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Abstract

Background Guava (Psidium guajava L) is a major pantropical fruit crop, valued for its nutritional composition,
wider adaptability, and economic significance. Since its introduction in India during the 17" century, guava cultivars
have exhibited a narrow genetic base, with most existing genotypes arising from open-pollinated selections or
crosses involving a limited number of genotypes. Furthermore, much of the available germplasm has been named
based on fruit characteristics or place/regions of origin, leading to confusion in classification and hindering the
precise identification and utilization of genetic resources in guava breeding programs. To address this, 49 morpho-
biochemical parameters were assessed in 51 diverse Psidium genotypes, including cultivars, varieties, hybrids, related
wild species, and exotic/USDA introductions.

Results Substantial variability was observed among globally collected guava germplasm for fruit traits, with fruit
weight ranging from 11.67 g (Psidium molle) to 379 g (S. N90-53), seed number from 8 (5.N11-3) to 512 (5. N15-

3), leaf length from 5.57 to 17.17 cm, leaf width from 2.07 to 7.90 cm, and petiole length from 0.17 to 0.77 cm.
Germplasm also differed in qualitative descriptors, including branch orientation, bark colour, leaf morphology, tip
structure, and fruit surface traits, with wild species forming distinct morphological groups. Additionally, biochemical
traits varied widely, including the contents of total soluble solid (6.8—13.8 °Brix), acidity (0.25-1.60%), total sugars
(3.62-9.21 g/100 g FW), ascorbic acid (88.36-302.46 mg/100 g FW), ferric reducing antioxidants power (7.74-20.69
UM TE/g FW), free radical scavenging activity (2,2-diphenyl-1-picrylhydrazyl assay)(85.72-98.47%), lycopene (0.05-
8.91 mg/100 g FW), and total carotenoids (0.05-2.76 mg/100 g FW). Besides, principal component analysis indicated
PC1 (22.1%) related to fruit size and PC2 (15.2%) to biochemical traits. Furthermore, cluster analysis grouped 51 guava
genotypes into three clusters, distinguishing wild from cultivated types.

Conclusions The study confirms the presence of wide morpho-biochemical variability in Psidium germplasm,
offering valuable genetic resources for genetic improvement programs, aimed at enhanced fruit quality with rich
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Graphical Abstract

antioxidants, bio-fortification, and the tailoring of novel guava genotypes with reduced seed content, enhanced seed
mellowness, and tenet branching, fitting in high-density planting and improved yield efficiency.

Keywords Antioxidants, Bio-fortification, Cluster analysis, Genetic resources, Pigments, USDA
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Guava (Psidium guajava L.) ranks among the most
extensively cultivated fruit crops across pantropical
regions, owing to its prolific yield, rich nutraceutical
properties, and remarkable ecological adaptability. It is
native to tropical America, which was introduced to India
by the Portuguese in the 17 century [1, 2]. Despite the
introduced crop species, India has now become a major
guava-producing country in the world, with an annual
production of 5.35 million metric tons from 358 thou-
sand hectares of area [3]. In the country, guava enjoys
high popularity, being regarded as the “super fruit” or
“apple of the tropics” due to its exceptional nutraceutical
profile, refreshing taste, and pleasant flavour [4—6]. The
fruits are also referred to as “poor man’s apple” because
of their affordability and wider availability. Importantly,
guava contributes to nutritional security by supporting
the dietary preferences of a galloping, health-conscious
population [7]. The fruit is a rich source of vitamins A,
C, and B-complex, as well as minerals such as calcium,
iron, zinc, and potassium, and dietary fibre [8-10].
Besides, guava contains diverse phytochemicals, includ-
ing polyphenols, flavonoids, tannins, and phenolic acids,
which impart antioxidants, anti-inflammatory, anti-dia-
betic, and anticancer properties [11-13]. Furthermore,
guava leaves, traditionally used in medicine and industry,
exhibit anti-diarrheal, antimicrobial, antihypertensive,
and hypoglycemic activities [14].

In India, guava possess a narrow genetic base since the
crop was introduced, and most varieties have originated
either as open-pollinated selections of Allahabad Safeda

Therefore, at present, many commercial cultivars are
deficient in one or more desirable trait(s) in combina-
tions for compact canopy and branching, thick pulp, firm
fruit, small seed core with soft seeds, extended shelf life,
and resistance to major biotic (nematodes, guava wilt,
and fruit fly) as well as abiotic [7, 15-17] stresses. More-
over, the majority of Indian varieties are named after fruit
shape, skin colour, or pulp colour, while others are named
after their region of origin [18]. Therefore, the Indian
guava industry urgently requires novel genetic resources
to meet the rising demand of the guava industry and to
characterize the existing guava germplasm to develop
a comprehensive descriptive database, as considerable
ambiguity exists regarding the varietal/germplasm clas-
sification and nomenclature of different guava genotypes.
Strengthening guava germplasm through augmentation,
conservation, detailed characterization, and effective uti-
lization in breeding programs is essential to ensure sus-
tainable guava production.

Efficient characterization of germplasm is the first
step in the genetic improvement program for any crop
species. Various methods have been employed for the
efficient characterization of guava germplasm, among
which morphological characterization is considered
one of the simplest and easiest [19]. The DUS (Distinct-
ness, Uniformity, and Stability) testing guidelines estab-
lished by the PPV&FR (Protection of Plant Varieties
and Farmers’ Rights) authority in India and by UPOV
(International Union for the Protection of New Vari-
eties of Plants) internationally outline the procedures
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for detailed characterization of guava germplasm [20].
These descriptors were constructed from a set of mor-
phological parameters and appropriate scales to catego-
rize guava germplasm and facilitate efficient germplasm
management. The various morphological parameters,
supplemented by taxonomic information, provide a true
map of the phenotypic diversity in guava germplasm [21,
22]. Although both quantitative and qualitative mor-
phological traits, such as those related to the fruit, seed,
leaf, and overall plant characteristics, can aid in identi-
fying closely/distantly related guava germplasm. How-
ever, these are often insufficient for precise identification
since the environmental variables mostly influence the
morphological traits and have pleiotropic effects, epi-
static interactions [23]. Additionally, biochemical param-
eters include primary metabolites (such as sugars, amino
acids, proteins, and organic acids), secondary metabolites
(like phenolics, flavonoids, alkaloids, and terpenoids),
enzymes and isoenzymes, as well as plant pigments

Table 1 The details of the guava genotypes undertaken for the
morpho-biochemical characterization
Exotic/ USDA introduced guava genotypes

1.S. Patillo 10.S. Ka Hua Kula 19.S. Portugal
2.5.Khao Niyom 11.S. Beaumont 20. All Time Guava
3.5.157 12.S. Poamoho Pink 21. Psidium
genotype 8
4.S.HPSI41 13. Psidium 22.S.Ruby X
genotype 4 Supreme
5.S.Golden 14.5.N90-53 30. Thai Pink
6.5.Kona 1 15.S. Klom Toonklao 39.Thai 7
7.S. Waiakea 16.S. Less Seed Guava  41.Thai Guava
8. Psidium 17. Psidium
genotype 14 genotype 6
9.S. Fan Retief 18. Psidium genotype 7
Indigenously developed/ identified guava Wild guava

genotypes

23. Psidium 35. Psidium genotype
genotype 15 10

species/genotypes
48. Psidium molle

24. Psidium 36. Hisar Surkha 49, Psidium pumilum
genotype 16

25. Super Guava 37. Purple Guava 50. Psidium

guineense

26. Psidium 38. Lalima 51. Psidium
genotype 13 genotype 18

27. Psidium 40. Dhawal
genotype 9

28. Punjab Apple 42. Psidium

genotype 11

29. Arka Kiran
31.Shweta
32. Hisar Safeda
33. Punjab Kiran 46. Lalit
34. G-Vilas 47. Punjab Pink

*S indicated the particular guava genotype derived as seedling

43. Allahbad Safeda
44, Pant Prabhat
45.1-49
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(including chlorophylls, carotenoids, and anthocyanins)
offer systematic characterization of germplasm and
more reliable since they are relatively less affected by the
environmental factors [24, 25]. Therefore, in the pres-
ent investigation, both morphological and biochemical
parameters were included to systematically characterize
the globally collected guava germplasm (Psidium spp.).

Materials and methods

The present study was undertaken on 51 diverse guava
germplasm, comprising 22 Indian cultivars, 25 exot-
ics/USDA introduction, and four wild Psidium species
(Table 1). Among these, exotic germplasm was collected
from the United States Department of Agriculture
(USDA), Hilo (Hawaii, USA), through the Indian Coun-
cil of Agricultural Research (ICAR)-National Bureau
of Plant Genetic Resources (NBPGR), New Delhi,
India, under standard germplasm exchange protocols.
Whereas, Indigenous cultivars and wild accessions were
maintained in the field gene bank of Division of Fruits
and Horticultural Technology (FHT), ICAR-Indian Agri-
cultural Research Institute (IARI), New Delhi, following
recommended package of practices. All guava genotypes
were established in 2019 in the experimental orchard
of the Division of Fruits and Horticultural Technology,
ICAR-IARI, New Delhi (28.40°N, 77.10°E). The taxo-
nomic identity of the germplasm, including wild Psidium
species, was confirmed by Dr Amit Kumar Goswami and
Dr Chavlesh Kumar, using morphological descriptors and
authenticated reference materials. The collected guava
genotypes were evaluated using 49 morpho-biochem-
ical parameters during the winter season fruiting (Mrig
bahar) of 2024, and their data were recorded as follows:

Morphological traits

In the present investigation, a total of 37 qualitative and
quantitative morphological parameters were recorded,
including 17 fruit and seed, 17 leaves, and 3 tree/branch
attributes. The details of qualitative and quantitative
traits, along with their descriptions, are presented in Sup-
plementary Tables 2a, 2b, 4, and 5. The qualitative param-
eters were performed based on the Guava Descriptor
developed by the Protection of Plant Varieties and Farm-
ers’ Rights Authority (PPV & FRA) [26], Government of
India, New Delhi, and UPOV, 1987 (International Union
for the Protection of New Varieties of Plants). For quan-
titative parameters, 15 leaves and fruits were randomly
selected to record the data. The leaf and fruit size (length
and width) and pulp thickness were measured using
a digital Vernier calliper (Themisto, Model: TH-M61,
India), and their mean values were expressed in centime-
ter (cm). Fruit weight (g) was measured using a weighing
balance (Citizen Scale Pvt. Ltd., India). The fruit peel and
pulp colour were recorded by using Royal Horticultural
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Society (RHS) colour chart and the visual colour of fruit
and pulp was assessed using a Hunter Lab colorimeter
(model Labscan XE) in Hunter ‘L¥ (lightness), ‘a® (red-
ness and greenness) and ‘b* (yellowness and blueness)
are coordinates, Lekshmi et al., [27]. Total colour differ-
ence (TCD) was calculated using L* a* and b* values as
following equation:

TCD = [(AL*)2 + (Aa*)2 + (Ab*)2]

N =

Where, AL* Aa* and Ab* represent the difference in L*
a* and b* values at a particular interval from the respec-
tive initial values.

Biochemical parameters

A total of 12 biochemical parameters were analyzed,
including total soluble solids (TSS), titratable acidity
(TA), TSS/TA, ascorbic acid (ASC), total phenolics con-
tent (TPC), total flavonoids content (TFC), total carot-
enoids, lycopene, antioxidants activities (FRAP & DPPH),
and sugars (total and reducing). For the analysis of bio-
chemical compounds, the fruits were harvested at com-
mercial maturity. Five fruits were picked, wrapped in
aluminum foil, and brought to the laboratory just after
harvest and subjected to the analysis. Parameters like
TSS, TA, lycopene, and carotene were determined from
the fresh fruits; the remaining samples were properly
labelled and stored at —80 °C in a deep freezer until the
estimation of other parameters.

Total soluble solids (TSS)

The TSS was measured in pulp juice using a digital
refractometer (MA871; Milwaukee, Romania). A drop of
guava juice was placed on the prism of the refractometer,
and the reading was expressed in Brix.

Titratable acidity (TA)

The titratable acidity was determined using the stan-
dard procedure [28]. A total of 2.0 g of fruit pulp was
crushed with double-distilled water, and the final volume
was adjusted to 20.0 mL. The mixture was filtered using
Whatman filter paper No. 1, and 10.0 mL of filtrate was
titrated against 0.1 M NaOH (ACS grade) using phenol-
phthalein indicator (ACS grade) until a pale pink colour
was developed. The titratable acidity (%) was calculated
as citric acid equivalent, using the following formula:

_ Titrate x_Normality of alkali x_Volume made up x_Equivalent weight of acid x 100

Titratable acidity (%
itratable acidity (%) V (aliquot taken) x W (sample) x 1000

Where the equivalent weight of acidity for citric acid was
0.0064, V (aliquot)=10 mL, and W (sample)=2 g. The
TSS/TA ratio was calculated from the obtained data.
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Total phenolics content (TPC)

The total phenolics content (mg GAE/100 g FW) in guava
pulp was assayed using the Folin—Ciocalteu colourimet-
ric technique, as outlined by Singleton et al. [29]. For
each sample, 1 g of pulp was crushed using a mortar and
pestle into 80% ethanol (v/v). The extract was then centri-
fuged at 10,000 x g for 20 min (Sigma 3-18 K centrifuge,
Germany). A 100 puL supernatant and 2.9 mL of double-
distilled water were added, along with 0.5 mL of AR grade
0.2 M Folin—Ciocalteu reagent. After allowing the mix-
ture to stand at room temperature for 10 min, 2 mL of
a 20% (m/V) sodium carbonate solution (AR grade) was
added. The mixture was thoroughly blended and incu-
bated for 30 min at room temperature. The absorbance of
the resulting dark blue complex was then recorded at 760
nm using a UV-visible spectrophotometer (GENESYS;
Thermo Fisher Scientific). A calibration curve was pre-
pared using AR-grade Gallic acid monohydrate standard
(100 pg/mL water).

Total flavonoids content (TFC)

The total flavonoids content (mg QE per 100 g) of the
guava pulp was estimated by a calorimetric method using
the aluminium chloride reagent and quercetin as stan-
dard [30]. A volume of 1 mL of properly diluted extract/
supernatant, which was previously prepared for TPC
estimation in 80% ethanol, is mixed with 1.4 mL of dou-
ble-distilled water and 0.3 mL of AR grade NaNO, (5%
m/V). Additionally, 0.3 mL of AR-grade AICl; (10% m/V)
was added 5 min later and allowed to react for another
6 min. After that, 2.0 mL of 1 M NaOH solution (ACS
grade) was added. The resultant mixture was diluted
to make a total volume of 5 mL with double-distilled
water. The solution was thoroughly mixed, and its absor-
bance was measured using a UV-vis spectrophotometer
(GENESYS; Thermo Fisher Scientific, Waltham, MA,
USA) at 510 nm wavelength. Standard quercetin solu-
tions (AR grade) with varying concentrations (0, 10, 25 &
50 ppm) were prepared for making the calibration curve, and
absorbance was recorded in the same manner at 510 nm.

Ascorbic acid

The ascorbic acid concentration was determined using
the AOAC method [31] with a minor modification. A
total of 2.0 g fresh guava pulp was taken and crushed
with 20 mL of 3% metaphosphoric acid (laboratory
reagent grade). Then, 5mL aliquot of the metaphospho-
ric extract was titrated with the standard solution of 2,
6-dichlorophenol-indophenol dye (AR grade) until the
endpoint appeared as a light pink colour, which persisted
for 15 s. The dye was standardized with the standard AR
grade ascorbic acid (w/v), and the ascorbic acid content
was calculated in mg/100 g fresh fruit pulp.
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0.5
Dye Factor (DF) = Tit
itre

Ascorbic acid content in fresh fruit pulp was calculated
using the following formula.

Ascorbic acid (ing/100 g pulp)
= (DF x Titre value)
Volume made (mL)

100
X Aliquot volume (mL) x Sample weight (g) %
DPPH-radical scavenging activity
The 2,2-diphenyl-2-picrylhydrazyl (DPPH) radical-

scavenging activity was measured using the procedure
outlined by Brand-Williams et al. [32], with a few modi-
fications. The extraction was performed using the same
procedure as TPC, and the supernatant (0.1 mL) was
mixed with 2.9 mL of DPPH solution, prepared from
0.06 mM of DPPH (analytical standard, 95.2%) dissolved
in 80% (v/v) methanol. The absorbance of the reaction
mixture was measured using a UV-Vis spectrophotom-
eter (GENESYS; Thermo Fisher Scientific, Waltham, MA,
USA) at 517 nm after incubation in the dark for 30 min.
The final radical scavenging activity was expressed as the
percentage inhibition of DPPH radicals using the follow-
ing formula:

DPPH (%) — Absorbance of control — Abservance of reaction mixture

Abservance of control x 100

FRAP-Ferric reducing antioxidant potential

The total antioxidant capacity of guava pulp in the dif-
ferent guava genotypes was estimated using the FRAP
method described by Benzie and Strain [33]. The FRAP
reagent was prepared freshly before use by using 25 mL
of AR-grade acetate buffer (300 mM, pH 3.6), 2.5 mL of
AR-grade 2,4,6-tripyridyl-s-triazine TPTZ solution (10
mM TPTZ in 40 mM HCI), and 2.5 mL of AR-grade fer-
ric chloride (FeCl3.6H20) solution (20 mM) in a 10:1:1
ratio. The supernatant (0.1 mL) from the fruit extracts
was incubated with 3 mL of FRAP reagent (10:1:1 ratio)
for 30 min in the dark. Readings of the coloured prod-
uct [ferrous tripyridyltriazine complex] were then taken
at 593 nm using a UV-vis spectrophotometer (GENE-
SYS; Thermo Fisher Scientific, Waltham, MA, USA). The
FRAP was determined using the appropriate formula,
and the results were reported as micromoles of Trolox
equivalents (UM TE) per g of fresh pulp weight (FW).

FRAP (WM TE/¢g)
_ OD of sample x Volume make up (mL) x Dilution factor

1.2 x Weight of sample
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Total carotenoids and lycopene contents

The total carotenoids and lycopene contents in guava
pulp were estimated using the methods described by
AOAC [34]; Prasad et al. [35] and Pasupuleti & Kulkarni
[36]; Akter et al. [37], respectively. For the analysis, 2 g of
guava pulp were homogenised in 20 mL of acetone (AR
grade, > 99.5% purity) to ensure complete extraction of
pigments until the residue turned colourless. The homog-
enized carotenoid pigments were extracted into petro-
leum ether (10-15 mL; AR grade, boiling range 40—60
°C), and 2 g of anhydrous sodium sulphate (AR grade)
was then added to facilitate pigment separation, and
the final volume was adjusted to 50 mL. The absorbance
measurements were taken using a UV-Vis spectropho-
tometer (Model: GENESYS; Thermo Fisher Scientific) at
452 nm for total carotenoids and 503 nm for lycopene,
with pure petroleum ether as the blank. The concentra-
tions were calculated separately and expressed as milli-
grams per 100 g of fresh weight (mg/100 g FW).

Total carotenoids (mg/100g)
3.8 x OD of sample x Volume made up (mL) x 0.1
N Weight of sample

Lycopene content (mg/100g)
~3.1206 x OD of sample x Volume make up (mL) x 100
o 1 x Weight of sample x 1000

Total and reducing sugars

Total and reducing sugars were estimated by the Lane
and Eynon titrimetric method [38], where 25 g of guava
pulp was homogenized, cleaned with lead acetate and
potassium oxalate, diluted to 250 mL with double-dis-
tilled water, filtered, and titrated against Fehling’s A and
B solutions (AR grade) using methylene blue as an indica-
tor. Total sugars were determined by hydrolyzing 25 mL
of the filtrate with concentrated HCl for 30 min, neutral-
izing with NaOH (ACS grade), and titrating under the
same conditions. Results were expressed as % fresh pulp
weight based on the Fehling’s factor.

Fehlings s factor x Dilution Factor x 100

Total %) =
otal sugars (%) Titre volume x Weight of sample (g)

Reducing sugars (%)
_ Fehlings s factor x Dilution Factor x 100 x 100
~ Titre volume x Weight of sample (g) x 50

Statistical analysis
ANOVA was determined for each quantitative mor-
phological and biochemical parameters for the guava
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germplasm using SAS package [39]. The frequency dis-
tributions of each qualitative morphological parameter
were prepared in Excel 12. Further, the datasets were
used for principal component analysis, Pearson’s correla-
tion coefficient, cluster analysis, and cluster plot analysis
in RStudio. Ver. 4.5.0.

Results

Characterization is the first step in the systematic and
meaningful utilization of germplasm; therefore, in the
present investigation, morpho-biochemical parameters
were taken into consideration to assess genetic diversity
among the collected guava germplasm. The findings of
the present investigation are given hereunder, following

the sub-heads.
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Qualitative morphological parameters

The investigated guava genotypes showed significant
variation for the studied morphological parameters
(Table 2 & Supplementary Table 4). The branch habit
varied from drooping to erect, with the maximum (36
No.) genotype having spreading branches, while only
three genotypes (S. Portugal, Super Guava, P molle)
had drooping branches. Similarly, the outer bark colour
showed the maximum frequency for light-green (22
No.) and the minimum for whitish (14 No.). The young
shoots were green in most of the guava genotypes (36
No.), whereas it were red in three genotypes (Purple
Guava, Lalit, P pumilum). Ovate leaf shape showed the
maximum frequency (17 No.), while the minimum was
for obovate (6 No.) and oblong (7 No.); similarly, the tip

Table 2 Frequency distribution of the studied qualitative morphological parameters amongst studied guava genotypes

Parameters 1 2 3 4 5 6 7
Tree: attitude of branches Erect (12) Spreading (36) Drooping (3)
Bark colour Whitish (14) Creamy (15) Light green (22)
Young shoot: colour of stem Green (36) Green with red Dark red (3)

streaks (12)
Leaf: shape Ovate (17) Obovate (6) Oblong (7) Lanceolate Oblanceolate

(10) (11)

Leaf: shape of tip Apiculate (1) Acute (21) Obtuse (23) Rounded (6)
Leaf: shape of base Obtuse (11) Rounded (20) Cordate (20)
Petiole orientation Twisted (32) Straight (19)
Leaf: twisting Absent (21) Present (30)
Young leaf: anthocyanin coloration Absent (34) Present (17)
Leaf: variegation Absent (51) Present (0)
Leaf: colour Green group (50)  Greyed red Purple

m
Leaf: pubescence on lower side Sparse (43) Dense (8)
Colour of lamina Green (21) Light green (15) Dark green (15)
Lamina thickness Thin (12) Intermediate (23)  Thick (16)
Leaf lamina pubescence Absent (9) Sparse (17) Medium (2) Dense (15) Very dense (8)
Colour of leaf during winter Pink (1) Red (13) Coppery (23)  BrickRed (10)  Brown (4)
Fruit Shape at stalk end Broadly rounded Rounded (21) Truncate (2) Pointed (8) Necked (6)

(14)

Fruit prominence of neck Absent (40) Present (11)
Fruit relief of surface Smooth (36) Rough (15)
Fruit longitudinal ridges Absent (37) Present (11) Prominent (3)
Fruit longitudinal grooves Absent (47) Present (4)
Fruit puffiness Absent (49) Present (2)

Fruit ridged collar around calyx

Inconspicuous (47)

Conspicuous (4)

cavity
Peel colour Yellow-Green Yellow Group (28)  Red-Purple
Group (22) Group (1)
Pulp colour White Group (25)  Red Group (19) Orange-Red Orange-White Grayed-Red  Yellow-  Red-
Group (1) Group (2) Group (2) Orange  Purple
Group (1)  Group (1)

Numbers in parentheses indicate the number of genotypes falling under each category of studied morphological parameters
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shapes were predominantly obtuse (23 No.), and only a
single genotype, P. guineense, had a unique apiculate leaf
tip shape. The maximum frequency of leaf-base shapes
was rounded and cordate (20 No. each), and the mini-
mum (11 No.) was for obtuse (Fig. 1). Moreover, other
notable patterns: variegation was absent in all genotypes,
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anthocyanin appearance on young leaves occurred only
in a few cultivars (e.g., Punjab Apple, Purple Guava), lam-
ina colour was mainly green, lamina thickness was mostly
intermediate, and lamina pubescence ranged from none
to very dense.

Fig. 1 Variations in leaf morphology of diverse guava genotypes (The serial numbers of the leaf images follow the serial number of guava genotypes

presented in Table 1)
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The present study revealed the substantial diversity in
respect of fruit-related parameters, such as fruit shape at
the stalk end, having five categories, with the maximum
frequency of rounded (21 No.), the minimum of truncate
(2 No.), and only 11 genotypes had a prominent neck.
Similarly, fruit surface frequency was predominantly
smooth (36 No.) versus rough (15 No.); longitudinal
ridges were absent in 37, present in 11, and prominent
in three guava genotypes, and the longitudinal grooves
occurred only in four guava genotypes (Fig. 2; Table 2 &
Supplementary Table 5). Further, the peel colour spanned
from yellow (28 No.) to yellow-green (22 No.), and only
Purple Guava had a unique purple-colour peel. The maxi-
mum frequency was observed for white pulp colour (25
No.), while the minimum was observed with one geno-
type each for orange-red, yellow-orange, and red-purple
pulp colour (Fig. 3 & Supplementary Table 5).

Quantitative morphological parameters
The evaluated guava genotypes expressed substantial
variability in quantitative morphological traits (Supple-
mentary Table 2a & 2b). The leaf-related traits, viz., leaf
blade length, leaf blade width, leaf shape index, and peti-
ole length, had coefficient of variation (CV) greater than
9.8%, indicating considerable diversity among the geno-
types, with the highest CV observed for petiole length
(20.32%; Table 3). The leaf blade length was recorded
in the range of 5.57-17.17 cm and width 2.07-7.90 cm,
with the minimum length and width observed in the
wild species P. pumilum, while the maximum length was
recorded in S. Patillo and width in S. Ruby x Supreme.
The leaf shape index also varied from 1.56 to 2.69, with a
maximum in P pumilum, which was at par with Shweta
(2.68 cm), while the minimum was measured in P
guineense. However, the petiole length ranged from 0.17
to 0.77 cm; P pumilum had the shortest length, and Psid-
ium genotype 11 and S. Ruby x Supreme had the longest.
Fruit-related parameters such as fruit length, width,
weight, pulp thickness, calyx diameter, and fruit peel and
pulp colour are important traits for the consumer pref-
erence; therefore, these parameters are valuable for the
development of novel guava genotypes. The CV values
for most of the fruit-related parameters exceeded 20%,
indicating high genetic diversity; however, the fruit shape
index and fruit width exhibited lower CVs (13.26 and
18.16%, respectively), suggesting relatively moderate vari-
ability for these traits (Table 3). Fruit length and width
varied widely, 2.77-9.48 cm and 2.68-8.84 cm, respec-
tively; the smallest values were observed in wild species
P. molle, while the largest value was recorded in Psidium
genotype 16 and S. N90-53, respectively (Supplementary
Table 2a). However, the fruit shape index varied widely,
ranging from 0.82 to 1.38. The highest fruit weight was
observed in S. N90-53 (379 g), which was comparable
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to Psidium genotype 16 (330.0 g); and the lowest fruit
weight was recorded in P. molle (11.67 g). The total colour
difference of peel and pulp was observed, which varied
from 47.40 to 88.65 and 51.37-85.53, respectively; the
lowest peel and pulp colour difference was observed in
Purple Guava, while the highest was in Thai Guava and S.
Less Seed Guava, respectively. Pulp thickness and calyx
cavity diameter also showed significant variation, the
maximum pulp thickness 2.62 cm, was observed in Psid-
ium genotype 16, which was statistically at par with S.
N90-53 (2.43 cm), while it was thinnest in wild species P,
molle. The maximum calyx cavity 2.47 cm was observed
in Arka Kiran, and was noticed<1.00 cm in only four
genotypes (Supplementary Table 2b).

There was a significant difference in seed-related
parameters (weight, size and count/number) among the
studied guava genotypes (Supplementary Table 2b). The
seed count per fruit ranged from 30 (P, guineense) to 463
(S. Poamoho Pink), with S. Golden and S. Fan Retief hav-
ing very high counts, while S. HPSI41 (80) and Psidium
genotype 18 (86) genotypes proved low seeded. Further-
more, the ratio of seed number per fruit-to-fruit weight
was highest in the wild species P pumilum (12.67), while
it was lowest in Psidium genotype 16 (0.39), followed by
S. N90-53 (0.41) and S. HPSI41 (0.46). Seed weight per
fruit ranged from 0.33 g in S. HPSI41 to 4.30 g in Thai
7. The seed weight of the majority of the indigenously
developed guava genotypes ranged between 1.00 and
3.00 g, whereas it was 1.4 to 3.5 g in exotic genotypes
(USDA). Seed size (length and width) showed a signifi-
cant variation, with maximum guava genotypes having
length>3.5 mm, and ranged from 3.07 mm (P. molle)
to 591 mm (S. 157). Similarly, the seed width ranged
from 2.32 mm (Psidium genotype 14) to 3.90 mm (P
guineense). The maximum seed hardiness was observed
in genotype P. guineense (17.41 kg/cm®), while the soft-
est seed was noticed in S. Poamoho Pink (6.26 kg/cm?),
followed by Psidium genotype 10 (6.32 kg/cm?). The coef-
ficient of variation (CV) of these seed-related param-
eters ranged from 12.18 to 88.96%, indicating substantial
diversity among the studied guava genotypes.

Summary statistics of the biochemical parameters

The evaluated guava genotypes exhibited substantial
variability for their biochemical parameters (Supple-
mentary Table 3). The biochemical parameters, viz.
TSS, titratable acidity, TSS/TA ratio, total sugars, reduc-
ing sugars, ascorbic acid, total phenols, total flavonoids,
FRAP, DPPH, total carotenoids, and lycopene had coef-
ficient of variation (CV) ranging from 2.71 to 99.08,
indicating moderate to high diversity in the studied set
of guava genotypes. The highest TSS was recorded in
Psidium genotype 18 (14.77 °Brix), followed by S. HPSI41
(12.83 °Brix) and Psidium genotype 10 (12.17 °Brix),
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Fig. 2 Variations in fruit morphology of div guava genotypes (The serial numbers of the fruit images follow the serial number of guava genotypes
presented in Tab\e 1)
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Fig. 3 Variations in fruit pulp colour of diverse guava genotypes (The serial numbers of the fruit pulp images follow the serial number of guava genotypes

presented in Table 1)

while the lowest was observed in S. Fan Retief (8.13
°Brix). The highest fruit acidity (1.60%) was recorded
in the wild genotype P guineense, followed by S. Fan
Retief (1.41%), Psidium genotype 6 (1.40%), and S. Ka
Hua Kula (1.34%); although the lowest in Psidium geno-
type 15(0.25%), which was statistically at par with Super
Guava (0.26%). The Psidium genotype 15 had the highest
TSS/acid ratio (50.19), followed by Super Guava (43.62),

S. Ruby x Supreme (42.97), and was lowest (5.75) in S.
Fan Retief. Ascorbic acid was found to be the highest in
S. Ka Hua Kula (338.93 mg/100 g FW), followed by Arka
Kiran (279.67 mg/100 g FW), and the lowest content was
observed in Thai Pink (72.67 mg/100 g FW). Total sug-
ars content in fruit ranged from 5.41 to 10.21%, with the
highest in Psidium genotype 18(10.21%), followed by S.
HPSI41 (9.34%), and the lowest (3.20%) in S. Fan Retief.
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Table 3 Descriptive statistics for the morpho-biochemical characters in the studied guava genotypes

S. No. Parameters Min Max Mean LSD (p<0.05) CV (%)
1 Leaf: ength (cm) 557 1717 12.97 0.82 15.15
2 Leaf: width (cm) 207 7.90 5.92 049 15.99
3 Leaf: length/width 1.56 2.69 221 0.19 9.82
4 Petiole length (cm) 0.17 0.77 0.54 0.16 20.32
5 Fruit length (cm) 278 9.48 6.64 0.73 20.75
6 Fruit width (cm) 2.68 8.84 6.40 0.60 18.16
7 Fruit: length/ width 0.82 1.38 1.04 0.09 13.26
8 Fruit weight (g) 11.67 379 162.13 17.34 4533
9 Pulp thickness (cm) 0.30 262 1.60 017 27.21
10 Calyx cavity diameter (cm) 0.70 247 1.55 013 2252
1 TCD of Peel 4740 88.65 80.79 1.23 9.10
12 TCD of Pulp 5137 85.53 76.41 122 10.01
13 Seed weight/ fruit (g) 033 430 212 057 37.99
14 Number of seeds/fruits 30.67 46333 283.84 63.66 3478
15 Seed number/fruit weight 039 1267 230 0.76 88.96
16 Seed length (mm) 3.07 591 3.78 0.87 12.18
17 Seed width (mm) 232 3.90 2.89 043 13.59
18 Seed hardiness (kg/cmz) 6.26 1741 10.18 0.44 26.16
19 TSS (° Brix) 8.13 14.77 10.85 1.16 10.79
20 Titratable acidity (%) 0.25 1.60 0.50 0.09 63.01
21 TSS/TA ratio 575 50.19 27.02 7.09 39.02
22 Total sugar (%) 541 10.21 772 0.62 12.68
23 Reducing sugar (%) 3.17 5.65 429 0.51 12.82
24 Ascorbic acid (mg/100g) 7267 33893 165.52 10.92 36.93
25 Total phenolic (mg GAE/100 g) 117.93 449.63 28863 9.09 2622
26 Total flavonoid (mg QE/ 100 g) 54.99 24277 159.69 13.92 3043
27 FRAP (u MTE/qg) 7.74 20.69 13.28 1.06 23.04
28 DPPH-radical scavenging activity (%) 85.72 9847 93.24 197 2.71
29 Carotenoid (mg/100g) 048 10.66 3.03 0.38 99.08
30 Lycopene (mg/100g) 0.59 9.97 4.72 0.30 5243

Where: Max Maximum, Min Minimum, LSD Least Significant Difference, CV Coefficient of Variation

However, the maximum reducing sugars were observed
in Psidium genotype 18(5.65%), which was at par with
Thai 7 (5.27%), while it was lowest in S. Ka Hua Kula
(3.17%).

Total phenolics content (TPC) and total flavonoids
content (TFC) are the indicators of antioxidants potential
of guava fruits, showing substantial variation from 117.93
to 449.63 mg GAE/100 g FW phenols in S. Poamoho Pink
and Psidium molle, respectively; and 54.99 to 242.77 mg
QE/100 FW flavonoids in S. N90-53 and Punjab Kiran,
respectively. The DPPH and FRAP assays revealed anti-
oxidants activity; the highest DPPH scavenging activity
was assayed in Punjab Kiran (98.47%), which was statis-
tically comparable to Psidium genotype 7 (97.93%) and
the lowest was observed in Super Guava (85.72%). How-
ever, the genotype Arka Kiran had the highest FRAP
antioxidant activity (20.69 pM TE/g FW), followed by
Dhawal (19.24 uM TE/g FW), which was at par with S.
Ka Hua Kula (18.45 pM TE/g FW), while the lowest in
S. Beaumont (7.74 pM TE/g FW), which was statisti-
cally similar lwith Thai Pink (7.79 uM TE/g FW). Total

carotenoids content was noted highest in S. Ka Hua Kula
(10.66 mg/100 g), followed by Arka Kiran (9.56 mg/100 g
EW), Psidium genotype 7 (9.13 mg/100 g FW), and Pun-
jab Pink (8.85 mg/100 g FW), although it was recorded
lowest in Psidium genotype 4 (0.48 mg/100 g), and a high
CV of 99.08% was observed for this parameter (Table 3).
Regarding lycopene content, of the 51 genotypes, 22 were
pink-fleshed and were included in the lycopene assess-
ment. The highest lycopene content was observed in S.
Ka Hua Kula (9.97 mg/100 g), followed by Arka Kiran
(8.70 mg/100 g), which was statistically at par with Psid-
ium genotype 7 (8.07 mg/100 g) while the lowest value
was recorded in Purple Guava (0.59 mg/100 g), followed
by S. N90-53 (1.64 mg/100 g).

Principal component analysis

Principal component analysis (PCA) was employed to
assess the relative contributions of 18 morphological
and 12 biochemical parameters toward overall variability
among guava genotypes. Of the 30 principal components
(PCs), nine had eigenvalues greater than 1.0, and together
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explained 80.54% of the total morpho-biochemical varia-
tion. Each PC accounted for a specific proportion of vari-
ance, with the first component capturing the largest share
(22.10%), followed by successive components describ-
ing progressively smaller proportions. The first five PCs
alone accounted for 61.82% of the total variation (Table 4;
Fig. 4). The variables with the strongest contributions to
each component (eigenvalues > 0.5), as suggested by Wu
et al. [40], were considered significant and are highlighted
in bold. The PC1 was strongly and positively associated
with fruit morphological traits, particularly fruit width
(0.91), fruit weight (0.84), pulp thickness (0.85), fruit
length (0.77), calyx diameter (0.71), Leaf length (0.65),
and leaf width (0.58); explaining 22.1% of the total varia-
tion. In contrast, seed number per fruit (—0.79) showed

Table 4 Eigenvalues, variance (%) and cumulative variance (%)
for five principal components axes from the PCA of morpho-
biochemical parameters in the studied guava genotypes
Principal component

Parameters

Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

TSS 0.31 -0.69** 025 0.24 0.12
TA -0.46 0.51** -044 0.18 -0.01
TSSTA 044 -0.64** 039 -0.06 -0.17
TSC 044 -0.70 0.25 0.25 0.06
RSC 046 -0.65%* 021 0.18 0.03
ASC 0.15 0.24 0.09 0.60** 0.23
TPC -0.40 -0.11 -0.55%* 024 0.31
TFC -0.34 -0.21 -0.23 0.09 041
FRAP 0.15 0.08 0.10 037 037
DPPH 0.03 0.17 -0.02 037 0.13
Carotenoid -0.01 0.55%** 043 0.51** -0.14
Lycopene -0.02 0.57** 041 0.52** -0.14
Fruit_length 0.77** 042 -0.10 0.08 0.25
Fruit_width 0.91**  0.09 0.04 -0.07 0.08
Fruit_L/W -0.01 0.58** -0.16 0.23 032
Pulp_thickness 0.86** 0.00 -0.13 0.03 -0.10
Calyx_diameter 0.72 -0.06 0.15 0.13 0.09
Fruit_weight 0.84** 0.21 -0.17 -0.14 0.09
TCD_Peel 0.19 -0.01 -0.17 -0.33 041
TCD_Pulp 0.18 -0.30 -042 -047 039
Leaves_Length 0.66** 037 0.12 -0.12 -0.04
Leaves_width 0.58** 043 -0.19 -0.20 -0.28
Leaves_L/W -0.03 -0.16 0.56** 0.14 045
Petiole_length 043 033 -0.01 -0.34 -0.13
Seed_weight/fruit 0.20 0.59** 0.32 -0.34 034
Seed_Number/fruit -0.02 039 0.60** -0.49 0.25
Seed_lengh 032 -0.28 -0.35 0.18 0.20
Seed_width 036 -0.12 -0.47 0.25 -0.27
Seed_hardiness 031 0.07 -0.57** 0.25 0.04
S_No/F_W -0.79** -0.09 027 -0.19 0.11
Eigenvalue 6.63 4.54 3.1 257 1.67
Variance (%) 22.10 15.15 1039 857 55
Cumulative variance (%) 2210 3726 4765 5623  61.82

** Eigenvalues are significant>0.5

Page 12 of 23

a strong negative association. This component, therefore,
primarily represents fruit size and yield-related traits.
The PC2 showed high positive association for lycopene
(0.57), total carotenoids (0.55), fruit length/width ratio
(0.58), and seed weight/fruit (0.59), However the nega-
tive associations were observed for TSS (-0.69), TSS/
TA ratio (—0.64), TSC (-0.70), and RSC (-0.65); explain-
ing 15.2% of the total variation. Thus, PC2 captures a
contrast between fruit quality (sugars, TSS, sweetness
index) versus fruit pigment parameters (lycopene, total
carotenoids). Component PC3 was positively influenced
by seed-related traits such as seed number (0.60) and
leaf length/width ratio (0.56), whereas strong negative
loadings were recorded for seed hardiness (-0.57), total
phenolics (-0.55), and seed width (-0.47), and accounted
for 10.39% of total variation. Component PC4 was pri-
marily associated with ascorbic acid (0.60) and explained
8.54% of the total variation. Moreover, PC5 explained
an additional 5.5% of the variability through moder-
ate positive contributions from total flavonoids (TFC,
0.41), total phenolics (TPC, 0.31), leaf traits (leaves L/W,
0.45), and seed weight per fruit (0.34). Negative loadings
were noted for fruit sugars components and seed width.
Hence, the morpho-biochemical parameters could effec-
tively explain the existing variability among the studied
guava genotypes.

Bi-plot analysis

The Principal Component Analysis (PCA) biplot illus-
trates the relationships among the studied guava geno-
types and the measured parameters, were distributed
throughout all four quadrants of the biplot, indicating
high morpho-biochemical diversity (Supplementary
Fig. 1). The horizontal axis (Dim1) explains 22.1% of the
total variation, while the vertical axis (Dim2) explains
15.2%, together accounting for 37.3% of the variability
in the dataset. In this biplot, parameters such as fruit
weight, fruit length, fruit width, and pulp thickness clus-
ter together, showing strong positive correlations; and
the guava genotypes, Psidium genotype 16, Thai 7, and S.
N90-53 are well aligned with these parameters in the pos-
itive axis of PC1, reflecting more association with higher
fruit weight and pulp thickness. In contrast, lycopene and
total carotenoids are located in opposite directions to
TSS and total sugars content, indicating a negative cor-
relation, which means the guava genotypes having higher
lycopene content such as S. Ka Hua Kula, S. Fan Retief
and Punjab Pink tend to contained lower TSS; however,
the guava genotype with higher TSS such as Psidium
genotype 18, S. HPSI41 and Psidium genotype 15 tend to
have lower lycopene content. Several genotypes, includ-
ing S. Patillo, S. Poamoho Pink, S. Kona 1, and Lalit,
positioned in the upper left quadrant near antioxidant-
related traits (DPPH, ASC, and FRAP) showed a strong
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Dimensions

Fig. 4 Scree plot analysis derived from studied morpho-biochemical parameters in guava genotypes based on first two principal components that ac-

counted for 22.1% (PC1) and 15.2% (PC2) of the total variance

association with antioxidants, reflecting their potential
as bioactive-rich genotypes. However, the genotype P.
molle, P. pumilum and P. guineense clustered distinctly
towards the negative axis of Dim. 1 and in TPC, TFC and
seed number per fruit-to-fruit weight ratio point direc-
tion and also opposite to fruit weight, fruit width and
leaf length in the bottom right quadrant, indicating the
genotype having small fruit weight had higher TPC and
TEC. The guava genotypes, viz. Hisar Surkha, Psidium
genotype 11, and Psidium genotype 10 clustered near
the origin and displayed an intermediate combination
of traits, with no extreme values and balanced expres-
sion of characteristics. Moreover, the distribution of bio-
chemical parameters such as TPC, TFC, lycopene, total
carotenoids, and total sugars content, as well as superior
morphological parameters such as fruit weight, pulp
thickness, and seed number per fruit, aligned in separate
axes reflecting their independent variation, thereby pro-
viding opportunities for the concurrent selection of qual-
ity and functional attributes.

Correlation matrix analysis

Pearson’s correlation analysis revealed significant inter-
relationships among the studied quantitative morpho-
biochemical parameters among the guava genotypes.
Based on the Pearson’s correlation coefficients between
the morpho-biochemical variables, a heat map was

created (Fig. 5 and Supplementary Table 6). The colour
scale moves from blue (negative correlation) to red
(positive correlation); where the pale blue/red colour
indicates weak correlation (-0.30<r<+0.30), dark blue
colour indicates strong negative correlation (r<-0.70)
while the dark red shows strong positive correlation
(r>0.70), with the colour intensity indicating the strength
of association. Statistical significance is indicated by
asterisks (*p<0.05, **p<0.01, ***p<0.001). Fruit weight
exhibited a strong positive correlation with fruit width
(r=0.90***) and fruit length (r=0.84***), and pulp thick-
ness (r=0.78***), indicating that larger fruit dimensions
contributed substantially to overall fruit mass. Similarly,
seed width was positively correlated with seed length
(r=0.47***), while there is no relationship observed
between the seed width and seed hardiness (r=0.28%),
However Number of seed/ fruit was negative correlated
with seed width (r = -0.45***) and seed hardiness (r =
-0.45***), while it was strongly positive correlated with
seed weight (r=0.74***). Leaf length was positively corre-
lated with leaf width (r=0.83***) and positively correlated
with petiole length (r=0.52***), fruit weight (r=0.48***),
fruit length (r=0.55***), and fruit width (r=0.51***),
suggesting that plants with longer leaves tend to pro-
duce heavier fruits. Similarly, the seed number per fruit
to fruit weight ratio is strongly negative correlated with
pulp thickness (r = -0.72***) and negative correlated with
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Correlation Matrix
(Only significant, p<0.05)
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Fig. 5 Simple correlations among the quantitative morpho-biochemical parameters among the guava genotypes (Stronger positive correlations are
shown in deeper red, while negative correlations are indicated by dark blue shades. Significance levels are denoted by asterisks (p <0.05, p <0.01,p <0.001)

fruit width (r = -0.69***), fruit length (r = -0.64***), fruit
weight (r = -0.60***), leaves width (r = -0.55***), leaves
length (r = -0.49***) and seed hardiness (r = -0.41**). This
finding suggests that selecting genotypes with a lower
seed-to-fruit weight ratio holds considerable promise
for improving fruit quality traits. Amongst studied bio-
chemical parameters, total phenolics content (TPC)
showed a significant positive relationship with total fla-
vonoids content (TFC) (r=0.71***), implying coordinated
biosynthesis of phenolics compounds. Conversely, total
soluble solids to titratable acid ratio (TSS/TA) had a sig-
nificant negative correlation with titratable acidity (TA)
(r = -0.84***), reflecting the expected inverse relationship
between sweetness-acidity balance in fruit quality; how-
ever TSS content strong positively correlated with total

sugars content (TSC) (r=0.77***) and negative corre-
lated with titratable acidity (r = -0.41**), showing its sig-
nificance in fruit sensory qualities. A negative significant
correlation was observed between total colour differ-
ence of pulp and lycopene content (r = -0.53***) and total
carotenoid content (r = -0.53***) that revealed genotypes
with a higher pigment may contain lower total colour dif-
ference, moreover the total colour difference of peel is
positively correlated with total colour difference of pulp
(r=0.51***); and a significant strong positive correlation
observed between total carotenoid content and lycopene
content (r=0.89***), indicating that the genotype having
higher lycopene content had also higher carotenoid. The
ascorbic acid content was positively correlated with anti-
oxidants activity DPPH (r=0.41**), and FRAP (r=0.43**),
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which revealed that the guava genotypes with higher
vitamin C content may had higher antioxidants activity.
Interestingly in the present study, we observed that pulp
thickness is negatively correlated with TA (r = —0.46***),
and seed number per fruit is also negatively correlated
with TPC (r = - 0.40**).

Box plots analysis

The standardized boxplot summarizes the distribution
of all evaluated morph-biochemical parameters across
the studied guava genotypes (Fig. 6). The majority of
parameters were centered around zero, with comparable
interquartile ranges, confirming the effectiveness of stan-
dardization. However, the biochemical parameters such
as total carotenoids, FRAP, lycopene, ASC, TFC, TPC,
RSC, TSS, and TSS/acid ratio as well as in majority of
morphological parameters except calyx cavity diameter
and seed number per fruit to fruit weight ratio, exhibited
broader dispersions and a higher frequency of outliers,
indicating moderate to high variability among the stud-
ied guava genotypes. In contrast, the other parameters,
such as DPPH, TA, TSC, and morphological param-
eters, showed relatively narrower distributions, reflect-
ing lower variability. Moreover, the whiskers extend to
the minimum and maximum values, and the parameters
like fruit weight, lycopene, seed number per fruit to fruit
weight ratio, seed length, seed weight per fruit, TA, TSC,
and TSS had several high outliers beyond the whiskers,
elucidating the presence of exceptional genotypes with

Standardized Distribution of All Variables

Standardized Values
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extreme values. In contrast, the other parameters, such as
DPPH, fruit length, fruit weight, leaf length, leaf width,
pulp thickness, seed number/fruit, TCD pulp, and TCD
peel, show several lower outliers beyond the whiskers,
indicating the presence of exceptional genotypes with
lower values. The presence of outliers for certain parame-
ters points to unique genotypes with extreme high or low
values that may offer potential for guava breeding or the
selection of superior genetic resources.

Cluster composition and D? distance matrix analysis

The dendrogram presented herein delineates the mor-
pho-biochemical relationships among diverse guava
genotypes and related species, constructed using the data
from 51 guava genotypes (Fig. 7). The clustering pattern
clearly shows the extent of morpho-biochemical similar-
ity or divergence among the accessions, as indicated by
the vertical scale (Height), where lower joining points
correspond to higher similarity. The dendrogram divided
51 guava genotypes into five major clusters, which are
further simplified into several clades at higher hierarchi-
cal levels. The cluster 1 contained three wild genotypes, P
pumilum, P. molle, and P. guinense, which were distinctly
separated from the main guava group, highlighting their
distant morpho-biochemical relationships. Similarly,
the cluster 4 also contained only three guava genotypes,
two exotic (S. Fan Retief, S. Ka Hua Kula) and one wild
type (Psidium genotype 6), that were markedly separated
from the other three major clusters. In contrast, cluster

o

Variables

Fig. 6 Box plots indicating distribution of morpho-biochemical variables of studied guava genotypes
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Fig. 7 Cluster analysis based on the morpho-biochemical parameters of the studied guava genotypes

Table 5 D’ statistics and genetic distance between clusters

Cluster 1 Cluster2 Cluster3 Cluster4 Cluster5
Cluster 1 0.00 21.85 19.03 29.39 17.63
Cluster2 2185 0.00 9.20 21.16 7.76
Cluster3  19.03 9.20 0.00 19.38 5.15
Cluster4 2939 21.16 19.38 0.00 17.06
Cluster5 17.63 7.76 515 17.06 0.00

2 comprised 7 guava genotypes, cluster 3 comprised 13
guava genotypes, and cluster 5 was the largest, compris-
ing 25 genotypes, including both indigenously developed
and exotic/USDA introductions. These clusters formed
at lower hierarchical distances, suggesting morpho-
biochemical similarity within clusters but considerable
divergence among them. Overall, the majority of guava
genotypes aggregated within three large clusters, reflect-
ing broad morpho-biochemical affinities among the
studied genotypes. The D* distance matrix further cor-
roborated these findings, revealing distinct patterns of
genetic divergence among clusters (Table 5). The cluster
1 exhibited the highest overall divergence from all other
clusters, recording maximum inter-cluster distances
with Cluster 4 (D* = 29.39), Cluster 2 (D* = 21.16), and
Cluster 3 (D* = 19.38), indicating that cluster 1 is geneti-
cally most distinct. Conversely, cluster 3 and cluster 5

showed the least divergence, as evidenced by the low-
est D? value (5.15), indicating a high degree of genetic
similarity between them. Additionally, cluster 2 demon-
strated close affinity with cluster 5 (D* = 7.76) and cluster
3 (D? = 9.20), further confirming the genetic relatedness
among these clusters. Notably, clusters 2, 3, and 5 formed
a cohesive group characterized by low inter-cluster dis-
tances, whereas clusters 1 and 4 were comparatively
more divergent from the rest. These results collectively
provide valuable insights into morpho-biochemical
diversity and relationships amongst the studied guava
genotypes, which could be strategically utilized in breed-
ing programs by selecting genetically diverse parents
from highly divergent clusters to maximize genetic vari-
ability in segregating populations.

Discussion

Morpho-biochemical characterization is crucial for
grouping and distinguishing germplasm of perennial
fruit crops, including jamun [41], jackfruit [42], mulberry
[43], persimmon [44], and guava [45]. In the present
study, tree, leaf, fruit, and seed morphological parame-
ters are extensively used to characterize 51 diverse guava
germplasm. Most of the parameters had potential eco-
nomic importance for high-quality fruit production and
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may serve as cultivar identification tools for evaluating
guava germplasm and as target traits for guava breeders
and growers [46, 47]. Tree architecture is an important
consideration when characterizing guava germplasm
because branch orientation includes a spreading of
canopy with strong angles that reduce breakage and
suit, especially for growing under high-density systems
[48, 49]. In previous studies, the tree growth habit, tree
height, tree volume, and shoot length have been proved
reliable traits for guava germplasm characterization [23,
40-52]. In the present investigation, the guava geno-
types studied showed substantial variation in tree habit,
including branch orientation (from erect to drooping),
bark and young-shoot colour. This prominent variation
indicates useful tree structural diversity, which agrees
with the prior reports of high diversity in Psidium germ-
plasm [53-56] and Kidaha et al. [55] also made selection
in guava germplasm for reducing branch breakage and
decreasing labour intensity when it will be trained in
high-density systems. Moreover, Ran et al. [51] found that
a few guava genotypes, viz., Hisar Surkha and Strawberry
guava had drooping growth habit; Allahabad Safeda,
Hisar Safeda, Banarasi Surkha, Lalit, and Chinese guava
have upright growth; whereas, Patillo, Supreme, Shweta,
and Lucknow-49 showed spreading growth habit, which
was aligned with similar findings by Daulta et al. [57].
Similarly, there was a wide variation in leaf morphology
recorded among the studied guava genotypes. Earlier,
Nikhil et al. [58] used leaf shape, leaf apex shape, leaf base
shape, lamina colour, and petiole orientation for the char-
acterization of guava germplasm. Recently, Gethe et al.
[59] reported the highest leaf length 12.76 cm and width
5.99 cm, the leaf shape from lanceolate to oblanceolate,
the leaf apex shape from rounded to acute, and the leaf
base shape from obtuse to rounded, from the 20 guava
genotypes. In the present study, leaf blade lengths ranged
from 5.57 to 17.17 c¢m, widths from 2.07 to 7.90 ¢cm, and
the length/width ratio varied from 1.56 to 2.69. There
were five distinct leaf-shape classes and significant differ-
ences in petiole length, which ranged from 0.17 to 0.77
cm, along with twisting and leaf pubescence among the
studied guava genotypes. These findings support earlier
studies that reported considerable variation in leaf mor-
phology among Psidium germplasm [51, 54, 56, 58]. The
present study highlights that the maximum leaf length
observed in S. Patillo (17.17 ¢cm) and S. Waiakea (16.13
cm) exceeds the longest leaves reported in previous
surveys, like the 14.9 cm reported by Nikhil et al. [58],
12.76 cm by Gethe et al. [59], and 12.18 ¢cm by Sarkar
and Sarkar [46]. This suggests that these genotypes may
be potential sources of large-leaved plants that could
be valuable for tailoring the development of photosyn-
thetically efficient plants. The significant variation in leaf
and shoot characteristics offers additional markers for
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describing and classifying guava germplasm. These varia-
tions are consistent with earlier findings about pigment
and shoot colour diversity in both cultivated and wild
plants [53, 55, 58, 60]. In this study, the dominance of
intermediate lamina thickness and mostly sparse pubes-
cence on the lower side provides additional criteria for
selecting plants based on texture for pest resistance and
other agronomic traits. These traits were mentioned in
previous studies, Sohi et al. [61] and Gangappa et al. [45].
From a breeding strategy perspective, the observed diver-
sity supports the use of both cultivated and wild plants
to broaden the genetic base and introduce desirable traits
[56, 62]. Specifically, genotypes with a spreading growth
habit and suitable branch angles should be prioritized
to tailor guava genotypes for high-density planting and
improve yield efficiency. Meanwhile, large-leaved types
and those with longer petioles should be evaluated for
their vigour and photosynthetic ability. Rare traits, such
as drooping plants, dark red shoots, and unique winter
pigmentation, are useful for identifying germplasm and
may aid in classifying guava accessions.

The fruit parameters of the 51 guava genotypes stud-
ied, showed the significant variation for fruit length (2.77
to 9.48 cm), width (2.68 to 8.84 cm), and weight (11.67
to 379.0 g), which is consistent with earlier findings by
Delgado et al. [53] and Rajore et al. [50]. Kumari et al.
[56] noted the maximum fruit weight (450.6 g) in the
Thai variant 2 genotype with fruit length (8.21 cm) and
width (7.27 ¢cm), while the minimum was in P pumilum.
Some guava accessions in this study, such as S. N90-53,
Thai 7, and Psidium genotype 16, produced the heavi-
est fruit with the thickest pulp. These traits are noted in
exotic and Thai germplasm, which are valuable for breed-
ing aimed at increasing pulp content and fruit weight [45,
56, 59]. In contrast, wild species like P. molle produced
tiny fruits, which supports descriptions of wild Psidium
often having small fruit but may provide other beneficial
traits [62]. However, fruit size is primarily a varietal trait,
though it can be partly influenced by factors such as total
fruit load on the tree, soil moisture availability, and the
source—sink balance [51, 63]. The fruit surface character-
istics, including relief and longitudinal ridges or grooves,
were consistent with the qualitative fruit trait differences
noted in earlier studies [45, 51, 56]. The colour and shape
of fruits are vital ripening markers, frequently utilized
for cultivar identification [64]. The fruit pulp and peel
colours displayed a wide variability, along with large
total colour difference (TCD) values amongst the studied
guava genotypes. This finding aligns with reports linking
colour variation to differences in composition, such as
carotenoids and lycopene, and consumer preference [45,
61]. Recently, Sharma et al. [23] observed three differ-
ent pulp colours, with pink pulp being prominent among
the six guava cultivars/hybrids; Ran et al. [51] recorded
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peel colour variation from yellowish green to saffron yel-
low, with red spots on some genotypes, such as Shweta.
Moreover, these fruit traits, including large fruit size,
thick pulp, favourable pulp-to-seed ratio, low seed count,
and vibrant pulp colour (TCD), highlight clear targets for
parent selection in breeding programs focused on fruit
quality and processing potential [52, 65].

The current research findings also revealed significant
differences in seed-related traits that align with previous
descriptions of guava germplasm. Several exotic/USDA
introductions showed high seed counts and seed weights,
for example, S. Poamoho Pink with 463 seeds and S.
Golden with 459 seeds. Seed weights range from 4.1 to
4.3 g, higher in Thai 7 and S. Fan Retief. This contrasts
with the very low seed numbers in genotypes P. guineense
(30 seeds) and S. HPSI41 (80 seeds), and the small seed
weight in S. HPSI41 (0.33 g). These findings reflect a
notable phenotypic diversity found in regional collections
[53, 56, 62]. The wide range in seed dimensions and hard-
ness, seed length from 3.07 to 5.91 mm, and hardness
from 6.26 to 17.41 kg/cm?, supports earlier results that
suggest wild species often have harder seeds even less
number and also some wild types produce more seeds,
while cultivated and hybrid germplasm typically have
softer seeds and higher pulp proportions [45, 52, 65]. The
current research findings indicate that genotypes with a
higher seed count may have softer seeds, as observed in
S. Poamoho Pink (463 seeds and 6.26 kg/cm? hardness),
S. Golden (459 seeds and 10.66 kg/cm® hardness), and
All Time Guava (386 seeds and 7.36 kg/cm? hardness). In
contrast, genotypes with a lower seed count tend to have
harder seeds, such as Psidium genotype 13 (146 seeds
and 15.53 kg/cm® hardness) and P guineense (30 seeds
and 17.1 kg/cm? hardness). Rajan et al. [66] reported that
the positive association existing between the fruit weight
and number of seed per fruit, which was coincide with
present study, however in our study the seed number and
fruit weight ratio varies from 0.39 to 12.67, with some
genotypes like Psidium genotype 16, S. N90-53, and S.
HPSI41 had the lowest ratio 0.39, 0.41 and 0.46, respec-
tively, indicating these genotypes has highest fruit weight
with comparative lower seed content, suggesting valuable
germplasm. From a germplasm utilization perspective,
the existing patterns for the seed-related traits suggest
that some USDA lines and Thai variants could provide
useful traits for seed-based processing, such as those
with acceptable seed mass. Meanwhile, low-seed geno-
types with higher fruit weight, such as S. HPSI41, S. N90-
53 and Psidium genotype 16 are promising candidates for
improving edible quality by decreasing seed number or
size and increasing the pulp/seed ratio. This goal has also
been highlighted by other researchers aimed at develop-
ing fruit crop varieties for table and processing purposes
[59, 61, 67].
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The present study revealed substantial variability in the
biochemical parameters of the studied guava genotypes,
consistent with earlier findings by Corréa et al. [68] and
Chiveu et al. [69]. The wide range in total soluble solids
(8.13-14.77 “Brix) and acidity (0.25-1.60%) observed in
the present investigation parallels the reports of Singh
et al. [70], Sarkar and Sarker [46], and Parveen et al.
[71], who also documented significant inter-genotypic
diversity for these traits. Similarly, the high variabil-
ity in TSS/acid ratio (5.75-50.19), total sugars content
(5.41-10.21%), and reducing sugars content (3.17-5.16)
aligns with the results of Kumari et al. [6] and Pagi et al.
[72], underscoring their importance in determining fruit
sweetness and consumer acceptability. Considerable dif-
ferences in ascorbic acid levels (72.67-338.93 mg/100
g) further support earlier reports by Yousaf et al. [73];
Ravi et al. [74]; Vishwakarma et al. [75], and they have
also emphasized that guava as a rich and highly variable
source of vitamin C. Likewise, the broad range of total
phenols (117.93-449.6 mg GAE/100 g) and total flavo-
noids (54.99-242.77 mg QE/100 g FW) corresponds
with the antioxidants diversity and radical scavenging
potential of guava germplasm [45, 76-78], reaffirming
guava’s nutraceutical potential; However, in the present
study, higher phenolics content was reported in wild spe-
cies, reaching up to 449.6 mg GAE/100 g in P molle and
436.9 mg GAE/100 g FW in P, guineense. Similarly, some
USDA-collected guava genotypes also exhibited high
phenolics values, such as 382.2 mg GAE/100 g and 381.13
mg GAE/100 g in Psidium genotype 13 and S. Portugal,
respectively. These values are higher than those reported
in previous research findings by Verma et al. [78] (up to
305.4 mg GAE/100 g) and Sanguansil et al. [76] (276.5 mg
GAE/100 g FW). However, Chiveu et al. [69] observed
that the red-fleshed fruits have higher phenolics content
than white fleshed, but in our study, there were no such
relations observed. Furthermore, the significant variation
in total carotenoids (0.48—10.66 mg/100 g) and lycopene
(0.59-9.97 mg/100 g) agrees with previous findings [72,
79], however higher antioxidants (20.69 pmol TE/g FW)
reported in pink fleshed guava genotype Arka Kiran,
indicating the genetic basis for pigmentation and anti-
oxidants capacity in pink-fleshed genotypes; beside these
pink flesh guava are preferred for processing because of
their attractive pulp colour, rich total carotenoids, abun-
dance of phytochemicals, and valuable minerals [45, 80].
The strong DPPH (85.72-98.47%) and FRAP (7.74-20.69
umol TE/g FW) activities observed in this study are in
close agreement with earlier antioxidants activity reports
in guava genotypes [73, 76], highlighting the potential of
specific genotypes such as Punjab Kiran, Arka Kiran, and
S. Ka Hua Kula for use in breeding programs aimed at
improving both fruit quality and bio-fortification of the
existing guava cultivars.
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Multivariate, correlation and cluster analysis

PCA is an efficient multivariate technique that clusters
correlated variables into principal components to reduce
data complexity and is frequently used to elucidate rela-
tionships among fruit genotypes and the correlations
among traits within subsets [41, 81]. Earlier, Yousaf et al.
[73] found 44.28%, 21.71%, and 12.1% variability in the
total genetic variation for the first three components,
respectively, across 31 traits in indigenous guava germ-
plasm. However, Santos et al. [12] applied principal com-
ponent analysis to quantify phenolics compounds in 96
guava pulps and found that two principal components
explained 60% of the data variability. In the present study,
first three principal components in this study accounted
for 47.65% of the observed variation (Table 4). PC1 pre-
dominantly captured morphological traits, while PC2
consolidated fruit-quality and pigment attributes, under-
scoring the value of these trait groups for characterizing
guava germplasm. Strong correlations among several
traits and their principal components indicate that the
number of variables needed for effective evaluation of
guava germplasm could be reduced. The PCA results,
therefore, provide a practical basis for breeders to select a
limited set of highly diverse populations for further geno-
type screening [82, 83].

Presently, PCA biplot is commonly used to illustrate
the distribution of genotypes and their association with
different traits. In the current findings, the first two prin-
cipal components together explained 37.3% of the total
variation; they were sufficient to capture the major trends
and associations between traits and genotypes. Consis-
tent with the present findings, Paras et al. [79] reported a
total of 74.5% variation, Verma et al. [78] recorded a total
of 28.99% variation, and Chandana et al. [84] observed
34.9% of total variation contributing to the first two prin-
cipal components, from 12, 18 and 31 guava genotypes,
respectively. Traits related to fruit size (fruit weight,
length, width, and pulp thickness) are tightly clustered
together, confirming their strong positive association,
as also observed in the correlation analysis, a pattern
also emphasized in earlier studies by Kumari et al. [56]
in guava and Kumar et al. [41] in jamun. Furthermore,
lycopene content was inversely correlated with TSS, indi-
cating a negative relationship between fruit sweetness
and pigment accumulation. Genotypes such as P. molle,
P. pumilum, and P. guineense had higher total phenolics
(TPC) and total flavonoids content (TFC) but opposite
to fruit size traits, implying that smaller-fruited Psidium
genotypes are rich in secondary metabolites and antioxi-
dants, which is congruent with the findings of Paras et al.
[79] and Chandana et al. [84].

The correlation analysis revealed strong and meaning-
ful associations among the morpho-biochemical param-
eters of guava genotypes, highlighting key trait linkages
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important for breeding and useful for characterizing
the large germplasm. Positive correlation facilitates the
concurrent enhancement of multiple traits, whereas
negative correlation necessitates compromise among
desirable characteristics [19]. In the present investiga-
tion, the fruit weight showed strong positive correlations
with fruit dimensions (length, width, and pulp thickness),
confirming that overall fruit size is the main contributor
to higher fruit mass [85, 86]. Similarly, leaf length and
width exhibited positive associations with several fruit
traits, suggesting that vegetative vigour may support bet-
ter fruit development. For seed traits, seed number per
fruit showed a negative association with both seed width
and seed hardness, but a strong positive correlation with
seed weight. This suggests that fewer seeds per fruit may
favour larger individual seeds, which could influence
perceptions of fruit quality. These observations were
aligned with previous reports on fruit quality assess-
ment in guava germplasm [45, 46, 56, 84, 87]. Similarly,
among biochemical parameters, total phenolics con-
tent was highly correlated with total flavonoids content,
reflecting coordinated biosynthetic pathways for sec-
ondary metabolites [84]. Recently, Kumar et al. [41] also
reported strong inter-correlation among traits like total
phenols, total flavonoids, and antioxidants content in
jamun. However, fruit quality traits, such as the TSS/TA
ratio, were negatively correlated with titratable acidity,
confirming their inverse role in determining the sweet-
ness-acidity balance. Likewise, TSS was positively related
to total sugars content and negatively to acidity, aligning
with consumer preference for sweeter fruits. Pigment-
related parameters showed clear interrelationships:
lycopene and total carotenoids were almost perfectly
correlated, and both were negatively related to the total
colour difference of guava pulp, suggesting that high pig-
ment content improves colour uniformity [88]. Further,
antioxidant-related parameters showed positive associa-
tions with ascorbic acid, suggesting a synergistic effect of
vitamin C on antioxidants activity. These findings are in
close agreement with earlier reports on the correlation of
different fruit biochemical parameters [45, 69, 73, 78].
The dendrogram analysis showed clear grouping pat-
terns of morpho-biochemical diversity among the stud-
ied guava genotypes. The 51 guava genotypes were sorted
into five major clusters, which were further divided into
several clades, highlighting both similarities and dif-
ferences within the germplasm. The clustering of most
cultivated genotypes into three large groups suggests sig-
nificant morpho-biochemical affinities, reflecting their
shared ancestry, gene flow, and similar selection pres-
sures during domestication; this finding aligns with pre-
vious research on guava and other fruit crops [70, 89].
In contrast, the two distinct small clusters demonstrate
unique morpho-biochemical profiles that may serve as
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useful parental sources for broadening the genetic base
in breeding programs. The separation of wild species P.
pumilum, P. molle, and P. guinense from the main guava
clusters underscores their distant relationships with cul-
tivated genotypes, reaffirming the value of wild relatives
as sources of new alleles for improving fruit quality, stress
tolerance, and adaptability [75, 90]. Recently, Gangappa
et al. [45] found that wild species formed separate clus-
ters, while other genotypes clustered together, indicat-
ing close phylogenetic relationships. In contrast, Kumari
et al. [56] reported that all studied wild species formed
a single cluster along with some cultivated guava geno-
types, and only a single wild species, P. quadrangularis,
formed a separate cluster with other cultivated geno-
types. Additionally, the clustering of indigenously devel-
oped cultivars with exotic/USDA introductions indicates
overlapping genetic backgrounds and shared selection for
desirable traits, as observed in previous studies of guava
germplasm [70, 91]. Overall, these findings provide valu-
able insights into the morpho-biochemical relationships
among guava genotypes and related species, and also
highlight the practical benefits of dendrogram-based
clustering for guiding parental selection, efficient germ-
plasm characterization, conservation, and management,
and developing breeding strategies to improve varietal
diversity in guava.

Conclusion

This study revealed considerable diversity in morpho-
biochemical traits, such as fruit width, fruit length, pulp
thickness, seed characteristics, and key biochemical com-
ponents including sugars, acids, antioxidants, total carot-
enoids, and lycopene, across globally collected guava
germplasm. Distinct guava genotypes exhibiting extreme
values for desirable traits were identified; S. N90-53, Thai
7, and Psidium genotype 16 for large fruit size; Psidium
genotype 16, S. N90-53, and S. HPSI41 for reduced
seed count coupled with higher fruit weight; S. Ka Hua
Kula, Arka Kiran, and Psidium genotype 7 for enrich-
ment of total carotenoids, lycopene, and vitamin C; and
wild species such as P. molle and P. guineense as poten-
tial donor parents for enhanced nutraceutical properties
(phenolics and antioxidants). Collectively, these findings
provide morpho-biochemical insights into globally col-
lected guava germplasm and highlight key genotypes that
may serve as a basis for developing novel guava geno-
types with superior fruit quality, improved nutraceutical
value, and enhanced processing traits in future breeding
programs.
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