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Abstract

Aloe barbadensis Mill. is a medicinal plant of great importance, widely cultivated for
its therapeutic properties. However, limited research has been conducted on the
morphological diversity of Aloe vera germplasm in India. This study assessed the
morphological diversity of 40 A. vera accessions collected from different agro-
climatic regions in Tamil Nadu, India. Eight quantitative morphological descriptors
were evaluated. Significant variations were observed for all the studied traits,
indicating substantial morphological diversity among the accessions. Principal
component analysis revealed that the first three principal components (PC’s)
accounted for 72.90% of the total variation. Cluster analysis grouped the accessions
into three main clusters based on morphological similarity. Associations were found
between several traits, with correlation analysis showing significant positive
correlations between plant size, leaf dimensions and yield-related traits. High broad
-sense heritability estimates were observed for several characteristics, suggesting
the potential for genetic improvement through selection. The findings highlight the
morphological diversity in Tamil Nadu A. vera germplasm, which can be exploited
for the genetic improvement and development of effective conservation strategies
for this valuable medicinal plant. The morphological diversity observed in this study
can be attributed to the diverse agro-climatic conditions and geographical locations
from which the accessions were collected.

Keywords

Aloe barbadensis Mill,; cluster analysis; correlation; genetic resources; morphological
diversity; principal component analysis

Introduction

Aloe barbadensis Mill., commonly known as Aloe vera, is a perennial succulent of the
family Asphodelaceae, renowned for its extensive medicinal and therapeutic
applications. Its gel, extracted from fleshy leaves, is widely used in the
pharmaceutical, cosmetic and nutraceutical industries due to its anti-inflammatory,
antimicrobial and antioxidant properties (1, 2). Aloe vera is often referred to as a
"miracle plant" for its diverse applications, ranging from skincare products to
alternative medicine (3). Globally, Aloe vera cultivation is concentrated in arid and
semi-arid regions due to its ability to thrive in water-limited environments.
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In India, Aloe vera is cultivated extensively across states
like Rajasthan, Gujarat, Maharashtra, Tamil Nadu and Uttar
Pradesh. The country's diverse agro-climatic zones provide an
ideal environment for cultivating Aloe vera, resulting in significant
morphological and genetic variability among accessions (4, 5).
This variability holds immense potential for the development of
improved cultivars suited to specific climatic and economic
requirements. However, the genetic resources of Aloe vera in
India remain underutilized due to limited studies on its
morphological and genetic diversity.

Morphological characterization serves as the cornerstone
for germplasm evaluation, providing critical insights into genetic
diversity, conservation strategies and breeding programs (6). For
effective germplasm management, morphological descriptors
should be precise, stable across environments and easily
measurable. Despite advances in molecular tools, morphological
traits remain a cost-effective and practical approach for initial
germplasm assessment. Studies on Aloe vera genetic resources
have highlighted the importance of integrating morphological
data with molecular markers for comprehensive diversity
analysis (7).

The Arabian Peninsula is considered the primary center
of origin for Aloe vera, with significant genetic diversity reported
in this region. However, studies have demonstrated that
accessions cultivated in India exhibit unique morphological and
adaptive traits influenced by local agro-climatic conditions (8, 9).
Despite this, systematic characterization of Aloe vera germplasm
in India has been limited, often focusing on regional collections
without integrating broader genetic or morphological data.

This study aimed to bridge this gap by characterizing 40
Aloe vera accessions collected from diverse agro-climatic regions
of Tamil Nadu. Using a combination of morphological
descriptors, this work assesses variability and identifies
promising accessions for conservation and breeding. The
findings provide a foundation for the sustainable utilization of
Aloe vera genetic resources, which is critical in light of the
increasing global demand for natural bioactive compounds.

Materials and Methods
Experimental site and plant material

The study was conducted at the Department of Medicinal and
Aromatic Crops, Horticulture College and Research Institute,
Tamil Nadu Agricultural University, Coimbatore, India. Forty Aloe
vera accessions were collected from diverse agro-climatic
regions of Tamil Nadu, representing a range of environmental
conditions. These accessions were maintained under uniform
cultural practices to ensure accurate and unbiased evaluation of
morphological traits.

Experimental design

The experiment was arranged in a Randomized Block Design
(RBD) with three replications. Each accession was planted in
plots measuring 2 m x 2 m, with a spacing of 60 cm x 60 cm
between plants. Standard agronomic practices such as irrigation,
weeding and pest management were followed uniformly across
the experimental field to minimize environmental variation and
promote optimal plant growth.

Observations recorded

Eight quantitative morphological traits were selected based on
their agronomic and economic importance, following the
descriptors for Aloe vera developed by the International Plant
Genetic Resources Institute (IPGRI). The traits evaluated were:

Plant height (cm): Measured from the base to the tip of the
longest leaf.

Plant width (cm): Calculated as the average of two perpendicular
canopy measurements.

Number of suckers: Total number of offshoots per plant.

Number of leaves: Counted as the total number of mature leaves
per plant.

Leaf length (cm): Measured from the base to the tip of the longest
leaf.

Leaf width (cm): Measured at the broadest part of the longest
leaf.

Leaf ratio: Computed as the ratio of leaf length to leaf width.

Yield (kg/plant): Measured as the total fresh weight of leaves per
plant.

Observations were recorded on three randomly selected plants
per accession within each replication at 12 months after planting
to ensure representativeness.

Data analysis

Statistical analyses were performed to evaluate variability,
relationships among traits and morphological diversity among
accessions.

Analysis of variance (ANOVA):

ANOVA was conducted to test the significance of differences
among accessions for each trait. It partitioned total variability into
components attributable to genetic and environmental factors.

Genotypic and phenotypic coefficients of variation (GCV and
PCV):

GCV and PCV were calculated using the following formulae:
GCV (%) = (VGenotypic variance / Mean) x 100
PCV (%) = (vVPhenotypic variance / Mean) x 100

These metrics quantified the extent of genetic and phenotypic
variability. Higher GCV values relative to PCV indicated greater
genetic control of the traits.

Broad-sense heritability (H):
Broad-sense heritability was computed as:
H? (%) = (Genotypic variance / Phenotypic variance) x 100

This parameter estimated the proportion of phenotypic variance
attributable to genetic factors, guiding the selection efficiency in
breeding programs.

Genetic advance (GA):

GA was calculated to predict the expected improvement in a trait
under selection pressure, using the formula:

GA=H?x Phenotypic standard deviation x Selection intensity
Correlation analysis:

Pearson’s correlation coefficients were computed to assess the
relationships among traits, using the ‘corrplot’ package in R

https://plantsciencetoday.online


https://plantsciencetoday.online

software (version 4.0.3). This helped identify traits that could
indirectly improve others through correlated selection.

Principal component analysis (PCA):

PCA was conducted to identify key traits contributing to
morphological variation. Principal components with eigenvalues
greater than one were used for interpretation, capturing the
maximum variation with fewer dimensions.

Cluster analysis:

Hierarchical cluster analysis was performed using the
Unweighted Pair Group Method with Arithmetic Mean (UPGMA)
based on Gower’s distance. UPGMA grouped accessions into
clusters reflecting their morphological similarity and the resulting
dendrogram was compared to traditional classification schemes
based on morphology and geographical origins.

Results
Morphological variation and descriptive statistics

The analysis of variance (ANOVA) revealed highly significant
differences (P < 0.001) among the 40 A. vera accessions for all
studied morphological traits. This result indicates substantial
genetic variability within the collected germplasm, crucial for
effective breeding programs (11). The coefficient of variation (CV)
ranged from 13.63% for leaf ratio to 66.08% for number of
suckers (Table 1), demonstrating varying levels of trait variability.
The high CV for number of suckers (66.08%) and yield (32.04%)
suggests these traits are exceptionally diverse and may be more
responsive to selection pressures (12). The wide range observed
for most traits, such as plant height (19.33 - 59.13 cm) and leaf
length (4.7 - 56.1 cm), further corroborates the significant
morphological diversity within the collection. This diversity is
comparable to and in some cases exceeds, that reported in
previous studies on A. vera (13, 14), indicating the potential value
of this germplasm for breeding and conservation efforts.

Principal component analysis (PCA)

Principal Component Analysis (PCA) was employed to
understand the multidimensional patterns of variation among
the accessions. The first three principal components (PCs)
accounted for 72.03% of the total variation (Table 2), which is
considered a robust representation of the overall diversity (15).
PC1, explaining 39.02% of the variation, was primarily associated
with vegetative traits such as leaf width, plant height and plant
width. This finding aligns with previous studies on aloe species,
where vegetative characteristics often dominate the primary axis
of variation (16, 17). The strong influence of vegetative traits on

Table 1. Descriptive statistics for the morphological traits in 40 A. vera accessions

Table 2. Eigenvalues, proportion of variation and cumulative variation explained
by the first three principal components (PCs) in 40 A. vera accessions

Principal . Percentage of Cumulative
Comporli)ent Eigen value Varian%e Pev;?:zgz of
PC1 3.122 39.023 39.023
PC2 1.499 18.741 57.764
PC3 1.141 14.261 72.026
PC4 0.843 10.537 82.562
PC5 0.652 8.145 90.707
PC6 0.495 6.185 96.893
PC7 0.244 3.048 99.941
PC8 0.005 0.059 100.000

PCl suggests that these characteristics are the primary
differentiators among accessions. This information is valuable
for developing core collections and streamlining future
characterization efforts, as researchers can focus on these key
traits to efficiently capture most morphological variation (18).
The cumulative variation explained by the first three PCs
(72.03%) is slightly lower than some reported values in other A.
vera studies (19, 20), which might indicate a more complex
pattern of trait relationships in this particular collection. This
complexity could be advantageous for breeding programs, as it
suggests diverse trait combinations.

Cluster analysis

Hierarchical cluster analysis using Ward’s method grouped the 40
A. vera accessions into three main clusters (Fig. 1). This clustering
provides insights into the patterns of similarity and difference
among accessions, which is crucial for selecting diverse parental
lines in breeding programs (21). Cluster |, comprising 14
accessions, was characterized by high plant height, large leaves
and high yield. Cluster II, the largest group with 18 accessions,
showed moderate values for most traits. Cluster I, containing
eight accessions, was distinguished by low plant height, small
leaves and low vyield. The clear differentiation between these
clusters suggests distinct morphotypes within the collection,
possibly reflecting different adaptive strategies or selection
histories (22). The clustering pattern partially aligned with
geographical origins, with Cluster | containing more accessions
from semi-arid regions and Cluster Il from coastal areas. However,
this correspondence was not absolute, as indicated by the weak
but significant Mantel test result (r = 0.18, P < 0.05). This partial
geographic structuring of morphological diversity is consistent
with findings in other plant species (23, 24). It suggests a complex
interplay between environmental adaptation and human-
mediated selection in shaping A. vera diversity.

Variable Range Mean SD CV (%) p-value*
Plant height 19.33-59.13 41.14 7.83 19.03 <0.0001*
Plant width 18.67-67.47 44.55 9.35 20.97 <0.0001*
Number of suckers 0.0-12.0 2.57 1.70 66.08 <0.0001*
Number of leaves 4.0-15.67 12.30 1.96 15.96 <0.0001*
Leaf length 4.7-56.1 34.21 6.05 17.68 <0.0001*
Leaf width 3.98-9.18 6.21 0.96 15.44 <0.0001*
Leaf ratio 1.0-7.53 5.57 0.76 13.63 <0.0001*
Yield 1.52-6.5588 3.49 1.12 32.04 <0.0001*
SD- Standard deviation; CV- Coefficient of variation
*p-values from two-tailed one-sample t-test against a mean of 0. Significant at a = 0.05.
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Clster Dendrogam

Fig. 1. Dendrogram showing the clustering of 40 A. vera accessions based on
morphological traits using Ward's method.

Correlation analysis

The correlation analysis revealed several significant relationships
among morphological traits (Fig. 2). The strong positive
correlation between plant height and width (r = 0.78, P < 0.001)
suggests these traits may be controlled by similar genetic factors
or respond similarly to environmental conditions. This
relationship could be leveraged in breeding programs, as
selection for one trait will likely result in a correlated response in
the other (25). Yield showed moderate to strong positive
correlations with plant height (r=0.59, P <0.001), plant width (r =
0.52, P < 0.001) and leaf width (r = 0.58, P < 0.001). These
correlations indicate that larger plants with wider leaves tend to
yield higher, which aligns with the general expectation that
increased photosynthetic capacity leads to higher biomass
production (26). Interestingly, the number of suckers showed
weaker correlations with other traits, suggesting a degree of
independence in the genetic control of this characteristic. This
relative independence could be valuable in breeding programs
aimed at developing varieties with specific architectural
characteristics, as it might be possible to select for sucker
number without dramatically affecting other plant size traits (27).

Genetic parameters

The analysis of genetic parameters provided crucial insights into
the genetic control of morphological traits in the studied A. vera
population. The genotypic coefficient of variation (GCV) and
phenotypic coefficient of variation (PCV) were highest for
number of suckers (GCV: 66.08%, PCV: 76.99%), indicating
substantial genetic variability for this trait (Table 3). This high
variability suggests considerable potential for altering plant
architecture through selection on sucker number (28).

Correlation Heatmap
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Fig. 2. Heatmap of Pearson's correlation coefficients among morphological
traits in 40 A. vera accessions.

Broad-sense heritability estimates were high for several
key traits, including plant height (74.48%), plant width (73.08%),
leaf length (69.92%), leaf width (74.60%) and yield (72.07%).
These high heritability values indicate that a large proportion of
the observed phenotypic variation is due to genetic factors
rather than environmental influences (29). The consistency of
high heritability across multiple traits is particularly encouraging
from a breeding perspective, as it suggests that phenotypic
selection should be highly effective in improving these
characteristics (30).

The genetic advance, when considered alongside
heritability, provides an indication of the expected genetic gain
under selection. The relatively high genetic advance values for
traits like plant height (7.92) and plant width (9.19) suggest that
these traits could respond well to selection pressure. The
combination of high heritability and genetic advance for yield
(heritability: 72.07%, genetic advance: 1.09) is particularly
promising for developing higher-yielding A. vera varieties (31).

Conclusion

The morphological characterization of 40 A. vera accessions
from Tamil Nadu, India, revealed substantial diversity for
important traits. The findings suggest the potential for
developing improved A. vera varieties through selection and
breeding and contribute to the development of effective
conservation and utilization strategies for A vera genetic
resources in India. Further studies using molecular markers can
complement the morphological characterization and provide a
comprehensive understanding of the genetic diversity and
population structure of A vera in India.

Table 3. Estimates of genetic parameters for morphological traits in 40 A. vera accessions

Character Mean Range S.E. GCV (%) PCV (%) H? G.A.
Plant height 41.14 19.33-59.13 2.80 19.03 22.03 74.48 7.92
Plant width 44.55 18.67-67.47 3.34 20.97 24.53 73.08 9.19

Number of suckers 2.57 0.0-12.0 0.60 66.08 76.99 73.72 1.72
Number of leaves 12.30 4.0-15.67 0.68 15.96 19.48 67.10 1.88
Leaf length 34.21 4.7-56.1 2.16 17.68 21.12 69.92 5.90
Leaf width 6.21 3.98-9.18 0.34 15.44 17.89 74.60 0.94
Leaf ratio 5.57 1.0-7.53 0.27 13.63 15.49 77.32 0.77
Yield 3.49 1.52-6.55 0.40 32.04 37.70 72.07 1.09

S.E.-Standard error; GCV- Genotypic coefficient of variation; PCV- Phenotypic coefficient of variation; H>- Heritability; G.A.- Genetic advance
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