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CHAPTER 1

General introduction

1.1 Origin, importance and production constraints & maize

Maize Zea may4..) is an important crop and is favoured as welhaéspensable food for
over one billion people in Sub-Saharan Africa (S®AJ Latin America (Guptat al.,
2009). It is a cultivated sub-species of teosiatejld naturally found grass with its centre
of origin the Mesoamerican region, now Mexico anenttal America (Mangelsdorf,
1974). It was discovered by Columbus’s men in Cubd492 and later introduced to
Europe and Africa by explorers in 1500 as repobg@ibson and Benson (2002). It is a
very popular crop but the name “maize” is not EstgliThe genuZeawas derived from
an old Greek name for a food grass (Mangelsdoi?4),9vhile the sub-speciesnays
derived from Spanishmaizafter Tainomahiz(Encyclopaedia Britannica, 2010). It has a
number of uses and in the tropics it is grown fioeat consumption by man and animals

as well as various industrial uses (Povet¢lal.,2004).

Worldwide, reports indicate that maize is cultivhten approximately eight million
hectares (ha) of low pH soils (Brewbaker, 1985;degrand Gardner, 1992) and yields can
be reduced by up to 70% under these conditions qk€ekt al., 2005). Reports also
indicate that on these soils, aluminium (Al) or manese (Mn) toxicity, calcium (Ca),
magnesium (Mg), phosphorus (P) and molybdenum @édiencies are the main causes
of yield reduction (Aldricket al.,1973; Granadost al.,1993). In Africa, acid soils in the
tropical area are estimated to cover 29% of theéicent (Eswaraet al, 1997). However,
von Uexkull and Mutert (1995) reported that low pélls are present all over the world
with 41% in America, 26% in Asia, 17% in Africa,%0n Europe and 6% in Australia and
New Zealand. Acidity is a major constraint to mgizeduction and other crops on tropical
soils. This is because at low pH (pH<5) toxi¢*Abns are released into the soil solution,
and hinder root growth thus affecting the developiad the entire plant (Kochian, 1995;
Kidd and Proctor, 2000). Al toxicity causes sheénick and under developed roots and



plants, thus reducing nutrient uptake and increasseseptibility to drought (Sasadd al.,
1996).

1.2 Maize production in Malawi

It is commonly said that “maize is life” for courds in SSA and this is true for Malawi
more than any other country. The National Bureastafistics (NBOS) of the Government
of Malawi data for 2006/07 reported that maize espnted about 69% of area covered by
16 major crops grown in the country. The FAOSTAT &911 estimated that maize
represented about 44% of the total area covereddrg than 40 crops in Malawi. Other
essential crops include groundnut, tobacco, cassaweet potato, cotton, rice, soybean,
sorghum and millet. Almost 75% of maize in Malawidultivated in pure stands while
mixed stands represent about 25%. Cultivation isstijoby resource-challenged
smallholder farmers (MOA, 1994).

Malawi’'s maize requirement is 2.4 million metricng(MT) per year and in 2009 the
country registered a 1.2 million MT surplus white 2010 the country had a surplus of
approximately 800 000 MT this slight reduction ampared to the previous year, probably
because of drought in some districts in the soathegion (FAOSTAT, 2011). In 2013 the
country produced 3.6 MT representing a surplus .@f IT (FAOSTAT, 2013). The
country saw a record harvest in 2014 of just oveM\8T (GIEWS, 2015)

1.3 Maize agro-ecology in Malawi

Malawi covers an area of 118 000 %which is relatively small, yet is endowed with
diverse agro-ecology areas (Figure 1.1). AboutiilRon ha are grown to maize which is
widely cultivated across the 28 districts which ape@uped into eight Agricultural
Development Divisions or ADDs (Karonga, Mzuzu, Kagu, Salima, Lilongwe,
Machinga, Blantyre and Shire Valley) and threeargi(northern, central and southern).
Approximately 57% of all maize in Malawi is cultiteal in the central region, followed by
the southern region (24%) and northern region (18Rable 1.1 and Figure 1.2). Among



the ADDs, Karonga, Mzuzu, Kasungu, and Salima caetbirepresent 80% of all area
cultivated to maize in the country (MOA, 1994; MVAZD13).
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Table 1.1 Malawi mean maize hectarage and productiocomparisons for 2010 versus 2011 and 2011 versa(x1 2

Area (ha) Production (MT) Area (ha) Production (MT)

ADD 2009/10 2010/11 % change 2009/10 2010/11 Yaobe 20010/11 2011/12 % change 20010/11 2011/12 Hange
Karonga 45855 48960 6.8 116603 137578 18.0 4896049996 2.1 137578 127381 -7.4
Mzuzu 143569 151262 5.4 307758 357446  16.1 15126256046 3.2 357446 344552  -3.6
Kasungu 305909 308921 1.0 752808 804331 6.8 30892323692 4.8 804331 814454 1.3
Salima 59287 60208 1.6 145859 157168 7.8 60208 65%6 -5.9 157168 124322 -20.9
Lilongwe 341252 346453 15 714180 784013 9.8 83364 347140 0.2 784013 739271 5.7
Machinga 287509 287976 0.2 389779 382004 -2.0 9287 276207 4.1 382004 296374 -22.4
Blantyre 250026 254663 1.9 332359 542210 63.1 6@34 256199 0.6 542210 438895 -19.1
Shire Valley 42211 42106 -0.2 42211 28594 -32.3 2106 31890 -24.3 28594 20743 -27.5
Total 1475618 1500549 18.0 2801557 3193344 87.4 1500549 1497829 -23.4 3193344 2905992 -105.3

Source: Ministry of Agriculture Crop Estimates for 2010, 2011, 2012
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Figure 1.2 Malawi mean maize hectarage and produain per region from 2010 to
2012

1.4 Abiotic constraints to maize production in Malavi

Soil acidity is prevalent in most parts of Malawidaa limiting factor in crop production.

The increasing population is creating pressureaad bnd continuous mono-cropping and

slashing and burning of crop residues during ldedring have exacerbated the problem.

More acid soils are found in the high rainfall @€a21000 mm per year) where there is

moderate to high leaching, while the alkaline saiis found in low rainfall areas (< 500

mm per year). Regions with soil pH less than 5xeHaeen identified in the country and

according to the soils database prepared by tHe Sommodity Team, over 40% of the

country has such soil. The largest hectarage of &eid soils are found in the following
ADDs: Lilongwe, Mzuzu and Blantyre. Chilimba (199%ported higher Al saturation

percentages in some areas of Bembeke, Lunyangweatalkay and Mulanje. The soil pH

in the ADDs in the country is outlined in Table 1.2



Table 1.2 Percentage area covered by soil pH valukslow 5.6 in four agricultural

development divisions

ADD Soil pH Area % coverage
Blantyre 42-55 36
Kasungu 42-55 10
Lilongwe 4.7-55 65
Mzuzu 44-55 33

Source: Chilimba and Saka 1998

The well-known low pH soils are found in most pat8embeke, Kanyama and Mayani
in Dedza; Namwera rural development programme (RiDPYlangochi; Tsangano in
Ntcheu; Mulanje RDP in Mulanje; Thyolo RDP in ThgpNkhata Bay RDP in Mzuzu
ADD (Lunyangwa, Ntchenechena, Mphompha, Uzumalay2dzity, Mzimba central and
South Mzimba) and Misuku Hills in Chitipa. High psbils or alkaline/sodic soils are
located in Shire Valley, along Lake Chilwa and LaWalawi (Chilimba and Komwa,
2003). In such low pH soils, crop yields are lirdieand sometimes total crop losses occur.
For instance, Munthali and Chilimba (2004) repoegleld reduction of more than 85%
in low pH soils in Lunyangwa as compared to theeptiél yield of 8.5-10 ton hafor

maize hybrids under normal fertility conditions.

The problem of low-soil pH can be solved by using amendments such as liming,
although most farmers in developing countries caafford such amendments (Pandgy

al., 1994). A more sustainable solution would be tedehl tolerant maize genotypes for
use in acid soils which, in the long run, is lesgeansive, sustainable and more

environmentally friendly.

Other abiotic stresses are droughts and floods aamimlow-land areas of the country
Mazunda and Droppelmann (2012) reported that iaumtry of which its economic base
is heavily dependent on agriculture, not only & rural livelihoods affected due to the
negative impacts on the agricultural sector, but-fasm and urban households are not
spared either, given the strong relationship oflpobion and prices between agriculture
and the rest of the economy. According to the Mal&uinerability Assessment
Committee (MVAC, 2010), 718 000 people were deddomd insecure between March

and June in eight districts in southern Malawi ttupoor harvests as a result of prolonged
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dry spells in the 2009/2010 season. The numbeffedtad people is expected to increase
to 1.1 million by October 2010 (FEWSNET, 2010). FEMET (2012) estimated that
above one and a half million people would be indnaffood relief between October 2012
and March 2013.

Flooding affected the country in early 2013 in sactvay that the United Nations (UN)
World Food Programme (WFP) in conjunction with @evernment of Malawi were
providing food relief to about 6 700 households chhivere flood victims (FEWSNET,
2013). Incidences of food shortages worsen anggrére increases occur which reduce
households’ disposable incomes. It is mostly smedlle farmers and those residing in the
flood-prone southern regions of the country thaty stulnerable (Selka, 2012). The
economic losses as a result of climate relatedstisaare evident: Malawi loses 1.7% of
its gross domestic product (GDP) on average eveay due to the combined effects of
droughts and floods. This is equivalent to appr@tety US$22 million in 2005 prices
(Mazunda and Droppelmann, 2012).

1.5 Biotic constraints to maize production in Malaw

Economic importance maize diseases in Malawi irehidal disease such as maize streak
virus (MSV), fungal diseases such as leaf bligiB)(lcaused byExserohilum turcicum
(Leonard and Snugs) and gray leaf spot (GLS) cabgdte pathogeercospora zeae-
maydis(Tehon and Daniels) and downy mildew (DM) anothergal disease caused by
the genusPeronosclerosporaGLS can cause yield losses of up to 60% (Ringetr a
Grybauskas, 1995). The most destructive diseasédwade is DM (Frederiksen and
Renfro, 1977) and in Malawi two species are knowrtduse this disease, these Rre
philippinensisandP. sorghi Two pathotypes d?P. sorghihave been reported, one capable
of infecting both maize and sorghum and the othé&cting only maize (Anaset al,
1987). The diseaswas first identified in maize in Mozambique (Plubhindsa and
Mondjane, 1984). In Malawi its occurrence on sorghwas reported by Beck (1980) and
its observation on maize was in the 2004/05 seastime Blantyre ADD where over 40
000 farm families were left food insecure espegiallthe Mulanje and Thyolo districts.
Adenle and Cardwell (2000) reported that the tassmtts may proliferate, resulting in a
very bushy appearance, causes distortion and/otirsguof the maize plant. It frequently
7



occurs in areas of fields subject to flooding whitwe zoospores infect the growing point

of the young maize plants.

Another biotic stress in maize production in Malaswvitch weedStriga spplts origin is
not very clear (Holnet al, 1977) and it is believed to be indigenous teital and sub-
tropical Africa and Asia. In Malawi the most impamt genera for cereals & asiatica
locally known askaufiti and is the most widely spread in the country gseed to other
witch weeds likeS. hemonthicandAlectra vogellifor legumes. Kabambet al. (2008)
reported that yield losses depend on level of tafem, susceptibility of the maize
genotype, soil fertility and crop management pradiStriga seeds are shed in large
numbers (over 50 000 per plant) and remain viadléohg time (up to 20 years) (Ramaiah
et al, 1983).

1.6 Malawi National Maize Breeding Programme

The Malawian National Maize Breeding Programmehwis main office at Chitedze
Agricultural Research Station, was established withaim of varietydevelopment and
breeder seed production as well as seed distribbtdigrowers. Major achievements have
been reached in the development of new maize iesiend identification of improved
varieties for tolerance to stresses obtained frémerdoreeding institutions. To this effect
nine maize hybrids were released in 2013, threehath are both drought and low nitrogen
(N) tolerant (CIMMYT, 2013). For drought alone, theogramme has released a total of
five cultivars since 2009. These are MusungabaBj309), Mwayi open-pollinated
variety (OPV) ZM523, MH30, MH31 and MH32. In termag dissemination, four newly
released hybrids of 2013 were already selecteprtaduction by different seed companies.
In terms of nutrition, two quality protein maizeR@®) varieties were released in 2008 and
2009, an OPV, Chitedze2QPM and a hybrid (MH29)peetvely (Kaonga, 2009; Mviha
et al, 2011). There are a good number of released dig/fmom the programme which are

tolerant to GLS, MSV as well as LB and are distidlolby seed companies.



Despite all these achievements varieties for lowtpldrance are yet to be developed.
Hence the objectives of this study were:

1. To evaluate maize genotypes of diverse genatiability for tolerance to Al as a proxy
for low pH tolerance.

2. To study maize genotypes of diverse geneti@bdity for tolerance to low pH soils by
use of phenotypic and morphological traits.

3. To study the genotype by environment interacti®xE) and stability of the tropical and
sub-tropical maize genotypes.

4. To estimate combining ability among well adaptésded lines and low pH lines from
CIMMYT-Colombia.
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CHAPTER 2

Literature review

2.1 Importance of maize and consumption levels

Maize is the most significant cereal crop in theu@ineae family in eastern and southern
Africa, representing over 29% of the total harvedsteea of annual food crops and 25% of
total caloric intake and income (FAOSTAT, 2010)isltone of the most important food
staples in SSA, providing nourishment to over 30ion resource-poor smallholders. Its
cultivation spans the entire continent and it is tominant cereal food crop in many
countries accounting for 56% of the total harvestesh of food crops and 30-70% of the
total caloric consumption (FAOSTAT, 2007).

Consumption is high in Southern Africa; the peritzapverage is about 195 kg in South
Africa, 181 kg in Malawi, 168 kg in Zambia and 13 in Zimbabwe (Hassan, 1998).
According to Calbat al.(2001) it was estimated that for SSA to be foodusety 2050,
food production should be multiplied by seven aspared to the 1995 level. This requires
proper planning for increased agricultural produttiwhich is sustainable without or with

minimal environmental degradation.

2.1.1 Important abiotic factors affecting maize praluction

The major abiotic constraints to maize productiociudes drought, low N soils and low
pH soils. With respect to low pH, maize is plantedapproximately 8 million ha of acid
soils all over the world (Brewbaker, 1985; Pandey &@ardner, 1992). Soil acidity is found
to be a major yield-limiting factor for many cropad covers extensive areas of land in
tropical, sub-tropical and temperate zones; with fiH occupying approximately 3.95
billion ha, about 30% of the ice free land of therld (von Uexkiill and Mutert, 1995). The
lower yield of crops grown in acid soil is basigadue to combinations of low pH, toxicity
of iron (Fe), Al and Mn as well as deficiencies\gfP, Mg and Ca. However, Al toxicity
was found to be the main problem in maize produadbiecause of root growth inhibition,

consequently reducing the water and nutrient uptahke its interference in different
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physiological processes of crop development (Btogl., 1988). The key effect of low pH
soil on the plant is a slow growing root systemcamepanied by the establishment of
surface roots. This negatively influences the dssd nutrients and induces plants to be
more susceptible to drought (Pifiesdsal., 2005; Hartwiget al.,2007). Soil amelioration
can be implemented by correcting the low pH sadtust. However, the use of sall
amendments such as liming, which is well knownricrease soil pH, may have some
adverse effects to the environment and have a teampeffect and are too expensive for
resource challenged farmers in developing counftfies low pH change has been reported
to occur only in a restricted top soil layer upomihg, while the sub-soil surface layers of

the soil profile with toxic Al remain acidic (Custi® et al, 2002).

2.2 Concept of low pH, definition and origin

The concept of low pH first came about by a Dactsémist, Soren Peder Lauritz Sorensen
in 1909. Soil pH is a measure of the acidity oridigsin soils and pH is defined as the
negative logarithm of hydrogen ions *(lbr, more precisely, #D" aqg) in a solution.
According to Brady (1990) the pH scale ranges fronto 14, with 7 being neutral.
According to this notion, a pH below 7 denotes igiand above 7 denotes alkalinity. Soil
pH is considered a significant variable in soilstalictates many chemical processes that
take place. It significantly affects plant nutrieailability by determining the chemical
forms of the nutrient. The optimum pH range for trant species is between 5.5 and 7.0

however, some plants have adapted to thrive atgltieg beyond this range.

Acid soils have a low pH because of the parent nadgefrom which they derived or
originated from through weathering and have lowdeation (Ca, Mg, K and Na) content
because these elements have been reduced frowiltbg Eaching or via harvested crops
(Granado<=t al., 1993). Generally acid soils have low pH and cantakic levels of Al
and Mn also are deficient in Ca, Mg, P, K, and NDmque-Vargaset al., 1994) and
occurring mainly in the form of stable Al silicatemplexes, which is non-toxic to plants
(Ma and Ryan, 2010). When Al solubilises and foooshedral hexahydrate [AlgB)s]>*
also known as Al"it becomes toxic to plants even at micro-molar emiation (Kochian
et al.,2005).
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Globally, 30% of all land area is reported to benpased of low pH soils and 50% of the
world’s cultivated lands are potentially acidicughAl toxicity is considered as one of the
most significant limitations to crop production fiBroset al, 2005). In Brazil, more than
500 million ha are reported to have acid soils,eeslly those covered by Savannah
(Cerrado biome) vegetation (Vitorellt al, 2005). The soils of these areas have high
acidity (average pH 4.6), a high concentration bédd Mn, and deficiencies of EaMg?*

as well as P. These limitations, if not correcteah lead to remarkable reduction in crop
productivity. Development of genotypes tolerantow-soil pH has gained importance in
recent years. There is great variability in lowtgi tolerance between species and even
between genotypes within species (Huabhagl.,2009). The mechanisms of tolerance to Al
can be summarised into two classes: (i) thosedliratnate absorbed Al or prevent/reduce
its uptake by the roots (Al exclusion) and (ii)@efication mechanisms, which usually act
by Al complexation, followed by the transfer andrafge of these complexes in vacuoles

(internal tolerance) (Hartwigt al.,2007).

According to Kochiaret al (2005), the main site of Al accumulation and ¢ty is the
root meristem, primarily the distal part of thendion zone. The rapid root growth
inhibition after exposure signifies that the Al testly terminates cell enlargement and
elongation before interfering with cell division ¢khianet al, 2005). After an adequate
exposure of the root system to Al, its toxicitynmnifested through a set of symptoms
expressed in its continuous and increasing effie¢he morphology and physiology of the
roots, which involves decrease in the followingorhass; the number and length of the
roots, often coupled with an increase in the meaus and root volume; and the uptake
of water and mineral nutrients, resulting in sevirgses of root elongation and the

subsequent productivity.

2.2.1 Research findings on aluminium toxicity effde

Studies showed that the binding of Al to cell vemlimnponents changes the cation exchange
capacity (Panda&t al., 2009). Maet al (2004) reported that visco-elasticity and other
properties of the cell wall are affected, resultinglterations that interfere with growth.
Al can cause decline in the elasticity of the cedlll and stimulate the synthesis and

accumulation of lignin (Peixotet al.,2007) through the activation of a peroxidase (POD)
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linked to the cell wall, which is involved in thenprovement of hydroxyproline-rich
glycoprotein binding to phenolic acids. The enzyraetvated by Al are comprised of
nicotinamideadehyde (NADH) oxidase, phenylalanimamemnia lyase (PAL), and
lipoxygenase (LOX). NADH oxidases are responsilde the synthesis of hydrogen
peroxide, which is significaribr rapid polymer binding catalysed by the cell WROD.
PAL is the key enzyme in the biosynthesis of phepsydpanoids and LOX is responsible
for the peroxidation of membrane polyunsaturatéty fecids resulting in the formation of
hydroperoxides. These compounds are reported haghéy reactive and quickly degraded
into compounds that, by the octadecanoic pathwayltsein the production of jasmonic

acid, which functions in the lignin synthesis silfjng pathway (Xueet al.,2008).

Kochianet al (2004a; 2004b) indicated that Al can disrupt tlyeoskeletal dynamics,
interacting with microtubules and actin filamen&. can also interfere with signal
transduction, particularly in the €asignalling pathway (Rengel and Zhang, 2003).
According to Sivaguret al.(2000) and Jone= al.(2006) Al can increase callus synthesis,
blocking the plasmodesmata and preventing cell W@dsening, thus limiting the
expansion of cells. The plasma membrane has ainelyatharged surface, making it a
sensitive target for Al toxicity. Al strongly bind® phospholipids, which leads to
alterations of the lipid composition (Peixa@bal.,2001), decreases membrane fluidity and
increases the folding of density of lipids (Chatnal., 1991a; 1991b). Al can also inhibit
the H- ATPase in the plasma membrane, which deters #heeldpment of and
maintenance of the ‘Hgradient (Ahnet al.,, 2001). Therefore Al interferes with
transportation of secondary ions, indirectly cagsimanges of ion homeostasis in root
cells. Al also rapidly and effectively inhibits thlux of C&* into cells by modulating the
activity of transporters which causes alterationthe membrane potential (Kochianal.,
2005). It has strong affinity for phosphate grodpat makes the Al bind to DNA,
negatively affecting its template activity and amatin structures (Silvat al, 2000) and
this alters the cell division process (Barcel6 Bodchenrieder, 2002; Kochiahal, 2005).

2.3 Mechanisms for low pH tolerance

It is important to note that plants have developadous mechanisms to overcome the

effects of toxic Al in the soil. These mechanisnam e divided into two groups (i)
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symplastic mechanisms comprising of immobilisataymneutralisation of Al within the
cell and (ii) exclusion or apoplastic mechanisnad teter the Al from penetrating into the
cell, by its immobilisation or neutralisation iretihhizosphere (Kochian, 1995; Samac and
Tesfaye, 2003). In the symplastic mechanism, Ahinithe cell is reported to react with
several entities such that it can form complexeth wrganic acids (Foy, 1988; Taylor,
1988), with proteins or other compounds (Suhaydhtdaug, 1995). Internal Al is kept
inactive in the cytoplasm or in the vacuoles; tBisin advantage because it prevents its
negative effects in many cellular processes. Howete intracellular mechanisms of
tolerance are not well understood, since both aokerand sensitive plants have an
accumulation of Al when grown in soil conditions lmfyh availability of this element.
Different forms of Al can be transported into val@sy where it is stored without causing
further damage to the cell. The exclusion mechasisfrAl are well studied (Samac and
Tesfaye, 2003; Kochiaet al, 2004a; 2004b) and validated on the basis of tggne
physiological and molecular evidence. In these rapigms, chelating compounds are
reported to be released by the roots forming narectcompounds with Al, avoiding the
entry of this element into cells.

In a number of crop species, the exudation of aogacids by root apices is a major means
of Al tolerance as reported in maize (Pifiezbal, 2002), wheat (Sasaét al, 2004), and
sorghum (Magalhaest al, 2007). On the other hand, organic acids, es|heci&rate and
malate, are reported to form stable complexes thighAF* in the rhizosphere, reducing
the toxic effects in the root system (Kochgtral, 2004a; 2004b).

2.3.1 Genes and inheritance for tolerance to aluminm toxicity

Genes play a significant role in Al tolerance. Tihist gene identified for Al tolerance
isolated in plants was th&LMTI gene in wheat which is a malate transporter which i
activated by Al (Sasaket al, 2004). GeneSbMATE (Magalhaeset al, 2007) and
HVMATE (Furukaweet al, 2007) were isolated from sorghum and barleyeetsgely and
function as a citrate transporters, also inducedlbybout two years later, advances in
research led to the identification of homologousegeof theALMT andMATE multigene
families which were isolated from several othemplspecies. In addition, a transcription
factor of the zinc finger type call&TOP] is related to Al tolerance in Arabidopsis, which
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functions in regulating the expressionAAMATE and AtALMT genes (Liuet al., 2009).
Recently Nramp aluminium transporter 1 (Nratlgxpressed in the plasma membrane and
in the tonoplast, was identified to be associatéld ™ tolerance in rice (Xiat al.,2010)
and this suggested a possibility of involvemenhwiite flux of Al and its mobilisation to

the cell vacuole.

It is important to note that the genetic controlAdftolerance in crops varies from an
inheritance controlled by one or two genes, as mbsgein wheat, to a quantitative
inheritance, where genes with smaller effects achadifiers, such as in maize (Cancado
et al., 2005; Ferreirat al.,2006;). In wheat, tolerance to Al appears to betrotied by
one or two major genes, with the main gene locatedchromosome 4D (Aniol and
Gustafson, 1984, Laget al.,1991). Delhaizet al (1993) associated the Altl locus with
a large proportion of the variability in toleraneeong wheat cultivars. Subsequently, the
ALMT1gene which encodes a malate transporter actiimtéd, was cloned by Sasa&t

al. (2004) and would be the gene underlying the AltLifo

Minella and Sorrells (1992) reported that simpleeiritance of Al tolerance was observed
in barley and identified a genalp) which had a major effect in Al tolerance (Minedlad
Sorrells, 1992; 1997). They concluded that theatams in Al tolerance among barley
cultivars were controlled by different alleles &ist locus; however, other genes with
smaller effects may have an influence on this .trédhe Alp gene was mapped to
chromosome 4H (Tanet al,, 2000).

2.3.2 Genetic variability in various crops for alumnium tolerance

Different crop species exhibit different behaviouns soils with high Al saturation
(Parentonkt al, 2001). Variations exist within crop species #ifoks. For instance rye is
considered to be the most Al tolerant species ef Thticale tribe (Miftahudin and
Gustafson, 2002) and genes with larger effectsldalérance were identified to be located
on chromosomes 6R&\f), 3RL (Alt2) and 4RL Alt3).

Parentoniet al. (2001) reported some species considered to beregly tolerant to Al:
some of the tropical forage grass species (Galgmal, Jaragua and Capitata grass),
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cassavand cowpea. Crops such as rice, coffee, potatberyipalm oil, rye and oat are
considered to be highly tolerant to Al. Howeverestvpotato, maize, cabbage, wheat,
millet, pea, eggplant, soybean, elephant graske\hamions, beet, pumpkin, sorghum and
shrubs like leucaena present low to medium tolerancAl. Carrots, spinach, celery,
cotton, common bean and alfalfa are among the epe&dnich are extremely sensitive to
Al. A large degree of interspecific variability 8f tolerance was reported in several crop
species (Parentomt al, 2001; Samac and Tesfaye, 2003). Also Cangatal. (2007)
indicated a wide morphological variability for Adlerance in a group of 13 sorghum lines,
ranging from highly sensitive (20% relative roobgth) to highly tolerant (>100% relative

root growth), when measured in nutrient solutiontaming 60 uM of Al activity.

Al tolerance in maize is reported to be of complaxeritance, since progenies derived
from crosses between tolerant and sensitive lihes £ontinuous frequency distributions
under Al stress (Magnavaes al., 1987; Sawasaki and Furlani, 1987). Magnawetcal.
(1987) reported a predominance of additive effecthe genetic variation linked with Al
tolerance in maize. However, Moehal. (1997) identified a gene with partial dominance
(ALM1) responsible for tolerance to Al toxicity in thepecies with the favourable allele
identified in a line derived from a somaclonal eati of the cateto race (Cat-100-6).
Subsequently, Siboat al.(1999) mapped two quantitative trait loci (QTLs3|led ALM1
and ALM2 on chromosome 6 and 10, respectively, twtace involved in the genetic
control of Al tolerance in maize. Ninamango-Cardestaal (2003) also mapped five Al
tolerance QTLs on maize chromosomes 2, 6 and &iekpy about 60% of the phenotypic
variation of the trait. Of the two QTLs (ALM1 and_M2), only the one on chromosome
6 was consistent between the two genetic mappudjest in maize, being equivalent to
ALML1. Recently, Maronet al. (2009) characterised a member of the MATE family i
maize, Zm MATEL, co-localised with the major Aléchnce QTL in the same region as
chromosome 6. According to the author this candidgne encodes a protein located in
the plasma membrane that activates the citratagelm the root apex.

Al tolerance in rice appears to be quantitativelyerited (Khatiwada&t al, 1996; Wuet
al., 1997). This observation was confirmed by mappgioglies in crosses between different
crop species of the genus (Wual, 2000; Nguyeret al, 2002). The evaluation of diallel

crosses in soybean revealed that additive effeetpr@dominant in Al tolerance (Spehar,
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1995; Spehar and Galwey, 1996). Bianchi-teakl. (2000) reported more than five QTLs
with minor effects, and concluded that the contblAl tolerance in this species is
guantitative. The diallel crossing in alfalfa, @grighly Al sensitive, also concluded that
non-additive effects were more important than ttditave effects in the control of Al
tolerance (Campbedit al, 1994).

2.4 Types of mechanisms for aluminium tolerance

Plants have developed different means to overcoimgtréss either by precluding %l
from entering the root (extrusion mechanisms) obéwg able to deactivate or neutralise
toxic AI** absorbed by the root system which is a true totsranechanisms. So far the
only well documented mechanism of Al resistanaiésexclusion of Al from the root tip
based on exudation of organic acids, which chelit¥ creating stable, non-toxic
complexes (Kochiaet al.,2004a; 2004b).

The root apex was identified as the main site eindlliced root growth inhibition (Bennet
and Breen, 1991; Ryaat al, 1993). The most frequently measured effect afo&icity is
the inhibition of root growth, but it is importand bear in mind that a number of
physiological and biochemical processes in thetplalh have been affected before growth
inhibition occurs (Rengel, 1996). Many enzymes hasen found to be up-regulated upon
exposure to Al and these include PODs (Ezstkal, 1996, Hamelet al., 1998). In
transgenic Arabidopsis, expression of a POD gere identified to confer a degree of
resistance to Al (Ezalgt al, 2000). PODs were identified to have an imporfanttion

in plant metabolism and physiology, and are comsui¢o play a role in the responses of
plants to infection and abiotic stress stimuli (&<t al, 1985). Many plant defence
responses involving PODs have been identified &ede include lignification (Walter,
1992), cross-linking or bonding of cell wall commais (Bradleyet al, 1992), suberisation
or impregnation of cell walls and wound healing €8let al., 1993). The gene encoding
the Arabidopsis blue copper binding protein indugksesistance in yeast cells (Ezati
al., 2000).
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2.4.1 Physiological mechanisms of aluminium tolerance

Hartwig et al. (2007) reported that Al detoxification can be acpbshed by its
complexation in the symplast with different organicompounds and/or by
compartmentalisation of Al or its complexes in vales. In this case Al would change little
or nothing in plant metabolism, enabling growth aegelopment even after Al input into
the symplast. This tolerance mechanism is assalowite endemic species of regions with
acidic soils, where the ability to address Al tatyics a prerequisite for survival. There are
a few crop species that accumulate high conceotrstof Al in their shoots without

suffering from toxicity (Ryaret al, 2001; Janseet al, 2002).

According to Kochianet al. (2004b) the main tolerance mechanisms that prorAbte
exclusion or prevent its absorption by the rootdude Al immobilisation in the cell wall,
Al selective permeability in the plasma membrarié jiqcreases in the rhizosphere or the
root apoplast and release of organic acids sucltrase, oxalate and malate, and phenolic
compounds by the roots. The production and relefsgganic acids is perhaps the major
mechanism of Al tolerance. Evidence that suppdiis statement was discussed and
concluded by Kochiast al.(2004b) and they include:

)] A strong correlation exists between Al tolerancd arudation of organic acids in
many crop species.

i) The addition of organic acids in the nutrient medieduces Al toxicity.

iii) Al/organic acid complexes (di and tri-carboxyli@) dot cross the membrane and
are not significantly absorbed by the roots.

iv) The exudation of organic acids activated by Al esat the root apex, the location
of the primary effect of Al toxicity.

V) The activation of the exudation mechanism is tigdespecifically by Ai".

Vi) In the plasma membrane there are anionic chanotilated by Al that facilitate
the efflux of organic acids.

Ma et al. (2001) also reported the identification of two paral patterns of organic acid
exudation as follows:
)] The plants are characterised by having an almaseidnate response to the release

of organic acids by the roots when exposed to Ak @uthors suggested that the process
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appears to involve the activation of pre-existimgt@ins, as found in wheat, tobacco and
barley.

i) An existence of a lag-phase between Al exposureoagdnic acids release was
found and this process is assumed to involve theiktion of gene expression (Mhal,
2001; Magalhaest al., 2007).

It is also indicated that genotypes with more rolanioxidant systems are usually more
tolerant to excess Al, but the mechanism by whitbxacerbates the formation of reaction

oxygen species (ROS) is still not fully understgbarkoet al, 2004).

2.4.2 Genetic mechanism for aluminium tolerance

A study using QTL mapping reported five distinchgmic regions which are significant
for Al tolerance in maize (Ninamango-Cardemasal, 2003). Consequently, maize has
been the subject of breeding programmes seekimctease Al tolerance or understand
the basis for it. The use of nutrient solution ekpents by various authors showed that the
trait is quantitatively inherited with a prevalenmieadditive genetic effects (Lopes al,
1987; Sawasaki and Furlani, 1987). Prioli (198" Qgasted that due to its high heritability
the trait is expected to be controlled by a smathher of genes.

Mirandaet al. (1984) found that the inheritance of two dominganes is responsible for
tolerance to Al toxicity. Rhuet al. (1978) and, Garcia and Silva (1979) also found tha
tolerance to Al toxicity is determined by one doamh locus for sensitivity. In another
study using restriction fragment length polymorphiéRFLP) Sibovet al. (1999) also
identified indicators that were involved with thwat loci (or two groups) located on
chromosome 6 and 10. Brondani and Paiva (1996&ded Al tolerance with a gene or
block of genes located on chromosome 2 while Tatas (1997) associated chromosome
8 to Al tolerance. Ninamango-Carderasal. (2003) also identified five genomic regions
presumably linked to maize Al tolerance, suggesdtiagjthis trait is quantitatively inherited
and controlled by a few genes. Their study idesdifiour QTLs for Al tolerance in maize
located on chromosome 2, 6 and 8. Behal. (2009) suggested that different results on
inheritance of Al tolerance could be a functiontlod germplasm used because there is a

possibility that the genotypic constitution of ggaenaterial can generate a differentiated
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and apparently inconsistent phenotypic expres3iba.authors recommended more efforts
on the inheritance mechanisms of Al tolerance ilzenbecause the results reported in the

literature are considered to be inconsistent aocdnalusive.

2.5 Use of modern tools in breeding for low pH tolerane: QTLs, marker assisted

selection and transgenic’s

In maize, Al tolerance is seemingly a quantitativ@t and Guimardegt al. (2012)
recommended the use of a combination of stratégre€3TL introgression, complemented
by early phenotyping of lines to increase the ckhanaf success in generating tolerant
materials. The existence of a QTL with a major &fte-localised with genes homologous
to the ALTsg gene was reported (Sib@t al, 1999; Ninamango-Cardenas al, 2003).
Maronet al (2009) recommended that other genomic regionsldhi® monitored on the
basis of early phenotypic selection or genome-védkection (GWS). Parentosei al.
(2003) reported a high correlation between perfoiceper sein maize inbred lines and
its general combining ability (GCA) evaluated iraltkl crosses in a study of phenotypic
selection in nutrient solution. In another studyyete cycles of marker-assisted
backcrossing in maize were sufficient to recoveprapimately 99% of the recurrent

genome (Morriget al, 2003).

Molecular markers for assisted introgression as® available for sorghum and were
described by Magalhaes al. (2007). Oliveiraet al. (2010) also reported that markers
distributed in the sorghum genome, are availabtbae being used for introgression of
superior alleles of th&LTsggene in elite lines from Brazil and Niger. In legrltransgenic
plants that overexpress tA¢.MT1 gene were created. Wheat genes that showed a high
increase in the rate of malate release, lead to@eased tolerance to Al (Delhaieeal,
2004). Magalhaest al.(2007) also demonstrated tatbidopsisplants transformed with

the ALTse genes showed higher Al tolerance and citrate aiarmdahan non-transgenic
plants. These results showed that the overexpresdithese heterologous genes confers
increased tolerance to Al and suggest an additistnalegy for crops which have limited

genetic variability for this trait.
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Significant advances in the knowledge of the pHgsgiical and molecular basis for Al
tolerance were obtained through the cloning of gasienajor effects, such 28VILT1in
wheat (Sasaket al, 2004) andALTsg in sorghum (Magalhaest al, 2007), which are
involved in the Al exclusion mechanism. Guimar@&esal. (2012) indicated that newly
identified genes and QTL have provided importampipsut for a broader understanding of
other mechanisms involved in Al tolerance in plaantd the availability of cultivars with
higher levels of Al tolerance would increase in dirand efficiency with the broad
integration of molecular and physiological knowledgto breeding programmes.

2.6 Diallel evaluation

The Danish animal breeder, Schmidt first coined diadlel crossing concept in 1919
(Pirchiner, 1979), it was later introduced intorilareeding. According to Sughrone and
Hallauer (1997) “diallel” refers to making all pdsie crosses among a group of genotypes.
The genotypes could for example, be individualsnes or homozygous lines. According
to Griffing (1956) and, Mather and Jinks (1977) thallel mating design enable the
determination of a magnitude of additive and nodiate components of heritable
variation.lt is the most popular technique used by plantdeeseto get information of value
on inbred lines of different parents and to asiesgene action in various tra{ickett,
1993).

Griffing (1956) came up with a range of diallel gnigal procedures. This has permitted
plant breeders to come up with the right selecttoategies and compare heterotic patterns
at an early stage of hybrid production (Go@i802). The four methods used arpayents,
i) F1 and reciprocal crosses iii) parents and d&nd iv) only the E Depending on the
decision by the plant breeder, the linear analysslel can be for either fixed or random
effects. When the genotypes are highly selectedraoréd, a fixed model for analysis is
commonly engaged for applied breeding programmesaase, 2010). In this case when
testing for combining ability the sampling errorcbees the residual and consequently
variance components and standard errors can beatstl. When estimating additive and
dominance variances, the following is assumed:ratesef epistasis, absence of reciprocal
differences, normal diploid segregation, absencelimkage and multiple alleles,
homozygous parents, independent gene distributao, zero inbreeding coefficients
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(Griffing, 1956). However, it has been noted tlese assumptions are rarely observed in
practice (Baker, 1978) and since diallel crossyaisiguides the selection of parents with
additive and non-additive effects for specific tsait enables the plant breeders to select
parents to be used in hybridisation or populaticgetling programmes (Murtaz al.,
2005).

2.7 Combining ability analysis

Griffing (1956) outlined a general procedure faalldil analysis which permits non-allelic
interaction. This technique partitions the averaggasured performance of a cross into
major components apart from the general mean (@i pasironment variance{e) by use

of the analysis of variance (ANOVA).

2.7.1 General combining ability analysis

GCA is used to denote the parents/line/hybrid’s maarformance/contribution in a cross
combination (Sprague and Tatum, 1942). FalconerMackay (1996) defined it as the
average performance of the parental inbred linglisingle crosses, when expressed as a
deviation from the average of all crosses. Addiave additive epistatic variances are the
primary components of GCA (Matzinger, 1963). Additi additive x higher order
interactions of additive genetic variance have bessponsible for the differences in
important variation in GCA (Baker, 1978).

2.7.2 Specific combining ability analysis

Specific combining ability (SCA) refers to thosesea in which cross combinations
perform relatively better or worse than would béicpated on the basis of the mean
performance of the parental inbred lines (Spraguelatum, 1942). It is thus the deviation
to a greater or lesser extent from the sum of t68& Gf the two parents. SCA is due to
non-additive gene action (Falconer and Mackay, 1986 other words, variations or
differences in SCA are considered to be attribatabl non-additive genetic variance
(Baker, 1978).
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2.7.3 Importance of combining ability analysis

GCA and SCA effects are significant in identificatiof parents and crosses which are
responsible for the expression of a particular tgpgene action (Meredith, 1984). It is
important to note that both GCA and SCA are effectjenetic parameters used in deciding
the next stage of the breeding programme (Dabholk@©2). Multiple crossing or
composite breeding programmes are facilitated giin@election of parents based on GCA
for development of synthetics and choice of suédh| especially where one intends to
use appropriate selection techniques like recuselection, mass selection and reciprocal
selection (Dabholkar, 1992).

2.7.4 Research findings on combining ability studgin maize

Gowda (2013) carried out a study to investigateGIBA effects of parental inbred lines
and SCA effects of single-cross hybrids for yietdl gield related traits and explore their
use in the generation of hybrids. A total of 140n€re developed and tested by crossing
34 parental inbred lines with five testers. The SG&A ratio of variances revealed that
there were prevalence of non-additive gene actiadhe expression of all the traits under
investigation. Six inbred lines were identified ivijood GCA for yield and yield related
traits.

El-Badawy (2013) carried out a study involving # ldaallel cross with seven inbred lines
of maize under two different N levels for six qutattve characters. Results indicated that
mean squares for all traits were significant for G@nd SCA. Ratios of GCA:SCA
indicated that the additive and additive x additiyses of gene action were responsible for
the expressions for days to 50% anthesis, numbdewfel rows per ear and shelling
percentage in both N levels and combined analggificant interaction mean squares
between N levels and GCA and SCA were detectedfust traits. The results suggested
that the crosses may be of great importance indbrgeprogrammes either towards

development of maize hybrids or synthetic varieties

Kurawa (2012) conducted genetic analysis studiggaijenies from diallel crosses among

eight varieties of different maturity groups of maiand observed significant differences
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for GCA and SCA, indicating presence of additiveral as non-additive gene action. In
both environments, the GCA mean squares were higjglyificant and higher than the
SCA mean squares for all traits with a few excepstid he study revealed significant GCA
X environment interaction, indicating different eatal varieties behaved differently under
different environments, hence there was need ézséifferent parental varieties for hybrid
production for a specific environment. SignificaBCA X environment interaction
indicated hybrid performance varied with respe@ngironments. A suggestion was made
to have specific hybrids produced for specific emwments.

Vivek et al.(2009), in a combining ability study of parentabied lines for grain yield and
resistance to seven diseases, observed signifdiiatences for both GCA and SCA
effects for most diseases. Correlations between @@écts for disease scores were
generally non-significant, suggesting the posdipibf pyramiding genes for disease
resistance in the parental inbred lines. Mattheta. (2008), in a study of a diallel cross
among the nine lines observed that both SCA and G@#fe significant sources of
variation in the inheritance for resistance todsanage. GCA was also a significant source
of variation in the inheritance for resistance aoval growth. GCA effects for reduced

larval weight were significant for two lines.

2.8 Heritability estimation

Heritability was defined as the proportion of vaga due to heritable differences and
genotypic variance to the total phenotypic variafieredith, 1984). The higher the
proportionate value, the more transmissible iscth@racter. On the other hand, the lower
the ratio or proportionate value, the higher th#uence of the environment on the
phenotypic expression of the character. Thus ihdsfthe proportion of the total variance

that is due to the mean effects of genes.

Heritability can be defined in two senses:

) Broad sense heritability which is total geneticiaace (Meredith, 1984). While
Dudley and Moll (1969) defined it as the ratio ofal genetic variance to phenotypic
variance which expresses the degree to which iddals’ phenotypes are determined by

their genotype.
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ii) Narrow sense heritability whidhk the ratio of additive genetic variance to phgpit
variance (Dudley and Moll, 1969) and expressegxtent to which phenotypes are determined

by the genes transmitted from parents.

2.8.1 Importance of narrow sense herability

Inbreeding is important mostly when developing @wlines through selfing and selection, and
is needed when heterosis or vigour is desired. Voidamating related ndividuals
(inbreeding), narrow sense heritability is employedstimating the degree of relatedness
or resemblance between parents and progenies (Merd®84; Chaudhary, 1991).
Narrow sense heritability estimates the degre@okespondence between breeding values
and phenotypic values and expresses the levelngtigevariance in the population, which
is mainly responsible for altering the genetic makeof the population through selection
(Falconer, 1989; Dabholkar, 1992).
Narrow sense heritability fhcan be written as: 2 Va/ Vp

h?=Va/ (Vp=Va + Vp +V|+VE)

W = Va+Vp+V, +VE
Where: Vi denotes additive variance,pVdenotes dominance variance; ¥enotes
interaction variance, ande\tlenotes environmental variance (Falconer, 1989).
It is important to note that heritability is valibt only of the trait under investigation, but
also of a population being sampled and the envieotal conditions to which individuals
have been exposed to (Falconer, 1989; Dabhoka?)1B8pulations which are genetically
more uniform are anticipated to express lower &bility than genetically diverse
populations, since environmental variances cornstipart of the phenotypic variance,

which influences the degree of heritability.

2.8.2 Research findings on heritability studies imaize

In a study to investigate broad sense heritabditg correlations between the traits and
total grain yield, Aminu and Izge (2012) reporteeritability estimates for number of
stands per plot, anthesis-silking interval, plaeight, weight of cobs and grain yield of
above 60% within a range of 60.61-67.44%, whilesdy 50% anthesis, days to 50%
silking, ear height and de-husked cobs, recordeiiabdity estimates of below 60% i.e.
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47.91%, 50.03%, 58.45% and 55.06% respectivelyhétignd relatively moderate broad
sense heritability of the traits suggested thatatians were transmissible and had the
potential for generating high yielding varietiesa vselection of promising plants in

succeeding generations.

The correlation analysis which indicates assoaiatior some relationships indicated that
anthesis-silking interval (r = 0.88), number of s@er plant (r = 0.55 and r = 0.32), number
of cobs per plot (r = 0.83), weight of cobs (r 8 @nd r = 0.86), de-husked cobs (r = 0.95,
r=0.49 and r = 0.87) and 100-seed weight (r 6 @dd r = 0.32) exhibited positive and
significant genotypic (g), phenotypic (p) and eowimental () correlation with grain yield.
The authors, Aminu and Izge (2012) concluded teatdbility as well as correlations were
good methods for improving yield and selecting dgpes tolerant to drought.

In another study to investigate genetic variatlogrjtability and genetic advance of grain
yield and its component traits Beld al. (2012) reported that the effect of interaction of
genotype and genotype by year were significane&orweight and grain yield, while the
effect of year was highly significant for all thmiits. Additive gene effects contributed to
high levels of phenotypic and genotypic coefficgeot variation as well as high heritability
accompanied with high genetic advance recordedron yield, number of grains per ear,
ear weight, as well as plant and ear heights. Tidgcated that effective selection is

possible for improving these traits.

2.9 Heterosis

Heterosis is essential in crop improvement andoissitlered to be the phenomena of
enhanced hybrid performance (Hartl and Clark, 19B8)coner (1989) defined heterosis
as the difference between the crossbred and panebtad lines or simply the superiority
over inbred lines.It is often expressed in two ways: Where interegirimarily in the £
performanceer seit is expressed as the minus the highest performing parent, expressed
as a percentage of that parent used and is refeeri@sl “high parent heterosis” (Meredith,
1984). Secondly, as tha minus mid-parent expressed as a percentage ofithparent,
this was also referred to as “mid-parent heterd®&redith, 1984; Lamkey and Edwards,

1999). For heterosis to occur there should be beygosity as a fundamental precondition
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(Flintham et al., 1997). Other geneticists believe that dominancd gistasis are the
essential genetic foundation of heterosis such ldwtwith no dominance do not cause
heterosis. The degree of heterosis following axbetween two particular parental inbred
lines or populations is dependent on the squatieeodifference of rate of gene occurrence
or frequency between populations such that he®iosihe k is HR= Ydy?, where “d”
denotes the deviation of the heterozygote fromhbmozygote mid-parent, while “y”

denotes gene frequency (Coors, 1999).

2.9.1 Research findings on heterosis studies in maize

Salazaret al. (1997) conducted a study to investigate eightesgaing populations and

their 56 reciprocal crosses, in five acidic-soitdtons in order to establish relative
importance of nuclear and cytoplasmic factors fietdy days to silking, ear height, ears
per plant, and ear rot. Average and specific heten@presented 65 and 31% of the total
sum of squares for heterosis for yield. Populatieterosis effects for yield were not

significant, suggesting the effects would be alditmportance in selecting parental inbred
lines for developing superior hybrids. Specific diesis effects were negative and
significantly different for yield and ears per plamly for one cross, suggesting that non-
additive gene effects were at play in determinimgdyof specific cross combinations.

According to the author, the unavailability of maccal differences for all characters

suggested that nuclear genes were responsiblelépamnce to soil acidity.

2.10 Correlations

When a change in one variable is associated wiingd in another variable it is referred
to as correlation (Falconer, 1989). The measuas®dciation between two traits is referred
to as a correlation coefficient. Correlations athex positive or negative; positive when
an increase in one variable leads to an increasedther or when it is negative, an increase
in one variable will lead to a decrease in ano{Ratconer, 1989). Associated traits are
considered to be significant for three reasonsgéife action leading into association
through the pleiotropic action of genes wherebygeree affects more than one phenotypic
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trait (ii) linked to alterations brought in by sel®n and (iii) linked with natural selection
(Falconer and Mackay, 1996).

Two types of correlations are considered to be mamb in plant breeding (Meredith,
1984):

i) Correlation via phenotype which is considered tdhseassociation between two
traits that is visible and determined from measwets of the same traits in a number of
individuals in a given population. Phenotypic vaaee estimated by genotypic values and
environmental deviations. This type of correlatisncomposed of correlation due to
environmental agents and non-additive gene ackatt¢ner, 1989; Dabholkar, 1992). In
cases where two traits have high heritability, esgmn due to environmental agents will
be insignificant (Falconer, 1989).

i) Genetic correlation is considered to be the cdimaieaof breeding values which is
a result of additive gene action (Falconer and Mgck996). Genetic association between
two or more traits may result from one gene affectnany traits (pleiotropic effects) or
gene linkage that governs inheritance of two orenaaits (Falconer, 1989). This depicts

the degree to which the two measurements are assdgenetically.

2.10.1 Research findings on correlation in maize

Bulent (1996) conducted a study to investigateagsociations among several agronomic
characteristics in parental inbred lines, hybridg between parental inbred lines and their
offspring of maize in short season areas. Phenotypirelations of each measured trait
between as well as among hybrids and inbred linesewot the same. The highest
correlation coefficient (r = 0.78) was recordedvietn days to 50% anthesis and grain
yield. The trend showed that the better yieldifg & lines did not necessarily give rise to
better yielding offspring. Given that days to 508tign shed plays a significant role in two

main traits (yield and moisture stress toleranoe)hybrids, suggested that an effort to
achieve most favourable anthesis dates during dntiree development could be an

important criterion to predict short season hylpedformance.

Alakeet al.(2008) conducted a study to determine geneti@atian and correlation in yield
and yield associated traits of tropical maize. €hemas close similarity between the
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genotypic correlation coefficient and phenotypicretation coefficient for all characters,

indicating that selection for these traits woulddoecessful. Heritability estimates were
high for all the traits investigated except for slag 50% flowering. Traits investigated

showed significant association in the positive cion with grain yield except for days to

flowering and silking which showed significant naga genotypic association with grain

yield. Principal component analysis (PCA) showedt titome characters contributed
significantly to variations found in the maize ggmes evaluated and these included
seedling emergence, kernel weight, grain yield, Imemof kernels per row, number of

kernel rows per ear and days to anthesis. Also $aaits like number kernel rows per ear,
grain yield per plant, ear length and number ohkér per row showed high heritability

coupled with high genetic advance and could beidernsd as criteria when selecting maize
for grain yield.

2.11 Stability analysis

2.11.1 Stability definition and its concept

Yield stability of a genotype refers to the sitoativhereby a particular genotype is capable
of evading fluctuations in yield over a range ofieonmental conditions (Heinricét al,
1983). Related to stability is wide adaptability iehh refers to a situation whereby a
genotype exhibits good performance over a wide ggagcal region under changeable
climatic environmental conditions. Adaptability stability of a cultivar usually relates to
three biological mechanisms. These are: physiokbgmorphological and phenological.
Individual genotypes may react to brief fluctuadn an environment in two different
ways. Genotypes that are capable of buffering agaimvironmental changes and develop
a replica of phenotype over a range of environmargknown to possess a ‘biological or
static’ stability. This is usually not beneficial crop breeding, since it will not show
improved vigour or heterosis under improved growaanditions. On the other hand
‘agronomic or dynamic’ stability allows a predickabresponse to environments and
stability with respect to the agronomic concept has no deviation from this response to
environments (Becker and Leon, 1988). With respequantitative characters, the many
genotypes usually respond similarly to desirablerdavourable environmental conditions.
According to Baker (1988) genotype by environmateractions (GEI) could be classified

into two types:
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i) Qualitative interactions. This is sometimes edlkcrossover interactions and it is here
that the direction of true treatment differenceses

i) Quantitative interactions. This is sometimedfilezhnon-crossover interactions and the
real treatment differences vary in the degree,nmitin direction (ranking of genotypes

does not change from one environment to another).

The crossover or qualitative interaction is sigmafit in agricultural production in
comparison to non-crossover or quantitative intievas (Baker, 1988; Crossa, 1990). With
respect to quantitative characters, the majorityesfotypes respond in a similar manner to
desirable or undesirable environmental conditities.crossover (qualitative) type of GEI
(one that leads to genotype rank changes) is presataction of genotypes based on mean
yield by use of combination of stability and yieluld likely be lower than for those
genotypes selected based on yield alone (Kdiady,1991). This could also be clarified by
investigating the outcome to growers when invesbigacommit a Type | error i.e.
rejecting the null hypothesis when it is true angpd Il error i.e. accepting the null
hypothesis when it is false, when selection wasthas yield alone and when it was based
on both yield and stability.

2.11.2 Phenotypic stability analysis techniques

Phenotype is considered to be an organism's aggille properties, such as morphology,
development, and behaviour. Several procedureagsessing phenotypic stability have
been proposed by various authors. However, é¢tiral (1986) studied the statistical
relationship between nine stability statistics atehtified and classified three concepts of
stability into the following types:

I) Type . a stable genotype is identified withraal variance across all environments.
This type of stability is significant when the téstations considered are not very diverse
and is identical to the statistical concept of sitgbas described by Becker and Leon
(1988).

II) Type II: a stable genotype has a reactiom&dnvironment similar to the mean reaction
of all genotypes in the experiment. Type Il stapils identical to the dynamic concept
described by Becker and Leon (1988).
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ll1) Type lll: the residual mean square from th@ression model on the environmental
index is a small value i.e. a smaller deviatiomfrthe regression. Type Il stability is

dynamic and the method of Eberhart and Russel (1i8&8nployed for its estimation.

2.11.2.1 Cultivar performance technique for estimang cultivar stability

Cultivar performance measur@i) is another technique proposed by Lin and Bin88).9
WherebyP denotes a genotype whileis the mean squares of the distance between
genotype one and the genotype with the maximunopagnce. A smali value indicates

a small difference between the genotype with marinyield and the best performing
genotype. A pairwise GEI mean square between thenmian and each genotype can be

estimated as indicated by Crossa (1990).

2.11.2.2 Wricke's ecovalence technique for estimag cultivar stability

Ecovalence is another technique of Wricke (1962 vgnoposed the procedure for
measuring stability by employing each genotypeistigbution to the GEI sum of squares
as a stability measure. Ecovalendé)(was the name given to this concept or statistic.
Genotypes associated witlli values that are low or close to zero tend to sawaller
deviations from the mean across environments aedrare stable and possess a high
ecovalence i.e. low value ®¥i = high ecovalence. Becker and Leon (1988) demaiestr
ecovalence by plotting yield numerical values af@gpes in several environments against

the respective environmental means.

2.11.2.3 Shukla’s stability variance parameter foestimating cultivar stability

Stability variance technique is another statistacpdure developed by Shukla (1972). The

technique is dependent on the residuals from theiael model. The variance of a cultivar

is defined as the variance of the cultivar acrasstions. For the purpose of ranking,

stability variance ¢%) is equivalent to ecovalenceV) (Wricke, 1962). Shukla’s (1972)

stability variance?) is also equivalent to Type |l stability (Lit al, 1986). According

to Shukla (1972) there was an indication that ggvex could not be described if there was
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a small proportion of GEI due to heterogeneity agwagression coefficients. In addition,
there is absence of independence between meantesfand performance as well as
between intercepts and slopes. Instead he suggéstadgse of the GEI sums of squares
which is partitioned into variance components cgpoading to each of the genotypes. The
identification of a stable genotype according tal8a (1972) is as follows: stability
variance ¢%) must be equato the environmental varianceste), for a variety to be
classified as stable thus = 0. A relatively large value of% implies greater instability of
genotype since the stability variance is the differencenssn two sums of squares, the
value can be negative, but negative estimatesranaes are rare in variance components

computations and are assumed agjuivalent to zero in most cases.

2.11.2.4 Regression coefficient and deviation meaguares

Yield is considered as the most important traitvarety selection. To this effect the most
widely used criteria for selecting high yield antde performance is average yield
performance, site mean yield regression resporgéarnations from regression (Eberhart
and Russel, 1966; Freeman, 1973). The first estidnparameter is the slopefrom the
regression of the yields of genotype | on an emvitental index (Finlay and Wilkinson,
1963). Wherd is equal or close to 1.0, it implies that a gepetyesponds to changeable
environmental conditions in a similar manner asséple mean. Finlay and Wilkinson
(1963) proposed that regression coefficient apgmogczero imply stable performance.
The joint linear regression has been employedt@shaique for analysing and interpreting

the non-additive GEI of two way-classification data

Finlay and Wilkinson (1963) proposed that regressioefficient close to 1.0 imply

average stability. When that is accompanied witthhmean yield, varieties have good
general adaptation. Conversely, when accompanitdlew mean yield, genotypes have
poor adaptation to all test environments. Regressabues increasing above 1.0 describe
genotypes with increasing sensitivity to environtaéohange, for example below average
stability and specifically adapted to high yieldiagvironments. Regression coefficients
decreasing below 1.0 provide a measure of greaiffiering ability to changeable

environmental conditions (above average stabiby)l therefore specifically adapted to
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low yielding environmental conditions. Stabilityaysis provides a method to establish

the reaction of a genotype to changeable envirotaheanditions.

2.11.3 Multivariate techniques for stability analysis

Multivariate approaches are employed in stabilitylgsis in order to obtain additional
information on multivariate reaction to environmeity genotypes. These analyses are
suited for computing two-way matrices of genotypesl environments (Crossa, 1990).
According to Becker and Leon (1988) multivariat@lgeis has three major objectives: i)
to remove noise from data patterns, ii) to sumneahg data and iii) to show the structure

in the data.

Genotypes with similar reaction can be clustergdpthesised and later evaluated and data
can be easily summarised and analysed. The ainheoBé¢veral multivariate analysis
techniques is to allocate test varieties into dqa@iely homogeneous stability subsets
(Becker and Leon, 1988). Within subsets, no sigaift GEI occurs, while differences
among subsets are due to GEI. However, there ane setbacks in multivariate analysis
techniques which include: i) many dissimilaritylte@ues and clustering strategies exist
and selecting between them can consequently deiffietent cluster groups and ii) non-

existent structure could find its way into the data

2.11.3.1 Additive main effects and multiplicativenteraction analysis technique

This model is observed to constitute ANOVA for ggmes and environment main effects
with PCA of the GEI into one model with additivedamultiplicative parameters. It has
been considered important in getting insight of pboated GEI (Kang, 1996). Results are
plotted in a very enlightening biplot that depilbtgh major and interaction effects for both
test varieties and test locations. The additivennediects and multiplicative interaction
(AMMI) model is employed to split estimated intetian components and adjust mean
yield for the interaction. This model partitiongaato pattern rich models and eliminates
noise-rich residual to increase efficiency. Themailvantage for using AMMI is that it

gives information for a large component of varidpiln its first few components with
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successive readings indicating decreasing percem@itern and decreasing percentage of
noise (Purchase, 1997).

The model AMMI is important in gaining insight obmplicated interactions, gaining
efficiency, improving selection efficiency and iresing experimental efficiency (Gauch,
1990). It has become an important statistical toatlentification of morphological and
physiological characters associated with toleratwestress and reveals the relative
significance of several environmental factors cgsdes (Gauch, 1993). The other merit of
this model is that it can be employed in modellamgl gaining insight about interactions.
According to Crossa (1990) the AMMI model is paurtarly useful in organising patterns
and associations for genotypes and environmentsafalysis procedure is that in the first
ANOVA the total variation is partitioned into threethogonal sources, test varieties as
genotypes, test locations as environments and &Ed. guide, Ramagosa and Fox (1993),
reported that in most yield trials the proportidrsom of squares due to variations among
environments ranges from 80-90% and that the vaniatue to GEI are often larger than
the genotypic differences. The other uniquenesshdiI analysis is that the interaction
principal component analysis (IPCA) sum of squaese is often larger than that for
genotype. Generally as genotypes and environmeusnie more diverse, GEI tends to
increase and may reach 40-60% of the total vanatigsually the environmental main
effect, which contributes up to 90% of the totalia®on, is not much relevant, especially

in selection techniques.

The AMMI technique produces graphs (biplots) whmtus on the data structure relevant
to selection, in other words on the genotype andl$ékrces (Ramagosa and Fox, 1993).
PCA partitions GEI into various orthogonal axesefhis some controversy on the number
of axes included in the AMMI model and how judgemseand indications of genetic
stability can be made if too many axes are consilgeauch and Zobel (1996) pointed out
that generally AMMI 1 and AMMI 2 models with IPCAdnd IPCA 2 respectively, are
often chosen and that the graphical outlay of aeiiser as IPCA 1 or IPCA 2 against main
effects, or IPCA 1 against IPCA 2, is not an isand it gives adequate information. With
AMMI 3 and higher models, IPCA 3 and higher axesraostly dominated by noise, have
little or no predictive value and no biological éupation and can thus be ignored. Another

major importance of the AMMI model is that it givasost-effective means for obtaining
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efficiency in research experiments and maximisiegdjits on investments (Gauch and
Zobel, 1996). Gains in efficiency of yield estinweits have been observed to be equivalent
to subsequent additional number of replication biaaor of two to five (Crossa and
Cornelius, 1993).
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CHAPTER 3

A hydroponic nutrient solution experiment for testing low pH tolerance in tropical

and sub-tropical maize genotypes

3.1 Abstract

Low pH soil is a major constraint to maize prodostby resource-poor farmers due to
toxic levels of AF* and P fixation. Selecting tolerant maize genotypeder low pH soil

in the field is confounded by associated exteraatdrs like diseases. In this study, 70
maize genotypes were evaluated in a hydroponicemiitsolution experiment at Chitedze
Research Station in a glasshouse. The objectiveaviaentify tolerant genotypes to the
presence of KAI(S@: in a nutrient solution as a proxy to low pH saidnditions. A
completely randomised design (CRD) with four reges was used. Significant
differences (p<0.05) were observed for initial seahiroot length (ISRL), final seminal
root length (FSRL), root tolerance index (Rti) ared seminal root length (NSRL). In terms
of FSRL the genotype sum of squares contributed%1of variation and this was
supported by a heritability value of 92%. The eonmental influence contribution was
low (7.6%). The NSRL, which represented the effectioot growth or elongation during
the experimental period varied significantly (p<f).@mong the maize genotypes tested.
The sum of squares for genotypes contributed 583%te total variation. The heritability
was 74% implying that the phenotypic difference®agthe maize genotypes in terms of
NSRL were due to genetic differences. In terms 8RN, genotypes IWD C3 SYN F2-B,
VPO52, and LPHpop4 were considered tolerant, and/BTR SYNTHETIC-B, TZE-W
POP DTC2 STR-B, TZE-YDT STR C4-B, LPHpop3, LPHpopdr&d LPHpopl14 were
sensitive to Al toxicity. The tolerant genotypesndified in this study will be used in the
National Maize Breeding Programme as source papuakto develop new low pH tolerant
parental inbred lines.

3.2 Introduction

Acid soils generally have low pH, contain toxic éév of Al and Mn and are deficient in
Ca, Mg, P, potassium (K), and Mo. These charatiesiare known to limit the fertility of
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acid soils (Duque-Vargaat al., 1994). Al is a major soil constituent and its oty is
observed in most acid soils where the pH leveldalew 5.5. Low pH is a major constraint
to production of maize and other crops on tropsmals. Al toxicity is reported to inhibit
the growth of crop plants on approximately 40% lod earth’s potentially arable soils
(Manyowaet al, 1988). At low pH (pH<5) toxic Al ions are released into the soil, and
hinder root growth, this greatly affects the depehe@nt of the entire plant (Kochian, 1995;
Kidd and Proctor, 2000). Al toxicity causes shaonick and under developed roots and
plants. This significantly reduces nutrient uptakel increases susceptibility to drought
(Sasakiet al., 1996). More than eight million ha of acid soile ganted to maize in the
tropics (Pandeet al., 1994) and soil acidity reduces yield by about 10Rthe maize
produced in the developing countries (Borretal., 1995).

Soil acidity is becoming common in most parts ofléida and is limiting crop production.
Continuous cultivation and burning of crop residudisring land preparation has
contributed to the problem. More acid soils oceuthie high rainfall areas (>1000 mm per
year) with moderate to high leaching, whereas tkadiae soils occur in low rainfall areas
(< 500 mm per year). The bulk of very acid soils &cated in Lilongwe, Mzuzu and
Blantyre ADDs. Chilimba (1994) reported higher Algration percentages in Nkhatabay,
Mulanje, Bembeke and Lunyangwa. The soils datapesgared by the Soils Commodity
Team indicated that over 40% of the country halsptiless than 5.5 (Munthali, 2007).

Considerable genetic tolerance to soil acidityxisressed in maize (Pifieros and Kochian,
2001). In addition, extensive genetic variabilitylwespect to Al tolerance exists in plants
both at inter and intraspecific levels (Ishikawad avagatsuma, 1998). In maize, the
majority of commercial genotypes are sensitive kookicity, such that breeding for more
adapted cultivars seems to be the best strategypimve farming of this crop in regions

with acid soils.

3.2.1 Hydroponic nutrient solution

Trejo-Téllez and Gomez-Merino (2012) defined aieatrsolution for hydroponic systems

as an aqueous solution containing mainly inorgéons from soluble salts of essential

elements for higher plants. A hydroponic systeraudfivation refers to growing plants in
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water containing dissolved nutrients (thereforehaitt soil). Currently 17 elements are
considered essential for most plants, these at@oaiC), hydrogen (H), oxygen £
sulphur (S), copper (Cu), zinc (Zn), boron (B),afie (Cl), nickel (Ni), N, K, P, Ca, Mg,
Fe, Mn, and Mo (Salisbury and Ross, 1992). Withakeeption of C and £ which are
supplied from the atmosphere, the essential elesnarg obtained from the growth

medium.

3.2.2 Justification for use of hydroponic nutrientsolution experiment

Conventional breeding methods take time and aheented by environmental conditions
and sometimes the expression of genes is maskegibtatic interactions, whereby the
expression of a particular gene depends on angdma. Testing of maize for Al tolerance
can be effectively done in the field if the envinoent (such as diseases and weather) can
be manipulated and this could be expensive and ¢onsuming considering the number
of genotypes that need to be evaluated. Reporisaitedthat there are three efficient and
less time consuming methods used: screening irentgolutions (Magnavae al.,1987;
Cancadoet al., 1999), potted soils (Ahlrich&t al., 1990) and root staining with
haematoxylin (Ruiz-Torrest al., 1992). Among these three methods, nutrient saiutio
screening seems to be attractive since it is bgssresive and provides adequate Al stress,
thereby allowing preliminary screening of a largentoer of genotypes in a small area and
consequently reduces the number of promising geestyo be analysed in the field
(Magnavacaet al, 1987). In addition the results obtained with gw@ution culture
screening method correlate positively with thostaimied using field screening (Gomez-
Ureaet al.,1996) showing that this method could be represgetaf what happens in the
field. The effect of Al tolerance in nutrient sotut culture could be quantified in terms of
root length measurements. Early symptoms of Aldioxioccur in the root for obvious
reasons as roots are in direct contact with toxXit' fons. Sensitive genotypes tend to

accumulate higher amounts of Al in their root tess(Carveet al, 1988).

Al solution tests improve efficiency in selectioor tolerance because there is effective

control of environmental variations, which is diffit to achieve under field conditions. In

the present study, KAI(S was used as a proxy to low pH soil conditionstiedutrient

composition was according to Magnavataal. (1987). The cost of liming low pH soils
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and applying adequate P to a maize crop is beywndeach of most small-scale farmers.
Maize breeding for low pH tolerance could offer @uson. However, conventional
breeding methods take time and are influenced lwrammental conditions. A more
suitable solution would be to select Al toleranizeayenotypes for use in acid soils which,
in the long run, is less expensive, sustainableraock environmentally friendly. The Al
solution test improves efficiency of selectiontwlerance because there is effective control
of environmental variations, which is difficult tachieve under field conditions. The
objective of this study was to identify maize gempets that are tolerant to low pH or Al

toxicity.

3.3 Materials and methods

3.3.1 Experimental materials

Two hundred and ninety OPV maize genotypes wereceduin October 2010 from
CIMMYT-Zimbabwe and CIMMYT-Colombia (267 and 23 gagpes, respectively). The
genotypes which had adequate seed for both hydioaod field trials were selected.
Further selections were carried out based on geainire (a preferred trait in Malawi) and
important genetic variation based on their pedgreehich have pre-characterised
attributes. This included QPM, maize toleranceditought, DM, MSV, striga as well as
yellow and orange genotypes. Finally, a total ofOBVs including those released and
commonly grown in Malawi were used in the hydrogomitrient solution experiment to
determine their response to Al toxicity in a hydvoje nutrient solution experiment (Table
3.1).
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Table 3.1 Description of the tropical and sub-troptal maize genotypes used in the

study
Pedigree Origin Pre-characterised traits
1  99TZEFY-STR QPM CO-B IITA QPM, STR, yellow
2 DT-WSTR SYNTHETIC-B [ITA DT, STR, white
3 DT-YSTR SYNTHETIC-B IITA DT, STR, yellow
4  EVDT-Y2000 STR QPM CO-B [ITA DT, STR, yellow QPM
5 EVD-W 99 STR QPM CO-B IITA QPM, STR, white
6 IAR-FLINT-Q-B IITA Flint
7 IWDC3SYNF2-B IITA White colour
8 LOW N POOL C3-B IITA Low N
9 MULTICOB EARLY DT -B IITA DT, multiple cobbing
10 OBA SUPER1(9021-18(lITA))-B [ITA QPM
11 OBATANPA/IWDC2SYNF2/IWDC2SY IITA QPM
12 OBATANPA/IWDC2SYNF2/IWDC2SYNF2-B IITA QPM
13 OBATANPA/TZLCOMPA4C3F2/TZLC IITA QPM
14 OBATANPA/TZLCOMPA4C3F2/TZLCOMP4C3F2-B IITA QPM
15 POP66 SR/IDMR-LSRY/DMR-LSRY IITA MSV, DM
16 POP66 SR/ITZUTSR-WSGY/T IITA MSV, DM, white
17 SYNDTE STR-Y-B IITA DT, MSV, yellow
18 SYNDTE STY-W-B [ITA DT, MSV, white
19 TZE COPM3 DTV C2 F2-B IITA DT
20 TZE E-WPOP X LD(SET2)-B ITA White
21 TZE-W POP DTC2 STR-B IITA DT, MSV, STR
22 TZE-WDT STR QPM-CO-B IITA DT, MSV,QPM, STR
23 TZE-YDT STR C4-B IITA MSV, DT, STR
24 TZE-YPOP DTC2 STR-B [ITA DT, yellow, MSV, STR
25 VPOO0721 CMMYT Zimbabwe GLS, LB, MSV
26 VP0O5148 CMMYT Zimbabwe GLS, LB, MSV
27 VPO5173 CMMYT Zimbabwe GLS, LB, MSV
28 VPO5179 CMMYT Zimbabwe GLS, LB, MSV
29 VPO5187 CMMYT Zimbabwe GLS, LB, MSV
30 VPO52 CMMYT Zimbabwe GLS, LB, MSV
31 VPO627 CMMYT Zimbabwe GLS, LB, MSV
32 VPO630 CMMYT Zimbabwe GLS, LB, MSV
33 VPO710 CMMYT Zimbabwe GLS, LB, MSV
34 VPO712 CMMYT Zimbabwe GLS, LB, MSV
35 VPO716 CMMYT Zimbabwe GLS, LB, MSV
36 VPO717 CMMYT Zimbabwe GLS, LB, MSV
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37 VPO738 CMMYT Zimbabwe GLS, LB, MSV

38 VPO739 CMMYT Zimbabwe GLS, LB, MSV
39 VPO741 CMMYT Zimbabwe GLS, LB, MSV
40 VPO743 CMMYT Zimbabwe GLS, LB, MSV
41  VPO744 CMMYT Zimbabwe GLS, LB, MSV
42  VPOT76 CMMYT Zimbabwe GLS, LB, MSV
43  VPOS86 CMMYT Zimbabwe GLS, LB, MSV
44  VPO96 CMMYT Zimbabwe GLS, LB, MSV
45  VPO97 CMMYT Zimbabwe GLS, LB, MSV
46  LPHpop4 = Cimcali 05B ROYA1 CMMYT Colombia low pH

47  LPHpop3 = Cerrito98SCMV2B(SA7)-#-B CMMYT Colombia ow pH

48  LPHpop6 = CimcaliO3HCG1A CMMYT Colombia low pH

49  LPHpop8 = GLSI0O1HG"A" CMMYT Colombia low pH

50 LPHpop9 = Granada 01Phae0olAS2 CMMYT Colombia low pH

51  LPHpop10 = GRANADAO1PHAE1AS1COGSCMY CMMYT Colombia low pH

52  LPHpopll = ICAV-305 CMMYT Colombia low pH

53 LPHpopl3 = PSA3 CMMYT Colombia low pH

54  LPHpopl4 = SO3TLYQABO5S CMMYT Colombia low pH

55  LPHpopl5 = SO3TLYQABOS CMMYT Colombia low pH

56  LPHpop16 = VILLAVICENCIO01PHAEOIACLA CMMYT Colombia low pH

57  LPHpopl7 = VillavicencioO3Asp1C(LET-EARLY) CMMYT Gombia low pH

58 LPHpopl8 = Menegua03GloeolC(S3) CMMYT Colombia fmiy

59  LPHpop19 = VillavicencioO3PhaeolA CMMYT Colombia weH

60 LPHpop20 = MENEGUAO1PHAEO CMMYT Colombia low pH

61 LPHpop21 = CaicedoniaO0OPhaeolA CMMYT Colombia Idwv p

62 LPHpop23 = POB SIKUANI CMMYT Colombia low pH

63  LPHpopl = Cap. Miranda 99Bact1F-1 CMMYT Colombia wlpH

64  LPHpop2 = Cerrito98Achap2B-#-B CMMYT Colombia lowip

65 LPHpop7 = Cimcali99BSCMVSAT7Ac-#-B CMMYT Colombia viopH

66 LPHpopl2 = meneguaOlcoglc(pob cog) CMMYT Colombia  low pH

67 ZM309 (Msungabanja) Malawi DT, GLS MSV, LB
68  ZM523 (Mwayi OPV) Malawi DT, GLS MSV, LB
69 ZM623 Malawi GT, LB, MSV
70 ZM721 Malawi GT, LB, MSV

QPM = Quality protein maize, DT = drought, MSV = Maize Streak Virus, LB = Leaf Blight, GLS = Gray leaf spg,
STR = Striga, SR = Streak, TZ = Tropical Zea, TZE = Trojcal Zea Early, TZL = Tropical Zea Late,

IWD = Intermediate White Dent, IAR = Institute of A griculture Research, COMP = composite,

VPO = Populations from Dr. Viveki’'s stock ID, CIMMY T-Zimbabwe, LPHpop = Low pH populations (a code to
designate long pedigrees for populations) from CIMM T-Colombia, and ZM = Popular OPVs released in Malavi,
breeding stock originated from CIMMYT-Zimbabwe
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3.3.2 Experimental procedure and design

The study was carried out during the off seasaDatober 2011 at the Chitedze Research
Station. Hundred seeds were randomly counted auggeotype and these were washed
with distilled water. The seeds were then sterdizel% sodium hypochlorite solution for

5 minutes and rinsed twice with distilled watere$a seeds were germinated in groups of
20 between paper-sheets moistened with distille@mfar 7 days, incubated at 27 for

the first 3 days to allow good germination. Afteet7 days roots and shoots were visible
and ready for measurement (Figure 3.1A). The ISRk measured from a random sample
of 10 seedlings per genotype from the 20 seedfiegpaper sheet. After measurements of
the ISRL, all 20 seedlings were transplanted ilést containers (Figure 3.1B). Four of
the containers per genotype which representedcegains were placed in a glasshouse and
seeds were grown for 7 days in 5 L aerated nutselution containing 6 ppm of Al in the
form of KAI(SOs)2 (Magnavaca, 1982). The remaining container per typeovas used as

a control in which only the nutrient solution wased i.e. no KAI(SG).. After 7 days from
sowing the seedlings were transplanted on plastizg with a fine mesh so that only the
roots of the seedlings were immersed in the nutselution. The procedure was to open
the plastic gauze with a tweezer and insert thésraatil they are in contact with the

solution.

A: Germination in moistened paper after 73r 7's
B: 7 days after transplanting in KAI(SOs)2
Figure 3.1 Germination of maize genotylyp¢ in news prints paper and appearance 77

days after transplanting
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3.3.3 Nutrient solution preparation

The composition of nutrient solutions used for gitowf maize genotypes was as described
by Magnavaca (1987) (umol elemett 10 900 NG-N; 3500 Ca; 2300 K; 1300 N#N;

850 Mg; 590 S; 590 CI; 25 B; 9.1 Mn; 2.29 Zn; 0.8®; 0.63 Cu; 77 Fe as ferric
hydroxethylethylene diamine triacetate (FeHEDTA)was added to the nutrient solution
as KAI(SQ).and P as KEPQu. The pH was checked and adjusted to 4.0 usinyl0HTI.

3.3.4 Data collection, measurements and calculatierof derived data

After 7 days, FSRL was measured in centimetres fomndom sample of 10 seedlings
per genotype per replication. The measurements axergaged and the mean ISRL and
FSRL were used to calculate the relative semirallemgth (RSRL) as derived data using

the following equations:

i) RSRL =FSRL - ISRL
ISRL
i) RTi = RSRL (Al treated plants)

RSRL (Al control plants)

i) % Response = SHL (Al" treated plants) x 100
RSRL (Al control plants)

iv) NSRL = FSRL

58



3.3.5 Statistical analysis

3.3.5.1 Analysis of variance

The data was subjected to ANOVA using Agrobase (20ANOVAs for each measured
parameter and derived data was carried out. A gi@pNSRL with standard errors was
plotted in Excel.

3.4 Results

3.4.1 Observed symptoms of aluminium toxicity

The presence of Al in the nutrient solution causel@lay in the vegetative growth of some
maize genotypes with reduced development of newekand decreased development of
shoots. Al toxicity symptoms were evident afterad/slfrom transplanting, such as lateral
root shortening, darkening and stunting. The mge®types DT-YSTR SYNTHETIC-B,
TZE-W POP DTC2 STR-B, TZE-YDT STR C4-B, LPHpop3,Hpopl13, and LPHpopl4
were sensitive to Al with a minimum NSRL of 0.6 each. Purple colour and interveinal
leaf chlorosis was observed in shoots of Al-stréss®ize plants in the susceptible
genotypes after 7 days from transplanting (Figug. 3

Figure 3.2 Partial view of purple collouation and shortened roots observedd in

Susceptible genotypes
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In some susceptible genotypes purple-green cotiepi¢ting P deficiency) and chlorosis
were observed. On the other hand the maize gerotyfy® C3 SYN F2-B (3.0 cm),
VPO52 (3.5 cm) and LPHpop4 (3.0 cm), did not preserere symptoms of Al toxicity in

their shoots (Figure 3.3).

Figure 3.3 Partial view of rew roots emerged from tolerant genotypes 7 days afteier

transplanting

3.4.2 Andlysis Ot varlance

Significant differences (p<0.05) were observedASRL, RTi and NSRL (Table 3.2). In
terms of FSRL the results indicated that the cbation of genotype estimated using sum
of squares was high (91.1%) and this was suppteihigh heritability value of 96.0%
(Table 3.2). The environmental influence was low6¥%). The repeatability, which is
derived from the coefficient of determination?Rvas high (92.0%). This meant that the
phenotypic differences between the genotypes in ttled were due to genotypic
differences, hence little of the phenotypic diffezes were due to environmental effects.
Genotypes VPO76, TZE-WDT STR QPM-CO-B, EVD-W 99 SORM CO-B, SYN DTE
STY-W-B and LPHpop10 had long root lengths, valag40.0, 9.4, 8.5, 8.5 and 8.1 cm
respectively, while LPHpop7 and DT-YSTR SYNTHETICRBd the shortest root length,
values of 1.5 and 1.7 cm, respectively (Table B@hendixl).

RTi results indicated that the influence of the ef@encomponent estimated using sum of
squares (53.2%) was moderate and this was supdmytadnoderate heritability value of
56.0% (Table 3.2). Entries SYN DTE STY-W-B, LPHpOpIVPO717, VPO76 and
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EVDT-Y2000 STR QPM CO-B had high root toleranceexdalues of 1.1, 1.0, 1.0, 0.9
and 0.8, respectively (Appendix 1). With respectptrcent response as described in
Section 3.3.5, results indicated that the influenfdie genetic component estimated using
sum of squares (54.3%) was moderate and this wasosied by moderate heritability
value of 58.0% (Table 3.2). Entries SYN DTE STY-WiBHpopl0, VPO717, VPO76
and EVDT-Y2000 STR QPM CO-B had a high percenteasp of 5.4, 4.0, 0.5, -9.0 and
-15.7% respectively (Table 3.2; Appendix 1). Congplaio the control plants, entry SYN
DTE STY-W-B had the highest percent response andff$t4 and 1.1 respectively.

NSRL results indicated that the influence of theejee component estimated using sum of
squares (59.0%) was moderately high and this wagasted by high heritability value of
74.0%. Entries VPO52, IWD C3 SYN F2-B, LPHpop4, 283 had the highest NSRL of
3.5, 3.0, 3.0, and 2.5 respectively (Table 3.2)RNSvhich represented the effective root
growth or elongation during the experimental pewaded significantly (P<0.05) among
the maize genotypes tested. The sum of squaregefatypes contributed 58.3% to the
total variation. The heritability value from the ANA was 74% (Table 3.2) implying that
the phenotypic differences among the maize genetypderms of NSRL were due to
genetic differences. On average, the roots grewcthdn Al nutrient solution and the
maximum was 3.5 cm. In the control, the roots gkevcm on average with a maximum
of 11.5 cm. Thus there was a clear effect of Aldibx on the maize genotypes (Appendix
1). VPO52 (3.5 cm) had the highest NSRL (Figurg fhdowed by IWDC3SYNF2-B and
LPHpop4 with 3.0 cm each.

No significant correlation was observed between N&Rd FSRL and Zero Al (control)
treatments, as well as for percentage responses/&s. The rest were all significantly
(P<0.01) and positively correlated except NSRL &RIL which were significantly
(P<0.01) and negatively correlated (Table 3.4).
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Table 3.2 Root length measurements and derived datsefore and 7 days after transplanting the glassh@e hydroponic experiment

G Pedigree ISRL FSRL ZeroAl Rt % RSRL RSRL Zero NSRL Rank
(cm) (cm) (cm) response Trtd (cm) Al (cm) (cm)
Top 10 30 VPO52 1.37 3.45 4.37 0.79 -21.13 2.47 3.30 3.47 1
genotypes 7 IWD C3 SYN F2-B 1.40 3.46 5.07 0.68 .082 2.02 3.20 3.02 2
46 LPHpop 4 1.43 4.01 5.70 0.72 -27.84 1.99 3.31 2.99 3
67 ZM309 0.78 1.84 3.40 0.61 -38.53 1.50 3.82 2.50 4
18 SYN DTE STY-W-B 3.43 8.49 8.20 1.05 5.37 1.49 391 2.49 5
20 TZE E-WPOP X LD(SET2)-B 1.27 2.73 3.70 0.74 .36 1.21 1.97 2.21 6
1 99TZEFY-STR QPM CO-B 2.85 4.99 6.73 0.74 -25.87 1.19 2.03 2.19 7
58 LPHpop 18 1.37 2.36 3.97 0.62 -38.38 1.10 2.74 2.10 8
11 OBATANPA/IWDC2SYNF2/IWDC2SY 1.40 2.89 3.97 0.72-27.79 1.06 1.83 2.06 9
37 VPO738 1.87 3.48 4.17 0.84 -16.62 1.03 1.43 2.03 10
Bottom 10 68 ZM523 3.27 2.45 4.53 0.54 -46.28 -0.25 0.41 0.75 61
genotypes 14 OBATANPA/TZLCOMP4C3F2/TZLCOMP4C3F2-B .83 2.56 4.77 0.56 -43.75 -0.26 0.36 0.74 62
12 OBATANPA/IWDC2SYNF2/IWDC2SYNF2-B 3.93 2.81 447 0.64 -36.22 -0.27 0.19 0.73 63
8 LOW N POOL C3-B 6.13 4.29 6.13 0.71 -29.39 -0.28 0.06 0.72 64
54 LPHpop 14 6.23 4.05 6.43 0.65 -3551 -0.36 0.03 0.64 65
23 TZE-YDT STR C4-B 5.23 3.21 4.67 0.80 -20.35 3. -0.07 0.62 66
3 DT-YSTR SYNTHETIC-B 2.87 1.67 4.27 0.41 -59.28 0.39 0.26 0.61 67
21 TZE-W POP DTC2 STR-B 4.47 2.72 5.60 0.49 -50.96 -0.39 0.50 0.61 67
47 LPHpop 3 5.73 3.36 6.07 0.57 -42.74 -0.41 0.09 0.59 69
53 LPHpop 13 4.33 2.31 4.37 0.53 -46.80 -0.44 0.06 0.56 70
Mean 3.73 4.08 5.64 0.71 -29.09 0.32 0.89 1.32
LSD 0.95 1.20 1.87 0.22 22.01 0.88 1.27 0.88
Prob 0.001 0.00 0.001 0.00 0.001 0.001 0.001 0.00
CV (%) 15.8 18.3 20.5 19 46.9 1715 88.3 42
Min 0.78 1.47 2.67 0.41 -59.28 -0.44 -0.07 0.56
Max 10.10 9.99 11.50 1.05 5.37 2.47 3.82 3.47
R-Squared 0.96 0.92 0.85 0.53 054 - - 0.69
Heritability 0.98 0.96 0.91 0.56 0.58 - - 0.74
MSE 0.35 0.56 1.34 0.02  185.90 0.30 0.61 0.30

LSD = Least significant difference, CV = coefficienof variation, Min = minimum, Max = maximum, MSE = Mean square error, G = genotype, ISRL = initial sminal root length;
FSRL = final seminal root length; Zero Al = Zero Aluminium or control; RTi = root tolerance index; RSRLTRTD = relative seminal root length treated with duminium; RSRLzero

Al = relative seminal root length with zero aluminum; NSRL = net seminal root length.
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Table 3.3 Genetic and phenotypic variances and heability estimates from ANOVA for the measured andderived data

Variable Genetic variance Phenotypic variance Brad-sense heritability R-Squared CV (%) P forentry
1 ISRL 4.78 5.18 0.90 0.95 17.2 el
2 FSRL 4.28 4.80 0.89 0.92 18.3 ok
3 NSRL 0.27 0.57 0.47 0.69 41.5 ok
4 Rti 0.0086 0.027 0.32 0.54 19.2 ok
5 % Response 85.68 271.595 0.32 0.54 46.9 ok
6 Al Control 4.40 5.78 0.76 0.85 20.6 ok

CV = coefficient of variation, ISRL= Initial seminal root length; FSRL = Final seminal Root length; N®RL = Net seminal root length; RTi = Root tolerancandex;
Al Control = Aluminium control, *** P for entry fro m ANOVA

Table 3.4 Pearson’s coefficient of correlation amanthe measured and derived data

Variable ISRL FSRL Zero Al(control) Rti % response
FSRL 0.72*

Zero Al(control) 0.76** 0.91*

Rii 0.22** 0.56** 0.19**

%Response 0.22* 0.56 0.19** 1.00

NSRL -0.49** 0.08 -0.03 0.27** 0.27**

**P<0.01; ISRL = initial seminal root length; FSRL = final seminal root length; NSRL = net seminal roblength; RTi = root tolerance index; Al control = aluminium control
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3.5 Discussion

The results indicated that after 7 days from trémgpg into the hydroponic nutrient
solution, there was a general reduction in rootgnoof all the tested genotypes at low pH
of 4.0 and KAI(SQ)2. The change in colour from green to purple in spsble genotypes
could be attributed to low P stress as it is fixgtder low pH conditions. Purple
discolouration is among the key symptoms for Psstri@ maize plants. Al toxicity is
reported to be responsible for significant changdsochemical and structural patterns of
plant cells reflecting on reduction of cell muligation (Minochaet al, 1992) and cell
growth altering auxin action in cell wall (M al, 1999). The root is the plant organ most
affected by Al toxicity and more specifically, tip is considered to be the main site for Al
toxicity (Archambaulet al, 1997). As a result, root elongation is consideosbe the most
sensitive parameter in a short period of time ang tmay represent the whole plant
reaction to Al. Nobleet al. (1988) demonstrated that it was possible to olesdamage
within 24 hr caused by Al in roots of soybean psawlirectly proportional to Al

concentration in the nutrient solution.

In susceptible genotypes the common symptom is ptaot growth as a result of root
injury (Meda and Furlani, 2005; Juan-Pigal,, 2006). This is because root development
plays a major role in a plant’s response to watdrrautrient availability. Poorly developed
roots negatively affect exploration of bulk soilueing nutrient and water uptake (Okiyo
et al, 2010). The observation of Al toxicity symptontige root darkening and root-tip
stunting in this hydroponic experiment could bated to the rapid entry of Al into the
root cells. In the susceptible genotypes the ra@ee thick and shortened and this is in
agreement with Blancafl@t al. (1998) and Horstt al. (1999). They reported that the root
morphological alterations like shrinking and tiprlowg, observed in roots of some of the
plant materials, could be attributed to alterationghe root’s cytoskeleton. The authors
also demonstrated that changes in the organisaiieoh stability of microtubules and
microfilaments in root cells of maize were correthtto Al toxicity, besides the rapid
inhibition of root elongation. Braccimt al. (2000) also reported that in the presence of Al,

root elongation of coffee genotypes were more #fithan root dry matter.

65



In the present study, root elongation was the pasimeter to make comparisons among
maize genotypes with respect to Al tolerance.dbappeared to be a cheaper and better
technique compared to other methods reported digestaining with haematoxylin (Ruiz-
Torreset al, 1992). According to Concado et al (1999) rootcapiare excised and
photographed both stereoscopic and light microscopéfer staining with 0.2%
haematoxylin (Merck) and to observe the presenceaeimatoxylin — Al complexes in
internal tissues you need to carryout transveesalaning of the apices. This suggest more
labour costs and time for this method considereglarge number of genotypes evaluated
in breeding programmes. The root is the first ptangan to be affected as it is directly in
contact with the toxic Al ions. The shoot can be difficult to measure amay require
processing dry weight and fresh weight biomassgudestructive sampling. Reports also
indicate that shoots do not provide a true picturdl tolerance (Mascarenhasal, 1984;
Bernai and Clark, 1998). Bernai and Clark (199&erbed that differences in dry matter
production in sorghum genotypes were not as sigamfias root elongation, the latter being
the best discriminative parameter. Root elongat@s been considered the most sensitive
characteristic to quantify Al tolerance due to faet that the elongation zone is the site
where Al toxicity is primarily detected (Blancaflet al.,1998). The most sensitive site for
Al action in the root is the distal transition zofigTZ) (Kollmeier et al, 2000). These
authors showed that application of Al solution esolely in the DTZ inhibited root
elongation in a similar pattern to whole-root apation. The differential tolerance to Al
by the genotypes tested could be related to Aluskah mechanisms (Silvat al, 2000;
2002) and/or symplast tolerance (Wataneto&.,2001). Other research findings indicated
that exclusion mechanisms are based on the redunttial®** activity in root tips, like the
exudation of low molecular weight organic compoumdsich may form stable complexes
with Al, reducing its toxicity to roots, such adrate (Miyasakaet al., 1991), malate
(Delhaizeet al.,1993), polypeptides (Basi al.,1994) and flavonoids (Kidet al.,2001).
More than one type of organic acid may be reledsedl stressed roots (Larsat al.,
1998; Maet al.,2000).

3.6 Conclusions and recommendations

It was possible to demonstrate that nutrient sotuts a practical and efficient tool for
evaluating maize genotypes for low pH toleranceotRbongation appears to be the best
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parameter to compare for Al tolerance among gemstypn this experiment genotypes
IWD C3 SYN F2-B, VPO52 and LPHpop4 were considdngghly tolerant, SYN DTE
STY-W-B, ZM309 were considered tolerant and 99TZEF-¥YR QPM CO-B and
OBATANPA/IWDC2SYNF2/IWDC2SY  moderately tolerant andDT-YSTR
SYNTHETIC-B, TZE-W POP DTC2 STR-B, TZE-YDT STR C4-B_LPHpop3,
LPHpop13, and LPHpopl14 were sensitive to Al toyicEonventional breeding methods
will continue to be used until Al-tolerant geneerr various plants and/or microbes are
isolated and transgenic plants with significantlgreased Al tolerance are produced. The
highly tolerant genotypes identified in this stutgmely IWD C3 SYN F2-B, VPO52 and
LPHpop4 will be used in the National Maize BreedPrggramme in Malawi as source
populations to develop new low pH tolerant paremdlred lines using the pedigree
method.
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CHAPTER 4

Phenotypic evaluation for tolerance to low pH in topical and sub-tropical maize

germplasm

4.1 Abstract

Low-soil pH is one of the major abiotic factors trilouting to low yields in Malawi. In
this study 45 maize genotypes were evaluated ws{fg 1) alpha lattice design with three
replications, using optimal and low pH sites footaonsecutive seasons. The objective
was to evaluate genetically diverse maize genotigraslerance to low pH soils by using
phenotypic traits. A mean reduction in grain yiafdl yield components (100 seed weight,
plant vigour etc.) of 69.9% was recorded under pddvwconditions. Genotypes LPHpop16,
LPHpop3, VPO739, VPO5173 and LOW N POOL C3-B penied relatively better under
low pH conditions. Comparison between the glasshdwsliroponic trial and low pH field
trial, indicated that among the top 10 yielding afgpes, SYN DTE —STY-W-B performed
well and ranked first in terms of root tolerancdar (RTi) with a net seminal root length
(NSRL) of 2.5 cm followed by VPO717 with RTi of 1dm and NSRL of 1.7 cm.
Phenotypic traits associated with grain yield, sashplant vigour, 100 seed weight,
shelling percentage, number of ears per plantheaht and plant height can be used
alongside grain yield when selecting germplasnidtarance to low pH stress. Clustering
of the genotypes based on morphological data atbespH environments showed that
genotypes had similar chances of being groupedinad four clusters. The five top
yielding genotypes across low pH and optimal emmments were comprised of two
genotypes from CIMMYT-Colombia and three from CIMNIZimbabwe. Under low pH
conditions the top five yielding genotypes consigiefour from CIMMY T-Zimbabwe and
one from CIMMYT-Colombia. Selection for low pH teéce could be effectively carried

outin situ.

4.2 Introduction

Malawi is located to the south east of Africa asi@ land locked country, extending from
945’ to 175’ south of the equator and is about 900 km in tlerigpm north to south and
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varying in width from 80 to 160 km. Its populati@estimated at about 14 million people
and is increasing with an average growth rate eséichat 3.3% per year (Saddzal.,2004).
Malawi is endowed with many natural resources.mtEn resource base is agriculture,
which plays a key role in the country’s economye Egriculture sector remains the engine
of economic growth in Malawi as it contributes ov&% to GDP of which over 70% is
generated by the smallholder sector; 90% of exgemmings, provides employment to over
85% of the country’s population and is a sourcanobme for over 60% of the rural poor
(Kumwenda and Kachul@003).

Maize is the most important staple food in Malaugts that in certain districts other foods
like rice, sweet potato and cassava are consideyethacks and households will look for
resources to buy maize. Approximately 70% of tHevated area of the customary land is
planted to maize each year. About 1.2 million hiaoé in the country are planted to maize,
producing an average grain yield of 1.1 MT'H{8MOA, 2003; 2005) against a potential of
6 MT ha' and 8 MT ha for OPVs and hybrid maize, respectively (Zamtsdzl, 1993).
There clearly exists a yield gap between potengialds achievable and what the
smallholder farmers are currently producing. Thelleimge for the country to attain

sustainable maize productivity growth is to redtieeexisting yield gap.

The introduction of targeted input subsidy in 20@proved national yield performance,
but still at household level some yield gaps eaxgginst potential yields achievable due to
inadequate availability of stress tolerant vargefier some ecologies. FAOSTAT (2013)
reported that performance of maize in Malawi reredimearly static through the mid-
2000s but it seems to have picked up in recentsyéa@rmers are being encouraged to
combine proper use of subsidised fertiliser and pmsh manure to improve the maize
yields. Unfortunately the quality of compost manisecompromised by the organic
materials used due to poverty levels. Reducingyik&l gap at household level and
obtaining potential yields achievable requires corath efforts. These include breeding for
stress tolerance in maize and use of effectiveramgnic practices, bearing in mind that the

country’s population is increasing while land iati&t.

Malawi upland soils are highly weathered and lovwpkh and available P. About 40% of

the country’s soils are oxisols and ultisols (USotaomy), which are low in pH and P
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(Munthali, 2007). Apart from low pH, low N soilsermlso a big problem in highly
populated areas. Crop rotation with fallow is ragglacticed. Most farmers are practicing
mono-cropping and in some places it is associatiéd emoval of crop residues after
harvest which could be depleting soil nutrients arghnic matter. This has led to low-soil
fertility, especially in the mid-altitude ecolog§(0-1300 metre above sea level (masl)] of

the country.

4.3 Materials and methods

4.3.1 Description of sites

The study was conducted at Research station sdas2011 to 2013. The sites included
four low pH sites and five optimal sites. In 20h@ tgenotypes were also evaluated at a
managed low N site. The sites were Tsangano ExpetahResearch Station (1524 masl,
1071 mm annual rainfall, sandy clay loam soil, @aimaaximum (max) temperature of
22.9C). Bembeke Research Station - a low pH site (XB2dl, 1053 mm annual rainfall,
sandy clay loam soil, 23@ annual max temperature). Bvumbwe Research Statidow
pH site (1174 to 1228 masl, 1219 mm annual rairffall°’C annual max temperature),
Lunyangwa Research Station - a low pH site (13481270 mm annual rainfall, 32
annual max temperatures). Baka Research Statienlalod (786 masl, 800 mm annual
rainfall, sandy loam soil, 28@ annual max temperatures). Chitedze Researclobtati
low N managed site (1219 masl, 954 mm annual fhisiandy clay loam, 26°2 annual
max temperature). Chitala Research Station, low-{&10 masl, 800 mm annual rainfall,
28.3C max annual temperature).

4.3.2 Experimental materials

A total of 202 genotypes were obtained from CIMMY®Blombia and CIMMYT-

Zimbabwe. These were used in preliminary screemnfpur sets of field trials in the

2010/11 season to come up with a workable set wbtgpes (results not shown). In the

2011/12 and 2012/13 seasons a total of 45 genotypes planted at 10 sites. Data from

Bvumbwe sites for 2011/12 and 2012/13 was not dediin the combined analyses due to

gaps in the trial for 2011/12 as a result of cutrwand wire worm damage. The managed
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low N site data for 2011/12 at Chitedze was alsbimcduded due to vandalism before
harvest but the results for the 2012/13 site weparted separately. The genotypes were
selected from the list provided in Chapter 3 (T&hiB.

4.3.3 Experimental design

The experimental design used was a (0, 1) alphiadatith three replications. Plot sizes
were: two rows of 5.1 m per plot with 17 plantirgt®ns per row. Two seeds were planted
per station and thinned to one while leaving twbath ends of the row. The phenotypic

and agronomic traits measured in the study aredlist Table 4.1.

4.3.4 Salient management activities

4.3.4.1 Fertilizer application

The Malawi government recommended rate of 92 kgdNGD kg POswas applied as split
application as follows: 131 g of 23:21:0 + 4S wppleed per row or 8 g per station if using
the dollop method as basal dressing. This wasegbplithin 14 days after emergence. This
was followed by an application of 54 g of ureamev or 3 g per station if using the dollop
method. This top dressing fertilizer was appliedd2ys from planting as recommended
(MOA, 1994).

4.3.5 Soil characterisation for low pH sites

4.3.5.1 Soil sampling and laboratory analysis

Soil samples were collected from four low pH site2010 using the grid sampling method
at 15 cm depth as top soil and at 30 cm as subfSeé samples of the same depth were
thoroughly mixed to form a composite sample fronichthree sub-samples were prepared
for analyses. The samples were analysed at thes Soidl Agriculture Engineering
Laboratory at Chitedze Research Station. Paramateatysed included pH, % organic

carbon, % organic matter, % N, P, K, Ca, Mg and Al.
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Table 4.1 List of phenotypic and agronomic traits ad measuring procedure

No Abbreviation Trait

Units Trait description

10

11

12

13

14

15

16

17

AD

DS

PH

EH

EPP

SL

RL

SWT

SH

GT

GY

GLS

LB

MSV

Rust

VIG

ASI

Days to anthesis
Days to silking
Plant height

Ear height

Ears per plot
Stem lodging
Root lodging
100 seed weight
Shelling

percentage
Grain texture

Grain yield

Gray leaf spot
Leaf blight
disease

Maize streak
virus disease

Rust disease

Plant vigour

Days The number of days fiptanting to 50% pollen
shedding

Days The number of days frdamfing to 50% silking

cm Measured from the ground serfa the flag leaf using a
calibrated stick

cm Measured from the ground serfache node bearing the
main ear

Number Number of cobs harvesteglot divided by number of
plants per plot

Number Number of plants withigtdroken below the ear per
plot

Number Number of plants fallethnexposed roots per plot

g Weight of 100 seeds pér plo

% The ratio of grain weight to cob weight expresasa

percentage
Score A scale of 1-5 was used where 1 = very flint (no

(1-5) depression at the top of the kernel), 3 = interiaedi5 =

very dent (the kernel has a depression)

Kg/ha Total grain yield from #tle ears of each plot with

moisture level adjusted to 12.5% and convertedytb&
Score Scored using a scale of 1-5, where 1= no disease

(1-5) symptoms, 2 = presence of the disease, 3 = moderate

infection, 4 = heavily infested, 5 = severe infenti

Score  Scored using a scale of 1-5, where 1= no disease
(1-5) symptoms, 2 = presence of the disease, 3 = moderate

infection, 4 = heavily infested, 5 = severe infenti

Score  Scored using a scale of 1-5, where 1= no disease
(1-5) symptoms, 2 = presence of the disease, 3 = moderate

infection, 4 = heavily infested, 5 = severe infenti
Score Scored using a scale of 1-5, where 1= no disease

(1-5) symptoms, 2 = presence of the disease, 3 = moderate

infection, 4 = heavily infested, 5 = severe infenti
Score Scored using a scale, where 1= healthy, vigoroastpl

(1,3,5) upright; 3 = moderate, 5 = weak, slender or thantd

Anthesis-silking Days The difference between days from plantingd ollen

interval

shedding (AD) and days to 50% silking (DS) i.e. ASI
DS-AD
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4.4 Data analyses

The collected data and derived data were analysied GenStat 76Edition (2013), and
Agrobase (2010). Dendrogram construction was ahraet in the Number Cruncher
Statistical System (NCSS) (Hintze, 2007) using ugihwed pair group method with
arithmetic mean (UPGMA). Morphological data werediand construction was based on
Euclidean distance and standard deviation as $gpé The genotypic and phenotypic
variances were computed from expected mean squirANOVA using the formula

according to Hallauer and Miranda (1988) as follows

Phenotypic variance denotedats

2

Gzp =0"e +02g

Where:c?% -error variance anefy -genotypiovariance

Genotypic variance is denotedatg
6% =(MSg - MSe)/r
Where: MSg = Mean square of genotypes, MSe = megaarse error, and r = number of

replicates in the experiment.

Genotypic coefficient of variation (GCV)
GCV = (No?g / X) 100

Where,c%= genotypiovariance and X = mean of the measured trait

Phenotypic coefficient of variation (PCV)
PCV = o2,/ X) 100

Where:c?, = Phenotypic variance, X = mean of the trait.

Broad sense heritability was computed using tHeviehg equation:
H2%s = 62y Gzp
WhereH?% is the broadense heritabilityg? - genotypicvariance and?, = phenotypic

variance.
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Genetic advance is denoted as GA.

GA= k op H?

Where: k = the standardised selection differertiéd% selection (2.063jp =phenotypic
standard deviation of the character ditheritability estimate

The across sites correlation coefficients (r) betw&he means for grain yield and other
agronomic traits were computed in Agrobase (20I6¢ PCA was carried out using both
GenStat Version 16 for latent loadings (Eigen vextoand Agrobase (2010) for

Eigenvalues and percent cumulative variation t@ gin insight of the explained variation

in the genotypes and traits measured.

4.5 Results
All results were reported at a significance levieP€0.05 unless otherwise indicated.

4.5.1 Soil analytical results

The pH of the soils and soil nutrients for the siéee presented in Table 4.2. Lunyangwa
had highly acidic soils (pH 4.50 sub-soil and pE%top soils). Tsangano and Bembeke
had acidic soils at pH 5.35 and 5.38, 5.13 and &01op soil and sub-soil, respectively.
Bvumbwe was classified as having moderately asdils at pH 5.67 and 5.66 top soil and
sub-soil, respectively. The classification was base Soil Test Interpretation Guide
(Hornecket al.,2011) as well as according to Mehlich (1984).

At classification of < 0.88 low, 0.88-2.35 mediumda2.35 high (Mehlich Il - Mehlich,
1984) all the test sites had medium to low orgaaibon. With respect to organic matter
(% OM), at classification of 1.5 low, 1.5-4.0 meatitand > 4.0 high all the sites had
medium to low OM. In terms of percent N at clagsifion of 0.08 very low 0.08-0.12 low,
0.12-0.2 medium, 0.20-0.30, it was only Bembeke gihich was medium in sub-soil
(0.16). The rest of the sites were low N. Tsandaaxb low P in top soil, medium in sub-
soil, Bvumbwe had very high P and Lunyangwa hadiamedn top soil and low in sub-
soil. Bembeke had low P in both sections of thd poofile at classification of P
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(8 ug gt very low, 9-18 pg glow, 19-25 pg g medium (adequate range) > 34 plgvgry
high) (Mehlich 1l - Mehlich, 1984).

Table 4.2 Soil characterization for the low pH site

Low P Ca Mg

pH site Depth(cm) pH %0OC %OM %N (uggy) @ggH) ((ggh) A%

Tsangano 0-15 535 1.23 2.13 0.11 16.75 2.02 0.37 0.40
15-30 5.38 1.97 3.40 0.10 19.27 2.18 0.37 1.33

Bvumbwe 0-15 5.67 1.37 2.36 0.12 64.58 3.38 0.95 0.60
15-30 566 1.16 1.99 0.10 6251 2.81 0.74 0.33

Lunyangwa 0-15 469 1.50 2.59 0.13 24.30 1.15 0.21 0.87
15-30 451 1.05 1.81 0.09 10.46 0.58 0.11 0.60

Bembeke 0-15 513 1.82 3.14 0.16 16.30 2.05 0.42 0.60
15-30 501 1.33 2.28 0.11 13.64 1.32 0.25 0.80

OC = organic carbon; OM = organic matter; N = nitrogen; P = phosphorus; Ca = calcium; Mg = magnesium;

Al = aluminium

4.5.2 Combined ANOVA for grain yield and agronomidraits at four low pH

environments across two seasons 2011/12 and 2012/3

Mean squares from the combined ANOVA across faessand two seasons are given for
the top 10 and bottom 10 maize genotypes in ternggaon yield and agronomic traits
(Table 4.3). Results for all entries under low péll £nvironments are presented in
Appendix 7. Genotype mean squares were significarttays to anthesis, anthesis-silking
interval, days to 50% silking, plant and ear heigiumber of ears per plant, LB disease,
husk cover, GLS disease, grain texture, 100 seéghtvend plant vigour. Location mean
squares were significant for all the measured amved traits. Season mean squares were
significant for all characteristics except for éaight, husk cover, and stem lodging. The
GEI (Table 4.3 - GxE) was significant for anthesate, days to 50% silking, ear height,
husk cover, grain texture, rotten ears, 100 sededhiyeand plant vigour. Interaction of
genotype by season (GxY) mean squares were signifior days to anthesis, days to 50%
silking, plant height, number of ears per plant,diBease, GLS disease, MSV disease, rust
disease, grain texture, rotten ears and 100 segghtwe
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The interaction of environment by season (ExY) wassignificant for husk cover, plant
height and rotten ears but was significant forree of the traits. Interaction of genotype
by environment by season (GXEXY) was significant dothesis date, anthesis-silking
interval, days to 50% silking, LB disease and todging.

4.5.3 Estimated contributions to total sum of squags across four low pH soil
environments for the 2011/12 and 2012/13 seasons

Contribution to total sum of squares for genotyes whe highest for husk cover (14.5%)
and grain texture (8.4%, Table 4.4). Contributiare do environment was high for plant
vigour (47.1%), grain yield (63.4%), ear height.() and days to 50% silking (40.6%).
The contribution of season was high for rust dise@ds8.1%). GXE contribution was
significant for grain texture (23.5%) and ear &%.4%). The interaction of genotype by
season (GxY) sum of squares made the highest batiom to gray leaf spot and MSV
(8.8%) and husk cover variation (7.9%). The inteosc of EXY made the highest
contribution to 100 seed weight (22.8%), root lodp(19.4%) and ear height (14.1%). The
interaction of GXExY made the highest contributtonshelling percentage (11.8%) and
anthesis date (11.2%) (Table 4.4).

4.5.4. Estimated percent reduction for grain yieldand other salient phenotypic traits
at four low pH soil environments versus four optim&environments across 2011/12
and 2012/13 seasons

The reduction in traits was estimated as the diffee between the trait's trial mean for

optimal and low pH and subtracted from 100% exm@ss a percentage of the optimal
i.e. Reduction % = (ptimai — Xiowph)/ Xoptimal * 100% . The results are presented in Table
4.5. The combined mean reduction was 69.9%. Thieekigreduction was recorded for

shelling percentage (87.5%) followed by number afseper plant (78.0%) and then by

plant height (76.6%).
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Table 4.3 Mean squares for combined ANOVA for grairyield and agronomic traits at four low pH environments across 2011/12 and 2012/13

seasons
Source Genotypes Environment Year GxE GxY ExY GxEX MSE
Df 44 3 1 132 44 3 132 714
GY 4.04E+05 310600000** 65600000** 4.11E+05 5.006+ 6821000** 4.59E+05 3.99E+05
AD 60.55** 5708.84** 9122.61** 35.8** 49.45** 15028+ 50.84** 18.05
ASI 5.62** 922.76** 28.34** 3.83 3.67 207.43** 4.52 3.2
DS 62.99*** 9903.85** 8172.76** 33.67* 53.27** 223.89** 45 .59** 18.3
EH 292.1* 59649.2** 164.8 310.1* 2195 30332.6** 312 185.6
EPP 0.33* 8.71* 35.07** 0.19 0.36* 7.81** 0.24 @2
LB 0.88* 36.22** 48.87** 0.71 1.2** 42.24** 0.81* ®9
HC 4.99** 36.2** 0.08 3.58** 2.73 1.64 2.72 2.02
GLS 2.47* 20.29** 20.14** 1.94 3.09** 38.11** 1.67 1.59
GT 1.75** 64.85** 47.70** 1.65** 0.85* 3.25% 0.48 0.49
MSV 0.17 17.84** 20.01* 0.14 0.41* 6.63** 0.28 P.
PH 16886** 230489** 274015** 7926 15505* 17503 1170 10306
RE 1.36 13.14** 45.22* 2.61* 2.12* 1.53 2.63 1.43
RL 3.28 268.03** 325.41** 3.02 3.77 342.43** 3.65* 2.73
Rust 0.4 53.38** 80.96** 0.36 0.59** 25.82** 0.36 3P
SL 3.06 48.77** 1.63 2.73 2.55 135.27* 2.89 25
SWT 60.58** 2419.84** 1117.69* 29.63* 42.7%* 3391+ 31.84 20.97
SH 139.2 12739** 1131~ 188.4 148.2 908** 209.6 6.
VIG 1.81* 184.46** 9.42** 0.92** 0.75 49.95** 0.66 0.56

**p <0.001;**P <0.01; *P<0.05; G = genotype, E = environment, Y = year, MSE mean square error, Df = degree of freedom, GY =rgin yield (kg ha), AD = days to anthesis (days),
ASI = anthesis-silking interval (days), DS = daysatsilking (days), EH= ear height (cm), EPP = earsap plant (#), LB = leaf blight disease (1-5), HC Husk cover, GLS = gray leaf spot
disease (1-5), GT = grain texture (1-5), MSV = magzstreak virus disease (1-5), PH = plant height (QymRE = rotten ears (#), RL = root lodging (#), Rus= rust disease (1-5), SL= stem
lodging (#), SWT = 100 seed weight (g), SH = shalli percentage, VIG = vigour (1-5), # = number
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Table 4.4 Estimated percentage contributions to tad sum of squares for traits at four low pH envirorments combined for 2011/12 and 2012/13

seasons
Variation GY AD ASI DS EH EPP LB GLS GT HC MSV PH RE RL Rust SL SWT SH VIG
Genotype 1.2 45 3.4 3.8 3.0 51 5.2 7.0 8.4 1458 3 6.8 4.8 2.7 3.9 4.7 6.0 2.6 6.8

Environment 63.4 28.6 383 406 417 91 9.6 26 .4214.8 17.6 6.4 3.1 152 238 5.1 16.2 16.4 47.1

Year 45 153 04 11.2 0.0 122 65 1.3 5.2 0.0 9925 3.6 6.1 181 0.1 2.5 0.5 0.8
GxE 3.7 79 7.0 6.1 9.5 8.7 8.3 11.1 235 208 6.29.6 274 75 7.1 12.6 8.7 10.6 10.4
GxY 15 36 2.2 3.2 2.3 5.5 7.2 8.8 4.1 7.9 8.8 6.37.4 3.1 59 3.9 4.2 2.8 2.8
ExY 14 75 8.6 9.2 141 5.4 11.2 4.9 0.7 0.0 33 3012 194 58 9.5 22.7 1.2 4.3
GXExY 41 11.2 83 8.2 2.7 7.2 9.4 9.5 4.7 0.3 6.0 9.5 1.6 9.1 3.5 8.9 9.1 11.8 2.5
Residual 194 214 316 17.7 26.6 46.7 41.8 54.8 731476 44.0 58.3 50.9 36.8 316 547 29.7 53.7 525.
Rep 0.8 0.0 0.2 0.0 0.0 0.3 0.8 0.6 0.2 4.2 0.5 0.8.0 0.1 0.3 0.4 1.0 0.4 0.1
CV (%) 424 5.1 67.1 5.0 28.1 542 352 829 589782 36.5 77.0 1025 921 446 1276 20.3 19.2 27.4
Min 0.8 0.0 0.2 0.0 0.0 0.3 0.8 0.6 0.2 0.0 0.5 0.30.0 0.1 0.3 0.1 1.0 0.4 0.1
Max 63.4 28.6 38.3 40.6 41.7 46.7 418 547 31.7.64744.0 58.3 50.9 368 31.6 547 29.7 53.7 47.1

G = Genotype, E = environment, Y = year, CV €oefficient of variation, Min = minimum, Max = maximum, GY = grain yield (kg ha'), AD = days to anthesis (days), ASI = anthesis-
silking interval (days), DS = days to silking (days EH= ear height (cm), EPP = ears per plant (#), R = leaf blight disease (1-5), GLS = gray leaf spdisease (1-5), GT = grain texture
(1-5), HC = husk cover, MSV = maize streak virus diease (1-5), PH = plant height (cmRE = rotten ears (#), RL = root lodging (#), Rust rust disease (1-5), SL= stem lodging (#),

SWT = 100 seed weight (g), SH = shelling percentagdG = vigour (1-5), # = number
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Table 4.5 Estimated reduction of grain yield and dter salient traits under low pH

versus optimal conditions across the 2011/12 and 2213 seasons

Trait Optimal Low pH % Reduction
GY 3372.9 1490.3 44.2

EH 77.6 46.8 60.3

EPP 1.1 0.9 78.0

PH 172.3 131.9 76.6
SWT 29.9 22.6 75.5

SH 79.2 69.3 87.5

VIG 4.0 2.7 67.5

Mean 69.9

GY = grain yield (kg hal), EH = ear height (cm), EPP = ears per plant (#), Pl plant height (cm), SWT = 100
seed weight (g), SH = shelling percentage, VIG =gour (1-5), # = number

4.5.5 Genotypic and phenotypic variance componentgenetic advance and broad
sense heritability estimates across four low pH doenvironments combined for

2011/12 and 2012/13 seasons

The results in Table 4.6 indicated that phenotyaigances were higher than genotypic
variances. Grain texture (0.56), days to 50% gijKil.55), anthesis date (0.54) and plant
vigour (0.53) had relatively high broad sense héiiity estimates. The genetic coefficients
of variations were lower than phenotypic coeffi¢geaf variation except for plant height.

The expected genetic advance was highest for paght followed by ear height and these
were followed by anthesis date and 100 seed we@fatin yield had the lowest expected

genetic advance with high phenotypic coefficienvafiation (Table 4.7).
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Table 4.6 Genotypic variances, phenotypic varianceand heritability estimates at
low pH sites across two seasons 2011/12 and 2012/13

Trait 6%y %p H%b H%b %
GY 2.300 401.400 0.006 0.623
AD 21.250 39.300 0.541 54.071
ASI 1.200 4.400 0.273 27.273
DS 22.345 40.645 0.550 54.976
EH 53.250 238.850 0.223 22.294
EPP 0.055 0.275 0.200 20.000
LB 0.145 0.735 0.197 19.728
HC 0.450 2.050 0.220 21.951
GLS 0.630 1.120 0.563 56.250
GT 1.485 3.505 0.424 42.368
MSV 0.015 0.185 0.081 8.108
PH 3290.000 13596.000 0.242 24.198
RE 0.035 1.395 0.025 2.509
RL 0.540 2.740 0.197 19.708
Rust 0.040 0.360 0.111 11.111
SL 0.280 2.780 0.101 10.072
SWT 19.815 40.785 0.486 48.584
SH 18.700 157.900 0.118 11.843
VIG 0.620 1.180 0.525 52.542
Min 0.015 0.185 0.081 0.623
Max 3290.000 13596.000 0.563 56.250

Min = minimum, Max = maximum, GY = grain yield (kg ha), AD = days to anthesis (days), ASI = anthesis4sihg
interval (days), DS = days to silking (days), EH= edeight (cm), EPP = ears per plant (#), LB = leaf light disease
(1-5), HC = husk cover, GLS = gray leaf spot diseagé-5), GT = grain texture (1-5), MSV = maize streavirus
disease (1-5), PH = plant height (cmRE = rotten ears (#), RL = root lodging (#), Rust =ust disease (1-5), SL=
stem lodging (#), SWT = 100 seed weight (g), SH =efling percentage, VIG = vigour (1-5), # = number
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Table 4.7 Genotypic coefficient of variation, phentypic coefficient of variation and

expected genetic advance at low pH sites across tegasons 2011/12 and 2012/13

Trait GCV% PCV% GA GA (% of mean)
GY 12.4 164.1 0.5 32.7
AD 5.1 6.9 2.6 3.2
ASI 6.7 12.9 11 41.0
DS 5.1 6.9 2.7 3.1
EH 10.7 22.6 2.7 5.7
EPP 2.6 5.6 0.5 54.8
LB 2.6 5.8 0.6 26.9
HC 9.3 14.3 1.3 74.6
GLS 4.5 9.7 0.8 37.4
GT 5.0 6.7 11 43.7
MSV 1.0 4.2 0.2 19.8
PH 49.9 1015 7.6 5.8
RE 1.8 11.2 0.2 21.3
RL 3.9 12.9 0.6 31.9
Rust 1.8 5.3 0.4 29.4
SL 4.8 15.0 0.6 47.7
SWT 9.4 13.4 25 11.2
SH 5.2 16.8 1.7 24
VIG 4.8 6.6 11 39.7
Min 1.0 4.2 0.2 24
Max 49.9 164.1 7.6 74.6

GCV = genotypic coefficient of variation, PCV = phaotypic coefficient of variation, GA = genetic advace,
GY = grainyield (kg ha?), AD = days to anthesis (days), ASI = anthesisdihg interval (days), DS = days to silking
(days), EH= ear height (cm), EPP = ears per plant (#).B = leaf blight disease (1-5), HC = husk cover, IG5 = gray
leaf spot disease (1-5), GT = grain texture (1-5), 8% = maize streak virus disease (1-5), PH = plantfght (cm),
RE = rotten ears (#), RL = root lodging (#), Rust =uist disease (1-5), SL= stem lodging (#), SWT = 10@daveight

(9), SH = shelling percentage, VIG = vigour (1-5§ = number, Min = minimum, Max = maximum.

4.5.6 Mean performance for grain yield and other taits across four low pH soil

environments combined for 2011/12 and 2012/13 seaso

The grain yield trial mean was 1490 kg*h@rable 4.8) and the top five performing
genotypes were G24 (LPHpopl16) G30 (LPHpop3) G22qV#9), G15 (VPO5173) and
G27 (LOW N POOL C3-B). The latest maturing genotwaes G35 (86 AD = 172 days
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Table 4.8 Mean performance for grain yield and otheagronomic traits across four low pH environmentscombined for 2011/12 and 2012/13

seasons
Entry GY AD ASI DS EH EPP LB HC GLS GT MSV  PH RE RL Rust SL SWT SH% VIG

Top 10

genotypes G24 1792 79.7 3.0 83.0 51.2 0.8 2.4 16.3 2 24 1.1 134 1.4 2.3 1.5 1.2 24 73 2.7
G30 1765 82.5 2.9 854 440 0.9 1.9 2.4 2.1 2.3 3 1. 119 1.1 2.0 1.3 0.6 24 74 2.1
G22 1753 81.6 2.5 848 482 0.9 2.2 2.1 2.1 24 2 1. 126 1.2 1.7 1.2 1.1 23 70 2.7
G15 1746 82.5 35 86.0 486 0.9 2.3 1.7 2.4 27 1 1. 132 1.2 2.2 1.5 1.4 22 70 2.8
G27 1701 84.7 2.0 86.7 498 0.9 2.1 1.0 1.9 2.8 2 1. 129 1.2 1.3 1.1 1.7 27 69 2.4
G6 1655 82.0 2.0 831 444 09 2.4 1.3 2.7 2.8 1.2129 1.6 1.4 1.2 0.7 22 68 2.7
G16 1650 80.8 3.1 82.9 389 0.8 1.9 1.9 2.1 26 3 1. 116 1.0 1.3 1.4 1.6 24 71 2.7
G21 1602 83.8 2.8 86.6 426 0.9 2.3 1.7 2.0 29 1 1. 126 1.0 1.8 1.4 1.0 22 71 2.6
G34 1599 81.6 3.0 840 447 0.8 2.0 1.1 1.8 1.8 3 1. 123 0.9 1.7 1.3 1.1 22 70 2.7
G26 1575 84.5 3.2 87.7 475 0.8 2.6 2.2 2.1 19 3 1. 125 1.2 1.3 1.2 0.9 23 68 2.7

Bottom 10

genotypes G25 1401 84.5 2.7 864 508 0.9 2.2 159 1 25 1.2 141 1.1 1.5 1.3 1.1 23 69 25
G35 1396 86.3 3.0 89.3 452 0.8 2.1 2.3 2.3 32 1 1. 126 1.4 2.0 1.2 1.1 26 69 2.8
G33 1385 83.0 3.0 865 46.6 0.8 2.0 1.2 2.1 25 2 1. 127 1.0 2.4 1.3 1.3 22 70 2.5
G41 1376 80.3 2.8 835 406 0.8 2.0 1.9 3.7 26 3 1. 118 1.0 1.8 1.2 1.0 21 67 2.8
G4 1372 83.5 34 87.3 486 0.8 2.3 2.2 2.2 2.7 1.1127 1.7 1.8 1.4 0.9 23 68 2.4
G14 1362 83.6 2.7 86.3 465 0.8 2.2 25 2.3 2.3 2 1. 148 0.9 2.0 1.0 1.3 22 68 2.7
G44 1359 83.9 2.4 86.7 481 0.9 2.1 1.2 2.1 24 3 1. 135 0.9 1.8 1.4 1.0 23 67 3.3
G10 1314 84.6 2.8 875 46.2 1.0 2.3 1.4 2.1 29 3 1. 123 0.9 2.3 1.4 1.3 19 68 2.5
G2 1282 824 23 848 482 0.8 2.4 1.6 1.8 2.4 1.2127 0.9 25 1.4 1.7 22 65 3.0
G31 1195 80.3 2.6 829 454 0.9 2.0 2.3 2.1 26 3 1. 123 1.3 2.2 1.3 0.9 22 64 3.1
Mean 1490.6 83.1 2.7 85.8 468 0.9 2.2 1.7 2.1 251.2 1319 1.2 1.8 1.3 1.2 22.6 69.3 2.7
LSD 358 24 1 2.4 7.7 0.3 0.4 0.8 0.7 0.4 0.3 58 .70 09 0.3 0.9 3 8 0.4
CV (%) 424 5.1 67 5 28 54 35 83 59 28 37 77 103 2.19 44.6 1276 20.3 19 27.4
SE 631 4.2 1.8 4.3 13.6 0.5 0.8 1.4 1.3 0.7 0.5 18012 1.7 0.6 1.6 4.6 13 0.8
Min 1195.0 79.7 1.6 82.9 380 0.7 1.8 0.8 1.6 1811 116.0 0.8 1.2 1.0 0.6 19.0 64.0 2.1

Max 1792.0 86.3 3.5 89.3 53.9 1.0 2.7 2.6 3.7 3.215 148 1.7 2.7 15 2.2 27.0 75.0 3.3
LSD = Least significant difference, CV = coefficienof variation, SE = Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI = anthesis4dihg interval (days), DS
= days to silking (days), EH= ear height (cm), EPE ears per plant (#), LB = leaf blight disease (1)5HC = husk cover, GLS = gray leaf spot disease-f), GT = grain texture (1-5), MSV = maize streak vus
disease (1-5), PH = plant height (cmRE = rotten ears (#), RL = root lodging (#), Rust Fust disease (1-5), SL= stem lodging (#), SWT =Q8eed weight (g), SH = shelling percentage, VIGvigour (1-5), # =
number
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physiological maturity period) and the earliestiué group was G24 (80 AD = 160 days
physiological maturity period). Maturity period fany maize genotype is twice the number
of days to flowering. The genotype most susceptiblgray leaf spot disease was G 41.
The shortest genotype as a result of low pH effeed G 16 (116 cm). Genotype G27

recorded the highest 100 seed weight (27 g) foltblsg G35 (26 g). The best shelling

percentage was recorded for G30 (74%). The genotithehe best plant vigour was G30

followed by G27 and G4 (Table 4.8).

4.5.7 Pearson’s correlation coefficients between@n yield and agronomic traits

across four low pH soil environments combined for@11/12 and 2012/13 seasons

Grain yield was positively and highly significantlgorrelated with anthesis date
(r = 0.12), anthesis-silking interval (r = 0.353y8 to silking (r = 0.21), number of ears per
plant (r = 0.17) and shelling percentage (r = Q.I3ys to anthesis were significantly
correlated with most traits excluding stem lodgargl it was negatively correlated with
plant and ear height as well as root lodging. Asithsilking interval also correlated with
traits like: days to silking, shelling percentagel @ars per plant. Days to silking correlated
negatively with plant and ear height (-0.20 and@)as well as with root lodging (-0.10).
Correlation for plant height was positively withr éight, husk cover and 100 seed weight,
0.40, 0.10 and 0.2, respectively. Ear height cateel with traits like, root lodging, 100
seed weight, ears per plant, shelling percentager and diseases such as leaf blight and
rust. Number of ears per plant furthermore coreslatith among others, grain texture, 100

seed weight and vigor (Table 4.9).

4.5.8 Principal component analysis results, eigenkees and eigenvectors for the
traits across four low pH soil environments combind for 2011/12 and 2012/13

seasons

Results indicated that eight principal componentsewgenerated (Table 4.10) which
accounted for 100% variability present in the m@enotypes evaluated. The first five PC
had eigenvalues higher than 1 and their cumul@ireentages accounted for 71.1% of the

total variation present among the genotypes.
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Table 4.9 Pearson's correlation coefficients for giin yield and agronomic traits across four low pH avironments for two seasons

GY AD ASI DS PH EH RL SL HC RE GT LB GLS Rust MSV  SWT VIG SH
AD 0.12**
ASI 0.35** 0.30*
DS 0.12* 0.90*  0.30*

PH -0.02 -0.10* -0.02 -0.20*

EH -0.03 -0.30* -0.01 -0.40*  0.40**

RL 0.02 -0.10 0.03 -0.10* 0.07 0.34*

SL 0.03 0.04 0.01 0.03 -0.03 -0.01 0.04

HC -0.02 0.10* -0.01 0.04 0.10* 0.08 -0.20* 0.02

RE -0.06 0.20*  -0.03 0.20*  -0.03 -0.20" -0.20= O 0.30*

GT 0.03 0.09**  0.02 0.12= 0.01 -0.02 0.00 -0.04 -0710 0.04

LB 0.01 0.12*  0.02 0.09*  0.06 0.09* 0.12*»* 0.17** .08 0.22**  0.30*

GLS -0.02 0.14=  0.00 0.14* 0.04 0.03 0.13* 0.03 0.00 0.16** 0.30* 0.50**

Rust -0.08 0.08* -0.01 0.01 0.16 0.112* -0.08 0.15* 03 0.34* 0.30* 0.60* 0.40*

MSv  -0.02 0.08* -0.01 0.02 0.06 0.04 -0.03 0.20* 043* 0.29* 0.30* 0.70* 0.40** 0.60**

SWT  0.05 0.06* 0.04 0.05 0.20* 0.40* 0.38* 0.05 -0 0.01 -0.03 0.20* 0.20* 0.04 0.00

VIG 0.03 0.13*  0.02 0.16® 0.01 0.09*  0.29* 0.12* 0.07 0.14*= 0.10* 0.30* 0.20* 0.20* 0.10 0.40**

SH 0.19** 0.27* 0.30* 0.24* 0.05 0.09*  0.07 0.05 05 0.06 0.10* 0.10* 0.10* 0.10 0.10 0.20* 0.10

EPP 0.17= 0.67** 0.30* 0.65* 0.07 0.12=  0.07 0.05 05 0.06 0.10* 0.10* 0.10* 0.10* 0.10* 0.20* 0.10* 0.40*

**P <0.01, * R£0.05, GY = grain yield (kg hal), AD = days to anthesis (days), ASI = anthesis4sihg interval (days), DS = days to silking (days)PH = plant height (cm), EH= ear height
(cm), RL = root lodging (#), SL= stem lodging (#)HC = husk cover, RE = rotten ears (#), GT = graingxture (1-5), LB = leaf blight disease (1-5), GLS gray leaf spot disease (1-5),
Rust = rust disease (1-5), MSV = maize streak virudisease (1-5), SWT = 100 seed weight (g), VIG geiur (1-5), SH = shelling percentage, EPP = earsmgant (#), (#) = number.
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Table 4.10 Eigenvalues, percentages and cumulatipercentages for the measured

and derived data across four low pH soil environmets combined for 2011/12 and

2012/13 seasons

Principal component  Eigenvalues

As percentages

Curfative percentages

2.2
1.8
15
15
13
1.2
11
11

0o N OO O b~ W N PP

18.5
15.7
131
125
11.3
10.0
9.7

9.2

18.5
34.2
47.4
59.8
71.1
81.1
90.8
100.0

4.5.9 Clustering of maize genotypes evaluated atuiolow pH soil environments

combined across 2011/12 and 2012/13 seasons

The dendrogram was constructed using the UPGMAalmalysis method. Forty five

maize genotypes were clustered based on meansafarygeld. At cut off point 1.0, three

main clusters were observed (Figure 4.1) with & leigphenetic correlation ofop=0.82.

Thirteen genotypes from CIMMYT-Zimbabwe were grodifie cluster two with only two

from CIMMYT-Colombia. The top performing genotypegre grouped in cluster three

which comprised of 24 genotypes from both Colondnd Zimbabwe. Cluster one was

comprised of six genotypes which were also fronhE#MMYT research centres.
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Figure 4.1 Dendrogram based on Euclidean distancend UPGMA clustering using morphological data for gaotypes at four low pH

environments combined for 2011/12 and 2012/13 seaso
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4.5.10 Performance of maize genotypes across foutinal soil environments
combined for 2011/12 and 2012/13 seasons

Mean squares from the combined ANOVA across faessind across two years presented
are for the top10 and bottom 10 maize genotypdsrims of grain yield (Table 4.11).
Results for all entries under optimal environmemespresented in Appendix 7. Significant
differences due to genotypes were observed for éé@suared traits except for anthesis-
silking interval, husk cover and root lodging. Elaviment mean squares were significant
for all traits except for 100 seed weight. Seaseamsquares were significant for all traits
excluding MSV and 100 seed weight. G x E mean sguaere significant for most traits
except for grain yield, anthesis-silking intervialimber of ears per plant, leaf blight and
gray leaf spot disease as well as shelling pergenta x Y interaction mean squares were
not significant for anthesis-silking interval, maigtreak virus, rotten ears and rust disease.
The interaction of E x Y mean squares was sigmfidar traits except for diseases: leaf
blight, MSV and rust, and the following traits: kusover, stem and root lodging, rotten
ears, plant vigour and 100 seed weight. The intera& x E x Y was only significant for
grain yield, anthesis date, days to 50% silkingydeaf spot, grain texture and plant vigour
(Table 4.11).

4.5.11. Estimated contributions to total sum of sgares across four optimal

environments combined for 2011/12 and 2012/13 seaso

Contribution due to genotype was the highest f@r d€ed weight (14.1%), MSV (13.4%)
and stem lodging (12.0%) (Table 4.12). Contributthre to environment was high for
anthesis date (67.0%), plant vigour (53.7%), R4&.1%), ear height (48.2%). The
contribution due to the effect of season was hmhrdot lodging (24.1%), rust disease
(18.5%) and rotten ears (16.5%). G x E contributiorvariation was high for MSV
(19.1%), husk cover (21.1%) and stem lodging (12.5Pke interaction of genotype by
season sum of squares made the highest contridotgiem lodging (22.8%), root lodging
(14.2%) and 100 seed weight (65.7%). The interactd E x Y made the highest
contribution to gray leaf spot (12.5%) anthesieda#.1%) and days to 50% silking
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Table 4.11 Mean squares for combined ANOVA for grai yield and agronomic traits at four optimal environments for 2011/12 and 2012/13

seasons
Source Genotypes Environment Year GxE GxY ExY GxEX MSE
Df 44 7 1 307 44 6 264 1334
GY 5753000*** 1.1E+08** AE+Q7** 1.33E+06 4978000** 21230000** 1597000** 1.15E+06
AD 117.10** 22428.24** 3497.57** 22.12** 48.65** 4.79** 18.78** 8.70
ASI 3.30 442.03** 437.178** 5.00 6.20 207.96** 5.30 4.90
DS 111.87* 20256.23** 6094.80** 20.60** 49.30** @1.36** 20.66** 9.30
EH 690.00** 77831** 3466.30** 270.1** 457.30** 80280** 236.10 199.10
EPP 0.07** 0.40** 1.22** 0.03 0.0812** 0.65** 0.03 0.03
LB 0.80** 79.38** 50.09** 0.32 1.01** 6.44 43.10 p7
HC 2.70 326.10** 9.44* 4 .55%* 4.10** 4.40 23.10 n1
GLS 0.93** 41.80** 1.85* 0.30 0.96** 63.96** 0.55* 0.34
GT 2.40** 55.50** 45.90** 1.10* 1.60** 8.67** 1.03* 0.80
MSV 0.60** 35.28* 0.00 0.40** 0.00 541 32.10 0.20
PH 1277.50%* 101791.30** 29780.1** 557.8* 933.30** 21985.9** 490.80 432.80
RE 1.18* 85.10** 80.96** 0.67* 0.30 5.20 22.10 40
RL 4.20 1571.03* 2323.97** 10.51** 31.02** 6.41 410 4.30
Rust 0.80** 118.80** 137.14* 0.45* 0.20 3.40 201 0.30
SL 3.94** 128.45** 8.80** 2.05* 7.48** 2.40 29.20 1.30
SWT 80.30** 145.60 50.80 29.20** 89.86** 2157.90 .30 25.40
SH 241.80** 3012.40** 2294.20** 119.90 174.20** 183.0** 100.60 108.00
VIG 0.70* 138.75** 6.65** 0.53* 1.45* 0.60 0.53* 0.30

**P <0.01; *P<0.05; G = genotype, E = environment, Y = year, MSE mean square error, Df = degree of freedom, GY =rgin yield (kg ha), AD = days to anthesis (days), ASI =

anthesis-silking interval (days), DS = days to silikg (days), EH= ear height (cm), EPP = ears per pté& (#), LB = leaf blight disease (1-5), HC = huskaver, GLS = gray leaf spot disease

(1-5), GT = grain texture (1-5), MSV = maize streakirus disease (1-5), PH = plant height (cmRE = rotten ears (#), RL = root lodging (#), Rust xust disease (1-5), SL= stem lodging
(#), SWT = 100 seed weight (g), SH = shelling pertage, VIG = vigour (1-5), # = number
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Table 4.12 Estimated percent contributions to totakum of squares at four optimal environments acros2011/12 and 2012/13 seasons

Source GY AD ASI DS EH EPP LB GLS GT HC MSV  PH RE R Rust SL SWT SH VIG

Genotypes 119 5.0 2.2 51 6.3 7.5 6.6 7.8 9.3 4334 65 106 1.9 4.8 120 141 7.6 4.0
Environments 15.6 65.7 195 63.0 482 31 446 24247 346 385 352 347 326 481 178 1.2 6.4 .753
Year 1.8 3.4 6.4 6.3 0.7 3.1 9.4 0.4 4.0 0.3 00 4 3.165 241 185 06 0.2 1.6 0.9
GxE 8.3 2.8 9.7 2.8 7.3 109 79 9.8 124 211 19.84 121 9.6 7.9 125 102 113 9.0
GxY 10.3 21 4.0 2.3 4.2 9.2 8.3 8.1 6.3 6.4 09 7 4. 28 142 15 228 157 55 8.2
ExY 3.0 141 6.1 126 3.3 5.0 0.0 123 15 0.0 0.05.1 0.1 1.0 1.8 0.1 8.6 3.3 0.1
GXExY 9.9 1.6 6.8 1.9 4.3 9.3 0.7 4.7 8.0 1.0 00 .05 00 0.3 0.2 0.5 53 9.4 3.0
0.0 0.2 0.0 0.0 0.7 0.3 0.5 0.1 0.0 0.1 0.60.3 0.2 1.0 0.5 0.4 0.0 0.1

Rep 0.6

Residual 387 53 451 6.0 257 513 222 322 43324 280 311 229 161 162 331 444 549 211
CV (%) 31.8 4.6 194.2 4.6 182 152 27.1 1031 36.03 359 121 803 3015 313 1694 168 131 273
Min 0.6 0.0 0.2 0.0 0.0 0.7 0.0 0.4 0.1 0.0 0.0 0.6 0.0 0.2 0.2 0.1 0.2 0.0 0.1
Max 38.7 657 451 63.0 482 513 446 322 437 634385 352 347 326 481 33.1 444 549 537

G = genotype, E = environment, Y = year, CV <oefficient of variation, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI = anthesis-
silking interval (days), DS = days to silking (days EH = ear height (cm), EPP = ears per plant (#),B = leaf blight disease (1-5), GLS = gray leaf spalisease (1-5), GT = grain texture
(1-5), HC = husk cover, MSV = maize streak virus dease (1-5), PH = plant height (cmRE = rotten ears (#), RL = root lodging (#), Rust ust disease (1-5), SL= stem lodging#, SWT

=100 seed weight (g), SH = shelling percentage,&/E vigour (1-5), # = number
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(12.6%). The interaction of G x E x Y made the leigfhcontribution to grain yield
(9.9%), shelling percentage (9.4%) and number f par pant (9.3%)

4.5.12 Genotypic and phenotypic variance componentgenetic advance and broad
sense heritability estimates across four optimal eronments combined for 2011/12
and 2012/13 seasons

The results in Table 4.13 indicated that phenotypitances were higher than genotypic
variances. Anthesis date (0.86), days to 50% gIKh85) and grain yield (0.67) had
relatively high broad sense heritability estimaisot lodging had the lowest heritability
estimate (0.02). The genetic coefficient of vaoatwas lower than phenotypic coefficient
of variation. The expected genetic advance (GA) thashighest for grain yield (68.9)

followed by plant height (29.5) and ear height §2It was low for number of ears per
plant (0.2) and root lodging (0.4) (Table 4.14).

Table 4.13 Genotypic §%g) and phenotypic 62%p) variances and broad sense (#)
heritability estimates at four optimal environmentsacross 2011/12 and 2012/13 seasons

Trait ng 0'2p H%b H%b %

GY 230.20 345.00 0.67 66.71
AD 54.19 62.90 0.86 86.14
ASI 0.77 4.11 0.19 18.82
DS 51.29 60.58 0.85 84.67
EH 245.45 444.60 0.55 55.21
EPP 0.02 0.05 0.41 40.70
LB 0.27 0.53 0.50 49.98
HC 0.34 2.40 0.14 13.98
GLS 0.29 0.64 0.46 46.20
GT 0.79 1.61 0.50 49.51
MSV 0.20 0.40 0.52 51.63
PH 422.40 855.20 0.49 49.39
RE 0.38 0.80 0.48 47.68
RL 0.08 4.24 0.02 1.97

Rust 0.26 0.54 0.49 49.05
SL 1.30 2.64 0.49 49.44
SWT 27.47 52.80 0.52 52.00
SH 66.90 174.90 0.38 38.25
VIG 0.20 0.50 0.39 39.28

6%y = genotypic variance,s% = phenotypic variance, Hb = broad sense heritability, Hb % = broad sense
heritability as percentage, GY = grain yield (kg ha), AD = days to anthesis (days), ASI = anthesis-sitg interval
(days), DS = days to silking (days), EH = ear heiglftm), EPP = ears per plant (#), LB = leaf blight disase (1-5),
HC = husk cover, GLS = gray leaf spot disease (1-33,T = grain texture (1-5), MSV = maize streak virugdisease
(1-5), PH = plant height (cm),RE = rotten ears (#), RL = root lodging (#), Rust = ust disease (1-5), SL= stem
lodging (#), SWT = 100 seed weight (g), SH = sheljipercentage, VIG = vigour (1-5), # = number.
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Table 4.14 Genotypic coefficient of variation, pheotypic coefficient of variation and

expected genetic advance at optimal combined for 20/12 and 2012/13 seasons

Trait GCV% PCV% GA GA % of mean
GY 8.3 10.1 68.9 2.4
AD 9.2 9.9 10.6 21.8
ASI 8.2 19.0 1.3 69.2
DS 8.8 9.6 10.3 20.5
EH 17.8 23.9 22.5 31.0
EPP 1.3 2.1 0.2 16.6
LB 3.7 5.3 0.7 39.5
HC 4.9 13.1 0.8 32.1
GLS 4.3 6.3 0.8 46.8
GT 6.5 9.2 1.3 68.4
MSV 4.1 5.7 0.6 55.0
PH 15.7 22.3 29.5 17.3
RE 6.9 10.0 0.9 109.2
RL 3.5 24.8 0.4 12.1
Rust 4.0 5.7 0.7 44 .4
SL 13.8 19.7 1.6 243.0
SWT 9.6 13.3 7.5 26.1
SH 9.2 14.9 11.7 13.2
VIG 3.1 5.0 0.6 28.4

GCV = genotypic coefficient of variation, PCV = phaotypic coefficient of variation, GA = genetic advace, GY =
grain yield (kg ha), AD = days to anthesis, ASI = anthesis-silking farval (days), DS = days to silking (days), EH=
ear height (cm), EPP = ears per plant (#), LB = ledflight disease (1-5), HC = husk cover, GLS = gray & spot
disease (1-5), GT = grain texture (1-5), MSV = maizstreak virus disease (1-5), PH = plant height (cmRE =
rotten ears (#), RL = root lodging (#), Rust = rustlisease (1-5), SL= stem lodging (#), SWT = 100 seegight (g),
SH = shelling percentage, VIG = vigour (1-5), # =umber.

4.5.13 Mean performance for grain yield and otherraits across four optimal

environments combined for 2011/12 and 2012/13 seaso

The grain yield trial mean was 3.3 thand the top seven performing genotypes were G20
(4.5t ha), G33 (4.0t hd), G8 (4.0 t h&), G27 (4.0t ha), G5 (3.9t h&), G31 (3.8t ha

1y and G10 (3.8 t hY (Table 4.15). The lowest yielding were G40 (2t@it) and G2 (2.3

t hat). The earliest maturing genotype was G24 (59 &D1i18 days maturity period) and
the shortest genotype was G2 (156 cm). The tajiesotype was G5 (189 cm). The best
shelling percentage was recorded for G20 (83%) evdP had the lowest shelling
percentage. The genotype with the best plant vigas G20 (1.5). High 100 seed weight
was recorded for G40 (33.2 g).
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Table 4.15 Mean performance for grain yield acrosfour optimal environments combined for 2011/12 an@012/13 seasons
Entry GY AD ASI DS EH EPP LB HC GLS GT MSV PH RE RL Rust SL SWT SH VIG

Top ten
genotypes G20 4489  65.0 1.0 66.7 81 1.1 1.9 1.3 1.51.8 1.2 173 1.1 1.4 1.3 0.4 32.0 83.0 1.5
G33 4003 61.3 1.2 63.4 75 1.2 1.8 15 1.4 1.9 1.6168 0.7 1.0 1.7 0.9 295 82.1 1.9

G8 3965 65.9 11 67.6 85 1.2 1.9 1.6 1.9 1.7 12 82 1 0.7 1.4 2.0 1.2 30.1 80.9 1.9
G27 3965 66.4 1.4 68.4 82 1.2 1.9 1.6 1.7 2.1 1.2179 0.8 0.3 1.6 -0.1 30.7 79.8 1.9
G5 3921 68.3 1.0 70.0 87 11 1.9 1.9 15 1.9 1189 1 0.7 0.8 1.4 1.0 32.1 79.6 1.9

G39 3902 64.1 0.6 65.6 70 1.1 2.0 1.2 1.5 1.9 1.1161 0.9 0.6 1.8 0.8 314 79.3 2.1
G31 3820 64.8 1.0 66.6 82 1.1 2.2 1.3 1.8 1.8 1.2176 0.8 0.3 1.7 1.0 27.6 80.4 2.0
G10 3817 67.7 2.0 70.2 86 1.1 2.0 0.9 1.9 2.0 1.2183 0.8 0.6 1.7 0.2 31.1 81.8 2.0
G36 3757 629 1.1 64.9 83 1.1 1.9 1.3 1.6 2.0 1.3179 0.8 0.8 1.9 0.7 28.6 79.5 2.0
G43 3750 61.9 0.9 63.8 69 1.1 2.0 1.3 1.6 1.9 1.2162 0.9 0.2 1.7 1.7 31.0 77.4 1.9

Bottom ten

genotypes G3 3014 641 0.8 65.7 75 1.2 1.4 1.3 1.71.6 1.3 163 0.7 0.5 1.5 1.0 30.1 76.4 2.0
G42 2996 63.2 1.0 64.9 71 1.0 1.8 0.9 1.6 1.7 1.2168 0.5 1.6 1.7 0.5 31.3 78.7 2.2
G24 2983 59.1 1.3 61.1 72 1.1 2.2 1.8 1.3 2.0 1.1167 0.7 0.7 1.7 0.8 29.1 75.9 2.2
G16 2901 63.2 0.8 64.9 80 1.0 1.8 2.1 1.8 1.8 1.1173 0.8 0.5 1.8 0.6 32.3 7.7 2.0

G7 2663 65.6 1.4 67.6 78 11 1.9 0.9 1.4 2.0 13711 08 0.7 15 0.6 30.9 80.0 2.0
G37 2594 653 13 67.2 66 11 1.7 1.0 1.5 2.1 1.2162 0.6 0.2 1.9 0.9 304 741 2.0
Gl1 2517 67.8 1.0 69.4 76 11 2.0 13 1.8 1.8 1.4169 0.7 0.6 1.6 0.5 26.7 77.5 2.1
G38 2413 69.0 11 70.3 78 1.0 1.9 1.0 1.4 1.9 1.4175 0.5 0.8 14 0.8 305 728 2.0
G2 2326 62.1 1.2 64.5 69 1.0 2.0 13 1.9 1.8 135 1 1.0 0.5 15 1.5 29.3 67.4 2.1

G40 2295 66.5 11 68.0 73 11 1.9 1.2 1.4 1.9 1.2169 0.8 0.6 14 0.5 33.2 77.8 2.0
Mean 3304 64.7 11 66.5 76.9 11 1.9 13 1.6 19 31 1713 038 0.7 1.6 0.8 30.4 78.1 2.0

LSD 608 1.7 13 17 8 0.1 0.3 0.8 0.3 0.5 0.3 12 40 1.2 0.3 0.7 2.9 5.9 0.3
Ccv
%) 318 4.6 194 4.6 18.2 152 271 103 36 40 359 112.803 302 31.3 169 16.8 131 27.3

Min 2295 591 0.6 61.1 66.0 1.0 1.4 0.9 13 15 01 156.0 0.5 0.1 13 0.0 25.9 67.4 15
Max 4489 69.0 2.9 70.3 89.0 1.2 2.4 2.6 21 27 7 1. 189.0 15 1.8 21 1.8 33.7 86.5 25

LSD = Least significant difference, CV = coefficienof variation, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI = anthesis+dihg
interval (days), DS = days to silking (days), EH =ar height (cm), EPP = ears per plant (#), LB = Idablight disease (1-5), HC = husk cover, GLS = graleaf spot disease (1-5), GT =
grain texture (1-5), MSV = maize streak virus disese (1-5), PH = plant height (cm)RE = rotten ears (#), RL = root lodging (#), Rust ust disease (1-5), SL= stem lodging (#), SWT =
100 seed weight (g), SH = shelling percentage, Vksvigour (1-5), # = number.
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4.5.14 Pearson’s correlation coefficients betweemagn yield and other agronomic

traits across optimal environments combined for 201/12 and 2012/13 seasons

Days to anthesis were positively and significardtyrelated with all traits apart from
anthesis-silking interval (Table 4.16). Grain yieldhs positively and significantly
correlated with days to anthesis days (r = 0.1&ysdo silking (r = 0.16), plant and ear
height (r = 0.16 and r = 0.14, respectively) aslwasl with number of ears per plant
(r = 0.80) and shelling percentage (r = 0.91). Niggaorrelations among other traits were
recorded for example anthesis-silking interval wagatively correlated with root lodging
(r = -0.10), husk cover (r = -0.18), leaf blight & -0.20) and gray leaf spot
(r = -0.10) disease as well as with plant vigor (10.33). Anthesis-silking interval also
correlated positively with traits such as daysitkirgg (r = 0.19), plant and ear height
(r = 0.27 and 0.25, respectively), MSV (r = 0.081d.00 seed weight (r = 0.18). Days to
silking correlated significantly with all traits egpt for plant vigor. Ear rots were positively
and significantly correlated with stem lodging (r0=30), husk cover (r = 0.20), grain
texture (r = 0.20), leaf blight (r = 0.50), granfespot (r = 0.40), rust (r = 0.30), MSV (r =
0.60), 100 seed weight (r = 0.30) and plant viger@.30). Plant (r = -0.33), and ear height
(r = -0.40), were negatively correlated with plasmgour. This implies that tall plants
(higher values) were associated with good vigolowasr scores of plant vigour (below 3
in the scale of 1-5) indicates good plant vigoutt Argher scores indicate poor vigour and
short plants. Shelling percentage furthermore tated positively and significantly with
number of ears per plant (r = 0.90), plant height .17) and ear height (r = 0.20) (Table
4.16).
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Table 4.16 Pearson's correlation coefficients forrgin yield and agronomic traits across all optimalenvironments for two seasons
2011/12 and 2012/13

GY AD ASI DS PH EH RL SL HC RE GT LB GLS Rust MSV SWT VIG SH
AD 0.16**
ASI 0.04 0.09
DS 0.16* 1.00* 0.19*
PH 0.16** 0.76** 0.27** 0.80**
EH 0.14* 0.60** 0.25* 0.60** 0.93**
RL 0.03 0.25** -0.10* 0.20* -0.04 -0.10
SL 0.03 0.31** -0.08 0.30* 0.00 -0.04 0.40**
HC 0.04 0.29** -0.18* 0.30* 0.10** 0.02 0.20* @0*
RE 0.03 0.39** -0.03 0.40* 0.06 -0.10 0.06 0.30**0.20*
GT 0.08 0.12**  -0.06 0.10* -0.20* -0.20 0.10* @0** 0.10** 0.20**
LB 0.07 0.60* -0.20* 0.60* 0.20** 0.10 0.40* (40** 0.50* 0.50**  0.30**
GLS 0.08 0.60* -0.10* 0.60* 0.30* 0.20** 0.20* 0.30* 0.40* 0.40* 0.30** 0.70*
Rust  0.07 0.46* -0.06 0.50* 0.32** 0.18 -0.20 30 0.30* 0.30* 0.30* 0.50* 0.60**
MSV  0.05 0.45* 0.09* 0.50* 0.25** 0.18 -0.04 o@* 0.00 0.60** 0.30* 0.50* 0.40** 0.40*
SWT 0.08 0.58* 0.18* 0.60* 0.36* 0.30* 0.20* 0.30* 0.00 0.30* 0.40* 0.50* 0.50* 0.30* 0.60*
VIG 0.04 0.12»  -0.33* 0.09 -0.33*  -0.40* 0.40** 0.40* 0.30* 0.40* 0.30* 0.70* 0.50* 0.20* 0.3** 0.20*
SH 0.91= 0.18* 0.04 0.20* 0.17* 0.20* 0.03 03® 0.00 0.03 0.10* 0.08 0.10=*  0.08 0.06 0.10* 0%
EPP  0.80** 0.16* 0.04 0.20* 0.16* 0.10* 0.03 03 0.00 0.03 0.10* 0.07 0.08 0.07 0.05 0.08 0.08 .90¢

**P <0.01; GY = grain yield (kg hat), AD = days to anthesis (days), ASI = anthesis4sig interval (days), DS = days to silking (days)PH = plant height (cm),EH = ear height (cm), RL
= root lodging (#), SL = stem lodging (#), HC = huscover, RE = rotten ears (#), GT = grain texture 1-5), LB = leaf blight disease (1-5), GLS = gray & spot disease (1-5), Rust = rust
disease (1-5), MSV = maize streak virus disease§)1-SWT = 100 seed weight (g), VIG = vigour (1-58H = shelling percentage, EPP = ears per plant (#f,= number.
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4.5.15 Principal component analysis results, eigeales and eigenvectors for the

traits across four optimal environments combined f02011/12 and 2012/13 seasons

PCA generated 16 principal components (Table 4wiflich accounted for 100% of
variability present in the maize genotypes evalliaide first eight PCs had eigenvalues
within a range of 1.0 — 7.1. Their cumulative peteges accounted for 85.9% of the total

variation present among the genotypes.

Table 4.17 Eigenvalues and eigenvectors for the ita across four optimal

environments combined for 2011/12 and 2012/13 seaso

PC Eigenvalues As percentages Cumulative percentage
1 7.16 39.75 39.75
2 1.62 8.98 48.74
3 1.43 7.97 56.70
4 1.30 7.22 63.93
5 1.00 5.56 69.48
6 0.96 5.31 74.79
7 1.00 5.56 80.35
8 1.00 5.56 85.91
9 0.62 3.45 89.36
10 0.48 2.65 92.01
11 0.43 2.40 94.41
12 0.36 2.00 96.41
13 0.29 1.60 98.01
14 0.18 0.99 99.00
15 0.17 0.92 99.92
16 0.01 0.08 100.00

4.5.16 Clustering of the maize genotypes evaluatatifour optimal environments
combined for the 2011/12 and 2012/13 seasons

Forty five maize genotypes were clustered basethi@nmeans for grain yield. At cut off
point 1.0, three main clusters were observed (Eigu2) with a high cophenetic correlation
of rcop=0.82. Thirteen genotypes from CIMMYT-Zimbabwe wegmuped in cluster Il

with only two from CIMMYT-Colombia. The top perfoimg genotypes were grouped in
cluster Ill which comprised of 24 genotypes fronitb@olombia and Zimbabwe. Cluster

| was comprised of six genotypes which were alsmfboth research centers.
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Figure 4.2 Dendrogram based on Euclidean distancend UPGMA clustering using
morphological data for genotypes at four optimal emironments combined for 2011/12

and 2012/13 seasons
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4.5.17 Combined ANOVA for grain yield and agronomidraits for all environments,

optimal and low pH for two seasons 2011/12 and 2013

Mean squares from the combined ANOVA across alirenments and two seasons are
given in Table 4.18. Genotype mean squares wetdyhgignificant (0.01) for grain
yield, days to anthesis, days to 50 % silking, legight, leaf blight disease, husk cover,
grain texture, maize streak virus, rust diseaset lmdging, 100 seed weight, shelling
percentage and plant vigour and significantl¢@®5) with number of ears per plant.
Environment mean squares were highly significanaficthe traits measured. Season mean
squares were highly significant for days to anthemnthesis-silking interval, days to 50 %
silking, number of ears per plant, plant heighttem ears and all the diseases, 100 seed
weight as well as shelling percentage. GXE waslhigignificant for grain yield, anthesis
date, days to 50% silking, number of ears per plamk cover, grain texture, rotten ears,
100 seed weight, and plant vigour as well as MS¥ rarst. Interaction of GXY was not
significant for anthesis-silking interval, numbdrears per plant and stem lodging. ExY
mean squares were significant for most traits it for husk cover and rotten ears.
Interaction of GXEXY was highly significant for gmayield, anthesis date, days to 50%
silking, grain texture, root and stem lodging, Ib&fht disease and 100 seed weight as

well as plant vigor.

4.5.18 Estimated contributions to total sum of squas across all environments for
two seasons 2011/12 and 2012/13

Contribution to total sum of squares for genotymeswhe highest for 100 seed weight
(4.88%) and MSV (4.85%, Table 4.19). Contributiaredo environment was highest for
days to 50% silking (80.45%) and for season thédsgwas rust disease (17.0%). GXE
contribution was significant for husk cover (26.3%e interaction of GxY made the

highest contribution to gray leaf spot (5.7%). Theeraction of ExXY made the highest

contribution to root lodging (21.9%) and the intdian of GXExY made the highest

contribution to shelling percentage (11.03%) (Tabhl9).
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Table 4.18 Mean squares for combined ANOVA for grai yield and agronomic traits for all environments,optimal and low pH for two
seasons 2011/12 and 2012/13

Source Genotypes Environment Year GxE GxY ExY GxExY MSE
Df 44 7 1 307 44 6 264 1334
GY 3E+06** 4 5E+08** 1.81E+06 1E+06** 3E+06** 3E+07 1E+06** 764200
AD 129.46** 41689.99** 1709.56** 32.2** 59.5%* 487@2** 37.4% 13.54
ASI 4.99 712.359** 285.673** 4.24 3.73 191.02** 458 3.99
DS 114.3** 45472.23** 666.96** 33.53* 59.48** 51886** 36.23* 13.87
EH 518.4** 132261.7** 1176.5* 340.3* 458.9** 157906 182.2 191.3
EPP 0.16* 9.09** 20.16** 0.12** 0.15 4.58** 0.13 ™

LB 0.88** 83.57** 12.37** 0.51 1.14%* 42 15* 0.83* 0.44
HC 4.12** 192.39** 4.14 4.43** 3.16* 0.20 2.55 2.04
GLS 1.02 55.86** 9.04** 1.21* 2.86** 37.23* 1.20* 0.99
GT 1.52** 55.77** 0.01 1.51* 1.52** 18.64** 0.78** 0.65
MSV 0.41* 16.45** 20.68** 0.28** 0.41* 5.35% 0.0 0.20
PH 5820 261853** 61886** 5203 8806** 52208** 6018 340
RE 1.20 97.71* 14.17* 2.02** 2.32* 431 3.40 ao
RL 6.33** 395.1* 9.30 3.94* 8.66** 595.95** 571 3.17
Rust 0.83* 89.76** 213.61** 0.42** 0.56** 21.43* 0.27 0.30
SL 3.14* 89.014** 5.55 2.07 2.85 91.38* 2.897* 022}
SWT 108.32** 5805.43** 740.77** 34.33* 56.64** 2@186** 36.15** 22.66
SH% 213.40** 14288.60** 3331.90** 154.30 205.40* 3m30** 152.30 142.20
VIG 1.72* 190.8** 0.24 0.72* 1.23* 19.75** 0.59* 0.43

**P <0.01; *P<0.05; G = Genotype, E = environment, Y = year, MSE mean square error, GY = grain yield (kg ha), AD = days to anthesis (days), ASI = anthesis4ig interval (days),
DS = days to 50% silking (days), EH = ear height (o), EPP = ears per plant (#), LB = leaf blight disase (1-5), HC = husk cover, GLS = gray leaf spots#ase (1-5), GT = grain texture
(1-5), MSV = maize streak virus diseases (1-5), PHplant height (cm), RE = rotten ears (#), RL = roblodging (#), Rust = rust disease (1-5), SL = stelndging (#), SWT = 100 seed

weight (g), SH = shelling percentage (%), VIG = vigur (1-5), # = number
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Table 4.19 Relative percent contribution to total 8m of squares across two years at eight environmen{optimal and low pH)

Source

GY

AD

ASI

DS

EH EPP LB GLS GT HC MSV  PH RE R Rust  SL SWT SH VIG
Genotypes 2.55 1.54 1.49 1.27 1.59 2.06 2.73 2.02.29 3 4.10 4.85 2.07 2.52 2.56 2.90 3.40 4.88 2.21 313.
Environment 57.80 79.10 33.79 80.35 64.70 18.13 585.1512 19.25 26.11 2231 1481 2790 2181 42721B.14 3566 2359 58.56
Year 0.03 0.46 1.94 0.17 0.08 5.74 0.88 0.41 0.00.090 5.61 0.50 0.67 0.09 16.94 0.14 0.76 0.79 0.01
GxE 6.73 2.68 8.84 2.60 7.30 10.26 9.49 1439 222.32 1657 1290 2538 9.56 8.83 1346  9.28 11.2173
GxY 2.38 0.71 1.11 0.66 1.41 1.87 3.54 5.68 3.30 143. 4.89 3.13 4.85 3.50 1.96 3.08 2.55 2.13 2.35
ExY 3.38 7.92 7.77 7.85 5.50 7.83 8.96 6.72 4.60 000. 2.90 2.11 1.57 2193 3.40 6.75 13.37 1.73 2.60
GXEXY 7.24 2.68 8.70 241 2.80 9.70 7.74 9.49 8.462.54 4.46 10.70 1.31 9.24 1.91 9.41 7.99 11.03 3.42
Rep 0.17 0.00 0.00 0.00 0.00 0.20 0.30 0.40 0.00 70 0. 0.30 0.10 0.10 0.10 0.60 0.10 0.50 011 0.00
Residual 19.9 4.90 36.34 4.67 16.61 44.18 30.87 7745.38.35 37.02 38.13 53.67 3573 3125 20.79 5052496 47.8 19.99
CV (%) 36.00 5.00 103.10 4.90 2220 3510 3490 0®4.5480 3440 3650 4890 101.00 106.00 36.40 80421840 1190 27.50
Min 0.03 0.004 0.03 0.009 0.003 0.22 0.28 0.41 0.00.005 0.28 0.12 0.07 0.05 0.56 0.09 0.54 0.11 0.01
Max 5780 79.10 36.30 80.40 64.70 4420 3550 458830 37.00 3810 53.70 3570 3130 42.70 50.50 .7035 47.80 58.60

G = Genotype, E = environment, Y = year, CV = codffient of variation, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI = anthesis-
silking interval (days), DS = days to silking (days EH = ear height (cm), EPP = ears per plant (#),B = leaf blight disease (1-5), GLS = gray leaf spalisease (1-5), GT = grain texture

(1-5), HC = husk cover, MSV = maize streak virus diease (1-5), PH = plant height (cmRE = rotten ears (#), RL = root lodging (#), Rust ust disease (1-5), SL = stem lodging (#),
SWT = 100 seed weight (g), SH = shelling percentagdG = vigour (1-5), # = number.
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4.5.19 Genotypic and phenotypic variance componentsroad sense heritability and
genetic advance estimates across the combined emviments for both 2011/12 and
2012/13 seasons

The results in Table 4.20 indicated that phenotypitances were higher than genotypic
variances. Grain texture (0.6), days to 50% silkicp), anthesis date (0.5) and plant
vigour (0.5) had relatively high broad sense hbiiity estimates. The genetic coefficients
of variations were lower than phenotypic coeffitgeof variation (Table 4.21). The
expected genetic advance was highest for planhh@&fowed by grain texture. Shelling
percentage had the lowest genetic advance valle anitigh phenotypic coefficient of
variation.

Table 4.20 Genotypic variances, phenotypic varianseand heritability estimates

across optimal and low pH environments for 2011/18nd 2012/13 seasons

Trait ng Gzp H%b H%b %
GY 2500.00 401500.000 0.006 0.623
AD 21.250 39.300 0.541 54.071
ASI 1.200 4.400 0.273 27.273
DS 22.345 40.645 0.550 54.976
EH 53.250 238.850 0.223 22.294
EPP 0.055 0.275 0.200 20.000
LB 0.145 0.735 0.197 19.728
GLS 0.450 2.050 0.220 21.951
GT 0.630 1.120 0.563 56.250
HC 1.485 3.505 0.424 42.368
MSV 0.015 0.185 0.081 8.108
PH 3290.00 13596.000 0.242 24.198
RE 0.035 1.395 0.025 2.509
RL 0.540 2.740 0.197 19.708
Rust 0.040 0.360 0.111 11.111
SL 0.280 2.780 0.101 10.072
SWT 19.815 40.785 0.486 48.584
SH 18.700 157.900 0.118 11.843
VIG 0.620 1.180 0.525 52.542

6%y = genotypic variance,s% = phenotypic variance, Hb = broad sense heritability, Hb % = broad sense
heritability as percentage, GY = grain yield (kg ha&), AD = days to anthesis (days), AS| = anthesis4sihg interval
(days), DS = days to silking (days), EH= ear heiglftm), EPP = ears per plant (#), LB = leaf blight disase (1-5),
GLS = gray leaf spot disease (1-5), GT = grain texter(1-5), HC = husk cover, MSV = maize streak virudisease
(1-5), PH = plant height (cm),RE = rotten ears (#), RL = root lodging (#), Rust = ust disease (1-5), SL= stem
lodging (#), SWT = 100 seed weight (g), SH = shellipercentage, VIG = vigour (1-5), # = number.
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Table 4.21 Genotypic coefficient of variation, pheotypic coefficient of variation and

genetic advance across all eight environments fowb years

Trait GCV% PCV% GA GA (% of mean)
GY 10.1 128.5 0.3 10.6
AD 5.4 7.3 2.1 2.9
ASI 7.9 15.1 1.2 63.6
DS 5.4 7.3 2.1 2.8
EH 9.2 19.6 1.1 1.7
EPP 2.4 5.3 0.7 70.8
LB 2.8 6.2 0.7 36.8
GLS 5.0 10.6 0.9 49.6
GT 5.2 6.9 2.2 92.6
MSV 1.1 3.9 0.1 9.0
PH 46.9 95.4 1.7 108.0
RE 1.9 11.7 0.1 5.6
RL 5.7 12.8 0.5 31.2
Rust 1.6 4.9 0.2 11.9
SL 5.3 16.6 0.3 26.5
SWT 8.8 12.6 25 9.8
SH 5.0 14.6 0.9 1.2
VIG 5.1 7.0 2.0 85.2

GCV = genotypic coefficient of variation, PCV = phaotypic coefficient of variation, GA = genetic advace,
GY = grainyield (kg ha?), AD = days to anthesis (days), ASI = anthesis4sihg interval (days), DS = days to silking
(days), EH = ear height (cm), EPP = ears per plan#], LB = leaf blight disease (1-5), GLS = gray leapst disease
(1-5), GT = grain texture (1-5), MSV = maize streakirus (1-5), PH = plant height (cm),RE = rotten ears (#), RL
= root lodging (#), Rust = rust disease (1-5), SL =stem lodging (#), SWT = 100 seed weight (Q),
SH = shelling percentage, VIG = vigour (1-5), # =umber.

4.5.20 Mean performance for grain yield and otherraits across all environments for
2011/12 and 2012/13 seasons

The grain yield trial mean was 2.4 thi@able 4.22) and the top performing genotype was
G20. None of the top ten genotypes were prolifithvai mean number of ears per plant of
1. The genotype most susceptible to gray leaf dismase was again G 41. The tallest
genotype was G7 (213 cm), although it ranked whth liottom ten genotypes. Genotype
G27 recorded the highest 100 seed weight (27 ¢pweld by G35 (26 g). In terms of
shelling percentage, genotype G30 (74%) recordedhitfhest.
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Table 4.22 Mean performance combined across two yeaand across optimal and low pH environments for @11/12 and 2012/13 seasons

Enty GY AD ASI DS EH EPP LB HC GLS GT MSV PH RE RL Rust SL SWT SH VIG
Top 10 G20 2977 744 1.8 76.7 638 1.0 1.7 15 1.92.3 1.2 146 1.0 1.6 1.3 09 275 773 19
Genotypes  G27 2850 753 1.8 773 671 1.0 1.7 137 126 1.2 153 10 1.2 14 11 293 742 21
G8 2727 743 1.8 764 656 1.0 2.0 1.4 2.0 2.2 12153 0.8 1.6 1.6 14 26.3 73.0 22
G33 2725 721 21 749 609 1.0 1.7 1.3 1.7 243 1. 145 08 1.9 15 1.2 248 76.0 2.2
G5 2719 76.7 15 785 654 1.0 1.9 2.0 1.7 2.3 11156 1.0 1.3 1.4 12 276 754 20

G30 2704 736 20 76.0 635 1.0 18 18 1.9 223 1. 147 10 16 15 06 27.2 76.3 21
G39 2680 728 20 754 599 1.0 1.9 1.2 1.8 232 1. 145 11 24 15 1.2 26.7 736 25
G45 2678 748 1.9 771 674 0.9 1.7 15 1.6 28 4 1. 157 09 1.2 15 0.8 287 725 21
G22 2663 718 2.0 743 623 1.0 1.9 1.6 1.7 233 1. 146 10 18 15 1.0 26.1 75.1 2.6
G28 2635 729 1.7 75.0 621 1.0 2.0 1.4 1.9 272 1. 147 08 1.8 1.6 09 252 75.0 23

Bottom 10 G16 2275 719 20 739 60.0 0.9 1.7 209 1 23 1.2 143 0.9 1.2 1.6 1.2 2738 742 23
Genotypes  G41 2264 69.8 1.7 721 544 0.9 1.7 151 2 21 1.1 137 0.9 14 1.6 0.8 23.9 751 2.5
Gl 2259 749 3.1 771 639 0.9 2.0 1.2 1.9 21 12151 1.1 1.6 1.5 1.0 26.6 722 25
G42 2185 727 1.9 751 63.7 0.9 2.0 1.3 1.6 212 1. 152 11 1.8 15 09 26.0 73.3 2.7
G7 2095 728 23 751 617 0.9 1.9 1.0 1.6 2.6 1.3213 11 1.4 1.3 0.8 26.7 76.3 24
G1l1 2009 747 1.6 76.6 56.2 0.9 2.0 1.4 2.0 233 1. 140 0.8 1.5 1.5 1.2 224 746 24
G37 2001 736 1.7 759 56.3 0.9 1.7 1.7 1.7 26 2 1. 142 0.9 1.1 1.7 1.1 246 723 23
G40 1884 752 1.8 77.2 608 0.9 1.8 1.5 1.6 232 1. 149 0.9 1.7 1.4 0.7 26.5 732 22
G38 1883 77.1 13 785 628 0.9 1.8 1.3 1.7 234 1. 147 11 1.0 1.3 09 258 71.1 23
G2 1804 718 1.7 743 576 0.9 21 1.4 1.9 2.1 12137 09 24 1.4 15 248 66.4 2.6
Mean 2401 73.7 1.9 759 618 1.0 1.9 1.5 1.8 23 2 1. 150 1.0 1.6 1.5 1.0 26.2 73.8 23
LSD 506 24 1.01 24 3.9 0.3 0.44 0.8 0.7 056 0368 068 094 032 09 26 7.5 0.4
Cv 36 5 103 4.9 222 35 349 94 55 344 36.5 49 1106 36.4 143 18 119 28
Min 1804 698 1.3 721 544 0.9 1.7 1.0 1.6 21 1.1 137 08 1.0 1.3 0.6 224 66.4 1.9
Max 2977 771 3.1 785 674 1.0 21 2.0 21 2.8 14213 11 24 1.7 15 293 773 27
LSD = Least significant difference, CV = coefficienof variation, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI = anthesis4dihg
interval (days), DS = days to silking (days), EH =ar height (cm), EPP = ears per plant (#), LB = Idalight disease (1-5), HC = husk cover, GLS = graleaf spot disease (1-5), GT =
grain texture (1-5), MSV = maize streak virus disese (1-5), PH = plant height (cm)RE = rotten ears (#), RL = root lodging (#), Rust Fust disease (1-5), SL = stem lodging (#), SWT =
100 seed weight (g), SH = shelling percentage, Visvigour (1-5), # = number.

106



Table 4.23 Pearson’s correlation coefficients forrgin yield and agronomic traits across optimal andow pH environments for 2011/12 and

2012/13 seasons

GY AD ASI DS PH EH RL SL HC RE GT LB GLS RUST MSV  SWT VIG SH
AD 0.12*
ASI 0.23*  0.09*
DS 0.12» 0.99** 0.09**
PH 0.05 0.14* -0.01 0.11*
EH 0.06** 0.02 0.01 0.01 0.62**
RL 0.03 0.20=* 0.01 0.20** -0.01 0.02
SL 0.03 0.25** 0.01 0.24* -0.01 -0.1**  0.21**
HC 0.01 0.18** 0.00 0.15** 0.11**  0.05 0.03 0.09**
RE -0.02 0.35** -0.03 0.34** -0.06** -0.2* -0.02 .@9** 0.20**
GT 0.06 0.09 0.01 0.09 -0.06 -0.14 0.05 0.03 -0.02.10
LB 0.04 0.40* 0.01 0.40* 0.06 -0.01 0.28** 0.29** 0.25** 0.34** 0.3**
GLS 0.03 0.38* 0.00 0.37* 0.08* 0.00 0.18* 0.¥4 0.15* 0.26* 0.27* 0.58*
RUST 0.01 0.22** 0.00 0.20** 0.23*  0.18* -0.2** @7** 0.30** 0.27** 0.28* 0.51* 0.45**
MSV  0.02 0.35** -0.02 0.33* 0.08*  0.03 0.00 0.22* 0.08** 0.41* 0.26* 0.58** 0.39** 0.48**
SWT 0.07** 0.45** 0.02 0.44* 0.21* 0.25** 0.30* 0.18* -0.01 0.16** 0.25* 0.32* 0.30* 0.17** 0.4*
VIG 0.04 0.20* 0.01 0.19** -0.1** -0.2*  0.38** (24** 0.12** 0.25** 0.22** 0.48* 0.34* 0.17** 0.18* 0.3**
SH 0.55* 0.15* 0.19* 0.15** 0.09* 0.11* 0.05 04 0.05 0.04 0.12=* 0.09** 0.08* 0.08** 0.07** Q@2* 0.09*
EPP 0.46* 0.24* 0.19* 0.24* 0.10~* 0.10® 0.05 0.04 0.05 0.04 0.13* 0.09** 0.08** 0.08* 0.07** Q@2** 0.10** 0.6*

**P <0.01; GY = grain yield (kg ha?), AD = days to anthesis (days), AS| = anthesis4sihg interval (days), DS = days to silking (days)?H = plant height (cm),EH= ear height (cm),

RL = root lodging (#), SL= stem lodging (#), HC = tisk cover, RE = rotten ears (#), GT = grain textur€1-5), LB = leaf blight disease (1-5), GLS = gralgaf spot disease (1-5), Rust =

rust disease (1-5), MSV = maize streak virus diseagl-5), SWT = 100 seed weight (g), VIG = vigour{8), SH = shelling percentage, EPP = ears per pla(#), # = number.
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4.5.21 Pearson’s correlation coefficients betweemagn yield and other agronomic
traits across optimal and low pH environments comlied for 2011/12 and 2012/13

seasons

Grain yield was positively and significantly coatdd with number of ears per plant
(r = 0.46), anthesis date (r = 0.12), anthesigrgilinterval (r = 0.23), day to 50% silking

(r = 0.12), ear height (r = 0.06), 100 seed wei@ht 0.07) and shelling percentage
(r = 0.55) (Table 4.23). Correlation among otheaits¢rindicated that shelling percentage
was positively and significantly correlated withtlaesis date (r = 0.15), anthesis-silking
interval (r = 0.19), days to 50% silking (r = 0.285)d number of ears per plant (r = 0.06)
as well as plant height and ear height (r = 0.08 @i1). Ear rots were positively and
significantly correlated with traits such as daysuithesis (r = 0.35), day to 50% silking (r
=0.34), stem lodging (r = 0.19), husk cover (r.20), leaf blight (r = 0.34), gray leaf spot
(r = 0.26), rust (r = 0.27), MSV (r = 0.41). Eandtg (r =-0.2) was negatively correlated
with plant vigour and seed size (100 seed weigla$ wositively correlated with grain

texture (r = 0.25) and plant vigour (r = 0.3).

4.5.22 Principal component analysis results, eigeales and eigenvectors for the
traits across all environments combined for 2011/1and 2012/13 seasons

Results indicated that eight principal componergsewgenerated across all environments
and these accounted for 100% variability presethémaize genotypes evaluated (Table
4.24). The first five PC had higher Eigenvalues st cumulative percentages accounted

for 71.1% of the total variation present amongdbeotypes.
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Table 4.24 Eigenvalues, percentages and cumulatipercentages for the measured
and derived data across four low pH soil environmets combined for 2011/12 and
2012/13 seasons

PC Eigenvalues As percentages Cumulative percentage
1 2.2 18.5 18.5
2 1.8 15.7 34.2
3 15 13.1 47.4
4 15 12.5 59.8
5 1.3 11.3 71.1
6 1.2 10.0 81.1
7 11 9.7 90.8
8 11 9.2 100.0

Table 4.25 Phenotypic and genotypic variances forgin yield and other traits at

four optimal environments

Trait 6% % H%b
AD 2.26 4.34 0.52
DS 2.19 4.34 0.51
EPP 3E-04 0.001 0.27
GY 669.20 2E+05 0.01

6?g =genetic advances?p = phenotypic variance H2b =broad sense heritability, AD = days to anthesif)S = days
to silking (days), EPP = ears per plant (#), GY = @in yield (kg ha?'), # = number.

4.5.23 Clustering of the maize genotypes evaluatatifour low pH and four optimal

environments combined for the 2011/12 and 2012/18asons

The dendrogram was constructed using the UPGMAtalumnalysis method based on
morpho-agronomic data across optimal and low pHrenment Figure 4.3. Cluster two
genotypes comprised of well adapted released OPA% (&GM523) and G43 (ZM309)

alongside some four of the top ten based on meain gield across optimal and low pH
environment (Table 4.22) G30, G33, G8 and G5. ThoQlyuster three was larger than
cluster one, the two did not show any clear patb¢iciustering. Both groups of genotypes
from CIMMYT-Colombia and CIMMYT-Zimbabwe had equethances to be grouped in

the two clusters.
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Figure 4.3 Dendrogram based on Euclidean distancend UPGMA clustering using morphological data for geotypes at four low pH and
four optimal environments combined for 2011/12 an@012/13 seasons



4.6 Discussion

Low pH soil is one of the most constraining edapfactors contributing to low crop
production. Even liming is known to be inefficieat it is restricted to the top soil layer while
the sub-soil surface layers with toxic Al remaindagCustodioet al., 2002). In the present
study, soil analysis from the 30 cm soil profilgicated that the sites had different soil pH
levels. Lunyangwa low pH site had the most acididssas compared to Tsangano and
Bembeke low pH sites. Bvumbwe was classified asngamoderately acidic soils based on
the Soil Test Interpretation Guide (Horneatlal, 2011). In terms of inherent soil fertility with
due considerations to resource poor farmers, alsites had a low N concentration in the top
soil. The across site analysis for low pH sitesingal sites and combined across environments
and seasons indicated highly significant effectsnfiost of the traits (Tables 4.3, 4.11 and
4.18). This was an indication that genetic varigbgxisted and suggested the possibility of
selection and further improvement. The across $RNOVA for low pH environments
revealed that sites were significantly differentd athis confirmed soil analysis results.
Similarly the ANOVA for optimal sites were also sificantly different owing to the fact that
Chitedze and Meru were in the mid-altitude ecologyle Baka and Chitala were in the low-
land ecology. Seasons were also significantly cgfiefor a number of traits, suggesting that
selection from one season’s data may not be relibbt across season data could provide
reliable information about the genotypes. Partitignof variation into four sources of
interactions followed the same trend such thaetfexts of GXE, GxY, ExY, and GXEXY were

also significant for a number of traits.

Different sources of variation made different camitions to total variation with respect to
various traits (Tables 4.4, 4.12 and 4.29). On ayer environments made the highest
contribution to total variation in all tested eronments. Vianat al. (2009) indicated that
spatial heterogeneity in experimental areas isnangon fact and is related to the processes of

soil genesis.
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In general, the effects of low pH soil contributex reduction in grain yields and yield
components under low pH (Tables 4.5 and 4.7). Binebecned mean reduction was 69.9% and
this is consistent with other findings (Welcletral, 2005). Plant height reduction, reduced
number of ears per plant and shelling percentadjectmn under low pH soil conditions could
be due to the indirect effect of the impaired rantiuptake by maize plants as a result of
inhibition of root development. This confirms resubf Duque-Vargat al. (1994) who found
that root inhibition leads to low water and nuttieiptake and low maize yields. The mean
grain yield in combined analysis for low pH siteasal.5 t ha (Table 4.8). This is just slightly
above the average maize yields for the countryt(hie8) (MOA, 1994). The mean grain yield
trial in the combined ANOVA for optimal conditiongas 3.3 t hd (Table 4.15pnd for the
combined environments was 2.4 tif{Zable 4.22). Comparison of the glasshouse hydrapo
trial and field trial results indicated that of tteg 10 yielding genotypes, SYN DTE-STY-W-
B performed well and ranked first in terms of RTilma NSRL of 2.5 cm and this was followed
by VPO717 with RTi (1.0) and NSRL (1.7 cm). Thessults also confirm that the best
performer in the field may not be the most toleremiow pH stress because low pH is

considered a complex stress which is associatdddiseases and other stresses.

The patrtitioning of variance into its componentswas plant breeders to estimate the relative
importance of the various determinants of the phgr® in particular the role of heredity
versus environment (Duvick, 1986; Voleneical, 2002). In the present study (Tables 4.6,
4.13 and 4.20), the obtained phenotypic variangg® (vere higher than genotypic variances
(6°g) at all the environments with low pH sites redogdrelatively lower values for both

variance components.

According to Dabholkar (1992) heritability of a cheter is classified as low (5-10%), medium
(10-30%) and high (30-60%). In the present stuesuits for low pH environments combined
across seasons recorded high heritability valuegrithesis date, days to 50% silking, husk
cover, grain texture, 100 seed weight and plarwigAt optimal environments 18 traits had
high heritability values. Only root lodging (1.97%gad low value while anthesis-silking
interval (18.82) and husk cover (13.98%) had medheritability values. The results for
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optimal environments were consistent with what vegrted by Aminu and Izge (2012) and
Bello et al. (2012).

Genetic advance shows the degree of gain thateabtained in a character under a particular
selection pressure. High genetic advance coupléd mgh heritability estimates offers the
most suitable condition for selection (Be#ibal, 2012). Results for the optimal environment
(Table 4.14) indicated higher genetic advance pistiefor grain yield and plant height and
this was consistent with what was reported by \&thhet al. (2013).

Phenotypic correlation is the association betwagndharacters that can be directly observed,
or can be determined from measurements of two cteasin a number of individuals of the
population (Falconer and Mackay, 1996). In the emésstudy, correlation analysis was
performed to check if grain yield was associateithwome yield and yield components under
low pH stress, optimal and across environments |€T&9; Table 4.17; Table 4.23).
Significant and positive correlation between graeid with both number of ears per plant and
shelling percentage was observed in all combinatlyaes. In the present study low values of
significant correlation coefficients were recordedcertain traits as was expected due to the
large dataset used, but only values of 0.2 ancttasgre discussed in order to emphasize the
most important correlations. In this study low ptiess contributed to lower values of
significant correlation coefficients due to theess effect at phenotypic level. Positive and
significant correlation was observed for 100 seedyirt under low pH environment only and
not in the combined environment (Table 4.23). Témults were consistent with other reports
(Alvi et al, 2003, Sofi and Rather, 2007; Sumathi &hdalidharen, 2010).

Anthesis date was positively and significantly etated with grain yield at low pH and

optimal environments except when combined acro#is ®&ovironments. This was probably
due to differences in ecology for the low-land opl conditions. Low altitudes are associated
with high temperatures and short seasons sucHateamaturing genotypes tend to perform

poorly because they don’t have adequate time toragtate adequate carbohydrates.
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Under low pH conditions, higher number of daysrthasis date were recorded as compared
to optimal environments (mean AD value of 83 fawIpH versus 65 for optimal). The AD
results suggest that selection for low pH shoulddree under low pH conditions because what
could be classified as early under low pH may retdierant to other stresses like fungal
diseases due to prolonged humid conditions andelosgasons in low pH environments.
Reports from other researchers (Brun and Dudle§91Byrneet al, 1995; Banzigeet al,
1997) indicated that selection under stress is ratieetive in maize, than indirect selection

under optimal conditions.

Negative correlation was observed for grain yield ear height across low pH and combined
low pH and optimal environments and this was caestswith other reports (Stkov et al,
2010). Yield was also negatively correlated withrplvigour due to the fact that a higher score
in this study for vigour refers to poor vigour hertbe reverse should be true that grain yield
was positively correlated with plant vigour. Theotare measured in different direction such
that a score of one is the best for plant vigouthim scale of 1-5 while for grain yield the
highest yielding genotype should record the hsgimeimber of weight units. It implies that
an increase in plant vigour is associated withr@neiase in yield and a decrease in vigour is
associated with decrease in yield. Stem lodgingalsaspositively and significantly correlated
with grain yield which was probably due to the nedt effect of low pH on the stalks of maize
plants. According to Kochiagt al.(2005) Al rapidly and effectively inhibits the lnk of Ce*

into cells by modulating the activity of transpogt@nd by changing the membrane potential.
Stalks of maize plants under low pH are likely éoArak due to low levels of Ca which causes
low rigidity of cell walls and may not be able tgpport the weight of maize ears; hence higher

yields were associated or correlated with stemitaglgnder low pH soil environments.

Clustering of maize genotypes based on morpholbgiata across low pH environments
showed that maize genotypes had similar chandesinf) grouped in any of the four clusters.
The top five genotypes in terms of mean grain yEdormance were comprised of two from
CIMMYT-Colombia and three from CIMMYT-Zimbabwe. Otne other hand when the
genotypes were clustered using across optimal@mgH environment morphological data,
the well adapted released OPVs G44 (ZM523) and (@W¥B09) alongside some four of the

top ten based on mean grain yield across optinthlam pH environment G30, G33, G8 and
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G5. This suggested that the four entries and thieimethis cluster are likely to be adapted to
Malawi like the released ZM523 and ZM309. The twerevthe first drought tolerant OPVs to

be released in the country.

4.7 Conclusions and recommendations

Low pH soil is one of the abiotic factors contriimgtto low yields in Malawi. In this study it
contributed to reduction in grain yields and yietmponents for the maize genotypes which
were evaluated. The mean reduction in yield anldl yiemponents of 69.9% due to impaired
nutrient uptake confirmed the various reports andfiect of low pH stress on yield of maize.
In this study, genotypes LPHpopl16, LPHpop3, VPOX3305173 and Low N Pool C3-B had
relatively better performance under low pH soilditions. It is interesting to note that among
the top 10 genotypes it was SYN DTE —-STY-W-B thatked first in terms of RTi with a
NSRL of 2.5 cm in the glasshouse hydroponic expeminand this was followed by VPO717
with RTi (1.0) and NSRL (1.7 cm). These OPVs w#l trossed to disease tolerant lines to
generate source populations for inbred lines etitnador use in breeding programme for low

pH tolerance.

Phenotypic traits associated with grain yield, saslplant vigour, 100 seed weight, shelling
percentage, number of ears per plant, ear heighpkmt height can be used alongside grain
yield when selecting germplasm for tolerance to IpW stress. Traits associated with
reproduction such as anthesis date and days tosi¥g tend to be influenced by lower
temperatures under low pH environments such thrét seaturing genotypes mature late and
selection may not be effective when done acrossnaptand low pH environments. In other
words these results suggested that selection Yopld tolerance could be effectively carried
outin situand not indirectly under optimal environments. rEhis need to establish the cut off
point for significant correlation coefficients werdstress as the relationship is affected at

phenotypic level as opposed to optimal environment.
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CHAPTER 5

Genotype x environment interactions and stability aalysis for tropical and sub-

tropical maize genotypes in Malawi

5.1 Abstract

Maize, which is the staple food crop in Malawi,w&lely cultivated in both marginal and
favourable arable land, resulting in low yieldsome environments with a high GEIl. In this
study 45 maize genotypes were evaluated acrosslemdtions for two years using an (0.1)
alpha lattice design with three replications. Thgeotive was to study the GEI and stability of
the tropical and sub-tropical maize genotypes.hmn AMMI biplot, genotypes LPHpop21,
VPO52, VPO72, VPO744 and VPO96 were identifiedtakls. VPO97 was identified as the
most unstable genotype. Chitala optimal site wamtiled as the most discriminating
environment for the genotypes, while Chitedze optinvas identified as a suitable
environment. Clustering of genotypes at cut offpdi.0 indicated a cophenetic correlation of
reop =0.82 with four clusters and the results were simdahat of AMMI such that cluster I
was comprised of genotypes that were stable, exd&igpop21 which was in its own cluster
and was considered to be the most stable and édetmer in terms of grain yield. Similarly
clustering of environments at cut off point 1.0icaded a cophenetic correlation efyt-0.84
with three clusters that grouped the lowest pHssitecluster | and the second most low pH
sites in cluster Il. All optimal sites were grougedhe third cluster. Clustering identified the
low nitrogen site as similar to the lowest pH siteserms of its environmental mean. The
stable genotypes identified in this study will b&ed as base populations in the breeding

programmes to generate new inbred lines.

5.2 Introduction

Maizeis an important staple food and world-wide it isvidely grown cereal crop ranging

from 58 north to 40 south with respect to latitude, from sea leveB88 masl in terms of
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altitude and under 25.4 to 1016 cm annual rairfdéwbaker, 1985; Hallauer and Miranda,
1988). According to “The Guide to Agricultural Pradion for Malawi” (MOA, 1994), there
are two agro-ecologies for maize cultivation in doeintry namely: low-land or low-altitude
(<600 masl) and mid-altitude areas. The low-al&étadea mostly covers the lakeshore districts
and the Shire Valley Districts. This region haits challenges which include prolonged dry
spells, early cessation of rains, high temperatares floods. The mid-altitude areas is the
main ecology in terms of size and it is 600 - 18@&sl. This is where most of the maize is
cultivated and the major environmental challengekide fungal diseases, low pH, low N and

witch weed, which is associated with low-soil firi

The challenge is to develop varieties of maize witiigh grain yield and stable performance
in the low pH areas. Some genotypes tend to extpait! performance in some environments
but not in others (Ramagosa and Fox, 1993). Thie basse of differences in yield stability
between genotypes is the wide occurrence of GEsé&lmteractions can be partly understood
as a result of different genotypes responding hffdy to different environmental stresses
such as low pH, diseases and other factors. Plasidbrs endeavour to develop improved
genotypes that are superior not only in grain yieltlalso in a number of other agronomic and
quality characteristics over a relatively wide rangf environmental conditions. This
interaction is important to geneticists and plargelders because of the magnitude of the
interaction components which provides informationeerning the adaptation of a given crop
variety (Myers, 2004).

GEI may alter the performance or development ofap wariety, thus the extent of the
environmental effect on a trait determines the irtgpwe of replicating in time and space such
as testing over years and locations. The multilona¢valuation, however, results in GEls
which are difficult to interpret by plant breedensd agronomists and this often reduces the
efficiency in selecting the best genotypes (Anniagbo and Perenzin, 1994). The presence
of GEl may mean that a superior variety in one tioceis not necessarily the best in another
environment. Kangt al. (1991) suggested that selection based on yielglmaly not always

be adequate when GEI is significant. The analys@GHI is regarded as an important strategy

used by plant breeders to evaluate crop varietieadaptation and also for making selections
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for parents for base populations (Aieal.,2007). The development of new crop varieties is
expensive and time consuming because of the proeaduolved in making sure a stable
variety is identified.

According to Myers (2004) stability refers to theacacter of a crop variety that withstands
fluctuations of environments. The stability anatyfor the interpretation of GEI was first
proposed by Yates and Cochran in 1938. Their pegposethodology was based on linear
regression of variety yield on experimental meagidyin order to observe varietal stability
across varying environments (Finlay and Wilkinsa®63; Eberhart and Russell 1966).
Stability analysis has been adapted for use in eoimg agronomic treatments across different
environments consisting of the linear regressiotmeztment mean yield on the environmental
mean (Rauret al, 1993). The concept of stability has been defimechany ways by many
researchers and several biometrical methods, imguchivariate and multivariate (Liet al.,
1986; Becker and Leon, 1988; Crossa, 1990). Stalnidices are usually univariate while a
genotype’s response to different environments rssictered to be multivariate (Liet al,
1986). Through multivariate analysis, genotype$wiimilar responses are observed to cluster
together (Crossa, 1990). There are two types dbtsiphat have been widely used to visualize
GEI and these are the AMMI and, genotype and g@eokyenvironment interaction (GGE)
biplots (Gauch, 1988; Gauch and Zobel, 1997; ¥tal, 2000; Maet al.,2004). The main
difference between the two approaches is that G@atlanalysis is based on location centred
PCA while AMMI analysis is observed as double cedtiPCAs. When a number of
environments and genotypes are involved it is iveaygs easy to visualize ‘which won where’
in the AMMI biplot and at times it could be decesgtias suggested by Yahal.(2007). Still
AMMI is regarded as a better tool for presentingatosions rather than a tool for determining

“which won where”.

To ensure that suitable varieties are recommenaiedultivation by farmers in the country,

the Agricultural Technology Clearing Committee (AT)ldeveloped guidelines for release of

varieties in Malawi. The most important rule inatsdbn to GxE is that the candidate variety

must have been evaluated for three years and shktalite performance at both on-farm and

on-station trials. If it is an introduction, it nusave two years of data for on-farm and on-
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station trials in the country, supported by reglaeta. In addition to this rule, the variety
release dossiers should clearly specify the enmemt it is suited for e.g. low-altitude or mid-
altitude. In this case, multivariate stability aysa$ like AMMI and GGE are important tools
in selecting a stable variety and making recommioms as to where it is suitable for

cultivation.

Stable performance of a variety is also dependerteotain genetic properties. Zivanoet

al. (2004) indicated that breeding of Rybrids of maize is successful because it exploits
heterosis and increases homogeneity. The uniforwiithybrids consists of: (i) genetic
homogeneity and (ii) genetic stability. Genetic loganeity is focused on maintenance of the
identity of genotypes, while genetic stability tentb maintain homeostasis (phenotypic
uniformity) in different environments. The level wield depends on genetic yield potential
(all favourable genes incorporated into a cultharing a breeding process). Stability of yield
or of any other trait depends on the ability ofi@eg cultivar to react to changes in the
environment which it is subjected to; this is tedn@s phenotypic plasticity (Frey, 1983). In
the present study, the objective was to study tkE @&nd stability of the tropical and sub-

tropical maize genotypes in low pH, low N and ogirmonditions.

5.3 Materials and methods

The experimental design, experimental materials sateddescription are given in Chapter 4
Section 4.3. The low N trial of 2012 was destroygdlivestock just before harvest, hence
cluster analysis alone combining with low N dat&2613 was possible using environmental
means. The reason for evaluating low N tolerance t@acheck if other genotypes had

additional attributes for this stress apart frorattivhich were pre-described as originating
from a low N tolerant source e.g. LOW N POOL C3/Agenotype which has additional

attributes is better placed for high adoption bynfers e.g. a released variety ZM523 is drought
tolerant with low N tolerance as an additionalibtite and is recognised through the quantities
of annual certified seed sales, as widely cultdatempared to other OPVs available in the

country.
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5.4 Data analysis

5.4.1 Analysis of variance

Statistical analyses were performed using vari@misvare packages: GenStat™®ersion
(2013), Agrobase (2010) and NCSS (Hintze, 2007 AMMI model, which combines
ANOVA with PCA, was used to study the nature of GEXE was partitioned into sources of
variation (i) additive main effects for genotypesianvironment and (ii) non-additive main
effect due to GEI.

5.4.2 Stability analysis

AMMI analysis for mean yield was performed usingrélgase (2010). GGE biplot analysis
was conducted using the GGE biplot in GenStat (R0M3e model for GGE biplot (Yan and
Hunt, 2002) based on single value decompositior(Sf the first two principal components

(PC) was used.

5.5 Results

5.5.1 Analysis of variance for additive main effest multiplicative interaction

The combined ANOVA of the 45 maize genotypes euellidor two years across eight
locations according to the AMMI model is preseniedrable 5.1. The ANOVA indicated

highly significant effects (p<0.01) for environmengenotypes and GEI. The IPCA’s were
ordered according to decreasing importance. ThesEatas highly significant (p<0.01) for the
first six IPCA axes and at p<0.05 for the seveRBGA. The total variation explained ranged
from 2.5% for genotypes, 59.4% for environments and% for GXE. The variation due to
GxE was over five times the variation due to gepetyas main effects. The first six IPCA
axes explained 75.3% of the GEI. The first IPCAtuegd 32.8% of the total interaction sum

of squares in 8.8% of the interaction degreeseddom (GxE).
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Table 5.1 AMMI Analysis of variance for grain yield for two years 2011/12 and 2012/13

Total

variation % GXE
Sources DF SS MS explained (%) Eigenvalues Explained Cumulative %
Total 2159 5033813782
Environments 15 2989647437 199309829.1** 59.4
Reps within Env 32 159985978.2 4999561.8
Genotype 44 124590289.1 2831597.5** 2.5
Genotype x Env 660 879765257.9  13329877.7** 17.5
IPCA 1 58 288728372.6  4978075.4** 96242790.9 32.82 32.82
IPCA 2 56 136931066 2445197.6** 456436688.7 15.56 48.38
IPCA 3 54 88841154.8 1645206.6** 29613718.3 10.10 58.48
IPCA 4 52 75415838.9 1450304.6** 25138613.0 8.57 67.05
IPCA 5 50 72193861.2 1443877.2** 24064620.4 8.21 75.26
IPCA 6 48 54027784.3 1125578.8** 18009261.4 6.14 81.40
IPCA 7 46 47403253.8 1030505.5* 15801084.6 5.39 86.79
Residual 1408 879824820.1 624875.58

Grand mean- 2516.39, R- Squared 0.8252, CV = 31.4%%<0.05, **P<0.01; IPCA= Interaction principal component axis CV= coefficient of variation,
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The second IPCA explained 15.6% of the interacBam of squares in 8.5% of the

interaction degrees of freedom (GXE) (Table 5.1).

Results for IPCAL1 and IPCA2 are presented in Téb[ and Table 5.3 and are sorted in
terms of environmental mean. G20 ranked first dizdrathe biplot in Figure 5.1, low pH
environments: Bembeke Trurn Off (BKET), Bembekei€ff (BKEO), Lunyangwa (LUN)
and Tsangano (TSA) were distributed with the lowelding environments in quadrants
1 (top left) and IV (bottom left) (Figure 5.1), vidnioptimal environments: Chitala (CLA),
Chitedze (CZE), Meru (MRU) and Baka (BKA) were pgmsied with the high yielding
environments in quadrant Il (top right) and 1l {twom right). The genotypes categorised
under favourable environments with above averaganswevere G20, G18, G13, G26 and
G41. Among them G20 was found to be most stabl€ ®ds identified as the most
unstable genotype (quadrant 1V) and the other ggestunder low yielding environments
are shown in the lower left quadrant of the bipWith respect to the environments, closer
relationships were observed among Bembeke Tur(B&ET), Bembeke Office (BKEO),
Lunyangwa (LUN) and Tsangano (TSA). Chitedze (CHEs identified as a suitable

environment as its IPCA score and vector was reetiret origin (zero).

5.5.2 Genotype and GEI scatter biplot and polygoniew of grain yield across eight
environments for 20011/12 and 2012/13

The polygon was constructed from genotypes G20, G42, G2, G40, G16 and G8 as
markers (Figure 5.2). Eight lines were drawn stgrfrom the origin and extended beyond
the polygon such that the biplot was divided ingghesectors and environments fell into
three of them. Bembeke Turn off (BKET) fell in saci delineated by rays 1 and 2 and
the vertex genotype was G16. Similarly one envirentnBembeke Office (BKEO) fell
into sector three and the vertex genotypes were &28G8. All optimal sites fell into
sector four and were delineated by rays four anel éind the vertex genotype was G20.
The remaining two low pH sites: Tsangano (TSA) andyangwa (LUN) fell just at the

origin.
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Table 5.2 IPCA1 and IPCA2 scores for the top 20 getypes based on mean grain
yield at eight locations for two seasons

Mean yield
No Entry code kg hat IPCA1 IPCA2
1 G20 2977 23.25322 3.15773
2 G27 2833 7.16857 -6.46885
3 G30 2729 18.05689 -16.53917
4 G8 2728 18.77411 -10.69649
5 G5 2719 15.12165 -8.60019
6 G22 2663 -4.61057 2.08058
7 G33 2646 19.09816 -2.1516
8 G28 2620 0.96947 -4.78308
9 G39 2614 5.95664 2.00067
10 G32 2595 5.91891 13.04379
11 G36 2594 2.29902 17.73102
12 G26 2593 3.39991 1.41781
13 G45 2591 5.21745 9.87007
14 G18 2586 0.03059 3.77821
15 G43 2584 3.63716 14.94491
16 G6 2580 -7.02094 -12.23653
17 G10 2565 10.19885 2.24328
18 G12 2552 5.78089 13.91971
19 G15 2532 -1.59902 -5.52944
20 G44 2522 11.0564 12.81569

Table 5.3 IPCA1 and IPCAZ2 scores for the eight ensonments, ranked based on

environmental mean for two seasons

Environment Environmental mean IPCAe[1] IPCAe[2]
MRU 3964 22.77 14.34
CLA 3618 47.07 -9.58
BKA 3350 10.59 44.64
CZE 2802 -31.12 2.85
BKET 2461 14.44 -38.27
BKEO 1927 -20.15 -8.73
TSA 718 -21.26 -0.35
LUN 516 -22.35 -4.89

MRU = Meru, CLA = Chitala, BKA = Baka, CZE = Chitedze, BkeT = Bembeke Turn Off, BkeO = Bembeke
Office, TSA = Tsangano Low pH site, LUN = Lunyangwa
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Kg_ha: AMMI biplot (symmetric scaling)
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Figure 5.1 AMMI biplot for yield for genotypes and environments across two

seasons 2011/12 and 2012/13
MRU = Meru, CLA = Chitala, BKA = Baka, CZE = Chitedze, BkeT = Bembeke Turn Off, BkeO = Bembeke

Office, TSA = Tsangano Low pH site, LUN = Lunyangwa
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Scatter plot (Total - 68.61%)
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Figure 5.2 Genotype and GEI scatter biplot and polgon view of grain yield across

eight environments for 20011/12 and 2012/13 seasons

MRU = Meru, CLA = Chitala, BKA = Baka, CZE = Chitedze, BkeT = Bembeke Turn Off, BkeO = Bembeke
Office, TSA = Tsangano Low pH site, LUN = Lunyangwa
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5.5.3 GGE comparison biplot across optimal and loywH environments combined

for two seasons

The GGE biplot for ranking of environments baseddiscriminating ability and the
representativeness across environments relatiieltbperformance is presented in Figure
5.3. The ideal environment was positioned neac#mre of the average environment axis
(AEA) which is represented by a small circle ndsa énd of the arrow. The arrow at the
end of AEA points towards a direction indicating thost informative location. The biplot
indicated that environment Chitedze (CZE) was tlstmepresentative and discriminative
in terms of grain yield performance based on AEAtdrms of genotypes G38, G18 and

G26 were close to the small circle (ideal environthe

5.5.4 Ranking of genotypes based on both mean yieddd stability view of the GGE
biplot

GGE biplot of the genotypes based on both the rapdrstability showed the relative mean
performance and stability of hybrids across sea#leigsire 5.4). The genotypes G20 and
G33 were high yielding based on average environmenitdination abscissa (AECa) and
average environment coordination ordinate (AEChe f§enotypes G18, G13, G26 were
near to the AEA which shows that they are very Istdiut not the highest yielding

genotypes.

5.5.5 Cluster analysis of maize genotypes and ensmmments

Clustering of genotypes at cut off point of 1.0¢woed four clusters (Figure 5.5). Cluster
| consisted of 10 genotypes (G1, G14 up to G9)chmster 1l consisted of seven genotypes
(G11, G2 up to G7), cluster lll consisted of 27 ggpes (G10, G12 to G8) and cluster IV
consisted of one genotype G20 which was ranked erumie by AMMI in terms of mean
grain yield performance. Cluster analysis of enwinents (Figure 5.6) at cut off point 1.0
with a cophenetic correlationc¢s = 0.84) produced three clusters. Cluster | coedisif
three stress sites, the low N site, Lunyangwa aa@hdano. Cluster Il consisted of two low
pH stress sites Bembeke Office and Bembeke Turn Clifster Il consisted of four

optimal sites Baka, Chitedze, Chitala and Meru.
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Comparison biplot (Total - 68.61%)
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Figure 5.3 Genotype and GEI comparison biplot of gain yield across eight

environments for 2011/12 and 2012/13

MRU = Meru, CLA = Chitala, BKA = Baka, CZE = Chitedze, BkeT = Bembeke Turn Off, BkeO = Bembeke
Office, TSA = Tsangano Low pH site, LUN = Lunyangwa
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Ranking biplot (Total - 68.61%)
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Figure 5.4 Ranking of genotypes based on both meareld and stability view of the

GGE biplot

MRU = Meru, CLA = Chitala, BKA = Baka, CZE = Chitedze, BkeT = Bembeke Turn Off, BkeO = Bembeke
Office, TSA = Tsangano Low pH site, LUN = Lunyangwa.
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Figure 5.5 Dendrogram of 45 maize genotypes as revealed by URA cluster
analysis based on AMMI adjusted mean yields combimkfor two seasons using

Euclidean distance and standard deviation as scaljnmethod
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Figure 5.6 Dendrogram of nine environments as revéad by UPGMA cluster
analysis based on environmental means and Euclideahstance and standard

deviation as scaling method
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5.6 Discussion

Environments and genotypes were both plotted amrseand points respectively on the
AMMI biplot. Genotypes and environments that werelose proximity are considered to
be similar in terms of performance and discrimioatof genotypes. The angle between
two vectors indicated the degree of associatiorcasrelation. Small angles indicated
similarity, a 90 angle indicated orthogonality and no associatiod an angle >90
indicated a negative correlation. The sites Lunyangnd Tsangano were close to each
other and these had the lowest pH. Genotypes GAbp9), G28 (LPHpopl10) and G30
(LPHpo3) were in close proximity and these were lpi tolerant populations from
CIMMYT-Colombia and this demonstrated similarity thie genotypes. The orthogonal
projections of genotypes on environment vectorscatd the relative performance of
genotypes in a given environment: that is, thetgrehe projection of the genotype in the
positive direction, the better the performancéaf genotype in that environment. Drought
tolerant (DT) genotypes were close to each othdd[ZM523), G12 (TZE YDT STR C4-
B), G43 (ZM309) and ZM721]. These genotypes areyikko have some genes in common
that were at play. Tsangano, Lunyangwa and Bembéfiee sites were close to each other
and these were classified in one group as acitiés,sby use of the Solil Interpretation
Guide (Hornecket al, 2011). These sites are also associated with pedormance in
terms of maize yields such that 85% vyield reductwas reported for Lunyangwa
(Munthali and Chilimba, 2004).

When the environment contributes a large percemégariation, it implies that it was a
major factor that influenced yield performance §ls8009). When plotting the genotypes
and the environments on the same graph, the atisoclzetween the hybrids and the
environments can be seen clearly. IPCA scoregehatype in the AMMI analysis are an
indication of the stability of a genotype over eomments (Gauch and Zobel, 1996;
Purchase, 1997). The greater the IPCA scores,rejtbsitive or negative, the more
specifically adapted a genotype is to certain @mirents sampled. For instance G27 (Low
N Pool C3-B) was close to CZE (Chitedze), indiogtihat it is a low N tolerant genotype
and is able to do much better under ideal conditipmbably because of its high N use
efficiency (NUE). The present study recorded gepetyontribution to total sum of squares
as very low at 2.5% and was consistent with findibg Babicet al. (2010) who reported
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2.2% but was not consistent with findings by Miikoet al. (2011) who reported a

somewhat higher 9.17% contribution.

The genotypes categorised under favourable envieotswith above average means were
G20, G18, G13, and G41. Among them G20 (LPHpop2is feund to be more stable and
this was from the low pH tolerant populations fra@tMMYT-Colombia. Its tolerance to
low pH might have contributed to its stable perfante across seasons and all locations
tested. Genotypes grouped under low yielding envrents are shown at the lower left
quadrant (IV) of the biplot. G42 (VPO97) from CIMMYZimbabwe was the most
unstable genotype identified by the AMMI model (g 5.1). Genotypes that are close to
each other tend to have similar performance andethtbat are close to a specific
environment indicate their better adaptation t¢ gaaticular environment. The five IPCA
axes can be taken as adequate dimensions of tachdatever, only the first two IPCA
axes were plotted on the biplots to help investighaé GEI pattern for each genotype. The
biplot showed that Chitala was the most discrimnmtaenvironment for the genotypes as
indicated by the longest distance between its maakd the origin and gave information
of the performance of the genotypes. This site aggsciated with genotype G8 (LPHpop
9) which might be specifically adapted to this sihitala was used as an optimal site in
terms of pH but it is used as random drought singesite classified as low-land tropical
zone E by CIMMYT (2008). G8 (LPHpop9) coincidenyaNlas among the low pH tolerant
populations from CIMMYT-Colombia and it might bddoant to random drought. Pifieros
et al. (2005) and Hartwigt al. (2007) reported that low pH negatively influentes use

of soil nutrients and induces plants to be moreepisble to drought. It implies that a
genotype which is tolerant to low pH is likely te kess susceptible to random drought.
However, due to its high IPCA scores, genotypealmlity at this environment may not
exactly reflect the average genotype performanoasaenvironments. This is consistent
to the findings by Arulselvi and Selvi (2010). Rbe environments, a closer relationship
was observed between Bembeke Turn Off, Bembeke®ffiunyangwa and Tsangano
low pH site. Chitedze was identified as a stabMrenment as its IPCA score and vector
is near to the origin (zero). This site is in thigltaltitude ecology and is in the arable land
of Lilongwe Plain with a longer rainfall season rih€hitala and these results have
confirmed that the country’s best yields are oladim the mid-altitude ecology (MOA,

1994). Generally genotypes with a smaller vect@lehave a similar projection, which
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designate their proximity in grain yield and penfiance. Those genotypes that are

clustered close to the centre tend to be stableharse far apart unstable.

The GGE biplot construction is carried out by piagtthe first PC scores of the genotypes
and the environments against their respective scfmePC2 that result from SVD of
environment-centered or environment-standardisadtgpe-by-environment data (GED)
(Yanet al, 2000; Setimelat al.,2007). According to Setimekt al. (2007), the purpose
of the polygon view of the biplot is basically thasv which hybrids won in which
environments. The genotypes located furthest fiwarbiplot origin demarcate the corners
of the polygon. The perpendicular lines that amar from the biplot origin divide the
biplot into sectors or mega environments. The emvirents are contained into different

sectors such that different sectors contain diffevénner genotypes (Yaet al, 2007).

The results showed that the polygon was construcbed genotype markers G20, G45,
G42, G2, G40, G16 and G8. Among these markers, iG40e upper left quadrant (1)
marked the unstable environment while G42 in theelobottom left (IV) marked the low
yielding environment. Depending on the objectivetlod research, selection could be
carried out in the quadrant with markers G20 (gta&ivironment) and G45 (high yielding
environment). Eight lines were drawn starting frdm origin and extended beyond the
polygon such that the biplot was divided into eiggattors and environments fell into three
of them. Bembeke Turn off fell in sector 1 delirezhtoy rays 1 and 2 and the vertex
genotypes were G16. Similarly environment Bembeke€) fell into sector three where
the vertex genotypes were G28 and G8. All optintakssell into sector four and were
delineated by rays four and five and the vertexofygres was G20. The remaining two low

pH sites: Tsangano and Lunyangwa fell just at tigiro

The construction of GGE comparison biplots is derith the aim of ranking environments
based on discriminating ability and the represergaess across environments relative to
yield performance (Setimekt al, 2007). In this type of biplot, the ideal envirogmt is
one positioned near the centre of the AEA whicltemesented by a small circle near the
end of the arrow as indicated in Figure 5.3. Ting gircle in the biplot represents the
average environment and is defined by the averdge &d PC2 scores across the

environments. In the present study, the biplotdatid that environment Chitedze was the
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most representative and discriminative in termgrain yield performance based on the
AEA and genotypes G38, G18 and G26 were closedastmall circle showed that they
were stable but not the highest yielding genotypes.

The AEA is the average environment axis and thgeption of the genotypes onto this
line represents the main effects of the genotypesirfieleet al.,2007) therefore the AEAa
ranks the genotypes according to the mean perfarenahere by a small a is for abscissa
. Usually ranking of the genotypes on the AEA isaesated with the genotype main effect
that is, the AECa approximates the contributior@ath genotype to the main effects of
genotypes. Similarly, AECo expresses the genotypdributions to GXE and thus it
represents the genotype stability across envirotsnenere by a small o is for ordination.
The AEA from the biplots points towards maize ggpes with high and stable mean grain
yield across environments. The genotypes G20 arfddaB3high yielding based on AECa
and AECo. An “ideal” genotype may not exist in giree but it can be used as a reference
for genotype evaluation (Mitroget al.,2011). A genotype is more desirable if it is |@cht
closer to the “ideal” genotype (Kaga al, 2006). Plant breeders prefer genotypes that are
high yielding and also stable across environmelmtsthis ranking biplot, G42 was

identified as the most unstable genotype as itla@aed far from the “ideal genotype”.

The GGE biplot explained 68.6% of the G+GE varmtidccording to Yaret al. (2007),
the greater the contribution, the more confidenoe tesearcher would have in the
interpretations based on the biplot. However, siaaller portion of the total variation is
explained, it does not necessarily mean that fhletis useless. GGE biplots provide more
information than AMMI biplots while the latter gisegmportant details in the ANOVA,
making both useful and both should be used inl#iabnalyses.

According to Ghaderrt al. (1980) cluster analysis is the most widely usetinejue for
classifying environments or genotypes into homogasegroups. It operates on a matrix
of dissimilarity or dissimilar indexes for all paske pairs of genotypes or pairs of
environments, on which it is being clustered. Ia fitesent study, cluster analysis was
performed to study the pattern of groupings andrenments. The hierarchical clustering
report indicated that cluster | consisted of 10agg@pes (G1, G14 up to G9) and cluster Il
consisted of seven (G11, G2 up to G7), clusterdiisisted of 27 genotypes (G10, G12 up
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to G8) and cluster IV consisted of one genotype) GRich was ranked number one by
AMMI in terms of mean grain yield performance. Téfere both methods could be used

to identify stable genotypes.

Cluster analysis of environments at cut off poift Wwith a cophenetic correlation @by -
0.84 produced three clusters (Figure 5.6). Thealhohical clustering report indicated that
cluster | consisted of three environments, lowtd,diunyangwa and Tsangano. Cluster I
consisted of two low pH stress sites, Bembeke ©ffind Bembeke Turn Off. Cluster I
consisted of four optimal sites Baka, Chitedze,t&@&iand Meru environments. This
technique could be useful in general grouping oatmns that have stresses and further

analysis is required to identify specific stresseplay.

5.7 Conclusions

The low pH soil environment had an effect on graeid performance such that the low
pH sites were positioned in the low yielding are#he AMMI biplot. Chitala optimal site
was identified as the most discriminating environim@r the genotypes, and the most
stable environment. Genotypes G20 (LPHpop21), ¥ R&)52), G13 (VPO721) and G41
(VPO96) were positioned in the favourable environteewith above average means.
Cluster analysis results were similar to AMMI réswuch that cluster 11l comprised of
genotypes that were stable, except for G20 (LPHppti#e most stable, which was in its
own cluster. G42 (VPO97) was identified as the nuostable genotype.

GGE biplots explained more variation and gave nwi@mation than AMMI while the
latter gave important details on the ANOVA, makihgm both useful and both should be
used in stability analyses. Similarly clusteringemivironments classified the lowest pH
sites in cluster | and intermediate pH sites irst@ull. All optimal sites were positioned
in the third cluster. Clustering identified the IdNwsite as similar to the lowest pH sites in

terms of its environmental mean.
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CHAPTER 6

Evaluation of diallel crosses for combining abilitybetween selected tropical and

sub-tropical maize lines for low pH tolerance

6.1 Abstract

This study was conducted to assess the GCA eftégtarental maize inbred lines and
SCA effects for the diallel crosses for yield aneld related traits and explore their use in
hybrid development for low pH tolerance. Sixty &iss generated by crossing 12 inbred
lines were evaluated alongside two hybrid checkdoat locations in Malawi. The
experimental design was a (0.1) alpha lattice witke replications. Positive and highly
significant GCA effects for grain yield were obsedvfor inbred line CZL999601 across
low pH and optimal conditions. Negatively and sigaint GCA effects for grain yield
were observed for inbred line CML161 across lowgpid optimal conditions. Single cross
hybrids CZ1999601/CML144, CML144/CML202, CML481/C\B8 and
CML161/CM172 were identified as good specific condss for grain yield. The estimates
of broad sense heritability were high for days @8%anthesis, anthesis-silking interval,
grain yield and plant vigour. At a cut-off point &f0 the UPGMA clustered the inbred
lines based on GCA for grain yield into two maimisters through use of Euclidean
distance and standard deviation as type of schlereTwas a high cophenetic correlation
of rcop =0.87 and the pattern mostly followed the origirite# maize inbred lines such that
six out of seven inbred lines from CIMMYT-Colomb{opical) were grouped in the
second cluster. The inbred lines and specific caatimns identified in this study will be
used in the National Maize Breeding Programme éwetbpment of genotypes tolerant to

low pH and diseases for yield improvement and syilset food security in the country.

6.2 Introduction

Maize is the world’s most widely grown cereal asdhe primary staple food in many
developing countries (Morrist al, 1999). In Malawi, two main types of maize cudiis

are cultivated by farmers, hybrids and OPVs. Th&/©mclude synthetics, composites,
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and local types which are locally called Chamakbidhese types of maize, hybrids have
the highest yielding potential, followed by synihstand composites and then lastly local
varieties. The differences are based on the brgqatiocess in case of hybrids, synthetics
and composites. The performance of maize genotypes as parents is evaluated based
on the performance of the cross progeny. With m&sgehybrids, the parental lines are
chosen based on their SCA as measured in theirchglspring. Usually two or three
selected inbred lines are used in developing siogiss and three-way cross hybrids,
respectively.

Synthetics are developed by inter-crossing a langenber of selected parental lines of
known superior combining ability, for example inbrénes which are known to give
superior hybrid performance when crossed in alllwoations. A composite is developed
by selecting parental lines of relatively similaaturity periods and mixing the seed from
the individuals. In both cases, seed is maintamedllowing full-sib pollination (or plant
to plant pollination in the same population). Thégees are also referred to as open-
pollinated because there is no control of pollervemeent when planted in isolation for
seed increase (bulking), especially for basic aadified seed multiplication. In other
words, some form of inbreeding occurs as ther@idaxtasselling of the male flowers of
the female parent as in hybrid crosses. Hence farméVialawi are advised to recycle the
OPVs for two seasons and the third season theyldhook for new seed because of
inbreeding depression and genetic drift which ceeuth time of recycling the seed and

reception of foreign genes from other varieties.

Crop estimates for 2012 showed that hybrids coumtedh 56.5% to the national total
production while composites and synthetics contadi80.5% and local varieties the least
at 13%. In terms of hectarage, hybrids contribt@%, composites/synthetics 30% and
local varieties 30% (MOA, 2012). Combining abilisyconsidered in hybrids more than in
synthetics which are based only on GCA. The modtkm®wn synthetic and composite
varieties released by the National Maize BreedirggRmme in Malawi are Masika and
Chitedze Composite A, respectively. In terms of iddy it is Malawi maize hybrids
number 17 and 18 (MH17, MH18) and these are tlst fiint three-way cross hybrids
which are preferred because of their good pounkityabihe two hybrids had a common

male parent which is very flint and was identifeesla good combiner for flintness.
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The concept of GCA and SCA was introduced by Spragoud Tatum (1942) and its
mathematical modelling was done by Griffing (1958)e value of any population depends
on its potentiaper seand it's combining ability in crosses (Vacagb al, 2002). The
variances of GCA and SCA are related to the typgenie action involved. Variance for
GCA includes the additive portion while that of S@&ludes the non-additive portion of
total variance arising largely from dominance apgtatic deviations (Rojas and Sprague,
1952). GCA and SCA are powerful tools used by phaeéders in selecting the best parents
for further crosses. Studies on combining abilgyphbreeders in identifying parental lines
with good GCA and in detecting hybrids with goodAS@ldhela, 2012). Devi and Singh
(2011) indicated that the best performing genotypeéght to show stable performance
across environments in multi-environment trialswidger, it is important to bear in mind
that heritability is not only influenced by theitrander consideration but is also influenced
by the population and environmental conditions Wwhidividuals are exposed to, as well

as the method of data collection used (FalconeMaxckay, 1996).

In terms of types of genotypes, reports indicas tesearchers in the late 1950s and early
1960s recommended the use of maize genotypes Witbeaer genetic base, because they
are more tolerant to stresses than the narrow igebate genotypes. Lerner (1954),
Lewontin (1957) and Allard and Bradshaw (1964) reggubthat yield stability is influenced

in part by the genetic structure of the varietyrstitat more heterogeneous varieties are
less affected by environmental differences. SpragueFederer (1951) found that maize
double-cross (DC) hybrids have smaller GEls and racge stable than single-cross
hybrids. Valdivia-Bernal and Hallauer (1991) alsparted that more homogeneous
generations, inbred lines andd-had larger GEls than more heterogeneous geopsati
F> and backcross populations. DC hybrids are raredglunowadays because of the cost of
producing the seed, but with the current maize gpectdn constraints, DC hybrids and
OPV populations are better placed and the proceshwald be to select suitable single-
crosses from a diallel trial for the formation ajulble crosses and also good combiners

(high GCA) for formation of synthetics.

Diallel crosses have been widely used in genetiearch to investigate the inheritance of

important traits among sets of genotypes. These wevised specifically to investigate
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the combining ability of the parental lines for @ pose of identifying superior parents
for use in hybrid development programmes. It isisable to carry out indirect selection
for related traits which show close correlationhmtield and exhibit high heritability
because yield is considered a polygenic trait. ysialof diallel data is usually conducted
according to the methods of Griffing (1956) whidirtgtion the total variation of diallel
data into GCA of the parents and SCA of the croégaa and Hunt, 2002).

A diallel is simple to manipulate in maize and diggpimportant information to plant
breeders about the studied populations for vagenetic parameters (Vacabal, 2002).

In Malawi there is no known maize inbred line origty that is tolerant to low pH, hence
the objective of this study was to evaluate thégperance of diallel crosses made with 12
maize inbred lines. Seven were from CIMMYT-Colombiour were from CIMMYT-

Zimbabwe and a well-adapted line from Malawi.

6.3 Materials and Methods

6.3.1 Experimental materials description

The experimental materials comprised of seven Ibtglerant maize inbred lines from
CIMMYT-Colombia and five well adapted lines in Malafrom CIMMYT-Zimbabwe
(Table 6.1). Seed increase of the parental linesdeae at Chitala Research Station in the
winter of 2010. Hand pollination by selfing and kin eight to 10 plants from each
parental line was done. Diallel crosses withouiprecals were made during the 2010/11
season at Chitedze Research Station in Lilongwsummer and at Chitala Research
Station and Bwanje Irrigation Scheme during witgestagger planting. The single crosses
pedigrees have a slash separating female and @y&etpFor example a single cross S410
has a pedigree CML144/CML288. This means that &meafe was parent number four
which was CML144 and the male was parent numbevHiéh was CML288. The male is
always to the right hand side. Even in a three-erags the male is to the right hand side
and the only difference is the double slashes beftire male. For instance
CML144/CM288// CML481 implies that CML481 whichtis the right hand side after two
slashes is the male. This was adopted from CIMMEIMMYT, 2012). The trial was
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planted at four sites which included Lunyangwa Ipk¥ site, Tsangano low pH site,

Bembeke low pH site and Chitedze optimal site.

Table 6.1 Description of 12 maize parental lines ed in the diallel crosses and their
origin

NO. Parental line Origin Traits

1 CZL999601 CIMMYT-ZIMBABWE GLST, LBT, MSVT
2 CML481 CIMMYT-COLOMBIA Low pH

3 CML359 CIMMYT-COLOMBIA Low pH

4 CML144 CIMMYT-COLOMBIA Low pH

5 CML161 CIMMYT-COLOMBIA Low pH

6 CML172 CIMMYT-COLOMBIA Low pH

7 CML448 CIMMYT-COLOMBIA Low pH

8 CML312 CIMMYT-ZIMBABWE GLST, LBT, MSVT
9 ZL.130-23 MALAWI GLST, LBT, MSVT
10 CML288 CIMMYT-COLOMBIA Low pH

11 CML202 CIMMYT-ZIMBABWE GLST, LBT, MSVT
12 CML539 CIMMYT-ZIMBABWE DT, GLST, LBT, MSVT

GLST = gray leaf spot tolerant, LBT = leaf blight toleant, MSVT = maize streak virus tolerant, DT = drough
tolerant

6.3.2 Experimental procedures and design
Sixty six single-cross hybrids plus two checks ware out in a (0.1) alpha lattice design

(0,1) with three replications. Plot size was twavsaf 5.1 m per plot with 17 stations per
row, one seed was planted per station and twothtdrals of the row.

6.3.3 Description of sites
The description of sites as well as managemeriteofrtals was given in the materials and

methods section 4.3 of Chapter 4. The list of phgyo and agronomic traits investigated
and measuring procedures are the same as in TAb|€Hapter 4).
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6.4. Data analysis

Across site analysis was performed using GenS#di3R Combining ability analyses were
carried out using Statistical Analysis Software §R013). Genotypes were considered
fixed. Dendrogram construction was carried out @©3$ (Hintze, 2007) using UPGMA.
Clustering was based on GCA effects for the indiees for grain yield, Euclidean

distance and standard deviation as scale type.

6.5 Results

6.5.1 Performance of diallel crosses

Mean squares for performance of diallel crossegifain yield and other agronomic traits
are presented in Table 6.2. Across site analysiggfomal and three low pH sites indicated
that all the sources of variation against the mesmburaits were significant with the
exception of the interaction of genotype for singllpercentage and MSV for site. The
mean performance across all four sites showed fhiyarid CZL999601/CML144
(2.4 t ha') was the best performer, followed by CZL999601/CNIR (2.1 t ha),
CZL999601/ZL130-23 and CML481/CML288 (2.0 tHhaTable 6.3). Across the three
low pH sites, CML288/CML202 (1.04 t H#x CML359/CML448 (1.0 t hd) and
CML481/CML288 (0.9 t ha) performed relatively better than the other hybrid
(Table 6.4). At the optimal site CZL999601/CML14A(Q t hat), CZL999601/CML202
(5.4t ha'), CML172/ZL130-23 (5.0 t h§ and CML481/CML288 (4.5 t ) were among
the top ten yielding hybrids (Table 6.5). HybridMC481/CML288 showed some
consistency in performance across environmentsewdiL 999601/CML144 was suited
for optimal conditions. Grain yield was reduced#8/2%, ear height by 55.3%, number
of ears per plant by 54.5%, grain texture by 15.8knt height by 41.7%, 100 seed weight
by 36.3%, shelling percentage by 18.8% and plagbwi by 62.5% (Table 6.6). Grain
yield and plant vigour were the most reduced tnatder low pH. Grain texture exhibited

the lowest percentage reduction among the measaies]
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6.5.2 Genetic variances, phenotypic variances anetitability estimates for the

diallel crosses across optimal and three low pH emenments in 2011/12

Results for the diallel crosses are presentedlitel@7. High broad sense heritability were
recorded for anthesis date (0.93), anthesis-silkitgrval (0.87), grain yield (0.86) and
leaf blight (0.86). The lowest heritability values/recorded for number of ears per plant
(0.14)

Table 6.2 Mean squares for diallel crosses acrosptonal and three low pH

environments for grain yield and agronomic traits n 2011/12

Source  Site Genotype GxE MSE LSD CV%
GY 4. 78E+08** 1.47E+06** 1.07E+06** 3.50E+05 474.8 129
AD 34.87** 34.87** 8800** 2.866 2716 2.15
ASI 599.97** 1.81** 1.888** 0.575 0.61 30.7
PH 496823** 460.8** 495.9* 259.4 258 129
EH 160708** 280.5** 250.8** 129.1 18.22 21.1
EPP 32.2** 0.072** 0.093** 0.204 0.31 29
RL 1322.7** 10.76** 10.4** 5.87 2.25 118
SL 21.9** 4.5%* 4.1** 2.56 1.82 114
GLS 81.8* 0.99** 0.748** 0.18 039 25
LB 82.2** 1.49* 1.26** 0.21 0.43 26.4
MSV 0.0001 0.31* 0.42** 0.16 0.08 36.8
RUST  219.3** 0.48* 0.43** 0.15 036 211
GT 106.1** 0.88** 1.1% 0.27 0.59 255
SH 15036** 617.9 620.3** 478 24.8 314
VIG 569.76** 1.22%* 1.38** 0.31 0.64 16.4
SWT 10523** 94.8** 77.2%* 24.8 566 19

**P <0.01; *P<0.05; G = genotype, E = environment, MSE = Mean squarerror, LSD = Least significant
difference, CV = coefficient of variation, GY = grain yield (ky ha?), AD = days to anthesis (days), ASI = anthesis-
silking interval (days), PH = plant height (cm), EH= ear height (cm), EPP = ears per plant (#), RL = rdadodging
(#), SL = stem lodging (#), GLS = gray leaf spot diésse (1-5), LB = leaf blight disease (1-5), MSV = ima streak
virus disease (1-5), Rust = rust disease (1-5), GTgrain texture (1-5), SH = shelling percentage, VIG vigour (1-
5), SWT = 100 seed weight (g), # = number.
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Table 6.3 Mean performance of diallel crosses acre®ptimal and low pH environments in 2011/12 season

Code GY AD ASI DS EH EPP LB GLS GT MSV pH RL RUST SWT SH SL VIG
Top 10 G3 2379 805 1.1 826 569 0.6 1.3 1.7 2.4 1.0 826.2 1.8 244 709 24 3.0
Genotypes 10 2075 78.2 1.3 80.3 48.2 0.6 2.3 1.2 2.0 1.1 11e.2 2.1 249 748 19 3.7
G8 1984 80.2 1.4 825 550 0.7 2.3 1.6 2.0 1.0 812%.2 1.9 271 734 1.8 2.7
G19 1919 76.3 1.7 787 58.8 0.6 1.3 1.9 1.8 1.0 .33m.8 1.4 272 715 1.2 2.8
G48 1913 788 2.0 815 60.0 0.8 2.0 2.4 2.4 1.0 .33B.2 2.3 28.1 728 0.8 3.5
G39 1837 79.0 1.4 81.1 57.8 0.6 3.0 2.1 2.4 1.0 .1231.0 1.7 271 743 14 3.0
G2 1811 778 1.6 80.2 56.1 0.6 2.3 2.6 1.7 1.0 A32.7 2.3 298 705 1.3 3.0
G16 1808 80.3 1.3 82.0 46.7 0.6 1.7 1.6 2.2 1.2 .503.0 1.8 271 698 1.3 2.7
G7 1657 783 1.9 80.7 457 0.6 2.7 1.8 1.9 1.1 n2n.2 15 245 708 21 3.7
G24 1631 79.1 1.9 81.8 514 0.9 1.3 1.9 1.9 1.7 .(2a.3 1.8 235 66.0 0.9 2.8
Bottom 10
Genotypes G57 965.8 798 1.7 823 595 0.7 1.3 2.0 1.9 1.0 0.3 35 2.3 26.8 67.1 0.4 3.4
G54 963 818 1.2 83.9 615 0.6 2.0 1.0 2.1 1.3 731.3 1.7 35,7 748 0.9 3.3
G47 943 80.2 2.1 825 576 0.7 1.0 1.8 2.3 1.0 aze.5 2.2 251 753 0.8 3.8
G55 940.8 80.3 1.7 828 56.7 0.6 3.0 2.0 1.3 1.2 94227 2.0 264 70.1 04 3.4
G60 842.8 785 1.8 81.1 55.0 0.7 1.0 1.6 1.8 1.0 0.1345 1.8 201 718 26 4.6
G62 780.3 80.6 2.2 835 533 0.7 1.0 1.7 1.6 1.0 2.5821.0 1.7 272 66.4 1.8 3.7
G41 778 80.3 1.8 826 46.4 0.6 4.0 1.7 2.3 1.0 6112.3 1.7 248 685 0.4 4.0
G44 733 795 0.9 814 653 0.7 4.0 1.7 2.2 1.0 7331.8 2.2 23.2 613 04 3.4
G43 711 820 2.2 849 48.1 0.7 2.0 1.7 1.7 1.1 aA23.5 1.7 282 650 17 3.8
G40 646 775 1.9 80.2 478 0.7 2.0 1.0 2.3 1.0 81241.2 1.3 274 609 0.7 4.3
Mean 1366 79 2 82 54 1 1.0 2 2 1 125 3 2 26 70 1 3
LSD 478.8 1.4 0.6 1.4 9.1 0.2 1.7 0.4 0.6 0.6 12.92.3 0.6 8.4 17.7 15 0.6

MSE 3.50E+05 2.9 0.6 3.2 129.1 0.0 0.4 0.2 0.3 0.2259. 5.9 0.2 24.8 620.3 2.6 0.3
LSD = Least significant difference,MSE = Mean square error, GY = grain yield (kg ha'), AD = days to anthesis (days), ASI = anthesis{sihg interval (days), DS = days to silking
(days), EH = ear height (cm), EPP = ears per plar{#), LB = leaf blight disease, (1-5), GLS = gray & spot disease (1-5), GT = grain texture (1-5), M&= maize streak virus disease (1-
5), PH = plant height (cm), RL = root lodging (#)Rust = rust disease (1-5), SWT = 100 seed weigh},(§H = shelling percentage, SL= stem lodging (#/)G = vigour (1-5), # = number.
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Table 6.4 Mean performance of diallel crosses acreshree low pH environment in 2011/2012 season

Entry GY AD ASI DS EH EPP LB GLS GT MSV PH RL RUST SWT SH SL VIG

Top 10 G64 1040.7 777 2.7 80.3 341 04 20 23 15 1.0 101.0 0.5 1.8 165 656 25 50
Genotypes G25 1007.7 819 34 853 326 0.8 1.7 13 22 1.0 92.7 05 2.0 218 703 13 47
G19 9993 778 3.0 80.8 478 0.5 13 23 17 1.0 1131 0.5 1.6 216 668 15 43
G10 970.7 796 26 82.1 404 05 23 13 19 1.0 104.1 0.5 2.6 204 695 23 50
G18 958.3 83.0 3.2 86.2 444 0.5 20 20 19 1.1 109.7 0.5 2.0 172 650 15 43
G6 953.0 774 3.0 80.4 438 0.5 27 21 26 1.0 113.4 0.5 2.3 189 736 10 5.0
G8 9453 829 3.1 86.0 415 0.5 23 18 21 1.0 103.6 0.5 2.3 240 702 15 43
G51 896.0 80.3 3.0 83.3 450 0.6 30 20 21 1.0 100.4 0.5 2.5 203 654 10 4.0
G1 8943 834 29 86.3 468 0.5 23 13 22 1.0 109.8 0.5 2.4 227 620 22 43
G20 8720 793 29 82.2 436 0.6 27 21 21 1.0 110.5 0.5 2.3 230 734 12 43
Bottom10 G50 478.0 81.0 2.7 83.7 356 0.5 40 15 20 1.0 953 05 2.3 200 50.0 15 50
Genotypes G57 4717 810 3.0 84.0 503 0.6 20 25 16 1.0 1138 1.0 3.0 250 63.0 05 4.0

G47 468.3 83.7 2.7 86.3 550 0.6 30 18 22 1.0 112.2 0.5 2.8 238 728 1.0 4.0
G46 463.7 793 2.7 820 441 04 20 20 26 1.0 1139 1.0 3.0 256 359 3.0 5.0
G44 458.3 80.7 23 83.0 464 0.6 20 20 23 1.0 105.8 0.5 2.8 205 575 05 4.0
G41 435.0 83.0 3.0 86.0 333 04 40 20 23 15 944 05 2.0 222 652 05 5.0
G56 426.3 793 3.7 83.0 36.0 0.5 10 18 19 1.0 86.7 05 2.0 127 625 1.0 4.0
G54 373.3 83.0 27 85.7 473 04 1.0 15 19 1.0 111.7 0.5 2.0 324 698 1.0 5.0
G58 360.3 85.0 23 87.3 383 0.7 30 15 22 1.0 1025 1.0 2.0 171 614 1.0 5.0
G62 266.0 82.7 3.3 86.0 35.7 0.6 40 20 16 1.0 98.3 05 2.0 250 616 25 5.0
Mean 699.9 81.0 29 839 411 05 2.1 1.9 2.0 1.1 0583 0.6 2.2 222 657 16 4.6
LSD 293.3 3.1 0.7 0.4 129 0.3 0.5 0.8 0.8 0.7 19.9.3 0.7 6.9 578 1.6 0.6
MSE 100135 3.7 0.5 4.0 61.4 0.0 0.2 0.2 0.3 0.2 .1450.0 0.2 183 1295 1.0 0.1
CV (%) 452 2.4 246 24 190 393 269 250 260254 114 364 194 190 521 638 7.7
SE 316.4 1.9 0.7 2.0 7.8 0.2 0.4 0.5 0.5 0.5 1212 0 04 4.3 36.0 1.0 0.4
Min 266.0 773 21 803 287 04 1.0 1.0 1.0 1.0 .786 0.5 15 127 359 05 4.0
Max 1040.7 857 3.9 884 577 0.8 4.0 3.0 2.9 35232 1.0 3.0 324 832 35 5.0

LSD = Least significant difference,MSE = Mean square error, CV =coefficient of variation, SE = error, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD =
days to anthesis (days), ASI = anthesis-silking iatval (days), DS = days to silking (days), EH = edreight (cm), EPP = ears per plant (#), LB = leafllght disease (1-5), GLS = gray leaf
spot disease (1-5), GT = grain texture (1-5), MSV maize streak virus disease (1-5), PH = plant heigfcm), RL = root lodging (#), Rust = rust diseasél-5), SWT = 100 seed weight (g),
SH = shelling percentage, SL = stem lodging (#))|® = vigour (1-5), # = number.
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Table 6.5 Mean performance of diallel crosses at ¢hoptimal environments in 2011/12

Entry GY AD ASI DS EH EPP GLS GT MSV PH RL RUST SWT SH SL VIG
Top 10 G3 6955 740 0.7 747 894 1.2 1.8 28 1.0 173.3 3.0 1.2 427 819 4.7 1.0
genotypes G10 5386 740 10 750 713 1.0 1.0 23 1.2 163.8 3.7 1.0 386 853 1.0 2.3
G48 5218 740 20 76.0 8.9 11 1.3 23 1.0 180.4 5.0 15 370 80.7 1.3 2.0
G2 5210 730 03 733 827 10 2.7 23 10 178.1 5.7 1.8 380 827 03 2.0
G8 5099 720 00 720 956 1.2 1.2 1.8 1.0 191.7 8.3 1.0 36.3 839 23 1.0
G39 5026 750 13 763 981 1.0 13 27 10 1948 4.0 1.0 40.7 838 0.3 1.0
G16 4976 760 03 763 70.8 1.0 1.0 23 1.0 1242 1.3 1.2 382 799 1.0 1.3
G45 4713 740 20 76.0 882 11 1.0 18 1.0 1741 9.7 1.2 340 823 0.0 2.3
G19 4676 720 03 723 920 1.0 1.3 22 1.0 181.8 5.7 1.0 438 86.8 0.7 1.2
G24 4640 733 27 760 811 13 13 18 1.0 1689 5.0 1.0 375 783 17 1.0
Bottom10 G62 2323 743 17 76.0 106.2 11 1.0 15 1.0 194.7 4.7 1.0 33.8 806 03 2.3
genotypes G55 2239 770 00 77.0 929 11 1.0 22 10 186.3 2.7 1.0 317 756 03 2.8
G31 2142 71.0 00 71.0 1010 1.0 1.7 27 1.0 187.7 4.3 1.0 325 831 0.7 2.3
G35 1835 76.0 0.7 767 958 12 1.0 1.7 1.2 1743 100 1.2 337 745 0.0 2.2
G41 1805 720 03 723 855 1.0 1.0 25 1.2 170.7 2.3 1.2 298 751 0.3 3.0
G60 1622 69.0 13 703 840 10 1.2 22 1.2 1727 103 1.0 277 752 0.7 4.2
G44 1556 76.0 0.7 76.7 1222 1.1 1.0 20 1.0 2169 1.0 1.0 315 725 0.3 2.8
G61 1456 740 00 740 1048 1.0 13 1.7 1.0 190.3 8.0 13 245 770 0.0 4.2
G43 1381 740 0.7 747 843 1.0 1.0 22 1.0 180.2 3.0 1.0 295 794 0.0 3.5
G40 757 720 3.7 757 881 0.9 1.0 22 10 1779 8.0 1.0 279 700 0.0 4.5
Mean 3450.8 73.6 1.0 746 910 1.1 1.3 2.2 1.0 1795.3 1.1 34.5 794 0.8 2.3
LSD 16499 0.8 1.4 1.3 3282 0.2 0.5 08 04 387.76 11 10.2 105 3.8 1.1
P 0.001 0.001 O 0 0.63 0.165 0.001 0.36 0.16 0.75.000 0.078 0.001 0.05 0.35 0.001
CV (%) 31.9 0.7 747 0.8 19.7 12.4 22.8 23.7 21.33.21 829 0.2 18.0 8.0 230.1 30.8
Min 757.0 69.0 00 703 70.8 0.9 1.0 15 1.0 124.2.0 1.0 24.5 70.0 0.0 1.0
Max 6955.0 77.0 3.7 770 1222 13 2.7 2.8 1.2 .21610.3 1.8 43.8 86.8 4.7 4.5

LSD = Least significant difference,CV = coefficient of variation, Min = minimum, Max = maximum, GY = grain yield (kg ha'), AD = days to anthesis (days), AS| = anthesis-
silking interval (days), DS = days to silking (days EH = ear height (cm), EPP = ears per plant (#}5LS = gray leaf spot disease (1-5), GT = grain texte (1-5), MSV = maize streak
virus disease (1-5), PH = plant height (cm), RL =aot lodging (#), Rust = rust disease (1-5), SWT 0@ seed weight (g), SH = shelling percentage, Slstem lodging (#), VIG = vigour
(1-5), # = number.
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Table 6.6 Estimated percent reduction for salient penotypic traits for diallel

crosses under low pH versus optimal conditions

Trait Low pH Optimal Percentage of optimal % Reduction
GY 699.9 3205.2 21.8 78.2

EH 41.1 92.0 44.7 55.3
EPP 0.5 11 45,5 54.5

GT 1.9 2.2 84.7 15.3

PH 105.5 180.9 58.3 41.7
SWT 22.2 34.9 63.7 36.3

SH 65.7 81.0 81.2 18.8
VIG 4.6 2.2 375 62.5

GY = grain yield (kg hal), EH = ear height (cm), EPP = ears per plant (#), GE grain texture (1-5), PH = plant
height (cm), SWT = 100 seed weight (g), SH = shellipercentage, VIG = vigour (1-5), # = number.

Table 6.7 Genetic variances, phenotypic variancesd heritability estimates for the
diallel crosses across optimal and three low pH emenments in 2011/12

Trait Genetic variance ¢%g ) Phenotypic variance§?p) Heritability(H 2b)
GY 311866.67 361866.73 0.86
AD 10.67 11.53 0.93
ASI 0.41 0.47 0.87
DS 10.65 11.71 0.91
EH 50.37 65.43 0.77
EPP 0.01 0.07 0.14
LB 0.42 0.49 0.86
GLS 0.27 0.33 0.82
GT 0.2 0.27 0.74
MSV 0.05 0.11 0.45
PH 47.1 67.16 0.70
RL 1.63 1.97 0.83
Rust 0.11 0.17 0.65
SH 31.57 46.63 0.68
SL 1.96 3.03 0.65
SWT 21.33 28.39 0.75
VIG 0.30 0.36 0.83

62y = genotypic variance 6% = phenotypic variance, Hb = broad sense heritability, GY = grain yield (kgha'?),
AD = days to anthesis (days), ASI = anthesis-sillgninterval (days), DS = days to silking (days), EH= ear height
(cm), EPP = ears per plant (#), LB = leaf blight, GLS: gray leaf spot disease (1-5), GT = grain texture {5),
MSV = maize streak virus disease (1-5), PH = plafieight (cm), RL = root lodging (#), Rust = rust disase (1-5),
SH = shelling percentage, SL = stem lodging (#)W3 = 100 seed weight (g), VIG = vigour (1-5), # = maber
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6.5.3 Combining ability and inheritance

Combined ANOVA results across all sites are preseit Table 6.8. Environment mean
squares were significant for all traits measuredepk for maize streak virus. Genotype
mean squares were significant for all traits exiciga@oot and stem lodging as well as for
grain texture and shelling percentage. GCA wasifsegnt for grain yield, anthesis date,
anthesis-silking interval, days to silking, plantlaear height, and gray leaf spot, leaf blight,
maize streak virus, rust, and plant vigour. Therattion of GCA by site was significant
for grain yield, anthesis date, root lodging, giegf spot, leaf blight, maize streak virus,
rust, grain texture, shelling percentage and plagdur. SCA was significant for all traits
measured except shelling percentage. The interabetween SCA effects and site was
again significant for all traits apart from numlmérears per plant, stem lodging and 100
seed weight. The calculated ratios of GCA/SCA vestieer higher or closer to 1.0 for the
individual traits (Tables 6.8 and 6.9) suggestimg presence of additive and non-additive
gene action. Under low pH soil environments (Tabl@) additive gene action was
predominant in the inheritance of grain yield, nemdaf ears per plant, shelling percentage,
100 seed weight and plant vigour because the GCA/&flos were greater than unity
while non-additive gene action was predominanthia inheritance of anthesis-silking
interval, plant and ear height, grain texture, sterd root lodging, gray leaf spot disease
and rust disease. However, the SCA effects wersignificant for shelling percentage and

ears per plant.

The mean squares due to GCA and SCA were highesrwptimal than under low pH
conditions and across sites (Table 6.10). Howeliermean squares due to GCA and SCA
was higher under low pH than under optimal condgiexcept for root and stem lodging.
With respect to the relative contribution of GCAJa®CA to total variation, GCA sum of
squares for grain yield contributed relatively mewevariation under optimal conditions
(32.2%) than across environments (28.1%) (Tabl&)6Similarly the sum of squares due
to SCA contributed the highest amount of variatimaer optimal (67.8%) compared to
low pH conditions and across sites. A similar trevas observed for other traits. Under

low pH the percentage contribution ranged from @d02.21 (Table 6.11).
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Table 6.8 Combined analysis of variance for GCA an&CA for diallel crosses for grain yield and othelagronomic traits across optimal

and three low pH environments in 2012

Source Site Genotypes GCA GCA x Site SCA SCA x Site  Error GCAJ/SCA ratio
DF 3 65 11 33 54 162 195

GY 833.60** 2,94 12.40** 1.86** 3.53* 1.44% 0.5 3.51
AD 345.02* 3.92* 4.36** 3.90* 4.87* 6.20** 10.6 0.90
ASI 81605.70** 8.35** 16.43** -0.70 13.31** 7.53** 3,51 1.23
DS 258820** 11.10** 109.24** -18.89 36.38** 5.66** 1.24 3.00
PH 1709.46** 1.93* 1.74% 1.77 2.13* 1.76** 2790 0.82
EH 1132.16** 2.54** 1.76** 1.92 2.15* 1.89** 1328 0.82
EPP 38.90** 1.58** 1.66 -7.40 1.71% -18.16 89.27 .90
RL 118.80** 1.24 1.23 1.83* 1.89** 1.46** 7.65 056
SL 44.70% 1.27 161 1.69 1.17* 1.10 2.00 1.38
GLS 429.14* 4.91* 5.72% 5.49** 5.38** 3.62%* 0.9 1.06
LB 251.47* 3.76** 3.86** 4.88** 3.70* 3.70* 0.32 1.04
MSV 0.02 1.72** 2.17* 3.94x* 1.85* 2.58* 0.015 ilyg
RUST 1394.02** 3.09** 3.76** 2.12% 3.30* 2.94x* 015%** 1.14
GT 28.55** 1.01 1.05 1.76* 1.46* 1.47% 3.92 0.72
SH 36.10** 1.29 1.61 2.16%* 1.17 1.35%* 599.50 1.38
SWT 277.60* 1.68** 1.12 0.450 2.30** 0.48 44.76 40.
VIG 1316.1** 2.38* 1.93* 3.19% 2.91% 3.24%* 0.43 0.66

***P <0.001; **P<0.01; *P<0.05; GY = grain yield (kg ha), AD = days to anthesis (days), ASI = anthesisdihg interval (days), DS = days to silking (days)PH = plant height (cm), EH
= ear height (cm), EPP = ears per plant (#), RL =aot lodging (#), SL = stem lodging (#),GLS = graleaf spot disease (1-5), LB = leaf blight diseadd SV = maize streak virus disease
(1-5), Rust = rust disease (1-5), GT = grain texter(1-5), SH = shelling percentage, SWT = 100 seedight (g), VIG = vigour (1-5), # = number.
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Table 6.9 Combined analysis of variance for GCA an&CA for diallel crosses for grain yield and otheagronomic traits across three low

pH environments in 2012

Source Site Genotypes GCA GCA x Site SCA SCA x Site Error GCA/SCA Ratio
DF 2 65 11 22 54 108

GY 223.70** 0.48** 1.09** 0.32** 0.57* 0.05* 0.18 B2
AD 573.40** 43.88** 45.70** 53.50** 44.30** 89.30** 11.34 1.03
ASI 379684.90** 36.59** 16.00** 13.95* 44.20** 380** 3.65 0.36
DS 471947.80** 28.80** 52.70%** 29.90** 34.98** 340t* 7.44 151
PH 331735.00** 601.70** 154.57 686.00** 686.70** 30@0** 172.90 0.23
EH 49538.45** 367.60** 307.40** 150.70** 379.70** (3.60** 62.37 0.81
EPP 159.00** 35.70 40.00 54.00* 34.90 41.45 32.68 451
RL 44.40** 2.94** 2.16** 0.97 3.15** 1.50** 7.70 ®9
SL 172.70** 0.56** 0.18 0.27 0.64** 0.31** 2.00 82
GLS 115.10** 0.92** 0.80* 0.76** 0.96** 0.47** 0.21 0.83
LB 114.96** 1.036** 1.23** 1.32** 1.01** 0.68** 0.3 1.22
MSV 0.20** 0.17** 0.28** 0.24** 0.15** 0.19** 0.03 1.87
Rust 317.50** 2.50** 1.60 2.40* 2.70** 1.90* 1.40 .59
GT 152.00** 0.99** 0.80** 0.60** 1.06** 0.60** 0.49 0.75
SH 2679.30* 877.93 851.16 -315.60 839.61 -357.79 9.201 1.01
SWT 5964.70** 76.39** 120.42** -50.39 74.15* -2106 22.39 1.62
VIG 429.10** 2.16** 61.23** 1.97** 45.39* 1.98** 180 1.35

**P <0.01; *P<0.05; GY = grain yield (kg hal), AD = days to anthesis (days), ASI = anthesis4siig interval (days), DS = days to silking (days)PH = plant height (cm), EH = ear
height (cm), EPP = ears per plant (#), RL = root ldging (#), SL = stem lodging (#), GLS = gray leapst disease (1-5), LB = leaf blight disease, MSVmaize streak virus disease (1-5),
Rust = rust disease (1-5), GT = grain texture (1-55H = shelling percentage, SWT = 100 seed weigh),(VIG = vigour (1-5), # = number.

156



Table 6.10 Mean squares for GCA and SCA effects ued different environments

Trait Across Optimal Low pH

GCA SCA GCA SCA GCA SCA
GY 6.19** 1.76%* 2423935.00** 1039389.32** 1.09** 0.57*
AD 43.63** 49.41** 6.23** 6.96** 45.70** 44.,30%*
ASI 57.76** 46.70** 0.71** 0.82** 16.00** 44.20%*
DS 135.50 45.13** 7.77% 6.48** 52.7** 34.98**
EH 234.33 284.98** 107.00 100.53 154.57 34.90
EPP 148.24 152.50** 0.01 0.01 40.00 34.90
LB 1.25%* 1.51** 0.49 0.73** 1.23** 1.01*
GLS 1.08** 1.02%* 0.30** 0.17** 0.80* 0.96**
GT 4.11 5.74%* 0.11 0.10 0.99** 1.06%*
MSV 0.33** 0.28** 0.02 0.02 0.28** 0.15**
PH 488.42 596.17** 190.78 159.43 601.70** 686.00**
RL 9.41 14.46** 11.23* 10.26** 2.16** 3.15%*
RUST 0.58** 0.51 0.02 0.03 2.50%* 2.70%*
SWT 50.18 103.27** 18.40 39.90 120.40** 74.2%*
SH 964.10 704.60** 32.96** 17.05 851.16 839.61
SL 3.24 2.34 3.05 1.82 0.18 0.64**
VIG 0.84** 1.26%** 0.68 0.72** 61.23** 45.39**

**P <0.01; *P<0.05; GSA = general combining ability, SCA = spedif combining ability, GY = grain yield (kg ha?), AD = days to anthesis (days), AS| = anthesis{dihg interval (days),
DS = days to silking (days), EH = ear height (cmEPP = ears per plant (#), LB = leaf blight diseas&LS = gray leaf spot disease (1-5), GT = grainxtwre (1-5), MSV = maize streak

virus disease (1-5), PH = plant height (cm), RL =aot lodging (#), Rust = rust disease (1-5), SWT 0Q seed weight (g), SH = shelling percentage, Slstem lodging (#), VIG = vigour
(1-5), # = number.
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Table 6.11 Relative percent contribution of sum o$quares for GCA and SCA to total sum of squares aoss environments

Sum of squares Percentage of Percentage of
Trait Environment GCA Total SS total SS SCA Total SS total SS
GY Across 68.10 242.00 28.10 95.10 242.00 39.30
Optimal 26663289.00 82760312.20 32.20 56127023.00 82760312.20 67.80
Low pH 1.09 54.96 2.00 0.57 54.96 1.03
EH Across 2577.70 67027.00 3.80 15389.00 67027.00 23.00
Optimal 1177.20 6605.90 17.80 5428.70 6605.90 82.20
Low pH 307.40 8915.74 3.44 379.70 8915.74 4.30
EPP  Across 1630.60 6680.30 24.40 8236.20 6680.30 123.30
Optimal 0.10 0.50 17.40 0.40 0.50 82.80
Low pH 40.00 8003.60 0.45 34.90 8003.60 0.01
GT Across 45.20 1519.30 3.00 309.80 1519.30 20.40
Optimal 1.20 6.40 19.30 5.20 6.40 80.70
Low pH 0.80 8766.00 0.50 1.06 8766.00 0.01
PH Across 5372.60 133576.10 4.00 32192.90 133576.10 24.10
Optimal 2098.60 10707.80 19.60 8609.30 10707.8.00 80.40
Low pH 154.57 108297.00 0.14 686.70 108297.00 0.63
SWT Across 552.00 10894.20 5.10 5576.40 10894.20 51.20
Optimal 202.40 2357.20 8.60 2154.80 2357.20 91.40
Low pH 120.42 8770.00 1.37 74.15 8770.00 0.85
SH Across 10605.10 222803.70 4.80 38049.10 222803.70 0.40
Optimal 362.50 1282.90 28.30 920.40 1282.9 71.70
Low pH 851.16 9116.80 9.34 839.61 9116.8 9.210
VIG  Across 9.20 168.20 5.50 68.00 168.20 40.40
Optimal 7.50 46.20 16.20 38.70 46.20 83.80
Low pH 61.23 5597.50 1.09 45.39 5597.50 0.81

GY = grain yield (kg ha?), EH = ear height (cm), EPP = ears per plant (#)GT = grain texture (1-5), PH = plant height (cm), $VT = 100 seed weight (g), SH = shelling percentage,
VIG = vigour (1-5).
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Twelve maize inbred lines were clustered basedhe1@GICA effects for grain yield. Two main

clusters were observed (Figure 6.1) with a highheogtic correlation ofcép =

pattern mostly followed the origin of the maizernedh lines such that six out of

0.87. The

seven inbred

lines from CIMMYT-Colombia (tropical) were group@dthe second cluster. The first cluster

comprised of inbred lines with low GCA for graineld while the second

cluster was

comprised of inbred lines of medium GCA and thedtlwluster had CZL999601 which had

the highest GCA for grain yield.

Inbred_line
CML312
CML161
CML539

 ZL130-23
— CML448

— CML202

— CML172

CML359

4{ CML288

CML144

CML 481
CZL999601

250 208 167 125 083 042 0.00

Dissimilarity

Figure 6.1 Dendrogram of 12 maize inbred lines badeon GCA effects for grain yield

across four environments for 2011/12 season
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6.5.3.1 Estimated general combining ability effectir 12 inbred lines for grain yield

and agronomic traits across low pH and optimal envbnments in 2011/12

A positive, high and significant GCA effect for idevas recorded for inbred line CZL999601
(0.55) (Table 6.12). Also positive and high but siginificant values were observed for grain
yield for inbred lines by CML481 (0.18) followed yML144 (0.13) and CML 288 (0.13)
and significant negative GCA was recorded for idbliee CML161 (-0.38). For days to
anthesis positive and significant GCA values webseoved for lines ZL130-23 (1.2) and
CML312 (1.15). Negative and highly significant G@#s recorded for inbred line CML288
(-0.73). Selecting for earliness to maturity shooéddone by selecting inbred lines with low
and negative GCA effects. Positive and high valieesGCA effects were observed for
anthesis-silking interval for inbred lines CML28B.{6) and CML481 (0.75). Negative and
lowest GCA values were recorded for inbred linesl@B (-1.1) and CML172 (-0.9). For

stress tolerance breeding, lines with negative G&@Ahis trait would be preferred.

Positive and high GCA effects were observed for Inenof ears per plant in lines CZL999601
(1.26), CML481 (1.24), ZL130-23 (1.12) and CML28808). When selecting for prolificacy,
lines with high and positive GCA for this trait widube preferred. Positive and high GCA
effects were observed for grain texture for indneels ZL130-23 (0.36) followed by CML312
(0.17). When selecting for flint and semi-flintisedines with negative GCA should be
selected since a score of 1 is better than a séd&rén 1-5 scale. In terms of diseases, positive
and high GCA effects were observed for gray leaf $pr lines CML172 (0.15), CML288
(0.13) and CML202 (0.11). Inbred line CML448 (-0)1tad negative and significant GCA.
Selecting for tolerance to this disease shoulddree dy selecting lines with negative GCA.
Positive and significant GCA effects were obserfggdSV in lines CML288 (0.10). Positive
GCAs values were also observed for inbred lines C8AL(0.08) and CML35 (0.08). The
lowest and negative GCA was observed for lines (20K (-0.08), CZL999601 (-0.06) and
CML539 (-0.04). Selecting lines for tolerance testisease could be achieved by selection
lines with negative GCA. For leaf blight diseasighhand positive GCA’s were recorded for
inbred lines CML172 (1.7) followed by CML481 (1.a&)d the lowest GCA was recorded for
line CML539 (-3.3).
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Table 6.12 Estimated general combining ability effets for 12 inbred lines for grain yield and agrononc traits across low pH and

optimal environments in 2011/12

Line Name GY AD ASI DS EH EPP GLS GT LB MSV PH RL Rust SWT SH SL VIG
G1 CZL999601 0.55** -0.21 -0.17 -0.53 -043 1.26 0.05 -0.13 -04 -006 0.71 0.18 0.04 068 519 0.22 -0.04
G2 CML481 0.18 -0.26 075 -126 121 124 -002 -024 12 -004 125 039 -0.08 -0.25 -3.31 0.38* -0.2

G3 CML359 0.04 -0.63 0.6 -0.18 044 043 -003 -005 04 0.08 342 -0.21 -0.03 -0.48 -412 0.23 -0.06
G4 CML144 0.13 -0.32 069 -125 1.04 0.29 0.03 -0.28 1.0 -0.02 119 -0.36 -006 096 -0.34 0.02 -0.05
G5 CML161 -0.38*  0.12 -1.1 093 0.69 -1.21 0.01 0.22 0.7 008 -162 -0.23 -0.06 -051 -0.18 -0.16 0.16

G6 CML172 -0.02 -0.13 -091 106 169 -1.19 0.15 -0.09 1.7 003 -058 033 0.09 056 6.27* -0.02 -0.06
G7 CML448 -0.15 -0.27 -0.29 -0.08 -1.7v3 048 -0.16* -0.12 -1.7 -0.04 -23 -041 -004 1.1 -1.81 -0.16 0.05
G8 CML312 -0.28 1.15*% 045 0.67 -0.38 -2.29 0.00 0.17 -04 0.00 -0.16 044 0.1 -0.58 1.34 0.07 0.24
G9 Z1.130-23  -0.13 1.20* -0.87 201 111 112 -002 036 11 -001 -045 -0.06 0.09 -0.45 -0.63 -0.18 0.02

G10 CML288 0.13 -0.73* 106 -164 -09 1.08 0.13 -0.07 -09 0.10* 0.97 0.26 -0.15 0.68 -1.6 -0.11  0.07
G1l1 CML202 0.01 -0.29 0.04 -047 056 -0.2 0.11 005 06 -008 197 -043 005 -062 -146 -0.16 -0.01
G12 CML539 -0.07 0.39 -0.24 074 -331 -101 -023 0.16 -33 -004 -45 009 004 -109 065 -0.14 -0.11

**P <0.01; *P<0.05; GY = grain yield (kg ha'), AD = days to anthesis (days), ASI = anthesis4sihg interval (days), DS = days to silking (days)gH = ear height (cm), EPP = ears per
plant (#), GLS = gray leaf spot disease (1-5), GT grain texture (1-5), LB = leaf blight disease, MS\£ maize streak virus disease (1-5), PH = plant lg#it (cm), RL = root lodging (#),
Rust = rust disease (1-5), SWT = 100 seed weigh},(§H = shelling percentage, SL = stem lodging (¥)G = vigour (1-5), # = number.
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Similarly, selecting for tolerance to this diseasaild be done by selecting lines with
negative GCA effects. With respect to rust, positmnd high GCA effects were observed
for lines CML312 (0.1), CML172 (0.09) and ZL130-g309). The lowest and negative
GCA was observed for line CM288 (-0.15). Selectings for tolerance to this disease

would be achieved by selecting lines with nega@®@A.

High GCA effects were observed for plant heighhiored lines CML359 (3.42), CML202
(1.97), followed by CML481 (1.25). The negative dodest GCA was observed for line
CML539 (-45.0). For ear height a high GCA effecterav observed for inbred lines
CML172 (1.69) followed by CML481 (1.21). Negativedalowest GCA was observed for
line CML539 (-3.31). Where tall varieties are prede, lines with high and positive GCA
could be preferred. Positive and significant vadlueGCA effects was observed for stem
lodging in inbred lines CML481 (0.38), inbred li@dL359 (0.23) also had a high value.
The lowest and negative GCA values were recordetifies ZL130-23 (-0.18) followed
by CML448, CML202 and CML161 all with a value of.16. High GCA effects were
observed for root lodging for CML312 (0.44), CML48139) and CML172 (0.33). The
lowest and negative GCA were recorded for lines @PR_(-0.43) and CML448 (-0.41).
When selecting for tolerance for both root lodgargl stem lodging, lines with negative
GCA would be preferred. High GCA effects were olssedrfor plant vigour for inbred lines
CML312 (0.24), CM161 (0.16), and negative and Iavw&@SA was recorded for CML539
(-0.11). In terms of 100 seed weight, high GCA efewere observed for inbred lines
CML448 (1.1), CML144 (0.96) and CML288 (0.68). Tlhevest and negative GCA values
were observed for lines CML539 (-0.09), CML202 §Z). With respect to shelling
percentage, high GCA effects were observed foreiitine CML172 (6.27), followed by
CZL999601 (5.19). The lowest and negative GCA waseoved for lines CML359 (-4.12)
and CML481 (-3.3). For plant vigour, 100 seed weigimd shelling percentage, inbred
lines with higher and positive GCAs would be preddr
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6.5.3.2 Estimated specific combining ability effestfor 12 inbred lines for grain yield

and agronomic traits across low pH and optimal envbnments in 2011/12

Results for the estimated SCA effects in the diallesses are presented in Appendix 12.
The promising specific combinations for grain yielgre CZL999601/CML144 (0.94),
CML144/CML202 (0.73) and CML481/CML288 (0.70). Theorest combinations were
CZL130-23/CML202 (-0.65) and CZL999601/CML481 (B)6When breeding for high
yield, positive SCA values are desirable. For dayg0% pollen shedding, the best specific
combinations were CML161/CML288 (4.03), CML144/zI0t33 (3.8), followed by
CML312/CML288 (3.09). The poor combinations were KC389/CM288 (-6.71),
CML202/CML539 (-3.7) and CML161/ZL130-23 (-2.56)el8cting for earliness to
maturity should be done by selecting inbred linas laybrids with low and negative GCA
and SCA effects, respectively. The highest SCActsferere observed for anthesis-silking
interval for crosses and the best combinations weML161/CML288 (4.14),
CML359/CML288 (3.9) and CML144/CML539 (3.39). LowC8 values were recorded
for the following hybrids: CML288/CML539 (-3.55), L430-23/CML288 (-3.5),
CML288/CML202 (-3.12) and CML144/CML161 (-2.9). Fsiress tolerance, hybrids with

negative SCA for this trait would be preferred.

Positive and high SCA effects were observed for memof ears per plant for hybrids
CML448/CML288 (16.6) CML144/CML202 (7.4) and ZL13R3B/CML288 (6.37) and the
poor combinations were CZL999601/CML481 (-5.37),13D-23/CML288 (-4.91) and
CML481/CML448 (-4.51). When selecting for prolifog lines and hybrids with high and
positive GCA and SCA for this trait would be preést. Significant and high SCA effects
were observed for grain texture for hybrids ZL1Z&I€&ML539 (2.75), CML161/CML202
(2.51) followed by CML312/ZL130-23 (2.19). The pest combinations were ZL130-
23/CML202 (-0.95), CML481/7L130-23 (-0.84) and CMATICML539 (-0.83) but when
selecting for flint and semi-flintiness, lines ahgbrids with negative GCA and SCA,
respectively, could be selected. In terms of disgagositive and high GCA effects were
observed for gray leaf spot for hybrids CZL9996MIG59 (0.86), CM172/Z1.130-23
(0.64), and CML144/CML202 (0.62). Hybrids CZL99960ML202 (-0.61),
CML161/CML448 (-0.52) and CZL999601/CML481 (-0.48)d negative SCA. Selecting

for tolerance to this disease could be done bycsetelines and hybrids with negative
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GCA and SCA, respectively. Positive and high SCiea$ were observed for MSV in
hybrids CML359/CML288 (0.92), CML161/CML172 (0.47Aand CML172/ZL130-
23(0.23). The lowest and negative SCA was obsefgedCML161/CML288 (-0.27),
CML359/CML161 (-0.25), and CML359/CML172 (-0.20kl8cting hybrids for tolerance
to this disease could be achieved by selectiotirtae and hybrids with negative GCA and
SCA, respectively. For leaf blight disease, higll aositive SCA’s were recorded for
hybrids CML481/CML144 (0.88) and CML172/CML202 (B)8 followed by
CML172/CML312 (0.77) and the lowest SCA's were melenl for hybrids
CML312/CML202 (-0.6), CML481/CML288 (-0.6) and ZLQ23/CML288 (-0.59).
Similarly, selecting for tolerance to this diseasrild be done by selecting lines and
hybrids with negative GCA and SCA effects, respetyi. With respect to rust disease,
positive and high SCA effects were observed in ioghtCML172/CML448 (0.51),
CZL999601/CML359 (0.44) and CML202/CML539 (0.42)herl lowest and negative
SCA’s were observed for hybrid CML448/Z1.130-23 49), CZL999601/CML312 (-
0.46) and CML144/CML202 (-0.44). Selecting lines tmlerance to this disease could be
achieved by selection hybrids with negative SCA.

Positive and high SCA effects were observed fanghaight in hybrids CML144/CML202
(18.64), CML448/CML288 (13.18), followed by CML448¥L202 (12.83). Negative and
lowest SCA’s were observed for hybrid CML481/CML4486.84), CML202/CML539
(-13.13) and CML144/Z1.130-23 (-13.03). For ear heigositive and high SCA effects
were observed for hybrids CML448/CML288 (12.49)lduled by CML448/CML202
(8.12) and CML172/CML288 (7.96). Negative and loiw&SAs were observed for hybrids
CML161/CML312 (-8.88), CML288/CML539 (-8.39) and @M02/CML539 (-8.15).
Where tall varieties are preferred, lines and tdgwith high and positive GCA and SCA
could be preferred. In terms of lodging, positivel daigh SCA effects were observed for
stem lodging in hybrids CM481/CML359 (2.38) follovdy CML202/CML539 (1.24)
and CZL999601/CML144 (1.20). The lowest and neg@a8CA were recorded for hybrids
CZL999601/CML481 (-0.72), CZL999601/CML359 (-0.6&nd CML481/CML288
(-0.61). Positive and high SCA effects were obsgérvier root lodging for
CML172/CML448 (3.29), CML481/CML448 (2.82) and CMA4/CML288 (2.35). The
lowest and negative SCA were recorded for hybridslLC72/CML539 (-2.60),
CML161/CML448 (-0.70) and CML481/CML228 (-1.60). \&tn selecting for tolerance
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for both root lodging and stem lodging, inbred $irend hybrids with negative GCA and

SCA, respectively could be preferred.

Positive and high SCA effects were observed fomtpkagour for hybrids, Z130-
23/CML288 (1.08), CML312/CML539 (1.04), CZL99960MC448 (0.99) and negative
and lowest SCA's were recorded for hybrids CZL99980130-23 (-0.70),
CML172/CML481 (-0.60) and CML481/ZL130-23 (-060h terms of 100 seed weight,
positive and high SCA effects were observed forridy@ML288/CML539 (9.44). Also
high and positive values were observed for inbrieg¢sl CML312/CML202 (5.84),
CML359/CML161 (5.57), and CML448/ZL130-23 (5.04hd lowest and negative SCA
were observed for hybrids ZL130-23/CML539 (-6.06)ML448/CML539 (-4.86) and
CML161/CML202 (-4.81). With respect to shelling pentage, positive and high SCA
effects were observed for hybrids, CZL999601/CML1721.02) followed by
CML481/CML144 (10.49) and CML288/CML539 (9.86). Tlmsvest and negative SCAs
were observed for hybrids CML172/CML448 (-15.15MIC148/CML288 (-12.54) and
CZL999601/CML539 (-10.72). For plant vigour, 10@deveight, and s1 helling
percentage inbred lines and hybrids with higher aditive GCA’s and SCA's,

respectively, would be preferred.

6.5.4 Pearson’s correlation coefficients for diallecrosses between grain yield and

other agronomic traits at optimal environment

Pearson correlation was carried out to study teea@ations between grain yield and some
agronomic traits as well as among themselves. €helts are presented in Table 6.13.
Grain yield was positively and significantly coat#d with anthesis date (0.23), days to
50% silking (0.22) and highly significantly corredd with 100 seed weight (0.31). It was
highly significantly negatively correlated with fealight disease (r = -0.29). In terms of
diseases, gray leaf spot was positively and higidyificantly correlated with rust (r =
0.34). Plant vigour showed positive and significaatrelation with leaf blight disease
(0.40). Days to 50% pollen shed (days to anthegs) highly significantly and positively

correlated with 100 seed weight across optimal r27).
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Table 6.13 Pearson’s correlations coefficients undeptimal conditions

GY AD ASI DS PH EH RL SL EPP SH GT LB GLS Rust MSV  VIG
AD 0.23*
ASI  -0.01 -0.16
DS 0.22* 0.90** 0.25*
PH -0.19* -0.07 0.08 -0.04
EH -0.11 -0.03 0.01 -0.08 0.80**
RL -0.03 -0.02 0.03 0.00 -0.04 -01
SL 0.05 -0.01 -0.08 -0.04 -0.12 0.1 -0.13
EPP -0.14 -0.01 -0.07 -0.04 -0.06 -0.06 0.03 0.05
SH 0.20 -0.26** -0.03  -0.27* -0.13 -0.12 0.12 0.00 -0.06
GT -0.10 -0.01 -0.04 -0.03 -0.01 -0.01 -0.12 0.05 -0.01 0.02
LB -0.29*  -0.11 -0.03 -0.12 0.07 0.08 0.19 0.17 0.02 0.09 -0.01
GLS 0.10 -0.26** 0.01 -0.25 0.01 -0.05 0.08 0.00 -0.06 0.16 0.23 -0.06
Rust 0.06 0.02 0.00 0.02 0.04 0.00 0.03 0.23 0.01 0.11 0.11 -0.05 0.34**
MSv -0.18 0.11 -0.06 0.09 -0.05 -0.12 0.16 -0.04 0.04 0.02 -0.01 0.21 -0.05 -0.06
VIG  -0.49* -0.14 -0.02 -0.14 0.12 0.04 0.06 0.06 0.15 -0.09 0.15 040 -0.22 0.00 0.24
SWT 0.31* 0.27** -0.06 0.24 -0.06 -0.05 -0.21 0.11 0.16 -0.03 0.07 -0.24 -0.02 -0.02 -0.05 -0.29**

**P <0.01; GY = grain yield (kg ha'), AD = days to anthesis (days), ASI = anthesis4sihg interval (days), DS = days to silking (days)PH = plant height (cm), EH= ear height (cm), RL
= root lodging (#), SL= stem lodging (#), EPP = eamer plant (#), GLS = gray leaf spot disease (1;53T = grain texture (1-5), LB = leaf blight diseas, MSV = maize streak virus

disease (1-5), Rust = rust disease (1-5), SWT = 1§#ed weight (g), SH = shelling percentage, VIG sgeur (1-5), # = number.
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6.5.5 Pearson’s correlation coefficients for diallecrosses between grain yield and

other agronomic traits at low pH environments

Results are given in Table 6.14. Grain yield wasitpely and significantly correlated with
shelling percentage (r = 0.28), 100 seed weight)(57), plant height (r = 0.81), ear height
(r = 0.64), stem lodging (r = 0.35) and grain tegt(r = 0.34). GY was negatively but
significantly correlated with anthesis date (r =34), anthesis-silking interval (r = 0.70),
root lodging (r = -0.32), and plant vigour (r =46). With respect to plant vigour, the lower
the score the better the plant vigour while thénbrghe grain weight the higher the yield.
So with correlation analysis this is negative agg@mn while in real sense genotypes with
high plant vigor (low score) gives higher yield ahi is a positive association. Correlation
among other traits showed that plant height wasetaied with ear height (r = 0.85), 100
seed weight (r = 0.59) but was negatively and ficantly correlated with plant vigour (r
=-0.46), root lodging (r = -0.26). Grain texturasypositively and significantly correlated
with shelling percentage (r = 0.36), 100 seed wdi@l3). It was negatively correlated with
plant vigour (r = -0.52), and rust disease (r 3#). Shelling percentage was positively and
significantly correlated with 100 seed weight (r 054), but was negatively and
significantly correlated with root lodging (r = 3W), rust disease (r = -0.23), and plant

vigour (r =-0.4).

6.6 Discussion

Effective selection of inbred lines for the prodant of maize hybrids requires prior
information of the inbred linper seand the behaviour of the line in a particular gbr
combination. Malawi has a humid sub-tropical cliejatvhile Colombia has a tropical
climate. In this study, both inter and intra-croembinations from tropical and sub-tropical
maize inbred lines indicated good yield performaander optimal condition and across
sites. The top yielding hybrid was a cross betwadmntropical and tropical inbred lines.
Under low pH conditions, the top yielding hybrid sva cross involving tropical inbred
lines, suggesting that tropical germplasm was nbalerant to low pH than sub-tropical
germplasm. The results were similar to what waented by Magnavacet al (1987) who

reported that Brazilian maize inbred lines (tropiggere generally more
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Table 6.14 Pearson’s correlation coefficients aneVel of significance under low pH for diallel crosss

GY AD ASI DS PH EH RL SL GT LB GLS Rust MSV  VIG SWT EPP
AD -0.31**
ASI -0.70** 0.25**
DS -0.48* 0.96**  0.50**
PH 0.81** -0.20** -0.68* -0.35**
EH 0.64** -0.10** -0.47* -0.25** 0.85**
RL -0.32* 0.13* 0.56** 0.27** -0.26** -0.02
SL 0.35* -0.09 -0.05 -0.10*  0.34** 0.33** 0.33**
GT 0.34* -0.09 -0.39** -0.19** 0.25** 0.07 -0.47** -0.16**
LB 0.66* -0.20** -0.42** -0.26* 0.63** 0.60** 0.12* 0.47** 0.09
GLS 0.64* -0.20* -0.36** -0.25** 0.65** 0.69** 019 0.42** 0.03 0.77*
Rust  -0.05 0.06 0.38** 0.16** -0.04 0.22** 0.79** .88** -0.37** 0.33** 0.41*
MSV  0.34* -0.06 -0.04 -0.06 0.30* 0.42* 0.40* @9 -0.11 0.57** 0.64**  0.60**
VIG -0.46* 0.13* 0.69* 0.31* -0.46** -0.15* 0.86** 0.23* -0.52* -0.03 0.04 0.82** 0.36**
SWT 0.57** -0.20* -0.50* -0.28* 0.59* 0.45* -023* 0.19* 0.30* 0.43** 0.44* -0.10 0.20** -0.9**
EPP 0.04 0.40** 0.01 0.36* 0.16** 0.14* -0.01 ®0 0.07 0.00 0.04 0.01 0.02 -0.08 -0.02
SH 0.28** -0.03 -0.28** -0.10* 0.29* 0.19** -0.30* 0.01 0.36* 0.11 0.08 -0.23*  -0.03  -0.40** 0.53* 0.14**

**P <0.01; GY = grain yield (kg ha'), AD = days to anthesis (days), ASI = anthesis4ihg interval (days), DS = days to silking (days)?H = plant height (cm), EH= ear height (cm), RL
=root lodging (#), SL= stem lodging (#), EPP = eamer plant (#), GLS = gray leaf spot disease (1;83T = grain texture (1-5), LB = leaf blight diseas, MSV = maize streak virus disease
(1-5), Rust = rust disease (1-5), SWT = 100 seedigi (g), SH = shelling percentage, VIG = vigour (:b), # = number.
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tolerant than USA inbred lines to Al effects. Imnts of grain yield for the hybridser se

the results were similar to what was reported kg €008).

Maize yields were greatly reduced across low pElss[78.2%), followed by plant vigour

(62.5%) and ear height (55.3%). The results fomgyeeld reduction were consistent with

findings from other researchers. Welclatral (2005) reported that soil acidity reduces
maizeyields by up to 70% on 8 million hectares in depéig countries and that on these
soils maize yield is reduced due to Al or Mn toicand Ca, Mg, P and Mo deficiencies
(Aldrich et al, 1975; Granadost al, 1993).

The results for combining ability and inheritand¢edses showed that both additive and
non-additive gene action were involved and thisassistent with what was reported by
Badawy (2013) who indicated that the ratio of GG#l &CA revealed the presence of
additive and non-additive types of gene action. ddrecept of the ratio of GCA/SCA was
described by Baker (1978) that when this ratio @erthan a unit, there is preponderance
of additive gene action, but if it is less thami the preponderance is towards non-additive
gene action. However, the results were not congtistéh what was reported by Iqgbed

al. (2007) who indicated that none of the cross coatimns exhibited desirable significant
SCA effects for all the characters measured. kghidy higher GCA than SCA effects for
grain yield were observed in both sub-tropical &ogical inbred lines CZL999601 and
CMLA481, respectively. In addition these two linegllgood GCA effects for other traits,
for instance, CZL999601 was also a good generabawen for number of ears per plant
and shelling percentage while CML481 was also adggeneral combiner for traits such
as ear height, ears per plant and plant heightléAfbar other traits some inbred lines
showed higher GCA effects for plant vigour (CML312D0 seed weight (CML448) and
shelling percentage (CML172), gray leaf spot (CM2R8s well as anthesis dates (ZL130-
23) which were either sub-tropical in the case ML3812, CML202 and ZL130-23 or
tropical inbred lines in the case of CML448 and CIMR. This suggested the breeding of

DC hybrids as an option to combine a number of irigmt traits for low pH tolerance.

At a cut of point of 1.0, the UPGMA clustered timbried lines into two main clusters
through use of GCA effects for the inbred linesdaain yield with Euclidean distance and

standard deviation as scale type. At a high copieecerrelation of ¢&p= 0.87, the pattern
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mostly followed the origin of the maize inbred knguch that six out of seven inbred lines
from CIMMYT-Colombia (tropical) were grouped in teecond cluster. Srdet al.(2007)
reported similar results, that cluster analysiag§CA effects was in good agreement with
the origin of ten inbred lines, and was very usefulconfirming predicted heterotic

patterns.

With respect to SCA, the higher specific combinagitor yield, plant vigour and 100 seed
weight were observed in inter-crosses; CZL999601/CAM and CML144/CML202. The
former had a negative SCA for gray leaf spot diseatem lodging implying that it was
tolerant while the latter was also a good specifimbination for plant height, ear height
and number of ears per plant. This also suggebtetreeding of DC hybrids as an option
to combine a number of important traits for low pierance which could broaden the

genetic base.

It was found that under stress the relationshipvbeh characteristics is affected by the
environment at phenotypic level (Chaubey and SitgB4; Ojo et al., 2006). In this study,
grain yield at optimal environment was positivetylaignificantly correlated with anthesis
date, shelling percentage, stem lodging and 10Dweght. Late maturing genotypes have
adequate time to accumulate carbohydrates, ledédlinigh yields. Shelling percentage and
100 seed weight are yield related traits suchttiydt yielding genotypes tend to show high
values for these traits. These results were camigtith what was reported by Chinnadurai
and Nagarajan (2011), while under low pH graind/iielas negatively correlated with
anthesis date. The results under low pH were cmmdisvith findings from other
researchers (Magorokosho et al., 2003; Kaatga., 2007; Ndhela, 2012) who reported
negative correlation under drought stress. Undessst silk emergence is delayed,
increasing the anthesis-silking interval (Kaongd Binlang 2004). In the present study, it
could be due to cold stress associated with lovsipé$ so that the plants require a higher
number of days to attain the required heat unitsy (degree concept) which delays
flowering but is not related to the amount of cdmymirate accumulation in the grain as is

the case with late maturing maize genotypes.

Grain yield was negatively correlated with rootdoty and leaf blight disease. In the case

of root lodging, Al toxicity causes short, thickdannder developed roots and plants, thus
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reducing nutrient uptake (Sasakial, 1996). Other findings indicate that Al toxicigythe
main problem because it inhibits maize root growgducing the water and nutrient uptake
and interferes in different physiological processkesrop development (Rast al, 1988).
Foyet al.(1978) reported that low pH contributes to soligkilAl and make it available in
the soil for plant assimilation, causing severe a@gento non-adapted genotypes. In this
case highly susceptible varieties are likely toenkw yield and be susceptible to lodging.
Diseases affect photosynthetic area and resulbvndarbohydrate accumulation in the
grain, hence the negative correlation.

Correlation among the traits showed that grainuexivas significantly and positively
correlated with shelling percentage but was neghtiand significantly correlated with
plant vigour. Grain texture, refers to hardnesstifiess) or softness (dent) of the kernel.
Flint kernels have higher percentage of amylopestiinch formed by branched chain of
glucose molecules of high molecular weight. Branghieinforces the caryopsis while soft
kernels have relatively higher percentage of angylstarch formed by straight chain of
glucose molecules. Regular corn contains 72-76%laagtin and 24-28% amylose
(International Starch Institute, 2001). In termsdifeases, gray leaf spot was positively
and significantly correlated with rust. This is@mmon scenario where different disease
pathogens tend to occur together and this callsbfeeding for horizontal resistance
through the use of inbred lines with negative G@A duch diseases. Plant vigour was
positively correlated with leaf blight at optimabraditions but was significantly and
negatively correlated with 100 seed weight. In otherds it was positively correlated with
100 seed weight as a score of 1.0 for plant vigobetter than a score of 5. The results are
consistent with Welckeet al (2005) who reported positive correlation unded aoils.
Plant vigour is likely to have been affected inmaiar manner to grain yield under low pH
soils such that hybrids that had good vigour preduelatively better yields than those
with low vigour. Low plant vigour under low pH rd&iin low biomass. Kochian et al.
(2005) indicated symptoms of Al toxicity as redoos in biomass and the number as well
as the length of the roots, often combined withremease in the mean radius and root
volume; and the uptake of water and mineral nutsieresulting in severe losses of root

elongation and ultimately productivity.
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6.7 Conclusions

Low pH soil is one of the most important abiotictas contributing to low maize yields
in some parts of Malawi. In this study, inbred 8n€ZL999601 and CML481 were
identified to have higher GCA for grain yield. lorlines CML312, CML448, CML172,
and CML202 were also identified to have the desiB&iA for salient traits like plant
vigour, 100 seed weight, shelling percentage aay lgiaf spot disease respectively. Single
cross hybrids CML99601/CML144, CML144/CML202, CMLY8 CML288 and
CML161/CM172 were identified as good specific conations for grain yield and could
be used in the formation of DCs which are moreliezgito stress. The inbred lines and
specific combinations identified in this study wilé used in the development of maize
hybrids and synthetics tolerant to low pH and dissa
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CHAPTER 7

General conclusions and recommendations

Maize is the number one food crop in Malawi withaamual requirement of 2.4 million
tons per year. Its production is constrained bymlmer of abiotic factors and most of them
are edaphic factors like low pH soils. This studgpled at the performance of maize
genotypes from different genetic backgrounds féerémce to acid soils. The genotypes
were obtained from two breeding institutions in tiepical and sub-tropical regions. Two
approaches were employed to evaluate their perfacenander low pH soil environments.
These involved the use of potassium aluminium atpfKAI(SQi),] in a nutrient solution

in a glasshouse hydroponic experiment and fieldlstriSignificant differences were
observed among the genotypes tested using KA)S€dch that IWDC3SYNF2-B,
VPO52 and LPHpop4 were found to be tolerant to péiv The field trial results indicated
that low pH soils made a significant contributiam the yield and yield component
reduction of 69.9%. Some genotypes that were arttungpp ten for field trials were also
listed among the top ten in the hydroponic expenimBhenotypic traits associated with
grain yield, like plant vigour, 100 seed weight amdmbers of ears per plant were
negatively affected by the low pH soil environmant can be used alongside grain yield
when selecting maize genotypes which are tolex@aictd soils. Soil analysis identified
Lunyangwa Research Site soils as the most acidith@flow pH sites characterised.
However, Tsangano Research Site was at a higherdaltthan Lunyangwa (1524 masl
versus 1342 masl) and was cooler than the lat8&8@ versus 32 max temperatures).
In view of this, dendrogram clustering based onr@mmental means generated by AMMI
identified Tsangano as the most stressed siteeofvib most acidic sites, i.e., Tsangano
and Lunyanwa. As a recommendation, field trialsusthdoe accompanied by glasshouse
screening for effective selection for tolerancedal soils bearing in mind the complexity

of the field environment.

With respect to GXE and stability analysis, genetsyd.PHpop2l1, VPO52, VPO72,

VPO744 and VPO96 were stable across low pH andmaptsoil conditions. While

genotype VPO97 was identified as the most unsigéhetype. Chitala optimal low-land

site was identified as the most discriminating emwinent for the genotypes as it was
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located at the longest distance between its maakdrthe origin on the GGE biplot.
Chitedze optimal was identified as a stable envitent as its IPCA score and vector was

near to the origin (zero).

Inheritance studies identified inbred lines CZL999&nd CML481 which had good GCA
for grain yield. It was found that additive and raxfditive gene action was the mode of
genetic inheritance for tolerance to acid soilsgi@in yield and some vyield related traits,
recording a GCA/SCA ratio above unity while chaeaistics such as grain texture, stem
and root lodging, gray leaf spot disease and rigsiade recorded a GCA/SCA ratio below
unity. SCA analysis identified four specific comaiions CML99601/CML144,
CML144/CML202, CML481/ CML288 and CML161/CM172 asaygl combinations for
acid tolerance and these single-cross hybridsbsilised in the development of three way

and double crosses for further low pH researchepts)
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SUMMARY

In Malawi maize is grown even in marginal lands,steep slopes, wet lands, rocky areas
and low pH soils due to the high human populatidictv excert pressure on the land. The
objectives of this study were to investigate gevadty diverse maize genotypes for
tolerance to low pH soil conditions. In the hydromo experiment genotypes
IWDC3SYNF2-B, VPO52, and LPHpop 4 had relativelgher nett seminal root length
and were considered tolerant, and DT-YSTR SYNTHEBIOZE-WPOPDTC2STR-B,
TZE-YDTSTRC4-B, LPHpop3, LPHpopl13, and LPHpop14 eveensitive or susceptible
to Al toxicity. Under field conditions, genotypdsPHpopl6, LPHpop3, VPO739,
VPO5173 and LOW N POOL C3-B were identified to blatively tolerant to low pH soill
conditions. SYNDTE-STY-W-B ranked first in termsraot tolerant index (RTi) with a
good NSRL in the glasshouse hydroponic experimedtthis was followed by VPO717

which also had a relatively a better root toleraimcex and nett seminal root length.

Phenotypic traits associated with grain yield, sashplant vigour, seed size (100 seed
weight), shelling percentage, number of ears pamtpkar height and plant height can be
used alongside grain yield when selecting germplésntolerance to low pH stress. In
general, the effects of low pH soil conditions ctntted to reduction in grain yields and
yield components. The combined mean yield redodtioe to low pH soil in this study
was 69.9%. From AMMI and GGE analysis, genotypesiphép21, VPO52, VPO72,
VPO744 and VPO96 were identified as the most stalRO097 was identified as an
unstable genotype. Chitala low-land optimal site vaentified as the most discriminating
environment in terms of genotypes while Chitedzd-aititude optimal environment was

identified as a stable environment.

The diallel study revealed that additive and nodiace gene actions were at play in the
expression of some of the traits like grain yieldmber ears per plant, shelling percentage,
100 seed weight and plant vigour, while non-additgjene action was predominant in the
inheritance of characteristics such as anthedsgilinterval, plant and ear height, grain
texture, stem and root lodging and gray leaf spggabe. Positive and highly significant
GCA effects for grain yield were observed for inbtme CZL999601 across low pH and

optimal conditions. While negative and significdBCA effects for grain yield were
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observed for inbred line CML161 across low pH amdimal conditions. SCA results
indicated that single-cross hybrids CML999601/CM414 CML144/CML202,
CML481/CML288 and CML161/CM172 were best for graield across low pH and
optimal conditions. At a cut-off point of 1.0 wighcophenetic correlation ofo5-0.87, the
UPGMA clustered the inbred lines based on GCA faiirgyield into two main clusters
through use of Euclidean distance and standardatienias type of scale. The pattern
mostly followed the origin of the maize inbred knguch that six out of seven inbred lines
from CIMMYT-Colombia (tropical) were grouped in th&econd cluster. The open
pollinated inbred line varieties and specific conations (single-crosses generated)
identified in this study will be used in the NatadnMaize Breeding Programme for
development of genotypes tolerant to low pH aneabss for yield improvement and

subsequent food security in the country.

Key words: low pH, hydroponic, cophenetic correlation, diallel croggg#eenotypic traits,
GCA, SCA
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OPSOMMING

In Malawi word mielies selfs in marginale grond, steil hellings, vleilande, Klipperige
gebiede en in lae pH grond verbou, weens die heélkiag wat druk op die land plaas.
Die doelwitte van hierdie studie was om genetiegerdie mielie genotipes vir
verdraagsaamheid vir lae pH grondtoestande te sodlkerIn die hidroponiese eksperiment
het genotipes IWDC3SYNF2-B, VPO52 en LPHpop4 relaél hoér netto seminale wortel
lengtes gehad en word as verdraagsaam beskou eviSDR- SYNTHETIC-B, TZE-
WPOPDTC2STR-B, TZE-YDTSTRC4-B, LPHpop 3, LPHpopE} LPHpopl4d was
sensitief of vatbaar vir Al toksisiteit. Onder veldstande, is genotipes LPHpopl6,
LPHpop3, VPO739, VPO5173 en LOW N POOL C3-B astieflaverdraagsaam vir lae
pH grondtoestande geidentifiseer. In die glashdi®poniese eksperiment was SYNDTE-
STY-W-B eerste in terme van wortel tolerante indetet 'n netto seminale wortel lengte
van 2.5 cm en is gevolg deur VPO717 rinetvortel tolerante indeks van 1.0 en netto

seminale wortel lengte van 1.7 cm.

Fenotipiese eienskappe wat geassosieer word metngphrengs, soos groeikrag,
saadgrootte (100 saad gewig), saad persentasiaanial koppe per plant, kop hoogte en
plant hoogte kan gebruik word saam met graanopbresagineer kiemplasma geselekteer
word vir verdraagsaamheid vir lae pH stres. In agemeen dra die effek van lae pH
grondtoestande by tot die verlaging in graanoplstngn opbrengs komponente. Die
gekombineerde gemiddelde opbrengs verlaging aslgesm lae pH grond in hierdie

studie was 69.9%. Deur die AMMI en GGE analise FHpop21, VPO52, VPO72 is

VPO744 en VPO96 geidentifiseer as die mees staipeletipes. VPO097 is geidentifiseer
as 'n onstabiele genotipe. Chitala lae-liggingrapte omgewing is geidentifiseer as die
mees onstabiele omgewing in terme van genotipesyte€Chitedze middel-ligging

optimale omgewing geidentifiseer is as 'n stalmelgewing.

Die dialleel studie het getoon dat beide additiewaie-additiewe geenaksierol gespeel
het by die uitdrukking van die eienskappe soosrgphrengs, aantal koppe per plant, saad
persentasie, 100 saad gewig en groeikrag, terwyhdditiewe geenaksie oorheersend was
in die oorerwing van eienskappe soos antese-badmival, plant en kop hoogte,

graantekstuur, stam en wortel omval en blaarviektsi Positiewe en hoogs betekenisvolle
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algemene kombineervermoé (GCA) vir graanopbrengs idie lae pH en optimale
omgewings, vir ingeteelde lyn CZL999601 waargendemnyl negatief en betekenisvolle
GCA effekte vir graanopbrengs waargeneem is vieteglde lyn CML161 vir lae pH en
optimale toestande. Resultate vir spesifieke kosdawvermoé (SCA) het aangedui dat
enkelkruisbasters CML99601/CML144, CML144/CML202,MCA81/ CML288 en
CML161/CM172 die beste graanopbrengs oor lae pldptimale toestande gelewer het.
By 'n afsny punt van 1.0 met 'n ko-fenetiese kasiel van ¢p = 0.87, het die UPGMA
kluster, deur die gebruik van Euklidiese afstancstamdaardafwyking as skaal tipe, die
ingeteelde lyne gebaseer op GCA vir graanopbremgsvée hoof groepe verdeel. Die
groepering het die oorsprong van die ingeteeldelyeeolg, sodanig dat ses uit sewe
ingeteelde lyne van CIMMYT-Kolombié (tropiese) itedweede kluster groepeer. Die
OPVs, ingeteelde lyne en spesifieke kombinasie Iknksings wat geidentifiseer is in
hierdie studie sal gebruik word in die Nasionaleehi Teelprogram vir die ontwikkeling
van genotipes tolerant vir lae pH en siektes en apbrengs te verbeter sodat

voedselsekuriteit in die land verseker kan word.

Sleutel woorde lae pH, hidroponiese, ko-fenetiese korrelasialjekl kruise, fenotipiese
eienskappe, GCA, SCA
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APPENDICES

Appendix 1 Root length measurements and derived data before drseven days after transplanting a glasshouse hydyonic experiment

© 00 ~NO UL WN P

NNNNNNNRPRPRPRPRPRRPERRPRPRE
OUBNWNROOONOOUNAWNERO

Pedigree Initial Final Control Rti % RSRLCtrl RSRLTrtd(cm) NSRL
cm cm cm response (cm) cm
99TZEFY-STR QPM CO-B 2.8 5.0 6.7 0.7 -25.9 2.03 191 2.2
DT-WSTR SYNTHETIC-B 8.7 7.4 9.1 0.8 -18.0 0.08 AD 0.9
DT-YSTR SYNTHETIC-B 2.9 1.7 4.3 0.4 -59.3 0.50 .39 0.6
EVDT-Y2000 STR QPM CO-B 6.3 7.5 8.9 0.8 -15.7 10.4 0.19 1.2
EVD-W 99 STR QPM CO-B 7.2 8.5 10.8 0.8 -20.9 0.50 0.19 1.2
IAR-FLINT-Q-B 2.4 2.2 35 0.6 -36.2 0.50 -0.04 1.0
IWD C3 SYN F2-B 1.4 35 5.1 0.7 -32.1 3.20 2.02 .03
LOW N POOL C3-B 6.1 4.3 6.1 0.7 -29.4 0.06 -0.28 0.7
MULTICOB EARLY DT-B 7.6 6.4 7.8 0.8 -17.4 0.04 Aa 0.9
OBA SUPER1[9021-18(lITA)]-B 25 2.1 4.1 0.5 -86. 0.67 -0.07 0.9
OBATANPA/IWDC2SYNF2/IWDC2SY 14 2.9 4.0 0.7 -87. 1.83 1.06 2.1
OBATANPA/IWDC2SYNF2/IWDC2SYNF2-B 3.9 2.8 4.5 0.6 -36.2 0.19 -0.27 0.7
OBATANPA/TZLCOMPA4C3F2/TZLC 7.0 5.8 8.5 0.7 -28.2 0.21 -0.16 0.8
OBATANPA/TZLCOMP4C3F2/TZLCOMP4C3F2-B 3.8 2.6 4.8 0.6 -43.8 0.36 -0.26 0.7
POP66 SR/IDMR-LSRY/DMR-LSRY 2.6 2.1 3.9 0.6 -44.7 0.50 -0.17 0.8
POP66 SR/ITZUTSR-WSGY/T 5.2 7.5 9.0 0.8 -16.1 40.7 0.47 15
SYN DTE STR-Y-B 1.7 2.4 35 0.7 -29.1 1.24 0.55 1.6
SYN DTE STY-W-B 3.4 8.5 8.2 11 5.4 1.39 1.49 52
TZE COPM3 DTV C2 F2-B 14 1.8 2.9 0.7 -34.7 1.02 0.27 1.3
TZE E-WPOP X LD(SET2)-B 1.3 2.7 3.7 0.7 -26.4 971. 1.21 2.2
TZE-W POP DTC2 STR-B 4.5 2.7 5.6 0.5 -51.0 0.26 -0.39 0.6
TZE-WDT STR QPM-CO-B 8.5 9.4 11.5 0.8 -18.2 0.37 0.11 11
TZE-YDT STR C4-B 5.2 3.2 4.7 0.8 -20.4 -0.07 3. 0.6
TZE-YPOP DTC2 STR-B 1.8 25 3.0 0.8 -17.5 0.70 .390 14
VPO0721 6.1 7.6 9.2 0.8 -15.8 0.50 0.26 1.3
VPO5148 2.8 3.2 5.2 0.6 -37.1 1.16 0.46 15
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Appendix 1 continue
VPO5173
VPO5179
VPO5187
VPO52
VPOG627
VPO630
VPO710
VPO712
VPO716
VPO717
VPO738
VPO739
VPO741
VPO743
VPO744
VPO76
VPO86
VPO96
VPO97
LPHpop 4
LPHpop 3
LPHpop 6
LPHpop 8
LPHpop 9
LPHpop 10
LPHpop 11
LPHpop 13
LPHpop 14
LPHpop 15
LPHpop 16
LPHpop 17

2.0
4.8
3.3
14
1.7
15
59
2.4
2.3
29
1.9
5.6
6.5
3.2
2.2
10.1
4.2
3.4
2.4
1.4
5.7
1.8
1.7
6.0
5.3
8.2
4.3
6.2
2.2
3.3
2.8

2.5
3.5
4.6
3.4
3.3
2.5
4.8
2.7
2.8
4.9
3.5
4.8
6.6
3.5
21
10.0
5.4
4.8
3.3
4.0
3.4
3.1
2.0
5.6
8.1
7.9
2.3
4.0
2.6
3.8
2.7

3.8
5.8
5.7
4.4
4.5
3.9
7.7
4.2
3.9
4.8
4.2
7.3
8.7
4.7
3.5
111
7.0
6.6
4.4
5.7
6.1
4.8
2.9
7.1
8.0
10.4
4.4
6.4
3.7
5.0
4.2

0.7
0.6
0.8
0.8
0.7
0.6
0.6
0.7
0.7
1.0
0.8
0.7
0.8
0.7
0.6
0.9
0.8
0.7
0.8
0.7
0.6
0.7
0.7
0.8
1.0
0.8
0.5
0.6
0.7
0.8
0.7

-33.2
-38.5
-18.0
-21.1
-27.6
-37.0
-38.4
-33.8
-27.9
0.5
-16.6
-31.7
-23.3
-26.1
-38.7
-9.0
-23.3
-26.8
-23.4
-27.8
-42.7
-30.9
-30.8
-20.0
4.0
-23.9
-46.8
-35.5
-29.9
-21.7
-35.0

1.37
0.23
0.78
3.30
1.68
1.79
0.34
0.77
0.79
0.66

0.31
0.36
0.65
0.66
0.11
0.86
0.99
0.86
3.31
0.09
1.73
0.83
0.20
0.50
0.29
0.06
0.03
0.78
0.50
0.50

0.57
-0.24
0.43
2.47
0.95
0.73
-0.17
0.16
0.27
0.70

-0.12
0.03
0.21
0.02
-0.01
0.42
0.46
0.43
1.99
-0.41
0.69
0.23
-0.05
0.56
-0.02
-0.44
-0.36
0.24
0.17
-0.03

1.6
0.8
14
3.5
1.9
1.7
0.8
1.2
1.3
1.7
2.0
0.9
1.0
1.2
1.0
1.0
1.4
1.5
1.4
3.0
0.6
1.7
1.2
0.9
1.6
1.0
0.6
0.6
1.2
1.2
1.0
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Appendix 1 continue

58 LPHpop 18 14 2.4 4.0 0.6 -38.4 2.74 1.10 21
59 LPHpop 19 7.4 7.2 9.4 0.8 -22.7 0.29 -0.02 1.0
60 LPHpop 20 1.9 2.9 3.5 0.8 -17.0 0.98 0.65 1.7
61 LPHpop 21 2.7 3.6 5.0 0.7 -29.0 0.91 0.38 14
62 LPHpop 23 15 1.7 3.2 0.5 -46.2 1.25 0.24 1.2
63 LPHpop 1 3.2 3.0 4.8 0.6 -37.7 0.50 -0.07 0.9
64 LPHpop 2 1.4 2.1 3.7 0.6 -41.9 1.64 0.50 1.5
65 LPHpop 7 1.8 15 2.7 0.5 -45.5 0.50 -0.18 0.8
66 LPHpop 12 4.4 3.9 5.6 0.7 -29.3 0.30 -0.07 0.9
67 ZM309 0.8 1.8 3.4 0.6 -38.5 3.82 1.50 2.5
68 ZM523 3.3 2.5 4.5 0.5 -46.3 0.41 -0.25 0.7
69 ZM623 3.2 3.7 5.7 0.7 -33.8 0.80 0.19 1.2
70 ZM721 3.4 4.0 6.3 0.7 -32.0 0.93 0.26 1.3
Mean 3.73 4.08 5.6 0.7 -29.1 0.89 0.32 1.3
LSD 0.95 1.2 1.87 0.22 22.01 1.27 0.88 0.88
Prob 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
CV (%) 15.8 18.3 20.5 19.2 46.9 88.3 171.5 41.5
Min 0.8 15 2.7 0.4 -59.3 -0.07 -0.44 0.6
Max 10.1 10 115 1.1 5.4 3.82 2.47 3.5
R-Squared 0.96 0.92 0.85 0.53 0.54 - - 0.69
Heritability 0.98 0.96 0.91 0.56 0.58 - - 0.74

ISRL = initial seminal root length, FSRL = final seminal Root length, Zero Al = Zero Aluminium or control, RTi = root tolerance index, RSRLzero Al = reldive seminal root length
with zero Aluminium, RSRLTRTD = relative seminal root length treated with Aluminium and NSRL = net senmnal root length, LSD = Least significant differene, CV = coefficient

of variation, Min = minimum, Max = maximum.
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Appendix 2 Maize genotypes evaluated in the fieldials 2011/12 and 2012/13

Genotype number

Genotype

G1

G2

G3

G4

G5

G6

G7

G8

G9

G10
G111
G12
G13
G14
G15
G16
G17
G18
G19
G20
G21
G22
G23
G24
G25
G26
G27
G28
G29
G30
G31
G32
G33
G34
G35
G36
G37
G38
G39
G40
G41
G42
G43
G44
G45

DT-WSTR SYNTHETIC-B
EVD-W 99 STR QPM CO-B
IAR-FLINT-Q-B
IWD C3 SYN F2-B
MULTICOB EARLY DT -B
SYN DTE STY-W-B
OBA SUPER1(9021-18(lITA))-B
LPHpop 9
POP66 SR/DMR -LSRY/DMR-LSRY
POP66 SR/ITZUTSR-WSGY/T
LPHpop 7
TZE-YDT STR C4-B
VPOO0721
TZE E -WPOP X LD(SET2)-B
VPO5173
VPO717
VPO5187

VPO52

VPOG630

LPHpop 21

VPO741

VPO739

LPHpop 18

LPHpop 16

VPO743

VPO744

LOW N POOL C3-B

LPHpop 10

VPO76

LPHpop 3

LPHpop 20

LPHpop 2

VPO710

VPO712

LPHpop 8

OBATANPA/TZLCOMPA4C3F2/TZLCOMP4C3F2-B

VPO738

LPHpop 13

LPHpop 15

VPO86

VPO96

VPO97

ZM309 Check 1

ZM523 Check 2

ZM721 Check 3
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Appendix 3 Soil sampling data

Ca(ug
Labno. Location Depth(cm) pH %OC %OM %N Pugg? gl Mg(ug/g) % Al
97135  Tsangano 0-15 5.27 0.20 0.35 0.02 16.30 1.72 0.29 0.4
97136 15-30 523 1.78 3.06 0.15 5.68 1.80 0.29 0.8
97137 0-15 5.35 1.69 291 0.15 28.32 2.51 0.39 0.4
97138 15-30 541 2.16 3.72 019 46.77 2.48 0.47 24
97139 0-15 544 181 3.11 0.16 5.64 1.84 0.44 0.4
97140 15-30 549 1.98 341 0.17 5.36 2.25 0.34 0.8
97141  Bvumbwe 0-15 5.65 1.49 256 0.13 44.32 3.22 0.98 0.6
97142 15-30 574 1.05 1.81 0.09 62.34 2.90 0.79 0.6
97143 0-15 5.67 1.46 251 0.13 69.11 3.03 0.81 0.6
97144 15-30 557 1.40 241 012 41.40 2.46 0.56 0.2
97145 0-15 568 1.17 201 0.10 80.30 3.88 1.06 0.6
97146 15-30 5.67 1.02 1.76 0.09 83.79 3.08 0.87 0.2
97147 Lunyangwa 0-15 438 1.83 3.16 0.16 21.86 0.65 0.13 1.2
97148 15-30 462 157 2.71 0.14 11.92 0.60 0.11 1.0
97149 0-15 459 0.87 151 0.08 30.52 0.71 0.13 0.8
97150 15-30 4.42 0.70 1.21 0.06 12.56 0.44 0.101 0.2
97151 0-15 511 181 3.11 0.16 20.53 2.08 0.36 0.6
97152 15-30 449 0.87 151 0.08 6.90 0.69 0.13 0.6
97153 Bembeke 0-15 510 1.98 341 0.17 20.77 2.00 0.41 0.8
97154 15-30 495 0.84 1.46 0.07 7.17 0.65 0.11 0.6
97155 0-15 515 1.66 286 0.14 11.83 2.09 0.43 0.4
97156 15-30 506 1.81 3.11 0.16 20.10 1.98 0.38 1.0
97157 0-15 514 1.63 281 0.14 15.53 2.05 0.46 1.0
97158 15-30 510 1.60 276 0.14 18.57 2.28 0.49 1.0
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Appendix 4 Eigenvectors for the measured and derivkedata at low pH environments across two seasons

AD ASI DS EH EPP LB GLS GT HC GY MSV PH RE RL RUST SH SL SWT
AD 1.000 -0.045 0.941 -0.032 0.058 -0.059 -0.081000. 0.137 0.047 -0.123 -0.069 -0.042 0.087 0.187 058. 0.044 -0.010
ASI -0.045 1.000 0.295 0.008 0.035 0.050 0.091 ®.0®W.176 -0.091 0.095 -0.023 -0.130 -0.072 0.021  30.0 0.044 -0.030
DS 0941 0295 1.000 -0.028 0.067 -0.039 -0.046 00.00.191 0.014 -0.085 -0.074 -0.084 0.059 0.186 68.0 0.057 -0.010
EH -0.032 0.008 -0.028 1.000 0.018 0.022 -0.076 0®.00.012 -0.026 0.058 0.680 0.042 -0.082 -0.040 1.0 0.004 0.182
EPP 0.058 0.035 0.067 0.018 1.000 0.016 -0.125 00.0®.149 0.653 -0.082 0.061 -0.068 -0.132 -0.073 99®. -0.030 -0.130
LB -0.059 0.050 -0.039 0.022 0.016 1.000 0.380 ©®.000.063 0.059 0.229 0.008 -0.095 0.025 0.031 0.013€.080 -0.030
GLS -0.081 0.091 -0.046 -0.076 -0.125 0.380 1.00000@ -0.031 -0.048 0.249 -0.119 -0.036 0.100 0.040-0.124  0.038 -0.220
GT 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.0@0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0 0.000
HC 0.137 0.176 0.191 0.012 -0.149 -0.063 -0.031 0@®.01.000 -0.225 -0.113 0.039 0.066 0.135 0.176 44€.1 0.052 0.094
GY 0.047 -0.091 0.014 -0.026 0.653 0.059 -0.048 0@.0-0.225 1.000 -0.091 0.007 -0.113 -0.103 -0.101 .64® 0.007 -0.210
MSV  -0.123 0.095 -0.085 0.058 -0.082 0.229 0.249000. -0.113 -0.091 1.000 -0.071 -0.084 0.044 -0.132-0.087 -0.140 0.048
PH -0.069 -0.023 -0.074 0.680 0.061 0.008 -0.11900®. 0.039 0.007 -0.071 1.000 0.040 -0.010 -0.127 06D. -0.020 0.163
RE -0.042 -0.130 -0.084 0.042 -0.068 -0.095 -0.036000 0.066 -0.113 -0.084 0.040 1.000 -0.001 0.033-0.067 -0.000 0.096
RL 0.087 -0.072 0.059 -0.082 -0.132 0.025 0.100 0@.0 0.135 -0.103 0.044 -0.010 -0.001 1.000 0.181 143. -0.020 0.061
RUST 0.187 0.021 0.186 -0.040 -0.073 0.031 0.04000®. 0.176 -0.101 -0.132 -0.127 0.033 0.181 1.000 .07@® 0.142 0.175
SH 0.058 0.037 0.068 0.016 0.993 0.013 -0.124 0.06m144 0.643 -0.087 0.062 -0.067 -0.143 -0.070  0a.0 -0.030 -0.120
SL 0.044 0.044 0.057 0.004 -0.035 -0.085 0.038 ®.0@.052 0.007 -0.135 -0.016 -0.003 -0.023 0.142 02p. 1.000 0.123
SWT -0.006 -0.026 -0.014 0.182 -0.132 -0.034 -0.217000 0.094 -0.211 0.048 0.163 0.096 0.061 0.175 0.119 0.123 1.000

AD = days to anthesis (days), ASI = anthesis-sillgninterval (days), DS = days to silking (days), EH ear height (cm), EPP = ears per plant (#), LB =ehf blight disease (1-5), GLS =
gray leaf spot disease (1-5), GT = grain texture {8), HC = husk cover, GY = grain yield (kg hd), MSV = maize streak virus disease (1-5), PH = piaheight (cm), RE = rotten ears
(#), RL = root lodging (#), Rust = rust disease (%), SH = shelling percentage, SL = stem lodging ((8WT = 100 seed weight (g), # = number.
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Appendix 5 Eigenvectors from the principal componehanalysis for grain yield and agronomic at optimalenvironments across two

seasons
GY AD DS EH EPP LB GLS GT HC MSV PH RL RE RUST SH 3 SWT VIG

AD -0.06 1.00 0.98 0.13 0.09 -0.03 0.00 -0.04 0.06 -0.07 0.07 -0.04 -0.05 -0.06 0.01 -0.03 -0.09 0.11
DS -0.04 0.98 1.00 0.14 0.08 -0.04 0.02 -0.06 0.08 -0.07 0.06 -0.04 -0.03  -0.05 0.01 -0.01 -0.09 0.28
EH -0.05 0.13 0.14 1.00 0.04 -0.07  -0.03 0.05 -0.15 0.06 0.63 -0.02 0.10 -0.07 -0.04 -0.04 0.12 0.21
EPP -0.08 0.09 0.08 0.04 1.00 0.14 0.06 -0.31 -0.01 0.09 0.08 0.04 -0.17  -0.03 -0.04 0.09 0.02 0.00
LB -0.09 -0.03 -0.04 -0.07 0.14 1.00 0.21 0.03 20.0 -0.15 -0.01 -0.04 0.05 0.17 0.02 -0.05 -0.07 *0.5
GLS 0.01 0.00 0.02 -0.03 0.06 0.21 1.00 -0.02 -0.04 -0.11 0.15 0.06 -0.02  -0.09 0.01 -0.01 -0.06 0.00
GT 0.04 -0.04 -0.06 0.05 -0.31 0.03  -0.02 1.00 40.0 -0.12 0.05 0.00 0.01 -0.07 0.01 -0.12 -0.10 0.00
HC 0.10 0.06 0.08 -0.15 -0.01 -0.02 -0.04 -0.04 01.0 -0.16 -0.19 0.17 0.11 0.06 0.01 0.00 -0.06 0.00
GY 1.00 -0.06 -0.04 -0.05 -0.08 -0.09 0.01 0.04 00.1 0.12 -0.09 -0.01 0.03 0.09 0.10 -0.05 0.25 0.11
MSV 0.12 -0.07 -0.07 0.06 0.09 -0.15 -0.11 -0.12 .160 1.00 0.05 -0.04 0.00 -0.16 -0.05 0.01 0.14 0.00
PH -0.09 0.07 0.06 0.63 0.08 -0.01 0.15 0.05 -0.19 0.05 1.00 -0.02 -0.07 -0.20 -0.05 -0.03 0.13 0.00
RL -0.01 -0.04 -0.04  -0.02 0.04 -0.04 0.06 0.00 70.1 -0.04 -0.02 1.00 -0.04 -0.03 -0.03 -0.07 -0.10 130.
RE 0.03 -0.05 -0.03 0.10 -0.17 0.05 -0.02 0.01 0.11 0.00 -0.07 -0.04 1.00 0.07 0.03 -0.01 -0.05 0.00
RUST 0.09 -0.06 -0.05 -0.07 -0.03 0.17  -0.09 -0.07 0.06 -0.16 -0.20 -0.03 0.07 1.00 0.01 -0.12 0.21 690.
SH 0.10 0.01 0.01 -0.04 -0.04 0.02 0.01 0.01 0.01 0.05 -0.05 -0.03 0.03 0.01 1.00 0.11 -0.04 -0.09
SL -0.05 -0.03 -0.01 -0.04 0.09 -0.05 -0.01 -0.12 .000 0.01 -0.03 -0.07 -0.01 -0.12 0.11 1.00 0.17 320.
SWT 0.25 -0.09 -0.09 0.12 0.02 -0.07  -0.06 -0.10 .060 0.14 0.13 -0.10 -0.05 0.21 -0.04 0.17 1.00 0.00
VIG 0.11 0.11 0.28 0.21 0.00 -0.51 0.00 0.00 0.00 .000 0.00 0.13 0.00 0.69 -0.09 -0.32 0.00 1.00

GY = grain yield (kg hal), AD = days to anthesis (days), DS = days to sitij (days), EH = ear height (cm), EPP = ears per p&(#), LB = leaf blight disease (1-5), GLS = graieaf

spot disease (1-5), GT = grain texture (1-5), HC kusk cover, MSV = maize streak virus (1-5), PH = ght height (cm), RL = root lodging (#), RE = rottenears (#), Rust = rust disease

(1-5), SH = shelling percentage, SL = stem lodgirtg), SWT = 100 seed weight (g), VIG = vigor, # = muber.
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Appendix 6 Soil analytical data interpretation quice

Threshold values
i) Phosphorus ug ¢ (Mehlich3) rating

<8 very low

9-18 low

19-25 medium (adequate range)
25-33 high (adequate range)
>34 very high

ii) Potassium cmol kg*(Mehlich3) rating

<0.05 very low

0.06 - 0.10 low

0.11-0.04 medium (adequate range)
0.50-0.80 high

>1.00 very high

i) Zinc ug g* (Mehlich3) rating

<1.00 very low

1.00 - 1.50 low

1.60 - 2.50 medium (adequate range)
2.5-3.00 high (adequate range)
>2.5 very high

iv) Boron ug g* (Mehlich3) rating

<0.70 low
0.8-1.40 medium
1.40 - 2.50 high
>2.5 very high

v) Copper ug g* (Mehlich3) rating

<0.30 low
0.4-0.8 medium
0.9-2.50 high
>2.5 very high

vi) Manganese cmol kg (Mehlich3) rating

<0.20 very low
0.2-0.5 low
0.6-3.9 high
>4.0 very high
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Appendix 6 continued

NB: Critical levels for Mn is 3.0 uggand Ca is 2.0 cmol Kgusing Mehlich3 (Melich
1984)

vii) Soil pH

In water In CaCGl Rating

<4.5 <4.0 very strongly acid
45-5.0 4.0 - 4.45 strongly acid
5.1-55 4.5-4.95 acid

5.6 - 6.05 0-5.45 moderately acid
6.1-6.5 55-5.95 slightly acid
6.6-7.0 6.0 - 6.45 almost neutral
7.1-7.5 6.5-6.95 very slightly alkaline
7.6-8.0 7.0-7.45 slightly alkaline
>8.0 -7.45-7.95 alkaline / moderately alkaline
>8.5 >8.00 strongly alkaline

vii) Total Nitrogen% Rating

<0.08 very low

0.08-0.12 low

0.12-0.2 medium

0.20-0.30 high

>0.3 very high

vii) % Carbon organic matter % Rating
<0.88 1.5 low

0.88 - 2.35 1.5-4.0 medium
>2.35 >4.0 high

Notes: Soil reaction (pH) is determined in wateonMcidifying fertilisers such as CAN
are recommended below pH 5.5 in water (4.5 in @aOblomitic lime application (1-2 t
ha?).

Farm yard manure is recommended at 5 tons pertha goil test measures less than

1.0% OM (0.58% OC) and 2.5 tons per ha when tHdestiis between 1.0 and 1.5% OM
(0.58-0.87% OC).
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Appendix 7 Mean performance for grain yield acrosgour optimal environments combined for 2011/12 an®012/13 seasons

Genotypes GY AD ASI DS EH EPP LB HC GLS GT MSV PH H®E RL Rust SL SWT SH% VIG

Gl 3100 66.1 29 678 75 1.0 1.8 1.2 1.7 1.6 11 1 1706 0.1 1.7 02 308 773 23
G2 2326 62.1 12 645 69 1.0 2.0 1.3 1.9 18 13 6 151.0 05 15 15 293 674 21
G3 3014 641 08 657 75 1.2 14 1.3 1.7 1.6 1.3 3 160.7 05 15 1.0 301 764 20
G4 3311 650 13 669 73 1.1 1.9 1.2 1.3 1.8 1.1 5 1606 0.3 1.7 02 283 806 20
G5 3921 683 10 70.0 87 1.1 1.9 1.9 15 1.9 1.1 9 180.7 0.8 1.4 1.0 321 796 19
G6 3505 672 08 69.0 85 1.2 2.0 1.4 1.9 2.0 1.1 51808 0.9 1.6 06 312 796 19
G7 2663 656 14 676 78 1.1 1.9 0.9 1.4 2.0 13 1 1708 0.7 15 06 309 800 20
G8 3965 659 11 676 85 1.2 1.9 1.6 1.9 1.7 1.2 2 180.7 1.4 2.0 1.2 301 809 19
G9 3254 660 09 674 80 11 1.9 1.2 15 2.0 13 51709 06 1.6 07 293 757 19
G10 3817 677 20 70.2 86 11 2.0 0.9 1.9 2.0 1283 108 0.6 1.7 0.2 311 818 20
Gl1 2517 678 10 694 76 11 2.0 13 1.8 1.8 1469 1 0.7 0.6 1.6 05 267 775 21
G12 3687 66.3 11 680 78 11 1.9 11 1.8 1.8 1173107 04 1.9 00 261 783 20
G13 3444 665 08 681 82 1.2 1.6 1.4 2.1 1.8 1273114 0.8 1.3 0.2 286 808 22
G14 3189 655 17 679 82 1.0 2.0 11 1.8 1.8 1077 111 0.9 1.6 02 302 794 20
G15 3319 636 13 656 73 11 2.0 1.7 1.7 1.8 1165109 12 1.8 09 295 79.0 23
G16 2901 632 08 649 80 1.0 1.8 2.1 1.8 1.8 1173108 05 1.8 06 323 777 20
G17 3143 653 13 673 75 1.2 1.8 15 1.3 1.6 1164 1 05 0.3 1.4 08 262 834 24
G18 3633 633 12 653 79 1.2 1.4 11 15 1.7 1173111 0.9 15 1.0 321 808 21
G19 3179 649 10 668 79 11 1.9 2.0 1.8 2.0 1167 1 08 15 21 06 294 865 21
G20 4489 650 10 ©66.7 81 11 1.9 13 15 1.8 1273111 14 1.3 04 320 830 15
G21 3307 65.1 10 66.7 83 1.2 2.4 15 1.6 1.8 1076 1 0.7 11 1.7 1.8 309 803 20
G22 3573 627 14 647 75 11 1.9 1.2 15 1.8 1370 1 08 0.2 1.7 0.7 303 801 25
G23 3160 616 12 634 70 11 2.1 11 1.9 2.0 1.063 1 0.7 0.6 2.0 06 286 79.0 20
G24 2983 59.1 13 611 72 11 2.2 1.8 1.3 2.0 1167 1 0.7 0.7 1.7 08 291 759 22
G25 3396 633 09 652 82 11 1.7 1.7 1.7 2.1 1477 115 0.7 1.8 0.7 307 810 1.7
G26 3611 644 12 ©66.2 75 11 2.1 1.3 1.6 2.0 1174 113 0.8 15 02 305 774 19
G27 3965 664 14 684 82 1.2 1.9 1.6 1.7 2.1 1279 1 08 03 1.6 01 307 798 19
G28 3727 620 10 638 75 11 2.0 1.3 1.8 2.1 1271105 1.0 1.7 05 274 826 19
G29 3384 668 13 683 78 11 2.0 1.6 15 2.0 1476 1 09 0.6 1.6 05 297 793 21
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Appendix 7 continued

G30 3693 65.7 09 673 82 11 1.9 15 1.8 1.8 1279108 04 1.6 04 309 792 20
G31 3820 648 10 666 82 11 2.2 13 1.8 1.8 1276 1 0.8 0.3 1.7 1.0 276 804 20
G32 3744 622 10 640 80 11 2.0 1.8 15 1.9 1478 1 05 0.6 1.6 06 286 854 20
G33 4003 61.3 1.2 634 75 1.2 18 15 14 1.9 1668 1 0.7 1.0 1.7 09 295 821 19
G34 3223 60.7 09 625 78 1.2 2.2 13 1.6 2.7 1074 1 07 18 1.9 03 259 802 21
G35 3563 64.2 10 659 81 11 1.8 2.6 1.6 2.0 1178 1 0.7 0.7 1.6 12 299 778 20
G36 3757 629 11 649 83 11 1.9 1.3 1.6 2.0 1.379 1 08 0.8 1.9 0.7 286 795 20
G37 2594 653 13 672 66 11 1.7 1.0 15 2.1 1262 1 06 0.2 1.9 09 304 741 20
G38 2413 690 11 703 78 1.0 1.9 1.0 14 1.9 1475105 0.8 1.4 08 305 728 20
G39 3902 64.1 06 656 70 11 2.0 1.2 15 1.9 1161 1 09 0.6 1.8 08 314 793 21
G40 2295 665 11 680 73 11 1.9 1.2 14 1.9 1269 1 08 0.6 14 05 332 778 20
G41 3130 604 06 620 70 1.0 15 13 14 15 1064 1 09 0.2 1.9 03 275 822 23
G42 2996 632 10 649 71 1.0 1.8 0.9 1.6 1.7 1268 1 05 1.6 1.7 05 313 787 22
G43 3750 619 09 638 69 11 2.0 13 1.6 1.9 1262 109 02 1.7 17 310 774 19
G44 3685 643 12 665 75 1.0 2.0 1.4 1.8 1.7 1272108 05 15 1.0 321 794 20
G45 3735 66.2 0.8 680 89 11 1.8 1.4 1.3 2.5 1786 1 0.7 0.2 1.8 09 337 767 1.8
Mean 3373 645 11 663 776 1.1 1.9 1.4 1.6 19 2 11723 08 0.7 1.7 0.7 299 79.2 20
LSD 608 1.7 1.3 1.7 8 0.1 0.3 0.8 0.3 0.5 0.3 12 4 0.1.2 0.3 0.7 29 59 0.3
Ccv 318 46 194 46 182 15 27.1 103 36 40 359 112.80 302 313 169 168 13.1 273
SE 1072 3.0 2.2 31 141 0.2 0.5 14 0.6 0.9 04 .8200.7 21 0.5 1.2 51 104 0.6
Min 2295 59 1 61 66 1 1 1 1 1 1 156 1 0 1 0 26 67 2
Max 4489 69 3 70 89 1 2 3 2 3 2 189 2 2 2 2 34 86 2

LSD = Least significant difference,CV = coefficient of variation, SE = error , Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI
= anthesis-silking interval (days), DS = days tolging (days), EH = ear height (cm), EPP = ears paslant (#), LB = leaf blight disease (1-5), HC = huscover, GLS = gray leaf spot

disease (1-5), GT = grain texture (1-5), MSV = magzstreak virus disease (1-5), PH = plant height (mRE = rotten ears (#), RL = root lodging (#), Rus= rust disease (1-5), SL =

stem lodging (#), SWT = 100 seed weight (g), SH kefling percentage, VIG = vigour, # = number.
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Appendix 8 Mean performance for grain yield and otker agronomic traits across four low pH environmentscombined for 2011/12 and

2012/13 seasons
Genotypes GY AD ASI DS EH EPP LB HC GLS GT MSVY PH HE RL Rust SL SWT SH% VIG
Gl 1417 841 28 870 520 09 21 13 24 24 12136 14 17 1.2 1.2 23 67 2.8
G2 1282 824 23 848 482 08 24 16 18 24 12127 09 25 1.4 1.7 22 65 3.0
G3 1562 814 25 840 494 08 21 17 20 25 12132 08 1.9 1.1 1.7 26 75 2.6
G4 1372 835 34 873 486 08 23 22 22 27 11127 17 18 1.4 0.9 23 68 2.4
G5 1517 859 20 879 443 08 23 21 19 24 12129 12 18 1.3 1.5 24 71 2.2
G6 1655 820 20 831 444 09 24 13 27 28 12129 16 14 1.2 0.7 22 68 2.7
G7 1527 804 33 830 462 08 23 12 21 27 12301 14 17 1.1 1.1 24 73 2.9
G8 1488 833 25 858 454 08 27 11 20 26 12128 09 14 1.0 1.8 23 65 2.6
G9 1537 846 23 869 469 09 22 08 19 25 12132 10 14 1.4 1.0 22 66 2.9
G10 1314 846 28 875 462 10 23 14 21 29 13123 09 23 14 1.3 19 68 2.5
G11 1502 827 21 848 380 08 21 15 23 25 12120 09 1.2 1.3 1.5 20 72 2.8
G12 1417 825 27 850 438 09 24 13 27 29 13129 13 17 1.5 1.0 20 68 3.1
G13 1489 820 35 858 501 09 24 19 21 28 13127 14 14 1.2 2.2 22 69 3.0
Gl4 1362 836 27 863 465 08 22 25 23 23 12148 09 20 1.0 1.3 22 68 2.7
G15 1746 825 35 860 486 09 23 17 24 27 11132 12 22 1.5 1.4 22 70 2.8
G16 1650 808 31 829 389 08 19 19 21 26 13116 10 13 1.4 1.6 24 71 2.7
G17 1434 829 34 863 460 09 24 19 23 27 12124 15 20 1.2 1.5 23 71 2.9
G18 1539 833 20 853 504 08 22 16 19 25 12128 09 16 1.2 2.2 22 70 2.6
G19 1501 829 1.7 843 488 08 22 16 22 28 12127 12 20 14 1.4 21 74 3.2
G20 1466 842 26 871 457 08 18 19 23 26 12122 09 17 1.2 1.3 24 72 2.4
G21 1602 838 28 866 426 09 23 17 20 29 11126 10 18 1.4 1.0 22 71 2.6
G22 1753 816 25 848 482 09 22 21 21 24 12126 12 17 1.2 1.1 23 70 2.7
G23 1496 826 2.1 854 438 09 22 18 22 23 13122 16 22 1.2 1.2 24 71 3.0
G24 1792 797 30 830 512 08 24 16 23 24 11134 14 23 15 1.2 24 73 2.7
G25 1401 845 27 864 508 09 22 15 19 25 12141 11 15 1.3 1.1 23 69 2.5
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Appendix 8 continued

G26 1575 845 32 877 475 0.8 26 22 21 1.9 1.3125 1.2 13 1.2 0.9 23 68 2.7
G27 1701 847 2.0 86.7 498 0.9 2.1 1.0 1.9 2.8 1.2129 1.2 1.3 1.1 1.7 27 69 2.4
G28 1513 845 23 868 479 0.8 2.1 1.7 21 3.0 1.2127 09 20 14 11 24 67 2.7
G29 1491 852 24 874 524 09 2.2 2.4 1.8 2.4 1.5139 1.0 1.3 1.1 1.4 22 70 3.2
G30 1765 825 29 854 440 0.9 19 24 21 2.3 1.3119 11 20 13 0.6 24 74 21
G31 1195 803 26 829 454 0.9 20 23 2.1 2.6 1.3123 13 22 1.3 0.9 22 64 3.1
G32 1448 80.7 2.7 838 516 0.8 2.1 1.0 21 2.7 1.4132 13 1.8 1.2 11 23 68 2.7
G33 1385 83.0 3.0 865 466 0.8 2.0 1.2 2.1 2.5 1.2127 1.0 24 1.3 1.3 22 70 2.5
G34 1599 816 3.0 840 447 08 2.0 11 1.8 1.8 1.3123 0.9 1.7 13 11 22 70 2.7
G35 1396 86.3 3.0 893 452 0.8 21 23 2.3 3.2 1.1126 14 20 1.2 1.1 26 69 2.8
G36 1432 836 32 864 460 0.7 2.3 1.9 2.3 2.3 1.3123 15 24 15 0.9 21 70 2.6
G37 1409 825 22 851 471 0.8 19 26 2.1 2.8 1.2129 1.1 1.3 1.3 1.4 20 71 2.7
G38 1436 858 16 874 468 0.8 2.2 1.9 2.1 2.2 13121 15 15 11 11 22 71 2.6
G39 1429 825 34 86.1 496 0.8 2.0 1.3 2.2 2.4 1.3130 1.2 27 1.2 1.7 22 68 2.8
G40 1475 848 23 873 474 08 2.2 2.1 1.8 2.3 1.2130 09 23 13 0.7 21 69 25
G41 1376 803 2.8 835 406 0.8 2.0 1.9 3.7 2.6 1.3118 1.0 1.8 1.2 1.0 21 67 2.8
G42 1406 827 28 859 539 08 2.3 1.8 1.6 25 1.2139 15 18 1.2 1.2 22 68 3.2
G43 1418 846 3.1 89.0 395 0.9 21 26 2.0 2.0 14121 1.3 1.6 1.2 1.0 22 66 3.2
G44 1359 839 24 86.7 48.1 0.9 2.1 1.2 21 2.4 1.3135 0.9 1.8 14 1.0 23 67 3.3
G45 1447 838 29 86.7 454 0.8 1.9 1.5 1.9 2.4 1.2133 1.0 1.3 1.1 0.7 25 66 2.5
Mean 1491 831 27 858 46.8 0.9 2.2 1.7 21 25 2 1.1319 12 18 13 1.2 22.6 69.3 2.7
LSD 358 2.4 1 2.4 7.7 0.3 04 0.8 0.7 0.4 0.3 58 7 0.0.9 0.3 0.9 3 8 0.4

Ccv 42.4 51 67 5 28 54 35 83 59 28 37 77 103 92.1464 1276  20.3 19 27.4
SE 631 4.2 1.8 43 136 05 0.8 1.4 1.3 0.7 05 80112 1.7 0.6 1.6 4.6 13 0.8
Min 11950 79.7 16 829 380 0.7 1.8 0.8 1.6 18 11 1160 0.8 1.2 1.0 0.6 19.0 64.0 21
Max 17920 863 35 89.3 539 1.0 27 26 3.7 32 .51 3010 17 27 15 2.2 27.0 75.0 3.3

LSD = Least significant difference, CV = coefficienof variation, SE = error, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI =
anthesis-silking interval (days), DS = days to silkg (days), EH = ear height (cm), EPP = ears per @ht (#), LB = leaf blight disease (1-5), HC = huskover, GLS = gray leaf spot
disease (1-5), GT = grain texture (1-5), MSV = magzstreak virus disease (1-5), PH = plant height (mRE = rotten ears (#), RL = root lodging (#), Rus= rust disease (1-5), SL =
stem lodging (#), SWT = 100 seed weight (g), SH kefling percentage, VIG = vigour, # = number
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Appendix 9 Mean performance for grain yield and agonomic traits for low N environment 2012/13 season

Genotypes GY Rank  AD ASI DS EH EPP LB GLS GT HC PH RL  RUST SL SWT  SH%
Gl 826 12 68.7 2.3 71.0 33.6 0.8 3.5 1.0 2.3 03 377 6.3 1.0 3.3 32.0 64.5
G2 614 27 65.3 2.0 67.3 19.3 0.7 4.0 1.7 2.2 03 .760 83 1.0 0.3 25.7 59.0
G3 467 37 66.3 3.0 67.0 38.3 1.1 3.0 2.0 2.3 17 .073 5.0 1.2 1.0 27.0 60.0
G4 465 38 67.0 1.0 69.7 32.0 0.8 3.7 1.5 2.2 0.7 777 6.0 1.0 0.3 29.7 50.0
G5 396 42 72.3 1.7 75.0 38.6 0.6 2.2 1.2 2.0 00 .772 33 1.0 1.7 29.0 51.0
G6 493 33 68.3 1.7 74.0 31.0 0.6 3.0 1.5 2.2 0.7 376 1.7 1.0 1.0 29.7 43.0
G7 721 22 68.0 3.0 70.0 37.6 0.7 3.3 1.8 2.0 00 374 6.0 1.0 1.7 30.7 56.7
G8 504 31 68.0 2.3 71.0 37.6 0.8 2.8 1.0 15 00 .780 1.0 1.0 0.3 354 52.2
G9 1146 1 68.0 2.0 70.3 56.6 0.9 3.2 1.3 1.7 1.3 830 23 1.0 2.0 30.0 74.5
G10 1145 2 72.3 1.3 73.0 37.3 0.8 2.8 15 1.7 00 237 43 1.0 1.0 34.4 70.8
G1l1 744 21 69.7 2.7 71.0 43.0 0.8 3.3 1.7 2.0 0.0 838 5.0 1.0 2.0 25.7 68.9
G12 471 34 67.7 2.3 70.3 44.0 0.8 3.3 1.8 2.3 00 737 73 1.0 1.7 24.7 57.2
G13 1113 3 69.0 13 71.3 35.6 0.7 3.3 1.7 2.2 0.7 238 4.7 1.0 0.7 28.7 70.3
G14 640 25 66.3 1.7 67.7 34.3 0.7 2.7 13 25 00 807 3.0 1.0 1.0 28.0 63.9
G15 377 43 66.0 2.3 67.7 32.6 0.5 3.5 13 2.0 00 936 20 1.0 1.7 27.7 62.4
G16 788 18 65.7 3.3 68.0 31.0 0.7 3.0 1.7 15 23 276 6.0 1.0 2.3 30.0 59.2
G17 820 14 66.3 0.7 69.7 43.0 0.8 3.0 18 2.2 00 6.08 1.7 1.0 0.0 28.4 69.4
G18 432 39 65.7 2.7 66.3 22.3 0.6 3.3 1.2 1.7 0.7 975 6.0 1.0 2.0 30.4 60.8
G19 974 6 67.7 2.0 70.3 41.3 1.0 4.0 1.2 2.0 23 381 27 1.0 2.3 314 63.9
G20 959 7 65.7 13 67.7 453 0.7 3.0 1.8 2.7 1.0 .092 6.3 1.0 13 30.0 56.7
G21 938 8 66.0 1.0 67.3 33.3 0.7 3.2 2.2 15 03 .070 4.7 1.0 2.3 28.7 68.3
G22 678 24 63.3 13 64.3 49.6 0.8 3.7 13 15 0.7 00.aa 3.7 1.0 4.0 28.0 63.3
G23 324 44 62.0 13 63.3 35.6 0.7 3.5 1.2 2.0 07 976 7.3 1.0 4.0 25.7 55.6
G24 1008 4 62.3 1.0 63.7 36.6 0.8 2.5 1.7 25 00 506 1.7 1.0 0.0 28.7 67.3
G25 790 16 64.0 2.7 65.0 32.3 1.0 2.8 1.3 2.2 00 776 27 1.0 1.3 34.4 65.5
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Appendix 9 continued

G26 502 32 68.3 1.3 71.0 35.3 0.6 2.7 1.3 2.5 00 0.78 13 1.0 2.3 30.0 57.2
G27 924 10 68.0 1.3 69.3 43.3 0.8 3.3 15 2.3 1.3 878 43 1.0 0.3 28.4 67.9
G28 799 15 66.0 2.3 67.3 43.3 0.9 3.3 1.8 3.0 0.3 509 63 1.0 2.3 27.4 58.3
G29 506 29 71.3 0.7 73.7 18.6 0.6 2.7 1.0 1.7 03 574 4.0 1.0 1.7 26.7 61.6
G30 820 13 67.7 3.0 70.7 47.0 0.6 3.3 1.3 1.8 0.7 1.38 7.0 1.0 0.0 30.0 61.1
G31 538 28 68.0 2.3 71.0 33.6 1.3 3.5 1.2 2.0 0.0 907 57 1.0 2.7 26.7 51.8
G32 431 40 63.7 2.3 66.0 33.0 0.9 3.2 15 2.0 00 736 23 1.0 1.0 24.7 46.7
G33 755 20 65.7 0.7 68.0 39.3 0.6 3.2 1.2 2.7 00 738 3.0 1.0 2.0 23.0 61.7
G34 398 41 65.0 1.3 65.7 38.0 0.9 3.7 15 2.5 00 708 7.3 1.2 1.7 30.7 53.3
G35 900 11 65.0 2.0 66.3 45.6 0.9 3.5 1.3 2.2 0.0 409 43 1.0 0.3 28.0 70.0
G36 789 17 65.3 1.0 67.3 36.6 0.6 2.7 15 2.3 0.0 536 3.7 1.0 2.0 27.7 62.0
G37 469 36 64.3 2.0 65.3 39.3 0.9 2.5 15 2.2 03 636 1.3 1.0 1.7 29.4 65.3
G38 505 30 69.0 1.3 71.0 26.6 0.7 2.3 1.2 2.0 00 6.05 0.3 1.0 0.0 31.7 65.9
G39 615 26 65.0 2.7 66.3 31.6 0.8 3.0 15 2.5 03 436 5.0 1.0 1.7 26.7 59.3
G40 469 35 66.7 1.3 67.7 34.3 0.9 2.3 13 1.8 03 876 27 1.0 0.7 30.7 51.9
G41 1000 5 64.0 0.0 65.3 48.6 0.9 3.5 13 1.7 00 339 27 1.0 13 24.0 68.3
G43 690 23 55.0 2.7 64.3 34.0 1.0 2.7 1.7 1.8 03 576 27 1.0 1.0 29.4 63.3
G44 762 19 65.9 1.6 57.7 47.3 0.8 3.0 1.7 2.5 00 139 27 1.0 13 27.0 68.9
G45 938 9 72.3 2.7 67.4 38.1 0.8 3.4 1.0 1.6 02 .269 438 1.0 1.4 28.4 61.4
MEAN 696 66.5 1.8 68.3 37.2 0.8 3.1 15 21 0.4 676 4.1 1.0 15 28.7 61.1
P 0.73 0.0 0.1 0.0 0.3 0.3 0.0 0.1 0.3 0.3 0.3 0.0 0.5 0.2 0.3 0.8
LSD 695.8 3.1 1.9 3.7 19.6 0.4 0.9 27.5 0.6 16 832 44 0.1 2.4 7.1 0.4
Ccv 61.8 29 63.8 3.3 32.3 31.3 187 0.7 275 246.726.4 65.7 6.0 102.0 15.3 31.3
Min 3243 55.0 0.0 57.7 18.6 0.5 2.2 1.0 15 00 574 03 1.0 0.0 23.0 43.0
Max 1146 72.3 3.3 75.0 56.6 13 4.0 2.2 3.0 23 830 83 1.2 4.0 35.4 74.5

LSD = Least significant difference, CV = coefficiehof variation, Min = minimum, Max = maximum, GY = grain yield (kg ha?), AD = days to anthesis (days), ASI = anthesisdihg
interval (days), DS = days to silking (days), EH =ar height (cm), EPP = ears per plant (#), LB = Idalight disease (1-5), GLS = gray leaf spot diseag1-5), GT = grain texture (1-5),
HC = husk cover, PH = plant height (cm), RL = roofodging (#), Rust = rust disease (1-5), SL = stemndging (#), SWT = 100 seed weight (g), SH = shediipercentage, # = number.
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Appendix 10 Mean performance combined across two ges and across optimal and low pH environment for @11/12 and 2012/13 seasons

Genotypes GY AD AS| DS PH EH EPP RL SL GLS B MSVURT GT SH% VIG RE HC SWT
Gl 20601 759 22 77.9 1430 583 10 23 15 1.2.3 11 1.6 2.0 703 27 09 1.2 27.2
G2 1368.4 734 15 75.2 1365 576 09 30 12 l1.2.4 11 1.7 2.8 587 28 11 1.0 23.5
G3 22409 724 14 73.9 136.4 59.7 11 22 13 1.2.0 11 1.4 2.2 773 24 09 1.4 25.9
G4 21598 736 24 75.9 136.8 578 10 20 0.8 la1 11 1.7 2.8 721 23 13 15 24.6
G5 26107 779 11 79.1 1510 610 10 11 12 1.2.0 0.9 1.6 2.3 69.1 19 0.9 15 26.9
G6 22222 732 13 74.6 1558 66.7 11 25 1.0 1.2.3 11 1.6 2.7 69.2 24 1.2 1.3 25.5
G7 14547 73.0 2.3 75.2 2734 586 10 13 10 la1 11 15 2.5 716 23 14 1.1 29.2
G8 27394 747 1.8 76.5 1528 66.0 11 15 16 1.2.5 1.0 1.4 2.0 701 24 0.9 1.4 26.3
G9 22939 753 17 76.8 1486 634 10 26 1.0 la1 1.0 1.7 2.5 703 22 09 0.9 26.3
G10 25290 770 21 79.1 1479 648 16 18 1.0 1.0.9 11 1.7 3.0 735 21 1.2 0.8 26.6
G1l1 16289 763 1.4 77.6 1330 526 10 27 12 1.2.0 11 1.7 3.2 743 28 03 1.2 22.3
G12 21214 739 25 76.2 1457 596 11 3.0 12 1.2.2 11 1.8 2.0 71.2 26 11 1.1 22.5
G13 25117 746 25 77.0 1421 621 11 17 1.0 121 1.2 15 3.3 748 26 15 1.4 25.8
G14 21080 742 19 76.1 159.2 600 10 20 13 l1.21 11 14 2.5 68.3 21 0.7 1.3 27.5
G15 22440 715 238 74.2 1382 561 10 14 10 124 1.0 1.8 2.5 712 26 1.2 1.8 24.3
G16 21317 696 2.2 71.7 136.8 583 10 17 12 1.2.0 11 1.7 3.3 711 22 16 26 27.3
G17 21586 738 25 76.3 1436 617 11 18 09 l1.21 1.0 15 2.3 738 26 09 1.6 24.1
G18 26008 739 11 75.1 1484 642 11 20 12 1.2.2 1.0 1.6 2.3 733 22 0.7 1.4 26.5
G19 22234 743 1.2 75.5 1420 609 10 17 12 1.2.3 11 1.6 1.8 750 26 09 21 25.3
G20 28488 756 19 77.4 1465 659 10 17 0.8 1.0.9 11 1.6 2.7 729 20 09 1.8 28.1
G21 23500 741 138 75.9 1508 646 11 17 1.3 1.2.3 1.0 1.7 2.8 744 23 09 1.4 26.2
G22 2389.2 717 238 74.4 1461 613 11 21 1.3 1.2.2 11 1.6 2.3 724 24 11 1.4 25.4
G23 2028.7 705 24 72.8 1315 523 10 32 16 1.2.3 11 1.8 2.5 701 28 16 11 23.7
G24 26620 699 23 72.2 146.0 607 11 13 1.2 1.2.5 0.9 1.6 2.0 746 24 0.7 15 25.7
G25 24733 725 0.8 73.4 1461 631 11 17 11 l1.21 11 1.7 2.3 739 23 1.2 1.4 26.2
G26 26158 758 25 78.1 1481 629 10 10 11 l1.21 11 15 1.7 696 23 0.9 1.3 26.2
G27 29344 767 19 78.6 1582 704 12 18 10 1.2.2 11 15 2.3 741 19 09 1.3 26.4
G28 2698.0 727 21 74.8 1490 657 11 23 14 l1.21 11 1.7 2.3 727 21 0.7 0.9 25.1
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Appendix 10 continued

G29 22706 768 1.6 78.3 1455 601 10 14 12 121 1.1 1.5 2.3 717 26 0.8 1.7 254
G30 25548 743 20 76.3 1478 668 1.0 20 05 121 1.0 1.6 2.0 734 21 0.9 1.4 25.8
G31 20374 730 21 75.1 1401 634 11 24 12 121 1.1 1.7 2.3 686 25 11 1.3 23.0
G32 22714 717 2.1 73.7 1458 625 11 20 13 1.2.2 1.0 1.8 2.8 714 23 0.9 1.4 24.5
G33 24247 719 21 74.1 1469 636 1.1 20 13 1.2.0 1.1 1.6 15 720 24 1.0 1.1 23.3
G34 21774 703 1.8 72.0 1442 610 1.2 36 0.9 l1.24 1.1 1.7 2.0 742 27 0.8 1.2 229
G35 23034 743 21 76.3 146.1 611 10 26 11 121 0.9 1.6 2.5 751 25 0.9 2.3 27.2
G36 25093 721 23 74.4 1477 637 1.0 17 1.2 121 1.1 1.9 15 730 22 1.2 1.3 25.6
G37 1450.0 715 1.8 73.3 1349 518 11 15 10 1.0.9 1.1 1.6 2.2 701 28 07 08 24.9
G38 1000.1 76.1 1.4 77.3 1423 595 09 10 0.9 121 0.9 1.4 1.8 660 22 14 09 27.0
G39 25181 714 138 73.3 1379 553 11 21 12 121 11 1.7 3.0 743 24 09 15 26.5
G40 1573.2 767 1.7 78.3 1400 56.7 10 11 05 1.0.9 11 14 3.0 69.6 25 0.7 13 26.9
G41 21532 676 20 69.7 1324 517 10 20 11 0.2.0 1.0 1.8 2.3 76.1 27 0.8 1.2 25.0
G42 21098 738 2.0 75.8 1389 576 10 13 12 0.2.1 1.0 1.6 2.3 711 24 14 038 25.2
G43 2632.7 704 3.1 73.4 1463 601 10 1.7 09 1.2.0 1.0 1.8 1.7 695 25 0.9 14 26.5
G44 26176 723 2.2 74.6 1462 615 10 19 10 121 1.0 1.6 2.8 70.1 26 0.7 13 26.7
G45 27649 757 1.9 7.7 1486 648 10 16 09 1.0.9 11 1.6 2.7 715 21 0.8 1.0 28.2
Mean 22617 735 20 70.5 1472 608 11 19 11 .77121 1.0 1.6 2.4 717 24 10 1.3 25.7
Min 1000.1 676 0.8 1315 51.7 0.9 1.0 05 0.0 1.90.9 1.4 15 58.7 1.9 03 08 223 223
Max 29344 779 3.1 2734 70.4 1.6 36 16 10 28.2 1.9 3.3 77.3 2.8 16 26 292 29.2

Min = minimum, Max = maximum, GY = grain yield (kg ha), AD = days to anthesis (days), ASI = anthesis4dihg interval (days), DS = days to silking (days)), PH = plant height
(cm), EH = ear height (cm), EPP = ears per plant {#RL = root lodging (#), SL = stem lodging (#),GLS- gray leaf spot disease (1-5), LB = leaf blightiskase (1-5), MSV = maize
streak virus disease (1-5), Rust = rust disease $); GT = grain texture (1-5), SH = shelling percerige, VIG = vigour, RE = rotten ears (#), HC = huskover, SWT = 100 seed weight
(9), # = number.
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Appendix 11 Genotypes used in genotype x environmeimteractions and stability

analysis

Genotype code

Pedigree

G1

G2

G3

G4

G5

G6

G7

G8

G9

G10
G11
G12
G13
Gi14
G15
G16
G17
G18
G19
G20
G21
G22
G23
G24
G25
G26
G27
G28
G29
G30
G31
G32
G33
G34
G35
G36
G37
G38
G39
G40
G41
G42
G43
G44
G45

DT-WSTR SYNTHETIC-B
EVD-W 99 STR QPM CO-B
IAR-FLINT-Q-B

IWD C3 SYN F2-B
MULTICOB EARLY DT -B
SYN DTE STY-W-B

OBA SUPER1(9021-18(lITA))-B
LPHpop 9

POP66 SR/DMR -LSRY/DMR-LSRY
POP66 SR/ITZUTSR-WSGY/T
LPHpop 7

TZE-YDT STR C4-B
VPOO0721

TZE E -WPOP X LD(SET2)-B
VPO5173

VPO717

VPO5187

VPO52

VPO630

LPHpop 21

VPO741

VPO739

LPHpop 18

LPHpop 16

VPO743

VPO744

LOW N POOL C3-B

LPHpop 10

VPO76

LPHpop 3

LPHpop 20

LPHpop 2

VPO710

VPO712

LPHpop 8
OBATANPA/TZLCOMP4C3F2/TZLCOMP4C3F2-B
VPO738

LPHpop 13

LPHpop 15

VPO86

VPO96

VPQO97

ZM309 Check 1

ZM523 Check 2

ZM721 Check 3
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Appendix 12 Estimated specific combining ability €fcts of 12 inbred lines for grain yield and agronmic traits across low pH and
optimal environments

Cross Pedigree GY AD ASI DS EH EPP LB GLS GT MSV PH RL Rust SWT SH®%» SL VIG

S12 CZzZL999601/CML481 -0.646 1.74 -1.71 357 214 -537 -040 -048 0.3807 -504 047 022 -025 -0.76 -0.72 0.00
S13 CZL999601/CML359 -0.148 -0.18 -198 138 351 308 011 0.86 -0.261%> 506 -080 044 176 -432 -0.68 -0.30
S14 CZL999601/CML144 0.943 214 -0.62 254 266 -424 -050 -0.04 04®.0> 081 -020 0.03 353 -575 120 -0.30
S15 CZL999601/CML161 -0.13 -0.57 -1.20 113 -0.74 261 -0.20 -0.07 -0.r6.11 -3.89 -0.10 0.09 005 -6.84 -0.28 -0.10
S16 CZL999601/CML172 -0.449 -187 126 -1.86 0.78 284 -0.10 0.18 0.1®.05 3.17 -0.80 -0.18 -2.09 41 0.24 0.10
S17 CZL999601/CML448 -0.097 -2.54 -0.45 -1.17 4.05 -436 0.82 0.16 0.2802 6.48 -050 0.07 -0.54 -3.28 0.16 0.99
S18 CzZL999601/CML312 0.401 -1.61 099 -247 -6.67 -1.62 -0.10 0.06 -0.2203 -1.25 0.87 -0.46 -0.23 2.73 0.48 0.05
S19 CZL999601/CZL130-23 0.212 0.61 115 -0.28 -0.63 0.04 -0.20 -0.10 -0.38.02 -094 0.89 -0.06 -052 -1.11 041 -0.70
S110 CZL999601/CML288 -0.361 0.37 0.95 -2.40 -0.92 266 069 0.15 0.37.01-0-3.07 0.36 0.01 -247 -9.89 -0.22 0.47
S111 CZL999601/CML202 0.668 -0.16 -0.97 066 -462 174 -0.10 -061 -0.@@11 -565 0.03 0.14 248 -1.08 -0.18 0.30
s23 CML481/CML359 -0.387 0.32 0.10 -0.07 -0.71 229 065 0.21 0.23.07-0 0.22 -1.30 0.17 -3.67 234 238 0.60
S24 CML481/CML144 -0.316 0.65 -1.17 190 021 -437 088 -0.35 0.04€.03 086 1.72 0.21 -1.48 1049 0.15 0.18
S25 CML481/CML161 0.487 -2.44 -0.75 -137 -268 474 0.06 -0.11 -0.@04 121 1.71 -0.07 -161 -3.99 0.11 0.30
S26 CML481/CML172 -0.219 0.18 179 -059 -286 4.14 -0.10 -0.13 -0.68.07 -1.19 -1.20 -0.12 -3.49 -6.57 -0.59 0.85
S27 CML481/CML448 0.403 2.14 -046 128 -6.09 -451 -050 0.06 0.38000 -16.8 2.82 0.13 137 7.76 -0.34 -0.60
S28 CML481/CML312 -0.079 244 116 153 -131 -156 024 0.24 -0.04120 -3.39 -150 -0.01 -0.15 -7.11 054 -0.10
S29 CML481/CZL130-23 0595 -041 257 -202 359 375 -0.30 0.08 -0.84020 11.30 -0.30 -0.17 3.69 -2.41 -0.43 -0.60
S210 CML481/CML288 0.703 -2.18 -1.97 -1.07 4.27 047 -060 0.16 -0.20.14 7.43 -160 -0.28 3.19 155 -0.61 -0.50
S211 CML481/CML202 -0.3 -0.84 -189 158 080 320 0.02 024 032 004€.09 -060 015 -093 6.21 -0.23 -0.20
S34 CML359/CML144 -0.593 196 -2.34 521 -252 -354 -0.20 -0.40 0.00.15 -1.07 -0.60 -0.07 -0.79 6.07 -0.59 0.62
S35 CML359/CML161 0.189 043 0.03 036 6.07 -201 -030 0.13 -0.19250 5.18 -0.70 -0.01 557 -2.19 0.03 -0.20
S36 CML359/CML172 0.404 082 085 -0.85 -3.31 -1.38 -050 0.04 -04220 -569 -0.20 -0.11 214 -7.08 -0.22 -0.50
S37  CML359/CML448 0.236 242 032 148 -298 330 0.38 -0.26 0.06 0.04 -754 131 -0.09 -264 7.71 -0.19 0.10
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Appendix 12 continued

S38
S39
S310
S311
S45
S46
S47
S48
S49
S410
S411
S56
S57
S58
S59
S510
S511
S67
S68
S69
S610
S611
S78
S79
S710
S711
S89
S810

CML359/CML312
CML359/CZL130-23
CML359/CML288
CML359/CML202
CML144/CML161
CML144/CML172
CML144/CML448
CML144/CML312
CML144/71.130-23
CML144/CML288
CML144/CML202
CML161/CML172
CML161/CML448
CML161/CML312
CML161/CZL130-23
CML161/CML288
CML161/CML202
CML172/CML448
CML172/CML312
CML172/CZL130-23
CML172/CML288
CML172/CML202
CML448/CML312
CML448/CZL130-23
CML448/CML288
CML448/CML202
CML312/CZL130-23
CML312/CML288

0.012
-0.032
0.144
-0.249
-0.234
-0.218
-0.156
0.431
-0.475
0.208
0.731
0.671
-0.359
-0.12
0.094
-0.557
-0.558
-0.185
-0.301
0.521
-0.107
-0.013
0.225
0.13
-0.06
0.039
-0.161
-0.233

-1.50
0.78
-6.71
-0.47
-1.63
-1.94
-2.53
-1.71
3.80
-1.12
-1.30
0.43
-0.93
0.40
-2.56
4.03
1.41
-1.34
0.57
-0.89
1.54
1.59
-1.04
0.25
3.53
199 310 -1.62
-1.09 -2.88 1.94
3.09 221 0.73

0.20
-1.53
3.90
-0.10
-2.90
-0.42
-2.04
1.01
2.79
-0.31
2.60
0.29
0.00
1.43
-1.92
4.14
0.86
-0.68
-0.26
-1.03
-0.04
-0.10
-1.79
0.60
1.27

-2.05
0.37
-5.26
-0.77
0.34
-1.42
-0.36
-2.99
0.85
-0.88
-4.03
-0.63
-0.15
-0.99
-1.41
0.90
0.20
-1.45
0.30
0.46
2.03
1.27
0.78
-0.14
1.06

6.58
3.20
-6.93
-0.86
4.24
-5.95
-5.21
2.33
-6.46
-0.11
7.70
0.46
-6.13
-8.88
2.94
-6.64
4.13
-0.41
1.31
2.25
7.96
-4.40
-0.07
-4.27
12.49
8.12
3.81
-2.63

-0.35
1.97
1.77
-3.04
-1.81
3.23
3.55
-0.65
1.10
-3.61
7.40
-0.44
-1.99
0.63
-2.72
-2.65
3.99
-2.13
0.76
-2.58
-2.56
-1.29
-0.95
-4.33
16.6***
-2.87
5.02
-1.53

0.44
-0.20
-0.30
0.05
0.09
-0.20
0.56
-0.30
-0.10
-0.10
-0.20
-0.30
0.29
0.18
0.31
-0.40
0.00
0.16
0.77
-0.20
-0.30
0.83
-0.50
0.00
-0.40
-0.50
-0.20
0.41

0.30
-0.46
-0.41
0.19
0.51
-0.47
0.01
-0.37
-0.03
0.55
0.62
0.28
-0.52
-0.01
0.17
-0.14
-0.12
0.01
0.02
0.64
-0.22
-0.43
0.16
-0.11
-0.09
0.38
0.34
-0.41

-0.18
-0.24
0.91
0.20
0.08
0.26
0.03
-0.44
-0.67
0.25
-0.16
0.12
0.03
-0.17
-0.78
-0.52
2.5***
0.50
0.17
-0.10
-0.29
-0.08
0.16
-0.49
0.13
-0.75
2.2***
0.06

-0.06
0.01
0.92
-0.08
0.07
-0.10
0.14
-0.07
0.00
0.17
0.01
0.47
-0.13
0.22
-0.16
-0.27
-0.09
-0.02
-0.12
0.23
-0.05
-0.03
-0.04
0.08
-0.14
0.04
0.04
-0.13

6.24

3.66

0.69
-2.13
-2.76
-2.22
-7.19
0.66
-13.0
-6.27
18.64
-4.05
2.43
-11.0
4.70
-2.01
-0.89
6.91
-0.73
5.94
8.02
-7.51
0.09
-1.35
13.18
12.83
4.26
-6.77

-1.40
-0.40
0.19
0.03
-0.80
-0.20
-1.10
2.19
1.09
2.35
-0.30
1.41
-1.70
0.28
-0.60
-1.20
0.11
3.29
0.32
-0.80
-0.40
0.31
-0.80
0.12
-1.00
-0.50
-0.80
-0.60

0.05
-0.22
-0.02
0.04
0.08
-0.30
0.11
0.14
-0.13
0.22
-0.44
-0.19
-0.39
-0.14
-0.02
0.06
0.35
0.51
0.15
0.33
-0.05
-0.08
0.12
-0.49
0.03
0.16
0.32
-0.05

-1.27
-2.15
-2.59
-0.62
-0.77
1.19
-1.29
3.51
-1.89
-1.86
3.00
0.26
1.24
0.30
-3.97
2.53
-4.81
-0.25
-0.41
2.40
1.04
-2.44
1.21
5.04
-0.50
1.22
-0.81
-4.23

-1.26
2.12
-4.89
-0.16
-0.35
-5.11
6.61
-0.84
-8.34
-3.25
0.15
291
-2.43
2.04
4.02
8.84
-8.44
-15.15
2.33
1.80
-0.67
-9.69
-0.48
7.08
-12.54
0.83
-4.94
0.89

-0.42

-0.50

0.27
-0.19
0.02
-0.01
-0.20
-0.10
-0.18
-0.14
-0.26
0.06
-0.24
-0.36
0.67
0.38
-0.13
0.40
-0.51
0.08
0.46
0.06
-0.03
0.12
0.27
-0.13
-0.01
-0.19

-0.10
0.04
-0.10
-0.40
0.15
0.28
0.26
-0.30
-0.10
-0.30
-0.30
-0.50
0.64
0.19
-0.20
0.11
-0.10
-0.10
0.24
0.13
-0.50
0.58
-0.40
-0.40
-0.20
0.00
-0.30
-0.30
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Appendix 12 continued

S811
S910
S911
S112
S212
S312
S412
S512
S612
S712
S812
S912
S1011
S1012
S1112

CML312/CML202
CZL130-23/CML288
CZL130-23/CML202
CZL999601/CML539
CML481/CML539
CML359/CML539
CML144/CML539
CML161/CML539
CML172/CML539
CML448/CML539
CML312/CML539
ZL.130-23/CML539
CML288/CML202
CML288/CML539
CML202/CML539

0.145
-0.254
-0.65
-0.393
-0.241
0.422
-0.322
0.518
-0.105
-0.176
-0.32
0.019
0.053
0.465
0.165

2.06
-0.79
1.10
2.07
-1.60
2.12
1.66
1.41
0.92
-1.94
-1.62
-0.79
-2.46
0.69
-3.70

0.62
-3.50
1.94
2.58
2.33
0.54
3.39
0.03
-1.66
0.14
-2.68
1.82
-3.12
-3.55
-1.41

2.00
2.16
0.24
-1.09
-4.75
0.20
-1.16
1.61
2.73
0.29
1.21
-2.17
0.05
2.68
0.06

1.79
5.32
-3.31
0.43
2.65
-2.05
3.10
7.23
4.17
0.50
3.74
-6.44
-4.41
-8.39
-8.15

-0.30
-4.91
-3.71
2.62

-2.79
-2.09
2.94

-0.36
-0.59
-2.32
0.54

6.37

-3.54
-2.73
-3.56

-0.60

0.59
0.34
-0.10
0.03
-0.20
0.20
0.30
-0.10
-0.30
-0.20
0.06
0.19
0.24
0.20

-0.44
-0.34
-0.10
-0.11
0.08
-0.19
-0.04
-0.12
0.08
0.22
0.12
-0.09
0.48
0.27
0.25

-0.76
-0.53
-0.95
-0.29
-0.18
-0.12
0.21
-0.83
-0.23
-0.29
-0.70
2.8***
-0.09
-0.17
0.08

0.00
-0.17
0.01
0.07
0.00
-0.07
-0.03
0.21
-0.07
0.00
0.01
-0.03
-0.05
-0.14
0.03

3.61
-0.65
-5.54
4.32
5.53
-4.61
11.57
11.10
-2.64
-9.00
8.29
-8.34
-3.79
-6.75

-1.20
0.90
1.15
-0.30
-0.50
1.75
-0.90
111
-2.60
-0.20
2.32
-1.00
0.17
0.17

0.02
0.35
-0.30
-0.29
-0.23
-0.17
0.14
0.26
0.04
-0.16
-0.13
0.38
-0.23
-0.05

5.8**
1.55
271
-1.72
3.32
4.25
-3.13
1.20
1.65
-4.86
-3.76
-6.05
-6.1**

9 *kk

-13.1 150 042 181

221
7.76
3.13
-10.72
-7.50
1.66
0.34
6.42
-3.79
3.89
4.45
-9.11
2.35
9.86
2.36

0.52
0.07
-0.11
-0.41
-0.25
0.12
0.10
-0.26
0.04
0.19
0.06
-0.13
-0.07
-0.20
1.24

-0.10
1.08
0.24
-0.40
0.07
0.18
-0.20
-0.30
-0.60
-0.30
1.04
0.76
0.36
0.00
-0.30

GY = grain yield (kg ha?), AD = days to anthesis (days), AS| = anthesis4sihg interval (days), DS = days to silking (days)EH = ear height (cm), EPP = ears per plant (#), LB leaf

blight disease (1-5), GLS = gray leaf spot diseafk5), GT = grain texture (1-5), MSV = maize streakirus disease (1-5), PH = plant height (cm), RL root lodging (#), Rust = rust
disease (1-5), SWT = 100 seed weight (g), SH = §hglpercentage, SL = stem lodging (#), VIG = vigau# = number.
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Appendix 13 Mean performance of diallel cross progey across optimal and low pH environments in 201121

Pedigree GY AD ASI DS EH LB EPP GLS GT MSvV  PH RL Rust SWT SH% SL VIG
1 CZL999601/CML481 3809 69.0 0.0 69.0 911 15 1.0 1.2 1.8 1.2 163.5 6.0 1.2 33.2 800 0.7 2.0
2 CZL999601/CML359 5210 73.0 0.3 733 827 20 1.0 2.7 2.3 1.0 1781 5.7 1.8 380 827 03 2.0
3 CZL999601/CML144 6955 74.0 0.7 747 894 1.0 1.2 1.8 2.8 1.0 173.3 3.0 1.2 427 819 4.7 1.0
4 CZL999601/CML161 3740 740 2.0 76.0 102.8 2.3 1.0 1.0 2.0 1.0 1959 4.3 1.2 384 79.1 0.0 2.2
5 CZL999601/CML172 3624 69.0 1.0 70.0 943 23 1.0 2.3 2.2 1.0 189.5 6.7 1.0 31.2 877 23 2.2
6 CZL999601/CML448 2663 70.0 2.0 720 893 4.0 1.0 1.0 2.2 1.0 1740 3.0 1.0 331 805 20 3.8
7 CZL999601/CML312 4024 69.3 0.7 700 927 15 1.0 1.2 2.0 1.0 195.2 5.0 1.2 355 865 27 2.7
8 CZL999601/7L130-23 5099 72.0 0.0 720 956 1.5 1.2 1.2 18 1.0 191.7 8.3 1.0 36.3 839 23 1.0
9 CZL999601/CML288 3779 74.0 0.0 740 906 3.7 11 1.0 2.3 1.0 169.4 103 1.2 36.8 834 0.7 2.8
10 CZL999601/CML202 5386 74.0 1.0 750 713 20 1.0 1.0 2.3 1.2 163.8 3.7 1.0 386 853 1.0 2.3
11 CZL999601/CML539 3939 72.0 0.7 727 923 1.7 1.0 1.0 2.0 1.2 180.3 4.0 1.0 333 773 0.0 1.0
12 CML481/CML359 3128 717 0.7 723 99.2 3.2 1.0 1.3 2.3 1.2 188.0 4.7 15 31.7 850 93 2.8
13 CML481/CML144 3628 740 1.3 753 964 3.7 11 1.0 1.8 1.0 1799 1.3 1.0 288 79.1 33 2.3
14 CML481/CML161 3566 70.0 2.0 720 89.2 23 1.2 1.0 2.2 15 1778 7.3 1.0 280 84.0 27 2.7
15 CML481/CML172 2349 673 1.0 68.3 100.6 3.3 1.0 1.2 2.0 1.0 1848 120 1.0 252 819 03 3.0
16 CML481/CML448 4976 76.0 0.3 76.3 708 13 1.0 1.0 2.3 1.0 1242 1.3 1.2 382 799 1.0 1.3
17 CML481/CML312 2509 753 0.7 76.0 822 3.8 1.0 1.0 18 15 180.0 16.0 1.2 28.2 818 3.7 2.3
18 CML481/71.130-23 3612 733 23 75.7 908 1.7 11 1.2 2.2 1.0 188.0 2.0 1.0 452 836 0.3 1.0
19 CML481/CML288 4676 720 0.3 723 920 15 1.0 1.3 2.2 1.0 181.8 5.7 1.0 43.8 86.8 0.7 1.2
20 CML481/CML202 2702 720 1.7 73.7 905 22 1.2 1.8 2.7 1.0 1715 1.7 1.2 338 874 03 1.7
21 CML481/CML539 2509 70.0 0.7 70.7 793 20 1.0 1.0 2.3 1.0 175.6 5.7 1.0 349 823 0.7 1.7
22 CML359/CML144 2484 720 2.0 740 909 15 1.0 1.0 2.0 1.0 190.7 2.7 1.0 348 809 03 2.8
23 CML359/CML161 2535 73.0 23 753 965 1.7 1.0 1.2 2.5 1.0 188.7 2.0 1.2 422 708 0.3 2.0
24 CML359/CML172 4640 733 2.7 76.0 811 13 13 1.3 18 1.0 168.9 5.0 1.0 375 783 1.7 1.0
25 CML359/CML448 3073 76.0 0.0 76.0 934 30 1.0 1.0 2.2 15 1859 2.7 1.0 39.2 827 13 2.3
26 CML359/CML312 2344 69.0 2.7 717 843 3.2 12 51. 23 1.0 180.0 10.7 1.0 253 825 1.0 2.3
27 CML359/71.130-23 2722 740 0.0 74.0 109.7 1.3 1.01.0 2.5 1.2 1973 1.7 1.0 329 747 03 2.8
28 CML359/CML288 3621 70.0 20 720 818 15 10 21. 138 1.2 1732 3.7 1.0 38.0 814 1.7 2.0
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Appendix 13 continued

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

CML359/CML202
CML359/CML539
CML144/CML161
CML144/CML172
CML144/CML448
CML144/CML312
CML144/21.130-23
CML144/CML288
CML144/CML202
CML144/CML539
CML161/CML172
CML161/CML448
CML161/CML312
CML161/2L130-23
CML161/CML288
CML161/CML202
CML161/CML539
CML172/CML448
CML172/CML312
CML172/2L130-23
CML172/CML288
CML172/CML202
CML172/CML539
CML448/CML312
CML448/21.130-23
CML448/CML288
CML448/CML202
CML448/CML539
CML312/2L130-23

3170
3353
2142
2379
2513
3280
1835
3210
4172
2513
5026
757
1805
2652
1381
1556
4713
2514
2365
5218
3251
3649
2775
2448
2882
2732
2239
3243
2448

70.3
76.0
71.0
70.0
71.3
74.0
76.0
70.0
70.0
70.0
75.0
72.0
72.0
75.3
74.0
76.0
74.0
69.3
69.7
74.0
74.0
76.0
78.0
75.7
74.0
78.0
77.0
69.0
76.3

1.7
2.0
0.0
1.0
0.3
0.3
0.7
2.0
1.0
1.7
1.3
3.7
0.3
0.7
0.7
0.7
2.0
0.7
13
2.0
0.7
13
2.0
1.7
2.0
0.7
0.0
3.7
1.0

72.0
78.0
71.0
71.0
71.7
74.3
76.7
72.0
71.0
71.7
76.3
75.7
72.3
76.0
74.7
76.7
76.0
70.0
71.0
76.0
74.7
77.3
80.0
77.3
76.0
78.7
77.0
72.7
77.3

108.6
97.4
101.0
94.3
74.1
86.8
95.8
88.5
91.0
94.7
98.1
88.1
85.5
85.7
84.3
122.2
88.2
85.9
65.2
85.9
81.8
104.2
95.0
95.0
109.2
104.0
92.9
93.6
86.9

2.0
15
2.0
1.7
2.3
1.7
15
1.7
15
1.7
1.2
4.3
13
2.7
13
2.7
15
2.8
4.0
2.0
15
3.2
1.3
15
2.0
15
15
2.0
1.7

1.0
1.0
1.0
11
1.0
1.0
1.2
1.1
11
11
1.0
0.9
1.0
1.0
1.0
11
1.1
11
1.0
1.1
11
1.0
1.0
0.9
1.0
1.1
11
11
1.1

2.2
1.2
1.7
1.0
1.7
1.0
1.0
2.3
2.3
1.0
1.3
1.0
1.0
15
1.0
1.0
1.0
1.0
2.0
1.3
1.2
15
1.0
1.0
1.2
1.7
1.0
1.0
1.0

2.0
2.2
2.7
2.2
2.0
2.2
1.7
2.5
2.3
2.0
2.7
2.2
25
1.8
2.2
2.0
1.8
1.8
2.7
2.3
1.8
2.2
2.0
25
1.7
2.7
2.2
1.7
3.0

1.0
1.2
1.0
1.0
15
1.0
1.2
1.0
1.0
1.0
1.0
1.0
1.2
1.0
1.0
1.0
1.0
1.2
1.0
1.0
15
1.0
1.0
1.0
13
1.0
1.0
1.0
1.3

194.3
188.6
187.7
184.5
151.3
172.0
174.3
178.6
184.3
183.4
194.8
177.9
170.7
167.3
180.2
216.9
174.1
179.9
162.9
180.4
169.4
194.3
173.3
192.3
199.4
191.2
186.3
182.0
178.4

3.7
10.0
4.3
3.0
2.0
2.7
10.0
7.3
5.7
2.0
4.0
8.0
2.3
3.7
3.0
1.0
9.7
12.3
9.0
5.0
6.3
5.3
0.3
4.3
2.7
3.3
2.7
5.3
5.3

1.0
1.0
1.0
1.2
1.0
13
1.2
1.8
1.0
1.0
1.0
1.0
1.2
1.0
1.0
1.0
1.2
1.2
1.0
15
1.2
1.2
1.0
1.0
1.2
1.0
1.0
1.0
1.0

39.7
34.0
32.5
37.4
31.8
46.4
33.7
31.5
38.0
31.9
40.7
27.9
29.8
28.6
29.5
31.5
34.0
29.7
28.9
37.0
37.9
29.0
45.7
39.7
42.6
39.0
31.7
44.8
32.0

81.7
77.6
83.1
90.1
86.3
83.1
74.5
87.2
83.4
83.8
83.8
70.0
75.1
80.7
79.4
72.5
82.3
74.3
82.7
80.7
79.5
81.4
77.6
68.2
80.2
84.9
75.6
84.9
79.4

0.3
13
0.7
1.3
0.0
0.7
0.0
1.0
0.3
13
0.3
0.0
0.3
0.7
0.0
0.3
0.0
0.3
0.3
13
0.7
13
0.3
13
0.0
0.7
0.3
0.3
0.3

1.2
1.8
2.3
2.8
2.3
2.3
2.2
15
1.2
1.2
1.0
4.5
3.0
1.8
3.5
2.8
2.3
15
3.7
2.0
1.8
2.8
1.3
2.7
1.2
1.7
2.8
2.2
2.8
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Appendix 13

58 CML312/CML288 3737 69.0 30 720 1113 23 10 12 22 12 1871 6.0 1.2 337 876 0.0 18
59 CML312/CML202 3820 720 0.7 727 976 15 10 10 25 10 1825 10 1.0 422 86.4 1.0 2.0
60 CML312/CML539 1622 69.0 13 703 840 25 10 12 22 12 1727 103 1.0 277 752 0.7 4.2
61 ZL130-23/CML288 1456 740 0.0 740 1048 3.8 10 13 17 10 1903 80 13 245 770 0.0 4.2
62 ZL130-23/CML202 2323 743 17 76.0 106.2 1.3 1.1 10 15 1.0 1947 47 1.0 33.8 80.6 0.3 2.3
63 ZL130-23/CML539 2792 720 0.7 727 890 23 10 10 25 10 1709 20 1.0 283 787 03 3.2
64 CML288/CML202 2653 69.7 0.7 703 90.7 27 13 27 22 12 183 27 10 254 809 0.7 2.7
65 CML288/CML539 3677 757 03 760 834 17 1.1 15 23 10 1810 23 1.0 489 814 0.3 1.7
66 CML202/CML539 3942 71.0 0.7 717 1029 1.3 13 10 18 10 1932 3.0 13 347 821 3.0 1.0

67 MH27 4744 747 13 760 8.9 10 11 10 20 10 1923 57 1.0 34.2 77 0.7 13

68 MH26 6018 743 17 76.0 111.3 1.0 10 12 20 10 1994 70 1.0 41.2 83 0.0 1.2
Mean 3205.2 726 1.2 73.8 92.0 21 11 1.3 22 11809 5.0 11 34.9 81.0 1.0 2.2
LSD 1650 0.8 1.4 1.3 328.2 0.8 0.2 05 08 04 38.6.7 1.1 10.2 105 3.8 1.1
MSE 4E+06 0.3 0.8 06 293 03 0.0 01 03 01 .B7417.2 05 395 423 56 0.5
P 0.001 0.001 0.00 O 063 0.0 017 O 04 0.2 0.79.00 0.08 0.001 0.05 0.35 0
CV (%) 31.9 0.7 747 08 197 243 124228 237 213 13.2 829 0.2 18.0 8.0 230.1 30.8

LSD = Least significant difference, MSE = Mean square error, CV =coefficient of variation, GY = grain yield (kg ha'), AD = days to anthesis (days), ASI = anthesis4sihg
interval (days), DS = days to silking (days), EH =ar height (cm), LB = leaf blight disease (1-5), BP= ears per plant (#), GLS = gray leaf spot diseag1-5), GT = grain texture (1-5),
MSV = maize streak virus disease (1-5), PH = platiteight (cm), RL = root lodging (#), Rust = rust diease (1-5), SWT = 100 seed weight (g), SH = shglipercentage, SL = stem
lodging (#), VIG = vigour, # = number
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Appendix 14 Mean performances of diallel cross pragnies across three low pH environments in 2012

Pedigree GY AD  ASI DS EH EPP LB GLS GT MSV PH RUOST SWT SH% SL VIG
1 CZL999601/CML481 894 834 29 863 468 0.5 2.3 13 2.2 1.0 110 0524 22.7 620 22 43
2 CZL999601/CML359 678 793 31 824 473 05 2.3 2.5 15 1.0 117 0.725 270 664 18 4.0
3 CZL999601/CML144 853 82.7 26 852 461 04 1.3 1.7 2.2 1.0 111 0.72.2 18.4  68.2 1.3 5.0
4 CZL999601/CML161 657 79.2 24 817 383 05 2.0 2.0 2.1 1.0 97 05 .3 2 236 78.5 1.8 47
5 CZL999601/CML172 787 788 3.8 826 425 0.7 2.3 1.9 2.2 1.0 108 0.72.2 246 740 13 47
6 CZL999601/CML448 953 774 3.0 804 438 05 2.7 2.1 2.6 1.0 113 0.52.3 18.9 73.6 1.0 50
7 CZL999601/CML312 867 81.2 30 842 302 05 2.7 2.1 1.9 1.1 97 08 .7 1 209 658 1.8 4.7
8 CZL999601/7L130-23 945 829 3.1 860 415 05 2.3 1.8 2.1 1.0 104 0.52.3 240 70.2 15 43
9 CZL999601/CML288 821 796 2.2 818 375 05 2.7 2.5 2.3 1.2 102 0.52.0 235 654 10 50
10 CZL999601/CML202 971 796 26 821 404 05 2.3 1.3 1.9 1.0 104 0.52.6 204 695 23 5.0
11 CZL999601/CML539 664 839 24 863 356 0.6 2.3 1.6 1.8 1.0 105 0.71.9 22.7 617 20 4.7
12 CML481/CML359 631 804 3.7 84.1 371 05 3.0 2.1 2.3 1.0 106 0.82.1 16.3 59.0 22 47
13 CML481/CML144 670 80.8 2.7 83.4 407 05 3.0 15 1.6 1.0 107 0.52.3 228 730 13 43
14 CML481/CML161 835 78.7 24 811 395 05 3.0 1.8 1.7 1.0 105 0.51.9 205 734 3.0 47
15 CML481/CML172 695 824 39 863 349 04 1.3 1.9 2.1 1.0 98 05 .1 2 209 582 1.8 50
16 CML481/CML448 752 818 21 839 386 05 1.7 1.8 2.2 1.0 99 05 .2 2 234 66.2 15 40
17 CML481/CML312 651 841 30 871 399 04 1.7 2.3 2.6 1.0 110 0.52.2 19.7 59.5 1.8 43
18 CML481/ZL130-23 958 830 32 86.2 444 05 2.0 2.0 1.9 11 110 0.52.0 17.2 650 15 43
19 CML481/CML288 999 778 3.0 808 478 0.5 13 2.3 1.7 1.0 113 0.51.6 216 66.8 15 43
20 CML481/CML202 872 793 29 822 436 06 2.7 2.1 2.1 1.0 111 0523 230 734 12 43
21 CML481/CML539 721 806 28 833 416 05 2.7 1.8 23 1.0 105 0.71.8 21.0 56.3 1.3 4.7
22 CML359/CML144 643 821 38 859 415 05 1.0 1.4 1.7 1.0 110 0.52.0 21.3 616 1.0 50
23 CML359/CML161 686 80.3 30 833 507 04 1.7 2.1 2.1 1.0 115 0.52.0 23.9 624 22 47
24 CML359/CML172 628 810 2.7 83.7 415 0.7 13 2.1 1.9 1.0 104 0.52.2 188 622 05 47
25 CML359/CML448 1008 819 34 853 326 0.8 1.7 1.3 2.2 1.0 93 0.52.0 21.8 703 1.3 4.7
26 CML359/CML312 685 813 33 847 478 0.8 2.0 2.2 2.2 1.2 113 0.72.4 19.9 65.1 08 4.7
27 CML359/71.130-23 815 819 27 846 431 0.6 2.0 1.3 2.2 1.2 112 0.52.0 206 665 05 4.0
28 CML359/CML288 638 816 23 845 350 0.7 1.0 1.6 1.8 3.5 99 08 3 2 208 584 16 47
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Appendix 14 continued

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

CML359/CML202
CML359/CML539
CML144/CML161
CML144/CML172
CML144/CML448
CML144/CML312
CML144/71.130-23
CML144/CML288
CML144/CML202
CML144/CML539
CML161/CML172
CML161/CML448
CML161/CML312
CML161/Z1.130-23
CML161/CML288
CML161/CML202
CML161/CML539
CML172/CML448
CML172/CML312
CML172/Z1.130-23
CML172/CML288
CML172/CML202
CML172/CML539
CML448/CML312
CML448/21.130-23
CML448/CML288
CML448/CML202
CML448/CML539
CML312/2L130-23

569
804
704
821
825
725
827
712
736
821
773
608
435
581
487
458
594
464
468
811
636
478
896
509
554
373
508
426
472

79.8
82.3
78.7
78.7
77.6
80.6
85.7
79.7
81.6
82.8
80.3
79.3
83.0
78.0
84.7
80.7
82.7
79.3
83.7
80.3
81.0
81.0
80.3
79.3
81.7
83.0
81.3
79.3
81.0

3.2
2.4
2.3
3.2
3.2
3.0
2.8
2.8
3.1
2.8
2.3
2.3
3.0
2.3
3.7
2.3
2.7
2.7
2.7
3.0
3.7
2.7
3.0
2.7
2.7
2.7
3.3
3.7
3.0

83.0
84.8
81.0
81.9
80.8
83.6
88.4
82.4
84.7
85.6
82.7
81.7
86.0
80.3
88.3
83.0
85.3
82.0
86.3
83.3
84.7
83.7
83.3
82.0
84.3
85.7
84.7
83.0
84.0

354
30.8
47.6
34.6
38.2
41.5
38.0
394
44.7
43.0
44.3
34.3
33.3
51.0
36.1
46.4
50.1
44.1
55.0
51.4
57.7
35.6
45.0
38.7
30.3
47.3
44.8
36.0
50.3

0.5
0.5
0.5
0.6
0.5
0.6
0.5
0.5
0.4
0.6
0.5
0.7
0.4
0.5
0.6
0.6
0.8
0.4
0.6
0.7
0.6
0.5
0.6
0.4
0.5
0.4
0.5
0.5
0.6

2.0
1.7
2.3
1.7
2.7
1.0
1.7
1.3
1.3
2.3
3.0
1.0
4.0
3.0
2.0
2.0
4.0
2.0
3.0
2.0
2.0
4.0
3.0
1.0
2.0
1.0
1.0
1.0
2.0

1.8
1.3
2.5
1.6
15
15
2.0
2.2
2.3
1.6
2.5
1.0
2.0
2.0
2.0
2.0
15
2.0
1.8
3.0
2.0
15
2.0
2.0
15
15
2.5
1.8
2.5

2.6
2.1
2.0
2.0
1.8
1.8
1.7
1.7
1.7
2.4
2.3
2.4
2.3
1.9
1.6
2.3
1.6
2.6
2.2
2.4
1.6
20
2.1
2.4
2.0
1.9
1.0
1.9
1.6

1.0
1.0
1.3
1.0
1.0
1.0
1.0
1.0
1.0
1.0
2.0
1.0
15
1.0
1.0
1.0
15
1.0
1.0
15
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

105
93
102
100
103
102
102
102
114
121
95
107
94
116
105
106
117
114
112
115
123
95
100
101
97
112
110
87
114

0.72.3
0.7 .0
0.52.2
0.51.8
0.52.3
0.52.3
0.52.0
0.52.1
0.51.9
0.82.3
05 .0
0.51.5
05 .0
1.02.3
0.52.0
0.52.8
0.525
1.03.0
0.52.8
0.52.8
0.52.0
05 .3
0.525
0.52.5
1.0 5
0.52.0
0.52.5
05 .0
1.03.0

16.9

22.1
26.7
26.8
27.5
21.5
21.0
20.0
26.2
22.3
22.5
27.2
22.2
18.0
27.6
20.5
22.2
25.6
23.8
25.1
22.8
20.0
20.3
21.0
25.5
32.4
23.8
12.7
25.0

53.7
72.3
64.8
64.4
72.2
74.7
83.2
63.6
72.3
70.9
71.2
57.9
65.2
80.5
61.0
57.5
68.9
35.9
72.8
70.1
64.3
50.0
65.4
62.5
64.9
69.8
67.3
62.5
63.0

1.7
1.7
1.2
13
1.7
15
1.8
1.7
3.2
1.3
2.0
1.0
0.5
2.5
2.5
0.5
0.5
3.0
1.0
0.5
2.0
15
1.0
0.5
2.0
1.0
0.5
1.0
0.5

4.7
5.0
5.0
4.3
5.0
4.3
4.3
4.7
5.0
4.3
5.0
4.0
5.0
5.0
4.0
4.0
4.0
5.0
4.0
5.0
4.0
5.0
4.0
4.0
5.0
5.0
4.0
4.0
4.0
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Appendix 14 continued

58 CML312/CML288 360 850 23 87.3 383 0.7 3.0 15 2.2 1.0 103 1.02.0 171 614 1.0 5.0
59 CML312/CML202 589 84.7 33 88.0 434 0.5 1.0 15 1.4 1.0 115 0.52.5 26.2 611 2.5 5.0
60 CML312/CML539 583 81.7 3.0 84.7 453 0.6 1.0 1.8 1.6 1.0 116 0.52.3 176 70.6 3.5 5.0

61 ZL130-23/CML288 824 79.7 3.0 82.7 457 0.4 2.0 15 1.9 1.0 105 1.02.5 28.7 67.8 15 5.0
62 ZL130-23/CML202 266 827 33 86.0 35.7 0.6 4.0 2.0 1.6 1.0 98 05 .0 2 250 616 2.5 5.0
63 ZL130-23/CML539 799 81.0 33 84.3 39.0 0.5 2.0 15 29 1.0 104 0.53.0 20.2 58.9 15 5.0
64 CML288/CML202 1041 777 2.7 80.3 34.1 0.4 2.0 2.3 15 1.0 101 0.51.8 16,5 65.6 2.5 5.0

65 CML288/CML539 829 80.0 23 823 287 0.4 3.0 2.0 1.9 1.0 95 05 .0 2 274 707 3.5 5.0
66 CML202/CML539 847 773 3.3 80.7 28.7 0.4 3.0 15 2.2 1.0 88 05 .5 2 179 646 2.0 5.0
67 MH27 639.5 777 13 79.0 57.0 1.0 1.7 2.0 2.0 1.0 166.8.0 1.0 33.6 59.9 2.2 5.0
68 MH26 879.3 78.7 1.0 79.7 65.0 1.0 1.3 2.0 2.0 1.3 171.00 1.7 299 63.2 3.5 4.5
Mean 701.6 809 29 83.8 417 0.5 21 1.9 2.0 1.1107 0.6 2.2 225 65.6 1.6 4.6
LSD 2933 3.1 0.7 0.4 12.6 0.3 0.5 0.8 0.8 0.7 319. 0.3 0.7 6.9 57.8 1.6 0.6
MSE 1001 3.7 0.5 4.0 61.4 0.0 0.2 0.2 0.3 0.2 1450.0 0.2 18.3 1295. 1.0 0.1
P 0.001 0.00 0.001 0.001 0.001 0.001 0.001 0.00D010 0.001 0.001 0.001 0.001 0.001 0.005 0.001 10.00
CV (%) 452 24 246 2.4 190 393 26.9 0.5 26.0 542 114 364 194 190 521 638 7.7

LSD = Least significant difference,MSE = Mean square error, CV =coefficient of variation, GY = grain yield (kg ha?'), AD = days to anthesis (days), AS| = anthesis-sihg
interval (days), DS = days to silking (days), EH =ar height (cm), EPP = ears per plant (#), LB = Idalight disease (1-5), GLS = gray leaf spot diseag1-5), GT = grain texture (1-5),
MSV = maize streak virus disease (1-5), PH = platiteight (cm), RL = root lodging (#), Rust = rust diease (1-5), SWT = 100 seed weight (g), SH = shglipercentage, SL = stem
lodging (#), VIG = vigour, # = number
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Appendix 15 Mean performance of the diallel crossqegenies under optimal conditions in 2011/12

Pedigree GY AD ASI DS EH LB EPP GLS GT MSV PH RL RUST SWT SH% SL VIG
1 CZL999601/CML481 3809 69.0 0.0 69.0 91.1 15 1.0 12 18 1.2 1635 6.0 12 332 80.0 0.7 2.0
2 CZL999601/CML359 5210 73.0 0.3 733 827 2.0 1.0 27 23 1.0 1781 57 1.8 380 82.7 0.3 2.0
3 CZL999601/CML144 6955 74.0 0.7 747 894 1.0 1.2 18 28 1.0 1733 3.0 12 427 81.9 4.7 1.0
4 CZL999601/CML161 3740 740 20 760 1028 23 1.0 10 20 1.0 1959 4.3 12 384 79.1 0.0 2.2
5 CZL999601/CML172 3624  69.0 1.0 70.0 943 23 1.0 23 22 1.0 1895 6.7 10 312 87.7 2.3 2.2
6 CZL999601/CML448 2663 70.0 20 720 89.3 4.0 1.0 10 22 1.0 1740 3.0 1.0 331 80.5 2.0 3.8
7 CZL999601/CML312 4024  69.3 0.7 70.0 927 15 1.0 12 20 1.0 195.2 5.0 12 355 86.5 2.7 2.7
8 CZL999601/71.130-23 5099 720 0.0 72.0 956 15 1.2 12 138 1.0 1917 8.3 1.0 363 83.9 2.3 1.0
9 CZL999601/CML288 3779 740 0.0 74.0 90.6 3.7 11 10 23 1.0 1694 103 12 368 83.4 0.7 2.8
10 CZL999601/CML202 5386 74.0 1.0 75.0 71.3 2.0 1.0 10 23 1.2 163.8 3.7 1.0 386 85.3 1.0 2.3
11 CZL999601/CML539 3939 720 0.7 727 923 1.7 1.0 10 20 1.2 180.3 4.0 1.0 333 77.3 0.0 1.0
12 CML481/CML359 3128 717 0.7 723 99.2 3.2 1.0 1.3 23 1.2 188.0 4.7 15 317 85.0 9.3 2.8
13 CML481/CML144 3628 74.0 1.3 753 964 3.7 11 1.0 18 1.0 179.9 13 1.0 288 79.1 3.3 2.3
14 CML481/CML161 3566  70.0 20 720 89.2 23 1.2 1.0 22 15 1778 7.3 1.0 28.0 84.0 2.7 2.7
15 CML481/CML172 2349 673 1.0 683 100.6 3.3 1.0 1.2 20 1.0 1848 120 1.0 25.2 81.9 0.3 3.0
16 CML481/CML448 4976  76.0 0.3 76.3 70.8 1.3 1.0 1.0 23 1.0 1242 13 1.2 382 79.9 1.0 1.3
17 CML481/CML312 2509 753 0.7 76.0 822 38 1.0 1.0 18 15 180.0 16.0 1.2 282 81.8 3.7 2.3
18 CML481/ZL130-23 3612 733 23 757 90.8 1.7 11 12 22 1.0 188.0 2.0 1.0 45.2 83.6 0.3 1.0
19 CML481/CML288 4676  72.0 03 723 920 15 1.0 13 22 1.0 1818 5.7 1.0 438 86.8 0.7 1.2
20 CML481/CML202 2702 72.0 1.7 73.7 905 2.2 1.2 1.8 27 1.0 1715 1.7 1.2 338 87.4 0.3 1.7
21 CML481/CML539 2509 70.0 0.7 70.7 79.3 2.0 1.0 1.0 23 1.0 175.6 5.7 1.0 349 82.3 0.7 1.7
22 CML359/CML144 2484  72.0 20 740 909 15 1.0 1.0 20 1.0 190.7 2.7 1.0 348 80.9 0.3 2.8
23 CML359/CML161 2535 73.0 23 753 965 1.7 1.0 12 25 1.0 188.7 2.0 1.2 422 70.8 0.3 2.0
24 CML359/CML172 4640 733 27 76.0 81.1 13 13 13 18 1.0 168.9 5.0 1.0 375 78.3 1.7 1.0
25 CML359/CML448 3073 76.0 0.0 76.0 934 3.0 1.0 10 22 15 1859 2.7 1.0 392 82.7 13 2.3
26 CML359/CML312 2344  69.0 27 717 843 3.2 1.2 15 23 1.0 180.0 10.7 1.0 253 82.5 1.0 2.3
27 CML359/7L130-23 2722 740 0.0 740 109.7 13 1.0 10 25 1.2 1973 1.7 1.0 329 4.7 0.3 2.8
28 CML359/CML288 3621  70.0 20 720 818 15 1.0 1.2 138 1.2 173.2 3.7 1.0 38.0 81.4 1.7 2.0
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56
57
58

CML359/CML202
CML359/CML539
CML144/CML161
CML144/CML172
CML144/CML448
CML144/CML312
CML144/21.130-23
CML144/CML288
CML144/CML202
CML144/CML539
CML161/CML172
CML161/CML448
CML161/CML312
CML161/ZL130-23
CML161/CML288
CML161/CML202
CML161/CML539
CML172/CML448
CML172/CML312
CML172/Z1.130-23
CML172/CML288
CML172/CML202
CML172/CML539
CML448/CML312
CML448/21.130-23
CML448/CML288
CML448/CML202
CML448/CML539
CML312/Z1.130-23
CML312/CML288

3170
3353
2142
2379
2513
3280
1835
3210
4172
2513
5026

757
1805
2652
1381
1556
4713
2514
2365
5218
3251
3649
2775
2448
2882
2732
2239
3243
2448
3737

70.3
76.0
71.0
70.0
71.3
74.0
76.0
70.0
70.0
70.0
75.0
72.0
72.0
75.3
74.0
76.0
74.0
69.3
69.7
74.0
74.0
76.0
78.0
75.7
74.0
78.0
77.0
69.0
76.3
69.0

1.7
2.0
0.0
1.0
0.3
0.3
0.7
2.0
1.0
1.7
13
3.7
0.3
0.7
0.7
0.7
2.0
0.7
13
2.0
0.7
13
2.0
1.7
2.0
0.7
0.0
3.7
1.0
3.0

72.0
78.0
71.0
71.0
71.7
74.3
76.7
72.0
71.0
71.7
76.3
75.7
72.3
76.0
74.7
76.7
76.0
70.0
71.0
76.0
74.7
77.3
80.0
77.3
76.0
78.7
77.0
72.7
77.3
72.0

108.6
97.4
101.0
94.3
74.1
86.8
95.8
88.5
91.0
94.7
98.1
88.1
85.5
85.7
84.3
122.2
88.2
85.9
65.2
85.9
81.8
104.2
95.0
95.0
109.2
104.0
92.9
93.6
86.9
111.3

2.0
15
2.0
1.7
2.3
1.7
15
1.7
15
1.7
1.2
4.3
1.3
2.7
1.3
2.7
15
2.8
4.0
2.0
15
3.2
13
15
2.0
15
15
2.0
1.7
2.3

1.0
1.0
1.0
11
1.0
1.0
1.2
11
11
11
1.0
0.9
1.0
1.0
1.0
11
11
11
1.0
11
11
1.0
1.0
0.9
1.0
11
11
11
11
1.0

2.2
1.2
1.7
1.0
1.7
1.0
1.0
2.3
2.3
1.0
1.3
1.0
1.0
15
1.0
1.0
1.0
1.0
2.0
13
1.2
15
1.0
1.0
1.2
1.7
1.0
1.0
1.0
1.2

2.0
2.2
2.7
2.2
2.0
2.2
1.7
25
2.3
2.0
2.7
2.2
2.5
1.8
2.2
2.0
1.8
1.8
2.7
2.3
1.8
2.2
2.0
25
1.7
2.7
2.2
1.7
3.0
2.2

1.0
1.2
1.0
1.0
15
1.0
1.2
1.0
1.0
1.0
1.0
1.0
1.2
1.0
1.0
1.0
1.0
1.2
1.0
1.0
15
1.0
1.0
1.0
13
1.0
1.0
1.0
13
1.2

194.3
188.6
187.7
184.5
151.3
172.0
174.3
178.6
184.3
183.4
194.8
177.9
170.7
167.3
180.2
216.9
1741
179.9
162.9
180.4
169.4
194.3
173.3
192.3
199.4
191.2
186.3
182.0
178.4
187.1

3.7
10.0
4.3
3.0
2.0
2.7
10.0
7.3
5.7
2.0
4.0
8.0
2.3
3.7
3.0
1.0
9.7
12.3
9.0
5.0
6.3
53
0.3
4.3
2.7
3.3
2.7
53
53
6.0

1.0
1.0
1.0
1.2
1.0
13
1.2
1.8
1.0
1.0
1.0
1.0
1.2
1.0
1.0
1.0
1.2
1.2
1.0
15
1.2
1.2
1.0
1.0
1.2
1.0
1.0
1.0
1.0
1.2

39.7
34.0
325
37.4
31.8
46.4
33.7
315
38.0
31.9
40.7
27.9
29.8
28.6
295
315
34.0
29.7
28.9
37.0
37.9
29.0
45.7
39.7
42.6
39.0
31.7
44.8
32.0
33.7

81.7
77.6
83.1
90.1
86.3
83.1
74.5
87.2
83.4
83.8
83.8
70.0
75.1
80.7
79.4
72.5
82.3
74.3
82.7
80.7
79.5
81.4
77.6
68.2
80.2
84.9
75.6
84.9
79.4
87.6

0.3
13
0.7
13
0.0
0.7
0.0
1.0
0.3
1.3
0.3
0.0
0.3
0.7
0.0
0.3
0.0
0.3
0.3
13
0.7
13
0.3
13
0.0
0.7
0.3
0.3
0.3
0.0

1.2
1.8
2.3
2.8
2.3
2.3
2.2
15
1.2
1.2
1.0
4.5
3.0
1.8
3.5
2.8
2.3
15
3.7
2.0
1.8
2.8
13
2.7
1.2
1.7
2.8
2.2
2.8
1.8
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59 CML312/CML202 3820 72.0 0.7 727 976 15 1.0 10 25 1.0 1825 1.0 1.0 422 86.4 1.0 2.0

60 CML312/CML539 1622  69.0 1.3 703 840 25 1.0 12 22 1.2 1727 103 1.0 277 75.2 0.7 4.2
61 ZL130-23/CML288 1456  74.0 0.0 740 1048 338 1.0 13 17 1.0 190.3 8.0 13 245 77.0 0.0 4.2
62 ZL130-23/CML202 2323 743 17 760 1062 13 11 10 15 1.0 1947 4.7 1.0 338 80.6 0.3 2.3
63 ZL130-23/CML539 2792 720 0.7 727 89.0 23 1.0 10 25 1.0 1709 2.0 1.0 283 78.7 0.3 3.2
64 CML288/CML202 2653  69.7 0.7 70.3 90.7 2.7 13 27 22 1.2 186.3 2.7 1.0 254 80.9 0.7 2.7
65 CML288/CML539 3677  75.7 0.3 76.0 834 1.7 11 15 23 1.0 181.0 2.3 1.0 489 81.4 0.3 1.7
66 CML202/CML539 3942 710 0.7 717 1029 13 13 10 18 1.0 193.2 3.0 13 347 82.1 3.0 1.0
67 MH27 4744 747 1.3 76.0 869 10 11 1.0 20 1.0 1923 57 1.0 34.2 77 0.7 1.3
68 MH26 6018 743 17 760 1113 10 10 12 20 1.0 1994 7.0 1.0 41.2 83 0.0 1.2
Mean 3205.2 72.6 1.2 738 920 21 11 13 22 1180.9 5.0 11 349 81.0 10 2.2
LSD 1650 0.8 14 13 3282 0.8 0.2 05 0.8 04 38.76.7 11 10.2 105 3.8 11
MSE 4E+06 0.3 08 0.6 293 03 0.0 0.1 0.3 0.1 574.17.2 05 395 423 56 0.5
P 0.001 0.001 0.001 0 063 00 0.17 0 036 016 507 O 0.08 0.001 0.05 0.35 0
CV (%) 31.9 07 747 08 19.7 243 124 228 237 132 132 829 0.2 18.0 8.0230.1 30.8
SE 1021 0.5 0.9 11 181 05 0.1 03 05 0.2 240 2 4 255 6.3 65 24 0.7
MIN 757.0 67.3 0.0 68.3 652 1.0 0.9 1.0 15 1.0 422 03 1.0 245 68.2 0.0 1.0
MAX 6955.0 78.0 3.7 80.0 1222 43 13 27 3.0 1.816.9 16.0 1.8 48.9 90.1 9.3 4.5

LSD = Least significant difference,MSE = Mean square error, CV =coefficient of variation, SE = error, MIN = minimum, MAX = maximum, GY = grain yield (kg ha?),
AD = days to anthesis (days), ASI = anthesis-sillgninterval (days), DS = days to silking (days), E& ear height (cm), LB = leaf blight disease (1-5EPP = ears per plant (#), GLS =
gray leaf spot disease (1-5), GT = grain texture {8), MSV = maize streak virus disease (1-5), PH =#gmt height (cm), RL = root lodging (#), Rust = rus disease (1-5), SWT = 100 seed
weight (g), SH = shelling percentage, SL = stem Igihg (#), VIG = vigour, # = number
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Appendix 16 Estimated general combining ability efécts for 12 inbred lines for grain yield and agronmic traits at low pH
environments in 2011/12

Name GY AD ASI DS EH EPP GLS GT LB MSV  PH RL RUST ST SH% SL VIG
1 G1 CZzZL99%601 0.12 -0.0/ -0.37 0.13 -0.15 0.30 10.00.01 0.07 -0.06 106 0.02 -0.05 095 7.60* 0.09.5%
2 G2 CML481 0.03 0.28 0.11 0.24 022 044 0.02 120.10.03 -0.02 093 0.16 -0.20 -1.03 -3.22 -0.01 90.8
3 G3 CML359 0.03 -0.61 0.16 -0.33 -0.85 1.62* -0.08.09 -0.04 006 025 -0.18 037 -1.81* -5.18 0.08.16*
4 G4 CML144 0.17 0.05 0.16 -0.16 0.00 -0.14 -0.08.17 -0.21 -0.02 0.71 -0.01 -0.22 1.36 116 -0.08.65
5 G5 CML161 -0.19 -031 -023 -069 200 -0.75 0.08.05 0.20 0.19* 0.23 -0.08 -0.15 0.92 0.41 0.020.64
6 G6 CML172 -0.04 -0.18 -0.38 052 3.51* -0.06 0.1®.10 0.08 0.0 0.79 -0.20 0.06 0.43 423 0.02 705
7 G7 CML448 -0.09 -0.67 -052 -0.18 -2.28 -0.71 1e0. 0.07 -0.32* -0.10* -2.10 -0.25 -0.11 151 -0.200.05 -0.67
8 G8 CML312 -0.20 1.69** 0.67 1.10 098 -0.70 0.0¢.04 -0.08 -002 113 -0.212 0.07 -0.97 -0.59 0.00.8%
9 G9 ZL130-23 0.03 0.82 0.28 060 169 0.12 0.05020. 0.05 0.02 1.20 0.01 0.05 0.42 -0.10 -0.01 -0.65
10 G10 CML288 0.11 -090 075 -1.86 -0.43 -0.11 10.1-0.09 0.05 0.03 -0.83 0.21 0.17 1.39 0.89 0.06243.
11 Gi11  CML202 0.00 -042 -0.18 -0.12 -191 -0.75040.-0.13 0.07 -0.10* -0.62 0.34* 0.03 -0.56 -2.980.12 -0.44
12 G12 CML539 0.03 0.32 -0.44 073 -278 0.74 -0.2214 0.10 -0.03 -2.74 0.19 -0.01 -2.62** -2.01 0L. -0.57

**P <0.01; *P<0.05; GY = grain yield (kg hal), AD = days to anthesis (days), ASI = anthesis4sihg interval (days), DS = days to silking (days)iH = ear height (cm), EPP = ears per
plant (#), GLS = gray leaf spot disease (1-5), GTgrain texture (1-5), LB = leaf blight disease (1% MSV = maize streak virus disease (1-5), PH = piaheight (cm), RL = root
lodging (#), Rust = rust disease (1-5), SWT = 108ed weight (g), SH = shelling percentage, SL = stdouging (#), VIG = vigour, # = number

212



Appendix 17 Estimated specific combining ability €fcts of 12 inbred lines for grain yield and agronmic traits across low pH

environments 2011/12

Cross  Pedigree GY AD ASI DS EH EPP LB GLS GT MSV R RL SWT SH SL VIG Rust
1 S12 CZL999601/CML481 -0.09 245 0.77 1.73 5.68 531 -0.02 -0.66* 0.35 0.00 2.70 0.31 056 -6.96 040. 0.60 0.41
2 S13 CZL999601/CML359 -0.31 -0.78 -2.28 1.64 7.20 7.76* 0.05 0.69* -0.53 -0.09 10.37 0.48 201 -B5 -005 -3.78 -0.07
3 Si4 CZL999601/CML144 -0.03 1.89 -0.39 1.80 523 0.88 -0.28 -0.18 0.04 -0.01 4.25 -0.52 -1.24 -442 033 1.03 0.18
4 S15 CZL999601/CML161 -0.02 -1.19 -1.33 0.00 -4.54 -0.22 -0.36 0.03 0.09 -0.22* -9.72 0.05 -0.66 17.0 0.06 0.69 0.19
5 S16 CZL999601/CML172 -0.13  -1.76 048 -0.65 -1.94 -0.73 -0.07 -0.14  -0.08 -0.09 0.94 0.00 1.61 586.17-0.07 0.62 -0.10
6 S17 CZL999601/CML448 0.36 -2.61 -1.04 -1.18 5.18 -0.16 0.49 0.36 0.09 0.07 9.28 -0.29 -3.26 -4.19 .170 1.05 0.24
7 S18 CZL999601/CML312 037 -1.19 0.88 -1.79 -4r7 -0.22 0.26 0.15 -0.15 0.08 -10.29 0.35 -0.84 346 0.21 0.85 -0.61
8 S19 CZL999601/CZL130-23 0.08 1.35 227 -040 211 -1.16 -0.04 -0.10 0.12 -0.04 -3.80 -0.20 0.32 891. -0.04 0.36 0.08
9 S110 CZL999601/CML288 -0.24  -0.27 -0.87 -0.39 892. -0.94 0.13 0.50 0.35 0.09 -3.55 -0.90* -0.49 47. -0.11 -2.86 -0.38
10 S111  CZL999601/CML202 0.30 -0.75 -1.38 -0.02 814 -0.22 -0.06 -0.59 0.00 0.07 -142 046 -0.02 0.35 -0.10 0.82 0.35
11 S23 CML481/CML359 -0.26 -0.01 124 -025 -329 .3 0.41 0.27 0.04 o0.01 -0.72  0.51 -0.61 -2.03 0.38.73 -0.34
12 S24 CML481/CML144 -0.36 -0.34 -0.64 -0.20 -0.47 -1.09 0.59 -0.35 -0.07 -0.05 0.38 -0.16 -0.43 6.73 -0.27 0.74 0.49
13 S25 CML481/CML161 0.27 -2.09 -2.25 -0.22 -3.80 042 0.18 -0.14  -0.42 0.00 -1.26 158 -0.71 7.38 -0.37 1.07 0.01
14 S26 CML481/CML172 0.07 1.56 1.89 1.23 -9.87* 121. -0.54 -0.14 -0.25 0.01 -8.70  0.20 -0.49 -5.47 000. 1.34 -0.03
15 S27 CML481/CML448 -0.02 1.38 -0.07 -0.18 -0.30 0.46 0.03 0.10 0.19 0.03 -459  0.08 0.50 4.29 -0.0044 0.22
16 S28 CML481/CML312 0.07 1.36 151 -0.12 -4.78 560. -0.21 0.39 0.38 -0.04 -6.05 0.05 231 -181 0.110.76 0.04
17 S29 CML481/CZL130-23 0.34 0.24 224 -194 257 122 -0.17 0.06 -0.46 0.13 4.26 -0.34 -1.01 6.31 030. 0.91 -0.11
18 S210 CML481/CML288 0.15 -2.39 -3.45 1.39 6.96 155 -0.50 0.24 -0.28 -0.09 7.80 -0.20 -297 -1.89 -0.38 -3.15 -0.73
19 S211 CML481/CML202 0.01 -1.32 -2.08 0.54 4.22 380 0.14 0.15 0.38 0.03 5.04 -1.34* 190 10.37 70.40.54 0.25
20 S34 CML359/CML144 -0.39 1.88 -0.36 3.60 1.37 22. -0.34 -0.33 -0.13 -0.14 3.50 -0.32 -0.86 1.17 .120 -2.64 -0.41
21 S35 CML359/CML161 0.21 047 0.70 0.13 8.49 -1.61-0.42 0.21 -0.12 -0.06 9.20 0.25 340 242 0.45 982  -0.47
22 S36 CML359/CML172 -0.12 1.00 -0.38 0.14 -2.25 2%4. 047 0.13 -0.46 -0.22* -258 -0.47 -4.15 -857 -0.35 -3.05 -0.51
23 S37 CML359/CML448 0.23 2.38 0.76 2.29 -5.35 21.3 0.10 -0.30 -0.02 -0.05 -10.58 041 -2.01 1111 .290 -2.95 -0.51
24 S38 CML359/CML312 0.11 -0.53 -2.42  2.23 6.62 221. 0.03 0.33 0.17 0.04 6.63 -0.12 -1.16 -4.33 -0.22.81 -0.28
25 839 CML359/CZL130-23 0.15 0.89 -0.81 0.73 1.14 231 -0.10 -059 0.03 0.26 4.89 -0.67 0.09 7.17 320.-3.64 -0.67
26 S310 CML359/CML288 0.12 -7.16®» 322 -10.78 -A3 -2.10 1.20» -0.10 0.35 042 -11.04 0.13 -0.77-3.43 0.11  30.47* 4.20*
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Appendix 17 continued

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

S311
S45
S46
S47
S48
S49
S410
S411
S56
S57
S58
S59
S510
S511
S67
S68
S69
S610
S611
S78
S79
S710
S711
S89
S810
S811
S910
S911
S112

CML359/CML202
CML144/CML161
CML144/CML172
CML144/CML448
CML144/CML312
CML144/Z1.130-23
CML144/CML288
CML144/CML202
CML161/CML172
CML161/CML448
CML161/CML312
CML161/CZL130-23
CML161/CML288
CML161/CML202
CML172/CML448
CML172/CML312
CML172/CZL130-23
CML172/CML288
CML172/CML202
CML448/CML312

CML448/Z1.L130-23

CML448/CML208
CML448/CML202
CML312/7L130-23
CML312/CML288
CML312/CM202
ZL.130-23/CML288
ZL.130-23/CML202

CZL999601/CML539

-0.29
-0.11
0.44
-0.09
0.02
-0.21
0.19
0.75
0.17
0.06
0.00
-0.08
-0.25
-0.18
-0.11
-0.12
-0.01
-0.09
-0.18
0.23
-0.06
-0.29
0.02
-0.19
-0.37
-0.04
0.27
-0.59
-0.32

0.02
-1.86
-1.99
-2.62
-1.97
4.00*
-0.69

0.08

0.04
-0.47

0.84

-3.30*
5.09*

0.61
-0.61

1.37
-1.10

1.29

0.81
-2.47

0.72

3.78*

1.63

-2.30
3.42*

2.61
-1.05

1.47

2.85

-0.02
-2.30
-1.04
-1.90
-1.09
4.86
0.47
1.27
-0.10
-0.29
2.53
-3.42
6.78
-0.63
0.19
0.34
-2.27
1.59
0.85
-0.85
0.87
-0.60
1.66
-3.65
1.88
281
-3.40
2.86
2.88

0.11
-0.04
-0.59

0.00
-0.72
-1.11
-1.71
-1.33
-0.72
-0.69
-0.97
-0.47
0.66

0.58
-1.57

0.16

0.99

111
-0.96
-2.14
-0.64
4.15

0.74

1.41
0.54

0.46

2.70
-0.71
-0.75

-2.931.60 -0.12
4.52 .180 0.09
-9.88%0.42 -0.13
-0.53 .10 0.77*
-0.57 200 -0.29
-7.830.69 -0.09
-1.980.44 -0.26
538 70.2 -0.25
-2.21 060. 0.13
-6.42 870 -0.47
-10.68* .60 0.79*
2%. -0.10 0.16
-6.600.17 -0.34
5.22 850. -0.36
1.73 .030 0.14
9.48 0.15041
5.110.58 -0.22
13.56*0.42 -0.22
-6.96.220 0.76*
-1.07.770 -0.19
-03.1-0.05 0.18
9.01.18 -0.32
7.83 0.900.34
6.64.08 -0.06
-3.24 .210 0.45
3.24 0.750.58
3.38.65 -0.19
-5.18.08 0.79*
4251.70 -0.09

0.00
0.59
-0.41
-0.17
-0.38
0.12
0.48
0.63
0.38
-0.79*
0.00
0.00
-0.07
0.01
0.12
-0.34
0.91*
-0.15
-0.58
0.24
-0.26
-0.32
0.75*
0.53
-0.53
-0.46
-0.53
0.04
-0.06

0.72*
0.14
0.09

-0.13

-0.10

-0.20

-0.09
0.03
0.21
0.24
0.26

-0.05

-0.27
0.43
0.52

0.22
0.24
-0.32
0.05
0.24

-0.07
0.04

-0.92*

-0.37
0.40

-0.56
0.09

-0.20
-0.27

-0.05
0.07
-0.14
0.02
-0.05
-0.09
0.40*
0.02
0.66**
-0.18
0.25*
-0.29*
-0.30*
-0.18
-0.06
-0.13
0.33*
-0.18
-0.06
0.03
-0.01
-0.02
0.11
-0.08
-0.09
0.03
-0.13
-0.01
0.15

0.27
-4.48
-6.93
-1.04
-5.16

-12.79
-7.49
12.05

-11.01
3.88
-12.02

9.57
0.27
1.06
9.99
5.09
7.68
18.05
-9.82
-3.02
-7.76

9.60

7.73
6.34
-2.96
9.16
-0.70

-7.57

1.26

-0.17
-0.42
0.03
0.24
-0.12
0.16
0.13
1.52*
0.43
-0.02
-0.55
0.73
0.03
-1.11*
1.60**
0.06
-0.65
-0.35
0.01
-0.39
0.90*
-0.80
-0.94*
-0.64
-0.34
0.03
-0.05
0.81
0.28

-2.69
0.91
2.98
3.21

-1.48

-1.91

-3.74

3.79

-1.29
2.33

-0.14

-5.81*
2.85

-2.34

1.22
1.96

181

-1.46

-2.26

-1.94
1.17
7.05

0.40
3.10
-5.80*

5.24*
4.49
2.69
2.01

-2.680.29
-1.06
-5.360.14
8.08 00.1
2.690.15
912. 0.06
0.08-0.44
-2.25 €0.0
2.03 00.1
-6.860.34
0.910.45
382 0.63
3.08 .560
-4.43 .260
-22.36% .703
463 -0.42
1.46-0.34
95.3 0.59
-15.82.23
-1.29.350
610. 0.23
455 60.1
592 ®.1
-0.840.11
-3.420.04
0.11 0.72*
2.4D.12
0.1-0.20
-7.66.04

0.00

-3.18
1.16
0.43
1.19
0.66
-0.73

-3.22
0.96
1.09
0.19
1.32

1.16

-3.73

-0.05
1.12

250.

1.09
-3.80
0.89
0.35
1.19
-2.70
-0.01
0.33
-2.56
1.12
-2.72
0.96
0.62

-0.32
0.28
-0.35
0.32
0.22
-0.09
-0.38
-0.47
-0.16
-0.50
-0.18
0.09
-0.28
0.62
0.79
0.36
0.39
-0.49
-0.09
0.28
-0.70
-0.32
0.33
0.62
-0.51
0.14
0.02
-0.33
0.15
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Appendix 17 continued

56 S212 CML481/CML539 -0.17 -0.83 0.85 -1.98 3.08181 0.11 0.10 0.14 -0.08 1.16  -0.69 0.96 -16.91200. 1.00 -0.03
57 S312 CML359/CML539 056 183 035 0.15 -6.63 023. -0.32 -0.30 -0.07 -0.12 -9.94 -0.02 6.75* 11.74€.18 -2.71 -0.12
58 S412 CML144/CML539 -0.21 162 113 0.31 474 649 0.19 0.00 043 -0.04 17.72 -0.52 -1.23 -2.76 00.40.43 -0.04
59 S512 CML161/CML539 -0.07 187 030 1.73 9.75 430. 0.61 -0.21 -0.50 0.26* 1452 -0.95* 1.46 593.370 0.09 0.26
60 S612 CML172/CML539 0.07 -0.60 -1.55 0.86 3.23 .38 023 021 -0.22 -0.12 -2.70 -0.84 0.09 -1.33 160. 0.02 -0.12
61 S712 CML448/CML539 -0.34 -111 126 -0.78 0.020.83 -037 0.28 -0.19 0.04 -1348 -0.79 -8.67* 30.10.23 0.12 0.04
62 S812 CML312/CML539 -0.07 -1.13 -1.93 0.95 6.100.69 -0.61 0.07 -0.49 -0.03 1229 1.68* -1.25 8.690.11 1.25 -0.03
63 S912  ZL130-23/CML539 0.30 -0.93 0.46 -0.56 -0.®,92** -0.24 -0.18 0.86* -0.07 -0.12 -0.04 -4.9410-18 -0.30 1.09 -0.07
64 S1011 CML288/CML202 0.23 -1.81 -3.61 142 -4.680.07 -0.21 023 -0.26 -0.02 -2.88 0.61 -5.34* 3.1:0.27 -2.93 -0.02
65 S1012 CML288/CML539 0.28 -0.21 -2.01 0.90 -9.151.24 026 0.26 -0.03 -0.08 -7.09 1.76** 6.19* 7.250.38 -2.80 -0.08
66 S1112 CML202/CML539 -0.17 -425 -0.93 -1.57 8.8 153 0.34 0.42 0.31 -0.22 -18.52 0.80 -1.45 -2.09.12 453 -0.22

**P <0.01; *P<0.05;GY = grain yield (kg hal), AD = days to anthesis (days), AS| = anthesis4ing interval (days), DS = days to silking (days)EH = ear height (cm), EPP = ears
per plant (#), LB = leaf blight disease (1-5), GLS gray leaf spot disease (1-5), GT = grain textur@d-5), MSV = maize streak virus disease (1-5), PHptant height (cm), RL = root
lodging (#), SWT = 100 seed weight (g), SH = shalli percentage, SL = stem lodging (#), VIG = vigouRust = rust disease (1-5), # = number
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Appendix 18 Estimated general combining ability efcts for 12 inbred lines for grain yield and agronmic traits for optimal soil
conditions in 2011/12

Line Name GY AD ASI DS EH EPP GLS GT LB MSV  PH RL SNT  SH% VIG
1 G1 CZL999601 1.31** -0.87** -0.45* -1.32** -2.01 -1.54 0.12* 0.02 0.07 -0.09 -157 0.51 1.94 3.13 .560 -0.76
2 G2 CML481 0.23 -0.83** -0.18 -1.02* -3.00 -1.54 -0.12* 0.00 0.37* -0.01 -7.53 0.88 -0.66  3.47 1.19-0.86
3 G3 CML359 0.12 -0.07 0.35* 0.28 1.36 -1.54 0.13*0.04  -0.07 -0.03 432 -0.26 1.55 0.13 0.69 -0.7
4 G4 CML144 0.01 -0.67** -0.15 -0.82*  0.10 -1.50 .10 0.03 -0.26* -0.08 -2.64 -1.04 1.14 3.63 0.13-0.85
5 G5 CML161 -0.57* 0.73*  0.32* 1.05*  3.05 1.38 0-15* 0.06 -0.02 0.02 404 -0.52 -3.01* -4.36* ®&.5 1.22
6 G6 CML172 0.25 -0.33** 0.22 -0.12 -2.58 -1.53 @®.1 0.00 0.18 -0.08 -0.76 1.41 0.28 2.10 -0.08 -0.
7 G7 CML448 -0.51** 0.93* 0.22 1.15** -1.58 -1.58 -0.17* -0.03 0.35* 0.01 -460 -0.72 2.00 -094 38 -043
8 G8 CML312 -0.40* -0.77* 0.08 -0.68 -4.39 1.06 A8 0.200 0.10 0.07 -0.29 153 -1.33 -1.38 0.09 .90
9 G9 ZL.130-23 -0.31 1.63* -0.25 1.38** 3.76 4.76** -0.15* -0.18 -0.17 0.17 2.80 -0.06 -2.88* -573**-0.54 1.81*
10 G10 CML288 -0.02 0.13 -0.25 -0.12 -0.21 -1.54 208 0.03 -0.05 -0.03 1.17 0.13 1.87 3.12 -0.48 6€0.
11 G111 CML202 -0.01 0.33** -0.15 0.18 6.70* 1.46 2®* -0.02 -0.17 -0.01 765 -1.99* -152 -0.72 9.1 0.68
12 G12 CML539 -0.10 -0.23* 0.25 0.02 -1.22 211 23* -0.15 -0.36 0.06 -259 0.13 0.63 -2.44 -0.44.39

**P <0.01; *P<0.05;GY = grain yield (kg hal), AD = days to anthesis (days), ASI = anthesis4ing interval (days), DS = days to silking (days)EH = ear height (cm), EPP = ears
per plant (#), GLS = gray leaf spot disease (1-5RT = grain texture (1-5), LB = leaf blight diseas€1-5), MSV = maize streak virus disease (1-5), PHptant height (cm), RL = root
lodging (#), SWT = 100 seed weight (g), SH = shalli percentage, SL = stem lodging (#), VIG = vigou# = number.

216



Appendix 19 Estimated specific combining ability €fcts of 12 inbred lines for grain yield and agronmic traits at optimal soill

conditions 2011/12

Cross Pedigree GY AD ASI DS EH EPP LB GLS GT MSV PH RL SWT SH% SL VIG

1 S12 CZ1999601/CML481 -0.90 -1.94** -0.53 -2.47** 4.06 1.60 -1.01** -0.12 -0.34 0.14 -8.35 -0.38 @4 -6.36 -2.09 0.84
2 S13 CZ1.999601/CML359 0.61 1.30** -0.73 0.56 -8.70 1.64 -0.08 1.13* 0.13 -0.01 -5.61 0.42 0.14 -0.31 -1.92 0.72
3 S14 CZ1999601/CML144 2.44%  2.90** 0.10 3.00** 48 1.75 -0.89** 0.26 0.64** 0.04 -3.41 -1.46 530 -4.58 2.98* -0.17
4 S15 CZL999601/CML161 -0.18 1.50** 0.97* 2.46%* 8. -1.27 0.21 -0.25 -0.23 -0.06 12.51 -0.65 5.17 640. -1.01 -1.07
5 S16 CZL999601/CML172 -1.16* -2.44% 0.07 -2.37** 6.84 1.60 0.01 0.83** -0.01 0.04 10.85 -0.25 -5.34 279 0.84 0.89
6 S17 CZL999601/CML448 -1.33*  -2.70*  1.07* -1.64* 0.90 1.63 1.51% -0.24 0.03 -0.04 -0.78 -1.78 6.1 -1.42 0.81 2.24
7 S18 CZL999601/CML312 -0.08 -1.67** -0.13 -1.80** 7.05 -0.93 -0.74* -0.10 -0.36 -0.10 16.08 -2.03 50.5 5.01 1.01 -0.33
8 S19 CZL999601/CZL130-23 0.94 -1.40%* -0.47 -1.87* 1.84 -4.42 -0.48 -0.09 -0.16 -0.21 9.55 2.89 285 6.78 131 -2.83
9 S110 CZL999601/CML288 -0.73 2.10% -0.47 1.63** .80 1.72 157  -0.60* 0.14 0.00 -11.18 4.70* -0.3 -2.59 -0.42 1.47
10 S111 CZL999601/CML202 0.86 1.90% 0.43 2.33* 5:21* -1.34 0.02 -0.64** 0.19 0.14 -23.20 0.15 B.8 3.15 -0.37 -0.37
11 S23 CML481/CML359 -0.41 -0.07 -0.67 -0.74 8.83 .681 0.79* 0.03 0.14 0.07 10.25 -0.95 -3.56 166 484 1.66

12 S24 CML481/CML144 0.22 2.86%* 0.50 3.36% 7.32 .61 1.48* -0.34 -0.35 -0.04 9.09 -3.50 -5.98 -7.77 1.01 1.27
13 S25 CML481/CML161 0.70 -2.54 0.70 -1.84 -2.83 141 -0.09 -0.02 -0.05 0.36 0.37 1.99 -2.67 5.21 31.0 -0.47
14 S26 CML481/CML172 -1.35% -4.14% -0.20 -4.34 13. 1.64 0.71* -0.10 -0.16 -0.04 12.17 4.72* -8.63* -3.44 -1.79 1.82
15 827 CML481/CML448 2.05%  3.26** -0.87 2.40 -16.6 1.72 -1.46** 0.00 0.21 -0.13  -44.65* -3.81 251 231 -0.82 -0.16
16 S28 CML481/CML312 -0.50 4.30** -0.40 3.90 -2.42 -0.96 1.29** -0.04 -0.51 0.31 6.87 8.60** -4.17 0.0 1.38 -0.56
17 S29 CML481/CZL130-23 0.52 -0.10 1.60** 1.50 4.9 -4.56 -0.61 0.15 0.19 -0.29 11.78 -3.81 14.40** .116 -1.32 -2.73
18 S210 CML481/CML288 1.25* 0.06 -0.40 -0.34 3.23 59 -0.89 -0.04 -0.01 -0.09 7.24 -0.33 8.26* 0.45 1.06 -0.09
19 S211 CML481/CML202 -0.76 -0.14 0.83 0.70 -5.22 1.20 -0.11 0.43* 0.54* -0.11 -9.54 -2.21 1.64 4.89 -1.67 -0.94
20 S34 CML359/CML144 -0.83 0.10 0.63 0.73 -2.54 915 -0.25 -0.59**  -0.21 -0.03 8.03 -1.03 -2.24 -2.53 -1.49 1.65
21 S35 CML359/CML161 -0.22 -0.30 0.50 0.20 0.11 271. -0.33 -0.10 0.25 -0.13 -0.58 -2.21 9.31* -4.66 0.81 -1.25
22 S36 CML359/CML172 1.09* 1.10** 0.93 2.03 -9.66 93 -0.86 -0.19 -0.36 -0.03 -15.58 -1.15 1.35 -3.64 0.04 -0.29
23 S37 CML359/CML448 0.26 2.50%  -1.73* 0.76 1.64 1.67 0.64 -0.25 0.01 0.39* 5.19 -1.35 1.26 3.82 10.0 0.72

24 S38 CML359/CML312 -0.59 -2.80*  1.07* -1.74 -2.7 -0.76 1.06** 0.21 -0.05 -0.17 -4.98 4.40* -9.26* 4.00 -0.79 -0.68
25 S39 CML359/CZL130-23 -0.27 -0.20 -1.27* -1.47 NG10% -4.67 -0.51 -0.27 0.49 -0.11 9.26 -3.01 -0.07 590 -0.82 -1.02
26 S310 CML359/CML288 0.33 -2.70** 0.73 -1.97 -3.3 160 -0.46 -0.45**  -0.38 0.10 -13.28 -1.20 025 1.62 0.44 0.62
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S311 CML359/CML202 -0.11 257+ 0.30 -2.27 852 -1.39 0.16 0.51*  -0.16 -0.09 141 0.92 5.34 253 -1.17 -1.55

S45 CML144/CML161 -0.52 -1.70**  -1.33*  -3.04 & -1.30 0.20 0.36* 0.43 -0.08 5.39 0.90 0.06 4.08 0.09 -0.81
S46 CML144/CML172 -1.07*  -1.64*  -0.23 -1.87 8.7 1.72 -0.34 -0.55**  -0.01 0.02 6.95 -2.36 1.58 .7 0.28 1.65
Sa7 CML144/CML448 -0.20 -1.57**  -0.90* -2.47 -16 1.63 0.16 0.38* -0.15 0.44* -22.37 -1.23 -5.67 3.86 -0.76 0.83
S48 CML144/CML312 0.45 2.80** -0.77 2.03 -0.96 1.00 -0.25 -0.32* -0.21 -0.12 -6.02 -2.81 12.21** .04 -0.56 -0.57
S49 CML144/Z1.130-23 -1.10*  2.40* -0.10 2.30 00. -4.54 -0.15 -0.30 -0.33 -0.06 -6.78 6.10* 111 3.1e -0.59 -1.58
S410 CML144/CML288 0.03 -2.10%  1.23* -0.87 3B 1.66 -0.10 0.68** 0.29 -0.02 -0.84 3.25 -5.83 690. 0.34 0.23
S411 CML144/CML202 0.99 -2.30** 0.13 -2.17 -7.79 -1.29 -0.15 0.65** 0.18 -0.04 -1.62 3.70 3.98 0.81 -0.61 -1.45
S56 CML161/CML172 2.14* 1.96** -0.37 1.60 561 1.35 -1.08** 0.10 0.45 -0.08 10.57 -1.88 9.38* 6.29 -0.04 -2.25
S57 CML161/CMLA48 -1.36* -2.30**  1.97* -0.34 3% -1.31 1.92% 0.03 -0.01 -0.16 -2.52 4.25 -5.42 -4.43 -0.07 0.93
S58 CML161/CML312 -0.44 -0.60*  -1.23*  -1.84 2. -3.86 -0.83** 0.00 0.09 -0.05 -14.00 -3.66 -0.23 1.10 -0.21 -1.97
S59 CML161/CZL130-23 0.34 0.33 -0.57 -0.24 -B3.1 -7.57 0.77* 0.51*  -0.20 -0.33 -20.46 -0.75 0.13 1111 0.76 -3.98*
S510 CML161/CML288 -1.22* 0.50 -0.57 -0.07 -5 -1.28 -0.68* -0.34* -0.07 -0.12 -5.99 -1.60 -3.66 0.90 0.03 0.16
S611 CML161/CML202 -1.43*  2.30* -0.33 1.96 28%4  25.24* 0.11 -0.37* -0.44  0.86** 23.01 -1.48  4106** -29.65** 0.24 12,77+
S67 CML172/CMLA48 -0.41 -3.90**  -0.93* -4.84 9B. 1.75 0.22 -0.22 -0.29 0.11 4.35 6.65* -6.92 56.5 -0.22 -0.11
S68 CML172/CML312 -0.73 -1.87**  -0.13 -2.00 80 -0.97 1.64**  0.75* 0.32 -0.12 -16.96 1.07 4.4 2.22 -0.69 0.66
S69 CML172/CZL130-23 2.09** 0.06 0.87 0.93 -7.26 -4.62 -0.09 0.10 0.36 -0.23 -2.56 -1.35 5.22 461 0.94 -1.85
S610 CML172/CML288 -0.21 1.56** -0.47 1.10 -7.46 1.68 -0.71* -0.42* -0.35 0.48* -11.92 -0.20 140 547 0.21 0.46
S611 CML172/CML202 0.18 3.36** 0.10 3.46 8.03 .34 1.07* -0.12 0.04 -0.04 6.46 0.92 -4.06 0.32 59. 0.11

S78 CML448/CML312 0.17 2.86** 0.20 3.06 8.95 04. -1.03* 0.01 0.19 -0.20 16.28 -1.46 4.72 -9.19 610 -0.66

S79 CML448/ZLL130-23 0.52 -1.20** 0.87 -0.34 94. -4.61 -0.26 0.20 -0.27 0.02 20.28 -1.55 9.16* 177. -0.09 -3.00
S710 CML448/CML208 0.09 4.30%* -0.47 3.83 13.74 1.74 -0.88**  0.35* 0.52 -0.10 13.65 -1.06 0.82 3.01 0.51 -0.03
S711 CML448/CML202 -0.45 3.10**  -1.23* 1.86 -4.2 -1.26 -0.76* -0.35* 0.07 -0.13 2.34 0.39 -3.11 A8 -0.11 -0.20
S89 CML312/ZL130-23 -0.06 2.83* 0.00 2.83 -4.48 19.17*  -0.68* 0.00 0.50 0.63* -5.06 -1.13 -10.29* -17.23**  -0.22 8.62**
S810 CML312/CML288 1.86** -3.00%*  2.00** -1.00 0273 -1.04 -0.63* -0.35 -0.12 0.09 18.97 -3.15 6.13 4.93 -0.62 -2.09
S811 CML312/CM202 1.00 -0.20 -0.43 -0.64 3.30 973 -0.51 -0.39* 0.18 -0.19 -5.81 -3.53 10.75* @8 0.09 -2.44
S910  ZL130-23/CML288 -1.44*  -0.40 -0.67 -1.07 2B -4.65 1.97* 0.00 -0.33 -0.27 5.35 2.94 -8.83* -0.09 0.01 0.23
S911 Z1.130-23/CML202 -0.55 -0.27 0.90 0.63 3.69 -7.60 -0.41 -0.37* -0.45 -0.29 3.30 1.72 3.81 7.35 0.06 -2.95

S112 CZL999601/CML539 -0.47 0.46 -0.30 0.16 352 -1.97 -0.12 -0.17 -0.01 0.07 3.54 -1.63 -3.63 03.1 -1.12 -1.41
S212 CML481/CML539 -0.83**  -1.57* -0.57 -2.14 852 -2.05 -0.09 0.06 0.34 -0.18 4.77 -0.33 0.61 551. -1.09 -0.64
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57
58
59
60
61
62
63
64
65
66

S312 CML359/CML539 0.15 3.66** 0.23 3.90 5.25 .02 -0.15 -0.02 0.14 0.01 5.88 5.14* -2.51 0.17 80.0 -0.59
S412 CML144/CML539 -0.41 -1.74%* 0.73 -1.00 189 -1.89 0.29 -0.22 -0.27 -0.11 11.58 -1.58 -4.52 752. -0.69 -1.07
S512 CML161/CML539 2.17* 0.86 0.27 1.13 -5.64 4.88 -0.20 0.10 -0.22 -0.21 -8.30 5.07* 2.00 9.39 0.0t -2.05
S612 CML172/CML539 -0.59 5.93* 0.37 6.30 6.75 2.03 -0.57* -0.15 0.00 -0.11 -4.33 -6.20* 10.44* .84 -0.16 -1.09
S712 CML448/CML539 0.65 -4.34%  2.03* -2.30 53 -1.91 -0.07 0.11 -0.30 -0.19 8.24 0.94 7.80* 8.52 0.14 -0.57
S812 CML312/CML539 -1.07*  -2.64**  -0.17 -2.80 42 -4.62 0.68* 0.25 -0.02 -0.09 -5.37 3.69 -5.99 0.71 0.01 0.02
S912 ZL.130-23/CML539 -0.99 -2.04*  -1.17* -3.20 -15.45 28.07** 0.45 0.10 0.19 1.14*  -24.66 -2.06 1749* -23.31* -0.02 11.09*
S1011 CML288/CML202 -0.55 -3.44*  -0.10 -3.54 .89 -1.08 0.81* 0.95** 0.01 0.08 -3.50 -0.46 -9.32* -1.25 0.33 -0.14
S1012 CML288/CML539 0.58 3.13* -0.83 2.30 -7.22 -1.94 0.00 0.25 0.31 -0.15 1.50 -2.91 12.08** 1.02 0.24 -0.84
S1112 CML202/CML539 1.08 -1.53** 0.67 -0.87 7.1 -0.09 0.29 -0.02 -0.63 -0.07 -2.10 2.88 1.30 4.94 3.45* -1.83

**P <0.01; *P<0.05;GY = grain yield (kg hal), AD = days to anthesis (days), ASI = anthesis4ing interval (days), DS = days to silking (days)EH = ear height (cm), EPP = ears
per plant (#), LB = leaf blight disease (1-5), GLS gray leaf spot disease (1-5), GT = grain textur@d-5), MSV = maize streak virus disease (1-5), PHptant height (cm), RL = root
lodging (#), SWT = 100 seed weight (g), SH = shalli percentage, SL = stem lodging (#), VIG = vigou# = number.
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