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Abstract: Breeding maize with high contents of zinc, iron and provitamin A (PVA) could be effective
in mitigating micronutrient deficiency in developing countries with a high reliance on maize-based
diets. Information on the mode of inheritance of zinc, iron, PVA and grain yield (GY) would facilitate
the development of varieties with enhanced contents of these nutrients. Twenty-four yellow to
orange maize inbred lines and their 96 F1 hybrids generated using North Carolina Design II, were
evaluated alongside four checks for two years at two locations in Nigeria. The effects of environment,
hybrid and inbred line were significant for GY and contents of zinc, iron and PVA. The GY, and
contents of zinc, iron and PVA of the hybrids ranged from 1.49 to 6.05 t ha=1,22.51 to 33.33 mg kgfl,
20.04 to 29.65 mg kg_1 and 3.55 to 15.28 ug g_l, respectively. Additive gene effects controlled the
accumulation of PVA and Fe, whereas both additive and non-additive gene effects controlled the
inheritance of Zn and GY. Inbred lines with high general combining ability for GY and single or
multiple micronutrients were identified, and could be used to develop hybrids and synthetics that
combine high GY with high micronutrient content. Six hybrids combined high GY with high contents
of all three micronutrients, and are recommended for further evaluation and possible release. Our
study revealed the feasibility of enriching maize with multiple micronutrients without compromising
grain yield.

Keywords: additive gene effect; non-additive gene effect; micronutrient deficiency; orange maize

1. Introduction

Maize is an important crop for global food security and its grains contain about 72%
starch, 10% protein, 4.8% fat, 8.5% dietary fibre, 3.0% sugar with no anti-nutrients [1]. How-
ever, most maize genotypes are low in content of vitamin A and valuable minerals including
Fe and Zn [2,3]. Zn acts as a catalyst for the activation of several enzymes in the body [4]. It
is involved in the regulation of gene expression, proper functioning of the immune system,
physical growth, reproductive health and neurobehavioral development [5,6]. The role of
Fe is manifest in several biological processes such as respiration, energy production, cell
division and formation of genetic materials [7]. Vitamin A is necessary for visual health,
cellular growth and development and control of gene expression [8]. Symptoms of Zn
deficiency include stunted growth in infants, increased oxidation stress, low immunity to
infections and slow mental development, whereas Fe deficiency is largely associated with
anaemia and fatigue [9]. Vitamin A deficiency has been implicated in blindness and 17%
of all deaths in children younger than 5 years in developing countries [10]. Deficiency of
micronutrients in the diet leads to ‘hidden hunger’, necessitating the need for the consump-
tion of foods enriched with adequate content of bioavailable micronutrients. Micronutrient
deficiency is widespread in developing countries where there is high reliance on maize-
based foods. The low cost of maize production and its growing use in processed products
in these countries make it a suitable vehicle for biofortification [11,12]. For example, the
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estimated Zn requirement is 1860 pg day !, therefore, the development of maize varieties
with Zn content exceeding 37 mg kg~ would have a significant impact in alleviating Zn
deficiency [12]. In addition, on the basis of retention, bioavailability and daily requirements
of vitamin A and Fe, coupled with an estimated daily maize consumption of 200 g day !,
increasing the PVA content of maize to 15 ug g~ ! as set by Harvestplus and Fe content to
40 mg kg~! would positively impact human nutrition in developing countries [13].

The International Institute of Tropical Agriculture with the support of the HarvestPlus
challenge program has been involved in developing maize varieties with high levels of Zn
and PVA. Previous diversity studies for PVA, Zn and Fe in maize reported the presence
of substantial native variation for the three micronutrients in inbred lines [10,14-16], sug-
gesting that breeding maize varieties for enhanced contents of these nutrients is feasible.
Maize accumulates provitamin A, through the carotenoid biosynthetic pathway and is
later changed to Vitamin A in the human body through activities of certain enzymes [17].
Orange and yellow colour in maize have been associated with higher nutritional value
than white, due to the presence of carotenoids, especially zeaxanthin and 3-carotene which
impart the colour [18,19]. According to [16,20], f-carotene represents about 70% of the
PVA content in maize. On the other hand, accumulation of Fe and Zn occurs through
uptake from the rhizosphere to the roots, translocated to the shoots, leaves and stems at the
vegetative stage and later to the grains during the reproductive stage [15,21]. Micronutrient
accumulation in plants is highly influenced by climatic and edaphic factors which may
mask the genetic potential of the crop. Nonetheless, high heritability estimates for Zn and
Fe accumulation have been reported in maize, highlighting the low presence of environ-
mental effects on phenotypic expression of these traits and the possibility of transferring
them to progenies [12,15,22].

Combining ability studies unravel the effects of genes involved in the expression
of PVA, Fe and Zn content and facilitate the selection of parents for developing source
populations and hybrids with high levels of the three micronutrients. General combining
ability (GCA) is the mean performance of an inbred line in a series of hybrid combinations
and is associated with additive gene effects while specific combining ability (SCA) is linked
to the non-additive genetic effects [23]. Provitamin A in maize, has been the subject of many
combining ability studies. While [24] reported that non-additive genetic effects were more
important in the inheritance of carotenoids, several other studies have reported the prepon-
derance of additive gene effects conditioning provitamin A content in maize [16,20,25-28].
Similarly, several genetic studies in maize have reported that (GCA was more important
than SCA in the regulation of Zn accumulation in maize [15,29,30]. In contrast, [31] found
non-additive gene action to be more important than additive gene action for Zn and Fe
levels in maize. Considering the contradictory results reported in previous studies, as well
as the use of fewer inbred lines for genetic analyses in those studies, there is additional need
to unravel the mode of inheritance of Zn, Fe and PVA in tropical maize using more maize
inbred lines with diverse genetic backgrounds. Furthermore, most of the genetic studies
also focused on one or two micronutrients at a time, whereas deficiencies in Zn, Fe, and
PVA have been recorded together in many low-income communities in sub-Saharan Africa.
Micronutrients interact during their transportation and functioning in the human body
which may increase the bioavailability of each micronutrient [32]. For example, higher PVA
levels in cereals could improve the intestinal absorption of Fe from cereals [33]. Therefore,
understanding the gene action controlling the three micronutrients is important in identi-
fying parental lines that can be crossed to develop source populations and high-yielding
maize hybrids with high levels of PVA and minerals. Increasing PVA, Zn and Fe content
should also be achieved without compromising grain yield and other important agronomic
traits. The objectives of the present study were therefore to determine (i) the mode of
inheritance of Zn, Fe, PVA content as well as grain yield and (ii) the correlations of Zn, Fe
and PVA content with grain yield and other agronomic traits in maize.
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2. Materials and Methods
2.1. Genetic Materials

Twenty-four (24) yellow to orange endosperm tropical maize inbred lines with low to
high levels of Zn and provitamin A (Table S1A) were used in the present study. The inbred
lines were crossed using the North Carolina design II [23] at IITA’s main research station,
Ibadan (7°29'11.99"" N, 3°54/2.88' E, altitude 190 masl). The inbred lines were divided into
six groups each containing four inbred lines to generate six sets of crosses. The inbred lines
were separated into groups based on similarities in Zn and provitamin A contents that
were determined in previous seasons as well as the genetic backgrounds of the lines to
maximize productivity in hybrids. Each inbred line in each group was used both as a male
and a female parent to generate a total of 96 hybrids (Table S1B).

2.2. Field Evaluation

The 96 hybrids plus two commercial provitamin A biofortified hybrids (Ife Hybrid 3
and Ife Hybrid 4) and two conventional orange maize hybrids (M1124-31 and Oba Super 2)
used as checks were arranged in a 25 X 4 alpha lattice design and planted at two testing
sites in Nigeria in 2020 and 2021. The testing sites were (Ikenne 3°42 E, 6°54' N, altitude
30 masl; Saminaka 8°39" E, 10°34’ N, altitude 760 masl). The inbred parents were also
evaluated in 4 x 6 alpha lattice design in a separate trial alongside the hybrids at two of
the testing sites (Ikenne and Saminaka). Each entry in both hybrid and inbred trials was
planted in a single 5 m row plot with a spacing of 0.75 m between rows and 0.50 m within
rows with two replications. Three seeds were placed in each hill and later thinned to two
plants giving a population density of about 50,000 plants ha~!. NPK 15:15:15 fertilizer was
applied at the rate of 60 kg N'ha~!, 60 kg Pha~!, and 60 kg K ha~! at planting. Urea (46-0-0)
fertilizer at 60 kg N ha~! was applied as top dressing at four weeks after planting. Weeds
were controlled by application of gramoxone and atrazine as pre-emergence herbicides
at the rates of 1.5 L gramoxone and 2.5 L atrazine in 200 L of water per hectare. Manual
weeding was subsequently performed to manage the weeds.

2.3. Agronomic Trait Recording

Agronomic data were collected from each plot at the two testing sites in both 2020
and 2021. Days to anthesis (DA) and days to silking (DS) were recorded as the number
of days at which 50% of plants in a plot shed pollen and had emerged silks, respectively.
Anthesis-silking interval (ASI) was estimated as the difference between DS and DA. Plant
height (PH) and ear height (EH) were measured in centimetres as the distance from the
base of the plant to the top of the first tassel branch and the node where the upper ear is
attached, respectively. Plant aspect (PA) was scored on a scale of 1-5, where 1 represented
uniform, clean, vigorous plants with good appearance and 5 represented non-uniform,
unhealthy plants with poor appearance. Ear aspect (EA) was scored on a scale of 1-5, where
1 represented clean, well-filled, uniform and large ears while 5 represented incompletely
filled ears with pest or disease damage. Harvested ears were shelled and grain moisture
content of the grains was measured using a hand-held moisture meter. The grain weight
and moisture content were used to compute grain yield adjusted to 15% moisture content.
Grain yield was not recorded in the inbred lines trials as most of the plants were weak.

2.4. Minerals Analysis

Five representative plants were self-pollinated in each F1 hybrid for each replication
every year. Similarly, uniform plants of each inbred line were self-pollinated in each
replication at the two locations for two years. To minimize field contamination, harvested
ears were placed into paper bags and carefully shelled by hand in the laboratory. Samples
were drawn from the hand-shelled grains and submitted to the Food and Nutritional
Sciences Laboratory of IITA for mineral and carotenoid analyses.

A 10 g sample was taken from each plot and milled to fine powder (flour approx.,
0.05 mm) using Perten Laboratory Mill 3100 (Perten Instruments). A 7 g sample was then
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drawn from each milled sample and loaded in sample cups [34], which were sealed on one
end with 4 um Poly-4 XRF sample film. The sample cups were then loaded into Bruker S2
Ranger for the X-ray fluorescence (XRF) analysis. Sample films were changed after each
reading and cups were cleaned to avoid cross-contamination between samples. Measure-
ments were performed twice per sample and mean values were recorded. A 10% sample
was also analysed using the inductively coupled plasma-optical emission spectrometry
(ICP-OES) to further confirm the accuracy of values obtained from the XRF analysis.

2.5. Carotenoids Analysis

Self-pollinated ears were harvested, dried under ambient temperature with minimal
exposure to direct sunlight and shelled separately. Samples of 100 kernels were drawn from
each plot in duplicates for carotenoid analysis. Carotenoids were extracted and quantified
using High Performance Liquid Chromatography (HPLC) (Water Corporation, Millford,
MA, USA) at Food and Nutritional Sciences Laboratory, IITA-Ibadan using a protocol
described by [35]. Each 100 kernel-sample was ground to pass a 0.5 mm screen using
Perten Laboratory mill (Perten Instruments). A 0.6 g ground sample was transferred to
a 50 mL glass centrifuge tube. Then, 6 mL ethanol containing 0.01% butylated hydroxyl
toluene was added to the glass tube, which was capped and mixed using a vortex mixer
for 15 s. The glass tube was then incubated in 85 °C water bath for 5 min. The glass
tubes were removed from the water bath and 500 pL of 80% potassium hydroxide was
added to the tubes. Vortexing and incubation were repeated. The samples were moved
immediately into an ice bath and 3 mL cold deionized water was added to tube and mixed
using a vortex mixer for 15 s. To each sample, 3 mL hexane was added, vortexed and then
centrifuged at 1000 rpm for 10 s. Then, 200 pL of internal standard 3-Apo 80-carotenal was
also added to 10% of the number of samples alongside hexane to validate the efficiency
of the extraction process. The hexane fraction was then extracted and transferred into a
concentrator tube. Extraction of the hexane fraction was repeated three times by adding
3 mL hexane each time. The hexane extracts from each sample were then dried at 40 °C
under nitrogen gas using a concentrator (Organomation Asscociates, Inc., Berlin, MA, USA).
The samples were reconstituted in 1 mL of 50:50 methanol/dichloromethane and the tube
capped immediately. The extracts were vortexed and transferred into HPLC vials, placed
in an autosampler tray and inserted into the HPLC machine. A 50 pL aliquot per sample
was injected automatically into the HPLC (Water Corporation, Milford, MA, USA) for
analyses of a-carotene, (3-carotene (cis and trans-isomers), 3-cryptoxanthin, lutein, and
zeaxanthin based on calibration of the standard of each carotenoid. The Waters HPLC
components, operated with Empower 1 Software, includes a 717 Plus autosampler with
temperature control set at 5 °C, a Waters 1525 binary HPLC pump, and a 2996 photodiode
array detector for carotenoid quantification. Carotenoids were separated on a 3 pum C30
Carotenoid Column (4.6 x 250 mm) eluted by a mobile phase methanol/water (92:8 v/v)
with 10 mM ammonium acetate as solvent A and 100% methyl-tert-butyl-Ether as Solvent
B. The gradient was applied for 30 min from 70% solvent A:30% solvent B, to 40% solvent
A:60% solvent B. The flow rate was 1.0 mL per minute, the absorbance was measured at
450 nm.

Chromatograms were extracted after analyses and major carotenoids were identified
and concentrations calculated using the formula [36]:

Ax x Cs (ug mLfl) x total volume of extract (mL)

-1
©x (ug & ) N As x sample weight (g)
where Cx and Ax were concentration and peak area of carotenoid x, while Cs and As were
the concentration and peak area of the standard.
Total carotenoid was calculated as the sum of concentrations of x-carotene, lutein, (3-
carotene, 3-cryptoxanthin, zeaxanthin. Provitamin A was calculated by adding the concen-
trations of 3-carotene, and half concentration each of 3-cryptoxanthin and x-carotene [37].
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2.6. Data Analysis

Analyses of variance for hybrid and parent trials were carried out using PROC MIXED
procedure of SAS 9.4 [38] to generate entry means for micronutrients and agronomic
traits for each location-year combination, which is hereafter referred as an environment.
Cross-environment analyses were then conducted using adjusted means for block effects.

The test hybrids excluding checks were thereafter subjected to analysis of variance
based on North Carolina Design II to estimate combining ability effects for the micronu-
trients and agronomic traits. In the combined analysis of variance using a mixed model,
hybrids, sets, male and female parental lines were considered as fixed effects, while envi-
ronments, replications within environment and blocks within replications were considered
as random effects. The variance components due to hybrids within sets were divided
into variance due to female (set), male (set) and female x male (set) interaction and the
interaction of each respective variance component with environment was used to compute
F tests. The variance due to environment x female X male (sets) was tested using the
pooled error variance. The pooled error variance was obtained by dividing error sums of
square from all environment combinations with the corresponding sum of error degrees of
freedom. The main effects of female (sets) and male (sets) represents the general combining
ability (GCA female and GCA male) while female x male (sets) interaction represents
specific combining ability (SCA) effects [23].

The relative importance of GCA and SCA (predictability ratio) was calculated as:

202gca
202gca + o2sca

where o2gca and o?sca are variances due to GCA and SCA, respectively.

AGD-R was used to calculate variance components and broad sense heritability for
each trait [39]. Simple correlation coefficients between micronutrients and agronomic trait
were also calculated from means averaged across environments using PROC CORR of SAS
9.4 [38].

3. Results
3.1. Variation in Zn, Fe and PVA Content

The inbred line and environment had significant effects on Zn, Fe and PVA contents
(Table S1). Inbred line x environment interaction had significant effects on (3-carotene,
PVA, and Fe, but not on Zn. The contribution of inbred line x environment interaction
to total variation was much smaller relative to the variability among inbred lines for the
micronutrients. Heritability estimates were 0.94 for Zn, 0.80 for Fe, and 0.96 for PVA. Mean
micronutrient content of inbred lines averaged across environments ranged from 27.82
to 41.59 mg kg~ ! for Zn, 19.20 to 31.01 mg kg~ for Fe, and 2.12 to 15.15 pg g~ ! for PVA
(Table 1).

The differences among hybrids and environment were highly significant for the mi-
cronutrients and grain yield. Hybrid x environment interaction mean squares were signifi-
cant for grain yield, PVA and Fe content, but not for Zn content (Table 2). Again, the mean
squares for hybrids were much larger than the mean squares for hybrid x environment
interaction for all micronutrients including grain yield. The GY, and contents of zinc, iron
and PVA of the hybrids ranged from 1.49 to 6.05 t ha~!, 22.51 to 33.33 mg kg~!, 20.04
t0 29.65 mg kg~ ! and 3.55 to 15.28 ug g~ !, respectively. The overall mean micronutrient
content in hybrids was 28.51 mg kg~! for Zn, 23.61 mg kg~ ! for Fe, and 8.32 pug g~ for
PVA, whereas mean grain yield for hybrids was 4.88 t ha~!. The number of hybrids that
accumulated above average concentrations of the micronutrients was 51 for Zn, 35 for Fe
and 28 for PVA. Six hybrids combined high grain yield with high contents of Zn, Fe and
PVA (Table 3).



Agronomy 2023, 13, 266

60of 17

Table 1. Mean micronutrients concentrations of 24 parental inbred lines across environments.

. Zn PVA Fe
Inbred Line (mg kg~1) wgg ) (mg kg 1)

1 28.53 10.39 23.42

2 31.10 8.12 23.40

3 30.85 10.07 22.69

4 32.86 8.84 22.73

5 33.36 5.77 23.06

6 32.61 5.85 24.31

7 35.62 8.39 25.00

8 31.45 11.66 19.20

9 36.39 6.56 24.29

10 41.49 5.04 22.44

11 39.86 413 31.01

12 36.12 8.33 24.03

13 34.72 5.24 25.21

14 34.75 8.39 24.78

15 41.59 2.12 29.36

16 35.33 9.31 27.89

17 29.61 7.28 27.31

18 31.68 7.99 21.97

19 33.06 10.88 26.96

20 27.82 11.25 24.05

21 37.12 4.88 27.71

22 35.14 10.81 26.16

23 27.65 15.15 20.93

24 28.78 7.41 26.17
Grand mean 33.58 7.72 24.39
LSD (p < 0.05) 1.37 0.83 1.46

GM: general mean, LSD: least significant difference, PVA: provitamin.

Table 2. Mean squares from the combined analysis of variance across environments for micronutrients

and grain yield of 96 maize hybrids and four commercial checks.

Source DF Zn Fe Provitamin A  Grain Yield
mgkg™!  mgkg™! (ngg™) (tha~1)
Env 3 687.98 ** 204.94 ** 114.49 ** 286.98 **
Rep (Env) 4 22.01 ** 36.04 ** 10.01 ** 0.77
Block (Env x Rep) 192 3.39 3.85** 1.32 ** 0.97 **
Hybrid 99 23.58 ** 15.89 ** 24.95 ** 5.08 **
Env x Hybrid 297 3.74 2.87*% 1.25** 0.87 **
Set 5 133.59 ** 33.67 ** 57.48 ** 5.11**
Env x Set 15 4.08 4.03* 1.75 ** 1.27 **
Female (Set) 18 19.04 ** 16.48 ** 40.55 ** 5.76 **
Male (Set) 18 19.23 ** 30.51 ** 43.16 ** 7.02 **
Female x Male (Set) 54 8.32 ** 448 ** 220 ** 2.98 **
Env x Female (Set) 54 526% 3.33* 1.23 ** 0.74
Env x Male (Set) 54 3.37 3.19 1.76 ** 0.89*
Env x Female x Male (Set) 162 2.85 2.04 0.88 * 0.71
Error 220 3.65 2.29 0.68 0.62
CV% 6.70 6.39 10.03 16.16
02 Additive 14.88 9.51 16.06 146.63
0% Non-additive 4.83 2.13 1.26 92.33
0% Eny 0.48 0.38 0.18 5.6
Predictability ratio 0.84 0.90 0.96 0.76
Heritability 0.88 0.87 0.92 0.86

*: significant at p < 0.05, **: significant at p < 0.01, DF: degree of freedom, Env: environment, Rep: replication, CV%:
coefficient of variation, 02z 4gitive: additive variance, 0% Non-additive: NoN-additive variance 6%gy,: environmental

variance.
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Table 3. Mean values for micronutrients content and grain yield for 96 hybrids and four checks
evaluated across environments.

. In Fe PVA GY
S/N Hybrids mg kg1 mg kg1 ug g1 tha-1
1 1x9 30.86 25.22 6.84 5.80
2 2x9 28.31 23.23 6.78 4.99
3 3 x9 27.79 22.96 8.00 4.70
4 4x9 30.41 23.95 7.98 5.50
5 1 x10 32.22 25.27 6.19 4.67
6 2 x 10 30.16 25.31 8.36 3.16
7 3 x 10 26.22 22.01 6.72 4.51
8 4 x10 30.67 22.36 7.65 5.79
9 1x11 30.30 29.65 7.00 4.00
10 2 x 11 28.08 24.39 6.53 4.49
11 3 x11 28.25 25.89 6.62 3.48
12 4 x11 29.78 24.94 7.83 492
13 1 x12 31.45 26.63 8.61 5.57
14 2 x12 23.52 22.21 8.18 494
15 3 x12 27.82 23.59 7.23 5.86
16 4 x12 31.97 23.74 8.73 4.65
17 9x5 30.90 25.77 6.35 5.74
18 10 x5 29.36 23.47 6.00 5.11
19 11 x5 30.86 25.52 6.07 4.36
20 12 x5 29.04 24.27 7.52 5.35
21 9x6 30.38 25.16 9.72 4.90
22 10 x 6 31.65 23.55 9.71 5.37
23 11 x6 29.91 25.48 8.38 4.40
24 12 x 6 31.42 23.80 11.08 5.82
25 9x7 30.60 23.36 8.26 4.90
26 10x7 31.64 24.48 6.86 5.21
27 11 x 7 30.19 24.65 7.09 4.65
28 12x7 29.95 23.51 8.49 491
29 9x8 28.10 20.84 7.04 6.00
30 10 x 8 30.50 21.58 6.87 5.69
31 11 x 8 29.89 24.08 7.81 5.91
32 12 x8 28.23 20.69 7.35 6.04
33 17 x 1 29.72 26.21 7.37 4.58
34 18 x 1 30.12 25.93 6.76 5.62
35 19 x1 29.80 26.75 10.00 4.93
36 20 x 1 28.64 22.37 6.44 5.32
37 17 x 2 25.97 23.55 8.02 4.32
38 18 x 2 25.54 20.94 7.02 5.66
39 19 x 2 26.67 22.88 11.32 5.54
40 20 x 2 26.26 21.00 9.25 4.85
41 17 x 3 29.79 21.81 6.85 4.94
42 18 x 3 22.51 20.88 9.46 5.48
43 19 x 3 26.33 23.24 9.61 4.33
44 20 x 3 24.81 22.61 8.65 3.89
45 17 x 4 27.05 22.33 8.39 4.62
46 18 x 4 27.44 21.95 7.89 5.64
47 19 x 4 27.92 22.46 11.99 5.57
48 20 x 4 28.03 22.49 9.93 4.33
49 13 x 21 28.99 23.50 6.18 4.08
50 14 x 21 28.72 24.13 7.02 4.34
51 15 x 21 30.06 24.83 4.69 4.60
52 16 x 21 31.19 25.64 8.75 4.31
53 13 x 22 29.78 25.72 7.32 4.58
54 14 x 22 29.52 24.20 8.68 5.00
55 15 x 22 29.14 24.25 5.40 5.20
56 16 x 22 29.08 26.43 9.62 5.15
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Table 3. Cont.

. In Fe PVA GY
S/N Hybrids mg kg1 mg kg1 ug g1 tha-1

57 13 x 23 27.95 2493 10.15 4.90

58 14 x 23 28.34 23.90 12.36 4.74

59 15 x 23 27.94 23.79 8.83 4.46

60 16 x 23 26.51 24.74 12.97 5.61

61 13 x 24 27.06 22.27 5.86 5.08

62 14 x 24 27.84 22.11 7.55 4.40

63 15 x 24 28.67 20.82 3.78 3.93

64 16 x 24 28.65 23.73 7.71 4.78

65 5x 13 28.15 23.33 5.52 5.42

66 6 x 13 29.25 22.45 10.15 4.77

67 7 x 13 29.15 23.39 7.88 4.96

68 8 x 13 28.44 21.30 6.69 5.43

69 5x 14 28.27 23.45 7.00 4.87

70 6 x 14 29.85 22.47 9.57 3.98

71 7 x14 33.31 24.25 8.19 1.49

72 8 x 14 27.84 21.00 7.57 491

73 5x 15 29.39 21.83 3.55 4.50

74 6 x 15 24.95 22.72 7.37 4.73

75 7 x 15 30.43 21.10 5.10 4.89

76 8 x 15 29.05 21.22 3.86 5.70

77 5x16 28.52 23.73 6.68 5.21

78 6 x 16 31.88 25.17 12.21 4.10

79 7 x 16 31.96 24.66 9.49 4.81

80 8 x 16 30.32 22.01 10.20 6.05

81 21 x 17 27.05 25.43 6.93 4.04

82 22 x 17 26.44 24.99 9.31 5.19

83 23 x 17 25.15 25.78 11.73 4.37

84 24 x 17 26.31 24.31 6.96 4.33

85 21 x 18 26.68 23.63 7.48 4.57

86 22 x 18 28.18 24.56 9.04 5.92

87 23 x 18 26.51 22.77 10.53 5.50

88 24 x 18 25.19 20.04 7.45 5.28

89 21 x 19 28.27 25.62 10.57 4.76

90 22 x 19 27.70 25.86 11.41 5.60

91 23 x 19 26.49 24.50 15.28 4.76

92 24 x 19 27.51 23.74 10.36 4.76

93 21 x 20 25.83 23.37 8.67 4.41

94 22 x 20 26.54 24.85 10.79 4.45

95 23 x 20 23.88 22.99 13.21 4.12

96 24 x 20 25.74 21.80 8.12 4.38

Ife Hybrid-3 check 27.21 21.40 10.59 4.70
Ife Hybrid-4 check 29.81 25.07 10.78 5.17
M1124-31 check 27.36 22.39 7.94 6.00
Oba Super 2 check 27.20 20.42 5.88 4.46
Grand mean 28.51 23.61 8.32 4.88
LSD (p < 0.05) 1.93 1.71 0.83 0.67

PVA: provitamin A, LSD: least significant difference.

3.2. Combining Ability Estimates

In the combined analysis, the effects of sets, female (sets), male (sets), and female x male
(sets) interaction were also highly significant for all micronutrients including grain yield
(Table 2). Environment x female (sets) interaction was significant for all micronutrients but
not for grain yield, whereas environment x male (sets) interaction was significant for PVA
and grain yield only. Environment x female x male (sets) interaction was not significant
for Zn, Fe and grain yield. Heritability estimates in the hybrid trial were 0.88 for Zn, 0.87
for Fe, 0.92 for PVA, and 0.60 for grain yield. The additive variance (02 Additive) Was about
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1.3 to 12 times higher than the non-additive variance(0?Non-additive) for Fe, Zn, PVA and
grain yield. The predictability ratio was closer to one for the micronutrients and 0.76 for
grain yield (Table 2).

The contribution of GCA male to the total sum of squares for hybrids was 30% for
Zn, 51% for Fe, 48% for PVA and 32% for grain yield, while the contributions of GCA
female was 30% for Zn, 27% for Fe, 45% for PVA and 27% for grain yield (Figure 1). The
contribution of SCA effects to the total sum of squares was 40% for Zn, 22% for Fe, 7% for
PVA, and 41% for grain yield. Some inbred lines combining positive GCA and SCA effects
for multiple micronutrients and grain yield were identified (Tables 4 and S3). Inbred line
16 combined positive GCA effects on Fe, Zn, PVA contents and grain yield. This inbred line
accumulated 35.33 mg kg ! of Zn, 27.89 mg kg ! of Fe and 9.31 pg g~ ! of PVA (Table 1).
Inbred lines 1 and 5 had positive GCA for Zn, Fe and grain yield, whereas inbred line 23
displayed positive GCA effects for PVA and Fe levels. In contrast, inbred lines 2, 15 and
24 combined negative GCA effects for the three micronutrients. Eleven hybrids combined
positive SCA for Zn, Fe and PVA levels, whereas five hybrids combined positive SCA
effects for Zn and Fe levels. Three hybrids combined positive SCA effects for Zn and PVA,
while two hybrids combined positive SCA for PVA and Fe content.

Table 4. Estimates of general combining ability effects for Zinc, Iron, PVA and grain yield for 24
parental inbred lines used to form 96 hybrids evaluated across four environments.

Fe (mg kg~—1) Zn (mg kg—1) PVA (ugg™1 GY (tha=1)
Parent GRP M F M F M F M F
1 1 1.39 % 1.79 ** 0.87 * 1.87 ** -0.70 —-0.82 0.08 0.02
2 I —0.83 —0.10 —1.43* —0.66 0.41 —0.28 0.08 —0.14
3 I —1.11* —0.21 —1.01* —1.00 * 0.22 —-0.71 —0.15 —0.11
4 1 —0.96 * —0.36 —-0.19 1.26 * 0.93 0.26 0.11 0.19
5 I 0.81 0.06 0.29 0.02 —141* —2.08 ** 0.04 0.12
6 1T 0.46 0.10 1.24 * —0.34 1.53* 1.86 ** 0.01 —0.19
7 I 0.39 0.13 0.94 * 1.84 ** —0.37 —0.35 —0.03 —-0.37*
8 I —1.39% —1.53 ** —0.15 —0.14 —0.49 —0.54 0.43* 0.32*
9 I —0.04 —0.05 0.26 0.99 * —0.36 —0.19 0.21 0.20
10 I —0.22 —0.52 0.42 0.80 —0.55 —0.47 —-0.14 0.08
11 I 1.97 ** 1.02* 0.52 1.04* —0.87 —0.60 —0.26 —0.09
12 I —0.07 —0.26 —0.19 0.57 0.19 0.54 0.14 0.21
13 v —0.63 0.05 —0.26 —0.47 —0.57 —-0.51 0.21 —0.02
14 v —0.44 —0.15 0.59 —0.02 0.34 0.77 —0.47 ** —-0.12
15 v —1.27* —0.43 —0.42 0.34 —2.60 ** —2.32 % 0.01 —0.12
16 v 0.53 1.03 * 1.03 * 0.13 1.69 1.59 * 0.11 0.08
17 \Y% 1.13* 0.00 —0.76 —0.32 —0.19 —0.90 —0.16 —0.10
18 \Y% —0.75 —-0.57 —0.50 —0.80 —0.44 —0.49 0.20 0.33*
19 \% 0.77 0.25 —0.07 —0.56 2.64 ** 2.04 ** 0.02 0.07
20 \Y% —0.48 —-0.71 —-1.16*% —0.90 1.07 ** 0.19 —-0.25 —0.20
21 VI 0.53 0.55 0.76 —0.39 —1.50* —-0.72 —0.16 —0.16
22 VI 0.78 0.82 0.38 —0.32 —0.16 1.03 * 0.04 0.13
23 VI 0.58 0.25 —0.56 —1.53* 2.86 ** 3.50 ** 0.05 —0.04
24 VI —-1.15* -1.16* —0.58 —1.43* —1.68* —0.78 —0.11 —0.11
SE 0.56 0.53 0.60 0.66 0.61 0.60 0.20 0.19
GM 23.60 23.60 28.53 28.53 8.22 8.22 4.88 4.88

GRP: group, SE: standard error, GM: general mean, GY: grain yield, M: male, F: female, *: significant at p < 0.05,
**: significant at p < 0.01.
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Figure 1. The relative contribution of GCA of 24 inbred lines and SCA to the inheritance of Fe, Zn
and grain yield in 96 F1 hybrids evaluated across environments.

Most inbred lines displayed positive GCA and SCA effects for at least one micronutri-
ent (Tables 4 and S3). Significant and positive GCA effects on Zn were recorded in inbred
lines 1,7,9, 11 used as females and lines 1, 6, 7 and 16 used as males. These inbred lines
were parents of nine best 10% of the hybrids in Zn content, accumulating more than 31
mg kg‘1 of Zn in their grains (Table 5). In contrast, inbred lines 3, 23 and 24 when used as
females and 2, 3 and 20 used as males had significant negative GCA effects for Zn (Table 4).
These inbred lines were either the male or the female parents to eight of the worst 10%
of the hybrids in Zn content (Table 3). Of the 96 hybrids, SCA effect for Zn content was
significant and positive for nine hybrids, while the effect was significant but negative for
seven hybrids (Table S3). Inbred lines 1 and 11 when used as both male and female parents
displayed significant and positive GCA effects for Fe content. Additionally, inbred line 16
used as female and 17 used as male had significant and positive GCA effects for Fe content
(Table 4). These inbred lines were parents of eight of the best 10% of the hybrids in Fe
content (Table 5). In contrast, inbred lines 8 and 24 had significant and negative GCA effects
when used as females, while lines 4, 8, 15 and 24 had significant negative GCA effects when
used males (Table 4). Only two hybrids had positive SCA effects for Fe content, whereas
seven hybrids showed significant negative SCA effects for Fe content (Table S3). Inbred
lines 6 and 19 showed significant positive GCA effects for PVA when used as males and
female. Inbred lines 22 and 23 used as female and inbred line 20 used as male displayed
significant positive GCA effects for PVA content (Table 4). These five inbred lines were
parents of the best 10% of the hybrids in PVA content (Table 5). In contrast, inbred lines
5,15, 21 and 24 had significant negative GCA for PVA content when used as both males
and females (Table 4). Four hybrids had significant positive SCA effects for PVA content
(Table S3).

Seventeen inbred lines displayed positive GCA for grain yield when used both as
males and females. Inbred lines 8 and 18 showed significant positive GCA effects for grain
yield when used both as males and females (Table 4). The largest GCA effect for grain
yield was observed in inbred line 8 as a male parent, whereas the lowest GCA effect was
observed in inbred line 14 as male parent (Table 4). The SCA effects for grain yield were
positive for hybrids 8, 47, 86. (Table S3).
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Table 5. Performance per se of hybrids and parental lines, GCA of parents for the top 10% ranking
hybrids for micronutrients evaluated across environments.

Performance per Performance per

H Set Parents se GCA H Set Parents se GCA
M F F1 M F M F M F F1 M F M F
Top 10% Hybrids Zn (mg kgfl) Top 10% Hybrids Fe (mg kgfl)
71V 14 7 3331 3475 3562 059 1.84* 9 I 11 1 29.65 31.01 2342 197* 1.79*
5 I 10 1 3222 4149 2853 042 1.87* 35 11 1 19 2675 2342 2696 1.39* 0.25
16 I 12 4 3197 3612 3286 —0.19 126* 13 1 12 1 26.63 24.03 2273 —0.07 1.79*
79 vV 16 7 3196 3533 3562 1.03* 184* 56 IV 22 16 2643 26.16 27.89 0.78 1.03*
78 V 16 6 31.88 3533 3261 1.03* —0.34 33 I 1 17 2621 2342 2731 139* 0.00
22 1II 6 10 31.65 3261 4149 1.24* 080 34 III 1 18 2593 2342 2197 139* —0.57
26 I 7 10 3164 3562 4149 1.24* 0.80 11 I 11 3 2589 31.01 22,69 197* 021
13 1 12 1 3145 36.12 2853 —0.19 1.87* 90 VI 19 22 2586 2696 2616 0.77 0.82
24 II 6 12 3142 3261 3612 1.24* 057 8 VI 17 23 2578 2731 2093 1.13* 0.25
52 Iv 21 16 3119 3712 3533 0.76 0.13 17 1I 5 9 25.77 23.06 2429 0.81 —0.05
Top 10% Hybrids PVA (ug g_l) Top 10% Hybrids 3-Carotene (ug g_l)

91 VI 19 23 1528 10.88 1515 2.64* 350* 91 VI 19 23 11.76 810 10.80 2.06* 2.56**
95 VI 20 23 13.21 1125 1515 1.07* 350* 60 IV 23 16 991 10.80 6.58 231* 1.27*
60 IV 23 16 1297 1515 931 286* 159* 58 IV 23 14 985 1080 6.69 231*  0.85
58 Iv. 23 14 1236 1515 839 286* 077 47 1II 4 19 949 734 810 1.06* 136*
78 V 16 6 1221 931 585 1.69* 186* 90 VI 19 22 935 810 9.66 2.06* 0.64
47 11 4 19 1199 884 1088 093 204* 95 VI 20 23 9.1 734 1080 049 2.31*
8 VI 17 23 1173 7.28 1515 —-0.19 350* 78 V 16 6 893 658 337 138* 142*
99 VI 19 22 1141 10.88 10.81 264* 1.03* 80 V 16 8 862 658 11.03 1.38*  0.07
39 I 2 19 1132 812 1088 041 204* 94 VI 20 22 829 734 9.66 0.49 0.64
24 I 6 12 11.08 5.85 833 1.53* 054 8 VI 18 23 826 649 1080 0.15 2.56*

H: hybrids, GCA: general combining ability, F1: value of hybrid, M: male, F: female, PVA = provitamin A, *:
significant at p < 0.05, **: significant at p < 0.01.

3.3. Effects of Mating Sets on Hybrid Zn, Fe and PVA Content

The mean performance of hybrids partitioned into six mating sets are shown in
Table 6. Set I hybrids combined high levels of Zn (29.24 mg kg~!) with high Fe content
(24.45 mg kg~ !). Hybrids in set I combined highest Zn content (30.14 mg kg~ !) with
average levels of PVA and Fe, and highest grain yield (5.23 t ha~!). Hybrids in Set VI
accumulated the highest levels of PVA (9.87 ug g~ !), but had the lowest Zn content
(26.43 mg kg™ 1).

Table 6. Mean values for Zn, Fe, PVA contents and grain yield for the six mating sets across

environments.
Set Description Fe Zn PVA GY
(mg kg=1) (mg kg=1) (ug g™ (tha—1)
1 GI x GIII 24.45 29.24 7.48 4.80
I GIII x GII 23.74 30.14 7.80 5.23
III GV x GI 22.97 27.33 8.67 498
v GIV x GVI 24.09 28.73 7.92 4.71
A\ GII x GIV 22.70 29.43 7.54 4.74
Vi1 GVI x GV 24.04 26.43 9.87 478
LSDyg ¢5) 0.63 0.50 0.20 0.14
LSD: least significant difference, G: groups, PVA: provitamin A, GY: grain yield, see Table S1B for the description
of sets.

3.4. Relationships among Micronutrients and Agronomic Traits

The correlation between PVA and Zn content was significant and negative but weak
(r=—0.19, p < 0.05). While Zn content was positively correlated with Fe content (p < 0.01),



Agronomy 2023, 13, 266

12 of 17

the correlation between Fe and PVA content was not significant (Table 7). In most cases, the
correlations between agronomic traits and micronutrients were not significant (Table 8).
PVA had significant negative correlation with ear aspect. Both Zn and Fe contents were
positively correlated with flowering dates. Fe had significant and negative correlation with
plant height and grain yield. While Zn had significant and positive correlation with ear
height, its correlations with plant aspect and ear aspect were significant but negative. Zn
had no association with grain yield.

Table 7. Pearson correlation coefficients among Fe, Zn and PVA contents in hybrids evaluated across

environments.
PVA Fe Zn
(ngg™ (mgkg—1) (mgkg—1)
PVA (ug g™ 1) 1 0.19 —0.19
Fe (mg kg™ 1) 1 0.42 **
Zn (mg kg~ 1) 1

*: significant at p < 0.05, **: significant at p < 0.01, PVA: provitamin.

Table 8. Pearson correlation coefficient between micronutrients content and agronomic traits averaged
across environments.

PVA Fe Zn
(ngg™ (mg kg 1) (mg kg1)

Days to anthesis 0.12 0.21* 0.56 **
Days to silking 0.10 0.21* 0.56 **
ASI (days) —0.13 0.06 0.06
Plant height (cm) 0.02 —0.33* 0.13
Ear height (cm) 0.10 —0.09 0.37 **
Plant aspect —0.11 0.14 —-0.22*
Ear aspect —0.32 ** 0.04 -0.23*%
Grain yield (tha=!) 0.02 —-0.21*% —0.05

* = significant at p < 0.05, ** = significant at p < 0.01, ASI: anthesis-silking interval.

4. Discussion

Combining ability studies provide information which aid in the understanding of
the gene action involved in the inheritance of traits. This understanding will guide the
design of breeding strategies for further enrichment of maize varieties with Zn, Fe and PVA,
targeted to areas affected by deficiencies in micronutrients. This study was conducted to
determine the gene actions involved in conditioning the inheritance of Zn, Fe, PVA contents
and grain yield in maize.

In the present study, a wide range of variation was found among the parental lines
and their hybrids for contents of Zn, Fe and PVA contents, as well as grain yield. The
Zn and Fe contents reported in this study were slightly higher than the values reported
by [15], and [10] but lower than the ranges reported by [40,41]. The PVA content reported
in the present study was higher than the values reported by [16], but lower than the
values reported by [28]. The similarities or differences in micronutrient content obtained
in our study relative to values found in previous studies could arise due to differences in
genetic backgrounds of the test materials, as well as the climatic and edaphic conditions
prevalent at experimental sites. In general, micronutrient contents recorded in hybrids
were lower than their parental lines, consistent with the results reported in previous studies
for maize [15,28,42].

Increasing PVA, Zn and Fe content in maize may sometimes be associated with lower
yields due to the dilution effects on micronutrients content caused by higher carbohydrates
level in high yielding maize materials [2]. The absence of a significant correlation between
grain yield and contents of Zn and PVA, and its weak association with Fe content in the
present study, highlight the possibility of improving these nutrients in maize hybrids
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without compromising grain yield. These findings are consistent with the reported low
correlations between grain yield and Zn [14,15,42], and between grain yield and PVA
content [24]. The significant positive correlation between Fe and Zn in the hybrid trial
suggests that both micronutrients can be concurrently enhanced in maize, possibly due
to tight linkages of the genes involved in accumulation of these micronutrients [43] and
the similar physiological processes involved in nutrient uptake from the soil and their
translocation to the grains [14,44]. As the vegetative parts of the maize plants serve as
sink for Zn accumulation during the V7 to VT stages of development, taller plants could
accumulate a higher content of Zn which is later remobilized to the grains. Therefore, plant
height could be considered as a secondary trait for indirect selection of Zn [15]. However,
in our study, Zn content and plant height had no significant correlation. This result is
consistent with the findings of [14]. The significant positive correlation of Fe and Zn content
with flowering dates reported in this study agrees with the findings of [15] suggesting that
the longer the duration before flowering, the greater the content of minerals accumulated
in vegetative parts of maize which may also be remobilized to the grains at maturity
stage [45,46]. However, this association of flowering dates with Zn and Fe may be genotype-
specific, as [14] reported significant positive correlation between mineral micronutrients
and flowering dates in extra-early maturing maize while no significant associations were
found in early-maturing maize in the same study. Although the correlation between
PVA and Zn contents was significant and negative, it was too weak to hinder concurrent
improvement of these nutrients. The fact that we found four hybrids that combined high
contents of Zn and PVA levels supports this observation. The identification of inbred line
16 which had positive GCA effects for Fe, Zn and PVA gives additional credence to the
possibility of enriching maize with high concentrations of the three micronutrients.

The significant male and female parent GCA and their SCA effects on PVA, Zn and
Fe contents including grain yield imply the presence of both additive and non-additive
gene effects controlling the inheritance these nutrients. However, the variance due to SCA
represented a small fraction of the total variation in PVA and Fe contents, indicating the
preponderance of additive gene effect over non-additive in the control of these nutrients.
These results are consistent with results from previous studies [20,30,47] but contradicts
with the findings reported by [24]. Inbred lines with the high significant and positive GCA
effects for each of the micronutrients and grain yield are good combiners, highly adaptable
and less influenced by environmental conditions. However, the low negative significant
GCA effects for these micronutrients and grain yield displayed by some inbred lines in this
study indicated their low combining ability for the traits and poor adaptability to varying
environmental conditions. Hybrids with the high positive and significant SCA effects for
the micronutrients content and grain yield implied desirable specific cross combinations
for the traits. In this study, the PVA and Zn contents of the parental lines were encapsulated
in their hybrids. For example, high-Zn x high-Zn crosses resulted in hybrids with high Zn
content (Set I and II), whereas low-Zn x low-Zn crosses produced hybrids with low Zn
content (Set V1). Similarly, high-PVA X high-PVA (Set III) and high-PVA x medium-PVA
(Set VI) crosses produced hybrids with the highest PVA contents. Interestingly, low-Zn,
high-PVA X high-Zn, high-PVA lines produced some hybrids with Zn content exceeding
29.0 mg kg~!, implying that an inbred line with low Zn could have high genetic potential
for use as a parent to develop hybrids combining high Zn with high PVA content. It is
important to note that the best 10% of the hybrids for PVA, Zn and Fe contents had at
least one parent with significant positive GCA effects for Zn, Fe and PVA, likewise the
worst 10% of the hybrids for Zn and Fe content had at least one parent with significant
negative GCA effects for these traits. Similar observations have been reported in previous
combining ability studies for minerals in maize [15,25,48] and pearl millet [43,49]. The
significant GCA x environment interaction effects on all three micronutrients including
grain yield observed in at least one of the parents highlight the importance of selecting
specific desirable inbred parents for a given environment.
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The preponderance of additive gene action in the regulation of PVA and Fe contents
implies that recurrent selection can significantly improve contents of the micronutrients in
source populations which could be used to develop inbred lines with much higher levels of
these nutrients. The superiority of GCA effects over SCA effects in this study for PVA and
Fe is also an indication of the effectiveness of early generation testing to identify promising
lines to develop hybrids with high micronutrients content. Since the SCA effects were also
significant for the micronutrients and grain yield, predicting hybrid performance based on
parents alone may not always be accurate. It was also observed that per se performance of
inbred lines did not always correspond with their GCA effects on micronutrient content.
For example, inbred line 1 which manifested large GCA effects for Zn and Fe content had
relatively low content of the nutrients. This weak association between per se performance
and GCA effects could be due to epistatic interactions [50] and thus selection of superior
parents for micronutrient enrichment should be carried out in hybrid combinations.

Among the 12 inbred lines initially classified as high-Zn (GPI- GP III), seven inbred
lines had positive GCA effects on Zn contents when used as males and as females. Positive
GCA effects on Zn were also shown in inbred lines 21 and 22 (low-Zn group) as males. This
result was consistent with the findings of [15] who found only three of the 10 inbred lines in
the high-Zn group displaying positive GCA effects for Zn content. In contrast, [30] in their
study reported that all inbred lines in the high-Zn group had positive GCA for Zn while all
inbred lines in the low-Zn group display negative GCA for grain Zn content. Inbred lines 1,
5 and 16 combined positive GCA effects for Zn and Fe with positive GCA effects for grain
yield. These lines could thus be used as potential parents for transferring favourable alleles
to develop maize hybrids combining high Zn and Fe contents with high grain yield. Inbred
line 16 which showed positive GCA effects for all three micronutrients and grain yield can
be used as a parent for developing new maize hybrids. Some parental lines with significant
positive GCA produced hybrids with significant positive SCA for a specific micronutrient.
For instance, inbred line 7 with high GCA effects for Zn was a parent of hybrids 71, 26 and
27 showing positive SCA effect for Zn content. In contrast, some hybrids with significant
positive SCA effects had parents with negative GCA for a trait. For example, inbred line 15
which had negative GCA effects for Zn was a parent of hybrids 73 and 76 with significant
positive SCA effects for Zn content. Such contrasting potentials of parents could arise from
differences in combination of dominant or recessive alleles from one of the parents [51].

5. Conclusions

Our study demonstrated that PVA and Fe content in maize were controlled predom-
inantly by additive gene effects, whereas both additive and non-additive gene effects
were important in the inheritance of Zn content and grain yield. Inbred lines with high
GCA effects on micronutrients content and grain yield were identified for use as parents
to develop synthetics, hybrids and new maize inbred lines enriched with high levels of
micronutrients and superior agronomic performance. Hybrids with significant SCA effects
on PVA, Fe and Zn were also identified. Further studies are necessary to investigate the
potential of exploiting heterosis for PVA and mineral nutrients in maize.
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effects for micronutrients and grain yield in 96 hybrids evaluated across environments. Table S4:
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