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Abstract The recessive opaque2 (02) gene
enhances lysine and tryptophan by ~twofold in maize
kernels. Despite >6 decades of research, no func-
tional marker for 02 has been reported yet. Here, we
sequenced 2848 bp of entire 02 gene in 10 diverse
inbreds, and identified 7 exonic SNPs and 3 exonic
InDels that distinguished the normal and qual-
ity protein maize (QPM) inbreds. Of these, three
potential SNPs (SNP601_T/C, SNP2359_C/T and
SNP2360_G/T) and three InDels (InDel_1, InDel_8
and InDel_9) were responsible for modification of
amino acids. Clustering analysis grouped 24 QPM
and 24 normal inbreds into two clusters, and led to
the identification of 24 haplotypes of 02. Insertion
of alanine was found to regulate the binding of 02
protein with promoter of zein genes. QPM inbreds
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possessed significantly higher lysine (0.271-0.406%)
and tryptophan (0.069-0.101%) compared to normal
(lysine: 0.124-0.213%; tryptophan: 0.029-0.047%).
A functional marker (MGU-InDel10-02) was devel-
oped, and it clearly differentiated the QPM and nor-
mal inbreds. MGU-InDell10-02 successfully identi-
fied desirable plants in BC,F,, BC,F, and BC,F,
populations. BC,F; progenies possessed higher
lysine (0.379%) and tryptophan (0.084%) over origi-
nal inbreds (lysine: 0.189% and tryptophan: 0.039%).
Among haplotypes, Hap-3 showed the highest aver-
age lysine (0.380%) and tryptophan (0.094%), while
Hap-14 and Hap-16 had the lowest lysine (0.124%)
and tryptophan (0.029%), respectively. This is the
first report on understanding allelic variation, haplo-
types and functional marker development for 02 gene
in maize.

Keywords Maize - Allelic diversity - opaque?2 -
Lysine - Tryptophan

Introduction

Maize has emerged as the most important cereal
crops for food and nutrition globally (Zhang et al.
2023). It provides at least 30% of the food calories to
more than 4.5 billion people in 94 developing coun-
tries (Shiferaw et al. 2011; Prasanna et al. 2020). Tra-
ditional maize endosperm protein contains low level
of lysine and tryptophan, which is less than one-half
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of the recommended dose required for proper growth
and development in humans (Gupta et al. 2015). The
deficiency of lysine and tryptophan affects protein
biosynthesis thereby aggravates the symptoms of pro-
tein energy malnutrition (PEM) (Hossain et al. 2023).
They also cause loss of appetite, depression; delayed
growth, and anxiety in children (Nuss and Tanumi-
hardjo 2010). PEM is considered to be one of the
most lethal forms of malnutrition, as it recorded the
highest number of deaths among children worldwide
(Nyakurwa et al. 2017). It is commonly observed in
the least developing countries where maize is con-
sumed as a staple food (Shiferaw et al. 2011; Bouis
et al. 2019). Thus, efforts directed towards bioforti-
fication of maize for protein quality assume great
impact for nutritional security (Neeraja et al. 2022).
The traditional/ normal inbreds possess dominant
Opagque?2 (O2) gene (Hossain et al. 2018). While, suc-
cessful utilization of naturally available recessive 02
gene coupled with endosperm modifier loci led to the
development of nutritionally-rich maize cultivars pop-
ularly known as quality protein maize (QPM) (Vasal
et al. 1980). Wide array of QPM cultivars adaptable
to various agro ecologies have been released, and
its beneficial effects on growth and development of
humans as well as poultry and piggery have been well
documented worldwide (Gunaratne et al. 2010; Hos-
sain et al. 2019a; Maqgbool et al. 2021).

The recessive 02 allele nearly doubles the lysine
and tryptophan in maize kernels, and thereby signifi-
cantly improves the protein quality of maize over the
genotypes possessing dominant O2 allele (Mertz et al.
1964). The 02 gene has been cloned through transpo-
son tagging (Schmidt et al. 1987; Motto et al. 1988).
It encodes a polypeptide containing a basic leucine
zipper (bZIP) transcription factor, thereby regulates
19-kD and 22-kD a-zeins (Hunter et al. 2002). In 02
based germplasm, lysine-poor o-zein is decreased
with compensation by lysine-rich non-zeins (Gupta
et al. 2013). Furthermore, in 02 kernels, the expres-
sion and accumulation levels of lysine keto gluterate
(LKR) are lower than those of the normal, resulting
in reduced LKR activity and a higher free lysine con-
tent (Kemper et al. 1999).

Though, phenotypic selection of opaqueness in
the kernels on ‘light box’ has been the main stay of
QPM breeding, introgression of o2 into elite germ-
plasm using molecular markers provides great oppor-
tunity to accelerate the breeding cycle (Prasanna et al.
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2020; Hossain et al. 2018). Presence of insertions or
deletions (InDels), single nucleotide polymorphisms
(SNPs), and length variation in motifs within simple
sequence repeats (SSRs) serve as a valuable source
for the development of effective marker (Borevitz
et al. 2003). Three SSR markers (phi057, umcl066
and phill2) present inside the o2 gene as reported
by Pioneer Corporation and the University of Mis-
souri, have been abundantly used for the selection
of 02 gene in the breeding programme (Gupta et al.
2015; Prasanna et al. 2020). Several researchers have
used these SSRs to introgress recessive o2 allele
into elite inbreds through marker-assisted selection
(MAS) (Babu et al. 2005; Gupta et al. 2013; Jompuk
et al. 2011; Hossain et al. 2018; Chand et al. 2022a).
Though gene-based marker is preferred over the
linked marker, which often causes selection of false
positives due to crossing over between the gene and
marker, it does not always differentiate the dominant
(02) and recessive (02) alleles in several genetic
background (Zhao et al. 2012; Chen et al. 2014; Hos-
sain et al. 2018). Functional marker developed based
on polymorphism causing the change in gene function
always causes precise selection of the target gene,
besides unambiguously identify the QPM genotypes.
So far, no functional marker for the 02 gene has been
reported yet in maize. Further, information on allelic
diversity and haplotype analysis on 02 gene espe-
cially among the subtropically adapted maize inbreds
is limited. The present investigation was therefore
undertaken to (i) study the allelic variation of 02
gene, (ii) analyze haplotype diversity of 02 gene, and
(iii) develop and validate functional marker specific
to 02 gene among diverse set of maize inbreds.

Materials and methods
Genetic materials

A set of five diverse inbreds of normal (Zm_O2-Nor-
mall, Zm_O2-Normal2, Zm_O2-Normal3, Zm_
0O2-Normal4, and Zm_0O2-Normal5) and QPM
(Zm_o02-QPM1, Zm_02-QPM2, Zm_o02-QPM3,
Zm_02-QPM4 and Zm_o02-QPMS5) were selected for
analysis of allelic variation at nucleotide and amino
acids level (Table S1). The traditional/ normal maize
inbreds possessed dominant O2 gene in homozygous
condition, while the QPM inbreds had the recessive



Euphytica (2024) 220:155

Page3of 16 155

02 gene in homozygous conditions. Further, a diverse
panel of subtropically adapted 48 inbreds including
24 normal and 24 QPM was used for assessing haplo-
type analysis of the 02 gene (Table S2). These QPM
inbreds have been developed by various centres of
India and CIMMYT, Mexico through introgression of
recessive 02 allele. QPM lines were initially selected
based on presence of kernel opaqueness in the seeds
when kept on the light-box (Hossain et al. 2008).
While the normal lines did not show any opaque-
ness. BC|F,, BC,F, and BC,F, populations gener-
ated by crossing three normal inbreds (HKI1344,
HKI1378 and HKI1348-6-2) with a 02 donor (PMI-
102) were used for genotyping using marker specific
to 02 gene. The segregating generations (BC,F,,
BC,F, and BC,F,) were raised at two locations viz.,
ICAR-Indian Agricultural Research Institute (IARI),
New Delhi (28 °70 ' N, 77 °10 " E, 216 m MSL) and
IIMR-Winter Nursery Centre (WNC), Hyderabad
(17 °21 "N, 78 °29 " E, 536 m MSL). The F, crosses
were generated during the rainy season (2016) at
IARI, New Delhi. The true F;s were backcrossed
with their recurrent parents during winter season
(2016-17) at IIMR-WNC, Hyderabad to gener-
ate BC,F, populations. The BC,F, progenies were
further raised at IARI, New Delhi during rainy sea-
son (2017). The BC,F, seeds were planted at WNC,
Hyderabad during winter season (2017-18), while
BC,F, populations were grown at Delhi during rainy
season (2018) (Chand et al. 2022a). The purpose of
selecting diverse inbreds to check the effectiveness of
newly developed marker specific to 02 gene in differ-
entiating the 24 normal and 24 QPM inbreds. While,
the aim to use three backcross populations using three
recipient parents and one donor parent, was to check
the utility of newly developed markers in molecular
breeding.

DNA isolation, PCR protocol and primer designing
for sequencing o2 gene

DNA for sequencing and gene-based diversity
analysis was isolated from matured seeds using
sodium dodecyl sulphate (SDS) extraction proce-
dure described by Dellaporta et al. (1983). The 02
genomic DNA sequence of GenBank accession no.
KF831425.1 (recessive allele of 02, hereafter 02-Ref)
was used to design the 10 overlapping primer pairs
using Primer3 online software, and were custom

synthesized from M/s G-Bioscience (Table S3).
These primers covered entire 2848 bp of 02 gene
with an amplicon size ranging from 200 to 850 bp.
The 50 pl PCR reaction mixture was prepared using
200 ng DNA, 25 pl PCR master mix (M/s G-Bio-
sciences) and 1.87 pM each of forward and reverse
primers. The PCR amplicons was checked using 2%
agarose gel, and after confirmation of expected prod-
ucts, the remaining PCR product was processed for
sequencing at M/s. Barcode Bio-Sciences (BBS) Pvt.
Ltd.

Sequence analysis and phylogenetic tree construction
of 02

The DNA and amino acid sequence were analyzed
on BioEdit software using ClustalW alignment and
MEGA-X tool using MUSCLE alignment to iden-
tify SNPs or InDels variation among inbreds (Kumar
et al. 2018). After identifying variations, the align-
ment sequence file was then used to compute the
number of SNPs, InDels, polymorphic sites and
nucleotide diversity using DnaSP 6 software version
6.12.03 (Rozas et al. 2017). Putative InDels and SNPs
that clearly distinguished the normal (0O202) and
QPM (0202) inbreds were analyzed manually. Online
available bioinformatics tools viz; SOFTBERRY,
Gene Structure Display Server (GSDS-2.0) were used
for exon—intron organization analysis and domain was
searched through scan Prosite (de Castro et al. 2006;
Hu et al. 2015). The 10 diverse inbred sequences
(five normal and five QPM) of 02 along with 02-Ref
(KF831425.1: QPM) and B73 (normal) were used for
tree construction. A total 12 sequences were used for
phylogenetic clustering of both nucleotide and amino
acid sequences using MUSCLE algorithm in MEGA-
X software.

Development of molecular marker specific to 02 gene

A set of 12 pair of primers with amplicon size ranging
from 143 to 783 bp were designed to develop InDel
markers for molecular diversity analysis (Table S4).
Further potential allele specific SNP-based PCR
markers were also designed to differentiate the reces-
sive (QPM) and dominant (normal) allele of 02 gene
(Table S5). To enhance the specificity of the SNP
based primers, a nucleotide mismatch was inserted
to replace the third nucleotide from the 3’ end of the
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forwards primers (Yang et al. 2012). The 20 pl PCR
reaction containing 100 ng DNA, 10 pl M/s G-Bio-
sciences master mixture and 0.7 pM each of forward
and reverse primer were used for genotyping. All
PCRs reactions were accomplished on a T-100 ther-
mal cycler (M/s Bio-Red) with the touch down 60
(TD-60) protocol (Duo et al. 2021). Amplicons were
visualized in 2-4% agarose gel using a gel documen-
tation system (M/s Alpha Innotech, USA).

InDel-based diversity analysis in 02 gene among
diverse inbreds

The marker profile of each InDel marker among the
diverse panel of 48 genotypes was obtained using
3-4% agarose gel electrophoresis. The obtained
marker data based on gel profile was analyzed in
DARwin v6.0 to estimate genetic dissimilarity based
on Jaccard’s coefficient and constructed dendro-
gram using hierarchical-clustering method (Perrier
et al. 2003). The PowerMarker v3.25 was deployed
to estimate parameters viz. total number of alleles,
major allele frequency, gene diversity, heterozygosity,
polymorphism information content (PIC) and total
no. of haplotypes (Liu and Muse 2005). The geno-
typic score of each accession was further exploited
through iTOL (Interactive tree of life) online software
to construct dendrogram. Model-based population
structure analysis was performed using STRUCTU
RE software version 2.3.4 (Pritchard et al. 2000); the
software was run in 10 replicates by setting K (the
number of populations) from 1 to 5, with a length
of burn-in period of 1,00,000 and number Markov
Chain Monte Carlo (MCMC) replications at 1,00,000
(Evanno et al. 2005). An online tool, Structure Har-
vester (http://taylorQ.biology.ucla.edu) was used to
calculate the most probable genetic diverse popula-
tion of the inbreds. The analysis of molecular vari-
ance (AMOVA) was undertaken using the program
GenAIlEx 6.5 (Peakall and Smouse 2006).

Estimation of lysine and tryptophan from endosperm

A panel of 48 diverse inbreds was grown in rand-
omized complete block design (RCBD) with three
replications at two locations viz., IARI, Delhi and
ICAR- Indian Grassland and Fodder Research Insti-
tute (IGFRI), Jhansi during rainy season (2022).
Each of the plants were selfed to avoid xenia effects
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to avoid contamination by foreign pollen upon cross
pollination. Selfed seeds were ground into fine pow-
der for estimation of lysine and tryptophan using
UHPLC (Dionex Ultimate 3000 System, Thermo Sci-
entific, Massachusetts, USA) (Sarika et al. 2018). The
flour of the grains was acid hydrolyzed using 800 pl
of 6N HCI, 100 pl of 0.IN HCI, 100 pl of nor-leu-
cine and 10 pl of phenol for 16 h at 110 °C. The two
mobile phases, —A and —B consisted of buffer and
organic phase in the ratio of 9:1 (v/v) and 1:9 (v/v),
respectively were used for lysine. The buffer phase
for lysine contained tetra-methyl ammonium chlo-
ride and sodium acetate trihydrate (pH 3.5), while
organic phase had acetonitrile and methanol (49:1,
v/v). In case of tryptophan, alkaline hydrolysis (2 ml
of 4 M NaOH and 200 pl of 0.1% ascorbic acid for
16 h at 110 °C) was performed. The mobile phase for
tryptophan consisted of water and acetonitrile in the
ratio of 95:5. The samples were injected separately in
UHPLC through Acclaim™ 120 C,4 column (5 pm,
120 A, 4.6x150 mm) with a flow rate of 1.0 and
0.7 ml/min, and detected using RS3000 photodiode
array detector at 265 and 280 nm, respectively. The
concentration of lysine and tryptophan was estimated
by standard regression curve derived using dilutions
of external standards (AAS 18-5ML, Sigma Aldrich).

Homology modelling and molecular docking for 02
protein

The 02 protein homology models for QPM and nor-
mal were built using automated protein structure
homology-modelling servers viz; SWISS-MODEL
(Waterhouse et al. 2018) and I-TASSER (Yang and
Zhang 2015). The best models for normal and QPM
were selected for further analysis based on vari-
ous parameters like global model quality estimation
(GMQE) score and identity score >50%. Stereo
chemical property of top predicted model was ana-
lyzed through structure assessment tool in SWISS-
MODEL online server via Ramachandran Plot. The
modelled protein structures of normal and QPM
inbreds were visualized in PyMOL (DeLano 2009)
and UCSF-Chimeral.15 (Goddard et al. 2005).

The 22-kD a-zein (GRMZM2G160739), 19-kD
a-zein  (AF546188.1_FG003) and 27-kD y-zein
(GRMZM2G138727) were selected for the molecular
docking with normal and QPM o2 protein structures.
The three-dimensional (3D) conformers of the o2
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proteins were subjected to I-TASSER servers to get
homology models in PDB format for docking stud-
ies. Promoter sequences of zeins were downloaded
from the MaizeGDB and were converted to PDB for-
mat using Discovery Studio Visualizer (Biovia 2020).
DNA and Protein interactions were performed using
HDOCK server based on hybrid docking algorithm
of template-based modeling and ab initio free dock-
ing (Yan et al. 2017). The PDB files of the DNA and
protein were submitted to HDOCK server and best
results based on docking score and confidence score
were selected. Finally, the docked complex structures
were analyzed in PyMOL (DeLano 2009) and UCSF-
Chimeral.15 (Goddard et al. 2005).

Statistical analysis

The haplotypes analysis among diverse inbreds was
graphically depicted using Graphical Genotype
(GGT2) software version 2.0 (Van-Berloo 2008). The
amplicon of markers used in generated haplotypes
scored as ‘A’ for the favourable (recessive) allele,
‘B’ and ‘C’ for the unfavourable (dominant) allelel
and allele2. Graphical representation based on the
mean of lysine and tryptophan was established by
MS-Office Excel (2019). The analysis of variance
(ANOVA) for nutritional quality was analyzed using
CropStat7.2 software available in the public domain.

Result
DNA sequence variations in 02 gene

The entire nucleotide sequence of 02 gene among
QPM (Zm_02-QPM1 to Zm_02-QPMS5) and nor-
mal (Zm_O2-normall to Zm_O2-normal5) inbred
along with recessive 02-Ref sequence [GenBank
accession no. KF831425.1, deposited by Chen et al.
2014] and B73 (normal) retrieved from maizeGDB
were aligned. Sequence based structure organization
analysis of 02 among 12 diverse inbreds revealed six
exonic regions in 02 gene. A set of 248 SNPs were
discovered in the maize 02 gene (Table S6). Of these,
22 SNPs (7 SNPs in exonic region and 15 SNPs in
intronic region) clearly differentiated dominant allele
(02) from recessive allele (02) (Table 1). The DNA
sequence analysis also revealed the presence of 61
InDels in 02 with a mean nucleotides length of 7.31

and diversity (ki) of 25.50 (Table S7). A total of 9
InDels (3 InDels in exonic regions and 6 in intronic
regions) also differentiated the dominant allele (O2)
from recessive allele (02). These included 3, 6 and
105 bp insertions, and 2, 3, 5, 6 and 26 bp deletions
(Table 1).

Peptide sequence variation in 02 gene

Multiple peptide sequences alignment of 02 proteins
revealed distinct variability among normal and QPM
amino acids sequences. Of these, five modifications
(due to SNP) revealed amino acids substitutions and
three modifications (due to InDels) showed inser-
tions in amino acids sequence (Fig. S1). Amino acids
substitutions due to SNP polymorphisms included
changes viz., (i) SNP601_T/C (exon-1) causing valine
(V) to alanine (A) conversion at 89th position, (ii)
dinucleotide change (CG/TT) due to SNP2359_C/T
and SNP2360_G/T (exon-5) conferring alanine
(A) to serine (S) conversion at 295th position, (iii)
SNP2663_C/T (exon-6) with proline (P) to valine
(V) conversion at 361st position, (iv) SNP 2792_G/C
(exon-6) converting glycine (G) to alanine (A) at
404th position and (v) SNP2865_G/C (exon-6) mod-
ifying glutamine (Q) to histidine (H) at 428th posi-
tion of amino acid in the polypeptide chain. Among
these, (i) alanine (A) to serine (S) and (ii) glutamine
(Q) to histidine (H) belonged to modification in prop-
erties of amino acids such as alanine was hydropho-
bic, while serine and glutamine were hydrophilic
polar uncharged with histidine being hydrophilic
basic in nature. Further, three InDel modifications
viz., (i) InDel-1 having 3 bp InDel at 656-658 bp
position (valine at position 108), (ii) InDel-8 hav-
ing 3 bp InDel at 2594-2596 bp position (alanine at
position 339) and (iii) InDel-9 having 6 bp InDel at
2657-2662 bp position (proline-valine at position
356-357) were produced due to InDels present in
exon-1 and exon-6.

In addition, the impact of amino acid substitu-
tions was studied through modelling of 3-D structure
among QPM and normal protein using BZIP domain
containing protein from maize (AlphaFoldDB:
AOA1DG6HTP7) as a template. Both QPM (liao2345/
02-2; GenBank accession no. KF831425.1) and nor-
mal (Zm_O2-Normal5) protein structures were super-
imposed through TM alignment and obtained super-
imposed protein structure with TM-score of 0.41835
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Table 1 Identified SNPs/InDels differentiating normal and QPM maize inbreds

S.No.  Position (bp) Nucleotide modifica-  Amino acids modification =~ Length (bp)  Types of mutation = Region

tion
Start  End Normal QPM Exon/Intron

1 601 601 T C Valine to Alanine 1 SNP601 Exonl
2 656 658 Deletion  Insertion  Insertion of Valine 3 InDel-1 Exonl
3 1093 1197  Deletion  Insertion — 105 InDel-2 Intron1
4 1229 1229 T C - 1 SNP1229 Intron1
5 1233 1234 Insertion  Deletion  — 2 InDel-3 Intronl
6 1285 1285 A G - 1 SNP1285 Intronl
7 1286 1286 G T - 1 SNP1286 Intronl
8 1306 1306 C A - 1 SNP1306 Intronl
9 1376 1381  Insertion Deletion - 6 InDel-4 Intronl
10 1382 1382 A G - 1 SNP1382 Intron1
11 1384 1384 G T - 1 SNP1384 Intron1
12 1385 1385 A C - 1 SNP1385 Intron1
13 1388 1388 C G - 1 SNP1388 Intronl
14 1389 1389 A G - 1 SNP1389 Intronl
15 1434 1434 A G - 1 SNP1434 Intronl
16 1495 1520 Insertion  Deletion — 26 InDel-5 Intronl
17 1676 1680  Insertion  Deletion — 5 InDel-6 Intron2
18 1687 1689  Insertion Deletion — 3 InDel-7 Intron2
19 1704 1704 C T - 1 SNP1704 Intron2
20 1728 1728 A G - 1 SNP1728 Intron2
21 1760 1760 T A - 1 SNP1760 Intron2
22 1761 1761 C T - 1 SNP1761 Intron2
23 2359 2359 C T Alanine to Serine 1 SNP2359 Exon5
24 2360 2360 G T 1 SNP2360 Exon5
25 2497 2497 G A - 1 SNP2497 Intron5
26 2594 2596  Deletion  Insertion Insertion of Alanine 3 InDel-8 Exon6
27 2656 2656 C G No change in amino acid 1 SNP2656 Exon6
28 2657 2662  Deletion Insertion Insertion of Proline-Valine 6 InDel-9 Exon6
29 2663 2663 C T Proline to Valine 1 SNP2663 Exon6
30 2792 2792 G C Glycine to alanine 1 SNP2792 Exon6
31 2865 2865 G C Glutamine to Histidine 1 SNP2865 Exon6

Normal inbreds (0202): UMI1200, PMI-PV3, CML342, CML454 and LM13; QPM inbreds (0202): CML150, HKI193-1, HKI161,

CML165 and PMI-PV6

and RMSD value of 6.5 (Fig. S2). The 3-D structure
analysis also revealed structural deformation due to
insertion of alanine (at 108 amino acid position) and
proline-valine (at 356-357 amino acid position) but
no structural change was present due to substitutions
of amino acids. Molecular docking to determine the
specificity of 02 encoded bZIP protein with promoter
sequences of 22-kD a-zein (GRMZM2G160739),
19-kD a-zein (AF546188.1_FG003), 27-kD y-zein
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(GRMZM2G138727) revealed that DNA bound to
recessive 02 protein had less binding affinity for
22-kD a-zein (-242.26) and 19-kD a-zein (—230.54)
as compared to dominant O2 protein interaction with
22-kD a-zein (—296.47) and 19-kD a-zein (— 266.79)
(Table S8). While recessive o2 protein interaction
with 27-kD y-zein showed high binding affinity
(—225.89) over the dominant O2 protein (—192.11).
Further docking score is best explaining through



Euphytica (2024) 220:155

Page 70f 16 155

confidence score. The 3D visualization of protein-
DNA complex interactions is depicted in Fig. S3.

Genetic relationships among inbreds

Based on phylogenetic analysis of DNA sequences
of the 10 maize inbreds along with KF831425.1
(02-Ref) and B73 (normal) sequences, inbred were
divided into two clusters, — A and —B. Cluster-A had
five QPM inbreds (Zm_o02-QPM1, Zm_o02-QPM2,
Zm_02-QPM3, Zm_02-QPM4 and Zm_o02-QPMS5),
as well as 02-Ref (KF831425.1), while Cluster-B had
five normal inbreds (Zm_O2-Normall, Zm_O2-Nor-
mal2, Zm_0O2-Normal3, Zm_0O2-Normal4, and Zm_
02- Normal5) along with B73 (normal) (Fig. 1A).
Similarly amino acids sequences based clustering
also divided into the two clusters, —C and —D. Clus-
ter C had all QPM inbreds while cluster D contained
all the normal inbreds (Fig. 1B).

InDels based diversity, clustering and haplotype
analysis

Among the InDels identified from 02 sequence

alignment analysis, selected InDels (>2 bp cover-
ing full-length gene) were exploited to develop the
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gene-based InDel markers (Table S4). Molecu-
lar diversity using InDels (ranged from 3-105 bp)
generated a total of 27 alleles with an allelic mean
of 2.25 (range: 2-3) in a set of 48 diverse inbreds.
PIC varied from 0.17 to 0.50 with a mean of 0.35.
Among the 12 InDels based-markers, one marker
(MGU-InDel10-02) had a PIC of >0.5 (Table 2).
Major allele frequency varied from 0.50 to 0.90
with mean of 0.78. The genetic diversity ranged
from 0.19 (MGU-InDell2-02) to 0.58 (MGU-
InDell10-02) with mean of 0.43. The dissimilarity
matrix varied from 0 to 0.96.

Cluster analysis grouped the 48 diverse inbreds
into two major clusters, namely —E and —F
(Fig. 2). All the 24 QPM inbreds were grouped into
cluster-E, while all 24 normal inbreds were grouped
into cluster-F. Clustering patterns also revealed that
genotypes originated from similar/ related pedi-
gree grouped together. Haplotype analysis based on
InDel markers revealed the presence of 24 haplo-
types of 02 existed among the 48 inbreds with hap-
lotype diversity 0.894. The QPM inbreds formed
four haplotypes (Hap-1, Hap-2, Hap-3 and Hap-4),
while other haplotypes (Hap-5 to Hap-24) were
generated by the normal inbreds (Fig. S4).
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T.able.2 Molecular S. No. Marker Major No. of alleles Gene diversity Hetero-zygosity PIC
diversity parameters for

allele fre-
gene-based InDel markers quency
1 MGU-InDell-02  0.67 3.00 0.50 0.00 0.44
2 MGU-InDel2-02  0.85 3.00 0.26 0.00 0.24
3 MGU-InDel3-02  0.52 2.00 0.50 0.00 0.37
4 MGU-InDel4-02  0.73 2.00 0.39 0.00 0.32
5 MGU-InDel5-02  0.50 2.00 0.50 0.00 0.38
6 MGU-InDel6-02  0.69 2.00 0.43 0.00 0.34
7 MGU-InDel7-02  0.50 2.00 0.50 0.00 0.38
8 MGU-InDel8-02  0.50 2.00 0.50 0.00 0.38
9 MGU-InDel9-02  0.50 2.00 0.50 0.00 0.38
10 MGU-InDel10-02 0.50 3.00 0.58 0.00 0.50
11 MGU-InDell1-02 0.77 2.00 0.35 0.00 0.29
12 MGU-InDel12-02 0.90 2.00 0.19 0.00 0.17
13 Mean 0.64 2.25 0.43 0.00 0.35
Fig. 2 Clustering pattern
of the 48 diverse QPM and
normal inbreds using InDel
markers g
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Fig. 3 Validation of Functional marker (MGU-InDell0-02) in
inbred panel and utilization in BC,F,. A: Diverse inbred panel;
B: HKI1344 based BC,F, Population; C: HKI1348-6-2 based

Population structure and PCoA analysis

Structure harvester identified the two gene-based
populations (K =2) in panel of 48 maize inbreds (Fig.
S5). Population-I was composed of QPM inbreds,
while population-II had only normal inbreds. The
mean genetic differentiation value (Fst) of popu-
lation-I, and population-II were 0.585 and 0.870,
respectively, and the mean a-value was 0.028. The
pairwise allele-frequency divergence between popula-
tion-I and -II was 0.5623. Analysis of molecular vari-
ance (AMOVA) also illustrated significant divergence
between the populations (28%), and within popu-
lations (72%) (Table S9). PCoA analysis revealed
that normal inbreds were found to be uniformly dis-
tributed among the two quadrangles (-II and -IV) in
a scatter plot, while QPM inbreds were clustered in
the other two quadrangles (-1 and -III). The first three
PCoA axes together explained 81.80% cumulative

HKI1378 based BC,F, Populations

HKI1348-6-2 based BC,F, Populations » L

BC,F, Population; D: HKI1378 based BC,F, Population; Q:
QPM; N: Normal; Star indicate recessive 02 segregants

variance, with first, second and third axes explained
67.38%, 9.11%, and 5.31% of genetic variation,
respectively (Fig. S5).

Development of functional marker specific to 02

Three potential SNPs (SNP601_T/C, SNP2359_C/T
and SNP2360_G/T) responsible for substitution of
amino acids and three exonic InDels (InDel_1 at posi-
tion 656—658 bp, InDel_8 at position 2594-2596 bp
and InDel 9 at position 2657-2662 bp) were
exploited to develop two SNP based marker and two
Indels markers. The InDel based markers viz., MGU-
InDel3-02 and MGU-InDell0-02 were designed
from exon-1 and exon-6. Of these two, a functional
marker (MGU-InDell10-02) covering InDel-8 and
InDel-9 belonged to exon-6 was developed (Fig. S6).
The marker (MGU-InDel10-02) amplified 147 bp and
153 bp amplicons among the normal inbreds, while
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156 bp amplicon was generated among QPM inbreds
(Fig. 3). The MGU-InDel10-02 marker clearly dis-
tinguished the normal (dominant allele) and QPM
(recessive allele) inbreds. While InDel based marker
MGU-InDel3-02 unable to distinguish the normal
and QPM inbreds. The SNP causing change from
G (normal) to C (QPM) followed by substitution of
glutamine (Q) to histidine (H), and dinucleotide CG
(normal) to TT (QPM) coding for substitution of ala-
nine (A) to serine (S), were used as the basis for the
development of allelic specific SNP marker (MGU-
SNP_G/C-02 and MGU-SNP_CG/TT-02). The mark-
ers viz., MGU-SNP_G/C-02 and MGU-SNP_CG/
TT-02 produced an amplicon of 93 bp and 87 bp,
respectively. However, SNP-based PCR markers
could not clearly distinguish the recessive allele from
the dominant allele of 02 (Fig. S7). Besides, three
earlier reported 02 gene-based SSRs viz., phill2,
phi057 and umcl066 were also used for analysis
among the 48 diverse inbreds. These SSRs also did
not show clear-cut polymorphism between normal
and QPM inbreds in the panel (Fig. S8).

Variation in lysine and tryptophan among diverse
inbreds

Pooled ANOVA revealed significant variation for
lysine and tryptophan among inbreds was present
due to genotypes and locations X genotypes. Loca-
tions also showed significant variation for trypto-
phan (Table S10). However, contribution [(sum of
square/ total sum of square)x 100%] of location and
location X genotype was very low (<1%) for lysine
and tryptophan. Across locations, 24 QPM inbreds
possessed higher lysine (0.350%) and tryptophan
(0.085%) over the normal inbreds (lysine: 0.159%,

tryptophan: 0.037%). QPM inbred, BQPML-5122
had the highest lysine (0.406%), while PMIQ-549
possessed the highest tryptophan (0.101%). Among
normal inbreds, CML-498 and CML-580 had the
lowest lysine (0.124%) and tryptophan (0.029%) (Fig.
S9; Table S11). Mean of haplotype-3 (Hap-3) based
inbreds showed the highest average lysine (0.380%)
and tryptophan (0.094%), while Hap-14 and Hap-
16 had the lowest lysine (0.124%) and tryptophan
(0.029%), respectively (Fig. S10).

Validation of novel functional marker in backcross
populations

We analyzed the segregation of newly developed
functional marker, MGU-InDel10-02 in three back-
crossed-derived populations (BC,F; BC,F, and
BC,F,) in three genetic backgrounds. In BCF,
population, MGU-InDel10-02 identified of 46, 53,
and 49 heterozygous plants in HKI344 x PMI-102,
HKI378 xPMI-102, and HKI348-6-2xPMI-102
populations, respectively. Segregation of 02 gene in
all the three crosses followed Mendelian inheritance
ratio of 1:1 (Table 3). In BC,F, population the MGU-
InDel10-02 identified of 51, 50, and 46 heterozygous
plants in HKI344 xPMI-102, HKI378 x PMI-102,
and HKI348-6-2 x PMI-102 populations, respectively.
Segregation of 02 gene in all the three crosses fol-
lowed Mendelian inheritance ratio of 1:1 (Table 3).
In BC,F, generation, MGU-InDel10-02 identified of
21, 14, and 23 homozygous recessive (0202), 25, 22,
and 19 homozygous dominant (O202) and 48, 58,
and 52 heterozygous plants in HKI1344 x PMI-102,
HKI1378 xPMI-102 and HKI1348-6-2xPMI-102
populations, respectively. Mendelian segregation pat-
tern of 1:2:1 was followed in HKI344 x PMI-102 and

Table 3 Segregation

= S.No. Cross Generations NP 0202 0202 0202 x2 P-value
pattern of functional marker
(M(;U'Inl?elg?l;fﬁ) specific 1 HKI1344 x PMI-102 BC/F, 94 48 46 - 0.042 0.84N
to 0z gene In different BC,F, 94 43 51 - 0.681 0418
backcrosses and self-
generations BC,F, 94 25 48 21 0383 083"
2 HKI1378 x PMI-102 BCF, 94 41 53 - 1.532 0.22™
NS
NP Number of plants, BC,F, 94 44 50 - 0.383 0.54
02 dominant allele, 02 BC,F, 94 22 58 14 6.511 0.05*
recessive allele, NS Non- 3 HKI1344-6-2xPMI-102  BC,F, 94 45 49 - 0.170  0.68"
significant BC,F, 94 48 46 - 0042 084
Significant at P value of BC,F, 94 19 57 23 1.404 0.49NS

0.5%
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HKI348-6-2x PMI-102, while HKI378xPMI-102
showed segregation distortion in relation to 02 gene
(Table 3; Fig. 3). Selected three BC,F; progenies
having favourable allele of 02 identified by MGU-
InDel10-02 from three genetic background along with
their original inbreds were analysed for lysine and
tryptophan in the endosperm. Analysis revealed sig-
nificantly higher accumulation of lysine (0.379%) and
tryptophan (0.084%) in MAS derived QPM (0202)
inbreds as compared to original (O202) inbreds
(lysine: 0.189% and tryptophan: 0.039%) (Table S12).

Discussion

The importance of balanced-nutrition on human
health has emerged as the most priority area after
COVID-19 pandemic (WFP, WHO and UNICEF
2022). Of these protein with proper balance of essen-
tial amino acids is the key to the overall growth and
development in humans (Hossain et al. 2023). Thus,
efforts directed towards biofortification of maize
with higher lysine and tryptophan assumes great
significance (Gupta et al. 2015; Yadava et al. 2018).
Molecular breeding provides great opportunity to
develop o2-based QPM hybrids nearly half of the
time required in conventional breeding (Hossain et al.
2018). Though three gene-based SSRs have been rou-
tinely used in the MAS programme, their usage is
quite often limited due to lack of functional polymor-
phisms between the recipient and donor lines. Here,
we characterized a set of normal and QPM inbreds
for 02 gene, and identified different haplotypes of 02
followed by development and validation of functional
marker for utilization in molecular breeding.

Nucleotides and amino acids variation analysis in 02

The successful development of suitable plant cul-
tivars depends on utilization of diversity in genetic
materials (Sood et al. 2014; Mayer et al. 2020). The
sequence analysis of o2 revealed that the differenti-
ating SNPs and InDels were found more frequently
in non-coding regions than coding regions of o2
gene. Mutation in non-coding region possesses little
influence on the gene’s fitness, thus they are quickly
fixed in the population (Chhabra et al. 2022). Several
authors also performed the nucleotide-based 02 anal-
ysis and found high degree of nucleotides variability

between QPM and normal inbreds (Schmidt et al.
1990; Henry et al. 2005; Gavazzi et at. 2007).

Amino acids substitutions sites viz., (i) alanine to
serine, (ii) proline to valine, (iii) glutamine to his-
tidine, (iv) valine to alanine, and (v) glycine to ala-
nine, and insertion of valine and alanine were identi-
fied by comparing the normal and QPM amino acid
sequence. Similar amino acids substitutions sites were
also identified by Chen et al. (2014) in QPM inbreds.
Heterocyclic amino acid such as proline (insertion of
proline and substitution of valine in place of proline)
influence the activity of the 02 protein as the position
of the proline residue affects the direction and degree
of turns in the 3-D structure of the 02 protein (Yang
et al. 2004). The single amino acid substitution muta-
tion in peptide sequence from a nonpolar hydropho-
bic (alanine) to a polar hydrophilic (serine) at 295 bp
might cause loss in its spatial conformation, thereby
leading to its decreased function of transcriptional
activation of 02 protein (Chen et al. 2014). Domain
analysis showed that the C-terminal of basic leucine-
zipper (bZIP-C) showed highest E-value (9.1e—18)
among the identified domains present in the align-
ment sequence from position 316 to 435. In this
domain region, we identified three substitutions (pro-
line to valine, glycine to alanine and glutamine to his-
tidine) of amino acids. While, Aukerman et al. (1991)
showed an arginine to lysine substitution in the 02
(bZIP) domain abolished specific DNA binding in
QPM. In this study, SNPs based markers belonging
to potential amino acids substitutions (alanine to ser-
ine and glutamine to histidine) did not show clear cut
polymorphism between normal and QPM inbreds.

The formation of 3D models provides the bet-
ter understanding of the structural differences of the
proteins (Tufchi and Singh 2018). In the recessive 02
protein structure, we found insertion of amino acids
(alanine and proline-valine) in domain region which
affect the 3D confirmation of o2 protein. The o2
motif recognized the core binding sites viz; TCACAT
GTGT, TCATGCATGT and TCCACGTAGAT sites
from the 22-kD a-zein gene promoter (Schmidt et al.
1992; Muth et al. 1996); ACGT and ACAT sites from
the 19-kD a-zein gene promoter (Li et al. 2015) and
the O2-like-box (TTTACGTAGAT) from the 27-kD
y-zein gene promoter (Wu and Messing 2012; Li
et al. 2015) in maize. The molecular docking study
of 02 protein with promoter (DNA sequence) of zein
protein revealed that most of the interactions were
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having docking scores of more than the threshold cut-
off of 200 kcal/mol with confidence score more than
0.7 except 27-kD y-zein protein. The highest docking
score for the interaction of maize protein with DNA
sequence of promoter region in zein protein suggests
that it requires less energy to bind protein with DNA
(Yan et al. 2017). In present study, recessive 02 pro-
tein interaction with promoter sequence of a-zein pro-
tein required more binding energy, while recessive 02
protein interaction with promoter sequence of y-zein
protein required less binding energy as compared to
dominant O2 protein. Chromatin Immunoprecipita-
tion Sequencing (ChIP-seq) study also revealed that
02 directly is bound to the promoters of known tar-
gets (22-kD a-zein, 19-kD a-zein and 27-kD y-zein
gene) (Vicente-Carbajosa et al. 1997; Wu and Mess-
ing 2012; Li et al. 2015; Li and Song 2020). Trans-
activation of O2 on the promoters of zein genes was
earlier confirmed by dual-luciferase transactivation
assay (Li et al. 2015). This information may play a
key role in unveiling the structure behaviour and
regulatory framework of 02 protein for improving the
nutritional value of the maize. Phylogenetic analysis
revealed that normal and QPM inbreds were diverse.
Yang et al. (2004) also analyzed 14 maize accessions
of QPM along with normal maize using three o2
gene-based markers (umcl066, phi057 and phill2),
and observed close relationship between recessive 02-
based accessions.

Molecular diversity, population structure and
haplotype analysis using InDel markers

Genetic diversity analyses based on gene-based
markers identified an average of 2.25 alleles/loci,
which was higher than Hossain et al. (2019b) (1.81
alleles/loci) and Chhabra et al. (2021) (2.00 alleles/
loci) and comparable to Katral et al. (2022) (2.27
alleles/loci). PIC, major allele frequency and gene
diversity were comparable to earlier study by Chand
et al. (2022b) in QPM maize, Hossain et al. (2019b)
in waxy maize and Chhabra et al. (2022) in sweet
corn. Zero heterozygosity was observed in the study
which indicated that all loci were homozygous and
the alleles were fixed. Population structure analysis
identified the two gene-based populations (QPM and
normal) with the mean alpha value was 0.028. Das
et al. (2019) also identified two populations for vte4
gene based inbreds. A total of 24 haplotypes of 02

@ Springer

was identified among a set of 48 inbreds in the pre-
sent study. Chhabra et al. (2021, 2022) identified 44
haplotypes for sugaryl (sul) gene and 47 haplotypes
for shrunken2 (sh2) gene among 48 genotypes based
on candidate gene-based markers. Katral et al. (2022)
also reported 41 haplotypes from 48 accessions using
InDel based markers specific to fatb gene.

Superiority of lysine and tryptophan in 02 based
inbreds

The recessive 02 based inbreds (QPM) possessed an
average of 2.19-fold and 2.26-fold more lysine and
tryptophan over normal inbreds. The most promis-
ing genotypes had 2.55-fold and 2.70-fold lysine and
tryptophan enhancement over the normal inbreds.
All the QPM genotypes with higher lysine (0.350%)
and tryptophan (0.085%) were grouped in Cluster-E,
while most of the genotypes with low lysine (0.159%)
and tryptophan (0.037%) were grouped in Cluster-
F. The four haplotypes (Hap-1, Hap-2, Hap-3, and
Hap-4) covering all QPM inbreds possessed more
lysine and tryptophan, while the other haplotypes
(Hap-5 to Hap-24) normal inbreds had lower lysine
and tryptophan.Further, within QPM inbreds, Hap-3
showed the highest average lysine (0.380%) and tryp-
tophan (0.094%), while Hap-4 had the lowest aver-
age lysine (0.292%) and tryptophan (0.076%) within
QPM inbreds. In case of normal inbreds, Hap-13 and
Hap-22 accumulated the highest lysine (0.213%) and
tryptophan (0.047%) respectively, while Hap-14 and
Hap-16 haplotypes accumulated and lowest lysine
(0.124%) and tryptophan (0.029%), respectively.
These InDel-based markers facilitated easy differen-
tiation using agarose gel electrophoresis. PCR-based
marker development for the SNPs are challenging as
primer binding with a difference of only one base at
the 3’ end may not be precise leading to faulty assay.
Further, use of next generation-based SNP genotyp-
ing of large number of lines are quite costly (Semagn
et al. 2014; Talukder et al. 2023). The haplotype anal-
ysis using InDels based marker assay is simple and
cheap, and can be used by any breeder having simple
lab facility (Chhabra et al. 2021, 2022). The 02 gene
codes a bZIP protein that acts as a transcriptional fac-
tor for expression of a-zeins (Ueda et al. 1992). The
recessive o2 protein causes reduction in synthesis
of zein protein by 50-70% primarily due to its less
affinity of binding to the promoter regions (Kodrzycki
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et al. 1989). The enhancement of nutritional quality
in QPM inbreds is mainly due to reduction of lysine
deficient zein proteins followed by enhanced syn-
thesis of lysine-rich non-zein proteins (Habben et al.
1993). Recessive 02 also significantly reduces tran-
scription of LKR, the enzyme that degrades lysine
in maize endosperm, thereby enhancing the concen-
tration of lysine (Kemper et al. 1999). Further, 02 is
involved in regulation of various metabolic pathways
and causes enhanced synthesis of various lysine-rich
proteins and enzymes (Jia et al. 2013).

Functional marker and utilization in molecular
breeding

Functional markers associated with 02 can effec-
tively help in breeding for higher accumulation of
lysine and tryptophan. Here, we developed a func-
tional marker (MGU-InDel10-02) covering a 3 bp
insertion (TGC termed as InDel-8) and 6 bp inser-
tion (TGCCGG termed as InDel-9) in exon-6 region
of 02 gene. Marker-assisted backcross breeding has
emerged as the most preferred approach for intro-
gression of recessive 02 allele as heterozygotes can
be easily identified (Gupta et al. 2013). Addition-
ally, lengthy progeny testing after each backcross is
avoided (Hossain et al. 2018). Microsatellite markers
present within 02 genes available in public domain
(Yang et al. 2004), however, may not necessarily be
polymorphic between normal and QPM inbreds. Fur-
ther, modification of repeat numbers due to replica-
tion slippage often leads to generation of new allele
in the segregating populations. The functional marker
developed here efficiently identified the foreground
positive plants in all the segregating generations
(BC,F,, BC,F; and BC,F,) due to its codominance
nature. The analysis also revealed that in most of
populations, the marker segregated according to the
predicted Mendelian ratio of 1:1 in the backcross gen-
erations and 1:2:1 in the selfed generation. Further,
the functional marker unambiguously separated the
recessive 02 (QPM) inbreds from the normal inbreds.

The germplasm base of QPM inbreds with reces-
sive 02 gene is quite limited compared to the nor-
mal maize inbreds with dominant O2 allele (Gupta
et al. 2013). Thus, development of new diverse o2-
based lines would strengthen the QPM breeding pro-
gramme. The functional marker (MGU-InDel10-02)
can also be used to develop new QPM inbreds for

their utilization in the breeding programme. Large
number of elite normal inbreds (0202) with high
per se performance and desirable combining ability
can be crossed with QPM donor lines (0202), and F,
populations can be genotyped using the functional
marker. The segregants homozygous for recessive 02
gene can be selected and advanced to fix the inbreds
for their utilization in the breeding programme. Simi-
lar effort has been undertaken in developing new
inbreds with crtRBI gene governing provitamin-A
accumulation in maize (Duo et al. 2021).

The sequencing of the entire 02 gene (2,848 bp)
costs ~US$ 120 per sample. Thus, sequencing the
entire 02 gene among large set of inbreds involves
considerable cost. On the contrary, the PCR-based
functional marker developed here was effective in
identifying genotypes with recessive 02 allele with
100% accuracy. Further, the marker-assay involves
only US$1-1.5 per sample, thereby suggesting its
utility in cost-effectiveness (Gain et al. 2023). In
addition, functional marker developed here is also
breeder-friendly as it requires basic lab facility with
PCR machines, gel electrophoresis and gel docu-
mentation system. On the other hand, though next-
generation sequence (NGS) based marker system is
high throughput, it requires highly skilled personnel
and considerable cost (Talukder et al. 2023). While,
NGS-based such as Kompetitive Allele Specific PCR
(KASP) involves high cost (US$246 per sample)
(Semagn et al. 2014). Further, accessibility of such
NGS-based facilities in remote places further lim-
its its utilization. The PCR-based functional marker
system developed in the present study is quite afford-
able by the breeding programme especially in under-
developed and developing countries where resources
are limited.

Conclusion

The analysis revealed presence of wide diversity in
02 allele in diverse maize inbreds. Specific SNPs and
InDels present within the 02 gene differentiated the
normal and QPM inbreds. The most promising o2
haplotype with higher accumulation of lysine and
tryptophan can be the best source for the QPM breed-
ing. The study provided the novel insight in to the
DNA-protein interactions. The functional breeder-
friendly marker developed here could identify the
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desirable homozygotes from the heterozygotes in
backcross populations. It also precisely identified the
normal and QPM inbreds of diverse pedigree. The
marker would help in accelerating the development
of QPM hybrids worldwide. This is the first report
on understanding natural allelic variation, haplotype
analysis and functional marker development for o2
gene regulating the enhancement of lysine and trypto-
phan in maize kernels.
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