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Abstract The aim of pumpkin breeding programs
is to develop cultivars that meet the production, com-
mercial quality, and nutritional value, considering
several attributes. Therefore, the objective of this
study was to select pumpkin genotypes with high fruit
quality for future use in genetic breeding programs.
Two production cycles were carried out. The evalu-
ations included the determination of genetic param-
eters (the additive genetic variance, environmental
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variance between residual variances and individual
phenotypic variance, accuracy of progeny selection,
restricted heritability, coefficient of individual addi-
tive genetic variation, coefficient of genotypic varia-
tion between progenies, coefficient of residual varia-
tion, coefficient of relative variation, variance of the
prediction error of the genotypic values of the prog-
eny), the prediction of genetic gains, and the selection
of genotypes with fruits of better physical and chemi-
cal quality attributes. The carotenoid and B-carotene
contents of the pulp were distinguished by high val-
ues of additive genetic variance, residual variance
and individual variance. Additionally, genetic gains
were achieved for the main carotenoid compounds,
as xanthophyll (68%), lycopene (58%) and f-carotene
(49%). In the second production cycle, using the tech-
nique of Mulamba and Mock, a new ranking method
was used to select the best genotypes. These genetic
parameters, especially restricted heritability, indicate
the potential for advancing new selection stages to
develop pumpkin cultivars with superior qualities,
including fruit length (0.976), skin thickness (0.951)
and orange pigments, particularly f-carotene (0.894).
Additionally, firmer fruits with high ascorbic acid
content and a pulp hue angle representing an orange
color were ranked among the best genotypes.

Keywords Functional compounds - Genetic

parameters - Genetic gain prediction - Selection
index - Pumpkin
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Introduction

Pumpkin (Cucurbita moschata) is an economically
important vegetable that has received much attention
due to the nutrients and bioactive compounds pre-
sent in its seeds and fruits (Han et al. 2022). It has
fruits with pulp colors ranging from an intense yel-
low to orange, revealing high carotenoid contents,
mainly a- and f-carotene, f-cryptoxanthin, lutein and
zeaxanthin (Grassino et al. 2023; Stupar et al. 2021).
p-carotene is the most abundant, and its importance
is highlighted by its high pro-vitamin A activity
(Mokhtar et al. 2021; Stupar et al. 2021).

Vitamin A deficiency is a serious public health
problem in many developing or subdeveloped coun-
tries, especially among women of reproductive age
and children under five years old (Miglioli et al.
2015). Studies have shown that night blindness and
xerophthalmia are associated with vitamin A defi-
ciency and protein-energy malnutrition, which gen-
erally results from a low intake of carotenoids, espe-
cially p-carotene, in the diet (Janani et al. 2018).
Therefore, accessible and distinct -carotene sources
increase the dietary intake of vitamin A, resulting in
high social and economic benefits.

In Brazil, the pumpkin breeding program devel-
oped by Embrapa (Brazilian Agricultural Research
Corporation) is based on the variability of the germ-
plasm collected in the northeastern region of the
country. By evaluating this germplasm, the chances
of obtaining genotypes with high carotenoid con-
tents, particularlly f-carotene, increase. The program
has already developed progenies with traits of com-
mercial and nutritional interest for future selection
(Borges et al 2019a).

The choice of genitors and knowledge of the mech-
anisms controlling the main agronomic traits of inter-
est for the species are important breeding strategy
decisions that allow for scientific and technological
advances. These mechanisms support the selection
of more effective crossing methods (Darrudi et al.
2018).

Although pumpkin is an allogamous plant (for
which cross-pollination is preferred), it is still possi-
ble to perform self-fertilization (Oliveira et al. 2021).
Therefore, recurrent selection is recommended to
obtain superior results. This method can efficiently
and quantitatively improve population characteristics
and maintain genetic variation.
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Kumar et al. (2022) reported genetic advances
improvements of 76% for increase in ascorbic acid
content and 101% for increase in f-carotene content
in pumpkin genotypes in India. According to the
authors, since pumpkin is a cross-pollinated crop and
the studied agronomic and fruit quality traits are con-
trolled by additive gene action, breeding procedures
such as synthetic breeding, composite breeding and
population improvement by recurrent selection for
general combining ability (gca) can be utilized for
improvement.

Generally, the success in launching and adopting of
a new cutivar on the market is related to the presence
of multiple superior traits, including product quality
(Latheef et al. 2022). This condition demands the use
of effective techniques to progress breeding in a rea-
sonable time. Direct selection may not be effective
when the breeding program deals with complex traits
like fruit yield and fruit quality, which are controlled
by multiple genes and influenced by environmental
factors (Hedge et al., 2024). Therefore, estimatives of
genetic parameters are crucial for understanding the
inheritance of traits and enabling effective selection.

Genetic variance combined with genetic param-
eter estimates can predict genetic gain through selec-
tion. In this way, the estimation of genetic parameters
associated with the use of selection indices is an effi-
cient strategy to be adopted in breeding programs.
For pumpkin, there is an opportunity to explore this
approach aiming to select genotypes with a group
of superior traits for fruit quality. Some parameters
are essential for the successful evaluation and selec-
tion of superior genotypes, including the availability
of genetic variability in the population, the selection
method adopted, genetic correlations between traits,
the type of inheritance involved and experimental
accuracy (Costa et al. 2023).

The aim of this study was to select pumpkin gen-
otypes with high fruit quality for future use in the
genetic breeding programs.

Material and methods

Genetic material and experimental design of the
study

The genetic material used in this investigation was
12 pumpkin lines obtained in previous stages of the
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genetic breeding program developed at Embrapa
Semiarido. The experimental area was located in
the Bebedouro Experimental Field at Embrapa
Semiarido, in Petrolina, Pernambuco State, Brazil
(09°09°S, 40°22°0, 365.5 m altitude). Two produc-
tion cycles were evaluated, the first of which was car-
ried out from March to July 2022, during which the
plants were transplanted to the field on March 15th
and harvested on July 28th. The second production
cycle occurred during the months of January—May
2023, during which the plants were transplanted into
the field on January 20th and harvested on May 25th.
In each of the production cycles, the best genotypes
were selected, considering a selection index of 10%.

The original population (s,) evaluated in the first
production cycle consisted of 12 lines. These lines
were obtained by four successive cycles of self-ferti-
lization and they were selected on the basis of com-
mercial characteristics of interest (Table 1). The best
fruit of each on of the 12 lines was selected based on
visual aspects and the absence of skin damage.

The variables analyzed in the first cycle were mass
(M), length (LF), largest (LD) and smallest diameter
(SD), skin (ST) and pulp thickness (PT), cavity diam-
eter (CD) and skin and pulp color (evaluated by lumi-
nosity—L, chroma—C and hue angle—H), titratable
acidity (TA), soluble solids (SS), carotenoids (Car),
p-carotene (ficar), y—carotene (ycar), lycopene (Lyc),
cryptoxanthin (Cryp) and xanthophyll (Xan) con-
tents. Based on the results of the variables analyzed,
the best fruits were selected and fifty seeds from each
selected fruit were mixed and used in the following
experiment.

The second production cycle (population s1) was
composed of a random sample of the seed mixture
from the previous cycle, with the population consist-
ing of ten lines containing nineteen plants each, with-
out a specific experimental design, aiming at random
crossing and genetic recombination within the popu-
lation. At harvest, the best fruit from each plant was
also chosen for evaluation. This selection was based
on M, LF, LD, SD, ST, PT, CD, skin and pulp color,
pulp firmness (PF), TA, and SS and ascorbic acid
contents.

Growing conditions and trial evaluation

In both production cycles, plants were sown in
expanded polystyrene (EPS) trays filled with an

appropriate commercial substrate, with one seed per
cell. Transplanting to the field took place 13 days
after sowing. The soil was previously prepared by
plowing to a depth of 30 cm, followed by harrowing
and furrowing. A 4 mX2 m spacing was used, and
the area was irrigated using a drip system.

At 120 days after transplanting, fruits were har-
vested separately per plant for weighing, and accord-
ing to visual aspects, the best fruit was selected for
evaluation. The genotypes were ranked using a 10%
selection index, and the 19 best fruits were deter-
mined. The seeds of the fruits selected in the first pro-
duction cycle were mixed together for the new experi-
ment in which the plants were subjected to open
pollination. In the second experiment, 190 fruits were
evaluated, and a 10% selection index was applied for
a new ranking.

Quality characteristics evaluation

At the laboratory, the fruits were kept at room tem-
perature and evaluated individually. Physical and
chemical evaluations were performed. The fruit mass
(kg) was determined on a digital semianalytical scale.
LF, LD and SD were determined using a digital cali-
per and a ruler, with the values obtained in cm. STs
and PTs were also measured using a digital caliper,
and the results are expressed in mm.

A Konica Minolta colorimeter was used to meas-
ure the skin and pulp color from L, which ranged
from O (black) to 100 (white); C, which started at 0
and increased according to the intensity of the color;
and H, whose values ranged from 0 to 360°, where
0°=red, 90°=yellow, 180°=green and 270°=blue.
The intermediate values between the specified H
points correspond to transitions between specific
colors.

PF was determined using two slices of each fruit
taken from opposite sides. The results were obtained
using a digital electronic texturometer (Texture Ana-
lyser TA. XT.plus), with values expressed in Newtons
MN).

The pulp juice was extracted to determine the
chemical parameters. The SS concentration was
determined using a refractometer and is expressed in
°Brix (AOAC 2010a). TA, expressed as a percentage
of citric acid, was determined using 0.1 N sodium
hydroxide (AOAC 2010b). In the second production
cycle, the ascorbic acid content was also determined
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Table 1 Characteristics of elite lines from Embrapa Semiérido’s pumpkin breeding program evaluated in the first production cycle

Treatment GAB Description
origin
access
. 545 The fruit is flat with a slight chromaticity and predominant orange skin. The secondary skin color is cream
( with a slight chromaticity. The fruit is marbled and the pedicel is variegated. It has a smooth texture and no
Lineage 1 warts
569 The fruit is flat with a moderate chromaticity and predominantly orange skin. The secondary skin color is

3

green with a moderate chromaticity. The secondary coloration of the fruit is marbled and the pedicel is yel-
low. It has a smooth texture and no warts

Lineage 2

569 The fruit is flat with a moderate chromaticity and predominantly cream-colored skin. The secondary color
L is cream and it has a slight chromaticity. The secondary coloration is distributed in dots and the pedicel is
Lineaige 3 yellow. It has a smooth texture, with no warts and no gumminess

— 545 The fruit is flat with predominantly orange skin of moderate chromaticity. The secondary skin is cream-

(L~ colored with a slight chromaticity. The secondary color of the fruit is marbled and the pedicel is yellow. It
Lineage has a smooth texture, with no warts and no gumminess

545 The fruit is flat with predominantly cream-colored skin of moderate chromaticity, with a light-yellow

secondary skin color. The secondary color is distributed in spots and the pedicel is yellow. It has a smooth
texture, with no warts and no gumminess

P

Lineage 5
545 The fruit is flat and its the skin has a predominantly orange color of a slight chromaticity. The secondary skin

( color is cream-colored and the chromaticity is slight. The fruit is marbled and the pedicel is variegated. It
Lineage has a smooth texture, with no warts and medium gumminess

ineage 6

e 545 The fruit is globular and the skin is predominantly cream-colored with a moderate chromaticity. The second-
( ary skin color is yellow and its chromaticity is slight. The secondary color of the fruit is marbled and the

pedicel is variegated. It has a smooth texture, with no warts and a slight gumminess

Lineage 7

545 The fruit is flat with a predominantly slight orange skin. The secondary skin color is cream-colored with a
slight chromaticity. The fruit is marbled and the pedicel is yellow. It has a smooth texture, with no warts
and no gumminess

m

Lineagé 8
. 569 The fruit is flat and the skin is predominantly cream-colored with moderate chromaticity, and a yellow
%) secondary color of slight chromaticity. The secondary color is distributed in dots and the pedicel is yellow.
It has a smooth texture, with no warts or gumminess
Lineage 9
2 569 The fruit is flat with predominantly cream-colored skin of moderate chromaticity. The secondary skin color
g( } is cream-colored and the chromaticity is slight. The secondary color is distributed in dots and the pedicel
2 is yellow. It has a smooth texture, no warts and no gumminess
Lineage 10
a 569 The fruit is globular with predominantly cream-colored skin of moderate chromaticity, and a cream-colored
Y. secondary skin of slight chromaticity. The secondary color is distributed in dots and the pedicel is yellow.
It has a smooth texture, with no warts and no gumminess
Lineage 11
569 The fruit is pyriform with predominantly dark orange skin. The secondary skin color is a slight orange. The
1 fruit is marbled and the pedicel is variegated. It has a smooth texture, with no warts and a slight gummi-
A ness
Lineage 12

GAB germplasm active bank

by titration in a 0.02% Tilman solution (2, 6 dichlo- In the first production cycle, the total carot-
rophenol indophenol). The results are expressed in pg enoid content (Car) was analyzed following the rec-
g~! (Strohecker and Henning 1967). ommendations of Rodriguez-Amaya and Kimura

(2004), and the results are expressed in pg.g~'. The
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contents of fcar, ycar, lyc, cryp and xan, expressed in
ug.g~!, were determined from the extracts for quan-
tification of total carotenoid content. The concentra-
tions of the compounds were determined by high-
performance liquid chromatography using Waters
equipment (Model 36 Alliance €2695) coupled to a
Diode Array Detector (DAD) 2998 at 450 nm. The
extracts were run on a YMC Carotenoid-C 30 column
(4.6x 150 mm, 3 pm) with the following sequence:
0 min, 80% methanol +20% tert-butyl methyl ether;
0.5 min, 75% methanol +25% tert-butyl methyl ether;
15 min, 15% methanol 4+ 85% tert-butyl methyl ether;
15.05 min, 10% methanol+90% tert-butyl methyl
ether; 16.5 min, 10% methanol+90% tert-butyl
methyl ether; 16.55 min, 80% methanol +20% tert-
butyl methyl ether; 22 min, 80% methanol + 20% tert-
butyl methyl ether; and a flow rate of 0.8 mL min~'
and an oven temperature of 33 °C.

Statistical analysis

Except for heritability, which was estimated using
GENES software (Cruz 2013), the variance com-
ponents were estimated using the restricted residual
maximum likelihood (REML) method, and the phe-
notypic and genotypic values (BLUPSs) were predicted
using Selegen-REML/BLUP software (Resende
2016). Model 01, which is indicated for the evalua-
tion of individuals in half-sib progenies or open pol-
lination in allogamous species, was adopted (Resende
2007). It is represented in matrix form as follows:

y=X,+7Z,+W,+e

where y is the data vector; r is the vector of replica-
tion effects (assumed to be fixed) added to the mean,;
a is the vector of individual additive genetic effects
(random); p is the vector of plot effects (random); e
is the vector of errors or residuals (random); and the
capital letters represent the incidence matrices for
these effects.

Additionally, the additive genetic variance (Vg),
environmental variance between residual variances
(Ve) and individual phenotypic variance (Vf), accu-
racy of progeny selection (Acprog), coefficient of
individual additive genetic variation (CVgi%), coef-
ficient of genotypic variation between progenies
(CVgp%), coefficient of residual variation (CVe%),

coefficient of relative variation (CVr), variance of the
prediction error of the genotypic values of the prog-
eny, assuming complete survival (PEV), and stand-
ard deviation of the predicted genotypic value of the
progeny, assuming complete survival (SEP), were
estimated.

In the first production cycle, the data were
obtained from the genetic values predicted (BLUPs),
and the multivariate selection index of Mulamba and
Mock (1978) was used to select the superior individu-
als in the joint evaluation of all the traits. To obtain
the selection index, each characteristic was stand-
ardized and multiplied by the weighting coefficient
(Kx) adopted for each variable and according to their
respective importance for pumpkin fruit quality. It
was adopted Kx =1 for variables of lesser importance
and Kx=5 when the variable has a greater impor-
tance (Table 2). In this way, each variable was stand-
ardized to the unit so that each had the same relative
weight and was multiplied by Kx. Excel software was
used to calculate the selection index (SI):

SI=K1 * ((fruit mass-min;)/R1)+K2 * ((fruit
length -min,)/R2)+K3 * ((largest diameter-mins)/
R3)+...+Kn * ((xanthophyll content-min,)/Rn),

where K1, K2, K3, ..., Kn are the weighting coeffi-
cients assigned to the variables (Table 2); min,, min,,
mins, ..., min, are the minimum values assumed by
the variables; and R1, R2, R3, ..., Rn are the ranges
of variation of the variables.

Table 2 Weighting coefficient (Kx)* adopted for fruit qual-
ity attributes and bioactive compounds evaluated to select the
most promising pumpkin genotypes

Features Kx Features Kx
Fruit mass 3 Pulp hue angle 5
Fruit length 3 Soluble solids content 3
Largest diameter 3 Titratable acidity 3
Smaller diameter 2 Ascorbic acid content 5
Skin thickness 4 Pulp firmness 4
Pulp thickness 5 Total carotenoid content 5
Cavity diameter 4 p-carotene content 5
Skin luminosity 1 y-carotene content 2
Skin chroma 3 Lycopene content 1
Skin hue angle 5 Cryptoxanthin content 2
Pulp luminosity 1 Xanthophyll content 2
Pulp chroma 3

*Kx varies from 1 to 5, according to a greater importance of
the trait
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The selection index was used to classify the geno-
types from the first cycle, applying a selection inten-
sity of 10% and selecting the 19 best genotypes. For
the selected genotypes, the gains for each trait were
predicted by the following equation:

X
GG% = === %100
Xy

where GG (%) is the gain from selecting the best gen-
otype in the population for the trait; X is the average
BLUP of the genotype selected from the population;
and X, is the overall BLUP of all genotypes for the
trait.

For the second cycle, selection was again carried
out using the Mulamba and Mock multivariate selec-
tion indices, through M, LF, LD, SD, ST, PT, CD,
LS, CS, HS, LP, CP, HP, SS, TA, AA and PF. It was
applied a selection intensity of 10%.

Results

All the estimates of genetic variance (Vg) were posi-
tive (Table 3). The values ranged from 0.001 for
cryptoxanthin content (Cryp) to 10,472.571 for total
carotenoid content (Car), and the lowest values were
observed for titratable acidity (TA), y-carotene (ycar),
lycopene (Lyc), xanthophyll (Xan) content, largest
diameter (LD), skin thickness (ST) and cavity diam-
eter (CD). Some variables had higher estimates for
individual phenotypic variance (Vf) than did Vg,
namely, mass (M), SD, CD, skin chroma (Cs), pulp
luminosity (Lp), pulp hue angle (Hp), soluble solids
content (SS), TA, Car, f-carotene content (fcar) and
ycar. In particular, the Vf and Vg values for TA and
ycar were very low.

The highest and lowest heritability, coefficient of
individual additive genetic variation, coefficient of
genotypic variation between progenies and coefficient
of environmental variation values are written in bold
and italics, respectively.

Heritability is determined by the ratio between Vg
and Vf. Therefore, this approach provides informa-
tion on the transmission of a character to successive
generations of the species. For heritability in the strict
sense (h) of the characters evaluated in the first pump-
kin production cycle, M had an average estimate of
0.147 (Table 3). Among the physical characteristics,
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skin luminosity (Ls) had the lowest h value when
compared to length (LF), LD and CD, whose h value
averages were greater than 0.90. According to the
chemical analyses, the lowest h value was observed
for Xan (0.019), while the highest h value was
observed for fcar (0.894). These higher estimates
also showed high h values for other variables, such as
Cryp (0.835) and Lyc (0.828).

According to the analysis of the accuracy of selec-
tion (Acprog), as shown in Table 3, there were high
or very high values for the studied variables, except
for SS. This parameter is used to identify the level of
statistical confidence in the experimental analyses.

For the characters LF, LD, ST, PT, Lc, Hc, ycar,
Lyc and Xan, the coefficient of genotypic variation
between progenies (CVgp%) whose values ranged
from 6.55% to 41.45%, was greater than the coeffi-
cient of environmental variation (CVe%) (Table 3).
For all the characters analyzed, the relative coefficient
of variation (CVr), which is the ratio between the
genetic and environmental coefficients of variation,
was the lowest among the CVs determined.

Considering the results obtained for the estimates
of genetic parameters in the genotypes evaluated and
using a selection intensity of 10%, the 19 best fruits
were selected (Tables 4 and 5 and Fig. 1). This selec-
tion allowed for the evaluation of a set of character-
istics associated with commercial fruit quality, such
as M, SS and TA, as well as those associated with
functional properties, such as Car and fcar. The high
PT, Hp, SS, Car and fcar values are much greater
than those of commercial cultivars or hybrids and
even those of most germplasm banks according to
the results of Barboza et al. (2023), Bergantin et al.
(2018) and Stupar et al. (2021).

In addition to the high values of important qual-
ity characteristics observed in the selected geno-
types (Tables 4 and 5), there was a prediction of
favorable genetic gains for increasing the variables
LF, SD, PT, Cp, SS, TA, Car, fcar, ycar, Lyc, Cryp
and Xan in the next stages of selection (Table 6).
Among the variables, LF had the highest percentage
of genetic gain, while genetic gain for PT was con-
sidered intermediate. For both variables, medium-
sized and larger fruits are expected because they
may have a greater proportion of pulp.

The percentages of predicted genetic gains for
Car, ficar, Lyc and Xan were 36, 49, 58 and 68%,
respectively (Table 6). For Car and fcar, which
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Table 4 Predicted genetic values (BLUPs) of the physical characteristics of the fruits of the genotypes selected in the first produc-

tion cycle
Selected genotype M (kg) LF (cm) LD (cm) SD (cm) ST PT CD Lc Cc Hc Lp Cp Hp
(mm) (mm) (cm)

T12P2B1 5.18 76.29 16.88 8.78 333 7497 1280 65.62 33.10 59.72 64.54 68.37 63.23
T11P3B1 6.07 159.05 2.84 9.35 5.71 67.85 12.84 23.33 3438 6041 65.12 68.35 63.64
T12P4B3 4.88 40.75 6.40 8.58 1.72 70.68 11.73 5847 3472 78.04 63.60 68.11 62.01
T10P1B1 5.45 61.17 8.83 9.58 5.51 28.88 12.66 35.66 35.17 53.58 66.80 66.98 63.78
T7P5B2 5.10 472 1553 5.00 10.53 11.20 9092 32.84 9390 66.27 70.46 65.07
T2P3B2 5.43 129.48 2.04 11.51 4.61 43.65 11.04 50.24 3396 6340 66.78 65.53 65.40
T12P5B2 5.05 1.23 1891 8.72 379 2558 1240 68.58 33.57 65.11 6528 67.53 63.37
T6P3B3 5.15 18.01 14.30 9.17 594 2378 11.89 68.75 32.10 60.10 6491 69.94 64.31
T12P1B3 4.89 37.68 9.01 8.58 242 100.00 11.63 7197 33.88 73.82 65.60 68.30 63.48
T12P4B1 5.17 3030 17.54 8.94 4.18 4207 1275 4573 3478 6595 64.38 67.46 62.38
T3P3B3 6.96 733  19.09 429 2859 11.81 5643 3532 71.33 66.76 68.48 64.76
T4P2B3 6.10 2.57 18.81 4.24 1620 11.36 101.87 33.83 117.59 66.24 68.19 64.23
T7P1B2 5.09 -243 1520 2.97 6.48 11.37 79.65 3246 8031 65.80 69.75 64.44
T8P5B3 498 4.61 16.70 4.17 12.81 12.84 80.28  34.66 8222 66.16 69.29 64.53
T5P5B3  8.10 15.51 17.14  8.51 4.02 1794 1245 79.78  36.08 90.17 65.11 6841  63.68
T6P4B3  5.16 5.74 19.53 291 3267 1196 8341  33.52 92.03 65.17 69.71  64.11
T7P4B2  5.09 -550 11.61 3.95 18.12  11.03 8745 33.26 92.57 66.28 70.14  64.56
T8P2B1 520 6.70 21.81 5.95 25.19 1257 7754 3544 10563 6793 7030 @ 66.67
T12P5B3 490 -320 13.58 8.83 3.28 30.74  11.84 7347 3455 7849 6450 6848  63.19
Averages 5.47 31.05 1399 9.14 4.10 3562 12.01 6838  34.09 78.13 65.64 68.62  64.04

M mass; LF length; LD largest diameter; SD smallest diameter; ST skin thickness; PT pulp thickness; CD cavity diameter; Ls skin
luminosity; Cs skin chroma; Hs skin Hue Angle; Lp pulp luminosity; Cp pulp chroma; Hp pulp Hue Angle

are the two main objectives of the pumpkin breed-
ing program in this study, the responses represent
prospects for progress in the next stages using the
selected genotypes.

In the second production cycle, according to the
variables analyzed and by applying the Mulamba and
Mock method, the 19 best individuals were ranked.
Considering a selection intensity of 10%, a new ranking
was obtained based on the variables M, LF, LD, SD,
ST, PT, CC, Lc, Cc, He, Lp, Cp, Hp, SS, TA, ascor-
bic acid (AA) content and pulp firmness (PF) to obtain
genotypes with better functional and commercial quali-
ties (Table 7). The contribution of ascorbic acid, a bio-
active molecule, to the fruit quality of the selected gen-
otypes was determined.

Among the variables analyzed, genotype 15 had the
best individual genotype (Table 7 and Fig. 2). In par-
ticular, it had greater average pulp thickness, pulp firm-
ness and soluble solids content, as well as orange pulp.

@ Springer

In turn, genotypes 4 and 131 were characterized by low
fruit mass, cavity diameter and pulp hue angle values.
Furthermore, genotype 4 had a distinct pulp firmness
(119.0 N), while genotype 131 had the highest ascorbic
acid content (1411.8 pg g~!). The most intense orange
pulp color was observed in genotype 124, correspond-
ing to the lowest H value (61.4).

Discussion

A species that exhibits superiority in terms of various
attributes of interest while still exhibiting an increase
in yield, nutritional value, and availability to consum-
ers and producers is highly important in breeding pro-
grams (Dwivedi et al. 2019). Pumpkin has several of
these attributes, and other distinguished agronomic
and fruit quality characteristics could be added to its
current performance through consistent and long-last-
ing breeding. These actions increase its inclusion in
the population’s diet.
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Fig. 1 Visual appearance of the 19 best pumpkin fruits based
on the ranking carried out using selegen and excel software

By using the recurrent selection method, gains
can be made in attributes with quantitative inherit-
ance, resulting in a population that is superior to the
original population and providing better performance
for individuals who have been selected for a new pro-
duction cycle (Ribeiro et al. 2020). In plant breeding
programs, the use of selection indices is a very com-
mon strategy, with the aim of mitigating negative cor-
relations between characters (Costa et al. 2023; Cruz
and Regazzi 2002). In addition to the selection index,
the use of genetic parameters, such as h, Vf and Vg,
is important because they provide information on the
degree to which a character can be transmitted in suc-
cessive generations of the species (Bello et al. 2012).

In this study, the absence of negative values for
Vg, as shown in Table 3, indicates the possibility of
success in selecting superior individuals for the char-
acters studied (Hallauer et al. 2010). However, carry-
ing out more production cycles should result in uni-
form lines exhibiting characters with lower values of
genetic variance. On the other hand, environmental
control of variables with high Vf values should deter-
mine the potential for expression of the trait.

@ Springer
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Table 6 Prediction of genetic gains (GG) in the first produc-
tion cycle of pumpkin genotypes

Characteristic GG (%)

Mass—M (kg) —7.8735

Length—LF (cm) 90.84635
Largest diameter—LD (cm) —33.7191
Smallest diameter—SD (cm) 1.512999
Skin thickness—ST (mm) —7.82802
Pulp thickness—PT (mm) 29.78796
Cavity diameter—CD (cm) —1.49919
Skin luminosity—Ls —10.2297
Skin chroma—Cs —0.49203
Skin Hue angle—Hs —5.45927
Pulp luminosity—Lp —1.01002
Pulp chroma—Cp 0.108729
Pulp Hue Angle—Hp —1.4591

Soluble solids content—SS (°Brix) 1.027316
Titratable acidity — TA (% citric acid) 3.367349
Carotenoid content—Car (ug.g™}) 36.67167
J-carotene content—jpcar (ug.g”") 49.34908
y-carotene content—ycar (ug.g~') 18.4968

Lycopene content—Lyc (ug.g™) 58.58262
Cryptoxanthin content—Cryp (ug.g™%) 1.720028
Xanthophyll content—Xan (ug.g~") 68.96616

According to Borges (2019a), h reflects the pro-
portion of Vf that is inherited and determines how
reliably genetic values affect phenotypic values. Her-
itability in the strict sense, which is of most interest
to breeders, considers only the additive genetic vari-
ance fixed by selection (Dudley and Moll 1969). A
high estimate of heritability combined with high
genetic advance provides a good approach for further
improvement in future selections (Singh et al. 2019).
Studying melon accessions, Amorim et al. (2023)
related high heritabilities to attributes such as fruit
mass, fruit length and cavity length, denoting the
potential for success in future selections.

According to the reported restricted heritability
(h) for the pumpkin genotypes, Ls and Xan had val-
ues lower than 0.1, indicating that the environment
had a greater influence on the heritability (Table 3).
For the variables M, CD, Cs and SS, h values ranging
from 0.15 to 0.38 still indicate the predominant influ-
ence of the environment. However, for variables such
as LF, LD, SD, ST, PT, Hs, Lp, Cp, Hp, TA, Car,
Pcar, ycar, Lyc and Cryp, the genotypic influence was

@ Springer

greater than the environmental influence (Table 3).
Restricted heritability values greater than 0.5 are con-
sidered high (Resende 1995), thus suggesting that
it is possible to carry out new selections with good
genetic gains. Studying the genetic variability in C.
maxima accessions, Barboza et al. (2023) also high-
lighted the potential for advances in genetic breeding,
including programs aimed at biofortification.

The quality of a genotypic assessment is assessed
using the accuracy parameter (Acprog). This param-
eter expresses the correlation between the real geno-
typic value and the predicted value according to
information resulting from field experiments. The
smaller absolute deviations in the values of these two
variables represent a greater precision (Resende and
Duarte 2007). According to Paranhos et al. (2022),
the higher the accuracy value, the greater the con-
fidence in the assessment and genetic value of the
individual.

To be considered accurate, the Acprog value must
be greater than 0.5 (Cortes et al. 2019). In this study,
except for the variables M and SS, the other variables
had Acprog values greater than 0.5, indicating the
secondary influence of environmental conditions on
these traits (Table 3).

The phenotypic coefficient of variation and geno-
typic coefficient of variation values indicated that the
influence of the environment was greater for the M,
SD, DC, Cs, Lp, TA, Car, fcar and Cryp attributes
(Table 3). In this case, it can be concluded that the
traits exhibit large variation, and genetic gains can be
achieved through a greater number of selection cycles
(Ramjan 2021). In contrast to the results obtained
in this first production cycle, Ramjan (2021) men-
tioned slight differences in the environmental effects
on the physical characteristics and SS, carbohydrate
and carotenoid contents of pumpkins. For example,
the coefficients of environmental variation (CVe) and
genotypic variation between progenies (CVgp) for
fruit mass observed by the authors were 24.42% and
23.58%, respectively. In our study, values of 130.37%
and 38.91% for CVe and CVgp, respectively, were
estimated. Further selections are necessary to obtain
the desired results.

Singh et al. (2019) mentioned that the variables
analyzed in pumpkin plants had a greater coefficient
of phenotypic variation than genotypic variation,
indicating differences in the experimental material
and the environment in which the experiment was
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Table 7 Average values of the physical and chemical characteristics of the fruits of the genotypes selected in the second pumpkin
production cycle obtained using the method recommended by Mulamba and Mock and a selection index of 10%

Geno-type M LF LD SD ST PT CD Ls Cs Hs Lp Cp Hp SS TA AA PF
(kg) (cm) (em) (cm) (mm) (mm) (cm) CBrix) (%) (gg™) N)

15 75 261 2518 0 36 500 134 721 382 802 669 71.8 67.6 134  0.02 8218 99.1
5 46 263 17 126 40 367 134 633 357 722 669 673 67.1 135 0.02 971.7 1124
62 35 225 183 121 46 358 11.7 71.0 392 799 653 76.1 66.0 11.1 0.01 1059.3 92.5
83 28 252 176 106 46 448 113 579 285 654 664 68.1 648 125 0.02 1058.8 72.7
116 27 23 16.6 10.1 8.1 40.5 10.8 69.8 387 755 659 70.7 64.1 115 0.01 1306.5 85.9
131 26 188 175 10 46 323 102 61.0 278 62.7 68.0 71.7 668 11.6 0.0l 1411.8 529
173 6 13 265 0 40 375 11.1 832 30.2 889 704 655 682 88 0.02 788.0 595
53 4 267 185 129 33 458 120 714 259 703 653 713 66.1 95 0.01 961.0 462
141 29 26 169 10.1 46 40.1 120 694 322 71.8 669 713 659 10.5 0.01 12123 59.5
115 34 218 185 125 46 444 108 70.1 332 741 689 713 67.6 11.3 0.02 1177.3 46.2
124 29 234 17 119 3.8 31.0 133 703 232 67.3 619 70.0 614 125 0.02 9843 1057
107 2 23 15 86 38 39.8 104 742 30.1 75.6 65.0 70.7 63.6 13.0 0.03 9875 99.1
4 24 195 184 O 4.1 414 109 70.8 40.8 764 67.6 721 665 8.5 0.01 7533 119.0
165 37 228 184 12 3.1 327 13.0 78.0 27.7 785 649 73.8 654 122 0.02  964.0 85.9
42 32 235 163 12 46 366 123 654 32,6 71.8 654 73.0 663 143 0.02 1036.8 72.7
144 31 253 174 11 58 404 115 654 36.0 72.6 646 71.1 64.1 123 0.02 1067.0  66.1
109 43 225 213 O 40 435 11.8 675 36.1 725 693 694 687 99 0.01 9763 59.5
76 29 235 17 102 45 285 135 685 355 76.1 639 69.0 633 156  0.02 8895 1123
103 28 182 196 O 35 273 120 715 354 767 640 715 643 13.0  0.02 1098.8 99.2
Avera-ge 3.6 229 185 87 44 390 11.8 694 329 740 663 708 624 11.8 0.02 1027.7 80.4

M mass; L length; LD largest diameter; SD smallest diameter; ST skin thickness; PT pulp thickness; CD cavity diameter; Ls skin
luminosity; Cs skin chroma; Hs skin Hue Angle; Lp pulp luminosity; Cp pulp chroma; Hp pulp Hue Angle; SS soluble solids con-
tent; TA titratable acidity; AA ascorbic acid content; PF pulp firmness

conducted. Sahoo and Singh (2020) and Kumari
et al. (2020) also observed a dominant environmen-
tal influence over the genetic influence in cucum-
bers, although the difference was considered to be
restricted. Therefore, if selection was based on phe-
notypic performance, the results were considered
reliable.

Among the variables with high genetic coeffi-
cients, such as those obtained for LF, LD, ST, PT,
Ls, Hs, ycar, Lyc and Xan, there is a greater possi-
bility of fixing the trait through selection (Georgieva
et al. 2016). For the coefficient of residual variation,
a value of 1 indicates that the genetic variance within
the progeny is zero. In turn, coefficient values greater
than 1, as observed for LF, LD, ST, PT, Ls, Hs, ycar,
Lyc and Xan (Table 3), indicate favorable conditions
for selection (Vencovsky 1987).

With the information obtained from the selected
19 best individuals, some negative predicted genetic
gains were observed for some attributes, such as M,

LD, ST, CD, Ls, Cs, Hs, Lp and Hp (Table 6). In
some cases, negative gains are desirable. For exam-
ple, small pumpkin fruits could be obtained to meet
consumer demand. This condition was also observed
in the study carried out by Amaro et al. (2022),
in which the pumpkins had a mass between 2 and
4 kg, which is considered the closest to the standard
of Maranhdo type pumpkin fruits (4-8 kg, exter-
nal orange-cream color and orangish internal color).
Among the fruits of the genotypes selected from the
second production cycle (population sl), even geno-
type 15, which was characterized by the highest aver-
age fruit mass (7.5 kg), fell within the Maranh@o type
standard (Table 7). However, eleven of the selected
genotypes had masses between 2 and 3 kg, corre-
sponding to the Jacararezinho type (2—4 kg, with dark
green skin and orangish pulp), which is of interest to
current consumers.

According to Barbosa (2009), fruits with thin-
ner skin are more susceptible to mass loss during

@ Springer
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Fig. 2 Visual appearance of the 19 best pumpkin fruits based
on ranking via the mulamba and mock method

storage due to their susceptibility to damage and
water loss. A skin thickness ranging from 8.4 to
9.3 mm can be more advantageous for longer stor-
age periods and does not affect the pulp yield
(Amaro et al. 2014; Priori et al. 2018). In the sec-
ond production cycle, the ST values ranged from 3.1
to 8.1 mm (Table 7), suggesting the possibility of
obtaining new populations to meet these standards.
In the case of CD, the smaller the cavity was, the
greater the presence of pulp. If selection is based on
fruit with more seeds, then a larger cavity would be
appropriate. However, the purpose of selection in
this study was to obtain fruit with smaller cavities,
based on consumer interest (Barbosa 2009). Among
the genotypes evaluated in this study, the CD val-
ues ranged from 10.4 to 13.5 cm and were similar
to those observed by Borges et al. (2019b), who
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evaluated progenies of pumpkin accessions from the
Active Germplasm Bank of Cucurbits at Embrapa
Semiérido.

Pulp thickness is an important trait in pumpkin
breeding programs (Blank et al. 2013). Fruits with
greater pulp thickness have a higher pulp yield,
which is an important commercial characteristic.
In the case of SD, pumpkins destined for the fresh
market must have a shape that meets consumer pref-
erences, such as flat fruits, corresponding to a lower
SD, and the absence of a neck.

According to Chitarra and Chitarra (2005), there
is a relationship between fruit length and diameter,
such that values less than 1 indicate globular, ellip-
soid and spherical shapes, while higher values indi-
cate elongated fruit shapes. According to the data
in Table 7, the LF measurements of the selected
genotypes ranged from 13 to 26.7 cm, the LD meas-
urements ranged from 15 to 25.18 cm, and the SD
measurements ranged from O to 12.6 cm.

In C. pepo, El-maaty and Ashour (2021)
observed M and PT ranging from 512.4 to 733.1 g,
with an average of 590.74 g, and from 8 to 12 mm,
with an average of 9.75 mm, respectively. The PT
of the fruits produced in the 2nd cycle ranged from
28.5 to 50 mm, representing genotypes 76 and
15, respectively (Table 7). Borges et al. (2019b)
observed values ranging from 21.30 to 35.10 mm
among the selected pumpkin genotypes, which is
considered desirable due to the high pulp yield.

Environmental variation was responsible for
most of the phenotypic variation in fruit color
(Table 6). According to Costa et al. (2023), the
environmental influence on these attributes is deter-
mined mainly by quantitative variables. However,
for Hs and Hp, negative genetic gains represented
lower values of the variables in subsequent stages of
selection, indicating the generation of fruits with an
intense orange color. This color is represented by H
values close to 30°.

The orange color of pumpkin fruit is well appre-
ciated by consumers and is associated with the pres-
ence of carotenoids. Table 5 shows an average carot-
enoid content of 524.30 pg.g~! in the selected fruits,
with the highest values being 720.44 pg.g-1 and
683.13 ug.g™!, which indicate a high presence of
carotenoids. Ribeiro et al. (2020) reported total carot-
enoid contents ranging from 52.65 to 155.78 pg.g™!
in 51 accessions of C. moschata.
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Kostecka-Gugata et al. (2020) reported that the
highest concentrations of p-carotene ranged from
125-146 pg g~' f.w. in pumpkin cultivars, such as
‘Indomatrone’, ‘Australian Butter’, ‘Chicago Warted
Hubbard’ (C. maxima), ‘Sweet Dumpling’ and ‘Table
Gold’ (C. pepo), as well as ‘Kogigu’ and ‘Shishi-
gatani’ (C. moschata). Among them, ‘Musquée de
Provence’ (C. moschata) and ‘KamoKamo’ (C. pepo)
cultivars had the lowest f-carotene contents, show-
ing 5 and 19 pg g~ f.w., respectively. Considering
the results from scientific literature, it is possible to
recognize wide opportunities for future selections of
pumpkin fruits of superior quality, including func-
tional properties, using the selected genotypes in this
study.

Fruits with lower TA contents are generally pre-
ferred by consumers, and pumpkin is not considered
an acidic vegetable. In the second productive cycle,
the TA values ranged from 0.012 to 0.025% citric
acid (Table 5), representing a lower acidity than that
of the first cycle. The results observed in this study
are considered acceptable and coherent for the spe-
cies since it has a nonacidic flavor.

Otherwise, high values of SS are more desirable
if the fruits will be processed (Amaro et al. 2018).
For the fresh market, pumpkins with SS contents
between 11 and 13° Brix are considered to be of high
quality (Loy 2004). The results observed in the sec-
ond production cycle of this study ranged from 8.5
to 15.6°Brix (Table 7). However, it is possible to
observe pumpkin fruits with 18.4°Brix, for example
(Amaro et al. 2017).

The mean ascorbic acid (vitamin C) contents of
the fruits of the genotypes selected from population
s1 ranged from 753.3 to 1411.8 pug g~! (Table 7). This
vitamin is one of the most sensitive to losses in food
under high temperature and oxidation conditions.
Therefore, preserving antioxidant properties is a chal-
lenge, especially after fruit harvest. According to the
studies by De Assis Lima et al. (2020), the values of
this variable ranged from 1143.2 to 1263.0 pg g~!
during the two production cycles. In addition,
Oloyede and Ogunsina (2023) highlighted that the
longer the fruit was stored, the lower the ascorbic
acid content was.

The pulp firmness of the genotypes selected in the
second cycle ranged from 46.2 to 119.0 N (Table 7).
These results are similar to those obtained by Monal-
isa et al. (2020), who reported values of 73.1 N, and

El-maaty and Ashour (2021), who reported values of
78 N cm™2. According to the authors, pulp firmness
plays a key role in consumer acceptance and market
value. There have been reports of pulp firmness val-
ues up to 165,8 N, as reported by Theanjumpol and
Maniwara (2022). To guarantee pulp firmness and
meet consumer preferences, storage at mild tempera-
tures is recommended in addition to careful handling
(De Moura Guerra et al. 2020).

Even though it is necessary to carry out others pro-
duction cycles with reduced environmental influence,
the results in this study highlight the high potential of
the selected genotypes for the development of culti-
vars with different quality characteristics. Moreover,
there are opportunities to develop cultivars that will
serve different markets.

Conclusion

Based on the genetic parameters and predicted gains,
promising individuals with the desired fruit qualities
were selected. Based on predicted gains, fruits with
characteristics of interest, including length and pulp
thickness, and especially carotenoid, f-carotene, lyco-
pene and xanthophyll contents, which indicate their
functional properties, were selected. In the first pro-
duction cycle, fruit T12P2B1 was the first in the rank-
ing due to its quality characteristics, such as diam-
eter, pulp hue angle, soluble solids, carotenoids and
p-carotene content, although its shape was not consid-
ered desirable by the consumer. Nevertheless, other
genotypes characterized by fruits with equivalent
diameter, pulp hue angle, soluble solids, carotenoids
and p-carotene content exhibited a shape suitable for
consumer preference. In the second production cycle,
genotype 15 had the greatest fruit mass, diameter,
pulp thickness and skin luminosity. Additionally,
other genotypes produced firmer fruits with high
ascorbic acid content and an orange pulp hue angle.
All of these genotypes can be used in the next phases
of the breeding program.
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