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Food insecurity and malnutrition are two major challenges facing rural populations in sub-Saharan Africa
(SSA). Hybrids of quality protein maize (QPM) have a crucial role here to play because QPM contains
increased lysine and tryptophan concentrations and has a higher biological value than the normal maize.
Information on the combining ability and heterotic patterns of QPM inbreds is crucial for the success of
hybrid programs in the sub-region. Ninety-one diallel crosses derived from 14 early maturing yellow-
endosperm QPM inbreds were evaluated from 2010 to 2012 under Striga infested, drought, low-N and
optimal environments in Nigeria. The objectives were to (i) examine the combining ability of the set of
early yellow QPM inbreds, (ii) classify the inbreds into heterotic groups and identify the best testers (iii)
compare the efficiencies of the heterotic grouping methods in classifying the inbreds and (iv) determine
the grain yield and stability of the inbreds in hybrid combinations under the research environments.
General (GCA) and specific (SCA) combining ability effects were important in the inheritance of grain
yield and other traits of the inbreds. However, GCA was more important than SCA under each contrasting
environment and across environments suggesting that the additive gene action was more important than
the non-additive in the set of inbreds. The SCA effects of grain yield and the heterotic group’s SCA and GCA
of grain yield (HSGCA) methods classified the inbreds into three groups each, while the heterotic grouping
based on GCA of multiple traits (HGCAMT) and the SNP-based genetic distance (GD) methods had two
groups each across research environments. There was close correspondence among the classifications of
all the grouping methods in terms of placement of inbreds into the same heterotic groups. The SNP-based
method was the most efficient and was used to identify TZEQI 87 and TZEQI 91 as the best testers for the
SNP-based heterotic groups 1 and 2. The hybrids, TZEQI 87 x TZEQI 93, TZEQI 77 x TZEQI 91 and TZEQI
80 x TZEQI 91 were identified as the most stable and high yielding across research environments and

should be commercialized.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Food insecurity and malnutrition are two major challenges con-
fronting countries in sub-Saharan Africa (SSA). Maize (Zea mays L.)
has a critical nutritional role to play because it is the most impor-
tant staple food crop with the potential to combat food insecurity
presently facing the sub region. Maize is consumed daily in large
quantities in various local food preparations, and provides most
of the calories, protein, vitamin, and mineral intake in the diets of
the poor. In addition, maize is widely fed to babies (2 to 3 months
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old) until they are weaned at the age of 15 to 24 months and to
pre-school children (3 to 5 years old) in several countries without
protein supplements. Per capita maize consumption varied from 30
to 90 kgyr—! in coastal countries of WCA and rose at an average of
0.5%/year from 1977 to 1988 in WCA (National Research Council,
1988, USA).

The normal maize has a major nutritional constraint as human
food because its protein (about 10%) is deficient in lysine and
tryptophan, which are two essential amino acids nutritionally
important for both monogastric animals and human beings (Huang
et al, 2004). The lysine and tryptophan content of 1.81 and
0.35% in the protein of normal maize endosperm is less than
one-half of the concentration recommended for normal human
nutrition by the Food and Agriculture Organization (FAO) of

0378-4290/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the United Nations (FAO/WHO/UNU Expert Committee, 1985;
FAO/WHO Expert Consultation, 1990; Prasanna et al., 2001). Conse-
quently, infants fed on normal maize without any balanced protein
supplement suffer from malnutrition and develop diseases such as
Kwashiorkor. Considerable progress has been made by the Inter-
national Maize and Wheat Improvement Center (CIMMYT) and the
International Institute of Tropical Agriculture (IITA) in developing
quality protein maize (QPM) germplasm with the opaque-2 (02)
gene, incorporated along with modifiers that contain twice the
amount of lysine (>4.0%) and tryptophan (>0.8%) in the whole grain
compared with normal maize (Krivanek et al., 2007). Therefore,
maize cultivars combining high grain yield with elevated levels of
lysine, tryptophan and the kernel structure of conventional maize
have the potential to reduce food insecurity and malnutrition in the
sub region.

The savannas of West and Central Africa (WCA) are charac-
terized by low incidence of diseases and pests and high incident
incoming solar radiation and therefore could contribute to the
achievement of food security in the sub region. However, the agro-
ecology is plagued by Striga hermonthica (Del.) Benth parasitism,
recurrent drought, and low soil nitrogen (N) and to a lesser extent,
lack of productive and adapted maize cultivars. Striga can cause
total crop failure and many maize farmers in the savannas have
been forced to abandon their farmlands due to severe infestation.
Parasitism by Striga seems to have defied all cultural control options
(Bebawi et al., 1984; Odhiambo and Ransom, 1994; Shaxson and
Riches, 1998). The use of host plant resistance is considered the
most economically feasible and sustainable approach for reducing
the effects of Striga (DeVries, 2000).

Global warming and its associated effects have changed weather
patterns in SSA leading to erratic and unreliable amount and dis-
tribution of rainfall, resulting in recurrent drought (Badu-Apraku
etal.,2011a). Drought can reduce grain yield of maize by as much as
90% when it occurs at the most sensitive stage of the crop growthi.e.
afew days before anthesis to the beginning of grain filling (NeSmith
and Ritchie, 1992). Badu-Apraku et al. (2004 ) reported a grain yield
loss of 53% under drought stress and 42% under Striga infestation.
Consequently, breeding for early maturing cultivars with better
tolerance to drought and resistance to Striga is crucial to improve
productivity and ensure stable maize production in WCA.

Nitrogen is a major requirement for high levels of maize produc-
tivity but it is the most limiting nutrient in tropical soils. A fertilizer
rate of 90-120 kg N ha~! is recommended for increased maize grain
yield in SSA. However, fertilizer application rates are still far below
the recommended doses in the sub region due to the unavailabil-
ity or the exorbitant prices of inorganic fertilizer for resource-poor
farmers. The estimated annual loss of maize yield due to low-N
stress varies from 10 to 50% per year in SSA (Logrono and Lothrop,
1997). Breeding for tolerance to low-N offers the most economical
and sustainable approach for increased maize yields in WCA.

Under field conditions, drought, Striga, and soil nutrient defi-
ciencies can occur simultaneously and the combined effect can be
devastating (Cechin and Press, 1993; Kim and Adetimirin, 1997).
Bdnziger et al. (2006) reported that drought and low-N are the most
important stress factors that most frequently limit maize produc-
tion, food security, and economic growth in SSA. Weber et al.(2012)
indicated that complex interactions often occur among the stresses,
such as drought hindering nutrient up-take, indicating the need
to develop genotypes tolerant to these conditions. The develop-
ment and use of germplasm with tolerance to multiple stresses are
therefore crucial for increased productivity and sustainable maize
production in SSA.

A large number of QPM inbred lines have been developed
in the IITA Maize Program. However, there are no commercial
early maturing QPM hybrids. An important requirement for a
hybrid program to be commercially successful is the availability of

information on the mode of inheritance, combining ability and het-
erotic patterns among the inbreds in the program. Results of the
evaluation of single-cross hybrids derived from 14 early-maturing
QPM inbred lines under well-watered, drought stress and low-N
conditions in Eastern Africa showed significant mean squares of
GCA for grain yield and other agronomic traits whereas SCA mean
squares were not significant (Musila et al., 2010). This suggested
that additive gene action for grain yield and other agronomic traits
was the most important contributor to the heritable variation in
agronomic traits in these genotypes. Results of other studies have
indicated preponderance of additive over nonadditive gene action
(Vasal et al., 1993a,b; Bhatnagar et al., 2004; Musila et al., 2010;
Wegary et al., 2013). However, such important information is com-
pletely lacking on the gene action conditioning the grain yield of
IITA’s early QPM inbreds under drought, low-N or Striga infestation.
There is, therefore, a need to study the genetics of the inheritance of
grain yield and other traits of the IITA early-maturing QPM inbreds
under the three stress conditions.

Classification of inbreds into heterotic groups is essential not
only for maximizing their potential usefulness in the development
of productive hybrids and synthetics but also for creating new
heterotic groups. However, the heterotic patterns and the extent
of diversity in the Striga resistant early QPM germplasm in the
IITA Maize Program have not been determined. Furthermore, no
early QPM inbred testers appropriate for developing stress-tolerant
hybrids are available in SSA. Information on heterotic groups and
the identification of testers in the early QPM inbreds would be
invaluable to the hybrid program at IITA and the national programs
in the sub region.

The objectives of the present study were to (i) examine the com-
bining ability for grain yield and inheritance patterns of the set
of tropical early QPM yellow inbreds (ii) classify the inbreds into
heterotic groups using the SCA effects of grain yield, HSGCA, the
HGCAMT and the molecular-based GD methods and identify the
best testers; (iii) compare the efficiencies of the heterotic grouping
methods in classifying the inbreds and (iv) determine the perfor-
mance and stability of the inbreds in hybrid combinations under
multiple environments.

2. Materials and methods
2.1. Conversion of normal endosperm maize inbreds to QPM

In an effort to mitigate the effects of the major constraints
on maize production and productivity in WCA, since 1980 IITA
has developed high yielding early and extra-early Striga resistant
and/or drought and low-N tolerant normal endosperm populations,
varieties, hybrids, and inbred lines. The strategy for converting
normal inbreds into QPM focused primarily on crossing elite inbred
lines to QPM donor sources to obtain materials with the opaque-
2(02) gene followed by repeated selfing with the selection of minor
gene modifiers for kernel quality. Details on the procedure adopted
in developing the 14 Striga resistant and/or drought tolerant early
yellow maturing QPM inbreds have been described by Badu-Apraku
et al.(2010). Briefly, 15 normal endosperm elite inbred lines, Striga
resistant and/or drought tolerant were crossed to the broad-based
early yellow QPM source population, Pool 18 SR in 2003, in an
effort to introgress Striga resistance and drought tolerance genes
into the early yellow QPM population and subsequently, to extract
Striga and drought tolerant QPM inbreds. The F; crosses were
backcrossed to the inbred parents during the major season of
2005 in Ibadan, Nigeria to obtain BCy. The BC; ears were screened
under the light box and kernels with the desirable endosperm
modification were selected and advanced to the BC, stage
during the dry season of 2005. The selection for the appropriate
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Table 1

Grain yield and other characteristics of the 14 early maturing yellow quality protein maize inbred lines evaluated under drought, low-N and Striga infested environments in

Nigeria between 2011 and 2012.

S/N  Inbred Pedigree Grain yield (kg/ha) Tryptophan  Protein  Tryptophan content
per whole maize
DT LN STR  ACR % protein

1 TZEQI 74 TZE COMP5-Y C6S6 Inb 10 x Pool 18 SR QPM BC1S6 2-2-1-1 436 1781 1004 1253 0.086 13.56 0.638

2 TZEQI 76 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 267 1812 2082 1500 + + +
11-39-2-2-2-8

3 TZEQI 77 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 456 1439 1422 1198 + + +
11-39-2-2-4-8

4 TZEQI 78 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 176 1353 1061 1000 0.083 14.18 0.584
11-39-2-2-6-8

5 TZEQI 79 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 567 1773 1443 1391 0.086 13.33 0.646
11-39-2-2-8-8

6 TZEQI 80 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 2-3-1-1 605 1232 1131 1054 0.095 12.59 0.752

7 TZEQI 81 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 436 1125 3083 1449 0.086 14.14 0.608
2-3-1-1-4-6

8 TZEQI 82 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 642 1595 1262 1276 0.072 13.36 0.542
2-3-1-1-4-6

9 TZEQI 84 TZE COMP5-Y C6S6 Inb 25 x Pool 18 SR QPM BC1S6 356 1192 1087 957 0.074 13.81 0.532
4-5-1-1-2-5

10 TZEQI 87 TZE COMP5-Y C6S6 Inb 31B x Pool 18 SR QPM BC1S6 226 1320 1758 1158 0.095 16.79 0.566
7-45-2-3-4-7

11 TZEQI 89 TZE-Y Pop STR CO S6 Inb 16 2-3 x Pool 18 SR QPM BC1S6 1232 1419 492 1134 0.076 12.47 0.611
2-4-1-1-2-8

12 TZEQI 91 TZE-Y Pop STR CO S6 Inb 142 x Pool 18 SR QPM BC1S6 513 1329 747 984 0.070 12.89 0.541
4-35-5-8-4-8

13 TZEQI 92 TZE-Y Pop STR CO S6 Inb 142 x Pool 18 SR QPM BC1S6 347 1372 723 958 0.068 11.29 0.606
4-35-5-8-8-8

14 TZEQI 93 TZE-Y Pop STR CO S6 Inb 142 x Pool 18 SR QPM BC1S6 465 980 669 786 0.072 10.97 0.655
4-35-5-8-7-8

Lsd (0.05)

405 417 839 311

DT is the Drought environment; LN is the low-N environment; STR is the Striga infested environment; ACR is the across research environments; + is the missing values.

endosperm modification during the conversion program was based
on a rating scale of 1-5 where 1=kernels completely translucent
with no opaqueness; 2=25% opaqueness; 3=50% opaqueness;
4=75% opaqueness; 5=100% opaqueness. The kernels with a score
of 2-3 were selected and advanced to the S, stage by selfing (Vivek
etal., 2008; Badu-Apraku and Lum, 2010). The BC; kernels with the
desirable endosperm modification were selected under the light
box and advanced to the BC,S3 stage through three generations
of selfing between 2006 and 2008 while screening under the
light box for the desirable endosperm modification after each
cycle of selfing. Five hundred BC,S3 early maturing yellow QPM
inbred lines selected from the conversion program were planted at
Ikenne during the 2008/2009 dry season for screening for drought
tolerance. Based on the results, 270 drought tolerant lines were
selected and evaluated under Striga infestation at Mokwa during
the 2009 growing season. Selected BC,S3 lines of the early QPM
were advanced to the S4 and Ss stages. Based on the results of
the Striga evaluations, the best 30 lines of the early yellow QPM
inbreds were selected and advanced to the Sg stage during the 2010
growing season. A total of 22 of the 30 yellow grained inbreds were
given TZEQ designations and analyzed for lysine and tryptophan
contents at the IITA Nutrition Laboratory in August, 2010. The
best 14 yellow endosperm QPM lines were selected based on their
superior performance under drought and well-watered conditions
as well as the tryptophan content for this study (Table 1).

2.2. Generation of diallel crosses

The 14 yellow QPM inbreds selected for the present study were
planted during the dry season of 2010 in the breeding nursery of
IITA at Ibadan, Nigeria. All possible crosses were made among the
inbred lines using the diallel mating scheme to produce 91 single-
cross hybrids without the reciprocals. The diallel crosses plus nine
hybrid checks were used for the present study.

2.3. Field evaluations

Four field experiments were conducted between 2010 and 2012
(Table 2). In the first experiment, there were two set of trials; the
inbred and hybrid trials. The inbred trial consisted of 100 early
white and yellow QPM inbreds (including the 14 inbreds used
in the diallel crosses). The hybrid trial comprised 91 single-cross
QPM hybrids generated from diallel crosses involving 14 early
yellow QPM inbred lines plus nine early maturing, drought tol-
erant, and Striga resistant open-pollinated varieties and normal
endosperm hybrid checks. The inbreds and single cross hybrids
plus the checks (hereafter referred to as hybrid trials) were evalu-
ated separately in field trials under induced moisture stress during
the dry seasons of 2010/2011 and 2011/2012 at Ikenne (6°53'N,
30°42'E, 60 m altitude, 1200 mm annual rainfall). Early maturing
open-pollinated varieties and normal endosperm hybrids were
used as checks for the hybrid trials because at the time of this
experiment, there were no early maturing QPM hybrids that com-
bined drought tolerance at flowering and grain-filling with Striga
resistance to serve as checks. Drought was induced for both the
inbred and hybrid trials by withdrawing irrigation water from
28 days after planting (DAP) until maturity so that the maize
plants relied on water stored in the soil for growth and devel-
opment. During the first 3 weeks of growth, the plants were
irrigated using a sprinkler system, which provided 17 mm of water
each week. The soil at the experiment station at Ikenne is eutric
nitrosol (FAO classification, 2006) and the experimental fields are
flat and fairly uniform, with high water-holding capacity. A total
of 60kgNha~1,60kgPha~! and 60 kg Kha~! was applied at plant-
ing with an additional 60 kgNha~! top-dressed at 4 weeks after
planting (WAP).

In the second experiment, the inbred and hybrid trials were eval-
uated under artificial Striga infestation at Mokwa (9°18'N, 5°4’E,
457 m altitude, 1100 mm rainfall) and Abuja (9°16’N 7°20’E, 300 m
altitude, 1500 mm rainfall) in the southern Guinea savanna of
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Summary information on the four experiments conducted in this study.

Experiment Year Location Genetic materials Study conditions

1 2010-2012 Ikenne Set A: 100 white and yellow QPM inbreds Induced drought
Set B: 91 single cross hybrids +9 OPVs

2 2011-2012 Mokwa and Abuja Set A: 100 white and yellow QPM inbreds Artificial Striga Infestation
Set B: 91 single cross hybrids +9 OPVs

3 2011-2012 Mokwa and Ile-Ife Set A: 100 white and yellow QPM inbreds Low soil N
Set B: 91 single cross hybrids +9 OPVs

4 2011-2012 Mokwa and Ikenne Set B: 91 single cross hybrids +9 OPVs Optimal

Nigeria in 2011 and 2012. Infestation with Striga was done accord-
ing to the method of Kim (1991) and Kim and Winslow (1991).
Striga hermonthica seeds collected from sorghum fields in the pre-
ceding season and stored for at least 6 months were used. Ethylene
gas was injected into the soil 2 weeks before artificial infestation
to stimulate suicidal germination of existing Striga seeds. Fertilizer
application was delayed until about 21-25 DAP when 30kgha~!
each of N, P, and K were applied as NPK 15-15-15. Weeds other
than Striga were controlled by hand weeding.

In the third experiment, the inbreds and the single-cross hybrids
plus the checks were planted separately in low-N (30kgNha~1)
environments at Mokwa and Ile-Ife (7°28'N 4°33’E, 244 m altitude,
1200 mm rainfall) during the 2011 and 2012 major growing sea-
sons. The soil at Mokwa is a luvisol (FAO classification, 2006) with
0.27, 0.04 and 0.48% organic carbon, organic nitrogen and phos-
phorus content (by volume). On the other hand, the soil at Ile-Ife is
characterized as Alfisol (Soil Survey Staff, 1999) with 0.084% organic
nitrogen. The experimental fields had been depleted of N by plant-
ing maize for several years and removing the biomass after each
harvest. Soil samples were taken before planting in all the test
environments and N content was determined at IITA’s Analytical
Services Laboratory, Ibadan, by the Kjeldahl digestion and colori-
metric method (Bremner and Mulvaney, 1982). Fertilizers were
applied to bring the total available N to 30kgNha~! at 2 WAP.
Also, single superphosphate (P,05) and muriate of potash (K;0)
were each applied to the low-N blocks at the rate of 60 kgha~!.

In the fourth experiment, the single-cross hybrids plus the
checks were evaluated under optimal growing environments at
Mokwa in 2011 and Ikenne in 2011 and 2012 during the normal
growing season in Nigeria. The optimal environments consisted of
the environments where water and nitrogen (90 kg Nha~!) were
not limiting. These trials received 60kgNha~!, 60kgPha-! and
60kgKha~! at 2 WAP with an additional 60 kg N ha~! top-dressed
at 4 WAP.

A 10 x 10 randomized incomplete-block design with two repli-
cations was used in each of the four experiments for both the inbred
and hybrid trials. The experimental units were single-row plots,
each 4 m long with spacing of 0.75 m between two adjacent rows
and 0.40 m between plants within the row in all trials. Three seeds
were planted per hill, and the seedlings were later thinned to two
per hill about 2 weeks after emergence to give a final population
density of about 66,000 plants ha~1. All experiments except those
under Striga infestation were kept weed-free with the application of
Atrazine and Gramoxone, respectively as pre- and post-emergence
herbicides at 5 L/ha each of Primextra and Paraquat, and subse-
quently, by hand weeding.

2.4. Data collection

In the drought, low-N and optimal experiments, data were
recorded for days to 50% silking, and days to anthesis as the num-
ber of days from planting to when 50% of the plants had emerged
silks and had shed pollen. The anthesis-silking interval (ASI) was
calculated as the difference between days to 50% silking and 50%
anthesis. Plant and ear heights were measured as the distance from

the base of the plant to the height of the first tassel branch and
the node bearing the upper ear. Root lodging (the percentage of
plants leaning more than 30° from the vertical), and stalk lodging
(the percentage of plants broken at or below the highest ear node)
were recorded. Stay-green characteristic was recorded for both the
drought-stress and low-N experiments at 70 DAP on a scale of 1
to 9, where 1=almost all leaves green and 9 =virtually all leaves
dead. Plant aspect was recorded on a scale of 1 to 5 based on gen-
eral plant type, where 1=excellent plant type and 5=poor plant
type. Husk cover was rated on a scale of 1 to 5, where 1=husks
tightly arranged and extended beyond the ear tip and 5 =ear tips
exposed. Ear aspect was based on a scale of 1 to 5, where 1=clean,
uniform, large, and well-filled ears and 5 =ears with undesirable
features. Number of ears per plant (EPP) was computed by dividing
the total number of ears harvested per plot by the number of plants
in a plot. For trials conducted under drought and low-N, harvested
ears from each plot were shelled to determine the percentage grain
moisture. Grain yield in kgha—! was computed from the shelled
grain weight, adjusted to 15% moisture. For the optimal and Striga
experiments, a shelling percentage of 80% was assumed for all cul-
tivars and grain yield (obtained from ear weight and converted to
kgha~1) was adjusted to 15% moisture.

The observations made in the Striga experiment were the same
as those outlined for the drought experiment except that no data
were taken on the stay-green characteristic and plant aspect. In
addition, host plant damage syndrome rating (Kim, 1991) and
emerged Striga counts were taken at 8 and 10 WAP (56 and 70 DAP)
in the Striga infested plots. Striga damage syndrome ratings were
scored per plot on a scale of 1-9 where 1=no damage, indicating
normal plant growth and high resistance, and 9 = complete collapse
or death of the maize plant, i.e., highly susceptible (Kim, 1991). Even
though data were collected on several traits, only those on the most
important traits in the studies are presented in the results.

2.5. SNP marker assays

2.5.1. DNA extraction

Samples of young leaves were taken from 8 to 10 seedlings in
the field at 2 WAP, bulked and freeze-dried for DNA extraction.
Genomic DNA was extracted using a modified CTAB protocol of
Saghai-Maroof et al. (1984). The quality of the DNA for genotyping
by sequencing (GBS) was ascertained by digesting the DNA with
restriction enzyme HindIIl. The digested DNA was then transferred
into a 96 well plate, properly sealed with rubber plate covers, and
sent to the Institute for Genomic Diversity of Cornell University,
Ithaca, NY for genotyping.

2.5.2. Genotyping with SNP

Genotype-by Sequencing (GBS) libraries were prepared and
analyzed as described by Elshire et al. (2011), using the enzyme
ApeKI for digestion and creating a library with unique barcodes
for each genotype. Raw reads from the sequenced GBS library were
called in the GBS analysis pipeline TASSEL version 3.0.147, an exten-
sion to the Java program TASSEL (Bradbury et al., 2007). The filtered
sequences were aligned to the maize reference genome B73 RefGen
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v1 (Schnable et al., 2009) using the Burrows—Wheeler alignment
tool. This procedure provided 143,415 SNPs covering all the ten
chromosomes of the maize genome. Out of these, 1451 SNP loci,
having not less than 0.05 allele frequency and no missing value,
were selected using TASSEL version 4.1.12 and used to analyze the
genetic diversity of the inbred lines in the current study. The use
of less stringent filtering criteria by allowing some percentage of
missing data resulted in more SNPs but the grouping (phylogeny)
did not change when larger number of SNPs were used (data not
shown). The distribution of the SNP loci on the 10 maize chromo-
somes (ch) was 232 in ch1, 172 in ch2, 177 in ch3, 169 in ch4, 167
in ch5, 95 in ch6, 143 in ch7, 133 in ch8, 81 in ch9 and 82 in ch10.

2.6. Statistical analysis

Separate analyses of variance (ANOVA) were performed on data
collected across years and locations under each research condi-
tion with PROC GLM in SAS using a RANDOM statement with the
TEST option (SAS Institute, 2011). Subsequently, combined ANOVA
were carried out across all 13 test environments. In the combined
ANOVA, environment, replicate within environment, and block
within replicate x environment interaction were regarded as ran-
dom factors whereas entries (91 hybrids and nine checks) were
treated as fixed effects. Means were separated using the LSD.

General combining ability (GCA) effects of the parents and spe-
cific combining ability (SCA) effects of the crosses, as well as their
mean squares in each environment and across environments, were
estimated on the 91 diallel crosses, excluding the checks, following
Griffing’s method 4 model 1 (fixed model) (Griffing, 1956) and the
DIALLEL-SAS program developed by Zhang et al. (2005) adapted
to SAS software version 9.3 (SAS Institute, 2011). The GCA and SCA
effects were tested for significance using t-test. The standard errors
of the GCA and SCA effects were estimated as the square root of the
GCA and SCA variances (Griffing, 1956). The relative importance of
GCA and SCA was investigated using the method of Baker (1978) as
modified by Hung and Holland (2012).

To assign inbred lines into heterotic groups under Striga infesta-
tion, drought stress, low-N and optimal growing environments, the
heterotic group’s specific and general combining ability (HSGCA)
method proposed by Fan et al. (2008) was used. Also, heterotic
grouping based on GCA of multiple traits (HGCAMT) grouping
method proposed by Badu-Apraku et al. (2013), the SCA method
and Genetic Distance (GD) from SNP markers were adopted for
the grouping of the inbreds. Grouping by the HGCAMT method
was achieved by standardizing the GCA effects (mean of zero and
standard deviation of 1) of the traits that had significant mean
squares for G under each study conditions using the following
statistical model:

where Y is HGCAMT, which is the genetic value measuring rela-
tionship among genotypes based on the GCA of multiple traits i to
n; Y; is the individual GCA effect of genotypes for trait ;, ¥; is the
mean of GCA effects across genotypes for trait i, s is the standard
deviation of the GCA effects of trait i and ¢;; is the residual of the
model associated with the combination of inbred i and trait j.

The 14 inbreds were subsequently assigned to heterotic groups
based on the Euclidean distance generated from HGCAMT, HSGCA,
SCA and SNP-based GD. Ward’s minimum variance cluster analysis
based on the SNP markers were used to assign the inbred lines to
heterotic groups under each contrasting environment and across
environments using SAS software version 9.3 (SAS Institute, 2011).
The grouping by the HGCAMT was achieved by standardizing the
GCA effects (mean of zero and standard deviation of 1) of the traits

that had significant mean squares for genotype to minimize the
effects of different scales of the traits. To compare the efficiency of
the four heterotic grouping methods, the 91 hybrids were arranged
from the highest to the lowest based on grain yield under drought,
low-N, Striga, optimal and across research environments using the
method proposed by Fan et al. (2009). The procedure involved the
division of the total number of hybrids for each method into two
major groups i.e., inter-group and within-group crosses. These two
groups were subsequently divided into high yielding hybrids (Yield
of group 1 with a mean grain yield ranking among the first 30);
intermediate yielding hybrids (Yield group 2 with a mean grain
yield between the 31st and the 60th) and low yielding hybrids
(Yield group 3 with a mean grain yield between the 61st and the
91st).

In order to obtain information on the performance and yield
stability of the single-cross hybrids across the research environ-
ments, the yield data were subjected to the additive main effects
and multiplicative interaction (AMMI) analysis to assess relation-
ships among cultivars, environments and G x E. The AMMI model
was described by Zobel et al. (1988). The model uses principal
component analysis to decompose the multiplicative effects (G x E)
into a number of interaction principal component axes (IPCAs). The
genotype main effect plus G x E interaction (GGE) Windows appli-
cation software that fully automates biplot analysis (Yan, 2001) was
used. The AMMI model equation proposed by Sadeghi et al. (2011)
was adopted.

The allele frequency, gene diversity, heterozygosity, polymor-
phicinformation content (PIC) and pair-wise Roger’s (1972) genetic
distance estimates among the inbred lines were computed using
PowerMarker version 3.25 (Liu and Muse, 2005).

3. Results

3.1. Analyses of variance and combining ability estimates of grain
yield and other traits

Results from the combined analyses of variances (ANOVA) of the
genotypes evaluated under drought showed significant genotype
(G) and environment (E) effects for all measured traits except E for
plant height, ear height and EPP and the G for plant height and husk
cover (Table 3). However, no significant differences were observed
for the genotype x environment interaction (GEI) mean squares for
most measured traits except for grain yield, ear aspect, EPP and
husk cover. Under low soil-N environments, the ANOVA combined
across two locations and years revealed that mean squares due to G,
E, and GEl were significant for all traits except GEI for the stay-green
characteristic (Table 3). Similarly, mean squares due to G, E, and GEI
under Striga infestation were significant for all traits except G for
husk cover, Striga damage rating at 8 WAP and number of emerged
Striga plants at 10 WAP and the GEI for ear height, husk cover, Striga
damage rating at 10 WAP and number of emerged Striga plants at
10 WAP. Under optimal growing conditions (well-watered and high
soil-N conditions) and across all the four research environments,
significant mean squares were detected for G, E, and GEI for all
measured traits except E for ear height under optimal conditions
(Table 3).

Partitioning of the genotypic mean squares into its compo-
nents revealed that GCA and SCA mean squares were significant
for most traits under drought, low-N, Striga infested, optimal, and
across test environments (Table 3). However, GCA mean squares
for plant height and husk cover as well as SCA mean squares for
ASI, plant height and the stay-green characteristic were not sig-
nificant under drought. Furthermore, there was no significant GCA
mean squares for the stay-green characteristic under low-N and
the SCA for EPP, husk cover, Striga damage at 8 WAP and the
number of emerged Striga plants at 10 WAP under Striga infested
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Table 3

Mean squares from the ANOVA of grain yield and other agronomic traits of 91 early maturing yellow-endosperm QPM hybrids evaluated under drought, low-N and optimal

environments between 2010 and 2012 in Nigeria.

Source of variation Df Grain yield Daysto Daysto ASI Plant Ear height  Plant Ear Ears Husk LFDTH
(kgha1) anthesis  silk height (cm) aspect aspect per cover
(cm) plant
Drought environments
Block/(E x Rep) 36 688,060.6° 8.2 1987 717 24849 265.7" 04" 0.2 0.06" 0.2" 0.7
Rep/E 2 3277,172.4" 31.07 229 4.1 4511.6 1116.3" 0.5 06" 0.3 04’ 0.3
Environment (E) 1 13322,380.17 27617  609.5" 65.2" 132.5 342 46.1 11.67 0.04 63" 5.0"
Entry (G) 90 2127,949.2" 13.17 272" 64" 2590.3 376.8" 04" 08" 013" 0.3 0.8
GCA 13 5626,504.1" 275" 67.17 143" 2566.7 1254.7" 0.8" 217 0357 0.2 2.5
SCA 77 1535,366.8" 105" 203" 5.1 2575.7 228.4" 03" 06" 0.107 03’ 0.5
GxE 90 920,096.7" 4.5 9.5 3.9 2669.0 188.2 0.2 0.3 0.05" 0.2 0.5
GCAxE 13 1381,297.3" 5.1 8.2 3.3 2897.7 279.9 0.3 0.5 0.10” 0.2 0.6
SCAxE 77 842,136.2" 4.4 9.6 4 2609.5 151.8 0.1 0.2 0.04 0.2 0.5
Error 180 465,230.8 3.7 8.5 4.7 2403.2 145.3 0.2 0.2 0.03 0.1 0.5
Low soil nitrogen environments
Block/(E x Rep) 72 2933,062.2" 517 103" 29" 303.2" 173.77 0.5 047  0.02" 03" 227
Rep/E 4 2454,747.0 5.2 9.3 2.1 124327 270.9° 0.5 0.2 0.05" 0.3 33"
Environment (E) 3 85266,017.2"  979.6°7  642.3" 37.7" 32,4157  6810.8" 25.8 84" 0227 784" 507"
Entry (G) 90 7627,859.7" 8.17 193" 597 1218.7" 834.0° 157 157 008" 04" 1.5"
GCA 13 17872,507.0" 9.1” 3117 1717 3407.97 299757 42" 337 016" 0.6" 13
SCA 77 5836,896.4" 7.9" 16.8" 3.9" 837.8" 440.5" 117 117 007" 04" 157
GxE 270 2045,726.2" 38" 58" 2.1 31737 216.2" 04" 037  0.02" 02" 0.8
GCAxE 39 2353,435.3" 3.7" 4.7 2.5 459.7" 345.4" 0.5" 04 0.03" 04" 0.6
SCAxE 231 1961,018.8" 34" 57" 20 291.9” 188.6" 4.0 03’ 0.02" 0.2 0.8
Error 360 1166,818 2.2 4.2 1.7 152.3 96.1 0.2 0.2 0.01 0.2 0.8
Optimal environments
Block(E x Rep) 54 656,564.3" 43" 517 1.0 208.3" 138.17 0.3’ 0.2 0.02 0.1
Rep(E) 3 607,453.9 12.4” 3.0 34 160.9 77.0 0.1 0.2 0.01 04’
Environment (E) 2 292648,083.3" 1762”7 48.0" 43.07 3369.6" 142.6 16.8" 47.07 1.64" 3.2"
Entry 90 8431,899.9” 11.77 240" 49" 859.8" 6454~ 24" 117 009" 0.9
GCA 13 23996,188.6" 16.2" 49.1" 133" 282827  2413.9” 727 327 0297 23"
SCA 77 5744,077.1" 10.9” 1947 32" 520.5" 342.9” 16”7 08" 0.06" 0.6"
GxE 180 2268,630.5" 41" 69" 23" 262.0" 22037 0.6 04"  0.04" 03"
GCAxE 26 3447,977.7" 38" 85" 277 404.5" 372.0" 0.7" 077 0.08" 06"
SCAxE 154 2058,307.8" 4.0 63" 227 237.0" 193.77 05" 047  0.03” 03"
Error 270 442,699 1.967236 2.6 1.2 124.1 914719 02 0.1 0.02 0.1

" Is the significance at 0.05 and 0.01 probability levels, respectively; Rep is the replication; ASI is the Anthesis-silking interval; LFDTH is the stay-green characteristic.

environments (Tables 3 and 4). The GCA x E interaction effect was
significant for all traits under low-N, optimal, Striga infested condi-
tions and across test environments except for days to silking and the
stay-green characteristic under low-N and ear height, ear aspect,
and emerged Striga plants at 10 WAP under Striga infestation. More-
over, under drought conditions, significant mean squares were
observed for GCA x E interaction for grain yield, ear aspect, and EPP.
Furthermore, significant SCA x E interaction was observed under
low-N, optimal, and across research environments for most traits
except ASI, plant aspect, and the stay green characteristic under
low-N and ear height across research environments. The SCA x E
interaction was significant only for grain yield under drought and
for grain yield, days to silking, ASI, and Striga damage rating at 8
WAP under artificial Striga infestation.

The proportions of GCA effects of inbreds for grain yield and
other measured traits were larger than those of the SCA effects
under all contrasting environments (Fig. 1). The relative impor-
tance of GCA to SCA effects for grain yield and most other measured
traits increased from stress to non-stress environments. Significant
positive GCA effects for grain yield were observed for TZEQI 89,
TZEQI91,TZEQI 92 and TZEQI 93 under drought, low-N, and optimal
environments, TZEQI 78, TZEQI 87, TZEQI 91 and TZEQI 92 under
Striga infestation, and TZEQI 87, TZEQI 89, TZEQI 91, TZEQI 92, and
TZEQI 93 across research environments (Table 5). Significant neg-
ative GCA effects for the stay-green characteristic were detected
for inbreds TZEQI 82 and TZEQI 87 under drought environment and
for only TZEQI 87 under low-N. Under Striga infested conditions,
significant negative GCA effects for Striga damage at 10 WAP were
observed for inbreds TZEQI 87 and TZEQI 92. Also, TZEQI 84 showed

significant negative GCA effects for emerged Striga plants at 8 and
10 WAP (Table 5).

3.2. Groupings of inbreds and relationships among heterotic
grouping methods

Results of the grouping of the 14 early maturing yellow QPM
inbreds using dendrograms constructed based on the SCA, HSGCA,
HGCAMT and SNP markers are presented in Table 6. The SCA effects
of the grain yield method classified the inbreds into three het-
erotic groups each under drought, optimal growing conditions,
and across research environments but four under low-N and Striga
infested environments. In contrast, the HSGCA method identified
three groups each under drought, low-N, Striga infested, opti-
mal growing conditions, and across research environments. The
HGCAMT identified two groups each under drought, low N, and
across research environments and three groups each under Striga
and optimal growing conditions. Furthermore, the SNP-based GD
method classified the inbreds into two heterotic groups across
research environments. In general, there was close correspondence
in the classification of the inbreds into heterotic groups based on
the different grouping methods (Table 6).

3.3. Comparison of the efficiencies of the SCA, HSGCA, HGCAMT
and SNP-based GD methods and the identification of testers across
test environments

The breeding efficiency was defined as the percentage of supe-
rior high yielding hybrids obtained across the total number of



Table 4
Mean squares from the combined analysis of variance of grain yield and other agronomic traits of 91 early maturing yellow endosperm QPM hybrids evaluated under Striga infestation and across test environments between 2010
and 2012 in Nigeria.

Source of variation Df Grain yield Days to Days to ASI Plant Ear Ear aspect Ears per Husk cover Striga damage Striga emergence
(kgha™1) anthesis silk height(cm) height(cm) plant rating count
8wk 10wk 8wk 10wk
Striga infestation
Block(E x Rep) 72 1484,194.3" 3.97 58" 1.8 292.3" 196.2° 0.9” 0.02" 04" 117 22" 0.8" 0.8"
Rep/E 4 9685,207.5" 33 13.0” 7.0" 2644.2" 2698.6" 29" 0.16" 0.7 6.1" 10.7" 3.1" 2.8
Environment (E) 3 82481,958.3" 692.2" 942.8” 48.2" 55,290.6" 8036.7" 32.8" 0.51" 62.2" 481.1" 225.6" 147.2" 98.2"
Entry (G) 90 4314,640.9” 94" 1757 357 730.6" 432.4" 18" 0.04" 0.4 0.8 1.8 0.9" 0.5
GCA 13 5236,316.6" 13.8" 4117 116" 2263.0" 1054.3" 25" 0.12" 0.9 16" 34" 13" 0.6
SCA 77 3762,091.8" 8.3" 1227 1.9 458.3" 3184~ 16" 0.02 0.3 0.6378 14" 0.8" 04
GxE 270 1576,760.8" 2.8" 46" 2.0" 221.5° 1614 0.7" 0.02° 0.4 0.7" 1.1 0.7 0.5
GCAxE 39 2057,373.2" 45" 6.17 347 301.6" 114.51 0.6 0.04" 0.5" 0.7 2.0" 0.9 0.5
SCAxE 231 1467,832.7" 2.4 42" 1.7° 207.33 105.03 0.4 0.02 0.2 0.7 1.0 0.6 0.5
Error 360 745,750.0 2.1 3.2 14 174.5 138.1 0.5 0.01 0.2 0.5 0.9 0.5 04
Across environments
Block(E x Rep) 234 1616,526.0" 5.0 9.2" 2.8 629.7" 186.5" 0.5" 0.03" 0.3
Rep/E 13 4379,733.0" 10.3" 11.17 42 1927.3" 970.3" 0.9” 0.07" 04"
Environment (E) 12 167161,301.0" 642.4" 1023.1" 2.3" 66,165.8" 15,315.3" 197.5" 2.26" 300.5"
Entry (G) 90 16924,012.0" 28.6" 63.8" 12.8" 2931.9” 1698.5" 3.97 0.16" 0.9
GCA 13 36972,713.0" 442" 146.9” 44.0" 8017.1" 6537.7" 8.8" 0417 1.8
SCA 77 13194,069.7" 256" 476" 6.8" 2061.2" 852.3" 3.0” 0.12" 0.8
GxE 1080 1825,263.0" 3.97 6.5" 24" 606.4" 199.1” 04" 0.04" 03"
GCAxE 156 3105,706.8" 50" 83" 327 753.3" 298.9” 0.6~ 0.08" 05"
SCAxE 924 1577,472.4" 35" 6.17 2.3 576.0° 158.19 04" 0.03" 02"
Error 1170 762,218.0 2.3 4.2 2.0 498.9 113.7 0.2 0.02 0.2

“, " Is the significance at 0.05 and 0.01 probability levels, respectively; Rep is the replication; ASI is the anthesis-silking interval.
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Table 5

General combining ability (GCA) effects for grain yield and other agronomic traits of the 14 early maturing yellow-endosperm QPM inbred lines evaluated in diallel crosses under drought, low-N, Striga infestation, optimum

conditions and across test environments between 2011 and 2012 in Nigeria.

9L1

€81-691 (S10Z) €81 Yo1pasay sdou) pjarf /v 32 mypudy-npog °q

Inbred Grain yield (kgha™') Days to silk Anthesis silking interval Plant aspect

DT LN OPT STR ACR DT LN OPT STR ACR DT LN OPT STR ACR DT LN OPT
TZEQI 74 -8.79 -196.14 136.04 211.88 34.88 -0.01 -1.03**  -1.00"* -1.14** -0.90** 036  -0.32* -046™  -0.33* —0.25** 0.01 0.15* 0.09
TZEQI 76 —-329.66™* —-169.32 -129.22 51.61 -116.75 1.84** 0.4 0.89** 0.83** 0.87** 0.32 0.31* 0.53** 0.43** 0.40** 0.26** -0.03 0.09
TZEQI 77 -315.42** -416.19" -378.03* -22.1 —270.62** 1.65** 0.97** 1.20* 0.66* 1.03** 0.53 0.41** 0.43** 0.29* 0.40** 0.15 0.18** 0.17*
TZEQI 78 —445.09** -94.33 -366.12* 244.81* —106.66 1.05* 0.41 0.63** 0.98** 0.74** 0.63* 0.53** 0.32* 0.54** 0.50** 0.09 0.07 0.27**
TZEQI79 -527.73**  -608.80**  -582.93**  -243.35* —477.91** 0.63 0.48 0.73** 0.46 0.56** 0.49 0.74** 0.82** 0.49** 0.64** 0.06 0.23** 0.28**
TZEQI80  —-54.23 —309.77* -598.93**  -284.07* —329.28"*  -0.8 -0.03 0.06 -0.37 -0.23 -0.74* -0.06 0.02 -0.31* -0.23* 0 0.15* 0.27**
TZEQI 81 -77.23 -126.12 -311.13 —256.46* -201.40"*  -0.1 -0.14 0.12 -0.3 -0.12 -0.31 -0.25 0.06 -0.15 -0.16 -0.03 0.06 0.20**
TZEQI82  -35.99 —449.30*  —-695.34"*  -378.07**  —420.57** 147" 0.54* 0.27 -0.07 —-0.02 -0.85* 0.13 0.03 -0.27* -0.17 -0.07 0.26** 0.39**
TZEQI 84  -95.46 -214.3 —480.57** 116.3 —155.74* 1.61% 0.13 0.14 0.38 0.44** 0.78* 0.17 -0.08 0.13 0.19 0.14 0.10 0.14
TZEQI 87 210.83 260.27 307.67 389.60** 303.40** -0.78 -0.28 -0.23 -0.34 -0.36* -0.06 -0.10 0.02 -0.2 -0.1 -0.20* -0.06 -0.12
TZEQI 89 451.09** 350.33** 550.84**  —430.75"* 171.77* -0.26 0.4 0.24 0.86** 0.40* -0.18 0.23 0.17 0.44** 0.22* -0.19* -0.09 -0.26™*
TZEQI 91 372.66** 664.04** 909.33** 367.22** 584.49**  -1.07* -0.5 -0.66"*  —-0.58* -0.65"*  -0.35 -041" -0.64" -0.2 -0.39**  -0.11 -0.32"*  -0.53**
TZEQI 92 239.87* 633.69** 756.41** 286.87* 494.71**  -0.45 -0.29 -0.29 -0.17 -0.28 0.15 -0.52**  -040** -0.40** -0.35* -0.07 -0.37**  -0.52**
TZEQI 93 615.16** 675.94** 881.97** -53.5 489.69** -1.85* -1.08** -2.09** -1.18"* -146** -0.76* -0.84** -0.82™ -046** -0.71"* -0.04 -0.34" -046**
SE 114.94 137.11 177.78 122.01 80.28 0.46 0.28 0.241 0.28 0.18 0.3 0.14 0.15 0.14 0.1 0.08 0.06 0.07
Inbred Ear aspect Ears per plant LFDTH Striga damage Emerged Striga

rating plants
DT LN OPT STR ACR DT LN OPT STR ACR DT LN 8wk 10wk 8wk 10wk

TZEQI 74 —-0.08 0.08 -0.01 —-0.06 —-0.01 0.06* 0.04** 0.07** 0.03* 0.05**  0.44** -0.04 0.10 0.07 0.08 -1.88
TZEQI 76 0.20* 0.14** -0.01 -0.09 0.06 -0.03 —0.04** -0.02 0.02 -0.01 0.13 0.07 0.04 -0.11 -2.02 -1.13
TZEQI 77 0.19* 0.13* 0.17* 0.09 0.14* -0.11** —0.04** —0.05** -0.01 -0.04** -0.17 0.10 -0.03 —-0.03 -1.2 -1.72
TZEQI 78 0.18* 0.07 0.1 -0.13 0.05 —0.09** —0.06** —0.04* 0.03* -0.03** -0.08 0.11 0.00 -0.11 -0.75 0.44
TZEQI 79 0.32** 0.27** 0.19** 0.24* 0.25** -0.15** —0.04** -0.10** 0.01 -0.06"* -0.04 0.07 -0.04 0.04 -0.77 -0.34
TZEQI 80 -0.05 0.14** 0.28** 0.26** 0.17**  0.02 0.003 -0.05* -0.03 -0.02 -0.19 0.11 0.23 0.24 -1.59 -1.47
TZEQI 81 0.16* 0.05 0.11 0.27** 0.14* 0.01 -0.01 —0.05** -0.05** -0.03 -0.1 0.11 0.08 0.14 0.18 0.30
TZEQI 82 0.07 0.20** 0.23** 0.22* 0.19**  0.02 —0.05™* —0.08** 0.02 -0.02* -0.38* 0.09 0.11 0.34* 0.07 0.81
TZEQI 84 0.15* 0.04 0.16* -0.12 0.05 -0.11** -0.02 -0.01 0.03* -0.02 -0.13 0.06 -0.08 -0.15 -3.95* 468"
TZEQI 87 -1.19* -0.13** —0.08 -0.34** -0.18"*  0.07* 0.03** 0.08** 0.06**  0.06** -0.21* -0.20* -0.17 -0.35* 3.51* 2.81
TZEQI 89 —0.24** -0.10** -0.12 0.19* —-0.06 0.08** 0.02 0.06** -0.08"*  0.01 0.00 -0.18 0.11 0.22 1.38 141
TZEQI 91 -0.31** -0.30** —0.35"* -0.33** -0.32"*  0.11™ 0.06** 0.05** 0.00 0.05**  0.15 -0.08 -0.13 -0.11 0.38 0.91
TZEQI 92 -0.14* -0.33** -0.39** -0.16 -0.27**  0.04 0.04** 0.06** 0.00 0.03**  0.25* -0.11 -0.29 -0.29* 2.93 3.14
TZEQI 93 -0.28** —0.24** -0.28** -0.05 -0.21"*  0.09** 0.06** 0.09** -0.05**  0.04**  0.33** -0.12 0.07 0.09 1.76 1.42
SE 0.07 0.05 0.08 0.10 0.07 0.03 0.01 0.02 0.01 0.01 0.10 0.10 0.17 0.14 1.61 1.81

*, " is the significance at 0.05 and 0.01 probability levels, respectively; DT is the Drought environment; LN is the low-N environment; STR is the Striga infested environment; ACR is the across research environments; OPT is the
optimal environments; LFDTH is the stay-green characteristic.
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Summary of the heterotic groups of 14 early-maturing yellow QPM inbred lines identified by different heterotic grouping methods under drought, low-N, Striga infestation,

optimal conditions, and across the three research environments.

Method Group
1 2 3 4
Drought
environment
SCA TZEQI 74,TZEQI 78,TZEQI 77, TZEQI 76, TZEQI 81, TZEQI 89 TZEQI 91, TZEQI 93, TZEQ1 92
TZEQI 79, TZEQI 84,TZEQI 80,
TZEQI 87, TZEQI 82
HSGCA TZEQI 74, TZEQI 77, TZEQI 79, TZEQI 76, TZEQI 81, TZEQI 84, TZEQI 91, TZEQI 93, TZEQI 92
TZEQI 78, TZEQI 80, TZEQI 82, TZEQI 89
TZEQI 87
HGCAMT TZEQI 74, TZEQI 92, TZEQI 87, TZEQI 76, TZEQI 77, TZEQI 84,
TZEQI 89, TZEQI 91, TZEQI 93, TZEQI 78, TZEQI 79
TZEQI 80, TZEQI 81, TZEQI 82
SNP based GD TZEQI 74, TZEQI 89, TZEQI 87, TZEQI 84, TZEQI 91, TZEQI 93,
TZEQI 76, TZEQI 78, TZEQI 79, TZEQI 92
TZEQI 77, TZEQI 80, TZEQI 82,
TZEQI 81
Low-N
environment
SCA TZEQI 74, TZEQI 87, TZEQI 89, TZEQI 76, TZEQI 79, TZEQI 78 TZEQI 91, TZEQI 93, TZEQI 92 TZEQI 80, TZEQI 81,
TZEQI 84, TZEQI 77 TZEQI 82
HSGCA TZEQI 74, TZEQI 77, TZEQI 76, TZEQI 80, TZEQI 81, TZEQI 82 TZEQI 91, TZEQI 93, TZEQI 92
TZEQI 79, TZEQI 84, TZEQI 87,
TZEQI 89, TZEQI 78
HGCAMT TZEQI 74, TZEQI 76, TZEQI 80, TZEQI 91, TZEQI 92, TZEQI 93

SNP based GD

Striga infested
environment
SCA

HSGCA
HGCAMT

SNP based GD

Optimal
environment
SCA

HSGCA

HGCAMT

SNP based GD

Across research
environments
SCA

HSGCA

HGCAMT

SNP based GD

TZEQI 84, TZEQI 81, TZEQI 87,
TZEQI 89, TZEQI 77, TZEQI 82,
TZEQI 78, TZEQI 79,

TZEQI 74, TZEQI 89, TZEQI 87,
TZEQI 76, TZEQI 78, TZEQI 79,
TZEQI 77, TZEQI 80, TZEQI 82,
TZEQI 81

TZEQ1 74, TZEQI 84, TZEQI 87,
TZEQI 89, TZEQI 91, TZEQI 93,
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Fig. 1. Proportion of additive (lower bar) and non-additive (upper bar) genetic variance for grain yield and other agronomic traits under drought, low-N, Striga infestation,
optimal conditions and across test environments in a diallel among 14 early yellow QPM inbred lines. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

inter-heterotic crosses, i.e., the best heterotic grouping method is
the one that allowed inter-heterotic group crosses to produce more
of the superior hybrids than the within-group crosses (Fan et al.,
2009). Based on this, the SCA method identified 26 high yielding
hybrids, HSGCA 25, HGCAMT 10, and SNP-based 21 out of the total
intergroup crosses under drought (Table 76). Under low-N, the SCA
method identified 30 high yielding hybrids, HSGCA 28, HGCAMT
27, and the SNP-based method 24 out of the total number of inter-
group crosses identified by the grouping methods (Table 7). Also,

Table 7
The number of hybrids within the first 30 arranged in descending order of their yield
(group 1), from 31st to 60th (Group 2) and from 61st to 91st (Group 3).

Yield group Cross type SCA HSGCA HGCAMT SNP-based
Drought environment

1 Inter 26 25 10 21
1 Intra 4 5 20 9
2 Inter 18 19 20 15
2 Intra 12 11 10 15
3 Inter 13 17 15 4
3 Intra 18 14 16 27
Low-N environment

1 Inter 30 28 27 24
1 Intra 0 2 3 6
2 Inter 23 18 5 9
2 Intra 7 12 25 21
3 Inter 19 11 1 7
3 Intra 12 20 30 24
Striga infested environment

1 Inter 23 24 25 16
1 Intra 7 6 5 14
2 Inter 23 22 24 17
2 Intra 7 8 6 13
3 Inter 19 19 15 7
3 Intra 12 12 16 24
Optimal environment

1 Inter 28 28 28 25
1 Intra 2 2 2 5
2 Inter 19 19 20 7
2 Intra 11 11 10 23
3 Inter 14 14 14 8
3 Intra 17 17 17 23
Across environments

1 Inter 29 29 22 25
1 Intra 1 1 8 5
2 Inter 28 16 19 8
2 Intra 2 14 11 22
3 Inter 31 12 7 7
3 Intra 0 19 24 24

23 high yielding inter-group crosses were identified by the SCA, 24
by the HSGCA methods, 25 by HGCAMT and 16 by the SNP-based
method under Striga infested environments. Under optimal envi-
ronments, the SCA, HSGCA and HGCAMT methods each identified
28 high-yielding hybrids out of the total intergroup crosses; the
SNP-based method identified 25. Across research environments 29
high yielding hybrids were identified by the SCA method, 29 by the
HSGCA, 22 by the HGCAMT and 25 by the SNP.

The breeding efficiency of the SNP-based method was the high-
est under drought (53%) and exceeded that of the SCA method by
15%, HSGCA method by 28%, and the HGCAMT by 136% (Table 8).
Similarly, the SNP-based method had the highest breeding effi-
ciency of 40% under Striga infested, 63% under optimal conditions,
and 63%, across research environments. However, under low-N the
HGCAMT method was the best and had the highest breeding effi-
ciency of 82% followed by the SNP-based method (60%).

Since the SNP-based method was the most efficient in the clas-
sification of the inbreds into heterotic groups in the present study,
it was used to identify inbred testers based on the display of signif-
icant positive GCA effects, classification into heterotic groups and
per se grain yield of inbreds (Pswarayi and Vivek, 2008) (Table 1).
Based on these criteria, inbred TZEQI 87 was identified as the best
testers for the SNP-based group 1 and TZEQI 91 for group 2 for
the classification of other inbreds into heterotic groups across test
environments.

3.4. Performance of early maturing yellow QPM hybrids

Grain yields ranged from 18 kgha~! for TZEQI 91 x TZEQI 93
to 3164 kgha~! for TZEQI 82 x TZEQI 93 across drought environ-
ments (data not shown). The QPM hybrid TZEQI 82 x TZEQI 93
out-yielded the best normal endosperm drought tolerant hybrid

Table 8

Breeding efficiency (%) of SCA, HSGCA, HGCAMT, and SNP-based heterotic group-
ing methods under drought, low-N, optimal conditions and across research
environments.

Environment SCA HSGCA HGCAMT SNP-Based
Drought 45.61 40.98 22.22 52.50
Low-N 41.67 49.12 81.82 60.00
Striga 35.38 36.92 39.06 40.00
Optimal 45.90 45.90 45.16 62.5
Across 50.88 50.88 45.83 62.50
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Fig. 2. AMMI biplot of grain yield and the first interaction principal component axis (IPCA 1) of best 15 and worst 5 (based on mean grain yield across environments) early
maturing yellow QPM hybrids plus two checks evaluated across 13 environments between 2011 and 2012 in Nigeria. IK110PT and IK120PT =Ikenne under optimal growing
conditions, 2011 and 2012; IK11DT and IK12DT =Ikenne under drought stress, 2011 and 2012; MK11LN and MK12LN =Mokwa under low N, 2011 and 2012; IF11LN and
IF12LN =Ile-Ife under low-N, 2011 and 2012; MK11HN and MK12HN =Mokwa under high-N, 2011 and 2012; IF11HN and IF12HN =Ile-Ife under high-N, 2011 and 2012;
MK11STR and MK12STR = Mokwa under Striga infestation, 2011 and 2012; AB11STR and AB12STR = Abuja under Striga infestation, 2011 and 2012.

check, TZEI 16 x TZEI 8 by 20% and the drought susceptible nor-
mal endosperm hybrid check, TZEI 9 x TZEI 11 by 100% across
drought environments. Under low-N environments, yields ranged
from 1106kgha~! for TZEQI 78 x TZEQI 79 to 5532kgha~! for
TZEQI 78 x TZEQI 92 (data not shown). The outstanding low-N
tolerant QPM hybrid, TZEQI 78 x TZEQI 92 out-yielded the low-N
tolerant normal hybrid check, TZEI 16 x TZEI 8 by 50% and the low-
N susceptible normal endosperm hybrid check, TZEI 23 x TZEI 16
by 72%. Across Striga infested environments, yields ranged from
1008 kgha~! for TZEQI 80 x TZEQI 82 to 5074 kgha~! for TZEQI
78 x TZEQI 92 (data not shown). The best Striga resistant QPM
hybrid, TZEQI 78 x TZEQI 92 out-yielded the best Striga resistant
normal endosperm hybrid check, TZEI 16 x TZEI 8 by 45% and
the most Striga susceptible normal endosperm hybrid check TZEI
9 x TZEI 16 by 78% (data not shown). Under optimal environ-
ments, yields ranged from 605 kgha~! for TZEQI 80 x TZEQI 81 to
6002 kg ha~! for TZEQI 78 x TZEQI 92. The yield of the top perform-
ing QPM hybrid TZEQI 78 x TZEQI 92 was about 188% of that of
the least performing normal hybrid check and 154% of that of the
best normal hybrid check (data not shown). Across test environ-
ments grain yields ranged from 881kgha~! for TZEQI 81 x TZEQI
82 to 4925 kg ha~! for TZEQI 78 x TZEQI 92. The QPM hybrid TZEQI
78 x TZEQI 92 out-yielded the best normal endosperm hybrid check
TZEI 16 x TZEI 8 by 44% and the lowest-yielding normal endosperm
hybrid check, TZEI 9 x TZEI 16 by 71%. It is striking that the QPM
hybrid TZEQI 78 x TZEQI 92 was the outstanding hybrid under both
low-N, and Striga infested conditions and across test environments
(data not shown).

The AMMI biplot was adopted to examine the stability of the
performance of the early QPM hybrids across the contrasting
environments. The biplot showed a large variability among the thir-
teen environments and wide yield range among the 22 genotypes
(Fig. 2). The hybrids, 5 (TZEQI 87 x TZEQI 93), 11 (TZEQI 77 x TZEQI
91)and 9 (TZEQI 80 x TZEQI 91) were the most stable and relatively
high yielding across environments due to their small interaction
with the environments as revealed by their closeness to the zero
IPCA1 score and display of grain yield greater than the mean grain

yield. However, hybrid 1 (TZEQI 78 x TZEQI 92) was the highest
yielding across environments but had a strong positive interaction
with [PCA1 indicating that it was probably adapted to favorable
environments. Similarly, hybrids 2 (TZEQI 78 x TZEQI 93), 3 (TZEQI
76 x TZEQI 92), 7 (TZEQI 78 x TZEQI 91), 8 (TZEQI 81 x TZEQI 91),
13 (TZEQI 81 x TZEQI 93) and 6 (TZEQI 79 x TZEQI 91) had mean
grain yield greater than the grand mean but were adapted to favor-
able environments. In contrast, hybrid 4 (TZEQI 79 x TZEQI 92), 14
(TZEQI 80 x TZEQI 92), 10 (TZEQI 84 x TZEQI 91) and 12 (TZEQI
87 x TZEQI 91) had grain yield above the grand mean but nega-
tive interaction with IPCA1 scores suggesting that the hybrids were
probably adapted to low-yield environments.

4. Discussion

4.1. Inheritance of grain yield and other traits of early maturing
yellow QPM inbreds

The presence of genetic variability is of prime importance for
progress from selection for improved grain yield under drought,
low-N and Striga infestation. The differential response of genotypes
to varying environmental conditions constitutes a major constraint
in the identification of superior maize cultivars for narrow or wide
adaptation. The observed significant G and E effects for most mea-
sured traits indicated that the test environments were unique and
that there was adequate genetic variability among the early yellow
QPM inbreds to allow good progress from selection for improve-
ments of such traits. This result is consistent with the findings
of Badu-Apraku et al. (2011a, 2013) for normal endosperm maize
inbreds. The lack of significant GEI mean squares for most mea-
sured traits except for grain yield, ear aspect, EPP and husk cover
under drought stress implied that most of the traits used to select
for tolerance to drought were stable and not affected by GEI. It is
therefore anticipated that the phenotypic and genotypic correla-
tions between these traits and grain yield would not be reduced
under drought. These results are in agreement with the findings
of Badu-Apraku et al. (2011a, 2013). The presence of a significant
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G, E, and GEI for grain yield and most other traits under low-N,
Striga-infested and optimal environments suggested differential
responses of the genotypes to the contrasting environments and
the need to identify high yielding and stable genotypes across the
test environments (Badu-Aprakuetal., 1995,2003; Sabaghnia et al.,
2008; Moghaddam and Pourdad, 2009). The presence of a signifi-
cant GEI for grain yield of the early cultivars confirmed the need
for the extensive testing of hybrids in multiple environments over
years before hybrid recommendations are made.

The presence of significant GCA and SCA mean squares for most
traits under the four research conditions and across test environ-
ments indicated that additive and non-additive genetic effects were
important in this set of genotypes under all test environments.
The results of the present study suggested that there was scope
for the improvement of most measured traits using hybridization,
backcrossing, and recurrent selection methods to develop hybrids
and synthetics as well as population development. The results
also implied that there was a chance to identify a potentially dis-
criminating tester under the contrasting environments as well as
superior inbreds with good combining abilities. Furthermore, the
results implied that the inbreds could be classified into distinct het-
erotic groups under each research environment, and that those that
could serve as ideal testers could be identified under the contrast-
ing environments. The results of the present study indicated that
both additive and non-additive gene actions were important in the
inheritance of all measured traits except the number of emerged
Striga plants at 8 WAP and Striga damage at 10 WAP. However,
there was the preponderance of GCA over SCA mean squares for
grainyield and other measured traits under all the contrasting envi-
ronments with the relative importance of GCA to SCA effects for
grain yield and most other measured traits increasing from stress
to nonstress environments. The implication of this result is that
additive gene action was more important than non-additive gene
action for these traits and that GCA was the major component
accounting for the differences among the inbreds evaluated in the
present study. The results of this study is partially in agreement
with the findings of several other authors (Kim, 1994; Akanvou
et al., 1997) who reported that additive genetic effects were more
important in controlling host plant damage syndrome rating and
grain yield while nonadditive gene action controlled the number
of emerged Striga plants under Striga infestation. Furthermore, the
results of this study are in disagreement with the findings of Gethi
and Smith (2004), Yallou et al. (2009), and Badu-Apraku et al. (2007,
2011b)who showed that nonadditive gene action was more impor-
tant than additive gene action in the control of the inheritance of
host plant damage. Similar results indicating the preponderance
of additive gene action over non-additive gene action have been
reported by several workers in studies involving the inheritance
of quantitative traits in QPM germplasm. For example, Vasal et al.
(1993a,b) showed the preponderance of additive gene action for
grain yield. Bhatnagar et al. (2004) reported the preponderance of
additive gene action for root and stalk lodging in a study involving
selected white QPM inbred lines. In addition, Musila et al. (2010)
reported the preponderance of additive gene action for grain yield,
anthesis date, ASI and EPP in adapted early maturing QPM inbred
lines evaluated under low-N, drought, and optimal environments.
In contrast, Wegary et al. (2013) reported GCA effects to be more
important under drought, while SCA effects were more important
under low-N and optimal conditions for grain yield. The differ-
ences in the results reported in the studies may be due to the fact
that the inbred lines used in the different studies were derived
from diverse germplasm sources and these might have had some
genes with different modes of action (Badu-Apraku et al., 2013).
The results of the present study suggest that the gene actions
controlling grain yield and most measured traits under drought,
low-N and Striga infestation were similar in this set of early yellow

QPM inbreds. The implication is that drought, low-N tolerance and
Striga resistance in either of the parental inbred lines would be
sufficient to obtain hybrids with an acceptable performance under
these stresses. Moreover, the predominance of GCA over SCA effects
indicated that early generation testing may be effective and promis-
ing hybrids could be identified and selected based solely on the
prediction from GCA effects.

The significant interaction of GCA with environment for most
measured traits under low-N, optimal, Striga infestation and across
test environments indicated that there was significant variation in
the combining ability of the lines under different environments.
Similar results have been reported in earlier studies (Gutierrez-
Gaitan et al., 1986; Vasal et al., 1993a; Badu-Apraku et al., 2011a,b)
and this emphasizes the need for testing inbred lines in contrast-
ing environments to identify those with stable performance for the
development of multiple stress tolerant hybrids. This is particu-
larly important for Striga resistance in view of possible variability in
strains between locations and year-to-year variation in the parasite
population since S. hermonthica is an outcrossing species. Further-
more, the significant GCA x environment interaction suggested the
need to select different parental lines for hybrid development under
each environment.

Evaluation of inbred lines under contrasting environments is
very desirable to facilitate the selection of stable testers and
hybrids (Scott, 1967; Badu-Apraku et al.,, 2013). The significant
SCA x environment interaction for grain yield and most measured
traits under the research conditions, and across research environ-
ments, suggested that the yield performance and the expression of
the traits of the hybrids were not consistent in the varying envi-
ronments and that there is a need to select different parental lines
for hybrid development under each environment (Akinwale et al.,
2014). This result provides a justification for our strategy of eval-
uating the crosses across multiple test environments in an effort
to identify the tester with a consistent performance in contrasting
environments (Badu-Apraku et al., 2013). This result corroborates
the earlier findings of Kang (1996) and of Akinwale et al. (2014),
who reported that the environment plays a predominant role in
the phenotypic expression of agronomic traits, and that ignoring
environmental components in the field would impede progress and
advances from selection.

The GCA effect of an inbred is dependent on its relative impor-
tance as a tester for the improvement of a target trait in a population
and as a parent for the development of synthetic varieties and
hybrids. Genotypes that are outstanding in terms of GCA and SCA
for grain yield and other agronomic traits could be employed for
the development of heterotic populations for further improvement
and for developing high yielding synthetic varieties and hybrids
(Akinwale et al., 2014). The significant and positive GCA effects
observed for grain yield of the inbreds TZEQI 89, TZEQI 91, TZEQI
92 and TZEQI 93 under drought, low-N, and optimal environments,
TZEQI 78, TZEQI 87, TZEQI 91 and TZEQI 92 under Striga infesta-
tion, and TZEQI 87, TZEQI 89, TZEQI 91, TZEQI 92 and TZEQI 93
across research environments indicated that these inbreds pos-
sess favorable alleles for grain yield and would contribute high
yields to their progenies. Significant and negative GCA effects were
observed for the stay-green characteristic of inbred TZEQI 82 and of
TZEQI 87 under drought stress and under low-N indicating that the
two inbreds will transmit the trait to their progenies or will slow
down the rate of leaf senescence. These inbreds could be used to
improve this trait in QPM germplasm. Under Striga-infestation, sig-
nificant negative GCA effects were detected for Striga damage at 10
WAP for inbreds TZEQI 87 and TZEQI 92 indicating that the inbreds
are tolerant to Striga and could be used to improve other QPM
germplasm. Also, TZEQI 84 showed significant negative GCA effects
for the number of emerged Striga plants at 8 and 10 WAP, indi-
cating that the inbred possesses genes for resistance to Striga that
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could be introgressed into QPM germplasm. The inbred TZEQI 93
showed significant negative GCA effects for days to silking and ASI
under drought, low-N, Striga infested, optimal, and across research
environments suggesting that it will contribute favorable alleles
for earliness to the progenies under the contrasting environments.
Inbreds TZEQI 74 and TZEQI 87 showed significant positive GCA
effects for EPP under each and across research environments, indi-
cating that they would contribute favorable alleles to the trait in
their progenies.

4.2. Groupings of inbreds, relationships among heterotic grouping
methods, and identification of testers

The SCA effects of grain yield method and the HSGCA method
classified the inbreds into three groups each; the HGCAMT and the
SNP-based GD methods had two groups across research environ-
ments. There was close correspondence in the classification of the
inbreds using the grouping methods across environments in terms
of placement of inbred lines into the same heterotic group. How-
ever, SNP-based method was the most efficient in the classification
of the inbreds into heterotic groups and was used to identify the
best testers across research environments.

According to Fan et al. (2009), an efficient heterotic grouping
method is expected to identify groups which allow inter-heterotic
group crosses to display higher heterosis than within-group
crosses. On the basis of the mean values of intra- and inter-heterotic
groups, the SNP-marker based method was identified as the most
efficient because it identified distinct heterotic groups in which
intra-group mean yields were significantly lower than in all inter-
group mean yields. However, under low-N, the HGCAMT method
was the best method with the highest breeding efficiency of 82% fol-
lowed by the SNP-based method (60%). The breeding efficiency of
the SNP-based method was the highest under drought (53%), Striga
infestation (40%), optimal conditions (63%), and across research
environments (63%). This result is striking because heterotic group-
ing based on GD derived from molecular markers has sometimes
produced contrasting results depending on the species, markers
(Hamblin et al., 2007) for comparison and used for genotyping a
given marker type (Semagn et al., 2012, 2014). The correspondence
of GD-based heterotic grouping is further compounded by the qual-
ity of the existing heterotic groups, which were not sufficiently
diverged (Semagn et al., 2012; Menkir et al., 2010; Benchimol et al.,
2008; Shieh and Thseng, 2006). Nevertheless, numerous examples
of such successful heterotic grouping of maize have been reported
(Lanzaetal.,1997; Balestre etal.,2008). For example, Akinwale et al.
(2014) reported that the classification of 28 early maturing inbreds
based on SSR marker-based GD was closely related to that based on
the SCA method under a Striga free environment. He indicated that
the GD method was not as effective as the HSGCA method in clas-
sifying the early maturing inbreds under both Striga infested and
Striga free environments. In the present study, the grouping of the
inbred lines by SNP markers was closely related to their pedigree
data and their combining ability and proved more effective than
HSGCA. The implications of these results are that SNP markers could
be invaluable in planning and reducing the number of planned
crosses in a breeding program before using the more expensive field
performance based methods, and that both methods would be nec-
essary for final heterotic grouping. The discrepancy in the result of
this study and the earlier report by Akinwale et al. (2014 ) suggested
that SNP markers could be more effective in assessing diversity
among tropical early maize and subsequently assigning them into
distinct heterotic group than SSR markers. However, further studies
are needed to confirm this.

A good tester is characterized by the ability to discriminate
between lines within its heterotic group and those from other
groups. Also, a good tester should be representative of the inbreds

within its group and should be effective in classifying other inbreds
into distinct heterotic groups in line x tester analyses. In this study,
using the criteria that the best tester should display significant pos-
itive GCA effects, should be classified into a heterotic group and
the per se grain yield of the inbred should be highest in the group
(Pswarayi and Vivek, 2008) inbred TZEQI 87 was identified as the
best tester for the SNP-based heterotic group 1 and TZEQI 91 for
group 2. The identified testers could be used to group the large
number of early yellow QPM inbreds in the IITA Maize Program yet
to be field-tested.

4.3. Performance of early maturing yellow QPM hybrids across
research environments

An important objective of the present study was to identify
outstanding QPM early yellow hybrids for commercialization in
SSA. Even though there are several reports indicating that certain
QPM cultivars can produce yields equal to those of conventional
cultivars currently under cultivation in developing countries and
that generally experimental varieties performed better than the
checks in several regions of the world (National Research Council,
1988), such reports are limited in the sub region. Results of this
study has clearly established that QPM early hybrids with grain
yield, Striga resistance, drought and Low-N tolerance, comparable
with or superior to their normal endosperm hybrid versions have
been developed in our program. For example, in the present study,
the QPM hybrid TZEQI 78 x TZEQI 92, out-yielded the best normal
endosperm hybrid check TZEI 16 x TZEI 8, by 44%. Similarly, the best
Striga resistant QPM hybrid, TZEQI 78 x TZEQI 92, out-yielded the
best Striga resistant normal endosperm hybrid check, TZEI 16 x TZEI
8 by 45% and the most Striga susceptible normal endosperm hybrid
check, TZEI 9 x TZEI 16, by 78% suggesting severe parasitic pres-
sure to facilitate the identification of superior hybrids with genes
for Striga resistance. Also, the QPM hybrid TZEQI 82 x TZEQI 93,
out-yielded the best normal endosperm drought tolerant hybrid
check, TZEI 16 x TZEI 8, by 20% and the drought susceptible normal
endosperm hybrid check, TZEI 9 x TZEI 11, by 100% across drought
environments, indicating that the drought was severe enough to
allow the discrimination of drought tolerant and susceptible geno-
types. Under low-N environments, the most outstanding low-N
tolerant QPM hybrid, TZEQI 78 x TZEQI 92, out-yielded the low-N
tolerant normal hybrid check, TZEI 16 x TZEI 8, by 50% and the low-
N susceptible normal endosperm hybrid check, TZEI 23 x TZEI 16,
by 72%, an indication of the severe low-N stress in the experiment.
The hybrids, TZEQI 87 x TZEQI 93, TZEQI 77 x TZEQI 91 and TZEQI
80 x TZEQI 91 were identified as the most stable and relatively high
yielding across environments and should be extensively evaluated
in on-farm trials to confirm the consistency of performance and
commercialized. On the other hand, hybrids TZEQI 78 x TZEQI 93,
TZEQI 76 x TZEQI 92, TZEQI 78 x TZEQI 91, TZEQI 81 x TZEQI 91,
TZEQI 81 x TZEQI 93 and TZEQI 79 x TZEQI 91 had mean grain yield
greater than the grand mean but were adapted to favorable envi-
ronments. These hybrids could be released for production in the
specific environments where they had outstanding performance.

5. Conclusions

The inbreds TZEQI 87 and TZEQI 92 had significant and posi-
tive GCA effects for grain yield, significant and negative GCA effects
for Striga damage at 10 WAP, TZEQI 84 had negative and significant
GCA effects for the number of emerged Striga plants across research
environments. The favorable alleles from these inbreds should be
introgressed into the early maturing QPM breeding populations
of the sub region for improvement of the target traits. Additive
gene action was more important than non-additive gene action for
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the measured traits, indicating that GCA was the major compo-
nent accounting for the differences among the inbreds evaluated
in the present study. A program may be initiated to develop het-
erotic populations by inter crossing the inbred lines in each of the
identified heterotic groups which could be improved using recip-
rocal recurrent selection to synthesize more genetically diverse
and superior inbred lines. The hybrids, 5 (TZEQI 87 x TZEQI 93),
11 (TZEQI 77 x TZEQI 91) and 9 (TZEQI 80 x TZEQI 91) were identi-
fied as the most stable and high yielding across environments and
should be extensively evaluated in on-farm trials to confirm the
consistency of performance and commercialized.
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