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The mutant waxy allele (wx1) is responsible for increased amylopectin in maize starch, with a wide 
range of food and industrial applications. The amino acid profile of waxy maize resembles normal 
maize, making it particularly deficient in lysine and tryptophan. Therefore, the present study explored 
the combined effects of genes governing carbohydrate and protein composition on nutritional profile 
and kernel physical properties by crossing Quality Protein Maize (QPM) (o2o2/wx1+wx1+) and waxy 
(o2+o2+/wx1wx1) parents. Selected homozygous genotypic classes from F2 populations showed 
that double mutants (o2o2/wx1wx1) had the highest amount of lysine (mean: 0.396%), tryptophan 
(mean: 0.099%), and amylopectin (mean: 98.56%) than respective single mutants (o2o2/wx1+wx1+: 
lysine: 0.338%, tryptophan: 0.083%, amylopectin: 74.66%; o2+o2+/wx1wx1: lysine: 0.223%, 
tryptophan: 0.040%, amylopectin: 95.21%). The wx1 was found to impart an enhanced effect on the 
lysine and tryptophan, while o2 complemented enhanced amylopectin content in the population 
in the o2+o2+ and wx1+wx1+ genotypic background, respectively, besides o2o2wx1wx1 genotypes. 
The pattern of kernel hardness observed based on average genotypic values was o2+o2+/wx1+wx1+ 
(401.28 N) < o2+o2+/wx1wx1 (330.99 N) < o2o2/wx1wx1 (304.28 N) < o2o2/wx1+wx1+ (210.96 N). 
Therefore, with the distinctive effects of wx1 and o2, improving lysine, tryptophan, and amylopectin 
while maintaining kernel hardness is feasible while breeding for o2o2/wx1wx1 germplasm and 
enhancing the utilization spectrum of waxy maize.
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The myriad applications of maize have established it as a popular third leading cereal crop cultivated across 
diverse ecologies in more than 170 countries, while India’s contribution to the total area and global production 
of maize is ranked 4th and 6th, respectively1. Apart from being a model crop in genetic studies for decades, 
maize has achieved significant economic success due to its exclusive specialty traits. These traits enhance its 
value across end uses, primarily as feed and raw material in industrial applications and food2. Waxy maize, a 
specialty corn, forms a major part of the diet as a breakfast item and a vegetable in Southeast Asian countries, 
due to the sticky quality of grains3. Despite amylopectin being a primary component in all maize types, waxy 
maize is characterized by lesser amylose content (0 to 8%) and very high amylopectin, which therefore, imparts 
higher viscosity, and is commonly referred to as glutinous maize4. The wide industrial applications of waxy 
maize are attributable to highly crystalline starch structures characterized by tandem linked clusters and low 
retrogradation tendencies5. The normal maize starch, however, containing 25–28% amylose with the least 
viscosity has specific applications in drug delivery, dietary fiber, and emulsion stability6–8. In the food sector, 
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waxy maize starch is preferred as thickeners, fillers, and food additives, while in the paper industry, it is used as a 
sizing agent9, besides being used as an oil recovery agent through waxy starch nanocrystals10. Furthermore, waxy 
maize-derived amylopectin is a preferred source to restore glycogen in professional athletes2.

Among several genes affecting kernel starch composition, the key genes are amylose extender1 (ae1), dull1 
(du1), sugary1 (su1), shrunken2 (sh2) and waxy1 (wx1)9. Waxy maize kernels have a key distinguishing feature 
where kernels are dull and waxy in appearance imparted by a mutation in Waxy1 (wx1+) gene on the long 
arm of chromosome 911. Globally, several natural mutant alleles have been identified at the wx1+ locus across 
diverse Chinese landraces and global collections12,13. The wx1 mutant imparts reduced activity of granule-
bound starch synthase-I (GBSS-I), involved in the synthesis of amylose from ADP-glucose14. The wx1 blocks 
this conversion, leading to enhanced accumulation of amylopectin, sometimes up to 100% in the endosperm, 
resulting in excellent nutritional and economic values. However, normal maize-based food is deficient in the 
whole range of essential amino acids, especially, lysine (< 0.25% in flour) and tryptophan (< 0.6% in flour), 
diminishing the protein quality15. Adding to this significant flaw, humans and other monogastric livestock need 
supplementation of essential amino acids through diet16. Therefore, malnutrition persists in masses dependent 
on maize-based foods17. Deficiency of lysine causes systemic protein-energy deficiency, impaired fatty acid 
metabolism, abnormal absorption of intestinal calcium, and anemia, while the depletion of tryptophan is 
manifested as impaired skeletal development, reduced growth rate, increased pain sensitivity, and anxiety18. 
Several approaches like commercial fortification, supplementation, and dietary diversity have been suggested to 
combat malnutrition, among which crop-biofortification is a safe, sustainable, and socially profitable strategy19.

The mutant Opaque2 (o2+) loci on the short arm of chromosome 7, resulting in a non-functional transcription 
factor (bZIP family), rebalances the endospermic proteome through reducing zeins, which correspondingly 
enriches lysine-rich non-zeins20. However, the negative phenotypic effects like chalky endosperm, low test 
weight, and post-harvest processing challenges associated with o2 were overcome by combining o2 with 
endosperm and amino acid modifier loci, leading to the development of quality protein maize (QPM)15. The 
alpha zeins (19 and 22 kDa) regulate the size of protein bodies (PB), while the gamma zeins (27 kDa) regulate the 
shape and formation of PBs16. The recurrent selection for modifier loci enhanced kernel hardness with increased 
27  kDa gamma-zeins in QPM lines16. Therefore, germplasm combining o2 which highly enhances protein 
quality, with wx1 responsible for increased amylopectin in maize starch, would be a promising resource for 
alleviating malnutrition through improving the nutritional profile of waxy maize and expanding its application 
spectrum. The phenotypic effect of multiple gene interactions has been studied for o2/sh2, resulting in collapsed, 
opaque endosperm, bt2/su1, resulting in shrunken tarnished endosperm, and ae1/su1/su2, resulting in partially 
wrinkled tarnished endosperm21. However, since wx1 modifies starch composition in maize, while o2 affects the 
accumulation of PBs, a detailed investigation of the interactive impact on the corresponding nutritional profile 
and endosperm hardness has remained unexplored.

The specialty maize breeding program in ICAR-Indian Agricultural Research Institute (IARI), New Delhi has 
developed diverse waxy and QPM maize inbreds by leveraging marker-assisted selected (MAS) across multiple 
breeding pipelines9. The study was, therefore, formulated to understand (i) the synergistic impact of wx1 and o2 
on corresponding quality attributes (lysine, tryptophan, and amylopectin) and (ii) kernel texture (hardness, and 
visual appearance) in a set of diverse populations developed from several cross combinations, for its application 
in maize breeding programs.

Materials and methods
Plant materials
The study was conducted on experimental material consisting of populations developed by crossing QPM 
inbreds viz. PMI-PV5, PMI-PV9 (o2/wx1+; favorable opaque2 allele and unfavorable waxy1 allele), with waxy 
maize inbreds viz. PMI-waxy-105, PMI-waxy-106, and PMI-waxy-108 (o2+/wx1; with favourable waxy1 allele 
and unfavourable opaque2 allele). A total of four crosses viz. PMI-PV5 × PMI-waxy-108, PMI-PV9 × PMI-
waxy-108, PMI-waxy-106 × PMI-PV9, and PMI-waxy-105 × PMI-PV9 were attempted during spring season 
2022 at IARI Experimental Farm, New Delhi (28.63° N, 77.12° E, 229 m MSL). The F1s from these four crosses 
were grown during the rainy season of 2022 at IARI Experimental Farm, New Delhi, and selfed to generate F2 
generation, which was further selfed to derive F2:3 seeds that were used as the base material for the present study.

Selection of F2 genotypes
The four F2 populations derived from crosses viz. PMI-PV5 × PMI-waxy-108 (hereafter Pop1), PMI-PV9 × 
PMI-waxy-108 (hereafter Pop2), PMI-waxy-106 × PMI-PV9 (hereafter Pop3), and PMI-waxy-105 × PMI-PV9 
(hereafter Pop4), were grown at the experimental farm of IIMR-Winter Nursery Centre (WNC), Hyderabad 
(17°19′ N, 78°25′ E, 542.6 MSL) during winter season of 2023. Genomic DNA was extracted from the leaves of 
3-week-old seedlings using the cetyl trimethyl ammonium bromide (CTAB) method22. The populations were 
screened for o2o2 and wx1wx1 genotypes using gene-based simple sequence repeats (SSR) markers phi057 and 
phi027, respectively. The nucleotide sequence of primers and bin location were retrieved from the maize genome 
database (www.maizegdb.org) and the primers were custom synthesized (Sigma Tech., USA). The polymerase 
chain reactions (PCR) were carried out in a final volume of 20 µl with the primers under the standard protocols 
followed in the Maize Genetics Unit, Division of Genetics, IARI, New Delhi23. The amplification conditions 
were as follows: initial denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C for 45 s, 
primer annealing ranging between 55 and 60 °C for 45 s, and primer extension at 72 °C for 45 s and a final 
extension at 72 °C for 8 min. The amplified products were resolved at a voltage of 100 V using 4.0% SeaKem low 
electroendosmosis agarose gel (Lonza, Rockland, ME, USA)23. The F2 plants homozygous for different classes 
of o2 and wx1 (o2+o2+/wx1+wx1+, o2o2/wx1+wx1+, o2+o2+/wx1wx1, and o2o2/wx1wx1) were selected from 
the populations based on genotyping profile (Table  1). Among the o2-based lines, F2:3 kernels with 25–50% 
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S.No. Genotypes Genotypic Constitution Nutritional status

Population 1

1 Pop1-P1-o2/wx1+ PMI-PV5- o2o2/wx1+wx1+ QPM

2 Pop1-P2-o2+/wx1 PMI-waxy-108- o2+o2+/wx1wx1 Waxy

3 Pop1-o2+/wx1+-A o2+o2+/wx1+wx1+ Normal

4 Pop1-o2+/wx1+-B o2+o2+/wx1+wx1+ Normal

5 Pop1-o2+/wx1+-C o2+o2+/wx1+wx1+ Normal

6 Pop1-o2+/wx1-A o2+o2+/wx1wx1 Waxy

7 Pop1-o2+/wx1-B o2+o2+/wx1wx1 Waxy

8 Pop1-o2+/wx1-C o2+o2+/wx1wx1 Waxy

9 Pop1-o2/wx1+-A o2o2/wx1+wx1+ QPM

10 Pop1-o2/wx1+-B o2o2/wx1+wx1+ QPM

11 Pop1-o2/wx1+-C o2o2/wx1+wx1+ QPM

12 Pop1-o2/wx1-A o2o2/wx1wx1 QPM + Waxy

13 Pop1-o2/wx1-B o2o2/wx1wx1 QPM + Waxy

14 Pop1-o2/wx1-C o2o2/wx1wx1 QPM + Waxy

Population 2

1 Pop2-P1-o2/wx1+ PMI-PV9- o2o2/wx1+wx1+ QPM

2 Pop2-P2-o2+/wx1 PMI-waxy-108- o2+o2+/wx1wx1 Waxy

3 Pop2-o2+/wx1+-A o2+o2+/wx1+wx1+ Normal

4 Pop2-o2+/wx1+-B o2+o2+/wx1+wx1+ Normal

5 Pop2-o2+/wx1+-C o2+o2+/wx1+wx1+ Normal

6 Pop2-o2+/wx1-A o2+o2+/wx1wx1 Waxy

7 Pop2-o2+/wx1-B o2+o2+/wx1wx1 Waxy

8 Pop2-o2+/wx1-C o2+o2+/wx1wx1 Waxy

9 Pop2-o2/wx1+-A o2o2/wx1+wx1+ QPM

10 Pop2-o2/wx1+-B o2o2/wx1+wx1+ QPM

11 Pop2-o2/wx1+-C o2o2/wx1+wx1+ QPM

12 Pop2-o2/wx1-A o2o2/wx1wx1 QPM + Waxy

13 Pop2-o2/wx1-B o2o2/wx1wx1 QPM + Waxy

14 Pop2-o2/wx1-C o2o2/wx1wx1 QPM + Waxy

Population 3

1 Pop3-P1-o2+/wx1 PMI-waxy-106- o2+o2+/wx1wx1 Waxy

2 Pop3-P2-o2/wx1+ PMI-PV9- o2o2/wx1+wx1+ QPM

3 Pop3-o2+/wx1+-A o2+o2+/wx1+wx1+ Normal

4 Pop3-o2+/wx1+-B o2+o2+/wx1+wx1+ Normal

5 Pop3-o2+/wx1+-C o2+o2+/wx1+wx1+ Normal

6 Pop3-o2+/wx1-A o2+o2+/wx1wx1 Waxy

7 Pop3-o2+/wx1-B o2+o2+/wx1wx1 Waxy

8 Pop3-o2+/wx1-C o2+o2+/wx1wx1 Waxy

9 Pop3-o2/wx1+-A o2o2/wx1+wx1+ QPM

10 Pop3-o2/wx1+-B o2o2/wx1+wx1+ QPM

11 Pop3-o2/wx1+-C o2o2/wx1+wx1+ QPM

12 Pop3-o2/wx1-A o2o2/wx1wx1 QPM + Waxy

13 Pop3-o2/wx1-B o2o2/wx1wx1 QPM + Waxy

14 Pop3-o2/wx1-C o2o2/wx1wx1 QPM + Waxy

Population 4

1 Pop4-P1-o2+/wx1 PMI-waxy-105- o2+o2/+wx1wx1 Waxy

2 Pop4-P2-o2/wx1+ PMI-PV9- o2o2/wx1+wx1+ QPM

3 Pop4-o2+/wx1+-A o2+o2+/wx1+wx1+ Normal

4 Pop4-o2+/wx1+-B o2+o2+/wx1+wx1+ Normal

5 Pop4-o2+/wx1+-C o2+o2+/wx1+wx1+ Normal

6 Pop4-o2+/wx1-A o2+o2+/wx1wx1 Waxy

7 Pop4-o2+/wx1-B o2+o2+/wx1wx1 Waxy

8 Pop4-o2+/wx1-C o2+o2+/wx1wx1 Waxy

9 Pop4-o2/wx1+-A o2o2/wx1+wx1+ QPM

10 Pop4-o2/wx1+-B o2o2/wx1+wx1+ QPM

Continued
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opaqueness were selected for further analysis, as is the requirement in the breeding for QPM cultivars. The F2:3 
kernels from the three selected homozygous lines (-A, -B, and -C) in each genotypic class were subjected to 
further experimental studies along with the parents contrasting for opaque2 and waxy1 gene(Table 1).

Analysis of lysine and tryptophan content
The lysine and tryptophan content were estimated based on the protocol standardized by Sarika et al.24, using the 
UHPLC technique (Dionex Ultimate 3000 System, Thermo Scientific, Massachusetts, USA). Dried seed powder 
of 20 mg and 30 mg was used for the estimation of lysine and tryptophan, respectively. For lysine, the samples 
were processed in three steps viz. hydrolysis, neutralization, and derivatization, while in the case of tryptophan, 
the samples were hydrolyzed followed by the neutralization step only. The mobile phase for lysine consisted of 
buffer (tetra-methyl ammonium chloride and sodium acetate trihydrate) and organic phase (acetonitrile and 
methanol) 49:1 (v/v) in the ratio of 9:1 (v/v) and 1:9 (v/v). In the case of tryptophan mobile phase consisted 
of water and acetonitrile in the ratio of 95:5. Samples were eluted through analytical column Acclaim 120 C18 
column (5 μm, 120 Å, 4.6 × 150 mm) having column temperature 25˚C with a flow rate of 1.0 and 0.7 ml/min, 
and detected using RS 3000 photodiode array (PDA) detector at wavelength 265 and 280 nm, respectively. The 
samples were analyzed in triplicates. The final concentration of lysine and tryptophan was estimated by standard 
regression using dilutions of external standards (AAS 18-5ML, Sigma Aldrich).

Analysis of amylopectin content
Amylopectin was estimated by subtracting the percent amylose from 10023. The estimation of amylose content 
was carried out by the protocol outlined by Redappa et al.25. Well-ground seed powder of 100 mg was taken 
in triplicates and treated with 500 µl of 80% ethanol. The samples were vortexed and centrifuged for 5 min at 
10,000 rpm and the supernatant was separated. The residue of the samples was treated with 500 ul of 0.1 M 
NaCl solution containing 10% toluene and centrifuge at 10,000 rpm for 5 min. This step was repeated until the 
supernatant was clear of the white layer. The pellet was cleaned by adding 80% ethanol, and the residue was dried 
in an incubator at 80 °C for 3–4 h. The obtained residue consists of starch having an impurity of 5%. From the 
obtained starch 25 mg of residue was taken in a 50 ml tube with an addition of 2.25 ml of 1 M NaOH and 250 µl 
of 80% ethanol. The sample was incubated in a hot boiling water bath for 15 min with regular mixing. After 
removing starch, the solution was cooled at room temperature, and the volume made up to 25 ml with distilled 
water. From that volume, 1.25 ml was taken with the addition of 100 µl 1 M NaOH, 150 µl 1 N acetic acid, and 
500 µl KI solution and made up to 25 ml. Absorbance was measured at 620 nm after incubation of 20 min.

Evaluation of kernel hardness properties
The harvested seeds from F2 plants, dried to 11–12% moisture, were analyzed for kernel hardness using TA. 
HD plus Connect Texture Analyzer (Stable Micro Systems, UK) fitted with a 250 kg load cell using a 30 mm 
cylindrical probe in compression mode. Fifteen replications were performed for each selected genotype from 
F2:3 seeds. The force required to impart the initial split in the kernel was recorded in N. The test settings used 
to record kernel hardness are as follows - test speed: 1 mm/s, trigger force: 0.25 N, travel distance of the probe: 
1.5 mm. The force required to break the kernel (hardness) was accessed from the force-displacement curve using 
software (Exponent Connect Lite, Stable Micro Systems, UK)26.

Statistical analysis
The amplicons were scored as A and B for opaque2 alleles (o2 and o2+) and C and D for waxy1 alleles (wx1 and 
wx1+) using the software AlphaView v3.3.0 (http://www.cellbiosciences.com). The data was subjected to analysis 
of variance (ANOVA), descriptive statistics, and least significant difference test (LSD) using packages “stats” and 
“agricolae”. The ANOVA model on F2 genotypes was carried out following the factorial completely randomized 
design approach for lysine, tryptophan, and amylopectin. The data was visually represented using “ggplot2” 
package of R software v.4.2.2.

Results
Genotyping of F2 populations for target genes
The F1 plants developed from the four crosses were verified for heterozygosity using genic SSR markers, phi057 
for o2, and phi027 for wx1 alleles. A total of 90–102 plants were obtained in F2 populations across four crosses 
and were screened for the allelic profile of o2 and wx1. The SSR marker phi057 showed a 165 bp amplicon for 
the o2 allele and a 153 bp amplicon for the o2+ allele, while marker phi027 produced amplicons of 158 bp for the 
wx1+ allele and 140 bp for the wx1 allele (Fig. 1). The original gel images of the genotyping are provided in Figure 
S1 and S2. The populations showed a co-dominant segregation pattern for SSR markers, which segregated in 

S.No. Genotypes Genotypic Constitution Nutritional status

11 Pop4-o2/wx1+-C o2o2/wx1+wx1+ QPM

12 Pop4-o2/wx1-A o2o2/wx1wx1 QPM + Waxy

13 Pop4-o2/wx1-B o2o2/wx1wx1 QPM + Waxy

14 Pop4-o2/wx1-C o2o2/wx1wx1 QPM + Waxy

Table 1.  Genotypes used to study the impact of o2 and wx1 on lysine, tryptophan, amylopectin, and kernel 
physical traits.
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Mendelian segregation pattern of 1:2:1 and 9:3:3:1 for individual locus and combined for o2 and wx1, respectively 
(p < 0.05) (Table  2). A total of 19, 25, 24, and 23 plants were found to be homozygous for genotypic classes 
o2+o2+/wx1+wx1+, o2o2/wx1+wx1+, o2+o2+/wx1wx1, and o2o2/wx1wx1 across all the populations. The F2 plants 
homozygous for genotypic classes o2+o2+/wx1+wx1+, o2o2/wx1+wx1+, o2+o2+/wx1wx1, and o2o2/wx1wx1 across 
all the populations were selected for evaluation of the segregating effect of o2 and wx1 on lysine, tryptophan, 
amylopectin and kernel hardness. Kernels from three homozygous plants with the best ear characteristics 
from each genotypic class across populations were subjected to further studies including estimation of lysine, 
tryptophan, amylopectin, endosperm opaqueness, and kernel hardness.

Populations

Pop1-P1-o2/wx1+

×
Pop1-P2-o2+/wx1

Pop2-P1-o2/wx1+

×
Pop2-P2-o2+/wx1

Pop3-P1-o2+/wx1
×
Pop3-P2-o2/wx1+

Pop4-P1-o2+/wx1
×
Pop4-P2-o2/wx1+

Population Size 93 102 90 98

waxy1

wx1+wx1+ 27 25 17 27

wx1+wx1 46 55 50 41

wx1wx1 20 22 23 30

χ2 1.06 0.8 1.91 2.79

p value 0.58 ns 0.66 ns 0.38 ns 0.24 ns

opaque2

o2+o2+ 29 20 23 23

o2+o2 42 58 48 47

o2o2 22 24 19 28

χ2 1.92 2.23 0.75 0.67

p value 0.38 ns 0.32 ns 0.68 ns 0.71 ns

waxy1 + opaque2

o2+-/wx1+- 50 (5) 52 (6) 46 (3) 60 (5)

o2o2/wx1+- 21 (6) 23 (7) 16 (5) 15 (7)

o2+-/wx1wx1 15 (4) 20 (8) 23 (7) 20 (5)

o2o2/wx1wx1 7 7 5 4

χ2 1.41 1.38 2.76 1.93

p value 0.70 ns 0.70 ns 0.43 ns 0.58 ns

Table 2.  Segregation pattern observed for diverse homozygous genotypes in F2 populations. The values in 
parenthesis represent number of plants obtained for homozygous genotypic classes o2+o2+/wx1+wx1+, o2o2/
wx1+wx1+, o2+o2+/wx1wx1, and o2o2/wx1wx1, respectively, within each population. ns represents a non-
significant chi-square statistic (p > 0.05).

 

Fig. 1.  Selection for different genotypic classes (a) opaque2 and (b) waxy1 genes in the F2 population of Pop1. 
Selected homozygous genotypes (1) o2+o2+/wx1+wx1+, (2) o2o2/wx1+wx1+, (3) o2+o2+/wx1wx1, and (4) o2o2/
wx1wx1. P1 and P2 represents parents with o2o2/wx1+wx1+ and o2+o2+/wx1wx1 genotype, respectively.
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Variation for the lysine and tryptophan among the genotypic classes
The results showed that significant differences (p < 0.01) exist among populations and genotypes within each of 
the four populations for lysine and tryptophan, with genotypes contributing > 90% of the variation (Table 3). 
The lysine content ranged between 0.201% (Pop1-o2+/wx1+-C) in Pop1 to 0.394% (Pop1-o2/wx1-A), while the 
percent tryptophan ranged between 0.026% (Pop1-o2+/wx1+-A) to 0.102% (Pop1-o2/wx1-B) (Table  4). The 
selected genotypes from population Pop2 recorded lysine content differing between 0.198% (Pop2-o2+/wx1+-A) 
to 0.393% (Pop2-o2/wx1-B), whereas the tryptophan content ranged between 0.026% (Pop2-o2+/wx1+-A) to 
0.95% (Pop2-o2/wx1-A). The genotypes from Pop3 recorded the highest level of lysine at 0.405% (Pop3-o2/
wx1-A), and the highest level of tryptophan at 0.113% (Pop3-o2/wx1-C). The genotypes from Pop4 recorded 
the highest lysine content among all the populations. The highest lysine content in Pop4 ranged between 0.208% 
(Pop4-o2+/wx1+-B) to 0.415% (Pop4-o2/wx1-A) while the tryptophan content ranged between 0.029% (Pop4-
o2+/wx1+-A) to 0.101% (Pop4-o2/wx1-A). The lysine content in QPM parents varied between 0.327% (Pop2-P1-
o2/wx1+) to 0.353% (Pop4-P2-o2/wx1+), while the tryptophan content ranged from 0.086% (Pop2-P1-o2/wx1+) 
to 0.093% (Pop3-P2-o2/wx1+) (Table 4).

Variation for the amylopectin content among the genotypic classes
The ANOVA revealed that the genotypes differed significantly for amylopectin content in populations (Table 3). 
Overall, the amylopectin differed between 68.9% (Pop2-o2+/wx1+-A) to 99.2% (Pop3-o2/wx1-B). The genotypes 
in Pop1 recorded amylopectin ranging between 69.3% (Pop1-o2+/wx1+-A) to 98.4% (Pop1-o2/wx1-B) (Table 4), 
while Pop2 differed for amylopectin content from 68.9% (Pop2-o2+/wx1+-A) to 98.7% (Pop2-o2/wx1-B). The 
Pop3 recorded the highest level of amylopectin at 99.2% in genotype Pop3-o2/wx1-B, while 70.3% was the lowest 
in Pop3-o2+/wx1+-A. The genotypes in Pop4 varied for amylopectin content from 69.3% (Pop4-o2+/wx1+-C) to 
98.4% (Pop4-o2/wx1-C). Among the parents, the amylopectin ranged from 73.8% (Pop2-P1-o2/wx1+) to 95.9% 
(Pop1-P2-o2+/wx1) (Table 4).

Association of lysine and tryptophan with o2 and wx1 alleles
The average lysine and tryptophan content in the single mutants o2o2/wx1+wx1+ and wild-type progenies o2+o2+/
wx1+wx1+ genotypes were equivalent to the QPM (> 0.25%) and non-QPM (< 0.25%) parents, respectively. 
However, the lysine and tryptophan differed concerning the presence of homozygous wx1 alleles (Fig. 2a, b). 
The double mutants were characterized with the average highest amount of lysine (o2o2/wx1wx1: 0.396%) and 
tryptophan (o2o2/wx1wx1: 0.099%) across crosses, in relation to single mutants (o2o2/wx1+wx1+: lysine: 0.338%, 
tryptophan: 0.083%) and QPM parents (o2o2/wx1+wx1+: lysine: 0.339%, tryptophan: 0.091%). This trend was 
also visible in the o2+o2+ progenies segregating for wx1 across populations, where the progenies possessed 
average higher lysine (o2+o2+/wx1wx1: 0.223%) and tryptophan (o2+o2+/wx1wx1: 0.040%) than progenies with 
wild-type alleles (o2+o2+/wx1+wx1+: lysine: 0.206%, tryptophan: 0.029%) (Fig. 2a, b). Therefore, the wx1 was 
found to enhance the lysine and tryptophan content in the population in the background of the o2+o2+ genotypic 
constitution, thus affecting the nutritional profile of maize.

Association of amylopectin with o2 and wx1 alleles
Across the populations, the amylopectin content in wx1wx1 progenies was significantly higher (> 90%) than in 
non-waxy (wx1+wx1+) progenies. Furthermore, the wx1wx1 progenies possessed equivalent amylopectin with 
the waxy parents (> 90%), however, differed in the presence of homozygous o2o2 or o2+o2+ (Fig. 2c). The average 
amylopectin content was higher in o2o2/wx1wx1 genotypes (98.56%) compared to o2+o2+/wx1wx1 genotypes in 
F2 (95.20%) and waxy parents (o2+o2+/wx1wx1: 95.40%). The amylopectin content was also found to be higher 
in o2o2/wx1+wx1+ genotypes (74.66%) than in o2+o2+/wx1+wx1+ genotypes (70.23%) (Fig. 2c). Therefore, the o2 

Traits Sources of Variation df Mean Squares SE

Lysine

Populations 3 0.00105** 0.005

F2 Genotypes 11 0.08245** 0.006

F2 Genotypes (within populations) 33 0.00019** 0.004

Residuals 96 0.00007

Tryptophan

Populations 3 0.000601** 0.003

F2 Genotypes 11 0.011162** 0.003

F2 Genotypes (within populations) 33 0.000061** 0.001

Residuals 96 0.000019

Amylopectin

Populations 3 6.1** 0.50

F2 Genotypes 11 2006.6** 0.57

F2 Genotypes (within populations) 33 1.1** 0.20

Residuals 96 0.5

Table 3.  Population-wise representation of ANOVA for lysine, tryptophan, and amylopectin in F2:3 
homozygous genotypes, excluding parents. SE and Df represent standard error and degrees of freedom, 
respectively, and ** represents the significance of mean squares (p < 0.01).
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S.No. Genotypes Lysine (%) Tryptophan (%) Amylopectin (%)

Population 1: Pop1-P1-o2/wx1+× Pop1-P2-o2+/wx1

1 Pop1-P1-o2/wx1+ 0.336 ± 0.011c 0.090 ± 0.004ab 74.9 ± 0.75b

2 Pop1-P2-o2+/wx1 0.215 ± 0.008e 0.043 ± 0.003c 95.9 ± 0.55d

3 Pop1-o2+/wx1+-A 0.218 ± 0.004f 0.026 ± 0.003f 69.3 ± 1.01f

4 Pop1-o2+/wx1+-B 0.205 ± 0.008g 0.031 ± 0.002ef 70.7 ± 0.70e

5 Pop1-o2+/wx1+-C 0.201 ± 0.011g 0.034 ± 0.003de 70.2 ± 0.8ef

6 Pop1-o2+/wx1-A 0.225 ± 0.006fe 0.042 ± 0.004c 94.5 ± 0.79c

7 Pop1-o2+/wx1-B 0.228 ± 0.011ef 0.044 ± 0.006c 95.8 ± 0.36b

8 Pop1-o2+/wx1-C 0.231 ± 0.005e 0.039 ± 0.003cd 95.9 ± 0.50b

9 Pop1-o2/wx1+-A 0.340 ± 0.003c 0.083 ± 0.004b 74.1 ± 0.47d

10 Pop1-o2/wx1+-B 0.336 ± 0.007cd 0.082 ± 0.003b 73.9 ± 0.89d

11 Pop1-o2/wx1+-C 0.327 ± 0.008d 0.086 ± 0.005b 74.3 ± 0.81d

12 Pop1-o2/wx1-A 0.394 ± 0.008a 0.100 ± 0.005a 98.3 ± 0.79a

13 Pop1-o2/wx1-B 0.384 ± 0.008ab 0.102 ± 0.006a 98.4 ± 0.67a

14 Pop1-o2/wx1-C 0.377 ± 0.011b 0.101 ± 0.005a 98.4 ± 0.76a

CD (5%) 0.012 0.007 1.24

Population 2: Pop2-P1-o2/wx1+× Pop2-P2-o2+/wx1

1 Pop2-P1-o2/wx1+ 0.327 ± 0.007a 0.086 ± 0.005b 73.8 ± 0.41b

2 Pop2-P2-o2+/wx1 0.212 ± 0.006b 0.036 ± 0.003e 95.8 ± 0.31d

3 Pop2-o2+/wx1+-A 0.198 ± 0.010b 0.026 ± 0.003g 68.9 ± 0.62f

4 Pop2-o2+/wx1+-B 0.209 ± 0.011b 0.028 ± 0.006g 69.6 ± 1.27ef

5 Pop2-o2+/wx1+-C 0.211 ± 0.005b 0.032 ± 0.001fg 70.3 ± 1.08e

6 Pop2-o2+/wx1-A 0.220 ± 0.003b 0.036 ± 0.001ef 93.7 ± 1.08c

7 Pop2-o2+/wx1-B 0.215 ± 0.013b 0.039 ± 0.007e 94.8 ± 1.01bc

8 Pop2-o2+/wx1-C 0.221 ± 0.010b 0.038 ± 0.003e 95.1 ± 0.55b

9 Pop2-o2/wx1+-A 0.329 ± 0.011a 0.078 ± 0.004cd 75.2 ± 0.70d

10 Pop2-o2/wx1+-B 0.325 ± 0.011a 0.072 ± 0.003d 74.4 ± 0.21d

11 Pop2-o2/wx1+-C 0.329 ± 0.010a 0.079 ± 0.005c 74.6 ± 0.36d

12 Pop2-o2/wx1-A 0.386 ± 0.004a 0.095 ± 0.004a 98.6 ± 0.47 a

13 Pop2-o2/wx1-B 0.393 ± 0.008a 0.093 ± 0.006a 98.7 ± 0.30a

14 Pop2-o2/wx1-C 0.393 ± 0.006a 0.086 ± 0.005b 98.5 ± 0.65a

CD (5%) 0.073 0.005 1.28

Population 3: Pop3-P1-o2+/wx1× Pop3-P2-o2/wx1+

1 Pop3-P1-o2+/wx1 0.225 ± 0.006e 0.039 ± 0.004ef 94.6 ± 0.56c

2 Pop3-P2-o2/wx1+ 0.342 ± 0.010cd 0.093 ± 0.002cd 75.1 ± 0.25b

3 Pop3-o2+/wx1+-A 0.205 ± 0.012fg 0.024 ± 0.003f 70.3 ± 0.90e

4 Pop3-o2+/wx1+-B 0.201 ± 0.011g 0.030 ± 0.003f 71.2 ± 0.90de

5 Pop3-o2+/wx1+-C 0.198 ± 0.009g 0.031 ± 0.004f 71.7 ± 0.51d

6 Pop3-o2+/wx1-A 0.226 ± 0.008e 0.042 ± 0.003e 95 ± 0.82b

7 Pop3-o2+/wx1-B 0.218 ± 0.010ef 0.044 ± 0.006e 95.3 ± 0.81b

8 Pop3-o2+/wx1-C 0.219 ± 0.004ef 0.042 ± 0.004e 95 ± 0.76b

9 Pop3-o2/wx1+-A 0.353 ± 0.005c 0.092 ± 0.007cd 75.8 ± 0.35c

10 Pop3-o2/wx1+-B 0.337 ± 0.008d 0.099 ± 0.004bc 76.4 ± 0.57c

11 Pop3-o2/wx1+-C 0.344 ± 0.010cd 0.087 ± 0.005d 75.5 ± 0.59c

12 Pop3-o2/wx1-A 0.405 ± 0.009a 0.110 ± 0.007a 99.1 ± 0.25a

13 Pop3-o2/wx1-B 0.386 ± 0.007b 0.107 ± 0.005ab 99.2 ± 0.32a

14 Pop3-o2/wx1-C 0.402 ± 0.01a 0.113 ± 0.008a 98.8 ± 0.66a

CD (5%) 0.014 0.008 1.13

Population 4: Pop4-P1-o2+/wx1× Pop4-P2-o2/wx1+

1 Pop4-P1-o2+/wx1 0.224 ± 0.006c 0.039 ± 0.002de 95.3 ± 0.80c

2 Pop4-P2-o2/wx1+ 0.353 ± 0.006b 0.091 ± 0.008ab 74.6 ± 0.70b

3 Pop4-o2+/wx1+-A 0.209 ± 0.011d 0.029 ± 0.003f 70.1 ± 0.87de

4 Pop4-o2+/wx1+-B 0.208 ± 0.009d 0.031 ± 0.002ef 71.2 ± 0.67d

5 Pop4-o2+/wx1+-C 0.209 ± 0.009d 0.033 ± 0.002ef 69.3 ± 0.95e

6 Pop4-o2+/wx1-A 0.225 ± 0.006c 0.037 ± 0.003de 95.8 ± 0.35b

7 Pop4-o2+/wx1-B 0.230 ± 0.005c 0.037 ± 0.002de 95.8 ± 0.21b
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allele was found to enhance the amylopectin content in wx1+wx1+ and wx1wx1 genotypes, leaving a synergistic 
effect with the wx1 allele.

Variation for kernel physical properties among the genotypic classes
The F2:3 kernels differed for endosperm vitreousness and dullness across the homozygous genotypes. The waxy 
genotypes (o2o2/wx1wx1 and o2+o2+/wx1wx1) had extremely dull endosperm, restricting the light transmission. 
However, opaque regions, respective of the selection for 25–50% opaqueness could be observed in the o2o2/
wx1wx1 genotypes. The wild-type kernels (o2+o2+/wx1+wx1+) were highly vitreous, while the endosperm was 
slightly opaque in the o2o2/wx1+wx1+ genotypes (Fig. 3).

The parents and the different genotypic classes for respective populations revealed differential test 
performance for endosperm hardness. The force required to impart the first crack in the kernels of the waxy 
parent ranged between 320.45  N (Pop3-P1-o2+o2+/wx1wx1) to 347.96  N (Pop1-P2-o2+o2+/wx1wx1). The 
waxy parents (o2+o2+/wx1wx1) recorded higher force for the initial kernel crack than the QPM parents (o2o2/
wx1+wx1+), where the average force required to induce the first break in waxy parents was 332.36 N (Fig. 4). The 
QPM parents could endure only an average of 234.12 N breaking force for the first crack in kernels. Whereas, 
the wild-type F2:3 grains were the hardest among the populations (mean: 401.28 N), followed by waxy genotypes 
(mean: 330.99  N) and the double mutant genotypes (mean: 304.28  N). The o2 genotypes showed the least 
hardness similar to QPM parents requiring an average of 210.96 N force for breaking kernels (Fig. 4). The o2 
genotypes segregating for wx1+ differed by an approximate 100 N of break force for kernel hardness, while the 
double mutant F2:3 genotypes differed by nearly 200 N of break force from the wild type genotypes (o2+o2+/
wx1+wx1+). Therefore, the wx1 allele improves kernel hardness in the QPM genotypes (o2o2) (Fig. 4).

Discussion
The distinctive properties of waxy maize conferred by its high amylopectin value due to the wx1 locus, have 
widened its utilization beyond normal maize in diverse food, textile, pharmaceutical, and coating industries27. A 
global waxy maize starch SWOT and PESTLE analysis identified that it was valued at US$ 3.68 Bn in 2022. The 
same report predicts that is expected to reach US$ 6.49 Bn by 2033 at a compound annual growth rate of 5.8% 
(https://www.transparencymarketresearch.com/). The current climate crisis poses a long-term threat to food 
security whose effect would be prominent on nutrition. A new report by the International Food Policy Research 
Institute (IFPRI) predicts an addition of 25 million children to the existing victims of malnourishment by 2050 
just due to climate change alone28. Waxy maize has many excellent characteristics in terms of its nutritional 
and economic value, which could be combined with other nutritional quality genes like o2 or conversely to 
deliver a promising utilization spectrum. Therefore, here we studied the extent of change in lysine, tryptophan, 
amylopectin, and kernel hardness due to the synergistic action of o2 and wx1.

Assessment of genetic variation for the grain quality traits
The specialty corn breeding program at IARI, New Delhi has identified through MAS and developed diverse waxy 
maize germplasm through wx1 introgression14. The cereal proteins are limited in lysine (< 2%), which needs to 
be supplemented to meet the recommended intake set by the Food and Agriculture Organization of the United 
Nations. The o2 mutant reorients the amino acid profile through proteome balancing, resulting in enhanced 
lysine and tryptophan16. The wx1, a natural mutation identified by Emerson and colleagues29, is a locus solely 
responsible for causing waxy maize development and a promising resource for nutritional quality enhancement9. 
To leverage the combined effects of these loci, in our study, the elite waxy inbreds were crossed with parents of 
superior QPM hybrids to combine o2 and wx1 in diverse genotypic classes in F2. The populations segregating for 

S.No. Genotypes Lysine (%) Tryptophan (%) Amylopectin (%)

8 Pop4-o2+/wx1-C 0.220 ± 0.004cd 0.043 ± 0.002d 95.8 ± 0.35b

9 Pop4-o2/wx1+-A 0.346 ± 0.006b 0.081 ± 0.004c 73.7 ± 0.42c

10 Pop4-o2/wx1+-B 0.354 ± 0.006b 0.084 ± 0.004c 74.5 ± 0.83c

11 Pop4-o2/wx1+-C 0.344 ± 0.011b 0.079 ± 0.003c 73.6 ± 0.67c

12 Pop4-o2/wx1-A 0.415 ± 0.006a 0.101 ± 0.008a 98.2 ± 0.57a

13 Pop4-o2/wx1-B 0.410 ± 0.005a 0.093 ± 0.004b 98.2 ± 0.25a

14 Pop4-o2/wx1-C 0.411 ± 0.012a 0.098 ± 0.007ab 98.4 ± 0.64a

CD (5%) 0.013 0.006 1.05

Mean of Progenies

o2+o2+/wx1+wx1+ 0.206 0.029 70.23

o2+o2+/wx1wx1 0.223 0.040 95.21

o2o2/wx1+wx1+ 0.338 0.083 74.66

o2o2/wx1wx1 0.396 0.099 98.56

Table 4.  Mean of lysine, tryptophan, and amylopectin in parents and diverse homozygous F2:3 kernels. The 
values are presented as mean ± standard deviation and CD represents critical difference (p < 0.05). Similar 
alphabets followed after the numbers represent non-significant differences among those groups as per the LSD 
test.
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o2 and wx1 displayed significant variation for lysine, tryptophan, amylopectin, and kernel hardness among the 
four genotypic classes (o2+o2+/wx1+wx1+, o2o2/wx1+wx1+, o2+o2+/wx1wx1, and o2o2/wx1wx1), signifying the 
differential impact of both the genes individually on the corresponding traits. Compared to normal non-QPM 
maize (0.25% lysine; 0.06% tryptophan), the extent of lysine in the populations recorded 1.66-fold higher, while 
there was 1.82-fold higher tryptophan in the double mutants. Similarly, the study also identified a 1.32-fold 
enrichment of amylopectin in the population against 75% of amylopectin usually found in normal maize. The 
waxy maize lines with an average of 98% amylopectin, developed from parental inbreds of superior commercial 
hybrids by Talukder et al.2, showed enhanced germination and seedling vigor performance over normal maize. 
Since waxy maize is a paramount staple food in many regions of the world, preferred as a vegetable or a breakfast 
item, and across diverse food segments, the populations of the present study are promising germplasm to 
alleviate malnutrition and the detrimental effect of climate change.

Effect of o2 and wx1 on lysine and tryptophan in the maize grains
The o2 genotypes (o2o2/wx1+wx1+ and o2o2/wx1wx1) recorded significantly improved levels of lysine and 
tryptophan than wild-type genotypes (o2+o2+/- -). Most importantly, the recessive o2 mutant, besides its 
multifarious functions, co-ordinately disrupts the accumulation of zeins and the activity of lysine-ketoglutarate 
reductase causing reduced transcription levels of concerned genes as low as three times30. Therefore, the lysine 
content increases due to reduced degradation of lysine and enhanced synthesis of non-zein lysine-rich proteins. 
Several previous reports on the molecular dissection of o2 mutations agree with the mechanism of protein quality 
enhancement in maize. Mehta et al.31, Baveja et al.32, and Talukder et al.33, reported reduced expression of o2 in the 
endosperm at maturity, correlating with enhanced lysine and tryptophan at 40 days after pollination (DAP). The 
double mutant genotypes from this study having both o2 and wx1 showed highly enhanced lysine and tryptophan 

Fig. 2.  Boxplot representation of variation among genotypic classes for (a) lysine, (b) tryptophan, and (c) 
amylopectin across different populations.
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Fig. 4.  Variation for kernel hardness in o2+o2+/wx1+wx1+, o2+o2+/wx1wx1, o2o2/wx1+wx1+, and o2o2/wx1wx1 
genotypes, and their comparison with respective parents across different populations where ** represents 
significant difference p < 0.05.

 

Fig. 3.  Light box-based testing of different homozygous genotypic classes segregating for o2 and wx1. Top 
row, genotypes selected for white seeds (a) o2+o2+/wx1+wx1+, (b) o2o2/wx1+wx1+, (c) o2+o2+/wx1wx1, (d) 
o2o2/wx1wx1. Bottom row, genotypes selected for yellow seeds (e) o2+o2+/wx1+wx1+, (f) o2o2/wx1+wx1+, (g) 
o2+o2+/wx1wx1, (h) o2o2/wx1wx1.
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content in the endosperm (nearly 2-fold) against single mutant genotypes (o2o2/wx1+wx1+). Interestingly, the 
waxy mutant genotypes (o2+o2+/wx1wx1) recorded significantly enhanced lysine and tryptophan than wild-type 
genotypes. The observations follow several similar observations reported by Zhang et al.34, Yang et al.35, and 
Talukder et al.33. The introgression of o2 in the wx1 background alters the expression of several genes. Wang 
et al.36, reported differential expression of 14 genes associated with molecular functions (catalytic activity, and 
signal transducing activity) and 15 genes related to biological processes (including metabolic process, and cellular 
process) in o2o2/wx1wx1 genotypes compared to single mutants (o2o2/wx1+wx1+). Genes Zm00001d012262.1 
(lysine/histidine-specific amino acid transporter), Zm00001d030185.1 (involved in tryptophan metabolism), 
Zm00001d033483.1 (ZmDHN13 protein), and Zm00001d011063.1 (encodes a sulfur-rich protein) are the 
key genes specifically upregulated and Zm00001d020984.1, involved in lysine degradation pathway are down-
regulated in o2o2/wx1wx1 endosperm compared to o2o2/wx1+wx1+, therefore enhancing lysine biosynthesis 
and transport35. Enhancement of lysine content in maize was earlier reported to be correlated with transcript 
levels of elongation factor 1-alpha (EF-1α)37. The gene Zm00001d029385.1, encoding elongation factor 1-alpha 
(EF-1α) in addition to Zm0001d03471.1, encoding elongation factor 2, were also identified to be upregulated in 
o2o2/wx1wx1 than in o2o2/wx1+wx1+ genotypes36. Furthermore, wx1 introgression with o2 could modify amino 
acid profile of the maize endosperm. Genes involved in amino acid transport were also found to be upregulated 
in previous studies. For example, Zm00001d012262.1 (LHT1 transporter) was upregulated in o2o2/wx1wx1 
genotypes. Therefore, this could be associated with enhanced endosperm lysine content based on increased 
lysine transport36. Zhou et al.4, reported down-regulation of free amino acids (leucine, serine, and alanine) 
derived from glycolytic intermediates. With the significant reduction in such abundant amino acids in double 
mutant against wild-type endosperm, the minor amino acids, especially lysine, are predestined to increase. Our 
study, therefore, phenotypically validates the most probable role of these earlier reported genes.

Accumulation of grain amylopectin across genotypic classes
The higher accumulation of amylopectin in the endosperm is majorly attributed to mutations in the wx1+ gene. 
The effective utilization of mutant wx1 through MAS resulted in the development of diverse high amylopectin 
inbreds (recurrent inbreds: HKI161, HKI163, HKI193-1, HKI193-2, Kwi1, Kwi9, and QCL5019) in maize23,33. 
Respective of the trait, Talukder et al.33, and Zhou et al.4 observed a negative relationship with the expression 
of wx1 in the mutants at 20, 30, and 40 DAP. The introgression of o2 in the wx1 background not only affects 
the proteome by affecting prolamin components but also influences the expression of genes involved in the 
metabolism of amino acids, stress response factors, signal transduction, and interestingly, starch35. The waxy 
genotypes across the populations had amylopectin content in the 95 to 99% range, which is nearly equivalent to 
the waxy parents, and approximately 40% higher than non-waxy genotypes (o2o2/wx1+wx1+, o2+o2+/wx1+wx1+) 
and QPM parents (o2o2/wx1+wx1+). However, in the present study, the double mutants had > 4% amylopectin 
than single mutants (o2+o2+/wx1wx1). Talukder et al.33, and Sinkangam et al.38, also found that QPM-waxy maize 
lines had 98.5% amylopectin against 93–96% amylopectin in the waxy lines. Interestingly, we also observed 
that the o2o2/wx1+wx1+ genotypes also recorded > 6% higher amylopectin than wild-type genotypes. Proteomic 
analysis in previous reports revealed that introgression of the o2 allele causes changes in starch-protein balance 
through differential expression of corresponding genes4. The o2 mutation causes regulatory changes in wx1 and 
affects the transcriptional function of wx1+39. Several starch biosynthesis genes (ADPase: glucose-1-phosphate 
adenylyltransferase, and SBE IIb: 1,4-α-glucan-branching IIb) showed altered expression in o2o2/wx1wx1 
genotypes, where ADPase was upregulated, while SBE IIb was downregulated in o2o2/wx1wx1 genotypes36. 
Moreover, the double mutant genotypes exhibit reduced intermediate-length α-1,4-linked glucose chains, 
causing the development of relatively tight linkages between starch granules. Since recessive genes involved in 
starch, protein, and sugar metabolism, with their interactive genetic effects impart specific phenotypic changes, 
therefore the enhanced amylopectin in the wx1 introgressed QPM genetic backgrounds could be explained. 
As SBE IIb is associated with the formation of α-1,6-linkages in glucose, changes in amylopectin content with 
coordinated relation to changes in expression levels of SBE IIb and GBSS I could be effectively elucidated in 
o2-wx1 near-isogenic line (NIL) pairs40. Mutation in o2+ was found to affect starch and protein composition, 
which however can be further well-characterized using NILs40. Moreover, the change in amylopectin in double 
mutants over single mutants could also be attributed to different modifier loci or QTL governing starch fractions 
in maize endosperm41.

Synergistic impact of the o2 and wx1 genes on kernel hardness
Grain hardness is a measure of kernel density. In our study, the wild-type genotypes exhibited an average of 
21.23%, 83.13%, and 31.87% higher grain hardness over o2+o2+/wx1wx1, o2o2/wx1+wx1+, and o2o2/wx1wx1 
genotypes. However, the o2 single mutant genotypes (o2o2/wx1+wx1+) recorded the lowest grain break force 
(N), indicating the pleiotropic nature of o2 mutation, which includes reduced seed weight, reduced grain yield, 
unacceptable kernel phenotype (dull, soft, and chalky), greater damage by the stored grain pests, and greater 
kernel breakage. The reduction in 19- and 22-kD α-zeins in o2o2 genotypes reduces protein body expansion, 
significantly impacting the tight packaging of starch granules in the protein matrix. However, with the selection 
for endosperm modification (25-50% opaqueness) in QPM breeding programs, as practiced in the selection of 
genetic material in the present study, the vitreousness endosperm is majorly contributed by enhanced 27-kD 
γ-zeins, thus increasing the protein body initiation and therefore, grain hardness4.

The grain hardness of waxy mutants (o2+o2+/wx1wx1 and o2o2/wx1wx1) did not show a wide difference 
(8.07% on average). Therefore, similar hardness was observed among o2+o2+/wx1wx1 and o2o2/wx1wx1, 
while a high reduction in grain hardness in o2+o2+/wx1wx1 against wild-type genotypes demonstrates that 
wx1, besides o2 influences differential grain hardness. In our study, the wx1 allele was found to be positively 
correlated with kernel hardness in the o2o2 background, which was similarly reported in a previous study by 
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Babu et al.42. Amylopectin is associated with high crystallinity and better highly packed double helices43. Wet 
milling and starch extraction from amylopectin-rich waxy maize kernels is relatively easier than normal maize44. 
Another specialty corn, high amylose maize, attributed to ae1 mutation is characterized by very hard high 
amylose kernels45. Whereas the gelatinization temperature of waxy maize is less, compared to normal maize12, 
the relationship between gelatinization temperature and kernel hardness is positive, where hard kernels with 
high amylose content impart higher compaction, and therefore, require more time and energy to gelatinize43. 
Moreover, the structure of starch granules contains solely amylopectin-rich semi-crystalline regions alternating 
with amylose-rich amorphous regions also containing c-type amylopectin46. Disruption of the natural structure 
in waxy maize kernels could additionally contribute to weakened kernels in o2+o2+wx1wx1 genotypes.

Zhou et al.4, reported a closer arrangement of starch granules and compact packaging of starch grains in the 
protein matrix, giving higher vitreousness in kernels of o2o2/wx1wx1 than o2o2/wx1+wx1+. In o2o2/wx1wx1 
germplasm selected for better endosperm vitreousness, the cells accumulate a very large number of smaller 
protein bodies, imparting more hardness to kernels, similar to the action of increased expression of 27-kDa 
γ-zein. The scanning electron microscopy by Wang et al.36 found a high density of starch granules in the protein 
matrix in o2o2/wx1wx1 genotypes compared to the relatively dispersed arrangement found in o2+o2+/wx1wx1 
and o2o2/wx1+wx1+. Additionally, the introgression of o2 in the wx1 genotypic background caused starch and 
proteomic changes, which are yet to be well-characterized at the molecular level4,36. Therefore, the extensive 
alteration of the endosperm proteome might also upregulate the genes involved in the folding and maintenance of 
proteins in the endoplasmic reticulum47. Furthermore, the estimation of physiochemical properties of the starch 
molecules would decipher any changes in the extent of polymerization of components of starch. Therefore, the 
interactive effect of o2 and wx1 on kernel hardness rendered by any changes in the chain length could be studied 
from high-performance anion-exchange chromatography (HPAEC), which is an avenue to be explored48.

Utilization of the novel germplasm in the maize quality breeding program
Breeding-based biofortification is an efficient, economically feasible, and environmentally sustainable approach 
for meeting long-neglected energy needs. In the face of great economic feats, malnutrition is a worldwide 
concern, such that 88% of countries experience a high level of malnutrition49. Biofortification is associated with 
12 of the 17 sustainable development goals, therefore, addressing malnutrition with biofortification results in 16 
times of economic benefits50. Several biofortified maize hybrids, developed through diverse breeding approaches 
across various platforms, are enriched for lysine, tryptophan, provitamin A, and vitamin E9,51. The present study 
on the effects of o2 and wx1 on lysine, tryptophan, amylopectin, and grain hardness indicates the possibility 
of independent enhancement of lysine and tryptophan in amylopectin rich waxy maize, unaccompanied by 
any antagonistic effect between them. With the promise of an expanded utilization spectrum of the waxy 
maize across diverse industries, breeding for QPM-waxy hybrids is beneficial over the dent/flint corn-based 
QPM germplasm52. Furthermore, improved cellulosic technologies are currently focused on using maize as an 
important raw material, besides sugarcane, in bioethanol production which has been placed among the top 
priorities of the Government of India as an ethanol blending program53. Waxy corn is characterized by higher 
starch-ethanol conversion efficiency (93.0%) than that of normal corn (88.2%)54. Therefore, with a higher starch-
to-glucose conversion ratio in the amylopectin component, waxy maize forms a promising crop for achieving 
higher biofuel demands.

Conclusions
The study on the effect of o2 and wx1 on quality and kernel physical traits identified the synergistic impact of 
double mutants leading to significant enrichment of lysine, tryptophan, and amylopectin in the endosperm. 
The single mutant lines homozygous for o2 and wx1 were correlated with enhanced levels of the essential amino 
acids and amylopectin. The variation for kernel hardness, associated with genotypic combinations revealed that 
biofortification efforts for QPM + waxy maize would provide a phenotype that behaves synergistically for quality 
and kernel hardness as well. The diverse genotypes from this study could be further selected to develop o2 and 
wx1 NILs to derive appropriate information on the regulatory mechanism in diverse o2+o2+/wx1+wx1+, o2o2/
wx1+wx1+, o2+o2+/wx1wx1, and o2o2/wx1wx1 through comprehensive molecular dissection of transcriptome 
and proteome.

Data availability
Data is provided within the manuscript. The datasets generated and/or analyzed during the current study are 
provided in the manuscript.
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