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CHAPTER 1
General introduction

Maize ¢Zea mayd..), also known as corn, is one of the world’sdieg cereal crops along
with rice Oryza satival..) and wheat Triticum aestivuni.). Data from the United Nations
(UN) Food and Agriculture Organization (FAO) showvtbdt in 2010 world maize production
was over 840 million metric ton, with the Unitedaféts and China as the leading producers.
The world maize area during 2010 was 161 millioctéies of which Africa’s share was
about 31 million ha, comprising 19.3% of the wosldhaize area. However, the production
share of Africa was 64 million metric ton or abd@% of the world production (FAOSTAT,
2010). The low average yield per unit area is tl@nmeason why Africa’s share of global
maize production is so small (Heisey and Edmeaidl®99; Pingali and Pandey, 2001).
According to the study by the International MaizadaWheat Improvement Centre
(CIMMYT), the demand for maize in developing couggrwill exceed that of wheat and rice
by the year 2020. Furthermore, between the perdl®@ and 2020 global and sub-Saharan
Africa (SSA) maize consumption is projected to @age by 50% and 93% respectively
(CIMMYT, 2001), indicating the importance of theoprboth in Africa and the world.

Maize’s attractiveness as a staple crop is lardaky to its diverse role as a food source for
both humans and animals. Kernels can be consunfethefcob, parched, boiled, fried,
roasted, ground and fermented for use in breadidges, gruels, cakes and alcoholic
beverages. Further processing leads to its useaasthickeners, sweeteners, oils and non-
consumables (Inglett, 1970; Gardner and Ingletf11®lexander, 1987). Maize, a dietary
staple for more than 200 million people, is pronglan estimated 15% of the world’s protein
and 20% of the world’s calories (Brown et al., 1988C, 1988). This number can be
expected to grow as the world’s population appreadh billion in 2025 (Lutz et al., 2001,
USDA, 2009; Emily and Sherry, 2010), indicating m&a$ status as an important crop in

global nutrition.

Maize is also the most important cereal food croB$A, particularly in eastern and southern
Africa (ESA) where it accounts for 53% of the tatareal area (FAOSTAT, 2010) and 30-
70% of total caloric consumption (Langyintuo et &010). Consumption of maize is high
throughout most of the region, reflecting its rake the primary food staple (Hassan et al.,
2001; Diallo et al., 2004; Banziger and Diallo, 2p@malberger and du Toit, 2004). The



annual per capita consumption of maize is highouttsern African countries compared to the
rest of the continent. It ranges from 138 kg in &lead to 195 kg in South Africa
(CIMMYT, 1999). In eastern Africa, per capita anhaansumption ranges from 40 kg in
Burundi to 105 kg in Kenya (Hassan et al., 2001i2d in Africa is grown by small and
medium-scale farmers who cultivate 10 ha or less\fizs and Toenniessen, 2001) under
extremely low-input systems where average maizklyiare 1.3 ton per ha (Banziger and
Diallo, 2004). In SSA countries there is a wide dagtween maize consumption and
production. The mismatch of demand and supply iggated by importation of about three
million ton of maize annually (Pingali and Pande01; FAOSTAT, 2008). Use of
improved varieties and good management practicasircaease maize yields and reduce
imports in these countries (Heisey and Edmeade39;1Reeves et al., 1999; Pingali and
Pandey, 2001).

Unlike in the developed world where maize is pradluenainly for animal feed, human
consumption of maize in SSA is estimated to be r@ol0% (Aquino et al., 2001). Research
indicates that 20% of global food calories and 1&P&ll food-crop protein is provided by
maize (Brown et al., 1988; NRC, 1988). However, phetein quality of normal maize and
most cereals is poor as it lacks the essential @aonds, lysine and tryptophan (Bhatia and
Rabson, 1987). The deficiency of the essential amarids in normal maize causes serious
protein malnutrition and associated problems fapbe with high protein requirements, e.g.,
young children, pregnant or lactating women, arel ithin communities where maize is a
dietary staple and often a major source of pro{ixley and Bjarnason, 2002). In SSA
where maize farming system is dominant, the maimuir rate particularly for pre-school
children is reported to be high. Hyman et al. (90@ported that the prevalence of stunting is
over 40% in areas where maize is a dominant dieadtition, the proportion of poor people
(who live on USD 2 per day or less) in the maizenfag communities of SSA is about 65%
(Wood et al., 2010) which implies that protein sm# like meat, milk and eggs are

unaffordable.

The study to improve the nutritional quality of m@l maize begun almost a century ago
(Osborne and Mendel, 1914). The protein of a mdtunaize kernel is principally stored in
the endosperm and the germ. However, the protdineiigerm is superior in both quality and
guantity as compared to the endosperm protein whidot only low in quantity but also it is

of poor quality. The relative amounts of proteimtiuted by the endosperm and germ vary
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and are dependent on the type of maize, genotggiire and size. In most field maize, the
endosperm accounts for 80 to 85%, while the embogounts for about 8 to 10% of the total
kernel dry weight (Zuber and Darrah, 1987). Theosperm contains a high proportion of
prolamine fraction (zein in maize) which is low liysine, containing only 0.1g 108gof

protein and the other amino acids. Tryptophanse &w in zein. The high proportion of the
zein fraction is the principal cause of poor pnotguality in maize. Hence, reducing the zein
fraction will result in a proportional increase ather non-zein fractions which are higher in

lysine and tryptophan (Vasal, 2001).

The discovery of mutant alleles in maize in the rh@60’s by researchers of the Purdue
University was the major breakthrough in enhandimg nutritional quality of maize. The
biochemical effects of these mutant alleles, th& fliscovered waspaque-2(02) (Mertz et
al., 1964) followed byloury-2 (fl2) (Nelson et al., 1965), were found to cause chaungéhe
amino acid profile and composition of maize endasperotein and resulted in twofold
increase in the levels of lysine and tryptophan gamed to normal maize. The biological
value of normal maize is about 40% that of milkg&ani, 1991). However, the increase in
lysine content in the endosperm protein had doubhedbiological value of the2 maize
protein and this increase in protein quality was thuincrease in the ratio of non-zein to zein
proteins (Gibbon and Larkins, 2005). The reductbnhe zein fraction iro2 maize further
reduced the leucine content of the endosperm whiah found to be beneficial as it caused
the leucine-isoleucine ratio to be more balancetiteiped in liberating more tryptophan for

niacin biosynthesis (Bjarnason and Vasal, 1992).

Although the discovery of mutant alleles in maiggroved the nutritional quality of maize
and excited many researchers, the undesirable @giorcharacters associated with th2
maize hindered progress. The pleiotropic effectheb2 gene manifested in the form of soft
endosperm, low kernel weight, increased suscepyilid insect-pests and fungal diseases,
inferior food processing and most importantly redhrc in grain yield, discouraged its
acceptance (Bjarnason and Vasal, 1992). Howevéentsts at CIMMYT used various
breeding techniques to convert several maize ptpoktoo2 and subsequently to modify
the undesirable traits associated with the mutaiMRC, 1988; Bjarnason and Vasal, 1992;
Villegas et al., 1992). The continued work at CIMM¥ the 1970’s and 80’s resulted in the
identification of maize cultivars with superior pem quality, similar too2 maize, but

resembling normal-endosperm maize both phenotypicahd agronomically. Hence,
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CIMMYT scientists named this maize Quality ProtMaize (QPM) (CIMMYT, 1972; Vasal
et al., 1980).

In most cases farmers in SSA, grow maize underitond that differ in input application
and crop husbandry from researcher managed pleter& biotic and abiotic factors limit
maize production and productivity across countneSSA (Badu-Apraku et al., 2003). Biotic
factors limiting maize production in the region lume insect pests, diseases, and parasitic
weeds. The major abiotic factors limiting maizedaration in ESA are low soil fertility and
drought, and these are among the most importardlleciyes of maize production, food
security and economic growth in ESA (CIMMYT, 200Banziger and Diallo, 2004).
Banziger and Lafitte (1997) reported low level afragen (N) in soils as a major yield
limiting factor often found in farmers’ fields ime tropics where fertilizer is not commonly
used and organic matter is rapidly mineralised. Miagority of farmers in the tropics produce
maize under rain-fed conditions and are vulnerabldrought. Although drought at any stage
of crop growth and development affects productithe greatest impact occurs around
flowering (Edmeades et al.,, 1992). The incidencenoisture stress in maize farming is
predicted to increase partly due to climate chasmgg displacement of maize to marginal
environments by high value crops (Banziger et 2000). The adoption of cultivars that
utilise N more efficiently as well as tolerate trecurrent droughts facing the region will
mitigate the challenges of abiotic stresses in enfixallo et al., 2003).

Plant breeders have been striving to develop geestyith superior grain yield, quality and
other desirable characteristics over a wide rangeifferent environmental conditions.
Genotype x Environment (G x E) interaction compbksathe testing and selection of
genotypes for broad adaptation in breeding prograsarihe phenotype of an organism is
determined by the combined effect of the environnaer the genotype which interact with
one another. Several studies have shown that eseproplerstanding of the environmental
and genetic factors causing the interaction as agelin assessment of their importance in the
relevant G x E system could have a large impagtlant breeding (Magari and Kang, 1993;
Basford and Cooper, 1998). G x E interaction ocomst often when genotypes are
evaluated across environments (Becker and Leon3;18Rgari, 1989; Kang, 1990) and
complicates the selection of superior genotypessacenvironments due to changes in ranks.
Magari and Kang (1993) found that the contributtdrdifferent environmental factors to the

yield stability of maize in multi-location trialfiad a significant impact on the heterogeneity

4



of the results. The effects of G x E are more agptan multi environment trials (METS) that
have three main objectives: a) to precisely estneid forecast yield levels based on
experimental data; b) to determine yield stabilgégd adaptation of genotypes across
environments; and c) to provide reliable guidanoe $electing the best genotypes or

agronomic treatments for planting in future yednseav sites (Crossa, 1990).

The current focus of QPM research in SSA is ondixeclopment and deployment of high
yielding hybrids and open pollinated varieties (QGP\Mfor communities with a high
malnutrition rate and where maize is a dietary Istadowever, the diverse environmental
conditions in SSA make the development of widelgmdd, high yielding and stable QPM
cultivars a challenging activity. Stability in comom usage denotes consistency in
performance that would mean minimum variation ameamyironments for a particular
genotype (Chahal and Gosal, 2002). The presenbegbfG x E interaction necessitates the
systematic grouping of the maize growing environteenf SSA into useful mega-
environments. The grouping of mega- environmentkfagilitate germplasm exchange and

help to predict cultivar performance in similar raegnvironments.

The evaluation of QPM cultivars under diverse emvwinents (drought, low N stress and
optimum) for grain yield and other agronomic traxgl improve the adaptation of QPM
varieties in SSA. Unlike normal maize where sucaldigs are many, the information on the
grain yield performance of QPM cultivars of bothbhgs and OPVs under stress and non
stress conditions in SSA is limited. Since the eéanvironments of breeding programmes in
SSA include low input and marginal farming enviramnts, QPM germplasm developed for
these environments should have a better or comlgayatld than normal maize for wider
adoption by farmers. Therefore, identification ofrgpetitive QPM cultivars will enhance the
adoption of QPM in SSA and contribute reductionnedlnutrition. The maize growing
environments of SSA are very diverse and the dlag8bon of these environments into
similar mega-environments will facilitate germplassrchange among environments and
predict performance of cultivars for wider envircemis, which is an effective approach to
reduce cost of METs. However, studies on the gruymf mega-environments based on

grain yield performance of QPM in SSA are limitédg hindering wide adoption of QPM.

In this study, the grain yield performance and isitglof newly developed early maturing

QPM hybrids were investigated based on parametdcreon-parametric stability measures.
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The QPM hybrids were also evaluated for their aatagt pattern and G x E interaction
based on multivariate analysis. In addition, megarenments were identified for future
germplasm testing. Furthermore, early maturing QPRVs were evaluated in eastern and
central Africa (ECA) for grain yield performancedanlays to anthesis which helped to
identify widely adapted QPM cultivars for the regid his study also addressed the level of
grain yield reduction of QPM OPVs due to seed rlagc Specific objectives of this study

were to:

() evaluate the grain yield performance and stabditymewly developed early maturing
QPM hybrids under stress and non stress envirorsmehtESA based on various
stability measures,

(i) analyse mega-environments of SSA based on the pyriamal secondary traits of QP M,

(i) assess the adaptation pattern of QPM in SSA basedutiivariate analysis techniques,

(iv) identify and recommend best performing and widelaped early maturing QPM
OPVs for large scale production in the region,

(v) enhance the role of QPM in combating protein enargginutrition and attendant

diseases in SSA.
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CHAPTER 2

Literature review

2.1 Maize production and uses

Globally, maize Zea mayd..) is among the leading cereals in productiomglwith rice and
wheat. World’s maize production exceeds 840 milhoetric ton from an area of 161 million
ha with the United States and China being the toduxrers. Based on the data from the UN-
FAO, Africa’s share for world’'s maize area was ab@®@1i million ha during 2010
(FAOSTAT, 2010). The low contribution of Africa tworld’s maize production is mainly
due to the low average yield per unit area (Hes®y Edmeades, 1999; Pingali and Pandey,
2001). Based on a study by CIMMYT, maize’'s worldevidemand is forecasted to increase
by 50% and in SSA it will increase by 93% by theary2020 from its base year 1995. The
forecasted increase for SSA is mainly for humarsaarption (CIMMYT, 2001).

The diverse uses of maize in food and feed asagellis industrial products allow the crop to
be utilised extensively for both human and animahsumption (Inglett, 1970; Whistler,
1970; Gardner and Inglett, 1971; Alexander, 198%3ize, providing an estimated 15% of
the world’s protein and 20% of the world’s calor{@vown et al., 1988; NRC, 1988), is a
dietary staple for more than 200 million peopleisTiumber can be expected to grow as the
world’s population approaches 8 billion in 2025 et al., 2001; USDA, 2009; Emily and
Sherry, 2010), indicating maize's status as an mapod crop in the context of global

nutrition.

Based on the FAO data, maize accounts for 53%eofdtal cereal area in ESA (FAOSTAT,
2010) and 30-70% of total caloric consumption (bangio et al., 2010). Maize is the
primary food staple in most parts of SSA with thghlest annual per capita consumption in
southern Africa followed by eastern Africa (Hassarl., 2001; Diallo et al., 2004; Banziger
and Diallo, 2004; Smalberger and du Toit, 2004)e Hmnual per capita consumption of
maize in southern Africa ranges from 138 kg in Simad to 195 kg in South Africa
(CIMMYT, 1999), while in eastern Africa it rangesoin 40 kg in Burundi to 105 kg in
Kenya (Hassan et al., 2001). Maize in Africa isvgndoy small- and medium-scale farmers

who cultivate 10 ha or less (DeVries and Toennigs2001) under extremely low-input
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systems with average maize yields at 1.3 (B#inziger and Diallo, 2004). SSA countries do
not produce enough maize to meet their needs aistl ttmerefore import approximately three
million tons of maize annually (Pingali and Pand2§01; FAOSTAT, 2008). South Africa
leads the continent’s maize production followedNigeria (Table 2.1). The productivity of
maize in Africa is less than the global averagechtis currently 5.2 t i The exception is
Egypt where the farming system is supported bygation (FAOSTAT, 2010). Use of
improved cultivars and management practices shbeld increase maize productivity and
reduce imports in Africa (Heisey and Edmeades, 1¥&eves et al., 1999; Pingali and
Pandey, 2001).

Table 2.1: The top 10 producers of maize in AfEAOSTAT, 2010)

Rank Country Production Area Yield
0 (ha) (tha')
1 South Africa 12815000 2 742,000 4.67
2 Nigeria 7305530 3 335,860 2.19
3 Egypt 7041100 968,519 7.27
4 Tanzania 4475420 3 100 000 1.44
5 Ethiopia 4400000 1772 250 2.48
6 Malawi 3800000 1 655 000 2.30
7 Kenya 3222000 2 008 350 1.60
8 Zambia 2795480 1 080 560 2.59
9 Mozambique 1878000 1573 000 1.19
10 Ghana 1871700 991 669 1.89

Although maize is estimated to be a source of aBo&t of world food calories and 15% of
crop protein (Brown et al., 1988; NRC, 1988), thetpin quality of normal maize is poor due
to the deficiency of the essential amino acids,nhgalysine and tryptophan (Bhatia and
Rabson, 1987). The high consumption of maize in &SAood, which is estimated to be
around 70% of the total maize production (Aquinacakt 2001), is causing severe protein
energy malnutrition in some parts of SSA. The ddtstunting is reported to be over 40% in
areas where maize is the only source of proteim{&tyet al., 2008). In addition, 65% of the
population in the maize farming system of SSA oréed to live on USD 2 or less per day
(Wood et al., 2010) implying the difficulty of affding animal sources of protein.
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Normal maize protein in comparison to milk has @ldgical value of 40% (Bressani, 1991)

and therefore needs to be consumed with complemygptatein sources such as legumes or
animal products. The need to improve the nutrifioadue of maize has been recognized for
a long time (Osborne and Mendel, 1914) and decéales research have resulted in the

development of nutritionally enhanced maize gersipla

2.2Development of high quality protein maize

Cereals are the source of more than half of thedigorotein of human beings. However,
the protein of most cereals is of poor qualitytses ithost abundant storage protein of cereals,
prolamin, is deficient in several amino acids etiaéfor monogastric animals, lysine being
the most limiting (Bhan et al., 2003). Most cergahins contain 1.5-2% lysine of the
required 5% for optimal human nutrition (Young bt £998). Most of the protein in a mature
maize kernel is stored in the endosperm and the.géhe endosperm protein is of low
guality whereas the germ protein is of better qualiowever, the endosperm accounts for
about 80% of the total kernel protein (Zuber andinHel972). Thus, any major

improvements in the quality of kernel protein slibtarget the endosperm.

Several mutants have been identified over the p@syears that can favourably modify
characteristics of the maize endosperm proteinleyaéng levels of two deficient amino
acids, namely lysine and tryptophan. The value amkinheritance of characteristics of such
genes, however, vary tremendously (Vasal, 2001 flist high lysine mutant discovered
was opaque-20Q) (Mertz et al., 1964), and shortly after, the hiemical effects of floury-2
(fl2) were discovered (Nelson et al., 1965). The discpwf the biochemical effects of these
mutant allele2 and floury-2 {I2) by the Purdue University researchers opened aitirgx
opportunity for improving the quality of maize ersg@rm protein. These mutants were found
to cause changes in the amino acid profile and ositipn of maize endosperm protein and
resulted in twofold increase in the levels of lysand tryptophan compared to normal maize.
The lysine in maize is the most and tryptophan g¢eeond most limiting amino acids. In
addition, the mutants also cause some amino aaits &s histidine, argentine, aspartic acid
and glycine to increase and other amino acids glk#amic acid, alanine, and leucine to
decrease compared to those of normal maize. A natable decrease occurs in leucine. This

is desirable because it makes the leucine-isoleucitio more favourable, which in turn
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helps to liberate more tryptophan for niacin bidbgsis (Vasal et al., 1984a; Mertz, 1992;
Villegas et al., 1992; Vasal, 2001).

During the initial stages, breeders were using lm&andfl2 genes either separately or in
combination. However, in the later stage the usé2otliscontinued due to its undesirable
effects (Bjarnason and Vasal, 1992; Vasal, 2000¢.0R2 mutants are the most widely used in
most breeding programmes (NRC, 1988; Glover, 189Rgas et al., 1992). Maize, which

is homogenous for the recess2allele (with two copies of the mutation) has sigaintly
higher lysine (+69%) in grain endosperm compareddional maize (Mertz et al., 1964). It
was further determined tha® mutantsalso showed an increase in tryptophan content and
that the increased concentration of these two éat@amino acids (normally deficient in the

maize endosperm) effectively doubled the biologuwzdlie of maize protein (Bressani, 1992).

After the discovery of the nutritional advantagéshe 02 gene, many breeding programmes
around the world tried to convert normal endosp@uopulations and inbred lines R
through a direct backcross approach (Gevers, 1P®sanna et al., 2001). However, the
early excitement over the direct use of t#zmutation in the breeding programmes soon
subsided due to the negative secondary (pleiotyagffects of this mutation (Bjarnason and
Vasal, 1992; Prasanna et al., 2001). The pleiatreffects of the mutants resulted in reduced
grain yield (as compared to normal maize), low kérdensity, soft and chalky kernel
phenotype, greater vulnerability to ear rot, greatwisture content during dry-down of
kernels following physiological maturity, lower eatof germination and greater kernel
breakage (Lambert et al., 1969; Sreeramulu and Baom1970; Wessel-Beaver and
Lambert., 1982; Vasal et al., 1984a; Bjarnason\sshl, 1992; Villegas et al., 1992; Glover,
1992; Moro et al., 1995; Lin et al., 1997; Vasd@p2; Prasanna et al., 2001). The soft and
chalky endosperm texture was not acceptable to nrarlge developing world who were
used to harder kernel types (Krivanek et al., 200He negative agronomic characters
severely limited practical use of the mutants imfikeld.

In order to overcome the negative effect®®imutants, breeders shifted their breeding goals
towards incorporating the gene into normal hardospdrm maize types and looking for
modified kernels. CIMMYT took the initiative in thibreeding effort by converting a range
of sub-tropical and tropical lowland adapted, ndrer@@osperm populations @ versions

through a backcross-cum-recurrent selection praeedvith a focus on selecting for the hard
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endosperm phenotype, maintaining protein quality imcreasing yield and resistance to ear
rot (NRC, 1988; Villegas et al., 1992; Bjarnasowl Masal, 1992; Vasal, 2001; Prasanna et
al., 2001). Scientists are not sure of the numbegemes involved in modifying the2
endosperm to translucent and similar to that ohamaize. However, what is known so far
is the complex inheritance of the genes (Bjarnamod Vasal, 1992; Lopes and Larkins,
1996).

The continued breeding efforts at CIMMYT eventuatigulted in the development of maize
genotypes with high lysine and tryptophan contetdtive to normal maize but without the
negative pleiotropic effects of th@&2 mutants. Scientists at CIMMYT termed this maize
Quality Protein Maize (QPM) (Vasal et al., 1984QafBason and Vasal, 1992). The term
QPM now refers to maize homozygous for tizaallele, with increased lysine and tryptophan
content but without the negative secondary effeftsoft endosperm (Vasal, 2001). QPM
looks, tastes and performs like normal maize arwdiit only be differentiated by laboratory
tests (Villegas et al., 1992). QPM germplasm wagehiped through conventional breeding
techniques and is not the result of genetic engingé€Pixley and Bjarnason, 1993).

In addition to CIMMYT, the University of Kwazulu-Nal (previously University of Natal),
South Africa and the Crow’s Hybrid Seed CompanyMdford, lllinois, USA, were the
pioneers that continued the research vigorously p@istently to improve the protein
quality of normal maize (Vasal, 2000; Prasannal.et2@01). The South African breeding
programme has developed soft and hard endosperite atd yellow kernel, high-lysine
maize inbred lines, hybrids and OPVs with good agmoic characteristics (Gevers and Lake,
1992; Hohls et al., 1996; Bhatnagar et al., 200@4pw’s Hybrid Seed Company developed
an o2 hybrid with good yield characteristics and a thmiotective husk for animal feed
(Mertz, 1995). In the USA, Texas A&M has also mained a breeding programme to
develop QPM germplasm adapted to the southernqgfatte USA (Betran et al., 2003a;
2003b; 2003c). As a result of these efforts, toQ&8M cultivars (hybrids and OPVs) suitable
for temperate, tropical highlands and for subtrapand tropical lowland growing conditions

are available.

Development of QPM hybrids has been given emphaigien CIMMYT since the mid 80’s
because of the growing interest in hybrids amongonal programmes, especially in

developing countries (Bjarnason and Vasal, 199ZaV/at al., 1993b; Vasal, 2001). Various
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benefits were advocated for QPM hybrids over OPMduding i) better yield due to
heterosis; ii) facilitating maintenance of the seedity of inbred progenitors with respect to
agronomic traits, the genetic modifiers and thetgino quality; iii) less laboratory work
needed to check the protein quality as long as litles are fixed and not adulterated; iv)
uniformity in field performance and; v) good busiador seed companies (Gevers and Lake,
1992; Pixley and Bjarnason, 1993; Vasal et al. 3899993b; CIMMYT, 2000; Vasal, 2001).
QPM germplasm development efforts have been stnengd at CIMMYT and national
breeding programmes and QPM inbreds and hybride leeen evaluated for combining
ability and yield stability (Vasal, 2001; Prasaretaal., 2001; Bhatnagar et al., 2004; Hadji,
2004; Xingming et al., 2004; Gissa, 2008).

2.3Biosynthesis and genetic basis of storage proteimsmaize

The maize genome is richly endowed with a wholeyawf endosperm mutants that can
modify protein, starch and oil characteristics bé tmature corn kernel, particularly the
endosperm (Vasal, 2001). The variants already kniovaifect endosperm characteristics are
numerous. The mutants worth mentioning are opaqg{@d7(McWhirter, 1971; Misra et al.,
1975), opaque-606), floury-3 (ls) (Ma and Nelson, 1975), mucronate (Mc) (Salamirale
1983) and defective endosperm (De-B30) (Salamiralgt1979). However, of particular

interest in this section is tle? mutant that affects protein quality.

Cereal proteins are classified into the followiogif groups based on their solubility (Singh,
2005): (1) albumins (water soluble); (2) globulifslt soluble); (3) prolamines (relatively
highly alcohol soluble); (4) glutelins (dilute alkasoluble). Cereals can be divided into three
groups on the basis of their prolamine contenteRiod oats have the lowest prolamine
content (5 - 15%) and an excellent balance of aragds in their proteins. Barley and wheat
form the second group with 30 — 40% prolamines)evimaize and sorghum have the highest
prolamine content (50 - 60%) (Singh, 2005). In nalrmaize endosperm, the proportions of
various protein fractions on average are albumbs @obulins 3%, prolamines (zein) 60%
and glutelin 34% (Schnieder, 1955). Prolamines per in basic amino acids, including
lysine (Singh, 2005) and therefore, they have vaogr nutritional value (Glover, 1992,
Villegas et al., 1992). In each genus, the majedsstorage protein is named on the basis of
the genus name; thus, the major seed storage msdteimaize are called the zeins for the

genusZeaand belong to the prolamine class of proteinsiDaes et al., 2006).
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The proportion of the zein fraction in maize endwsp determines the amino acid
composition of the kernels (Larkins et al., 1998)gf, 2005). Osborne and Clapp (1908)
were the first to describe the amino acid profileh@ zein proteins and reported the lack of
the two essential amino acids, lysine and tryptapEains contain 0.1 g 100'dysine while
glutelins are considerably richer in lysine witly 200 g or more (Misra et al., 1975; Lin et
al., 1997). Darrigues (2006) showed that in thenamacid balance of maize, lysine and
tryptophan are the most deficient; histidine anctiee are surplus amino acids compared to
the egg protein which is a nearly balanced soufrgeatein.

The introduction of high QPM mutants altered thikatree amounts of four major protein
fractions present in maize (Mertz et al., 1964; éoet al., 1995; Darrigues et al., 2006).
Kernels carrying the homozygoa2 mutant have elevated levels of lysine and trypamphy
suppressing or reducing the synthesis of the lydefecient zein fraction (Mertz et al., 1964;
Habben et al., 1993). Since fractions other tham aee higher in lysine and tryptophan, zein
reduction causes proportional elevation of othactfons which are rich in lysine, hence, the
overall amino acid profile shows an increase innkgsit may, however, be remembered that
no new proteins are formed and that the composiiomarious protein fractions remains
unaffected. An increase in protein quality requireduction of the zein fraction (Mertz et al.,
1964; Habben et al., 1993; Vasal, 2001).

Sodium dodecyl sulphate polyacrylamide gel eledtoopsis (SDS-PAGE) reveals that zein
of normal maize contains six separable compon@&natsf,, Zs, Z4, Zs and %. Z; and % are
the two predominant types with molecular weight2bf800 and 19 000 daltons and are rich
in glutamic acid, leucine, and proline, but lowlysine. Of the four minor bandsz,ZZ,, Zs
and %, thelatter two exist in only trace amounts. The norlal high quality mutants
suppress one or more of these polypeptide bands.ophque-2particularly suppresses
synthesis of Zwhereas the floury-2 suppresses the major polygpegiomponents,and 2.
The opaque-7 strongly suppresses the synthesis aid Z while strongly reducing Z The
defective endosperm De-B30 affects onlysdbunits (Salamini et al., 1979).

The specific chromosome and position on the chromeasis known for some of the mutants.
The o2 mutant is located on chromosome 7 (position fiB)pn chromosome 4 (position 63),
opaque -7on chromosome 10 (position 8Tpury-3 on chromosome 8 (long arm) and De-

B30 on chromosome 7 (short arm). The mutaso6, o7and0,; are completely recessive
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and manifest their biochemical effects on zein Isggis only when present in homozygous
recessive condition. The two floury mutanti? and fl3, are semi-dominant and exhibit

variable expression for kernel opacity and protgiality, depending on the presence of one
or more recessives in the triploid endosperm. Thuant De-B30 behaves like a dominant
allele in respect of dosage effects on kernel apacid zein content (Soave et al., 1981). The
Mc allele is dominant in reducing zein content @adpecific to the zein subunits (Soave et
al., 1982). Except for opaque-6, considered asuxtstal gene, the others are regulatory
genes. All these mutants have several common fsgtimcluding low prolamine protein

fraction, soft chalky endosperm, and a deficiemcthe amount of dry matter produced.

2.4QPM breeding approaches and germplasm

The discovery of the biochemical effects of thehh@PM mutants spurred enthusiasm and
led to a worldwide effort of converting elite inbisesand open pollinated cultivarsapaque-2
and floury-2. Efforts were initially concentrated at Purdue \msity, but as donor stocks
carrying these genes were made available, concectaw/ersion programmes were
undertaken by most maize breeders in many cour{fiessanna et al., 2001). The breeding
of QPM involves the manipulation of three distigenetic systems (Krivanek et al., 2007).
The recessive mutant allele of th2 gene is an important component of the QPM breeding
(Villegas et al., 1992; Vasal, 2001).

The second genetic system in QPM breeding is 8@vament of modifier genes which alter
the soft/opaque mutant endosperm to a hard/vitreodesperm without compromising the
protein quality (Hohls et al., 1996; Vasal, 20(R3ez and co-workers (1969) were the first to
report on endosperm modification o2 kernels (50% translucent and 50% opaque).
Subsequently, modifiedb2 kernels with varying proportions of translucentdaopaque
fractions have been observed and studied by a nuailseientists (Annapurna and Reddy,
1971, Bjarnason et al., 1976; Lodha et al., 19TGgse endosperm modifiers along with the
02 mutant allele can be utilised as a fast and inesipe method of selection of QPM
germplasm (Hohls et al., 1996), using light thapiisjected through the vitreous grains but
blocked by the opaque ones (Vasal et al., 1980ala801; Krivanek et al., 2007). Kernel
modification is rated on a 1-5 scale where 1 indisa completely hard/vitreous grain and 5
a soft/opaque endosperm (Vasal et al., 1980; Lepat, 1995; Hohls et al., 1996; Vasal et
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al., 1997a). Grains with a score of 2 - 5 can hesitered as homozygous for th2 allele,
while grains with a score 2 - 3 are adequately firemliand are the ones selected as QPM
(Krivanek et al., 2007). Hohls et al. (1996) repdrthat screening of QPM kernels based on
visual scores makes the hard task of measuringekedensity and kernel hardness

unnecessary.

The third genetic system distinct to a QPM breedinggramme involves a unique set of
amino acid modifier genes which changes the raddgvels of lysine and tryptophan in the
grain endosperm (Mertz et al., 1964; Villegas etE92; Krivanek et al., 2007). A study on
the level of lysine and tryptophan in whole maizaimg flour indicated that lysine levels
average about 2% in normal maize while about 4%QBM, similarly tryptophan averages
0.4% in normal maize and 0.8% in QPM, which showdoabling of the essential amino
acids in QPM (Moro et al., 1996). However, lysiagges across genetic backgrounds from
1.6 - 2.6% in normal maize and 2.7 - 4.5% in th&® converted counterparts, while
tryptophan ranges from 0.2 - 0.5% in normal maizd 8.5 - 1.1% in QPM counterparts
(Villegas et al., 1992; Moro et al., 1996; Vasd02; CIMMYT, 2002). Biochemical studies
showed a high correlation between lysine and tylpan levels (Hernandez and Bates, 1969).
Hence, an assay for either amino acid can be adidpteanalysing protein quality, although
in practice tryptophan is most often chosen duerefatively cheaper laboratory costs
(Krivanek et al., 2007). Multigenes have been idiet as controlling the amino acid content
(Wang et al., 2001; Wu et al., 2002). As a redtak, simple genetic nature o maize has
been transferred into a classic polygenic traiteiierence to QPM and must be manipulated
as such in breeding programmes. Krivanek et al0{R&Ilso recommended the need to
continuously monitor lysine and tryptophan levetsas not to lose the additional gain in
protein quality, although the2o02genotype is maintained.

CIMMYT has the largest collection of modifiexpaque-2germplasm (Tables 2.2 and 2.3).
The materials developed at CIMMYT include sever&dM)populations and pools. These
breeding populations possess different ecologicaptation, maturity, grain colour, and
texture traits. Crow’s Hybrid Seed Company in th8AUhas perhaps the most extensive
programme to develop QPM germplasm. They have @btMYT QPM populations and

Russian lines in developing this type of germplaBuordue University, Texas A&M, and the
University of lllinois have also used CIMMYT QPM meplasm in developing source

breeding populations and lines adapted to US comdit Good modifiedopaque-2
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germplasm has also been developed in South Afiitaaddition to two good source
populations POWS1 (Modified White Opaque) and DOWllow modified opaque)

developed for the purpose of producing modifigoaque-2hybrids (Vasal, 2001). The
availability and the continued development of QP&tngplasm in the different parts of the

world show the prospect of QPM to be widely cultec

Table 2.2QPM populations and their characteristics (Vaza0l)

Population Name Adaptation Maturity Seed Seed
Number Colour texture

61 Early Yellow Flint QPM Tropical Early Yellow it
62 White Flint QPM Tropical Late White Flint-Senfint
63 Blanco Dentado-1 QPM Tropical Late White Dent
64 Blanco Dentado-2 QPM Tropical Late White Dent
65 Yellow Flint QPM Tropical Late White Flint
66 Yellow Dent QPM Tropical Late Yellow Dent
67 Templado Blanco Cristalino QPM  Subtropical Imediate  White Flint
68 Templado Blanco Dentado QPM Subtropical Inteiated White Dent
69 Templado Amarillo QPM Subtropical Intermediate ellgw Flint
70 Templado Amarillo Dent QPM Subtropical Internadi  Yellow Dent
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Table 2.3QPM gene pools and their characteristics (Vasfl1?

QPM pool Adaptation Maturity Seed Colour Seed
number Texture
Pool 15 QPM Tropical Early White Flint-Dent
Pool 17 QPM Tropical Early Yellow Flint

Pool 18 QPM Tropical Early Yellow Dent

Pool 23 QPM Tropical Late White Flint

Pool 24 QPM Tropical Late White Dent

Pool 25 QPM Tropical Late Yellow Flint

Pool 26 QPM Tropical Late Yellow Dent

Pool 27 QPM Subtropical Early White Flint-Dent
Pool 29 QPM Subtropical Early Yellow Flint-Dent
Pool 31 QPM Subtropical Intermediate White Flint
Pool 32 QPM Subtropical Intermediate White Dent
Pool 33 QPM Subtropical Intermediate Yellow Flint
Pool 34 QPM Subtropical Intermediate Yellow Dent

Currently, there are QPM research activities in S3&RAby CIMMYT and the International
Institute of Tropical Agriculture (IITA) in collabration with National Agricultural Research
Systems (NARS). In the region, activities are hyghtegrated and coordinated enabling joint
development, exchange and broad testing of promigenotypes for all agro-ecological
niches (CIMMYT, 2005). The long-term goals of atebding programmes are focused on
broadening the genetic base of adapted QPM germpiassuite their particular biotic and
abiotic constraints (Krivanek et al., 2007). Sq tatarge number of elite QPM inbred lines
adapted to the SSA region have been developedhansLitability of these inbreds in hybrid
combination and in OPVs needs to be extensiveljuated.

2.5Nutritional and economic benefits

Quality protein maize offers significant benefits the nutrition of monogastric animals
including humans; because the essential amino gtydse and tryptophan) cannot be
synthesized through metabolism of these groupshwhals. The nutritional and biological

superiority of QPM to normal maize has been amg@sanstrated in rats (Bressani et al.,
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1969; Gupta et al., 1970), pigs (Lopez-Pereira,21@sei et al., 1994a), infants and small
children (Bressani, 1995), adults (Clark et al.72;9Bressani, 1991; 1992), broiler chickens
(Osei et al., 1994b; 1994c) and dairy cattle (Gtp%892).

QPM has superior biological value (the amount othht is retained in the body) due to the
60 to 100% increase in concentrations of lysine taygtophan, increased digestibility and
increased N uptake which causes QPM to have adialbvalue of 80% compared to about
40% of normal maize (Bressani, 1992). Bressani §198ported that protein quality o
maize is 43% higher than that of normal maize a#b @f the value of casein. QPM is 50%
more effective than normal maize at fostering glowind in recovering malnourished
children (Graham et al., 1980; NRC, 1988). Protpiality of 02 maize is 90% of the value
of milk (Bressani, 1992; 1995).

Osei et al. (1994a) reported that pigs fed on QP&vgR.3 times faster than pigs of the same
age fed on the same quantity of normal maize. A Qfaskd diet is regarded as sufficient in
fulfilling the energy and protein requirements pfants and children (Graham et al., 1980;
Graham et al., 1990). The health of children suftefrom Kwashiorkor (a severe protein
deficiency disease) was restored on a diet comigionlyo2 maize as a protein source (Clark
et al., 1977). Recovering malnourished children dadQPM further showed similar growth
as those fed modified cow milk formula (Grahamlet190). QPM has been seen both as a
preventer of deficiency diseases such as kwashi@kd as a remedy for serious cases of
malnutrition (Bressani, 1992). QPM has a potentigbact on disadvantaged populations
whose maize consumption is high and access to e@ngpitary sources of protein are limited
(Rahmanfer and Hamaker, 1999). Recent studies inaCdnd Pakistan demonstrated that
lysine fortification of cereal-based diets (whembproved growth in children and various
health indicators for children and adults, confimmithat lysine enrichment of cereal-based
diets remains beneficial to improve problems asdedi with malnutrition (Hussain et al.,
2004; Pellet and Gosh, 2004; Zhao et al., 2004).

Gupta et al. (1970) found modifiex® maize to be nutritionally superior to normal maize
rat (Rattus norvegicysfeeding experiments. According to Glover (1992% farmers who
fed 02 maize silage to dairy cattle benefited from inesezhmilk production of their dairy
cows. QPM silage may hold distinct nutritional aambnomic advantages in the feeding of

dairy animals (Gevers, 1995). Substituting normalza with high-lysine maize on an equal
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weight basis for piglets and cows can reduce tledaisartificial lysine in animal feeds to
maintain a proper amino acid balance (Asche efl@B85; Burgoon et al., 1992; Knabe et al.,
1992). In the USA feed industry, doubling lysinetamt in maize alone can add an estimated
annual gross value of $360 million per year andreach $480 million per year if protein is
also increased (Johnson et al., 2001). These fisdindicate that QPM has an added

advantage of being superior in protein quality higher in food and feed efficiency.

2.6 Effects of low N and drought stress on maize prodiion

The rapid growth of the human population couplethwimcreasing scarcity of water and
fertile land resources are major constraints talfpooduction in semi arid tropics (Beck et
al., 1997). Poor soil fertility, particularly low Nleficiency and recurrent droughts are
widespread in SSA. Consequently, crop yields arevidnich affect food security (Kamara et
al., 2004).

Edmeades et al. (2006) estimated a 50% potengal Yoss due to abiotic constraints. Their
study also suggested that good agronomic pracéindsstress tolerant cultivars may reduce
this yield gap by 20-30% and the remaining balamitedepend on additional inputs such as
water and N. Improved maize varieties that toledataight, heat and low soil fertility will
help maize farmers in stress-prone areas to olteiter harvests under stress conditions
(Zaidi et al., 2003; CIMMYT, 2007). The effectslofv N and drought on maize production
make stress tolerant cultivars more desirable éBe#t al., 2003d). Zaidi et al. (2003) also
suggested that utilisation of drought-tolerant &hdfficient cultivars in maize production of
the tropics could lead to better stability of graield across the environments. Breeding
maize for tolerance to drought and low N conditibas been ongoing at CIMMYT since the
1980’s, and germplasm with tolerance to both sée$ms been developed (Edmeades et al.,
1992; Bolafios et al., 1993; Bolafios and Edmead¥¥3&t Lafitte and Edmeades, 1994a;
1994b; 1994c; Banziger and Lafitte, 1997; Banzegeal., 1999a; Banziger and Diallo, 2004;
Banziger et al., 2006).

Several researchers have reported genetic vatyaivilimaize grain yield under drought and
low N conditions (Bolafios and Edmeades, 1993b;tteafind Edmeades, 1994c; Vasal et al.,
1997Db; Link et al., 1999; Betran et al., 1999; Bgeret al., 2000; Dencic et al., 2000; Diallo

et al., 2004). Modern maize hybrids have increas$exss tolerance rather than a higher yield
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potential (Duvick and Cassman, 1999). Increasettl yaed yield stability of some recent
tropical and temperate maize genotypes have bdedbustd to increased abiotic stress
tolerance (Byrne et al., 1995; Tollenaar and WW9)9 Betran et al. (2003e) observed
hybrids performing well across stress levels argyested the possibility of combining stress
tolerance and yield potential in tropical maize tigd. One approach to reducing the impact
of N deficiency and water stress on maize produactitay be to select cultivars that are
superior in their capacity to take up N and watent the soil and utilise them efficiently
(Kamara et al., 2004). Tolerance of maize to sthesa low N and drought is partly related
to the development of the root system, which im tafluences water and nutrient uptake by
crop plants (Moll et al., 1982; Kamara et al., 2004 general, however, the amount of grain
yield recorded from maize genotypes fall with tlevegity of low N and moisture stress
(Betran et al., 2003e). As recommended by Edmeaties. (2006), it is more efficient to
select for improved vyield under stress when stoksselds are less than 50 to 60% of the

potential.

Banziger et al. (1997) have identified secondaaydrwhich can be used for selecting maize
under drought and low N. Improvement in droughttahce of maize for better anthesis-
silking interval (ASI) was found to be associatathvimproved N use efficiency (Banziger et

al., 1999c; Muza et al., 2004). The highest graahdjng genotypes under low N and drought
tend to show lower ASI, delayed senescence, arigheethnumber of ears per plant (Jacobs
and Pearson, 1991; Bolafios and Edmeades, 1993beMall, 1994; Banziger et al., 1997,

Banziger et al., 1999b; Diallo et al., 2004). Acorease in ASI in maize indicates that pollen
shed is essentially over by the time silks emeRBjntiger and Lafitte, 1997; Edmeades et
al., 2006). Edmeades et al. (1993) found that @elaylking is related to less assimilate being
partitioned to growing ears around anthesis, whiebults in lower ear growth rates,

increased ear abortion, and more barren plants.

CIMMYT (2003a) reported the negative effects ofudgbt and low N stress on endosperm
modification of QPM germplasm. Severe drought strean significantly increase the
frequency of soft or poorly modified grains relatito the same genotypes under optimal
moisture growing conditions (Ngaboyisonga et alQ0&. Protein concentration and
trypthophan are lower under low N compared to optmN conditions (CIMMYT, 2003b).
However, the tryptophan level of QPM under both lvand optimum conditions is higher
than the tryptophan level of normal maize underinoptn conditions (CIMMYT, 2003b;
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Mosisa, 2005). Similary, Pixley and Bjarnason (208borted that protein quality is very
stable, whereas protein content and endosperm ivatitsh of QPM varieties are less stable
across environments. Feil et al. (2005) evaluatex dffect of pre-anthesis drought and
different rates of N fertilization on mineral congitton of grains of tropical maize varieties.
The results showed that N, P, K, Mg, Ca, Mn, Zrd @u are fairly stable across the levels of

N and pre-anthesis water supply.

2.6.1 Low nitrogen stress

Studies have identified low N as the second mopbitant constraint of maize production in
the tropics after drought (Lafitte, 2000). Maizeaisrery responsive crop to high or low N
levels. Low N in maize hinders photosynthesis bgluoing leaf area development and
accelerating leaf senescence. At the beginningeteason the N supply usually exceeds the
demand by the crop; however, as the season pregressl the crop grows, N is utilised,
leading to N depletion in the soil. Consequentlipd¢omes scarce and the crop starts to show
the signs of N stress (Banziger and Lafitte, 1997).

N is the most essential nutrient required in laageounts by maize, thus efficient N uptake
and use by maize is of fundamental importance taenaroduction systems in Africa (Muza

et al., 2004). Ma and Dwyer (1998) identified Ntifeser as the most energy-consuming
component of maize grain production. N is the ntiositing nutrient as it is the most mobile

in the soil (Laegreid et al., 1999). As the ecormorand environmental costs of N use
increase, there is a need to develop and seleetiearwith good N use efficiency (Ma and
Dwyer, 1998). In low-input agriculture, N efficiemarieties (varieties with better grain yield
under low N conditions) are recommended as onehefkey elements for sustainable

agriculture (Sattelmacher et al., 1994).

Most of commercial maize hybrids and varieties acg N-use efficient as they were
developed under optimum conditions and thereforeatoperform well under small holder
conditions which lacks inputs (Muza et al.,, 200#)organic fertiliser use in SSA is
constrained by high cost, inaccessibility and latlcredit faced by small holders farmers
even in high yield potential areas (Kamara et 2004; Diallo et al., 2004; Banziger and

Diallo, 2004; Banziger et al., 2006). In additiggnor weed management which normally
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increases the N stress level are among the chaBetigit result in low N being a common

feature of maize-growing environments in the tregiBanziger and Lafitte, 1997).

The time and rate of N application has a directéctfbn the growth and development of a
maize plant (McCullough et al., 1994). The begignof grain filling is a key phase of N
supply (Christensen et al., 1981) and as a re$gjtain filling, transport of carbohydrates to
the roots is reduced and N uptake decreases (Menweet al., 2005). N affects
photosynthetic rate, leaf area, size of the sind gield (Dass et al., 1997). In low N
conditions leaves become the main source of meblild to the ear (Below, 1997), this will
result in reduction of chlorophyll concentratioraticauses yellowing of leaves, which are
clear signs of N deficiency (Dwyer et al., 1995heTstay green character (physiological
maturity/drying of ears while leaves are still grieean reflect N balance in cereals during
grain filling (Borrell et al., 2001); however greess can also be cosmetic rather than
functional (Thomas and Howarth, 2000). Lack of Nhamces kernel abortion (Pearson and
Jacob, 1987) and reduces final grain number anghwv¢Lemcoff and Loomis, 1986; Uhart
and Andrade, 1995) and grain yield (Monneveux et2005). Reduction of grain weight
under low N conditions is more attributable to rettin in grain filling period than in growth

rate (Monneveux et al., 2005).

Cultivars yield differently in different N environents due to genetic differences (Smalberger
and du Toit, 2004). Relative grain yield reductdre to N stress also depends on the type of
progeny and N stress intensity (Banziger and legfit997). Smalberger and du Toit (2004)
recorded a grain yield ranging from 0.65 - 3.8t hnder low N and 4.17 - 6.93 t'hander
optimum N for South African cultivars. They obsatv@at the cultivar that yielded the best
(6.93 t ha) under optimum N also yielded as low as 0.98t hader low N. Betran et al.
(2003e) compared maize hybrid yield under low aigh IN environments and found that
grain yield for hybrids in the low N environment sv83% of grain yield in the high N
environment. This indicates the need for develominigjvars that will yield well under both

optimum and low N conditions.

Diallo et al. (2004) evaluated 63 single cross ldgalong with seven local checks under low
N and optimal conditions and reported grain yietsging from 1.2 - 3.5 t Heunder low N
and 3.1 - 7.4 t haunder optimal conditions. Banziger et al. (199@3erved a relative grain

yield reduction of 37 to 78% in different experinerronducted under low N in tropical
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maize. In other experiments, Banziger and Lafit®€9{), and Béanziger et al. (1999b)
reported relative grain yield reductions rangingnir37 to 89% and 20 to 50%, respectively.
Monneveux et al. (2005) found an average yield cadn of 67.4% for maize hybrids under
low N compared to optimum conditions. Experimemiger low N, yielding on average 25 —
35% (1.5 — 3.5 t hY of the yields expected under favourable condi¢® — 9 t hd) is
regarded as optimal for expressing N stress tobteran tropical maize (Béanziger et al.,
1997).

2.6.2 Drought stress

The major causes of drought stress in the troparalironments includes poor rainfall
distribution, poor water holding capacity of sahallow effective root depths, high surface
runoff and evapotranspiration (Lal et al., 1982)olght stress can affect the performance of
maize plants from crop establishment up to grdlmgi. Although the ultimate grain yield
could be affected by drought stress at almostrallvth stages, flowering period is the most
sensitive (Banziger et al., 2000)herefore, selection under managed drought stress a
flowering is suggested as an effective means aktasing tolerance to a number of stresses
occurring during flowering (Chapman et al., 199)ought stress delays silking relative to
anthesis period which, in turn, prolongs the anthsiking interval (ASI). Unlike silks
where their elongation is based on water statusvamdh are very sensitive to drought,
anthers are little affected by drought stress (‘g&st and Boyer, 1986; Bolafios and
Edmeades, 1993a). The most drought sensitive pduadg flowering is -2 to 22 days after
silking, with the peak at seven days. Maize plamils be severely affected and complete
yield loss can be expected, if drought stress acjust before tassel emergence to the onset
of grain filling (Grant et al., 1989).

Drought stress caused by uneven distribution atedafarainfall is one of the most important
constraints to maize production in Africa. It hasb reported that 50% of the losses in maize
grain yield in the developing world are caused bg-gnthesis drought stress (Edmeades et
al., 1994). The reduction in grain yield due toudybt stress during the vegetative, silking
and ear stages are 25%, 50%, and 21%, respecfi¥etynead and Shaw, 1960). A dry spell
of a day or two at pollination has the potentiateducing grain yield by up to 22% (Fischer
et al., 1983).
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Elite tropical maize germplasm contains consideraggenetic variability for drought
tolerance. Manda and Mwambula (1999) screened 98enggnotypes for drought tolerance
and observed significant genotypic differencesgi@in yield, with a range of 0.5 - 5.7 tha
By managing drought stress levels, it is possibleliserve genetic variation in grain yield
and drought adaptive secondary traits which caexipioited (Manda and Mwambula, 1999).
Commercial hybrids developed using multi-locatiesting that supposedly included results
from random drought stress sites, showed infererfgpmance to those selected under
managed drought stress (Banziger et al., 1999cnn@rcial hybrids yielded 23% higher
than drought tolerant test-crosses under optimadiitons but 27% less under severe drought
stress. Diallo et al. (2004) reported that an ayemgrain yield of the hybrids under drought

was 45% of the average grain yield under optimabdmns.

2.6.3 Managed stress environments

Maize production in the tropics is highly affectbg drought and N stress conditions
(Simmonds, 1991; Banziger et al., 1997; Banziger @ooper, 2001). However, most of the
maize breeding activities are conducted under aptingrowing conditions and do not take
into account the conditions of the smallholder farsn(Bolafios et al., 1993; Banziger and
Diallo, 2004; Muza et al., 2004). Therefore, forxmaum breeding progress, testing should
be done in the environments that represent thettgmgpduction environments (Allen et al.,
1978). Thus, the unpredictable nature of climatated stresses and the limited number of
testing sites have necessitated the developmenis:df managed stress sites (Edmeades et
al., 2006).

Managed stress environments (MSES) are selectionoements targeted to simulate abiotic
stress conditions (Banziger and Cooper, 2001). lade® et al. (2006) described MSEs as
specialised testing sites that allow strict congrfolhe nature, timing and intensity of stresses
applied to the target crop. The use of MSEs peroutgrolled and quantifiable consideration
of the factors that affect breeding progress (Rlesiend Hamblin, 1981; Banziger and
Cooper, 2001). Managed drought stress trials atmllysconducted in rain-free natural
environments equipped with irrigation facilities lehmanaged N stress trials are conducted
under spatially uniform N depleted fields (Edmeaglesl., 2006).
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CIMMYT and national programmes in SSA have prigetli the major stresses found in
farmers’ fields (drought, low soil fertility, insepests, acid soils) and have established stress
screening sites at several breeding stations (B&nand Cooper, 2001; Banziger et al.,
2006). Furthermore, to develop low N and drougheremt genotypes for the region,
selection is done using three types of environmelils recommended agronomic
management/high rainfall conditions, (ii) low Nests, and (iii) managed drought (Banziger
et al., 2006).

Statistical analysis of grain yield from stress iemvments often shows non-significant
differences or higher coefficients of variation rthexperiments conducted under optimum
conditions (Banziger and Cooper, 2001). This sutgget the error variance of grain yield
does not decrease as much as the genetic varidmae mvoving from high to low yielding

environments (Banziger et al.,, 1997). To improvenggie gains from selection, careful
management of MSEs is very important to reduce renmental variance and increase

heritability for stress tolerance plant attribugBé&nziger et al., 2006).

2.7G x E interaction, grain yield stability, AMMI and GGE biplots

2.7.1 G x E interaction

The performance of a cultivar depends on the gemséticture and the environment where it
grows (Cooper and Byth, 1996). Environmental factoave a larger effect on quantitative
traits than on qualitative traits, therefore perfance tests of potential cultivars are
conducted in multiple years and locations (Bernai2ia02). In addition to genotype and
environment main effects, performance of cultivardetermined by the G x E interactions,
which is the differential response of cultivaretovironmental changes (Hallauer et al., 1988;
Crossa et al., 1990; Vargas et al., 1999). G xt&raction can occur due to various biotic and
abiotic stresses. Different factors such as temperaseason rainfall, season length, within-
season drought, sub-soil pH and socio-economicifadhat result in sub-optimal input
application are among the major causes of G x &action in the African maize growing
environment (Banziger et al., 2006). Conducting tivarlvironment trials (METS) is an
efficient approach to select stable varieties acritee different environments. It is also
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important to note that G x E interactions are caxphnd when poorly understood, they

represent a significant impediment to genetic improent (Basford and Cooper, 1998).

The relative magnitude of G x E provides informatregarding the likely area of adaptation
of a given genotype. It is also useful in determgnefficient methods of using time and
resources in a breeding programme (Ceccarelli, ;1988hg, 1998). Development of
genotypes resistant/tolerant to various stregsesghich they would likely be exposed might
minimise G x E interactio(Kang, 1998). Mid-season drought tolerant genatythat perform

well under variable moisture regimes (Chapman gt18197; Bogale et al., 2008) and N
levels (Banziger et al., 1999b) are expected t@ givbetter yield with increased stability

across variable growing conditions compared to eatignally developed genotypes.

Large G x E interaction is expected when genotyges grown under a wide range of

environments and outside their normal zone of adept (Beck et al., 1991). Selection of

multi-environment sites to sample stresses adelyuatbere G x E and genotype-by-year

interaction are major sources of variation, is ac@l step in a successful breeding

programme (Edmeades et al., 2006). The extent dbrpeance testing depends on the
magnitude of G x E, which occurs when genotypefeidih their relative performance across

environments (Bernardo, 2002). Yield trials freqiyehave both significant main effects and

significant G x E interaction (Zobel et al.,, 19889)he existence of G x E interaction

necessitates breeders to evaluate genotypes in thare one environment to obtain

repeatable rankings of genotypes (Hallauer et 1888). G x E interaction becomes of

practical significance only when crossover intaog occur (Baker, 1988; Crossa and
Cornelius, 1997). Crossover interactions occurvaluwation trials when ranks of cultivars

change across environments (Russel et al., 200@)s Tonducted under stress environments
usually produce rankings that differ significanflgm one trial to another due to the presence
of G x E interaction and this makes it difficult tlhhoose the best performing genotype
(Banziger et al., 2000).

Under varying environments, genotypes that prohigé average yields with minimum G x
E interaction have been gaining importance overeged yields (Ceccarelli, 1989; Gauch
and Zobel, 1997; Kang, 1998). The analysis of G tEraction is closely linked with the
guantitative estimation of phenotypic stabilitygenotypes over environments (Kang, 1996).

When significant G x E interactions are preserg, eéffects of genotypes and environments
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are statistically non-additive, which means that differences between genotypes depend on
the environment. Existing G x E interactions mayt Wwill not necessarily lead to different

rank orders of genotypes in different environments.

Various methods have been used to investigate atidrtunderstand the causes and effects
of G x E interactions (Van Eeuwijk et al., 1996heBe methods can be divided into two
broad categories. The first category involves faat@egression analysis of the G x E matrix
(i.e. the yield matrix after the environment anch@gpe main effects are removed) against
environmental factors, genotypic traits, or combores thereof (Baril et al., 1995). The
second category involves the correlation or regoesanalysis, which relates the genotypic
and environmental scores, derived from principahgonent analysis (PCA) of the G x E

interaction matrix to genotypic and environmentalariates.

2.7.2 Stability analysis

The presence of G x E interaction in METs leadsht need for the analysis of genotype
stability. Stability has been described in manyedént ways over the years and there have
also been different concepts of stability (Lin @t d4986). Researchers use the terms
adaptation, phenotypic stability and yield stapiiit different ways (Becker and Leon, 1988).
Stability indicates consistency in performance tlatld mean minimum variation among
environments for a particular genotype (Chahal @odal, 2002). The stability with which a
plant breeder is concerned implies stability insthaspects of phenotype which are important
economically, such as grain yield and quality. Setdbility may depend on holding some
aspects of morphology and physiology in a steadtedbut allowing traits to vary. In this
way, the desirable varieties will show low G x Hermaction for agriculturally important
characters, especially grain yield, but not negdgstor other characteristics. Two basic
concepts of phenotypic stability are distinguishgdthe biological concept, and ii) the
dynamic concept. The biological concept of stapildfers to the consistency of performance
of a genotype over a wide range of environmentss itea of stability is in agreement with
the concept of homeostasis widely used in geneficsording to Becker and Léon (1988)
static stability genotypes possess unchanged peafice regardless of variation of the
environments, thus implying that its variance am@amyironments is zero. This type is
seldom a desired feature of crop cultivars, sinceasponse to improved growing conditions

would be expected.
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On the other hand, dynamic stability, also termsdhe agronomical concept of stability,
implies that a stable genotype should always giigh tyield expected at the level of
productivity of the respective environments, igyariety with G x E interaction as small as
possible (Becker, 1981; Dabholkar, 1999). With ditative traits, the majority of genotypes
often react similarly to favourable or unfavouralelevironmental conditions. Becker and
Léon (1988) stated that all stability procedureseolaon quantifying G x E interaction effects
belong to the dynamic stability concept. This inlda the procedures for partitioning the G x
E interactions of Wricke’'s (1962) ecovalence anduk®is (1972) stability of variance
procedures which use the regression approach ssicthase proposed by Finlay and
Wilkinson (1963), Eberhart and Russel (1966) andkiRe and Jinks (1968), as well as non-
parametric stability statistics.

The statistics, which can be used to identify gtadgnotypes, are classified into parametric
and non-parametric approaches. Parametric (emipiaicd statistical) approach is more

common and involves relating observed genotypiparses, in terms of yield, to a sample of
environmental conditions. It is useful when theadate continuous. The non-parametric
(analytical clustering) approach defines environteemd phenotypes in terms of biotic and
abiotic factors and is useful when the data areodisnuous. Non-parametric data analysis
has the potential to reduce complex data intotimeimeasures of stability. However, the use
of some elements of both approaches is common st breeding programmes (Becker and
Leon, 1988; Ramagosa and Fox, 1993).

Lin et al. (1986) described eight parametric stgbdtatistics: (1) the variance of a genotype
across environments {8 (2) coefficient of variability (CY); (3) Plaisted and Peterson’s
mean variance component of pairwise G x E intevact{d); (4) Plaisted’'s variance
component for G x E interactiof(); (5) Wricke’s ecovalence (W, (6) Shukla’'s stability
variance ¢%); (7) Finlay and Wilkinson’s regression coefficie(b,); (8) Eberhart and
Russell's deviation parameters®p (Plaisted and Peterson, 1959; Plaisted, 1960¢k&Yi
1962; Finlay and Wilkinson, 1963; Eberhart and RUys&966; Shukla, 1972; Lin et al.,
1986).

According to Becker and Léon (1988) the parametgproach described above gives only

the individual aspects of the stability but canpotvide an overall picture of the response.

33



The basic reason for this apparent difficulty iatth genotype’s response to environment is
multivariate yet the multivariate approach triegramsform it into an univariate problem, via
a stability index. To avoid this problem, a diffetdine of thought has emerged, namely to
cluster genotypes according to their response tstic(i.e. non-parametric method).
Although the parametric approach to stability isatieely simple, it does not provide
information for the resolution of any conflictingpe | and type Il inferences. Under these
circumstances, quantitative mathematical charaet®on should be considered as well as
gualitative descriptions of genotype, as like oiiken genotypes; i.e. to adopt a non-

parametric clustering procedure (Lin et al., 1986).
2.7.2.1Description of parametric approaches for stabilityanalysis

A general summary of the response patterns of gpastto different environments is given
by the stability analysis. The main type of stapikinalysis, namely joint linear regression
(JLR), was first proposed by Yates and Cochran §198d then widely used and described
by many authors (Yates and Cochran, 1938; Finlay \hlkinson, 1963; Eberhart and
Russel, 1966; Perkins and Jinks, 1968; Shukla, ;1B&2ker and Leon, 1988; Baker, 1988;
Crossa, 1990). Linear regression models combingiaeldnd multiplicative components and
thus analyse main effects and their interactiorb@ et al., 1988). Joint regression analysis
provides a method of testing a genotype for charestic linear response to changes in
environments. This process is done by regressionthef genotypic means on an

environmental index.
2.7.2.1.1 Regression coefficientl§) and deviation mean square (%)

According to Ramagosa and Fox (1993) simple linegression provides a conceptual model
for genotypic stability and is the most widely usadtistical technique in plant breeding.
This model is also called the Finlay and Wilkingd863) approach. The regression of each
genotype’s mean Yyield against the mean yields okmwironment is determined and the
stability range is determined by the main effectdtiplied by the regression coefficients of

genotypes.

The G x E interaction is divided into two segmeifita component due to linear regression

(b) of the " genotype on the environment mean and ii) a devidt)) :
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GEj= b + d
therefore, Y=p+ G + 5 + (bE + d)) + g
The marginal means of the environments is useth@spendent variables in the regression
analysis and the interaction is restricted to mplittative form. The G x E from analysis of
variance (ANOVA) is partitioned into heterogeneiy regression and deviations from
regressions (Becker and Leon, 1988). Different @nstlused differenb; values to define

0 as stable

genotype stability. Finlay and Wilkinson (1963) idefl a genotype witl

1 as stable

(static concept) and Eberhart and Russel (196@pheatkfa genotype withp;
(dynamic concept). Becker and Léon (1988) suggehktedecovalence rather be used, since it
combinesh; and 3 as a stability parameter. Many scientists conshileas a response
parameter and ° as a stability parameter, since additional infdiomaon the average
response of a genotype to favourable environmentgivien byhb;, this is schematically

presented in Figure 2.1.

b <1 bi>1
S small High yield stability
Adapted to low yielding Adapted to high yielding
environments environments
S large Low yield stability

Figure 2.1. Interpretation of the parametdssand S of the regression approach
(Becker and Léon, 1988).

Finlay and Wilkinson (1963) determined the regmassioefficient by regressing the mean of
all genotypes on the environmental mean and pipttire obtained genotype regression
coefficients against the genotype mean vyields. Pphtern of genotype stability when

genotype regression coefficient is plotted agayestotype mean vyield, is illustrated in Figure
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2.2. According to Finlay and Wilkinson (1963), engtype with a jvalue less than 1.0 has
above average stability and is especially adaptablew-performing environments and if it

is greater than 1.0 the genotype has below avestadmlity and is especially adaptable to
high performing environments. Whereas, a genotyle v value equals to 1.0 is adapted to
the widest range of environments or an indicatibiisoaverage stability. When this value is
associated with high mean yield it indicates a ¢ygyess good general adaptability; and when
it is associated with low mean yield it shows thenagtype’s poor adaptability to all
environments (Fig. 2.2). Hence, in most cases éwatlon from regression {$) is taken as

a parameter for stability rather thanwhich is more about responsiveness of genotypes
(Eberhart and Russell, 1966; Becker and Léon, 1988)

Specifically adapted to
favourable environments

Above L0

Below average stability

Poorly adapted to all Average .| Well adapted to all
environments sta bility environments

1.0

F 3

A
A

Above average stability

Regression Coefficient

Specifically adapted to
unfavourable e nvironments

Below 1.0

Genotypic mean yield

Figure 2.2 A generalised interpretation of the genotypic pattebtained from genotypic
regression coefficients plotted against genotypeam adapted from Finlay
and Wilkinson (1963).

The deviation sums of squares are the sums ofnamialue to deviation from regression
divided by (S-2) and subtracting pooled error meauare, where S stands for the number of
locations for each variety (Eberhart and Russeé6).9Therefore, varieties which have a less
predictable response for a given set of environmdrave a probability of a F value close to

zero and will deviate significantly from linearity.
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Although many authors and breeders used the regnes@proach, simultaneous studies
emphasised the limitations, biologically and stat#ly (Freeman and Perkins, 1971;
Westcott, 1986). There are statistical limitatiofisstly the genotype’s mean and marginal
means of the environments are not independent fsam another. This problem may be
overcome if a large number of genotypes are usese(fran and Perkins, 1971). Secondly,
errors associated with the slopes of the genotgpesot statistically independent (Crossa,
1990) and thirdly, this method assumes a lineaatimiship between interaction and
environmental means, which is not always the caserasults may be misleading (Westcott,
1986).

Biologically the limitation seems to be in the cadeere only a few low or high yielding sites
are included in the analysis and the genotype’#ipasn the range is mostly determined by

its performance in a few extreme environments (\W5t1986; Crossa, 1990).
2.7.2.1.2 Ecovalence V)

Wricke (1962) proposed using the contribution afftegenotype to the G x E interaction sum
of squares as a stability measure and definedctimigept of statistics as ecovalentd)(

Ecovalence is simple to calculate and it is expeéss:

W= ra(Y, =Y. =Y, +Y..)°

where, Y is the mean performance of genotype thejth environment and Y and Y, are

the genotype and environment mean deviations résphg and Y ... is the overall mean.

For this reason, genotypes with a [Bwvalue have smaller deviations from the overall mea
across environments and are thus more stable (@/rik362). According to Becker and Léon
(1988) ecovalence measures the contribution of reotgpe to the G x E interaction; a
genotype with zero ecovalence is regarded as st#aeording to the meaning of the
ecovalence, this stable genotype possesses a hmglalence (low values oV = high

ecovalence).
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Becker and Léon (1988) illustrated (Fig. 2.3) edenee by using a numerical example of

plot yields of genotyped in various environments against the respective nmea
environments.

A
100
Y=pn+E.G

80
i} Y= n+ Ej
2 o
> | 60 ’

40

20

v

20 40 60 80 100

Environmeni(Y-J')

Figure 2.3. Graphical representation of G x E interactiortge gtability
statistics ecovalenc®\) is the sum of squares of deviations
from the upper straight line (Becker and Léon,1988)

The lower straight line estimates the average yoéldll genotypes simply using information
about the general meamn)(@nd the environmental effects;\Bvhile the upper line takes into
account the genotype effect;J@nd therefore estimates the yield of genotyp&eviations
of yield from the upper straight line are the G »xnkeraction effects of genotype i and are
summed and squared across environments and ctesgtovalence.

2.7.2.1.3 Shukla’s stability variance parameter ¢?)

According to Shukla (1972), stability variance oéngtypei is its variance across
environments after the main effects of environmlemeans have been removed. Since the

genotype main effect is constant, the stabilityaraze is thus based on the residual (G)
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matrix in a two way classification. Shukla (1978)jmed this stability statistic as “stability

variance” 6°) and is calculated as follows:

. 1 _ . [
7 = 6 nG aE | OC TIZ VY AV - ER Y Y, )

where Y is the mearyield of the " genotype in the"] environment,\?j is the mean of all
genotypes in”] environments and .. is the mean of all genotypes in all environmeFts. a
genotype to be classified as stable, its stabiityiance ¢°) should be equal to the
environmental variance’? which means that? = 0. Larger value of(g?) will thus indicate
greater instability of genotypeAs the stability variance is the difference betwego sums

of squares, it can be negative, but negative etgsnaf variance are not uncommon in
variance component analysis. Negative estimategat)may be equated to zero as usual

(Shukla, 1972). Homogeneity of variance estimatas be tested using Shukla's (1972)

approximate test (Lin et al., 1986). The stabiligriance is a linear combination of the
ecovalence, and therefore bathand (o7 )are equivalent for ranking purposes (Wricke and

Weber, 1980).
2.7.2.1.4 Cultivar performance measure

Lin and Binns (1988) defined the superiority meas(Ri) of thei™ genotype as the mean

square of distance between tfggenotype and the genotype with the maximum respass

o Y, =M.)2+(Y, -, +M, +M.)
' 2n

whereY;j is the average response of fflegenotype in th¢™ environmenty;. is the mean
deviation of genotypg M; is the genotype with maximum response among albgtmotypes

in thej™ locations, and n is the number of locations. Timalker the value of Pthe less its
distance to the genotype with maximum yield andetteb the genotype (Lin and Binns,
1988). A pairwise G x E interaction mean squar&beh the maximum and each genotype is
also calculated and it is similar to the methoddulsg Plaisted and Peterson (1959), except

that a) the stability statistics are based on lbth average genotypic effects and G x E
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interaction effects and b) each genotype is contbandy with the one maximum response at

each environment (Crossa, 1990).

2.7.2.2Cross over interactions and non-parametric techniqas for stability analysis

Lin and his colleagues (1986) explained this apgmoas the grouping of genotypes
according to their similarity of response to a g environments. These interactions may
(not necessarily), result in different rank ordefsgenotypes in different environments.
Crossover or qualitative interactions are more irtgrd in agricultural production than non-

crossover or quantitative interactions (Baker, 133®ssa, 1990).

If a breeder is only interested in the existencerasfk order differences over different
environments, the non-parametric statistics for & iteractions based on ranks provide a
useful alternative to parametric statistics appneaccurrently used, which are based on
absolute data. In these cases, the relative cleaisiats and comparisons of the genotypes are
more important than absolute characterisation angparisons. Other advantages are that the
non-parametric measures are expected to be lesgiwerto errors of measurement than
parametric estimates and the addition or deletfarne or a few observations is not likely to
cause great variation in the estimate as wouldxpeated for parametric stability statistics
(Nassar and Huehn, 1987). Huehn (1990) also irglicas advantages of non-parametric over
the parametric statistics, the reduction or avaidaof the bias caused by outliers, and the
fact that assumptions are not needed on the disitsib of the phenotypic values and for
many applications (e.g. selection in plant breedind testing programme) the rank orders of
the genotypes are the most essential informattomas therefore concluded that this method
appeared to be the most relevant measure. Howteeuse of any of the stability parameters
(parametric or non-parametric), understanding efriationship and differences underlying
the different stability parameters, the consistetdtionships among the parameters and their
repeatability are important for the efficient ugdhle methods in practical situations (Huehn,
1990).

According to Ramagosa and Fox (1993), analysisanks (stratified ranking) evaluates the
proportion of sites where any genotype ranks indpe middle or bottom third of the entries.
A genotype found in the top third of the entriesoas sites may be considered as relatively

well adapted. A genotyp& is stable over environments if its ranks are thmes over
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environments. These measures of stability define ithe sense of homeostasis or ability of
genotype to stabilise itself in different environrtee (Huehn, 1990). The similarity of two
rankings in any two environments can be estimatgdSpearman’s rank correlation
coefficient. Any two environments in which rankiof tested genotypes remains the same

can be used for selection purposes, even if tivaradl yield levels are substantially different.

2.7.3 Additive main effects and multiplicative interactive method (AMMI)

Zobel et al. (1988) explained the limitations oé ttlassical stability models. Accordingly,
ANOVA falls short to detect a significant interamticomponent. Under PCA the significant
genotype and environment main effects are not ifilethtand linear regression models
account for only a small portion of the interactearm of squares. However, AMMI analysis
reveals a highly significant interaction compongat has a clear agronomic meaning and it
has no specific design requirements, except farcaway data structure.

The AMMI method is used for three main purposes Titst is model diagnoses. AMMI is
more appropriate in the initial statistical anadysif yield trials, because it provides an
analytical tool for diagnosing other models as sabes when these are better for particular
data sets (Gauch, 1988). Secondly, AMMI clarifies G x E interaction and it summarises
patterns and relationships of genotypes and enviemts (Zobel et al., 1988; Crossa et al.,
1990). The third use is for improving the accuratyyield estimates. Gains have been
obtained in the accuracy of yield estimates thateguivalent to increasing the number of
replicates by a factor of two to five (Zobel et, dl988; Crossa, 1990). Such gains may be
used to reduce testing cost by reducing the numieplications, to include more treatments

in the experiments or to improve efficiency in séileg the best genotypes.

The AMMI model combines the ANOVA for the genotypad environment main effects
with PCA of the G x E interaction. It has proverefus for understanding complex G x E
interactions. The results can be graphed in a udmfilot that shows both main and
interaction effects for genotypes and environmeAMMI combines ANOVA into a single

model with additive and multiplicative parametéreae model equation is:
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where Y; is the yield of the'! genotype in thé'jenvironmenty is the grand mean;;@nd &
are the genotype and environment deviations froengitand mean, respectively is the
eigenvalue of the PCA axis ki andyy are the genotype and environment principal
component scores for axis k; n is the number ofggal components retained in the model

and g is the error term.

In the ANOVA, the total variation is partitionedtanthree sources, namely genotypes,
environment and G x E interactions. In this regartgview of Purchase (1997) revealed that,
in most yield trials, the proportion of sum of sipedue to differences among sites ranged
from 80 to 90% and the variation due to G x E iat#ons is often larger than that of the
genotypes. Hence, AMMI model can produce biplopgs which display the variability of
genotypes and G x E interactions.

Regarding agricultural problems due to G x E irdBoms, there exist two basic options, one
aimed at the genotypes and the other at the emagats (Ceccarelli, 1989; Simmonds, 1991;
Zavala-Garcia et al., 1992). The first option isselect a high yielding, widely adapted
genotype that is outstanding throughout the growewmjon of interest. The second option
which is particularly relevant when the first fails to sub-divide the growing region into
several relatively homogeneous macro-environmewtsh (little interaction within each

macro-environment) and then breed and recommenetiesrfor each.

The advantages of the AMMI model or its variants tat they use overall fitting, impose no
restrictions on the multiplicative terms and resalteast square fit (Freeman, 1990). Within
limits, any model may be expected to fit the datenf which it was derived. However, the
AMMI model has a good chance of being able to mtethe performance of cultivars in

similar sites and future years (Gauch, 1988).

The PCA of AMMI partitions G x E interactions inseveral orthogonal axes, the interaction
principal component analyses (IPCA). Gauch and E@f#96) showed that AMMI 1 with
IPCA 1 and AMMI 2 with IPCA 1 and IPCA 2 are usyaklelected and the graphical

representation of axes, either as IPCA 1 or IPCa&gainst main effects or IPCA 1 against
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IPCA 2 is generally informative. When AMMI 3 andgher models are presented for
agricultural data, the third and higher IPCA axee dominated by noise and have no

predictive value (Van Eeuwijk, 1995).

Since AMMI has the biplot feature, genotypes andirenments are plotted on the same
diagram, facilitating inference about specific miions of individual genotypes and

environments by using the sign and magnitude of RGAlues. Any genotype with a PCA 1

value close to zero shows general adaptation taes$ted environment. A large genotypic
PCA 1 scores reflects more specific adaptationnirenments with PCA 1 score of the

same sign. AMMI provides a better biological expiaon of G x E than the regression model
and it has been found useful when applied to acyeass analyses with a higher element of
unpredictability (Crossa et al., 1990; Yau, 1995u€h and Zobel, 1996; Annicchiarico,

1997).

The combination of ANOVA and PCA in the AMMI modeglong with prediction
assessment, is a valuable approach for understa@lix E interaction and obtaining better
yield estimates. The interaction is explained m fibrm of a biplot display where PCA scores
are plotted against each other and it providesavisispection and interpretation of the G x E
interaction components. Integrating biplot dispkyd genotypic stability statistics allows
genotypes to be grouped based on similarity ofgperdnce across diverse environments
(Tsige, 2002).

Like every other model, AMMI has its weaknessese Tlture of the residuals after fitting
the additive main effects inevitably produces thmpearance of multiplicative effects.
Consequently the sum of square for fitting the mplitiative term, which may be read
directly from the latent root proportions of expled variation, will tend to be much larger
than the expected value. Therefore, it is not fbs$0 recommend a single model to be used
at all times, because these models, dependingeotyple of data and research purposes, can
be complimentary rather than being competitive acheother. However, various studies
indicate that, depending on the quality of the d#te different methods applied to an
experiment will lead to similar conclusions (Bailal., 1995).

Maideni et al. (2004) characterised maize testingirenments in the Southern African

Development Community (SADC) region and identifsexl groups based on consistent G x E
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interactions across years and trials. They repotted drought and low N managed
environments were each located in different caiegotl.ong term climatic conditions and
crop management affect site similarity but notarai boundaries, demonstrating a scientific
rationale for regional development and deployménhaize varieties. Mosisa and Habtamu
(2008) studied the G x E interaction and stabibfy20 genotypes at nine locations in
Ethiopia for two years and identified cultivars lwitable and specific adaptation. Bogale et
al (2008) analysed G x E interaction of 28 drougitérant maize hybrids along with two
standard checks across 12 drought stressed anstmessed environments. Based on specific
adaptation, they successfully categorised the Hgbmto four groups using the AMMI

model.

Vasal et al. (1993a) evaluated diallel crosses®QPM populations across locations and
reported highly significant G x E interaction foram yield, time to silk, plant height, and
endosperm hardness. Pixley and Bjarnason (2002)uated stability of grain vyield,
endosperm modification and protein quality of hgland open pollinated QPM cultivars and
reported high stability of open pollinated cultisdollowed by double crosses, three-way-
and single cross progeny, successively. They obdetkie reverse trend for endosperm
modification score and suggested that more homagenaltivars have greater stability for
this trait. Glover et al. (2005) evaluated dialbebsses among Chinese and US germplasm
and observed significant G x E interaction effdotsgrain yield, stalk lodging, ear height

and days to silking.

2.7.4 GGE biplot and mega-environment analysis

Phenotypic expression of an organism is a functbits genotype (G), the surrounding
environment (E) and the interaction between the(@a E). The presence of significant G x
E interactions challenges the process of selegemptypes with higher performance. As a
result, METs are broadly used to assess the slityadi genotypes for target environments
(DelLacy et al., 1996). Numerous methods have beeeldped to reveal patterns of G x E
interaction as discussed in the previous secti@enotype plus Genotype x Environment
(GGE) biplot analysis was developed to allow the 0§ some of the functions of these
methods jointly. In total phenotypic variation, @mwment explains most of the variation and

genotype and the interaction GE are usually snyah( 2002). However, only the G and G x
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E interaction are relevant to cultivar evaluatigayrticularly when G x E interaction is

identified as repeatable (Hammer and Cooper, 1996).

The term "GGE biplot" was first used by Yan andwmrkers (Yan et al., 2000). It refers to a
biplot as developed by Gabriel (1971) that displélge G plus GE of genotype-by-

environment data. The key property of a GGE bipdothat it is based on environment-

centred data, with the environment (tester) maleces (E) removed, and the genotype main
effect (G) and the genotype by environment intéoact(GE) retained and combined.

Therefore, a biplot based on environment-centred dantains only G+GE, shortened as
GGE (Yan et al., 2000; Yan, 2001).

GGE biplot is a data visualisation tool, which draally shows a G x E interaction in a two
way table (Yan et al., 2000). The analysis of G@#olts is useful for: 1) mega-environment
identification (e.g. “which-won-where” pattern),athfacilitates the identification of specific
genotypes for their mega-environment 2) evaluataingenotype performance and 3)
environmental evaluation (the power to discriminaéenong genotypes in target
environments) (Yan and Kang, 2003; Yan and TinR&)6). The construction of a GGE-
biplot is based on the first two principal compaise(PC1l and PC2, also referred to as
primary and secondary effects, respectively) derifrem subjecting environment-centred
yield data, i.e. the yield variation due to GGEstogular value decomposition. It is used to
identify some of the least discriminating locaticarsd representative test locations (Yan et
al., 2007).

The difference between this method and AMMI analysithat GGE biplot analysis is based
on environment-centred PCA, whereas AMMI analysigeferred to as double centred PCA.
The GGE model allows more functions and visualsathan AMMI and removes the impact
of the environment main effect (E), allowing thedxder to focus on G and G x E, as only G
and G x E interaction are very relevant to cultieaaluation (Ding et al., 2007). The two
sources of variation in the sites regression mg@BEG) analysis of GGE are G and G x E.
Samonte et al. (2005) considered the AMMI modet bms 1) estimating the magnitude and
significance of the effects of G x E interactiordats principal components relative to G and
E; 2) estimating the stability and adaptabilitysplecific genotypes by plotting yield versus

environment; 3) identifying mega-environments (eowments with overlapping highest
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yielding genotypes); and 4) identifying appropriakeeck genotypes for all locations as well
as for specific locations. On the other hand thee®iplot SREG analysis is best for:

1) illustrating the relative yield performance oéngtypes at specific environments; 2)
comparing performance of a genotype at differevirenments; 3) identifying the highest

yielding genotypes at the different mega-environtsieand 4) identifying ideal genotypes
and test locations (Samonte et al., 2005).

The presence of biophysical and socioeconomic fadb@s an influence on the priority
objectives of agricultural research. Agriculturabguction environments vary in terms of
climate, soil, input use and consumer and prodywweferences, among others. Hence,
effective agricultural intervention programmes keliinput supply, agronomic practices—
should consider the importance of these factorve@@ment and deployment of cultivars
for different mega-environments is the ultimategmse of G x E interaction analysis (Yan et
al., 2007). A mega-environment is defined as a griulocations that consistently share the
same best cultivar(s) (Yan and Rajcan, 2002). TaBnition involves several essential
elements:

1) mega-environments are defined by differentnivig cultivars, noting that different
genotypes can be equally adapted to the same nmegarement and that a mega-

environment may need different types of genotypes stabilise the overall
production;

2) mega-environment is a concept of geograplhacalions; and

3) cultivar x location interaction pattern stwble repeatable across years.

All three aspects are essential for the classifipabf environments into different mega-
environments. According to CIMMYT, a mega-enviromnés "a broad, not necessarily
contiguous area, occurring in more than one coumtng frequently transcontinental,
characterised by similar biotic and abiotic stres®eopping systems, consumer preferences

and for convenience, by volume of production” (Kamp et al., 2000).

The idea of mega-environments was originally prepgot help crop breeders utilise the
presence of significant G x E interaction in theommendation of varieties to specific
environments. In the late 1980s and early 1990sgare®vironment analysis was an

important condition in strategic planning, resouati®cation and conduct of collaborative
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research world-wide (CIMMYT, 1989). Since then, twcept has also been applied to the
design and testing of new crop management prac{agre and Ramos, 1997) and other
products of research. Mega-environment analysesfalslitates germplasm exchange among
breeders, depending on the similarity of the taegeironments (Setimela et al., 2005; 2007).

Hartkamp et al. (2000) summarised the advantageharfacterising global maize growing
mega-environments as 1) priority setting and resowallocation by research managers; 2)
directing efforts of scientists to relevant produadte., those most urgently needed for the
most important mega-environments; 3) testing of tlght type of germplasm in the
appropriate environments which also helps to redtiee number of testing sites; 4)
enhancing germplasm exchange among national résgeaogrammes and other partners
based on their needs for target environments. Eifj.shows the classification of maize
growing mega-environments of SSA based on the elgratic conditions of the countries.
The dark and light green areas in each country camesidered to be high potential

environments for maize production.
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CHAPTER 3

Parametric and non-parametric approaches for the asessment of G x E interaction and
grain yield stability of QPM single cross hybrids under stress and non-stress

environments

3. 1 Abstract

Quality protein maize (QPM) is nutritionally enhatt maize which helps to curb protein
malnutrition and infant mortality in communities @k maize is a dietary staple. Improved
QPM genotypes have to perform better or comparabigeld and be relatively stable across
environments to be adopted by farmers. The obgdiithis study was to evaluate the extent
of G x E interaction and grain yield stability dfet QPM single cross hybrids across stress
and non-stress environments and to compare thd tdvassociation among the different
stability parameters in identifying stable genotypalinety six QPM hybrids, including a
normal endosperm maize check, were evaluated inl12 wlpha-lattice desigmwith two
replicatesin 15 stress and non-stress environments of eastedhsouthern Africa (ESA)
during the 2010 and 2011 growing seasons. Nine rpatac and non-parametric stability
models were used to analyse stability. The ANOY&&osingle and combined environments
showed a highly significant (P < 0.001) variatiomang the genotypes. From the combined
ANOVA, environments contributed the highest peeggnbf the total sum of squares mainly
due to the inclusion of extreme (stress) envirorimanthe analysis. The mean grain yield
under optimum conditions was 5.24 t*hand genotypes under low nitrogen (N) stress
yielded an average of 35% and under drought 38%rain yields obtained under optimum
conditions. Mean yield and Linn and Binn’s cultivarperiority measures were found to be
highly significantly correlated. However the twothws were non-significantly and poorly
correlated with all the other parameters. Spearnsanank correlation matrix revealed highly
significant correlation among Eberhart and Russelleviation from regression, Wricke’s
ecovalenceShukla’s stability variance with no covariates, Ehis stability variance with
covariates, Nassar and Huhn's absolute rank difieez and variance of ranks and
Purchase’s AMMI stability value (ASV). Resultsha individual location analysis showed
that entry 52 gave the highest yield (9.12 thia 2010 and entry 40 the highest (8.84 tha
in 2011 under optimum environments in Zimbabwe kgaya respectively. Entry 40 ranked
first based on across environment means (4.57'} had entry 80 (3.39 t F3 was identified

as a relatively stable hybrid by the majority o€ tharameters. This study further established
the importance of multivariate analysis techniqurea situation where diverse environments
are included in the analysis of G x E interactiordagrain yield stability.

Key words: QPM, G x E interaction, grain yield stability andlsility parameters
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3.2 Introduction

Africa contributes about 20% of the 161 million éfathe maize area and about 8% of maize
production of the world. Maize in SSA is a dietatgple for millions of small holder farmers
and accounts for about 53% of the total land atextdo all cereals (FAOSTAT, 2010). By
the year 2020 the demand for maize consumptionSA  expected to increase by 93%
from its level in 1995 while in the world it is pexted to increase by 50% (CIMMYT, 2001).
Although maize is one of the widely cultivated sap Africa, its share of the global maize
production is very low, mainly due to low averageld per unit area (Heisey and Edmeades,
1999; Pingali and Pandey, 2001).

Developing high yielding varieties adapted to madireerse environments is a major objective
of breeders. However, environmental conditionscfthe yield performance of a genotype.
Hence, genotype performance is a function of thetgge and the nature of the production
environments (Cooper and Byth, 1996). In additiperformance of a genotype is also
determined by the G x E interactions, which isféedgntial response of genotypes to changes
in environment (Hallauer et al., 1988; Crossa et90; Vargas et al., 1999). The maize
growing environment of Africa is characterised highhG x E interaction caused by differing
temperatures, seasonal rainfalls, soil types, nai@ason drought and socio-economic factors

that result in sub-optimal input application (Bayezi et al., 2006).

The presence of G x E interaction and its magnitnddETs provides valuable information
regarding the adaptation area of a given genotypehalps to determine effective time and
resource management in a breeding programme (@&dccd®89; Kang, 1998). Various
studies indicated that high G x E interaction ipepted when genotypes are grown under
diverse environments and when evaluated outside tloemal zone of adaptation (Beck et
al., 1991). Selection of varieties in diverse eowiments generally targets genotypes that
provide relatively high yields with minimum express of G x E interaction (Ceccarelli,
1989; Gauch and Zobel, 1997; Kang, 1998). In otlerds, breeders are interested in
cultivars with high average yield and which givespi@e response to improved environments
(Hallauer et al., 1988).

Various parametric and non-parametric methods ha&en developed to evaluate the effect
of G x E interaction and to select stable genotyipe® METs. Yates and Cochran (1938)
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were the first to develop the linear regression ehbdsed on the G x E interaction expressed
as the linear regression coefficient of the genetyp the site mean. This was later used by
Finlay and Wilkinson (1963) and modified by Ebetrard Russell (1966), who incorporated
the deviation from regression as a stability pateme

According to the joint regression model, a staldeety is the one with a high mean yield,
regression coefficient of one;#1) and deviation from regression of zer84®) (Eberhart
and Russel, 1966). In most case; B considered as a stability parameter rather than
(Eberhart and Russel, 1966; Becker and Leon, 1988icke (1962) developed a stability
concept based on the contribution of each gendiyplee G x E interaction which is termed
as ecovalence/f). Genotypes with lowV are considered to be more stable as their deviation
from the overall mean is small. A genotype withazecovalence is regarded as the most
stable. In another study Shukla (1972) defined dtability variance of genotype as its
variance across environments after the main effe€tenvironmental means have been

removed. According to Shukla (1972) a genotypeoissitlered stable if its stability variance

(6°) is equal to the environmental varianggé which means that” = 0. A relatively large

value of g7 will thus indicate greater instability of genotype

The AMMI model, which combines the standard ANOVAMWPCA (Zobel et al., 1988), was
used to investigate the agronomic nature of G rtBraction. In order to rank genotypes in

terms of stability, Purchase (1997) proposed theMAMtability value (ASV) as follows:

asveall II:)C'Ajlsummsquas(lPCASlscore]Z +[IPCA2scord?
-\ IPCASumofSques

AMMI stability value is the distance from zero inmo dimensional scattergram of IPCA1
(Interaction Principal Component Axis 1) score agailPCA2 scores. Since the IPCAL score
contributes more G x E sum of squares, it has tadighted by the proportional difference
between IPCA1 and IPCA2 scores to compensate &relative contribution of IPCA1 and

IPCA2 to total G x E sum of squares. According todRase (1997) genotypes with lower

values of ASV are considered to be more stable.
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Besides the numerous parametric methods available,parametric methods also provide
useful information for comparing rank order diffeces across different environments.
Several advantages of non-parametric approaches mdicated by Nassar and Huehn
(1987) who listed, among others, the model asdessitive to errors such as measurements
because the method only uses ranks rather thatugbs@alues as in the case of parametric
methods. Analysis of ranks (stratified ranking) leeses the proportion of sites where any
genotype ranks in the top, middle or bottom thirthe entries (Ramagosa and Fox, 1993). A
genotype found in the top third of the entries asresites can be considered relatively well

adapted. A genotypé is stable over environments if it ranks the saner environments.

However, Huehn (1990) suggested that for an efftaise of stability estimation techniques
in practical applications, knowledge of the folloiaspects is essential: relations between
different statistical measures of phenotypic sigbi(parametric and non-parametric);
consistency of relationships among stability partemse and repeatability of stability

parameters.

Several researchers have reported significant G mt&action and stability of QPM
genotypes (Vasal et al., 1993a; 1993b; Pixley g@adnBson, 1993; 2002; Glover et al., 2005;
Gissa, 2008). However, no information is availatatethe G x E interaction and grain yield
stability patterns of the hybrids included in tistsidy. Hence, the objectives of this study
were to evaluate the extent of G x E interactiod grain yield stability of the QPM single
cross hybrids across stress and non-stress enwardsnand to compare the level of

association among the different stability paranseteidentifying stable genotypes.

3.3 Materials and methods

Germplasm

Fourteen advanced CIMMYT QPM inbred lines with {oah adaptation, early to medium

maturity and white grain colour, were crossed usirggdiallel mating design at the Kenyan
agricultural research institute (KARI) and CIMMYTaime drought stress screening site in
Kiboko - Kenya. The nursery was planted in July20Qinety one cross combinations were
made and the seeds of the reciprocal crosses wedb Four QPM and normal endosperm
maize hybrids were included as checks making tked tmumber of entries 96. The QPM

parents were derived from a drought tolerant QPMra® population using the pedigree
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breeding method. The parental lines showed goodboong ability and agronomic
performance under drought environments of ESA. @Gdiye the plant materials were
adapted to tropical environments and had a higal lef/tryptophan in the endosperm. The
characteristics and pedigrees of the parents asepted in Table 3.1.

Description of the trial sites and field management

The 96 QPM hybrids and checks were evaluated iotal 6f 15 environments during the
2010 and 2011 cropping seasons. In Ethiopia thkstwere conducted at Bako, Melkassa and
Awassa. At Bako the QPM hybrids were tested under N stress coded as BAKLN and
under optimum management coded as BAKOP. At Mekassl Awassa the trials were
evaluated under optimum management and are codddllk®P and AWAOP, respectively.
In Kenya, the trials were conducted in two optimoranagement fields at Embu (EMBOP)
and Kakamega (KAKOP) and in a managed droughtsstiiletd at Kiboko (KBODT). In
Zimbabwe the trials were conducted at researchostaiof Harare-CIMMYT and Ratray-
Arnold, and at Chiredzi and Chisumbanje experimesti@s. The trials at Harare were
conducted under low-N stress in 2010 (HRELN1) ad#i12(HRELNZ2). Two trials were also
conducted (HREOP1 and HREOPZ2) under optimum camditiin 2010 and 2011,
respectively. Another trial was also conducted la Rattray-Arnold research station
(RATOP) under optimum conditions. At Chiredzi andistimbanje all the trials were
evaluated under managed drought stress environmedt€oded as CHIDT1 and CHIDT2
(Chiredzi trials during 2010 and 2011 respectivalyyl CHSDT (Chisumbanje).

The optimum trials at Awassa, Bako and Kakamegaedisas the low N trials at Harare had
single row plots while the other trials had two rpiets per entry. All the managed drought
trials were grown in the dry season, allowing tltool of drought stress intensity by
withdrawing or delaying irrigation for varying letig of time during the flowering and grain
filling stages of the maize plants (Edmeades ¢t18199). At Chiredzi and Chisumbanje,
drought stress was achieved by applying a totaP6f mm irrigation water during the first 50
days from planting. This regime caused severe diosigess at flowering and grain filling.

The trials at Kiboko were irrigated from plantingtii two weeks before anthesis after which
watering was withheld until 15 days after antheg®n additional irrigation was applied to

prevent zero-yield (Banziger et al., 2000). All ea#sal measures were taken to make
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irrigation water and stress level uniform and bkulere protected from irrigation water from

neighbouring blocks, leaking pipes or wind drift.

The low N stress was achieved by continuously dragpmaize for a minimum of five years
without applying N. Optimum N conditions were mainied by applying the recommended
N rate for the respective locations, followed bgpcrotation and residue incorporation. All
agronomic practices followed the recommendations tfee trial sites. Details on the
description of the experimental environments isspn¢éed in Table 3.2 and illustrated in
Figure 3.1.
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Table 3.1 List of the parental QPM inbred lines #m@r major characteristics

Parent Pedigree Origin and characteristics

1 CML205/CML144//CML159//POOL15QPMSR-B-68-B-B-B-B-B KB09A-0A69-1, good combiner, DT-tolerant

2 CML212/CML144//CML159//POOL15QPMSR-B-41-B-B-B-B-B KB09A-0A69-2, good combiner, DT-tolerant

3 CML312/CML144//CML159//POOL15QPMSR-B-59-B-8-B-B-B KB09A-0A69-4, good combiner, DT-tolerant

4 CML445/CML144//CML159//POOL15QPMSR-B-1-B-B-B-B-B KB09A-0A69-6, good combiner, DT-tolerant

5 CML445/CML144//CML159//POOL15QPMSR-B-30-B-B-B-B-B KB09A-0A69-7, good combiner, DT-tolerant

6 CML445/CML144//CML159//POOL15QPMSR-B-5-B-B-B-B-B KB09A-0A69-8, good combiner, DT-tolerant

7 ECA-EE-DLN-PL1 - 1/PL15QPMC7SRC1F2//POOL15QPMSR&BB-B-B-B-B KB09A-0A69-9, good combiner, DT-tolerant

8 ECA-MOROSR(BC1)F2-4-ECAVEE4/PL15QPMC7SRC1F2//PQSQPMSR-B-115-B-3-B-B-B  KB09A-0A69-10, good combiner, DT-tolerant

9 ECA-MOROSR(BC1)F2-7-ECAVEE7/PL15QPMC7SRC1F2//PQSQPMSR-B-35-B-B-B-B-B KB09A-0A69-11, good combiner, DT-tolerant

10 ECA-MOROSR(BC1)F2-5-ECAVEES/PL15QPMC7SRC1F2//RQEBQPMSR-B-58-B-B-B-B-B KB09A-0A69-12, early maturing, MSV- resistant
11 LLSYNTH1/PL15QPMC7SRC1F2//POOL15QPMSR-B-17-B-EBEB KB09A-0A69-14, medium maturing, MSV- resistant
12 Pool15QPMFS756-B-4-B-#-B-B-B-B-B-B KBO09A-0A69-15, drought tolerant, good combiner
13 Pool15QPMFS440-B-4-B-#-B-B-B-B-B-B KB09A-0A69-16, drought tolerant

14 Pool15QPMFS309-B-1-B-B-B-B-B-B-B KB09A-0A69-17 , drought tolerant
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Table 3.2 Description of the environments usedHerevaluation of the QPM hybrids

Location Country Year Latitude  Longitude  Altitude (Rn?%fall Em?rgr]:ment Code E’nlqo;srinz)e E)Tgﬁgy hd)
Awassa Ethiopia 2011 °@8'N  3d48'E 1700 1100 Optimum AWAOP 5.0x0.75 53,333
Bako Ethiopia 2010 %@6'N  3709°E 1650 1245 Optimum BAKOP 48x0.75 44,444
Bako Ethiopia 2010 %e6N  3709E 1650 1245 Low-N BAKLN 48x1.50 44,444
Melkassa Ethiopia 2011 °g4N  39F21E 1550 680 Optimum MLKOP 4.0x1.50 53,333
Embu Kenya 2011 ®O's  37P27E 1502 1200 Optimum EMBOP 5.0x1.50 53,333
Kakamega Kenya 2011 °07’N  3445E 1585 1850 Optimum KAKOP 5.0x0.75 53,333
Kiboko Kenya 2011  %ON  3740E 975 680 Drought KBODT 4.0x1.50 53,333
Harare Zimbabwe 2010 iz9s 3P 1E 1489 890 Optimum HREOP1 4.0x1.50 53,333
Harare Zimbabwe 2010 iz9s 3P 1E 1489 890 Low-N HRELN1 4.0x0.75 53,333
Harare Zimbabwe 2011  9z9s 3P1E 1489 890 Optimum HREOP2 4.0x1.50 53,333
Harare Zimbabwe 2011  9z9s 3P1E 1489 890 Low-N HRELN2 4.0x1.50 53,333
RARS Zimbabwe 2010 fae's 37 03E 1341 865 Optimum RATOP 4.0x1.50 53,333
Chiredzi Zimbabwe 2010 2p2’s 3P58E 433 450 Drought CHIDT1 4.0x1.50 53,333
Chiredzi Zimbabwe 2011  202's 3P58E 433 450 Drought CHIDT2 4.0x1.50 53,333
Chisumbaje Zimbabwe 2011  ‘uB's 32 14E 415 420 Drought CHSDT 4.0x1.50 53,333
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Country and locations of the experiments
1. Ethiopia- Bako, Melkassa & Awassa

2. Kenya- Kiboko, Embu & Kakamega

3. Zimbabwe- Harare, Ratray-Arnold,
Chiredzi & Chisumbanje

4. South Africa- Bloemfontein (Lab. work)

Ethiopia

Kenya

Zimbabwe

South Africa

Figure 3.1Experimental sites of the study in ESA
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Experimental design and statistical analysis

The 96 hybrids (91 Fl1s and five checks) were pthntea 8 x 12 alpha-lattice design
(Patterson and Williams, 1976) with two replicaé¢sach test site. Analysis of variance for
grain yield of each environment was conducted lign PROC MIXED procedure in SAS
(2003). The effects of the genotypes, locations years as well as their first and second
order interactions were determined from the ANOGEenotypes were assumed to be fixed,
while year and location effects, replications atatks within replications were considered as
random. The following analyses were performed #b tiee significance level of grain yield
of the genotypes, locations and their interactions:
» Separate trial analysis for each location and yess done for the 15 separate trials
planted across the different maize growing envirents for the years 2010-2011.
» Separate analysis for the different environments diought stress, low N stress and
optimum management.
* The combined analyses of the trials (across yeatdaxations) were done in order to
determine differences between genotypes acrossoamvents and also to examine

differences among the different environments.

Where G x E interaction means squares were signifithe QPM hybrids were evaluated for
their grain yield stability across the differentvennments. The stability analyses were
conducted using Agrobase Generation Il SQL (Agromora011). The following models
were used to analyse stability:

* Lin and Binns cultivar superiority measure)(PLin and Binns, 1988)

« Joint linear regression model, @nd 34) (Finlay and Wilkinson, 1963; Eberhart

and Russel, 1966)

» Wricke’s ecovalenceW), (Wricke, 1962)

« Shukla’s stability variancesf) (Shukla, 1972)

* Nassar and Huehn’s non-parametric measure (Nasdafdaehn, 1987)

* The AMMI stability value (ASV) (Purchase, 1997)

Spearman’s coefficient of rank correlatio) (was employed (Steel and Torrie, 1980) to
compare the stability procedures. The correlatgsumption is that n genotypes are arranged

in the same chronological order to two stabilitygmaetersX; indicates the ranking order (or
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ranking number) of theé"igenotype for the first parametat,, indicates the ranking number
of the " genotype of the second parameter, thenX - Y; (i= 1,2,...n) and Spearman’s rank
correlation coefficient {§ described as:

_ 6

r =
* n(n*-1)

The correlation of the parameters and the sigmfiedevels were determined by using NCSS
software (Hintze, 2001).

3.4 Results and discussion
3.4.1 Individual environment analysis

Trial season 2010

The analysis of variance of the trials conductediennstress and non-stress (optimum)
environments in Ethiopia and Zimbabwe showed higlidyificant (R 0.01) mean squares
for entries across the environments. The percerdaggibution of the entries sum of squares
to the total variation was above 50% in most oféhgironments. However, the contribution
of the entries to the total variation was 18.21%REOP1 and 48.49% at CHIDT1 which
was an indication of the effect of environmenta&itéas on the trials. BAKOP was among the
sites where entries contributed the highest peagen{72%) to the total variation (Table 3.3).

In Table 3.4 results of grain yield performancetioé top 25 of the 96 QPM hybrids is
presented, including a non-QPM check (entry 9@gteacross different environments during
2010. The complete results are presented in ApgehdiUnder optimum environments,
entries 96, 52 and 46 were the highest yielde®BK&®PT, HREOP and RATOP, yielding
9.28 t ha, 9.12 t hd and 6.10 t A respectively. Entries 15, 23 and 40 out yieldedrést in
the stress environments by yielding 4. 93 t,ha.77 t hd and 2.32 t hd at BKOLN,
CHIDT1 and HRELN1 respectively. At HRELN1, entrié6 and 96 were among the top
yielders performing similarly with entry 40. Durinpis season, the highest yields were
recorded at BKOPT under the non-stress environmants at BKOLN under the stress
environments. However, the general mean performdocdhe 96 entries was better at
HREOP1 (6.45 t H) for the non-stress and at BKOLN (3.18 thdor the stress

environments (Table 3.4).
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Trial season 2011

Results of trials conducted in 2011 in nine envnents (four stress and five optimum) in
Ethiopia, Kenya and Zimbabwe showed that the vanaamong the entries was highly
significant (K 0.01) across the environments except for CHIDE2 ¥as significant (Table

3.5). The percentage contribution of the entriethtototal sums of squares was highest at
HREOP2 and KAKOP followed by MLKOP and KBODT. Howay the percentage sum of
squares for the entries was lowest at CHSDT whiehidcbe an indication of the influence of
environmental factors that contributed to the \ality apart from the entries. The block
effects were high at CHSDT and AWAOP and low oilgngicant at HREOP2. Generally

the coefficients of variation (CV) for the stress/eonments were relatively high compared
to the optimum environments. The trial at AWAOP laatigher CV compared to the other
optimum environments probably due to the erraticimeaof rainfall during the season (Table
3.5).

Entry 37 was the highest yielding QPM hybrid unther optimum environments at HREOP2
and AWAOP and was ranked second at EMBOP, viel8i68 t ha, 7.62 t hd and 8.32 t
ha' respectively (Table 3.6). The highest QPM yieldtlie optimum environments was
recorded at EMBOP for entry 40 with an averagedya#|8.84 t ha. Entries 41 and 42 were
also the best performing QPM hybrids at MLKOP araKKOP with an average grain yield
of 7.06 t had and 6.64 t ha respectively. Under the stress environments neitiethe
hybrids showed repeatable performance across teements except entry 22 which was
the highest yielding at KBODT and number three REHN? yielding 4.66 t haand 1.82 t
ha' respectively. Entries 31, 51 and 94 were the Higilders at CHSDT, HRELN2 and
CHIDT2 with an average grain vield of 2.44 t']h#.16 t h& and 2.02 t h& respectively.
The performance of the entries was high at HRE@PI2(t ha®) and low at AWAOP (4.30 t
ha') under the optimum environments. However, the gerperformance of the 96 entries in
the stress environments was high at KBODT (4.42"%) land it was low at HRELN2 (0.97 t
ha'). Generally the performance of the entries unHerdptimum environments was better
than the previous season. However, the entriesomeeid poorer under the stress
environments when compared to the previous year.résults of the grain yield performance
of the top 25 entries across the different envirents during 2011 are presented in Table 3.6

while the complete results are presented in AppeRdi
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Table 3.3 Mean squares from analysis of variandepgrcentage contribution of variance componantgrain yield of 96 QPM hybrids
plus the normal check tested across the differeawigg environments of ESA, in 2010

Sources of variation
Entry Block Replications Error Total

Envi t
nvironments MS %SS DF MS %SS DF MS %SS DF MS %SS DF %sSs LSD CV%

HREOP1 95 231 1821 23 2.18* 0.32 1 087 78.772 0.06 1.71 191 100 056 9
HRELN1 95 047 6052 23 0.76* 2351 1 0.09 P1v72 016 1585 191 100 0.81 29.85
RATOP 95 1.04 6131 23 091 1303 1 1.58 09& 70.55 2468 191 100 147 16.64
CHIDT1 95 0.71* 4849 23 171 2830 1 22.67* B 72 0.13 6.90 191 100 0.73 12.79
BAKLN 95 1.01* 6230 23 212~ 31.74 1 1.99** 30 72 0.10 466 191 100 0.63 9.93
BAKOP 95 212 7203 23 1.72~ 1416 1 7.25** e 72 043 11.21 191 100 1.31 12.03
*P<0.01
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Table 3.4 Grain yield performance (thaf the top 25 QPM hybrids tested across six emvirents in ESA, during 2010
Environments
HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1

Rank Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield
1 52 9.12 46 6.10 96 9.28 40 2.32 15 4.93 23 4.77
2 4 8.87 96 5.75 40 8.03 16 2.32 22 4.74 73 4.50
3 43 8.71 82 5.68 45 7.83 96 2.32 29 4.70 29 4.04
4 37 8.59 92 5.60 59 7.45 87 2.28 64 4.65 16 3.90
5 6 8.28 47 5.56 15 7.28 55 2.26 48 4,51 22 3.90
6 45 8.21 76 5.54 55 7.13 26 2.24 37 4.38 27 3.80
7 46 8.19 52 5.47 49 7.00 79 2.20 55 4.35 58 3.73
8 10 8.10 10 5.47 4 6.92 85 2.12 75 4.29 60 3.71
9 87 7.89 33 5.46 48 6.85 67 2.12 4 4.20 61 3.69
10 40 7.88 60 5.42 60 6.67 93 2.10 35 4.17 40 3.67
11 12 7.84 15 5.36 37 6.37 73 2.09 92 4.14 8 3.66
12 8 7.83 64 5.35 70 6.37 88 1.95 56 414 67 3.65
13 54 7.80 12 5.31 12 6.28 17 1.93 45 4.03 12 3.65
14 53 7.79 84 5.28 17 6.27 86 1.91 49 3.99 92 3.61
15 48 7.63 37 5.18 16 6.27 12 1.91 96 3.98 33 3.60
16 7 7.55 43 5.08 69 6.25 39 1.91 54 3.93 11 3.58
17 82 7.52 91 5.08 63 6.23 54 1.90 91 3.93 86 3.53
18 1 7.50 7 5.04 54 6.20 18 1.84 51 3.86 19 3.53
19 42 7.46 4 5.02 52 6.19 51 1.84 73 3.83 94 3.49
20 55 7.35 49 5.01 38 6.18 47 1.82 69 3.82 59 3.48
21 51 7.27 13 5.01 91 6.18 61 1.69 40 3.80 14 3.48
22 49 7.24 57 5.01 67 6.16 22 1.68 47 3.70 79 3.45
23 73 7.20 54 5.01 29 6.15 46 1.66 12 3.62 13 3.41
24 39 7.17 5 4.98 51 6.12 52 1.66 60 3.62 10 3.38
25 16 7.16 2 4.97 5 6.10 23 1.65 14 3.61 88 3.38

Mean 6.45 4.46 5.48 1.36 3.18 2.94
Max 9.12 6.10 9.28 2.32 4.93 4.77
Min 4.63 2.66 2.96 0.49 1.80 1.71

LSD .0 0.56 1.47 1.31 0.81 0.63 0.73

CV % 4.29 16.64 12.03 29.85 9.93 12.79
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Table 3.5

hybrids including the normal endosperm check teatedss the different growing environments of E8éjng 2011

Mean squares of the analysis of variamcepercentage contribution of variance componfentgrain yield (t h&) of 96 QPM

Sources of variation

Environments DF

HREOP2

HRELN2

CHIDT2

CHSDT

KBODT

KAKOP

EMBOP

AWAOP

MLKOP

%SS LSD CV%

Entry Block Replications Error Total

MS %SS DF MS %SS DF MS %SS DFMS %SS DF
95 2.72** 85.69 23 0.40 2.95 1 0.41 0.14 1@46 11.22 191 100
95 0.32** 57.32 23 0.50* 2197 1 0.03 0.0672 0.15 20.65 191 100
95 0.36* 4856 23 042* 12.89 1 9.97** 140002 0.24 2455 191 100
95 0.32** 43.15 23 0.83** 26.82 1 9.46** 182 72 0.16 16.75 191 100
95 1.26** 67.35 23 0.94* 12.15 1 0.15 0.08 750 2042 191 100
95 1.76** 82.18 23 0.88** 9.88 1 1.79* 08872 020 7.06 191 100
95 1.48** 60.34 23 1.82 17.87 1 1849 79172 045 13.88 191 100
95 3.34* 5486 23 6.36*™* 2530 1 1357 3/ 72 140 1749 191 100
95 225 6755 23 2.59** 18.05 1 1.13 03527061 1405 191 100

1.36

0.77

0.65

0.81

141

0.89

1.34

2.36

1.56

11.12

40.07

37.22

31.52

29.05

10.11

11.19

27.57

16.54

*P<0.05** P<0.01
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Table 3.6 Grain yield performance (flha)f the top 25 QPM hybrids selected across ninvr@mments in ESA, 2011
Environments
HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP
Rank Entry Yield Entry Yield Entry Yield Entry Yield Eny Yield Entry Yield Entry  Yield Entry  Yield Entry Yield
1 51 2.16 37 8.68 94 2.02 31 2.44 40 8.84 42 6.64 22 4.66 41 7.06 37 7.62
2 54 1.90 43 8.24 52 1.98 84 2.13 37 8.32 95 6.26 10 4.33 92 6.82 55 7.62
3 22 1.82 12 8.06 68 1.91 33 2.04 41 7.98 96 6.10 25 4.31 60 6.76 54 6.73
4 53 1.69 3 8.05 18 1.91 4 2.00 54 7.65 45 5.97 73 4.22 63 6.64 46 6.60
5 55 1.69 10 7.85 33 1.90 66 1.98 96 7.40 9 5.95 63 4.16 58 6.55 15 6.48
6 67 1.68 52 7.79 64 1.87 7 1.90 48 7.40 10 591 78 4.07 38 6.48 61 6.35
7 89 1.57 40 7.73 73 1.87 24 1.88 51 7.33 51 5.86 43 3.92 8 416 3 6.35
8 84 1.55 92 7.73 92 1.86 46 1.87 45 7.31 15 582 8 8 3.77 57 6.36 91 6.35
9 82 1.55 82 7.71 60 1.84 56 1.84 4 7.05 4 5.80 60 3.62 76 6.25 95 6.35
10 68 1.54 54 7.69 56 1.84 73 1.81 27 6.96 38 578 82 3.55 49 6.18 96 6.22
11 25 1.52 6 7.67 23 1.82 65 1.77 13 6.88 3 557 86 3.53 56 6.14 40 6.10
12 46 1.46 84 7.40 90 1.80 14 1.75 18 6.87 21 554 8 3.46 94 6.13 26 5.97
13 75 1.43 4 7.33 70 1.80 38 1.73 50 6.83 32 548 2 5 3.36 64 6.13 53 5.97
14 49 1.41 8 7.31 40 1.80 89 1.71 29 6.68 1 5.47 87 3.30 55 6.00 52 5.59
15 48 1.40 45 7.29 57 1.77 26 1.69 5 6.67 24 545 2 6 3.26 50 5.96 38 5.46
16 44 140 62 7.28 7 1.76 63 1.69 82 6.64 39 5.45 15 3.26 15 915 60 5.46
17 83 1.38 2 7.22 65 1.76 34 1.66 25 6.64 50 537 0 3 3.15 44 5.80 79 5.46
18 24 1.38 39 7.22 67 1.74 28 1.64 91 6.60 40 533 20 3.02 10 5.72 2 5.33
19 52 1.33 1 7.11 44 1.71 90 1.62 76 6.59 55 5.30 21 2.93 21 5.70 25 5.21
20 16 1.30 7 7.09 71 1.71 43 1.61 42 6.57 46 530 6 9 293 62 5.59 84 5.08
21 93 1.27 66 7.08 48 1.70 69 1.60 9 6.55 48 527 7 6 291 47 5.56 33 5.08
22 10 1.25 51 7.07 74 1.70 76 1.58 38 6.55 37 5.25 42 2.90 12 5.56 50 5.08
23 90 1.25 41 7.00 22 1.70 11 1.57 1 6.49 54 522 8 3 2.90 72 553 87 5.08
24 88 1.22 22 6.99 61 169 55 1.56 31 6.46 47 5.18 51 2.88 40 5.51 76 5.08
25 66 1.21 32 6.98 41 1.69 44 1.56 63 6.46 56 517 28 2.87 5 5.45 63 5.08
Mean 0.97 6.12 1.31 1.29 5.99 4.42 2.44 4.72 4.30
Max 2.16 8.68 2.02 2.44 8.84 6.64 4.66 7.06 7.62
Min 0.13 3.47 0.16 0.32 3.66 2.12 0.82 2.00 1.27
LSD g o 0.77 1.36 0.65 0.81 1.34 0.89 1.41 1.56 2.36
CV % 40.07 11.12 37.22 31.52 11.19 10.11 29.05 16.54 27.57
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3.4.2 Combined analysis of variance

Results of the combined ANOVA for grain yield in1ZZDshowed that entries, environments
and the entry x environment interactions were lyighgnificant (Table 3.7). The percentage
sum of squares for the environments was the laggeste of variation followed by entry by
environment interaction. Similar results were ofedrfor the year 2011 with the variation in
grain yield among entries and environments beighligisignificant. The percentage sum of
squares for the interaction between entry and enments was the second largest contributor
to variation. The combined ANOVA for grain yieldrass years and environments showed
the existence of high variation among entries asténvironments. Entry by year interaction
was the second largest contributor to the variaithglicating that variation across years was
highly significant (Table 3.7 and Table 3.8).

In Table 3.9 is presented the grain yield of the @b entries evaluated across 15
environments in 2010 and 2011. Entry 40 was thédsgyielder in 2010 with an average
grain yield of 5.09 t hiafollowed by entry 4 (4.84 t A and entry 15 (4.82 t Ha However
the rank order for 2011 was different from that26fl0 as entry 40 ranked fourth with an
average grain yield of 4.22 t haEntries 10, 37 and 55 were the top three entjiiglsling
4.30 t hd, 4.25 t hd and 4.23 t harespectively. Results of the ANOVA combined across
years showed the QPM entries 40 (4.57°Hha7 and 55 (4.42 t Hyand 10 (4.38 t hY as
the top yielding entries. The normal endosperm smaammercial check hybrid (entry 96)
ranked fifth with an average grain yield of 4.344t". The complete results are presented in
Appendix 3. Grain yield during the first season viggher than that of the second season.
Table 3.9 showed lack of consistency in performaoeng the different entries indicating
the presence of significant genotype by environmietgéraction. This necessitated the

selection of entries based on their yield stabiktyich will is addressed in the next section.

The combined ANOVA was also done for stress andstmss environments which included
eight optimum, four drought stress and three lowtiéss environments. Entries 55, 73 and
37 were the top yielding QPM hybrids under low Mouwhht and optimum environments
respectively, with an average yield of 2.77 £h&.10 t h&d and 6.82 t hd respectively
(Table 3.10). The low N environment yielded on ager 35% of the yield recorded under
optimum environments. This result corroboratedfthdings of other researchers (Banziger
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et al., 1997). Similarly, drought stress environisgnelded about 38% of what was obtained

under optimum environments.
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Table 3.7 Combined analyses of variance for gragidyof 96 QPM single cross hybrids

environments of ESA, in 2010 and 2011

tested acrdss different growing

Years Sources DF MS %SS
Entry 95 2.48** 5.39
Environments (Env) 5 658.07** 75.24
Replication 1 6.13** 0.14
Block 23 1.40** 0.74
Rep(Env) 5 5.66** 0.65

2010 Block (Rep x Env) 109 1.37** 3.42
Entry x Env 475 1.04** 11.25
Error 438 0.32 3.17
R-square (%) 97
Mean yield (t hd) 3.98
LSD 0.45
CV % 14.15
Entry 95 2.87* 3.25
Environments (Env) 8 797.75** 76.07
Replication 1 0.42 0.01
Block 23 2.43** 0.66
Rep(Env) 8 6.82** 0.65

2011 Block (Rep x Env) 175 1.82** 3.81
Entry x Env 760 1.37** 12.41
Error 657 0.40 3.14
R-square (%) 97
Mean yield (t hd) 3.51
LSD 0.41
CV % 18.04

**p<0.01
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Table 3.8 Mean squares of the combined analysear@nce and percentage of the variance compofmngsain yield of 96 QPM single
cross hybrids tested across growing environmensSa#f, 2010-2011

Years Sources DF MS %SS
Entry 95 4.49** 3.30
Environments (Env) 14 701.71** 76.07
Year 1 151.55** 1.17
Replication 1 1.13* 0.01
Block 23 2.41** 0.43
Rep (Env) 14 6.31** 1.30

2010-2011 Block (Rep x Env) 307 1.63** 3.88
Entry x Env 1330 1.21** 0.63
Entry x year 95 0.86** 12.51
Error 999 0.37 1.30
R-square(%) 99
Mean yield (t hd) 3.70
LSD 0.21
CV % 11.11

*p <0.01
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Table 3.9 Grain yield performance (thaf the selected top 25 QPM hybrids tested act6ssnvironments in ESA, 2010-2011

Trial years
2010 2011 2010-2011

Rank Entry Yield Entry Yield Entry Yield
1 40 5.09 10 4.30 40 4.57
2 4 4.84 37 4.25 37 4.42
3 15 4.82 55 4.23 55 4.42
4 96 4.78 40 4.22 10 4.38
5 12 4.77 41 4.19 15 4.37
6 48 4.76 63 4.18 52 4.34
7 52 4.72 43 4.17 96 4.34
8 55 4.69 60 4.12 60 4.27
9 45 4.69 52 4.09 54 4.27
10 37 4.66 54 4.08 48 4.26
11 49 4.56 15 4.07 45 4.23
12 54 4.54 96 4.04 43 4.18
13 92 4.52 84 3.98 63 4.13
14 73 4.51 62 3.98 41 4.13
15 16 4.50 50 3.97 12 4.12
16 10 4.50 38 3.95 51 4.09
17 60 4.49 45 3.93 4 4.09
18 51 4.46 48 3.92 22 4.08
19 67 4.46 42 3.90 92 4.06
20 22 4.43 3 3.89 46 4.06
21 29 4.41 46 3.88 49 4.03
22 87 4.38 22 3.86 50 4.02
23 64 4.38 51 3.84 73 3.99
24 46 4.32 24 3.80 84 3.99
25 8 4.25 91 3.77 87 3.94

Mean 3.98 3.51 3.70
Max 5.09 4.30 4.57
Min 2.84 2.62 2.71

LSD g ¢ 0.45 0.41 0.21

CV % 14.15 18.04 11.11
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Table 3.10  Grain yield performance (t'haof the selected top 25 QPM hybrids tested undfferdnt growing environments and the

percentage yield levels of stress environment coetpé the optimum, 2010-2011

Environments % yield levels compared to
optimum environment
Rank Low N Stress Drought Stress optimum Low N Drought
Entry Yield Entry Yield Entry Yield Stress stress
1 55 2.77 73 3.10 37 6.82 40.55 45.41
2 22 2.75 23 2.73 40 6.78 40.53 40.21
3 51 2.62 22 2.67 96 6.38 41.08 41.87
4 54 2.58 63 2.63 55 6.36 40.49 41.32
5 48 2.45 60 2.60 54 6.34 38.70 40.95
6 67 2.45 78 2.58 45 6.32 38.84 40.87
7 15 2.44 10 2.56 10 6.23 39.25 41.02
8 40 2.39 33 2.52 52 6.21 38.41 40.63
9 96 2.38 25 2.46 41 6.14 38.79 39.96
10 37 2.35 67 2.45 15 6.11 38.51 40.17
11 16 2.35 43 2.44 3 6.10 38.44 39.91
12 29 2.33 52 2.43 46 6.06 38.41 40.03
13 64 2.29 8 241 4 6.04 37.91 39.82
14 49 2.27 88 2.39 60 6.04 37.63 39.60
15 73 2.26 82 2.35 43 6.01 37.62 39.05
16 92 2.22 15 2.33 48 5.96 37.29 39.14
17 12 2.20 86 2.32 12 5.90 37.23 39.34
18 75 2.16 56 231 42 5.88 36.77 39.33
19 53 2.13 94 2.30 50 5.86 36.29 39.25
20 66 2.10 58 2.25 49 5.86 35.92 38.48
21 4 2.10 76 2.22 38 5.82 36.09 38.04
22 85 2.10 79 2.22 84 5.77 36.36 38.41
23 56 2.09 48 2.21 63 5.72 36.46 38.68
24 23 2.08 70 2.21 92 5.70 36.51 38.79
25 88 2.08 87 2.20 51 5.69 36.51 38.61
Mean 1.83 2.00 5.24 34.92 38.15
LSD q0= 0.43 0.59 0.36
CV % 20.81 30.40 10.00
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3. 4. 3 Assessments of grain yield stability baset parametric and non-parametric

stability measurements

Lin and Binns cultivar superiority measure (R)

According to Lin and Binns (1988), cultivar supeityp measure (fp is calculated by the
square of differences between a genotype’s andrnidzémum genotype mean at location,
summed and divided by twice the number of locati@mgries with the lowest (Pvalues are

considered as the most stable (Table 3.11).

Table 3.11 Lin and Binns’ cultivar superiority mags and mean grain yield (t haof 96
QPM hybrids tested across 15 environments in ESAQ2011

Entry Pi Pi Mean Mean Entry Pi Pi Mean Mean
rank yield yield rank Yield yield

rank rank

40 0.964 1 4.57 1 85 2.758 49 3.66 53
45 1.405 2 4.23 11 8 2.767 50 3.79 38
10 1.408 3 4.38 4 32 2.768 51 3.52 66
15 1.412 4 4.37 5 7 2.774 52 3.77 40
52 1.422 5 4.34 7 21 2.780 53 3.69 48
55 1.433 6 4.42 2 16 2.787 54 3.67 52
54 1.470 7 4.27 9 53 2.799 55 3.70 45
37 1.475 8 4.42 3 30 2.890 56 3.59 58
60 1.491 9 4.27 8 33 2.914 57 3.70 46
96 1.502 10 4.34 6 25 2.951 58 3.65 55
48 1.550 11 4.26 10 64 2.980 59 3.80 36
63 1.774 12 4.13 13 58 2.986 60 3.58 60
43 1.821 13 4.18 12 77 3.008 61 3.53 64
41 1.854 14 4.13 14 72 3.070 62 3.52 65
49 1.925 15 4.03 21 35 3.080 63 3.50 68
12 1.945 16 4.12 15 59 3.082 64 3.44 73
50 1.949 17 4.02 22 19 3.122 65 3.46 80
4 2.002 18 4.09 17 56 3.189 66 3.68 50
51 2.004 19 4.09 16 9 3.310 67 3.49 69
46 2.047 20 4.06 20 94 3.315 68 3.55 62
84 2.083 21 3.99 23 66 3.401 69 3.54 63
24 2.084 22 3.90 29 80 3.404 70 3.39 74
38 2.108 23 3.89 30 88 3.476 71 3.56 61
3 2.109 24 3.84 34 57 3.507 72 3.51 67
62 2.126 25 3.91 27 18 3.517 73 3.46 71
87 2.130 26 3.94 25 20 3.565 74 3.37 76
91 2.133 27 3.90 28 89 3.666 75 3.29 79
42 2.165 28 3.87 32 61 3.672 76 3.39 75
1 2.229 29 3.78 39 81 3.685 77 3.26 81
76 2.232 30 3.93 26 78 3.868 78 3.44 72
22 2.259 31 4.08 18 11 4.027 79 3.18 86
5 2.283 32 3.76 44 93 4.038 80 3.28 80
92 2.296 33 4.06 19 65 4.185 81 3.24 83
73 2.328 34 3.99 24 79 4.223 82 3.26 82
44 2.369 35 3.80 37 68 4.258 83 3.22 85
6 2.405 36 3.82 35 86 4.279 84 3.30 78
29 2.472 37 3.76 42 83 4.312 85 3.13 89
75 2.582 38 3.68 49 28 4.351 86 3.10 91
82 2.593 39 3.85 33 31 4.385 87 3.14 88
39 2.597 40 3.69 a7 23 4.405 88 3.31 77
67 2.607 41 3.87 31 17 4.475 89 3.16 87
2 2.621 42 3.66 54 71 4.541 90 3.03 95
a7 2.627 43 3.76 41 74 4.556 91 3.04 94
13 2.641 44 3.76 43 95 4.585 92 3.22 84
26 2.692 45 3.64 56 34 4.672 93 3.05 93
69 2.712 46 3.61 57 14 4.762 94 3.10 92
70 2.723 a7 3.67 51 90 4.966 95 3.12 90
27 2.725 48 3.59 59 36 5.780 96 2.71 96
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The results of the cultivar superiority measureidateéd that the most stable entries were
entry 40 followed by entry 45 and entry 10. Theksaof the Pare similar to the ranks based
on the mean performandeéis shows that;Rs more an indication of performance of an entry
than stability. Similarly, the most unstable ergridentified by this measure were entries 36,
90 and 14.

Joint linear regression model

The joint regression model was developed basetd®idea of G x E interaction expressed as
the linear regression coefficient of a genotyperdke site mean (Yates and Cochran, 1938).
The model was further improved by Finlay and Wi#an (1963) and modified by Eberhart
and Russel (1966). According to this model a stgbleotype should have high mean vyield,
regression coefficient of one;#1) and deviation from regression of zeré4(®). Generally
the b value is more an indication of the adaptation emment of a genotype. According to
Finlay and Wilkinson (1963), a genotype with javhlue less than 1.0 has above average
stability and is adaptable particularly to low-merhing environments and if it is greater than
1.0 the genotype has below average stability amdapted to high performing environments.
A genotype with a jbvalue of 1.0 is adapted to the widest range ofirenments or an
indication of its average stability. Hence, in moases the deviation from regressiofy§Ss
taken as a parameter for stability rather tharwbich is more about responsiveness of
genotypes (Eberhart and Russell, 1966; Becker &od,[1988).

The ANOVA for the regression model is presentedable 3.12. The sum of squares due to
environments and G x E interaction are partitiomtd environments (linear), G x E (linear)
and the pooled deviations from the regression mdgi@sed on this model, the genotypes
showed significant variation for the stability paweter; similarly G x E interaction was
highly significant. In addition, the value for tex E (linear) sum of squares was not a large
portion of the G x E interaction compared with émvironment E (linear) sum of squares and

the residual indicating that the environment wasrttain source of variation (Table 3.12).
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Table 3.12  Analysis of variance for stability arsa$ according to the joint regression
model (Eberhart and Russell, 1966)

Sources DF SS MS F-value Pr>F
Total 2879 5925
Genotypes 95 213.92 2.52 4.44 0.0000
Env. +in Gen. x Env. 1344 5711.08 4.25
Env. In linear 1 4915.63
Gen. x Env.(linear) 95 163.07 1.72 3.39 0.0000
Pooled deviation 1248 632.38 0.51
Residual 1440 469.30 0.33

Grand Mean= 3.70 R-Sgdare.89

Table 3.13 shows that mean grain yield ranged f6ft — 4.57 t b4, b ranged from 0.581 —
1.505, absolute values ofSranged from -0.215 to 1.680. A stable varietyefired as the
one with highest mean performancest.0 and & = 0 (Eberhart and Russel, 1966). When
b > 1 the hybrid is adapted to high yielding envir@nts and when; & 1 it is an indication
of hybrid’s adaptation to low yielding environmenihe three top yielding QPM hybrids,
entries 40, 37 and 55 were among the stable vesiedentified by this parameter because of
their high mean grain yield (4.57, 4.42, 4.42 T tespectively), pvalue of 1.423, 1.505 and
1.138 respectively and deviation’{$ values of 0.283, 0.702 and 0.563, respectivehe &
values for the three top hybrids which are sigaifity (P< 0.01 for entries 37 and 55 and P
< 0.05 for entry 40) different from unity, indicatiee predictability of good performance of
the QPM hybrids in the high potential areas. Initaid entries 30, 81 and 89 were the top
three QPM hybrids selected by this parameter aslestbased on their deviation from
regression values of 0.002, 0.005 and 0.005 reisplctThe b values for these hybrids are
shown as not significantly different from unity whiis an indication of a wider range of
adaptation for the hybrids. However, all three Igdranked low based on their mean grain
yields. This can be attributed to the inclusion bafth high yielding and low vyielding
environments in the analysis. The limitation oftparameter is worth mentioning here as it
assumes a linear relationship between interactiah environmental means, which is not
always the case and inclusion of extreme environsnée low N, drought and optimum will
also bias the regression slopes which make setecofistable varieties difficult (Westcott,
1986; Lin et al., 1986; Crossa, 1990; Flores, 1993)
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Table 3.13 Mean grain yield (t Brand stability parameters of 96 QPM hybrids tested
across the different environments in ESA, 2010-2011

Ent. Pr.>F b &y Rank Mean Rank Ent. Pr.>F b S%i Rank Mean Rank

1 0.570 1.195 -0.03¢ 15 3.78 39 49 0.236 1.183  0.082 29 4.03 21
2 0.326 1152 0.04: 19 3.66 53 50 0.916 1114 -0.157 51 4.02 22
3 0.020 1.329 031 75 3.84 34 51 0.039 1.101  0.259 66 4.09 16
4 0.010 1322 0371 81 4.09 16 52 0.099 1228 0.174 54 4.34 6
5 0.983 1180 -0.211 58 3.76 41 53 0.005 0926 0431 85 3.70 46
6 0.138 1.151 0.14C 43 3.82 35 54 0.025 1.292 0.296 73 4.27

7 0.167 1.078 0.12C 39 3.77 40 55 0.001 1138 0.563 89 4.42

8 0.000 1.158 0.76¢ 94 3.79 38 56 0.017 0.812  0.329 77 3.68 49
9 0.017 1113 0.32¢ 78 3.49 69 57 0.000 1.095 0.676 92 3.51 67
10 0.246 1174 0.077 28 4.38 4 58 0.040 1.031 0.256 65 3.58 60
11 0.419 0.808  0.01cC 5 3.18 86 59 0.006 1.067 0.416 83 3.44 72
12 0.125 1178 0.15C 50 4.12 15 60 0.516 1.091 -0.022 6 4.27 8
13 0.384 0.996  0.02: 6 3.76 41 61 0.001 0.795 0.535 87 3.39 74
14 0.001 0.803 0.517 86 3.10 91 62 0.332 1.096 0.041 17 3.91 27
15 0.021 1.060 0.31: 74 4.37 5 63 0.329 1.007  0.042 18 4.13 13
16 0.067 0.924 0.21C 57 3.67 51 64 0.028 0.976  0.288 70 3.80 36
17 0.035 0.676 0.267 67 3.16 87 65 0.538 0.741 -0.028 11 3.24 83
18 0.001 0.854 0.59¢ 91 3.46 70 66 0.089 0.896  0.183 55 3.54 63
19 0.720 0.901 -0.08: 30 3.46 70 67 0.671 0.853 -0.068 25 3.87 31
20 0.060 0.902 0.221 60 3.37 76 68 0.750 0.682 -0.093 32 3.22 84
21 0.135 1.044 0.14: 45 3.69 48 69 0.348 1.032  0.035 14 3.61 57
22 0.010 0906 0.37¢ 82 4.08 18 70 0.382 0.933 0.022 6 3.67 51
23 0.027 0581 0291 71 3.31 77 71 0.203 0.853  0.099 34 3.03 95
24 0.965 0.998 -0.191 56 3.90 28 72 0.826 1.038 -0.119 37 3.52 65
25 0.013 0.815 0.35: 80 3.65 55 73 0.146 0.859 0.134 41 3.99 23
26 0.142 0.957 0.137 42 3.64 56 74 0.824 0.835 -0.118 36 3.04 94
27 0.262 1.050 0.07C 26 3.59 58 75 0.885 1.037 -0.143 45 3.68 50
28 0.367 0.856 0.02¢ 11 3.10 91 76 0.551 0.980 -0.032 13 3.93 26
29 0.169 0.997 0.11¢ 37 3.76 41 77 0.831 1.060 -0.121 40 3.53 64
30 0.442 1.039 0.00z 1 3.59 58 78 0.019 0.775 0.318 76 3.44 72
31 0.026 0.770 0.29¢ 72 3.14 88 79 0.044 0.644 0.248 64 3.26 81
32 0.470 1171 -0.00: 4 3.52 65 80 0.986 0.914 -0.215 59 3.39 74
33 0.127 0.907 0.14¢ 48 3.70 45 81 0.434 0.928  0.005 2 3.26 81
34 0.569 0.801 -0.03¢ 15 3.05 93 82 0.001 1.091 0.560 88 3.85 33
35 0.110 0.991 0.16¢ 52 3.50 68 83 0.676 0.768 -0.070 27 3.13 89
36 0.370 0.710 0.027 10 2.71 96 84 0.622 1.091 -0.053 21 3.99 23
37 0.000 1505 0.70z 93 4.42 2 85 0.899 0.925 -0.149 48 3.66 53
38 0.029 1165 0.28¢ 69 3.89 30 86 0.211 0.705 0.095 33 3.30 78
39 0.268 1.119 0.061 24 3.69 47 87 0.378 1.029 0.024 9 3.94 25
40 0.029 1423 0.28: 68 4.57 1 88 0.271 0.801  0.066 23 3.56 61
41 0.129 1241 0.14, 47 4.13 13 89 0.434 0.854  0.005 2 3.29 79
42 0.052 1.215 0.23: 62 3.87 31 90 0.102 0.673  0.170 53 3.12 90
43 0.014 1210 034t 79 4.18 12 91 0.046 1.045 0.245 63 3.90 28
44 0.878 1.028 -0.14C 43 3.80 36 92 0.005 1.085 0.425 84 4.06 19
45 0.184 1363 0.11C 35 4.23 11 93 0.601 0.798 -0.047 20 3.28 80
46 0.001 1.138 0.59: 90 4.06 19 94 0.059 0.823  0.222 61 3.55 62
47 0.279 1.013 0.06: 22 3.76 41 95 0.000 0.970 1.680 96 3.22 84
48 0.734 1170 -0.08¢ 31 4.26 10 96 0.000 1198 1.222 95 4.34 6
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Wricke’s ecovalence analysiswW,)

Wricke’s (1962) ecovalance stability concept isdshen the contribution of each genotype to
the G x E interaction sum of squares. Entries veitminimum W value have smaller
deviations from the overall mean across environsarid are considered to be stable.
According to this parameter a genotype with zevalence is regarded as stable. Wricke’s
ecovalence was calculated for each of the 96 nggretypes evaluated across the stress and
non-stress environments of ESA during the year® 20d 2011 (Table 3.14). Based on this
model the most stable entries were 24, 80 and @@eMer these entries ranked™284" and
50" based on their mean grain yields (Table 3.13). Higk yielding entries were considered
as least stable by this parameter because ofttiggirecovalence value which is an indication
of their large deviation from the mean yield acressironments. Similar to the Eberhart and
Russel (1966) stability parameter, this methodse anable to pick the high yielding entries
as stable ones. This is mainly because of the siatuof data from diverse or extreme

environments.
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Table 3.14 Ecovalance values and their ranks fanlize genotypes tested in 15
environments of ESA, 2010-2011

Entry Ecovalence Rank Entry Ecovalence Rank
24 1.758 1 6 7.221 49
80 1.818 2 16 7.260 50
75 2.449 3 65 7.303 51
44 2.460 4 91 7.523 52
85 2.587 5 20 7.603 53
72 2.767 6 58 7.619 54
50 2.850 7 12 7.812 55
77 2.852 8 64 8.011 56
5 3.149 9 51 8.116 57
19 3.651 10 68 8.194 58
76 3.840 11 15 8.497 59
84 3.969 12 94 8.724 60
74 4.097 13 36 8.900 61
30 4.341 14 41 9.120 62
60 4.383 15 52 9.152 63
67 4.462 16 9 9.168 64
13 4,522 17 38 9.328 65
81 4.568 18 22 9.546 66
48 4.572 19 42 9.637 67
87 4.593 20 59 9.876 68
69 4.742 21 86 9.915 69
70 4.757 22 53 10.126 70
63 4.785 23 92 10.140 71
47 5.058 24 56 10.328 72
62 5.236 25 25 10.562 73
27 5.273 26 31 10.779 74
89 5.386 27 78 10.978 75
32 5.644 28 43 10.979 76
28 5.668 29 90 11.921 77
1 5.687 30 82 11.944 78
93 5.709 31 45 12.406 79
34 5.774 32 54 12.454 80
29 5.789 33 55 12.522 81
39 5.838 34 46 12.906 82
2 5.987 35 14 12.945 83
83 6.087 36 18 13.072 84
7 6.112 37 17 13.087 85
26 6.118 38 61 13.349 86
21 6.187 39 57 13.481 87
11 6.259 40 3 13.882 88
35 6.362 41 79 13.965 89
33 6.613 42 4 14.387 90
71 6.627 43 8 15.446 91
10 6.793 44 23 17.003 92
73 7.004 45 40 17.080 93
49 7.012 46 96 22.127 94
88 7.133 47 95 26.121 95
66 7.177 48 37 26.436 96
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Shukla’s stability variance (@)

Shukla’s (1972) stability variance is basically adification of Wricke’s ecovalence in order
to give an unbiased estimate of the G x E varidioceevery genotype. A genotype is

described as stable if its stability variane®)(is equal to the environmental variance
(o2)which means that* = OA relatively large value ofg?” will thus indicate greater

instability of genotype. Shukla (1972) also proposed criteria for testimg $ignificance of
the stability variance of each genotype and extérile model to allow the removal of the

linear effects due to covariates.

Similar to Wricke’s (1962) ecovalence the parameteshukla (1972) also identified similar
entries as most stable regardless of their yieldll&ntries 24, 80 and 75 were considered s
stable, while the highest yielding entries wereegatised as the least stable (Table 3.15).
From the results of this analysis it can be seanttie stability estimates by Wricke (1962)
and Shukla (1972) are almost identical. Howeverik&tis (1972) model differs in the
ranking of the genotypes from Wricke (1962) whervat@tes (locations means) were
considered (Table 3.16). The rank order of theientslightly differs when the parameter
considered the covariates. Accordingly the modilstantries were 80, 5 and 24. In addition,
the highest yielding entry (40) was ranked"@8it was ranked $3by the parameter when
covariates were not considered. Similar rank charggen be seen when the Shukla (1972)

parameter considered the covariates (Table 3.16).

98



Table 3.15 Shukla’s stability variance and rankso® maize genotypes tested in 15
environments of ESA, 2010-2011

Entry o? Rank Entry o? Rank
24 0.244 1 6 1.041 49
80 0.253 2 16 1.047 50
75 0.345 3 65 1.053 51
44 0.346 4 91 1.085 52
85 0.365 5 20 1.097 53
72 0.391 6 58 1.099 54
50 0.403 7 12 1.127 55
77 0.403 8 64 1.156 56

5 0.447 9 51 1.171 57
19 0.520 10 68 1.183 58
76 0.548 11 15 1.227 59
84 0.566 12 94 1.260 60
74 0.585 13 36 1.286 61
30 0.621 14 41 1.318 62
60 0.627 15 52 1.323 63
67 0.638 16 9 1.325 64
13 0.647 17 38 1.348 65
48 0.654 18 22 1.380 66
81 0.654 19 42 1.393 67
87 0.657 20 59 1.428 68
69 0.679 21 86 1.434 69
70 0.681 22 53 1.465 70
63 0.685 23 92 1.467 71
47 0.725 24 56 1.494 72
62 0.751 25 25 1.528 73
27 0.757 26 31 1.560 74
89 0.773 27 43 1.589 75
32 0.811 28 78 1.589 76
28 0.814 29 90 1.726 77

1 0.817 30 82 1.730 78
93 0.820 31 45 1.797 79
34 0.830 32 54 1.804 80
29 0.832 33 55 1.814 81
39 0.839 34 46 1.870 82

2 0.861 35 14 1.876 83
83 0.875 36 18 1.894 84

7 0.879 37 17 1.897 85
26 0.880 38 61 1.935 86
21 0.890 39 57 1.954 87
11 0.900 40 3 2.013 88
35 0.915 41 79 2.025 89
33 0.952 42 4 2.086 90
71 0.954 43 8 2.241 91
10 0.978 44 23 2.468 92
73 1.009 45 40 2.479 93
49 1.010 46 96 3.216 94
88 1.028 47 95 3.798 95
66 1.034 48 37 3.844 96
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Table 3.16 Shukla’s stability variance with locasomeans as covariate and ranks for 96

maize genotypes tested in 15 environments of EBAQ2011

Entry SZ Rank Entry S|2 Rank

80 0.216 1 26 0.935 49
5 0.224 2 6 0.940 50
24 0.265 3 21 0.946 51
50 0.333 4 41 0.954 52
85 0.351 5 33 0.958 53
75 0.363 6 12 0.961 54
44 0.369 7 35 0.988 55
77 0.408 8 90 1.003 56
72 0.412 9 52 1.010 57
74 0.413 10 66 1.029 58
68 0.465 11 16 1.083 59
48 0.475 12 20 1.106 60
19 0.485 13 94 1.108 61
83 0.512 14 42 1.131 62
67 0.515 15 91 1.154 63
84 0.546 16 79 1.161 64
93 0.558 17 58 1.179 65

1 0.577 18 51 1.183 66
34 0.578 19 17 1.201 67
76 0.589 20 40 1.234 68
65 0.597 21 38 1.236 69
60 0.611 22 64 1.243 70
32 0.641 23 23 1.249 71
30 0.659 24 31 1.258 72
89 0.664 25 54 1.260 73
81 0.665 26 15 1.295 74
11 0.674 27 3 1.299 75
13 0.700 28 78 1.305 76
70 0.700 29 9 1.327 77
87 0.704 30 56 1.327 78
36 0.710 31 43 1.359 79
28 0.712 32 25 1.374 80
69 0.726 33 4 1.414 81
62 0.738 34 22 1.417 82
63 0.741 35 59 1.505 83
2 0.743 36 92 1.524 84
47 0.783 37 53 1.536 85
88 0.790 38 14 1.711 86
39 0.793 39 61 1.747 87
27 0.797 40 82 1.799 88
10 0.813 41 55 1.804 89
49 0.822 42 46 1.865 90
86 0.849 43 18 1.871 91
71 0.857 44 57 2.035 92
45 0.880 45 37 2.088 93
29 0.899 46 8 2.215 94
7 0.900 47 96 3.150 95
73 0.929 48 95 4.086 96
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Non-parametric measures of stability

The stability parameters described in the prevemgetion are based on the absolute yield data
of the entries across the different environmenticating that the methods are parametric.
However, stability can also be measured by nonrpanac approaches which are based on
rank differences rather than absolute values. i dpproach a genotype can be considered
stable if its ranking is relatively constant acrake different environments. The apparent
advantages of this method are that there is no neethake assumptions about the
distribution of the phenotypic data and the appiicaand the interpretation of ranks are easy
and not sensitive to errors of measurement as c@dp# the parametric methods.
Furthermore, addition or deletion of one or a feagearvations will not create a big variation
as opposed to parametric stability measures (NasshmHuhn, 1987). They expressed two
rank stability measures as S1 and S2. Accordintipeo procedure, S1 measures the mean
absolute rank difference of a genotype over enwiremts and it estimates all possible pair
wise rank differences across locations for eaclotype. S2 gives the variance among the
ranks over environments. Accordingly, S1 = 0 inthsaa genotype’s maximum stability and
for variance of ranks (S2) smaller estimates irtdicalative stability and zero variance is an
indication of maximum stability of a genotype. Appimate tests of significance Z1 and Z2
were developed based on the chi-squared distrib@itiothese two non-parametric measures
(Nassar and Hihn, 1987). For S1, genotypes magdbed as significantly less stable or more
stable than the average stability/instability. Beveral reasons, S1 against the S2 parameter
is preferred, because S1 is easily computed amevalh clear and relevant interpretation
(mean absolute rank difference between the enviemts). Furthermore, an efficient test of

significance is available (Huehn, 1990).

Based on this procedure the most stable hybrid emasy 80 and hybrids with high mean
yield were found to be less stable by this stabp@rameter. Entry 80 was also among the
most stable hybrids selected by the methods of k&rand Shukla, which is an indication of
a positive correlation. The two overall chi-squa@culated stabilities (Z1=163.90 and

Z2=159.52) were greater than the tabulated chivequalues Q(S_Ol 96=131.14) which is an

indication of the existence of significant diffeces in stability among the hybrids. The ranks

for the selected top 25 QPM hybrids from the patanseare presented in Table 3.17.
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Table 3.17 Mean absolute rank difference (S1)wam@nce of ranks (S2) for grain yield of the sedddop 25 QPM hybrids tested across 15
environments of ESA, 2010-2011

No  Entry S(1) Rank Z(1) Entry S(2) Rank Z(2)

1 80 17.505 1 11.968** 80 213.022 1 8.309**
2 48 18.419 2 10.505** 48 233.529 2 7.706**
3 74 19.429 3 9.001** 74 299.182 3 5.929**
4 50 21.352 4 6.456** 44 328.516 4 5.210**
5 36 21.695 5 6.047** 50 335.582 5 5.044**
6 44 22.019 6 5.673** 24 336.622 6 5.020**
7 63 22.343 7 5.311** 63 340.596 7 4.928**
8 24 22.381 8 5.269** 72 361.316 8 4.461*
9 34 22.457 9 5.186** 34 367.182 9 4.334*
10 71 23.010 10 4.603** 77 379.982 10 4.061**
11 75 23.200 11 4.410* 75 383.716 11 3.983**
12 72 23.238 12 4.371* 71 386.516 12 3.926**
13 77 23.676 13 3.945** 85 388.640 13 3.882**
14 85 23.848 14 3.784** 10 395.929 14 3.734**
15 10 24.019 15 3.627** 76 405.529 15 3.544**
16 76 24.324 16 3.355** 36 414.249 16 3.375**
17 60 24.876 17 2.889** 15 427.227 17 3.132**
18 52 24.971 18 2.812** 60 436.907 18 2.957**
19 15 25.124 19 2.692** 5 438.773 19 2.924**
20 6 25.162 20 2.662** 6 446.382 20 2.790**
21 28 25.238 21 2.603** 52 451.893 21 2.695**
22 5 25.390 22 2.487** 70 463.396 22 2.502**
23 70 26.152 23 1.946** 87 467.840 23 2.430**
24 19 26.381 24 1.797* 19 475.796 24 2.303**
25 87 26.495 25 1.725** 81 480.222 25 2.234**

Overall Chi-square for stability 163.90, 96 df. iMmdual Z (1) distributed as single df Chi-squar@serall Chi-square for stability = 159.52, 96
df. Individual Z (2) distributed as single df Clgtsares
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The AMMI Stability Value (ASV)

The ASV as described by Purchase (1997) was cédcufar each hybrid. According to this
method, entries with lower ASV values were congdemnore stable than entries with higher

ASV. Table 3.18 shows the ASV for the 96 entriesipared with mean grain yield.

Table 3.18 AMMI Stability Value, mean grain yielddaranks for 96 maize genotypes tested
in 15 environments of ESA, 2010-2011

Entry ASV Rank Meanyield Rank Entry ASV Rank Meanyield Rank

(t ha™) (t ha™)
47 0.054 1 3.760 44 39 0.539 49 3.690 48
60 0.070 2 4.270 11 11 0.552 50 3.180 86
35 0.109 3 3.500 68 83 0.555 51 3.130 89
87 0.125 4 3.940 25 32 0.557 52 3.520 65
75 0.148 5 3.680 50 2 0.562 53 3.660 53
63 0.151 6 4.130 14 28 0.564 54 3.100 92
13 0.151 7 3.760 42 73 0.569 55 3.990 23
44 0.153 8 3.800 36 53 0.574 56 3.700 46
24 0.161 9 3.900 28 1 0.585 57 3.780 39
66 0.189 10 3.540 63 94 0.588 58 3.550 62
89 0.198 11 3.290 79 41 0.589 59 4,130 13
85 0.199 12 3.660 54 6 0.597 60 3.820 35
27 0.207 13 3.590 58 25 0.599 61 3.650 55
76 0.214 14 3.930 26 12 0.613 62 4,120 15
77 0.222 15 3.530 64 52 0.623 63 4.340 6
69 0.222 16 3.610 57 26 0.626 64 3.640 56
81 0.245 17 3.260 82 92 0.627 65 4.060 20
72 0.258 18 3.520 66 64 0.638 66 3.800 37
80 0.264 19 3.390 75 14 0.659 67 3.100 91
16 0.282 20 3.670 51 18 0.670 68 3.460 70
29 0.282 21 3.760 43 31 0.692 69 3.140 88
62 0.291 22 3.910 27 56 0.722 70 3.680 49
20 0.306 23 3.370 76 43 0.724 71 4,180 12
33 0.324 24 3.700 45 42 0.735 72 3.870 31
58 0.351 25 3.580 60 68 0.751 73 3.220 84
7 0.357 26 3.770 40 65 0.764 74 3.240 83
70 0.362 27 3.670 52 88 0.768 75 3.560 61
59 0.377 28 3.440 72 82 0.789 76 3.850 33
19 0.391 29 3.460 71 36 0.833 77 2.710 96
48 0.391 30 4.260 10 46 0.844 78 4.060 19
84 0.396 31 3.990 24 78 0.876 79 3.440 73
93 0.402 32 3.280 80 61 0.902 80 3.390 74
30 0.427 33 3.590 59 96 0.907 81 4.340 7
22 0.443 34 4.080 18 57 0.915 82 3.510 65
49 0.450 35 4.030 21 86 0.943 83 3.300 78
5 0.450 36 3.760 41 4 0.946 84 4.090 16
50 0.458 37 4.020 22 79 0.950 85 3.260 81
34 0.473 38 3.050 93 45 0.983 86 4.230 11
74 0.479 39 3.040 94 8 1.017 87 3.790 38
10 0.487 40 4.380 4 17 1.022 88 3.160 87
38 0.495 41 3.890 30 55 1.079 89 4.420 3
21 0.501 42 3.690 47 95 1.116 90 3.220 85
9 0.512 43 3.490 69 40 1.125 91 4.570 1
71 0.515 44 3.030 95 90 1.133 92 3.120 90
51 0.521 45 4.090 17 54 1.177 93 4.270 8
67 0.521 46 3.870 32 3 1.206 94 3.840 34
15 0.531 47 4.370 5 23 1.374 95 3.310 77
91 0.533 48 3.900 29 37 1.789 96 4.420 2

According to the ASV parameter the most stable idgbmwere entries 47, 60 and 35.
However, these hybrids were not the top hybridstlieir mean grain yield. One of the top
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entries for grain yield (entry 37) was identified the least stable hybrid by this parameter.
This method shows similarity with Wricke’s (1962)oalence and Shukla’s (1972) stability

variance in identifying the least stable hybridsoas the different environments.
3.4.4 Comparison of the different stability measure

The ranking of the 96 maize genotypes based odiffexent parametric and non-parametric
stability measures is presented in Table 3.19. Afing to Lin and Binns’ (1988), cultivar

superiority measure and mean grain yield value ntlest stable entry was 40 and the least
stable was entry 36. Since both parameters focuth@raverage yield across the different
environments, their ranking order is highly corteth However, these entries were not
identified by the other parameters as stable. E8@ywas among the most stable entries
identified by Wricke’s (1962) ecovalence, Shuklgl®72) stability variance and by both

non-parametric measures. Similarly entries 37, &t 95 were the least stable entries
identified by all the stability parameters exceptlin and Binns’s (1988) cultivar superiority

measure and mean yield. The AMMI stability valuentified entries 47, 60 and 35 as the

most stable entries (Table 3.19).

The different stability parameters showed vari&piin ranking of the most stable entries.
Apart from the inconsistency in performance of Q®M hybrids across the diverse
environments, the nature of the parameters in ihgfirstability also contributed to the
disparity in order of ranking the stable entriegnkke, to further understand the relationship

between the different parameters, a correlatiotyaisavas performed.

Table 3.20 shows the pair wise comparison of thee rstability parameters based on
Spearman’s coefficient of rank correlation (Staadl &orie, 1980). The correlation between
mean yield and jRvere found to be very high @0.001) in the ranking of the entries (r =
0.97**). However, both were generally quite poortprrelated with the rest of the
parameters. Mean yield was found to be negativelyetated with all the other stability
parameters used in this study. This indicates $kddcting a variety from METs based on
average yield will not guarantee its stability. Tharameter Pwas non-significantly and

negatively correlated with 2 and Shukla’s S¢ and non-significantly and positively

correlated with the other parameters.
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Highly significant correlation (P<0.001) was observed between Eberhart and Russell’s
(1966) deviation from regression, Wricke’'s (1962pwalence, Shukla’s (1972) stability
variance, Shukla’'s (1972) stability variance witbvariates, Nassar and Huehn’s (1987)
absolute rank difference and variance of ranks &itl)S(2) and ASV. This indicates that the
ranking order of the entries by these parametersigsificantly correlated. However,
parameters with very high correlation values (ke the entries very similarly. Wricke’s
procedure of stability statistic showed the highsghificant positive correlation (P < 0.01)
with Shukla (no covariates, r=1.0§) Shukla (with covariates, r=0.9p and ASV (r=0.83).

The perfect correlation between Wricke’'s and Sheklaethods indicates that the two
procedures are equivalent for ranking purposess Tésult is further supported by the fact

that Shukla’s stability variance is a linear conation of the ecovalence and therefore, both
W; and o are equivalent for ranking (Wricke and Weber, )98he perfect correlation

among Wricke and Shukla (with no covariate) is a@snsistent with other reports (Purchase,
1997; Tsige, 2002; Alberts, 2004; Issa, 2009). Hmwrethe inclusion of covariates in the

analysis of Shukla did not show a perfect correfatwith that of Wricke, although there

exists a highly significant correlation (r=0.90(Table 3.20).

The rank order of the entries by the non-parameteasures S(1) and S(2) showed highly
significant (P< 0.001) positive correlation with most of the paedrnt measures except for P
and mean yield, which showed non-significant pesitcorrelation with Pand negative
correlation with mean yield (Table 3.20). The vargh correlation (r=0.98**) between S(1)
and S(2) indicates that the stability estimategh®/two methods are nearly identical. The
significant correlation of the non-parametric measwvith the parametric estimates suggests
their importance as an alternative option for idgimg stable genotypes from METs (Yue et
al., 1997), although they do not supply informatatoout genotype adaptation.
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Table 3.19 The ranking order of the 96 QPM hybrdsording to the different stability

parameters (shaded cells shows the rank of the stadse entries)

No Entry vyield Pi S W, ] ] S(1) S(2) ASsV
1 40 1 1 68 93 093 368 36 83 01
2 45 11 2 35 79 79 45 80 76 86
3 10 4 3 28 44 44 41 15 14 40
4 15 5 4 74 59 59 74 19 17 47
5 52 7 5 54 63 63 57 18 21 63
6 55 2 6 89 81 81 89 41 52 89
7 54 9 7 73 80 80 73 89 94 93
8 37 3 8 93 96 96 93 95 96 96
9 60 8 9 6 15 15 22 17 18 |2

10 96 6 10 95 94 94 95 92 93 81
11 48 10 11 31 19 18 12 2 2 30
12 63 13 12 18 23 23 35 7 7 6

13 43 12 13 79 76 75 79 37 31 71
14 41 14 14 47 62 62 52 43 43 59

15 49 21 15 29 46 46 42 57 50 35
16 12 15 16 50 55 55 54 56 58 62
17 50 22 17 51 7 7 4 4 5 37
18 4 17 18 81 90 90 81 93 92 84

19 51 16 19 66 57 57 66 49 54 45
20 46 20 20 90 82 82 90 87 87 78

21 84 23 21 21 12 12 16 29 28 31
22 24 29 22 56 1 1 3 8 6 9

23 38 30 23 69 65 65 69 94 91 41
24 3 34 24 75 88 88 75 91 89 94
25 62 27 25 17 25 25 34 32 29 22
26 87 25 26 9 20 20 30 25 23 4

27 91 28 27 63 52 52 63 34 30 48
28 42 32 28 62 67 67 62 82 85 72

29 1 39 29 15 30 30 18 40 41 57
30 76 26 30 13 11 11 20 16 15 14
31 22 18 31 82 66 66 82 83 82 34
32 5 44 32 58 9 9 2 22 19 36

33 92 19 33 84 71 71 84 64 65 65
34 73 24 34 41 45 45 48 51 46 55

35 44 37 35 43 4 4 7 6 4 8
36 6 35 36 43 49 49 50 20 20 60
37 29 42 37 37 33 33 46 68 67 21
38 75 49 38 45 3 3 6 11 11 5

39 82 33 39 88 78 78 88 79 81 76
40 39 47 40 24 34 34 39 54 53 49
41 67 31 41 25 16 16 15 33 35 46

42 2 54 42 19 35 35 36 55 49 53
43 47 41 43 22 24 24 37 53 48 1
44 13 43 44 6 17 17 28 46 44 7

45 26 56 45 42 38 38 49 39 39 64
46 69 57 46 14 21 21 33 42 38 16
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Table 3.19 continued.... (shaded cells show the ohmiost stable entries)

2

Q2

f

No Entry yield Pi S W, ! ! S(1) S(2) AsV
47 70 51 47 6 22 22 29 23 22 27
48 27 59 48 26 26 26 40 35 37 13
49 85 53 49 48 5 5 5 14 13 12
50 8 38 50 94 91 91 94 90 88 87
51 32 66 51 4 28 28 23 50 51 52
52 7 40 52 39 37 37 47 63 57 26
53 21 48 53 45 39 39 51 38 33 42
54 16 52 54 57 50 50 59 70 69 20
55 53 45 55 85 70 70 85 67 63 56
56 30 58 56 14 14 24 47 42 33
57 33 46 57 48 42 42 53 84 80 24
58 25 55 58 80 73 73 80 81 73 61
59 64 36 59 70 56 56 70 62 60 66
60 58 60 60 65 54 54 65 60 61 25
61 77 64 61 76 8 8 8 13 10 15
62 72 65 62 37 6 6 9 12 8 18
63 35 68 63 52 41 41 55 45 40 '3

64 59 73 64 83 68 68 83 44 55 28
65 19 80 65 30 10 10 13 24 24 29
66 56 50 66 77 72 72 78 69 68 70
67 9 69 67 78 64 64 77 66 64 43
68 94 62 68 61 60 60 61 75 72 58
69 66 63 69 55 48 48 58 61 56 10
70 80 74 70 59 2 2 1 1 1 19
71 88 61 71 23 47 47 38 52 45 75
72 57 67 72 92 87 87 92 74 71 82
73 18 71 73 91 84 84 91 76 74 68
74 20 76 74 60 53 53 60 27 26 23
75 89 79 75 27 27 25 58 59 11
76 61 75 76 87 86 86 87 85 86 80
77 81 81 77 18 19 26 26 25 17
78 78 72 78 76 75 76 76 48 47 79
79 11 86 79 5 40 40 27 28 32 50
80 93 80 80 20 31 31 17 30 36 32
81 65 83 81 11 51 51 21 59 66 74
82 79 82 82 64 89 89 64 86 84 85
83 68 85 83 32 58 58 11 77 79 73
84 86 78 84 33 69 69 43 72 77 83
85 83 89 85 27 36 36 14 31 34 51
86 28 91 86 11 29 29 32 21 27 54
87 31 88 87 72 74 74 72 73 75 69
88 23 77 88 71 92 92 71 96 95 95
89 17 87 89 67 85 85 67 71 70 88
90 71 95 90 34 43 43 44 10 12 44
91 74 94 91 36 13 13 10 |3 3 39
92 95 84 92 96 95 95 96 88 90 90
93 34 93 93 15 32 32 19 9 9 38
94 14 92 94 86 83 83 86 78 78 67
95 90 90 95 53 77 77 56 65 62 92
96 36 96 96 10 61 61 31 5 16 77
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Table 3. 20  Spearman rank correlation betweempetrec and non-parametric stability measures fom@ize genotypes evaluated across

ESA (2010-2011).

Mean yield P Si W, o? g S(1) S(2) ASV

Mean yield

P 0.968**

S -0.171 -0.079

W; -0.065 0.039 0.714**

0> -0.063 0.041 0.713*  1.000**

g -0.177 -0.058  0.787** 0.899**  0.899**

S(1) -0.019 0.073 0.541* 0.766** 0.766**  0.728*

S(2) -0.031 0.057 0.551* 0.811* 0.812*  0.741** .@r6**

ASV -0.003 0.071 0.512** 0.831* 0.831*  0.607** B86** 0.642**
** P <0.01

Note: - Linn and Binns’s (1988) cultivar superiority pereance; &= Eberhart and Russell's (1966) deviation from esgion parameter; W
=Wricke’s(1962) ecovalenceg’= Shukla’s (1972) stability variance with no coeaeis; S’ Shukla’s (1972) stability variance with covariates
S(1) and S(2) Nassar and Huhn's (1987) absoluted#dference and variance of ranks respectivelyVASAMMI stability value.
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3.5 Conclusions

From the individual environment analysis the vasiatamong the 96 entries was highly
significant, which is an indication of the existeruf variability within the genotypes and the
potential for further selection. In most of the indual environments the contribution of
entries to the total variation was high, exce &w locations where the variation caused by
replication and block was important. Under the mpin environments, entries contributed
more to the variation (except HREOP1) comparecphication and blocks. Under the stress
environments replications and blocks contributeghificantly to variation (Tables 3.3 and
3.5).

The grain yield performance of the QPM hybrids veaster than the normal commercial
check hybrid across all the environments excepeutite optimum environment at Bako in
2010 (BKOPT) where the normal maize (entry 96) eghfirst with a yield of 9.28 t fa The
QPM entries 52 and 46 were also the top yielding/i@®brids in 2010 with a yield of 9.12 t
ha'and 6.10 t hAat HREOP1 and RATOP, respectively. In 2010 theiesshowed better
performance at BKOPT under the non-stress envirotsngnd at BKOLN under the stress
environments. Results of the combined ANOVA showleat the variation among entries,
environments and their interactions were highlynigant. Environmental sum of squares
were high in both years, mainly because of theusioh of extreme (stress) environments in
the analysis. The minimum and maximum yield of ¢énéries from the combined analysis in
2010 ranged from 2.84 to 5.09 thand in 2011 from 2.62 to 4.30 t haespectively. As
expected, the entries performed better under themom compared to the stress
environments. The trials under N-stress environmgrlded about 35% and drought stress

38% of the yield obtained under the optimum enwvinents (Tables 3.7 - 3.10).

Nine different stability measurements were companedrder to identify stable genotypes
across environments. Most of the parameters ratiie@éntries differently mainly due to the
inclusion of extreme (stress) environments in thelysis. However, there was a highly
significant association among the major stabiligrgmeters based on the results of the
Spearman rank correlation analysis. Significant @ogitive correlations were observed

among Eberhart and Russel (1966) deviation fronmmessjpn parameter, Wricke’'s (1962)
ecovalence ( W), Shukla’s (1972) stability variance with no cdedes (o), Shukla’s

(1972) stability variance with covariate§’j, Nassar and Huehn’s (1987) absolute rank
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difference and variance of ranks (S(1) and S(2)) &urchase’s (1997) ASV. There was a
perfect correlation between Wricke's (1962) ecomeée and Shukla’s (1972) stability

variance with no covariategr{) which indicates the similarity of the parametiersanking

the stable genotypes. Entry 80 was the most stalidled and was identified by Nassar and
Huhn's (1987) absolute rank difference and variasfaanks [(S (1) and S(2)], as well as the
parameters of Wricke's (1962) ecovalence)(#hd Shukla’s (1972) stability variance with

no covariates ¢>). Based on mean grain yield and Linn and Binng888) cultivar

superiority measures the most stable entry wadHé@:ever, superior entries in grain yield
were found to be the least stable hybrids. Thimasnly because of the sensitivity of single
cross QPM hybrids to diverse environments which alas reported by Pixley and Bjarnason

(2002) and the inclusion of diverse environmentheanalysis.

Finally, the use of the different univariate stapimodels to identify stable genotypes from
diverse environments was inadequate for a relipbdeiction on the potential of entries as
the models gave inconsistent ranking. Furthermmreshoose the best informative stability
parameter that meets the interest of breedersdtaiple high yield) from the linear regression
models will be complex if extreme environments evasidered in the analysis. The findings
of Crossa (1990) also suggested that when lineafityesponse fails in the classical linear
regression models, multivariate analysis methodsuaeful to better exploit the information
contained in the data. In a situation where divens@ronments are included, multivariate
analysis such as AMMI and cluster analysis willhhere appropriate to identify stable entries

and their specific adaptation environment whicthes subject of the next chapter.
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CHAPTER 4

Evaluation of grain yield stability and adaptation pattern of QPM hybrids under stress
and optimal growing conditions in ESA based on thenodels of AMMI and GGE

4.1 Abstract

The application of multivariate analysis techniqugegnportant when a non-linear genotypic
response across environments is expected. A tdt@b onaize hybrids (95 QPM and one
normal hybrid) were evaluated for grain yield stépiand adaptation under 15 stress and
optimal growing conditions in Ethiopia, Kenya anonBabwe during 2010 and 2011. The
ANOVA of the AMMI model showed highly significaariances for environments, genotypes
and G x E interaction. The F-test was highly sigaifit (P < 0.001) for all five IPCA axes
which explained 100% of the variation due to G mteraction. The first two IPCA axes
(AMMI2) explained about 60% of the variation. Amdhg entries, the QPM hybrid entry 40
was identified as the best genotype across envieotsnAnother high yielding QPM entry 37
was among the most responsive entries specifiealpted to the optimum environment of
Awassa, Ethiopia (AWAOP). The first two principahgonents of the GGE analysis were
able to capture about 50% of the total variabildye to the G x E interaction. Among the
environments HREOP2, the optimum environment aatéaZimbabwe, was found to be the
most discriminating and representative environmehnile entry 40 was identified as the best
performing and stable entry due to its proximitythe ideal genotype in the GGE biplot.
GGE biplot grouped the environments into four maj@ga-environments each having more
than one site except Chisumbanje (CHSDT) which eedsgorised as a separate mega-
environment. The comparison of the two models basethis study showed that AMMI2
(60%) was better than GGE2 (50%) which was bettantthe AMMI1 (35.73%) model in
explaining the variability due to G x E interactiodowever, the various and useful biplot
display options by GGE makes it preferable for easyalisation of the complex multi-
environment data. This study also emphasized tiperiance of additional statistical tests
including ANOVA for a critical evaluation and seiea of genotypes from the G x E data.

Key words: AMMI, GGE, multivariate analysis, biplots, QPM
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4.2 Introduction

The development of high yielding and stable genedygnd identification of suitable growing
environments are the primary goals of a succesbfeeding programme. To ensure
continuous cultivation of a genotype, it should én@ood performance and wide adaptation.
Hence, evaluation of genotypes across environmants thorough analysis of G x E
interactions help to identify those with stable fpgnance as well as to delineate
environments based on genotypic response. Varioiganate and multivariate methods
have been developed to analyse G x E interactiehtandentify stable genotypes from
METSs. In a situation where the G x E interactiomiighly significant due to the inclusion of
diverse environments the use of multivariate tegi@s and data visualisation methods are
more appropriate than the conventional linear i=go® models.

Zobel et al. (1988) pointed out the limitations thie classical linear stability models.
Accordingly, ANOVA falls short in detecting sigrnetnt interaction components. Significant
genotype and environment main effects are not requising PCA and linear regression
models since they account for only a small portadnthe interaction sum of squares.
However, the AMMI model effectively reveals intetiao components that have a clear
agronomic meaning. The AMMI model is easy to useitatias no specific design

requirements, except for a two-way data structure.

The AMMI model combines the ANOVA for the genotypad environment main effects
with principal components analysis of the G x Eeiattion. It has proved useful for
understanding of complex G x E interactions. Thaults can be graphed in a useful biplot
that shows both main and interaction effects fanoggpes and environments. Gauch and
Zobel (1996) showed that AMMI1 with IPCA1 and AMMI&ith IPCA1 and IPCA2 are
usually selected and the graphical representati@xes, either as IPCAL or IPCA2 against
main effects or IPCA1 against IPCA2 is generallfjpimative. When AMMI3 and higher
models are presented for agricultural data, theel und higher IPCA axes are dominated by

noise and have no predictive value (Van Eeuwijlg5)9

Since AMMI has the biplot feature, genotypes andirenments are plotted on the same
diagram, facilitating inference about specific migions of individual genotypes and

environments by using the sign and magnitude of P€&#lues. Any genotype with a PCAl
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value close to zero shows general adaptation tdetsted environments. A large genotypic
PCA1 score reflects more specific adaptation tarenments with PCA1 scores of the same
sign. AMMI provides a more adequate biological exgition of G x E than the regression
models and it has been found useful when appliedctoss year analyses with a higher
element of unpredictability (Crossa et al., 199Qauy 1995; Gauch and Zobel, 1996;
Annicchiarico, 1997).

The GGE biplot method was developed by using softkeofunctions of the classical joint
regression, the AMMI and the genetic correlationdels (Ding et al., 2007). In total
phenotypic variation, environment (E) explains mafsthe variation and genotype (G) and
the G x E interaction are usually small (Yan, 200@pwever, only the G and G x E
interaction are relevant to cultivar evaluationitigalarly when G x E interaction is identified
as repeatable (Hammer and Cooper, 1996). The @E"biplot” was first coined by Yan et
al. (2000) and refers to a biplot as developed agr@l (1971) that displays the G and GE of
a genotype-by-environment data. The key properta @GE biplot is that it is based on
environment-centred data, whereby the environmistgr) main effects (E) are removed,
and the genotype main effect (G) and the genotypesk are retained and combined.
Therefore, a biplot based on environment-centréd dantains only G+GE effects, abridged
as GGE (Yan, 2001; Yan et al., 2000). The GGE bip&ps to visualise, among others, the
relationship among the genotypes, which genotype-wbere, the discriminating power and

representativeness of the test-environments andiffieeent groups of mega-environments.

Several workers have reported the usefulness ofGB& model for different purposes

including, but not limited to, mega-environment lges (Yan and Rajcan, 2002; Casanoves
et al., 2005; Samonte et al., 2005; Yan and TinR@d5; Dardanellia et al., 2006), genotype
evaluation (Bhan et al., 2005; Voltas et al., 20Qang et al., 2006; Setimela et al., 2007;
Fatma et al., 2011), test-environment evaluatioan(nd Rajcan, 2002; Xing-Ming et al.,

2007; Weikai and James, 2010), and heterotic patralysis (Narro et al., 2003; Andio et

al., 2004; Bertoia et al., 2006).

There are similarities and differences between AMIMd GGE models. The AMMI analysis
partitions the overall variation into genotype maifects (G), environment main effects (E)
and G x E interaction. The GGE biplot gives similasults as the AMMI except that the

environment main effects (E) are excluded; inst8&E biplot focuses on capturing more G
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and GE effects. The exclusion of the environmennrefects by the GGE biplot is based on
the insignificance of environmenper se for cultivar selection and test-environment
evaluation. The inclusion of environment main effein the AMMI model is supported by
interdisciplinary teams in agricultural researcletsas soil scientists and others. The merits
and demerits of the two models have been extensimliewed. Various authors gave
different reasons for the preference of one modgel ¢the other (Yan et al., 2000; Yan and
Kang, 2003; Gauch, 2006; Yan et al., 2007; Gauet. £2008). However, the two models are
currently the best choices for the analysis ofdyidata from METs and the preference of
either of the models will depend mainly on the tgbeesearch and the information required.
Hence, the objectives of this research were toyarahe grain yield stability and adaptation
pattern of the QPM hybrids included in this stuldgsed on AMMI and GGE models and to
highlight the benefits and limitations of the twodels based on the results of this study.

4.3 Materials and methods

Germplasm

The details of the germplasm used in the studypeesented under Section 3.3. However, for
the construction of biplots by AMMI and GGE the t8p hybrids were selected to avoid
genotypes congestion in the biplots. The list eftibp 25 hybrids and their IPCA scores from
the AMMI analysis is presented in Table 4.1.
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Table 4.1 IPCAL, IPCA2 scores and mean grain yielia') of the top 25 genotypes

evaluated across 15 environments in ESA, durind 20 2011

No Entry No IPCA 1scores IPCA 2scores Mean yield

1 40 -0.7909 -0.0601 4.57
2 37 -1.2431 -0.2929 4.42
3 96 -0.5362 -0.4931 4.42
4 10 -0.2457 0.3394 4.38
5 55 -0.6067 -0.6496 4.37
6 15 -0.1949 -0.4530 4.34
7 52 -0.4251 0.1522 4.34
8 54 -0.7981 -0.3167 4.27
9 45 -0.6884 0.0997 4.27
10 48 -0.2025 0.2649 4.26
11 43 -0.3159 0.5679 4.23
12 60 -0.0477 -0.0164 4.18
13 12 -0.2824 0.4630 4.13
14 4 -0.5531 0.5276 4.13
15 51 -0.1183 0.4930 4.12
16 63 0.1059 0.0089 4.09
17 41 -0.3457 0.3252 4.09
18 46 -0.5606 -0.2797 4.08
19 92 0.0178 0.6269 4.06
20 22 0.2971 0.1356 4.06
21 49 -0.2889 0.1854 4.03
22 73 0.3996 0.0463 4.02
23 84 -0.2749 0.0641 3.99
24 24 -0.1080 -0.0479 3.99
25 50 -0.3141 -0.1043 3.94

Description of the environments and field managemen

The field management and description of trial sétes presented in detail under Section 3.3.
The list of the test environments and their coroesiing IPCA values based on the AMMI
analysis are presented in Table 4.2. While thergegm of the environmental codes used in
the different biplots is presented in Table 4.3.
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Table 4.2 IPCAL, IPCA2 scores and mean grain \iefd) of the 15 test environments
in ESA used for the evaluation of the QPM hybrids

No Environments IPCA 1scores IPCA 2scores Mean yield

1 AWAOP -1.3377 -2.6841 4.30

2 BAKOP -0.7082 -0.1821 5.49

3 BAKLN 0.3547 -0.1735 3.18
4 MLKOP 0.0052 1.0463 4.72

5 EMBOP -0.7928 0.0147 6.00

6 KAKOP -0.9101 0.0274 4.42

7 KBODT 1.3819 0.4837 2.44
8 HREOP1 -1.1348 0.9521 6.44
9 HRELN1 0.6469 -0.4101 1.36
10 HREOP2 -1.4403 1.4441 6.12
11 HRELN2 0.6046 -0.2767 0.97
12 RATOP -0.2217 0.2836 4.46
13 CHIDT1 1.4148 -0.2245 2.94
14 CHIDT2 1.1933 -0.1510 1.31
15 CHSDT 0.9442 -0.1502 1.29
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Table 4.3 Description of environmental codes useitié AMMI and GGE biplots

No Environmental codes Country Location Trial Season Environment type

1 AWAOP Ethiopia Awassa 2011 Optimum

2 BAKOP Ethiopia Bako 2010 Optimum

3 BAKLN Ethiopia Bako 2010 Low-N

4 MLKOP Ethiopia Melkassa 2011 Optimum

5 EMBOP Kenya Embu 2011 Optimum

6 KAKOP Kenya Kakamega 2011 Optimum

7 KBODT Kenya Kiboko 2011 Managed drought
8 HREOP1 Zimbabwe Harare 2010 Optimum

9 HRELN1 Zimbabwe Harare 2010 Low-N

10 HREOP2 Zimbabwe Harare 2011 Optimum

11 HRELN2 Zimbabwe Harare 2011 Low-N

12 RATOP Zimbabwe Rattray Arnold 2010 Optimum

13 CHIDT1 Zimbabwe Chiredzi 2010 Managed drought
14 CHIDT2 Zimbabwe Chiredzi 2011 Managed drought
15 CHSDT Zimbabwe Chisumbanje 2011 Managed drought

Experimental design and statistical analysis

The description of experimental designs is preseateler Section 3.3. The AMMI analysis
including the combined ANOVA was conducted usingrdtmse Generation ®1 SQL
(Agronomix, 2011), statistical software. The biglaif the AMMI1 model based on IPCA 1
scores versus genotype means and IPCA 1 scoressvenwironmental means for the 96
hybrids were constructed using Gen3ta5" edition (GenStat, 2012) as this programme
gives a better visual for the graphs. The biplats the best 25 hybrids and the 15 test
environments as well as the combination of the weoe constructed based on the first two
principal components of the AMMI model using Biplot v1.1
(http://www.stat.vt.edu/facstaff/epsmith.hjmd Windows application that functions with MS

Excel to illustrate the relationships among genesypenvironments and between genotypes
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and environments. Environments and genotypes averslas vectors and points on the
AMMI biplot. Genotypes and environments that aresel together tend to be similar. The
angle between two vectors indicates the degresszfcgation or correlation either among the
genotypes or the environments. An angle of less 8@ or larger than 270between a
genotypic vector and an environmental vector inegahat the genotype has a positive
response to that environment. If the angle is betw@8 and 27 it indicates a negative
response of a genotype to that environment. Silyithe cosine of the angle between two
environments or genotypes gives an indication efpthenotypic correlation between the two
genotypes (or environments). Hence, an angle’dndicates a correlation of r = 1 (100%
positively correlated), an angle of 909%) shows a correlation of r = 0 meaning that the
testers are independent and an angle of i&ans a correlation of r = -1 (100% negatively
correlated) (Gower and Hand, 1996; Yang et al. 9200

The GGE biplot was constructed for the 96 genotygsewell as for the top 25 hybrids. The
GGE biplot model based on the two principal compisi¢PC1l and PC2) helps to explain
the variation due to G+GE unlike the total variatizvhich is caused by environment,
genotype and G x E interaction (Yan, 2001). The Gigf#ot further shows the performance
of the genotypes across environments, relationahipng the genotypes and environments,
and the grouping of mega-environments. A genotypa(stted closer to an environment(s)
indicates that it is adapted to that environmen&syironments that are closely plotted in the
biplot indicate their similarity as test environnenA solid line with an arrow passing
through the biplot origin helps either to see tlfgrmance of different genotypes at a
specific environment (in this case it is called tester axiy or to identify the relative
adaptation of a given genotype in different envinemts which is referred to as tkatry
axis The biplot also has another solid line that pagheough the centre of the biplot and
perpendicular to either of the axis named peependicular line The perpendicular line
differentiates above or below average performanteeither the genotype(s) or the
environment(s). Another feature of the GGE bipkthe identification of which genotype
wins where or which is best for what. It is illeed by a convex-hull (polygon) and each
vertex or corner of the polygon connects the ggresythat are furthest from the origin of the
biplot and keeps the remaining genotypes withingblygon. The perpendicular lines from
the centre of the biplot intersect the sides ofdbevex-hull creating several sectors which
cause the environments to fall into one of thestose Hence, a corner or vertex genotype is

the best or winner genotype in one or more of therenments included in that sector.
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Similarly, vertex genotypes with no environmenttie sector indicates the genotype’s poor
performance at all environments or not the beshgtof the environments (Yan, 2001). The
oval or the concentric circles allow the comparisbigenotype(s) or environment(s). Mega-
environments are shown as independent or intemgedatircles (spheres) in the biplot.

Environments that fall in the same sphere are densd to be similar mega-environments

and the total number of spheres in the biplot shibsiumber of mega-environments.

Finally, cluster analysis of genotypes and envirenta based on AMMI adjusted means was
also performed using the NCSS 2004 Software (Hjn2@01). For the purpose of
classification, cluster analysis with the unweightpair group method with arithmetic
average (UPGMA) clustering method was employed Bnodlidean distance matrix was
computed.

4.4 Results and discussion

4.4.1 AMMI analysis

The combined ANOVA for the 96 hybrids evaluatedoasr15 environments based on the
AMMI model is presented in Table 4.4. The ANOVA icated highly significant differences
(P < 0.001) for environments, genotypes and G x E aatéosn. The IPCA axes are ordered
according to decreasing contribution to variatidihe F-test was highly significant (P
0.001) for all the IPCA axes. The environments ak@d 76.88% of the total yield variation
followed by the G x E interaction (12.44%). Genaypcontributed only 3.35% which
indicates that in the METs genotypes contributeldlast to the total variation. Environment
was the major factor that influences yield perfanoceaof maize in most parts of ESA. The
first five IPCA axes were highly significant andpéxined 100% of the G x E interaction. The
first IPCA captured 35.73% of the total interactisum of squares in 8.12% of the G x E
interaction degrees of freedom. The second IPCA alplained 25.22% of the interaction
sum of squares in 7.6% of the interaction degréé®edom (Table 4.4).
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Table 4.4 Analysis of variance (ANOVA) based or #MMI model for grain yield (t
ha') for 96 maize hybrids evaluated across 15 enviemmin ESA (2010-

2011)

Sources Df SS MS Total GxE Cumulative
variation explained (%)
explained (%)

(%)
Total 2879 12788.60
Environments 14 9831.25 702.23** 76.88
Reps within Env. 15 31.73 211
Genotype 95 427.84  4.50** 3.35
Genotype x Env. 1330 1590.91 1.11** 12.44

IPCAL 108 408.74  3.78* 35.73 35.73

IPCA2 106  288.48 2.72* 25.22 60.95

IPCA3 104  192.48  1.85* 16.83 77.77

IPCA4 102 138.94 1.36* 12.15 89.92

IPCA5 100 115.36  1.15* 10.08 100

IPCA residual 810 446.90 0.55
Residual 1425 906.87 0.64
Grand mean = 3.69 R-squared=0.93 CV =21.58%

** P < 0.001; IPCA= Interaction principal componentis

The AMMI1 model biplot based on IPCA1 and the ggpetmeans for the 96 hybrids was
constructed to show the performance and associafitime genotypes (Fig. 4.1) and the 15
environments was shown based on IPCA1 values oktiwronments plotted against the
environmental means (Fig. 4.2). Another biplot wasstructed based on IPCA1 values of
the genotypes and environments plotted againstris@n values of the genotypes and the
environments to show the G x E interaction bipkig(4.3). From Fig. 4.1 it can be seen that
entry 40 (G40) was the highest yielding followeddmiry 55 (G55) and entry 37 (G37). The
lowest yielding among the 96 genotypes was entryG3#5) located at the top left corner of
the biplot. Entry 60 (G60) was the most stable &sthe closest to the IPCAL axis (the green
dotted line as the x-axis) and can be considerextiaptable to all the environments. On the
other hand entry 37(G37) was the least stable iasfar from the IPCAL1 axis, however, due
to its high mean grain yield it can be considerasdaaresponsive entry for a specific
environment. Among the 15 environments HREOP1 wws most responsive for the
evaluation of the genotypes, RATOP was a relatiw@ple environment unlike AWAOP.
The AMMI1 model grouped all the optimum environngtbgether. In contrast, the stress

environments which produced below average graitd yigere grouped in the left upper
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guadrant of the biplot (Fig. 4.2). From the G xrieraction biplot (Fig. 4.3) it can be seen
that entry 37(G37) was responsive to environment3W® and entry 40 and 54 to KAKOP.
Because of the congestion of the genotypes, a aephiplot was constructed for the top
performing 25 hybrids using the AMMI2 model basedlBCAL1 and IPCA2 values. The first
two principal components explained more than 60%hefG x E interaction thus making the
AMMI2 model a better fit than AMMI1. To use AMMIZ&nother model family of AMMI,
which is a component of IPCA2 and IPCA3, could berenaccurate than AMM1 and
AMMI2, however, Gauch et al. (2008) recommended AKINbr its practicality, less noise

and more informativeness than the other AMMI mddaiilies.

The IPCA scores of a genotype in the AMMI analyadicate the stability of a genotype
over environments. The greater the IPCA scorelseeftositive or negative, as it is a relative
value, the more specifically adapted a genotype isertain environments. The more IPCA
scores approach zero, the more stable the genatyeesll environments. Fig. 4.4 shows the
biplot constructed based on the first two IPCA sesoof the top performing 25 genotypes.
According to the model, entry 60 was the most staj@notype as it is the closest to the
origin of the biplot. Hence, entry 60 can be coasid as a widely adapted genotype although
it was ranked 12 based on grain yield. On the other hand entry 3% identified as less
stable as it is located far from the origin of thgplot. However, this also shows the
genotype’s adaptation to a specific environmenmddges that are grouped in the same
guadrant of the biplot are closely associated wihibse grouped in the opposite directions of

the quadrant have no association.

The different environments were also plotted basethe first two IPCA values to show the
relationship among the environments (Fig. 4.5). AWFA was the most discriminating
environment for the genotypes as indicated bydtgést distance from the origin of the
biplot. However, AWAOP may not be a representagweironment due to its high IPCA
scores. The AMMIZ2 biplot also grouped the environteeaccording to their responsiveness.
Stress environments were grouped together at thele corner of the biplot and the
optimum environments at the bottom right of theldiipEnvironments plotted next to each
other show the closer association or similarityh@ environments for the evaluation of the
genotypes. Hence, evaluation of genotypes in theet}y associated environments is expected
to produce fairly similar results. If environmergisow a repeatable association, then these

environments can be delineated under a similar rregaonment. Grouping locations under
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similar mega-environments will help to develop aretommend similar genotypes or
agronomic practices to several locations undeséime mega-environment. The small vector
angle among the managed drought environments stiwvsloser association among them.
However, there is a closer similarity between CHIDANd CHIDT2 than CHSDT, the other
managed drought environment in the same countrgbZbwe. Similarly the N-stress
environments showed closer similarity between HRELlMd HRELN2 than BAKLN. The
close association between the optimum environm&NMBOP and KAKOP is an indication
of the similarity of the environments used for #haluation of the genotypes. RATOP and
BAKOP may be classified as relatively stable optimanvironments and BAKLN in the
low-N environments based on their proximity to thégin of the biplot. The biplot also
divided the environments based on the mean perfacenand accordingly the eight optimum
environments clustered in the similar direction &iagte above average performance and the

seven stress environments grouped together and Isélow average performance (Fig. 4.5).

Figure 4.6 shows the association of the 25 genstypé¢he different environments. Entries
54, 46, 96, and 55 clustered close to BAKOP inthgatheir better performance in this
optimum environment. Entries 73, 22 and 63 wereenamtapted to the stress environments
with entry 73 closer to the managed drought envivent of KBODT. Entries 92, 40 and 37
were specifically adapted to MLKOP, EMBOP and AWA@#pectively based on their
proximity to these environments. Most of the gepegy/clustered around the relatively stable
optimum environment of RATOP and indicating thempesrior performance in this
environment. Generally, the graphs from AMMI2 bigltelped to visualise the relationship
among the genotypes and environments. However,tailetk and convenient display is
addressed by the use of GGE biplot in Section 4.4.2
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Figure 4.1 AMMIL1 biplot of grain yield of 96 maize genotypeaded on IPCA1 and
genotype means
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Figure 4.2 AMMI 1 biplot of the 15 environments based on IPCydlues of the

environments plotted against environmental means.
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Figure 4.3 AMMI 1 biplot of the G x E interaction of 96 maizgnotypes tested
across 15 environments of ESA based on IPCAl scofeshe

genotypes and the environments.
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Figure 4.4  AMMI 2 biplot of grain yield of 25 selected QPM hytis (including a normal check) evaluated undeesstrand non-stress
growing environments of ESA. Entries with closesa@sation are grouped under the same quadrantrahchted with similar
colours. Entry 60 was the most stable hybrid ankigblighted in yellow. Entries in the opposite duent have no association

among them.
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Figure 4.5 AMMI 2 biplot showing the association of the 15ess and non-stress growing environments in ESAin@ph

environments are shaded in green, low-N stresseiltowy and drought stress in orange. AWAOP was thastm
discriminating environment followed by HEROP2.
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Figure 4.6  AMMI 2 biplot showing the association between tbp 25 QPM hybrids (numbers) (including a normaloéf)@nd the
15 stress and non-stress growing environmentssjtexESA.
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4.4.2 GGE biplot analysis

Performance of genotypes and environments

The GGE biplots based on the performance of 96 engénotypes evaluated under 15 stress
and non-stress environments were constructed l@sélde values of the first two principal
components (PC1 and PC2) which explained almost 8D8te grain yield variation due to
genotype and G x E interaction (Fig. 4.7). From. BiJ it can be seen that the QPM entries
37 and 40 were the highest yielding entries amomg 96 genotypes. Among the
environments HREOP2, HREOP1 and AWAOP were the nesgionsive.

GGE bipat based on 96 nmeize hyorids evduated in eastern and southern Africa

P2 - 14.832%0

+AWAOP

PC1 - 35.35%

A Genotype scores
e Environmernt scores

Figure 4.7 GGE biplot based on 96 QPM hybrids (including anmalrcheck) evaluated

under 15 stress and non-stress environments of ESA.
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Scatter plot (Total - 49.95%)
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Figure 4.8 GGE biplot based on 96 QPM hybrids (including anmalr check)
evaluated under 15 stress and non-stress envirdene€rESA. The
vectors and the rug plot display the associatitaticen among the

different environments.

Figure 4.8 shows the association or relationshipvéen the different environments.
AWAOP was the most discriminating environment duég longest distance from the origin
of the biplot. Environments with small vector arggtend to have closer similarity and those
with wide vector angles show minimum associatiamilarly the rug plot also displays the
proximity among the different environments basedt@angle variation of the vectors. All
the managed drought environments were displayext ¢toeach other as their deviation from
each other was small. However, the wider angle é@tAWAOP and CHSDT and other
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managed drought environments indicated the abseoiceassociation among the

environments.

Which-won-where

An important feature of a GGE biplot is its ability display top performing cultivars in a
specific environment as well as the low yieldindtigars across environments. Figure 4.9
illustrates the association of the 96 entries wittme 15 test environments. There are seven
sectors in the biplot created by the perpendidinarthat starts from the origin of the biplot
and runs perpendicular to the side of the polygdnt of the seven sectors four have
environments included within them and three sect@ge no environments within them.
Hence entry(ies) that fall in sectors where envimment(s) are included indicate the
association of the entry(ies) with that specifiviemnment(s). The hybrids at the different
vertices of the polygon are expected to be resperes they are the furthest from the origin.
However, the responsive vertex hybrids can be eithe best performing or the poorest at
one or additional environments (Yan and Rajcan220bntries 37, 40, 52 and those included
in the sector were the most suitable entries at ARA EMBOP, KAKOP, BAKOP,
HREOP1, RATOP, HRELN1, HRELN2 and BAKLN. Entries®, 57 and others fell in the
sector that contained the managed drought envirotsn®LKOP, KBODT and CHIDT1.
Entries 90, 86, 28 and a few more were found toltstanding in performance at CHSDT
and CHIDT2. All entries included under the sectoftere entries 95 and 36 were located
showed poor performance in all the environmentsil&ily no entry performed well at
HREOP2. However, the small angle between the seofofREOP1 and HREOP?2 indicates
the close similarity of the two environments. Heneatries selected for HREOP1 were
expected to show similar performance at HREOP2.aVoid congestion of genotypes a
separate biplot was constructed for the 25 topoperihg entries based on their average grain
yield (Fig. 4.10). As a result the biplot was deftinto eight sectors and seven of the sectors
included one or more of the test environments.i&nt87, 40, 54, 45, 46 were found to be
associated with the environments, EMBOP, KAKOP &AITOP. Among the genotypes
entry 37 was the winner in these environments basetihe average grain yield. Entries 96,
15, 55, 49 and 50 showed close association withet@ronments BAKOP, AWAOP,
BAKLN and HRELN1 while entries 15 and 96 were thest performing in these
environments. Entries 63 and 60 were the best peifig at MLKOP and CHIDT2.The

position of entry 60 on the sector line indicatissgood adaptation to other environments as

134



well. Although the environment KBODT has no vertaxry in its exact sector, the proximity
of entry 22 to this sector indicates the suitapitif the entry both at KBODT and CHIDT2.
Entries 73 and 92 were grouped with the environmé@HIDT2 while entries 43, 51, 12, 10
and 84 were found to be associated with the enwissis of CHSDT and HRELN2

(Fig.4.10).

GGE biplot for which-won-where pattern for 96 mdigdbrids (Total - 49.959
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Figure 4.9  Which-won-where patter of the GGE biplot based & QPM hybrids

(including a normal check) evaluated in 15 stres$ ron-stress environments
of ESA.
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GGE biplot for which-won-where pattern for the Bjomaize hybrids (Total - 47.28
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Figure 4.10 Which-won-where pattern of the GGE biplot based setected 25 QPM
hybrids (including a normal check) evaluated insfrgss and non-stress maize

growing environments of ESA.
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Discriminating ability and representativeness of tle environments

In a biplot analysis the vector length of an enmim@nt indicates its discriminating power;
the longer the vector from the plot origin to thearker of an environment, the more
discriminating the environment. The absolute lergjtthe projection from the marker of an
environment onto theester axisor the average tester y-axis (ATC y-axis) indisaits
representativeness; the longer the projection, ldss representative the environment.
Similarly genotypes projected further from the AV&xis are considered to be less stable.
The centre of the concentric circle in a biplotisere an ideal genotype should be. An ideal
genotype is considered to be one with the highestl yacross test environments and one
which is absolutely stable in performance. The ligemotype projection on the ATC x-axis
is designed to be equal to the longest vector lothal genotypes and its projection on the
ATC y-axis should be zero, indicating its stabilitfence, the smaller the distance of a
genotype to this ideal/virtual genotype the morealdhe genotype (Yan and Kang, 2003).
This also applies for the ideal environment. Furthetails on this topic can be read from the

GGE websiteywww.ggebiplot.com

The GGE biplot in Fig. 4.11 was constructed basecmvironment-centred singular value
partitioning (SVP) which helps to visualise theatlenvironment/tester. A genotype-centred
singular value partitioning also gives a biplotttltan identify the ideal genotype/entry.
However, the conclusion from both types of biple@mains the same; the only difference is
the slight shape variation among the biplots. Toivedundancy, only the environment-
focused GGE biplot (Fig. 4.11) was used for therprtetation in this study. According to
Fig. 4.11, HREOP2 was the most representative emwvient as it had relatively small
projection from the ATC y-axis and was also highligcriminating because of its large
projection on the ATC x-axis. AWAOP was also a distnating environment because of its
large projection from the origin; however, it istreorepresentative environment because of
its large distance from the ATC y-axis. The manadenught environments of Chiredzi
(CHIDT1, CHIDT2) and Chisumbanje (CHSDT) in Zimbabwrere the least representative
environments as they were far from the averageremvient coordinate (AEC). The
optimum environments of Embu (EMBOP), Kakamega (KK both from Kenya and
Bako (BAKOP) from Ethiopia were positioned similafiollowing the ideal environment
from Zimbabwe (HREOP). This indicates the closeilginty of the environments for the

evaluation of genotypes in the three countries. Jémotype closest to the ideal was entry 40
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followed by entry 37, however, entry 40 showed tidestability than entry 37 because of its
relative position on the ATC y-axis. Entry 36 whs poorest performing genotype due to its
furthest position on the ATC-axis. Entries 95, 8Q@,and 57 were the least stable in addition
to their below average performances (Fig.4.11).

GGE biplot for representativeness and discrimgnatiility (Total - 49.95%
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Figure 4.11 GGE biplot showing representativeness and discatmg power
based on the grain yield of 96 maize genotypesuated in 15 stress

and non-stress environments of ESA.
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Grouping of mega-environments

The main purpose of GxE interaction analysis iddentify target environments for the
deployment of suitable genotypes. Environments twisistently share the same best
cultivar are considered to be mega-environmentsicelethis mega-environment concept,
which is about geographical location, necessitates continued winning of similar
genotype(s) which are equally adapted to otherl@irmega-environments, in addition the
genotype by location interaction should be repdatatross years in order to assign a

permanent grouping of mega-environments (Yan andaRa2002; Yan et al., 2007).

Figure 4.12 illustrates the biplot for the clagsifion of the different mega-environments. It
is constructed based on the mean grain yield of9%enaize genotypes. The data was
partitioned based on environment-centred valugge(®iectors) and it was normalised to get
meaningful mega-environments. As a result, the Marenments were classified into four
broader groups with almost all the optimum envirenis grouped in the same mega-
environment. The environments of AWAOP, EMBOP, KAROHREOP1, HREOP2,
BAKOP and RATOP (yellow oval) were placed in thensamega-environment which
indicates that those genotypes which performed mwealhe of these locations can be tested in
the others and similar performance can be expettesl managed drought sites of CHIDT1,
CHIDT2 and KBODT which are clustered closely camnfoanother mega-environment
together with MLKOP and BAKLN (BKOLN) (white ovalWhich share similarity with the
other managed drought locations as indicated byirttegsection of the spheres. MLKOP,
which was a managed optimum site, was closer taltbeght sites than the other optimum
sites. The low-N stress environments of HRELN1 BiRELN2 were grouped together, and
may be considered as another mega-environmentviauaion of genotypes for low-N
stress. The fourth category of the mega-environme Chisumbanje (CHSDT) (brown
circle) located in Zimbabwe. Though this site wamsidered to be similar to the other
managed drought sites, this study confirmed the ast another mega-environment. Hence,
genotypes that performed well at CHSDT are not etgqueto show similar performance in

the other managed drought sites and vice versa.

These mega-environment groupings appear consistégtit the current germplasm
characterisation system at CIMMYT by which MLKOPB®DT, CHIDT are among the
sites identified for the development of droughetaht maize genotypes for the mid altitude
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dry areas of Ethiopia, Kenya and Zimbabwe, respelsti Similarly, the optimum sites in
Ethiopia (BAKOP, AWAOP), Kenya (EMBOP, KAKOP) andimbabwe (HREOP1,
HREOP2 and RATOP) are among the sites identifedtHfe evaluation and characterisations
of CIMMYT’s maize germplasm for the mid-altitudeomst ecologies of ESA (Magorokosho
et al., 2009; 2010; Makumbi, 2011; Setimela et2012) which are also grouped together in
this study. The grouping of CHSDT indicates the’sitlissimilarity with the other sites that
are grouped under the mid altitude dry ecologie=ndd, there is a need or revision of the
mega-environments by CIMMYT in order to place CHSDT a different/unique mega-

environment.

In Fig. 4.12 the green lines connecting the germtgpores shows the distance of the
genotypes onto the ATC-x axis. The longer the ptame from the ATC-x axis, the lower the

stability of the genotype. The presence of highjgmtion of the genotypes also indicates the
presence of enormous G x E interaction. The gemosgores also help to construct the

convex-hull (polygon) to see the which-won-wherégra of the GGE biplot.

Cluster analysis

Finally, cluster analysis was used to classify tlevironments or genotypes into
homogeneous groups based on the performance obdbie 25 genotypes. The analysis
operates on a matrix of dissimilarity (or similgyiindices for all possible pairs of genotypes
or pairs of environments, depending on what is dpeinstered. The dendrograms (Fig. 4.13
and 4.14) were constructed with the Unweighted Bagup Method with Arithmetic Mean
(UPGMA) clustering technique. The dendrogram far genotypes was constructed for the
top 25 entries based on the AMMI adjusted meandgieThe environmental means from
AMMI were also used for the construction of dendewmgs for the 15 stress and non-stress

environments.

Clustering of genotypes at a cut-off value of r6daced six clusters (Fig 4.13). Cluster one
is separated from the others by the highest yigléintry 40. Cluster two consisted of five
entries (54, 15, 55, 96 and 37) which are amonddpeyielders and were grouped similarly
by the AMMIZ2 biplot (Fig. 4.4.). The third clusteontained five entries (48, 60, 45, 52 and
10) while the fourth group had six entries (41, 92, 4, 12 and 43) which are projected in a
similar direction in the AMMI 2 biplot (Fig.4.6.Yhe fifth group consisted of two entries (46
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and 63) which are in opposite position in the AMMiplot showing the difference between
the AMMIZ2 biplot and the cluster analysis. The Iggiup consisted of entries 50, 24, 84, 73,
49 and 22 which are grouped closely to the origithe AMMI2 biplot (Fig. 4.6). Entries 50
and 24 were similar in grain yield performance lase the AMMI adjusted mean yield (Fig.
4.13).

Cluster analysis of environments at cut-off poirfi firoduced two broad clusters which are
clearly separated based on the nature of the emaeats (Fig.4.14). The eight optimum
environments were grouped into one cluster whike dtress environments constituted the
second cluster. However, the cluster analysis at dbt-off point of 0.5 grouped the
environments into four. The first group comprisedK®OP, EMBOP, HREOP1 and
HREOP2 which are among the mid altitude moist aggologies in Ethiopia, Kenya and
Zimbabwe. The environments under the first clustere the top yielding according to the
AMMI adjusted environmental mean yield (Table 4.Zhe second cluster consisted of
KAKOP, AWAOP, MLKOP and RATOP which were among th@imum environments and
yielded less than the first cluster. The third ugrouped CHIDT1, KBODT and BAKLN
as the stress environments which were categorinddrumid altitude dry agro ecologies in
Zimbabwe, Kenya and Ethiopia respectively. The ttoucluster consisted of CHIDT2,
CHSDT, HRELN1 and HRELN2 which had environmentalameield that was lower than
that of the third cluster (Fig.4.14).

The clustering technique helps to visualize onrtationship either between the genotypes
or the environments based on their performance. édew the method does not facilitate
better understanding of the genotype’s performaaceoss environments, or help in
identifying stable and high ranking genotypes. Tethod is also less useful for visualising

the genotype interaction with the environmentsaspared to AMMI and GGE biplot.
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Figure 4.13 Dendrogram showing the clustering of 25 top perfagnmaize genotypes
based on AMMI2 adjusted mean grain yield evaluated5 stress and non-

stress environments of ESA.
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4.4.3 Comparison of AMMI with GGE Biplot

Among the different statistical procedures, AMMUOaBGE are the two foremost techniques
available at present for analysis of data from METse main focus of this section is to
highlight the main differences as well as the atvg®s and disadvantages of the two models
based on the data used in this study. The argunfrembsthe critics and/or supporters of the
models were discussed to substantiate or negate swnthe findings of this chapter.
However, detailed explanations and in depth aralgbithe models is considered beyond the

scope of this section.

The main difference between AMMI and GGE is baseade procedures of PCA of the
original data. The GGE biplot model, also refertecas environment centred PCA, applies
singular value decomposition (SVD), a lengthy mathtcal procedure, to the original data
and subtracts the environment means which alsowesnthe grand mean from the analysis
(equation 1). The AMMI model uses the same proaetut subtracts both the genotype and
environment means from the PCA and adds back @r&dgnean (equation 2) (Gauch, 2006).
The mathematical equations of the models are presgebelow to support the above
explanation. Hence, GGE biplot focuses on genotyp@n effect and genotype by
environment interaction effect (G+GE) while AMMIdases on genotype and environment
main effects and the G x E interaction effects (E+GE). The main reason for excluding
environment effect from the GGE biplot model is dzhon the fact that contribution of
environmentper seis not an important component in evaluating thefgpmance of
genotypes (Yan et al., 2007). In addition, in mahvironment yield trials, environment is
often the main contributor for the variation, hemeenoving this effect will give enough
room to analyse the genotype and G x E interactiam effects, which is the main interest of
a crop breeder in evaluating the potential of l@s/fpermplasm. However, the inclusion of
environmental effect in the AMMI analysis receivagpport because of the interdisciplinary
approach of the crop improvement research whichirmgode soil scientists and others who
are interested on the effect of environment (Gaidl., 2008). Based on this assumption the
ANOVA part of AMMI separates genotype and enviromtneain effects and the G x E
interaction effects whereas in the case of GGE anly G and G x E interaction effects. The
differences on the model equations for GGE and AMK# presented below for comparison

purposes.
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The model equation for GGE is:

Yger - /Be - Zn/]nygnéen + Ioge + gger 1

where, Y, is the yield for genotypg in environmene for replicater, £, is the mean for
environmente, A, is the singular value for principal componeny,, is the eigenvector
score for genotypg and environment, J,, is the eigenvector score for environment e and

componentn, o, is the residual for genotype g and environmeranel £ is the error for

ger

genotypeg and environmend and replicate.

The model equation for AMMI can be written as:

Yoor =0y = Bat =D AVenGen ™ Pyet Eqer 2

where a, is the mean of the genotygeand H is the grand mean. The other variables are

similar to those of GGE.

There are various opinions on whether the AMMIupexior to GGE biplot or vice versa in
the analysis of METs (Yan, 2001; 2002; Gauch, 20Q8) et al., 2007; Gauch et al., 2008).
GGE’s prime advantage seems to be the visualisatptions of the biplot by which the
which-won-where pattern and discriminating powerd arepresentativeness of test
environments can be clearly sketched by GGE wlsaiot the case with AMMI though it is
not entirely impossible (Yan et al., 2007). Propueeof AMMI claim that the capturing
ability of AMMI2 of the variability caused by G an@E is better than GGE2 and they
outlined the general trend as AMMI1< GGE2 < AMMR4duch et al., 2008). The assertion
by the AMMI group was also supported by the prestudy. In this study where there was
high G x E interaction due to the inclusion of erte environments, AMMIL1 captures
35.73% , AMMI2 captures 61% of the total varialildue to G x E interaction whereas
GGE2 captures about 50% (Fig. 4.6 and Fig. 4.7 d&lineation of meaningful mega-
environments and its visualisation on the biploiisre convenient and easier on GGE than
the AMMI biplot. The GGE biplot gives an option afata scaling, transformation and
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singular value partitioning (SVP) options (Fig. ®).1to visualise and interpret the biplot

which is not the case with AMMI, at least by thereatly available statistical software.

Apart from the argument within AMMI and GGE, crigid®ave also shared their concern on
the limitations of the biplot techniques in generatcording to Yang et al. (2009) the use of
biplot beyond its simple visualisation tool needglier caution. To understand whether the
which-won-where pattern is always realistic or natiether the biplots are capable to
indicate the nature and causes of the G x E inierecamongst others needs further scrutiny
and should stand the test of various statisticatguiures. They also suggested the application
of the bootstrap statistical method to the mult#mmnment data by which the data needs to
be resampled with a certain confidence limit fon@gpe and environment scores in biplots
to reach critical decision on genotype selectionrerommendation (Yang et al., 2009).
However, the idea of bootstrapping procedure wgted by Yan et al. (2010) who claim
resampling of multi-environment data will destrdyetvery essence of G x E interaction
pattern, an important aspect of biplot analysisaMehile, the idea of Yang et al. (2009) to
test biplots with additional statistics looks sowardl is supported by this study. In the GGE
biplot analysis, the which-won-where pattern (F@) listed entries 90, 86, 28, 23 and 83 as
the best for the environment of CHSDT, whereasethestries were not among the top

yielders according to the ANOVA results presentedable 3.6 and Appendix 2.

In conclusion, the critical evaluation of biplotkmiques in general and AMMI and GGE in
particular in recent years will open windows of ogpnity for further improvement of the

dark-side of the models. However, the general amwse among scientists is that for the
foreseeable future, AMMI and GGE biplot will be tbely available good options to extract
valuable information from complex multi-environmetdta. The application of either of the
models should take into account the purpose ofrésearch and the inclusion of other
statistical test for critical genotype selectiorurther research on biplots will not only
harmonize some of the existing disagreements bad ahhance the usefulness of the

techniques in a wider perspective.
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4.5 Conclusions

The vyield stability and adaptation pattern of 96za@agenotypes evaluated in 15 stress and
non-stress environments of ESA was assessed basi@ dwo most important multivariate
analyses procedures, AMMI and GGE. The ANOVA of &idMI model showed highly
significant differences (P < 0.001) for environngrgenotypes and G x E interaction. The F-
test was highly significant (P < 0.001) for all tiee IPCA axes that explained 100% of the
variation due to G x E interaction. The environmmain effect explained 76.88% of the total
yield variation followed by the G x E interactioh2(44%). The genotypes explained only
3.35% of the variation which is a common occurrempegticularly when trials are conducted

in very diverse environments.

The AMMI analysis identified entry 40 (G40) as ttop yielder among the 96 genotypes
evaluated across all the environments and entrfG3®) was the lowest yielder. The most
stable entry identified by this model was entry (@60) while entry 37 was categorized
among the least stable entries due to its furghesition on the IPCA1 axis. However due to
its high mean grain yield it can be consideredeaponsive entry for a specific environment.
Among the 15 environments HREOP1 was the most nssp® environment for the

evaluation of the genotypes while RATOP was a ingdht stable environment unlike

AWAOP which was identified as the least stable emmment.

The AMMI2 biplot identified entry 37(G37) as the storesponsive to the optimum
environment of Awassa, Ethiopia (AWAOP) and entr§ 4nd 54 to the optimum
environment of Kakamega, Kenya (KAKOP). Among theieonments, AWAOP was found
to be the most discriminating due to its long dis&afrom the origin of the AMMI2 biplot.
AMMI2 biplot grouped environments based on the mparformance; as a result all the
optimum environments were grouped similarly in tfoétom right quadrant of the biplot and
all the stress environments in top left quadrahie AMMI2 biplot for the top 25 genotypes
showed that entries 54, 46, 96, and 55 were cleseBAKOP indicating their better
performance in this optimum environment of Ethiogntries 73, 22 and 63 were more
adapted to the stress environments and more sgbifentry 73 was closer to the managed
drought environment of Kiboko-Kenya (KBODT). Engi®2, 40 and 37 were adapted to
MLKOP, EMBOP and AWAORP.
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The two principal components of the GGE biplot capd about 50% of the total G x E
variation. Entries 37 and 40 were ranked the tafopaing genotypes by the GGE analysis
and among the environments HREOP2, HREOP1 and AWMA@R the most responsive
environments during the evaluation of the 96 hybratross all the environments. In the
which-won-where analysis, the GGE biplot was dididento seven sectors and the
environments distributed in the four sectors. Estincluded under the sector where one or
more environments grouped were considered to beb#st entries for that particular
environment(s). Entries grouped in a sector withengironment(s) were considered to be
poorly performing entries or that the entries did win at any of the environment(s). Entries
37, 40, 52 and others in the same sector were tist snitable entries in the environments of
AWAOP, EMBOP, KAKOP, BAKOP, HREOP1, RATOP, HRELNIRELNZ2 and BAKLN
(Fig. 4.9).

To identify ideal genotypes and ideal test envirents, a GGE biplot was constructed to
analyse the discriminating ability and represewmggiess of the environments. Among the
environments HREOP2 was the most representativeosmwent as it had relatively small
projection from the ATC y-axis; it was also hightijscriminating because of its large
projection onto the ATC x-axis. AWAOP was also actiminating environment because of
its large projection from the origin. However, stmot a representative environment because
of its large distance from the ATC y-axis (Fig. ¥).1The closest entry to the ideal genotype
was entry 40 followed by entry 37. However, entdyshowed a better stability than entry 37
because of its relative position on the ATC y-aksitry 36 was the poorest performing

genotype due to its furthest position on the AT&xis.

In the delineation of mega-environments, the GG&lyeis created four broader groups from
the 15 environments. The environments of AWAOP, EDNB KAKOP, HREOP1, HREOP?2,
BAKOP and RATOP were classified under the same reeg&onment which indicates
those genotype performed well in one of these lonatcan be deployed to the others with an
expected similar performance. Most of the drougiéss environments viz. CHIDTL,
CHIDT2, KBODT MLKOP and BAKLN (BKOLN) were groupeth to the same mega-
environment. Furthermore, the optimum environmémbKOP and the low-N stress site of
BAKLN (BKOLN) also fell in this group. The low-N stss environments of HRELN1 and
HRELNZ2 were grouped together to form another megarenment for the screening of

genotypes for low-N stress. The fourth mega-envitent identified was Chisumbanje
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(CHSDT) a drought stress screening site locatedinmbabwe. This site was isolated from
the other drought stress sites because of the bal@nage performance of the genotypes.
Hence, CHSDT needs to be considered as a separga-environment for screening
drought tolerant genotypes (Fig. 4.12).

Cluster analysis of genotypes at a cut-off valueldf produced six clusters while the
environments were grouped into two broad clustdosvever, the cluster analysis at the cut-
off point of 0.5 classified the environments intwuf groups. The first group comprised
BAKOP, EMBOP, HREOP1 and HREOP2 which are amongnti@ altitude moist agro
ecologies in Ethiopia, Kenya and Zimbabwe. The sédcoluster consisted of KAKOP,
AWAOP, MLKOP and RATOP, the third cluster containetlIDT1, KBODT and BAKLN
which were among the stress environments in the afidude dry agro ecologies in
Zimbabwe, Kenya and Ethiopia respectively. The ttogiuster which consisted of CHIDT2,
CHSDT, HRELN1 and HRELN2 were among the droughtlamdN stress environments.

The comparison of AMMI and GGE biplot revealed therits and drawbacks of the two
models. AMMI2 was found to capture more of the ability due to G x E interaction than
GGE2. The GGEZ2 biplot offers an easy visualizateord understanding of the complex
multi-environment data than the different model ifgmof AMMI. Critics of biplot
techniques in general argue about the over useabuse of the method and recommended
the application of other statistical proceduresider to make critical decisions on genotype
evaluation or selection. However, the applicatidnAMMI and GGE biplot will remain
important for the foreseeable future and furtheseagch is expected not only to harmonize
the existing differences but also to enhance thieibese of biplot techniques in general.
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CHAPTER 5

Evaluation of early maturing open pollinated QPM vaieties for grain yield and days to

anthesis under the diverse mega-environments of ECA

5. 1 Abstract

According to the global hunger index, countrie€EBA are currently categorised as having
either “serious” or “alarming” levels of hunger bese of low agricultural productivity and
prevalence of abject poverty, among others. Theeldpment and deployment of high
performing early maturing OPVs of quality proteirmize (QPM) will benefit resource poor
and marginal communities to attain food and nubnil security at household and country
levels. A total of 38 (37 QPM and a normal cheadyematuring OPVs were evaluated in
two sets in a total of 37 environments for graielgiand 35 environments for days to
anthesis in the diverse environments of ECA du2id@6-2008. Mean squares for entries and
the test environments as well as the interactiotwben entries and environments were
highly significant (P< 0.01) both for grain yield and days to anthesis tfte two sets of
trials. From the first set of trials, entry 19 shedva 40%, and from the second set entry 31
showed a 44% grain yield advantage over the norchatk variety (Katumani). The average
days to anthesis of the candidates from both sets %5 and for the check was 58 days. The
AMMI model identified entry 7 as the most stableetg and Kiboko (Kenya) (KIB3) as the
most responsive environment, and entry 20(Katumasithe least stable and low yielding,
and Kakamega (Kenya) and Gandajika (DR Congo) addhst responsive environments for
grain yield. Similarly entries 12, 15 and 18 wele tmost stable entries and Melkassa
(Ethiopia) and Kiboko (Kib2) were the most stabtwieonments for days to anthesis for the
first set of trials. The GGE biplot grouped thettesvironments into five mega-environments
based on grain yield and four mega-environmentethas days to anthesis of the second set
of trials. Out of the five groups, the environm&wruweru (Tanzania) was identified as a
separate mega-environment and Mosso (Burundi) dgdrEDowns (Kenya) were grouped
under similar mega-environments. Based on daysntbesis, the environment Mparambo
(Burundi) and Rahd and Wad Madani (Sudan) wereirgjsished as different mega-
environments. The GGE biplot also identified erdy and Embu (Kenya) as an ideal
genotype and environment, respectively. RecyclingRM OPVs after the third generation
showed a 39% and the normal maize (Katumani) a 328 loss which indicated the
threshold year for the maintenance of OPVs. Thislyswill contribute significantly to the
release of widely adapted QPM varieties in the eagfacilitate germplasm exchange among
environments and will enhance the livelihood of zeaddased communities in the region and
beyond.

Key words: QPM; Mega-environments; AMMI; GGE; tropical openllp@mted maize;

grain yield; days to anthesis.
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5.2 Introduction

According to the global hunger index for the ye@i2, most of the countries in SSA are
categorised under “serious” and some countriesalsming” for levels of hunger, South
Africa being the only exception where it is categed under "moderate” (von Grebmer et
al., 2012). Although the level of hunger and maiioh in SSA is in a declining trend from
its level in 1990, the situation in some countnesrsened and millions of people in the
region are still in a state of malnutrition. Twertyee percent of sub-Saharan children are
under weight and countries like Burkina Faso, Ch2einocratic Republic of Congo, Mali,
Sierra Leone, and Somalia have the highest undefiag child mortality rate in the world
(IFPRI, 2012). According to the IFPRI (2012) repont two ECA countries (Burundi and
Eritrea) more than 50% of the population is underisted. Although various factors
contributed to the severe food security situatior8BA, the base of the problem relates to

low agricultural productivity.

Maize is the most important cereal food crop in SBérticularly in ESA where it accounts
for 53% of the total cereal area (FAOSTAT, 2010J 80-70% of total caloric consumption
(Langyintuo et al., 2010). Maize covers about 28iom ha in SSA (Smale et al., 2011) and
is produced largely in smallholder systems, prilgddr food (Hassan et al., 2001; Diallo et
al., 2004; Banziger and Diallo, 2004; Smalberget én Toit, 2004; Smale et al., 2011)

Maize is cultivated on about 10 million ha in east€/.79 M ha) and central (2.31 M ha)
Africa and it is increasing by 2% annually (based1®61-2008 estimates). Based on the
2005-2008 estimates, the average maize vyield fstega Africa is about 1.5 t Haand for
central Africa about 1.10 t H{Smale et al., 2011). The average per capita copsomof
maize in ECA is lower than in southern Africa. laseern Africa, per capita annual
consumption ranges from 40 kg in Burundi to 105rk¢{enya (Hassan et al., 2001). Based
on the 2003-2005 estimates of the World Bank, h@wnethe average per capita consumption
of maize for eastern Africa is 27 kepp'year* and for central Africa it is 25 kigap'year*
which is less than in southern Africa (82 %kap'year’). However, the annual maize
production growth for ECA is about 3% compared 8P4 for southern Africa (Smale et al.,
2011).

Although maize is a dominant food crop in ECA,ntgritional quality is poor due to the low
levels of lysine and tryptophan content in normaliza, which dominates the region and
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Africa at large. QPM has superior protein qualigcause it has twice the level of these
essential amino acids compared to normal maizehasdoroved to mitigate protein energy
malnutrition and hunger in communities where ma&a dietary staple. Many researchers
indicated the competitiveness of QPM for graingieith the best normal maize counterparts
(Bjarnason and Vasal, 1992; Pixley and Bjarnasd@f3l Cordova and Pandey, 1999;
Vergara et al., 2000). This confirms the advantafg3PM both in nutrition and grain yield,

particularly in SSA where animal sources of protai@ not affordable for many people.

The majority of the maize area in SSA is plantethwither local varieties, improved OPVs
or recycled hybrids, although hybrid maize produttistarted almost five decades ago
(Hassan et al., 2001). Among the reasons for th& phce of hybrid adoption in SSA are the
requirements of technical knowledge and capitaltfier production of hybrid seeds (Pixley
and Banziger, 2001). Furthermore, the seed indust85A is not well developed, as a result
the bulk of maize seed planted in the region corfresm the informal seed sector
(MacRobert, 2009). The hybrid seed market targelg loetter off farmers who can afford the
seed. However, many people in ECA live below theepty line and are categorised under
“low human development index” with a high percertad) severe poverty (UNDP, 2011) and
cannot afford the high price of hybrid seeds argbeiated inputs. Hence, under resource-
poor farmer conditions, in areas where the seetésyss underdeveloped, with the current
high input costs together with the low purchasirgver of farmers, particularly in rural
areas, improved OPVs are the only viable optiore Tain reason for OPVs remaining a
viable option for marginal farmers is the ease ®\seed production which results in low
unit price of seed and the recycling of OPV seamtsnfiore than one season. Therefore,
development and deployment of improved and supg€dPM OPVs in ECA will be an
effective strategy to alleviate both food and riamial insecurity which will, in turn, help to
attain economic growth. Grain yield advantage atsl stability across the diverse
environments of ECA are the key solutions to festk the adoption of QPM cultivars in
ECA as well as SSA.

Besides improving the primary trait (yield) of QPMisis also important to develop climate
resilient cultivars that can adapt to the hetereges maize growing conditions of ECA and
SSA. Secondary traits like days to anthesis, daysliking, anthesis-silking interval among
others, greatly affect the ultimate yield of a mat. Similar to yield, secondary traits in

maize are also affected by growing environments.oAgnthe secondary traits, male

156



flowering is more important than silking, as th#dais more influenced by abiotic stress and

tasseling is more stable in adverse environmenptaditions (Koester et al., 1993).

Temperature and photoperiod are the two most impbffactors that influence the time of

flowering (an important secondary trait) in tropicaaize cultivars. Temperature is a major
determinant of the rate of plant development anth whe global climate change; warmer
temperatures that shorten development stages @fndieiate crops will most probably reduce
the yield of a given variety (Craufurd and WheeR€09). Earlier studies on wheat show that
a 1C rise in mean seasonal temperature caused yiltttien of up to 10% and accelerated
days to anthesis and grain maturity (Mitchell et 8093; Wheeler et al., 1996). Photoperiod
(the relative length of the light and dark periodsan equally important environmental factor
that induces flower formation and together with pemature they determine the timing of

flowering within a season (Roberts and Summerfi#i87; Wallace and Yan, 1998; Kikuchi

and Handa, 2009; Xu et al., 2012).

In general, the ideal estimation of the time betwpkanting and days to anthesis (when 50%
of the plants start shedding of pollen) in maizenmportant to adjust planting dates, to
exchange germplasm among environments, to addqatitoabiotic (for example temperature
and water) and biotic (pest and disease) streser@ses of days to anthesis include mega-
environment analysis and advancing genetic gaimgugh conventional and molecular

breeding, including introgression with exotic ggumls.

Among the different multivariate analysis, the AMEHd the GGE biplot are the current best
options to identify and group stable genotypes amdronments. The models also help to
visualise large G x E data sets from METs in amnmitive biplot. The AMMI model
combines the ANOVA for the genotype and environnmeain effects with PCA of the G x E
interaction. It has proven useful for understanddhgomplex G x E interaction. Gauch and
Zobel (1996) showed that AMMI 1 with IPCA 1 and AMK with IPCA 1 and IPCA 2 are
usually selected and the graphical representafiaxes, either as IPCA 1 or IPCA 2 against
main effects or IPCA 1 against IPCA 2 is generafiformative. GGE biplot helps to
visualise, among others, the relationship amongggmtypes, which genotype-won-where,
the discriminating power and representativenestheftest-environments and the different

groups of mega-environments (Yan et al., 2000; 2801).
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A study by Erenstein et al. (2011) indicated tmaprioved OPVs are the major cultivars in
the maize growing areas of Ethiopia and Uganda. Sthdy also showed that farmers in
eastern Africa recycle local varieties for an ageraf 8.4 years in Tanzania and 4.6 years in
Ethiopia. The recycling rate of improved OPVs iriBpia and Tanzania was 2.3 and 3.5
years respectively. Among the reasons for the monhtuous use of improved varieties
include; lack of knowledge, shortage of money amskace of suitable varieties (Erenstein et
al., 2011). Compared to hybrids, the yield loss ttugecycling is much less with OPVs due
to their broad genetic base. Pixley and Banzig@012 reported a yield loss of 32% for elite
conventional hybrids and 16% for top cross hybrxys recycling seeds from the first
generation of plants and only 5% for OPVs by reogckeeds from the second generation of
plants. This indicates the advantage of OPVs oybritis for small-holder marginal farmers.
However, a continued use of recycled OPVs will itesusignificant yield loss, hence, it is
important to determine when to obtain fresh OP\Wsearticularly for QPMs where such

information is seriously lacking. Therefore, thgemtives of this study were to:

1. evaluate early maturing tropical open pollinateEMvarieties for grain yield and
days to anthesis in ECA

2. analyse the association of the candidate QPM OR\(s ta identify responsive

genotypes and environments based on grain yielddayd to anthesis using the
AMMI model

3. sub-divide the maize growing environments of ECAtoindifferent mega-

environments based on the genotype response to gield and days to anthesis
using GGE biplot

4. determine the threshold year for replacing QPM ORifs fresh seed

The output of this study will contribute to enhathdeod and nutritional security, and foster
sustainable and equitable economic growth in tge@reand beyond.
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5.3 Materials and methods

Germplasm

Nineteen early maturing QPM OPV’s were includethia first set of trials (set A) which was
conducted during 2006 and 2007. The 19 QPM vasetvere compared with a normal
endosperm OPV - Katumani which is an extra earlyunray white, semi-dent variety,
developed at Katumani, Kenya and widely grown iaught prone areas of eastern Africa
(Mugo et al., 1998) and an additional local chedkclw made the total number of entries in
the trials 21. The QPM cultivars were developed tioeir earliness in maturity, high
tryptophan level and protein quality. The materiakye selected for adaptation to the low

and mid altitude agro ecologies of the diverseita@pgenvironments.

The second set of trials (set B) which were coretlidtom 2007-2008 consisted of 37 early
maturing QPM varieties, one non QPM commercialatgr(Katumani) and a local check that
made the total number of entries 39. Of the 37 QeMvars, 19 were included in the first

set of trials and the other 18 had basically thmesgenetic background as the first 19
cultivars except that their advancement to OPV aaseved through successive bulking of
selected ears. Seed production for the trials wase doy plant-to-plant (full-sib) manual

pollination ensuring the seed stock was proteataah fexternal pollen sources or adulteration

from other varieties.

The development of the QPM varieties was througiktr@ss breeding by which selected F
parents were recurrently backcrossed to the QPMrdem as to increase the allele frequency
of the modifier genes (Vivek et al., 2008). Sampiésach entry were sent to CIMMYT
Maize Nutrition Quality and Plant Tissue Analysighoratory for the determination of
tryptophan (TRP) and total N content following tvecedures described by Villegas (1975).
Percentage of protein concentration of the sampéssdetermined by the formula of Nkonge
and Balance (1982):

% Protein = % N x 6.25

where N is the value of nitrogen and 6.25 is a eosion factor for maize. The protein

guality index (QI) was calculated as follows:

%tryptophan
% protein

x100

Quality Index (QI) =
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Seed production for the trials was done at Kibdkenya, one of the drought tolerant maize
screening stations of CIMMYT. In Table 5.1 the mgdes of the germplasm are presented
with their entry code, tryptophan (TRP) and N lsvet the materials included in the 2006-
2007 trials. Table 5.2 shows the pedigrees of h€@BM-OPVs and the checks included in
the 2007-2008 trials. Each year the seed was peoldg manual self pollination at Kiboko
nursery as indicated by the codes of the stocktiftEation (ID). The stock ID explains the
place, year, season and blocks of the seed produatid it served as a reference for tracing
the seed in the store. Table 5.3 shows the demxripf the test environments and Fig.5.1

shows the geographical location of the countriekigted in this study.

Table 5.1 Pedigree and description of 21 early rrajuopen pollinated maize varieties
evaluated in ECA during 2006-2007

TRP N Protein  Quality
No. Pedigree Stock ID Code (%) (%) (%) index
1 EEQPMOPV-1-EA-# KBO5B-0B17-1 Vi 0.075 1.23 7.72 0.97
2 EEQPM-HT -# KBO5B-0B17-2 V2 0.071 1.39 8.66 0.82
3 EEQPM-6-EA -# KBO5B-0B17-3 V3 0.068 1.33 8.34 0.81
4  EEQPM-9-EA-# KB05B-0B17-4 \Z! 0.069 1.43 8.91 0.77
5 EEQPM-8-EA-# KBO5B-0B17-5 V5 0.069 1.26 7.85 0.88
6 EEQPM-13-EA-# KBO5B-0B17-6 V6 0.072 1.42 8.90 0.80
7 EEQPM-16-EA-# KBO5B-0B17-7 V7 0.075 1.45 9.05 0.83
8 EEQPM-18-EA-# KB0O5B-0B17-8 V8 0.075 1.35 8.41 0.89
9 EEQPM-29-EA-# KBO5B-0B17-9 V9 0.078 1.48 9.25 0.84
10 EEQPM-34-EA-# KB05B-0B17-10 V10 0.076 1.49 9.34 0.82
11 EEQPM-36-EA-# KBO5B-0B17-11 V11 0.078 1.41 8.83 0.88
12 EEQPM-38-EA -# KB0O5B-0B17-12 V12 0.064 1.42 8.87 0.72
13 EEQPM-45-EA -# KBO5B-0B17-13 V13 0.068 1.44 9.01 0.75
14 EEQPM-49-EA-# KBO5B-0B17-14 V14 0.065 1.29 8.04 0.81
15 EEQPM-21-EA-# KB0O5B-0B17-15 V15 0.071 1.34 8.37 0.85
16 EEQPM-33-EA-# KB0O5B-0B17-16 V16 0.071 1.30 8.12 0.87
17 EEQPM-42-EA-# KBO5B-0B17-17 V17 0.077 1.39 8.68 0.88
18 EEQPMS2-#-GEASP - 1-# KBO5B-0B17-18 V18 0.073 1.33 8.30 0.88
19 POOL15QPM-SR-#-# KBO5A-0A36-13 V19 0.084 1.68 10.51 0.80
20 Katumani (Normal Maize) COMMERCIAL V20 0.045 1.37 8.57 0.53
21 Local check (Normal Maize) LOCAL CHECK V21 - - - -
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Table 5.2 List and pedigree of 39 early maturingropollinated maize varieties evaluated in
ECA during 2007-2008

2007 2008
No.
Stock ID Pedigree Stock ID Pedigree Code
1 KB06B-0B13-1 EEQPMOPV-1-EA-B-B-#-# KBO7A-0A15-1 EEMOPV-1-EA-B-B-#-#-# OPV1
2 KB06B-0B13-2 EEQPMOPV--HT-B-B-#-# KBO7A-0A15-2 EEQ®PV--HT-B-B-#-#-# OPV2
3 KB06B-0B13-3 EEQPMOPV--6-EA-B-B-#-# KBO7A-0A15-3 EFPPMOPV--6-EA-B-B-#-#-# OPV3
4 KB06B-0B13-4 EEQPMOPV--9-EA-B-B-#-# KBO7A-0A15-4 EFMOPV--9-EA-B-B-#-#-# OPV4
5 KB06B-0B13-5 EEQPMOPV-8-EA-B-B-#-# KBO7A-0A15-5 EEQIOPV-8-EA-B-B-#-#-# OPV5
6 KB06B-0B13-6 EEQPMOPV--13EA-B-B-#-# KB0O7A-0A15-6 EFPMOPV--13EA-B-B-#-#-# OPV6
7 KB06B-0B13-7 EEQPMOPV--16-EA-B-B-#-# KBO7A-0A15-7 HEPMOPV--16-EA-B-B-#-#-# OPV7
8 KB06B-0B13-8 EEQPMOPV--18-EA-B-B-#-# KB0O7A-0A15-8 HEPMOPV--18-EA-B-B-#-#-# OPVS
9 KB06B-0B13-9 EEQPMOPV--29-EA-B-B-#-# KBO7A-0A15-9 HRPMOPV--29-EA-B-B-#-#-# OPV9
10 KB06B-0B13-10 EEQPMOPV--34-EA-B-B-#-# KB0O7A-0A15-10 EEQPMOPV--34-EA-B-B-#-#-# OPV10
11 KkB06B-0B13-11 EEQPMOPV--36-EA-B-B-#-# KBO7A-0A15-11 EEQPMOPV--36-EA-B-B-#-#-# OPV11
12 KkB06B-0B13-12 EEQPMOPV--38-EA-B-B-#-# KBO7A-0A15-12 EEQPMOPV--38-EA-B-B-#-#-# OPV12
13 KB06B-0B13-13 EEQPMOPV--45-EA-B-B-#-# KB0O7A-0A15-13 EEQPMOPV--45-EA-B-B-#-#-# OPV13
14 KB06B-0B13-14 EEQPMOPV--49-EA-B-B-#-# KB07A-0A15-14 EEQPMOPV--49-EA-B-B-#-#-# OPV14
15 KB06B-0B13-15 EEQPMOPV--21-EA-B-B-#-# KBO7A-0A15-15 EEQPMOPV--21-EA-B-B-#-#-# OPV15
16 KB06B-0B13-16 EEQPMOPV--33-EA-B-B-#-# KB0O7A-0A15-16 EEQPMOPV--33-EA-B-B-#-#-# OPV16
17 KB06B-0B13-17 EEQPMOPV--42-EA-B-B-#-# KBO7A-0A15-17 EEQPMOPV--42-EA-B-B-#-#-# OPV17
18 KB06B-0B13-18 EEQPMOPV--#-GEASP-1-B-B-#-#  KBO7A-0318 EEQPMOPV--#-GEASP-1-B-B-#-#-# opy/18
19 KB06B-0B13-19 EEQPMOPV-1-EA-#-# KBO7A-0A15-19 EEQRNAV-1-EA-#-#-# OPV19
20 KB06B-0B13-20 EEQPM-HT -#-# KBO7A-0A15-20  EEQPM-H#-#-# OPV20
21  KB06B-0B13-21 EEQPM-6-EA -#-# KBO7A-0A15-21 EEQPMEB\ -#-#-# OPV21
22 KB06B-0B13-22 EEQPM-9-EA-#-# KBO7A-0A15-22  EEQPMEA-#-#-# OPV22
23 KB06B-0B13-23 EEQPM-8-EA-#-# KBO7A-0A15-23 EEQPMER-#-#-# OPV23
24 KBO06B-0B13-24 EEQPM-13-EA-#-# KBO7A-0A15-24 EEQPM-EA-#-#-# OPV24
25  KBO06B-0B13-25 EEQPM-16-EA-#-# KBO7A-0A15-25 EEQPM-EA-#-#-# OPV25
26 KBO06B-0B13-26 EEQPM-18-EA-#-# KBO7A-0A15-26 EEQPMN-EA-#-#-# OPV26
27  KB06B-0B13-27 EEQPM-29-EA-#-# KBO7A-0A15-27 EEQPM-EA-#-#-# OPV27
28  KB06B-0B13-28 EEQPM-34-EA-#-# KBO7A-0A15-28 EEQPM-BA-#-#-# OPV28
29  KB06B-0B13-29 EEQPM-36-EA-#-# KBO7A-0A15-29 EEQPM-BA-#-#-# OPV29
30  KB06B-0B13-30 EEQPM-38-EA -#-# KBO7A-0A15-30 EEQPI8-EA -#-#-# OPV30
31  KB06B-0B13-31 EEQPM-45-EA -#-# KBO7A-0A15-31 EEQPMB-EA -#-#-# OPV31
32 KB06B-0B13-32 EEQPM-49-EA-#-# KBO7A-0A15-32 EEQPN-EA-#-#-# OPV32
33 KB06B-0B13-33 EEQPM-21-EA-#-# KBO7A-0A15-33 EEQPM-EA-#-#-# OPV33
34 KB06B-0B13-34 EEQPM-33-EA-#-# KBO7A-0A15-34 EEQPM-BA-#-#-# OPV34
35  KB06B-0B13-35 EEQPM-42-EA-#-# KBO7A-0A15-35 EEQPM-EA-#-#-# OPV35
36  KB06B-0B13-36 EEQPMS2-#-GEASP - 1-#-# KBO7A-0A15-36EEQPMS2-#-GEASP - 1-#-#-# OPV36
37  KB06B-0B30-1 POOL15QC7-SRC1-F2-#-#-# KBO7A-0A15-37PO0OL15QC7-SRC1-F2-#-#-#-# OPV37
38 COMMERCIAL KATUMANI COMMERCIAL KATUMANI OPV38
39 LOCAL CHECK LOCAL CHECK LOCAL CHECK LOCAL CHECK OPV39
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Table 5.3 Description of the test environments GAE

Country Location Latitude Longitude Altitude Plotarea Code
(m) (m’)
D.R.Congo Gandajika  6%45'S 2557'E 780 8.25 GAN
Ethiopia Melkassa 8°24'N 3917'E 1552 7.875 MEL
Kenya Bungoma 0°32' N 3433'E 1388 7.3125 BUN
Kenya Embu 0°30'S 327 E 1502 7.875 EMB
Kenya Kiboko 2°12'S 3743 E 925 6.30 KIB
Kenya Kakamega  0°16'N 3445 E 1585 7.50 KAK
Rwanda Rubona 2°29'S 2839'E 1650 7.875 RUB
Rwanda Nyagatare  1°17'S 3018'E 1415 7.875 NYA
Uganda Namulonge 0°31'N 3237'E 1133 7.95 NAM
Kenya E.Downs 1°03'N 3451'E 1900 7.875 EDO
Kenya Siaya 0%2' N 3418'E 1330 7.875 SIA
Kenya Alupe 0°29'N 3407'E 1170 2.875 ALU
Kenya Thika 1°03'S 3658 E 1564 7.875 THI
Kenya Kimaeti 0°36' N 3425'E 1300 7.875 KIM
Kenya Kitale 1°03'N 3456' E 1850 9.00 KIT
Burundi Mosso NA NA NA 8.25 MOS
Burundi Mparambo NA NA AN 8.25 MPA
Sudan Wad Madani 14°23'N  3329'E 411 8.40 WAD
Sudan Rahad 13°56'N  3403'E 422 8.40 RAH
Tanzania SARI 3%22's 3837E 1387 7.875 SAR
Tanzania Arusha 3°18's 3638'E 1525 7.875 ARU
Tanzania Selian 322's 3636'E 1300 7.875 SEL
Tanzania Mbulumbulu  4°24'S 3810'E 1210 7.875 MBU
Tanzania Weruweru  3°19'S 3715E 929 7.875 WER
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Figure 5.1 ECA countries included in the evaluation of eanlgturing QPM varieties during 2006-2008.
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Experimental design and statistical analysis

All the trials were planted in am (0,1) lattice experimental design (Patterson anitiams,
1976) with three replications and two row plotathtocations in 2006 and 2007. In the other
set of trials (set B) that was conducted during7280d 2008, the number of replications and
rows were two across all the locations. ANOVA faaig yield for each environment was
conducted with the PROC MIXED procedure in SAS @0Qocal checks were included in
the analysis of individual locations, but were exidd in the analysis of combined
environments as local checks differed from locatimocation and country to country. The
effects of the genotypes, locations and years dsasetheir interactions were determined
from the PROC GLM procedure in SAS (2003). Genatypere assumed to be fixed, while
year and location effects, replications and bloekthin replications were considered as
random. Statistical analyses were performed tothessignificance level of grain yield and
days to anthesis of the genotypes for each locatmohyear as well as the combined analysis

of variance across locations and years.

Biplot analysis was performed to visualise the trefships among the genotypes and
environments using GenStat5"edition (GenStat, 2012). AMMI and GGE biplot analys
were done to identify stable genotypes and to iflasise different locations into different
mega-environments based on the grain yield perfoceand days to anthesis of the QPM
OPVs. Detailed procedures and interpretation of ANdlMd GGE biplots are presented under

the materials and methods section of Chapter 4.
5.4 Results and discussion
5.4.1 Evaluation of genotypes for grain yield and ays to anthesis

Trial set A (2006-2007)

The results of the ANOVA for individual locationsrfgrain yield and days to anthesis for the
year 2006 are presented in Table 5.4 and TableeSgectively. Entries showed significant
and highly significant (< 0.05 and P< 0.01) mean squares for grain yield and days to
anthesis across all environments. The percentageo$squares for grain yield (Table 5.4)
and days to anthesis (Table 5.5) show that entvexge the major contributors to the total

variation in all the environments. Kakamega anddKidil were the locations where entry
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contribution to variation was most high (72.38% aftd47% respectively) for grain yield
(Table 5.4) while entries at Kibokol and Melkassatdbuted 87.97% and 80.11 % variation
for days to anthesis respectively (Table 5.5). Emmental (blocks, reps and errors)
contributions were high at Rubona and Namulongegfaimn yield and at Selian for days to
anthesis (Table 5.4 and Table 5.5).

During 2007, the entries showed significant andchlyigignificant (P< 0.05 and X 0.01)
variation for grain yield (Table 5.6) and days tdleesis (Table 5.7) at all locations except at
Wad Madani where days to anthesis within the entsias not significant. In spite of this, the
number of days for male flowering at Wad Madani wase low compared to other locations
(see later Table 5.11). However, the data from \Madlani was not included in the across

locations analysis.

Table 5.8 and 5.9 present results of grain yieldopmance while Tables 5.10 and 5.11
present days to anthesis for the 21 varietiesdemteoss ECA. The shaded cells in the tables
show the grain yield of top performing varietieslahe variety with the least days to anthesis
among the 21 hybrids across locations. The locackhvariety (V21) out yielded the
candidates at five locations in 2006 and two las®tiin 2007.The candidate varieties were
the best at six locations in 2006 and four locaion2007 (Tables 5.8 and 5.9). However, the
candidate varieties were superior in grain yieldaimost all the locations compared to the
commercial check variety, Katumani (V20) in grairelg. The inclusion of local checks
which varied from location to location was usedmonitor the advantage of the candidate
varieties at the specific area and were excludenh fthe across environment analysis. The
commercial check variety V20 (Katumani) was theliesir maturing at all the locations
during 2006 and 2007 except at Kibokol (2006) amdshAa (2007) where the local check
(V21) was the earliest (Tables 5.10 and 5.11).
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Table 5.4 Mean squares from analysis of varianak @ercentage of variance components daxin yield of 21 OPVs tested across 11

environments of ECA, in 2006

Sources of variations
Entry Block Replications Error Total

Country  Location DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF LSD CV%

D.R. Congo Gandajika 20 0.75** 58.86 18 0.49** 3149 2 0.72**5.18 22 0.12 9.47 62 0.58 16.96

Ethiopia Melkassa 20 1.83** 69.16 18 0.33 1128 2 1.60* 6.06 22 032 1350 62 096 9.15

Kenya Bungoma 20 0.49** 50.10 18 0.28 25.74 2 0.62 6.31 22016 1785 62 0.68 11.15
Kenya Embu 20 1.08* 66.81 18 0.29 16.41 2 0.08 0.51 22 024 1627 62 0.83 1151
Kenya Kibokol 20 3.50** 70.47 18 0.80** 1459 2 4.84** 975 22 0.23 5.19 62 0.82 847
Kenya Kiboko2 20 0.52* 5292 18 024 2162 2 0.25 2.62 22020 2284 62 0.76 7.88
Kenya Kakamega 20 0.36** 72.38 18 0.06 10.02 2 0.07 1.35 22 0.07 1625 62 046 37.47
Rwanda Rubona 20 1.17* 42.46 18 0.74 2414 2 397 14.37 22048 1903 62 117 17.01

Rwanda Nyagatare 20 0.94* 52.14 18 0.51 2551 2 0.24 1.31 22035 21.04 62 0.99 11.62
Tanzania Arusha 20 0.79** 66.95 18 0.26 19.67 2 0.12 1.00 22 0.13 1237 62 0.62 1342

Uganda Namulonge 20 1.19* 4461 18 0.47 1568 2 7.25* 27.08 22 031 1263 62 094 1250

*P < 0.05, * P< 0.01, DF= Degrees of freedom, MS=mean square, %&8ent sum of squares, LSD=Least Significant Defiee, CV= Coefficient of Variation
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Table 5.5 Mean squares from analysis of varianckepancentage of variance componentsdays to anthesisof 21 OPVs tested across 11

environments of ECA, in 2006

Sources of variations

Entry Block Replications Error Total
Country — Location  pe g 9ss DF - MS — %SS  DF MS  %SS DF MS %SS DF LSD CV%
D.R.Congo Gandajika 20 9.82* 7447 18 124* 849 2  16.00% 1213 22 059 491 62 130 1.40
Ethiopia Melkassa 20 16.25* 80.11 18  2.61* 1156 2  4.33* 214 22 114 618 62 181 164
Kenya Bungoma 20 23.94** 7441 18 486 1360 2 10.11* 3.14 22 259 8.44 62 272 253
Kenya  Embu 20 16.31* 64.02 18 512* 1810 2  18.78* 7.37 22 243 1051 62 264 2.49
Kenya Kakamega 20 33.55%* 73.07 18 521 1021 2 463 1.01 22 656 1571 62 434 3.78
Kenya  Kibokol 20 12.92* 8797 18 083 511 2 144 098 22 079 594 62 151 143
Kenya  Kiboko2 20 21.69%* 60.94 18  9.26 2343 2 411 115 22 468 14.47 62 3.66 3.60
Rwanda Nyagatare 20 19.52* 67.19 18  4.80 14.890 2 2421* 833 22 253 959 62 270 2.28
Tanzania Arusha 20 49.72** 73.02 18 14.09* 18.62 2 719 105 22 452 729 62 3.60 2.60
Tanzania Selian 20 2457** 4927 18 17.89%* 32.28 2 554 111 22 7.86 17.33 62 475 3.31
Uganda Namulonge 20 17.35* 5239 18  7.16 1945 2 259 078 22 824 2737 62 486 5.20

*P < 0.05, ** P< 0.01, DF= Degrees of freedom, MS=mean square, %&8ent sum of squares, LSD=Least Significant Défiee, CV= Coefficient of Variation
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Table 5.6 Mean squares from analysis of variandepancentage of variance componentgyiain yield of 21 OPVs tested across six

environments of eastern Africa, in 2007

Sources of variation
Entry Block Replications Error Total

Country  Location DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF LSD CV%

Kenya E.Downs 20 0.43** 41.38 18 0.19 1723 2 2642559 22 0.15 1735 62 065 16.83

Kenya Embu 20 5.26** 63.03 18 1.39 1495 2 13.26%* 1575 22048 6.27 62 117 835
Kenya Kiboko 20 2.85** 69.26 18 0.65* 1416 2 3.92* 9.53 22 0.26 7.05 62 0.87 5091
Kenya Siaya 20 0.98** 61.04 18 048 2705 2 0.42 2.60 22 0.14 931 62 0.67 15.88

Sudan W.Madani 20 0.41* 4058 18 0.35* 3114 2 111 1107 220.16 1721 62 0.67 13.89

Tanzania  Arusha 201.13* 4143 18 097 3216 2 348 1279 22 0.34 1361 62 098 1791

*P <0.05, ** P< 0.01,DF= Degrees of freedom, MS=mean square, %SS=pesuanof squares, LSD=Least Significant Differer@¥= Coefficient of Variation
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Table 5.7 Mean squares from analysis of variancepancentage of variance componentsdays to anthesisof 21 OPVs tested across five

environments of eastern Africa, in 2007

Sources of variation

Entry Block Replications Error Total
Country Location

DF MS %SS DF MS %SS DF MS %SS DF MS  %SS DF LSD CV%

Kenya E. Downs 20 4981 75.76 18 6.06 8.30 2 868 1047 22 3.27 5.47 62 3.06 2.23

Kenya Embu 20 20.48** 83.89 18 1.89 6.96 2 12.25**  5.02 22 0.92 413 62 162 1.45

Kenya  Kiboko 20 10.25** 58.62 18 4.50** 23.25 2 21.25* 12.16 22 096 6.07 62 166 1.77
ns

Sudan  W.Madani 20 2.31 38.66 18 1.12 16.91 2 6.78* 11.34 22180 30.08 62 227 270

Tanzania Arusha 20 18.25** 88.66 18 1.26 5.53 2 1.33 0.65 22096 5.16 62 166 142

*P < 0.05, ** P<0.01, ns= non-significanDF= Degrees of freedom, MS=mean square, %SS=pgesuenof squares, LSD=Least Significant DiffererC¥=

Coefficient of Variation
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Table 5.8Grain yield performance (t h§ of 21 OPVs tested across 11 environments of eaéteica, in 2006

Environments

Variety Gan Mel Bun Emb Kibl Kib2 Kak Rub Nya Aru Nam Mean
V1 1.41 5.85 3.66 4.48 5.31 5.20 0.97 3.73 4.77 024 457 3.85
V2 1.87 5.87 3.17 4.49 6.44 6.40 0.46 3.01 4.44 429 4.43 3.96
V3 2.45 6.73 3.53 4.01 5.39 5.55 0.55 3.87 4.64 921 448 3.94
\Z! 1.64 5.95 3.75 4.02 6.79 5.64 0.67 3.75 5.71 324 419 4.05
V5 1.85 5.69 3.69 3.62 5.34 6.23 0.69 3.72 491 126 4.33 3.88
V6 2.02 6.55 3.68 3.61 5.99 6.49 0.74 4.27 5.01 2.99 5.14 4.23
V7 2.84 6.18 3.20 4.72 5.88 5.56 0.66 3.65 5.36 3.63 .464 4.19
V8 1.63 5.83 4.19 4.85 5.30 5.88 0.49 4.08 4.71 127 455 4.02
V9 1.82 6.00 2.82 4.60 5.56 5.98 0.33 4.20 5.14 73.0 4385 4.03
V10 2.11 6.96 3.57 4.09 6.74 5.13 0.71 4.41 5.61 352 4.82 4.23
Vil 1.67 5.95 3.39 4.36 6.85 5.95 0.98 4.56 491 552, 4.00 4.11
V12 2.14 5.46 3.15 4.08 7.06 6.04 0.76 3.61 5.64 502. 4.58 4.09
V13 2.15 6.80 3.87 4.54 5.79 6.23 0.59 5.38 5.28 66 2. 4.55 4.35
V14 2.72 6.49 3.30 4.06 5.54 5.83 0.63 3.99 465 382. 4.64 4.02
V15 2.57 6.67 4.43 4.21 5.77 5.50 1.00 4.76 5.07 3.02 4.57 4.32
V16 2.21 6.42 3.48 4.22 5.50 5.53 0.84 3.98 448 T712. 5.21 4.05
V17 2.30 5.85 3.43 3.79 5.83 5.56 0.55 4.35 5.03 043. 4.60 4.03
V18 1.97 6.23 4.01 4.98 5.59 5.41 0.61 3.85 551 622 4.11 4.08
V19 2.80 6.58 3.80 | 5.25 7.14 5.54 0.76 3.79 5.28 3.13 4.54 4.42
V20 0.72 4.24 3.04 2.47 3.42 4.87 0.28 2.91 3.73 391 1.99 2.64
V21 1.91 8.44 4.14 4.85 2.66 5.73 2.00 5.39 6.37 3.85 4.61 4.54

Mean 2.04 6.22 3.58 4.25 5.71 5.73 0.73 4.06 5.06 2.72 4.44 4.05

Max 2.84 8.44 4.43 5.25 7.14 6.49 2.00 5.39 6.37 3.85 5.21 4.84
Min 0.72 4.24 2.82 2.47 2.66 4.87 0.28 2.91 3.73 1.39 1.99 2.93

LSD g0: 0.58 0.96 0.68 0.83 0.82 0.76 0.46 1.17 0.99 0.62 0.94 0.80

CV % 16.96 9.15 11.15 1151 8.47 7.88 37.47 17.01 11.62 13.42 12.49 14.28

R? 0.91 0.86 0.82 0.84 0.95 0.77 0.84 0.81 0.79 0.88 0.87 0.85
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Table 5.9Grain yield performance (t h§ of 21 OPVs tested across six environments okeagfrica, in 2007

Environments

Variety Edo Emb Kib Wad Sia Aru Mean
V1 2.24 8.11 7.53 2.59 2.27 2.37 4.19
V2 2.44 8.77 8.94 3.16 3.12 3.70 5.02
V3 2.19 7.23 9.17 2.32 2.15 3.38 4.41
V4 2.78 7.90 8.24 2.69 2.57 2.48 4.44
V5 2.32 8.30 8.24 3.11 1.90 3.09 4.49
V6 2.36 8.45 7.71 2.84 2.38 2.98 4.45
V7 2.02 8.05 8.04 3.17 1.80 3.47 4.42
V8 2.68 8.95 9.28 3.68 2.86 4.27 5.29
V9 2.62 9.13 9.23 2.74 1.86 4.24 4.97
V10 1.76 6.83 9.05 3.08 1.88 2.49 4.18
V11 2.26 8.33 9.30 3.28 3.73 3.09 5.00
V12 2.15 6.93 9.37 2.88 1.77 2.57 4.28
V13 3.16 8.63 7.90 2.85 2.22 3.13 4.65
V14 1.92 8.51 9.04 2.90 2.45 3.66 4.75
V15 2.75 8.65 9.07 2.42 3.46 3.63 5.00
V16 1.76 7.56 9.56 2.30 2.15 3.33 4.44
V17 1.93 7.82 9.16 2.96 2.74 3.09 4.62
V18 2.18 7.63 8.97 2.16 2.23 3.10 4.38
V19 2.16 8.87 9.94 3.20 2.23 3.30 4.95
V20 1.74 6.06 5.53 2.65 1.37 2.27 3.27
V21 2.57 12.93 9.37 2.87 2.64 4.41 5.80
Mean 2.29 8.27 8.70 2.85 2.37 3.24 4.62
Max 3.16 12.93 9.94 3.68 3.73 4.41 6.31
Min 1.74 6.06 5.53 2.16 1.37 2.27 3.19
LSD ¢ o 0.65 1.17 0.87 0.67 0.67 0.98 0.84
CV % 16.83 8.35 5.91 13.89 15.88 17.91 13.13
R? 0.84 0.94 0.93 0.83 0.91 0.86 0.89
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Table 5.10 Meandays to anthesiof 21 OPVs tested across 11 maize growing envissmignof ECA, in 2006

Environments
Variety Gan Mel Bun Emb Kibl Kib2 Kak Nya Aru Sel Nam Mean
V1 54.00 63.33 60.00 59.00 62.00 59.67 65.00 68.67 79.33 82.67 51.33 64.09
V2 57.00 65.33 66.67 62.67 62.33 60.00 69.00 68.33 80.33 85.67 55.33 66.61
V3 56.00 66.00 64.67 64.67 63.00 55.33 67.67 72.33 84.33 86.67 57.67 67.12
V4 55.00 66.00 65.00 63.67 62.67 59.67 69.33 69.67 81.33 85.33 56.33 66.73
V5 54.67 64.67 62.67 60.00 61.67 61.33 66.00 70.00 85.00 85.33 52.67 65.82
V6 52.67 64.67 61.67 62.67 62.00 62.33 63.33 68.67 76.67 86.33 52.00 64.82
V7 53.67 66.00 64.33 64.00 62.00 58.67 67.00 70.00 83.67 84.67 58.00 66.55
V8 56.33 65.33 63.67 63.33 62.67 59.33 69.67 70.00 80.00 86.00 55.33 66.52
V9 57.00 66.33 65.67 63.33 62.33 60.67 69.00 68.67 84.00 87.33 56.00 67.30
V10 56.33 64.67 63.00 62.33 62.67 62.33 67.33 71.33 83.67 86.67 55.00 66.85
V11 56.00 67.00 67.33 63.33 62.67 60.00 66.33 70.67 80.33 86.33 56.67 66.97
V12 55.00 64.67 64.67 61.67 62.00 60.00 67.67 68.00 82.00 85.67 53.00 65.85
V13 55.67 64.00 60.67 63.33 62.33 60.00 68.67 70.00 84.33 84.67 56.67 66.39
V14 53.67 64.67 66.00 63.67 63.00 61.00 68.33 69.67 81.33 86.33 57.67 66.85
V15 55.00 66.33 64.67 62.00 62.33 60.00 70.00 69.67 84.00 79.00 54.00 66.09
V16 53.33 64.00 63.67 62.33 62.67 63.00 67.00 69.33 81.33 84.00 53.33 65.82
V17 56.00 65.33 65.00 63.33 62.67 61.67 69.33 70.67 79.33 86.33 56.67 66.94
V18 54.67 65.33 65.00 62.33 62.67 59.67 69.33 69.67 85.00 85.33 53.00 66.55
V19 57.67 68.00 66.00 64.67 64.33 65.00 69.67 73.67 85.67 81.67 59.67 68.73
V20 50.33 57.33 56.33 54.33 62.00 51.67 57.33 60.33 68.33 75.33 51.33 58.61
V21 58.00 70.00 58.00 64.67 53.33 60.00 75.33 72.33 88.00 84.33 57.67 67.42
Mean 55.14 65.19 63.56  62.44  62.06 60.06 67.73 69.60 81.81 84.56 55.21 66.12
Max 58.00 70.00 67.33 64.67 64.33 65.00 75.33 73.67 88.00 87.33 59.67 70.30
Min 50.33 57.33 56.33 54.33 53.33 51.67 57.33 60.33 68.33 75.33 51.33 57.82
LSDg o= 1.13 1.81 2.72 2.64 1.51 3.66 4.34 2.70 3.60 4.75 4.86 3.07
CV % 1.40 1.64 2.53 2.49 1.43 3.60 3.78 2.28 2.60 3.31 5.20 2.75
R? 0.95 0.94 0.91 0.89 0.94 0.86 0.84 0.90 0.93 0.83 0.73 0.88
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Table 5.11 Meaxdays to anthesiof 21 OPVs tested across five environments ofeeagifrica, in 2007

Environments

Variety E.Downs Embu Kiboko Wad Madani Arusha Mean
V1 79.33 64.00 53.67 48.33 72.33 63.53
V2 84.33 65.33 55.00 50.33 72.00 65.40
V3 82.33 68.33 56.33 48.00 71.67 65.33
V4 82.33 66.67 55.67 49.33 70.67 64.93
V5 82.67 63.67 54.67 50.33 70.67 64.40
V6 77.33 63.33 54.00 49.00 70.67 62.87
V7 84.67 66.67 57.00 50.00 70.33 65.73
V8 84.00 66.33 55.33 49.33 70.33 65.07
V9 83.67 67.67 57.33 48.33 70.00 65.40
V10 85.00 67.00 56.67 50.33 70.00 65.80
V11 81.67 66.67 56.33 50.33 69.67 64.93
V12 77.00 66.00 53.67 49.00 69.67 63.07
V13 80.67 65.33 54.67 50.00 69.67 64.07
V14 81.67 65.33 53.67 50.33 69.33 64.07
V15 83.33 66.00 54.67 50.67 68.33 64.60
V16 82.00 65.33 55.00 50.33 68.00 64.13
V17 80.67 66.67 55.67 49.33 67.67 64.00
V18 83.33 67.33 56.00 49.00 67.67 64.67
V19 86.33 69.33 60.67 50.67 66.67 66.73
V20 68.33 57.00 51.33 48.00 66.67 58.27
V21 75.00 69.67 54.33 49.67 61.00 61.93
Mean 81.22 65.89 55.32 49.56 69.19 64.23
Max 86.33 69.67 60.67 50.67 72.33 67.94
Min 68.33 57.00 51.33 48.00 61.00 57.13
LSD oo 3.06 1.62 1.66 2.27 1.66 2.05
CV % 2.23 1.45 1.77 2.70 1.42 1.91
R? 0.95 0.96 0.94 0.67 0.95 0.89
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Trial set B (2007-2008)

The results of the ANOVA for individual locationerfgrain yield and days to anthesis for
2007 are presented in Tables 5.12 and 5.13. Erghiesved significant mean squares for
grain yield (Table 5.12) and days to anthesis (@&bl3) across environments. Furthermore
entries accounted for the major proportion of tbeltvariation in sum of squares of the
environments. At Thika and Embu entries contribut8@¥ 7% and 76.44% of the total sum of
squares for grain vyield, respectively (Table 5.1®)ile at Embu and E.Downs entries
contributed 91.40% and 85.41% respectively to #réation in days to anthesis (Table 5.13).

In 2008, the entries showed significant variationgrain yield (Table 5.14) and days to
anthesis (Table 5.15) at all locations except abd@ti, Rahad and Wad Madani where days
to anthesis among the entries were not significalthough entries at these three locations
did not differ in days to anthesis results havenbpeesented here for comparison reasons
with those of other locations. Entries contribukeghly to the variation at Kitale and Elgon
Downs for grain yield and days to anthesis respelsti(87.44% for grain yield and 91.97%
for days to anthesis) (Table 5.14 and Table 5T&ble 5.16 and Table 5.17 present results of
grain yield performance and Table 5.18 and Tahl® present days to anthesis for the 39
varieties tested in 2007 and 2008 across ECA. Shadd#ls in the tables show the top
varieties for grain yield and the variety with éast days to anthesis among the 39 varieties
across the different locations. Candidate varietes yielded the local check variety
(OPV39) in nine out of the ten locations during 200 able 5.16) while during 2008 the
candidates were better than the local check va(@fyV39) only at four out of the ten
locations for grain yield. This might be an indioat of the start of the declining of yield
levels of the QPM OPVs at the fourth generatiorD@®007(two seasons) and 2008). The
commercial check variety (OPV38) was the earliesiety almost at all locations during
2007 (Table 5.18) except at Kakamega (Kak) sibdlumbulu (Mbu) where the candidate
QPM variety (OPV19) was the earliest with similaayd to anthesis (61 days) at both
locations. In 2008 the candidate variety OPV19 wady only at Rahad (Rah) and in the
other locations the commercial variety (OPV38)dualéd by the local check (OPV39, at Mpa
and Kim) were the earliest in maturity (Table 5.19)
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Table 5.12 Mean squares from analysis of variandepagrcentage of variance componentgfain yield of 39 OPVs tested across ten

environments of eastern Africa, in 2007

Sources of variations

Entry Block Replications Error Total

Country Location DF MS %SS DF MS %SS DF MS  %SS DF MS %SS DF LSD CV%

Kenya  Alupe 38 10.48* 5436 24 12.00* 3928 1 297 040 14 312 596 77 379 26.71
Kenya Bungoma 38 0.45* 60.60 24 0.31 2754 1 0.58 2.09 140.19 9.77 77 0.94 1531
Kenya E.Downs1 38 047+ 55.92 24 045 3412 1 0.65 2.04 14 0.18 7.91 77 091 18.24
Kenya E.Downs 2 38 0.40* 6557 24 0.26* 2642 1 047 202 14  0.10 5.98 77 0.68 1341
Kenya Embu 38 2.74** 7644 24 0.94 1657 1 3.60* 642. 14 0.42 4.35 77 1.39 7.42
Kenya Kakamega 38 0.61* 6392 24 0.42 2795 1 0.02.06 14 0.19 8.06 77 0.87 18.83
Kenya  Thika 38 158 7877 24 0.45 1431 1 0.56 0.73 14 0.34 6.18 77 125 12.66
Tanzania Arusha 38 0.71*»* 5863 24 0.61* 3195 1 1.73* 375 14  0.19 5.67 77 093 11.80
Tanzania Mbulumbulu 38 252 57.09 24 258* 3688 1 018 0.11 14 0.71 5091 77 180 20.10

Tanzania Selian 38 0.87* 69.88 24 0.43 2156 1 0.16 0.34 14 0.28 8.22 77 113 942

*P <0.05, ** P< 0.01, DF= Degrees of freedom, MS=mean square, %SS=mesuen of squares, LSD=Least Significant Differer@&= Coefficient of Variation
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Table 5.13 Mean squares from analysis of variandeparcentage of variance componentgiys to anthesiof 39 OPVs tested across nine
environments of eastern Africa, in 2007

Sources of variations

Entry Block Replications Error Total

Country Location DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF LSD CV%

Kenya Alupe 38 13.49%* 77.36 24 5.24 18.97 1 0.21 0.03 14 172 3.63 77 281 214
Kenya Bungoma 38 7.52** 80.90 24 1.47 10.00 1 19.50**  5.52 14 0.90 .58 77 204 147
Kenya E.Downs 38 22.10** 8541 24 4.40 10.75 1 0.32 0.03 14 267 381 77 351 2.06
Kenya Embu 38 12.73** 9140 24 1.48 6.72 1 0.63 0.12 14 0.66 1.75 77 175 1.30
Kenya Kakamega 38 157 6527 24 0.91 24.02 1 1.45 1.59 14 055 9.12 77 150 1.18
Kenya Thika 38 15.34** 79.15 24 3.90 12.70 1 13.96 1.90 14 328 6.25 77 3.89 224
Tanzania Arusha 38 1551** 7481 24 5.53 16.85 1 19.50* 2.47 14 330 5.87 77 390 243
Tanzania Mbulumbulu 38 14.70* 73.21 24 6.44*  20.23 1 17.55* 2.30 14 232 4.26 77 327 237

Tanzania Selian 38 15.29* 73.32 24 5.04 15.26 1 15.70 1.98 14 534 9.44 77 496 3.79

*P < 0.05, * P< 0.0], DF= Degrees of freedom, MS=mean square, %SS=qesuen of squares, LSD=Least Significant Differer@¥= Coefficient of Variation
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Table 5.14 Mean squares from analysis of variandeparcentage of variance componentgfain yield of 39 OPVs tested across ten

environments of ECA, in 2008

Sources of variations

Entry Block Replications Error Total

Country Location DF MS %SS DF MS %SS DF MS %SS DF MS %SS DF LSD CV%

Burundi Mosso 38 1.07%* 7129 24 048 20.15 1 191 335 14 086 521 77 0.99 1253
Burundi Mparambo 38 0.92** 79.27 24 021 1153 1 0.24 055 14 0.27 865 77 112 1492

Ethiopia Melkassa 38 2.13* 2741 24 319 2585 1 135.74* 4587 14 0.18 086 77 0.92 11.13

Kenya Kimaeti 38 036* 5131 24 019 1740 1 6.37* 2406 14 014 722 77 079 16.32
Kenya Kitale 38 1.45** 8744 24 0.19 9.21 1 0.01 002 14 0.12 333 77 0.74 18.18
Sudan Rahad 38 0.64* 45.23 24 1.08* 4852 1 0.59 110 14 0.19 515 77 0.95 18.63
Sudan W. Madani 38 0.52** 65.55 24 031* 2446 1 1.42** 467 14 012 532 77 0.73 1597
Tanzania SARI 38 0.60* 4098 24 0.68* 2958 1 1355* 2438 14 020 505 77 0.96 16.40

Tanzania Weruweru 38 0.69** 46.17 24 1.12** 46.99 1 1.52** 2.67 14 0.17 4.17 77 0.88 11.92

*P < 0.05, * P< 0.0], DF= Degrees of freedom, MS=mean square, %SS=qesuen of squares, LSD=Least Significant Differer@¥= Coefficient of Variation
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Table 5.15 Mean squares from analysis of vari@amcepercentage of variance componentsliéys to anthesisof 39 OPVs tested across 11 environments
of ECA, in 2008

Sources of variations

Country _
Location Entry Block Replications Error Total
DF MS %SS  DF MS %SS DF MS WSS DF MS %SS DF LSD CV%
Burundi  Mosso 38 21.55* 91.05 24 250* 6.68 1 6.78 0.75 14 097 152 77 212 167

Burundi Mparambo 38 6.72** 82.67 24 1.27 9.85 1 12.32** 4.00 14 0.77 3.49 77 188 1.73
Ethiopia  Melkassa 38 7.10** 46.37 24 593* 2447 1 14405 2476 14 1.83 4.39 77 290 1.97
Kenya E. Downs 38 14.31* 9197 24 2110 357 1 41.0 0.18 14 181 4.29 77 2.89 1.87

Kenya Kakamega 38 16.38** 90.54 24 222* 7.76 1 2.51 0.37 14 065 1.33 77 173 1.15

Kenya Kimaeti 38 4.06 4353 24 387 2616 1 64.63* 1820 14 3.07 1211 77 3.76 2.85
Kenya Kitale 38 14.17* 86.09 24 263 1007 1 0.46 0.07 14 168 3.76 77 278 1.85
Sudan Rahad 38 4.24 50.26 24 393 2944 1 21.55* 6.72 14 311 1357 77 3.78 3.07

Sudan W. Madani 38 5.89 5408 24 424 2459 1 46.15~ 1115 14 3.00 1017 77 3.72 3.16

Tanzania SARI 38 16.57** 78.64 24 5.000 1497 1 22.62** 2.82 14 2.04 357 77 3.06 211

*P <0.05, ** P< 0.01,DF= Degrees of freedom, MS=mean square, %SS=pesuenbf squares, LSD=Least Significant Differer@¥= Coefficient of Variation
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Table 5.16  Grain yield performance (t h§ of 39 OPVs tested across ten environments
of ECA, in 2007

Environments

Variety  Alu Bun Edol Edo2 Emb Kak Thi Aru Mbu Sel Mean
OPV1 4.97 3.32 2.11 1.97 7.99 251 5.93 4.22 272.964 4.07
OPV2 6.91 2.56 3.30 2.89 9.42 2.04 5.39 4.40 550.405 4.78
OPV3 8.44 2.59 1.85 2.24 8.48 2.00 4.07 3.58 4.07.026 4.33
OPV4 8.84 3.24 2.25 2.64 8.81 3.29 4.36 3.41 440.744 4.60
OPV5 9.17 3.36 2.20 2.09 6.88 1.81 4.23 3.31 259505 411
OPV6 3.24 2.73 1.92 1.78 8.57 2.66 3.57 3.76 3.29.085 3.66
OPV7 6.32 2.80 2.75 2.51 9.89 2.28 6.01 3.75 425.116 4.67
OPV8 8.55 297 3.67 341 9.52 2.34 3.62 3.45 5.03 4.98 4.75
OPV9 3.54 2.08 2.25 1.32 8.01 1.84 4.00 3.95 3.00.794 3.48
OPV10 4.59 2.29 1.69 1.97 8.99 2.47 4¢ 4.64 4.95 5.04 4.16
OPV1i1 7.05 2.24 2.84 2.54 9.88 2.30 5.98 3.52 4.58.57 4.65
OPV12 7.32 3.23 1.89 2.28 8.75 2.70 5.73 2.89 4.15.40 4.43
OPV13 7.21 3.22 2.34 2.43 9.32 2.42 5.23 3.83 3.2%.03 4.53
OPV14 539 2.31 2.22 2.23 9.57 2.37 4.89 3.85 5.73%.03 4.46
OPV15  3.87 2.99 3.07 2.73 9.80 2.64 4.39 4.52 3 6.71 4.40
OPV16 3.76 2.49 2.05 2.99 8.29 2.03 5.15 3.98 4.66.21 4.16
OPV17 7.42 3.11 1.93 2.42 7.89 2.68 5.23 4.30 4.2%.97 4.52
OPV18 5.28 2.39 2.19 1.87 8.83 2.13 451 4.09 3.78.10 4.11
OoPV19 7.22 3.07 1.94 2.34 8.50 2.03 4.57 3.86 4.56.26 4.43
OPV20 249 2.81 2.08 2.64 8.32 2.46 5.46 4.23 3.3%.82 3.96
OoPv21 3.71 3.45 2.09 1.75 8.82 2.23 3.62 3.21 4.43%.95 3.93
OPV22 6.45 3.04 1.76 2.54 9.2( 3.30 4.63 3.73 2.52 5.12 4.24
OPV23 7.43 3.28 2.46 2.90 7.81 3.19 3.55 3.66 3.7®.40 4.44
OPV24 582 2.39 1.83 2.08 9.11 2.27 4.34 4.04 3.73.73 4.13
OPV25 3.96 2.35 3.30 221 9.09 3.06 3.81 2.94 3.4B.77 3.99
OPV26  11.98 3.73 2.83 2.99 9.36 2.31 3.99 3.89 5.65 5.58 5.23
OPV27 9.22 3.08 2.75 2.17 8.93 2.18 4.07 4.05 2.2%.78 4.45
oPv28 7.29 2.76 1.98 2.03 8.34 2.73 491 3. 7.07 5.21 4.61
OPV29 6.08 3.73 2.73 2.28 8.37 2.16 5.58 3.13 6.0%.75 4.58
OPV30 9.64 3.03 1.82 2.63 8.71 2.13 5.05 3.88 5.156.07 4.81
OPV31 1111 3.66 1.78 3.05 9.10 2.83 5.26 3.81 5.4%.37 5.14
OPV32 5.88 2.25 2.17 2.17 7.96 1.97 3.76 3.15 4.7%.97 4.00
OPV33 4.24 3.50 2.37 2.30 9.38 2.78 4.21 2.83 4.9%6.67 4.22
OPV34 6.98 2.93 1.97 2.54 8.56 2.94 3.81 4.04 4.86.76 4.44
OPV35 6.53 1.99 2.22 1.74 9.02 2.04 3.49 3.47 4.3%.83 4.07
OPV36 5.87 2.59 2.59 2.14 8.66 2.37 3.95 3.70 3.9%.26 4.21
OPV37 961 2.65 2.41 2.48 9.01 2.3 6.19 2.87 4.88 6.35 4.88
OPV38 455 2.43 2.01 1.52 4.28 1.82 2.10 1.28 1.7%.39 2.61
OPV39 10.11 3.05 2.96 2.8¢ 12.88 NA 5.38 3.82 3.38 3.0¢ 5.28
Mean 6.62 286 232 235 878 235 459 366 419 561 433
Max 1198 3.73 367 341 1288 330 6.19 464 707 6.71 6.36
Min 249 199 169 132 428 181 210 128 175 3.09 218
LSDoe: 379 094 091 068 139 087 125 093 180 113 137
CV % 26.71 1531 1824 1341 742 1883 1266 11.80 20.10 9.42 15.39
R’ 094 090 092 094 097 092 094 094 094 092 0.93
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Table 5.17 Grain yield performance (t hY of 39 OPVs tested across ten environments
of ECA, in 2008

Environments
Variety Mos Mpa Mel Kak Kim  Kit Rah Wad SARI Wer Mean

OPV1 3.45 3.67 3.42 1.03 231 239 255 243 220143 2.55
OPV2 3.71 3.74 3.19 0.83 275 232 331 240 3.04843 2.99
OPV3 3.34 3.57 4.27 0.68 246 141 255 145 215092 243
OPV4 3.45 3.20 2.67 0.83 1.87 173 2. 346 314 333 274
OPV5 3.29 2.77 2.33 1.14 278 244 288 186 3.50233 2.71
OPV6 3.62 3.83 3.46 1.08 213 194 238 250 3.15932 2.70
OoPV7 3.13 2.95 3.96 0.83 173 224 210 221 256513 251
OPV8 4.21 3.81 4.13 1.18 194 197 233 197 264553 2.66
OPV9 2.13 3.29 3.92 0.32 209 119 281 209 219553 223
OPV10 2.94 3.09 2.87 0.99 207 138 160 268 3311 240
OPV11 4.12 4.48 2.94 1.22 238 168 298 208 32410 293
OPV12 2.68 3.05 4.44 0.49 215 089 149 241 2 437 242
OPV13 4.00 4.55 2.98 152 337 242 181 196 204 412 292
OPV14 3.55 4.09 4.28 1.03 220 219 290 198 29825 289
OPV15 4.11 3.68 4.17 1.00 198 135 238 228 2350 277
OPV16 3.34 2.87 3.41 0.90 167 242 154 222 28869 250
OPV17 4.54 3.65 4.27 0.91 207 174 286 184 23865 2.67
OPV18 4.12 3.76 3.87 1.01 1.75 124 218 244 238593 273
OPV19 3.71 4.12 3.48 1.00 331 221 217 231 31354 301
OPV20 2.42 3.47 2.74 0.82 223 145 273 243 3.0400 257
OPV21 3.44 3.62 3.87 0.40 236 140 162 271 24627 257
OoPV22 3.39 2.93 3.42 131 273 233 186 193 3.®&74 273
OPV23 3.52 2.98 3.47 1.33 189 293 283 171 37282 262
OPV24 3.59 2.89 3.12 0.76 1.67 193 210 247 2719 278
OPV25 4.43 4.28 2.86 0.92 217 257 294 235 34814 311
OPV26 3.41 2.33 3.68 1.09 199 228 288 186 27834 2.69
opPv27 3.28 3.07 4.63 0.77 196 167 210 148 26608 2.64
OPV28 3.48 3.36 414 0.62 186 1.t 340 186 383 360 278
OPV29 3.01 3.79 3.18 151 284 139 221 177 22618 2.60
OPV30 3.53 3.16 2.98 0.99 214 130 219 232 26854 235
OPV31 4.45 3.55 3.29 0.92 258 159 264 222 22399 286
OPV32 3.33 3.03 3.41 0.64 222 150 324 205 27903 295
OPV33 4.23 4.10 4.56 1.44 237 139 205 184 25880 2.69
OPV34 3.53 3.47 3.63 0.55 207 218 238 167 2304 262
OPV35 3.47 2.67 3.96 0.83 224 115 230 218 2925 254
OPV36 3.12 3.17 2.89 0.71 239 130 295 220 1873 237
OPV37 3.21 3.87 3.72 0.63 233 193 152 193 1559 254
OPV38 2.52 2.20 1.18 1.07 244 144 090 0.74 2.1802 1.84
OPV39 = 6.65 6.23 527 293 284 548 264 298 390 2.15 4.16
Mean 3.58 350 354 098 226 189 238 214 273 346 2.69
Max 6.65 6.23 527 293 341 548 340 346 390 437 4.65
Min 2.13 220 175 032 156 089 090 074 157 209 143
LSD .0 0.99 112 102 063 079 074 095 0.73 090 0.88 0.87
CV % 1253 1490 11.13 29.95 16.32 18.18 18.63 15.97 16.00 11.92 16.55
R® 0.95 091 099 093 093 097 095 095 095 096 0.9
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Table 5.18 Meamlays to anthesisof 39 OPVs tested across nine environments of ECA,
in 2007
Environments

Variety Alu Bun Edo 1 Emb Kak Thi Aru Mbu Sel Mean
OPV1 5850 61.50 7400 6050 62.00 7550  71.50 63.50 5067. 64.94
OPV2 61.00 64.50 80.00 63.50 62.50 82.00 79.00 63.50 0060. 68.44
OoPV3 60.50 65.50 81.00 64.00 64.00 84.50 76.50 67.00 5064. 69.72
OPV4  60.50 67.00 81.50 63.00 64.00 8300 75.00 61.50 5064. 68.89
OPV5  59.50 61.50 78.00 6200 63.00 7950  74.00 62.50 5069. 66.61
OPV6 59.50 64.00 75.50 57.50 61.00 76.00 72.00 62.00 0057. 64.94
OoPV7 60.50 64.00 78.50 62.00 63.00 79.50 74.50 63.00 5058. 67.06
OPV8  61.50 67.50 79.00 6350 64.00 8400 77.50 67.00 0065. 69.89
OPV9 64.50 66.00 80.50 66.00 63.50 84.00 79.00 68.00 5066. 70.89
OPV10 63.50 65.50 82.50 63.50 62.00 81.50 78.00 65.00 5063. 69.44
OPV11 62.00 68.00 84.00 6350 64.00 8250 78.00 66.00 5060. 69.83
OPV12 61.00 65.00 81.50 6350 64.00 8350 77.00 65.00 5061. 69.11
OPV13 60.00 65.00 82.50 63.50 63.50 82.50 78.00 64.50 5059. 68.78
OPV14 63.50 65.50 80.00 63.00 62.00 81.00 74.00 63.50 0060. 68.06
OPV15 65.00 65.50 81.00 6350 64.00 8150 74.50 66.50 5069. 69.00
OPV16 63.50 65.50 79.50 63.50 64.00 83.50 74.50 63.00 5061. 68.72
OPV17 61.50 65.00 81.00 63.50 64.00 84.00 74.50 65.00 0063. 69.06
OPV18 63.00 66.00 81.00 6400 63.50 83.00 80.00 65.50 5064. 70.06
OPV19 59.00 62.50 76.50 59.0¢C 61.00 77.50 72.00 61.00 57.50 65.11
OPV20 64.50 64.50 81.00 61.50 62.50 80.50 74.50 65.00 5061. 68.39
OPV21 64.50 63.00 83.00 6200 64.00 8350 76.50 63.00 5061. 69.00
OPV22 61.00 65.00 82.00 6200 63.00 8200 7450 66.50 5064. 68.94
OPV23 59.00 63.00 78.00 62.00 63.00 79.50 72.50 62.50 5058. 66.44
OPV24 58.00 62.50 79.00 6000 63.00 7750 71.00 61.50 0060. 65.83
OPV25  63.00 64.00 80.00 62.00 63.00 8200 73.50 63.50 0060. 67.89
OPV26 58.50 64.00 80.00 63.00 62.50 81.50 74.00 62.00 0064. 67.72
OPV27 61.00 65.50 80.50 65.50 63.50 82.50 77.50 67.50 5062. 69.56
OPV28 61.50 65.00 82.00 6350 64.00 8200 79.00 61.50 0060. 68.72
OPV29 61.00 65.50 79.00 63.50 64.00 81.50 74.00 63.50 5061. 68.17
OPV30 57.50 62.50 77.50 61.50 61.67 79.50 73.50 62.00 0057. 65.85
OPV31 5850 64.00 81.00 61.00 64.00 7750 7250 62.00 5059. 66.67
OPV32 61.00 65.50 78.00 6200 63.00 77.00 72.00 63.00 5058. 66.67
OPV33 61.00 64.50 80.50 62.50 63.00 81.00 75.00 64.00 5060. 68.00
OPV34 60.00 63.00 80.00 63.00 62.50 82.50 74.00 63.50 0059. 67.50
OPV35 60.50 64.50 7850 6050 63.50 81.00 7250 62.00 0069. 66.89
OPV36 60.50 64.00 79.00 62.50 63.00 80.50 74.00 64.00 5061. 67.67
OPV37 63.00 67.00 83.00 65.00 64.00 85.50 79.00 66.50 5066. 71.06
OPV38 | 55.00 57.00 6450 52.00 62.00 74.00 66.50 62.00 = 5450 60.83
OPV39 70.00 65.50 7450 68.00 63.5( 76.00 75.00 76.00 62.50 70.11
Mean 61.21 64.47 79.45 6245 63.12 80.91 74.88 64.22 60.94 67.96

Max 70.00 68.00 84.00 68.00 64.00 85.50 80.00 76.00 66.50 73.56

Min 55.00 57.00 64.00 52.00 61.00 74.00 66.50 61.00 5450 60.56
LSD ¢ 2.81 2.04 3.51 1.75 1.50 3.89 3.90 3.27 4.96 3.07
CV % 2.14 1.47 2.06 1.30 1.18 2.24 2.43 2.37 3.79 2.11
R? 0.96 0.96 0.96 0.98 0.91 0.94 0.94 0.96 0.91 0.95
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Table 5.19

Meaulays to anthesisof 39 OPVs tested across 11 environments of EGA, i

2008
Environments

Variety Mos Mpa Mel Edo Kak Kim Kit Rah Wad Sar Wer Mean
OPV1 56.50 59.50 67.50 68.00 68.50 61.00 69.00 55.00 5051.65.00 55.50 61.55
OPV2 5850 54.00 67.00 7150 69.00 61.50 69.00 57.50 5054.65.00 58.00 62.32
OPV3 62.00 5150 71.50 73.00 69.00 60.50 69.50 58.50 0059.68.50 60.00 63.91
OPV4 5950 5150 69.50 7450  73.00 64.00 71.00 58.00 5064.67.50 60.00 63.91
OPVS5 59.00 5150 68.00 7150 70.00 61.50 69.50 58.50 5055.66.50 57.50 62.64
OPV6 53.00 51.50 67.00 70.50 69.00 58.50 70.00 58.50 5055.66.00 56.50 61.45
OPV7 5950 5150 68.00 73.00 70.50 62.50 70.00 58.00 0057.67.00 56.00 63.00
OPV8 60.00 5150 70.00 75.00 73.00 61.50 71.00 58.50 5058. 70.00 58.50 64.32
OPV9 6250 51.00 73.50 76.00 73.00 64.00 7250 59.50 5054. 70.50 61.00 65.27
OPV10 58.00 51.00 65.00 72.00 70.00 60.50 71.00 56.50 5054.65.00 60.00 62.14
OPV11 6250 51.00 72.50 74.00 69.00 62.50 73.00 57.50 0057.69.50 58.50 64.27
OPV12 6250 51.00 69.50 75.00 74.50 62.00 73.00 58.50 5053.69.50 59.00 64.36
OPV13 59.50 50.50 70.00 74.00 69.00 61.50 70.50 56.50 5054.68.50 58.50 63.00
OPV14 58.00 50.50 69.00 73.00 71.00 61.00 70.50 59.00 0065.70.50 59.00 63.32
OPV15 58.00 50.50 69.50 7450  71.00 61.00 7150 58.50 0055.67.00 61.00 6341
OPV16 58.50 50.50 67.50 73,50 71.00 63.00 70.00 55.50 0053.67.50 58.00 62.55
OPV17 6150 50.50 71.50 73.50 72.00 62.50 70.00 59.00 5064.68.00 5850 63.77
OPV18 62.00 50.50 69.00 7250 72.00 61.00 70.50 58.00 0056.69.00 58.50 63.55
OPV19 57.00 50.50 66.50 70.50 69.00 60.00 68.5 5450 53.00 66.00 55.00 60.95
OPV20 60.00 50.50 69.00 7150 69.00 63.00 69.50 59.50 5055.67.00 55.00 62.68
OPV21 60.50 50.50 71.50 74.00 71.00 62.50 69.50 58.50 0055.70.00 57.50 63.68
OPV22 58.50 50.00 68.50 73.00 72.00 62.00 70.00 57.50 5054.68.00 61.00 63.18
OPV23 58.00 50.00 68.00 70.50 69.00 62.50 69.50 54.50 5052.64.50 56.50 61.41
OPV24 57.00 50.00 67.50 69.00 66.50 60.00 69.00 59.50 5064.65.00 55.00 61.18
OPV25 58.00 50.00 68.50 72,50 71.00 61.00 70.00 56.00 5055.66.00 56.00 62.23
OPV26 61.50 50.00 68.50 73.00 73.00 61.50 69.50 58.00 0056.69.50 61.00 63.77
OPV27 62.00 50.00 69.50 75.00 72.00 61.50 73.00 58.00 5065.70.00 60.00 64.23
OPV28 57.00 50.00 68.00 73.50 72.00 61.50 70.00 56.00 5055.64.50 58.50 62.41
OPV29 61.00 50.00 70.00 74.00 71.00 63.00 69.50 56.50 5056. 69.50 59.00 63.64
OPV30 57.50 50.00 68.00 69.00 69.00 61.50 69.00 56.50 5055.67.00 57.50 61.86
OPV31 57.00 50.00 69.50 70.50 72.00 62.50 69.00 57.00 5065.68.50 56.00 62.50
OPV32 58.00 50.00 68.00 72,50 72.00 61.50 69.00 56.00 5053.64.50 59.00 62.18
OPV33 58.50 50.00 69.50 7150 69.00 61.00 70.00 57.00 0054.68.50 61.00 62.73
OPV34 5750 49.50 66.00 7150 70.00 61.00 69.00 57.50 0057.68.00 58.00 62.27
OPV35 5750 49.50 67.00 72.00 69.00 61.50 69.00 57.50 0055.67.00 58.00 62.09
OPV36 60.00 49.00 69.50 7150 71.00 59.50 70.00 57.00 5056.69.00 57.00 62.73
OPV37 62.00 49.00 69.00 75.00 72.00 63.00 73.00 60.00 0056. 71.00 61.00 64.64
OPV38 | 49.00 49.00 64.00 6150 57.50 58.00 @ 59.50 55.00  51.00 58.50 50.00 55.73
OPV39 71.00 46.50 68.50 67.00 76.5C 57.50 80.00 5550 5150 7750 67.00 65.32
Mean 59.22 50.60 68.72 72.14 70.46 61.42 70.18 57.40 5495 67.69 58.28 62.82

Max 71.00 59.50 7350 76.00 74.50 64.00 80.00 60.00 59.00 77.50 67.00 69.27

Min 49.00 46.50 64.00 6150 57.50 57.50 59.00 5450 51.00 5850 50.00 55.36
LSDgo: 2.12 1.88 2.90 2.89 1.73 3.76 2.78 3.78 3.72 3.06 242 282
CV % 1.67 1.73 1.97 1.87 1.15 2.85 1.85 3.07 3.16 211 194 212
R? 0.98 0.97 0.96 0.96 0.99 0.88 0.96 0.86 0.89 096 098 0.94
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Combined analysis for trial set A (2006-2007)

The results of the combined ANOVA for the individlugars 2006 and 2007 show that
entries and the test environments as well as ttezaiction between the two were highly
significant (P< 0.01) for both grain yield and days to anthesige Tontribution of the
environment to variation in both characteristicsswiggh during the two years (Tables 5.20
and 5.21).

The combined ANOVA across years and locations fdries and the test environments were
highly significant (P< 0.01) for both grain yield (Table 5.22) and dagsanthesis (Table
5.23). However, the effect of years on days to esithwas not significant while the effect on
grain yield was highly significant (R 0.01). The entry x year and entry X environment
interactions were significant for grain yield buty x year interaction was not significant for
days to anthesis (Table 5.23).

In Tables 5. 24 and 5. 25 are presented the yietfbpnance and rankings of 20 varieties as
well as the days to anthesis across locations gi2@9®6-2007. Candidate variety (V19) was
the number one variety in terms of grain yield {4téa') followed by V15 (4.56 t h and

V8 (4.47 t hd). The candidate varieties were superior in gra@ldythan the commercial
check variety Katumani (V20) in all the environnenthich yielded 2.75 t Hawhich is
40.34% less than that of the candidate V19 (Tabk4).

The commercial variety Katumani (V20) was the eatlivariety among the entries, with 57
days to anthesis. The candidate variety V19 wasatiest flowering with 68 days to anthesis.
The result of this study confirmed the earlinesshef commercial variety, Katumani (V20)
for its male flowering as well as maturity as comgghto all the candidate varieties and the
local checks in the 20 environments of ECA durif@@2007.
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Table 5.20 Combined analyses of variancegfain yield of 20 OPVs tested across the different environsiehECA, in 2006 and 2007

Years Sources DF MS %SS
Entry 19 4.26** 3.86
Environments (Env) 10 174.40** 83.24
Replication 2 0.41 0.04
Block 18 0.51** 0.44
Rep(Env) 20 1.76** 1.68

2006 Block (Rep x Env) 180 0.60** 5.12
Entry x Env 190 0.36** 3.24
Error 220 0.23 2.38
R-square (%) 98
Mean yield (t hd) 4.03
LSD 0.23
CV % 11.83
Entry 19 4.29** 2.76
Environments (Env) 5 520.49** 88.27
Replication 2 4.50** 0.31
Block 18 0.92** 0.56
Rep(Env) 10 4.66** 1.58

2007 Block (Rep x Env) 90 1.01** 3.06
Entry x Env 95 0.70** 2.25
Error 657 0.30 1.22
R-square (%) 99
Mean yield (t hd) 4.54
LSD 0.36
CV % 12.05

*»* P <0.01
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Table 5.21 Combined analyses of variancedfys to anthesisof 20 OPVs tested across the different maize grgwenvironments of
ECA, in 2006 and 2007

Years Sources DF MS %SS
Entry 19 109.06** 0.79
Environments (Env) 10 25660.66** 97.93
Replication 2 0.61 0.01
Block 18 7.36** 0.05
Rep(Env) 20 10.06** 0.08

2006 Block (Rep x Env) 180 6.82** 0.47
Entry x Env 190 6.19** 0.45
Error 220 2.73 0.23
R-square (%) 100
Mean AD (Days) 58.37
LSD 0.80

CV % 2.83

Entry 19 75.08** 6.13
Environments (Env) 3 6973.97** 89.86
Replication 2 2.11 0.02
Block 18 4 55** 0.35
Rep (Env) 6 35.49** 0.91

2007 Block (Rep x Env) 54 4.80** 1.11
Entry x Env 57 4.00** 0.98
Error 80 1.86 0.64
R-square (%) 99
Mean AD (Days) 67.91
LSD 1.11
CV % 2.00

*»* P <0.01
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Table 5.22 Combined analyses of variancegfain yield of 20 OPVs tested across 17 environments of EQAnd 2006-2007

Years Sources DF MS %SS
Entry 19 7.33** 2.73
Environments (Env) 16 271.65** 85.14
Year 1 61.81** 1.21
Replication 2 1.91** 0.08
Block 18 0.66** 0.23
Rep (Env) 32 2.75%* 1.72

2006-2007 Block (Rep x Env) 288 0.77** 4.35
Entry x Env 304 1.21** 2.63
Entry x year 19 0.62** 0.23
Error 320 0.27 1.68
R-square(%) 98
Mean yield (t hd) 4.21
LSD 0.20
CV % 11.94

P <0.01
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Table 5.23 Combined analyses of variancedfyys to anthesiof 20 OPVs tested across 15 environments of EQAng 2006-2007

Years Sources DF MS %SS
Entry 19 181.17** 4.49
Environments (Env) 14 4917.03** 89.71
Year 1 0.20 0.00
Replication 2 0.39 0.00
Block 18 6.87** 0.16
Rep (Env) 28 15.50%* 0.57

2006-2007 Block (Rep x Env) 252 6.37** 2.10
Entry X Env 266 5.40** 1.87
Entry x year 19 3.04 0.07
Error 280 2.81 1.03
R-square(%) 99
Mean AD (Days) 64.22
LSD 0.67
CV % 2.52

*P <0.01
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Table 5.24Grain yield performance (t hY and the rankings of 20 OPVs tested across tiierelift environments of ECA during 2006-2007

Trial years
2006 2007 2006-2007
Rank Entry Yield Entry Yield Entry Yield
1 19 4.42 8 5.29 19 4.61
2 13 4.35 11 5.00 15 4.56
3 15 4.32 15 5.00 8 4.47
4 6 4.23 9 4.97 13 4.45
5 10 4.23 2 4.96 11 4.42
6 7 4.19 19 4.95 9 4.37
7 11 4.11 14 4.75 2 4.31
8 12 4.09 13 4.65 6 4.31
9 18 4.08 17 4.62 14 4.28
10 16 4.05 5 4.49 7 4.28
11 4 4.05 6 4.45 17 4.24
12 9 4.03 16 4.44 10 4.21
13 17 4.03 4 4.44 16 4.19
14 8 4.02 7 4.42 4 4.19
15 14 4.02 3 4.41 18 4.19
16 2 3.96 18 4.38 12 4.16
17 3 3.94 12 4.28 3 4.11
18 5 3.88 1 4.19 5 4.10
19 1 3.85 10 4.18 1 3.97
20 20 2.64 20 2.94 20 2.75
Mean 4.02 4.54 4.21
Max 4.42 5.29 4.61
Min 2.64 2.94 2.75
LSD .0 0.23 0.36 0.20
CV % 11.83 12.05 11.94
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Table 5.25Viean days to anthesisnd the rankings of 20 OPVs tested across theréifteenvironments of ECA during 2006 and 2007

Trial years
2006 2007 2006-2007

Rank Entry AD Entry AD Entry AD
1 19 61.30 19 72.08 19 67.56
2 9 59.36 10 70.17 9 65.49
3 3 59.24 9 70.25 10 65.31
4 11 59.12 18 69.25 3 65.16
5 17 59.09 7 69.00 7 64.89
6 14 59.00 3 69.42 11 64.87
7 4 58.97 8 69.00 4 64.84
8 10 58.97 15 68.42 18 64.84
9 15 58.91 4 68.67 17 64.84
10 7 58.85 17 68.33 15 64.82
11 2 58.82 11 68.08 8 64.73
12 18 58.79 2 67.92 2 64.60
13 8 58.70 16 67.92 14 64.44
14 13 58.70 5 67.75 13 64.33
15 16 58.18 13 67.33 16 64.13
16 12 58.06 14 66.83 5 64.00
17 5 58.06 12 66.58 12 63.60
18 6 56.97 1 66.08 6 62.58
19 1 56.58 6 65.75 1 62.33
20 20 51.76 20 59.42 20 57.00

Mean 58.37 67.91 64.22
Max 61.30 72.08 67.56
Min 51.76 59.42 57.00

LSD g0 0.80 1.11 0.67

CV % 2.83 2.00 2.50

189



Combined analysis for trial set B (2007-2008)

The results of the combined ANOVA across years landtions showed that entries and the
test environments as well as their interactionsewdghly significant (P< 0.01) both for
grain yield and days to anthesis. The contributérihe environment to the total sum of
squares was high for both grain yield and daysithesis (Tables 5.26 and 5.27).

The combined ANOVA across years and localities sftbwhat entries and the test
environments were highly significant £20.01) for both grain yield (Table 5.28) and days t
anthesis (Table 5.29). The entry x year and en@pwronment interactions were significant
for both grain yield and days to anthesis. The g@age contribution of the sum of squares
of total variation for grain yield during 2007-2008as high for environment (71.28%)
followed by block (rep x env) interaction (12.96%)able 5.28). The environment
contribution to variation in days to anthesis waghblst with 85.05% followed by entries
with 5.32% (Table 5.29). The significant value efay and its interaction with environments
was an indication of the year to year fluctuatidrihne weather and the variable response of

the entries for the year and its interaction effect

Table 5. 30 and Table 5. 31 list the performanad ramking of 38 varieties for their grain
yield and days to anthesis tested across locatimsg 2007-2008. Candidate variety
(OPV31) was the number one variety for its graield/iof 4.00 t hd followed by OPV26
(3.96 t hd) and OPV2 (3.89 t hY. All the candidate varieties were better than the
commercial check variety Katumani (OPV38) for grgield which yielded 2.23 t g a
44.25% lower yield than OPV31 (Table 5.30).

The commercial variety Katumani (OPV38) was thdiestrvariety among all the entries for

its days to anthesis with 58.47 days. The candidatieties OPV1 and OPV 6 ranked second
and third with male flowering periods of 63.74 a6@.85 respectively, a five days gap in

maturity with Katumani. The candidate varieties OBY and OPV 9 were late in male

flowering with 69.06 and 69.29 days to anthesid(@®.31).
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Table 5.26 Combined analyses of varianceggfain yield of 38 OPVs tested across the different environsiehECA, during 2007 and 2008

Years Sources DF MS %SS
Entry 37 4.30** 3.78
Environments (Env) 9 337.52** 72.15
Replication 1 5.20** 0.12
Block 24 3.33** 1.90
Rep(Env) 9 1.21* 0.26
2007 Block (Rep x Env) 216 2.42%* 12.42
Entry X Env 333 0.99** 7.74
Error 131 0.52 1.63
R-square (%) 98
Mean yield (t h&) 4.32
LSD 0.54
CV % 16.77
Entry 37 1.15* 3.60
Environments (Env) 9 65.35** 49.52
Replication 1 14.58** 1.23
Block 24 1.34* 2.70
Rep(Env) 9 16.22** 12.92
2008 Block (Rep x Env) 216 1.13* 20.50
Entry x Env 333 0.29** 8.24
Error 130 0.18 1.93
R-square (%) 99
Mean yield (t h&) 2.65
LSD 0.26
CV % 15.85

*P<0.05, ** P<0.01
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Table 5.27 Combined analyses of variancedfays to anthesisof 38 OPVs tested across the different environsmehECA, during 2007 and

2008
Years e Sources DF MS %SS
=4 ouL Entry 37 69.22%* 5.58

Environments (Env) 8 5105.80** 89.06
Replication 1 1.41 0.003
Block 24 3.63* 0.19
Rep(Env) 8 11.20** 0.20

2007 Block (Rep x Env) 192 5.93** 2.48
Entry x Env 296 3.05** 1.97
Error 118 2.00 0.52
R-square (%) 99
Mean AD (days) 67.89
LSD 1.12
CV % 2.08
Entry 37 60.27** 6.16
Environments (Env) 7 4587.36** 88.85
Replication 1 53.88** 0.15
Block 24 4.91** 0.33
Rep(Env) 7 30.22** 0.58

2008 Block (Rep x Env) 168 4.04** 1.87
Entry x Env 259 2.50** 1.79
Error 104 1.30 0.37
R-square (%) 99
Mean AD (days) 64.50
LSD 0.80
CV % 1.76

*P <0.05, * P<0.01
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Table 5.28 Combined analyses of variancegfain yield of 38 OPVs tested across 20 environments of EQAnd 2007 and 2008

Years Sources DF MS %SS
Entry 37 3.79%* 2.17
Environments (Env) 19 242.38** 71.28
Year 1 84.65** 1.31
Replication 1 1.16 0.02
Block 24 2.98** 1.11
Rep (Env) 19 9.21%* 2.71

2007-2008 Block (Rep x Env) 456 1.84** 12.96
Entry x Env 703 0.60** 6.56
Entry x year 37 0.85** 0.49
Error 223 0.41 1.41
R-square(%) 98
Mean yield (t hd) 3.48
LSD 0.40
CV % 17.00

*P <0.01
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Table 5.29 Combined analyses of variancedfys to anthesiof 38 OPVs tested across 17 environments of ECAng2007 and 2008

Years Sources DF MS %SS
Entry 37 123.39** 5.32
Environments (Env) 16 4558.85** 85.05
Year 1 3715.93** 4.33
Replication 1 17.29** 0.02
Block 24 3.70** 0.10
Rep (Env) 16 21.19% 0.40

2007-2008 Block (Rep x Env) 384 5.25%* 2.35
Entry x Env 592 2.62** 1.82
Entry x year 37 4.09** 0.18
Error 184 2.02 0.43
R-square(%) 99
Mean AD (days) 66.30
LSD 1.02
CV % 1.95

*P <0.01
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Table 5.30 Grain yield performanceand the rankings of 38 OPVs tested across the

environments of ECA during 2007 and 2008

Trial seasons

2007 2008 2007-2008

Rank Entry GW Entry GW Entry GW
1 26 5.23 25 3.10 31 4.00
2 31 5.14 19 3.01 26 3.96
3 37 4.88 2 2.99 2 3.89
4 2 4.78 32 2.95 11 3.79
5 8 4.75 11 2.93 19 3.72
6 30 4.68 13 291 13 3.72
7 7 4.67 14 2.88 37 3.71
8 11 4.65 31 2.85 8 3.71
9 28 4.61 28 2.77 28 3.70
10 4 4.60 24 2.77 14 3.67
11 29 4.58 15 2.77 4 3.67
12 13 4.53 4 2.73 17 3.60
13 17 4.52 22 2.72 29 3.59
14 14 4.46 18 2.72 7 3.59
15 27 4.45 5 2.70 15 3.58
16 34 4.44 6 2.69 25 3.55
17 23 4.44 26 2.69 30 3.54
18 19 4.43 33 2.68 27 3.54
19 12 4.43 17 2.67 34 3.53
20 15 4.40 8 2.66 23 3.53
21 3 4.33 27 2.63 22 3.48
22 22 4.24 23 2.61 32 3.47
23 33 4.22 34 2.61 24 3.45
24 36 4.21 29 2.59 33 3.45
25 16 4.16 21 2.57 12 3.42
26 10 4.16 20 2.57 18 3.42
27 24 4.13 1 2.55 5 3.41
28 5 411 37 2.54 3 3.38
29 18 4.11 35 2.53 16 3.33
30 1 4.07 7 2.51 1 3.31
31 35 4.07 16 2.50 35 3.30
32 32 4.00 3 2.42 36 3.29
33 25 3.99 12 241 10 3.28
34 20 3.96 10 2.39 20 3.27
35 21 3.93 36 2.36 21 3.25
36 6 3.66 30 2.35 6 3.18
37 9 3.48 9 2.23 9 2.86
38 38 2.61 38 1.83 38 2.23
Mean 4.32 2.65 3.48
Max 5.23 3.10 4.00
Min 2.61 1.83 2.23
LSD .0 0.54 0.26 0.39
CV % 16.77 15.85 17.00
R’ 0.98 0.98 0.98
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Table 5.31

Mean days to anthesisnd the rankings of 38 OPVs tested across thereliffe

environments of ECA, 2007 ai2D08

Trial seasons

2007 2008 2007-2008
Rank Entry AD Entry AD Entry AD
1 38 60.83 38 55.81 38 58.47
2 6 64.94 24 62.38 1 63.74
3 1 64.94 1 62.38 6 63.85
4 19 65.11 6 62.63 19 63.97
5 30 65.63 19 62.69 24 64.21
6 24 65.83 30 63.31 30 64.57
7 23 66.44 23 63.31 23 64.97
8 5 66.61 2 63.56 5 65.38
9 31 66.67 34 63.75 35 65.41
10 32 66.67 35 63.75 32 65.47
11 35 66.89 20 63.88 31 65.53
12 7 67.06 10 64.00 7 65.74
13 34 67.50 25 64.00 34 65.74
14 36 67.67 5 64.00 25 66.06
15 26 67.72 32 64.13 2 66.15
16 25 67.89 28 64.19 20 66.26
17 33 68.00 7 64.25 36 66.29
18 14 68.06 31 64.25 33 66.50
19 29 68.17 16 64.50 28 66.59
20 20 68.39 36 64.75 16 66.74
21 2 68.44 33 64.81 26 66.82
22 16 68.72 13 65.06 10 66.88
23 28 68.72 22 65.13 14 66.91
24 13 68.78 15 65.38 29 66.91
25 4 68.89 3 65.38 13 67.03
26 22 68.94 18 65.50 22 67.15
27 21 69.00 29 65.50 15 67.29
28 15 69.00 21 65.56 21 67.38
29 17 69.06 14 65.63 4 67.44
30 12 69.11 17 65.75 17 67.50
31 10 69.44 26 65.81 3 67.68
32 27 69.56 4 65.81 18 67.91
33 3 69.72 8 66.06 12 68.03
34 11 69.83 11 66.31 8 68.09
35 8 69.89 27 66.63 11 68.18
36 18 70.06 12 66.81 27 68.18
37 9 70.89 37 66.81 37 69.06
38 37 71.06 9 67.50 9 69.29
Mean 67.89 64.50 66.30
Max 71.06 67.50 69.29
Min 60.83 55.81 58.47
LSD .05 1.12 0.80 1.02
CV % 2.08 1.76 1.95
R? 0.99 0.99 0.99
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5.4.2 Evaluation of grain yield stability and daygo anthesis based on the AMMI model

The AMMI model was used to examine grain yield sitgband days to anthesis of 20 QPM
OPVs included in trial set A (excluding local cherkonducted during 2006 and 2007 in 17
environments for grain yield and 15 environmentsdays to anthesis in ECA countries. The
combined ANOVA from the AMMI model for grain yieldnd days to anthesis showed that
mean squares for grain yield were highly signific@h< 0.001) for environments, genotypes
and G x E interactions (Tables 5.32 and 5.33). Fitest was highly significant (R0.001)
for all the IPCA axes. The environments explainéd38% of the total grain yield variation
followed by the G x E interaction (4.36%). The adnition of genotype to the total variation
was low (2.72%). The first five IPCAs were highlgrsficant and explained 78.03% of the G
x E interaction. The first IPCA captured 27.35%tlo¢ total interaction sum of squares in
11.20% of the G x E interaction degrees of freeddime second IPCA also explained
19.28% of the interaction sum of squares in 10.58%he interaction degrees of freedom
(Table 5.32).

Table 5.32  Analysis of variance based on the AMMiIdel for grain yield (t Hd of 20
OPVs (19 QPM and a normal check) evaluated acr@ssniironments in
ECA during 2006 and 2007

Sources DF SS MS Total GxE Cumulative
variation explained (%)
explained (%)

(%)
Total 1019 5105 5.01
Treatments 339 4770 14.07
Environments 16 4408 275.52**  86.35
Genotypes 19 139 7.33** 2.72
Blocks in Env. 34 92 2.71
Genotype x Env. 304 223 0.73** 4.36
IPCAL 34 61 1.8** 27.35 27.35
IPCA2 32 43 1.36** 19.28 46.64
IPCA3 30 26 0.87** 11.67 58.30
IPCA4 28 24 0.84** 10.76 69.06
IPCA5S 26 20 0.76** 8.97 78.03
IPCA residual 154 49 0.32
Residual 646 243 0.38

** P <0.01; IPCA= Interaction principal componentis
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The ANOVA for the days to anthesis showed highggngicant mean squares £20.001) for
environments, genotypes and G x E interactions.Htest was highly significant £70.001)
for the first four IPCA. The environments were tim@jor source of variation for days to
anthesis among the 20 genotypes and explained%7 the total variation followed by the
genotypes (4.48%) and the interaction betweenwloe(2.57%). The first four IPCA were
significant and explained 76.23% of the G x E iattion. The first IPCA captured 40.04% of
the total interaction sum of squares in 12.03%hef® x E interaction degrees of freedom.
The second IPCA also explained 17.13% of the iotema sum of squares in 11.28% of the

interaction degrees of freedom (Table 5.33).

Table 5.33  Analysis of variance based on the AMMidel for days to anthesis of 20
OPVs (19 QPM and a normal check) evaluated acr@ssniironments in
ECA during 2006 and 2007

Sources DF SS MS Total GXxE Cumulative
variation explained (%)
explained (%)

(%)
Total 899 76730 85.4
Treatments 299 74253 248.3
Environments 14 68838 4917** 89.71
Genotypes 19 3442 181.2** 4.48
Blocks in Env. 30 440 14.7
Genotype x Env. 266 1973 7.4%* 2.57
IPCAL 32 790 24.7** 40.04 40.04
IPCA2 30 338 11.3** 17.13 57.17
IPCA3 28 219 7.8** 11.67 68.27
IPCA4 26 157 6.1* 7.95 76.23
IPCA5S 24 119 4.9 6.03 82.26
IPCA residual 126 349 2.8
Residual 570 2037 3.6

** P <0.01; * P <0.05; IPCA= Interaction principgomponent axis

The AMMI biplot based on the values of IPCA2 scdasthe genotypes and the value of the
genotype means for the grain yield of 20 open paléd QPM varieties was constructed to
show the performance and association of the geast{fpig. 5.2). From the biplot it can be
seen that the open pollinated QPM genotype 19(@&3)the highest yielder followed by the
QPM genotypes G15 and G8. The non QPM commercetlkcks20 (Katumani) ranked last
indicating the potential of the candidate QPM wv#gefor possible commercial release based
on their grain yield advantage over the check.
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Plot of Genotype IPCA 2 scores \ersus means
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Figure 5.2  AMMI biplot based on environmental means versusAPGcores for grain
yield of 20 open pollinated (19 QPM and a normaaif) varieties evaluated

in 17 environments of ECA.

Furthermore, Fig. 5.2 shows that most of the geredywere clustered around the centre of
the biplot an indication of superior grain yielclsility of OPVs compared to hybrids. This
finding is in agreement with the results of Pixkyd Bjarnason (2002) who reported open
pollinated cultivars to be the most stable followsd double-cross, three-way and finally
single cross hybrids following the evaluation o thfferent QPM cultivars at 13 locations in

four continents.

AMMI Stability Value (ASV) (Purchase, 1997) was @alated to identify the most stable
entries across environments. Detailed descriptidhSY is presented in Chapter 3. The most

stable genotypes across the environments were &wénl by G17. Although the two
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entries ranked fdand 11" in terms of mean grain yield, the entries showeova average

grain yield performance (Table 5.34).

Table 5.34  AMMI Stability Value (ASV), mean grayeld and ranks of 20 OPVs tested

in 17 environments of ECA

Entry ASV Rank Mean yield Rank
(t ha®)
G7 0.035 1 4.275 10
G17 0.171 2 4.238 11
G18 0.197 3 4.185 15
G3 0.199 4 4.106 17
G111 0.205 5 4,421 5
G15 0.269 6 4.562 2
G6 0.382 7 4.307 8
G1 0.410 8 3.967 19
G5 0.430 9 4.095 18
G4 0.437 10 4.188 14
G14 0.479 11 4277 9
G16 0.510 12 4.191 13
G13 0.558 13 4.454 4
G2 0.712 14 4.309 7
G8 0.799 15 4.469 3
G9 0.944 16 4.365 6
G12 0.954 17 4,158 16
G10 1.028 18 4.210 12
G19 1.057 19 4.608 1
G20 2.463 20 2.748 20
Grand
Mean 0.612 4.206

Figure 5.3 shows the two dimensional graph basetherdata of ASV (Y-axis) and mean
grain yield (X-axis) of the 20 OPVs. The X-axis arigixis data were transformed into their
log (base 10) and antilog (base 10) values, reispéctfor better visualisation using

GenStat 15" edition (GenStat, 2012) statistical software. Ggpe seven (G7) had the
smallest ASV value an indication of better stapjlfbllowed by G17. Entry 19 (G19) had the
highest mean grain yield but was less stable aceossronments due to its high ASV.
However, G19 was a responsive entry an indicatibnadaptation to high vyielding

environments. The least stable and lowest yieléimgy was G20 (Katumani) due to its high
ASV and low mean grain yield. The graph also shdvet most of the QPM OPVs were
closely plotted and their ASV was below 1.00 intliog closer similarity among the entries
in their grain yield stability.
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Figure 5.3 Two dimensional (2D) graph for AMMI stability valuend mean grain yield
of 20 OPVs (19 QPM and a normal check) evaluateti7Zirenvironments of
ECA. Data transformed based on antilog (base 1@)@m(base 10) values of
X-axis and Y-axis respectively for better visudiisa.

The AMMI biplot was constructed based on IPCA2 eslwf the environments plotted
against the environmental means of grain yield .(Fig4). Description of the test
environments, the environmental mean grain yield @#re environment codes are presented
in Table 5.35.
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Table 5.35 Description of the test environmentd #meir environment code for grain

yield AMMI biplot

No Country Site name Trial year/ Environment Mean grain
Season code yield (t ha')
1 Tanzania Arusha 2006 ARU1 2.67
2 Tanzania Arusha 2007 ARU2 3.18
3 Kenya Bungoma 2006 BUN 3.56
4  Kenya Elgon Downs 2007 EDO 2.24
5 Kenya Embu 2006 EMB1 4.22
6 Kenya Embu 2007 EMB2 7.95
7 DR Congo Gandijika 2006 GAN 2.05
8 Kenya Kakamega 2006 KAK 0.66
9 Kenya Kiboko 2006 (Nov.”L  KIB1 5.73
season planting)
10 Kenya Kiboko 2006 (June?  KIB2 5.86
season planting)
11 Kenya Kiboko 2007 (Oct.F1 KIB3 8.66
season planting)
12 Ethiopia Melkassa 2006 MEL 6.11
13 Uganda Namlonge 2006 NAM 4.43
14 Rwanda Nyagatare 2006 NYA 4.99
15 Rwanda Rubona 2006 RUB 4.00
16 Kenya Siaya 2007 SIA 2.36
17 Sudan Wad Madani 2007 WAD 2.85

The AMMI biplot for the test environments (Fig. bidentified KIB3 as the highest yielding
environment followed by EMB2 and MEL. The high yielg environments were not the
most stable as they were further from the centréh@fbiplot. However, these environments
were highly responsive as genotypes displayed geddrmance. The least stable and lowest
yielding environment was Kakamega - Kenya (KAK)iagication of the unsuitability of this
test environment for these early maturing QPM ORBMB2 and KIB2 were also identified
as responsive for specific genotypes as they ar&dm the origin of the biplot. It can be
concluded that the second season planting at Kibek® less stable than the first season
(KIB1) which is relatively closer to the origin tie biplot. Similarly RUB, EMB1 and NAM
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were close to the centre of the biplot indicatihg telative stability of the environments as

well as the similarity of the environments for tegtof genotypes (Fig. 5.4).

Plot of Emvironment IPCA 2 scores versus means

1.0} KIB2

IPCA socores

-0.5_}

ARU2 |

-1.0

1 2 3 4 5 6 7 8 9

Emironment means

Figure 5.4  AMMI biplot based on genotype means versus IPCgc@es for grain yield
of 20 open pollinated (19 QPM and a normal checéjieties evaluated in 17
environments of ECA.

To demonstrate the association and relationshipngngenotypes and the test environments
another AMMI biplot was constructed based on IPGh&tl IPCA2 scores (Fig. 5.5). Based
on this, Emb2 and Kib3 were the most discriminatamyironments followed by Kib2 as
shown by the longest arm directed to the positR€A scores from the centre of the biplot.
G19 was close to the highest yielding environmdrKib3 indicating its responsiveness to

that environment while G9 was found to be more sasjve to the Emb2 environment. The
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IPCA 2

environments Kibl and Kib2 were in the oppositeection of the biplot indicating the
existence of within season variation at Kiboko. leer, the short arm of Kibl from the
centre of the biplot could mean that there wadelittariation. The commercial normal
endosperm open pollinated check variety (G20) waslielding and not closely associated
with any of the test environments in this studyneks the candidate varieties proved to be a
better option for maize farmers in ECA than the elydgrown normal endosperm OPV
(Katumani) for both grain yield and nutritional @stage. Based on their small vector angle
and their similar direction on the biplot, Arul (8) and Aru2 (2007) may be considered as
similar environments for testing the genotypes. gootypes, G15 and G8, showed a close
association with Arul and Aru2, respectively. Ma$tthe high yielding genotypes were
clustered in the bottom right quadrant of the Higlod G7 was identified as stable due to its
closeness to the centre of the biplot as wellsawwest ASV (Fig. 5.5).

IPCAl

Kib2

1 -m Gl

Figure 5.5 AMMI biplot based on IPCA1 versus IPCA 2 score {pain yield of 20 open

pollinated varieties evaluated in 17 environmerits ©A.
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Among the secondary traits, days to anthesis isenmportant than silking as the latter is
more influenced by abiotic stress and tasselinghn@e stable in adverse environmental
conditions (Koester et al., 1993). Hence, predicbbthe time of flowering will facilitate the
exchange of germplasm among national researchnsysted recommendation of varieties to
similar mega-environments. The ANOVA for days tahasis for the 20 OPVs evaluated in
15 environments of ECA indicated that days to asithavere highly and significantly

influenced by environments (Table 5.23).

Figure 5.6 and Fig. 5.7 show the association antbeggenotypes based on their days to
anthesis and the relationship among environmergsdoan mean performance respectively.
Most of the genotypes clustered around the genotypan axis, which indicates the stable
performance of the genotypes for days to anthasisthe similarity of the genotypes in
maturity across the environments (Fig. 5.6). Thghest number of days to anthesis was
recorded for genotype G19 (67.56) and the lowesGR0 (Katumani) with 57.00 days while
the average days to anthesis for the 20 genotyjpssé4.22 indicating the earliness of the
materials. Although the use of the term “earlinessly vary from place to place, CIMMYT
classified germplasm that flowers between 55 andd&@s as early maturing and those
flowering up to 70 days as intermediate. This dfasdion is adopted for the regional trials
in SSA (Vivek and Pswarayi, 2008; Magorokosho et2009; 2010; Makumbi, 2011). Out
of the 20 genotypes six flowered below the ave@§@2 days viz. G1, G6, G5, G16, G12
and G20. The days to anthesis for 12 entries wetkd range of 64 days. In addition, G12,
G15 and G18 were more stable in their days to aighban the other genotypes while G3
was the least stable. Early entries showed belogerage grain yield performance. The
average maximum difference in days to anthesisterasnd this was between G19 and G20;
however the yield advantage of G19 was about 40&6 ®20. Similarly, the flowering gap
between G20 and the mean days to anthesis waas yustk; however, there was a 35% grain
yield gap between G20 and the mean yield of theg@ftotypes. Hence, this study further
corroborated the effect of variation in maturity thee ultimate grain yield of early maturing

tropical maize genotypes.
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Plot of Genotype IPCA 2 scores versus nr
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Figure 5.6  AMMI biplot based on the genotypes means and IPGé@es for days to
anthesis of 20 open pollinated (19 QPM and a noraoiack) varieties

evaluated in 15 environments of ECA.

Unlike the genotypes, the test environments shagvedter variability in response to days to
anthesis (Fig. 5.7). In the biplot the environm8etian was excluded as the data on days to
anthesis was far above average and not repeaialé. Madani (Wad) was considered to
visualise its interaction with other environment&£€A and to identify genotypes adapted to
this tropical lowland environment. Arul (Arusha,nkania-2006) and Edo (Elgon Downs,
Kenya) were the two most extreme environments agdrded the highest days to anthesis
record of more than 80 days. The lowest days themid of about 50 days was recorded at
Wad (Wad Madani, Sudan). The lowest elevation (4Hbuve sea level) and the annual
average minimum and maximum temperatures (2@GB8at Wad Madani were the most
important environmental factors that may have c¢buated to the earliness in days to

anthesis. Mel (Melkassa, Ethiopia) and Kib2 (KibpKenya-2° season planting) were close
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in the biplot and were among the stable environmdraised on days to anthesis of the
genotypes and their proximity to the centre of thiplot. The closeness of the two
environments is an indication of their similarityggesting that the two environments may be
used for testing germplasm and that the result® fome of the environments can help to
predict performance in the other. If these two sminents correlate consistently over years,
one of them may considered as redundant and bepellofo minimise evaluation cost.
Similarly environments Bun (Bungoma, Kenya), EmtEmpu, Kenya) showed close
relationship on the biplot indicating their simitgrin the days to flowering the genotypes.
The year-to-year fluctuations in weather pattereseweflected at Arul (Arusha, 2006) and
Aru2 (Arusha, 2007) where the days to anthesisim@msistent for the two years. However,
the two environments were in similar direction bk tbiplot indicating the presence of
association. In general, Fig. 5.7 explains how mmmnents affect the flowering time of
maize as well as the heterogeneity of tropical mvnents. Table 5.36 describes the test

environments, the IPCA scores and the mean perfarenaf the genotypes based on days to

anthesis.
Table 5.36 Description of the test environmentd graph ID based on mean days to
anthesis (DA) of the AMMI model
Country Environment Graph ID Mean DA IPCAl IPCA2
Tanzania Arusha-2006 Arul 81.50 2.18395  -0.03742
Tanzania Arusha-2007 Aru2 69.07 0.48265 -0.27681
Kenya Bungoma Bun 63.83 -0.17399 0.73279
Kenya Elgon Downs Edo 81.52 1.82904 -0.2899
Kenya Embu-2006 Embl 62.33 -0.14189 0.64506
Kenya Embu-2007 Emb2 65.70 0.41106 0.5703
DRC Gandajika Gan 55.00 -0.60014 0.11468
Kenya Kakamega Kak 67.35 0.74577 0.4120
Kenya Kiboko-2006 (1 planting) Kib1 60.07 -0.19724  -2.44158
Kenya Kiboko-2006 (¥ planting) Kib2 62.50 -1.71893  -0.24848
Kenya Kiboko-2007 (1planting) Kib3 55.37 -0.61833 0.06334
Ethiopia Melkassa Mel 64.95 -0.07777 0.11678
Uganda Namlonge Nam 55.08 -0.96299 1.53383
Rwanda Nyagatare Nya 69.47 0.35872 -0.13381
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Plot of Environment IPCA 2 scores versus v
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Figure 5.7  AMMI biplot based on the environment means an@AR scores of days to
anthesis of 20 open pollinated (19 QPM and a norahmack) varieties

evaluated in 15 environments of ECA.

In Figure 5.8 is presented the AMMI biplot basedtloe values of IPCA1 and IPCA2 of the
genotypes and the environments. The majority oigdmeotypes were close to each other and
clustered towards the centre of the biplot. Thididates the close similarity among the
genotypes for days to anthesis and the minimumatiewi from the mean value. Figure 5.9
shows the association of grain yield with mean dayanthesis of the environments based on
IPCAL scores. G20 (Katumani) was more adaptedae@tivironments Kib2, Wad, Gan, Kib3
and Nam. The high yielding G19 was close to Kak neitbe mean days to anthesis at Kak
were similar with that of G19. Most of the genotypeere clustered around Mel (Melkassa,
Ethiopia) where its mean days to anthesis weretagmurl his shows that for good grain yield
performance of the genotypes, an ideal environmvemild be where male flowering is
expected to be around 65 days. No genotypes wexe toeArul and Edo indicating the

unsuitability of these environments for grain proiilen (Fig. 5.9).
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Figure 5.8 AMMI biplot based on IPCAl and IPCA2 scores ofnggpes and
environments for days to anthesis of 20 open aikid varieties evaluated in
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Figure 5.9 AMMI biplot based on IPCAl scores of grain yietd genotypes and

environments mean days to anthesis.
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5.4.3 Evaluation of grain yield stability and daygo anthesis based on the GGE biplot

This section presents the results of the GGE bighatlysis of 38 OPVs evaluated in ECA
countries for grain yield and days to anthesisrau@007 and 2008. The list of the entries is
presented in Table 5.2. The ANOVAs were reporte@attion 5.4.1. In the GGE biplots
genotypes are indicated by numbers and the enveatstby text codes. All the data used in
the GGE biplots were standardised to facilitateuafisation of the genotypes and

environments. Table 5.37 presents the list of @emvirents and the environment codes.

Table 5.37 List of the test environments and gregde used in the GGE biplots based on
the grain yield performance and days to anthesB8oDPVs (37 QPM and a

normal check) evaluated in ECA countries during722008

No. Country Environment Code

1 Burundi Mosso Mo/Mos
2 Burundi Mparambo Mp/Mpa
3 Ethiopia Melkassa Me/Mel
4 Kenya Alupe Al/Alu

5 Kenya Bungoma Bu/Bun
6 Kenya Elgon Downs Ed/Edo
7 Kenya Embu Em/Emb
8 Kenya Kakamega Ka/Kak
9 Kenya Kimaeti Ki/Kim

10 Kenya Kitale Kt/Kit

11 Kenya Thika Th/Thi

12 Sudan Rahad Ra/Rah
13 Sudan Wad Madani Wa/Wad
14 Tanzania Arusha Ar/Aru
15 Tanzania Mbulumbulu Mb/Mbu
16 Tanzania SARI Sa/Sar

17 Tanzania Selian Se/Sel
18 Tanzania Weruweru We/Wer
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Yield stability and ranking of genotypes and enviromments

The yield-stability statistic (Yi$ (Kang, 1993) and the GGE distance (i.e. the degtdrom
the markers of individual genotypes to the ideaaggpe) (Yan, 2001; Yan and Kang, 2003;
Yan and Tinker, 2006) help to select for high yialtd stability. Stability is measured from
Kang’s yield stability statistic (Y;$ which involves cultivar rankings based on Shukla’
stability value ;%) (Shukla, 1972). The GGE biplot jointly uses soaiethe functions of
linear joint regression (Finlay and Wilkinson, 19&berhart and Russel, 1966; Perkins and
Jinks, 1968), the AMMI model (Gauch and Zobel, 1986d type B genetic correlation
(Yamada, 1962). The various interpretations of Gg#ot analysis is presented in Chapter
4.

Figures 5.10 and 5.11 show the rankings of the types and environments based on grain
yield and days to anthesis, respectively. The kiglling and most stable genotype based on
proximity to the Average Environment Coordinate ()Ewas genotype 31 followed by 2
and 11. The least stable and low yielding entriessvd8 followed by 9 and 5 which are very
far from the AEC. This shows the presence of marmnt x E interaction (Fig. 5.10). From
Fig. 5.10 the ranking of the environments can beualised. The highest yielding
environment was Embu (Em) followed by Elgon Dowisl)(and Mosso (Mo) while the
lowest yielding environments were Kimaeti (Km) avwkruweru (We). The most unstable

environment was Kakamega (Ka) while the most stableronment was Rahad (Ra).

Based on the days to anthesis the late flowerimptypes were ranked first and close to the
AEC while the early flowering genotypes were famfrthe AEC (Fig. 5.11). Entries 37 and
9 were the late flowering genotypes while entriBsaBd 1 were the early flowering entries.
Unlike yield performance of the unstable genotypks, days to anthesis was closer to the
Average Tester Axis (ATA) (Yan, 2001) an indicatiohrelative stability. Genotypes that
were less stable for days to anthesis were 38,dl2awhich are far from the ATA. The
environment Elgon Downs (Edo) was ranked firstresdenotypes took many days to reach
anthesis followed by Arusha (Aru), Thika (Thi) ambsso (Mos). The lowest ranking
environment was Mparambo (Mpa) indicating that ggpes flowered early at this
environment. The environments Wad, Rah, Kim and Mpee below the AEC meaning that
flowering was below average, an indication of edibyvering. In contrast, flowering was
average at Kak, Mbu and Mel (Fig. 5.11).
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Rankng of genotypes and emvironments based on grain weight of QPM-OP\V/s

RZ2 - 1348320

/1 Genotype scores
/Al  Environment scores

PC1 - 22.12046

Figure 5.10 GGE biplot ranking of 38 OPVs (37 QPM and a norotack) based on grain yield evaluated at 18 enments of ECA during
2007-2008. Numbers indicate genotypes, texts simwivaments and yellow circle shows the AEC. Griph also in the biplot.
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Ranking of environments and genotypes based on days to anthesis of QPM OPVs evaluated in ECA
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Figure 5.11 GGE biplot ranking of 38 OPVs (37 QPM and a noretack) based on days to anthesis evaluated atvif®ements of ECA
during 2007 - 2008.
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Association between test environments

Fig. 5.12 shows the relationship among the tesir@mwments. The vectors connect the biplot
origin with the markers of the test environmentse Bngle between the two vectors indicates
the correlation between two environments. The @sihthe angle between the vectors of
two environments approximates the correlation c¢oefit between them (Kroonenberg,
1995; Yan, 2002). Acute angles indicate a positeerelation, obtuse angles a negative
correlation and right angles no correlation (Yad &ang, 2003). A short vector may indicate
that the test environment is not related to otherirenments. Test environments that are
consistently non-discriminating (non-informativeppide little information on the genotypes

and, therefore should not be used as test envinotsnfgan and Tinker, 2006).

Based on the vector angle between the two enviratspehere was a close association
between Mosso-Burundi (Mo) and Elgon Downs-Kenya)(Based on the grain yield
performance of the 38 genotypes. Similarly Kitafé) (and Bungoma (Bu) both in Kenya;
Mparambo (Mp) and Mbulumbulu-Tanzania were closetgociated. Embu (Em) was the
most discriminating environment for having a longctor followed by Elgon Downs and
Kakamega. The distance between two environmentssunes their dissimilarity in
discriminating ability of the genotypes (Yan andnKer, 2006). As a result Embu
discriminated the genotypes based on yield perfoo@aon the contrary Kakamega was
considered discriminating due to the below avegge yield performance of the genotypes
in this environment. SARI (Sa) was the least dmagrating environment due to its short
vector which is also a less informative environmegfarding the grain yield performance of
the QPM OPVs. There was a negative correlationinditation of strong crossover G x E
interaction, between the environments of Weruwéie) and Kimaeti (Km) and the
relatively short vector also indicates the non-infativeness of the environments. The rug
plot also portrays the association of the differenvironments based on the angle of the
vectors (Fig. 5.12).
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Comparison of genotypes and emvironments
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Figure 5.12 Association of the 18 test environments (texfSEGA based on the grain yield of 38 OPVs (37 QPh @ normal

check) evaluated during 2007-2008. The vectors ted rug plot display the association/relation oé tHifferent

environments.
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Which-won-where or which was the best for what?

An important feature of a GGE biplot is its ability graphically display the presence of
crossover G x E interaction, mega-environment cifiiation and indication on the specific
adaptation of genotypes. In a which-won-where patt@a polygon is first drawn on
genotypes that are furthest from the biplot orgprthat all the other genotypes are contained
within the polygon. Then perpendicular lines tokeame of the polygon are drawn, starting
from the biplot origin (Yan and Tinker, 2006). Madetails on this pattern are presented in
Chapter 4.

In Figures 5.13 and 5.14 are presented the whiammlwere pattern based on the grain yield
performance and days to anthesis of the 38 OP¥peatively. In Figure 5.13, five sectors of
the polygon contained all 18 environments suitdbiethe different vertex genotypes based
on the grain yield performance. Genotype 23 washdet genotype for the environments of
Kimaeti (Km), Alupe (Al), Bungoma (Bu), Kitale (Ktand Kakamega (Ka), all in Kenya.
Genotype 31 was best for Mosso (Mo)-Burundi, El@owns (Ed)- Kenya and SARI(Sa)-
Tanzania. Genotype 2 was the best entry for RaRag-$udan, Mparambo (Mp)-Burundi
and Mbulumbulu (Mb)-Tanzania followed by entry 1lithsn the same environment.
However, genotype 15 excelled in many of the emwirents viz. Wad Madani (Wa),
Melkassa (Mel), Arusha (Ar), Embu (Em), Selian (@@d Thika (Th). Genotype 18 was
closer to Weruweru (We) than genotype 9. The comm@e®PV check (Katumani) was not
the best in any of the environments (Figure 5.13).

Figure 5.14 shows the which-won-where pattern baseddays to anthesis. Since the
genotypes were in the early maturity group, the besotypes were identified based on the
highest days to anthesis (late flowering) in th&greed environments. Hence, entry 3 was the
latest flowering at Wad Madani (Wad), entry 37 Wate at Rahad (Ra), Mbulumbulu (Mb),
Selian (Se) and SARI (Sa). Entry 1 was late in dayanthesis at Mparambao (Mp) while
entry 9 was late maturing in the rest of the emmnents. However, Katumani (38) was not
late maturing in any of the environments indicatihgt the variety was the best in terms of
early maturity in the range of environments of ECe relatively late flowering entries
were not high yielding, rather they were winners lbeing late in flowering than for grain
yield (Fig. 5.14).
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\Which-won-where pattern of the GGE biplot
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Figure 5.13 Which-won-where pattern of the GGE biplot based tbe grain vyield
performance of 38 OPVs evaluated in 18 environmehtsCA during 2007-
2008.
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Which-won-where pattern of GGE biplot based on tiagisthes
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Figure 5.14 Which-won-where pattern of the GGE biplot baseddays to anthesis of 38

OPVs (37 QPM and a normal check) evaluated in Mr@mments of ECA
during 2007-2008.
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Mega-environment analysis based on grain yield andays to anthesis

The environments were examined in order to delengaem into mega-environments.
However, multi-year data will be required to comfithat groupings are repeatable across
years. Figures 5.15 and 5.16 show the mega-enventsridentified based on grain yield
performance and days to anthesis, respectively. Ihaest environments of ECA were
grouped into five interlinked mega-environmentsdobsn the grain yield performance of the
38 OPVs (Fig. 5.15). The environments Sa, Km, Al, Bu and Ka were grouped into a
similar mega-environment. The second mega-enviromneemprised Kenya (Embu-Em),
Tanzania (Arusha-Ar), Ethiopia (Melkassa-Me) andd&u (Wad Madani-Wa). Embu,
Arusha and Melkassa are geographically similar heesy tare located within the 1500m
elevation zone. However, the inclusion of Wad Madeumich is at 411m elevation, in this
group needs to be confirmed. The main reason mtlusion of Wad Madani in the second
mega-environment seems to be the poor performahtteedOPVs during the 2008 season
resulting in the deviation of the environments frtime overall mean minimum. The small
deviation from the overall mean indicates similaerfprmance of genotypes in the
environments during the season. The third megaremvient consisted of Selian (Se), Thika
(Th), Mparambo (Mp), Mbulubulu (Mb) and Rahad (Rahe fourth and fifth mega-
environments contained of fewer environments witbsbb (Mo) and Elgon Downs (Ed)
constituting the fourth mega-environment while Weew (We) was the only in the fifth

mega-environment (Fig.5.15).

Figure 5.16 presents the grouping of the 18 enumeamnts based on the response to days to
anthesis of the 38 genotypes. The environments wvgeoeiped into four categories.
Mparambo (Mp) in Burundi and Rahad (Ra) and Wad &ama¢wa) in Sudan constituted the
first two mega-environments. The third group wagdenap of environments in Kenya viz.
Kimaeti (Km), Kakamega (Ka), Kitale (Kt) and Emltn{). The fourth group comprised the
remaining llenvironments (Al, Ar, We, Bu, Mo, EdeMTh, Mb, Se, Sa). From the
grouping of the mega-environments it may be coreduthat the environments, Mp, Ra and
Wa are best for evaluating genotypes with daysitbesis ranging between 50 and 58 days.
Therefore, these environments are ideal for testarty to extra early maize germplasm. The
remaining environments would be suitable for testyermplasm with days to anthesis of
between 60 and 67 days. However, the environmémtsha (Ar), Elgon Downs (Ed) and

Thika (Th) need to be evaluated further as the tlagsithesis was above the over all mean of
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66 days. The average days to anthesis at Thika8Watkays, Elgon Downs 79 and 72 days
(for 2007 and 2008) and Arusha, 75 days. Thesa@mwvients would be more appropriate for

the evaluation of genotypes with more than 70 daysthesis (Fig. 5.16).

Mega environments based on grain weight of QPM-OPVs
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38

1 Genotype scores

Al  Environment scores
Mega-Environments

PC1- 22.12%
Figure 5.15 Grouping of mega-environments based on the giald performance of 38
OPVs evaluated in 18 environments of ECA during722008.
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Mega environments based on days to anthesis of QPMOPVs evaluated in ECA
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Figure 5.16 Grouping of mega-environments based on days tceeaistiof 38 OPVs

evaluated in 18 environments of ECA during 2007800

Discriminating ability and representativeness of tet environments

Figure 5.17 and 5.18 show the discriminating powaed representativeness of the test
environments based on grain yield and days to arstheespectively. The concentric circles
on the biplot of the environment vectors, which preportional to the standard deviation
within the respective environments, are the measaofé¢he discriminating ability of the test
environments (Yan and Tinker, 2006). The smallleiran the average environment axis
(AEA) is defined by the average principal compon&(RC1) and principal component 2
(PC2) scores across all test environments or it thasaverage coordinates of all the
environments. The average tester sign helps, ammhgrs, to visualise the mean

performance of the entries across testers ancetttifg the ideal tester (Yan, 2001; Yan and
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Tinker, 2006). Accordingly, the most discriminatimmvironments based on grain yield
performance were Embu (Emb), Mosso (Mos) and Egowns (Edo) because of their large
projection. The least discriminating environmentrevwWeruweru (Wer) and Kimaeti (Kim).
The representative environment is the one closkee@verage environment axis. Hence, Rah
(Rahad) and Sar (SARI) were more representative@mments. Kim, Wer, Wad and Kak
were less representative. Test environments tleabath discriminating and representative
are desirable for selecting widely adapted genatyjan and Tinker, 2006). Hence, Rah and
Sar were not discriminating, as a result they wmtegood environments to select generally
adapted environments. Discriminating but non-regmestive environments (e.g Emb, Mos
and Edo) are useful for recommending specificatlppded genotypes provided the target
environments can be divided into mega-environmé¢hig 5.17). Non-discriminating test
environments are less useful because they proniteihformation on the genotypes.

The ideal test environment is the one most reptatee and most discriminating and it is
the centre of the concentric circles. The idealiremment is a point on the AEA in the
positive direction (most representative) with atahse to the biplot origin equal to the
longest vector of all environments (most informajiyYan and Tinker, 2006). Mosso (Mos)
was the closest to the centre of the concentratecand it was the best environment, whereas
Wer and Kim were the poorest environments for selgcultivars for wider adaptation (Fig.
5.17). Yan and Tinker, 2006 recommended that emparis should be repeated in order to

confirm a specific test location as an “ideal” eoviment.

222



Comparison biplot for the emvironments (Total - 35.58%)
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Figure 5.17 Discriminativeness vs. representativeness of @éaesironments based on the
grain yield performance of 38 OPVs (37 QPM and amab check) evaluated in 18
environments of ECA during 2007-2008.

Similarly, the test environments were evaluated fbeir discriminating ability and
representativeness based on the days to anthetdis 88 genotypes (Fig. 5.18). Unlike the
grain yield, the environments showed closer peréorce for days to anthesis. This is an
indication of the relatively stable performance tbé genotypes based on their days to
anthesis across the diverse environments. Accdgditizge environments, Mp, Wa, Ra and
Km were the most discriminating. However, Mel anad Mere right in the centre of the
concentric circle, much closer on to the AEA thhe other genotypes; hence, they are more
representative (Fig. 5.18).
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Comparison biplot for genotypes and environments based on days to anthesis of QPM-OPVs
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Figure 5.18Discriminitiveness vs. representativeness oféasironments based on the days
to anthesis of 38 OPVs (37 QPM and a normal chemkjluated in 18
environments of ECA during 2007-2008.

From Fig.5.18 it can be further concluded that ¢hgironments, Mp, Ra and Wa, may be
used for the evaluation of genotypes with earlinessheir days to anthesis. The other
environments may be used for testing genotypes aviinage days to anthesis between 60-67

days. However, additional seasons might be requrestablish these recommendations.
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Comparison of genotypes relative to the ideal gengie based on grain yield

An ideal genotype is one with high mean performaarte high stability across environments.
It is at the centre of the concentric circles armmbimt on the AEA (“absolute stability”) in the
positive direction and has a vector length equahé&longest vectors of the genotypes on the
positive side of the AEA (“highest mean performahc&enotypes located close to the ‘ideal

genotype’ are more desirable than others (Yan amkeT, 2006).

Figure 5.19 shows the ranking of the genotypediveldo the ideal genotype. Entry 31 was
the closest to the ideal genotype hence it wasntb&t preferred genotype followed by entries
2 and 11. Entries 17 and 8 were also close todial igenotype. Entries 6, 3, 30 and 17 were
considered as stable due their minimum projectiaio the AEA. Entry 38 (Katumani) was

identified as poor performing and highly unstalakofved by entry 9 and entry 5 (Fig. 5.19).

Comparison biplot for the genotypes based on grain weight of QPM-OPVs
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Figure 5.19 Ranking of genotypes relative to the ideal genetigpsed on the grain yield of
38 OPVs (37 QPM and a normal check) evaluated ired8ronments of ECA
during 2007-2008.
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Comparison between two genotypes

The GGE biplot also provides an option for visuabmparing any two genotypes. This can
be done by connecting two genotypes with a stralgig, followed by drawing of a
perpendicular line that passes through the bipiigiro According to Yan and Tinker (2006)
this perpendicular line is the “equality line” difet two genotypes. That is, the two genotypes
to be compared should be equal in all environmtrasare located on this line. A genotype

has superior value in environments that are locaiteitls side of the equality line.

Joint biplat for the highest and lowest ranking QPM-OPVs (entry 9 and 26)
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Figure 5.20 Comparison between two genotypes (entry 9 andb268ged on grain yield

performance in individual environments.
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A comparison between a high ranking and low rankipgn pollinated QPM variety entry 9
and entry 26 was made, based on their grain yieldopnance to visualise the entries’
favourable environments (Fig.5.20). Entry 9 haddreyield at We, Wa and Me. However,
entry 26 was higher yielding in the other environisandicating the presence of crossover G
x E interaction. In addition the difference betwdbha two genotypes was relatively high at
Ka and We but very small at Ar which is very cldsethe equality line (Fig.5.20). The
differences between two genotypes vary with therenment, and it is proportional to the
distance of the environment to the equality linarf¥and Tinker, 2006).

Genotypes and environments centred comparison

Comparison of specific genotypes or environmentd elp to understand in detail the
performance of the genotypes or environments. Gperetentred data will help to visualise
the response of specific genotypes across theetestonments. In genotype-centred data
analysis the singular value is entirely partitionetio the genotypes eigenvectors, i.e.,
alpha=1, beta=0. This singular value partitioniegnainly required for comparisons between
genotypes. In the environment-centred data analysssingular value is entirely partitioned
into environment eigenvectors, i.e., alpha = Oabefl and this facilitates comparisons of test

environments (Yan and Tinker, 20@8ww.ggebiplot.com

Figure 5.21 presents the comparison of two enviemts (Melkassa and Embu) based on
grain yield performance. Melkassa represents arageeyielding environment (3.54 t Ha
while Embu represents a high vyielding environmeh#§ t h&). When comparing two
genotypes or environments, the biplot will chang@ tmono-plot as it will have only entries
or environments. The diagonal line is the equadiity and genotypes or environments on this
line are expected to have similar performance énti¥o environments (genotype-centred) or
on the two genotypes (environment-centred). Enaies/e the equality line are better for the
environment Embu and others below the equality direebetter for Melkassa. Thus, entries 8,
2, 31 and those above the equality line were b&iteEmbu while entries 11, 13, 25, 9 and
others below the equality line are superior in Msla. The performance of entries 35 and 36
were similar at Melkassa and Embu. The check warkeatumani was better at Embu than
Melkassa in terms of grain yield (Fig.5.21). Itimsportant to evaluate the genotypes over

years to determine their repeatability in perforoeam the specific environments.
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Embu

Emvironment-centred data between Melkassa (Ethiopia) and Embu (Kenya)
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Figure 5.21 Comparison of genotypes based on the performankielaassa and Embu for

grain yield based on environment-centred data.

Figure 5.22 shows the comparison of Katumani (eB8yand the candidate variety (entry,

37) based on days to anthesis. Katumani was thiestarormal endosperm OPV in terms of

days to anthesis; however, the QPM entry 37 wasflatvering based on the average records

of the 38 genotypes included in the study. Katunveas quite early and no QPM OPV was

earlier than it in any of the environments. Theismment Mparambo in Burundi, which is

on the equality line, was the only environment vehentry 37 was similar to Katumani in

days to anthesis. Hence, it may be concluded thairKani was the earliest open pollinated
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variety evaluated in the 18 environments of ECAIry2007 and 2008. On the other hand
entry 37 was a high ranking genotype for its lassne days to anthesis in almost all the

environments. It was the latest maturing at Ra,T8eSa and Kt (Fig. 5.22).

Genotype-centred data between Katumani and QPM-OPV (entry 37)
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Figure 5.22 Comparison of environments based on the daystteesis of entry 37 (QPM-

OPV) and Katumani using the genotype-centred data.
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5.4.4 The effect of recycling of QPM OPVs on graigield

One of the advantages of OPVs over hybrids is ¢logaling of OPV seeds for subsequent
season plantings without much difference in gragidy This is mainly due to the higher
number of maize genotypes included in the formatbrOPVs compared to the limited
number of inbred lines involved in hybrids. Recwggliof hybrid seeds will result in an
immediate noticeable yield reduction in the firstdasecond generations. Although, the
amount of yield reduction depends on the type tirileyused, higher yield loss is expected in
single cross or other conventional hybrids than oonventional hybrids during recycling.
Pixley and Béanziger (2001) reported a yield los82o for elite conventional hybrids and 16
% for top cross hybrids by recycling seeds from fir@ generation of plants and 5% for
OPVs by recycling seeds from the second generaifoplants. Similar conclusion was
reached by Morrigt al. (1999) in their report on genetic change in farneeycled maize
seed. Although some research has been reportdteq@etformance of open pollinated QPM
varieties from METSs (Pixley and Bjarnason, 2008} &ffect of recycling of QPM OPVs on

grain yield is not well documented.

Table 5.38 shows the yield loss that occurred effdlarth generation of the OPVs. Based on
the continuity of the genotypes in the succesgirstseasons (2006-2008), the grain yield
data of 19 QPM OPVs and the commercial check Katiumaere compared for yield
reduction. Each season the seed was produced hitptalant (full-sib) hand pollination
within the individual varieties to protect them rmoexternal pollen contamination. As a
result, an average of 38% yield loss from the ayexa the three generation was recorded for
the 20 OPVs at the fourth generation. The averagd joss for the 19 QPM-OPVs was 39%
and for Katumani it was 32%. The maximum vyield 1¢46.5%) was recorded for entry 19
(POOL15QPM-SR-#-#) and the minimum yield loss (26%)entry 7 (EEQPM-16-EA-#).
Table 5.38 also indicates that the yield loss betwthe first generation and the fourth
generation was almost 35%, a smaller variation thencombined results from the 27 sites
obtained after three times of recycling (38%). T$h®ws that recycling of OPVs for at least
three generations, regardless of the number of@mwients, will give similar results (Table
5.38).
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Table 5.38 Comparison of QPM OPVs and Katumani sacigenerations for the assessment of yield losstaluecycling of OPV seed

Mean grain yield (t H3) Mean grain yield (t H3) Yield loss between Yield loss after the
for trial set A for trial set B Mean grain  the 4" generation recycle of OPV seeds
Year 1 Year 2 Year 3 Year 4 yield (tha")  and the mean yielc (i.e. between year one
Entry 2006 2007A 2007B 2008 years 1-3  at the & generation and year four)

Pedigree number (11 sites) (6 sites) (10 sites) (10 sites) (27 sites) (%) (%)

EEQPMOPV-1-EA-# 1 3.85 4.19 4.43 3.01 4.16 27.59 21.82
EEQPM-HT -# 2 3.96 4.96 3.96 2.57 4.29 40.14 35.10
EEQPM-6-EA -# 3 3.94 4.41 3.93 2.57 4.09 37.21 34.77
EEQPM-9-EA-# 4 4.05 4.44 4.24 2.72 4.24 35.90 32.84
EEQPM-8-EA-# 5 3.88 4.49 4.44 2.61 4.27 38.88 32.73
EEQPM-13-EA-# 6 4.23 4.45 4.13 2.77 4.27 35.13 34.52
EEQPM-16-EA-# 7 4.19 4.42 3.99 3.10 4.20 26.19 26.01
EEQPM-18-EA-# 8 4.02 5.29 5.23 2.69 4.85 44.50 33.08
EEQPM-29-EA-# 9 4.03 4.97 4.45 2.63 4.48 41.34 34.74
EEQPM-34-EA-# 10 4.23 4.18 4.61 2.77 4.34 36.18 34.52
EEQPM-36-EA-# 11 411 5.00 4.58 2.59 4.56 43.24 36.98
EEQPM-38-EA -# 12 4.09 4.28 4.68 2.35 4.35 45.98 42.54
EEQPM-45-EA -# 13 4.35 4.65 5.14 2.85 4.71 39.53 34.48
EEQPM-49-EA-# 14 4.02 4.75 4.00 2.95 4.26 30.70 26.62
EEQPM-21-EA-# 15 4.32 5.00 4.22 2.68 4.51 40.62 37.96
EEQPM-33-EA-# 16 4.05 4.44 4.44 2.61 4.31 39.44 35.56
EEQPM-42-EA-# 17 4.03 4.62 4.07 2.53 4.24 40.33 37.22
EEQPMS2-#-GEASP - 1-# 18 4.08 4.38 4.21 2.36 4.22 44.12 42.16
POOL15QPM-SR-#-# 19 4.42 4.95 4.88 2.54 4.75 46.53 42.53
Katumani (normal maize) 20 2.64 2.94 2.61 1.83 2.73 32.97 30.68

Mean 4.02 4.54 4.31 2.64 4.29 38.33 34.49
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Although yield is the sum total effects of manytlidpests and diseases) and abiotic (for
example rain, temperature and soil) factors, recgabf OPV seeds was confirmed to cause
significant yield reduction in the subsequent gahens. Hence, it is advisable to maintain
and refresh the seed stock of OPVs at least etieep tyears to benefit from the genetic gain.
Figure 5.23 graphically displays the yield perfonoe of the 20 OPVs. Each line on the band
shows the vyield level of individual genotypes ircleayear. The mean yield reduction is
shown at the fourth year where the band/rug plotsha below 3.5 t iaaverage yield level
(Fig.5.23).

The effect of recycling OPV seeds on grain
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3.5 ]
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Figure 5.23 A graph (rug plot) showing the effect of recyclioOPV seeds on grain yield
based on 20 OPVs (19 QPM and a normal check) eteglUfar four seasons in
ECA. The band show the yield level for each variatyg the bottom log of the
band shows the yield of the normal check (Katumahie band at the fourth

recycle indicated significant yield reduction.
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5.5 Conclusions

Open pollinated varieties of QPM developed at CIMMIKenya were evaluated for their
grain yield performance and days to anthesis utisediverse environments of ECA for four
years. The evaluation was done in two sets ofstriéhe first set (set A) consisted of 21
varieties (19 QPM and two normal checks) and it e@sducted during 2006 and 2007. The
second set of trials (set B) was conducted durl@y2and 2008 and consisted of 39 varieties
(37 QPM and two normal endosperm checks). The 19 @ftries from the set A trials were
also included in the set B trial and the remainl8@gQPM entries in the set B trial had a
similar background to entries of set A except tiaty were developed through successive

bulking of selected ears during the OPV formation.

Analysis of variance indicated significant and ygkignificant (P< 0.05 and P< 0.01)
variability for grain yield and days to anthesisass all environments in 2006 and 2007. In
all the environments the contribution of entrieghe total variation was high for both grain
yield and days to anthesis. However the percentribotion of entries to total variation was
higher for days to anthesis than grain yield intingpthat the influence of environmental
factors was more pronounced on grain yield thars daynthesis.

The candidate QPM varieties out yielded the lodaécks in ten environments. In the
remaining seven environments the various local Icheait yielded the QPM candidates as
well as the commercial standard check, Katumanbl@&.8 and Table 5.9). The candidate
QPM varieties out-yielded Katumani across the emrirents. Among the QPM candidates,
V19 (POOL15QPM-SR-#-#Wwas best in more than one environment (at Embubv 2and at
Kiboko in 2006 and 2007) with an average graindyief 4.42 t hd in 2006 and 4.95 t Hain
2007. This indicates the potential for across emrinent suitability of the variety. Based on
individual environments mean yield, the three hgghgelding environments were: Kiboko-
Kenya (8.70 t hd), Embu-Kenya (8.27 t i and Melkassa-Ethiopia (6.22 tHa Similarly
the three lowest yielding environments were: Kakgankenya (0.73 t h, Gandajika-DRC
(2.04 t hd) and Elgon Downs-Kenya (2.29 t Hp(Tables 5.8 and 5.9). The vield differences
among environments are a clear indication of thesgmce of significant cross over G x E

interaction.
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The commercial check variety, Katumani proved tdHgeearliest in male flowering in all the
environments except at Kiboko in 2006 and Arush2007 where local checks flowered
earlier than Katumani. The mean days to anthesith&®?21 varieties in 2006 were 66.12 and
for Katumani 58.61 and the mean days to anthesi2@67 was 64.23 and for Katumani it
was 58.27. Based on the mean days to anthesis eof2th entries, the three earliest
environments were: Wad Madani-Sudan (49.56 dayshnd@jika-DRC (55.14 days) and
Kiboko-Kenya (55.32 days). Similarly the environrtgewith the most days to anthesis were:
Selian-Tanzania (84.56 days), Arusha-Tanzania 8da§s) and Elgon Downs-Kenya (81.22
days). This shows the extent of environmental grilte (temperature and photoperiod) on

the flowering time of the genotypes (Table 5.10 @able 5.11).

Results of trial set B showed significant and hyghignificant (P< 0.05 and P< 0.01)
variability for grain yield and days to anthesigass environments. The candidate QPM
OPVs were superior in grain yield in nine enviromtseout of ten during 2007. However the
candidates were best in only four out of ten emments during 2008, probably an
indication of declining grain yield of the QPM OP¥s the fourth generation of recycling.
Yield reduction due to recycling may not be similar the local checks as they differ from
location to location and not similar in their ganehakeup as well (Tables 5.12 -5.17). The
genotype contribution to total variation declin@d2008 as compared to the previous years
and other environmental factors contributed moentb0% of the total sum of squares in
four of the ten environments. The commercial chemlety was the earliest flowering in all
the environments except at Kakamega-Kenya and Nhilw-Tanzania where the QPM
candidate varieties were earlier than Katumanidur2007. In 2008 Katumani was the
earliest in eight out of 11 environments. The ledays to anthesis was recorded at
Mparambo-Burundi with a mean of 50.60 during 2008levthe maximum days to anthesis
was recorded at Thika-Kenya (80.91 days) during/a0@bles 5.12 - 5.19).

The combined ANOVA of the two trial sets showedtttiee major contributor to the total
variation was the environment (localities) for bgtiain yield and days to anthesis. From trial
set A entry 19 (POOL15QPM-SR-#-#) was the highésitigr with an average of 4.61 tha
while in trial Set B, entry 31 (EEQPM-45-EA -##as the best with an average yield of 4.00
t ha’. The mean grain yield for trial set A was 4. 21 t hehile that of trial set B was 3.48 t
ha'. Based on the combined ANOVA for days to anthdéiumani was the earliest variety

in both sets of trial with mean days to anthesiStays in trial set A and 58.47 days in trial
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set B. The latest flowering entry in trial set Asvantry 19 (POOL15QPM-SR-#-#) with
mean days to anthesis of 67.56 while in the te&lB it was entry 9 (EEQPMOPV--29-EA-
B-B-#-#) with mean anthesis days of 69.Zhe mean days to anthesis for trial set A was
64.22 days and for the trial set B, it was 66.39sd@lables 5.21 - 5.31). Although the
candidate varieties were classified as early magurthere was a minimum of a week

difference in male flowering with Katumani.

AMMI analysis of trial set A showed that environneexplained 86.35% of the total grain
yield variation followed by the G x E interactiof.86%). The contribution of genotypes to
the total variation was low (2.72%) as expectednffdETs. The first five IPCA axes were
highly significant and explained 78.03% of the Gzxnteraction sum of squares for grain
yield. For days to anthesis, environments explaB@d@1% of the total variation followed by
the genotypes (4.48%) and the interaction betweenvto (2.57%). The first four IPCA axes

were significant and explained 76.23% of the GirtEraction.

Based on the AMMI model, the highest yielder wagrerl9 (POOL15QPM-SR-#-#)
followed by entry 1I5EEQPM-21-EA-#). Using the AMMI stability value (AS entry 7
(EEQPM-16-EA-#)was identifiedas the most stable with the smallest ASV followed b
entry 17 (EEQPM-42-EA-#). The highest yield of entry 19 was an indication itsf
responsiveness to high yielding environments. Elastlstable and least responsive was entry
20 (Katumani) and this was clearly shown in the AMNplot (Fig.5.3). Similarly, the most
responsive environments were KIB3 (Kibokd deason planting, 2007) followed by EMB2
(Embu-2007). These two environments were the msrichinating. The least responsive
and least stable environment was KAK (Kakamega)iamas placed far from the centre of
the biplot. Entry 19 was placed close to the higlgedding environment, Kib3 indicating its
adaptation to that environment and entry 9 was daiosnbe more responsive to Emb2. The
environments Kib1 (Kiboko®iseason planting, 2006) and Kib2 (Kibokl geason planting,
2006) were placed in the opposite direction of hfEot suggesting the existence of within
season variation in the environment. The associaimong genotypes and environments and

between genotypes and environments is elaborati ivarious biplots (Fig.5.3 - 5.5).

Additive main effects and multiplicative interagi(AMMI) model analysis showed that
entries 12, 15 and 18 were more stable in terndag$ to anthesis than the other genotypes

while entry 3 was the least stable. Entries wisldays to anthesis showed below average
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performance for grain yield. The average maximuffedince in days to anthesis was ten
days between entry 19 and entry 20, however tHd gigvantage of entry 19 was about 40%.
Similarly, the gap between entry 20 and the meays da anthesis was about a week;
however, there was a 35% grain yield gap betwedry &0 and the mean yield of the 20
genotypes. This shows the importance of variatiodays to maturity on the final grain yield
of early maturing tropical maize genotypes. Theremments, Mel (Melkassa, Ethiopia) and
Kib2 (Kiboko, Kenya-2¢ season planting) were placed very close to eduér @nd close to
the origin of the biplot indicating their similayiand the relative stability of the environments
in terms of days to anthesis. The close similabggween Melkassa and Kiboko further
suggests that the two environments can serve gdoaltesting and exchange of germplasm
and that result from one of the environments canek@apolated to the other. The
environments, Arul (Arusha, 2006) and Elgon Dowmseanthe most discriminating due to
the high mean days to anthesis and the fact that aidhe genotypes showed no association
with these environments. On the other hand, mogtefijenotypes showed closer association
with Melkassa where mean days to anthesis was dré6ndays. The association among
genotypes and environments and between genotygkesrasironments regarding to days to
anthesis is discussed in depth and also presamtibé different biplots (Fig.5.6 - 5.9).

The genotypes and environments were also evaldatedtability and mega-environment

analysis was conducted using the GGE model. Thi&wan was done for grain yield and

days to anthesis of the 38 genotypes includediah get B (2007-2008). The high vyielding

and stable genotype based on proximity to the AES entry 31 followed by entries 2 and
11. The least stable and low yielding entry wad@®wed by entries 9 and 5 which were
placed far from the AEC. Based on the days to aghéhe late flowering genotypes were
ranked as first and close to the AEC while theyefiolwering genotypes were far from the
AEC (Fig. 5.11). Entries 37 and 9 were the latavédng genotypes while entries 38
(Katumani) and 1 were early flowering. The enviramty Elgon Downs (Edo) was ranked
first as genotypes took the most days to reacheargttiollowed by Arusha (Aru), Thika (Thi)

and Mosso (Mos). The lowest ranking environment Wgsarambo (Mpa) where male

flowering was early. The environments, Wad Madaliad), Rahad (Rah), Kimaeti (Kim)

and Mparambo (Mpa) were ranked below the AEC megthat days to flowering was below
average an indication of early flowering. In costradays to flowering were average at
Kakamega (Kak), Mbulumbulu (Mbu) and Melkassa (M&lp. 5.11).
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The GGE biplot analysis for environmental assosrashowed a close association between
the environments, Mosso-Burundi (Mo) and Elgon Dswenya (Ed) based on the grain
yield performance of the 38 genotypes. Embu and alkedga were considered as
discriminating environments as Embu discriminateshalypes based on high yield and
Kakakmega on low yield. SARI (Sa) was the leastriisinating environment due to its short
vector arm and was also a less informative enviemtrbased on grain yield performance of
the QPM OPVs. There was a negative correlation éetwthe environments of Weruweru
(We) and Kimaeti (Km) an indication of strong craesr G x E interaction. The relatively
short vector also indicates the non-informativersghe environments as compared to others
(Fig. 5.12).

The which-won-where pattern of the GGE biplot pth¢ke 18 test environments in five
sectors of the polygon. The highest yielding erly was best for Mosso(Mo)-Burundi,
Elgon Downs (Ed)- Kenya and SARI (Sa)-Tanzania. E\av, Entry 15 was identified as the
best as it won in six environments for its supegaain yield performance (Fig. 5.13). The
“which was the best for what?” pattern was indidater days to anthesis. Entry 3 won at
Wad Madani (Wad) for its highest days to anthetis being late in days to anthesis).
Similarly, entry 37 won at Rahad (Ra), MbulumbuMibj, Selian (Se) and SARI(Sa) for its
long days to anthesis. Entry 1 was late in daysnthesis at Mparambao (Mp) while entry 9
was late in the rest of the environments (Fig. .14

Based on the grain yield performance of the 38 tygres evaluated under 18 environments
of ECA during 2007 and 2008, the GGE biplot ideetlf five interlinked mega-
environments. Based on days to anthesis, thengsbaments were grouped into four mega-
environments. The mega-environment grouping basegrain yield was different from that
based on days to anthesis. This is mainly becaie@ gf a genotype is affected by many
environmental factors other than flowering. The dowmumber of mega-environment groups
based on days to anthesis also showed the similarithe majority of the genotypes based
on their response to flowering. The different megaironments are discussed and depicted
in the GGE biplots (Fig.5.15 and 5.16).

The GGE biplot identified the test environmentsEohbu, Mosso and Elgon Downs as the
most discriminating because of the long projectifsam the biplot origin. Rahad and SARI

were the most representative environments due dosthall projection the from average
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environment axis (AEA). However, these two enviremis were not discriminating, and as a
result were not suitable for selecting genotypesh wiider adaptation. Discriminating
environments are good for selecting genotypes adajat specific environments. Based on
days to anthesis, the environments Mp, Wa, Ra amdwére the most discriminating in
decreasing order. The rest of the environmentsrgéneshowed their representativeness due

to their overlapping proximity on to the AEA.

The GGE biplot also facilitates the identificatioh deal genotype and genotypes that are
closer to the ideal genotype. Accordingly, entry\84s the closest to the ideal genotype
followed by entries 2 and 11. Comparison was alasderbetween two specific genotypes to
further identify environments that were suitable fadividual genotypes. Furthermore,
mono-plots were constructed based on environmehganotype centred data to examine in
detail the performance of specific genotypes (@mrirent-centred) and specific

environments (genotype-centred) (Fig.5.17 - 5.22).

The yield of 20 OPVs (19 QPM and a normal checkuaatni) was analysed for the possible
yield reduction at the fourth generation [during tilears 2006, 2007(two seasons) and
2008)]. As a result, an average of 38% vyield liosm the average of the three generation
was recorded for the 20 OPVs at the fourth germrafThe average yield loss for the 19
QPM-OPVs was 39% and for Katumani it was 32%. Tl&imum yield reduction (46.53%)
was recorded for entry 19 (POOL15QPM-SR-#-#) are rtiinimum vyield loss (26%) for
entry 7 (EEQPM-16-EA-#). Although reduction in yletan be caused by many biotic and
abiotic stresses, this study indicated the continuse of OPVs seeds more than three
generation will cause significant yield reductiddence it is generally recommended to
maintain the seeds of QPM-OPVs for a possible ogpeent after three recycling (Table 5.38
and Fig.5.23).

Generally, this study has confirmed the availapiif superior QPM OPVs which are more
appropriate than hybrids for resource-poor and émsnmof marginal areas in ECA. The
significant yield advantage of the candidate QPMets over the commercial check in
nearly all environments of ECA will enhance adoptaf the varieties in the region. The
AMMI and GGE multivariate models identified supergenotypes and environments based
on grain yield and days to anthesis. The modelgdaeto identify stable genotypes for the

traits in question and grouped the maize growingirenments of ECA into mega-
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environments based on grain yield performance aags do anthesis. This study also
indicated the possibility of recycling QPM OPVs ilttie third generation without significant
yield loss and recommends maintenance of varietsewell as use of fresh seeds after the
third recycling. This study also stresses the irtgyare of a functional maize seed system in
ECA to enhance access and availability of QPM sqmtticularly to small holder and
resource poor farmers and the paramount need kdhsilders’ collaboration to alleviate the

deplorable trend of food and nutritional insecunityhe region and beyond.
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CHAPTER 6

General conclusions and recommendations

Maize is among the leading cereal crops of the dvadgether with rice and wheat
(FAOSTAT, 2011). The global demand for maize it@asted to be more than 50% and the
demand for maize in SSA is projected to increas®3% by the year 2020 from the base
year of 1995 (CIMMYT, 2001). It is the primary foadop in SSA and it accounts for 53% of
the total cereal area and 30-70% of total calooicsamption in ESA (Hassan et al., 2001,
Diallo et al., 2004; Bénziger and Diallo, 2004; 3imeager and du Toit, 2004; FAOSTAT,
2010; Langyintuo et al., 2010). In ECA maize prddutis growing at a rate of 3% every
year (Smale et al., 2011). Although maize is aadiestaple for millions of people in SSA,
nutritionally it is deficient in two essential anoiracids, lysine and tryptophan which cause

malnutrition and attendant diseases in many p&iESa.

Quality Protein Maize (QPM) is a result of severaars of maize research which has led to
an increased level of lysine and tryptophan anokigeved to have the potential to alleviate
the food and nutritional insecurity in SSA. Howewitre adoption of QPM in SSA depends
on the competitiveness of QPM cultivars in graielgiand other agronomic traits with
normal maize counterparts. Studies have demondttht superior performance of QPM
compared to the best normal maize in many parthefworld. However, the effort in the
development of high yielding and stable QPM vaegt{hybrids and OPVs) adapted to the
diverse environments (drought, low N and optimumB8A is the major bottleneck for the
expansion of QPM in the region. Hence, this studgs wnitiated to achieve the following
objectives: (i) to evaluate the grain yield perfame and stability of newly developed early
maturing QPM hybrids under stress and non-stresgogrments of ESA (ii) to analyse
mega-environments of SSA based on the primary aodnslary traits of QPM (iii) to assess
the adaptation pattern of QPM in SSA based on waulate analysis techniques (iv) to
identify and recommend best performing and widelg@ed early maturing open pollinated
QPM varieties for large scale production in theargnd (v) to enhance the role of QPM in

combating protein energy malnutrition and relatesgases in SSA.

In this study 96 maize genotypes (95 QPM and omenabcheck) developed in CIMMYT
Kenya were evaluated in 15 environments in ESAgfain yield during 2010 and 2011. The
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combined ANOVA of grain yield across years and emuinents indicated that all the QPM
entries out yielded the normal check hybrid (erf&®y. Entry 40 was the most outstanding
across all environments with an average grain yéll.57 t hd followed byentry 37 (4.42 t
ha'). The results of the combined ANOVA for specifieveonments which included eight
optimum, four drought stress and three low N ste®aronments revealed that entry 55,
entry 73 and entry 37 were the top yielding QPMridgunder low N, drought and optimum
environments with an average yield of 2.77 th&10 t h# and 6.82 t harespectively. The
superior performance of the QPM varieties suggibstfieed for their release and large scale

production in the region.

The vyield stability based on nine different paramseand non-parametric measures ranked
the entries differently mainly due to the inclusiaf extreme (stress) environments.
Spearman’s rank correlation coefficient identif@gnificant and positive correlation among
Eberhart and Russel (1966) deviation from regressWricke’s (1962) ecovalence (W
Shukla’s (1972) stability variance with no covaemtShukla’s (1972) stability variance with
covariates, Nassar and Huehn’s (1987) absolute ddfdcence and variance of ranks (S(1)
and S(2)) and Purchase’s (1997) AMMI stability walgASV). There was a perfect
correlation between Wricke’s (1962) ecovalence 8hdkla’s (1972) stability variance with
no covariates which indicates the similarity of gaameters in ranking the genotypes. Entry
80 was the most stable hybrid identified by Nasaad Huhn's (1987) absolute rank
difference and variance of ranks [S (1) and S(8) by the parameters of Wricke’s (1962)
ecovalence (\M) and Shukla’s (1972) stability variance with nosapates. Based on mean
grain yield and Linn and Binns’s (1988) cultivampsuority measures, the most stable entry
was entry 40. The difference in performance oféhties across the different environments

indicated the need for the hybrids to be releasedgecific environments.

Multivariate analysis (AMMI and GGE) was used t@aexne the adaptation patterns of the
96 genotypes in 15 environments. The ANOVA of th&MI model showed highly
significant effects (P< 0.001) for environments, genotypes and G x E aatéwn. The
environments main effect explained 76.88% of thaltgield variation followed by the G x E
interaction (12.44%). The genotypes explained 8tBp% of the variation, which is common
expected when trials are conducted in very diversgronments. The most stable entry based
on the AMMI model was entry 60 (G60) and the lesigble was entry 37. However entry 37

was the highest yielding, indicating its responsess to favourable environments. Among
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the 15 environments HREOP2 and HREOP1 (Harare-Zimba optimum environment)
were the most responsive and discriminating enwiremts and RATOP (Rattray-Arnold-
Zimbabwe, optimum environment) was the most stabhwironment while AWAOP
(Awassa-Ethiopia, optimum environment) was the mds&criminating and the least

representative environment.

The GGE biplot captured about 50% of the total ateon of entries based on G x E
interaction. In the delineation of mega-environmsethe GGE biplot identified four broader
groups within the 15 environments. The environmeAWAOP, EMBOP, KAKOP,
HREOP1, HREOP2, BAKOP and RATOP were classifiedeatide same mega-environment
indicating that genotypes which performed well ny @f these locations is expected to do
well in the others.

The comparison of AMMI and GGE biplot models reeehthe merits and demerits of the
two methods. AMMI2 was found to capture more of viaeiability due to G x E interaction
than GGE2. The GGE2 biplot gives several optiomsefsy visualisation and understanding
of the complex multi-environment data sets thandifierent models of AMMI. Critics of
biplot techniques in general warned against ther aag® and abuse of the method and
recommended the application of other statisticatgdures in taking decisions on genotype
evaluation or selection. However, the applicatidnAMMI and GGE biplot will remain

useful for the foreseeable future.

Open pollinated QPM varieties are advantageousefwurce poor farmers who can’t afford
purchasing hybrid seeds every year. In this studgtal of 39 OPVs (37 QPM and two
normal) were evaluated for grain yield and daysnthesis in two sets of trials under the
optimum environments of ECA during 2006-2008. Téesuits of the combined ANOVA for
the trial set A that was evaluated in 17 optimumimments in ECA during 2006-2007
showed that entry 19 (POOL15QPM-SR-#-#) was thet maistanding with an average yield
of 4.61 t ha. In trial Set B, evaluated in 20 environments dgr2007-2008, entry 31
(EEQPM-45-EA -#-#Wwas the most outstanding with an average yield.@® 4 ha'. All the
QPM OPVs out yielded the commercial non-QPM vari&gtumani in all 37 environments
which is an indication of possible variety relearsethe region. Based on ANOVA of
individual environments, the three highest yieldamyironments were: Kiboko-Kenya (8.70 t
ha'), Embu-Kenya (8.27 t H3 and Melkassa-Ethiopia (6.22 t'HaOn the other hand the
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three lowest yielding environments were: Kakamegayé (0.73 t hd), Gandajika-DRC
(2.04 t ha) and Elgon Downs-Kenya (2.29 t Ha These yield differences is an indication of

high cross over G x E interaction.

Katumani was the earliest variety in terms of nmfsdevering in all the environments with
average days to anthesis of 57 in the first sétias (2006-2007) and 58.5 in the second set
(2007-2008). The earliest variety among the QPMlchates was entry 1 with average days
to anthesis of 62.33 in the first set (2006-2007) &3.70 in the second set (2007-2008).
These results revealed the earliness of the caedatdries in maturity an indication of the
importance of the trait for mitigating effects dintate change resulting in reduced rain fall
and occurrence of drought in many parts of SSAs Bhidy indicated that the entries possess
better stability for days to anthesis than gragidi

Yield stability, adaptation and mega-environmerdlgsis were done using AMMI and GGE
biplots. The results indicated that the QPM OPVsawrore stable compared to the hybrids.
This is in agreement with the results of Pixley &jarnason (2002) who reported that open
pollinated cultivars are most stable followed byuble-cross, three-way and single cross
hybrids based on results of evaluation of differ@RM cultivars in 13 locations in four
continents. The most stable entries close to tleeage environment coordinate of the GGE
biplot were entry 31 followed by entry 2 and enfty. The GGE biplots also showed
association among environments and genotypes assdiftbd the environments into different
mega-environments based on grain yield and daygstioesis of the entries. The results of
this study also revealed that recycling of QPM ORMS result in a significant yield
reduction after the third generation. Hence, renefigdeed of QPM OPVs by farmers after

three generations of recycling is strongly recomteeh

Based on the results of this study, it is recommadnithat the best performing QPM hybrids
and OPVs should be released in different countfeSSA for large scale production. The
seeds of promising QPM hybrids and OPVs need iadreased in CIMMYT for distribution

to national programmes for further testing and datlon in specific ecologies in the
respective countries. The AMMI and GGE biplots wkrend to be effective in identifying
potential cultivars from the multi environment dat. The evaluation of germplasm in stress
environments (drought, low-N) will help to devel@PM cultivars with wider adaptation.

The best performing early maturing QPM OPVs froms #tudy will contribute to the effort
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of developing climate resilient varieties whichturn mitigate the effect of climate change.
The existence of functional systems in the develmnand deployment of improved QPM
varieties in SSA will facilitate access and avaligbof seeds particularly among resource
poor farmers and help to curb the deplorable tadrfdod and nutritional insecurity.
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SUMMARY

Quality protein maize (QPM) which is nutritionalgnhanced, has the potential to alleviate
malnutrition and related diseases in communitiesre&lmaize is a dietary staple and often the
only source of proteins. The wide dissemination atiicsation of QPM in Africa depends on
the competitiveness of cultivars for grain yielddaother agronomic traits compared to
normal maize. This study was conducted to (i) em&luhe grain yield performance and
stability of newly developed early maturing QPM hgls under stress and non-stress
environments of ESA (ii) analyse mega-environmesftsSSA based on the primary and
secondary traits of QPM (iii) asses the adaptapatiern of QPM in SSA based on
multivariate analysis techniques (iv) identify aretommend best performing and widely
adapted early maturing open pollinated QPM varséioe large scale production in the region
and (v) enhance the role of QPM in combating pro&iergy malnutrition and attendant

diseases in SSA.

The result of the evaluation of 96 single crossrit@(95 QPM and one normal maize) for
grain yield and stability showed that the candidedeeties out yielded the normal check
based on combined ANOVA across 15 environmentse iarametric and non-parametric
measures were used to analyse grain yield stabilihe parameters ranked the entries
differently mainly due to the inclusion of extrer(sress) environments in the analysis and
the less stable nature of single cross hybrids. tMdsthe stability parameters were

significantly and positively correlated.

AMMI and GGE biplots were effective for the analysif the multi environment data set.
The models were used to identify stable genotymkscriminating environments and
adaptation patterns of the entries in ESA. En#i@ésand 37 were the highest yielding while
entry 60 was the most stable. The optimum envirorisni@ Harare, Zimbabwe were the most
discriminating and representative. Mega-environnagralysis using the GGE biplot grouped
the environments into four groups, with each havimgye than one site except Chisumbanije,
Zimbabwe which was identified as a separate megaeerment. AMMI2 explained 60% of
the G x E interaction which was higher than the G@@&&D%) which in turn was higher than
the AMMI1 (35.73%) model. The GGE biplot optiondoal better visualisation of the

complex multi-environment data than the AMMI model.
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Candidate QPM OPVs out yielded the normal maizerernial variety, Katumani in 37

environments of ECA based on two sets of trialsdoated during 2006-2008. However,
Katumani was earliest maturing in all the environtseThe environments were grouped into
different mega-environments based on grain yieldl days to anthesis. The classification of
environments into similar mega-environments wiltilitate germplasm exchange among
environments and will assist the large scale produof QPM in similar environments. It

was found that recycling of QPM OPVs for more tllaree years or seasons will result in
significant yield reduction. Hence, seeds shouldréeewed after three generations of

recycling.

Although this study should significantly contribute the role of QPM in reducing

malnutrition and related diseases in SSA througdt performing genotypes, the fast-track
deployment of QPM in the region, however, depermmuhe presence of a functional maize
seed system. A viable maize seed system will impemcess and availability of QPM seeds,
particularly OPV seeds, to resource poor farmers ate the most vulnerable to food and
nutritional insecurity. Future research can alsal deith the effect of diverse growing

conditions of SSA on the nutritional quality of QPad how farmers can maintain the seed

and protein quality of OPVs.

Key words: QPM, grain yield, stability analysis, AMMI and GG x E interaction,

mega-environment analysis and sub-Saharan Africa.
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OPSOMMING

Kwaliteit proteien mielies (QPM) wat verhoogde vioggwaarde het, het die potensiaal om
wanvoeding en verwante siektes in gemeenskappe uits waar mielies die stapel voedsel
en dikwels die enigse bron van proteien is. Die wgespreiding en gebruik van QPM in
Afrika hang af van hoe kompeterend QPM is in terae opbrengs en ander agronomiese
eienskappe teenoor gewone mielies. Hierdie stusligedoen om (i) graanopbrengs en
stabiliteit van nuut ontwikkelde vroeg ryp QPM lmast onder stremmings en optimale
toestande in oostelike en suidelike Afrika te bégaaom mega-omgewings van SSA te
bepaal vanaf primére en sekondére eienskappe v&h(@Pom die aanpassingspatrone van
QPM in sub Sahara Afrika (SSA) te bepaal volgen#ivaniaat analise tegnieke (iv) om die
bes produserende en aangepaste oop bestuifde Qitikita te identifiseer vir grootskaalse
produksie in die area en (v) om die rol van QPMili@ stryd teen proteien wanvoeding en

verwante siektes in SSA te vergroot.

Die evaluasie van 96 enkelkruis basters (95 QPMeannormale baster) vir graanopbrengs
het getoon dat die kandidaat variéteite hoér ogizes die normale baster gehad het in die
ANOVA van 15 omgewings. Nege parametriese en niafpatriese stabiliteitsmetings is
gebruik om stabiliteit te bepaal. Die parametetsdie inskrywings in verskillende volgordes
geplaas hoofsaaklike a.g.v. die insluiting van kst (stres) omgewings in die analise en
die onstabiele karakter van enkelkruis basters. skdegan die stabiliteitsparameters was

betekenisvol positief gekorreleer.

AMMI en GGE modelle was effektief vir die analisarvdie multi-omgewing datastel. Die
modelle is gebruik om stabiele genotipes, diskrerémde omgewings en aanpassingspatrone
van die inskrywings in oostelike en suidelike A&ite bepaal. Inskrywings 40 en 37 het die
hoogste opbrengs gegee, en inskrywing 60 was dés stabiel. Die optimum omgewings by
Harare-Zimbabwe was die mees diskriminerend enegewoordigend. Mega-omgewing
analise met die GGE model het die omgewings inweedeel, elk met meer as een lokaliteit,
behalwe Chisumbanje, Zimbabwe wat as ‘n aparte roeggewing gekategoriseer is.
AMMI2 het 60% van die G x E interaksie verklaar ia&r was as GGE2 (50%) wat weer
hoér was as die AMMI1 (35.73%) model. Die GGE hipdpsie laat beter visualisering van

komplekse multi-omgewing data toe as die AMMI model
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Kandidaat QPM OPVs het hoér opbrengste gehad asgelone kommersiéle mielie
variéteit, Katumani in 37 omgewings in oostelikesemtraal Afrika, gebasseer op twee stelle
proewe wat uitgevoer is in 2006-2008. Katumani vegger die vroegste ryp in al die
omgewings. Die omgewings is gegroepeer in versidde mega-omgewings gebasseer op
graanopbrengs en dae tot blom. Die klassifikasie @mgewings in soortgelyke mega-
omgewings sal kiemplasma uitruiling tussen omgewirfgsiliteer en sal bydra tot
grootskaalse produksie van QPM in soortgelyke onmggsv Daar is gevind dat die
hersirkulering van QPM OPVs vir meer as drie jahis@soene betekenisvolle afname in
opbrengs sal veroorsaak. Daarom moet saad metsaacs vervang word teen die vierde

generasie.

Alhoewel hierdie studie betekenisvol behoort bgia tot die rol van QPM om verminderde
wanvoeding en verwante siektes in SSA te weeg ireglbieur beter presterende QPM
genotipes vry te stel, sal die vinnige verspreidwagn QPM in die streek afhang van ‘n
funksionele mieliesaad sisteem. ‘n Lewensvatbaaesateem sal toegang en beskikbaarheid
van QPM saad, veral OPV saad, vir hulpbronarm beereoog wat die mees sensitief is vir
voedsel en voedings insekuriteit. Die verbeterirag Wie sisteem waar verbeterde QPM
variéteite miljoene boere in SSA kan bereik, isasa@aklik. Toekomstige navorsing kan ook
kyk na die effek van diverse produksietoestand&@SA op voedingswaarde van QPM en hoe
boere saad en proteien kwaliteit van OPVs kan twoder

Sleutelwoordes:QPM, graanopbrengs, stabiliteitsanalise, AMMI enE;G x E interaksie,
mega-omgewing analise en sub-Sahara Afrika.
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Appendix 1 Grain yield performance (t Haof 96 QPM hybrids tested across six environmanBSA, 2010

Environments
HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1
Rank Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield

1 52 9.12 46 6.10 96 9.28 40 2.32 15 4.93 23 477
2 4 8.87 96 5.75 40 8.03 16 2.32 22 4.74 73 4.50
3 43 8.71 82 5.68 45 7.83 96 2.32 29 4.70 29 4.04
4 37 8.59 92 5.60 59 7.45 87 2.28 64 4.65 16 3.90
5 6 8.28 47 5.56 15 7.28 55 2.26 48 451 22 3.90
6 45 8.21 76 5.54 55 7.13 26 2.24 37 4.38 27 3.80
7 46 8.19 52 5.47 49 7.00 79 2.20 55 4.35 58 3.73
8 10 8.10 10 5.47 4 6.92 85 2.12 75 4.29 60 3.71
9 87 7.89 33 5.46 48 6.85 67 2.12 4 4.20 61 3.69
10 40 7.88 60 5.42 60 6.67 93 2.10 35 4.17 40 3.67
11 12 7.84 15 5.36 37 6.37 73 2.09 92 4.14 8 3.66
12 8 7.83 64 5.35 70 6.37 88 1.95 56 4.14 67 3.65
13 54 7.80 12 5.31 12 6.28 17 1.93 45 4.03 12 3.65
14 53 7.79 84 5.28 17 6.27 86 1.91 49 3.99 92 3.61
15 48 7.63 37 5.18 16 6.27 12 1.91 96 3.98 33 3.60
16 7 7.55 43 5.08 69 6.25 39 1.91 54 3.93 11 3.58
17 82 7.52 91 5.08 63 6.23 54 1.90 91 3.93 86 3.53
18 1 7.50 7 5.04 54 6.20 18 1.84 51 3.86 19 3.53
19 42 7.46 4 5.02 52 6.19 51 1.84 73 3.83 94 3.49
20 55 7.35 49 5.01 38 6.18 47 1.82 69 3.82 59 3.48
21 51 7.27 13 5.01 91 6.18 61 1.69 40 3.80 14 3.48
22 49 7.24 57 5.01 67 6.16 22 1.68 47 3.70 79 3.45
23 73 7.20 54 5.01 29 6.15 46 1.66 12 3.62 13 3.41
24 39 7.17 5 4.98 51 6.12 52 1.66 60 3.62 10 3.38
25 16 7.16 2 4.97 5 6.10 23 1.65 14 3.61 88 3.38
26 77 7.15 48 4.90 17 3.34 66 1.65 77 7.15 17 3.34
27 3 7.13 45 4.88 36 3.31 24 1.62 3 7.13 36 3.31
28 41 7.13 30 4.88 2 3.30 6 1.62 41 7.13 2 3.30

29 44 7.07 62 4.87 15 3.23 21 1.60 44 7.07 15 3.23
30 72 7.06 9 4.86 68 3.23 41 1.60 72 7.06 68 3.23
31 84 7.03 40 4.82 48 3.22 76 1.60 84 7.03 48 3.22
32 22 6.88 93 4.82 87 3.21 37 1.58 22 6.88 87 3.21
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Appendix 1 Continued....

Environments

HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1
Rank Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield

33 2 6.80 78 4.82 20 5.90 29 1.57 38 3.44 18 3.20
34 64 6.76 26 4.79 26 5.86 82 1.55 76 3.44 76 3.16
35 24 6.75 70 4.76 1 5.80 64 1.52 19 3.44 52 3.15
36 50 6.75 32 4.76 62 5.80 42 1.52 13 3.42 78 3.14
37 69 6.73 1 4.75 3 5.80 15 151 16 3.42 69 3.13
38 92 6.64 24 4.70 27 5.78 13 1.51 2 3.41 51 3.07
39 67 6.63 55 4.68 8 5.77 31 1.49 27 3.33 63 3.07
40 15 6.63 41 4.68 57 5.76 92 1.46 61 3.31 53 3.03
41 75 6.63 25 4.68 41 5.71 69 1.46 70 3.29 70 3.03
42 60 6.58 67 4.64 30 5.70 11 1.46 50 3.27 66 3.02
43 14 6.52 51 4.61 6 5.69 35 1.46 85 3.26 82 3.01
44 13 6.49 3 4.60 92 5.69 48 1.46 71 3.25 25 2.99
45 33 6.48 39 4.59 24 5.66 49 1.41 95 3.20 28 2.98
46 57 6.44 53 4.55 10 5.64 4 1.40 62 3.15 85 2.94
47 21 6.44 44 4.54 44 5.48 90 1.40 17 3.13 50 2.93
48 30 6.43 77 4.53 28 5.46 89 1.40 8 3.12 75 2.93
49 38 6.38 95 4.53 76 5.43 7 1.38 10 3.10 65 2.93
50 9 6.38 90 4.50 46 5.37 25 1.32 72 3.09 64 2.91
51 5 6.37 63 4.50 77 5.36 10 1.30 86 3.07 56 2.90

52 78 6.35 88 4.50 80 5.35 95 1.30 88 3.06 39 2.89
53 76 6.32 73 4.44 22 5.32 50 1.30 24 3.04 93 2.88
54 70 6.26 87 4.44 53 5.29 56 1.25 84 3.01 80 2.84
55 95 6.22 56 4.40 42 5.29 78 1.24 9 2.99 5 2.79
56 18 6.14 6 4.38 18 5.28 53 1.24 5 2.97 91 2.78

57 94 6.09 81 4.34 84 5.25 43 1.19 21 2.97 90 2.74
58 26 6.08 85 4.32 81 5.23 34 1.18 33 2.95 47 2.72
59 63 6.08 8 431 56 5.21 20 1.18 34 2.85 72 2.71
60 89 6.02 58 4.30 21 5.18 62 1.16 44 2.84 49 2.71
61 11 5.97 29 4.29 58 5.12 27 1.15 1 2.84 7 2.69
62 66 5.95 11 4.24 23 511 5 1.15 65 2.83 84 2.69
63 20 5.82 79 4.20 64 5.11 44 1.13 43 2.82 89 2.69
64 88 5.75 42 4.16 31 5.08 33 1.13 59 2.79 71 2.68
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Appendix 1 Continued....

Environments

HREOP1 RATOP BKOPT HRELN1 BKOLN CHIDT1
Rank Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield Entry Yield

65 32 5.74 83 4.14 73 5.01 71 1.10 20 2.79 7 2.67
66 27 5.74 50 4.13 2 4,99 94 1.08 77 2.78 43 2.67
67 29 5.74 14 4.13 71 4.96 59 1.05 80 2.78 1 2.66
68 86 5.74 65 4.11 85 4.91 14 1.00 18 2.78 4 2.65
69 74 5.73 21 4.08 72 491 91 0.97 90 2.72 26 2.62
70 91 5.67 80 4.06 68 4.90 63 0.93 6 2.71 41 2.62
71 59 5.65 34 4.04 11 4.89 60 0.93 52 2.70 44 2.59
72 58 5.56 22 4.03 39 4.86 3 0.91 26 2.68 45 2.59
73 85 5.51 16 3.95 7 4.80 70 0.91 7 2.62 74 2.57
74 83 5.48 94 3.89 61 4.75 57 0.89 94 2.58 62 2.55
75 28 5.47 66 3.88 43 473 38 0.88 87 2.54 24 2.55
76 96 5.45 75 3.87 66 4.69 32 0.85 31 2.54 83 2.48
77 47 5.43 59 3.84 93 4.66 8 0.83 83 2.53 42 2.45
78 80 5.41 19 3.84 25 4.65 2 0.83 78 2.52 54 2.43
79 34 5.40 72 3.82 82 4.60 9 0.83 32 2.51 55 2.38
80 56 5.37 38 3.79 89 4.59 68 0.82 57 2.49 3 2.38
81 62 5.35 86 3.77 79 4.48 72 0.78 41 2.48 30 2.34
82 19 5.30 68 3.76 94 4.35 65 0.77 28 2.48 46 2.30
83 90 5.29 74 3.74 88 4.33 77 0.77 74 2.42 81 2.22
84 25 5.25 17 3.67 83 4.32 80 0.77 39 2.42 9 2.20
85 79 5.07 35 3.58 13 4.29 75 0.77 79 2.42 32 2.17
86 93 5.01 69 3.54 65 4.27 36 0.75 93 2.40 34 2.12
87 81 5.00 71 3.49 78 4.22 84 0.75 36 2.32 31 2.12
88 61 4.98 31 3.29 33 4.22 28 0.75 46 2.30 38 2.10
89 71 4.96 61 3.27 90 4.14 74 0.74 81 2.18 57 2.09
90 65 4.96 27 3.15 34 4.14 81 0.71 25 2.16 21 2.09
91 23 4.89 89 3.08 74 4.00 30 0.69 58 2.14 20 2.05
92 35 4.86 36 3.06 86 3.98 58 0.66 42 2.12 6 2.04
93 68 4,76 23 3.02 9 3.72 19 0.64 82 2.02 96 1.91
94 17 4.66 20 2.99 14 3.50 45 0.58 89 1.94 37 1.88
95 36 4.63 28 2.94 95 3.42 83 0.55 11 1.86 95 1.82
96 31 4.63 18 2.66 36 2.96 1 0.49 3 1.80 35 1.71
Mean 6.45 4.46 5.48 1.36 3.18 2.94

Max 9.12 6.10 9.28 2.32 4.93 4.77

Min 4.63 2.66 2.96 0.49 1.80 1.71

LSD o0 0.56 1.47 1.31 0.81 0.63 0.73

CV % 4.29 16.64 12.03 29.85 9.93 12.79
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Appendix 2 Grain yield performance (t Haof 96 QPM hybrids tested across nine environmenE&SA, 2011

Environments

HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP
Rank Entry Yield Entry Yield Entry  Yield Entry Yield Erny  Yield Entry  Yield Entry Yield Entry Yield Entry Yield
1 51 2.16 37 8.68 94 2.02 31 2.44 40 8.84 42 6.64 224.66 41 7.06 37 7.62
2 54 1.90 43 8.24 52 1.98 84 2.13 37 8.32 95 6.26 104.33 92 6.82 55 7.62
3 22 1.82 12 8.06 68 1.91 33 2.04 41 7.98 96 6.10 254.31 60 6.76 54 6.73
4 53 1.69 3 8.05 18 191 4 2.00 54 7.65 45 5.97 734.22 63 6.64 46 6.60
5 55 1.69 10 7.85 33 1.90 66 1.98 96 7.40 9 5.95 634.16 58 6.55 15 6.48
6 67 1.68 52 7.79 64 1.87 7 1.90 48 7.40 10 5.91 784.07 38 6.48 61 6.35
7 89 1.57 40 7.73 73 1.87 24 1.88 51 7.33 51 5.86 43 3.92 8 416 3 6.35
8 84 1.55 92 7.73 92 1.86 46 1.87 45 7.31 15 5.82 8 8 3.77 57 6.36 91 6.35
9 82 1.55 82 7.71 60 1.84 56 1.84 4 7.05 4 5.80 603.62 76 6.25 95 6.35
10 68 1.54 54 7.69 56 1.84 73 1.81 27 6.96 38 5.78 82 3.55 49 6.18 96 6.22
11 25 1.52 6 7.67 23 1.82 65 1.77 13 6.88 3 5.57 863.53 56 6.14 40 6.10
12 46 1.46 84 7.40 90 1.80 14 1.75 18 6.87 21 5.54 8 3.46 94 6.13 26 5.97
13 75 1.43 4 7.33 70 1.80 38 1.73 50 6.83 32 548 2 5 3.36 64 6.13 53 5.97
14 49 141 8 7.31 40 1.80 89 1.71 29 6.68 1 5.47 873.30 55 6.00 52 5.59
15 48 1.40 45 7.29 57 1.77 26 1.69 5 6.67 24 545 2 6 3.26 50 5.96 38 5.46
16 44 1.40 62 7.28 7 1.76 63 1.69 82 6.64 39 5.45 15 3.26 15 915 60 5.46
17 83 1.38 2 7.22 65 1.76 34 1.66 25 6.64 50 537 0 3 3.15 44 5.80 79 5.46
18 24 1.38 39 7.22 67 1.74 28 1.64 91 6.60 40 5.33 20 3.02 10 5.72 2 5.33
19 52 1.33 1 7.11 44 1.71 90 1.62 76 6.59 55 5.30 21 2.93 21 5.70 255.21
20 16 1.30 7 7.09 71 1.71 43 1.61 42 6.57 46 530 6 9 2.93 62 5.59 84 5.08
21 93 1.27 66 7.08 48 1.70 69 1.60 9 6.55 48 527 7 6 291 47 5.56 33 5.08
22 10 1.25 51 7.07 74 1.70 76 1.58 38 6.55 37 5.25 42 2.90 12 5.56 50 5.08
23 90 1.25 41 7.00 22 1.70 11 1.57 1 6.49 54 522 8 3 2.90 72 5.53 87 5.08
24 88 1.22 22 6.99 61 1.69 55 1.56 31 6.46 47 5.18 51 2.88 40 5.51 76 5.08
25 66 1.21 32 6.98 41 1.69 44 1.56 63 6.46 56 5.17 28 2.87 5 5.45 63 5.08
26 63 1.19 69 6.90 77 1.68 8 1.56 62 6.45 41 5.16 4 2 2.83 77 5.31 94 5.08
27 1 1.16 42 6.85 82 1.66 50 1.56 85 6.41 43 513 6 7 2.81 30 5.28 70 5.08
28 23 1.15 5 6.85 78 1.62 68 1.55 35 6.39 84 508 1 9 281 84 5.26 62 5.08
29 79 1.13 46 6.83 53 1.60 70 1.55 49 6.39 20 4.94 48 2.77 43 5.25 65 4.95
30 86 1.13 48 6.82 63 1.59 23 1.55 58 6.38 66 4.90 23 2.77 42 5.25 45 4.95
31 50 1.11 60 6.80 81 1.56 67 151 7 6.36 16 488 5 8 2.76 85 5.23 18 4.95
32 42 1.11 49 6.78 80 1.56 72 1.50 43 6.35 12 4.84 94 2.73 13 5.20 44 4.83
33 37 1.10 91 6.75 31 1.55 78 1.50 10 6.31 83 4.80 80 2.70 70 5.13 13 4.83
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Appendix 2 Continued...

Environments

Rank HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP
Entry Yield Entry Yield Entry  Yield Entry Yield Erny Yield Entry  Yield Entry Yield Entry Yield Entry Yield
34 62 1.08 50 6.70 69 1.55 12 1.47 52 6.30 62 4.72 832.69 3 5.06 24 4.83
35 92 1.07 55 6.68 13 1.55 13 1.47 71 6.30 7 4.66 79 692 48 5.01 10 4.83
36 12 1.05 21 6.59 43 1.55 91 1.46 3 6.28 52 4.64 57 692 87 4.99 42 4.83
37 40 1.04 27 6.56 30 151 15 1.44 57 6.26 94 4.62 58 2.68 6 4.93 27 4.70
38 6 1.04 89 6.51 47 151 83 1.44 20 6.23 18 4.61 6 2.67 88 4.92 81 4.57
39 78 1.02 9 6.49 79 1.50 6 1.39 32 6.20 53 4.61 12.66 20 4,91 43 4,57
40 21 0.99 73 6.48 17 1.47 1 1.39 14 6.17 60 4.60 56 2.66 78 864 59 4.57
41 87 0.99 63 6.46 10 1.46 39 1.39 55 6.13 25 4.60 33 2.56 35 4.85 73 4.44
42 26 0.99 88 6.42 62 1.45 19 1.38 21 6.13 92 4.55 29 2.48 65 4.82 41 4.44
43 95 0.97 57 6.42 20 1.44 45 1.37 56 6.13 22 4.48 41 2.48 22 4.80 5 4.44
44 81 0.96 87 6.38 58 1.43 17 1.36 95 6.09 2 445 5 4 2.48 67 4.77 39 4.44
45 39 0.94 64 6.38 15 1.40 75 1.34 47 6.07 93 44570 2.46 9 4.76 49 4.44
46 14 0.94 59 6.34 50 1.40 41 1.34 77 6.02 26 4.42 64 2.44 24 4.69 85 4.44
47 43 0.93 96 6.32 35 1.37 49 1.32 8 6.00 85 442 0 9 241 61 4.68 89 4.44
48 34 0.93 75 6.31 19 1.36 88 1.31 75 6.00 67 4.41 31 2.37 52 4.60 19 4.32
49 85 0.91 24 6.24 55 1.36 77 1.31 60 6.00 44 4.40 11 2.33 184.59 35 4.32
50 94 0.91 35 6.24 96 1.35 86 1.29 34 6.00 11 4.38 84 2.32 39 4.59 75 4.32
51 15 0.89 72 6.18 72 1.33 25 1.27 33 5.95 75 4.37 17 2.31 37 4.58 1 4.32
52 18 0.89 30 6.16 76 1.32 79 1.23 2 5.91 64 4.33 92 2.27 29 4.56 22 194
53 27 0.88 80 6.15 16 1.31 35 1.22 81 5.91 87 4.32 65 2.24 90 4.55 29 4.19
54 73 0.86 67 6.11 87 1.30 60 1.22 16 5.89 63 4.3219 2.17 46 4.54 31 4.06
55 17 0.86 44 6.02 91 1.28 52 1.21 44 5.88 13 4.28 72 2.13 96 4.53 6 3.94
56 91 0.86 33 5.98 25 1.25 36 1.21 24 5.86 30 426 7 2.12 81 4.50 16 3.81
57 56 0.86 47 5.95 45 123 21 1.19 6 5.84 5 4.20 89 2.10 32 4.47 48 3.81
58 74 0.86 58 5.95 84 1.22 58 1.17 39 5.84 82 4.19 18 2.00 74 4.44 36 3.81
59 9 0.85 38 5.95 6 1.22 82 1.16 66 5.83 72 4.09 691.99 51 4.44 80 3.81
60 96 0.85 29 5.91 93 1.21 51 1.16 59 5.76 80 4.08 36 1.96 54 4.44 58 3.81
61 11 0.83 85 5.88 34 1.21 20 1.16 69 5.76 68 4.02 16 1.94 80 4.35 71 3.81
62 3 0.82 26 5.86 29 1.15 48 1.15 84 5.76 19 400 9 4 1.90 91 4.32 47 3.81
63 19 0.82 28 5.86 75 1.14 61 1.13 74 5.70 59 3.97 66 1.89 27 4.32 12 3.68
64 60 0.80 13 5.82 83 1.14 53 1.10 15 5.66 73 3.96 14 1.86 82 4.29 72 3.68
65 7 0.78 15 5.75 11 1.13 81 1.09 26 5.65 89 395 1 8 1.85 86 4.21 7 3.68

260



Appendix 2 Continued

Environments

Rank HRELN2 HREOP2 CHIDT2 CHSDT EMBOP KAKOP KBODT MLKOP AWAOP
Entry Yield Entry Yield Entry Yield Entry Yield Eny Yield Entry Yield Entry Yield Entry Yield Entry  Yield

66 70 0.78 77 5.62 66 1.11 80 1.09 22 5.64 35 394 35 1.85 19 4.20 32 3.56
67 5 0.77 19 5.55 28 111 9 1.06 12 5.62 33 3.87 75 821. 4 4.19 74 3.56
68 76 0.77 86 5.50 88 1.10 10 1.05 46 5.56 6 3.87 9 82 1. 31 4.18 78 3.56
69 2 0.75 76 5.45 12 1.09 64 1.04 87 5.51 86 3.85 2 79 1. 69 4.17 69 3.56
70 29 0.72 78 5.44 27 1.06 27 1.01 72 5.50 77 3.82 27 1.79 45 4.10 77 3.56
71 45 0.71 93 5.33 24 1.04 3 0.99 93 541 57 381 3 9 179 7 4.09 93 3.56
72 64 0.71 68 5.25 5 1.04 94 0.97 61 5.40 49 3.80 4 7 177 79 4.04 68 3.56
73 4 0.71 81 5.11 89 1.01 87 0.97 92 5.40 14 3.77 44 1.77 23 4.03 11 343
74 80 0.69 70 5.11 21 1.01 74 0.92 19 5.33 23 3.75 68 1.77 75 3.96 4 3.18
75 20 0.69 90 4.98 46 0.99 95 0.92 30 5.33 58 3.72 53 1.77 25 3.95 66 3.18
76 32 0.67 79 4.94 8 0.96 62 0.90 88 5.27 34 3.69 0 5 176 73 3.95 92 3.18
77 33 0.63 25 491 86 0.93 85 0.90 70 5.24 76 3.64 61 1.76 17 3.90 30 3.18
78 77 0.63 83 4.89 51 0.91 71 0.89 73 5.23 27 3.62 77 1.75 53 3.85 9 3.18
79 47 0.61 71 4.82 59 0.89 2 0.89 64 5.22 81 3.60 6 2 175 28 3.75 67 3.18
80 28 0.60 34 4,78 32 0.89 16 0.89 78 5.17 17 3.58 46 1.75 83 3.73 88 3.05
81 35 0.58 11 4.69 1 0.85 47 0.88 80 5.16 29 3.54 2 3 175 33 3.69 20 3.05
82 13 0.55 65 4.68 37 0.83 5 0.88 53 5.16 91 3.52 5 1.74 68 62 3. 83 3.05
83 41 0.53 56 452 85 0.83 30 0.86 11 5.10 61 351 12 1.74 2 3.60 21 2.92
84 58 0.53 36 4.49 49 0.82 57 0.85 23 5.07 88 3.38 55 1.74 93 3.54 56 2.79
85 59 0.49 16 4.48 26 0.75 92 0.82 89 5.06 70 3.35 13 1.74 16 3.52 51 2.79
86 30 0.49 14 4.39 4 0.73 37 0.82 67 5.04 28 332 9 5 173 34 3.48 82 2.67
87 65 0.47 20 4.38 14 0.71 93 0.77 36 4.97 8 3.31 4 3 172 89 3.34 34 2.54
88 72 0.45 94 4.38 9 0.67 54 0.77 94 4.93 69 3.31 1 7 171 36 3.32 86 2.54
89 8 0.45 31 4.36 2 0.67 59 0.75 17 4.85 74 3.26 54 1.71 26 3.30 64 2.54
90 71 0.44 53 4.33 54 0.63 32 0.70 90 4.84 90 3.23 3 1.63 66 3.23 28 2.54
91 57 0.42 61 4.31 38 0.60 96 0.69 65 4.80 65 3.21 47 1.58 71 3.21 17 2.54
92 69 0.35 95 4.29 36 0.59 29 0.67 28 4.77 36 2.90 40 1.34 1 3.19 23 2.54
93 36 0.33 74 4.27 39 0.50 18 0.64 86 4.47 79 247 4 1.30 59 2.80 14 2.29
94 61 0.25 23 4.07 42 0.33 42 0.64 83 4.37 31 2.28 39 1.22 14 2.45 8 1.91
95 31 0.19 17 351 3 0.31 22 0.42 68 4.16 71 218 7 3 1.07 11 2.22 57 1.40
96 38 0.13 18 3.47 95 0.16 40 0.32 79 3.66 78 212 95 0.82 95 2.00 90 1.27

Mean 0.97 6.12 1.31 1.29 5.99 4.42 2.44 4.72 4.30
Max 2.16 8.68 2.02 2.44 8.84 6.64 4.66 7.06 7.62
Min 0.13 3.47 0.16 0.32 3.66 2.12 0.82 2.00 1.27

LSD o0 0.77 1.36 0.65 0.81 1.34 0.89 141 1.56 2.36

CV % 40.07 11.12 37.22 31.52 11.19 10.11 29.05 16.54 27.57
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Appendix 3 Grain yield performance (t Haof 96 QPM hybrids tested across 15 environmen&SA, 2010-2011

Trial years
2010 2011 2010-2011
Rank Entry Yield Entry Yield Entry Yield
1 40 5.09 10 4.30 40 4.57
2 4 4.84 37 4.25 37 4.42
3 15 4.82 55 4.23 55 4.42
4 96 4.78 40 4.22 10 4.38
5 12 4.77 41 4.19 15 4.37
6 48 4.76 63 4.18 52 4.34
7 52 4.72 43 4.17 96 4.34
8 55 4.69 60 4.12 60 4.27
9 45 4.69 52 4.09 54 4.27
10 37 4.66 54 4.08 48 4.26
11 49 4.56 15 4.07 45 4.23
12 54 4.54 96 4.04 43 4.18
13 92 4.52 84 3.98 63 4.13
14 73 4.51 62 3.98 41 4.13
15 16 4.50 50 3.97 12 4.12
16 10 4.50 38 3.95 51 4.09
17 60 4.49 45 3.93 4 4.09
18 51 4.46 48 3.92 22 4.08
19 67 4.46 42 3.90 92 4.06
20 22 4.43 3 3.89 46 4.06
21 29 4.41 46 3.88 49 4.03
22 87 4.38 22 3.86 50 4.02
23 64 4.38 51 3.84 73 3.99
24 46 4.32 24 3.80 84 3.99
25 8 4.25 91 3.77 87 3.94
26 76 4.25 92 3.74 76 3.93
27 53 4.22 25 3.74 62 3.91
28 47 4.21 76 3.72 91 3.90
29 43 4.20 82 3.71 24 3.90
30 69 4.16 44 3.71 38 3.89
31 6 4.12 12 3.68 42 3.87
32 70 4.10 49 3.67 67 3.87
33 91 4.10 21 3.67 82 3.85
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Appendix 3 continued...

Trial years
2010 2011 2010-2011

Rank Entry Yield Entry Yield Entry Yield
34 50 4.08 87 3.65 3 3.84
35 75 4.08 73 3.65 6 3.82
36 82 4.06 1 3.63 44 3.80
37 5 4.06 6 3.62 64 3.80
38 63 4.06 7 3.61 8 3.79
39 24 4.05 13 3.59 1 3.78
40 2 4.05 4 3.59 7 3.77
41 26 4.05 58 3.58 13 3.76
42 59 4.04 5 3.56 47 3.76
43 41 4.04 56 3.55 5 3.76
44 13 4.02 85 3.53 29 3.76
45 7 4.01 94 3.53 33 3.70
46 1 4.00 33 3.52 53 3.70
47 84 4.00 39 3.51 39 3.69
48 33 3.97 8 3.49 21 3.69
49 39 3.97 67 3.48 56 3.68
50 44 3.94 9 3.48 75 3.68
51 30 3.93 47 3.46 70 3.67
52 77 3.88 27 3.43 16 3.67
53 56 3.88 35 3.42 2 3.66
54 85 3.84 75 341 85 3.66
55 17 3.83 32 341 25 3.65
56 42 3.83 64 341 26 3.64
57 88 3.83 2 3.40 69 3.61
58 27 3.83 70 3.39 27 3.59
59 23 3.82 88 3.38 30 3.59
60 62 3.81 66 3.38 58 3.58
61 38 3.80 72 3.38 88 3.56
62 19 3.79 26 3.38 94 3.55
63 57 3.78 30 3.36 66 3.54
64 66 3.77 53 3.34 77 3.53
65 3 3.77 57 3.33 72 3.52
66 72 3.73 18 3.33 32 3.52
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Appendix 3 continued...

Trial years
2010 2011 2010-2011
Rank Entry Yield Entry Yield Entry Yield
67 21 3.73 29 3.32 57 3.51
68 78 3.71 20 3.31 35 3.50
69 14 3.71 89 3.30 9 3.49
70 32 3.68 77 3.30 19 3.46
71 86 3.67 80 3.29 18 3.46
72 11 3.67 78 3.26 78 3.44
73 18 3.65 69 3.24 59 3.44
74 93 3.65 81 3.24 80 3.39
75 79 3.63 19 3.24 61 3.39
76 35 3.63 61 3.23 20 3.37
77 61 3.61 65 3.19 23 3.31
78 58 3.59 16 3.11 86 3.30
79 94 3.58 31 3.10 89 3.29
80 80 3.54 95 3.10 93 3.28
81 25 3.51 83 3.05 79 3.26
82 9 3.50 86 3.05 81 3.26
83 68 3.48 68 3.04 65 3.24
84 90 3.46 93 3.04 95 3.22
85 20 3.45 59 3.03 68 3.22
86 95 3.41 79 3.01 11 3.18
87 71 3.41 23 2.97 17 3.16
88 28 3.35 74 2.94 31 3.14
89 65 3.31 28 2.94 83 3.13
90 34 3.29 34 2.89 90 3.12
91 89 3.29 90 2.89 14 3.10
92 81 3.28 11 2.85 28 3.10
93 83 3.25 71 2.78 34 3.05
94 74 3.20 17 2.71 74 3.04
95 31 3.19 14 2.70 71 3.03
96 36 2.84 36 2.62 36 2.71
Mean 3.98 3.51 3.70
Max 5.09 4.30 4.57
Min 2.84 2.62 2.71
LSD 005 0.45 0.41 0.21

CV %

14.15

18.04

11.11
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