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Abstract: Vitamin A deficiency (VAD) is a serious problem in sub-Saharan Africa (SSA) and other parts
of the world. Understanding the effect of marker-based improvement (MARS) of two maize synthetics
(HGA and HGB) representing different heterotic groups on their agronomic performance, carotenoid
content, and combining abilities could help identify suitable sources to develop divergent inbred
lines for optimizing heterosis. This study involved three selection cycles each of the two synthetics
and their nine varietal-cross hybrids together with a released check variety was conducted across
four diverse locations in Nigeria in 2018 and 2019. Environment and hybrid effects were significant
on grain yield and other agronomic traits as well as provitamin A content and other carotenoids.
Genetic improvement per cycle of MARS in the parental synthetics was 15% for provitamin A,
25% for β-carotene and 26% for lutein in HGA and 4% for grain yield, 3% for zeaxanthin and 5% for
α-carotene in HGB. Grain yield and agronomic traits of the two maize synthetics were controlled
by additive and non-additive gene effects, while provitamin A content and other carotenoids were
mainly controlled by additive gene effects. Some selection cycles which were high in grain yield and
provitamin A content were identified as potential sources of new and divergent maize inbred lines in
maize breeding programs. Some varietal-cross hybrids expressed significant mid-parent heterosis
for grain yield and moderate mid-parent heterosis for provitamin A, β-carotene and xanthophylls.
These hybrids could be commercialized at reasonable prices to small-scale farmers in rural areas that
are most affected by vitamin A deficiency.
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1. Introduction

Maize is the second most widely grown cereal in the world next to wheat, with an estimated
total production of over one billion tons per annum [1]. Maize and its products constitute 30% of
the food supply in the Americas, 38% in Africa and 6.5% in Asia [2]. It is the most important staple
crop widely consumed in sub-Saharan Africa (SSA) supplying daily energy, protein and mineral
nutrients. Maize provides the highest percentage of calorie in the national diet of over 16 African
countries [3]. Due to the prevalence and adverse effects of vitamin A deficiency in SSA, maize has been
targeted as one of the food crops for Provitamin A (PVA) enrichment through plant breeding under the
HarvestPlus challenge program [4,5].
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Provitamin A carotenoids are precursors of vitamin A, which cannot be synthesized de novo in the
human body but could be obtained from consumption of balanced diets and food supplements [6].
Yellow and orange maize naturally accumulate provitamin A carotenoids, including α-carotene,
β-carotene, and β-cryptoxanthin, which can be transformed into vitamin A in the human body [7].
Lutein and zeaxanthin (xanthophylls) are also important carotenoids in maize endosperm, although they
have no provitamin A activities [8]. Vitamin A is essential in regulating key biological processes in
humans and its deficiency is associated with health disorders including night blindness, retarded growth,
depressed immune response, poor lactation in breast-feeding mothers and high infant mortality [9,10].

Significant breeding investments have been made to improve the provitamin A content in
maize and other staple crops to combat vitamin A deficiency (VAD). The maize improvement
program in the International Institute of Tropical Agriculture (IITA) in collaborations with its
partners have over the years screened maize germplasm of tropical, subtropical and temperate
backgrounds and developed inbred lines, hybrids and synthetics with favorable alleles for provitamin
A carotenoids [11–14]. The rapid progress in molecular techniques and discovery of the genes
Lycopene Epsilon Cylase, (LCYE) and β-carotene hydroxylase1 (crtRB1), which are key in provitamin
A carotenoids accumulation, have led to significant improvement of provitamin A in different maize
germplasm [15–18]. The carotenoid biosynthetic pathway has been well characterized and allelic
variations in key genes have been exploited for DNA maker developments and validations [17,19,20].
These molecular markers are routinely deployed along with phenotypic quantification of carotenoids
using such tool as high performance liquid chromatography (HPLC) to select high provitamin A
maize lines [6].

Marker-assisted recurrent selection (MARS) is a breeding procedure that accumulates favorable
alleles using molecular markers linked to target traits [21]. The utility of MARS in the improvement of
grain yield, drought tolerance and resistance to Striga hermonthica in maize has been reported [22,23].
Ref. [24] reported a two-fold genetic gain through MARS in grain yield of some maize populations
relative to phenotypic selection. Breeders at IITA developed two maize synthetics (HGA and HGB)
representing two heterotic groups and subjected them independently to two cycles of marker-based
selection to increase favorable alleles of provitamin A carotenoids. The effects of using such high
throughput provitamin A markers on genetic improvement in grain yield and other traits have not
been studied. [25] reported that the frequency of four favorable alleles of crtRB1 KASP markers as well
as the fixation index increased in the two synthetics after the two cycles of MARS. These led to 40%
increase in β-carotene and 30% increase in provitamin A in HGA, but a 20% increase in α-carotene and
a 5% increase in β-cryptoxanthin in HGB.

The development and marker-based improvement of HGA and HGB maize synthetics was
designed to create source populations for extracting divergent parental lines with high provitamin
A content and superior agronomic traits to develop provitamin A enriched hybrids. Understanding
the effect of marker-based improvement of the two synthetics on their combining abilities for grain
yield and other desirable agronomic traits as well as provitamin A carotenoids can provide useful
information on the genetic control of these traits and facilitate the identification of suitable source
populations for divergent parental lines with good general and specific combining abilities (GCA and
SCA) to optimize expression of heterosis in hybrids. Few studies, mainly in maize inbred lines
have reported combining ability for grain yield and provitamin A carotenoids [26–29]. However,
the combining ability and heterosis for grain yield, agronomic traits and provitamin A carotenoids in
maize synthetics improved using high throughput marker assisted recurrent selection has not been
reported. Ref. [30] attributed the gene action controlling β-carotene, β-cryptoxanthin, lutein and
zeaxanthin to additive effects while [27,29] reported that both additive and non-additive gene effects
control maize carotenoids. In contrast, ref. [31] reported the predominance of non-additive gene
effects on all measured carotenoids in some tropical maize inbred lines. These conflicting reports in
these studies highlight the need for further investigations into the mode of gene action controlling
carotenoids in maize.
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Heterosis has been exploited for grain yield and agronomic traits in commercial maize hybrids [32].
However, heterosis for grain carotenoids is reported to be rare and infrequent in yellow and dent
maize [33]. Significant SCA effects among genetically divergent parents are important for assessing the
potential heterosis that can be attained in maize [32]. Consequently, ref. [27] proposed exploitation
of heterotic groups to maximize heterosis for provitamin A content. This study was thus conducted
to assess the effect of MARS on (i) agronomic performance and provitamin A carotenoids and (ii)
combining ability and heterosis of grain yield and provitamin A carotenoids of the two maize synthetics.

2. Materials and Methods

2.1. Genetic Materials and Field Evaluation

Two maize synthetics belonging to different heterotic groups (HGA and HGB) and their advanced
cycles were used in this study (Supplementary Table S1). The two maize synthetics were each
developed from eight elite maize inbred lines with intermediate to high provitamin A content and
were then independently subjected to two cycles of marker-assisted recurrent selection at IITA. Three
gene specific markers (crtRB1-5′TE, LycE-3′Indel, LycE-SNP-216) were initially used for cycle selection
based on PCR and gel electrophoresis [20]. Subsequently, 7 KASP-SNP assays linked to crtRB1 gene,
made available through CGIAR collaboration, were used for high throughput genotyping at Intertek
for verification (Supplementary Table S2). A total of 167 KASP SNPs (14–23 per chromosome) were
then used to assess genetic diversity and changes in allele frequencies caused by MARS after two
cycles of selection [25] In the present study, cycle 0, 1 and 2 of HGA were crossed with cycle 0, 1 and
2 of HGB using North Carolina Design II to generate nine varietal-cross hybrids. The three cycles
each of the two synthetics, nine varietal-cross hybrids plus a released provitamin A enriched maize
variety, PVASYN13 (Supplementary Table S1) were evaluated at four locations in Nigeria, namely
Ikenne (3◦42′ E, 6◦54′ N, 30 masl), Mokwa (5◦4′ E, 9◦18′ N, 457 masl), Saminaka (8◦39′ E, 10◦34′ N,
760 masl) and Zaria (7◦45′ E, 11◦8′ N, 622 masl), during the 2018 and 2019 rainy seasons. The check
variety (PVASYN13) was developed by IITA in collaboration with Institute of Agricultural Research
(IAR) and released by National Agricultural Seeds Council of Nigeria (NASC) in 2017 as SAMMAZ
52 [34]. Study locations belong to different agroecological zones of Nigeria, receiving different amount
of rainfall, temperature, solar radiation and relative humidity each year (Supplementary Table S3).
The trial was arranged in a 4 × 4 incomplete block design with four replicates. Plots consisted four
rows 5 m long with inter- and intra- row spacing of 0.75 m and 0.5 m, respectively. The recommended
fertilizer rate was applied and field management practices for optimum maize production were carried
out at each test location [11,35]. Agronomic and yield data were recorded from the two middle rows
while the two outer rows were self-pollinated for carotenoid analysis.

2.2. Agronomic Data Collection

Days to anthesis (DA) and days to silking (DS) were recorded as number of days from planting to
when 50% of the plants in a plot shed pollen and had emerged silks, respectively. Anthesis-silking
interval (ASI) was calculated as the difference between DS and DA. Plant height (PHT) and ear height
(EHT) were measured in cm as the distance from the base of the plant to first tassel branch and the
node bearing the upper ear, respectively. Plant aspect (PASP) was scored on a 1 to 5 scale; where 1
represented uniform, clean, vigorous and good overall phenotypic appeal, while 5 represented weak,
diseased and poor overall phenotypic appeal [12]. Symptom severity of major foliar diseases (southern
corn leaf rust, southern corn leaf blight and maize streak virus) were scored on a scale of 1 to 5, where 1
represented slights leaf infection and 5 represented severe leaf infection. Husk cover was rated on a
scale of 1 to 5, where 1 represented tightly arranged husk tip and 5 represented loose and exposed
husk tip. All ears in the two rows were harvested to determine grain yield per plot. Ear aspect
(EASP) was scored on a 1 to 5 scale, where 1 represented clean, well filled, uniform and large ears,
while 5 represented diseased, poorly filled, variable and small ears. Ears harvested were shelled and
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grain moisture content of shelled grains was measured using a portable Dickey-John moisture tester.
The grain weight and moisture content were used to compute grain yield adjusted to 15% moisture.

2.3. Carotenoid Analysis

For each location and year, self-pollinated plants from each plot were harvested separately and a
minimum of ten clean ears were selected, air-dried under ambient temperature, shelled and the grains
bulked. Samples drawn from the bulk grain were analyzed for carotenoid content at the Food and
Nutrition Laboratory of IITA using high-performance liquid chromatography (HPLC) machine (Water
Corporation, Milford, MA, USA). The extraction followed a modified procedure described by [13,36].
Ten gram of grain sample was drawn for each entry in two replicates and ground using a knifetec
1095 small mill (FOSS, Eden Prairie, MN, USA). A 0.6 g ground sample was weighed and transferred
into a 50 mL glass centrifuge tube. Six milliliters of ethanol containing 0.01% butyl hydroxyl toluene
was added and mixed with vortex at 1000 revolution per minute (rpm) for 15 s. Samples were then
incubated in water bath at 85 ◦C for 5 min. Samples were taken out of water bath and 0.5 mL of 80%
potassium hydroxide was added and mixed with vortex at 1000 rpm for 15 s. Samples were placed in
water bath at 85 ◦C for 5 min. Vortexing and incubation in water bath were repeated. Samples were
immediately transferred into ice and 3 mL cold deionized water was added, capped and mixed with
vortex for 15 s. To each sample, 200 µL of internal standard β-Apo 8′-carotenal and 3 mL of hexane was
added, vortexed for 10 s and then centrifuged at 1000 rpm for 10 s. The upper phase of the solvent was
pipetted into 50 mL concentrator tube for each sample. Extraction of the samples with 3 mL of hexane
was repeated thrice. Extracts were dried under nitrogen gas at 40 ◦C for 25 min using a concentrator
(Organomation Associates, Inc., Berlin, MA, USA). Samples were then reconstituted in 1 mL of 50:50
dichloromethane/methanol and vortexed for 10 s. Samples were transferred to HPLC vials, placed in
auto-sampler tray and slid into the HPLC machine. For each sample, 50 µL aliquots were injected
into the HPLC system and run for major carotenoids based on the calibration of the standard of each
carotenoid. Carotenoids were separated by C30 Column (4.6 × 250 mm; 3 µm) eluted by a mobile phase
using methanol/water (92: 8 v/v) as solvent A and 100% Methyl Tertiary Butyl Ether (MTBE) as solvent
B. The flow rate of solvent was 1 mL/minute and absorbance was measured at 450 nm for carotenoid
detection. Chromatograms (Supplementary Figure S1a,b) were extracted after the runs and major
carotenoids were identified. Concentration of each carotenoid was calculated following the procedure
of [37] as:

CX (ug/g) =
AX ×Cs (ug/mL) × total volume of extact (mL)

As × sample weight (g)
(1)

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 computed as the sum of
concentrations of lutein, zeaxanthin, β-cryptoxanthin, α-carotene and β-carotene (13-cis, trans and
9-cis isomers) while provitamin A content was calculated as the sum of β-carotene and half of
β-cryptoxanthin and α-carotene [38].

2.4. Statistical Analyses

Each location-year combination was considered an environment in the combined analysis of
variance (ANOVA) using PROC MIXED procedure in SAS version 9.4 [39]. Entry was considered as
fixed effect while environment, replication (environment), block (replication), environment × entry
were regarded as random effects. The significances of entry and interaction effects were tested using
the appropriate mean squares. Mean separations were done using Least Significant Difference (LSD)
at 0.05 level of probability. For each trait, cycle means of parental synthetics were regressed on cycles
of selection (C0–C2) using PROC REG in SAS 9.4 [39]. Genetic gain per cycle was calculated as the
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regression coefficient (b) divided by the corresponding cycle zero (C0) mean [40]. Proportions of each
carotenoid in the parents and varietal-cross hybrids were calculated as:

Mean of carotenoid
mean of total carotenoid

× 100

After the removal of the check variety from the entry list, analysis of variance based on North
Carolina design II was carried out using a modification of DIALLEL-SAS program developed by [41].
Entries were considered as fixed effects, while environment and effects nested within it were regarded
as random effects. Significant mean square of each main effect was tested using its respective interaction
with the environment; whereas HGA × HGB × environment mean square was tested using the pooled
error mean square. The GCA and SCA effects of the parental synthetics as well as the variance
components for each trait were calculated with Analysis of Genetic Design (AGD-R, V.5.0) [42].
Variance components were based on Restricted Maximum Likelihood Method (REML) in AGD-R [42].
The significance of GCA and SCA effects were tested using t-statistic. The relative importance of GCA
and SCA also known as predictability ratio was calculated following the procedure of [43] as:

2σ2GCA
2σ2GCA + σ2SCA

where, σ2GCA and σ2SCA were variances due to GCA and SCA, respectively. Repeatability values
and narrow sense heritability for each trait were calculated in AGD-R [42] Mid-parent heterosis (MPH)
was calculated according to [44] as:

MPH =
F1 −MP

MP
× 100

Significance of heterosis was tested with t-statistic as:

Tmp =
F1 −MP√

3 EMS
2r

(2)

where F1, MP were the means of crosses and mid-parents, respectively. Tmp was calculated t of MP,
while EMS was error mean square [32].

3. Results

3.1. Variation among Maize Synthetics for Agronomic Traits and Carotenoids

In the combined analysis, both environment and hybrid had significant effects on all measured
agronomic traits (Table 1). The HGA cycles (GCA) was significant for grain yield and days to anthesis
and silking, while HGB cycles (GCA) and SCA effects were significant for most or all agronomic
traits. In contrast, the interactions of hybrids, HGA cycles (GCA), HGB cycles (GCA) and SCA with
the environment were not significant, except for days to silking (Table 1). Significant effects of the
environment and hybrid were also found for all or most carotenoids (Table 2). Although the effects of
both HGA cycles (GCA) and HGB cycles (GCA) were significant for almost all the carotenoids, the SCA
had no significant effects. Repeatability estimates for agronomic traits and carotenoids were generally
high (Tables 1 and 2). Narrow-sense heritability estimates were moderate to high (0.50–0.82) for most
agronomic traits and high (0.79–0.98) for all carotenoids except for α-carotene which was zero (Table 2).
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Table 1. Mean squares from the analysis of variance of grain yield and agronomic traits of nine maize varietal-cross hybrids involving the various selection cycles of
two synthetics evaluated across eight environments in Nigeria.

Source DF Grain Yield Days to Anthesis Days to Silking Anthesis-Silking Interval Plant Aspect Ear Aspect

Env 7 47.65 *** 369.35 *** 374.30 *** 3.27 *** 1.18 *** 1.46 ***
Rep (Env) 24 1.38 *** 3.67 *** 4.15 *** 0.49 0.27 * 0.32 **

Block (Env × Rep) 96 0.55 2.04 2.13 ** 0.31 0.17 0.14
Hybrid 8 10.71 *** 12.51 *** 15.00 *** 0.92 ** 1.05 *** 1.45 ***

Env × Hybrid 56 0.31 1.96 1.93 * 0.28 0.15 0.12
HGA cycles (GCA) 2 9.88 *** 13.66 ** 8.94 ** 0.66 0.04 0.10
HGB cycles (GCA) 2 0.80 * 11.01 ** 23.48 ** 2.33 ** 0.86 * 1.55 ***
SCA (HGB × HGA) 4 14.62 *** 14.50 *** 16.37 *** 0.30 1.67 *** 2.19 ***

Env × HGA cycles (GCA) 14 0.35 1.95 1.33 0.19 0.17 0.11
Env × HGB cycles (GCA) 14 0.21 1.59 2.19 * 0.22 0.18 0.04
Env × SCA (HGB × HGA) 28 0.38 2.15 2.00 * 0.37 0.11 0.16

Error 96 0.49 1.47 1.21 0.46 0.16 0.14
Repeatability 0.99 0.99 0.99 0.82 0.98 0.99

Narrow-sense heritability 0.50 0.49 0.53 0.82 0.49 0.52

*, **, ***: Significant at 0.05, 0.01 and 0.001 probability levels, respectively, DF: Degree of freedom.

Table 2. Mean squares from analysis of variance of provitamin A and other carotenoids of nine maize varietal-cross hybrids involving the various selection cycles of
two synthetics evaluated across eight environments in Nigeria.

Source DF Lutein Zeaxanthin β-Cryptoxanthin α-Carotene β-Carotene Provitamin A

Env 7 111.65 *** 28.01 *** 9.77 *** 1.50 *** 59.71 *** 96.06 ***
Rep (Env) 8 13.26 *** 4.99 * 0.33 0.09 0.53 0.45

Hybrid 8 44.28 *** 9.67 *** 0.80 ** 0.04 11.54 *** 8.75 ***
Env × hybrid 56 3.81 2.48 0.24 0.06 0.74 0.80

HGA cycles (GCA) 2 57.15 *** 25.34 ** 1.60 * 0.02 22.71 *** 16.50 ***
HGB cycles (GCA) 2 99.19 *** 6.95 1.04 * 0.03 22.67 *** 17.74 ***
SCA (HGB × HGA) 4 10.39 3.20 0.29 0.05 0.39 0.39

Env × HGA cycles (GCA) 14 1.66 3.40 0.30 0.08 1.25 1.19
Env × HGB cycles (GCA) 14 4.20 2.04 0.18 0.07 0.85 1.10

ENV × SCA(HGB × HGA) 28 4.70 2.24 0.24 0.04 0.43 0.46
Error 64 2.87 2.22 0.17 0.06 0.70 0.81

Repeatability 0.98 0.93 0.91 0.00 0.98 0.98
Narrow-sense heritability 0.84 0.82 0.82 0.00 0.98 0.98

*, **, ***: Significant at 0.05, 0.01 and 0.001 probability levels, respectively, DF: Degree of freedom.
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3.2. Effect of MARS on Agronomic Performance and Carotenoid Content of Maize Synthetics

Marker-assisted recurrent selection (MARS) had little effect on grain yield and agronomic traits of
the maize synthetics in this study (Table 3). The three selection cycles of each maize synthetics produced
significantly less grain yields than the released provitamin A enriched maize variety (PVASYN13).
However, MARS increased provitamin A and β-carotene content in HGA but not in HGB (Table 4).
The changes in provitamin A and β-carotene content in HGA were associated with increase in lutein
but decreases in zeaxanthin and β-cryptoxanthin. The changes in HGB with MARS did not follow any
consistent trend for lutein, zeaxanthin and β-cryptoxanthin (Table 4).

Table 3. Mean performance and genetic gain per cycle of selection for grain yield and agronomic traits
of two maize synthetics and selection cycles evaluated across eight environments in Nigeria.

ENTRY Grain Yield
(t/ha)

Days to
Anthesis (d)

Days to
Silking (d)

Plant Aspect
(1–5)

Ear Aspect
(1–5)

PVASYNHGAC0 4.9 57.3 59.5 3.0 3.0
PVASYNHGAC1 4.8 57.3 59.3 3.1 2.9
PVASYNHGAC2 4.8 56.7 58.7 2.7 2.6
PVASYNHGBC0 4.5 56.6 58.5 2.9 2.6
PVASYNHGBC1 5.1 57.1 59.0 3.1 2.9
PVASYNHGBC2 4.9 56.0 57.7 2.7 2.6

PVASYN13(Check) 5.5 56.6 58.7 2.8 2.4
Mean 4.9 56.8 58.8 2.9 2.7

LSD (0.05) 0.4 0.7 0.8 0.2 0.2
Repeatability 0.8 0.6 0.7 0.7 0.8

CV (%) 15 2 3 14 14
% gain/cycle (HGA) −1.6 −0.5 −0.7 −5.0 −6.3
% gain/cycle (HGB) 4.0 −0.6 −0.6 −2.2 −1.0

LSD: Least significant difference, CV: Coefficient of variation.

Table 4. Mean performance and genetic gain per cycle of selection for provitamin A and other carotenoids
of two maize synthetics and selection cycles evaluated across eight environments in Nigeria.

ENTRY Lutein
(µg/g)

Zeaxanthin
(µg/g)

β-Cryptoxanthin
(µg/g)

α-Carotene
(µg/g)

β-Carotene
(µg/g)

Provitamin
A (µg/g)

PVASYNHGAC0 8.1 7.7 3.0 0.9 5.0 6.9
PVASYNHGAC1 8.4 8.3 3.0 0.8 5.1 7.0
PVASYNHGAC2 12.2 5.6 2.2 0.8 7.5 9.0
PVASYNHGBC0 12.4 6.6 2.5 0.8 6.8 8.4
PVASYNHGBC1 7.8 7.9 3.0 0.8 5.0 6.9
PVASYNHGBC2 12.5 7.0 2.5 0.8 6.5 8.2

PVASYN13(Check) 7.0 11.7 4.3 1.2 5.8 8.6
Mean 9.8 7.8 2.9 0.9 6.0 7.9

LSD (0.05) 1.4 1.2 0.3 0.1 0.6 0.6
Repeatability 1.0 0.9 1.0 0.9 0.9 0.8

CV (%) 20 22 16 21 15 10
% gain/cycle (HGA) 26.0 −13.5 −13.0 −6.3 25.0 15.0
% gain/cycle (HGB) 1.0 3.0 −0.2 5.0 −2.0 −1.4

LSD: Least significant difference, CV: Coefficient of variation.

There was no significant difference among five varietal-cross hybrids in grain yield, but all
produced significantly higher grain yields than the released provitamin A enriched maize variety,
PVASYN13 (Table 5). These varietal-cross hybrids did not show marked differences in other agronomic
traits except PVASYNHGBC0/PVASYNHGAC1 which significantly differed in ear aspect (Table 5).
They were also found to be competitive with PVASYN13 in other agronomic traits. In the present
study, lutein followed by provitamin A, zeaxanthin, β-carotene, β-cryptoxanthin and α-carotene
accounted for 28%, 22%, 22%, 17%, 8% and 3% of the total carotenoid (Supplementary Figure S2).
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Three varietal-cross hybrids did not differ significantly from PVASYN13 in their provitamin A
content, with PVASYNHGBC0/PVASYNHGAC2 having 0.4µg/g more provitamin A than PVASYN13
(Table 6). Crosses of PVASYNHGBC0 with PVASYNHGAC0, PVASYNHGAC1 and PVASYNHGAC2
had higher provitamin A and β-carotene content as opposed to other varietal-cross hybrids,
except PVASYNHGBC2/PVASYNHGAC2. All varietal-cross hybrids with high provitamin A and
β-carotene also had higher lutein content (Table 6).

Table 5. Mean performance for grain yield and agronomic traits of maize varietal-cross hybrids and
check evaluated across eight environments in Nigeria.

ENTRY Grain Yield
(t/ha)

Days to
Anthesis (d)

Days to
Silking (d)

Plant Aspect
(1–5)

Ear Aspect
(1–5)

PVASYNHGBC0/PVASYNHGAC0 6.2 55.0 56.7 2.6 2.3
PVASYNHGBC1/PVASYNHGAC0 5.1 57.3 59.3 3.1 2.9
PVASYNHGBC2/PVASYNHGAC0 6.4 55.5 57.3 2.6 2.2
PVASYNHGBC0/PVASYNHGAC1 6.2 55.3 57.1 2.7 2.5
PVASYNHGBC1/PVASYNHGAC1 5.3 56.2 58.2 3.0 2.7
PVASYNHGBC2/PVASYNHGAC1 6.2 54.9 56.8 2.7 2.3
PVASYNHGBC0/PVASYNHGAC2 4.6 56.7 58.3 2.9 2.6
PVASYNHGBC1/PVASYNHGAC2 6.2 55.6 57.4 2.6 2.3
PVASYNHGBC2/PVASYNHGAC2 5.0 56.2 57.9 2.8 2.5

PVASYN13 (Check) 5.5 56.6 58.7 2.8 2.4
Mean 5.6 55.9 57.8 2.8 2.5

LSD (0.05) 0.3 0.6 0.6 0.2 0.2
CV (%) 12 2 2 15 15

LSD: Least significant difference, CV: Coefficient of variation.

Table 6. Mean performance for provitamin A and other carotenoids of maize varietal-cross hybrids
and check evaluated. across eight environments in Nigeria.

ENTRY Lutein
(µg/g)

Zeaxanthin
(µg/g)

β-Cryptoxanthin
(µg/g)

α-Carotene
(µg/g)

β-Carotene
(µg/g)

Provitamin
A (µg/g)

PVASYNHGBC0/PVASYNHGAC0 10.3 7.1 2.8 0.8 6.2 8.0
PVASYNHGBC1/PVASYNHGAC0 7.9 8.4 3.0 0.8 4.6 6.6
PVASYNHGBC2/PVASYNHGAC0 10.6 8.1 3.0 0.9 5.5 7.4
PVASYNHGBC0/PVASYNHGAC1 10.1 7.8 2.9 0.9 6.0 7.9
PVASYNHGBC1/PVASYNHGAC1 9.2 7.9 3.0 0.9 5.0 6.9
PVASYNHGBC2/PVASYNHGAC1 10.4 7.1 2.7 0.8 5.5 7.2
PVASYNHGBC0/PVASYNHGAC2 12.6 6.1 2.4 0.8 7.4 9.0
PVASYNHGBC1/PVASYNHGAC2 9.1 7.0 2.9 0.9 5.8 7.7
PVASYNHGBC2/PVASYNHGAC2 13.2 6.5 2.5 0.8 6.8 8.4

PVASYN13 (Check) 7.0 11.7 4.3 1.2 5.8 8.6
Mean 10.0 7.8 2.9 0.9 5.9 7.8

LSD (0.05) 1.2 1.2 0.3 0.2 0.6 0.6
CV (%) 17 22 14 26 14 11

LSD: Least significant difference, CV: Coefficient of variation.

3.3. Effect of MARS on GCA and SCA Estimates for Grain Yield and Carotenoids

The synthetic parent PVASYNHGAC0 and selection cycles PVASYNHGAC1 and PVASYNHGBC2
had significant and positive GCA effects for grain yield, whereas PVASYNHGAC2, PVASYNHGBC1
had significant and negative GCA effects for this trait (Table 7). PVASYNHGAC1 and PVASYNHGBC0
had significant and negative GCA effects for anthesis and silking days, whereas PVASYNHGAC2 and
PVASYNHGBC1 had significant and positive GCA effects for these traits. PVASYNHGBC1 also had
significant and positive GCA effects for plant aspect and ear aspect scores, which are undesirable.
The only selection cycles with significant and positive GCA effects for provitamin A, β-carotene and
lutein content were PVASYNHGAC2 and PVASYNHGBC0, while others had significant negative or no
effects for these traits and other carotenoids. Also, PVASYNHGAC2 had significant and negative GCA
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effects for zeaxanthin and β-cryptoxanthin (Table 7). There was an inverse relationship between GCA
effect for grain yield and GCA effect for provitamin A in HGA but not in HGB.

Table 7. General combining ability effects of maize synthetics for grain yield, agronomic traits,
provitamin A and other carotenoids evaluated across eight environments in Nigeria.

Agronomic Traits

Parent Grain Yield Days to Anthesis Days to Silking Plant Aspect Ear Aspect

PVASYNHGAC0 0.17 ** 0.13 0.16 −0.02 0.04 *
PVASYNHGAC1 0.30 *** −0.55 *** −0.46 ** −0.01 0.00
PVASYNHGAC2 −0.47 *** 0.42 ** 0.30 * 0.03 −0.04 *
PVASYNHGBC0 0.04 −0.34 * −0.50 ** −0.09 * −0.03
PVASYNHGBC1 −0.14 ** 0.51 *** 0.75 *** 0.14 *** 0.19 ***
PVASYNHGBC2 0.10 * −0.17 −0.25 −0.05 −0.16 ***

SED (0.05) 0.05 0.13 0.15 0.04 0.02
σ2 GCA 0.45 0.57 0.65 0.04 0.05

Carotenoids

Parent Lutein Zeaxanthin β-cryptoxanthin β-carotene Provitamin A

PVASYNHGAC0 −0.99 *** 0.36 0.09 −0.26 * −0.23 *
PVASYNHGAC1 −0.10 0.43 * 0.09 −0.44 *** −0.40 ***
PVASYNHGAC2 1.09 *** −0.79 *** −0.18 *** 0.70 *** 0.62 ***
PVASYNHGBC0 1.27 *** −0.12 −0.05 0.62 *** 0.60 ***
PVASYNHGBC1 −1.97 *** 0.32 0.17 ** −0.63 *** −0.54 ***
PVASYNHGBC2 0.70 ** −0.20 −0.12 * 0.01 −0.06

SED (0.05) 0.25 0.19 0.05 0.10 0.11
σ2 GCA 2.53 0.45 0.04 1.56 0.70

*, **, ***: Significant at 0.05, 0.01 and 0.001 probability levels, respectively, SED: Standard error of difference, σ2GCA:
Genetic variance due to general combining ability.

Amongst the nine varietal cross hybrids, four (PVASYNHGBC0/PVASYNHGAC0, PVASYNHGBC2/

PVASYNHGAC0, PVASYNHGBC2/PVASYNHGAC1 and PVASYNHGBC1/PVASYNHGAC2) combined
significant and positive SCA effects for grain yield with desirable SCA effects in other agronomic
traits (Table 8). Almost all the carotenoids including provitamin A had no significant SCA effects in
the present study. Predictability ratio which shows the relative importance of GCA over SCA in the
inheritance of each trait in the hybrids was moderate for grain yield and other agronomic traits and
high for provitamin A and other carotenoids (Table 8).

3.4. Effect of MARS on Heterosis Estimates

Five varietal-cross hybrids had significant mid-parent heterosis (MPH) for grain yield,
while three other hybrids had non-significant MPH for the trait (Table 9). Although MPH for all
carotenoids including provitamin A was not significant, however, PVASYNHGBC0/PVASYNHGAC0,
PVASYNHGBC0/PVASYNHGAC1 and PVASYNHGBC0/PVASYNHGAC2 had positive MPH
for provitamin A. Two of these varietal-cross hybrids PVASYNHGBC0/PVASYNHGAC0 and
PVASYNHGBC0/PVASYNHGAC1 combined significant positive mid-parent heterosis for grain yield
with positive MPH for provitamin A content (Table 9).
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Table 8. Specific combining ability effects of maize synthetics for grain yield, agronomic traits, provitamin A and other carotenoids evaluated across eight environments
in Nigeria.

Hybrid Grain Yield Days to Anthesis Days to Silking Plant Aspect Ear Aspect

PVASYNHGBC0/PVASYNHGAC0 0.32 ** −0.71 ** −0.68 ** −0.07 −0.12
PVASYNHGBC1/PVASYNHGAC0 −0.58 *** 0.68 * 0.73 ** 0.24 *** 0.29 ***
PVASYNHGBC2/PVASYNHGAC0 0.26 * 0.03 −0.06 −0.17 ** −0.17 *
PVASYNHGBC0/PVASYNHGAC1 0.20 −0.10 −0.08 −0.05 −0.03
PVASYNHGBC1/PVASYNHGAC1 −0.51 *** 0.27 0.33 0.12 * 0.12

PVASYNHGBC2/PVASYNHGAC1 0.31 ** −0.17 −0.25 −0.07 −0.09
PVASYNHGBC0/PVASYNHGAC2 −0.52 *** 0.81 ** 0.75 ** 0.12 * 0.15 *
PVASYNHGBC1/PVASYNHGAC2 1.09 *** −0.95 *** −1.06 *** −0.36 *** −0.41 ***
PVASYNHGBC2/PVASYNHGAC2 −0.57 *** 0.14 0.31 0.24 *** 0.26 ***

SED (0.05) 0.11 0.26 0.25 0.06 0.07
σ2SCA 0.45 0.57 0.56 0.04 0.05

Predictability ratio 0.67 0.67 0.70 0.67 0.67

Hybrid Lutein Zeaxanthin β-cryptoxanthin β-carotene Provitamin A

PVASYNHGBC0/PVASYNHGAC0 0.86 −0.13 −0.07 0.03 0.00
PVASYNHGBC1/PVASYNHGAC0 −0.37 −0.05 −0.10 −0.03 −0.10
PVASYNHGBC2/PVASYNHGAC0 −0.48 0.18 0.17 0.01 0.11
PVASYNHGBC0/PVASYNHGAC1 −1.06 * 0.28 0.19 −0.16 −0.04
PVASYNHGBC1/PVASYNHGAC1 1.04 * −0.09 −0.08 0.27 0.21
PVASYNHGBC2/PVASYNHGAC1 0.02 −0.19 −0.10 −0.11 −0.17
PVASYNHGBC0/PVASYNHGAC2 0.20 −0.15 −0.12 0.14 0.04
PVASYNHGBC1/PVASYNHGAC2 −0.66 0.15 0.18 −0.24 −0.10
PVASYNHGBC2/PVASYNHGAC2 0.46 0.01 −0.06 0.10 0.06

SED (0.05) 0.43 0.33 0.10 0.20 0.20
σ2SCA 0.42 0.06 0.01 0.00 0.00

Predictability ratio 0.92 0.94 0.94 1.00 1.00

*, **, ***: Significant at 0.05, 0.01 and 0.001 probability levels, respectively, SED: Standard error of difference, σ2GCA: Genetic variance due to general combining ability.
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Table 9. Percentage Mid-parent heterosis for grain yield, provitamin A and other carotenoids of varietal-cross hybrids. evaluated across eight environments in Nigeria.

Hybrid Grain Yield Lutein Zeaxanthin β-Cryptoxanthin α-Carotene β-Carotene Provitamin A

PVASYNHGBC0/PVASYNHGAC0 30.2 *** 1.0 0.0 0.9 0.6 4.8 4.0
PVASYNHGBC1/PVASYNHGAC0 1.3 −0.7 8.2 0.8 1.2 −7.4 −5.1
PVASYNHGBC2/PVASYNHGAC0 31.0 *** 3.1 10.8 7.7 8.1 −4.9 −1.9
PVASYNHGBC0/PVASYNHGAC1 32.6 *** −2.5 5.0 6.2 6.9 1.1 2.3
PVASYNHGBC1/PVASYNHGAC1 6.9 13.7 −2.2 0.7 13.9 −1.6 −0.1
PVASYNHGBC2/PVASYNHGAC1 27.9 ** −0.7 −7.3 −0.5 −2.4 −6.2 −5.0
PVASYNHGBC0/PVASYNHGAC2 −1.8 2.6 0.5 2.1 2.6 2.7 2.6
PVASYNHGBC1/PVASYNHGAC2 25.6 ** −9.5 2.9 11.2 16.3 −6.7 −2.8
PVASYNHGBC2/PVASYNHGAC2 3.0 6.4 2.9 4.5 −0.6 −3.6 −2.3

SED (0.05) 0.4 1.5 1.3 0.4 0.2 0.7 0.8

**, ***: Significant at 0.01 and 0.001 probability levels, respectively, SED: Standard error of difference.
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4. Discussion

This study was carried out to examine the effect of MARS on agronomic performance,
carotenoid content, combining ability and heterosis of maize synthetics, which were improved
with selection for provitamin A through high throughput markers. Results showed that environmental
differences significantly induced genotypic variations in grain yield, agronomic traits and provitamin
A accumulation, possibly due to differences in climatic and edaphic factors in the different
environments [12]. The non-significant genotype × environment interaction for grain yield indicated
that the synthetics and their cross hybrids were stable across test environments, suggesting that
they have broad adaptation to diverse field environments [45]. In addition, the non-crossover
genotype × environment interaction for provitamin A and β-carotene indicate that the synthetics had
consistent ranks in the different environments, consistent with the findings in other studies [11,27,30].

MARS was effective in improving provitamin A, β-carotene and lutein content in HGA. However,
MARS decreased zeaxanthin, β-cryptoxanthin and α-carotene in HGA and Provitamin A, β-carotene
and β-cryptoxanthin in HGB, suggesting that MARS increased favorable alleles of crtRB1 and LCYE
more in HGA than in HGB, consistent with the earlier report of [25]. As grain yield and other agronomic
traits were not targeted during the improvement of the two maize synthetics using MARS, there was
no apparent improvement in grain yield in HGA but there was a 4% increase in grain yield per cycle
in HGB, signifying the needs for further improvements of these traits in the two maize synthetics.
Genetic gain in grain yield in HGB was lower than the results obtained by [46]but higher than the
gains in two open-pollinated maize cultivars studied by [14]. It is difficult to compare the genetic gain
in provitamin A obtained in this study with those of other studies as there are no reports of maize
improved for provitamin A through high throughput provitamin A markers. However, the result
is consistent with the findings of [14]who used S1 selection method to improve provitamin A and
other carotenoids in open-pollinated maize cultivars. The increase in provitamin A content with either
improvement or little change in grain yield in the present study, was contrary to the results reported
in other studies indicating undesirable association between the two traits [14,47,48]. Consequently,
simultaneous improvements in grain yield and provitamin A can be made through combined use of
marker-based and phenotypic selections to develop desirable source populations.

The observed significant GCA and SCA effects for grain yield and other agronomic traits in our
study indicated the importance of both additive and non-additive gene effects in the inheritance of these
traits [32]. Conversely, the significant GCA but non-significant SCA effects for provitamin A and most
carotenoids indicated the predominance of additive gene effects in their inheritance, consistent with
the results reported in other studies involving maize inbred lines [26,28,30,49,50]. This, however,
contradicts with the results of [27,29] who reported the presence of additive and non-additive gene
effects in the inheritance of Provitamin A while [31] reported the preponderance of non-additive gene
effects in the inheritance of provitamin A and other carotenoids. In spite of the conflicting reports
obtained in studies involving maize inbred lines with different genetic backgrounds, our study had
provided additional information on the mode of gene action controlling the inheritance of provitamin
A and carotenoids in maize synthetics.

The presence of additive and non-additive gene effects for grain yield and agronomic traits in the
current study suggests that the maize synthetics could further be improved through recurrent selection
to increase the frequency of favourable alleles [27,51]. Both additive and non-additive gene effects are
important for exploitation of heterosis in hybrid development [52]. The cycles of selection of HGA
and HGB with significant positive GCA effects for both grain yield and provitamin A carotenoids
could be selected as potential testers to detect differences among testcrosses of new maize inbred lines
in provitamin A content and agronomic performance. Such selection cycles of the two synthetics
can also be targeted for further improvement using reciprocal recurrent selection to develop source
populations for divergent maize inbred lines that optimize expression of heterosis in both grain yield
and provitamin A content. Furthermore, the predominance of GCA over SCA effects highlights the
potential that exists for effective evaluation of early generation lines to identify promising hybrids for
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further testing [51]. The preponderance of additive gene effect for Provitamin A and other carotenoids
indicated that the favorable alleles of CrtRB1 and LCYE could be accumulated for enhanced provitamin
A content in varietal-cross hybrids [50]. The varietal-cross hybrids PVASYNHGBC0/PVASYNHGAC0
and PVASYNHGBC2/PVASYNHGAC0 which had positive SCA effects for grain yield and provitamin
A could be improved further using reciprocal recurrent selection to develop new and divergent maize
inbred lines for optimizing heterosis in hybrids.

The observed significant MPH for grain yield in most of the varietal-cross hybrids could be
attributed to the presence of additive and non-additive gene effects arising from significant GCA and
SCA effects. Conversely, the low and non-significant MPH observed for provitamin A and other
carotenoids could be due to the non-significant SCA effects for maize carotenoids. Hybrid vigor in
maize is manifested in the offspring of inbred lines with high SCA effects [32]. Therefore, the lack of
significant SCA effects for provitamin A and β-carotene is an evidence of lack of dominance effects of
favorable alleles in the maize hybrids. [53] stated that, to achieve significant heterosis for provitamin
A in maize, non-additive gene effect is required. However, the positive heterosis for provitamin A
and β-carotene observed in crosses involving PVASYNHGBC0 could be due to its significant GCA
effects. It thus appears that PVASYNHGBC0 carried favorable alleles that could result in heterosis
when crossed with other genotypes with high provitamin A contents. The relatively low level of
heterosis for provitamin A and other carotenoids recorded in most of the varietal cross hybrids in
the current study is consistent with the results of [33] who reported that heterosis for provitamin A
carotenoids is rare and infrequent in yellow or dent maize. Although the genetic basis of heterosis is
yet to be unraveled [54], [33] attributed heterosis for maize carotenoids to being influenced by QTLs’
affecting the total flux through the carotenoid biosynthesis pathway as well as QTLs that favor flux to
one branch of the pathway over the other branch. Based on the results of the current study, continuous
selection for favorable alleles of β-carotene, β-cryptoxanthin of the β-branch of the pathway with
corresponding reduction of flux into the α-branch could further increase heterosis of provitamin A in
the maize varietal-cross hybrids [2,8,55].

The five varietal-cross hybrids which had significant MPH for grain yield produced significantly
higher yields in comparison to the released provitamin A enriched maize variety (PVASYN13).
In addition, two of the varietal-cross hybrids had positive MPH for grain yield, provitamin A
and β-carotene content. This demonstrates the genetic potentials of the varietal-cross hybrids for
grain yield and provitamin A. Xanthophylls (Lutein and Zeaxanthin) constituted 50% of the total
carotenoids in this study, consistent with carotenoid profiles of commonly reported in tropical
maize germplasm [12,27,31,33]. The relative proportions of provitamin A (22%), β-carotene (17%),
β-cryptoxanthin (8%) and α-carotene (3%) obtained in kernels of the genotypes included in this study
were higher than the corresponding values commonly reported for yellow maize by the USDA National
Nutrient Database (ndb.nal.usda.gov). In addition, previous authors [11,12,15,17,26–29,31,56] had
reported lower levels of provitamin A, β-carotene and lutein than obtained in this study. This implied
that the maize synthetics and their varietal-cross hybrids in our study contained appreciable levels of
provitamin A carotenoids and xanthophylls that could be deployed in breeding programs to combat
vitamin A deficiency and other related diseases in SSA.

5. Conclusions

Marker-assisted recurrent selection was effective in improving provitamin A, β-carotene and
lutein in HGA and zeaxanthin and α-carotene in HGB. The study demonstrated that grain yield
and agronomic traits of maize synthetics were controlled by additive and non-additive gene effects,
while provitamin A and associated carotenoids were predominantly controlled by additive gene effects.
This was important in identifying parents that could be sources of inbred lines combining high grain
yield with high provitamin A content in maize breeding programs. Some varietal-cross hybrids had
significant mid-parent heterosis for grain yield and moderate mid-parent heterosis for provitamin
A, β-carotene and xanthophylls. The synthetic parent PVASYNHGBC0 and varietal-cross hybrids
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PVASYNHGBC0/PVASYNHGAC0 and PVASYNHGBC2/PVASYNHGAC0 which combined well for
both grain yield and provitamin A content could be advanced in breeding programs for inbred line
development. Other parents such as PVASYNHGAC0, PVASYNHGAC1 and PVASYNHGBC2 which
combined well for grain yield and agronomic traits, and PVASYNHGAC2 which combined well for
provitamin A content could further be improved to develop source populations for divergent maize
inbred lines.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1625/s1,
Table S1: Two provitamin A maize synthetics, their selection cycles, varietal-cross hybrids and a check variety
included in the present study, Table S2: crtRB1 Kompetitive Allele Specific PCR (KASP) assays used to improve
provitamin A carotenoids in two maize synthetics (HGA and HGB) evaluated across eight environment in Nigeria,
Table S3: Agroecological zones, average rainfall, temperature, relative humidity and soil type of the study
locations, Figure S1a,b: Chromatograms of carotenoids of selection cycles of maize synthetics and varietal-cross
hybrids quantified using high performance liquid chromatography (HPLC) at the International Institute of
Tropical Agriculture (IITA), Ibadan, Nigeria. Peaks are (1) lutein (2) zeaxanthin (3) β-cryptoxanthin (4) α-carotene
(5) 13-cis β-carotene (6) trans β-carotene (7) 9-cis β-carotene, Figure S2: Proportions of carotenoids measured in
maize parental synthetics, varietal-cross hybrids and a check evaluated across eight environments in Nigeria.
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