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Introduction

Maize (Zea mays L.), a crop introduced to sub- 
Saharan Africa (SSA) more than 500 years ago, 
has become a major staple food crop in the re-
gion. It is the most widely consumed food staple 
in Africa, providing approximately 30% of  the 
total calories to more than 4.5 billion people in 
developing countries. Poor-quality diets, often 
deficient in minerals and vitamins, dominate 
much of  SSA. Vitamin A is one of  the vitamins 
deficient in the diets, which is important for 
proper immune-system function. Approximately 
one-third of  children under the age of  5 years 
are at risk of  vitamin A deficiency (VAD), the 
leading cause of  childhood blindness. Results of  
some studies have shown that 15.3% of  pregnant 
women in SSA are deficient in vitamin A (Aguayo 
and Baker, 2005; World Health Organization 
[WHO], 2009). This is because the normal endo-
sperm maize that is commonly grown and used 
as staple food in the sub-region is nutritionally 
deficient in provitamin A (PVA) (Safawo et  al., 

2010; Venado et  al.; 2017) and two essential 
amino acids – lysine and tryptophan – which, 
unfortunately, the human body cannot synthe-
size (Sofi et al., 2009; Nuss and Tanumihardjo, 
2011; Le et al., 2016). This predisposes millions of  
people, who live mainly on maize as a staple food, 
to VAD and protein deficiency. In addition to causing 
night blindness (nyctalopia),  VAD increases child-
hood mortality, and results in growth retard-
ation and depressed immune response (West and 
Darnton-Hill, 2008; WHO, 2009; Muthayya 
et al., 2013), while kwashiorkor and pellagra are 
the negative effects of  protein deficiency and low 
levels of  tryptophan in the body.

Results of  nutrition trials, in which synthe-
sized vitamin A was administered, showed, on 
average, a 24% reduction in child mortality. 
Therefore, biofortification of  maize has been 
identified as an economical and sustainable 
strategy for tackling PVA deficiency (Sagare 
et al., 2015a) in maize, in SSA. The HarvestPlus 
Challenge Programme has established 15 μg g−1 
as the breeding target for PVA maize hybrids and 
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open-pollinated varieties (OPVs). However, only 
a few released PVA maize hybrids have attained 
this level in SSA. Therefore, efforts are underway 
to develop and commercialize varieties with ele-
vated levels of  PVA. Quality protein maize (QPM) 
has been proposed as a possible food source for 
ameliorating protein malnutrition not only in 
SSA but also in other parts of  the world (Nuss 
and Tanumihardjo, 2011). Although efforts have 
been made to develop varieties of  maize that can 
mitigate the effects of  VAD and protein malnu-
trition (Fan et  al., 2004; Krivanek et  al., 2007; 
Sofi et al., 2009; Azmach et al., 2013; Suwarno 
et al., 2014; Badu-Apraku et al., 2015a,b; Men-
kir et al., 2017; Tandzi et al., 2017; Gebremeskel 
et al., 2018), maize varieties with combined PVA 
and quality protein characteristics that will 
simultaneously solve the problems of  VAD and 
protein deficiency are yet to be developed and 
commercialized in SSA.

Furthermore, maize production in SSA is 
constrained by myriad abiotic and biotic 
stresses, some of  which are infestation by Striga 
hermonthica (giant witchweed), terminal drought 
and dry spells at any growth stage of  the maize 
crop, low soil nutrients, especially nitrogen, 
diseases and insect pests. Development and de-
ployment of  QPM varieties with multiple stress 
tolerance and high levels of  PVA that will simul-
taneously solve the problems of  malnutrition 
and food insecurity in SSA have been among the 
major goals of  the International Institute of  
Tropical Agriculture’s (IITA) maize improvement 
programme. The maize germplasm available to 
the breeders contains many inbred lines, OPVs 
and hybrids, into which tolerance to some or all 
of  the stresses and/or quality proteins have been 
incorporated. The materials available from our 
germplasm, along with others obtained from 
sources such as the International Maize and 
Wheat Improvement Center (CIMMYT), were 
screened for PVA, subjected to quantitative 
genetic studies and molecular approaches for 
PVA enhancement. Through this programme, 
multiple stress-tolerant OPVs, inbred lines and 
hybrids with high-quality protein and PVA levels 
have been developed for release to farmers of  
SSA. Described briefly in this chapter are the 
materials and methods used, the results ob-
tained, and the OPVs and hybrids that have been 
released and those in the pipeline for release and 
commercialization in SSA.

Quantitative Genetics of Maize 
Provitamin A

For a long time, the existence of  PVA components 
and/or precursors in maize was not known 
about. Theoretically, if  PVA had been a qualita-
tive trait, it would have been detected much earl-
ier than when it was identified. Maize breeders 
hypothesized that it was a quantitative trait, but 
its mode of  inheritance, genetic diversity and 
distribution, heritability, response to selection, 
phenotypic and genetic correlations with other 
maize traits, and several other necessary pieces of  
genetic information needed for its thorough under-
standing and improvement, were unknown. 
Quantitative traits are controlled by multiple genes, 
each segregating according to Mendel’s laws. They 
are also affected by the environment to varying de-
grees, thus making their predictability from the 
phenotypic measurements rather difficult and un-
reliable. For this reason, breeders conduct exten-
sive studies on the quantitative aspects of  traits of  
the crops used in their research. For PVA, the maize 
germplasm has been screened extensively, its 
genetic diversity/variation for PVA content inves-
tigated, the mode of  inheritance and heritability 
determined, the genotype × environment inter-
action quantified and its response to selection for 
population improvement initiated.

Screening maize germplasm  
collection at the International Institute  
of Tropical Agriculture for provitamin A 

The PVA maize breeding programme is led by 
the CIMMYT and IITA, in collaboration with 
public- and private-sector research partners in 
SSA, and is supported by the HarvestPlus Chal-
lenge Programme (www.harvestplus.org). In 
2012, PVA breeding efforts resulted in the re-
lease of  three maize hybrids in Zambia and two 
in Nigeria, with total PVA carotenoid concentra-
tions of  more than 7 μg  g−1, and experimental 
cultivars with 10–15 μg g−1 have been identified 
(Saltzman et  al., 2013; Dhliwayo et  al., 2014; 
Suwarno et  al., 2014). The global germplasm 
banks of  the CGIAR institutes and the ger-
mplasm banks held in trust by national partners 
provide a reservoir of  germplasm of  staple crops 
for screening by HarvestPlus. Genetic trans-
formation provides an alternative strategy to 

www.harvestplus.org
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incorporate specific genes that express nutri-
tional density.

The first step in conventional breeding is to 
determine whether sufficient genetic variation 
exists to breed for a particular trait of  interest, 
which, in the specific case of  HarvestPlus, in-
cluded sourcing of  parental populations with 
target or higher levels of  iron, zinc and PVA. Re-
searchers have analysed approximately 300,000 
maize samples for trace minerals or for PVA ca-
rotenoids during screening (Menkir et al., 2008). 
Some studies have reported significant genetic 
variation for carotenoids in yellow maize lines 
and hybrids adapted to temperate environments 
(Brunson and Quackenbush, 1962; Grogan 
et  al., 1963; Quackenbush et  al., 1966; Weber, 
1987; Kurilich and Juvik, 1999).

Genetic diversity/variation for provitamin 
A content in the maize germplasm

Crop improvement activities focus first on ex-
ploring the available genetic diversity for Fe, Zn 
and PVA carotenoids. At the same time or dur-
ing subsequent screening, agronomic and end-
use features are characterized. The objectives 
when exploring the available genetic diversity 
are to identify (i) parental genotypes that can be 
used in crosses, genetic studies, molecular marker 
development and parent-building; and (ii) exist-
ing varieties, pre-varieties in the release pipeline 
or finished germplasm products for ‘fast-tracking’. 
Fast-tracking means releasing, commercializing 
or introducing genotypes that combine the tar-
get micronutrient density with the required 
agronomic and end-user traits so they can be 
quickly delivered to producers and have immedi-
ate impact on micronutrient-deficient popula-
tions (Pfeiffer and McClafferty, 2007).

A source of  genetic variation is essential 
for the next breeding steps. If  variation is pre-
sent in the strategic gene pool, pre-breeding is 
required. If  variation is present in the tactical 
gene pool, the materials may be used directly 
to develop competitive varieties. Most breed-
ing programmes simultaneously conduct pre- 
breeding and final product enhancement to 
develop germplasm combining high levels of  
one or more micronutrients. If  the available 
genetic variation suggests that target micronu-
trient increments are unlikely to be reached, it is 

still possible to find genetic variation through 
transgressive segregation or by exploiting heter-
osis. When variation is not available, a transgenic 
approach may be the only remaining option 
(Bouis et al., 2002; Khush, 2002; Al-Babili and 
Beyer, 2005).

Breeding for increased concentrations of  
PVA is promising because there is considerable 
genetic variation for PVA available in maize germ-
plasm. Studies initially conducted by CIMMYT 
revealed that among 1000 tropical maize geno-
types, total PVA varied from 0.24 to 8.80 μg g−1, 
while the proportion of  PVA to total carotenoids 
ranged between 5 and 30% (Ortiz-Monasterio 
et  al., 2007). Furthermore, the HarvestPlus 
project has been conducting extensive work on 
improving PVA levels in elite maize lines, hybrids 
and synthetic populations.

To date in Africa, more than 40 PVA maize 
synthetics, single-cross hybrids and three-way 
hybrids have been released in the Democratic 
Republic of  the Congo (DRC), Ghana, Malawi, 
Mali, Nigeria, Rwanda, Tanzania, Zambia and 
Zimbabwe. The first wave of  varieties released in 
2012/13 contained 6–8 ppm (6–8 μg  g−1) add-
itional PVA (about 50% of  the target increment), 
while the second-wave of  varieties (released in 
2015/16) contained about 10 ppm (10 μg  g−1) 
additional PVA (66% of  the target increment) 
(Pixley et al., 2013). Varieties that fully meet the 
PVA target level are being tested in multi-location 
trials across SSA and are expected to be released by 
2020. All biofortified varieties combine competi-
tive grain yield and consumer-preferred end-use 
quality traits with increased PVA content. Add-
itional crop improvement research is underway to 
develop PVA maize with enhanced carotenoid sta-
bility, to reduce the rate and pace of  carotenoid deg-
radation in storage and end-use (Ortiz et al., 2016).

Maize exhibits considerable natural vari-
ation for kernel carotenoids, with some lines ac-
cumulating as much as 66 μg g−1. The predom-
inant carotenoids in maize kernels, in decreasing 
order of  concentration, are lutein, zeaxanthin, 
β-carotene, β-cryptoxanthin and α-carotene. 
Among lines included in the IITA diverse maize 
panel, PVA levels have reached 23.98 μg  g−1. 
However, most yellow maize grown and con-
sumed throughout the world has only 0.5 to 1.5 
μg  g−1 PVA levels. Generally, yellow/orange 
maize grains possess lower levels of  PVA as com-
pared to non-PVA carotenoids.
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Carotenoids in maize kernels produce col-
ours ranging from light yellow to dark orange, 
and they are concentrated primarily in the vitre-
ous (horny) portion of  the endosperm (Weber, 
1987). Darker orange kernels in maize tend to 
have higher total carotenoid concentrations 
compared to lighter orange and yellow kernels 
(Harjes et al., 2008), but most of  the increased 
total concentration results from non-PVA 
xanthophyll carotenoids (Quackenbush et  al., 
1961; Weber, 1987). Even though considerable 
variation exists for total carotenoid levels in 
maize kernels, Harjes et al. (2008) showed that 
the majority of  yellow kernel maize inbred lines 
from a global collection did not have sufficient 
PVA (average of  1.7 μg g−1 β-carotene) to meet re-
commended dietary allowance levels for adequate 
nutrition (US Institute of  Medicine, 2001).

All yellow genotypes of  maize contain 
 carotenoids, although the fraction of  caroten-
oids with PVA activity (β-cryptoxanthin, α- and 
β-carotene, which can be converted to vitamin A) 
is typically small (e.g. 10–20%) compared with 
zeaxanthin and lutein (each around 30–50% of  
total carotenoids) (Brenna and Berardo, 2004; 
Howe and Tanumihardjo, 2006). β-carotene 
and β-cryptoxanthin are the most abundant 
PVAs in maize, whereas α-carotene is present in 
much smaller amounts. There is considerable 
variation, however, in the ratios of  total PVA to 
total carotenoid concentrations, as well as in the 
ratio of  β-carotene to β-cryptoxanthin. Given the 
considerable natural variation identified to date 
for total PVA concentration (about 0–15 mg g−1 
at HarvestPlus and 0 to almost 9 mg  g−1 at  
CIMMYT), and in view of  the wide range in ra-
tios among carotenoids in maize, we concluded 
that there is considerable scope for breeding 
maize with enhanced PVA concentration and 
improved nutritional value.

Analyses of  genotypes with yellow to dark 
orange kernels have identified large variation in 
the number of  PVA molecules (Egesel et  al., 
2003a) and their carotenoid profiles. At CIM-
MYT, carotenoid profiles of  more than 1000 
tropical maize genotypes have been analysed 
and promising materials have been identified 
with PVA concentrations (~8 mg g−1) and/or ca-
rotenoid profiles that could be used in breeding 
programmes to increase total PVA content in the 
grain. To date, there has been no consistent 
trend in the relationship between geographical 

origin of  maize genotypes and the highest PVA 
concentrations; the best materials include pale- 
yellow temperate, dark-yellow highland tropical 
and intense-orange lowland tropical lines 
(Ortiz-Monasterio et al., 2007). Although a sub-
stantial breeding effort is needed, genetic vari-
ation appears adequate to achieve nutritionally 
significant concentrations of  PVA carotenoids in 
maize grain (Ortiz-Monasterio et al., 2007).

Maize germplasm resources exhibit wide 
genetic diversity (Liu et  al., 2003) with corres-
ponding variation in carotenoid profiles (Harjes 
et al., 2008), features that are useful for inves-
tigating pathway regulation and generating 
breeding populations. The close evolutionary re-
lationship between maize and other food crops 
in the Poaceae family provides an opportunity 
for exploitation of  gene homologues in other grass 
species for improvement of  PVA levels in maize 
through genome synteny. Considerable diversity 
exists in the regulation of  synthesis and catab-
olism of  carotenoids (Auldridge et  al., 2006; 
Vallabhaneni et al., 2010; Arango et al., 2014). 
Studies of  carotenoid content and composition 
in maize grains have identified significant allelic 
variation for key genes, such as lycopene epsilon 
cyclase (LCYE) (Harjes et al., 2008) and β-carotene 
hydroxylase1 (CRTRB1) (Yan et al., 2010), which 
govern critical steps in the pathway, leading to the 
successful use of  marker-assisted selection 
(MAS) in applied breeding programmes (Babu 
et al., 2013).

The carotenoid association mapping (CAM) 
panel consisted of  380 diverse lowland tropical 
(47%), subtropical (47%) and temperate (3%) 
lines assembled by CIMMYT’s HarvestPlus-funded 
maize breeding programme. The panel includes 
ten lines in which a PVA-enhancing allele of  
CRTRB1 has been incorporated through MAS 
(Babu et  al., 2013). Initial screening of  more 
than 1500 maize germplasm accessions revealed 
ranges for PVA from 0–19 ppm (0–19 μg g−1) in 
existing maize varieties, exceeding the PVA tar-
get of  15 ppm (15 μg  g−1) (Ortiz-Monasterio 
et al., 2007; Harjes et al., 2008). These nutrients 
were consistently expressed in the maize inbred 
lines across different growing conditions, and 
further assessment indicated potential to in-
crease the levels of  multiple carotenoids simul-
taneously (Dhliwayo et al., 2014; Suwarno et al., 
2014). The identification of  loci associated with 
PVA carotenoids and the development of  DNA 
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markers have led to accelerated genetic gains in 
breeding for increased PVA content. The most 
important PVA-enhancing alleles identified to 
date are lycopene epsilon cyclase (lcyE) and 
β-carotene hydroxylase 1 (crtRB1) (Yan et  al., 
2010; Suwarno et al., 2014). Validation experi-
ments showed that the latter alone often doubles, 
and sometimes triples, the total concentration of  
PVA carotenoid content in maize grain, mainly 
by increasing the β-carotene content (Babu 
et  al., 2013). The PVA maize breeding pro-
grammes at CIMMYT, IITA and the Zambia 
Agriculture Research Institute (ZARI) began in 
2007. The breeding pipeline includes materials 
from the two lead institutions, CIMMYT (trop-
ical mid-altitude) and IITA (tropical lowlands), 
as well as local germplasm. Both hybrid and 
open-pollinated (synthetic) biofortified varieties 
are being developed.

Laboratory screening methods

Given the large number of  materials to be ana-
lysed and the short turnaround time for doing 
sample analysis of  crops with two or more 
cycles per year, breeding effectively for minerals 
and PVA carotenoids depends on the availabil-
ity of  low-cost and quick high-throughput screen-
ing methods (HTMs) (Pfeiffer and McClafferty, 
2007). Rapid techniques for screening cereals, 
legumes and tubers for minerals and PVA are 
currently being developed, validated and im-
plemented at various Consultative Group for 
International Agricultural Research (CGIAR) 
centres and national research institutes. These 
research efforts include developing protocols 
for conventional analytical methods, given that 
sample preparation, as well as digestion, extrac-
tion and milling procedures need to be standard-
ized, and that the accuracy of  participating 
laboratories must be assessed by external 
quality assurance programmes (Pfeiffer and 
McClafferty, 2007).

The simplest screening approach for carot-
enoid concentration in maize is to visually select 
dark orange or yellow seed. However, the correl-
ation between visually assessed colour and 
PVA content is small. Using a HunterLab minis-
can (CIELab scale for colour assessment), it 
was found that chroma measured on 15% 

hydrated flour was correlated to PVA content 
(r = 0.58, P < 0.05), indicating that the mini-
scan may be effective as a preliminary selection 
tool (Lozano-Alejo et al., 2007). Sensitive, accur-
ate biochemical methods have been used for ca-
rotenoid quantification in grain or processed 
food. High performance liquid chromatography 
(HPLC) methods, with a diode array detector 
useful for carotenoid determinations, have been 
reported (Weber, 1987; Kurilich and Juvik, 
1999; Gama et  al., 2005). When using HPLC, 
difficulties may arise during carotenoid extrac-
tion, given that carotenoids are very sensitive to 
heat, acids, light and/or oxygen; this may lead to 
structural changes and quantification errors. 
Consequently, the extraction procedure can be 
time consuming, with only about 30 samples 
analysed per day. Less complicated than HPLC 
is inductively coupled plasma-optical emission 
spectrophotometry (ICP-OES), an accurate 
methodology for microelement quantification. 
However, the high cost (US$55 per sample in 
the case of  HPLC and U$5.00–7.50 for ICP-
OES) and low throughput of  these techniques 
make them inadequate for use in breeding 
programmes.

Carotenoid analyses were conducted at 
CIMMYT’s maize quality laboratory in Mexico. 
Random samples of  50 seeds were kept frozen 
at −80°C until ground to a fine powder (0.5 
μm), followed by the use of  the CIMMYT la-
boratory protocols for carotenoid analysis that 
included extraction, separation and quantifica-
tion by HPLC for TL10 and TL11 environments 
(Galicia et al., 2008), and by ultra-performance 
liquid chromatography (UPLC) for AF12 (Gal-
icia et al., 2012). The procedure followed in the 
analysis has been described in detail by Babu 
et al. (2013). Briefly, 50 kernels per entry were 
used for the carotenoid analysis via HPLC. Ca-
rotenoids were released from finely ground dried 
maize grain samples by adding ethanol. Samples 
were then saponified, followed by carotenoid 
extraction using hexane. Carotenoid separation 
and quantification were done using HPLC with 
a C30 column attached to a C30 filter insert. 
A multi- wavelength detector set at 450 nm was 
used, and data were collected and processed 
using Waters Millennium 2010 software 
(Waters Chromatography). Lutein, zeaxanthin, 
β-cryptoxanthin, and all-trans-β-carotene were 
identified through their characteristic spectra and 
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comparison of  their retention times with 
known standard solutions. Total PVA content 
(μg g−1) was calculated for each sample as the 
sum of  β-carotene plus one-half  of  β-cryptoxan-
thin. The HarvestPlus project has investigated 
the application of  near infrared reflectance spec-
troscopy (NIRS) for rapid and inexpensive 
semi-quantitative screening of  maize samples 
for PVA (Ortiz-Monasterio et al., 2007).

Discovery efforts to understand key genes 
involved in natural variation for carotenoid con-
tent have used genome-wide association study 
(GWAS) approaches to explore allelic variations 
at loci previously established to be associated 
with the carotenoid pathway in maize or other 
model species (Harjes et al., 2008; Vallabhaneni 
et al., 2009; Yan et al., 2010). With the availabil-
ity of  high-density genotyping platforms, such 
as Illumina’s infinium (MaizeSNP50) and geno-
typing by sequencing (GBS) (Elshire et al., 2011), 
it is now possible to quickly generate millions of  
marker data points that are distributed through-
out the genome. The GWAS based on high dens-
ity, extensive marker coverage increases our 
ability to explain the inheritance of  target traits 
(Gibson, 2010; Stranger et al., 2011).

Genetic variability for provitamin A  
and its components

Genetic variability is fundamental to improve-
ment of  any economic traits, such as caroten-
oids. Yellow maize is the only grain crop that 
naturally accumulates a significant amount of  
carotenoids in its seed (Buckner et  al., 1990). 
There is tremendous variation in concentrations 
of  PVA in yellow maize, resulting in a pronounced 
genetic variability in germplasm collections, 
which can be visualized as cream, butter, yellow 
or orange endosperm. Significant genetic vari-
ations for carotenoid content has been reported 
for temperate maize (Forgey, 1974; Egesel et al., 
2003b; Mishra and Singh, 2010). Blessin et al. 
(1963) reported ranges of  0.9 to 4.1 μg g−1 for 
carotenes and 18.6 to 48.0 μg  g−1 for xantho-
phylls for 39 maize inbred lines. Quackenbush 
et al. (1963) also reported PVA contents ranging 
from a trace to 7.3 μg g−1, and lutein from 2 to 
33 μg g−1 for 125 inbred lines. In another study 
involving a diverse panel of  inbred lines, β-carotene 

level was found to be up to 13.6 μg g−1, whereas 
most of  the yellow maize grown and consumed 
throughout the world has only 0.5 to 1.5 μg g−1 
β-carotene (Harjes et  al., 2008). Mishra and 
Singh (2010) also reported total carotenoid con-
tents to vary from a minimum of  0.027 μg g−1 to 
a maximum of  25.75 μg g−1 dry weight, with an 
overall mean of  18.11 μg g−1 dry weight in a di-
verse panel of  maize inbred lines.

Similarly, among tropical maize germplasm, 
studies have established wide genetic variability 
for PVA. The tropical adapted yellow maize var-
ieties grown in Africa naturally contain some 
levels of  PVA and non-PVA carotenoids (xan-
thophylls), with potential health benefits to 
humans, more importantly, for eye health (Mu-
zhingi et al., 2008). Though the adapted yellow 
maize contains an appreciable amount (2 μg g−1) 
of  PVA, it is still considered insufficient and 
therefore, it cannot meet a significant propor-
tion of  daily human requirements (FAO, 1994).

Muthusamy et al. (2015) in a multi-location 
study involving 105 maize inbreds of  indigen-
ous and exotic origin revealed wide genetic vari-
ation for lutein (0.2–11.3 μg  g−1), zeaxanthin 
(0.2–20.0 μg g−1) and β-carotene (0.0–15.0 μg g−1). 
For β-cryptoxanthin, variation observed was low 
(0.1–3.3 μg  g−1). Carotenoids were quite stable 
across environments that played a minor role in 
causing variation. Islam (2004) reported wide 
variation in carotenoid profiles in maize, even 
among inbred lines with similar estimated 
dietary PVA activity (expressed as vitamin A or 
retinol activity) in addition to variation for PVA 
concentrations per se. Similarly, the PVA fraction 
of  total carotenoids varies widely (5–30%) among 
CIMMYT inbred lines evaluated to date (N. Pala-
cios-Rojas, unpublished results). This suggests 
that a breeding approach in which inbred lines 
are chosen as parents for hybrids based on com-
plementary PVA profiles may be successful.

Based on findings from temperate maize ger-
mplasm, the dominant carotenoids in maize ker-
nels, in decreasing order of  concentration, are: 
lutein, zeaxanthin, β-carotene, β-cryptoxanthin 
and α-carotene. Similarly, in tropically adapted 
maize inbred lines developed during the pre- 
breeding activities of  IITA in an effort to biofortify 
maize, the yellow-endosperm maize genotypes  
exhibited significant differences for all the traits 
measured. Seventy per cent of  the total variation  
observed was attributable to β-carotene (Menkir and 



282 B. Badu-Apraku et al.

Maziya-Dixon, 2004). The mean β-carotene con-
tent averaged across six environments varied 
from 0.45 to 2.18 μg g−1. Multiple stress-tolerant 
extra-early maize inbreds with PVA levels higher 
than the target of  15 μg  g−1 established by the 
Harvest-Plus Programme have been identified at 
IITA, e.g. TZEEIOR 202 (23.98 μg g−1) and TZEE-
IOR 205 (22.58 μg  g−1). Furthermore, an early- 
maturing inbred line, TZEIORQ 55 (15.1 μg g−1), 
has been identified. The extra-early and early PVA 
inbreds are invaluable sources of  high PVA for de-
veloping high PVA hybrids and introgression of  
PVA alleles into tropical breeding populations. 
Marker-assisted recurrent selection is being 
adopted to accumulate favourable PVA alleles in 
tropical maize breeding populations and elite in-
bred lines in the IITA maize improvement pro-
gramme.

Mode of inheritance and  
heritability estimates

Progress in breeding maize for increased carot-
enoid content could be rapid, as suggested by the 
high heritability estimates (Wong et  al., 1998) 
and the preponderance of  additive genetic vari-
ance for carotenoid content in maize (Brunson 
and Quackenbush, 1962; Grogan et  al., 1963; 
Egesel et al., 2003a). Egesel et al. (2003a), for ex-
ample, reported that general combining ability 
(GCA) effects, or additive gene action, accounted 
for 72–87% of  the variation for β-carotene, 
β-cryptoxanthin and total carotenoids in a dial-
lel study involving ten maize lines. Non-additive 
gene action was important, however, for PVA 
concentrations in some crosses (Egesel et  al., 
2003a) and suggested the possibility of  exploit-
ing heterosis in breeding for these nutrients. A 
study by Brunson and Quackenbush (1962) 
demonstrated clearly that the PVA content of  all 
single-cross hybrids among high PVA inbred 
lines was, on average, 4.4 times more than that 
of  all single-cross hybrids among lines with low 
PVA content. Medium to high (0.55–0.90) her-
itability and a preponderance of  additive over 
non-additive effects determined PVA concentra-
tions in maize (Egesel et al., 2003a; Menkir et al., 
2014; Suwarno et  al., 2014) which suggested 
that recurrent selection for PVA content should be 
effective (Hallauer and Miranda, 1988; Coors, 

1999). However, while recurrent selection gen-
erally has proven effective for modifying quanti-
tative traits in maize, correlated effects are less 
predictable (Dhliwayo et al., 2014). Muthusamy 
et  al. (2015) reported high heritability (>90%) 
and genetic advance (>75%) for all the caroten-
oid components. They also reported that zeax-
anthin showed a positive correlation with lutein 
and β-cryptoxanthin, while β-carotene, the major 
PVA carotenoid, did not show a high correlation 
with other carotenoids. Kernel colour was posi-
tively correlated with lutein (r=0.25), zeaxanthin 
(r=0.47) and β-cryptoxanthin (r=0.44), but not 
with β-carotene (r=0.04). This suggested that 
visual selection based on kernel colour will be 
misleading in selecting PVA-rich genotypes.

Similar to the findings of  Egesel et al. (2003a) 
in a ten-parent diallel, results obtained from a 
IITA North Carolina Design II (NCD II) study of  
PVA-QPM inbred lines indicated that the GCA  
effects were greater than specific combining  
ability (SCA) effects for all the carotenoids (Obeng- 
Bio, 2019). The GCA sum of  squares ranged 
from 73% of  the genotype sum of  squares for 
total carotenoids to 90% for β-carotene, whereas 
SCA ranged from 10% for β-carotene to 27% for 
total carotenoids. The GCA effects accounted for 
87% for PVA, whereas the three PVA carotenoid 
components, β-cryptoxanthin, α-carotene and 
β-carotene, accounted for GCA effects of  83, 81 
and 90%, respectively. It was striking that the 
GCA-female effects for PVA and β-carotene were 
relatively larger than the GCA-male effects, 
whereas the GCA-male effects for β-cryptoxanthin 
and α-carotene were greater than the GCA- 
female effects. Halilu (2016), in a half- diallel 
study, reported significant genotypic differences 
for lutein and zeaxanthin. In addition, the GCA 
and SCA variances were significant for lutein 
and zeaxanthin. The ratio of  GCA:SCA of  less 
than unity (<1) was reported for all PVA active 
carotenoids, with the exception of  βCX. These 
indicated preponderance of  non-additive gene 
action for the measured traits, whereas  lutein, 
zeaxanthin and βCX had ratios equal to or 
greater than one, indicating a preponderance 
of  additive effects over dominance effects. Nar-
row-sense heritability estimates across envir-
onments ranged from 0.00% for αC to 49.20% 
for lutein. Chander et  al. (2008) reported 
heritability estimates for nutritional traits in 
maize to be medium (65.6% for protein) to high 
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(92.5% for R and γ tocopherol ratio). Similar re-
sults reported earlier were within this range 
(Wong et  al., 2004). Chander et  al. (2008) ob-
tained high heritability estimates for carotenoids 
(84–96%), whereas Wong et al. (2004) reported 
medium to high levels of  heritability for frac-
tions of  carotenoids (48–87%).

Information on patterns of  inheritance of  a 
trait assists in the choice of  the most appropriate 
method for improving a crop for that trait. Thus, 
heritability estimates are useful in predicting 
gain from selection and comparing the gain from 
selection under different experimental designs 
for devising optimal breeding strategies (Hallau-
er and Carena, 2009). Inheritance of  carotenoid 
content has been a topical issue in maize (Ford, 
2000). In general, carotenoid content is herit-
able and thus can be improved through plant 
breeding. The effect of  maternal contribution to 
maize endosperm carotenoid was reported by 
Egesel et  al. (2003b) to be supposedly attribut-
able to the diploid contribution of  the mother 
plant to the endosperm, which is triploid. The ef-
fect of  environment on carotenoids was also 
found to be small (Egesel et  al., 2003a; Menkir 
and Maziya-Dixon, 2004; Menkir et al., 2008), 
indicating the possibility of  developing maize 
hybrids with consistently high levels of  PVA. The 
genetic advance as per cent of  mean (GAM) for 
nutritional traits of  maize kernels ranged from 
6.1% for starch to 22.5% for β-carotene (Chander 
et  al., 2008). The higher GAM for carotenoids 
and tocopherols suggested the possibility of  
greater scope of  improvements for these nutri-
tionally important compounds. Since heritabil-
ity estimates must refer to a defined population 
of  genotypes and specified population of  envir-
onments (Nyquist and Baker, 1991), there is a 
need to study the heritability of  the different 
carotenoids of  maize breeding populations 
developed by IITA for PVA biofortification activ-
ities. This is expected to provide a guide for effect-
ive selection and population development.

In a quantitative trait loci (QTL) study, her-
itability of  carotenoid on a line-mean basis across 
all Nested Associated Mapping (NAM) families 
(ĥ

1
2) corresponded to the maximum level of  

phenotypic variability among lines from the ten 
NAM families, which could be attributed to the 
combined effects of  QTL (Hung and Holland, 2012). 
Kernel colour had a moderately high line-mean 
basis heritability(ĥ1

2 = 0.78 ± 0.05) across  

2 years at a single location, indicating that 
enough statistical power and precision existed 
for QTL mapping and effect estimation. The esti-
mated heritability of  kernel colour on an indi-
vidual plot basis (h2 = 0.69 ± 0.06), where plot 
(one-row) was an unreplicated experimental 
unit that consisted of  a single line, was only 
slightly lower than ˆ2 l h. Estimated ˆ2 lwp h 
ranged from 0.44 for B73 × B97 to 0.81 for B73 × 
Ki3 and B73 × NC350, with the mean of  all 
families = 0.64. Heritability for the combined 
ten NAM families and repeated parental check 
lines (ˆ2 C h = 0.87) was 23% higher than the 
average of  individuals within-family heritabili-
ties, which represents genetic variation attribut-
able to the diverse parents (Chandler et al., 2013). 
Repeatability estimate for β-cryptoxanthin (0.89) 
was higher than that for β-carotene (0.56), 
reflecting the fact that the environmental in-
fluence was larger on the latter trait. The high 
parent heterosis (HPH) for PVA concentration 
ranged from −0.36 to 1.00, and the average 
HPH did not differ (P = 0.05) for matings among 
putative heterotic groups (average HPH = 0.16) 
and matings of  lines within putative heterotic 
groups (average HPH = 0.06).

Genotype-by-environment interactions  
for carotenoid concentrations

Genotype-by-environment interaction (GEI) ef-
fects can influence the inheritance of  caroten-
oids and their associated QTL. It is therefore 
expected that effects of  genomic regions linked 
to carotenoid concentration should be estimated 
for each environment (Zhang et al., 2008). Stud-
ies involving many yellow maize tropical inbred 
lines sampled from four trials conducted in one 
location and a fifth trial executed in two loca-
tions revealed that carotenoid concentrations of  
lutein, zeaxanthin, β-carotene, β-cryptoxanthin, 
α-carotene and total PVA contents were not 
strongly affected by the differences in replica-
tions or locations or GEI (Menkir et  al., 2008). 
There was, however, significant genetic-by- 
location interaction for lutein and PVA content, 
which was attributed to the magnitude of  vari-
ation among lines within each location.

In another study, Menkir and Maziya- 
Dixon (2004) obtained no significant GEI for 
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β-carotene, among 17 genotypes evaluated in 
three locations and 2 years. Although Egesel 
et al. (2003a) found that GCA × year interaction 
for β-carotene was statistically significant, it was 
of  little practical importance (0.75% of  the total 
variation). Suwarno et al. (2014) reported that 
the correlation coefficients among environments 
were highly significant, indicating a minor role 
of  GEI in the expression of  most of  the carot-
enoid component traits. Halilu (2016) also 
reported that crosses-by-location interaction ef-
fects were not significant for PVA components. 
However, both GCA-by-location and SCA-by- 
location interaction effects were significant for 
zeaxanthin; only SCA-by-location interaction 
effects were significant for lutein. Based on these 
reports, along with the conclusions by Pfeiffer 
and McClafferty (2007) and our own findings, it 
may be concluded that PVA expression is more 
influenced by genotype and environment than 
by GEI effects.

A few studies relating kernel colour to PVA 
and/or β-carotene have been conducted. In the 
study involving early maturing PVA materials 
developed at IITA, there was a weak but statis-
tically significant positive correlation between 
kernel colour and PVA, and also β-carotene, sug-
gesting that to some extent, the degree of  the 
orange colour of  kernels could be a quick, 
though not necessarily the most reliable, strat-
egy to identify inbred lines with high PVA levels. 
This observation contradicts the findings of  Az-
mach et  al. (2013), who found no significant 
correlations between kernel colour and PVA as 
well as β-carotene contents in the set of  inter-
mediate and late-maturing inbred lines studied. 
The result of  the correlation between kernel col-
our and PVA levels in the two groups of  studies 
suggested that chemical analysis would be the 
most reliable approach to monitor and improve 
the levels of  the carotenoids, particularly during 
the early breeding stages.

Population improvement and  
development of open-pollinated varieties

In 2017, the early and extra-early sub-unit of  
the IITA Maize programme initiated a study 
geared towards the development of  early (90–95 
days to maturity) and extra-early (80–85 days to 

maturity) stress-tolerant (drought, low-N-toler-
ant and Striga-resistant), along with high PVA, 
varieties for West and Central Africa (WCA). 
Towards achieving this objective, crosses were 
made between four Striga-resistant yellow/or-
ange varieties and two sources of  high PVA 
inbred lines to produce eight top-cross hybrids. 
The varieties were 2004 TZE E-Y STR C

4, TZEE-Y 
STR QPM, 2004 TZE-Y Pop DT STR C4 and TZE-Y 
Pop DT STR QPM, while the inbred lines were 
Syn –Y-STR-34-1-1-1-1-2-1-B-B-B-B-B/NC354/ 
SYN-Y-STR-34-1-1-1 (OR1) and KU1409/DES/ 
1409 (OR2) obtained from the IITA Maize 
Improvement Programme. The objective was to 
introgress genes for high β-carotene into each 
of  the four varieties. Subsequently, the top-cross 
hybrids were each backcrossed to the respective 
populations to recover earliness, which resulted 
in BC

1F1 progenies. The kernels of  the BC1F1 of  
each material with deep orange colour and/or 
appropriate endosperm modification under the 
light box in the case of  the QPM materials 
were selected and self-pollinated for two cycles 
for advancement to the BC1F3 stage. Further-
more, BC1F3 lines with the deep orange colour 
were selected and recombined to form the 
extra-early PVA varieties, 2009 TZEE-OR1 STR, 
2009 TZEE-OR2 STR, 2009 TZEE-OR1 STR 
QPM and 2009 TZEE-OR2 STR QPM; and the 
early PVA varieties, 2009 TZE-OR1 STR, 2009 
TZE-OR2 STR, 2009 TZE-OR1 STR QPM and 
2009 TZE-OR2 STR QPM. Because of  fund limi-
tations, the PVA varieties have not been 
screened to determine the levels of  β-carotene. 
However, the varieties have been evaluated in 
the regional uniform variety trial (RUVT) under 
multiple contrasting environments since 2010 
and several of  them have shown outstanding 
performance. For example, the extra- early var-
ieties 2009 TZEE-OR1 STR and 2009 TZEE-OR2 
STR QPM, respectively, out-yielded the extra- 
early OPV check 2000 SYN EE-W STR by 24 
and 9% in the RUVTs conducted across seven 
environments in WCA in 2015 (Table 17.1). 
Similarly, two early varieties, 2009 TZE-OR1 DT 
STR and 2009 TZE-OR1 DT STR QPM, respect-
ively, out-yielded the commercial early OPV 
check, TZE Comp 3 DT C

2 F2 by 12 and 11%, 
across eight contrasting environments in WCA, 
while 2009 TZE-Y Pop DT STR and 2009 TZE-
OR2 DT STR yielded as much as the early OPV 
check (Table 17.2).
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Table 17.1. Grain yield and other agronomic characters of provitamin A extra-early maturing varieties at seven locationsa in West and Central Africa.

Variety
Grain yield 
(kg ha−1)

Days to 
anthesis

Days to 
silk

Anthesis 
silking 
interval

Plant 
height 
(cm)

Ear 
height 
(cm)

Root 
lodging 

(%)

Stalk 
lodging 

(%)
Husk 
cover

Plant 
aspect

Ear 
aspect Ear rot Ears/plant

2009 TZEE-OR1 STR 4119 53 55  2 166 79  4  5  3  3  4 3 1.1
TZEE-W POP DT C1 STR C5 3999 51 53  2 165 78  4  5  3  3  4 3 0.9
TZEE-W STR 104 BC2 3984 52 54  2 155 77  2  4  3  3  4 3 1.0
2009 TZEE-OR2 STR QPM 3627 53 55  2 160 77  4  5  3  4  5 4 0.9
TZEE-W STR 107 BC2 3596 54 56  2 163 73  4  6  2  3  4 2 1.0
2008 TZEE-Y STR 3380 52 54  2 162 77  4  7  3  4  4 4 0.9
2000 SYN EE-W STR (RE) 3328 51 54  3 163 74  3  7  3  4  5 5 0.9
2009 TZEE-OR1 STR QPM 2501 53 55  3 168 72  7 11  3  5  5 5 1.0
2009 TZEE-OR2 STR b b b b b b b b b b b b b

GRAND MEAN 3432 53 55  2 163 77  5  7  3  4  4 3 1.0
LSD (α = 0.05)  299  1  1  0  11  5  2  3  1  0  0  1 0.1
CV (%)   16  2  2 37  13 12 34 30 44 18 13 65 24
Variety c c c c nsd c c c ns c c c ns
Environment c c c c c c c c c c c c c

Variety × Environment c c c c ns c c c ns c c c c

aThe locations were Ikenne, Bagauda, Mokwa, Zaria, Angaradebou, Bagou, Ina.
bMissing data.
cSignificant at the 1% probability level.
dns = non-significant.
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Table 17.2. Means of grain yield (kg/ha) and other agronomic characters of provitamin A early varieties evaluated in 2015 Regional Uniform Variety Trial (RUVT) 
Early at eight locationsa in West and Central Africa.

Variety
Grain yield 

(kg/ha)
Days to 
anthesis

Days to 
silk

Anthesis 
silking 
interval

Plant 
height 
(cm)

Ear 
height 
(cm)

Root 
lodging 

(%)

Stalk 
lodging 

(%)
Husk 
cover

Plant 
aspect

Ear 
aspect Ear rot Ears/plant

TZE-W Pop DT C5 STR C5 4556 51 53 2 181 88 2 6 2 3 4 2 1.0
2012 TZE-Y Pop DT C4 STR C5 4459 52 54 2 178 119 3 6 3 3 4 3 1.0
2009 TZE-OR2 DT STR QPM 4021 51 54 2 181 85 3 4 3 3 4 2 1.0
2012 TZE-W Pop DT C4 STR C5 3807 52 54 2 177 86 4 5 3 3 4 3 0.9
2009 TZE-OR1 DT STR 3784 53 55 2 182 86 4 4 3 3 4 2 1.0
2009 TZE-OR1 DT STR QPM 3735 52 54 2 173 85 3 4 3 3 4 2 0.9
2009 TZE-Y Pop DT STR 3666 52 54 2 179 84 3 4 2 4 4 3 0.9
2009 TZE-OR2 DT STR 3659 52 54 2 180 88 4 7 2 3 4 3 1.0
TZE Comp 3 DT C2 F2 (RE) 3370 52 54 2 170 79 5 4 2 4 4 2 0.9
GRAND MEAN 3874 52 54 2 176 86 3 4 3 3 4 2 0.9
LSD (α = 0.05) 302 1 1 0 6 16 2 2 0 0 0 1 0.0
CV (%) 15 2 3 40 7 36 33 32 26 19 14 68 10
Variety c c c ns c c b c ns c c b c

Environment c c c c c c c c c c c c c

Variety × Environment c c b ns ns b c ns ns ns ns c ns

aAngaradebou, Bagou, Bagauda, Ina, Ikenne, Mokwa, Sekou, Zaria.
b, cSignificant at the 5% and 1% probability level, respectively.
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Furthermore, a programme was initiated in 
2011 to extract new generation of  extra-early 
and early maize inbreds from the high PVA nor-
mal endosperm varieties, 2009 TZEE-OR1 STR 
and 2009 TZE-OR1 STR, and the high PVA-QPM 
varieties, 2009 TZEE-OR2 STR QPM and 2009 
TZE - OR2 DT STR QPM. Following the develop-
ment of  the PVA inbred lines, genetic studies 
were conducted to determine the combining 
ability of  the lines and to identify inbred testers. 
Several outstanding inbred lines were identified 
and crossed among themselves to develop bipa-
rental crosses, from which inbred lines have 
been developed through pedigree selection. Add-
itionally, the inbred testers were crossed to the 
OPVs to develop top-cross hybrids. The top- 
crosses were outstanding, yielding as highly as 
the commercial hybrid check, TZEI 124 × TZEI 
25 (Table 17.3).

Moreover, a total of  34 PVA extra-early 
maize hybrids comprising normal endosperm 
yellow and orange grain colour types, and one 
commercial hybrid check were evaluated in 
the IITA Regional Trials under Striga-infested, 
low-N and optimal environments in 2018 
(Table 17.4). Grain yield ranged from 1857 kg ha−1 
for 2009 TZEE-OR1 STR × TZEEI 82 to 3554 kg ha−1 
for TZEEIOR 197 × TZEEIOR 205 across stress 
environments, and varied from 3522 kg ha−1 for 
the commercial hybrid check, TZEE-Y Pop STR 
C5 × TZEEI 58 to 5655 kg ha−1 for TZEEIOR 
197 × TZEEIOR 205 across non-stress environ-
ments. Of  interest was the performance of  top-
cross hybrids involving two extra-early PVA 
varieties (2009 TZEE-OR1 STR and 2009 TZEE-
OR2 STR) and other inbred lines. Three top-
cross hybrids, 2009 TZEE-OR1 STR × TZdEEI 7, 
2009 TZEE-OR1 STR × TZEEI 67 and 2009 
TZEE-OR1 STR × TZdEEI 12, ranked among the 
top five hybrids in grain yield across stress en-
vironments, out-yielding the commercial PVA 
hybrid check, TZEE-Y Pop STR C5 × TZEEI 58 by 
31, 28 and 28%, respectively. However, the top-
cross hybrids involving the PVA variety 2009 
TZEE-OR2 STR yielded as high as the commer-
cial hybrid check; none of  the top-cross hy-
brids out- performed the commercial hybrid 
check across stress environments. The out-
standing hybrids will be further tested for con-
sistency of  performance and commercialized to 
contribute to food and nutrition security in the 
subregion.

Molecular Approaches to Provitamin A  
Enhancement in Maize

Maize kernel colour and MAS have been em-
ployed in breeding PVA-rich maize. The discov-
ery of  increased nutrition in yellow maize grain 
led to selection of  pigmented grain as a desirable 
quality trait (Sagare et  al., 2015a). It has been 
reported that high levels of  total carotenoids and 
slightly higher PVA content could be achieved 
when visual score for kernel colour was used in 
breeding for PVA-rich maize (Chandler et  al., 
2013; Menkir et al., 2017; Venado et al., 2017). 
However, in breeding for increased levels of  PVA 
and total carotenoids in maize kernels, Safawo 
et  al. (2010) advocated other more efficient 
means of  quantifying β-carotene in maize grains 
instead of  kernel colour, e.g. expensive HPLC. 
Muthusamy et  al. (2015) argued that visual 
selection based on kernel colour would be in-
appropriate for selecting PVA-rich genotypes, 
although improvement in the levels of  non-PVA 
carotenoids was possible using kernel colour. 
They concluded that molecular breeding would 
be more appropriate for improving the levels of  
carotenoids in maize. Lycopene epsilon cyclase 
(LycE), beta-carotene hydroxylase 1 (crtRB 1) 
and phytoene synthase (PSY) are functional 
DNA markers that play an important role in the 
accumulation of  PVA in maize (Harjes et  al., 
2008; Yan et al., 2010; Fu et al., 2013; Sagare 
et  al., 2015a,b), and β-carotene hydroxylase 1 
(crtRB 1 3'TE) has been identified as a favourable 
allele for effecting a two- to ten-fold increase in 
kernel β-carotene concentration in maize (Babu 
et al., 2013; Sagare et al., 2015b). Recently, DNA 
markers, such as lycopene beta cyclase (lcyB) 
and Zep-SNP (801), have been reported to con-
tribute to accumulation of  PVA levels in maize 
kernels (Venado et al., 2017; Gebremeskel et al., 
2018) and could be employed when breeding for 
improved levels of  PVA in maize kernels.

Information on the genetic diversity and re-
lationship of  inbred lines is useful for choosing 
parents and predicting heterosis (Konstantinov 
and Mladenovic-́Drinic,́ 2007). The use of  the 
conventional methods of  maize breeding to ob-
tain information on genetic diversity implies the 
generation of  a large number of  crosses among 
lines and their evaluation in field trials. These 
extensive field studies are expensive and time 
consuming. However, assigning inbred lines to 



Table 17.3. Grain yield and other agronomic traits of early multiple stress tolerant provitamin A hybrids evaluated under across 8 stress and 12 non-stress environments in 
Nigeria during the 2017 and 2018 growing and dry seasons.

Entry Variety

Grain yield, 
(kg ha−1)

Days to 
anthesis Days to silk

Anthesis 
silking 
interval

Plant height 
(cm)

Ear height 
(cm) Husk cover Plant aspect Ear aspect Ears/plant Stay  

green xtics  
(10 WAP)

Striga 
damage 

(10 WAP)

Emerged 
Striga 
plants  

(10 WAP)STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR

1 TZEIOR 58  
× TZEIOR 
108

3682 5399 54 52 55 53 1 0 155 178 71 82 4 3 5 4 4 3 0.9 1.0 3 5 25

4 TZEIOR 57  
× TZEIOR 
127

3442 5484 53 52 54 53 1 1 161 178 68 77 4 3 5 4 4 3 0.8 0.9 3 4 43

5 TZEI 124  
× TZEI 25 
(RE)

3176 5765 54 53 56 54 2 1 152 176 66 78 4 4 5 4 4 4 0.8 0.9 3 5 15

3 TZEIOR 108  
× 2009  
TZE OR2 
DT STR

3131 5065 55 53 57 54 2 1 165 184 80 91 4 3 5 4 5 4 0.8 0.9 3 5 19

2 TZEIOR 108  
× 2009  
TZE OR1 
DT STR

3056 5369 54 54 56 54 2 1 166 182 81 87 4 3 5 4 5 4 0.8 0.9 3 4 27

GRAND MEAN 3297 5416  54 53 56 54 2 1 160 180 73 83 4 3 5 4 4 4 0.8 0.9 3 4 26
LSD (α = 0.05) 545 382 1 0 1 1 1 0 8 5 6 4 0 0 0 0 0 0 0.1 0.1 0 1 14
CV (%) 29 15 3 2 3 2 69 81 9 6 13 11 20 18 15 14 18 21 15 13 19 16 19
P for Genotype nsa b c c c c ns b c b c c b c ns ns b c c ns ns ns c

P for Env c c c c c c c c c c c c c c c c c c c c c c c

P for Genotype  
× Env

ns c ns c ns c ns ns ns ns ns ns b c ns c ns b ns ns ns ns ns

ans = non-significant.
b, cSignificant at the 5% and 1% probability level, respectively.



Table 17.4. Grain yield and other agronomic traits of extra-early yellow and orange multiple stress tolerant maize hybrids evaluated across stress (Striga-infested and low-N) 
and non-stress environments in Nigeria, 2018.

Entry Variety

Grain yield, 
(kg ha−1) Days to silk

Anthesis 
silking 
interval

Plant height 
(cm) Husk cover Plant aspect Ear aspect Ears/plant Stay  

green xtics  
(10 WAPb)

Striga 
damage 
(10 WAP)

Emerged 
Striga plants 

(10 WAP)STRa NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR

29 TZEEIOR 197 × 
TZEEIOR 205

3554 5655 56 54 3 2 169 188 3 4 4 4 4 4 0.9 0.9 3 5 56

30 2009 TZEE-
OR1 STR × 
TZdEEI 7

2781 4923 54 52 3 1 161 175 4 4 4 5 5 4 0.8 0.9 3 6 106

10 TZEEIOR 11 × 
TZdEEI 12

2779 4629 53 52 1 0 151 173 4 4 4 4 4 5 0.8 0.9 4 5 61

13 2009 TZEE-
OR1 STR × 
TZEEI 67

2723 4467 54 54 1 1 165 180 4 4 4 5 4 4 0.8 0.9 3 5 98

15 2009 TZEE-
OR1 STR × 
TZdEEI 12

2718 4781 54 52 2 1 158 179 4 4 5 4 5 4 0.9 0.9 3 5 65

12 TZEEIOR 125 × 
TZdEEI 7

2632 5302 55 53 1 1 142 177 4 4 4 4 5 4 0.8 1.0 3 5 98

9 TZEEI 81 × 
TZdEEI 12

2627 4848 53 52 2 2 149 173 4 4 5 5 5 4 0.8 0.9 3 5 67

11 TZEEIOR 30 × 
TZEEI 79

2566 4558 53 52 1 1 163 175 4 4 4 5 4 4 0.9 1.0 3 5 59

3 (TZEEI 95 × 
TZEEI 79) × 
TZEEI 81

2530 4771 52 51 2 1 151 172 4 4 5 5 4 4 0.9 0.9 3 5 49

32 2009 TZEE-
OR2 STR × 
TZdEEI 7

2509 5350 53 53 2 1 148 172 4 4 4 4 5 4 0.8 0.9 3 6 91

6 TZEEI 65 × 
TZdEEI 7

2506 4459 52 51 2 1 142 174 4 4 4 5 5 4 0.9 0.9 3 6 79

18 (TZdEEI 7 × 
TZdEEI 12) × 
TZEEI 81

2484 5158 54 52 3 1 150 178 4 4 4 5 4 4 0.7 0.9 3 5 65

Continued



Entry Variety

Grain yield, 
(kg ha−1) Days to silk

Anthesis 
silking 
interval

Plant height 
(cm) Husk cover Plant aspect Ear aspect Ears/plant Stay  

green xtics  
(10 WAPb)

Striga 
damage 
(10 WAP)

Emerged 
Striga plants 

(10 WAP)STRa NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR STR NSTR

26 TZEEI 81 × 
TZdEEI 7

2452 4882 53 51 2 1 155 176 4 4 5 5 4 4 0.8 0.9 3 5 74

1 TZdEEI 7 × 
TZEEI 58

2440 4533 52 51 1 1 149 183 4 4 5 5 5 4 0.7 0.9 3 5 84

22 TZEE-Y Pop 
STR 106 × 
TZEEI 79

2413 4124 54 52 2 1 172 187 4 4 5 5 5 4 0.8 0.9 4 5 49

5 TZEEI 87 × 
TZdEEI 7

2407 5295 53 51 2 1 148 177 3 3 4 4 4 4 0.9 1.0 2 5 74

8 TZdEEI 1 × 
TZdEEI 12

2406 4135 54 52 2 1 158 181 4 4 4 5 5 5 0.8 1.0 4 5 33

25 TZEEI 66 × 
TZdEEI 12

2395 4127 54 52 2 1 167 179 4 4 5 5 5 5 0.8 0.9 3 5 51

27 TZEEIOR 30 × 
TZEEIOR 142

2393 5205 56 55 2 2 161 189 4 4 5 4 5 4 0.9 0.9 3 5 48

14 TZEE-Y Pop 
STR BC2 × 
TZdEEI 7

2380 4659 52 52 1 1 157 172 4 4 5 5 5 4 0.8 0.9 3 5 78

33 2009 TZEE-
OR2 STR × 
TZEEI 58

2376 4251 53 52 1 1 173 187 4 4 4 4 4 5 0.7 0.8 3 6 57

21 (TZdEEI 12 × 
TZdEEI 13) × 
TZEEI 81

2322 4775 54 53 2 1 162 173 4 4 5 5 5 4 0.8 0.9 4 6 83

7 TZEEI 89 × 
TZdEEI 12

2295 3773 52 50 2 1 150 163 4 4 5 5 5 5 0.9 0.9 3 6 37

23 TZEE-Y Pop 
STR 106 × 
TZEEI 63

2278 3847 53 51 1 1 148 172 4 4 4 5 5 5 0.7 0.9 3 6 76

24 (TZdEEI 7 × 
TZdEEI 12) × 
TZEEI 63

2231 3812 52 51 1 1 155 169 4 4 5 5 5 5 0.8 0.9 3 6 53

Table 17.4. Continued.



17 TZEE-Y POP 
STR 106 × 
TZEEI 82

2200 4409 53 50 1 0 167 178 4 4 5 5 5 4 0.8 1.0 3 5 79

4 TZEEI 59 × 
TZdEEI 7

2157 4200 53 52 2 1 144 164 4 4 5 5 5 5 0.8 0.9 3 6 55

34 TZEE-Y Pop 
STR C5 × 
TZEEI 58 
(RE)

2122 3522 53 52 2 1 167 183 4 4 5 5 5 5 0.7 0.8 4 6 61

19 (TZdEEI 7 × 
TZdEEI 12) × 
TZEEI 58

2119 4299 52 50 2 1 163 180 4 4 4 5 5 5 0.8 0.9 4 5 55

16 TZEE-Y POP 
STR 106 × 
TZEEI 81

2073 4546 55 53 3 1 156 181 4 4 5 5 5 4 0.7 0.9 3 6 42

20 (TZdEEI 7 × 
TZdEEI 12) × 
TZdEEI 9

2022 4486 53 52 1 1 145 175 4 4 4 4 5 5 0.8 0.9 3 5 90

35 Local Check 1996 3723 54 52 2 1 164 179 4 4 5 5 5 5 0.8 0.9 3 6 88
2 TZdEEI 12 × 

TZdEEI 58
1992 3791 52 50 1 0 143 166 4 4 5 5 5 5 0.9 0.9 4 5 52

28 TZEEIOR 41 × 
TZEEIOR 97

1866 4371 56 54 3 2 155 184 5 4 6 5 6 4 0.6 0.8 4 5 63

31 2009 TZEE-
OR1 STR × 
TZEEI 82

1857 4648 53 53 1 1 157 184 4 5 5 5 5 4 0.7 0.9 3 6 93

GRAND MEAN 2389 4523 53 52 2 1 156 177 4 4 5 5 5 4 0.8 1 3 5 68
LSD (α = 0.05)  473  452  1  1 1 1 15 10 0 0 1 0 1 0 0.1 0.1 1 1 32
CV (%)   21   15  3  3 72 103 10 9 13 15 12 10 14 16 14 12 16 13 29
P for Genotype c c c c c c c c c c c c c c c c c ns d

P for Env c c c c c c c c c c c c c c c c c

P for Genotype × Env c c nse d ns c ns ns ns c ns c ns c ns ns c

aSTR = Stress; NSTR = non-stress.
bWAP = weeks after planting.
c, dSignificant at the 1% and 5% probability level, respectively.
ens = non-significant.
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heterotic groups based on molecular markers 
allows the use of  more lines and accelerates  
the hybrid breeding process (Sserumaga et  al., 
2014).

Various types of  molecular markers, includ-
ing restriction fragment-length polymorphisms 
(RFLPs), amplified fragment-length polymor-
phisms (AFLPs), simple sequence repeats (SSRs) 
and single nucleotide polymorphisms (SNPs) 
can be used to determine the genetic diversity in 
a set of  inbred lines. The SNP DNA markers have 
emerged as a powerful tool and are widely used 
because of  the low cost per data point, greater 
abundance, greater stability and lower mutation 
rate (Semagn et al., 2012, 2014). Progress has 
been made in marker technologies, from assays 
that measure the size of  the DNA fragment to 
hybridization-based assays with high multiplex-
ing levels. Diversity Array Technology (DArT) 
markers, developed relatively recently, have 
overcome the difficulties encountered with gel-
based markers (Sansaloni et al., 2010) by utiliz-
ing hybridization-based methods (Cruz et  al., 
2013). The DArT markers have advantages over 
other marker systems by offering an inexpensive 
and high-throughput genotyping technique and 
wider genome coverage (Sansaloni et al., 2010; 
Sanchez-Sevilla et  al., 2015). In addition, they 
allow rapid germplasm characterization; it is in-
dependent of  sequencing data and can detect 
single-base changes (point mutations) and small 
insertions and deletions (Cruz et  al., 2013; 
Sanchez-Sevilla et al., 2015). Information on the 
genetic diversity and distance among breeding 
lines and the correlation between genetic dis-
tance and hybrid performance is crucial for de-
termining breeding strategies, classifying paren-
tal lines into heterotic groups, defining heterotic 
patterns and predicting future hybrid perform-
ance (Acquaah, 2012). Assigning lines to heter-
otic groups prevents the development and evalu-
ation of  crosses that should be discarded, 
allowing maximum heterosis to be exploited by 
crossing inbred lines belonging to different het-
erotic groups. Several studies have indicated 
that crosses among inbred lines derived from un-
related heterotic groups have better grain yield 
performance than those crosses derived from 
lines belonging to the same group (Moll et  al., 
1965; Melchinger, 1999; Badu-Apraku et  al., 
2016a). The development of  successful maize 
hybrids, therefore, requires identification of  

heterotic groups. The use of  DArTseq markers 
has been found to be more efficient than the  
heterotic grouping based on general combining 
ability of  multiple traits (HGCAMT) grouping 
method in identifying heterotic groups. Obeng-
Bio (2019) used DArTseq markers to identify 
three heterotic groups for selecting early PVA-
QPM maize inbred lines; and TZEIORQ 29 was 
found to be the best tester both as male and fe-
male, whereas TZEIORQ 24 was the best as a 
male tester. The hybrid TZEIORQ 59 × TZEIORQ 
11 was identified as the single-cross tester across 
research environments.

Konate et  al. (2017) studied the genetic 
diversity and the population structure of  110 
early- maturing PVA maize inbred lines from 
the IITA maize improvement programme. The 
inbred lines were evaluated under drought, 
Striga-infested and optimal conditions in 2015 and 
2016 in Nigeria. Significant differences were ob-
served among the lines under different research 
conditions, indicating that the lines were genet-
ically distinct. The genetic distance between 
the early PVA lines ranged from 0.03 to 0.45 
(Table 17.5). The dendrogram obtained with 
DArT marker data placed the inbred lines into five 
heterotic groups (Fig. 17.1). The background in-
formation presented in the sections, ‘Population 
improvement and development of  OPVs’ and 
‘Development of  varieties, inbreds and hybrids 
with enhanced provitamin A content and toler-
ance to multiple stresses’, on the population from 
which the PVA early-maturing inbred lines were 
developed provides a better understanding of  the 
groupings. To a large extent, the high genetic di-
versity observed among the early- maturing PVA 
maize inbred lines could be attributed to the 
broad genetic base of  2009 TZE-OR1 STR. The 
average genetic distance between individuals 
from cluster 2 and cluster 1 was higher with val-
ues of  0.33 and 0.25, respectively, indicating 
greater genetic diversity within the groups, with 
clusters 3, 4 and 5 displaying the lowest values of  
0.10, 0.16 and 0.14, respectively (Fig. 17.2).

Even though pedigree information is a 
useful guide, selection and genetic drift during 
inbreeding may cause divergence between pedi-
gree and genetic constitution (Liu et al., 2003). 
Sanchez-Sevilla et  al. (2015) reported that 
DArT analysis reflected parental relationship 
between lines. The phylogenetic tree of  the 110 
inbred lines generated using unweighted 
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neighbour- joining method based on genetic dis-
similarity divided the lines into five main clus-
ters (Konate et al., 2017). The lines in cluster 1 
were highly diverse, whereas those in each of  
clusters 2 and 3 were quite similar. Some of  the 
closely related lines were grouped in the same 
cluster or sub- cluster (Group 3, 5a and 5b), 
confirming the presence of  a relationship be-
tween the groupings based on the pedigree and 
DArT markers in the study (Fig. 17.2). Never-
theless, there were some inconsistencies; for in-
stance, TZEIOR109 and TZEIOR38, TZEIOR92 
and TZEIOR110, TZEIOR128 and TZEIOR155 
were clustered together despite the fact that 
they were not closely related by pedigree. Simi-
lar findings were reported by Semagn et  al. 
(2012). The information generated in this study 
on the inbred lines would facilitate their further 
use in the IITA maize breeding programme. 
There was close correspondence between the 
cluster analysis and the pedigree information of  
the inbred lines, indicating that pedigree in-
formation can be used effectively for the char-
acterization of  early-maturing PVA inbred lines. 

In conclusion, the unweighted pair group 
method with arithmetic mean (UPGMA) cluster-
ing method grouped the early-maturing inbred 
lines into five clusters, which reflected parental 
relationship between inbred lines despite some 
inconsistencies. Genetic distance estimates based 
on DArT markers showed the presence of  gen-
etic variation among the early- maturing PVA 
inbreds that could be useful for hybrid produc-
tion, population improvement and eventually 
development of  new lines. The information 
obtained from this study would facilitate better 
understanding of  the genetic relationship among 
the IITA early-maturity PVA lines.

Agronomic Performance  
of Provitamin A Maize in  

Sub-Saharan Africa

Unlike phenotypic marker traits used as descrip-
tors of  crop plants because of  their consistency 
of  appearance on the plant, quantitative traits 

1

2

3

4

5

b

c

a

Fig. 17.1. Dendrogram of 110 early provitamin A maize inbred lines based on Diversity Array Technology 
(DArT) marker data.
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are seriously affected by environmental factors. 
For this reason, breeders subject newly devel-
oped varieties of  crops to extensive agronomic 
experiments before releasing such varieties for 
commercial production. For the PVA materials, 
inbred lines, OPVs and hybrids were evaluated 
under abiotic stress and non-stressed conditions 

peculiar to SSA. Although many studies were 
conducted on OPVs, greater emphasis was on 
hybrids as the end-products because SSA farm-
ers are gradually moving away from cultivation 
of  OPVs to hybrids. Heterosis, heterotic group-
ing and combining abilities of  inbred lines 
were studied, and there was an urgent search for 

Group 1 Group 2

0 0.1

Group 3 Group 4 Group 5Group 2

0 0.1

Group 3 Group 4 Group 5

Fig. 17.2. Phylogenetic tree using unweighted neighbour-joining method based on genetic dissimilarity 
among the 110 early-maturing provitamin A inbred lines.

Table 17.5. Genetic distance (GD) among early provitamin A (PVA) lines represented by the highest and 
lowest ten divergence combinations.

Ten combinations with low GD GD Ten combinations with high GD GD

TZEIOR51xTZEIOR52 0.03 TZEIOR9xTZEIOR42 0.44
TZEIOR28 xTZEIOR29 0.03 TZEIOR4xTZEIOR56 0.44
TZEIOR90xTZEIOR91 0.04 TZEIOR13xTZEIOR56 0.44
TZEIOR74xTZEIOR75 0.04 TZEIOR13xTZEIOR60 0.44
TZEIOR118xTZEIOR119 0.04 TZEIOR62x TZEIOR13 0.45
TZEIOR120xTZEIOR118 0.04 TZEIOR13xTZEIOR85 0.45
TZEIOR116xTZEIOR117 0.04 TZEIOR13xTZEIOR82 0.45
TZEIOR30xTZEIOR27 0.04 TZEIOR13/TZEIOR87 0.45
TZEIOR25xTZEIOR26 0.04 TZEIOR13/TZEIOR86 0.45
TZEIOR25xTZEIOR29 0.04 TZEIOR13/TZEIOR88 0.45
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inbred lines and single crosses that could be as-
sessed as testers for the future production of  
high grain-yielding hybrids with multiple stress 
resistance/tolerance along with high-quality 
protein and PVA contents. In addition, data ob-
tained from the agronomic studies were used to 
determine the interrelations of  PVA traits with 
grain yield and other plant traits in maize.

Development of varieties, inbreds  
and hybrids with enhanced provitamin  

A content and tolerance to multiple 
stresses

As briefly described in the section ‘Population 
improvement and development of  OPVs’, a pro-
gramme was initiated in 2007 to develop early 
and extra-early stress-tolerant (drought, low soil 
nitrogen-tolerant and Striga-resistant), high PVA 
and quality protein maize (QPM) varieties for 
SSA. To this end, the extra-early Striga-resistant 
yellow/orange variety, 2004 TZEE-Y STR C4, the 
extra-early yellow/orange Striga-resistant QPM 
variety, TZEE-Y STR QPM, the early drought- and 
Striga-resistant yellow/orange variety, 2004 TZE-Y 
Pop DT STR C4, and the drought- and Striga- 
resistant early yellow/orange QPM variety, 
TZE-Y Pop DT STR QPM, were crossed to two 
sources of  high PVA [Syn –Y-STR-34-1-1-1-1-2-
1-B-B-B-B-B/NC354/SYN-Y-STR-34-1-1-1 
(OR1) and KU1409/DES/1409 (OR2)] from the 
IITA Maize Improvement Programme to intro-
gress the genes for high β-carotene into each of  
the eight varieties. This was followed by a cycle 
of  backcrossing to each recurrent parent to re-
cover earliness. The kernels of  the BC

1F1 of  each 
material with deep orange colour and/or appro-
priate endosperm modification under the light 
box in the case of  the QPM materials were  
selected and selfed to advance to the F2 and sub-
sequently to the F3 stage. The F3 lines with the 
deep orange colour were selected and recom-
bined to form the extra-early PVA varieties, 
2009 TZEE-OR1 STR, 2009 TZEE-OR2 STR, 
2009 TZEE-OR1 STR QPM and 2009 TZEE-OR2 
STR QPM, and the early PVA varieties, 2009 
TZE-OR1 STR, 2009 TZE-OR2 STR, 2009 TZE-
OR1 STR QPM and 2009 TZE-OR2 STR QPM. 
Several PVA OPVs developed have been evaluated 
under both Striga infestation and drought since  

2010 and have shown outstanding performance 
under these stresses. Furthermore, a programme 
was initiated in 2011 to extract a new gener-
ation of  extra-early and early inbred lines from 
the high PVA normal endosperm varieties, 2009 
TZEE-OR1 STR and 2009 TZE-OR2 STR, and the 
high PVA-QPM varieties, 2009 TZEE-OR1 STR 
QPM and 2009 TZE-OR2 DT STR QPM. A total 
of  155 and 253 inbred lines were extracted from 
the early and extra-early PVA normal endosperm 
varieties, 2009 TZE-OR1 STR and 2009 TZEE-
OR2 STR, whereas 73 and 76 inbred lines were 
developed from the PVA-QPM varieties 2009 
TZE-OR2 STR QPM and TZEE-OR1 STR QPM, 
respectively. The inbred lines are presently 
being used in various genetic studies to (i) deter-
mine their combining abilities and heterotic 
patterns; (ii) classify them into heterotic groups; 
(iii) identify inbred and single-cross testers; and 
(iv) determine the performance and stability of  
the inbreds in hybrid combinations.

It is noteworthy that the original base popu-
lations of  the TZ (prefix) materials used in the 
extra-early and early PVA programmes were 
generated by compositing the available landraces 
and exotic germplasm from both the landraces 
and the temperate regions. The landraces col-
lected from Burkina Faso, Nigeria, Mali, Ghana 
and Mauritania were subjected to extensive 
testing across WCA for about 2 years by the 
IITA-WECAMAN (West and Central Africa Col-
laborative Maize Research Network) programme. 
The progenies resulting from the composites 
clearly displayed a mixture of  yellow and orange 
kernel colours, an observation that was casually 
made at that time, but no attempt was made to 
separate the colours considered to have no ser-
ious genetic implications. Development of  in-
bred lines from the mixture of  yellow and orange 
endosperm colours soon resulted in pure lines 
with yellow clearly distinct from orange colours, 
both of  which the breeders mistakenly con-
sidered to be the same. However, when the Har-
vestPlus Challenge Programme was initiated, it was 
found that, on average, the yellow kernels had 
PVA content of  1.5 μg g−1, whereas the materials 
with orange colour had 3–8 μg g−1. Attention 
was then focused on the materials with orange- 
coloured kernels as a possible source of  PVA. 
Therefore, PVA genes had been in the landraces 
perhaps in low frequencies. Contrary to the find-
ings of  Azmach et  al. (2013), Tchala (2019) 
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reported that the orange colour source, STR-34-
1-1-1-1-2-1-B*5/NC354/SYN-Y-STR-34-1-1- 
1-1-2-1-B*5 (OR1), used to convert 2004 TZEE-Y 
STR C4 to an orange population from which the 
extra early PVA inbred lines were derived, car-
ried none of  the functional alleles of  the crtRB1 
gene. He observed that only TZEEIOR 196 and 
TZdEEI 7 contained the favourable allele at the 
3ʹ TE of  lycE locus while all of  the other inbred 
lines contained the unfavourable allele at 5ʹ TE 
of  crtRB1 locus. Therefore, the 3ʹ TE functional 
allele found in TZEEIOR 196 and TZdEEI 7 was 
not from the donor (i.e. OR1). The presence of  
this functional allele in these genotypes is a val-
idation of  the findings of  Yan et al. (2010), who 
reported the 3ʹ TE favourable allele to be present 
in tropical germplasm at 4.6%.

The WECAMAN programme introgressed 
resistance/tolerance to drought, Striga and 
low-N into the populations derived from the 
composites, resulting in stress-tolerant varieties 
that have been released to farmers in SSA during 
the past two decades. Much of  the breeding ef-
forts for improved PVA presented in this chapter 
were based on these genetic materials. Indeed, 
inbred lines with relatively high PVA levels have 
been developed and used as parent materials for 
hybrids. Several orange-coloured varieties and 
hybrids with relatively high PVA levels have been 
released for commercialization in SSA.

Evaluation of maize inbred lines  
and hybrids – GCA, SCA, testers  

and heterotic groupings of early and 
extra-early PVA inbred lines at IITA

Maize has been successfully introduced into the 
savannas of  SSA principally through extra-early 
and early maize varieties. Breeding of  early and 
extra-early maize hybrids with high PVA could 
prevent PVA-deficiency diseases, including night 
blindness and depressed immune system. In 
addition, Striga hermonthica, drought and low 
soil nitrogen (low-N) are major stress factors 
limiting maize production and productivity in 
savannas of  SSA, with a large percentage of   
the population presently facing PVA deficiency 
(VAD). However, few commercial extra-early 
and early-maturing PVA maize hybrids with  
significant levels of  resistance/tolerance to  

Striga, drought and low-N are presently available. 
Introgression of  drought and low-N tolerance as 
well as Striga-resistance genes into high-yielding 
PVA maize cultivars for Striga-endemic and 
drought-prone areas of  the savanna agroecolo-
gies of  SSA will increase acceptability of  PVA 
cultivars by farmers, promote their adoption, 
and aid in alleviating VAD and food shortages in 
the sub-region.

Development and deployment of  multiple 
stress-tolerant maize hybrids with high levels of  
PVA offer a reliable solution to food insecurity 
and malnutrition in SSA. Breeding for maize cul-
tivars with elevated levels of  PVA carotenoids is 
a sustainable and effective way to alleviate 
VAD in SSA. The use of  markers for favourable 
alleles at both lycE and crtRB1 loci in MAS has 
allowed increases exceeding the breeding target 
of  15 μg g−1 established by the HarvestPlus  
Challenge Programme for PVA maize hybrids 
and OPVs. Examples of  PVA genotypes having 
levels of  ~17.25 μg g−1 (Azmach et al., 2013), 
15–20 μg g−1 (Babu et  al., 2013) and, more  
recently, 22.6 μg g−1 (Menkir et  al., 2017)  
have been reported mostly in maize inbred lines. 
Despite the excellent progress in breeding  
for higher levels of  PVA, the current released 
cultivars contain an average of  6–8 μg g−1 of  
PVA (HarvestPlus, 2004; Menkir et al., 2017).

A total of  155 and 253 inbred lines ex-
tracted from the early and extra-early PVA nor-
mal endosperm varieties, 2009 TZE-OR1 STR 
and 2009 TZEE-OR2 STR and the 73 and 76 
inbred lines derived from the PVA-QPM var-
ieties 2009 TZE-OR2 STR QPM and TZEE-OR1 
STR QPM, were screened under drought at 
Ikenne and Bagauda, and under Striga infest-
ation at Mokwa. Fifty selected PVA inbreds 
were analysed for PVA levels in the Food and 
Nutrition Science Laboratory of  IITA-Ibadan. 
Several outstanding early-maturing PVA,  
PVA-QPM and extra-early PVA and PVA-QPM 
inbred lines with elevated levels of  PVA were 
identified for use in the IITA maize breeding 
programme.

In maize breeding, the per se performance 
of  parental lines is not a reliable indicator of  
how well or poorly the lines combine and by 
extension, of  the performance of  their derived F

1 
hybrids. Therefore, combining ability analysis  
is of  major importance in maize breeding, as it 
helps to determine which maize parental lines 
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should be selected to improve the local lines and 
which parent lines should be used in hybrid 
combinations for high grain yield (Fan et  al., 
2008). Sprague and Tatum (1942) partitioned 
the total combining ability of  lines into GCA and 
SCA and defined GCA as the average perform-
ance of  a line in a series of  hybrid combinations 
and SCA as those instances in which certain hy-
brid combinations were either better or worse 
than would be expected based on the average 
performance of  the parent lines studied (Hallauer 
and Miranda, 1988). Any new germplasm intro-
duced in a breeding programme needs to be 
tested for GCA and SCA effects. Fan et al. (2008) 
reported that selecting inbred lines with signifi-
cant and positive GCA effects for grain yield will 
have a greater chance of  producing crosses with 
higher grain yield.

Mating designs, including diallel (Hayman, 
1954; Badu-Apraku et al., 2015b, 2016b), line × 
tester (Fan et  al., 2009; Hosana et  al., 2015; 
Amegbor et  al., 2017) and North Carolina De-
sign II (Badu-Apraku et  al., 2016a; Annor and 
Badu-Apraku, 2016) have been extensively used 
by breeders to determine the relative importance 
of  GCA and SCA for grain yield and its compo-
nent traits. According to Hallauer and Miranda 
(1988), GCA variance is related to additive gen-
etic effects, whereas SCA refers to dominance 
and epistatic gene effects. Additive gene action in 
reference to a single locus implies lack of  domin-
ance, whereas in reference to two or more loci, it 
refers to the lack of  epistasis (Holland, 2001). 
Fan et  al. (2008) have used the GCA and SCA 
mean squares (2GCA MS/(2GCA MS + SCA MS)) 
ratio to determine whether additive or non-addi-
tive gene effects were more important for control-
ling the inheritance of  a trait. The efficiency of  
selection mainly depends on the additive genetic 
variation, environment and its interaction with 
genotype (Zare et  al., 2011). The positive GCA  
effects can be considered favourable or unfavour-
able, depending on the trait under consideration. 
Statistically significant positive GCA effects for 
grain yield and ears per plant indicate high- 
yielding genotypes. In contrast, significant nega-
tive GCA effects for ASI, ear aspect, stay green 
characteristic, Striga damage and number of  
emerged Striga plants are desirable. Plant breed-
ers and geneticists are more interested in genetic 
variation in a crop and the heritability of  desirable 
traits. Knowledge of  the types of  gene action  

involved in controlling the expression of  traits is 
of  prime importance for achieving good progress 
from selection for stress tolerance.

The diallel mating design developed by 
Griffing (1956) has been routinely employed in 
genetic studies by plant breeders to obtain infor-
mation on GCA and SCA of  inbred lines (Zhang 
and Kang, 2003; Zhang et al., 2005). The esti-
mates of  GCA and SCA can provide valuable in-
formation about the parents used. According to 
Sughroue (1995), parents that exhibit high GCA 
effects could be used as testers in hybrid breed-
ing programmes. Therefore, parental lines with 
highest GCA effects would be expected to pro-
duce superior progeny when crossed. Superior 
hybrids can also be identified by comparing the 
estimated SCA effects and trait means for each 
combination (Sughroue, 1995). A better under-
standing of  the mode of  gene action controlling 
the inheritance of  important traits is therefore 
invaluable in hybrid development programmes. 
The additive gene effects are the predictable 
 portion of  the genetic effects (Annor and 
Badu-Apraku, 2016); therefore, the inheritance 
through additive gene action allows favourable 
genes to contribute equally to the improvement 
of  the trait of  interest. The non-availability of  early- 
maturing PVA testers, and lack of  knowledge of  
the combining ability and heterotic groups, are 
major reasons for their non-use in hybrid breed-
ing programmes.

The predominance of  additive genetic 
 effects and high heritability for grain yield of  
 inbred lines have been reported (Egesel et  al., 
2003b), but such information for high levels of  
PVA in hybrids or OPVs is rare. However, Halilu 
et  al. (2016) found non-additive genetic effects 
to be predominant for all carotenoids. This find-
ing is consistent with that of  Burt et al. (2011), 
who reported that heterosis for carotenoids ex-
ists, although not so common.

Results of  chemical analysis of  early-ma-
turing orange and yellow inbred lines at IITA 
showed that the non-PVA carotenoids (lutein 
and zeaxanthin) were the predominant caroten-
oids in the IITA panel of  PVA inbred lines (Konate 
et  al., 2017). The concentrations of  lutein 
(14.23–20.26 μg  g−1) were higher than those  
for zeaxanthin (5.25–6.28 μg g−1) in the yellow 
inbred lines. In contrast, zeaxanthin was the 
most dominant non-PVA carotenoid in the  
orange endosperm, with concentrations varying 
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from 15.71 to 36.42 μg g−1. Among the PVA  
carotenoids, β-carotene concentrations were 
higher than those for both β-cryptoxanthin and 
α-carotene in the orange endosperm inbred lines. 
However, the level was lower than α-carotene 
in the yellow endosperm. The provitamin A con-
centrations in the orange endosperm inbred 
lines ranged from 3.04 μg g−1 for TZEIOR 123 to 
9.6 μg g−1 for TZEIOR 67, and were higher than 
those in the yellow endosperm (1.29–1.59 μg g−1). 
The correlation between carotenoids (β-carotene 
and α-carotene) and grain yield was not signifi-
cant (Table 17.6). The results of  carotenoid  
analyses in the IITA early-maturing PVA inbred 
lines have revealed lower concentrations for 
β-carotene (0.6–0.8 μg g−1) in the yellow endo-
sperm inbred lines than in the orange endosperm 
maize (Konate et al., 2017). This result is consist-
ent with the findings of  Harjes et al. (2008), who 
reported that most yellow maize grown and con-
sumed in the world has low β-carotene concen-
trations (0.5–1.5 μg  g−1). Similar findings with 
PVA concentrations of  less than 2 μg g−1 in yel-
low maize have been reported by many authors. 
The results of  Harjes et al. (2008) revealed poor 
correlations between β-carotene and total carot-
enoids with orange grain colour.

This implied that the orange grain colour was 
not always an indication of  grains with high or 
low concentrations of  β-carotene. The correlation 
analyses showed no significant associations of  
grain yield with α-carotene and β-carotene. The 
implication is that grain yield was not related to 
the PVA concentrations. This result corrobor-
ated the finding of  Menkir and Maziya- Dixon 
(2004), who observed no significant  associations 

of  β-carotene content with grain yield and most 
of  the yield components. Therefore, the develop-
ment of  high-yielding genotypes with improved 
concentrations of  PVA should be possible. About 
56% of  the inbred lines evaluated in the study 
by Konate et al. (2017) had PVA concentrations 
ranging from 5 to 9.60 μg g−1. Breeding efforts 
have resulted in the release of  hybrids with total 
carotenoids concentrations of  >7 μg  g−1 (Dhli-
wayo et al., 2014; Suwarno et al., 2014). How-
ever, the levels of  individual carotenoids ob-
served in the inbred lines were higher than those 
reported by Menkir et  al. (2014), but less than 
the 23.98 μg  g−1 identified recently in the IITA 
maize improvement programme for the extra- 
early PVA inbred TZEEIOR 202 (Badu-Apraku, 
personal communication). Therefore, selection 
of  parental inbreds with high PVA content and 
desirable agronomic traits may serve as the basis 
for developing productive hybrids with high con-
centrations of  PVA. However, 56% of  the ear-
ly-maturing inbred lines used by Konate et  al. 
(2017) accumulated PVA concentration levels 
ranging from 5 to 9.60 μg g−1. It is therefore 
anticipated that it should to be possible to obtain 
from the crosses among the early-maturing in-
breds evaluated in the present study several hy-
brids with high PVA concentrations.

Furthermore, only a few released PVA 
maize hybrids have attained the 15 μg g−1 level 
of  PVA established by the HarvestPlus programme 
in 2004 (Menkir et al., 2017). Therefore, several 
studies have been conducted in IITA on the 
early- and extra-early-maturing PVA maize  
to examine the PVA levels of  inbred lines and  
hybrids.

Table 17.6. Correlation between carotenoida concentrations and measured traitsa of 50 early-maturing 
provitamin A and yellow inbred lines selected based on their performance under managed drought stress 
at Ikenne in 2014.

Carotenoidsb YIELD ASIa EASP EPP PASP LD PLHT EHT

luT −0.25NS −0.21NS 0.24NS −0.05NS −0.06NS −0.16NS −0.34c −0.44d

ZX 0.34c −0.32c −0.34c 0.37d −0.21NS −0.11NS 0.25NS 0.05NS
BCRY 0.37d −0.38NS −0.41d 0.23NS −0.11NS −0.09NS −0.19NS −0.04NS
AC 0.13NS −0.44d −0.14NS 0.24NS −0.14NS −0.19NS −0.43c −0.30c

BC 0.24NS −0.44d −0.33c 0.40d −0.18NS −0.1NS −0.26NS −0.21NS
ProVitA 0.31c −0.47d −0.38d 0.38d −0.18NS −0.12NS −0.28NS −0.18NS

aASI = anthesis-silking interval, EASP = ear aspect, EPP = ears per plant, PASP = plant aspect, LD = leaf death,  
PLTH = plant height, EHT = ear height.
bluT = lutein, ZX = zeaxanthin, BCRY = β-cryptozanthin, AC = α-carotene, BC = β-carotene, and ProVitA = provitamin A.
c, dSignificant at 5% and 1% probability level, respectively. NS = non-significant.
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Combining ability and heterotic  
patterns of the International Institute  
of Tropical Agriculture’s extra-early  
and early provitamin A inbred lines

Extra-early inbred lines

Several studies have been conducted under mul-
tiple environments to evaluate the combining 
ability and heterosis of  extra-early-maturing PVA 
inbred lines developed at IITA and the perform-
ance of  hybrids derived from them. The first set  
of  studies involved 190 F1 hybrids derived from 
diallel crosses involving 20 extra-early PVA in-
breds plus six checks evaluated using a 14 × 14 
lattice design with two replications under Striga 
infestation at Mokwa, under drought at Ikenne, 
and under optimal environments at Mokwa and 

Ikenne, 2015–2017. The GCA and SCA effects 
were computed according to Griffing’s method 4 
(F1 hybrids only) (Griffing, 1956). Inbred lines were 
classified into heterotic groups across environ-
ments using the HGCAMT method (Badu-Apraku 
et al., 2013b). Inbred and single-cross testers were 
identified and GGE biplot analysis was used to  
determine the yield and stability of  hybrids across 
environments (Yan et  al., 2000). The GCA and 
SCA effects were significant for grain yield and 
most other traits, indicating that both additive and 
non-additive gene actions governed the inherit-
ance of  measured traits in F

1 hybrids. However, 
the dominant effect of  the GCA over the SCA effects 
for the traits suggested that additive gene action 
was more important than the non-additive in the 
expression of  the traits (Fig. 17.3). Inbred lines 
TZEEIOR 202 and TZEEIOR 205 had PVA levels of  
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23.98 and 22.58 μg g−1, respectively (Table 17.7). 
The HGCAMT method classified the inbred lines 
into four heterotic groups. The inbreds TZEEIOR 
97, TZEEIOR 197 and TZEEIOR 205 were identi-
fied as testers for heterotic groups 2, 3 and 4, 
whereas no inbred satisfied the requirements of  a 
tester for heterotic group 1 (Table 17.8).

Two single-cross testers, TZEEIOR 197 × 
TZEEIOR 250 and TZEEIOR 205 × TZEEIOR 142, 
were identified for heterotic groups 3 and 4, re-
spectively. These six hybrids, i.e. TZEEIOR 24 × 
TZEEIOR 109, TZEEIOR 30 × TZEEIOR 209, 
TZEEIOR 41 × TZEEIOR 142, TZEEIOR 197 × 

TZEEIOR 251, TZEEIOR 142 × TZEEIOR 197 
and TZEEIOR 30 × TZEEIOR 205, were found to 
be high yielding and stable across environments 
(Fig. 17.4) and should be tested extensively and 
commercialized to contribute to food and nutri-
tion security in SSA. This study resulted in the 
identification of  (i) inbred lines with high levels 
of  PVA that could serve as sources of  beneficial 
alleles for improvement of  PVA levels of  tropical 
breeding populations; (ii) inbred and single-cross 
testers that could be used for classifying PVA 
inbred lines in SSA; and (iii) high-yielding and 
stable hybrids that could contribute to both 

Table 17.7. Reaction to stresses and provitamin A (PVA) content of extra-early inbred lines used in a 
diallel study at the International Institute for Tropical Agriculture.

Serial number Inbred Reaction to Strigaa Reaction to droughta
Provitamin A content 

(μg g−1)

1 TZEEIOR 22 T S 9.28
2 TZEEIOR 24 T S 9.58
3 TZEEIOR 26 S S 9.74
4 TZEEIOR 27 T S 7.88
5 TZEEIOR 28 T T 11.20
6 TZEEIOR 30 T T 10.19
7 TZEEIOR 41 T T 11.57
8 TZEEIOR 45 T T 9.19
9 TZEEIOR 97 T S 10.44
10 TZEEIOR 109 T S 10.24
11 TZEEIOR 140 T S 10.32
12 TZEEIOR 142 T S 9.86
13 TZEEIOR 197 T S 8.45
14 TZEEIOR 202 T T 23.98
15 TZEEIOR 205 T T 22.58
16 TZEEIOR 209 T T 9.94
17 TZEEIOR 233 T S 9.00
18 TZEEIOR 234 T S 8.33
19 TZEEIOR 250 S T 8.39
20 TZEEIOR 251 T T 7.94

aT = tolerant/resistant, S = susceptible.

Table 17.8. Heterotic groups of 20 extra-early-maturing provitamin A (PVA) maize inbred lines using the 
HGCAMTa method across eight environments in Nigeria, 2015–2017.

Method Group 1 Group 2 Group 3 Group 4

HGCAMT TZEEIOR 22
TZEEIOR 24
TZEEIOR 26
TZEEIOR 27
TZEEIOR 28
TZEEIOR 41
TZEEIOR 45

TZEEIOR 30
TZEEIOR 97
TZEEIOR 233
TZEEIOR 234

TZEEIOR 109
TZEEIOR 197
TZEEIOR 209
TZEEIOR 250
TZEEIOR 251

TZEEIOR 140
TZEEIOR 142
TZEEIOR 202
TZEEIOR 205

aHeterotic grouping based on general combining ability of multiple traits.
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quantity-wise and quality-wise food security in 
the sub-region.

Maize researchers at IITA have recently 
made advances in the development of  multiple- 
stress-tolerant maize hybrids with high levels of  
PVA. At the initial stages of  breeding maize for 
PVA, the HarvestPlus Challenge Programme  
established 15 μg g−1 as the breeding target for 
PVA maize hybrids and OPVs for commercializa-
tion. Till now, only a few released PVA maize  
hybrids have attained this level of  PVA. Recently, 
the IITA’s Early and Extra-early Maize Programme 

under the leadership of  Dr B. Badu-Apraku, in 
collaboration with other maize scientists and 
molecular geneticists at IITA and national maize 
research programmes, has developed extra- 
early PVA maize inbred lines and hybrids  
with high levels of  PVA. The chemical analysis 
carried out in the Food and Nutrition Science 
Laboratory in IITA-Ibadan has shown the fol-
lowing two extra-early PVA maize inbred lines 
with PVA levels of  >22 μg  g−1: TZEEIOR 202 
(23.98 μg g−1) and TZEEIOR 205 (22.58 μg g−1). 
Furthermore, crosses involving the high-PVA 

E = 14.86%, G = 49.52%, IPC1=14.2%, Sum=78.6%
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maize inbred lines resulted in the development 
of  these high-PVA hybrids: TZEEIOR 197 × 
TZEEIOR 205 (20.1 μg g−1) and TZEEIOR 202 × 
TZEEIOR 205 (22.7 μg g−1); these hybrids con-
tained about double the amount of  PVA of  the 
commercial PVA hybrid check, TZEE-Y Pop STR 
C5 × TZEEI 58 (11.4 μg g−1).

Results of  multi-location trials under drought, 
artificial Striga infestation and optimal environ-
ments in Nigeria during the period 2015–2017 
have shown outstanding agronomic perform-
ance of  the PVA maize hybrids. The hybrid 
TZEEIOR 197 × TZEEIOR 205 with PVA level of  
20.1 μg  g−1 yielded 2723 and 4263 kg ha−1 
across stress (Striga and drought) and non-
stress environments, respectively (Tables 17.9 
and 17.10). In contrast, TZEEIOR 202 × TZEE-
IOR 205 with PVA level of  22.7 μg  g−1 yielded 
1637 kg ha−1 across stress and 4051 kg ha−1 
across non-stress environments. Hybrid TZEEIOR 
197 × TZEEIOR 205 was also identified as the 
highest yielding and most stable across test en-
vironments (Fig. 17.5). The new PVA hybrids 
out-yielded the commercial PVA top-cross hy-
brid check, TZEE-Y Pop STR C5 × TZEEI 58, which 
yielded 1205 and 2611 kg ha−1 across stress and 
non-stress environments, respectively. These inter-
esting results have offered a great opportunity 
for breeding and releasing PVA maize hybrids 
and OPVs with 50% higher levels of  PVA than 
the target of  15 μg  g−1 established by the Har-
vestPlus Challenge Programme.

In a second set of  studies, 132 extra-early 
PVA maize hybrids derived from crosses be-
tween 33 extra-early PVA inbred lines, along 
with four inbred testers, were evaluated under 

Striga- infested, drought, low-N and optimal envir-
onments in Nigeria, 2015–2016 (Olatise, 2018). 
Results revealed a preponderance of  GCA over 
SCA for grain yield and other traits under the 
contrasting environments. Inbred lines TZEEIOR 
30, TZEEIOR 41, TZEEIOR 42, TZEEIOR 97, 
TZEEIOR 109 and TZEEIOR 140 possessed mul-
tiple stress-tolerance genes and elevated levels of  
PVA; these could be used to develop high-PVA, 
stress-tolerant hybrids. The inbred lines were 
classified into five groups under multiple stresses 
and three groups each under optimal and across 
environments. Inbreds TZEEIOR 197 and TZEE-
IOR 30 were identified as testers for heterotic 
groups 1 and 2. Two hybrids, TZEIOR 197 × 
TZdEEI 12 and TZEIOR 123 × TZdEEI 7, were 
most stable and high yielding across multiple 
stress and non-stress environments and are being 
further tested for commercialization in SSA.

In a third set of  field studies, 136 extra- 
early PVA single-cross hybrids obtained from a 
17 × 17 diallel cross, plus four checks, were 
evaluated by Tchala (2019) in a 10 × 14 lattice 
design, along with 256 inbred lines in a 16 × 16 
lattice, in six environments (two Striga-infested, 
one managed drought and three optimal envir-
onments). The objectives were to (i) determine 
GEI for grain yield and other traits of  the 256 
extra-early PVA inbred lines; (ii) determine the 
gene action conditioning grain yield of  17 inbred 
lines used in the diallel study across contrasting 
environments; (iii) classify the inbreds used in 
the diallel into heterotic groups, and identify 
testers under contrasting environments; and 
(iv) assess the performance and stability of  single- 
cross hybrids across contrasting environments.

Table 17.9. Results of chemical analysis and grain yield under stress and non-stress environments of 
extra-early provitamin A (PVA) inbred lines and derived hybrids.

Inbreds PVA (μg g−1) Reaction to Striga Reaction to drought

TZEEIOR 202 23.98 Tolerant Tolerant
TZEEIOR 205 22.58 Tolerant Tolerant
Hybrids PVA (μg g−1) Yield across drought 

and Striga (kg ha−1)
Yield under non- 

stress (kg ha−1)
TZEEIOR 197 × 

TZEEIOR 205
20.1 2723 4263

TZEEIOR 202 × 
TZEEIOR 205

22.7 1637 4051

TZEE-Y Pop STR C5 × 
TZEEI 58 (Check)

11.4 1205 2611

LSD (α = 0.05) 545 834
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According to the results, TZEEIOR 145 × 
TZdEEI 7 (4989 kg ha−1), TZEEIOR 12 × TZEE-
IOR 196 (4835 kg ha−1), TZEEIOR 196 × TZdEEI 
7 (4719 kg ha−1), TZEEIOR 196 × TZEEIOR 222 
(4197 kg ha−1) and TZEEIOR 161 × TZdEEI 7 
(4123 kg ha−1) were the top five outstanding hy-
brids across test environments. Mean squares at-
tributable to GCA and SCA were highly signifi-
cant (P < 0.01) for grain yield and other traits 
across environments, except number of  ears per 
plant (EPP) and husk cover. The GCA accounted 
for about 36 and 43% of  the total variation for 
grain yield across environments and under 
Striga-infested conditions, respectively. The PVA 
inbred lines TZEEIOR 53 and TZEEIOR 141 of  
heterotic group II had significant and positive 
GCA effects for grain yield across environments, 
thus, making them potential inbred testers. 
However, the PVA inbred TZEEIOR 141 was iden-
tified as tester over TZEEIOR 53, because it had 
higher positive and significant GCA effect for grain 
yield and higher yield per se in addition to belong-
ing to a heterotic group. Stability analysis across 
environments identified TZEEIOR 196 × TZdEEI 

7 and TZEEIOR 196 × TZEEIOR 222 as the most 
stable hybrids, followed by TZEEIOR 145 × 
TZdEEI 7 and TZEEIOR 12 × TZEEIOR 196.

The fourth study was conducted by Tchala 
(2019) to (i) examine the breeding values of  
extra-early maturity PVA inbred lines of  the IITA 
maize programme for resistance to Striga and  
tolerance to drought; (ii) assess the genetic 
purity and diversity in the selected extra-early 
maturing PVA inbred lines using SNP-based 
DArTseq markers; (iii) determine the gene action 
conditioning Striga resistance and tolerance to 
drought in extra-early maturity PVA inbred 
lines; (iv) assess the grain yield performance and 
stability of  the hybrids under varying environ-
ments; and (v) determine the mode of  inheritance 
of  carotenoids in extra-early maturity orange 
maize inbred lines. In this study, 180 inbred 
lines, including 152 selected PVA lines, were 
evaluated under Striga-infested, managed drought 
stress and optimal environments. Based on II-
TA’s base indices for selection, 19% of  the total 
inbreds evaluated, including 21% of  the PVA in-
breds, combined Striga resistance and drought 

Table 17.10. Performance of selected diallel crosses involving extra-early provitamin A (PVA) inbred lines 
evaluated under stress (STR) and non-stress (NST) environments in Nigeria, 2015–2017.

Hybrids

Grain yield  
(kg ha−1) Days to silk ASIa Stay green

Striga 
damage

Emerged 
Striga plants

STR NSR STR NST STR NST (10 WAPb) (10 WAP) (10 WAP)

TZEEIOR 109 × 
TZEEIOR 197

3114 3540 54 52 2 1 4 3 1

TZEEIOR 197 × 
TZEEIOR 205c

2723 4263 55 53 3 1 3 4 1

TZEEIOR 197 × 
TZEEIOR 251

2559 3238 55 53 2 2 3 4 2

TZEEIOR 140 × 
TZEEIOR 197

2501 3179 56 56 3 3 4 4 3

TZEEIOR 109 × 
TZEEIOR 250

2455 3770 54 51 2 1 4 4 1

TZEEIOR 202 × 
TZEEIOR 205d

1637 4051 58 54 4 2 4 5 2

TZEE-Y Pop STR C5 × 
TZEEI 58 (Check)e

1205 2611 55 51 4 1 5 5 1

Mean 1524 2809 56 53 3 1 5 5 1
LSD (α = 0.05) 545 834 2 2 2 1 1 1 1

aASI = anthesis-silking interval.
bWAP = weeks after planting.
cPVA = 20.1 μg g−1.
dPVA = 22.7 μg g−1.
ePVA = 11.4 μg g−1.
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tolerance. Seventy per cent of  the 19%, i.e. 13.3%, 
of  inbreds were also selected based on multivari-
ate best linear unbiased predictors (BLUPs) 
across all environments. The genetic purity and 
diversity among the 152 orange inbreds were 
assessed using 4620 polymorphic SNPs. The 
results revealed that 92% of  the inbreds were 
pure with heterozygosity <5%, whereas the re-
maining 8% had heterozygosity ranging from 
5.1% to 20.2%. Roger’s genetic distance for 
about 71% of  the pairs of  lines fell between 
0.2001 and 0.2500. Ninety-two per cent of  the 
pairs of  lines also showed relative kinship val-
ues ranging from 0.300 to 0.500. Model-based 
population structure analysis and neighbour- 
joining cluster analysis assigned 71% of  the in-
breds into four distinct distant groups. Fifteen 
inbreds selected from among the 152 evaluated, 
plus TZdEEI 7 and TZdEEI 12, were used to gen-
erate 136 diallel single-cross hybrids, which were 
evaluated together with four experimental hy-
brid checks under Striga- infested, drought-stress 

and optimal environments at three locations 
in Nigeria in 2016 and 2017 (11 environments). 
General and specific combining ability compo-
nents of  the genetic variance were significantly 
different from zero for grain yield and most of  
the traits. Additive and non-additive genetic ef-
fects were both important, with a predominance 
of  the latter in controlling grain yield and 
most of  the measured traits under Striga-infested, 
drought-stress and across the contrasting envir-
onments. However, additive genetic effects were 
the primary effects modulating the stay-green 
characteristic and Striga resistance-indicator 
traits, suggesting that selection for these traits 
could easily be carried out based on predictions 
of  GCA alone. Results also showed that non- 
additive genetic effects were the primary type of  
effects for grain yield and most other agro-
nomic traits in all environments, except for the 
stay-green characteristic under drought stress 
and Striga resistance-indicator traits, which 
could be improved based solely on GCA effects of  
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parental lines. Using the IITA base indices, 26% 
of  the hybrids were found to combine Striga resist-
ance with drought tolerance. Stability analysis 
of  the top 26 hybrids across test environments 
based on their genetic values indicated that 
TZEEIOR 12 × TZEEIOR 196 was the most stable 
hybrid, combining resistance to Striga and toler-
ance to drought with grain yield (3885 kg ha−1 
across environments and 5411 kg ha−1 under 
optimal conditions). Superior hybrids identified 
in this study could successfully be used to im-
prove maize productivity and production, and 
well- being of  less privileged farmers in SSA, espe-
cially in Striga-endemic environments. Results 
of  this study also indicated that the top five 
high-yielding and stable hybrids (TZEEIOR 12 × 
TZEEIOR 196, TZEEIOR 145 × TZdEEI 7, TZEE-
IOR 222 × TZdEEI 7, TZEEIOR 223 × TZdEEI 7 
and TZEEIOR 219 × TZdEEI 7) outyielded the 
best check (TZEEI 79 × TZEEI 82) by 35–60% 
across environments. These outstanding hy-
brids were also among the top-performing  
hybrids under Striga infestation and could, 
therefore, be tested extensively to confirm their 
superior performance and commercialized.  
Different superior hybrids were also identified 
under different stresses. There is therefore the 
need for introgression of  these new sources of  
genes for resistance/tolerance to Striga and tol-
erance to drought in tropical PVA breeding 
populations.

Results of  diallel analysis using the Hay-
man method revealed the presence of  more 
dominant genes than recessive genes in the par-
ents, with the ratio of  dominant to recessive 
genes being greater than 2 for β-carotene (2.36). 
Also, at the loci exhibiting dominance, recessive 
alleles were mostly positive for β-cryptoxanthin, 
lutein and, to some extent, for β-carotene, 
whereas dominant genes expressed both effects 
for the rest of  the traits. It was concluded that 
primarily dominance conditioned most of  the 
carotenoid traits in the set of  parental inbreds 
used in the study.

In the fifth study, Oyekale (2019) evaluated 
150 TZEEIORQ hybrids, which were developed 
from hybridizing 30 selected inbreds (in six sets) 
using the North Carolina Design II, along with 
six checks at three locations simultaneously, 
but separately, with parental inbreds tested in  
2 years using the alpha lattice design with two 
replications under Striga infestation, low-N 

(30 kg N per ha) and high-N (90 kg N per ha) 
conditions. Also, inbreds were screened using a 
PVA DNA marker and via chemical analyses. 
Equally, relatedness among inbreds was investi-
gated using DArT-derived SNPs. The objectives of  
this study were to: (i) identify tropical Zea extra- 
early PVA quality protein maize (TZEEIORQ)  
inbreds that combine Striga resistance and 
low-N tolerance with elevated levels of  PVA, 
tryptophan and lysine; (ii) assess genetic  
effects for grain yield, Striga resistance, low-N 
tolerance and other agronomic traits; (iii) cat-
egorize the inbreds into heterotic groups and 
identify testers; (iv) examine the relationships 
among and between the traits of  inbreds and  
hybrids; and (v) identify high-yielding and stable 
hybrids across Striga-infested, low-N and high-N 
environments.

There were significant (P < 0.01) differ-
ences among the inbreds for grain yield and 
other agronomic traits across environments. 
Multiple-stress base index was positive for 50% 
of  the inbreds, which were considered resistant/
tolerant to both Striga infestation and low N. 
The PVA marker grouped the inbreds into two 
classes. Levels of  PVA, tryptophan and lysine in 
the inbreds ranged from 2.21–10.95 μg  g−1, 
0.04–0.08% and 0.19–0.39%, respectively. In-
breds TZEEIORQ 58, TZEEIORQ 55, TZEEIORQ 
5, TZEEIORQ 52, TZEEIORQ 57 and TZEEIORQ 
62 combined Striga resistance and low-N toler-
ance with elevated levels of  PVA, tryptophan 
and lysine. GCA and SCA mean squares were 
significant (P < 0.01) for grain yield and other 
agronomic traits across environments. How-
ever, GCA was preponderant over SCA for grain 
yield (86% versus 14%), Striga damage (88% 
versus 12%), number of  emerged Striga plants 
(77% versus 23%), stay-green characteristic 
(75% versus 25%) and other traits, indicating 
that these traits were largely controlled by addi-
tive gene effects. The ratio of  GCAf  to GCAm 
was greater than unity for grain yield, Striga 
damage syndrome ratings and stay-green char-
acteristic, suggesting a greater influence of   
maternal effects on the traits. Ear aspect ac-
counted for about 62% of  the variation in grain 
yield of  both inbreds and hybrids under Striga 
infestation. The inbreds were categorized into 
four heterotic groups using GCA of  multiple 
traits, whereas three heterotic groups were 
obtained using DArT-derived SNPs. Inbreds 
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TZEEIORQ 5, TZEEIORQ 53 and TZEEIORQ 61 
were identified as good testers. Hybrids TZEE-
IORQ 49 × TZEEIORQ 75, TZEEIORQ 55 × TZEE-
IORQ 26 and TZEEIORQ 52 × TZEEIORQ 43 were 
the most stable and high yielding across envir-
onments. These promising hybrids should be 
tested further and promoted for commercializa-
tion in SSA.

Early inbred lines

Based on the fact that VAD is a major health 
problem in SSA and the premise that the maize 
plant can accumulate a significant quantity of  
PVA in the endosperm and has significant gen-
etic variation for the PVA trait, IITA’s maize 
breeding efforts have been focused on improving 
PVA, along with tolerance/resistance to abiotic 
and biotic production constraints. The savanna 
agroecologies, especially the northern Guinea 
savanna, which is the corn-belt of  WCA, is vul-
nerable to sporadic as well as to terminal drought 
during the growing season. Therefore, early- 
maturing maize, into which drought tolerance 
has been introgressed, best fits this agroecology 
for optimum grain production. Studies were 
conducted with the objectives of  determining 
the combining ability of  20 early-maturing PVA 
maize inbred lines under contrasting environ-
ments, classifying the inbred lines into heterotic 
groups, identifying testers and evaluating the 
agronomic performance of  the inbred lines in 
hybrid combinations. Field trials were conducted 
using 190 diallel crosses generated from 20 in-
bred lines. Six yellow-endosperm hybrid checks 
were included in the trials. The 196 entries were 
evaluated under drought, Striga-infested, low-N 
and optimal environments in Nigeria, 2016–
2017. Mean squares were significant for GCA 
and SCA effects for most of  the traits across en-
vironments, suggesting that both additive and 
non-additive gene actions governed the inherit-
ance of  these traits. The preponderance of  GCA 
effects for most traits over the SCA effects sug-
gested that additive gene effects were more im-
portant than the non-additive effects. The PVA 
inbred lines were classified into three heterotic 
groups based on HGCAMT method. Inbreds TZEI 
25 and TZEIOR 164 were identified as testers for 
groups 2 and 3, respectively; no inbred tester 
was identified for group 1. Both inbred testers 
showed significant positive GCA effects for grain 

yield across environments. Furthermore, TZEI 
25 revealed significant negative GCA effects for 
Striga damage and number of  emerged Striga 
plants at 10 weeks after planting (SDR2 and 
ESP2), whereas significant negative GCA effects 
were detected for ESP2 of  TZEIOR 164. The 
characteristics of  these inbred lines indicated 
that they could be invaluable sources of  benefi-
cial alleles for the development of  superior PVA 
hybrids and populations for the tropics. The GGE 
biplot identified PVA hybrid TZEIOR 4 × TZEIOR 
158 as the highest yielding across environ-
ments; it out-yielded the best hybrid check by 
35.9% under stress. This hybrid is being further 
tested for commercialization to improve food se-
curity and sustain maize production in SSA.

Several other studies have been conducted 
at IITA on combining ability, heterosis and gen-
etic diversity of  early-maturing PVA maize in-
breds under drought-stress and Striga-infested 
environments. Konate et  al. (2017) studied the 
reactions of  a set of  the early-maturing PVA in-
breds for tolerance/resistance to drought and 
Striga and determined the PVA contents; exam-
ined the combining ability and heterotic groups 
of  selected drought and Striga-resistant early 
PVA inbreds under Striga-infested, drought-
stress, optimal and across environments; and in-
vestigated the genetic diversity and population 
structure of  the PVA inbred lines using the DArT 
markers. During the 2014 dry season, a set of  
155 early-maturing PVA maize inbred lines  
was screened under managed drought to select 
100 promising inbred lines, which were charac-
terized for genetic diversity using SNP markers. 
The inbreds were also evaluated under drought, 
Striga-infested and optimal environments dur-
ing the 2015–2016 growing seasons in Nigeria 
to confirm the consistency of  their reactions to 
the biotic and abiotic stresses. Fifty of  the set of  
100 inbred lines were analysed for carotenoid 
content. About 56% of  the lines had PVA con-
centrations ranging from 5 to 9.60 μg g−1. The 
correlation analyses did not show significant as-
sociations of  grain yield with α-carotene and 
β-carotene contents, indicating that high- 
yielding inbred lines with high PVA level could 
be selected for hybrid development. Grain yield of  
the inbred lines across drought and Striga-infested 
environments ranged from 119 to 1971 kg ha−1, 
with a mean of  893 kg  ha−1. Of  the 100  
early-maturing inbred lines evaluated under 
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drought, 50 had positive base indices, with 39 of  
them yielding above the mean grain yield. Under 
Striga-infested environments, the top 20 inbred 
lines produced above mean grain yield, which 
varied from 866 to1340 kg  ha−1. Cluster ana-
lysis of  the genetic distance classified the lines 
into five groups based predominantly on their 
pedigrees. Results of  diallel analysis involving 
17 selected inbred lines (136 single-cross hy-
brids) showed that the hybrids exhibited signifi-
cant differences for all measured traits under 
drought, Striga-infested, optimal and across 
stress environments, except for ASI under Striga- 
infested environments. The GCA and SCA effects 
were significant for grain yield and other traits 
under drought, Striga-infested, optimal and 
across environments, except for SCA effects for 
ASI and EPP under drought and Striga environ-
ments. Significant positive GCA effects were ob-
served for grain yield for TZEIOR 108, TZEI 10 
and TZEI 17 across stress and non-stress envir-
onments. In addition, significant negative GCA 
effects were obtained for ear aspect and plant as-
pect for TZEIOR 108, TZEI 17 and TZEI 10 under 
stress and non-stress environments. The inbreds 
TZEIOR 108 and TZEI 10 had significant nega-
tive GCA effects for Striga damage and number 
of  emerged Striga plants. The preponderance of  
GCA effects over SCA effects for grain yield and 
most other measured traits under drought, Stri-
ga-infested, optimal and across environments 
suggested that additive gene effects were more 
important in the inheritance of  these traits. This 
implied that good parents could be identified us-
ing the measured traits and promising hybrids 
could be produced based on the prediction from 
GCA effects. The HSGCA grouping method clas-
sified the lines into four main groups. The inbred 
lines TZEIOR 108 and TZEI 10 were identified 
as the best testers. The GGE biplot analysis iden-
tified the hybrids TZEIOR 57 × TZEIOR 108, 
TZEIOR 13 × TZEIOR 59, TZEIOR 60 × TZEIOR 
108, TZEIOR 127 × TZEI 10, TZEIOR 9 × TZEIOR 
56 and TZEIOR 58 × TZEIOR 108 as the highest 
yielding and most stable across environments. 
The hybrids TZEIOR 60 × TZEIOR 127 and the 
commercial hybrid check TZEI 124 × TZEI 25 were 
high yielding but unstable across environments.

A study was conducted by Obeng-Bio (2019) 
using the IITA early-maturing PVA-QPM inbred 
lines to (i) identify drought and low-N-tolerant 
inbred lines with elevated levels of  PVA and 

quality protein; (ii) assess the extent of  genetic 
diversity and population structure of  selected 
early-maturing drought and low-N-tolerant in-
bred lines; (iii) determine combining ability of  
the inbred lines for drought and/or low-N toler-
ance, and PVA and tryptophan accumulation; 
(iv) classify the inbred lines into heterotic groups 
and identify the best inbred and hybrid testers 
across environments; (v) assess yield and stabil-
ity of  hybrids across stress and non-stress envir-
onments; and (vi) validate the presence of  PVA 
functional genes in the set of  inbred lines. The 
secondary traits measured complemented the 
grain yield of  the set of  inbred lines in identifying 
33 (out of  the 70) drought and low-N-tolerant 
inbred lines for the genetic studies. Moderate 
levels of  PVA were recorded for the inbred lines 
assayed, indicating the need to introgress the 
best favourable PVA alleles into the same popula-
tion from which the inbred lines were extracted. 
The inbred lines TZEIORQ 55 and TZEIORQ 29 
were the best in PVA contents, recording 15.38 
and 12.10 μg g−1, respectively, whereas inbred 
lines combined moderate levels of  PVA with 
drought and low-N tolerance.

Breeders have successfully used mating de-
signs, such as diallel, line × tester and the North 
Carolina Design II to establish heterotic groups 
for maize inbreds (Hosana et  al., 2015; Badu- 
Apraku et al., 2016a). However, morphological 
traits, especially quantitative traits, do not allow 
detection of  differences among closely related 
genotypes and are strongly influenced by pre-
vailing environmental conditions (Smith and 
Smith, 1992). In view of  this, molecular mark-
ers have been used as a more powerful option for 
classifying inbreds into heterotic groups (Barata 
and Carena, 2006). This method is extremely 
helpful in instances of  new inbred sets with no 
pedigree information. Several reports have dem-
onstrated a high correlation between genetic 
distance and hybrid performance in maize (Lee 
et  al., 1989; Smith et  al., 1990; Betrán et  al., 
2003; Xu et al., 2004; Kiula et al., 2008). Con-
trary to these reports, some other authors have 
reported that genetic distance measures are of  
limited use in predicting hybrid performance, 
heterosis and SCA of  single crosses (Melchinger 
et al., 1990). The general underlying explanation 
for this phenomenon is that although molecular 
markers are highly efficient for mapping the  
location of  genes in the genome, they provide little 
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information on the physiological functions and 
interactions of  gene products. Heterosis is based 
on dominance and epistatic interactions of  gene 
products, which DNA markers may not measure 
accurately. Because of  the shortcomings of  both 
morphological traits and molecular markers in 
classifying inbreds into heterotic groups, any of  
the approaches could be used in combination to 
complement the other in a genetic improvement 
programme.

Different methods of  identifying heterotic 
groups have been proposed. The use of  SCA ef-
fects of  grain yield to classify inbreds into heter-
otic groups (Fan et al., 2004) is recognized as the 
oldest method and it has been employed in many 
studies (Menkir et al., 2004; Badu-Apraku et al., 
2015b). However, using SCA effects for grain 
yield to assign inbreds to different heterotic 
groups could be biased by genotype × environment 
interactions, which could be the cause of  incon-
sistent grouping of  the inbred lines in different 
studies (Badu-Apraku et  al., 2013b). The SCA 
and GCA effects for grain yield were therefore 
combined in a method called heterotic group’s 
specific and general combining ability effects of  
grain yield (HSGCA), which is regarded as a 
more efficient approach for grouping maize in-
breds (Fan et al., 2009). Unfortunately, the SCA 
and HSGCA methods are based only on grain 
yield, making them less efficient. This is because 
grain yield has low heritability, especially under 
stress, as indicated by Bolaños and Edmeades 
(1993), and hence directly selecting for grain yield 
alone under drought might delay progress. For 
these reasons, Badu-Apraku et al. (2013b) pro-
posed heterotic grouping based on the HGCAMT 
method. Only the measured traits with significant 
GCA effects are employed in this method, and it 
becomes the method of  choice for classifying  
inbreds into heterotic groups in the NCD II ar-
rangements, where the crosses are restricted to 
specific sets of  inbred lines. Furthermore, it is an 
appropriate method for grouping inbred lines 
when the breeding objective is to develop resist-
ance or tolerance to multiple stresses in trials 
involving the measurement of  several traits.

Several authors have assessed the efficiency 
of  the different heterotic grouping methods and 
the results so far have been contradictory. For 
example, Fan et  al. (2009) and Akinwale et  al. 
(2014) found the HSGCA method to be the most 
efficient after comparing the SCA, HSGCA and 

SNP marker methods. Similarly, Badu-Apraku 
et  al. (2015b) identified the HSGCA method as 
the most efficient, followed by the HGCAMT, SNP 
markers and the SCA in a study that compared 
the efficiencies of  these four grouping methods. 
Also, the HSGCA method was more efficient than 
the SCA method in classifying the extra-early 
maturing white maize inbred lines into heterotic 
groups (Amegbor et  al., 2017). Conversely, 
Badu-Apraku et al. (2013a, 2016b) ranked the 
HGCAMT method as the most efficient, followed 
by HSGCA and then the SNP-based method. The 
contradictory reports emanating from the differ-
ent studies were principally ascribed to the dif-
ferences in the genetic materials used and their 
responses to the prevailing environmental con-
ditions with respect to the SCA, HSCGA and 
HGCAMT methods, as well as the number of  
markers used with respect to the SNP-marker-
based method. Using DArTseq markers, UPGMA 
clustering, model-based structure analysis and 
principal component analysis were employed to 
assess the genetic diversity among the inbred 
lines. The results consistently revealed five clus-
ters, which were based largely on the pedigrees 
of  the set of  inbred lines, indicating the existence 
of  genetically distinct groups.

Twenty-four PVA-QPM early-maturing in-
bred lines were selected to generate 96 North 
Carolina Design II crosses, which were evaluated 
under drought, low-N and optimal environments 
in Nigeria, 2015–2018 (Obeng-Bio, 2019). 
Results revealed that the additive genetic effects 
were more important than the non-additive ef-
fects for grain yield and most other agronomic 
traits under individual environments and across 
environments. Maternal effects were not signifi-
cant for measured traits under drought, low-N, 
optimal and across environments as well as 
for the carotenoids and tryptophan contents 
assayed, except for the stay-green characteristic 
and ASI across environments. In addition, pater-
nal effects significantly (P < 0.05) conditioned 
the inheritance of  prolificacy under optimal 
conditions.

Maize breeders at IITA use a base index to 
select genetic materials improved for several 
traits simultaneously. In one such study, 32 of  
the 70 early-maturing PVA-QPM inbred lines 
evaluated were identified as drought tolerant on 
the basis of  the drought base index. These in-
breds would serve as an important source of  
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genes for the development of  superior drought- 
tolerant hybrids (Betrán et al., 2003), synthetics 
and for the improvement of  the early-maturing 
PVA-QPM population for drought tolerance. 
Similarly, 37 low-N-tolerant inbred lines were 
identified, which would be crucial for the exploit-
ation of  low-N-tolerance genes to develop super-
ior hybrids and synthetic varieties under low-N 
conditions (Adofo-Boateng et  al., 2015). More-
over, 33 inbred lines were identified as drought- 
and low-N-tolerant based on the multiple trait 
base index, suggesting that similar adaptive 
mechanisms were involved in the tolerance to 
the two stresses and that selection under drought- 
could also improve low-N tolerance, as reported 
by several workers (Kim and Adetimirin, 1997; 
Bänziger et al., 1999; Badu-Apraku et al., 2012). 
In other studies, the PVA levels of  18 selected 
early-maturing PVA-QPM parental lines ranged 
from 3.47 to 15.38 μg g−1, with a mean of 6.47 μg g−1, 
indicating the existence of  significant variation 
for the PVA carotenoids in the set of  inbred lines 
used (Weber, 1987; Pfeiffer and McClafferty, 
2007; Harjes et  al., 2008; Mishra and Singh, 
2010). This range of  PVA values exceeded the 
5.00 to 7.80 μg g−1 range reported by Menkir 
et  al. (2008) from 15 tropically adapted yellow 
maize inbred lines but was similar to the 0.06 to 
17.25 μg g−1 range, with a mean of  5.87 μg g−1 
reported by Azmach et al. (2013) using 130 in-
bred lines. However, only TZEIORQ 55 recorded a 
PVA value >15 μg g−1, which is the breeding target 
established by HarvestPlus (Ortiz-Monasterio 
et  al., 2007; Harjes et  al., 2008; HarvestPlus, 
2004). Although the results indicated the po-
tential of  achieving the established target using 
this inbred set, there is the need to introgress the 
best favourable alleles for PVA from the out-
standing tropical germplasm sources, such as 
TZEEIOR 2002 and TZEEIOR 2005, into the 
tropically adapted inbred lines to facilitate the 
development of  high PVA-QPM hybrids with 
good adaptation to drought and low-N environ-
ments. The highest estimated mean of  total ca-
rotenoids was 60.22 μg g−1, which was higher 
than the 42.71 μg g−1 reported by Azmach et al. 
(2013) but far below the 100 μg g−1 reported by 
Burt et al. (2011). The significance of  high total 
carotenoids is that inbred lines harbouring 
higher amounts of  total carotenoids could be 
invaluable sources of  the PVA carotenoids, 
 especially if  the influx of  assimilates to the 

 carotenoid biosynthetic pathway favours the ac-
cumulation of  the PVA carotenoids in the endo-
sperm. Also, the results revealed relatively high 
levels of  lutein and zeaxanthin (synthesized 
from the PVA carotenoids) at the expense of  the 
PVA carotenoids for most of  the inbreds. This re-
sult is consistent with the report by Howitt and 
Pogson, (2006), who identified lutein and zeax-
anthin as the most predominant carotenoids in 
the maize endosperm. This result, however, is 
 inconsistent with the findings of  Babu et  al. 
(2013), who reported many genotypes having 
high PVA contents (ranging from 15 to 20 μg g−1) 
compared with the non-PVA carotenoids when 
improved PVA inbred lines and populations were 
studied. Ultimately, new sources of  PVA genes 
would be necessary to improve the existing 
 early-maturing PVA-QPM inbred population to 
speed up the development of  the next generation 
of  high-PVA tropical maize hybrids for com-
mercialization in SSA to combat VAD. The two 
inbred lines, TZEIORQ 55 and TZEIORQ 29, 
which possessed high levels of  PVA (15.38 and 
12.10 μg g−1, respectively) and low-N tolerance 
(for TZEIORQ 29) could be invaluable sources 
of  PVA genes for the improvement of  the early 
PVA-QPM source inbred population. PVA of  the 
inbreds did not correlate with grain yield, sug-
gesting that the two traits can be improved sim-
ultaneously in the set of  inbred lines. This result 
might be the reason why most of  the inbreds 
with combined drought and low-N tolerance 
generally recorded low levels of  PVA. This find-
ing, therefore, suggested that the inbreds were 
relatively better adapted to tropical environ-
ments relative to drought and low-N, but the 
PVA levels needed improvement. Also, the 
non-significant correlations observed among 
PVA and lutein and zeaxanthin indicated that 
the levels of  the PVA carotenoids (β-carotene, 
β-cryptoxanthin and α-carotene) could be im-
proved without significant loss associated with 
the synthesis of  lutein and zeaxanthin in the 
PVA biosynthetic pathway.

The GGE-biplot analysis and the drought 
and low-N multiple trait base index consist-
ently identified TZEIORQ 24 × TZEIORQ 41 as 
the highest yielding and most stable hybrid 
across stress and non-stress environments. 
TZEIORQ 29 × TZEIORQ 43 was, however, the 
best hybrid under low-N conditions, and 
TZEIORQ 26 × TZEIORQ 47 was outstanding 
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for combined drought and low-N tolerance 
(Obeng-Bio, 2019).

Results of  the combining ability study of  
PVA carotenoids and tryptophan revealed a pre-
ponderance of  GCA effects over SCA for PVA and 
all measured carotenoids, indicating that super-
ior hybrids could be produced by crossing par-
ents with significant positive GCA effects for 
PVA. The hybrid TZEIORQ 29 × TZEIORQ 43, 
which recorded a PVA content of  9.78 μg  g−1, 
was among the hybrids identified with combined 
desirable agronomic performance under drought, 
low-N and optimal environments; it also had a 
moderate level of  PVA contents. From this study, 
the outstanding hybrids, including TZEIRQ 29 × 
TZEIORQ 43, should be further tested to confirm 
consistency of  performance and be commercial-
ized in SSA to combat VAD and protein energy 
malnutrition in the sub-region.

The PVA allele-specific marker crtRB1-3ʹ TE 
was identified as the relatively polymorphic 
marker and was highly consistent with the KASP 
SNP (snpZM0015). The two markers identified 
eight inbred lines harbouring the favourable  
alleles of  the crtRB1 functional gene. These in-
breds could serve as donor parents of  favourable 
alleles for the crtRB1 gene. Despite the moder-
ate to high PVA contents of  TZEIORQ 29 and 
TZEIORQ 55, they were not validated as possess-
ing the favourable alleles of  crtRB1 and LcyE 
genes, implying that other genes could be re-
sponsible for the increased levels of  PVA in these 
inbreds. Moreover, the preponderance of  additive 
genetic effects over the non-additive effects in the 
inheritance of  PVA accumulation in the entire 
set of  inbreds, and the recorded significant posi-
tive GCA male and female effects for PVA levels 
for TZEIORQ 29, indicated that TZEIORQ 55 and 
TZEIORQ 29 could contribute favourable alleles 
other than those of  crtRB1 and LcyE for the  
improvement of  PVA concentrations in hybrids, 
synthetics and for the development of  early PVA-
QPM populations for extracting outstanding 
PVA inbred lines for hybrid development.

The preponderance of  GCA (GCA-male + 
GCA-female) effects over SCA effects for grain 
yield and most agronomic traits under drought, 
low-N, optimal and across environments indi-
cated that additive gene effects were more im-
portant than non-additive gene effects and that 
GCA largely contributed to the inheritance of  
the traits measured for the 96 early PVA-QPM 

hybrids evaluated (Obeng-Bio, 2019). This re-
sult therefore suggested that superior hybrids 
could be developed by crossing the parents with 
high significant and positive GCA effects (Baker, 
1978; Badu-Apraku et al., 2013b). In contrast, 
another study conducted in IITA by Tchala 
(2019) revealed dominance genetic effects to be 
the primary type of  effects conditioning most of  
the carotenoid traits in the extra-early set of  par-
ental inbreds.

In another study (Obeng-Bio, 2019), 54 
early-maturing PVA-QPM single-cross hybrids 
generated from 18 inbred lines plus a hybrid 
check were phenotyped for carotenoids and 
tryptophan contents to determine the type of  
gene action conditioning the accumulation of  
PVA and tryptophan contents and to identify su-
perior hybrids that combined elevated levels of  
PVA carotenoids and tryptophan with drought 
and low-N tolerance. PVA functional markers 
were also used to identify inbred lines harbour-
ing the functional crtRB1 and lcyE genes to 
serve as donor parents of  the favourable alleles. 
Results revealed genetic variation for PVA carot-
enoids and tryptophan among the hybrids, 
which resulted in selection gains. It was con-
cluded that carotenoid and tryptophan traits 
could be easily transferred from parental lines to 
progenies. The results also showed that, for the 
same hybrid, there could be significant differ-
ences in repeated samples for carotenoids and 
tryptophan, emphasizing the importance of  pre-
cision and replication for accurate quantifica-
tion. Additive gene action was more important 
than non-additive gene action in the inheritance 
of  all carotenoids and tryptophan, and GCA was 
the major contributor to the heritable variation 
in carotenoids and tryptophan of  the early PVA-
QPM hybrids studied. It was found that cytoplas-
mic genes did not have a significant influence on 
the inheritance of  carotenoids and tryptophan 
in the studied inbred lines. Inbred line TZEIORQ 
29, with significant positive GCA (GCAm and 
GCAf) effects for PVA and its component carot-
enoids, could be exploited for the PVA favourable 
alleles in the development of  high-PVA hybrids 
and synthetics, and for the improvement of  the 
early PVA-QPM inbred population. Also, inbred 
TZEIORQ 13 displayed a significant positive GCA- 
female effect for PVA and β-carotene, indicating 
that it could be useful as a female parent for 
breeding for high-PVA maize. The moderate 
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range of  PVA contents observed for the hybrids 
suggested that there was the need to introgress 
favourable PVA alleles from sources, such as the 
IITA extra-early inbred lines, TZEEIOR 202 and 
TZEEIOR 205, to improve the tropically adapted 
early PVA and PVA-QPM inbred populations 
and to facilitate the accumulation of  PVA in 
available hybrids.

The five most outstanding early hybrids 
(TZEIORQ 29 × TZEIORQ 40, TZEIORQ 29 × 
TZEIORQ 43, TZEIORQ 29 × TZEIORQ 24, 
TZEIORQ 20 × TZEIORQ 29 and TZEIORQ 6 × 
TZEIORQ 29) had moderately high PVA levels 
and should be further tested and commercial-
ized in SSA to combat protein energy malnutri-
tion and VAD. There was a significant positive 
correlation between PVA carotenoids and grain 
yield of  the PVA-QPM hybrids, indicating that 
simultaneous increases in accumulation of  PVA 
and other carotenoids might be effectively ac-
complished without compromising grain yield 
potential of  the hybrids.

In the PVA candidate genes validation study 
involving the PVA-QPM inbred lines, cr-
tRB1-3ʹ TE was the most polymorphic functional 
marker identified in these eight inbred lines, 
TZEIORQ 10, TZEIORQ 12, TZEIORQ 13, TZEIORQ 
14, TZEIORQ 15, TZEIORQ 16, TZEIORQ 17 and 
TZEI 129, which indicated that they harboured 
the favourable alleles of  the crtRB1 functional 
gene. The KASP SNP, snpZM0015, was consist-
ent with the results of  the PCR-based markers. 
However, the crtRB1-5ʹ TE and lcyE-5ʹ TE did not 
amplify any of  the inbreds. The eight inbreds 
identified could serve as donor parents of  favour-
able alleles of  the crtRB1 gene. Information on 
the functional PVA genes and the phenotyping 
results of  the carotenoids suggested that TZEIORQ 
55 and TZEIORQ 29 could be sources of  favour-
able alleles other than those of  crtRB1 and LcyE 
for the improvement of  PVA concentrations in 
available hybrids, synthetics and the populations 
to be derived from the outstanding PVA-QPM 
inbred lines identified in the present study.

In the study, TZEIORQ 42 × TZEIORQ 20 
ranked third among the 15 best hybrids and had 
its inbreds placed in the same heterotic group 
(group 4) (Obeng-Bio, 2019). The parental lines 
of  the hybrid recorded significant (P < 0.05) 
positive GCA-male and female effects for GY. It 
had a relatively good grain-yielding ability under 
stress conditions to qualify as a seed parent in 

successful three-way and double-cross hybrids 
for high seed production. The single-cross hybrid, 
TZEIORQ 42 × TZEIORQ 20, was therefore, iden-
tified as a potential single-cross hybrid tester.

In breeding for improved levels of  PVA in 
maize, many researchers have identified and 
used different molecular markers linked to PVA 
carotenoids (Harjes et al., 2008; Yan et al., 2010; 
Fu et al., 2013; Sagare et al., 2015b). Also, it has 
been reported that the presence of  allele 1 (favour-
able allele) of  crtRB1-3ʹ TE could bring about a 
two- to ten-fold increase in kernel β-carotene 
concentration in maize (Babu et  al., 2013; 
Sagare et al., 2015b). Similarly, in a marker–trait 
association study of  functional gene markers for 
PVA levels across the tropical yellow maize in-
bred lines, Azmach et al. (2013) showed that the 
functional DNA markers crtRB1-3ʹ TE and crtRB1- 
5ʹ TE were polymorphic and strongly associated 
with PVA content across the tropical yellow 
maize lines tested. In another study in IITA, 76 
PVA-QPM inbred lines plus four checks were 
screened by Oyekale (2019) for the presence of  
markers linked to either favourable or non-fa-
vourable β-carotene alleles. Allele- specific pri-
mers (crtRB1-3ʹ TE and crtRB1-5ʹ TE) were used 
to characterize the lines for the presence of  
markers linked to both (or either of  the) alleles. 
The results were slightly different from those  
reported by earlier investigators in that only  
crtRB1-3ʹ TE was polymorphic in the tropical 
extra-early PVA-QPM inbred lines screened 
with the functional DNA PVA markers, crtRB1- 
3ʹ TE and crtRB1-5ʹ TE. The differences in the  
results of  this study and the earlier reports might 
be attributed to the differences in the genetic 
materials used in different studies. Furthermore, 
results of  the HPLC indicated that 86% of  the  
inbred lines harbouring the favourable allele  
of  crtRB1-3ʹ TE had high levels of  β-carotene 
and total PVA levels greater than the mean 
PVA (6.2 μg g−1) of  all the extra-early PVA-
QPM inbred lines analysed. This suggested 
that the marker is tightly linked to β-carotene 
with direct influence on the levels of  total  
PVA in the inbreds. This result is consistent 
with the findings of  many other investigators, 
who reported a strong association between the 
marker and the PVA carotenoid (Yan et  al., 
2010; Babu et al., 2013; Sagare et al., 2015b). 
Although the inbred line (TZEEIORQ 54A) with the 
highest level of  β-carotene eventually had the 
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highest level of  total PVA (11 μg g−1) of  the in-
bred lines used for the study, a few of  the inbreds, 
without the marker, had moderate levels of  PVA 
relative to the HarvestPlus target of  15 μg g−1 
(Bouis and Saltzman, 2017). This suggested that 
other PVA carotenoids, apart from β-carotene, 
might be more active in the inbred lines.

The HGCAMT method classified the extra- 
early PVA-QPM inbred lines into three heterotic 
groups and inbreds TZEEIORQ 61 and TZEE-
IORQ 5 were identified as testers for the inbreds 
across the research conditions. Also, inbreds 
TZEEIORQ 49 and TZEEIORQ 55, with com-
bined Striga resistance and low-N tolerance  
as well as high levels of  PVA, lysine and tryp-
tophan, could be recombined to develop a 
population from which superior inbreds could 
be extracted. Equally, the extra-early PVA-QPM 
hybrids TZEEIORQ 61 × TZEEIORQ 49, TZEE-
IORQ 49 × TZEEIORQ 75 and TZEEIORQ 55 × 
TZEEIORQ 26 should be tested further for  
commercialization in SSA.

Stepwise regression analyses of  all the PVA 
carotenoids on the total PVA levels in the ex-
tra-early PVA-QPM inbred lines revealed that 
β-cryptoxanthin (with half  the vitamin A activ-
ity of  β-carotene) contributed significantly (par-
tial R2 = 0.18) to the increased levels of  total 
PVA in those inbred lines without the favourable 
allele of  crtRB1-3ʹ TE. This indicated that the  
allele-specific PVA marker crtRB1-3ʹ TE was 
strongly linked to β-carotene with a resultant in-
crease in PVA and that beta-cryptoxanthin was 
associated with the increased levels of  PVA  
observed in some inbred lines that lacked the  
favourable PVA allele. Beta-cryptoxanthin equally 
might have made significant contribution to 
total PVA levels in the inbred lines possessing the 
favourable alleles. This result supported the find-
ings of  Venado et  al. (2017), who showed a 
strong positive correlation (r = 0.70) between 
β-cryptoxanthin and PVA concentration in 
maize. The authors identified lycopene beta cy-
clase (lcyB) as the candidate gene associated 
with increased levels of  β-cryptoxanthin in 
maize. Although Venado et al. (2017) used dif-
ferent genetic materials, the range of  PVA levels 
(3.01–11.90 μg g−1) and the average β-cryptox-
anthin (4.23 μg  g−1) reported in their study 
were comparable to those obtained in the IITA 
study (PVA levels = 2.21–11.00 μg g−1, average 
β-cryptoxanthin = 5.25 μg g−1).

It is striking that in our studies at IITA, 
the levels of  PVA were highest in the inbred 
lines with relatively deep orange kernels. This 
observation corroborated the results of  many 
workers, who reported that high levels of  total 
carotenoids, and slightly more PVA content, 
could be achieved when visual score for kernel 
colour was used in breeding for PVA-rich 
maize (Chandler et  al., 2013; Venado et  al., 
2017). However, in their earlier report, Safa-
wo et al. (2010) advocated other more efficient 
means of  quantifying β-carotene in maize 
grains than kernel colour, following their ob-
servation that there was low correlation be-
tween visual grain colour and total carotenoid 
(R2 = 0.184) as well as β-carotene content (R2 
= 0.033) of  the 64 maize inbred lines evalu-
ated in their study. Similarly, Muthusamy et al. 
(2015) reported that visual selection for ker-
nel colour will be misleading in selecting PVA-
rich genotypes, although it could improve the 
levels of  non-PVA carotenoids, i.e. lutein and 
zeaxanthin.

The levels of  tryptophan and lysine were 
at least 0.07 and 0.35%, respectively, in the 
following IITA inbred lines: TZEEIORQ 72, 
TZEEIORQ 74, TZEEIORQ 22 and TZEEIORQ 
55, suggesting that the lines could be regarded 
as QPM inbred lines (Krivanek et  al., 2007; 
Vivek et  al., 2008; Tandzi et  al., 2017). These 
results were consistent with the findings of  Ko-
stadinovic et al. (2016). Generally, inbred lines 
TZEEIORQ 58, TZEEIORQ 55, TZEEIORQ 5, 
TZEEIORQ 52, TZEEIORQ 57, TZEEIORQ 62, 
TZEEIORQ 72, TZEEIORQ 59 and TZEEIORQ 54 
(with some of  the highest levels of  PVA, trypto-
phan and lysine) exhibited differential re-
sponses to both Striga infestation and low-N 
conditions. The first six top-yielding inbred 
lines were resistant/tolerant to both Striga and 
low-N stresses, whereas the last three were 
susceptible to the two stresses. The first six 
lines can be used to develop Striga- resistant/ 
tolerant and low-N-tolerant extra-early- maturing 
PVA-QPM hybrids/varieties or populations for 
WCA (Oyekale, 2019).

The allele-specific DNA marker crtRB1-3ʹ TE 
identified TZEEIORQ 54, TZEEIORQ 58, TZEEIORQ 
55, TZEEIORQ 52, TZEEIORQ 57, TZEEIORQ 
62, TZEEIORQ 51, TZEEIORQ 50, TZEEIORQ 
60, TZEEIORQ 53, TZEEIORQ 49, TZEEIORQ 63, 
TZEEIORQ 64 and TZEEIORQ 73 as inbred lines 
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possessing favourable alleles for elevated levels 
of  PVA. Also, biochemical analysis revealed that 
PVA levels ranged from 2.21 μg  g−1 for TZEE-
IORQ 27 to 11.00 μg  g−1 for TZEEIORQ 54, 
whereas tryptophan levels varied from 0.03% 
for TZEEIORQ 53 to 0.08% for TZEEIORQ 72 and 
lysine from 0.19% for TZEEIORQ 50 to 0.39% for 
TZEEIORQ 74.

Interrelationships among traits of  
extra-early provitamin A maize hybrids 

under drought and Striga-infested 
environments

Index selection has proved to be an effective se-
lection method, as the trait of  interest is usually 
selected along with other secondary traits influ-
encing the observable expression of  the target 
trait. Thus, information on inter-trait relation-
ships guides the choice of  traits a breeder would 
consider for inclusion in a selection index. Stud-
ies were conducted at IITA to investigate the 
correlations among grain yield and other agro-
nomic traits of  PVA maize hybrids and to deter-
mine the causal relationships among the PVA 
levels of  selected hybrids, mid-parent PVA levels 
and other agronomic traits under managed 
drought and Striga-infested environments. One 
hundred and ninety diallel crosses developed 
from 20 PVA inbreds plus six checks were evalu-
ated under drought and Striga-infested environ-
ments in Nigeria, 2015–2017. Grain yield and 
other agronomic traits of  the hybrids were sub-
jected to correlation analysis. Furthermore, the 
PVA content of  14 selected hybrids was deter-
mined along with those of  the corresponding par-
ental lines. Causal relationships among the hy-
brid PVA levels, mid-parent PVA levels and other 
traits were illustrated using stepwise regression 
and path analyses. Results revealed significant 
positive correlations between grain yield and 
other traits such as plant and ear heights, root 
lodging, ear rot and ears per plant under drought, 
whereas grain yield had significant negative cor-
relations with days to anthesis and silking, stalk 
lodging, husk cover, plant and ear aspects and 
stay-green characteristic (Table 17.11).

Under Striga-infested environments, grain 
yield correlated positively with plant and ear 
heights and ears per plant but negatively with 
days to anthesis and silking, anthesis-silking 

interval, Striga damage at 8 and 10 weeks after 
planting, husk cover and ear aspect (Table 17.12). 
These results are to a large extent consistent 
with the findings of  previous researchers under 
drought and Striga-infested environments. 
Sequential path analysis revealed mid-parent 
PVA as the single primary trait accounting for 
about 93% of  the variation in the PVA levels of  
the hybrids under drought (Fig. 17.6). However, 
mid-parent PVA and root lodging were the pri-
mary traits influencing the PVA levels of  the hy-
brids under Striga-infested environments. About 
96% of  the variation could be attributed to these 
traits (Fig. 17.7). Yield was identified as fifth- and 
third-order traits under drought and Striga- 
infested environments, respectively, suggesting 
that PVA levels of  hybrids were independent of  
yield performance of  the hybrids. Thus, simul-
taneous selection for high grain yield and ele-
vated PVA levels would suffice.

Summary and Conclusions

Maize, a major staple food crop widely consumed 
in Africa, is deficient in nutritional quality, 
including two amino acids (lysine and trypto-
phan), minerals and vitamins, one of  which is 
vitamin A. However, it contains low levels of  the 
two amino acids, minerals (such as zinc and 
iron) and PVA. As a result of  the existence of  
genetic variability for the quality composition of  
the kernels, two international agricultural re-
search centres, specifically CIMMYT and IITA, 
supported by the HarvestPlus Challenge Pro-
gramme, have been working to enhance the 
levels of  nutritional quality traits of  maize (hy-
brids and OPVs) to be released to farmers in SSA. 
Also, because maize production in SSA is greatly 
constrained by many abiotic (such as drought, 
heat and low-N) and biotic (including S. hermon-
thica infestation, diseases and insect pests) 
stress factors, development and deployment of  
high quality OPVs and hybrids with tolerance or 
resistance to multiple stresses that will simultan-
eously mitigate the problems of  malnutrition and 
food insecurity in SSA, have been the main focus 
of  the breeding programme. The maize ger-
mplasm available to the breeders contains a large 
number of  inbred lines, OPVs and hybrids, into 
which tolerance of  some or all of  the stresses and/
or quality protein traits have been incorporated. 
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Table 17.11. Correlations among grain yield and other agronomic traitsa of diallel crosses of extra-early inbreds under managed drought stress at Ikenne during 
the 2015/16 and 2016/17 dry seasons.

DA DS ASI PHT EHT RL SL HUSK PASP EASP EROT STGR EPP

YIELD −0.60c −0.70c −0.12 0.35c 0.37c 0.16c −0.29c −0.67c −0.82c −0.87c 0.44c −0.55c 0.78c

DA 0.79c −0.38c −0.25c −0.28c −0.02 0.25c 0.44c 0.58c 0.61c −0.36c 0.38c −0.64c

DS 0.27c −0.26c −0.32c −0.04 0.22c 0.47c 0.60c 0.66c −0.42c 0.38c −0.68c

ASI 0.02 −0.04 −0.01 −0.05 0.02 −0.01 0.03 −0.06 −0.02 −0.02
PHT 0.70c −0.04 −0.17c −0.44c −0.33c −0.32c 0.18c −0.14b 0.28c

EHT 0.02 −0.08 −0.28c −0.29c −0.29c 0.33c −0.08 0.26c

RL 0.07 −0.04 −0.08 −0.10 0.07 0.00 0.12
SL 0.34c 0.36c 0.34c −0.11 0.42c −0.28c

HUSK 0.77c 0.77c −0.36c 0.56c −0.69c

PASP 0.85c −0.47c 0.65c −0.79c

EASP −0.50c 0.61c −0.84c

EROT −0.21c 0.63c

STGR −0.59c

aDA, days to 50% anthesis; DS, days to 50% silking; ASI, anthesis–silking interval; PHT, plant height; EHT, ear height; RL, root lodging; SL, stalk lodging; HUSK, husk cover; PASP, plant 
aspect; EASP, ear aspect; EROT, ear rot; STGR, stay-green characteristic; and EPP, ears per plant.
b, cSignificant at 5% and 1% probability level, respectively.
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Table 17.12. Correlations among grain yield and other agronomic traitsa of diallel crosses of extra-early inbreds under artificial Striga infestation at Mokwa, during 
the 2016 and 2017 growing seasons.

DA DS ASI PHT EHT SDR1 SDR2 ESP1 ESP2 RL SL HC EASP EROT EPP

YIELD −0.40c −0.55c −0.44c 0.33c 0.21c −0.76c −0.78c −0.11 −0.05 −0.11 −0.08 −0.77c −0.88c −0.01 0.78c

DA 0.83c 0.28c −0.08 −0.09 0.36c 0.25c −0.16c −0.20c 0.00 −0.19c 0.31c 0.41c −0.08 −0.41c

DS 0.68c −0.15c −0.13 0.52c 0.41c −0.14b −0.20c 0.03 −0.18c 0.42c 0.58c −0.13 −0.56c

ASI −0.20c −0.17c 0.43c 0.38c 0.04 −0.06 0.02 −0.12 0.33c 0.49c −0.13 −0.42c

PHT 0.69c −0.45c −0.32c −0.04 −0.05 −0.01 0.03 −0.35c −0.35c 0.04 0.29c

EHT −0.23c −0.13 0.00 0.06 0.01 0.20c −0.13 −0.24c 0.04 0.23c

SDR1 0.75c 0.15c 0.06 0.07 0.14b 0.83c 0.69c −0.01 −0.61c

SDR2 0.18c 0.20c 0.11 0.19c 0.85c 0.69c 0.04 −0.64c

ESP1 0.56c 0.02 0.23c 0.16c 0.02 0.18c 0.03
ESP2 −0.03 0.26c 0.17c −0.08 0.08 0.06
RL 0.32c 0.12 0.06 0.08 0.00
SL 0.20c 0.00 0.08 0.11
HC 0.68c 0.07 −0.61c

EASP −0.01 −0.77c

EROT 0.09

aDA, days to 50% anthesis; DS, days to 50% silking; ASI, anthesis–silking interval; PHT, plant height; EHT, ear height; SDR1 and SDR2, Striga damage (8 and 10 weeks after planting 
[WAP]), respectively; ESP1 and ESP2, emerged Striga plants (8 and 10 WAP); RL, root lodging; SL, stalk lodging; HC, husk cover; EASP, ear aspect; EROT, ear rot; and EPP, ears per 
plant.
b,cSignificant at 5% and 1% probability level, respectively.
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The materials, along with those obtained from 
other sources, such as CIMMYT, were screened 
by IITA maize scientists for PVA and were sub-
jected to quantitative genetic studies and molecu-
lar approaches for PVA enhancement. Multiple 
stress-tolerant inbred lines have been used to de-
velop early and extra-early OPVs and hybrids 
with high-quality protein and PVA for release to 
farmers of  SSA. Although the HarvestPlus Chal-
lenge Programme has established 15 μg g−1 as 
the breeding target for PVA in maize and more 
than 40 initial PVA maize synthetics, single- 
cross and three-way hybrids have been released 
in the DRC, Ghana, Malawi, Mali, Nigeria, Rwanda, 
Tanzania, Zambia and Zimbabwe, only a few of  
the released PVA maize hybrids have attained 
this level in SSA; none of  them has a quality pro-
tein background.

Literally thousands of  entries with tolerance/
resistance to multiple stresses and, in many cases, 
with a quality protein background (i.e. QPM) 

were screened for PVA content and subjected 
to intensive selection while maintaining farm-
ers’ desired agronomic traits, including high 
grain yield. Extensive quantitative genetic 
studies were conducted to quantify the genetic 
variability for PVA and determine its mode of  
inheritance, heritability, genotype × environ-
ment interaction, responses to recurrent selec-
tion and inter- relationships among agronomic 
traits, using sequential path analyses. Further-
more, the discovery of  increased nutrition in 
yellow maize grain led to selection of  pig-
mented grain as a desirable quality trait. Maize 
kernel colour and MAS have been employed in 
breeding PVA-rich maize. Genetic diversity has 
been estimated from various types of  molecu-
lar markers, including RFLPs, AFLPs, SSRs, 
SNPs and DArT, which detect all types of  DNA 
variations, including single-base changes and 
small insertions and deletions. The DArTseq 
markers have been found to be more efficient 
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than the HGCAMT grouping method in identi-
fying heterotic groups. Using this approach, 
TZEIORQ 29 was found to be the best male or 
female tester, whereas TZEIORQ 24 was the 
best male tester. TZEIORQ 59 × TZEIORQ 11 was 
identified as the best single-cross tester across 
research environments. A study of  the genetic 
diversity and the population structure of  110 
early-maturing PVA maize inbred lines from  
the IITA maize improvement programme evalu-
ated under drought, Striga-infested and opti-
mal conditions in 2015 and 2016 in Nigeria, 
revealed significant differences among the lines, 
indicating that the lines were genetically dis-
tinct and selection progress can be expected. 
The genetic distance between the early PVA 
lines ranged from 0.03 to 0.45. The genetic dis-
tance estimates showed that the early-maturing 
PVA inbred lines could be useful for hybrid pro-
duction, population improvement and, eventu-
ally, development of  new lines. The dendrogram 

obtained with DArT marker data placed the lines 
into five heterotic groups. Using the UPGMA 
clustering method, the early-maturing inbred 
lines were grouped into five clusters, which re-
flected parental relationships. The information 
obtained from this study would provide better 
understanding of  the genetic relationships 
among the early PVA lines.

Results of  studies conducted at IITA with 
tropically adapted maize germplasm showed 
that the orange-endosperm maize genotypes ex-
hibited significant differences for all the traits 
measured, with more than 70% of  the total vari-
ation observed being attributable to β-carotene, 
and the mean β-carotene content varied from 
0.45 to 2.18 μg g−1. The orange colour source, 
Syn-Y-STR-34-1-1-1-1-2-1-B-B-B-B-B/NC354/ 
SYN-Y-STR-34-1-1-1 (OR1), used to convert 
2004 TZEE-Y STR C4 to an orange population 
from which the extra early PVA inbred lines were 
derived, carried none of  the functional alleles of  
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the crtRB1 gene. Only TZEEIOR 196 and TZdEEI 
7 contained the favourable allele at the 3ʹ TE of  
lycE locus while all of  the other inbred lines con-
tained the unfavourable allele at 5ʹ TE of  crtRB1 
locus. Multiple stress-tolerant extra-early maize 
inbred lines with PVA levels higher than the 
target of  15 μg g−1 established by the Harvest-
Plus Programme have been identified at IITA; 
these included TZEEIOR 202 (23.98 μg g−1) and 
TZEEIOR 205 (22.58 μg  g−1). Furthermore, an 
early- maturing PVA-QPM inbred line, TZEIORQ 
55 (15.38 ug g−1), has been identified. The ex-
tra-early and early PVA inbred lines are pres-
ently serving as invaluable high-PVA genetic re-
sources for developing high-PVA hybrids and 
introgressing PVA alleles into tropical breeding 
populations. Furthermore, crosses involving the 
high-PVA maize inbred lines TZEEIOR 202 and 
TZEEIOR 205 have resulted in the development 
of  PVA hybrids TZEEIOR 197 × TZEEIOR 205 
(20.1 μg g−1) and TZEEIOR 202 × TZEEIOR 205 
(22.7 μg g−1), containing about double the 
amount of  PVA of  the commercial PVA hybrid 
check, TZEE-Y Pop STR C5 × TZEEI 58 (11.4 μg 
g−1), which are candidates for release in SSA.

In a series of  studies, S3 lines with deep or-
ange colour were selected and recombined to 
form four extra-early PVA varieties (2009 TZEE-
OR1 STR, 2009 TZEE-OR2 STR, 2009 TZEE-
OR1 STR QPM and 2009 TZEE-OR2 STR QPM), 
four early PVA varieties (2009 TZE-OR1 STR, 
2009 TZE-OR2 STR, 2009 TZE-OR1 STR QPM 
and 2009 TZE-OR2 STR QPM), two normal-en-
dosperm PVA varieties (2009 TZEE-OR1 STR and 
2009 TZE-OR2 STR) and two PVA-QPM varieties 
(2009 TZEE-OR1 STR QPM and 2009 TZE-OR2 
DT STR QPM). Many multi-stress-tolerant/re-
sistant PVA inbred lines have been extracted 
from the populations. The inbred lines are pres-
ently being used in various genetic studies to (i) 
determine their combining abilities and heterotic 
patterns; (ii) classify them into heterotic groups; 
(iii) identify inbred and single-cross testers; and 
(iv) determine the performance and stability of  
the inbreds in hybrid combinations.

Results of  many quantitative genetic stud-
ies of  PVA, conducted in multi-environment 
trials (METs) by IITA and NARS scientists in WA 
indicated the presence of  both additive and 
non-additive genetic variances with a preponder-
ance of  the additive component; several distinct 
heterotic groups with large, highly significant 

heterosis in cross combinations; high heritabil-
ity estimates; and a desirable response to recur-
rent selection for improved PVA. Many inbred 
lines (such as TZEEIORQ 49, TZEEIORQ 55, 
TZEEIORQ 53 and TZEEIORQ 5) with combined 
Striga resistance and low-N tolerance as well as 
high levels of  lysine, tryptophan and PVA levels 
much higher than the 15 μg g−1 initially recom-
mended by the HarvestPlus Programme, have 
been identified as testers for single-cross hybrids, 
and several single-cross hybrids (such as 
TZEIORQ 59 × TZEIORQ 11 and TZEIORQ 11 × 
TZEIORQ 29) have been identified as testers for 
producing three-way hybrids. In addition, sev-
eral hybrids (including TZEIORQ 29 × TZEIORQ 
40, TZEIORQ 29 × TZEIORQ 43, TZEIORQ 29 × 
TZEIORQ 24, TZEIORQ 20 × TZEIORQ 29 and 
TZEIORQ 6 × TZEIORQ 29) are in the pipeline for 
release to SSA farmers. In one study, however, a 
negative trend in grain yield was observed in as-
sociation with single-trait selection for enhanced 
PVA concentration for two of  the three popula-
tions included in the study, contradicting the re-
sults of  many previous studies, which had re-
ported lack of  correlation between grain yield 
and PVA concentrations in maize. It was hy-
pothesized that the specific circumstances of  the 
project may be responsible for this undesirable 
association. To overcome the constraints that 
may be caused by the contradictory results, if  
real, breeding for enhanced PVA concentrations 
in maize should simultaneously consider grain 
yield. It may be concluded that maize in SSA can 
be effectively subjected to genetic enhancement 
of  PVA, along with other mineral components of  
the kernel and the plant traits for sustainable, 
high-quality food sufficiency to drastically re-
duce hunger and malnutrition.
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