www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Evaluation of mango (Mangifera
indica L.) germplasm for
phenotypic diversity and breeding
potential in Pakistan

Wajiha Zaka Ansari%2, Hannan Mukhtar'™, Asjad Ali?, Muhammad Arif*, Javed Igbal® &
Robert J. Henry5>*

Mango (Mangifera indica L.) is a globally significant tropical fruit crop, widely cultivated across

South and Southeast Asia, with Pakistan recognized as a major center of production and varietal
diversity. However, the genetic potential of mango in Pakistan remains underutilized due to limited
morphological characterization of its diverse germplasm. This study assessed the morphological
diversity of 89 Mangifera indica L. genotypes at the Mango Research Station (MRS), Shujabad,
Pakistan. The germplasm included indigenous varieties, hybrids, and exotic genotypes originated
from diverse eco-geographical regions. A total of 43 qualitative and 14 quantitative traits related to
tree, leaf, inflorescence, fruit, and stone were recorded and analyzed. The Shannon-Weaver diversity
index indicated high variability in traits such as canopy shape, young leaf color, fruit shape, blush color
(ripe and unripe), and stone fiber texture. Quantitative traits including fruit weight, stone weight,
tree height, and trunk diameter exhibited high diversity with a coefficient of variation exceeding
35%. Significant differences were observed among genotypes for all the quantitative traits. Some

of the promising genotypes were identified for commercial cultivation and breeding initiatives.
Correlation analysis helped to identify associations among key traits, facilitating the selection of
superior germplasm for breeding. Principal component analysis revealed four principal components
for quantitative traits and seventeen for qualitative traits, each with eigenvalues greater than 1,
contributed over 75% of the total variation. Cluster analysis grouped genotypes into five clusters
based on quantitative traits and six clusters based on qualitative traits, reflecting both geographical
origin and morphological similarities. This study highlights the rich phenotypic diversity of a large
collection of mango germplasm in Pakistan and provides valuable insights for its conservation, genetic
improvement, and sustainable utilization in future mango breeding programs in the region.
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Mango (Mangifera indica L. 2n = 2x = 40), a juicy drupe from the family Anacardiaceae and regarded as the
“king of fruits” in many cultures. It is the most attractive and economically important evergreen fruit tree
cultivated in more than 90 countries of the tropical and sub-tropical regions of the globe particularly in Asial2.
The domestication of mango started in the Indo-Burmese and Southeast Asia regions 4000 years ago, and mango
began spreading to other parts of the world in the fourteenth century®=>. Mango is considered the most popular
fruit consumed, containing rich nutritional compounds such as carbohydrates, lipids, and fatty acids, proteins,
organic acids, vitamins, minerals, and bioactive compounds. Apart from its consumption as a fruit, it is also used
in traditional medicine to treat several common diseases®’. Mango accounts for the fifth-largest fruit production
in the world after banana, apple, orange, and grape and provides an average yield of about 9 tons per hectare!.
Mango production at global level has increased since 2010, reaching 47.13 million tons in 2020%°.

1Department of Botany, Lahore College for Women University, Lahore 54000, Punjab, Pakistan. 2Queensland
Alliance for Agriculture and Food Innovation, University of Queensland, St Lucia, QLD 4072, Australia. 3Queensland
Department of Primary Industries, P.O. Box 1054, Mareeba, Qld 4880, Australia. “Agricultural Biotechnology
Division, National Institute for Biotechnology and Genetic Engineering College, Pakistan Institute of Engineering
and Applied Sciences (NIBGE-C, PIEAS), Faisalabad 38000, Pakistan. *"Mango Research Station, 6-Km Basti Malook
Road, Shujabad 599220, Pakistan. ®ARC Centre of Excellence for Plant Success in Nature and Agriculture, University
of Queensland, St Lucia, QLD 4072, Australia. “email: hannan.mukhtar@lcwu.edu.pk; robert.henry@ugq.edu.au

Scientific Reports | (2026) 16:3693 | https://doi.org/10.1038/s41598-025-33793-y nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-33793-y&domain=pdf&date_stamp=2026-1-5

www.nature.com/scientificreports/

Mango is the national fruit of Pakistan, with production volumes reaching 1.72 million tons (MT) from an
area of 168.6 thousand hectares, making it the second most produced and valuable fruit in the country, following
citrus productionw. It is valued for its vibrant colors, enticing aroma, soothing taste, and high nutritional
value! 12, Pakistan is the world’s fifth largest producer of mango just after India, China, Thailand and Indonesia
and represents 4.5% of the global production of mangoes'®. Among the four provinces of Pakistan, the Southern
Punjab and Sindh regions of Pakistan have ideal soil and climatic conditions for mango cultivation and together
contribute the largest share of the country’s mango production. While mangoes are grown in other regions as
well, these two remain the primary production zones'®. Around 250 mango varieties have been reported in
Pakistan with commercially produced varieties including Chaunsa, Dusehri, Anwar Ratole, Fajri, Sindhri and
Langra'>!®. Sindhri, Sufaid Chaunsa and Samar Bahisht Chuansa mango varieties are currently being exported
to the United States, European Union, Middle East and Southeast Asia!”8,

Mango has been reported to have extensive diversity in its genotypes due to alloploidy, outbreeding, and
phenotypic variation arising from varied agro-climatic conditions in different mango-growing regions>*%.
Mango is a typical open-pollinated fruit tree, and many of its varieties have originated through hybridization,
seedling selection, and natural mutations. However, the pedigree and genetic relationships among these varieties
remain poorly documented, with limited information on their exact parentage and domestication history?!~23.
In Pakistan, several mango genotypes with a high breeding potential are now endangered due to a combination
of biotic and abiotic stresses, poor orchard management, limited cultivar identification, fruit fly infestation and
a narrow range of commercial cultivars. These challenges pose a significant threat to mango genotypes, resulting
in lower yields and export volumes?*?>. Therefore, the systematic collection, identification, and characterization
of germplasm resources are essential steps toward evaluating population diversity. This will facilitate the
identification of promising genotypes that can contribute to the development of more resilient and productive
mango cultivars through breeding programs?6-2,

The most critical step in any breeding program is the screening and identification of superior genotypes.
Genetic diversity plays a pivotal role in the success of breeding efforts; therefore, recognizing and quantifying
this diversity along with understanding its nature and magnitude is essential. The initial step in characterizing
genetic resources and integrating them into the production system involves morphological assessments,
which provide valuable insights into phenotypic diversity?®. Evaluating the extent of genetic diversity using
both qualitative and quantitative morphological traits helps in exploiting the existing variation among mango
genotypes. Consequently, assessing phenotypic diversity and estimating the heritability of key traits are vital for
identifying potential parental materials and selecting high-yielding genotypes?®*°. Although the evaluation of
morphological traits can be labor-intensive and time-consuming, these descriptors offer a simple, direct, rapid,
and cost-effective means of assessing genetic variation, making them valuable tools for large-scale screening in
mango breeding programs.

Numerous studies have been conducted on the morphological characterization of wild and cultivated mango
genotypes in different parts of the world"!**1:2, However, mango germplasm in Pakistan has not been subjected
to intensive breeding efforts, primarily due to the limited availability of phenotypic and genetic diversity data.
To date, only a few cultivars have been evaluated for morphological variation, and no study has comprehensively
assessed a large germplasm set under uniform conditions. To the best of our knowledge, no published work
has provided a detailed qualitative and quantitative morphological characterization of the extensive mango
collection maintained at the Mango Research Station (MRS), Shujabad, Pakistan. Therefore, the objective of
the present study was to characterize mango genotypes based on key morphological traits to assess the extent of
phenotypic variability and identify traits with the highest diversity. The findings of this study provide a valuable
foundation for mango improvement programs in Pakistan by identifying promising genotypes with desirable
phenotypic traits. Furthermore, the research will contribute to the future breeding programs, conservation
efforts, and the sustainable development of mango production in the region.

Materials and methods

Description of study site

The study was conducted at the Mango Research Station (MRS), Shujabad, Pakistan, during two consecutive
mango growing seasons in 2022 and 2023. MRS Shujabad, established in 1972-73 by the Government of Punjab,
maintains a diverse collection of mango germplasm from various eco-geographical regions of the globe (Fig. 1).
Shujabad (30.2°N lat, 71.5°E long) is located 45 km south of Multan at an elevation of 122 m above sea level. The
average annual temperature is approximately 25.5 °C. June tends to be the hottest month, with average highs
reaching 46 °C, while January is the coldest, with average lows around 4.5 °C. The normal annual precipitation
measures approximately 186 mm, with the majority occurring during the monsoon season (July to September).
The soil at the experimental site is predominantly sandy loam, slightly acidic, with a pH around 6.0. Standard
horticultural practices, including fertilizer application, spraying, irrigation, and other cultural practices were
performed at regular intervals each year to maintain orchard health and productivity.

Plant material

The plant materials evaluated in this study were composed of 89 Mangifera indica L. genotypes, accompanied
by their respective passport details as presented in Table 1. The germplasm panel consisted of commercially
important cultivars, landraces, hybrids and exotic genotypes, composed of both monoembryonic and
polyembryonic types. Genotypes were selected to capture maximum morphological diversity and were evaluated
under uniform conditions. The data were collected from five fully matured and healthy trees that were free of
pests and disease symptoms, had straight, circular stems of large diameter, and well-spread horizontal branches
for each genotype. For quantitative traits, three replicates were recorded from each tree for all genotypes, and the
mean values were used for further analysis.
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Fig. 1. Map displaying various eco-geographical locations of mango germplasm conserved at MRS Shujabad,
Pakistan.

Traits evaluation

A total of 57 morphological traits (grouped into two categories, i.e. qualitative and quantitative) were evaluated
across 89 mango (M. indica L.) genotypes in this study. The data for both sets of traits was collected as per
the previous reports of mango descriptors provided by International Plant Genetic Resources Institute (IPGRI
2008) and Federal Seed Certification and Registration Department (FSC&RD), Ministry of Food, Agriculture
and Livestock, Government of Pakistan Islamabad (http://www.federalseed.gov.pk/). Some of the additional
fruit related descriptors were recorded in accordance with the Queensland Department of Primary Industries
protocols (personal communication). For qualitative traits, data was recorded from five plants per genotype
using scoring-based observations, whereas quantitative traits were measured on five plants per genotype,
with five samples (trees/leaves/inflorescence/fruits/stones) per plant, and the average value was calculated
for analysis. The data gathered were organized in a matrix for subsequent analysis with Microsoft Excel 2010
software (https://www.microsoft.com).

Qualitative characterization

This characterization was based on a total of 43 traits of tree, leaf, inflorescence, fruit and stone of M. indica L.
germplasm. For qualitative traits, the surveys were based on direct observations, with a pre-defined scale for
each trait (Supplementary Table S1). Plant architectural traits were visually evaluated in the field. Leaf traits were
measured from fully expanded, healthy, undamaged and well developed (mature) leaves. Leaf color was also
observed during the field evaluation. Inflorescence trait was evaluated during the flowering season (January to
march). Phenotypic data on fruits were collected at horticultural maturity and ripe fruit stages (Supplementary
Table S1).

Quantitative characterization

Fourteen quantitative traits were measured using standard protocols and instruments, covering tree,
inflorescence, leaf, fruit, and stone characteristics. Tree-related measurements were recorded using a measuring
tape to ensure accuracy. Inflorescence and leaves traits were determined through direct measurement using a
digital caliper to maintain precision. Fruit and stone related traits were also recorded using digital calipers and
precision balances. A comprehensive table (Supplementary Table S1) provides detailed information on the trait
names, codes, units of measurement, and the scales used for assessment.

Statistical nalysis
Microsoft Excel (Microsoft Corporation, Redmond, WA) was employed for the initial data organization and
to create bar graphs for the visualization of the qualitative traits across the 89 mango genotypes. To examine
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Type of genotypes
Genotype based on
Category Genotype Name Genotype ID | Geographical origin | Collection type Time of fruit maturity | maturing season
Shah Pasand MLO1 Multan Pakistan Local selection 4th week of July Mid season
Haider Shah Wala ML02 Muzaffargarh Pakistan | Local selection 3rd week of June Early season
Survarnareeka MLO03 Eastern India Local selection 3rd week of July Mid season
Saroli ML04 Multan Pakistan Local selection 4th week of May Early season
Yakta MLO5 Sindh Pakistan Local selection 1 st week of June Early season
Chaunsa (Samar Bahisht) | ML06 Northern India Cultivar (export value) | 3rd week of July Mid season
Sindhri MLO07 Mirpur Khas Pakistan | Cultivar (export value) | 3rd week of June Early season
Malda late MLO08 India Local selection 1st week of July Mid season
Kala Chaunsa ML09 Multan Pakistan Cultivar 1st week of September | Late season
Sufaid Chaunsa ML10 Multan Pakistan Cultivar (export value) | 1st Week of August Late season
Retaul late MLI11 Multan Pakistan Cultivar 1st week of September | Late season
Sanglakhi MLI12 Northern India Local selection 3rd week of July Mid season
Sobe de ting ML13 Muzaffargarh Pakistan | Local selection 4th week of July Mid season
Pohilot ML14 not known Local selection 1st week of August Late season
Taimuria ML15 Northern India Local selection 1st Week of August Late season
Chaunsa (Rampuri) ML16 Northern India Local selection 4th week of July Mid season
Saleh bhai ML17 Multan Pakistan Local selection 1st Week of August Late season
Zafran ML18 Multan Pakistan Local selection 2nd week of July Mid season
Burma Surkha ML19 Southern India Local selection 1 st week of June Early season
Badia Muna Syed ML20 Multan Pakistan Local selection 3rd week of July Mid season
Almas MIL21 Multan Pakistan Local selection 3rd week of June Early season
Intikhab ML22 Multan Pakistan Local selection 3rd week of July Mid season
Anmole ML23 Multan Pakistan Local selection 3rd week of June Early season
Local genotypes Bombay Alphanso ML24 Western India Local selection 3rd week of June Early season
Ghulab Khas ML25 Eastern India Local selection 2nd week of July Mid season
Bara Mashi ML26 Eastern India Local selection 3rd week of June Early season
Anwar Retaul ML27 Northern India Cultivar 3rd week of June Early season
Tota Pari ML28 Southern India Local selection 1st Week of August Late season
Langra Mai Wala ML29 Multan Pakistan Local selection 1 st week of July Mid season
Pan ML30 Multan Pakistan Local selection 1 st week of July Mid season
Lab-e- Mashooq ML31 Multan Pakistan Local selection 1st week of July Mid season
Lahotia ML32 Northern India Local selection 4th week of June Early season
Joiya wala ML33 Multan Pakistan Local selection 4th week of June Early season
Amer Gola ML34 Multan Pakistan Local selection 4th week of June Early season
Kachnali wala ML35 Multan Pakistan Local selection 3rd week of July Mid season
Dusehri Late ML36 Multan Pakistan Local selection 1st week of August Late season
Ghulam Muhammad Wala | ML37 Multan Pakistan Local selection 1st week of July Mid season
Golden ML38 Sindh Pakistan Local selection 3rd week of July Mid season
Aminia ML39 Multan Pakistan Local selection 1st week of September | Late season
Chenab gold ML40 Multan Pakistan Cultivar 4th week of July Mid season
Azeem Chaunsa ML41 Multan Pakistan Cultivar 1st week of August Late season
Zardalu ML42 Eastern India Local selection 1st Week of August Late season
Fajri ML43 North Eastern India Cultivar 2nd week of August Late season
Bangan palli ML44 Southern India Local selection 3rd week of July Mid season
Neelum ML45 Southern India Cultivar 4th week of July Mid season
Langra ML46 Northern India Cultivar 3rd week of June Early season
Dusehri ML47 Northern India Cultivar 3rd week of June Early season
Aalishan MHO01 Multan Pakistan Local hybrid 3rd week of June Early season
Hybrid Genotypes | Rohan MHO02 Multan Pakistan Local hybrid 3rd week of July Mid season
Hasaan MHO03 Multan Pakistan Local hybrid 1st week of August Late season
Continued
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Type of genotypes
Genotype based on
Category Genotype Name Genotype ID | Geographical origin | Collection type Time of fruit maturity | maturing season
Early Gold MEO1 Florida USA not known 3rd week of June Early season
Sensation MEO02 Florida USA not known 3rd week of August Late season
Keitt MEO03 Florida USA not known 3rd week of June Early season
Maya ME04 Philippine/Israel not known 3rd week of June Early season
Tomy Atkin MEO05 Florida USA not known 3rd week of June Early season
Exotic Genotypes | Zill ME07 Florida USA not known 3rd week of June Early season
Momi- K MEO08 Hawaii USA not known 3rd week of June Early season
Spring fells ME09 Florida USA not known 4th week of July Mid season
Pope ME10 Hawaii USA not known 3rd week of June Early season
Haden MEI11 Florida USA not known 2nd week of July Mid season
Collector MEI12 Northern India not known 1st week of July Mid season
Maha 165 MEPO1 Malaysia not known 3rd week of July Mid season
Bullocks Heart MEP02 Egypt not known 3rd week of July Mid season
Brown Seedling MEPO03 Unknown not known 2nd week of July Mid season
Carabao Lamao MEP04 Philippine not known 3rd week of July Mid season
Carabao Super Manila MEPO05 Philippine not known 3rd week of July Mid season
Indochinese Late MEPO06 Unknown not known 3rd week of July Mid season
Pirie MEP07 Egypt not known 2nd week of July Mid season
Kuru MEP08 Unknown not known 2nd week of July Mid season
Gratidge MEP09 Unknown not known 3rd week of July Mid season
Carabao Timiteo MEP10 Philippine not known 3rd week of July Mid season
Sapa MEP11 Vietnam not known 3rd week of July Mid season
131 MEP12 Israel not known 3rd week of July Mid season
Keo savoey MEP13 Thailand not known 3rd week of July Mid season
Eﬁ;’yﬁ; bryonic Olour MEP14 not known not known 3rd week of July Mid season
Genotypes Palmer MEP15 Australia & USA not known 3rd week of July Mid season
Banana Long MEP16 Australia not known 3rd week of July Mid season
Rockdale Siagon MEP17 Florida USA not known 3rd week of July Mid season
Rupee MEP18 Indonesia not known 3rd week of July Mid season
Kasturi MEP19 Indonesia not known 3rd week of July Mid-season
Kensington Pride MEP20 Australia not known 3rd week of July Mid season
Xoai Boui MEP21 Vietnam not known 2nd week of July Mid season
Xoai Cat Hoa Loc MEP22 Vietnam not known 2nd week of July Mid season
Australian common MEP23 Australia not known 3rd week of July Mid season
Koew MEP24 Thailand not known 3rd week of July Mid season
Rosa MEP25 Brazil not known 3rd week of July Mid season
Crimson Blush MEP26 Florida USA not known 3rd week of July Mid season
R2E2 MEP27 Australia not known 2nd week of July Mid season
Kent MEP28 Florida USA not known 3rd week of July Mid season

Table 1. List of 89 Mango genotypes and their passport data.

the distribution of quantitative traits, histograms were constructed using IBM statistical package for the social
sciences (SPSS) statistics (version 21.0). A series of univariate and multivariate analysis for qualitative and
quantitative data was performed using R Studio (version 4.4.2)*. The summary function was used to obtain
descriptive statistics*, while analysis of variance (ANOVA) was carried out using the aov function to compare
means across different groups of genotypes for each quantitative trait. For the Shannon-Weaver diversity index
(H’) calculation for qualitative traits, the “vegan” package’ was utilized in R. The formula R uses to calculate the
Shannon-Weaver Diversity Index is:

H'=-3(pi-In(pi))**.

o pi is the proportion of individuals in the i-th category of the trait (i.e., the relative frequency of each trait
category within the genotypes).
o In(pi) is the natural logarithm of pi.

According to Eticha et al.’” the Shannon-Weaver diversity index (H’) was categorized into three levels: low
diversity (0.10 < H’ < 0.40), intermediate diversity (0.40 < H’ ¢ < 0.60), and high diversity (H’ > 0.60).Pearson
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correlation analysis was carried out using the cor function in R to examine the strength and direction of the
linear relationships between morphological traits®. A significance threshold of 0.05 was applied to assess the
correlations. Principal Component Analysis (PCA) was performed in R using the prcomp function to reduce
the dimensionality of the data and to identify patterns and relationships between the mango genotypes based
on their phenotypic traits®”. The R packages “ggplot2”, “Factoextra’, and “FactomineR’, were used to create the
PCA-biplot**!. Hierarchical clustering of genotypes based on the similarity of their phenotypic traits was
performed using the hclust function in R*2. The results were visualized using dendrograms to better understand

the relationships among the genotypes.

Results

Morphological diversity of Mango genotypes

This study was based on 57 morphological traits including 43 qualitative and 14 quantitative. Some of the
morphological traits recoded for tree, leaf and inflorescence along with variation in blush color, fruit shape and
size have been presented in Fig. 2.
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Fig. 2. Morphological variability in some of the traits of tree, leaf, inflorescence and fruits. Tree shapes (a)
circular (b) semi-circular (c) oblong (d) broadly pyramidal (e) pyramidal. Young leaf color (f) light green (g)
brownish green (h) crimson red (i) yellowish green (j) light brown (k) dark brown. Leaf shapes (1) elliptic (m)
ovate (n) oblong. Flower and inflorescence shapes (0) mango panicle (p) conical (q) pyramidal (r) broadly
pyramidal. Ripened mango fruit shapes and blush color (s) local genotypes (t) hybrid genotypes (u) exotic
polyembryonic (v) exotic genotypes.
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Characterization based on qualitative traits

Qualitative traits from tree, leaf, inflorescence, fruit and stone were evaluated based on percentage frequency and
Shannon weaver diversity index (H’) for each trait (Table 2). Four morphological tree architecture traits were
recorded. Three sub-characters were observed as main branch attitude, 44 genotypes showed a spreading habit,
followed by 42 genotypes with erect characteristics and only 3 genotypes with a drooping habit (Supplementary
Fig. S1). Five canopy shape types such as circular, semi-circular, oblong, pyramidal and broadly pyramidal were
observed in this study. Of which 33.7% genotypes had oblong canopy shape, followed by broadly pyramidal
(28.1%), pyramidal (18.0%), circular (12.4%) and semi-circular (7.9%) (Table 2). Four branching patterns
were recorded (Supplementary Fig. S1). Among 89 genotypes, 46 genotypes showed a basal type of branching
pattern (51.7%), 25 genotypes showed an intermediate branching pattern (28.1%), and 5 genotypes showed a
top branching pattern (5.6%). Foliage density varied from sparse to medium to dense. Dense foliage density was
found to be dominated among the genotypes (57.3%) followed by medium (38.2%) and sparse (4.5%) (Table 2).

A high-level diversity was observed in eleven leaf qualitative characters among 89 genotypes (Supplementary
Fig. S2). Three types of leaf shapes such as elliptic, ovate, and oblong were recorded in this study (Fig. 1). More
than half of the genotypes (51.7%) had an elliptic shape while rest of the genotypes had ovate (31.5%) and oblong
(16.9%) leaf shape (Table 2). Wide range of variability was observed in the young leaf color. Six different colors
of young leaves were recorded (Fig. 1). The largest number of genotypes showed light green (52 genotypes)
followed by light brown (16 genotypes), brownish green (8 genotypes), dark brown (5 genotypes), yellowish
green (4 genotypes) and crimson red (4 genotypes) color (Supplementary Fig. S2). Mature leaf color was only
characterized into two types such as dark green and light green. Green color predominated, comprising 56.2%,
over dark green. Three types of leaf tip shapes were identified in the evaluated germplasm, where attenuate
(50.6%), acute (29.2%), and acuminate (20.2%) leaf tip shapes constituted the significant variations. Most of the
genotypes (53) showed acute leaf base shape followed by obtuse (35) and rounded (1). Leaf curvature of midrib
was absent in most of the genotypes as of 70.8% while present in remaining genotypes (29.2%). Leaf shape in
cross section was straight in 63 genotypes while the rest had concave shape in cross section. The leaf attitude
was characterized as horizontal (56.2%) and drooping (43.8%). The leaf fragrance was present in 83 genotypes
and absent in the remaining 6 genotypes. Leaf margin was entire in more than half of the genotypes (74.2%),
while the rest (25.8%) had wavy types of leaf margin. Leaf relief of upper surface was smooth in 33 genotypes
and raised in 56 genotypes.

A wide variation was observed in five inflorescence characters among different genotypes (Supplementary
Fig. S3). Three distinct inflorescence shapes were identified in the evaluated germplasm, with conical being
the most dominated (53.9%), followed by pyramidal (31.5%), and broadly pyramidal (14.6%) shapes, which
contributed to the significant variation observed (Table 2). In terms of rachis and branch color, 40 genotypes
displayed Pinkish green color, while the remaining genotypes exhibited a variety of colors: purple (18 genotypes),
green (16 genotypes), Light pink (9 genotypes) and yellowish green (6 genotypes) (Supplementary Fig. S3).
Regarding flower density, intermediate (55.1%), dense (28.1%) and sparse (16.9%) types were recorded among
the studied mango germplasm (Table 2). Significant diversity in petal color was observed, with five distinct
types identified i.e. Yellow, Yellow with white patches and Yellow with pink patches, which accounted for 25.8%,
28.1%, and 21.3% of the total variation. The remaining genotypes exhibited either Pink with white patches or
pink contributing 4.5% and 20.2% of the total variation (Table 2). Pubescence on main axis was also recorded as
absent (66.3%), mild (33.7%) and no genotype showed strong pubescence (Table 2).

Fruit traits were divided into morphological and sensory quality traits (Table 1, Supplementary Fig. S4 and
S5). In the present study, a wide variation was observed in fruit shapes among the genotypes. Thirty-seven had
ovate round and thirty had ovate elongate fruit shapes. Ovate shape was observed in eleven genotypes. There
were nine genotypes with elongate and two genotypes showed round fruits among the fruit shapes. Prominent
beak shape was observed in eight genotypes followed by very slight (24), and slight (28) beak shape. Rest of the
21 genotypes had medium beak shape and it was absent in eight genotypes. Stem end shape was characterized as
sunken (3.4%), slightly depressed (16.9%), leveled (32.6%), slightly raised (44.9%), and pointed (2.2%). Density
of lenticels on skin varied among the genotypes. It was classified into three groups: sparse, medium and dense.
Among the genotypes, 44 had medium density of lenticels on skin, 26 genotypes had dense lenticels on the fruit
skin while remaining 19 had sparse density of lenticels (Table 2). Size of lenticels was observed as small in 42
genotypes, medium in 33 genotypes and large in 14 genotypes. Fruit skin texture was smooth in most of the
genotypes (51) and rough in 38 genotypes. Variation was observed among the genotypes in terms of fruit stalk
cavity. Among them, 47.2% exhibited no fruit stalk cavity, 38.2% had a shallow cavity, and 14.6% displayed a
medium fruit stalk cavity. Fruit neck and its prominence were classified as absent in 30 genotypes, weak in 27
genotypes, medium in 29 genotypes and strong in only 3 genotypes. Five main types of mature fruit shoulder:
rounded upward, rounded outward, rounded downward, sloping downward and falling abruptly were recorded
from the exp. Thirty-seven genotypes showed rounded upward fruit shoulder whereas thirty-one showed
rounded outward. Rest of the eight genotypes had rounded downward fruit shoulder and nine genotypes had
sloping downward fruit shoulder. Only four genotypes had falling abruptly fruit shoulder (Supplementary Fig.
S4). Groove in left shoulder of the fruit was absent in most of the genotypes (80.9%), while the rest (19.1%) had
groove in their left shoulder. Fruit sinus was present in 59 genotypes and absent in the remaining 30 genotypes.
Results of sensory fruit quality assessment were summarized in Table 2 and Supplementary Fig. S5. Among the
9 blush colors of unripen fruits observed, most of the genotypes (59.6%) showed no blush color at the unripen
stage, 15.7% of genotypes had yellow blush color while pinkish red and purple blush colors were shown by 6
genotypes each. Orange and red blush color were shown by 5 and 3 genotypes respectively and only 2 genotypes
showed pink blush color. Two blush colors, bronze and burgundy were not found in any of the genotypes. The
blush color for ripened fruits was also recorded. Among seven evaluated blush colors, 34 genotypes had no blush
color, 21 genotypes showed yellow blush color, orange blush color was shown by 11 genotypes, pinkish red and
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Category Trait code | sub-characters Number of genotypes | Frequency (%) | Shannon Index (H’)
Spreading 44 49.4
MBA Drooping 3 3.4 0.817
Erect 42 47.2
Circular 11 12.4
Semi-circular 7 7.9
CS Oblong 30 33.7 1.490
Pyramidal 16 18.0
Tree architecture Broadly pyramidal 25 28.1
Top 5 5.6
Intermediate 25 28.1
BP 1.141
Basal 46 51.7
Basal to intermediate 13 14.6
Sparse 4 45
FoD Medium 34 38.2 0.826
Dense 51 57.3
Eliptic 46 51.7
LS Oblong 15 16.9 1.005
Ovate 28 31.5
Light green 52 58.4
Yellowish green 4 4.5
Brownish green 8 9.0
YLC 1.424
Light brown 16 18.0
dark brown 5 5.6
Crimson red 4 4.5
Green 50 56.2
MLC 0.988
Dark green 39 43.8
Attenuate 45 50.6
LTS Acuminate 18 20.2 1.028
Acute 26 29.2
Leaf Acute 53 59.6
LBS Obtuse 35 39.3 0.726
Rounded 1 1.1
Present 26 29.2
LCM 0.604
Absent 63 70.8
Straight 63 70.8
LSCS 0.604
Concave 26 29.2
Horizontal 50 56.2
LA 0.686
Drooping 39 43.8
Present 83 93.3
LF 0.247
Absent 6 6.7
Wa 23 25.8
LM i 0.571
Entire 66 74.2
Smooth 33 37.1
LR 0.693
Raised 56 62.9
Continued
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Category Trait code | sub-characters Number of genotypes | Frequency (%) | Shannon Index (H’)
Conical 48 53.9
IS Pyramidal 28 31.5 1.075
Broadly pyramidal 13 14.6
Purple 18 20.2
Light pink 9 10.1
CRB Pinkish green 40 449 1.674
Yellowish green 6 6.7
Green 16 18.0
Sparse 15 16.9
Floral FD Intermediate 49 55.1 0.985
Dense 25 28.1
Yellow 23 25.8
Yellow with white patches | 25 28.1
PC Yellow with pink patches | 19 21.3 1.575
Pink with white patches 4 4.5
Pink 18 20.2
Absent 59 66.3
PMA Mild 30 33.7 0.639
Strong 0 0.0
Continued
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Category Trait code | sub-characters Number of genotypes | Frequency (%) | Shannon Index (H’)
Ovate 11 12.4
Ovate round 37 41.6
ES Round 2 22 1.824
ovate elongate 30 33.7
Elongate 9 10.1
Absent 8 9.0
Very slight 24 27.0
BS Slight 28 31.5 1.525
Medium 21 23.6
Prominent 8 9.0
Sunken 3 34
Slightly depressed 15 16.9
SES Level 29 32.6 1.329
Slightly raised 40 449
Pointed 2 22
Sparse 19 21.3
DLS Medium 44 49.4 1.160
Dense 26 29.2
Small 42 47.2
Fruit (morphological) | LeS Medium 33 37.1 1.013
Large 14 15.7
EST Smooth 51 57.3 0682
Rough 38 4.7
Absent 42 472
FSC Shallow 34 38.2 1.003
Medium 13 14.6
Absent 30 33.7
EPN Weak 27 30.3 L316
Medium 29 32.6
Strong 3 34
Rounded upward 37 41.6
Rounded outward 31 34.8
MFS Rounded downward 8 9.0 1.345
Sloping downward 9 10.1
Falling abruptly 4 45
Present 17 19.1
GLS 0.488
Absent 72 80.9
Present 59 66.3
FSi 0.639
Absent 30 33.7
Continued
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Category Trait code | sub-characters Number of genotypes | Frequency (%) | Shannon Index (H’)
Burgundy 0 0.0
Red 3 3.4
Pinkish red 6 6.7
Pink 2 2.2
BCU Orange 5 5.6 1.579
Yellow 14 15.7
Purple 6 6.7
Bronze 0 0.0
No blush 53 59.6
Burgundy 5 5.6
Red 8 9.0
Pinkish red 10 11.2
BCR Pink 0 0.0 1.721
Orange 11 12.4
Yellow 21 23.6
No blush 34 382
Very strong 3 34
Strong 7 7.9
Medium 22 24.7
BIR Low s ) 1.544
very low 6 6.7
No blush 33 37.1
Very low 7 7.9
Fruit (sensory quality) Low 45 50.6
FFQ Medium 28 31.5 1.257
High 7 7.9
Very high 2 22
Very weak 9 10.1
Weak 39 43.8
FFS Medium 37 41.6 1.098
Strong 4 4.5
Very strong 0 0.0
Very firm 2 22
Firm 41 46.1
FF Medium 28 315 1.216
Soft 17 19.1
Very soft 1 1.1
Dark orange 2 22
Orange 32 36.0
FFC Orange yellow 8 9.0 1.118
Yellow 45 50.6
Light yellow 2 2.2
Medium 19 21.3
Juicy 35 39.3
FJ Medium to juicy 33 37.1 1.266
Medium to dry 1 1.1
Dry 1 1.1
Continued
Scientific Reports | (2026) 16:3693 | https://doi.org/10.1038/s41598-025-33793-y nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Category Trait code | sub-characters Number of genotypes | Frequency (%) | Shannon Index (H’)
Reniform 4 4.5
SS Oblong 73 82.0 0.955
Ellipsoid 12 13.5
Parallel 25 28.1
VP 0.652
Forked 64 71.9
Stone Fine 40 449
FiT Medium 20 22.5 1.501
Coarse 29 32.6
Sparse 27 30.3
FiD Medium 43 48.3 1.362
Dense 19 21.3

Table 2. Frequency distribution and diversity index (H’) for the measured qualitative morphological traits
of 89 Mango genotypes. MBA: Main branch attitude, CS: Canopy shape, BP: Branching pattern, FoD: Foliage
density, LS: Leaf shape, YLC: Young leaf color, MLC: Mature leaf color, LTC: Leaf tip shape, LBS: Leaf base
shape, LCM: Leaf curvature of midrib, LSCS: Leaf shape in cross section LA: Leaf attitude towards main
branch, LF: Leaf fragrance, LM: Leaf margins, LR: Leaf relief of upper surface, IS: Inflorescence shape, CRB:
Color of rachis and branches, FD: Flower density, PC: Color of petals, PMA: Pubescence on main axis, FS:
Fruit shape, BS: Beak shape, SES: Stem end shape, DLS: Density of lenticels on skin, LeS: Size of lenticels,
FST: Fruit skin texture, FSC: Fruit stalk cavity, FPN: Fruit neck and prominence of neck, MFS: Mature fruit
shoulder, GLS: groove in left shoulder, FSi: Fruit sinus, BCU: Blush color unripe, BCR: Blush color ripe, BIR:
Blush intensity ripe, FFQ: Flesh fibre quantity, FFS: Flesh fibre strength, FF: Flesh firmness, FFC: Fruit Flesh
color, FJ: Fruit juiciness, SS: Stone shape, VP: Pattern of venation, FiT: Fiber texture, FiD: Fiber density.

red were shown by 10 and 8 genotypes respectively and only 5 genotypes showed burgundy blush color. Pink
blush color was not shown by any genotypes. The intensity of blush color in ripened fruits was also recorded in
six different categories: very strong (3.4%), strong (7.9%), medium (24.7%), low (20.2%), very low (6.7%), and
no blush (37.1%) in Table 2. Fruit fiber quality varied among genotypes. It was classified into five groups: very
low, low, medium, high, very high. Among the genotypes, 45 had low fruit fiber quality, which was 50.6% of
the total variation (Table 1). Medium fruit fiber quality was observed in 28 genotypes (31.5%). High fruit fiber
quality was also recorded in 7 genotypes (7.9%). Only 2 genotypes (2.2% of total) showed very high fruit fiber
quality. Fuit fiber strength was evaluated as very weak (10.1%), weak (43.8%), medium (41.6%), strong (4.5%),
and very strong (no genotypes). Variation was observed among the genotypes for flesh firmness of fruit. 46.1% of
genotypes had firm flesh followed by medium flesh firmness (31.5%), whereas 19.1% of genotypes had soft flesh.
Only 2.2% and 1.1% of the genotypes had very firm and very soft flesh respectively (Table 2). Most of genotypes
(45) showed yellow fruit flesh color, while 32 genotypes produced orange flesh color and 8 showed orange yellow
color. The remainder of the four genotypes showed dark orange and light yellow fruit flesh color. Fruit juiciness
was grouped into five different categories: medium (19 genotypes), juicy (35 genotypes), medium to juicy (33
genotypes), medium to dry (1 genotype) and dry (1 genotypes) as shown in Supplementary Fig. S5.

Variation among four stone characters was also observed among the 89 genotypes (Table 2 and Supplementary
Fig. S6). There were three types of stone shapes such as reniform, oblong and ellipsoid were recorded. Most
dominant seed shape was oblong (82%) followed by ellipsoid (13.5%) and reniform (4.5%) (Table 2). Pattern of
venation on stone was characterized as parallel and forked. Sixty-four genotypes had forked venation, while the
rest had parallel type of venation of the stone. Fiber texture on the stone surface varied from fine (44.9% of the
genotypes), to coarse (32.6% of the genotypes) and medium (22.5% of the genotypes). Stone fiber density was
medium in most genotypes (48.3%), followed by sparse (30.3%) and dense (21.3%) (Table 2).

Characterization based on quantitative traits

The evaluated mango germplasm exhibited substantial variability in quantitative morphological traits. The
analysis of variance (ANOVA) showed significant differences (p <0.05) as evident from the mean, standard
deviation, and coefficient of variations (CV) among the genotypes for all the studied quantitative traits (Table 3;
Fig. 3). The mean values for all the quantitative traits were presented in Supplementary Table S2. The coeflicient
of variation (CV%) ranged from 14.6% to 49.3%. The traits such as trunk diameter (49.3%) and fruit weight
(44.3%) had high CV values, the trait stone length (30.7%) had a medium CV value, and the rest of the traits
showed lower CV values. The least coefficient of variation (14.5%) was observed in stone width. Significant
variations were found among mango genotypes for tree height and trunk diameter. Tree height ranged from
1088.39 cm to 269.44 cm with an average of 573.35 cm. The highest tree height recorded in Saroli and the lowest
in Palmer genotypes. The highest trunk diameter was recorded in Chaunsa (Rampuri), and the lowest was in
Palmer (Table 3). The leaf length ranged from 29.77 cm to 10.47 cm with an average of 19.27 cm, SD was 3.70,
and CV was 19.2%. The highest leaf length was recorded in Xoai Cat Hoa Loc, and the lowest in Shah Pasand.
The leaf width was also measured ranging from 7.97 cm (Badia Muna Syed) to 2.53 cm (Bangan palli) with an
average of 5.06 cm, SD was 1.17, and CV was 22.8% (Table 3). Highest petiole length (5.33 cm) was observed in
Spring fells and lowest was 1.13 cm in Bangan palli. Panicle length and width were also recorded in all genotypes,
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Frequency

Frequency

Frequency

Tree height (cm) TH 573.35 | 218.85 | 269.44 1088.39 38.2 897.1 <0.001 | Palmer Saroli

Trunk diameter (cm) | TD 106.04 | 52.31 | 39.04 231.41 49.33 413.7 <0.001 | Palmer Chaunsa (Rampuri)

Leaflength (cm) LL 19.27 3.70 | 10.47 29.77 19.2 126 <0.001 | Shah pasand Xoai Cat Hoa Loc

Leaf width (cm) w 5.07 1.16 2.53 7.97 22.8 115 <0.001 | Bagan pali Badia Muna Syed

Petiole length(cm) PeL 2.80 0.91 1.13 5.33 32.5 58.05 <0.001 | Bagan pali Spring fells

Panicle length(cm) | PL 27.65 5.63 | 16.37 42.37 20.4 94.45 <0.001 | Golden Chaunsa (Rampuri)

Panicle width(cm) PW 16.06 5.29 7.67 31.37 329 86.53 <0.001 | Golden Sufaid Chaunsa

Fruit length (cm) FL 10.61 2.44 6.07 18.27 229 110.3 <0.001 | Sapa Rupee

Fruit width (cm) FwW 7.01 1.37 4.47 11.43 19.5 66.97 <0.001 | Saroli R2E2

Fruit thickness(cm) | FT 5.93 1.09 3.67 8.47 18.4 57.31 <0.001 | Sapa R2E2

Fruit weight (g) FWe |299.29 | 132.67 | 86.57 753.10 44.3 146.2 <0.001 | Sapa Rupee

Stone length (cm) SL 734 | 226 | 4.00 15.37 30.8 237.5 <0.001 | Sobe de ting Maha-165

Stone width (cm) SW 3.73 0.54 2.53 5.20 14.7 19.48 <0.001 | Langra Pope

Strone weight (g) Swe 39.81 | 14.38 | 1543 81.80 36.1 299.8 | <0.001 | Sapa Sufaid Chaunsa
Table 3. Descriptive statistics and analysis of variance (ANOVA) of fourteen quantitative morphological traits
of Pakistani and exotic Mango germplasm. SD =standard deviation, CV, coeflicient of variation.
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Fig. 3. Frequency distribution plots illustrate the variability of fourteen quantitative traits across mango

germplasm conserved in the field gene bank at Mango Research Station, Shujabad.

and the mean value was 27.65 cm and 16.06 cm, respectively. Four different fruit quantitative traits such as
fruit length, width, thickness and weight were also recorded and fruit weight showed highest CV values with
significant variation. The average fruit length was 10.61 cm, ranging from 18.27 cm to 6.07 cm, SD was 2.44,
the average fruit width was 7.01 cm, ranging from 11.43 cm to 4.47 cm. The highest fruit width and thickness
were recorded in R2E2, while the lowest fruit length, thickness and weight was observed in Sapa. Rupee variety
showed the maximum fruit weight and fruit length while Sapa showed the lowest among all genotypes (Table 3).
Three seed quantitative traits showed significant differences (Fig. 3). The average stone length was 7.34 cm with
CV 30.8% and stone width was 3.37 cm with CV 14.6% (Table 3). The lowest stone length was recorded in
Sobe de ting and Langra, while the highest was observed in Maha-165 and Pope genotypes, respectively. While
considering stone weight, the mean was found to be 39.81 g with the range of 81.80 g to 15.43 g, SD was 14.38,
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and CV was 36.1%. The lowest stone weight was found in Sapa, and the highest was observed in Sufaid Chaunsa
(Table 3).

Identification of promising genotypes with desirable traits

Based on the characterization of qualitative and quantitative traits, A subset of key fruit traits i.e. fruit blush
color, blush intensity, fruit weight, fruit flesh color, flesh firmness, juiciness and fruit fiber quantity were used to
assess genotype performance and elite genotypes were identified possessing desirable fruit traits. These key traits
selected were based on consumer preference and breeding objectives. Table 4 summarizes all the desirable traits
and the genotypes selected for their superior performance across these traits.

Correlation analysis

Bivariate correlation analysis of qualitative descriptors

The correlation analysis revealed several positive and negative relationships among 43 qualitative traits. A heat
map showing the correlation among traits is presented in Fig. 4A and the complete set of 7 values for all trait pairs
are shown in Supplementary Table S3 in which statistically significant correlations (p <0.05) are bolded, and the
positively correlated r values are highlighted with green and negatively correlated are highlighted with yellow
color. The results indicate that branching pattern was strongly correlated with canopy shape (r=0.31). Leaf base
shape was positively associated with leaf shape (r=0.3), and leaf attitude towards main branch was correlated
with Leaf shape in cross section (r=0.33). Size of lenticels was strongly correlated with density of lenticels on the
skin (r=0.34), and fruit neck and prominence of neck showed a strong relationship with stem end shape (r=0.51)
and beak shape (r=0.32). Groove in left shoulder was strongly correlated with stem end shape (r=0.38). Blush
color ripe showed a strong relationship with blush color unripe (r=0.48) and Blush intensity ripe showed the
strongest relationship among all with blush color ripe (r=0.82). Flesh fiber strength is strongly associated with
flesh fiber quantity (r=>56). Fiber texture is positively linked to blush color ripe (r=0.3), while fiber density
was strongly linked with fiber texture (r=0.41). In addition to the strong correlations discussed above, several
moderate but statistically significant positive associations (r=0.21 and p<0.05) were also observed among
qualitative traits presented in detail in Supplementary Table S3 and highlighted in green. On the other hand,
negative correlations (highlighted with yellow in Table S3) were also observed between several traits. These
include canopy shape correlating with main branch attitude (r=—0.44), foliage density correlating with branching
pattern (r=-0.36), and young leaf color correlating with branching pattern (r=-0.32). Leaf base shape showed
a negative correlation with main branch attitude (r=-0.36). Leaf attitude towards main branch was negatively
correlated with leaf curvature of midrib (r=-0.33). Color of petals was negatively associated with branching
pattern (r=-0.31), fruit shape had negative correlations with flower density (r=—34). Fruit stalk cavity showed
negative relationships with stem end shape (r=-0.36), mature fruit shoulder was negatively correlated with
Inflorescence shape (r=-0.31). Fruit Sinus had a negative relationship with beak shape (r=-0.47), Fruit stalk
cavity (r=-0.44) and fruit neck and prominence of neck (r=-0.31). Flesh firmness was negatively associated
with flesh fiber strength (r=-0.42) and stone shape had negative correlations with fruit sinus (r=—33). Rest of
the moderate but statistically significant negative associations (r=—0.21 and p <0.05) were also observed among
qualitative traits presented in detail in Supplementary Table S3 and highlighted in yellow.

Bivariate correlation analysis between quantitative descriptors
This bivariate correlation analysis revealed several relationships between the 14 quantitative traits (Fig. 4B). The
full set of r values for all trait pairs is presented in Supplementary Table S4. A strong positive correlation was

Desirable

Trait expression Elite genotypes showing desirable trait

Fruit blush Orange, pinkish | Zardalu, Chaunsa (Sammar Bahisht), Sufaid Chaunsa, Burma Surkha, Ghulab Khas, Tota Pari, Early Gold, Sensation, Keitt, Maya, Tomy Atkin,

color (ripe) red, red and Zill, Momi- K, Pope, Haden, Collector, Bullocks Heart, Brown Seedling, Carabao Lamao, Carabao Super Manila, Indochinese Late, Pirie, Kuru,

P burgundy Carabao Timiteo, Sapa, Palmer, Banana Long, Kensington Pride, Australian common, Rosa, Crimson Blush, RZEZ, Kent

Blush . . Burma Surkha, Tota Pari, Sensation, Keitt, Maya, Tomy Atkin, Zill, Momi- K, Pope, Haden, Collector, Bullocks Heart, Sapa, Palmer, Australian

. . Medium to high ; oy

intensity common, Rosa, Crimson Blush, R’E? Kent

Fruit weight 250-350 Chaunsa (Samar Bahisht), Burma Surkha, Almas, Anmole, Ghulab Khas, Bara Mashi, Tota Pari, Joiya wala, Azeem Chaunsa, Palli, Langra,

8 g Alishan, Rohan, Hassan, Momi- K, Spring Fells, Bullocks Heart, Carabao Lamao, Xoai Boui

Shah Pasand, Zardalu, Fajri Bholay Wala, Saroli, Bagan Pali, Yakta, Sindhri, Malda, late Kala Chaunsa, Retaul late, Sobe de ting, Pohilot, Taimuria,

Fuit flesh Orange Chaunsa (Rampuri), Saleh bhai, Zafran, Burma Surkha, Anmole, Bombay Alphanso, Anwar Retaul, Lab-e- Mashooq, Hasaan, Spring Fells,

color 8 Haden, Collector, Bullocks Heart, Brown Seedling, Indochinese Late, Pirie, Gratidge, Palmer, Banana Long, Xoai Boui, Xoai Cat Hoa Loc, Chenab
gold, RZEZ, Kent

Fruit firmness | Medium Zardalu, Bagan Pali, Yakta, Chaunsa (Sammar Bahisht), Sindhri, Malda late, Retaul late, Sobe de ting, Chaunsa (Rampuri), Saleh Bhai, Almas,
Langra, Bara Mashi, Dusehri, Tota Pari, Lahotia, Dusehri Late, Hasaan, Pirie, Rupee, Xoai Cat Hoa Loc, Koew, Rosa, Crimson Blush, Chenab gold
Haider Shah Wala, Chaunsa (Sammar Bahisht), Sindhri, Malda late, Kala Chaunsa, Chaunsa (Rampuri), Saleh bhai, Neelum, Burma Surkha,

Fruit iuiciness | Hieh juiciness Langra, Ghulab Khas, Anwar Retaul, Dusehri, Ghulam Muhammad Wala, Early Gold, Sensation, Keitt, Maya, Tomy Atkin, Zill, Momi- K,

) eh) Haden, Collector, Bullocks Heart, Brown Seedling, Carabao Lamao, Carabao Super Manila, Indochinese Late, Kuru, Xoai Boui, Xoai Cat Hoa

Loc, Rosa, Azeem Chaunsa, R’E* Kent
Shah Pasand, Haider Shah Wala, Suvarnareeka, Saroli, Yakta, Sindhri, Pohilot, Taimuria, Saleh bhai, Neelum, Zafran, Badia Muna Syed, Almas,

Fruit fiber Low Intikhab, Langra, Anmole, Bombay Alphanso, Ghulab Khas, Bara Mashi, Dusehri, Tota Pari, Lab-e- Mashoog, Lahotia, Amer Gola, Joiya wala,

quantity Aminia, Hasaan, Early Gold, Sensation, Tomy Atkin, Zill, Momi- K, Haden, Collector, Carabao Lamao, Kuru, Gratidge, Carabao Timiteo, Olour,

Banana long, Rockdale Siagon, Kensington Pride, Rosa, R2E?

Table 4. Pakistani and exotic Mango genotypes showing promising characters.
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Fig. 4. Pearson Coefficient Correlation (Bivariate correlation) of the traits among 89 mango genotypes. A:
Heat map for 43 qualitative traits. B: Heat map for 14 quantitative traits. Green indicates a positive relationship,
while red indicates a negative relationship. Size of the circle represents the degree of the correlation and

circle with * indicates the r values which are significant at p <0.05. For the correlation (r-values and statistical
significance (p-values) values for each bivariate relationship please refer to supplementary information
(Supplementary Table S3 and S4).

observed between tree height and tree diameter (r=0.82). Additionally, several strong positive and significant
correlations were identified, including those between leaf width and leaf length (r=0.80), petiole length with
leaf length (r=0.4), and leaf width (r=0.34). Panicle width length was positively associated with panicle length
(r=0.55), while fruit width was strongly associated with fruit length (r=0.62). Fruit thickness was positively
correlated with fruit length (r=0.55), and fruit width (r=0.91). Fruit weight showed positive relationship with
leaf length (r=0.3), fruit length (r=0.78), fruit width (r=0.78), and fruit thickness (r=0.72). Stone length is
strongly associated with fruit length (r=0.82), fruit width (r=0.43), fruit thickness (r=0.34) and fruit weight
(r=0.65). Stone width is positively correlated with fruit length (r=0.51), fruit width (r=0.56), fruit thickness
(r=0.49) fruit weight (r=0.5) and stone length (r=0.53). Lastly, stone weight was associated with several other
traits such as fruit length (r=0.68), fruit width (r=0.69), fruit thickness (r=0.62) fruit weight (r=0.88), stone
length (r=0.63) and stone width (r=0.55). On the contrary, two negative yet significant correlations were
observed i.e. stone length with tree height (r=-23) and trunk diameter (r=-23). All the remaining moderate
yet significant (r>0.21 and p<0.05) associations were presented in supplementary Table S4 highlighted with
green.

Principal component analysis (PCA)
Principal component analysis (PCA) was performed for both qualitative and quantitative morphological traits to
discover the distinct factors/components strongly impacting the comprehensive indicators.

PCA analysis of the qualitative morphological traits

Principle component analysis (PCA) of qualitative traits yielded 43 principal components (PCs), with the first 17
PCs explaining a substantial portion of the total variance and had eigenvalues greater than one. The eigen vector
value for each trait, eigen values, contribution rate to variability, and cumulative contribution rate are presented in
Supplementary Table S5. The first principal component (PC1) accounted for 8.0% of the total variance, followed
by PC2 (7.2%), and PC3 (6.7%). Together, the first 17 PCs explained 75.4% cumulative variance, indicating
that these components capture most of the essential variation within the dataset. The eigenvalues for Principal
Components (PCs) 1 to 17 ranged from 1.86 to 1.02. The variance explained by first ten principal components
were illustrated in the scree plot (Fig. 5A) The PCA biplot for PC1 and PC2 based on traits revealed distinct
clustering patterns among the genotypes, suggesting variation in traits (Fig. 5B). The color gradient (cos® values)
indicated the quality of representation of each trait on the factorial plane, with darker tones signifying stronger
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contributions. Several traits, including blush color ripe, blush color unripe, blush intensity ripe and color of
rachis and branches and were positioned furthest from the origin, indicating a strong influence on PC1 and
PC2. On the other hand, traits like pubescence on main axis, fruit shape, and fruit skin texture showed moderate
to weak contributions, as indicated by their proximity to the origin and lighter cos® values. The additional

supporting PCA results, and group distribution patterns (genotype by trait biplot) for qualitative traits were
shown in Supplementary Fig. S7.

PCA analysis of the quantitative morphological traits

The results of PCA showed that only the first four principal components (PC1, PC2, PC3, and PC4) significantly
contributed 75.3% of the total variation and had eigenvalues>1 in quantitative morphological traits across
all mango genotypes (Fig. 6A and Supplementary Table S6). PC1 accounted for the highest variance (36.7%),
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Proportion of Variance (%)

«Fig. 5. Principal component analysis of 43 qualitative traits (A) Proportion of variance (%) of top 10 principal
components (PCs) and (B) PCA biplot of first two Principal Components (PCs) showing contributions of
qualitative traits (MBA: Main branch attitude, CS: Canopy shape, BP: Branching pattern, FoD: Foliage density,
LS: Leaf shape, YLC: Young leaf color, MLC: Mature leaf color, LTC: Leaf tip shape, LBS: Leaf base shape, LCM:
Leaf curvature of midrib, LSCS: Leaf shape in cross section LA: Leaf attitude towards main branch, LF: Leaf
fragrance, LM: Leaf margins, LR: Leaf relief of upper surface, IS: Inflorescence shape, CRB: Color of rachis and
branches, FD: Flower density, PC: Color of petals, PMA: Pubescence on main axis, FS: Fruit shape, BS: Beak
shape, SES: Stem end shape, DLS: Density of lenticels on skin, LeS: Size of lenticels, FST: Fruit skin texture,
FSC: Fruit stalk cavity, FPN: Fruit neck and prominence of neck, MFS: Mature fruit shoulder, GLS: groove in
left shoulder, FSi: Fruit sinus, BCU: Blush color unripe, BCR: Blush color ripe, BIR: Blush intensity ripe, FFQ:
Flesh fibre quantity, FFS: Flesh fibre strength, FF: Flesh firmness, FFC: Fruit Flesh color, FJ: Fruit juiciness, SS:
Stone shape, VP: Pattern of venation, FiT: Fiber texture, FiD: Fiber density).
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Principal components

Fig. 6. Principal component analysis of 14 quantitative traits (A) Proportion of variance (%) of top

10 principal components (PCs) and (B) PCA biplot of first two Principal Components (PCs) showing
contributions of quantitative traits (TH: tree height, TD: trunk diameter, LL: leaf length, LW: leaf width, PeL.:
petiole length, PL: panicle length, PW: panicle width, FL: fruit length, FW: Fruit width, FT: Fruit thickness,
FWe: fruit weight, SL: Stone length, SW: stone width, SWe: stone weight).

followed by PC2, PC3, and PC4, which explained 16.4%, 13.5%, 8.7% of the total quantitative morphological
variation, respectively (Fig. 6A). The information for the first four components was presented in Supplementary
Table S6. PCA of quantitative traits revealed that fruit length, fruit width, fruit thickness, fruit weight, seed
length, seed width and seed weight had strongly loadings on the PC1, with values ranging from 0.3 to 0.4. This
suggests that PC1 is primarily associated with fruit and stone traits. This component was positively contributed
by all variables except tree height, trunk diameter and petiole length (Supplementary Table S6). PC2 was
positively contributed by tree height, trunk diameter, leaf length, leaf width, petiole length, panicle length and
panicle width as the higher loading factors (0.21-0.43) but negatively loaded to fruit and stone traits indicating
that PC2 as the main contributing factor for tree, inflorescence and leaf traits. Overall, PC1 and PC2 constituted
36.7% and 16.4% respectively of the total quantitative morphological variations. The PCA-biplot was created
using the first two PCs, which together accounted for 53.1% of the total variability (Fig. 6B). The additional
supporting PCA results, and group distribution patterns (genotype by trait biplot) for quantitative traits were
shown in Supplementary Fig. S8.
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Fig. 6. (continued)

Agglomerative hierarchical clustering (AHC) analysis

The 89 mango varieties were classified hierarchically based on their qualitative traits. These traits clustered
genotypes into six clusters namely I, I, II, III, IV, V and VI with similar characteristics. Each cluster was
represented by a specific color to differentiate them from one another (Fig. 7). Cluster I and II contained 7 and
6 genotypes respectively, containing lowest number of genotypes. Cluster III had 16 genotypes. All these three
clusters comprised mostly of exotic genotypes. Cluster IV had the largest number of genotypes mostly from
the local germplasm. Cluster V and VI were comprised of 15 and 12 genotypes representing most of the exotic
germplasm. Hybrid genotypes were clustered in II, IV and V clusters based on qualitative traits.

The 89 genotypes were distributed across five clusters, each representing genotypes with similar quantitative
morphological traits (Fig. 8). Cluster mean values for all five clusters of 14 quantitative characters were
presented in Supplementary Table S8. The cluster I comprised of 11 genotypes, characterized by moderate
tree height (478.30 cm) and trunk diameter (91.10 cm). The genotypes in this cluster also showed lowest leaf
length (15.81 cm), leaf width (4.17 cm), petiole length (2.13 cm), panicle length (25.64 cm) and panicle width
(14 cm). With 18 genotypes, Cluster II displayed the highest tree height (833.8 cm). Despite its strong vegetative
growth, the genotypes in this cluster had relatively lower fruit weight (218.21 g). The cluster III, consisting of 19
genotypes, exhibited the highest fruit weight (492.95 g) and fruit length (13.11 cm), as well as the largest stone
length (9.55 cm) and highest stone weight (58.67 g). Cluster IV, the largest group with 23 genotypes, exhibited
substantial tree height (680 cm) and highest trunk diameter (165.87 cm). The genotypes in this cluster also
showed a balanced combination of vegetative and reproductive traits, with relatively high fruit weight (322.07 g).
The last cluster V, with 18 genotypes, displayed the lowest tree height (450.9 cm) and lowest fruit thickness
(5.28 cm) among all clusters. Although the genotypes in this cluster exhibited smaller tree sizes, they displayed
moderate fruit traits.

Discussion

Germplasm assessment and screening for desirable traits are well-established breeding strategies for the effective
management and utilization of plant genetic resources*’. Morphological traits have long been employed as key
indicators for assessing genetic variability and establishing genetic linkages among plant genotypes**>. These
traits are relatively easy to observe and distinguish, require minimal expertise, and are supported by standardized
descriptor lists available for many crop species. Morphological diversity has been successfully assessed in many
plants such as Pomegranate?’, Country Bean*!, Pea®, Fig?’, Sorghum*®, Lentil*°, Pumpkin®’, Tomato®!, Pistachio
tree’? and Apple®.

As Pakistan is among the largest producers and exporters of mango and possesses rich mango diversity, the
lack of comprehensive morphological characterization limits the effective utilization and conservation of this
valuable germplasm. Since farmers and growers are limited to cultivating only a few popular mango genotypes,
a large portion of the existing genetic diversity remains underutilized. Considering this, it is highly important
to identify novel, improved, and high-yielding mango varieties that could be commercialized and popularized
widely among farmers and growers in Pakistan to boost their economy. The variability observed among 89
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Fig. 7. Agglomerative hierarchical clustering (AHC) dendrogram analysis using Euclidean distance into six
different clusters as per Ward method for qualitative morphological traits of 89 mango genotypes collected

from Pakistan. Six clusters are represented by distinct colors.

mango varieties for 43 qualitative traits provides valuable insights likely reflect the distinct genetic makeup of
individual accessions, despite being cultivated under relatively similar environmental conditions. Among the
tree architecture characters, a high level of diversity was observed in canopy shape which may be attributed due
to difference in genotype, propagation methods, planting density, and prevailing agro-climatic conditions
Interestingly, Toili et al.>® observed that 70% of mango accessions in Kenya exhibited a semi-circular crown with
predominantly spreading growth habits. In contrast, Rajan et al.* found significant variation in canopy structure
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among 26 Indian mango cultivars, supporting our findings. Collectively, these studies indicate that crown shape
is influenced by both the composition of the genotypic collection and their geographic origin. Hence, mango tree
diversity supports the potential use of these characteristics for varietal characterization in mango germplasm®’.

Among the evaluated morphological leaf descriptors young leaf color as well as leaf base shape were found to be
most variable phenotypically. Mango displays distinctive growth patterns with intermittent flushes, each marked
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by a variety of leaf colors at emergence, and these growth cycles can occur several times throughout the year®*. As
aresult, young leaves of different mango varieties display unique colors, which can serve as a reliable trait marker
for identifying and assessing different cultivars®®. These colors may vary from crimson red to brownish in nature.
The leaf colors changes from green to deep green as it matures, and may emit a mild, strong or no fragrance®.
According to Bally et al.®?, mango leaves exhibit considerable morphological variation, commonly displaying
oblong shapes with tip forms ranging from rounded to acuminate. Such differences in leaf characteristics may
arise due to genotypic variation, environmental conditions, cultivation practices, and the developmental stage
of the plant. Although inflorescence-related qualitative traits exhibited high Shannon-Weaver diversity index
(H") values, none showed sufficient discriminatory power to serve as standalone varietal markers. The uniform
distribution of variability across traits prevented clear genotype-specific differentiation. This aligns with previous
studies, which also reported limited discriminatory value of floral traits in mango diversity assessments'¢!. In
the present investigation, among the fruit morphological traits, the highest diversity was observed in fruit shapes
followed by beak shape and mature fruit shoulder. The prominent fruit shape observed in most of the genotypes
was ovate round. Previously, Jena et al.3? noted a considerable variation in fruit shape represented by five classes
i.e. roundish, obovoid, elliptic, oblong and ovoid and they identified 30 out of 58 genotypes possessing roundish
shape. However, Shamili et al.®? reported only 2 forms of fruit shapes such as elongated and oblong among
Iranian genotypes. Fruit traits have consistently demonstrated strong discriminating power in mango germplasm
characterization. According to Galvez-Lopez et al.®* and Rajwana et al.?, externally visible characteristics such
as fruit peel color, size, and shape are particularly effective in distinguishing genotypes. Fruit sensory quality
traits also exhibited wide diversity among the genotypes evaluated. These traits are highly valuable not only for
germplasm differentiation but also for market preferences, as they directly influence consumer acceptability,
post-harvest value, and commercial success of mango cultivars®#%. A notable diversity was observed in the
blush color in ripe and unripe fruits and its intensity among the germplasm under study. In this study, some
of the genotypes showed different blush colors including orange, yellow, pinkish/red, pink, red and burgundy
in unripe and ripe fruits. These blush colors were more dominant in the exotic germplasm compared to the
local germplasm. Previously, Singh et al.% reported a range of fruit colors among mango genotypes varying
from attractive yellow with red blush on the shoulders to fully colored, yellowish, deep chrome and greenish.
They proposed to utilize these colorful genotypes as donor for developing colored mango hybrids and suggested
that skin color of mango fruit is considered as genotype dependent trait. Similarly, Jena et al.*? identified 11
phenotypic classes for fruit skin color and majority of genotypes showed yellow ripe fruits skin color which is
consistent with our results. Fruits generally have a dark green background that becomes light green to yellow
in color as they ripe®’. Red blush develops in some fruits at fruit set which likely persist towards ripening
stage. The red blush in mango skin is also genotype dependent due to a pigment known as anthocyanin®®¢’.
Apart from blush color, fruit flesh color is also a valuable marker for identifying mango genotypes. The results
showed that most of the genotypes showed yellow and orange flesh color. These results align with the findings
of Khadivi et al.'” and Aziz et al.®®. Dark orange flesh of mango fruits preferred not only for domestic use, but
also for processing industry®2. The greater variability in peel color and fruit flesh (pulp) color reflects the high
heterozygous nature of the genotypes. Among the stone qualitative traits, high diversity was observed in fiber
density and texture. Most of the genotypes showed fine fiber texture and medium fiber density. Khadivi et al.’
reported that quantity of fiber on the stone was intermediate in most of the genotypes. Among quantitative traits
trunk diameter showed the highest coefficient of variation (CV%) compared to tree height, which supports
the varietal characterization based on mango tree diversity’’. Fruit weight showed the second highest CV%
among all other traits. In line with these findings, the present study confirms that fruit traits exhibit greater
variability compared to other morphological traits, making them key descriptors for distinguishing mango
accessions. Kulkarni et al.%° observed extensive diversity in an Indian mango collection comprising over 300
accessions, primarily based on fruit size. Gitahi et al.”® assessed the diversity of 36 local mango accessions from
Kenya using both morphological and molecular markers and found high morphological diversity based on fruit
traits. Ahmed and Mohamed”! studied the diversity of 30 mango cultivars in Sudan using fruit descriptors and
reported high intraspecific diversity within the population. Their findings highlighted significant variability in
fruit morphometric traits (such as size, weight, and circumference), fruit shape characteristics (including apex
shape and shoulder slope) and fruit quality attributes (such as pulp fiber content). In line with these findings, the
present study confirms that fruit traits exhibit greater variability compared to other morphological traits, making
them key descriptors for distinguishing mango accessions.

To identify elite genotypes for breeding and consumer preference, selected fruit traits were prioritized based
on their desirability and relevance to market standards’2. Fruit blush color is one of the most critical consumer
preference traits influencing marketability and visual appeal’®. In this study most of the exotic varieties had
medium to strong blush colors which enhance the fruit’s aesthetic value and often indicate anthocyanin
accumulation, which may be associated with antioxidant properties. Fruit size is an important character and
medium-sized fruits (250-350 g) are ideal for commercial cultivation as they offer a balance between consumer
preference and orchard productivity’*. In the current study, most of the genotypes from local germplasm had
idea fruit size. Orange-colored pulp, indicative of high carotenoid content and nutritional value, was prominently
observed in majority of the local genotypes. Fruit firmness, essential for transport and postharvest shelf life”.
In our study, genotypes showing moderate firmness are ideal for export and longer shelf-life. The high juiciness
with low fiber quantity is a desirable feature determining the suitability of a variety for processed products as
well for fresh consumption’®. In this context, varieties with high juice content are considered more suitable for
manufacturing products of commercial relevance.

Correlation analysis provides meaningful insights into the genetic relationships among traits and helps in
understanding how one trait may directly or indirectly influence another. In the present study, both qualitative and
quantitative traits were examined, revealing significant positive and negative correlations. Among the qualitative
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traits, branching pattern was positively correlated with canopy shape. This positive association suggests that the
plant’s branching pattern could be a key factor in determining the overall canopy shape””. Similarly, leaf base
shape showed a positive association with leaf shape, and leaf attitude towards the main branch was significantly
related to leaf shape in cross section, suggesting potential co-inheritance or shared developmental pathways
among foliar traits. This is in consistent with the findings that qualitative traits in plants are often governed by a
small number of major genes, which can lead to observable correlations between morphologically related traits’®.
Fruit-related features showed particularly strong correlations, especially between blush color ripe and blush
color unripe and blush intensity ripe and blush color ripe. This suggests consistency in pigment biosynthesis
pathways throughout the fruit ripening process, likely governed by shared regulatory genes’®. Notably, fruit
neck characteristics, such as prominence of neck, were strongly correlated with stem end shape, and beak shape,
supporting the hypothesis that fruit-end morphology may be developmentally coordinated®. Furthermore,
flesh fiber strength was strongly associated with flesh fiber quantity, implying that texture-related traits may
be governed by shared physiological or genetic mechanisms. These traits not only affect eating quality but also
postharvest shelf life and processing suitability, highlighting their relevance in breeding programs targeting
improved sensory and industrial traits®!. Some positive correlations among the fruit quantitative traits including
fruit length, fruit width, fruit weight, stone length, stone width and stone weight, confirming that heavier fruits
possessed higher amount of pulp content and elongated fruits are likely to possess proportionally larger stones.
This finding aligns with previous studies by Singh et al.*®®, Narvariya et al.%.

PCA proved to be an effective tool for reducing the complexity of morphological trait data by transforming
a large number of correlated variables into a smaller set of uncorrelated principal components, while preserving
most of the original variability®*$%. In this study, PCA captured the key traits contributing to phenotypic
variation among the 89 mango genotypes. It provides breeders with measurable insights into the germplasm
collection, helping to identify traits that show greater potential and can serve as promising candidates for future
breeding efforts®>. The PCA analysis of 43 qualitative traits revealed that first 17 PCs had eigenvalues greater
than 1 and together explained 75.4% of the cumulative variance. This suggests a broad and complex distribution
of variability across multiple morphological traits, with no single trait or small group of traits accounting for a
disproportionate share of diversity. Although the first two components contributed noticeably to the observed
variation, the contribution was evenly distributed across many traits. This pattern reflects the polygenic nature
of qualitative phenotypic traits in mango. The PCA biplot for PC1 and PC2 displayed loose clustering patterns,
indicating some structure but no sharp delineation of groups. Traits like blush color (ripe and unripe), blush
intensity, and color of rachis and branches had high cos® values and were located farthest from the origin,
suggesting they contributed most strongly to the variation captured in PC1 and PC2 for qualitative traits. The
PCA of quantitative traits identified four principal components with eigenvalues greater than 1. PC1 primarily
represents fruit and stone traits, as it showed strong positive loadings for fruit length, width, thickness, weight,
and stone length, width, and weight. This suggests that fruit size and stone characteristics are the major drivers of
phenotypic variability among the studied genotypes. PC2 showed strong positive loadings for tree height, trunk
diameter, leaf length and width, petiole length, and panicle size, but negative loadings for most fruit traits. This
implies PC2 is associated more with vegetative and inflorescence morphology rather than reproductive traits.
The identification of traits with high loadings on the PCs can guide future research directions, particularly in
exploring the genetic basis of these traits®°.

Agglomerative hierarchical clustering (AHC) analysis employed Ward’s method using Euclidean distance
to assess the genetic diversity and group 89 genotypes into distinct clusters. Clustering enables the grouping of
accessions based on their similarities or dissimilarities®’”-®. The mango germplasm studied was grouped into
five main clusters based on quantitative and six clusters based on qualitative traits. Clusters IV from qualitative
as well as quantitative traits contained more varieties, while some had fewer genotypes. This distribution
suggests that clusters with fewer genotypes may have a higher degree of variability or unique trait combinations
compared to the larger clusters®!. Even though morphological characterization is very relevant to appraise the
diversity in a collection, most of the characters are influenced by environmental conditions, and the number of
descriptors are not always enough to reveal the full extent of the variability!. As such, grouping of accessions
based on morphological traits may yield clusters of individuals that are morphologically different from each
other in regard to major traits of interest®”. Notably, the clustering patterns observed in this study differ from
earlier reports, as this is the first comprehensive clustering analysis involving both Pakistani and exotic mango
genotypes. The dendrogram also revealed meaningful biological groupings, such as distinct clustering of local
and exotic germplasm and grouping of genotypes is based on shared characteristics. These results underscore
the potential of morphological clustering for preliminary classification and identification of promising parental
lines. The current findings thus offer a valuable foundation for selecting genetically divergent and agronomically
desirable genotypes from different clusters to enhance variability in mango improvement programs.

Conclusion

This study provides a comprehensive assessment of morphological diversity among 89 mango genotypes
collected from Pakistan. Several traits, including canopy shape, young leaf color, fruit shape, blush color, fruit
flesh color, fruit weight and size exhibited notable variation reflecting genetic and environmental influences.
Correlation analysis identified significant relationships and PCA highlighted fruit and seed characters as key
traits contributing to variation, while dendrogram analysis classified the varieties into different clusters, offering
insights into genetic similarity. This study also highlights the elite genotypes possessing multiple desirable
fruit traits, including high pulp content, attractive blush and flesh color, medium firmness, high juiciness, and
low fiber quantity. These are considered as promising genotypes for both table consumption and industrial
use. Despite this rich diversity, our findings emphasize that a significant proportion of both exotic and local
mango germplasm remains underutilized in breeding programs. This is largely due to limited characterization
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and lack of accessible information, resulting in a narrow genetic base being used by growers and farmers. The
identification and promotion of such promising genotypes is, therefore, a crucial step toward broadening the
genetic base of mango cultivation in Pakistan. The phenotypic insights from this study form a vital foundation
for future molecular-level characterization, including genetic marker-based diversity and association studies.
A combined morphological and molecular approach will enhance the precision of genotype selection and
accelerate the development of improved mango cultivars through marker-assisted breeding.
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