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Abstract
The absence of seeds has been one of the most valued traits in grapes (Vitis spp.)

for fresh consumption. However, the simultaneous selection of superior genotypes

for multiple traits is complex. The objective of this study was to select genotypes

of superior seedless table grapes in semiarid regions of Brazil. Multiple traits were

considered by using the factor analysis and genotype–ideotype best linear unbiased

prediction (FAI-BLUP) selection index. A total of 110 grape progenies from 24

crosses were evaluated for traits of agronomic interest. Each hybrid was represented

by a single vine plant, without experimental design or repetition. The mixed-model

methodology was used to predict the breeding values. The FAI-BLUP index was

used to select superior genotypes based on factor analysis and the genotype–ideotype

distance. Four factors explained the 11 characteristics studied, with a variability of

81.84%. Desirable gains were observed for 10 of the 11 traits evaluated. The FAI-

BLUP index allowed the selection of superior seedless table grape hybrids, which

can be used in the genetic improvement of grapevines. In conclusion, we report the

selection of seedless table grape hybrids for our study to advance in the table grape

breeding program in Brazilian semiarid regions.

1 INTRODUCTION

Throughout the history of grapevine domestication, the vege-

tative propagation method used for reproduction has allowed

spontaneous seedless somatic varieties to be propagated and

cultivated (Royo et al., 2018). However, the global demand

Abbreviations: BeD, berry diameter; BeL, berry length; BeW, berry

weight; BuL, bunch length; BuW, bunch weight; BuWi, bunch width;

FAI-BLUP, factor analysis and ideotype design—best linear unbiased

prediction; LRT, likelihood ratio test; NB, number of bunches per plant;

REML/BLUP, restricted maximum likelihood/best linear unbiased

prediction; SS, soluble solids content; TA, titratable acidity; Y, yield per

plant.

© 2023 The Authors. Crop Science © 2023 Crop Science Society of America.

for seedless table grape cultivars (Vitis spp.) is increasing, and

winegrowers are increasingly interested in new apyrenic culti-

vars to remain competitive in the market (Akkurt et al., 2019).

Therefore, the absence of seeds or apyrenia has been one of

the most valued traits in grapes for fresh consumption.

The Submédio São Francisco Valley, located in a semiarid

region of Brazil, is the main producer of seedless table grapes

in the tropical axis. However, despite the increase and the eco-

nomic importance of cultivars introduced in the region, the

susceptibility to diseases and lack of adaptation to environ-

mental conditions of some old and traditional cultivars have

increased the demand for new seedless table grape cultivars
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adapted to the environmental conditions in semiarid regions

of Brazil (Leão, 2021).

In genetic breeding of perennial plants, such as grapevines,

one of the most important steps is the selection of supe-

rior genotypes. In selection, breeders must deal with the

difficulties of choosing the best statistical model to pre-

dict genetic values, in addition to the set of characteristics

of economic expressiveness that, when used simultaneously,

increase the chance of success in selection. However, simul-

taneously selecting high-performance grape genotypes for

multiple traits can be a difficult task.

Some selection indices, such as the classic Smith–Hazel

index (Hazel, 1943; Smith, 1936) and the additive genetic

index (Resende, 2016), have been proposed for the simulta-

neous selection of multiple traits. However, there are several

limitations regarding the determination of the economic

weights of multicollinearity traits and problems (Rocha et al.,

2018).

On the other hand, the factor analysis and genotype–

ideotype best linear unbiased prediction (FAI-BLUP) index

allows genotypes to be ranked based on multiple traits, free

of multicollinearity, and does not require weight assignment

for traits of economic interest. In addition, this index consid-

ers factor analysis and the genetic correlation structure within

each factor, preserving the relationship between traits and

guiding the selection of genotypes closer to the assumptions

by the breeder (Rocha et al., 2018).

The efficiency of this selection index has been reported

for the improvement of different crops (Almeida et al., 2021;

Meier et al., 2021; Oliveira et al., 2019, 2021; Peixoto et al.,

2021; Rocha et al., 2019; Silva et al., 2018; Volpato et al.,

2021; Woyann et al., 2020). However, no references were

found for the use of the FAI-BLUP index in the genetic

improvement of grapevines. Its use in grapevine breeding

programs should facilitate and increase selection efficiency.

Thus, the objective of this study was to select superior seed-

less table grape genotypes in a semiarid region of Brazil for

multiple traits using the FAI-BLUP selection index.

2 MATERIALS AND METHODS

2.1 Growth conditions

The study was conducted in the Mandacaru Experimen-

tal Field of Embrapa Semiárido in Juazeiro, Bahia, Brazil

(09˚24″S, 40˚26″W, at 375 m altitude), in soil classified as

vertisol (Cunha et al., 2008). Grapevines were grafted into

IAC 572 rootstock and placed in a trellis system with a spacing

of 3 × 1 m. Irrigation was performed daily in a drip system.

Fertilization was performed according to the soil analysis.

The management practices recommended for the crop were

performed. Hydrogen cyanamide (5%) was applied after prun-

Core Ideas
∙ The absence of seeds is one of the most valued

traits in grapes for fresh consumption.

∙ Simultaneous selection of superior genotypes of

seedless table grapes for multiple traits is complex.

∙ It was possible to select seedless table grape

hybrids with desirable agronomic characteristics.

∙ The use of the genotype–ideotype index allowed

the selection of 10 superior seedless table grape

hybrids.

ing to break bud dormancy and standardize sprouting. Six

harvests from 2018 to 2021 were evaluated.

The climatic information was collected from the Agromete-

orological Station of the Campo Experimental de Mandacaru

(Figure S1). The monthly average values corresponding to the

period of each production cycle (from the date of pruning to

the final date of harvest) are presented in the Table 1. Vari-

ations were observed in all climatic variables between the

six production cycles carried out with the 1st, 3rd, 4th, and

6th production cycles standing out with milder temperatures,

while the 2nd and 5th cycles carried out between November

to March were characterized by higher temperatures. Average

relative humidity and global solar radiation showed smaller

variations between production cycles, except for the 3rd cycle

with the highest average relative humidity (89%) and lowest

global solar radiation (15.14 MJ). In turn, the accumulated

rainfall during the period varied from 26.5 mm in the 1st

production cycle to 196 mm in the 2nd cycle, demonstrating

the temporal irregularity of rainfall, which is typical of the

semiarid tropical climate in the Northeast region of Brazil.

2.2 Plant material

A total of 110 genotypes of apyrenic grape hybrids (F1) orig-

inating from 24 crosses between cultivars of Vitis vinifera and

interspecific hybrids were evaluated (Table S1). In this study,

the genotypes considered apyrenic, presented seed weights

less than or equal to 10 mg, which are classified as trace

seeds according to the International Plant Genetic Resources

Institute (IPGRI, 1997). Each hybrid was represented by a

single vine plant, without experimental design or repetition.

However, the multiple harvests would give an estimate of phe-

notypic trait means along with error estimates. Thus, there

were six harvests (“sub-samples”) that provided a form of

replication in the experiment even though each hybrid plant

itself was not replicated.
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T A B L E 1 Pruning and harvesting dates and averages for main climatic variables during six growing seasons, Juazeiro, BA, Brazil.

Growing
season Pruning date Harvestdate

Ta (med)
(˚C)

Ta (max)
(˚C)

Ta (min)
(˚C)

Hr (med)
(%)

RG
(MJ)

P
(mm)

1st Apr. 30, 2018 Aug. 17 to Sept. 15, 2018 25.47 32.42 19.38 71.15 21.86 26.52

2nd Nov. 6, 2018 Feb. 12 to Mar. 17, 2019 27.59 34.34 22.06 71.12 21.42 196.10

3rd Mar. 4, 2020 June 2 to June 30, 2020 25.38 31.49 20.91 89.02 15.14 147.57

4th July 15, 2020 Oct. 23 to Nov. 20, 2020 25.71 32.69 19.60 72.36 20.79 81.79

5th Dec. 16, 2020 Mar. 8 to Apr 16, 2021 27.18 33.71 21.67 71.69 21.68 97.28

6th June 30, 2021 Sept. 28 to Oct. 29, 2021 25.30 32.11 19.56 72.68 20.27 62.22

Abbreviations: Ta, temperature; Hr, relative humidity; RG, global radiation; P, precipitation.

2.3 Evaluated traits

The following traits were evaluated: yield (kg plant−1),

obtained through the weight of all bunches harvested from

each plant; number of bunches (bunches plant−1), counting

the bunches on the plant at the time of harvest; bunch length

(cm), bunch width (cm) and bunch weight (g), obtained from

the average of a sample composed of five bunches per plant;

berry length (mm), diameter (mm) and weight (g), obtained as

the average of a sample of 10 berries randomly collected from

each of the five bunches evaluated above; soluble solids con-

tent (%) and titratable acidity (%), obtained from the juice of

a sample of 50 berries using a digital refractometer and digi-

tal titrator, respectively; ratio (soluble solids content/titratable

acidity) (dimensionless); berry consistency (crunchy, fleshy,

and melty), which was considered a restrictive trait in the

selection index; and berry flavor (special, muscatel, foxado,

and neutral) and berry color (green, red, and black), for

characterization purposes.

2.4 Statistical analysis

The significance of the random effects of the model (per-

manent phenotypic effects) was assessed using deviance

analysis (ANADEV) via the likelihood ratio test (LRT), as

recommended by Viana and Resende (2014). Mathemati-

cally, 𝐿𝑅𝑇 = (−2Log𝐿)𝑝−1 − (−2Log𝐿)𝑝, where LogL is

the logarithm of the maximum point of the residual likelihood

function (L) associated with the reduced (p – 1) and complete

(p) models, and (−2Log𝐿) is the deviance. The LRT was com-

pared with the value of the probability density function (χ2)

with one degree of freedom at 1% and 5% probability.

The variance components were estimated by restricted

maximum residual likelihood (REML), while the genotypic

values were predicted by the best unbiased linear predictor

(BLUP) (Henderson, 1975; Patterson & Thompson, 1971).

The statistical model used was the basic repeatability

model, in which the absence of an experimental design is

assumed (Model 63). It can be represented in matrix form

through the equation:

𝑦 = 𝑋𝑚 + 𝑍𝑝 + 𝑒, (1)

where y is the data vector (variable to be analyzed); m is the

vector of the measurement effects, assumed to be fixed, added

to the general mean; p is the vector of permanent phenotypic

effects of plants (genotypic effects + permanent environmen-

tal effects), assumed to be random; e is the vector of errors

or random effects residues; and X and Z are the incidence

matrices for fixed effects and random effects, respectively.

The genotypic values (BLUP mean values) were predicted

for each of the 110 genotypes based on the 11 quantita-

tive traits evaluated. The BLUP mean values were used for

the simultaneous selection of the best genotypes of apyrenic

hybrids using the FAI-BLUP index.

This index is based on structural equation models com-

bining the technique of factor analysis (exploratory factor

analysis) with the ideotype design (confirmatory factor anal-

ysis) of multiple characteristics in addition to exploring the

correlations between the evaluated characteristics.

The factor analysis has the objective of resuming the vari-

ous variables in a smaller set of dimensions with a minimum

loss of information. Thus, it seeks to define, in a study with

many variables, sets of highly correlated variables, known as

factors (Rocha et al., 2018).

The proportion of variability of each variable explained by

the factors is called commonality. The higher the common-

ality, the more informative the variable is for the factor and,

therefore, the factor in which it is inserted represents it. The

average commonality is equivalent to the accumulated vari-

ance for the factors (Cruz et al., 2014; Peixoto et al., 2021;

Rocha et al., 2018).

The predicted gain with selection (GS%) was calculated

considering 25% as the selective intensity and was obtained

by

GS% =
[
�̄�𝑚 − �̄�0

�̄�0

]
× 100, (2)
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where GS% is the gain in the selection of the best geno-

types for the variable, �̄�𝑚 is the mean BLUP of the genotype

selected for the variable, and �̄�0 is the overall BLUP mean of

all genotypes for the variable.

In the FAI-BLUP index, the ideotype was defined based

on the combination of desirable and undesirable quan-

titative traits according to the selection objective. After

determining the ideotype, the distances of each genotype

according to the ideotype (genotype–ideotype distance) were

estimated and converted into spatial probabilities, allow-

ing the ranking of genotypes based on the adaptation by

Rocha et al. (2018):

𝑃𝑖𝑗 =

1
𝑑𝑖𝑗∑𝑖 = 𝑛;𝑗 = 𝑚

𝑖 = 1;𝑗 = 1
1
𝑑𝑖𝑗

𝑐𝑖𝑗 , (3)

𝑐𝑖𝑗

{
1 if 𝐶 = crunchorf leshy
0 if 𝐶 = melty , (4)

where 𝑃𝑖𝑗 is the probability that the ith genotype (i = 1, 2,. . . ,

n) is similar to the jth ideotype (j = 1, 2,. . . , m), 𝑑𝑖𝑗 is the

genotype–ideotype distance from the ith genotype to the jth
ideotype based on the standardized mean Euclidean distance,

and 𝑐𝑖𝑗 is the restriction imposed in the selection considering

the consistency of the berry (C).

The restriction on the selection index for C was imposed

by a dummy variable (1 and 0), which multiplies the index,

penalizing progenies with a score of 0, i.e., grapes that have

melty berries were not selected.

The software Selegen-REML/BLUP, version 1.0.0.0

(Resende, 2016) was used for deviance analysis, estimative of

variance components, and the prediction of breeding values.

The software R, version 4.1.2 (R Development Core Team,

2019) was used to apply the FAI-BLUP index for the selection

of hybrids, according to the script described by Rocha et al.

(2018). The software GENES, version 1990.2023.3 (Cruz,

2016) was used to estimate the correlation with Pearson’s

coefficient.

3 RESULTS

3.1 Deviance analysis

The deviance analysis for the 11 quantitative traits revealed

that genotypes conferred significant effects (p< 0.01) for phe-

notypic variations. The deviance analysis indicated variability

among hybrids for all traits evaluated, and therefore all of

them were used for genotypic selection.

3.2 Variance components (REML) and
genotypic values (BLUP)

The estimation of the genetic and phenotypic parameters for

the variables considered in this study are presented in Table 2.

The general average production was 2.14 kg per plant,

corresponding to an estimated yield of 10 t ha−1 per crop.

In addition, the average number of bunches per plant was

reduced to approximately 14 bunches, a characteristic directly

correlated with productivity.

The general mean values of the bunch length, bunch width,

bunch weight, berry length, berry diameter, berry weight, sol-

uble solids content, titratable acidity, and ratio were 13.62 cm,

7.95 cm, 174.02 g, 17.30 mm, 14.83 mm, 2.34 g, 16.41%,

0,52%, and 36.51%, respectively.

The estimated temporary environmental variance (Vte)

was higher than the permanent phenotypic variance between

plants (Vpp) for all traits evaluated, representing most of the

phenotypic variance (Vp) (Table 2).

The estimates of the repeatability coefficient (r) ranged

from 0.14 to 0.54 (Table 2) and were considered intermedi-

ate berry weight (0.54), berry diameter (0.49), berry length

(0.37), bunch length (0.29), bunch width (0.22), bunch weight

(0.40), yield (0.25) and number of bunches (0.24). In con-

trast, the estimates for the soluble solids content (0.13) and

titratable acidity (0.15) were considered low.

The selective accuracy (Acm) predicted by REML for the

evaluated parameters ranged from 0.69 (soluble solids con-

tent) to 0.94 (berry weight). Selective accuracy values were

higher than 0.70 for 10 of the 11 variables analyzed (Table 2),

indicating accuracy and a medium to high degree of certainty

in the inferences, with selection gains for all variables.

The genotypic values (BLUP) and genetic gains of the 110

genotypes for each of the traits are presented in Tables S2

to S5. The genotypic values were used in the FAI-BLUP

for ranking the genotypes. Without practicing selection, the

greatest gains obtained for the evaluated traits were 4.77 kg

(yield), 11.87 bunches (number of bunches), 2.65 cm (bunch

length), 2.33 cm (bunch width), 128 g (bunch weight),

3.67 mm (berry length), 2.86 mm (berry diameter), 150 g

(berry weight), 0.99% (soluble solids content), 0.11% (titrat-

able acidity) and 8.76 (ratio).

3.3 Factor analysis

Regarding the factor analysis, the eigenvalues and cumula-

tive variance were estimated for the 11 principal components

obtained by the genetic correlation matrix between traits

(Table 3). The accumulated variance for the first four princi-

pal components indicates that these components are sufficient
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T A B L E 2 Variance components (individual REML) for the yield, number of bunches, bunch length, bunch width, bunch weight, berry length,

berry diameter, berry weight, soluble solids content, and ratio for the 110 hybrid genotypes of Vitis spp.

Traits evaluated General average Vpp Vte Vp r = h2 rm Acm

Yield (kg) 2.14 ± 0.74 1.12 3.36 4.48 0.25 ± 0.07 0.67 0.82

Number of buches 13.78 ± 3.49 25.29 81.94 107.24 0.24 ± 0.07 0.65 0.81

Bunch length (cm) 13.62 ± 1.16 2.45 5.95 8.40 0.29 ± 0.08 0.71 0.84

Bunch width (cm) 7.95 ± 0.64 0.80 3.15 4.05 0.22 ± 0.07 0.63 0.79

Bunch weight (g) 174.01 ± 46.02 3164.84 4628.10 7792.95 0.40 ± 0.09 0.80 0.90

Berry length (mm) 17.30 ± 1.29 2.64 4.42 7.05 0.37 ± 0.09 0.78 0.88

Berry diameter (mm) 14.83 ± 1.05 1.49 1.52 3.02 0.49 ± 0.11 0.85 0.92

Berry weight (g) 2.34 ± 0.47 0.24 0.29 0.52 0.54 ± 0.11 0.88 0.94

Soluble solids content (%) 16.41 ± 0.49 0.79 5.27 6.06 0.13 ± 0.05 0.47 0.69

Titratable acidity (%) 0.52 ± 0.05 0.01 0.02 0.03 0.22 ± 0.07 0.63 0.79

Ratio 36.51 ± 3.20 31.71 190.53 222.25 0.14 ± 0.06 0.50 0.70

Abbreviations: Acm, the selection accuracy based on the mean of the seasons or repeated measures; r = h2, individual repeatability and its confidence interval; rm, mean

repeatability of crops or repeated measures; Vpp, permanent phenotypic variance among plants; Vte, temporary environmental variance; Vp, individual phenotypic variance.

T A B L E 3 Eigenvalue estimates using principal component

analysis and the proportion of variance explained by them for eleven

apyrenic grape hybrid traits.

Main component Eigenvalue Eigenvalue (%)
Cumulative
variance (%)

PC1 3.74 34.00 34.00

PC2 2.35 21.45 55.45

PC3 1.66 15.14 70.59

PC4 1.22 11.18 81.77

PC5 0.89 8.11 89.88

PC6 0.39 3.59 93.47

PC7 0.27 2.50 95.97

PC8 0.21 1.99 97.96

PC9 0.08 0.74 98.70

PC10 0.07 0.70 99.40

PC11 0.06 0.60 100.00

to represent 81% of all the variability existing among the

hybrids.

The variables that most correlated with each factor were

identified based on the magnitude of the factor loadings,

which indicate the correlation of each variable with a given

factor (Table 4).

For the first factor, which explained 34.00% of the vari-

ance (Table 3), there was a high genetic correlation between

the bunch length, bunch width and bunch weight, and this

factor was referred to as the bunch factor. For the second fac-

tor, responsible for 21.45% of the variance (Table 3), there

was a high genetic correlation between the soluble solids con-

tent, titratable acidity, and ratio, and this factor was referred

to as the quality factor. For the third factor, a high genetic

correlation was observed between the berry length, berry

diameter and berry weight, and this factor, which explained

15.14% of the variance (Table 3), was referred to as the berry

factor. Finally, the fourth factor, which represented 11.18%

of the variance (Table 3), was referred to as the yield fac-

tor, where the yield and number of bunches per plant were

strongly correlated.

For the second factor, there was a negative correlation

between the titratable acidity and soluble solids, as expected.

Regarding the first, third, and fourth factors, correlations in

the same direction were observed between the characteristics

within each factor (Table 4).

The commonality values ranged from 0.48 to 0.95

(Table 4). The commonalities of all variables were high, indi-

cating a good association between the variables and factors,

with the exception of the soluble solids content (0.48), which

indicates a minimal relationship between this variable and the

factor in which it is inserted.

The estimates of Pearson’s linear correlation between the

evaluated traits ranged from 0.001 to 0.84 (Table S6). Genetic

correlations were of low magnitude for most traits. However,

the yield and number of bunches; the bunch length, bunch

width, and bunch weight; the berry length, berry diameter,

and berry weight; titratable acidity, and the ratio showed high

positive correlations.

The characterization of the genotypes regarding the trait’s

consistency, flavor, and berry color is presented in Table S7.

Regarding the berry consistency, 61% of the genotypes had

melty berries, 31% had fleshy berries and 8% had crunchy

berries. Thus, only 38% (43 genotypes) were suitable for

selection. The pulp flavor was neutral (85.5%), special (9%),

and muscatel (5.5%). Finally, 58% of the genotypes had green

berries, 40% had red berries and 2% had black berries.
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T A B L E 4 Factor loadings after varimax rotation and commonalities for the evaluated apyrenic grape hybrid traits.

Factor
Traits Bunch Quality Berry Production Commonality
Yield -0.5421 –0.0117 0.1846 0.6910 0.8056

Number of bunches 0.0129 –0.0930 –0.0137 0.9245 0.8638

Bunch length –0.8580 0.1297 –0.0177 0.1257 0.7692

Bunch width –0.8709 0.0159 0.2156 –0.0226 0.8059

Bunch weight –0.8923 0.1162 0.2602 0.0453 0.8797

Berry length –0.1264 –0.0741 0.9139 0.0226 0.8573

Berry diameter –0.1517 –0.0428 0.9318 0.0029 0.8931

Berry weight –0.1567 –0.0200 0.9554 0.0757 0.9436

Soluble solids content –0.0320 –0.5838 0.0026 –0.3765 0.4837

Titratable acidity –0.1229 0.8240 –0.0430 –0.2045 0.7378

Ratio 0.1363 –0.9589 0.0876 0.0945 0.9548

Average − − − − 0.8177

3.4 Genetic gains

The predicted genetic gains obtained with the selection of

the 10 genotypes (23% selection intensity) for all traits eval-

uated simultaneously by means of direct selection and the

FAI-BLUP index are presented in Table 5.

3.5 Obtaining genetic gains in the desirable
direction for the bunch factor, quality factor,
berry factor, and production factor using the
FAI-BLUP index

The gains obtained using the FAI-BLUP index in relation to

those obtained using direct selection were approximately 56%

for the traits to be increased and approximately 68% for the

traits to be decreased.

Considering the selection intensity of 23% (10 genotypes)

used in this study, we can identify in which traits the hybrids

selected by the index would also be selected applying direct

selection. The “BRS Tainá” cultivar, the first hybrid selected

using the FAI-BLUP index, is on the list of 10 cultivars

selected using direct selection for all traits, except for the

soluble solids content. The second hybrid selected by using

the FAI-BLUP index, the CPATSA 79.04, was present on

the list of the 10 cultivars selected using direct selection for

nine of the 11 traits evaluated; there was only disagreement in

the results for number of bunches and soluble solids content.

CPATSA 49.171, the third hybrid selected using the FAI-

BLUP index, was absent on the list of the 10 cultivars selected

using direct selection only for traits for soluble solids content

and ratio, for example.

In addition, the percentage of genotypes that coincided

between the FAI-BLUP selection index and direct selection

T A B L E 5 Predicted genetic gains based on direct selection and

the FAI-BLUP index.

Predicted genetic gain (%)

Factor Traits Direct selection
FAI-
BLUP

Bunch BuL 8.24 2.52

BuWi 11.32 6.07

BuW 24.30 10.58

Quality SS 3.21 0.91

TA –12.13 –8.30

Ratio 12.66 9.01

Berry BeL 10.45 5.70

BeD 11.85 6.44

BeW 36.68 19.04

Production Y 45.41 31.81

NB 34.79 20.08

Total desirable

gains (%)a

56.39

Total undesirable

gains (%)b

68.24

Note: Genotypes selected using the FAI-BLUP index: 5, 98, 38, 103, 85, 31, 4, 77,

30 e 52.

Abbreviations: BeD, berry diameter (mm); BeL, berry length (mm); BeW, berry

weight (g); BuL, bunch length (cm); BuWi, bunch width (cm); BuW, bunch weight

(g); ratio SS/AT (dimensionless); SS, soluble solids content (%); TA, titratable

acidity (%); Y, yield per plant (kg); NB, number of bunches per plant.
aProportion of the predicted gain for traits to be increased (BuL, BuWi, BuW, SS,

ratio, BeL, BeD, BeW, Y, NB) in relation to the predicted gain for direct selection.
bProportion of the predicted gain for traits to be decreased (TA) in relation to the

predicted gain for direct selection.

was greater than or equal to 50% for most traits, except for

the soluble solids content and bunch length. Using a selec-

tion intensity of 23% (10 genotypes), the proportions of the
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DE CARVALHO ET AL. 2097Crop Science

F I G U R E 1 Proportion of the best hybrids that were selected by

the index, with selection intensities of 23% and 46%. Traits: yield per

plant (Y), number of bunches per plant (NB), bunch length (BuL),

bunch width (BuWi), bunch weight (BuW), berry length (BeL), berry

diameter (BeD), berry weight (BeW), soluble solids content (SS),

titratable acidity (TA), ratio.

agreement were 70% for the ratio; 60% for the yield and titrat-

able acidity; 50% for number of bunches, bunch width, bunch

weight, berry length, berry diameter, and berry weight; 40%

for bunch length, and 20% for the soluble solids content.

The percentage of agreement between the selection index

and the direct selection increased as the proportion of the

selected hybrids increased. The proportion increased as the

intensity of selection also increased, reaching 80% (yield),

75% (bunch length), 70% (number of bunches, bunch width,

bunch weight, berry diameter and berry weight), 65% (berry

length), 60% (ratio), 55% (titratable acidity), 50% (soluble

solids content), and less than 46% selection intensity. These

results demonstrate that the index was efficient in selecting

the best hybrids (Figure 1).

The classification of the 43 genotypes of seedless grapes,

with crunchy and fleshy consistency, according to direct

selection, for each of the characteristics (yield, number of

bunches, bunch length, bunch width, bunch weight, berry

length, diameter length, berry weight, soluble solids content,

titratable acidity, and ratio) is presented in Table S8.

3.6 Ranking of genotypes by the FAI-BLUP
index

Figure 2 shows the classification of the 43 genotypes of seed-

less grapes with firm texture (consistency of the crunchy

or fleshy pulp) according to the FAI-BLUP index and its

associated spatial probability.

Ten genotypes were selected at a selection intensity of

23% over the 43 genotypes of seedless grapes with firm tex-

ture. According to the index, the first 10 genotypes selected

were BRS Tainá, CPATSA 79.04, CPATSA 49.171, CPATSA

79.28, CPATSA 65.112, CPATSA 49.104, CPATSA 63.108,

CPATSA 49.06, CPATSA 15.04, CPATSA 49.234.

The hybrids BRS Tainá, CPATSA 79.04, and CPATSA

49.171 showed good performance for production, bunch,

berry, and quality factors. CPATSA 79.28 stood out more

in terms of production and quality. CPATSA 65.112 showed

good production, bunch, and quality traits, but in relation

to the berry factor, it was average. CPATSA 49.104 had

good performance in bunch, berry, and quality factors, but

in relation to production, the performance was unsatisfactory.

CPATSA 63.108 did not show good bunch characteristics, but

for production, berry, and quality factors, it performed well.

The strong point of the CPATSA 49.06 hybrid was the quality

factor. CPATSA 15.04 presented production, bunch, and berry

factors as strengths. The hybrid CPATSA 49.234, on the other

hand, presented the quality factor as a weak point.

4 DISCUSSION

The basic premise for selection is the presence and knowledge

of genetic variability. Furthermore, models with significant

genetic parameters are the most suitable for estimating vari-

ance components and predicting genotypic values for each

trait. The deviance analysis using the likelihood ratio test

to evaluate the significance of the genotypic effects is indi-

cated for the analysis of mixed models with unbalanced

data (Malikouski et al., 2021). In this study, this analysis

revealed the existence of variability among the evaluated

hybrids; that is, its effects explain part of the total variation,

which demonstrates the possibility of obtaining genetic gains

through direct selection in all evaluated traits and, therefore,

the recommendation of superior genotypes.

The analysis via mixed models (REML/BLUP) allows

reducing this time by performing selection without requiring

experimental designs using different measures per plant and

predicting permanent phenotypic values through the mean

of repeated measures weighted by the temporal repeatability

coefficient of the trait (Resende, 2016).

The superiority of the temporary environmental variance

(Vte) in relation to the permanent phenotypic variance esti-

mated between plants (Vpp) (Table 2) indicate that these

characteristics are highly influenced by environmental con-

ditions. Results similar to these were reported by Carvalho

et al. (2023) for yield, number of bunches, bunch traits, solu-

ble solids content, titratable acidity and ratio; Sanchéz et al.

(2017) for fruit production; and Sales et al. (2019) for all

the variables evaluated by them (yield, bunch weight, soluble

solids content, and ratio), with the exception of the number

of bunches, in which the Vpp values were greater than the

Vte values. In contrast, Leão et al. (2018) detected higher Vpp
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2098 DE CARVALHO ET AL.Crop Science

F I G U R E 2 Classification of seedless table grape genotypes, and the 10 genotypes selected using the factor analysis and genotype-ideotype

distance (FAI-BLUP). The numbers on the outer circle correspond to the hybrid number in Table S7, making it possible to identify the selected

genotype.

values than Vte values for the yield and number of bunches

but observed higher Vte values than Vpp values for the bunch

mass and soluble solids content.

The environmental influence on the yield, bunch character-

istics, soluble solids content, and ratio can be explained by

seasonal climatic variations in the 1st and 2nd semester crops

in the Submédio São Francisco Valley, together with the alter-

nations common in consecutive seasons. Vte values higher

than Vpp values hamper the selection of promising genotypes

based on simple plant breeding methods, such as clone selec-

tion, which takes into account only the individual phenotype

(Leão et al., 2018).

According to the Kaiser criterion (Kaiser, 1958), the num-

ber of principal components is determined by the number of

eigenvalues greater than 1. In this study, the first four princi-

pal components had eigenvalues greater than 1, and thus, the

data could be condensed into four factors, which explained

81% of the variance. In a study on genetic divergence among

grapevine cultivars from the Active Germplasm Bank of

Embrapa Semiárido, considering 11 fruit quality traits, it was

found that two main components explained 79.45% of the total

variance contained in the set of traits analyzed (Batista et al.,

2015). At the same Germplasm Bank of Embrapa Semiárido,

the genetic diversity and performance of grape cultivars were

evaluated based on nine morphoagronomic traits (cycle dura-

tion, production, number of bunches, length, width and weight

of the bunch, soluble solids content, titratable acidity, and

ratio) and four factors explained 84.12% of the variance (Leão

et al., 2011). Pereira et al. (2008), evaluating the quality

characteristics of wine grapes, found that the variables evalu-

ated were reduced to four main components, which explained

67.36% of the total variation.

Traits grouped into the same factor exhibit greater correla-

tion with each other than with variables from different factors.

This means that characteristics belonging to the same factor

can be grouped into a “macrocharacteristic” (factors) with a

biological meaning. In this study, the “macrocharacteristics”

formed were production, bunch, berry, and quality. Therefore,

each factor has biological significance based on the genetic

correlation between the traits (Cruz et al., 2014; Rocha et al.,

2018). Genetic correlations between traits within a factor can

be given in the same direction and/or in the opposite direction
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and are given by the signs of the factor loadings. In this study,

the direction of correlations between characteristics within

the same factor occurred as expected, with most correlations

being positive (Table 4). In the selection by FAI-BLUP index,

it is important that the correlations between the characteristics

are high and that they have biological sense, since the selec-

tion of genotypes for multiple characteristics is based on the

analysis of factors.

Estimates of the genetic correlation between traits are

important for the success of breeding programs because they

allow the breeder to evaluate the selective response and

obtain indirect gains in other variables. Thus, some polygenic

traits strongly influenced by the environment can be indi-

rectly selected from other variables measured more easily and

accurately.

Nikolic et al. (2018), evaluating the phenotypic correla-

tions between agronomic traits in grapevines, identified a

significant and negative correlation between the soluble solids

content and titratable acidity but also observed a positive cor-

relation between the bunch mass and berry mass. Wei et al.

(2002) also found a strong positive correlation between the

berry mass, length, and diameter and a strong negative corre-

lation between the soluble solids content and titratable acidity,

in addition to a high positive correlation between the soluble

solids content and ratio. Cargnin (2019) evaluated the magni-

tude of association between traits of clones of two cultivars of

Vitis vinifera using canonical correlation, obtaining correla-

tions r = −0.71 and r = 0.55 between the yield and number of

bunches, r = 0.98 and r = 0.90 between the bunch weight and

yield, r = −0.82 and r = 0.16 between the number of bunches

and bunch weight, r =−0.18 and r =−0.77 between the num-

ber of berries and berry weight and r = 0.13 and r = −0.05)

between the soluble solid content and titratable acidity for

“Cabernet Sauvignon” and “Chardonnay,” respectively.

The genetic correlation coefficients estimated by Pearson’s

linear correlation (Table 6) confirm that the traits grouped

in the factors present high genetic correlation and are in

the desirable direction, contributing to the efficiency of the

selection by FAI-BLUP.

The commonalities of all variables were high, indicating a

good association between the variables and the factors, with

the exception of the soluble solids content, which indicates

a minimal relationship between this variable and the factor

in which it is inserted (Table 4). Commonality is the propor-

tion of variability of each variable explained by the factors.

The higher the commonality is, the more informative the vari-

able is for the factor and, therefore, the factor in which it is

inserted represents it. The average commonality is equiva-

lent to the accumulated variance for the factors (Cruz et al.,

2014; Peixoto et al., 2021; Rocha et al., 2018). The good asso-

ciation between the characteristics of the factors associated

with high correlation and in the desirable sense, already men-

tioned, once again signal the efficiency in the selection by the

FAI-BLUP.

An ideotype-based breeding program focuses on multiple

traits simultaneously. The ideotype in the FAI-BLUP index

is determined from the genetic correlations of each factor

(Meier et al., 2021). The ideal agronomic and commercial

ideotype of seedless table grapes was designed using the

maximum breeding values for the yield, number of bunches,

bunch length, bunch width, bunch weight, berry length, berry

diameter, bunch weight, and soluble solids content and ratio,

and the minimum breeding value for titratable acidity. Berry

consistency was considered an eliminatory qualitative trait

in the selection process, since the ideotype must have a

berry with a firm texture, according to consumer market

requirements.

Thus, based on the restriction applied, only grapes with a

crunchy or fleshy consistency were selected. Fernandes Filho

et al. (2021), seeking potato clones suitable for industry, and

Melo et al. (2020), aiming to select superior common bean

progenies to mitigate the effects of genotype-environment

interactions, incorporated a restriction on the selection index

for multiple traits based on the genotype-ideotype distance.)

By using the FAI-BLUP selection index, the genotypes

were ranked based on multiple traits simultaneously. Consid-

ering the seedless table grape ideotype in this study, a total of

10 genotypes with the highest potential were selected using

this index.

In addition, the use of the FAI-BLUP index allowed desir-

able genetic gains to be obtained for all traits evaluated

(Table 5), demonstrating the efficiency of the index used to

provide balanced gains. Similar results were found by Volpato

et al. (2021), who obtained desired gains for all traits evaluated

for soybean using the FAI-BLUP selection index. When using

other indices, gains in the undesirable direction were obtained

for some variables. Almeida et al. (2021), selecting mangaba

genotypes using the FAI-BLUP index, also found desirable

gains for most of the variables considered in the study. In the

selection of superior wheat genotypes, it was also possible

to obtain desirable genetic gains for yield traits (Meier et al.,

2021).

When using direct selection, the maximum predicted gain

can be obtained by considering one trait at a time. The

selection of several combined traits often results in reduced

selection gains for all traits evaluated when compared to gains

obtained using direct selection (Cruz et al., 2014). Gains

with multitrait selection represented more than 50% of gains

obtained with direct selection. This reveals efficiency in mul-

titrait selection for the 11 traits considered in this study,

knowing that the greater the number of traits to be selected,

the smaller the gain compared to direct selection. Thus, even

if greater gains were obtained using direct selection in rela-

tion to the FAI-BLUP index, the latter should be preferred in

the process of selecting superior hybrids considering the set

of traits.

In addition, the percentage of genotypes that coincided

between the FAI-BLUP selection index and direct selection
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was greater than or equal to 50% for most traits evaluated

in this study. Fernandes Filho et al. (2021) observed that

the proportion of agreement between direct selection and the

FAI-BLUP index increased as the intensity of selection also

increased, reaching between 59% and 73% when applying a

selection intensity of 50%. These results demonstrate that the

index was efficient in the selection of the best seedless table

grape hybrids.

According to the FAI-BLUP index, the first 10 genotypes

selected (Figure 2) have greater potential to pass to the next

stage as advanced selections in table grape breeding because

they have characteristics closer to the ideotype in terms of the

yield, number of bunches, bunch length, bunch width, bunch

weight, berry length, berry diameter, berry weight, soluble

solids content, and ratio.

Among the selected genotypes, the use of total genetic vari-

ance (additive and dominance) by vegetative multiplication is

expected to maximize genetic gains in selection.

This index constitutes a new tool for applications in genetic

improvement programs of any crop (Rocha et al., 2018).

Its use allows the ranking of genotypes based on spatial

probability. Moreover, it does not require weight assign-

ment to different traits and does not present multicollinearity

problems. In addition, the procedure allows the selection of

genotypes through predicted breeding values, which excludes

environmental effects (Almeida et al., 2021). Studies have

compared indices of multitrait selection and observed that the

best gains were obtained with the use of the FAI-BLUP index

(Rocha et al., 2018; Volpato et al., 2021).

Although proposed only recently, the FAI-BLUP index has

already been used efficiently in (i) the evaluation and selection

of sorghum hybrids for biomass increase and energy cogener-

ation (Oliveira et al., 2019; Silva et al., 2018); (ii) soybean

selection for biodiesel production (Woyann et al., 2020); (iii)

selection of superior common bean progenies (Rocha et al.,

2019); (iv) selection of Jatropha curcas L. genotypes for

bioenergetic purposes (Rodrigues et al., 2020); (v) selection of

superior pumpkin genotypes with smaller size and higher seed

yield for oil production (Oliveira et al., 2020); (vi) combined

selection in maize (Peixoto et al., 2021); (vii) simultane-

ous selection of mangaba based on eleven agronomic traits

(Almeida et al., 2021); (viii) selection of early soybean pro-

genies that are more erect and have higher grain yield potential

(Volpato et al., 2021); (ix) and selection of superior wheat

genotypes for grain yield, tiller number and grain weight per

plant (Meier et al., 2021).

In this study, the FAI-BLUP index was efficient in the

selection of grapevine hybrids, simultaneously presenting bal-

anced genetic gains for all desirable traits. The methodology

successfully identified genotypes similar to materials already

launched on the market, such as the “BRS Tainá” cultivar,

confirming the efficiency of selection via the FAI-BLUP

index in generating selection gains for multiple traits. The 10

hybrids selected in this study met the minimum requirements

for the table grape market: berry length greater than 17 mm,

berry diameter greater than 15 mm, soluble solids content

greater than 16%, and ratio higher than 20. The mass of the

bunch was around 250 g, a little below what is required by the

market (300 g). But this trait, as well as the traits production

and number of bunches, can be improved with plant man-

agement. In addition, 10 hybrids did not have seeds. These

selected hybrids have the potential to be asexually propagated

and advance to the next stage of the breeding program in the

semiarid region in trials with a greater number of plants per

genotype. Therefore, it is a suitable tool for the simultaneous

selection of important traits in table grape breeding, contribut-

ing to the success and speed in the development of apyrenic

table grape cultivars.

5 CONCLUSION

In the present study, we selected seedless grape hybrids

with desirable agronomic characteristics. “BRS Tainá,”

CPATSA 79.04, CPATSA 49.171, CPATSA 79.28, CPATSA

65.112CPATSA 49.104, CPATSA 63.108, CPATSA 49.06,

CPATSA 15.04, CPATSA 49.234 stood out as promising

hybrids to advance in the table grape breeding program for

Brazilian semiarid regions.
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