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Chapter 1

General introduction

Common beanRhaseolus vulgarit.) accounts for half of the food legumes consumed
in the world (McClearet al 2004) and impacts on agriculture, the environmleaian
nutrition and health (Broughtoet al. 2003; Graham and Vance 2003). The crop adds
biodiversity in agriculture through positive rolescrop rotations and intercropping with
cereals and many other crops. The ability of comimesm to fix atmospheric nitrogen in
the soil (Serraj 2004) plays a significant role time structure of ecosystems and

sustainability of agriculture.

In some parts of the world, notably Rwanda and Bdrucommon bean provides 15%
and more than 30% of the daily energy and protequirements, respectively. In these
communities animal protein is limited due to a lamkanimals to cull or exorbitant
prices, leaving common bean as the best substithiteh was thus nick named ‘the poor
man’s meat’. In addition to their protein conteanpgemacy, common bean has a unique
combination of nutrients, including vitamins andnemals, essential to human health and

functioning (Broughtoret al. 2003).

Recently, apart from being dominantly a subsistesrop, common bean has begun to
fetch higher market prices than other staple cropsking it an important source of
income for farmers. Of the total production in Afj 40% is marketed annually at a
value of US$452 million (Katungdt al. 2010). This benefit is now rapidly being taken up
by seed houses, traders and farmers in both laae and small farming areas. Today

beans are found in large supermarkets and operetsark

After being subjected to two parallel domesticat@rents on the American continent
(Sauer 1993), common bean spread to different mdrthe world through European
traders (Gentry 1969). Evidence from different genmarkers, namely morphological

markers, isozymes (Singtt al. 1991), seed storage protein profiles (Gegital. 1986)



and molecular markers (Beebtal. 2000; Blairet al. 2006; 2007) show the availability
of two primary gene pools in common bean, an Andgame pool, consisting of large
seeded genotypes @0 g 100" seed), which is native to the Andes mountains amftl$
America and a Mesoamerican gene pool, containing)lseeded genotypes 25 g 100
seed), which originated from Central America and Mexi&inghet al. 1991). Another
group of medium seeded @5 < 40 g 100 seel) genotypes do exist, but largely as a
result of crop improvement programmes, selectiorDafango populations (Diaz and
Blair 2006) and germplasm exchange between andnwiitte two gene pools (Beelet

al. 2001).

Worldwide common bean production stood at 23 millimetric tonnes (MT) in 2007
(FAOSTAT 2008) with smallholder farmers in third i countries contributing two-
thirds of this production. In Africa, cultivationf @ommon bean is mainly done by

women on small pieces of land (Broughtdral. 2003).

Globally common bean is produced under variablerenmnental conditions, leaving the
crop to face a wide array of both biotic and abiabnstraints. Production of common
bean is predominantly rainfed in developing costand 60% of cultivated beans suffer
from water deficit at some stage during their gto&ingh 2001; Beebet al. 2010).
Drought in coexistence with high temperatures afdrgadiation is the most threatening
abiotic constraint to survival and productivity@bps (Chavest al. 2003). The realised
yields under drought stress will only be 20-30%tlué genetic potential of improved

varieties (Wortmanet al 1998).

Sub-Saharan Africa is likely to face more frequeérught episodes due to the predicted
climate changes (IPPC 2007). The future challerajesean production in Africa will
therefore be related to lower rainfall and high penatures (Sivakumaat al. 2005). The
widespread and devastating effects of drought leady felt by smallholder farmers in
common bean growing areas. During the last decaele, losses of over 300 000 MT of
beans have been experienced annually in Africaaaeought (Amedet al 2004). Due

to a lack of social protection from governments,aknolder farmers in developing



countries end up selling their livestock and otveluable assets to meet their daily food

requirements and other basic needs (Ceccatadli. 1991).

Drought is complex and there are as many possédfiaitions as there are users of water
(Blum 2011). In this study, drought is defined s shortage of available water, which
includes rainfall and stored soil moisture in qutgrduring the reproductive and maturity
phases of common bean. Water deficit restrictsettpession of the full genetic yield
potential of crops. The major cause of water defitibean growing areas in Africa is

low and unevenly distributed rainfall (Lungzéeal. 2011).

Drought management through supplementary irrigatiaa been an option to increase
realisable yields but few smallholder bean growesge access to irrigation water and
equipment due to the prohibitive initial costs amdnthly charges. Moreover, water
reservoirs like dams, rivers and even boreholeo#iem insufficient for use by humans,
livestock and for irrigating crops. The developmehtdrought adapted common bean
varieties is a practical and economic approachitonmse crop failure and improve food

and nutrition security in bean growing areas (R8012 Beebeet al. 2008). This seed

based technology is easier and cheaper to transfdarmers than more complex
knowledge based agronomic practices. However, \gelos between realised yield and
potential yield need to be addressed to improve sarstiain bean yields in smallholder

systems (Lunzet al.2011).

In other crops, mostly cereals, productivity undeter stress has been enhanced through
constant innovations such as molecular breedingtiy€hi et al. 2008; Ribautet al.
2010). However, molecular breeding interventionsehaot been well developed in
common bean, especially for abiotic stresses. Thhquggress has been made through
conventional breeding based on selecting high yigldenotypes under drought, it has
been slow and difficult and often affected by heghor variance, significant interactions
of genotype by environment (GxE), quantitative ttréoci (QTL)-by-environment
(QTLXE), low heritability and epistatic interacti@mong genes (Zondervan and Cardon

2004). Yu and Buckler (2006) suggested genetic imgpand molecular characterisation



of functional loci as useful tools to facilitate ngene aided breeding for crop

improvement, and targeting complex traits suchraaght tolerance.

Genome wide association mapping is an attractivegmod starting point in dissecting

complex traits such as drought tolerance in comrbean. This method utilises a

mapping population which represents diversity ih basic collections and does not

require prior knowledge on loci controlling theitrand speeds up QTL fine mapping

which can be corrected for, based on populationcsire. It offers an opportunity to

simultaneously look at highly heritable traits thah be correlated with high yield under
drought conditions (Yu and Buckler 2006).

The objectives of this study were to:

Identify sources of drought tolerance from the mefiee collection held at the
International Centre for Tropical Agriculture (CIATor use in future bean
breeding programmes and/or as finished products.

Improve genetic and physiological understandingdrofight tolerance in different
gene pools of common bean through the genetic hysiglogical
characterisation of the CIAT reference collectiod a subset of this collection
and other parental genotypes commonly used in brggudogrammes.

Establish the role of deep rooting, root length soat biomass distribution as
well as mean root diameter and root density in owjorg grain yield under
terminal drought environments in a selected fewedemland Mesoamerican
genotypes from the reference collection.

Determine the genetic structure and diversity iafarence collection of common
bean using simple sequence repeat (SSR) marker data

Identify simply inherited markers in close proxiynib genes affecting drought
tolerance. Marker associations can involve disopeécandidate genes if linkage

disequilibrium is at a short distance.
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Chapter 2

Literature review

2.1 Common bean

Common bean is a widely cultivated grain legumearotropical and sub-tropical areas
of the world (FAO statistic 2004). Over 3.5 millitrectares are planted under common
bean in East, Central and southern Africa (ECS&hegar (PABRA 2008). The crop
belongs to the Fabaceae (Leguminosae) family amddiely adapted to a wide range of
environments, found around B2to 32S in humid tropics, in the semi-arid tropics and
even in the cold climatic regions (Islaehal. 2002). Common bean is a short day tropical
legume species which requires between 200-400 msoibfmoisture to complete its life
cycle, depending on soil, climate and cultivar éhllet al 2000). Optimum crop
production requires temperatures of between 2G21iring the growing season and soil
pH of between 6.3-6.7.

The preferred common bean types vary in size, c@dod shape from region to region.
The seed is the most widely used part of common.deaveloping countries from sub-
Saharan Africa, Latin America and Asia are the ilegghroducers of common bean grain
in the world (Miklas and Singh 2007). In many depehg countries common bean is
grown by resource poor smallholder farmers on spialies of land rarely exceeding 1.5
hectares (PABRA 2008). In sub-Saharan Africa fenfateners are custodians of this
crop. Most of smallholder production is rainfed amler low input agriculture. Often, in
smallholder farmers’ fields, a multiple of both tio and abiotic stresses interact

simultaneously and have a negative influence omeombean yield.

In sub-Saharan Africa, 73% of common bean prodactakes place in environments
subject to moderate to severe water deficits (Kgitwt al. 2010). Common bean is
sensitive to water deficits (Kavat al. 2008) and yields obtained in sub-Saharan Africa
are below the yield potentials of the varietiesofsr experiencing drought are usually

more susceptible to weeds, insects and diseases witrease yield losses (Redgelyal.



2004). Notably aphid attack and root rots causedbgrophominaphaseolina(Tassi)
Goid are more pronounced in common bean under Htaomditions.

Production mainly relies on rainfall except in shmalgation schemes found in low lying

areas where irrigation is applied to utilise theolarable temperatures after the rainy
season (Lunzest al. 2011). Common bean is normally planted three to four menth
before the end of the rainy season in sub-SahafiaceACommon bean is more prone to
a multitude of diseases and pests when plantedgltine start of the season. In addition,
common bean will mature during the peak of theyaeason if planted during the start
of the rainy season. Harvesting of the crop is issfide when it is raining and the grain
is of poor quality due to contamination from pestsl diseases. More frequently late

plantings subject common bean to terminal droughhZeet al.2011).

2.2 Common bean in the human diet and nutrition

Common bean is mainly grown for human consumptiwhia some countries it is one of
the food security crops providing protein, fibredaimcome to more than 100 million
people in Africa (Kimaniet al. 2001). Common bean is mainly consumed as a mature
grain in most parts of the world. Immature seedsyng pods and leaves are also

consumed as a vegetable by some communities isahhran Africa and Latin America.

Common bean is a highly nutritive and relativelwloost protein food. The unit cost of
legume protein is 50%, 70% and 75% cheaper in Biagypt and Rwanda respectively,
compared to that of meat (Miklas and Singh 200 Tommon bean grain provides an
important source of protein (22-25%) in the formpdfaseolin, vitamins (foliate) and
minerals (calcium, copper, iron, magnesium, mang@anend zinc) for human diets,
especially in developing countries (Broughtenal. 2003). The high protein content
complements the carbohydrate rich foods consumeifrina. In Burundi, Rwanda and
Uganda common bean provides 40%, 31% and 15% adalig intake of total protein,
respectively (Buruchara 2007).



Between 25% and 40% of women in sub-Saharan AémchLatin America suffer from
anaemia caused by iron deficiencies (FAO StatQit0). Common bean production and
consumption can lower the effects of anaemia isdh®/o regions. In addition, common
bean is also a folk medicine in developed countnibsre it is used to lower cholesterol
levels, and minimises incidences of cancer riskggifgl 2000), diabetes as well as heart
diseases (Hangen and Bennink 2003) in humans. Confr@an is therefore part of the
diet of diabetic patients (Jenkiesal. 2003).

Apart from being an important protein source in-Sataran Africa, common bean is
also ranked third after maize and cassava in sugplyarbohydrates (Wortmaret al.
1998). The seed contains both carbohydrates (60f%b)deetary fibre (Broughtoet al.
2003). The timing of common bean’s contributiontihe diet is important. Their short
growth cycle ensures that smallholder farmers bke leaves, green pods and mature
grain as food during critical times of food shodagespecially before the maturity of

cereal crops.

2.3 Common bean in cropping systems

Common bean fits in a wide range of cropping systeinere the crop can be grown as a
monocrop, intercrop with cereals or other crop g®eand as a relay crop. In East and
Central Africa, 23% of the production area is maonpped and 77% under associations
with different crops (Katunggt al. 2010).Monocropping is dominant in southern Africa
with only 47% of the production area assigned tergropping with other crops (Kimani
et al. 2001; Katungiet al. 2010). Common bean has been widely used in rostiath
cereals and other crops worldwide. In this croppgygtem, common bean has the
capacity to break disease and pest cycles ususdiycated with cereals. This is more
cost effective by minimising the use of chemicalsl gesticides, thereby reducing

pollution of the environment (Lunzt al. 2011).

Intercropping is a common practice in sub-Saharaic#@ and provides the opportunity
for farmers to maximise the returns from their peof land in a single season. Relay

cropping furthermore ensures that there is maximutiisation of land and
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diversification of agriculture at smallholder farevel. The ability to fix atmospheric
nitrogen (N) for subsequent crops has made comneam la valuable crop in many
smallholder cropping systems. Improved sorghumdgiedf between 40-57% were
reported in East Africa when sorghum was in rotatrdth climbing beans (Wortman
2001). The source of N for the sorghum was fromoapheric N fixed in the soil by
beans. Lunze and Ngongo (2011) found that climbdiegns have the capacity to fix
between 16-42 kg Haof atmospheric N per season and this could evendoeased with
good agronomic and cultural practicés.general, climbing beans have been reported to
increase cereal yields by 25-40% in the easteriomegf Central Africa (Lunzeet al.
2011). In this region farmers have no capacityurcpase inorganic fertilisers, neither do
they have enough animals to supply organic feetilia the form of manure. As a result,
common bean acts as a source of N supply to pricengal crops. Hence common bean

is important in improving soil health and maintaigisolil fertility.

2.4 Common bean as an income generating crop

Total world production for common bean is not weptured in Africa due to confusion
with other legumes in some data and lack of capdgitgovernment and developmental
partners to make assessment in some countries €@eeld., 2013). Statistics provided
(FAO statistic 2010) give a worldwide insight irttee economic and societal importance
of common bean. In 2010 alone, 18.7 million MT a@&ig were produced from 27.7
million hectares in 148 countries. In sub-Sahardncé, production is mainly for
household consumption with only a third of the atitpold on open markets (CIAT 2008;
FAO Statistics 2010; Katungt al. 2010). A large volume of common bean is also dade
through the informal markets between neighbourimgntries, in city markets and among
smallholder farmers. Millions of US dollars are geated through formal and informal
trading and has improved lives of many farmersgdra and consumers. In Ethiopia,
common bean contribute 9.5% of the total exporti@drom agriculture and is ranked
third among the agricultural export commodities @-Atatistics 2010). Common bean
fetches a higher price than that of many cereglsmo both formal and informal markets
making it a lucrative crop to grow in many smalbhel farming communities (CIAT
2008; Katunget al.2010).
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2.5 Drought and its effects on common bean

Drought, by definition, is the shortage of avaitabVvater, which includes rainfall and
stored soil moisture in quantity and distributiarridg the crop’s life cycle (Amedet al.
2004; Blum 2011). Drought is the most devastatibigptec constraint with far reaching
effects. Due to drought, people become poor byngebff their assets and some even
starve to death. The FAO statistics (2004) indithse drought was the greatest cause of
food relief emergencies between 2003 and 2004,asanmpg conflicts, flooding and

economic problems.

Worldwide, losses due to drought amount to hundddsillions US dollars annually
due to a reduction in crop productivity and cropufe. Annual yield losses of up to
71 000; 119 800 and 100 400 metric tons (MT) wexeorded in common bean by
Wortmanet al. (1998) that were associated with early, mid- aete lseason drought,

respectively, in Central and southern Africa.

Drought also negatively affects the symbiotic iat#ion of common bean roots with
specific soil borne bacteria, the rhizobia, whidbwa plants to fix atmospheric N (Ditat

al. 2006). This leads to a reduced supply of N fortgaroproduction which is the critical
seed product of the plant and consequently lowerg gields (Purcell and King 1996).
Little to no N will be fixed in the soil when sewedrought conditions prevail during the

common bean growth cycle (Diéd al. 2006).

Drought is often accompanied by high temperatunesveith aluminium toxicity in acid
soils (Butareet al. 2011). Under these conditions, aluminium toxicrgduces root
elongation and limits the capture and use of wated nutrients by crops, hence
amplifying the effects of drought. In Africa, 73% oommon bean is produced in
environments prone to drought (Buruchara 2007).eReclimatic models predict that
global climate change will leave a large portiontleé world’s agricultural lands more
prone to drought (Pagt al. 2002; Beebet al. 2011). As rainfall becomes more limiting
for agricultural productivity, the enhancement obught tolerance in crops becomes a

novel approach.
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Drought occurrence, its duration and magnitudenduthe crop life cycle vary from
place to place and from time to time (Ame=teal. 2004). Drought can occur throughout
the life cycle of the crop or at any stage of cgopwth and development. Severe effects
occur when drought sets in during early plant dsfament, vegetative expansion,
flowering and grain filling stages (Rao 2001). Tédistinct categories of drought were
defined by Ludlow and Muchow (1990) as early seasotermittent and terminal

depending on where it occurs during crop develogmen

2.5.1 Early season drought

Early season drought might occur due to the delayeskt of rain that signals the
beginning of the planting season. This has a negafifect on yield because crops might
complete their growth cycles in another season lwhght not be conducive for normal
growth of the crop. Another situation for early se@a drought is that rain does come but
is inadequate for seed germination or might onlyeheugh for seed germination and
crop establishment but inadequate for seedling tgraamd development. Early season
drought causes poor seed germination and poor @tamd in the field. Seedling
elongation and expansion growth are affected (S#taal. 2008). In two other grain
legumes, soybean (Spedital. 2001) and cowpea (Manivannanal. 2007), stem length
was reduced under early season drought. As expegtdd obtained after early season
drought is lower than when soil moisture is adegdat plant growth. In the worst case
scenario all planted seed rot in the soil and nmongeation occurs. Farmers are forced to
replant when adequate moisture is available. Téis waste of resources which are
already scarce for smallholder farmers who normalkpend on rainfed agriculture
(Amedeet al.2004).

2.5.2 Intermittent drought

Intermittent drought is a result of climatic patterof sporadic rainfall that causes
intervals of drought at varying intensities duritigg vegetative phases of crop growth.
Depending on intensity and frequency of occurrenogs become stunted in growth and
the leaf area development becomes reduced. Leassemce and leaf drop are also

common. Legume crops such as common bean and cdyepeae prone to aphid attack
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when subjected to intermittent drought. These psstk plant sap from the stems and
leaves and in the process reduce photosynthessafes such as root rots use this dry
spell to infect the roots and impair water and ieatrextraction from the soil. The nature
of this drought is unpredictable and also loweopagyields. Intermittent drought has been
frequently reported in common bean production acddsast and Central Africa (Amede
et al.2004; Blairet al.2010).

2.5.3 Terminal drought

Terminal drought occurs when the crop encountersstome stress during the
reproductive stages due to an early ceasing o§ rduming the rainy season. In lowland
tropical environments terminal drought occurs wheps are planted at the beginning of
a dry season. Crops rely mainly on stored soil tagsfor growth during the critical
flowering and pod filling periods. This type of dight is more critical in common bean
since the crop is planted late. Terminal droughbégoming more frequent due to
reduction in the duration of the rainy season, eslg in common bean producing areas
of southern Africa (Beebet al.2011).

Drought occurring two weeks before flowering, awering and at reproductive phases
are considered to have devastating effects on comntrean yield (Lizzanat al. 2006).
Drought for longer than 12 days during floweringlagrain filling stages was the most
damaging in reducing seed yield of common bean @&edt al. 2006). Flower and pod
abortions as well as leaf senescence are majoopiema observed when common bean
is under terminal drought stress. The number ot plant has been singled out as the
most important yield component that is mainly atéelc by drought stress during
flowering in grain legumes and can reduce finalrgsaeld up to 70% depending on the
duration and intensity of the stress period (Ameidal. 2004).

Drought tolerance is a complex trait since it isaswged in terms of crop yield. Yield is
influenced by many traits and genes (Poethal 2009). In this sense, a multitude of
physiological and biochemical processes take plgitiein plant cells to alleviate the

effects of drought (Blum 1988). Genes and traitsract to determine the overall crop
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response to the variable nature of the droughtc&edi et al. 1991) and hence call for
the understanding of the genetic, physiological mdphological mechanisms employed
by plants to withstand drought. Understanding meigmas of drought tolerance forms

the basis of developing drought tolerant crop e$e(Zhacet al. 2008).

2.6 Molecular response to drought stress

There are multiple primary sensors that sense iitali stress signal and alter the
expression of a large number of genes. Water st@sstes a large array of genes that
enhance drought tolerance. These genes producérteally classified gene products.
The first group is comprised of gene products thiegctly protect cells against stress.
These include chaperons, LEA (late embryogenesiaddnt) proteins, osmoprotectants,
detoxifying enzymes, free radical scavengers anmtbws proteases (Reday al. 2004).
Osmoprotectants are responsible for maintaining ttirgor pressure of plant cells.
Detoxification enzymes such as catalase, supegoridmutase and hydrolase enable
cellular, physiological and biochemical metabolismnoccur without disruptions. Lipid
peroxidation was high in leaves of 14-day old comrbean plants subjected to drought
and an increased activity of catalase and supezedigmutase to neutralise the harmful
effects of peroxides was observed only in tolergahotypes (Zlatewet al. 2006;
Nemeskeériet al. 2010). Other proteins such as osmotin and chapefiarction in the

protection of macromolecules from disintegratiompiant cells (Nemeskéei al. 2010).

The second group of gene products includes tragtsmmifactors, secondary messengers,
phosphatases and kinases which regulate the fanatiother genes in response to water
deficit. Examples of transcription factors includighydration responsive element binding
protein (DREB), protein kinases and proteinasesa(igl et al. 2006). DREB proteins
are considered important transcription factors thdtice a set of drought stress related
genes and impart stress tolerance to plants. DREEBghave been identified in common
bean but their importance to drought tolerance si¢ede demonstrated (Galindbal.
2003). Once the DREB genes are found to determinagtit resistance functions in

common bean, then gene-based marker-assisted iGeldtAS) might be feasible
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(Ishitani et al. 2004). Products of gene expression cause a nuofbeinanges in the

physiological and metabolic processes of plantswdteessed by drought.

2.7 Drought tolerance mechanisms

Plants have developed a number of physiological mmedabolic strategies to proof
themselves against drought stress. Broadly, thieaeegies may be classified into three
groups namely drought escape, drought avoidance daodght tolerance. Drought
tolerance is an important trait in common bean petion considering a reduction in
rainfall, expansion of production areas and indgrgpsnput costs such as irrigation.
Incorporation of one or all of the drought toleramnechanisms into cultivated varieties
to stabilise yield under drought conditions neetbéaconsidered. In common bean, seed
yield is widely used as a selection tool for dravtgiterance (Beebet al. 2008).

2.7.1 Drought escape

Drought escape is defined as the ability of a plardomplete its life cycle before severe
soil and plant water deficits occur (Amedeal. 2004). The mechanism involves early
flowering and maturity. Drought escape is desiradtel has proven to be useful in
legume crops. Over the last few decades, breediogrgmmes in both cereals and
legumes worldwide have been breeding for earliassa way of minimising crop losses
to terminal drought stress (Luneéal. 2011). Nleyaet al. (2001) cited early maturity as
one of the components of terminal drought avoidanasommon bean. However, early
maturity is associated with low yield. Drought dleass the grain filling period resulting
in smaller seed and low yields. The seed fillingation is under genetic control and is

sensitive to water deficit (Rao 2001).

The earliness trait in common bean has severalffilene sub-Saharan Africa where the
crop can provide the first food and first marke¢aptoduct before harvesting of cereal
crops. In addition to escaping drought, early magigenotypes also escape diseases and
pests which are associated with terminal droughtgiet al. 2011). Araust al. (2002)
noted that breeding for early flowering and matutitas made the most important

contribution to drought tolerance.
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2.7.2 Drought avoidance

Plants adjust their metabolic and physiologicalcpsses once they sense drought, in
order to adapt to the changing environment. Dehyairaavoidance and dehydration
tolerance are two main mechanisms used by plamtsuvival under drought stress.
These mechanisms ensure that the plant maintaghemhivater status during periods of
drought stress, either by efficient water absorpfrom roots or by reducing transpiration
from aerial parts (Levitt 1980). Transpiration aasisdehydration in plant cells. In
response to drought stress, plants change théiatedomy and morphology to minimise

water loss. In addition, stomata are also closaditomise water loss.

2.7.2.1 Transpirational control under drought stres

In order to minimise water loss through transpinatnotable changes in leaf anatomy and
morphology occur. Leaf rolling occurs in common h@ad other plant species as a way
of reducing absorption of radiation by the leafeToaf surface or area becomes reduced
and leaves close their stomata (Nemesletrial. 2010). Transpiration through the

epidermis or cuticles of leaves is also loweredenndater stress conditions.

2.7.2.2 Stomatal conductance

Plants close their stomata in response to watecitdeds a way of preventing water loss
through transpiration. The closing of stomata urdlewught stress conditions is largely
under hormonal influence. Stomatal closure is r&gal by absiscic acid (ABA), a
hormone produced in the roots. Drought stress presrthie accumulation of ABA in the
leaf and xylem vessels which promotes the efflupatissium (K+) ions from the guard
cells (Liu et al. 2003). This results in the loss of turgor presafréeaf cells leading to
stomatal closure. Drought tolerance in common h&as achieved by maintenance of
high leaf water potential (Amede and Schubert 2@ 8)toset al. 2009). The high leaf
water potential was a result of stomatal regula@ama higher root length density and
weight.

Other studies if?. vulgarisshowed that tolerant cultivars tend to exhibiastér stomatal

closure in response to decreasing soil water patethian susceptible cultivars (Lizzana

17



et al. 2006). Stomata regulation was also demonstratedther experiments irP.
vulgaris where tolerant genotypes exhibited higher ratestainatal conductance in the
morning, but lower rates at midday and during titeraoon (Pimentekt al. 1999).
Stomatal conductance has potential as a surroggtegbogical trait for selecting drought
tolerant common bean genotypes considering the destructive nature of the
measurement and availability of precise instrumdotsthe measurement of the trait.
Stomatal conductance is directly measured fromdgeavith a porometer. However, the
porometer is slow in taking measurements and craddlt in biased estimates if a large
trial is under consideration. Leaf temperature amopy temperature depression can be
used to indirectly measure stomatal conductancénéar relationship has been found
between canopy temperature depression, leaf tetoperand stomatal conductance in
faba bean (Khaet al. 2007).

2.7.2.3 Cuticular transpiration

Cuticular transpiration also contributes to theatdeaf conductance to water vapour.
However, under optimal conditions when stomata @pen, cuticular conductance
generally contributes a negligible fraction of totanductance. Cuticular transpiration
becomes important under water stressed environmémgs the stomata close. In water
stressed environments, the cuticular componenteaf Epidermal conductance may
exceed the stomatal conductance (Bogeral. 1997). Hence, selection for lower
epidermal conductance could allow improved survivkleaves under drought stress.
Lower epidermal conductance is a desirable traitdfought tolerance (Hufstetlet al.
2007).

2.7.2.4 Reduced leaf growth and leaf drop

The ABA produced during drought stress restrictsoshgrowth and leaf expansion.
Reduced leaf expansion and leaf rolling charadiesi@re beneficial under water stress
as less leaf area is exposed to the sun, resuftirgduced transpiration. In many plants,
including common bean, accelerated senescencawddeand abscission of older leaves
is also part of reducing the leaf area exposedattspiration, particularly under terminal

drought stress. Tardieu (1996) suggested that ¢hessing and abscission of leaves
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under drought stress allows an organised transtocatf resources to the developing

seeds.

2.7.2.5 Leaf pubescence

Leaf pubescence increases irradiation reflectarm®a the leaf, resulting in lower leaf
temperatures under high irradiance. In common bleaf,pubescence decreased water
loss by evaporation and enhanced transpiratiorsteegie (Nemeskéret al. 2012).
Similar observations were made in soybean were edgnsescence reduced leaf
temperature, restricted transpirational water lomsd enhanced photosynthesis
(Manavalanet al. 2009). This was due to lower radiation penetratido the canopy.
Large white hairs in sunflower or the developmehtaowax bloom in sorghum can

decrease leaf temperature and transpiration.

2.7.2.6 Leaf movement and orientation

Leaf rolling and paraheliotrophy, defined as thevement of leaves to align themselves
parallel to incident light, decrease the irradiatioad on the crop canopy. This helps in
reducing leaf temperature and subsequent water Bssnmon bean showed leaf
movement as a way of avoiding incident light undi®ught conditions (Wentwortdt al.
2006). Common bean leaves were capable of makB@ eotation with respect to their

original position depending on the duration of weger stress (Lizzaret al. 2006).

2.7.2.7 Water extraction under drought stress

One of the important components of the dehydratwoidance mechanism is the
capability of roots to acquire water from deep $aylers (Passioura 1977; Ameeeal.
2004). In common bean, a deep root system whichshetach the lower soil layers
where water is available has been advocated (Spadwht al. 1989; Nemeskéret al.
2010). An extensive fibrous root system can alsad®ful in common bean for foraging
sub-soil surface moisture and nutrients such assgifwus (Beebeet al. 2008;
Manavalaret al. 2009). These nutrients also help to maintain gadadt health. Root tips
sense the moisture in soil and direct their tissudise direction of moisture. Root length,

diameter and mass as well as the ability of rootpénetrate compacted soil layers
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become important under drought stress (Ametdal. 2004; Hoet al. 2005; Vallijodan
and Nguyen 2006). The rooting ability is importdot crops growing under terminal
drought conditions.

Studies by Sponchiadat al. (1989) showed a significant correlation of deeqtirg with
shoot growth and seed yield in common bean. Raf1(28lso found deep rooting an
important trait for drought avoidance in Mesoamamicommon bean. The high yielding
ability of a CIAT bred Mesoamerican genotype, BAT4dnder drought conditions was
attributed to deep rooting (White and Castillo 1988 well as larger water absorption
efficiency. Roots were also proven to be benefi@alield under terminal drought stress
in chickpea (Kashiwaggt al.2004). Drought stressed soybean showed an incireaset
length in the subsoil compared to irrigated plafMsanavalanet al. 2009). However,

there exists a need to better understand how raité tontribute to drought tolerance.

Improving plant characteristics that are respoesibt water extraction from the soil and
minimising water loss through the leaves offer pging avenues of improving drought
resistance in crops (Serraj and Sinclair 2002) séheaits are considered to be the major
traits of interest to expand production of commearbto presently uncropped areas and

post-rainy fallows in Africa.

2.7.2.8 Osmotic adjustment

The synthesis of osmoprotectants and osmolytesasnechanism that has been used by
drought tolerant plants to adapt to drought strBssing this process plants accumulate
solutes that help cells maintain their hydratedestaand therefore function to provide
tolerance against drought. The osmoprotectantsudeclamino acids (proline and
citrulline), onium compounds (glycine betaine), rasaccharide (fructose) and sugar
alcohols (mannitol and pinitol). These molecules Broken down in plant cells once
drought is over (Serraj and Sinclair 2002).

Osmotic adjustment (OA) has been shown to makeadl $ono contribution to drought

tolerance in common bean (Amede and Schubert 2008)their study, solute
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accumulation was a direct effect of water loss grath inhibition. Serraj and Sinclair
(2002) also noted that OA has little value in irasieag crop yield under drought stress
but is crucial for plant survival. The removal o&ter from the cell membrane disrupts
the normal bilayer structure and results in thé meimbrane becoming porous and non-
selective. The osmoprotectants prevent interadbietween harmful ions and cellular
components by replacing water around these compouth@éreby protecting against
destabilisation during water stress. The hydroH( group of alcohols substitutes OH
groups of water to maintain the hydrophilic intéi@as with membrane lipids and

proteins (Serraj and Sinclair 2002).

Drought stress within the lipid bilayer may alssuk in displacement of membrane
proteins and contributes to loss of membrane iitigegrdisruption of cellular
compartmentalisation and loss of activity of enzgmehich are membrane based. The
osmoprotectants are highly soluble in water andaaca substitute for water molecules
during the period of drought stress. The hydropityliof osmoprotectants helps maintain
turgor pressure and water content of cells andeptatgainst water loss from leaves
under drought stress (Amede and Schubert 2003).

2.7.2.9 Water use efficiency

Water use efficiency (WUE) is another importanittfar attaining high yield in crops
grown under terminal drought conditions (Passiol®d7). WUE contributes towards
drought avoidance in plants. The little water ectied from the soil is used efficiently
towards high yield (Rawet al. 2011). WUE explains the relationship between atgla
assimilate production rate and the rate at whicloses water to the atmosphere. In
cropping systems, improving WUE assures increasgal groductivity under limited soil
moisture (Richardst al. 2002). WUE has been measured in four different wapese
include photosynthetic water use efficiency (PWUtEnspiration efficiency of carbon
(C) gain (Tk), transpiration efficiency of N gain (Eand transpiration ratio (TR).

PWUE compares the exchange of carbon dioxide anderwsapour between

photosynthesising leaves and the immediate envieotnTE: describes the WUE in
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relation to C accumulation as dry matter compacettanspired water. T\edefines the

WUE in relation to N accumulation in dry matter quamed to transpired water. The
water loss could be measured in days, weeks or hmorthe TR describes the
relationship between the transpired water and ggmlof a given amount of dry matter.
Transpiration efficiency (TE) is one of the popiyarsed methods of measuring WUE in
plants. TE has been estimated through proxy tsaith as the SPAD chlorophyll meter
reading, specific leaf area and carbon isotoperidigtation ratio §'°C) (Ravi et al.

2011). A better understanding of this trait wilsodt in the ability to produce plants that

are able to remain productive, even under limitedewsupplies.

2.8 Seed yield

Seed yield acts as the main criterion for seleabbdrought tolerant varieties in common

bean. A comparison of crop yield in stressed aridated fields have been applied to
guantify the stress response to identify toleramagypes. The statistical tools to estimate
tolerance for these two treatments vary widelyudolg geometric means (Singh 1995),
percentage loss in grain yield (Beebeal. 1997) and deviation from regression of
stressed yields on unstressed yields (Ramirez{dadtied Kelly 1998). Many breeding

programmes target a high yield potential under ghostress.

Drought experienced during early reproductive glowgduces yield, through reduced
number of pods and seeds per hectare (Manawtlead. 2009). ABA can move to
reproductive structures causing pod abortion viabition of cell division in young
ovaries (Liuet al. 2003). Drought experienced during seed filling Idoaffect the seed
growth rate by reducing photosynthesis and theeefoe supply of assimilate available to

the seed, ultimately affecting seed size.

Using seed yield in selecting drought tolerant ggpes is easy, however, seed yield is
severely affected by GxE interactions and enviramsieThe heritability for seed yield
has been reported to be low under drought conditi(Beebeet al. 2008). Yield
components and other traits such as WUE, trangpirand harvest index that are highly

correlated to seed yield under drought could be aseyield proxy traits. Drought affects
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yield proxy traits in an antagonistic manner ra@sgltin negative correlations between
these traits. Consequently, their wider applicatioiselecting superior genotypes under

drought stress is limited because of these negatinelations (Beebet al. 2008).

2.9 Dehydration tolerance

Dehydration tolerance is the ability of a plantmaintain plant function in a dehydrated
state (Blum 2005). ‘Resurrection’ plants employstholerance mechanism and other
plants become dormant to avoid drought stress. &sarves have been found to support
a high yield under drought stress (Plattl. 2004; Blum 2005). Stem reserve utilisation
permits filling of grains even when photosynthdsisnhibited by drought stress during
the reproductive cycle of the plant. Photosyntha®red in stems are converted into

soluble sugars and transported into the grainsidutiought stress (Blum 2005).

In common bean, a higher mobilisation of assimddtem both leaves and stems to the
grain have been an important trait contributing high yields under water stress
conditions in Mesoamerican beans. Race Mesoamlare&21212 produces high yields
under water stress conditions due to its ability nmbilise a higher amount of
photosythates to the seed (Rao 2001). Remobilisafiassimilates to the head supported

a high yield in sunflower grown under drought eomiments (Manavalaet al. 2009).

The major condition required for a higher mobilisatof assimilates to grains during
drought stress is that the plant establishes a hagal biomass before the grain filling
stage. Improved growth rates before flowering carséncrease in stem biomass which
acts as carbohydrate reserve for future use (Slaeetral. 2005). A high plant biomass
under water limited conditions is a desirable cbima However, drought reduces plant
fresh and dry weights (Faroa al. 2009). Drought reduced plant biomass in soybean
(Spechtet al. 2001) and common bean (Wat al. 2008). A high yield under water
stressed environments is a function of aerial besreccumulation and partitioning of
assimilates to grains (Kaget al. 2004). However, Blum (2005) defines this type of
tolerance as a rarely effective drought resistameghanism since it is found in the

embryo of the seed and vanishes as soon as thegglaninates.
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2.10 Drought tolerance in common bean

Breeding for drought tolerance in common bean h&mg history in CIAT and some
national programmes in Latin America (Beea#ieal. 2009). Hybridisation of germplasm
of the Durango race adapted to the dry highland$/éxico with the small seeded
germplasm types of the Mesoamerican race from loavi@entral America has been done
to improve drought tolerance in common bean (Bestbal. 2009). SER21, SEA5 and
SEN21 breeding lines are products between Durangb Mesoamerica inter-racial
crosses that were found to have drought toleramafrica, Colombia and Puerto Rico
(CIAT 2004, Porctet al. 2009). SEAS was also found to possess deep rdathwould
aid its good performance under drought conditidi\T 2004). The recurrent selection
method was followed in developing drought toleramés. Improved drought resistance
in interracial crosses combining Durango and Mesoaan races were also reported by
Schneideret al. (1997). In Mexico, native Durango germplasm alwgie high yields
under drought (Beebet al. 2009). Deep rooting, stem reserve remobilisatiRao(2001),
early maturity (Nleyaet al. 2001) and pod harvest index (Beebe al. 2009) are

considered useful traits in improving drought taleze in common bean.

2.11 Reference collection of common bean

More than 29 000 domesticated and 13 000 wild atoes of common bean are kept at
CIAT in Cali, Colombia (Broughtoet al.2003). These were collected from the primary,
secondary and tertiary centres of common bean daratsn. Landraces are still the
backbone of agricultural systems in unfavourableirenments (Laurentin 2008) and
contain a high level of readily usable genetic aton. The value of landraces as sources
of drought tolerance has been reported in barlew@Payiet al. 2008). However, despite
the availability of a large amount of germplasm/lyoa limited number of these
accessions have been used in crop improvementgmoges. Large accession sizes are

difficult to manage and evaluate during field siéGlaszmanet al. 2010).

Brown (1989a; b) proposed the use of core collestias a strategy to evaluate large
accession sizes, to promote use of germplasm afatciidate the study of the genetic

diversity in landraces. Core collections are usudlD% of the entire germplasm

24



collection that represents the collection’s vatigbi(Brown 1989b). A reference
collection is a sub-set of a core collection angresents the genetic resources of a crop
(Glaszmanret al. 2010). A reference collection is a manageablecasd effective entry
point into germplasm collections for identifyingrpatal genotypes with new sources of

stress tolerance.

A common bean core collection has been compile€l&T and constitutes 1 441
accessions obtained as genetically representafitheototal collection (Tohmet al.
1995). There are 1 072 accessions on which theoengplete information. These are
from Mesoamerica, Mexico, Costa Rica, El SalvadGuyatemala, Honduras and
Nicaragua. Collections from the Andean countrie€ofombia, Ecuador, Peru, Bolivia
and Argentina were also included. These countriescansidered to be the primary
centres of diversity of common bean (Toheteal. 1995). A reference collection in
common bean was developed from the CIAT core didleasing available information
on accessions, including the origin and geographdcsribution, characterisation and
evaluation data. The reference collection of comimean consists of 202 accessions and

maintains a well balanced representation of thee&ncand Mesoamerican gene pool.

2.12 Genetic diversity in common bean

Common bean was domesticated in at least two &=afrerigin (Acosta-Gallegost al.
2007) on the American continent. The two centresrajin are the Mesoamerican and
Andean regions of America. These centres of oragan associated with the two known
gene pools in common bean namely the MesoamericdrAadean gene pools. Major
differences between gene pools include seed sizaseplin (seed storage protein)
patterns, plant morphology, isozymes and molecptafiles with different molecular
marker types. Andean beans are large seededO(g 100 seed weight whilst
Mesoamerican beans are small25 g 100 seed weight to medium ¥ 25< 40 g 100
seed weight) sized.

Polymorphisms also exist within each gene pool esged by huge differences in seed

sizes and colours, growth habits and different @giohl adaptation within each
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domesticated gene pool (Singh al. 1991a; Beebeet al. 2000). A group of related
landraces which consist of morphologically simitaidtivars and that share the same
agro-ecological adaptation, constitute a race (oetgal. 1991a; b). This group differs
from other races in the allelic frequencies at geisozyme or microsatellite loci (Singh
et al. 1991c; Blairet al. 2007). Genetic variability is important in develogp improved
varieties and broadening the genetic base agaimic band abiotic stresses in

commercial varieties.

2.12.1. Genetic diversity within the Mesoamericanane pool

Singhet al. (1991a) identified three races namely Durango J@lisco and Mesoamerica
(M) in the Mesoamerican pool. Race Durango origiddtom dryland Mexico, an area
receiving 350 mm or less annual rainfall. Race Dgoapossesses some traits which are
highly associated with high yield under drought ditions. These genotypes are early
maturing, have a high harvest index, produce highosbiomass and in general have a
high yield potential under drought and low soiltiféy conditions. The majority of
genotypes from this race have type Il indeterngr@ostrate or climbing growth habits
and S or Sd phaseolin (Diaz and Blair 2006). Ind&@teacy promotes high shoot biomass
production which is related to high yiel@his race has been an important source of

useful drought resistance genes in many breediogrammes (Teran and Singh 2002).

Blair et al. (2006) found that Durango and Jalisco races alwgagaped together in the
panel and represented the same race using midtibsaterkers. This confirmed earlier
results from Beebeet al (2000) and McClearet al (2004) who detected no
morphological and geographical origin differencestween these two races. Races
Durango and Jalisco should be classified in onaugrsince additional information
suggested they shared a common chloroplast DNA&mpa#ind Mexico as the country of
origin (Beebeet al. 2013).

Race Mesoamerica is the most popular and widelwgrtype of common bean. This
race is native to the warm lowlands of Central Aicge(Singhet al. 1991a) and has the

longest history of genetic improvement. Genotypesfthis race have relatively small
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seeds which are adapted to a range of hot, humitbtterate climates in the tropics and
sub-tropics (Diaz and Blair 2006). The predomir@rdseolin type is S but Sb and B are
also found in this group (Singtt al 1991a). The race is further subdivided into sub-
races reflecting plant architecture and seed tyPeelje et al. 2000). Sub-race
Mesoamerica 1 is mostly composed of small blackdesgdeans with type Il growth
habits while sub-race Mesoamerica 2 is composedivarse seed colour classes (red,
white and carioca), most with a prostrate typgitwth habit (Beebet al 2000).

An additional race for the Mesoamerican pool, Guale, was determined by Beebe
al. (2001) based on AFLP molecular profiling. Race ®mmla (G) comes from
Guatemala and the neighbouring Mexican state ofajgsts and contains genotypes
mostly with an indeterminate climbing growth hahitd small seed size similar to race
Mesoamerica (Beebat al 2000). Race Guatemala was also identified astandi group
by Blair et al. (2006) using SSR markers on the core collectiooamimon bean. This

race is now widely regarded as an importance grogpmmon bean genetic resources.

2.12.2 Genetic diversity within the Andean gene pbo

Three races exist within the Andean gene pool naiNeleva Granada (NG), Chile (C)
and Peru (P) (Singét al. 1991a). Nueva Granada originated in low to medalewation
[650-1850 metres above sea level (masl)] of theheon Andes with a moderately cool
climate. Nueva Granada has been further subdiviidedtwo sub-races, namely Nueva
Granada 1(NG1) and Nueva Granada 2 (NG2). Raced\NGeanada represents the most
widely cultivated Andean race grown at both midtadte elevations of the Andes and
Africa as well as sub-tropical regions of Brazilekico and the Caribbean as well as
temperate climates of North America and Europe {(Mat Blair, personal
communication, October 2009). Seed sizes vary fr@dium to large and most varieties
have bush type | or Il growth habits.

Race Peru originated from Argentina, Bolivia anduF®&ut is now also found in Ecuador
and Colombia (Matthew Blair, personal communicati@ctober 2009). This group

contains climbing beans which are adapted to higidg> 2000 masl).
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Race Chile is an indigenous landrace of Chile, wikdium-sized, round to oval seeds
with pale colours. Genotypes within this race hprastrate type Il growth habits. These
are often found at higher latitudes in Turkey, leavd China (Blaiet al.2006).

2.13 Molecular markers in plant breeding programmes

The continuous development and use of DNA-basedkemarhave improved crop
breeding efficiency and enhanced world agricultpralductivity (Ribautet al. 2010). In
Africa, success stories on the use of moleculakerarinclude rice, through the new rice
for Africa (NERICA) varieties and maize through Gtyaprotein maize (QPM) varieties
(Stafford 2009). In common bean, molecular markaes primarily used for genetic
mapping and diversity studies and to a lesser é&xtergene discovery and marker-
assisted selection (MAS) for fungal and bacteriseases (Blairet al. 2010). A
molecular marker is an identifiable DNA sequencat tis associated with part of the
genome and transmitted by the standard laws of klerd inheritance from one
generation to the other. Various types of DNA mekeere developed since the late
1980’s and have evolved rapidly with advances ifeswdar biology science. However,
the majority of DNA-based markers have shown grgwimitations in chromosomal
coverage, time frames, ease of use, informationergéed and cost effectiveness.
Microsatellite or SSR and single nucleotide polypiasm (SNP) analyses have found

their niche in plant genetic studies based on thraiperties.

2.13.1 Simple sequence repeats

‘Ever since their discovery in the early 1980’s,e thubiquitous occurrence of
microsatellites — also referred to as short tandespeats (STRs) or simple sequence
repeats (SSRs) — has puzzled geneticists. UnddmstpBTRs is important if we wish to
understand how genomes are organized and why mneasinges are filled with sequences
other than genegEllegren 2004).

SSRs are tandem repeat units of short nucleotiddsnod two to six base pairs (bp) long
and measure size polymorphisms (Powetl al. 1996) as well as motif type

polymorphisms (Cordobat al. 2010) among individuals. Variances among SSR4 exis
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depending whether they are composed of one repgat or the repeat units are
interrupted by nucleotides different from those mgkthe core repetitions (Cordolea
al. 2010). They are randomly and uniformly spreadoatr the genome of plants and
animals (Varshnewt al. 2005) ensuring good genome coverage and coulddageld in
introns or exons (Blaiet al. 2009), though fewer SSR loci are found in exoranth
introns (Blairet al.2008).

SSRs are inherited in a Mendelian fashion and auodi-allelic polymerase chain
reaction-(PCR) based marker types. SSRs usualgctsingle loci and are specific to a
particular position in the genome. The most abuh@8Rs in plant species are (ADr
(AG), repeats. In common bean, the di-nucleotide (AT)ifn®more abundant than any
other SSR class (Blaiet al. 2008; Cordobeet al. 2010). This group of markers is
informative with high polymorphic information comts (PICs), even between closely
related lines (Guptat al. 1999). In common bean, SSRs have shown the rekeésdf
race Durango and Jalisco in race structure stu@ész and Blair 2006; Blaiet al.
2007). These races have previously been groupedwas separate races of the
Mesoamerican origin by Singkt al. (1991a; b; c). Genetic diversity in common bean
landraces from the two gene pools is now betterersidod through the use of
microsatellite markers (Blagt al. 2006). A further application of microsatellite rkars

in common bean has led to the construction of aomgen wide, simple sequence

framework map based on an inter-genepool crossr(&ial. 2003).

Other merits of microsatellites are that they apedominant and accessible to other
research laboratories via published primer sequeneablished sequences (Y al.
1999; Blair et al. 2003) and microsatellite enriched libraries for @A CA repeat
containing sequences (Busb al. 2006) have been the major sources of SSR markers

widely used in common bean.

However, SSRs are less suitable for associatiodiefubecause of the occurrence of
homoplasy and the possibility of SSRs of differeites being embedded in identical

haplotypes. The mapping resolution would also lriced, because microsatellites are
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multi-allelic and identify chromosomal regions tlzae too large for identification of the
causal locus. In addition, SSR loci are prone tdatmns thought to emanate from

replication slippages or mistakes in DNA replicatrepair mechanisms (Ellegren 2004).

2.13.2 Single nucleotide polymorphisms

SNPs represent the smallest unit of genetic variaietween individuals and are the
most common type of alleles found within and betwearieties of a crop species. SNPs
are genetically stable with low mutation rates mgkhem suitable for studying complex
genetic traits and as a tool for understanding genevolution (Stephest al. 2005).
They are highly available as differences of indidtnucleotides between individuals

and every SNP in a single copy DNA is a potentiafgful marker (Stephest al. 2005).

SNPs may fall in exons, introns or the inter-gemigions. When present in the coding
sequences, they may or may not determine the mpteenotype due to degeneracy of
the genetic code but will show 100% associatiorhwite trait and will therefore be
useful for molecular breeding and gene isolatiolsoASNPs that reside in introns might
have a role in transcription and are consideredntapt as well (Zondervan and Cardon
2004).

In diploids, SNPs are bi-allelic and provide exalt¢le information that can be described
in a binary alphanumeric manner according to thelemiide present (Zondervan and
Cardon 2004). This allows direct comparison of data cd#dcacross time and in
different laboratories and using different assagnaistries and platforms. Their bi-
allelism makes them easy to score in high througbpootyping assays. SNPs assays do
not require DNA separation by size and are easidate in most single copy regions of
the genome than SSRs (Rafalski 2002). Their lovesrotyping error rate makes them

essential in marker assisted breeding and othat gnetic applications (Rafalski 2002).

Pioneering studies for SNP frequency in common tsewed one SNP in every 88 bp
in introns for 10 accessions of cultivated and vblebn (Mesoamerican and Andean)

(Gaitan-Soliset al. 2008) and one SNP in every 387 bp in an inter gewd comparison
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of G19833 (Andean) and Negro Jamapa (Mesoamer{€amirezet al. 2005). In other
studies between BAT93 and Jalo EEP558 which arenpsiof the community mapping
population, McConnelét al. (2007) detected SNPs for 65% of the genes andRa &
observed on every 375 nucleotide. Of these SNRspgimately 42% were in introns,
40.3% in exons and 17.2% in the 3’- untranslategiores (UTR). Therefore, SNPs are

more abundant in introns of common bean.

Their abundance in both animal and plant genorhes;gduction in cost of assaying and
the increased throughput of SNP assays have mase tmarkers attractive for high
resolution fine mapping of QTL and linkage disetduibm (LD) based association
mapping (Slateet al. 2009). Association mapping is a recent method usedetect

statistical correlations between SNP markers amdnagnic traits from a population of

individuals with unknown pedigree and relationsfgReki et al. 2010).

2.14 Association mapping as a potential tool in comon bean genomics

Association mapping or LD is a powerful techniqueed in population genetics to
analyse statistical correlations between genotypestly using individual SNPs or SNP
haplotypes determined in a collection of individuaind the phenotypes of the same
individuals (Rafalski 2010). Haplotypes are comhboress of three or more linked SNP
markers on a single chromosome. The power of deteatelationships between
phenotypic variation and genetic polymorphisms lieshe LD between alleles of the
same chromosome resident in different loci (Zonderand Cardon 2004; Breseghello
and Sorrells 2006). LD is the non-random co-inla@ce of alleles at separate loci located
on the same chromosome (Mackay and Powell 2004llyssharing the same history of

mutation and recombination.

LD examines the physical size of chromosomal regmmwhich all pairs of adjacent loci
are always inherited together (Stich 2006) andrdetess the marker density required for
association mapping. However, the length and dexfalyD varies depending on the
mating system of a crop as well as relatednesgbtypes within sub-populations used

in the association analysis (Blat al. 2010).
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In addition, LD is also non-uniform across the gaeoand is greatly influenced by the
physical locations of alleles along the chromosdRafalski 2010). Certain regions of
chromosomes have higher LD due to reduced recomntymar effects of selection (Flint-
Garciaet al. 2003). Variability in recombination along the chmosome depends on the
chromosomal region since crossover is higher inhematin than heterochromatin
segments (Lichten and Goldman 1995; Mezard 2006ps<ihg over could also be
avoided when parts of widely related genomes eagather in a genome and results in a

slow decay of chromosomal regions in a genotypai{Bt al. 2010).

2.14.1 Linkage disequilibrium in common bean

Not much is available in literature on the extehntld in common bean (Kwak and Gepts
2009). Initial indirect analysis showed a largeeextof LD, which runs over a few
centiMorgans (cM) (Papat al. 2007). Population structure has been singled suha
greatest contributor to the observed high leveld. Bfin common bean (Rosst al.
2009). Race structures present in each gene pabbatile necks encountered during
domestication led to different allele frequenciesworing in a diverse common bean
population. Rossét al. (2009) using restriction fragment length polymaspis (RFLPS)
found a higher and slower decaying LD in domestidafndean than Mesoamerican
populations. Similar results were found for the dwiAndean versus the wild
Mesoamerican beans (Rosdi al. 2009). Andean beans were exposed to a significant
bottle neck during domestication hence high lee#l&D. Intensive selection limits the
genetic diversity around a locus and results inn@neased LD around selected genes
(Rossiet al. 2009).

Statistical methods have been developed to avoidi®p associations caused by
population structure (Pritcharet al. 2002) and a modest number of genetic markers
ranging between 50 and 100 have been proposedatoad® the population structure in
subpopulations (Ralfaski 2010). The size of theeexpental population can also affect
the size of LD and larger germplasm collectionsvig®e more power and in practice at
least 100 to 500 individuals are needed (RalfaBkiD2.
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2.14.2 Advantages of association mapping over traainal linkage mapping

Assembling the experimental population in assammthapping is fast since it utilises
existing cultivars, lines or landraces and in sarases historical phenotypic data. The
nature of the experimental populations in assamatinapping offers broad genetic
variation in a more representative genetic backgoand one is not, as in the case of
linkage mapping, limited to the marker and trattilthat happen to differ between the
two parents (Kraakmaat al. 2006). Linkage analysis can only identify QTL frahe
phenotypic diversity generated from a controlledlssrand often represents only a small
fraction of the phenotypically relevant variation a species. However, association
mapping evaluates many alleles or thousands ofpaniyhisms at all loci simultaneously
compared to two alleles at a time in linkage magpihence, association mapping
facilitates the study of many traits with the sagemotypic data (Oraguziet al. 2007;
Beloet al. 2008). This simultaneous manipulation of sevelnabmosomal regions (QTL)
offers great opportunity of increasing the genggiins in crops in the near future by
using marker-assisted breeding in the identificatmd combining of many QTL in a
short period of time (Yet al. 2006; Zhuet al. 2008).

A higher resolution might be attained in assocratmapping because of the use of a
thousand of meiosis events accumulated in the brgdustory of the lines (Holland
2007). Resolutions of 10-20 cM have been reportedraditional linkage mapping
(Holland 2007) primarily because recombination wiad have enough time to shuffle the
genome into small fragments. Only two cycles obrebination would have occurred in
F, populations and a few cycles of recombinationhie tase of recombinant inbred line
(RIL) populations. In addition, the precise locatiof alleles within a very small
chromosomal region is impossible with linkage as@lgince recombination within such
a small region may not be available in an examifieite population (Mackay 2001;
Neale and Savolainen 2004). However, associatiopping has a bigger chance of
finding alleles that are in LD controlling trait§ mterest. The linked inheritance will

only persist for very closely linked polymorphisms.
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Despite the numerous advantages of association intamyer linkage analysis, the
power of association mapping can be strongly rediune population structure or the
relatedness between individuals (Mezmetlal. 2011). Population structure arises from
the unequal distribution of alleles among subpadparia of different ancestries.
Construction of an association mapping panel ir®hsampling genotypes from
different subpopulations with different allele frempcies which creates linkage
disequilibrium (Soto-Cerdat al. 2012). Strong statistical programmes are requioed
efficiently control panel population structure. Aher challenge in association mapping
analysis is the inability to detect rare alleles@ne loci (Mezmoukt al. 2011). Myleset

al. 2009 reported that a high percentage of allelegane meaning that they are present

in too few individuals to warrant detection in asaciation mapping study.

2.14.3 Approaches used in association mapping

Association mapping uses one of two approacheslidate gene sequencing or whole
genome scanning of natural populations (Rafalskd220Under the candidate gene
approach, candidate genes are selected basedooimpormation from different analyses

such as mutation, biochemical pathways or linkagadyais. The standing hypothesis in
this study would be that ‘there are correlationsMeen DNA polymorphisms in gene A

and the trait of interest’. Whole genome scanningives testing for association on most
segments of the genome, by genotyping denselyilaistid genetic marker loci covering

all chromosomes (Rafalski 2010). The hypothesisgeEmome wide scanning would be
that ‘one or more of the genetic loci being consdeis either causal for the trait or in

LD with the causal locus’. No prior information aliccandidate genes is required and

one stands a chance of detecting unknown loci.

2.14.4 Assembling the population for association npping

The efficiency and accuracy of the association yamlpartly lies with the population
used during analysis. The population used for aggoo analysis should represent the
whole diversity (species wide, including all race$)the crop that is adaptable to the

target testing environments.
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2.14.4.1 Steps followed in association mapping
The steps followed in association mapping were ireedl by Abdurakhmonov and
Abdukarimov (2008):
- Selection of a group of individuals from a natupmpulation or germplasm
collection
- Phenotyping of the selected population groups
- Genotyping of all individuals in the population gps with available markers
- Assessment of population structure and kinship.ddgree of relatedness of
individuals in the population needs to be determhipor to association analysis
- Statistical analyses to reveal marker-trait assiotia are run using information

obtained from population structure, genotypic/hggle and phenotypic data.

2.14.5 Calculations and measurements of linkage @guilibrium in plants

Several software packages have been developedsttdoreassociation between SNP
variations in crops. One of the most frequentlydupeogrammes is Trait Analysis by
Association, Evolution and Linkage (TASSEL). Twdfeiient models can be used in
TASSEL depending on population structure and olyestof the test:

- TASSEL general linear model (Yu and Buckler 2008)is is a single regression model
that assumes a structured association.

- TASSEL mixed linear model (Kraakma al. 2006; Yuet al. 2006): This is a multiple
regression model that provides estimates for thse fdiscovery rate (Kraakmaet al.
2006) and a unified mixed model approach éfal.2006).

The basic component of all LD statistics is thefedlénce between the observed and
expected haplotype frequencies at polymorphicdod the frequent measures are D’ and
r> (Abdurakhmonov and Abdukarimov 2008). Pearson’sretation coefficient (r)
explains the predictive value of the allelic stateone polymorphic locus on the allelic
state at another polymorphic locus whitemeasures the correlation between the alleles
at two loci and provides a summary of both the md@ioation and mutation history. D’ is
the standardised disequilibrium coefficient whichinty measures recombination history

and is useful to assess the probability of histdiecombination in a given population.
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The F is the most informative and widely used tool isasation mapping (Mylest al.
2009; Oraguziet al. 2007).

2.14.6 Prospects of association mapping in commoedn

Cytogenetically, common bean is a true diploid vlithchromosomes. The flowers are
cleistogamous and this predominantly self-pollingtannual crop has a small genome
size of between 450 and 650 million base pairs ({Bennett and Leitch 1995; McClean
et al.2004). The chromosomes have been reported totbeEme{y small (around 2 um)
with similar morphologies (Mok and Mok 1977; Cheargd Bassett 1981; Fonsestaal.
2010) and nearly all loci are single copy (McCleaial. 2004).

The reproductive nature of common bean reducesroppbes for recombination and
introduction of rare alleles into the genome. Coneatly, complex patterns of
population structure and relatedness have beenaedgMyleset al. 2009) as found in
gene pools and race structures in common beansifiadl chromosomes and genome
size permits the use of a moderate number of markeenly distributed across the
genome in association analysis. Studies elsewhave Hemonstrated the potential of
association mapping in identifying and charactegsioci associated with different

complex traits in true breeding crops (Kraakreaal.2006).

2.15 Conclusions

Improvements in yield and tolerance to biotic abtbic stresses in any crop rely on the
genetic diversity of parental sources. The broadenttic diversity for cultivated crops
resides in landraces and yet these have not bediywexploited in most common bean
breeding programmes (Singh 2001).The current stfflyrs the first opportunity to
search for sources of drought tolerance in a |lageof Andean and Mesoamerican
landraces from different countries. This set ofdlaces is a subset of the CIAT core
collection and termed a reference collection. Reviexperiments in common bean as
cited in the literature review indicated that sagdon drought tolerance were confined to
Mesoamerican genotypes particularly those from saberango and Mesoamerica.
Broadening the genetic base for Andean genotypalsasimportant considering that they

are widely cultivated in sub-Saharan Africa. In tharent study all known races in
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common bean except race Chile formed the matesfalee experiments. Deep rooting
and other root characteristics which contributedtought tolerance of crops were also
less studied in Andean landraces and elite magerience the current study offers an

opportunity to study root traits of Andean genotypader drought stress.

The current study is the first to utilise genomealaviassociation mapping for drought
tolerance in common bean and would possibly regeahe marker-trait associations
which would form the first point for fine mappind drought tolerant traits in common

bean. Predictions from climate change models iteidgaat drought will be more

prevalent in the near future. Plant breeding, tghonovel breeding techniques should
help to minimise the negative effects of droughtemmon bean. In addition, the current
study utilises a large number of SSR markers agairset of common bean genotypes
and is instructive on the value of obtaining biggearker sets. A large number of
markers were employed in the current study to atg¢uthe common bean genome with
the aim of defining the population structure moceuwsately. Population structure forms
the basis for genome wide association or for tkeadiery of marker-trait associations in
candidate gene analysis. Thus, a better undersigradi genetic structure, response of
common bean to drought and use of molecular markexsugh MAS for drought

tolerance in common bean would likely provide is®d productivity and high returns

in future.
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Chapter 3

Field evaluation of yield, yield components, physlogical traits and leaf, stem and

pod biomass under irrigated and rainfed treatments

3.1 Abstract

Drought tolerant varieties combined with good agrit practises have the potential to
increase crop productivity under marginal arease ®hjectives of this study were to
identify sources of drought tolerance, traits the¢ correlated to yield under terminal
drought and understand the physiological mechandfrdsought tolerance in a reference
collection of common bean. The reference collectionsisted of a total of 202 landrace
genotypes of Andean and Mesoamerican origins. Exeets were laid out as 11x11
Mesoamerican and 9x9 Andean lattices and replictitezgk times under irrigated and
terminal drought conditions at CIAT-Palmira (sitedhd Harare Research Station (site
2). At both locations drought stress reduced yigthl shoot biomass at mid-pod filling
stage, 100-seed weight, pod length and number df ger plant. Grain yield was
reduced by 22% (site 1) and 53% (site 2) in Andears and 23% (site 1) and 40% (site
2) in Mesoamerican trials. Treatments and genotipdssignificant effects §9.001) on
yield and genotypic main effects made large countrdms to the variability of most traits
measured across locations in both trials. Highhgegtdc means for grain yield and low
drought susceptibility index values were observedraces Durango sub-race 1 and
Nueva Granada sub-race 1 at both locations and mgtmated that sources of drought
tolerance could be found in these two races forddewerican and Andean genotypes
respectively. BAT477, DOR390, G11721, G5142 and RPYW had high geometric
means for grain yield across the two locations eodld serve as sources of drought
tolerance. Positive and significant correlationsMeen 100-seed weight, number of pods
per plant and total shoot biomass at mid-pod fithwield were observed under terminal
drought at both locations. Canopy temperature @spe was significantly correlated
with yield under terminal drought in Mesoamericamals at CIAT-Palmira. In
conclusion,the current study demonstrated the possibility wdl@ating large sets of

genotypes under field conditions to facilitate sete for drought tolerant genotypes.
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3.2 Introduction

Drought is a worldwide agricultural problem affecti 60% of total common bean

production and is especially severe in easternsanthern Africa as well as certain parts
of Mexico and Brazil, which are major producersgam and Vance 2003). Worsening
the situation is the fact that climate change mtéshs associate southern Africa with hot
and dry spells in the near future. In this regioommon bean is an important source of
protein and micronutrients essential for human theas well as income generation at
farm level. Unfortunately, common bean is pronatought compared to other legume

crops grown in southern Africa.

Common bean losses to drought primarily depend hen dnset of drought (early,
intermittent and terminal), intensity (severe, nmatie) and duration (Teran and Singh
2002). Huge losses have been recorded when comaami$ affected by drought during
the reproductive stages (Casquetcal. 2006). Reported yield reductions in pinto bean
exposed to drought during the reproductive grovtlyess are 80% (Urrest al. 2007).
One feature observed in drought prone areas isstioetening of the rainy season,
exposing common bean to much more terminal drougbtvever, even in the areas of
bimodal rainfall intermittent drought has becommare serious problem. In sub-Saharan
Africa, yield losses (MT) due to early, intermitteemd terminal drought were 71 000,
119 800 and 100 400 respectively (Wortmatral. 1998). The current study examined

yield losses due to terminal drought at researtels & Colombia and Zimbabwe.

Yield, yield components and biomass accumulatiom thie main traits affected by
drought in common bean (Asfast al. 2012; Blairet al. 2012). Seed yield has been used
as a measure of drought tolerance in many comman egperiments since it represents
the harvestable product (Ramirez-Vallejo and K&Bg8). Beebet al. (2008) proposed
the use of other attributes such as pod harveskinmdselecting common bean genotypes
tolerant to drought stress. Asfaet al. (2012) used measures of photosynthate
accumulation and mobilisation as traits to charesedrought tolerance. A high shoot
biomass accumulation towards flowering (Blum 20C&grly maturity and phenotypic

plasticity (Nleyaet al. 2001) were reported to support high yield undeudht stress
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conditions. The characterisation of these traitsf@wing drought tolerance and defining

how they work under drought would be useful in dieg programmes.

Improvement for both biotic and abiotic stresstatee relies on the genetic diversity in
crop species. The use of core collections have pemosed (IPGRI 2000) but consist of
too many genotypes for field studies. A total of4Q4genotypes constitute the core
collection of common bean and represent the gedetersity found in this species and
600 of these have been genotypically characte(Bkr et al. 2009).

For drought phenotyping to be carried out with anageable sample, a reference
collection of common bean comprising of 202 gene$ypas constituted using molecular
markers to represent the greatest diversity ofvaidd common bean prevailing in the
core collection (CIAT 2008). Screening of germplasnder targeted drought conditions

is a requirement for the identification of drougblerance traits (Khaat al. 2007).

The objectives of this study were to:

- Identify sources of drought tolerance in the ClAdference collection through
characterisation of phenotypic traits under raingewl irrigated conditions at
CIAT-Palmira in Colombia and Harare Research Statdimbabwe for future
breeding programmes.

- Identify traits that are correlated with yield dem terminal drought stress
conditions.

- Improve the physiological understanding of draugglerance in common bean
through characterisation of shoot traits that asgetated to high yield under

terminal drought.

3.3 Materials and methods
3.3.1 Sites for field experiments
CIAT-Palmira in Colombia and Harare Research StatiaZimbabwe were used for the

field experiments.
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3.3.1.1 CIAT-Palmira, Colombia

CIAT-Palmira lies at an altitude of 965 masl withtiflude 329'N and longitude of
76°21'W. Soils are mollisol defined as fine silty, mik isohyperthermic Aquic
Hapludoll. Trials were planted in soil with a pH ©f6. Weather parameters recorded

during the growing season of the common bean tai@presented in Table 3.1.

Table 3.1 Temperature, rainfall and evaporation epgerienced at CIAT-

Palmira, Colombia, during the growing season of comon bean trials

in 2009
Climatic factor Month
June July August September
Mean maximum temperaturi 30.09 32.17 32.06 33.67
Mean minimum temperaturé; 19.25 19.09 19.71 19.73
Total rainfall, mm 1.39 0.25 0.95 0.00
Evaporation, mm 4.07 6.38 5.44 6.63

3.3.1.2 Harare Research Station, Zimbabwe

Harare Research Station is at an altitude of 1 BG&I| and latitude 303'E with
longitude of 1748'S. It has Rhodic Notisol soils (FAO/UNESCO cifisation) which
are deep to very deep, dark reddish brown clays wedl drained, dark red structured
clays which exhibit nitic features. The field uded the field experiment had a soil pH
of 7.2 and a slope of less than 1%. Table 3.2emtesweather parameters experienced

during the growing season of the common beanitriZlmbabwe.
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Table 3.2 Temperature, rainfall and evaporation epgerienced at Harare

Research Station during the growing season of theommon bean

trials in 2009
Climatic factor Month
February March April May
Mean maximum temperaturis 26.01 26.37 26.44 24.87
Mean minimum temperaturég 14.74 14.47 12.16 9.75
Total rainfall, mm 94.70 32.00 10.50 7.10
Evaporation, mm 40.00 36.32 16.13 8.00

3.3.2 Plant material for field experiments

The reference collection was divided into two magoups according to centre of
domestication namely Andean and Mesoamerican. @pestwere placed in separate
experiments according to this grouping. Genotyp#hinveach gene pool were further
divided into races based on agro-morphological attars (Singhet al. 1991) and as
reflected by polymorphisms using molecular mark@tair et al. 2007). The Andean
genotypes were grouped into races Nueva Granattaiwo sub-races, Nueva Granada 1
(NG1) and Nueva Granada 2 (NG2), Peru and Chilebl€T@&.3). Mesoamerican
genotypes were classified into races Durango, wwih sub-races, Durango 1 (D1) and
Durango 2 (D2), Guatemala (G) and Mesoamerica whildo had two sub-races,
Mesoamerica 1 (M1) and Mesoamerica 2 (M2) (Tab{g.3n this study, a total of 81
Andean and 121 Mesoamerican genotypes were evdlustger rainfed and irrigated

conditions at CIAT-Palmira and Harare Research@tat
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Table 3.3 Andean genotypes grouped according toeh race classification with

their principal characteristics and country of origin

Genotype Race Phaseolin type  Growth habit Country of origin
G1836 NG1 T Il Costa Rica
G1938 NG1 T Il Mexico
G738 NG1 T I Guatemala
G1688 NG1 T Il Brazil
G3157 NG1 T | Guatemala
G5625 NG1 T | Mexico
G17076 NG1 T I Ecuador
G18942 NG1 T I Brazil
G18255 NG1 T I Cuba
G17070 NG1 T I Ecuador
G11957 NG1 T 11 Mexico
G13094 NG1 T I Mexico
G16115 NG1 T I Peru
G11982 NG1 T I Mexico
G7776 NG1 T [ Ecuador
G5273 NG1 T [ Mexico
G5142 NG1 T [ Mexico
G22247 NG1 T I Dominican Republic
G4001 NG1 T [ Costa Rica
G2875 NG1 T I Mexico
G9846 NG1 T I Ecuador
G2563 NG1 T I Ecuador
G21210 NG1 T I Colombia
G6639 NG1 ™ I Haiti
G7945 NG1 ™ I Haiti
G4906 NG1 CA I Colombia
G4534 NG1 CA | Peru
AND1005 NG2 T [l Colombia
G1678 NG2 T 1 Brazil
G16110A NG2 T Il Peru
G16346 NG2 T 1]5] Ecuador
G13595 NG2 T 11 Colombia
G13911 NG2 T 11 Ecuador
G13910 NG2 T 11 Ecuador
G17168 NG2 T IN Ecuador
G18264 NG2 T 1] Dominician Republic
G11759A NG2 T A Peru
G14253 NG2 T Il Peru
G12517 NG2 T " Peru
G16104E NG2 T I Peru
G5708 NG2 T [ Colombia
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Table 3.3 continued

Genotype Race Phaseolin type  Growth habit Country of origin
G6873 NG2 T I Brazil

G5170 NG2 T I Brazil

G7895 NG2 T I Peru

G9855 NG2 T 1B Ecuador
PVA1111 NG2 T I Colombia
G9335 NG2 T 1] Brazil
G23829 NG2 T Il Peru

G4644 NG2 T I Colombia
G5034 NG2 T I Brazil
G11585 NG2 T I Peru

G9603 NG2 T 1] Brazil
G11564 NG2 T A Ecuador
G11512 NG2 T I Ecuador
G11727 NG2 T 1] Peru

G5849 NG2 H 1] Chile

G4672 NG2 CA 1] Colombia
G2567 P T Il Ecuador
DRK47 P T I Colombia
G12529 P T 1] Peru

G14016 P T Il Colombia
G22147 P T I Peru
G23604 P T Il Peru

G4494 P T I Colombia
PVAT773 P T I Colombia
G2686 P T I Peru

G4739 P T Il Peru

G4547 P H I Colombia
G4721 P H Il Peru

G19833 P H 1l Peru

G11521 P C I Ecuador
G8209 P C B Peru
SEQ1003 Check - I Breeding line
CAL96 Check - I Breeding line
G19860 Check - i Breeding line
SEQ1027 Check - I Breeding line
SAB258 Check - I Breeding line
G19842 Check - Il Breeding line
SAB645 Check - I Breeding line
CAL143 Check - I Breeding line
AFR619 Check - I Breeding line

P - Peru; NG1 - Nueva Granada 1; NG2 - Nueva Gmg@ad - Tender green; C - Contender; H -
Huevo de huanchaco; TM - Tender green and Middleeaa hybrid; CA - Contender and
Ayacucho hybrid; - represents unkown phaseolin type
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Table 3.4

Mesoamerican genotypes grouped accordingto their race

classification with their principal characteristics and country of origin

Genotype Race Phaseolin type  Growth habit Country of origin
G1957 M2 Sd 11 Guatemala
G801 M2 S 11 Nicaragua
G803 M2 Sd 11 El Salvador
G1358 M2 Sd 11 Mexico
G1264 M2 S [l Mexico
G1977 M2 Sb 11 Guatemala
G17649 M2 S 11 Guatemala
G4258 M2 S 11 Guatemala
G12806 M2 S Il Mexico
G7952 M2 S 11 Mexico
G7038 M2 B 11 Brazil
G5733 M2 B 11 Jamaica
G5712 M2 S 11 Guatemala
G3990 M2 Sb Il Costa Rica
G4280 M2 Sb " Mexico
G14163 M2 S [l Mexico
G16849A M2 Sd 11 Guatemala
G18141 M2 Sd 11 Haiti
G15641 M2 Sb [l Mexico
G1l1721 M2 B Il Peru
G7863 M2 Sb 11 Honduras
G7765 M2 B 1B Colombia
G7761 M2 Sb 11 Mexico
G18157 M2 B 1" Haiti
G18451 M2 S 1] Nicaragua
G18454 M2 S Il Nicaragua
G3005 M2 Sb Il Guatemala
G3178 M2 Sd 11 Guatemala
G3217 M2 Sd Il Guatemala
G3142 M2 Sb " Guatemala
G3017 M2 Sd " Guatemala
G3185 M2 Sb 11 Guatemala
G3586 M2 S " Mexico
G2093 M1 Sd Il Nicaragua
G955 M1 Sd 11 Costa Rica
DOR364 M1 S Il El Salvador
G2199 M1 S " Guatemala
G17648 M1 Sd 11 Guatemala
G12778 M1 B Il Brazil
G5694 M1 B Il USA
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Table 3.4 continued

Genotype Race Phaseolin type  Growth habit Country of origin
G5036 M1 S Il Brazil
G6450 M1 B Il Ecuador
G3661 M1 S 11 El Salvador
G4206 M1 S Il Brazil
G4002 M1 Sb Il Costa Rica
G4495 M1 B Il El Salvador
G4637 M1 S 11 Colombia
G16835 M1 S 1] Mexico
G2445 M1 S 11 Mexico
G2348 M1 S 11 Mexico
G2352 M1 Sb 1] Mexico
G2137 M1 S Il Nicaragua
G7932 M1 S [l El Salvador
G15416 M1 S 1" Brazil
G19204 M1 B Il Haiti
G21212 M1 B 11l Haiti
G18147 M1 B 11l Haiti
G3595 M1 B Il Colombia
G3545 M1 Sd 1 Mexico
G2997 M1 B 1l Guatemala
G3593 M1 Sd 1 Mexico
G1328 G S " Mexico
G1356 G S 1 Mexico
G5653 G S 1] Ecuador
G4730 G B " Peru
G16401 G Sb 11 Mexico
G16072 G S 11 Mexico
G16400 G Sd 11 Mexico
G2277 G S 1B Mexico
G2660 G Sb 11 Mexico
G22787 G B Il Mexico
G278 D2 M 1" Mexico
G753 D2 S 11 Guatemala
G14737 D2 H 11 Peru
G22044 D2 M "B Mexico
G4278 D2 M 11 Mexico
G3331 D2 Sd 11 Mexico
G3334 D2 Sb 11 Mexico
G13578 D2 B Il Brazil
G11057 D2 M 11 Mexico
G12796 D2 M 11 Mexico
G4822 D2 S Il Brazil
G7742 D2 M1 " Mexico

[6)]
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Table 3.4 continued

Genotype Race Phaseolin type  Growth habit Country of origin
G4017 D2 Sb [ Brazil

G3936 D2 S 1] Costa Rica
G3807 D2 Sb I Brazil
G16026 D2 M1 1] Mexico
G15685 D2 M 1] Mexico
G11656A D2 S 1] Guatemala
G14914 D2 S 1] Mexico
G19012 D2 M 1] Mexico
G1797 D1 M 1] Mexico
G10945 D1 S 1l Mexico
G18440 D1 Sd [l Mexico
G2379 D1 T 1] Peru

G13177 D1 M 1] Mexico
G7602 D1 S 1] Mexico
G4342 D1 M 1] Mexico
G13696 D1 M 1] Mexico
G2402 D1 Sd [ Mexico
G2635 D1 S 1] Mexico
G2866 D1 S 1] Mexico
G2775 D1 Sb [ Mexico
G2778 D1 M 1] Mexico
G10982 D1 Sd [l Mexico
G10971 D1 Sd [l Mexico
G11010 D1 Sb [l Mexico
G19941 D1 S 1] Mexico
SXB418 Check - 1l Breeding line
SER16 Check - 1l Breeding line
SEA15 Check - [l Breeding line
SER109 Check - [l Breeding line
DOR390 Check - [ Breeding line
VAX3 Check - 1] Breeding line
BATO93 Check - 11l Breeding line
BAT477 Check - 1 Breeding line
Masaai Red Check - 1] Breeding line
Pinto Villa Check - " Breeding line
NCB280 Check - [l Breeding line
Tio Canela75  Check - i Breeding line
Maharagi Soja  Check - [l Breeding line

D1- Durango 1; D2 - Durango 2; M1 - MesoamericdMZ®; - Mesoamerica 2; G - Guatemala; S -
Sanilac; Sb - Sanilac Brazil; Sd - Sanilac Durarige;Tender green; H - Huevo de huanchaco; M
— Middle America; M1 — Middle America and Inca hihrB — phaseolin type unique to
genotypes originating from Colombia; - represemisnown phaseolin type
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3.3.3 Growth habit definitions

According to Singh (1995), growth habits vary fra®terminate bush to indeterminate
climbing in common bean germplasm. Type | genotygesm a determinate
inflorescence at the end of stems and branchesarela lower number of nodes. Types
Il and Ill have indeterminate growth with stem amdhnches ending in a vegetative
guide. Type Il genotypes are erect and have lftliele development. Type Il genotypes
have a more prostate growth, many branches and stumlerate climbing ability if given
support. Type IV genotypes are indeterminate witessively long stems and branches

making them weak. Plants in this group have a gtadimbing ability.

3.3.4 Methodologies for field experiments

3.3.4.1 Design of experiments

At both sites, two treatments, irrigation and radfwere applied to quantify the effects
of the intensity and duration of terminal drought crop growth and seed yield. At
CIAT-Palmira, the two treatments were next to eatfer in one field. However, at
Harare Research Station, the two treatments weseparate fields due to small sizes of
the fields. The rainfed treatment representeddhaihal drought experienced in common
bean. Separate experiments of 9x9 lattices for Andand 11x11 Ilattices for
Mesoamerican genotypes were planted in each treatt@enotypes were planted in two
row plots, replicated three times in each treatment

3.3.4.1.1 CIAT-Palmira, Colombia

The plot sizes were 2.4 m long with a row-to-rowtance of 0.6 m and plant-to-plant
spacing of 0.075 m. The two treatments were estaddi with three early irrigations of 35
mm each at -1, 15 and 34 days from/after plantlimg irrigated treatment received three
additional gravity irrigations of 35 mm of water 45, 55 and 72 days after planting.
Liquid sprays of urea, boron and zinc were donéhatsecond, third and fourth week
after planting in both treatments. The liquid spweas composed of 1 kg urea’h&00 g
boron h&, 300 g zinc ha and 200 | water ha
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3.3.4.1.2 Harare Research Station, Zimbabwe

Plot sizes of 2.0 m long with a row-to-row distarné®.6 m and plant-to-plant spacing of
0.1 m were established at Harare Research Stdtial.establishment was achieved by
planting using natural rainfall for the two treatm® which was followed by early
sprinkler irrigations of 30 mm each at 10 and 2@sdafter planting. Plots representing
the irrigated treatment received four supplemensgmnkler irrigations of 30 mm of
water at 30, 42, 55 and 70 days after planting.ubnd stressed plots also received
supplementary sprinkler irrigation of 30 mm of waé¢ 51 days after planting. A basal
dress of compound D fertiliser (N P K: 14% 7% 7%jsvapplied at a rate of 300 kg'ha
in both treatments a day before planting. A topssiref 80 kg ha ammonium nitrate
fertiliser was applied in both treatments at 21 sdayter planting. Sprays of copper
oxychloride and dimethoate were done at the tiiigkth and fifth week after planting as

a measure against bacterial diseases and aphdshinreatments.

3.3.4.2 Data collection

Crop development was monitored by recording daydldeering and maturity. A
number of morphological shoot traits were measatechid-pod filling stage in order to
determine variation of traits under irrigated antbugiht treatments. In addition,
physiological traits were measured at CIAT-Palmigld and yield components were
determined at harvest time at both locations.

3.3.4.2.1 Morphological shoot traits determined amid-pod filling stage

Morphological shoot traits were measured throughtrdetive sampling at mid-pod
filling growth stage. A row length of 0.5 m for daplot was selected for destructive
sampling. The number of plants sampled was recoastetlstems were cut at the soil
surface. Plants were separated into leaves (witpetibles), stems and reproductive
structures (pods and flowers). Separated leaveds pod stems were placed in well
labelled paper bags. Dry biomass of plant parts determined by oven drying the
samples at 6C for 48 hours. After drying of samples, the dryight of each sample was
recorded.
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3.3.4.2.2 Physiological traits

Quantum vyield (QY): QY was measured by a non-destructive, hand-Kgefdmeter
(Fluorpen FP100, Photon Systems Instruments, Bozech Republic) which measures
photosystem Il quantum yield. Fluorpen FP100 iduarbmeter that allows quick and
precise measurement of chlorophyll fluorescencarpaters in plants in the laboratory,
greenhouse or in the field. Fluorpen FP100 meadtrésontinuous fluorescence yield in
non-actinic light). Fris equivalent to &if the leaf sample is dark-adapted.i§ the yield
of fluorescence in the absence of photosynthagiat land is the minimal fluorescence.
Another fluorescence parameter measured (g d&hd represents the maximum
fluorescence when a highest intensity flash oftlighapplied on leaves. FV measures
variable fluorescence and is calculated gsHrand QY (Photosystem Il quantum vyield)
is equivalent to /Ry in dark-adapted samples and t@/f in light-adapted samples.
The QY value was measured on a fully expanded ydeafj of one plant on each

replication in both treatments.

Canopy temperature: An infrared thermometer (Telatemp model AG-42D,atenp,
Fullerton, CA, USA) was held at 50 cm from the gayeurface in a 45angle in order to
measure the canopy temperature and the differemademperature between the leaf

canopy and the surrounding air temperature.

3.3.4.3 Yield and yield components determination

The plants remaining after morphological traitsedetination were harvested for yield
and yield components determination. Five plantsveetected for determination of grain
yield, 100-seed size, number of pods per plant mundber of empty pods per plant.

Hundred-seed weight is a measure of seed size.

3.3.4.4 Drought intensity index, percentage reduan and drought susceptibility
index

The drought intensity index (DII), percentage reduc (PR) and drought susceptibility
index (DSI) due to drought stress were calculatadtlie Andean and Mesoamerican

trials at CIAT-Palmira and Harare Research Statooording to Fischer and Maurer
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(1978). DIl is used to compare the drought strete/éen two or more experiments. DIl
values below 0.49 indicate moderate drought andethexceeding 0.7 indicate severe
drought. It is calculated as:

DIl = (1-Xs/Xi)

Xs is the grand mean yield of all genotypes growdeun drought stress

Xi is the grand mean yield of all genotypes growder optimum conditions.

PR = [1-(Xs/Xi) x 100]

DSI = PR/DII

3.3.4.5 Geometric mean
GM is used to calculate average performance oftgpes between irrigated and rainfed
treatments in one location. GM ¥ (Ys x Yi) where Ys is yield under the stressed

treatment and Yi is yield under the irrigated tneant.

3.3.4.6 Soil moisture measurements

The watermark irrometer was used to measure watére soil. The watermark sensor
(granular matrix sensor) is an indirect, calibrateethod of measuring soil water. It uses
an electrical resistance type sensor, read by aggalg equipment which converts the
electrical resistance reading to a calibrated repdif kilo Pascal’'s (kPa) of soil water
tension (http://irrigatedw.irrometer.com/sensorslétvm). These were installed at three
different sites in each replication at 0-5 cm, 5ebh®, 10-20 cm, 20-40 cm, 40-60 cm and
60-80 cm soil depths. Soil water tension readingsewecorded every day from planting

to harvesting, at 0900 hrs.

3.3.4.7 Data analysis

The phenotypic data were initially analysed semdydor each treatment in each location
in a one way analysis of variance (ANOVA). Phenatygata were also analysed across
the two treatments in each location to compareopexdnce between treatments. All data
analysis was done using Agrobase Generation lwso#t (Agronomix Software Inc.,
2005) and Genstat Edition version 14. The data medsanalysed combined across the

two locations (Harare Research Station and CIATHRa) since they represent different
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mega environments, and are therefore not reallypeoable. The aim of the study was
rather to determine the reaction of genotypes tmugint stress. Pearson correlation
coefficients (r) and regression analysis betweengyield and shoot biomass, days to
maturity, seed size and physiological traits mesgwere calculated for each trial in
Agronomix Software Inc. (2005) software. Broad seheritability for each measured
trait under irrigated and rainfed treatments wae a@etermined in Agronomix Software
Inc. (2005). Correlations between treatments ath dacation were determined using

Genstat Edition version 14 and were based on graid.

3.4 Results

3.4.1 Weather conditions during the crop growing peod

The maximum monthly mean temperatures recorded thesrgrowing period ranged
between 24.9-26.4°C at Harare Research Statior8@d-33.7°C at CIAT-Palmira. The
drought stress imposed on the trials at CIAT-Pamuas accompanied by heat stress
since common bean thrive under temperatures rarfging 20-26°C. The cool weather
conditions experienced at Harare Research Statiwoueaged disease outbreaks that
affected both Andean and Mesoamerican trials. Thegee some traces of common
bacterial blight (CBB) Xanthomonas campestris phase(®mith) Dowson) and rust
(Uromyces appendiculaty®ers.) Unger) in most genotypes under rainfed itiong in
both Andean and Mesoamerican trials (Appendicesdl2). Angular leaf spot (ALS)
(Phaeoisariopsis griseoldSacc.) Ferraris) was more pronounced under thgaied
treatment in Mesoamerican trials. CBB scores vafieth 1.00-3.67 and 1.67-5.00 in
Mesoamerican trials under rainfed and irrigatecttreents respectively (Appendix 1).
Variation for rust scores ranged from 1.00-7.33 ai)-3.67 under rainfed and irrigated
treatments for Mesoamerican trials respectively.aiehile, rust scores varied from
1.00-6.67 under the rainfed treatment in AndeaistiiAppendix 2). On the other hand,
CCB scores ranged between 1.00 and 5.00 in Andidsunder the rainfed treatment.
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3.4.2 Analysis of variance for Mesoamerican gengbgs evaluated at CIAT-
Palmira and Harare Research Station

The combined ANOVA across treatments showed thateffects of genotypes (G) and
treatments (T) were highly significant (P<0.001) fgrain yield, 100-seed weight,
number of pods per plant, days to flowering andumiyt at both locations (Tables 3.5
and 3.7). In addition to these traits, the expoessi dry pod biomass, dry stem biomass,
total dry biomass and leaf temperature were algoifsiantly influenced by genotypes
and treatments at CIAT-Palmira (Table 3.6). Genesymccounted for the largest
percentage of the variation observed for graindyi#D0-seed weight, pod length, days to
flowering and maturity, dry pod and leaf biomasshath locations. Treatment effects
made the largest contribution (38.7%) to variatiorcanopy temperature depression at
CIAT-Palmira. GXT interaction also influenced thepeession of grain yield at both
locations and canopy temperature depression, éeaperature and total dry biomass at
CIAT-Palmira. At Harare Research Station, dry paairass was also affected by GxT
interaction (Table 3.8). Variation accounted byatmeent was below 20% for most traits
measured at CIAT-Palmira except canopy temperatepeession and total dry biomass.
The mean correlation coefficient between treatmesitsCIAT-Palmira was 57%
indicating a close relationship between them (dath shown). At Harare Research
Station, treatments accounted for 23.9% of thd t@aation observed in grain yield and

the highest amount in dry stem biomass (56%).
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Table 3.5 Combined analysis of variance for agronoim data measured from Mesoamerican trials evaluatedt CIAT-Palmira

Grain yield 100-seed weight
Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 1102744 551372 0.36 Rep 2 5554 27.77 0.40
Gen (G) 120 1867758771556466 <0.001 60.41 Gen (G) 120 41619.7 346.83<0.001 77.26
Trt (T) 1 29661708 29661708<0.001 9.59 Trt (T) 1 316.16 316.16 <0.001 0.59
GxT 120 23156682 192972 0.013 7.49 GXT 120 2510.6®.92 0.311 4.66
Error 482 68481397 142078 22.15 Error 482 9416.3W0.58 17.48
Total 725 309178408 Total 725 53867.4
Days to flowering Days to maturity
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 6.118 3.059 0.06 Rep 2 6.11 3.06
Gen (G) 120 10147.9 84.566 <0.001 92.10 Gen (G) 120 23446 195.38<0.001 0.02
Trt (T) 1 28.562 28.562 <0.001 0.26 Trt (T) 1 2435.86 2435.86:0.001 66.68
GxT 120 196.438 1.637 0.066 1.78 GXT 120 1959.87 .336 0.308 6.93
Error 482 639.882 1.328 5.81 Error 482 7340.24 24@5. 5.57
Total 725 110118.9 Total 725 35164.1 20.87
Number of pods per plant Pod length
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 35.35 17.675 0.41 Rep 2 0.8945 0.4472 0.08
Gen (G) 120 2826.07 23.551 <0.001 33.12 Gen(G) 120 717.611 5.980%k0.001 61.19
Trt (T) 1 524.705 524.705 <0.001 6.15 Trt (T) 1 11.899 11.899<0.001 1.01
GxT 120 890.068 7.417 0.876 10.43 GXT 120 95.721 791 0.254  8.16
Error 482 4256.28 8.83 49.88 Error 482 350.462 2867 29.88
Total 725 8532.47 Total 725 1172.772

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treat®teplained — percentage
variation explained from sum of squares; F pr +dbpbility
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Table 3.6 Combined analysis of variance for plantibomass measured from Mesoamerican trials evaluateat CIAT-Palmira

Dry leaf biomass

Dry stem biomass

Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 6.917 3.459 0.35 Rep 2 57.337 28.669 1.44
Gen(G) 120 1032.916 8.608 <0.001 51.82 Gen(G) 120 1601.12 13.343<0.001 40.32
Trt (T) 1 1.813 1.813 0.276 0.09 Trt (T) 1 782.33¢/82.336 <0.001 19.70
GxT 120 217.799 1.815 0.102 10.93 GXT 120 302.59 522. 0.517 7.62
Error 482 733.769 1.522 36.81 Error 482 1227.875472. 30.92
Total 725 1993.214 Total 725 3971.26
Dry pod biomass Total dry biomass
Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 98.00 49.00 0.45 Rep 2 205.27 102.64 0.59
Gen(G) 120 11086.8 92.39 <0.001 51.10 Gen(G) 120 9163.97 76.37 <0.001 26.19
Trt (T) 1 1939.42 1939.42 <0.001 8.94 Trt (T) 1 13156.2213156.22 <0.001 37.60
GxT 120 1852.37 15.44 0.229 8.54 GXT 120 3341.07 .827 0.003 9.55
Error 482 6717.99 13.94 30.97 Error 482 9126.13 .938 26.08
Total 725 21694.5 Total 725 34992.66
Leaf temperature Canopy temperature depression
Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 138.123 69.061 4.87 Rep 2 872.05 436.025 3917
Gen (G) 120 580.203 4835 <0.001 20.47 Gen (G) 120 418.856 3.49 0.031 8.35
Trt (T) 1 49.822 49.822 <0.001 1.76 Trt (T) 1 1939.88 1939.88<0.001 38.69
GxT 120 554.024 4.617 0.003 19.55 GXT 120 483.989033 0.002  9.65
Error 482 1512.17 3.144 53.36 Error 482 1298.9869%2. 25.91
Total 725 2833.8 Total 725 5013.75

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treai®teaplained — percentage
variation explained from sum of squares; F pr +dbpbility
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Table 3.7 Combined analysis of variance for agromoic data measured from Mesoamerican trials evaluatkat Harare
Research Station

Grain yield 100-seed weight
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 3992591 1996295 2.78 Rep 2 40.68 20.34 0.22
Gen (G) 120 58016881 483474 <0.001 40.35 Gen(G) 120 6140.16 51.17<0.001 33.45
Trt (T) 1 34309112 34309112<0.001 23.86 Trt (T) 1 6103.34 6103.340.001 33.25
GxT 120 17464648 145539 0.036 12.15 GxT 120 1326.83.06 0.199 7.23
Error 482 30010376 62262.19 20.87 Error 482 4'H12.0.84 25.84
Total 725 143793608 Total 725 18353.66
Days to flowering Days to maturity
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 2.142 1.071 0.02 Rep 2 44474 222.37 0.61
Gen (G) 120 9628.94 80.241 <0.001 75.38 Gen (G) 120 44027.1866.89 <0.001 60.34
Trt (T) 1 102.68 102.68 <0.001 0.80 Trt (T) 1 8098.46 8098.46:0.001 11.10
GxT 120 601.54 5.013 0.522 4.71 GXT 120 4404.78 0B7. 0.458 6.04
Error 482  2440.53 5.074 19.10 Error 482 17315.88.61 23.73
Total 725 12774.49 Total 725 72960.97
Number of pods per plant Pod length
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 383.51 191.76 3.44 Rep 2 11.225 5.612 0.54
Gen (G) 120 5858.85 48.84 <0.001 52.53 Gen (G) 120 1268.80%0.573 0.01 61.27
Trt (T) 1 756.81 756.81 <0.001 6.79 Trt (T) 1 38.512 38.512<0.001 1.86
GxT 120 1176.89 9.81 0.925 10.55 GXT 120 318.874652. 0.468 15.40
Error 482 2987.49 6.20 26.78 Error 482 436.573 0®.9 21.08
Total 725 11153.8 Total 725 2070.999

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treai®teaxplained — percentage
variation explained from sum of squares; F pr +dbpbility
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Table 3.8

Research Station

Combined analysis of variance for planbiomass measured from Mesoamerican trials evaluatedt Harare

Dry leaf biomass

Dry stem biomass

Source D.f. S.S. M.S. F pr. % Source D.f. S.S. M.S. F pr. %
explained explained
Rep 2 293.08 146.54 3.49 Rep 2 41.22 20.61 0.46
Gen (G) 120  5152.92 4294 <0.001 61.34 Gen (G) 120  2329.77 19.41 <0.001 25.81
Trt (T) 1 0.11 0.11 0.919 0.00 Trt (T) 1 5054.49 5829 0.048 56.00
GxT 120  905.39 7.54 0.989 10.78 GXT 120 932.94 7.77 0.976 10.34
Error 482 2049.40 4.25 24.40 Error 482  668.18 1.39 7.40
Total 725  8400.90 Total 725  9026.60
Dry pod biomass Total dry biomass
Source D.f. S.S. M.S. F pr. % Source D.f. S.S. M.S. F pr. %
explained explained
Rep 2 3.03 1.52 0.02 Rep 2 1875.83 937.91 3.97
Gen (G) 120  7635.62 63.63 <0.001 5141 Gen (G) 120  11912.289.27 <0.001 25.24
Trt (T) 1 7.75 7.75 0.408 0.05 Trt (T) 1 11.16 Bl.1 0.657 0.02
GXT 120  1823.09 15.19 0.013 12.28 GXT 120 6169.84.4%5  0.732 13.07
Error 482  5381.63 11.17 36.24 Error 482  27233.56.50 57.69
Total 725  14851.12 Total 725  47202.58

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treai®teaxplained — percentage

variation explained from sum of squares; F pr +dbpbility
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3.4.3 Analysis of variance for Andean genotypes &wated at CIAT-Palmira and
Harare Research Station

Yield, yield components and phenology traits angallg most affected by drought stress
and were therefore first to be investigated in datalysis. Genotype and treatment
effects were significant (P<0.001) for grain yiettays to maturity and 100-seed weight
at CIAT-Palmira and Harare Research Station wheda deere subjected to combined
ANOVA (Tables 3.9 and 3.11). Expression of thegedltraits was also affected by GxT
interaction at both locations. In addition, dryflestem and pod biomass were also
significantly affected by GXT interaction at ClATalnira. Treatment main effects
accounted for less than 6% of the variation obskimemost traits measured except dry
stem (12.55%) and pod (27.80%) biomass as wellots try biomass (31.01%) at
CIAT-Palmira (Table 3.10). The irrigated and rathféreatments showed a high
correlation at CIAT-Palmira for Andean trials (r78. , data not shown) and might
explain why treatments contributed less to the atmm observed. In contrast,
correlations between treatments were significartt low at Harare Research Station
(r=0.21", data not shown) and treatments made higher botishs to the variation
observed on grain 100-seed weight (68.8%), dry diemmass (52.0%), yield (40.3%),
dry pod biomass (35.2%), number of pods per pl&h0s), pod length (21.3%), dry leaf
biomass (20.1%) and days to maturity (12.3%) (T&8hlR). At Harare Research Station,
100-seed weight (68.8%), followed by dry stem biesng2.0%) and grain yield (40.3%)

were highly affected by treatments.

For physiological traits measured at CIAT-Palmiraatments had a highly significant
effect (P<0.001) on canopy temperature depressphrgtosynthetic efficiency and
significant for leaf temperature (P=0.004) (Tabl&(3. Contribution of treatments to the
total variation observed was highest for photosgtithefficiency (64.0%) and less than
10% for canopy temperature depression and leaf ¢eatyre. At Harare Research
Station, 100-seed weight (68.8%), followed by dgns biomass (52.0%) and grain yield

(40.3%) were significantly affected by treatments.
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Table 3.9 Combined analysis of variance for agronoit data measured from Andean trials evaluated at GAT-Palmira

Grain yield 100-seed weight
Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 428760 214380 0.23 Rep 2 316.11 158.06 0.33
Gen (G) 80 1470722451838403 <0.001 77.93 Gen(G) 80 71383.20 892.2%<0.001 74.61
Trt (T) 1 7375270 7375270<0.001 3.91 Trt (T) 1 5007.77 5007.7#40.001 5.23
GxT 80 11361766 142022 <0.001 6.02 GxT 80 6098.78 76.23 <0.001 6.37
Error 322 22477589 69806 11.91 Error 322 12870.739.97 13.45
Total 485 188715630 Total 485 95676.60
Days to flowering Days to maturity
Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 14.13 7.06 0.08 Rep 2 200.94 100.47 0.16
Gen(G) 80 15934.60 199.18 <0.001 92.63 Gen(G) 80 81779.30 1022.24.001 63.75
Trt (T) 1 5.35 5.35 0.187 0.03 Trt (T) 1 222551 23%1 <0.001 1.73
GxT 80 263.82 3.30 0.322 1.53 GXT 80 13199.80 1XB5.0<0.001 10.29
Error 322 985.21 3.06 5.73 Error 322 30866.40 ®5.8 24.06
Total 485 17203.1 Total 485 128272.00
Number of pods per plant Pod length
Source D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 6.64 3.33 0.11 Rep 2 4.40 2.20 0.14
Gen(G) 80 4340.23 54.25 <0.001 70.31 Gen (G) 80 2272.87 28.41 <0.001 74.01
Trt (T) 1 91.26 91.26 <0.001 1.48 Trt (T) 1 6883 68.83 <0.001 2.24
GXT 80 341.68 4.27 0.516  5.53 GxT 80 156.63 196 26®. 5.10
Error 322 1393.49 4.33 22.57 Error 322 568.42 1.77 18.51
Total 485 6173.3 Total 485 3071.16

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treai®teaplained — percentage
variation explained from sum of squares; F pr +dbpbility
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Table 3.10
CIAT-Palmira

Combined analysis of variance for planbiomass and temperatures measured from Andean tria evaluated at

Dry leaf biomass

Dry stem biomass

Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 38.07 19.04 4.10 Rep 2 126.29 63.13 7.66
Gen (G) 80  428.86 5.36 <0.001 46.22 Gen (G) 80  594.96 7.44  <0.001 36.10
Trt (T) 1 9.28 9.28 0.002 1.00 Trt (T) 1 206.77 206 <0.001 12.55
GxT 80  135.06 1.688 <0.001 14.55 GXT 80 232.54 291 <0.001 14.11
Error 322 316.66 0.98 34.13 Error 322 487.43 151 29.58
Total 485 927.94 Total 485 1647.97

Dry pod biomass Total dry biomass
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 6.25 3.13 0.06 Rep 2 222.03 111.02 1.63
Gen (G) 80  4508.22 56.35 <0.001 43.66 Gen(G) 80 3178.75 39.73 <0.001 23.39
Trt (T) 1 2871.25  2871.25 <0.001 27.80 Trt (T) 1 4215.42 4215.420.001 31.01
GxT 80 951.94 11.90 <0.001 9.22 GXT 80 1434.89 17.94 0.077 10.56
Error 322 1989.03 6.18 19.26 Error 322 4541.81 114. 33.41
Total 485 10326.7 Total 485 13592.92

Leaf temperature Canopy temperature depression
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 55.64 27.82 2.99 Rep 2 8.76 4.38 0.50
Gen (G) 80 242.12 3.03 0.934 13.02 Gen (G)80  250.16 3.13 0.683 14.14
Trt (T) 1 34.40 34.40 0.004 1.85 Trt (T) 1 149.16 4916 <0.001 8.43
GxT 80  236.42 3.00 0.949 12.71 GXT 80  257.46 3.22 6290 1456
Error 322 1291.12 4.01 69.43 Error 322 1103.33 334 62.37
Total 485 1859.69 Total 485 1768.87

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treai®teaplained — percentage
variation explained from sum of squares; F pr +dbpbility
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Table 3.11

Combined analysis of variance for agrammic data measured from Andean trials evaluated atarare Research

Station
Grain yield 100-seed weight
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 218864 109432 0.20 Rep 2 3641 18.21 0.11
Gen (G) 80 31512964 393912.10.001 29.51 Gen (G) 80 3040.45 38.01<0.001 9.07
Trt (T) 1 43019393 43019393<0.001 40.28 Trt (T) 1 23064 23064 <0.001 68.83
GxT 80 10758530 134482 0.030 10.07 GXT 80 2555 431.9<0.001 7.63
Error 322 21291425 66122.44 19.94 Error 322 4811.514.94 14.36
Total 485 106801176 Total 485 33507.45
Days to flowering Days to maturity
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 9.20 4.60 0.14 Rep 2 6.922 3.46 0.02
Gen (G) 80 5992.39 7491 <0.001 89.19 Gen (G) 80 26788 334.85<0.001 74.81
Trt (T) 1 1.00 1.00 0.437 0.01 Trt (T) 1 4385.54 88%4 <0.001 12.25
GxT 80 186.34 2.33 0.019 2.77 GXT 80 2983.43 37.77<0.001 8.33
Error 322 529.47 1.64 7.88 Error 322 2702.70 57.5
Total 485 6718.39 Total 485 35808.50
Number of pods per plant Pod length
Source D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 34.29 17.14 1.23 Rep 2 496 2.47 0.19
Gen (G) 80 1435.71 17.95 <0.001 51.60 Gen (G) 80 1187.76 14.85<0.001 45.09
Trt (T) 1 888.77 888.77 0.036 31.94 Trt (T) 1 5&.0 562.05 0.007 21.34
GxT 80 403.91 5.05 0.228 14.52 GXT 80 493.45 6.17 57® 18.73
Error 322 19.76 0.061 0.71 Error 322 385.87 1.20 14.65
Total 485 2782.44 Total 485 2634.09

D.f. — degrees of freedom; S.S. — sum of squareS; Mmean squares; Gen — genotype; Trt — treai®teaplained — percentage
variation explained from sum of squares; F pr +dbpbility
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Table 3.12 Combined analysis of variance for plarftiomass measured from Andean trials evaluated at &tare Research

Station

Dry leaf biomass Dry stem biomass
Source  D.f. S.S. M.S. F pr. %explained Source  D.f. S.S. M.S. F pr. %explained
Rep 2 1.99 1.00 0.76 Rep 2 4.84 2.42 2.07
Gen (G) 80 104.60 1.31 <0.001 40.16 Gen (G) 80 67.15 0.84 <0.001 28.75
Trt (T) 1 52.29 52.29 <0.001 20.08 Trt (T) 1 121.56 121.56 0.002 52.04
GxT 80 39.36 0.49 0.100 15.11 GXT 80 36.45 0.46 3D.1 1561
Error 322 62.72 0.19 24.08 Error 322 3.56 0.01 521.
Total 485 260.44 Total 485 233.56

Dry pod biomass Total dry biomass
Source  D.f. S.S. M.S. F pr. %explained Source D.f. S.S. M.S. F pr. %explained
Rep 2 1.70 0.85 0.35 Rep 2 23.20 11.60 1.81
Gen (G) 80 261.46 3.27 <0.001 53.85 Gen (G) 80 326.60 4.08 <0.001 25.42
Trt (T) 1 170.83 170.83 0.002 35.19 Trt (T) 1 1@6.5 106.50 0.088 8.29
GxT 80  46.53 0.58 0.288 9.58 GxT 80 21275 2.66 43.1 16.56
Error 322 498 0.02 1.03 Error 322 61590 191 937
Total 485  485.50 Total 485 1284.94

D.f. — degrees of freedom; S.S. — sum of squareS;, M mean squares; Gen — genotype; Trt — treatrii@xplained — percentage
variation explained from sum of squares; F pr +dbpbility
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3.4.4 Intensity of drought applied at different lo@tions

Drought stress was higher at Harare Research Statiooth Andean and Mesoamerican
trials than at CIAT-Palmira (Table 3.13). Grainlgieeductions of more than 40% were
recorded at Harare Research Station in Andean assbamnerican trials. A high disease
pressure from angular leaf spot, common bactetightband rust experienced at this
location might have amplified yield losses undex tliought treatment. Low mean rank
correlation coefficients (Andean r=0.2104and r=0.3210 for Mesoamerican trials,
data not shown) between treatments at Harare Rdse@tation also showed wide

differences between treatments at this location.

Table 3.13  Drought intensity index (DIl) due to dought stress calculated for
Andean and Mesoamerican trials at CIAT-Palmira and Harare

Research Station

Location CIAT-Palmira Harare Research Station
Trial Dl DIl

Andean 0.22 0.41
Mesoamerican 0.23 0.51

DIl — drought intensity index

3.4.5 Performance of Mesoamerican and Andean gengiys under drought stress
Under the rainfed treatmengtain yield for experimental lines varied from 62 l&g ha'
to 2 338.30 kg ha at CIAT-Palmira and 88.00 kg hao 960.00 kg ha at Harare
Research Station for the Mesoamerican trials (Agp@s 3 and 4). At CIAT-Palmira,
grain yield from Mesoamerican check genotypes dafiiem 870.00 kg Hato 2 770.90
ka ha' under the rainfed treatment. Meanwhile, graindyfer experimental lines ranged
from 246.67 kg hato 2 723.40 kg haat CIAT-Palmira and 232.00 kg hao 1 872.00
kg ha' at Harare Research Station under irrigation. Gyastd for Mesoamerican check
genotypes ranged from 803.20 kg'ta 2 524.70 kg Haat CIAT-Palmira and 448.00 kg
ha' to 1 624.00 kg hh at Harare Research Station under irrigated tressné&heck
genotypes, BAT477 and DOR390 as well as landrack/@ll ranked in the top 15 at
both locations. Grain yield ranged from 0.00 kg a1 809.30 kg Haunder rainfed and
0.00 kg h& to 2 158.10 kg h&under irrigated conditions at CIAT-Palmira for Agah
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experimental lines (Appendix 5). At CIAT-Palmirdhet yield performance of check
genotypes ranged from 595.97 kg'ha 1 672.40 kg Haunder rainfed treatment and
839.27 kg ha to 2 075.50 kg haunder irrigated treatment. At Harare ResearchHdtat
grain vield for experimental lines varied from 12.8g ha' to 1 184 kg ha under the
rainfed treatment and 272.00 kg*hto 1520.00 kg H& under the irrigated treatment
(Appendix 6). Yield performance of check genotypasied between 344.00 kg hao
824.00 kg ha under rainfed treatment and 696.00 kg tia 1 264.00 kg Ha under
irrigated treatment at Harare Research Station. dgrtbe Andean genotypes, G19860,
G12529 and G19833 (all race Peru genotypes) fdabedroduce any seed at CIAT-
Palmira and had low yield at Harare Research Stafomwing the poor adaptation of

Peru genotypes to the testing environments duedbunder lower elevation.

3.4.5.1 Mesoamerican trials

The largest reductions in yield due to droughtsstneas in race Mesoamerica sub-race 1
at CIAT-Palmira (27%) and Harare Research Stad194) (Tables 3.14 and 3.15). Race
Mesoamerica 1 also had DSI values larger thanbbtht locations. In contrast, genotypes
from checks and race Durango sub-race 1 genotypmsesl comparatively lower seed
yield reductions at both locations. At CIAT-Palmifdesoamerica sub-race 1 and race
Guatemala genotypes were less affected by drougggssfor 100-seed weight and days
to maturity respectively. Meanwhile, 100-seed weigere less affected in checks and
Mesoamerica sub-race 2 genotypes and days to tyatere less affected in Durango
sub-race 1 genotypes at Harare Research Statiorotypes of race Mesoamerica sub-
race 2 exhibited the largest reduction in 100-sgeight and days to maturity at CIAT-
Palmira whereas races Guatemala and Durango-Jatisberace 2 had the largest
reduction in 100-seed weight and days to matutitii@are Research Station. Drought
stress accelerated maturity and reduced 100-seigthtwed genotypes within each group
at both locations. Reductions in days to maturitgler the rainfed treatment ranged from
3-6% and 5-8% at CIAT-Palmira and Harare ReseatelioB, respectively. Hundred
seed weight was reduced by 2-7% and 18-27% underainfed treatment at CIAT-

Palmira and Harare Research Station respectively.
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Broad sense heritabilities for the measured tragte higher under irrigated than rainfed
treatments at both locations for grain yield, daysnaturity and total biomass (Tables
3.14 and 3.15). At Harare Research Station therotheasured traits had higher
heritabilities under irrigated than rainfed treantseexcept for pod biomass at mid-pod
fill. At both locations, broad sense heritabilitieere highest for days to flowering and
lowest for numbers of pods per plant under botigated and rainfed treatments. Leaf
biomass at mid-pod fill also had low heritability ldarare Research Station under both
irrigated and rainfed treatments. At CIAT-Palmird00-seed weight had high
heritabilities under both treatments.
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Table 3.14 Performance of genotypes based on radagsification in Mesoamerican trials at CIAT-Palmira

Race Treatm Traits

Yield PR DSI  P100 PR DM PR PP PL LB SB PB B DF
Checks Irr 2212.49 27.87 61.92 11.16 9.67 494 8.04 15.28 14.989533
(13) Rain 1952.4912.00 0.51 26.10 6.00 5892 500 956 949 501 16.22.09 23.31 33.46
D1 Irr 1760.85 36.63 60.92 1584 845 450 7.83 1447 14.462%8B0
a7 Rain 1479.7916.00 0.69 3528 4.00 57.09 6.00 1260 8.63 4.36735.11.17 21.25 30.06
D2 Irr 1641.72 24.90 64.13 17.00 870 551 839 1193 12.631535
(20) Rain 1248.8224.00 1.04 2349 6.00 60.03 6.00 13.46 8.37 5.04136.8.13 19.29 34.48
M1 Irr 1895.21 22.54 62.73 13.57 9.61 567 8.67 11.65 11.2278B5
(28) Rain 968.03 27.00 1.19 22.06 2.00 5951 5.00459 9.32 574 6.59 827 20.60 35.57
M2 Irr 1757.06 23.38 63.37 1391 9.38 527 8.22 11.35 10.965%85
(33) Rain 1301.9226.00 1.13 21.76 7.00 59.60 6.00 10.96 891 5.23176.8.22 19.61 35.23
G Irr 1299.49 24.61 66.50 19.03 830 566 9.06 8.69 841 7349
(10) Rain 968.03 26.00 1.11 2346 5.00 64.78 3.00.19 7.97 552 7.01 6.33 18.86 34.30
Grand Irr 1781.61 25.88 63.11 10.83 9.13 5.29 8.35 12.16 12.01 34.59
mean Rain 1377.32 2451 59.26 9.14 8.86 5.19 6.27 8.89 20.35 34.19
h? (%) Irr 70.31 86.64 78.32 37.37 7599 65.88.40 7154 70.35 94.72
h? (%) Rain 62.31 89.84 70.21 53.16 78.72 73.80.49 75.89 54.99 95.86
LSDlrr 547.01 8.08 4.31 515 1.45 1.40 1.67 344. 489 1.97
LSDRain 607.73 6.12 9.58 415 160 146 213 4.16 5.3673
LSD* 408.79 5.05 5.24 330 1.01 140 181 4.2494 1.30

Treatm — treatment; Irr — irrigated treatment; Rairainfed treatment; PR — percentage reduction;-b&ought sensitivity index; P100 — 100-

seed weight; DM — days to maturity; PP — numbepaafs per plant; PL — pod length; LB — dry leaf b&m® at mid pod filling stage; SB — dry

stem biomass at mid pod filling stage; PB — dry pmmnass at mid pod filling stage; TB — total shbimmass at mid pod filling stage; DF — days
to flowering; LSD Irr — least significant differeador the irrigated treatment; LSDRain — least gigant difference for the rainfed treatment;

LSD* - least significant difference separating meaetween treatments; numbers in brackets () reprélse number of genotypes constituting a
race; K — broad sense heritability; D1 — Durango 1; D2urdhgo 2; M1 — Mesoamerica 1; M2 — Mesoamerica 2;&iatemala

79



Table 3.15 Performance of genotypes based on radagsification in Mesoamerican trials at Harare Resarch Station

Race Treatm Traits

Yield PR DSI P100 PR DM PR PP PL LB SB PB B DF
Checks [rr 808.00 12.62 92.69 923 782 7.67088.4.05 19.80 38.13
(13) Rain 476.31 41.00 0.80 10.33 18.00 85.87 7.(®02 7.82 8.77 8.69 6.26 23.72 37.56
D1 Irr 836.71 17.69 84.98 839 7.67 7.37 8.86.358 2459 3441
a7 Rain 460.24 45.00 0.88 13.74 2200 81.04 5090 7.06 8.06 818 7.41 2371 33.94
D2 Irr 828.80 12.02 93.65 10.08 7.65 8.32 8.58.13 21.07 37.77
(20) Rain 366.90 56.00 1.09 937 2200 86.42 8.00427 7.48 7.80 7.82 4,57 19.98 37.43
M1 [rr 851.71 11.40 93.27 10.31 8.14 8.19 7.72.87 18.81 39.95
(28) Rain 364.57 57.00 1.12 852 25.00 87.37 6.00677 7.54 7.71 7.37 3.48 18.82 38.58
M2 [rr 853.09 11.44 95.49 1011 759 7.99 7.78.37 19.05 39.17
(33) Rain 459.23 46.00 091 9.14 20.00 8857 7.00618 7.13 8.08 7.37 3.63 19.07 38.25
G Irr 969.60 14.07 96.07 11.10 7.40 7.87 9.33.005 22.20 37.37
(20) Rain 423.20 56.00 1.10 10.27 27.00 90.03 6.(63 6.63 750 8.23 3.30 19.03 37.07
Grand Irr 851.24 13.67 92.95 990 7.75 796 822 429 20.45 38.19
mean Rain 421.06 9.79 86.71 789 731 797 7.7 453 2031 37.42
h? (%) [rr 61.66 73.60 71.98 32.94 65.23 14.51.269 66.78 62.35 91.87
h? (%) Rain 47.92 64.31 62.12 29.93 49.47 13.93.20174.72 43.94 86.72
LSD Irr 653.27 4.47 13.00 6.23 274 509 48636 11.13 2.83
LSDRain 385.41 5.12 9.54 469 244 529 516 525 @2460
LSD 378.29 3.39 8.04 3.80 183 366 354 37424 2.69
Treatm — treatment; Irr — irrigated treatment; Ramainfed treatment; PR — percentage reduction-D8ought sensitivity index; P100 -

100-seed weight; DM — days to maturity; PP — nunabgrods per plant; PL — pod length; LB — dry Ibadfmass at mid pod filling stage; SB — dry
stem biomass at mid pod filling stage; PB — dry pmmnass at mid pod filling stage; TB — total shbimmass at mid pod filling stage; DF — days
to flowering; LSD Irr — least significant differeador the irrigated treatment; LSDRain — least gigant difference for the rainfed treatment;

LSD - least significant difference separating melagsveen treatments; numbers in brackets () repréise number of genotypes constituting a
race; K — broad sense heritability; D1 — Durango 1; D2urdhgo 2; M1 — Mesoamerica 1; M2 — Mesoamerica 2;&iatemala
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At Harare Research Station, races Durango subzZacguatemala, Mesoamerica sub-
races 1 had significantly lower seed yield undenfed than irrigated conditions. Yield

reductions were highest in Mesoamerica sub-racasdl?2 as well as race Guatemala
under rainfed compared to irrigated conditions #\TCPalmira. The advanced line

check genotypes as a group had significantly higleed yield compared to landraces
from the Durango sub-race 2, Guatemala, Mesoamenbaraces 1 and 2 under the
rainfed treatment at CIAT-Palmira. At Harare Resk&tation, the check genotypes also
had the highest seed yield compared to all races sam-races under the rainfed

treatment.

Race Durango sub-race 1 had the largest 100-semghtwender irrigated and rainfed
treatments at CIAT-Palmira and Harare ResearchioBtafhe other four races and

checks generally had small seeds at both locations.

3.4.5.2 Andean trials

Drought stress significantly reduced seed vyield face Nueva Granada sub-race 1
genotypes at CIAT-Palmira (Table 3.16). On the otrend, significant yield reduction
due to drought stress was observed for race Péflarate Research Station (Table 3.17).
Seed vyield was significantly higher for check ggpes compared to races Nueva
Granada 2 and Peru under the rainfed treatmenit?dt-Balmira. Race Nueva Granada 1
also had significantly higher seed yield than r&su genotypes under the rainfed
treatment at CIAT-Palmira. Race Peru had the lowedt at both locations, possibly
because of their limited adaptation to differenvimnments since they are normally
cultivated in high altitude cool areas (Singfhal. 1991). Race Nueva Granada 2 and race
Peru both contained genotypes that were susceptbtiFought conditions, while race
Nueva Granada sub-race 1 had some early genotyplesgaod dry-down that were
tolerant of drought conditions. At Harare Rese&tdtion, where the intensity of drought
was more intense, race Peru had the highest DSPRnehlues observed in all the traits.

In terms of component traits, race Peru had thedsigpercentage reduction in days to
maturity at CIAT-Palmira. Contrary, percentage i&ahn in days to maturity and 100-
seed weight for this race was low at Harare Rebe@tation where the temperatures
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Table 3.16 Performance of genotypes based on radagsification in Andean trials at CIAT-Palmira

Race Treatm Traits

Yield PR DSI P100 PR DM PR PP PL LB SB PB B DF
Checks [rr 1486.85 44.18 63.62 863 944 360 546 10.28 19.292433.
(7) Rain 1265.0515.00 0.68 40.26 9.00 6043 500 735 9.05 4.01 542457 1276 33.33
NG1 Irr 1434.92 44.84 62.53 845 9.67 3.04 512 10.21 18.438(B2.
(27) Rain 1053.8827.00 1.21 36.30 19.00 58.90 6.00 7.54 9.03 3.38074.4.02 11.46 32.83
NG2 Irr 971.57 35.35 67.72 6.73 882 353 560.36 16.49 35.88
(30) Rain 821.19 15.00 0.70 30.12 15.00 65.57 3.0014 822 404 440 247 1081 35.70
Peru Irr 612.95 28.86 60.12 414 782 434 58871 1400 41.18
a7) Rain 466.36 24.00 1.09 2744 500 67.48 128300 8.11 405 396 153 949 4041
Grand Irr 1096.67 37.71 64.03 6.86 895 354 549 7.79 16.86 35.74
mean Rain 850.29 31.29 59.75 6.04 8.19 382 418 297 10.92 35.53
h® (%) Irr 64.01 93.55 97.86 86.18 92.87 81.36.976 79.78 51.48 97.00
h? (%) Rain 61.60 87.79 64.55 82.74 80.35 55.14.74788.58 53.28 94.41
LSD Irr 387.46 9.14 3.96 320 170 143 195.245 7.04 2.23
LSDRain 426.86 10.77 21.91 3.60 259 173 201 1.95714.332
LSD* 287.15 7.04 8.08 240 154 112 139 27822 199
Treatm — treatment; Irr — irrigated treatment; Ramainfed treatment; PR — percentage reduction-D8ought sensitivity index; P100 -
100-seed weight; DM — days to maturity; PP — numdfgrods per plant; PL — pod length; LB — dry le&dmass at mid pod filling stage;

SB - dry stem biomass at mid pod filling stage;-Piy pod biomass at mid pod filling stage; TB tat@shoot biomass at mid pod filling stage;
DF — days to flowering; LSD Irr — least significadifference for the irrigated treatment; LSDRaiteast significant difference for the rainfed
treatment; LSD* - least significant difference sepi;mg means between treatments; numbers in b¢keepresent the number of genotypes

constituting a race;’h broad sense heritability; NG1 — Nueva Granadé@2 — Nueva Granada
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Table 3.17 Performance of genotypes based on radagsification in Andean trials at Harare Research &tion

Race Treatm Traits

Yield PR DSI P100 PR DM PR PP PL LB SB PB B DF
Checks Irr 925.71 34.62 91.24 6.91 876 4.05 4.09 3.19 11.386.00
@) Rain 618.29 33.00 0.88 19.00 45.00 85.48 6.00 7.67 9.00 4.08 392 3.76 11.886.05
NG1 Irr 911.41 31.78 84.20 720 8.82 387 420 346 11.335.91
(27) Rain 553.89 39.00 0.96 18.19 43.00 82.83 2.00 6.53 8.19 364 402 380 11.535.85
NG2 Irr 874.67 32.33 92.61 710 9.03 4.04 4.02 3.03 10.8G67.18
(30) Rain 550.44 37.00 0.90 18.54 43.00 87.24 6.00 6.68 8.54 3.74 3.85 3.02 10.937.10
Peru Irr 792.94 32.12 96.55 700 992 423 414 265 10.888.88
(A7) Rain 365.0254.00 1.32 19.29 40.00 93.90 3.00 6.57 9.29 400 3.97 274 10.989.53
Grand Irr 873.58 32.40 90.51 710 9.12 402 411 3.11 11.04 37.01
mean Rain 518.54 18.62 87.02 6.69 8.62 3.79 394 329 11.22 37.10
h® (%) Irr 62.63 84.60 95.14 67.05 57.80 46.65 61.85 65.61 45.00 93.83
h? (%) Rain 45.27 75.16 90.58 52.17 37.70 45.88 42.75 75.13 42.16 95.01
LSD Irr 608.29 8.10 17.70 3.27 314 104 09 125 231 1.98
LSDRain 361.45 3.41 5.09 350 341 098 102 136 255 216
LSD* 352.44 4.38 9.17 239 231 071 070 092 171 1.46

Treatm — treatment; Irr — irrigated treatment; Rairainfed treatment; PR — percentage reduction;-b&ought sensitivity index; P100 — 100-
seed weight; DM — days to maturity; PP — numbepaafs per plant; PL — pod length; LB — dry leaf b&m® at mid pod filling stage; SB — dry
stem biomass at mid pod filling stage; PB — dry pmmnass at mid pod filling stage; TB — total shbimmass at mid pod filling stage; DF — days
to flowering; LSD Irr — least significant differeador the irrigated treatment; LSDRain — least gigant difference for the rainfed treatment;
LSD* - least significant difference separating meaetween treatments; numbers in brackets () reprélse number of genotypes constituting a
race; K — broad sense heritability; NG1 — Nueva Granadd@2 — Nueva Granada 2
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were decreasing as the season progressed. Racés Peowe adaptable to high altitude
cool areas in equatorial latitudes (Singhal. 1991). Lower temperatures may have
reduced the metabolic activity of plants, resultinga longer duration of phenological
stages (Lamberst al. 2000). At both locations, Nueva Granada sub-rgcesfecially
type | growth habit beans, reached physiologicaunity earlier than other races or sub-
races explaining why the race Nueva Granada wawteghas the earliest Andean race

with Peru taking longer to mature (Singhal. 1991).

Drought stress significantly reduced 100-seed wefighall genotypes in the reference
collection at Harare Research Station and race &l@anada 1 at CIAT-Palmira. The
highest seed reductions were observed in race NGeaaada 1 and check genotypes at
CIAT-Palmira and Harare Research Station respdgtiveirthermore, check genotypes
and Nueva Granada sub-race 1 accessions had ficsigtly higher number of pods per
plant under drought stress than race Peru at Cl&lmiPa. Stem biomass was
significantly reduced by drought stress in raceuRar CIAT-Palmira. In addition, pod
biomass and total shoot biomass were significamdtijuced in all genotypes (except pod

biomass for race Peru) at CIAT-Palmira.

Most traits measured, except total biomass andoddybiomass at mid-pod fill (CIAT-
Palmira) and pod biomass at mid-pod fill and daydléwering at Harare Research
Station, had higher heritabilities under irrigatbdn rainfed treatments at both locations
(Tables 3.16 and 3.17). Days to flowering had hbiities above 80% under both
treatments at both locations. At both locationsaldrsense heritabilities were lowest for

total biomass at mid-pod fill under both irrigatead rainfed treatments.

3.4.6 Selection of genotypes based on geometric meand drought sensitivity index

The group of drought tolerant genotypes was chargetd by mean DSI values of less
than 0.33. These genotypes appeared to be staller loth rainfed and irrigated
treatments at CIAT-Palmira and Harare Researcho8tdh the Mesoamerican trials, on

the one hand, the following genotypes were fountiadee DSI values lower than 0.33;
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G2402 (0.19) and G2866 (0.16) (sub-race D1), G1A0/&2) and G4637 (0.01) (sub-
race M1) and G11721 (0.14) and G4280 (0.12) (sab-r&2) at CIAT-Palmira

(Appendix 3). The GM yields of all these genotypes seed yields above 1 500 kg'ha
except G4637 at CIAT-Palmira. On the other handB&8 (0.14) (check/breeding line),
G18440 (0.05) (sub-race D1), G12796 (0.05) and @230.15) (sub-race D2), G2137
(0.07) (sub-race M1) and G18157 (0.22), G7761 (0az@i G803 (0.13) (sub-race M2)
had DSI values lower than 0.33 at Harare Reseaatiof (Appendix 4). Where drought
was more severe, G18440 and G2137 had geometrin gielas larger 700 kg Haat

Harare Research Station.

In Andean trials, G11982 (0.20) (sub-race Nuevan@da 1) had DSI value lower than
0.33 and GM yield above 1 200 kg'hat CIAT-Palmira (Appendix 5). At the same site,
(G16346 (0.28) and G11727 (0.22) had DSI values dawan 0.33 but had poor GM
values (273.56 and 243.99 kghaespectively. Meanwhile, GM vyields for G4534 ).0
and G4906 (0.10) (all sub-race Nueva Granada 1)@hth85 (0.29), G5034 (0.03),
(13910 (0.21) and G9335 (0.29) (all sub-race Nueramada 2) were larger than 600 kg
ha' and these genotypes had DSI values lower than &t 33arare Research Station
(Appendix 6).

3.4.7 Correlations among traits in different treaments at CIAT-Palmira and

Harare Research Station

3.4.7.1 Mesoamerican trials at CIAT-Palmira

In the Mesoamerican trials under drought stre€3AT-Palmira, the number of pods per
plant, pod length, dry pod and total biomass acdatad at mid pod filling stage had
larger than 40% correlations with seed yield (TehE8). Meanwhile, total biomass and
pod biomass accumulated at mid pod filling stage d@relations with seed yield under
the irrigated treatment of larger than 50%. Daysflawering and maturity were

significantly and negatively correlated with seddld; 100-seed weight and dry pod
biomass at mid pod-filling stage under both treatit®@at CIAT-Palmira. Meanwhile, the

correlations between days to flowering and matuotdry stem and leaf biomass at mid
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Table 3.18  Correlations among agronomic traits mesured at CIAT-Palmira in the Mesoamerican trials. Top diagonal

(bold) represents the rainfed treatment and the babm diagonal, the irrigated treatment

DF DM PP PL P100 Yield SB LB PB B
DF 1 057" -0.197 -0.08 -0.63" -0.36" 0.40" 0.47" -0.45" -0.13
DM 0.727 1 -0.11 -0.02 -0.26" -0.32" 0.43" 0.43" -0.40” -0.09
PP -0.07 -0.16 1 0.34" 0.11 0.45" -0.16 -0.17" 0.34" 0.20"
PL -0.002 -0.23 0.21" 1 0.18" 0.47" -0.04 -0.02 0.39 0.32"
P100 -0.57 -0.34" 0.04 0.01 1 0.327 -0.22" -0.30" 0.39™ 0.19"
Yield -0.23" -0.36" 0.31" 0.38" 0.20" 1 -0.09 -0.18" 0.66 0.50"
SB 0.48" 0.53" -0.09 -0.14 -0.18" -0.16 1 0.79" -0.06 0.52"
LB 0.48" 0.50" -0.11 -0.08 -0.21" -0.18" 0.79" 1 -0.22" 0.36
PB -0.40" -0.38" 0.28" 0.26 0.327 0.53" -0.01 -0.07 1 0.81"
TB -0.407 -0.36 0.26" 0.24" 0.32" 0.51" -0.02 -0.08 0.99 1

DF — days to flowering; DM — days to maturity; PRhumber of pods per plant; PL — pod length at nitgtuP100 — 100-seed weight; SB — dry
stem biomass at mid pod filling stage; LB — dryf le@mass at mid pod filling stage; PB — dry podrbass at mid pod filling stage; TB — total
shoot biomass at mid pod filling stage<0.05;” P<0.01;” P<0.001
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pod-filling were positive and significant under bdteatments at CIAT-Palmira. Under
both treatments, the highest correlations betweaitstwere observed for dry pod
biomass and total biomass which were significatdhger than 80%. In addition, dry

stem and leaf biomass were the second most higiniglated traits.

3.4.7.2 Mesoamerican trials at Harare Research Stah

In the Mesoamerican trials at Harare ResearchdBtatiumber of pods per plant was
highly correlated with seed vyield followed by 108ed weight under rainfed treatment
(Table 3.19). Again, the number of pods per plaad the highest correlation with seed
yield under irrigated treatment at the same locatiory leaf, stem and total biomass
were also significantly correlated to seed yieldemboth treatments at Harare Research
Station. In addition to these shoot traits; podgtenat maturity was significantly
correlated to seed yield under drought stress. &tk€IAT-Palmira, days to maturity was
significantly correlated to seed yield, 100-seedgiveand dry pod biomass at mid pod
filling stage under both treatments at Harare Rebe&tation. Days to flowering and
maturity had high negative correlations with drydpmomass at mid pod filling stage
under both treatments. Significantly highest catiehs were observed between dry stem
biomass and total biomass followed by dry leaf @emand total biomass under both

treatments at Harare Research Station.
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Table 3.19  Correlations among agronomic traits mesured at Harare Research Station in the Mesoamericetrials. Top

diagonal (bold) represents the rainfed treatment ad the bottom diagonal, the irrigated treatment

DF DM PP PL P100 Yield SB LB PB B

DF 1 0.67" 0.14" 0.12 -0.20" -0.09 0.09 0.19" -0.51" -0.17"
DM 0.55" 1 0.25" 0.11 -0.03 -0.20" 0.24" 0.31" -0.48" -0.03
PP 0.32" 0.35" 1 0.05 0.10 0.64 0.13 0.15 0.004 0.11
PL 0.02 0.10 0.12 1 0.15 0.18" 0.09 0.13 -0.04 0.07
P100 -0.28 -0.13 0.004 0.19" 1 0.48" 0.20" 0.17 0.28™ 0.30"
Yield 0.27" 0.36 0.67" 0.20” 0.327 1 0.25" 0.25" 0.10 0.25"
SB 0.07 0.13 0.24" -0.001 0.18 0.32" 1 071" 0.11 0.77"
LB 0.307 021" 0.22" 0.06 0.08 0.3T 0.64" 1 0.06 0.75"
PB -0.51" -0.47" -0.17" -0.12 0.26" -0.14" 0.13 -0.06 1 0.62"
TB -0.13 -0.11 0.11 -0.04 0.26" 0.267 0.81" 0.69" 0.59™ 1

DF=days to flowering, DM = days to maturity, PP amber of pods per plant, PL = pod length at matuRtL00 = 100-seed weight, SB = dry
stem biomass at mid pod filling stage, LB = dryflemmass at mid pod filling stage, PB = dry podrbass at mid pod filling stage, TB = total
shoot biomass at mid pod filling stage<0.05,” P<0.01,” P<0.001
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3.4.7.3 Andean trials at CIAT-Palmira

For the Andean trials at CIAT-Palmira, the highpssitive correlations (>50%) were
detected between seed yield and 100-seed weightpatt biomass at mid pod filling
stage, number of pods per plant and pod length atnty under both irrigated and
rainfed treatments at CIAT-Palmira (Table 3.20).y®#&o maturity were significantly
positively correlated with pod length at maturit¥)0-seed weight and dry stem biomass
at mid pod filling stage under both treatments. Btgm and leaf biomass highest
correlated traits under both irrigated and rainftegatments (up to r=0.83). Yield
component traits, number of pods per plant and sE¥@ weight had highly significant
correlation under both irrigated and rainfed tresita. In addition, number of pods per
plant was also highly correlated with dry pod biesiat mid pod filling stage under both
irrigated and rainfed treatments. Highly signifitaand negative correlations were
detected between days to flowering and number d$ per plant, pod length at maturity,
100-seed weight, yield and dry pod biomass at rod fdlling stage under irrigated and
rainfed treatments at CIAT-Palmira.

3.4.7.4 Andean trials at Harare Research Station

For the Andean trials at the Harare Research $tati® number of pods per plant and
dry pod biomass had significant and positive catiehs with seed yield under the
rainfed treatment (Table 3.21). Significant negatoorrelations were observed for days
to flowering and maturity with seed yield under wagbt stress. Under the irrigated
treatment, 100-seed weight, numbers of pods pet plad pod length at maturity were
also correlated with seed yield. Highly significanatrrelations (r > 0.20) were observed
between yield and dry stem biomass, dry leaf bienaasl total dry biomass measured at
mid pod filling stage under the irrigated treatmanhHarare Research Station. Phenology
traits, days to flowering and maturity were higtdgrrelated (r=0.82; r=0.77) under
rainfed and irrigated treatments respectively. Niggaand highly significant correlations
between dry pod biomass and days to flowering dsasedays to maturity were detected
under both irrigated and rainfed treatments. Nggadind significant correlations were
also detected between yield and days to flowerind enaturity under the rainfed

treatment.
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Table 3.20  Correlations among agronomic traits meaured at CIAT-Palmira in the Andean trials. Top diagonal (bold)

represents the rainfed treatment and the bottom digonal, the irrigated treatment

DF DM PP PL P100 Yield SB LB PB B
DF 1 -0.08 -0.617 -0.56 -0.66 -0.69° 0.10 0.30" -0.67" -0.307
DM -0.24™ 1 0.08 0.60 0.327 0.004 0.13 0.12 -0.14 0.01
PP -0.707 0.03 1 0.47" 0.48" 0.66 -0.05 -0.21 0.55" 0.27"
PL -0.69" 0.42™ 0.53" 1 0.67" 051" 0.06 -0.08 0.41 0.28"
P100 071 0.17" 0.50" 0.68" 1 0.72" -0.01 -0.12 0.58 0.35"
Yield -0.76" -0.10 0.72" 057" 0.73" 1 -0.11 -0.21 0.77" 0.40"
SB 0.37" 0.29™ -0.36" -0.25" -0.28" -0.43" 1 0.83" -0.05 0.74
LB 0.45" 0.25" -0.46" -0.31" -0.40” -0.53" 0.83" 1 -0.16 0.65
PB -0.66" -0.07 0.55 0.39” 0.60" 071" -0.20" -0.31" 1 0.61"
TB -0.377 0.11 0.28" 0.20" 0.36" 0.38" 0.407 0.28" 0.28" 1

DF=days to flowering, DM = days to maturity, PP amber of pods per plant, PL = pod length at matuRtL00 = 100-seed weight, SB = dry
stem biomass at mid pod filling stage, LB = dryflemmass at mid pod filling stage, PB = dry podrbass at mid pod filling stage, TB = total
shoot biomass at mid pod filling stage<0.05,” P<0.01,” P<0.001
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Table 3.21  Correlations among agronomic traits mesured at Harare Research Station in the Andean tris. Top diagonal

(bold) represents rainfed treatment and the bottondiagonal, irrigated treatment

DF DM PP PL P100 Yield SB LB PB B

DF 1 0.82" 0.09 0.02 0.02 -0.297 0.21" 0.38" -0.59" -0.10
DM 0.777 1 0.25 0.12 0.12 -0.16 0.24" 0.43" -0.58" -0.06
PP 0.31" 0.28™ 1 0.04 0.04 0.25 0.08 0.11 -0.04 0.07
PL 0.21 0.24™ 0.05 1 091" 0.12 0.13 0.09 -0.08 0.07
P100 -0.05 -0.006 0.07 0.29 1 0.12 0.12 0.09 -0.08 0.07
Yield 0.17 0.18" 0.50" 0.24~ 0.55" 1 0.10 -0.04 0.18 0.12
SB 0.14 0.13 0.17" 0.08 0.27" 0.337 1 0.64" 0.15 0.77"
LB 0.307 0.27" 0.20° 0.11 0.09 0.29 057" 1 -0.09 0.65
PB -0.55" -0.60" -0.13 -0.21° 0.08 -0.08 0.15 -0.08 1 0.62"
TB -0.14 -0.18" 0.09 -0.05 0.18 0.23" 0.78" 0.65" 0.63" 1

DF=days to flowering, DM = days to maturity, PP amber of pods per plant, PL = pod length at matuRtL00 = 100-seed weight, SB = dry
stem biomass at mid pod filling stage, PB = dry painass at mid pod filling stage, TB = total shbimmass at mid pod filling stage, LB = dry
leaf biomass at mid pod filling stage, P<0.05,” P<0.01,” P<0.001

91



3.4.8 Regression analysis

A stepwise multiple linear regression analysis wasducted to estimate the effects of
100-seed weight, days to flowering and maturitgf liomass, pod biomass, pod length,
number of pods per plant and stem biomass on graid for each treatment at CIAT-
Palmira and Harare Research Station for the AndadriMesoamerican trials. In addition
to these traits, leaf temperature and canopy tesmyner depression were also included in
the analysis at CIAT-Palmira in both Andean and déeserican trials. The two traits
were not measured at Harare Research Station dusakilability of the equipment.
Regression sums of squares were highly signifi¢®s0.001) for both Andean and
Mesoamerican trials under irrigated and rainfedttreents at CIAT-Palmira and Harare

Research Station (data not shown).

The regression model, on the one hand explainés¥8and 52.6% of variation observed
in grain yield in the Mesoamerican genotypes undegated and rainfed treatments at
CIAT-Palmira respectively (data not shown). On thieer hand, it accounted for 58.4%
and 65.5% of the variation observed on grain yielMesoamerican trials under irrigated

and rainfed treatments at Harare Research Stagpectively (data not shown).

In Andean trials, more than 70% of the variatiosated for grain yield under irrigated
and rainfed treatments at CIAT-Palmira was explhibg the regression model (data not
shown), but could only account for 27.8% and 54d&%e variation in grain yield under

rainfed and irrigated treatments at Harare Reseatation respectively (data not shown).

The number of pods per plant made highly signifigés 0.001) contributions to grain
yield of genotypes in both Mesoamerican and Andehs under both irrigated and
rainfed treatments at CIAT-Palmira and Harare Rebe&tation (Tables 3.22 and 3.23).
In Mesoamerican trials, the number of pods pertptaade the highest contribution to
grain yield under rainfed treatments at CIAT-Padrand Harare Research Station (Table
3.22). Furthermore, the number of pods per plardenthe highest contribution to grain
yield under irrigated treatment at Harare Rese8taktion. Positive and highly significant

contributions to grain yield were detected for Ha@d weight at Harare Research Station
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Table 3.22  Estimated contributions of evaluated tits to grain yield and their significance as detenined by stepwise

regression analysis in Mesoamerican trials at CIATRalmira and Harare Research Station

CIAT-Palmira Harare Research Station

Contribution to variation (%) Contribution to vari ation (%)
Trait Irrigated treatment  Rainfed treatment Irrigat ed treatment  Rainfed treatment
Number of pods per  20.57 38.44” 4357 46.28"
plant
100-seed weight ns Ns 42777 25.93"
Total shoot biomass at ns Ns 4.68 2.26"
mid pod filling stage
Days to maturity -17.92 -10.73 -5.08 -3.89
Pod length at maturity ~ 17.40 13.60" Ns ns
Dry pod biomass at mid 24.25" 21.20" Ns ns
pod filling stage
Days to flowering 11.50 Ns Ns ns
Canopy temperature 4.3 9.5 - -
depression
Leaf temperature 277 Ns - -

"P<0.05; "P<0.01; " P<0.001; ns — not significant, - not measured
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Table 3.23  Estimated contributions of evaluated &its to grain yield and their significance as detenined by step wise
regression analysis in Andean trials at CIAT-Palmia and Harare Research Station

CIAT-Palmira Harare Research Station
Contribution to variation (%) Contribution to varia tion (%)

Trait Irrigated treatment Rainfed treatment Irrigat ed treatment  Rainfed treatment
Number of pods per plant 4838 38.23" 40.96 31.40°
100-seed weight 12.88 17.22” 32.54" 14.12"
Days to maturity 9.55 3.81 Ns ns
Pod length at maturity Ns Ns Ns ns
Dry pod biomass at mid  15.48" 16.90" Ns ns
pod filling stage
Dry stem biomass at mid Ns Ns Ns 33.30*
pod filling stage
Days to flowering 11.87 Ns Ns 11.35

"P<0.05; "P<0.01; ~ P<0.001; ns - not significant
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under both irrigated and rainfed treatments. Thatrdmtions of 100-seed weight
towards grain yield were second in magnitude dfter number of pods per plant at
Harare Research Station for both treatments. RagtHeat maturity and dry pod biomass
at mid pod filling stage were also highly signifitan yield determination at CIAT-
Palmira under both irrigated and rainfed treatme@tsopy temperature depression was
also significant in determining the yield of Mesaarman genotypes at CIAT-Palmira
under both treatments. Leaf temperature made &ignif contributions towards vyield
under the irrigated treatment at CIAT-Palmira. Aarbde Research Station, the total
shoot weight at mid-pod filing stage made sigmfic and highly significant
contributions towards yield in Mesoamerican triahgler irrigated and rainfed treatments

respectively.

For the Andean trials, the number of pods per praatle the highest contribution to
variation in grain yield under irrigated treatmeatsCIAT-Palmira (48.98%) and Harare
Research Station (40.96%) (Table 3.23). One hundestl weight also had highly
significant and positive effects on grain yield andoth irrigated and rainfed treatments
at CIAT-Palmira and Harare Research Station. At TGFPalmira, dry pod biomass
accumulated at mid pod filling stage was also irtgodrin determining grain yield in
Andean genotypes subjected to drought stress. Baybpmass at mid pod filling stage
(16.90%) made the third highest contributions tairgtyield variation at CIAT-Palmira
under the rainfed treatment after the number ofspoer plant and 100-seed weight in
descending order. At Harare Research Station, e gield variation under the rainfed
treatment was mainly influenced by dry stem bionatssiid pod filling stage (33.30%)
followed by the number of pods per plant, 100-seeight and days to flowering in

descending order.

3.5 Discussion

The success of plant breeding programmes dependsratic variation that exists within
cultivated crop species. Genotypes in the referenttection of common bean responded
to drought in several ways. In general, droughticed grain yield, the number of pods

per plant, 100-seed weight, pod biomass, stem kEsntatal shoot biomass and days to
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maturity at both locations. Similar effects of dgbti stress on grain yield, yield
components, shoot biomass and plant phenology prengously observed in common
bean (Ramirez-Vallejo and Kelly 1998; Szilagyi 20B®sales-Sernat al. 2004; Emam
et al.2010).

Drought tolerance has been defined in terms ofathiéty to produce grain yield in

common bean despite drought conditions (Subbataal. 1995; Ramirez-Vallejo and
Kelly 1998; Blairet al. 2012) and as such grain yield offers the mosttmalcway to

screen and select drought tolerant common beantyge® (White and Singh 1991,
Teran and Singh 2002). However, grain yield isueficed by a number of external
variables. The combined ANOVA for grain yield atAT}IPalmira and Harare Research
Station indicated that treatments, genotypes andl @keraction were significant in
affecting the yield of genotypes in both Andean &esoamerican trials. Grain yield was
the only trait affected by GxT interaction acrose two treatments in Andean and

Mesoamerican trials.

GXE interaction has often posed major problemsaniety selection in the sense that high
yielding genotypes in one environment sometimefoparbelow expectations in another
(Casquercet al. 2006). Contributions of GXE interaction have been estimhdietween
17% and 27% in legume crops (Kumetr al. 2011). In the current study, ranking of
genotypes changed across treatments and localiegssommon for multi-location yield

trials to encompass a mixture of crossover andanossover types of GXE interactions.

Apart from the water levels, diseases also infleen¢he results to some extent,
particularly angular leaf spot, common bacteriagttl and rust under drought stress at
Harare Research Station. At CIAT-Palmira, the fun8alerotium rolfsiiSacc., caused

grain yield losses under the irrigated treatmertiath Andean and Mesoamerican trials.
Ramirez-Vallejo and Kelly (1998) also reported iatdéions between drought and
diseases in reducing grain yield. Diseases thatlatsusceptible genotypes mask the
expression of the desired drought tolerance tgith as grain yield and shoot biomass,

hence complicating the efforts of breeders to ifigsuperior genotypes under drought
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stress. Premature leaf loss, reduced vigour anith @éausceptible plants due to diseases
results in reduced shoot biomass and poor plantstad hence affect the interpretation
of results (Mayek-Péreet al. 2002). Since common bean production environmergs a
varied in nature and are exposed to different abiabd biotic stresses that co-occur
together with drought, Beebst al. (2008) suggested breeding for multiple constraint
resistance as the best strategy for developinggthtoresistant genotypes in common

bean.

Drought intensity index (DIl) levels of between D.2and 0.71 have been reported in
common bean (Ramirez-Vallejo and Kelly 1998). Theudht stress levels at Harare
Research Station (DII=0.5344, Andean trials; DIBER2, Mesoamerican trials) were
comparable to previous studies on common bean urailgied conditions (DII=0.49,
Schneideet al. 1997, DII=0.48, Rosales-Sereaal. 2004, DII= 0.44 and 0.48, Urred

al. 2007; Frahrret al. 2004) while stress levels in CIAT-Palmira (DII=268B, Andean;
DII=0.2247, Mesoamerican) were lower, though simiteetween the two genepool trials
run parallel to each other in one big field. HarBesearch Station has small fields which
could only accommodate one trial of this magnitu@ensequently the Andean and
Mesoamerican trials were planted in two differeleids at Harare Research Station
resulting in varying stress levels and diseasespres Therefore the drought stress at
Harare Research Station was fairly severe whif@lAT -Palmira it was moderate to low.
The reduction is caused by a decrease in photméatss and water that goes into seeds
during the seed filling stage (Mufioz-Pestal. 2006). The amount of reduction in yield
under drought can also be due to soil types aner @hiotic or biotic stresses (Asfaat/

al. 2012; Blairet al.2012).

The duration and intensity of drought stress in cmm bean determines the level of
grain yield reduction (Porcét al. 2009). In general, grain yield was reduced by 22%b
53% at CIAT-Palmira and Harare Research Statiopec#ely in the Andean trials.
Grain yield reductions for Mesoamerican trials w88 and 40% at CIAT-Palmira and
Harare Research Station respectively. The differenin the stress levels between

locations showed that it is difficult to apply slari levels of drought stress across
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locations and control other stress factors to thmes level. This makes breeding for

drought tolerance more complex since it is difficalhomogenise testing sites

The mean grain yields obtained at Harare Resear@tio® for Andean and
Mesoamerican trials under irrigated and terminaudht were in the same range as
reported in other drought experiments conducteth Veihdraces and partially improved
lines in common bean (Frahat al. 2004; Urreaet al. 2007; Porclet al.2009; Blairet al.
2012). Grain yield under terminal drought for béthdean and Mesoamerican material
was higher at CIAT-Palmira, probably because of ltheer level of drought stress
applied and higher soil fertility at this site. Hever, grain yields for both Andean and
Mesoamerican trials under the irrigated treatmeér€lAT-Palmira were comparable to
other high yielding bean producing environmentgé¢det al. 2007).

Despite the presence of GXT interaction, the mddei@ high estimates for heritability

for grain yield and other traits in both Andean aidsoamerican trials showed that the
genotypic variance component made a larger conioibuihan the environmental effect

in relation to the phenotypic variance componerawkler the presence of cross-over
type GxT interaction showed that selection of fié@avarieties under drought stress
alone is not adequate since this could result iduced yield under optimum

environments (Rosielle and Hamblin 1981). Therefanecommon bean as in other
crops, the GM has frequently been used in seledngdrought tolerant genotypes

(Schneideet al. 1997).

Based on the GM combined with DSI data, the seflegemnotypes for the Mesoamerican
genepool would be BAT477, G11721, G4017 and DOR&980well as the Andeans
SAB645, PVA1111, G5142, SEQ1003, SEQ1027 and G17RM&an yields for these
genotypes were above 800 kg'tacross treatments at both locations. If G11721)1G@4
G5142 and G17076 were found to be acceptable foeratiraits and for seed type,
recommendations could be made for their releasendohel production. These genotypes
could also serve as parents in crossing progranengsting drought tolerance. The other

genotypes are already widely used in many breedmgrammes and are released in
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Ethiopia (SEQ1003), Kenya (SEQ1027) and advancagest of release in Zimbabwe
(SEQ1003).

Replicated multi-location trials across multipléesi (more than the two used in this
study) could be used with a smaller set of elitenggasm to decide on breeding parents
or varietal releases as is done for various cropravement programmes. Significant
improvements in grain yield under both water sedsand non-stressed environments
could be anticipated by using these genotypes @eding programmes for drought
tolerance. However, for effective utilisation ofngdypes identified in the current study,
breeding programmes need to test these genotypks timeir local conditions before

initiating crossing programmes.

A significant finding was that the geographicalgons of the genotypes played a role in
contributing to drought tolerance. In the currently, race Durango sub-race 1 was least
affected by drought stress at both locations araebfition most of the top 20 genotypes
across treatments at both locations were of Duramgielesoamerica race origins with
type Il and Ill growth habits. Terdn and Singh (2p@lso found race Durango genotypes
to be drought tolerant. Brick and Grafton (199Q)rfd genotypes from race Durango to
be more drought tolerant than any other races imneon bean. Race Durango from the
semi-arid and arid northern highlands in Mexico laasng history of adaptation in
drought prone environments. Whitt al. (1994) recognised germplasm from race
Mesoamerica as sources of yield genes for botlss#ceand non-stressed environments
of Central America. Some Andean genotypes with bigimass at pod-fill and that were
medium in maturity were also drought tolerant. Brelean gene pool has been poorly
studied for drought tolerance genes, hence the ritapoe of developing a reference
collection for both gene pools (Blagt al. 2009). However, the high performance of
some race Nueva Granada sub-race 1 genotypes dmudgght stress may have been due
to selection of these genotypes to tropical andreplzal conditions of dry and high

temperatures at drier locations or lower altitudes.

99



Some genotypes from both the Andean and the Mest@mneyene pools are sensitive to
long days and as such could not be cultivated gh hatitude areas (White and Laing
1989). Breeding programmes and farmers in thesasam@ght not find some of the

promising genotypes identified in the current studseful. However, a backcross
breeding scheme could be useful to introduce drotglerance genes into varieties
adapted to high latitude environments. It is evideom the genotypes identified above
that both Andean and Mesoamerican landraces ceuidséd together in multiple crosses

to generate progenies with different drought toleeamechanisms.

Andean and Mesoamerican genotypes with high geaneteans for grain vyield
identified in the current study could be used todgtdifferent components and the
genetics of drought tolerance in common bean asdeas by Asfawet al. (2012) and
Blair et al. (2012).

Among the components that are important for drouglerance, avoiding reductions in
100-seed weight and number of pods per plant atieatr Various authors have found
that grain yield reduction due to drought stress baen strongly associated with the
number of pods per plant (Szilagyi 2003) as welll@8-seed weight and pod length
(Singh 1995, Schneidest al. 1997; Rosales-Sernat al. 2004; Singh 2007). Drought
during anthesis was shown by Mwanamwegrgal. (1999) and Habibi (2011) to cause
up to a 47% reduction in the total number of flosver common bean. Consequently, the
total number of pods is negatively affected and re@uction has been reported in the
range of between 21% to 65% depending on inteasityduration of the drought stress
(Teran and Singh 2002; Singi al. 2001). The regression analysis carried out in this
study found, that the number of pods per plant nfagely significant contributions to
grain yield under both irrigated and rainfed treais. In addition, pod length made the
highest contribution to yield in Mesoamerican ggpet subjected to drought stress at
CIAT-Palmira.

Previous studies on common bean suggested thalettrease in the number of flowers

and pods per plant were due to limited vegetatresvth of branches located in the lower
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nodes of the main stem (Board and Harville 1998}hé current study, dry leaf and stem
biomass were significantly reduced in some Andeah Mesoamerica genotypes under
drought stress at both locations. Shading of oldaves is a common phenomenon for
common bean under drought or nutrient stress. @&saeti al. (2005) demonstrated small

and newly formed leaves had limited capacity aswce of photosynthates to support
many flowers and pods. In the current study, comimean under drought stress aborted

flowers and pods to maintain a few which could lygp®rted by the new leaves.

In most legume crops, marketability and abilityatiract high prices is determined by
seed weight, colour and shape. A reduced plantpgaono biomass at mid pod filling
stage has been shown to also have a negative efies¢ed filling (Asfawet al. 2012).
The ability of leaves and stems to serve as sowtehotosynthates is reduced. In the
current study, 100-seed weight was reduced in sgemtypes under the rainfed
treatment. Seed development and filling are boftacefd by drought and many seeds
shrivel during seed production (Isg al. 2005). In some grain legumes such as soybean,
pods abort due to the low ovule fertility resultingm a decrease in the hexose to sucrose
ratio after anthesis. This negatively affects betled quality and yield produced under
drought stress. Once genes contributing to highdyileigh shoot biomass, number of
pods per plant and seed set are tagged, the assbcimarkers can be used in MAS

breeding programmes.

Drought escape is desirable and has proven to éfelus legume crops. Over the last
few decades, breeding programmes in both cerealdemumes worldwide have been
breeding for earliness as a way of minimising diagses to terminal drought stress. In
this study, days to flowering were not affected drpught stress in the majority of
Andean and Mesoamerican genotypes at both locatRresious drought experiments in
common bean also showed that days to flowering wetaffected by drought (Ramirez-
Vallejo and Kelly 1998; Lizzanat al. 2006). However, a reduction in number of days to
maturity was observed for some Andean and Mesoaaregenotypes under the rainfed
treatment at both locations in the current studgrdm and Singh (2002) found a 3%

decrease in the number of days to maturity betweggated and rainfed treatments in
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Palmira in Mesoamerican genotypes. Singh (20070 edported a reduction of up to 4
days in race Durango. Negative correlations betwdssrs to maturity and seed yield in
Andean and Mesoamerican trials at both locatiodgcated that genotypes with lower
days to maturity under drought stress reachedititeekt yields. Both Beelet al. (2008)
and Blairet al. (2012) found that late maturing genotypes in avaaded breeding line
trial and a QTL population suffered some decredaseperformance under terminal
drought stress. Nleyat al. (2001) cited early maturity as one of the compdset
terminal drought avoidance in common bean. Drouggtdelerates the maturity as a

mechanism of resistance to drought that involveagag the drought period.

Matching of crop phenology and rainfall patterngssential for improving adaptation of
common bean in water stressed environments (LudlmvMuchow 1990; Rosales-Serna
et al. 2004). Passioura (1977) also suggested the matiqulof phenology of a crop to

fit its environment in terms of water managementdsey to drought tolerance. Some
Durango genotypes that showed early maturity etddbihigher seed yields under
drought conditions. This observation was suppoitgdthe negative and significant

relationship observed between yield and days tartatinder rainfed treatments at both

locations for the Mesoamerican trials.

Stem, leaf and pod biomasses were reduced undeglirctress at both locations
through restrictions in stem and pod expansion af as decreased leaf area and
accelerated leaf senescence. Inhibition of expaneioleaves and stems reduces the
surface area for transpiration and has been usedalpys as an adaptive mechanism to
drought stress. Similar variability for shoot bissahas also been reported among
common bean cultivars grown under moderate to sedEught stress (Rosales-Seeta
al. 2004; Emanet al. 2010) indicating the feasibility of manipulatinigig trait through
classical breeding techniques. Shenkut and BriOk32 and Rosales-Serea al. (2004)
proposed the use of plant biomass as an indiréattsmn criterion for drought tolerance

since it has moderate to high heritability and bithilow GxE interaction.
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The Andean and Mesoamerican genotypes with high f&M grain yield across
treatments at each location in this study had hogal biomass at mid-pod filling stage
under terminal drought. A high shoot biomass acdatimn prior to flowering has been
effective in supporting yield under drought cormhts (Plautet al. 2004; Blum 2005). A
high shoot biomass translates to a big canopy whielps in reducing surface soil
evaporation, thus increasing the amount of moistneglable for transpiration (Sarket
al. 2005).

Most of race Durango genotypes have small leavek <ort lower internodes that
provide good ground cover. In the current studynsamenotypes from race Durango
were early maturing and were indeterminate grovethithlll and sprawl across the row.
These characteristics help reduce evapo-trangpiratnd conserve soil moisture. Soll
moisture remains for plant use thereby facilitatimgrmal plant metabolic processes
(Singh 2007). These genotypes may provide the fatiow for the development of
genotypes with wide adaptability to drought, butoagmic considerations are important

as well as GxT interactions with irrigated condigo

This indicated that apart from genetic and phygiga mechanisms, morphological
characteristics can act to minimise water loseastlin some Mesoamerican genotypes
such as the Durango accessions. However, for trded@m genotypes in the reference
collection of common bean, the role of plant amsttiire may be different with an
advantage of type | over type Il beans. Therefireemains to be seen if indeterminate
plant architecture might be useful in improving utybt tolerance in all common beans.
Ghassemi-Golezani and Mardfar (2008) also realteedimportance of morphological

characters in the adaptation of plants to stregs@mments.

Although quantitative in nature, total biomass Vess influenced by GxT than other
yield component traits and might be a useful faitdrought tolerancel he identification
of specific morphological and physiological traitsat improve adaptation to terminal
drought will lead to improvements in drought tolera (Subbaraet al. 1995). Despite

its potential use in drought tolerance, in the entrstudy total shoot biomass was
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measured by destructive sampling which is labotenisive and time consuming for the
evaluation of a large number of genotypes. Rapdl rmn-destructive surrogate traits to
shoot biomass need to be identified for quick eataduns of a large number of genotypes

and wider use in breeding programmes.

In both Andean and Mesoamerican trials, advancezs$ lor check genotypes had highest
seed vyield values under irrigated and rainfed mneats at both locations. Improvement
towards tolerance to water stressed environmenisimage caused check genotypes to
perform well under both treatments. This showspibesibility that breeding programmes
have the capacity to develop high yielding gencgywpeder varying drought conditions in
the world once tolerant parents are identified. ooh the easy to phenotype and
relatively inexpensive physiological, morphologicahenological and yield component
traits identified in the current study could spéleel selection process of drought tolerant

genotypes as was done in Bourgault and Smith (2010)

3.6 Conclusions

Traits conferring dehydration avoidance and toleeawere expressed by genotypes in
the reference collection of common bean and argiated physiological, phenological,
genetic and morphological approach is needed tbsaitisuch traits in breeding
programmes. Apparently, the best drought toleramotype should combine the high
yield and architecture of the Mesoamerican racethedirought tolerance from Durango
race. Race Nueva Granada could also serve as asgawde of drought tolerance in

Andean beans.
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Chapter 4

Phenotyping for drought adaptive root traits undergreenhouse conditions

4.1 Abstract

Drought affects common bean productivity in 60%beé&n producing areas in the world.
The objectives of this study were to determine rible of deep rooting and other root
properties in improving yield under drought stresscommon bean landraces and to
determine phenotypic differences among elite comnb@man genotypes for root
development under water stress. Experiments weardumbed in a greenhouse at CIAT
headquarters, Palmira, Colombia in 2009 and 201@guthe soil cylinder system. A
randomised complete block design with three ref@ggavas used in each trial. Well
watered and water stressed treatments were appliedch trial. A total of 33 Andean
landraces and three Mesoamerican checks were é&s@lica objective one. The Andean
landraces and Mesoamerican checks were part ofefieeence collection of common
bean. A total of 40 elite Andean and Mesoamericamotypes, mostly used as parents
targeting different traits in many breeding prognaes, were evaluated for objective two.
Root, leaf, stem, pod and physiological traits wesasured in both trials. Genotypes had
different responses to water stress in both triatsne genotypes had faster root growth
rate, longer root length, volume and biomass undater stressed than well watered
conditions in both trials. Leaf, stem and pod sras well as stomatal conductance were
reduced in many genotypes under water stress im toals. On the contrary, the total
root biomass and mean root diameter were not sgnifly different between the two
treatments. In conclusion, deep rooting alone natybe adequate for drought tolerance
in common bean. Variability of root traits was exgsed either as adaptive or constitutive
traits depending on genotype and development obtstnaits was reduced under water
stress.
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4.2 Introduction

Plant adaptability and productivity depend on thevimnment's ability to supply
resources required for plant metabolic and phygioll needs (Heet al. 2005). Roots
dictate how plants acquire essential undergrousdurees for growthRoots provide the
mechanical support of the plant and absorb watevedlsas nutrients required for plant
growth and function (Gregory 2006). In legume crap®ts have an additional function
of providing sites for nodulation and nitrogen fixa. Crop productivity under abiotic
constraints can be enhanced by improved root trasjsonsible for water scavenging and
improved nutrient acquisition (Clarlet al. 2011). However, root development,
morphology and architecture are affected by soWspial, chemical and biological

properties, plant genotypes and the climate (Spgadolet al. 1989; Clarket al.2011).

Soil water supply is one of the major factors difegroot development (Pritchard 1994).
Roots are the first tissue to experience a redociio soil moisture, initiating

morphological and metabolic changes before obsér&igns of water deficit on leaves
and other plant parts are noticed. A study by Raitd (1994) showed that roots
experiencing water stress increase their extengiowth. Root growth is influenced by
an increase of ABA production in roots (Pritchar@94). During this process, roots
become a stronger sink than any other plant pafttia@ transport of assimilates to the

roots is enhanced at the expense of a reduced lyaiidaves (Saaét al. 1990).

Deep roots have the ability to extract residualsnoe available in deeper soil layers in
arid and semi-arid environments and contribute tgh hcrop yields under these
environments (Blum 1988). Deep rooting and otheut roharacteristics have been
demonstrated to play a major role in drought avaigain many crops. A study by
Sponchiadoet al. (1989) showed a significant correlation of deepting with shoot

growth and seed yield in common bean. BAT477, aTCbked line, has a high yield
under water stressed conditions due to its deejingability (Rao 2001). Modifications

of root systems through breeding and selectioneofelicial root traits can offer a cost
effective way of improving common bean productivityder drought stress (de Dorlodot

et al. 2007). Common bean breeders have also used sam@ehotypes for biotic and
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abiotic tolerance improvement. However, root traitthese genotypes are unknown. Yet

root characteristics offer part of the solutiordtought and low soil fertility problems.

The objectives of this study were to:

- Determine the role of deep rooting, root length bimnass distribution and mean
root diameter in improving yield under water stegss<onditions in selected
Andean and Mesoamerican genotypes from the referewitection.

- Determine phenotypic differences among elite commugan genotypes,
commonly used as parents in breeding programmespéd development under
water stress induced by progressive soil drying.

4.3 Materials and methods

4.3.1 Materials

Two greenhouse studies were conducted at CIAT heatkys in Palmira in 2009 and
2010 using the soil cylinder system (Butaet al. 2011). Trial 1 (2009) involved
evaluation of a sub-set of Andean landraces inréfierence collection. A total of 36
genotypes were evaluated (Table 4.1). Genotypestsel represented all three races of
Andean beans with the exception of race Chile wh&mot adapted to water stress
conditions. Most genotypes were included in thial thbased on their high yield under
field trials at CIAT-Palmira in 2009 and G19833 wesd because of its historical use in
genetic studies. Seven Andean and three Mesoamecivacks were included (Table
4.1). The Mesoamerican checks were included indtudy because of their known root

and physiological characters.

Trial 2 (2010) consisted of 40 mixed elite Andeawd Mesoamerican genotypes (Table
4.2). The composition of genotypes included reldasarieties in southern Africa and
elite genotypes commonly used in breeding prograsniiee genetic improvement

targeting such stresses as: drought, low P and confracterial blight.
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Table 4.1 Andean genotypes, principal characterists and country of origin
evaluated for morphological root traits under greermouse conditions
at CIAT-Palmira

Genotype Race Seed size Phaseolin Growth  Country of origin

type habit

G14253 NG2 L T I Peru

G11512 NG2 L T I Ecuador

G6873 NG2 L T I Brazil

AND1005 NG2 L T Il Colombia

G18264 NG2 L T 1] Dominican Republic

G4644 NG2 L T I Colombia

G11585 NG2 L T I Peru

G17076 NG2 L T I Ecuador

G5708 NG2 L T I Colombia

G5034 NG2 L T I Brazil

G21210 NG1 L T I Colombia

G1688 NG1 L T Il Brazil

G5625 NG1 L T I Mexico

G4534 NG1l L CA I Colombia

G16115 NG1 L T I Peru

G4001 NG1 L T Il Costa Rica

G22247 NG1 L T Il Dominican Republic

G18255 NG1 L T Il Cuba

G6639 NG1 L ™ I Haiti

G17070 NG1 L T I Ecuador

PVAT773 P L T I Colombia

G2686 P L T I Peru

G4721 P L H Il Peru

G22147 P L T I Peru

DRK47 P L T I Colombia

G19833 P L H 11 Peru

SEQ1027 Andean L - I Breeding line

CAL96 Andean L - I Breeding line

SEQ1003 Andean L - I Breeding line

SAB645 Andean L - I Breeding line

CAL143 Andean L - I Breeding line

SAB258 Andean L - I Breeding line

AFR619 Andean L - I Breeding line

G21212 M S - [ Breeding line

DOR364 M S - 1] Breeding line

BAT477 M S - 11 Breeding line

NG1 — Nueva Granada 1; NG2 — Nueva Granada 2; ét4; Rl — Mesoamerican; S — small; M —
medium; L — large; T — Tender green; CA — Conterathet Ayacucho hybrid; TM — Tender green
and Middle America hybrid; H — Huevo de huanchaaepresents unknown phaseolin type.
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Table 4.2 Elite varieties and production merits evimated for morphological root

traits under greenhouse conditions at CIAT-Palmira

Genotype Origin Growth  Seed Merits
habit size

AFR298 A I L Released in Colombia, drought tolerand
widely used in breeding programmes in Africa

AND277 A I M Angular leaf spot tolerance

CAL96 A I L Released in Uganda, angular leaf spterance
and widely used in breeding programmes in East
and Central Africa

BRB191 A I L Has thdédc3gene for common bean mosaic virus

CAL143 A I M Released in Malawi and has tolerarcangular
leaf spot and low fertile soils

DAB147 A I M Drought tolerance

DAB62 A I L Drought tolerance

DRK149 A I L Drought tolerance

DRK156 A I L Drought tolerance

G19833 A i L Low phosphorus tolerance

G19839 A i L Low phosphorus tolerance

G4523 A I M Released in Colombia, good droughtrentee

KATB1 A I S Drought tolerance

KATB9 A I S Drought tolerance

Natal A Il M Drought susceptible but widely distributeml i

Sugar southern Africa

PAN127 A Il M Drought susceptible. Released in &oAtrica
and registered in some SADC countries

RAA21 A Il S Drought tolerance

Red A I L Drought tolerant through earliness and wydel

Canadian distributed in Africa

Wonder

SAB259 A I M Drought tolerance

SAB686 A I M Drought tolerance

SAB712 A I M Drought tolerance

SEQ1003 A Il L Drought tolerance

SEQ1006 A I L Drought tolerance

SEQ1027 A I L Drought tolerance

SEQ1036 A Il L Drought tolerance

SUG131 A I L Good market class and released vaitety
Zimbabwe, Malawi and Ethiopia. Susceptible to
drought

VAX6 M Il S Common bacterial blight resistance amidle

breeding use
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Table 4.2 continued

Genotype Origin  Growth  Seed Merits
habit size

VAX3 M [l S Common bacterial blight resistance amidle
breeding use

VAX1 M Il S Common bacterial blight resistance amidle
breeding use

BAT477 M 11 S Resistant to drought and low soilgsiphorus

SER8 M Il S Drought tolerance

SER22 M Il S Drought tolerance

SER16 M Il S Drought tolerance and released in Rlaan
Nicaragua and widely tested in Profiijol

SEQ11 M Il S Drought tolerance

SEC16 M Il S Drought tolerance

SEAS M Il S Drought tolerance

SEA15 M Il S Drought tolerance

Pinto M Il S Drought tolerance

Villa

G2333 M \Y S Anthracnose and low soil phosphorlsrémce

DOR364 M I S Released in Central America. Toletartbean

golden mosaic virus and low soil phosphorus.

A — Andean; M — Mesoamerican; S — Small; M — Medilur large

4.3.2 Methods

Soil of the Andisol classification was collectesrfr Darien, Colombia, ground and
sieved before mixing it with river sand in a 2:Xigaat CIAT-Palmira. The soil-sand
mixture was fertilised with an adequate level ofriemts (kg hd: 80 N, 50 P, 100 K, 101
Ca, 29.4 Mg, 20 S, 2 Zn, 2 Cu, 0.1 B and 0.1 Monhgislifferent sources of nutrients
shown in Table 4.3 and mixed thoroughly with a mifgutareet al.2011).

A total of 4.25 kg of the soil-sand-fertiliser mixe was added to reach a depth of 75 cm
in transparent plastic cylinders which were 80 ceep with a 7.5 cm diameter. The
process of filling up the cylinders involved weighiand placing 500 g of soil-sand-
fertiliser mixture in the cylinders and adding 160 of deionised water. When the
deionised water had infiltrated through the soileséertiliser mixture another 500 g of
soil-sand-fertiliser mixture was added. The whalecpss was repeated until the 75 cm

mark of the transparent plastic cylinders was redciCylinders were then inserted into
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PVC tubes and placed in the greenhouse and magdtaah 80% field capacity until
planting.

Table 4.3 Source and level of nutrients applied tthe soil used for the root studies

Source Nutrient ~ Content of nutrient Nutrient level
by source (%) (kg ha?)
Urea N 46.0 80.0
Triple super phosphate P 20.0 50.0
Ca 14.0 35.0
KCI K 52.0 100.0
Dolomitic lime Ca 22.0 66.0
Mg 9.8 29.4
Elemental sulfur S 86.0 20.0
ZnClp Zn 47.0 2.0
CuCkL2H,0 Cu 37.1 2.0
H3BO3 B 17.4 0.1
Na MoO, 2H,0 Mo 39.4 0.1

Field capacity was determined by watering the dgmand allowing the water to drain
from the cylinder and then weighed to register #meount of soil moisture in the
cylinder. Seeds were sterilised by soaking the®Pincalcium hypochlorite for 5 minutes
and germinated on germinating paper. Seedlings witiform small roots were
transplanted into the cylinders after 48 hours.y@mle seedling was planted at the centre

of each cylinder at a depth of about 5 cm.

4.3.2.1 Experimental design

A randomised complete block design with three ogpibns was used in each trial. Two
levels of water [well watered (WW) and water str@d&S) induced by progressive soil
drying)] were employed in each trial. Cylinders fd&/W and WS treatments were

randomised together in each replication.
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4.3.2.2 Trial management

Cylinders in both treatments were weighed everyiseéaay to monitor water loss and
the initial 80% field capacity of the cylindershioth treatments was maintained until day
ten after transplanting. Water was withheld in tWS treatment ten days after
transplanting while cylinders in the WW treatmeeteaived water every second day to
maintain the initial 80% field capacity. This washaevedby weighing each cylinder at
two day intervals and applying the required watethe top of the cylinder. Weighing
cylinders in both treatments continued until hatvmgsto monitor the moisture content in

the soil.

4.3.2.3 Traits measured

Phenotypic traits measured were classified intogvaups, namely morphological (shoot
and root) and physiological. Shoot morphologicalitsr included green leaf biomass
(GLB), dead leaf biomass (DLB), stem biomass (§®)Y biomass (PB) and leaf area
(LA). The root morphological traits included totasual rooting depth (VRD) measured
at different days after planting (DAP), total rdehgth (TRL), total root length with
diameter 0-0.5 mm (TRlsmn), total root length with diameter 0.5-1 mm (TRk), mean
root diameter (MRD), total root biomass (TRB) amdtrvolume (RV). Physiological
traits included chlorophyll content (SCMR, SPAD aroiphyll meter reading), leaf
stomatal conductance (SCOND) and photosyntheticieficy (PE).

4.3.2.3.1 Visual rooting depth
In both trials, VRD was determined at 10, 17, 24,40 and 45 DAP. A ruler was used to
measure the root depths.

4.3.2.3.2 Leaf chlorophyll content

SCMR was measured using a non-destructive, hamtdigbrophyll meter (SPAD-502

Chlorophyll Meter, Minolta Camera Co., Ltd., Tokydapan). The SPAD value was
measured on a fully expanded young leaf of onetptdneach replication in both

treatments. SPAD-502 measures the chlorophyll cordeailable in the leaf using the
blue (400-500 nm) and red (600-700 nm) solar ramhadbsorbance peaks. Only the
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absorbance in the red and near-infrared wavelerigthsgistered by SPAD-502 and is
used to determine the amount of chlorophyll avédlain the leaf. The SPAD-502

readings range between 0 and 80 nmof.cm

4.3.2.3.3 Stomatal conductance

SCOND was measured using a portable leaf poronieeragon Devices INC) as mmol
m? s* and is a measure of stomatal conductance for watpour. This instrument
measures the water vapour flux from the leaf sertache atmosphere. A fixed diffusion
path is clamped to the surface of the leaf andveqmur flux is determined from the
vapour pressure gradient in the diffusion pathtiwedknown vapour conductance through
the fixed path. Stomatal conductance was measured fally expanded young leaf on

three different plants within each replication wthbtreatments.

4.3.2.3.4 Other measurements

Trials for both the WS and WW treatments were hstaek 45 days after transplanting.
Harvesting involved separating the leaves, podssteochs (Butareet al. 2011). Stems
were cut at the soil surface. Separated leaves @od stems were placed in well labelled
paper bags and leaves were scanned in the labprfatot A analysis using a LI-3100
Area Meter (LI-COR Biosciences, Lincoln, NE USA)datie dry biomass of plant parts
was determined by oven drying samples &Cofor 48 hours. The plastic cylinders were
cut into at the following depths; 0-5 cm, 5-10 d®;20 cm, 20-40 cm, 40-60 cm and 60-
75 cm to determine root length, biomass and voltoneach profile. Roots at each depth
level were separated from soil by washing with wated placed in well labelled plastic
packets. Root length, diameter and density weresared with an image analysis system
(WinRHIZO V. 2003b, Regent Instruments Inc, Queb€anada). Root weight was

determined after roots were dried in an oven S&€66r 48 hours.
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4.3.3 Statistical analysis

The phenotypic data collected were initially anatyseparately for each treatment and
then combined for the two treatments. Pearson letioe coefficients (r) between traits
evaluated under both treatments were calculatdcarfdlyses were done using Agrobase

Generation Il software (Agronomix Software Inc. 3D0

4.4 Results for the sub-set of Andean landraces

As the genotypes were too many to discuss themn dltail, only genotypes which had
the most significant differences in TRL between th&/ and WS treatments were
selected for discussion purposes. A total of 20eamdgenotypes were selected based on
this criterion for both the sub-sets for Andeandi@ces and mixed elite Andean and
Mesoamerican trials. Genotypes were distributetbéews; checks (9), sub races NG1
(5), Peru (4) and NG2 (2) according to race designain the sub-set of Andean
landraces.

4.4.1 Visual rooting depth

VRD was significantly different between water levelt 17, 24, 31, 40 and 45 DAP
(Table 4.4). Under the WS treatment, root growthsome genotypes was hastened,
where lines: DRK47, G2686, SEQ1003, G19833, G400HR619 and G5625 had
significantly deeper roots than under WW treatnfearh 24 to 45 DAP.

4.4.2 Total root length and its distribution amongdifferent soil depths

Results of the analysis of variance for TRL, tRknand TRLm, are given in Table 4.5
(all 36 entries included in analysis). The propod of the total sum of squares for
genotypes and treatments contributing to variati@ne below 6% for TRL, TRismm
and TRLmm The combined ANOVA showed that TRL, TRdmm and TRLmm were
significantly affected by soil depth main effectghich explained more than 45% of the
total variation of each trait.
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Table 4.4 Visual root depth (cm) measured at diffent days after planting for the
under greenhouse well watered and water stressedetments

Andean reference ollection sub-set

Trait VRD at 10 DAP VRD at17 DAP VRD at 24 DAP VRDat 31 DAP VRD at40 DAP VRD at 45 DAP
Environment WW WS WwW WS WwW WS wWw WS WwW WS WwW WS
Genotype

DOR364 13.70 17.43 21.13 28.40 30.63 33.70 38.57 .8739 44.87 42.43 50.53 48.73
SAB258 14.00 14.13 24.33 27.13 35.23 45.57 46.37 .27/56 51.13 62.90 59.07 70.43
DRK47 1410 17.33 18.23 27.00 2247 4727 27.77 85b5. 3353 64.40 39.90 69.27
G2686 17.53 20.57 27.10 33.70 34.47 50.97 40.87 8064. 43.23 67.03 46.80 70.67
G11512 1467 1163 26.10 1997 3557 30.20 48.53 .1044 5420 52.13 6150 61.33
SEQ1003 19.80 1790 28.70 2883 3480 4393 39.37%5.835 4230 60.17 46.77 66.00
SEQ1027 19.60 1890 28.33 26.67 3650 41.33 46.806.735 54.63 61.63 59.53  70.80
BATA477 18.27 1447 26.13 2680 38.07 38.00 50.77 .947 59.07 59.00 70.60 64.87
G19833 16.57 1797 2547 29.67 37.37 43.93 44.80 .8759 52.17 70.67 54.63 72.80
SAB645 19.30 21.23 34.27 3200 4227 4030 49.70 .3B5 56.37 62.10 61.07 66.60
G4001 16.80 18.27 25.47 28.07 35.27 4277 45.63 2758. 4843 69.47 54.00 75.00
G4534 19.10 14.53 27.43 25.57 36.13 41.93 43.47 8747. 48.23 55.30 58.20 58.73
G4721 17.33 16.93 27.43 27.33 37.60 52.00 48.03 9054. 57.13 64.63 64.87 67.33
G18255 22.13 16.97 32.57 26.47 41.93 41.13 48.77 5748 57.10 54.60 58.23 58.60
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Table 4.4 continued

Trait VRD at 10DAP VRD at 17 DAP VRD at 24 DAP VRD at 31 DAP  VRD at40 DAP  VRD at 45 DAP
Environm WW WS WW WS WW WS Ww WS Ww WS Ww WS
Genotype

AFR619 17.93 18.10 29.30 32.73 39.50 46.30 48.27 .27/59 51.17 65.90 55.87 71.37
G5625 16.37 23.30 27.40 38.00 39.37 50.97 43.40 9761. 48.47 71.23 52.60 73.77
CAL96 1597 16.83 27.83 28.93 42.90 42.10 51.67 83%1. 56.03 59.67 69.50 64.40
Trial mean 16.92 16.61 25.99 27.44 35.74 40.74 h4.9%52.31 50.72 59.44 56.61 64.73
LSD 5.43 6.81 8.08 9.13 9.97 14.67 16.03 18.64 ©0.8 18.29 23.15 16.50
MS 14.63 27.61 31.71 45.96 50.85 74.85 101.93 123.6124.93 150.21 169.67 135.75
Error 11.11 17.50 24.60 31.42 37.45 81.12 96.96 .01 164.08 126.08 202.14 102.72
MS* VRD at 10DAP VRD at 17 DAP  VRD at 24DAP VRD at BAP VRD at 40 DAP VRD at 45 DAP
WI MS 5.05 114.26* 1348.50*** 2906.93*** 4102.94*** 3563.22%**

G MS 27.92* 44.85* 65.46 105.34 139.33 146.07

G x WI 14.32 32.82 60.23 120.21 135.81 159.35

LSD 5.43 6.04 8.79 12.19 13.75 14.09

*P<0.05;” P<0.01;” P<0.001; VRD — visual root depth; DAP — days aftaming; WW — well watered; WS — water stressed-seiast significant difference;
G — genotype; T — treatment; LSD — least signifidifierence; m.s. — mean square; W| — water leM8’ - mean squares between treatments
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Table 4.5 Analysis of variance for root traits dataderived from the reference

collection genotypes under greenhouse conditions @AT-Palmira, 2009

Trait: Total root length

Trait: Root length with diameter 0-0.5 mm

Source D.f. S.S. m.s. % explained Source D.f. S.S. m.s. Ypdained
Genotype (G) 35 1555.03 44.00%** 3.88 Genotype (G) 35 9B8.  28.26*** 3.65
Treatment (T) 1 361.06 361.06%** 0.9 Treatment 1 89.33 89.33*** 0.33

(M
Soildepth (S) 5 23025.6 4605.12%+* 57.41 Soil depth (Sp 15724.58 3144.92*** 58.07
GxT 35 1004.82 28.71%** 2.51 GXT 35 670.39 19.15%** 2.48
GxS 175 1779.14 10.17 4.44 GxS 175 1240.14 7.09 4.58
TxS 5 843.53 168.71%* 21 TxS 5 464.62 92,92%** 1.72
GXTxS 175 2011.47 11.49 5.02 GXTxS 175 1341.42 7.67 4.95
Error 856 9364.28 10.94 23.35 Error 856  6461.06 7.55 23.86
Total 1289  40106.9 Total 1289 27078.95
Trait: Root length with_diameter 0.5-1 mm Trait: Root volume
Genotype (G) 35 58.69 1.68** 4.8 Genotype (G) 35 33.16 0.95" 5.76
Treatment (T) 1 64.27 64.27%** 5.22 Treatment 1 28.57 2957" 4.96

(M
Soildepth(S) 5 602.93 120.59*** 49.05 Soildepth(S) 5 77247 55.43" 48.16
GxT 35 32.7 0.93*** 2.66 GXT 35 16.55 0.47" 2.88
GxS 175 62.75 0.36 5.15 GxS 175 28.9 0.17 5.07
TxS 5 44.71 8.94*** 3.64 TxS 5 20.01 4.00" 3.48
GXTxS 175 67.59 0.39 5.5 GXTxS 175 29.71 0.17 5.16
Error 856 290.06 0.34 23.6 Error 856 138.3 0.16 24.03
Total 1289 1229.22 Total 1289  575.55
Trait: Mean root diameter Trait: Total root biomass
Genotype (G) 35 0.923 0.027" 4.25 Genotype (G) 35 0.3445 (.0098” 5.38
Treatment (T) 1 0.176 0.176" 0.8 Treatment 1 0.0949 0.0949" 1.48

(M
Soildepth(S) 5 4.02 0.804" 18.37 Soildepth (S) 5 4.0329 0.8068" 62.99
GXT 35 0.711 0.020" 3.25 GXT 35 0.1499  0.0043" 2.34
GxS 175 2.493 0.014 11.39 GxS 175 0.2467 0.0014 3.85
TS 5 0.292 0.058" 1.33 TS 5 0.0871  0.0174” 1.36
GXTxS 175 3.065 0.018" 14.01 GXTxS 175 0.2335 0.0013 3.65
Error 856 10.195 0.012 46.59 Error 856 1.1757 0.0014 18.36
Total 1289 21.88 Total 1289  6.4022

***pP <0.001; D.f. — degrees of freedom; s.s. — sum o&sEg) m.S. — mean squares
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ANOVAs for root length traits revealed a highly mificant effect of genotype and
treatment interaction. DRK47, G5034, SEQ1003, G26&td G5625 exhibited
significantly higher TRL under WS than WW treatnseifTable 4.6). In contrast, the
remaining 15 genotypes had significantly longer T&Rider WW than WS. DRKA47,
G5034 and G5625 had also higher tRkyn under WS than WW (Table 4.7). TRl
was not significantly different between treatmeimtsa number of genotypes including
DRK47 and G5625 (Table 4.8). No genotype portraygther TRLmm under WS than
WW while most genotypes had significantly higher LER,, under WW than WS

treatments.

The results of the ANOVA in Table 4.5 showed highignificant treatment x soil depth
interactions for TRL, TRgsmmand TRL . Table 4.9 showed trial means for root length
traits measured at different soil depths under WWM$\WW treatments. The WS treatment
had significantly higher trial means for TRL and OgRnmthan WW at the 40-60 cm soill

profile level.

Figure 4.1 presents trial means for the root lengihs to elucidate the interaction that
existed between treatments and soil depths. A avessype of interaction existed for
TRL and TRlgsmm TRL and TRIlgsmmWwere higher under WW than WS at the first four
soil depth levels. However, the two root lengthtsravere higher under WS than WW at
the last two soil depth levels. TR ranked higher under WW than WS on the first five
soil depth levels.
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Table 4.6

Genotypic means for 20 genotypes for #dt root length (cm) in the Andean reference collegin under
greenhouse conditions at CIAT-Palmira, 2009

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
AFR619 WS 11.31 7.51 6.92 9.24 5.43 2.08 7.08
wWw 8.52 11.64 17.31 15.81 4.92 0.64 9.81
BAT477 WS 13.21 8.17 9.05 9.81 7.05 0.50 7.96
wWw 13.25 10.93 14.44 16.25 10.18 2.20 11.21
CAL96 WS 12.26 7.22 8.15 12.07 3.35 1.76 7.47
wWw 16.51 11.96 16.24 17.20 4.40 0.56 11.15
DOR364 WS 10.41 7.19 8.10 5.86 151 0.00 5.51
wWw 14.49 10.05 13.58 6.90 3.01 1.32 8.23
DRK47 WS 16.49 11.00 12.21 17.45 6.68 2.99 11.14
WWwW 17.25 8.55 12.18 6.77 0.48 0.00 7.54
G11512 WS 17.50 9.58 8.85 7.26 3.33 0.44 7.83
wWw 12.39 9.07 14.45 17.49 6.49 1.17 10.18
(18255 WS 9.80 7.54 6.65 4.84 3.07 0.46 5.40
wWw 8.92 11.98 11.78 13.17 4.87 1.00 8.62
(19833 WS 15.23 10.33 8.09 8.82 7.62 2.05 8.69
WWwW 15.73 9.97 14.45 17.96 4.25 0.18 10.42
G21210 WS 9.47 9.77 12.09 9.75 4.35 0.52 7.66
ww 10.03 9.85 14.53 17.68 441 1.75 9.71
G21212 WS 9.08 8.82 10.08 1.77 1.59 0.03 6.23
WWwW 16.93 9.80 15.37 17.34 5.40 1.04 10.98
G2686 WS 11.21 5.70 6.67 6.12 5.50 2.32 6.25
WWwW 7.65 8.66 9.38 7.73 1.26 0.04 5.78
G4001 WS 10.26 9.96 9.47 9.80 5.36 1.58 7.74
WW 17.17 16.85 15.97 14.11 4.23 0.58 11.49

124



Table 4.6 continued

Genotype Treatment  0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
G4534 WS 11.72 6.25 9.68 8.82 1.95 0.18 6.43
ww 9.16 6.87 11.49 14.39 2.56 0.11 7.43
G4721 WS 15.80 9.40 10.29 11.65 5.85 2.86 9.31
ww 16.08 12.41 18.88 23.16 6.21 0.69 12.91
G5034 WS 13.14 8.97 11.04 10.96 4.65 0.16 8.15
ww 14.08 7.76 9.17 6.07 1.95 0.16 6.53
G5625 WS 12.22 9.91 11.27 10.52 6.38 1.23 8.59
ww 9.84 6.68 7.84 8.08 2.75 0.93 6.02
SAB258 WS 8.99 5.89 7.14 7.56 5.06 1.16 5.97
ww 13.28 7.58 11.47 8.92 2.79 0.00 7.34
SAB645 WS 10.83 9.64 12.74 11.58 3.83 1.41 8.34
ww 13.46 11.13 12.69 14.70 3.00 0.23 9.20
SEQ1003 WS 9.85 11.21 8.77 10.61 5.54 1.86 7.97
ww 10.05 8.18 13.71 13.13 0.71 0.00 7.63
SEQ1027 WS 11.86 10.32 10.01 9.08 5.70 1.78 8.13
WWwW 13.91 12.47 9.83 11.86 3.83 1.23 8.85
LSD between treatments 0.36
LSD among soil depth levels 0.63

WW — well watered; WS — water stressed; LSD — Ieagiificance difference
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Table 4.7

Genotypic means for 20 genotypes for TRnm (cm) in the Andean reference collection under gredmouse
conditions at CIAT-Palmira, 2009

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
AFR619 WS 9.99 6.47 5.59 7.47 4.55 1.89 5.99
wWw 7.11 10.28 13.71 11.56 3.80 0.48 7.82
BAT477 WS 11.87 7.27 7.59 8.08 5.74 0.40 6.82
wWw 11.74 9.50 11.92 12.60 7.36 1.43 9.09
CAL96 WS 10.60 6.25 6.92 10.28 2.89 1.53 6.41
wWw 13.79 9.72 12.73 13.31 3.13 0.29 8.83
DOR364 WS 9.19 6.30 6.84 5.05 1.26 0.00 4.77
wWw 12.91 9.03 11.61 5.86 2.58 1.06 7.18
DRK47 WS 14.69 9.64 10.10 13.77 5.43 2.40 9.34
WWwW 14.72 7.09 9.24 5.15 0.25 0.00 6.08
G11512 WS 15.54 8.28 7.18 5.84 2.78 0.35 6.66
wWw 10.53 7.54 11.71 13.66 5.02 0.86 8.22
(18255 WS 8.61 6.33 5.41 3.85 2.67 0.43 4.55
wWw 7.09 9.92 8.82 9.65 3.84 0.79 6.69
(19833 WS 13.46 8.66 6.46 6.95 6.20 1.57 7.22
WWwW 13.18 8.00 10.84 13.25 291 0.09 8.05
G21210 WS 7.73 8.27 9.55 7.44 3.68 0.43 6.19
WWwW 8.31 7.90 10.42 13.32 3.43 1.38 7.46
G21212 WS 8.16 7.64 8.38 6.48 1.33 0.02 5.33
WWwW 14.61 8.26 12.50 13.58 4.13 0.67 8.96
G2686 WS 10.11 5.05 5.96 5.36 4.99 2.02 5.58
WWwW 6.74 7.82 8.07 6.75 1.12 0.03 5.09
G4001 WS 8.92 8.40 7.17 7.32 4.28 1.38 6.24
WW 14.87 14.11 11.89 10.26 3.24 0.40 9.13
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Table 4.7 continued

Genotype Treatment  0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
G4534 WS 10.22 5.22 7.69 7.01 1.71 0.16 5.34
ww 7.58 5.75 9.14 11.10 1.93 0.04 5.92
G4721 WS 14.14 7.98 8.53 9.49 4.90 2.26 7.88
ww 13.78 10.36 14.09 17.22 4.29 0.52 10.04
G5034 WS 11.99 8.10 9.61 9.13 3.97 0.10 7.15
ww 12.40 6.42 7.14 4.79 1.54 0.11 5.40
G5625 WS 10.81 8.79 9.31 8.18 5.36 1.04 7.25
ww 7.95 5.25 6.15 5.71 1.92 0.60 4.60
SAB258 WS 8.00 4.87 5.44 5.41 3.97 0.98 4.78
ww 11.23 6.25 8.88 6.65 2.24 0.00 5.88
SAB645 WS 9.70 8.61 10.70 8.92 3.14 1.19 7.05
ww 11.25 9.25 9.88 11.36 2.46 0.17 7.40
SEQ1003 WS 8.60 9.49 6.87 8.22 4.30 1.48 6.49
ww 8.15 6.51 10.54 9.57 0.49 0.00 5.88
SEQ1027 WS 10.24 8.49 7.59 6.80 4.48 1.41 6.50
WWwW 11.90 10.36 7.23 8.97 2.97 0.85 7.05
LSD between treatments 0.30
LSD among soil depth levels 0.52

WW — well watered; WS — water stressed; LSD — Iea@gtificant differenceT RLg sm— total root length with diameter between 0-0.5 mm
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Table 4.8 Genotypic means for 20 genotypes for TRkm (cm) in the Andean reference collection under gregouse conditions
at CIAT-Palmira, 2009

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
AFR619 WS 1.06 0.87 1.11 1.47 0.74 0.16 0.90
wWw 1.11 1.20 3.07 3.50 0.94 0.13 1.66
BAT477 WS 1.11 0.74 1.26 1.44 1.19 0.09 0.97
wWw 1.20 1.20 2.19 3.22 2.50 0.61 1.82
CAL96 WS 1.44 0.84 1.04 1.47 0.38 0.17 0.89
wWw 2.25 1.90 2.72 291 1.06 0.22 1.84
DOR364 WS 1.08 0.82 1.19 0.76 0.24 0.00 0.68
wWw 1.38 0.92 1.84 0.97 0.42 0.20 0.96
DRK47 WS 1.47 1.21 1.76 2.86 0.99 0.46 1.46
WWwW 1.95 1.22 241 1.34 0.16 0.00 1.18
G11512 WS 1.69 1.09 1.42 1.20 0.49 0.07 0.99
wWw 1.49 1.28 2.42 3.25 1.23 0.26 1.66
(18255 WS 1.02 1.03 1.12 0.88 0.37 0.02 0.74
wWw 1.52 1.82 2.48 2.90 0.89 0.19 1.63
(19833 WS 1.49 1.37 1.17 1.22 1.03 0.37 1.11
WWwW 2.02 1.61 2.98 3.68 0.99 0.07 1.89
G21210 WS 1.53 1.21 2.06 1.93 0.60 0.08 1.23
WWwW 1.36 1.63 3.27 3.48 0.76 0.30 1.80
G21212 WS 0.81 1.07 1.50 1.10 0.24 0.01 0.79
WWwW 2.02 1.38 2.59 3.35 1.00 0.33 1.78
G2686 WS 0.94 0.57 0.66 0.67 0.45 0.25 0.59
WWwW 0.77 0.76 1.22 0.94 0.13 0.01 0.64
G4001 WS 1.11 1.32 1.81 1.86 0.89 0.14 1.19
WW 1.85 2.25 3.44 3.10 0.79 0.17 1.93
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Table 4.8 continued

Genotype Treatment  0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
G4534 WS 1.29 0.82 1.61 1.58 0.22 0.02 0.92
wWw 1.24 0.92 1.86 2.68 0.57 0.05 1.22
G4721 WS 1.42 1.21 1.45 1.51 0.75 0.51 1.14
wWw 1.87 1.73 3.80 4.60 1.29 0.11 2.23
G5034 WS 0.97 0.74 1.19 1.54 0.59 0.05 0.85
wWw 1.46 1.18 1.71 1.11 0.35 0.04 0.98
G5625 WS 1.17 0.97 1.58 1.89 0.83 0.17 1.10
WwW 1.44 1.16 1.38 1.95 0.61 0.24 1.13
SAB258 WS 0.85 0.89 1.44 1.83 0.84 0.16 1.00
wWw 1.78 1.18 2.28 1.98 0.44 0.00 1.28
SAB645 WS 0.92 0.90 1.76 2.19 0.63 0.19 1.10
ww 1.87 1.64 2.38 2.78 0.48 0.05 1.53
SEQ1003 WS 1.03 1.44 1.50 1.89 1.01 0.34 1.20
ww 1.48 1.33 2.65 3.11 0.19 0.00 1.46
SEQ1027 WS 1.37 1.54 1.95 1.81 1.00 0.28 1.33
WWwW 1.63 1.91 2.25 2.44 0.63 0.28 1.52
LSD between treatments 0.06
LSD among soil depth levels 0.11

WW — well watered; WS — water stressed; LSD — |emgtificant differenceT RLy,m — total root length with diameter between 0.5-1 mm
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Table 4.9 Trial means for TRL, TRLysmm and TRLimm (cm) measured at

different soil depths under well watered and water stressed

treatments
Trait Treatment 0-5 5-10 10-20 20-40 40-60 60-75 LSD
cm cm cm cm cm cm
TRL WS 11.86 897 950 957 46 1.08 0.89
Ww 1287 9.80 12,66 1258 348  0.50
TRLosmm WS 10406 763 7.6 758 382 090 0.74
WwW 10.82 8.07 9789 95F¢ 26Ff 0.35
TRLimm WS 119 110 1538 16F 066 015 0.16
WwW 163 149 242 258 07F 0172

LSD - least significant difference between treatthemeans followed by the same letter are not

significantly different at £0.05 between treatments
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Figure 4.1 Interactions between treatments and sodepths for TRL, TRL g smmand
TRL 1mm- TRL — total root length; TRL gsmm — total root length with
diameter between 0-0.5 mm; TRLym — total root length with diameter

between 0.5-1 mm.
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4.4.3 Total root biomass and its distribution amonglifferent soil depths

Results of the combined ANOVA for total root biorsaare given in Table 4.5.
Genotypes (G), treatments (T), soil depth (S), Gié&raction and TxS interactions were
highly significant for total root biomass. Soil depnain effects accounted for the highest
phenotypic variation observed (62.99%).

Table 4.10 shows the genotypic means for TRB urdierent soil depth levels.
Treatments significantly affected TRB accrued ia tWW and WS conditions. DRK47
had significantly higher TRB under WS than WW. @g tther hand, AFR619, CAL96,
G21512, G18255, G21212, G4001 and G4721 had signify higher TRB under WW
than WS treatment.

Total root biomass among different soil depths

ANOVA for TRB data showed a highly significant treeent and soil depth interaction.
The trial means for TRB among different soil depghswed differences between the two
treatments (Table 4.11).

4.4.4 Mean root diameter and its distribution amonglifferent soil depths

Genotype (G), treatment (T), soil depth (S), GXXSTGXTXS interactions significantly
affected MRD (Table 4.5). Of these components, depth and GxTxS contributed
18.37% and 14.01% to the total sum of squares wbddor MRD. The genotypic means
for MRD under WS and WW treatments are given inl@abl12. Particularly genotypes
BAT477 and CAL96 had significantly higher MRD und&iV than WS. The majority of

the genotypes did not show any significant diffeesnfor MRD between treatments.
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Table 4.10

Total root biomass (g) for 20 genotypefr total root length in the reference collectionunder greenhouse
conditions at CIAT-Palmira, 2009

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
AFR619 WS 0.16 0.08 0.08 0.09 0.04 0.02 0.08
WWwW 0.16 0.12 0.21 0.18 0.04 0.01 0.12
BAT477 WS 0.16 0.09 0.10 0.10 0.06 0.00 0.09
WWwW 0.19 0.14 0.17 0.18 0.11 0.03 0.14
CAL96 WS 0.18 0.08 0.08 0.11 0.03 0.01 0.08
wWw 0.21 0.13 0.19 0.17 0.05 0.01 0.13
DOR364 WS 0.13 0.07 0.08 0.04 0.01 0.00 0.05
wWw 0.17 0.11 0.13 0.05 0.02 0.01 0.08
DRK47 WS 0.23 0.11 0.14 0.18 0.06 0.03 0.13
WWwW 0.24 0.10 0.15 0.07 0.01 0.00 0.09
G11512 WS 0.18 0.09 0.08 0.06 0.02 0.00 0.07
wWw 0.18 0.12 0.16 0.19 0.07 0.01 0.12
(18255 WS 0.15 0.09 0.08 0.05 0.02 0.00 0.07
wWw 0.17 0.14 0.15 0.15 0.04 0.01 0.11
(19833 WS 0.20 0.12 0.11 0.11 0.07 0.02 0.11
wWw 0.22 0.13 0.18 0.21 0.05 0.00 0.13
G21210 WS 0.16 0.12 0.15 0.11 0.04 0.00 0.10
wWw 0.16 0.13 0.20 0.19 0.04 0.02 0.12
G21212 WS 0.10 0.09 0.10 0.07 0.01 0.00 0.06
WWwW 0.21 0.12 0.16 0.17 0.05 0.01 0.12
G2686 WS 0.11 0.05 0.06 0.05 0.03 0.02 0.05
ww 0.09 0.08 0.08 0.05 0.01 0.00 0.05
G4001 WS 0.14 0.12 0.13 0.12 0.05 0.01 0.10
WW 0.25 0.19 0.20 0.15 0.04 0.01 0.14
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Table 4.10 continued

Genotype Treatment  0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
G4534 WS 0.15 0.07 0.11 0.08 0.02 0.00 0.07
wWw 0.15 0.09 0.14 0.15 0.03 0.00 0.09
G4721 WS 0.20 0.12 0.13 0.14 0.06 0.03 0.11
wWw 0.22 0.15 0.26 0.26 0.07 0.01 0.16
G5034 WS 0.16 0.10 0.13 0.17 0.04 0.00 0.10
wWw 0.18 0.10 0.12 0.06 0.02 0.00 0.08
G5625 WS 0.18 0.10 0.13 0.13 0.05 0.01 0.10
WwW 0.17 0.09 0.10 0.10 0.02 0.01 0.08
SAB258 WS 0.13 0.07 0.09 0.10 0.05 0.01 0.08
wWw 0.12 0.08 0.11 0.09 0.02 0.00 0.07
SAB645 WS 0.16 0.11 0.14 0.14 0.03 0.01 0.10
ww 0.22 0.14 0.17 0.17 0.03 0.00 0.12
SEQ1003 WS 0.16 0.14 0.13 0.14 0.06 0.02 0.11
ww 0.18 0.13 0.19 0.16 0.01 0.00 0.11
SEQ1027 WS 0.17 0.13 0.14 0.11 0.05 0.02 0.10
WWwW 0.19 0.15 0.14 0.14 0.04 0.02 0.11
LSD between treatments 0.01
LSD among soil depth levels 0.01

WW — well watered; WS — water stressed; LSD — Isagtificant difference; LSD — least significanffdrence
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Table 4.11  Trial means for total root biomass (g) mong different soil depths

under well watered and water stressed treatments

Treatment 0-5cm 5-10cm 10-20 20-40 40-60 60-75cm LSD

cm cm cm
WS 0.158 0.099 0.114 0.108 0.04f 0.009 0.01
WwW 0.18F7 0.118 0.154 0.13% 0.036 0.006

LSD - least significant difference between treatteemeans followed by the same letter are not
significantly different at £0.05
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Figure 4.2 Interactions between treatments and sodepths for total root biomass
along different soil depth levels. WS — water stregd; WW — well
watered.
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Table 4.12

Mean root diameter (mm) for 20 genotyefor total root length in the reference collectionunder greenhouse
conditions at CIAT-Palmira, 2009

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
AFR619 WS 0.31 0.33 0.36 0.37 0.34 0.35 0.34
wWw 0.37 0.32 0.39 0.43 0.55 0.14 0.37
BAT477 WS 0.30 0.32 0.35 0.35 0.34 0.25 0.32
wWw 0.33 0.35 0.37 0.40 0.42 0.64 0.42
CAL96 WS 0.33 0.32 0.33 0.33 0.31 0.11 0.29
wWw 0.36 0.37 0.40 0.41 0.42 0.60 0.43
DOR364 WS 0.31 0.31 0.33 0.32 0.25 0.00 0.25
wWw 0.30 0.30 0.34 0.34 0.11 0.13 0.26
DRK47 WS 0.31 0.32 0.36 0.39 0.35 0.42 0.36
WWwW 0.34 0.36 0.39 0.28 0.44 0.00 0.30
G11512 WS 0.30 0.34 0.36 0.35 0.23 0.32 0.32
wWw 0.36 0.38 0.37 0.39 0.40 0.35 0.38
(18255 WS 0.31 0.35 0.35 0.36 0.32 0.09 0.30
wWw 0.41 0.36 0.41 0.42 0.25 0.26 0.35
(19833 WS 0.31 0.35 0.40 0.41 0.37 0.41 0.38
WWwW 0.36 0.38 0.42 0.43 0.32 0.22 0.35
G21210 WS 0.35 0.34 0.38 0.40 0.34 0.11 0.32
WWwW 0.36 0.38 0.44 0.43 0.41 0.30 0.39
G21212 WS 0.29 0.31 0.34 0.34 0.33 0.13 0.29
WWwW 0.34 0.35 0.39 0.39 0.41 0.28 0.36
G2686 WS 0.29 0.32 0.31 0.31 0.29 0.21 0.29
ww 0.33 0.31 0.34 0.32 0.19 0.12 0.27
G4001 WS 0.32 0.35 0.40 0.41 0.37 0.34 0.36
WW 0.33 0.36 0.42 0.45 0.50 0.14 0.37
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Table 4.12 continued

Genotype Treatment  0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
G4534 WS 0.32 0.35 0.38 0.36 0.32 0.10 0.30
ww 0.37 0.35 0.38 0.40 0.35 0.23 0.35
G4721 WS 0.31 0.34 0.35 0.36 0.34 0.25 0.32
ww 0.36 0.36 0.43 0.43 0.49 0.33 0.40
G5034 WS 0.28 0.29 0.32 0.34 0.32 0.43 0.33
ww 0.32 0.37 0.40 0.37 0.23 0.28 0.33
G5625 WS 0.30 0.30 0.36 0.39 0.34 0.33 0.34
ww 0.40 0.39 0.39 0.43 0.32 0.16 0.35
SAB258 WS 0.30 0.34 0.40 0.41 0.38 0.36 0.36
ww 0.34 0.35 0.39 0.40 0.37 0.00 0.31
SAB645 WS 0.30 0.31 0.35 0.38 0.35 0.22 0.32
ww 0.34 0.35 0.39 0.40 0.34 0.26 0.35
SEQ1003 WS 0.31 0.35 0.40 0.39 0.37 0.23 0.34
ww 0.40 0.40 0.41 0.43 0.55 0.00 0.37
SEQ1027 WS 0.32 0.36 0.41 0.41 0.38 0.47 0.39
WWwW 0.35 0.37 0.43 0.43 0.27 0.31 0.36
LSD between treatments 0.01
LSD among soil depth levels 0.02

WW — well watered; WS — water stressed; LSD —tlsagificant difference
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A crossover type interaction occurred for TRB betwéreatments. The WW treatment
had significantly higher TRB than WS on the firsuf soil depth levels. Figure 4.2
shows a visual presentation of the treatment aiflddepth interaction where trial mean
rankings changed at the 40-60 cm and 60-75 cnvioufaof the WS treatment.

MRD was significantly higher under the WW compatedhe WS treatment at the 0-5,
20-40 and 40-60 cm depth levels (Table 4.13). @mother hand, MRD was significantly
higher under WS treatment than WW at the 60-75 @ilrdepth level.

Table 4.13  Trial means for mean root diameter (mmamong different soil depths

under well watered and water stressed treatments

Treatment 0-5cm 5-10cm 10-20cm  20-40 cm 40-60cm  60-75 cn.SD

WS 03f 0.34 0.37 0.37 0.34 0.24 0.03
WW 03¢ 0.37 0.40 0.47 0.38 0.20

LSD - least significant difference between treatteemeans followed by the same letter are not

significantly different at R0.05 between treatments

A highly significant treatment and soil depth ietion existed for MRD. Figure 4.3
shows a crossover type of interaction between mreats. The WW treatment had a
higher ranking for MRD on the first five soil degd#vels compared to the WS treatment.
MRD was ranked higher at the 60-75cm depth levelife WS than WW.
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Figure 4.3 Interactions between treatments and dodlepths for mean root diameter
along different soil depth levels. WS — water stregd; WW — well
watered.

4.4.5 Root volume among the different soil depths

Genotype, treatment, soil depth, GXT and TxS cbuated significantly to the total

variation observed in root volume (Table 4.5). S#gpth main effects accounted for
almost half of the total variation (48.16%). Gemoty means for root volume were
significantly different between treatments (Tablé43. Root volume was significantly
higher under WW than WS conditions in the followiggnotypes: AFR619, BAT477,

CAL96, G11512, G18255, G19833, G21210, G21212, G400 G4721. The remaining

genotypes portrayed no significant differenceséat volume between treatments.

The trial means for RV showed that the WW treatnoanised significantly higher RV in
the first four soil depth levels than the WS treain(Table 4.15). A crossover interaction
occurred for RV between treatments at the 60-75soih depth level when the WS
treatment had a higher ranking for RV.
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4.4.6 Leaf, stem and pod traits

4.4.6.1 Leaf area

The ANOVA for leaf area data showed that treatmerdin effects were highly
significant and accounted for 44.40% of the totaliation observed (Table 4.16).
Genotype and GxT interaction were also highly digant.

Leaf area was significantly different among genetymunder WW and WS conditions

(Table 4.17). Most genotypes except DRK47 had Bagmitly lower leaf area under WS
than WW.
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Table 4.14 Root volume (crf) for 20 genotypes in the Andean reference colleoti under greenhouse conditions at CIAT-

Palmira, 2009
Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
AFR619 WS 0.90 0.66 0.69 0.97 0.47 0.14 0.64
ww 0.89 0.94 2.09 2.29 0.58 0.09 1.15
BAT477 WS 0.93 0.64 0.83 0.99 0.66 0.05 0.68
ww 1.11 1.02 1.57 2.01 1.40 0.42 1.26
CAL96 WS 0.99 0.60 0.72 1.07 0.28 0.16 0.64
ww 1.69 1.31 2.03 2.25 0.61 0.13 1.34
DOR364 WS 0.79 0.56 0.70 0.46 0.14 0.00 0.44
ww 1.05 0.73 1.24 0.62 0.25 0.16 0.68
DRK47 WS 1.22 0.90 1.23 2.05 0.68 0.33 1.07
WwW 1.68 0.87 1.65 0.86 0.13 0.00 0.87
G11512 WS 1.29 0.80 0.88 0.71 0.30 0.04 0.67
ww 1.21 0.93 1.57 2.11 0.78 0.17 1.13
G18255 WS 0.74 0.71 0.66 0.48 0.24 0.03 0.47
ww 1.04 1.27 1.60 1.89 0.54 0.11 1.07
G19833 WS 1.15 1.01 0.95 1.13 0.82 0.27 0.89
ww 1.59 1.14 1.99 2.67 0.78 0.06 1.37
G21210 WS 0.93 0.94 1.42 1.22 0.40 0.05 0.83
ww 1.03 1.14 2.18 251 0.53 0.23 1.27
G21212 WS 0.61 0.68 0.93 0.72 0.15 0.00 0.51
ww 1.50 0.95 1.77 2.09 0.73 0.16 1.20
G2686 WS 0.75 0.47 0.50 0.46 0.35 0.19 0.45
ww 0.64 0.67 0.85 0.66 0.09 0.00 0.49
G4001 WS 0.82 0.94 1.21 1.30 0.57 0.14 0.83
WW 1.52 1.82 2.28 2.09 0.53 0.08 1.39
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Table 4.14 continued

Genotype Treatment  0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75cm  Grand mean
G4534 WS 0.94 0.59 1.09 0.90 0.14 0.01 0.61
ww 0.97 0.68 1.33 1.83 0.29 0.04 0.86
G4721 WS 1.15 0.84 0.98 1.23 0.53 0.30 0.84
ww 1.53 1.26 2.67 3.36 1.12 0.14 1.68
G5034 WS 0.81 0.60 0.87 1.00 0.37 0.02 0.61
ww 1.11 0.83 1.16 0.69 0.21 0.02 0.67
G5625 WS 0.88 0.73 1.16 1.23 0.57 0.11 0.78
ww 1.15 0.79 0.92 1.21 0.41 0.17 0.78
SAB258 WS 0.62 0.54 0.87 0.99 0.58 0.13 0.62
ww 1.22 0.73 1.35 1.09 0.31 0.00 0.78
SAB645 WS 0.75 0.72 1.18 1.41 0.34 0.12 0.75
ww 1.25 1.12 1.53 1.83 0.29 0.03 1.01
SEQ1003 WS 0.76 1.06 1.08 1.36 0.69 0.20 0.86
ww 1.16 1.01 1.81 1.87 0.10 0.00 0.99
SEQ1027 WS 0.98 1.07 1.32 1.19 0.64 0.21 0.90
WWwW 1.30 1.29 1.39 1.61 0.48 0.21 1.05
LSD between treatments 0.04
LSD among soil depth levels 0.08

WW — well watered; WS — water stressed; LSD — Isagtificant difference
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Table 4.15  Trial means for root volume (crf) among different soil depths under

well watered and water stressed treatments

Treatment 0-5cm 5-10cm 10-20cm 20-40cm  40-60 cm60-75cm  LSD

WS 0.898 0.79% 1.019 1.077 0.439 0.10% 0.04
WW 1.247 1.043 1.612 1.684 0.454 0.079

LSD - least significant difference between treatteemeans followed by the same letter are not

significantly different at R0.05 between treatments

Table 4.16  Analysis of variance for leaf area datdor the reference collection
evaluated under well watered and water stressed tagments in the

greenhouse at CIAT-Palmira, 2009

Source D.f. S.S. m.s. % variation LSD
explained

Genotype (G) 35 712417.00  20355.00 20.99 79.12

Treatment (T) 1 1507107.00  1507107.00 44.40 18.65

GxT 35 457358.00  13067.00 13.47 111.90

Error 142 682470.00  4806.00 20.10

Total 215 3394622.00

***P <0.001; D.f. — degrees of freedom; s.s. — sum ollER) m.s. — mean squares; LSD — least
significant difference
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Table 4.17 Leaf area (crf), dry leaf-, stem- and pod biomass (g) productiomf 20 genotypes for total root volume in the

Andean reference collection under greenhouse contihs at CIAT-Palmira, 2009

Trait Leaf area Dry green leaf biomass Dry pod biorass Dry stem biomass
Genotype WWwW WS WW WS WW WS WW WS
AFR619 414.60 153.80 1.35 0.55 0.73 0.24 1.40 0.59
BAT477 508.90 206.30 2.25 0.82 0.16 0.03 1.18 0.48
CAL96 321.10 182.00 1.16 0.69 0.95 0.28 0.96 0.55
DOR364 487.80 146.20 1.62 0.46 0.14 0.03 0.95 0.42
DRK47 198.30 240.30 0.72 0.83 0.86 0.63 0.71 0.64
G11512 417.50 130.30 1.33 0.37 0.35 0.26 1.05 0.34
G18255 268.70 138.30 0.91 0.41 2.41 0.38 0.91 0.39
G19833 518.00 238.50 1.49 0.75 0.01 0.01 1.07 0.47
G21210 400.20 210.80 1.08 0.64 0.93 0.39 0.64 0.52
G21212 439.40 110.10 1.33 0.33 0.66 0.55 0.91 0.26
G2686 221.20 156.40 0.83 0.55 1.56 0.85 0.69 0.57
G4001 517.50 170.50 1.58 0.57 0.53 0.16 1.18 0.50
G4534 319.70 180.40 1.15 0.56 2.69 0.58 0.93 0.40
G4721 614.00 310.60 1.91 1.17 0.06 0.02 1.37 0.70
G5034 287.80 208.40 0.98 0.66 0.86 0.50 0.68 0.43
G5625 257.50 154.00 0.86 0.51 1.48 0.56 0.69 0.45
SAB258 216.50 124.60 0.84 0.49 1.46 0.40 0.59 0.42
SAB645 334.40 133.90 1.06 0.44 3.08 0.40 1.12 0.53
SEQ1003 332.10 148.70 1.08 0.52 1.11 0.63 0.95 0.49
SEQ1027 461.20 223.50 1.45 0.79 0.19 0.12 1.15 0.55
Grand mean 345.90 178.80 1.13 0.59 1.09 0.40 0.89 47 0
LSD 18.65 0.07 0.12 0.05

LSD - least significant difference between treatimen
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4.4.6.2 Green leaf biomass

Genotypes, treatments and GxT interactions wergifgignt for GLB (Table 4.18).
Treatment main effects contributed 39.63% to thal teum of squares. GXT interaction
was significant and accounted for 11.40% of theatian observed. The majority of the
genotypes produced significantly higher green lamass under WW than WS (Table
4.17). DRK47 had higher GLB under WS than WW cadods.

Table 4.18  Analysis of variance for green leaf binass data for the Andean
reference collection evaluated under well wateredral water stressed

treatments in the greenhouse at CIAT-Palmira, 2009

Source D.f. S.S. m.s. % variation LSD
explained

Genotype (G) 35 9.14 0.26 22.79 0.30

Treatment (T) 1 15.89 15.89 39.63 0.07

GxT 35 457 0.13 11.40 0.43

Error 142 9.90 0.07 24.69

Total 215 40.10

***P <(0.001; **P<0.001; D.f. — degrees of freedom; s.s. — sum oh”Ep; M.S. — mean squares;

D.f. — degrees of freedom; LSD — least significadifierence

4.4.6.3 Stem biomass

Genotype and treatment effects were significantSBrand accounted for 18.98% and
45.51% of the total variation observed (Table 4.18l) genotypes had significantly
higher stem biomass under WW than WS conditionsnoGpes were significantly
different for stem biomass production under WW &v@.
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Table 4.19  Analysis of variance for stem biomassath for the Andean reference
collection evaluated under well watered and watertgess treatments

in the greenhouse at CIAT-Palmira, 2009

Source D.f. S.S. m.s. % explained LSD
Genotype (G) 35 3.96 0.11 18.98 0.22
Treatment (T) 1 9.50 9.50" 45.51 0.05
GxT 35 1.86 0.05 8.90 0.32
Error 142 5.41 0.04 25.92

Total 215 20.87

***P <0.001; D.f. — degrees of freedom; s.s. — sum ofsER) m.s. — mean squares; LSD — least

significance difference

4.4.6.4 Pod biomass
The percentage sum of squares due to genotypémeetand GXT interaction were
37.16%, 21.27% and 16.90% respectively, indicatitag genotype was the predominant

source of variation (Table 4.20).

Table 4.20  Analysis of variance for pod biomass ¢ for the Andean reference
collection evaluated under well watered and waterteessed treatments

in the greenhouse at CIAT-Palmira, 2009

Source D.f. S.S. m.s. % variation LSD
explained

Genotype (G) 35 44.42 1.27%** 37.16 0.51

Treatment (T) 1 25.43 25.43*** 21.27 0.12

GxXT 35 20.21 0.58*** 16.90 0.72

Error 142 28.51 0.20 23.85

Total 215 119.55

***P <0.001; D.f. — degrees of freedom; s.s. — sum ofsER) m.s. — mean squares; LSD — least
significance difference
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The treatments caused highly significant differenéer pod biomass (Table 4.20).
SAB258, G2686, SAB645, G4534, G21210, G5625 and ©Ahad significantly higher
pod biomass under WW than WS conditions (Table)4.17

4.4.6.5 Chlorophyll content at 10 and 17 days aftexater stress application

Highly significant differences were observed amgegotypes and between treatments
for SCMR at 10 and 17 days after water stress egupdin (Table 4.21). Genotype made
the biggest contribution to the total variation ®€CMR at 10 and 17 days after water
stress. GXT interaction was significant for SCMRLAt(0.05) and 17 days £©.001)

after water stress application.

G2686 had significantly higher SCMR under WS thaw\at 10 days after water stress
application (Table 4.22). SAB258, DRK47 and G26&8l significantly higher SCMR
under WS than WW at 17 days after water stresscation.

4.4.6.6 Stomatal conductance at 17 and 26 days afstress application

SCOND was significantly different among genotypesrity the two days when
measurements were done (Table 4.21). Treatmenevalere also significantly different
for SCOND at 17 and 26 days after stress. Watessttaused a decrease in SCOND on
both, 17 and 26 days after stress application. Mesiotypes had significantly higher
SCOND under WW than WS at 26 days after applicatiostress (Table 4.22).
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Table 4.21  Analysis of variance for chlorophyll cotent and stomatal
conductance data for the Andean reference collectioevaluated under
well watered and water stressed treatments in thergenhouse at
CIAT-Palmira, 2009

Trait Source D.f. s.s. m.s. %variation LSD
explained

SCMR1 Genotype (G) 35 2087.58 59.65 43.07 3.95
Treatment (T) 1  185.13 18513 3.82 0.93
GxT 35 640.33 18.30 13.21 5.59
Error 142 1689.77 11.98 34.86
Total 215 4847.50

SCMR2 Genotype (G) 35 2363.23 67.52 42.32 3.97
Treatment (T) 1  307.25 307.25 5.50 0.94
GxT 35 941.26 26.89 16.86 5.61
Error 142 1704.68 12.09 30.53
Total 215 5583.90

SCOND1  Genotype (G) 35 263802.00 7537.00 16.68 80.02
Treatment (T) 1  392576.00 392576.00 24.83 18.86
GxT 35 161896.00 4626.00 10.24 113.17
Error 142 698047.00 4916.00 44.14
Total 215 1581365.00

SCOND2  Genotype (G) 35 575650.00 16447.00 15.43 91.57
Treatment (T) 1  1873824.001873824.00 50.24 21.58
GxT 35 360227.00 10292.00 9.66 129.50
Error 142 914131.00 6438.00 24.51
Total 215 3729560.00

" P<0.001; 'P<0.05; D.f. — degrees of freedom; s.s. — sum of Egyan.s. — mean squares;
SCMR1 and 2 — chlorophyll content measured at IDlahdays after water stress respectively;
SCOND1 and 2 - stomatal conductance measured aantl7 26 days after water stress
respectively; LSD — least significance difference
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Table 4.22  Mean performance of Andean genotypesrfohlorophyll content (nmol cm®), stomatal conductance (mmol s

1y and photosynthetic efficiency under well watereénd water stressed greenhouse conditions at CIAT-Faira

SCMR at 10 days SCMR at 17 days SCOND at 17 days OQID at 26 days PE at 25 days

Genotype WW WS ww WS ww WS ww WS ww WS
AFR619  35.53 32.57 37.23 32.50 210.80 185.70 315.30233.80 0.43 0.48
BAT477  34.27 36.07 39.20 39.23 219.10 192.20 482.00149.90 0.50 0.49
CAL96 39.57 36.67 42.30 38.10 161.50 166.20 363.00116.20 0.44 0.45
DOR364 33.70 32.20 32.37 30.63 260.20 160.40 171.80135.60 0.52 0.47
DRK47 34.70 36.53 34.40 39.03 214.10 113.50 284.60176.90 0.46 0.49
G11512  32.30 34.17 36.83 36.97 252.70 191.30 384.80152.00 0.52 0.45
G18255  38.03 32.00 38.20 31.60 286.30 95.80 322.50111.80 0.42 0.41
G19833  28.90 28.93 30.73 29.33 208.60 145.50 305.50139.20 0.45 0.55
G21210  33.57 32.33 33.27 33.90 196.90 143.80 292.6(4.50 0.45 0.44
G21212  34.37 34.20 36.83 32.03 250.70 202.10 358.3@216.60 0.48 0.48
G2686 37.77 41.87 41.50 45.93 276.10 241.20 391.00108.30 0.51 0.48
G4001 32.80 31.33 34.83 29.20 329.10 136.10 241.50208.90 0.47 0.49
G4534 30.63 23.93 34.03 25.00 266.70 82.30 380.50 9.507 0.45 0.37
G4721 29.93 31.07 32.40 36.03 215.40 109.50 281.9085.20 0.42 0.54
G5034 34.20 33.83 33.47 33.83 237.10 143.70 285.3067.10 0.41 0.45
G5625 34.40 36.13 36.47 35.83 270.50 139.80 423.10159.10 0.44 0.44
SAB258  35.83 37.47 34.97 39.86 244.00 151.70 338.30240.50 0.51 0.39
SAB645  35.53 33.53 32.40 31.43 175.50 117.40 309.10158.80 0.44 0.45
SEQ1003 35.57 33.27 39.17 37.60 162.10 133.30 897.4 152.30 0.49 0.48
SEQ1027 36.43 26.97 38.73 30.43 195.90 145.50 230.8 114.80 0.42 0.48
Mean 34.70 32.85 36.11 33.72 226.70 141.50 326.10 39.80 0.45 0.47
LSD 0.93 0.94 18.86 21.58 0.02

SCMR - chlorophyll content; SCOND - stomatal cortdace; PE — photosynthetic efficiendySD —least significance difference
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4.4.7 Correlation coefficients among the root andhmot traits measured under well

watered and water stressed treatments in 2009

Highly significant positive correlations existedtlween root length and green leaf
biomass as well as stem biomass under both WW g&dMiditions (Table 4.23). Total
root biomass was positively correlated with gresaf biomass and stem biomass under
both treatments. The correlations of total rootntass to both green leaf biomass and
stem biomass were highly significant under WW an8 iéatments. Highly significant
positive correlations were observed between greahdiomass and stem biomass under
both treatments. SCOND at 17 and 26 days afterrveditess were highly significantly
correlated to each other under both treatmentsatRESCMR2 had significant positive

correlations to each under WW and WS treatments.

Under WS treatment, SCOND2 was significantly cated to both SCMR1 and
SCMR2. In addition, PE and SCMR1 were significardtyrelated to each other under
WS treatment. SCMR1 and SCOND?2 were significantgrelated to each other under

WS treatment.
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Table 4.23  Correlation coefficients among root andshoot traits measured under well watered and waterstressed
treatments in 2009

TRT Trait TRL TRB MRD GLB DLB SB PB PE SCMR1 SCMR2 SCOND1

WW TRB 0.92

WS 0.90

WW  MRD 0.09 0.28

WS 0.10 0.26

WW GLB 0.70° 0.68° 0.07

WS 0.62° 0637 0.01

WW DLB -0.08 -0.04 0.01 -0.18

WS -0.12 -0.17 -0.14 -0.04

WW SB 069" 0737 017 076 0.03

WS 0.62° 0627 -005 072 -0.09

WW PB -0.11 -0.08 -0.13 -0.21 0.08 -0.01

WS 0.09 0.09 -0.17 -0.04 0.03 0.14

WW PE -0.04 -0.07 -0.05 0.11 0.13 -0.05 -0.15

WS 0.06 0.10 -0.04 0.14 0.03 0.08 -0.27

WW SCMR1 -0.02 -0.12 -0.24 0.07 -0.06 0.00 -0.12 0.14

WS -0.15 -0.23 -0.13 -0.14 0.10 -0.08 -0.24 0.25

WW SCMR2 0.01 0.01 0.12 0.12 0.01 0.02 011 0.3127

WS -0.12 -0.12 0.13 -0.22 0.13 -0.17 -0.17 0.210.19

WW SCOND1 0.05 0.04 0.83 -0.01 0.02 0.04 015 0.15 -0.12 0.12
WS 0.13 0.05 -0.15 0.05 0.03 0.11 -0.07 0.09 -0.100.07
WW SCOND2 0.12 0.11 0.03 0.09 0.06 0.17 0.02 0.06 -0.04 '0.24 0577
WS 0.09 0.02 -0.10 0.14 -0.11 0.14 -0.01 021 '0.26 0.35 0.83"

TRT - treatment; WW — well watered; WS — watersstesl; TRL — total root length (cm plait TRB — dry root biomass (g); MRD — mean root
diameter (mm); GLB — dry green leaf biomass (g)BDLdry dead leaf biomass (g); SB — dry stem bianfgl PB — dry pod biomass (g); PE —
photosynthetic efficiency; SCMR1 — chlorophyll cent at 10 days after water stress; SCMR2 — chlgidbpbntent at 17 days after water stress;
SCONDL1 - stomatal conductance at 17 days aftemwatss; SCOND2 — stomatal conductance at 26 afégiswater stress; ¥9.05; **P<0.01;

*** P <0.001
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Table 4.24  Visual rooting depth (cm) measured atiflerent days after planting for elite genotypes uder greenhouse well

watered and water stressed treatments

Trait VRD at 10DAP VRD at 17 DAP VRD at 24DAP VRD @ 31 DAP VRD at 40 DAP VRD at 45 DAP
Environment WW WS WwW WS WwW WS wWw WS WwW WS WwW WS
Genotype

SEQ1006 13.40 14.17 22.50 24.93 25.67 32.00 28.331.334 29.67 56.00 29.67 59.00
CAL143 18.43 16.37 23.27 22.70 26.33 25.67 28.33 .334 31.00 44.00 31.67 48.00
G4523 18.60 15.33 24.17 2223 26.00 29.00 28.00 6738. 32.00 51.67 33.33 56.00
AND277 13.40 13.77 23.53 21.03 27.00 23.67 30.67 .628 32.67 36.67 33.00 41.00
PAN127 1443 1580 18.77 21.63 22.00 28.00 23.67 .39 26.67 51.33 26.67 54.67
SEA5 18.33 2050 23.37 2880 2467 36.00 26.00 (50.028.33 63.00 29.67 66.67
BATA477 15.27 1587 2197 2240 2533 26.00 28.00 .0B1 29.00 37.00 29.33 40.00
SAB686 16.27 1793 23.17 25.03 25.67 29.33 28.00 .00 29.67 46.67 30.33 52.67
CAL96 11.23 17.17 2060 2350 24.67 27.67 27.00 0®3. 29.67 39.67 30.67 40.67
P Villa 12.07 17.33 19.37 22.23 2233 28.00 243326B 27.00 47.33 27.67 51.00
VAX1 17.03 12,77 2267 1783 2433 20.67 26.67 27.333.33 41.00 37.00 41.00
DRK149 10.17 16.37 18.07 22.10 20.67 29.00 22.33 .38 23.67 43.00 24.67 45.33
DRK156 9.50 8.47 17.33 15.57 21.33 21.33 28.33 29.328.67 39.33 29.33 41.00
VAX3 1250 1420 1473 1857 16.00 2433 16.00 @1.017.67 39.33 19.33 44.33
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Table 4.24 continued:

Trait VRD at 10DAP VRD at 17 DAP VRD at 24DAP VRD at 31 DAP  VRD at 40 DAP  VRD at 4DAP
Environment WW WS WW WS WW WS WwW WS ww WS ww WS
Genotype

G19833 16.40 13.40 20.13 17.60  22.33 24.67 25.67 36.00 28.33  47.33 29.00 0050.
SEQ1027 16.97 14.00 19.63 21.23  22.00 24.67 28.00 36.00 30.67 41.33 30.67 0042.
DAB147 15.63 15.47 21.90 23.17  24.00 30.33 24.67 35.33 27.67 41.33 29.33 6742.
SEA15 13.17 14.10 19.97 21.80  21.67 26.00 24.00 34.67 26.00 42.33 26.33 6747.
RCW 18.10 17.70 21.03 22.33  22.33 27.67 23.33 31.67 25.67  38.33 27.33  3340.
Trial mean 14.4314.71 20.03 21.48  22.69 26.75 2491 34.25 27.02  43.60 27.68 2546.
LSD 6.41 6.49 6.26 7.46 747 8.68 8.75  12.27 9.01 6.44  9.17 17.10
MS 21.23 20.20 21.87 31.63  29.10 51.55 38.87 105.35 46.94 23488 4998 259.50
Error 15.57 15.93 14.85 21.07  21.12 28.53 28.99 57.00 30.71 102.27 31.85 0.701
MS* VRD at 10DAP VRD at 17 DAPVRD at 24DAP VRD at 31 DAP  VRD at 40 DAP  VRD at B3P
WI MS 4.82 127.17 988.2" 52.36 16500.42 20683.27"

G MS 20.07 22.95 34.7 7446 135.78 141.93

G x WI 21.35 30.55 45.96 69.76 146.03 167.56

LSD 4,53 4.83 5.68 7.48 9.3 9.63

*P<0.05; " P<0.01;  P<0.001; VRD - visual root depth; DAP — days aftearping; WW — well watered; WS — water stressed; L-SEast significance

difference;m.s. — mean square; WI — water level, MS+ - meamusgbetween treatments; P villa — Pinto villa; REWed Canadian Wonder
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4.5 Results for the mixed elite Andean and Mesoaniean genotypes

4.5.1 Visual rooting depth

Genotypes were only significantly different for VRihder WS at 24, 31 and 40 DAP
(Table 4.24). Genotypes also showed significarfeihces for VRD at 45 DAP under
both WW and WS treatments. SEA5 had significantghér VRD than BAT477 under
WS at 24, 31, 40 and 45 DAWater levels caused significant differences for V&7,
24, 31, 40 and 45 DAP. More than half of the gepesyhad significantly higher VRD
under WS than WW at 24, 31, 40 and 45 DAP.

Trial means for VRD increased under the WS treatmetihh number of days of stress.
WS treatment had significantly higher VRD than iMV treatment at 31, 40 and 45
DAP. The genotype x water level interaction wasiicgant at 17, 24, 31, 40 and 45
DAP.

4.5.2 Root traits

Genotype, treatment, soil depth, GxS interactionl dixS interaction were highly
significantly different (R0.001) for all root traits measured (Table 4.25§T@teraction
was also highly significant §©.001) for root volume, mean root diameter, totadtr
length and root length with 0-0.5 mm and 0.5-1 mamzbter.

4.5.2.1 Total root length and its distribution amory different soil depths

Treatments were highly significant for total roengjth. WS restricted root growth at the
0-5 cm, 5-10 cm and 10-20 cm soil depth level. gdhotypes presented in Table 4.26
had significantly longer roots under WW than W$haise soil depth levels.

Table 4.27 summarises TRL distribution along septh levels. Under both WS and
WW, TRL was significantly higher under the 0-5 coil slepth level than any other soil
depth level. There were significant differencesnsetn WS and WW at 20-40 cm profile
level. Genotypes did not grow roots beyond the @@+ soil depth level under the WW
treatment. TxS interaction was also highly sigmific for TRL. Figure 4.4 shows the

graphical representation of the TxS interactionLTBnked higher under WW than WS
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in the first three soil depth levels and the Watimeent had a higher TRL ranking in the
last three soil depth levels. No genotype had 8agmtly higher TRLmm and TRy 5mm
under WS than WW among the elite genotypes (Tahk& and 4.29).

Table 4.25  Analysis of variance for root length dat derived from elite genotypes

under greenhouse conditions at CIAT-Palmira, 2010

D.f. — degrees of freedom; s.s. — sum of squames, — mean square$<0.05;” P<0.01;” P<0.001
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Table 4.26 Genotypic means for 20 genotypes that dasignificant differences for total root length (cmplant™) in elite

genotypes under greenhouse conditions at CIAT-Palma, 2010

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
AND277 WS 20.02 10.54 10.14 5.26 0.09 0.00 46.05
wWw 25.23 15.17 14.20 4.20 0.00 0.00 58.80
BAT477 WS 22.11 9.35 7.85 3.36 0.09 0.00 42.76
wWw 30.57 14.07 12.08 1.19 0.00 0.00 57.91
CAL143 WS 23.58 10.17 8.96 4.45 0.10 0.00 47.26
wWw 28.48 13.16 13.45 2.01 0.00 0.00 57.10
CAL96 WS 18.45 7.62 7.99 5.53 0.00 0.00 39.59
wWw 37.99 12.99 9.56 0.55 0.00 0.00 61.09
DAB147 WS 16.92 7.61 6.89 2.95 0.06 0.00 34.43
wWw 19.12 10.97 11.68 1.19 0.00 0.00 42.96
DRK149 WS 11.97 9.28 7.82 8.70 0.06 0.00 37.83
wWw 23.16 12.36 8.69 0.26 0.00 0.00 44.47
DRK156 WS 17.20 6.88 6.41 6.47 0.48 0.00 37.44
wWw 23.56 9.92 10.34 3.00 0.00 0.00 46.82
(19833 WS 15.38 8.33 7.19 3.88 1.24 0.37 36.39
WWwW 26.39 13.82 14.04 3.29 0.00 0.00 57.54
G4523 WS 23.04 10.32 6.91 5.58 0.73 0.06 46.64
WWwW 26.50 11.60 14.59 3.64 0.00 0.00 56.33
PAN127 WS 17.00 7.96 9.68 7.06 2.80 0.57 45.07
WWwW 38.11 15.14 10.36 1.37 0.00 0.00 64.98
Pinto Villa WS 19.93 8.99 8.03 2.52 0.10 0.00 39.57
WWwW 29.73 13.23 9.03 0.42 0.00 0.00 52.41
RCW WS 16.46 6.29 5.61 2.98 0.11 0.00 31.45
WW 24.17 10.58 9.24 0.59 0.00 0.00 44.58
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Table 4.26 continued

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
SABG686 WS 15.63 7.05 9.79 8.40 1.05 0.06 41.98
ww 28.40 11.12 13.22 1.70 0.00 0.00 54.44
SEA15 WS 13.98 7.91 7.86 451 0.15 0.00 34.41
ww 19.09 12.16 9.44 0.54 0.00 0.00 41.23
SEA5 WS 16.04 8.46 7.82 9.34 2.59 0.59 44.84
ww 22.08 13.26 13.02 2.68 0.00 0.00 51.04
SEQ1006 WS 18.99 9.48 11.01 10.69 2.68 0.19 53.04
ww 31.24 14.63 14.38 2.33 0.00 0.00 62.58
SEQ1027 WS 12.49 8.89 7.82 5.25 0.05 0.00 34.50
ww 23.96 11.37 12.96 1.52 0.00 0.00 49.81
SER16 WS 15.67 5.90 6.74 3.99 0.74 0.00 33.04
ww 21.89 10.55 7.90 0.90 0.00 0.00 41.24
VAX1 WS 18.69 9.99 7.18 3.39 0.00 0.00 39.25
ww 27.83 12.18 10.02 2.99 0.00 0.00 53.02
VAX3 WS 17.27 7.88 7.48 3.97 0.23 0.00 36.83
WW 29.40 11.40 2.77 0.00 0.00 0.00 43.57
LSD between treatments 5.06
LSD among soil profile levels 0.51

WW — well watered; WS — water stressed; LSD — Ieagiificance difference; RCW — Red Canadian Wonder
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Table 4.27 Total root length (cm plant’) distribution along soil depth levels

0-5cm 5-10cm 10-20cm 20-40cm  40-60 cm 60-75 ciaSD

WS 17.48 8.18 7.9¢ 5.27 0.63" 0.17 5.06
WW 2558 11.60¢  9.8P 1.47 0.0¢ 0.00

LSD presented separate means between treatmerassrf@lowed by the same letter are not
significantly different at £0.05

30.00

N

o

o

o
|

20.00

15.00
=—-\WS

10.00 - =_-Ww

Total root length (cm plant?)

5.00 -
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Soil depth (cm)

Figure 4.4  Interaction between treatments and soitlepths for total root length
along different soil depth levels. WS — water stregd; WW — well

watered.
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Table 4.28  Genotypic means for 20 genotypes for TRmm (cm) in elite genotypes under greenhouse conditisrat CIAT-

Palmira, 2010
Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
AND277 WS 2.00 1.44 1.40 1.04 0.24 0.22 6.34
wWw 2.32 1.36 1.96 0.99 0.43 0.41 7.47
BAT477 WS 1.58 0.95 0.97 0.48 0.13 0.17 4.28
wWw 2.20 1.55 1.69 0.36 0.60 0.28 6.68
CAL143 WS 2.33 1.37 1.22 0.77 0.18 0.18 6.05
wWw 3.52 2.09 2.25 0.50 0.86 0.84 10.06
CAL96 WS 1.84 1.02 1.01 0.75 0.13 0.05 4.80
wWw 3.26 1.53 1.32 0.14 0.54 0.37 7.16
DAB147 WS 1.61 1.12 1.04 0.44 0.03 0.15 4.39
wWw 1.93 1.29 1.57 0.27 0.25 0.06 5.37
DRK149 WS 1.06 1.12 1.20 1.32 0.00 0.06 4.76
wWw 1.97 1.40 1.32 0.29 0.08 0.01 5.07
DRK156 WS 1.56 1.04 1.28 1.41 0.54 0.17 6.00
wWw 1.92 1.26 1.99 0.94 0.75 0.37 7.23
(19833 WS 1.45 0.98 1.07 0.59 0.17 0.23 4.49
WWwW 3.02 1.73 2.23 1.03 1.15 1.21 10.37
G4523 WS 1.61 1.22 1.09 1.20 0.24 0.03 5.39
WWwW 2.15 1.29 2.20 0.89 0.59 0.39 7.51
PAN127 WS 1.52 0.99 1.60 1.41 0.82 0.26 6.60
WWwW 3.82 2.04 1.90 1.27 1.70 1.14 11.87
Pinto Villa WS 1.38 0.78 0.80 0.24 0.02 0.35 3.57
WWwW 2.03 1.08 1.11 0.15 0.32 0.06 4.75
RCW WS 1.41 0.89 0.90 0.39 0.12 0.25 3.96
WW 2.31 1.39 1.65 0.20 0.62 0.23 6.40
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Table 4.28 continued

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
SABG686 WS 1.50 0.88 1.56 1.54 0.41 0.06 5.95
ww 2.86 1.62 2.30 0.49 0.87 0.40 8.54
SEA15 WS 1.45 1.28 1.30 0.74 0.06 0.03 4.86
ww 1.80 1.79 1.74 0.10 0.22 0.13 5.78
SEA5 WS 1.66 1.26 1.43 1.72 0.35 0.15 6.57
ww 2.44 1.71 2.46 0.48 0.61 0.40 8.10
SEQ1006 WS 2.26 1.84 2.59 2.67 0.77 0.08 10.21
ww 3.09 2.38 2.90 0.59 0.67 0.02 9.65
SEQ1027 WS 1.29 1.19 1.23 0.80 0.16 0.06 4.73
ww 2.31 1.51 2.00 0.38 0.59 0.36 7.15
SER16 WS 1.28 0.76 0.95 0.42 0.05 0.30 3.76
ww 1.69 1.01 0.81 0.26 0.14 0.22 4.13
VAX1 WS 1.62 1.23 0.98 0.52 0.07 0.12 4.54
ww 2.56 1.28 1.17 0.41 0.33 0.16 5.91
VAX3 WS 1.46 1.02 0.93 0.51 0.03 0.20 4.15
WW 2.15 0.96 0.44 0.41 0.15 0.40 4.51
LSD between treatments 0.90
LSD among soil profile levels 0.09

WW — well watered; WS — water stressed; LSD — leagtificant differencelT RL;,m» — total root length with diameter between 0.5-1;/iRGW — Red
Canadian Wonder
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Table 4.29 Genotypic means for 20 genotypes for TBsmm (CM) in elite genotypes under greenhouse conditisrat CIAT-

Palmira, 2010
Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
AND277 WS 17.73 8.88 8.37 4.06 0.55 1.78 41.37
ww 22.58 13.66 11.86 3.00 3.59 4.83 59.52
BAT477 WS 20.30 8.33 6.76 2.84 0.65 1.63 40.51
ww 28.07 12.40 10.28 1.53 4.18 5.20 61.66
CAL143 WS 20.93 8.58 7.53 3.54 0.64 2.11 43.33
ww 24.52 10.80 10.75 1.45 2.40 3.87 53.79
CAL96 WS 16.34 6.40 6.67 4.62 1.34 0.98 36.35
ww 34.09 11.18 7.81 0.33 6.24 5.78 65.43
DAB147 WS 15.08 6.34 5.59 2.45 0.09 0.26 29.81
ww 17.00 9.52 9.74 0.89 1.86 1.69 40.70
DRK149 WS 10.70 8.01 6.31 7.18 0.06 0.29 32.55
ww 20.86 10.73 7.00 1.01 1.82 2.18 43.60
DRK156 WS 15.34 5.62 4.82 4.82 1.40 0.26 32.26
ww 21.26 8.47 8.04 3.51 4.09 2.97 48.34
G19833 WS 13.74 7.10 5.92 3.17 1.73 1.39 33.05
ww 22.95 11.80 11.38 3.52 6.67 6.35 62.67
G4523 WS 21.09 8.92 5.63 4.14 0.59 0.10 40.47
ww 23.96 10.11 11.90 2.55 2.79 2.11 53.42
PAN127 WS 15.22 6.79 7.76 5.45 3.39 1.18 39.79
ww 33.80 12.91 8.22 2.53 8.97 6.77 73.20
Pinto Villa WS 18.35 8.13 7.14 2.26 0.04 1.04 36.96
ww 27.41 12.04 7.83 0.60 3.06 4.09 55.03
RCW WS 14.82 5.22 4.49 2.52 0.72 0.59 28.36
WW 21.53 9.00 7.31 0.79 3.64 2.36 44.63
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Table 4.29 continued

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
SABG686 WS 13.92 6.04 7.87 6.62 2.45 0.01 36.91
ww 25.08 9.21 10.52 1.14 5.37 2.90 54.22
SEA15 WS 12.25 6.34 6.18 3.58 0.28 0.41 29.04
ww 17.01 10.18 7.42 0.44 1.95 1.28 38.28
SEA5 WS 14.14 7.05 6.18 7.33 2.20 0.85 37.75
ww 19.30 11.41 10.32 2.15 4.32 2.97 50.47
SEQ1006 WS 16.21 7.05 7.68 7.45 3.26 0.33 41.98
ww 27.59 11.85 10.84 1.67 6.65 3.73 62.33
SEQ1027 WS 10.98 7.44 6.22 4.23 0.51 0.26 29.64
ww 21.24 9.60 10.62 1.05 3.95 3.19 49.65
SER16 WS 14.20 5.06 5.68 3.50 0.80 0.30 29.54
ww 19.98 9.46 7.01 1.20 3.10 2.04 42.79
VAX1 WS 16.85 8.64 6.09 2.83 1.44 1.07 36.92
ww 24.93 10.78 8.75 2.56 4.64 4.19 55.85
VAX3 WS 15.59 6.71 6.40 3.41 0.42 0.35 32.88
WW 26.97 10.26 2.29 0.16 2.37 2.36 44,51
LSD between treatments 5.28
LSD among soil profile levels 0.53

WW - well watered; WS - water stressed; LSD — lsagtificant differencel RLg smm— total root length with diameter between 0-0.5;Rad Canadian
Wonder
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Table 4.30 Total root biomass (g) for 20 genotypethat had significant differences for TRB in elite genotypes under
greenhouse conditions at CIAT-Palmira

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
AND277 WS 0.21 0.11 0.11 0.05 0.00 0.00 0.48
wWw 0.24 0.13 0.14 0.05 0.00 0.00 0.55
BAT477 WS 0.19 0.08 0.07 0.03 0.00 0.00 0.37
wWw 0.26 0.14 0.11 0.01 0.00 0.00 0.52
CAL143 WS 0.23 0.10 0.09 0.04 0.00 0.00 0.45
wWw 0.28 0.14 0.14 0.02 0.00 0.00 0.58
CAL96 WS 0.18 0.07 0.08 0.05 0.00 0.00 0.38
wWw 0.33 0.12 0.09 0.01 0.00 0.00 0.55
DAB147 WS 0.17 0.08 0.07 0.03 0.00 0.00 0.34
wWw 0.17 0.11 0.12 0.01 0.00 0.00 0.41
DRK149 WS 0.13 0.09 0.09 0.07 0.00 0.00 0.38
wWw 0.21 0.12 0.08 0.00 0.00 0.00 0.41
DRK156 WS 0.20 0.07 0.07 0.07 0.01 0.00 0.41
wWw 0.24 0.11 0.11 0.03 0.00 0.00 0.49
(19833 WS 0.15 0.08 0.07 0.04 0.01 0.00 0.34
WWwW 0.28 0.14 0.15 0.03 0.00 0.00 0.60
G4523 WS 0.18 0.09 0.07 0.06 0.01 0.00 0.40
WWwW 0.22 0.10 0.15 0.05 0.00 0.00 0.51
PAN127 WS 0.18 0.08 0.10 0.08 0.03 0.01 0.47
WWwW 0.31 0.12 0.09 0.01 0.00 0.00 0.53
Pinto Villa WS 0.15 0.07 0.06 0.02 0.00 0.00 0.30
WWwW 0.21 0.16 0.07 0.01 0.00 0.00 0.44
RCW WS 0.15 0.07 0.06 0.02 0.00 0.00 0.31
WW 0.22 0.11 0.10 0.01 0.00 0.00 0.43
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Table 4.30 continued

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
SABG686 WS 0.15 0.07 0.11 0.09 0.01 0.00 0.43
ww 0.25 0.11 0.16 0.07 0.00 0.00 0.58
SEA15 WS 0.16 0.09 0.08 0.04 0.00 0.00 0.37
ww 0.17 0.12 0.10 0.00 0.00 0.00 0.39
SEA5 WS 0.18 0.10 0.10 0.09 0.02 0.01 0.49
ww 0.24 0.14 0.14 0.02 0.00 0.00 0.54
SEQ1006 WS 0.24 0.13 0.15 0.13 0.02 0.00 0.68
ww 0.34 0.17 0.19 0.03 0.00 0.00 0.73
SEQ1027 WS 0.14 0.08 0.08 0.05 0.00 0.00 0.35
ww 0.25 0.12 0.13 0.02 0.00 0.00 0.51
SER16 WS 0.14 0.06 0.05 0.03 0.01 0.00 0.29
ww 0.19 0.10 0.06 0.01 0.00 0.00 0.36
VAX1 WS 0.15 0.09 0.06 0.03 0.00 0.00 0.32
ww 0.24 0.11 0.08 0.02 0.00 0.00 0.45
VAX3 WS 0.16 0.07 0.06 0.03 0.00 0.00 0.31
WW 0.23 0.09 0.02 0.00 0.00 0.00 0.35
LSD between treatments 0.05
LSD among soil profile levels 0.01

WW — well watered; WS — water stressed; LSD — Iemgiificant difference; Red Canadian Wonder
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Table 4.31 Mean root diameter (mm) for 20 genotype that had significant differences for total root éngth in elite

genotypes under greenhouse conditions at CIAT-Palma, 2010

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
AND277 WS 0.30 0.34 0.35 0.37 0.55 0.40 2.31
wWw 0.29 0.30 0.35 0.42 0.55 0.40 2.31
BAT477 WS 0.28 0.31 0.32 0.33 0.29 0.32 1.85
wWw 0.29 0.33 0.34 0.37 0.31 0.35 1.99
CAL143 WS 0.31 0.35 0.34 0.36 0.41 0.37 2.14
wWw 0.32 0.36 0.38 0.42 0.44 0.40 2.32
CAL96 WS 0.30 0.34 0.34 0.33 0.36 0.35 2.02
wWw 0.30 0.34 0.38 0.58 0.43 0.42 2.45
DAB147 WS 0.30 0.34 0.35 0.32 0.37 0.35 2.03
wWw 0.30 0.33 0.36 0.40 0.39 0.38 2.16
DRK149 WS 0.30 0.32 0.36 0.34 0.30 0.34 1.96
wWw 0.29 0.32 0.38 0.39 0.31 0.36 2.05
DRK156 WS 0.30 0.36 0.39 0.40 0.44 0.40 2.29
wWw 0.30 0.35 0.39 0.41 0.44 0.40 2.29
(19833 WS 0.30 0.33 0.34 0.42 0.48 0.33 2.20
ww 0.32 0.35 0.38 0.48 0.51 0.37 2.41
G4523 WS 0.28 0.32 0.35 0.39 0.37 0.41 2.12
ww 0.29 0.33 0.36 0.45 0.39 0.44 2.26
PAN127 WS 0.30 0.33 0.36 0.38 0.43 0.36 2.16
ww 0.32 0.36 0.39 0.44 0.47 0.39 2.37
Pinto Villa WS 0.27 0.30 0.30 0.29 0.33 0.32 1.81
WWwW 0.28 0.29 0.32 0.35 0.35 0.34 1.93
RCW WS 0.29 0.34 0.37 0.32 0.29 0.34 1.95
WW 0.30 0.33 0.37 0.38 0.31 0.36 2.05
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Table 4.31 continued

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
SABG686 WS 0.30 0.32 0.37 0.36 0.33 0.39 2.07
ww 0.31 0.36 0.38 0.42 0.36 0.42 2.25
SEA15 WS 0.32 0.38 0.38 0.37 0.38 0.38 2.21
ww 0.32 0.35 0.39 0.38 0.38 0.38 2.20
SEA5 WS 0.31 0.35 0.36 0.37 0.34 0.31 2.04
ww 0.32 0.34 0.39 0.40 0.35 0.32 2.12
SEQ1006 WS 0.34 0.42 0.44 0.43 0.37 0.43 2.43
ww 0.31 0.37 0.42 0.48 0.35 0.42 2.35
SEQ1027 WS 0.31 0.34 0.37 0.37 0.46 0.39 2.24
ww 0.30 0.35 0.38 0.53 0.50 0.43 2.49
SER16 WS 0.29 0.32 0.33 0.30 0.30 0.33 1.87
ww 0.29 0.30 0.31 0.35 0.30 0.33 1.88
VAX1 WS 0.29 0.33 0.32 0.33 0.35 0.34 1.96
ww 0.30 0.32 0.32 0.33 0.35 0.34 1.96
VAX3 WS 0.30 0.33 0.32 0.31 0.33 0.33 1.92
WW 0.29 0.31 0.35 0.37 0.34 0.35 2.01
LSD between treatments 0.06
LSD among soil profile levels 0.01

WW — well watered; WS — water stressed; LSD — Iemgiificant difference; RCW — Red Canadian Wonder
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Table 4.32 Root volume (cri) for 20 genotypes that had significant differencefor total root length in elite genotypes under

greenhouse conditions at CIAT-Palmira

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
AND277 WS 1.45 0.94 0.98 0.59 0.14 0.14 4.22
ww 1.69 1.08 1.38 0.62 0.35 0.35 5.47
BAT477 WS 1.38 0.67 0.62 0.27 0.09 0.07 3.10
ww 2.02 1.17 1.09 0.20 0.48 0.31 5.27
CAL143 WS 1.74 0.98 0.82 0.46 0.11 0.15 4.26
ww 2.35 1.37 1.55 0.27 0.50 0.53 6.57
CAL96 WS 1.32 0.68 0.73 0.49 0.08 0.02 3.32
ww 2.74 1.17 1.07 0.12 0.55 0.46 6.11
DAB147 WS 1.21 0.71 0.69 0.26 0.00 0.10 2.97
ww 1.38 0.97 1.18 0.16 0.21 0.10 4.00
DRK149 WS 0.83 0.74 0.79 0.81 0.00 0.04 3.21
ww 1.54 1.04 0.97 0.16 0.14 0.09 3.94
DRK156 WS 1.25 0.71 0.80 0.86 0.29 0.11 4.02
ww 1.70 0.95 1.26 0.58 0.51 0.32 5.32
G19833 WS 1.10 0.75 0.67 0.36 0.17 0.17 3.22
ww 2.11 1.30 1.58 0.57 0.84 0.84 7.24
G4523 WS 1.47 0.85 0.65 0.68 0.09 0.01 3.75
ww 1.80 0.96 1.52 0.56 0.40 0.32 5.56
PAN127 WS 1.19 0.68 0.98 0.77 0.47 0.13 4.22
ww 3.02 1.47 1.22 0.59 1.15 0.80 8.25
Pinto Villa WS 1.19 0.63 0.56 0.17 0.01 0.16 2.72
ww 1.81 0.90 0.73 0.09 0.26 0.08 3.87
RCW WS 1.06 0.57 0.58 0.25 0.09 0.16 2.71
WW 1.74 0.94 1.04 0.12 0.44 0.18 4.46
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Table 4.32 continued

Genotype Treatment 0-5cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm 60-75 cm Grand
mean
SABG686 WS 111 0.57 1.02 0.91 0.23 0.03 3.87
ww 2.18 1.11 1.49 0.26 0.59 0.33 5.96
SEA15 WS 1.11 0.91 0.91 0.48 0.03 0.01 3.45
ww 1.48 1.20 1.11 0.06 0.14 0.12 4.11
SEA5 WS 1.19 0.80 0.83 1.04 0.23 0.10 4.19
ww 1.80 1.20 1.50 0.29 0.46 0.34 5.59
SEQ1006 WS 1.73 1.36 1.73 1.53 0.42 0.05 6.82
ww 2.44 1.61 1.97 0.34 0.42 0.05 6.83
SEQ1027 WS 0.95 0.83 0.83 0.55 0.10 0.02 3.28
ww 1.75 1.10 1.44 0.26 0.45 0.32 5.32
SER16 WS 1.02 0.49 0.56 0.29 0.04 0.20 2.60
ww 1.40 0.76 0.58 0.15 0.17 0.07 3.13
VAX1 WS 1.27 0.83 0.60 0.29 0.03 0.07 3.09
ww 2.00 0.98 0.83 0.26 0.29 0.20 4.56
VAX3 WS 1.22 0.69 0.62 0.30 0.01 0.11 2.95
WW 1.90 0.84 0.26 0.22 0.01 0.12 3.35
LSD between treatments 0.61
LSD among soil profile levels 0.06

WW — well watered; WS — water stressed; LSD — Isagiificant difference; RCW — Red Canadian Wonder
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4.5.2.2 Total root biomass and its distribution amng different soil depths

Significant differences for TRB were observed betwgenotypes under WS and WW
treatments (Table 4.25). SEQ1006 had significamtijper TRB than BAT477 under both
WW and WS treatments. Treatment effects were higlggificant and WS restricted the
amount of TRB accrued by the genotypes (Table 4.30)

4.5.2.3 Mean root diameter and its variation amonglifferent soil depths
Most genotypes had thicker roots under WW than W& ments (Table 4.31).

4.5.2.4 Root volume and its distribution among dirent soil depths
Most genotypes had significantly higher root volumeder WW than WS conditions
except SEQ1006 and VAX3 (Table 4.32).

4.5.3 Shoot traits

Genotypes and treatment effects were highly sicgmifi for leaf area, dry leaf, stem and
pod biomass measured (Table 4.33). GxT interactidluenced dry stem biomass
accrued by genotypes. WS affected shoot traitsfgigntly. Leaf area for all genotypes
was severely reduced under the WS treatment (TABW. Meanwhile, the majority of

genotypes had reduced green leaf and stem bionmales MVS. In addition, half of the

genotypes had significantly higher pod biomass uride WW than WS treatments.

Water stress restricted stem and leaf growth amnpted leaf abscission in some
genotypes. SEQ1006, G19839 and CAL96 had significdngher dead leaf biomass

under WS than WW.
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Table 4.33
in 2010

Combined analysis of variance for leadrea, dry leaf-, stem- and pod biomass measured fdine elite genotypes

Trait: Leaf area

Trait: Leaf biomass

Source of D.f. S.S. m.s. Fpr. Source of D.f. S.S. m.s. Fpr.
variation variation

Replication 2 8787 4394 Replication2 0.22863 0.11431

Genotype 39 565098 14490 <.001 Genotype 39 11.2499 0.28846 <.001
(G) (G)

Treatment 1 1213593 1213593 <.001 Treatmentl 20.9778 20.9778 <.001
(T) (T)

GXT 39 158897 4074 0.373 GXT 39 4,32146 0.11081 0.094
interaction interaction

Error 158 601158 3805 Error 158 12.8297 0.0812

Total 239 2547534 Total 239 49.6075

Trait: Pod biomass Trait: Stem biomass

Source of D.f. S.S. m.s. Fpr. Source of D.f. S.S. m.s. Fpr.
variation variation

Replication 2 0.3515 0.1757 Replicatior2 0.0779 0.03895

Genotype 39 21.3354 0.5471 <.001 Genotype39 5.01973 0.12871 <.001
(G) (G)

Treatment 1 8.3068 8.3068 <.001 Treatmentl 5.70108 5.70108 <.001
(T (M

GXT 39 4.5007 0.1154 0.354 GxT 39 1.5568 0.03992 0.041
interaction interaction

Error 158 16.8065 0.1064 Error 158 4.18424 0.02648

Total 239 51.3008 Total 239 16.5398

D.f. — degrees of freedom; s.s. — sum of squares;-Amean squares; F pr. — F probability
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Table 4.34 Leaf area (cnf), dry leaf-, stem- and pod biomass (g) produced bg0 elite genotypes evaluated under well
watered and water stressed treatments in the greephse at CIAT-Palmira, 2010

Leaf area Dry leaf biomass Dry pod biomass Dry stB biomass Dead leaf biomass
Genotype WS ww WS ww WS ww WS ww WS ww
AND277 157.60 317.20 0.54 1.14 0.11 0.46 0.36 0.66 0.25 0.10
BAT477 171.60 391.90 0.56 1.86 0.01 0.03 0.46 0.92 0.18 0.13
CAL143 141.50 279.50 0.56 1.08 0.35 1.05 0.34 0.62 0.33 0.20
CAL96 129.10 252.20 0.47 0.97 0.23 0.85 0.42 0.87 .300 0.06
DAB147 86.80 222.10 0.32 0.72 0.36 1.01 0.28 0.48 .350 0.34
DRK149 144.10 213.80 0.56 0.88 0.59 0.93 0.45 0.69 0.15 0.07
DRK156 152.00 300.40 0.53 1.10 0.15 0.66 0.42 0.79 0.17 0.08
G19833  184.50 408.20 0.55 1.27 0.01 0.02 0.38 0.90 0.48 0.35
G4523 136.80 409.50 0.43 1.26 0.36 0.58 0.43 1.04 190 0.11
PAN127 198.40 279.70 0.69 1.15 0.19 0.21 0.51 0.71 0.13 0.06
P Villa 115.60 229.30 0.55 0.75 0.46 1.29 0.37 0.62 0.11 0.06
RCW 124.30 202.50 0.45 0.75 0.63 1.11 0.32 0.51 501 0.17
SAB686  122.10 261.60 0.49 1.20 0.40 0.87 0.40 0.65 0.12 0.03
SEA15 179.20 309.40 0.59 1.37 0.62 1.21 0.42 0.79 .190 0.11
SEA5 131.50 290.80 0.59 1.71 0.50 0.44 0.20 054 210. 0.12
SEQ1006 180.30 338.10 0.59 1.27 0.34 0.80 0.59 1.01 0.42 0.31
SEQ1027 126.10 352.80 0.43 1.26 0.10 0.25 0.37 0.92 0.28 0.11
SER16 110.80 221.00 0.38 0.83 0.77 1.03 0.38 052 .200 0.19
VAX1 62.90 265.50 0.23 1.06 0.03 0.50 0.37 0.85 20.3 0.15
VAX3 172.50 320.00 0.53 1.42 0.06 0.03 0.36 0.56 070. 0.06
Grand 135.69 277.92 0.49 1.08 0.3 0.67 0.41 0.72 0.26 70.1
mean
LSD 15.73 0.07 0.08 0.04 0.04

LSD - least significant difference between genatypeans of the two treatments; WW — well watere® Wwater stressed; P Villa — Pinto Villa; RCW -dRe
Canadian Wonder
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4.5.4 Physiological traits

While the differences among the treatments (WS \Afil) were significantly different
for all traits that were measured, those among types were only significant for SCMR
measured at 34 and 43 DAP (Table 4.35). Most gpestgxcept DRK149 and SAB686
had significantly higher SCMR under WS than WW &DAP (Table 4.36). At 34 DAP;
SAB686 was the only genotype with higher SCMR folwthan WS. CAL96, DAB147
and SEA5 had no significant differences for SCMRween WS and WW at 34 DAP.
All genotypes had significantly higher SCOND unbéW than WS.
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Table 4.35 Combined analysis of variance for physiogical traits measured for the elite genotypes aluated under
greenhouse conditions at CIAT-Palmira, 2010

Trait: SCMR at 43 days after planting

Trait: SCMR at 34 days after planting

Source of D.f. S.S. m.s. Fpr. Source of D.f. S.S. m.s. Fpr.
variation variation

Replication 2 108.21 54.11 Replicatior? 42.3 21.15

Genotype 39 3815.28 97.83 <.001 Genotype 39 2247 57.62 <.001
(G) (G)

Treatment 1 1692.83 1692.83 <.001 Treatmentl 1113.27 1113.27 <.001
(M) (M)

GxT 39 867.49 22.24 0.361 GxT 39 931.71 23.89 0.036
interaction interaction

Error 158 3254.05 20.6 Error 158 2467.62 15.62

Total 239 9737.86 Total 239 6801.9

Trait: SCOND at 34 days after planting

Source of D.f. S.S. m.s. Fpr.

variation

Replication 2 75175 37588

Genotype 39 313775 8046 0.227

(G)

Treatment 1 1278887 1278887 <.001

(T)

GxT 39 203133 5209 0.829

interaction

Error 158 1068110 6760

Total 239 2939081

SCMR — chlorophyll content; SCOND — stomatal conidnce; D.f. — degrees of freedom; s.s. — sum odusp) m.s. — mean squares; F pr. — F probability
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Table 4.36 Mean performance of genotypes for chlophyll content (nmol cni®) and stomatal conductance (mmol M s?
under greenhouse conditions at CIAT-Palmira, 2010

SCMR at 43 DAP SCMR at 34 DAP SCOND at 34DAP
Genotype WS WW WS WW WS WW
AND277 36.10 32.53 38.63 34.27 131.40 317.00
BAT477 45.83 31.93 42.77 34.17 145.90 244.70
CAL143 35.67 32.57 36.87 32.80 103.80 309.60
CAL96 43.03 35.63 34.53 33.83 100.70 214.70
DAB147 38.00 30.20 32.77 33.17 168.60 352.50
DRK149 43.93 43.60 42.10 38.60 140.30 328.30
DRK156 44.70 36.07 43.97 35.83 165.80 264.50
G19833 30.13 27.23 30.63 27.27 170.90 233.30
G4523 35.63 30.70 34.27 30.03 144.10 262.50
PAN127 36.40 33.37 37.47 34.63 193.80 335.30
P Villa 42.20 39.23 39.83 37.40 79.70 160.60
RCW 43.33 36.63 42.47 34.40 173.80 343.20
SABG686 35.47 35.33 34.53 38.27 154.10 295.50
SEA15 41.17 38.50 39.57 32.87 101.60 256.40
SEA5 45.07 43.77 39.67 40.53 130.90 273.60
SEQ1006 36.97 32.87 37.27 35.03 103.90 160.20
SEQ1027 35.83 29.43 36.10 30.43 79.60 332.60
SER16 40.70 36.53 39.87 33.37 108.70 306.30
VAX1 41.17 37.00 38.10 32.63 115.30 293.50
VAX3 39.37 30.17 37.03 35.10 122.90 321.30
Grand mean 39.68 34.67 37.89 33.59 136.79 282.78
LSD 1.16 1.01 20.96

SCMR - chlorophyll content; SCOND — stomatal cortdnce; Lsd — least significant difference betweeatments; WW — well watered; WS — water stressed,;
P Villa — Pinto Villa; RCW — Red Canadian Wonder
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455 Correlation coefficients among root and shadraits measured under well

watered and water stressed treatments in 2010

Table 4.37 shows the correlations among the medsuegts under WW and WS
conditions. Significant positive correlations egstbetween root length and green leaf
biomass as well as stem biomass under both irdgate water stressed treatment. Stem
biomass and green leaf biomass also had signifmamelations with root biomass under

both irrigated and water stressed treatments.

Highly significant positive correlations existedtiween GLB and SB under WW and
WS. SCMR1 and SCMR2 were also highly significarttyrelated under WW and WS
treatments. TRB and MRD were highly significantiyrrelated under both treatments.
The correlations between SCMR1 and SCMR2 as wellRB and MRD were positive.
PB and SCMR2 had significant and positive correfatboetween each other under WwW
and WS treatments. PB and SCMR1 were significastfyelated to each other under WS
treatment.
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Table 4.37 Correlation coefficients among root anghoot traits measured under well watered and watestressed treatments

TRT  Trait TRL TRB MRD GLB DLB SB PB SCMR1
wWw TRB 0.89

WS 0.88

wWw MRD 0.38* 0.51%**

WS 0.30* 0.56***

WW GLB 0.55** 0.51*** 0.20*

WS 0.49*** 0.41** 0.02

WW DLB -0.09 -0.01 0.18* -0.25*

WS 0.07 0.19* 0.36***  -0.42***

ww SB 0.59**  0.66*** 0.34**  0.59*** -0.07

WS 0.60*** 0.62*** 0.24* 0.58*** -0.06

ww PB 0.13 0.22* 0.08 -0.15 0.00 0.03

WS -0.06 -0.75 -0.10 -0.07 -0.05 -0.13

ww SCMR1 0.31*  0.22* 0.26* 0.21* -0.13 0.06 0.17

WS -0.11 -0.15 -0.27* 0.16 -0.30* 0.12 0.26*

ww SCMR2 0.08 0.05 0.25* 0.06 -0.10 0.02 0.32* DB
WS -0.16 -0.21* -0.33** 0.08 -0.20* -0.08 0.37*** 0.60***

TRT — treatment; WW — well watered; WS — watersstegl; TRL — total root length (cm pI&D{tTRB — dry root biomass (g); MRD - mean root
diameter (mm); GLB — dry green leaf biomass (g)BDLdry dead leaf biomass (g), SB — dry stem bientgs PB — dry pod biomass (g); PE —
photosynthetic efficiency; SCMR1 — chlorophyll cent at 10 days after water stress<8m5; **P<0.01; *** P<0.001
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4.6 Discussion

Roots are the first plant organs to sense depletfonater in the soil. Significant differences
between water levels for visual rooting depth weaticed from the ¥ day after the stress
induction in both trials. Most genotypes under WSupied deep soil layers faster than under
WW conditions. The faster root growth rate in thgseotypes was induced by depleted water
resources. As the duration of WS progressed, memotgpes had significantly higher visual
rooting depth under the WS than WW treatment. Raitd (1994) had earlier on made
observations that roots have a tendency of growingy from dry soil pockets to wetter soll
pockets. The total root length was evidently higleersome genotypes at the 40-60 cm and 60-
75 cm soil profile levels under the WS treatmerantithe WW condition in both trials. Root
growth was influenced by the underground enviroriniEriceet al. 2002) and WS caused root
extension (Pritchard 1994). Under WS, plant roasdto pursue the receding moisture in the
soil. Apart from water capture, deep roots are atgmable of extracting mobile nutrients such as
nitrates (Hoet al. 2004; 2005). However, it is important to notettkame genotypes in both
trials did not differ significantly for VRD and TRbhetween water levels at all soil profile levels.
In these genotypes root growth was not triggerethbyreceding water front in the soil. Nicotra
et al. (2010) argued that the adaptive responses to yiagdsoil environment are genotype

specific and do not apply to all genotypes withspacies.

Top soil drying is a common phenomenon under drbaghditions and has a deleterious effect
on fine roots residing close to the soil surfacebdth trials, the WW had higher grand TRL and
TRLosmmcompared to WS and could be attributed to thedrighortality of fine roots under WS
than WW. Lynch and Brown (2001) argued that shadihfine roots allows the main roots to

occupy great soil volumes at a low metabolic cost.

Some genotypes had higher root volume and bionmadsr WS than WW conditions, especially
at deeper soil layers in both trials and these siapgort the idea that deep rooting is an adaptive
trait. Sponchiadet al. (1989), Pritchard (1994) and H al. (2005) reported similar findings in
common bean. The elasticity in deep rooting (adapdnd constitutive) found among genotypes
in both trials could be used to improve plant pritity under different production

environments. Beebet al. (2008) also found that there existed diversitycammon bean for
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aluminium tolerance and tolerance to low phosphasagslability in soil. The presence of some
Andean genotypes in both trials with better or cample root attributes to the check, BAT477,
makes prospects of improving Andean beans feasiitbout embarking on advanced
backcrossing schemes. G19833 had deeper and tmaiisr which facilitated better acquisition
and transport of water. DRK47, G5625, PAN127 and5%8l had deeper roots than BAT477
and the other root traits were comparable to BATdidder WS. These genotypes could be used
to improve drought tolerance in Andean beans. Busviwork indicates that crosses involving
Mesoamerican and Andean genotypes often produaeppogenies and in some crosses resulted
in F; lethality (Singh 1995). These gene pools are seépdrby reproductive isolation (Koinange
and Gepts 1992). Drought tolerance mapping pogmulatior genetic studies could be created

within the Andean sub-group without searching feepl rooting from Mesoamerican genotypes.

Referring to grain yield data shown in Chapter &ne genotypes in the reference collection
such as BAT477, G5625 and DRK47 had deep rootsrulv@ein the greenhouse and high yields
under WS field conditions at both CIAT-Palmira addrare Research Station. However, there
was another group of genotypes with root lengths significantly different from DRK47,
G5625 and BAT477 that had poor yields under WSl fegnditions at both locations. In these
genotypes, deep rooting appears only to be impoftarplant survival and biomass production
and does not result in a high seed yield under 842833 had long roots under water stress but
yielded below 400 kg hWaunder WS field conditions at CIAT-Palmira and Hard&Research
Station. Under WS, G19833 had the ability to captwater from deep soil layers and
maintained a high leaf conductance as well as h $iigpot biomass to the same extent as under
irrigated conditions. The captured water was, h@uerot translated into higher grain yield. In
contrast G1688, G21212, SAB258 and G18255 hadfsigntly lower TRL across soil depths
than G19833 and G4721 under WS but had grain ylehger than 1000 kg Haunder WS field
conditions. G21212 and G1688 maintained their nbrdeaf conductance even under stress
conditions. These two genotypes maintained photbsyie efficiency using the small amount of
water drawn from the soil. It is important to nat&at some genotypes with deeper roots had
faster root growth under WS and have the potewtialepleting water resources well before
maturity. If no additional rain is received in beswn the stress periods, grain filling can be

affected and consequently grain yield could be ceduThis could be the case with G4721.
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Deep rooting is desirable for extracting water frdeep soil layers and allows plants to sustain
photosynthesis and other metabolic processes. dagitive and significant correlations existed
between total root length and root biomass withegréeaf biomass and stem biomass. The
ability of plants to convert the limited water resces into grain yield requires other mechanisms
in plant shoots. Control of water loss through smration and improved WUE could aid in
achieving high yield by deep rooting of common bganotypes grown under WS. Ceccaretli

al. (1991) noted that it is the interaction amongtsréat determine the overall crop response to
drought stress rather than the expression of aegifeptrait by itself. In common bean, drought
tolerance could be achieved through combining deepng with WUE and other physiological

traits involved in water saving mechanisms.

Under WS, leaf expansion was restricted and stesngation and pod development were
reduced, resulting in significantly lower stem, gl green leaf biomass accumulated by most
genotypes in both trials. These results are ineagemt with previous work by Specét al.
(2001), Faroocet al. (2008) and Wuet al. (2008). It is also important to note that while
significant changes were happening at the shoattsiies, genotypes were not significantly
different for the mean root diameter and total roieimass between the two water levels. Blum
(2005) found that root biomass or root diameteglyachanges due to differences in water levels,
however, it is the shoot structures that are rediucesize. This resulted in a significantly higher
root:shoot biomass under WS than WW treatmentsbdth trials, some genotypes had
significantly higher root:shoot biomass ratio und&S compared to WW conditions. The
increase in root:shoot ratio has been demonstiatedmmon bean under WS by Sponchiatlo
al. (1989). Dewar (1993) noted that plants responchemges in resource supply by allocating
carbon to the organ involved in capturing the leditesource. Underground resource acquisition
is enhanced at the expense of carbon gain throbgtogynthesis. The plant shoot biomass is

jeopardised, hence limiting plant growth under wategess.

Thick roots as observed in G19833 at deep soillprigvels facilitated water movement. A large
root diameter has larger hydraulic conductance lwiacilitates more efficient water transport

(Passioura 1988). This genotype had higher stonsataductance and high leaf biomass under

178



WS greenhouse and field conditions (Chapter 3).eHgpces with other crops such as rice
demonstrated that deep rooting genotypes undemnigpese conditions also have deep roots
under field conditions (Pricet al. 2002). The low yielding ability of this genotypader WS

environments could be attributed to a huge investraecarbon in a deep and thick root system,

decreasing the proportion of carbon allocated ¢ostioots.

Most genotypes in the reference collection clo$mit tstomata as the duration of WS increased.
Significant differences were also observed on trizans for SCOND between the two
treatments. Stomatal closure is one way of minimgisvater loss under water stress conditions.
Studies by Pimentedt al. (1999) and Lizzanat al. (2006) also showed that tolerant common
bean genotypes tended to close their stomata amtimesity of drought increased. BAT477,
G21212, SEQ1027 and SEQ1003 were among genotypesdd significantly lower stomatal
conductance under WS than the WW treatment whedutaion of WS intensified.

In the current study, soil depth main effects higdicantly higher contributions to the variation
observed among genotypes for the different traitsoth trials. This could have arisen due to the
fact that most genotypes did not grow beyond 4@+6Qunder WW and WS treatments and there
were huge differences between the last two soithdégvels and the top three depth levels. In
addition, the level of variability found in the ezénce collection (trial 1) compared to elite
genotypes (trial 2) supported the idea that larefrdtarbour a lot of genetic diversity. Elite
genotypes have been subjected to decades of selectder irrigation and fertiliser conditions
and could have lost useful deep rooting traits urdteught conditions. DRK47 and G5625
showed an adaptive response towards WS in triahd @0 genotype in trial 2 had this

mechanism of dealing with drought.

4.7 Conclusions

In both trials, genotypes under WS obeyed the Lat€lier's principle that says ‘when subjected
to a perturbation a system tends to respond in suskay to minimise the effect of the
perturbation’. Leaf area, dry leaf, stem and pamrass were all reduced under water stress as a
way of minimising water loss through transpiratidio. capture the dwindling water resources,

some genotypes responded by growing long roots ratieh faster rate than under optimum

179



conditions. Deep rooting is essential for plantvaxal under WS conditions but may not be
adequate for drought tolerance in common bean.rmbaaation of deep rooting with other shoot
traits that minimise water loss or efficiently igé the captured water into seed yield can
improve drought tolerance in common bean. The iflestion of DRK47, G5625 and PAN127
in this current study as deep rooted genotypes @ilhance chances of drought tolerance
improvement in Andean beans without using Mesoaraargenotypes in crossing schemes or

genetic studies.
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Chapter 5

Genetic diversity and population structure of a reérence collection of common bean

5.1 Abstract

Molecular markers are now the preferred choicetun\gsng diversity in crop germplasm. The

main objective of this study was to determine genéiversity and population structure in a

reference collection of common bean. Genomic DNA watracted from 201 genotypes and a
total of 86 fluorescently labelled microsatellitegere used in PCR amplifications. These
microsatellites detected 847 alleles with an aweraf) 9.85 alleles per locus. The average
observed heterozygosity was 0.066, indicating iethireg in common bean. F-statistics, analysis
of molecular variance, principal coordinate anayseighbour joining and STRUCTURE results

confirmed the existence of the Andean and Mesoaaergene pools with races Durango,

Mesoamerica 1, Mesoamerica 2, Andean breeding éinddandraces in the reference collection.
Gene pools and races contributed significantiyheodbserved variation. STRUCTURE bar plot
results indicated admixed genotypes within eacle.r&aces within gene pools were closely
related to each other. Race Mesoamerica 1 waslgledated to both races Mesoamerica 2 and
Durango. Gene diversity was 0.609 in the entirerexfce collection. Race Mesoamerica 2 was
more diverse than any other race. In conclusiamjrizces contained significantly higher levels
of genetic diversity than advanced breeding linas$ iashould be possible to initiate inter-racial

crosses within each gene pool. Microsatellites webeist in defining the relationship between

race Mesoamerica 1 and races Durango and Mesoan2eric
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5.2 Introduction

Improvement of economically and nutritionally imgaont agricultural traits depends on the
availability of genetic variation of traits in pkagermplasm collections. Landraces provide the
much needed genetic diversity required in plantrompment programmes (Laurentin 2008). A
narrow genetic base has been reported in comnlgraaltivated common bean due to a
bottleneck and the founder effect that has occudtethg domestication of the crop (Blai al.
2006). Common bean breeding programmes shoulddinsider mining the genetic variability
available in landraces (Beebtal.1997a).

The reference collection of common bean was asszimbith the aim to study the genetic
diversity that exists in common bean for drougherence and promote better utilisation of
germplasm in breeding programmes. The informatienegated could lead to identification of
pre-breeding lines that could help in designingralsses that maximise diversity and also forms
the basis of association genetic studies (Bétiral. 2009; Cabralet al. 2011). Association
mapping facilitates the molecular characterisatibfunctional loci (Yu and Buckler 2006). The
discovery of functional loci facilitates marker-es$sd breeding in the improvement of complex
traits such as drought tolerance (Yu and Buckl€620The correct exploitation and utilisation
of genetic diversity present in landraces wouldmately lead to increased crop productivity in

unfavourable environments (Laurentin 2008).

Previous studies in common bean have contributedrbyping germplasm into two distinct
classes according to gene pools, namely AndeanvVesbamerican (Singkt al. 1991a; b; c;
Beebeet al. 2000). In each of their studies, Singhal. (1991a; b; c) and Beelst al. (2000)
identified further variation within each gene poburther subdivisions within gene pools were
termed ‘races’. The Andean gene pool has races &NGranada, Peru and Chile whilst the
Mesoamerican gene pool has races Durango, MesaamkriMesoamerica 2 and Guatemala.
Each race has distinct agronomical, physiologib@dchemical and molecular characters that
differ from other races (Singt al. 1991a; b; c). Race designation and differentiatiave been
successful, particularly for races Durango and Mesgrica, in the Mesoamerican gene pool,
using molecular markers (Beebeal. 2000; Diaz and Blair 2006; Blagt al. 2007). However,

further research is needed to classify race Gudsearal other races in the Andean gene pool
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(Blair et al.2007). Differentiation of genotypes into races esgnts the genetic diversity looked
for in plant breeding programmes. Moreover, a ecpopulation structure is one key
requirement for identification of molecular markexsrelated with desirable drought tolerance
traits in the reference collection of common beaindurakhmonov and Abdukarimov 2008) and
permits the exploitation of inter-racial crosses dommon bean improvement programmes
(Miklas et al. 2006). Molecular markers assess genetic diverditiDldA level and are not
influenced by the environment as would be the éasenorphological or protein assays (Cabral
et al. 2011). Microsatellite markers are useful in stadypopulation structure in common bean
because they detect high levels of polymorphismaifed a better resolution in diversity studies
(Diaz and Blair 2006; Blaet al.2007; 2009).

The objectives of this study were to:
- Estimate the genetic diversity in a reference ctite of common bean
- Determine the population structure that affecto@asion mapping analysis and help
planning of crosses in future common bean breegliagrammes.
- Establish genetic relationships between gene paots among races in a reference
collection of common bean.

5.3 Materials and methods

5.3.1 Plant materials

A total of 201 genotypes were evaluated in thigdgtand consisted of 121 Mesoamerican
(Chapter 3, Table 3.4) and 80 Andean genotypespi€h&, Table 3.3). However, two of the
Andean genotypes presented in Table 3.3, G1938G2&P47, were omitted in this study
because of poor DNA quality. Instead G1939 was @dd¢he Andean genotypes listed in Table
3.3 to give a total of 80 genotypes. The G-genatyf@hapter 3, Tables 3.3 and 3.4) were
supplied by the CIAT gene bank while the check ggmes came from the CIAT bean breeding
programme. The control genotypes for the molecdigersity study included Tio Canela 75,
DOR364 and Pinto Villa for Mesoamerican and G19&88 G4494 for Andean genotypes.
Thesecontrol genotypes had been characterised in prevdorersity studies (Blaiet al. 2006).
The 201 genotypes had been evaluated for drouddtatwe under terminal drought stress

conditions in the field and the majority of genatgpwere determinate or indeterminate type |
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and type Il according to the CIAT growth scale. Gigpes used in this study represented the
broadest possible diversity which could be evaldiateder terminal drought conditions (Beebe
et al. 1997Db).

5.3.2 Genomic DNA extraction

For each genotype, 10 seeds were randomly seléaed the original genebank accessions
(Diaz and Blair 2006; Blaiet al. 2007; 2009). Seed was scarified to ensure unifpgrmination

in the laboratory and pre-germinated in the darkres germination paper. The first trifoliate
leaves were harvested from the eight day old segslliof each genotype and mixed prior to
grinding in liquid nitrogen. The bulked tissue wesed for DNA extraction following procedures
described by Afanadoet al. (1993). DNA was resuspended with Tris (hydroxyngBth
aminomethane-ethylenediaminetetraacetic (EDTA) (Bljer and its quality was evaluated on
0.8% (wl/v) agarose gels. This was followed by qgifigation of DNA with Hoescht H 33258
dye on a Hoefer DyNA Qualt 200 fluorometer (Hoefer Biotechnology, San FrarmisCA,
USA). DNA was diluted to 10 ng mifor the diversity and other molecular charactéiosa
studies.

5.3.3 Microsatellite amplifications

Microsatellite amplifications used a fluorescentrkea kit developed by Blaiet al. (2009). The

kit included a total of four colour marker panefstotal of 86 individual microsatellites were
used in this study and are presented in AppendMicrosatellite markers were selected based
on their high PIC as determined by Blait al. (2006) and even distribution over the entire
genome of common bean based on data of Btaat. (2003) (Appendix 7). The forward primers
of each microsatellite were-Bnd labelled with one of FAM, NED, PET or VIC flescent
labels (Appendix 7) while reverse primers were beleed during PCR amplification. PCR
amplifications were conducted in 96-well platesngsa PTC-100 MJ Research thermal cycler
(Global Medical Instrumentation, California, USA)itlv conditions described in Blaet al.
(2006). A PCR volume of 12 pl containing a cocktdithe following reagents: 50 ng genomic
DNA, 0.16 uM of each primer (forward and revers&),mM Tris-HCI (pH 7.2), 50 mM KClI,
1.5-2.5 mM MgC} depending on primer (Appendix 7), 0.2 nM of eadwxdribonucleotide
triphosphate (dNTP) and 1.0 U &g DNA polymerase was used for PCR amplificationse Th

186



amplifications were run under the following cycliognditions: an initial hot start for 3 min at
95°C, 28 cycles of 40 sec at @G 40 sec at the specific annealing temperatur@dch primer

(Appendix 7) and 1 min at 72, with final extension at 72 for 1 hr.

The quality of the amplification products were daankd by resolving 3 pl of each of the PCR
products on a 2% (w/v) agarose gel at 100 V fon®0. After the quality of the PCR reaction
was confirmed, a total of 2 pl from each of therfbuorescent PCR products, corresponding to
the appropriate markers, were mixed into multighexels. Each panel contained a FAM, NED,
PET and VIC fluorescent labelled PCR product. Thetume was diluted 1:1 with distilled water
and 0.5 ul of the solution was prepared in 9 pfioofnamide with 0.06 pl of Genescan LI1Z500
size standard and 0.44 pl of distilled water. Thixtime was sent to Cornell University
Biotechnology Resource Centre and was run on anPAREM 3730 fragment analysis system

(Applied Biosystems) for allele size determination.

5.3.4 Data analysis

5.3.4.1 Allele size determination

Estimates of allele sizes in bp were done in Gemmgddav.3.7 software (Applied Biosystems)
using the second order least squares size callwigtlae expected repeat size methods. The
GeneMapper v.3.7 software was further used to kectrepherograms as a quality test to ensure
that clear peaks were found for the expected masikes. Visual electropherograms ensured that
the proper selection of multiplex markers had bé@me and stutter peaks were not called during

estimation of allele sizes. AlleloBin_(http://wwwrisat.org/gt-bt/biometrics.htm) was used to

assign a whole integer allele value to raw allete galls. The software uses the least square
minimisation algorithm of Idury and Cardon (1997hieh transforms fragment sizes based on

migration into a binned value with sizes in bp.

5.3.4.2 Genetic structure in the reference collean

Principal coordinate analysis (PCoA) is used teedpopulation structure (Reeves and Richards
2009). This ordination technique has the abilityrédluce large data sets into two or three
dimensions that represent population structure witbgroups forming distinct clusters. To

determine the genetic structure in the referendlectmn PCoA was carried out on the binned
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allele data with the interactive matrix languagdl() module of the software Statistical Analysis
Systems v.9.1.3 (SAS Institute 1996).

The tree-based neighbour joining (NJ) cluster aislynethod was carried out on the binned
allele data using the software DARwin 5.0 (Permatral. 2003) to visualise the genetic
relationships among genotypes in the referenceedddn. Pairwise genetic distances were

calculated using the Dice dissimilarity coeffici€haurentin 2008) using the binned allele data.

5.3.4.3 Quantification of genetic diversity in theeference collection

Standard genetic diversity parameters which indudgmber of alleles per locus, total number
of alleles in the entire population and within sopplations, allele frequency, observed
heterozygosity (), gene diversity (§) and PIC were determined using the software Power-
Marker v. 3.25 (Liu and Muse 2005).

5.3.4.3.1 Analysis of molecular variance and Wrighstatistics

The partitioning of genetic diversity between andhim gene pools was achieved through
analysis of molecular variance (AMOVA) (Excoffiet al. 1992) and was determined using
ARLEQUIN v. 3.11 (Excoffier 2007). AMOVA is a metbdoused to estimate population
differentiation directly from molecular data (Ex@ef et al. 1992). In AMOVA, molecular data
is treated as a Boolean vectr consisting of a 1xn matrix of ones and zerosoZand one
indicates absence or presence of a marker, regpgctEuclidean distances between pairs of
vectors are established by subtracting the Bookeator of one haplotype from anothey-fy).
The Euclidean distances are then squared for alMpse arrangements of Boolean vectors and
arranged into a matrix. The matrix is partitionatbisub-matrices corresponding to subdivisions
within the population. Sums of squares obtainednfithe diagonals in the matrix and sub-
matrices are analysed in a nested ANOVA framew®he main difference between a nested
ANOVA and simple ANOVA is in data arrangement. Imested ANOVA data are arranged
hierarchically and mean squares are computed forpgngs at all levels of the hierarchy. The
test for significance for individual variance compats was done using 10 000 permutations.
The variance components can be used in the catmulat phi-statistics @) which summarise

the degree of differentiation between populationisibns and are similar to F-statistics
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(Excoffier et al. 1992). For AMOVA, genotypes were initially groupe@to two broad gene

pools (Andean and Mesoamerican) and later subdivid® smaller groups within each gene
pool according to previous race classification. Hmelean gene pool had two groups, namely
Andean landraces and Andean breeding lines whitesraviesoamerica 1, Durango and

Mesoamerica 2 were the main subgroups in the Mesoeam gene pool.

Wright's F-statistics (Wright 1951) were determinading ARLEQUIN v. 3.11 (Excoffier
2007). The confidence intervals of/Fwere generated by bootstrapping over loci usir@pQ
replicates. Both AMOVA and F-statistics are basadle hypothesis that isolation should lead
to differentiation between and within gene poolaytentin 2008). Differentiation represents the
genetic structures found in populations. F-statséistimate the difference between the observed
mean heterozygosity among the subdivisions in allatipn and potential heterozygosity if all
members of the population mixed freely and non+asseely (Hartl and Clark 1997).
Differentiation is based on three hierarchical Isve& a population;  and Fr which are both
measures of inbreeding in subgroups and the egtoep, respectively. The third level of F-
statistics, Er measures the identity of individuals within subgrsucompared to other
individuals in other subgroups (Laurentin 2008%r alues range between zero for no
differentiation between the overall population atsl subpopulations and one for complete
differentiation. kst of one is unlikely to be achieved practically evanhighly differentiated
populations (Hartl and Clark 1997). To determine fastatistics, the mean heterozygosity at
each locus must be determined. The relationshimgrtteese three F-statistics was presented by
Wright (1951) as:

(1-Fr)=(1-Fk) (1-Fs)

F-statistics components are computed as follows:

Fr=1-(H/Hry)
Fst=1—(Hs/ Hy)
F|s: 1—(H/ Hs)

Where H is the observed heterozygosity averaged acroskall Hy the average expected
heterozygosity in the entire group andthle average expected heterozygosity at subgrowgb lev
(Wright 1951).
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5.3.4.4 Population structure in the reference colttion

The Bayesian clustering method of the software anogne STRUCTURE 2.23 (Pritchaed al.
2000) was used to investigate population strudturde reference collection of common bean.
STRUCTURE determines a Q matrix of population edaess and finds the number of
subpopulations (K) that fits the data. The assigntmaf individuals to subpopulations is
automatic under the STUCTURE model but K valuesirteebe determined. The K values were
estimated using thad hocstatisticAK (Evannoet al. 2005). A value ofAK was calculated for
each K and results from simulations with the highi&elihood within each number of different
K simulations were chosen to assign genotypes pollptons (Evannet al. 2005). Independent
STRUCTURE simulations amounting to 10 were perfanier each K using the admixture
model, correlated allele frequencies, a runningytlerof 20 000 burn-in and 40 000 Markov
chain Monte Carlo (MCMC) repetitions. The admixtuneodel assumes that historically
populations diverged from a single ancestral pdmreand differences in allele frequencies are
a result of genetic drift that has occurred siregrtdivergence (Pritcharet al. 2000). MCMC
estimate a posterior distribution of individualsigins. Results of STRUCTURE were visualised
with the software DISTRUCT (Rosenberg 2002).
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5.4 Results

5.4.1 Level of polymorphism and heterozygosity

The microsatellite markers used in this study afieplia total number of 847 alleles with an
average of 9.85 alleles per locus (Table 5.1). rAitrosatellite markers were polymorphic
identifying between 2 and 50 alleles per locus. kdes PV-at001 (0.967), BM137 (0.944),
BM53 (0.928), BM200 (0.928) and BM187 (0.928) hhd highest PIC and identified a total of
201 alleles in the population. PV-at001 (50) ideedi the highest number of alleles per locus
followed by BM187 (42) and BM200 (41), respectiveMicrosatellite markers that identified
the lowest number of alleles per locus (2) inclu@dd149, GATs54, BMd12, BMd45, BMd53
and BM68.

The lowest PIC’s were observed for BMd51 (0.015%1189 (0.100) and PV-cct001 (0.101), in
ascending order, even though these markers detduteel or more alleles each. PV-at001 and
BM137 are perfect microsatellites with a high numbé repeats and BM53 and BM187 are
compound microsatellites with a higher combined benof repetitions compared to markers
with lowest PICs (Appendix 7). Observed heterozityowas detected in some markers and
varied between 0.00 and 0.348 with an averageG&@f60across all markers. Higher than normal
heterozygosity was detected in BMd42 (0.348) foddvby BM167 (0.332) and BMd15 (0.282)
in descending order. Multi-banding might have re=ililin above than normal observed
heterozygosity in BMd42, BM167 and BMd15. The mijorof markers had observed
heterozygosity lower than 0.10 and BMd46, PV-ag®g199, BM211, BMd10 and BMc161
had 0.00 values for the observed heterozygosity.
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Table 5.1 Genetic diversity values for 86 microsatlite markers evaluated across the 201

genotypes of common bean in the reference colleatio

H, — observed heterozygosity; PIC — polymorphic infation content

The mean gene diversity in the reference collectias 0.609 (Table 5.1). Markers that
presented the highest gene diversity (higher th@hwere PV-at001 (0.968), BM137 (0.947),
BM187 (0.932), BM53 (0.932), BM200 (0.932), BMy08.914), BM143 (0.910) and GATs91
(0.900) and some of these markers detected a tanger of alleles and high PIC values. The
lowest gene diversity (less than 0.3) was foundBMd18 (0.138), BMd51 (0.015), BMd56
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(0.237), PV-cct001 (0.104), BM199 (0.104), BMd122&»), BM67 (0.189), BM213 (0.272) and
BMd44 (0.119) and corresponded to low PIC valuesrammber of alleles.

The highest average number of alleles was detdatetie Andean landrace subpopulation
(6.221) followed by landraces from race Mesoame2i¢a.814) and race Mesoamerica 1 (4.360)
of the Mesoamerican gene pool (Table 5.2). The Andareeding lines (2.802) had the lowest
number of alleles detected as could be expecteengiliat only seven lines were evaluated.
Among the Mesoamerican subpopulations the lowestben of alleles was detected in race
Durango (3.395). The genetic diversity was 0.603He entire population and was similar to the
entire core collection evaluated by Blat al. (2009). Race Mesoamerica 2 (0.438) had the
highest genetic diversity. The Andean landrace spbjation (0.411) was second and race
Durango (0.397) had the lowest level of gene dit)er$he observed average heterozygosity in
the entire population was 0.066 which was low aeffected the self-pollinating nature of

common bean. No heterozygosity was detected amdrmg Andean breeding lines.

Heterozygosity was higher in Mesoamerican subpadjounis: than Andean subpopulations. Race

Mesoamerica 2 (0.071) had the highest heterozygasibng the Mesoamerican subpopulations.

Table 5.2 Genetic diversity among the different sytopulations in the reference collection
of common bean

No.of alleles Gene diversity Heterozygosity PIC

Andean gene pool

Landraces 6.221 0.411 0.050 0.388
Breeding lines 2.802 0.403 0.000 0.368
Mesoamerican gene pool

Mesoamerica 1 4.36 0.405 0.067 0.366
Mesoamerica 2 5.814 0.438 0.071 0.405
Durango 3.395 0.397 0.063 0.354
Average for all genotypes 9.849 0.609 0.066 0.561

PIC: Polymorphic information content
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5.4.2 Genetic differentiation in the reference cadiction of common bean

AMOVAs were conducted to determine variation expdal by gene pools and races in a
reference collection of common bean (Table 5.3k Tdtal variation explained by differences
between the two gene pools was 44.23%. Variatidwdsn races within the two gene pools
accounted for 41.4% of the total variation in tleérence collection of common bean. A high
percentage of variation (49.4%) could be attributedgariation among individuals within races.
A smaller variation (9.21%) was explained by gemegtriation within individual genotypes. In
summary, most of the variation was between indizisluvithin a genepool but most of the

explained variation was either between genepootetween races.

Table 5.3 Molecular analysis of variance for genet differentiation of the genotypes in the
reference collection

D.f. — degrees of freedom

Genetic differentiation analysis confirmed thatemetic divergence existed between Andean and
Mesoamerican subpopulationss{0.41) of the reference collection (Table 5.4). Thghest
degree of genetic variation existed between Andbageding lines and race Durango
(Fst=0.515). Meanwhile, less than 25% of the genetidatian existed between Andean
subpopulations. Low differentiation existed betweklesoamerican populations including
Mesoamerica 1, Mesoamerica 2 or Durango races ctgply. Race Durango was closer to
Mesoamerica 1 @=0.133) than Mesoamerica 25(E0.177). All in all, heterozygosity was
below 20% for the entire population of the refeeenollection of common bean{E0.91) and

the five subpopulations identified,§E0.84).
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Table 5.4 Genetic differentiation based on & values for the races identified among the

201 genotypes of the reference collection

Andean gene pool Mesoamerican gene pool
Landraces Breeding lines  Mesoamerica 1 Mesoamerica 2 Eango

Andean gene pool

Landraces -

Breeding lines 0.221

Mesoamerican gene pool

Mesoamerica 1 0.498 0.509 -

Mesoamerica 2 0.488 0.489 0.126 -

Durango 0.508 0.515 0.133 0.177 -

Fis- 0.84, k- 0.41, - 0.91

5.4.3 Genetic structure of the reference collectionsing the ordination technique

The control genotypes occupied different positionthe PCoA (Figures 5.1A; B) and helped to
designate genotypes to specific subpopulationsur€i.1A is a plot of coordinate 1 against
coordinate 2. The first coordinate separated gemstynto two distinct clusters and based on the
characteristics of the control genotypes represetite Andean and Mesoamerican gene pools
(Figure 5.1A). The Andean gene pool was represebyetivo control genotypes, G19833 (G)
and G4494 (C) and landraces (green) as well aglimgedines (yellow) (Figure 5.1A). Figure
5.1A shows the spread of the Mesoamerican congobtypes Tio Canela 75 (TC), Pinto Villa
(PV) and DOR364 (D), as well as Mesoamerica 1 (piMesoamerica 2 (red) and Durango
(blue) races that constituted the Mesoamerican genk In the genepool separation, coordinate
1 explained 71.3% of the genetic variation in thierence collection.

Genotypes were further separated into subclusteéhsnweach gene pool based on coordinate 2
(Figure 5.1A). The Andean gene pool had two clesteamely landraces (green) and breeding
lines (yellow). The breeding lines were includeadese they were used as check varieties in
field experiments. The Mesoamerican gene pool divithto three clusters, Mesoamerica 1

(pink), Mesoamerica 2 (red) and Durango (blue) esenting known races in this gene pool

(Figure 5.1A). Mesoamerica 1 clustered betweerDimango and Mesoamerica 2 races (Figure
5.1A). PCo2 accounted for 7.97% of the variatiothiereference collection.
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Figure 5.1  Principal coordinate analysis based othe analysis of 201 genotypes in a
reference collection of common bean. A: PCoA plotfgrincipal coordinate
(PCo)1 on the x-axis and PCo2 on y-axis. B: PCoAqilof PCo2 on x-axis and
PCo3 on the y-axis. C: PCol on x-axis and PCo3 ohe y-axis. Position of
control genotypes for each subpopulation are showin A and B.

Figure 5.1B was drawn as a plot of coordinate 2xis) against coordinate 3 (y-axis). In this
graph, genotypes were separated in four differdosters for Mesoamerican genotypes.
Coordinate 3 separated races Durango and Mesoameriato two different clusters. The
majority of the Andean landraces were clusteredhat middle of the plane. Coordinate 3
contributed 6.09% to the variation. Subdivision®igene pools and races in each gene pool
were confirmed by plotting coordinate 1 againstFgygre 5.1C). All in all, PCoA explained
85.4% of the genetic variation in the referencéention of common bean. This satisfied rules of
ordination techniques, where axes are considerdéitl 10% to 90% of the total variation has
been explained (Jolliffe 1986). A PCoA within eagdgne pool revealed two clusters within the
Andean gene pool (Figure 5.2A).
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Figure 5.2 Principal coordinate analysis based othe analysis of 81 Andean genotypes
in a reference collection of common bean. A: PCoAlgt of PCol on the x-
axis and PCo2 on y-axis. B: PCoA plot of PCo2 onaxis and PCo3 on the y-

axis. C: PCol on x-axis and PCo3 on the y-axis.

Coordinate 2 separated landraces from the smadtasiicontaining the breeding lines. Some
landraces clustered closely and/or within the hiregtines. Within the Mesoamerican gene pool,
Coordinate 2 placed race Mesoamerica 2 betweers faogeango and Mesoamerica 1 (Figure
5.3A). A plot of PCo2 (x-axis) against PCo3 (y-axisonfirmed the presence of three

subdivisions in Mesoamerican gene pool.
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Figure 5.3  Principal coordinate analysis based omhe analysis of 120 Mesoamerican
genotypes in a reference collection of common beaA: PCoA plot of PCol
on the x-axis and PCo2 on y-axis. B: PCoA plot of b2 on x-axis and PCo3

on the y-axis. C: PCo1 on x-axis and PCo3 on theayis.

5.4.4 Population structure

Genotypes constituting the reference collectionewstassified into two gene pools (Andean and
Mesoamerican), based on previous genetic divessiglies (Blairet al. 2009). The K-values
recommended by Evanmt al. (2005) for identification of the best fitting nuerbof populations

within a sample, was highest at K=2 (Figure 5.4).
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Figure 5.4 Evanno’sad hoc AK statistic against possible values for K.

The population subdivision as determined by STRURBEWAt K=2 showed significant Andean
and Mesoamerican differentiation. The two subpaparia confirmed the previous clustering of

genotypes into two gene pools (Figure 5.5).
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Andean Mesoamerican

Figure 55 ~STRUCTURE bar plot of membership coeftiients (y-axis) for all 201
genotypes in a reference collection of common bea(x-axis) classified
according to preset K=2. The cluster names are indated below the figure
and are identified as Andean and Mesoamerican gengools of cultivated
common bean. Population 1 (Andean) is indicated igreen and population 2

(Mesoamerican) in red.
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Of the 80 previously defined Andean genotypes,oélthem were assigned to population 1
(green) and had a genetic composition of 0.86 Anddlales on average membership coefficient
for that genepool (Table 5.5). The 121 Mesoameriganotypes were clearly assigned to
population 2 (red) (Figure 5.5) with average mersbigr coefficients of 0.72 (Table 5.5). Cross
assignment of membership coefficients were on @eefal4 and 0.27 from Mesoamerican to
Andean and Andean to Mesoamerican respectivelys ddlld also indicate shared ancestry and

alleles that were not genepool associated.

Table 5.5 Mean proportion of estimated ancestry ireach of K=2 inferred clusters for
the reference collection of common bean

Gene pool Inferred cluster Number of individuals
Population 1 Population 2

Andean 0.86 0.14 80

Mesoamerican  0.27 0.73 121

To infer the existence of further subdivisions ihetreference collection, additional
STRUCTURE simulations were performed at higher gir&svalues. Using the test faK, K=5
was the second best fit for number of populationthe reference collection and was next most
significant after the K value for the referenceledion. The standard deviations of likelihoods

were smallest at K=5 (data not shown) and resaitt&£5 are given in Figure 5.6.

At K=5, the Andean genepool was subdivided into @hfferent populations namely Andean
landraces (green) and Andean breeding lines (y&llaWof the Andean landraces had a genetic
composition of 50% or higher representative of pafon 1 (green). In addition, the Andean
breeding lines had a genetic composition of 65%higher representative of population 2
(yellow). Mesoamerican genotypes were subdivided three basic populations (Figure 5.6)
represented by races Mesoamerica 1 (pink), Durélnlge) and Mesoamerica 2 (red). All of the

Mesoamerica 1 and Durango genotypes had a genetigpasition of 50% or higher
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representative of population 3 and population 4dplrespectively. Mesoamerica 2 genotypes
were slightly more admixed having around 40% ohbrgepresentation of population 5 (red).

AL AB Ml D M2

Figure 5.6 An estimated population structure at K& for the reference collection of
common bean. Population 1 is indicated in green, palation 2 in yellow,
population 3 in pink, population 4 in blue and popuation 5 in red. AL
represents the Andean landraces; AB represents th&ndean breeding lines;
M1 represents Mesoamerica 1 genotypes; D represenBurango genotypes

and M2 represents Mesoamerica 2 genotypes.

The mean proportion of estimated ancestry in eafghred cluster is presented in Table 5.6. The
highest genetic contribution to a single populatias race Mesoamerica 2 with a 94.4% genetic
contribution from the corresponding population. @® other hand, race Durango had the
smallest genetic contribution to a single populatiovith 81.2% genetic contribution from

population 4. Race Durango and the Andean landraadsthe highest genetic contribution to
other populations, making genetic contributions 1df4% and 10.7% to population 3 and

population 4 respectively.
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Table 5.6 Mean proportion of estimated ancestry ireach of the K=5 inferred clusters for

the reference collection

Sub-population Population 1 Population 2 Population 3 Bpulation 4 Population 5
Andean gene pool

Landraces 0.827 0.002 0.056 0.107 0.001
Breeding lines 0.002 0.909 0.002 0.003 0.085
Mesoamerican gene pool

Mesoamerica 1 0.073 0.001 0.869 0.056 0.001
Durango 0.063 0.002 0.114 0.812 0.009
Mesoamerica 2 0.007 0.024 0.014 0.011 0.944

5.4.5 Neighbour joining analysis

The relationships among genotypes used in the mustady were visualised by a NJ tree based
on data from all 86 microsatellite markers (Figtré). The tree showed high genetic variability
in the reference collection with a clear groupirfggenotypes into Andean and Mesoamerican
gene pools as identified by STRUCTURE at K=2 (Fegbr5), AMOVA (Table 5.3) and PCoA
(Figure 5.1). Genotypes subdivided further intostdus within each gene pool and confirmed
population structure results for K=5. The Andeameg@ool consisted of two main clusters,
namely landraces and breeding lines. The breedieg were clustered tightly together and close
to some Andean landraces. The Andean landracetei@dsinto five subcluster&y1, A2, A3,

A4 and A5 (Figure 5.7). Some Andean landraces, for exampl@882, G23829 and G19833
clustered separately. AFR619, a breeding line fisicA and G16345 clustered closely together
in a separate group. The Andean landraces andibgektes clustered into two clear groupings

with no genotypes from other races (Figure 5.7).

The Mesoamerican gene pool constituted a sepatdipopulation containing three major
clusters (Figure 5.7). The three clusters obtaingtth NJ analysis also corresponded with
population structure and PCoA results. The thregomelusters represented Mesoamerica 1
(pink), Durango (blue) and Mesoamerica 2 (red).rH&yels of genetic variability were present
in the Mesoamerica 2 cluster and genotypes coulflitheer subdivided into three subclusters,
M2A, M2B andM2C (Figure 5.7). The NJ also confirmed thegr Fesults indicating high levels

of genetic diversity in the Mesoamerican 2 subpaiarh.
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Figure 5.7 A neighbour joining tree constructed fo 201 genotypes in the reference
collection of common bean determined using data fra 86 microsatellite
markers using Dice similarity coefficient in DARwin software. Colour coding
is as follows: Andean landraces (green), Andean beding lines (yellow),

Mesoamerica 1 (pink), Durango (blue) and Mesoamer&?2 (red).
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Mesoamerica 1 was also divided into two clust®$A andM1B. M1B clustered separately
from the Durango and Mesoamerica 1A subclusters slmated a close relationship with
Mesoamerica 2 (clusteM2C). The kst results indicated this close relationship between
Mesoamerica 1 and Mesoamerica 2. Mesoamerica $teclM1A clustered closely with the
Durango cluster (Figure 5.7) which also confirmkd &t results. Population structure results
showed admixtures in subclusters of the Mesoamegeae pool and this was confirmed by the
NJ tree. One of the Mesoamerica 2 clustét2E) contained three Durango genotypes, while
subclusterM2A contained two Mesoamerica 1 genotypes, DOR390 G#4@37. Pinto Villa
clustered in subclustev2C rather than directly in the Durango group, perhbpsause of its

mixed pedigree as an improved variety.

5.5 Discussion

5.5.1 Level of polymorphism and heterozygosity

The current study detected about half the levelallefic variation in the reference collection
compared to that detected in Blairal. (2009) but only slightly lower genetic diversityan the
core collection study. Blaiet al. (2009), analysing genetic diversity in 604 genety304
Mesoamerican and 300 Andean genotypes) using 3®saitellites detected an average of 18.86
alleles per locus compared to 9.85 alleles persladantified in the current study. One obvious
reason for the differences observed in the gertitiersity between the two studies would be
associated to the sample size analysed. The 20d4type&s used in the current study were
selected from the 604 genotypes used by Riail. (2009) based on their adaptation to semi-
arid environments. Consequently, the referenceeciitin was devoid of race Chile (Andean)
and had few representatives from races Peru (Andead Guatemala (Mesoamerican)

compared to Blaiet al. (2009).

In addition, differences between the studies ctaldlue to the selection and number of markers
used for evaluation of the coneersusthe reference collection. The current study used a
additional 50 microsatellites to those used in Bé#i al. (2009). A total of 475 alleles were
detected in the same group of genotypes constfutie reference collection in Blagt al.
(2009) compared to 847 alleles detected in theeatrstudy. Saturation of the genome with

many markers increases the likelihood of detectimgge alleles even for a smaller number of
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individuals. On the other hand, rare alleles wess llikely to occur when outlier individuals
from the core collection were removed to constitile reference collection. Another finding
from the current study was that the additional 5€rosatellites used were less polymorphic than
the first set of 36 microsatellites used by Blairal. (2009) and only detected 372 additional

alleles for the reference collection of common bean

Marker PV-at001 detected the highest number ofeallm the current study, similar to the study
of Blair et al. (2009). Observed heterozygosity (0.066) of theremeference collection was
higher in the current study compared to values3®.@nd 0.049) previously reported for
common bean (Diaz and Blair 2006; Blait al. 2007; 2009). This is perhaps due to the
inclusion of less-well studied microsatellites thtd multiple banding patterns interpreted as
observed heterozygosity. Care must be taken inlwhirosatellites to use in future studies,
although in the current study all banding pattemese informative for the diversity analysis for

the reference collection.

The higher levels of observed heterozygosity inrference collection used in the current study
could have arisen due to random sampling of hetregus seed from the gene bank or
heterozygous individuals. Landraces by nature @oriiaterogeneous individuals (Blaet al.
2009). Results indicated that the Andean breedings!| were pure lines, with observed
heterozygosity values of 0.00 and these lines vadrained from the CIAT bean breeding
programme. The average observed heterozygositggpfor the five subpopulations identified

was higher for Mesoamerica 2 than Durango, Mesoamérand Andean landraces in that order.

The low level of observed heterozygosity valuesasgnted the inbreeding reproductive nature
of common bean (Perseguet al. 2011). Information on the nature of reproductidra@rop is
useful in certified seed production programmes whigplation distances between different
varieties are important and informs breeders on tom@enerate new variation in such kind of
crop species. The Mesoamerica 2 subpopulation wastigally the most diverse of all tested
subpopulations and the other subpopulations disglaore or less equivalent genetic diversity.

The genetic diversity observed in the subpopulatioh Andean landraces, Andean breeding
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lines, Mesoamerica 2 and Durango corresponded de@reeesults obtained in common bean
(Blair et al. 2006; 2007; Diaz and Blair 2006; Chioratoal. 2007).

5.5.2 Genetic differentiation in the reference cadiction

Fst statistics indicated high and significant diffeiaion in the reference collectiondf=0.41).
The high level of genetic divergence between thdeam and Mesoamerican gene pools could
be a result of genetic drift and lack or limitedngeflow between the gene pools (Zizumbo-
Villarreal et al. 2005). Gene flow between common bean genotypgseinapat an extremely low
rate due to the high inbreeding of common bean a®j (Deboucket al. 1993; Beebeet al.
1997b). In addition, dwarf jFlethals have been reported in some inter-gene pomsses,
showing a degree of reproductive incompatibilityween the gene pools (Bitocatt al. 2012).
PCoA also supported the genetic divergence betedean and Mesoamerican gene pools and
further revealed the existence of races within ggoels. A similar pattern of genetic
differentiation in common bean was observed byratheearchers (Beele¢ al. 2000; Blairet al.
2009; Cabrakt al.2011; Perseguiret al. 2011). A genetically structured population is extpd

in common bean after two parallel domesticationnéven two geographical regions in the

American continent (Sauer 1993) that gave rish@oAndean and Mesoamerican gene pools.

5.5.3 Population structure in the reference collean

Results of STRUCTURE (K=2 analysis) along with thier diversity tests and F-statistics
showed that genotypes in the reference collectfocooimon bean belonged to the two major
gene pools; Andean and Mesoamerican. These rem@lt;n agreement with previous studies
conducted using common bean germplasm (Beelé 2000; Blairet al. 2009; Perseguiret al.
2011). Grouping of genotypes into subclusters witach gene pool were observed using NJ
analysis and population structure evaluation atkh®&. These subclusters were supported by

PCoA of coordinate 2 versus coordinate 3.

The observed subclusters corresponded to the knoaees of common bean for the
Mesoamerican genepool, namely Durango, Mesoamdriemd Mesoamerica 2. Results are
consistent with previous race classification in Mesoamerican gene pool (Diaz and Blair 2006;

Blair et al. 2009). As distinct from other studies, all the Aad landraces grouped together when
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evaluated for the distribution of genetic diverdity a large number of SSR loci giving a new
picture of genetic diversity in the Andean genepddiis may be a reflection that all Andean
landraces evaluated in the current study were adhbbeans even though some of these
genotypes were classified as race Peru by Btaal. (2009). This race classification for Andean
races agrees with the definitions by Singthal. (1991c) and is useful when evaluating bush

beans in the field.

In the current study, race Guatemala, identifie@ dsurth race within the Mesoamerican gene
pool in previous studies (Beebeal. 2000; Blairet al. 2009), was largely absent. Unlike Blair

al. (2009) who tested 61 genotypes of race Guatenaally, 10 genotypes represented race
Guatemala in the current study. It could thus haeen difficult for the statistical programmes
used in data analysis to group them into a disSatipopulation. NJ analysis indicated that the
genotype G1328 (race Guatemala) was an intermeukdteeen Andean and Mesoamerican gene
pools and could possibly be a hybrid instead ofua tepresentative of the race. In addition,
other race Guatemala genotypes were similar toracdé Mesoamerica 2 genotypes indicating

some shared ancestry.

Fst statistics, PCoA and NJ analysis revealed theedlelsitionships between races Mesoamerica
1, Durango and Mesoamerica 2 and their subclust8msne genotypes from sub-races
Mesoamerica 1 and 2 jointly formed subclusfdB in the NJ tree that was closely related to the
Mesoamerican 2 cluster and between the DurangovVieesbamerican 2 clusters. On the other
hand, several Mesoamerican 1 genotypd&A) formed a cluster closely related to the race
Durango cluster as well. Studies reported so fagemetic diversity of the core collection of
common bean (Diaz and Blair 2006; Blair al. 2009) are equally informative for revealing
relationships based on similarities but the 86 $&fkers used in the current study were better
able to discriminate closely related genotypes. Sppexial relationships between some genotypes
from the two Mesoamerica races and Durango versesolmerica genotypes were able to be
revealed which could not be distinguished usingefle®SR markers in previous studies. Some
genotypes from Durango and Mesoamerica 1 shareshthe countries of origin and these could
have similar agronomic traits and marker alleléss lthus possible that these genotypes only

differ in afew major genes governing plant growth habits aeebiscolours. A preferable seed
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colour and size vary from community to community &@mmon bean. In terms of breeding,
little genetic gains are expected when geneticallyilar genotypes are used together in
hybridisation programmes. The 86 SSR markers etedum the current study showed a very

high accuracy in providing information for groupiggnotypes based on genetic similarity.

Population structure analysis at K=5 determined subpopulations within the Andean gene
pool namely Andean landraces and Andean breedn&s,lisupporting previous classification.
Results for the Andean landraces are in contragt prievious findings of Blaiet al. (2009)

where there were four sub-races among the 300 Andeaotypes from the core collection
namely Nueva Granada 1, Nueva Granada 2, Peru Pemd. The differences in the number of

genotypes evaluated (80 versus 300) in each stagypartly explain the observed differences.

The assignment of Andean landraces to the samdagimpuin STRUCTURE analysis could be
explained by factors that affect MCMC. Apart frohetpresence of multiple populations in a
sample, the signal used by STRUCTURE to detect latipa structure is also sensitive to other
factors such as non-random mating, null allelesyogging errors and genetic bottlenecks
(Reeves and Richards 2009). A genetic bottleneclkkédy to have caused the grouping of
Andean landraces into one cluster. Andean genotgpeear to have a high allelic diversity
compared to Mesoamerican lines but a major bottlkepeior to domestication was proposed for
the Andean genepool (Gemsal. 1986; Sonnantet al. 1994, Bitocchiet al. 2012). However,
the bottlenecks experienced in common bean arsudt i selection for domestication traits and
local adaptation (Gepts 2004) and results fromrakuticrosatellite markers can detect higher
levels of diversity for Andean beans (Blairal. 2006).

The STRUCTURE bar plots indicated the presencelofieed genotypes in both gene pools and
among all races but only in the Mesoamerican rateke NJ tree. For K=5, each race had a
shared ancestry with other races estimated by th@nnproportion of estimated ancestry and
could be one reason of admixtures. Low levels ohiatires could also have been caused by
either natural gene flow or deliberate crossinggpammes by breeders (Debouekal. 1993;

Beebeet al. 1997b; Chioratoet al. 2007). The frequency of admixtures was high in the

Mesoamerican gene pool and could possibly be engalaby higher natural outcrossing of
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landraces of this group. Race Mesoamerica is thet midlely cultivated race of common bean in
the world and many landraces are grown in mixt(&asghet al. 1991a). One of the products of
controlled gene flow is Pinto Villa, a hybrid beveAndean and Durango genotypes (Mildas
al. 2006).

5.5.4 Application of population structure and neidpbour joining results to common bean
breeding programmes

The population structure of gene pools and subsradentified in the reference collection of
common bean is useful for future association amalgé traits found in bush beans. The
importance of each race and gene pool has preyitiesin explained in biotic resistance studies
and all genotypes need to be conserved for futseeii breeding programmes. Each race and
gene pool was shown to have distinct resistanqeattcular pests and diseases (Geffebal.
1999; Kelly 2004). In addition, race Durango hagrb@ssociated with drought tolerance in

common bean (Miklast al.2006).

The NJ results indicated genetic distances betweeotypes and the possibility of identifying
divergent parents within each genepool for intefalacrosses may be useful for combining
ability studies for developing hybrids, should teehnology arise. Hybrid vigour emanates from
two divergent parents (Persegugti al. 2011). The NJ results showed sufficient divergence
between Andean breeding lines and some landraces whuld be used to improve the Andean
breeding lines. Races Mesoamerica 2 and Durange astantly related in the current study and
could possibly produce good progenies for drouglgrance. Inter-racial Durango x Andean or
Durango x Mesoamerica crosses have been carriethagmmon bean breeding and useful
progenies tolerant to drought and diseases have reduced (Singh 1999; Kelly 2004; Miklas
et al. 2006). For drought tolerance, SEA5, a well-adagitesl to drought conditions of Central
America, was developed through a double cross twaces Durango and Mesoamerica
(Miklas et al. 2006). Some Mesoamerican genotypes have imprasstance to bean golden
mosaic virus through introgressions with race Dgmawhich is resistant to this virus (Singh
1999).
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Despite a clear separation into gene pools thestseanough evidence in literature that suggests
that inter-gene pool crosses in common bean vyielidsd useful progenies and in some
genotypes resulted in; Aethality (Singh 1995). However, experienced bnmegdrogrammes
with long-term objectives can utilise inter-geneporosses. As mentioned above, Pinto Villa is
one good example of inter-gene pool crosses betwas®n Durango and Andean germplasm
(Miklas et al. 2006). Additional cycles of breeding calling foxperience in breeding
programmes will help refine inter-gene pool comhboras and possibly result in more effective
introgression of Mesoamerican genes into Andeamgiasm, particularly for improving genetic
adaptation to major abiotic stress factors suctiragght or low phosphorus stress (Beebal.
2008).

5.6 Conclusions

The current study showed the robustness of miebisas in defining the genetic structure of a
reference collection of common bean. The levelaymorphism of markers, number of loci and
extent of genome coverage by microsatellites isomamt in genetic diversity studies. An
exciting result from this study was the detectddteginess between race Mesoamerica 1 and
races Durango as well as Mesoamerica 2. Resulthigfstudy could serve as a guide for
common bean breeders in selecting parents suifablé&ean improvement programmes. In
addition, based on the population structure idextiby the microsatellite markers in this study,
future work could look into association mapping dmought tolerance in the reference collection
of common bean. The absence of admixtures in thdeAm breeding lines and landraces
indicated that less effort had been directed towatte improvement of Andean beans by
breeding programmes but that the genepool as aewhah serve to find marker-trait
associations. Finally, though few breeding linegemvased in this study, indications are that

landraces are more diverse than advanced breedex) |
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Chapter 6

Associations among SNPs and drought adaptive traiis a reference collection of common

bean

6.1 Abstract

Searching for QTL for complex traits such as drdutgllerance in natural populations is a
valuable approach considering that landraces harbources of tolerance to both abiotic and
biotic stresses. In the current study, SNPs weatuated for genome wide association mapping
due to their general availability. A total of 82NBs were evaluated using 186 Andean and
Mesoamerican landraces by means of the llluminal&@dbate Assay method. The SNP markers
were validated in the Jalo 75 x BAT93 cross. Theegal linear model was used to estimate
marker-trait associations for grain yield, daysléevering, days to maturity, number of pods per
plant, total shoot biomass, 100-seed weight, keaperature and canopy temperature depression
using TASSEL software. These phenotypic traits @pghificant correlations with grain yield
under both irrigated and rainfed treatments in @rap. The Q matrix to correct for population
structure was generated from SSR analysis in aquestudy. The association analysis yielded
significant marker-trait associations for all tsagtudied. The level of significance for marker-
trait associations varied from P<0.01 to P<0.0&lirtraits studied. Days to flowering and 100-
seed weight had more than 10 common markers uhderainfed treatments at CIAT-Palmira
and Harare Research Station. Some SNP markers igadicent associations with the
phenotypic traits across the two treatments at lmmations. Only three markers had significant
associations with 100-seed weight and total shaotéss across locations and treatments.
Specifically, TOG896943-500 (linkage group 02) a@G918200-347 (linkage group 05) had
significant associations with 100-seed weight acrbxcations and treatments. Meanwhile,
TOG910860-634 (linkage group 06) was significaadgociated with total shoot biomass at both
locations across the irrigated and rainfed treatmarconclusion, candidate gene analysis could
be implemented in a reference collection of comrean using identified markers that overlap
between treatments and locations.
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6.2 Introduction

Drought tops the list of abiotic stresses thattlionop production and productivity in semi-arid
and arid regions of the world. A number of agrononmractises ranging from water
conservation, improved irrigation systems and inptbsoil fertility management are promoted
to raise agricultural productivity in semi-arid regs. However, without drought adaptable crop
varieties farmers in these regions often face fimsdcurity. Searching for genes and QTL that
minimise the negative impacts of drought is one whymproving crop adaptation to drought
stress. The importance of landraces as sourcesnalsgor both biotic and abiotic stresses cannot
be overemphasised. In some crops, genes and QTd lhean tapped from wild relatives and
landraces through genetic studies (Pswaztigi. 2008).

Advances in science and statistical analysis hgened many avenues for genetic studies in
plants. Linkage and association mapping as wettaaslidate gene analysis are the three most
used approaches currently in genetic studies (Matied. 2009). Linkage mapping has been the
traditional method and usually utilises two paremitéch show diversity for a single trait and are
crossed to initiate a mapping population. Meanwhdssociation mapping (AM) involves
searching for marker-trait correlations in a dieenmsatural population. Therefore, AM can
capture more variation than present in QTL mappiogulations which only have two, or a few
parents. The genetic resolution can furthermoraigeer, sometimes down to gene level. More
markers are necessary though, and usually biggaulgiions and extensive phenotyping are a
requirement (Bradburgt al. 2007).

The genetic marker density per genome is an impbdansideration in association mapping to
unmask functional alleles likely in LD with at leame of the genotyped markers. SNPs are the
genetic marker of choice for association studieshay occur in abundance as differences of
individual nucleotides between individuals. Theiemtification is done in a small set of samples
and eventually applied to a larger set of samplddds et al. 2009). A total of five different
methods have been used to detect SNPs in comman bka cleaved amplified polymorphic
sequences (CAPS) and derived cleaved amplifiednpaighic sequences (dCAPS) are two
popular techniques that have been used to conwgntessed sequence tags (ESTs) based

polymorphisms into SNPs (Hougaagtial. 2008). Gaitan-Solist al. (2008) used the Luminex-
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100 (http://www.luminexcorp.com) method to detentl avalidate SNPs in ten common bean

genotypes (Galearst al. 2009a). The CEL 1 mismatch digestion technique ussl to analyse
and map SNP-based, EST derived markers in commann. lbe other studies, the single strand
conformation polymorphism (SSCP) technology was leygal to develop and map EST based
SNP markers which led to the identification of 1d8&~ marker loci in DOR364 x G19833
mapping population (Galeanet al. 2009b). Recently, an attempt was made to valitla¢e
predicted SNPs from the technologies mentioned elbsing 1 050-plex GoldenGate assay from

lllumina (http://www.illumina.com). A total of 828NPs produced a working GoldenGate assay

(Hytenet al. 2010) and were evaluated on the reference calleci common bean. The power
to detect an association is a function of alleégfrency where signals for functional variants at

low frequency are difficult to detect due to lowatstical significance

Due to the use of unstructurally related individual AM, it is important to consider the
population structure (Q) among individuals in a wlagon because false associations may be
detected due to confounding effects of populatidmiature (Oraguzieet al. 2007). Genotypes
constituting the reference collection were drawanfrlarge collections, released varieties and
breeding materials hence have a strong populatiarctare. The knowledge of population
structure (Q) of individuals in the population iperequisite in the general linear model (GLM)
for association analysis. In the GLM, the Q matsixntegrated as covariate to correct for the

effects of population substructure using the TASSEttware programme.

The objective of this study was to:
- ldentify statistically significant genetic assomats between a change in the DNA
sequence and a change in traits associated witlgktdolerance in a reference collection

of common bean.
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6.3 Materials and methods

6.3.1 Plant materials

Of the 202 genotypes constituting the referenckeciobn, SNP evaluation was successful in 186
genotypes and were distributed as follows; 71 Andganotypes (Table 3.3; Chapter 3)
excluding G13094, G22247, G17168, G23829, G115834G, PVA773, G4739, SAB258 and
SAB645 and115 Mesoamerican genotypes (Table 3.4pt€h 3) excluding Maharagi soya,
(3331, G22787, G15416, G4495 and G1264. The extlgdeotypes produced no results from
the SNP evaluation process. Phenotypic data uhédrrigated and rainfed treatments at CIAT-
Palmira and Harare Research Station was collegeatkscribed in sections 3.3.4.2.1, 3.3.4.2.2
and 3.3.4.3 of Chapter 3.

6.3.2 Genomic DNA extraction

Total genomic DNA was extracted as described iti@e®.2.2. A total of 2 ul DNA of each
genotype was sent to the University of Califormayies, USA where 827 SNPs were evaluated
on each genotype using the lllumina GoldenGate sapprocedure. SNPs for the common bean
markers were discovered by Sanger resequencinglagminent comparisons of a total of 1,440
tentative orthologous gene (TOG) amplicons from déen genotype (Jalo EEP558) and
Mesoamerican genotype (BAT93) (Blat al. 2013). The TOG markers were developed as part
of a cross legume marker project using ampliconBAT93 and Jalo EEP558. Polymorphisms
were identified by sequence alignment of the twooggpes sequences. The target sequences
were a set of primary single copy orthologous gewb®se orthology was inferred initially from
legume EST data (transcriptomesv#dicago truncatulalotus japonicuandGlycine makx and
subsequently based on conserved genome locatioa multi-species comparative genetic
analysis (Blairet al. 2013). The SNPs were selected based on the defsitin criteria found in
software programme Assay Design Tool from lllumarad were converted to the 827 Illlumina
GoldenGate genotyping assay useful for common (Bl et al 2013). The TOG markers are
individual gene based markers that were based oseceed legume sequences and therefore had
a slightly lower average PIC values (Hyteh al. 2012). SNPs were distributed per each
chromosome as follows b01 (79), b02 (92), b03 (B@% (22), b05 (40), b06 (78), b07 (85), b08
(84), b09 (76), b10 (27) and b11 (61). A total 8MPs were unassigned.
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6.3.3 SNP evaluation
A total of 827 SNPs which were predicted in Gaigoliset al. (2008), Hougaaret al. (2008),
Galeanoet al. (2009a; b) and validated using 1 050-plex GoldeéaeGaessay from lllumina

(http://www.illumina.com) were evaluated on theemeihce collection of common bean. The

GoldenGate assay procedure involved three stepsipaample preparation, cluster generation

and sequencing.

6.3.3.1 Sample preparation

The TruSeq sample preparation kit was used to genéigh quality libraries with insert sizes
from 300-500 bp from the genomic DNA of the 202 g@fgpes. The sampling kit used was for
high throughput studies and involved 96 dual insliadapters that were pre-loaded in a 96-well
plate. The indices were added to sample genomic NG a free PCR procedure. The
developed libraries were amenable to single-reanle@-end and multiplexed sequencing on all
lllumina sequencing instruments. A total of 1 pg AMWas sheared by sonication. Library
construction began with fragmented genomic DNA. Tilent-end DNA fragments were
generated using a combination of fill-in reacticarsl exonuclease activity. An ‘A’-base was
then added to the blunt ends of each strand prepdhem for ligation to the sequencing
adapters. Each adapter contained a ‘T’-base ovgraathe 3end, providing a complementary
overhang for ligating the adapter to the A-tailechgmented DNA. Denaturation and

amplification steps followed and the created lilmsmere pooled for sequencing.

6.3.3.2 Cluster generation

Cluster generation created hundreds of millions chisters, each of which contained
approximately 1 000 identical copies of a singlmpgkate molecule. The cluster generation
process was carried out in cBot, where the cDNAgrfrants that had been captured by
complementary adapter oligonucleotides covalentiyrial to the surface of lllumina flow cells

were amplified isothermally. Flow cells facilitatccess of bound DNA to enzymes while
ensuring high stability of surface-bound templatd &ow non-specific binding of fluorescently

labelled nucleotides. Attached DNA fragments wextereded and bridge amplified to create

hundreds of millions of clusters.
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6.3.3.3 Sequencing

lllumina’s BeadXpress Reader was used to analyséitassay using the VeraCode technology.
The BeadXpress Reader drew up to eight samplediateafrom the 96-well plate and loaded
them onto the eight chambered transparent groce phat formed the bottom of the systems
fluidic cell. Through a unique combination of fluitow, gravity and capillary force, the
VeraCode microbead efficiently populated the groplate and aligned closely within the
grooves. Once the beads were aligned, the entirdidl cell was actuated across the optical
system and scanned for fluorescent intensity amdke adassification. During scanning, the
BeadXpress Reader acquired fluorescence data aodiaied code data for each microbead,
compiled a virtual representation of the 96-weltpl and exported the data for downstream
analysis with lllumina’s VeraScan software. The @®¢aress Reader employed a dual colour
laser detection system which identified the uniqaegraphic code embedded in each VeraCode

microbead and detected the signal intensity assatisith each bead.

6.3.4 Data analysis
Data analysis was done in TASSEL software (www.e@énetics.net/tassel). Data analysis

involved loading and joining genotypic data, genatap, Q matrix and phenotypic data in the

software following procedures from the TASSEL useguide (www.maizegenetics.net/tassel).

Data for the genetic map (cM) were multiplied bydli@order to for it to resemble a physical
map since the TASSEL programme does not understengenetic map information (Appendix
22). Genotypic data was generated from the lllumina &oate Assay and the genetic map
was provided by the CIAT genetics laboratory. Iscasation mapping there is need to account
for false positives. Incorporating the outcome opglation structure increases the power to
detect true marker trait associations. The Q nmednkere derived from STRUCTURE (Pritchard
et al. 2000) using the 86 microsatellites in Chapteréestien 5.3.4.4 and were entered into the

TASSEL programme as covariates.

Phenotypic data were analysed in Agrobase Generdtisoftware (Agronomix Software Inc.
2005) and entry means were calculated for eachtgeaander irrigated and rainfed treatments
at CIAT-Palmira and Harare Research Station (sec383.4.7; Chapter 3). Grain yield, total

shoot biomass, 100-seed weight, number of podglpat, days to maturity, days to flowering,
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leaf temperature and canopy temperature depresg@re the phenotypic traits loaded into
TASSEL software. These traits, excluding days tavélring, had significant correlations with

grain yield under irrigated and rainfed conditig@hapter 3). Q matrix was run for K upto 10
STRUCTURE simulations on the entire set of therexfee collection (section 5.3.4.4; Chapter
5). The likelihood value of the STRUCTURE analysi®wed that the most significant change
was observed at K=2 which corresponded with thegioriand breeding history of the

populations, divided into Andean and MesoameriCHms was considered the best possible
partition as they showed a high consistency with genotypes of a known gene pool origin.
Population structure can lead to identificationladi that generate statistically significant but
biologically invalid associations solely due toithight correlation with population structure.

Factors such as adaptation and domestication gigea population structure in a population and

were true for the reference collection of commoarhe

Genotype data was filtered to remove monomorphiessand SNP(s) with minor effects

(www.maizegenetics.net/tassel). To overcome probleused by population structure in AM

studies, linear models with fixed effects for supplations have been used (Stiehal. 2008).
The GLM was used to estimate the p-values, markearid estimated change in phenotype due
to a SNP change from the filtered set of 700 polghisms. Marker R measures the
contribution of the marker to total sum of squavésa trait after accounting for all other effects
in the model. Marker Ris more practical since it measures the contriputf loci where the
marker resides to the total variation of the trélte GLM performs association analysis using a
least squares fixed effects linear model to testrfarker-trait correlations. In the current study,
the structured association analysis (Q method)amphted in TASSEL as GLM function was
used to estimate marker-trait associations. Thetstred association controls false associations.
Each trait by marker combination was tested follayihe model: Trait = Q + marker effect +

residual.

The Bonferroni correction was also used to configbe | error rate. Type | error is a false
positive, where significant associations are idedtibut are linked to population structure rather
than the studied trait. Tests for significance weegived from permutations that generate p-

values. The p-values are not dependent on the hatistaibution of data. The p-values were
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calculated from a two-sided Fisher's exact testrkda R was calculated as sum of squares of

markers divided by total sum of squares.

6.4 Results

Of the 827 SNPs used in the assay, 768 SNPs wecessful called in the 186 genotypes with
less than 8% missing data points. A total of 70@ &8 SNPs were polymorphic and

monomorphic in all genotypes respectively. The SN&kers provided coverage for every
chromosome in the genome from 22 SNPs on linkagepgb04 to 88 markers on linkage group
b02 (Table 6.1). Variation for the minor alleli@fuency (MAF) of the 700 SNPs ranged from 2
to 75. Of the 700 polymorphic SNPs, 620 had a Magér than 0.20.

Table 6.1 Summary of SNPs evaluated among the 202ference collection genotypes

Linkage group Number of SNPs Allelic frequency
<0.2 >0.2
b01 77 6 71
b02 88 14 74
b03 76 6 70
b04 22 2 20
b05 38 5 33
b06 77 9 68
b07 83 8 75
b08 79 17 62
b09 75 6 69
b10 25 3 22
bll 60 4 56
Total 700 80 620

6.4.1 Association mapping

The association analysis performed in this stuéntified significant marker-trait associations
under irrigated and rainfed treatments for allt&r&valuated at both locations. Some significant
marker-trait associations were common betweenaiteid) and rainfed treatments at each location
and at times between locations for the rainfedtitneat. The focus for the current study was to
discover markers with potential value for use in #gelection for drought tolerance in common

bean.
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6.4.1.1 Grain yield

A total of 15 and 76 markers were significantlyaasated with grain yield under irrigated and
rainfed treatments at CIAT-Palmira respectively gapdix 8). For these significant marker-
grain yield associations, the significance levelaged between 0.0011 (TOG895672-181 on
linkage group 02) and 0.0048 (TOG901215-645 onalygek group 01) under the irrigated
treatment while it varied from 0.0013 (on four SNBsated on linkage groups 03, 04, 05 and
10) to 0.0492 (TOG914901-92 on linkage group bXiden the rainfed treatment. Each linkage
group had at least one marker significantly assediavith grain yield under the rainfed
treatment at CIAT-Palmira. A total of 10 markersl¢ured red) were found to be significantly

correlated with grain yield under both treatmentSIAT-Palmira.

At Harare Research Station, a total of 30 and §8ifstant marker-grain yield associations were
identified under rainfed and irrigated treatmerdgspectively (Appendix 9). Linkage group 10
had no significant marker locus associated withingygeld under both treatments. Variation for
significance levels ranged from 0.0032 (TOG896888-0n linkage group bl1l) to 0.0483
(TOG906599-51 on linkage group b11l) under the ated treatment and 0.0012 (TOG900006-
352 on linkage group b07) to 0.047 (TOG901933-203imkage group b09) under the rainfed
treatment. At Harare Research Station, four marfa@ieoured red) were significantly correlated

with grain yield under both treatments.

A total of six significant marker-grain yield assmons were common at both CIAT-Palmira
and Harare Research Station under rainfed treagnf€able 6.2). These were located on linkage
groups b03 (2), b05 (1), b07 (2) and b09 (1).

All SNP marker loci carried two genotypes (TT andA)A A minimum of 31%
(TOG907013_1059) and maximum of 47% (TOG905371 06%e 186 genotypes evaluated in
the current study carried the TT genotype. The remd§ genotypes carrying the AA allele
ranged between 47% (TOG905371_69) and 62% (TOG®AWB9). Markers TOG905371_69
and TOG905371_417, both on linkage group b03, wieke to each other.
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The largest differences in grain yield between tive alleles were observed for markers
TOG898046 230 and TOG894794 142 at both locatidhs.allele TT was desirable for high
yield under the rainfed environments. The GLM allestimates provide effect estimates for each
genotypic class (homozygous or heterozygous) fer rttarkers associated with the trait. At
CIAT-Palmira, a change in allele state from AA t® Gaused a yield increase of 522.61 kg ha
and 442.20 kg ha for TOG898046 230 and TOGB894794 142 respectivElain yield
differences were 160.48 kg h4TOG898046 230) and 150.55 kg h&rOG894794 142) for
the change from the AA allele state to the TT stéhtidarare Research Station.
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Table 6.2 Common associations between markers aiggain yield obtained under rainfed

treatments at CIAT-Palmira and Harare Research Staibn

p values markel R Allele estimate
Marker linkage group CIAT-Palmira Harare  CIAT-Paimiraatdre  No. of observations Marker position Allele  CIRBmira Harare
T0G905371_69 3 00204 00271 00245  0.0264 87 1394442 TT 5080 1049300
87 AA
TOGY05371 417 3 00219 00253 00247 00217 83 1394441 TT 13800 1125440
87 AA
T0G907013 1059 5 00424 00352 00193  0.0244 57 712783 TT 73620 125.1050
115 AA
T0G898046_230 7 00024 00149 00420 00318 61 1207863 TT 2650 1604760
113 AA
TOG894794 142 7 00059 00109 00345  0.0352 60 31114 TT 2082 1505540
114 AA
TOGI13042_381 9 00284 00211 00214  0.0283 68 169302 TT 6986  58.7940
107 AA

6.4.1.2 Hundred seed weight

At CIAT-Palmira, 85 and 169 markers were signifitaassociated with 100-seed weight under
irrigated and rainfed treatments, respectively @mpix 10). Of these markers with 100 seed
weight associations, 68 (coloured red) were combm&mween the two treatments. Significance
levels on the marker with 100-seed weight assariatvaried between 0.0000 and 0.0499 under
the irrigated treatment and 0.0000 to 0.0494 utiterainfed treatment at CIAT-Palmira.

A total of 86 and 172 markers were significantlyretated with 100-seed weight under rainfed
and irrigated treatments at Harare Research Steggpectively (Appendix 11). Of these markers
with 100-seed weight associations, 24 (coloured wexie common between the two treatments.

At Harare Research Station, significance levelsrfarker with 100-seed weight correlations
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varied between 0.0000 and 0.0493 under the irgaeatment. On the other hand, variation for
significance levels was in the region of 0.000M10475 under the rainfed treatment at Harare
Research Station. A total of 18 markers with 10€dseeight associations were common under
rainfed treatments between CIAT-Palmira and HalResearch Station (Table 6.3).

Individual genotypes carrying the AA allele at lscpositions 658347 (TOG908646_276),
658347 (TOG903088_74) and 16514 (TOG9000784_136) Higher 100-seed weights than
those carrying the TT allele at both locations. @gpes that carried the AA allele at these loci
positions represented less than 24% of the whobpailption evaluated. A change in allele state
(AA to TT) at loci positions 1904825 (TOG918275_ 6P@&nd 1904826 (TOG923111 969),
both on linkage group b03, caused an increase Ors@@d weight at CIAT-Palmira (by almost
8.00 g) and Harare Research Station (by almost @.08ome of the significant markers on the
same linkage groups were relatively close to edbkrcand these included TOG 894060 _416
and TOG907046_267 (b10), TOG896306_360 and TOGIMMEB (b06), TOG906318 220
and TOG894052_203 (b06), TOG918275 1006 and TOQRIKY (b03) as well as
TOG908646_276 and TOG903088_74 (b09).
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Table 6.3 Common associations between markers and 100-seed ige obtained under

rainfed treatments at CIAT-Palmira and Harare Reseach Station

p-values Marker R Allelic estimate

Marker linkage grou CIAT-Palmira Harare CIAT-Palmira Harare No. of obseiwas Marker position Allele CIAT-Palmira Harare

TOG928916_162 2 0.0023 0.0246 0.0377 0.0072 96 254832 TT 798.8 1.3880
76 AA

TOG896943_500 2 0.0043 0.0023 0.0325 0.013 70 1427030 TT 764.6 0.7879
102 AA

TOG896943_422 2 0.0413 0.0273 0.0311 0.0145 76 1491556 TT 4547. 2.3508
38 AA

TOG918275_1006 3 0.0012 0.0241 0.0444 0.0058 7 1904825 TT .0158 1.6432
70 AA

TOG923111_969 3 0.0012 0.0241 0.0444 0.0058 77 1904826 TT 0158. 1.6432
70 AA

TOG896074_553 6 0.0045 0.0294 0.0339 0.0071 109 298879 TT 7608. 1.1727
59 AA

TOG896306_360 6 0.0072 0.0014 0.0300 0.0145 84 1376101 TT 5458. 2.0717
86 AA

TOG900450_243 6 0.0072 0.0014 0.0300 0.0145 84 1376105 TT 7204. 0.9751
86 AA

TOG906318_220 6 0.0212 0.0102 0.0217 0.0093 80 1134317 TT 7204. 1.6714
93 AA

TOG894052_203 6 0.0251 0.0098 0.0204 0.0097 79 1134315 TT 7408. 1.7512
94 AA

TOG896197_226 9 0.0019 0.0191 0.0399 0.0083 106 626582 TT 0568. 1.2306
62 AA

TOG908646_276 9 0.0042 0.0093 0.0333 0.0097 131 658347 TT .2868 -1.5247
43 AA

TOG895760_820 9 0.0046 0.0337 0.0366 0.0062 85 930447 TT 088.7 1.5082
68 AA

TOG903088_74 9 0.0081 0.0089 0.0284 0.0096 133 658346 TT 0163. -1.5731
42 AA

TOG894060_416 10 0.0062 0.0205 0.0302 0.0077 97 774886 TT 7088. 1.2995
72 AA

TOG900784_136 10 0.0085 0.0475 0.0291 0.0057 155 16514 TT .9678 -1.4194
15 AA

TOG907046_267 10 0.0182 0.0357 0.0233 0.0063 99 774887 TT 1493. 1.1695
67 AA

TOG917669_433 11 0.0165 0.0011 0.0232 0.0147 84 898224 TT 4403. 1.9099
91 AA
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6.4.1.3 Days to flowering

A total of 59 and 108 significant marker with datgsflowering associations were identified
under irrigated and rainfed treatments at CIAT-Ranmespectively (Appendix 12). Of these
markers with trait associations, 42 maker loci gooéd red) were correlated with days to

flowering under both treatments at CIAT-Palmira.

At Harare Research Station, 60 and 55 significasbeiations were identified for this trait under
irrigated and rainfed treatments respectively (Ampe 13). Of these markers, 34 were
significantly associated with days to flowering enthoth treatments at Harare Research Station.
Significance levels for marker with days to flowsyi associations varied between 0.0011
(TOG895245 245 on linkage group b08) and 0.0491G38@8284 346 on linkage group b08)
under the irrigated treatment at CIAT-Palmira. ®a other hand, significance levels varied from
0.0014 (TOG919227_1306 on linkage group b08) td¥BATOG895900_416 on linkage group

b09) under irrigated conditions at Harare Rese&takion.

Variation for significance levels on marker withydato flowering associations ranged from
0.0012 to 0.0494 and 0.0012 to 0.0499 under tméeditreatments at CIAT-Palmira and Harare
Research Station respectively. A total of 12 markeere identified that were significantly
correlated with days to flowering under rainfedatreents at both locations (Table 6.4).
Individuals that carried the TT allele at markercilorOG894818 243, TOG899382_247,
TOG911121 130, TOG895163 666 and TOG900006 35Zfiledvearlier than individuals that
carried the AA allele under rainfed conditions attblocations. Early flowering is a good trait in

environments prone to terminal drought stress.
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Table 6.4 Common associations between markers and days to Wering obtained under

rainfed treatments at CIAT-Palmira and Harare Reseach Station

p values Marker B Allelic estimate
Marker linkage grou Harare CIAT-Palmira Harare CIA-Palmira No. of observasi Marker position Allele Harare  CIAT-Palmira
TOG894818_243 1 0.0437 0.0032 0.0231 0.0482 146 1178516 TI.9560 -3.5560
16 AA
TOG899382_247 2 0.0040 0.0062 0.0436 0.3920 115 1280152 TZ.0474 -2.4518
59 AA
TOG896361_260 2 0.0130 0.0353 0.0331 0.0236 93 348596 TT 381.8 1.9613
80 AA
TOG906764_376 2 0.0294 0.0063 0.0269 0.0417 106 80 AA  1.49032.3188
60 TT
TOG906764_834 2 0.0294 0.0063 0.0269 0.0417 106 81 AA  1.49032.3188
60 TT
TOG894196_495 3 0.0180 0.0361 0.0305 0.0238 101 1363672 TZ.5164 -2.8040
70 AA
TOG911121_130 3 0.0230 0.0013 0.0278 0.0539 35 332824 TT0373. -3.5867
138 AA
TOG895163_666 3 0.0346 0.0071 0.0237 0.0378 93 1456965 TT.9162 -3.0442
82 AA
TOG900268_798 6 0.0019 0.0081 0.0515 0.0371 85 1570761 TT6222. 2.8132
88 AA
TOG900006_352 7 0.0074 0.0017 0.0376 0.0511 86 1176102 TT.2332 -3.2600
90 AA
TOG899729_237 8 0.0041 0.0067 0.0450 0.0400 100 2428698 TT2072 2.6376
69 AA
TOG894141_219 8 0.0413 0.0154 0.0230 0.0307 61 2292273 TTO178. 4.6195
105 AA

6.4.1.4 Days to maturity

At CIAT-Palmira, a total of 28 markers under eacatment were significantly associated with
days to maturity (Appendix 14). Of these, 12 maskécoloured red) were significantly
correlated with days to maturity under both treatteeOn the other hand, 28 and 70 markers
associated with days to maturity were identifiedHatare Research Station under irrigated and
rainfed treatments respectively (Appendix 15). Aakoof 13 markers (coloured red) were
commonly associated with days to maturity undeh licgatments at Harare Research Station. In
addition, six markers were significantly correlateith days to maturity under rainfed treatments
at both Harare Research Station and CIAT-Palmiahi@ 6.5).
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Table 6.5 Common associations between markers and days to noaity obtained under

rainfed treatments at CIAT-Palmira and Harare Reseach Station

p value Marker R Allelic estimate

Marker linkage group CIAT-Palmira Harare CIAT-Palmirartlee  No. of observations Marker position Allele CIAThRma Harare

TOG894818_489 1 0.0095 0.0192 0.0451 0.0375 124 1178517 TT 6.5896 -5.7051
18 AA

TOG906969_104 2 0.0100 0.0472 0.0361 0.022 53 2212891 T 9 59 4.5406
123 AA

TOG906764_376 2 0.0122 0.0223 0.0368 0.0312 106 80 AA 4.2263 3.7488
60 TT

TOG906764_834 2 0.0122 0.0223 0.0368 0.0312 106 81 AA 4.2263 3.7488
60 TT

TOG897188_682 6 0.0013 0.0242 0.0563 0.0283 23 1674765 TT 5007T. 5.198
152 AA

TOG901700_397 6 0.0412 0.0157 0.0243 0.035 102 1054653 TT 3198. 4.3481
55 AA

Early maturity is a desirable trait under termidedught conditions in common bean. A change
in allele state from AA to TT at marker locus TO@838 489 caused a decrease in number of
days taken to reach maturity at both locations.Dtaymaturity were reduced by 6.59 and 5.71
days at CIAT-Palmira and Harare Research Statispeaively by this change in allele state.
Some markers on linkage group b02 (TOG907664 3d6TamG906764 834) were relatively

close to each other and possibly could be on oneslo

6.4.1.5 Total shoot biomass
A total of 48 and 87 markers were significantly cesated with total shoot biomass under

irrigated and rainfed treatments at CIAT-Palmirspextively (Appendix 16).

On the other hand, 62 and 86 markers were significaorrelated with this trait under irrigated
and rainfed treatments at Harare Research Stadippefdix 17). At CIAT-Palmira, 14 marker-
trait associations were common under both treatnertile at Harare Research Station, 26
common marker-with-trait associations were ideedifiA total of 14 significant markers with
traits associations were common under rainfed rireats at both CIAT-Palmira and Harare
Research Station (Table 6.6).
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Table 6.6 Common associations between markers and total shodiomass obtained

under rainfed treatments at CIAT-Palmira and Harare Research Station

p value Marker R Allelic estimate
Marker linkage grou Harare CIAT-Palmira Harare CIAT-Palmira No. of obsei Marker position Allele  CIAT-Palmira Harare
TOG897362_457 6 0.0028 0.0076 0.0242 0.0338 164 1643502 TT 2.2655 -4.1766
11 AA
TOG897362_571 6 0.0030 0.0076 0.0240 0.0341 163 1643503 TT 2.274 -4.1627
11 AA
TOG895575_317 11 0.0049 0.0371 0.0217 0.0207 66 393328 AA 2109 -2.7368
108 TT
TOG914633_385 7 0.0059 0.0201 0.0347 0.0352 58 1923876 AA 1672, 2.2584
71 TT
TOG900222_165 11 0.0102 0.0371 0.0191 0.0207 99 551159 TT 4572, 2.3213
70 AA
TOG906530_971 8 0.0165 0.0144 0.0144 0.0298 100 1549852 TT 1.3915 -1.9448
68 AA
TOG908034_427 11 0.0203 0.0082 0.0150 0.0337 78 425114 AA 5812 -2.3282
96 TT
TOG925468_198 3 0.0299 0.0252 0.0132 0.0247 73 1615017 TT .0912 -3.3903
100 AA
TOG894712_405 3 0.0327 0.0080 0.0125 0.0336 111 77215 TT 4729 2.6
64 AA
TOGB895163_666 3 0.0340 0.0014 0.0125 0.0488 93 1456965 TT 0822. 2.3044
82 AA
TOG910860_172 6 0.0343 0.0108 0.0125 0.0311 118 1166079 TT 1.3644 -1.8864
55 AA
TOG910860_634 6 0.0404 0.0094 0.0117 0.0325 117 1103074 TT 1.3972 -1.8349
55 AA
TOG900594_110 2 0.0460 0.0034 0.0103 0.0422 86 286573 TT 9136. -1.8965
84 AA
TOG895760_342 9 0.0482 0.0324 0.0109 0.0224 82 930446 TT 4085 2.3729
92 AA

6.4.1.6 Number of pods per plant

The association analysis identified 48 and 62 &icamnt marker with number of pods per plant
associations under irrigated and rainfed treatman@AT-Palmira respectively (Appendix 18).
At Harare Research Station 39 and 16 markers vigndisantly associated with this trait under
irrigated and rainfed treatments respectively (Age 19). A total of 23 and eight markers with
number of pods per plant correlations (coloured n@dre common under both treatments at

CIAT-Palmira and Harare Research Station respdygtive
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6.4.1.7 Canopy temperature depression

A total of 38 and 67 markers were significantlyretaited with canopy temperature depression
under rainfed and irrigated treatments at CIAT-Ranmespectively (Appendix 20). Of these

significant marker with canopy temperature depoessassociations, four were common

(coloured red) under both treatments. This traais winstable between treatments at CIAT-

Palmira.

6.4.1.8 Leaf temperature

At CIAT-Palmira, 12 and 18 markers were signifidardorrelated with leaf temperature under
irrigated and rainfed treatments respectively (Ame 21). There was no marker with trait
overlaps between treatments for leaf temperatuteerel were no good markers for leaf
temperature between treatments.

6.5 Discussion

The AM analysis carried out in the current studyswhe first in a reference collection of
common bean to search for SNP markers correlatéu different traits under drought stress
conditions. The number of days to maturity, 100dseeight, number of pods per plant and total
shoot biomass were found to have significantly heghrelations with grain yield under semi-
arid environments (Téran and Singh 2002; Szilag¥3). Results from this study showed that
genome wide association analysis identified marketgkh were significantly correlated with
these individual traits constituting drought toleza in common bean. It was an important
achievement to identify some significant markeitt@asociations for grain yield and these other
traits responsible for high yield under semi-amvieonments. The most reported results from
AM so far have targeted candidate genes with knowtant phenotypes. AM has been found
useful in identifying SNP markers that were asdedawith CBB resistance and were
recommended to replace BC420 and SU91 markeravérat previously used in MAS for CBB
resistance (Shet al. 2011).

The 45 common significant associations identifigtier rainfed treatments at both CIAT-
Palmira and Harare Research Station could providestaof candidate genes for further

investigations. All the significant marker-trait sagiations accounted for relatively small
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proportions of the phenotypic variance. The marRéalues in the current study were similar
or slightly lower than those calculated for markeait associations in Slet al. (2011) for CBB
candidate genes and Welsgral. (2008) for complex traits in teosinte. There avme possible
reasons which might give an explanation for thesallsvalues. If the marker assayed is not the
causative site but in LD with the causative site, marker_ Rvalue will be an underestimate of
the actual effect (Nielsen and Weir 1999). Secondigst of the traits evaluated had low to
moderate heritabilities such that the treatmenianae had also a significant influence on the
expression of the traits. Heat stress (CIAT-Paljmaad disease pressure (Harare Research
Station) contributed to the phenotypic variancéath Andean and Mesoamerican genotypes. It
is also possible that these associations were lactiize to alleles of small effects. Marker ? R
could also be low in the current study possibly tlu¢he complex nature of the studied traits.
Lastly, the Bonferroni correction is conservativel das been reported to lead to power loss for
detection if traits are correlated with one anathethe current study, most traits were correlated

to each other and had high correlations with gyafd as discussed in Chapter 3.

Some markers were significantly associated witkistraf interest between treatments at each
location and across rainfed treatments at bothtimtst However, markers common between
treatments and across rainfed treatments betweatidas were less than 40 for each trait. Rong
et al. (2007) reported a few or non-overlapping sets afkars in different environments. There

are several reasons why so few marker-trait agsmesa were repeated between rainfed
treatments at both locations. First, phenotyping warformed by different individuals at the

different locations possibly leading to subtle elifinces in timing of measuring traits. Secondly,
treatments used for phenotyping in the currentystuere significantly different from each other

as identified from the correlation analysis for irorments in Chapter 3. Differences in

treatments caused large contributions to phenotypitation among genotypes. In addition,

landraces by nature are heterogeneous and it shi@shat not exactly the same plants were
evaluated across locations. All of these factorsilccohave contributed to true positive

associations not being detected in one environmetite other.

Overlaps in marker-trait associations over diffe@mought environments are useful for marker-

assisted breeding. The identified marker-trait eissions in the current study could provide a
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base for MAS of parents and segregating populagansiarked for the semi-arid environments.
In terms of breeding for drought stressed envirams)eBAT477, SER22, SER16, SEAS5,
SEA15, SEQ1003, SEQ1027, CAL96 and CAL143 weremana many breeding experiments.
A quick confirmation on the value of the identifiedarkers could be performed in RIL
populations developed from the CAL96 x SEAS5 crossumy advanced lines developed from
these parents, for example the drought toleranteAndean lines (DAB). The RIL populations
and advanced DAB lines have already been phenotypddr different drought conditions in
Malawi, Rwanda, Ethiopia and Zimbabwe for a numbleseasons. Phenotypic traits evaluated

in these RIL populations and advanced DAB linesargemilar to those in the current study.

Linkage group b02 has been previously reportecbtdaen QTL for days to maturity, 100-seed
weight and number of pods per plant in common K{€mavarro and Blair 2010; Pérez-Vegla
al. 2010; Blairet al. 2012). In addition, 100-seed weight was also fotmte linked to linkage
groups b03 and b1l in a wild x cultivated backcraisg RIL populations by Blaet al. (2006).

In the current study, there were some SNP markhrshahad significant associations with these
traits on linkage groups b02, b03 and b1l whichpsued these findings and alluded to the

importance of these linkage groups to the assatiadgs.

It is estimated that a total of three to four miliSNPs exist in cultivated common bean based on
the rate of 237 SNPs observed in 38.2 kbp of segpignsix diverse genotypes (Sdtial. 2011).
Compared to the estimated number of SNPs existimgpimmon bean, the number of SNPs used
in the current study was extremely few and might mve favoured low frequency mutations
and those with weak effects. In addition, the nuralzé captured marker-trait associations were
few for a genome wide scan due the small numbenaskers deployed. There were some huge
gaps between some markers on each linkage growestirgg there is potential to increase the
number of SNP markers in future genotyping exescisea reference collection of common
bean. The importance of marker density was demaestrby Aranzanaet al. (2005) in
Arabidopsis thalianaAranzaneet al. (2005) used too many markers around four lociaace
removing some markers and checked the disappeaoérice signal. They concluded that 6 000
SNP markers were sufficient for AM iA. thaliana Genome wide AM should therefore have

thousands of SNP markers for detection of all maitat associations.
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SNPs evaluated in the current study were not deealfrom within genepool crosses and might
have missed some polymorphisms in the Mesoamegeaotypes andice versa Blair et al.
(2009) noted that markers developed from an Andssrkground were more polymorphic in

Andean genotypes than Mesoamerican ones.

Correction of population structure was achieveaugh the use of the Q matrices generated
from a previous diversity study (Chapter 5). Catimet of population structure reduced type |
and Il errors between molecular markers and traftsnterest (Zhuet al. 2008). Already,
common bean is a strongly structured species dileetalomestication events which led to the
evolution of two main gene pools, Andean and Mesoaan. In addition, due to differences in
production environments, further subdivisions wamted in each gene pool (Bitoccéi al.
2012).

6.6 Conclusions

The current study serves as an initial effort fengme wide AM for drought tolerance in
common bean. The genotypes evaluated in the custdly retained 60% of the genetic
diversity of the core collection of common bean avabs suitable for phenotyping for drought
tolerance. Increased crop productivity under se@svironments relies on mining of the best
alleles from diverse germplasm and incorporateslite breeding material. Traditionally, genetic
markers had been used for trait improvement thraughy breeding approaches such as MAS,
marker-assisted breeding and QTL cloning. AM has fbtential to provide numerous useful

alleles to these marker assisted breeding programme
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Chapter 7

General discussion, conclusions and recommendations

Production of common bean is predominantly rainfieddeveloping countries and 60% of

cultivated beans suffer from water deficit at sastege during their growth. Sub-Saharan Africa
is likely to face more frequent drought episodeg do the predicted climate changes. The
development of drought adapted common bean vagietia practical approach to minimise crop

failure and improve food security in bean growimeges.

The current study identified several phenotypi@grehat have the potential to improve drought
tolerance in common bean and possibly other legarops. These traits included total shoot
biomass, number of pods per plant, 100-seed weggdity yield, deep rooting, days to maturity,
leaf temperature and canopy temperature depredsiaddition, based on GM and DSI data,
four Mesoamerican and six Andean genotypes werngtifolel which have potential as parents
for drought tolerance breeding, or could be reconded for wider production in drought prone
areas. The existence of a strong geographical tsteudn common bean (Andean versus
Mesoamerican) and within the Mesoamerican gene (paocés Durango and Mesoamerica) was
defined by STRUCTURE and NJ analysis. This inforaratwill contribute toward the
conservation and judicious use of genetic resoungesommon bean. Association mapping
analysis allowed the identification of SNP mark&gnificantly associated with 100-seed weight
and total shoot biomass across locations and bativeatments. This offers the possibility of
searching candidate genes controlling these twis iracommon bean. Once candidate genes are
identified, markers can be developed for use inkeramssisted breeding programmes. This
demonstrated the merits of association mappingtaslan genetic studies where complex traits

can be reduced to individual components which @uoded for selection.

High total shoot biomass potentially representsagi® capacity of assimilates for grain filling.
Some wheat varieties accumulate water soluble bgdrates in stems which act as grain filling
reserve, which help maintain grain yields underdtd stress. This mechanism could also be

present in common bean, as total shoot biomasspasitively correlated with grain yield and
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some highly yielding genotypes under drought sttess a high shoot biomass. Breeding for

high shoot biomass could significantly improve grgield under drought prone environments.

The existing relationships between Durango and lesgican races were more clearly defined
in NJ analysis in the current study than in presistudies in common bean. Previous molecular
characterisation studies in common bean used arlowmber of markers than in this study.
Many markers which saturate the genome of a sppooekice more precise molecular data. SSR
results indicated lower genetic diversity in thed@an gene pool compared to the Mesoamerican
one. For those regions, including southern Afrighere drought occurs frequently and Andean
beans are a priority, strategies need to be pptace to source drought tolerance genes from

other types of common bean.

Genotypes from race Durango demonstrated betteptatiten to water stressed environments
than other races in common bean. Genes for drdotgrance and yield can be harnessed from
races Durango and Mesoamerica respectively foramipg drought tolerance in the Andean

gene pool. This could be achieved through backdrossding programmes. Future identification

of candidate genes controlling total shoot biomamsnber of pods per plant and 100-seed
weight and the development of markers for theseeg@mould shorten the backcross breeding
schemes through accurate selection of progenytivltorrect background and necessary QTL.
In addition, initial field selections could be ded out even under normal or greenhouse
conditions. However, this would require the necessuipment and expertise in breeding
programmes. Interracial crosses are possible wgbnotypes in the Mesoamerican gene pool of
the reference collection between some high yieldilesoamerica 2 genotypes and drought

tolerant Durango genotypes to create high yieldirayight tolerant genotypes.

Alternatively, a parallel scheme aimed at promoting production and consumption of small
seeded beans by farmers and consumers in regiogre Wdrge seeded beans are priority would
ensure direct utilisation of drought tolerant Mesesican genotypes. Initial steps would involve
participatory evaluation of drought tolerant Meseaican genotypes in farmer's and
researcher’s fields to ensure that the agronomicdtsnef small seeded beans are captured by

smallholder farmers and other stakeholders. Othessurements taken during this evaluation
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exercise should include culinary and nutritionat$eand should involve researchers, farmers,

common bean industry, traders, nutritionists amochéx representatives.

Water uptake from deep soil layers is another ingmtrparameter for drought avoidance in
crops. Some Mesoamerican genotypes under the daitrtesatment had cooler canopies,
indicating that they were extracting water from theil and maintaining transpiration.

Greenhouse studies showed that deep rooting isdaptiae trait in some genotypes. In the
current study, deep rooting or cooler canopies rihtl guarantee high grain yield under the
rainfed treatment. Some genotypes with cooler casopad the lowest yield observed at both
locations. This suggested that while deep root:ngnportant for water extraction under water

stress, other mechanisms at shoot level are equahgrtant in utilising the water efficiently.

Leaf temperature, a surrogate trait for stomatdwle, varied among Mesoamerican genotypes
under the rainfed treatment. Since some genotypere wextracting and controlling water
movement to the atmosphere, WUE would be recomnekfateevaluation on a small group of
genotypes that showed potential for drought tolegaEconomical screening of large numbers
of breeding lines can be achieved through the @issabtemperature, which can be followed by
expensive, precision screening of small numbersines with WUE combined with detailed
multi-environment field trials. With the predictedimate change and its effect on rainfall
variability, efficient use of extracted water iseopossible strategy for improving grain yield of

common bean in semi-arid environments.

Grain yield was strongly influenced by environmeatsl GXT interactions in both Andean and
Mesoamerican genotypes. This makes it difficulteacommend tolerant genotypes for different
environments. Already, smallholder farmers’ fie® highly variable in terms of solil types,
fertility and pH levels, date of planting, plantingethods, weed, pest and disease control. Many
smallholder farmers, who are the main growers ohrmmon bean, do not have the ability to
homogenise their fields. The presence of othesséi®is inevitable under natural environments
and in the current study additional stress in faihdiseases was present at especially Harare
Research Station. This indicates that successedranght tolerance breeding also rely on

tolerance to other stress conditions that mighbamdr with drought. The best strategy for
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developing drought tolerant genotypes for smallaplthrmers would be to combine drought
tolerance with resistance to other stresses irgimgle genotype. A dimorphic root system that
combines deep rooting and lateral roots in theswip layers is helpful for water extraction at
deep soil layers and nutrient absorption in thedojh Smallholder farmers also have a role to
play in reducing the negative impacts of droughtopop yields. They need to adopt good
agronomic practises that improve soil nutritionnmise soil heterogeneity and pest/disease

outbreaks and water loss on their farms.

Measurements of some of the traits (e.g. shoot &ssmat mid pod filling stage) that are
correlated with high yield under drought were tedi@nd time consuming. A faster and easier
way of measuring shoot biomass needs to be dewtlfmpewider use in developing countries
and could contribute to better management of drowgfects in these countries. However,
measurement of grain yield remains the most pralctind easiest method of selecting drought

tolerant genotypes.

The growth habits of the entries made a contriloutetheir final yield under both irrigated and
terminal drought conditions. Variation in growthbitais limited to bush determinate in most
Andean genotypes and mean lower number of flowads @ods per plant than indeterminate
Mesoamerican genotypes. Breeding should aim atawmpg plant architecture in Andean

genotypes to enhance their yielding ability undethloptimum and terminal drought conditions.

Measurement of deep rooting under field conditisna difficult and tedious process. However,
the positive correlations found between deep rgotind stem as well as green leaf biomass
under the water stressed treatment in the greeehsuggested that deep rooting could be
estimated from aerial plant parts. Supply of wéterdeep roots ensures a high shoot biomass
under drought conditions. Other supporting trdiat tindicate that plants are obtaining water
under drought conditions are leaf temperature aadogy temperature depression. Leaf

temperature is a marker for both low stomatal cetethce and high transpiration efficiency.

The immediate use of field and molecular data wdnddo identify parents which could be used

in interracial crosses within each gene pool. Thaesses would aim at combining drought
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tolerance with high yield within each gene pool.the long term, association analysis can be
expanded to searching for candidate genes using iBBiRers correlated with grain yield,

number of pods per plant, days to maturity, tot@lat biomass and 100-seed weight. This would
accelerate breeding for drought tolerance in comrbean through use of marker-assisted

breeding methods.

In conclusion, SSR markers used in the currentyssugported evidence to the existence of two
major domesticated gene pools of common bean. Asgmt mapping is an attractive approach
to study complex traits such as drought toleranceommon bean. Estimation of positions and
effects of QTL is important for MAS, marker-asststeecurrent selection and marker-assisted
breeding. This has been accomplished through clldskage mapping which is expensive, has
poor resolution in detecting QTL and requires teaegation of crosses for mapping. AM offers
a quick way of identifying marker-trait associatiand reduces time for the development of
markers which can be used in marker-assisted brgegliogrammes. Breeding programmes
aiming to improve drought tolerance in common beanld be recommended to investigate the
genetic variability in adaptive traits mentionedad and establish their relationship with grain
yield under drought stress. The first trait to beammended for investigation is deep rooting. If
destructive measurements are necessary, total pembhass is probably an appropriate
alternative, though it is time consuming and reggiiappropriate equipment. Last but not least,
selection of drought tolerant genotypes is diffiatdiie to variability of drought episodes even

within the same location in consecutive years.
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Abstract

The aims of this study were to identify sourcesl@ught tolerance in a common bean reference
collection, to improve genetic and physiologicallarstanding of drought tolerance in different
gene pools of common bean, to establish the rolating characteristics in improving grain
yield under drought conditions, to determine theege structure and diversity in the reference
collection using SSR marker data, and to identifiypdy inherited markers in close proximity to
genes affecting drought tolerance.

Field experiments were laid out as 11x11 Mesoaraerignd 9x9 Andean lattices with three
replicates under irrigated and rainfed treatmenSIAT-Palmira and Harare Research Station.
Yield was significantly correlated with total shdoibmass at mid pod fill, 100-seed weight,
number of pods per plant and days to maturity ubhdén treatments at both locations. Based on
geometric means and drought sensitivity indices, TBA/, G11721, G4017, DOR390
(Mesoamerican) and SAB645, PVA1111, SEQ1003, SEQ1@17076 and G5142 (Andean)
genotypes had high and stable yields across treéénie both locations and could serve as

sources of drought tolerance in common bean.

Two greenhouse experiments were conducted at CldiiniPa using the soil cylinder system, in

a randomised complete block design with three cafds. Well watered and water stressed
treatments were applied in each trial. In 2009 @ltof 33 Andean landraces and three
Mesoamerican checks were evaluated for deep roatimdy other root properties. In 2010
phenotypic differences were determined betweer génotypes in root development under
water stress. A total of 40 elite Andean and Mesar&zan genotypes commonly used as parents
in many breeding programmes, were evaluated. Viitjabf root traits under water stress was
expressed either as adaptive or constitutive tdafsending on genotype. It was found that deep
rooting alone may not be adequate for drought &olee in common bean, as some deep rooted
genotypes had poor yields under field conditions.

SSR and SNP markers were used for molecular cleaisaiion of the reference collection to

determine the population structure and identifyigtiaally significant marker-trait associations
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relevant for drought tolerance in the referencdectibn. The reference collection is strongly
structured following the geographical origins oé thenotypes. TOG896943-500, TOG918200-
347 and TOG 910860-634 were significantly assodiatéh 100-seed weight and total shoot
biomass across locations and treatments. In cdoalusll findings in the current study need to
be integrated to develop drought tolerant commoanbearieties in future. Mapping studies

should be extended to candidate gene analysibdédadentified marker-trait associations.
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Opsomming
Die doelwitte van hierdie studie was om bronne @eoogtetoleransie in ‘n algemene dro&boon
verwysingsversameling te bepaal, om die genetinadesi®logiese begrip van droogtetoleransie
in verskillende geenpoele van droébone te verbeter,die rol van worteleienskappe in die
verbetering van saadopbrengs onder droogtetoestanioepaal, om die genetiese struktuur en
diversiteit in die verwysingsversameling met dibdmgk van SSR merkerdata te bepaal, en om

eenvoudig oorgeérfde merkers te identifiseer why@an gene |é wat droogtetoleransie bepaal.

Veldproewe is uitgelé as 11x11 Mesoamerikaanse @x@ Andiese vierkante met drie
herhalings, onder besproeiings en droélandtoestabge CIAT-Palmira en Harare
Navorsingsstasie. Opbrengs was betekenisvol gdkerrenet totale bogrondse biomassa teen
mid-peulvulstadium, 100-saadmassa, aantal peulplaet en dae tot volwassenheid onder beide
behandelings by beide omgewings. Volgens geometriegemiddeldes en
droogtesensitiwiteitsindekse, het BAT477, G117240%F, DOR390 (Mesoamerikaans) en
SAB645, PVA11l1ll, SEQ1003, SEQ1027, G17076 en GhHWfliese) genotipes hoé en
stabiele opbrengste oor die behandelings in beigewings getoon en kan dien as bronne van

droogtetoleransie in droébone.

Twee glashuisproewe is by CIAT-Palmira uitgevoerawaie grond silindersisteem in ‘n
gerandomiseerde blokontwerp met drie herhalingsugebs. Optimale en water gestremde
behandelings is toegepas in beide proewe. In 2009 totaal van 33 Andiese landrasse en drie
Mesoamerikaanse standaarde vir diep wortelvermoéneer worteleienskappe geévalueer. In
2010 is fenotipiese verskille tussen elite genatigie wortelontwikkeling onder waterstremming
bepaal. ‘n Totaal van 40 elite Andiese en Mesodtaarise genotipes wat algemeen as ouers
gebruik word in teelprogramme, is geévalueer. \&giain worteleienskappe onder
waterstremming is as aanpassingseienskappe of tdingsvan eienskappe uitgedruk. Daar is
gevind dat die vermoé om diep wortels te vorm rieea genoeg is om droogtetoleransie in
droébone te verseker nie omdat sommige genotipedie@wortels kon vorm, swak opbrengste

onder veldtoestande gehad het.
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SSR en SNP merkers is vir die molekulére karaldgrig van die verwysingsversameling
gebruik om populasiestruktuur te bepaal en om ssiiedi betekenisvolle merker-eienskap
assosiasies relevant vir droogtetoleransie in dewysingsversameling te bepaal. Die
verwysingsversameling het ‘n baie duidelike struktuolgens die geografiese oorsprong van die
genotipes getoon. TOG896943-500, TOG918200-347 @& P10860-634 was betekenisvol
met 100-saadmassa en totale bogrondse biomasdakaditeite en behandelings geassosieer.
Alle bevindings van hierdie studie moet geintegmerd om in die toekoms droogtetolerante
droéboonvariéteite te ontwikkel. Karteringsstudmset uitgebrei word om kandidaat gene te

analiseer en identifiseer vir merker-eienskap asses.
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Appendix 1 Intensity of diseases in Mesoamericamials under irrigated and rainfed

treatments at Harare Research Station

Environment  Rainfed treatment Irrigated treatment
Genotype CBB RUST CBB RUST ALS
G4278 2.00 2.00 3.33 1.33 1.67
G7952 1.67 2.67 1.33 1.00 1.00
G11057 3.67 4.67 5.33 1.33 1.67
G12778 3.00 4.00 5.00 1.00 3.00
G12796 1.67 3.33 3.67 2.33 2.33
G12806 1.67 4.00 2.67 2.00 1.33
G13177 3.00 7.00 3.00 7.00 2.00
G13578 1.33 3.00 2.33 1.67 1.33
G13696 1.67 2.67 3.67 1.00 1.33
G14163 2.00 3.00 2.33 1.00 1.33
G15641 2.00 1.33 2.33 1.33 2.67
G15685 2.00 4.33 3.67 1.67 2.00
G16026 3.00 6.67 5.00 2.67 2.33
G16072 3.00 7.00 4.00 3.33 2.00
G16400 2.00 3.00 2.33 2.00 1.67
G16401 2.33 1.33 3.00 1.00 2.00
G16835 1.33 1.33 2.67 1.67 1.67
G16849A 3.67 1.33 4.67 1.00 1.33
G18141 1.00 1.67 2.67 1.00 1.67
G18147 1.67 1.67 2.67 1.67 1.33
G18157 2.67 4.00 2.67 1.33 1.33
G18451 2.67 1.00 3.33 1.00 1.67
G18454 2.33 1.33 3.33 1.00 1.33
G19012 2.00 3.00 3.33 3.33 1.67
G19204 1.67 1.67 3.00 1.33 1.67
G19941 4.33 8.00 2.33 3.67 2.67
G21212 2.00 1.33 3.33 1.33 1.67
G22787 1.33 2.00 3.00 2.00 2.00
BAT93 2.33 1.00 2.67 1.00 2.00
BATA477 1.00 1.00 2.33 1.00 1.33
DOR390 2.00 1.00 1.67 1.00 1.00
Maharagi soya 1.67 1.00 3.00 1.00 2.00
Masaai Red 2.33 2.00 2.33 1.00 1.67
NCB280 2.67 1.33 4.00 1.33 2.00
Pinto villa 2.67 1.33 3.67 1.00 1.67
SEA15 2.00 1.00 3.00 1.33 1.67
SER109 1.67 2.67 3.33 1.00 1.67
SER16 1.33 1.00 3.00 1.00 2.33
SXB418 2.00 1.00 3.67 1.00 1.67
Tio Canela 75 1.67 1.67 2.33 1.00 1.33
VAX3 1.67 2.00 2.67 1.00 1.00
Grand mean 1.97 2.22 2.81 1.40 1.65
LSD 1.06 0.93 1.03 0.87 0.83
CV% 23.34 26.20 22.80 24.00 21.00
m.s. 1.08***  6.64*** 1.62*** 1.81*** (0.53***
Error 0.43 0.34 0.41 0.29 0.27

CBB — Common bacterial blight; ALS — Angular legbg LSD — least significant difference; CV — caefnt of
variation; m.s. — mean square;?<0.001
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Appendix 2 Intensity of diseases in Andean trialsnder rainfed treatment at Harare
Research Station

Environment Drought treatment Environmen Drought treatment
Trait CBB RUST ALS Trait CBB RUST ALS
Genotype Genotype

AND1005 2.33 1.67 2.00 G17070 2.67 3.67 2.67
DRK47 2.00 4.00 2.33 G17168 1.67 1.00 1.67
G738 3.33 2.00 2.00 G18255 3.67 5.00 3.67
G1678 2.33 3.33 2.33 G18264 2.67 4.00 2.67
G1688 5.00 3.67 5.00 G18942 2.33 4.00 2.33
G1836 2.33 3.67 2.33 G19833 1.33 1.00 1.33
G1939 2.33 5.00 2.33 G17076 2.67 2.67 2.67
G2563 2.33 6.00 2.33 G21210 4.33 3.33 4.33
G2567 2.33 3.00 2.33 G22147 3.00 3.67 3.00
G2686 1.67 3.00 1.67 G22247 2.00 4.33 2.00
G2875 2.67 4.00 2.67 G23604 1.00 2.00 1.00
G4001 3.67 4.00 3.67 G23829 2.00 3.00 2.00
G4547 2.33 2.00 1.00 PVA773 2.67 2.00 2.33
G4644 3.33 3.33 3.00 PVA1111 3.33 3.00 2.67
G4721 2.00 1.00 1.67 G4494 2.67 2.67 3.67
G4739 2.00 1.67 1.33 G4672 2.00 3.67 2.33
G4906 2.67 3.33 3.33 G9335 3.33 5.33 3.33
G5034 2.67 5.00 3.67 G9855 2.67 3.00 2.33
G5142 4.00 4.33 3.33 G12529 2.33 1.00 1.33
G5170 2.67 5.00 2.00 G13595 3.67 2.67 2.67
G5273 3.33 4.00 2.00 G13910 2.67 2.33 2.67
G5708 3.33 2.00 2.67 G13911 3.00 2.67 1.67
G5849 3.33 6.67 2.67 G14016 1.67 1.33 1.00
G6639 2.67 5.00 2.00 G16110A 2.00 2.33 2.00
G6873 3.33 3.33 2.33 G16346 3.33 3.67 3.33
G7776 2.67 2.33 2.00 G5625 1.67 1.00 1.00
G7895 3.00 5.33 2.33 G3157 1.67 1.00 1.67
G7945 3.33 6.33 2.67 G19842 1.67 1.67 1.67
G8209 1.67 1.33 1.00 G19860 1.00 1.00 1.00
G9603 2.33 1.67 1.33 AFR619 1.67 2.33 1.67
G9846 2.00 2.33 2.00 CAL143 3.00 3.33 2.33
G11512 3.00 3.00 3.00 CAL96 3.67 1.67 2.67
G11521 2.33 3.67 1.33 SAB258 3.67 5.00 2.67
G11564 2.67 2.00 2.00 SAB645 4.00 4.67 2.33
G11585 2.33 3.33 2.33 SEQ1003 3.33 2.67 2.67
G11727 2.00 1.33 2.33 SEQ1027 2.00 2.33 2.00
G11759A 2.33 1.33 2.00 Grand mean 2.92 3.11 2.34
G4534 3.67 2.33 3.33 LSD 1.44 1.67 1.43
G11957 3.00 2.67 2.33 CV% 20.70 23.00 28.00
G11982 3.67 4.67 2.33 m.s. 1.87** B5.67*** 1.92*%**
G12517 2.67 3.00 1.67 Error 0.80 1.09 0.79
G13094 3.67 2.33 4.33

G14253 3.67 5.33 2.67

G16104E 1.67 4.00 1.67

G16115 2.67 3.33 2.67

CBB — Common bacterial blight; ALS — Angular leglos LSD — least significant difference; CV — coefnt of
variation; m.s. — mean square
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Appendix 3 Performance of 121 Mesoamerican genotypevaluated under irrigated and

rainfed treatments at CIAT-Palmira, 2009.

Trait Dt Days to maturity  Yield (kg/ha) 100-seed weight (g) NPP EPP Pod length (cm)
Race Genotype Irr Dro Ir  Dro PR Irr Dro GMY DSI PR Ir  Dro PR Irr Dro Ir  Dro Irr Dro
check SEA15 29.67 29.67 55.3: 54.00 0.02 2524.7( 2770.9( 2644.9: -0.4z -0.1C 38.3: 32.7¢ 0.1t 11.27 9.47 8.4C 209: 10.67 10.33
check SER16 31.67 31.00 57.3354.67 0.05 2806.50 2486.90 2641.87 0.50 0.11 25.97 26.80 -0.03 1418753 4.63 2.33 9.00 8.33
check NCB280 30.00 30.67 55.6755.00 0.01 2631.20 2542.40 2586.42 0.15 0.03 31.77 30.43 0.04 11983 550 5.17 10.00 9.33
check SER109 31.3¢ 31.3¢ 59.0C 55.00 0.07 2566.0( 2355.8( 2458.6! 0.3€ 0.0¢ 25.67 24.9C 0.0¢ 11.4C 9.67 12.97 2.0C 10.67 10.00
check BAT477 35.67 35.00 63.0059.67 0.05 2538.30 2177.90 2351.20 0.62 0.14 22.23 23.37 -0.05 10870 4.10 9.13 10.00 10.67
check SXB418 37.00 34.33 64.6759.67 0.08 2468.60 2031.00 2239.14 0.77 0.18 54.33 28.77 0.47 8.9893 1.87 14.23 11.33 11.33
check DOR390 37.0C 37.0C 66.0C 62.00 0.06 2598.6( 1806.9( 2166.8¢ 1.3z 0.3C 20.0¢ 21.0¢ -0.0¢ 10.3: 8.60 6.0 5.67 9.00 9.33
check Tio Canela 7535.0( 34.67 65.0C 61.67 0.05 2351.3( 1907.7( 2117.9; 0.8z 0.1¢ 22.07 24.87 -0.1¢ 10.8C 11.00 3.8C 4.07 9.33 9.33
check Maharagi Soy&87.00 37.00 68.0065.33 0.04 2354.50 1504.30 1881.99 157 0.36 22.23 21.40 0.04 9.8333 4.77 850 9.00 933
check Pinto Villa 27.3¢ 26.3¢ -0.01 1587.4( 1976.3( 1771.2: -1.07 -0.2¢ 33.27 33.6( -0.01 13.6( 10.53 21.1( 15.77 9.00 8.67
check VAX3 35.0( 34.67 . 0.08 1764.9( 1710.6( 1737.5¢ 0.15 0.0: 28.17 24.67 0.1z 9.6C 9.47 9.7¢ 84C 9.33 933
check BAT93 36.33 36.33 65.3360.67 0.07 1767.20 1244.60 1483.06 1.29 0.30 17.93 21.40 -0.19 1514753 5.57 13.87 10.33 9.33
check Masaai Red 38.3: 37.0( 69.0( 66.33 0.04 803.2( 870.2: 836.0: -0.3¢ -0.0¢ 20.37 25.37 -0.2¢ 8.1 7.47 29.9C 10.67 8.00 8.00
Mean 33.9t 33.4¢ 61.9z 58.9: 0.05 2212.4¢ 1952.7. 2070.5. 0.51 0.1z 27.87 26.1( 0.0¢ 11.1¢ 9.5¢ 9.11 7.9C 9.67 9.4¢
D1 G2379 33.67 33.00 61.3357.33 0.07 2325.70 1737.80 2010.37 1.10 0.25 26.03 25.23 0.03 139B7 5.87 8.63 10.33 10.00
D1 G2402 27.0C 26.0C 53.0C 52.67 0.01 2040.0( 1951.7( 1995.3t 0.1¢ 0.0¢ 36.3: 36.27 0.0C 10.47 10.13 12.57 8.27 9.33 8.67
D1 G10982 26.0C 26.3: 52.0C 51.33 0.01 1900.1( 1955.5( 1927.6( -0.1Z -0.0¢ 46.67 39.9C 0.1f 11.47 11.73 6.4% 3.9C 9.00 9.00
D1 G11010 32.00 31.67 65.3359.00 0.10 1811.20 1840.20 1825.64 -0.07 -0.02 45.00 45.83 -0.02 1216713 6.30 7.90 8.33 9.00
D1 G2778 27.67 28.0C 53.3: 52.33 0.02 1605.5( 2067.2( 1821.7¢ -1.2¢ -0.2¢ 32.1: 32.5( -0.01 11.07 9.80 15.4¢! 19.4: 8.33 8.67
D1 G13696 27.3: 26.0C 59.0C 51.33 0.13 1835.0( 1585.8( 1705.8( 0.5¢ 0.1¢ 39.07 39.47 -0.01 12.3¢ 11.33 12.07 11.6: 6.67 7.00
D1 G18440 30.33 30.00 62.3357.00 0.09 2071.30 1400.30 1703.07 1.41 0.32 37.07 41.83 -0.13 8.0060 7.77 13.57 8.67 8.00
D1 G2635 33.67 33.33 67.6761.00 0.10 1980.60 1424.30 1679.57 1.22 0.28 27.60 27.30 0.01 1313320 19.10 18.53 7.33 8.33
D1 G13177 26.0C 27.0C 58.0C 56.00 0.03 1858.9( 1493.9( 1666.4: 0.8 0.2C 53.5: 46.67 0.1z 6.9 8.20 16.6: 12.87 8.67 9.33
D1 G2866 32.00 31.00 65.3358.00 0.11 1696.80 1635.20 1665.72 0.16 0.04 35.90 32.80 0.09 1016000 22.63 19.50 9.33 9.33
D1 G19941 27.00 26.67 51.3352.33 -0.021807.90 1498.00 1645.67 0.75 0.17 35.77 33.70 0.06 10933 14.97 13.20 9.33 8.67
D1 G10971 29.0C 28.3: g 0.03 1757.8( 1371.5( 1552.6¢ 0.9€ 0.2z 43.2¢ 47.0 -0.0¢ 8.2C 8.87 49C 9.4C 7.67 933
D1 G4342 32.3¢ 32.67 X . 0.10 1687.1( 1378.5( 1525.0: 0.8C 0.1€ 28.0¢ 25.0C 0.11 15.3: 8.53 21.87 26.4( 8.67 8.67
D1 G7602 30.33 29.67 63.3356.33 0.11 1528.20 1321.70 1421.20 0.59 0.14 51.13 49.43 0.03 1214033 40.43 9.77 8.00 9.00
D1 G2775 27.3: 27.0C 56.3: 54.83 0.03 1840.4( 995.2( 1353.3! 2.0C 0.4€ 36.2: 37.67 -0.0¢ 10.1: 7.20 12.5: 4.7C 8.33 833
D1 G10945 37.0C 37.0C 70.0C 68.33 0.02 1396.0( 1133.2( 1257.7! 0.8z 0.1¢ 24.4( 16.57 0.3z 9.07 7.13 14.87 6.77 9.33 8.67
D1 G1797 36.33 37.33 74.6768.33 0.08 791.90 366.50 538.73 2.34 0.54 2453 2250 0.08 6.4833 34.90 19.73 6.33 6.67
Mean 30.2¢ 30.0¢ 60.9z 57.0¢ 0.06 1760.8' 1479.7¢ 1605.6: 0.6¢ 0.1€ 36.6: 35.2¢ 0.04 10.7: 9.5¢ 15.8¢ 12.6( 8.4t% 8.6%
D2 G14914 34.00C 33.67 61.0C 57.33 0.06 2500.0( 1989.9( 2230.4. 0.8¢ 0.2 22.7i 24.87 -0.0¢ 11.67 11.87 14.7: 6.0C 9.67 10.00
D2 G11057 29.00 28.67 50.0048.67 0.03 2337.70 2076.40 2203.18 0.49 0.11 36.90 3437 0.07 9.B720 20.23 4.67 10.33 9.67
D2 G4017 37.0C 36.67 66.67 62.33 0.07 2340.3( 1818.7( 2063.0¢ 0.97 0.2z 28.87 29.07 -0.01 9.7¢ 9.87 155: 4.8 9.33 10.33
D2 G3807 36.67 36.67 67.3¢ 61.33 0.09 2484.5( 1549.7( 1962.2( 1.64 0.3t 23.0( 23.4: -0.0z 12.87 10.47 11.57 8.67 9.33 9.33
D2 G4822 36.33 35.33 64.6759.67 0.08 2195.70 1592.00 1869.64 1.20 0.27 26.37 22.83 0.13 11833 13.97 8.43 10.00 9.67
D2 G278 35.67 34.00 65.33 59.00 0.10 1739.90 1775.30 17578109 -0.02 15.93 17.60 -0.10 11.53 13.20 27.50 1.80 7.33 37.3
D2 G16026 31.67 30.0C 54.67 50.00 0.09 1623.2( 1887.2( 1750.2 -0.71 -0.1€ 29.27 24.5( 0.1€ 12.27 11.67 20.4! 15.3( 9.00 9.67
D2 G13578 38.33 39.00 62.6759.00 0.06 1822.80 1530.80 1670.43 0.70 0.16 19.97 19.07 0.05 13337 11.50 6.57 9.67 8.67
D2 G12796 32.00 32.00 58.0055.67 0.04 1759.50 1569.70 1661.89 0.47 0.11 22.93 20.60 0.10 1112780 11.13 5.90 9.33 9.00
D2 G4278 33.67 33.3¢ 62.67 59.00 0.06 1489.0( 1775.8( 1626.0¢ -0.84 -0.1¢ 19.4: 18.07 0.07 11.5¢ 15.53 24.2! 21.7C 7.33 8.00
D2 G15685 36.33 33.33 67.3363.33 0.06 1711.20 1337.40 1512.80 0.95 0.22 27.43 26.47 0.03 9.40.40 13.53 8.20 8.67 9.00
D2 G19012 30.33 29.33 65.0059.00 0.09 2029.50 1119.60 1507.39 1.95 0.45 60.40 49.33 0.18 8.7353 17.33 10.13 8.00 8.33
D2 G3334 31.3: 31.0C 56.3: 56.33 0.00 1858.7( 1132.6( 1450.9: 1.7C 0.3¢ 20.67 21.0C -0.0z 11.47 12.47 16.87 16.77 8.67 8.67
D2 G22044 33.0( 30.67 67.67 62.00 0.08 2041.9( 1003.9( 1431.7. 2.21 0.51 33.3: 29.6( 0.11 9.07 6.93 6.4C 12.1C 8.33 9.00
D2 G753 28.67 28.33 54.6753.00 0.03 1728.90 976.00 1299.00 1.89 0.44 22.43 20.67 0.08 8.827 2.00 4.97 9.67 9.67
D2 G3331 41.37 36.67 64.0C 57.33 0.10 1280.9( 861.17 1050.2° 1.4z 0.3z 19.67 16.3C 0.17 13.67 9.13 15.4( 28.0( 8.67 8.00
D2 G3936 36.61 37.0( 64.67 64.33 0.01 986.9! 671.27 813.9« 1.3¢ 0.3z 16.2¢ 12.47 0.2¢ 11.1: 8.20 19.27 22.2¢ 7.67 7.00
D2 G11656A 40.00 40.00 78.3373.67 0.06 246.67 142.73 187.64 1.83 0.42 12.27 18.03 -0.47 3.18320 21.03 17.10 6.00 5.00
D2 G7742 37.0C 37.0C 74.0C 63.67 0.14 317.67 101.7C 179.7¢ 2.9€ 0.6¢ 20.9( 19.87 0.0t 2.7z 3.40 34.9! 26.57 8.33 6.00
D2 G14737 44.00 47.0C 77.67 76.00 0.02 339.4: 64.5( 147.9¢ 35z 0.81 19.2( 21.6f -0.1z 7.1z 3.13 22.4( 39.3( 867 5.00
Mean 35.15 34.48 64.13 60.030.06 1641.72 1248.82 1418.80 1.04 0.24 24.90 2349 0.06 9.97 914200 1346 8.70 8.37
G G16072 30.0C 29.3: 51.67 51.00 0.01 1788.9( 2338.3( 2045.2; -1.34 -0.31 39.27 36.97 0.06 9.27 10.33 12.9( 13.5( 10.00 9.33
G G1356 37.0C 37.3: 64.67 61.67 0.051919.4( 1761.8( 1838.9. 0.3¢ 0.0¢ 19.8: 20.3C -0.0z 11.87 10.80 12.0: 4.7¢ 8.33 8.00
G G2277 37.00 37.00 64.3366.33 -0.031812.40 1312.50 1542.33 1.20 0.28 21.93 23.53 -0.07 101B700 9.50 4.77 8.00 7.33
G G22787 29.67 29.67 70.33 63.67 0.09 1409.20 870.63 1107.6%6 0.38 34.23 27.77 0.19 11.27 10.00 29.00 20.00 7.67 7.67
G G16401 32.67 32.0( 69.3: 68.00 0.02 1040.2( 775.7( 898.27 1.11 0.2t 25.77 25.4C 0.01 10.6C 7.73 29.5: 17.37 7.00 6.67
G G4730 37.00 36.00 67.3365.33 0.03 1315.80 578.23 872.26 2.44 056 18.97 17.57 0.07 9.6%07 3.07 13.63 8.33 8.00
G G1328 36.67 36.67 70.3371.00 -0.011131.80 546.23 786.27 2.25 052 17.63 1567 0.11 10.33®3 16.43 16.07 8.00 8.00
G G16400 36.3: 35.67 69.3¢ 65.33 0.06 959.5! 618.4( 770.3: 1.5t 0.3¢ 20.1: 18.27 0.0¢ 11.0C 10.13 39.1C 41.8: 8.33 8.33
G G5653 36.67 35.33 69.0067.50 0.02 863.77 432.73 611.37 2.17 0.50 25.37 24.67 0.03 12.8040 18.50 35.87 10.33 9.33
G G2660 36.67 34.00 68.6768.00 0.01 753.90 445.80 579.73 1.78 0.41 23.00 24.47 -0.06 7.43.87 20.27 24.17 7.00 7.00
Mean 34.97 34.3(_66.5( 64.7¢ 0.03 1299.4¢ 968.0: 1105.2; 1.11 0.2€ 24.6] 23.4¢ 0.0t 10.3¢ 8.7 19.0{ 19.1¢ 8.3C _ 7.97

D1 — Durango 1; D2 — Durango 2; G — Guatemala; GMYseometric mean for grain yield; DSI — Drought
sensitivity index; PR — Percent reduction
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Appendix 3 continued

Trait DF Days to maturity  Yield (kg/ha) 100-seed weight (g) NPP EPP Pod length (cm)
Race Genotype Irr Dro  Irr Dro PR Irr Dro GMY DSI PR Ir  Dro PR Irr Dro Irr Dro Irr Dro
M1 G15416 35.67 36.67 65.67 59.33 0.10 2553.6( 1991.9( 2255.3! 0.9¢ 0.2z 21.2( 21.7C -0.0z 11.7: 8.13 11.87 10.17 9.00 8.67
M1 DOR364 37.00 37.00 65.0061.00 0.06 2545.90 1925.50 2214.08 1.06 0.24 25.73 22.13 0.14 10837 7.10 7.07 10.33 10.00
M1 G2199 36.33 37.00 64.6763.00 0.03 2218.80 2026.30 2120.37 0.38 0.09 18.33 20.03 -0.09 1219873 7.70 11.63 9.67 9.33
M1 G4002 37.0C 37.0C 68.0C 60.33 0.11 2668.1( 1607.4( 2070.9: 1.7¢ 0.4C 25.8: 27.8: -0.0¢ 13.9: 7.87 13.1¢ 9.0C 9.67 9.67
M1 G4206 37.0C 37.0C 67.0C 64.33 0.04 2345.0( 1699.5( 1996.3: 1.2C 0.2¢ 20.27 18.4: 0.0¢ 9.7¢ 12.20 16.3: 1.8: 9.67 10.00
M1 G18147 31.67 30.00 57.0051.67 0.09 2554.00 1527.30 1975.03 1.75 0.40 24.53 22.70 0.07 12880 7.73 190 10.00 8.67
M1 G4495 37.0C 37.0C 65.67 64.00 0.03 2381.0( 1476.2( 1874.7¢ 1.6t 0.3t 23.2¢ 22.3( 0.04 8.7z 833 59: 14C 9.67 9.67
M1 G21212 35.3: 34.0( 66.0C 62.00 0.06 1503.3( 2306.9( 1862.2! -2.3z -0.5¢ 19.6: 23.9¢ -0.2z 9.47 10.40 19.2( 16.37 9.67 10.00
M1 G2352 36.33 35.33 63.6758.33 0.08 2011.50 1668.60 1832.05 0.74 0.17 26.13 27.27 -0.04 11833 7.97 5.00 10.33 10.00
M1 G12778 33.00 31.67 58.67 55.67 0.05 1811.2( 1801.9( 1806.5¢ 0.0z 0.01 31.4: 27.2( 0.1¢ 10.87 14.13 13.2( 5.8C 9.67 9.67
M1 G2348 36.3: 37.3¢ 65.3¢ 62.67 0.04 1966.1( 1641.8( 1796.6! 0.7z 0.1€ 23.57 24.0C -0.0z 10.27 8.20 4.77 8.7¢ 12.00 11.00
M1 G7932 30.67 30.00 50.0047.33 0.05 2361.10 1321.30 1766.27 1.91 0.44 28.47 27.97 0.02 101830 11.87 3.93 10.67 9.67
M1 G17648 30.00 29.3¢ 51.3¢ 49.00 0.05 2182.4( 1284.7( 1674.4; 1.7¢ 0.41 26.4: 22.87 0.1¢ 11.3¢ 8.13 7.0¢ 13.0C 9.67 9.33
M1 G2997 32.0C 30.0C 53.0C 51.67 0.03 1953.5( 1425.2( 1668.5° 1.1€ 0.27 24.1: 23.8C 0.01 13.3: 840 6.27 3.5 10.00 8.67
M1 G5694 37.00 37.00 64.3361.00 0.05 2198.10 1241.80 1652.15 1.89 0.44 18.43 19.10 -0.04 169D7 16.77 9.50 9.33 9.33
M1  G5036 37.33 37.00 58.0055.67 0.04 2100.90 1259.00 1626.36 1.74 0.40 20.00 19.07 0.05 8.20.87 10.87 3.53 7.00 8.67
M1 G2137 35.3: 35.3: 63.67 59.33 0.07 1771.7( 1458.7( 1607.6( 0.77 0.1¢ 27.8( 24.8C 0.11 11.27 9.07 14.27 1487 8.33 8.67
M1 G16835 37.33 37.33 66.6763.33 0.05 1825.50 1366.10 1579.18 1.09 0.25 17.00 19.10 -0.12 1116713 13.10 11.53 8.67 8.33
M1 G19204 30.67 32.33 57.3353.00 0.08 1536.30 1599.00 1567.34 -0.18 -0.04 25.83 2523 0.02 9.80.00 9.80 6.13 10.33 9.67
M1 G2093 34.67 35.0( 57.3¢ 55.33 0.03 1721.1( 1386.8( 1544.9: 0.84 0.1¢ 24.7: 22.6 0.0¢ 11.5: 9.40 10.8C 4.6C 10.33 8.67
M1 G3545 32.67 31.3¢ 54.3: 53.33 0.02 1664.5( 1204.2( 1415.7° 1.2C 0.2¢ 23.2¢ 19.6: 0.1t 9.7z 7.80 4.5 227 9.67 9.33
M1 G3593 40.00 39.00 72.0065.67 0.09 1444.90 1047.20 1230.08 1.20 0.28 19.07 20.67 -0.08 7.8873 24.30 16.93 10.33 11.67
M1 G6450 37.67 38.3: 63.3¢ 66.33 -0.051653.4( 864.47 1195.5. 2.07 0.4¢ 19.07 20.5¢ -0.0¢ 12.5: 8.27 13.5( 11.77 9.67 9.33
M1 G955 36.3: 33.67 60.3: 58.00 0.04 1615.2( 833.7¢ 1160.4! 2.1C 0.4&¢ 25.2( 22.8( 0.1C 12.9¢ 8.67 26.0! 10.2: 10.00 9.67
M1  G3661 37.00 37.67 66.3358.67 0.12 1608.30 662.60 1032.31 256 0.59 17.03 18.73 -0.10 11.820 20.00 12.20 8.33 7.67
M1 G4637 40.0C 40.0C 71.3: 71.67 0.00 881.0: 878.27 879.6¢ 0.01 0.0C 19.0¢ 18.8: 0.01 7.5¢ 6.60 27.2¢ 37.7: 9.00 9.33
M1 G2445 42.0( 43.67 68.0C 67.33 0.01 1162.8( 562.0( 808.3¢ 2.2¢ 0.5z 16.8: 14.87 0.1z 9.8 6.47 21.2( 13.97 7.00 8.67
M1 G3595 39.00 72.3367.33 0.07 826.73 429.10 595.61 2.09 0.48 19.10 19.43 -0.02 7.88113 27.47 10.03 8.33 7.67
Mean 35,57 62.73 59.510.05 1895.21 1374.91 1600.32 1.19 0.27 2254 22.06 0.02 10.920 813.57 9.45 9.61 9.32
M2 G3185 35.3: 59.0C 54.00 0.08 2723.4( 1709.6( 2157.7¢ 1.6z 0.37 26.37 23.7C 0.1C 12.2( 820 7.7C 3.4C 10.33 10.00
M2 Gl1721 37.00 66.3361.33 0.08 2192.10 2122.70 2157.12 0.14 0.03 20.33 18.53 0.09 12280
M2 G18141 37.00 66.0062.00 0.06 2679.50 1634.00 2092.44 170 0.39 20.77 21.93 -0.06 9.9773
M2 G3005 36.3! 65.3: 62.00 0.05 2261.5( 1774.2( 2003.0¢ 0.94 0.2z 19.5: 20.9¢ -0.07 11.1¢ 10.87
M2 G1977 33.67 66.0C 60.00 0.09 2212.1( 1682.5( 1929.2: 1.04 0.2¢ 20.8( 23.9C -0.1f 13.9: 9.67
M2 G18454 34.67 59.0056.00 0.05 2146.60 1623.10 1866.59 1.06 0.24 28.00 23.17 0.17 1018793
M2 G3017 26.67 51.3¢ 49.00 0.05 1968.1( 1762.3( 1862.3t 0.4t 0.1C 25.9: 24.8C 0.04 13.6( 10.13
M2  G3586 37.0C 65.0C 63.67 0.02 1992.9( 1714.7( 1848.5° 0.61 0.1¢ 19.8( 20.17 -0.0z 9.2C 9.73
M2 G4280 35.33 67.6761.33 0.09 1778.50 1729.00 1753.58 0.12 0.03 20.13 23.87 -0.19 13833
M2 G801 34.67 64.67 58.33 0.10 2125.9( 1422.3( 1738.8° 1.44 0.3t 33.37 24.7( 0.2¢ 13.87 8.60
M2  G3178 36.67 58.3: 57.33 0.02 1983.4( 1508.0( 1729.4 1.04 0.2¢ 22.9( 24.9: -0.0¢ 16.47 13.00
M2 G1264 38.00 65.0065.33 -0.012005.40 1466.40 1714.85 1.17 0.27 19.67 22.87 -0.16 1118000
M2 G18451 29.3! 54.3: 52.00 0.04 1781.1( 1562.4( 1668.1° 0.5 0.1z 30.17 28.0: 0.07 12.07 9.80
M2  G18157 30.0C 57.0C 53.33 0.06 1894.4( 1370.6( 1611.3! 1.2C 0.2¢ 34.1t 24.3: 0.2¢ 11.0C 8.67
M2 G3217 38.33 67.3365.67 0.02 1820.70 1355.40 1570.92 1.11 0.26 22.50 20.43 0.09 7.800
M2  G7952 38.67 66.0065.67 0.01 2074.70 1059.20 1482.40 2.13 0.49 2153 19.13 0.11 12B®0
M2  G7765 34.3: 66.0C 57.00 0.14 1612.9( 1288.1( 1441.3t 0.8¢ 0.2 23.5( 22.9C 0.0 8.3z 9.80
M2 G3990 37.0( 66.3: 58.00 0.13 1754.3( 1180.4( 1439.0: 1.4z 0.3t 21.6: 20.4C( 0.0¢ 10.8( 10.13
M2 G12806 39.00 69.0065.67 0.05 1955.70 1025.90 1416.46 2.07 0.48 17.07 16.83 0.01 11333
M2 G4258 33.3¢ 60.67 55.33 0.09 1493.8( 1300.0( 1393.5¢ 0.5€ 0.1 26.57 24.27 0.0¢ 8.07 6.73 457 487 9.67 8.67
M2 G3142 38.3! 68.0C 66.67 0.02 1693.8( 1130.9( 1384.0: 1.44 0.3t 23.5: 19.6: 0.17 10.87 7.73 8.8: 13.0: 9.67 8.33
M2 G5733 31.67 52.3352.67 -0.011455.70 1305.20 1378.40 0.45 0.10 24.87 24.13 0.03 7.4007 11.33 13.53 10.00 9.00
M2 G16849A 34.0C 33.67 57.0C 52.67 0.08 1584.8( 1197.6( 1377.6t 1.0€ 0.2¢ 23.2( 25.5¢ -0.1C 10.1: 6.00 18.37 8.37 9.67 9.33
M2 G803 28.67 29.3: 50.67 50.33 0.01 1546.1( 1222.6( 1374.8° 0.91 0.21 27.2¢ 21.7C 0.2C 14.47 847 9.17 517 8.67 7.33
M2 G1957 36.00 36.00 65.6758.67 0.11 1326.40 1372.70 1349.35 -0.15 -0.03 21.07 23.73 -0.13 121713 15.13 7.33 10.67 9.33
M2 G7038 40.00 39.0C 66.3¢ 63.33 0.05 1790.3( 988.3: 1330.1¢ 1.9t 0.4t 25.47 18.9: 0.2€ 12.9¢ 8.40 16.3( 19.3C 8.00 8.00
M2 G1358 35.67 36.0( 64.67 58.67 0.09 1555.4( 1036.8( 1269.9( 1.4t 0.3¢ 20.6: 18.4( 0.11 11.4( 7.33 22.8( 3.4 10.33 9.67
M2 G14163 37.00 36.67 69.0066.33 0.04 1260.40 1266.30 1263.35 -0.02 0.00 21.33 19.77 0.07 101&73 33.37 20.30 9.67 10.00
M2 G15641 35.00 35.00 62.0057.00 0.08 1458.00 1066.30 1246.86 1.17 0.27 18.53 17.50 0.06 1110787 20.87 30.93 9.33 8.67
M2 G7863 35.3: 34.67 66.0C 56.33 0.15 1158.5( 761.17 939.0¢ 1.4¢ 0.3¢ 24.0: 22.97 0.04 8.5z 7.33 13.6( 12.3( 9.67 8.67
M2 G17649 37.33 34.67 68.0064.67 0.05 1375.40 492.90 823.37 279 0.64 25.00 17.67 0.29 13.IB0 15.90 25.27 9.33 8.00
M2 G7761 37.00 37.00 69.0066.00 0.04 800.87 631.57 711.20 0.92 0.21 1857 17.55 0.05 131720 25.00 16.25 7.67 4.67
M2 G5712 38.3¢ 38.3¢ 72.3¢ 70.33 0.03 520.47 200.3( 322.8¢ 2.67 0.6z 23.2. 20.9C 0.1C 4.9 3.40 31.97 22.5: 7.67 8.67
Mean 35.5¢ 35.2¢ 63.37 59.6( 0.06 1757.0¢ 1301.9: 1504.4¢ 1.1 0.2¢ 23.3¢ 21.7¢ 0.07 11.2¢ 8.9¢ 13.91 10.9¢ 9.3¢ 8.91
G. mean 34.59 34.19 63.11 59.26 1781.61 1377.32 25.88 24.51 10.83 9.14 1453146 9.13 8.86
Isd 197 1.7¢ 431 9.58 547.0:_607.7% 8.08 6.12 515 4.15 14.73 1423 1.45 1.60

M1 — Mesoamerica 1; M2 — Mesoamerica 2; GMY — Geoimenean for grain yield; DSI — Drought sensityit
index; PR — Percent reduction
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Appendix 3 continued

Trait Leaf biomass (g) Stem biomass (g) Pod biomass)(g Total biomass (g)
Race Genotype Irrigated Rainfed Irrigated Rainfed Irrigated  Rainfed Irrigated  Rainfed
check BAT477 5.665 7.563 7.177 7.125 14.84 17.03 14.52 31.72
check BAT93 4.046 3.439 8.133 5.743 15.37 9.89 15.01 19.07
check DOR390 6.145 6.275 9.477 8.949 18.29 12.07 18.03 27.29
check Maharagi Soya 4.439 4.112 7.811 5.347 13.54 8.72 313.2 18.18
check Masaai Red 6.571 4.581 9.391 5.283 6.09 2.62 5.87 812.4
check Pinto Villa 4.237 4.41 6.362 5.533 15.91 12.83 15.76 2.72
check SXB418 3.897 4.782 5.903 5.423 15.61 13.14 15.16 23.35
check G10971 4.388 4.402 7.691 5.896 18.81 16.84 18.72 27.14
check G2866 4.455 4.002 7.229 4.71 18.3 13.84 17.98 22.55
check G19012 3.639 4.882 6.886 6.162 14.7 16.92 14.37 27.97
check G4278 5.67 5.843 11.147 7.181 16.9 9.82 16.59 22.85
check G16835 5.839 6.044 8.407 6.484 14.89 11.06 14.77 23.59
check G3017 5.291 4.768 8.919 6.877 15.35 12.41 14.73 24.05
Mean 4.94 5.01 8.04 6.21 15.28 12.09 14.98 23.31
D1 G1797 7.293 5.895 13.145 8.903 12.23 6.79 12.14 21.59
D1 G2379 3.873 4.252 7.437 5.903 11.61 13.13 11.3 23.28
D1 G2778 4.247 3.841 7.808 5.317 17.32 14.64 16.93 23.79
D1 G14737 6.213 4.828 10.423 6.253 19.14 12.94 18.89 24.02
D1 G14914 3.749 4.385 7.605 5.993 16.83 10.67 16.63 21.05
D1 G22044 4.791 4.967 7.659 5.635 14.12 12.18 13.86 22.78
D1 G1356 4.107 4.403 8.611 5.488 3.88 1 8.01 10.9
D1 G22787 4.774 4.595 8.081 7.105 18.33 13.46 18.12 25.16
D1 G2660 2.827 4.517 4.937 5.318 8.97 13.36 8.74 23.19
D1 G4730 3.505 3.447 7.055 4.92 23.02 13.68 225 22.05
D1 G12778 3.523 3.393 5.675 3.937 14.38 12.53 14.03 19.86
D1 G4206 5.142 4.405 8.285 5.545 7.04 10.24 6.93 20.19
D1 G5694 3.866 3.347 5.907 4.763 13.88 6.61 13.78 14.72
D1 G2352 35 3.701 5.177 4.617 13.33 12.22 12.9 20.53
D1 Gl1721 3.234 4.041 6.87 5.421 16.17 13.54 15.79 23
D1 G3990 4.613 5.292 7.258 5.972 17.14 10.12 16.82 21.38
D1 G7761 7.244 4.739 11.227 6.338 18.61 12.73 18.38 23.8
Mean 4.50 4.36 7.83 5.73 14.47 11.17 14.46 21.25
D2 SEA15 3.867 3.813 5.603 4.833 19.08 14.83 18.85 23.48
D2 SER16 7.937 8.185 11.789 8.969 0.42 0.9 20.146 18.06
D2 G13177 4.949 4.475 6.825 5.594 17.5 17.1 17.32 27.16
D2 G2635 6.953 5.989 9.835 6.594 9.19 4.99 8.77 17.57
D2 G7602 6.662 4.551 8.117 5.001 1.21 0.59 1.06 10.14
D2 G3331 3.568 4.787 6.385 6.053 10.31 10.64 10.01 21.48
D2 G3936 4.762 4.173 8.913 5.786 11.65 8.19 11.25 18.15
D2 G16072 3.145 4.393 4.877 4.591 15.17 9.97 14.26 18.95
D2 G5653 5.641 4.672 8.422 6.315 15.31 9.41 15.02 20.4
D2 DOR364 6.412 5.591 9.625 6.149 11.83 7 11.69 18.74
D2 G6450 5.815 4.408 10.112 5.943 16.61 9.69 16.32 20.04
D2 G15416 8.047 5.939 12.651 7.72 11.91 4.86 11.78 18.52
D2 G18147 5.461 4.168 9.541 6.117 11.13 5.58 10.9 15.86
D2 G2348 5.318 4.104 7.826 4.689 19.19 8.41 18.65 17.2
D2 G18454 4.663 7.205 7.115 7.507 6.27 3.4 6.08 18.11
D2 G17649 4.333 5.578 7.209 6.39 13.64 8.98 13.34 20.94
D2 G3178 4.375 3.703 8.263 6.313 15.87 13.3 15.32 23.31
D2 G7952 5.329 4.326 8.774 5.551 16.42 9.34 16.29 19.22
D2 G801 5.351 4.366 5.721 4.346 15.28 13.53 15.14 22.24
D2 G803 7.547 6.296 10.229 8.211 0.57 1.79 0.41 16.29
Mean 551 5.04 8.39 6.13 11.93 8.13 12.63 19.29
G G13696 5.364 4.374 8.666 5.789 4.06 161 3.72 11.77
G G11656A 5.631 7.637 9.128 8.382 11.75 7.91 11.56 23.93
G G5036 3.754 2.191 5.967 4.759 15 19.31 14.32 26.26
G G16849A 6.981 6.331 10.389 7.269 11.19 5.39 11.08 18.99
G G18451 4.363 5.837 7.819 8.619 511 3.14 4.9 17.6
G G1977 5.335 5.024 10.421 7.317 9.08 9.18 8.72 21.52
G G3586 5.892 6.333 8.127 6.631 10.54 7.29 10.43 20.25
G G4258 8.916 8.381 11.619 9.953 5.43 2.09 5.18 20.43
G G5712 4.959 5.919 9.296 6.937 8.22 5.75 8 18.61
G G7038 5.425 3.157 9.204 4.456 6.56 1.58 6.23 9.19
Mean 5.66 5.52 9.06 7.01 8.69 6.33 8.41 18.86
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Appendix 3 continued

Trait

Leaf biomass (g)

Stem biomass (g)

Pod biomass)(g

Total biomass (g)

Race Genotype

Irrigated Rainfed

Irrigated Rainfed

Irrigated  Rainfed

Irrigated  Rainfed

M1 NCB280 7.136 5.469 8.763 6.32 10.09 11.33 9.8 23.12
M1 SER109 4.994 4.632 8.816 4.686 15.81 12.21 15.54 21.53
M1 G10945 5.046 6.688 10.245 8.894 12.99 12.77 12.38 28.35
M1 G11010 6.163 6.411 8.26 7.434 11.05 7.8 10.79 21.65
M1 G19941 3.665 4.914 6.203 5.455 15.55 8.07 15.43 18.44
M1 G2402 4.301 4.148 8.058 4.769 14.46 7.83 14.39 16.75
M1 G4342 4.241 5.067 6.196 5.217 10.77 10.03 10.41 20.31
M1 G4822 4.338 4.059 7.023 5.409 10.06 7.85 9.46 17.32
M1 G12796 4.233 6.542 7.364 5.603 12.89 8.28 12.44 20.43
M1 G15685 5.169 4.326 9.183 6.411 13.51 9.4 12.95 20.13
M1 G16026 5.663 6.003 8.261 6.939 14.32 7.97 13.53 20.91
M1 G278 6.63 6.691 8.593 7.606 10.1 9.25 7.56 23.55
M1 G1328 5.969 4.613 7.575 5.669 9.96 10.13 9.57 20.41
M1 G16400 7.575 8.673 11.159 9.107 2.59 2.65 2.45 20.43
M1 G2277 3.546 4.941 5.177 4.885 11.02 12 10.75 21.83
M1 G21212 3.545 3.834 6.543 4.711 11.45 8.25 11.23 16.8
M1 G2093 7.086 7.099 9.931 7.879 5.37 5.2 5.15 20.18
M1 G3545 7.711 6.891 11.043 7.703 4.12 2.57 3.81 17.16
M1 G4002 4.745 4.643 7.499 5.803 9.11 3.49 8.86 13.93
M1 G4495 6.201 5.441 8.86 6.11 16.54 9.58 16.13 21.13
M1 G2997 6.668 7.584 10.053 9.889 16.37 11.52 16.21 28.99
M1 G1358 7.45 6.635 11.375 8.135 18.87 11.52 18.62 26.29
M1 G14163 7.896 8.317 14.101 9.82 2.48 1.97 1.92 20.11
M1 G15641 6.533 5.232 9.491 5.019 9.33 7.05 8.98 17.3
M1 G18141 4.751 5.463 8.235 7.327 14.43 11.75 14.14 24.54
M1 G1957 7.961 8.331 11.142 8.575 13 6.01 12.41 2291
M1 G3185 4.163 2.781 6.335 3.808 19.45 7.2 18.97 13.79
M1 G5733 5.5 5.229 7.231 5.361 10.64 7.99 10.28 18.58
Mean 5.67 5.74 8.67 6.59 11.65 8.27 11.22 20.60
M2 Tio Canela 75 5.711 6.28 9.922 7.911 13.97 11.09 13.15 .2925
M2 VAX3 5.673 5.895 9.225 6.591 12.64 6.3 11.76 18.78
M2 G10982 6.661 5.973 10.15 6.946 11.95 5.91 11.6 18.82
M2 G18440 5.318 4.275 6.754 3.988 10.04 10.26 9.99 18.52
M2 G2775 6.426 4.795 8.617 6.217 11.78 11.18 11.11 22.19
M2 G3807 3.673 4.173 8.041 5.497 8.67 9.41 8.21 19.08
M2 G13578 4.429 3.13 6.949 5.047 10.72 11.14 10.52 19.32
M2 G11057 6.27 6.353 10.25 7.581 9.98 5.52 9.56 19.45
M2 G3334 6.214 5.681 10.504 6.193 17.83 8.28 17.53 20.16
M2 G4017 3.762 4.065 7.321 4.653 11.79 8.58 11.7 17.3
M2 G753 4.041 3.545 7.286 4.541 14.68 7.81 14.35 15.9
M2 G7742 3.959 5.774 6.126 6.631 11.94 11.02 11.72 23.43
M2 G16401 5.188 4.293 7.362 4.62 12.62 5.85 12.25 14.76
M2 G19204 5.999 6.724 9.354 6.419 16.61 8.98 16.09 22.12
M2 G3593 5.158 4.878 9.49 6.157 12.42 10.14 12.21 21.17
M2 G17648 3.769 3.026 4.653 3.87 13.4 1151 13.2 18.4
M2 G2137 6.746 6.09 9.613 6.749 14.01 6.49 13.42 19.33
M2 G2199 4.564 5.314 7.583 5.725 12.25 11.91 11.66 22.95
M2 G2445 5.209 5.708 8.519 6.361 12.53 11.13 11.83 23.2
M2 G3595 5.103 6.721 8.271 7.984 8.14 9.55 7.87 24.26
M2 G3661 5.237 5.895 8.176 6.785 9.32 6.85 9.07 19.53
M2 G4637 4.658 5.762 7.449 6.44 9.74 5.89 9.23 18.09
M2 G7932 3.057 6.987 5.751 7.044 5.48 10.16 5.17 24.19
M2 G955 7.542 5.201 9.743 5.207 14.16 8.85 13.55 19.26
M2 G1264 6.928 5.563 10.411 7.387 2.81 0.58 2.71 13.53
M2 G12806 3.542 3.472 5.639 3.975 13.79 11.42 13.69 18.86
M2 G3005 7.198 6.269 10.049 7.577 8.11 3.93 8 17.77
M2 G3217 5.174 5.727 7.021 6.932 6.09 2.67 5.88 15.33
M2 G7765 4.276 4.041 7.625 6.732 10.84 12.89 10.58 23.67
M2 G18157 5.995 5.287 8.957 5.974 7.84 7.75 7.59 19.01
M2 G3142 6.24 6.914 10.143 8.863 11.99 3.83 10.68 19.61
M2 G4280 6.309 5.285 9.011 6.254 12.9 7.53 12.51 19.07
M2 G7863 3.907 3.455 5.323 4.625 13.56 6.74 13.24 14.82
Mean 5.27 5.23 8.22 6.17 11.35 8.22 10.96 19.61
Grand mean 5.29 5.19 8.35 6.27 12.16 8.89 12.01 20.35
LSD 1.40 1.46 1.67 2.13 4.34 4.16 4.89 5.36

LSD - least significant difference
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Appendix 4 Performance of 121 Mesoamerican genotgg evaluated under irrigated and

rainfed treatments at Harare Research Station, 2011

Trait DF Days to maturity Yield (kg/ha) 100-seed weight(g) NPP EPP Pod length (cm)
Race Genotype Ir  Dro Irr Dro PR Irr Dro  GMY DSl PR Ir  Dro PR Irr Dro Irr  Dro It Dro
check BAT477 38.00 39.00 100.00 98.33 0.02 1048.00 616.08.480 0.81 0.41 13.00 10.00 0.23 11.00 7.33 1.33 1.00 8.33 7.33
check BAT93 41.33 40.67 98.00 83.67 0.15 696.00 176.00 349.9.46 0.75 867 6.33 0.27 11.00 5.33 233 3.00 8.00 5.33
check DOR390 43.33 42.33 100.33 98.00 0.02 1624.00 560.0695 1.28 0.66 12.33 9.33 0.24 15.00 11.33 1.33 3.00 8.00 7.00

check Maharagi Soya 42.00 40.00 97.33 87.00 0.11 992.00.088%95.77 1.00 051 11.00 867 0.21 833 800 100 200 7.0067 7
check Masaai Red 35.33 37.67 100.00 94.00 0.06 1056.00048817.86 1.05 0.54 14.33 11.33 0.21 10.00 8.00 1.33 2.00 9.67.00

check NCB280 33.00 32.00 76.67 72.67 0.05 504.00 160.009283.1.34 0.68 10.00 7.33 0.27 7.67 6.33 233 3.00 6.67 7.33
check Pinto Villa 32.67 32.33 76.33 7233 0.05 576.00 TM2640.40 -0.46 -0.24 15.33 13.67 0.11 833 10.33 4.33 3.673 6.37.33

check SEA15 36.00 35.33 93.33 78.00 0.16 592.00 400.00 286.6.64 0.32 13.67 12.67 0.07 933 7.00 3.00 3.33 9.00 7.67
check SER109 36.00 35.33 91.00 81.33 0.11 616.00 352.0068650.84 0.43 12.67 10.67 0.16 7.00 6.67 167 267 8.67 8.00
check SER16 35.67 37.00 91.00 83.00 0.09 480.00 552.00 #14:8.29 -0.15 12.00 10.00 0.17 7.33 833 0.67 3.00 6.33 8.00
check SXB418 43.00 39.00 89.00 85.67 0.04 448.00 416.007@831.0.14 0.07 9.00 7.33 0.19 7.33 6.67 167 3.00 833 833
check Tio Canela75 43.00 40.67 99.67 93.67 0.06 728.00.087%86.19 0.69 0.35 17.33 11.00 0.37 9.33 800 1.67 2.00 6.61.00

check VAX3 36.33 37.00 92.33 88.67 0.04 1144.00 800.00 %¥b6.®.59 0.30 14.67 16.00 -0.09 833 11.00 1.00 3.00 8.67 9.67
Mean 38.13 37.56 92.69 8587 0.07 808.00 476.31 606.67 0.8041 012.62 10.33 0.18 9.23 802 182 267 7.82 7.82
D1 G10945 37.67 39.00 93.33 91.33 0.02 1024.00 536.00 740.8®3 0.48 15.33 13.00 0.15 867 8.00 233 200 7.67 867
D1 G10971 33.33 32.00 78.33 79.33 -0.01 848.00 584.00 703.8%1 0.31 19.00 15.33 0.19 967 7.00 3.67 233 7.67 7.00
D1 G10982 33.33 32.00 77.67 73.00 0.06 632.00 440.00 527.3%0 0 0.30 18.00 15.67 0.13 8.00 6.67 3.00 2.00 7.67 6.33
D1 G11010 34.67 37.33 93.33 79.67 0.15 1704.00 584.00 997.529 0.66 24.33 19.33 0.21 733 6.67 233 267 800 8.00
D1 G13177 33.00 32.00 78.67 73.00 0.07 560.00 224.00 354.188 1 0.60 18.67 9.00 0.52 567 433 3.00 400 6.67 6.00
D1 G13696 32.67 31.67 85.00 78.00 0.08 440.00 272.00 345955 0 0.38 1533 7.67 050 767 7.33 333 433 7.00 567
D1 G1797 38.00 36.00 98.67 99.33 -0.01 840.00 640.00 733.247 0 0.24 14.67 1533 -0.04 867 7.67 167 167 7.33 6.67
D1 G18440 33.33 32.33 81.00 80.33 0.01 824.00 802.00 812.9%5 0 0.03 21.00 19.00 0.10 8.00 7.00 400 2.00 8.67 8.00
D1 G19941 32.00 31.33 75.33 73.67 0.02 496.00 344.00 413.060 0 0.31 1833 13.00 0.29 7.00 6.33 333 333 7.67 5.67
D1 G2379 40.67 40.00 98.67 94.67 0.04 1872.00 616.00 10731882 0.67 12.33 11.67 0.05 15.00 8.67 3.67 233 9.67 8.67
D1 G2402 32.00 31.33 77.00 72.00 0.06 480.00 328.00 396.7%2 0.0.32 14.00 9.67 0.31 10.33 9.00 400 533 7.00 7.33
D1 G2635 36.67 36.67 90.67 88.00 0.03 920.00 624.00 757.6%3 0.0.32 20.00 17.00 0.15 867 733 267 3.67 7.00 7.33
D1 G2775 32.67 32.33 76.67 76.67 0.00 736.00 344.00 503.104 1.0.53 20.00 11.00 0.45 7.00 500 367 333 7.33 7.00
D1 G2778 32.67 32.33 76.33 75.00 0.02 504.00 318.00 400.342 0.0.37 1467 933 036 7.00 7.00 333 467 733 6.67
D1 G2866 33.00 32.67 82.00 80.00 0.02 1024.00 392.00 633.521 1 0.62 15.00 12.33 0.18 10.00 8.00 3.33 3.67 833 7.00
D1 G4342 35.00 34.33 95.33 84.33 0.12 544.00 312.00 411.984 0.0.43 13.00 12.00 0.08 8.67 567 367 233 867 7.00
D1 G7602 34.33 33.67 86.67 79.33 0.08 776.00 464.00 600.059 0.0.40 27.00 23.33 0.14 533 567 133 3.00 6.67 7.00
Mean 34.41 33.94 84.98 81.04 0.05 836.71 460.24 612.13 0.8845 017.69 13.74 0.22 839 690 3.08 3.10 7.67 7.06
D2 G11057 33.67 33.00 78.33 72.33 0.08 328.00 264.00 294.2B8 0 0.20 12.67 10.00 0.21 533 533 333 167 7.67 6.33
D2 G11656A 40.33 40.67 93.67 94.00 0.00 648.00 186.00 347.1740 0.71 6.00 7.33 -0.22 1233 9.67 6.00 567 567 7.67
D2 G12796 34.33 34.67 87.00 79.67 0.08 600.00 584.00 591.9%5 0 0.03 11.33 10.00 0.12 8.00 9.67 200 267 7.00 6.67
D2 G13578 43.00 40.00 98.67 92.33 0.06 1008.00 376.00 615.623 0.63 14.33 10.33 0.28 11.67 7.00 2.67 200 7.67 7.33
D2 G14737 41.00 41.33 101.33 98.67 0.03 936.00 512.00 692.2B9 045 1733 967 044 833 600 1.00 133 9.00 833
D2 G14914 39.33 38.33 99.67 88.67 0.11 992.00 120.00 345.0Z72 1 0.88 10.67 5.00 0.53 11.33 4.67 400 333 7.00 5.67
D2 G15685 38.00 38.67 89.00 86.00 0.03 856.00 320.00 523.323 1 0.63 15.67 12.00 0.23 9.67 500 200 3.00 7.67 8.67
D2 G16026 33.67 33.00 82.33 73.33 0.11 232.00 264.00 247.4827- -0.14 933 933 000 333 433 133 500 6.33 8.00
D2 G19012 34.33 34.00 93.33 81.00 0.13 848.00 480.00 638.085 0 0.43 20.00 15.67 0.22 7.67 6.33 267 4.00 867 6.67
D2 G22044 34.67 34.33 96.67 89.00 0.08 616.00 568.00 591.515 0 0.08 11.33 13.67 -0.21 8.67 9.00 233 200 867 8.00
D2 G278 37.33 37.00 92.67 84.33 0.09 872.00 448.00 625.025 0.9.49 8.00 7.67 0.04 14.67 12.00 4.67 233 7.00 7.33
D2 G3331 36.67 37.67 98.67 89.33 0.09 1296.00 512.00 814.549 1 0.60 10.67 10.33 0.03 13.67 8.00 3.00 2.67 7.67 7.67
D2 G3334 34.67 34.00 98.67 90.67 0.08 1112.00 512.00 754.5®6 1 0.54 11.67 10.67 0.09 13.00 10.33 3.33 3.00 8.00 7.67
D2 G3807 38.67 41.33 94.00 81.33 0.13 744.00 368.00 523.2%9 0.0.51 10.67 7.67 0.28 933 7.33 133 400 733 833
D2 G3936 40.00 39.00 97.00 90.67 0.07 568.00 184.00 323.283 1.0.68 10.00 6.00 0.40 10.67 8.67 2.33 4.67 800 533
D2 G4017 43.67 42.33 99.00 92.33 0.07 1752.00 576.00 1004132 0.67 12.00 11.33 0.06 14.67 7.67 1.00 267 6.33 9.33
D2 G4278 35.33 36.00 95.33 83.67 0.12 648.00 336.00 466.6B4 0.0.48 11.00 9.67 0.12 11.00 833 333 333 7.00 7.67
D2 G4822 41.67 38.00 97.00 88.33 0.09 1112.00 392.00 660.227 1 0.65 11.00 867 0.21 11.00 7.67 233 233 867 8.00
D2 G753 34.00 34.33 86.00 74.00 0.14 528.00 160.00 290.657 1..70 11.00 5.33 0.52 6.00 4.67 200 1.33 867 8.00
D2 G7742 41.00 41.00 94.67 98.67 -0.04 880.00 176.00 393.5%7 1 0.80 1567 7.00 0.55 11.33 6.67 1.67 3.00 9.00 7.00
Mean 37.77 37.43 93.65 86.42 0.08 828.80 366.90 537.15 1.0956 012.02 9.37 0.22 10.08 742 262 3.00 7.65 7.48
G G1328 36.00 34.67 99.00 87.33 0.12 1040.00 336.00 591.133 1.0.68 13.00 11.00 0.15 13.33 9.00 3.67 4.67 7.33 6.33
G G1356 41.33 41.67 101.00 92.33 0.09 1160.00 520.00 776.668 1 0.55 10.33 11.33 -0.10 12.67 9.33 1.67 3.00 6.33 7.00
G G16072 32.67 32.67 78.67 72.67 0.08 760.00 424.00 567.6®7 0.0.44 1567 767 051 733 833 500 233 7.67 7.33
G G16400 37.00 38.00 98.33 89.00 0.09 760.00 472.00 598.934 0.0.38 11.33 10.33 0.09 10.33 867 267 3.00 7.33 6.00
G G16401 34.33 36.00 95.67 89.00 0.07 1376.00 280.00 620.766 1 0.80 17.33 11.33 0.35 1267 6.33 2.67 233 800 7.00
G G2277 41.00 39.33 98.00 90.67 0.07 944.00 600.00 752.601 0.0.36 14.33 11.67 0.19 10.00 11.00 2.00 6.67 7.00 7.00
G G22787 35.00 34.00 98.33 90.33 0.08 920.00 536.00 702.282 0.0.42 19.33 15.67 0.19 9.33 6.33 167 167 7.33 7.33
G G2660 37.67 39.00 97.00 100.00 -0.03 744.00 512.00 617.1%1 0 0.31 11.67 11.33 0.03 800 9.33 0.67 3.00 7.33 7.00
G G4730 41.00 40.00 100.00 99.67 0.00 800.00 344.00 524.602 1.0.57 10.33 6.00 0.42 15.33 1133 3.33 2.67 6.67 6.00
G G5653 37.67 35.33 94.67 89.33 0.06 1192.00 208.00 497.9%2 1.0.83 17.33 6.33 0.63 12.00 6.67 3.33 6.67 9.00 5.33
Mean 37.37_37.07_96.07 90.03 0.06 969.60 423.20 624.96 1.1056 014.07 10.27 0.27 11.10 8.63 2.67 3.60 7.40 6.63

D1 - Durango 1; D2 — Durango 2; G — Guatemala; GMYseometric mean for grain yield; DSI — Drought
sensitivity index; PR — Percent reduction
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Appendix 4 continued

Trait DF Days to maturity Yield (kg/ha) 100-seed weight(g) NPP EPP Pod length (cm)
Race Genotype Irr Dro Irr Dro PR Irr Dro  GMY DSl PR Irr Dro PR Irr Dro Irr  Dro Irr  Dro
M1  DOR364 43.00 42.00 100.33 88.67 0.12 1120.00 400.00 869.3.26 0.64 12.67 8.67 0.32 12.00 7.67 1.00 3.00 8.00 8.33
M1  G12778 34.67 33.33 84.00 77.67 0.08 472.00 296.00 373.7&3 0 0.37 10.67 9.33 0.13 5.00 7.33 167 4.33 8.67 6.00
M1  G15416 42.00 42.00 98.00 86.00 0.12 1336.00 320.00 653.8319 0.76 11.33 5.67 0.50 16.00 6.67 2.33 2.67 7.33 6.67
M1  G16835 44.00 42.33 101.33 92.33 0.09 640.00 416.00 515.089 0.35 10.33 6.00 0.42 11.00 9.67 1.00 4.33 7.00 5.67
M1  G17648 34.00 33.67 94.33 83.00 0.12 544.00 256.00 373.1®4 1 053 8.67 800 0.08 667 567 067 167 8.67 7.33
M1  G18147 35.33 35.00 82.00 85.67 -0.04 1008.00 352.00 §95.6.28 0.65 13.33 12.00 0.10 12.00 7.00 267 3.00 8.33 6.67
M1  G19204 35.33 34.67 94.67 80.67 0.15 792.00 464.00 606.281 0 0.41 12.00 9.00 0.25 10.67 8.67 2.00 3.00 7.33 9.00
M1  G2093 41.67 38.00 91.67 85.00 0.07 696.00 368.00 506.092 0.0.47 12.00 9.67 0.19 10.67 8.67 3.00 4.00 8.00 7.67
M1 G21212 38.00 36.67 95.67 87.33 0.09 1056.00 464.00 699.990 0.56 13.00 11.67 0.10 11.33 7.67 2.00 1.67 8.00 8.00
M1  G2137 40.33 39.33 98.00 89.00 0.09 720.00 696.00 707.9®M7 0.0.03 12.00 10.67 0.11 9.33 10.33 3.67 567 7.67 6.67
M1  G2199 43.33 41.67 99.00 93.33 0.06 1064.00 312.00 576.189 1 0.71 10.33 9.33 0.10 833 6.33 0.67 3.33 8.33 7.33
M1  G2348 43.33 43.33 100.33 97.00 0.03 856.00 264.00 475.386 1 0.69 12.67 7.33 042 8.00 567 167 3.33 9.67 7.67
M1  G2352 39.33 38.00 99.33 98.67 0.01 1032.00 432.00 667.70014 1 0.58 13.67 11.33 0.17 9.67 6.67 267 167 7.33 9.00
M1 G2445 43.00 42.67 98.33 91.67 0.07 768.00 544.00 646.3%7 0.0.29 7.33 10.67 -046 9.00 7.67 200 1.00 7.67 8.67
M1  G2997 36.33 34.33 85.00 75.33 0.11 592.00 232.00 370.619 1.0.61 10.33 7.33 0.29 867 6.00 167 233 7.67 7.33
M1  G3545 35.33 36.67 93.00 80.67 0.13 824.00 312.00 507.0£2 1.0.62 10.67 9.67 0.09 10.00 10.33 3.00 4.00 9.00 7.67
M1  G3593 43.00 43.33 100.00 95.00 0.05 1384.00 608.00 917.320 0.56 13.33 12.33 0.08 13.00 8.67 2.00 4.33 10.33 9.00
M1  G3595 43.33 41.67 100.67 97.33 0.03 896.00 224.00 448.00%7 1 0.75 11.00 6.67 0.39 13.33 7.67 267 3.00 10.00 8.33
M1  G3661 40.67 26.00 66.67 55.67 0.16 720.00 88.00 251.712 1.0.88 8.00 367 054 1567 4.67 6.00 4.00 7.00 4.00
M1  G4002 42.00 39.00 89.00 80.67 0.09 568.00 184.00 323.283 1.0.68 9.33 7.00 0.25 11.33 7.33 2.67 4.67 9.67 7.67
M1  G4206 41.67 40.33 68.67 95.33 -0.39 960.00 728.00 835.99%7 0 0.24 14.33 10.00 0.30 10.00 12.33 1.67 3.00 7.00 7.67
M1  G4495 43.67 38.33 99.67 98.00 0.02 1032.00 192.00 445.1%0 1 0.81 12.67 6.67 047 9.67 733 100 3.33 7.67 7.33
M1  G4637 42.33 42.67 99.33 97.67 0.02 888.00 160.00 376.941 1.0.82 1333 433 068 867 800 200 233 7.00 933
M1  G5036 43.00 44.00 100.00 92.67 0.07 960.00 368.00 594.321 1 0.62 11.00 7.00 0.36 10.00 6.67 1.67 2.00 7.67 5.67
M1  G5694 38.00 36.67 96.67 88.00 0.09 856.00 328.00 529.8®1 1.0.62 10.67 7.33 0.31 11.33 8.33 1.00 3.00 7.00 7.00
M1  G6450 43.00 44.00 100.00 99.33 0.01 848.00 600.00 713.3(7 0 0.29 11.00 10.33 0.06 10.67 10.33 2.33 5.00 8.33 8.67
M1  G7932 34.33 36.33 83.67 73.67 0.12 536.00 288.00 392.9®1 0.0.46 1233 833 032 7.00 6.33 267 3.67 10.00 8.00
M1 G955 34.67 34.33 92.33 81.00 0.12 680.00 312.00 460.616 1.0.54 11.33 8.67 0.23 9.67 5.00 3.00 5.00 7.67 8.67
Mean 39.95 38.58 93.27 87.37 0.06 851.71 364.57 544.09 1.1257 011.40 852 0.25 10.31 7.67 216 3.30 8.14 7.54
M2  Gl1721 42.67 44.33 99.67 95.33 0.04 824.00 864.00 843.1610- -0.05 10.33 8.33 0.19 13.67 13.67 3.33 3.00 7.00 7.67
M2  G1264 41.33 42.00 99.67 95.67 0.04 888.00 960.00 923.3016-0-0.08 11.00 9.33 0.15 10.00 14.33 200 3.67 7.00 6.67
M2  G12806 43.00 40.67 100.00 94.33 0.06 800.00 320.00 505.2618 0.60 9.33 7.33 0.21 12.00 833 1.33 267 8.00 7.33
M2  G1358 38.33 35.33 100.00 90.67 0.09 920.00 288.00 514.785 1 0.69 12.00 10.67 0.11 833 8.33 2.00 2.00 10.33 7.67
M2  G14163 43.00 40.00 98.00 92.00 0.06 1848.00 328.00 778.%%1 0.82 13.67 9.33 0.32 11.67 8.00 2.33 2.67 9.00 9.00
M2  G15641 40.67 40.33 95.33 88.67 0.07 816.00 680.00 744.983 0 0.17 13.33 9.33 0.30 12.00 11.67 4.67 567 7.67 7.00
M2  G16849A 34.67 35.67 85.67 77.33 0.10 400.00 184.00 271.2%06 0.54 11.00 6.33 042 800 6.67 3.00 4.67 8.00 7.00
M2  G17649 36.67 35.67 99.33 92.00 0.07 1168.00 512.00 773.310 0.56 11.33 9.00 0.21 15.67 10.33 3.33 4.33 5.67 5.33
M2  G18141 43.33 43.67 99.33 95.00 0.04 456.00 368.00 409.688 0 0.19 11.00 7.00 0.36 833 7.67 1.67 200 6.67 8.00
M2  G18157 34.33 34.67 93.67 75.67 0.19 280.00 248.00 263.5R2 0 0.11 11.00 9.67 0.12 6.00 6.00 267 1.00 8.00 7.33
M2  G18451 33.67 32.67 80.00 76.33 0.05 392.00 208.00 285.5®2 0 0.47 11.67 7.67 0.34 400 767 133 267 6.33 6.00
M2  G18454 39.33 35.00 97.67 85.00 0.13 608.00 368.00 473.0Z7 0 0.39 11.67 9.00 0.23 7.67 533 1.00 267 9.33 6.67
M2  G1957 42.67 39.00 98.00 89.00 0.09 848.00 370.67 560.650 1.0.56 9.67 8.00 0.17 10.33 9.00 2.33 6.33 8.67 7.67
M2  G1977 35.67 37.00 95.33 90.67 0.05 776.00 440.00 584.385 0.0.43 13.00 14.33 -0.10 7.33 7.00 1.67 1.00 8.33 8.33
M2 G3005 43.33 43.33 99.33 93.33 0.06 1104.00 704.00 881.601 0 0.36 9.33 7.67 0.18 11.67 11.00 1.67 2.00 6.67 7.33
M2  G3017 33.33 32.33 77.33 7233 0.06 480.00 488.00 483.9803-0-0.02 8.67 9.33 -0.08 867 800 167 233 533 6.67
M2  G3142 42.67 41.33 96.67 94.67 0.02 1240.00 344.00 653.1212 1 0.72 12.33 8.67 0.30 9.33 10.00 1.00 2.67 6.00 6.67
M2  G3178 40.67 38.33 91.33 85.67 0.06 720.00 224.00 401.685 1.0.69 9.33 7.33 0.21 12.67 7.67 233 3.67 8.00 5.67
M2  G3185 43.00 39.00 99.67 90.00 0.10 888.00 536.00 689.90/8 0.0.40 10.67 9.33 0.13 11.33 13.33 3.00 1.67 8.00 6.00
M2 G3217 41.00 37.67 100.00 91.33 0.09 1512.00 440.00 815.689 0.71 14.00 10.00 0.29 12.67 7.00 1.67 133 8.67 7.67
M2  G3586 43.67 39.00 100.67 93.00 0.08 944.00 360.00 582.9&1 1 0.62 10.67 8.33 0.22 11.67 8.33 0.67 2.33 8.00 7.00
M2  G3990 41.67 43.00 100.00 95.00 0.05 1368.00 928.00 122663 0.32 11.67 9.00 0.23 18.33 9.33 3.00 4.00 7.00 7.33
M2  G4258 33.33 33.00 90.33 80.33 0.11 552.00 360.00 445.7%8 0.0.35 12.00 12.00 0.00 5.33 500 1.00 2.33 7.00 8.67
M2  G4280 38.67 39.67 98.00 87.33 0.11 1232.00 456.00 749.524 1 0.63 12.00 9.00 0.25 10.33 8.33 1.67 4.67 6.67 7.00
M2  G5712 37.00 38.33 95.67 93.67 0.02 928.00 560.00 720.898 0.0.40 13.00 12.00 0.08 7.33 500 1.00 1.67 8.33 7.00
M2  G5733 34.33 33.67 87.00 81.33 0.07 584.00 200.00 341.7&9 1.0.66 13.00 7.33 0.44 7.67 4.67 133 3.00 8.33 7.00
M2  G7038 41.33 40.00 102.00 96.00 0.06 1152.00 280.00 567.948 0.76 12.00 8.00 0.33 13.00 9.00 1.67 3.67 b5.67 6.33
M2  G7761 40.33 37.33 97.33 91.33 0.06 680.00 600.00 638.723 0.0.12 10.33 8.33 0.19 9.00 10.33 2.67 5.33 8.33 6.67
M2  G7765 37.33 36.67 99.33 83.00 0.16 704.00 208.00 382.6&8 1.0.70 12.67 8.33 0.34 11.33 7.33 1.33 3.33 8.00 5.67
M2  G7863 35.67 35.67 96.33 90.33 0.06 664.00 880.00 764.4164-0-0.33 11.67 11.67 0.00 8.67 9.33 233 167 7.00 9.33
M2  G7952 44.00 43.67 101.00 95.33 0.06 848.00 272.00 480.2B3 1 0.68 11.00 6.33 0.42 13.00 8.67 3.67 3.33 7.33 6.67
M2 G801 38.00 38.33 96.00 85.33 0.11 808.00 504.00 638.154 0.0.38 13.00 12.33 0.05 567 6.33 133 133 8.33 7.33
M2 G803 34.00 36.00 81.67 85.67 -0.05 720.00 672.00 695.5913 0. 0.07 10.33 11.33 -0.10 11.00 11.33 5.33 3.67 7.67 7.67
Mean 39.17 38.25 95.49 88.57 0.07 853.09 459.23 605.8791 0.46 11.44 9.14 0.20 10.11 8.61 215 298 7.59 7.13

G. mean 38.19 37.42 92.95 86.71 851.24 421.06 13.67 9.79 09.9.89 237 3.09 7.75 7.31

Isd 2.83 4.60 13.00 9.54 653.27 385.41 447 512 6.23 4.698 2.8.09 2.74 2.44

M1 — Mesoamerica 1; M2 — Mesoamerica 2; GMY — Geoimenean for grain yield; DSI — Drought sensitjvit
index; PR — Percent reduction.
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Appendix 4 continued

Trait Leaf biomass (g) Stem biomass (g) Pod biomass)(g  Total biomass (g)
Race Genotype Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed
check BAT477 9.00 11.00 8.67 10.67 1.00 3.33 18.67 25.00
check BAT93 8.33 7.33 7.00 6.33 2.33 3.33 17.67 17.00
check DOR390 6.67 11.33 6.00 12.33 0.33 2.00 13.00 25.67
check Maharagi Soya 9.00 7.67 10.33 7.00 5.33 5.33 24.67 0020.
check Masaai Red 9.00 7.33 8.33 6.67 1.00 2.00 18.33 16.00
check NCB280 6.00 6.67 6.00 7.67 6.67 6.67 18.67 21.00
check Pinto Villa 5.67 9.33 8.67 10.00 12.33 28.67 26.67 0@8.
check SEA15 8.67 10.00 10.33 9.33 4.00 11.33 23.00 30.67
check SER109 5.00 7.00 7.00 6.33 4.67 3.67 16.67 17.00
check SER16 6.67 10.33 7.33 10.00 5.67 8.67 19.67 29.00
check SXB418 7.67 10.00 9.00 10.33 2.33 3.33 19.00 23.67
check Tio Canela 75 10.67 6.67 7.00 6.33 4.00 1.67 21.67 6714.
check VAX3 7.33 9.33 9.33 10.00 3.00 1.33 19.67 20.67
Mean 7.67 8.77 8.08 8.69 4.05 6.26 19.80 23.72
D1 G10945 8.33 12.33 12.33 15.33 5.33 3.33 26.00 31.00
D1 G10971 7.00 8.33 6.67 9.00 11.00 15.00 24.67 29.00
D1 G10982 5.33 6.67 6.67 8.33 6.33 8.00 18.33 23.00
D1 G11010 7.67 8.67 7.33 7.33 4.67 5.67 19.67 21.67
D1 G13177 9.00 5.00 10.00 6.67 7.67 5.67 26.67 17.33
D1 G13696 7.67 4.33 6.67 5.67 7.00 8.67 21.33 18.67
D1 G1797 9.33 11.67 11.33 10.00 1.33 4.67 22.00 26.33
D1 G18440 7.33 12.33 9.00 8.67 7.67 13.33 24.00 35.33
D1 G19941 5.67 8.00 7.00 6.00 10.00 4.33 22.67 21.67
D1 G2379 10.67 9.67 11.67 11.33 3.00 2.33 25.33 23.33
D1 G2402 6.33 5.67 7.33 5.67 17.00 8.33 30.67 19.67
D1 G2635 9.67 7.33 14.67 10.00 12.67 7.33 37.00 24.67
D1 G2775 7.67 9.00 7.33 5.00 14.67 9.33 29.67 23.33
D1 G2778 4.33 6.33 6.00 7.33 11.00 10.33 21.33 24.00
D1 G2866 5.00 9.33 7.00 10.00 8.67 4.00 20.67 23.33
D1 G4342 7.00 4.67 8.67 4.67 2.33 3.33 18.00 12.67
D1 G7602 7.33 7.67 11.00 8.00 11.67 12.33 30.00 28.00
Mean 7.37 8.06 8.86 8.18 8.35 7.41 24.59 23.71
D2 G11057 8.67 9.00 7.00 10.00 9.00 12.33 24.67 31.33
D2 G11656A 8.33 8.33 8.00 9.33 1.33 1.33 17.67 18.33
D2 G12796 8.67 7.67 8.33 8.00 8.00 9.33 25.00 21.67
D2 G13578 8.33 7.33 5.33 6.00 0.67 1.00 14.33 14.33
D2 G14737 10.67 9.33 10.67 9.00 0.33 0.67 22.00 19.00
D2 G14914 10.00 9.00 11.67 9.00 5.33 4.00 27.00 22.00
D2 G15685 7.00 8.67 9.67 9.00 5.00 5.67 21.67 23.33
D2 G16026 3.33 5.33 5.00 4.00 7.67 10.00 16.00 19.33
D2 G19012 6.67 6.67 8.33 7.67 8.00 5.33 23.00 19.67
D2 G22044 7.67 12.00 9.00 13.67 3.67 9.67 20.33 35.33
D2 G278 8.00 4.67 10.33 5.00 4.67 2.33 23.00 12.00
D2 G3331 8.67 8.67 10.00 11.33 2.00 3.33 20.67 23.33
D2 G3334 7.33 4.33 9.33 4.67 6.00 4.33 22.67 13.33
D2 G3807 6.33 9.67 7.33 7.67 2.67 2.67 16.33 20.00
D2 G3936 7.00 8.33 7.33 6.33 2.67 4.00 18.00 18.67
D2 G4017 9.33 9.00 11.67 7.00 1.67 1.67 22.67 17.67
D2 G4278 6.67 6.67 6.67 7.33 3.00 4.00 16.33 18.00
D2 G4822 12.00 7.33 9.00 7.33 2.33 3.33 23.33 18.00
D2 G753 8.67 6.33 5.33 5.33 6.00 4.67 20.00 16.33
D2 G7742 13.00 7.67 11.00 8.67 2.67 1.67 26.67 18.00
Mean 8.32 7.80 8.55 7.82 4.13 4.57 21.07 19.98
G G1328 5.67 6.00 5.33 6.00 4.67 5.33 15.67 17.33
G G1356 11.67 8.67 9.67 7.67 3.33 2.00 24.67 18.33
G G16072 6.67 5.00 9.00 4.33 10.67 3.67 26.33 13.00
G G16400 5.00 6.33 6.33 6.67 1.33 1.00 12.67 14.00
G G16401 10.33 10.67 11.67 13.33 7.33 3.00 29.33 27.00
G G2277 9.67 9.33 14.33 11.00 7.00 3.67 31.00 24.00
G G22787 6.00 7.00 6.00 9.33 3.33 8.00 15.33 24.33
G G2660 7.67 10.67 10.00 9.33 4.33 2.00 22.00 22.00
G G4730 7.00 6.33 10.67 7.33 2.33 1.67 20.00 15.33
G G5653 9.00 5.00 10.33 7.33 5.67 2.67 25.00 15.00
Mean 7.87 7.50 9.33 8.23 5.00 3.30 22.20 19.03
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Appendix 4 continued

Trait

Leaf biomass (g)

Stem biomass (g)

Pod biomass)(g

Total biomass (g)

Race Genotype

Irrigated Rainfed

Irrigated Rainfed

Irrigated Rainfed

Irrigated Rainfed

M1 DOR364 10.00 9.00 8.67 8.00 1.33 2.00 20.00 19.00
M1 G12778 5.33 5.67 7.67 6.67 10.00 6.67 23.00 19.00
M1 G15416 11.67 6.00 9.00 6.00 2.00 1.00 22.67 13.00
M1 G16835 8.00 9.00 7.67 6.00 4.67 1.00 20.33 16.00
M1 G17648 6.00 5.67 7.67 5.33 7.00 6.67 20.67 17.67
M1 G18147 8.33 9.00 9.67 9.67 6.67 10.67 24.67 29.33
M1 G19204 6.00 7.00 7.00 6.00 4.00 5.33 17.00 18.33
M1 G2093 11.33 7.00 7.33 10.00 2.67 1.67 21.33 22.00
M1 G21212 9.00 9.00 5.67 6.67 1.67 5.67 16.33 21.33
M1 G2137 10.00 10.67 12.33 10.33 4.33 3.67 26.67 24.67
M1 G2199 7.00 8.33 5.00 6.67 1.67 2.00 13.67 17.00
M1 G2348 10.00 8.33 7.67 9.33 1.67 1.67 19.33 19.33
M1 G2352 8.00 7.67 12.33 8.00 2.67 2.00 23.00 18.33
M1 G2445 7.00 6.67 5.33 7.67 3.33 1.33 15.67 15.67
M1 G2997 5.00 5.33 5.33 5.00 2.33 8.33 12.67 18.67
M1 G3545 5.67 7.00 4.00 7.00 2.67 9.33 12.33 23.33
M1 G3593 9.00 12.00 10.33 11.67 0.00 3.33 19.33 27.00
M1 G3595 10.00 10.00 8.67 7.67 2.67 1.00 21.33 18.67
M1 G3661 9.33 4.67 11.67 6.00 1.67 2.33 22.67 13.00
M1 G4002 7.33 6.00 5.00 5.67 3.33 3.67 15.67 15.33
M1 G4206 5.00 7.00 5.00 7.00 1.00 1.00 11.00 15.00
M1 G4495 5.33 7.67 7.67 8.33 1.00 6.67 14.00 22.67
M1 G4637 14.67 11.33 10.00 10.33 0.67 0.67 25.33 22.33
M1 G5036 7.67 6.67 5.33 5.67 0.67 1.00 13.67 16.67
M1 G5694 9.00 6.33 9.67 6.00 1.67 1.33 20.33 13.67
M1 G6450 10.33 11.67 8.00 9.00 0.67 0.67 19.00 21.33
M1 G7932 4.67 3.33 3.33 4.00 3.33 4.00 11.33 11.33
M1 G955 8.67 8.00 10.00 6.67 5.00 2.67 23.67 17.33
Mean 8.19 7.71 7.75 7.37 2.87 3.48 18.81 18.82
M2 G11721 7.00 7.67 5.00 8.00 2.67 1.67 14.67 17.33
M2 G1264 9.33 7.67 8.00 6.67 3.33 1.00 20.67 15.33
M2 G12806 9.00 7.67 5.00 8.33 1.00 3.33 15.00 19.33
M2 G1358 9.33 9.33 9.67 8.33 3.33 2.33 22.33 20.00
M2 G14163 7.67 9.33 7.67 7.00 0.67 2.00 16.00 18.33
M2 G15641 8.67 12.00 9.33 10.00 3.67 7.67 21.67 29.67
M2 G16849A 7.00 5.67 9.33 5.00 3.00 8.00 19.33 18.67
M2 G17649 8.00 11.33 8.33 10.00 3.00 4.33 19.33 25.67
M2 G18141 11.67 11.00 8.00 8.00 1.67 1.33 21.33 20.00
M2 G18157 6.00 7.33 5.33 6.67 0.33 4.67 11.67 18.67
M2 G18451 5.67 5.33 5.67 6.67 7.00 11.00 18.33 19.67
M2 G18454 6.67 6.33 9.00 7.67 7.67 5.33 23.33 19.33
M2 G1957 7.67 6.67 6.00 7.67 3.33 2.67 17.00 17.00
M2 G1977 5.33 7.67 7.33 7.33 1.67 3.67 14.33 18.67
M2 G3005 9.67 5.33 8.33 4.33 1.00 2.00 19.00 11.67
M2 G3017 7.67 3.33 7.33 4.33 10.00 8.00 25.00 15.67
M2 G3142 10.33 9.00 5.67 8.33 5.00 1.67 17.67 19.00
M2 G3178 6.67 7.00 8.33 7.00 2.67 2.33 17.67 16.33
M2 G3185 6.00 7.33 5.67 7.00 1.33 8.00 13.00 22.33
M2 G3217 10.67 11.00 9.67 8.00 1.00 1.67 21.33 20.67
M2 G3586 10.33 12.67 7.67 8.33 1.33 2.00 19.33 23.00
M2 G3990 10.67 7.33 11.00 7.33 2.00 0.67 23.67 15.33
M2 G4258 7.33 7.67 9.00 5.67 10.33 7.67 26.67 21.00
M2 G4280 8.33 11.00 8.67 9.00 1.67 2.00 18.67 22.00
M2 G5712 8.67 7.67 8.33 6.67 4.67 1.67 21.67 16.00
M2 G5733 4.33 6.67 4.67 5.33 5.67 2.67 14.67 14.67
M2 G7038 9.33 7.00 9.00 7.67 3.67 1.67 22.00 16.33
M2 G7761 5.33 8.00 10.33 8.67 3.00 3.00 18.67 19.67
M2 G7765 6.00 4.67 6.33 6.33 1.33 1.67 13.67 12.67
M2 G7863 9.00 8.67 8.67 9.67 1.00 4.00 18.67 22.33
M2 G7952 8.00 8.00 7.67 6.00 1.00 1.00 16.67 15.00
M2 G801 8.67 10.67 9.00 9.67 1.33 3.67 19.00 24.00
M2 G803 7.67 8.67 8.00 6.67 11.00 5.33 26.67 24.00
Mean 7.99 8.08 7.79 7.37 3.37 3.63 19.05 19.07
Grand mean 7.96 7.97 8.22 7.77 4.29 4.53 20.45 20.31
LSD 5.09 5.29 4.86 5.16 5.36 5.25 11.13 12.20

LSD - least significant difference
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Appendix 5 Performance of 81 Andean genotypes evated under irrigated and rainfed
treatments at CIAT-Palmira, 2009

Trait DF Days to maturity Yield (kg/ha) 100-seed weight(g) NPP EPP Pod length (cm)
Race Genotype Irr  Dro Ir _Dro PR Irr Dro  GMY DSI PR _Ir_ Dro PR Irr Dro I Dro Irr Dro

check AFR619  37.00 36.33 69.00 68.33 0.01 839.27 595.97 23071.32 0.29 41.53 40.23 0.03 953 573 7.97 943 720 6.93
check CAL143 35.33 34.67 67.67 65.00 0.04 1063.20 1113.888.20 -0.22 -0.05 33.63 31.47 0.06 7.67 7.60 8.47 23.13 10.B817
check CAL96 31.67 32.67 64.00 58.33 0.09 1688.50 1527.3%.860 0.43 0.10 63.37 56.63 0.11 6.40 6.27 10.43 1470 9.90 3 9.8
check SAB258  27.67 28.00 54.00 53.33 0.01 1571.90 1672.41.3% -0.29 -0.06 38.43 41.77 -0.09 9.47 9.53 10.80 6.83 8.47.70
check SAB645  30.00 30.00 59.00 54.00 0.08 2075.50 1440.&®.27 1.39 0.31 38.83 34.63 0.11 10.93 7.87 16.60 17.90 9.4067 9
check SEQ1003 33.67 34.00 61.33 57.67 0.06 1648.50 1222460.647 1.17 0.26 46.60 39.83 0.15 7.73 7.47 19.17 16.33 111m10
check SEQ1027 37.33 37.67 70.33 66.33 0.06 1521.10 1282396.21 0.71 0.16 46.90 37.23 0.21 8.67 7.00 11.83 1253 9.4097 9
Mean 33.24 33.33 63.62 60.43 0.05 1486.85 1265.05 1366.948 0.0.15 44.18 40.26 0.09 8.63 7.35 12.18 1441 944 9.05
NG1 G17076 30.00 30.33 60.00 56.33 0.06 1894.20 1230.60.7626l.59 0.35 57.30 50.33 0.12 9.00 9.93 9.37 24.17 10.20 9.80
NG1 G3157 30.00 30.00 64.00 58.00 0.09 1507.90 1139.40 7181QL.11 0.24 45.40 36.87 0.19 850 6.80 21.45 2577 10.60 010.0
NG1 G4534 30.33 30.33 60.00 55.33 0.08 1700.60 1105.10 837QL.59 0.35 51.27 4533 0.12 953 7.60 21.00 19.23 10.53 9.37
NG1 G5625 29.33 30.00 61.00 57.67 0.05 1814.60 1668.20 8@39.37 0.08 46.03 40.23 0.13 9.40 11.53 2493 22.13 10.333 89
NG1 G13094 30.33 30.67 61.33 58.00 0.05 2026.50 955.90 8B912.40 0.53 36.90 31.00 0.16 10.53 7.00 19.47 6.27 10.67 9.43
NG1 G16115 30.33 30.33 56.00 52.33 0.07 1944.90 1213.20.0836l.71 0.38 41.37 33.67 0.19 1193 8.07 27.87 2090 9.60 7 8.8
NG1 G17070 31.33 31.00 58.33 53.33 0.09 1571.50 1809.30.26860.69 -0.15 44.57 42.73 0.04 11.13 10.80 24.47 26.10 9.9367
NG1 (18255 30.33 30.33 57.33 55.33 0.03 1966.70 1503.30.4619.07 0.24 44.07 40.83 0.07 9.67 8.67 17.90 21.77 10.107 9.6
NG1 (18942 30.33 30.67 63.33 63.33 0.00 2158.10 866.70 63672.72 0.60 44.73 36.53 0.18 10.40 7.33 14.93 43.80 13.578011.
NG1 G21210 33.67 33.00 66.33 64.33 0.03 1422.00 466.83 614305 0.67 68.07 36.30 0.47 840 513 1357 1027 9.17 7.07
NG1 G4906 34.33 33.67 68.67 64.33 0.06 68277 78550 732.648--0.15 41.80 37.97 0.09 6.80 5.27 19.37 1957 810 7.47
NG1 G6639 32.33 31.33 59.33 57.33 0.03 1270.30 613.33 882635 0.52 37.90 26.97 0.29 8.20 5.73 10.87 2237 10.27 8.00
NG1 G738 31.33 30.00 63.67 60.67 0.05 1395.10 846.80 10861979 0.39 54.10 39.27 0.27 8.13 8.33 20.87 31.23 10.60 9.17
NG1 G7945 30.00 29.67 58.00 54.33 0.06 1533.60 1057.20 3273L.41 0.31 4290 33.70 0.21 840 6.87 1513 1830 10.23 9.30
NG1 (G9846 37.00 41.67 71.00 60.00 0.15 279.87 67.83 137.784 30.76 21.80 26.80 -0.23 253 213 28.00 18.80 593 9.00
NG1 G11982 33.67 33.67 61.00 58.67 0.04 1383.50 1323.20.0853.20 0.04 53.40 39.70 0.26 7.27 9.00 13.07 1510 9.80 310.3
NG1 (1688 33.67 33.33 60.33 54.00 0.10 1253.00 1339.40 48950.31 -0.07 31.83 32.37 -0.02 7.93 8.87 813 2643 753 37.6
NG1 G1836 34.00 35.00 64.00 57.00 0.11 1340.40 856.80 167164 0.36 37.93 26.70 0.30 10.67 10.47 16.37 20.80 8.67 8.07
NG1 G1939 33.67 34.00 61.67 56.33 0.09 1649.10 1211.80 @413L.21 0.27 57.60 42.33 0.27 853 573 1423 1583 950 9.53
NG1 G22247 36.33 34.00 65.67 63.33 0.04 1280.30 1385.80.08320.37 -0.08 40.93 31.73 0.22 7.27 9.00 15.43 2843 83017 7.
NG1 G2875 34.00 34.00 60.33 56.33 0.07 1611.00 929.40 1223®2 0.42 56.07 36.90 0.34 7.27 7.27 1420 1270 10.80 9.87
NG1 G4001 34.67 35.67 63.33 61.33 0.03 142540 924.23 1847160 0.35 38.67 30.77 0.20 10.53 8.27 890 17.77 10.53 8.30
NG1 G5142 33.33 33.67 58.33 56.00 0.04 1511.40 1595.80 @8530.25 -0.06 58.93 49.40 0.16 8.07 7.60 17.27 19.33 10.2080 9.
NG1 G5273 36.33 34.33 65.00 60.00 0.08 1341.70 1048.10 8389.99 0.22 45.00 31.90 0.29 8.13 10.00 16.43 29.87 11.470 8.8
NG1 G7776 40.67 42.00 80.33 83.67 -0.04 188.43 98.83 136.466 20.48 20.23 28.50 -0.41 253 1.07 39.43 4443 547 767
NG1 G11957 34.00 34.00 61.00 58.00 0.05 1353.20 894.93 4600L.54 0.34 52.33 30.73 041 4.80 540 7.87 2130 10.07 10.23
NG1 G2563 30.33 29.67 59.00 55.00 0.07 1236.70 1517.20 18691.03 -0.23 39.50 40.67 -0.03 12.73 9.80 457 6.13 9.00 78.8
Mean 32.80 32.83 62.53 58.90 0.06 1434.92 1053.88 1213.3321 1.0.27 44.84 36.30 0.19 845 7.54 1723 2181 9.67 9.03
NG2 G11512 33.00 33.33 61.67 59.33 0.04 1234.30 928.30 4P701.13 0.25 36.53 28.33 0.22 6.87 7.27 757 16.03 9.97 9.37
NG2 (11585 37.33 37.00 69.67 68.33 0.02 834.10 535.37 6681263 0.36 36.53 32.43 0.11 9.40 6.60 16.30 14.47 10.93 9.00
NG2 (14253 29.67 30.00 58.67 55.33 0.06 1492.10 1215.50.724®.84 0.19 39.90 34.93 0.12 833 827 890 7.27 847 830
NG2 G16104E 30.00 30.33 56.67 54.33 0.04 936.63 774.47 @510079 0.17 27.37 2520 0.08 10.73 8.60 26.73 8.60 10.03 7.87
NG2 G4644 30.67 30.67 59.67 56.67 0.05 1383.40 841.33 10781&8 0.39 53.50 37.37 0.30 860 6.00 2163 880 867 7.00
NG2 G5034 33.33 33.33 62.00 60.00 0.03 1269.30 976.53 13131D5 0.23 42.83 30.07 0.30 6.47 8.27 2233 2143 853 7.63
NG2 G5170 33.33 33.33 61.00 56.00 0.08 1432.90 1017.00 12071.32 0.29 40.70 27.63 0.32 8.20 7.13 1493 2897 10.83 9.53
NG2 G5708 33.00 33.67 63.33 64.00 -0.01 1452.40 855.00 234141.87 0.41 41.17 34.03 0.17 6.60 6.47 19.20 12.33 10.63 710.5
NG2 G6873 32.33 33.00 59.67 58.67 0.02 964.77 873.63 918.043 00.09 30.63 28.80 0.06 8.27 6.13 22.03 16.57 8.60 8.50
NG2 G7895 37.33 37.00 70.00 68.33 0.02 737.53 573.33 650.201 10.22 38.10 35.77 0.06 5.87 3.60 16.17 2157 953 9.10
NG2 PVA1111 34.00 34.00 66.00 64.33 0.03 1601.40 1482.70.934 0.34 0.07 36.83 32.83 0.11 9.13 8.40 8.67 1867 880 7.40
NG2 AND1005 34.00 34.00 63.67 58.67 0.08 1430.60 1249.807133 0.57 0.13 46.77 40.40 0.14 520 6.47 217 1337 9.40 947
NG2 G16110A 34.33 34.00 66.33 64.67 0.03 1303.70 1375.7®.233-0.25 -0.06 45.33 36.70 0.19 8.27 10.20 23.83 34.13 712.80.87
NG2 G1678 35.33 35.00 64.00 62.33 0.03 1279.70 1158.10 3210.43 0.10 51.97 3550 0.32 547 4.87 580 937 1153 957
NG2 (23829 35.33 35.33 65.67 64.00 0.03 1127.00 1557.27.78241.74 -0.38 20.80 19.07 0.08 12.53 17.13 8.07 16.40 7.2090 6
NG2 G11564 40.67 40.33 81.67 78.00 0.04 265.83 366.23 312072 -0.38 21.10 18.33 0.13 5.80 4.27 5850 6050 753 7.13
NG2 G11759A 44.67 44.67 78.33 81.00 -0.03 301.20 125.07 0£942.66 0.58 21.00 31.10 -0.48 4.00 1.07 47.77 2500 7.13 7.65
NG2 (16346 40.00 38.67 77.00 73.00 0.05 282.33 265.07 273®E8 0.06 32.43 30.40 0.06 3.47 247 2443 2393 857 7.97
NG2 (G9855 40.00 39.67 79.33 78.67 0.01 212.03 476.93 3188®8--1.25 29.50 29.93 -0.01 1.00 3.07 63.33 17.23 7.87 7.27
NG2 G11727 43.33 44.33 80.00 76.00 0.05 250.00 238.13 243®92 0.05 29.60 30.80 -0.04 5.07 253 4817 26.37 807 6.03
NG2 G12517 38.00 37.67 75.67 74.00 0.02 574.23 479.53 5240035 0.16 21.07 20.23 0.04 6.73 8.00 43.00 15.63 7.67 7.70
NG2 G13595 34.00 33.67 61.00 56.33 0.08 1488.70 1292.80.388W.60 0.13 39.37 31.97 0.19 8.07 800 957 1560 9.70 8.93
NG2 G13910 36.33 35.33 69.00 68.00 0.01 818.57 821.03 819801 0.00 34.37 27.67 0.19 6.13 433 1517 777 953 8.63
NG2 G13911 37.00 36.33 69.00 67.67 0.02 530.43 290.87 392Z05 0.45 24.07 23.20 0.04 5.60 4.33 20.00 2223 7.70 8.87
NG2 (18264 31.00 31.00 60.67 55.33 0.09 2047.70 1317.20.3842.62 0.36 47.47 39.87 0.16 853 6.40 9.77 3.00 870 843
NG2 G4672 43.33 42.67 77.33 78.67 -0.02 201.00 180.70 190(%86 0.10 28.93 23.17 0.20 1.33 1.40 50.00 19.43 4.90 6.07
NG2 G5849 30.00 30.00 60.33 57.67 0.04 1513.90 1567.70 3%4060.16 -0.04 40.87 39.43 0.04 10.07 9.20 10.50 1543 7.4763 7.
NG2 G9335 34.33 33.67 62.00 57.00 0.08 1153.80 878.70 10061908 0.24 32.03 26.83 0.16 8.07 6.60 13.17 2150 7.40 7.10
NG2 G9603 37.33 35.33 66.67 65.00 0.03 863.03 797.53 829.634 00.08 39.20 31.57 0.19 6.00 5.60 19.87 27.03 9.93 8.17
NG2 G17168 43.33 43.67 85.67 85.67 0.00 164.63 124.20 1421992 0.25 30.57 20.07 0.34 220 140 30.13 26.20 7.07 7.90
Mean 35.88 35.70 67.72 65.57 0.03 971.57 821.19 886.60 0.705 035.35 30.12 0.15 6.73 6.14 2292 19.16 8.82 8.22

NG1 — Nueva Granada 1; NG2 — Nueva Granada 2;P&cefmt reduction; GMY — Geometric mean for graildi
DSl — Drought sensitivity index
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Appendix 5 continued

Trait DF Days to maturity Yield (kg/ha) 100-sed weight (g) NPP EPP Pod length (cm)
Race Genotype Irr Dro Irr Dro PR Irr Dro  GMY DSI PR Ir  Dro PR Irr Dro__Irr Dro I Dro
P DRK47 33.67 31.00 68.00 66.33 0.02 1534.00 1411.30 14710336 0.08 51.73 50.10 0.03 7.40 5.93 9.83 8.83 9.73 8.60
P G11521 33.33 33.33 60.67 57.00 0.06 890.00 591.17 725.363 10.34 44.37 36.70 0.17 4.60 5.80 13.33 1153 1240 11.27
P G22147 32.00 30.67 65.67 57.67 0.12 2060.10 1383.20 168809 0.33 55.00 51.37 0.07 7.07 6.27 10.33 1270 10.53 9.33
P G2686 36.00 34.67 68.00 60.67 0.11 1058.30 780.93 909.109 10.26 38.87 28.73 0.26 8.93 4.67 9.00 2277 11.63 10.13
P G4494 30.67 30.33 65.00 58.67 0.10 1818.10 1427.70 161DBB 0.21 50.67 47.87 0.06 9.13 7.47 7.77 9.73 10.10 9.87
P G4547 39.33 38.67 81.00 80.50 0.01 101.87 41.30 64.86 2.769 @6.73 21.90 0.18 4.53 1.20 52.53 45.85 8.07 7.55
P PVA773 3433 34.67 66.67 64.33 0.04 1570.10 1452.50 1610134 0.07 47.67 38.27 0.20 7.40 560 7.73 1210 11.03 10.10
P G14016  41.67 42.00 84.67 82.67 0.02 99.13 135.37 115.846-10.37 17.13 24.15 -0.41 3.53 247 53.43 4967 827 743
P G19842 44.67 47.00 86.00 85.00 0.01 129.97 2523 57.26 3®B1 19.33 28.60 -0.48 153 1.53 37.80 74.37 9.33 7.67
P G23604 39.33 38.33 71.00 72.00 -0.01 120.73 0.00 0.00 4.580 1B4.03 0.00 1.00 1.53 0.33 3.50 100.00 6.93 7.10
P G2567 37.00 37.67 70.00 66.33 0.05 320.17 466.53 386.488-20.46 33.10 27.63 0.17 593 4.87 28.83 1240 10.40 9.30
P G4721 45.00 43.00 85.65 87.00 -0.02 16.53 51.90 29.29 -9Z734 20.00 21.70 -0.09 0.53 0.33 66.67 0.00 553 7.00
P G4739 38.00 37.67 70.33 60.00 0.15 648.83 112.30 269.936 30/83 35.93 30.23 0.16 6.73 2.73 9.10 2283 10.33 8.13
P G12529 63.67 57.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 00.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P G19833 55.33 51.67 0.00 88.00 0.00 0.00 8.75 0.00 0.00 0.000 GL7.00 0.00 0.00 0.20 0.00 66.70 0.00 10.00
P G8209 4567 52.00 79.33 81.00 -0.02 5233 39.87 45.68 1.084 (6.00 25.75 -0.61 1.53 1.40 7253 59.27 8.60 9.47
P G19860 50.33 46.67 0.00 80.00 0.00 0.00 0.00 0.00 0.00 0.000 6.50 0.00 0.00 0.13 0.00 100.00 0.00 5.00
Mean 41.18 40.41 60.12 67.48 -0.12 612.95 466.36 522.62 1.024 28.86 27.44 0.05 4.14 3.00 2249 3581 7.82 8.11

G.mean 3574 3553 64.03 59.75 1096.67 850.29 37.71 31.29 .86 66.04 586 494 895 8.19

Isd 223 332 396 2191 387.46 426.86 9.14 10.77 3.20 3.6066 66.06 1.70  2.59

P — Peru; GMY — Geometric mean for grain yield; BIrought sensitivity index
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Appendix 5 continued

Trait Leaf biomass (g) Stem biomass () Pod biomass)(g Total biomass (g)
Race Genotype Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed
check AFR619 4.01 5.05 6.09 5.52 6.33 2.33 16.67 12.33
check CAL143 5.13 4.58 6.68 4.19 10.33 3.67 21.67 12.33
check CAL96 2.90 3.57 4.51 3.92 10.67 5.00 18.00 12.33
check SAB258 2.31 2.86 4.19 3.14 13.00 7.33 19.33 13.33
check SAB645 3.55 2.60 5.28 3.38 15.33 6.00 24.00 12.00
check SEQ1003 2.20 3.82 4.44 4.58 9.00 5.67 15.67 14.33
check SEQ1027 5.08 5.62 7.05 5.01 7.33 2.00 19.67 12.67

Mean 3.60 4.01 5.46 4.25 10.28 4.57 19.29 12.76
NG1 G17076 2.58 2.90 4.39 3.88 12.00 5.33 19.33 12.00
NG1 G3157 1.56 2.74 3.81 3.12 11.33 5.33 16.67 11.33
NG1 G4534 2.29 3.08 4.10 3.46 11.00 5.00 17.67 11.67
NG1 G5625 2.44 3.19 3.97 3.51 11.00 6.00 17.33 12.67
NG1 G13094 3.50 211 4.34 2.43 12.67 4.00 21.00 8.67
NG1 G16115 2.50 2.57 4.48 3.01 12.67 6.00 19.67 11.33
NG1 G17070 2.25 3.74 4.54 4.68 12.00 7.00 18.67 15.33
NG1 G18255 2.79 2.76 3.80 3.57 15.00 5.67 21.67 12.00
NG1 G18942 3.09 3.46 5.64 3.75 11.67 3.67 20.67 10.67
NG1 G21210 4.03 3.99 6.40 4.41 10.33 1.67 21.00 10.00
NG1 G4906 3.26 3.90 5.54 4.84 6.00 2.00 15.00 10.67
NG1 G6639 3.06 2.37 4.15 4.50 11.00 2.33 18.33 9.33
NG1 G738 3.38 2.80 5.38 3.25 11.00 4.00 19.33 10.00
NG1 G7945 2.44 3.15 3.45 3.62 9.67 5.33 15.33 11.67
NG1 G9846 6.96 5.72 10.61 6.27 4.67 1.00 22.00 13.00
NG1 G11982 2.30 4.69 5.12 6.07 9.33 6.67 16.67 17.33
NG1 G1688 2.23 2.80 3.43 3.42 7.33 4.33 13.33 10.67
NG1 G1836 2.70 3.71 4.24 3.39 7.67 3.00 14.67 9.67
NG1 G1939 2.60 2.99 6.03 3.95 15.00 3.33 23.67 10.33
NG1 G22247 2.73 4.11 4.96 4.47 7.67 3.33 15.33 12.00
NG1 G2875 3.03 3.07 5.56 4.33 11.00 3.67 19.67 11.33
NG1 G4001 4.15 4.00 6.48 4.09 10.33 3.00 21.00 11.67
NG1 G5142 3.10 3.83 5.62 4.99 10.67 5.00 19.33 13.67
NG1 G5273 2.32 2.82 5.03 4.31 5.33 2.33 13.00 9.33
NG1 G7776 5.82 4.48 7.86 4.99 9.33 0.00 23.00 9.33
NG1 G11957 2.84 2.70 5.15 3.76 8.67 3.00 16.67 9.67
NG1 G2563 2.08 3.62 4.13 3.73 11.33 6.67 17.67 14.00

Mean 3.04 3.38 5.12 4.07 10.21 4.02 18.43 11.46

NG1 — Nueva Granada 1
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Appendix 5 continued

Trait Leaf biomass (g) Stem biomass (g) Pod biomass)(g Total biomass (g)
Race Genotype Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed
NG2 G11512 2.35 3.41 3.77 3.84 7.33 4.33 13.33 11.33
NG2 G11585 3.49 4.86 4.25 5.33 5.33 1.00 13.00 11.00
NG2 G14253 3.04 2.56 3.64 3.10 11.33 4.33 18.00 9.67
NG2 G16104E 3.36 2.98 4.97 3.95 8.33 4.00 16.33 11.00
NG2 G4644 3.74 3.69 491 3.66 10.67 4.33 19.33 11.67
NG2 G5034 2.46 3.66 3.70 3.78 8.33 2.67 15.00 9.67
NG2 G5170 2.01 2.70 3.66 2.58 8.67 3.67 14.33 9.00
NG2 G5708 2.77 3.49 4.28 3.64 8.67 2.33 15.67 9.33
NG2 G6873 1.83 3.42 2.76 2.35 7.67 3.33 12.33 9.00
NG2 G7895 3.93 4.29 5.62 4.86 6.33 1.33 15.67 10.33
NG2 PVA1111 3.56 4.04 4.36 3.92 9.00 2.33 17.00 10.33
NG2 AND1005 3.84 4.40 6.76 4.64 11.33 3.67 21.67 12.67
NG2 G16110A 1.99 3.99 4.55 5.51 8.00 3.00 14.67 12.33
NG2 G1678 3.70 5.27 5.76 5.43 9.33 2.33 18.33 13.00
NG2 G23829 2.79 3.65 5.31 3.94 5.67 1.33 13.67 8.67
NG2 G11564 4.21 4.05 6.89 4.00 1.33 0.67 12.33 8.33
NG2 G11759A 5.02 4.95 8.03 4.83 1.00 0.33 14.00 10.00
NG2 G16346 5.36 4.63 6.20 4.86 4.67 0.00 15.67 9.67
NG2 G9855 5.40 4.10 8.73 4.82 2.33 0.00 16.33 9.00
NG2 G11727 4.05 6.26 6.85 6.01 0.33 0.00 11.33 12.33
NG2 G12517 4.60 3.30 8.14 3.83 5.00 0.00 18.00 7.33
NG2 G13595 3.28 3.86 4.88 3.69 10.33 4.67 18.33 12.33
NG2 G13910 2.94 4.30 5.82 5.75 4.67 2.00 13.67 12.00
NG2 G13911 4.76 7.67 7.75 10.82 6.33 3.67 19.00 22.00
NG2 G18264 2.29 3.43 3.94 3.32 11.67 5.67 18.33 12.33
NG2 G4672 4.74 3.74 7.99 3.77 7.67 0.00 20.67 7.33
NG2 G5849 2.26 3.35 5.37 4.10 20.00 8.00 28.00 15.00
NG2 G9335 3.63 3.16 5.14 3.27 12.33 3.33 21.00 9.67
NG2 G9603 3.55 3.95 5.69 3.96 6.67 1.67 16.00 9.67
NG2 G17168 5.08 4.05 8.21 4.30 0.33 0.00 13.67 8.33
Mean 3.53 4.04 5.60 4.40 7.36 2.47 16.49 10.81
P DRK47 3.72 4.13 5.06 4.37 9.00 5.00 18.00 13.33
P G11521 4.31 4.78 6.43 5.38 9.00 4.00 19.33 14.00
P G22147 1.57 3.06 3.75 3.25 8.67 3.67 14.00 10.00
P G2686 3.29 3.75 4.42 3.94 5.67 2.33 13.67 10.00
P G4494 3.68 3.17 5.51 3.44 9.33 3.67 18.67 10.00
P G4547 6.93 3.66 7.51 3.20 1.00 0.00 15.33 6.67
P PVA773 4.10 4.35 5.46 412 9.33 3.33 19.00 11.67
P G14016 5.17 4.19 5.94 3.49 0.33 0.00 11.67 7.67
P G19842 4.66 4.35 6.32 3.99 0.00 0.00 11.00 8.33
P G23604 5.18 2.96 6.42 3.07 1.00 0.00 12.67 6.33
P G2567 4.54 4.75 6.68 5.28 5.00 1.33 16.33 11.33
P G4721 4.30 5.13 6.15 4.79 0.67 1.33 11.33 11.67
P G4739 3.11 3.78 491 3.81 3.67 0.33 11.67 7.67
P G12529 3.18 3.81 4.42 3.90 0.00 0.00 7.67 7.67
P G19833 4.39 3.75 6.83 3.67 0.00 1.00 11.33 8.33
P G8209 6.78 5.00 8.87 3.83 0.00 0.00 16.00 8.67
P G19860 4.85 4.21 5.36 3.78 0.33 0.00 10.33 8.00
Mean 4.34 4.05 5.88 3.96 3.71 1.53 14.00 9.49
Grand mean 3.54 3.82 5.49 4.18 7.79 2.97 16.86 10.92
LSD 1.43 1.73 1.95 2.01 5.24 1.95 7.04 4.71

NG2 — Nueva Granada 2; P — Peru; LSD — least sigmif difference
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Appendix 6 Performance of 81 Andean genotypes ewated under irrigated and rainfed

treatments at Harare Research Station, 2011

Trait DF Days to maturity Yield (kg/ha) 100-seed weight(g)  NPP EPP Pod length (cm)
Race Genotype _Irr Dro Irr Dro PR Irr Dro  GMY DSI_ PR Irr Dro PR Irr Dro _Irr _Dro__Irr Dro

check AFR619  37.67 38.33 95.67 98.00 -0.02 696.00 488.00.79820.73 0.30 35.00 17.00 0.51 6.00 10.33 1.00 4.33 833 7.00
check CAL143 35.33 34.67 88.67 86.00 0.03 792.00 824.00 8307-0.10 -0.04 39.00 20.00 0.49 6.33 6.33 1.00 1.33 11.67 010.0
check CAL96 33.67 35.00 87.33 82.00 0.06 736.00 344.00 %03130 0.53 36.00 18.00 0.50 5.67 533 133 2.00 8.67 8.00
check SAB258 30.00 29.67 85.33 73.67 0.14 752.00 448.00 43800.99 0.40 32.00 19.00 0.41 8.00 7.67 267 433 8.00 9.00
check SAB645 34.33 32.33 87.33 76.33 0.13 1016.00 680.00.18310.81 0.33 28.33 19.33 0.32 6.67 7.00 267 233 6.00 9.33
check SEQ1003 38.33 37.67 97.67 87.67 0.10 1224.00 736.00.1440.97 0.40 35.67 19.33 0.46 6.00 6.67 0.67 3.33 9.00 9.33
check SEQ1027 42.67 44.67 96.67 94.67 0.02 1264.00 808.0D.GM 0.88 0.36 36.33 20.33 0.44 9.67 10.33 1.33 3.33 9.67 3310.

Mean 36.00 36.05 91.24 8548 0.06 925.71 618.29 752.17 0.833 034.62 19.00 045 6.91 767 152 3.00 876 9.00

NG1 G17076 33.67 32.67 85.33 74.00 0.13 1440.00 504.00 8511%9 0.65 22.00 18.33 0.17 5.00 500 3.33 233 9.67 833
NG1 G3157 44.00 48.33 95.67 102.67 -0.07 744.00 77.67 2402388 0.90 29.00 16.67 0.43 933 3.00 500 1.33 1167 6.67
NG1 G4534 34.00 33.67 89.33 75.00 0.16 688.00 672.00 679.9% ®.02 35.00 19.33 045 5.00 6.33 233 1.67 867 9.33
NG1 G5625 42.00 43.67 106.00 101.67 0.04 552.00 213.33 8431150 0.61 25.33 1833 0.28 10.67 7.00 5.33 233 10.00 8.33
NG1 G13094 34.67 33.33 88.67 76.00 0.14 552.00 528.00 53x8r1 0.04 26.33 18.00 0.32 533 567 133 267 833 8.00
NG1 G16115 31.33 32.00 85.67 7233 0.16 744.00 640.00 690M®@4 0.14 36.00 17.00 0.53 7.00 7.33 200 6.33 6.67 7.00
NG1 G17070 33.00 32.67 84.67 72.67 0.14 528.00 304.00 4001633 0.42 31.33 19.00 0.39 6.67 7.33 267 467 8.00 9.00
NG1 G18255 33.00 31.33 85.67 7233 0.16 656.00 416.00 522030 0.37 31.33 15.67 050 4.67 6.67 167 233 833 567
NG1 G18942 33.00 32.67 83.67 75.00 0.10 792.00 808.00 799M65 -0.02 33.33 21.00 0.37 533 867 1.33 233 10.67 11.00
NG1 G21210 35.67 33.67 88.33 81.33 0.08 632.00 552.00 596Xl 0.13 33.67 17.33 0.49 500 4.67 1.00 1.67 7.67 7.33
NG1 G4906 35.67 36.33 90.00 87.33 0.03 776.00 744.00 759.88 ®.04 35.33 15.33 0.57 6.00 5.00 100 267 7.33 533
NG1 G6639 33.67 33.67 87.33 7233 0.17 808.00 648.00 723.58 ®M.20 33.67 18.00 047 6.33 6.33 1.67 3.00 833 8.00
NG1 G738 33.67 32.33 90.67 76.00 0.16 840.00 456.00 618.9D01 10.46 36.33 18.67 0.49 7.67 6.00 233 3.67 11.33 8.67
NG1 G7945 31.33 31.00 83.33 71.33 0.14 568.00 520.00 543.471 ®.08 25.33 17.00 0.33 7.67 10.67 1.67 3.67 8.33 7.00
NG1 G9846 36.33 36.67 66.33 98.67 -0.49 888.00 736.00 8080442 0.17 34.00 18.67 045 6.33 6.00 1.00 167 9.67 8.67
NG1 G11982 36.67 37.33 89.33 87.33 0.02 952.00 480.00 675198 0.50 34.67 19.67 043 733 6.00 4.00 167 9.67 9.67
NG1 G1688 36.33 36.33 87.33 78.67 0.10 848.00 528.00 669.192 ®.38 26.00 17.33 0.33 7.67 7.33 200 233 6.00 7.33
NG1 G1836 37.33 37.67 9567 91.67 0.04 1520.00 568.00 9291153 0.63 31.33 17.67 0.44 9.67 733 100 267 6.33 7.67
NG1 G1939 37.00 37.00 88.67 86.33 0.03 1256.00 656.00 9071717 0.48 36.67 19.33 0.47 867 6.33 1.00 133 11.00 9.33
NG1 G22247 38.67 38.00 98.67 92.67 0.06 1008.00 568.00 7561606 0.44 29.00 17.00 041 7.67 7.00 133 233 6.67 7.00
NG1 G2875 36.33 37.00 89.33 87.00 0.03 1256.00 600.00 8681127 0.52 36.00 17.67 0.51 9.00 5.00 0.67 1.67 9.67 7.67
NG1 G4001 38.00 38.33 95.33 89.33 0.06 1144.00 592.00 822198 0.48 34.33 17.00 050 800 767 133 100 833 7.00
NG1 G5142 37.00 36.00 89.67 80.33 0.10 1472.00 720.00 1929.25 0.51 37.33 20.33 0.46 8.67 9.67 267 3.67 9.67 10.33
NG1 G5273 37.67 37.33 89.33 83.00 0.07 872.00 584.00 713.621 ®.33 31.33 19.00 0.39 6.67 6.00 1.00 2.00 7.67 9.00
NG1 G7776 38.00 39.00 96.67 95.67 0.01 984.00 384.00 614.740 10.61 22.00 19.33 0.12 10.00 5.67 3.67 2.00 9.33 9.33
NG1 G11957 37.00 37.67 62.33 82.67 -0.33 1400.00 688.00 49811.24 0.51 38.67 19.67 0.49 733 6.00 0.67 1.67 11.33 9.67
NG1 G2563 34.67 32.33 86.33 73.00 0.15 688.00 768.00 726(®@8--0.12 32.67 18.67 0.43 567 6.67 2.67 3.00 7.67 8.67
Mean 3591 3585 84.20 8283 0.02 911.41 553.89 696.63 0.989 031.78 18.19 043 7.20 6.53 206 251 882 819

NG2 G11512 32.67 32.00 85.33 72.67 0.15 552.00 384.00 4644 0.30 28.67 18.33 0.36 567 7.33 1.00 2.33 8.67 8.33
NG2 G11585 36.67 35.67 95.00 85.33 0.10 928.00 816.00 872 0.12 32.33 19.33 040 6.33 7.33 1.00 2.00 11.00 9.33
NG2 G14253 34.67 33.33 87.67 76.67 0.13 360.00 488.00 4190187 -0.36 30.33 18.33 0.40 6.33 7.00 167 167 6.67 8.33
NG2 G16104E 35.00 33.67 88.33 72.00 0.18 568.00 352.00 447193 0.38 27.00 18.67 0.31 6.67 6.00 267 200 8.00 8.67
NG2 G4644 34.00 34.00 88.00 78.67 0.11 688.00 560.00 620.745 ®.19 33.33 16.67 0.50 533 533 233 200 6.00 6.67
NG2 G5034 34.67 34.00 87.00 79.33 0.09 728.00 720.00 723.9%3 ®.01 34.00 1833 046 6.33 7.00 167 167 867 833
NG2 G5170 35.33 35.00 86.67 76.33 0.12 760.00 440.00 578.203 10.42 32.67 20.00 0.39 500 7.00 1.33 6.00 9.00 10.00
NG2 G5708 34.00 33.00 84.67 72.67 0.14 608.00 440.00 517.2 ®.28 30.33 19.33 0.36 533 6.00 1.00 1.33 10.33 9.33
NG2 G6873 34.67 35.33 87.33 75.67 0.13 640.00 448.00 535483 ®.30 32.33 16.00 0.51 4.33 533 133 133 6.67 6.00
NG2 G7895 36.67 37.00 99.33 86.33 0.13 736.00 384.00 531.6 10.48 32.67 1867 043 6.33 500 133 267 1200 8.67
NG2 PVA11ll1ll 36.33 37.00 92.67 87.67 0.05 1488.00 592.00 58381.47 0.60 37.67 18.67 050 867 6.00 1.00 2.67 9.67 8.67
NG2 AND1005 37.67 37.67 93.00 95.33 -0.03 816.00 624.00 57130.57 0.24 31.00 17.67 043 500 567 1.00 1.00 733 7.67
NG2 G16110A 37.00 38.00 63.00 91.00 -0.44 1104.00 840.00.09630.58 0.24 37.33 21.33 043 867 7.00 233 267 1200 11.33
NG2 G1678 38.00 37.67 94.33 91.33 0.03 1504.00 848.00 1329.86 0.44 37.67 21.33 0.43 6.67 533 0.33 1.00 12.00 11.33
NG2 G23829 36.00 36.00 93.33 89.33 0.04 616.00 448.00 52803z 0.27 20.33 17.33 0.15 9.67 6.33 433 233 567 7.33
NG2 G11564 39.67 41.67 100.67 99.67 0.01 552.00 244.67 G671%36 0.56 22.67 21.00 0.07 9.00 9.00 2.67 3.00 6.33 11.00
NG2 G11759A 43.00 41.67 101.67 99.00 0.03 776.00 209.33 04031.78 0.73 33.00 1833 044 700 767 133 133 933 833
NG2 G16346 37.67 38.00 98.67 91.00 0.08 936.00 640.00 773987 0.32 37.00 19.00 0.49 800 6.33 1.33 233 11.00 9.00
NG2 G9855 38.67 37.67 96.67 91.67 0.05 1080.00 608.00 81013¥ 0.44 34.67 20.00 0.42 6.33 567 167 200 11.33 10.00
NG2 G11727 42.67 44.33 100.67 101.00 0.00 360.00 72.67 4611R5 0.80 39.00 17.00 0.56 9.67 567 1.67 267 10.00 7.00
NG2 G12517 37.67 38.67 97.67 97.67 0.00 840.00 680.00 7590746 0.19 27.33 16.67 0.39 10.33 12.33 2.00 4.67 7.33 6.67
NG2 G13595 37.33 37.33 97.00 90.00 0.07 1024.00 712.00 853874 0.30 32.67 17.00 0.48 7.00 7.00 200 133 867 7.00
NG2 G13910 37.00 37.00 95.67 90.33 0.06 1296.00 1184.00.7238.21 0.09 33.00 17.67 0.46 6.67 7.67 0.67 1.33 10.00 7.67
NG2 G13911 37.00 37.33 93.33 92.33 0.01 1384.00 720.00 9981217 0.48 34.33 17.00 050 7.33 6.67 0.67 067 933 7.00
NG2 G18264 35.00 34.33 88.33 78.33 0.11 1280.00 416.00 7291865 0.68 37.00 17.67 052 833 433 1.00 267 933 7.67
NG2 G4672 39.33 37.33 99.33 98.00 0.01 1208.00 696.00 91619% 0.42 36.33 21.00 0.42 833 6.00 200 1.33 9.00 11.00
NG2 G5849 35.33 36.00 84.67 76.33 0.10 824.00 344.00 532.442 10.58 30.00 16.33 046 7.67 533 3.00 3.33 800 6.33
NG2 G9335 37.67 37.33 98.33 89.33 0.09 800.00 704.00 750.4® ®.12 29.33 20.00 0.32 8.00 9.00 3.00 500 7.67 10.00
NG2 G9603 40.33 40.33 98.67 92.67 0.06 920.00 632.00 762.5%6 (.31 32.00 18.67 0.42 6.67 7.33 1.00 200 833 8.67
NG2 G17168 43.67 44.67 101.33 99.67 0.02 864.00 266.67 @8016BY9 0.69 34.00 19.00 0.44 6.33 6.67 0.33 1.00 11.67 9.00
Mean 37.18 37.10 92.61 87.24 0.06 874.67 550.44 683.64 0.987 032.33 1854 043 7.10 6.68 162 224 9.03 8.54

NG1 — Nueva Granada 1; NG2 — Nueva Granada 2; P&eent reduction; GMY — Geometric mean for grain
yield; DSI — Drought sensitivity index
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Appendix 6 continued

Trait DF Days to maturity Yield (kg/ha) 100-ged weight (g) NPP EPP Pod length (cm)
Race Genotype Irr Dro__ Irr Dro PR Irr Dro  GMY_ DSI PR Ir Dro PR Irr Dro _Ir__ Dro I Dro
P DRK47 35.33 33.67 91.00 85.00 0.07 1064.00 448.00 690.441 10.58 42.00 18.67 0.56 6.67 567 233 200 9.33 8.67
P G11521 35.67 35.00 89.33 91.67 -0.03 272.00 392.00 326568 --0.44 20.67 21.00 -0.02 2.67 3.33 1.00 0.67 8.33 11.00
P G22147  34.33 33.00 91.33 84.00 0.08 968.00 560.00 736.ZB Nn.42 40.00 20.33 049 6.00 533 0.33 1.00 10.67 10.33
P G2686 36.67 36.67 92.00 90.67 0.01 816.00 568.00 680.80! @B0 32.33 20.00 0.38 4.67 533 0.33 1.00 9.33 10.00
P G4494 34.33 33.33 89.00 81.33 0.09 616.00 352.00 465.6% DE3 32.33 20.00 0.38 4.67 5.00 1.00 2.00 7.67 10.00
P G4547 36.67 37.00 100.00 97.67 0.02 928.00 406.67 614.37 ND.56 40.67 22.33 045 5.00 533 0.33 0.33 11.67 12.33
P PVA773 36.00 36.67 89.33 89.67 0.00 616.00 624.00 619.993-60.01 35.00 18.00 0.49 467 6.67 100 233 10.33 8.00
P G14016  43.67 43.67 99.00 100.33 -0.01 792.00 205.33 403L# 0.74 33.00 17.33 0.47 9.33 7.00 0.67 2.00 9.00 7.33
P G19842 41.00 39.67 100.00 97.00 0.03 984.00 317.00 558.%b D.68 26.33 21.33 0.19 7.33 7.67 2.00 200 12.33 11.33
P G23604  38.67 39.67 100.00 96.00 0.04 648.00 18533 346.58 D.71 23.33 16.00 0.31 7.67 867 3.67 2.00 7.00 6.00
P G2567 38.00 40.33 97.00 92.67 0.04 1416.00 542.67 876.6 1n.62 33.33 19.67 041 9.67 7.67 0.67 1.33 10.33 9.67
P G4721 39.00 40.00 98.67 95.33 0.03 1048.00 488.00 715.1BD D.53 28.33 17.00 0.40 9.00 5.67 2.67 1.67 10.33 7.00
P G4739 41.33 43.67 97.67 96.00 0.02 1048.00 432.00 672.88 ND.59 3567 19.33 046 7.67 6.33 0.67 1.00 10.00 9.33
P G12529  43.33 45.33 100.67 99.33 0.01 768.00 528.00 636.7% ®.31 32.00 18.00 0.44 9.67 833 233 200 9.33 8.00
P G19833 43.00 45.00 103.67 100.33 0.03 696.00 36.00 158.24 BD.95 33.00 18.33 0.44 7.33 7.67 167 233 9.67 8.33
P G8209 42.33 44.33 103.00 99.67 0.03 360.00 108.00 197.7& 1Nn.70 25.00 22.33 0.11 6.00 7.00 4.00 2.67 13.00 12.33
P G19860  41.67 45.00 99.67 99.67 0.00 440.00 12.33 73.66 D37 33.00 18.33 0.44 11.00 9.00 2.67 2.00 10.33 8.33
Mean 38.88 39.53 96.55 93.90 0.03 792.94 365.02 516.05 1.324 032.12 19.29 040 7.00 6.57 1.61 167 9.92 9.29

G.mean 37.01 37.10 90.51 87.02 873.58 518.54 32.40 18.62 10 7.6.69 176 2.28 9.12 8.62

Isd 198 2.16 17.70 5.09 608.29 361.45 8.10 3.41 3.27 3,501 2259 3.14 3.41

P — Peru; GMY — Geometric mean for grain yield; B¥rought sensitivity index
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Appendix 6 continued

Trait Leaf biomass (g) Stem biomass (g) Pod biomass)(g Total biomass (g)
Race Genotype Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed
check AFR619 3.47 4.67 453 4.20 3.00 2.67 12.00 10.67
check CAL143 3.67 4.20 4.13 4.13 3.00 4.67 11.33 12.33
check CAL96 3.60 4.07 4.27 3.13 3.67 4.00 11.67 10.67
check SAB258 4.20 3.73 3.40 3.73 3.67 4.00 10.67 12.33
check SAB645 4.27 3.33 3.73 4.33 4.33 6.00 12.00 14.67
check SEQ1003 4.13 4.27 4.47 3.53 2.67 3.00 11.67 10.67
check SEQ1027 5.00 4.27 4.07 4.40 2.00 2.00 10.33 11.67

Mean 4.05 4.08 4.09 3.92 3.19 3.76 11.38 11.86
NG1 G17076 3.73 3.27 3.47 4.40 4.00 5.33 11.00 13.33
NG1 G3157 4.47 4.13 4.27 4.13 3.00 3.00 11.00 11.67
NG1 G4534 3.60 3.13 4.00 4.33 4.00 4.67 11.33 12.00
NG1 G5625 4.47 3.60 3.27 4.27 2.33 2.00 9.00 10.67
NG1 G13094 3.80 3.60 3.73 3.53 2.33 4.00 10.00 11.33
NG1 G16115 3.33 3.33 4.60 3.87 4.33 4.33 12.33 10.33
NG1 G17070 3.13 3.60 4.40 3.40 4.33 4.00 12.33 10.67
NG1 G18255 3.27 3.20 3.87 3.67 4.33 4.33 11.33 11.00
NG1 G18942 3.27 4.20 4.60 3.60 4.33 5.00 13.33 12.00
NG1 G21210 3.73 3.47 3.80 3.33 3.00 4.00 10.33 11.00
NG1 G4906 3.47 3.20 4.27 3.60 2.67 3.33 10.33 10.67
NG1 G6639 3.53 3.67 4.07 3.40 3.33 3.67 11.00 10.00
NG1 G738 4.07 3.07 3.87 4.33 4.00 4.67 10.67 13.33
NG1 G7945 3.67 3.93 3.87 3.87 4.00 4.33 11.67 12.00
NG1 G9846 3.73 3.53 4.40 3.67 2.67 3.67 10.67 10.67
NG1 G11982 3.93 3.73 4.33 4.47 3.67 3.33 12.00 11.67
NG1 G1688 4.33 4.13 4.87 4.47 4.33 4.33 13.33 13.33
NG1 G1836 4.40 4.27 4.53 3.93 3.33 4.00 12.33 12.33
NG1 G1939 3.73 4.20 5.13 4.20 4.00 3.00 13.33 11.00
NG1 G22247 4.07 3.87 4.27 4.00 2.67 3.33 10.67 11.33
NG1 G2875 4.47 2.80 3.93 5.07 3.00 4.00 9.67 13.67
NG1 G4001 3.13 3.87 3.80 3.40 2.67 2.67 10.67 9.33
NG1 G5142 4.00 3.93 5.20 4.47 4.00 3.67 13.33 12.00
NG1 G5273 4.60 3.13 4.00 5.27 2.67 3.67 9.67 12.67
NG1 G7776 4.60 3.87 4.00 4.33 3.00 2.67 10.67 11.33
NG1 G11957 4.00 3.87 493 4.00 3.00 3.00 11.67 11.00
NG1 G2563 3.87 3.60 3.80 3.60 4.33 4.67 12.00 12.00

Mean 3.87 3.64 4.20 4.02 3.46 3.80 11.32 11.57

NG1 — Nueva Granada 1
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Appendix 6 continued

Trait Leaf biomass (g) Stem biomass (g) Pod biomass)(g Total biomass (g)
Race Genotype Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed
NG2 G11512 3.53 3.07 3.07 3.40 3.33 4.33 9.67 11.00
NG2 G11585 3.80 3.60 4.00 3.53 2.33 2.67 10.00 10.00
NG2 G14253 4.20 3.13 3.93 3.60 4.00 4.33 10.67 12.00
NG2 G16104E 3.33 3.07 3.60 2.73 4.00 3.00 10.33 9.00
NG2 G4644 3.67 3.27 3.93 3.53 4.67 3.67 12.00 10.67
NG2 G5034 3.60 3.53 3.93 3.47 3.67 2.67 11.00 9.67
NG2 G5170 3.47 3.67 4.00 3.53 3.67 3.67 11.33 11.00
NG2 G5708 2.87 3.47 3.20 3.53 3.33 4.33 10.33 11.00
NG2 G6873 3.13 3.20 3.80 3.00 3.67 3.67 10.67 10.00
NG2 G7895 4.27 3.53 4.13 4.07 2.67 3.33 10.33 11.33
NG2 PVA1111 3.60 3.47 3.67 3.40 3.00 3.00 10.33 10.00
NG2 AND1005 4.93 3.93 4.60 453 3.33 3.00 11.67 12.67
NG2 G16110A 4.87 3.80 4.47 5.33 3.00 4.00 11.33 14.33
NG2 G1678 5.67 5.33 4.60 4.87 2.33 2.67 12.67 13.33
NG2 G23829 4.27 3.93 4.07 3.93 2.33 3.33 10.67 11.33
NG2 G11564 3.87 4.07 3.80 3.40 2.00 2.00 10.00 9.67
NG2 G11759A 4.93 4.20 4.53 453 2.00 2.00 11.00 11.33
NG2 G16346 4.00 4.07 4.27 4.13 3.33 2.33 11.33 10.67
NG2 G9855 4.07 4.27 4.47 3.80 3.00 2.67 11.33 10.67
NG2 G11727 4.33 3.93 4.27 3.93 2.00 2.33 10.33 10.67
NG2 G12517 4.07 3.27 3.80 4.27 2.67 2.67 10.00 11.00
NG2 G13595 4.33 4.33 4.20 4.07 3.00 3.00 11.67 11.67
NG2 G13910 3.80 4.20 4.47 3.67 2.67 2.67 11.33 10.00
NG2 G13911 3.73 4.27 5.00 3.93 3.33 3.33 12.67 10.67
NG2 G18264 4.27 4.07 4.13 3.73 4.00 3.33 12.00 11.33
NG2 G4672 4.47 3.53 4.33 4.60 2.33 2.33 10.00 11.67
NG2 G5849 3.53 3.07 3.73 3.20 4.00 2.33 10.33 8.67
NG2 G9335 4.73 3.40 3.33 4.00 2.33 2.67 9.33 11.67
NG2 G9603 4.00 3.87 3.67 3.80 2.33 3.00 10.00 11.00
NG2 G17168 4.00 3.60 3.60 3.87 2.67 2.33 9.67 10.00
Mean 4.04 3.74 4.02 3.85 3.03 3.02 10.80 10.93
P DRK47 3.67 3.87 3.87 3.60 3.67 3.33 11.33 10.33
P G11521 4.27 3.33 3.87 4.33 2.67 3.33 10.33 11.67
P G22147 3.73 3.87 4.33 4.27 3.67 4.33 11.67 12.33
P G2686 3.53 3.47 4.13 3.20 3.00 3.33 10.33 10.00
P G4494 3.60 4.00 3.47 3.87 3.33 4.33 11.00 11.33
P G4547 4.20 3.60 3.67 3.93 2.00 2.33 9.67 10.67
P PVA773 4.20 3.80 4.33 3.67 3.33 2.67 11.67 11.00
P G14016 4.20 4.93 4.33 3.47 2.33 2.00 11.67 9.67
P G19842 4.67 4.73 4.40 4.20 2.33 2.33 11.33 11.00
P G23604 4.33 3.80 4.00 4.07 2.00 2.67 10.00 11.00
P G2567 4.27 4.27 4.47 3.93 3.33 2.33 11.67 10.33
P G4721 4.07 4.27 4.07 3.60 2.33 2.00 11.00 9.67
P G4739 3.87 4.00 4.20 4.20 2.67 2.33 10.67 10.33
P G12529 453 3.33 4.00 4.20 2.00 2.33 9.67 11.00
P G19833 5.00 3.33 3.73 4.27 2.33 2.00 9.67 11.33
P G8209 5.40 4.80 4.73 4.67 2.00 2.00 11.67 12.00
P G19860 4.33 4.53 4.80 4.07 2.00 3.00 11.67 11.67
Mean 4.23 4.00 4.14 3.97 2.65 274 10.88 10.90
Grand mean 4.02 3.79 4.11 3.94 311 3.29 11.04 11.22
LSD 1.04 0.98 0.96 1.02 1.25 1.36 2.31 2.55

NG2 — Nueva Granada 2; P — Peru; LSD — least stgmif difference
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Appendix 7 Characteristics of microsatellite markes evaluated for population structure in

a reference collection of common bean

Marker Forward primer Reverse primer Motif size AR (bp) Panel FL Mg Ta LG
BM142 TTC CGCTGA TTG GAT ATT AGA G AGCCCGTTCCTTCGTTTAG (GA)10A(GA)15 155-162 0A FAM 2mM 52 b02
TGT CCC TAA GAA CGA ATATGG AAT C GAATCAAGCAACCTTIGBAAAC (GM13 185-210 0A 2mM 50 b05
BM53 AAC TAA CCT CAT ACG ACA TGA AA AATGCTTGCACTAGGGAGTT (CT)21(CA)19(TA)9 90-130 0A vic 2mM 55 bo1
BMd33 TAC GCT GTG ATG CATGGT TT CCTGAAAGTGCAGAGTGGTG (ATT)9 97-110 0A PET 2mM 47 b1l
BM170 AGC CAG GTG CAAGAC CTT AG AGATAGGGAGCTGGTGGTAGC (CT)5CCTT(CT)12 148-192 0B PET 2mM 50 b06
CAC ATT GGT GCT AGT GTC GG GAACCTGCAAAGCAAAGAGC (CT)8CA(CT)2GTTT(CT)4 226-233 0B 2mM 52 b10
BM185 AAG GAG GTT TCTACC TAATTC C AAAGCAGGGATGTAGTTGC (CM12 100-117 0B viC 2mM 52 b07
BMd36 CAT AAC ATC GAAGCC TCACAG T ACGTGCGTACGAATACTCAGTC (TA)8 161-182 0B FAM 2mM a7 b03
BMc305 CCA GAG AGA AGG GAA GAG GAA AAC CCA AGT TGA GAARGT (GT)6 90-110 1A FAM 1.5mM 60 b03
AAG GAG AAT CAG AGA AGC CAA AAG TGAGGAATGGATGTAGGTCA (GA)15 270-320 1A 2mM 56 b04
BM157 ACT TAA CAA GGA ATA GCC ACA CA GTTAATTGTTTCCAATATCAS (GA)16 96-130 1A viC 2mM 52 b10
BMy06 AAG GAT GGG TTC CGT GCT TG CAC GGT ACA CGA AAC CaT &TC (GAAT)S 160-166 1A PET 2mM 49 bo4
BMd40 AAC CTT CTT GCG CTG ATC TC TAGTGGCCATTCCTCGATCT (AT)6 190-213 1B FAM 2mM 47 bo7
CAG TAAATATTG GCG TGG ATG A TGAAAGTGCAGAGTGGTGGA (ATT)9 232-255 1B 2mM 47 b1l
BM152 AAG AGG AGG TCG AAA CCT TAAATC G CCG GGA CTT GCE AGA AC (GA)3L 80-138 1B vic 2mM 50 b02
BM161 TGC AAA GGG TTG AAA GTT GAG AG TTC CAATGC ACC AGATCC (GA)7(GA)8 148-195 1B PET 2mM 52 bo4
BMd03 TGT TTC TTC CTT ATG GTT AGG TTG TCA CGT TAT CAC CAGCGT AGT A (AT)8 217-233 2A FAM 2mM 49 Na
TCG CCT TGAAAC TTC TTG TAT C CCC TTC CAG TTA AAG TBG (CA)18(TA)7 130-153 2A 1.5mM 50 bo9
BM184 AGT GCT CTATCA AGA TGT GTG ACA TAATCA ATG GGTTAC (AC)11 150-167 2A PET 2mM 52 bll
BM98 GCATCA CAA AGG ACT GAG AGC CCC AAG CAA AGA GTCTGAT (CA)8(CT)3 242-255 2A viC 2mM 55 b03
BM209 CAA CCA ATG AAT GCT GAC AAT G CAATTT CTT GAT TGA BBA AT (TA)A(TG)16 90-158 2B FAM 2mM 56 b07
CAT CAA CAA GGA CAG CCT CA GCAGCTGGCGGGTAAAACAG (AGC)7 155-170 2B 2mM a7 b06
BM211 ATACCC ACATGC ACAAGTTTG G CCA CCATGT GCT CAK GAT (CT)16 140-220 2B PET 2mM 52 bo8
BMd53 TGC TGA CCA AGG AAATTC AG GGA GGA GGC TTAAGC AEA A (GTA)S 95-112 2B vic 2mM 47 b0s
BMd42 TCA TAG AAG ATT TGT GGA AGC A TGAGACACGTACGAGGCTGTAT (AT)5 128-160 3A PET 2mM 49 b10
ATG CTG CGA GTT AAT GAT CG TGA GGA GCA AAC AGATGA G (cnir 175-200 3A 2mM 50 b03
BMd45 GGT TGG GAA GCC TCATAC AG ATCTTCGACCCACCTTGCT (AG)5 85-130 3A vic 2mM 49 bo1
BM151 CAC AAC AAG AAA GAC CTC CT TTATGT ATTAGACCAQYTTTC C (TC)14 140-154 3A FAM 2mM 50 bo8
BM165 TCA AAT CCC ACA CAT GAT CG TTC TTT CAT TCA TAT @O GTT CA (TA)3(CA)9 155-192 3B PET 2mM 52 Na
TCT TGC GAC CGA GCT TCT CC CTG AAT CTG AGG AAC GAT GAG (cnir 205-248 3B 2mM 50 b09
BM189 CTC CCACTC TCACCCTCACT GCG CCAAGT GAA ACT ARG A (CM13 100-117 3B viC 2mM 50 b08
BMd10 GCT CAC GTA CGA GTT GAA TCT CAG ATC TGA GAG CAG CSRGGT AG (GA)8 135-144 3B FAM 2mM 48 b01
GGA TAT GGT GGT GAT CAA GGA CATACCCAATGCCATGTTCTC (TGG)S 140-180 4A 2mM 49 b02
PV-at007 AGT TAAATT ATA CGA GGT TAG CCT AAATC CAT TCC XT ACATTC ACC G (AT)9 145-215 4A FAM 2mM 49 b0o9
BM167 TCC TCA ATA CTA CAT CGT GTG ACC CCT GGT GTAACCGTREACA G (GA)19 100-165 4A vic 2mM 50 b02
BM153 CCG TTA GGG AGT TGT TGA GG TGA CAA ACC ATG AAT ATSAGA (CA)5(TG)(CA)3CG(CA)10(TA)4 175-255 4A PET 2mM 52 Na
GGT CAC TTC CGG AGC ATT C CGGGAAATGGAAGTCACAGT (TC)6 100-123 4B 2mM 47 b1l
BM202 ATG CGA AAG AGG AAC AAT CG CCTTTACCCACACGCCTTC (GA)9GT(GA)4 130-210 4B FAM 2mM 50 Na
BM114 AGC CTG GTG AAATGC TCA TAG CAT GCTTGT TGC CTAGTI T (TA)8(GT)10 220-275 4B vic 2mM 50 b0o9
BMy11 TTG ATG ACG TGG ATG CAT TGC AAA GGG CTA GGG AGAB3RTGG (AG)8 190-212 4B PET 2mM 48 b04
TTC ATC CTC TCT CCC GAACTT CTTTTG TGG CTG AGAGBT cnr 176-190 5A 1.5mM 52 Na
BMd20 GTT GCC ACC GGT GAT AAT CT GTG AGG CAA GAAGCC TAC A (TA)S 118-132 5A viC 2mM 52 b05
BM172 CTG TAG CTC AAA CAG GGC ACT GCA ATA CCG CCATGA BRG (GA)23 82-110 5A PET 2mM 50 b03
BMy02 CAATCC TCT CTC TCT CAT TTC CAATC GAC CTT GAAGBT GTC GTT T (GA)11 150-164 5A FAM 2mM a7 bll
TCG CCT TGAAAC TTC TTG TAT C CCC TTC CAG TTA AAT TBG (CA)18(TA)7 160-200 5B 15mMm 50 b09
BM175 CAACAG TTAAAG GTC GTC AAATT CCA CTC TTA GCA TCR@GA (AT)5(GA)19 160-195 5B vic 15mMm 50 b05
BM200 TGG TGG TTG TTA TGG GAG AAG ATT TGT CTC TGT CTAQTCCCAC (AG)10 227-295 5B FAM 2mM 54 b0o1
BM205 CTA GAC CAG GCA AAG CAAGC TGA GCT GGG ATT TCA TG C (GM11 135-153 5B PET 2mM 50 bo7
BM139 TTA GCA ATA CCG CCA TGA GAG ACT GTA GCT CAA ACA GBG (CT)25 84-118 6A PET 2mM 50 b02
BM156 CTT GTT CCA CCT CCC ATC ATAGC TGC TTG CAT CTC ABG BAT C (CT)32 210-315 6A FAM 15mM 55 b02
PV-ctt001 GAG GGT GTTTCACTATTIGTCACTG C TTC ATG GAT GGA GGA ACA G (CTT)5 152-172 6A viC 1.5mM 50 b03
CGT GCT TGG CGA ATA GCT TTG CGC GGT TCT GAT CGT GRC (GA)15(GAA)S 183-265 6A 1.5mM 55 bo7
TCA CGT ACG AGT TGAATC TCAGGA T GGT GTC GGA GABAAG GTT G (AG)8 161-168 6B 15mMm 50 bo1
BMdo1 CAAATC GCAACA CCT CAC AA GTC GGAGCCATCATCTGT T (AT)9 165-199 6B FAM 15mMm 50 b03
BMd02 AGC GAC AGC AAG AGAACC TC CAA CAA ACG GTG ATT GAC C (CGG)8 100-110 6B PET 15mMm 50 b02
BMd16 ATG ACA CCA CTG GCC ATA CA CTCACT GTC TTC CAT CG& A (CATG)4 135-150 6B viC 15mMm 50 b04
BM201 TGG TGC TAC AGA CTT GAT GG TGT CAC CTC TCT CCT CCAA (GAL 94-114 7A PET 2mM 50 b07
AGO1 CAT GCA GAG GAA GCA GAG TG GAG CGT CGT CGT TTC GAT (GA)BGGTA(GA)SGGGGACG(AG)4 126-142 7A vic 2mM 50 b03
BM140 TGC ACAACACACATTTAGTGAC CCT ACC AAG ATT GANTTIGG G (GA)30 160-210 7A FAM 15mM 50 b04
GAA CCT GCA AAG CAA AGA GC TCACTC TCC AAC CAG ARE G (GA)5AACAGAGT(GA)8 114-117 7A 15mM 50 b3
BM187 TTT CTC CAACTCACT CCTTTC C TGT GTT TGT GTT CCGHT GA (CT)10T(CT)14 150-226 B vic 15mM 52 b06
BMd17 GTT AGATCC CGC CCA ATAGTC AGA TAG GAA GGG CGTTGGT (CGCCAC)6 100-118 B PET 1.5mM 50 b02
CTC AAATCT ATT CAC TGG TCA GC TCTTACAGC CTT GB8 &TC (TC)14 134-160 B 1.5mM 52 bo7
PV-at001 GGG AGG GTA GGG AAG CAG TG GCG AAC CAC GTT CATGBA T (TA)22 170-330 B FAM 2mM 55 b04
BM143 GGG AAA TGA ACA GAG GAA A ATG TTG GGAACT TTT AG3 GT (GA)35 118-176 8A PET 2mM 55 b02
BM149 CGATGG ATG GAT GGT TGC AG GGG CCG ACA AGT TACMIETTC (TGC)6(TAG)3 242-258 8A FAM 2mM 50 Na
BM137 CGC TTA CTC ACT GTA CGC ACG CGC TTACTC ACT GTA 8GG (CT)33 122-238 8A viC 2mM 65 b06
GGC TGA CAACAACTC TGC AC CTGGCATAG GTTGCTQCT T (TCT)4 320-330 8A 15mMm 50 Na
BMd47 ACC TGG TCC CTC AAA CCA AT CAATGG AGC ACC AAAGAT C (AT)5 128-154 8B PET 15mMm 50 b02
BM141 TGA GGA GGA ACA ATG GTG GC CTC ACAAAC CACAACGCAC (GA)29 160-350 8B FAM 2mM 55 b0o9
PV-cct001 CCAACCACATTCTTC CCTACGTC GCG AGG CAG TTA TGVGGA GTG (AT)12 137-158 8B vic 15mMm 50 Na
TTG CCATCG TTG CTT AAT TG TTG GAG GAA GCC ATG T&T G (AG)6 163-202 8B 15mMm 50 b04
BMy08 AGT TAAATT ATA CGA GGT TAG CCT AAATC CAT TCC AU ACATTC ACC G 190-196 16 vIiC 2mM 49 b09
CCA ATG CTG CCA CAC AGATA CGC CCT TAT GAT CCAGTC C (CA)31(CG)5(CA)10 280-298 16 2mM 50 Na
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Appendix 7 continued

Marker Forward primer Reverse primer Motif size AR (bp Panel FL Mg Ta LG
BMd51 CGC CAATTC TTC AAC CCT AA GTA GTT CGC CCG AGG ACT G (CTMs 107-118 9A PET 15mMm 50 Na
BMd18 AAA GTT GGA CGC ACT GTG ATT TCG TGA GGT AGG AGTGTG (TGAA)3 156-242 9A FAM 15mMm 50 b02
PV-at003 AAG GAT GGG TTC CGT GCT TG GAA TGT GAA TAT BAG GCA AAT GG (AT)4(T)2 156-166 9A VIC 15mMm 50 b04
AAT GCG TGA GCATGA TTAAGG TCATCT GTC AGC ACC@BA (AT)5 186-192 9A 2mM 50 b02
BMc206 CTC TCATCC ATT CGCACCTT ACCCCACTTGGTCTTCGTCT (TC)8 102-104 14 VIC 2mMm 47 b06
BMc161 CCG CTC TTAACC TGT CAC CT ACCGTGTATTTGAGCGGTTG (TC)9 130-140 14 PET 2mMm 47 b06
AAC CCT AAG CTT CAC GCATTT G GAGAGATTGACGACGGTTT (CTT)A(CT)5(CTT)(CT)(CTT)(CT)4 158-160 14 2mM 55 Na
BM197 TGG ACT GGT CGA TAC GAAGC CCCAGAAGATTGAGAACACCAC (GT8 195-200 14 FAM 2mMm 53 b03
BMc283 CAAAGT CCCACTCTTCTCTCTC TCAGCAAACCCTAATTGGAA (TC)12 96-113 15 VIC 2mMm 47 bo6
CTTGCCTTG TGC TTC CTT CT TCCATTCCCAACCAAGTTTC (GAT)6 90-125 15 2mMm 55 bo4
BM68 TTC GTT CAC AAC CTC TTG CAT T TGCTTGTTATCTTGCCCAGTG (CA)BTA(CA)A(TA)A(CA)5 90-100 15 FAM 2mM 56 bo4
BMd44 GGC AGC TTA CTA ACC CGA AA TTCCTTCCCCTTTCTTCTC (AG)5 15 PET 2mMm 47 b08

AR - allele size range; bp — base pair; FL — flsoeat label; Mg — magnesium concentration; Ta -ealmy

temperature; LG — linkage group; mM — milli Mol&a — unlinked
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Appendix 8 Identified associations between SNP mkers and grain yield under irrigated

and rainfed treatments at CIAT-Palmira

Marker linkage group p value Marker R Marker linkage group p value Marker R Across locations Marker linkage grou p value Marker R Across locations
Irrogated treatment Rainfed treatment
TOG895672_181 2 0.0011 0.0449 TOG913005_113 3 0.0013  0.0478 F TOG901238_199 10 0.0013 460.0 F
TOG907233_598 6 0.0014  0.0434 TOGI16703 239 4 00013  0.0481 F TOG900416_243 7 0.0020 24.04 F
TOG895900_416 9 0.0014  0.0420 TOGY04027_122 5 00013 D046 F TOGB94773_280 8 00032 0.0393 F
TOG896767_576 4 0.0015  0.0428 TOG903882_547 4 00025  0.0409 F TOG897333_569 6 0.0039  18.04 F
TOG900594_110 2 0.0016  0.0416 TOG896943 422 2 0.0028  0.0606 F  TOG910388_90 7 0.0047  0.0353 F
T0G910388_90 7 0.0022  0.0384 TOGI06843_140 1 0.0028  0.0403 F T0G898284_1682 8 0.0070 348.0 F
TOG899600_703 9 0.0023  0.0388 TOG905343_279 2 0.0028  0.0411 F  TOG899600_703 9 0.0088  0.0309 F
TOG914633_385 7 0.0031  0.0484 TOG900594_110 2 00030 8039 F TOG906600_415 9 0.0088  0.0311 F
TOG915832_137 7 0.0038  0.0348 TOG894986_609 2 0.0032  0.0393 F TOG918299_615 6 0.0101  80.03 F
TOG898024_443 5 0.0041  0.0351 TOG895672_181 2 00042 9036 F TOG915832_137 7 00111 0.0289 F
TOG918946_209 8 0.0042  0.0345 TOG925468_198 3 00050 8036 F TOGY961366_282 11 00115  0.0284 F
TOGB98304_707 6 0.0042  0.0349 TOG906936_331 2 00056 9.035 F TOGB95747_525 8 00118  0.0283 F
TOGO19452_184 4 0.0047  0.0328 TOGY00221_555 3 00085 D041 F TOGB95245_245 8 00149  0.0266 F
TOG895846_60 7 0.0047  0.0333 TOG895899_315 5 00087 00320 F TOG906530_971 8 00154  0.0276 F
T0G901215_645 1 0.0048  0.0340 TOG897521_498 1 0.0109  0.0298 F TOGY00220_648 1 0.0186 250.0 F
TOG901215_645 1 00162 0.0267 F TOG895900_155 9 00195  0.0245 F
TOG898353_150 4 00175  0.0253 F TOG898284_346 8 0.0200 56.02 F
TOGB98353 393 4 00175 0.0253 F T0G900220_279 1 0.0232 230.0 F
TOGB98302_727 2 00181  0.0261 F TOG902611_789 8 0.0261 24.02 F
TOG897521_1471 1 0.0190  0.0269 F  TOG914633_385 7 0.0266  0.0299 F
TOG899130_778 1 00212 0.0238 F TOG896253_482 8 0.0274 1D.02 F
TOG918275_1006 3 00216  0.0281 F TOG896385_269 6 0.0278 22.0 F
TOG923111_969 3 00216  0.0281 F TOG898489_619 9 0.0285 20.02 F
TOG900308_234 2 00240  0.0230 F TOG896491_59 6 00294 9,021 F
TOGB97579_687 5 0025  0.0383 F T0G922990_288 7 00325 15.02 F
TOGO43467 524 3 00259  0.0223 F TOG910860_634 6 0.0329 0D.02 F
TOG902879_375 1 00273 0.0225 F TOG898075_168 7 0.0345  00.02 F
TOG896767_576 4 0.0280  0.0224 F T0G922990_513 7 0.0353  0.0202 F
TOG898024_443 5 00283 0.0221 F TOGI10860_172 6 00380  0.0194 F
TOG894885_690 2 00330  0.0206 F TOG916702_146 8 0.0383  95.01 F
TOG897323 74 5 00369  0.0200 F TOG913042_449 9 00418  9.018 F
TOG895690_777 2 0.0379  0.0195 F  TOG907233_598 6 0.0423  0.0191 F
TOG896943 500 2 0.0408  0.0190 F T0G900332_1066 7 0.0459 180.0 F
TOGY03712_258 3 00411  0.0190 F TOG894037_604 9 0.0462 78.01 F
TOG901225_355 2 00442 0.0184 F TOG914901_92 1 0.0492  78.01 F
TOGY05371_69 3 00204  0.0245 T TOG898046_230 7 0.0024  0.042 T
TOGY05371_417 3 00219  0.0247 T TOG894794_142 7 0.0059  45.03 T
T0G907013 1059 5 00424 0.0193 T T0G913042_381 9 0.0284 210.0 T

Markers coloured red are common between the igthahd rainfed treatments; T — markers are common
between CIAT-Palmira and Harare Research Statidemrainfed treatments; F — markers are not comipeinween
CIAT-Palmira and Harare Research Station undefaditreatments
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Appendix 9 Identified associations between SNP migers and grain yield under irrigated

and rainfed treatments at Harare Research Station

Marker linkage group p value Marker R Marker linkage group p value Marker B

Irrigated treatment Rainfed treatment
TOGB896888_794 11 0.0032 0.0497 TOG960456_224 1 0.0464 1B.02
TOG899382_247 2 0.0040 0.0477 TOG895871_64 2 0.0017 0.0520
TOG929859_500 1 0.0047 0.0454 TOG923884_128 2 0.0044 9.047
TOG900259_705 7 0.0051 0.0451 TOG896567_73 2 0.0156 0.0309
TOG913042_381 9 0.0073 0.0409 TOG935639_446 3 0.0034 0.0460
TOG928182_453 2 0.0121 0.0365 TOG899072_215 3 0.0037 8.044
TOG903324_447 2 0.0122 0.0363 TOG911121_130 3 0.0072 8.039
TOG903898_287 2 0.0126 0.0360 TOG894987_722 3 0.0138 D.032
TOG898304_552 6 0.0136 0.0350 TOG895572_269 3 0.0187 0.0296
TOG900129_79 2 0.0137 0.0375 TOG905371_417 3 0.0253 0.0277
TOG901841_376 3 0.0155 0.0339 TOG905371_69 3 0.0271 0.0264
TOG894885_690 2 0.0156 0.0338 TOG897306_218 3 0.0431 D.022
TOG929271_717 2 0.0205 0.0311 TOG898271_99 4 0.0242 0.0274
TOG935983_331 8 0.0209 0.0313 TOG907013_1059 5 0.0352 0.0244
TOG897333_615 6 0.0223 0.0300 TOG898304_552 6 0.0026 0.0481
TOG895871_64 2 0.0237 0.0295 TOG897188_682 6 0.0181 0.0302
TOG903842_603 3 0.0238 0.0299 TOG900006_352 7 0.0012 ©6.054
TOG901734_61 6 0.0248 0.0290 TOG894794_142 7 0.0109 0.0352
TOG923884_128 2 0.0262 0.0313 TOG898046_230 7 0.0149 8.031
TOG899617_590 11 0.0265 0.0284 TOG935983_331 8 0.0088 68.03
TOG898489_619 9 0.0269 0.0284 TOG907901_189 8 0.0450 0.021
TOG899297_398 6 0.0297 0.0294 TOG913042_381 9 0.0211 0.0283
TOG918200_508 5 0.0335 0.0266 TOG901933_425 9 0.0381 D.023
TOG899751_220 9 0.0369 0.0336 TOG908804_377 9 0.0381 D.023
TOG912552_357 4 0.0378 0.0262 TOG901933_203 9 0.0474 8.021
TOG902768_856 4 0.0417 0.0242 TOG899617_590 11 0.0020 0.0502
TOG900787_1237 11 0.0441 0.0237 TOG896372_529 11 0.00450428.
TOG907902_589 4 0.0454 0.0231 TOG896372_451 11 0.0055 09.04
TOG924531_275 4 0.0454 0.0231 TOG924872_53 11 0.0250 9.026
TOG913108_139 7 0.0479 0.0226 TOG908034_427 11 0.0299 56.02
TOG896103_318 11 0.0480 0.0228
TOG900798_677 11 0.0480 0.0228
TOG906599 51 11 0.0483 0.0227

Markers coloured red are common between the igthahd rainfed treatments; T — markers are common

between CIAT-Palmira and Harare Research Statidemrainfed treatments; F — markers are not comipeinween
CIAT-Palmira and Harare Research Station undefaditreatments
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Appendix 10 Identified associations between SNP miers and 100-seed weight under
irrigated and rainfed treatments at CIAT-Palmira

Marker LG P-values Marker R>  Marker LG P-values Marker R>  Marker LG P-values Marker R>  Marker LG P-values Marker R>
Irrigated treatment Rainfed treatment

TOG902879_375
TOG894042_842
TOG900375_652
TOG896448_605
TOG903032_1755
TOG897724_419
TOG898832_447
TOG898832_568
TOG894818_243
TOG929859_500
TOG894818_489
TOG895871_64
TOG896567_73
TOG906969_104
TOG895672_181
TOG895690_777
TOG906764_376
TOG906764_834
TOG899382_247
TOG906936_331
TOG901225_355
TOG897172_226
TOG896943_500
TOG895690_643
TOG928916_162
TOG899072_215
TOG943467_524

1 <0001 0.05256056 TOG894794_ 142 7 <.000096802321 TOG894042_842 1<.0001 0.07263370%894052_203 6 0.02515 0.02042888
1 <0001 0.050603709 TOG898046_230 7 <.000071800378TOG894818_243 1 <.0001 0.069515064 TOG918299 615 6 0702672618366

1 <0001 0.04715225 TOG900006_352 7 <.000052255107 TOG900375_652 1<.0001 0.06629556%5897486_230 6 0.028  0.0194431
1 0.010223 0.02769927T9©G900416_243 7 0.00378 0.034085660G894818_489 1<.0001 0.072373900G924576_145 6 0.02973 0.01893191
1 0.01091 0.026111648G899042_188 7 0.01912 0.022610866 TOG896448_605 1 %.0000.048706714r0G902716_501 6 0.02973 0.01893191
1 0.01091 0.026111646 TOG900332_1066 7 092020.021611627 TOG895545_757 1 0.00469 0.032407522 TOA80610 6 0.02973 0.01893191
1 0.01091 0.026111646 TOG927609_1357 7 64102.020468403r0G929859_500 1 0.01404 0.0241043B0G897333_615 6 0.03145 0.01870738
1 0.01091 0.0261116480G894148 761 8 <.0001 0.113251807 TOG902879_375 1 03016102389671410G910860_172 6 0.03154 0.01924102
1 0.012378 0.026646162>G925843 147 8 <.0001 0.082751050G912381_118 1 0.03211 0.018428368 TOG901896_412 6 D103R.01842837

1 0.016826 0.023164672 TOG907901_189 8 0%.00.078879293r0G896584_248 1 0.04134 0.016900638 TOG897347_414 6 82038.01899673

1 0.025256 0.026247786 TOG898284_1682  801@70 0.0393547580G894760_112 1 0.04226 0.016555241 TOG895876_107 6 86038.01817789

2 <0001 0.140129384 TOGB898284_ 346 8 0.002087481124 TOG895871_64 2 <.0001 0.082094%@%5910860_634 6 0.03435 0.01884696
2 <0001 0.08067963POG895245_245 8 0.00237 0.03746767DG896567_73 2 <.0001 0.0522194T©G894516_506 6 0.03504 0.01791465
2 <0001 0.055384415 TOG899729_79 8 0.042037490556 TOG928916_162 2 0.00233 0.03769760&897347_125 6 0.0355 0.0179523
2 0.001575 0.04076711 TOG896253_482 8 D.084)16493293 TOG896943_500 2 0.00426 0.032463048 TO®AFB7 6 0.03595 0.01765097
2 0.00165 0.0408782510G913042_381 9 <.0001 0.075745904 TOG895672_181 2 02000332920987TOG897646_1184 6 0.03596 0.01773846
2 0.007071 0.031117707 TOG906600_415 9 0%.00.049331453 TOG906764_376 2 0.00805 0.0301168D6896074_686 6 0.03753 0.01778031
2 0.007071 0.031117707 TOG898489_619 9 0%.00.047481937 TOG906764_834 2 0.00805 0.0301168B6931720_274 6 0.03766 0.01750653
2 0.012056 0.02613692 TOG895978_272 9 DI00R027473252T0G894755_654 2 0.01535 0.023986347 TOG902800_160 6 T2030.01799258

2 0.012356 0.025444005 TOG901933_425 9 2©4010.025486855 TOG901225_355 2 0.0175 0.023089M@E897513_306 6 0.04203 0.0167446
2 0.019203 0.022649904 TOG908804_377 9 2@4010.025486855T0G898302_727 2 0.02128 0.022298683 TOG899452_215 6 @504R.01660719

2 0.020412 0.022166728G901933_203 9 0.01507 0.024527257 TOG899382_247 2 D.02321138057TOG897513_200 6 0.04292 0.01645213
2 0.021711 0.021169634 TOG905363_697 9 1®7020.022815993r0G901772_360 2 0.03571 0.0184626A2G896385_269 6 0.04517  0.0162149
2 0.028018 0.019336470G899668_578 9 0.03025 0.020412590©G910927_147 2 0.036 0.017947688G896850_232 7 <.0001 0.06867992
2 0.048024 0.016279928 TOG908646_276 9 218040.017040524 TOG906969_104 2 0.03853 0.017289688 TQWBBO352 7 <.0001 0.04774635
3 <0001 0.09317495 TOG903088_74 9 0.043916870328TOG895594_590 2 0.03998 0.017546568G894794_142 7 0.00148 0.04016855
3 <0001 0.076225389 TOGB896504_1537 10 381000.033795778TOGY01960_1149 2 0.04018 0.016936203G898046_230 7 0.01004 0.02704228
TOG894987_722 3 <0001 0.073650333 TOG904927_660 10 B9008.030426229r0G896943_422 2 0.04135 0.031050501 TOG927609_1357 7 188010.02594988

TOG896609_245 3 <0001 0.071154419 TOG894060_416 10 88010.022814864T0OG895739_547 2 0.04226 0.016555241 TOG894968_641 7 ©.018.0234206

TOG895163_666 3 <0001 0.06899993E0G894056_496 10 0.03796 0.01844719 TOG916436_325 2 28040.016543869°0G899042_188 7 0.01983 0.02201869
TOG901547_185 3 <0001 0.048231233 TOG907046_267 10 81040.01778173 TOG906936_331 2 0.04942 0.015891415 TO@89461 8 <.0001 0.06110233
TOG901547_549 3 <0001 0.048231233 TOG900784_136 10 P2046.01706982 TOG943467_524 3 <.0001 0.090438189 TOGY9079® 8 <.0001 0.05100021
TOG911121_130 3 0.003147 0.036126001G908034_427 11 0.00135 0.041601638 TOG895163_666 D¥.00 0.08949666T0G894070_290 8 <.0001 0.05646359
TOG895572_269 3 0.006225 0.029909074 TOG899617_590 1D2@090 0.038419619 TOG896609_245 3<.0001 0.063434936894070_261 8 <.0001 0.05032347
TOG895984_205 3 0.01527 0.023487759 TOG894153_805 11387000.034328884 TOG899072_215 3 <.0001 0.056002223 TORA®R347 8 0.00114 0.04202687
TOG901675_241 3 0.022385 0.021166338G895575_317 11 0.01372 0.0251783BOG918275_1006

TOGY05123_751 3 0.026173 0.02026471 TOG900222_165 11277020.021668406T0G923111_969

TOG894864_431 3 0.027929 0.019218588®G906948_530 11 0.02798 0.021106866G894196_495

TOG894712_181 3 0.035033 0.019327718 TOG905123_751

TOG916106_684 3 0.037732 0.017415479 TOG900241_1293

TOG896168_406 3 0.040202 0.017138896 TOG894987_722

TOG905443_301 3 0.045932 0.016049671 TOG901908_232

TOG896371_453 3 0.049876 0.015687581 TOG901037_215

TOG896767_576 4 0.017649 0.022703218 TOG912558_1306

TOG894658_115 4 0.04576 0.016527456 TOG919004_144

TOG904027_122 5 <0001 0.091639983 TOG901032_412

TOG897323_74 5 0.001681 0.039569644 TOG899716_657

TOG904027_285 5 0.00199 0.042045402 TOG901908_188

TOG895899_315 5 0.004063 0.03249863 TOG896873_475

TOG907013_1059 5 0.004493 0.032755509 TOG895984_205

TOG898978_625 5 0.038038 0.017812086 TOG899518_974

TOG918200_347 5 0.038244 0.017714767 TOG901547_185

TOG897333_569 6 <0001 0.059977834 TOG901547_549

TOG898304_707 6 0.001553 0.039481951 TOG895572_269

TOG896385_269 6 0.003645 0.033683416 TOGY04255_224

TOG907233_598 6 0.028502 0.019654454 TOGY04027_122

TOG896850_232 7 <.0001 0.101375233 TOG898978_625

TOG918200_347
TOG904027_285
TOG897017_278
TOG896089_391
TOG897017_257
TOG897333_569
TOG896074_553
TOG901700_397
TOG896306_360
TOG900450_243
TOG895876_339
TOG896967_396
TOG898441_398
TOG895216_529
TOG894483_1005
TOG948068_208
TOG902798_124
TOG913325_673
TOG894483_1190
TOG905231_418
TOG910602_439
TOG913329_534
TOG898575_586
TOG895237_557
TOG896967_439
TOG906318_220

0.00119 0.04440941@G898284_1682 8 0.00176 0.03939359
0.00119 0.04440941@G896253_482 8 0.01497 0.02366037
0.0025 0.036607827 TOG906662_87 8 0.02212180218
0.00961 0.0269735AQG899689_445 8 0.0258 0.02033228

0.00986 0.026703413 TOG902629_253 8 783020.02001759
0.01105 0.025771102 TOG898284_346 8 49030.01914303
0.01324 0.024551048 TOG919333_731 8 84040.01588244
0.01425 0.0239866P3G899729_79 8 0.04825 0.01631096
0.01504 0.023602804 TOG946841_476  8883040.01574148
0.01549 0.0234889G905363_697 9 <.0001 0.07294651
0.01572 0.0235004B3G901933 425 9 <.0001 0.06919505
0.01656 0.0229618B2G908804_377 9 <.0001 0.06919505
0.0176 0.023072208G901933_203 9 <.0001 0.0679185
0.02141 0.0211937BHG899668_578 9 <.0001 0.06300917
0.02715 0.019557247 TOG898489_619 9 ¥.0000.04967726
0.02973 0.01893191MG895978 272 9 <.0001 0.04504663
0.03018 0.01884837 TOG906600_415 9 (300063923658
0.03018  0.018848BOG895760_342
0.03555 0.0178365r0G896197_226
0.01439 0.0243346RDGY08646_276
<.0001 0.0548961T6G895760_820
0.00187 0.038934768G913042_381
0.00917  0.02721762G903088_74 0.00813 0.02835292
0.01452 0.0272680B0G894880_493 0.03556 0.01779661
0.01923 0.023868777 TOG894022_713 9 @5040.01676762
0.0366 0.017793488G894060_416 10 0.00621 0.03023079
0.03697 0.0234742D9G900784_136 10 0.00847 0.02907297
<.0001 0.058957393 TOG896504_1537 10 786010.02273902
0.00451 0.033899860G907046_267 10 0.01823  0.0232753
0.00495 0.0343093B2G904927_660 10 0.02108 0.02176097
0.0072 0.030019969G906948 530 11 <.0001 0.06419114
0.0072 0.030019969G900222_165 11 <.0001 0.05941681
0.0074 0.0287469A5G908034_427 11 <.0001 0.05594331
0.01138 0.0256600BDG895575_317 11 0.00435 0.03306344
0.01142 0.026633639 TOG917669_433 11 6%2010.02315271
0.0115 0.025559276 TOG961366_282 11 9.0002262277
0.0115 0.0255592"M6G894153_805 11 0.01833 0.02315804
0.01192 0.025213568 TOG898465_424 11 844010.02316501
0.0121 0.025134758 TOG922096_428 11 89010.03112436
0.01217 0.025234321 TOG899701_145 11 316020.02083382
0.01217 0.025234321 TOG896372_529 12310 0.0206018
0.01217 0.025234321 TOG896372_451 1158702 0.0200068
0.0123 0.025798786 TOG919767_169 11 19026.01987087
0.01252 0.025222271 TOG901894_233 11 358030.01815033
0.01256 0.025224625 TOG902901_1102 1B4®40 0.01791415
0.01344 0.024776774 TOG902140_271 11 494030.01778604
0.01384 0.024282117 TOG902140_336 11 494030.01778604
0.02124 0.021692452 TOG907934_217 11 494030.01778604
TOG902902_1027 0.02326 0.0206043R2G899617_590 11 0.04676 0.01606563
TOG897198 613 0.02412 0.020535929

LG linkage group; Markers coloured red are commetwben the irrigated and rainfed treatments

0.00184 0.03893108
0.00194  0.0398933
0.00417 0.03328461
0.00455 0.03662488
0.00637 0.02961442
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Appendix 11 Identified associations between SNP miers and 100-seed weight under

irrigated and rainfed treatments at Harare ResearchStation

Marker LG

P-values Marker R ?

Marker LG

P-values Marker R ?

Marker LG

P-values Marker R2

Irrigated treatment

Rainfed treatment

TOG896448_605 1 <.001

TOG900375_652 1 <.001

TOG894042_842 1 <.001

TOG894760_112 1 0.00207
TOG894002_95 1 0.00299
TOG899669_1293 1 0.00304
TOG912381_118 1 0.00309
TOG897762_708 1 0.00336
TOG927739_198 1 0.00336
TOG946994_394 1 0.00371
TOG902692_40 1 0.00608
TOG929836_324 1 0.00781
TOG912105_1330 1 0.00781
TOG897242_420 1 0.00823
TOG900146_513 1 0.00887
TOG896584_248 1 0.009
TOG898020_461 1 0.01145
TOG894925_279 1 0.01531
TOG896159_536 1 0.01563
TOG896159_332 1 0.01592
TOG896186_314 1 0.01594
TOG896975_539 1 0.01594
TOG903989_184 1 0.01594
TOG895545_757 1 0.01986
TOG894224_229 1 0.01987
TOG895458_231 1 0.01988
TOG894224_719 1 0.02
TOG963076_539 1 0.02
TOG963076_226 1 0.02059
TOG923884_128 2 <.001

TOG895871_64 2 <.001

TOG928916_162 2 <.001

TOG899661_642 2 <.001

TOG894755_654 2 0.001
TOG895202_277 2 0.00102
TOG895202_298 2 0.00102
TOG899127_233 2 0.00109
TOG901960_1149 2 0.00185
TOG896943_500 2 0.00187
TOG895594_590 2 0.00196
TOG902049_243 2 0.00207
TOG895739_547 2 0.00207
TOG916436_325 2 0.00214
TOG910927_147 2 0.00236
TOG906764_376 2 0.00242
TOG906764_834 2 0.00242
TOG897999_309 2 0.00253
TOG896681_173 2 0.00293
TOG907177_474 2 0.00309
TOG905479_729 2 0.00382
TOG896940_329 2 0.00404
TOG902130_272 2 0.00645
TOG897132_587 2 0.0075
TOG901840_596 2 0.00761
TOG896190_354 2 0.00783
TOG896190_237 2 0.00798
TOG919131_1127 2 0.00815
TOG961505_49 2 0.01408
TOG938494_409 2 0.01503
TOG903957_676 2 0.01563
TOG896498_574 2 0.01827
TOG896567_73 2 0.02594
TOG928843_388 2 0.02677
TOG902063_602 2 0.02727
TOG902999_ 172 2 0.02766
TOG898302_727 2 0.02776
TOG899661_841 2 0.03044
TOG897680_202 2 0.0307
TOG896907_533 2 0.03387
TOG901772_360 2 0.04005
TOG896943_422 2 0.04243
TOG897956_500 2 0.04496
TOG943467_524 3 <.001

TOG894196_495 3 <.001

TOG901908_232 3 0.00222
TOG905123_751 3 0.00231
TOG919004_144 3 0.00235
TOG912558_1306 3 0.00242
TOG901037_215 3 0.00251
TOG899716_657 3 0.00265
TOG899518_974 3 0.00285
TOG901908_188 3 0.00294
TOG895163_666 3 0.00627
TOG901841_376 3 0.00682
TOG900241_1293 3 0.0101
TOG935699_696 3 0.01424

0.0166019BOG897347_125
0.0156765TOG897486_230
0.0127043TOG897347_414
0.007032866G896306_360
0.0085488D@G900450_243
0.0065742B2G896074_553
0.006499718 TOG902800_160
0.006390207 TOG899452_215
0.006390207 TOG897513_306
0.006452666 TOG897513_200
0.005679261 TOG897269_677
0.005403759 TOG931720_274
0.005401118 TOG896074_686
0.005253932 TOG899452_300
0.005114952 TOG934079_228
0.005152246 TOG897188_821
0.004785314 TOG911890_221
0.004526402 TOG897333_615
0.004380541 TOG895876_339
0.0043529B2G900006_352
0.0044169D@G898095_396
0.0044169D00G894812_176
0.004416907 TOG901045_327
0.0042427B2G896540_336
0.004065819G901549_339
0.00409934 TOG915832_137
0.004061683DG896540_627
0.004061683DG901549_630
0.004021291 TOG907173_734
0.01087669 TOG919337_759
0.008816659 TOG910203_883
0.0087089TOG895846_143
0.008192373 TOG898599_949
0.008156971 TOG894812_593
0.008194064 TOG896981_525
0.008194064 TOG913485_147
0.008101519 TOG898824_662
0.007177794 TOG895578_468
0.0072638BOG895578_922
0.007432256 TOG927609_1357
0.0072759BO@G905290_760
0.007032855 TOG898285_318
0.0070601IBBG894070_290
0.007051262 TOG907901_189
0.007396672G894070_261
0.007396672 TOG919333_731
0.006551764 TOG946841_476
0.0074951MOG902629_253
0.006505054 TOG899689_445
0.006319611 TOG894320_172
0.006235365 TOG918273_446
0.005674505 TOG896253_88
0.005408441 TOG923107_319
0.005390821 TOG909835_665
0.005429621 TOG899729_79
0.005467568 TOG910318_239
0.005458748 TOG896253_482
0.004520043 TOG915502_68
0.004428009 TOG915502_64
0.004380541 TOG902906_149
0.004233V®G901933_203
0.003775982G901933_425
0.0036842B5G908804_377
0.0037120D2G899668_578
0.00384201@G905363_697
0.003831316G895978_272
0.0036024BBG895760_820
0.003560344 TOG894880_493
0.003482325 TOG896197_226
0.003341089 TOG899482_348
0.0074185pBG918373_273
0.0031277BQG946792_836
0.01108358B6G894248_243
0.0092536FMG900046_135
0.00703748 TOG917794_636
0.0068940BBG918373_668
0.006858498 TOG898489_619
0.006829097 TOG896050_646
0.006874729 TOG895505_185
0.00670229 TOG901096_444
0.006610715 TOG896050_731
0.006825449 TOG895760_342
0.0056174D6G894037_604
0.005522574 TOG900136_127
0.005017289 TOG894965_25
0.004501484 TOG897326_365
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NN NSNS
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0.00481
0.00498
0.00516
0.00583

0.006026MG900375_652
0.00591860G896448_605
0.00619959G894042_842
0.005862ZV®G906607_472
0.00583 0.00586Zr®@G913321_535
0.00593 0.005964B@G919160_653
D401M.00544859rOG896943_500
V201M.00485831 TOG935004_879
0@DP473326TOG896681_173
28013.00459148IO0G928916_162
0.01610046328TOG896943_422
8B01@.00447297TOG9O02049_243
707010.00442509 TOG897346_443
91010.00447824 TOG905638_273
B201®.00412158 TOG897346_808
0.01@8P412158 TOG899661_841
®.00.90411588rOG905123_751
02022 0.003969TOG894196_495
4302800365169 TOG895984_ 205
0.00139 0.007660ROG935639_446
0.00323 0.007224B0G894712_405
0.00346 0.0064767®G901675_241
7 1DBO0A.00629605I10G943467_524
0.01109 0.00487491 TOG895163_666
0.01109 0.004874DDG896276_59
7 080180475118 TOG918275_1006
0.01245 0.0048156@G923111_969
0.01245 0.0048158@G929136_76
7 00DH442929 TOG905443_301
7 0.015@W485298 TOG900221_555
7 0.0159®485298 TOG900261_152
0.01592 0.00435298 TOG900261_206
0.0162®438874 TOG904255_224
0.01628438874 TOG912552_357
PB01®.00438874 TOG903882_547
45020.00402972 TOG898978_625
45020.00402972 TOG918200_347
7 181020.00413244 TOG899033_1374
0.02181 0.00413244 TOG915697_119
7 616030.00338137 TOG910602_439
0.04764 0.002953r&G896306_360
8 <.0010.00906646TOG900450_243
0.00118 0.008915D06G894052_203
8 ®@60010.0072688 TOG906318_220
0.00286 0.00707524 TOG896074_553
8 @0053.00589675 TOG897362_457
8 ®R00®%.00583887 TOG897362_571
0.00574 0.00583288 TOG900006_352
D4005).0057983 TOG894812_176
87010.00426663 TOG898095_396
®7010.00426663 TOG896540_627
080220393068 TOG901549_630
0302300392559 TOG896540_336
D70260.0036843 TOG901549_339
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HB030.00349546 TOG897558_103
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Appendix 12 ldentified associations between SNP miers and days to flowering under

irrigated and rainfed treatments at CIAT-Palmira

Marker linkage group p value Marker R Marker linkage group p value Marker R Marker linkage group p value Marker R
Irrigated treatment Rainfed treatment Rainfed treatment
TOG895245_245 8 0.0011 0.0559 TOG925843_147 8 0.0012 0.0541 TOG895900_416 9 0.0048 0.041
TOG902879_375 1 0.0011 0.0571 TOG911121_130 3 0.0013 0.0539 TOGY961354_444 11 0.0050 08.04
TOG907233_598 6 0.0013 0.0548 TOG900006_352 7 0.0017 0.051 TOG901238_199 10 0.0062 0.0391
TOG895672_181 2 0.0015 0.0530 TOG896385_269 6 0.0018 0.0506 TOG895900_155 9 0.0100 8.034
TOG894987_722 3 0.0017 0.0515 TOG900416_243 7 0.0027 0.0461 TOG904927_660 10 0.0139 1D.03
TOG894042_842 1 0.0017 0.0513 TOG895846_60 7 0.0028 0.0460 TOG896397_349 9 0.0161 0.0302
TOG903882_547 4 0.0019 0.0505 TOG894818_243 1 0.0032 D.048 TOG928931_192 9 0.0161 0.0302
TOG896385_269 6 0.0024 0.0487 TOG894818_489 1 0.0042 8.051 TOG900136_127 9 0.0168 0.0325
TOG901547_185 3 0.0028 0.0467 TOG900259_705 7 0.0043 0.0422 TOG897326_365 9 0.0208 0.0279
TOG901547_549 3 0.0028 0.0467 TOG894042_842 1 0.0044 0.0419 TOG901001_164 9 0.0208 0.0279
TOG895899_315 5 0.0029 0.0476 TOG900308_234 2 0.0045 0.042 TOGB896602_16¢ 9 0.0208 0.0282
TOG925843_147 8 0.0029 0.0468 TOGY907233_598 6 0.0052 0.041 TOG904656_460 9 0.0213 0.0275
TOG907901_189 8 0.0030 0.0469 TOG895899_315 5 0.0054 0.0408 TOG904224_491 9 0.0213 0.0278
TOG911121_130 3 0.0033 0.0464 TOG899382_247 2 0.0062 0.0392 TOG894965_25 9 0.0216 0.0276
TOG900006_352 7 0.0051 0.0415 TOG906764_376 2 0.0063 0.041 TOG896702_457 9 0.0217 0.0278
TOG894818_489 1 0.0055 0.0498 TOG906764_834 2 0.0063 0.041 TOG897350_248 9 0.0218 0.0275
TOGB894818 243 1 0.0060 0.0430 TOG895747_525 8 0.0063 0.0385 TOG897350_381 9 0.0218 0.0275
TOG961354_444 11 0.0064 0.0390 TOG899729_237 8 0.0067 00.04 TOG915278_10: 9 0.0218 0.0275
TOG900416_243 7 0.0064 0.0391 TOG895163_666 3 0.0071 8.037 TOG915884_316 9 0.0218 0.0275
TOG895846_60 7 0.0075 0.0377 TOG900268_798 6 0.0081 0.0371 TOG895666_623 9 0.0218 8.027
TOG899729_237 8 0.0076 0.0395 TOG897521_498 1 0.0087 8.037 TOG913415_529 9 0.0218 0.0278
TOG901238_199 10 0.0080 0.0374 TOG897333_569 6 0.0134 38.03 TOGB895666_144 9 0.0219 0.0283
TOG895900_416 9 0.0090 0.0360 TOG909801_195 3 0.0136 9.031 TOG915278_553 9 0.0222 0.0275
TOG895747_525 8 0.0097 0.0353 TOG894141_219 8 0.0154 .030 TOG902883_235 9 0.0228 0.0274
TOG906969_104 2 0.0099 0.0354 TOG929859_500 1 0.0173 8.029 TOG902778_470 9 0.0231 0.0278
TOG904027_285 5 0.0104 0.0465 TOG901700_397 6 0.0203 0.030 TOG915884_396 9 0.0234 0.0272
TOG899382_247 2 0.0105 0.0350 TOG894171_240 7 0.0207 0.0277 TOG906506_244 11 0.0239 78.02
TOG895163_666 3 0.0106 0.0347 TOG903155_410 7 0.0207 0.027 TOG906600_415 9 0.0255 0.0262
TOG897333_569 6 0.0108 0.0366 TOG896767_576 4 0.0211 0.028 TOG896504_15! 10 0.0256 0.0259
TOG900308_234 2 0.0115 0.0341 TOG897172_226 2 0.0217 8.027 TOG894037_604 9 0.0302 0.0244
TOG904927_660 10 0.0138 0.0325 TOG895412_225 8 0.0218 0.0274 TOG894314_478 11 0.0306 48.02
TOG901700_397 6 0.0165 0.0333 TOG910388_90 7 0.0242 0.0266 TOG894098_359 11 0.0315 D.024
TOG906764_376 2 0.0187 0.0317 TOG906936_331 2 0.0255 0.0267 TOG924126_523 11 0.0315 42.02
TOG906764_834 2 0.0187 0.0317 TOG918200_508 5 0.0256 6.026 TOG903109_489 9 0.0315 0.0240
TOG900268_798 6 0.0198 0.0294 TOG916106_551 3 0.0275 6.025 TOG897887_661 9 0.0315 0.0240
TOG897521_498 1 0.0199 0.0300 TOG894844_1048 3 0.0276 0.0253 TOG897062_494 9 0.0315 40.02
TOG895900_155 9 0.0203 0.0288 TOG900332_1066 7 0.0277 0.0256 TOG913047_460 9 0.0315 40.02
TOG900259_705 7 0.0205 0.0286 TOG896390_287 3 0.0281 0.0253 TOG902031_422 9 0.0315 0.024
TOG906600_415 9 0.0211 0.0284 TOG925468_198 3 0.0284 6.025 TOG915277_583 9 0.0322 0.0240
TOG918200_508 5 0.0213 0.0287 TOG895412_564 8 0.0284 0.0253 TOG914920_329 9 0.0322 0.024
TOG929859_500 1 0.0268 0.0259 TOG906969_104 2 0.0285 D.025 TOG901255_247 9 0.0322 0.0240
TOG897172_226 2 0.0273 0.0262 TOG915832_137 7 0.0308 0.0243 TOG899744_93 11 0.0328 0.024
TOG909801_195 3 0.0283 0.0254 TOG963076_226 1 0.0315 0.0240 TOG906506_612 11 0.0332 52.02
TOG894171_240 7 0.0293 0.0251 TOG894224_229 1 0.0320 0.0240 TOG897062_123 9 0.0334 8.023
TOG903155_410 7 0.0293 0.0251 TOG894224_719 1 0.0322 0.0240 TOG894314_171 11 0.0334 40.02
TOGB898284_1682 8 0.0304 0.0257 TOGY963076_539 1 0.0322 40.02 TOG900220_648 11 0.0361 0.0232
TOG896397_349 9 0.0318 0.0246 TOG895458_231 1 0.0329 0.0239 TOG894153_805 11 0.0419 30.02
TOG928931_192 9 0.0318 0.0246 TOG894141_709 8 0.0330 0.0236 TOG896972_596 9 0.0425 8.021
TOG913042_381 9 0.0329 0.0241 TOG940321_64 5 0.0350 0.0235 TOG901894_395 11 0.0442 0.021
TOG918200_347 5 0.0336 0.0244 TOG896361_260 2 0.0353 6.023 TOG913042_381 9 0.0453 0.0208
TOGB896767_576 4 0.0348 0.0240 TOG894196_495 3 0.0361 0.0238 TOG900220_279 11 0.0494 08.02
TOG925468_198 3 0.0389 0.0232 TOG894236_303 5 0.0378 0.0226
TOG900220_648 11 0.0394 0.0228 TOG898353_150 4 0.0379 0.0224
TOG906506_244 11 0.0406 0.0233 TOG898353_393 4 0.0379 0.0224
TOG894060_416 10 0.0410 0.0232 TOG894564_431 4 0.0390 22.02
TOG894141 219 8 0.0422 0.0222 TOG908913_664 3 0.0392 0.0224
TOGB898489_619 9 0.0423 0.0222 TOG904027 285 5 0.0483 0.0275
TOG906948_530 11 0.0467 0.0223
TOG898284_346 8 0.0491 0.0212

Markers coloured red are common between the igthahd rainfed treatments
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Appendix 13 ldentified associations between SNP miers and days to flowering under

irrigated and rainfed treatments at Harare ResearchStation

Marker linkage grou p value Marker R Marker linkage group p value Marker R Across locations
Irrigated treatment Rainfed treatment
TOG919227_1306 8 0.0014  0.0497 TOG896850_232 7 0.0012 68.05 F
TOG894986_609 2 0.0016  0.0494 TOG898075_168 7 0.0014 9.053 F
TOGB894081_362 7 0.0016  0.0493 TOG922990_513 7 0.0014  P.053 F
TOG897579_687 5 0.0023  0.0732 TOG918946_209 8 0.0016  0.0523 F
TOGB898075_168 7 0.0028  0.0445 TOG900268_798 6 0.0019  0.0515 T
TOG922990_513 7 0.0029  0.0440 TOG919227_1306 8 0.0019 08.05 F
TOG906843_140 1 0.0030  0.0438 TOG916151_413 11 0.0026 08.05 F
TOG903898_287 2 0.0033  0.0426 TOG896078_808 7 0.0032  0.0480 F
TOG894196_495 3 0.0033  0.0438 TOG899072_215 3 0.0039  4.043 F
TOG919160_653 1 0.0037  0.0416 TOG899382_247 2 0.0040  0.0436 T
TOG900006_352 7 0.0037  0.0410 TOG899729_237 8 0.0041  0.0450 T
TOG916151_413 11 0.0039  0.0443 TOG895871_64 2 0.0042  9.042 F
TOG922990_288 7 0.0040  0.0417 TOG919160_653 1 0.0043  0.043 F
TOG900848_206 10 0.0046  0.0400 TOG902879_375 1 0.0050  0.0421 F
TOG902879_375 1 0.0051  0.0391 TOG902611_789 8 0.0064 9.038 F
TOG896078_808 7 0.0068  0.0385 TOG906843_140 1 0.0072  P.038 F
TOG906575_146 2 0.0076  0.0373 TOG900006_352 7 0.0074  6.037 T
TOG905123_751 3 0.0084  0.0342 TOG894986_609 2 0.0083  0.037 F
TOG902611_789 8 0.0098  0.0329 TOG895984_205 3 0.0084  6.036 F
TOGB899072_215 3 0.0101  0.0324 TOG935983_331 8 0.0094  0.0362 F
TOG895876_339 6 0.0101  0.0330 TOG922990_288 7 0.0103  4.035 F
TOG896850_232 7 0.0104  0.0332 TOG905363_697 9 0.0123  D.034 F
TOG900222_165 11 0.0106  0.0332 TOG894081_362 7 0.0125  0.0332 F
TOG896504_1537 10 0.0107  0.0321 TOGB896361_260 2 0.0130  0.0331 T
TOG918200_347 5 0.0129  0.0308 TOG899600_703 9 0.0147  0.0315 F
TOG895871_64 2 0.0150  0.0292 TOGB899701_145 11 0.0149  0.0311 F
TOGB894070_261 8 0.0153  0.0309 TOG912981_1529 6 0.0164  0.0321 F
TOG906575_68 2 0.0158  0.0305 TOG897579_687 5 0.0178  0.0493 F
TOG905363_697 9 0.0159  0.0295 TOG894196_495 3 0.0180 H.030 T
TOG895163_666 3 0.0161  0.0287 TOGB895545_505 1 0.0187  0.0302 F
TOG896448_605 1 0.0174  0.0286 TOG894794_142 7 0.0206  6.028 F
TOG899600_703 9 0.0181  0.0278 TOG911121_130 3 0.0230  0.0278 T
TOGB896361_260 2 0.0190  0.0277 TOG902692_40 1 0.0235  0.0275 F
TOG898978_625 5 0.0227  0.0258 TOG905123_751 3 0.0238  0.0270 F
TOG900375_652 1 0.0230  0.0258 TOG896276_59 3 0.0243  0.0280 F
TOG905443_301 3 0.0245  0.0250 TOG900987_506 9 0.0281  0.0256 F
TOG895978_272 9 0.0265  0.0245 TOG906764_376 2 0.0294 9.026 T
TOG901675_241 3 0.0293  0.0237 TOG906764_834 2 0.0294  9.026 T
TOG898302_727 2 0.0297  0.0247 TOG903872_356 10 0.0294 6D.02 F
TOGB895846_60 7 0.0298  0.0234 TOG906575_146 2 0.0302  0.0261 F
TOG900308_234 2 0.0301  0.0234 TOG895163_666 3 0.0346  0.0237 T
TOG905343_279 2 0.0307  0.0238 TOG919767_169 11 0.0363 38.02 F
TOG894153_805 11 0.0320  0.0241 TOG894060_416 10 0.0366  0.0240 F
TOG894818_489 1 0.0322  0.0289 TOG898046_230 7 0.0378  D.023 F
TOG915832_137 7 0.0327  0.0227 TOG895876_339 6 0.0390  0.0229 F
TOG895877_63 7 0.0334  0.0229 TOG898304_552 6 0.0390  0.0225 F
TOGB894060_416 10 0.0345  0.0232 TOG894070_261 8 0.0398 340.02 F
TOG904255_224 4 0.0363  0.0218 TOG894141_219 8 0.0413  0.023 T
TOG897521_498 1 0.0366  0.0228 TOG896504_1537 10 0.0423 218.0 F
TOG894070_290 8 0.0368  0.0229 TOG897707_1718 8 0.0431 19.02 F
TOG897346_443 2 0.0369  0.0218 TOG894818_243 1 0.0437  0.0231 T
TOG897346_808 2 0.0389  0.0212 TOG905443_301 3 0.0442  0.0215 F
TOG896276_59 3 0.0399  0.0219 TOG895877_63 7 0.0457  0.0215 F
TOG894712_405 3 0.0401  0.0210 TOG916702_146 8 0.0487  0.021 F
TOG901933_203 9 0.0441  0.0201 TOG904255_224 4 0.0499  0.0206 F
TOG897521_1471 1 0.0452  0.0214
TOG895984_205 3 0.0471  0.0195
TOG894141_219 8 0.0473  0.0206
TOG894818_243 1 0.0485  0.0207
TOG895900_416 9 0.0493  0.0192

Markers coloured red are common between the igtgahd rainfed treatments; T - markers are common
between CIAT-Palmira and Harare Research Statiaterunainfed treatments; F - markers are not
common between CIAT-Palmira and Harare ReseardfoB8tander rainfed treatments.
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Appendix 14 Identified associations between SNP meers and days to maturity under

irrigated and rainfed treatments at CIAT-Palmira

Marker linkage group p value Marker R Marker linkage grou p value _ Marker R Across locatior
Irrigated treatment Rainfed treatment

TOG895545_757 0.0049 0.0450 TOG894818_489 1 0.0095  0.0451 T
TOG894818_243 0.0050 0.0481 TOG906969_104 2 0.0100  0.0361 T
TOG894818_489 0.0077 0.0483 TOG906764_376 2 0.0122  0.0368 T
TOG902879_375 0.0272 0.0283 TOG906764_834 2 0.0122 ®.036 T
TOG895871_64 0.0018 0.0534 TOG897188_682 6 0.0013  0.0563 T
TOG894885_690 0.0066 0.0411 TOG901700_397 6 0.0412  0.0243 T
TOG923884_128 0.0240 0.0317 TOG894818_243 1 0.0053  0.0467 F
TOG895572_269 0.0118 0.0358 TOG894042_842 1 0.0463 8.021 F
TOG894987_722 0.0210 0.0296 TOG894885_690 2 0.0051  0.0428 F
TOG894864_431 0.0345 0.0257 TOG894864_431 3 0.0256  B.028 F
TOG899072_215 0.0415 0.0232 TOG916106_684 3 0.0348  0.0248 F

TOG916106_684 0.0444 0.0230 TOG896609_245 3 0.0380  0.0236 F
TOG912552_357 0.0139 0.0354 TOG898271_99 4 0.0022  0.0517 F
TOG904027_285 0.0031 0.0665 TOG905831_497 4 0.0341 ©0.025 F
TOG897323_74 0.0072 0.0405 TOG897323_74 5 0.0024  0.0506 F
TOG907013_1059 0.0120 0.0364 TOG904027_122 5 0.0031  0.0476 F
TOG900416_243 0.0014 0.0561 TOG907013_1059 5 0.0045  0.0454 F
TOG910862_232 0.0182 0.0309 TOG904027_285 5 0.0055 ©0.058 F
TOG895846_60 0.0286 0.0268 TOG900332_1066 7 0.0069  ®.039 F
TOG900332_1066 0.0303 0.0264 TOG895846_60 7 0.0197  ©.029 F
TOG925843_147 0.0207 0.0302 TOG895245_245 8 0.0126  8.033 F
TOG899729_237 0.0424 0.0241 TOGB896253_482 8 0.0133 ©0.033 F

OWWOWWOWOOWNNNNTUARWWWWWNNNRERE R

TOG896253_482 0.0455 0.0223 TOG895747_525 8 0.0436 0.0222 F
TOG894022_713 0.0166 0.0318 TOG899729_237 8 0.0450 0.0229 F
TOG895900_416 0.0374 0.0243 TOG913042_381 9 0.0159 0.0314 F
TOG901238_199 10 0.0110 0.0362 TOG925794_230 9 0.0349 50.02 F
TOG900787_1237 11 0.0266 0.0281 TOG895900_416 9 0.0463 0.0217 F
TOG961354 444 11 0.0305 0.0261 TOG899617_590 11 0.0017 528.0 F
Markers coloured red are common between the igthahd rainfed treatments; T — markers are common

between CIAT-Palmira and Harare Research Statidemrainfed treatments; F — markers are not comipeinween
CIAT-Palmira and Harare Research Station undefaditreatments
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Appendix 15 Identified associations between SNP miers and days to maturity at Harare
Research Station in 2011

Marker linkage grou p value  Marker R Marker linkage grou p value Marker R Marker linkage g p value Marker R
Irrigated treatment Rainfed treatment Rainfed treatment
TOG894042_842 1 0.0013  0.0563 TOG906607_472 1 0.0161  0.032 TOG898974_591 5 0.0320  0.0255
TOG894818_243 1 0.0067  0.0429 TOG929859_500 1 0.0185 9.030 TOG899509_584 5 0.0320  0.0255
TOG906936_331 2 0.0011  0.0597 TOG894818_489 1 0.0192 B.037 TOG902765_214 5 0.0372  0.0242
TOG895871_64 2 0.0070  0.0401 TOG905303_749 1 0.0284  0.0268 TOG898304_552 6 0.0061  0.0413
TOG896567_73 2 0.0076  0.0392 TOG913321_535 1 0.0339  0.0254 TOG908483_524 6 0.0081  10.038
TOG894885_690 2 0.0191  0.0306 TOG895142_874 1 0.0396  9.023 TOG894262_306 6 0.0137  0.0385
TOG901225_355 2 0.0322  0.0259 TOG924275_542 1 0.0396  4.023 TOG901700_397 6 0.0157  0.0359
TOG899382_247 2 0.0323  0.0257 TOG896309_1245 1 0.0479  0.0216 TOG900268_798 6 0.0174 19.03
TOG896609_245 3 0.0015  0.0551 TOG896567_73 2 0.0014  0.0557 TOG907233_598 6 0.0214  0.0297
TOG899072_215 3 0.0064  0.0408 TOG899382_247 2 0.0037  0.0467 TOG897333_569 6 0.0220  D.031
TOG943467_524 3 0.0091  0.0375 TOG900308_234 2 0.0051  0.0434 TOG897188_682 6 0.0242 8.028
TOG894987_722 3 0.0139  0.0332 TOG894044_453 2 0.0111 1D.036 TOG900339_308 6 0.0409  0.0241
TOG895572_269 3 0.0155  0.0325 TOG906764_376 2 0.0223  0.0312 TOG903058_351 6 0.0454  2.023
TOG901032_412 3 0.0232  0.0287 TOG906764_834 2 0.0223  0.0312 TOG900416_243 7 0.0028  0.049
TOG895163_666 3 0.0324  0.0255 TOG896234_245 2 0.0372  0.0245 TOG915832_137 7 0.0078  9.038
TOG895984_205 3 0.0446  0.0225 TOG894986_609 2 0.0435 0.023 TOG896850_232 7 0.0105  0.0376
TOG901547_185 3 0.0458  0.0221 TOG906969_104 2 0.0472  0.022 TOG910388_90 7 0.0283  0.0269
TOG901547_549 3 0.0458  0.0221 TOG896943_422 2 0.0488  0.0331 TOG898046_230 7 0.0339  8.025
TOG903882_547 4 0.0125  0.0345 TOG901547_185 3 0.0017  0.0532 TOG922990_513 7 0.0393  8.023
TOG897333_569 6 0.0216  0.0314 TOG901547_549 3 0.0017  D.053 TOG898075_168 7 0.0395  0.0239
TOG907233_598 6 0.0242  0.0284 TOG895572_269 3 0.0037  49.046 TOG935983_331 8 0.0050  0.0441
TOG900259_705 7 0.0306  0.0261 TOG903842_603 3 0.0041  D.046 TOG918946_209 8 0.0087  0.0381
TOG896850_232 7 0.0364  0.0252 TOG925468_198 3 0.0057  0.0429 TOG899729_237 8 0.0134  8.035
TOG900006_352 7 0.0428  0.0228 TOG901032_412 3 0.0065  0.0411 TOG919227_1306 8 0.0156  0.0323
TOG925843_147 8 0.0073  0.0398 TOG900261_152 3 0.0106  0.0371 TOG907901_189 8 0.0179 9.031
TOG961354_444 11 0.0088  0.0377 TOG900261_206 3 0.0106  0.0371 TOG895412_225 8 0.0333 0.025
TOG900222_165 11 0.0203  0.0310 TOG943467_524 3 0.0220  0.0290 TOG925843_147 8 0.0341  0.025
TOG894153_805 11 0.0250  0.0292 TOG909801_195 3 0.0222 88.02 TOG895900_155 9 0.0018  0.0540
TOG895163_666 3 0.0442  0.0226 TOG894338_478 9 0.0326  0.0259
TOG901841_376 3 0.0445  0.0226 TOG898007_380 9 0.0384 0.026
TOG903882_547 4 0.0122  0.0347 TOG904927_660 10 0.0156  0.0327
TOG898353_150 4 0.0189  0.0304 TOG901238_199 10 0.0192 08.03
TOG898353_393 4 0.0189  0.0304 TOG961354_444 11 0.0156  0.0321
TOG895899_315 5 0.0082  0.0391 TOG903002_997 11 0.0192 14.03
T0G918200_508 5 0.0150  0.0335 TOG896251_193 11 0.0490 16.02

Markers coloured red are common between the igtgahd rainfed treatments
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Appendix 16 Identified associations between SNP miggrs and total shoot biomass
CIAT-Palmira

Marker linkage group p value Marker R Marker linkage group p value Marker R
Irrigated treatment Rainfed t TOG898369_503 1 0.0028 0.0419
TOG899130_778 1 0.0062 0.0422 TOG924240_197 1 0.0038 9.039
TOG894818_489 1 0.0070 0.0506 TOG903904_203 1 0.0041 8.039
TOG894818_243 1 0.0159 0.0358 TOG960456_435 1 0.0042 0.0392
TOG894042_842 1 0.0307 0.0266 TOG937860_202 1 0.0079 ®.033
TOG894925_ 279 1 0.0453 0.0230 TOG894818_243 1 0.0108 0.0338
TOG900594_110 2 0.0014 0.0582 TOG960456_224 1 0.0120 0.0297
TOG905343_279 2 0.0083 0.0404 TOG896448_605 1 0.0123 49.030
TOG896567_73 2 0.0111 0.0365 TOG901928_200 1 0.0179 0.0265
TOG896109_664 2 0.0156 0.0331 TOG894078_375 1 0.0186 ©®.026
TOG908531_728 2 0.0170 0.0322 TOG929859_ 500 1 0.0208 P.025
TOG906969_104 2 0.0373 0.0246 TOG903032_1755 1 0.0402 0®.02
TOG906764_376 2 0.0397 0.0255 TOG897724_419 1 0.0402 0.0203
TOG906764_834 2 0.0397 0.0255 TOG898832_447 1 0.0402 0.0203
TOG900342_110 3 0.0073 0.0406 TOG898832_568 1 0.0402 8.020
TOG908913_664 3 0.0095 0.0381 TOG897521_1471 1 0.0420 14.02
TOG900342_587 3 0.0109 0.0371 TOG898376_688 1 0.0473 8.018
TOG913005_113 3 0.0473 0.0228 TOG928916_162 2 0.0017 D.048
TOG896746_651 5 0.0173 0.0320 TOG900594_110 2 0.0034 ».042
TOG897579_687 5 0.0196 0.0518 TOG935004_879 2 0.0049 ?.037
TOG904027_285 5 0.0318 0.0369 TOG900308_234 2 0.0157 ».028
TOG897017_257 5 0.0473 0.0300 TOG895871_64 2 0.0265 0.0235
TOG898441_398 6 0.0019 0.0551 TOG906764_376 2 0.0276 0.0251
TOG901700_397 6 0.0086 0.0438 TOG906764_834 2 0.0276 0.0251
TOG912981_1529 6 0.0101 0.0396 TOG896567_73 2 0.0323 0.0219
TOG897188_682 6 0.0327 0.0260 TOG906936_331 2 0.0378 9.021
TOG894052_203 6 0.0451 0.0232 TOG899661_841 2 0.0488 9.018
TOG894254_243 6 0.0470 0.0232 TOG895163_666 3 0.0014 8.048
TOG910860_634 6 0.0470 0.0230 TOG897306_218 3 0.0058 0.0364
TOG899042_188 7 0.0011 0.0596 TOG935639_446 3 0.0075 8.034
TOG896850_232 7 0.0079 0.0414 TOG901032_412 3 0.0080 9.033
TOG895846_60 7 0.0428 0.0234 TOG894712_405 3 0.0080 0.0336
TOG894794_142 7 0.0430 0.0236 TOG903842_603 3 0.0114 5.031
TOG908356_281 8 0.0015 0.0593 TOG896276_59 3 0.0120 0.0311
TOG918946_209 8 0.0048 0.0452 TOG905443_301 3 0.0120 8.030
TOG906530_971 8 0.0097 0.0397 TOG894196_495 3 0.0148 0.0287
TOG895412_225 8 0.0147 0.0338 TOG927660_524 3 0.0191 .026
TOG895412_564 8 0.0203 0.0308 TOG918275_1006 3 0.0202 09.03
TOG916702_146 8 0.0322 0.0265 TOG923111_969 3 0.0202 $.030
TOG902872_249 8 0.0399 0.0248 TOG925468_198 3 0.0252 ?D.024
TOG894148_761 8 0.0403 0.0251 TOG911121_130 3 0.0346 0.0218
TOG899600_703 9 0.0253 0.0285 TOG901547_185 3 0.0468 8®.018
TOG897374_829 9 0.0328 0.0265 TOG901547_549 3 0.0468 0.0188
TOG895900_416 9 0.0471 0.0224 TOG903882_547 a4 0.0088 0.0328
TOG904927_660 10 0.0051 0.0446 TOG905629_486 a4 0.0373 0.0210
TOG920339_544 10 0.0499 0.0223 TOG910676_123 5 0.0046 9D.03
TOG894539_444 11 0.0368 0.0258 TOG896746_651 5 0.0046 0.0383
TOG906506_244 11 0.0416 0.0242 TOG895899_ 315 5 0.0056 76.03
TOG906506_612 11 0.0438 0.0239 TOG918200_347 5 0.0433 99.01
TOG897362_571 6 0.0076 0.0341
TOG897362_457 6 0.0076 0.0338
TOG910860_634 6 0.0094 0.0325
TOG910860_172 6 0.0108 0.0311
TOG918299_615 6 0.0205 0.0327
TOG895846_60 7 0.0019 0.0452
TOG906952_58 7 0.0020 0.0457
TOG900006_352 7 0.0159 0.0277
TOG914633_385 7 0.0201 0.0352
TOG902016_103 7 0.0214 0.0261
TOG895877_63 7 0.0243 0.0247
TOG898046_230 7 0.0461 0.0194
TOG908356_281 8 0.0018 0.0482
TOG897558_389 8 0.0054 0.0363
TOG895747_525 8 0.0105 0.0310
TOG906530_971 8 0.0144 0.0298
TOG905195_605 8 0.0177 0.0270
TOG894148_761 8 0.0206 0.0270
TOG908646_276 9 0.0040 0.0399
TOG903088_74 9 0.0092 0.0324
TOG895760_820 9 0.0159 0.0312
TOG901933_425 9 0.0183 0.0266
TOG908804_377 9 0.0183 0.0266
TOG901933_203 9 0.0195 0.0262
TOG899668_578 9 0.0222 0.0259
TOG895760_342 9 0.0324 0.0224
TOG895900_416 9 0.0389 0.0204
TOG897374_829 9 0.0468 0.0194
TOG898489_619 9 0.0496 0.0188
TOG900784_136 10 0.0049 0.0386
TOG896504_1537 10 0.0163 0.0274
TOG902834_623 10 0.0185 0.0272
TOG904927_660 10 0.0487 0.0186
TOG900222_ 165 11 0.0069 0.0366
TOG908034_427 11 0.0082 0.0337
TOG906948_530 11 0.0222 0.0256
TOGS895575_317 11 0.0371 0.0207
TOG914901_92 11 0.0495 0.0190
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Station

Appendix 17 Associations between markers and totahoot biomass at Harare Research

Marker

linkage group p value Marker R

Marker

Irrigated treatment

Rainfed treatment

linkage group p value Marker R __Across locations

TOG900375_652 1 0.0013 0.0198 TOG897362_457 6 0.0028 D».024 T
TOG895545_505 1 0.0055 0.0156 TOG897362_571 6 0.0030 0.0240 T
TOG894002_95 1 0.0297 0.0138 TOG895575_317 11 0.0049 ?.021 T
TOG894042_842 1 0.0369 0.0085 TOG914633_385 7 0.0059 0.0347 T
TOG899661_841 2 0.0034 0.0160 TOG900222_165 11 0.0102 0.0191 T
TOG928916_162 2 0.0147 0.0113 TOG906530_971 8 0.0165 9.014 T
TOG901167_256 2 0.0227 0.0102 TOG908034_427 11 0.0203 0.0150 T
TOG906941_330 2 0.0231 0.0100 TOG925468_198 3 0.0299 0.0132 T
TOG894986_609 2 0.0243 0.0101 TOG894712_405 3 0.0327 5.012 T
TOG897516_505 2 0.0454 0.0080 TOG895163_666 3 0.0340 5.012 T
TOG897306_218 3 0.0032 0.0157 TOG910860_172 6 0.0343 0.0125 T
TOG905371_417 3 0.0152 0.0112 TOG910860_634 6 0.0404 0.0117 T
TOG905123_751 3 0.0169 0.0109 TOG900594_110 2 0.0460 0.0103 T
TOG927660_524 3 0.0184 0.0106 TOG895760_342 9 0.0482 9.010 T
TOG897579_687 5 0.0083 0.0202 TOG897017_278 5 0.0010 0.0281 F
TOG922036_169 5 0.0236 0.0099 TOG897017_257 5 0.0017 .030 F
TOG898978_625 5 0.0239 0.0098 TOG918864_542 5 0.0024 0.0255 F
TOG918200_347 5 0.0254 0.0100 TOG894007_1101 8 0.0032 4D.02 F
TOG915697_119 5 0.0263 0.0095 TOG900221_555 3 0.0037 95.029 F
TOG895150_1434 5 0.0293 0.0094 TOG894254_ 243 6 0.0067 0.0200 F
TOG896103_114 5 0.0305 0.0093 TOG901894_395 11 0.0069 0.0198 F
TOG938507_670 5 0.0317 0.0090 TOG918864_641 5 0.0089 9.018 F
TOG901015_898 5 0.0317 0.0090 TOG922092_304 5 0.0095 ».018 F
TOG922188_1448 5 0.0337 0.0093 TOG896078_808 7 0.0099 0.0186 F
TOG922092_304 5 0.0346 0.0090 TOG896103_114 5 0.0100 8.017 F
TOG897017_278 5 0.0383 0.0086 TOGB895030_340 8 0.0105 0.0204 F
TOG898024_443 5 0.0401 0.0083 TOG938507_670 5 0.0106 0.0174 F
TOG897017_257 5 0.0457 0.0089 TOG901015_898 5 0.0116 5.017 F
TOG918864_641 5 0.0461 0.0079 TOG922188_1448 5 0.0118 78®.01 F
TOG897362_571 6 0.0021 0.0177 TOG895150_1434 5 0.0127 7B.01 F
TOG897362_457 6 0.0028 0.0168 TOG903058_351 6 0.0131 9.015 F
TOG896074_553 6 0.0036 0.0168 TOG895142_874 1 0.0146 0.0162 F
TOG894262_473 6 0.0045 0.0153 TOG924275_542 1 0.0146 0.0162 F
TOG910860_172 6 0.0053 0.0149 TOG896933_796 3 0.0147 0.0163 F
TOG895876_339 6 0.0073 0.0136 TOG900220_648 11 0.0148 68®.01 F
TOG910860_634 6 0.0082 0.0131 TOG898978_625 5 0.0151 p».016 F
TOG894262_306 6 0.0273 0.0116 TOG922990_513 7 0.0152 ®.016 F
TOG903058_351 6 0.0330 0.0082 TOG898075_168 7 0.0155 0.0164 F
TOG914633_385 7 0.0022 0.0329 TOG900992_94 8 0.0158 0.0159 F
TOG901985_670 7 0.0026 0.0179 TOG901731_934 8 0.0170 ©6.015 F
TOG896540_627 7 0.0047 0.0156 TOG924872_53 11 0.0178 0.0156 F
TOG901549_630 7 0.0047 0.0156 TOG901731_631 8 0.0216 9.014 F
TOG896540_336 7 0.0053 0.0148 TOG908776_41 8 0.0224 0.0148 F
TOG901549_339 7 0.0053 0.0148 TOG896074_553 6 0.0225 0.0132 F
TOG899998_203 7 0.0085 0.0125 TOG927609_1357 7 0.0227 40.01 F
TOG899042_188 7 0.0263 0.0095 TOG900375_652 1 0.0229 0.0142 F
TOG900006_352 7 0.0275 0.0095 TOG906941_330 2 0.0233 0.0144 F
TOG894081_362 7 0.0475 0.0076 TOG899751_220 9 0.0233 D».014 F
TOG894070_290 8 0.0023 0.0164 TOG894773_280 8 0.0237 0.0142 F
TOG900987_506 9 0.0024 0.0177 TOG897521_498 1 0.0252 D.014 F
TOG899668_578 9 0.0148 0.0120 TOG899452_215 6 0.0278 ».013 F
TOG901933_203 9 0.0233 0.0100 TOG899130_778 1 0.0280 D».013 F
TOG901933_425 9 0.0341 0.0088 TOG895578_468 7 0.0281 9.012 F
TOG908804_377 9 0.0341 0.0088 TOG895578_922 7 0.0281 9.012 F
TOG898007_380 9 0.0379 0.0093 TOG913042_449 9 0.0281 9.013 F
TOG900784_136 10 0.0102 0.0129 TOG899033_1374 5 0.0283 13D.0 F
TOG900848_206 10 0.0112 0.0123 TOG897346_443 2 0.0285 29.01 F
TOG900222_165 11 0.0065 0.0148 TOG901675_241 3 0.0294 0.0131 F
TOG924872_53 11 0.0075 0.0140 TOG899729_79 8 0.0316 0.0130 F
TOG898465_424 11 0.0104 0.0131 TOG897486_230 6 0.0324 26.01 F
TOG908034_427 11 0.0115 0.0125 TOG900220_279 11 0.0325 0.0127 F
TOG917669_ 433 11 0.0485 0.0075 TOG937303_617 8 0.0332 30.01 F
TOG908913_664 3 0.0337 0.0125 F
TOG937303_228 8 0.0364 0.0123 F
TOG901045_327 7 0.0366 0.0121 F
TOG894262_473 6 0.0376 0.0111 F
TOG905123_751 3 0.0378 0.0118 F
TOG922990_288 7 0.0399 0.0119 F
TOG922036_169 5 0.0405 0.0115 F
TOG899452_300 6 0.0431 0.0114 F
TOG894070_290 8 0.0454 0.0118 F
TOG901734_61 6 0.0454 0.0112 F
TOG897346_808 2 0.0468 0.0108 F
TOG913485_147 7 0.0471 0.0107 F
TOG898824_662 7 0.0471 0.0107 F
TOG918556_344 3 0.0476 0.0107 F
TOG913272_94 3 0.0477 0.0108 F
TOG897306_61 3 0.0477 0.0108 F
TOG897621_157 3 0.0477 0.0108 F
TOG898231_46 3 0.0479 0.0107 F
TOG930271_685 3 0.0481 0.0109 F
TOG898231_269 3 0.0483 0.0107 F
TOG907078_337 3 0.0484 0.0109 F
TOG935618_510 3 0.0484 0.0109 F
TOG897032_106 3 0.0486 0.0108 F
TOG898883 986 6 0.0491 0.0106 F

Markers coloured red are common between the igthand rainfed treatments; T — markers are common
between CIAT-Palmira and Harare Research Statiatemumainfed treatments; F — markers are not
common between CIAT-Palmira and Harare ReseardloBtander rainfed treatments
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Appendix 18 Association between markers and numbesf pods per plant at CIAT-Palmira

Marker

linkage group p value Marker R

Market

linkage grou p value Marker R

Irrigated treatment

TOG902879_375
TOG894818_489
TOG895142_874
TOG924275_542
TOG896234 245
TOG896567_73
TOG895672_181
TOG923884_128
TOG904064_307
TOG906936_391
TOG906936_331
TOG896109_664
TOG894987_722
TOG901547_185
TOG901547_549
TOG896609_245
TOG911121_130
TOG894864_431
TOG916106_684
TOG898271_99
TOG901711_650
TOG904027_122
TOG895899_315
TOG898974 591
TOG899509_584
TOG896385 269
TOG894262_306
TOG897333_569
TOG896074_553
TOG894794 142
TOG898046_230
TOG915832_137
TOG908017_73
TOG894171_240
TOG903155_410
TOG896850_198
TOG898284 1682
TOG894148 761
TOG902611_789
TOG898284_346
TOG896253 482
TOG895245 245
TOG935983_ 331
TOG897374_829
TOG898489 619
TOG895900_416
TOG901238_199
TOG961354 444

EB(D(D@WGJGJmmmco\l\l\l\l\l\l\IG)G)OCDU'IU'ImmbbwwwwwwWNNNl\)l\)NNl\)l—‘l—‘l—‘H

0.0011
0.0258
0.0266
0.0266
0.0029
0.0034
0.0041
0.0100
0.0170
0.0288
0.0313
0.0371
0.0015
0.0024
0.0024
0.0025
0.0029
0.0202
0.0232
0.0017
0.0352
0.0334
0.0367
0.0465
0.0465
0.0032
0.0234
0.0293
0.0363
0.0035
0.0039
0.0062
0.0304
0.0359
0.0359
0.0487
0.0033
0.0103
0.0110
0.0139
0.0261
0.0278
0.0399
0.0133
0.0333
0.0448
0.0052
0.0046

0.0393
0.0228
0.0180
0.0180
0.0320
0.0316
0.0307
0.0275
0.0217
0.0175
0.0178
0.0155
0.0363
0.0335
0.0335
0.0336
0.0330
0.0206
0.0194
0.0366
0.0163
0.0169
0.0167
0.0148
0.0148
0.0324
0.0225
0.0194
0.0165
0.0316
0.0314
0.0274
0.0170
0.0162
0.0162
0.0143
0.0330
0.0259
0.0239
0.0232
0.0181
0.0178
0.0159
0.0230
0.0170
0.0148
0.0291
0.0292

Rainfed treatment

TOG895142_874
TOG924275_542
TOG894818_489

TOG900308_234

TOG895672_181

TOG906936_331

TOG906969_104

TOG896109_664
TOG961505_49
TOG905371_417

TOG935639_446

TOG905371_69
TOG900261_152
TOG900261_206
TOG894712_405
TOG896276_59

TOG898271_99
TOG898353_150
TOG898353_393
TOG895899 315
TOG910676_123
TOG896746_651

TOG904027_285

TOG896385_269

TOG897333_569

TOG898441_398
TOG901700_397

TOG906841_475
TOG898304_707

TOG897198_293

TOG895846_60
TOG898046_230

TOG915832_137

TOG914633_385
TOG894794_142
TOG894171_240
TOG903155_ 410
TOG910388_90

TOG896850_198

TOG910796_209

TOG913108_139

TOG910796_459
TOG895747_525

TOG895245_245

TOG898284_16¢
TOG898284 346
TOG895747_228
TOG896253_482

TOG902802_107

TOG906600_415

TOG895900_416

TOG894037_604

TOG895900_155

TOG896972_596

TOG898489 619

TOG897326_365

TOG901001_164

TOG896602_16¢

TOG900136_127

TOG904927_660

TOG916065_221

TOG961354 444
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0.0283
0.0283
0.0355

0.0015

0.0074

0.0133

0.0353

0.0416
0.0435
0.0331

0.0356

0.0363
0.0385
0.0385
0.0480
0.0480

0.0141
0.0365
0.0365
0.0065
0.0346
0.0462

0.0479

0.0014

0.0038

0.0055
0.0091

0.0343
0.0480

0.0500

0.0016
0.0025

0.0054

0.0060
0.0106
0.0118
0.0118
0.0242

0.0354

0.0373

0.0397

0.0492
0.0012

0.0048 0.0315

0.0073 0.0301
0.0334 D.019
0.0343 79.01
0.0345 79.01

0.0192
D.019
8.022

0.0399

0.0294

0.0259

0.0179

0.0164
0.0161
9.018

0.0185

0.0180
9.017
9.017
6.015
0.0166

0.0245
6.017
6.017
0.0304
0.018
9.015

0.0254

0.0409

0.0359

0.0311
9.029

0.0179
9.015

0.0158

0.0394
49.037

0.0309

0.0397
8.026
8.025

58.02
0.0202

0.0178

0.0179

0.0166

0.0187
8.041

0.0400 0.0174
0.0016 0.0395
0.0020 0.0379
0.0073 0.0286
0.0149 0.0238
0.0208 0.0219
0.0345 0.0182
0.0439 0.0161
0.0439 0.0161

0.0440 0.0163
0.0454 0.0179
0.0079 0.0281
0.0445 0.0167
0.0089 0.0272

Markers coloured red are common between the iethanhd rainfed treatments.



and rainfed treatments at Harare Research Station

Appendix 19 Association between markers and numbeof pods per plant under irrigated

Marker

linkage group p value Marker R

Marker

linkage group p value Marker R

Irrigated treatment

TOGY29859_500
TOGY06607_472
TOG897521_498
TOG899130_778
TOG899382_247
TOGY29271_717
TOGY03898_287
TOG896943_500
TOGO43467_524
TOGY08913_664
TOG897618_377
TOGY05123_751
TOG894564_431
TOG897017_257
TOG897017_278
TOGO15697 119
TOG895899 315
TOGY27703_239
TOG894081_362
TOGY27609_1357
TOGY22990 513
TOG898075_168
TOGY22990_288
TOG899042_188
TOG895877_63
TOGY01985_670
TOGY35983_331
TOGO918946_209
TOG899729 237
TOG896348_940
TOG895030_430
TOGY01933_203
TOGY01933_425
TOGY08804_377
TOG899668_578
TOG896504_1537
TOG894056_496
TOGY00222_165
TOGY01894 395

© WO OWOWMWOWOWOOWOONNNNNNYNOAUUTATTPRWWWWNNNNRERREPRP

10
10
11
11

0.0033
0.0363
0.0383
0.0415
0.0021
0.0098
0.0136
0.0339
0.0019
0.0217
0.0362
0.0439
0.0403
0.0089
0.0159
0.0255
0.0385
0.0474
0.0027
0.0056
0.0227
0.0231
0.0234
0.0252
0.0277
0.0500
0.0042
0.0062
0.0327
0.0397
0.0469
0.0056
0.0060
0.0060
0.0242
0.0206
0.0428
0.0121
0.0242

Rainfed treatment

0.0377
0.0196
0.0206
0.0185
0.0424
0.0297
0.0272
0.0199
0.0421
0.0234
0.0199
0.0181
0.0188
0.0383
0.0266
0.0220
0.0191
0.0181
0.0402
0.0347
0.0235
0.0234
0.0232
0.0223
0.0221
0.0173
0.0371
0.0335
0.0216
0.0196
0.0180
0.0345
0.0338
0.0338
0.0239
0.0238
0.0199
0.0290
0.0233

TOG894042_842
TOG894755_654
TOG906936_391

TOG899382_247
TOG897956_500
TOG897306_218

TOG943467 524

TOG913005_113
TOG915697 119

TOG922990_513

TOG898075_168

TOG927609 1357
TOG910862_232

TOG935983 331
TOG894773_280

TOGY06948 530

11

N -

0.0130
0.0134
0.0282
0.0388
0.0468
0.0141
0.0266
0.0458
0.0044
0.0128
0.0130
0.0184
0.0249
0.0264
0.0412
0.0396

9.031
9.031
8.024
0.0221
8.020
8.031
0.0254
0.0208
9.041
0.0323
0.0323
0.0291
9.025
0.0263
D.022
0.0231

279

Markers coloured red are common between the igthahd rainfed treatments



Appendix 20 Associations between markers and canopemperature depression

irrigated and rainfed treatments at CIAT-Palmira

Marker

linkage group p value Marker R Marker linkage group p value Marker R

Irrigated treatment

Rainfed treatment

TOG898084_434
TOG895142_874
TOG924275_542
TOG894557_593
TOG896940_329
TOG905479_729
TOG896498_574
TOG898584_416
TOG933812_137
TOG897956_500
TOG902049_243
TOG895202_277
TOG895202_298
TOG899127_233
TOG899661_642
TOG897132_587
TOG901840_596
TOG896190_354
TOG894986_609
TOG896190_237
TOG919131_1127
TOG895672_181
TOG905371_417
TOG905371_69
TOG909801_195
TOG902776_217
TOG918864_641
TOG896089_391
TOG894262_473
TOG903058_351
TOG900339_308
TOG894262_306
TOG901700_397
TOG912981_1529
TOG906841_475
TOG896074_553
TOG905558_83
TOG910862_232
TOG922990_288
TOG894171_240
TOG903155_410
TOG898826_427
TOG908473_409
TOG910796_459
TOG901985_670
TOG898075_168
TOG922990_513
TOG901047_1097
TOG900992_94
TOG899411_366
TOG897558_103
TOG960856_596
TOG894148_761
TOG899241_138
TOG899241_222
TOG895747_228
TOG899411_252
TOG902802_1031
TOG913042_449
TOG900848_206
TOG898135_831
TOG907127_775
TOG906506_612
TOG906506_244
TOG961354_444
TOG922096_428
TOG894539_444

1 0.0062 0.0299 TOG895571_1208 1 0.0184 78.02
1 0.0213 0.0210 TOG895571_420 0.0188 0.0278
1 0.0213 0.0210 TOG906843_140 0.0194 0.0279
1 0.0247 0.0207 TOG896309_1245 1 0.0276 48.02
2 0.0048 0.0315 TOG907937_1292 1 0.0379 80.02
2 0.0050 0.0316 TOG895142_874 0.0409 0.0210
2 0.0061 0.0299 TOG924275_542 0.0409 0.0210
2 0.0182 0.0223 TOG894044_453 2 0.0023 D.046
2 0.0216 0.0272 TOG898302_727 2 0.0026 9.046
2 0.0255 0.0205 TOG923884_128 2 0.0094 8.036
2 0.0276 0.0193 TOG906936_391 2 0.0312 8.023
2 0.0355 0.0175 TOG895690_777 2 0.0495 0.020
2 0.0355 0.0175 TOG908913_664 3 0.0145 8.030
2 0.0362 0.0173 TOG925468_198 3 0.0331 9.023
2 0.0377 0.0169 TOG913005_113 3 0.0366 9.022
2 0.0379 0.0169 TOG918200_508 5 0.0011 ©.053
2 0.0382 0.0168 TOG900268_798 6 0.0045 D.041
2 0.0391 0.0168 TOG901734_61 6 0.0050 0.0393
2 0.0399 0.0172 TOG898441_398 6 0.0265 9.025
2 0.0399 0.0168 TOG918299_615 6 0.0402 9.026
2 0.0404 0.0168 TOG896540_336 7 0.0013 16.05
2 0.0426 0.0167 TOG901549_339 7 0.0013 6.051
3 0.0139 0.0251 TOG896540_627 7 0.0023 0.047
3 0.0190 0.0224 TOG901549_630 7 0.0023 0.0471
3 0.0262 0.0196 TOG894081_362 7 0.0275 D.025
5 0.0049 0.0314 TOG960856_776 8 0.0061 0.039
5 0.0203 0.0220 TOG894007_849 8 0.0085 0.043
5 0.0370 0.0179 TOG918946_209 8 0.0165 D.029
6 0.0011 0.0427 TOG908356_281 8 0.0186 9.029
6 0.0018 0.0393 TOG960856_596 0.0275 0.0249

6 0.0071 0.0295 TOG910318_239 8 0.0316 D.023
6 0.0160 0.0267 TOG897374_829 9 0.0320 ©.023
6 0.0193 0.0256 TOG913042_449 0.0431 0.0212
6 0.0347 0.0191 TOG897466_231 10 0.0099 358.0

6 0.0357 0.0175 TOG897171_759 10 0.0297 4D0.02
6 0.0426 0.0174 TOG901894_395 11 0.0088 50.03
6 0.0460 0.0161 TOG900991_671 11 0.0147 ©.030
7 0.0094 0.0266 TOG894153 805 11 0.0385 24.02
7 0.0117 0.0268

7 0.0156 0.0231

7 0.0156 0.0231

7 0.0226 0.0211

7 0.0260 0.0202

7 0.0271 0.0239

7 0.0341 0.0183

7 0.0400 0.0175

7 0.0400 0.0173

7 0.0461 0.0161

8 0.0065 0.0295

8 0.0105 0.0277

8 0.0147 0.0258

8 0.0180 0.0229

8 0.0239 0.0208

8 0.0284 0.0191

8 0.0299 0.0188

8 0.0357 0.0175

8 0.0437 0.0167

8 0.0453 0.0166

9 0.0161 0.0240

10 0.0410 0.0175

10 0.0481 0.0158

10 0.0481 0.0158

11 0.0145 0.0250

11 0.0157 0.0244

11 0.0293 0.0189

11 0.0378 0.0222

11 0.0484 0.0166
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Appendix 21 Identified associations between markerand leaf temperature under irrigated

and rainfed treatments at CIAT-Palmira

Marker linkage group p value Marker R Marker linkage group p value Marker R
Irrigated treatment Rainfed treatment
TOG910683_736 1 0.0448 0.0225 TOG894557_593 1 0.0265 D.027
TOG923884_128 2 0.0230 0.0312 TOG901675_241 3 0.0064 9.040
TOG906941_330 2 0.0318 0.0263 TOG897306_218 3 0.0078 0.039
TOG894986_609 2 0.0352 0.0247 TOG896276_59 3 0.0135 0.0350
TOG895538 815 4 0.0074 0.0402 TOG905371_417 3 0.0193 D.030
TOG899042_188 7 0.0128 0.0343 TOG905371_69 3 0.0252 0.0275
TOG901731_934 8 0.0355 0.0244 TOG894712_405 3 0.0335 ©.024
TOG901731_631 8 0.0440 0.0226 TOG903058 351 6 0.0196 8.030
TOG900987_506 9 0.0221 0.0291 TOG894052_203 6 0.0249 9.027
TOG894965_186 9 0.0324 0.0260 TOG906318_220 6 0.0315 0.025
TOG895978_272 9 0.0406 0.0234 TOG901700_397 6 0.0355 0.026
TOG908034 427 11 0.0422 0.0231 TOG898304_552 6 0.0493 10.02
TOG914633_385 7 0.0278 0.0369
TOG908017_73 7 0.0305 0.0256
TOG901985_670 7 0.0307 0.0261
TOG898489_619 9 0.0026 0.0491
TOG903872_356 10 0.0029 0.0504
TOG900848 206 10 0.0084 0.0386
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