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Abstract

Background Malnutrition affects large section of population worldwide. Vitamin A and protein deficiencies have emerged as
the major global health-issue. Traditional shrunken2 (sh2)-based sweet corn is deficient in provitamin A (proA), lysine and
tryptophan. Natural variant of -carotene hydroxylasel (crtRBI) and opaque2 (02) enhances proA, lysine and tryptophan in
maize. So far, no sweet corn hybrid rich in these nutrients has been released elsewhere. Development of biofortified sweet
corn hybrids would help in providing the balanced nutrition.

Methods and Results We targeted three sh2-based sweet corn inbreds (SWT-19, SWT-20 and SWT-21) for introgression
of mutant crtRB1 and 02 genes using molecular breeding. The gene-based 3'TE-InDel and simple sequence repeat (SSR)
(umc1066) markers specific to crtRB1 and 02, respectively were utilized in foreground selection in BC,F,, BC,F, and BC,F,.
Segregation distortion was observed for crtRBI and 02 genes in majority of populations. Background selection using 91-100
SSRs revealed recovery of recurrent parent genome (RPG) up to 96%. The introgressed progenies possessed significantly
higher proA (13.56 pg/g) as compared to the original versions (proA: 2.70 pg/g). Further, the introgressed progenies had
accumulated moderately higher level of lysine (0.336%) and tryptophan (0.082%) over original versions (lysine: 0.154% and
tryptophan: 0.038%). Kernel sweetness among introgressed progenies (17.3%) was comparable to original sweet corn (17.4%).
The introgressed inbreds exhibited higher resemblance with their recurrent parents for yield and morphological characters.
Conclusion These newly developed biofortified sweet corn genotypes hold immense promise to alleviate malnutrition.
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Introduction

Malnutrition caused by intake of unbalanced food is a
major health issue globally [1]. Nearly 2.3 billion people
are moderately or severely food insecure, thereby suggesting
the poor health status worldwide [2]. Nearly 45% of deaths
among children (<5 years) are linked to malnutrition [3].
Amongst various forms of nutritional disorders, deficien-
cies caused by vitamin-A and protein have profound effects
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on human health [4]. Vitamin-A deficiency (VAD) causes
growth retardation, mucous membrane damage, reproduc-
tive disorders, impaired vision and night blindness [5]. VAD
critically affects over seven million pregnant women and
125 million children [6]. Children and infants suffering from
VAD are often deficient in other micronutrients further lead-
ing to anaemia, impaired mental growth and severe risk of
morbidity [7, 8]. Protein deficiency leads to protein energy
malnutrition (PEM) and in severe cases may cause ‘maras-
mus’ and kwashiorkor’ in humans [9]. Highest number of
deaths amongst all nutritional disorders have been accounted
to PEM [10]. Deficiency of lysine and tryptophan aggravates
the occurrence of PEM, and they impair protein biosynthesis
and other physiological functions, leading to loss of repro-
ductive tissues, depression, anxiety, anaemia, fatigue and
delayed growth [11, 12].
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Sweet corn, consumed as fresh and processed vegeta-
ble has gained worldwide acceptance in both national and
international markets [13]. The global import of sweet corn
is US$ 1542 million, and countries like Japan, Britain,
USA, Germany, China and Belgium are the leading import-
ers of sweet corn [14]. Among various mutants, recessive
shrunken2 (sh2) gene present on chromosome-3L has
been abundantly used in sweet corn breeding programmes
worldwide [15]. Mutant sh2-based sweet corn possesses
six-fold higher sucrose and suitable for prolonged storage
and transportation [16]. Large number of sh2-based sweet
corn hybrids have been released for commercial cultivation
worldwide [17].

Despite of the wide-reaching popularity of sweet
corn, the level of provitamin A (proA) (3—4 pg/g), lysine
(0.15-0.25%) and tryptophan (0.03-0.04%) is quite low in
traditional sweet corn cultivars [18]. Hence, their consump-
tion does not make major contribution to daily require-
ment in humans [19]. A mutant of f-carotene hydroxylasel
(crtRBI) gene is associated with accumulation of 2—10 fold
higher proA in maize endosperm [20]. The recessive 02 gene
can enhance lysine and tryptophan by 1.5-2-folds [21]. Bio-
fortification of crops using plant breeding is one of the pre-
ferred choices for sustainable solution to malnutrition [4].
The gene-based markers for crtRB1 and 02 can be effectively
used for their introgression into elite parental lines through
marker-assisted backcross breeding (MABB) approach [22,
23]. So far, no sweet corn hybrid rich in proA, lysine and
tryptophan has been released for commercial cultivation
elsewhere. Considering the growing demand and wide popu-
larity of sweet corn and significance of nutritional values,
development of biofortified sweet corn cultivars with higher
nutritional value hold great promise. The present investiga-
tion was therefore undertaken to (i) introgress favourable
alleles of crtRBI and 02 into elite sweet corn inbreds using
marker-assisted selection (MAS), (ii) assess the MAS-
derived sweet corn inbreds for nutritional quality, and (iii)
evaluate the introgressed sweet corn inbreds for agronomic
performance and yield attributes.

Materials and methods
Genetic materials

Plant materials used in the present study comprised of three
sh2-based sweet corn inbreds viz., SWT-19, SWT-20 and
SWT-21. These inbreds are the parents of two sweet corn
hybrids, viz. PSSC-1 (SWT-19 x SWT-20) and ASKH6
(SWT-21 x SWT-20) developed at ICAR-Indian Agricul-
tural Research Institute (IARI), New Delhi. PSSC-1 is a
released sweet corn hybrid during 2018, while ASKH-6 is
the promising sweet corn hybrid. These inbreds possess low
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proA, lysine and tryptophan in the kernels. These parental
inbreds were targeted for introgression of favourable alleles
of crtRBI and 02 genes using MAS. PMI-PV5 with favour-
able allele of crtRB1 and 02 genes was used as a donor par-
ent. PMI-PV5 was developed through the introgression of
crtRBI gene from a HarvestPlus-bred donor inbred (HP704-
23) into a subtropically adapted o02-based inbred, HKI161
[24]. PMI-PVS5 is a parent of five released biofortified maize
hybrids in India.

Development of backcross- and self- progenies

The recurrent parents (SWT-19, SWT-20 and SWT-21) were
crossed with donor parent (PMI-PVS5) during winter sea-
son (December-May) (2015-16) at Winter Nursery Centre
(WNC), ICAR-Indian Institute of Maize Research (IIMR),
Hyderabad (17°21'50.39"N and 78°29'42.31"E). The donor
was developed in our earlier programme at ICAR-IARI,
New Delhi using MAS. F;s were raised at IARI, New Delhi
during rainy season (July—October) (2016). F;s were back-
crossed to respective recurrent parents to generate BC|F,;
generation. BC,F, seeds were separated for normal (round:
sh2sh2Sh2) and shrunken (sh2sh2sh2) phenotypes [25].
BC,F, seeds with shrunken kernels with segregation of
crtRBI and 02 genes were sown during rainy season (2017)
at IARI, New Delhi. BC,F,; and BC,F, populations (with
shrunken seeds) segregating for crtRBI and o2 genes were
further raised during winter season (2017-18) and rainy
season (2018) at WNC, IIMR, Hyderabad and IARI, New
Delhi, respectively. BC,F; progenies were advanced for seed
increase at WNC, IIMR, Hyderabad during winter season
(2018-19). The details of MABB scheme followed for the
present study are depicted in Fig. S1.

DNA isolation and marker analysis

Genomic DNA was isolated from the leaves of young plants
(3—4 weeks) using the modified standard Cetyl Trimethyl
Ammonium Bromide (CTAB) method [26]. Polymerase
chain reaction (PCR)-based DNA amplification for crtRBI
and 02 genes was carried out as per Sarika et al. [12] and
Muthusamy et al. [27], respectively. The PCR-amplified
products of crtRB1 (296 bp and 543 bp) and 02 (140 bp and
160 bp) were resolved in 1.5% and 4% Seakem LE agarose
gel (Lonza, Rockland, ME-USA), respectively at 120 V for
2—4 h. The PCR-amplified products were resolved using aga-
rose gel, further visualized under gel documentation system
(Alpha-Innotech).

Foreground selection

3'TE-InDel marker specific to crtRBI and gene-based SSR
(umcl1066) present within 02 were used for foreground
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selection [11, 24]. Details of the markers used for foreground
selection are given in Table S1. Hybridity testing of F;s was
performed using markers specific to crtRBI and o2 genes.
Since, the favourable allele of 02 and crtRBI were intro-
gressed from donor parent, BC,F, and BC,F, populations
segregated for unfavourable homozygotes and heterozygotes.
Thus, heterozygotes for both 02 and crtRBI genes were
selected in BC,F, and BC,F, populations, whereas double
homozygotes for favourable allele were selected in BC,F,
populations.

Background selection

Genome-wide SSRs covering 10 chromosomes were used
for recovery of recurrent parent genome (RPG) [11]. The
SSRs were retrieved from Maize Genome Database (www.
maizegdb.org). The selected markers were custom synthe-
sized (Sigma Tech., USA) and used to screen polymorphic
markers between recurrent and donor parents. The poly-
morphic SSRs were further used for RPG recovery among
selected foreground positive plants in BC,F;, BC,F, and
BC,F, generations. The amplification of SSRs was carried
out using touch-down PCR procedure [28] and separated
in 4% Seakem LE agarose gel for 3—4 h. The resolved PCR
products were visualized using gel documentation system
(Alpha-Innotech).

Evaluation of introgressed progenies

The MAS-derived introgressed progenies along with their
original inbreds were evaluated in randomized complete
block design (RCBD) with three replications during rainy
seasons (2019 and 2020) at ICAR-TARI, New Delhi. Each
entry was sown in 3 m row with row-to-row and plant-to-
plant spacing of 75 cm and 20 cm, respectively. In each row,
all the plants were self-pollinated to avoid any xenia effect.
Two—three self-pollinated ears were harvested at 20 days
after pollination (DAP) for estimation of kernel sweetness
(brix), proA, lysine, and tryptophan [13]. Rest self-polli-
nated plants were used for recording of plant height (PH),
ear height (EH), days to 50% female flowering (FF) and
days to 50% male flowering (MF) and grain yield (GY). The
introgressed inbreds along with their recurrent parents were
further grown in RCBD with three replications at ICAR-
IARI, New Delhi during rainy season (2020 and 2021) for
recording of 31 DUS (distinctiveness, uniformity and sta-
bility) characters as per guidelines of Protection of Plant
Varieties and Farmers' Rights Authority (PPVFRA) [29].

Estimation of kernel sweetness

Self-pollinated ears immediately after harvest were used
for estimation of kernel sweetness [18]. Manually removed

20-30 grains from each genotype were bulked and crushed
for estimation of brix (%) using portable refractometer
(Atago, Japan). The crushed grains produced a milky juice
which was used for brix reading [13].

Processing of kernels for quality analysis

The remaining grains of the freshly harvested self-pollinated
ears were stored at — 80 °C freezer. A total of 50-100 self-
pollinated seeds were manually removed from the ears and
wrapped in Whatman® blotting paper. The wrapped seeds
were incubated in sealed desiccators filled with pre-activated
silica gel for 2-3 days [13]. Deactivated silica was removed
after every 24 h for 2 days and replaced with freshly acti-
vated silica gel for rapid drying. Dried seeds were finely
ground to a fine powder for estimation of quality parameters.

Estimation of proA

The dried powder was used to estimate proA through
UHPLC system (Ultra-High-Performance Liquid Chroma-
tography, Thermo Scientific, MA, USA. ProA was extracted
using protocol given by Kurilich and Juvik [30]. Quanti-
fication of B-carotene (BC) and p-cryptoxanthin (BCX)
was done using YMC Cj;;, column (5 pm, 4.6 X250 mm),
and individual components were detected at an absorb-
ance of 450 nm wavelength using photodiode array detec-
tor (PDA detector). The regression curves were prepared
using the standards of BC and BCX (Sigma Aldrich, USA)
to determine the final concentration of each carotenoid in
each sample. The concentration of proA was estimated as
‘BC+12(BCX)’ [31].

Estimation of lysine and tryptophan

Lysine and tryptophan from the dried powder was used
for estimation of lysine and tryptophan through the same
UHPLC system as per the protocol of Sarika et al. [12].
Sample digestion for estimation of lysine was carried out
using acid hydrolysis, while basic hydrolysis was used
for estimation of tryptophan. Acclaim™ 120 C,¢ column
(5 pm, 120A°, 4.6 X 150 mm, Thermo Scientific) was used
for sample elution. PDA detector with absorbance at 265
and 280 nm wavelength was used for detection of lysine
and tryptophan, respectively. The standard regression curve
was prepared using external standards of amino acids (AAS
18-5 ML, Sigma Aldrich) for estimating final concentration
of lysine and tryptophan in each sample.

Statistical analysis

The goodness of fit test of the observed segregation pattern
of sh2, crtRBI and o2 genes in BC,F,;, BC,F, and BC,F,
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generations was performed using chi-square analysis. Recov-
ery of RPG in the selected plants was calculated using the
formula: [RPG (in %)= {(A+ 1/2H)/ (A+B+H)} x 100],
wherein, ‘A’ is the number of SSRs homozygous for the
recipient parent, ‘B’ is the number of SSRs homozygous
for the donor parent, and ‘H’ is the number of heterozygous
SSRs [32]. Graphical representations of mean lysine, tryp-
tophan and proA were determined by Microsoft Excel-2013.
Morphological and biochemical data analysis for standard
error (SD) and critical difference (CD) was performed using
Windostat 10.0 software.

Results
Parental polymorphism

Screening with crtRB1 specific 3’TE-InDel marker produced
an amplicon of 296 bp in all three recurrent parents, while
donor parent generated an amplicon of 543 bp. Three gene-
based SSRs (umc1066, phi057 and phil12) present within
02 were used, of these umcl066 clearly differentiated the
recurrent- and donor- parents. The donor parent produced
an amplicon of 140 bp, while recurrent parents produced
160 bp amplicon. All three recurrent parents possessed unfa-
vourable alleles, while the donor had the favourable alleles
of crtRBI and 02 genes. Further, parental polymorphism
for background selection was conducted using 183 SSRs, of
which 100, 95 and 91 markers were polymorphic between
recurrent parents (SWT-19, SWT-20 and SWT-21) and
donor line, respectively. This accounted 54.64%, 51.91%
and 49.73%, polymorphism for (i) SWT-19 x PMI-PV5, (ii)
SWT-20x PMI-PVS5, and (iii)) SWT-21 X PMI-PV5 popula-
tions (Table S2). The polymorphic markers per chromosome
ranged from 4 to 15 across crosses. The polymorphic mark-
ers hence identified were utilized to recover RPG through
background selection in backcross- and self-generations.

Segregation of normal and shrunken seeds in BC,F,
generations

The BC,F, seeds segregated in round (sh2sh2Sh2) and
shrunken (sh2sh2sh2) shapes. Since, the recurrent parents
possessed sh2sh2 (recessive homozygous) genotype and

F, hybrids were heterozygous (Sh2sh2), the BC|F, seeds
showed two types of phenotypes. The BC,F, seeds segre-
gated as per Mendelian ratio of 1 (round): 1 (shrunken) in
SWT-19 and SWT-20 -based populations, while it showed
segregation distortion in SWT-21 -based population
(Table 1).

Marker-assisted selection
F, generation

The polymorphic markers for crtRB1 and 02 genes con-
firmed the hybridity of F, plants in all the three crosses.
This indicated the absence of any self-pollinated plants in
the F; generations.

BC,F, generation

A total number of 112, 127 and 96 plants were genotyped in
SWT-19, SWT-20 and SWT-21 -based populations, respec-
tively. Chi square analysis for c7#RB1 and o2 revealed that
all three populations significantly deviated from Mende-
lian ratio (1:1) except for 02 in SWT-20 -based population
(Table 2). Background selection in heterozygous plants led
to a recovery of 69.6-77.7% RPG across the populations
(Table S3). Two plants in SWT-19 (SWT-19-3 and SWT-
19-62), three plants in SWT-20 (SWT-20-5, SWT-20-54 and
SWT-20-96) and four plants in SWT-21 (SWT-21-3, SWT-
21-18, SWT-21-49 and SWT-21-90) with higher recovery
of RPG were further advanced.

BC,F, generation

Foreground selection was performed among 147, 241 and
159 plants in SWT-19, SWT-20 and SWT-21-based popu-
lations, respectively. Chi-square analysis revealed that two
(SWT-19 and SWT-20 based) populations for 02 and one
(SWT-20 based) population for crtRBI significantly devi-
ated from Mendelian ratio (1:1) (Table 2). Recovery of RPG
through background selection ranged from 79.2 to 85.9%
across populations (Table S3). Two plants each in SWT-19
(SWT-19-3-14 and SWT-19-62-87) and SWT-20 (SWT-
20-54-62 and SWT-20-54-84), and three plants in SWT-21

Table 1 Segregation of round

2

and shrunken seeds in BC, F, Cross Generation N Round seeds ~ Shrunken seeds df x p-value

stage SWT-19xPMI-PV5  BC,F, 2050 980 1070 1 3.95 0.04683
SWT-20xPMI-PV5  BCF, 2450 1280 1170 1 4.94 0.02626
SWT-21xPMI-PV5  BC,F, 1800 1140 660 1 128.0  0.00001%**

N, Total seeds screened

**Significant at 1% level; df: degrees of freedom; Round seed, sh2sh2Sh2; shrunken seeds, sh2sh2sh2
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Table 2 Segregation pattern of CrzRBI and 02 in different backcross- and self-generation of the crosses

Cross Generation N cC Cc cc df X2 p-value N 0202 0202 0202 df X2 p-value
SWT-19  BC/F, 112 93 19 - 1 48.89  0.00001** 112 99 13 - 1 66.04 0.00001%*
X BG,F, 147 90 47 — 1 0035 0.55411% 147 79 60 - 1 0554 0.018587**
PMI-PVS BC,F, 251 177 44 30 2 278.04 0.00001** 251 51 138 62 2 0345 0.178173N
SWT-20  BC/F, 127 90 37 - 1 22.12  0.00001%** 127 73 54 - 1 0284 0.09194%
X BC,F, 241 225 16 - 1 44.47  0.00001** 241 179 62 - 1 31.84 0.00001**
PMI-PVS BC,F, 211 169 27 15 2 341.62 0.00001** 211 83 103 25 2 32.00 0.00001%*
SWT-21 BC/F, 9% 75 21 - 1 30.38  0.00001%** 9% 63 33 - 1 09.38 0.00219%*
X BC,F, 159 103 56 - 1  00.030 0.86249™ 159 123 36 - 1 0031 0.57768"
PMI-PVS BC,F, 213 128 55 30 2 139.99 0.00001** 213 83 114 16 2 4321 0.00001%*

C, Unfavourable allele of crtRBI; c, favourable allele of crtRB1; O2, unfavourable allele of opaque?2; 02, favourable alleel of opaque2; NS, Non

significant

**Significant at 1% level

(SWT-21-3-1, SWT-21-3-10 and SWT-21-3-18) derived
progenies were selected for further advancement.

BC,F, generation

Segregating generations with 251, 211 and 213 plant were
genotyped in SWT-19, SWT-20 and SWT-21 -based popu-
lations, respectively (Fig. S2). Chi-square analysis for 02
revealed that two (SWT-20 and SWT-21 based) popula-
tions significantly deviated from expected Mendelian
ratio (1:2:1); while segregation distortion for crtRB1 was
observed in all three populations (Table 2). RPG recov-
ery ranged from 88.10 to 93.70%, 87.50-95.80% and
89.40-95.00% among in SWT-1-19, SWT-20 and SWT-
21-based populations, respectively (Table S3). Three
progenies viz., SWT-19-3-14-94, SWT-19-62-87-43 and
SWT-19-62-87-49 of SWT19 background were selected,
while two progenies each in SWT20 (SWT-20-54-84-4
and SWT-20-54-84-52) and SWT21 (SWT-21-3-1-65 and

Fig.1 Provitamin A levels

SWT-21-3-1-70) were advanced. Graphical genotyping
(GGT) of recovery among introgressed progenies is given
in Fig. S3.

ProA among introgressed inbreds

The MAS-derived progenies possessed significantly higher
BC (10.10 pg/g), BCX (6.92 pg/g) and proA (13.56 pg/g)
over the original inbreds (BC: 1.44 pg/g, BCX: 2.50 pg/g
and proA: 2.70 pg/g) (Fig. 1). Among introgressed prog-
enies, SWT-19-62-87-43 (BC: 12.00 pg/g, BCX: 7.61 pg/g,
proA: 15.80 pg/g) was the best inbred in SWT-19 back-
ground, while SWT-20-54-84-4 (BC: 10.44 pg/g, BCX:
7.46 pgl/g, proA: 14.18 pg/g) and SWT-21-3-1-65 (BC:
11.67 pg/g, BCX: 4.93 pg/g, proA: 14.14 pg/g) were the
most promising in SWT-20 and SWT-21 background,
respectively (Table 3).

Provitamin-A (ng/g)
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Table 3 Nutritional quality parameters among introgressed and original inbreds

S.No  Genotypes BC BCX ProA Fold Lysine Fold increase Tryptophan Fold increase of Brix
(ug/g)  (uglg) (ng/g) increase of (%) of lysine (%) tryptophan (%)
proA
1 SWT-19-3-14-94 9.94  6.96 1342 51 0.306 2.1 0.088 2.3 17.4
2 SWT-19-62-87-43  12.00  7.61 1580 6.0 0.311 2.1 0.090 23 18.0
3 SWT-19-62-87-49 8.10  7.16 11.68 44 0.363 2.4 0.082 2.1 16.9
4 SWT-19 132 2.6l 263 - 0.148 - 0.039 - 17.5
5 SWT-20-54-84-4 10.44  7.46 14.18 49 0.344 2.5 0.083 2.2 17.0
6 SWT-20-54-84-52 8.58 8.46 12.81 4.4 0.330 24 0.082 22 16.4
7 SWT-20 1.45 2.87 289 - 0.135 - 0.037 - 16.9
8 SWT-21-3-1-65 11.67  4.93 14.14 55 0.324 1.8 0.073 1.9 17.3
9 SWT-21-3-1-70 9.99 5.86 1292 50 0.373 2.1 0.078 2.0 17.8
10 SWT-21 1.56 2.02 257 - 0.179 - 0.038 - 17.8
11 Mean 7.51 5.59 1030 5.0 0.281 22 0.069 2.1 17.3
12 SE 0.23 0.28 0.28 0.009 0.002 0.2
13 CD (5%) 047 056 0.57 0.018 0.003 0.5

BC, B-carotene; BCX, B-cryptoxanthin; ProA, provitamin A; SE, standard error; CD, critical difference

Lysine and tryptophan among introgressed inbreds Kernel sweetness among introgressed inbreds

The introgressed progenies possessed high lysine (0.336%)  The introgressed inbreds displayed similar kernel sweetness
and tryptophan (0.082%) as compared to original inbreds (brix: 17.3%) with recurrent parents (brix: 17.4%). The brix
(lysine: 0.154%, tryptophan: 0.038%). The lysine of intro-  among MAS-derived progenies ranged from 16.4 to 18.0%,
gressed inbreds ranged from 0.306 to 0.373%, while the  while the same in original sweet corn inbreds was 17.5%
range for tryptophan was 0.073-0.090% (Figs. 2, 3). Of the (SWT-19), 16.9% (SWT-20) and 17.8% (SWT-21), respec-
introgressed progenies, SWT-19-62-87-43 (lysine: 0.311%,  tively (Fig. 4). Among the introgressed progenies, SWT-
tryptophan: 0.090%) and SWT-20-54-84-4 (lysine: 0.344%, 19-62-87-43 possessed the highest brix (18.0%) in SWT-19
tryptophan: 0.083%) were identified as the most promising  background, while SWT-20-54-84-4 (17.0%) and SWT-21-
inbred for SWT-19 and SWT-20 genetic background, respec-  3-1-70 (17.8%) were the most promising progenies in SWT-
tively, while SWT-21-3-1-70 (lysine: 0.373%, tryptophan: ~ 20 and SWT-21 background (Table 3).

0.078%) was the best in SWT-21 background (Table 3).

Fig.2 Lysine levels among Lysine (%)
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Fig.3 Lysine levels among Tryptophan (%)
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Fig.4 Lysine levels among Brix (%)
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Phenotypic selection and evaluation of introgressed
inbreds

The average dry grain yield (1314 kg/ha) of the intro-
gressed progenies was at par with their original inbreds
(1309 kg/ha) (Table S4). Among the progenies, SWT-19-
3-14-94 (1436 kg/ha), SWT-20-54-84-4 (1313 kg/ha) and
SWT-21-3-1-65 (1220 kg/ha) were the most promising in
each of the three genetic backgrounds. Agronomic charac-
ters (plant height, ear height and flowering behaviour) of
the introgressed inbreds were also similar to their origi-
nal versions (Table S4). DUS characterization displayed
high resemblance between parents and their respective
introgressed progenies. However, phenotypic contrast was
observed in few cases, for example, attitude and width

of blade in leaves was straight and medium in SWT-19,
while SWT-19-3-14-94 possessed drooping and broad
leaves. Similarly, the angle between main axis and lateral
branches in tassel was narrow in SWT-19 and SWT-21,
while it was wide in SWT-19-62-87-43 and SWT-21-3-1-
65 (Table S5). The density of spikelet in tassel of SWT-19
and SWT-20 was sparse, however SWT-19-62-87-49 and
SWT-20-54-84-52 displayed dense spikelets.

Discussion
Globally, the preference and demand of sweet corn has

increased steadily in the last decade [17]. Sweet corn con-
sumed as fresh at milky stage possesses nutritional benefits
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for human health [13]. Traditional sweet corn cultivars
lack recommended amount of essential amino acids and
proA to meet the daily requirement [19, 33]. Development
of biofortified maize with higher lysine, tryptophan and
ProA in sweet corn possesses great significance to mitigate
malnutrition problems, especially in children and preg-
nant women [13]. Here, we targeted three elite sweet corn
inbreds for higher proA, lysine and tryptophan through
genomic-assisted breeding for crtRBI and 02 genes.

Molecular breeding for crtRB1 and 02 genes

Molecular markers for crtRBI (crtRB1-3' TE-InDel) and
02 (umcl066) genes were successfully used for the selec-
tion of individual plants with favourable alleles of crtRBI
and o2 in the segregating populations [23, 24]. Since
gene-based markers were used to identify the target genes,
chance of selection of false positive plants due to crossing
over between the marker and gene in case of linked markers
was not encountered in the study [24]. Segregation distor-
tion (SD) for crtRBI and 02 gene observed in some of the
populations in BC,F;, BC,F, and BC,F, could be due to
defective kernel mutants, male sterility, specific mutations
in embryo and other gametophytic factors [25]. Earlier, SD
was also reported by various authors for 02 [11, 13, 33]
and crtRBI1 [24, 27], thereby necessitating large backcross
population size for selecting desirable positive segregants.
Further, background selection ensured high recovery of RPG
resulting in high resemblance of introgressed progenies with
their respective parents in terms of plant, ear and grain char-
acteristics. The introgressed inbreds possessed up to 96%
recovery of RPG ensuring higher degree of phenotypic
similarity with the original parents [11]. Background selec-
tion has been practiced widely in the MABB programme for
higher recovery of RPG in maize [11, 12].

Nutritional superiority of introgressed inbreds

The significant amount of proA (five folds) observed among
the introgressed inbreds was due to the presence of favour-
able allele of crtRB1. The mutant allele of crtRBI located on
chromosome-10L reduces the hydroxylation of BC into BCX
and further to zeaxanthin, thereby leading to accumulation
of higher proA [20]. The introgressed inbreds also possessed
significantly higher lysine (2.2-fold) and tryptophan (2.1-
fold) compared to the original inbreds due to presence of
recessive 02 gene located on the chromosome-7L [21]. The
basic leucine zipper (bZIP) transcriptional factor coded by
02 reduces the expression of deficient 22-kDa a-zein genes
with concurrent increase in lysine and tryptophan rich non-
zein proteins [34, 35]. Besides, reduced activity of lysine
keto-reductase enzyme that degrades lysine content and
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enhancement of various lysine-rich proteins are also respon-
sible for enhancement of lysine [11].

Evaluation for yield and agronomic traits

The introgressed progenies displayed high degree of similar-
ities with their original parents with respect to morphology,
plant architecture and agronomic characters. The flowering
behaviour of the introgressed progenies resembled the origi-
nal parents. DUS characterization of the introgressed prog-
enies also displayed high degree of similarity for majority
of the characters. The grain yield of the introgressed inbreds
was similar to their respective parental lines. This is attrib-
uted to the background selection where indirect selection
for loci associated with agronomic traits and heterosis was
performed [11]. Minor differences in the performance are
due to interaction of donor parent genome and recurrent par-
ent genome [13].

Acceleration of breeding cycle
and cost-effectiveness

In the present study, two-generation based backcross
breeding approach led to the development of biofortified
sweet corn inbreds through marker-assisted introgression
of crtRBI and o2 genes. These MAS-derived inbreds are
very close to their respective recurrent parents for pheno-
typic, agronomic and yield characters due to high recov-
ery of RPG. Conventional breeding would have taken at
least 4-5 backcrosses to achieve comparable results. Due
to recessive nature of crtRBI and 02 genes, each backcross
would be have required one generation of selfing after every
generation of backcross in traditional backcross breeding
approach. Together, conventional breeding would have taken
11-12 seasons for introgression of crtRB1 and o2 genes in
the parental sweet corn inbreds compared to 5-6 seasons
required in molecular breeding [18]. The present study,
thus developed biofortified sweet corn inbreds through
accelerating the breeding cycle. In addition, phenotyping of
large number of segregating progenies in backcross popula-
tions for high proA, lysine and tryptophan using UHPLC is
quite expensive (US$ 25-30/trait/sample) compared to the
marker-based genotyping which involves US$ 0.5-1/gene/
sample. Globally, several researchers have preferred MAS
approach to develop nutritionally rich maize with crtRBI
[27], 02 [11] and crtRBI + 02 [23, 24] over the traditional
breeding.

Utilization in breeding programme
The newly developed sweet corn inbreds with cr#RBI and

02 genes possess parental background of two sweet corn
hybrids viz., PSSC-1 and ASKH-6. PSSC-1 released in
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India has wider adaptability in four of the five agroecologi-
cal zones. ASKH-6 is a promising sweet corn hybrid and
has great potential to be released for commercial cultivation.
The newly developed biofortified sweet corn inbreds can
be used to reconstitute the PSSC-1 and ASKH-6, and their
biofortified versions can be tested for their eventual release.
So far, no sweet corn hybrid with higher proA, lysine and
tryptophan has been released elsewhere. These novel sweet
corn hybrids would not only provide higher yield, but also
provide better nutrition to the humans. Further, these newly
developed inbreds can serve as the valuable donors in the
sweet corn breeding programme. Several field corn inbreds
with (i) crtRB1, (ii) 02 and (iii) 02 + crtRBI have been devel-
oped by various release groups [11, 23, 24, 27]. However,
sh2-based donors with 02+ crtRBI are quite limited in the
sweet corn background. These sweet corn inbreds thus can
be effectively used to enrich the sh2-based germplasm for
lysine, tryptophan and proA.

Conclusion

Traditional sweet corn lacks desired amount of proA, besides
being deficient essential amino acids, lysine and tryptophan.
Here, crtRBI1 and 02 genes were combined in three elite
sh2-based background using MABB strategy. Molecular
markers helped in accelerating the breeding cycle, and was
found to be cost effective over UHPLC based phenotyping.
The introgressed progenies possessed five fold higher proA
and two fold higher lysine and tryptophan compared to the
parental lines. These nutrient-rich sweet corn inbreds would
play vital role in the sweet corn breeding programme to help
in eradicating malnutrition in sustainable and cost-effective
way.
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