 0.0 -0.6 73 0.40 normal 53 29
Pod no./plant 1209 6358.6 79.19 11 1.8 73 0.02 normal* 102 27
Double seeded pods 8.3 71.0 8.36 1.2 0.4 73 0.00 nontnormal 3 1
Seed no./plant 1154 6049.2 77.24 1.0 1.0 73 0.00 nonrnormal 70 22
Seed weight 39.6 784.0 27.81 0.4 -0.8 73 0.00 norrnormal 23.49 5.94
Biomass dry weight  99.2  4482.2 66.49 0.6 0.0 73 0.00 nontnormal 66.12 14.56
Shelling% 73.1 46.0 6.73 -1.2 2.2 73 0.01 normal* 77.77 7432
100-seed weight 328 1334 11.47 0.0 -0.6 73 0.30 normal 3357 27

* Normal distributed data at 99% of critical value
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Other traits includingerminal leaflet length, terminal leaflet widtplant spreadpod

no./plant shelling%and100-seed weighfFigure4—4 andAppendix13) also tested as

normally distributed with AnderseBarling normality tests. While the traits d@buble

seeded pods/planseed no./planand biomass dry weightvere transformed with a

Box-Cox transformation to correct to a normal distribut|@&pgendix 1?. Seed dry

weightwas not distributed normally even after transformation analysis.

Figure 4-4: Histogram of normal distribution of 100-seed weightor F, progeny data

4.2.3 Association of the traits

Phenotypic correlations were conducted between the evaluated vegetative and yield
related traits based on the means p$é&gregating population deed from the cross
between DipC x Tiga necaru using Pearson's Correlation Coefficiealysis.
MINITAB (release 16) software was used to construct the regression plots and to
detect thesignificant association between the traltga for all ; and F populations

evaluated under different environments.
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4.2.3.1 Association between traits for the Fgeneration in the glasshouse

The correlation and adjusted regression values for the glasshouse trait data are

presented if able4-4

Flower no./plant:was significantly associated with all vegetative growth traits except

the traitsdays to emergengcelays topoddingand growth habit This trait could be
account for as much as 32% of the variation observegdlant spread. Flower
no./plantalso had significant negative correlation withys to floweringPearsor V
correlation coefficient,-0.48; p=0.00Q. Whereas it was found to be associated
significantly with seed weightand a number of yield component traits suciped

weight seed no./plant, biomass dry weight dri-seed weightlt was accounted for

44% of the variation associated witlomass dryveight{Appendix15).

Plant spread A negative and significant correlation of this trait was found ks
to floweringandgrowth habit(Pearsor &brrelation coefficient;0.382; p= 0.002 and
-0.615; p=0.000, respectivelyPlant spreadexplained 566 of the variation in
biomass dry weighof this population. Excluding the traits efmergencedays to
podding stem no./plantseed lengttand Shelling%,plant spreadshowed a positive

and significant associations with all the others. A regression analysis suggeasted

spreadaccountable for 37% of the variation observedriowth habit{Appendix16).

Internode length Among the vegetative growth traits the highest positive correlation
was observed betweeanternode lengthand peduncle lengthat +0.799 (p= 0.000)
followed by plant spread whereas for yield related trait a higher Pearson's
Correlation Coefficient value $r+0.408; p= 0.001) was observed betwadrrnode
lengthanddouble seeded pods/plafRegression analysis suggested that 15% of the
variation indouble seeded pod®suld ke accounted for binternode lengtt{Figure 4

5). Plant spreadhad a significantly negative correlation wighowth habit -0.793 at
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p= 0.000. The regression analysis suggested itttatnode lengthaccounted for

62.4% of the variation igrowth habitin the population under study.

Figure 4-5: A fitted line regression plot of internode lengthwith both plant spreadand double

seeded pods/plaim F3 population of glasshouse

Pod no./plant As a yield component trait, it had a significant positive association
with all the vegetative growth traits, while it was in negative associationdaith to
flowering (r= -385; p= 0.002). Regression analysis revealed fwat no./plant
accounted for 51% of the variation mode no./planbf the population under study.
Pod no./plant,beside its strong association witiomass dry weightwas found to
have positive and significant correlation wideed nq. seed weightand pod
weight/plant (r=+0.969, +0.881 and +0.875 at p= 0.000, respectively) but has no

significant relationship with the dimensions of the pod and s&eel yieldccounted

for as much as 77% of the variationpad no./planin this populationfAppendix17).

Similar pattern of the relationship foiouble seeded pods/plawith the other traits

was scored with different significant level.
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showing correlation andP values
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Biomass dryweight was found to be associated significantly with almost all other
traits except the traits afays to emergencand podding stem no./plantshelling %
andgrowth habit Among the vegetative and growth stage tradde no./stervas
correlated most ignificantly positively with biomass (r= 0.77; p= 0.000). A
regression analysis suggested that 59.7% of the variatimonmass dry weightould

be explained on the basis nbde no./sten‘Figure 4-6). Both leaf areaand plant

spreadwere followednode no./stenin their highest association withiomass dry

weight valued + 0.774 and +0.754, respectively (p= 0.000).

SHDUVRQ TV deétfldientipedamedriqat the associatiomiofmass dry weight
with both seed weightand pod weighthad recorded the highest positive value (r=

+0.956 and 0.948; p= 0.000), respectively, among the yield component traits and

explained 91.3% and 89.7% it trait variationFigure4-6).

Figure 4-6: A fitted line regression plot for biomass dryweight with both of node no./stemand

seed weighin the F; population of glasshouse

4.2.3.2 Association of the traits for Egeneration in field

Phenotypic relationship among the characters was studied and the coefficients are

given inTable4-5
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showing correlation andP values
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Plant height and plant spread A significant positive correlation existed between
them (r= +0.691; 0.000) and both showed significant positive correlation with each
of petiole lengthleaf areg terminal leaflet lengtlandwidth, leaf no./plantpod width

and seed lengthPlant heightitself presented a very high positive correlation with

biomass dryweight{Appendix18). Most of these associations reflected results from

data collected from the glasshouse.

Internode length like the data from thelgsshouse it had positive and significant
relationship withnode no./plantpod no./plantpod weight seed no andeed weight
It also had significant and negative correlation vgtbwth habitvalued-0.797 at p=
0.000, whileinternode lengthexplained 8% of the variation in thgrowth habit

among the individuals of this populatiohr(pendixl?. In addition, this trait was in a

negative associationitli days to flowerindg-0.308; p<0.05).

Seed weightwas positively and significantly associated with most of the other yield

component traits and witimternode lengthand leaflet width{Appendix 20). It also

showed a significant negative correlation wgtiowth habit(r=-339; p<0.05).

Biomass dry weight As with the glasshouse experiment the coefficient analysis
showed that biomass hadstrong and positive correlation with some of vegetative
growth traits includedeaf no./plant plant height plant spreadleaflet length, leaflet
width, leaf area and petiole length among them a higher value of +0.947 was
recorded in the associatiohterminal leaflet lengthwith biomass at p= 0.000 level of
significant. Regression analysis made iaomass dry weighéiccountable for 89.6%

and 55% of the variations observedl@aflet lengthand plant spread respectively

Figure 4-7). Among the vyielerelated traits biomass was only showed a significant

141



Chapter 4. Segregating populations and trait inheritance

correlation with both opod lengthand 100-seed weigh{r= +0.358 and +0.339; p=

0.004 and 0.0®, respectively).

Figure 4-7: A fitted line regression plot for biomass dry weightvith both of leaflet lengthand
plant spreadn the F; population of the field.

The correlation between the same trait®f different trials:
There was a positive significant correlation between the data measured for the same

traits of both glasshouse and the field experiments of $hpopulation derived from

the narrow cross of DipC and Tiga necaru Iandr;ffabl(a4—6 .

Table 4-6: Correlation coefficient values for the same traits values of both glasshouse and the

field trial of the F3 population derived from the cross of DipC x Tiga necaru

No Trait Correlation value P value
1 Days to emergence 0.410 0.001
2 Leaf area 0.283 0.030
3 Terminal leaflet length 0.349 0.006
4 Terminal leaflet width  0.328 0.011
5 Plantspread 0.285 0.030
6 Internode length 0.611 0.000
7 Double seeded pods  0.291 0.021
8 Biomass dry weight 0.331 0.009
9 Seed weight 0.320 0.016
10 100seed weight 0.304 0.024
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4.2.3.3 Association of the traits for Fgeneration in TCRU

The result ofassociations between the traits of this generation can be folImble

47

Table 4-7: Relationship between traits in the K population of the cross DipC x Tiga necaru for

TCRU data based on the Pearsoff tbrrelation analysis showing correlation andP values

Days to emergencelt was behaved as like ag Beneration data grown in the
glasshouse being in a positive and significant association with shelling percent and
100-seed weight however the significanaissociations with other traits was not

recorded significantly.

Plant spread Found to be associated significantly with other traiteeohinal leaflet
length and width, and with some vyield related traits suchpasl no./plant, growth

habit, biomass dry wight and 100-seed weightThe highest association of this trait
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was recorded wittbiomass dry weigh{r= +0.81 at p= 0.000) and the regression

analysis between these two traits revealed €gRadj) value of 64.6%Appendix

. This result supported those for thegpepulations in glasshouse and field trial.

Seed weight Was found to be correlated willkeaf no./plant plant height plant

spread podno./plant pod weightandbiomass dry weightAppendix22).
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4.3 Discussion

The inheritance and treegregation patterns of morphological traits were investigated

in the segregatingsfpopulation lineglerived from an intr&ubspecific cross between

two domesticated landraces. DipC from Botswana was crossed with the wild
accession (VSSP11). This investign into the genetic relationships between wild
and domesticated landraces is likely to reflect the genetic changes which occurred
during domestication. The same landrace (DipC) was chosen as the female parent and
crossed with the Tiga necaru landracecémstruct a segregating population from a
fully domesticated background. Tiga necaru from Mali was found to be from a
different localized cluster using DArT markers in a genetic diversity analysis of
bambara groundnut. This analysis suggested that ther maplecular variation
division was between West African and South/East African accesgBamlink

annual report, 2008)The wide (although intraubspecific) genetic differences
between the parents of cross was also supported by another investigation studying the
diversity in bambara groundnut using 201 DArT and 65 SSR ma(kksiwa,

2012)

The current study with a series of statistical investigations has described the nature of
trait variation observed for a wide range of agronomical important traits within
controlled crosses, as a preliminary to a full LQdnalysis This population was
evaluated in glasshouse and field conditions to expose the population to a wider range
of genotype »environment effects.

Reasonable numbers of morphological traits were evaluated in this study for the

vegetative growth stage, flowering and yield development stages. The distribution of
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different traits was tested and a BGwox transformation used to ogert nornormally

distributed traits into normal distributions for QTL analysis.

4.3.1 Distribution of the traits

For all agremorphological traits a distribution analysis was made using an Anderson
Darling test. Most traits were shown to be normallyrihsted and consistent over
different environments for both,land F generations flower no./plant plant height
petiole lengthterminal leaflet lengtrand width, plant spread stem no./plantnode
no./plant internode lengthpod weight/plantpod widh, double seeded pods length
andwidth, shelling%and100-seed weight Distribution of these characters normally
indicates that they are more likely to be controlled by additive gene effect. Additive
gene effects were also reported earlierlfod-seedweightandshelling percentage
bambara groundnufKarikari, 2000) Other traits days to emergencedays to
flowering, growth habitanddouble seeded pods/plamiere nornormally distributed.
However, some of these traitkedf area peduncle lengthpod no./plant double
seeded pods/ant, pod length seed lengtlandbiomass dry weightjid not show the
same distribution pattern over different trials or across different generation€dox
transformation pulled them back to a continuous and normally distribution. This
might be due to ifferences in inteplanting distances in the glasshouse and field
experiments or the effect of genotype x environment interacimmahet al. (2012)

also reported thaseed length, pod lengtind pod widthare largely under additive
genetic control recording 100% broad sense heritability and predicted high genetic
advance of these traits by evaluating twelve cultivars of aangroundnut sourced

from farmers collection in the north eastern Nigeria
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Days to emergencéor both generations of sFand K was characterized as a
discontinuous trait, although it was not possible to determine a single gene effect as
the trait did not match the expectpdttern of Mendelian segregation ratio in both
populations. In the glasshouses)(flata recorded fodays toemergenceonly one
individual line took longer to emerge than the DipC parent, however the difference in
time to emergence between the parents of the cross did not exceed 4 days.In the F
population no difference was recorded ttays to emergencef both parents. The

result of this trait agrees with the findingsRsdsuet al. (200%) studying segregation

of this trait in an Epopulation derived from the cross of DipC x VSSP11.

Characterizing the number of flowersoduced by the plant is laborious work, having

to be done each-2 days for 34 months from the first day of flowering, this trait
could be an important one in breeding terms. It was recorded for;thepklation

grown in glasshouse, and was found todwlla normal distribution, suggesting a
multigenic trait.

Among the traits not distributed normallyowth habitand eye pattern around the

hilum were shown to follow a segregation pattern consistent with Mendelian
inheritance. Incomplete dominance was hypothesised to cgntneth habitin the R
progenies in the glasshouseGrowth habit is one of the important
morphological/agricultural traitsna selection criteria derived in domestication and
adaptation studies of bambara groundnut landraces have emphasized the study of this
trait (Massaweet al, 2005) In the analysis of the wide (intsub-specific cross; DipC

x VSSP11; Baset d., 200%), the F1 hybrid between the spreading spontenea type
and the bunchedubterraneatype shows a morphology consistent with the wild
VSUHDGLQJ SDUHQW VXJJHVWLQJ WKDW HEXQFKLQJY L

during domestication.
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The presence okye pattern around the hilumvas consistent with the hypothesis of
control by complete dominance in the segregatingdpulation in the glasshouse.
The monogenic inheritance of this trait was in agreement with what was detected
previously in thesegregation Fpopulation of the wide cross (DipC x VSSP{&asu,

2005) however in the current study on the associatioayefpatterrwith testa color

was not confirmed as both parents of the current population possess ¢testany

color, which made the following of the segregationtista colair impossible.

4.3.2 Association of the traits

The characters studied here are most likely to have a complex relationship with each
other. They mostly demonstrate substantial phenotypic variability and these characters
could be used for breeding of thisopr A strong correlation was observed between
yield and other traits studied here. The result was in agreement with previous reports
(Ntundu et al, 2006; Ouedraoget al, 2008) These correlations could serve as
important criteria in breeding and selection of genotypes for this crop, using simpler
or early traits which are correlated to later or more difficult to asseis. tsach

correlations would need to be validated before use.

Days to emergenceTime required to initiate the first real leaf was positively
correlated to the time taken for flowering in theaRd F; populations under study. In
previous investigationst iwas also reported to show a positive but not significant
correlation withdays to 50% floweringNawabet al, 2008) A negligible negtive
correlation was observed falays to emergenceith pod and seed yield A non
significant correlation ofdlays to emergenceith seed weightvas recorded in the
early and late planting date of bambara groundnuBdxyedict and Michael (2011)

However days to emergencéad no direct correlation with yield in bambara
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groundnut in the cuent study, despite the significant and positive correlatictags
to 50% emergenceith podyield reported by researchers in Zimbab{iakandaet

al., 2009)

Days to flowering This trait had negative and significant association with most of the
vegetative growth traits and also wisieed yieldand biomass dry weighin both
glasshouse and field trial fog Populatbn. These relationships suggest that spending
more time in the vegetative stage for this material will reduce time spent in the
reproductive phase, resulting in lower yields. A similar result of lower yield in semi
arid-conditions due to a longer vegetatistagaevas reported in the evaluation of 310
bambara groundnut accessions in the Northern area of Burkina(Gasdraog et

al., 2008) It has been identified by Makandgaal. (2009) that poor yield in bambara
groundnut is a function of delayed flowering. This association was not consistent in
the F, population derived from the same crosslags to floweringvas in a positive

but not significant association with yield and its components.

Flower no./plant Among vegetative growth traits, there was a significant association
of flower numbemwith plant spreadaccounted for 32.1% HSq(adj) = 32.1 %] of the

trait variation observed irplant spread Furthermore, the negative and significant
correlation detected betweeifower no./plantand days to floweringsupport a
hypothesis; early flowering gives the plant time to deliver the stored energy into the
seeds insteh of partitioning to other organs. This possibility was also supported
through the significant and positive correlationfloiver no./plantwith yield and its
components. A high positive correlation fddwer no./plantand seed weightwvas

reported previoug (Benedict and Michael, 2011)
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Leaf dimensions: The measurements tdrminal leaflet lengttandwidth were found

to be correleed positively toseed yieldand its components for the, land K
generations, at different levels of significance, under glasshouse and field conditions.
Increased photosynthetic area resulting from greater leaf size may have contributed to
increase agraymical performanceleaf lengthand width participate in determining

the spread of the plant canopy, so selection for these traits could be used to control
soil evaporation by optimal canopy spread. Another investigation also suggests longer
leaved plantsn bambara groundnut produce more pods seetl yield Misanguet

al., 2007)

Plant spread Had significant and positive associations with other vegetative traits,
especially with leaf dimensions and this was consistent for both segregating
populations over all three experiments. A positive correlatioplarit spreadwith
biomass dry weighand seed weightvas observed foall the experiments, although

the association witeeed weightlid not reach significance in the field trial data. This
combination of associations makes plant spread to be a good indicator €bofyiel
bambara groundnut, in this material at least. Based on a strong positive correlation
betweenplant spreadand double seeded pods/plamt the glasshouse and TCRU
experiments, increasing the yield of bambara groundnut in this material could be
achievedby selection of plants having greater canopy spread, with double seeded
pods providing a boost to yield. A positive correlation of canopy spread with pod
yield was also reported in adaptation studies of bambara groundnut conducted in

Owerri southeasterNigeria(Onwubikoet al, 2011)

Internode length This trait is a major component of plant architectasdt accounts
for the major differences between bunch and spreading types. It is one of the

important traits responsible for the variability of landra(@se and Massawe, 2012)
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Internode lengthwas the main variable in an investigation assessing the level of
diversity among 101 accessions to define collection and conservation strategies in
bambara grendnut (Sévérin and Yao, 2011)in the current study correlations
betweennternode lengtland other traits were consistent in both glasshouse and field
trials for the F population,internode lengthwas also in a positive and significant
association with other traits suchrasde no.andpod no./plantpod weightseed no.
andseed weightinternode lengtrand days to floweringvere negatively correlated.
Thus higher yield could be obtained from ptartaving longerinternode length,
however selection efforts have worked to produce shortermode lengtheading to

a bunched habigSmartt, 1985)It can be concluded that selection for this trait could

result in better yield in this crop.

Biomass dry weight Any improvement program for bambara groundnut should
include high biomass production to emphasisegiaductivity and high harvest index

to ensure partitioning biomass accumulation to the sBamnass dry weighhad

positive correlations withplant spreadand the leaf measurements for the F
generation (glasshea and the field) and the, population grown in TCRU. The
associations of other yield component traits with biomass dry weight were significant
in the glasshouse and TCRU experiments, regression analysis suggested that nearly
90% of the variation irpod and seed weighttould be explained on the basis of

biomass dry weiglfor both experiments (glasshouse and TCRU).

Seed yieldIn the current investigation the correlationl®f0-seed weighto theseed
yield was consistent for both segregating populatiomer dhe three experiments.
Ofori (1996) in a orrelation analysisn bambara groundnut also identified positive
correlation of100-seed weightith seed yield Therefore, studying the trait G0

seed weightvas considered valuable in the breeding program as it was found to be
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among the important characters to be considered during selection of bambara
groundnut(Karikari, 2000) Pod no./planis an important component seéed yieldn
bambara groundnut, not surprisingly, and this has been nbtedigh highly
significant correlation between both traits in different environments. It has been
concluded that the yield in bambara groundnut could be improved through selection

for thepod no./plan{Adu-Dapaah and Sangwan, 2004)
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Chapter 5: CONSTRUCTION OF A GENETIC LINKAGE MAP IN

BAMBARA GROUNDNUT

5.1 Introduction

A genetic linkage map represents the relative order of genetic markers along a
chromosome and the relative distance between them determined by recombination
frequency. Based on this relationship, the markers in a genetic map are placed into
linkage groupigs which describe the gene order and high density maps can often
assign individual linkage groups a chromosomal idef¥igboahet al, 2007)

The construction of genetic linkage maps relies on the choice of parental lines to
develop a controlled cross. The cross should be segregating foatrditeasonable
levels of marker polymorphism are needed, which can be scored across the
individuals of the population. It is possible to construct a genetic linkage map based
on a number of different family structures;, F, backcrosses, double haploid o
Recombined Inbred Lines (RILsRecombinational distances can be estimated
through comparison of the number of recombinant genotypes for a pair of markers

with the total number of observatiof&u et al, 2008)

5.2 Genetic mapping in related legume crops

Bambara groundnut belongs to the Phasedlitettioid clade, which contains most
legume crops, such as pea, alfalfée@licago spp, chickpea, soybean and comn
bean(Choi et al, 2004b) Investigating the geneticnkage map in related legume
crops and emphasizing shared synteny among these species might help facilitate the
identification of markers closely linked to traits of interest in bambara groundnut.
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5.2.1 Soybean

The first soybean Glycine maxL. Merr.) (20=2x=40) genetic linkage map of
molecular markers was developed using 150 restriction fragment length
polymorphism (RFLP) loci in anJfpopulation derived from an intspecific cross of

G. max(A81-356022) xG. soja(P1468916)Keim et al, 1990)

Five soypHDQ PDSV FRQVWUXFWHG IURP WKH FURVVHV RI |
HSUFKHUY U$SUFKHUYT [ M1RLU 9 {B8EDI2W RIf68916~RIERV R\
combined into an integrated genetic map spanning 2,523.6 cM (Kosambi) map
distance across 20 linkaggoups. A total of 1,849 markers were used, including

1,015 SSRs, 709 RFLPs, 73 RAPDs, 24 classical traits, six AFLPs, ten isozymes, and

12 others. On average, 51 SSR markers mapped per linkage group, ranging from 35 to
64. The average length of the intak between any two adjacent SSR markers was 2.5

cM. It was suggested that more SSRs than expected were closely linked and clustering

of SSR markers on the soybean map was observed, suggesting an association of genes
and SSRs. The primer sequences fo68R loci, as well as the genetic maps of each

of the 20 consensus linkage groups can be found on the SoyBase Web site of the

USDA, ARS Soybean Genome Databaistip(//soybase.agron.iastate.gd(8onget

al., 2004)

5.2.2 Cowpea

Omo-lkerodahet al, (2008)reported construction of a linkageapto screen foQTL

to resistance to flower bud thripdMégalurothrips sjostedtiin cowpea Yigna

unguiculata (L.) Walp) using 145 RIL individuals ¢g). The population was
GHYHORSHG IURP D FURVV EHWZHHQ WZR FRZSHD OLC

0,7 § VXVFHSWLEOH WR )7K DQG GHYHORSHG E\ WK
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total of 134 AFLP and the 5 SSR markers were scored in the developed mapping
population to facilitate QTL analysisoveringl620.1 cM of the cowpea genome

A consensus genetimkage map was constructed for cowp¥aha unguiculatgL.)

Walp.] (2n=2x=22) using a higtthroughput ESTderived SNP assay. The markers
were applied to 741 recombinant inbred lines from six mapping populations.
Approximately 90% of the SNPs were tewally successful, providing 1,375
dependable markers. Of these, 928 were integrated into a consensus genetic map
spanning 680 cM with 11 linkage groups and an average marker distance of 0.73 cM.
Recently a new consensus map containing 1107d8iVed SNAnarkers (856 bins)

was reported byucaset al, 2011 which was developed through integrating 13
populationspecific maps, segregating for the most important traits in this crop.
Eleven of these populations werg 6 Fo RIL populations developed by inbreeding

and single seed descent while the remaining two weseFived F families. A total

of 179 SNP markers were added to the previous mapping data set used by Mtuchero
al. (2009) andXu et al.(2011) The improved methods of data analysis are realized in
map characteristics when surveying synteny of cowpéh soybean,Medicago
truncatula Gaertn, andArabidopsis thaliana(L.) Heynh. Using HarvEST:Cowpea
1.27(Wanamaker and Close, 20Xd CircogKrzywinski et al, 2009)

In the soybean an¥. truncatulageromes, homologous genes were identified for
85% and 80% of the SNPs mapped in cowpea, respectively Development of such a
highly robust genetic map is of value to develop projects, including genome assembly,
marker assisted breeding, quantitative trait (@2TL) analysis, mafpbased cloning,

and comparative genomics. These results support the evolutionary close relationship
between cowpea and soybean and identify regions for sybtsed functional

genomics studies in legum@sucaset al, 2011; Mucheret al, 2009)
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Another investigation was conducted Bgttorff et al, 2012to identify the candidate

gene for leaf morphology in Cowpea/igna unguiculata(L.) Walp]. A RIL
population of Sanzi (suflobose leaf shape) x Vita 7 (hastate leaf shape) was used,
showing considerable variation in leaf shape. A QTL for leaf shHdisghastate leaf
shape), was identified on the Sanzi x Vita 7 genetic map spannmg58db4 cM to

67.54 cM on linkage group 15. The corresponditig locus was positioned on the
cowpea consensus genetic map on linkage group 4, spanning from 25.57 to 35.96 cM.
Synteny was examined using E8&rived SNP markers previously BLASTed and

aligned to the soybean anmledicagogenomes which are housed in the publicly

available data set of HarvEST:Cowp|emm://harvest.ucr.ec uHigh colinearity was

observed for the syntenlkdls region inMedicago truncatulaand Glycine max One
syntenic locus forHIs was identified onMedicago chromosome 7 Identifying 8
Medicago genes orthologous to cowpea SNP markers in that syntenic region of

Medicago chromosome. While syntenic regions fbils were identified on two

soybean chromosomes, 3 and |Fy@re 5-1). The His locus was identified on the

cowpea physical map via SNP markers 1 0910013 and 1_0992 which were
identified in three BAC contigs; contig926, contig821 and contig25. The conserved
gene order within the same legume family, cowpdadicagoand soybean, enabled

the identification of a candidate gene for His locus(Pottorffet al, 2012)
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Figure 5-1: Synteny of the HIs locus for Cowpea with Medicago truncatulaand Glycine max
using EST-derived SNP markers previously BLASTed and aligned to the sequenced genomes.
The Hls locus which is on linkage group 4 of the cowpea consensus genetic map ssagenic with
Medicagochromosomes 3 and 7. Two syntenic loci were identified for thidls locus in soybean
chromosomes 3 and 19. The syntenic map was constructed using the HarvE&€bwpea database
(http://harvest.ucr.edu) with a cut off e VFRUH Y D O X H aRiinimumDn@Qn@ber of 10 lines
drawn per linkage group. Colored lines indicate cowpea genes orthologous to genes Mn

truncatula and G. maxchromosomegPottorff et al, 2012)

5.2.3 Chickpea

Chickpea Cicer arietinumL.) is a selipollinated, diploid (8=2x=16), grain legume

crop with a genome size of 740 MEArumuganathan and Earle, 1991A
comprehensive genetic map was constructed in chéckpang a recombinant inbred

line (RIL) population of 131 individuals derived from the cross of ICC 4958 (
arietinumxP1 489777 C. reticulatun). A total of 253 bacterial artificial chromosome
BESSSR and 675 DArT polymorphic markers between the parental genotypes were

used along with genotyping data published recently (192 genic molecular markers
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(GMMs) including 83 conserved orthologous seqesn¢COShased SNPs, 54
cleaved amplified polymorphic sequences (CAPS), 35 conserved intron spanning
region (CISR) and 20 ESderived SSR)YGujariaet al, 2011) The map comprises
1,291 markers on eight linkage groups (LGs) spanning a total distance of 845.56 cM
with an average intanarker distance of 0.65 cM. This comprehensive genetic map
with integrated BESSSR markers will facilitate its anchoring to the physical map to
accelerate mapased cloning of genes in chickpea and comparative genome evolution

studies m legumegThudiet al, 2011)

5.2.4 Lentil

Lentil is selfpollinated, diploid (B=2x=14) with a large genome size of
approximately 4Gb (Arumuganathan and Earle, 19917 linkage map was
constructed to improve understanding of the genetic structure. The linkage map of
lentil (Lens culinarisL.) was constructed for a 94 RIL population (developed from the
parents Precoz x WA8949041) using 166 markers. The map consistdédinkage
groups spanning 1396.3 cM of the lentil genome at a minimum LOD score of 3. The
length of LGs varied from 16 cM to 436.8 cM with average marker density of 8.4 cM.
The number of marker loci per LG ranged from 6 to 41. LG1 was the group
containing the rast markers with an average marker density of 10.6 cM in length.
There was great variability in these densities as most of the RAPD and ISSR markers
were evenly distributed across the genome while the majority AFLP markers were
clustered on LG1. The autmorsuggested that the map could be used to detect
agronomically important genes and in marker assisted selection of this crop.

(Tanyolacet al, 2010)
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5.2.5 Alfalfa

The first genetic map was establishied the model legume species bfedicago
truncatulausing an k segregating population of 124 individuals. This map sednn
1225 cM with an average distance between adjacent markers of 470 kb/cM. It
comprised 289 markers including RAPD, AFLP, known genes and isozymes arranged
in 8 linkage groups. Markers were uniformly distributed throughout the map and
segregation distortrowas limited to only three linkage groups. Locating a number of
common markers on the map, the eight linkage groups were shown to be homologous
to those of diploid alfalfaMledicagosativg), implying a good level of macrgsteny
between the two genomgBhoquetet al, 2002)

Comparative genome analysis has been performed between two closely related tribes
(Trifoliae and Viciae) of the subfamily Papilionoideae with different basic
chromosome numbers. The linkage map of diploid alfé&fadicago sativaderived

from F, segregating population was compared to those of homologous loci on the
combined genetic map of peRigum sativum derived from RIL populations. The
analysis aimed to analyze the degree of colinearity between their ligkaggs. The
linkage groups oMedicagoand pea showed a high degree of colinearity as was also
demonstrated by other researchéfoi et al, 2004a) It was concluded that the
difference in genome szbetween the two species (the pea genome tis 50-fold

larger than that of alfalfa) is not a consequence of genome duplication fistira
lineage. The high degree of synteny observed between pedVvaditago loci
indicates that further malpased clomg of pea genes based on the available genome
resources foMedicago truncatuland other related species will be productive which
will enhance the strategy of transferring map information from this model legume to

other relateqKalo et al, 2004)
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5.2.6 Mungbean

A linkage map was constructed in mungbedigia radiatel.) (2n=2x=22) using an

F, population (186 individuals) derived from an infipecific cross between the wild
DFFHVYVLR Qigna radiatavar. sublobata DQG FXOWLYDWHGTOLQH p.
(Vigna radiatavar. radiata). JoinMap 3.0 program was used to develop ihieabe

map. A minimum LOD score of 3.0 was used as a threshold value for grouping the
markers and mapping used the Kosambi map function. One hundred and fifty SSR
markers were assigned into 11 linkage groups with 5 markers at least for each. The

map coverd 1,174.2 cM of the mungbean genome having an average marker density

of 7.8 cM. Extensive genomic conservation has been revealed by comparing this map

with azuki beanVigna angulari$ and blackgram\{igna mungdlinkage maps based

on azuki common marke(&ajonpholet al, 2012)

5.2.7 Pigeon pea

The first genetic linkage map was developed for pigeesm Cajanus cajarspp. (L.)

Mill sp.) (2n=2x=22) using a total of 554 diversity arrays technology (DArT)
markers. The MAPMAKER/EXP version3 software was used to generate the map.
The mapping population was an &f 72 progenies derived from a cross betwee
cultivated C. cajar) genotype and its wild relativeC( scarabaeoidgs Segregation
distortion was 13%. Two groups of paternal and maternal genetic maps were
generated with 172 and 122 unique marker loci, covering 451.6 cM and 270.0 cM,
respectively. The authors state that those markers developed would be a useful
genomic esource for intespecific genetic analysis and the linkage map will allow
map-based cloning of genes for biotic and abiotic stress from wild relatives of pigeon

pea in the futur¢yanget al, 2011)
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The genetic linkage maps presented above were derived fii@nmedt inter and intra
specific crosses using different kinds of molecular markers in legume crops to identify
QTLs for the traits interested. Some of the maps constructed were proposed to be used
in comparative genome analysis with the other non medeinhes crops. The results

also suggested close relationships between some of these legumes by identify a high
degree of synteny. This could allevto identify markers and cloning genes and
facilitate the strategy of transferring genomic information from thodel legume

such as soybear(ycine max andMedicago truncatulao other normodel related

species such as bambara groundnut.

7KH DLPV RI WKH UHVHDUFK UHSRUWHG LQ WKLV FKDSYV
HZLGHY JHQHWLF O LbarkdbalihtnBtlygna subteEranBa(L.) Verdc)

to clarify the underlying genetic mechanisms controlling agronomic traits and
facilitate MAS in future breeding programs, then combining these two maps to
identify common markers in an attempt to build a emssis map. Two inter and
intra-subspecific mapping populations were used. The first one wagsagfegating

population derived from the cross of two domesticated landraces (DipC x Tiga
necaru) based on SSR and DArT markers, while the second was a segréga

population derived by crossing subterraneavar. subterraneax V. subterraneavar.
spontaneaThree marker types of SSR, DArT and AFLP were used in constructing

the second map.
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5.3 Result

In this chapter the analysis of polymorphic markeifsir segregation in the
SRSXODWLRQ XQGHU VWXG\ DQG OLQNDJH PDS FRQVWL
DQG pZLGHY PDSV ,Q DGGLWLRQ DQ DWWHPSW WR FR

two constructed maps is also presented here.

5.3.1 Polymorphism aad markers for mapping

Polymorphic markers in a segregatingsFSRSXODWLRQ RI WKH pQDUURZ |

Out of 124 SSR markers developed from the genome and transcriptome of bambara
groundnut and from soybean (one marker) 45 primers were polymorphic (36.3%) and
discriminated between the parental alleles of the cross. From this number 33 primers
were used to screen all individuals in this population and in the construction of the
genetic map. As there was not enough time or money, the other 12 polymorphic
markers vere not mapped in the populatiddf the 7680 features present in the DAIT
slide array, 236 (3.1%) were identified as polymorphic markers in the cross and

scored in the narrow cross population.

In total 269 polymorphic SSR and DArT markers wased to costruct the initial
map and showed linkage to at least one other marker using the segregating F

population derived from narrow cross of DipC x Tiga necaru landraces.

Polymorphic markers in the segregatinpFSRSXODWLRQ RI pZLGH FURVVY
The same primer sebf 124 SSR markers were tested for polymorphism in this
population and 41 polymorphic primers were detected (33.1%). Parental alleles of this

cross were scored for all the individuals using only 22 polymorphic SSR primers due
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to shortage of time and moneYhese primers were combined with other sets
previously developed for this populatigBasu, 2005)Previously developed primers
included 136 DArT, 141 AFLP and 2 SSR primers. In total, 301 polymorphic SSR,
DArT and AFLP were used in linkage analysis and map construction using a
segregating Fpopulation derived from the cross of cultivated landrace (DipC) and

wild accession (VSSP11).

5.3.2 Inheritance and the segregation distortion of markers

Marker segregation patterns and their potential distortion was detected automatically
by JoinMap4 pefforming a Chisquare test against expected segregation patterns

(p<0.05 for significance). In the narrow cross the segregation of markers was
estimated from the second map run (RIL3 model) for phased markers (239). The locus

genotype frequency tablg\gpendix 23) suggested 163 markers segregated in the

expected Mendelian ratio of 3:2:3 and 3:5 for both marker types SSR and DArT,
respectively, in the F#population. Seventgix markers (32%) showed segregation
distortion and did not segregate according to expected Mendelian inheritance. The

segregation distortion in the DAIT markers was found to be greater compared to SSRs

Table5-1).

In the wide cross map 73% (218) of the markers evaluated segregated in the expected

Mendelian ratio|Appendix 24). Eighty three markers from all marker types (SSRs,

DArTs and AFLPs) were distorted {P®.05, chisquare test). The highest distortion
ratio (36%) was among dominant AFLP markers for this map followed 3ig S

markers (29%) and the lowest distortion (19%) was observed for DArT markers

Table5-1). The results of linkage analysis for both maps revealadntiarkers with

distorted segregation were distributed throughout the genome.
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Table 5-1: Markers and their segregation patterns in both population typesof narrow and wide

cross of bambara groundnut.

Fs population of harrow cross F, population of wide cross
Type of Mendelian Mendelian
marker Segreggmon Polymorphic Distortion Segreggmor Polymorphic Distortion

ratio (x" at marker ratio (x” at marker
p<0.05) p<0.05)

SSR 3:2:3 29 7 (24%) 1:2:1 24 7 (29%)
DAIT 35 210 69 (33%) 1:3 136 26 (19%)
AFLP - - 1:3 139 50 (36%)
Co-dominant .
AFLP 1:2:1 2 0
Total markers - 239 76 (32%) - 301 83 (27%)

5.3.4 Linkage phase determination

'LWK QR LQIRUPDWLRQ DYDLODEOH Rig Redar®)DnUHQ W V
segregating f£population for DArT markers, phase was determined through initial
analysis of the population as a Cross Pollinator (CP). Two hundred andstkirty

DArT markers were combined with 33 SSR markers, grouped and initial linkage

maps determined. Out of 269 markers 239 grouped into 28 linkage groups, with their
phases determined by JoinMap4. §#regation type coding of <hkxhker all loci

was converted into the RIL appropriate code, dependant on the marker type and the
phase (a,h,b) = codominant markers , (a,c) = dominant coding where phase was
determined as (0,0) and (b,d) = dominant coding where phase was determined to be
(1,2). The .loc file recoded as a, b, ¢, d, h was used for linkage determination using an

RIL3 model, producing 21 linkage groups of 238 mark&re other 31 unmapped

markers were presentedAppendix25

5.3.5 Calculation of the map

The JoinMap4 program builds the mhyp adding loci one by one, starting with the

pair for which there is the strongest linkage evidence. For each added locus the best
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position is determined by comparing the goodrefsBt of the resulting map for each
tested position. When at the best position, the overall goodfidsg{measured as a
cumulative chisquare score) should be lower when compared with other possible
positions.This position is adopted, although the final position may still lead to an
increase in overall group cumulative gr score which leads to an initial rejection

RI WKH QHZ PDUNHWpIWWK UGKNIKDRX@O® Lv VHW DW DQ
cumulative bi-sqgr of 5). The locus is removed if the jump score increases above the
default value of +5 (suggesting a conflict with the markers already mapped) or if
strong negative distances are observed. The process is continued until all loci are
tested once. Thiss the end oftie first round resulting in Mdp Subsequently, a
second attempt is made to add the previously removed loci to the map. This can be
successful since the map will contain more loci than at the first attempt because of
more pairwise data bagnused and testing local order may lead to changes in marker
order. If high jump values or negative distances are still not resolved for the
problematic loci in Map2, they will be removed again. This is the end of the second
round resulting in Map 2. Aftahat, all loci previously removed are added back to the
map in the best possible positions, ignoring both jump and negative distance
thresholds. This results in a final or third rduof mapping giving rise to M&p In

this process each map is calculatisthg the pairwise data of loci present in the map,
but only those pairs of loci that have a recombination frequency smaller than the REC
(Recombination) threshold (0.4 default) and a LOD value larger than the LOD

threshold (1.0 default) are used.

Construeting the linkage map using the narrow cross population resulted in
performing more than one round of mapping (Mapl) to build the map for the groups

of 1, 5, 6 and 11. All of these groups except 11 had no significant conflicttv@and
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MHMXPSHGY P DauNdHLEMId beRaEded in the second round (Map2) without a
need to relax criteria. For group 11, because the third map for this lgadughown a

significant conflict between existing marker data from round two and the additional
HMXPSHGY P Drstiadnd vnapmiHadadpted. Note, the second round map did

not lead to additional markers being added to Map2

In the map constructed from the wide cross population the maps of linkage groups 1,
6, 7, 13, 14, 15, and 16 had three rounds of map, but thmel rome (Mapl) was
followed from these groups to assemble the linkage map in the segregating F
population. The large threshold value famp in the second (Map2) and the third

maps (Map3) of these groups indicated the poor fit of the added markea added

markers (10) for these rounds were removed from the [Mapld 5-2). These

removed markersDQG WKRVH XQPDSSHG RQ WKH OLQNDJH P

present iPAppendix26

Table52 0DS URXQGV IRU WKH OLQNDJH JURXSV RI pQDUURZ p DQ

identified adopted rounds in the genetic maps

Linkage MIDUURZY FURV M:LGHY FURVV
groups  No ofround Map) Map used No ofround Map) Map used

N
w

[y
[y
PRRPRPRPRPPPPPORPRPRPRPNNRRRE
PRRPRRPRRPRPRPPPPPPRPRPRPNNRRPEN
CRPRPRPRPOOWWRRPRPRPRPOWRRERRE
RFRRPRPRPRPRPRRPRRPRPRRRRERRRERRERRERRRR
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5.3.6 Linkage map and marker distribution

Map construction was conducted with JoinMap4. It started with the calculation of
LOD groupings (tree) and manually selection using a LOD score of 5.0 coming down
to 3.0.Two hundred and sixty nine markers of SSR and DArT were employed in the

linkage analysis of narrow cross map and the Haldane mapping function was used.

Initially map construction was setup to analyse the population under study as a Cross
Pollinator(CP) todetermine linkage phase for these markers, as the parental data was
not available by the time of running slitdased DArT markers. Out of 269 markers
(SSRs and DArTs) 239 were assigned to 28 linkage groups. The genotypes of DArT
markers for the individual were converted to different phases for the markers in
linkage groups. Different classifications was arranged depends on their phases; a or ¢

JDYH WR ~ *~ SKDVH DQG E RU G IRU ™ "~ SKDVH LQ DQ

All arranged markers (29 SSRs &itD converted DArTs) were grouped again with

-RLQODS XVLQJ pL Q GA &berke(s ExQdptbne2wdre assigned to 21

linkage groupgKigure5-2).

The 21 linkage groups spanned 608.6 cM of bambara groundnut genome in this map.
The distance between two consecutive markers varied frath10cM, with a mean

of 3 cM. The number of markeper linkage group ranged from 2 to 46 markers with

an average length of 28.98 cWhe 21 linkage groups spanned 608.6 cM of bambara
groundnut genome in this map. The distance between two consecutive markers varied
from 0-10.1 cM, with a mean of 3 cM. Theumber of markers per linkage group
ranged from 2 to 46 markers with an average length of 28.98 cM. The longest group

with 23 markers covered a distance of 76.4 cM.
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Figure 5-2: A genetic linkage map of21 linkage groups. This was constructed in 73sfndividuals
derived from the cross between individuals of the DipC and Tiga necaru landraces. The locations
of 29 SSR and 209 DArT markers are given. Positions are given gentimorgan (Haldane units)
to the right of the linkage groups and the name of markers to the left. Microsatellite markers

were highlighted.

The final coverage of 608.6 cM was expected to equate to about 54 % of bambara
groundnut genome, based on a default 100cM per chromosome ahtbfrfosomes
which the genome siz&} has been estimated from the partial linkage data according

to the method ofulbertet al.(1988:
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J:JFs; tT

) L t uT

Wheren is the number of mapped markeys,is the number of twgoint linkages at

a distance equal ® cM. This estimation applies directly when the markers are all

informative in the same number of meioses in inbreeding sp@ebke5-3|presents a

summary of these results, with all groups adopting Map1l unless otherwise indicated.

Table 5-3: Distribution of the markers, linkage group size and marker density in the genetic map

constructed in a i population of DipC x Tiga necaru cross.

No. Of markers mapped in the groug  Average

Linkage  Length

SSR DArT marker
groups (cM) Total marker marker marker interval (cM)
1 (Map2) 72.6 46 3 43 1.58
2 36.6 11 0 11 3.33
3 38.1 15 0 15 2.54
4 33.5 13 3 10 2.58
5(map2) 74.2 28 5 23 2.65
6 (map2) 20.9 13 0 13 1.61
7 13.3 12 2 10 1.11
8 16.8 5 2 3 3.36
9 1.6 3 0 3 0.52
10 76.4 23 4 19 3.32
11 15.3 14 1 13 1.10
12 47.5 10 1 9 4.75
13 18.0 9 1 8 2.01
14 3.1 9 1 8 0.35
15 42.9 7 1 6 6.12
16 8.0 5 1 4 1.60
17 23.5 4 2 2 5.87
18 34.4 4 1 3 8.60
19 30.2 3 1 2 10.07
20 0.0 2 0 2 0.00
21 1.4 2 0 2 0.71
Total 608.61 238 29 209 -
Range 0-77.43 2-46 1-5 2-45 0-10.1

The wide cross map was constructed using three marker types; SSR, DArT and AFLP.

A total of 301 markers were subjected to linkage analysis, from which 194 markers
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were assigned to 20 linkage groudl groups adopting MaplThe mean marker
marker distane was 5.9cM. LG1 included the largest number of DArT markers (43).

The greatest distance (109 cM) was observed for LG15 with 15 mz{i{'gm;e(SG .
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Figure 5-3: genetic linkage map of 20 linkage groups. This was constructed in 98 idividuals
derived from the cross between individuals of the DipC and VSSP11 landraces. The map
represents the locations of 12 SSR, 110 DArT and 82 AFLP markers. Positions are given in
centimorgan (Haldane units) to the right of the linkage groups and tB name of markers to the
left. Microsatellite and AFLP markers were highlighted on the linkage groups with yellow and

green color, respectively.

172



Chapter 5. Constructon of geneticihkage map

The linkage map of thefpopulation derived from the wide cross spans a total of 901

cM, giving genome coverage of 79.6%, compared with the 67% of mawder

linkage compared to the narrow cross nibgb{e 5-4).

Table 5-4: Distribution of the markers, linkage group size and marker density in the genetic map
constructed in an k, population of DipC x VSSP11

Linkage Length ch)_.o(z;lmarkers mapped in the groups Ar%/:rrsgre

groups (cM) marker SSR DArT AFLP interval (cM)
43.0 41 - 41 - 1.05

2 26.1 3 - - 3 8.69

3 1.7 2 - 2 - 0.83

4 53.1 14 - 11 3 3.79

5 60.3 11 7 4 5.48

6 42.4 9 - 3 6 4.71

7 93.9 8 - - 8 11.74

8 36.3 6 3 2 1 6.05

9 6.1 2 1 1 0 3.05

10 35.0 5 1 - 4 7.00

11 26.7 3 - - 3 8.91

12 1.8 3 - 3 - 0.58

13 62.2 22 - 15 7 2.83

14 102.9 19 4 4 11 5.41

15 109.0 15 2 1 12 7.27

16 85.7 9 - 1 8 9.52

17 23.7 10 - 9 1 2.37

18 33.7 7 4 2 4.81

19 29.1 2 1 1 14.55

20 28.7 3 - 1 2 9.57

Total 901.2 194 12 106 76 -

Range 1.7-105.7 2-45 14 1-45 1-12 0.83-14.55
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&RPELQLQJ p1DUURZY DQG p:LGHY FURVV PDSV

JoinMap4 was used t6 RPELQH OLQNDJH JURXSV

IURP ERWK PD

command was used to align genetic maps obtained in different populations for a

YLVXDO LQVSHFWLRQ RI WKH PDUNHU RUGHU

of 8 common SSR and 24 DArT markgfable 5-5

7KH pQD

. These were used to combine

linkage groups from both crosses, where two or more common markers existed. The

-RLQODS IXQFWLRQ pPpFRPELQH JURXSYV IRU PD&$ LQWHJU

data, followed by regression mapping under default conditions. Two sets of linkage

groups could only be linked through the existence of one common marker each and

they were also shown iigure5-4{ While it was possible to confirm common groups

through one common marker on the same chromosome, their relative orientations

were not determined.

Table 55 1XPEHU DQG WKH W\SH RI

population used to combine linkage groups

FRPPRQ PDUNHUV LQ ERWK

Linkage groups

Common marker

o e nomerormaners 20T
combined groufd 1 14 3 SSR
combined grou2 10 8 3 SSR
combined grouf3 3 13 10 DArT
combined grougt 5 5 2 DArT
combined grougb 14 17 8 DArT
combined grouib 13 14 4 DArT
non grouped a 17 15 1 SSR
non grouped b 10 10 1 SSR
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Figure 54 &RPELQHG OLQNDJH JURXSV IURP WKH pHpQDUURZY DQG pZl
FRPPRQ PDUNHUV H[LVW DQG WKH pFRPELQHGYT OLQNDJH JURXSV

and relative orientation cannot be determined.
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5.4 Discussion

5.4.1 Mapping populations

The same basic approaches were used to construct the first genetic linkage map of
bambara groundnut, based on a population derived from a cross of individuals of a
wild accession and of a cultivated landréBasu,2005; Mayest al, 2009)and an &
population derived from the cross between two individuals of domesticated landraces
(DipC and Tiga necaru). Mapping in this cross aimed to further our understanding of
the genetic basis of agronomically importanitsrin bambara groundnut. The genetic
analysis of the previous cross had identified a number of genes important for the
domestication process for bambara groundBassuet al, 2007c) Construction of a
comprehensive genetic linkage map relies upon polymorphism between the
progenitors of the mapping population to study sedm@gaatterns in the offspring

and the existence of sufficient molecular marké&ighough, a relatively low level of
genetic polymorphism in the specific gene pool of bambara groundnut had been
reported previouslyBasuet al, 2007a) a polymorphism rate of 36.3% and 33.1% for
SSRs was identified in narrow and wide cross populations mibas groundnut,
respectively. This level of polymorphism is higher than reports in a number of other
legume cropsA polymorphism level of 16.1% was identified for the parental alleles
using 945 SSR markers in 186 plants derived from a cross between amual
FXOWLYDWHG PXQJEHIDDJ V@nhaQradiata 80./ radiata) and an
$XVWUDOLDQ ZLOG SHUHOQQLD ighX Qdidaddd. QubBEaEH VV LR Q
(Kajonphol et al, 2012) The polymorphism level remains reasonable even for
transferred SSR markers from ntarget legume species, for instance 109

transferable SSR markers from begn were amplified successfully in peanut and
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they detected 28% polymorphism among 4 cultivated pearacliis hypogaed.)

lines(Heet al, 2006)

5.4.2 Population size

Population sizes used in constructing genetic maps generally ranges from 50 to 250
individuals, however larger populations are required to determine the marker order for
high-resolution mappingMohanet al, 1997) The population size in most cases is
technically limited mainly by the amount of seed available from a single F1 cross.
This is clearly a species dependent issue. Populationssizee of the factors that
affect the power of a QTL experiment to be able to identify the loci that underlie
phenotypic trait§Ericksonet al, 2004) It has been demonstrated that the confidence
level generated for a QTL based on 100 individuals in genetic map drops from 90% to
60% when the population size is decreased to 50 individuals,iadffebe power of
detecting the linkage as well as the estimate and accuracy of the recombination
frequency(Liu, 1998.

In order to construct the genetic map in the present study g &eny were derived

from a controlled cross between two single genotype accessions both with a
domesticated background. A population size of 75 recombinant inbred lines was used
to corstruct a linkage map in common beg&meyreet al, 1998) Construction of the

wide cross genetic linkage map combining SSR, DArT and AFLP markers was based
on 98 K, progeny derived from a controlled cross between the domesticated landrace

(DipC) and the wild accession (VSSP11).

177



Chapter 5. Constructon of geneticihkage map

5.4.3 Phase issues with the dominant markers

Lack of available parental samples (DipC and Tiga necaru) for the segregating F
population athe time of the generation of the DArT array data resulted in a lack of
phase information for these dominant markers. By the time the SSR data was
generated, the parental genotypes had been recovered and confirmed by genetic
fingerprinting. The linkage phas were determined prior to the final mapping. The
genotype data was run in JoinMap4 as a cross pollinator (unknown linkage phase),
after which the right phase could be determined for the initially grouped loci.
Determining the correct linkage phase led@markers which had weak association

not being linked into the groups. Only markers showing linkage to other markers were
used to develop the RIL3 .loc file. This decreased the number of markers to 239 for

linkage analysis using the RIL3 model.

Linkage mhase problems associated with some DArT and AFLP markers for the
segregating ¥ population initially prevented map calculations in certain groups
(Basu, 2005) Reversing the genotype codes for the population from (a, c) to (b, d) or
vice versahas solved the problem of suspect linkage for thos&emaand parental

genotype data is also available for most markers, but not AFLPs.

5.4.4 Segregation distortion

Marker segregation distortion is commonly encountered in actual genetic mapping
populations, leading to a skew in the frequency of genotymes the expected
Mendelian ratio(Lu et al, 2002) due to differential inheritance of alleles. The
genotype frequencies for each locus were calculated by the JoinMap4 software to

study segregation distortion. The segregati@itepn was tested against normal

178



Chapter 5. Constructon of geneticihkage map

Mendelian expectation ratios through normal classification of genotypes usig chi
VTXDUH DW S EDVHG RQ D 5,/ PRGH®@JI¢RWtWKH pQD

MZLGHY PDS

Markers (SSR, DArT and AFLP) revealed high pndjoms of distorted loci (32% and
27%) from expected Mendelian rati(R<0.05)in both narrow and wide cross maps,
respectively. The distorted markers were found to be distributed across the linkage

groups of both maps, rather than clustered on specdigogt

Skewed segregation ratios of the markers were reported to be highly variable in other
studies. An investigation has reported 40.6% marker segregation distortion jn an F
intra-specific population oMedicago tornata(Jenczewsket al, 1997) One of the
highest frequencies of marker distortion of 73% was reported in anspeeific
recombinant inbred of tomat@Paranet al, 1995) In maping and QTL analysis
soybean Glycine maxdistortion of 19.93% of SSR markers on 14 linkage groups out
of 20 was reported. The markers were distorted from the ratio of 1:1 in 106 R)Ls (F
derived from the cross of two soybean genotypes (BD2 and Biléng et al,

2010) Marker deviation from the expected ratio was thought to be a result of small
population sizes, genotyping score errors, or the consequence of missi(gitiata

et al, 2010) Other factors apart from the mapping population could affect the
segregation of markerg§Zhanget al. (2006)reported that segregation distortion could
be partially caused by gametophytic and sterility factors. Additionally, abortion of the
parental gametes or zygotes, #wmologous recombination, transposable element
and environmental agents would be counted among the factors in#lwed and

Ellis, 2002; Yamagishet al., 2010) Among the 65 polymorphic SSR loci used in
constructing a genetic map in barley , 22 loci (33.8%) showed genetic distortion

(P<0.05), using 260 Findividuals derived from a male sterile line and elite cultivar.
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It has been identified thatl aof the distorted markers were deviated toward male

sterile parenfLiu et al, 2011)

5.4.5 Map construction and narker distribution

The genetic mapping of SSR and DArT markers was conducted in a population
derived from the narrow cross. Twenty one linkage groups were identified, with a
total 608.6 cM length to cover approximately 54% of bambara groundnut genome
(bagd on 11 Morgans for 11 chromosomes as a crude assumption), although the high
markermarker linkage (238 out of 269 tested in the CP population) at 89% suggests
more comprehensive coverage. Parental dissimilarity could be suppressing
recombination, or poteially the developed markers could be clustered to particular
regions of the bambara groundnut genome. The wide cross genetic linkage map
constructed using an interspecifie progeny had a total length of 901 cM with
greater genome coverage (79.6%) compared to the narrow cross linkage map,
however it had far lower markenarker linkage of 67% (194 markers out of 301)
resulted from 2 SSRs, 106 DArTs and67AFLPs. A possible gXanation would be

that the marker data for wide cross is less accurate than the data for the narrow cross,
especially for AFLP markers (represented 141 out of 194 markers) which are largely
responsible for the wider genome coverage of the map derivedHmanoss between

DipC and VSSP11. The combination of three marker types in the wide cross map
might also have a positive effect on coverage. It has been reported that different
marker systems differ in the mechanism of detecting polymorphism, their genom
coverage or location and the use of multiple marker types could be complemently and

increase coverage over@iidawy et al, 2005)
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In the narrow cross map botind of markers were evenly distributed across the

linkage map, although the largest number of 43 and 41 DArT markers were located in
OLQNDJH JURXS IRU ERWK pZLGHY DQG uQDUURZY PD
markers is consistent with the earlievestigation of two major distinct DArT

genotype group§Stadler, 2009)including DipC in the smaller group containing the

unusual repeat cluster As DipC was the maternal parent of both crosses here, this
clustering effect is perhaps not unexpected. The persistency of DArT clustering seems

to be reflected also in the wideoss map (LG1). Clustering of DArT markers in a
particular genome region has been reported in chick pea, barley and(kizai et

al., 2006; Semagat al, 2006c; Thdi et al, 2011)

In the narrow cross, the markers in LG11 were only combined into a single map after
three rounds of mapping. Because this included markers with negative distances,
Mapl, from the first round was used (amal further markers were added to Map2).
While the second round (Map2) was used tlog linkage groups 1, 5 and 6 as they
allowed to map the optimum number of loci into the genetic map with no exceed of

default jump (threshold value < 5) or negative magpadtices.

Three rounds were used to build the maps of 7 linkage groups for the wide cross map.
A large jump in the goodness-fit of the second to third round indicated the poor fit
of these additional loci. It was decided to remove 10 markers and adapaghfrom

round 1 (Mapl) for the groups 1, 6, 7, 13, 14, 15, and 16.

Overall, the loss of 10 markers due to exceeding the dejiamip (5) or being
associated with negative distances suggests that the map generated is relatively free

from noisy data.
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To aur knowledge this is the first linkage map based on a combination of SSR and
DAIT markers in bambara groundnut. This map along with the improved wide cross
map using a combination of SSR, DArT and AFLP markers, represents an important

step toward genetimalysis of interesting agronomical traits in bambara groundnut.

The number of linkage groups in both narrow and wide cross map exceeded the
expected number of 11 linkage groups for a comprehensive map in bambara
groundnut (B=2x=22). Since some of theseogps had only a few markers, it can be
concluded that the apparent excess of linkage groups might be due to incomplete
coverage of the genome with the marker loci. We predict that the smaller groups will
be brought together by adding more markers intartap and data has been generated
from a sequenebased DArT approach which should allow this to be done.

Unfortunately, time constraints prevented the use of this data in the current analysis

The SSR and DArT makers developed will be useful for comparaf@remic
analysis between the mapping populations of bambara groundnut and between this
crop and other relative genomes. They are aguaisite for the application of more
efficient breeding technologies such as madssistant selection and will give a
better understanding of agronomical complex traits and phylogenetic analysis in

bambara groundnut.

8.4.6 Attempt to combine the linkage maps

7KH pQDUURZY DQG pZLGHY OLQNDJH JURXSV LQ EDPED
possible through a number of SSRdaDArT markers. Combining linkage groups

with at least two common markers was possible for 6 groups, however due to the lack
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of a physical map for bambara groundnut the orientation of two other groups with
single linkages was not.

The combined map will assist breeders to accurately select tigikgd markers for
agronomically important genomic regions for mar&esisted selection, will allow the
positions of QTL for similar traits derived from the two crosses to be compared
(where linkage exists) and will facilitate comparative mapping with other related

legumes in the futur@iillan et al, 2010)
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Chapter 6: QUANTITATIVE TRAIT LOCI (QTL) MAPPING OF

AGRONOMIC TRAITS

6.1 Introduction

QTL analysis is the study of genetic variation resulting from ngemes with small
effects to attempt to locate the genes responsible in complex traits and explore their
effects and interactiongKearsey, 1998) In order to identify molecular makers
associated with QTLs, members of a random segregating populatiotoHze/ecored

first for a quantitative trait. The molecular genotype of each member of the population
is then determined and a thorough search will be made for associations that might

exist between the markers and the quantitative trait.

Since there has bHn been one attempt to date to identify molecular markers
responsible for agronomic traits in bambara ground@Basu, 2005h review of the
QTL mapping for some agronomically important traits in related legume crops might

enhance the understanding of these traits in bambara groundnut.

QTL mapping of agronomic traits in legume crops

In soybeanGlycine max.. Merr.) QTL mapping was conducted for agronomic traits
across two years in a study Byenxin et al. (2008) . Atotal of 136 SSR markers
segregated in the population of 126 RIl)(Berived from a cross between two lines

of late maturity (Pl 171451) and early maturity (Hwaeomputkong). The markers were
distributed over 20 linkage groups (LGs), covering 1073.9 cM hef $oybean
genome. A total of 15 QTLs were detected with LOD scores >3 for six major

agronomic traits. QTLs of two traitslgdys to floweringand days to maturity were
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located at the same position in two linkage groups &sftected significant

correlatiors among corresponding traits based on field data.

A SNP-based genetic linkage map was generate8diyby et al. (2012)in soybean
(Glycine maxL. Merr.), using a RIL population derived from the cross between
cultivars Pl 438489B (resistant to sudden death syndrome) and Hamilton (high yield);
n=50. Atotal of 18 QTLs were detectddr days to gemination, days to flowering,
plant height, pod number, seed number,-$668d weightandtotal seed weightn 10
different chromosomes. The clusters of QTL for these traits were identified containing
QTL controlling other important traits such as suddestlisyndrome resistance and
soybean cyst nematode resistance. The author emphasised the importance of these
QTLs and identified that they may be introduced into breeding programs to develop
soybean cultivars with high yield potential which have good @sist to these
diseases.

In the model legumeéotus japonicughe first QTL analysis was performed @&pndo

et al. (2007)for agronomic traits. A RIL population derived from the cross between
the accessions Miyakojima M@0 and Gifu B129 was used in 2 year trial. The traits

of yield and its components were studied. Some QTLs detected wdoeated,
especially those fopod length, pod width, seeds/podnd seed massSeed mass

QTLs were located at 5 locations that mapped to the corresponding genomic positions

of equivalent QTLs ifsoybeafpeg|chickpea andmungbeanlt was concluded that

this study could provide key information on the traits studied for masssted
breeding of the important legume crd@ondoet al, 2007)

Kajonpholet al, (2012) conducted @TL analysis for mungbeavVigna radiata L)
(2n=2x=22) to identify chromosome regions controlling agronomic traits, usirg a

mapping population derived from an ingecific cross between the wild and
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cultivated mungbean. Twenty QTLs were identified controlling major agronomic
characters fodays to first flowerdays to first pod maturifydays to harvestl00 seed
weight number ofseed per podndpod length Most of these QTLs were located on
only two linkage groups. Extensiggnome conservation between the mungbean map
and maps for azuki beaNi@gna angulari$ and blackgram\{igna mungp reveal the
potential for crosspecies genetic markers to detect matkat association among
Vignaspecies

In garden peaRisum sativuni.) Irzykowska and Wolko (2004) conductederval
mapping of QTLs for thegronomic traits oseed number, pod number, 106¢ed
weight, seed yieldhndseed protein contenTraits were measured in EL14 plants)

and in kR (104 RILs) plant populations derived from a cross of a fseggled line
(Wt10245) with a smalteededihe (Wt11238). The map consisted of a combination

of 204 markers of different types (140 AFLPs, 24 RAPDs, 10 ISSRs, 5 CAPSs, 1
STS, 11 isozymes and 13 morphological markers). Thirty seven QTLs were detected
across both populations on the seven pea chramesoA number of these QTLs for
different traits were localized to the same map interval, possibly indicating pleiotropy
or the actions of a common gene effecting an underlying trait. The authors postulate
that these QTLs have an important role in contigllithe yield and seed protein

content in garden pea.
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The aim of the current study was to carry QUiL analysis of bambara groundnut to

identify regions of the genome that are contributing to variation in traits of agronomic
importance. Detection, localization and estimating the effects of potential QTL could

clarify the genetic mechanisms underlyingragpmic traits to facilitate MAS in

future breeding programs of bambara groundiMigr(a subterranea(L.) Verdc.;

2n=2x=22). QTL analysis was performed for agronomic traits that were either
guantitatively distributed or did not follow Mendelizegregation in the,Fand K

progenies of the crosses. WheleLQNV EHWZHHQ WKH pZLGHY DQG pQ

identified, the potential presence of the same QTL in both maps was examined.
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6.2 Result

QTL analysis was conducted for the two constructedNIdDJH PDSV RI pQDUURZ
HMZLGHY FURVVHV LQ EDPEDUD JURXQGQXW 7KH ILUVW
carried out for agronomically important traits in apgepulation derived from the

cross between individual genotypes of the DipC and Tiga neaadudces. The trait

data came from the controlled environment tropical glasshouses based at Sutton
Bonington (f; FutureCrop) and field experimentss(fhdonesia). Trait data for the
segregating Fpopulation from the same cross was also used to sup@oR QTL

analysis and was derived from single plants in a controlled environment glasshouse.

,Q WKH VHFRQG DQDO\VLYVY JpdZLGHY FURVYV WKH 47/ DQ
map derived from the controlled cross between individuals of the DipC aS8&MS

landraces. Previous data from the segregatgopulation of this cross was used in
markertrait analysis and was derived from controlled environment glasshouse

measurements on single plants.

47/ DQDO\VLYV LQ pQDUURZYT FURVV PDS

6.2.1.1 Trait distribution

As a prerequisite for QTL analysis the distribution patterns of data were tested for the
entire range of agronomic traits. Data came from the segregaginmpptlation
evaluated in FutureCrop glasshouse and Indonesian field and plogudation of the
same cross evaluated in Tropical Crops Research Unit. The traits distribution was

tested for different environments and generations using Anderson darling normality
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tests. The description of the data distribution and the correlation betweeralnai
was presented in Chapter 4. Noormally distributed data were subjected to Hoxx

transformations prior to the QTL analysigamsformation was used to improve the

normality of traits for both fand F; populations as shown|ifable6-1

The initial tests suggested a maoormal distribution in these traits. Data from only
two traits- growth habitandeye pattern around hilumfollowed known inheritance
patterns of Mendelia incomplete andcomplete dominance in the glasshouse,

respectively.Traits that showed continuous distribution (in Chapter 4) and those

transformed(Table 6-1) which tested as normally distributed after transformation

were subjected to quantitative trait loci analysis usirigrval mappingNon normal
distributions were observed fatays to emergencm both trials of i progenies
(glasshouse and field) and in theg®pulation.Growth habit(in glasshouse and field)
and eye pattern around hilurfrecorded in glasshouse only) were also tested to be
nortnormally distributed, despite attempts to transform the data to aahnienelity.
Detecting markers linked to QTLlisr non-normally distributed data was performed

only with KruskatWallis analysis.

6.2.1.2 Marker and trait associations

Maximum LOD scores were determined by interval mapping of traits, with the most
likelylocDWLRQ IRU WKH 47/ JLYHQ DW PD[LPXP /2" /2" SHEC
a potential/indicative QTL in the current investigation. Significant LOD thresholds for

QTL determination were estimated for each trait after 10000 permutation tests. These
ranged fromLOD = 2.2 to LOD = 3.1 for different traits studied in the segregatjng F

andk SRSXODWLRQV $ /2' VFRUH ¢« WKH VLJQLILFDQW WK

a QTL as significant.
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Table 6-1: Statistical analysis of traits showing nomormal distributions, before and after transformation, for F, and F; progenies data derived from

the narrow cross between DipC and Tiga necaru evaluated under different environments

Trait Data type Min. value Max. value Median Mean value Variance Skewness Kurtosis P value
Fs population evaluated in glasshouse
Non normal 29.50 148.25 60.75 62.49 325.58 2.07 7.89 0.00
Leaf no./plant
Transformed 5.43 12.18 7.79 7.83 1.12 1.22 4.16 0.01
Non normal 1402.34 9562.37 3200.75 3461.23 1925713.87 1.80 5.55 0.00
Leaf area
Transformed 37.45 97.79 56.58 57.83 119.29 0.94 2.21 0.05
Non normal 0.00 19.00 4.00 5.42 16.94 1.26 1.57 0.00
Double seeded pods/plant
Transformed 3.41 3.90 3.65 3.65 0.01 0.05 -0.50 0.64
. Non normal 7.79 58.42 27.67 28.93 144.90 0.72 -0.11 0.00
Seed weight
Transformed 2.79 7.64 5.26 5.27 1.22 0.29 -0.42 0.19
. . Non normal 27.82 126.53 54.86 61.34 524.26 0.81 -0.02 0.00
Biomass dry weight
Transformed 5.27 11.25 7.41 7.70 2.01 0.49 -0.52 0.06
F; population evaluated in the field
Non normal 1.00 23.40 6.83 7.70 21.48 0.89 0.81 0.01
Pod no./plant
Transformed 1.00 4.84 2.61 2.65 0.70 0.22 -0.51 0.25
Non normal 8.00 20.00 13.51 13.61 3.14 0.66 3.75 0.01
Pod lengtl plant
Transformed 2.83 4.47 3.68 3.68 0.06 0.16 3.66 0.02
F, population evaluated in TRRU
Non normal 0.00 34.00 6.00 8.32 71.02 1.16 0.36 0.00
Double seeded pods/plant
Transformed 0.00 5.83 2.24 2.38 2.45 0.22 -0.72 0.01
Non normal 19.00 355.00 104.00 115.37 6049.15 1.03 0.99 0.00
Seed no./plant
Transformed 4.36 18.84 10.20 10.13 12.83 0.30 -0.52 0.24
. . Non normal 11.00 306.30 99.99 99.17 4482.23 0.64 -0.05 0.00
Biomass dry weight
Transformed 3.32 17.50 10.00 9.33 12.34 0.02 -0.96 0.02
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The QTL results for individual traits here are presented separately and the trait data
evaluated in all three experiments of FutureCrop glasshouse, Indonesian fietd and i

TCRU (when presented) are introduced together for each trait.

Days to emergenceKruskatWallis analysis revealed three potential QTL diawys to
emergenceassociated with DArT and SSR markdrgRPabg601086, PRIMERG66 and

mBam3co33pn different linkage groups of 5, 10 and 11, respectively, valued K* >6

at p = 0.05 in the glasshoug€able 6-2). Based on the field datasehe narker

bgPabgd23556 was identified on LG1 to be in association with this trait (K* = 7.3 at

p = 0.01), in addition to two other associations with markers -6§8091 and

bgPabg601086 on LGs 13 and 5, respectivéhalfle 6-3). Data recorded for the,F

progeny in the TCRU indicated a strong associatiodays to emergenogith SSR

marker PRIMER16 (K* = 12.3 at p = 0.005) on LG[Takle6-4).

Flower no./plant A putative QTL was found for glasshouse data on LG8 at the 2.0
cM position mapped by interval mapping at a LOD score of 2.4, explaining 16% of
the phenotypic variation. Marker bam2coL63 at 0.0 cM position (K* = 9.9 at p =

0.01) was the nearest to this locus.

Terminal leaflet length(cm): A significant QTL was detected on LG8 at the 2.0 cM

position mapped by interval mapping at a LOD score of |Bigufe 6-1). This

genomic region expiaed 20.3% of the phenotypic variation and it is close to the
marker bam2colL63 at 0.0 cM position (K* = 11.2 at p = 0.005). This marker also
recorded a LOD score of 2, showing a jpstative QTL for this trait in the F
progenies grown in TCRU. Marker b@coL63 was also found to be linkedftower

no./plant
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Table 6-2: QTL mapping in bambara groundnut using interval mapping and Kruskal-Wallis
analysis forthe R, JHQHUDWLRQ GDWD RI WKH pQDUURZY FURVV LQ WKH )X

Traits Linkage Position Looue Interval mapping KruskalWallis anélyte,l.s
group  (cM) LOD PT PVE Additve  K* pr 9
11 150 mBam3co33 6.9 2
Days to emergend@®E) 5 09 bgPabg601086 6.6 1w
10 108 PRIMER66 6.5 2
12 129 bgPabg594494 6.3 1w
Flower no./plantEN) 8 20 2.4 29 158 -16.7
8 00 Bam2coL63 23 153  -156 9.9 i
. 8 20 3.2 26 203 04
Terminal leaflet lengtTLL) 8 00 Bam2col63 3.1 19.7 -04 11.2 2wk
Terminal leaflet widt{TLW) 3 197 bgPt600935 3.2 26 204 0.2 13.1 1 ke
3 166 23 28 155 1.8
Leaf area(LA) 3 156 bgPahg597113 2.3 15.3 1.4 6.5 1w
Plant spreadPS) 4 00 BN6b 3.9 2.7 246 37 16.5 2 e
4 142 2.4 26 161  -0.9
Stem no./plantSTN) 4 112 bgPt600898 2.3 154 0.8 4.8 1w
1 330 bgPabg596774 3.3 26 211 -11 8.8 1w
Node no./stertNN) 4 112 bgPt600898 2.7 179 11 97 1 wm
Internode lengtifIL) 4 30 bgPabg596988 7.9 2.6 435 0.7 18.9 1 e
4 00 BN6b 23.4 2 emr
Growth habit(GH) 10 701 bgPabg596205 8.3 1
18 5.1 PRIMER10 7.8 2 =
Pod no./plan{PN) 1 330 bgPabg596774 2.3 27 154  -7.0 8.8 1 e
Double seeded pods/plant 4 10 3.4 29 220 0.5
(DPN)
4 00 BN6b 33 21.7 0.5
4 10 9.7 27 503 0.9
Peduncle lengtPEL) 4 24 bgPt423527 9.6 49.9 0.9 8.1 1 e
Pod weigh{PWE) 1 330 bgPabg596774 2.6 25 170 6.8 6.4 1 %
12 151 4.6 27 284 0.8
Pod length(PLE) 12 12.9 bgPt598767 4.6 28.0 0.8 9.6 1 e
. 12 201 5.7 24 334 0.6
Pod width(PWD
od width( ) 12 225 bgPabg595682 5.5 32.7 0.5 17.7 i
Pod length of double seedec 1 0.0 bgPabg597086 3.8 27 245 -1.5 14.7 1 e
(DPL) 12 105 3.3 21.7 1.6
Pod width of double seeded 12 171 4.0 28 257 0.5
(DPW) 12 129 bgPt598767 37 24.0 0.5 9.1 1w
Seed lengtiiSEL) 10 491 bgPabg593983 25 27 164 0.4 9.6 1 e
. 12 151 2.0 2.7 136 0.3
Seed widiHSEW) 12 129 bgPt598767 2.0 13.5 0.3 4.6 1w
1 340 2.3 25 151  -7.9
Seed no./planSEN
PlantSEN) 1 330 bgPabg596774 2.3 150 -7.6 7.6 1 e
Seed weigh{SWT) 1 330 bgPabg596774 27 26 178 -05 6.0 1w
Biomass dry weighBDW) 1 330 bgPabg596774 3.5 30 224 -11.6 10.0 1 e
Shelling%(SH%) 7 133 bgPabg594335 3.0 29 19.4 3.4 13.6 1 e
: 7 94 27 25 174 4.3
1 weightH
00seed weightHSW) 7 105 bgPt601852 2.6 17.3 4.3 11.6 i
*kkkkkk
Eyepattern around hilun(EP) 12 225 bgPabg594999 29.68 1
18 0.0 bgPabg594261 9.304 1w

a : permutatiosL0000 times test
b : percentage of total phenotypic variation explained by the QTL

Significant level of K * values: *: 0.10, **0.05, ***: 0.01, ****: 0.005, *****: 0.001, ******: 0.0005, *******: 0.0001
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Table 6-3: QTL mapping in bambara groundnut using interval mapping and Kruskal-Wallis
analysisfors JHQHUDWLRQ GDWD RI uyQDUURZY FURVV LQ WKH ILHOG

. KruskatWallis
Interval mapping

. Linkage Position analysis
Traits oup  (cM) Locus Signif
group LOD PT* PVE°Additve K*  Df Igvell
Davs foemeraence 1 9.3 bgPabg23556 73 1
(Dé’) 9 13 9.0 bgPt598091 6.9 1
5 0.9 bgPabgs01086 58 1 *
Node no./sterfNN) 3 30.2 bgPabgs95707 2.8 2.7 184 1.0 10.8 1 ***
Internode lengtHIL) 4 3.0 bgPabgh96988 7.1 2.7 40.9 0.3 20.9 1 Fexeeex
4 3.0 bgPabg596988 181 1w
. 4 0.0 BN6b 17.6 2 oo
Growth habit(GH) 18 51 PRIMERLO 9.7 2w
14 0.0 bgPt597832 7.4 1
18 3.0 25 31 163 -0.4
Pod no./plan(PN) 18 51 PRIMER10 2.4 158 -04 9.8 2
11 3.0 32 25 209 01
pod length(PLE) 11 00 bgPabgs95822 3.0 109 01 148 1 ek
Biomass dry weight ;559 pgp602039 29 29 176 -1.8 179 1 *woe

(BDW)

a : permutatiorl 0000 times test
b : percentage of total phenotypic variatexplained by the QTL

Significant level of K * values: %: 0.10, * 0.05, ***: 0.01, ****: 0,005, *****: 0.001, ******; 0.0005, *******
.0001

Table 6-4: QTL mapping in bambara groundnut using interval mapping and Kruskal-Wallis

analysis for F, generation data of narrow cross in TCRU

Traits Linkag Position Locus Interval mapping KruskatWallis Saini\lliiliSIs
egrour (cM) LOD PT* PVE® Additve  K* Df Ie\?el :
17 235  PRIMERIL6 123 2 ==
5 742  bgPt595387 78 1
Days to emergend®E) 5, ¢4 bgPt422567 66 1 =
4 37 bgPabg598611 64 1 *
(TTeLrB'”a' leafletlength 5 g9 Bam2col63 20 2.6 116 -06 86 2 *
(TTeLr\r/“v')”a' leaflet width 5 742  bgPt595387 26 25 153 03 104 1 e
Plant spreadPS) 4 335  bgPabgh97624 3.2 2.7 180 55 148 1 =
1 680 20 27 118 -353
Pod no./plan(PN) 1 727  bgPt601022 1.9 11.0 315 80 1 e
(DS;R';’ seededpodsiplar ;535 popangso7E24 3.2 2.8 19.2 0.7 131 1 e
Seed no./plantSEN) 1 726  bgPt601022 25 28 144 -30.7 7.65 1 *=
Biomass dry weight 1 670 20 29 115 -278
(BDW) 1 59.6  bgPabg596618 2.0 113 261 105 1
Shelling%(SHY%) 12 475  bgPt595486 4.8 26 263 -40 153 1w
. 11 o0 bgPabgs95822 2.1 25 122 46 106 1 =
100seed weightSW) 15 475 pgpesosass 21 25 121 -46 98 1 tm

a : permutatiorLl0000 times test
b : percentage of total phenotypic variation explained by the QTL

gigggicantlevel of K * values: *: 0.10, **: 0.05, ***: 0.01, ***: 0.005, ****; 0,001, ******: 0.0005, ***rri*:
.0001
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Terminal leaflet width(cm): A single significant QTL was detected with LOD score
3.2 at 19.7 cM on LG 3. The locus bgffi0935 was linked to thigosition and it was
supported by KruskatVallis output analysis at the same position with a high K*
value (K* = 13.1 at p = 0.0005). Based on the data from the TCRU a significant QTL
for this trait was detected drG5 and linked with marker bgf%95387 at74.2 cM,
having a LOD value of 2.6. Markgrait linkages forterminal leaflet widthwere also

revealed using Kruskalallis analysis.
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Figure 6-1 0DS SRVLWLRQV RI WKH 4rbss ROpCW Kibla pe@dduy linkage map.

2QO0\ OLQNDJH JURXSV IRU ZKLFK uSXWDWLYHT RU RoOgitichQ LILFDQW
are given in cM (Haldane units), to the right of the linkage groups. QTL terminology is described

in the text. The positim of the maximum LOD value of a particular QTL is written at the top of

QTL pointer and indicated by a rectangle, in black for glasshouse experiment, white for field

data and in black four pointed star for the F, progeny. QTL confidence intervals (1 LOD dop-

RIl DUH UHSUHVHQWHG E\ SODLQ OLQHV ZLWK /2" VFRUH « VLJIQLI
10,000 permutation tests and by dotted lined for putative QTL below the significant threshold

LOD value, but with LOD scores >2. QTLs detected with KruskalWallis analysis are

discontinuous with no confidence interval and the rectangular or four pointed star only

represents the entire position of QTL.

Leaf area(cm?): Based on glasshouse data a putative QTL for leaf area was identified
on LG3 at 16.6 cM.This accounted for15.5% of the phenotypic variation of leaf area.

The marker bgPab§97113 at 15.6 cM is close to this QTL (K*= 6.5 at p =0.05).

Plant spread(cm): Interval mapping revealed a single QTL controllplgnt spread
on LG4 for the glasshousetdaThis QTL was associated with the marker BN6b and
had a LOD score of 3.9 and explained 24.6% of total phenotypic variation. A strong

QTL-marker association was confirmed using 4pamametric mapping (K* = 16.5 at
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p = 0.0005)In the kK, progeny datasehé marker locus BN6b had a LOD score of 2.1
at the same position f@lant spreadwhereas the highest detected LOD value of 3.2
was at 33.5 cM, explaining 18% of the phenotypic variation and associated with

marker bgPab$97624 (K* = 14.8 at p = 0.0005).

Stem no./plant A putative QTL was mapped on the LG4 &iem no./plantlocated

at 14.2 cM for the glasshouse dataset. A peak LOD value of 2.4 was slightly lower
than the genomwide permutation test threshold (2.6; 10000 permutation). The
closest marketo this genomic region was bgb®0898 at 11.2 cM position (K* = 4.8

at p = 0.05).

Node no./stemGlasshouse data analysis detected two QTLs for this trait on LG1 and
LG4. Both QTLs accounted for about 39% of total phenotypic variation. While F
progeniesvaluated in the field suggested a major QTL on LG3 associatech@dth
no./plant This QTL was linked to marker bgPab§5707 at a LOD value of 2.8 at
30.2 cM and accounted for 18.4% of the total phenotypic varianned# no./stem

The traitmarker asociation was also revealed through p@mametric mapping to be

significant (K* = 10.8 at p = 0.005).

Internode length (cm): Data analysis for the FutureCrop glasshoasd the field
detected a major QTL fanternode lengthmapped on LG4, with the highest LOD
values of 7.9 and 7.1, respectively. This significant QTL was located at 3.0 cM and
was associated with marker bgP&#5988 and accounted for the greatest effects
observed of 43.5% and 41% of total phenotypic variatiom both datasets,
respectively. KW analysis also identified the strongest association seanteititode

lengthat this locus (at p = 0.0001).
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Growth habit Non-parametric mapping of the sFgeneration in FutureCrop
glasshouses and the field showed a very strong association between this trait and
marker BN6b on LG4. The association between this SSR marker and two other traits
of plant spreadanddouble seeded pods/plawis identified in thenterval mapping
analysis. Two other markemsere linked to growth habit on LG10 and LG18 at
different level of significant p value, whereas the field evaluagwealed that marker
bgPabgs96988 was identified as the most strongly associated with #its This
marker was potentially linked tanternode length being a major QTL in both
glasshouse and the Indonesian field. Two other markers associategtawth habit

were identified on LG18 (as detected also in the glasshouse) and LG14.

Pod no./plant Two putative QTLs forpod no./plantwere detected on LG1 at
different locations for fand F, progeny data analysed in FutureCrop glasshouse and
TCRU, respectively. Interval mapping for the field dataset indicated another putative
QTL for this trait on LG18 at 3.0 cM with a LOD value of 2.5. This locus explained
15.8% of phenotypic variation andas close to an SSR marker (primer10) (K* = 9.8

at p = 0.01). The locus of primerl0 was also associated gvitiwth habit in

nonparametric mapping of both glasshouse and field data.

Double seeded pods/plam QTL was detected fadouble seeded podd 1.0cM on

the LG4, with a LOD score of 3.4 for the glasshougédtaset. This locus explains
22% of phenotypic variation. Marker BN6b was the nearest to this QTL and has been
also associated witplant spread Analysing F, progeny data detected a QTL for
double seeded pods/planh the same LG at a different location with a LOD score of

3.2and an additive mode of action.
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Peduncle length(cm): A major QTL was detected fgreduncle lengtlanalysing the
data of the F progeny recorded in the glasshouse. It Wsted on LG4 with a
maximum LOD score of 9.7 at 1.0 cM. This QTL explained 50.3% of the phenotypic
variation in the glasshouse dataset. The marker-428327 at 2.4 cM was the

nearest to this QTL (K* = 8.1 at p = 0.005).

Pod weight(g/plant): Interval mapping located a single QTL fpod weightin the R
population grown in the FutureCrop glasshouse with LOD 2.6 at 33.0 cM on LG1.
This genomic region explained 17% of the phenotypic variation and was associated
with marker bgPab§96774. This marker wadsa detected as associated with a

putative QTL forpod no./plant

Pod and seed dimension#®\nalyzing the segregatingsfpopulation grown in the
glasshouse detected four significant QTLsgdod length pod width pod length with
double seede@nd pod widthwith double seedeg@ositioned close to each other.
Marker bgP#598767 was identified to be the nearest to the maximum LOD score of
pod length pod width ofdouble seededndseed widthat 12.9 cM, whereas two other
QTLs for pod length withdouble seedednd seed lengtiwere also mapped on LG1

and LG10, respectivelyBased on the field dataset, another significant QT Lpfud
lengthwas detected on LG11. The phenotypic variance explain by these QTL ranged

from 13.533.4%.

Seed noand seed weigh{g/plant): On LG1 putative QTLs were detected &wed
no./plantin the k population of glasshouse and progenies of TCRU at 34.0 cM

and 72.6 cM, respectively, although both had LOD scores under the significance
threshold. Marker bgPabgP6774 at 33.0 cM was fodrio be the nearest to this locus

in the 3 generation and also detected as a significant QTkded weight
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Biomass dry weight{g/plant): Interval mapping analysis of the progeny grown in

the glasshouse identified a major QTL for total biomass located on LG1. It was tightly
linked with the marker bgPaHsP6774 located at 33.0 cM with a LOD score of 3.5
explained 22.4% of the phenotypic variation. This genomic region veadifidd as
containing 5 QTL for other traits (as a major QTL fade no./stefrpod weightand

seed weightand as a putative QTL fqvod no./plantand seed no./plantKruskat
Wallis analysis for notparametric mapping also confirmed the significant assioci

between this trait and the marker reported in the interval mapping.

A single QTL forbiomass dry weighh the field trial was also detected on the same
linkage group (LG1) at different positions; this region was linked to marker bgPt
602039, whileanalysis of data for the;ppopulation detected a putative QTL for this

trait at a different position on the same linkage group.

Shelling percentage Interval mapping analysis of segregation in theaRd k
populations evaluated in glasshouse and TCRUtateld thatshelling percentvas
effected by major QTLs. These two QTL mapped on LG7 and LG12 with the LOD
score of 3.0 and 4.8, for both glasshouse and TCRU datasets, respectively. The high
significant traitmarker association was confirmed through -paametric mapping

for both of QTLs.

100-seed weightg): One significant QTL was detected fbd0-seed weighin the K
generation in the glasshouse dataset. It was located on LG7 at 9.4 cM with a LOD
score of 2.7. Analyzing thE, generation data suggestagutative QTL for this trait
which mapped on LG11 and LG12 at a LOD peak recorded under the significant

threshold value genomegide (2.5).
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Eye pattern around hilum Non-parametric analysis revealed significant association
between this trait and twWoArT markerson LG12 and LG18Marker bgPab¢94999
was found to be the most significantly linked (K* = 29.7 at p = 0.0001) on LG12 at

22.5 cM.

47/ DQDO\VLYVY LQ WKH pZLGHY FURVYV PDS

A number of traits evaluated previously for thg gopulation of theinter-specific
cross between DipC x VSSP{Rasu, 2005)were analysed using the improved map
which combined three marker types (SSR, DAIT and AFLP). These traits included
days to emergencdays to floweringrom emergencestems/plant, internode length

leaf area specific leaf aregSLA), carbonisotope discriminationCID), and 100

seed weight.

Days to emergencand days to floweringwere both nomormally distributed and
analysied with nonparametric mappiniternode lengthdata was used directly
without transformation as the normality threstooasP > 0.01 andA-square(0.89)

was smaller than th@9% critical value (1.09). Fatem no./plantransformed data
was distributed normally and analyzed with parametric mapping, other traits were

distributed normally and they were used directly for parametric analysis.

Marker and trait association
The LOD threshold for detection of putative QTLS wW&H DN IRU SDUDPH
results. Significance thresholds were determined by permutation testing of 10000

replications. Thresholds ranged from 3.1 to 3.6.
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Days to emergence An association between emergence and AFLP marker
P19b494AGC+CTA4 was identified obG7 (K* = 7.1 at p = 0.01), using nen

parametric mapping. Other associations between marker P3b211AGC+CTC7 and this

trait was detected on LG14, but scored a very low K* = 4; p = [1.8bI€6-5).

Table 6-5: QTL mapping in bambara groundnut using interval mapping and Kruskal-Wallis
analysis fortheh, JHQHUDWLRQ GDWD GHULYHG IURP WKH PZLGHYT FURVYV |

. o Interval mapping KruskalWallis analysis
Trait Linkage Position Locus Signifi
group (cM) LoD PT PVE' Addive K+ Df OT

Days b emergence 7 93.9 P19b494AGC+CTA: 7.1 1w
(DE) 14 0.0 P3b211AGC+CTC7 4.0 1 **

10 18.0 P6b140AAC+CAG1 6.8 1
Days to flowering 7 70.6 P18b320ACA+CATE 5.7 1 *
(DF) 15 67.1 P15b351AGT+CAA: 4.9 1 =

14 64.1 GH-19-B2-D9 4.8 2
Leaf area(LA) 15 83.1 3.0 34 14.1 -17.6

15 94.6 P19b105AGC+CTA: 2.3 11.2 -22.5 5.27 1 **
Specift leaf area 10 7.0 3.0 32 146 -9.3
(SLA) 10 124 P16b329AGA+CTC: 2.6 12.7 -7.8 9.9 1wk

13 1.1 P17b242ACG+CAA. 4.9 3.6 22.2 -2.6 15.7 1 Feeekkk
Stemndplant(STN) ;" 509 595196 2.4 118 21

9 00 600900 2.9 3.1 14 1.8
Internode lengtHIL) 14 26.5 P19b102AGC+CTA: 2.5 12 1.6 101 1 ek

13 0.0 P11H240ACG+CAAZ 2.4 11.8 1.5
garb.o". Isotope 7 939 P19b494AGC+CTA« 47 33 221 00 17.4 1 e

iscrimination CID

100-seed weight 7 876 3.3 3.6 169 -2.6
(HSW) 7 93.9 P19b494AGC+CTA: 3.0 15.7 -4.0 12.0 1 e

a : pemutation10000 times test
b : percentage of total phenotypic variation explained by the QTL

Significant level of K * values: *: 0.10, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001, ******: 0.0005, ***¥*¥***:
0.0001

Days to flowering KruskatWallis mappimg indicated thatdays to floweringwas
associated with marker P6b140AAC+CAG1 on LG10 (K* = 6.8 at p = 0.01). Three

other associations with both AFLP and SSR markers on three different linkage groups

of 7, 14 and 15 were also identifigeidure6-2).

Leaf area(cm?): QTL analysis identified a putative QTL for leaf area on LG15 with a

LOD score of 3.0 at 83.1 cM and this explained 14.1%4he total phenotypic
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variance for this traitMarker P19b105AGC+CTA2 was detectedbe the nearest to

this locus.

Specific leaf area(SLA): Interval mapping analysis identified a putative QTL for
SLA located on LG10. The LOD score of 3.0 was under tle@omewide
significance threshold value of 3.2, determined by permutation testing. The nearest
marker to this genomic region was P16b329AGA+CTC2 which showed an

association with the trait studied in nonparametric mapping (K* = 9.9; p = 0.005).
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Figure 6-2: Map positions of the QTL on the wide cross (DipC x VSSP11) linkage map. Only

linkage groups for which QTL were found are shown. Positions are given in cMHaldane units)

to the right of the linkage groups. QTL terminology is described in the text. The position of the

maximum LOD value is written at the top of the QTL pointer and indicated by a rectangle in

black. The maximum confidence IOD values of a particular QTL (1 LOD drop-off) are

representHG E\ SODLQ OLQHV ZLWK /2' VFRUH ¢« VLIQLILFDQW WKUHVKR
permutation tests and by dotted lined for putative QTL below the significant threshold LOD

YDOXH EXW « QILs\d&értedHwith Kruskal-Wallis analysis are disontinuous with no

confidence interval and the rectangular only represents the entire position of QTL.

Stem no./plant A significant QTL on LG13 was mapped using interval mapping at a
LOD score of 4.9. The marker P17b242ACG+CAA3 was found to be the most
significantly linked (K* = 15.7; p = 0.0001) locus to this QTL fstem no./plant

which was mapped at 1.7 cM and explained 22.2% of total phenotypic variance.
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Another putative QTL was detected for this trait on LG1 at LOD = 2.4. DAaiker

595196 was linketb this trait at 20.9 cM.

Internode length(cm): Interval mapping for the intepecific wide cross population
derived from DipC and VSSP11 detected a putative QTL for internode length on LG9
at 0.0 cM with a LOD score of 2.9. Marker 600900 was linkethi® locus and the
phenotypic variance explained was 14%. Two other putative QTLs for internode
length were located on LG13 and LG14 and were in association with Afetkers
P17b240ACG+CAA2 and P19b102AGC+CTAL, respectively. These three loci
together exm@ined about 38% of the phenotypic variation infernode length

observed in this population.

Carbon isotope discriminatiorfCID): A single QTL for CID was identified on LG7

at 93.9 cM with the LOD sore of 4.7. It was found to be associated strongly with
maker P19b494AGC+CTA4 (K* = 17.4 at p = 0.0001). This genomic region
explained 22.1% of phenotypic variance observed for CID in therdgeny of the

wide cross (DipC x VSSP11).

100-seed weight(g): Interval mapping also revealed a putative QTL I00-seed
weighton LG7 at 87.6 cM, having a LOD score of 3.3 (significant threshold value =
3.6; by permutation, 10,000 replications). The marker P19b494AGC+CTA4 was the
nearest to this QTL (K* = 15.7; p = 0.001) and the interval mapping suggested that
this explaned 16.9% of total phenotypic variance. This marker was also found to be

associated with the QTL of CID
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6.3 Discussion

The majority of biological traits are genetically complex. Mapping quantitative trait
loci (QTL) is a powerful means foestimating many parameters of the genetic
architecture for a trait and potentially identifying the genes responsible for the
expressed phenotypic variatioQTL mapping is a key tool for studying the genetic
architecture of complex traits in plants, faeting estimation of the minimum
number of genome regions that affect a trait, the distribution of gene effects, and the
relative importance of additive and nadditive gene actiorfLaurie et al, 2004;

Mackay, 2004)

7KH SRSXODWLRQV XVHG IRU WKH PDS FRQVWUXFWLRQ
segregating for a number of agronomic traits, which either showed a continuous or

discrete disibution.

6.3.1 QTL detected

In order to obtain more reliable QTLs for the agronomically important traits a single
QTL-model analysis of Interval Mapping was used to try to identify QTL for all the
trait data that followed a normal distribution. The Krusiéallis test of MarkeiQTL
associations was implemented for Amormally distributed traits at a significance

threshold p<0.0%Van Ooijen and Maliepaard, QD).

6.3.2 LOD significance threshold for QTL detection

It was possible in the current study to carry out a permutation test to determine the

empirical significance threshold€hurchill and Doerge, 1994MapQTL6 offers this
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test for interval mapping to determine the significance threshold of the LOD score.

The significance threshold in this study varied from 2.4 to 3.6 for different trait in
different mapping populations. They were determined based on the actual data rather
than an assumed normally distributed data, being freeffiom constraints on

probability distribution and size of sampldSenko and Kuznetsova, 2006)
Calculation of this thrémld was dependent on the genewide and population type

under study. LOD scores greater than the gerwide significance threshold value

ZDV FRQVLGHUHG DV puVLIQLILFDQW 47/ IRU WUDLWV

below the calculated threshold3V pSXWDWLYH 47/

47/V GHWHFWHG LQ WKH pQDUURZY FURVV PDS

A stable QTL was detected famternode lengthn the F population of the narrow
cross for both glasshouse and field trials dataset. The phenotypic variation explained
in association with ta markeibgPabgb96988was >40%. The significant association

of this trait with bothseed no./planandseed weight/plantould be of importance, as
selection forinternode lengthshould help to improve seed vyield in bambara
groundnut by selection for thesarly trait.Internode lengths considered as one of the
most variable traits between different landraces and could be important in selection of
genotypes in a breeding progrgfiise and Massawe, 2012hternode lengthalso

had a strong negative correlation wghowth habitin both environments (r =0.8)

and this association might be used to structineeplant architecture according to the
target environment. Bunch types appear easier to manage in mixed cropping systems
in low input subsistence farming. While for controlled crossing spreading types could
be easier to deal with because the flowersashibara groundnut are very small and

are more compact in the bunch type, while genotypes with langggnode lengths
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offer easier access to flower buds for emasculation and pollination. Furthermore, QTL

detected fonnternode lengthhas indicated a positive additive effect for the alleles

contributed from the parents to increase the internode lgigtiig6-2|land Table 6

3). Thefinding of residual internode variation in a domesticated x domesticated cross
is interesting, as it is one of the major domestication traits detéBtesli et al,

2007c)and suggests that variation for this trait has not been completely lost.

Both position and the magnitude of the QTLs for internode length on the map were
stable across FutureCrop glasshouse and Indonesian field forstpepElation
GHULYHG IURP pQDUURZY FURVV 7KLV 47/ FRXOG EH L
yield enhancement programs to help to suit different morphotypes to different
environmental conditions. It could also be used to develop material for better

managemet of this crop in the field.

Interval mapping analysis of the; Beneration in the FutureCrop glasshouse for the
MQDUURZY PDS UHFRUGHG WKH K lpédurcieeéndtidn L4. SHD N
A significant QTL for double seeded pods/plamtas also foundn this genomic
regionand its association wigheduncle lengtlwas identified previously through their
significant trait correlationré +0.53 at p= 0.000 Higher additive effects compared

to the dominance effects associated with the QTL of these aie twere detected

and found to be in the same direction of effect, which is consistent with their

associationgsAppendix27). Marker bgP#23527 waghe nearest marker to this locus

and only 0.5 cM from the centre of the main QTL ifslernode lengthThe level of

pods produced under the soil surfamsild be predicted through measurement of
peduncle lengthin the population grown in FutureCrop glasske. Those lines
having longer peduncles located the pods under the soil surface. Burying pods under

the soil is considered to be an advantage of groundnut compared to other legumes,
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making harvesting time less critical, as the pods can be left in tHersodnsiderable

time without serious losg$Vhitmore, 2000) This trait is also associated in this cross

with biomass dry weightand seed wight/plant through an increase in pods
containing double seeds for those lines having a longer peduncle. All of these trait
UHODWLRQVKLSY ZHUH SUHYLRXVO\ VXJIJHVWHG WKUR
analysis. Thus, this QTL could be one of the cadaigs for marker assisted selection

for the yield in bambara groundnut.

An emphasis obiomassand distribution from the source into different sinks is a key
focus of breeding programmes. QTL analysis can assist in understanding the genetic
basis for this and how the environment may effect this accumulation and distribution
of carbon. The marker Babg596774 on LG1 is a target marker for a number of
QTL, being a major QTL fobiomass dry weighhode no./plantpod weightandseed
weight/plantand as a putative QTL f@od no.andseed no./planfTheir relationships

have been confirmed through stgptrait associations in FutureCrop glasshouse data
for the narrow cross population. These associations are reflected in the direction of
additive effects observed for the coincident QTLs of these traits. This situation of
multiple traits affected by a gjie marker bgPab§96774 might come from the
linkage of multiple QTLs or it could be pleitropy; a single gene affecting several
biochemical pathways leading to many different phenotypes at different levels of
organization. This has been identified in a evihnge of specieqProkop, 2004)
Previous studies on soybean also identified more than one QTL for different traits

mapped on the sz loci(Wenxinet al, 2008; Zhanget al, 2004)

Microsatellite marker Bam2coL63 is found to be a candidate marker for the QTL of
leaflet lengthanalysed in both Jand F; populations in the controlled environment

glasslRXVHV IRU WKH pQDUURZY FURVV SRSXODWLRQ 7KI
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to predictbiomass dry weighés terminal leaf lengthand biomass dry weighare

associated traits (r= +073; p=0.01%nd +0441; p= 0.000, respectively).

In total 18 significant QTL and 7 putative QTL were detected using interval mapping

LQ WKH pQDUURZY FURVYV PRBS toleQerDeBceimwh HalitaldR ORFL
eye pattern around hilurdetected with nonparametric mapping. Most of the QTLs
deteced were clustered on linkage groups 1, 4 and 12. A major QTIntemode
lengthwas detected on LG4 of thg §eneration grown in glasshouse and in the field.

The highest LOD value of 9.7 f@eduncle lengthvas located close to theternode
lengthlocus. A QTL at marker locus bgPaly§6774 was also detected fwed yield

and some other yieltelated traits located on LG1.

47/ DQDO\VLYV LQ WKH pZLGHY FURVYV PDS

QTL detection was based on LOD thresholds estimated by permutation tests (10000
permutaibons, P = 0.05), to account for the effects of known major QTL of multiple
tests through their association with genetic markers for the entire expe(boemnge

and Churchill, 1996) The thresholds adopted hewnged from LOD = 2:3.6 for
different traits studied in this cross. Twmajor QTLs were detectedr the traits of

stem no./plantand CID on LG13 and LG7 (LOD= 4.9 and 4.7), respectively.
However the QTs detected foleaf areg specific leaf areaand100-seed weighhad

/12" VERUHYV - WKH\ ZHUH FRQVLGHUHG DV SXWDWLYH
LOD score lower than significant threshold value of permutation tests. Two and three
QTLs for the traitsstem no./plantand internode lengthwere located on different
linkage groups, respectively. Only two traitdays to emergencand days to
flowering were not normally distributed and their association with markers on

different linkage groups was determih®ased on KruskalNallis analysis with a
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significance level of 0.050.01. Insufficient parental data alays to emergencand

days to flowerinchindered the identification of discrete classes of parental values to
analyse the segregation of drata for hese two trait¢Basu, 2005)The AFLP marke
P19b494AGC+CTA4 located at 93.9 cM was detected as the reference marker for the
QTL effect ondays to emergence, CID and 168ed weight The significant
association between these three traits was detected previously by Basu (2005) using
3 HD UV R Qafiah coBfficidrid ahalysis.

Due to the difficulty in characterizing phenotype of traits based on single plants the
wide cross linkage groups probably harboured fewer QTLs for agronomic traits. The
lack of replication is considered one of the major disathges of using F
population in QTL analysis, because thieenotypic evaluation on single plants is
usually not considered reliable for some quantitative trgskshitet al, 2012;
Semagnet al, 2010) It has been suggested that studies conducted in a single
environment are likely to underestimate the numbe&pDiEs that can influence a trait
(Patersoret al, 1991) For such environmesspecific QTL, one would only be able

to know that the QTL acts at locations where the environmental conditions are the
same(Bolek et al, 2005) Moreover, the limited number of common markers between
MZLGHY DQG pQDUURZY PDSV IRU ERWK 665 DQG '$U7
attempt to combine linkage groups of these two maps, which has affected the proper
identification of links between the QTLdetected on both map3he only link
detected between the QTLs of the combined maps of both crosses vadzg$oio
emergenceRQ WKH OLQNDJH JURXSYV DQG RI nQDUURZ
respectively. The QTL for this trait in both linkage groupsswa close association

with the common DArT markers 601384 and 601748 and these two linkage groups

were joined together in the combined map of grofﬁi@u(reGG .
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Figure 6-3: Related linkage groups identified through comparison of markers in the populations

derived from both wide and narrow crosses in bambara groundnut

20H KXQGUHG DQG VHYHQ PDUNHUV ZHUH QRW PDSSHG
map. The largest number of unmapped markers were AFLP markers (64 out of 141
markers) followed by DArTs (30 out of 106), although the highest proportion of
unmapped marker$4%) was for SSR markers from the total number of 24 markers
involved. It is expected that increasing the number of markers and the addition of new
marker types to this population such @mserved ortholog set markdrem other

related legumes (soybeamdaMedicagq could help to identify and locate other

QTLs, by increasing the coverage.
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6.3.5 Summary

The results of QTLs analysis are presented and several genomic regions containing
QTLs were found to explain variation for agronomic traits. The aitmiefwork has

been to provide an understanding of biological mechanisms controlling these traits.
7KH pZLGHY PDS FRQVWUXFWHG EHWZHHQ D ZLOG DC
accession has been used to determine the basis for domesticatio(Basitst al,

2007c; Basu, 2005) :KLOH WKH pQDUURZY PDS FRMPB)UXFWHG |
domesticated (Tiga necaru) cross was expected to segregate for agronomic traits,

rather than domestication or major morphological traits.

Microsatellite markers involved in constructing the linkage map were derived from

both genomic and transptomic regions. No markedrait association was identified

IRU WUDQVFULWRPH 665 PDUNHUV LQ WKH FXUUHQW V\

The possible reason is that both maps contain a limited number of transcriptome SSRs
DQG IRU pQRZUGREZIODQSDWYWH PDS UHVSHFWLYHO\

associated with other traits not investigated here.

However, while the populations under study here were not big enough to construct a

high resolution map for QTL studyCollard et al, 2005) the loci in the framework

PDSV RI pQDUURZYT DQG pZLGHY PDSV ZHUH ZLWKLQ

respectively) generally recommendéd QTL analysis.The QTL identified could

provide a resource for identifying the regions of bambara genome which contain

genes for agronomically important traits and developing molecular markers for MAS

in the breeding program of this crdp.has been eclared that uniformly distributed

loci every 1020 cM within the entire genome could give a significant increase in the

relative effectiveness of MAS and QTL identificati@@tuberet al,, 1999)
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7.1 Introduction

Investigating the genetic architecture of crop plants has paid significant dividends in
the case of many crops and especially cereals, such as wheat and rice, to meet the
continually growing needs of Humankind in terwisincreased yield and improved
quality (Cholin, 2009) Plant breeding efforts are yet to make such an impact in the
case of legumes as here yields have not kept pace with those of cereals. Despite the
reported drought tolerance in bambara groundnut coupled with reasoeasibtance

to diseases, pests and adaption to poor soils, crop production is at relatively low
levels, possibly due to low and unpredictable yigMsyeset al, 2009. Bambara
groundnut is cultivated throughout tropical regions of Africa and considered as an
important food security crop in st®aharan Africa. The farmers there stély on

local landraces which can be inherently low yielding due to poor physical and genetic
quality of seeds and poor crop management. Development of high yielding and
adapted genotypes of bambara groundnut is an important strategic approach to try to
increase food security through use of bambara groundnut.

Most of the agronomically important traits in bambara groundnut are quantitatively
inherited (Olukolu et al, 2012) Due to the genotyply-environment interaction in

these traits most yield components have low heritable variation. Hence, phenotypic
selection based on conventional breeding techniques alone will have some limitations
in breeding programsfor yield improvement in this crop. Employing new
biotechnological tools such as DNA markers for mapping and identifying genes for

desirable traits could solve some aspects of this problem. Construction of molecular
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linkage maps is now a routine way tcade valuable alleles in a segregating
population.

In this study we aimed to generate a framework ofagn F; segregating population

derived from the intr@ubspecific cross (DipC x Tiga necaru) and to improve the

partial genetic map developed previoudasu, 2005jrom an intersubspecific cross

between adomesticated landrace and a wild ancestonufnber ofmicrosatellites

(derived from different microsatelltenriched libraries)and Diversity Arrays
Technology (DArT) markers were used to carry out map construction and allow a

QTL analysis of agronomic@ O\ LPSRUWDQW WUDLWYV $Q DWWHPS
FURVV DQG WKH pQDUURZYT FURVYV ZDV PDGH WR LGHQ'
for bambara groundnut and to improve our understanding of domestication. This
could helpbreeders to effectively pyramigenes for agronomically important traits

into single cultivars in a much shorter time than would be possible by conventional

breeding.

7.2 Molecular markers development, characterization and validating the #
population under study

An overview of molecular marker (SSR and DArT) characterization and the

SRO\PRUSKLF PDUNHUV XVHG LQ ERWK pQDUURZY DQG

is described irigure%l
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Figure 7-1: Diagram of SSR and DArT markers, their characterization and the number of
SRO\PRUSKLF PDUNHUYV XVHG LQ ERWK pQDUURZTYDQG PZLGHY FUR

7.2.1 SSR markers

Microsatellite markers can be found in both coding and-auating regions in all
prokaryotic and eukaryotic genom@&alia et al, 2011; Trivedi, 2004)The markers

used in this study wermerived from different microsatelltenriched libraries of both
regions. Out of a total 124 SSRs screened 94 markers desreloped from a
genomicenriched repeat library sequenced with 4titemium and titanium reagents
(Roche 454 Pyrosequencing), representing the first two sets. Thesetltdr29 SSR
markers were developed from a bambara groundnut leaf transcriptome library (Roche
454 Pyrosequencing). In addition, one SSR marker from soybean was also used in this
investigation. Transferring SSR markers between the legume crops has lmeomne
common recently through linkage mapping and assessing genetic diyErsiydra,

2011) A high rate of amplification of SSR markers from other legume species (azuki
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bean, cowpa, and mungbean) in bambara groundnut was also reported by &omta
al. (2011b).Wanget al. (20048) suggested that transferring SSRs across species and
genera coulde an efficient approach to develop DNA markers, especially for minor

crops.

Commercial application and quick detection of SSR allele using agarose or simple
polyacrylamide gel systems can be achieved by any laboratory with minimum
infrastructure, meangthat this technique has been widely used in studies of genetic
diversity (Senioret al, 1998; Stewartt al, 2011) However, such systems cannot

resolve small difference in allele sigmnest al, 1997)

Agarose gel (2.5%) was used in our investigation to detect the parental alleles in the
populations under study for 4 primer pairs (D.35497, Primerl0, Primer82 and
D.48339) which had 34bp, 31bp, 28bp and 36bpbp allelic differences, respectively. A
3% agaros gel has been used by a number of researchers to screen for polymorphism
of SSR markers with more than 20bp differences in allelic(¢izbkaniet al, 2012;

Beyeneet al, 2005; Legesset al, 2007; Wietholteet al, 2008)

Allelic sL]H GLIIHUHQFHV IRU RWKHU SULPHUV LQ ERWI
populations which could not be clearly scored with an agarose gel were determined
using the CE®" 8000 (Genetic Analysis System, Beckman Coulter, USA). The
product sizes were scored maryélom the electrophoretograms, taking into account

the entire microsatellite profile as the automated calling system is unable to cope
simply with changes in relative peak heights between alleles and the shift in overall
PLFURVDWHOOLW frmativeDT® Fefutevhd dodtstand €cilitate screening

of large numbers of potential microsatellites with the Beckman '®EB00, a three

primer system was usd&chuelke, 2000)Further reduction in the cost of screening
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the microsatellite markers was achieved by multiplexing PCR products which showed
a wide product size differences between microsatellites inititevidual prescreens
for size and polymorphism. Up to three SSRs were pooled. All the primers were
labeled only with fluorescent blue dye D4. This was to avoid the problem of colour
bleed through (e.g. as reported Mylosiwa, 2012) and the comparaly week D2

dye (Black)

Polymorphism of SSRs

Out of a total of 124 SSR markers, 45 were detected as polymorphic (36.3%) for the
parental alleles in thesfpopulation derived from the cross between DipC and Tiga
necaru, while 41 markers were polymorphs3.%) in the k population from the

cross between DipC and VSSP11. Low levels of genetic polymorphism in the specific
gene pool of bambara groundnut had been reported previestyiet al, 2007a)
However, as all 124 markers had been prescreened against 24 genotypes believed to
reflect existing variation whin bambara groundnu{Stadler, 2009), there is a
presumption that they are functional microsatellites. In an assessment of genetic
diversity in bambara groundnut Hyomtaet al. (2011b) 35 primers out of 188
amplified SSR markers (19%) were polymorphic in eigbtessions diected from

the major growing regions of the worldmong these polymorphic markers, four
came from those previously developed in bambara groundnut (10 SSR in total) by
Basuet al. (2007a). The others were from related speaeski bean, cowpea and
mundoean. Variable levels of polymorphism in SSR markers were detected in
different legume seed cropkajonpholet al. (2012)identified 16.1% polymorphic

SSR markers when screened in the parental genotypes of wild and cultivated

mungbean in an Jpopulation using 945 markers. In a QTL study screening for
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Fusarium wilt resistance gene in chickpe®adir et al. (2007) identifieda high
polymorphism rate (70.3%) for SSR markers between the parents of the mapping
population (BG 256 and WR 315)The highest polymorphism rate (81.3%) was
detected in pigeon pea by sanew 40 genotypes (representing differé&djanus

species including eight wild accessions) with 16 SERsenaet al, 2010)

Individuals genotypes from the DipC landradé. Gubterraneasubterranea) were
LQYROYHG LQ ERWK pZLGHY DQG pQDUURZEd WithRV V HV
landraces of VSSP11V( subterraneaspontenea) and Tiga necaM. (subterranea
subterranea), respectively. Higher polymorphism was expected in the inter
subspecific cross (DipC x VSSP11) than in the wstrbspecific cross (DipC x Tiga

necaru) btia contrasting result was initially obtaineith morepolymorphic markers

for narrow crossOverall, similar levels of SSR polymorphism was observed in both
crosses despite one segregating for domestication traits and the other for agronomic
traits and dversity analysis (Stadler, 2009; Molosiwa, 2012) suggested that the DipC
SDUHQW XVHG LQ WKH pZLGHY FURVV LV DFWXDOO\ FO
the same crosS&tadler (2009also revealed considerable genetic distance between the
DipC and Tiga necaru landraces when analyzihe genetic relationships of 87

bambara groundnut genotypes using 296 polymorphic DArT markers.

However, there was a small sample size of the common SSR markers (26

SRO\PRUSKLF 665V LQ FRPPRQ IURP DQG SRO\PRUS

M Z L G legsed; Wespectively)Téble 7-1). The authenticity of the DipC female

parental genotype of both crosses was confirmed through amplification of the same
allelic size with 17 common markers for both populations. Differeeleabizes for
the DipC parent in both populations with other common markers (9) is likely to come

from the fact that different individuals of the DipC landrace were used as the maternal
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parent.Massaweet al. (2005) reportedjenotype variations within bambara groundnut

landraces and DipC appears to be a particularly variable landrace (Mayes et al, 2009).

Table 7-1: Common microsatellite markers and the alleles ofthe LS& SDUHQW XVHG LQ ERWK
DQG pQDUURZY FURVVHYV

DipC parent DipC parent

Primers used in narrow used in wide allele Source of primer
cross cross

PRIMER10 260 268 different

PRIMER15 238 240 different

PRIMER19 273 270 different

PRIMER26 183 183 match

PRIMER32 247 220 different

PRIMER38 194 194 match

PRIMERA48 238 244 different

PRIMER66 225 219 different . .

PRIMER98 264 274 different ~ G€nomic DNA library

GH-19B2-D9 236 236 match of bambara groudnut

Bam2colL80 220 220 match

Bam2colL33 253 239 different

mBam3co7 267 267 match

BN145 150 143 different

PRIMERG65 172 172 match

PRIMER16 189 189 match

PRIMERS85 248 248 match

AGS1 202 202 match Genomic DNA library
of Soybean

D.42026 238 238 match

D.8148 244 244 match

D.8999 203 203 match Leaf .

D.37053 181 181 match Iigsart;%rf]zglrgtboar?;

D.12522 328 328 match groundnut

D.24269 246 246 match

D.51646 185 185 match

D.2094 224 224 match

7.2.2 Validation of the F; populations under study

The segregating gF population was tested for residual heterozygosity before
construction of the genetic map. All 73 individual lines were screened with 33
polymorphic SSR markerResidual heterozygosity of the population was found to be
24.9% which matches the predicteceiMielian ratios expected from the population

history. In addition, none of the lines was identified as beingcmsgsed. The tests
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made confirmed that the population under study is arnwkich can be used

confidently in construction of a genetic map.

7.2.3 DAIT assay

DArT as a highthroughput and hybridizedased microarray platform was developed

to overcome some of the limitations of other molecular marker technologies, such as
RFLP, AFLP and SSRAkbari et al, 2009. Since no DNA sequence information is
required in developing DArT this technique allows for the typing of tens oflstiods

of loci in parallel with reduced cost per data point after the initial platform
developmeniKilian et al, 2005; Wenzlet al, 2004) It has proved to be the most
costand timeefficient approach for undettilized crops such as bambaragndnut
(Mayeset al, 2009; Olukoluet al, 2012; Stadler, 2009The procedure of generating
DArT markers, screening for polymorphisms and genotyping was conducted by
Diversity Arrays Pty. Ltd.Yarralumla, AustraliaDue to the high locus specificity of
these markers, they can be easily arranged into genetic linkage(Aidyasi et al,

2006; Wenzlet al, 2006) In the current study a total of 236 polymorphic markers
(3.1%) were detected for the individuals of thepBpulation derived from the cross
between DipC and Tiga necaflhey werantegrated with polymorphic SSR markers

to construct a genetic linkage map of bambara groundnut in this population. DArT
was also used to generate additional markers for the exisitiral map derived from

the intersubspecific cross in bambara groundnut with approximately 2% of DArT
array elements revealing polymorphigrigher levels of polymorphism at 5.5% were
detected bystadler (2009)n the construction of initial DArT marker discovery array
from 38 landrace idividuals using the restriction endonucleases combination

Pst/Alul. However, this would be expected to reflect the overall levels of
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polymorphism within the species, rather than in specific controlled crosses. In other
crops such as barley, 2.9 to 10.4%lymorphism levels were found in discovery
arrays prepared from nine 78®ne Pst libraries from two genetically distant

cultivars (Clipper and Sahar@)Venzlet al, 2004)

7.3 Rapid verification of presumed hybrids

Although a convenient hylglization system has been developed to obtain a large
number of hybrid seeds in bambara ground(®iwanpraseret al, 2006) the
cleistogamous nature ®. subterranedlower causes a high rate of selbllination in

this crop in naturéUguru and Agwatu, 2006 Due to the maternal control of seed
coat colourdistinguishing between genuing liybrid seed and seffollinated seed is

not possible in the ;/and the segregation of seed colour can only be observed in the
F3; seeds produced (Basti al, 200%). To shortcut this process P&iased molecular
marker fingeprinting systems have been developed (8undaranet al. 2008) For
further acceleration of this process we have investigated the possibility of extracting
DNA directly from the seed endosperm instead of growing the presumed hybrids for
DNA extraction, aiming to rapidly verify the;Beeds in a way thatds not reduce

their viability. Genomic DNA was extracted successfully using the GenElute Plant
Genomic DNA kit (Sigma Aldrich) giving the greatest DNA vyields with 30 minutes
incubation. The viability of the seeds was checked by a germination test asticatat
analysis revealed that germination frequency of the seeds was not affected by this
treatment A similar method has been used lKgmiya and Kiguchi (2003 extract

DNA from soybean seeds. This simple and rapid method could be a useful tool even
in the next filial generations to perform mareassisted selection, even before sowing

of the seeds.
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7.4 Normality tests and association between the traits

The distribution of trait data was tested using Anderson Darling Normality test for the
Fs SRSXODWLRQV GHULYHG IURP pQDUURZYT FURVV LQ E
field trial, andfor the F, population from the same cross evaluated in the TCRU.
Normal distribution of traits was confirmed in most of the trait vales different
environments for both Fand Fk generationsflower no./plant plant height petiole

length terminal keaflet lengtrandwidth, leaf area, plant spreggtem no./plantnode
no./plant internode lengthpod no./plant, double seeded pods/plant, peduncle length
pod weight/plantpod length pod width double seeded pods lengithd width, seed

length, biomassdry weight, shelling%and 100-seed weight which indicates their
control is more likely to be under multiple gene effects. Although some of these traits
did not exhibit the same distribution pattern over all trials for both generations, Box
Cox transformation pulled many of them back to a continuous and normal
distribution. Our results are in agreement with what was reported by other researchers
on the effect of multiple additive genes for a number of these agronomic traits in
bambara groundn@fonahet al, 2012; Karikari, 2000)

The other traits oflays to emergence, days to floweriggowth habitandeye pattern
around hilumwere characterized as discrete traits even after transformation. The trait
distribution of bothgrowth habitandeye pattern around hilumas found to follow a
segregation pattern consistent with Mendelian inheritance. Incomplete and complete
dominance were hypothesized to control both traits, respectively. The monogenic
inheritance okeye pattern aroundiilumis in agreement with previous work by Basu
(2005)in the segregatinggFSRSXODWLRQ GHULYHG IURP WKH fZLGFH

as the maternal parent of the cross.
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7.5 Phenotypic correlation

The low heritability of most quantitative traits of economic interest complicates the
selection process, while understanding of their relationship with those of high
heritability could aid indirect selectidishimelis and Shiringani, 2010)

The characters studied here are most likely to have complexrétéionships. In

orGHU WR GHWHUPLQH WKH SKHQRW\SLF UHODWLRQVK
correlation coefficient analysis was calculated for the population derived from intra
VXEVSHFLILF FURVV EHWZHHQ 'LS& DQG 7LJD QHFDUX
descriles the direction and degree to which one variable is linearly related to another
(Bolboaca and Jantschi, 2006)his test was performed for the; Population

evaluated in the FutureCrapasshouse and the Indonesian field trial and also for the

F, population derived from the same cross in the TCRU.

Most of the vegetative growth traits and yield component traits were in a strong
association with yield in bambara groundnut for the diffeteals. These results are

in accordance with earlier published association between thesdNMakandaet al,

2009; Ntundwet al, 2006; Ouedraoget al., 2008.

The negative association days to floweringwith the other traits, especialseed

yield may lead to the hypothesis that the genotypes with early flowering may have a
longer reproductive phase to deliver the stored and newly captured carbon into the
seeds, leading to higher yields. Increasingi¢laé numberleaf areg internode length

and he optimal canopy spread should contribute positively to agronomical

performance and increase the accumulation of biomass that goes into the seed.

A strong positive correlation was observed between yield and other traits studied here.
Pod no./plantis a canponent ofseed yieldn bambara groundnut and considered as

the most important yield component trgiiglu-Dapaah and Sangwan, 2004; Chijioke
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et al, 2010; Makandat al, 2009; Ofori, 1996)This has been confirmed in $hétudy

by the detection of a highly significant positive correlation (r=> 0.8 at p= 000)
between both traits across different environments. It can been concluded that yield in
bambara groundnut could be effectively improved through selection of thede vyiel
contributing traits. Given that bambara groundnut has a photoperiod requirement in
some landraces for pod set/filling, The apparently-ealilent correlation may not

hold in non 21Zhour photoperiod environmentfHarris and AzarAli, 1993;
Linnemann and Craufurd, 1994)

The association results between the traits studied was in agreement to the previously
reported in the present of a strong correlation between the yield and other related traits
in bambara groundnut. However these results needs fuinkestigation to be
validated, they may support the hypothesis that using early or simple traits associated
with the later or more difficult will serve the assessment of the traits in selection of

desirable genotypes for bambara groundnut.

7.6 Construction of genetic linkage map

The genetic studies reported earlier by Basu (2005) were based on a&ub#eecific
cross.The genetic analysis of this cross has identified a number of genes important
for the domestication process in Bambara groun{Basuet al, 2007c) The second
genetic map based on an intsubspecific cross exploits variation within the
domesticated landraces gene pool, usingFamopulation derived from the cross
between two domesticated landraces (DipC and Tiga neddms)coss was expected

to show variation for traits of breeding interest (agronomic traits rather than

domestication traits). An overview of both map construction and the attempt to

combine the maps is describe¢Higure7-2

225



Chapter 7. General discussion

Figure 7-2: A flow diagram of the process of construction of the genetic linkage maps in the
HQDUURZY DQG PZLGHTY FtbdR vovmbBIRIBXODWLRQ DQG

7.6.1 Population size to construct the maps

A total number of 73 F SURJHQ\ ZHUH XVHG WR FRQVWUXFW WK
map. They were derived from a controlled cross between two single genotype
accessions of domesticated background. Although, a similar population size of 75
recombinant inbred lines was used to ¢ard a linkage map in common bean
(Freyreet al, 1998) larger populations are required to determine the marker order for
high-resolution mappingMohanet al, 1997) The size of population is considered

the limiting factor for segregating populations and is determined by the number of

seed from a singleiFcross. As landraces are known to be composed of numerous
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inbred lines in bambara groundnfMassaweet al, 2009, it is not possible to use
multiple genotype accessions from a landrace to generate multipée& whose self
pollinated F; can be combined into a single largeg®pulation. In an F, population
replications over time or space also cannot be carried out as each single plant
represents a different genotyp®emagnet al, 2010) while in the F population

single plant assessment can be replaced by the assessmgiiainafi€s.

The population of 98 Fprogeny maintained as dried leaf in silica wagx&acted to

be used in the improvement of the previous partial genetic map for am inter
subspecific cross between a domesticated landrace and a wild arfBestoet al,

2007¢)

7.6.2 Marker distortion

With the development of molecular linkage maps, numerous examples of segregation
distortion have been reported on many plant spdtlest al, 2001) In the current

study the segregation patterns of the markers and detection of any distortion was
tested by JoinMap4 through performance of a-&jare test (p<0.05). Thirty two
percent of the markers (SSR and DArT) were found to be distorted in the narrow
cross, based on a RIL3 model. While in the wide cross population 27% of all three
marker types (SSR, DArIT and AFLRyere distorted, based on an, fnodel of
segregation. The results of linkage analysis for both maps revealed that markers with
distorted segpgation were distributed throughout the genome. Our markers for both
maps showed lower distortion than the 41% distortion reported by Basu (2005) in the
linkage map constructed in bambara groundnut using 115 AFLPs and one SSR

marker. HoweverJower distotion (19.93%) of SSR markers was reported in 106
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RILs (R) derived from the cross of two soybed&lycine max genotypes (BD2 and

BX10) (Lianget al, 2010)

Segregabn distortion is influenced by many factors, some of these are: mapping
population, genetic transmission, gametic and zygotic selectionherapnlogous
recombination, gene transfer, transposable elements and environmentalldgents

and Ellis, 2002; Yamagistet al, 2010) Wu et al. (2001) demonstrated that 21.7%
segregation distortion was caused by a gentesiosmission effect using an RIL
population from a cross between two cultivated soybean Kefengl and Nannong1138
2. It was also reported that segregation distortion could be partially caused by
gametophytic and sterility facto(Zhanget al, 2006) In constructing a genetmap

in barley a total of 22 loci among 65 polymorphic SSR loci (33.8%) were distorted in
260 F, individuals derived from a male sterile line and an elite cultivar. Distorted loci
were found to be skewed toward the male sterile pdtentet al, 2011) These
results suggested that the phenomenon of segregation distortion occurs commonly in
hybrid populationgdKonishi et al, 1990) In progeny derived from inteand intra
specific crosses the distortion is thought to be caused by competition among gametes
for preferential fertilization or from abortion of the gamete or zydbaris et al,

1998)

7.6.3 Linkage map and marker distribution

Map construction was conducted with JoinMap4. Out of 269 markers involved in
FRQVWUXFWLRQ WKH pQD$ERsAfd P Sonvert&dMAMNS) Were
assigned in to 21 linkge groups which cover 608.6 cM of the bambara groundnut

genome. Map construction was undertaken by running the population under the RIL3
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model after the initial analysis of the population as a Cross Pollinator (CP) to
determine the phases of DArT markdrg,comparison with SSRs

,Q WKH pZL G Hilfre€ h&Revtyped 8f SSR, DAIT and AFLP were involved
with a total number of 301 markers. One hundred and ninety four markers were

assigned to 20 linkage groups spanning a total of 901 cM.

Some of the linkge groups in both maps had only a few markers and incomplete
coverage of the genome led to both maps having more than the expected 11 linkage
groups corresponding to chromosomes=gx=22) for the bambara genome. Adding
more markers to these two magisould join these small groups together, although

undetected genetic reasons for fragmented groups may also exist.

7KH PDS RI pQDUURZY FURVV FRYHUHG DSSUR[LPDWEF
genome, however more comprehensive coverage was expected basedramkity

marker linkage (89%). Clustering of the developed markers to particular regions of

the genome or inhibition of recombination by parental dissimilarity could be one
reason of the lower than expected map lengtie linkage map of the,Fpopulation
GHULYHG IURP WKH pZLGHY FURVV KDG JUHDWHU JHQF
HMQDUURZY P DithaKklehweHwaketPDUNHU OLQNDJH RI WKDQ \
map The combination of three marker types could be one of the reasons for greater
coverage of WKH EDPEDUD JHQRPH Adaviyé ldl. (20053dpdrtedl D S

that different marker systems differ in detecting polymorphism #r@ir genome

coverage.

8QXVXDO FOXVWHULQJ RI '$U7 PDUNHUV ZDV REVHUYHC
which seems to confirm earlier observations of two major clusters of accessions,

based on of DArT markers including DipC in the smaller group cantithe
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unusual repeat clustéBtadler, 2009)However, the sourcef this clustering is not
quite clear an introgression from an alien species might be the reason or it could
represent a repetitive sequence which has proliferated locally within the chromosome
from a specific progenitor sequence within specific linealpethe genomes of chick
pea, barley and wheat clustering of DArT markers in a particular genome region has

also been reportg@dkbari et al, 2006; Semagat al, 2006¢ Thudiet al, 2011)

We have developed the first linkage maps based on a combination of SSR and DArT
markers in bambara groundnut. This map will be useful for comparative genomic
analysis between thmapping populations in this crop and also between bambara
groundnut and other related legume crops. This map along with the improved wide
cross map using a combination of SSR, DArT and AFLP markers, represents an
important step toward genetic analysis pferesting agronomic traits in bambara
groundnut. These markers developed could be used in nas&isted selection for

complex agronomic traits and phylogenetic analysis in bambara groundnut.

7.6.4 Combined maps

%RWK PQDUURZY DQG u 2y dBrhbined Dsthy theH dirtapQdoftward O
through 32 common markers (SSRs and DArTs). Thirty common markers were
combined in 6 linkage groups with at least 2 common markers each. However, two
other groups were linked with only one SSR marker each on the daomosome,

so resolving their relative orientation was not possiblee combined map will assist
breeders to localize QTLs to genomic regions for maalssisted selection. Addition

of more common markers will assist in map integratibwill also male comparative

mapping with other related legumes easier in the fuiMi#an et al, 2010) which
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ultimately will give valuable information about QTL regions in related crops which

may also be important for bambara groundnut.

7.7 QTL analysis

The genetic architecture of complex traits in plants can be investigated by QTL
mapping which can ehtify the genomic regions responsible, elucidate the effect of
the gene(s) and (eventually) the structure of gene ftisaifrie et al, 2004; Mackay,

2004) QTL analysis was carried out in this study to identify regions of bambara
groundnut genome that are responsible of genetic mechanisms for the agronomic

traits.

The first step in QTL mapping is to have a linkage map with good coverage of
markers. mterval mapping (IM) was used to detect loci accounting for traits data
variation in the populations derived from the ingebspecific and intesubspecific
crosses of bambara groundnut. The IM model is considered more powerful than the
analyss of variance at individual marker lodieing more flexible for missing
genotype data and is more feasible when the markers are widely {Baosthn,

2001) LOD scores are used to measure the strength of evidence for the presence of a
QTL effecting a trait. Where the LOD score is higheanththe permutation test
threshold, a QTL for that trait can be declared. Generally, the most likely position of
the QTL is at the maximum LOD, with a 1 LOD drop in probability on either side of
the maximal point defining the confidence interval. The detecbf QTL for

GLIIHUHQW JHQHUDWLRQV LQ GLIIHUHQW HQYLURQPHC

populations are summarise(iﬁigure?-s
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Figure 7-3 'LDJUDP Rl WKH 47/ GHWHFWLRQ VFKHPH IRU WUDLWV LQ

populations, evaluated in different generationgnd for different environments.

47/ DQDO\VLV RI pQDUURZY FURVV PDS

We have found several genomic regions detecting QTLs for agronomic traits in both
FutureCrop glasshouse and the Indonesian field. These results were also supported by
data collectedrom the same intraubspecific cross for the, generation grown in

TCRU.

Eighteen significant QTL and 7 putative QTL were detected for 23 agronomic traits
using an interval mapping in addition to nine others detecteddys to emergence
growth habitandeye pattern around heliunsing norparametric mapping for thes F
population evaluated in FutureCrop glasshouse. Individual QTLs detected with

interval mapping explained 13.5 to 50.3% of the total phenotypic variation. Two
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QTLs were detected for eaclh the traitsnode no./stenand pod length of double
seededexplaining 39% and 36.2% of phenotypic variance observed for both traits in
the R progeny evaluated in FutureCrop glasshodsesmaller number of QTL for

these traits were detected and recorded in the Indonesian field trial and the TCRU for
the i and F;, generations, respectively. The possible reason is that the typical tropical
growth condition of this crop in the FutureCropagghouse allowed the genes
responsible to these traits to be expressed properly more than the field condition, as
most of the agronomic traits are quantitative with ragdtine response having minor
phenotypic effect and they are sensitive to the envirotahehange4Chenuet al,

2011; Choudharyet al, 2008) Furthermore, the technical measurement issue has
caused the number of traits involved in QTL analysis to be less in both field and
TCRU trials compared to the FutureCrop glassbhoushe QTL forinternode length
andbiomass dry weightvere considered stable across the FutureCrop glasshouse and
the Indonesian field trial for thespopulation derived from the cross of DipC x Tiga
necaru. These QTLs could be a good candidates for MA% yield enhancement
program under different environment conditions. Association of the trait values with
the same marker in the FutureCrop glasshouse and the field was also recorded for the
traits ofdays to emergen@ndgrowth habitdetected by Krusk-Wallis analysis (due

to the nornormal distribution of the trait). Other QTLs fplant spreadleaflet length

and pod no./plantwere detected on the same linkage groups for ghpopulation

evaluated in the FutureCrop glasshouse and TCRU.

Potentially pleiotropic effects of single loci on multiple phenotypic traits have been
identified in current study; the marker bgP&d86774 on LG1 was associated with
six QTL related to yield. Three other QTL for the pod and seed dimensions were also

postioned on LG12 and associated with marker Hs#8767.The causal relationship
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between these traits wanfirmed through their strong association in the data
analysis of the FutureCrop glasshouse population, as described in Chapter 4, and the
allelic effects of coincident QTLs in the same direction as traits correlated supported

the hypothesis that traits variation attributed to this coincident (;ZKppe(ndixZSr.

Pleiotropy effects have been identified in a wide range of species, including legumes

(Bobby et al, 2012; Irzykowska and Wolko, 2004; Prokop, 2004; Weretiral,

2008; Zhanget al, 2004)

The QTLs detected for boteduncle lengtandinternode lengttwere located close

to each other within 1cM distance on the same linkage group (LG4). These two traits
gave the highest LOD scores in the analysis, with values of 9.7, and 7.9, respectively.
Most of the QTLs detected here could be considered valuable and of potential use in
MAS of this crop, aiming to develop the yield and the performance of bambara

groundnut.

The QTL of traitsinternode lengthgrowth habit, plant spreadnd peduncle length
located on LG4 were within the combined confidence interval, indicating that they
could be affected by the same gene (s). Using conserved synteny of the marker
sequences at this location with the other related legumes might accelerate
comparisons of theeme order and identifying candidate gene (s) responsible to these
traits. In Cowpea, homologous genes were identified for 85 and 80% of the SNPs
markers when soybean aMl truncatulagenome sequences were compdtacas

et al, 2011; Mucheret al, 2009)

Both dominance and additive effects were evaluated for the QTL detected with the
interval mapping. Most ofQTLs detected for the sFpopulation evaluated in the

FutureCrop glasshouse were more likely to be under the effect of additive effect with
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the presence of a few dominance effects suchfl@ser no./plant, plant spread,
internode length, seed no./plasidbiomass dry weightwhile the QTL ofleaf area
appeared to have more dominance effect. Additive effect was also predominant for
QTLs of the feld trial except for the traits afode no./planeandbiomass dry weigh
showing dominant gene action for their QTLs. While thg@épulation evaluated for

WKH VDPH pQDUURZYT FURVV WKH HIIHFW RI GRPLQDQFH

seem to be more than those detected for the segregatpapiation|{Appendix27|

Appendix 28 and|Appendix 29r. QTLs with large additive effects are valuable for

breeders as they might result in larger difference in the traits of in{Brestshawet
al., 2008) The coincidence of seed yield QTL with that of yield component such as
(biomass dry weight and flower no./plant ) with high additive effect offers a means

for selecting for seed yield by efficient selection for its component.

47/ DQDO\VLYVY LQ WKH pZLGHY FURVYV PDS

The eight traits evaluated previously in thepbpulation derived from the wide cross
(DipC x VSSP11)(Basu, 2005)were included in the QTL analysis of the updated
HZLGH TQPLS Seected forstem no./planend CID were significant, a putative
QTL was detected for other traits leaf area specific leaf areand100-seed weight

Two and three QTLs for the traiséem no./planandinternode lengtiwere located on
different linkage goups, and the loci for each traits together explained about 34% and
38% of the phenotypic variation, respectiveays to emergencand days to
flowering were nomnormally distributed and they were found in significant
association with AFLPs and SSRs nmarkoci on different linkage groups (7, 10, 14
and 15). Insufficient parental data days to emergen@nddays to floweringand the

possibility of transgressive segregation for these traits might hindered the
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identification of discrete classes of paréntalue to analyse the segregation patterns

in the F, for these two traits. The three traitsdafys to emergence, CID and 16€ed
weightas found in significant association with each other, QTLs being located at the
same position of markét19b494AGC+CTA4 on LG7.

The QTL identified in any one mapping experiment are likely to describe only a small
part of the global genetic architecture of the trait within the species as a whole. For a
better understanding of the genetic architecture of alauariation for the trait, the

use of multiple populations connected through common markers could help to

understand the species level variation for the trait of int€ggshondset al, 2005)

,Q WKH FRPELQHG OLQNDJH JURXSV RI PpZLGHY DQG pQI
determined between the QTLs fadays to emergencdhis trait in both maps was in
close association with the comm@®ArT markers 601384 and 601748. The limited
QTL linkage between the two maps is likely to be a function of a limited number of
integrated linkage groups and also due to some limitation of phenotypic assessment in
an kK, population based on single plant essment which led to fewer QTLs for
agronomic traitPatersoret al, 1991; Rakshiet al, 2012; Semaget al, 2010.
Increasing the number of common marker from other related legumes (soybean and
Medicagg might help to link more QTLs through combining more linkageups

from both maps or additional marker systems in bambara groundnut (potentially
DArT Seq scored in both populations) could significantly improve integration of the

maps.

In the QTL analysis with the interval mapping those detectede&drarea, Carba

isotope discriminatiorand 100-seed weighhad dominance effect, while the others

either had only additive effect or both additive and dominance eti&peOdix30).
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