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Chapter 1
Introduction

1.1 Maize production and demand in sub-Saharan Afda
The world population is growing and demand for fofekd and biofuels is rising, but the

rate of growth in global crop production is belowat was recommended to cope with the
rising demand (Pingali and Pandey, 2001; Biagl, 2013). Sub-Saharan Africa (SSA) is the
most affected by this problem. More than 300 millfeople in SSA rely on maize for food,
feed and a livelihood (Rovert al, 2010; Prasanna, 2012). SSA has the highest aioqul
growth rate, high per capita maize requirementyatdoroduction growth rate is low. Yield
in countries including Kenya, Zimbabwe, Zambia, Rda, The Democratic Republic of
Congo, Somalia and Burundi is declining (Retyal, 2013). The region has the lowest
production levels at less than 2 t'h@anzigeret al, 2000; Pingali and Pandey, 2001; Smale
et al, 2011; FAOSTAT, 2012; Kasset al, 2012) compared to the world average of 4.9t ha
! as of 2012 (FAOSTAT, 2013). Low maize productiosams that the small holder farmers
face food insecurity and their livelihoods are #temed. Besides, economies for most
African countries are agriculture based and thegpmestic product (GDP) is negatively
affected if production levels remain low or decliffdAO, 2001). There is an urgent need to

improve maize production in SSA for food securityl@o sustain or improve economies.

Major factors contributing to this low productiviipclude the use of marginal areas for
maize production, low soil fertility, low or no tdiser use, drought and cultivation of
unimproved varieties that are less productive (B2t al, 2000; FAO, 2001; Kassiet
al., 2012; Windhauseet al, 2012). A multipronged approach is required tewte the
effects of the listed factors on maize producti@ue to limited capital for acquiring
resources such as fertiliser in sufficient quassgitand drought being unpredictable and
difficult to manage, breeding for tolerance to lontrogen (N) and drought is a possible
intervention to alleviate low maize production (Béyer et al, 2000; Banziger and Araus,
2007). Diseases like maize streak virus (MSV), deay spot (GLS) and Northern leaf blight
or Exserohilum (Helminthosporium) tursicyii&T) also affect maize production and breeding
for disease resistance was considered a possilgevention (Bjarnason, 1986; Fajemisin,
2001; Menkir and Ayodele, 2005; Deregt al, 2008; Shepherdt al, 2010; Aseaet al,
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2011).

1.2 Breeding as a possible intervention
Breeding for drought stress tolerance was initiadedhe International Maize and Wheat

Improvement Centre (CIMMYT) in 1975 (Banziger andads, 2007) and later (1997) in
CIMMYT Southern Africa. The CIMMYT global maize eding programme in Zimbabwe
was established in 1985. Since 1997 CIMMYT East &alithern Africa (ESA) has
developed drought tolerant, low N tolerant and akgeresistant maize varieti@anzigeret
al., 2006; Cairnset al, 2013). Improved drought tolerant maize varietles/e been
disseminated throughout the SSA region (Banzig@Q42 These varieties include 60
drought tolerant hybrids and 57 drought tolerargropollinated varieties (OPVs) (Tsedeke
et al, 2013).

In the drought tolerant maize for Africa (DTMA) pect the aim was to produce some
drought and low N tolerant varieties with resisema major diseases. The varieties should
perform well under stress conditions, producindeast a 1 t Haincrease in yield by 2016
without a yield penalty under optimal conditionsdao disseminate the varieties to 20 to
30% of the adopting farmers in SSA, with the hopeeaching 30 to 40 million people by
2016 (Rovereet al, 2010).

CIMMYT and International Institute of Tropical Agulture (IITA) under the DTMA
programme set objectives to (i) develop droughgrtoit varieties (hybrids and OPVs) that
yield at least 1 t hhmore under drought stress relative to most widgbwn hybrids and
OPVs under drought stress conditions, (ii) increaseze yield under small holder farming
conditions by 20 to 30% under farmer management (@jddisseminate the developed
materials to 30 to 40 million people or five to savmillion farming families in SSA by
2016. The main objective of the programme was levigte hunger, improve food security
and improve income from agriculture and the livetidls among the resource poor farmers in
SSA through the development of drought toleranietiés. Amid all these developments
there is need to assess the genetic gain in yietight and low N tolerance and disease
resistance in hybrids releadéy CIMMYT ESA in regional trials from 2000 to 2010.

! For this study release of hybrids is consideredrasy into regional trials as this is the pointdigsemination
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1.3 Evaluation of genetic gain

Genetic gain is evaluated in era studies. An andysinvolves the evaluation of the best
performing varieties from different years or poimtstime in a single trial in which the
different varieties receive the same managemerttjbiing differences to genetic
differences (Hall and Richards, 2013). This isthet first era study in maize but it is the first
in ESA. Many studies have described long-ténends in grain yield, tolerance to biotic and
abiotic stresses and agronomic characters developedtime in selected regions of the
world, mainly the United States of America (USA),ar@da and South America
(Magorokosho, 2006). Gt al (2011) studied genetic gain in maize yield inr@@hiRecently
Badu-Aprakuet al (2013) studied genetic gain in early maize vaagein West and Central
Africa (WCA). The other studies focused on longerigds, over 60 years in the USA
(Duvick, 1997), over three decades in Ontario @mdlar, 1989), over three decades in China
(Ci et al, 2011) and over two decades in WCA (Badu-Aprakwal, 2013). This study
focused on a shorter period of 11 years (just avdecade). The other studies also had fewer
entries, seven in Ontario (Tollenaar, 1989) ande@fies in China (Cet al, 2011). The
more recent study in WCA evaluated 50 entries (Bapaku et al, 2013). Seventy hybrids
composed of 67 CIMMYT hybrids and three commerclacks were evaluated in a multi-
environment trial (MET). The aim of this study wasestablish the genetic gain for yield
potential and tolerance to drought, low N and disestresses in CIMMYT hybrids released
from 2000 to 2010. Knowledge of the pace of genatigrovement is important in assessing
the results and evolution of breeding objectived ammategies (Eyherabide and Damilano,

2001) and for planning.

In earlier studies, the yield increases realisetevedtributed to both genetic and agronomic
improvements. With changing maize crop managemeat time reflected by the adoption
of better cultural practices such as non-tillagecadure, more rational use of fertilisers and
pesticides, and newer and more productive cultif@estleburyet al, 1983; Eyherabide and
Damilano, 2001) yields improved significantly. leparate studies, Russell (1974) and
Duvick (1977) established that about 60% of yigldréase in maize could be attributed to

genetic improvement that includes reduced lodgaag,droppage and barrenness in addition

to the public and private sector for CIMMYT. Theivate and public sector will then disseminate geléc
varieties to farmers.



to increased yield potential. Phenology of the flddwas evaluated in this study. To focus
on genetic gain only, entries were planted sidesidg in one trial to eliminate variation in

agronomic management.

Genetic gain in yield is not only a result of timeproved genetic potential for yield, but is
influenced by other varietal traits including imped adaptation for improved resource
utilisation, improved standability as well as telece and resistance to some adverse
environmental factors including drought, low N sgeand diseases, among other factors.
(Tollenaar and Wu, 1999; Duvick, 2005a; 2005b). uyftt is quite significant in marginal
areas where maize is produced. In SSA droughteguént, unpredictable, devastating and
difficult to manage. The major crop under productio this farming sector in SSA is maize,
being the staple crop with a high average requirgroé 100 kg capita yeai* in Southern
Africa and 85 kg capithyear' in Kenya (Smale and Jayne, 2003). About 40% ofatiea
under maize in SSA is affected by occasional drowghle 25% is affected by frequent
drought each year (CIMMYT, 2012). The frequency falled seasons is predicted to
increase, making the situation worse. Most of timals holder farmers have no irrigation
facilities and are located in the marginal areagr@hsoil fertility is low and drought is
frequent. Some of the farmers cannot afford feeis in sufficient quantities for crop
production.

Diseases devastate potentially good crops and eeglatds by up to 100%. The major maize
diseases in Africa include MSV, GLS and ET (Shegretral, 2010; Teferaet al, 2011,
Shiferaw et al, 2011). Genetically disease tolerant and redistaaterials have been
developed to curb yield losses. This study assettsedesponse of the CIMMYT hybrids
released from 2000 to 2010 to diseases, focusinglynan MSV but also ET disease, that
developed in the MSV trials from natural infections

Understanding changes underlying post breedingressgnay help to focus research efforts
and accelerate future genetic gains (Camgbsl, 2006). For this reason a study was
conducted to evaluate genetic gain and the chaaggeiated with the gain in yield, drought

and low N tolerance and disease resistance in CINIMybrids released from 2000 to 2010.



1.4 Evaluation of genetic diversity

Following domestication, crop gene pools have ckdrtg adapt to, and sustain the demands
of agricultural systems for thousands of years (LE¥98). Breeding results in changes in
genetic diversity of populations in defined lodabt This is a result of the artificial selection
and introductions that are made. Wide adoption fefravarieties of homogenous germplasm
reduces crop diversity and reduces stability irpgoooduction (Liet al, 2006). Not much
was known earlier about crop content, distributemchitecture, or circuitry (Lee, 1998) but a
lot of genetic studies in different crops have beenducted lately including genotyping by
sequencing in maize, barley, wheat, rapeseed, ,ligviithgrass and soybean (Lei al,
2014). Analysing changes over time in genetic digrof major crops is important for
understanding the impact of a plant breeding progra on crop genetic diversity and in
setting up baseline indicators for genetic divgrsihd conservation of genetic resources
(Magorokosho, 2006). It is therefore important thia¢ genetic diversity of a breeding
programme be assessed constantly in order to pgréassnof crop stability and narrowing of

the genetic base.

Characterisation of genetic diversity is highlyuattle to breeders. Detailed knowledge of
the relationship between maize breeding lines pies/a basis for parental selection, genetic
analysis and designing of breeding systemsdtLal, 2009). This study assessed the genetic
diversity of the CIMMYT ESA hybrids released frord@ to 2010. Diversity analysis of
germplasm collections can be carried out using ddtamorphological, geographical,
molecular (DNA sequence, gene) and functional EeV@uckleret al, 2006; Prasanna,
2012). For this study hybrids were evaluated atpmological, functional and molecular

level for genetic gain and diversity.

1.5 Objectives
The objectives of this study were:

1. To assess genetic gain in yield under optimal dmrdi in the best performing
CIMMYT hybrids released from 2000 to 2010

2. To assess genetic gain in drought tolerance ibds¢ performing CIMMYT hybrids
released from 2000 to 2010



To assess genetic gain in low N tolerance in trs performing CIMMYT hybrids
released from 2000 to 2010

To assess genetic gain in MSV tolerance in the pedorming CIMMYT hybrids
released from 2000 to 2010

To identify traits associated with genetic gainGAMMMYT hybrids released from
2000-2010

To evaluate genetic diversity in CIMMYT hybridseaked from 2000 to 2010

1.6 Hypotheses
The hypotheses for this study were:

1.

There was a net positive genetic gain in graindyial CIMMYT hybrids released
from 2000 to 2010

New CIMMYT hybrids released from 2000 to 2010 arerendrought tolerant than
earlier ones

New CIMMYT hybrids released from 2000 to 2010 arerenlow N tolerant than

earlier ones

New CIMMYT hybrids released from 2000 to 2010 arerendisease resistant than
earlier ones

There has been a change in secondary traits in IiMklybrids released from 2000

to 2010
Parental lines of CIMMYT hybrids released from 20@0 2010 are genetically
diverse

Entries were evaluated from 2011 to 2013 in METhgsan alpha lattice design with three

replications. A total of 67 CIMMYT hybrids and tlreommercial checks (Appendix I) were

evaluated in the MET. The CIMMYT hybrids were eatkd for genetic gain under optimal,

low N, disease stress and drought environmentsy-féitir parental lines from CIMMYT

Southern Africa were fingerprinted using genotyplrtygsequencing at Cornell University.
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Chapter 2
Literature review: Maize improvement for yield and multiple stress tolerance

2.1 Introduction
While maize provides 30% of food calories to mdrant 4.5 billion people of 94 developing

countries, and a livelihood to millions of poor rfars (Shiferawet al, 2011) food
production in SSA is still low and does not matble population growth rate (Rat al,
2012; Rayet al, 2013; Hall and Richards, 2013; Cairetsal, 2013). In Africa alone 29
million ha out of 194 million ha of arable land used for maize production. About 480
million of the agriculture population in about 46untries in SSA are cultivating maize for
food and feed (CIMMYT, 2012a; b).

More than 300 million people in SSA depend on agtice for their food, feed and income.
Maize is the staple food for the region but itsduction at 69.45 mt (Figure 2.1) in 2012
(FAOSTAT, 2013) is not sufficient to meet the papita calorie requirement. The per capita
maize requirement is at an average of 100 kg yemarAfrica, 94 kg yeat in Kenya (Smale
and Jayne, 2003) and 174 kg ykam Lesotho (IITA, 2013). Production per unit anea
Africa, excluding South Africa, at 1.1 t hiassieet al, 2012) is low compared to other
regions such as the USA that produces well above Ha'as shown in Figures 2.1
(FAOSTAT, 2012; 2013). As of 2009, Africa producegd07 mt, net imported 12.86 mt and
consumed 67.07 mt (Figure 2.1) that converts tkef2 capita’ year' (FAOSTAT, 2012)
and is way below the average of 100" kepita" year'. Africa often needs maize imports to
supplement local production (Pingali and Pandey12®maleet al, 2011; Kassieet al,
2012).

The demand for maize is rising due to populatioowgn. On the other hand, economies of
some countries in SSA are growing and the demandh&at products in such countries is
rising, pushing up the demand for feed and indiyefiar maize (Pingali and Pandey, 2001;
Betranet al, 2003a; Shiferawet al, 2011). The demand for feed rose by 4.3% fromlATO

to 2005/06. Demand for maize globally is predictedsurpass that for wheat and rice by
2020, yet the production in SSA remains low. Glodamand for maize is expected to

increase to 837 mt by 2020 with an estimated 504demhand in the developing world.
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In SSA alone annual maize demand was predictedctease to 52 mt by 2020 (Pingali and
Pandey, 2001) but it has already surpassed thacpoedas shown by FAOSTAT (2012)
where maize consumption in SSA in 2009 was 67.07 There are maize production
shortfalls in SSA that are worsened by increasnpmi prices, low soil fertility, drought and

biotic stresses.

The use of marginal areas for maize cultivationreeges yields in SSA. Marginal areas are
characterised by frequent and at times severe Htpdggraded soils, diseases, insect pests,
weeds, low solil fertility and low fertiliser use @ffdington and Heissey, 1997; Banzigér
al., 2000; Sanchez, 2010; Cairesal, 2013; FAO, 2013a). Maize production in the small
holder sector is mainly rainfed and suffers freduer sometimes severe drought (Caghs
al., 2013) affecting more than 200 million peopleS8A (FAO, 2013a). Maize is more
susceptible to drought stress compared to all therccereals except rice (Campatsal,
2006; Banziger and Araus, 2007). This is a majawthack in maize production in
developing countries among subsistence farmermd@d change is predicted to worsen the
situation (FAO, 2013b). The predicted increaseemperature in SSA is expected to reduce
maize yields further (Lobekt al, 2008; Cairn®t al, 2013). Most of the tropical maize is
also grown under low N conditions due to low N s$ain the tropical soils, low N use
efficiency (NUE) under drought, limited availabjliof fertilisers and the low purchasing
power of farmers, among other causes. Fertiliseriu$SSA is low. Fertiliser rates have been
reported by different authorities to average l&sst10 kg ha (Morris et al, 2007) ranging
from less than 7 kg Ha(Pingali and Pandey, 2001; Monnevestxal, 2005) to about 10 to
15 kg ha (Phillip et al, 2009). Total crop failure is common in SSA, espiy under
drought and at times compounded by low or non-ddertlisers and improved seed. The
result is food insecurity and poverty (Holden ardf&aw, 2004; CIMMYT 2013b). Due to
low productivity per unit area, expanding area afduction instead of intensification is the
more affordable option because of limited access$ affordability of fertilisers and other
inputs. Land is finite and labour is limited, limig the capacity to expand area of production.

Maize production in SSA, therefore, remains low.

As a result of low production, SSA suffers acutdnoarishment with more than 260 million

people (30% of the population) affected (Sanch@4,02 There is need to increase maize
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production per unit area (Shiferagt al, 2011) to mitigate maize production shortfalls,
hunger and poverty in SSA. Over the past decadesvaeieties with high yield potential
have been developed and they produce well undé@nalptonditions. Yields are reduced by
varying degrees of up to 100% under various biatid abiotic stresses. This raised the need
to develop some compound stress tolerant variétiethe small holder farmers producing
maize in the marginal areas under rainfed conditiddreeding for drought and low N
tolerance in addition to breeding for yield and lgwawas initiated by CIMMYT as a
possible intervention (Edmeades al, 1997; Banzigeret al, 2002). Sinebo (2005)
recommended that breeding for the developing c@amtshould be targeted to benefit
resource poor farmers in marginalised areas, pindua@rieties that are both high yielding

and highly stable under different environmentatstes.

Breeding for drought tolerance in CIMMYT startedli&75 (Banziger and Diallo, 2001). The
CIMMYT maize breeding programme was establishe83A in 1985 with the establishment
of the Southern Africa maize research station imaHg Zimbabwe and later with another
station in East Africa in Nairobi, Kenya. The maibjective was the development of stress
tolerant and high yielding maize materials adapgtednid-altitude environments of ESA
(Hassaret al, 2001). Breeding for drought and low N stresertmhce started later, in 1997
(Banziger and Diallo, 2001; Banziget al, 2006). This programme targeted high yield
potential hybrids that still perform well in marginareas. Breeding for compound stress
tolerance can potentially alleviate the maize diefict SSA where maize production among
the resource poor farmers is sometimes in margedlareas where season failure is high
(Figure 2.3) (Roveret al, 2010; Kassiet al., 2012).

The CIMMYT maize breeding programme in ESA focusedproducing drought tolerant
varieties with compound stress tolerance. The admghe breeding programme were to
develop varieties that give at least 1 thyéeld increase under drought and 30 to 40% yield
increase under optimal conditions, and to dissetaitiee materials to 30 to 40 million people
in SSA (Rovereet al, 2010). This intervention for SSA can potentiafigrease productivity
per unit area or yield despite the stresses expmte All breeding programmes aim to

increase yield and assess the genetic yield gaier @ specified period of time.
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Figure 2.2 Probability/percentage failed seasons ifrica (adapted from Rovereet al.,
2010)
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Genetic gain is the amount of increase in perfooeatihat is achieved through genetic
improvement programmes. Breeding therefore aimsoatbining favourable genetic traits

with high positive responsiveness to the environnremone or a few varieties. Genetic gain
results from genetic changes that improve grairdgpection and stress tolerance, causing

higher grain yield production in new varieties ([Eokar, 1989; Duvick, 2005a).

Genetic diversity is important, as it facilitate®éding by providing the necessary variation
from which the breeder can select from and recomb# breeding programme therefore
needs a wide base of genetic diversity. Throughicat selection in a breeding programme,
if diversity is not checked and monitored, the denbase may eventually narrow down
(Whitt et al, 2002). This can result in loss of diversity foture breeding programmes which
will, in turn, narrow down the chances of succesbreeding in response to new problems
that may arise with time. It is therefore neces$aryach breeding programme to maintain a

wide genetic base to realise genetic gain.

2.2 Drought in sub-Saharan Africa
Drought is unpredictable and is a major factor emaype by environment interaction (G x

E) (Bankoungou, 1996; Banziger and Araus, 2007; §vanal, 2011) that can cause
significant yield losses (Brucet al, 2002). Drought is a limiting environmental stdan
most parts of the world (Brua al, 2002) with 60% of SSA vulnerable (FAO, 2013a)r F
SSA drought is described as complex and chronicHSGIO, 1999). In ESA drought is the
most important challenge to livelihoods (Kassteal, 2012). Rainfall amount, intensity and
distribution vary greatly in space and time, fromay to year and within the season, yet
farming in the SSA region is largely rainfed (Bankgou, 1996).

Maize is susceptible to drought stress becausasit h
i) separate male and female flower parts
i) alesser depth of water extraction
iii) greater transpiration rate due to the large leaves

iv) a slower growth rate and a longer grain fillingipdrand
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V) no tillering capacity (Béanziger and Araus, 2007).

Symptoms of susceptibility to post anthesis drowsigss include premature leaf and stem
senescence, charcoal rot, Fusarium stalk rot, hgdgnd reduced seed size (Bowllal,
2000). Studies have shown that the sensitive pextehds from a week before to two weeks
after mid-silking, with yield losses of around 458060% respectively. Losses of up to 70%
and 40% to 54% can be experienced when the crepdassed at silking and 10 to 31 days
after silking respectively (Campas al, 2006). Delayed senescence or stay green during
grain filling has been noted as a mechanism ofigimgy drought stress that increases grain
yield (Tollenaar and Wu, 1999; Borrealt al, 2000). Improved water use efficiency (WUE)
and NUE under low water stress, and the remokiisabf assimilates promote grain
development, increasing grain yield (Edmeaéésal, 1997). Live plants have stronger
stems, hence lodging is reduced in stay greentiesjeand grain filling continues when it

ceases in senescing varieties (Boreekhl, 2000).

In the face of climate change, maize yields arelipted to decrease due to reduced rainfall
reliability and increase in temperature (Lobetlal, 2008; Cairnset al, 2012). Climate
change can further reduce maize productivity inrdggon. In a study by Lobedit al. (2008)
maize is considered important for food securityS8A, but is predicted to be the most
affected by climate change in Southern Africa. Iseparate study by Lobedt al (2011)
each degree day increase at abov&C3fduces final maize yield by 1% under optimal
conditions and 1.7% under drought. Drought toleraaterials may be climate ready if they
are heat stress tolerant such that they will be &bltolerate the predicted rainfall decrease
and rise in temperature. By testing drought toleraaize varieties for heat and drought

stress tolerance, varieties that are potentialiyate ready, may be identified.

Maize production is reduced under drought due ttuced leaf expansion that reduces
photosynthetic area, early or hastened leaf senescsetomatal closure and photo oxidation
that damages photosynthetic mechanisms (Beical, 2002). Poor yields under drought
conditions have detrimental effects on the incorhenost of the small holder farmers who

depend on agriculture for food and a livelihoodeTimpact of drought is detrimental in

Southern Africa considering that the economiesnaaénly agriculture based (Kassé¢ al,

2012). Agriculture contributes significantly to treconomy and small holder farmers
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contribute about 70% of agriculture output (UNESCI®99). Even though maize is the
primary crop in production in Southern Africa, sosmall holder farmers are not investing
much in improved varieties and fertiliser with tfear of losing the crop due to drought.
Small holder farmers are resorting to expandingsue production (Kassiet al, 2012) at

times into marginal areas instead of intensifyimgdoiction by using improved varieties and

more fertilisers.

Irrigation is not affordable to most of the smatildier farmers (FAO, 2001a) and that calls
for alternative interventions. Breeding initiallpdused on increasing average yield. Yield
stability across environments, including biotic aaliotic stresses, was not considered
(Banzinger and Diallo, 2001) but because of theat$f of drought there is now need to focus
on developing drought tolerant varieties to enhgroduction under drought stress (Brete
al., 2002). While major breeding efforts focus onra@asing productivity under favourable
conditions where breeding progress for grain yigligh (Banzigeet al, 2006) CIMMYT
has been developing drought tolerant materialsaaatcushion farmers against drought and
maximise yield under optimal conditions (B&nzingad Diallo, 2001; Webeet al, 2012;
Cairns et al, 2013). Breeding for drought and low N tolerarioealleviate poor maize
production in most regions of the developing wortd a major focus in CIMMYT
(Monneveuxet al, 2006). Maize production in these regions is iargmal areas. Badu-
Apraku et al (2013) stated that maize, compared to other crops the potential of yield
improvement under improved management practicescandfit well in different farming
systems. Once improved and adapted to stress morgjitnaize production should improve

under drought stress.

According to Edmeade=t al (1999) and Bolafios and Edmeades (1996) breedimdydught

tolerance was initiated in 1975 with screeningdoought tolerance within the white dented
Tuxpeno crema 1 population in cycle 11. The seteqgepulation that was to be further
screened for drought tolerance was named TuxpequiseSequia means drought. The
Tuxpeno sequia population underwent eight cycleeaidirrent full sib selection for drought
tolerance. Families that showed drought toleranddimnwthe population were selected.
Screening was done in three environments; well mdfedrought stressed from two weeks

before flowering throughout the grain filling pediand water stressed from three weeks after
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emergence (Bolafios and Edmeades, 1993).

Two drought tolerant populations (DTPs) later narbddP1 and DTP2 were also developed
by CIMMYT through recurrent selection that involveder crossing sources from different
regions of the world in the form of landraces amd. Selection was done under well
watered and drought stress conditions across thill WDTP1 was developed and later on
DTP2. DTP2 contained a large proportion of DTP1nlEddeset al, 1999). DTP2 was
developed by introgressing 25 drought sources Difé’l. DTP1 and DTP2 were later
combined and separated into yellow and white gdhipepulations to cater for varying
preferences of different regions of the world. TWEP products had no yield penalty under
optimal conditions because selection was done iT8JEven though more focus was given
to stress environments. DTP2 was prolific undemogitconditions.

In the study by Edmeadest al (1999) Tuxpeno sequia and other sources of dtough
tolerance including the Pool 26 sequia, La Postpuiae DTP1 and DTP2 populations were
evaluated in METSs that included water stressed| waltered and moderate moisture stress
environments. Early maturing varieties yielded dretinder drought stress. Selection during
the screening focused on reduced barrenness, atbrtsis-silking interval (ASI) and yield
under stress conditions. Drought tolerance wascesed with reduced ASI for better grain
set, reduced stem biomass, increased number of pEargplant (reduced barrenness),
increased harvest index and reduced senescenceaded yield in DTP1 was a result of
increased number of ears per plant or reduced rhaess, reduced ASI, increased harvest
index, reduced stem and tassel size that improw@ddss partitioning towards the ear and
reduced number of kernels per ear that indirecigluced abortion. No changes were
recorded for senescence, leaf rolling and chlorbgbycentration. The selection that was
done under drought resulted in some gains underNovéelection also focused on early
maturity and small plants with small tassels. Avational system that relies on selection in
METs is used in CIMMYT to develop varieties thaé atable and perform well across all
environments without a yield penalty under optic@hditions (Edmeade= al, 1999).

More drought tolerant populations, DTP1-Y with &l grain colour and DTP1-W with
white grain, were developed from DTP1l. Two popolasi, DTP2YC9 (yellow) and
DTP2WC9 (white) were developed later. DTP2YC9 antPBWC9 are widely adapted to
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low N and drought stress and are used to develmpgtit and low N tolerant populations and
hybrids that are screened in METs. The droughtraoke and low N tolerant source

populations are freely available to breeders (Mopnget al, 2006).

In separate studies by Bolafios and Edmeades (1886) Monneveuxet al (2008)
heritability for grain yield under drought stresasMow, but high for secondary traits. Even
though heritability is low under drought, signifitayield increases have been recorded
(Banziger and Araus, 2007). Bolafios and Edmeade@6jland Monneveuet al (2008)
proposed that secondary traits can therefore bé fegeselection under stress conditions.
Using secondary traits in selection for droughe¢sgreliminates effects of other soil stresses
(Monneveuxet al, 2008). Genetic variance compared to environnhergaance for yield
decreases rapidly under drought stress betwees. ffloe experiment showed that individual
kernel weight is not affected by drought but thenber of kernels per ear and the number of
ears per plant are affected. Days to mid-anthesie wot affected by drought stress but days

to mid-silking were delayed.

Grain yield was linearly related to single kernetight and number of kernels per ear.
However, the heritability of grain yield, singlerkel weight and number of kernels per ear
decreased as stress increased. Grain yield wasineav related to ears per plant and ASI,
yield decreased with increasing ASI up to zero. Meetability and variability of number of

ears per plant and ASI increased as stress incteaxk yield declined. The heritability for

days to mid-anthesis remained constant and anth@arg height, tassel branch number and
leaf angle had the highest heritabilities acrossnaisture levels. Days to mid-anthesis and
days to mid-silking negatively correlated with grayield as moisture stress increased.
Varieties that can produce ears under water saedi®wering are therefore important, as
they overcome barrenness induced by stress. N eiptak restricted under drought, resulting
in remobilisation of N from older leaves to meet tequirements of the ear. This resulted in

senescence of older leaves and a low N conteheiteaives (Bolafios and Edmeades, 1996).

Selection for drought tolerance aims at varietiest tan capture water from deeper levels,
and with early N uptake stored in leaves for rerigdtion. This has been possible through
selection based on yield as a primary trait andrsgary traits genetically correlated with

grain yield under drought. The secondary traitsdusteould be stable across environments,
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measurable and not associated with yield penaltieler optimal conditions (Bolafios and
Edmeades, 1996; Bruet al, 2002). Some of the secondary traits considereldided short
ASI, stay green (low senescence), reduced barreramekleaf rolling (Banzigest al, 2000;
Bruce et al, 2002). Selection for drought tolerant materimlsdone under random and
managed drought. Good materials are selected indvtBat include optimal sites, low N,
random stress, disease stresses and lately he&eandnd-drought stress. This is to ensure
compound stress tolerance in the drought tolerarietres and insurance that there will not
be a yield penalty under optimum conditions sinceadety is finally selected based on
satisfactory performance across the different emvirents (Brucet al, 2002; Webeet al,
2012; Cairnget al, 2013). Selection under heat and combined hehtlesught stress aims to
produce climate ready material in the face of cteneghange. Improvement in yield stability
of varieties under different environments is impattin yield improvement (Brucet al,
2002).

Under normal conditions in the farmers’ fields i84 crops do not face a single stress factor
but usually combined stress conditions. Varietiest thave gone through screening under
different stress environments should be adaptatid¢aandom drought stress typical to the
farmers’ fields. An additional abiotic stress emwiment was included in the METs. A
random stress site that is totally rain fed (ligpital farmers’ fields) in a low rainfall areas
where yield potential is low was included. The ramddrought stress site usually suffers one

or more prolonged and severe natural mid-seasamgtts.

Improved drought tolerant varieties have been seléan 13 countries in SSA. By July 2012
57 drought tolerant OPVs and 48 drought tolerariridg had been released in different
countries in SSA through collaborators and are eruly under cultivation (CIMMYT,
2012b). The most significant production of drougtierant varieties has been recorded in
Kenya, Malawi, Zambia and Zimbabwe (Kasgt al, 2012). In Malawi in 2013, four
drought tolerant hybrids and four drought toler@fVs were released onto the market for
the 2012/13 season (Kaonga, 2013 personal comntiomaMore than 2 million farmers
across Africa are already benefitting from the CIMM drought tolerant products
(CIMMYT, 2012b).
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2.3 Low soil fertility and low fertiliser use
Low soil fertility and low or no fertiliser use ctiibutes towards low crop production in SSA

(FAO, 2001b; Monneveuxt al, 2005). Marginal areas are used for maize prociudiy
some resource poor farmers while high value crage tip the more productive lands. The
marginal areas are characterised by inherently gods (FAO, 2001a; M’'mboyet al,
2010). Due to reduced or non-fertiliser use, thiéisamined as farmers harvest each year
without fully replacing nutrients harvested in tkeop. This is compounded by mono
cropping, mainly of maize (FAO, 2001b). Yields i6/& have remained low due to low soil

fertility and other challenges.

Low soil fertility is a result of a number of facso(FAO, 2001b). Low or no fertiliser use
contributes significantly to low soil fertility, pecially in inherently low fertility soils. There
was a reduction in fertiliser use in maize productin ESA (Webeket al, 2012) due to the
limited availability of the commodity, cost of theommodity which is twice in SSA
compared to the world market price, distance oes€do markets, access to information,
contact with agriculture extension officers, acdaessredit, membership to cooperatives and
extreme poverty (Heisey and Mwangi, 1996; Banzigeal, 2006; Kassiest al, 2012).
Without subsidies, the N fertiliser to maize rasaelatively high (it ranged from 2.2 to 10.7
in SSA in the 1990s). The structural adjustmengmmmes introduced in Africa with the
aim of improving economies resulted in the libesation of fertiliser markets among other
resources such as seed (Heisey and Mwangi, 199éteSand Jayne, 2003). Subsidies on
farming inputs were withdrawn, pushing up the fheser prices. Fertiliser use among
resource poor farmers that had shown high adoptimsless than 10 kg hgFAO, 2001a).
Fertiliser use in Africa and other regions of therd for 2010 is shown in Figure 2.4
(FAOSTAT, 2013).

Low soil fertility and fertiliser use makes maizeguction unsustainable. Yields in the small
holder farming sector are low due to low and deglesoil fertility (Gladwin, 2013).
Problems of soll fertility are compounded by lownfall and increased incidence of drought.

N becomes less available under water stressed toorgdi(Monneveuxet al, 2005).
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Figure 2.3 Fertiliser use in Africa in kg ha' (2010) compared to the rest of the world (FAOSTAT2013)
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All field stresses have resulted in low food prdiut against an increasing population
(Banziger and Diallo, 2001). As possible intervens, FAO (2001b) recommended the use
of livestock manure, crop residues, green manwegrccrops and agroforestry to enhance
soil fertility and augment the average mineralilisgr application of less than 10 kgha
The rate is low compared to the world average ok@®a' and 130 kg hain Asia. Even
though these recommendations can potentially afleyproblems of low fertility and low

food production in SSA, there are challenges imiolitg organic manure.

Farmers who have livestock have varying herd samsd some are not large enough to
provide all the manure that is needed. In somescasemal manure is used as fuel. Crop
residues are at times used as fodder and/or fueD(R2001b). The manure is often not
sufficient to cover the cropped area if used. Sbmeseholds do not have livestock at all and
as such, will not have a ready source of manurefanduch farmers organic fertilisers are
not a ready alternative. At times farmers with thenure may have labour shortage and as
manure digging, transportation and application lab®rious, the manure will not be used,

even though available.

Agroforestry as an alternative to improve soil ifigyt is promising (Franzekt al, 2001;
Chihotaet al, 2007). However, agroforestry faces challengegirgy from limited or small
land holdings that cannot be spared for agrofoyestrthey may not be sufficient for food
production, limited access to, or short supply eéd of agroforestry species, lack of
knowhow, land tenure systems. With communal landership livestock roam in the fields
for off season feeding and destroying establistgrdfarestry species. Another challenge is
limited water availability (low rainfall) impedingstablishment of species (Chihagaal,
2007; Kabweet al, 2009; Chitakira and Torquebiau, 2010; Parwatlaal, 2010). As
researchers continue to work on the solution tdlemges in agroforestry adoption, there is

need to work on other interventions.
N is a major determinant of grain yield. This ipeessed in an equation
GY = [NA x NUpE x NUE] x HI where

GY is grain yield,
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NA is N availability (soil),
NUpE is N uptake efficiency
NUE is N use efficiency and
HI is harvest index.

In this relationship, grain yield is determined ttne amount of N available in the soil, the
amount of N that the crop can extract from the,dbe efficiency of the crop to produce
grain from the N extracted and the harvest indeXiomass partitioning. In the tropics
recovery of N (N uptake) by the plants is 35 to 5@%d is lower under waterlogged
conditions. In maize, NUE is around 30 to 70 kgigieg® N applied at low levels. NUE
decreases with increased N supply (Banzegeal, 2000). Based on this concept, varieties
with better N uptake and/or NUE will perform bettiean those without this under conditions

where soil N is limited.

N stress affects a number of plant processes imgueduction of photosynthesis, reduced
leaf growth that results in reduced radiation icg@tion, early and at times rapid senescence
of older leaves as N is relocated to developindgspaf the plant (Brucet al, 2002) and
delayed anthesis and silking. Effectively low Ness reduces grain yield. N stress at 12 to 14
leaf stage will reduce the number of rows of thewelile stress at 16 to 18 leaf stage will
reduce the number of kernels per row. This, contbingh kernel and ear abortion due to
delayed silking, significantly affects grain yiel@&nzigeret al, 2000). It is therefore
important that N stress be avoided through theafidertilisers and varieties that are more
responsive to N application (Heisey and Mwangi,@)9%Vhere the use of fertiliser is low or
limited like in SSA, N stress tolerant varietieosld be available to at least improve maize
production and enhance food security. There is neestreen and develop low N tolerant
varieties. Development of low N tolerant varietiesthe tropics started in CIMMYT in 1986

with a recurrent breeding programme (Banziger aaitte, 1997).

There is low correlation between grain yield undptimal conditions and grain yield under
N stress. For this reason screening for low N &wlee should be done under low N stress,

but selection should include optimal and droughtremments (Banziger and Lafitte, 1997,
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Banzigeret al, 2000). Heritability of grain under low N stresslow, making it difficult to
select directly for grain yield. This makes secagdaaits more ideal when selecting under
stress conditions. Secondary traits that correlatéwith grain yield under N stress are used
to select for tolerant varieties (Betranal, 2003b; Monneveugt al, 2005; Badu-Apraket

al., 2012). Such traits include ASI, plant aspect, &pect, number of ears per plant or
barrenness, stay green or senescence, plant leighin some cases percentage root and
stem lodging (Banzigeet al, 2000; 2006). These traits were observed to hblestand
reliable in a study by Badu-Apraket al (2012) and the findings agreed with
recommendations by Lafittet al (1997). Grain yield as the primary selectionttend
secondary traits that have high correlation witlld/are therefore all used to select for low N

tolerance in the CIMMYT breeding programme.

In CIMMYT low N tolerant varieties are screened farN depleted fields that cause an
average of 70% reduction in yield. Land is depleied by continuous cropping of wheat in
the main rainy season and irrigated wheat off sgasemoving all the stover and not
applying any N fertilisers. The land is depletediluyields under low N are about 30% of
yields of the same entries under optimal conditi@&nzigeret al, 2006; Webeet al,
2012). It is recommended to select varieties in BIED that varieties that perform well
across all environments are selected. There is ssilpbty that if selection for low N
tolerance is done under low N stress only, therg bea yield penalty when the variety is

produced under optimal conditions (Webkéal, 2012; Cairngt al, 2013).

From an evaluation by CIMMYT of a wide range ofdasces only about 3%, compared to
favourably elite adapted germplasm, was N tolerdhis justified the screening of elite
germplasm under low N and drought rather than sangdandraces. Screening for low N is
much simpler than screening for drought toleranee t the different effects of drought on
maize at different developmental stages. Low N dralight stress affect performance of
maize varieties in similar ways such that some commecondary traits are used in
selection. Some materials screened under drouglsissivere also found to be low N tolerant.
Low N and drought tolerant materials in the CIMMYileeding pipeline are screened under
different stresses for integration into other gdamm (Béanzigeret al, 2000). In another
study by Betraret al. (2003b), severe drought stress and low N redptaat heights of
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maize plants by up to 48%. The general combiningityaldGCA) of all secondary traits
except stalk lodging for the lines, OPVs and hybrdsted, was significant. The specific
combining ability (SCA) for days to mid-anthesisyd to mid-silking, ASI, ear height, tassel
size and erect leaves was significant. There wasgative correlation between grain yield
and days to mid-anthesis and mid-silking. Planghigiear height and the number of ears per

plant positively correlated with grain yield.

2.4 Selection for combined stress tolerance
The farmers’ fields in the marginal areas do notehapecific stresses like low N only, or

drought only, but usually have a combination oftici@and abiotic stresses. Selection for a
single stress becomes a partial solution, but stiwbpproach is necessary. The CIMMYT
breeding programme, in addition to screening faugdht tolerance and low N, grain yield,
plant architecture, stalk and root quality, eareaspmnd combining ability under optimal
conditions, screens for disease resistance (Betral, 2003b), random stress, heat stress

and combined heat and drought stress tolerance.

2.4.1 Disease resistance
According to Aseeet al (2011), foliar diseases reduce maize productiobajly but they

can be managed through quantitative and partial fessstance. The main foliar diseases
affecting maize production in SSA include MSV, Ga&d ET (Aseat al, 2011). If these
diseases are not controlled, they can cause signtfiyield losses. Chemical control of the
diseases or vectors raises production costs and noaye an affordable option among
resource poor farmers. Use of resistant variesie¢sa best control measure recommended by
most researchers (Menkir and Ayodele, 2005; Shepbaeml, 2010; Aseaet al, 2011).
Various studies have shown that selection for taste to diseases is effective in disease
management. Marker assisted selection (MAS) caisbd for stacking quantitative trait loci

(QTLs) for resistance in favourable varieties (Aseal, 2011).

2.4.2 Maize streak virus disease
MSV, introduced to Africa through Ghana from Poglg widespread in Africa, affecting

maize production and a wide range of otBeamminaespecies that provide alternative hosts
off season (Bosque-Pereral, 1998; Magenyat al, 2008; Shepherdt al, 2010). In SSA
MSV was first reported by Fuller in 1901 (Damsteed83; Shepherdt al, 2010) and is
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considered economically as the most important falisease in maize production in SSA
(Ramusi and Flett, 2012). MSV disease causes sévgses in maize production in Africa.
Losses of up to 100% in early infections have heenrded (Shepheet al, 2010; Teferat
al., 2011; Aseat al, 2011). Most small scale farmers cannot contrisl disease chemically

and once a crop without resistance is infectedlabses can be devastating.

MSYV disease is caused by MSV A virus strain (Shegpbkeal, 2010) that is transmitted by
the Cicadulina hoppers includingC. storey(Damsteegt, 1983; Shepheet al, 2010). The
vector and pathogen overwinter on alternaBr@amminaespecies such as winter wheat and
grass (CIMMYT, 2004; Ramusi and Flett, 2012). Th&Whas a high evolution rate (van
der Walt et al, 2008) and its mutants are virulent. Mutants éhfenaize, causing

development of MSV symptoms (Lazarowitz and Pind8g9).

Following an infection, chloroplasts fail to develm tissues surrounding vascular bundles
(Rose, 1978). White to yellow, sometimes red ¢acahlorotic spots develop that coalesce
to form white streaks. This reduces photosynthesithe plants and increases respiration.
Leaf length and plant height are reduced. Sevarggyms include stunting, undersized and
misshapen cobs, barrenness, reduced seed set emgmmature death. If infections occur
early, losses of up to a 100% can be recorded (Rmgs 1983; Maweret al, 2006;
Shepherdet al, 2010). MSV does not only affect the quantitygoéin yield but also its
quality. Resistant varieties have better yield quodlity of both grain and stover (Lukuy

al., 2002). Low stover quality and quantity affectimeasilage yield and quality, while

reduced grain yield reduces food security.

For control of MSV, maize is planted early to escapcreased viral load. Barriers of bare
ground can be generated to keep the hoppers dbedfelds. Hoppers can be controlled by
spraying to control spreading of the disease. Yeumy newer crops should be planted up
wind. Development of resistant maize varietieseésommended as the most effective and
economical method of control. Resistant varieties @oor sources of secondary infection,
maintaining low viral loads throughout the seasBosque-Pereet al, 1998; Magenyaet

al., 2008; Shepherdt al, 2010). Good soil fertility management reducesithpact of MSV

(Magenyaet al, 2008). Maweret al (2006) recommended host plant resistance ases$ie b

alternative, citing that it is cost effective, adpterm solution, economically viable and most
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appropriate alternative. The technology is morerdfible to small holder farmers of SSA
who may not be able to afford chemicals to cortinel vector. Breeding for MSV tolerance
reduces the losses caused by the disease and tbelpsintain yields. Tolerant maize

varieties yield well despite being infected.

CIMMYT, IITA and other private seed companies haeen breeding for resistance to MSV
since the 1980s (Bosque-Pertal, 1998; Pingali and Pandey, 2001). Resistance3¥ 4
controlled by a major gene with two to a few moutify genes (Maweret al, 2006). MSV
resistant varieties were developed by selectiofiubbfsibs under disease pressure during
inbreeding (Pixleyet al, 2006). MAS was used in the development of sarfezant varieties
(Aseaet al, 2009; Shepheret al, 2010; Aseat al, 2011). For introgressing different genes
from different chromosomes into better developedieti@s and lines, MAS was used
(Shephercet al, 2010). Since the sources of MSV resistance weargerate materials that
were not adapted to the tropics, MAS was effectiveelecting progeny in which only the
desirable resistance genes were successfully mnesegd into adapted tropical materials

without the undesirable background of donor maieria

By 1995 CIMMYT was disseminating MSV tolerant vaies (Magorokosho and Pixley,
1997). In CIMMYT, MSV resistant varieties were wtregionally in METs such that by the
time they are released they would be suitable dtivation in different areas of SSA and
compound stress tolerant with no yield penalty urmgi¢imal conditions. To date all varieties
developed in CIMMYT ESA are tested in METs thatluge optimal, abiotic and biotic
stresses and under artificial MSV infestation irrafe.

2.4.3 Gray leaf spot
GLS is a major biotic constraint in maize productia SSA that causes large yield losses,

affecting the viability of maize production (Vern#002; Menkir and Ayodele, 2005; Derera
et al, 2008). The disease spread northwards from Sbiuite to the rest of SSA (Meiseit

al., 2009). Even though GLS is widespread in SoutteAra and SSA, the impact is worse
in SSA where maize is the staple food crop for nafsthe population. Reduced yield
negatively affects both the producers due to Idssmi@me and consumers in the form of

product supply shortfalls and the associated sigiftif price (Ward and Nowell, 1998).
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GLS is caused byercospora zea-maydi€CIMMYT, 2004; Aseaet al, 2009).C. zea-
maydisis carried over and spread in plant residues. @rfeeted with GLS, photosynthetic
tissue is damaged, especially the leaves. Infecsigmomoted by extended leaf wetness and
cloud cover. Initially small regular, elongated Wwro gray necrotic spots develop. Lesions
normally start developing on lower leaves and dgveipwards. Lesions will enlarge to 3 to
4 cm in length. Other symptoms include poor gralin§ and leaf senescence after
flowering (CIMMYT, 2004; CIMMYT, 2013a)C. zea-maydisverwinters in maize residues
(Dereraet al, 2008). Yield reductions are caused by reducestgslynthesis and increased
stem and root lodging. Yield losses due to GLS imaynore than 30% to 70% (Asetal,
2009; CIMMYT, 2013a). GLS is a threat to most snehle maize farmers in SSA who
cannot afford fungicides. There is need to devéiopt plant resistance against GLS to
reduce yield losses due to the disease in SSA anth@merica (Verma, 2002; CIMMYT,
2004; Menkir and Ayodele, 2005; Maweee al., 2006; Pixleyet al, 2006; Dereraet al,
2008). In SSA CIMMYT, IITA and some private seeduBes are developing varieties with
GLS resistance.

Resistance to GLS is quantitative, controlled bthkamlditive and non-additive genes (Derera
et al, 2008). Resistance to GLS can be managed thrbl#gh. Phenotyping combined with
MAS was used to identify GLS resistant lines. Sel@dines were used in breeding for GLS
tolerance. Genes for resistance to GLS, MSV andiETpyramided in desirable germplasm
using MAS (Aseat al, 2009; 2011). Through the programme for breediagze for biotic
and abiotic stresses, all varieties developed OYNDYT ESA are screened for GLS in
Harare, Zimbabwe under natural inoculation, in Cad8outh Africa and Kakamega, Kenya
in addition to other environments in the METS.

2.4.4 Northern corn leaf blight
ET is a fungal disease caused Byserohilum (Helminthosporium) tursicuthevy and

Pataky, 1992; Abebe and Singburaudom, 2006; ethal, 2011). The disease is a problem
worldwide (Aseeet al, 2011; Technovet al, 2013) causing yield losses of more than 50%
in maize production (Ogliaet al, 2005; Carson, 2006; Zhat al, 2011; Chandrashekaea

al., 2012). Farmers in SSA need an economically g¥eavay of controlling the disease,

bearing their economic status in mind. Use of failgs is costly and unaffordable to most
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of these farmers.

Disease development following infection is promabgdow temperatures and high humidity
(Ogliari et al, 2005; Abebe and Singburaudom, 2006; Carson,;2088ndrashekaret al,
2012). E. tursicumoverwinters in crop residues (Carson, 2006). Tathggen infects the
crop from the previous season’s crop debris. Treeadie spreads rapidly under humid
conditions (Levy and Pataky, 1992). Initially smalter soaked spots develop on the leaves.
Spots later elongate into spindle shaped necreSohs. Symptoms start developing on
lower leaves and spread upwards. Under serioustatfens of the disease a maize crop can
suffer complete senescence. Early infections areendevastating compared to later
infections (CIMMYT, 2004). The degree of yield logaries with level of resistance of a
variety (Levy and Pataky, 1992). The presence st ptant resistance significantly reduces
the effect of ET on yield.

Building up of host plant resistance in varietiadticated by farmers is an effective
intervention that will reduce losses due to ET yhAmark et al, 1994; Abebe and
Singburaudom, 2006; Fullerton, 2012). This willcalsut down on production costs since
spraying with fungicides against ET will be reducd®esistance breeding is done by
CIMMYT and the private sector. The genes for resise to ET have an additive effect.
Resistance can be controlled by one major genentitiatonfer resistance and is specific to
an ET race, or can be polygenic. In commercial maizostly polygenic resistance is utilised
(Freymarket al, 1994; Carson, 2006). Several studies were cdaduo identify potential
sources of resistance genes, map maize genes entifyidQuantitative trait loci for
resistance (rQTLs) (Freymask al, 1994; Chandrashekaed al, 2012). Conventional and
MAS breeding were employed in developing lines amadieties with resistance to ET
(Carson, 2006; Aseat al, 2011). Total resistance was not realised, batep resistance
was obtained. Lines were classified as resistahey had a score of 1 to 2 on a scale of 1 to
5. For scores between 2.5 and 3.5 the lines wemsidered moderately tolerant
(Chandrashekarat al, 2012). Quantitative resistance was associatddaweduced number
of lesions and increased latent period (Freynedrél, 1994; Carson, 2006). Reduced lesion
length was also initially used, but had low heiiiigb(Carson, 2006). Selection was finally

based on increased latent period and number a@ingsi
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In CIMMYT ESA, breeding nurseries and trials aregpesed to ET and selection in the
nurseries are done based on performance of the dinparental material in the nurseries as
well as performance of progeny in hybrid trialsrdigh the breeding pipeline to the final
stages of variety development, varieties are ssdect METs that include ET and other
diseases, abiotic stresses and optimal conditidms final products are supposed to be stable

across all environments without a yield penaltyemaptimal conditions.

2.5 The CIMMYT breeding pipeline
Entries that perform well in these METs are advdniethe next testing level until they

reach regional trial testing where they are teskedughout SSA. Best performers in the
regional trials are disseminated to farmers throogtaborators. The breeding pipeline is

shown in Figure 2.5.

2.6 Genetic gain in maize
Every breeding programme needs to be assessedoffneps. In maize breeding this is done

through evaluation of the products from differemass to estimate genetic gain for the
various traits of interest. As described by Hallaeteal (2010) genetic gain is a product of
the heritability and selection differential. Itaalculated using the formula
AG =h’S
Where4G is the genetic gain
h? is the heritability and
Sis the selection differential
Heritability is calculated using the equation
h’= azg/ (02e et azge/e+ azg)
whered?y is genetic variance
o%ere IS environmental variance in replications in tliffedent environments and
azge/eis variance due to gene by environment interaghdhe different environments.
Selection differential is the difference betweer thean of the selected progeny and the
population mean, that is
S=X%-X
WhereX; is the mean of the selected progeny and

X'is the population mean.
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Figure 2.5 Overview of the maize drought breeding mgramme in SSA
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Genetic gain results from changes in the allelesGtution that improves a variety (Smigh

al.,, 2006). The genetic changes result in physioldgichanges that contribute to
improvement in performance of the developed vaetiBreeding in maize focuses on
improving light interception by altering leaf anglélowering dates, photosynthesis,
functional and visual stay green, kernel numbemdleset and dry matter partitioning (Lee
and Tollenaar, 2007). Hammet al (2009) however, based on simulations and empirica
data reported that since the 1990s change in leglieahas not contributed significantly
towards grain yield.

Physiologically, genetic gains are associated withroved efficiency in grain production,
increased tolerance to abiotic and biotic streseelsiced tassel size, more upright leaves and
lower grain protein percentage following changesgh@ genetic make-up. Stress tolerance
comes from attributes such as stay green traitsatoce to heat and drought stress, tolerance
to cool and wet conditions, reduced barrennessruagietic stress, tolerance to high plant
density and reduced root and stalk lodging, whinproves yield (Duvick, 2005b). Barrero
Farfan et al (2013) agree that changes in secondary traitdribate to grain yield
improvement. Studies have shown that ability of mlesv varieties to withstand high plant
density stress contributes to increase in graifdyi®angoi, 2001; Duvick, 2005b). Increase
in yield will therefore be a product of the grairelgd per plant and the number of plants per
unit area (Duvick, 2005a). For maize productionbrigs make use of heterosis to increase
yield compared to lines. It is therefore critical rhaintain a wide genetic base that can be

used for line, population and hybrid development.

2.6.1 Genetic diversity
Maize is both phenotypically and genetically diee(Xu and Crouch, 2008). The molecular

diversity of maize is estimated at two to five tsnieigher than that of other domesticated
grass crops (Tenailloat al, 2001). Diversity in maize landraces exceedsabdity in any
other crop species. Tropical maize is more divemsepared to temperate genotypes. Sources
of diverse germplasm in maize include wild relagigeich as teosinte, about 300 landraces in
the world, OPVs, synthetics, inbreds, hybrids, pomhd various stocks that include near-
isogenic lines, mutants and permanent populatiofs §nd Crouch, 2008). With wide
diversity there is high likelihood of successfultyeeding new varieties with additional

desirable traits that may be in response to crodymtion problems such as new diseases.
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Domestication of cultivated plants generally redudersity relative to their wild ancestors
and this can have an impact on the future improveraethe crop (Vigouroxet al, 2008).
According to Coors and Pandey (1999) and Tolleaaar Wu (1999), maize improvement
throughout the world has been associated with namg of the germplasm base as newer
lines and varieties are derived from inter-crossfeslite materials. This raises concerns that
bottlenecks may restrict breeding flexibility arldve response to new opportunities, pests,
pathogens and agronomic practices. It is impotiamhonitor the diversity of domesticated
maize so that breeding and selection will not nardown the diversity resulting in lack of
heterosis and loss of diversity when breeding fairag problems. Conserving and studying
maize variability provides resources for agricudtuimprovement, such as breeding, to
reduce hunger and poverty, and to provide a solaWwedge base (Tata al., 2013). Where
the genetic base is narrow, introductions can wittendiversity (Louette and Smale, 1996).
A wide genetic diversity assures successful breggdimd genetic gains for grain yield and

other traits.

2.6.2 Genetic gain studies
Various studies in different parts of the world @ashown varying degrees of genetic gain.

Increase in grain yield per unit area over the ydws been attributed to both genetic gain
and improvement in cultural management. In the W8provements in grain yield of 65 to
75 kg h& year* over 70 years from 1934 to 2004 was reported te feen due to genetic
gain and changes in cultural management respegtie@htributing 50 to 60% and 40 to 50%
to the total increase (Duvick, 2005a). Eyherabidd Bamilano (2001) reported a genetic
gain in Argentina of 2.9% per year. Tollenaar and {1/999) studied yield improvement in
Ontario and reported a genetic gain of 1.5% per ywar five decades since the 1940s.
Kamaraet al (2011) studied genetic gain over 30 years from4lt 2004 in grain and
fodder yield of cow peas in WCA. Results showed tenetic gain for yield was higher in
the determinate compared to indeterminate variekies fodder, genetic gain was higher in
the indeterminate varieties. The study indicated physiological differences can contribute
to overall genetic gain, and gain also varies wité trait of interest. Little or no genetic
improvement had been recorded prior to the hylmadat was in the 1940s.

Breeding has contributed significantly to gaingyield and other traits, but the total gain in
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yield is a result of genetic gain, gains due to riompd agronomic practices and

environmental influence (Duvick, 2005b). With imgemnent in agronomic practices without

improvement in genetic makeup, particularly theedepment of hybrids, gain in yield and

other traits may reach a limit. It is therefore orjant in yield gain studies to separate gain
due to genetic improvement and gain due to improsgebnomic or cultural practices as

described by Duvick (2005b).

2.7 Conclusions
The CIMMYT breeding programme has developed vasetiargeted for ESA since the

establishment of the Southern Africa regional stath 1985. The SSA region faces frequent
droughts and most of the farmers are small holdérs cannot afford sufficient fertilisers.
From 1997 CIMMYT ESA focused on development of dyleiuand low N tolerant varieties
aiming to improve productivity among resource pfasmers in the region. Several varieties
were released and some of the best performingtiemi@ere released to the farmers through
public and private sector collaborators. As of Seyider 2013, 117 drought tolerant varieties
comprised of 60 hybrids and 47 OPVs from the CIMMESA and IITA for WCA had been
released to farmers in different countries in thgion. Adoption of the varieties has been a
result of superior performance of the drought toervarieties in regional and on-farm
variety trials. Genetic gain in the IITA early maiaybrids programme was evaluated (Badu-

Aprakuet al, 2013) but the CIMMYT programme has not beenwatald for genetic gain.
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Chapter 3

Genetic gain in maize breeding in Eastern and Souén Africa under optimal

conditions

Abstract
More than 300 million people in sub-Saharan Afritegpend on agriculture for their food,

feed and livelihood. Maize is the staple crop foosincountries in the region, but its
production on more than 39 million ha at an averaigé.1 t hd is low and insufficient to
meet the annual requirements for food. Low maizedpection is a compound effect of
various biotic and abiotic stresses including feagudroughts, heat stress, climate change,
low nitrogen stress, diseases and pests. As abp@sstervention that is more affordable to
resource poor small holder farmers in the regidMMNYT has been developing a range of
compound stress tolerant hybrids. Some of the deeel varieties include 57 open pollinated
varieties and 60 hybrids that performed well inioagl trials from 2000 to 2010, were
disseminated to farmers through the public andapeisector. This study evaluated genetic
gain in the CIMMYT drought tolerant maize breedipgbgramme. The best performing
hybrids from each year were evaluated from the 2AP1$eason to the 2012/13 season under
optimum conditions at 14 sites in a multi-enviromin&ial across East and Southern Africa.
The study showed an estimated net genetic gaifeld pf 109.4 kg hd (1.4%) yeaf over

the 11 year period from 2000 to 2010. This was aguamied by some changes in secondary
traits including an average decrease in anthelisigiinterval of 0.08 d yedrand a trend of

reduced in barrenness corresponding to an incafa&604 ears plaftyear”.

3.1 Introduction

3.1.1 Drought tolerant maize in sub-Saharan Africa

Over 300 million people in SSA depend on agricdtiar their food, feed and income. Maize
is the staple food for the region, but its productat 63.5 mt in 2010 (FAOSTAT, 2012) is
insufficient to meet the per capita calorie requieat. The per capita maize requirement is at
an average of 100 kg y€afor SSA, 94 kg yedrin Kenya, 148 kg yedrin Malawi, 140 kg
yeaf® in Zambia, 122 kg yedrin Zimbabwe (Smale and Jayne, 2003) and 174 kg'yiea
Lesotho (IITA, 2013). Production per unit area ifti¢a, excluding South Africa, at 1.1 tha
(Kassieet al, 2012) is low compared to other regions of theleveuch as the United States
(US) that produces about 9 théFAOSTAT, 2012). In 2009, Africa net imported 1&.6t

to supplement produced maize in an effort to meszenfood requirement but only managed
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to achieve an average of about 42 kg capjar' (FAOSTAT, 2012) that is way below the
average of 100 kg capitayear’. With the current production Africa often needsizea
imports to supplement local production (Pingali &#ahdey, 2001; Smaét al.,2011; Kassie
et al.,2012) but improving production is a more susta@ablution.

The SSA region faces a great challenge in tryingnjarove maize production levels to cope
with increased demand for food and to improve tiatriand livelihoods. Challenges faced in
the region include various stresses limiting mamauction that include drought and low N.
Displacement of maize production from productiveaar to marginal areas as high value
crops are introduced or expanded in productionesyst Low or no fertiliser use and soil
pulverisation have reduced production and averagklsyin the tropics (Banzigest al.,
2000; FAO, 2001). With more than 48% of the popafativing in the rural areas (World
Bank, 2013) depending on subsistence agriculturéofad and livelihoods, crop failures can
have disastrous consequences. The predicted impalkitnate change further raises the need
to improve yields and adaptation of maize productm harsh environments (Lobelt al.,
2008). Banzigeet al. (2000) expressed the need to develop varietigsctimabine tolerance
to multiple stresses.

With this vision, CIMMYT and IITA jointly implemergd maize breeding for drought and
low N stress tolerance aimed at developing compostnglss tolerant varieties that can
increase yield by 1 t Haunder drought stress by 2016. The materials weppased to
increase yield under small holder farming by 20-3@%en farmers use the drought stress
varieties and to reach 30-40 million people in S®Avereet al.,2010). Initial breeding for
drought tolerance in CIMMYT started in the 1970suBiger and Aurus, 2007). The maize
breeding programme expanded to ESA with the estabkent of the CIMMYT maize station
in Harare, Zimbabwe in 1985 and later in Nairobgnka. Breeding for stress tolerance in
ESA started in 1997 (Edmeadesal., 1997). CIMMYT has since developed new varieties
for better performance under optimum and stresglitons by breeding and selecting in
METSs that included optimal, low N, drought and dise stress environments (Welkéml.,
2012). The varieties have been released in regimiaéd conducted annually. Sixty hybrids
and 57 OPVs developed by CIMMYT ESA have been digsated throughout SSA (Table
3.1) through collaboration with the National Reskamprogrammes and private seed
companies in the region (CIMMYT, 2013). There isedieto evaluate the breeding
programme for genetic gain for yield to review pesgs. From the evaluation results,

49



objectives of the programme can be maintained atifred, or new objectives will be set if

necessary.

Table 3.1 CIMMYT drought tolerant maize varieties released in SSA from 2007 to 2013
(CIMMYT, 2013)

Country Hybrid OoPV Total
Angola 2 5 7
Benin 0 6 6
Ethiopia 2 4 6
Ghana 5 7 12
Kenya 1 1 2
Malawi 5 3 8
Mali 4 3 7
Mozambique 3 3 6
Nigeria 6 13 19
Tanzania 10 2 12
Uganda 6 1 7
Zambia 9 6 15
Zimbabwe 7 3 10
Total 60 57 117

3.1.2 Genetic gain in a breeding programme
Globally, breeding has contributed significantlyniaize yield improvements. Improvement

in maize vyield in the farmers’ fields over the ye&|as been a combination of breeding and
advanced agronomic practices (Duvick, 2005a; Taberand Lee, 2011). Figure 3.1 shows
yield increases over time from 1961 to 2010 forfedédnt regions of the world, including
Africa. Grain yield increase was higher in the WEEsiyope and Asia. Increases were low in
Africa and the yield levels are still low. Maizeagnr yield in North America is above 8 t'ha
on average 4.2 t Han South America, around 6 thin Europe compared to less than 2t ha
1in SSA (FAOSTAT, 2012).

Genetic gain in maize breeding has been evaluatedme regions of the world. In China
gains in vyield over 30 years averaged 94 kg pear' and 53% could be attributed to
improved germplasm (@t al.,2011). Maize grain yields in the US started te iis the late

1930s with the introduction of hybrids and improwvadtural methods. On-farm yield gains
averaged 115 kg Hayear* during the years 1934-2004 with genetic improvemmen
contributing 50-60% of the on-farm gains while cges in cultural practices (management)

are responsible for the remainder (Duvick, 2005b).
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A study by Wanget al. (2011) evaluating single cross hybrids in Chiranfrl964 to 2001
showed an across site average genetic gain estioha@d® kg ha year'. Li et al. (2011)
compared genetic gain in Chinese hybrids to USitgbrovering the period from 1970 to
2001. The US hybrids showed a gain of 81 kg fear" that was higher than the 62 kg'ha
year' recorded for China. In Western Africa Badu-Apratal. (2013) recorded genetic gain
of 40 kg h& year* under optimal conditions and 13.5 kg'hgear* under drought stress in
early maturing maize hybrids.

Every breeding programme needs evaluation to repr@gress and based on the findings, to
modify, maintain or set new breeding objectives asithtegies to improve breeding
efficiency (Ciet al., 2011). Studying genetic gains in breeding prograswprovides an
understanding of unexploited genetic potential.sTeiudy evaluated the progress of the
CIMMYT breeding programme in ESA.

The aim of this study was to evaluate the genetin &r yield and other secondary traits in
CIMMYT varieties developed and released in regiotrals from 2000 to 2010 under
optimum conditions throughout the ESA region. Thgotives of the study were to

i) evaluate genetic gain in yield in CIMMYT droughtiex@ant hybrids released from
2000 to 2010

i) evaluate changes in secondary traits of CIMMYT dtdutolerant hybrids released
from 2000 to 2010

iii) dissect genetic gain in CIMMYT drought tolerant hgls released from 2000 to 2010

3.2 Materials and methods

3.2.1 Germplasm

A total of 67 best performing hybrids were seledredn hybrids that were developed by the
CIMMYT maize breeding programme in East (Kenya) &@uwlthern (Zimbabwe) Africa,
selected for disease, drought, low N stress toteramd high yield under optimal conditions
as described in the CIMMYT breeding pipeline (Fe@.5). More focus was initially on
drought and disease stress tolerance with low Mesang constituting a small percentage.
Hybrids were selected based on superior performamoggional trials within ESA between
2000 and 2010. Information on the pedigree, brepgnogramme, and first year of entry in
the regional trials of all hybrids is presentedAippendix I. Hybrids were grouped based on
their first year of entry into regional trials. Thember of hybrids per year ranged from two
(in 2002 and 2003) to 11 in 2004 (Appendix II). &xion of hybrids evaluated in the study

52



was done independently in East and Southern Affiba.entries in this study were therefore
a combination of the best selections form the Eastand Southern Africa programme
selected independently and then combined in thererpnt. Considering the East Africa
programme started later than the Southern Africegi@mme, entries from East Africa were
mostly from the most recent years. The proportiblater hybrids was therefore higher than
that of earlier hybrids. Three popular commercidrids SC513, SC635 and SC727 released
in 1997, 2003 and 2010, were used as checks.

3.2.2 Trial sites
A total of 14 trials were planted between 2011/12 2012/13 seasons throughout ESA

(Appendix III), some of which are shown in Figur2.3in Zimbabwe, trials were conducted
at the CIMMYT maize experimental station in Har&&7°50'S, +312'E, 1483 masl), the
Agricultural Research Trust Farm (ART) in Harard,7f42'9.1", +313'48.4", 1556 masl) and
in Chiredzi (21° 0' 58"S, 31° 34' 17E"); in ZamlatGolden Valley Agricultural Research
Trust (GART) (-14°10'6.72"S, +28° 22' 12.48"E, 11mW@asl) and Nanga (Irrigation Research
Centre) in Mazabuka (-15° 49' 21.35"S, +27° 46'48%) and in Malawi at Chitedze
Research Station in Lilongwe (-13° 58' 51", +33° BB') at 3742 masl. In Harare three sites
Harare2012a to ¢ were planted during the 2011/B8wse and one site Harare 2013 was
palanted in the 2012/13 season. Harare, Chired®i, and Nanga have red clayey loam soils
with high water holding capacity. Chitedze has yagidy loam soils.

3.2.3 Trial layout
Experiments were planted in an alpha-lattice desigplicated three times at ART Farm,

GART, Nanga, Chitedze and one site at the CIMMYatish in Harare and replicated twice
in three sites planted during the first seasomat@IMMYT station in Harare. Experiments
were planted in two row plots with a final plantndity of 53 000 plants Haat CIMMYT
station in Harare, Chitedze, Nanga and GART. At MIXT Harare, Chitedze and Nanga the
crop was spaced at 0.75 m between the rows and®i@3he row with one plant per station
(53 000 plants hY, at 0.75 m between the rows and 0.5 m withirrdive with two plants per
station in GART (53 000 plants fipand at 0.9 m x 0.5 m within the row with two piaper
station at ART Farm (44 000 plantshaPlant population hhvaried at some sites managed

by collaborators as they used their managementigeadn terms of plant spacing.
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Figure 3.2 Location of trial sites in ESA for the D11/12 and 2012/13 season
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3.2.4 Trial management
Trials at the CIMMYT station in Harare were plantaad the 17th of December 2011 and

harvested on the 12th of June 2012. All plots imar&received 28 kg N Ha56 kg P ha

1 and 28 kg K ha at sowing as Compound D (7 N 14CR 7 K,O 6.5 S) at planting. A
second application of N (69 kg N Hawas applied approximately 5 weeks after sowing
(V6 stage, (lowa State University, 2009)) and alfiapplication of N (69 kg N H3 at
flowering. At ART farm the field was limed to a ptt 5.5. The trial was planted on the
4th of November 2011 and harvested on the 30thpoil 2012. All plots received 35 kg

N ha', 70 kg P hd and 35 kg K hd as Compound D (7 N 14,85 7 K,O 6.5 S) at
planting. The crop was side dressed with 69 kg NdmAmmonium Nitrate at four leaf
stage and 69 kg N Haagain at eight leaf stage. In Zambia at GART fénmexperiment
was planted on the #3of December 2011 and harvested on the 17th of 20dyl. At
Nanga in Zambia the experiment was planted on sh@flDecember and harvested 23rd
of May 2011. The crop was dressed with 20 kg N, 48 kg P hd and 20 kg K ha as a

10 N 20 BOs 10 KO compound fertiliser at planting and top dressét 82 kg N h&.
Trials in Chitedze were planted on th& df January 2012 and harvested on the 19th of
June 2012. Basal dressing was applied at emergeracete of 46 kg N Ha42 kg P ha
and 8 kg S hdas a compound fertiliser (23 N 232 0 K,O 4 S) . The crop was top
dressed with 74 kg N Haas Urea 46% N at three weeks after emergence.

At all sites recommended plant diseases, weedireedt control measures were used. In
Harare trials received a total of 50 mm per irigatcycle applied at planting and
emergence. Trials were rainfed for the rest ofdbason. Trials in Chitedze and GART
were rainfed. At ART farm trials were irrigated @lanting, a week after planting for
emergence and at flowering with 50 mm per irrigatycle.

3.2.5 Data recorded
The listed traits were recorded as described inepgpx 1V. Days to mid (50%) anthesis

and to mid (50%) silking were recorded (Table 312)ere was no artificial inoculation of
diseases but where diseases occurred at a signifiezel, maize streak virus (MSV),
grey leaf spot (GLS), northern leaf blight (ET) asmmmon rust were scored on a scale
of 1 to 5. Ear leaf chlorophyl content measurechgighe SPAD meter (SPAD) and
senescence (SEN) were recorded at 2, 4 and 6 vafteksnid silking. Plant height from
the base of the plant to the first branch of tlsse§ ear height, plant stand (NP), stem and
root lodging (SL and RL) and husk cover (HC) asrbenber of ears per plot with open
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tips then converted to a percentage of the totatbar of ears per plot were recorded
within 2 to 3 weeks before harvesting. At harvastine total number of ears harvested
from each plot (NE), ear rots (ER) incidence fraacleplot as the estimated proportion of
rotten ears per plot , ear aspect (EA) on a 1-fesedh 1 as the best, ear texture (TEX)
on a 1-5 scale (Appendix V), field weight (FW) &g total weight of unshelled ears for
each plot, grain weight (GW) for each plot and graioisture (MOI) were recorded at

harvesting. Traits recorded are listed in Table 3.2

Table 3.2 Traits recorded under optimal condition

Secondary traits Secondary traits Direct yield Secondary traits

(phenology) (stress tolerance) assessment recorded at
harvesting

Days to Chlorophyl content  Field weight and / Plant stand

mid-anthesis (SPAD) or Grain weight Ear aspect

Days to mid-silking Disease scores Grain moisture Grain texture

Plant height Number of ears per Ear rots

Ear height plant / barrenness Husk cover

Tassel size Grain yield/ grain Number of ears per

Lodging moisture content ratio plant

3.2.6 Statistical analysis
Data was processed and analysed for variance lidbBiek using the restricted maximum

likelihood (REML) method in the mixed model and ngsithe built-in R-analysis in
Fieldbook (CIMMYT, 2012). Grain yield was standaelil by adjusting the yield of all
entries to a standard 12.5 % moisture content beforalysing for variance. Further
analysis for correlations and heritability was doosing META-SAS codes in
CIMMYT’'s DEMO-META analytical software. Regressi@malysis for genetic gain was
processed in SAS 9.3 (SAS, 2012). using the PRO@dninodel. Heritability (f) was
used to test variability of hybrid consistency loé texperiment acrsoss sites. Heritability

was calculated using the formulae
MSEg / [MSEq + (MSEges)/ 1)]
Where:
MSE;) is the mean square error of the treatment
MSEes)is the residual mean square error
r is the number of replications in the experiment

The following models were used in SAS 9.3. for ¢kaluation of
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i) analysis of variance

y = loc rep(loc) block(rep*loc) release loc*releake*entry(release) and
i) genetic gain

y = loc release loc*release entry(release) locigreiease)
where:
loc is location or site
entry is the treatments equivalent to the diffeggrmplasm entries or hybrids
release is the year of first testing in regioniall$r
block is the incomplete block within replicatiomseaach site or location and
rep is the replication within a location.

A regression was plotted to determine the geneiiic fipr yield and changes that occurred
in different traits over the 11 years from 200@®@10. This was done in SAS 9.3. using
the mixed model. Yield and secondary traits wergtpdl against time and the regression

coefficient was generated.

Genotypic correlations among the sites were caledlasing META SAS. META is a
suite of SAS programmes for analysing multi-envinemt breeding trials data (Vargeis

al., 2013). In META SAS distance matrices are catealaand these are used to generate
the phenotypic and genetic correlations using R®@ Corr and the dendrograms using
the PROC Cluster and PROC Tree. Genetic correla@omong locations were calculated

using the formulae

Og(jj)
Pg = ©60()0g()

where o4y is the arithmetic mean of all pairwise genotypiovariances between

environments j and,jand

Og() Og() IS the arithmetic average of all pairwise georngetrieans among the

genotypic variance components of the environmedd®per, 1996) .

Genetic correlations among traits were calculagdgithe formulae

r(x,y) = o2y (6’x.6%)

where r(x,y) is the correlation between trait xl gn
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o°Xy is the covariance between x and y
o’ is the variance of x
andc?y is the variance of y (Singh and Caudhary, 1977).

The analysis was done using DEMO-META (CIMMYT, 201hat is a META SAS
programme. The analysis used grain yield as the neaponse variable (MRV) with days
to mid-anthesis as the covariate (Vargeis al, 2013). The generated genotypic
correlations were used for cluster analysis. A degihm was generated from the genetic

correlations data.

3.3 Results

3.3.1 Analysis of variance of hybrid performance uder optimal trials

Grain yield standardised to 12.5% moisture corngegriificantly varied among hybrids at

P < 0.05 at all sites except Harare2012c (Table ZE3ain yield varied at K 0.01 in
Chiredzi, Serere and GART and<F0.001 at Bulindi2012a, Kakamega, Harare2012a, b
and 2013, ART2012 and 2013, Chitedze and Nangarafyeeacross site yield averages
ranged from 4.35 t Hain GART to 10.70 t Hain ART2012. The trial mean was 7.54 t
ha'. The minimum yields ranged from 2.91 t*hin Harare2012b to 7.35 t fain
ART2012 while the maximum ranged from 5.67 t'ha GART to 17.22 t H4 in
ART2012. Yield was highest in ART2012 and lowesGART.

Nine CIMMYT hybrids, eight released from 2007 tolROand one from 2001 ranked in
the top 10, yielding from 8.62 t iao 9.14 t h& based on average performance across
sites (Table 3.3). SC727 ranked sixth with a vyielkrage of 8.71 t Ha Other
commercial checks ranked at 56 for SC635 (6.68Y) had 64 for SC513 (6.09 t fin
Hybrids that ranked from 61 to 70 yielded from 5t2@i* to 6.22 t h& that was less than
the trial mean and the yield of the 10 best yiajdigbrids.

Number of days to mid-anthesis significantly varadong hybrids across 12 of the 13
locations at P< 0.001 (Table 3.4). The number of days to mid-asithalid not
significantly vary in Nanga at R 0.05. Average days to mid-anthesis across sitegeth
from 60.1 in Serere to 90.1 in Chiredzi. Genertily hybrids matured relatively faster in
Serere compared to all sites and latest in Chirddybrids did not show significant
variation in ASI in Harare2012a, ¢ and 2013, Bu2@d2a and ART2013 (R 0.05).
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Table 3.3 Single site analysis of variance in graiyield (t ha®) under optimal conditions in ESA showing top 10 ad 10 least yielders

ART

Name ‘f% é Bulindi Harare Kakamega Chiredzi  Serere Farm Chitedze  Nanga GART Harare Harare lf\;; Harare Release
x g 2012a 2012a 2012 2012 2012 2012 2012 2012 2012  2012b  2012c 2013 2013  (Years)

CKHO08051 | 1 9.14 7.63 8.86 12.51 5.32 9.28 13.56 124.  7.12 4.66 9.78 8.67 11.75 11.55 2008
CKH10717| 2 8.83 8.56 8.69 12.72 5.35 7.82 12.04 492. 7.95 5.20 9.68 9.00 10.38 10.98 2010
CKH10723| 3 8.79 9.25 11.16 12.01 5.73 8.26 1335 6712 592 4.38 7.49 7.71 10.75 11.12 2010
CKHO749 | 4 8.76 8.69 8.62 12.30 5.31 8.65 13.11 @3.0 7.09 4.26 8.14 8.08 10.59 12.06 2007
CKHO08032 | 5 8.72 7.71 9.44 12.40 5.03 10.50 12.74  498. 8.08 5.29 8.82 7.74 10.07 11.64 2009
sc727 6 8.71 11.80 5.80 13.53 5.10 10.95 8.37 12.68 8.30 3.50 8.64 10.15 10.45 12.28 2010
CZH0713 | 7 8.70 8.71 7.61 10.87 5.55 9.06 12.43 8138 6.11 5.67 8.24 8.14 11.49 10.30 2008
CKHO08049 | 8 8.69 10.16 8.33 13.32 5.37 9.40 13.00 .082 7.62 4.41 6.78 7.73 9.77 10.27 2009
CKHO790 | 9 8.62 8.95 8.45 10.46 4.65 8.99 11.68 53.1 848 4.36 8.25 6.73 11.29 11.22 2007
CZH00027 | 10  8.62 9.88 8.62 11.00 5.24 8.23 11.92 2612 8.69 4.40 7.92 6.65 11.44 10.44 2001
CZHO735 | 61  6.22 6.82 7.08 6.12 4.90 7.76 8.67 6.81 6.89 3.66 5.38 4.96 7.50 7.04 2008
CZH03005 | 62  6.18 4.98 7.28 7.94 4.20 6.41 9.39 7.01 5.65 4.00 4.94 5.50 7.84 8.24 2004
CZHO56 63 6.14 7.10 6.70 5.98 4.16 7.26 9.06 6.99 475 434 524 5.63 9.37 7.73 2006
SC513 64  6.09 5.55 4.32 8.10 4.64 6.73 11.42 844 956  3.33 3.55 5.76 7.41 7.01 1997
CZH04002 | 65  6.00 7.16 5.77 4.43 4.27 8.46 8.08 8.40 5.93 3.43 3.98 4.95 8.00 7.71 2005
CZHO524 | 66  5.95 7.17 5.16 7.50 4.05 5.59 7.52 7.82 578 236 4.76 6.58 6.30 8.97 2006
KDH3 67 5.90 6.51 5.41 5.79 4.08 9.23 9.32 7.36 359 4.02 3.10 4.68 6.98 6.39 2006
KDH4 68 5.85 5.71 7.73 6.01 3.85 6.18 8.67 7.44 855 4.09 3.91 4.32 7.98 5.71 2007
CZH095 69 5.9 5.56 3.68 5.74 3.37 6.91 8.93 557 .054  3.78 2.91 3.59 9.06 9.07 2010
CZH00002 | 70  5.24 6.15 5.37 5.85 3.79 5.99 7.35 4.95 5.09 4.46 4.35 6.72 7.16 5.02 2001
Mean 7.54 7.76 7.45 9.60 4.98 8.12 10.70 10.08 766. 4.35 6.85 7.07 9.46 9.56
LSD (0.05) 0.47 2.19 2.54 3.20 1.11 2.54 2.13 928 167 1.28 2.52 1.69 1.54
MSe 1.10 0.00 1.85 1.10 0.16 1.66 1.81 3.48 0.56 0.00 1.89 1.31 1.23 0.60
h? 0.954 0.65 0.47 0.74 0.33 0.45 0.67 0.76 066 903 0.60 0.59 0.35 0.80
= . . . . . - ok . . - ns - sk
Minimum 5.24 4.66 3.68 3.54 3.37 5.59 7.35 495 0% 3.13 2.91 3.59 6.30 5.02
Maximum 9.14 11.80 11.16 13.53 6.06 11.70 17.22 691 9.08 5.67 9.78 10.15 11.75 12.72

h? is heritability, * P< 0.05, ** P< 0.01, *** P < 0.001, ns non significance atf.05, LSD (0.05) Leas significant diference
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There were significant variations recorded in S2f&< 0.05), in Chitedze (R 0.01) and in
Harare2012b, ART2012, GART, Nanga, Kakamega ande@hi (*0.001). Average ASI
across sites ranged from 0.0 d to 1.8 d with &rmizan of 1.3 d. Minimum ASI ranged from
-6.1 d in Harare2012b to -0.1 d in Bulindi2012a lthe maximum ranged from 2.0 d at
ART2013 to 6.4 d in Chiredzi.

Barrenness measured as the number of ears perdidanbt vary in Harare2012 a, b and c,
GART, Bulindi2012a, Chiredzi and Serere. Variatiomere observed (< 0.05) in
Harare2013, at R 0.01 in Chitedze and at$£0.001 in ART2012 and 2013 and Kakamega.
The number of ears per plant on average ranged @t@ihto 1.10 across all sites with a trial
mean of 0.93. The minimum number of ears per plaobrded across the 13 sites ranged
from 0.53 in Bulindi2012a to 0.90 in Kakamega whie maximum ranged from 0.87 ears
plant® in Chiredzi to 2.08 ears plahin Bulindi2012a.

Plant height was not recorded in Nanga and Chitddemght varied significantly (R 0.001)
for all sites except Harare2012b as shown in T&8de Average plant height ranged from
200.6 cm in Chiredzi to 286.9 cm in ART2012. Thaltmean was 209.1 cm. Minimum plant
height ranged from 165.1 cm in Chiredzi to 242.7 iomART2012 while the maximum
ranged from 233.9 cm in Serere to 307.2 cm in ARIBRMPlants were generally tallest in
ART2012 and 2013 and shortest in Chiredzi.

For the 10 top yielding hybrids across locationgoss site average days to mid-anthesis
ranged from 71.7 d to 75.2 d for the CIMMYT hybridad 75.9 d for the Check SC727
(Table 3.6). Even though the hybrids matured ltttan the least yielding 10 hybrids, they
still matured within the range of cultivated commgial varieties. This was significantly later
than hybrids ranked from 61 to 70 that ranged fi&4® d to 73.6 d. The other checks
reached mid-anthesis at 72.4 d for SC635 and 708 8C513. The top 10 yielders were
significantly taller at 213.0 cm to 227.0 cm théwe t10 lowest yielding hybrids that ranged
from 190.7 cm to 209.2 cm. There were no significariations between the 10 best and 10
poorest yielders for ASI, root and stem lodgingmber of ears per plant, husk cover, ear
rots, diseases and ear aspect (Table 3.6).
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Table 3.4 Analysis of variance for flowering and beenness under optimal conditions

Trait o Q
S E § @
c S g E 3
2 £E3 5 9 S 3 58
wn & = R o = = < &
Harare2012a 74.3 4.6 55 08&%* 605 794 715

Harare2012b 72.1 3.8 3.8 0.88* 64.2 76.0
Harare2012c 75.2 3.4 3.0 0.96* 679 80.3
ART2012 704 2.2 2.0 0.95* 62.0 76.1

Chitedze 705 20 27 090 648 779
GART 70.7 3.0 0.6 0.79*** 66.2 75.6
Nanga 85.2 . . 0.95ns 77.6 88.9

Bulindi2012a 62.7 4.1 0.0 0.89* 587 68.2
Kakamega 76.1 25 1789 0.94* 66.7 827
Chiredzi 90.1 3.0 8 0.92** 80.3 959
Serere 60.1 2.4 4447 0.86* 53.7 65.3
ART2013 73.0 23 20 091 659 794
Harare2013 784 2.2 1.3 092 725 839

Days to 50 % Anthesis (d)

Harare2012a 1.6 3.9 3.7 0.30s 3.1 6.0 1.3
Harare2012b 0.7 2.8 2.1 0.56** -6.1 4.3

@ Harare2012c 0.3 . 3.9 0.0ns -3.1 4.5
f_g ART2012 00 21 1.7 052 2.6 3.1
o Chitedze 07 15 09 045 -13 34
g) GART 18 15 0.0 051* -06 3.2
§ Nanga 05 16 0.1 078 -24 5.6
T Bulindi2012a 1.8 2.9 0.0 0.10ns -0.1 5.0
g Kakamega 02 18 0.0 0.69** -2.3 3.0
2 Chiredzi 22 29 0.0 0.58*** -14 6.4
g Serere 1.3 24 0.0 03% 12 44
ART2013 01 1.8 1.2 0.20ns -1.4 20
Harare2013 0.1 15 0.6 0.1hs -1.0 2.1
Harare2012a 1.03 . 0.02 0.58s 0.58 1.89 0.9
Harare2012b 1.02 0.42 0.05 0.3Bs 0.74 1.69
— Harare2012c 1.05 0.31 0.03 0.1lids 0.82 1.39
8 ART2012 097 0.16 0.01 O0.77* 074 1.34
% Chitedze 1.03 0.17 0.01 0406* 0.85 1.28
f/ GART 0.96 0.43 0.00 0.00ns 0.60 1.40
ks Nanga : : : . : :
= Bulindi2012a 0.98 0.50 0.00 0.0hs 0.53 2.08
g Kakamega 1.10 0.26 0.00 0.5 090 1.58
% Chiredzi 0.77 0.13 0.00 0.2Ins 0.65 0.87
W Serere 1.03 0.25 0.00 0.0k;s 0.82 1.28

ART2013 1.01 050 0.01 O.7r** 0.83 1.27
Harare2013 099 0.20 0.00 o0.27 0.83 1.27

h?is heritability, MSe is Mean square error, ¥@.05, ** P< 0.01, *** P< 0.001, ns non
significance at K 0.05, LSD (0.05) Least significant difference
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Table 3.5 Analysis of variance for plant height undr optimal conditions

= ™) 2

8 = £ E B

£ =) 2 E @ c
g |2 [c a ] = s 58
= n = | > T a = = <€

Harare2012a 212.2 27.9 257.7 0.54 *** 177.4  249.8 209.1
Harare2012b 201.0 31.1 255.3 0.65 * 1715 2343
Harare2012c 203.3 27.9 196.1 0.63 *** 173.2 243.9
ART2012 286.9 214 194.2 0.79 *»* 2427 323.9

% Chitedze . . . . . .
E GART 207.8 259 1838 0.45 ** 179.9 2445
2 | Nanga : : : o : :
= Bulindi2012a 222.4 19.0 0.0 0.57 ** 191.1 2484
§ Kakamega 2541 30.2 121 0.76 =+ 2219 288..0

Chiredzi 200.6 28.6 258.6 0.48 *** 165.1 243.2

Serere 204.7 18.2 126.5 0.48 *** 167.4  233.9

ART2013 264.2 26.0 257.6 0.70 »* 227.0 307.2
Harare2013  246.4 24.8 155.3 0.87 *** 209.0 297.0

h?is heritability, MSe is Mean square error, ¥@.05, ** P< 0.01, ** P < 0.001, ns non
significance at K 0.05, LSD (0.05) Least significant difference

62



Table 3.6 Across site analysis of variance in seatary traits under optimal conditions showing top 10and least 10 yielding hybrids

Name Rank ar':{lrgsis ASl :elignr:l L(ijcz;ci)rtlg Iosdtgeirr?g Eg:t/ ch;vaekr Egtr GLS Rust ET senLeegen( tg:ﬁjrr]e mGo{stiLTre aES(gc Release
d d cm % % # % % 15 15 15 1-10 1-5 % 15 15 Year

CKHO08051 | 1 745 1.4 2199 7.2 6.9 1.06 58 58 1.716 20 19.2 35 18.2 21 2.7 2005
CKH10717 | 2 74.6 1.0 2194 10.3 6.3 0.94 4.9 53 1716 22 18.6 3.4 19.3 21 26 2010
CKH10723| 3 73.8 1.0 2134 14.4 5.6 0.98 5.2 56 2116 23 21.3 35 17.3 20 2.8 2010
CKHO749 | 4 75.0 16 2212 135 7.3 0.92 41 48 2117 23 19.2 36 19.9 1.8 26 2007
CKH08032| 5 71.7 1.1 2082 4.1 25 1.01 3.9 95 1617 25 19.8 3.8 175 1.8 2.7 2009
SC727 6 75.9 1.0 2306 6.6 55 0.86 6.0 57 18 12?5 19.3 43 18.4 2.0 25 2010
CZHO0713 | 7 73.2 08  213.0 6.2 55 1.08 43 60 21.9 1 21 20.8 34 17.4 2.1 27 2008
CKH08049 | 8 73.9 08 2165 6.2 6.2 0.92 4.4 50 1.71.6 1.8 18.6 33 16.7 23 26 2009
CKHO790 | 9 75.2 1.7 2181 11.0 9.7 0.90 4.9 45 2017 21 18.6 36 18.7 1.8 25 2007
CZH00027 | 10 74.0 1.0 2270 7.9 7.0 0.99 6.8 57 1819 23 19.5 32 17.8 1.9 26 2001
SC635 56 72.4 22 2091 8.8 6.3 0.89 7.9 85 180 2 24 20.6 3.9 16.3 1.8 3.0 2003
CZHO0735 | 61 67.0 15  190.7 9.1 5.6 0.90 4.4 59 2418 25 23.8 3.0 15.8 1.8 3.1 2008
CZH03005 | 62 68.9 1.4 206.2 4.4 4.4 0.93 5.2 54 1918 27 23.2 3.4 16.4 2.0 29 2004
czHos6 | 63 73.6 0.7 2092 7.6 3.7 0.99 4.0 46 19 15 20 168 3.6 18.4 2.0 2.6 2006
SC513 64 70.8 1.8 204.3 15.3 47 0.79 6.4 123 123 24 224 36 16.1 2.4 32 1997
CZH04002 | 65 73.2 1.3 204.8 7.1 2.1 0.92 41 58 2115 23 205 3.0 18.7 2.0 26 2005
CzHO524 | 66 66.2 14 1918 10.3 7.1 0.89 3.9 53 20 18 27221 2.9 15.4 1.9 3.1 2006
KDH3 67 66.0 1.9 1956 115 7.7 0.89 5.1 65 2.6 9 1. 29 22.8 2.9 15.4 2.3 31 2006
KDH4 68 64.9 1.8 1934 9.4 5.4 0.92 6.1 66 26 2028 28.2 2.8 15.0 2.1 33 2007
CZH095 69 717 09  201.1 3.7 4.0 1.02 5.4 42 198 1 25 19.3 2.9 16.9 16 25 2010
CZH00002 | 70 68.3 22  191.8 6.4 38 0.86 6.2 90 1717 27 24.0 25 16.3 2.7 29 2001
Mean 715 1.3 209.1 8.0 5.1 0.93 55 61 18 1824 20.1 3.2 17.4 2.0 2.7
LSD (0.05) 2.9 0.4 48 3.8 3.0 0.05 1.6 14 02 20 02 1.3 0.4 0.8 0.3 0.1
MSe 93.6 15 2191 64.8 247 0.01 105 154 01.0 0 0.1 7.8 1.3 5.1 0.2 0.1
h? 0.98 080  0.94 0.01 0.69 0.51 051 053 073 0.00.67 0.70 0.89 0.86 0.00 0.88
Min 64.9 03 1877 3.2 0.2 0.79 3.1 21 14 14 81 168 2.2 15.0 1.6 2.2
Max 75.9 29 2306 245 135 1.08 9.9 123 26 4 2. 30 28.2 43 19.9 2.8 3.3

h? is heritability, MSe is Mean square error, *<F0.05, ** P< 0.01, *** P < 0.001, ns non significance at<P0.05, LSD (0.05) Least
significant difference
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3.3.2 Multi Environment Trial Evaluation (META) ana lysis

3.3.2.1 Genetic correlations for grain yield amongites

Genetic correlations for the 14 sites ranged frOrB2 to 0.99 (Table 3.7). Most of the sites
had high correlations (above 0.6) with other sigindi2012b had the lowest correlations
with all sites ranging from -0.82 to 0.38. Bulin@i2b had the lowest average yield of < 3 t
ha' indicating the trial must have experienced somesses. Based on the recommendations
by Weberet al (2012) that trials yielding < 3 t Haunder optimal conditions should not be
combined with trials yielding > 3 t Haand due to the low genetic correlations with pthe

sites, Bulindi2012b was excluded from further asisly

3.3.2.2 Complete linkage cluster analysis
From the linkage cluster analysis conducted Buli@Pb was different from the rest of the

sites at a distance of 3.08 (Figure 3.3). GART aldgfered from the rest of the sites at a
distance of 1.54. The rest of the trials formed oregor cluster that sub-divided into three
sub-clusters. ART2012 and 2013, Harare2013 ande@tet formed the first sub-cluster at
distances less < 1.00. The four sites had high ryiedats of 10.7 t hd, 9.46 t hd, 10.08 t ha

! and 9.56 t H& respectively. Chiredzi2012 clustered with Harafe20 b and c and
Kakamega but generally differed from the rest & sb-cluster. The third sub-cluster was
made up of Nanga, Serere and Bulindi2012a. Fromctimplete linkage cluster analysis,
Bulindi2012b was an outlier and based on this al We site was excluded from further

analysis.
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Table 3.7 Genetic correlations for grain yield amog optimal locations in ESA

§ « ‘: 8 N o . .
[qV} N

S 3 5 & = 2 &~ & g 9 2 3 o 48

c « I b} iN Q ~ o w I IS I I b I

= 5 o E ° < S IS S S & o 13 o )

s £ 8 Sy &2 s £ £ & 2 £ 8 &8 g @

8 = S s9S < o = [ i 3 < < 3 (4 G

- 0 I ¥& O N e} < O pd 0] I T < T

Bulindi2012a -

Harare2012a 0.86 -

Kakamega2012 0.88 1.00 -

Chiredzi2012 1.00 1.00 0.97 -

Serere2012 0.82 040 061 1.00 -

Bulindi2012b 0.10 -0.18 -0.03 -0.03 -0.27-

ART2012 0.68 0.77 088 096 0.60 -0.35-

Chitedze2012 0.73 090 0.83 0.74 0.48 -0.12 0.72

Nanga2012 070 0.8 066 096 067 -0.03 057 0.55

GART2012 043 055 061 071 079 038 020 0.26 0.92

Harare2012b 045 100 099 100 061 020 0.82 0.79 083 0.66

Harare2012c 0.69 090 100 100 0.66 0.06 082 078 0.66 0.74001-

ART2013 073 087 092 100 097 -082 100 089 0.76 0.2B00 0.94 -

Harare2013 0.38 047 061 090 046 -039 076 070 046 02875 0.69 1.00
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Cluster Analysis

Bulindi2012b
Golden Valley2012

ART2013

Harare2013

Chitedze2012

ART2012

Chiredz1 2012

Harare2012b
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Kakamega2013

Harare2012a

Nanga2012

Serere2012

Bulindi2012a

0 1 2
Maximum Distance Between Clusters

Figure 3.3 Complete linkage cluster analysis of ophal sites based on phenotypic

correlations
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3.3.3 Evaluation of genetic gain
The study showed significant genetic gain in hybradkveloped by the CIMMYT ESA

drought tolerance breeding programme over the Bt period from 2000 to 2010. Grain
yield of the CIMMYT hybrids under optimal conditisracross 13 sites showed an estimated
net genetic gain of 109.4 kg haear* (1.4% year) over the 11 years (Figure 3.4) aKP
0.01. There were changes other than in yield tlemewbserved for different secondary traits
over the same period of time.

There was no significant change in number of daysid-anthesis at R 0.05 (Figure 3.5).
New hybrids yielded more, utilising the same mayurange as the old hybrids. New hybrids
had, on average, shorter ASI compared to the atdidhy. An estimated net decrease rate of
0.08 d year (P < 0.001) was recorded (Figure 3.6). This meansttiahigh yielding new
varieties had shorter ASI, giving the new hybridgtér synchrony in terms of male and

female flowering.

Plant height did not change over the 11 years<aOR5 (Figure 3.7). The number of ears per
plant, an important trait that determines barresnes plant, did not show net change in the
number of ears per plant £20.05) as well (Figure 3.8). The grain yield/ graioisture ratio
increased over the 11 years at a rate of 0.0047 & < 0.01.
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15 _Parameter Estimates GYG = 7.4629 + 0.1094 Release
Variable DF Parameter Standard t Pr > |t|

Estimates Error Value
17 Intercept 1  7.3208 0.24436 29.96 <0.0001

16 Release 1 0.10971 0.03944 2.78 0.0072
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Figure 3.4 Genetic gain in yield in CIMMYT hybrids released from 2000 to 2010 tested across 13 sitesler optimal conditions
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130

Parameter Standard t AD = 73.985 + 0.0642 Release

Variable DF Estimates Error Value Pr > [t
"9 ntercept 1 73.98541 0.72509 102.04 <0.0001
Release 1 0.06417 0.11993 0.54 0.5949
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Figure 3.5 Changes in AD in CIMMYT hybrids releasedfrom 2000 to 2010 tested across 13 sites under iop&l conditions
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0.0

Parameter Standard ASI = 1.432¢- 0.0839 Relea:
“0  Variable DF Estimates Error t Value Pr> |t
a0 Intercept 1 143289 0.13846 10.35 <.0001
Release 1 -0.08392 0.0229 -3.66 0.0006
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Figure 3.6 Changes in plant ASI in CIMMYT hybrids released from 2000 to 2010 tested across 13 sitedemoptimal conditions
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3.3.4 Dissection of genetic gain in CIMMYT droughttolerant hybrids under optimal
conditions

To see the response of yield to changes in secgridats, genetic correlations of secondary
traits and yield were analysed. The correlationswwohber of days to mid-anthesis with grain
yield showed a weak negative correlation of -0.L&b{e 3.8). Yield was lower when flowering

was delayed even though in general the late flowgehybrids (late maturing hybrids) yielded

better than the early maturing hybrids. Late flamgrhybrids utilise a longer season and
generally yield better than short season hybridsimuoth the long and short season hybrids
delayed flowering can result in reduced yield. @ngield was lower in hybrids that had a wider
or high anthesis-silking interval. Anthesis-silkingterval and grain yield had a negative

correlation of -0.25.

A positive correlation (r = 0.64) was recorded ¢pain yield and plant height. Taller hybrids
yielded better than short hybrids under optimalditions. Increased prolificacy or increased
number of ears per plant resulted in increased y@tain yield and the number of ears per plant
correlated positively at 0.25. Hybrids with low ssnence rate yielded better than hybrids with
high rates (r = -0.34). ASI was higher in hybridattflowered early (r = -0.11). Taller hybrids
generally had shorter ASI (r = -0.31). Barrennassdased with increased anthesis-silking

interval. Number of ears per plant were lower ghtASI (r = -0.15).

Table 3.8 Genetic correlations of grain yield andecondary traits and across all traits

GYG AD ASI PH EPP SEN GYMOI
GYG -
AD -0.18*** -
ASI -0.25***  -0.11***
PH 0.64** -0.02%  -0.31%*
EPP 0.25** -0.21** -0.15*** 0.16*** -
SEN -0.34** -0.30** 0.02" 0.03*  -0.06" -
YIM 0.93%*  0.22¢ -0.00* 0.30* 0.49%*  -0.43***

*P <0.05, * P<0.01, ** P<0.001, ns non significance atF.05, GYG is grain yield, AD
is days to mid-anthesis, ASI is anthesis-silkinggiival, PH is plant height, EPP is number of
ears per plant, SEN is leaf senescence, GYMOlgthin yield/grain moisture content ratio

The number of ears per plant was higher in hylthds flowered earlier (r = -0.21). Barrenness
was lower in taller plants with a correlation ofl®. Senescence (SEN) did not show any
significant relationship with ASI, plant height atite number of ears per plant. Plant height and

number of days to male flowering did not show anigant relationship. Grain yield/ grain
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moisture content ratio showed no significant relaship with days to mid-anthesis and anthesis-
silking interval, positively and highly correlatedth grain yield, positively correlated with plant

height and number of ears per plant but negatieefyelated with senescence.

3.4 Discussion
This study showed a positive net estimated gengtic in yield of 109.4 kg hayear (1.4%

yeaf’) under optimal conditions. The rate of genetimgaicommendable considering the period
of study that was from 2000 to 2010, 11 years, anegbto other studies that spanned 20, 30 up
to more than 60 years. In West Africa Badu-Aprakal (2013) reported estimated genetic gain
of 40 kg h& (1.3%) yeat under optimal conditions for 50 varieties seledteth a period of 20
years. In Ontario, Tollenaar (1989) reported a estimated genetic gain under optimum
conditions of 1.9% per year. @t al (2011) reported an estimated gain of 94.7 K§yeai' for
hybrids in China selected from a 30 year periodviEki(2004) reported a gain of 196 kgtha
yeai® in F1 hybrids and in 2005 reported a gain of 15" yea* in the US from the 1934 to
2004. This study therefore recorded comparably lEgtimated genetic gain considering the
period studied.

The gain recorded was genetic because all theesnitrithe trial were planted side by side in
each trial site as recommended by Duvick (2004) Boitenaar and Lee (2006). This ensured
that entries in the trial at any given place oretineceived the same agronomic management
under the same environment at the same time sathvéniation among entries is attributed to
genetic differences. In other studies historicaladiaas been used to show the influence of
secondary traits on yield and trends in yield inweroent (Barrero Farfaet al, 2013) but the

changes in yield includes improvements in both gemeake-up as well as agronomic practices.

Genetic gain results from improvement in phenolagy physiology of the varieties (Duvick,
2005a; Lee and Tollenaar, 2007). From the evalnaifesecondary traits in this study, a number
of changes were observed. There were no change® iseason length, plant height and the
number of ears per plant over the 11 years. Nunobetays to mid-anthesis did not show
significant change over the 11 years in this stodlyin a separate study by Badu-Aprakual.
(2013) an increase in number of days to mid-anshefsd.02% yeat was reported under optimal
conditions while other studies did not record dipalar trend or change for days to mid-anthesis
(Duvick, 2005a; 2005b; Tollenaar and Lee, 2011)cdkding to the crop phenology, days to
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mid-anthesis marks half the life time of a maizeietg. The new hybrids still matured in the
same season range as old hybrids but yielded b&tiercorrelation of grain yield against days
to mid-anthesis was negative at -0.18.

Senescence was relatively slower in the new hylmadspared to the old hybrids and negatively
correlated with grain yield (-0.34). The stay greefisual and/or functional, or reduced
senescence was reported to increase dry mattemataion in the new varieties (Duvick,
2005b; Lee and Tollenaar, 2007; Tollenaar and Ré#&]). This should have contributed towards
grain yield improvement in the current study. Sgrgen allows more photosynthesis and
provides an extended grain filling period. Grainishare was higher in the newer varieties, a
possible indication that the grain filling periocasvextended in new hybrids compared to old
hybrids.

ASI showed an average decrease of about 0.8 ddysyears according to the regression of ASI
against time. In some earlier studies ASI did f@nge or show any trend (Tollenaar and Lee,
2011) while in others it showed a linear trend avas shorter in the new varieties (Duvick,
2005b). ASI had a negative correlation of -0.25hwyield hence lower in newer hybrids
compared to old hybrids. Shorter ASI improves paliion and grain set. This will improve grain
yield levels. Findings from the current study agwath other studies where ASI tended to be
shorter in new hybrids compared to old hybrids (iDkiv2005a). Through indirect selection
when selecting for yield, ASI can be reduced as dlosely linked to yield (Monneveuwst al.,
2006).

In some studies, plant height was observed to Wwerlin new hybrids (Duvick, 2005a) and this
agrees with the trend observed in this study. Flaerght did not significantly change but showed
an average decrease of 1.6 cm in 10 years. Theasin plant height over the 11 years could
be a result of improved dry matter partitioning gwds ear development (Duvick, 2005a; Lee
and Tollenaar, 2007). The correlation of grain ¢iwlith plant height was strong and positive
(0.64) suggesting that yield was higher in tall&angs. These findings agree with findings by
Badu-Aprakuet al. (2013). However, over the 11 year period evaluatedhis study no
significant change in plant height was recorded.

There was no significant change in the number of par plant even though the hybrids showed

a trend to increase over the 11 years. In somaestule number of ears per plant increased
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(Bruce et al, 2002; Duvick, 2005a; Campax al., 2006; Monnevewet al., 2006; Lee and

Tollenaar, 2007) even though others (Tollenaar bhed, 2011) showed no change or any
tendency. The correlation between grain yield drel niumber of ears per plant was positive
(0.25), with yield increasing with increasing numlzé ears per plant. No trends could be

established for root and stem lodging, leaf angk:tassel size.

Grain yield/ grain moisture content ratio increas®@r the 11 years and positively correlated
with yield at 0.93. An increase in the grain yietitAin moisture content ratio corresponded to
increase in yield as reported in a separate stydidure (1995). Grain yield/ grain moisture

content ratio can be used as a secondary trasefecting for improved yield (Ngure, 1995).

Most of the traits that did not show significantolge over the 11 years showed a trend and had
significant correlations with grain yield. Becaube study covered a short period of 11 years,
the period might have been limited to effectivaipw significant changes but the trends shown
in the regression graphs and the correlations givimdication of some changes that should have
contributed towards improved grain yield.

The improvement in yield or gain in yield was tHere a result of a combination of
improvements in the phenology and physiology ofrlugthat included visual and/or functional
stay green and better synchrony at flowering dueetiuced ASI, reduced barrenness or higher
number of ears per plant and increased grain ygildin moisture content ratio which is in
agreement with other studies (Ngure, 1995; Tollermel Wu, 1999; Duvick, 2005a; Duvick,
2005b; Lee and Tollenaar, 2007; Tollenaar and Pé#1).

3.5 Conclusions
This study recorded a significant estimated gengdio in yield of 109.4 kg hayear* (1.4%

year’) over the 11 year period under optimal conditiofise gain is higher than the gains
recorded in other studies under optimal conditidifes was associated with phenological and
physiological changes that altered the structuré @evelopment of the hybrids, as well as
physiological processes such as grain filling, ohatter partitioning, senescence and the season
length. The new varieties produced better undes#ime conditions and within the same season
length as the old varieties and commercial cheblay CIMMYT drought tolerant hybrids
yielded better than old hybrids.
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Chapter 4

Genetic gain for tolerance to drought stress in th€IMMYT Eastern and Southern Africa

maize breeding programme

Abstract
In East and Southern Africa drought and low nitrogere the major constraints in food

production, including maize. Breeding for drougtietance in maize in CIMMYT started in the
1970s. Varieties developed by CIMMYT for the regiware screened and tested under optimum
and stress conditions and in regional trials. Svaresties were disseminated to farmers through
stakeholders in the public and private sector. Flusly investigated the genetic gain in drought
tolerance in hybrids developed by CIMMYT and retzhgrom 2000 to 2010 through muilti-
environment trials evaluated from 2011 to 2013. Blewarieties yielded better under drought
compared to the older varieties. The study inditategenetic gain of 22.7 Kup' yeai* or
0.85% yeat and 32.5 kg Hayear' or 0.85% yeat under random and managed drought stress
respectively. Days to mid-anthesis showed a trémacoeasing under both random and managed
drought stress at rates of 0.05 d Yeand 0.10 d yedrrespectively. A decrease in ASI was
recorded under both random and managed drouglssiteates of 0.08 d y&€aand 0.16 d year

! respectively. Successful breeding produced hybtigg performed better under optimal

conditions and expressed some levels of drougksstolerance.

4.1 Introduction

4.1.1 Maize production and challenges in sub-SahamaAfrica

Of the land under maize production in the world0Q Iillion ha is grown under rainfed
conditions and is highly susceptible to droughtsuih-Saharan Africa (SSA) maize production is
affected by recurrent periodic and severe drougbteught and creeping desertification have
reduced maize production in the region (Reeves/)199n Kenya alone, 1.4 million ha is
reported to be affected by drought (Njorageal, 1997). Drought is unpredictable (Campsis
al., 2006), a major factor in genotype by environmaetgraction (GXE) (Campost al, 2004)
and is difficult to manage. Drought is the most artpnt challenge on the livelihoods of people
in SSA (Mungoma and Mwambula, 1997; Béanzigéral, 2006; Banziger and Aurus, 2007;

Kassieet al, 2012). In some countries in SSA some farmerssiden the use of improved
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varieties very risky in terms of reliability of ys under drought conditions (Kassieal, 2012).
Because of the irregular seasonal and spatialiltlitibn and at times no rainfall, the effect of
drought on resource poor farmers is severe, edfyeagiaen compounded by low fertility, poor
crop management, biotic stresses and the lack wérgment programmes to finance farmers
(Santoset al., 1997, Zambezi and Mwambula, 1997). Drought jreed to cause yield losses of
10 to 50% on 80% of the maize land area in the oot Africa Development Community
(SADC) region (Zambezi and Mwambula, 1997, Shod Bdmeades, 1991). The yields in SSA
remain low, yet the population is increasing. Des@SA’s high adoption rates of developed
maize varieties (55% in 1996) the average yieldSanthern Africa, excluding South Africa, is
low at 1.1 t h&, 1.7 t hd in West Africa and 1.5 t fain East Africa (Smalet al, 2011).

UNESCO (1999) described drought as complex, unptade, difficult to manage and
synonymous with Africa, affecting more victims coangd to other forms of disasters.
Considering that more than 300 million vulnerabdéomple in Africa depend on maize for food,
feed and livelihoods (Roveset al, 2010) a drought disaster will affect a signific@roportion

of this population. Drought occurs frequently infE study by Rovereet al (2010) showed,
based on the probability of failed seasons, thah Eges 20% to more than 40% of years in
which the season is likely to fail due to droughith most of the area in the more than 40%
category. Faced with this scenario and climate gbadeveloping drought tolerant varieties is a

possible intervention.

Early maturing varieties can be used with the hopescape drought as a way of attempting to
produce some maize under low rainfall conditionsiiigloma and Mwambula, 1997). However,
it is important to breed for drought tolerance (Mama and Mwambula, 1997; Banziger and
Aurus, 2007) to provide some varieties that cardpce reasonable higher grain yield under
drought stress compared to the non-drought tolel@sdl varieties. Varieties with efficient
uptake and/or use of resources such as waterent#rand canopy radiation can potentially
improve yields. In earlier studies by Dwyatral. (1992) and Duvick (1997), newer hybrids were
reported to have improved tolerance to soil moesiress compared to older hybrids. Tollenaar
and Lee (2006) reported that yield response vawigldl the environment and season. Increased

grain yield could be a result of the interactiortiled genetic potential of a variety with the alilit
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to tolerate limited resource stress and other gérstresses. The aim of breeding for drought
tolerant varieties is to enable farmers under dnglproduction to harvest at least 1 t hader

drought stress to ensure household food securibydie et al, 2010). Resource poor farmers
who are faced with frequent droughts can benebinfrimproved varieties that have been
selected in breeding programmes for better strdssance compared to older hybrids (Tollenaar

and Wu, 1999). Such varieties can insure the famgainst drought.

Frequency and severity of drought is predicted fordase due to climate change and
deforestation, reducing global food production (&lblet al, 2008; Roveret al, 2010; Cairngt

al., 2012). The frequency of drought is predictethtwease to up to about 40% in some parts of
SSA (Rovereet al, 2010). Drought tolerant varieties will be handgpecially when faced with
the predicted increase in likelihood of a failechs®n due to drought. Selection for stress
tolerance under drought was noted to result inr@odi selection for low N stress tolerance
(Lafitte and Edmeades, 1995; Zambezi and Mwami@a7; Banziger and Lafitte, 1997) giving
the varieties some compound stress tolerance. Oile @anportant goals of breeders has been to
enhance stability of performance of maize undeesstr Through breeding, significant yield

increases have been recorded due to drought tokeran

One of the main objectives of CIMMYT’s global maipeogramme (GMP) in SSA is breeding
for tolerance to drought and low N. Some droughd &w N tolerant materials have been
developed. Newer hybrids have been reported to td@eance to soil moisture stress (Dwgér
al., 1992, Duvick, 1997) and low soil N (McCullougi al, 1994) compared to the older
hybrids. The CIMMYT GMP has developed a number @ught tolerant varieties. Success has
been recorded in some SSA countries including Mia{8waleet al, 2011; Kassiet al, 2012).
The drought tolerant varieties have been testdtienregional trials each year and some were
released through the national programmes and praattor. Like in every breeding programme,
there is need to evaluate the progress. By evalagenetic gain, breeding strategies and
objectives can be evolved based on the findingss Jtudy will establish if there has been any
genetic gain with respect to drought and low Nremee in CIMMYT hybrids released by the

ESA maize programmes in regional trials from 209QQ11.

4.1.2 Objectives
The major objective was to evaluate the net gerggtio in yield and the changes in secondary
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traits of CIMMYT hybrids tested by ESA maize progmae with respect to drought tolerance.
The specific objectives of this study were to:

i) evaluate genetic gain in yield in CIMMYT hybridsder drought stress released from
2000 to 2010

ii) evaluate changes in secondary traits of CIMMYT ddunder drought stress released
2000 to 2010

iii) dissect genetic gain in CIMMYT hybrids under drouglress released from 2000 to
2010

4.2 Materials and methods

4.2.1 Germplasm

The same 67 hybrids checked with three commereiaétres (Appendix I) described in Chapter
3 section 3.2 were evaluated under low random arahaged drought stresC513, SC635 and
SC727 were used as checks. None of the checkspugperted to be drought tolerant.

4.2.2 Trial sites
The trial was evaluated in 11 sites under randocth managed drought stress (Appendix Il1)

between 2012 and 2013. Random stress sites wemeegladuring the normal rainy season in
areas that receive total annual rainfall below 8@® annurit (in Kadoma), below 450 mm
annunt (Chiredzi) and around 500 mm anntiin Potchefstroom, that is either not sufficient to
sustain maize production or is characterised by-semson droughts that may coincide with
critical stages such as ear determination, flovgeand grain filling, resulting in reduced yield or
total crop failure. The random drought sites in &&@ and Potchefstroom were totally rainfed
but in Chiredzi irrigation is necessary for cropabéishment and maintenance up to two weeks
before flowering. A random drought stress site wémnted in Kadoma, Zimbabwe on 27
December 2011 and another one in PotchefstroomeoemMber 2011. On 31 December 2011 a
random drought trial was planted in Chiredzi (21%58"S, 31° 34' 17E"). In March 2012, a
managed drought site was planted in Kiboko, Keral@' 52"N, 37° 43' 2&). Two random
drought sites were planted in Kadoma in Decembd22énd two in Chiredzi on the"4of
January 2013. In May 2013 two managed drought sitee planted in Chiredzi. Chiredzi
Research Station is characterised by red clayey kx@ils and Kadoma some red clay soils. The

rainfall distribution is shown in Appendix VI.
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4.2.3 Trial management
At all sites experiments were planted in an al@itele design with three replications in Chiredzi

and Kiboko and two replications in Kadoma and Pefistinoom. Entries were planted in two row
plots with a final plant density of 53 000 plants'tin Chiredzi and 66 600 plants ha Kiboko.

In Kiboko hybrids were planted in two 4 m rows @t 0.75 m interrow and 0.20 m in the
row with one plant per station or hill. At harves}j the end plants were discarded to eliminate
border effects, leaving a net plot length of 3.5nnChiredzi and 3.6 m in Kiboko. In Chiredzi
and Kadoma all plots received 28 kg N*h&6 kg P ha and 28 kg K ha at sowing as
Compound D (7 N 14 s 7 KO 6.5 S). A second application of 120 kg N*haas done
approximately three weeks after sowing (V6 stageshie et al, 1993) and a final application of
120 kg N h# at five to six weeks after planting. In Kiboko plbts received 54 kg N Haand 65
kg P h& as Diammonium phosphate (DAP) 18:46:0 at planénd 60 kg N ha as calcium
ammonium nitrate (CAN) as a top dress.

In Chiredzi, trials received 50 mm irrigation atapling and 20 mm seven days later for
emergence. At three weeks after planting 50 mrgdtion was applied for thinning and the first
top dressing with ammonium nitrate. Ten days atiprdressing, 50 mm irrigation was applied.
The last 50 mm irrigation was applied at five te sieeks after planting with the second top
dressing with ammonium nitrate. In Kadoma and Refgthoom the trials were totally rainfed
from planting until harvesting. In Chiredzi duritige rainy season the crop sometimes received
rainfall in addition to irrigation but during thesond season of the year from May to November
usually no rainfall is received and as such, passible to control the amount of water the crop
receives. Unlike the other random drought stresss sivhere the experiments were totally
rainfed, Chiredzi receives annual rainfall belowOd®n per annum that is not sufficient to
establish and maintain a crop. The Chiredzi randites were therefore irrigated at planting and

for crop establishment up to five to six weeksrgfilanting.

Managed drought sites were planted in Chiredzingdutine dry season, usually from May to July

and in Kiboko in March. Since no rainfall is usyalceived in these areas at this time, the crop
was fully irrigated up to two weeks before flowayito ensure that drought stress to coincide
with the reproductive stage. Water management enrdmdom drought sites and the managed
drought sites therefore differed.
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Recommended plant disease, weed and insect canegakures were used. While all other

conditions were maintained at optimal levels watesoil moisture was controlled.

4.2.4 Data recorded

Traits listed in Table 4.1 were recorded. The didtaits were recorded as described in Appendix
IV. Days to mid-anthesis and to mid-silking wereaeled. Plant height from the base of the
plant to the first branch of the tassel, ear heighint stand, stem and root lodging and husk
cover were recorded within two to three weeks twdsting. Chlorophyl content measured using
the SPAD meter and senescence were recorded atdwoand six weeks after harvesting. At

harvesting the number of ears harvested from e&ath gar rot incidence from each plot, ear

aspect, ear texture, field weight for each ploajrgmwveight for each plot and grain moisture were

recorded at harvesting.

Table 4.1 Traits recorded under managed and randondrought stress

Secondary traits Secondary traits Yield components Direct yield
(phenology) (stress tolerance) assessment

Days to mid- anthesis SPAD Plant stand Field weight and/-or
Days to mid- silking Senescence / stay  Number of ears grain weight

Plant height green Ear aspect Grain moisture

Ear height Number of ears per Grain texture

Root and stem lodging  plant / barrenness

4.2.5 Statistical analysis
Data was processed and analysed as described pteClasection 3.2.6. Data recorded under

random- and managed drought stress was analysedatsp since water management varied
between the two management environments even thiwgglocations were the same in some

instances, as in Chiredzi.

4.3 Results

4.3.1 Analysis of variance of hybrid performance uder random drought stress trials

Grain yield standardised to 12.5% varied signifitstaramong hybrids at P< 0.05 in
Kadoma2012 and Chiredzi2013b, and at .01 in Kadoma2013a and 2013b and at 2001
Chiredzi2012 and 2013b but did not vary in Potdnefsn at P< 0.05 (Table 4.2). Across all
seven sites yield average was 2.801.Hhe average for the six sites ranged from 1.88'tin
Kadoma2013b to 3.59 t Han Chiredzi2013b.
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Table 4.2 Analysis of variance of yield and secondatraits under random drought stress

g 8 £ £ %
E £ 2 E 2.
5 I s 2 & = s 59
= %) = - > = o s S < E
Grain yield Chiredzi2012 3.03 1.00 0.740.32 1.65 422 2.80
(t ha-1) Kadoma2012 3.08 111 0.330.34 = 1.81 4.48
Potchefstroom2012 3.32 2.21 0.130.33 ns 1.01 5.79
Kadoma2013a 1.88 0.88 0.230.42 0.92 2.90
Kadoma2013b 1.83 0.74 0.150.47 = 112  2.67
Chiredzi2013a 341 1.20 1.010.21 235 4.47
Chiredzi2013b 359 157 331027 = 220 4.85
Mid-anthesis (d) | Chiredzi2012 75.07 2.33 236085 =+ 7082 79.27 65.80
Kadoma2012 62.75 358 4560.68 =+ 5676 67.74
Potchefstroom2012 73.63 4.70 1.300.42 »** 68.87 80.08
Kadoma2013a 64.87 3.46 3.06 0.7 = 5865 68.36
Kadoma2013b 64.38 3.980.75 ns 58.39 70.90
Chiredzi2013a 59.02 3.64 5.290.69 =+ 5088 64.64
Chiredzi2013b 59.45 1.13 0.900.94 #=x 5377 63.23
Anthesis-silking | chiredzi2012 1.19 414 427033 789 513 0.50
interval (d) Kadoma2012 033 227 128058 =+ _156 469
Potchefstroom2012 0.61 2.75 0.20 0.3 ns 240 5.68
Kadoma2013a 3.06 3.70 3.480.27 nps -1.50 5.75
Kadoma2013b 0.18 1.44 0.78 w166  2.70
Chiredzi2013a 0.44 210 1.790.78 #x 141 451
Chiredzi2013b 242 437 467061 ns -0.08 5.84
Ears per plant Chiredzi2012 0.67 0.23 0.02053 ns 0.40 0.95 0.78
(#) Kadoma2012 1.06 0.51 0.07 077 171
Potchefstroom2012 0.95 0.44 0.000.53 ns 043 1.62
Kadoma2013a 0.87 0.32 0.030.26 ** 051 1.20
Kadoma2013b 0.83 0.32 0.03 0.2 = 0.58 1.17
Chiredzi2013a 0.71 0.14 0.010.35 #x 0.49 081
Chiredzi2013b 0.72 0.18 0.020.62 ns 0.43 0.96

h” is heritability, * P< 0.05, ** P< 0.01, *** P < 0.001, ns non significance a&f0.05, MSe is

Mean square error, LSD is least significant diffexe
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The minimum yield in the sites ranged from 0.92atlhin Potchefstroom to 2.35 t ha-1 in
Chiredzi2013a. Kadoma2013b on average yielded e¢hst.| Average across site grain yield
among the top 10 yielding hybrids ranged from 3.0@-1 to 3.38 t Ha(Table 4.4). The yield
range among the 10 lowest yielding hybrids was fotlkan the top 10 yielders ranging from
2.08 tha-1to 2.54 t ha-1.

The hybrids significantly varied in days to mid{aesis at < 0.001 in Chiredzi2012, 2013a and
2013b and Kadoma2012 and 2013a, akF0.01 in Potchefstroom but did not vary in
Kadoma2013b at R 0.05 (Table 4.2). Average days to mid-anthesig&drfrom 59.0 to 73.6.
The trial mean was 65.8 d. The minimum days to amthesis ranged from 50.9 in
Chiredzi2013a to 75.1 in Chiredzi2012 while the maxn ranged from 63.2 in Chiredzi2013b
to 80.1 in Potchefstroom. Mid-anthesis was delape@hiredzi2012. There were no significant
differences in days to mid-anthesis between the 1i@pyielding and the 10 lowest yielding
hybrids (Table 4.4).

Variation in ASI was significant at £ 0.05 in Chiredzi2012 and at<$0.001 in Chiredzi2013a
and Kadoma2012 and 2013b. There were no signifidifierences at B 0.05 in Chiredzi2013b
and Kadoma2013a and Potchefstroom. Mean ASI fotrillewvas 0.5 d, which ranged from 0.18
d to 3.06 d (Table 4.2). Minimum ASI ranged from97 in Chiredzi2012 to -0.8 d in
Chiredzi2013b and the maximum up to 5.84 in Chii2@lZ3b. Even though the average ASI is
0.5 d, there were relatively high stress levelosgrithe seven sites that resulted in wide ASI
ranges. For instance, in Chiredzi 2012 ASI rangecthf-7.89 d to 5.13 d (13.73 d) and from -
2.40 d to 5.68 d (8.08 d) in Potchefstroom as tlghdst within sites. In the 10 lowest yielding
hybrids ASI ranged from -0.8 d to 2.6 d while irethO highest yielding hybrids ranged from -
0.8dto 2.5d (Table 4.4).

There were no significant variations in barrenned3otchefstroom and Chiredzi2012 and 2013b
(Table 4.2). Barrenness, measured as the numiearsiper plant significantly varied akR®.05

in Kadoma2013b, at B 0.01 in Kadoma2013a and at $0.001 in Chiredzi2013a and
Kadoma2012. The average number of ears per plagedafrom 0.67 to 1.06 with a trial mean
of 0.78. Barrenness was least in Kadoma2012. Baesswas lower in the top 10 yielding
hybrids (0.68 to 0.90 ears per plant) compared.6@ @ 0.86 ears per plant for the 10 lowest
yielding hybrids (Table 4.4). Plant height did nsignificantly vary among hybrids at
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Kadoma2012 and 2013b. There was variation in glarght at P< 0.001 in Chiredzi2012 and
2013b (Table 4.3). Mean plant height ranged fro8.8€m in Kadoma2013a to 233.2 cm in
Potchefstroom2012. The trial mean was 192.1 cmtelWwere no significant differences between
the 10 best yielding hybrids and the 10 lowestdyej hybrids for plant height, root and stem
lodging, grain texture, ear rots and ear aspecbléTd.4). Senescence was not recorded in
Kadoma. Senescence among hybrids varied €tOf)1 in Chiredzi2013a and at<0.001 in
Chiredzi2012 and 2013a (Table 4.3). There was gifgiant variation in senescence scores in
Potchefstroom (< 0.05). The trial mean was 4.3 ranging from 3.05t0. The minimum
senescence scores recorded across the threeasigedrfrom 1.5 to 4.5 while the maximum

ranged from 3.9 to 5.8.

Grain moisture was higher (12.7% to 16.5%) in the ielding hybrids and ranged from 12.8%
to 14.9% in the 10 lowest yielding hybrids (Tabld)4 The general performance of the top 10

yielding hybrids across the seven sites was comaigad

Table 4.3 Analysis of secondary traits under randongrought stress

5 s 3§ 98 g 3 S
(= 7] FE <2 = e o = = <®
Plant height Chiredzi2012 203.54 38.86 664.85 0.13 ** 15117 4Z8 192.10
(cm) Kadoma2012 18144 2911 32997 034 ns 14525  @20.4
Potchefstroom2012 233.27 35.08  0.01 . *» 20818  .246
Kadoma2013a 179.56 33.12 326.79 0.06 * 148.40  P13.1
Kadoma2013b 183.27 30.62 243.87 04 ns 151.62  212.8
Chiredzi2013a 22420 19.48 212.66 0.47 *  203.61 2.2%
Chiredzi2013b 22058 33.83 520.78 0.34 **  186.84 84D5
Senescence Chiredzi2012 298 077 042 0.95 ** 2.15 3.94 4.30
(0-10) Kadoma2012 . . .o . . .
Potchefstroom2012 3.32 2.17 0.21 0.40 ns 1.54 5.48
Kadoma2013a
Kadoma2013b . . .o . . .
Chiredzi2013a 501 058 0.18 042 ** 4.49 5.65
Chiredzi2013b 497 065 059 054 * 4.05 5.77

h” is heritability, * P< 0.05, ** P< 0.01, ** P < 0.001, ns non significance at<P0.05, MSe
Mean square error, LSD (0.05) Least significanfiedénce at (P < 0.05)
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Table 4.4 Across site analysis of variance for gnaiyield and secondary traits under random drought Bowing the top 10 and
bottom 10 ranking hybrids

Entry Name Grain Rank  Anthesis ASI Plant  Ear Root Ears Husk Ear Senescence Grain Grain Plant  Ear
yield Date height height lodging plant™® cover rot texture moisture stand aspect Release
t/ha Rank d d cm cm % # % % 1-10 1-5 % # 1-5
1 SC727 3.37 12 69.7 -0.8 215.0 128.9 3.1 0.68 3.1 5.6 3.9 3.7 16.3 28.0 3.7 2010
2 CZHO0724 3.38 11 66.2 0.1 197.7 119.8 3.6 0.81 -0.3 4.4 4.2 3.2 15.7 29.3 3.5 2008
3 CKH10717 3.24 23 67.8 0.0 195.6 117.6 5.0 0.73 5.7 3.8 4.2 2 3 16.0 30.4 3.4 2010
4 CZHO0511 3.30 16 65.9 0.4 187.1 95.9 16.7 0.78 7.7 1.2 4.1 2 3 14.8 30.4 3.2 2006
5 CKHO0749 3.23 16 68.7 0.9 202.5 117.7 9.0 0.76 2.1 6.7 4.0 5 3 16.5 29.9 3.5 2007
6 CKH08049 3.15 18 67.1 -0.3 195.5 115.9 6.6 0.72 -0.1 3.8 4.4 3.1 14.6 30.0 3.5 2009
7 CZH0524 3.18 17 62.8 2.5 183.5 108.5 14.2 0.88 55 13 41 32 12.7 25.6 3.4 2006
8 CZH02018 3.09 28 66.9 -0.4 195.5 113.8 14.7 0.80 -0.5 3.6 0 4. 2.8 15.2 28.7 3.4 2003
9 CZH03005 3.10 22 63.0 0.8 198.9 106.4 5.7 0.90 2.6 4.8 4.4 4 3 13.3 271 3.7 2004
10 CZH03022 3.17 20 66.2 -0.8 196.8 111.5 7.6 0.78 4.0 3.6 4.4 3.1 14.2 30.5 3.5 2004
57 SC513 2.52 47 66.3 1.3 189.5 102.9 5.3 0.64 16.1 5.6 42 31 13.8 275 3.4 1997
59 SC635 2.45 51 65.6 1.5 198.5 107.1 3.2 0.65 0.4 3.8 4.3 5 3 13.3 29.8 3.6 2003
61 CZHO0713 2.54 44 66.5 -0.4 196.4 104.1 9.5 0.78 3.4 4.0 4.8 3.1 14.3 29.9 3.7 2008
62 CZHO0735 2.44 52 62.8 1.2 173.8 96.0 6.8 0.86 5.4 4.4 4.7 1 3. 128 26.9 3.9 2008
63 CZHO0536 2.39 57 67.5 -0.3 196.4 106.8 2.1 0.70 8.1 0.8 4.3 35 14.2 26.3 3.5 2006
64 CZH99026  2.34 53 66.7 1.7 196.6 118.3 9.0 0.75 -0.1 0.9 4.7 25 14.3 31.2 3.4 2000
65 CZH04001 2.45 48 66.3 0.1 183.9 101.8 6.9 0.79 0.2 5.9 4.3 1 3 14.9 274 3.8 2005
66 CZH99025 2.36 52 66.3 1.4 200.0 122.3 16.3 0.62 6.0 7.4 44 26 145 29.6 3.7 2000
67 CZHO0011 2.31 57 63.6 2.6 174.9 101.3 10.1 0.78 30.9 4.5 46 3.2 12.9 28.2 3.7 2001
68 CZH04032 2.28 53 66.2 11 180.4 98.8 6.6 0.66 2.3 4.4 4.5 5 3. 134 315 3.8 2005
69 CZH04034 2.30 55 66.8 -0.8 208.1 112.2 8.4 0.67 -0.1 3.7 4.3 3.2 12.8 27.3 35 2005
70 CZHO056 2.08 59 66.5 0.0 188.2 100.6 12.0 0.84 0.1 6.4 41 33 14.0 221 3.7 2006
Mean 2.80 36 65.8 0.5 192.1 108.5 7.5 0.78 3.9 44 43 3.1 141 28.3 3.5
LSD (0.50) 0.65 1.2 1.2 135 9.4 7.1 0.09 108 3 5. 0.6 0.3 1.2 1.8 0.5
h? 0.56 . 0.92 0.72 0.75 0.89 0.27 0.36 . 420 0.45 0.87 0.71 0.52 0.51
Minimum 2.08 11 60.9 -1.9 166.5 81.4 0.8 0.62 -05 -03 3.8 21 12.2 221 3.0
Maximum 3.38 59 69.7 2.6 215.0 129.6 18.1 0.96 309 15.1 4.8 3.8 16.5 315 3.9

h? is heritability, ASI anthesis silking interval, DS0.05) Least significant difference at (P < 0.05)
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4.3.2 Analysis of variance of hybrid performance uder managed drought stress trials
Grain yield, days to mid-anthesis, ASI, number afseper plant, plant height and senescence all

significantly varied in the different locations. &m yield among hybrids varied at<P0.001 in
Kiboko2012, Chiredzi2013a and 2013b and at @05 in Chiredzi2012 with average grain yield
ranging from 0.89 t h&in Chiredzi2012 to 5.23 t Hain Chiredzi2013a (Table 4.5). The trial
mean yield was 3.95 t HaThe minimum yield recorded across the three mehagought stress
sites ranged from 0.18 t ian Chiredzi2012 to 2.81 t Hain Chiredzi2013a while the maximum
ranged from 1.42 t Fain Chiredzi2012 to 7.55 t HaChiredzi2013b. Chiredzi2012 recorded the

lowest yields.

Days to mid-anthesis varied at all sites at<P0.001, ranging on average from 63.8 in
Chiredzi2012 to 94.1 in Chiredzi2013b. The trialamevas 75.7 d. The maximum days to mid
anthesis ranged from 71.7 in Chiredzi2012 to 1@56hiredzi2013b. Days to mid-anthesis was
delayed in Chiredzi2013b. Stress delayed anthesieme entries in Chiredzi2013a and b.

Significant variation in ASI (& 0.001) was recoded in Kiboko2012, Chiredzi2013 201.3b,
and at P< 0.01 in Chiredzi2012. Average ASI ranged from @.ih Chiredzi2013a to 7.9 d in
Chiredzi2012. The trial average was 4.0 d. MinimA8i ranged from -2.1 d in Chiredzi2013b
to 1.5 d in Chiredzi2012. The maximum ASI for theree sites ranged from 5.4 d in
Chiredzi2013a to 18.0 d in Chiredzi2012. Chiredi®ad the widest range of ASI from 1.5 d

to 18.0 d indicating high levels of stress.

Barrenness varied at R 0.01 in Chiredzi2013a and at £ 0.001 in Kiboko2012 and
Chiredzi2012 and 2013b. Measured as the numbearsfger plant, barrenness on average was
highest in Chiredzi2012 (0.29) and lowest in Chzi2d13b (0.87) with a trial mean of 0.64.
Highest levels of barrenness recoded ranged frérh @ars plaritin Chiredzi2012 to 0.76 ears
plant® in Chiredzi2013b. The lowest levels of barrennessed from 0.70 ears planto 0.99
ears plarnt. Chiredzi2012 had the widest range of number of pkant, from 0.01 to 0.70.

Plant height varied significantly across all sites,P < 0.05 in Chiredzi2012, K 0.01 in
Chiredzi2013a and at£0.001 in Kiboko2012 and Chiredzi 2013b. Averagepheight ranged
from 162.4 cm in Chiredzi2012 to 226.2 cm in Chri@@13a. The across site average plant
height was 203.4 cm. Plants were generally sharigShiredzi2012.
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Table 4.5 Analysis of variance of yield and secondatraits under managed drought stress

3 £ E 7

c 2 2 E 4«

5 2 S8 2 & . = s 58

[ (7] ~ E i = < o = = < E

- Kiboko2012 410 147 060 064 ™ 221 614 3.95
2+ |ohredz201z 08¢ 056 01z  0.1¢ * 016 1.4z
S < |Chiredz201ia  5.2¢ 1.37 021 06 ™ 281  6.9¢
G Chiredzi2013b ~ 2.24158 064 047 ** 276  7.55

& o | Kiboko2012 684 23 14 094 = 620 741 757
gg Chiredzi2012 638 3.8 56 088 ** 536 717
0 £ |Chiredzi2013a 929 24 17 096 ** 843 1015
S8 & | Chiredzi2013b 941 33 1.6 092 ** 850 1055

| Kiboko2012 23 24 00 064 * 03 81 4.0
%E’% Chiredzi2012 79 67 117 048 * 15 180
£ 2 Chiredzi2013a 2.1 30 0.3 049 ** 0.9 5.4
< E Chiredzi2013b 2.9 45 00 046 ** 21 137

Kiboko2012 079 020 001 027 * 041  0.96 064

Chiredzi201. 0.2¢ 0.2¢ 0.0¢ 0.6C *** 0.01 0.7C
Chiredz2013: 0.8t 0.1C 0.0c 0.3¢ ** 0.74 0.9¢
Chiredzi2013b 0.870.10 0.00 0.21 *** 0.76 0.97

Ears per
plant
(number)

Kiboko2012 208.1 10.1 0.0 0.79 *=* 186.4 223.6 203.4
Chiredzi2012 162.422.5 328.5 0.30 * 135.9 185.1
Chiredzi2013a  226.223.2 0.0 0.51 ** 201.7 252.7
Chiredz2013t  216.7 19.€ 410.] 0.5& *** 189.c 243.1

Plant height
(cm)

o Kiboko2012 . : . .o . . 5.1
85 | Chiredzi2012 58 05 01 077 * 52 68
$ & | Chiredzi2013a 50 06 03 069 % 39 61
® | Chiredz2013t  4& 0€ 03 05 ™  4C  5€

h” is heritability, * P< 0.05, ** P< 0.01, *** P < 0.001, ns non significance at<P0.05, MSe
Mean square error, LSD (0.05) Least significanfiedénce
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Senescence was not recorded in Kiboko. Variatios iaorded in all the other three sites &t P
0.001 with average senescence scores ranging fi®im €£hiredzi2013b to 5.8 in Chiredzi2012.
The across site average score was 5.1. Rates e$cace were lower in Chiredzi2013a and b.
Chiredzi2012 had the highest levels of senescemt&€hiredzi2013b had the lowest.

The top 10 hybrids yielded significantly higherrittae 10 lowest yielding hybrids at 5.52 t'ha
to 6.56 t hd compared to 3.11 t Hato 4.22 t h&(Table 4.6). For the top 10 and 10 lowest
yielders the days to mid-anthesis was in the samnge, even though slightly earlier in the least
yielding hybrids. ASI was higher among lowest yietgfdlCIMMYT hybrids ranging from 0.1 d to
6.5 d compared to the top 10 hybrids that rangesh 0.6 d to 3.9 d.

From the above results, Chiredzi2012 experiencedhitphest stress levels compared to the other
sites. The yields were lowest, plants were shovide anthesis-silking interval, barrenness and

senescence were highest in Chiredzi2012 comparke tother sites.

The top 10 hybrids were relatively taller at 2063 to 228.4 cm compared to 200.5 cm to 225.4
cm in the 10 lowest yielding hybrids. Root and stexiging was variable but did not show a

pattern. There was no distinct variation betweenttp 10 hybrids and the 10 lowest yielding

hybrids. Barrenness, ear rot, senescence, graiarégyplant stand and plant aspect did not vary
between the best and least yielders. Ear aspecbettes for the top 10 hybrids that were bigger
and better filled compared to the 10 least yieldigbrids. Even though for some traits there was
no significant variation between the top yieldend ¢he lowest yielders, the top 10 hybrids were

superior in yield and other secondary traits, idolg ASI and ear aspect.
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Table 4.6 Across site summary for grain yield andesondary traits under managed drought stress showgthe top 10 and

bottom 10 ranking hybrids
=]

S D =) o g O
T oo Tg o 5 g Q _
w L~ 8 22 Z2%.2%.. 8 -z 2.2 1 S 8 ¢ <2 .5 & _.g &
& S S S8 cidefdzsE p 32 92 39 28 8 = S ©F% 8§ 5 32 O
e 14 < O OO0 EGS < e O Nl uwoe T Ll (%) 08 aon W o o
Rank t/ha t/ha ttha t/ha d d cm % % # % % 1-10 1-5# 15 15
CKHO08032 1 656  6.22 627 7.8 824 06 2113 23 9.6 096 5 7 53 438 43 288 29 25 2008
CZH0819 2 596  4.43 588  7.55 81.0 21 2150 14 42 086 .1 0 88 53 3.6 266 31 26 2008
CKH08105 3 575 450 6.41  6.33 81.7 1.7 2114 0.1 73 0825 3 76 5.1 41 282 34 30 2008
CZH00027 4 572  3.68 6.79  6.69 835 1.8 2284 6.9 102 08184 112 47 3.6 281 32 33 2001
CZH03006 5 567  4.07 6.24  6.71 80.2 35 2242 3.1 7.2 0.86.7 3 3.4 5.4 3.7 282 31 26 2004
CZH0616 6 565  5.84 577  5.35 785 07 2063 18 25 091 .4 5 50 4.4 4.0 276 28 28 2007
CZH0928 7 565  3.89 6.98  6.08 777 13 2112 03 8.8 0.882.1 121 5.0 3.8 285 32 31 2010
CZH03028 8 561 591 559 532 815 39 2278 1.6 7.8 083.6 6 7.4 45 3.8 279 30 30 2004
CZH0724 9 559 555 588  5.35 81.6 22 2246 40 60 086.4 5 32 44 41 276 29 31 2008
CZH03013 10 552 538 490  6.30 849 08 2153 40 5.3 0.806.8 6.4 42 35 269 30 30 2004
SC513 58 428 322 552 411 80.2 2.8 2136 165 163 20.7 17 9.9 55 4.0 266 35 31 1997
CZH0837 61 422 374 398 493 781 24 2254 02 4.4 07585  10.3 5.0 36 235 30 30 2009
CZH0615 62 418 260 507  4.88 790 39 2005 43 74 0.694.8 8.9 5.7 3.8 284 36 31 2007
CZH0823 63 418 240 477 536 792 15 2073 15 45 07474 7.7 5.4 4.0 263 33 35 2009
KDH3 64 417 324 454 472 744 17 2015 24 23 08253 88 5.8 3.7 284 36 31 2007
CZH056 65 407 417 387 417 843 22 2135 1.9 5.7 0.793.8 2.8 4.1 3.7 233 32 28 2006
CZH04001 66 402 284 490 433 843 1.3 2124 00 121 0.79%0.2 26 5.2 36 279 36 30 2005
CZH095 67 355 224 314 526 831 1.3 2194 0.1 127 09025 35 46 3.1 204 32 28 2010
CZH0524 68 351 461 316 276 753 23 2179 06 2.9 07853  12.9 46 40 168 30 31 2006
SC635 69 350 271 397 384 862 65 2176 7.8 162  0587.0 11.4 45 4.2 275 39 31 2003
CZH0536 70 311 344 281  3.10 839 0.1 2196 49 8.2 0.811.9 9.2 46 3.9 174 28 26 2006
Mean 491 424 523 524 816 22 2170 43 83 820. 41 6.1 49 3.7 27.2 31 30
LSD (0.05) 0.65 1.49 136 158 1088 05 109 1.0 2.8 008 00 07 0.4 0.1 0.1 04 01
h2 06 06 0.6 05 0.9 05 0.7 0.3 0.7 0.3 ) . 08 . 0.8 03 .
Minimum 311 224 281 276 744 01 1990 -15 10 058 -02 20 41 2.9 16.8 28 25
Maximum 656 6.22 698 755  87.9 65 2379 180 .231 096 174 134 59 43 28.8 39 35

h? heritability, ASI anthesis-silking interval, LSD.05) Least significant difference at P < 0.05
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4.3.3 Multi-environment trials analysis

4.3.3.1 Genetic correlations for grain yield amongandom and managed drought sites

Genetic correlations for random drought stresss siéeged from -0.10 for Kadoma2013a and
Chiredzi2012 to 0.99 for Chiredzi2013a and b (Tabl®. Chiredzi2012 had low correlations of
-0.10 with Kadoma2013a and 0.38 with Chiredzi2013hbiredzi2013a had a low negative
correlation with Kadoma2013b of -0.22. The resttloé correlations among all sites were

moderate to high.

Table 4.7 Genetic correlations for grain yield underandom drought sites

5 f %e fo £ §g 8
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Site ON ¥Y¥N 0 ¥N ¥Y¥N ON OWXN
Chiredzi2012
Kadoma2012 0.57

Potchefstroom 0.55 0.30

Kadoma2013a -0.10 0.47 0.24

Kadoma2013b 0.58 0.29 0.51 0.58
Chiredzi2013a 098 0.72 0.43 0.40 -0.22
Chiredzi2013b 0.38 0.78 0.72 065 0.95 1.00

Genetic correlations for managed drought sitesedriigpm -0.44 for Chiredzi2012 and 2013b to
0.92 for Chiredzi2013a and b (Table 4.8). Chire@z2had negative correlations with the other
three sites, the weakest with Chiredzi2013a at6-0a@d -0.18 with Kiboko. Yields in
Chiredzi2012 were low compared to the other sititls an average of 0.89 t Fia

Table 4.8 Genetic correlations for grain yield amog sites under managed drought stress

Site Chiredzi2012 Kiboko2012 Chiredzi2013a Chired2013b
Chiredzi2012

Kiboko2012 -0.18

Chiredzi2013a -0.06 0.34

Chiredzi2013b -0.44 0.25 0.92

4.3.3.2 Complete linkage cluster analysis among rdom and managed drought sites
From the cluster analysis of the random drougleisstsites, Kadoma2013b clustered along with

Potchefstroom2012 (Figure 4.1). The cluster vaffedh the next cluster with Chiredzi2013b,
Kadoma2012 and 2013a at a distance less than 1.

96



Kadoma2013b ‘

Potchefstroom2012

Chiredzi2013b i

Locations

KadomaZ2013a |

Kadomaz012

Chiredzi2013a

Chiredzi2012

0.0 05 1.0 1.5

Maximum Distance Betwean Clusters

Figure 4.1 Complete linkage cluster analysis of radom drought sites
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Figure 4.2 Complete linkage cluster analysis of maged drought stress sites
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Chiredzi2013b varied from Kadoma2012 and 2013adistance less than 1.0. Chiredzi2012 and
2013a varied from the rest of the sites at a degtarf more than 1.5.

Under managed drought stress Chiredzi2013a andb28h8 Kiboko2012 clustered together
even though Kiboko2012 differed from the other tsites (Figure 4.2). Chiredzi2012 did not
cluster with the rest of the managed drought s@emsidering the negative correlations and the
yield levels that varied from the rest of the ts#ks, Chiredzi2012 was not included in further

analysis.

4.3.4 Analysis of genetic gain for yield and secoad, traits under random drought stress
From a regression analysis of maize grain yieldregdime of release there was a net positive

genetic gain estimated at 22.7 kg'hgear' (0.85% year) (Figure 4.3) under random drought
stress over the 11 year period from 2000 to 201@ fiew hybrids yielded better than the old
hybrids. This change was associated with changssnre secondary traits of the maize hybrids.
There was no change in number of days to mid-arstitoe®r the 11 years (P 0.05). The new
hybrids flowered in the same range of days as thehgbrids and commercial checks that
reached up to 68.2 d for commercial SC727. AS| gtbavtrend to decrease at a rate of -0.08 d
year! (Figure 4.5) but the change was not significant (P05).

From 2000 to 2010 the number of ears per planeased at a rate of 0.004 yé4Figure 4.6) at
P < 0.05. There was no significant change in plangtite{(P < 0.05) even though it showed a
trend of decreasing over the 11 year period atstimated rate of -0.39 cm yé&a(Figure 4.7).
There was no significant change in senescencetbeetl years at R 0.05 but showed a trend
to decrease at a rate of 0.01 scores¥y/éam a 0-10 scale) as shown in Figure 4.8. Therena

significant change in the grain yield/ grain morstaontent ratio over the 11 years (Figure 4.9).
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Figure 4.3 Genetic gain in yield (drought tolerancein CIMMYT hybrids released from 2000 to 2010 testd under random

drought stress
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Figure 4.4 Changes in days to mid-anthesis in CIMMY hybrids released from 2000 to 2010 (random droudtlstress)
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Figure 4.5 Changes in ASI in CIMMYT hybrids releasel from 2000 to 2010 (random drought stress)
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Parameter Standard
Variable DF Estimate Error t Value Pr> |t
Intercept 1 0.65192  0.01694 38.49 <.0001
Release 1-0.00123 0.00273 -0.45 0.6545
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Figure 4.6 Changes in number of ears per plant in BAMYT hybrids released from 2000 to 2010 (random dought stress)
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Figure 4.7 Changes in plant height in CIMMYT hybrids released from 2000 to 2010 (random drought str@ss
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Figure 4.8 Changes in senescence in CIMMYT hybrideeleased from 2000 to 2010 (random drought stress)
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Figure 4.9 Changes in grain yield/ grain moisture @ntent ratio in CIMMYT hybrids released from 2000 to 2010 (random

drought stress)
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4.3.5 Analysis of genetic gain for yield and secoad, traits under managed drought stress
Under managed drought stress a genetic gain id wieB2.5 kg hd yeai* (0.85% yeal) was

recorded (Figure 4.10). This converts to an esghaiet increase of 325 kghaver a 10 year
period. Phenological changes were also recordegls D@ mid-anthesis did not significantly
change over the 11 years ak®.05 but showed a tendency to increase at a f@td® d year
(Figure 4.11). New hybrids flowered within the saraage as the old hybrids and commercial
checks but yielded better than the old hybrids.eA decrease of, on average, 0.16 d Veeas
recorded for ASI under managed drought stress (€igul2) at P< 0.01. New hybrids had
relatively shorter ASI compared to the old hybrids.

Barrenness was lower in the new hybrids. New hgbhidd a relatively higher number of ears
per plant that increased at a rate of 0.004 (Figui8) which is significant at R 0.01. Plant
height showed a trend to increase at an averageofd.12 cm yedrover the 11 years (Figure
4.14) but there was no significant change at B.05. Senescence rate did not significantly
change (< 0.05) over the 11 years but showed a tendencya@ase at a rate of 0.01 scores
year (Figure 4.15). The grain yield/ grain moisture o ratio did not change significantly
over the 11 years (Figure 4.16). Under managedgitostress new hybrids that yielded better
than old hybrids had shorter ASI or improved synairation at flowering and increased

number of ears per plant.
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Figure 4.10 Genetic gain in yield for drought toleance in CIMMYT hybrids released from 2000 to 2010 nder managed

drought stress
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Figure 4.11 Changes in days to mid-anthesis in CIMMT hybrids released from 2000 to 2011 under managedtought stress
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Figure 4.12 Changes in ASI in CIMMYT hybrids relead from 2000 to 2011 under managed drought stress
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Figure 4.13 Changes in number of ears per plant iIRIMMYT hybrids released from 2000 to 2011 under maaged drought

stress
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Figure 4.14 Changes in plant height in CIMMYT hybrids released from 2000 to 2011 under managed drougétress
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Figure 4.15 Changes in senescence in CIMMYT hybrideleased from 2000 to 2011 tested under managedodight stress
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Figure 4.16 Changes in senescence in CIMMYT hybrideleased from 2000 to 2011 tested under managedodight stress
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4.3.6 Dissection of genetic gain in yield of CIMMYThybrids released from 2000 to 2010
4.3.6.1 Correlation of yield and secondary traits nder random drought stress

The change in yield was associated with some plogimal and phenological changes. The
following observations were made from an investagrabf the relationship of grain yield and
some secondary traits. The correlation betweenngyald and days to mid-anthesis was
negative at -0.374 (Table 4.9). Correlations foaimgryield with anthesis-silking interval and
senescence were both negative at -0.319 and -@e3p2ctively. Plant height and the number of
ears per plant had positive correlations with yield.357 and 0.473 respectively even though
plant height did not significantly change over ttfeyears under random drought stress. Under
random drought stress yield was higher in hybridat tflowered early, that had reduced

barrenness, with shorter anthesis-silking inteaval low senescence rates.

Table 4.9 Genetic correlations of grain yield andecondary traits under random drought
stress

GYG AD ASI PH EPP SEN Y/IM
GYG -
AD -0.37x** -
ASI -0.32F** 0.22k** -
PH 0.36*** -0.16**  -0.24** -
EPP 0.47%*x -0.42**  -0.27#**  -0.08* -
SEN -0.31** -0.60c**  -0.02¢ -0.05"* 0.01™ -
YIM 0.67*** -0.82***  -0.31* -0.31**  0.95%** -0.085™ -

* P <0.05, * P<0.01, ** P<0.001, ns non significance atF0.05, GYG is grain yield, AD
is days to mid-anthesis, ASI is anthesis-silkinggiival, PH is plant height, EPP is number of
ears per plant, SEN is leaf senescence, Y/M isigiieid/ grain moisture content ratio

Anthesis-silking interval was higher in hybrids tHeowered late (r = 0.220) and in shorter
hybrids (r = -0.235). Days to mid-anthesis had tiggacorrelations with plant height at -0.158,
number of ears per plant at -0.424 and senescen€e585. Shorter plants that were probably
stunted flowered late, had fewer ears or were rbareen and senesced at a faster rate compared
to the taller or normal plants. Barrenness wasdrigit high anthesis-silking interval that was
shown by the negative correlation (-0.266). Theras wio significant correlation between
senescence and anthesis-silking interval as weilaag height and the number of ears per plant.
The correlation of grain yield/ grain moisture cemitratio with yield and the number of ears per
plant was positive at 0.67 and 0.95 respectively.
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4.3.6.2 Correlations of grain yield and secondaryraits under managed drought stress
Grain yield showed positive correlations of 0.298l{le 4.10) with days to mid-anthesis, 0.521

with plant height and 0.493 with the number of gasplant and negative correlations of -0.229
with anthesis-silking interval and -0.394 with sstence. Under managed drought stress grain
yield was higher in taller hybrids that had redubadrenness or increased number of ears per
plant, shorter anthesis-silking interval and lovtesaof senescence. The positive correlation
between days to mid-anthesis and grain yield indg@ossible benefits of a longer season but

from the genetic gain analysis, there was no nathgé with respect to maturity range.

Table 4.10 Correlation for grain yield and seconday traits under managed drought stress

GYG AD ASI PH EPP SEN
GYG -
AD 0.298*** -
ASI -0.229***  0.087* -

PH 0.521%** 0.293*** -0.179***

EPP 0.493*** 0.248*** -0.064ns  0.123**

SEN -0.394***  -0.063ns 0.128* -0.357*** -0.113* -
YIM 0.99*** -0.20™ 0.06* 0.13¢ 0.99%**  0.75%**

* P <0.05, * P<0.01, ** P<0.001, ns non significance atF0.05, GYG is grain yield, AD
is days to mid-anthesis, ASI is anthesis-silkinggiival, PH is plant height, EPP is number of
ears per plant, SEN is leaf senescence, Y/M isigieid/ grain moisture content ratio

The relationship between days to mid-anthesis atiokais-silking interval was very weak even
though positive at r = 0.087. The hybrids that #oed late were taller (r = 0.293) with reduced
barrenness (r = 0.248). There was no significalatiomship between days to mid-anthesis and
senescence at$0.05. Anthesis-silking interval was higher in geohybrids (r = -0.179) and in
hybrids that had high senescence rates (r = 0ld@28poth relationships were weak. There was
no significant relationship between anthesis-sgkimerval and barrenness or the number of ears
per plant. Senescence was lower in taller hybnids {0.357) and higher in shorter plants that
might have been stunted due to drought stresseBaess was lower in the hybrids that attained
normal growth (tall) having a high number of eaes plant (r = 0.123) and higher in hybrids
with high senescence rate (r = -0.113). Grain Ygelin moisture content ratio positively

correlated with grain yield and the number of gamsplant (barrenness).

4.4 Discussion
In this study under random drought stress, an estishnet genetic gain of 22.7 kg“hgear'
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(0.85% vyear) over the 11 years from 2000 to 2010 was recondkile 32.5 kg hd year'
(0.85% year) was recorded under managed drought stress. Néwdsyyielded significantly
better than old hybrids. This is good progressE8A. In lowa, Central USA, a genetic gain of
74 kg hd year' was reported over a period of 70 years from 1984991. Genetic gain was
reviewed across different stresses including optouoaditions, drought and water logging stress
(Duvick, 1997). In WCA under drought stress anreated genetic gain of 13.5 kg hél.1%)
yeai® was reported by Badu-Apraket al (2013). The estimated genetic gains in ESA are
comparable to other findings by Badu-Apratual (2013) and to the preliminary estimates of
18 kg ha (0.6-1.0%) yeat under drought stress projected for SSA by Edme48643).
Genetic gain in maize is due to improvements inpla@t system efficiency and stress tolerance
(Duvick, 2005b). Improvement of yield under drougtress has been associated with changes in
secondary traits closely associated with yield aonthe physiological processes. This study

evaluated the effect of different secondary traitgyrain yield.

The new varieties on average, used the same séasgth as the old hybrids. This means the
hybrids can still grow in the same season as ttidgbrids but yielded better. When grain yield

was regressed against days to mid-anthesis, aivegatrelation (r = -0.37) was observed under
random drought stress while a positive correlatfor= 0.30) was recorded under managed
drought stress. According to Campetsal (2006) low phenotypic correlation between grain

yield and days to mid-anthesis suggests genetcaiote in the materials. What can vary in such
a situation could be the levels of stress tolerauod that the old hybrids had low levels of stress
tolerance compared to the new varieties. DuviclO%®) explains that selection started with the
farmers and achieved some adaptation to local @mwients and growing conditions. This then

will mean that the old hybrids may have some strelesance but the level of tolerance may not
be as high as in the new hybrids or may be sigmticinder mild stress levels and not under
severe stress. Selections by farmers may not hese directly towards stress tolerance but may
be indirectly as they selected for high yield. 88t by breeders is now directed towards both
yield and stress tolerance.

Under drought stress mid-silking may be delayed atriimes may not be reached (Bolafios and
Edmeades, 1996). In this study ASI was shorteh@émiew varieties compared to the old varieties
(Figures 4.5 and 4.11). Based on literature the hglrids therefore had better chances for
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pollination and grain set compared to the old taasebecause of the shorter ASI. ASI has shown
consistent correlation with yield in earlier stuigli@olafios and Edmeades, 1993a; Bolafios and
Edmeades, 1996; Campesal, 2006). In the current study, correlation of grgield and ASI
was negative at -0.32 and -0.23 under random- ngembiged drought stress respectively. Grain
yield decreased with increase in ASI. Badu-Aprakal (2013) reported a similar observation.
On average the new varieties had shorter ASI aaldlsd better than the old hybrids that had
high ASI. This finding agrees with earlier studigsere ASI was observed to be shorter in new
varieties and yield improvement was associated whik change (Bolafios and Edmeades,
1993a; 1993b; Brucet al, 2002; Monneveuxt al, 2005; Campost al, 2006; Edmeades,
2013). There was positive genetic change for ASlearrandom and managed drought in the
CIMMYT ESA maize breeding program from 2000 to 20K®I is an important trait for
selection under drought stress (Caiehsl, 2013). This study showed that genetic variabfbir

ASI still exists under drought stress and therefd® can still be used in selection for drought

stress tolerance.

Drought sometimes induces barrenness. The newdsybhom the CIMMYT ESA programme
showed reduced barrenness. The number of earsl|g@etr was higher in the new varieties
compared to the old varieties. The change in nurobears per plant over the 11 years under
managed drought stress was 0.004. Grain yieldipelsitcorrelated with the number of ears per
plant at 0.47 and 0.49 under random and managaedjlirstress respectively, increasing with
increasing number of ears per plant or with reduz@denness. These findings agree with other
studies (Bolafios and Edmeades, 1993b; Bolafios ande&des, 1996; Brucet al, 2002;
Monneveuxet al., 2005; Campogt al, 2006; Monnevewet al, 2008; Badu-Apraket al,
2013; Edmeades 2013). Even though the grain yggllh moisture content ratio did not change
over the 11 years evaluated, it positively coreslawith grain yield and the number of ears per
plant under both random and managed drought st@rssn yield/grain moisture content ratio
can therefore be used a secondary trait in setedon improved grain yield under stress

environments as recommended by Ngure (1995).

A study by Badu-Apraket al. (2013b) reported reduced plant height over tissoaiated with
increasing yield. In other earlier studies elsewhaant and ear height showed irregular trends

(Duvick, 2005a) and no changes in a study by Taeberand Lee (2011). The current study
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showed no significant change in plant height umdadom and managed drought stress over the
11 year period covered but showed a trend to dserata rate of 0.39 cm y&aover the 11
years under random drought stress and an incrda@4.2 cm under managed drought stress.
This is probably an adjustment to drought stresereiby the plants improve dry matter
partitioning to the ear during ear initiation, &, seed setting and grain filling (Duvick, 2005b;
Tollenaar and Lee, 2006). The correlation of yiaftl plant height was 0.36 and 0.52 under

random and managed drought stress respectively.

There was significant genetic gain for yield undemdom drought stress. This was associated
with changes in some secondary traits that affeet fyrain yield such as ASI and barrenness.
The new hybrids showed better drought stress toberaompared to the old hybrids.

4.5 Conclusions
The net estimated genetic gain in yield in thislgtwas 22.7 kg hayeaf* (0.85% yearf) under

random drought stress and 32.5 kg lyaar* (0.85 % yeat) under managed drought stress. This
was associated with a reduction in ASI of 0.16 @ryeunder managed drought stress and
reduced barrenness. Yield strongly negatively ¢ated with ASI and positively with reduced
barrenness, grain yield/ grain moisture contents@lant height and days to mid-anthesis under
managed drought but negatively with days mid-amhesder random drought stress. The
correlation between yield and plant height wasrgjrand positive. Selection for drought in the
CIMMYT ESA maize breeding programme from 2000 td@@vas effective and produced better
hybrids each year.
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Chapter 5
Genetic gain for tolerance to low nitrogen stressiiEastern and Southern Africa

Abstract
Low soil fertility is one of the major constrainisced by farmers in East and Southern Africa

(ESA) in crop production. The staple crop for mosiintries in ESA is maize and its cultivation
is affected by low soil fertility. The major limitg nutrient is nitrogen (N). Efforts to breed for
low N tolerance in maize started in CIMMYT ESA i®9/. The programme has produced
varieties that perform better than older varietiesler low N stress and have no yield penalty
under optimal conditions. Some of the varietiesehagen disseminated throughout ESA through
stakeholders in the public and private sector. Bhigly investigated the genetic gain in low N
tolerance in CIMMYT hybrids tested from 2000 to R0ibh multi-environment trials evaluated
from 2011 to 2013. Newer varieties yielded bettader low N conditions compared to the older
varieties. The study indicated an estimated gemngtii in yield of 20.9 kg hhyear'. The new
varieties were more stress tolerant, exhibitingrt@naanthesis-silking interval compared to old
varieties under low N stress that decreased aeaof#.08 d year. That indicated redirecting of
dry matter partitioning in favour of the ear. A degse in plant height of the new hybrids at a
rate of 0.49 cm yedr compared to the old hybrids also indicated rediimgcof dry matter
partitioning to the ear during ear initiation aratlg development as an adaptation mechanism.
Successful breeding produced hybrids that perforbsttkr, yielded better and were more stress

tolerant under low N conditions compared to thehyitrids.

5.1 Introduction

5.1.1 The problem of low N use among small holdeafmers

The use of fertiliser and other soil improvemenagbices to maintain high productivity and
fertility of soils in the communal farming sector sub-Saharan Africa (SSA) is low and limited.
Tropical soils with low inherent fertility combinedith low fertiliser use have resulted in low
maize production in SSA (Morrigt al, 2007; Waddington and Heissy, 1997). Fertiliser
application in SSA is reported to be less than §0hk" (Morris et al, 2007; FAO, 2001).
Southern Africa’s adoption of newly developed mavagieties was high at 55% in 1996 but

average yields in the region, excluding South Afriaveraged 1.1 t HaFertiliser use in Africa
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is low compared to other regions in the world ksstrated in Figure 5.1 (FAOSTAT, 2013).

The low fertiliser use in the SSA region has re=iin low maize yields and total productivity as
shown in Figure 5.1. The wide adoption of improwedieties and low fertiliser use reflect the
high fertiliser cost in Africa and cash constraifased by farmers (Smaét al, 2013). In a study
conducted in Zimbabwe and Malawi the average feetiluse was 80 kg fiaand 14.8 kg ha
respectively (Zambezi and Mwambula, 1997). All theates are well below the minimum
recommended for production, even under rainfed itiomd. In a study conducted in Zambia,
maize grain yield under small scale farmers’ coodg was observed to be low at district
averages of 0.58 t Hato 3.1 t h&d mainly due to low N use (Mitet al, 2010) as farmers lack
cash or credit to access fertilisers (Heisey andaityy 1996). In SSA fertiliser use initially rose
in the 1970s to 1980s when fertilisers were subsitliand the market was controlled by the
governments (Morriet al, 2007) but declined following the withdrawal ofibsidies and
liberalisation of the fertiliser market in the 189(Heisey and Mwangi, 1996; Smale and Jayne,
2003; Morriset al, 2007). Reduced fertiliser use is due to a nurbeeasons. The fertiliser to
maize price ratio is high. The fertiliser to majzéce ratio went up from 0.9 in 1986 to 2.7 in
1993 (Mungoma and Mwambula, 1997) and was repate&6 in 2007 in Zambia (Miet al,
2010). Fertiliser use is affected by both suppig @emand factors. The fertiliser demand in
SSA is weak due to high fertiliser prices, low dmghly variable crop prices that make fertiliser
use unprofitable and lack of knowhow on approprete. Supply is poor as markets and demand
are dispersed, demand is low, transport costs igte dnd profitability is low (Morriset al,

2007). Low fertiliser use remains a problem in S8&t needs to be addressed.

Promoting fertiliser use was initially done througibsidies and market control but this was not
sustainable for the governments (Momisal, 2007). As an alternative and practical potential
intervention to the problem of inherently poor stattility and low fertiliser use in maize
production in SSA, the development of low N toleranltivars was proposed. Breeding for low
N has been on going, but this only alleviates thablem of low productivity under low N for
resource poor small holder farmers in SSA who ctaafford sufficient N fertiliser or have no
access. Adding N, however, enables full exploitatad the genetic potential of the varieties
(Edmeades and Béanziger, 1997).
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Improved grain yield performance under low N levielselected low N stress tolerant hybrids
can be attributed to improved N use efficiency. Tanve N tolerant cultivars have improved N
use efficiency that comprises of improved N upteKeiency and N utilisation efficiency (Moll
et al, 1982). Improved performance under low N levslsairesult of selection under multi-
environments that include optimal, low N and otlsénress environments (Miet al, 2010;
Weberet al, 2012). Some varieties selected for drought émlee have been observed to exhibit
low N tolerance but the opposite has not been @bde{Duvick, 1997). To complement efforts
of governments in trying to improve small holdermfers’ accessibility to inorganic fertiliser,
breeders have been trying to mitigate the problérnow N use in maize production systems
among small holder farmers in SSA through the dgrekent of maize cultivars that are tolerant
to low N. Breeding for low N tolerance is a majoea of focus in CIMMYT (Monneveugt al,
2005). New hybrids that are low N tolerant compawethe older hybrids have been developed
for different regions (McCullouglet al, 1994). The CIMMYT breeding programme started
developing low N tolerant materials in 1975 (Hel897) but for the ESA programme since 1997
(Banzigeret al, 2006). However, the constitution of low N trial&s low between 2001 and
2009 at less than 15% of the 376 early and 328H&A regional trials (Webest al, 2012).
Evaluation of the low N trials included assessnuénfield and related secondary traits. The limit
in proportion of low N trials could be due to clemlyes in designating low N plots that are
permanently depleted and maintained at low N leviigbrids developed in the CIMMYT
drought and low N breeding programme were releasatl some were disseminated through

collaborators.

Secondary traits have been used to indirectly ewalwarieties for low N use tolerance,
improving the precision of selecting for candidgenes (Monneveugt al, 2005). Such traits
include days to mid-anthesis, days to mid-silkiplgnt height, ear height, green leaf number and
chlorophyll content assessed using SPAD meter measnts at two, four and six weeks after
mid-silking. Grain N levels and harvest index césoaive an indication of N uptake during the

grain filling period (Tollenaar and Wu, 1999).

One of the important goals of breeders has beanbance stability of performance of maize
under stress. Waddington and Heissy (1997) sughdbi@ the development of N tolerant
varieties complemented with the modest use oflitats would potentially improve yields in
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Southern Africa. Increase in stress tolerance baglted in improved yield and wider adoption

of new varieties.

Tollenaar and Lee (2006) reported that yield resporaries with the environment and season.
Increased grain yield could be a result of theradgon of the genetic potential of a variety with
the ability to tolerate limited resource stress atiter general stresses. Faced with frequent
droughts and limited access to fertiliser, resoysoer farmers can benefit from improved
varieties that have been observed in some studieducted, to be more stress tolerant compared
to older hybrids (Tollenaar and Wu, 1999) enablihg new varieties to yield better, up to

around 2 t ha under low N and water stress conditions.

The CIMMYT maize breeding programme has developedumber of drought and low N
tolerant varieties. Success has been recordednme S8SA countries including Malawi (The
DTMA Platform, 2009; Smalet al, 2013). The drought tolerant varieties have bested in
the regional trials each year and some were raletliseugh the public and private sector. Like
in every breeding programme, there is need to at&lthe progress. By evaluating genetic gain,
breeding strategies and objectives can be evolasgdon the findings. This study aimed to
establish if there has been any genetic gain inNbtelerance in CIMMYT hybrids released by
the ESA maize programmes from 2000 to 2011 sineenhfbrids were screened for compound
stress tolerance under multi-environment testirgt thcluded optimal, drought, low N and

disease stress environments.

5.1.2 Aim and objectives
The aim of this study was to evaluate the net gemgtn in low N tolerance of the CIMMYT

drought tolerant hybrids tested in the breedinggmmme from 2000 to 2010. The main
objective was to evaluate genetic gain in yield ahdnges in secondary traits of CIMMYT
drought tolerant hybrids tested by the ESA maizsgramme from 2000 to 2010. The specific
objectives of this study were:

i) To evaluate the net genetic gain in yield under Mwstress of CIMMYT hybrids tested
by the ESA maize programme in regional trials fr2000 to 2010

i) To evaluate the changes in secondary traits uraerN stress of CIMMYT hybrids
tested by the ESA maize programme in regionalstfram 2000 to 2010
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iii) To dissect the genetic gain in yield under low NCIMMYT hybrids tested by the ESA
maize programme in regional trials from 2000 to@01

5.2 Materials and method

5.2.1 Germplasm

The same 67 hybrids checked with three commereiaétres (Appendix I) described in Chapter
3 section 3.2.were evaluated under low8€513, SC635 and SC727 were used as checks.

5.2.2 Trial sites
The materials were evaluated under low N stredsvinsites (Appendix Ill) over two seasons

from 2011/12 to 2012/13. Site 1, Harare2012, waduasted at the CIMMYT station in Harare (-
17°50'S, 3T2'E, 1483 masl) in the 2011/12 season and Site BkG2012) was planted in
March 2012 in Kiboko (ZL2'N, 37°43’E, 1000 masl). The five sites were depleted miadaged

as described in Section 5.2.4. Sites 3 and 4, B20d8a and b, were evaluated in the 2012/13
season in one low N block (-B0'S, 3f1’E, 1483 masl) different from the one used for
evaluation of Harare2012 but also at the CIMMYTtista in Harare. CIMMYT Harare and
Kiboko locations have red clay soils. Harare2012 wtanted in November 2011 in Harare
under low N. Harare2013a and b were planted in Dbee 2012. Kiboko2013 was planted in
March 2013 in Kiboko.

5.2.3. Field layout
The experiment was an alpha lattice design witeethieplications in Harare2012 in the 2011/12

season and Kiboko2012 and 2013 and two replicationglarare2013a and b in the 2012/13
season. The hybrids were planted in 2 x 4 m rowsplo Harare and in 2 x 5 m row plots in
Kiboko, spaced at 0.75 m between rows and 0.25 tlmmwihe row to give a plant population of
53 000 plants K& At harvesting the row end plants were discaraesdliminate border effects,
leaving a net plot length of 3.5 m in Harare ariim.in Kiboko.

5.2.4 Trial management
The experiment was evaluated on low N plots thdtlheen depleted using a uniform wheat crop

in winter and maize experiment with no N applicatio summer over a period of three to five
seasons in Harare. Fields were depleted up to 10 ijgrate N. When the experiment was

carried out the low N blocks had been running feerol5 years, five, two and three years
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respectively for Harare2012, Harare 2013a and bfan#iboko2012 and 2013. Based on soil
tests the block used for the Harare2013a and Is tnas at 1.52 ppm, 2.13 ppm and 2.58 ppm
nitrate-N at 0-30 cm, 31-60 cm and 61-90 cm depsipectively at the beginning of the season.
In Harare all plots received 56 kg P*hand 28 kg K ha at sowing as single super phosphate
and muriate of potash respectively. In Kiboko 4ditg received 90 kg P Haas basal dressing at
planting and 23 kg haN as top dressing. Weeds, pests and diseasescomrelled where and
when necessary. In Harare and Kiboko trials reckb@ mm irrigation at planting and 50 mm
seven days later for emergence. In Kiboko trialsenaso irrigated at 4 and 6 weeks after

planting, at flowering and once during the grailng period.

5.2.5 Data recorded
Data on days to mid-anthesis and days to mid-glkas recorded during flowering (Table 5.1).

Normalised difference vegetation index (NDVI) wasasured when the crop was 25 to 30 cm
high. NDVI was recorded using a portable spectrioradter (Greenseeker, NTech Industries,
CA, USA) that was held at 60 cm above the crop pgn€hlorophyl content (SPAD) measured
by the SPAD meter (SPAD-502, Minolta, Tokyo, Japanyl senescence were recorded at two,
four and six weeks after mid-silking. Traits inding plant height, ear height, husk cover, root
and stem lodging and plant stand at harvesting wererded within a week or two before
harvesting. At harvesting the number of ears, e, ear texture, ear aspect, field weight, grain
weight and grain moisture were recorded for each. ph Kiboko further grain analysis was
done that included 200 kernel sample weight andguthie near infra-red (NIR) grain analyser
grain oil, protein and starch content. The nundfeternels per hectare (KPHA) was calculated
from the average of 200 kernel sample weight fahgaot. All traits were assessed according to

the standards described in Appendix IV.

Table 5.1 Traits recorded in low N trials

Secondary traits ~ Secondary traits (stress Direct yield and Yield components
(phenology) tolerance) grain quality traits

assessment
Days to NDVI- Normalised Field weight and / or Plant stand
mid-anthesis Difference Vegetation grain weight Ear aspect
Days to mid- Index Grain moisture Grain texture
silking Senescence KPHA Ear rots
Plant height Disease scores Grain oil, protein and Number of ears per
Ear height Number of ears per plant starch content plant
Root lodging SPAD Ear rots

130



5.2.6 Statistical analysis
Data was processed and analysed as described pteCBasection 3.2.6.

5.3 Results

5.3.1 Analysis of variance of hybrid performance uder low N stress trials

Grain yield of hybrids at all five sites standaetigo 12.5% moisture content varied significantly
at P< 0.001 (Table 5.2). Grain yield was significantber in Harare2012 and Harare2013b
where the maximum grain yield was 3.65 t'fed 3.75 t Ha respectively, that is in both cases
below or not different from the across site avertigethe five sites of 3.77 t HaThe average
grain yield for the other sites was 7.73 tth&.23 t h&d and 4.80 t ha for Kiboko 2012,
Harare2013b and Kiboko2013 respectively. The hatfitga was high at 0.62 for Harare2012 and
Kiboko2012 and low at 0.20 and 0.11 for Harare2(dr32013b respectively.

Days to mid-anthesis of the hybrids varied sigaifity among the hybrids in Harare2012 and
2013a, and in Kiboko2012 and 2013 at<@®001. There were no significant differences in
Harare2013b. The heritability for days to mid-asiken the trial was high at more than 0.92 in
all four sites. Mid-anthesis in Harare2012 was yksdiawith the number of days to mid-anthesis
ranging from 68.5 to 84.9. The mean for the sits Wwa.44 d. For Kiboko2012 days to mid-

anthesis ranged from 59.2 to 75.1 with the mea&6&7. Days to mid-anthesis in Harare2013a
ranged from 65.0 to 77.9 with a trial mean of 7D8ys to mid-anthesis in Kiboko2013 ranged

from 53.0 to 66.2 with an average of 61.5. Thd triaan across sites was 75.8.

Anthesis-silking interval significantly differed amg hybrids tested in Harare2012 and
Kiboko2013 at & 0.001, in Kiboko2012 at £0.01 and in Harare2013b atM®.05. There were

no significant differences in Harare2013a. The thbiiity for ASI across all five sites was
moderate to high, ranging from 0.27 in Harare20tt30.55 in Harare2013a. In Harare2012 ASI
ranged from -1.70 d to 5.42 d. The average ASiltltiersite was 1.58 d. For Kiboko2012 ASI
ranged from -0.28 d to 5.08 d with a trial mear2@f6 d. For Harare2013a the ASI ranged from
0.07 d to 5.16 d and the trial average was 2.783d.in Kiboko2013 ranged from 1.4 d to 3.9 d
with an average of 1.8. The across site trial nweas12.14 d. Harare2012 had the widest range of
ASI.
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Table 5.2 Analysis of variance for low N trials acoss sites and two seasons

Across
LSD site

Site Mean (0.05) MSe h2 p Min Max mean
Harare2012  2.36 0.88 0.35 0.62* 1.21 3.65

Grainyield | Kiboko2012 5.92 149 119 0.62** 3.03 7.73

(t ha™) Harare2013a 2.66 1.00 053 0.26+ 137 3.75 3.77
Harare2013b 4.15 135 206 0.1%¥* 275 6.23
Kiboko2013 3.59 0.82 0.10 0.50** 2.73 4.80
Harare2012  77.57 260 4.11 0.92* 68.52 84.92

Days to Kiboko2012 66.97 191 3.21 094+ 59.21 75.12

mid- Harare2013a 72.77 195 1.03 0.9%4* 65.02 77.89 72.44

anthesis (d) | Harare2013b 72.57 1.37 0.92s 64.14 79.46
Kiboko2013 61.50 1.70 0.30 0.94** 53.00 66.20
Harare2012  1.58 232 210 0.53%* -1.70 542

Anthesis- Kiboko2012 2.06 222 193 0.38* -0.28 5.08 2.14

Silking Harare2013a 3.36 2.85 0.5bs 090 6.74

interval (d) | Harare2013b 2.78 267 215 0.27 0.07 5.16
Kiboko2013 1.8 1.8 0.0 0.49*** -1.4 3.90
Harare2012  0.83 0.22 0.02 0.18s 0.58 0.97

Number of | Kiboko2012 0.79 0.10 0.00 0.50** 0.63 1.00 0.79

ears per Harare2013a 0.87 0.21 0.01 . 0.70 1.07

plant Harare2013b 0.88 0.18 0.01 0.28s 0.72 1.16
Kiboko2013 0.82 ) 0.0 0.26ns 0.64 0.88
Harare2012  152.6 23.1 2519 0.62 136.7 179.3

Plant height | Kiboko2012 181.3 19.0 333.7 0.6¥* 151.6 2114 171.0

(cm) Harare2013a 169.4 28.1 253.8 0.20 120.9 200.1
Harare2013b 181.1 246 358.6 O0.I'** 149.5 206.2
Kiboko2013 180.3 12.1 90.2 0.78** 155.1 210.1
Harare2012 4.6 0.6 0.2 0.90** 3.4 6.0

Senescence| Kiboko2012 2.4 06 0.3 0.40** 1.7 3.2 4.4
Harare2013a 4.8 0.7 0.2 0.76** 3.7 6.4
Harare2013b 4.7 1.0 0.2 0.52* 3.7 6.4
Kiboko2013 2.2 . 0.0 0.70ns 1.3 3.0
Harare2012  0.51 0.08 0.0 0.43* 0.41 0.60

NDVI Kiboko2012 - - - - - - - 0.5
Harare2013a 0.50 0.08 0.0 0.09 0.43 0.56
Harare2013b 0.51 0.10 0.0 0.0@s 0.43 0.59
Kiboko2013 - - - - - - -
Harare2012  29.0 11.5 53.0 0.08s 17.8 37.9

SPAD Kiboko2012 46.9 89 324 . ns 39.1 585 -
Harare2013a 28.2 94 234 0.00s 205 417
Harare2013b 30.0 - - ns 22.7 38.2
Kiboko2013 35.6 34.0 38.2 ns 34.0 38.2

h? is heritability, * P< 0.05, ** P< 0.01, *** P < 0.001, ns non significance at<P0.05, LSD
(0.05) is Least significant difference, MSe is Meguare error
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The average number of ears per plant for all firessanged from 0.79 to 0.88. There were no
significant differences in the number of ears danp(barrenness) for Harare2012, 2013a and b,
and Kiboko2013. For Kiboko2012 barrenness signifiigavaried at P< 0.001. Number of ears
per plant varied as shown in Figure 5.2 by the remd$ ears harvested from two plots. Each
plot was 2 x 4 m rows with a total of 34 plantseTtumber of ears per plant ranged from 0.63 to
1.00. The mean number of ears per plant was H&itability for this trait across sites was 0.32

for all sites.

Figure 5.2 Number of ears from a hybrid with high blerance (a) and one with low

tolerance (b) to low N stress

Plant height means for the different sites rangethf152.65 cm to 181.38 cm. Hybrids varied
significantly in plant height at K 0.05 in Harare2012, B 0.001 in Kiboko2012 and
Harare2013b and at £ 0.01 in Harare2013a. Harare2012 in general hadshiogtest plants
ranging from 136.78 cm to 179.34 cm. For Kiboko2@lant height ranged from 151.66 cm to
211.47 cm. The mean heights for the other site2wli&9.4 cm, 181.1 cm and 180.3 for
Harare2013a and b, and Kiboko respectively. Tha triean 171.0 cm. Heritability for plant
height was 0.62, 0.61, 0.20, 0.11 and 0.78 for r2@12, Kiboko2012, Harare2013a and b
respectively.

Hybrids showed varying response to low N stresteims of senescence. For some varieties
premature lower leaf senescence set in early, &dkowering. Senescence started on the lower
leaves with chlorosis followed by leaf firing oryitrg (Figure 5.3). Senescence recorded at two,
four and six weeks after 50% silking varied sigrafitly at P< 0.001 in Harare2012 and 2013a
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and b, and at B 0.01 in Kiboko2012. There was no significant vaoia in senescence in
Kiboko2013. Senescence was lowest in Kiboko2018iranfrom 1.7 to 3.2 and a mean of 2.4.

The other three sites (Harare, Zimbabwe) were withe same range of senescence.

Figure 5.3 Leaf chlorosis and senescence in a lowckbp (Harare2013b)

In Harare2012, 2013a and b senescence ranged frbto 8.4 and averaging 4.6, 4.8 and 4.7
respectively. The across site mean for senesceasedwd. Heritability was high ranging from
0.40 to 0.90. Stress level should have been highdarare compared to Kiboko as shown by the

senescence rates that were higher in Harare cothfmkboko.

NDVI recorded at 25- to 30 cm height was not reedran Kiboko, significantly varied in
Harare2012 and 2013a but did not in Harare2013bitdtdity was high in the Harare2012 site
and low for Harare2013a and b. The across site¢ddity, however, was relatively high for a
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stress environment at 0.25. For all five sites BRAcorded at two, four and six weeks after

flowering did not vary (K 0.05).

The hybrids were ranked based on across site avgralgl from the highest to the least yielding.
Ten CIMMYT hybrids ranked 1 to 10 (Table 5.3). Grgield under low N stress in the top 10
CIMMYT drought tolerant hybrids ranged from 4.284" to 4.72 t hd, above the trial mean
(3.80 t hd). The four best yielders, CKH08032, CZH0819, CKK97and CZH0724, were
released in 2009 and 2008. CZH03022 that was edeins2004 ranked™ CKH09358 (2009)
ranked &, CZH99021 released in 2000 rankell @and CZH04019 released in 200%' 8
CZH03006 ranked ®and ranking 18 was CZH0935 released in 2010. Ranking in the botto
61 to 70 positions were eight CIMMYT drought toletrdybrids and two commercial checks.
The grain yield for the CIMMYT hybrids ranking fro61 to 70 ranged from 2.74 théo 3.35 t
ha'. Grain yield for checks ranged from 3.00 t'ia 3.73 t h&. Checks ranked at 40, 64 and 68
for checks 1, 3 and 2 respectively released in 20997 and 2003 respectively.

The days to mid-anthesis in the top 10 hybrids edrfgom 66.4 to 74.2 while the last 10 hybrids
ranking in positions 61 to 70 ranged from 62.2 847 For the checks the number of days to
mid-anthesis ranged from 69.5 to 75.8. The top ig@iyng hybrids had a narrow ASI ranging
from 1.0 d to 2.6 d. Anthesis-silking interval wasger for the hybrids ranked 61 to 70 ranging
from 1.6 d to 3.9 d. The top 10 performing hybrsti®ewed slower senescence or some degree of
stay green that was better than the hybrids rafked 70. Senescence recorded at two, four and
six weeks after 50% silking ranged from 2.7 to iB.4he top 10 and from 2.7 to 4.0 in hybrids
ranked 61 to 70. NDVI recorded at 25- to 30 cm hedyd not significantly vary between the old
and new varieties (LSD = 0.10). Root lodging wastireely lower in the top 10 performing
hybrids ranging from 3.7% to 26.4% compared to 519%2.9% for the hybrids ranked in
position 61 to 70. The top 10 hybrids had bettendability compared to those ranked from 61 to
70. Generally the top 10 hybrids had more favowrafdits described above, compared to the

commercial checks and bottom 10 ranked from 610to 7
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Table 5.3 Summary of yield and secondary traits ahe 10 best and 10 least performing hybrids undeolw N

= s Q e .
& 53 5% 8% 8% 8% 5 8 £t : g g &
E £ 88 §§8s8sfsSe £ 5 E : B 2 % 5 9 £ § 88 % 5 3 %
z r <> TO ¥xO ¥O TO TO < < o L o L T L Q n o [ORS L o z o

e e o d d om0l % & % % 15 io 15 % 15 15 # Yo
CKH08032 1 472 302 814 447 226 570 697 14 1702 0588 079 54 54 23 32 28 185 25 27 0.52009
CZH0819 2 452 295 741 328 360 537 673 16 1744 0487 086 72 46 27 27 26 177 25 30 053009
CKHO749 3 448 280 647 444 2838 582 742 24 1803 0289 087 53 52 24 27 29 203 24 31 0560820
CZHO724 4 443 255 722 388 375 475 711 21 1798 0830 081 33 30 25 34 28 181 24 26 05008
CZH03022 5 436 2.76 7.94 3580 290 439 699 14 1831 0527 084 58 21 24 33 21 184 24 24 058004
CKH09358 6 432 325 7.66 3.64 294 412 708 20 1742 0874 071 35 45 27 31 27 183 27 24 05009
CzZH99021 7 430 251 752 400 280 465 703 26 1811 0836 082 51 52 26 29 23 182 25 29 053000
CZH04019 8 429 239 746 365 330 466 704 10 1791 0874 081 59 20 22 29 22 182 23 29 05005
CZHO3006 9 425 365 696 348 255 459 687 15 1799 0264 072 48 38 24 30 23 181 25 27 05§04
CZH0935 10 423 275 6.88 413 354 383 664 16 166830468 085 60 67 24 30 19 173 24 28 05010
sc727 40 373 222 701 423 210 311 758 10 194030863 074 19 25 28 31 27 205 24 34 05010
CzH0837 61 3.35 208 6.18 358 208 283 674 29 174880432 078 107 70 23 32 28 180 28 29 05009
CzZH0631 62 334 180 510 293 306 382 701 16 171370442 083 37 43 27 31 27 189 31 28 04007
CZH00002 63 328 128 599 329 256 330 659 26 157260459 086 7.1 121 25 37 14 172 27 22 04001
SC513 64 323 168 479 359 246 363 695 27 165810214 073 45 122 24 27 21 181 32 33 04997
CZH99025 65 322 180 568 323 215 324 726 39 183800470 075 46 21 24 31 19 186 26 33 0.4000
KDH3 66 321 169 521 377 216 . 625 31 1529 04891079 21 32 24 30 18 162 27 26 050006
KDH4 67 304 169 511 388 137 314 622 32 153730203 066 72 28 24 40 17 162 29 34 05006
SC635 68 300 217 381 400 181 320 711 33 167680445 063 64 70 23 28 25 174 29 35 04003

CZH095 69 277 154 319 331 259 320 708 22 167290466 069 84 62 24 27 18 171 26 30 048010
CzHO513 70 274 128 492 307 1.67 275 734 19 176800829 076 16 30 28 30 15 171 28 31 04006

Mean 380 236 6.23 359 266 4.15 69.7 20 17249 146 0.79 54 4.4 24 30 23 179 26 29500.
LSD (0.05) 067 088 15 082 10 135 12 10 .611104 116 0.1 4.4 3.2 06 03 03 123 03 0.8070
h? 0.69 062 062 0.20 0.11 . 096 0.6 0.4 0.002 0.0.32 0.1 0.0 . 05 09 05 04 08 0.25
Minimum 274 121 319 273 137 275 622 07 2®» 039 26 063 15 1.8 20 26 14 162 22 1841
Maximum 472 365 814 480 375 6.23 758 39 419 055 429 1.00 107 122 29 40 38 205 3.25 30.60

h® is heritability, * P< 0.05, ** P< 0.01, *** P < 0.001, ns non significance atf0.05, LSD (0.05) is Least significant differente a
(P <0.05)
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5.3.2 Multi environment trials analysis

5.3.2.1 Genetic correlations of grain yield acrossites

Genetic correlations among sites ranged from -tb&iboko2013 and Harare2013a to 0.99 for
Harare2013a and b (Table 5.4). Kiboko2013 and le2@d3a also weakly correlated negatively
(r = -0.08). Generally Kiboko2013 had the weakestalations with the other sites in the trial
including Kiboko2012 (0.26). Correlations among thearare sites were all above 0.40.
Harare2012 and Kiboko2012 were both grown in tmeesgear even though in different sites.

Table 5.4 Genetic correlations of grain yield acrassites under low N

Harare2012 Kiboko2012 Kiboko2013 Harare2013a Harare2013b

Harare2012 -

Kiboko2012 0.42 -

Kiboko2013 0.27 0.26 -

Harare2013a 0.46 0.30 -0.15 -

Harare2013b 0.44 0.26 -0.08 0.99 -

5.3.2.2 Complete linkage cluster analysis of low dites

Harare2013a and b that were grown in the same iseaddarare on the same block receiving
the same treatments clustered together (Figure Baare2013a and b. Kiboko2013 differed
from the rest of the sites but its heritabilityggr yield) was higher than Harare2013a and b.
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Harare2013a
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0.0 0.5 1.0 15
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Figure 5.4 Cluster analysis of low N sites

5.3.2 Genetic gain in yield and secondary traits wder low N stress
Evaluation of grain yield of the 67 CIMMYT drougtdlerant hybrids released from 2000 to

2010 in this study showed positive increase unoler N stress. A regression of the grain yield
against the years of testing (Figure 5.5) show&era to increase at 20.9 kghgeaf* (0.62%
year’). The new hybrids yielded relatively higher thae bld hybrids. Days to mid-anthesis did
not change over the 11 years (Figure 5.6). Newitighutilised the same season length as the old
hybrids. The anthesis-silking interval under lowsikess decreased over time from 2000 to 2010
at a rate of 0.08 d yeh(Figure 5.7) at & 0.01. Silking in the old hybrids was delayed by I
stress more than in the new hybrids. There wasigrofisant change in the barrenness but the
number of ears per plant showed a trend to increbagate of 0.0008 over the 11 years (Figure
5.8). Plant height showed no significant changeeurildw N stress (Figure 5.9). Senescence
decreased at a rate of 0.02 scores year-1 (Figli@ &ver the 11 years at0.05. In this study

new hybrids had shorter ASI and stayed green longéer low N stress.
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Parameter Standard GYG = 3.6444 + 0.0209 Release

Variable DF Estimate Error tValue Pr> |t
Intercept 1 3.64444 0.10796 33.76 <0.0001
71 Release 1 0.02094 0.01786  1.17 0.2464
5
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a . s
= 4l i i ) : ' -
= b » - - . . hed . & —
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Figure 5.5 Changes in grain yield under low N in QUMYT hybrids released from 2000 to 2010
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Parameter Standard AD = 69.958 + 0.048 Release
Variable DF Estimate Error tValue Pr> |t
1204 Intercept 1 69.95781 0.73652 94.98 <0.0001
Release 1 0.04797 0.12182 0.39 0.6953
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S
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Figure 5.6 Changes in days to mid-anthesis underioN in CIMMYT hybrids released from 2000 to 2010
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Parameter Standard ASI| = 2.8739 — 0.0794 Release
9 Variable DF Estimate Error tValue Pr> |t
g Intercept 1 2.87389 0.16689 17.22 <0.0001
Release 1 -0.07943 0.0276 -2.88 0.0058
7
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Figure 5.7 Changes in anthesis-silking interval uner low N in CIMMYT hybrids released from 2000 to 2A.0
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Parameter Standard EPP = 0.8345 + 0.0008 Release

Variable DF Estimate Error tValue Pr> |t
Intercept 1 0.83455 0.00925 90.26 <0.0001
Release 1 0.0007565 0.00153 0.49 0.6229

EPP (ears pla™

2000 2001 2002 2003 2004 20022006 2007 2008 2009 2010
Release (Years)

Figure 5.8 Changes in number of ears per plant unddow N in CIMMYT hybrids released from 2000 to 2010
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220

Parameter Standard PH =173.52 — 0.4906 Release
210 Variable DF Estimate Error t Value Pr> [t
Intercept 1 173.5204 2.24688 77.23 <0.0001
Release 1 -0.49062 0.37162 -1.32 0.1926
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Figure 5.9 Changes in plant height under low N in @IMYT hybrids released from 2000 to 2010
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SEN (210)

0

Parameter Standard

SEN = 2.845& 0.0225 Relea:

Variable DF Estimate Error t Value Pr > [t

Intercept 1 2.84578 0.05491 51.83 <0.0001

Releas 1 -0.0225. 0.0090¢ -2.4¢  0.016¢
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Figure 5.10 Changes in senescence under low N inNIMYT hybrids released from 2000 to 2010
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Paramete Standarc Y/M =0.2111 + 0.0006 Release

Variable DF Estimate Error tValue Pr> |t
Intercept 1 0.2111 0.00548 38.51 <.0001
Release 1 0.000603  0.000907 0.66 0.5091
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Figure 5.11 Changes in grain yield/ grain moistureatio under low N in CIMMYT hybrids released from 2000 to 2010
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5.3.4 Dissecting genetic gain in yield in CIMMYT hbprids tested from 2000 to 2010 under
low N stress

There was an estimated net genetic gain in yieldr ahe 11 years. Physiological and
phenological changes contributed to the changeaim gield. Secondary traits have been used to
indirectly evaluate varieties for low N toleranddanneveuxet al, 2005) and therefore there
should be a relationship between secondary trailsgrain yield. To help explain changes in
yield in the study genetic correlation for yieldaagst different secondary traits and among the

different secondary traits that are shown in Tébkewere evaluated.

Table 5.5 Across site genetic correlation for grairyield and secondary traits under low N
stress conditions

GYG AD ASI PH EPP  SEN NDVI RL
GYG -
AD 0437 -
ASI -0.307 0.4 -
PH 044" -0237 -0.207 -
EPP -0.00° 0.07 0.00°  0.04* -
SEN 048" 0627 0237 -009 0247 -
NDVI 037" -0.827 -0237 0.314° -009 -0.75 -
RL 048" 0617 0117 -0227 0.200 0577 -060° -

Kk

Y/M 0.45 0.31 0.08" 0.32° 0.18°¢ 0.09° -0.44" -0.99"

*P<0.05, * P<0.01, ** P<0.001, ns non significance akR).05

GYG is grain yield, AD is days to mid-anthesis, IAS anthesis-silking interval, PH is plant
height, EPP is number of ears per plant, SEN isdeaescence, NDVI is normalized difference
vegetation index, RL root lodging,

Grain yield showed moderate negative correlatioith days to mid-anthesis, anthesis-silking
interval, senescence and root lodging of -0.430,0.0.48 and -0.48 respectively (Table 5.5) and
a moderate positive correlation with plant heighd &DVI of 0.44 and 0.37 respectively. Under
low N stress hybrids did not show a significanatieinship for the number of ears per plant with
grain yield, plant height and anthesis-silking g at P< 0.05. Days to mid-anthesis had a
very weak positive correlation of 0.07 with numlodrears per plant at R 0.05. Yield was

higher in hybrids that flowered early, had shodathesis-silking interval and low senescence
rates. Anthesis-silking interval was high in hylsrithat flowered later (r = 0.14). Hybrids that
flowered earlier were taller and had a slower segrese rate while the shorter hybrids were
stunted, flowered later and had a faster senesaateeThe correlation of days to mid-anthesis

with plant height was negative (-0.23). The cotiefaof days to mid-anthesis and senescence
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was positive at 0.62. Anthesis-silking interval i@sger in the stunted hybrids (r = -0.20). Grain
yield/ grain moisture content ratio positively edated with grain yield under low N stress
showed no significant relationship with barrenness.

In Kiboko, Kenya in 2012 and 2013 further analys&s done to check if grain quality changed
over the 11 years. From the correlation analysisgral protein negatively correlated to yield (P
< 0.001) at -0.40 and -0.80 respectively (Table.5.8)arch positively correlated to grain yield
(0.67) at P< 0.001. The number of kernels per hectare (KPHAQutated using the average 200
kernel weight negatively correlated with grain gi€t0.27) at P< 0.05. The four traits did not

significantly change over the 11 years. Maize graeld/ grain moisture content ratio did not
change over the eleven years but positively caedlavith grain yield and the number of ears

per plant.

Table 5.6 Across site genetic correlations for grai yield and number of kernels per
hectare, oil, protein and starch content under lovN stress conditions

Traits GYG OlL PROTEIN STARCH
GYG -

OlL -0.40" -

PROTEIN -0.80" 0.27" -

STARCH 0.67 -0.5E17” 0.7 -
KPHA -0.27 -0.18° -0.99” 0.99”

*P <0.05, * P<0.01, *** P<0.001, ns non significance akf.05, GYG is grain yield
GYG is grain yield,

5.4 Discussion

An estimated grain yield increase of 20.9 kg lyaaf* (0.62% yeadf) under low N stress was
recorded in this study. In a study conducted in92@02010, maize hybrids tested under different
levels of N recorded estimated genetic gain rat&6dg ha" year* at 252 kg N h3, 79 kg ha
yeai® at 67 kg N hd and 59 kg ha year* at 0 kg N h&. The trial followed a soybean crop
(Haegeleet al, 2013). The land used was therefore not N degleter to the experiment as in
the case of the current study. The current study seaducted on land that had been N depleted
for two to three years in Kiboko and for five anitelen years in Harare. Soil analysis conducted
in Harare indicated soil Nitrate N of 1.53 ppm/a top 0 to 30 cm to 2.58 ppm at the 60 to 90
cm depth in 2012. The Nitrate-N levels are way Weloe recommended 25 to 30 ppm for maize
production. Given the different field histories awdhout the percentage gain it is difficult to

compare the gains in the current study with redtots the study by Haegeé al (2013). In the
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current study yield was depressed by the deficieidy and hybrids were not able to reach their
full genetic potential as they suffered chlorosisl deaf firing from early stages of growth
throughout reproduction. It is important that everder the harsh low N stress conditions, the
new hybrids showed a positive yield improvemenhdreven though the evaluation covered a
short period of 11 years. The improvement was mbdy m terms of yield quantity but also in
terms of physiological changes that allowed produacunder stress conditions. The positive
grain yield improvement estimates show that ther@mnprovement in the CIMMYT breeding
programme. New hybrids performed better under logtridss compared to old hybrids.

The vyield trend over the 11 years showed an inereagen though the change was not
statistically significant. Since a separate low fdggamme started in 2009 and earlier on low N
trials formed a small proportion of all the testimigls, it may be possible that not much focus
had been given towards direct selection for lowtiéss tolerance. Even though currently the
programme is running as a separate programme,etmaoently depleted low N sites are still
limited. This may have contributed towards the samificant change in grain yield over the 11
years. More needs to be done in terms of germptisrelopment, direct selection and testing
for low N tolerance as well as valuation of bregdprogress. However, the trend could have

been due to changes in some secondary traits.

Anthesis-silking interval is considered one of thest important traits in maize that affects the
success of grain production. Under abiotic streilang is delayed (Banzigeat al, 2000). This
may result in poor synchronisation, poor pollinatipoor grain set and poor grain yield. In the
current study the new hybrids had a shorter ASkeuholw N stress ranging from 1.0 d to 2.6 d
that increased chances of successful pollinati@hgrain set compared to the old hybrids that
ranged from 1.6 d to 3.9 d. As shown by the negativrelation (-0.30) of grain yield with ASI
yield decreased significantly as ASI increased frbrd to 4 d. The improved anthesis-silking
interval in new hybrids should be a result of imy@o partitioning of dry matter towards the ear
for ear development, grain set and grain fillingijizk, 2005b; Tollenaar and Lee, 2006).

Maize grain yield was positively correlated withapt height (r = 0.44) (Table 5.5). Growth is
restricted by limited N. Low N susceptible plants atunted and may produce small or abnormal
ears (Figure 5.2) or may fail to produce any eailaThere was no significant change in plant

height over the 11 years. The new hybrids, howewerge relatively shorter compared to the
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older hybrids (Table 5.3) but not stunted. This rhaye possibly been a result of a change in dry
matter partitioning in favour of the ear in new hybk. Under stress, dry matter partitioning can
be redirected more towards the ear (Duvick, 2008d k; Tollenaar and Lee, 2006) for
successful ear initiation, development and deteatron of number of kernels per row, kernel set
and development. The poor performing hybrids rankedositions 61 to 70 were shorter and
stunted compared those ranked in the top 10. Bmgeéiforts may have improved ear

development under low N stress.

Hybrids that attained higher vegetative cover (NPl early stages (25 cm to 30 cm plant
height) yielded better. This could be an indicattdimproved NUE in the form of better NUpE
and/or NUtE in the better performing hybrids. Theras a reduction in yield associated with
increased lodging. This could be due to weak stdras result from poor plant development
under low N stress. Varieties with a high inciden¢dodging could have low NUE, such that
stems were not strong and were susceptible tongdaind at the same time yielded less. Better
yielders could have better NUE that allows develeptrof a stronger stem as well as better
grain development and filling under low N. Furtlh@restigation that include soil analysis before
planting and after harvesting as well as grain stoder N to qualify or disqualify NUE as a
factor affecting lodging in low N stressed maizéeThew hybrids that were relatively shorter
could have stronger stems and by virtue of beingrteh could have lodged relatively less
compared to the taller plants or stunted plants yledded less. Even though grain yield/ grain
moisture content did not change over the 11 yehestrait positively correlated with grain yield
and the number of ears per plant, indicating thatttait can be used for selection under stress as

recommended by Ngure (1995).

Low N tolerant plants will either be efficient iaking up N from the soil, known as NUpE or
they may be efficient in utilising the N that thiamt takes up, known as NUtE (Meit a.| 1982,
Banzigeret al, 2000). This aspect was not evaluated in theeatirstudy but Haegelet al

(2013) had interesting findings showing improvedgJ

The grain quality, oil, starch and protein contelid, not change over the 11 years. This indicates
that there was no indirect selection that changathgjuality over the years. The findings agree
with findings by Duvick (2005a), Duvick (2005b) ahde and Tollenaar (2007). The number of

KPHA did not change over the 11 years. Other stuftieused on kernel number per ear and per
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plant (Duvick, 2005a; Duvick, 2005b; Lugegeal, 2006). Tollenaar (1989) reported an increase
in number of kernels per unit area up to a peakrafthich a plateau was reached but the
evaluation was under varying plant densities. Bc¢hrrent study under low N stress, yield was
higher at lower KPHA and lower at higher KPHA. Thizuld be due to better grain filling of the
fewer kernels at lower KPHA compared to higher KPihAere grain filling could be poor and
grains may not mature due to limited resourcesippart development up to maturity as well as
premature senescence. Grain yield was higher dt sigrch accumulation levels. Increased
KPHA may have resulted in competition for assinagator grain filling resulting in poorly filled
kernels and reduced yield. Fewer kernels per ederustress may fill better and yield more than
more poorly developed or filled kernels per eare Tihdings agree with reports by Duvick et al.
2004; Duvick 2005a; Duvick 2005b; Badu-Apraku et26113b. This could be due to the fact that
during ear initiation under stress tolerant hybriddl determine the development of fewer
kernels that will fully develop and fill up whileon-tolerant hybrids will determine development
of more (hormal number of kernels under optimaldittons) that fail to fully develop. Other
studies elsewhere under different (drought) cood#j however, reported the opposite where
increasing number of kernels was associated witeased grain yield (Bolafios and Edmeades
1993; Zaidi et al. 2004; Campos et al. 2006).

Yield and secondary traits like standability andl Ag&re better in the new hybrids compared to
the old hybrids. The new hybrids yielded betteror®r ASI improved pollination and grain set
while improved dry matter partitioning to the eadabetter standability that abates premature

lodging ensured complete and improved grain filling

5.5 Conclusions
The new varieties yielded well despite the low Mess. Change in grain yield in the CIMMYT

drought tolerance maize breeding programme in E&An though not significant, was 20.9 kg
ha' year' (0.62% year) over the 11 years from 2000 to 2010 under lowtriss. There could

have been improvement in low N stress toleranceh®miera of evaluation (11 years) may have
been too short to detect changes and also considéhat a separate low N programme only
started in 2009. There is need to do more workebection and evaluation of genetic gain under
low N stress. Genetic gain in yield under low N dat result in indirect selections that changed

the grain quality. The oil, protein and starch cosipon did not significantly change over the 11
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year period. The gain was associated with somegdbgical and physiological changes. Plant
height generally showed a tendency to decreasehennew varieties that yielded better,
redirecting dry matter partitioning to the earsdgmg was lower in the high yielding varieties as
they were relatively shorter and stronger, indigatan adjustment that reduced vegetative
growth and channelled more dry matter towards gdewelopment and filling, and probably
improving the stem structure to make it strongett @iscontinued vegetative growth. The better
yielding varieties were associated with better glowm the early stages compared to the older
varieties, a sign of better NUE. The new varietlesrefore should have better NUE, better dry
matter partitioning that adjusts in response tessir enabling shorter anthesis-silking interval,
better pollination and grain set, better grainirfdl shorter but stronger stems and reduced
lodging that all contribute towards increased \sel8urther studies could establish whether there
was improved NUE and if the NUE is due to NUpE &tH or a factor of both components.
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Chapter 6
Genetic gain in biotic stress tolerance

Abstract
Diseases are one of the major constraints in maiaduction in most regions of the world,

resulting in reduced crop production. Maize in tlapics is affected by diseases such as maize
streak virus (MSV), grey leaf spot (GLS), northdeaf blight (ET) and rust. With early
infections, these diseases can result in yieldekss 60 to 100%. MSV disease is a viral
infection that cannot be controlled once a cropnfsected. The other fungal diseases can be
controlled chemically. Controlling the MSV leaf gy vector chemically may help to control
the disease. However, chemical control is expenane unaffordable for most resource poor
farmers in SSA. Host plant resistance is the besitrol measure that is affordable,
environmentally friendly and effective for all dases, including MSV. CIMMYT has been
breeding for host plant resistance to diseaseadimtg) MSV, ET and GLS. Genetic resistance or
tolerance to MSV assures a farmer of a better yieldst plant resistance or tolerance is
therefore a possible intervention where MSV is@bfgm disease. This study focused mainly on
MSV and genetic gain in MSV tolerance, althoughuredtinfestation of ET was present in all
trials. Genetic gain in ET resistance was alsouatatl, even though the occurrence was due to
natural infestation. Three trials planted at CIMMYHarare for evaluation for MSV resistance,
were artificially infested with MSV carrying leabppers while ET was observed and recorded
where incidence was high following natural infentidn the presence of MSV and ET, there
were significant genetic gain estimates for yiefdld41.3 kg hd (2.2%) year at P < 0.01, a
decrease in ASI of 0.06 days ye&P<0.05), an increase in the number of ears pert pia0.01
year' (P < 0.01), a decline in MSV incidence and seyesft0.03 scores year(P < 0.01) on a
scale of 1-5 and a decline in ET scores of 0.03yga< 0.05) over the 11 years from 2000 to
2010. Newer CIMMYT drought tolerant hybrids yieldeétter, and had better MSV and ET

disease stress tolerance compared to the oldeidBybrthis study.

6.1.1 Introduction
MSYV is a major disease in maize production in SBkdali and Pandey, 2001; Shiferatval.,

2011). Prevalence of MSV is high in the lowlandmal-altitude tropics (Pingali and Pandey,
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2001). Losses from this disease vary from seas@e&son (Bjarnason, 1986). The disease is
widespread in Africa and can cause losses of Uf@4 if infection sets in within the first three
weeks after planting (Bjarnason, 1986; FajemistiQ12 Shepherét al, 2010). MSV disease is
considered economically as the most important folissease in maize production in SSA
(Ramusi and Flett, 2012).

When a crop is infected with MSV disease, infecfgdnts develop whitish to yellowish
chlorotic streaks on the leaves. Plants can beestuin some cases infected plants die (Shepherd
et al, 2010; CIMMYT, 2013). Maize grain and stover qiyadnd quantity are reduced by MSV,
especially if infection occurs within 14 days frgstanting (Lukuyuet al, 2002). Yield losses
result from reduced photosynthesis due to chlor@sisr pollination, abnormal flower and shoot
development, poor or abnormal ear development ancttness (Shepheed al,, 2010). Losses

are worse in late planted crops compared to eéaltipgs.

Considering the massive losses the disease car eadsthe impact on the food chain, there is
need for effective and affordable control measusasse chemical control of the MSV vector is
not affordable for the resource poor farmer (Ranaunsl Flett, 2012). Chemical control is also
not always technically and economically feasiblajékisin, 2001). Host plant resistance is the
best control measure that CIMMYT and other pubhd @rivate sector researchers in SSA are

working towards.

6.1.2 Objectives
This study focused on the use of host plant resistén managing the impact of MSV and other

diseases in maize production as a more affordatde edfective control measure. CIMMYT
developed MSV resistant hybrids that have beerasel® and some disseminated to farmers
through partners. This study aimed to evaluatdefé was a net genetic gain in resistance to
MSV and other diseases in the CIMMYT drought taktaybrids that were released from 2000
to 2010. The objectives of this study were to:

i) evaluate genetic gain in yield under MSV and otlisease infestation in CIMMYT
drought tolerant hybrids released from 2000 to 2010

i) evaluate genetic gain in resistance to MSV androthsease in CIMMYT drought
tolerant hybrids released from 2000 to 2010
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iii) evaluate secondary traits under MSV disease stigSBMMYT drought tolerant hybrids
released from 2000 to 2010

6.2 Materials and methods

6.2.1 Germplasm

Sixty-seven hybrids listed in Appendix | and desed in Chapter 3 section 3.2.1, and checks
SC727, SC635 and SC513 were evaluated under MSEarstress.

6.2.2 Trial sites
A total of three sites (Appendix IIl) of the trialere planted between 2011 and 2013 in Harare.

The trials were planted at the CIMMYT maize expenal station in Harare (-350'S, 312’E,
1483 masl). The soil at the station is a red abayrl with high water holding capacity.

6.2.3 Trial layout
The experiment was designed in an alpha-latticegdesith two replications and five plots per

incomplete block. Entries were planted in two roetg spaced at 0.75 m inter row and 0.25 m

in the row with one plant per station, giving anildensity of 53 000 plants ha

6.2.4 Trial management
The first site, Harare2012, was planted at the CNVstation in Harare on the T®f January

2012 and harvested on the™@f August 2012. The second and third sites, HaGk8a and b,
were planted on the #®f December 2012 in a different block from the aised in the 2011/12
season. Harare2013a and b were planted in the lslacienext to each other. Harare2013a and b
were harvested on the"18f June 2013. All MSV trials were planted on thiegward side of all

the other trials and nurseries to control the spaddeaf hoppers and MSV.

All plots in Harare received 28 kg N'ha56 kg P ha and 28 kg K h@a at sowing as Compound
D (7 N 14 BOs 7 K,O 6.5 S) at planting. A second application of N 89N ha') was given

approximately five weeks after sowing (V6 stagdcReet al, 1992) and a final application of
N (69 kg N h&) at flowering. For all three sites recommendediplaveed, and insect control
measures were used. Trials received a total of fOper irrigation cycle applied at planting and

at emergence. Trials were rainfed for the reshefseason.

The 67 CIMMYT hybrids and three commercial checlkeravscored for MSV resistance. The
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experiment was inoculated with MSV at 10 to 14 dafysr planting using th€icadulinavector.
MSV was scored twice, at least four to five weekeranoculation when symptoms were well
developed and in the early reproductive stage. piesence of MSV and its severity was
indicated by a score between 1 and 5 (Figure @d)the 1-5 scale, clean plants with no or a few
spots at the bottom of the plant are scored atifevplants showing symptoms from the base of

the plants up to the flag leaf receive a score @d&apted from Mahuku, 2010).

Figure 6.1 Disease score scale of 1-5 (Mahuku, 2010

6.2.5 Other diseases

In all sites natural ET incidence was high anddisease was scored visually by the investigator.
A combined score for incidence and severity onaesof 1 to 5 was used. Scoring was done
twice for ET towards flowering and during the gréiting period. GLS did not occur in these

trials. The disease was not recorded.

6.2.6 Data recorded
Several traits were recorded at different develagnsages throughout the season up to

harvesting (Table 6.1). These included days to amidhesis and to mid-silking which were
recorded during flowering. There was no artificradculation for ET but this disease occurred at
a significant level, and was scored on a scale f 3. MSV was scored at about four to five

weeks after inoculation and during the grain fdliperiod. Plant height (PH) from the base of the
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plant to the first branch of the tassel, ear he{hi), plant stand (NP), stem and root lodging
(SL and RL) and husk cover (HC) were recorded withio to three weeks before harvesting. At
harvesting, the number of ears harvested from pbth(NE), ear rot (ER) incidence from each
plot, ear aspect (EA), ear texture (TEX), grain gi#i(GW) for each plot and grain moisture

(MOI) were recorded. Descriptions of how the travtsre evaluated are listed in Appendix IV.

Table 6.1 Traits recorded under MSV infection condions

Secondary traits Secondary traits Yield Direct yield
(phenology) (stress tolerance) components assessment
Days to 50% Disease scores Plant stand Grain weight
anthesis Number of ears per Number of ears Grain moisture
Days to 50% silking plant / barrenness  Ear aspect

Plant height Grain texture

Ear height Ear rots

Root and stem Husk cover

lodging

6.2.7 Statistical analysis
Data was analysed as described in Chapter 3 s&&:R081

6.3 Results

6.3.1 Analysis of variance of hybrid performance uder biotic stress

From the general analysis of variance the testitigbvaried significantly in all traits tested
(Table 6.2). The heritability for the different itsain all sites was high. Grain yield among the
hybrids standardised to 12.5% moisture contenedasignificantly within sites and across sites.
Yield from the three sites averaged 6.45 t.HEhe yield ranged from 1.12 to 11.18 t'tecross
the three sites with yield averages ranging froi 50 7.21 t hd. Yield levels were relatively
lower in Harare2012 conducted during the 2011/E&@e with a trial mean of 5.21 t"hand a
maximum yield of 7.21 t Fhcompared to Harare2013a and b (2012/13 seasdnyithéed on
average 7.21 t haand 6.93 t harespectively and a maximum of 10.51 t'Har Harare2013a
and 11.18 t hafor Harare2013b.

The average number of days to mid-anthesis fahete sites was 73.10. The number of days to
mid-anthesis for the three sites ranged from amun of 62.97 to a maximum of 87.20 with

site averages ranging from 71.56 to 76.08.
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Table 6.2 Analysis of variance of yield and secondatraits under MSV and ET stress

S £ £ 7

= 9 < g’ ° g £ g <

L c o) © = < o

= > & EE 8 2 & s S 2

Average Harare2012 5.21 1.39 084 079 *» 144 7.21

yield tha' Harare2013a 7.21 210 112 0.72 ** 187 1051 56.4
Harare2013b 6.93 162 0.75 0.92 ** 112 11.18

Days to Harare2012 76.08 250 266 089 ** 6891 81.32

50% d Harare2013a 71.70 3.71 349 091 * 6297 86.918.10

anthesis Harare2013b 71.56 213 119 098 *** 63.09 87.20

Number Harare2012 0.99 0.26 0.03 069 * 043 1.61

of ears Harare2013a 1.00 0.16 0.01 O0.77 ***  0.53 1.33 11.0

per plant Harare2013b 1.04 0.26 0.02 0.75 ***  0.54 1.52
Harare2012 1.98 045 0.09 0.73 ** 142 2.90

MSV 1-5 Harare2013a 2.40 0.70 0.10 050 ** 190 3.80.202
Harare2013b 2.50 . 0.10 0.59 ns 1.60 3.80
Harare2012 2.09 0.41 006 069 ** 156 277

ET 1-5 Harare2013a 3.01 0.85 0.19 0.77 * 176 4.11.602
Harare2013b 2.66 0.84 019 075 ** 148 3.48

h” is heritability, * P< 0.05, ** P< 0.01, *** P < 0.001, ns non significance akR.05 LSD (0.05) is least significant differenceS#/

is Mean square error
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Harare2012 had the highest average days to migsistbut had the shortest duration between
the earliest mid-anthesis days to the highest,ingnfjom 68.91 to 81.32. Harare2013a and b
had the same range of average days to mid-anth¥dsis,and 71.56 respectively and range of
minimum and maximum days recorded in the trial @98 to 86.90 and 63.09 to 87.20
respectively. Pollen shedding started earlier amtkd later in Harare2013a and b compared to
Harare2012.

There was significant variation in number of eags plant for all sites (R 0.001). The across
site average was 1.40 ears per plant. The numbearsf per plant varied from a minimum of
0.43 to a maximum of 1.61 across all sites. Theames ranged from 0.99 to 1.04 ears per plant
across the three sites. Variation was highest irat¢2012 where number of ears per plant
ranged from 0.43 to 1.61. Harare2013a and b hatiasiaverages and minimum number of ears
but the maximum number of ears recorded variedifgigntly. For Harare2013a the average
number of ears was 1.00 and the range was from10.3333 ears per plant. The average for
Harare2013b was 1.04 and the range was 0.54 tcehiS2er plant.

Response of hybrids to MSV infection was signifitamariable at < 0.001 in Harare2012 and
2013a but there were no significant differenceblamare2013b, even though the heritability was
high at 0.59. For MSV the average disease scorélémare2012 and 2013a was 2.20. Scores
ranged from 1.42 to 3.80 across sites. The meaeserross sites ranged from 1.98 to 2.40 for
the two sites. Harare2013b was not included inntlean, since MSV did not show significant
variation. Disease incidence and severity was lowddarare2012, where scores ranged from
1.42 to 2.90 with an average score of 1.98. Scaxe higher in Harare2013a, ranging from
1.90 to 3.80 with an average of 2.40.

In all three sites test hybrids showed variablpoase to the presence of ET. Scores ranged from
1.48 to 4.11 with an across site average of 2.6@& 3ite means ranged from 2.09 to 3.01.
Harare2013a had the highest minimum, maximum aedage score. Severity of ET was highest
in this site. The average and maximum disease seozee lowest in Harare2012 where 2.09 and
2.77 were recorded, respectively. Harare2012 hadn#rrowest range of scores from 1.56 to
2.77 while Harare2013a had the widest. Scores tvat¢2013b ranged from 1.48 to 3.48 with

an average score of 2.66.
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Of the top 10 yielding hybrids across all threesinine were CIMMYT hybrids (Table 6.3) and
one was a commercial check, SC727. Seven of thedsylm the top 10 yielders were released
from 2007 to 2010 and only two in 2004 and one@012 The commercial hybrid SC727 that
ranked 2% in the trial was released in 2010. Grain yield $£727 was 8.45 t HaSC635 and
SC513, released in 2003 and 1997 respectivelydsieb.05 t hd and 3.50 t Ha respectively,
that was below the trial mean of 6.41 t'h@he yield for the top 10 ranking hybrids rangeshf
7.80 t hd to 9.11 t hd. Three hybrids, CKH10717, CKH10723 and CZH092Bredeased in
2010, ranked '8, 7" and ¢ respectively with grain yield of 8.05 t 1a7.99 t h& and 7.81 t &
respectively. CZH0713 and CKHO0790, released in 20@82007 respectively, ranked dnd &
respectively and yielded 9.11 t"hand 8.24 t h& respectively. CZH0631, first tested in 2006,
yielded 8.06 t hd, and ranked ' Earlier hybrids CZH03006, CZH03002 and CZHOOO®%t
tested in 2004 for the first two and 2001 for thst) ranked B 8" and 18' respectively and
yielded 8.03 t ha, 7.94 t hd and 7.78 t harespectively.

The hybrids that ranked in the bottom 10 positidnem 61 to 70, included nine CIMMYT
hybrids (Table 6.3). Of these, two were first tdste2000 and 2001 while six were first tested in
2005 and 2006. The six hybrids first tested in 2808 2006 generally yielded less compared to
some earlier and later releases (Figure 6.3) gi@idgpression in the yield growth curve over the
11 years. The depression in yield growth correspdmith an increase in MSV score or reduced
resistance during the same period (2005 and 2006 I@ase (Figure 6.8). The ninth hybrid,
CZH0837, ranked 68 was first tested in 2009 and yielded 3.4 t.h8C513 ranked 67
CZH040086, first tested in 2005, ranked last of T0eentries and yielded the least (2.31 t)ha
The least yielding hybrids suffered relatively highr rot incidence ranging from 13.9% to
23.7% compared to a trial mean of 3.5 (Table 6I8js could have contributed significantly
towards the poor performance of the check SC513f@ndleast performing CIMMYT hybrids
from 2005, 2006 and 2009 considering the MSV scfoethese entries were general less than 3.

The days to mid-anthesis ranged from 69.9 to 781@ng the top nine CIMMYT hybrids. The
number of days to mid-anthesis for hybrids rankegbasitions 61 to 70 ranged from 65.0 to
84.7, that was more variable compared to the topahRing hybrids. The ASI of the top nine
CIMMYT hybrids ranged from -0.4 to 1.3 days andnfr®.1 to 1.6 days for the checks. For
hybrids ranked from 61 to 70, ASI ranged from @@ # days. The trial mean for ASI was 0.3.
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Table 6.3 Yield and secondary traits statistics fothe top 10 and bottom 10 ranking hybrids and check

s & § ¢ . c . v 5
s |y 8o %5 8o o 8 : 2 & 5 3 3 ¢ s = 2 %03
= c ©08 ©T 8T 83T < _ c - = 2 4 0 - S T 0 o k)
2 g 88 28 £¢ £¢ % 2 o & & 3 & z & o o o = 8 &
tha tha tha tha d d cm cm 0-1 % # % % 1551 % 15 15 Year
CZH0713 1 911 682 934 1118 748 01 2052 100@49 -0.1 136 23 12 23 28 213 23 202008
SC727 2 845 580 1051 905 782 0.1 2350 1204540 14 094 53 27 27 43 298 23 182010
CKHO0790 3 824 631 912 929 765 09 2112 103052 47 102 46 10 21 30 279 20 182007
CZH0631 4 806 654 794 970 711 02 2072 101@52 26 100 31 1.0 28 27 312 18 192007
CKH10717 | 5 805 692 721 10.02 757 -0.4 2110 .115053 61 106 03 12 22 27 207 21 18010
CZHO3006 | 6 803 583 947 879 703 11 2076 99.850 55 096 43 30 29 27 222 18 172004
CKH10723 | 7 7.99 644 825 928 757 -0.3 2145 09052 7.4 108 46 08 24 29 226 22 22010
CZH03002 | 8 794 535 930 919 699 03 1897 88844 43 114 23 18 29 28 162 20 222004
CZH0923 9 781 609 876 857 728 06 2051 880470 97 116 13 08 25 1.7 207 17 172010
CzHO0021 | 10 7.78 641 922 771 731 13 2037 95848 17 103 01 23 23 22 230 22 18001
SC635 52 605 305 867 644 714 1.6 1998 1112550 15 100 47 48 25 38 167 20 262003
CZH04002 | 61 504 340 676 496 745 06 1976 96047 95 099 47 61 28 21 307 24 222005
KDH3 62 495 355 583 548 661 07 1919 755 304103 08 22 1.7 33 20 173 26  2.72006
KDH4 63 462 431 464 490 650 01 1907 839 40419 091 15 19 32 21 158 24 242006
CZH99015 | 64 428 278 515 491 695 10 1859 75641 16 082 18 67 25 16 185 32 232000
CZHO0002 | 65 3.82 245 527 373 690 14 1807 69645 44 08 35 71 29 19 168 29 302001
CZH0536 66 363 292 561 237 820 01 1887 100@51 28 087 29 159 24 28 191 28 282006
SC513 67 350 144 464 443 728 1.6 1898 956490.99 072 49 214 26 30 159 26 351997
CZH0837 68 340 551 263 207 821 00 1886 88851 24 079 27 219 27 29 221 21 272009
CZH0524 69 340 652 224 143 816 1.1 1943 82045 -06 066 35 139 23 27 170 20 242006
CzHO4006 | 70 231 394 1.87 112 847 05 1828 93851 66 078 41 237 24 27 166 21 29005
Trial mean 645 521 721 693 731 03 1991 77.050 48 101 32 35 26 25 233 22 22
LSD 089 139 210 162 15 08 138 138 106 7.10.13 3.2 3 04 03 50 06 04
h? 079 072 092 085 071 072 067 04D20 069 039 075 077 091 044 0.67.820

h? is heritability, * P< 0.05, ** P< 0.01, ** P < 0.001, ns non significance akm.05 LSD (0.05) is least significant differenceS#!
is Mean square error
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Number of ears per plant for the top nine CIMMYTbhigs ranged from 0.94 to 1.36 and from
0.72 to 1.00 for the commercial checks. The hybraging from 61 to 70 ranged from 0.66 to
0.99. The trial mean was 1.01. Plant height wag @2® cm in eight of the top CIMMYT
hybrids and SC727. Plant height for SC635 and S@&s3less than 200 cm. The trial mean was
199.1 cm. The plant height for all hybrids rankeaif 61 to 70 was less than the trial mean,
ranging from 180.7 cm to 197.6 cm, a possible sigstunting.

For the CIMMYT hybrids ranked in the top 10, MS\obses ranged from 1.7 to 2.3. The MSV
scores for the CIMMYT hybrids ranked in positioristé 70 ranged from 2.0 to 3.2. MSV scores
for commercial checks ranged from 2.0 to 2.6. Theas significant development of ET in the
trials. ET scores among the CIMMYT hybrids rankadhe top 10 ranged from 2.1 to 2.9 and
for hybrids ranked from 61 to 70 it was from 2.3t8. Scores for the commercial checks ranged
from 2.5 10 2.7.

6.3.2 Multi-environment trial analysis

6.3.2.1 Genetic correlations for grain yield undeMSV stress
The genetic correlations were high among all itedble 6.4). Harare2013a and b were planted
on the same planting block during the 2012/13 seagnce correlation was higher between the

two sites compared to Harare2012 that was in ardifit planting block and season (2011/12).

Table 6.4 Genetic correlations for grain yield undeMSV stress

Site Harare2012 Harare2013a
Harare2012

Harare2013a 0.60

Harare2013b 0.69 0.99

6.3.2.2 Complete linkage cluster analysis under MS$tress
Harare2013a and b clustered closer with each odlhea distance of <0.25 compared to

Harare2012 that varied at a distance close to I1F@ure 6.2). Considering the genetic
correlations, cluster analysis and the averagalyjedll three trials were included in further

analyses that included evaluation and dissectigenétic gain.
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Figure 6.2 Cluster analysis for three MSV sites
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6.3.3 Genetic gain in yield and secondary traits
A regression of grain yield against year of tesiimgegional trials showed significant and high

levels of estimated genetic gain in grain yieldemMSV and ET stress of 141.3 kg hgear"
(2.2% year') over 11 years from 2000 to 2010 at B.01 (Figure 6.3). New hybrids, on average,
yielded better than old hybrids. There was no $icamt change in the number of days to mid-
anthesis (X 0.05) even though a trend of increasing at ach@®13 days yedrwas recorded
over 11 years under MSV and ET stress (Figure 8ldyv hybrids matured in the same range as
the old hybrids.

Anthesis-silking interval showed a decrease of alfiod6 days yedr over the 11 year period
(Figure 6.5) which was significant at £ 0.05. New hybrids had shorter ASI and better
synchronisation of pollen shed and silking underMM&hd ET stress compared to the older
hybrids. The new hybrids had reduced barrennespaed to the old hybrids. There was an
increase in the number of ears per plant at aaf€e01 ears plafityeaf* under MSV and ET
stress (Figure 6.6), significant at<F0.01. Plant height did not significantly changePat 0.05
(Figure 6.7).

Average disease scores decreased over the 11 fy@er2000 to 2010. For MSV the average
score on a 1-5 scale decreased by 0.03’y@gure 6.8) at X 0.01. New hybrids were more
tolerant to MSV disease compared to old hybridear& were relatively higher than would be
expected for entries released in 2005 and 2006h®©hybrids released in 2005 and 2006, only
CZH0524 and CZH04001 had one MSYV resistant donmrpavhich should have resulted in the
sudden increase in average disease scores fowtheydars (Figure 6.8) and possibly the
relatively low yields for the same period compatedhe earlier and later years (Figure 6.3). For
ET, an average decrease of 0.03 Yemas recorded over the period (Figure 6.9) at(P05. The
newer CIMMYT hybrids were more tolerant to ET dise@ompared to the old hybrids. The new
hybrids were more resilient to both diseases aettlgd better compared to the older hybrids.
Grain yield/ grain moisture content ratio increasée rate of 0.0057 yeaover the 11 years at
P < 0.05 (Figure 6.10).
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Figure 6.3 Changes in grain yield levels under MSYor hybrids released from 2000 to 2010
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Figure 6.4 Changes in days to mid-anthesis under M&for hybrids released from 2000 to 2010
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Figure 6.5 Changes in ASI under MSV for hybrids retased from 2000 to 2010
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Parameter Standard EPP =0.9862 + 0.0106 Release

Variable DF Estimate Error t Value Pr> |t
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Figure 6.6 Changes in number of ears per plant unaeviSV for hybrids released from 2000 to 2010
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Figure 6.7 Changes in plant height under MSV for higrids released from 2000 to 2010
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Parameter Standard MSV = 2.4675 — 0.0339 Release

Variable DF Estimate Error t Value Pr> |t
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Figure 6.8 Changes in MSV resistance for hybrids teased from 2000 to 2010
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Parameter Standard ET = 2.782 — 0.0304 Release

Variable DF Estimate Error t Value Pr > [t
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Figure 6.9 Changes in resistance to ET for hybrideeleased from 2000 to 2010
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Maize grain yield/ moisture ratio

Parameter Standard Y/M = 0.2693 + 0.0057 Release

Variable DF Estimate Error tValue Pr>|t|
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Figure 6.10 Changes in grain yield/ grain moistureatio for hybrids released from 2000 to 2010

174



6.3.4 Dissecting genetic gain in yield in CIMMYT hbprids tested from 2000 to 2010 under
biotic stress

There was no significant correlation between daysid-anthesis and grain yield or barrenness
(the number of ears per plant). Grain yield and benber of ears per plant decreased with
increasing ASI at correlations of -0.27 and -0.d8pectively. Grain yield was lower in stunted
susceptible hybrids (r = 0.65) and high in resistayorids where the correlations of grain yield
with MSV and ET scores were -0.70 and -0.37 re$pagt Reduced barrenness increased grain
yield (r = 0.75). Barrenness decreased with inénggslant height (r = 0.31).

Table 6.5 Pearson’s correlation for grain yield andsecondary traits under biotic stress
conditions

GYG AD ASI PH EPP MSV ET

GYG -

AD -0.06" -

ASI -0.27* -0.40+**

PH 0.65***  -0.35* -0.27

EPP  0.75¢** -0.05°  -0.43** 0.31*

MSV  -0.70*** -0.29* 0.11* -0.43** -0.46* -

ET -0.37*  -.0.54** 0.18" 0.18¢ -0.25*  0.24° -
Y/IM  0.69***  -0.43** -0.07° 0.04° 0.66*** -0.71*** -0.39**

* P <0.05, * P<0.01, ** P<0.001, ns non significance atf).05 GYG is grain vyield, AD
is days to mid-anthesis, ASI is anthesis-silkinggiival, PH is plant height, EPP is number of
ears per plant, SEN is leaf senescence

MSV and ET diseases significantly reduced graitdyie susceptible hybrids at correlations of
-0.70 and -0.37 respectively. MSV stunted susckptilybrids (r = -0.43). Stunted susceptible
hybrids reached mid-anthesis and mid-silking lakem resistant hybrids at correlations with
plant height of r = -0.35 and -0.27 respectivelyder biotic stress grain yield/ grain moisture

content ratio positively correlated with grain dielnd the number of ears plant

6.4 Discussion
Net genetic gain estimate for yield under MSV afddisease stress was high at 141.3 kg ha

yeai® (2.2% year). This was higher than the estimated gain of 16§.4a" yea* (1.4% year)
under optimal conditions in the same study. Eadtadies by Duvick (2005), Tollenaar (1989)
and Ciet al. (2011) were done under optimal conditions and werecompared to the gains
recorded under biotic stress in this study. Duy2805) highlighted that breeding for disease

resistance enhances yield. For this study the tglwere artificially inoculated with MSV using
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the leaf hopper vectorCfcdulina mbilg. Innoculation was done within 14 days of planting

Artificial inoculation was used to ensure uniformaverage of the disease on the crop. The
hybrids were exposed to MSV disease at an earlyestd growth. Infection at this stage of

growth can cause grain yield losses of up to 1@Bfarnason, 1986; Wambugu and Wafula,

2000) in susceptible hybrids.

The susceptible hybrids suffered chlorosis resgliim reduced yields. The susceptible old
hybrids suffered high chlorosis with high MSV snd yielded lower than the new hybrids
that had less chlorosis and lower MSV scores. Yigdd lower in the stunted, susceptible older
hybrids compared to the new hybrids. As the yieldusceptible older hybrids was reduced by
MSV, the yield of MSV tolerant hybrids remained Iigs the hybrids maintained growth,
vigour, did not suffer significant chlorosis, andiig set and filling was almost normal. Having
been selected in METs, the newer hybrids had highd ypotential across environments,
including optimal conditions. As a result, with gb®dSV tolerance and all other conditions
being optimal except for the MSV and ET diseaseldyin the new hybrids were higher than in
the old hybrids. The yield penalty in susceptibidbids under MSV and ET disease stress
resulted in the large differences in yield with tiew hybrids. This reduced the trial mean yield,

giving the new hybrids a significant yield advargdbigh genetic gain).

Resistance to MSV disease significantly affectesl plerformance of the hybrids under MSV
disease stress. This is shown by the strong negatiwrelation (-0.70) between grain yield and
the MSV scores (Table 6.5). At a score of 3, thentd will have high chlorosis, reduced
photosynthesis, will be stunted and grain develogn® low. The newer hybrids had lower
average MSV disease scores. There was a positivetigegain in MSV tolerance with newer
hybrids more tolerant with lower scores. The scaieeased at an estimated rate of 0.03year
over the 11 years. The gain in MSV tolerance cbuatdd significantly to grain yield as is shown
by the correlation coefficient. The newer hybridsre&zmore tolerant; less affected by the disease
and produced more grain. Studies on genetic gatlerustress conditions have so far focused
mainly on abiotic stresses that include high pensity, low N and drought stress. Not much

work has focused on genetic gain in biotic stregsesaize.

Under the natural infestation of ET, a decreasgrain yield with increasing disease score or

reduced tolerance was observed. There was a negativelation of -0.37 between grain yield
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and ET. There was a general decrease in ET scotieeimew hybrids compared to the old
hybrids estimated at 0.03 y&athat corresponded to the increase in vield. Nelrilg showed
better tolerance to ET, making them multiple disdagerant.

The changes in tolerance to MSV and ET diseaseasseciated with some phenological and
physiological changes. This is because MSV and ESeades affect the phenology and
physiology of the crop through stunted growth amdluced photosynthesis or failure of
chloroplast development (Rose, 1978; Shepkeal, 2010). There was no significant change in
the number of days to mid-anthesis and there wasgmificant correlation between days to mid-
anthesis and grain yield. In other studies gragldyincrease was associated with increased
number of days to mid-anthesis that is associatdtdam extended season that provided a longer

grain filling period (Duvick, 2005) but there was association observed in this current study.

The new hybrids had a shorter ASI that promotedebgtollination and grain set. ASI had a
negative correlation with grain yield. Under dissastress conditions ASI normally increases in
non-stress tolerant hybrids. For this study newridgbhad shorter ASI compared to the old
hybrids. They showed better tolerance to the desstgss. In studies by Banziggral (2002),
Duvick (2005) and Monneveust al (2005) improved dry matter partitioning to the eader

stress conditions enables silking before, duringaam after mid-anthesis, reducing ASI.

Closely related to ASI is barrenness or the nunobbears per plant. Under stress conditions new
hybrids were observed to have reduced barrenneasresult of improved grain set and grain
filling attributed to better dry matter partitiomrto the ear (Monneveuat al, 2005; Duvick,
2005b). In this study there was a positive gengdilh in number of ears per plant (Figure 6.6)
with a strong and positive correlation with yiel@aple 6.5). Yield increased with increasing
number of ears per plant or reduced barrennessefdass decreased significantly over the 11
years. The newer hybrids had reduced barrennesparech to the older hybrids. Reduced
barrenness could be a result of improved ASI, pation, grain set and better dry matter

partitioning to the ear during grain set and gfdiimg.

From the strong positive correlation of grain yigldh plant height of 0.65, yield was higher in
hybrids with normal growth compared to stunted fddrConsidering that one of the effects of

MSV disease is reduced and/or stunted growth (S al, 2010), tallness or normal height
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under MSV disease is an indication of improvedstasice to the disease and is associated with
increased yield. Susceptible hybrids were stunseid ahown by the negative correlation of plant
height with MSV.

Grain yield/ grain moisture ratio positively coatdd with grain yield and the number of ears per
plant, and increased over the 11 years. The wagiasely linked to maize grain yield under

biotic stress and can therefore be used for sele¢igure, 1995).

As described by Duvick (2005) genetic gain is aultesf physiological and phenological
changes. In the current study, newer hybrids dygalgphysiological advantage over old hybrids.
Secondary traits such as ASI and EPP have higlabgity and genetic variation under stress,
making them important for selection under streggesg two traits have been used in selecting
for better grain yield under stress (Bolafios anth&atles, 1996; Campes al, 2006). ASI is
important for grain set. The findings from thisdfuagree with the negative correlation of grain
yield with ASI that was reported by Campaisal (2006).

Changes observed in this study included reduceckimaess or increased number of ears per
plant, taller or normal plants that are not sturttgdhe disease that yielded better under MSV
and ET stress with reduced ASI and improved MSV Bhdolerance. Yield was better in new

hybrids compared to older hybrids.

6.5 Conclusions
There was significant positive genetic gain in M&W ET tolerance resulting in a gain in grain

yield of 141.3 kg hd yeai* (2.2% year) under MSV and ET disease stress in CIMMYT
drought tolerant hybrids that were released fror@02tb 2010. This is a good indication that
farmers can potentially access MSV tolerant hybfatsbetter production. Since the hybrids
were tested and selected in METS, hybrids that légle MSV tolerance will maximise yield
under optimal conditions and perform well under M&¥ease stress. The hybrids also showed
improved ET tolerance that is also desirable. Th& gn grain yield can be attributed to
improved performance under MSV and ET diseasesstiesa result of reduced chlorosis and
stunting shown by the increased plant height (laseakse scores) in new hybrids that yielded
more. Plant processes such as photosynthesis loan@wed at high levels even though they

could have been reduced by the disease infectiotheas was a significant presence of the
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disease in all entries (scores were all greatar ftja New CIMMYT drought tolerant hybrids
had shorter ASI, reduced barrenness and increased geld/ grain moisture ratio that all
positively contributed towards yield. New hybridene therefore more MSV and ET tolerant and
effectively reduced losses incurred due to MSV BEiiddisease stresses. With the new CIMMYT
drought tolerant hybrids, costs can be saved fretduced pesticide control of leafhoppers and
fungicides for controlling ET. The new CIMMYT drolgtolerant hybrids have high tolerance
to MSV and ET diseases and can yield significamtigger MSV and ET infestations.
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Chapter 7

Evaluation of genetic diversity in the parental CIMMYT lines making up the best
performing CIMMYT hybrids released from 2000 to 2010 in Eastern and Southern Africa

Abstract
Fifty-four lines from the CIMMYT Southern Africa (fhbabwe) breeding programme were

sequenced using genotyping-by-sequencing. An asalygng TASSEL and MEGAG6 of the
269,693 single nucleotide polymorphism (SNPs) geteelrgave a genetic distance range of 0.01
to 0.40 with an average of 0.29. Frequency of dista was highest in the range from 0.2001 to
0.4000. A cluster analysis using unweighted paugrmethod with arithmetic means (UPGMA)
did not show distinct clusters, rather 10 definatd-slusters divided mainly by pedigree. Some
of the lines did not sub-cluster as they were fledgnt pedigree and origin. Despite the high
frequency of genetic distances between 0.20 an@, Gaur lines that included CML444,
CML395, CML312 and CML442, were more frequently dise the formation of the hybrids
evaluated for genetic gain in this study. The oéghe lines were used at 0.48% (once) to 2.38%
(five times) at most compared to 7.14% to 17.62%t(1 37 times) for the four lines. The lines
evaluated do not represent the genetic base of IiMBouthern Africa but are parental lines of
the best performing hybrids selected from 2000ad(2 Since the best performing lines like the
ones evaluated in this study are disseminatedetdattmers in the region through the public and
private sector, there is need to check the frequehase of the parental lines to avoid potential

narrowing down of the genetic base of the region.

7.1 Genetic diversity in breeding systems
During the hybrid era, from 1939 to date, maize=ers achieved significant success in making

continuous genetic improvement in commercial gyathd using a broad genetic base. There has
been a change over the years from recurrent saebtieeding to pedigree breeding that has
resulted in the use of a narrow genetic base thrdugeding generations of lines from a
biparental cross (Singlet al, 2011). This reduces the genetic base. Maize augmment
throughout the world has been accompanied by @warg of the germplasm base, as new lines
and varieties have been derived from intercros$existing elite materials replacing landraces

(Goodman, 1999; Carvaltet al, 2004). However, being one of the most diversg @pecies in
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the world with diversity manifested at both phematyand molecular levels (Magorokosho,
2006), there is no indication that improvement sate maize have been adversely affected by
narrowing the germplasm base (Duvick, 1990). Howerarrowing the maize germplasm base
that results from continued selection (Sirgglal, 2011) in a breeding programme raises concern
that there may be restrictions in breeding fleXypibnd slow response to new opportunities,
pests, pathogens and agronomic practices in theefiGoodman, 1999). A typical example is
the recent development of maize leaf necrosis (MdiN¢ase in Kenya and Tanzania (CIMMYT
2012; Adamet al, 2013; Adamst al, 2014). As part of the solution, exotic germplasan be
introduced in breeding programmes to counter tlionang of germplasm bases. This has been
done and is better documented in temperate arehpa@orly documented in tropical breeding

programmes (Goodman, 1999).

Data on genetic diversity is used in designingtsgies that maximise the utility of maize
genetic resources (Bracad al, 2009). Studying and understanding the molecuieersity

allows preliminary classification of maize materiato heterotic groups. Some studies have
aimed at analysing diversity trends over time, folating germplasm maintenance and
conservation strategies, varietal identificationd amaintenance and relating diversity to

agronomic performance (Magorokosho, 2006; Carvathal, 2004).

7.1.1 Maize diversity and maize breeding in CIMMYTESA
Maize germplasm can be classified into three gdimech geographical types, tropical, sub-

tropical and temperate (Goodman, 1999). Maize ss alassified according to endosperm and
kernel constitution, kernel colour, kernel type arse, that is, dent, flint, floury, waxy, sweet and
popcorn as well as by maturity. Maize is produceainty for food in the tropics (Xt al,
2009).The CIMMYT ESA stations in Harare and Nairobi anghe tropics. Most of the breeding
material at the stations is tropical, with some astgnal introductions of exotic tropical,
temperate and subtropical germplasm. The breediogrgmme, since establishment in 1995,
has been running concurrently hybrid variety depelent, open pollinated variety (OPV)

development and pedigree line development prograanme

7.1.2 Diversity studies
In a study conducted in Argentina to assess thetgediversity of popcorn maize landraces, 10
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microsatellite markers were used. The study disisiged two main groups and an average gene
diversity of 0.370 (Braccet al, 2009). In a study by Liet al. (2003) to establish the genetic
structure and diversity among 260 maize inbred®gsliwere assayed for polymorphism at 94
microsatellite loci. The 2039 allelles identifieelged as raw data for estimating genetic structure
and diversity. A phylogenetic tree was construct&tle study showed that tropical and
subtropical material had greater gene diversity manad to temperate material. Vigourcetxal
(2008) analysed diversity at 462 simple sequenpeats (SSRs) spread throughout the maize
genome and compared the diversity observed at B8&s in maize to that in wild progenitor

teosinte.

In a separate study on analysis of genetic diweisit60 maize inbred lines, 20 amplified
fragment length polymorphism (AFLP) marker combimas were used and 487 polymorphic
fragments were detected with an average of 24édoh AFLP primer combination. Maize lines

were assigned to heterotic groups based on gatistances and origin (lat al, 2004a).

A number of hybrids have been released from the IYMI ESA maize breeding programme
over the period from 1995 to 2010. Some of the bgistids released from 2000 to 2010 regional
trials were evaluated for genetic gain from theZ@2 to 2013 season. It is essential to check the
diversity of parental lines used to make the hydrithe aim of this study was to evaluate the
genetic or molecular diversity of the parental $ireonstituting the 67 hybrids produced and
released in ESA from 2000 to 2010.

The main objective of the study was to evaluategieetic diversity of parental lines used to
generate the 67 hybrids from the CIMMYT ESA prognaenfrom 2000 to 2010. The specific

objectives were to

i) evaluate genetic diversity among the parental lofethe 67 best performing CIMMYT
ESA hybrids released from 2000 to 2010

i) evaluate the frequency of use of parental linehen67 best performing CIMMYT ESA
hybrids released from 2000 to 2010

7.2 Methodology for molecular analysis
Fifty-four of the 73 parental lines (Table 7.1) thie hybrids in this study were sown in the

greenhouse. The lines 28 to 37 and 65 to 73 (maskibd*’) were not available for genotyping.
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Table 7.1 List of parental lines of the selected 6fybrids from the CIMMYT ESA maize

programme
Entry | Lines Pedigree
1 | CML395-B 90323(B)-1-X-1-BB
2 | CML144-B 6207Q
3 | CZL0617-B MAS[206/312]-23-2-1-1-B
4 | CZL0916 [[CML388/CML391]-BB-5-2/CML390]-2-1-2-1-B
5 | DTPWC8F31-1-1-2-2-B-B  DTPWC8F31-1-1-2-2-B-B
6 | CML159 P63QC2HC5-1-3-1-B-2-1-1-B-#-B
7 | CML440 G16SeqC1F47-2-1-2-1-BBBBB
CZL03003-B [[[K64R/G16SR]-39-1/[K64R/G16SR]-20-2}452-B*4/CML390]-B-38-
8 1-B-7-#-B
g | CZL03021-B MAS[202/312]-86-1-3-1-B
10 | CML312-B S89500F2-2-2-1-1-B*5
11 | CZL02015 DTPWCS8F31-1-1-2-2-B
12 | CZLO57-B [GQL5/[GQL5/CML202]F2-3sx]-11-1-3-1-B
13 | CZLO57 [GQL5/[GQL5/CML202]F2-3sx]-11-1-3-1-B
14 | CZL04021-B [GQL5/[GQL5/CML202]F2-3sx]-11-4-1-B
15 | CML489-B (CML202/LPSC3H297-2-1-1-2-2-#)-B-3-1-1-8-BB
16 | CZL02014-B ([EV7992#/EVPOP43-SRBC3]#b#bsr-11B1l@44)-B-1-1-3-5-B
CML536 [CML442/CML197//[[TUXPSEQ]C1F2/P49-SR]F2-45-7-3-2-BB2-1-
17 1-2-1-BB
18| CML202-B ZSR923-S4BULK-5-1-BBB
19 | CML539 MAS[MSR/312]-117-2-2-1-B*4
20| CZL03007-B [CML445/ZM621B]-2-1-2-3-1-B
21 | CML488-B DTPWC8F31-4-2-1-5-BBB
22 | CZL04005-B [CML198/LPSC3H144-1-2-2-2-2-#-BB]-1141-B
CZL03004-B [89[G27/TEWTSRPool]|#-278-2-X-B/[COMPE2/P43SR//COMBE#-
23 20-1-1]-B-32-2-B-4-#-B
CZL0918 [[EV7992#/EV8449-SR]C1F2-334-1(0OSU8i)-1-4XX2-B/[SC/ZM605-
24 1-2-5-2/CML395]-B-14-3-2-1-1-3-1
25 | CZL095 [[KILIMA(ST94)-S5:101/CML442]-BB-2-2/CML390]-5-1-2-3-B
CZL0610-B [(CML395/CML444)-B-4-1-3-1-B/CML444//[[TMPSEQ]C1F2/P49-
26 SR]F2-45-7-1-2-BBB]-2-1-2-2-B
27 | CZL04006-B ZM621A-10-1-1-1-2-B
2g | *CML216 [MSR:131]-3-3-3-5-BBB
29 | *CZL00025 SNSYNF2[N3/TUX-A-90]-102-1-2-2-BSR-B
30| *CML197 MSR270-2S3-5-1-BBB
31 | *DRB-F2-60-1-2-B-1-1-BB  *DRB-F2-60-1-2-B-1-1-BB
*CZL0814 [CML312/[TUXPSEQ]C1F2/P49-SR]F2-45-3-2-BBINTA-F2-192-2-
32 1-1-1-B*4]-1-5-1-1-2-B
33| *CZL0517 [CML389/CML176]-B-29-2-2-1-4-B
34 | *CKL05003 [CML202/CML395-6]-B-B-2-1-B-B*4
35 | *CKL05017 [CML387/CML390]-B-1-1-4-B-B*4
36 | *CKL05018 [CML387/CML390]-B-1-2-1-B*4
37 | *CKL05022 [CML387/CML390]-B-1-1-5-#-B-B*4
38| CZL03011 ZM521B-66-4-1-1
[TS6C1F238-1-3-3-1-2-#-BB/[EV7992#/EV8449-SR]|C1F243
39 | CZL0712 1(0OSU8i)-10-7(1)-X-X-X-2-BB-1]-1-1-2-1-1-B
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Table 7.1 List of parental lines of the selected 6fybrids from the CIMMYT ESA maize
programme (Continued)

Entry | Parents Pedigree

40 | CZL0713-B [SYN-USAB2/SYN-ELIB2]-12-1-1-1-B

41| VL05128 WWwW01408

42| CZL99014-B [COMPE2/P43-SR//COMPE2] FS#-20-1-1-B-

43 | CZL02012-B ZM621A-10-1-1-3-1-B

44 | CZL0720 NIP25-20-1-1-B
[CML312/CML445//[[TUXPSEQ]C1F2/P49-SR]F2-45-3-2-1-BB

45| CZL0619-B -1-2-1-1-2-B
[CML442/CML197//[TUXPSEQ]C1F2/P49-SR]F2-45-7-3-2-BB

46 | CZL076-B -2-1-1-1-1-B

47 | CML442 M37W/ZM607#bF37sr-2-3sr-6-2-X]-8-2-X-1-BBBB
[Ent2:92SEW1-EarlySel-2/[DMRESR-W]EarlySel-#l-3-2-

48 | CZL04002-B B/CML390]-B-26-1-B-1-#-1

49 | CZL03018-B [CML389/CML176]-B-29-2-2-B

50 | CZL054-B ZM523A-16-2-1-1-B

51 | CML445-B [[TUXPSEQ]C1F2/P49-SR]F2-45-7-5-1-B

52 | CML443-B [AC8342/IKENNE{1}8149SR//PL9A]C1F1-508-X-1-1-BB-1-BB

53 | CML444-B P43C9-1-1-1-1-1-BBBBB

54| CZL0919 00SADVEB-#-17-2-1-1-1-B

55 | CZL00001-B INTA-191-2-1-2-B

56 | CML181-B Uwo0417-B-2-1-1-BBBBB

57 | ZEWBCc1F2-216-2-2-B-1 ZEWBC1F2-216-2-2-B-1

58 | CZLO0O003-B DRB-F2-60-1-1-1-B

59 | CZL03002-B P100C6-61-1-4-##1-3-1-B

60 | CZL0520 [MSRXG9]C1F2-205-1(0SU23i)-5-3-X-X-1-BBBB

61 | CZL04001-B [P30/P45//M162W/MSR]97-323-3-1-5-B-1-#-1

62 | SYN312-SR-B MAS[MSR/312]-117-2-2-1-B*4

63 | CZL00009-B INTA-F2-192-2-1-1-1-B

64 | *INTAINTB-B-41-B-1-1-B-B *INTAINTB-B-41-B-1-1-B-B

65 | *INTAINTB-B-41-B-14-1-B-B *INTAINTB-B-41-B-14-1-B-B

66 | *CKL05004 [CML202/CML395-6]-B-B-3-2-B-B*4

67 | *CKL05019 [CML390/CML197]-B-B-5-1-B*4

68 | *CML78 Pool32 G32C19MH32-1-#2-8 ##113-8

69 | *CKL05007 [CML205/CML202]-B-2-1-1-B-B*4

70 | *P100C6-200-1-1-#-#-B-B-B-B *P100C6-200-1-1-B#B-B-B

71 | *ZEWAC1F2 ZEWAC1F2

72 | *ZEWBC1F2 ZEWBC1F2

*Genotypes that were not available for genotyping
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Leaves were harvested at three to four weeks plerting from 10 plants from each line and
bulked. Genomic DNA was extracted using the CTABBetyltrimethylammonium bromide)
from the composite sample. A composite sample vgasl o ensure good representation of the
line. The DNA selected was heterogeneous. DNA amaplified using the Polymerase Chain

Reaction (PCR) technique. DNA was analysed usimgtyping-by-sequencing (GBS).

7.2.1 Statistical analysis
Sequence data for 269,693 SNPs generated in GB$efll using 1% minor allele frequency

(MAF) before data analysis to eliminate system reae per procedure was analysed. The
frequency of use of lines in hybrids was calculaiBte genome summary was generated using

trait analysis by association, evolution and lirkggASSEL) www.maizegenetics.net/taskel

Genetic distances were generated from the subn@®8 data. Frequency of genetic distances
was calculated and analysed. The generated gedetiance matrix was converted to a
Molecular Evolutionary Genetics Analysis versio GMEGAG) input file. Cluster analysis was
done using genetic distance matrix data. The UPGMA& used for cluster analysis using the
genetic distance matrix. A dendrogram was genetatethow the relationship of parental lines
of the best 67 CIMMYT ESA hybrids released from @@0 2010.

7.3 Results

7.3.1 Relative frequency of use of lines in hybridseleased by CIMMYT ESA from 2000 to
2010

From an analysis of the frequency of use of limethe CIMMYT ESA hybrids, the line that was
used most was CML444 at 17.62% out of the 210 esytthat is, 37 times in the 67 hybrids
(Figure 7.1). The line with the second highest giatpy of use in making the 67 hybrids was
CML395 at 10% (21 times), followed by CML312 at 8%0 (19 times) and CML442 at 7.14%
(15 times). The rest of the lines were used notentban 2.38% (five times). Most of the lines
were used once (0.48%). The single cross of CMLad CML395 is used as a B tester and in
three way and double cross hybrid formation. Thaesapplies to the CML442 and CML312
single cross that is used as an A tester and anfparehybrid formation. These four lines
dominated in the best performing 67 CIMMYT ESA hysr released from 2000 to 2010.
Despite having a wide range of lines, some of itheslwere used 37 times more than the others

as in the case of CML444 while others were usey onte or twice.
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This may reduce diversity among the hybrids.

7.3.2 Heterogeneity test
To check the genetic purity of the parental linesterogeneity of the lines was assessed. Six

lines that included ZEWBCc1F2-216-2-2-B-1, CZL000a3ZL03002, CZL0520, CZL04001,
SYN312SR-B and CZL00009 had a heterogeneity lelselare than 5%, that is on the high side
(Table 7.2). The rest of the lines had heteroggreitels below 5% that is acceptable since the

DNA was extracted from 10 different plants of alithat were compounded.

Table 7.2 Genetic purity/heterogeneity test of th&4 parental lines

Taxa Name Proportion Taxa Name Proportion
heterogeneity heterogeneity

CML395-B 0.02%| CZL03011 0.88%
CML144-B 0.06%| CZL0712 0.94%
CZL0617-B 0.07% CZL0713-B 1.02%
CZL0916 0.08% VL05128 1.10%
DTPWC8F31-1-1-2-2-B-B 0.09%CZL99014-B 1.18%
CML159 0.11%| CZL02012-B 1.22%
CML440 0.12%| CZL0720 1.25%
CZL03003-B 0.129% CZL0619-B 1.30%
CZL03021-B 0.12% CzZL076-B 1.33%
CML312-B 0.14%| CML442 1.41%
CZL02015 0.15% CzZL04002-B 1.44%
CZLO057-B 0.19% CZL03018-B 1.72%
CZL057 0.23% CZL054-B 1.79%
CZL04021-B 0.23% CML445-B 1.98%
CML489-B 0.32%| CML443-B 2.06%
CZL02014-B 0.33% CML444-B 2.24%
CML536 0.34%| CZL0919 2.50%
CML202-B 0.40%| CZL00001-B 3.47%
CML539 0.49%| CML504 4.12%
CZL03007-B 0.49% CML181-B 4.77%
CML488-B 0.52%| ZEWBC1F2-216-2-2-B-1 5.31%
CZL04005-B 0.57% CZL00003-B 5.83%
CZL03004-B 0.62% CzZL03002-B 5.99%
CZL0918 0.62% CZL0520 7.47%
CZL095 0.64% CZL04001-B 9.07%
CZL0610-B 0.78% SYN312-SR-B 10.91%
CZL04006-B 0.87% CZL00009-B 10.98%
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The DNA samples analysed were therefore heterogesnéoat, homozygous individuals of the
same line that may be slightly variable at some. IGenetic purity of the lines was generally
high.

7.3.3 Genetic correlation of parental lines
The parental lines had genetic distances of 0.@0%64005 with a mean of 0.2944 as shown in

Table 7.3 and Apendix VI. Genetic distance freqyefiom 0.000 to 0.1000 was the least at
0.5% (Figure 7.2).

Table 7.3 Genetic distances between parental lines

Minimum 0.0056
Maximum 0.4005
Mean 0.2944
H 0.5%
M 0.1% H1.7%

 0.000-0.1000= 0.1001-0.2000 0.2001-0.3000% 0.3001-0.4000 = 0.4001-0.5000

Figure 7.2 Frequency of genetic distances among pntal lines of the 67 CIMMYT hybrids
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This was due to the fact that the lines with gendistances within that range were usually the
same line from different sources named differehikly CZL057 that is the same as CZL04021
(0.020) and CZL02015 that is DTPWCB8F31-1-1-2-2-B{@®006). A few more lines with
distances within the range of 0.1001 to 0.2000 twihed 1.7% of the total. Lines with distances
within the range 0.1001 to 0.2000 were closelyteglao CML202 and CML489 where CML202
is a parental line of CML489 and for CML312 and CB89 where CML539 is an improved
MSYV resistant version of CML312 making CML312 orfetlee parental lines of CML539. For
CZL02014 and CML444, the latter is a parent of fiblemer, making them genetically close.
CML488 (DTPWC8F31-4-2-1-5-B) is a sister line to I@2015 that is the same as
DTPWCB8F31-1-1-2-2-B-B.

Above 0.2000 the lines were more diverse, basetherpedigree. The range from 0.2001 to
0.3000 had a frequency of 63.1% that was the higaed from0.3001 to 0.4000 the second
highest at 34.7%. The frequency for the distandes/@ 0.4000 was 0.1%. Genetic distance
between the lines mostly ranged between 0.200Da800D0 and 0.3001 to 0.4000.

7.3.4 Cluster analysis of the 54 parental lines dhe 67 CIMMYT ESA hybrids released
from 2000 to 2010

The lines analysed were from the CIMMYT Southermi&s maize breeding programme based
in Harare, Zimbabwe. UPGMA analysis showed two maiumsters, the first with nine sub-
clusters and the second with the one defined sudter! with four of the lines and 12 other lines
(Figure 7.3). There were 10 sub clusters separatedly by pedigree and origin and some lines
that did not cluster at all. Lines like CML 202, CB1L2, CML442 and CML445 were used as
parents in the development of some of the new Imaking the parental lines and developed
lines genetically close.

Some of the lines shared a common parent anditres the lines close genetic distances as was
the case with most of the lines. Examples inclu#.812 that is a parent to CML539 with a
genetic distance of 0.157, the case of CML445ithatparental line of CZL0610 with a distance
of 0.180 and CZL03021 that was developed from CML3Ad CML312 has a distance of 0.130
with CML202 and 0.157 with CML312.

The first sub-cluster had CML202, CZL03021, CML4&%d CZL0619. CML202 is a parental
line for CZL03021 and CML489 separating at a distaof 0.130 and 0.128 respectively.
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Figure 7.3 Cluster analysis using UPGMA based on getic distances data of 54 parental
lines of the 67 CIMMYT ESA hybrids
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CMLO0619 that clustered with CML489 at a distanceOdf13 shared a parental line CML312
with CZL03021 but had a closer distance to CML48fnhpared to CZL03021. The second sub-
cluster had the same line from three different sesirthat is, CZL03007 is the same line with
CZL057. CZL057-B is the same with CZL057, it wastja stock increased and bulked from
CZL057. CML440 was relatively different from thesteof the lines in the third sub-cluster that
included CML539, CML312 and CZL0617. CML312 is anooon parent in CML539 and
CZL0617. Sub-cluster 4 included CZL04002-B, CMLIatl CML159. CML144 and CML159
are sister lines selected from Pop62 and Pop63cesply with a genetic distance of 0.006.
CML144 and CML159 were therefore genetically claseeach other compared to CZL04002-B
that is at a distance of 0.135 with CML144, for mpde.

The DTPWCS8F31 sister lines were in the fifth substér. CZL02015 is a code for

DTPWC8F31-1-1-2-2-B. This was the same line frono whifferent sources with a distance of
0.006. CML488 (DTPWC8F31-4-2-1-5-B) is a sisteelito CZL02015 or DTPWC8F31-1-1-2-

2-B. The two sister lines were genetically clos®.446. In the sixth sub-cluster CML444 is a
parental line of CZL02014. CML444 and CZL02014 ttued together at a distance of 0.149
while CML395 and CZL0713 also clustered togethdrdiwa longer distance of 0.210.

The next sub-cluster (7) was made up of lines treat a population background including
CZL054, a selection from ZM523A, CML442, CZL095 ia CML442 component, and sister
lines CZL02012-B and CZL04006-B (0.098) that alec®ns from ZM621A.

CML445 was used as a parental line in CZL0610, ZA-B and CML536 with a distance of
0.064 between CZLO076-B and CML536. The four lindgstered together (sub-cluster 8).
CML445 clustered more closely with CZL0610 and CZ&B with CML536. In sub-cluster 9
CZL03018-B, CZL0918 and CZL0712 all had a commonepa CML389 in their pedigree.
CZL99014-B was a different source of CML504 andtthe lines had the same genetic distance.

The four lines were all derived or selected frorpydation sources.

In the first sub-cluster of the second cluster CZ1® and CZL03003-B that had a common
parent CML390. All the lines in this cluster wererigded from populations. The remaining lines
in the second cluster that included CZL0720, CML-843CZL0919, CZL00001-B, CML181
that closely clustered with a sister line VL051288), CZL03002-B, CZL0520, CZL04001-B,
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CZL00003-B that clustered with SYN312-SR-B and C@0Q09 did not form defined clusters.

These lines had different pedigrees except CMLI81\A 05128 that are sister lines. The lines
are probably of different geographical origins. CMI1 and VL05128 are originally from South

Africa.

7.3.5 Principal component analysis
The first three principal components (PCs) fronn@ipal coordinate analysis explained 36.7%

of the total SNP variation among samples. A ploP@fl (21.6%) and PC2 (8.8%) formed 3
major groups (Figure 7.4). Sub-clusters 1 and 2hef first cluster in the UPGMA analysis
formed one group. The lines in this group shared. 202 and CML312 as common parents for
the different lines. Sub-clusters 3 to 9 formeddb®er group with most of the lines in this group
developed from populations. The second cluster RGMA formed the third group. Lines
grouped based on pedigrees or parentage. Grous agarposed of sister lines and lines that
shared a common parent in most cases as highlightsettions 7.3.3 and 7.3.4 of this chapter.
Most of the lines were developed in the CIMMYT dwrn Africa maize breeding programme
making the most of the lines related as sisterslioeby sharing common parentage. The lines
were selected for adaptation to both local abiatid biotic environmental conditions. The lines
therefore share a reasonable proportion of trateammon but some differences could be
established through cluster analysis that showedtajor groups and PCoA that produced three
groups.

194



1 CML444 12 CML489 23 CZL03007 34 CZzZL0617 45 CZLa320

2 CML144 13 CZL00001 24 CZL03018 35 CZL0619 46 CMB5

3 CML181 14 (CZzL00003 25 CZL03021 36 CZzZL0713 47 CNM5

4 CML202 15 CZL00009 26 CzZL04001 37 CZL076 48 CZzR05

5 CML206 16 CML539 27 CZL04002 38 CZL99014 49 CMB15

6 CML312 17 CZL02012 28 CZL04005 39 SYN312-SR 50 L@ZD15

7 CML395 18 CZL02014 29 CZL04006 40 VL05128 51 cCaue

8 CML442 19 DTPWCS8F31- 30 CZL042021 41 CZL0919 52 CZL0916

9 CML443 20 1012503002 31 CZL054 42  CZL0712 53 CML440

10 CML445 21 CZL03003 32 CZL057 43  CZL0720 54 CZB09

11 CML488 22 CZzZL03004 33 CZL0610 44  ZEWBC1F2- 55 CZL057
216-2-2-1

Axis Eigenvalue Inertia%

1 0.0291 21.63

2 0.0119 8.84

3 0.00843 6.27

4 0.00742 5.51

5 0.00699 5.19

Figure 7.4 PCoA of 55 lines from the CIMMYT Southen Africa research programme used
to make the 67 hybrids evaluated for genetic gain
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7.4 Discussion
The 55 parental lines assessed in this study wikréom the CIMMYT Southern Africa

(Zimbabwe) breeding programme. The station hasdaattitude tropical environment. All lines
used in this programme are improved for high yialdd adaptation to the mid-altitude
environment. Lines were developed using the pedipreeding programme by crossing donor
lines to established lines with good performanceerms of yield, adaptation, biotic and abiotic
stresses. Lines like CML202, CML312, CML442 and GMb are some of the lines that have
been commonly used as parents in line developridat.diversity of the lines therefore might
have been restricted by the pedigree breeding rdetind adaptation of material to the mid-
altitude tropical environments. Two major clusterese noted in the UPGMA analysis and three

in the PCoA with most of the variation explainedtbg first three PCs.

Genetic distances were all less than 0.4005 forthall lines evaluated. Average diversity or
genetic distance recorded was 0.2944 that is velgtiow compared to findings from other
studies. A study in China evaluating 29 hybrideveéd that one major cluster with most of the
hybrids showed 82.5% similarity (Wargg al, 2011) that is equivalent to a genetic distarfce o
about 0.350. Legess# al (2007) reported an average diversity of 59% (@)% an evaluation
of lines from CIMMYT Zimbabwe and Ethiopia using$arkers. In an evaluation of popcorn
lines in China using SSR markers genetic distarereged from 0.125 to 0.730, averaging 0.477
(Li et al, 2004b). Studies that reported higher divemsitgluated lines from different sources as
in the study by Legessa al (2007) and Liet al (2004b). Different genotyping methods were

used in all these studies have contributed to iifferénces among the different studies.

This study analysed lines and hybrids developed specific environment for adaptation to
specific biotic and abiotic conditions and to mspécified grain quality. The focus on quality
was mainly on flint to semi-flint or semi-dent famainly flour and other products like samp
(dehusked maize grain served as part of the mairseaf a meal or as a snack). Biotic factors
commonly selected for included MSV, GLS and ETg®sice while abiotic factors included low
N and drought stress tolerance. Selection predsurgefined traits can result in the narrowing
down of the genetic base of a breeding programrhes may not be immediately noted since
according to Duvick (1990), maize is so diversehstinat narrowing down of germplasm has not

been noted to seriously affect performance or bingeéfficiency. Challenges of a narrow
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germplasm base come in when there are new disegsesboutbreaks, like more recently the
development of MLN disease in East Africa. If mbgbrids share common parents they may

succumb to such outbreaks.

Even though frequency of genetic distance may bk hetween 0.2001 and 0.4000, a few lines
were used in most of the hybrids including CML4@ML395, CML312 and CML442 giving
the hybrids a narrow genetic base. Some of thes hmere developed from these four lines. The
genetic base of the 67 hybrids released in the CYNINESA programme from 2000 to 2010,
some of which have been disseminated to farmeosiginout ESA through collaborators could
be narrow in terms of line use in hybrid formati@nd genetic distance among the lines used.
There is need to ensure that through selectioheobest performing varieties the genetic base is

not narrowed down.

7.5 Conclusions
Diversity was low at genetic distances < 0.4005 waitH a few lines being used up to 37 times

more than most of the lines listed. This evaluatmrused on a subset of all the hybrids selected
as it evaluated the best performers from each yiéwr.best performers are usually passed onto
the farmer through collaborators. The sample okl lines analysed do not represent the
entire germplasm of CIMMYT Southern Africa or CIMMYESA and these findings should not

be generalised for the whole programme. Howeveralige these best performing hybrids are
disseminated to farmers in the region, implicatiarfs disease or pest outbreaks can be
devastating if the hybrids have common susceppitents. The results give an indication of the
danger of eventually narrowing down the germplastseband the need to maintain a large or

wide genetic base for the whole programme.
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Chapter 8
General discussion and conclusions

Discussion
To evaluate genetic gain, the study was designadc¢h a way that all entries selected from the

different years were grown and evaluated in onal pianted on the same day in defined
environments. With entries planted side by sidethia same environment and same season,
receiving the same agronomic and other treatmekesidrigation or disease inoculation, the
differences observed among entries can be attdbotgienetic differences. Better performance

can therefore be attributed to genetic gain.

The study showed positive genetic gain under diffebiotic and abiotic conditions. Genetic
gain in yield under optimal conditions was 109.4hed yeai* (1.4% yeal) for the period from
2000 to 2010. This was higher than the gains uretedom and managed drought stress at 22.7
kg ha' yeaf* (0.85% yedl) and 32.5 kg hayear' (0.85 year) respectively, as well as the
change under low N stress at 20.9 kg jaar* (0.62% year) over the same period from 2000
to 2010. Genetic gain in yield under MSV and Eestrwas higher than gains under optimal
conditions at 141.3 kg Hayear" (2.2% year). The gains were higher under MSV compared to
optimal conditions, probably because when the evap exposed to MSV and ET diseases, all
other conditions were maintained at optimal levalsh that if a hybrid was tolerant it would
develop and produce optimally. At the same timesusceptible hybrids, yield was significantly
reduced. The reduction in yield in susceptibleatéas reduced the trial mean and this must have
given the resistant hybrids a yield advantage, @dengenetic gain that was higher than under
optimal conditions. The gain in yield under optimanditions is comparable to other studies,
including the classical studies in the US by Duwétlal. (2004) that reported gains of 77 kg'ha
yeai® and 115 kg Hayear' (Duvick, 2005); 60 kg Hayear' in China (Wangt al, 2011) and
62- to 81 kg ha year" (Li et al, 2011).

The change in grain yield was associated with plogieal and physiological changes as
reported in earlier studies (Duvick, 2005a; Lee dmilenaar, 2007). Days to mid-anthesis
generally showed a trend to increase over the atsyat a rate of 0.06 d ygaunder optimal

conditions, 0.05 d yedr and 0.095d yedr under random and managed drought stress
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respectively, 0.048 d yeaunder low N and 0.134 d yeaunder MSV stress but did not change
significantly. The new hybrids used the same seésayth as old hybrids but yielded better. The
moisture content in the high yielding varieties wagher at harvesting compared to the low
yielding varieties. The higher moisture contentaiossible indication that the new, better
yielding varieties had an extended grain fillingipé that improves final grain yield and maybe
a quick dry down there after as described by DuwigR5a and Duvick 2005b. Badu-Apra&u

al. (2013) reported an increase in number of daysitbanthesis in a study conducted in West
Africa. No particular trend or changes were rembiite studies by Duvick (2005a; 2005b) and
Tollenaar and Lee (2011). For this study no chamgs recorded. Ngugt al (2013) reported
better yield under severe drought stress in vasgethat had short ASI and a longer season

compared to the low yielding varieties that hadrager ASI and matured faster.

ASI is strongly correlated or linked with grain MgEdmeadegt al, 1999; Monneveust al,
2006; Ngugiet al, 2013). Significant decrease in ASI was recordegr the 11 years across all
other environments except under random droughssstré@ decrease of-0.08 d yéar0.16 d
year, -0.79 d yeat and -0.055 d yedrunder optimal conditions, managed drought stiess,

N and MSV stress respectively was recorded. Sh&i&twas directly selected for as one of the
favourable secondary traits used to indirectly cdefer yield under stress environments as
reported by (Bolanos and Edmeades 1996; Banzigal 2000; Betran et al. 2003; Araus et al.
2012; Ziyomo and Bernardo 2013). Shorter ASI ersibetter pollination, better grain set and
reduced barrenness. The decrease in ASI was assbamth a yield increase across all
environments. The correlation of grain yield witlslAwas negative under optimal conditions,
random drought, managed drought, low N and MSVsstet -0.25, -0.32, -0.23, -0.30 and -0.27
respectively. These findings agree with reportsother authors (Betraat al, 2003a; 2003b;
Zaidi et al, 2004).

The number of ears per plant showed a trend oéasing across all environments at 0.004 ears
plant* year' under optimal and managed drought stress, 0.0l ptant' yeaf', 0.0008 ears
plant' year' and 0.011 ears plahtyeai* under random drought, low N and MSV stresses
respectively but significantly changed under madag@ught and MSV stress. Number of ears
per plant is a secondary trait that has been dijreetected for indirect selection for grain yield

(Banzigeret al, 2000; Betraret al, 2003) When regressed against the number ofpearglant,
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yield generally increased with increased numbegaw$ per plant across all environments except
low N. In separate studies yield was reported trease as the number of ears per plant
increased (Betraet al, 2003b; Duvick, 2005a; Lee and Tollenaar, 2007).

There was a general trend of decrease in planhhaitder optimal (-0.16 cm yeYr random
drought stress (-0.39 cm y&rlow N (-0.49 cm yeal) and MSV (-0.06 cm yedj. Under
managed drought, plant height was relatively higheghe new hybrids (0.119 cm y&aiThere
was no significant change in plant height acroksratlironments over the 11 years. Other studies
reported a decrease in plant height that could heselted from a possible improvement in dry
matter partitioning to the ear for ear developmegnain set and grain filling, especially under

stress conditions (Bolafios and Edmeades, 1993ack005a).

Senescence was generally lower in the new hyb@der the 11 years evaluated, senescence
decreased significantly under low N conditions atate of -0.028 yedr The new varieties
probably had improved nitrogen uptake efficiency bmtter nitrogen utilisation efficiency
compared to the old hybrids under low N stress, latter nitrogen uptake efficiency or better
nitrogen utilization efficiency that should havesu#ted in reduced senescence. Reduced
senescence or improved stay green improves stiEsarice in maize and grain yield (Bolafios
and Edmeades, 1993b; Betgtral, 2003b; Duvick, 2005b; Campesal, 2006). Under random
and managed drought stress senescence showed aftiderreasing at a rate of 0.012 yeand
0.011 year respectively but the change was not significaris éxpected that improved hybrids
under stress would have lower senescence rateshérg was no significant change under
drought. The new hybrids may have a longer grdlmdi period and quick dry-down under
drought stress as explained by Duvick (2005a) asitéiaar and Lee (2011).

New hybrids significantly had better resistanceM8V and ET compared to old hybrids that

improved at -0.034 yearand 0.030 yedr respectively. Grain yield reduction is less when
hybrids are disease resistant. Yield of the newillglithat had high resistance or tolerance to the
diseases was higher than in the old hybrids thae weore susceptible. Duvick (2005a) states
that not much had been reported on the effect pfored disease resistance on grain yield. A lot
of literature has covered much on the biology, afend potential control of the pathogens but

not much has been reported on yield improvementisiénant or resistant varieties.
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Genetic gains in yield have been recorded in SSfepsrted in West Africa (Badu-Apralat

al., 2013) and in East and Southern Africa in theenirstudy but yields still remain at about 2 t
ha'. Small holder farmers should have been benefittimanf these gains but not all are
benefitting. The yield average is still low. Thesud inherently poor soils, low fertilizer use and
low hybrid turnover contribute towards this low guztivity, among other factors. The genetic
potential of the new hybrids if used is not maxedsdue to limitations in resources. Stress
tolerant hybrids if disseminated to farmers effesly should alleviate production restrictions
and improve productivity. The stress tolerant hgbrdeveloped and under development should
also be screened under heat as an additional $trgggpare climate ready material since the
world, particularly SSA is faced by more droughtidreat stress as forecasted in climate change

studies.

Besides the failure to maximise on the genetic @k of the already improved hybrids,

commercial hybrids stay in the system for a longeti for example, the third check in this
current study was released in 1997 and has bedheomarket for almost 17 years although
better varieties have been developed. As seed sonamtain the old hybrids on the market, the
new, better performing varieties will not reach tinéended target and will not benefit the
farmers. There is need to further develop strasefpe more effective dissemination to get the
products to the farmers in time so that they carebefrom these recorded genetic gains in yield

and stress tolerance.

The diversity of the parental lines used in therfation of the hybrids evaluated in this study
was relatively low with an average distance of 82%anging from 0.0056 to 0.4005. It should
be noted that GBS covers the whole genome includirgalleles while other methods like SSR
cover selected polymorphic markers and not the dethome such that higher diversity may
realised when using the other methods compare®®. Gor this study the distances or diversity
among the lines was low probably because they ¥ere the same breeding programme and
from the same station, bred and selected for atiapt® the local environment and for tolerance
or resistance to the same stresses. The lineslsstered mainly by pedigree and by origin for a
few entries such as CML181 and VL05128. Some oflitiess did not fall in a cluster, having
different pedigrees from all the other lines. E¥leough distances were as high as 0.4005, some
lines were used more than the others such thatérery ranged from 0.48 to 2.38 for 50 out of
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the 54 lines and the remaining four that includeédL@44, CML395, CML312 and CML442
were used at frequencies of 17.62%, 10.00%, 9.08867a14% respectively. This means that
most of the hybrids shared common parents. The lfoas as well as CML202 and CML489
were parental lines in some of the lines evaluatediributing significant composition in such
lines. It should be noted that this sample of liees not represent the whole breeding
programme but just the parental lines of the bedtiyng hybrids released by CIMMYT ESA
from 2000 to 2010 that were evaluated in this stutywever, considering the best performing
hybrids are disseminated to farmers throughout HESAugh the public and private sector,

caution should be taken to ensure the diversitpaize in the region is not gradually reduced.

Conclusions
The new hybrids yielded better than the old hybadsoss all environments that is, for optimal,

low N, MSV and random and managed drought stresspnstrating positive genetic gain in
yield and tolerance to low N, biotic (MSV and ETjess and drought stress. Yield gains of
109.4 kg h# yeai' (1.4% year), 20.9 kg ha year" (0.62% yeadl), 141.3 kg ha year" (2.2%
year'), 23.7 kg h# yeai* (0.85% yeal) and 32.5 kg ha yeai* (0.85% yeadl) respectively,
were recorded. The gain in yield was associateld, wienerally, shorter ASI that promoted better
pollination and grain set, increased number of gums plant or reduced barrenness, slower
senescence or improved stay green and improvedsgiseesistance. There was no significant
change in days to mid anthesis and plant heigte.diversity of the parental lines analysed was
relatively low at an average genetic distance 2984. A few lines were used more frequently in
both line development and hybrid formation. Considgthat the best performing hybrids have
been or are being disseminated, farmers are ahtevikfit from the genetic gain realised, but it
is important to look into how long the hybrids da&king to get to the farmer, to check if the
materials are getting to the farmer as well assttenomic benefit analysis. It is also important to
review the use of key lines in future breeding void the possibility of eventually narrowing
down the genetic base in the ESA region and a Ipdgsiof a disease or pest outbreak such as
the more recent case of the recent MLN diseasereakbin East Africa. There is need to
maintain the genetic gains, balance the diversity @ ensure the improved hybrids get to the
farmers on time so that they benefit from the inproents.
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Summary

Maize is a staple food crop in ESA, making it aopty in terms of production. Farmers face
challenges in production when maize crops failhe tace of drought, limited or no access to
fertiliser or lack of capital to purchase the fésér and when there are disease outbreaks.
CIMMYT embarked on a drought breeding programm&did5 that spread to Southern Africa in
the 1990s. Since 1997 CIMMYT ESA has focused ordpeong drought tolerant varieties but
incorporated into the selection screening for hygfders under optimal conditions and low N

stress tolerance and MSV, GLS and ET diseaseaasisincluding.

A study to evaluate 67 hybrid best yielders setbdtem an 11 year period covering 2000 to
2010 for genetic gain in grain yield, random andnaged drought stress tolerance, low N
tolerance and disease (MSV and ET) resistance waducted from the 2011/12 main season to
the 2013 off season. Parental lines of the 67 Hgbniere evaluated for genetic diversity. Sixty-
seven CIMMYT ESA hybrids released from 2000 to 20tBecked by three commercial
hybrids, were evaluated for genetic gain in gragldyand secondary traits in a multi-site alpha-
lattice designed experiment over two seasons. Yhads were evaluated across 14 optimal sites
in Zimbabwe, Zambia, Malawi, Kenya and Uganda; senamdom drought sites in Chiredzi and
Kadoma (Zimbabwe) and Potchefstroom in South Afritur managed drought sites in
Chiredzi, Zimbabwe and Kiboko, Kenya; five low Nes in Harare, Zimbabwe and Kiboko,
Kenya and three MSV sites all in Harare, Zimbab®ignificant gain in grain yield and stress
tolerance was realised in the CIMMYT ESA maize dieg programme under optimal and
stress conditions.

Genetic gain in grain yield of 109.4 kg'hgear' (1.4% year'), 20.9 kg ha yea* (0.62% year

1), 141.3 kg ha year" (2.2% year), 22.7 kg hd year* (0.85% year) and 32.5 kg Hayear"
(0.85% year) were realised under optimal, low N, MSV, randoraufjht and managed drought
stress respectively. This gain in grain yield wasogiated with phenological and physiological
changes. The season length showed a tendency rieagsec across all environments at rates
ranging from 0.048 d yedaro 0.134 d yeat but did not significantly change. The season lengt
of the new hybrids was still within the length bktlocal checks, meaning that the new hybrids
still fit in the normal season.
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The new hybrids had shorter ASI under all environta¢hat insured better pollination and grain
set. An increase in the number of ears per plast naorded across all environments and this
positively contributes towards increased graindyighd reduced barrenness. New hybrids were
shorter in all environments except managed droagkss. A decrease in plant height indicate
improved dry matter partitioning to the ear for éavelopment, silking, pollination, grain set
and grain development and filling. Under random andnaged drought, low N and biotic stress
newer hybrids were taller showing normal growth emdtress while the old hybrids were
stunted. Senescence was lower in new hybrids aetbsavironments except managed drought.
There was no change in the number of days to ntigesars. MSV and ET resistance or tolerance
was higher in the new hybrids that had low disegeees and yielded better than the old hybrid.
Overall the genetic gain in yield, drought streskernce, low N stress tolerance and biotic
(MSV and ET) tolerance over the 11 years from 2002010 was high.

The diversity of the parental lines was relativiely with genetic distances ranging from 0.006
to 0.4005 with most distances ranging from 0.2000.4000. Considering the 54 parental lines
were from the CIMMYT Southern Africa breeding pragrme only, and that the lines are a sub-
sample of the breeding programme being parents earaple (only 67) of the produced

CIMMYT hybrids, the diversity was narrow because times are from the same geographical
origin selected in a defined system for adaptatmihe local environment and needs. A few
lines (four) out of the 54 were used more frequeimmimost of the hybrids. The same lines were
parental lines for some of the other 50 lines. Meghe wide range of lines, using a few lines
frequently in formation of most of the hybrids cpaotentially narrow down the diversity of

hybrids in the region if the hybrids as the bestqeners, are disseminated to farmers. This will

pose a risk in the event of outbreaks of new pastisdisease.

The CIMMYT ESA maize breeding programme for droutglierance realised significant gains
in yield and stress tolerance providing farmershwhbetter yielding varieties that are more

resilient to stresses.
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Opsomming

Mielies is ‘n stapelvoedsel in ESA, wat dit ‘n piteit maak in terme van produksie. Kleinboere
staar baie uitdagings in die gesig as daar misogesas gevolg van droogte, beperkte of geen
kunsmis of ‘n gebrek aan kapitaal om kunsmis tepkob wanneer daar siekte uitbrake is.
CIMMYT het in 1975 begin met ‘n teelprogram vir dgietoleransie, wat uitgebrei is na
Suidelike Afrika in die 1990s. Sedert 1997 het CIMMESA gefokus op die produksie van
droogte tolerante variéteite, maar seleksie vir bplérengs onder optimale toestande en lae N
stremming toleransie, sowel as MSV, GLS and ETtsieleerstand is ingesluit.

‘n Studie van genetiese vooruitgang in die bestéd&sters van ‘n 11 jaar periode van 2000 tot
2010 in graanopbrengs onder toevallige en behabmtetetoestande, lae N toleransie en siekte
(MSV en ET) weerstand is gedoen in die 2011/12 $meben tot die 2013 af seisoen. Die
ouerlyne van die 67 basters is geévalueer vir geseetliversiteit. Sewe en sestig CIMMYT ESA
basters vrygestel van 2000 tot 2010, met drie korsiéle kontroles, is geévalueer vir genetiese
vooruitgang in graanopbrengs en sekondére eienskapp'n multi-lokaliteit alfa-reghoek
ontwerp oor twee seisoene. Die basters is oor l#nale lokaliteite in Zimbabwe, Zambié,
Malawi, Kenia en Uganda; sewe toevallige droogt&aliteite in Chiredzi en Kadoma
(Zimbabwe) en Potchefstroom in Suid Afrika, vierhberde droogtelokaliteite in Chiredzi,
Zimbabwe en Kiboko, Kenia; vyf lae N lokaliteite Hharare, Zimbabwe en Kiboko, Kenia en
drie MSV lokaliteite in Harare, Zimbabwe. Betekemile toename in opbrengs en
stremmingstoleransie is gerealiseer in die CIMMY3AEmielie teelprogram onder optimale en

stremming toestande.

Genetiese verbetering in graanopbrengs van 109h&kgpar" (1.4% jaar'), 20.9 kg h# jaar*
(0.62% jaar), 141.3 kg ha jaar* (2.2% year), 22.7 kg ha jaar' (0.85% jaal) en 32.5 kg ha
jaar’ (0.85% jadr) is gerealiseer onder optimale, lae N, MSV, tokyal en beheerde
droogtetoestande onderskeidelik. Hierdie vooruigg@nopbrengs is geassosieér met fenologiese
en fisiologiese veranderings. Die lengte van dieemeisoen het toegeneem oor al die
omgewings teen tempos’s wat van 0.006 djaat 0.134 d jaal maar het nie betekenisvol
verander het nie. Die verlengde seisoen was bimgrdeiseisoen van die plaaslike kontroles,

dus pas dit nog in die normale groeiseisoen inLanger groeiseisoen verleng die graanvul
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periode wat opbrengs van die basters verbeter.

Die nuwe basters het korter ASI onder alle omgewigghad wat beter bestuiwing en graanset
veroorsaak het. ‘n Toename in die getal koppe faertps gesien in alle omgewings en dit dra
positief by tot verhoogde graanopbrengs en vermdel®nvrugbaarheid. Nuwe basters was
korter in alle omgewings behalwe in beheerde detogstande. ‘n Afname in planthoogte wys
op verbeterde droémateriaal toedeling na die kopps verbetering veroorsaak in
kopontwikkeling, stuifmeeldraad ontwikkeling, besting, graanset en graanvul en
graanontwikkeling. Die nuwe basters was langer oitddeerde droogte, met normale groei
onder stremming, terwyl die ou basters verdwerg. Bégarvrekte was minder in nuwe basters
oor alle omgewings behalwe onder beheerde droQgtder beheerde droogte het die basters die
verlengde seisoen gebruik, wat die graanvul periegidgeng het, maar hulle het ‘n vinnige
afdroog aan die einde van die seisoen gehad. MSKTeweerstand en toleransie was hoér in
nuwe basters, en hulle het laer siektetellings deheet hoér opbrengs as ou basters. Oor die
algemeen was die genetiese vooruitgang in opbrashg®gte toleransie, lae N stremmings

toleransie en biotiese (MSV en ET) toleransie oerld jaar van 2000 tot 2010 hoog.

Die diversiteit in die ouerlyne was relatief laagteet gewissel van 0.006 tot 0.4005 met meeste
afstande wat gewissel het van 0.2000 tot 0.4000d@mie 54 ouerlyne net van die CIMMYT
Suidelike Afrika teelprogram kom, was die diversitenin omdat die Ilyne uit dieselfde
geografiese oorsprong geselekteer is en aangepasig plaaslike omgewing en behoeftes. ‘n
Paar lyne (vier) van die 54 is meer gereeld gelruikeeste van die basters. Dieselfde lyne was
ouerlyne vir sommige van die ander 50 basters.spgte van die wye reeks lyne beskikbaar kan
die herhaaldelike gebruik van ‘n paar lyne die dhiteit van die basters verminder in die gebied
as hierdie basters as die beste produseerdergreievgord aan die boere. Dit veroorsaak ‘n

risiko as daar nuwe siektes en insekte uitbreek.

Die CIMMYT ESA mielie teelprogram vir droogte totersie het betekenisvolle vooruitgang in
opbrengs en stremmingstoleransie gemaak, en boersign van basters wat beter opbrengs het

met beter toleransie vir stremming.
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Appendices

Appendix | Hybrids tested in the study

Entry Programme Hybrid Pedigree Release
1 CIMMYT -Z CZH9902¢ CML202/CML216//SNSYNF2[N3/TU-A-90]-
10z-1-2-2-BSR-BBBB-1-B 200(
2 CIMMYT-Z CZH99025 CML202/CML395//CML312/CML197 2000
3 CIMMYT-Z CZH99021 CML202/CML395//CML312 2000
4 CIMMYT-Z CZH99015 CML395/CML312//[CML440 2000
5 CIMMYT -Z CZH072¢  CML312/CML442//CZLO71. 2008
6 CIMMYT-Z CZH0524 CML395/CZL0520//CZL00009 2006
7 CIMMYT-Z CZH0713  CML489/CML444//CZL0617 2008
8 CIMMYT-Z CZH0631 CML444/CML395//CZL0619 2007
9 CIMMYT-Z CZH0615 CZL00003/CML488//CZL03014 2007
10 CIMMYT-Z CZH0613 CML312/CML440//CZL0610 2007
11 CIMMYT -Z CZH061C  CML312/CML444//ICML445/CMLA48: 2007
12 CIMMYT-Z CZH056 CML312/CML444//CML489 2006
13 CIMMYT-Z CZH055 CML312/CML444//CZL04006 200¢€
14 CIMMYT-Z CZH0533 CML444/CZ1.99014//CZL00001/CML312 2006
15 CIMMYT-Z CZH0524  CZL0520/CML395//CZL00009 2006
16 CIMMYT-Z CZH0513 CML144/CML159//CZL057 2006
17 CIMMYT -Z CZH0511  CML444/CML445//CZL05- 2005
18 CIMMYT-Z CZH04034 CML181/WW01408-1-1-2-B//CZL042021 2005
19 CIMMYT-Z CZH04032 CML181/WW01408-1-1-2-B//CZL03018 2005
20 CIMMYT-Z CZH04019 CML395/CML444//CZL04006 200¢
21 CIMMYT-Z CZH04002 CML312/CML442//CZL04002 200t
22 CIMMYT-Z CZH04001 CML395/CML444//CZL04001 2005
23 CIMMYT -Z CZH0304: CML444/CML395//CZL0302 2004
24 CIMMYT-Z CZH03031 CML444/CML395//SYN312-SR 2004
25 CIMMYT-Z CZH03028 CML444/CML395//CML312 200¢
26 CIMMYT-Z CZH03022 CML312/CML444//CMLA88 2004
27 CIMMYT-Z CZH03021 CML197/CML444//CZL03007 2004
28 CIMMYT-Z CZH03013 CML395/CML444//CZL02012 2004
29 CIMMYT -Z CZH0300¢ CML395/CML444//CZL0300 2004
30 CIMMYT-Z CZH03005 CML395/CML444//CZL03004 2004
31 CIMMYT-Z CZH03004 CML312/CML442//CZL03003 2004
32 CIMMYT-Z CZH03002 CML312/CML442//CZL03002 200¢
33 CIMMYT-Z CZH02020 CZL02014/CML197//CZL02015 200z
34 CIMMYT-Z CZH02018 CML197/CML444//CZL02012 2003
35 CIMMYT -Z CZH0100¢ CML444/CML443//CZL0000 200z
36 CIMMYT-Z CZH01006 CML312/CML444//CZL00001 2002
37 CIMMYT-Z CZH00027 CZL00025/CML312//CML444/CML395 2001
38 CIMMYT-Z CZH00026 CML395/CML444//CML442 2001
39 CIMMYT-Z CZH00021 CML395/CML216//CZL99014 2001
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Appendix | Hybrids tested in the study (continued)

Entry Programme  Hybrid Pedigree Releas
40 CIMMYT-Z  CZH00013 CML395/CML312//CZL.00001 2001
41 CIMMYT-Z CZHO00011 CML395/CML440//CZL00001 2001
42 CIMMYT-Z  CZH00002 DRB-F2-60-1-2-B-1-1-BB/CML395//CML440 2001
43 CIMMYT-Zz CZH0836 CML489/CML444//CZL0814 2009
47 CIMMYT-Z CZH093t CZL0919/CZL03011//CML53 201(
48 CIMMYT-Zz  CZH0928 CZL0919/CZL0712//CML539 2010
49 CIMMYT-Z  CZH0923 CML489/CML444//CZL0916 2010
50 CIMMYT-Z  CZHO095 CML489/CML444//CZL095 2010
51 CIMMYT-Z  CZHO0735 [SC/CML204//FR812]-X-30-2-3-2-1- 2005

B/ZEWBCc1F2-216-2-2-B-2-B//[Ent320:92SEW2-
77/[DMRESR-W]EarlySel-#1-2-4-B/CML386]-B-
11-3-B-2-#-B/[ENT52:92SEW1-2/[DMRESR-
W]EARLYSEL-#L-2-1-B/CML386]-B-22-1-B-4-
#-B
52 CIMMYT-Zz  CZH0536 [GQL5/[GQL5/CML202]F2-3sx]-11-4-1- 2006
BB/[CML389/CML176]-B-29-2-2-1-4-
BBB//CML181
53 CIMMYT-Z  CZH04006 [CML198/LPSC3H144-1-2-2-2-2-#-BB]-1-4-1-1- 2005
B/CML445//CML31Z
54 CIMMYT-K  CKHO0749 CML442/CMLA444//CKL05003 2007
b5 CIMMYT -K  CKHO0804¢ CML442/CML444//CKLO501 200¢
56 CIMMYT-K  CKH0804¢ CML442/CML444//CKLO501: 200¢
57 CIMMYT-K  CKH08051 CML442/CML444//CKL05022 2008
58 CIMMYT-K  CKH08032 CML442/CML444//INTA/INTB-B-41-B-11-B-B 2009
59 CIMMYT-K  CKH08105 CML442/CML444//INTA/INTB-B-41-B-14-1-B-B 2009
60 CIMMYT-K  CKHO0790 CML442/CML444//CKL0O5003/CKL05007 @7
61 CIMMYT-K  CKH10717 CML442/CML444//CKL05003/CKL0501 201(
62 CIMMYT-K  CKH09358 CML442/CML444//CKL05004/CKL05018 2009
63 CIMMYT-K  CKH10723 CML442/CML444//CKL05004/CKL05022 2010
64 CIMMYT-K  CKHO0713 CML202/CML395//CKL05019 2007
65 CIMMYT-K  KDHS3 ZEWAC1F2//P100C6-200-1-1-#-#-B-B-B- 2006
B/CML78
66 CIMMYT-K  KDH4 ZEWBCc1F2//P100C-20C-1-1-#-#-B-B-B- 200¢€
B/CML78
67 CIMMYT-Z CZH0616  [CML144/SNSYNF2[N3/TUX-A-90]-102-1-2-2- 2007
BSR-B*4]-B-4-3-B
68 SEEDCO SC727 SC727 2010
69 SEEDCC SC63t SC63! 200z
7C SEEDCC SCH1! SCH1! 1997
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Appendix Il CIMMYT hybrids tested by year of first testing or release

Year of first testing or releast Number of entries

2000
2001
2002
2003
2004
2005
200¢
2007
2008
2009
2010

CDLO(A)CDLO\II:I\JI\)CD-b
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Appendix Il Experimental sites summary

Trial Site# TrialName Location Country Environment Planti ngDate Season  GPS coordinates Collaborator
GGHYB12 18 GGHYB1218 Harare2012 Zimbabwe Low Nitrogen D¥E-11  Main (-17°50'S, +3%2'E, 1483 mas| CIMMYT
GGHYB12 19 GGHYB1219 Kiboko2012 Kenya Low Nitrogen 1-Ma9-  Main 2°12'52"N, 37° 43' 2& Dr B Das
GGHYB12 37 GGHYB1237 Kiboko2013 Kenya Low Nitrogen 19-ME8  Main 2°12'52'N, 37° 43' 2& Dr B Das
GGHYB13 36 GGHYB1236 Embu2013 Kenya Low Nitrogen Main Dr B Das
GGHYB12 43 GGHYB1243 Harare2013a Zimbabwe Low Nitrogen Dé-12  Main  (-17°50'S, +3%2'E, 1483 masl CIMMYT
GGHYB12 44 GGHYB1244  Harare2013b Zimbabwe Low Nitrogen Dé&-12  Main  (-17°50'S, +312'E, 1483 mas| CIMMYT
GGHYB12 1 GGHYB121 Chiredzi2012 Zimbabwe Random drought  1-Déc-11 Main 21°0'58"S, 31° 34' 17E" S Gokoma
GGHYB12 40 GGHYB1240 Chiredzi2013a Zimbabwe Random dnbug 4-Jan-13 Main 21°0'58"S, 31° 34" 17E" S Gokoma
GGHYB12 46 GGHYB1246 Chiredzi2013b Zimbabwe Random dhbug 4-Jan-13 Main 21°0'58"S, 31° 34' 17E" S Gokoma
GGHYB12 17 GGHYB1217 Kadoma2012 Zimbabwe Random drought  0-D8c-11  Main (-17°19'19.4", +2%0'35.0" G Mabuyaye
GGHYB12 27 GGHYB1227 Potchefstroom South Africa Randawoudht 9-Jan-12 Main  (-26.73607 S; 27.07553E 1349 masl Dr K. Mashingaidze
GGHYB12 32 GGHYB1232 Kadoma2013a Zimbabwe Random drought 21-Dec-12 Main (-17019'19.4", +29050'35.0" G Mabeyay
GGHYB12 38 GGHYB1238 Kadoma2013b Zimbabwe Random drought 21-Dec-12  Main (-17019'19.4", +29050'35.0" G Mabeyay
GGHYB12 2  GGHYB122 Chiredzi2012 Zimbabwe Managed drought  15-Jul-12 Off 21°0'58"S, 31° 34' 17E" S Gokoma
GGHYB12 6 GGHYB126 Kiboko2012 Zimbabwe Managed drought SJus12  Off 2°12'52'N, 37° 43' 2€& Dr B Das
GGHYB12 47 GGHYB1247 Chiredzi2013a Zimbabwe Managed ginou 15-May-13  Off 21°0'58"S, 31° 34' 17E" S Gokoma
GGHYB12 48 GGHYB1248 Chiredzi2013b Zimbabwe Managed dhdu 15-May-13  Off 21°0'58"S, 31° 34' 17E" S Gokoma
GGHYB12 GGHYB123 Bulindi2012a Uganda Optimal 20-Apr-12  aikl Dr G Asea
GGHYB12 4  GGHYB124 Harare2012a Zimbabwe Optimal 17-Dec-1Main (-17°50'S, +3%2'E, 1483 mas| CIMMYT
GGHYB12 10 GGHYB1210 Kakamega2012 Kenya Optimal 18-Apr-12Main Dr D Makumbi
GGHYB12 11 GGHYB1211 Chiredzi2012 Zimbabwe Optimal 16-22n  Off 21°0'58"S, 31° 34" 17E" CIMMYT
GGHYB12 12 GGHYB1212 Serere2012 Uganda Optimal 24-Apr-12 airM Dr G Asea
GGHYB12 13 GGHYB1213 *Bulindi2012b Uganda Stress 20-Apr-12 Main Dr G Asea
GGHYB12 15 GGHYB1215  ART Farm Harare2( Zimbabwe Optimal 4-Nov-12  Main  (-17°42'9.1", +313'48.4", 1556 masl L Mutemeri
GGHYB12 21 GGHYB1221 Chitedze2012 Malawi Optimal 12-N&-1 Main (-13°58' 51", +33° 38' 13" C Mwale

*Bulindi was planned and planted as a rainfed ogtisite but was affected by drought
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Appendix Il Experimental sites summary (continued)

Trial Site# TrialName Location Country Environment Planti ngDate Season  GPS coordinates Collaborator
GGHYB12 24 GGHYB1224 Nanga2012 Zambia Optimal 20-Nov-11 irMa (-15° 49' 21.35"S, +27° 46' 35.48"E N Bbebe
GGHYB12 25 GGHYB1225 Golden Valley2012  Zambia Optimal D8-11  Main  (-14°10'6.72"S, +28° 22' 12.48"E, 117'K Mwansa
GGHYB12 29 GGHYB1229 Harare2012b Zimbabwe Optimal 21-Déc- Main  (-1750'S, +3%2'E, 1483 masl CIMMYT
GGHYB12 30 GGHYB1230 Harare2012¢ Zimbabwe Optimal 17-Déc- Main  (-17°50'S, +3%2°E, 1483 masl CIMMYT
GGHYB12 33 GGHYB1233  ART Farm Harare2( Zimbabwe Optimal 16-Nov-12  Main  (-17°42'9.1", +313'48.4", 1556 masl L Mutemeri
GGHYB12 39 GGHYB1239 Harare2013 Zimbabwe Optimal 17-N@v-1 Main (-17°50'S, +3%2'E, 1483 masl CIMMYT
GGHYB12 14 GGHYB1214 Harare2012 Zimbabwe MSV 10-Jan-12  rMai (-17°50'S, +312'E, 1483 mas| CIMMYT
GGHYB12 34 GGHYB1234 Harare2013a Zimbabwe MSV 29-Dec-12 inMa (-17°50'S, +312'E, 1483 mas| CIMMYT
GGHYB12 35 GGHYB1235 Harare2013b Zimbabwe MSV 29-Dec-12 irMa (-17°50'S, +312°E, 1483 mas| CIMMYT
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Appendix IV Protocol for recording traits

No | Traits Description Unit/Precision
1 Plant height Measured as height between the dfaa plant to the insertion of the firsMeasure: 1 c¢m
tassel branch of the same plant of 6 alternatiagtplin the plot. Enter theAverage: 01 cm
data individually and use the computer to calcullageaverage.
Measured as height between the base of a plahetmsertion of the top
) Ear height ear of the same plant; observations taken of Grelteng plants in the Measure: 1 cnj
plot. Enter the data individually and use the cotapuo calculate the Average: 01 cm
average.
Measured as number of days after planting when 6D%e plants shed
pollen. This is determined on a daily basis by ¢mgnthe number o
3 Anthesis date 1 day
plants with at least one anther extruded dividedHsy total number o
plants in the plot.
Measured as number of days after planting when 6D%e plants silk|
4 Silking date This is determined on a daily basis by countingrtbmber of plants with 1 day
at least one silk extruded divided by the total bamof plants in the plot,
5 Anthesis-silking Calculated as Silking date minus Anthesis date ayl d
interval
Scored using a scale from 0 to 10, dividing thecpetage of estimated
total leaf area that is dead by 10: 1 = 10% deatldeea;2 = 20% dead
leaf area;3 = 30% dead leaf area;4 = 40% deadales;5 = 50% dead
6 Senescence leaf area;6 = 60% dead leaf area;7 = 70% deadales;8 = 80% deafd %
leaf area;9 = 90% dead leaf area;10= 100% dead deed; leaf]
senescence is scored on 3 occasions (at 2, 4 avekks after femal¢
flowering).
Grain  weight,| Shelled grain from all ears in a plot is weighed agrain moisture
7 grain moisture measured. Grain yield per plot is calculated, adpigo 12.5% grain 1 gram
and grain yield | moisture and converted to tons per hectare.
g Ear number pef Number of ears per plant Counted as number of wéls at least ong o1
plant fully developed grain divided by the number of rested plants.
9 Normalized Measured with a portable field spectroradiometerre@@Seeker)
Difference Recorded at 60 cm above the plants on at 25 cninheig
Vegetation NDVI Index
Index (NDVI)
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Appendix IV Protocol for recording traits (continued)

Three samples of 100 kernels randomly selected fitmentotal kernelg 0lgram
Hundred kerne ) ) o
10 ah and their weight measured. Enter the data indiViguand use the
weight
g computer to calculate the average.
Measured with a portable chlorophyll meter (SPADtene Take the
measure from six alternating plants. Take the nmeasin the middlg
Chlorophyll ) ] )
11 between leaf tip and leaf base, and in betweenribadnd between legf SPAD units
content (SPAD) | o
rim/edge; enter the data individually and use thapmuter to calculate the
average.
12 Protein, starch Measured with a near infra red (NIR) grain analyser
and oil content
) Physical count of number of plants broken at altmg stem or at the
13 | Lodging 1
base.
14 | Ear aspect 1-5
Reference: Appendix V.
15 | Ear texture 1-5
16 Ear rots Proportion of total rotten proportion of total eaer plot. 0.5
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Appendix V Scale for scoring grain texture used irthis study
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Appendix VI Genetic distances among parental linesf the 67 hybrids

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

CML44:CML14.CML18 CML18 CML20. CML20I CML31. CML39ICML39! CML44; CML44: CML44. CML48: CML48 CML50! CML50: CZLOOO CZLO0O CZLO0O CZLOOO MAS[M CZL020 CZL020 DTPWC CZL030 CZL030 CZL030 CZL030 CZL030 CZL030 CZL040 CZL040 CZLO40
1 CML444-B
2 CML144-B 0.277
3 CML181-B 0.343 0.319
4 CML181den 0.332 0.306 0.153
5 CML202-B  0.286 0.267 0.327 0.316
6 CML206-B 0.282 0.260 0.319 0.308 0.268
7 CML312-B  0.284 0.258 0.324 0.313 0.272 0.261
8 CML390-B 0.288 0.263 0.320 0.309 0.269 0.257 0.268
9 CML395-B 0.288 0.268 0.321 0.309 0.229 0.268 0.277 0.270
10 CML442 0.300 0.280 0.300 0.280 0.284 0.188 0.284 0.278 0.278
11 CML443-B  0.310 0.290 0.320 0.309 0.291 0.294 0.292 0.287 0.287 0.266
12 CML445-B  0.306 0.285 0.329 0.322 0.292 0.285 0.291 0.287 0.291 0.299 0.309
13 CML488-B 0.288 0.262 0.327 0.317 0.278 0.272 0.271 0.272 0.278 0.290 0.300 0.290
14 CML489-B 0.270 0.261 0.325 0.315 0.128 0.265 0.263 0.264 0.250 0.278 0.288 0.290 0.272
15 CML505-B  0.288 0.276 0.328 0.322 0.280 0.278 0.280 0.274 0.281 0.293 0.299 0.299 0.285 0.273
16 CML509-B 0.293 0.267 0.322 0.310 0.277 0.268 0.273 0.149 0.277 0.283 0.293 0.291 0.275 0.273 0.284
17 CZLOOOO1-B 0.321 0.301 0.343 0.334 0.306 0.300 0.300 0.298 0.298 0.316 0.318 0.316 0.309 0.301 0.314 0.302
18 CZLOO003-B 0.340 0.327 0.351 0.344 0.330 0.322 0.332 0.331 0.333 0.321 0.339 0.340 0.335 0.330 0.338 0.329 0.346
CZLO0006-B 0.056 0.254 0.326 0.315 0.264 0.258 0.261 0.265 0.265 0.280 0.291 0.287 0.265 0.247 0.270 0.270 0.303 0.329
20 CZLOOO09-B 0.386 0.381 0.396 0.395 0.376 0.380 0.386 0.382 0.378 0.388 0.386 0.391 0.388 0.375 0.384 0.389 0.385 0.391 0.385
CML539 0.293 0.264 0.324 0.313 0.273 0.266 0.157 0.271 0.264 0.286 0.287 0.293 0.278 0.266 0.281 0.279 0.297 0.332 0.270 0.383
22 CZL02012-B 0.297 0.273 0.320 0.305 0.277 0.209 0.274 0.266 0.276 0.220 0.293 0.294 0.284 0.278 0.288 0.273 0.306 0.325 0.275 0.382 0.276
23 CZL02014-B 0.149 0.258 0.328 0.316 0.268 0.260 0.265 0.264 0.271 0.286 0.296 0.289 0.271 0.259 0.214 0.273 0.304 0.332 0.115 0.383 0.272 0.274
24 DTPWC8F31 0.288 0.263 0.326 0.315 0.272 0.267 0.267 0.269 0.273 0.287 0.292 0.286 0.146 0.267 0.282 0.272 0.304 0.334 0.265 0.386 0.272 0.280 0.268
25 CZL0O3002-B 0.342 0.329 0.366 0.358 0.339 0.333 0.335 0.334 0.338 0.346 0.346 0.340 0.340 0.334 0.342 0.337 0.350 0.366 0.330 0.394 0.338 0.340 0.333 0.335
26 CZL0O3003-B 0.292 0.266 0.322 0.309 0.276 0.267 0.272 0.149 0.275 0.282 0.293 0.290 0.273 0.271 0.284 0.013 0.301 0.328 0.269 0.390 0.278 0.272 0.272 0.270 0.336
27 CZLO3004-B 0.296 0.271 0.328 0.313 0.274 0.273 0.276 0.277 0.275 0.288 0.297 0.298 0.281 0.271 0.280 0.213 0.304 0.332 0.273 0.388 0.279 0.277 0.275 0.279 0.343 0.212
28 CZLO3007-B 0.288 0.266 0.322 0.315 0.187 0.265 0.269 0.267 0.258 0.284 0.298 0.291 0.276 0.220 0.282 0.274 0.298 0.329 0.265 0.384 0.276 0.274 0.271 0.274 0.338 0.273 0.280
29 CZLO3018-B 0.292 0.271 0.335 0.326 0.287 0.275 0.273 0.278 0.284 0.294 0.308 0.298 0.289 0.281 0.289 0.285 0.311 0.340 0.274 0.385 0.281 0.287 0.276 0.282 0.344 0.283 0.294 0.256
30 CZLO3021-B 0.280 0.260 0.323 0.311 0.130 0.260 0.150 0.265 0.245 0.281 0.286 0.287 0.273 0.176 0.275 0.271 0.299 0.327 0.257 0.375 0.205 0.276 0.262 0.266 0.334 0.270 0.267 0.237 0.281
31 CZLO4001-B 0.363 0.272 0.379 0.377 0.357 0.361 0.363 0.363 0.332 0.368 0.372 0.372 0.359 0.353 0.363 0.368 0.370 0.378 0.357 0.382 0.359 0.366 0.360 0.362 0.382 0.367 0.368 0.364 0.362 0.357
32 CZLO4002-B 0.292 0.135 0.331 0.322 0.280 0.277 0.278 0.280 0.256 0.295 0.303 0.301 0.281 0.275 0.292 0.286 0.313 0.337 0.272 0.384 0.284 0.289 0.277 0.280 0.339 0.284 0.290 0.281 0.285 0.278 0.275
33 CZLO4005-B 0.263 0.262 0.322 0.314 0.268 0.261 0.262 0.270 0.271 0.278 0.291 0.289 0.271 0.255 0.278 0.274 0.304 0.331 0.251 0.380 0.269 0.276 0.264 0.272 0.333 0.273 0.276 0.269 0.282 0.261 0.356 0.277
34 CZLO4006-B 0.296 0.268 0.314 0.302 0.276 0.190 0.273 0.263 0.273 0.202 0.290 0.293 0.284 0.275 0.285 0.269 0.301 0.325 0.274 0.381 0.275 0.098 0.272 0.278 0.337 0.268 0.277 0.271 0.284 0.273 0.366 0.286 0.272
35 CZLO4008-B 0.295 0.263 0.320 0.308 0.266 0.263 0.272 0.264 0.267 0.280 0.292 0.288 0.275 0.270 0.285 0.273 0.308 0.332 0.271 0.365 0.275 0.281 0.273 0.271 0.338 0.272 0.278 0.269 0.286 0.265 0.366 0.277 0.271
CZL04009-B 0.318 0.298 0.346 0.341 0.296 0.303 0.307 0.304 0.289 0.318 0.318 0.316 0.311 0.295 0.307 0.309 0.322 0.351 0.301 0.361 0.307 0.311 0.303 0.307 0.351 0.308 0.310 0.304 0.320 0.296 0.365 0.306 0.306
37 CZLO42021- 0.282 0.252 0.324 0.313 0.179 0.263 0.265 0.266 0.250 0.280 0.291 0.291 0.270 0.212 0.275 0.272 0.304 0.331 0.259 0.382 0.273 0.274 0.262 0.265 0.334 0.271 0.274 0.234 0.278 0.207 0.354 0.268 0.263
38 CZL0O52-B 0.302 0.284 0.333 0.322 0.294 0.284 0.291 0.287 0.296 0.302 0.310 0.310 0.218 0.288 0.304 0.292 0.320 0.340 0.287 0.387 0.296 0.294 0.289 0.251 0.348 0.291 0.304 0.285 0.291 0.289 0.366 0.299 0.286
39 CZLO54-B 0.297 0.276 0.331 0.320 0.280 0.270 0.281 0.277 0.278 0.294 0.301 0.295 0.285 0.280 0.284 0.282 0.309 0.336 0.276 0.381 0.283 0.232 0.278 0.284 0.341 0.281 0.279 0.281 0.291 0.278 0.358 0.294 0.283
40 CZLO57-B 0.282 0.248 0.323 0.313 0.187 0.262 0.263 0.266 0.252 0.278 0.292 0.290 0.267 0.217 0.275 0.273 0.307 0.330 0.259 0.383 0.273 0.273 0.262 0.265 0.334 0.271 0.275 0.235 0.277 0.215 0.351 0.264 0.262
CZL0610-B  0.233 0.270 0.326 0.315 0.264 0.272 0.278 0.278 0.241 0.289 0.293 0.180 0.277 0.261 0.285 0.279 0.305 0.335 0.210 0.382 0.277 0.286 0.237 0.276 0.334 0.278 0.281 0.274 0.287 0.259 0.360 0.284 0.275
42 CZLO617-B 0.279 0.257 0.319 0.306 0.263 0.123 0.141 0.262 0.269 0.228 0.291 0.284 0.269 0.260 0.277 0.269 0.297 0.327 0.254 0.383 0.209 0.230 0.258 0.265 0.331 0.268 0.269 0.261 0.271 0.201 0.361 0.275 0.258
43 CZLO619-B 0.294 0.277 0.331 0.319 0.139 0.270 0.277 0.277 0.254 0.279 0.294 0.300 0.284 0.113 0.290 0.283 0.311 0.330 0.274 0.376 0.277 0.283 0.279 0.276 0.339 0.281 0.283 0.242 0.296 0.198 0.359 0.289 0.276
44 CZLO713-B  0.220 0.273 0.335 0.324 0.269 0.273 0.282 0.282 0.210 0.295 0.300 0.297 0.284 0.266 0.294 0.285 0.306 0.340 0.190 0.380 0.284 0.286 0.231 0.284 0.343 0.283 0.286 0.281 0.296 0.271 0.349 0.288 0.276
45 CZLO76-B 0.303 0.277 0.326 0.314 0.287 0.263 0.282 0.281 0.282 0.249 0.297 0.228 0.288 0.284 0.296 0.285 0.309 0.332 0.281 0.388 0.285 0.273 0.287 0.285 0.343 0.284 0.290 0.285 0.291 0.280 0.368 0.294 0.283
46 CZLO77-B 0.297 0.277 0.331 0.321 0.263 0.281 0.289 0.282 0.188 0.298 0.303 0.301 0.287 0.270 0.285 0.255 0.310 0.340 0.276 0.385 0.288 0.285 0.279 0.282 0.345 0.252 0.246 0.278 0.290 0.268 0.357 0.289 0.284
47 CZL99013-B 0.323 0.302 0.325 0.312 0.305 0.299 0.309 0.303 0.308 0.312 0.317 0.314 0.308 0.304 0.313 0.301 0.325 0.343 0.303 0.386 0.311 0.302 0.306 0.308 0.352 0.301 0.304 0.267 0.318 0.305 0.375 0.319 0.306
48 CZL99014-B 0.291 0.270 0.329 0.320 0.282 0.264 0.271 0.272 0.281 0.287 0.304 0.295 0.284 0.274 0.291 0.279 0.302 0.337 0.270 0.380 0.282 0.281 0.272 0.280 0.337 0.279 0.288 0.230 0.216 0.275 0.362 0.287 0.278
49 SYN312-SR- 0.388 0.388 0.391 0.390 0.385 0.341 0.336 0.391 0.394 0.375 0.395 0.391 0.394 0.386 0.389 0.392 0.390 0.326 0.387 0.395 0.349 0.371 0.388 0.393 0.398 0.391 0.384 0.386 0.386 0.351 0.396 0.390 0.386
50 VLO5128 0.316 0.284 0.283 0.267 0.295 0.287 0.292 0.284 0.289 0.283 0.298 0.305 0.294 0.294 0.298 0.285 0.315 0.332 0.292 0.396 0.292 0.288 0.293 0.290 0.352 0.284 0.291 0.287 0.304 0.291 0.379 0.300 0.291
51 CZL0919 0.315 0.291 0.335 0.325 0.280 0.291 0.296 0.290 0.289 0.296 0.298 0.309 0.303 0.286 0.293 0.298 0.320 0.339 0.294 0.383 0.291 0.301 0.279 0.297 0.351 0.297 0.296 0.284 0.311 0.280 0.367 0.306 0.298
52 CZLO712 0.291 0.265 0.324 0.313 0.273 0.246 0.268 0.267 0.271 0.276 0.293 0.291 0.279 0.265 0.278 0.269 0.306 0.332 0.268 0.378 0.273 0.244 0.267 0.275 0.336 0.270 0.277 0.245 0.246 0.268 0.357 0.283 0.269
53 CZLO720 0.314 0.288 0.334 0.325 0.282 0.290 0.288 0.287 0.288 0.302 0.310 0.308 0.294 0.288 0.299 0.288 0.321 0.327 0.291 0.394 0.292 0.298 0.293 0.288 0.348 0.287 0.287 0.289 0.304 0.284 0.375 0.304 0.289
54 ZEWBc1F2-I 0.315 0.319 0.357 0.348 0.296 0.317 0.323 0.183 0.323 0.332 0.332 0.335 0.326 0.300 0.324 0.261 0.339 0.358 0.302 0.382 0.323 0.320 0.309 0.323 0.360 0.260 0.328 0.313 0.327 0.304 0.373 0.329 0.322
55 CZL03011 0.289 0.260 0.330 0.317 0.272 0.275 0.273 0.271 0.267 0.293 0.294 0.294 0.273 0.267 0.286 0.277 0.309 0.331 0.266 0.381 0.272 0.282 0.272 0.271 0.335 0.275 0.286 0.277 0.283 0.268 0.350 0.279 0.275
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56 CML536 0.293 0.265 0.319 0.307 0.276 0.248 0.271 0.267 0.269 0.241 0.285 0.209 0.278 0.272 0.285 0.273 0.301 0.326 0.270 0.385 0.276 0.263 0.276 0.275 0.337 0.272 0.279 0.273 0.282 0.270 0.364 0.282 0.271
57 CML504 0.307 0.301 0.349 0.343 0.313 0.294 0.301 0.303 0.313 0.312 0.330 0.315 0.313 0.303 0.318 0.309 0.326 0.352 0.290 0.382 0.310 0.309 0.295 0.311 0.352 0.309 0.319 0.266 0.250 0.305 0.370 0.315 0.306
58 CZL0520 0.358 0.346 0.376 0.369 0.343 0.344 0.350 0.347 0.339 0.356 0.350 0.355 0.287 0.341 0.353 0.352 0.364 0.370 0.349 0.390 0.339 0.344 0.351 0.322 0.373 0.351 0.355 0.348 0.354 0.343 0.385 0.350 0.344
59 CML159 0.278 0.006 0.319 0.307 0.267 0.261 0.258 0.263 0.269 0.280 0.290 0.286 0.262 0.261 0.277 0.267 0.302 0.327 0.255 0.381 0.264 0.273 0.259 0.264 0.329 0.266 0.270 0.266 0.271 0.260 0.273 0.134 0.263
60 CZL02015 0.289 0.264 0.326 0.315 0.272 0.268 0.268 0.269 0.273 0.288 0.293 0.287 0.147 0.268 0.282 0.272 0.305 0.335 0.266 0.386 0.273 0.280 0.268 0.006 0.335 0.271 0.280 0.275 0.283 0.267 0.362 0.280 0.273
61 CML505 0.286 0.275 0.329 0.321 0.278 0.275 0.280 0.273 0.281 0.290 0.300 0.298 0.286 0.273 0.044 0.284 0.314 0.337 0.268 0.383 0.281 0.287 0.211 0.281 0.343 0.283 0.280 0.281 0.286 0.273 0.364 0.289 0.277
62 CML509 0.400 0.396 0.399 0.399 0.396 0.396 0.400 0.346 0.401 0.398 0.396 0.398 0.401 0.396 0.394 0.292 0.394 0.395 0.399 0.395 0.396 0.392 0.397 0.403 0.400 0.295 0.372 0.397 0.397 0.395 0.394 0.399 0.398

63 CZL0918 0.289 0.269 0.326 0.316 0.264 0.266 0.273 0.269 0.212 0.286 0.293 0.293 0.277 0.263 0.282 0.279 0.299 0.329 0.264 0.384 0.277 0.282 0.270 0.272 0.339 0.276 0.280 0.244 0.251 0.263 0.355 0.274 0.275
64 CZL0O916 0.284 0.262 0.321 0.310 0.268 0.259 0.264 0.081 0.272 0.278 0.287 0.286 0.275 0.261 0.274 0.193 0.293 0.328 0.262 0.381 0.271 0.265 0.259 0.271 0.331 0.193 0.275 0.249 0.244 0.262 0.361 0.278 0.267

65 CML440 0.292 0.261 0.322 0.312 0.274 0.259 0.179 0.266 0.274 0.282 0.292 0.250 0.269 0.268 0.282 0.269 0.280 0.330 0.268 0.386 0.225 0.271 0.269 0.270 0.336 0.268 0.276 0.270 0.282 0.233 0.361 0.280 0.269
66 CZL0O95 0.300 0.269 0.314 0.295 0.276 0.221 0.278 0.150 0.273 0.206 0.288 0.293 0.281 0.272 0.282 0.219 0.305 0.330 0.277 0.380 0.281 0.251 0.277 0.278 0.341 0.218 0.281 0.275 0.285 0.272 0.367 0.285 0.276
67 CZLO57 0.283 0.248 0.323 0.312 0.188 0.262 0.263 0.266 0.251 0.278 0.292 0.291 0.268 0.218 0.275 0.273 0.307 0.330 0.259 0.383 0.273 0.274 0.262 0.265 0.335 0.271 0.275 0.235 0.277 0.214 0.351 0.264 0.263
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Appendix VI Genetic distances among parental linesf the 67 hybrids continued

34 35 36 37 38 39 40 41 42 43 44 45 46 47 a8 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67
CZL040 CZL040 CZLO40 CZL042 CZL052 CZL054 CZLO57 CZL061 CZLO61 CZLO61 CZLO71 CZLO76 CZLO77 CZL990 CZL990 SYN31Zz VL0512 CZLO91 CZLO71 CZLO72 ZEWBc CZLO30 CML531 CML50. CZL052 CML15! CZL020 CML50. CML50! CZL091 CZL091 CML441 CZLO95 CZLO57
1 CML444-B
2 CML144-B
3 CML181-B
4 CML181dent-B
5 CML202-B
6 CML206-B
7 CML312-B
8 CML390-B
9 CML395-B
10 CML442
11 CML443-B
CML445-B
CML488-B
CML489-B
CML505-B
CML509-B
CZL00001-B
CZL00003-B
CZL00006-B
CZL00009-B
CML539
CZL02012-B
CZL02014-B
DTPWC8F31-1-1-2-2-B-B
CZL03002-B
CZL03003-B
CZL03004-B
CZL03007-B
CZL03018-B
CZL03021-B
CZL04001-B
CZL04002-B
CZL04005-B
CZL04006-B
CZL04008-B 0.276
CZL04009-B 0.312 0.292
CZL042021- 0.273 0.267 0.299
CZL052-B 0.294 0.294 0.325 0.287
CZL054-B 0.246 0.285 0.310 0.278 0.303
CZLo57-B 0.273 0.265 0.299 0.018 0.287 0.278
CZL0610-B  0.284 0.275 0.291 0.271 0.296 0.284 0.271
CZLo617-B  0.214 0.264 0.303 0.260 0.284 0.270 0.259 0.272
CZL0619-B  0.278 0.280 0.302 0.230 0.298 0.290 0.233 0.275 0.268
CZL0713-B  0.282 0.283 0.306 0.280 0.300 0.286 0.281 0.242 0.276 0.279
CZL076-B 0.267 0.280 0.315 0.284 0.303 0.289 0.282 0.236 0.267 0.291 0.278
CZLo77-B 0.285 0.285 0.302 0.268 0.307 0.283 0.269 0.268 0.280 0.282 0.262 0.293
CZ199013-B 0.299 0.306 0.332 0.304 0.314 0.304 0.305 0.305 0.301 0.310 0.310 0.313 0.307
CZ199014-B 0.277 0.280 0.315 0.276 0.281 0.289 0.275 0.284 0.265 0.283 0.290 0.284 0.294 0.303
SYN312-SR- 0.368 0.391 0.393 0.386 0.388 0.385 0.387 0.392 0.296 0.385 0.396 0.387 0.395 0.394 0.388
VL05128 0.284 0.285 0.321 0.289 0.308 0.298 0.288 0.297 0.287 0.302 0.299 0.289 0.300 0.297 0.298 0.395
CzZLo919 0.299 0.292 0.316 0.281 0.314 0.301 0.283 0.290 0.291 0.298 0.301 0.303 0.300 0.319 0.305 0.388 0.307
CzLo712 0.244 0.275 0.306 0.270 0.279 0.243 0.269 0.276 0.259 0.275 0.279 0.282 0.282 0.298 0.156 0.384 0.290 0.294
CZL0720 0.295 0.291 0.322 0.290 0.316 0.302 0.289 0.291 0.288 0.292 0.302 0.303 0.298 0.319 0.298 0.401 0.292 0.311 0.294
ZEWBCc1F2-; 0.319 0.319 0.341 0.321 0.333 0.327 0.321 0.326 0.317 0.300 0.321 0.333 0.332 0.344 0.324 0.391 0.338 0.335 0.319 0.331
CZL03011 0.279 0.278 0.302 0.268 0.294 0.281 0.268 0.276 0.272 0.277 0.278 0.289 0.284 0.310 0.278 0.388 0.294 0.290 0.268 0.290 0.324
CML536 0.259 0.269 0.303 0.272 0.295 0.279 0.270 0.216 0.254 0.279 0.265 0.064 0.283 0.303 0.276 0.386 0.281 0.292 0.270 0.293 0.325 0.277
CML504 0.307 0.312 0.333 0.308 0.309 0.314 0.307 0.308 0.296 0.312 0.312 0.302 0.321 0.332 0.112 0.389 0.327 0.330 0.202 0.325 0.340 0.307 0.294
CZL0520 0.343 0.352 0.358 0.347 0.338 0.351 0.346 0.346 0.344 0.344 0.353 0.353 0.359 0.362 0.354 0.388 0.358 0.349 0.346 0.359 0.366 0.303 0.348 0.364
CML159 0.268 0.264 0.299 0.253 0.284 0.276 0.249 0.271 0.258 0.278 0.274 0.277 0.278 0.302 0.271 0.388 0.285 0.291 0.266 0.288 0.319 0.261 0.265 0.301 0.345
CZL02015 0.279 0.271 0.308 0.265 0.252 0.284 0.265 0.277 0.266 0.277 0.285 0.286 0.283 0.308 0.282 0.393 0.290 0.298 0.276 0.288 0.323 0.272 0.276 0.312 0.323 0.264
CML505 0.282 0.284 0.308 0.274 0.304 0.279 0.274 0.285 0.274 0.290 0.293 0.295 0.285 0.315 0.289 0.388 0.299 0.291 0.278 0.298 0.323 0.284 0.283 0.317 0.354 0.277 0.281
CML509 0.391 0.400 0.396 0.396 0.394 0.392 0.397 0.398 0.397 0.396 0.400 0.401 0.388 0.397 0.398 0.396 0.403 0.373 0.390 0.405 0.362 0.396 0.399 0.397 0.396 0.396 0.403 0.393
CzZLo918 0.277 0.275 0.299 0.265 0.292 0.286 0.263 0.266 0.265 0.276 0.271 0.282 0.263 0.307 0.205 0.389 0.292 0.279 0.224 0.283 0.324 0.276 0.273 0.246 0.349 0.270 0.273 0.281 0.398
CZL0916 0.262 0.262 0.304 0.265 0.274 0.275 0.265 0.277 0.259 0.273 0.281 0.279 0.282 0.300 0.225 0.389 0.283 0.289 0.234 0.287 0.224 0.272 0.266 0.262 0.349 0.263 0.271 0.273 0.364 0.242
CML440 0.267 0.269 0.298 0.272 0.292 0.276 0.270 0.246 0.230 0.281 0.275 0.267 0.282 0.305 0.272 0.375 0.284 0.293 0.259 0.288 0.322 0.273 0.249 0.303 0.344 0.262 0.271 0.280 0.400 0.270 0.266
CZL095 0.240 0.267 0.310 0.270 0.294 0.283 0.270 0.284 0.239 0.279 0.288 0.280 0.286 0.303 0.281 0.382 0.282 0.294 0.265 0.293 0.271 0.279 0.265 0.310 0.349 0.270 0.278 0.283 0.376 0.278 0.198 0.271
CzZLos7 0.273 0.266 0.298 0.020 0.287 0.279 0.009 0.271 0.259 0.233 0.281 0.282 0.269 0.305 0.275 0.387 0.288 0.283 0.269 0.290 0.321 0.268 0.271 0.307 0.346 0.249 0.266 0.274 0.396 0.263 0.265 0.270 0.270

WW W W W W W W W WNNNNNNNNNRNRSERRRB 2 2 8B
BELEREUREEBRNSGEORNREELEREIGGHEGR

2
4
2
Pt
4
Pt
4
P
4
2

R R R R R R R
2832 TRR2BEEHIeRLINEEEELISFTEREGRAES

220



Appendix VII. Weather data

350 - - 40.00
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B Rainfall amount (mm) B Cummulative rainfall (mm) = Maximum Temerature (oc)
e Minimum Temerature (oc) Average Temerature (oc)

Temperature oc

Figure A1 ART Farm, Zimbabwe 2011/12 weather data
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mmm  Rainfall amount (mm) I Cummulative rainfall (mm) == aximum Temerature (oc)
== Minimum Temerature (oc) == Average Temerature (oc)

Figure A2 ART Farm, Zimbabwe 2012/13 weather data
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Figure A3 Chitedze, Malawi 2011/12 weather data
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Figure A4 GART, Zambia weather data 2011/12
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2011/13
Average Temerature (oc)

B Cummulative rainfall (mm)

e Minimum Temerature (oc)

B Rainfall amount (mm)
Figure A6 Kiboko, Kenya weather data 2011/12



