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selection were performed. Through the descriptive 
and phenotypic variability analysis, it was possible 
to verify the existence of variability in the parents, 
enabling the selection of 80 genotypes, 72 of which 
were selected via combined selection and eight by 
direct selection. Given the existence of parents’ seg-
regation, the extreme importance of selecting lines 
with different patterns to be explored in the papaya 
breeding program is emphasized to purify the parents 
and adjust the hybrids to meet the consumer market’s 
demand.

Keywords Carica papaya L. · Diversity · 
Combined selection · Mass selection

Introduction

Papaya is one of the tropical fruit trees of great 
importance in Brazil, mainly grown in the northeast 
and southeast regions. In these regions, the states 
of Bahia, Espírito Santo, Ceará, and Rio Grande do 
Norte are the largest national producers, emphasizing 
the Bahia and Espírito Santo, representing approxi-
mately 66.8% of the national papaya production 
(IBGE 2019). However, the papaya crop demands 
increasingly yielding genotypes, nutritional and sen-
sory quality, and disease resistance (Pereira et  al. 
2019a).

Papaya breeding programs have been carrying out 
various works to develop new cultivars to meet the 
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the JS-12, Sekati, and SS-72/12 genotypes, which are 
parents of important papaya hybrids, to identify pos-
sible segregations and proceed with the generation 
progress through self-fertilization of selected geno-
types for agronomic traits of interest. A mass selec-
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demands mentioned above. It is worth mentioning 
that the knowledge of the inheritance of the traits is an 
important element to define the type of cultivar to be 
developed by a breeding program. Studies carried out 
by Cattaneo (2001) on the analysis of averages and 
variances in different generations allowed us to verify 
that the additive effects had magnitudes greater than 
the deviations of dominance for the number and fruit 
weight. On the other hand, the dominance deviations 
showed greater magnitude for fruit yield per plant. 
Thus, the study revealed that papaya has the viabil-
ity of developing both pure line and hybrid cultivars. 
Works like these allow the breeder to direct a more 
efficient breeding program. Additionally, Vettorazzi 
(2020) observed that the trait average weight of the 
fruits might suffer from the action of overdominance 
effects, indicating that heterosis can be explored.

Because of the heterosis exploring feasibility in 
papaya and considering two heterotic groups (Solo 
and Formosa), studies were carried out to identify 
promising hybrid combinations for cultivars devel-
opment. The research explored the heterotic intra- 
and intergroup variability, culminating in lines and 
hybrids developing with Solo and Formosa patterns 
(Luz et al. 2015; Luz et al. 2018; Pereira et al. 2019a, 
b, c; Vettorazzi 2020).

It is expected that lines present allelic fixation 
equal to 1.00, however, molecular characterization 
studies (Pirovani et  al. 2021; Rodrigues 2021) point 
to a level of allelic fixation below that expected for 
the JS-12 lines, showing the existence of variabil-
ity. This intragenotypic variation is not desirable in 
hybridization programs, indicating the need to direct 
efforts towards advancing self-fertilization genera-
tions, guarantee the fixation of loci in heterozygosis, 
and, consequently, achieve the uniformity of hybrids.

This intragenotypic variation in parent lines has 
been observed in papaya crops, culminating in vari-
ations in the agronomic traits of hybrids, especially 
regarding yield and quality aspects. One reason for 
the lack of purity in the parental lines may be the 
mixture of seeds (physical contamination) and pollen 
contamination in the seed production fields (genetic 
contamination) (MAPA 2011). According to the Min-
istry of Agriculture, Livestock, and Supply (2011), 
genetic and physical contamination sources must be 
studied, and their degree of occurrence estimated. In 
genetic contamination, plants from other cultivars of 
the same crop and plants of similar species pollinate 

the crop. This crossing alters the genetic constitution 
of seeds, which is no longer representative of the pro-
duction cultivar (MAPA 2011).

In cultivars of ’Formosa’ papaya plants tend to 
have a marked allogamy rate, promoting genetic 
recombinations and, therefore, preserving a certain 
variability genetics (Silva et  al. 2007). According to 
the authors due to the high allogamy rate in the ’For-
mosa’ genotypes, the parents available have variable 
degrees of loci in heterozygous and the evolution of 
the fixation degree of the parents must therefore be 
monitored in order to produce vigorous and uniform 
hybrids.

The purification of parental lines was reported in 
rice (Ingale and Waghmode 2005) however, the lit-
erature still does not report work on adjustments in 
papaya hybrids, with parent purification and the pos-
sibility of generating new hybrid combinations a chal-
lenge for the breeding program. Thus, this research 
aimed to study the segregation of the JS-12, Sekati, 
and SS-72/12 parents, who are parents of important 
hybrids, to reduce the size of the ’UC10’ and increase 
the ’Calimosa’ fruit according to market demand, 
as well as increasing uniformity during the produc-
tion process. To this end, a diversity study in these 
genotypes was carried out, as well as the combined 
and direct selection based on the analysis of fifteen 
morpho-agronomic traits, to identify and select par-
ents with the traits mentioned above and proceed with 
the advance of self-fertilization generation for the 
increase the fixation index in the lines.

Material and methods

Genetic material and experimental conditions

The ’Sunrise Solo’ 72/12 (SS-72/12) from the Solo 
group and the JS-12 from the Formosa group are elite 
genotypes used to obtain hybrids (Barros et al. 2017; 
Santa-Catarina et al. 2019; Pereira et al. 2019c). The 
parent Sekati is used as a source of favorable alleles 
for reducing the severity of black spots and powdery 
mildew (Vivas et al. 2013a), besides its good general 
combining ability regarding resistance to phoma-spot 
in papaya (Vivas et al. 2013b).

The JS-12 and Sekati parents belong to the same 
heterotic group (Formosa); however, they contrast 
agronomic and sensory traits (Cardoso et  al. 2014; 
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Cortes et  al. 2019). These genotypes also differ in 
plant and fruit morphology, with Sekati being repre-
sented by shorter plants with more dense leaves and 
fruits. In comparison, JS12 has taller plants and elon-
gated fruits with pointed ends and a smaller diameter.

The experiment was carried out at the Caliman 
Agrícola S/A company, located at 19º15’ S and 
40º10’ W, in Linhares, Espírito Santo state, from 
2018 to 2020. The climate of the region is classi-
fied as AWI-type (humid tropical), with rainy sum-
mer and dry winter (Alvares et  al. 2013). The seeds 
of the JS-12, Sekati, and SS-72/12 genotypes used 
by the company were sown in a greenhouse at the 
Santa Terezinha Farm in December 2018, using plas-
tic trays, with a capacity for 96 tubes of 55  cm3. The 
plant substrates HT Tropstrato and the Basacote mini 
3  M® fertilizer, NPK + (Mg) formulation 13–06-16 
(1.4) with micronutrients: 0.0; 2.5; 5.0; 7.5; 10.0, and 
12.5 kg  m−3 of Controlled Release Fertilizer.

Thirty days after sowing, the Sekati, JS-12, and 
SS-72/12 seedlings genotypes were planted in the 
seed production area of the company, using three 
seedlings per hole at a distance of 3.6 m between the 
rows and 1.5  m between plants in the row. Ninety 
days after planting, the thinning of the plants was car-
ried out, just hermaphrodite plants were used for the 
work since they produce the piriform fruits of interest 
for commercialization. The cultural treatments were 
the same used in the commercial plantations of the 
company.

Mass selection

Ninety days after thinning, a mass selection was car-
ried out based on the phenotype, selecting plants with 
smaller and larger fruits: 100 plants from the parent 
Sekati and 100 plants from the parent SS-72/12, and 
200 from the parent JS- 12, totaling 400 plants. The 
latter parent was divided into two categories, with 
100 plants selected for each. The first category is for 
plants with smaller fruits (JS12-P), and the second for 
plants with larger fruits (JS12-G). Papaya cultivation 
is very susceptible to disease attack, causing plant 
loss. Thus, agronomic evaluations were completed 
in 264 plants used in the analyses carried out in this 
study.

Evaluated traits

Digital phenotyping in the field

The plant height (PH), first fruit insertion height 
(FFIH), stem diameter (SD), number of commercial 
fruits (NCF), number of deformed fruits (NDF), fruit-
less nodes (FN) were assessed via digital phenotyp-
ing according to a methodology developed and vali-
dated by Cortes et  al. (2017). A Sony DSCHX 300 
digital camera was used, using two complete photos 
per plant, one photo from side A and the other side 
B. The evaluations were carried out in three periods: 
180, 270, and 360  days after planting. Next to each 
plant stem, a label was placed to facilitate identifica-
tion during analysis and image processing. In each 
evaluation, the plants were also marked with red 
wool to identify the last fruit evaluated in the bunch. 
A known measurement scale was placed on the soil, 
close to the stem of the evaluated plants, for later 
calibration of the processed and analyzed images 
using the ImageJ v1.50c software. The FW traits was 
obtained through the average of five fruits measured 
with digital scale, Toledo brand—model 9094, and 
expressed in grams and the fruit yield (YIELD) was 
obtained by multiplying the FW by the NCF.

Determinations of physical and chemical traits

The evaluations were carried out at 270, 360, and 
450 days after planting. In each evaluation, the fruits 
that showed the same maturation stage (RST1) were 
harvested, where the fruit reaches its maximum phys-
ical development and could be harvested (Barragán-
Iglesias et al. 2018).

After weighing, each fruit was cut in half along 
its longitudinal axis. Subsequently, half of the fruit 
was scanned using a Pro A320 optical model bench 
scanner coupled to a personal notebook to obtain the 
images and perform the evaluation of the following 
morphological traits: fruit length (FL); fruit diam-
eter (FD); ovarian cavity length (OCL); ovarian cav-
ity diameter (OCD), and pulp thickness (PT) using 
the digital image analysis and processing methodol-
ogy described and validated by Santa-Catarina et al. 
(2018), using the ImageJ v1.50c software. The fruit 
volume (FV), pulp volume (PV), and the percentage 
of pulp volume (PV%) were calculated using the fol-
lowing equations:
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where:  VF, OCV, and  VP are the fruit, ovarian cav-
ity, and pulp estimated volumes, respectively. FL and 
OCL are the fruit and the ovarian cavity lengths, FD 
and OCD are the fruit and the ovarian cavity diam-
eters. The other half of the fruit was used to meas-
ure the fruit and the pulp firmness (FF and PF, 
respectively). Firmness was assessed by penetration 
resistance using a digital Bench Penetrometer (Fruit 
Pressure Tester, Italy, Model 53,205). For FF, perfo-
rations were performed at three points equidistant in 
the equatorial region of three fruits, and the PF was 
measured from the perforation of three points equi-
distant in the pulp. The soluble solids content (SST) 
was obtained through a portable digital refractometer, 
as stated by the Association of Official Analytical 
Chemists (AOAC 1990).

Descriptive statistics

The FN, NDF, NCF traits were obtained by adding 
the three evaluation periods. The FFIH trait was eval-
uated only in the first evaluation (where we have the 
first fruit). In contrast, the average values of PH, SD, 
FW, FF, PF, SST, FL, FD, PT, and PV% traits were 
estimated in the three periods evaluated. The YIELD 
was obtained by multiplying the sum of the NCF with 
the FW. The mass selection was carried out in a seed 
production field, that is why the experimental design 
was not used. Thus, it followed with descriptive sta-
tistics (minimum, maximum, first quartile, median, 
and third quartile) and presentation of results in a 
boxplot graphic obtained through the R program (R 
Core Team 2018).

Phenotypic variability

Multivariate analysis was used to estimate the pheno-
typic variability between the analyzed genotypes. Ini-
tially, the Euclidean distance was estimated to obtain 
the phenotypic dissimilarity matrix, considering the 
15 morphological traits evaluated (PH, FFIH, SD, 
NCF, NDF, FN, FW, YIELD, FF, PF, SST, FL, FD, 
PT, and PV%). Subsequently, cluster analysis was 
performed using the Unweighted Pair-Group Method 
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using an Arithmetic Average (UPGMA). Such analy-
ses were performed with the R software aid (R Core 
Team 2018; Gu 2014). The relative contribution of 
each trait to phenotypic diversity was also estimated 
using Singh’s methodology (1981). The analysis 
of genetic relationships among genotypes was also 
assessed with graphic dispersion via principal coordi-
nate analysis (PCA).

Combined selection and direct selection

Fifteen traits were considered simultaneously through 
the combined selection index (CSI) to select the 
genotypes. This index was proposed by Silva et  al. 
(2008a) and rectified by Ramos et al. (2014) and can 
be estimated using the following equation:

where: VFt is the standardized phenotypic means 
of trait i, (obtained using the following equation: 
(Xg − Ẋg) / SXg, where: Xg is the individual meas-
ured value for the x trait; Ẋg is the general mean of 
the trait, and SXg is the standard deviation), and p is 
the agronomic weight established for each I trait and 
can be positive or negative according to the direction 
of the selection.

The agronomic weights established per attempt 
for the fifteen traits were: PH (1), FFIH (-10), SD 
(5), NCF (100), NDF (-20), FN (-20), FW (200 (JS12 
-G and SS-72/12) and -200 (Sekati and JS12-P)), 
YIELD (100), FF (100), PF (100), SST (100), FL 
(1), FD (1), PT (70), and PV% (50). These weights 
were established experimentally established, based 
on the breeders’ knowledge of the UENF/CALIMAN 
papaya breeding program, the agronomic importance 
of the evaluated traits, and the work’s objective. As in 
the study, each plant is a different individual, nega-
tive (-200) and positive (200) weights were attributed 
to the FW trait to identify possible variations of the 
respective parents with different fruit sizes. Micro-
soft Office Excel (2019) was used for CSI estima-
tions. Two genotypes per parent were also selected 
via direct selection (DS) based on the FW trait to 

CSI =
(

VFt1 × p1
)

+
(

VFt2 × p2
)

+⋯ +
(

VFti × pi
)
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maintain in the lines to be purified alleles genotypes 
sources for this attribute.

Results

Descriptive statistics

Figure  1 shows the observations centrality measure, 
using the average and the dispersion of the observa-
tions around this parameter. The quartiles represent 
the dispersion measure for 15 morpho-agronomic 
traits (PH, FFIH, SD, NCF, NDF, FN, FW, YIELD, 
FF, PF, SST, FL, FD, PT, and PV%) evaluated in the 
parents JS12-P, JS12-G, Sekati, and SS-72/12. For the 
NCF, FF, PF, FW, YIELD, and SST traits considered 
the most relevant in the papaya breeding program, we 
can see great variation among the evaluated parents, 
especially FW, allowing genotype selection for larger 
or smaller fruits. The FF and PF traits in the JS12-
P, JS12-G, Sekati genotypes showed less phenotypic 
variation than the SS-72/12 genotype. Additionally, 
the SS-72/12 genotype also showed low phenotypic 
variation for FN, FW, YIELD, FL, FD, and PT.

Phenotypic variability

The diversity analysis, obtained by the Euclidean dis-
tance, considering the morpho-agronomic traits (PH, 
FFIH, SD, NCF, NDF, FN, AMF, YIELD, FF, PF, 
SST, FL, FD, PT, and PV%) indicated the formation 
of six clusters (Fig. 2).

Cluster I (yellow color) has 33 genotypes (20 gen-
otypes from Sekati and 13 from JS12-G), followed by 
cluster II (green color) with 82 genotypes (4 Sekati, 
48 JS12-G, and 30 JS12- P), cluster III (purple color) 
with five genotypes (4 Sekati and 1 JS12-G), cluster 
IV (blue color) with 49 genotypes (11 Sekati and 38 
JS12-G), cluster V (black color) with 47 genotypes 
(46 JS12-P and 1 Sekati), cluster VI (red color) with 
48 genotypes (all SS-72/12) (Fig. 2).

Figure 3 shows the relative contribution of traits to 
phenotypic variability among the individuals evalu-
ated. It appears that the trait that provided the great-
est relative contribution was the average weight of the 
fruits with 98.59%, followed by the plant height with 
0.79%, the number of commercial fruits with 0.18%, 
fruit yield with 0.16%, first fruit insertion height with 
0.14%, and fruit firmness with 0.02%.

Figure  4 shows the average values of the mor-
pho-agronomic traits FW, PH, NCF, YIELD, FFIH, 
and FF for each cluster. The FW trait ranged from 
380.90 g for cluster VI to 2146 g for cluster III. The 
number of fruits with commercial standard varied 
from 27.48 fruits for cluster I (formed by genotypes 
of the Formosa cluster) to 69.75 fruits for cluster VI 
(formed by the Solo cluster genotype). The YIELD 
ranged from 26.41 kg  plant−1 (cluster VI) to 62.08 kg 
 plant−1 (cluster III), and the FF ranged from 124.14 N 
for cluster VI to 131.44 N for cluster II (Fig. 4). From 
these numbers, it is possible to verify the existence of 
variability in the genetic materials under study, both 
for the traits of fruits related to yield and quality.

The analysis of genetic relationships among geno-
types was also assessed with graphic dispersion via 
principal coordinate analysis (Fig.  5a). The first 2 
coordinates together explained 54.9% of the total 
data variation, whereas 40.1% of this variation was 
explained by coordinate 1 and 14.8% by coordinate 2 
for 15 traits (Fig. 5b).

Combined selection and direct selection

Based on phenotypic averages, 80 genotypes were 
selected by combined and direct selection, consid-
ering the 15 traits evaluated in the 264 plants of the 
three parents. Tables  1, 2, 3, and 4 show the geno-
types selected for the parents JS12-P, JS12-G, Sekati, 
and SS-72/12, respectively. For each parent, 18 geno-
types were selected through the CSI according to their 
standardized phenotypic averages. Two genotypes 
were selected via direct selection for the FW trait to 
maintain in the lines to be purified, alleles genotypes 
sources for the standard of desired fruit, totaling 20 
genotypes per parent.

Based on the selection differential (Table  1), 
a reduction in NDF, FN, and fruit size, as well as 
increased values of important traits such as NCF, 
YIELD, FF, PF, SST, PV%, were observed. For the 
FW attribute, the average of the selected genotypes 
for the parent JS12-P (Table 1) was 918.10 g, lower 
than the general average (951.7 g), and the average of 
JS12-G (Table 2) was 1567.00 g, higher than the gen-
eral average (1355.87 g).

Regarding the genotypes selected for the Sekati 
parent (Table  3), a reduction in the average val-
ues for the FW, FFIH, FN, FL, FD, and PT, as well 
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as increased values of important traits such as NCF, 
YIELD, FF, PF, SST, PV%, were observed.

When analyzing the traits related to the produc-
tion of plants and fruit quality selected for the parent 
SS-72/12 (Table  4), the phenotypic average for the 
genotypes selected by the CSI was higher than the 
general average except for FFIH, NDF, FN.

Discussion

The ’Calimosa’ hybrid, the first Brazilian papaya 
hybrid, has shown superiority for fruit production 
and quality compared to the ’Tainung 01’ hybrid of 
the Formosa group, constituting an alternative for the 
papaya cultivation, not only in the country but also 
for farmers in other countries by exporting its seeds 
(Pereira et al. 2015). The ’UC10’ hybrid, according to 
Pereira et al. (2019c), has excellent agronomic perfor-
mance with standard Formosa fruits and excellent fla-
vor. However, a loss of these hybrids pattern has been 
observed, with a considerable increase in fruit size 
in ’UC10’ and reduced fruit size in ’Calimosa’. This 
fact points to an important and not addressed detail: 
the hybrids are segregating, so it is of fundamental 
importance to monitor the parent lines.

It is evident that the parental lines can be puri-
fied and improve the commercial hybrid in Fig.  1, 
we can see that the parents JS12-P, JS12-G, Sekati, 
and SS-72/12 showed genetic variation, mainly for 
the FW, which is extremely important for determin-
ing the fruit pattern of cultivars UC10 and Calimosa. 
This observation indicates the possibility of selecting 
parents with larger fruits, increasing the average fruit 
weight of the ’Calimosa’ hybrid, and parents with 
smaller fruits to reduce the average fruit weight of the 
’UC10’ hybrid.

Concerning phenotypic variability, cluster II 
brought together the largest genotype number pre-
senting in its composition Sekati, JS12-G, and JS12-
P, all from the Formosa group. Clusters I, III, and IV 

were also made up of Sekati and JS12-G genotypes, 
while cluster V brought together Sekati and JS12-P 
genotypes. On the other hand, the genotypes of the 
Solo group (SS-72/12) formed a single cluster (VI) 
(Fig. 2).

Thus, it is evident that the genotypes are grouped 
by the heterotic groups Solo and Formosa, which 
differ basically by the size of the fruit. Some Sekati 
genotypes were grouped with JS12-P and JS12-G, 
indicating variability in these genotypes and the pos-
sibility of selecting genotypes with larger fruits for 
the parents of ’Calimosa’ and smaller fruits for the 
parents of ’UC10’.

It can be seen in Fig. 3 that the FW is a trait that 
has the greatest contribution to explain the total vari-
ation available in the population evaluated in this 
study, while the FF has a low contribution and can be 
discarded in evaluations of genetic divergence. This 
result can be attributed to evaluating individuals from 
different heterotic groups, where the variation in fruit 
sizes is extremely noticeable.

The average values of clusters for the 15 morpho-
agronomic traits (PH, FFIH, SD, NCF, NDF, FN, FW, 
YIELD, FF, PF, SST, FL, FD, PT, and PV%) evalu-
ated in 264 plants (Fig.  4), demonstrate the exist-
ence of genetic variability in the different genotypes 
evaluated, in which the selection can be applied. It is 
worth highlighting the FW trait for having the great-
est variation. This fact clarifies the existing variability 
between and within the evaluated genotypes, enabling 
the selection of genotypes that may be used in hybrid-
ization programs as parent lines with different FW in 
the future, making it possible to obtain hybrids with 
different fruit sizes.

Based on the selection differential of the genotypes 
selected for the JS12-P parent (Table  1), a reduc-
tion in NDF, FN, and fruit size was observed with-
out affecting extremely important traits such as NCF, 
YIELD, FF, PF, SST, and PV%. Thus, we can select 
genotypes with the potential to reduce fruit size with-
out compromising quality and yield.

It is known that the selection differential is not the 
gain in the selection and that the measures of herit-
ability/genotypic determination coefficients are inher-
ent to the populations studied and the experimen-
tal conditions. However, the estimates of genotypic 
determination coefficients  (H2) obtained in Linhares-
ES for morpho-agronomic traits evaluated in papaya 
have shown high values, indicating a great chance of 

Fig. 1  Boxplot based on 15 traits evaluated in 264 papaya 
genotypes of the S12-P, JS12-G, Sekati, and SS-72/12 par-
ents. PH plant height; FFIH height of insertion of the first 
fruit; SD stem diameter; NCF number of commercial fruits; 
NDF number of deformed fruits; FN fruitless nodes; FW aver-
age fruit weight; YIELD fruit yield; FF fruit firmness; PF pulp 
firmness; SST soluble solids content; FL fruit length; FD fruit 
diameter; PT pulp thickness; PV% pulp volume percentage

◂
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genetic gains in the selection procedures. Silva et al. 
(2008b) evaluated papaya segregating populations 
and obtained  H2 varying between 53% and 99.75% 
in several morpho-agronomic traits (plant height, 
stem diameter, insertion height of the first fruit, num-
ber of flowers (total, deformed and sterile flowers), 
number of commercial and deformed fruits, mean 
fruit weight, plant yield, fruit firmness and content of 
soluble solids of fruit pulp). The authors reported val-
ues superior than 70% for plant height (79.19), stem 
diameter (85.36), plant yield (89.89), external fruit 
firmness (92.72), internal fruit firmness (88.41) and 
content of soluble solids of fruit pulp (73.68).

Fig. 2  Dendrogram obtained by the Euclidean distance using the UPGMA clustering method based on the analysis of 264 plants for 
15 evaluated traits (co-phenetic correlation coefficient = 0.80)

Fig. 3  Relative genetic contribution of the traits evaluated 
in 264 papaya genotypes of the S12-P, JS12-G, Sekati, and 
SS-72/12 parents. FW average fruit weight; PH plant height; 
NCF number of commercial fruits; YIELD fruit yield; FFIH 
height of insertion of the first fruit and FF fruit firmness, esti-
mated by the methodology proposed by Singh (1981)
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Based on the high magnitude of the genotypic 
determination coefficients reported on literature and 
the selection differential obtained, there are expec-
tations of obtaining gains with the selected geno-
types. Thus, we can select the genotypes with traits 
of interest and, after the progeny test, evaluate in 
future works the parents’ genetic potential to generate 
hybrids with the same traits.

The genotypes selected for the JS12-G parent 
(Table 2) showed a positive selection differential for 
all traits except FN (-3.6), which points to its reduc-
tion and possible gains in other traits, especially FW 
(211.1  g) and NCF (12.0). Regarding the genotypes 
selected for the Sekati parent (Table 3), a reduction in 
terms of FW, FFIH, FN, FL, FD, and PT, as well as 
increased important traits such as NCF, YIELD, FF, 
PF, SST, and PV%, were observed. Santa-Catarina 

Fig. 4  Graph of average values of clusters for the six morpho-agronomic traits evaluated in 264 plants. FW average fruit weight; PH 
plant height; NCF number of commercial fruits; YIELD fruit yield; FFIH height of the first fruit insertion and FF fruit firmness
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et  al. (2020b) points out that the FF, PF, and SST 
traits variability allow the selected lines, whether For-
mosa or Solo, to present quality and fruit flavor.

Studies on the genetic divergence, that is, differ-
ences in allele frequencies of populations, are of fun-
damental importance in choosing varieties to be used 
as parents since the genetic distance of parents indi-
cates heterotic expression in the progenies (Falconer 
1981). Thus, the results obtained indicate the possi-
bility of selecting genotypes with higher and lower 
FW, confirming the need for purification of the parent 
lines targeting the expected standard for the hybrids 
to be developed from these purified lines, highlight-
ing the demand for FW reduction of ’UC10’ and 
increased values for ’Calimosa’.

Among the selected genotypes for the SS-72/12 
(Table 4), the FW trait is worth noting, with 411.6 g 
higher than the general average (380.9 g). The values 
of the traits related to quality were also higher than 
the general average. Only FFIH, NDF, FN showed 
values below the general average. This result is inter-
esting because the set of selected genotypes presents 
plants with a lower insertion of the first fruits and has 
few nodes without fruits and deformed fruits.

According to Santa-Catarina et al. (2020a), associ-
ated with the combined selection, direct selection can 
be used to select genotypes that are potential sources 

of favorable alleles for specific traits. In this sense, 
the direct selection of this study, based on the FW, 
allowed us to maintain eight genotypes in the lines 
(two genotypes per parent).

Considering the simultaneous selection objec-
tive, we found that the CSI (using standardized 
phenotypic means) was consistent in identifying 
possible genotypes to form the progeny test. This 
finding shows the advantage of standardizing obser-
vations in the evaluation and selection of superior 
genotypes. Thus, it is evident that this strategy can 
allow greater precision in the selection process, 
thus increasing the chances of success of the breed-
ing programs (Ramos et  al. 2014). By associating 
CSI and SD, 80 genotypes were selected (20 Sekati, 
20 JS-12-P smaller fruits, 20 JS-12-G larger fruits, 
and 20 SS-72/12) to compose the next work stage, 
which is the evaluation of the 80 progenies in a 
competition trial.

Given the results, we can show that the main-
tenance of agronomic traits in hybrid cultivars is 
extremely important in using pure lines as parents 
in hybridization tests since allelic variations in loci 
genes of agronomic importance in parents can change 
the standard of developed hybrids over time. In this 
sense, some actions are essential to guarantee the 
high level of allelic fixation of the parent lines and, 

a b

Fig. 5  Principal coordinates analysis based on 15 traits for 
Carica papaya. a Principal coordinates analysis for papaya 
genotypes of the JS12-P, JS12-G, Sekati, and SS-72/12 par-
ents. b Variables analyzed for papaya genotypes of the S12-P, 
JS12-G, Sekati, and SS-72/12 parents. PH plant height; FFIH 
height of insertion of the first fruit; SD stem diameter; NCF 

number of commercial fruits; NDF number of deformed fruits; 
FN fruitless nodes; FW average fruit weight; YIELD fruit 
yield; FF fruit firmness; PF pulp firmness; SST soluble solids 
content; FL fruit length; FD fruit diameter; PT pulp thickness; 
PV% pulp volume percentage
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consequently, the genetic purity of the hybrid seeds: 
care in the crossing procedures to avoid contamina-
tion; monitoring the inbreeding of parent lines and, 
if necessary, purifying them from time to time, to 
avoid such segregation. Ingale and Waghmode (2005) 
worked with the purification of Sahdyari rice hybrid 
parental lines and also reported that lack of purity in 
parental lines and improper isolation conditions in 
seed production result in poor hybrid seed quality.

It is expected that with the selected genotypes and 
the continuity of the work, we will be able to achieve 
purified lines, contributing to the maintenance of the 
commercial standard of the developed hybrids. This 
process aims to obtain the ‘UC10’ hybrid with a 

maximum of 2.0 kg fruits and the hybrid ’Calimosa’ 
with fruits from 1.2 to 1.4 kg and more yielding.

Conclusions

There is a possibility to improve a developed hybrid 
through the purification of parental lines since there 
is segregation in the JS-12-P, JS12-G, Sekati and 
SS-72/12 parents that can be explored in the papaya 
breeding program to obtain ’UC10’ and ’Calimosa’ 
hybrids with different fruit weight so that they meet 
the needs of the markets.
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