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Genetic evaluation of Theobroma grandiflorum hybrid families for fruit yield and resistance to 40 

witches’ broom 41 

Abstract: Theobroma grandiflorum is a perennial fruit-bearing species with a long breeding cycle (~12 42 

years). In multi-harvest data analyses, one frequently observes heteroscedasticity and genetic/statistical 43 

imbalance, which requires adequate statistical methods. This study aimed to compare the adequacy of multi-44 

harvest models with homogenous and heterogeneous residual variance and to define the optimal number of 45 

harvests for an accurate genetic selection of T. grandiflorum families with high fruit yield persistence and 46 

resistance to witches’ broom. We used a generalized linear mixed model to analyse the resistance to 47 

witches’ broom. The data refers to an unbalanced trial with 34 triple-cross hybrid families, arranged in a 48 

randomized complete block design. We evaluated these families throughout nine consecutive harvests 49 

regarding fruit yield and resistance to witches’ broom. The variance components, genetic parameters and 50 

genotypic values were estimated/predicted through residual maximum likelihood/best linear unbiased 51 

prediction methodologies. The model with heterogeneous residuals had a better fit than the homogeneous 52 

model for the fruit yield trait, according to Akaike information criterion. The results attest to the genetic 53 

variability in the evaluated population. To select the best individual for the next breeding cycle, three and 54 

two harvests are enough for selecting accurately for fruit yield and resistance to witches’ broom, 55 

respectively. For commercial release, nine harvests are necessary for both traits. We identified ten high-56 

performance families regarding fruit yield persistence and resistance to witches’ broom. 57 

Keywords: quantitative genetics, mixed models, repeated measures, repeatability, fruit tree breeding 58 

  59 



1 Introduction 60 

 The biodiversity-rich Brazilian Amazon holds a large variety of fruit-bearing species. About 44% 61 

of Brazilian native fruit-bearing diversity is within Amazonian territory (Neves et al., 2012). This is an 62 

indication of the enormous potential for the sustainable commercial and scientific exploitation of these 63 

species. An example of this statement is the fruit-bearing species Theobroma grandiflorum [Willd. (ex. 64 

Spreng) Schum.]. Since the 1980s, T. grandiflorum is the target species of a breeding program at Embrapa 65 

(Brazilian Agricultural Research Corporation). Embrapa’s breeding program aims to develop highly 66 

productive genotypes, with resistance to Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora, the 67 

etiological agent of the witches’ broom, a disease of great economic importance in the Theobroma genus, 68 

since it has the potential of making production unfeasible (Alves et al., 2020; Patrocínio et al., 2017). 69 

 T. grandiflorum has a long juvenile period (about three years) and it takes about eight years for it 70 

to reach full production maturity. For that reason, the species’ breeding cycle is long (about 12 years), 71 

hindering the release of new cultivars (Souza et al., 2002). Hence, it is of paramount importance to 72 

determine the optimal number of harvests for an accurate genetic selection. To reduce the length of the 73 

breeding cycle is to increase the genetic gains per time unit (Chaves et al., 2021; Cobb et al., 2019). In 74 

perennial crops breeding, there is an additional challenge, once data often originate from repeated measures 75 

in the same plants. When using the appropriated model, one can leverage this data to estimate the 76 

repeatability coefficient and the genotype-by-harvest interaction (GHI). Accounting for GHI is important 77 

to comprehend the temporal variation of the genotypes’ performance (Atlin et al., 2017). When facing GHI, 78 

the breeder may prioritize genotypes with high persistence, i.e., genotypes that keep a high performance 79 

regardless of the environmental changes (Rocha et al., 2018). The concept of persistence was originally 80 

developed for perennial grasses (McDonagh et al., 2016; Wilkins & Humphreys, 2003), but can be extended 81 

to perennial fruit-bearing trees such as T. grandiflorum. 82 

With multi-harvest data, we can also identify the residual variance structure throughout the 83 

harvests (Wolfinger, 1996). The variance can be either homogeneous or heterogeneous. When considering 84 

homoscedasticity, the breeder assumes that the non-controllable effects (residuals) were similar throughout 85 

the harvests. Naturally, heteroscedasticity indicates the opposite (Gezan & Carvalho, 2018). Considering 86 

an eventual residual heteroscedasticity may be necessary, given the environmental changes that occur over 87 

the years (Faveri et al., 2015; Verbyla et al., 2021). This fact is especially important for perennial species 88 

such as T. grandiflorum, which can keep producing for several decades. 89 



In this study, our objectives were to compare the adequacy of multi-harvest models with 90 

homogenous and heterogeneous residual variance and to define the optimal number of harvests for an 91 

accurate genetic selection of T. grandiflorum genotypes with high fruit yield persistence and resistance to 92 

witches’ broom.  93 

 94 

2 Material and Methods 95 

2.1 Experimental conditions 96 

The trial was established in a rural property in the Tomé-Açu municipality (latitude 02º 24’ 05.6” 97 

S; longitude 48º 00’ 08.8” W; altitude 45 m above sea level), Pará State, Brazil. The climate of the region 98 

is the type B4rA'a', according to Thornthwaite classification (Moraes et al., 2020). The soil is an Oxisol, 99 

with medium texture, low natural fertility, and deep with good drainage. The average temperature, humidity 100 

and rainfall in the evaluated period were 27 °C, 85.5% and 2.729 mm, respectively. These data were 101 

obtained in situ by a local weather station. 102 

During the first years in the field, T. grandiflorum needs partial shading. For this reason, the plants 103 

were intercropped with adult black pepper plants (Piper nigrum L.), at 6 x 4 m spacing. The cultural 104 

practices followed the recommendation for the species. 105 

2.2 Plant material 106 

The evaluated hybrid families were acquired by triple crossing: at first, we obtained the simple 107 

hybrids by crossing clones with complementary features from the T. grandiflorum Germplasm Bank at 108 

Embrapa Amazônia Oriental. The hybrids were evaluated for 12 consecutive years. After evaluation 109 

between and within hybrid families, we cloned the selected individuals and crossed them with four 110 

commercial cultivars: BRS Coari (174), BRS Codajás (186), BRS Manacapuru (215) and BRS Belém 111 

(286). In sum, the crosses followed the scheme (C1 x C2) x C3, i.e., three different clones (C). Thus, 112 

variability is the result of heterogeneity of the non-endogamous parents. 113 

In total, 34 hybrid families were evaluated in a randomized complete block design, with five to ten 114 

replicates and three plants per plot. The number of replicates varied according to the availability of seeds. 115 

From the third year after establishment onwards, we evaluated the fruit yield per plant (kg), the product of 116 

the number of fruits per plant by the average fruit weight of the same plant. We also evaluated the resistance 117 

to witches’ broom disease, checking for the presence (or absence) of symptoms. We let the disease infection 118 



occur naturally, so the plants manifest the mechanisms of horizontal resistance. Those evaluations were 119 

performed throughout nine consecutive harvests. 120 

2.3 Statistical analyses 121 

We used the REML/BLUP (Henderson, 1975; Patterson & Thompson, 1971) methodology for 122 

estimating the variance components and predicting the genotypic values. The linear mixed model associated 123 

with the evaluation of hybrid families in a randomized complete block design, three plants per plot and 124 

multi-harvest was: 125 𝐲 = μ𝟏 + 𝐗𝟏𝐡 + 𝐗𝟐𝐛 + 𝐙𝟏𝐠 + 𝐙𝟐𝐩 + 𝐙𝟑𝐠𝐡 + 𝐙𝟒𝐢 + 𝐞  (1); 126 

Where 𝐲(𝜂×1) is the vector of phenotypic data,  μ is the intercept, 𝐡(𝛾×1) is the vector of the fixed effects of 127 

harvests, 𝐛(𝜃×1) is the vector of the fixed effects of replicates, 𝐠(𝜏×1) is the vector of the random effects of 128 

hybrid families (𝐠~𝑀𝑉𝑁[0, 𝜎𝑔2𝐈]), 𝐩(𝛿×1) is the vector of the random permanent plot effects 129 

(𝐩~𝑀𝑉𝑁[0, 𝜎𝑝2𝐈]), 𝐠𝐡(𝜏𝛾×1) is the vector of the random effects of GHI (𝐠𝐡~𝑀𝑉𝑁[0, 𝜎𝑔ℎ2 𝐈]), 𝐢(𝜂×1) is the 130 

vector of the permanent plant effects (𝐢~𝑀𝑉𝑁[0, 𝜎𝑖2𝐈]), and 𝐞(𝜂×1) is the vector of the random residual 131 

effects (𝐞~𝑀𝑉𝑁[0, 𝐑]). 𝟏(𝜂×1) is a vector of ones and the capital letters represent the incidence matrices 132 

of the respective effects. 𝜂, 𝛾, 𝜃, 𝜏 and 𝛿 are the number of observations, harvests, replicates, hybrid families 133 

and plots, respectively. 𝜎𝑥2 is the variance of the 𝑥𝑡ℎ random effect. 𝐈 is an identity matrix. 𝐑 is the residual 134 

covariance matrix, which was modelled as an identity of variances, 𝐑 = 𝜎𝑒2𝐈, in the homogeneous model; 135 

and block diagonal, 𝐑 = ⨁ 𝜎𝑒2𝐈𝜸𝛾1 , where ⨁ is the direct sum, in the heterogeneous model. The plot and 136 

plant effects are permanent because there was no new casualization from one year to another, i.e., the 137 

genotypes are in the same position throughout all harvests.  138 

 From eq. 1, we derived the generalized linear mixed model (GLMM) for the evaluation of witches’ 139 

broom, a discrete random trait. This model is suitable because the resistance was evaluated through the 140 

presence of symptoms, in which we assigned “0” for absence and “1” for presence. Then, we used a 141 

binomial distribution with the logit link function [𝑙𝑜𝑔𝑖𝑡 = 𝜇/(1 − 𝜇), where 𝜇 is the mean at the data scale].  142 

We tested the goodness-of-fit of the models with different residual variance structures (Eq.1) using 143 

the Akaike Information Criterion (AIC) (Akaike, 1974): 144 AIC = −2 log L + 2p; 145 

where L is the maximum point of the residual likelihood function and p is the number of estimated 146 

parameters.  147 

 We estimated the 95% confidence intervals for each variance component [CI(σx2)0.95]: 148 



CI(σx2)0.95 = σx2 ± 1.96 SEx; 149 

where σx2 is the variance component of the xth effect, SEx is the standard error of σx2 and 1.96 is the tabulated 150 

value for the Student’s t-test for infinite degrees of freedom. If CI(σx2)0.95 ≤ 0, we assumed that the variance 151 

component did not differ from zero. 152 

 From the variance components, we estimated the individual phenotypic variance (σf2), the 153 

generalized heritability (Hg2) (Cullis et al., 2006), the repeatability coefficient (ρ), the coefficient of 154 

determination of the permanent plot (cp2), GHI (cgh2 ), permanent plant (ci2) and residual (ce2) effects, the type 155 

B genotypic correlations across harvests (rgh) and the accuracy (r), given by the following equations: 156 σf2 = σg2 + σgh2 + σp2 + σi2 + σe2; 157 

Hg2 = 1 − V(∆g̅̅̅̅ )2σg2 , where V(∆g̅̅ ̅) is the average pairwise prediction error variance; 158 

ρ = σg2+σi2σf2 ; 159 

cp2 = σp2σf2; 160 

cgh2 = σgh2σf2 ; 161 

ci2 = σi2σf2; 162 

ce2 = σe2σf2; 163 

rgh = σg2σg2+σgh2 ; 164 

r = √1 − 𝑃𝐸𝑉σg2 , where PEV is the prediction error variance. 165 

To estimate the optimum number of harvests, we estimated the comparative efficiency (E) and 166 

accuracy (rh) of using h harvests instead of using only one (Resende & Alves, 2020): 167 E = h1+(h+1)ρ; 168 

rh = √ hρhρ+1−ρ; 169 

 To select hybrid families with major resilience to the environmental variation that occurs over the 170 

years in the field, we estimated their yield persistence (Pτ), given by (Rocha et al., 2018): 171 

Pτ = 1∑ [ĝτγ−max(ĝγ)]29𝛾=1 ∑ { 1∑ [ĝτγ−max(ĝγ)]29𝛾=1 }34𝜏=1⁄  (2) 172 



where ĝτγ is the genotypic value of the τ-th hybrid family in the γ-th harvest and max(ĝγ) is the maximum 173 

genotypic value estimated in the γ-th harvest, which represents the ideotype. 174 

 At last, we used the additive index (AI) to select hybrids that reunite favourable alleles for 175 

resistance to witches’ broom and persistent fruit yield: 176 AI = ∑ CVgϑ2ϑ=1 Gτσgϑ; 177 

where Gi is the Pτ of the τ-th hybrid family for fruit yield and the genotypic value of the τ-th hybrid family 178 

for resistance, σgϑ  is the genetic standard deviation of the ϑ-th trait and CVgϑ  is the genetic coefficient of 179 

variation of the ϑ-th trait (CVgϑ = 100[σgϑ/μ]) (Ferreira et al., 2021). The equation’s numerator differed 180 

because we have not estimated Pτ for resistance, as the GHI effect was not different from zero (see next 181 

section). The direction of selection was positive for fruit yield and negative for resistance (recall that “1” is 182 

positive for symptom). All the analyses were done in the R software environment, version 4.2 (R Core 183 

Team, 2022), using the ASReml-R package, version 4.1 (Butler et al., 2018). 184 

 185 

3 Results 186 

According to AIC, for the yield trait, the model with heterogeneous residual variances between 187 

harvests had better fit (Table 1). Therefore, all the results for this trait were acquired from this model.  188 

Table 1. Tested models for the fruit yield trait evaluated in Theobroma grandiflorum triple-cross hybrid 189 

families and their respective number of parameters, accuracy and Akaike information criterion (AIC) 190 

values. 191 

Model Number of parameters Accuracy AIC 

Homogeneous residual variances 5 0.79 39847.85 

Heterogeneous residual variances 13 0.82 39074.07 

 192 

 The heteroscedastic model particularizes the residual variances for each harvest. Consequently, 193 

the phenotypic variance and all the genetic parameters derived from these variance components are also 194 

particularized (Table 2). 195 



Table 2. Variance components and genetic parameters for fruit yield (kg plant-1) and resistance to witches’ broom evaluated in Theobroma grandiflorum triple-cross 

hybrid families. 

Trait Harvest 
Variance component Hg2 

Coefficient of determination ρ rh σg2 σgh2  σi2 σp2  σe2 σf2 cgh2  ci2 cp2 ce2 

Fruit yield 

(kg plant-1) 

1 

13.39* 

± 1.53 

10.35* 

± 0.68 

10.83 

± 1.11 

49.91* 

± 1.64 

70.50 153.98 0.57 0.07 0.32 0.07 0.61 

0.28 0.56 

2 64.42 147.90 0.57 0.07 0.33 0.07 0.46 

3 80.11 163.59 0.53 0.06 0.30 0.07 0.44 

4 129.21 121.69 0.45 0.05 0.23 0.05 0.49 

5 142.69 226.17 0.43 0.05 0.22 0.05 0.61 

6 263.89 347.37 0.30 0.03 0.14 0.03 0.63 

7 384.56 467.99 0.23 0.02 0.11 0.02 0.76 

8 203.60 287.08 0.35 0.04 0.17 0.04 0.82 

9 206.63 290.11 0.35 0.04 0.17 0.04 0.71 

Mean - - - - - - 0.42 0.05 0.22 0.05 0.71 

Resistance to 

witches’ broom 
1 to 9 

0.68* 

± 0.29 

0.02ns 

± 0.15 

1.13* 

± 0.36 

0.26ns 

± 0.30 3.29 5.39 0.59 0.004 0.21 0.05 0.61 0.34 0.97 σg2 is the genotypic variance, σgh2  is the genotype-by-harvest interaction (GHI) variance, σi2 is the permanent plant effect variance, σp2  is the permanent plot effect variance, σe2 is the residual variance, σf2 is the phenotypic variance, Hg2 is the generalized heritability, cgh2 , ci2, cp2 and ce2 are the coefficients of determination of GHI, permanent 

environment, permanent plot and residual effects; ρ is the repeatability coefficient and rh is the type B genotypic correlation across harvests.  

* and ns: different and not different from zero, respectively, at the 5% probability level.



All the random effects significantly influenced fruit yield (Table 2). On the other hand, GHI and 

permanent plot effects did not differ from zero for resistance to witches’ broom. This is corroborated by 

the low values of their respective coefficients of determination. As the GHI was low, the type B genotypic 

correlation across harvests was high for witches’ broom resistance (0.97). The same did not occur for fruit 

yield (0.56) (Table 2). 

In general, the residual variance played an important part in the total phenotypic variation for both 

traits. This is proved by the high coefficient of determination of the residual effects, 0.67 for witches’ broom 

resistance and from 0.44 to 0.82 for fruit yield. The generalized heritability varied from medium values (0.3 

to 0.5) to high values (> 0.5) for fruit yield. In turn, witches’ broom resistance had a high heritability (0.59). 

The resistance’s repeatability (0.34) was greater than fruit yield’s (0.28). 

The differences between the traits’ repeatability reflect the divergence between their comparative 

accuracies and efficiencies (Figure 1). Since the resistance had higher repeatability, it needs fewer harvests 

than fruit yield to reach an accuracy of 0.7, a satisfactory value when one’s goal is selection for cycle 

advancing, according to Resende and Duarte's (2007) criterion. Indeed, only two harvests are enough for 

resistance evaluation, whereas fruit yield needs three harvests (Figure 1A). This reflects on the comparative 

efficiencies, which have decreasing growth rates as more harvests are evaluated (Figure 1B). By comparing 

the curves of both traits, one can conclude that fruit yield benefits more with increasing evaluated harvests. 

When one’s goal is commercial releasing, Resende and Duarte (2007) suggest 0.9 as the minimum 

accuracy. Our results indicate that, for both traits, nine evaluations are necessary to reach this value (Figure 

1A). 



 

Figure 1. Comparative accuracy (A) and comparative efficiency (B) throughout the harvests for fruit yield 

and resistance to witches’ broom traits evaluated in Theobroma grandiflorum triple-cross hybrid families. 

 

 The top ten hybrid families were coincident for the fruit yield genotypic value and the persistence 

(H117, H120, H125, H127, H129, H140, H162, H165 and H169). Selecting these hybrid families will 

provide a genetic gain of 12.62% in fruit yield (Table 3).  

Table 3. Genotypic values (ĝ), Persistence and Additive Index for fruit yield and resistance to witches’ 

broom evaluated in Theobroma grandiflorum triple-cross hybrid families. 

Hybrid family Fruit yield (kg plant-1) 
Resistance to  

witches' broom 
Additive index 



ĝ Persistence ĝ 

H117 31.235 3.358 0.0009 11.894 

H118 26.510 0.888 0.0005 3.142 

H120 30.781 3.074 0.0013 10.883 

H121 27.255 1.083 0.0015 3.821 

H123 21.040 0.347 0.0009 1.218 

H124 27.525 1.125 0.0004 3.985 

H125 34.425 33.874 0.0006 120.123 

H126 23.912 0.562 0.0012 1.975 

H127 30.142 2.438 0.0008 8.634 

H128 22.467 0.445 0.0009 1.566 

H129 31.113 3.035 0.0008 10.752 

H130 28.751 1.522 0.0009 5.387 

H131 28.228 1.178 0.0007 4.166 

H132 25.902 0.767 0.0008 2.709 

H133 25.330 0.714 0.0007 2.523 

H134 25.190 0.705 0.0006 2.491 

H135 26.902 0.962 0.0004 3.406 

H136 24.655 0.590 0.0006 2.084 

H137 27.627 1.126 0.0003 3.991 

H138 28.158 1.322 0.0013 4.671 

H140 31.673 4.541 0.0011 16.088 

H143 30.129 2.358 0.0004 8.358 

H144 29.631 2.041 0.0010 7.225 

H149 27.824 1.274 0.0006 4.511 

H150 26.375 0.843 0.0010 2.974 

H152 26.358 0.908 0.0010 3.205 

H157 27.727 1.053 0.0005 3.727 

H161 28.143 1.349 0.0044 4.722 

H162 31.899 4.127 0.0043 14.574 

H163 28.618 1.554 0.0029 5.471 

H165 33.473 10.587 0.0006 37.539 

H166 27.118 0.981 0.0008 3.470 

H167 29.901 1.978 0.0005 7.008 

H169 32.689 7.289 0.0029 25.808 

In bold, the top ten hybrid families for both traits, according to the additive index. 

 

Due to the non-significance of the GHI effects for resistance, genotypic values are enough to select 

the best hybrid families. Since “1” was assigned for symptomatic plants, the lower the hybrid family’s 

genotypic value, the better. Thus, the hybrid families H118, H124, H135, H136, H137, H143, H149, H157, 



H165 and H167 were the top ten in the ranking, and selecting them provides an 11.01% gain for witches’ 

broom resistance. 

Using the additive index (AI) to evaluate the hybrid families’ performance regarding fruit yield 

persistence and witches’ broom resistance, ten hybrid families stand out: H118, H124, H125, H129, H135, 

H137, H140, H143, H165 and H167. Five of these hybrid families are within the top ten for persistent fruit 

yield, whereas seven of them are present among the selected hybrid families for witches’ broom resistance. 

Only two hybrid families (H165 and H143) were selected in all the criteria (fruit yield genotypic value, 

fruit yield persistence, witches’ broom resistance genotypic value and AI) (Figure 2). If one selects the 

hybrid families indicated by the AI, one’s gain in fruit yield will be 6.14% and in witches’ broom resistance 

will be 7.19%. 

 

 

Figure 2. Top ten selected hybrid families (on the left) according to four selection criteria (on the right). 

The number beside the hybrid family code represents the number of criteria for which this hybrid family 

appears in the top ten. 

 

4 Discussion 



Phenotyping over time (harvests) or space (locations) implies low probability of homogeneity 

between residual variances. This is due to the peculiarities of each harvest/location (Edwards & Jannink, 

2006; Jaimez et al., 2020). For that reason, we already expected that the heteroscedastic residual variance 

model would have a better fit. This result has great methodological importance, as it stresses the necessity 

of considering the heteroscedasticity in multi-harvest data analyses (Faveri et al., 2015; Martínez-García et 

al., 2017). This is especially relevant in fruit-bearing perennial trees, such as T. grandiflorum, for which 

several measurements are done in the same plant throughout various harvests (Chaves et al., 2021). 

The significant genetic variances for both evaluated traits attest to the population’s aptitude for 

selecting the best hybrid families. On the other hand, there is a differential behaviour of each trait regarding 

GHI. Indeed, the yearly variations have higher effect on fruit yield (significant GHI variance) than witches’ 

broom resistance (non-significant GHI variance), suggesting that fruit yield is more influenced by the 

environment (Alves et al., 2021).  

The non-significance of GHI and the high genotypic correlation across environments indicate that 

the resistance to witches’ broom was stable throughout the evaluated years. From this result, one may 

presume that i) early selection may be suitable for this trait; and ii) the presence of favourable alleles from 

different sources contributed to elevating the trait’s stability, despite the different pathogen pressures and 

environmental conditions (Albuquerque et al., 2010; Benjamin et al., 2016; Pereira et al., 2021). Recall that 

the evaluated hybrid families are a combination of three clones, which supposedly hold resistance alleles. 

To this day, few studies evaluated in-field witches’ broom resistance in T. grandiflorum with a suitable 

genetic/statistical approach. Our study is pioneering in employing a GLMM to analyse this trait. 

Witches’ broom resistance had a high generalized heritability (𝐻𝑔2 > 0.5), whereas fruit yield had 

moderate values for this parameter (0.15 < 𝐻𝑔2 < 0.5) (Resende & Alves, 2020). Fruit yield heritability 

found herein was somewhat lower than the values usually found in the literature (𝐻𝑔2 > 0.5) (Alves et al., 

2020, 2021). This is probably due to differences in the model: we used a multi-harvest model, whereas the 

aforementioned authors used the mean across harvests in a single-trait model. Note that from the fourth 

harvest onwards, generalized heritability values decrease for fruit yield. This is clear evidence of 

environmental influence. In fact, the different climatic patterns and the increase of witches’ broom 

incidence played a part in this behaviour. The different maturity stages may also be one of the causes.  

Like heritability, the repeatability coefficient is also linked with the non-controllable effects and 

the genetic variability in the population. The lower the repeatability values, the larger the number of 



harvests that must be considered for an efficient selection. In our study, we followed the Resende and 

Duarte's (2007) accuracy classification to propose the optimal number of harvests. Fruit yield must be 

evaluated for at least three consecutive harvests to provide a reliable selection for cycle advancing (accuracy 

= 0.7). In Theobroma genus, other studies also reached the same conclusion (Carvalho et al., 2002; Mustiga 

et al., 2018). As it has higher repeatability, the resistance needs fewer harvests (two) to provide the same 

accuracy. Considering the first three years of the juvenile period, the current selection cycle of T. 

grandiflorum breeding program can be shortened by half. This result has great practical relevance and this 

study is the first to report this result on resistance to witches’ broom. 

The evaluation in 12 years (considering the juvenile period) should only be kept in the last stage 

of the breeding cycle, when the breeder aims to select for commercial releasing and a higher accuracy is 

demanded (0.9). One must bear in mind that these results are valid for trials that are similar to the one used 

in our study. In T. grandiflorum breeding, recommendation trials are larger, with fewer genotypes evaluated 

in more replicates and locations. Thus, under these conditions, the number of harvests to be considered may 

be reduced even further.  

Using multi-harvest data allows for the estimation of the hybrid families’ fruit yield persistence, 

regarded herein as a measure of stability. In the perennial forages’ context, persistence is the ability of a 

variety to survive and keep producing dry matter for a long period, which reduces the cost with reseeding 

(O’Connor et al., 2020; Parsons et al., 2011). In T. grandiflorum and any other fruit species’ context, 

persistence is related to the genotypes’ capability of maintaining a high fruit yield, regardless of the 

environmental changes. Note from eq. 2 that both performance and stability are compiled within the 

estimator (Rocha et al., 2018). That may explain the coincidence between the top ten hybrid families 

considering both persistence and fruit yield genotypic value. Despite the coincidence, there is a change in 

the order, suggesting that there are different levels of stability among the hybrid families.  

The non-significance of GHI for witches’ broom resistance justifies our choice of using only the 

trait’s genotypic value for genetic selection. The Additive Index highlighted the best hybrids for both traits 

simultaneously. The coincidence between the ten best pointed by the index and the single-trait criteria 

(Figure 2) proves our point. Selection indices are recurrent in breeding program, since frequently more than 

one trait has economic value (Jaimez et al., 2020). In the T. grandiflorum case, the breeder cannot dissociate 

fruit yield from witches’ broom resistance when selecting families. In other words, an ideal family must 



hold favourable alleles for both traits. This is because there is a great incidence of M. perniciosa in the 

Amazon, since the region is its centre of diversity (Artero et al., 2017). 

Amongst the selected hybrids, only two are present in the top ten for both yield and witches’ broom 

resistance: H165 and H143. By selecting those genetic materials, one supports the breeding program with 

genotypes that hold favourable alleles from different sources. This diversifies the program’s genetic base 

and, consequently, keeps the variability with the selection-recombination cycles. In doing so, one goes 

towards the gene pyramiding, elevating the genetic gains and, at the end of the process, providing the 

farmers with genotypes that are reliably productive and resistant to witches’ broom (Pilet-Nayel et al., 2017; 

Willocquet et al., 2017).  

 

5 Conclusion 

 The model with heterogeneous residual variances had the lowest AIC value if compared to the 

model with homogeneous residual variance. 

T. grandiflorum trials with similar conditions as ours should only be evaluated for nine consecutive 

harvests if the breeder’s goal is the recommendation. If this is not the case, the evaluation time can be 

reduced by half and, consequently, there is a higher genetic gain per time unit.  

Considering simultaneously the fruit yield persistence and resistance to witches’ broom, we 

selected the hybrid families H125, H165, H143, H137, H167, H129, H117, H124, H140 and H135. The 

selection of those families will provide a genetic gain of 6.14% for fruit yield and 7.19% for resistance. 
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