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Abstract: Biofortification is a promising, cost effective and sustainable strategy to mitigate micronutrient
deficiencies and related health complications. The principal aims of the study encompassed the quantification
of the carotenoid content of 147 maize inbred lines, the identification of variable regions within the ZEP1 gene,
the correlation of these observed variances in the presence of this gene with carotenoid content, and to identify
lines harboring the favorable alleles for the crtRB1 gene. The correlations observed among the carotenoids
synthesized by specific branch of the biosynthetic pathway were both significant and positive. Utilizing gel-
based genotyping, 24 lines with contrasting carotenoid profiles were selected, evaluated and sequenced.
Analysis of the variation in the sequence classified these lines into distinct groups. The findings highlight that
inbred lines both group 1 and group 8 exhibited significant associations with the carotenoid content of the lines.
Specifically, ZEP1_7852, a discernible variation belonging to group 8, was significantly associated with
zeaxanthin content and total carotenoid content. Twenty-five inbred lines with provitamin A content
surpassing 15 pg/g that harbor the favorable alleles of the crtRB1 gene were identified using KASP SNP
zm0016. These lines can be used as donor parents for further enhancement of provitamin A in maize.

Keywords: provitamin A; carotenoid; biofortification; ZEP1 marker; marker-assisted selection;
KASP; sub-tropical maize inbred lines

Introduction

Maize is a vital staple food crop globally. All components of the maize plant have significant
commercial value, including kernels, leaves, stems, tassels, and ears, which are utilized in producing
both food-related and not-food-related products. Maize is a primary supply of sustenance for people,
a source of nourishment for animals, and a fundamental ingredient for industrial applications
(Morris, 2001). Maize is a significant source of daily calories in Africa, contributing about 20-30% of
the total intake. The grains of maize are abundant in vitamins C and E, carbohydrates, important
minerals, and include 9% protein (Krivanek et al., 2014; Shiferaw et al., 2011).

The excessive reliance of millions of Africans on white maize-based diets, which lacks sufficient
quantities of essential micro-nutrients such as vitamin A, can have detrimental effects on the quality
of their lives throughout their lifespan (Bailey et al., 2015; Nuss and Tanumihardjo, 2010;
Gebremeskel et al., 2017). Vitamin A deficiency (VAD) is associated with multiple health
consequences, including permanent vision loss, stunted growth, weakened immune function, higher
early childhood mortality, more vulnerability to infection, rough and itchy skin, and impaired
formation of gums and bones (Dhliwayo et al., 2014).

Notwithstanding the implementation of several supplementations and food fortification
initiatives with Vitamin A, affects over 190 million children and 19 million pregnant women, causing
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nearly 800,000 fatalities annually, in low-income countries of Southeast Asia and Americas (UNICEEF,
2018). Every child is expected to have the option of eating a diverse nutritious diet that includes a
wide range of vegetables and fruits. Nevertheless, the diversity of diets is sometimes limited by
factors such as the yearly availability of crops, price, and the minimal consumption of carotenoids
found in green leafy plants (West et al., 2002). Direct vitamin supplementation has not been widely
used because of poor infrastructure in poorer nations. The strategy of biofortification, in which staple
crops are specifically bred for higher nutrient concentration (Fraser et al., 2004; Graham et al., 2001),
or the creation of essential micronutrient-dense crop varieties through plant breeding, is considered
the most feasible method to eradicate mortality and illness caused by malnutrition (Ortiz-Monasterio
et al., 2007). Maize is a suitable candidate for improving nutrition, including micronutrient
deficiencies due to its high genetic diversity (Chandrasekharan et al., 2022). The edible maize
endosperm is considered a perfect target for biofortification because it naturally accumulates
carotenoid compounds, both provitamin A carotenoids and non-provitamin carotenoids in its kernel
(Burt et al., 2011; Menkir et al., 2008).

HarvestPlus, a global program that aims to improve food nutrition by developing and
promoting biofortified crops has set a target to achieve the PVA concentration of 15 pg/g in maize
(Bouis & Welch, 2010). Maazou et al. (2021), Gebremeskel et al. (2018), and Pixley et al. (2013) reported
maize breeding lines with provitamin A levels of 51.7 pg/g, 22.30 ug/g, and 30 ug/g, respectively.
Significant progress has been made in enhancing the levels of provitamin A carotenoids in cultivated
varieties of maize in Sub-Saharan Africa where over 40 varieties that are high in provitamin A have
already been released (Andersson et al., 2017; Listman et al., 2019). However, the provitamin A
concentration found in most of the released varieties varies from 6 to 10 ug/g (Andersson et al., 2017)
which does not meet the desired 15 pg/g threshold. Consequently, there is the need to further
improve the concentrations of provitamin A in the kernels of hybrids with desirable agronomic
performance for cultivation in Sub-Saharan Africa.

Breeding that integrates molecular markers is capital intensive. To curtail genotyping expenses
and expediting enhancement in carotenoid content in maize, the International Maize and Wheat
Improvement Center (CIMMYT) identified seven Kompetitive Allele-Specific PCR (KASP) Single
Nucleotide Polymorphisms (SNPs) markers linked to the crtRB1 gene on the chromosome 10 to
identify genotypes with favorable provitamin A alleles (Gowda et al., 2017). Obeng-bio et al. (2019)
and Maazou et al. (2021) highlighted that the KASP SNP, zm0015 and zm0016 markers associated
with crtRB1 are suitable for rapid selection of provitamin A enriched maize. KASP markers are a type
of genotyping assay used to detect SNPs and insertions/deletions (INDELSs) in DNA samples (Intertek
Group Plc., Sweden, unpublished). In comparison to gel-based genotyping methods, KASP markers
proved to be cost-effective in handling large sample sizes owing to their scalability and multiplexing
features. This multiplexing capability not only saves time and reduces costs but also ensures a swift
turnaround time for the analysis of genetic variations.

The plant carotenoid biosynthetic pathway has been extensively studied, and the major genes
involved in essential stages have been identified (Giuliano et al., 2008; Wurtzel et al., 2012) (Figure
1). Phytoene synthasel (Psyl) catalyzes the first committed step in the pathway, facilitating the
conversion of geranylgeranyl diphosphate into phytoene, which is primarily responsible for the
transition from white to yellow in maize grain endosperm (Li et al., 2010). LCYe and other related
genes catalyze the conversion of phytoene to a-carotene through zeta-carotene. CrtRB1 has been
shown to regulate the accumulation of provitamin A compounds. CrtRB1, a hydroxylase gene,
converts 3-carotene (BC) into (3-cryptoxanthin (BCX), whose provitamin A activity is theoretically
only half that of BC. Recently, natural genetic variation in CrtRB1 has been discovered, leading to
greater retention of BC in maize endosperm (Yan et al., 2010; Babu et al., 2013). Kandjianis et al. (2013)
and Owens et al. (2014) have identified additional genes within the carotenoid biosynthetic pathway,
including ZEP1 with association to carotenoid accumulation. ZEP1 appears promising for improving
total carotenoid levels in future breeding programs by selecting genotypes that harbor non-functional
ZEP1 alleles. This strategy preserves zeaxanthin, a carotenoid that contributes to the total carotenoid
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content. The ZEP1 gene converts the [3-rings of zeaxanthin into violaxanthin via antheraxanthin

(Figure 1)
GGPP
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Y zos
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Figure 1. A diagram illustrating the carotenoid biosynthetic pathway, with carotenoids contributing
to provitamin A highlighted in orange. Single asterisks denote non-heme di-iron enzymes, while
double asterisks mark cytochrome P-450 enzymes. GGPP, geranyl geranyl diphosphate; PSY,
phytoene synthase; Z-ISO, 15-cis zeta carotene isomerase; ZDS, zeta carotene desaturase; CRTISO,
carotenoid isomerase; LCYb, lycopene b-cyclase; LCYe, lycopene e-cyclase; CRTRBI, b-carotene

hydroxylase 1; ZEP 1, zeaxanthin epoxidase 1; VDE1, violaxanthin de-epoxidase; ABA, abscisic acid.
(Revised from Babu et al., 2013.).

Owen et al. (2014) undertook a Genome-Wide Association Study (GWAS) using a group of 281
inbred lines that varied from bright yellow to deep orange. They found zeaxanthin epoxidase 1
(ZEP1) as a key gene that influences the carotenoid content in seeds with potential significant impact
on increasing provitamin A carotenoid levels in maize through selection of alleles that increase
overall metabolic flow towards carotenoid production or hinder carotenoid breakdown in the
pathway. These discoveries present new opportunities for focused breeding techniques aiming at
further improving the provitamin A concentration in maize. Including the favorable alleles of the
ZEP1 gene with Carotenoid Cleavage Dioxygenase 1 (crtRB1) can raise provitamin A carotenoids to
levels exceeding 15 ug/g in the kernels of maize varieties. The present study was thus conducted to
(i) determine the carotenoid content of 147 inbred lines, (ii) identify regions within the ZEP1 gene
with variation and their association with variations in carotenoid content, and (iii) evaluate the
efficacy of crtRB1 KASP SNP zm0015 and zm0016 markers in lines selected for varying carotenoid
levels.

Materials and Methods
Plant Material

A total of 147 maize inbred lines were used in the present study (Supplementary Table S1). These
lines were derived from 28 backcrosses. Twelve yellow and orange maize inbred lines of tropical and
temperate origin (CML328, A619, CI7, DE3, KVI11, KVI13, M162W, NC298, NC350, NC354, NC358,
and SC55) well characterized with -carotene content ranging from 5.2 to 13.6 1 pg/g, identified at the
University of Illinois as potential donors of high levels of provitamin A and other carotenoids (Liu et
al., 2003; Islam et al., 2004) were introduced and crossed to adapted yellow and orange maize inbred
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lines showing moderate levels of provitamin A in previous studies (Menkir et al., 2008). Each F1 was
crossed to the same or different elite inbred line to generate 28 backcrosses. Each backcross was
grown in a single 5 m row containing 22 plants, which were self-pollinated to produce bulk seeds
after harvest. The bulk seeds from each backcross were then planted in 10 rows of 5 m length spaced
0.75 m apart with 0.25 m spacing between hills in which more than 160 plants were self-pollinated.
At the S1 to Ssstages of inbreeding, ear-to-row planting was made at Ikenne (3°42'E, 6°54'N, altitude
30 m) and Saminaka (8°39'E, 10°34'N, altitude 760 m) in Nigeria where individual plants showing
synchronous pollen shed and silking, low ear placement, good standability, and resistance to diseases,
including Puccinia polysora rust, Bipolaris maydis blight, and Curvularia lunata leaf spot were self-
pollinated. The breeding approach leveraged on to develop inbred lines from these backcrosses
encompassed the selection of ears showing bright yellow to orange kernel colors with semi-flint to flint
kernel texture among the self-pollinated plants alongside selection based on carotenoid content
quantified by HPLC for further inbreeding. At the 54 and subsequent stages, similar plants were self-
pollinated in each line to form bulk seeds for further inbreeding. A total of 147 S5 to S7 lines derived
from the 28 backcrosses containing exotic germplasm, were chosen for the present study.

Field Evaluation and DNA Extraction

In the current study, 147 sub-tropical maize inbred lines were evaluated in IITA’s research
station (7°29'11.99"N, 3°54'2.88"E, and altitude 190 m), Ibadan, Nigeria in 2023 cropping season. The
lines were arranged in a 21 x 7 alpha lattice design with two replications. Each maize line was planted
in a single 5m row plot, with 0.75 m between rows and 0.25 m distance between plants. The standard
cultural practices for maize production were utilized. In order to create seed samples for carotenoid
analyses, each row's minimum of 4 representative plants were self-pollinated. The self-pollinated ears
in every row were collected, dried, and threshed. One hundred and twenty kernels were taken from
the seed samples for carotenoid analysis. For PCR based genotyping of the functional ZEP1T DNA
marker, leaf samples were collected from four to seven plants of each inbred line 21 days after
planting. The leaves were lyophilized at -80°C and subsequently used for DNA extraction. The
extraction of whole genomic DNA was performed using an adjusted Cetyl-trimethyl ammonium
bromide (CTAB) procedure, as outlined by Azmach et al. (2013). DNA purity and amount was
quantified using a NanoDrop ND-800 Spectrophotometer.

Carotenoid Extraction

Carotenoid extraction was carried out following the protocol outlined by Howe and
Tanumihardjo (2006). In the University of Wisconsin, USA, carotenoids were extracted from the
maize kernels and measured using High-Performance Liquid Chromatography (HPLC). A 50 ml
glass centrifuge tube containing 0.7 g of finely ground sample from each entry was filled with 6 ml
of ethanol and 0.1% butylated hydroxyl toluene. The tube was vortexed for 15 seconds and then
placed in an 85°C water bath for 5 minutes. Each sample received 500 pl of 80% potassium hydroxide
(w/v), which was vortexed for 15 seconds. The samples were then incubated for 10 minutes at 85°C,
with vortexing occurring every 5 minutes. After that, samples were put on ice, each receiving 3 ml of
ice-cold deionized water. They were then vortexed for 15 seconds, after which 200 pl of internal
standard -Apo8'-carotenal and 4 ml of hexane were added. The top hexane layer was centrifuged
and vortexed before being put into a fresh test tube. Three millilitres of hexane were added to the
extraction process twice. Utilizing a Turbovap LV concentrator (Caliper Life Sciences), samples were
left to dry under nitrogen gas before being reconstituted in 500 pl of 50:50 methanol: dichloroethane.
The various extracts were introduced into an HPLC system (Water Corporation, Milford, MA) in 50
ul aliquots. The Waters 1525 binary HPLC pump, the 717 Plus auto sampler having temperature
control set to 5°C, and the 2996 photodiode array detector for carotenoid measurement were the
components of the HPLC system that were run using Empower 1 software. The C30 Carotenoid
Column (4.6 x 250 mm; 3 um) was used to separate the carotenoids. It was eluted using a gradient
mobile phase that went from 50% methyl tertiary butyl ether to 100% methanol/water (92:8 v/v) with
10 mM ammonium acetate. The solvents were HPLC grade, and the flow rate was 1.0 mL/min.
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Absorbance was determined at 450 nm in order to maximize the detection of carotenoids. Alpha-
carotene, 3-carotene (cis and trans isomers), 3-cryptoxanthin, lutein, and zeaxanthin were quantified.
The total carotenoid content of each sample was determined as a sum of the quantities of lutein,
zeaxanthin, a-carotene, 3-cryptoxanthin, and -carotene. The Provitamin A content was determined
as the sum of the [3-carotene content and half the concentrations of a-carotene and B-cryptoxanthin
(US Institute of Medicine, 2001). Every concentration was expressed in terms of pg g dry weight
(DW).

Primer Design for ZEP 1 (Zeaxanthin Epoxidase) Gene

The QIAGEN CLC Genomic Workbench, a primer design software was used to generate the
primers targeting two SNP positions namely 44448432(C/T) and 44448438(T/G). The SNP positions
coordinates are from the Chromosome 2 and version 5 of the B73 reference genome. The primer
length ranges from {18bp---19bp} with GC content lower than 60%. The primer melting temperature
varied from {60°C-—-68°C}. The designed primers were blasted using NCBI-BLAST (National Center
for Biotechnology Information (NCBI)-Best Local Alignment Search Tool) to test the specificity.
CATCGATTGGCTTGAGCA was used as the forward primer, while GTACGCCCCATATCCCTTC
was used as the reverse primer.

Amplification and Visualization

The PCR reaction mix for the ZEP1 gene was prepared using 5 ul of 10x NHs PCR buffer, 2 ul of
each primer, 2 ul of 50 mM MgClz, 0.2 ul of BIOTAQ™ polymerase, 4 ul of DNA and 3 ul of Dimethyl
Sulfoxide (DMSO), and ultra-pure water making up to 50 pl final volume. Of the total volume, 45 pl
was purified and used for sequencing, the remaining 5 pl volume was used for gel-electrophoresis.
Gel electrophoresis was conducted to visualize the amplified DNA fragments of the samples. A 2%
agarose gel was prepared using sodium borate buffer and ethidium bromide for DNA staining. After
electrophoresis, the gel was removed, and the DNA bands were visualized using a gel documentation
system (Enduro GDS, Labnet International Inc.)

Sequencing and SNP Identification

The PCR products of ZEP1 for the 24 selected lines with contrasting carotenoid levels were
sequenced at IITA Bioscience Center. The sequencing was carried out bidirectionally, utilizing both
forward and reverse primers. The analysis of SNPs and InDels was done by aligning the sequences
using CodonCode Aligner, as illustrated in Figure 4.

KASP Genotyping

For the KASP genotyping reaction, Genomic DNA isolated from the leaf tissue of the 147 maize
inbred lines was used as template. The DNA concentration was adjusted to a working concentration
of 50 ng/uL. Each KASP reaction was performed in a volume of 10 ul, which consisted of 5 uL
template DNA, and 5 uL of the prepared genotyping mix (2x KASP master mix and primer mix). Two
crtRB1 SNP assays purchased from LGC Genomics, UK, was used for genotyping. Amplification was
performed using the Roche Light Cycler 480 II (LC480 II) System (Roche-Life Science, USA) at the
Bioscience Centre of the International Institute of Tropical Agriculture (IITA) Ibadan, Nigeria.
Amplification condition was as follow: 1 cycle of KASP special Taq activation at 94°C for 15 min,
followed by 36 cycles of denaturation at 94°C for 20 s, and annealing and elongation at 61°C
(dropping 0.6°C per cycle) for 1 min. Endpoint detection of the fluorescence signal was acquired for
1 min at 30°C using the same instrument. Allele calls for all SNPs were done using KlusterCaller
software (LGC Group), as homozygous for FAM or HEX allele, or heterozygous for both alleles.

Data Analysis

Analyses of variance for carotenoids were computed with PROC MIXED procedure in SAS
version 9.4 (SAS Institute, 2020). Repeatability values for each carotenoid was estimated using PROC
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MIXED procedure in SAS (SAS Institute 2020) as described by Holland et al. (2003). Pearson
phenotypic correlation coefficients for carotenoid concentrations were calculated using inbred line
means. Descriptive statistics were computed with the pastecs package in R Statistical Software (v4.3.2;
R Core Team, 2023). Additionally, R Statistical Software (v4.3.2; R Core Team, 2023) psych package
was employed to compute the correlation between the two KASP markers and carotenoids. Statistical
significance was defined as p < 0.05.

Results
Phenotypic Analysis

The 147 lines exhibited marked differences in provitamin A and other carotenoids (Table 1). The
zeaxanthin concentration varied from 1.25 to 32.44 ug/g followed by (3-carotene ranging from 1.71 to
32.35 pg/g, and a-carotene varying from 0.22 and 5.07 pg/g. The concentration of total carotenoid
level reached a maximum of 65.62 pg/g due to high concentrations of zeaxanthin, 3-carotene and
lutein. The concentration of provitamin A varied from 2.24 to 34.20 pg/g with a mean value of 12.11
ug/g (Table 1).

Table 1. Minimum, Maximum and Mean carotenoid concentration of the 147 maize inbred lines
analyzed using High Performance Liquid Chromatography (HPLC).

Simple Statistics

Minimum Maximum Mean Std. Dev.
Variable

(ng/8) (ng/g) (ng/g) (ng/8)
Lutein 1.65 28.04 7.01 3.74
Zeaxanthin 1.25 32.44 9.45 8.08
B-

0.84 10.48 3.92 1.43
cryptoxanthin
a-carotene 0.22 5.07 1.35 047
[p-carotene 1.71 32.35 9.47 4.55
Provitamin A 2.24 34.20 12.11 471
Total

12.99 65.62 31.06 9.81
carotenoid

Std. Dev, standard deviation.

Correlation Among Carotenoids

The phenotypic correlations between distinct carotenoids followed their established
relationships in the carotenoid biosynthesis pathway in this study (Farré et al., 2010). The correlation
among the distinct carotenoids exhibited significant positive or negative relationship. Lutein
located in the a-branch of the carotenoid biosynthesis pathway was not significantly correlated with
[B-cryptoxanthin and [-carotene, which are located in the 3 branch (Table 3). The correlation between
lutein and zeaxanthin was very small (r = -0.05) indicating the possibility of simultaneous
improvement of these beneficial carotenoids. The correlation between [-cryptoxanthin and
zeaxanthin (r = 0.43, p< 0.001) was significant and positive, suggesting that substantial conversion
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occurred from [-cryptoxanthin to zeaxanthin in the B-branch of the pathway. B-cryptoxanthin had a
positive correlation with both a-carotene and provitamin A but a negative correlation with -
carotene (Table 3). As expected, the major component of provitamin A, which is 3-carotene has strong
and positive correlation with provitamin A (r=0.98, p<0.001), indicating the possibility of increasing
provitamin A to much higher levels through redirecting the metabolic flow from the o to the 3 branch
of the carotenoid biosynthetic pathway, or through increasing the supply of precursors at the
beginning of the pathway and decreasing the activity farther down.

Nucleotide Variation

Twenty-four lines with contrasting carotenoid content determined by HPLC were selected for
sequencing. Amongst these lines, 16 had medium-to-high carotenoid concentration while the
remaining 8 lines had low levels of carotenoids (Table 2). The profiles of the inbred lines, specifically
the values for individual carotenoids measured in this study such as zeaxanthin, lutein, alpha-
carotene, beta-carotene, provitamin A, and total carotenoids, were arranged in increasing order. For
each carotenoid, four inbred lines were selected: two lines with the lowest values and the other two
lines with the highest values resulting in 24 inbred lines. Sequencing was carried out for the discovery
of genetic modification, including SNPs, insertions, deletions, and structural variants in the lines and
the precise order of the nucleotides (A, T, C, and G). Alignment of the 24 lines sequence results using
Codon Code aligner software (Figure 4) found 8 allele groups (Table 4). Amongst the 8 allele groups,
two showed significant relationships with the carotenoid content of the 24 selected lines (Table 5).
Group 1 showed a significant association with zeaxanthin content, with samples in the group
carrying allele “BB” having significantly reduced zeaxanthin content while those carrying allele
“AA” had significantly high zeaxanthin content (Table 5). Although allele group 8 also showed a
significant relationship with zeaxanthin content, samples having allele “BB” had a significantly
higher carotenoid content than the samples with allele “AA” (p =0.002) (Table 5). The variant of ZEP1
(ZEP1_7852) present in allele group 8 was significantly correlated with both zeaxanthin (p=0.00) and
total carotenoid content (p=0.006). The inbred lines with allele “AA” had higher zeaxanthin and total
carotenoid content followed by lines having allele “GG” (Table 5).
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Table 2. The 24 selected maize inbred lines with contrasting carotenoid content determined by high-performance liquid chromatography (HPLC) used for sequencing.

Category Entry  Line Alpha-carotene Beta-carotene Total-carotenoids
Zeaxanthin (ug/g) Betacryptoxanthin (ug/g) (1g/g) (ug/g) Provitamin A (ug/g) (Lg/g)
L 27 TZMI2015-3 16.83 3.08 0.98 3.60 5.66 26.14
L 37 TZMI2019 1.25 3.84 1.42 15.49 18.17 25.30
L 40 TZMI2023-5-1 29.48 5.96 243 9.00 13.21 60.91
L 41 TZMI2023-5-2 32.44 4.81 2.07 7.97 11.47 57.19
L 53 TZMI2027-2 2.25 1.82 0.59 4.57 5.72 14.01
L 57 TZMI2028-2-2 2.02 1.97 0.67 4.05 5.45 12.99
L 61 TZMI2028-5-1 2.09 1.67 0.48 4.09 524 12.99
L 75 TZMI2056 14.08 3.47 1.03 2.88 5.05 29.10
M-H 76 TZMI2058 28.82 4.68 1.66 10.12 13.20 58.87
M-H 83 TZMI2078 32.25 10.48 2.55 7.92 14.40 65.62
M-H 99 TZMI2043-2 2.59 241 0.75 5.42 6.99 14.54
M-H 110 TZMI2113 25.77 6.87 2.34 11.50 16.12 52.04
M-H 118 TZMI2032-1-2 3.13 3.65 5.07 11.06 15.55 30.58
M-H 131 TZMI2050 21.37 8.24 1.81 9.67 14.69 43.72
M-H 138 TZMI2075 31.14 8.72 227 7.94 13.42 55.07
M-H 151 TZMI2104 1.67 3.00 1.25 10.49 12.64 23.94
M-H 161 TZMI2110 4.56 3.05 0.57 7.83 9.56 19.24
M-H 171 TZMI2067-1-1 11.10 1.29 1.30 22.05 25.30 38.56
M-H 172 TZMI2067-1-2 9.62 1.73 0.87 27.52 28.79 42.84
M-H 174 TZMI2114 10.03 221 1.31 32.35 34.20 51.37
M-H 175 TZMI2119 791 2.10 1.69 30.44 32.35 46.74
M-H 176 TZMI2120 10.47 2.00 1.55 24.98 26.74 44.80
M-H 182 KU1409 11.72 0.84 0.22 1.71 2.24 21.09

M-H 183 TZ12354 13.93 3.39 0.69 2.57 4.63 23.55
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Mean 13.60 3.80 1.48 11.46 14.2 36.3
SD 11.03 2.54 1.02 9.16 9.20 17.01
cv 0.81 0.66 0.68 0.79 0.64 0.47

SD, standard deviation, CV, coefficient of variation, L= maize inbred lines with low carotenoid content, M-H= maize inbred lines with medium to high carotenoid content.

Table 3. Pearson’s correlation coefficients among mean values of carotenoid concentrations of the 147 maize inbred lines.

Lutein Zeaxanthin [-cryptoxanthin a-carotene [-carotene
Zeaxanthin -0.05
[B-cryptoxanthin -0.051 0.43***
a-carotene 0.14 0.17*% 0.56%**
[B-carotene -0.013 -0.21* -0.041 0.27#**
Provitamin A -0.019 -0.13 0.14 0.40%** 0.98***

*, *%, **% = Significant at P< 0.05, 0.01, and 0.001 respectively.
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Table 4. A categorization of the observed loci into groups based on similarities in the allelic pattern across the 24 selected maize inbred lines of the loci.

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8
ZEP18018 ZEP18032 ZEP1798 ZEP18281 ZEP18282-8284 ZEP18318 ZEP18324 ZEP17852
ZEP17852 ZEP17803 ZEP17785 ZEP18254-8259 ZEP17914
ZEP17914 ZEP17805 ZEP17851 ZEP17819
ZEP17819 ZEP1780 ZEP17769 ZEP18005
ZEP18005 ZEP17825 ZEP17851 ZEP18016
ZEP18016 ZEP17846 ZEP18020 ZEP18081
ZEP18081 ZEP17856 ZEP18028 ZEP18138-8145
ZEP18092 ZEP17859 ZEP18302
ZEP17733-34 ZEP17849 ZEP1794-7944
ZEP17735-43 ZEP17827 ZEP18034-8051
ZEP17865-7882 ZEP17837
ZEP1787-793 ZEP17843
ZEP18138-8145 ZEP17849

ZEP17887

ZEP17891

ZEP17897

ZEP17898

ZEP17993

ZEP18009

ZEP18011

ZEP18089

ZEP18100

ZEP18106

ZEP18108

ZEP181202
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ZEP18184
ZEP18190
ZEP18245
ZEP18305
ZEP17727
ZEP17750
ZEP17796-7800

After the sequences were aligned, all the variations present in the sequences were scored and their location on the chromosome noted. The variation were then grouped based on their similarities
to give 8 allele groups.
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Table 5. The 3 loci groups of the 24 selected maize inbred lines with significant association with
carotenoid content.
Group 1 Group 8 ZEP1_7852
Alleles Mean  StDev Alleles Mean  StDev Allele Mean StDev
AA 19.591  10.001 AA 4.501 3.774 AA 19.233 10.088
BB 4.501 3.774 BB 18.157  10.654 GG 4.226 3.626

CC 16.723  11.769

AA, BB and CC in groups 1 and 8 were chosen to show allelic patterns within the group, they represent the
actual alleles that follow the same pattern across the lines. For ZEP 1_7852, AA and GG are the actual alleles
observed.

Screening Inbred Lines with Favorable Alleles of crtRB1

Genotyping of the 147 lines with KASP SNP markers zm0015 and zm0016 found the
effectiveness of KASP SNP zm0016 in successfully differentiating the favorable homozygous and
heterozygous alleles for the crtRB1 gene (Figure 2). Amongst the 147 lines, 132 exhibited heterozygote
allele (G: A [green]), with only one inbred line showing no amplification. The remaining 14 inbred
lines carried the favorable allele (G: G [red]) (Table 6). The 5 non-template controls (NTC) were used
to verify the amplification and effectiveness of the KASP SNP zm0016. As shown in Figure 2, these
controls formed a distinct cluster, consistent with the findings of, Maazou et al. (2021). It is worth
noting that most of the inbred lines with the unfavorable crtRB1 alleles for KASP SNP zm0015 (Figure
5) displayed increased levels of provitamin A carotenoids. These findings suggest that genes other
than crtRB1, like LCYE and LUTI might have contributed to the accumulation of provitamin A
carotenoids in these specific inbred lines (Owens et al., 2014). Inbreds TZMI2015-2, TZMI2022-2,
TZMI2025-2, TZMI2056, TZMI2033-1, TZMI2053, TZMI2106-1, and TZMI2110 carried homozygous
favorable alleles of the two KASP SNPs markers (Figure 5). The two markers (zm0016 and zm0015)
were not significantly associated with either high or low content carotenoid content of the inbred
lines (data not shown). Analysis of pedigrees of the inbred lines resulted in grouping of the lines
based on their source population. As the groups exhibited marked differences in their carotenoid
content, this could lead to the absence of a significant association between carotenoid content and the
two KASP SNP markers (zm0015 and zm0016). The inbred lines belonging to group 1
(TZMI1017/SW 1 (S) C14-7-1-1-B)-57-1-1-2-B) displayed the highest lutein content among all the
groups, with. In contrast, the lines in group 26 (TZMI1029/SW 5 (S) C6-18-2-1-B)-18-4-1-1-B) had the
lowest lutein content (Supplementary Table S5). Lines belonging to the 28 pedigree groups did not
exhibit discernible relationship with a-carotene and p-cryptoxanthin (data not shown). In contrast,
lines belonging to group 1, 26, 31, 43, and 34 (TZMI1029/SW 5 (S) C6-18-2-1-B)-21-2-2-1-B) exhibited
significant difference in zeaxanthin. Amongst these, group 26 displayed the highest zeaxanthin
content among the inbred lines (Supplementary Table 6). Lines belonging to group 43 (TZMI1046/SW
5 (S) C6-18-3-1-B)-35-1-1-1-B) displayed significant difference in (3-carotene and provitamin A
content. Similarly, lines in group 38 (TZMI1029/SW 5 (S) C6-18-2-1-B)-32-4-1-1-B) exhibited striking
differences in its B-carotene and provitamin A content (Supplementary Table 2, 4). Furthermore, the
total carotenoid content of lines in groups 1, 43, 28, and 17 (TZMI1029/SW 5 (S) C6-18-2-1-B)-15-4-5-
2-B) showed significant differences in total carotenoid content. Specifically, lines in group 1 exhibited
the highest total carotenoid content, while those in group 43 (Supplementary Table S3) showing the
second-highest total carotenoid content.
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Figure 2. Genotype plot for 147 maize inbred lines genotyped using crtRB1-KASP marker zm0016.
Red =Favourable alleles; Green= Heterozygous; Pink = No amplification; Black =no template controls.

Figure 3. Genotype plot for 147 maize inbred lines genotyped using crtRB1-KASP marker snpz0015.
Red = Unfavorable alleles; Blue= Favourable alleles; Green= Heterozygous; Pink = No amplification;
Black = no template controls.
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NN ATCCATTOL TIGACAR TCOAMNG “TIGTTICTATC A GATTIRTATT (1= 6= A CAGCTTATCTAAGTGCC TA TCAAMBATAGTTATC TTC TATTC TARGTTTC T AC TATTAMAATATACAAAAC GTCAATUAL TCTC TAGAGTIC AMBAKBTATAM - ABGTC TEGAGAT
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MTATC TAMTELTA TCAMATATAGTTATC TTCTATTC TABATTTCTCAC TATTAGAATATAGAAAAL GTGAATIAL TC TCTACAGTI AAMMC ANGTATAMAMGTC TGCACATTRERAEREN
AT TIOA AN TCANAER TIGTTTCTAATCTATATAMTAGA BATTTTTATTTATAAAGTAATAT! TAATCZCTA TCAMTATAGTTATC TTCTATTC TABATTTCTC AC TATTAGAATATAGAMAL GTIAATGA TCTC TAGAGTICAMCAMGGTATAMMAMGTC TGGACAT TRERRRENEN
ATCAMM: § ATTGTTICTAATCTATATAMYAGA GATTT=TATTTATAAAATAATAT: TAATYLLTA TCAAMTATAGTTATC TTCTATTC TATGTTICTCAC TATTAAAATATACAAAL GTGAATGAL TCTC TACAGTI AMCANGTATAM A GTC TOACATT
TCATCCATTIGTTOA AN T A CIRIICEIIA TTUTTTRTAATC TATATAMTAGA GATTT === = TTATAAMMTATATC TA* *TOL TARTBAMTATAGTRATC TTRTATTC BATATTTIE G TATT: MTCABTCTETAN G L AMABANBTATAMAMGY: T+
TEALATCAMER STIGTTTCTAATCTATATAMTAGA BATTTTTATTTATAAAGTAATAT TAAATILTA TCAMTATAGTTATC TYC TATTC TABATTTC TCAC TATTAGAATATAGAAA GTGAATCAC TETCTA L AMCANGTATAMAMGTC TCACAT TR
LT A CEIEICEIRA TTGTTTBTAATCTATATAMTAGA GATTT== = = TTATAAATAATAT TA= =T TARTBAMATATAGTRATC TTRTATTCBATATTTR G TATT == = eee ol === MTCARTCTBTAGAGL AMBAETATAMAM e
MCATCCATTOL TTCA AN TCAMWW IR TTCTTTRTAATC TATATAMTAGA GATTT== = *TTATAAMATAMTAT! TA= = TUL TARTBAMTATAGTRAT ATCARTCTETAAG L AAMBAWETATAMAAGT = 220 ees’ T-
ATTUL TICAL A TCAMA: B ATTGTTICTAATCTATATAMTAGA CATTTTTATTTATAAMATAATAT: TAAATIELTA TCAMTATAGTTATCTTCTATICTATGYTTCTCAC TATTAMATATACAAA GTGAATEAC TOTC TACAGTI AMA ANATATAM - MGTCTAGATT
LATCOAMA: B ATTGTTICTAATCTATATAMTAGA CATTTTTATTTATAAAATAATAT TAMATILTA TCAMTATAGTTATCTTCTATTC TATGTTTCTCAC TATTAAAATATAGAAAAL GTGAATIAL TCTCTACAGTI AAMC ANGTATAM *AA
NCAKTCAM: B ATTGTTTCTAATCTATATAMTAGA CATTTTTATTTATAAMAATAATAT TAMTGZCTA TCAMTATAGTTATC TTC TATTCTATGTTTCTC AC TATTAMATATAGAAMAC GTOAATCAC TCTC TAGAGTIR AAAC AKATATAM A
TOAACEREIERRA TTUTTTRTAATC TATATAMTAGA CATTT=== = TTATAAAATAATAT TA= =T TARTBAMATATAGTRATC TTRTATTUBATATTTER: o === MTCARTCTETACA G AAMBAN BTATAMAM
STIGTTICTAATCTATATAMATAGA BATTTTTATTTATAMGTAATAT! TAMTELTA TOMATATAGTTATC TTC TATTC TABATTTOTCAC TATTAGAATATAGAAAAC CTGARTGAC TCTCTAGAGTIE AAAC ANGTATAAMAAAGTC TCACAT TRERRREREN
STTIGTTICTAATC TATATAMTACARBATTTTTATTTATAAMAGTAATAT! TAAMTLTA TOAMMATATAGTTATC TTCTATTC TABATTTC TCAC TATTAGAATATACAAAA GTGAATIAL TCTC TAGAGTIC AMC AKGTATAMAMGT. TEACAT TR
ATTGTTICTAATCTATATAMTAGA GATTTTTATTTATAAAATAATAT TAMT TCAMTATAGTTATC TTCTATTCTATGTTTCTCAC TATTAAMATATAGAAAL GTGARTOA TC TCTAGAGTIE AMCAMGTATAMEMGTC TAGATT
KANTCOAMM: B ATTGTTTCTAATC TATATAMTAGA. GATTTTTATTTATAAAATAATAT TAMT TCAMTATAGTTATC TTCTATTC TATGTTTCTCAC TATTAMATATAGAAAL GTGAATOA TCTCTAGAGTIC AMCAAGGTATAMSMGTC TGAGATT
A TCAMACCERIGIIIA TTGTTTETAATC TATATAMTAGA GATTT= « =« TTATAAAATAATAT! TA= YL TARTBAMTATAGTRATC TTRTATTC BATATTTRC G TATT » oL+ AATCARTCTOTACNGL A ATATAMMAGT “Te
LACTCAMAER “TYGTTICTAATCTATATAMTAGA BATTTTYATTTATAAAGTAATAT TAAATIZLTA TCAMTATAGTTATC TTCTATTC TABATTTCTC AC TATTAGAATATACAAAL GTGAATEAC TOTC TAGAGTCC AMC ANKTATAMAAGTC TGACAT TR
TTTTATTTATAAMTAATATC TAMTELTA TCAMTATAGTTATC TTCTATTC TATGTTTCTCAC TATTAAAATATACAAAAL GTGAATOA TCTC TAGAGTI AAMMAKGTATAM M GTC TUAGATTR
NCATCOMM: B ATTGTTTCTAATCTATATAMTAGA CATTTTTATTTATAAAATAATAT TAAATGLTA TCAMTATAGTTATCTTCTATTCTATGTTTCTCAC TATTAMATATAGAAAL GTGAATOAL TCTE TAGAGTICAMMC AMGTATAMEAAGTC TOACATT
TCATCGATTCG TTGA A TCRAMACCERIRIA TTGTTTRT =~ TCTATATAMTAGA GATTT= == =TTATMAATAATAT TA= 0L TARTRAMTATAGTBATC TTRTATTC BATATTTIN GO TATT o ATOARTCTETAGAG L AMBABTATAMAMG T 2o eeeaTo
AT CBRIIGEIRA TTCTTTRTAATC TATATAMTAGA. CATTT= == *TIATMAATAMTAT TA* T TARTBAMTATAGTRATC TTRTATTC BATATTTI GO TATT of == ATCARTCTETAAG L AMBAN BTATAMAMA T+ weeesT
LA TCOAMNER “TIGTTTCTAATCTATATAMTAGA BATTTTTATTIATAAMGTAATAT TAMATIZLTA TCAMTATAGTTATCTTCTATTC TABATTTCTCAC TATTAGAATATACAAAA GTGAATGAC TCTC TAGAGTCC AAA ANGTATAMAMGTC TiZ
LTS *TIGTTICTAATCTATATAMTAGA BATTTTTATTTATAAMAGTAATAT TAMTELTA TCAMTATAGTTIATCTTCTATTC TABATTTCTCAC TATTAGAATATAGAAA GTGAATIAL TCTCTACAGTIC A ANGTATAMAMGTC TUACAT TR
AT A
N ATCCATTIL TTGAL A TCCAMA ATTGYTICTAATCTATATAMTAGA GATTTRTATTTATAMMATMTATCCT= 6= A CAGCTTATCTAAGTILTA. TCAMBATAGTTATC TTC TATTC TARSTTTCTCAC TATTAAMATATAGAAAN GTCAATUAL TCTC TACAGTIC AMBABTATAM = ARGTC TUGAAT
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Figure 4. Multiple sequence alignment of selected 24 maize lines for variance identification,

leveraging on Clustal W sequence alignment algorithm in Geneious software.
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Subject ID SNpZMO0015 SnNpZmO0016 Subject ID SnpZMO0015 SnpZm0016 Subject ID SnpZMO0015 SnpZmO0016 Subject ID SNpZMO0015 SnpZmO0016

TZMI2010-1 G:A TZMI2028-2-2 G:A TZMI2057 TZMI2103-2 G:A
TZMI2010-2 G:A TZMI2028-3-1 G:A TZMI2059 TZMI2104 G:A
TZMI2011 G:A TZMI2028-3-2 G:A TZMI2062 TZMI2105-1 G:A
TZMI2012 G:A TZMI12028-4 G:A TZMI2113 TZMI2105-2 G:A
TZMI2013 G:A TZMI2028-5-1 TZMI2115 TZMI2106-1

TZMI2014-1 G:A TZMI2028-5-2 TZMI2116 TZMI2106-2

TZMI2015-1 G:A TZMI2029-1 TZMI2031-1-1 TZMI2107-1

TZMI2015-2 TZMI2029-2 TZMI2031-1-2 TZMI2107-2

TZMI2015-2 TZMI2029-3-1 TZMI2031-2-1 TZMI2108-1

TZMI2015-3 TZMI2029-3-2 TZMI2031-2-2 TZMI2108-2

TZMI2015-4 TZMI2029-3-3 TZMI2032-1-1 TZMI2109

TZMI2016-1 TZMI2030 TZMI2032-1-2 TZMI2110

TZMI2016-2 TZMI2038 TZMI2032-2-1 TZMI2111

TZMI2016-3 TZMI2051 TZMI12032-2-2 TZMI2122

TZMI2017-1 TZMI2054-1 TZMI2039 TZMI2123

TZMI12018-1 TZMI2054-2 TZMI2045-1 TZMI2125 G:A
TZMI12018-2 TZMI2055 TZMI12045-2 TZMI2126-1 G:A
TZMI2018-3 TZMI2056 TZMI2046-1 TZMI2020-1 G:A
TZMI2018-4 TZMI2058 TZMI2046-2 TZMI2020-2 G:A
TZMI2019 TZMI20661 TZMI2047 TZMI2067-1-1

TZMI2022-2 TZMI20662 DNA G:A TZMI2048 TZMI2067-1-2 G:A
TZMI2022-4 TZMI2078 TZMI2049-1 TZMI2067-2 G:A
TZMI2023-5-1 TZMI2033-1 TZMI2049-2-1 TZMI2114 G:A
TZMI12023-5-2 TZMI2033-2 TZMI12049-2-2 TZMI2119 G:A
TZMI2024-1-1 TZMI2034-1 TZMI2050 TZMI2120 G:A
TZMI2024-1-2 TZMI2034-2 TZMI2060-1 TZMI2127 G:A
TZMI12024-2-1 TZMI2035-1-1 TZMI2060-2 4001 G:A
TZMI12024-2-2 TZMI2035-1-2 TZMI2060-3 KU1409 G:A
TZMI2025-1-1 TZMI2035-2 TZMI2068 TZ12354 G:A
TZMI2025-1-2 TZMI2036-1 TZMI2075 TZ12360 G:A
TZMI2025-2 TZMI2036-2 TZMI2081

TZMI2025-3 TZMI2041-1 TZMI2101-1

TZMI2025-4 TZMI2041-2 TZMI2101-2-1

TZMI2025-5 TZMI2042 TZMI2101-2-2

TZMI2027-1 TZMI2043-1 TZMI2101-2-3

TZMI2027-2 TZMI2043-2 TZMI2102-1

TZMI2028-1-1 TZMI2052-1 TZMI2102-2

TZMI2028-1-2 TZMI2052-2 TZMI2102-3

TZMI12028-2-1 TZMI2053 TZMI2103-1

Figure 5: Genotypes of 147 Provitamin A maize inbred lines with the different alleles of crtRB1-KASP SNP markers. Genotypes highlighted GREEN, RED,
and YELLOW have the favourable, unfavorable, and heterozygous alleles respectively.
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Table 6. The number of lines harbouring the favourable and hetereozygote alleles of KASP
snpZMO0016 marker and summary of descriptive statistics of carotenoids for 147 studied maize inbred
lines.

Carotenoids Minimum Maximum Mean No. of lines

Inbred lines with favourable alleles of crtRB1-KASP zm0016 marker

Lutein (ug/g) 2.88 16.96 6.99
Zeaxanthin (ug/g) 2.09 25.67 10.75
[B-cryptoxanthin(ug/g) 1.29 7.82 3.73 14
a-carotene (pg/g) 0.48 1.98 1.26
[B-carotene (Lg/g) 2.88 22.05 8.7
Provitamin A (ug/g) 5.05 25.3 11.35

Inbred lines with Heterozygote alleles of crtRB1-KASP zm0016 marker

Lutein (ug/g) 1.65 28.04 6.97

Zeaxanthin (ug/g) 1.25 32.44 9.34

[B-cryptoxanthin(ug/g) 0.84 10.48 3.92 132

a-carotene (pg/g) 0.22 5.07 1.35

[3-carotene (Lg/g) 1.71 32.35 9.53

Provitamin A (ug/g) 2.24 34.2 12.18
Discussion

The major carotenoids found in yellow/orange maize grain are lutein, zeaxanthin and f3-
carotene, with lesser amounts of 3-cryptoxanthin and a-carotene (USDA National Nutrient Database,
ndb.nal.usda.gov), which is consistent with the pattern observed in the present study. The highest
level of provitamin A carotenoids found in our study was (3-carotene. Among the 147 assayed inbred
lines, 25 had provitamin A content close to or exceeding 15 pg/g dry weight. An inbred line TZMI2114
had provitamin A concentration of 34.20 ug/g dry weight, which can be used as parents of source
populations and hybrids to boost provitamin A carotenoids in sub-tropical maize.

Provitamin A carotenoids including a-carotene, 3-cryptoxanthin except p-carotene had lower
average values than zeaxanthin and lutein in our study, consistent with findings in other studies
(Harjes et al., 2008; Vallabhaneni & Wurtzel, 2009; Gebremeskel et al., 2018; Obeng-bio et al., 2019). In
our study, [-carotene made a greater contribution to provitamin A content compared to (-
cryptoxanthin, consistent with the findings of Senete et al. (2011) and Maazou et al. (2021), but
differed from the findings of Egesel et al. (2003), Menkir et al. (2008), and Suwarno et al. (2014) that
reported higher 3-cryptoxanthin relative to (3-carotene. Such differences could arise from the genetic
makeup of the lines used in the current (Menkir et al., 2021). Most of the maize varieties developed
and released globally contain provitamin A concentrations ranging from 6 to 10 ug/g (Anderson et
al., 2017). The results of our study and others (Obeng-bio et al., 2019; Harjes et al., 2008; Azmach et al.,
2013) reported much high (3-carotene levels, showing the potential to breed maize hybrids with much
higher concentrations of provitamin A.

The development of markers that can detect single nucleotide substitution using sequencing was
among the eventual objectives of this study. Primers were designed for two SNP positions of the
ZEP1 gene namely ZEPISNP (432) and ZEPISNP (438). The marker-trait association study using
the presence or absence of the sequence of these markers in 24 selected yellow to orange maize inbred
lines in our study found a significant association of the markers with zeaxanthin and total
carotenoids, consistent with the results of Owen et al. (2014). Previous studies did not demonstrate
the impact of ZEP1 on grain carotenoid composition in association studies. Vallabhaneni and Wurtzel
(2009) examined the ZEP1 gene related to carotenoid accumulation and found that zeaxanthin
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epoxidase (ZEP1) exhausts the carotenoid reservoir during the process of conversion into abscisic
acid. Their investigations revealed a negative correlation between ZEPI transcript levels and the
accumulation of carotenoids.

Conclusions

Enhancing the nutritional content of staple crops through biofortification emerges as a cost-
effective and efficient strategy to combat VAD in impoverished nations heavily reliant on staple
foods. Ongoing investment in traditional food enrichment methods may not be financially viable in
such contexts. The use of marker-assisted breeding offers a resource-efficient approach to developing
provitamin A-rich lines, reducing associated costs. In this present study, 25 inbred lines demonstrated
provitamin A levels surpassing the 15 pg/g dry weight target set by HarvestPlus. These lines can play
a crucial role in expediting the development of maize hybrids with elevated provitamin A content
for cultivation in Sub-Saharan Africa to mitigate the adverse effects of vitamin A deficiency.

The ZEP1 gene regulates the transformation of zeaxanthin into abscisic acid, leading to a
reduction in carotenoid levels in seeds. If the ZEP1 gene is non-functional or has a weak allele, it is
likely to result in greater carotenoid content that may reduce abscisic acid synthesis. Based on our
results, it appears that ZEP1 should be regarded as equally important as crtRBI1 gene. It should be
noted that these results are based on a limited set of materials examined in a single environment as
carotenoid levels are known to be sensitive to environmental conditions. Additional research is
required to analyze the genetic diversity at these specific locations and to create molecular markers
that are easy to use and can differentiate between the functional alleles in breeding programs. In
future studies, it is imperative to consider exploration of alternative alleles or markers that exhibit a
more widespread distribution across the genome. Moreover, focusing on markers that are present
within a more homogenous population can mitigate potential confounding factors and achieve a
higher level of accuracy and reliability in genetic analyses. Expanding exploration and incorporation
of additional KASP SNP markers such as zm0013, zm0014, zm0017, zm0018 and zmO0019 will
undoubtedly enrich our understanding and enable us to capture a more comprehensive picture of
the genetic variations present in maize.
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