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Abstract

Avena sativa is primarily grown as a food crop but also serves as a valuable feed for livestock. Oat is a versatile and nutritious grain
with a range of health benefits, making it a popular choice for consumers and a valuable crop for agricultural production. In pursuit
of crop improvement, cluster analysis is an analytical approach that allows researchers to uncover underlying patterns and structures
within a dataset. Eventually, this aids in identifying exemplary genotypes for improved yield attributes. The present study involved a
meticulous examination of phenotypic data of 62 oat genotypes taken during Rabi 2019-20 at CCS Haryana Agricultural University,
Hisar, Haryana. A novel and superior technique, hybrid hierarchical K-means, was employed for enhanced outcomes in comparison
to traditional hierarchical and K-means clustering methods. Among the four distinct clusters formed, cluster | exhibited the highest
count of genotypes. Additionally, cluster | had the lowest intra-cluster distance and the highest group mean, implying the presence of
additive gene action and favorable combinations of alleles for yield-related traits, respectively. Clustering offers breeders the advantage
of focusing their efforts on representative genotypes within each cluster, thereby accentuating the efficiency of resource allocation
and the management of breeding materials. Promising genotypes from the most diverse clusters can act as parents for hybridization
programs. The research will enhance our understanding of oat genetics and facilitate the development of superior cultivars. Ultimately,
this will help optimize yields and meet the growing demand for this nutritious crop.
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Introduction

Oat (Avena sativa) belonging to family Poaceae is regarded as a
prominent multifunctional cereal owing to its inherent versatility
(Prates and Yu 2017, Chawla et al., 2021). It sets itself apart from
other cereals due to a plethora of unparalleled benefits, rendering it
highly coveted and favored by a substantial multitude of individuals
(Ahmad et al., 2014). Oat covers a worldwide production of 23.3
million metric tons (USDA, 2023). The worldwide oats market
experienced growth from $6.67 billion in 2022 to $7.13 billion in
2023, reflecting a compound annual growth rate (CAGR) of 7.0%.
Oats are known for their adaptability to diverse climatic conditions
and can be cultivated in a wide range of regions around the
world (Isidro-Sanchez et al., 2020). The crop possesses attributes
that render it highly valuable for both human alimentation
and animal fodder (Chawla et al., 2022). As a livestock feed, it
offers a combination of nutritional composition, digestibility
and palatability that makes it an excellent choice for a variety of
animals (Ross et al., 2004; Nikolaudakis, 2016). The non-commercial
character of forage crops and the generation of fodder with minimal
inputs from deteriorated & marginal land results in a substantial
disparity between the availability & demand of fodder (Singh et
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al.,, 2022a). The aforementioned circumstances underscore
the criticality of conducting research on forage crops in
order to address this disparity effectively (Surje and De,
2014; Krishna et al,, 2014). Furthermore, achieving high yield
despite its health benefits, remains a challenge majorly due
to low genetic potential, weed competition, inadequate
agronomic practices and limited investment in breeding
programs (Gorash et al,, 2017; Yang et al., 2023). Addressing
these factors through improved genetics, increased research
& investment can help optimize oat yields and meet the
growing demand for this nutritious cereal crop.

To enhance the progress of any breeding program, it is
imperative to systematically assess the available materials
to identify diverse lines suitable for hybridization programs
(Kiran et al., 2023; Krishna et al., 2014). Cultivars possessing
enhanced yield potential, along with the ability to thrive at
elevated altitudes beyond the existing climatic thresholds
for arable farming, have the potential to alleviate the strain
caused by overgrazing and deforestation (Arora et al., 2021).
Crop germplasm serves as a reservoir of genetic diversity
that can be utilized for crop improvement programs.
Different studies have highlighted the importance of genetic
diversity assessment in crop plants and the recent analytical
perspectives & advancements in crop breeding (Govindaraj
etal, 2015).

In this research, multivariate analysis was employed
to expedite the identification of promising heterotic
combinations suitable for harnessing diverse improved
cultivars. Clustering analysis serves as a valuable tool in
crop breeding, providing breeders with a systematic and
data-driven approach to understand & exploiting the
genetic diversity within crop populations (Mohammadi
and Prasanna, 2003). By leveraging the insights gained
from clustering analysis, breeders can make effective
decisions, optimize breeding strategies and ultimately
develop improved crop varieties with enhanced traits &
productivity. This paper employs a novel and unconventional
methodology for clustering analysis, i.e., hybrid hierarchical
Kmeans clustering, presenting an improved and distinctive
approach. Following a comprehensive assessment of diverse
oat genotypes, this investigation substantially facilitated
the discernment of the most promising genotypes for yield
attributes (Kaur et al., 2018). As a result, this study will make
a substantial contribution toward the significant attainment
of food and fodder security.

Materials and Methods

Plant Material and Experimental Details

The research consists of 62 oat genotypes, including 3
checks (OS 6,JHO 851 and UPO 212) that were procured from
diverse regions across the country (Supplementary Table 1).
The study was undertaken at the Research Farm Area, Forage
Section, Department of Genetics and Plant Breeding, CCS

Haryana Agricultural University, Hisar (Haryana) (latitude
29°10" North and longitude 75° 46’ East with an altitude of
215.2 m above the mean sea level) during Rabi 2019-20. The
trial was conducted in an augmented design with seven
blocks, each having three checks. Each genotype was sown
in three rows of 3 m length each.

Data Recording

The data on phenotypic traits were collected from five
randomly chosen vigorous plants for each genotype except
for DFF and DM, which was on a plot basis. The data was
recorded at 50% flowering stage and their mean value
was taken. A total of 13 phenotypic traits were evaluated
including PH- Plant height (cm), TPL- Number of tillers/plant,
NOL- Number of leaves/plant, LL- Leaf length (cm), LW- Leaf
width (cm), PL- Peduncle length (cm), NOS- Number of
spikelets/panicle, GFY- Green fodder yield/plant (g), DMY-
Dry matter yield/plant (g), DFF- Days to 50% flowering, DM-
Days to maturity, SY- seed yield/plant (g), TW- Test weight
(1000 seed weight in g).

Statistical Analysis

Initial hierarchical cluster analysis was performed using
the methodology proposed by Ward, 1963. The k-means
algorithm initiates by selecting a random set of observations
as the initial cluster centers. However, the final clustering
outcome is highly dependent on this initial random
selection, potentially yielding different results with each
computation. To mitigate this issue, a solution called
hybrid hierarchical k-means clustering (k-means) has been
devised, combining the strengths of hierarchical clustering
and traditional k-means methods. By incorporating
both approaches, k-means offers enhanced scalability,
flexibility, interpretability, cluster compactness and outlier
handling. These advantages render hkmeans a valuable and
applicable technique for clustering analysis across diverse
domains. R studio software, version 26.0 (R Core Team,
2020) was used for analysis. All the graphs were drawn using
the same software. The inter and intra-cluster distances
were calculated on the basis of Euclidean distance while
considering the mean values of various traits as cluster
mean values.

Results and Discussion

Despite the considerable genetic variability indicated by the
mean sum of squares for all traits, the analysis of variance
alone does not provide a comprehensive explanation for
the extent of genetic diversity observed. Understanding
and harnessing genetic divergence greatly contribute to the
invaluable enhancement of crops (Kumari and Jindal, 2019).
The presence of a substantial multitude of clusters serves as
evidence of ample diversity among the oat genotypes. Upon
examination of the phenotypic data acquired from 62 oat
genotypes, a comprehensive analysis led to the formation
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of a total of four distinct clusters. The clustering pattern
unveiled that cluster | had the highest count of genotypes,
comprising 28 genotypes, while cluster IV emerged as
the second largest cluster, encompassing 14 genotypes.
Additionally, cluster Il comprised 11 genotypes, whereas
cluster Il constituted the smallest count, comprising nine
genotypes (Table 1). The maximum inter-cluster distance
was exhibited between clusters Il and Il (5.93) followed
by clusters Il and IV (5.89). On the contrary, the least inter-
cluster was demonstrated between clusters| & Il. The highest
intra-cluster distance was manifested by cluster II, while the
minimum intra-cluster distance was showcased by cluster |
(Table 2). Cluster | exhibited the most elevated mean values
for economic traits, including seed yield (15.8), green fodder
yield (177.5) and dry matter yield (35.8). Additionally, this
cluster demonstrated the highest mean values for other
attributes, namely PH (147.8), TPL (11.0), NOL (59.3), LW
(2.6), DFF (115.0) and DM (145.3) (Table 3). Moreover, it was
observed that the cluster mean values for these traits within
cluster | exhibited a statistically significant superiority over
the general mean value derived from the population of 62
oat genotypes. Cluster lll had the highest mean values of
NOS and DFF, whereas cluster IV had the highest mean value
for LL. Poonia and Phogat, 2017 found similar findings where
cluster 1 had the highest mean values for GFY, DMY and PH.

In hk-means clustering, the algorithm initially applies
hierarchical clustering to the dataset, which involves creating
a hierarchical structure of clusters based on similarity
measures. This hierarchical structure is represented in visual
presentation as a dendrogram. Four distinct clusters emerge;
visually differentiated by different colors as illustrated in
Figure 1. Furthermore, after generating the initial clustering

Table 1: Clustering details of 62 oat genotypes based on D?statistics

Clusternumber  Genotypes
0S 6,UPO 212, HFO 1116, HFO 1117, HFO 1118,
HFO 1121, HFO 1122,
GP 65, GP 298, HFO 424, HFO 902, HFO 903,
I HFO 1013, HFO 1016,
HFO 1109, HFO 1111, HFO 1112, HFO 1113, HFO
1114, HFO 1115, KENT, RO-11-2-2, JHO 2006-1,
OL 1766-2, HFO 1107, HFO 1105, OL 125, OL
1861
JHO 851, GP 192, GP 492, HFO 1123, OL 1874-2,
NDO-1, PLP-1, RO-11-2-6, JHO 99-1, JO-1, HFO
Il
1106
HFO 529, GP 580, HFO 607, GP 68, GP 158, HFO
i 1101, HFO 1104, HFO 1108,
OL 1869-1
HFO 611, HFO 707, GP 781, HFO 806, HFO 818,
" GP 875, HFO 901, HFO 915,

HFO 917, HFO 1003, HFO 1005, HJ 8, OS 403,
JHO 822

Table 2: Intra and inter-cluster distance based on average Euclidean
D? values

/ I mn v

| 3.53 4.87 5.48 5.00
Il 4.87 4.62 593 5.89
1] 5.48 593 3.84 5.30
v 5.00 5.89 5.30 4.49

Diagonal values indicate intra-cluster distance

hierarchy, the algorithm applies the k-means clustering
approach to refine the clusters. The k-means algorithm
assigns each data point to the nearest centroid and updates
the centroids iteratively until convergence. This step helps
to optimize the cluster assignments and improves the
compactness & separation of the resulting clusters. This
is presented in the form of a cluster plot having 4 distinct
groups (Figure 2). The cluster membership in this plot has
been adjusted and refined compared to the dendrogram,
resulting in distinct and improved groupings.

Cluster Ill exhibited a minimum number of genotypes,
signifying a constricted genetic foundation. Itis characterized
by their shared ancestral origin and diminished relatedness
to the genotypes belonging to other clusters. Inter-cluster
distance helps in identifying distinct clusters harboring
divergent characteristics (Paw et al,, 2020). This in turn, aids in
the meticulous selection of the diverse genotypes. Breeding
programs frequently aspire to forge hybridizations between
genetically distant clusters to instill novel traits, augment
genetic diversity and foster the development of superior
cultivars, as corroborated by the study conducted by
Bhandarietal., (2017). Clusters lland Il exhibited the greatest

Table 3: Cluster mean and general mean values of 13 phenotypic
traits in 62 oat genotypes

Traits / 1l i v General mean
PH 147.8 145.6 124.6 143.3 143.0

TPL 11.0 7.0 8.6 8.1 8.1

NOL 59.3 36.2 433 42.2 42.3

LL 49.9 49.8 454 55.6 50.9

LW 2.6 2.2 2.2 2.2 2.2

PL 313 337 234 326 318

NOS 66.6 59.2 74.1 60.4 62.4

GFY 177.5 1315 119.7 150.9 143.1
DMY 35.8 244 213 28.8 27.1
DFF 115.0 113.8 115.0 110.6 113.2

DM 145.3 141.3 143.0 137.2 140.9
SY 15.8 9.3 12.8 129 1.7
T™W 329 324 27.0 37.2 33.2

Note: The values shown in bold are the highest cluster mean values
for the respective traits
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Figure 1: Dendrogram based on initial clustering (hierarchical) of 62
oat genotypes for thirteen phenotypic traits
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Figure 2: K means cluster plot inferred from final clustering (K means
clustering). Refined genotypes which led to final cluster membership

inter-cluster distance, indicating significant dissimilarity
between them. Within cluster Il, the genotype JHO 851 is a
multi-cut check. While genotype HFO 1108 present within
cluster lll showed the highest GFY and DMY among all 62
genotypes. The cross-breeding of these genotypes has the
potential to yield highly heterotic hybridization, akin to the
effective implementation observed in the pedigree method.
Similarly, second most distant clusters were Il and IV. In
cluster IV, HFO 707 & HFO 818 were high yielding genotypes
for GFY and OS 403 & GP 781 were high seed yielding
genotypes. Henceforth, genotypes from these two clusters
act as potent source of diverse yet good performing parents
required for hybridization (Poonia et al., 2020). Intra-cluster
distances, by measuring the genetic similarity within clusters
can indicate the extent to which additive genetic effects
govern the observed phenotypic variation (Chakravorty
etal., 2012). When genotypes within a cluster exhibit small
intra-cluster distance, it suggests that they share a high

degree of genetic similarity and likely they possess similar
combinations of additive alleles. This indicates the presence
of strong additive gene action, as the phenotypic variation
within the cluster can be attributed to the additive effects
of genes that are relatively fixed within the cluster (Carroll et
al., 2015). Understanding the extent of additive gene action
is crucial in breeding programs and genetic improvement
efforts. The highest intra-cluster distance was seen for
cluster Il (4.62); indicating greater genetic diversity within the
cluster. Kumari and Jindal, 2019 observed the highest intra-
cluster distance to be 6.02, depicting genetic relation among
genotypes. Thisimplies that a wider range of genetic factors,
including non-additive gene effects such as dominance and
epistasis, influences the observed phenotypic variation.
For instance, a study assessed 25 morphological traits and
found varying degrees of differentiation, indicating a broad
genetic base influencing these traits. It suggested that a
wider range of genetic factors influences the observed
phenotypic variation within the cluster of early Polish oat
cultivars (Boczkowska et al., 2014).

The mean values of traits within a cluster represent
the average performance of genotypes within that cluster
(Mohammadi and Prasanna, 2003). It provides quantitative
evidence of the performance and potential of genotypes for
specific traits (Singh et al,, 2022b). This average performance
can provide insights into the genetic characteristics and
potential of genotypes in terms of their ability to express
desirable traits or exhibit tolerance to specific environmental
conditions. Cluster | demonstrated superior mean values for
GFY,DMY, SY, PH, TPL, NOL, LW, DFF and DM, which suggested
that the genotypes within this cluster possessed genetic
factors that contributed to high-yield performance. That
the genotypes in this cluster had favorable combinations
of alleles for these yield-related traits. Breeders can focus
on genotypes within cluster | to develop cultivars with
superior yield attributes. Furthermore, the general mean
(for all 62 genotypes as a population) is also mentioned
for comparison in Table 3. Cluster | exhibited not only the
highest mean values for the aforementioned traits but also
surpassed the overall mean. This offers breeders a valuable
opportunity to avoid individual genotypic assessments and
concentrate their endeavors on representative genotypes
within each cluster. This enables them to administer the
breeding material with enhanced efficiency and allocate
resources in a more judicious manner.

Conclusion

The present study employed a more advanced approach, i.e.,
hybrid hierarchical k-means clustering to evaluate genetic
diversity and performance for various yield contributing
traits. The application of hybrid hierarchical k-means
clustering combined the advantages of hierarchical and
k-means methods. The analysis led to the categorization
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of 62 oat genotypes into four distinct clusters, as visually
depicted in the cluster plot. This plot provided a clear
and concise representation of the clusters and their
refined memberships. These results played a crucial
role in identifying promising genotypes for future
breeding programs. Furthermore, the assessment of inter-
cluster distances results in emphasizing the potential of
hybridization between genotypes of genetically distant
clusters to introduce novel traits and enhance overall
genetic diversity. Cluster Il and Il exhibited the greatest
dissimilarity, while cluster | demonstrated the highest mean
values for economic traits and outperformed the general
mean. These findings provide breeders with valuable
insights for crop improvement and cultivar development.
The identification of distinct clusters, assessment of inter-
cluster and intra-cluster distances and evaluation of mean
values for traits provided valuable information for breeders
to select superior genotypes, enhance genetic diversity and
ultimately foster the development of improved oat cultivars.
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