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	ABSTRACT	
Maize	(Zea	mays	L.)	productivity	under	high-density	planting	is	strongly	in�luenced	by	plant	architecture,	physiological	ef�iciency,	
and	yield	components.	However,	improving	yield	under	dense	planting	conditions	remains	challenging	due	to	complex	interactions	
among	 architectural,	 physiological	 and	 reproductive	 traits	 as	 well	 as	 multicollinearity	 that	 complicates	 simultaneous	 trait	
selection.	The	present	 study	evaluated	70	maize	double	haploid	 (DH)	 lines	 to	 identify	 superior	genotypes	with	 compact	plant	
architecture	suitable	for	high-density	cultivation.	The	DH	lines	were	assessed	during	Kharif	2023	and	Rabi	2024	using	an	Augmented	
Block	Design	II,	recording	21	morphological,	physiological,	phenological,	and	yield-related	traits.	Analysis	of	variance	revealed	
highly	signi�icant	genetic	variation	among	DH	lines	for	most	traits,	 indicating	substantial	exploitable	variability.	Path	analysis	
identi�ied	plant	height	and	photosynthetic	rate	as	major	contributors	to	grain	yield	through	strong	positive	direct	effects,	while	ear	
diameter	and	ear	length	emerged	as	key	yield	components.	Principal	component	analysis	extracted	seven	principal	components	
explaining	73.67%	of	the	total	variability	highlighting	considerable	multivariate	diversity	among	the	DH	lines.	Hierarchical	cluster	
analysis	grouped	the	DH	lines	into	three	distinct	clusters,	con�irming	genetic	divergence	and	enabling	effective	classi�ication	of	
genotypes	 based	 on	 trait	 performance.	 By	 integrating	 multivariate	 and	 causal	 analytical	 approaches,	 this	 study	 provides	 a	
systematic	 framework	 for	dissecting	complex	 trait	 interactions	and	 identifying	genotypes	with	optimal	plant	 stature,	 ef�icient	
canopy	architecture,	 and	 superior	 yield	attributes.	The	 �indings	 contribute	 to	 the	development	of	 high-density	 tolerant	maize	
ideotypes	and	offer	valuable	genetic	resources	for	accelerating	modern	maize	breeding	programs.
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Introduction	
Maize ( Zea	mays L.) stands as one of the most vital cereal crops 
globally, serving as a primary source of food, animal feed, and 
industrial raw materials (1). With the continuous expansion of 
the global population and the increasing demand for 
agricultural products, there is a persistent need to enhance 
maize productivity. High-density planting is a crucial strategy 
for maximizing yield per unit area; however, it often presents 
challenges such as increased lodging, inef�icient light 
interception, and reduced photosynthetic ef�iciency, which can 
ultimately limit yield potential (1, 2).
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To overcome these limitations, breeding for an optimized plant 
ideotype, particularly one with compact plant architecture, has 
become a paramount objective in modern maize breeding 
programs. Compact plant architecture is characterized by traits 
such as reduced plant height and ear height, more erect leaf 
angles, and a reduced number of tassel branches (1, 3). This 
architecture allows for more ef�icient light capture, improved 
ventilation within the canopy, enhanced lodging resistance, and 
better partitioning of assimilates under high-density planting 
conditions, consequently leading to higher population yields 
(1,2). Dwarf mutants, for instance, exhibit short, compact plants 
with desirable traits for lodging resistance (4).
The development and utilisation of double haploid lines have 
revolutionized maize breeding by signi�icantly accelerating the 
breeding cycle and enhancing the ef�iciency of selection 
processes (5, 6, 7). DH technology offers several advantages, 
including the rapid achievement of homozygosity, leading to 
maximum genetic variance between lines from the �irst 
generation and increased ef�iciency in marker-assisted 
selection (6, 7). 
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Furthermore, DH lines derived from diverse genetic 
backgrounds, such as landraces or earlier cycles of recurrent 
selection, can unlock and broaden the genetic diversity available 
for breeders, enabling the identi�ication of genotypes with 
desirable plant architecture traits suited for high plant density 
(8, 9).
Understanding the complex genetic basis of compact plant 
architecture requires sophisticated statistical approaches. 
Principal Component Analysis is an invaluable multivariate 
technique for reducing the dimensionality of complex 
phenotypic data by transforming multiple correlated traits into 
a smaller set of independent principal components (10). PCA 
has been effectively used in maize to evaluate performance 
components, identify key contributing traits to overall variation, 
and dissect genetic networks controlling complex traits like 
plant architecture (10, 11, 12, 13). Analysis of Variance, another 
fundamental statistical tool, is crucial for identifying signi�icant 
genetic variations among different genotypes and treatments, 
as well as for assessing genetic control over various agronomic 
and morphological traits (14, 15).
To further re�ine selection and identify superior genotypes that 
exhibit both high mean performance and stability across 
multiple desirable traits, the Multi-Trait Stability Index offers a 
robust approach. MTSI is a novel technique in plant breeding 
that addresses the challenges of incorporating multiple trait 
data without issues of multicollinearity, allowing for the 
simultaneous selection of genotypes based on a comprehensive 
set of criteria (16, 17). The experimental setup will employ 
Advanced Breeding Designs to ensure the ef�icient and precise 
evaluation of the genetic material, providing a structured 
framework for data collection and analysis, particularly in 
quantitative trait loci mapping studies (18, 19, 20).
This study aims to analyze double haploid lines of maize for 
compact plant architecture. By integrating Principal Component 
Analysis, Analysis of Variance, Advanced Breeding Designs, and 
the Multi-Trait Stability Index, we seek to identify superior 
genotypes and unravel the genetic factors contributing to an 
improved plant ideotype for high-density planting in maize. The 
�indings from this research are expected to contribute valuable 
insights for developing maize varieties with enhanced yield 
potential and adaptability to modern agricultural practices.

Material	and	Methods
Experimental	material
The experimental material consisted of 70 double haploid (DH) 
lines of maize (Zea	 mays	 L.) derived from diverse parental 
sources of Department of Millets, Tamil Nadu Agricultural 
University, Coimbatore. The DH lines were developed through in 
vivo haploid induction followed by chromosome doubling to 
achieve complete homozygosity at the Double Haploid 
Production facility, Kunigal, Karnataka. These lines were 
obtained through collaborative programs involving the 
International Maize and Wheat Improvement Centre (CIMMYT), 
India and ICAR-Indian Institute of Maize Research (IIMR), 
Ludhiana. The lines represented diverse genetic backgrounds 
suitable for evaluating genetic variability and performance 
under �ield conditions. All 70 DH lines were grown and 
evaluated during the Kharif 2023 and Rabi 2024 seasons at the 
Department of Millets, Tamil Nadu Agricultural University 
(TNAU), Coimbatore.

Experimental	design
The experiment was laid out in an Augmented Block Design II 
consisting of �ive blocks each accommodating 70 double haploid 
(DH) lines along with �ive check varieties (UMI 1220, UMI 1230, 
UMI 1205, UMI 1200 and UMI 1254). The check varieties were 
replicated once in each block, while the DH lines were 
unreplicated, following the standard structure of the ABD II. 
Each entry was planted in a single row of 4 m length, with a row-
to-row spacing of 60 cm and plant-to-plant spacing of 25 cm 
maintaining an optimum plant density for uniform growth and 
development. All recommended agronomic and crop 
management practices were followed uniformly throughout the 
growing period to ensure proper crop establishment and 
reliable data collection.

Trait	measurement	
Observations were recorded on 21 traits encompassing 
morphological, physiological, and yield-related characters 
following standard maize descriptors. The compact plant 
architectural traits included plant height (cm), ear height (cm), 
leaf angle (°), leaf length (cm), leaf width (cm), internode 
number and internode length (cm). Phenological parameters 
such as days to 50% tasseling (DTT) and days to 50% silking 
(DTS) were recorded to study �lowering behaviour. Yield-
contributing traits comprised cob length (cm), cob diameter 
(cm), kernel row number (KRN), number of grains per row 
(GPKR), hundred seed weight (g) and grain yield.	Physiological 
traits related to canopy photosynthetic ef�iciency were also 
measured, including photosynthetically active radiation (PAR; 
µmol m⁻² s⁻¹) photosynthetic rate (P; µmol CO₂ m⁻² s⁻¹) 
transpiration rate (E; mmol H₂O m⁻² s⁻¹) stomatal conductance 
(C; mol H₂O m⁻² s⁻¹) intercellular CO₂ concentration (CO₂; µmol 
mol⁻¹) and SPAD chlorophyll index. Data were collected on a plot 
basis or from representative plants within each plot, depending 
on the nature of the trait. Traits such as plant height, ear height, 
leaf characteristics, �lowering traits, yield components and 
grain yield were recorded at appropriate crop growth stages.

Data	analysis	and	Software
All statistical analyses were performed using R software 
(version 4.3.0).

Results	
Analysis	of	Variance
Analysis of variance (ANOVA) performed under Augmented 
Block Design II revealed highly signi�icant differences among 
the maize double haploid (DH) lines for the majority of 
morphological, physiological and yield-related traits. 
Treatment mean squares were highly signi�icant (p ≤ 0.01) for 
key traits including days to 50% tasseling (DTT), days to 50% 
silking (DTS), plant height (PH), leaf angle (LA), leaf length (LL), 
leaf width (LW), ear height (EH), internode length (IL), 
photosynthetically active radiation (PAR), photosynthetic rate 
(P), transpiration rate (E), stomatal conductance (C), 
intercellular CO₂ concentration, ear length (EL), ear diameter 
(ED), grains per kernel row (GPKR), hundred-seed weight 
(HSW) and grain yield (GY). Block effects re�lecting �ield 
heterogeneity within the augmented design were non-
signi�icant for most traits, indicating uniform experimental 
conditions and effective crop management. However, signi�icant 
block effects were observed for plant height, leaf angle, leaf 
length, ear height and internode number. 
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Both the check entries and DH test lines as well as their 
comparative effect (Test vs. Check) exhibited highly signi�icant 
variation for most traits evaluated. Moderate residual variances 
were observed for plant height (8.78), leaf angle (7.69), leaf 
length (4.05), ear height (4.17), and grain yield (8110.86), 
whereas traits such as leaf width (0.32), ear diameter (0.10), 
and ear length (0.63) showed very low experimental error.

Path	analysis
Path analysis revealed that grain yield (GY) in maize was 
primarily in�luenced by a few key architectural, physiological, 
and yield component traits Figure 1. Among all predictors, plant 
height exhibited the strongest positive direct effect on grain 
yield (β = 0.416, p = 0.002), indicating that plants with an 
optimum stature contributed directly to higher yield. Similarly, 
photosynthetic rate had a signi�icant and positive direct 
in�luence on grain yield (β = 0.368, p < 0.001), emphasizing the 
importance of carbon assimilation ef�iciency in determining 
�inal productivity (Table 1). Among yield components, ear 
diameter	(β = 0.254, p = 0.001) and ear length (β = 0.205, p = 
0.003) showed signi�icant positive direct effects on grain yield, 
suggesting that improvement in ear size directly enhances 
kernel number and grain �illing. In contrast, kernel rows per ear 
exerted a signi�icant negative direct effect on grain yield (β = 
–0.262, p = 0.001), implying that an excessive number of kernel 
rows may impose sink limitations or lead to inef�icient 
assimilate distribution under the studied genetic background. 
Other traits, including 100-seed weight,	grains per kernel row,	
SPAD chlorophyll index	 and	 ear height, exhibited non-
signi�icant direct effects on grain yield indicating that their 
contribution to yield is largely indirect rather than through 
direct pathways (Table 2). The analysis further revealed strong 
interrelationships among plant architectural traits and yield 
components Figure 2. Plant height showed a highly signi�icant 
positive direct effect on ear diameter (β = 0.601, p < 0.001), 
indicating that taller plants tended to develop thicker ears. At 
the same time, plant height had a signi�icant negative effect on 
kernel rows per ear (β = –0.564, p < 0.001), suggesting a trade-
off between vertical growth and kernel row formation. 
Conversely, ear height exhibited a signi�icant negative direct 
effect on ear diameter (β = –0.583, p < 0.001) and a positive 
direct effect on kernel rows per ear (β = 0.529, p = 0.001). These 
opposing effects highlight the complex role of ear placement in 
shaping ear architecture and yield components.
Indirect effects analysis demonstrated that several architectural 
traits in�luenced grain yield predominantly through their effects 
on yield components. Plant height exerted substantial positive 
indirect effects on grain yield via ear diameter (0.153) and 
kernel rows per ear (0.148). These results indicate that the 
contribution of plant height to yield is not only direct but also 
mediated through its in�luence on ear structural traits. Ear 
height showed negative indirect effects on grain yield through 
both ear diameter (–0.148) and kernel rows per ear (–0.139), 
suggesting that higher ear placement may adversely affect ear 
development and ultimately reduce grain yield. Leaf angle 
in�luenced grain yield exclusively through indirect pathways. 
Leaf angle showed a positive indirect effect via ear diameter 
(0.046) and a small negative indirect effect via kernel rows per 
ear (–0.020) (Table 3). These �indings indicate that erect leaf 
orientation contributes to yield primarily by improving ear 
development rather than through a direct effect on grain yield. 
Similarly, SPAD chlorophyll index exhibited a positive indirect 
effect on grain yield through kernel rows per ear (0.097), 
reinforcing the role of leaf physiological status in modulating 
yield components.

Principle	component	analysis
Principal component analysis (PCA) was performed to 
summarize the multidimensional variation among the 70 maize 
double haploid (DH) lines and to identify the major components 
contributing to total variability Figure 4. The results revealed 
that seven principal components (PCs) with eigenvalues greater 
than unity were extracted, collectively explaining 73.67% of the 
total variation among the DH lines (Table 4). The �irst principal 
component (PC1) had an eigenvalue of 4.20 and accounted for 
19.98% of the total variance. The second principal component 
(PC2) explained 14.61% of the total variation with an 
eigenvalue of 3.07, bringing the cumulative variance explained 
by the �irst two components to 34.59%. The third principal 
component (PC3) contributed 11.31% of the total variance 
(eigenvalue = 2.37), while the fourth principal component (PC4) 
explained 9.08% of the variation (eigenvalue = 1.91). The �ifth 
(PC5), sixth (PC6) and seventh (PC7) principal components 
contributed 7.55%, 5.91%, and 5.23% of the total variance, 
respectively. Inclusion of these components increased the 
cumulative variance explained to 73.67%.
The principal component scores revealed wide dispersion of the 
70 maize DH lines and check genotypes across the extracted 
components, indicating substantial multivariate diversity 
(Table 4). Several genotypes exhibited extreme positive or 
negative scores in one or more components re�lecting their 
distinct trait combinations. Among the DH lines DH-94, DH-32, 
DH-62, DH-43, DH-84, DH-115 and DH-48 recorded high 
positive scores in major components, highlighting their strong 
contribution to overall variability (Fig 5). In contrast, genotypes 
such as DH-75, DH-20, DH-3, DH-2 and DH-46 showed large 
negative scores, indicating divergent phenotypic performance.

Cluster	analysis
Hierarchical cluster analysis using Ward's minimum variance 
method (Ward.D2) based on Euclidean distance grouped the 70 
maize double haploid (DH) lines into three distinct clusters, as 
illustrated in the dendrogram (Figure 6) and summarized in 
Table 5. The dendrogram showed clear separation among the 
clusters at higher linkage distances, indicating substantial 
genetic divergence among the DH lines. Cluster I comprised 17 
DH lines representing a group of genotypes with relatively 
similar trait combinations. Cluster II consisted of 19 DH lines 
forming a moderately divergent cluster. Cluster III, the largest 
cluster, included 34 DH lines, indicating a broad group of 
genotypes sharing common agro-morphological and 
physiological characteristics (Table 5). The clustering pattern 
re�lected considerable diversity among the DH lines with 
genotypes within each cluster showing greater similarity to one 
another than to those in other clusters. The distinct separation 
of clusters further corroborated the results of principal 
component analysis, con�irming the presence of substantial 
genetic variability for plant architecture, physiological and 
yield-related traits.

Discussion	
This study employed a comprehensive approach, integrating 
Analysis of Variance, Path Analysis, Principal Component 
Analysis and Cluster Analysis to dissect the genetic variability 
and interrelationships of morphological, physiological and 
yield-related traits in 70 maize double haploid lines. The 
ultimate goal was to identify superior genotypes with compact 
plant architecture suitable for high-density planting systems, a 
critical objective for enhancing maize productivity (1,2).
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The Analysis of Variance conducted under an Augmented Block 
Design II provided robust evidence of highly signi�icant genetic 
differences among the DH lines for nearly all evaluated traits. 
This high level of variability is paramount for effective selection 
in breeding programs, con�irming that the DH population is a 
rich resource for identifying lines with desirable attributes for 
compact plant architecture and improved yield (6, 9). The non-
signi�icant block effects for most traits underscore the 
effectiveness of the experimental design in controlling �ield 
heterogeneity, thereby increasing the reliability of the observed 
genetic differences. The moderate to very low residual 
variances for various traits, especially for leaf width, ear 
diameter and ear length, further validate the precision of the 
experimental measurements and the inherent genetic control 
over these traits (15). The signi�icant variation observed 
between the check entries and the DH test lines as well as their 
comparative effect indicates the potential for selecting DH lines 
that outperform existing varieties or possess novel trait 
combinations valuable for breeding.
Path Analysis offered crucial insights into the direct and indirect 
causal relationships in�luencing grain yield, allowing for a more 
targeted breeding strategy. The strong positive direct effects of 
plant height and photosynthetic rate on grain yield highlight 
their importance as primary drivers of productivity. While 
compact plant architecture generally aims for reduced plant 
height to prevent lodging and improve light penetration under 
high density (1, 2), this �inding suggests an "optimum stature" 
rather than absolute reduction is bene�icial for yield, likely 
balancing structural integrity with photosynthetic capacity. The 
signi�icant positive direct effects of ear diameter and ear length 
on grain yield underscore the importance of ear size as a major 
yield component in�luencing kernel number and grain �illing 
(21). Conversely, the signi�icant negative direct effect of kernel 
rows per ear on grain yield suggests a potential trade-off or sink 
limitation in the studied genetic background where an excessive 
number of rows might not translate to higher yield. Such trade-
offs are common in complex biological systems and are crucial 
considerations for multi-trait selection (16). The observed 
strong interrelationships such as plant height positively 
affecting ear diameter but negatively impacting kernel rows per 
ear, and ear height showing inverse effects on ear diameter and 
kernel rows, reveal the intricate balance required to optimize 
plant and ear architecture (Fig 1). Furthermore, the analysis of 
indirect effects demonstrated that several architectural traits, 
including plant height, ear height, and leaf angle, in�luence grain 
yield through their impact on yield components (Fig 2). For 
instance, plant height substantial positive indirect effects on 
grain yield via ear diameter and kernel rows per ear suggest its 
multi-faceted contribution beyond direct effects, aligning with 
the concept of an ideal plant ideotype (4).
The Principal Component Analysis effectively summarized the 
multidimensional variation, with the �irst seven principal 
components cumulatively explaining a substantial 73.67% of 
the total variability among the DH lines (Fig 3). This high 
proportion indicates considerable genetic diversity within the 
population, making it a valuable resource for identifying 
genotypes with unique combinations of desirable traits (10, 12). 
The wide dispersion of the DH lines and check genotypes across 
the principal components further con�irms the presence of 
signi�icant multivariate diversity, which is essential for 
successful breeding programs (13). 

Identifying speci�ic lines like DH-94, DH-32, and DH-62 with 
high positive scores in major components, or DH-75, DH-20 with 
large negative scores, provides clear targets for selection (Fig 5). 
These lines represent genetic extremes that could be utilized as 
parents for developing new varieties or for further genetic 
studies to unravel the underlying genetic mechanisms of 
compact architecture (8).
Hierarchical Cluster Analysis corroborated the PCA �indings by 
grouping the 70 DH lines into three distinct clusters (Fig 6). This 
clustering pattern based on Ward's minimum variance method, 
re�lects signi�icant genetic divergence and the presence of 
genetically distinct groups within the population. Such 
groupings are invaluable for breeders, as they allow for the 
selection of diverse parents for hybridization to maximize 
heterosis or for identifying groups of lines with similar desirable 
traits for speci�ic breeding objectives (18). For instance, one 
cluster might contain lines optimized for reduced plant height 
and erect leaf angles, while another might be characterized by 
superior ear development and yield components. The 
identi�ication of such distinct clusters simpli�ies the selection 
process and facilitates the development of improved maize 
varieties tailored for high-density planting conditions (22).

Table	1:	Standardized	direct	effects	of	component	traits	on	grain	yield	(GY)	in	maize

Table	2:	Standardized	direct	effects	among	yield-related	traits	

Table	3:	Key	indirect	effects	of	plant	architecture	traits	on	grain	yield	in	maize

Table	4:	Eigenvalues	and	percentage	contribution	of	principal	components	explaining	
variability	among	maize	traits
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Conclusion	
The present investigation demonstrated substantial genetic 
variability among maize double haploid lines for compact plant 
architecture, physiological traits and grain yield under high-
density planting conditions. The signi�icant differences revealed 
through analysis of variance con�irm the effectiveness of double 
haploid technology in generating diverse and homozygous 
breeding material suitable for precise selection. Path analysis 
highlighted plant height and photosynthetic rate as critical 
determinants of grain yield emphasizing the importance of 
achieving an optimum plant stature rather than extreme 
dwar�ism for maximizing productivity. Ear diameter and ear 
length were identi�ied as key yield components with strong 
direct effects on grain yield, while several architectural traits 
contributed indirectly through their in�luence on ear 
development. Principal component analysis effectively 
summarized the complex trait relationships revealing 
substantial  multivariate diversity and enabling the 
identi�ication of DH lines with unique and desirable trait 
combinations. The clustering of DH lines into three distinct 
groups further con�irmed the genetic divergence within the 
population and provided a practical framework for selecting 
diverse parents and superior genotypes for breeding programs.

Table	5:	Grouping	of	seventy	double	haploid	lines	into	three	cluster	based	on	agro-morphological	traits	

Figure	1.	Path	analysis	of	plant	architecture	traits	in�luencing	yield	in	maize

Figure	2.	Pairwise	scatter	plot	matrix	illustrating	interrelationships	among	studied	
traits	in	maize	double	haploid	lines

Figure	3.	PCA	biplot	of	maize	DH	lines	based	on	agro-morphological	and	physiological	
traits

Figure	 4.	 Scree	 plot	 showing	 the	 percentage	 of	 variance	 explained	 by	 the	 �irst	 ten	
principal	components.

Figure	5.	Rotated	component	matrix	showing	factor	loadings	of	traits	across	principal	
components

Figure	 6.	 Dendrogram	 showing	 hierarchical	 clustering	 of	 70	maize	DH	 lines	 using	
Ward's	minimum	variance	method	based	on	Euclidean	distance
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 The study concludes that selecting genotypes with optimal 
plant  height ,  ef � ic ient  canopy structure,  enhanced 
photosynthetic capacity and superior ear traits can signi�icantly 
improve grain yield under high-density planting. The identi�ied 
DH lines offer valuable genetic resources for developing maize 
varieties adapted to modern intensive agricultural systems and 
can serve as potential parents for future hybrid development 
and genetic mapping studies targeting compact plant 
architecture.

Future	Scope
Although the present study successfully identi�ied superior DH 
lines for compact plant architecture and yield under high-
density planting, further research is required to validate their 
performance across diverse agro-climatic conditions and multi-
location trials. Future investigations may incorporate genomic 
tools such as marker-assisted selection and genome-wide 
association studies to dissect the underlying genetic 
architecture of compact plant type and yield-related traits. 
Integrating physiological modeling and high-throughput 
phenotyping approaches could enhance the precision of 
ideotype breeding. The identi�ied DH lines may also be utilized 
in hybrid development programs and quantitative trait loci 
(QTL) mapping to accelerate the development of climate-
resilient, high-density tolerant maize hybrids.
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