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ABSTRACT

Background and Objective: Pawpaw (Carica papaya L.) is an important tropical fruit valued for its
agronomic, nutritional, and economic traits. Significant variability among varieties necessitates identifying
superior genotypes for breeding, production, and processing. This study evaluated thirteen pawpaw
varieties from the National Horticultural Research Institute (NIHORT), Ibadan, Nigeria, for their agronomic
traits, nutritional properties, and bioactive compounds. Materials and Methods: Agronomic data were
collected and analyzed, and standardized AOAC laboratory protocols were used to analyze samples. Data
on agronomic and nutritional parameters underwent multivariate statistical analyses using R software to
assess phenotypic diversity and trait associations. Results: Significant variation (p<0.05) was observed
across varieties for most traits. Principal component analysis identified key contributors to variation,
including flowering nodes, growth parameters, fruit weight, and antioxidant content. Correlation analysis
revealed strong positive links among minerals and antioxidants. Hierarchical clustering classified varieties
into three distinct agronomic-nutritional groups. Genotype by YieldxTrait analysis ranked varieties,
highlighting Varieties 10, 17, and 8 as top performers combining yield and nutritional superiority.
Conclusion: Multivariate and Genotype by YieldxTrait analyses effectively identified promising pawpaw
varieties with enhanced productivity and nutritional quality, informing breeding and selection strategies
for improved pawpaw cultivars.
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INTRODUCTION

Pawpaw (Carica papaya L.) is a globally important fruit crop valued for its superior agronomic traits,
nutritional richness, and economic potential. Carica papaya, the sole species in the genus Carica, is a
dicotyledonous, polygamous plant bearing male, female, and hermaphrodite flowers. Its adaptability to
tropical and subtropical environments, combined with rapid growth and year-round fruiting, amplifies its
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role in enhancing food security and generating income for smallholder and commercial farmers'?. This
versatility supports diverse consumption patterns, fresh, dried, and processed forms meeting varied
consumer preferences and market demands. Furthermore, pawpaw’s bioactive compounds, including the
proteolytic enzyme papain, drive demand in pharmaceutical, cosmetic, and medicinal industries due to
their therapeutic applications®”.

Pawpaw ranks highest among 38 common fruits in providing vitamins A and C as a percentage of the U.S.
recommended daily allowance (RDA). Nutritionally, pawpaw is distinguished by its high content of
vitamins and beta-carotene, essential minerals such as potassium, calcium, and iron, along with dietary
fiber and alpha amino acids, contributing to human and animal diets®*®. Its antioxidant properties further
enhance its health benefits by supporting immune function and mitigating oxidative stress, as supported
by multiple studies®’.

Pawpaw production in Nigeria is predominantly subsistence-based, with most farmers relying on wild-
growing plants due to limited knowledge of improved cultivation practices and high-yielding varieties®.
Effective breeding programmes depend on genetic resources that enhance both yield and diversity.
Therefore, systematic evaluation and comprehensive characterization of newly acquired germplasm are
critical to fully utilize novel trait sources, facilitate the incorporation of valuable genetic variation, and
accelerate varietal development and crop improvement®. Substantial variation exists among pawpaw
varieties regarding key agronomic traits such as fruit yield, size, shape, and shelf life. Single-trait
assessments fail to capture the complex relationships among these traits; hence, multivariate analyses like
principal component and cluster analyses are vital for integrative trait characterization and the
identification of superior genotypes with optimal agronomic and nutritional profiles for breeding and
commercialization'®". Additionally, providing farmers with guidance on variety selection aligned with
consumer preferences is necessary to enhance adoption and marketability'.

Furthermore, the use of the Genotype by YieldxTrait (GYT) biplot approach of Yan and Frégeau-Reid"
advances selection by simultaneously considering yield alongside multiple agronomic and nutritional
traits. This approach enables identification of genotypes that combine high yield with desirable quality
attributes, reflecting the complex trade-offs inherent in breeding decisions. By integrating yield with trait
profiles, GYT facilitates the selection of superior varieties that meet both production efficiency and market
quality criteria, supporting more holistic breeding outcomes. There is a lack of information on selecting
pawpaw accession varieties using the GYT biplot approach.

This study aims to identify significant variability among pawpaw varieties in agronomic and nutritional
traits; elucidate relationships between these traits; determine key traits driving varietal variation; select a
superior pawpaw variety based on fruit yield and other desirable traits using the GYT biplot approach; and
classify varieties into distinct groups based on comprehensive trait profiles to guide targeted breeding
and selection strategies.

MATERIALS AND METHODS

Study area: Field trials were conducted at the National Horticultural Research Institute (NIHORT), Ibadan,
Oyo State, Nigeria (7°22 N, 3°54 E), from planting in April 2024 to the first harvest in February 2025, with
subsequent harvests made as fruits reached physiological maturity.

Planting materials: Thirteen pawpaw varieties (var), including improved lines and landraces sourced from
the breeding programme of NIHORT, were evaluated in this study (Table 1). Uniformly ripe and healthy
fruits were harvested from pre-tagged plants. For each variety, 4-5 representative fruits were collected to
ensure consistency and minimize sampling bias.
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Table 1: List of pawpaw varieties evaluated and their qualitative traits

Genotype  Stem pigmentation  Fruit skin colour  Fruit flesh colour  Fruit shape  Flower Source
Var 1 Green and shades Yellowish green  Reddish orange  High round Hermaphrodite flowers only ~ NIHORT
of red and purple
Var 2 Green and shades Yellow Yellow Oval Hermaphrodite flowers only ~ NIHORT
of red and purple
Var 4 Green and shades Yellow Yellow Oval Staminate flowers and a few  NIHORT
of red and purple hermaphrodite flowers
Var 5 Green and shades Yellow Yellow High round  Few staminate and many NIHORT
of red and purple hermaphrodite flowers
Var 6 Green and shades Yellow Yellow Oval Few staminate and many
of red and purple hermaphrodite flowers NIHORT
Var 8 Greyish brown Yellow Yellow Oval Few staminate and many
hermaphrodite flowers NIHORT
Var 10 Green and shades Yellow Yellow Oval Staminate flowers and a few
of red and purple hermaphrodite flowers NIHORT
Var 12 Green and shades Yellow Yellow Oval Hermaphrodite flowers and
of red and purple a few pistillate flowers NIHORT
Var 13 Green and shades Yellow Yellow Oval Staminate flowers and a
of red and purple few hermaphrodite flowers ~ NIHORT
Var 15 Green and shades Yellowish green  Yellow Oval Hermaphrodite flowers only ~ NIHORT
of red and purple
Var 17 Green and shades Yellow Yellow Oval Staminate flowers and a
of red and purple few hermaphrodite flowers ~ NIHORT
Var 18 Green and shades Yellow Yellow Oval Hermaphrodite flowers only ~ NIHORT
of red and purple
Var 19 Green and shades Yellowish green  Reddish orange  Oval Hermaphrodite flowers only ~ NIHORT

of red and purple
NIHORT: National Horticultural Research Institute

Data collection of agronomic traits, bioactive compounds, proximate and mineral compositions:
Agronomic data were collected on the following parameters: Tree height (TH), tree diameter (TD), height
to first fruit (HFF), number of nodes to first flower (NNFF), fruit weight (FWT), fruit width (FWDT), number
of harvested fruits (NHF), and fruit length (FL). Tree height and diameter were measured at physiological
maturity using a measuring tape and calipers, respectively. Height to first fruit and number of nodes to
first flower were recorded for each plant at the onset of fruiting. Fruit length was determined as the
distance from the peduncle attachment point to the blossom end, while fruit width was measured across
the widest portion of each fruit. Additionally, the number of fruits produced per plant and their
corresponding weights were recorded at maturity. The proximate composition of the pawpaw varieties
was analyzed to determine the levels of major nutrients and components, including protein, moisture, ash,
fibre, lipid, and carbohydrates. Mineral contents, which include potassium (K), sodium (Na), calcium (Ca),
zinc (Zn), and iron (Fe), were determined via acid digestion using a hot plate method. Concentrations of
Ca, Fe, and Zn were quantified using Atomic Absorption Spectroscopy (AAS), while Na and K were
measured via flame emission photometry. The elemental concentrations were calculated based on
absorbance calibration curves and expressed on a wet weight basis.

Vitamin C was determined photometrically. Total phenolic content was quantified using Folin-Ciocalteu
reagent with absorbance measured at 650 nm, expressed as gallic acid equivalents. Flavonoid content was
assessed by an aluminum chloride colorimetric assay with absorbance at 510 nm, reported as catechin
equivalents. Lycopene and [-carotene were extracted using acetone-ethanol and petroleum ether
partitioning, purified via alumina column, and quantified spectrophotometrically at specific wavelengths,
calculated based on absorbance and standard coefficients. Pawpaw pH was measured using a calibrated
pH meter, and total soluble solids (°Brix) were determined with a refractometer.

Additionally, pulp colour (L*, a*, b*) of the pawpaw varieties was analyzed using the CIE Lab* colour space
system. Measurements included lightness (L*), representing the brightness of the pawpaw fruit on a scale
from O (black) to 100 (white); the red-green axis (a*), with positive values indicating red and negative
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values indicating green; and the yellow-blue axis (b*), where positive values correspond to yellow and
negative to blue. These colour parameters were determined using a calibrated colorimeter, providing
quantitative and standardized colour data for the pawpaw varieties. This method allows precise
assessment of colour variations relevant to quality and visual attributes. All measurements were recorded
in accordance with the Association of Official Analytical Chemists™ standard procedure to ensure accuracy
and reproducibility. All analyses were done in triplicate for each representative fruit sample at the Product
Development Laboratory of NIHORT.

Statistical data analyses: All agronomic and nutritional data were initially compiled in Microsoft Excel
2019 before statistical analysis. Statistical analyses were performed in R version 4.4.2 (R Core Team, 2024).
Analysis of Variance (ANOVA) assessed significant differences among pawpaw varieties. When significant
effects were detected, mean separation employed the Least Significant Difference (LSD) test at 0.05, 0.01,
and 0.001 probability levels. Principal Component Analysis (PCA) reduced data dimensionality and
identified key agronomic and nutritional traits contributing to variability; components with eigenvalues
>1 were retained”. Pearson’s correlation coefficients were calculated using the “metan” package of
Olivoto and Lucio'®, to evaluate trait associations. Hierarchical clustering using Ward's method grouped
varieties by similarity in agronomic and nutritional traits, revealing patterns of diversity. Additionally,
Genotype by YieldxTrait (GYT) biplot analysis was conducted in R to integrate multiple traits with fruit
weight (yield), enabling multi-trait superiority ranking of pawpaw varieties™.

RESULTS

Variability among pawpaw varieties: Analysis of Variance (ANOVA) revealed significant differences
(p<0.001) among pawpaw varieties for all agronomic traits, bioactive compounds, proximate and mineral
compositions, except for tree height, tree diameter, height of first fruit, and fruit weight (Table 2). Most
traits exhibited coefficients of variation (CV) below 20%, indicating good experimental precision and
reliable data. The coefficient of determination (R? ranged from 0.33 to 1.00, with nutritional parameters
exhibiting high values (>0.90), indicating that these traits are predominantly under genetic control and
less influenced by environmental factors. Moderate R* values for some agronomic traits (tree height =
0.33, tree diameter = 0.35) indicate a stronger environmental effect. Fruit-related traits displayed moderate
to high R? values (0.40-0.89), reflecting varying degrees of genetic influence. These results highlight
significant genetic variability among pawpaw varieties, with varying environmental contributions across
different traits.

Variation was observed among the varieties for diverse traits (Table 3). Lycopene content showed the
widest range, from 6.5 pg/100 g in Var 18 to 908.4 pg/100 g in Var 8. Fruit weight ranged from
0.4 kg (Var 1) to 5.5 kg (Var 10), while tree height and diameter varied from 1.1 m (Var 5) to 1.6 m (Var 4),
and 15.3 cm (Var 6) to 22.3 cm (Var 2), respectively.

The height to first fruit ranged between 1.1 m and 6.1 m, and the number of nodes to first flower ranged
from 17.7 to 36.7. Fruit width and length varied from 18.6 to 48.5 cm and 16.1 to 33.0 cm, respectively.
The number of harvested fruits per plant ranged from 8.0 to 20.0.

Proximate analysis revealed protein (1.0-1.5/100 g), moisture (75.8-80.9/100 g), ash (0.6-0.8/100 g), fiber
(1.6-2.8/100 g), lipid (0.1-0.2/100 g), and carbohydrates (15.4-37.6/100 g) across varieties. Color
parameters varied in lightness (L*: 21.6-37.6), a* (8.8-17.8), and b* (14.7-35.4). Total soluble solids ranged
between 3.9-10.1 °Brix, and pH from 6.0-6.8. Bioactive compounds (phytochemical contents) ranged for
phenolics (94.4-220.0 mg/100 g), flavonoids (32.9-87.1 mg/100 g), B-carotene (6.3-445.6 ug/100 g), and
vitamin C (60.0-62.5 mg/100 g). Varietal mineral content includes potassium (165.0-260.0 mg/100 g),
calcium (24.9-70.0 mg/100 g), zinc (0.2-0.3 mg/100 g), iron (0.1-0.3 mg/100 g), and sodium
(3.2-4.9 mg/100 g).
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Table 2: Mean squares of agronomic traits, bioactive compounds, proximate and mineral compositions of pawpaw varieties evaluated

Source

Trait Variety (df = 12) Rep (df = 2) Error (df = 24) CV (%) R2

Tree height (m) 0.05 0.08 0.07 19.27 0.33
Tree diameter (cm) 13.39 124.09** 13.60 19.03 0.56
Height of first fruit (m) 5.56 4.88 5.87 1.53 0.35
Number of nodes to first flower 110.9** 10.53 27.21 19.48 0.67
Fruit weight (kg) 5.09 6.44 457 1.30 0.40
Fruit width (cm) 287.70%** 56.75 18.01 12.69 0.89
Number of harvested fruits 33.45* 25.54 11.35 28.77 0.62
Fruit length (cm) 57.50* 7247 22.64 19.01 0.61
Protein (9/100 g) 0.07*** 0.00*** 0.00 1.03 1.00
Moisture (g/100 g) 7.09%** 0.24 0.32 0.71 0.92
Ash (g/100 g) 0.02*** 0.00 0.00 2.01 0.98
Fibre (g/100 g) 0.34*** 0.00 0.00 1.96 0.99
Lipid (9/100 g) 0.00*** 0.00 0.00 477 0.95
Carbohydrate (g/100 g) 6.94*** 0.25 0.30 322 0.92
Colour L* 96.82*** 0.05 0.05 0.77 1.00
Colour a* 28.56*** 0.06 0.12 3.01 0.99
Colour b* 134.84*** 0.18 0.13 1.53 1.00
Potassium (mg/100 g) 2926.15%** 1.31 1.12 0.49 1.00
Sodium (mg/100 g) 1.16%** 0.01 0.01 2.23 0.99
Calcium (mg/100 g) 669.93*** 1.51** 0.18 1.10 1.00
Zinc (mg/100 g) 0.00*** 0.00 0.00 0.67 1.00
Iron (mg/100 g) 0.02*** 0.00 0.00 2.80 1.00
pH 0.15%** 0.00 0.00 0.23 1.00
Total soluble solids (°Brix) 7.56%** 0.06*** 0.00 0.83 1.00
Phenolic (mg/100 g) 4539.44 %+ 31.87 27.58 3.03 0.99
Flavonoid (mg/100 g) 848.88*** 11.93 25.16 7.93 0.94
Lycopene (ug/100 g) 225180.52*** 1.79 12.83 1.26 1.00
?-carotene (ug/100 g) 61572.6%** 830 7.27 2.64 0.90
Vitamin C (mg/100 g) 3.96*** 0.02 0.23 0.79 1.00

*** *x* Significant at 0.05, 0.01, and 0.001 probability levels, respectively, R% Coefficient of determination, CV: Coefficient of variation
and df: Degree of freedom

Multivariate analysis of pawpaw varieties: The correlogram (Fig. 1) depicts the strength and direction
of linear relationships among pawpaw traits. Several highly significant correlations (p<0.001) were
identified: Calcium and iron content showed a perfect positive correlation (r = 1.00), while potassium and
zinc were nearly perfectly correlated (r = 0.99). Moisture content was strongly and negatively correlated
with carbohydrate content (r = —0.96). Among fruit pulp colour parameters, L* and b* had a strong positive
correlation (r = 0.88), and height to first fruit correlated positively with fruit weight (r = 0.88). At p<0.01,
sodium content showed a strong negative correlation with vitamin C (r = 0.79). The number of nodes to
first flower correlated negatively with sodium (r = -0.69) and positively with b* (r = -0.72). Several
significant correlations (p<0.05) included: Ash content with fiber (r = 0.66), phenolics with vitamin
C (r = 0.66), fruit length negatively with lipids (r = -0.65), and protein positively with potassium (r = 0.62)
and zinc (r = 0.63). The number of nodes to first flower also correlated positively with L* (r = 0.63) and
negatively with the number of harvested fruits (r = -0.62). Fiber content negatively correlated with calcium
and iron (r = -0.57 each), while harvested fruit number correlated positively with sodium (r = 0.57).
Additionally, color parameter a* was negatively correlated with pH (r = -0.58), and lycopene correlated
negatively with B-carotene (r = -0.61).

The principal component analysis (PCA) was conducted on agronomic traits, bioactive compounds,
proximate and mineral compositions (Table 4). The first five principal components (PCs) with eigenvalues
>1 explained approximately 74% of the total variation among pawpaw varieties: PC1 accounted for 19%,
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Fig. 1: Pearson'’s correlation coefficient (r) of agronomic traits, bioactive compounds, proximate and

mineral compositions of the evaluated pawpaw varieties

TH: Tree height (m), TD: Tree diameter (cm), HFF: Height to first fruit (m), NNFF: Number of nodes to first flower, FWT: Fruit
weight (kg), FWDT: Fruit width (cm), NHF: Number of harvested fruits, FL: Fruit length (cm), Protein (g/100 g),
Moisture (g/100 g), Ash (g/100 g), Fibre (9/100 g), Lipid (g/100 g), CHO: Carbohydrate (g/100 g), Lc: Colour L*, Ac: Colour
a* Bc: Colour b* K (mg/100 g), Na (mg/100 g), Ca (mg/100 g), Zn (mg/100 g), Fe (mg/100 g), pH, TTS: Total soluble solids
(Brix), Phe:  Phenolic (mg/100 g), Fla: Flavonoid (mg/100 g), Lyc: Lycopene (ug/100 g), Bcar: B-carotene (ug/100 g)
and VitC: Vitamin C (mg/100g) and The cell value denotes correlation coefficient(r) values. Dark blue denotes a high positive
correlation, whereas dark red represents a high negative correlation

PC2 for 17%, PC3 for 16%, PC4 for 14%, and PC5 for 9%. The PCA biplot (Fig. 2) illustrates the trait
loadings on PC1 and PC2. Traits including number of nodes to first flower (NNFF), fruit pulp colour
parameters (a* b*), moisture content, fruit width (FWDT), and lipid content strongly and positively
influenced PC1, as indicated by their vectors pointing in the same direction. Conversely, sodium (Na),
number of harvested fruits (NHF), height to first fruit (HFF), fruit weight (FWT), and carbohydrate content
(CHO) had strong negative loadings on PC1. PC2 was primarily influenced by calcium (Ca), iron (Fe),
lycopene, protein content, and fruit length (FL).

The vector orientations and angles confirm correlations observed in Pearson’s analysis: calcium and iron
vectors align perfectly, reflecting their perfect positive correlation (r = 1.00, p<0.001). Similarly, potassium
(K) and zinc (Zn) cluster closely, indicating a near-perfect correlation. Opposing vectors of moisture and
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Fig. 2: A two-dimensional PCA biplot showing the relationships among the agronomic and nutritional
parameters of pawpaw varieties evaluated, the first two components, PC1 (19.3%) and PC2 (16.7%),
explain the highest variance plotted on the x-axis and y-axis, respectively. The arrows indicate traits
contributing to the respective PCs, and the correlation between traits can be determined by the

close arrow proximity

TH: Tree height (m), TD: Tree diameter (cm), HFF: Height to first fruit (m), NNFF: Number of nodes to first flower, FWT: Fruit
weight (kg), FWDT: Fruit width (cm), NHF: Number of harvested fruits, FL: Fruit length (cm), Protein (g/100 g),
Moisture (g/100 g), Ash (g/100 g), Fibre (g/100 g), Lipid (g/100 g), CHO: Carbohydrate (g/100 g), Lc: Colour L*, Ac: Colour
a*, Bc: Colour b*, K (mg/100 g), Na (mg/100 g), Ca (mg/100 g), Zn (mg/100 g), Fe (mg/100 g), pH, TTS: Total soluble solids
(Brix), Phe: Phenolic (mg/100 g), Fla: Flavonoid (mg/100 g), Lyc: Lycopene (ug/100 g), Bcar: B-carotene (ug/100 g)
and VitC: Vitamin C (mg/100g)

carbohydrate support their strong negative correlation (r = -0.96, p<0.001). Colour parameters L* and b*
cluster closely, consistent with their strong positive correlation, while HFF and FWT vectors point similarly,
validating their positive relationship. Negative correlations are suggested by sodium’s vector pointing
oppositely to NNFF and colour parameters. Varietal positioning in the trait space highlights Var 8 as
distinct for high lycopene and specific fruit pulp colour traits, Var 2 for high NNFF and selected quality
traits, Var 12 for elevated iron and calcium content, and Var 4 for high NNFF and lipid content, all
consistent with the correlation results.

Hierarchical cluster analysis was performed using Ward’s method on the measured agronomic traits,
bioactive compounds, proximate and mineral compositions, resulting in the identification of distinct
groupings among the pawpaw varieties (Fig. 3). The resulting dendrogram classified the 13 varieties into
three principal clusters. Cluster | comprised four varieties (Var 8, Var 19, Var 1, and Var 12). Cluster Il
contained six varieties, which were further resolved into two sub-clusters: lla (Var 15, Var 2, Var 4) and llb
(Var 17, Var 13, Var 18). Cluster lll consisted of three varieties (Var 10, Var 5, and Var 6). Each cluster
represents sa set of pawpaw varieties exhibiting similar phenotypic profiles based on the assessed
traits.
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Fig. 3: Ward's hierarchical clustering of pawpaw varieties based on agronomic traits, bioactive compounds,
proximate and mineral compositions
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Fig. 4: The average tester coordination GYT biplot view of the pawpaw varieties evaluated
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Table 3: Mean performance of agronomic traits, bioactive compounds, proximate and mineral compositions of pawpaw varieties

evaluated
LSD
Trait Var1 Var2 Var4 Var5 Var6 Var8 Var10 Var12 Var13 Var15 Var17 Var18 Var19 (0.05)
Tree height (m) 14 13 16 1.1 1.3 13 1.2 13 13 13 14 13 1.6 0.5

Tree diameter (cm) 164 223 208 171 153 199 212 205 204 200 206 17.5 200 6.2
Height to first fruit (m) 1.1 1.1 14 1.0 1.2 1.2 6.1 1.2 1.2 1.3 1.3 1.3 1.3 4.1
Number of nodes to 205 33.0 310 250 343 367 177 228 220 330 242 25.8 220 88
first flower

fruit weight (kg) 04 15 09 19 11 20 5.5 1.0 1.1 1.0 2.8 1.1 1.1 3.6
Fruit width (cm) 19.2 390 269 321 405 456 186 234 415 339 485 274 383 7.2
Number of harvested 200 98 85 157 102 8.0 1.7 123 103 95 9.8 11.7 147 57
fruits

Fuit length (cm) 275 219 203 283 233 330 260 283 161 278 275 229 226 80
Protein (9/100 g) 12 11 1.2 15 12 13 1.2 12 1.0 1.0 1.0 1.2 14 0.0
Moisture (g/100 g) 764 80.1 804 791 777 809 800 784 797 799 758 78.6 791 1.0
Ash (g/100 g) 07 07 07 07 08 06 0.8 0.6 0.8 0.7 0.8 0.8 0.8 0.0
Fibre (g/100 g) 17 19 17 24 28 16 23 1.7 2.1 2.0 2.2 2.2 2.0 0.0
Lipid (9/100 g) 02 02 02 02 02 02 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.0
Carbohydrate(g/100g) 199 160 158 16.1 174 154 156 179 162 162 200 17.0 165 09
colour L* 26.1 367 361 376 371 257 216 263 253 358 282 26.9 268 04
colour a* 88 178 121 88 110 165 74 140 135 94 103 1.2 10.7 06
colour b* 147 354 291 262 305 203 116 227 177 267 253 224 178 0.6

Potassium (mg/100 g) 225.0 245.0 227.0 247.6 2522 205.0 2043 2100 1650 180.0 2050 1700 260.0 1.8
Sodium (mg/100 g) 48 44 34 40 32 33 49 45 33 37 4.6 3.8 4.6 0.2
Calcium (mg/100 g) 50.0 350 271 249 260 700 282 500 300 250 450 30.0 600 07

Zinc (mg/100 g) 03 03 03 03 03 02 0.2 0.2 0.2 0.2 0.2 0.2 03 0.0
Iron (mg/100 g) 02 02 0.1 01 01 03 0.1 0.2 0.1 0.1 0.2 0.1 03 0.0
pH 64 61 62 65 64 62 6.6 6.1 6.1 6.8 6.0 6.0 6.2 0.0

Total soluble solids (Brix) 10.1 69 7.9 39 87 69 74 9.1 8.2 7.5 8.1 10.1 8.4 0.0
Phenolic (mg/100 g) 138.9 140.0 186.7 131.1 220.0 220.0 1589 944 1644 1911 200.0 2144 1911 89
Flavonoid (mg/100g) 51.1 67.8 627 825 862 871 800 627 493 471 547 57.8 329 85
Lycopene (ug/100 g) 50.1 1914 2355 2724 267.7 9084 3420 7382 4357 807 65 6.5 1545 6.0
B-carotene (ug/100g) 80.5 21.8 16.6 150 435 86 6.3 8.6 9.6 2059 3399 4456 1256 45
Vitamin C (mg/100g) 60.7 59.1 617 60.5 625 616 599 590 622 605 606 619 596 0.8
Var: Variety

Genotype by YieldxTrait (GYT) analysis was performed to integrate fruit weight with multiple agronomic
and nutritional parameters, enabling comprehensive ranking of pawpaw varieties based on their combined
performance for yield and quality. Standardized GYT values (Supplementary Table 1) facilitated
simultaneous evaluation of yield in relation to associated traits. Three varieties Var 10 (SI = 2.51), Var 17
(SI = 1.03), and Var 8 (SI = 0.49), were identified as superior based on their superiority indices (SI), with
Var 10 exhibiting balanced excellence across all measured traits. Variety 17 and Variety 8 distinguished
themselves with strong performance in vitamin C, sodium, potassium, and antioxidant compounds. In
contrast, Var 1 (Sl = -0.94), Var 4 (Sl = -0.58), and Var 15 (SI = -0.52) consistently ranked lowest, exhibiting
negative standardized values in most yield-related and nutritional categories. The GYT biplot (Figure 4)
visually depicts the top-performing varieties positioned at the far right, while the least performers appear
at the far left of the distribution plane.

DISCUSSION

Pawpaw breeding programs hold substantial promise for concurrently elevating yield potential and
nutritional profiles through strategic variety selection. Multivariate analyses of agronomic traits alongside
nutritional parameters enable precise identification of superior varieties and optimal trait associations. This
approach underpins targeted genetic enhancement, leveraging existing variability to advance varieties
suited to local agroecologies while bolstering food security and market value'’.
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Table 4: Principal component analysis of the contributions of agronomic traits, bioactive compounds, proximate and mineral
compositions to total variation among the pawpaw varieties evaluated
Principal components

Traits PC1 PC2 PC3 PC4 PC5
Tree height (m) 0.11 0.11 0.23 0.13 0.15
Tree diameter (cm) 0.07 0.12 0.08 -0.32 0.21
Height to first fruit (m) -0.21 -0.09 -0.16 -0.33 -0.02
Number of nodes to first flower 0.36 0.00 -0.07 0.09 -0.15
Fruit weight (kg) -0.17 -0.07 -0.20 -0.30 -0.15
Fruit width (cm) 0.23 -0.01 0.06 0.08 -0.27
Number of harvested fruits -0.30 0.10 -0.04 0.22 0.11
Fruit length (cm) -0.09 0.20 -0.15 0.02 -0.36
Protein content (g/100 g) -0.03 0.22 -0.23 0.14 -0.03
Moisture content (g/100 g) 0.23 0.06 -0.13 -0.32 0.14
Ash content (g/100 g) -0.15 -0.34 0.02 -0.09 -0.06
Fibre content (g/100 g) -0.04 -0.31 -0.21 0.14 -0.13
Lipid content (g/100 g) 0.20 -0.03 0.25 -0.12 0.27
Carbohydrate content (g/100 g) -0.22 0.01 0.20 0.28 -0.11
Colour L* (Lightness) 0.23 -0.11 -0.20 0.27 0.20
Colour a* (Red-Green Axis) 0.30 0.21 0.10 -0.08 0.03
Colour b* (Yellow-Blue Axis) 0.29 -0.07 -0.08 0.21 0.15
Potassium (mg/100 g) 0.00 0.17 -0.25 0.29 0.12
Sodium (mg/100 g) -0.35 0.14 0.00 0.00 0.13
Calcium (mg/100 g) -0.03 0.38 0.14 0.02 -0.26
Zinc (mg/100 g) -0.01 0.17 -0.26 0.29 0.09
Iron (mg/100 g) -0.03 0.38 0.14 0.02 -0.26
pH -0.09 -0.11 -0.30 -0.02 -0.01
Total soluble solids (°Brix) -0.11 -0.03 0.35 0.06 -0.03
Phenolic content (mg/100 g) 0.15 -0.18 0.09 0.04 -0.38
Flavonoid content (mg/100 g) 0.1 0.00 -0.32 -0.08 -0.23
Lycopene (ug/100 g) 0.14 0.27 -0.08 -0.24 -0.17
B-Carotene (ug/100 g) -0.08 -0.20 0.25 0.12 -0.17
Vitamin C (mg/100 g) 0.17 -0.24 0.08 0.04 -0.25
Eigenvalue 5.59 4.84 4.61 3.92 2.61
Proportion (%) 19 17 16 14 9
Cumulative (%) 19 36 52 65 74

PC: Principal component and values in bold made substantial contributions to the total variation

Significant variation in performance was observed among the thirteen pawpaw varieties evaluated under
identical environmental conditions. The variations detected across most measured traits align with the
findings of Nwofia and Okwu'®, confirming considerable genetic and phenotypic diversity among pawpaw
germplasm. Asudi et al.”® reported significant morphological variation among different papaya lines.
da Silva et al*® and Brewer et al.”' also reported growth diversity in pawpaw accessions, attributed to
genetic and environmental factors. Additionally, Aikpokpodion® observed variation in growth and yield
traits among Nigerian pawpaw accessions. Also, significant differences were observed among the pawpaw
varieties for fruit pulp colour. However, these results are largely descriptive, reflecting inherent variation
in skin and pulp pigmentation, as some varieties naturally possess lighter or more yellow tissues than
others. These results are in strong agreement with the report of Brannan et al.%. The observed variability
among the pawpaw varieties highlights the feasibility of selecting superior genotypes for fruit yield and
nutritional traits, thereby enabling targeted improvement. Thus, the observed phenotypic diversity in this
study is attributable to underlying genetic differences, consistent with previous reports, and can be
harnessed to develop improved varieties exhibiting desirable horticultural characteristics*. Notably, this
study further revealed an association between tree size and fruit production, as evidenced by Var 5, which,
despite a shorter height (1.13 m), produced among the highest fruit numbers (15.67).

Significant differences in nutritional trait performance among pawpaw varieties suggest that they can be
strategically utilized to enhance the genetic potential of pawpaw, thereby increasing profitability. Nutrient
(proximate) analysis from the current study indicated less lipid and ash but more moisture, carbohydrate,
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fibre, and protein. Notably, some varieties demonstrated excellence across multiple traits; for
instance, Var 8 was outstanding in lycopene content and fruit length, alongside Var 10, Var 18, and
Var 19. Var10, with the highest fruit weight, possessed a substantial yield advantage, while Var 17
combined high fruit weight with a desirable nutritional profile. These varieties, therefore, offer promising
potential to meet demands for improved fruit yield and quality. Similar results were reported by
Brannan et al.® and Adinde et al?, who evaluated the growth, yield, and nutritional characteristics of
pawpaw varieties.

Carotenoids, vitamins, and antioxidants present in pawpaw fruits are of considerable nutritional value,
conferring health benefits to consumers®. The observed variation in bioactive compounds, proximate and
mineral compositions among the varieties may result from genetic differences, environmental influences,
or the stage of ripeness at harvest. Lycopene content in the evaluated pawpaw varieties exceeded that
of B-carotene, supporting the predominance of lycopene over B-carotene in the red pulp of pawpaw
fruits®. According to Shen et al.?, lycopene is the predominant carotenoid in the red pulp of pawpaw fruit,
whereas B-carotene and B-cryptoxanthin are the major carotenoids in the yellow pulp. The high total
soluble solid content in the studied varieties underscores their suitability for processed product
preparation'’. Moreover, all evaluated varieties had fruit juice pH values below 6.8, indicating their
appropriateness for fresh consumption and industrial processing.

The principal component correlation matrix identified key traits responsible for variation among the
pawpaw varieties. The most influential contributors to variation in this study include the number of nodes
to first flower, fruit weight, tree height and diameter, lycopene, vitamin C, and -carotene contents. These
traits were primarily associated with the first and second principal components (PC1 and PC2). These
highly discriminating traits are recommended as descriptors for the phenotypic characterization of
pawpaw germplasm. Previous research has similarly demonstrated that fruit quality traits are major
contributors to variation among pawpaw varieties”’.

The Ward's hierarchical clustering dendrogram indicates clear phenotypic divergence among the three
groups formed. The first cluster grouped Var 8, Var 19, Var 1, and Var 12, suggesting close similarity for
the traits analyzed and potential redundancy if all are retained as parents. The second cluster comprised
Var 15, Var 2, Var 4, Var 17, Var 13, and Var 18, reflecting a broader but related set of varieties that may
share intermediate performance profiles. Var 10, Var 5, and Var 6 formed a distinct cluster, implying that
these varieties differ substantially from the others and may harbor unique trait combinations valuable for
broadening the genetic base in breeding programmes. These findings suggest that simultaneous
improvement of fruit yield and quality could be achieved by selecting promising parental lines from the
three clusters |, supporting targeted breeding strategies for pawpaw improvement?,

Correlation analysis is essential for both direct and indirect selection in genetic improvement programs.
In this study, correlation coefficients among traits spanned weak to strong positive and negative values.
The strongest positive and statistically significant correlations were observed between calcium and iron
contents, followed by potassium and zinc, both exhibiting similar strength and direction. Conversely,
moisture content showed a significant negative correlation with carbohydrate content but a positive
correlation with fruit weight. Strong correlations among traits reflect the potential for selecting favorable
combinations of these traits in specific varieties to enhance breeding efficiency®. These inter-trait
correlations can streamline breeding efforts by utilizing easily measurable traits as proxies for more
complex ones, thereby accelerating selection processes®.

The GYT biplot approach enhances varietal evaluation by integrating yield with multiple agronomic and
nutritional traits, providing a more holistic assessment than traditional indices or PCA, which often
consider traits independently. The GYT method emphasizes balanced performance across trait
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combinations, making it particularly advantageous for crops like pawpaw, where both productivity and
fruit quality are critical breeding objectives. As noted by Yan and Frégeau-Reid", this approach improves
selection efficiency by aligning variety rankings with practical breeding goals, facilitating the identification
of superior varieties with simultaneous gains in multiple traits®'.

CONCLUSION

This study highlights significant phenotypic and nutritional variability among pawpaw varieties,
underscoring the potential for targeted geneticimprovement. Cluster and multivariate analyses identified
key traits and superior varieties that can serve as promising parental lines. The GYT approach effectively
integrated complex trait data to prioritize varieties with balanced productivity and quality, enhancing
selection efficiency. Var 10, Var 17, and Var 8 were identified as top-ranked performers based on the SI.
The strong correlations among certain easily measurable traits offer practical pathways to accelerate
breeding progress. Collectively, these findings provide a robust framework to guide future pawpaw
breeding programs aimed at developing high-yielding, nutrient-rich cultivars to meet both market and
consumer demands.

SIGNIFICANCE STATEMENT

This study provides significant insights into phenotypic and nutritional diversity among pawpaw (Carica
papaya L.) varieties, enabling efficient identification of superior genotypes for breeding programs. Findings
enhance understanding of trait associations, support targeted selection, and promote development of
high-yielding, nutrient-rich cultivars. The results contribute to improved genetic resource utilization,
sustainable production systems, and meeting increasing nutritional and market demands globally.
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Supplementary Table 1: Standardized genotype by yield x trait data and superiority index of the evaluated pawpaw varieties
FWT*  FWT*  FWT* FWT*  FWT*  FWT*  FWT*  FWT* FWT*  FWT*  FWT*  FWT*
Variety NHF  Protein CHO FWT*K Na Ca Fe TTS Phen Flav Lyco Caro Vit C
Var 10 3.01 2.91 2.78 2.89 3.03 201 2.01 297 2.69 2.99 2.19 -0.44 2.95
Var 17 0.57 0.59 134 0.81 088 136 135 1.04 1.23 0.36 -0.77 2.93 0.87

Var 8 -0.18 0.41 0.13 0.19 -0.07  1.63 1.64 0.12 0.67 0.54 2.03 -0.50 0.27
Var 5 0.70 0.59 0.12 0.41 0.08 -032 -031 -0.54 -0.18 0.38 0.01 -0.46 0.17
Var 2 -0.23 -0.16 -0.14  0.09 -0.04 -017  -0.17  -0.19 -0.32 -0.08 -0.33 -0.44 -0.12
Var 6 -0.46 -0.40 -037 -024 -050 -068 -069 -0.27 -0.16 -0.13 -0.31 -0.38 -0.37

Var 19 -0.18 -0.27 -046 -026 -030 0.07 0.08 -0.35 -0.36 -0.70 -0.53 -0.06 -0.45
Var 12 -0.37 -0.44 -042 -049 -034 -020 -0.20 -0.31 -0.85 -0.43 0.42 -0.53 -0.49
Var 18 -0.41 -0.49 -045 -064 -044 -064 -065 -0.19 -0.27 -0.47 -0.78 1.17 -0.44
Var 13 -0.46 -0.54 -045 -062 -049 -060 -060 -0.34 -0.46 -0.52 -0.03  -0.52 -0.39
Var 15 -0.60 -0.63 -054 -064 -049 -079 -079 -0.52 -0.43 -0.60 -0.67 0.19 -0.51

Var 4 -0.70 -0.59 -061 -053 -057 -078 -0.78 -0.54 -0.51 -050 -045  -051 -0.55
Var 1 -0.68 -0.98 -092 -097 -075 -0.88 -089 -0.87 -1.04 -0.83 -0.76  -044  -0.96
FWT* FWT*FL FWT/  FWT/  FWT/  FWT/  FWT/ FWT/  FWT/ Superiority
Variety FWDT FL FWT*L FWT*a FWT*b NNFF  Moist Ash Fibre Lipid Zn pH Index
Var 10 136 282 252 210 150 3.16 2.93 2.83 2.86 2.96 2.97 2.89 2.51
Var 17 226 094 110 099 184 0.0 0.96 0.80 0.83 0.97 0.88 1.00 1.03
Var 8 100 062 013 134 025 -0.20 0.21 0.65 0.70 0.15 0.27 0.28 0.49
Var 5 017  0.29 081 -0.15 072 0.07 0.17 0.29 -0.04 0.19 -0.05 0.13 0.13
Var 2 016  -0.25 032 08 099 -030 -011 -0.03 0.02 -020 -024  -0.05 -0.05
Var 6 -022 -044 -0.16 -052 -003 -047 -038 -047 -068  -027 -052 -042 -0.38
Var19 -035 -050 -062 -061 -083 -026 -044 -0.50 -045 -0.41 -058  -044 -0.39
Var12 -082 -036 -068 -032 -061 -0.31 -046  -0.35 -030 -049 -044  -045 -0.41
Var18 -0.70 -051 -065 -059 -061 -037 -045 -0.60 -054 -056 -026 -043 -0.44
Var13  -021 -068 -065 -028 -081 -024 -042 -0.50 -045 -054  -0.15  -0.39 -0.45
Var15 -056 -041 -039 -0.82 -045 -0.51 -051  -0.57 -0.52  -041 -036  -0.57 -0.52
Var 4 -081 -066 -047 -064 -043 -0.51 -0.57  -0.51 -046  -062 -058 -0.56 -0.58
Var 1 -128 -087 -126 -135 -153 -064 -094 -1.03 -097  -077 -095 -0.99 -0.94

FWT: Fruit weight, NHF: Number of nodes to first flower, CHO: Carbohydrate content, K: Potassium, Na: Sodium, Ca: calcium, Fe: Iron,
TTS: Total soluble solids, Phen: Total phenolics, Flav: Total flavonoids, Lyco: Lycopene, Caro: B-carotene, VitC: Vitamin C, FWDT: Fruit
width, FL: Fruit length, L, a, b: Fruit color coordinates, NNFF: Number of nodes to first flower, Moist: Fruit moisture content, Ash: Ash
content, Fibre: Dietary fiber, Lipid: Fat content, Zn : zinc and pH: Fruit ph
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