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Abstract

Development of vitamin A-rich cereals can help in alleviating the widespread
problem of vitamin A deficiency. We report here significant enhancement of kernel
[-carotene in elite maize genotypes through accelerated marker-assisted
backcross breeding. A favourable allele (543 bp) of the f-carotene hydroxylase
(crtRB1) gene was introgressed in the seven elite inbred parents, which were low
(1.4 pg/g) in kernel pB-carotene, by using a crtRB1-specific DNA marker for
foreground selection. About 90% of the recurrent parent genome was recovered in
the selected progenies within two backcross generations. Concentration of
[-carotene among the crtRB1-introgressed inbreds varied from 8.6 to 17.5 ug/g - a
maximum increase up to 12.6-fold over recurrent parent. The reconstituted hybrids
developed from improved parental inbreds also showed enhanced kernel
B-carotene as high as 21.7 pg/g, compared to 2.6 ug/g in the original hybrid. The
reconstituted hybrids evaluated at two locations possessed similar grain yield to
that of original hybrids. These B-carotene enriched high yielding hybrids can be
effectively utilized in the maize biofortification programs across the globe.
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Introduction

Micronutrient malnutrition, mainly due to iron, zinc, and vitamin A deficiencies,
has become one of the major health problems in the developing world [1].
Vitamin A deficiency (VAD) results in visual impairment and higher morbidity as
well as mortality in at least 190 million pre-school children and 19 million
pregnant women, mostly in Africa and South Asia [2]. It also causes low resistance
to infectious diseases and accounts for about 70% of childhood deaths across the
world [3]. The deficiency is particularly prevalent in rural populations in the
developing countries, where staple diets are mostly deficient in micronutrients
[4]. Although many strategies including supplementation, dietary diversification
and fortification of foods have been deployed to overcome VAD, biofortification
involving crop varieties that are rich in micronutrients promises to be a cost-
effective and sustainable approach, which provides consumers with essential
micronutrients in their natural form [5].

Maize is consumed by more than a billion people in sub-Saharan Africa, Latin
America and in many countries in Asia [6,7]. It has been targeted for
biofortification of many nutrients for decades, and the efforts have largely been
successful [8—10]. Maize with yellow kernels exhibits tremendous natural
variation in kernel carotenoids having both provitamin A (a-carotene, B-carotene
and B-cryptoxanthin) and non-provitamin A (lutein and zeaxanthin) compo-
nents, and holds promise for B-carotene biofortification [11]. The challenge,
however, lies in large-scale phenotyping for kernel carotenoids and methods such
as high performance liquid chromatography (HPLC) are time-consuming as well
as expensive. Moreover, kernel colour is not a reliable indicator of B-carotene
concentration [12]; therefore, breeding programs involving marker-assisted
selection (MAS) can be of immense use. MAS is a highly efficient breeding
method as it allows precise selection of the target gene, thereby shortening the
breeding cycle [13, 14]. It is the most effective way of transferring specific genes to
otherwise an agronomically superior cultivar [15, 16]. In maize, marker-assisted
backcross breeding (MABB) for nutritional quality has been used with success
over a decade for developing genotypes with improved endosperm quality
[6,9,17,18] and reduced anti-nutritional factors [19].

The carotenoid biosynthesis pathway has been well characterised in maize.
Among the genes involved in the pathway, phytoene synthase 1 (PSY1 or Y1) plays
pivotal role by condensing two geranyl geranyl pyrophosphate molecules into a
single molecule of phytoene [11]. Plants with Y1 gene produce carotenoids, which
imparts colour to the kernel in maize. The first branching point of the pathway is
the cyclization of lycopene: the lycopene epsilon cyclase (IcyE) gene, in association
with other genes, converts more lycopene to the 3, ¢ branch, which produces more
a-carotene and lutein. However, the naturally existing mutant alleles of IcyE divert
more lycopene to the B, B branch, which produces B-carotene, B-cryptoxanthin,
and zeaxanthin [12]. Although the favourable IcyE allele increases the proportion
of B-carotene in the pathway, fi-carotene hydroxylase (crtRBI) hydroxylates large
amounts of that B-carotene to produce B-cryptoxanthin (which has provitamin A
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activity only half that of B-carotene) and zeaxanthin (which has no provitamin A
activity at all) [20]. Therefore, blocking the hydroxylation can potentially increase
the level of B-carotene relative to those of B-cryptoxanthin and the downstream
zeaxanthin. Natural genetic variation in crtRBI gene has been reported by Yan
et al. 2010 [21], and large-scale validation experiments indicate that one
favourable allele, namely crtRB1 3'TE, alone is responsible for effecting 2 to 10-
fold increase in kernel B-carotene concentration in maize [22]. Co-dominant
marker for the 3'TE region of the crtRBI gene was identified using polymerase
chain reaction (PCR) and would help in rapidly improving B-carotene
concentration in maize kernels through MAS [21,23]. Considering the
importance of provitamin A biofortification and the potential of crtRBI gene in
increasing the level of

-carotene in maize kernels, the present investigation was undertaken to
introgress the favourable allele in elite inbred parents of agronomically superior
commercial maize hybrids through MABB. The inbreds thus generated were used
to reconstitute new hybrids that were evaluated for kernel B-carotene as well as
agronomic performance to develop B-carotene-rich high yielding maize hybrids.

Materials and Methods
Plant materials

The experimental materials consisted of seven elite maize inbreds: VQLI1, VQL2,
V335, V345, HKI1105, HKI323, and HKI161 [a derivative of CML161- a Quality
Protein Maize (QPM) inbred developed at CIMMYT, Mexico having wider
adaptability and has been used as parent in hybrid program globally] (Table 1).
Of these inbreds, VQL1, VQL2, and HKI161 are QPM genotypes with high
tryptophan. The seven inbreds are the parents of four widely adapted, high
yielding commercial maize hybrids in India, two extra-early-maturing [Vivek
QPM-9 (VQLI1 x VQL2) and Vivek Hybrid-27 (V335 x V345)] and two of
medium duration [HM-4 (HKI1105 x HKI323) and HM-8

(HKI1105 x HKI161)]. However, all the four hybrids and their seven inbred
parents have low levels of kernel B-carotene; hence were targeted for f-carotene
enhancement. High B-carotene inbreds developed under CIMMYT-HarvestPlus
program, served as the donors for introgression of the target gene into the
parental lines of the hybrids (Table 1).

Target gene(s) for introgression

The enzyme encoded by the crtRBI gene causes the hydroxylation of -carotene in
to non-provitamin A carotenoids [21]. The 3'TE (transposable element)
polymorphism of the gene that spans the 6™ exon and the 3'-UTR (untranslated
region) generates three alleles, namely allele 1 (543 bp; without TE insertion),
allele 2 (296 bp+875 bp; with 325 bp TE insertion), and allele 3 (296 bp+1221
bp+1880 bp; with 1250 bp TE insertion), that were associated with altering
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Table 1. Pedigree details of recurrent and donor parents used in the study.

(Paroms— Tpedgree T e

vaL1
vQL2
V335

V345

HKI1105
HKI323

HKI161

Donor parents
HP465-43

HP465-41

HP465-30

HP465-35

HP467-6

HP467-4

HP467-13

doi:10.1371/journal.pone.0113583.1001

(CM 212 x CML 189) BC3P1-®b®b®b-#
(CM 145 x CML 170)BC3P1®b®b®- ##
(TZI-25 F-##-®b-®-4-1-® bR b-
®-14-#4#-Qb-#-@b-#4#)

BIO-45010 OP, F®-2-1-8-5-5-
®B-#-®B-#4

Cargil 633

CIMMYT Pool 28

CML161

(KUI carotenoid syn-FS25-3-2-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-2-3

(KUI carotenoid syn-FS25-3-2-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-2-1

(KUI carotenoid syn-FS17-3-2-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-1-5

(KUI carotenoid syn-FS17-3-2-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-3-1

(KUI carotenoid syn-FS11-1-1-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-2-4

(KUI carotenoid syn-FS11-1-1-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-2-2

(KUI carotenoid syn-FS11-1-1-B-B-
B/(KU1409/DE3/KU1409)S2-18-2-B)-B-3-1

Promoter

Promoter

Promoter

VPKAS, Almora, India
VPKAS, Almora, India
VPKAS, Almora, India

VPKAS, Almora, India

CCS-HAU, Uchani, India
CCS-HAU, Uchani, India
CCS-HAU, Uchani, India

CIMMYT-HarvestPlus

CIMMYT-HarvestPlus

CIMMYT-HarvestPlus

CIMMYT-HarvestPlus

CIMMYT-HarvestPlus

CIMMYT-HarvestPlus

CIMMYT-HarvestPlus

Fig. 1. Structure of the alleles of crtRB1 gene causing variation in g-carotene concentration of maize.
E: Exon; I: Intron; TE: Transposable element. A: No TE insertion at 6™ Exon causing favourable allele 1
(543 bp amplicon); B: 325 bp TE insertion at 6™ Exon causing unfavourable allele 2 (296+875 bp amplicon);
C: 1250 bp TE insertion at 6™ Exon causing unfavourable allele 3 (296+1221+1880 bp amplicon).

doi:10.1371/journal.pone.0113583.9001

PLOS ONE | DOI:10.1371/journal.pone.0113583 December 8, 2014

4122



@'PLOS | ONE

B-Carotene Enrichment in Maize

-carotene accumulation [21] (Fig. 1). Allele I of the crtRBI gene (hereafter allele
1) is favourable and increases the level of B-carotene, whereas allele 2 and allele 3
cause unfavourable effects [21]. Thus, allele 1 was targeted for introgression. In
addition, three of the seven recurrent parents are QPM genotypes, foreground
selection using a gene based SSR marker (umcl066, present in the first exon of the
gene) was carried out to retain opaque2 (02) allele [24].

DNA isolation and polymerase chain reaction

Genomic DNA was isolated from 3-week-old seedlings using the standard CTAB
procedure [25]. Polymerase chain reaction for the marker specific to the crtRBI
3'TE was performed using the following set of primers: crtRBI-3'TE-F:
ACACCACATGGACAAGTTCG, crtRB1-3'TE-RI: ACACTCTGGCCCATGAA-
CAC, and crtRBI-3' TE-R2: ACAGCAATACAGGGGACCAG. For the PCR cycle,
the procedure given by Yan et al. (2010) was followed [21]. Primers F and R2
amplify the intact crtRB1 3"TE region and produce a single amplicon (allele 1),
whereas primer R1, which is specific to the TE insertion, amplifies the insertion
region within the crfRBI 3'TE gene and generates more than one fragment, allele 2
and allele 3. The amplified fragments were resolved using agarose gel
electrophoresis (1.5% agarose) and scored for the presence of allele polymorphism
[21].

The reaction for SSR markers was carried out in 10 pl reaction mixture
containing 2 pl of 20 ng/pul genomic DNA as the template, 2 mM MgCl,, 1 mM
dNTPs, 2 uM of the primer pair (forward and reverse), and 1.5 U Taq Polymerase
(GeNei, Mumbai, India), and PCR amplification (Bio-Rad, California, USA) was
carried out by a ‘touch-down’ procedure. The first step had 12 cycles:
denaturation at 94°C for 30 s, annealing at 63°C for 30 s (annealing temperature
was reduced subsequently by 0.5°C per cycle), and extension at 72°C for 45 s. The
second step was set for 35 cycles: denaturation at 94°C for 30 s, annealing at 60°C
for 30 s, and extension at 72°C for 45 s. The final extension was carried out at
72°C for 7 min. The amplicons were resolved using 3.5% superfine resolution
(Amresco, USA) agarose gel electrophoresis and documented using a gel
documentation system (Alphalnnotech, California, USA).

Marker-assisted backcross breeding (MABB)

The MABB scheme followed in the present study is presented in Fig. 2.

Plant x plant crosses were made between recurrent parents (as females) and
donors (as males) in 2010 during rainy season (July—October) at IARI
Experimental Farm, New Delhi (28 08'N, 77°12'E, 229 MSL). The F;s of the seven
crosses were grown at Winter Nursery Centre (WNC), Hyderabad (17°19'N,
78°24'E, 542.6 MSL), during winter season (December-April) in 2010/11.
Heterozygosity of the F;s was tested using gene-specific marker; the true F;s were
used as males and backcrossed to their respective recurrent parents. BC,F,
progenies were grown in Delhi during rainy season in 2011, and foreground
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[ V335 (RP) ] X [}]1’465-30 (®P) ] l> Polymorphiem fo alllc varaton ] [ V345 (RP) ] X [ HP465-35 (DP) ]
¢ gene

V335 X I F I l > Test of heterozygosity at crtRBI locus ] V345 X E

V335 X > Foreground selection for crtRBI gene l V345 I X -
- n > Background selection for recovery of RPG BGE,
BG.F, > Foreground selection for crZRBI gene
1 > Background selection for recovery of RPG z
BG.F. > Foreground selection for crzRBI gene BC.F,
il l > Background selection for recovery of RPG I -

[ > Estimation of kernel p-carotene using HPLC ]

l

> E ion of d hybrids' for
Provitamin A version of Vivek Hybrid-27 kernel p-carotene, grain yield and
~ attributing traits

Fig. 2. Marker-assisted backcross breeding scheme adapted for the introgression of allele 1 of the
crtRB1 3'TE gene in to elite parent (V335 and V345) of the maize hybrid Vivek Hybrid-27 (RP: Recurrent
Parent; DP: Donor Parent).

doi:10.1371/journal.pone.0113583.g002

selection was carried out using gene-specific marker(s). Heterozygous plants with
high recovery of the recurrent parent genome (RPG) were further backcrossed
with the respective recurrent parents to raise BC,F; population. The selected
heterozygous plants were selfed to generate BC,F, plants. All seven crosses except
VQL2 x HP465-41 were generated by this procedure. BC;F; could not be
generated in winter season of 2010/11 for VQL2-based crosses, owing to the non-
synchrony of flowering; however, the crosses were generated in rainy season of
2011 and the BC;F, population was raised in rainy season of 2012. The selected
plants in each crosses were selfed to generate BC,F; progenies (BC;F; in case of
VQL2-based crosses), with a view to multiply the seeds of improved inbreds and
to generate crosses among them to reconstitute the hybrids.

a) Marker-assisted foreground selection

Foreground selection was employed in BC,F;, BC,F;, and BC,F, generations
(BC,F; in case of VQL2-based crosses) using a marker specific to crtRBI.
Heterozygous plants (allele 1/allele 3) were selected in the BC,F; and BC,F,
generations and homozygotes (allele 1/allele 1) were selected in the BC,F,/BC,F,
generation. The chi-square test was performed using the standard procedure for
testing the goodness of fit of the observed segregation pattern at the crtRBI locus
in each of the generations. For the QPM inbreds, namely VQL1, VQL2, and
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HKI161, foreground selection for o2 allele was also carried out in crtRBI-positive
lines using umcl066.

b) Marker-assisted background selection

A set of 200 genome-wide SSRs covering all the 10 chromosomes of maize was
used for identifying polymorphic markers between the respective recurrent and
donor parents. The sequences of the SSR primers were adapted from the maize
genome database (www.maizegdb.org) and custom-synthesized (SigmaTech.,
USA). These polymorphic SSR markers were employed in BC,F; and BC,F,
generations to recover the RPG.

Evaluation of introgressed inbreds for kernel B-carotene

BC,F; seeds (BC,F; for VQL2-based progenies) from randomly selected three
homozygous progenies were used for initial analyses to study the effect of crtRBI
on accumulation of kernel B-carotene. Later, 13 selected BC,F, (BC,F, for VQL2-
based progenies) were evaluated along with the respective recurrent and donor
parents during rainy season in 2013 at JARI Experimental Farm, New Delhi. The
trial was conducted using randomised complete block design (RCBD) with two
replications, each having two rows (each of 3 m length) with plant-to-plant
spacing of 20 cm and row-to-row spacing of 75 cm. To estimate kernel -
carotene, three cobs in each of the genotypes per replication were self-pollinated
to avoid possible xenia effects.

Reconstitution of hybrids

The 13 selected improved progenies of the seven inbreds were used in crossing
program to reconstitute the F; hybrids during winter season of 2012/13 at WNC,
Hyderabad. The reconstituted experimental hybrids along with their corre-
sponding original hybrids were evaluated for their agronomic performance at two
diverse maize growing zones of the country viz. IARI Experimental Farm, New
Delhi in Northern India and IARI Regional Research Centre, Dharwad (1521'N,
75%05'E, 750 MSL), Karnataka in Southern India, during rainy season, 2013. Trials
were evaluated in two replications having same row and plant specifications as
followed for inbred trial. Grain yield and its attributing traits (days to 50%
anthesis, days to 50% silking, plant height, cob height, cob length, cob girth,
number of kernel rows and 100 kernel weight) were recorded in both the
locations. Since kernel carotenoids in maize is stable over environments [26,27],
concentration of kernel -carotene was measured in trial grown only at New
Delhi. To estimate kernel B-carotene, three self-pollinated cobs in each of the
genotypes were used, while open-pollinated cobs were used for recording grain
yield and other agronomic traits. Grain yield (tonnes/hectare) was calculated
considering fresh weight per plot, dry matter, shelling percent and moisture at 15
percent.
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Biochemical analysis for estimation of B-carotene

Carotenoid compounds are sensitive to light, heat, and oxygen. Hence self-
fertilized cobs from the selected genotypes were individually harvested with husk
and the bulked seeds of each genotype were stored in dark at 4°C. The extraction
of carotenoids from kernels was carried out using the procedure described by
Kurilich and Juvick [28]. B-carotene was estimated using a Water Alliance HPLC
system (Waters Chromatography, Milford, Massachusetts, USA). The samples
were eluted through YMC Carotenoid C30 column (5 pm, 4.6 X 250 mm) and
detected with a photodiode array detector (PDA). The mobile phase consisted of
methanol: tert-butyl methyl ether (80: 20, v/v), and the flow rate was 1 ml min .
Six dilutions of the B-carotene standard (Sigma Chemicals, St. Louis, USA) were
used for making the standard curve for B-carotene, and the concentration of -
carotene in each line was measured by standard regression with external standard.
To maximize the detection of -carotene, absorbance was measured at 450 nm.

Estimation of endosperm modification and tryptophan in protein

BC,F; seeds of the introgressed progenies (VQLI1-, VQL2- and HKI161- based)
and selfed seeds of reconstituted hybrids (Vivek QPM-9 -based) having favourable
alleles of opaque2 and crtRB1, along with their original versions were used for the
estimation of endosperm modification and tryptophan in protein. Endosperm
modification was measured through standard light box test [29], and tryptophan
in the endosperm flour was estimated using papain based colorimetric method
[30]. The endosperm protein was measured by Micro-Kjeldahl Procedure [31],
and was used for computing percent tryptophan in endosperm protein.

Results
Marker polymorphism

The search for recurrent and donor parent polymorphism for crtRBI showed a
543 bp amplicon (favourable allele; allele I) in the donor parent whereas a distinct
296 bp amplicon and a faint 1221 bp amplicon were generated in the recurrent
parent (Fig. 3). Since the 296 bp amplicon was distinct and clearly polymorphic
with allelel (543 bp) of the donor parent, the amplicon in the recurrent parent
was referred to as allele 3 (Fig. 3). Of the 200 genome-wide SSR markers screened
between the recipient and donor parents, the number of polymorphic markers
ranged from 66 (33%) in HKI161 x HP467-13 to 82 (41%) in V345 x HP465-35
(Table 2). The number and distribution of cross-specific polymorphic markers is
presented in Table 2. These polymorphic markers identified were used for
recovering the respective RPG.
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allele 1 (543 bp) —»
allele 3 (296 bp) —»

Fig. 3. Recurrent and donor inbreds showing polymorphism for alleles of crtRB1 gene.

doi:10.1371/journal.pone.0113583.g003

Marker-assisted introgression of allele 1

a) BC,F; generation

Foreground selection using a marker specific to the ¢rtRBI gene in BC,F,
population resulted in identification of five heterozygous plants (allele 1/allele 3)
in VQL2 x HP465-41 to 18 heterozygous plants (allele 1/allele 3) in

V345 x HP465-35 (Table 3). Chi-square test showed four (VQL1 x HP465-43,
VQL2 x HP465-41, V335 x HP465-30, and HKI323 x HP467-4) of the seven
crosses deviating from the expected Mendelian segregation pattern (Table 3). The
recovery of RPG varied from 70.3% to 88.4% across seven crosses.

b) BC,F; generation
Ten heterozygous (allele 1/allele 3) plants in HKI323 x HP467-4 to 17
heterozygous plants (allele 1/allele 3) were identified in HKI1105 x HP467-6

Table 2. Distribution of cross-specific polymorphic SSR markers identified and used for background selection.

Chromo Total

some markers | Polymorphic markers
vVQL1xHP4 | VQL2xHP4 | V335xHP4 | V345xHP4 | HKI1105 x HP4 HKI323 x HP4 HKI161 x HP4
65-43 65-41 65-30 65-35 67-6 67-4 67-13
7 7 10 12 7 9 7

1 20

2 20 10 7 6 10 1 9 6
3 38 17 20 18 14 13 18 12
4 17 6 8 5 5 4 7 5
5) 13 5 6 6 8 6 7
6 26 12 10 14 14 1 9 9
7 22 6 6 9 6 4 6 7
8 10 3 3
9 16 8 5
10 18 5 5
Total 200 75 72 79 82 68 80 66
Percentage 37.5 36 39.5 41 34 40 33

(%)

doi:10.1371/journal.pone.0113583.t002
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Table 3. Segregation pattern of alleles of the crtRB7 gene in different backcross- and selfed- generations across seven crosses.

No. of No. of No. of
Population | homozygotes heterozygotes homozygotes

Generation size (allele1/allele1) (allele1/allele3) | (allele3/allele3)
VQL1 x HP4 BC+F4 59 - 11 48 23.20 0.0001*
65-43

BC5F4 81 - 16 65 29.64 0.0001*

BC,F; 121 31 43 47 14.35 0.0008*
VQL2 x HP BC,F4 22 - 5 17 6.54 0.0105*
465-41

BC4F, 30 8 15 7 0.06 0.9672
V335 x HP4 BC+F4 38 - 8 30 12.73 0.0004*
65-30

BC,F4 39 - 13 26 4.33 0.0374*

BC,F, 92 19 44 29 2.34 0.3092
V345 x HP4 BCF4 40 - 18 22 0.40 0.5271
65-35

BC,F4 39 - 14 25 3.10 0.0782

BC,F, 60 14 30 16 0.13 0.9355
HKI1105 x HP4 BC+F4 37 - 15 22 1.32 0.2498
67-6

BC,F4 48 - 17 31 4.08 0.0433*

BC,F, 88 18 36 34 8.72 0.0127*
HKI1323 x HP4 BC,F4 38 - 9 29 10.52 0.0012*
67-4

BC,F4 35 - 10 25 6.42 0.0112*

BC,F, 90 19 38 33 6.53 0.0381*
HKI161 x HP4 BC+F4 20 - 8 12 0.80 0.3711
67-13

BC,F4 45 - 10 35 13.88 0.0002*

BC,F, 87 23 34 30 5.27 0.0715

*significant at P<<0.05.

doi:10.1371/journal.pone.0113583.t003

L DA 'S
Tl &
RN $
NS N
NS o &
S&ER (¢ )
NEES ¥ S

allele 1 (543 bp) —»
allele 3 (296 bp) —»

Fig. 4. Segregation of allele1 and allele 3 in BC,F, generation (HKI1105 x HP467-6) using the crtRB1
gene specific marker (RP: Recurrent Parent; DP: Donor Parent).

doi:10.1371/journal.pone.0113583.g004
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(Table 3). Chi-square test showed five crosses (VQL1 x HP465-43,

V335 x HP465-30, HKI1105 x HP467-6, HKI323 x HP467-4, and

HKI161 x HP467-13) deviating from the expected segregation pattern (Table 3).
Background selection in the heterozygous plants using polymorphic SSRs led to
the recovery of 86.4% RPG in V345 x HP465-35 to 93.7% RPG in

VQL1 x HP465-43. Selfing of the selected heterozygotes led to BC,F, generation.

c) BC,F, generation and BC,F, generation

A total of 538 BC,F, plants across six crosses (except VQL2 x HP465-41) were
raised and subjected to foreground selection for identifying homozygous plants
(allele 1/allele 1) (Fig. 4). Foreground selection helped in identification of 31
homozygous plants for allele 1 in VQL1 x HP465-43 and 14 plants in

V345 x HP465-35 (Table 3). Three crosses, viz. VQL1 x HP465-43,

HKI1105 x HP467-6 and HKI323 x HP467-4, deviated from the expected
segregation pattern of I®2®]1 in the BC,F, generation (Table 3). Thirty BC,F,
individuals were raised for VQL2 x HP465-41, and foreground selection identified
eight homozygous plants (allele I/allele 1). The segregation pattern corresponded
to the expected Mendelian ratio of 1®2®1 (Table 3). The selected homozygotes
were self-pollinated to generate BC,F3/BC,F; seeds. The phenotypic features of the
selected introgressed progenies and their respective original inbreds are presented

in Fig. 5.

Marker-assisted selection for opaqueZ2 allele

In the backcross progenies of QPM based crosses, selection for 02 allele was also
carried out among the crtRBI-positive heterozygous plants (BC;F; and BC,F,)
and homozygous (BC,F,) plants. For the VQL2-based family, homozygous plants
(02/02) were selected in BC,F;. Thus no further selection for the 02 allele was
required in the advanced generations as the desirable allele had already been fixed.
In case of VQL1- and HKI161-based families, heterozygous plants (O2/02) were
selected and advanced in both BC,F; and BC,F; generations. Six and nine plants
were found to be double homozygotes (allelel/allele1/02/02) in VQLI1- and
HKI161-based BC,F, families, respectively.

Kernel quality attributes in selected introgressed inbreds

Kernel B-carotene was estimated in BC,F; seeds of three randomly selected
introgressed inbreds of each of six crosses while BC,F; seeds were evaluated for
VQL2-based introgressed inbreds. The concentration of B-carotene varied from
6.0 ng/g in the V335-based introgressed inbreds to 14.7 pg/g among the VQLI-
based introgressed inbreds. Convinced with profound effect of crtRBI favourable
allele, further analyses were carried out in BC,Fs/BC,F5 seeds of selected
introgressed inbreds evaluated in a replicated trial. Concentration of kernel (-
carotene among the MAS-derived inbreds varied from 8.6 to 17.5 ng/g (Table 4).
Introgression of allele 1 led to a maximum (12.6-fold) increase in kernel -
carotene in progeny of V335 x HP465-30 and a minimum (5.7-fold) increase in
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Fig. 5. Plant-, tassel- and ear- characteristics of original and p-carotene rich versions of the parental
inbreds. A: VQL1; B: Improved VQL1; C: HKI1105; D: Improved HKI1105; E: HKI161; F: Improved HKI161.

doi:10.1371/journal.pone.0113583.g005

progeny of V345 x HP465-35. The mean kernel B-carotene for all the recurrent
parents was 1.4 ng/g, whereas the same was 14.1 ng/g for the introgressed inbreds.
Concentration of kernel B-carotene and recovery of RPG of the selected progenies
in each of the seven crosses are presented in Table 4.

The introgressed QPM progenies (VQL1-, VQL2-, and HKI161- based)
revealed similar degree of endosperm modification as compared to their
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Table 4. Recovery of recurrent parent genome and kernel -carotene concentration of the MAS-derived parental inbreds used for reconstitution of hybrids.

Recovery of Recurrent p-carotene Fold
Hybrid Genotypes* Parent Genome (%)** (ng/g)*** change
Vivek QPM-9 (VQL1 x VQL2) VQL1 (RP) - 1.4 -
HP465-43 (DP) - 17.8 -
VQL1-K10-17-43-10 93.7 17.5 12.5
VQL1-K10-40-11-53 93.7 171 12.2
VQL1-K10-40-11-75 93.7 16.4 1.7
VQL2 (RP) - 1.3 -
HP465-41 (DP) - 16.8 -
VQL2-K10-08-14 83.1 16.3 12.5
Vivek Hybrid-27 (V335 x VV345) V335 (RP) - 1.3 -
HP465-30 (DP) - 16.5 -
V335-K10-19-13-08 91.8 16.4 12.6
V345 (RP) - 1.5 -
HP465-35 (DP) - 13.9 -
V345-K10-15-23-14 86.4 13.4 8.9
V345-K10-16-02-18 88.1 8.6 5.7
HM-4 (HKI11105 x HKI323) HKI1105 (RP) - 1.3 -
HP467-6 (DP) - 14.6 -
HKI1105-K10-01-35-13 91.1 13.3 10.2
HKI1105-K10-01-35-15 91.1 141 10.8
HKI323 (RP) - 1.5 -
HP467-4 (DP) - 11.3 -
HKI1323-K10-22-15-43 88.7 9.2 6.1
HKI1323-K10-22-24-06 89.5 10.1 6.7
HM-8 (HK11105 x HKI161) HKI161 (RP) - 1.3 -
HP467-13 (DP) - 16.9 -
HKI1161-K10-02-03-04 89.6 16.0 12.3
HKI1161-K10-02-44-08 91.5 15.1 11.6

RP: Recurrent Parent; DP: Donor Parent;

*- BC,F4 generation except for VQL2, which is based on BC4F4 generation;

**- based on BC,F; generation except for VQL2, which is based on BCFgeneration;
***- BC,F5 seeds except for VQL2, which is based on BCF5 seeds.

doi:10.1371/journal.pone.0113583.t004

respective original inbreds. VQL1- and VQL2- based progenies showed ~25%
opaqueness, while HKI161- based progenies had ~50% opaqueness. The average
tryptophan in endosperm protein of VQL1-based progenies was 0.53%; the
corresponding value in the recurrent parent was 0.54%. The same for VQL2-based
progenies was observed to be 0.56%, as compared to 0.58% in the recurrent
parent. In the introgressed progenies of HKI161 and the recurrent parent, the
proportions were 0.77% and 0.80%, respectively.
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Table 5. Kernel B-carotene concentration and agronomic performance of reconstituted hybrids developed through MAS at Delhi and Dharwad.

p-carotene Number Cob girth

(rg/g) change | (t/ha) of rows ()]

| | e [owo e lowo [oeL |owp JoE |owp_

Vivek QPM-9 2.1 - 6.1 5.1 23.0 20.2 15.7 15.7 3.9 4.0

(VQL1 x vQL2)

VQL1-K10-17-43-10 x 17.8 8.5 5.6 5.6 225 26.2 13.7 14.7 3.6 3.7

VQL2-K10-08-14

VQL1-K10-40-11-53 x 21.5 10.2 6.0 5.6 26.0 223 12.0 14.0 3.6 4.0

VQL2-K10-08-14

VQL1-K10-40-11-75 x 211 10.0 6.0 6.1 25.4 23.8 14.0 14.0 3.7 3.9

VQL2-K10-08-14

Vivek Hybrid-27 2.0 - 71 7.7 29.9 22.8 12.0 134 3.9 3.7

(V335 x V345)

V335-K10-19-13-08 x 15.8 7.9 7.3 7.5 26.4 255 12.7 144 3.5 4.1

V345-K10-15-23-14

V335-K10-19-13-08 x 17.0 8.5 71 74 25.8 26.8 134 12.3 3.6 4.1

V345-K10-16-02-18

HM-4 (HKI11105 x HKI323) 1.9 - 6.6 6.7 30.9 22.6 13.0 144 3.7 3.9

HKI1105-K10-01-35-13 x 10.5 5.5 71 7.0 29.3 27.2 12.0 14.7 3.7 4.0

HKI323-K10-22-15-43

HKI1105-K10-01-35-13 x 12,5 6.6 7.0 6.6 27.0 27.6 11.7 12.0 3.4 4.1

HKI323-K10-22-24-06

HM-8 (HKI1105 x HKI161) 2.6 - 8.4 6.5 32.9 30.0 14.0 14.4 3.9 4.5

HKI1105-K10-01-35-13 x 21.7 8.3 7.9 7.3 29.5 29.5 13.0 124 3.6 4.1

HKI161-K10-02-03-04

HKI1105-K10-01-35-15 x 194 7.5 8.0 6.5 34.1 26.3 124 12.7 3.7 4.2

HKI161-K10-02-44-08

SE 1.20 - 0.92 1.57 1.97 3.26 0.42 1.05 0.17 0.25

DEL: Delhi; DWD: Dharwad; g: gram; t/ha: tonnes/hectare.

doi:10.1371/journal.pone.0113583.t005

Kernel quality attributes of reconstituted hybrids

Kernel B-carotene concentration in the reconstituted hybrids ranged from

10.5 pg/g in improved version of HM-4 to 21.7 pg/g in improved version of HM-
8 (Table 5). The improved versions of Vivek QPM-9, Vivek Hybrid-27 and HM-8
showed kernel B-carotene >15.0 pg/g, whereas improved versions of HM-4
showed 10.5 to 12.5 ng/g, with an increase of ~5.5 to 6.6-fold over original
hybrid. Across the reconstituted hybrids, an average of ~8.1-fold increase in
kernel B-carotene was observed, with a maximum of 10.2-fold increase in VQL1-
K10-40-11-53 x VQL2-K10-08-14, the improved version of Vivek QPM-9, where
the B-carotene concentration increased from 2.1 pg/g in the original hybrid to
21.5 pg/g in the reconstituted hybrid (Table 5).

The proportion of tryptophan in endosperm flour was estimated in the B-
carotene enriched versions of QPM hybrid, Vivek QPM-9, possessing allelel/
allele1/02/02. The original and the reconstituted versions of Vivek QPM-9 showed
high degree of endosperm modification with ~25% opaqueness. The average
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Table 6. Agronomic performance of reconstituted hybrids developed through MAS at Delhi and Dharwad.

Days to Days to

(cm) 50% anthesis 50% silking
Vivek QPM-9 17.0 97.5 173.0 1488 45.0 47.0
(VAQL1 x vQL2)
VQL1-K10-17-43-10 x 17.4 15.4 97.4 78.8 179.2 180.6 45.0 50.5 45.0 53.0
VQL2-K10-08-14
VQL1-K10-40-11-53 x 15.6 15.1 96.8 87.5 176.2 186.3 45.0 47.5 45.0 51.5
VQL2-K10-08-14
VQL1-K10-40-11-75 x 17.0 14.5 97.2 78.1 1778 1713 45.0 45.0 45.0 48.5
VQL2-K10-08-14
Vivek Hybrid-27 18.2 16.3 92.3 84.4 1751 1644 53.0 52.0 53.0 55.0
(V335 x V345)
V335-K10-19-13-08 x 21.2 16.3 97.0 78.8 1845 1731 46.0 53.5 47.5 56.5
V345-K10-15-23-14
V335-K10-19-13-08 x 20.7 20.5 91.4 85.1 177.0 1788 46.0 50.5 47.5 53.0
V345-K10-16-02-18
HM-4 (HK11105 x HKI323) 18.1 17.4 89.0 85.1 156.5 168.1 48.0 56.5 49.0 60.5
HKI11105-K10-01-35-13 x 17.0 16.1 84.6 73.2 156.2 155.0 495 56.0 49.5 59.0
HKI1323-K10-22-15-43
HKI11105-K10-01-35-13 x 17.2 15.2 79.3 73.2 1549 163.1 50.0 55.0 51.0 58.0
HKI323-K10-22-24-06
HM-8 (HKI1105 x HKI161) 20.4 16.4 96.5 83.2 1739 170.6 48.0 57.5 48.5 61.0
HKI11105-K10-01-35-13 x 19.3 17.5 1136 926 181.4 190.0 495 59.5 49.0 63.5
HKI161-K10-02-03-04
HKI11105-K10-01-35-15 x 17.2 15.9 1104 976 1852 188.1 47.0 57.0 46.5 60.5
HKI1161-K10-02-44-08
SE 0.98 1.08 5.97 7.60 6.65 14.81 0.29 3.78 0.37 3.91

DEL: Delhi; DWD: Dharwad.

doi:10.1371/journal.pone.0113583.t006

concentration of tryptophan in endosperm protein among the reconstituted
versions of Vivek QPM-9 was 0.81%, while that of the original Vivek QPM-9 was
0.83%.

Agronomic performance of the reconstituted hybrids

The data on grain yield and yield-attributing characters of the reconstituted
hybrids (generated by crossing the improved versions of their parental lines) are
presented in Table 5 and Table 6. In both the locations, -carotene enriched
reconstituted hybrids showed grain yield on par with the respective original
hybrids (Table 5, Fig. 6). Vivek QPM-9 produced a grain yield of 6.1 and 5.1
tonnes/hectare at Delhi and Dharwad, respectively, whereas the grain yield of the
improved versions was 5.6—6.0 tonnes/hectare at Delhi, and 5.6-6.1 tonnes/
hectare at Dharwad. Improved hybrids also exhibited similarity for important
morphological characters of the original hybrids like extra early flowering
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Fig. 6. Ear- and grain- characteristics of the original and reconstituted version of hybrid. A: Vivek
Hybrid-27; B: Improved Vivek Hybrid-27.

doi:10.1371/journal.pone.0113583.g006

behaviour of Vivek QPM-9 was retained among the B-carotene-rich versions of
the reconstituted hybrids (Table 5 and Table 6).

Discussion

Vitamin A is an important micronutrient that plays vital role in vision, growth
and development of humans. VAD, widely prevalent worldwide, affects people
predominantly dependent on cereals that are mostly deficient in B-carotene.
Maize kernels though show tremendous variation for carotenoids, yet they are
inherently deficient in provitamin A. In the present investigation, four popular
maize hybrids that were low in B-carotene were targeted for enrichment using
accelerated MABB strategy. Distinct marker polymorphism was observed between
the respective recurrent- and donor- parents for allele I and allele 3 of crtRBI
gene. Among the seven inbreds, three QPM inbreds viz. VQL1, VQL2, and
HKI161 also showed polymorphism with their respective donor parents for
umcl066, the SSR marker specific to 02 gene. Since both the markers for the
crtRBI and 02 genes are located within the target genes, individual plants in the
populations could be precisely selected (9, 17, 21].

The segregation pattern of allele 1 and allele 3 across the seven crosses (Table 3)
showed segregation distortion (SD) in BC,F;, BC,F;, and BC,F, generations
irrespective of population size and among the two alleles, allele 1 was under-
represented. The reason for occurrence of SD could be the presence of many
segregation distortion regions (SDRs) throughout the maize genome; and the
location of crtRBI coincides with SDR10.2, which might lead to SD of allele 1
[32]. Comparable SD was reported by Babu et al. [22] while validating the effect
of this favourable allele where they found five out of eight populations screened
showing SD for allele 1. The other possible reasons for SD could be the presence of
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genes such as gametophytic factors (ga) [33,34].; or naturally occurring gene
mutants like dek (defective kernel) and emb (embryo-specific mutation) [34].
Further, the genetic background of the target allele also influences SD in different
generations, which is evident from the fact that different crosses evaluated in the
study showed differential SD pattern in the various backcross- and selfed-
generations [22]. For example, VQLI- and HKI323- based progenies showed SD
in all the backcross and selfed generations, whereas V345- based progenies did not
show SD in any of the generations (Table 3). A majority of the generations that
were evaluated in winter season showed SD, which suggests that SD could have
been influenced by the environment, a conclusion also reached by Vancetovic
(2008) [35]. Frequent occurrence of SD with under-representation of allele 1
necessitates assaying a large number of segregating individuals to obtain sufficient
number of foreground-positive genotypes.

The MABB approach led to the high recovery of RPG among the introgressed
progenies. Marker-assisted background selection by SSR loci distributed
throughout the genome helped in selecting the foreground positive progenies
possessing high RPG [9, 16]. The extent of RPG recovery ranged from 83.1%
(BC,F, of VQL2 x HP465-41) to 93.7% (BC,F, of VQLI x HP465-43) (Table 4).
The recovery of VQL2-based progenies is less compared to other introgressed
progenies as one generation of backcrossing was performed. However, the variable
proportion of RPG (86.4 to 93.7%) among BC,F; based introgressed progenies is
due to fixation of different proportion of recurrent parent alleles among the
heterozygous (for crtRBI) plants.

Considerable increase in kernel B-carotene among the introgressed inbreds with
an average increase of 10.3-fold suggests that introgression of allele 1 of the crtRBI
gene alone has a major effect on accumulation of B-carotene in higher
concentrations. Substantial increase in concentration of kernel B-carotene was
also observed among the reconstituted hybrids over their respective original
hybrids. While, kernel B-carotene in the original hybrids ranged from 1.9-2.6 pg/
g, the same in the improved versions of Vivek QPM-9, Vivek Hybrid-27 and HM-
8 was ~15-21 pg/g and it was ~10-12 pg/g in HM-4 versions. Babu et al. [22]
also reported similar trend while validating the effect of a favourable allele of the
crtRBI gene in tropical maize using F, populations. The increase in kernel -
carotene is due to reduction in the transcript expression of the ¢rtRBI gene, which
decreases the hydroxylation of B-carotene to further carotenoids in the pathway
[21,22]. Significant differences in the accumulation of B-carotene among the
introgressed progenies of a specific genetic background were also observed. The
selected introgressed progenies derived from V345 x HP465-35 had similar
recovery of the RPG (~86-88%) but showed variation in B-carotene (8.6 to
13.4 pg/g). This variation may be due to the differential interaction of the
introgressed genome with the target gene and the genetic background of the
recurrent parent [16,36]. This is further supported by the fact that although all
the CIMMYT-HarvestPlus donors used in the present investigation possessed the
same favourable allele of the crtRBI gene, they varied in kernel B-carotene from
11.3 to 17.8 pg/g (Table 4). Besides, the same allele (from donors) after
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introgression into seven different genetic backgrounds increased the level of kernel
B-carotene in the range of 8.6 to17.5 ng/g. Introgressed progenies of all the seven
crosses showed kernel B-carotene concentration lower than that of their respective
donor parents although it increased many-fold over their recurrent parent
(Table 4). This result suggests that apart from a favourable allele of the crtRBI
gene, other genetic loci or QTLs with minor effects contribute to the increase of
kernel B-carotene concentration in the donor parent. Many such QTLs for
accumulation of B-carotene and other kernel carotenoids have been reported
earlier in maize [37,38]. It is interesting to note here that kernel B-carotene
concentration in some of the reconstituted hybrids was higher as compared to its
parental inbreds. This is presumably due to interactions of various loci
(contributed by the two parents) affecting the accumulation of kernel B-carotene.
Non-additive gene action may also play important role in contributing to higher
accumulation of kernel B-carotene in hybrids [26].

A short duration commercial maize hybrid, Vivek Hybrid-9 was biofortified
with enhanced tryptophan in the endosperm using marker-assisted introgression
of opaque2 allele, and was released as Vivek QPM-9 for commercial cultivation
[9]. Here, Vivek QPM-9 was targeted for enhancing kernel B-carotene; and it was,
therefore, important to retain the endosperm quality in the reconstituted hybrids.
The results exhibited that endosperm modification and tryptophan in protein
among the 02-based introgressed progenies and their hybrid versions were
comparable to their respective original genotypes. Selection for 02 allele has led to
the retainment of protein quality among the newly developed B-carotene-rich
versions [9,29]. Comparable degree of endosperm modification among the
introgressed progenies as compared to their original version is due to
accumulation of modifier genes achieved through background selection; and
visual selection using light box helped in the final selection of 02 based genotypes
[29]. Thus, the newly developed hybrid provides higher B-carotene along with
high tryptophan which is known to be positively correlated with high lysine.
Further, newly developed B-carotene-rich maize hybrids possessed grain yield that
was on par when compared to their respective original hybrids. Retention of
similar grain yield potential in the improved hybrids is due to high recovery of
RPG in the parental lines achieved through background selection. However,
minor differences in relation to grain yield and associated traits were also observed
among the improved versions over their respective original hybrids. This is
possibly due to interactions of smaller fraction of donor genome with the
recipient genome (in the introgressed inbred lines) [16]. Minor variations
observed in grain yield and its related traits for a specific hybrid between locations
could be attributed to environmental factors [39,40].

HarvestPlus, a CGIAR initiative, has set a target of 15 pg/g of B-carotene in
maize kernels to help in alleviating VAD in humans (www.harvestplus.org). The
traditional maize varieties with yellow kernels contain low amounts of B-carotene
ranging from 0.01 to 4.7 pg/g [27,41-44]. Enrichment of carotenoids in maize has
been attempted earlier using transgenic approach: over expression of crtB and crtl
from Erwinia herbicola, has been reported to accumulate 10 pg/g of B-carotene in
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Hi-II maize genotype [41]. Zhu et al. [45] and Naqvi et al. [46] further developed
transgenic maize lines (with ~60 ng/g B-carotene) using combination of five
genes (psyl, crtl, lycb, bch and crtW). However, its successful adoption as a cultivar
has not been reported so far. In addition, use of transgenic lines depends upon (i)
regulatory clearances and (ii) political as well as socio-economic factors [47,48].
Moreover, at present many countries have not allowed transgenic crops for
commercial cultivation. In contrast, the B-carotene rich maize hybrids generated
here using naturally available variant of crfRBI, are free from such constraints and
thus can be readily utilized.

Conclusions

The present investigation reporting accelerated development of B-carotene
enriched maize using marker-assisted breeding strategy holds immense promise as
it selects desirable plants precisely and eliminates large scale biochemical
estimation in the segregating generations. The introgressed inbreds possessing
favourable allele of crtRBI can be used as donor for -carotene enrichment in the
biofortification program. Besides, improved hybrids with enormous increase of
B-carotene (>15 pg/g) can be directly utilised in alleviating VAD worldwide.

Acknowledgments

MV and MC are thankful to the ICAR for the Senior Research Fellowship and
Junior Research Fellowship for pursuing Ph.D. and M.Sc., respectively. The
authors thank Torbert Rocheford (Purdue University, US) and Kevin Pixley
(CIMMYT, Mexico) for providing B-carotene-enriched lines and Raman Babu
(CIMMYT, India) for help in standardizing the PCR protocol. We also thank
maize breeders of the Directorate of Maize Research, New Delhi; VPKAS, Almora
and Uchani Centre of the CCSHAU, Karnal for sharing the inbred lines.

Author Contributions

Conceived and designed the experiments: HSG FH NT BMP. Performed the
experiments: VM. Analyzed the data: FH NT. Contributed reagents/materials/
analysis tools: HSG FH. Contributed to the writing of the manuscript: VM FH NT
HSG. Helped in developing backcross progenies and hybrids: FH. Evaluated the
hybrids and generated the phenotypic data: MC. Helped in -carotene estimation:
SS. Helped in evaluation of hybrids at Dharwad: JSB. Coordinated and led the
research project: HSG.

References

1. Bouis HE, Hotz C, McClafferty B, Meenakshi JV, Pfeiffer WH (2011) Biofortification: a new tool to
reduce micronutrient malnutrition. Food Nutr Bull 32: S31-40.

PLOS ONE | DOI:10.1371/journal.pone.0113583 December 8, 2014 19/ 22



@'PLOS | ONE

B-Carotene Enrichment in Maize

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

WHO (2009) Global prevalence of vitamin A deficiency in populations at risk 1995-2005. Available:
http://www.who.int/nutrition/publications/micronutrients/vitamin_a_deficiency. Accessed 2012 May 23.

Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, et al. (2008) Maternal child under nutrition
study group; Maternal and child under nutrition: global and regional exposures and health
consequences. Lancet 371: 243-260.

Ortiz-Monasterio JI, Palacios-Rojas N, Meng E, Pixley K, Trethowan R, et al. (2007) Enhancing the
mineral and vitamin content of wheat and maize through plant breeding. J Cereal Sci 46: 293-307.

Bouis HE, Welch RM (2010) Biofortification - a sustainable agricultural strategy for reducing
micronutrient malnutrition in the global South. Crop Sci 50: S20-S32.

Gupta HS, Agrawal PK, Mahajan V, Bisht GS, Kumar A, et al. (2009) Quality protein maize for
nutritional security: rapid development of short duration hybrids through molecular marker-assisted
breeding. Curr Sci 96: 230-237.

Shiferaw B, Prasanna BM, Hellin J, Banziger M (2011) Crops that feed the world 6. Past successes
and future challenges to the role played by maize in global food security. Food Security 3: 307-327.

Atlin GN, Palacios N, Babu R, Das B, Twumas-Afriyie S, et al. (2011) Quality protein maize: Progress
and prospects. Plant Breed Rev 34: 83-130.

Gupta HS, Babu R, Agrawal PK, Mahajan V, Hossain F, et al. (2013) Accelerated development of
quality protein maize hybrid through marker-assisted introgression of opaque-2 allele. Plant Breed 132:
77-82.

Vasal SK (2001) Quality protein maize development: An exciting experience. Seventh Eastern and
South Africa Regional Maize Conference pp. 3-6.

Buckner B, Kelson TL, Robertson DS (1990) Cloning of the y7 locus of maize, a gene involved in the
biosynthesis of carotenoids. Plant Cell 2: 867-876.

Harjes CE, Rocheford TR, Bai L, Brutnell TP, Kandianis CB, et al. (2008) Natural genetic variation in
lycopene epsilon cyclase tapped for maize biofortification. Science 319: 330-333.

Ribaut JM, Hoisington D (1998) Marker-assisted selection: new tools and strategies. Trends Plant Sci
3: 236-239.

Tanksley SD, Young ND, Paterson AH, Bonierbale MW (1989) RFLP mapping in plant breeding: new
tools for an old science. Biotechnology 7: 257-264.

Babu R, Prasanna BM (2014) Molecular breeding for quality protein maize (QPM). In: Genomics of plant
genetic resources. Tuberosa R, Graner A, Frison E (eds.) Springer Dordrecht Heidelberg, New York,
London, pp. 489-505.

Singh VK, Singh A, Singh SP, Ellur RK, Choudhary V, et al. (2012) Incorporation of blast resistance
into “PRR78”, an elite basmati restorer line, through marker-assisted backcross breeding., Field Crops
Res 128: 8-16.

Babu R, Nair SK, Kumar A, Venkatesh S, Sekhar JC, et al. (2005) Two-generation marker-aided
backcrossing for rapid conversion of normal maize lines to quality protein maize (QPM). Theor Appl
Genet 111: 888-897.

Danson J, Mbogori M, Kimani M, Lagat M, Kuria A, et al. (2006) Marker-assisted introgression of
opaque 2 gene into herbicide tolerant elite maize inbred lines. Afr J Biotechnol 5: 2417-2422.

Naidoo R, Watson GMF, Derera J, Tongoona P, Laing MD (2012) Marker-assisted selection for low
phytic acid (lpa71—1) with single nucleotide polymorphism marker and amplified fragment length
polymorphisms for background selection in a maize backcross breeding programme. Mol Breed 30:
1207-1217.

Vallabhaneni R, Gallagher CE, Licciardello N, Cuttriss AJ, Quinlan RF, et al. (2009) Metabolite
sorting of a germplasm collection reveals the hydroxylase3 locus as a new target for maize provitamin A
biofortification. Plant Physiol 151: 1635-1645.

Yan J, Kandianis BC, Harjes EC, Bai L, Kim HE, et al. (2010) Rare genetic variation at Zea mays
crtRB1 increases B-carotene in maize grain. Nat Genet 42: 322-327.

Babu R, Rojas NP, Gao S, Yan J, Pixley K (2013) Validation of the effects of molecular marker
polymorphisms in IcyE and crtRB1 on provitamin A concentrations for 26 tropical maize populations.
Theor Appl Genet 126: 389—-399.

PLOS ONE | DOI:10.1371/journal.pone.0113583 December 8, 2014 20/ 22


http://www.who.int/nutrition/publications/micronutrients/vitamin_a_deficiency

@'PLOS | ONE

B-Carotene Enrichment in Maize

23.

24,

25,

26.

27.

28.

29,
30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

Zhang X, Pfeiffer WH, Palacios-Rojas N, Babu R, Bouis H, et al. (2012) Probability of success of
breeding strategies for improving provitamin A content in maize. Theor Appl Genet 125: 235-246.

Yang W, Zheng Y, Ni S, Wu J (2004) Recessive allelic variations of three microsatellite sites within the
02 gene in maize. Plant Mol Biol Rep 22: 361-374.

Murray MG, Thompson WF (1980) Rapid isolation of high molecular weight plant DNA. Nucleic Acids
Res 8: 4321-4325.

Egesel CO, Wong JC, Lambert RJ, Rocheford TR (2003) Combining ability of maize inbreds for
carotenoids and tocopherols. Crop Sci 43: 818-823.

Menkir A, Liu W, White WS, Maziya-Dixon B, Rocheford T (2008) Carotenoid diversity in tropical-
adapted yellow maize inbred lines. Food Chem 109: 521-529.

Kurilich A, Juvik J (1999) Quantification of carotenoid and tocopherol antioxidants in Zea mays. J Agric
Food Chem 47: 1948—-1955.

Bjarnason M, Vasal SK (1992) Breeding of quality protein maize (QPM). Plant Breed Rev 9: 181-216.

Hernandez HH, Bates LS (1969) A modified method for rapid tryptophan analysis of maize. CIMMYT
Research Bulletin No. 13. CIMMYT, Mexico.

AOAC (1965) Official methods of analysis of the association of official agricultural chemists. 10th edition,
pp. 744-745.

Lu H, Romero-Severson J, Bernardo R (2002) Chromosomal regions associated with segregation
distortion in maize. Theor Appl Genet 105: 622—-628.

Mangelsdorf PC, Jones DF (1926) The expression of Mendelian factors in the gametophyte of maize.
Genetics 11: 423-455.

Neuffer MG, Coe EH, Wessler SR (1997) Mutants of maize. Cold Spring Harbor Laboratory Press,
USA.

Vancetovic J (2008) An impact of environment on segregation ratio of qualitative traits in maize.
Genetika 40: 145-156.

Koide Y, Ebron LA, Kato H, Tsunematsu H, Yanoria MJT, et al. (2011) A set of near-isogenic lines for
blast resistance genes with an indica-type rainfed lowland elite rice (Oryza sativa L.) genetic
background. Field Crops Res 123: 19-27.

Chander S, Guo QY, Yang HX, Zhang J, Lu XQ, et al. (2008a) Using molecular markers to identify two
major loci controlling carotenoid contents in maize grains. Theor Appl Genet 116: 223-233.

Wong JC, Lambert RJ, Wurtzel ET, Rocheford TR (2004) QTL and candidate genes phytoene
synthase and (-carotene desaturase associated with the accumulation of carotenoids in maize. Theor
Appl Genet 108: 349-359.

Boer MP, Wright D, Feng L, Podlich DW, Luo L, et al. (2007) A mixed-model quantitative trait loci
(QTL) analysis for multiple-environment trial data using environmental covariables for QTL-by-
environment interactions, with an example in maize. Genetics 177: 1801-1813.

Shiri M (2013) Grain yield stability analysis of maize (Zea mays L.) hybrids in different drought stress
conditions using GGE biplot analysis. Crop Breeding J 3: 107-112.

Aluru M, Xu Y, Guo R, Wang Z, Li S, et al. (2008) Generation of transgenic maize with enhanced
provitamin A content. J Exp Bot 59: 3551-3562.

Chander S, Meng Y, Zhang Y, Yan J, Li J (2008b) Comparison of nutritional traits variability in selected
eighty-seven inbreds from chinese maize (Zea mays L.) germplasm. J Agric Food Chem 56: 6506—6511.

Vignesh M, Hossain F, Nepolean T, Saha S, Agrawal PK, et al. (2012) Genetic variability for kernel 8-
carotene and utilization of crtRB1 3'TE gene for biofortification in maize (Zea mays L.). Indian J Genet
72: 189-194.

Vignesh M, Nepolean T, Hossain F, Singh AK and Gupta HS (2013) Sequence variation in 3'UTR
region of crtRB1 gene and its effect on B-carotene accumulation in maize kernel. J Plant Biochem
Biotech 22: 401-408.

Zhu C, Naqvi S, Breitenbach J, Sandmann G, Christou P, et al. (2008) Combinatorial genetic
transformation generates a library of metabolic phenotypes for the carotenoid pathway in maize. Proc
Natl Acad Sci USA 105: 18232-18237.

PLOS ONE | DOI:10.1371/journal.pone.0113583 December 8, 2014 21122



@'PLOS | ONE

B-Carotene Enrichment in Maize

46. Naqvi S, Zhu C, Farre G, Ramessar K, Bassie L, et al. (2009) Transgenic multivitamin corn through
biofortification of endosperm with three vitamins representing three distinct metabolic pathways. Proc
Natl Acad Sci USA 106: 7762-7767.

47. Farre G, Naqvi S, Zorrilla-Lopez U, Sanahuja G, Berman J, et al. (2013) Transgenic multivitamin
biofortified corn: Science, regulation, and politics. In: Handbook of Food Fortification and Health: From
concepts to public health applications, Vol 1, Nutrition and Health, Preedy VR et al. (eds) pp. 335-347.

48. Perez-Massot E, Banakar R, Gomez-Galera S, Zorrilla-Lopez U, Sanahuja G, et al. (2013) The
contribution of transgenic plants to better health through improved nutrition: opportunities and
constraints. Genes Nutr 8: 29-41.

PLOS ONE | DOI:10.1371/journal.pone.0113583 December 8, 2014 2222



	Section_1
	Section_2
	Section_3
	Section_4
	TABLE_1
	Figure 1
	Section_5
	Section_6
	Section_7
	Figure 2
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Section_17
	Figure 3
	TABLE_2
	TABLE_3
	Equation equ1
	Figure 4
	Section_18
	Section_19
	Section_20
	Figure 5
	Section_21
	TABLE_4
	TABLE_5
	Section_22
	TABLE_6
	Section_23
	Figure 6
	Section_24
	Section_25
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48

