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Abstract
Vitamin A deficiency and its associated disorders are pervasive in sub-Saharan Africa

(SSA) including many middle- and low-income countries across the world. Provi-

tamin A-enriched maize (Zea mays L.) inbred lines with desirable agronomic and

adaptive traits have been developed and used to generate and commercialize maize

varieties with medium to high levels of provitamin A in a few countries to curb

vitamin A deficiency. Nonetheless, these inbred lines have not been made widely

available to the public and private sector breeders in many countries. The main

purpose for releasing the 21 provitamin A-enriched tropical maize inbred lines (PI

705424–PI 705444, Reg. nos. GP-624–GP-644) is to supply maize breeders with

elite source germplasm for increasing provitamin A and other carotenoids to much

higher levels to offset losses during storage, natural degradation, and processing.

These inbred lines were developed at the International Institute of Tropical Agri-

culture (IITA) from backcrosses of high β-carotene temperate lines as donors and

elite tropical lines as recipients. These inbred lines were developed through repeated

self-pollination with rigorous visual selection among and within lines for plant vigor,

synchronous silk emergence and pollen shedding, low ear placement, and resistance

to lodging and major tropical diseases, followed by selection for bright yellow to

orange kernel color with semi flint to flint kernel texture after harvest. The released

maize inbred lines will be diverse sources of favorable alleles to accelerate genetic

gain in provitamin A and other beneficial carotenoid enrichment for human health.

1 INTRODUCTION

Millions of people in rural and urban areas of sub-Saharan

Africa (SSA) thrive on white maize (Zea mays L.)-based

diets that provide inadequate quantity of micronutrients

including Zn and vitamin A (Ekpa et al., 2019), exposing

Abbreviations: DAPC, discriminant analyses of principal components;

GCA, general combining ability; HPLC, High performance liquid

chromatography; IITA, International Institute of Tropical Agriculture;

KASP, Kompetitive allele-specific polymerase chain reaction; SCA,

specific combining ability; SNP, single nucleotide polymorphism; SSA,

sub-Saharan Africa.
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many to deficiency disorders (Bailey et al., 2015; Gib-

son & Anderson, 2009; Prasanna et al., 2020). Vitamin A

deficiency alone increases susceptibility of children to infec-

tious diseases and retards their growth, thereby diminishing

their overall development and survival (Brown & Noelle,

2015; Sommer, 2008; West & Darnton-Hill, 2008; Wurtzel

et al., 2012). Even though yellow maize kernels are packed

with carotenoids (Wurtzel et al., 2012), the concentrations

of provitamin A carotenoids in commonly grown tropical

maize cultivars is too low to meet the daily requirements

of consumers (Bouis & Saltzman, 2017). Increasing provi-

tamin A levels in tropical yellow endosperm maize through
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conventional breeding has therefore attracted considerable

attention of breeders who strive to curb vitamin A deficien-

cies in SSA and other medium- to low-income regions of the

world (Bouis & Saltzman, 2017; Gupta et al., 2020).

The HarvestPlus Challenge Program made significant

investments in conventional breeding programs to increase

the concentrations of provitamin A in tropical maize (Bouis

& Saltzman, 2017; Menkir et al., 2017; Pixley et al., 2013).

These programs developed diverse tropical maize inbred lines

primarily through introduction of diverse sources of favor-

able alleles from temperate maize and integration into adapted

tropical germplasm to enhance accumulation of higher levels

of β-carotene (Menkir et al., 2017). Provitamin A-enriched

maize inbred lines that meet or exceed the breeding tar-

get of 15 μg g−1 have thus been developed and used for

developing varieties and hybrids with medium to high con-

centrations of provitamin A (Menkir et al., 2017; Prasanna

et al., 2020). These inbred lines also represent as invaluable

genetic resources for further improvements in yield poten-

tial, provitamin A, and other carotenoids beneficial to human

health.

The main purpose for releasing the diverse provitamin A-

enriched maize inbred lines is therefore to supply breeders

with elite tropical sources for increasing accumulation of both

provitamin A and other beneficial carotenoids to much higher

levels to offset losses during storage, natural degradation, and

processing. This is the first set of provitamin A-enriched trop-

ical maize inbred lines registered and released to public and

private sector breeders. The 21 new provitamin A-enriched

maize inbred lines (Reg. no. GP-624– GP-644 and PI 705424–

PI 705444, see Table 1) were developed at the International

Institute of Tropical Agriculture (IITA) from backcrosses of

elite tropical lines as recipients and temperate lines as donors

of high β-carotene content. The lines have also been selected

for desirable agronomic attributes and resistance to the major

tropical diseases. These lines will help stack provitamin A and

other beneficial carotenoids with other essential nutrients, to

accelerate the rate of genetic gain in multiple-nutrient enrich-

ment, and mainstream nutritional quality into climate resilient

maize.

2 METHODS

2.1 Parental backgrounds and inbred line
development

IITA introduced yellow and orange endosperm temperate

maize inbred lines (A619, CI7, DE3, NC298, NC323, NC354,

and SC55) of non-stiff stalk, stiff stalk, and tropical origin

(Liu et al., 2003) with high β-carotene content (Islam et al.,

2004) from the University of Illinois as potential donor par-

ents to develop maize inbred lines with high provitamin A

Core Ideas
∙ Vitamin A deficiency and its associated disor-

ders are pervasive in sub-Saharan Africa and other

developing countries.

∙ Provitamin A-enriched inbred lines are impor-

tant for developing and commercializing maize

varieties to curb Vitamin A deficiencies.

∙ Supplying tropical elite inbred lines to breeders

will facilitate increasing provitamin A and other

beneficial carotenoids to human health.

∙ Releasing diverse elite inbred lines promotes

access to favorable alleles for further enrichment

of beneficial carotenoids.

content. The adapted parents selected as recipients of high

β-carotene alleles were elite yellow and orange endosperm

tropical maize inbred line with desirable agronomic traits

and resistance to the major tropical diseases that had been

extensively used as parents for developing inbred lines and

hybrids in our breeding program. The elite tropical lines were

used as females while the temperate donor lines were used

as males for crossing to generate F1 seeds. Each F1 was

planted adjacent to the corresponding elite female line for

crossing with the F1 to develop a backcross. Each backcross

was then planted in a single 5-m-long row with a spacing of

0.75 m between rows and 0.25 m between plants. All iden-

tical plants were self-pollinated to produce enough F2 bulk

seeds. Each F2 bulk seed was planted in 10 5 m rows with a

spacing of 0.75 m between rows and 0.25 m between plants.

In each backcross population, disease resistant plants were

self-pollinated and harvested ears with desirable kernel color

and texture were selected and threshed individually for plant-

ing ear-to-row in each subsequent inbreeding generation up

to the S4 stage. During each inbreeding generation, rigor-

ous visual selection among and within lines was made for

plant vigor, synchronous silk emergence and pollen shed-

ding, low ear placement, resistance to lodging and tropical

diseases (Puccinia polysora rust, Bipolaris maydis blight,

and Curvularia lunata leaf spot, and Maize streak virus dis-

ease) followed by selection for well-filled ears with bright

yellow to orange kernel color and semi flint to flint kernel

texture. Screening lines for carotenoids was delayed to the

S5 inbreeding stage when the number of advanced lines was

relatively small due to the high cost of analyzing carotenoid

using high-performance liquid chromatography. The selected

S5 lines containing intermediate to high levels of provitamin

A were evaluated in hybrid combinations using inbred line

or single-cross testers to identify promising lines with supe-

rior testcross performance. Promising provitamin A-enriched
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lines with superior testcross performance were then used as

parents to develop source populations of some of the maize

inbred lines recommended for release.

2.2 Pedigrees of the inbred lines

Inbred lines TZi1302, TZi1304, TZi1305, and TZi1314 were

derived from a three-way cross of (9450/KI21)-1-5-3-2-2-

B-32-B*6 as a recurrent parent, DE3 as donor parent of

high β-carotene, and an inbred line (SW5(S)C6)-18-2-1-

B derived from an introduced population from Thailand

as a source of desirable agronomic attributes (Supplemen-

tary Table S1). Inbred line TZi2025 was extracted from a

complex cross involving an inbred line derived from a back-

cross (9450/CM116/9450), an inbred line containing DE3

as a donor parent of high β-carotene and (9450/KI21)−1-

5-3-2-2-B-30-B-B-8-B-1-B as a recipient plus an orange

maize inbred line (SW5(S)C6)−18-2-1-B derived from an

introduced population from Thailand as a source of desir-

able agronomic features. Two inbred lines (TZi1653 and

TZi1715) were derived from a backcross involving DE3 as

donor parent of high β-carotene and an orange tropical line

(KU1409) as a recipient (Supplementary Table S1). Inbred

lines TZi2004, TZi2005, TZi2015, TZi2065, TZi2066, and

TZi2067 were derived from biparental crosses of provita-

min A-enriched lines containing DE3 and SC55 as donors of

high β-carotene and two orange tropical lines (KU1409 and

KU1414-SR) as recipients in backcross populations. Like-

wise, four inbred lines (TZi2012, TZi2013, TZi2038 and

TZi2071) were derived from biparental crosses of provita-

min A-enriched lines containing DE3, A619, and NC298

as donors of high β-carotene and two orange tropical lines

(KU1409 and KU1414-SR) as recurrent parents in back-

cross populations. The remaining four inbred lines (TZi2130,

TZi2142, TZi2143, and TZi2156) were derived from crosses

of inbred lines derived from source populations involving two

tropical orange lines (KU1409 and KU1414-SR) and temper-

ate lines (KVI3 and M162W), provitamin A-enriched lines

containing DE3 as a donor of high β-carotene and KU1409

as a recipient in backcross populations, and an inbred lines

((SW5(S)C6)−18-2-1-B derived from an introduced popula-

tion from Thailand as a source of desirable agronomic features

(Supplementary Table S1).

2.3 Inbred line performance evaluation and
carotenoid analyses

Sixty-two inbred lines and two testers with 10.2 to 39.1 μg

g−1 of provitamin A in samples harvested from single rows in

2019 were selected for further agronomic performance eval-

uation and carotenoid analyses in a trial planted at Ibadan

(7˚29′11.99″N, 3˚54′2.88″E, altitude 190 m) in 2020. The

64 inbred lines were arranged in 16 × 4 α-lattice design and

planted with two replications. Each inbred line was planted

in a single 5-m-long row, with 0.75 m distance between rows

and plant-to-plant spacing of 0.25 m within rows. In each plot,

only one plant was maintained per hill after thinning to give a

population density of 53,000 plants ha−1. A compound fertil-

izer was applied at the rate of 60 kg Nitrogen (N) ha−1, 60 kg

Phosphorus ha−1, and 60 kg Potassium ha−1 at planting and

an additional 60 kg N ha−1 was supplied as Urea 4 weeks later.

The trial field was sprayed with premextra and gramazone as

herbicides at the rate of 5 L ha−1 to control weeds, which

were followed by manual weeding to keep the trial weed-free.

Days to anthesis and silking were recorded as the number of

days from planting to when 50% of the plants shaded pollen

and showed emerged silks, respectively. Plant and ear heights

were measured after anthesis in cm from the base of the plant

to the height of the first tassel branch and the node bearing

upper ear, respectively. Plant aspect was rated based on overall

phenotypic appeal using a scale of 1 to 5, where 1 = excel-

lent phenotypic appeal and 5 = poor phenotypic appeal. Ear

aspect was rated on a scale of 1 to 5, where 1 = clean, uni-

form, large and well-filled ears and 5 = rotten, variable, and

small ears. The severity of southern corn leaf rust (caused by

Puccinia polysora), Curvularia leaf spot (caused by Curvu-
laria lunata) and Maize streak virus were scored on a scale of

1 to 5, where 1 = minimal leaf infection and 5 = severe leaf

infection. The inbred lines were also evaluated in hybrid com-

binations with two testers at two locations for 2 years (Maazou

et al., 2022). The 21 provitamin A-enriched maize inbred lines

slated for release were selected from among the 64 inbred

lines evaluated in the inbred trial in 2020.

2.4 Carotenoid analyses

All plants in each plot of the 64 maize inbred lines were

self-pollinated to generate kernel samples for carotenoid anal-

ysis. Self-pollinated ears in each row were harvested, dried

with minimal exposure to direct sunlight, and shelled imme-

diately to minimize loss of provitamin A carotenoids. One

hundred kernels were drawn from each sample after shelling

and submitted to the Crop Utilization Laboratory at IITA

for carotenoid analysis using high-performance liquid chro-

matography. Carotenoid extraction from grain samples of 64

maize inbred lines and subsequent carotenoid analyses were

described in detail by Maazou et al. (2021). Provitamin-A was

calculated for each sample as the sum of β-carotene (all-trans

plus 13-cis and 9-cis isomers) plus 50% each of α-carotene

and β-cryptoxanthin.

2.5 Genotyping of the inbred lines with
allele specific markers

The protocols used to collect leaf samples from each inbred

line for deoxyribonucleic acid (DNA) extraction have been
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described by Maazou et al. (2021). The 64 provitamin A-

enriched maize inbred lines were genotyped with polymerase

chain reaction (PCR)-based functional markers of the three

genes, namely LCYE, crtRB1, and PSY1, involved in maize

endosperm carotenoid biosynthesis (Fu et al., 2013; Har-

jes et al., 2008; Yan et al., 2010). Furthermore, the inbred

lines were genotyped with functional markers of the seven

Kompetitive Allele-Specific PCR (KASP) single nucleotide

polymorphism (SNP) markers associated with the favorable

alleles of crtRB1 gene (Gowda et al., 2017) at the Bioscience

Center of IITA in Nigeria.

2.6 Statistical analyses

Analysis was computed for carotenoids and agronomic traits

using the mixed model analysis in SAS to generate best lin-

ear unbiased estimates (BLUEs) for 64 main inbred lines

included in the trial (Vargas et al., 2013). BLUEs of lutein,

zeaxanthin, β-cryptoxanthin, α-carotene, and β-carotene of 21

provitamin A-enriched maize inbred lines selected from this

trial were subjected to principal component analysis (PCA)

using the correlation matrix to separate the lines into groups

with similar carotenoid composition and content using Wards’

clustering method (SAS, 2012). The resulting inbred line

groups together with the five principal component axes scores

(PC1 to PC5) were then used for canonical discriminant anal-

yses (DAPC) using the CANDISC procedure in SAS (SAS,

2012). This was performed to have a better visual assessment

of the structures of carotenoid profiles between inbred line

groups (Jambart et al., 2010). Descriptive statistics were com-

puted for individual carotenoids of inbred line groups using

the univariate procedure in SAS (SAS, 2012). General com-

bining ability (GCA) and specific combining ability (SCA)

effects of the inbred lines for β-carotene, provitamin A, and

grain yield were estimated using Analysis of Genetic Design

in AGD-R, V.5.0 (Rodríguez et al., 2018).

3 CHARACTERISTICS

3.1 Carotenoid profiles of the inbred lines

The 21 maize inbred lines targeted for registration had provita-

min a content varying from 11.0 to 28.4 μg g−1 of provitamin

A in samples harvested from single rows in 2019. These

inbred lines also displayed a broad range of variation in

concentrations of both provitamin A and non-provitamin A

carotenoids (Table 1) in a replicated trial conducted in 2020,

with all the lines having provitamin A content exceeding

the breeding target of 15 μg g−1 set under the Harvest-

Plus Challenge Program. Rank correlation analyses between

concentrations measured in 2019 and 2020 were significant

F I G U R E 1 Scatter plot of discriminant analyses of principal

components (DAPC) 1 and 2 scores of provitamin A-enriched inbred

lines obtained from discriminant analysis of the five principal

component axes scores.

and strong for both β-carotene (r = 0.60, P = 0.0038) and

provitamin A (r = 0.61, P = 0.0032). Other studies also

reported small year effects on accumulation of carotenoids in

tropical and temperate maize inbred lines (Brunson & Quack-

enbush, 1962; Kurilich & Juvik, 1999; Menkir et al., 2008;

Quackenbush et al., 1966). DAPC analysis using BLUEs

from the replicated trial summarized the overall variation

among the 21 inbred lines into DAPC1 and DAPC2, account-

ing for 85% and 12% of the total variation, respectively.

DAPC1 scores were associated with significant (P < 0.05 to

0.0001) increases in concentrations of zeaxanthin (r = 0.86),

β-cryptoxanthin (r = 0.95), α-carotene (r = 0.84), and total

carotenoids (r = 0.44), but with significant (P < 0.01 to

0.0001) decreases in β-carotene (r = 0.75) and provitamin

A content (r = 0.62). DAPC2 scores were only associated

with significant (P < 0.0001) increases in lutein (r = 0.81),

but again with significant (P < 0.05 to 0.01) decreases in

β-carotene (r = 0.52), and provitamin A (r = 0.61).

The scatter plot of the DAPC1 and DAPC2 scores divided

the 21 inbred lines into four groups (Figure 1). The four

inbred lines belonging to Group 1 (Figure 1) had positive

DAPC1 scores and a mixture of positive and negative DAPC2

scores (Figure 1). These inbred lines combined relatively

high concentrations of lutein with the highest concentra-

tions of zeaxanthin, β-cryptoxanthin, α-carotene, and total

carotenoids, but had moderate levels of β-carotene, and provi-

tamin A. In contrast, the six inbred lines in Group 2 had

negative DAPC1 scores but had a mixture of positive and neg-

ative DAPC2 scores (Figure 1). These inbred lines combined

the lowest concentrations of zeaxanthin, β-cryptoxanthin, and
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6 MENKIR ET AL.

T A B L E 2 Observed alleles of the seven KASP SNP markers for the 24 provitamin A-enriched maize inbred lines.

Lines Group ZM0013 ZM0014 ZM0015 ZM0016 ZM0017 ZM0018 ZM0019
TZi2142 1 C:C T:T G:G G:A G:G T:T T:T

TZi2025 1 C:C T:T G:G G:A G:G T:T T:T

TZi1314 1 C:C T:T G:G G:A G:G T:T T:T

TZi1304 1 C:C T:T G:G G:A G:G T:T T:T

TZi1715 2 G:G C:C A:A G:G T:T C:C C:C
TZi1653 2 G:G C:C A:A G:A T:T C:T C:C
TZi2071 2 G:G C:C A:A G:G T:T C:C C:C
TZi2065 2 G:G C:C A:A NA T:T C:T C:C
TZi2066 2 G:G C:C A:A G:G G:T C:C T:T

TZi2067 2 G:G C:C A:A G:G G:T C:C T:T

TZi2038 3 C:G C:T G:A G:A G:T C:T C:T
TZi2156 3 G:G C:C A:A G:A G:T C:T C:T
TZi2012 3 C:C T:T G:A G:A G:T T:T T:T

TZi2013 3 C:C NA NA G:A NA T:T T:T

TZi2130 3 C:C T:T A:A G:G T:T C:C C:C
TZi2005 3 C:G C:T A:A G:A G:T C:T C:T
TZi1305 4 C:C T:T G:G G:A G:G T:T T:T

TZi2015 4 C:C T:T G:G G:A G:G T:T T:T

TZi2143 4 C:G C:T G:A G:A G:T C:T T:T

TZi2004 4 C:G C:T G:A G:A G:T C:T C:C
TZi1302 4 C:C T:T G:G G:A G:G T:T T:T

Note: The favorable and heterozygote alleles are provided in Supplementary Table S3. NA = no records of alleles available; bold and underline = presence of favorable

alleles; italics = presence of heterozygous alleles; no formatting = absence of favorable alleles.

α-carotene with moderate levels of lutein and total carotenoids

but had the highest β-carotene and provitamin A content

(Supplementary Table S2). Group 3 consisted of six inbred

lines with negative scores for DAPC1 and positive scores for

DAPC2 (Figure 1). These lines combined the highest concen-

trations of lutein with moderate concentrations of zeaxanthin,

low levels of β-cryptoxanthin and α-carotene, but had higher

levels of β-carotene, provitamin A, and total carotenoids (Sup-

plementary Table S2). In contrast, Group 4 involved five

maize inbred lines with positive DAPC1 scores and neg-

ative DAPC2 scores (Figure 1). These lines combined the

lowest average levels of lutein and total carotenoids with rel-

atively high concentrations of zeaxanthin, β-cryptoxanthin,

α-carotene, β-carotene, and provitamin A (Supplementary

Table S2).

3.2 Allele specific markers of the three
genes in inbred line-groups

All inbred lines belonging to the four groups contain the

two PSY1 and crtRB1-InDel4 alleles (Table 2). Most of the

inbred lines in Group 1 do not carry the favorable homozy-

gote or heterozygote genotypes for six of the seven KASP

SNP markers (Table 2). However, at least two inbred lines

had favorable homozygote or heterozygote genotypes for all

LCYE and crtRB1genes (Tables 2 and 3). The lines belong-

ing to Group 2 carried favorable homozygote or heterozygote

genotypes for almost all KASP SNP markers with most or all

also having favorable homozygote or heterozygote genotypes

for crtRB1-3′TE, crtRB1-5′TE and LCYE-3′indel markers

(Tables 2 and 3). In Group 3, four inbred lines contained

favorable homozygote or heterozygote genotypes for the seven

KASP SNP markers as well as for crtRB1-3′TE, crtRB1-5′TE,

and LCYE-3′indel markers (Tables 2 and 3). Only two lines

belonging to Group 4 carried the favorable heterozygote geno-

types for six of the seven KASP SNP markers as well as

crtRB1-3′TE, crtRB1-5′TE, LCYE-3′indel, and LCYE-5′TE
markers (Tables 2 and 3).

3.3 Agronomic traits of the inbred lines

The inbred lines exhibited significant difference for each

agronomic trait recorded at Ibadan, except for southern corn

leaf blight and Maize streak virus diseases. The repeatabil-

ity values for agronomic traits varied from 0.50 to 0.91. Trait

means of the inbred lines included in the four groups defined
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MENKIR ET AL. 7

T A B L E 3 Observed alleles of LCYE and crtRB1 and PSY1 markers in the 21 provitamin A-enriched maize inbred lines.

Line Group
crtRB1-
3′TE

crtRB1-
InDel4

crtRB1-
5′TE

LCYE-
3′indel

LCYE-
5′TE

LCYE-SNP
(216)

PSY
INDEL

PSY
SNP7

TZi2142 1 1 0 2 1 2 1 1 1

TZi2025 1 1 0 1 1 1 0 1 1

TZi1314 1 0 0 0 1 1 1 1 1

TZi1304 1 0 0 0 1 1 0 1 1

TZi1715 2 1 0 1 0 0 0 1 1
TZi1653 2 2 0 2 1 0 0 1 1
TZi2071 2 1 0 1 0 0 0 1 1
TZi2065 2 0 0 1 1 0 0 1 1
TZi2066 2 1 0 1 1 0 0 1 1
TZi2067 2 1 0 1 1 0 0 1 1
TZi2038 3 0 0 0 1 0 0 1 1

TZi2156 3 0 0 0 0 0 0 1 1

TZi2012 3 2 0 2 1 0 0 1 1

TZi2013 3 2 0 2 1 0 1 1 1

TZi2130 3 1 0 1 1 0 0 1 1

TZi2005 3 1 0 2 0 0 0 1 1

TZi1305 4 0 0 0 1 2 0 1 1

TZi2015 4 1 0 2 0 0 0 1 1

TZi2143 4 0 0 0 0 1 1 1 1

TZi2004 4 2 0 2 0 0 0 1 1

TZi1302 4 0 0 0 1 1 0 1 1

Note: The favorable alleles are bolded and underlined; The best favorable alleles of the functional DNA markers are provided in Supplementary Table S4.

based on carotenoid composition and content are presented

in Table 4. The lines in Group 1 showed considerable varia-

tion in plant height, ear placement, anthesis and silking days,

and had desirable plant aspect, ear aspect, and disease scores.

Although the testing location for the inbred trial was a low

yielding environment due to low solar insolation, the four

inbred lines in Group 1 produced mean grain yields exceeding

1000 kg ha−1. The six inbred lines belonging to Group 2 also

showed marked differences in plant height, ear placement, and

flowering days with four lines exhibiting undesirable plant

and ear aspect scores and producing grain yields of less than

600 kg ha−1 (Table 4). All the inbred lines included in Group

3 displayed considerable differences in plant height, ear place-

ment, flowering days, desirable plant aspect, ear aspect, and

leaf disease scores, and yielded more than 1000 kg ha−1. The

remaining five inbred lines included in Group 4 showed desir-

able plant aspect, ear aspect, and disease scores (Table 4).

Three inbred lines in this group also produced grain yields

of more than 1200 kg ha−1. DAPC1 scores were signifi-

cantly (P < 0.05) correlated with plant aspect (r = −0.45),

ear aspect (r = −0.45), and grain yield (r = 0.44) but not

with other traits. In contrast, DAPC2 scores were not signifi-

cantly correlated with agronomic traits recorded in the inbred

trial.

3.4 Combining ability estimates for
β-carotene, provitamin A and grain yield

GCA effects of the 21 provitamin A-enriched maize inbred

lines estimated for β-carotene, provitamin A, and grain yield

by Maazou et al. (2022) are presented in Supplementary

Tables S5 and S6. Three inbred lines belonging to Group 1,

five inbred lines included in Group 2 and four inbred lines

included in Group 3 had positive GCA effects for both β-

carotene and provitamin A content (Supplementary Table S5).

Similarly, a set of inbred lines crossed to either Tester-1 or

Tester-2 had positive SCA effects for both β-carotene and

provitamin A content. Amongst the 11 inbred lines with pos-

itive GCA effects for grain yield (Supplementary Table S6),

four also had positive GCA effects for both β-carotene and

provitamin A content (Supplementary Table S5). Four inbred

lines in crosses with Tester-1 and five inbred lines in crosses

with Tester 2 had positive SCA effects for grain yield, β-

carotene, and provitamin A content. Inbred lines with positive

GCA effects for β-carotene, provitamin A, and grain yield

can thus be used as desirable sources of favorable alleles for

increasing productivity and nutrient enrichment in tropical

maize. The positive SCA effects for PVA accumulation and

grain yield recorded in testcrosses with Tester-1 or Tester-2
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8 MENKIR ET AL.

T A B L E 4 Means of agronomic traits of maize inbred lines recorded in a trial planted at Ibadan in Nigeria in 2021.

Lines Group Anthesis Silking Plant height Ear height Plant aspect Ear aspect
Curvularia
leaf spot Leaf rust Grain yield

days cm 1–5a 1–5b kg ha−1

TZi2142 1 54 55 206 83 2.4 1.6 2.0 2.3 2912

TZi2025 1 59 60 136 57 2.3 2.5 3.0 1.4 1043

TZi1314 1 57 58 160 65 2.5 2.5 1.5 2.1 1575

TZi1304 1 60 58 132 60 2.0 2.5 1.5 1.7 1125

TZi1715 2 62 66 165 57 3.3 3.5 1.7 2.7 199

TZi1653 2 62 62 134 70 2.5 3.3 1.5 2.1 403

TZi2071 2 58 58 176 72 2.3 2.2 1.6 2.0 1665

TZi2065 2 59 57 191 88 2.3 2.2 1.7 1.9 1303

TZi2066 2 61 60 153 87 2.7 3.0 1.5 2.2 437

TZi2067 2 61 60 160 88 3.5 3.0 1.5 1.7 525

TZi2038 3 58 58 184 85 2.7 2.5 1.8 2.0 1024

TZi2156 3 57 61 184 86 2.4 3.2 1.5 1.9 1159

TZi2012 3 57 56 168 83 3.0 2.5 1.5 2.5 1348

TZi2013 3 57 59 173 71 2.0 2.2 1.5 1.9 1500

TZi2130 3 61 60 166 84 2.2 2.8 2.4 1.5 1391

TZi2005 3 62 61 186 97 2.7 2.3 2.0 1.8 1076

TZi1305 4 60 61 167 82 2.0 2.8 1.5 1.6 1290

TZi2015 4 59 59 134 61 2.3 2.2 1.5 1.4 1858

TZi2143 4 54 54 174 79 2.0 2.0 1.6 2.0 1823

TZi2004 4 62 61 175 92 3.1 2.2 2.4 1.5 915

TZi1302 4 62 60 131 61 2.2 2.7 1.7 1.7 446

Mean 60 60 167 79 2.5 2.6 1.8 1.9 1103

LSD 2 3 25 20 0.9 0.9 0.7 0.6 905

Heritability 0.88 0.91 0.84 0.72 0.57 0.50 0.68 0.77 0.67

CV (%) 2 3 8 14 17 17 20 17 41

aPlant aspect (1–5): a Plant aspect (1–5): where 1 = excellent overall phenotypic appeal and 5 = poor overall phenotypic appeal. Ear aspect (1–5): 1 = clean, uniform,

large, and well-filled ears and 9 = rotten, variable, and small ears.
bCurvularia leaf spot (1–5): 1 = slight leaf infection and 5 = severe leaf infection. Leaf rust (1–5): 1 = slight leaf infection and 5 = severe leaf infection.

highlights the possibility of developing hybrids using specific

pairs of inbred parents to enhance agronomic performance

and provitamin A accumulation.

4 CONCLUSIONS

The 21 provitamin A-enriched maize inbred lines developed

through conventional breeding exhibited four distinct pro-

files for carotenoid composition and content. As these inbred

lines involved parents containing diverse tropical and tem-

perate germplasm in their backgrounds, they are likely to

harbor novel combinations of complimentary alleles that pro-

mote accumulations of provitamin A and other beneficial

carotenoids. These lines can be utilized as sources of diverse

favorable alleles to accelerate the rate of genetic gain in

enriching maize with provitamin A and other carotenoids ben-

eficial to human health. Although increasing accumulation of

β-carotene in maize is presently accomplished mainly through

selection of allele specific markers of three key genes involved

in maize endosperm carotenoid biosynthesis, PSY1, crtRB1,

and LCYE, the diverse released provitamin A-enriched maize

inbred lines can be used as desirable genetic resources to

unravel regulatory mechanisms controlled by many genes

with large effects on the synthesis and flow of substrates in

the carotenoid biosynthetic pathway. This can facilitate the

development of novel functional markers for use to accel-

erate selection for much higher levels of provitamin A and

other carotenoids with health benefits. The lines may also be

used directly as parents to develop provitamin A-biofortified

maize hybrids and synthetic varieties for commercialization

in tropical areas affected by vitamin A deficiency.
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MENKIR ET AL. 9

5 AVAILABILITY

IITA will multiply and maintain breeder seeds of these inbred

lines. Small quantities of seed of these lines can be obtained

from the leader of the maize breeding unit at IITA, PMB 5320,

Ibadan, Nigeria for breeding and research use. Seeds of these

lines will also be maintained in the National Plant Germplasm

System, where they will be available immediately upon pub-

lication for research purposes, including development and

commercialization of new varieties. Recipients of seeds are

required to make appropriate recognition of the original seed

source when these germplasm lines contribute to research or

the development of new lines, hybrids, or synthetics.
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