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ABSTRACT. Brazil has great potential to produce bioenergy since 
it is located in a tropical region that receives high incidence of solar 
energy and presents favorable climatic conditions for such purpose. 
However, the use of bioenergy in the country is below its productivity 
potential. The aim of the current study was to select full-sib progenies 
and families of elephant grass (Pennisetum purpureum S.) to optimize 
phenotypes relevant to bioenergy production through mixed models 
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(REML/BLUP). The circulating diallel-based crossing of ten elephant 
grass genotypes was performed. An experimental design using the 
randomized block methodology, with three repetitions, was set to 
assess both the hybrids and the parents. Each plot comprised 14-m 
rows, 1.40 m spacing between rows, and 1.40 m spacing between 
plants. The number of tillers, plant height, culm diameter, fresh biomass 
production, dry biomass rate, and the dry biomass production were 
assessed. Genetic-statistical analyses were performed through mixed 
models (REML/BLUP). The genetic variance in the assessed families 
was explained through additive genetic effects and dominance genetic 
effects; the dominance variance was prevalent. Families such as Capim 
Cana D’África x Guaçu/I.Z.2, Cameroon x Cuba-115, CPAC x Cuba-
115, Cameroon x Guaçu/I.Z.2, and IAC-Campinas x CPAC showed the 
highest dry biomass production. The family derived from the crossing 
between Cana D’África and Guaçu/I.Z.2 showed the largest number of 
potential individuals for traits such as plant height, culm diameter, fresh 
biomass production, dry biomass production, and dry biomass rate. The 
individual 5 in the family Cana D’África x Guaçu/I.Z.2, planted in 
blocks 1 and 2, showed the highest dry biomass production.
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INTRODUCTION

The global energy matrix is marked by the high prevalence of non-renewable sources. 
However, the growing demand for fossil fuels has increased the awareness about a possible 
energy crisis, since these fuels come from limited sources (Ong et al., 2013). Besides, the 
debates about issues related to the negative environmental impact caused by high gas emission 
rates, which worsen the greenhouse effect, have intensified. Therefore, it is essential to develop 
alternative energy sources to decrease the use of fossil fuels.

Some plants have shown potential to be used as sources of bioenergy, namely: 
elephant grass (Daher et al., 2014; Rocha et al., 2015; Salazar-Zeledón et al., 2015; Ghosh, 
2016; Menezes et al., 2016), sugarcane (Szczerbowski et al., 2014; Bordonal et al., 2015), 
sorghum (Silva et al., 2016), and eucalyptus (Eufrade Junior et al., 2016). However, in contrast 
to elephant grass, which shows high photosynthetic efficiency with high biomass productivity 
potential, some of these cultures show low dry biomass production. Furthermore, the elephant 
grass culture shows shorter production cycle (two cuts may be performed per year), renewable 
energy, and increased carbon assimilation (Mazzarella et al., 2015).

Given the great energy potential of the elephant grass, it is essential to use accurate 
genotype-selection methods in its breeding, since plant-breeding success depends on the use 
of efficient genetic and experimental designs, as well as on the subsequent use of selection 
procedures able to explore all the favorable attributes of such designs. Unbalanced experiments 
are commonly used to assess elephant grass, as well as other perennial plants. In such cases, 
the use of traditional analysis, such as analysis of variance (ANOVA), leads to biased estimates 
of variance components (Resende, 2007). Thus, the best procedure to overcome such obstacle 
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is the estimation of variance components through restricted maximum likelihood (REML), as 
well as the prediction of genetic values through the best linear unbiased prediction (BLUP).

The main advantages of applying the REML/BLUP method to simultaneously estimate 
genetic parameters and to predict the genetic values are: the correction of data on environmental 
effects, the estimation of genetic parameters and prediction of genetic values, the comparison 
of individuals in time and space, the generation of non-addicted results, the maximization of 
selective accuracy, the maximization of genetic gain and of plant-breeding programs efficiency, 
the non-requirement of data matching, the simultaneous use of a large number of information 
to generate more accurate estimates, the management of complex experimental structures and 
of heterogeneous variances (Resende, 2002; Viana and Resende, 2014).

The REML/BLUP method has been successfully applied to several perennial species 
such as Brachiaria humidicola (Figueiredo et al., 2012), Panicum maximum (Braz et al., 
2013), Saccharum officinarum (Oliveira et al., 2008; Pedrozo et al., 2009; Lucius et al., 2014); 
Eucalyptus (Rosado et al., 2012; Miranda et al., 2015); and Coffea arabica (Rodrigues et al., 
2013; Carias et al., 2016). However, there are few studies in the literature concerning the use 
of this method in elephant grass, so far. Such use emerges as an innovative breeding proposal 
in this culture since it enables the successful selection of potential clones.

The information obtained through the REML/BLUP method allows directing 
the selection strategies. Both the family and the individual selections stand out among all 
possible alternatives. However, studies have shown that the family selection is significantly 
advantageous (Oliveira et al., 2008), since this type of assessment comprises the selection of 
superior families and leads to greater probability of identifying promising genotypes within 
the family (Cruz et al., 2012). In light of the preceding, the aim of the current study was to 
select full-sib families and progenies of elephant grass to produce bioenergy through mixed 
models (REML/BLUP).

MATERIAL AND METHODS

The experiment was conducted in the experimental field of the State Center for 
Research in Agro-Energy and Waste Utilization (PESAGRO - Centro Estadual de Pesquisas 
em Agroenergia e Aproveitamento de Resíduos - Rio), which is located in Campos dos 
Goytacazes County, Rio de Janeiro State (latitude 21°44'47''S; longitude 41°18'24''W; altitude 
11 m). According to the Köppen (1948)’s classification system, the climate in the Northern 
Fluminense region is Aw - tropical hot and humid - and it presents dry winter and rainy 
summer, as well as annual rainfall of approximately 1053 mm (Mendonça et al., 2007). The 
soil in the experimental field is classified as dystrophic argisol.

Controlled crossings between ten elephant grass genotypes (Cubano Pinda, Vrukwona, 
IAC-Campinas, Capim Cana D’África, Cameroon, CPAC, IJ 7139, União, Guaçu/I.Z.2, and 
Cuba-115), which were previously selected based on studies about biomass production potential, 
were performed under circulating diallel system. The algorithm used to set the circulating 
diallel-based crossings was based on the following values (Kempthorne and Curnow, 1961): p - 
number of studied parents (p = 10); s - number of hybrid combinations for each parent, s < p-1 
and s ≥ 3 for diallels including just F1’s, and s ≥ 2, when the parents (s = 3) are also included; n 
= ps/2: total number of crossings (N = 15); and (p + 1 - s) / 2: integer (k = 4).

The obtained seeds were sown in 128-cell Styrofoam trays filled with forest substrate. 
The seedlings were transplanted to the field in December 2014; 47 days after seedling 
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emergence. A randomized block design, with three repetitions, was used to assess both the 
hybrids and the parents (Table 1). Each plot consisted of 14-m rows with 1.40 m spacing 
between rows and 1.40 m spacing between plants. Two assessment cuts were set: the first 
cut was held on July 14, 2015 (266 days after sowing), whereas the second one was held on 
February 19, 2016. There was a 220-day interval between the first and second assessment cuts.

Table 1. Identification of the 10 parents and 15 elephant grass hybrids assessed for bioenergy production in 
Campos dos Goytacazes County.

Field No. Genotypes 
1 Cubano Pinda 
2 Vrukwona 
3 IAC-Campinas 
4 Capim Cana D’África 
5 Cameroon 
6 CPAC 
7 IJ 7139 
8 União 
9 Guaçu/I.Z.2 
10 Cuba-115 
11 Cubano Pinda x Cameroon 
12 Cubano Pinda x CPAC 
13 Cubano Pinda x IJ 7139 
14 Vrukwona x CPAC 
15 Vrukwona x IJ 7139 
16 Vrukwona x União 
17 IAC-Campinas x IJ 7139 
18 IAC-Campinas x União 
19 IAC-Campinas x Guaçu/I.Z.2 
20 Capim Cana D’África x União 
21 Capim Cana D’África x Guaçu/I.Z.2 
22 Capim Cana D’África x Cuba-115 
23 Cameroon x Guaçu/I.Z.2 
24 Cameroon x Cuba-115 
25 CPAC x Cuba-115 

 

The assessed traits were: i) number of tillers (NT) - the number of tillers in each plant 
in the plot was counted; ii) plant height (PH, m) - measured from the base of the tiller to the 
leaf inflection point; iii) culm diameter (CD, mm) - measured by digital caliper, approximately 
50 cm from the ground, in each plant of the plot; iv) fresh biomass production (FBIOM, kg/
plant) - measured by weighing the fresh biomass collected from each plant in the plot; v) dry 
biomass rate (DBR, %) - obtained by weighing a green sample (fresh weight), which was 
oven-dried at 65°C for 72 h and, subsequently, weighed again (dry weight), the DBR was 
measured by the ratio between the dry and fresh weights; and vi) dry biomass production 
(DBIOM, kg/plant) - measured by multiplying the fresh biomass by the dry biomass rate.

The genetic-statistical analyses were performed through mixed models (REML/
BLUP). The REML allowed estimating the genetic parameters, whereas the BLUP allowed 
predicting the genotypic and additive genetic values.

The current study adopted a statistical model in combination with the assessment 
of individuals from full-sib progenies obtained through factorial or intrapopulation diallel 
crossings - several plants per plot (Model 33) - using the Selegen REML/BLUP software. The 
following mixed model (Resende, 2007) was taken into consideration: y = Xr + Za + Wp + Tf 
+ e, where y is the data vector; r is the vector of repetition effects (fixed) added to the overall 
mean; a is the vector of individual additive genetic effects (random); p is the vector of plot 
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effects (random), f is the vector of full-sib family dominance effects (random); and e is the 
vector of errors or residues (random). The capital letters X, Z, W, and T represent the incidence 
matrices of the effects mentioned above.

The likelihood ratio test (LRT) was used, and the significance was assessed through 
the chi-square test, with one degree of freedom. The full and the reduced models were set 
by considering and disregarding the effect to be tested, to perform the LRT. Then, the values 
corresponding to -2 times the log-likelihood (D = -2 Log L) were subtracted.

The distributions and structures of the means (E) and variances (Var) are given through:
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2
dσ  and 

2
ah : dominance genetic variance and individual heritability in the broad sense, 

respectively; D: matrix of dominance genetic correlation between the assessed individuals.
The iterative estimators of the REML variance components found through the 

expectation-maximization algorithm are:

 : residual variance



2
cσ = variance between plot

 additive genetic variance



2
dσ = dominance genetic variance

The families were classified according to their genotypic value. The individual ranking 
was based on the predicted genotypic mean (μ + g). As the elephant grass can vegetatively 
propagate, the genotype is integrally inherited. Thus, 38 superior progenies were ranked to 
produce biomass, which is the most important trait investigated in the current study.

RESULTS AND DISCUSSION

All the studied traits showed significant differences between genotypes (Table 2), 
indicating genetic variability among the populations. It was possible to successfully select 
promising genotypes and, therefore, obtain genetic gains in these populations. The only 
exception was found in the trait “dry biomass rate”, which indicated that the genotypes showed 
similar performance in this trait.

It is worth knowing the origin of the genetic effects of the studied variables because 
such knowledge allows directing the strategies to be used in breeding programs. Overall, 
the genetic variation was explained by both the additive genetic effects and the dominance 
genetic effects (Table 3). However, there was a prevalence of dominance variance, which 
enabled heterosis capitalization. According to Cruz et al. (2012), the prevalence of dominance-
associated variance is desirable in breeding programs aimed at exploring the vigor found in 
hybrid combinations. Therefore, the significant heterosis manifestation is beneficial to the 

(Equation 6)

(Equation 7)

(Equation 8)

(Equation 9)
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elephant grass, because it allows cloning the best individuals, as well as capitalizing both the 
dominance and the additive effects.

Table 2. Analysis of deviance for the traits number of tillers (NT), plant height (PH), culm diameter (CD), fresh 
biomass (FBIOM), dry biomass (DBIOM), and dry biomass rate (DBR) assessed in elephant grass genotypes, 
in two assessment cuts.

ns,**,*Non-significant and significant at 1 and 5% probability levels, respectively, according to the chi-square test 
with 1 degree of freedom. LRT: likelihood ratio test.

Character  Effect 
 Genotype Complet model 
 Cut 1 Cut 2 Cut 1 Cut 2 

NT Deviance 2625.87 1802.24 2603.31 1797.61 
LTR 22.56** 4.63* 

PH Deviance -871.28 -595.71 -883.52 -610.73 
LTR 12.24** 15.02** 

CD Deviance 1486.69 816.45 1468.49 812.53 
LTR 18.20** 3.92* 

FBIOM Deviance 2278.57 1555.16 2269.00 1546.86 
LTR 9.57** 8.30** 

DBIOM Deviance 1113.24 912.86 1103.12 904.48 
LTR 10.12** 8.38** 

DBR Deviance 1929.16 1406.29 1927.34 1405.01 
LTR 1.82ns 1.28ns 

 

Table 3. Estimates of variance components and genetic parameters concerning the number of tillers (NT), plant 
height (PH), culm diameter (CD), fresh biomass (FBIOM), dry biomass (DBIO), and dry biomass rate (DBR) 
of parents and full-sib families of elephant grass.

 additive genetic variance; : environmental variance between plots; : dominance genetic 

variance; : residual variance; : individual phenotypic variance; : individual heritability in the narrow 

sense; : individual heritability in the broad sense; : selective accuracy; : coefficient of determination 

of the plot effects; : coefficient of determination of the specific combination ability effects.

Parameter NT PH CD FBIOM DBIOM DBR 
Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 

 

0.295 6.317 0.0002 0.0001 0.011 0.008 0.048 0.073 0.006 0.010 0.010 0.374 

 

4.287 13.403 0.025 0.005 0.787 0.615 2.758 8.740 0.310 1.252 0.349 0.224 

 

12.421 1.559 0.026 0.015 1.552 0.367 3.464 7.197 0.415 1.051 0.380 0.013 

 

36.955 32.810 0.055 0.058 4.487 2.613 20.314 16.830 2.376 3.080 11.875 15.199 

 

53.959 54.089 0.106 0.079 6.838 3.604 26.584 32.840 3.107 5.393 12.614 15.810 

 

0.005 0.117 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.024 

 

0.926 0.232 0.967 0.784 0.910 0.410 0.523 0.879 0.537 0.782 0.121 0.027 

 

0.962 0.482 0.983 0.885 0.954 0.640 0.723 0.937 0.732 0.884 0.348 0.164 

 

0.079 0.248 0.240 0.062 0.115 0.171 0.104 0.266 0.100 0.232 0.028 0.014 

 

0.230 0.029 0.241 0.196 0.227 0.102 0.130 0.219 0.134 0.195 0.030 0.001 

µ 20.20 22.34 3.66 2.80 16.03 15.89 13.28 13.33 4.25 5.17 31.97 38.73 
 

The heritability in the narrow sense is useful in breeding programs, because it 
quantifies the additive proportion of the genetic variance to be transferred to the next 
generation. However, in the case of vegetatively propagated plants, such as the elephant 
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grass, whose genotype is fully inherited by the progenies, the heritability in the broad sense is 
most important, because the genetic variability is released, at once, during the crossing stage. 
Subsequently, the genotype is fixed, and there is no segregation in the next stages (Zhou and 
Joshi, 2012).

The highest estimation value concerning heritability in the broad sense was observed 
in the trait “plant height” in Cut 1 (Table 3), and it indicated that 96.7% of the variance was of 
genetic nature. On the other hand, the lowest estimated value for such parameter was observed 
in the trait “dry biomass rate” (0.121), and it indicated high environmental variance.

Most of the studied traits showed significant genetic control, which could be seen, 
for instance, in the high selective accuracy magnitude of plant height estimates (98.3%). This 
parameter concerns the selection accuracy and reflects the correlation between the predicted 
and the true genetic values of individuals (Resende, 2007), thus demonstrating the reliability 
of the values predicted to the population. The coefficient of determination concerning the plot 
effects quantifies the environmental effects between plots within the blocks. This parameter 
showed low values, and it indicated reduced environmental variability between plots. Resende 
(2002) has reported that good experiments using perennial plants presented  values close 
to 10% of all the phenotypic variation within the blocks, which was caused by the variation 
between plots.

The selection of families based on the genotypic value of the crossing (gVc) allowed 
selecting a larger number of promising individuals presenting the traits of interest. Thus, 
families presenting gVc above the mean were selected for each trait. The variable “number of 
tillers” gathered the largest number of families that met such condition, namely: Cameroon x 
Cuba-11; Cameroon x Guaçu/I.Z.2; Capim Cana D’África x Guaçu

I.Z.2; CPAC x Cuba-115; Capim Cana D’África x Cuba-115; IAC-Campinas 
x IJ 7139; and IAC-Campinas x Guaçu/I.Z.2; when both assessment cuts were taken into 
consideration (Table 4). The number of tillers is relevant in studies that aim to increase the dry 
biomass production because there is a correlation between high genetic nature and dry matter 
production (Cunha et al., 2011). Only a single family, derived from the crossing between 
Cameroon x Guaçu/I.Z.2, showed plant height above the mean when both assessment cuts 
were taken into consideration.

Among the investigated traits, the dry biomass production was the most relevant 
one when it came to bioenergy production increase. Therefore, it is worth making efforts to 
select the largest number of superior families to increase the possibility of identifying superior 
individuals to produce biomass. Capim Cana D’África x Guaçu I.Z.2, Cameroon x Cuba-11, 
CPAC x Cuba-115, Cameroon x Guaçu/I.Z.2, and IAC-Campinas x IJ 7139 were the best 
families when both assessment cuts were taken into consideration (Table 4).

It is worth emphasizing that these families kept superior performance regardless of 
the assessment cut. According to Cunha et al. (2011), such situation is favorable, because 
it is known that the elephant grass, like all forage plants, is subject to seasonality. Thus, it 
presents productivity variation in certain periods of the year. Since it is possible to perform 
two cuts per year, it is preferable to select genotypes whose dry biomass production is as 
stable as possible.

It is noteworthy that the families derived from the crossing between Capim Cana 
D’África and Guaçu/I.Z.2 showed the best performance in variables such as plant height, culm 
diameter, fresh biomass production, dry biomass production, and dry biomass rate. As for the 
improvement of quantitative traits, it is hardly possible aggregating several traits of interest 
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in the same genotype. Thus, it is necessary to select the largest number of individuals in the 
family to obtain the largest number of potential genotypes to be assessed in the subsequent 
stages of elephant grass-breeding programs geared to biomass production.

The family selection increases the likelihood of identifying superior individuals 
because such selection comprises both the best families and the superior individuals within 
each family (Santos et al., 2008; Cruz et al., 2012). The veracity of this information in the 
current study is confirmed in Table 4 since the best family assembled the largest number 
of superior individuals. Of the 38 progenies ranked in Cuts 1 and 2, 36.84 and 23.68%, 
respectively, belonged to the best family (21), which derived from the crossing between Capim 
Cana D’África and Guaçu I.Z.2. The other families that also assembled a significant number 
of individuals were: Cameroon x Guaçu/I.Z.2, Cameroon x Cuba-115, CPAC x Cuba-115, and 
IAC-Campinas x IJ 7139.

The individual 5 belonging to the family Capim Cana D’África x Guaçu I.Z.2, planted 
in blocks 1 and 2, showed the best dry biomass production in cuts 1 and 2, respectively (Table 
5). It is noteworthy that all the selected individuals showed predicted genotypic mean higher 
than the overall mean. The families showing gVc lower than the overall mean should be 
discarded since they are less likely to generate superior progenies.

There was a prevalence of dominance genetic effects in the control of all traits. The 
families Capim Cana D’África x Guaçu/I.Z.2, Cameroon x Cuba-115, CPAC x Cuba-115, 
Cameroon x Guaçu/I.Z.2, and IAC-Campinas x IJ 7139 showed the highest dry biomass 
production. The family Capim Cana D’África x Guaçu/I.Z.2 assembled the largest number 
of potential individuals when it came to variables such as plant height, culm diameter, fresh 
biomass production, dry biomass production, and dry biomass rate. The individual 5 belonging 
to the family Cana D’África x Guaçu/I.Z.2, planted in blocks 1 and 2, showed the highest dry 
biomass production.

The REML/BLUP family-selection strategy efficiently identified the families showing 
high genotypic values, as well as the families with significant probability to hold potential 
elephant grass clones for bioenergy production means.

Family/Crossing NT PH CD FBIOM DBIOM DBR 
Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 

11 ( 1x 5) 19.94 22.06 3.54 2.74 15.43 15.31 11.57 11.80 3.71 4.51 32.20 38.57 
12 (1 x 6) 19.26 20.63 3.64 2.66 15.92 15.72 11.71 10.23 3.81 3.99 32.48 38.72 
13 (1 x 7) 21.34 20.98 3.48 2.64 15.00 15.73 12.49 11.07 3.90 4.34 31.49 38.95 
14 (2 x 6) 18.45 20.75 3.58 2.66 15.35 15.40 11.45 11.23 3.58 4.43 31.56 38.88 
15 (2 x 7) 20.27 21.47 3.64 2.74 15.79 15.58 12.81 11.39 4.14 4.55 31.99 39.10 
16 (2 x 8) 17.11 20.65 3.52 2.70 14.57 15.59 10.30 10.67 3.20 4.25 31.84 39.13 
17 (3 x 7) 24.24 22.55 3.61 2.72 16.09 15.74 14.35 13.28 4.44 5.43 31.34 38.99 
18 (3 x 8) 19.65 21.39 3.50 2.81 15.29 16.10 11.85 11.95 3.69 4.67 31.52 39.00 
19 (3 x 9) 20.70 22.83 3.61 2.71 15.11 15.66 12.03 11.24 3.92 4.35 32.26 38.53 
20 (4 x 8) 21.65 20.38 3.56 2.64 14.84 15.17 12.70 9.75 4.06 3.83 32.00 39.05 
21 (4 x 9) 26.28 23.92 3.64 2.92 15.83 16.39 16.68 16.67 5.57 6.45 32.61 38.58 
22 (4 x 10) 20.95 23.06 3.36 2.71 14.17 15.74 11.43 11.05 3.56 4.18 31.50 38.50 
23 (5 x 9) 24.56 24.42 3.74 2.84 15.36 16.27 13.99 14.52 4.51 5.57 32.04 38.35 
24 (5 x 10) 27.24 24.88 3.49 2.73 15.61 15.40 14.90 13.24 4.65 4.95 31.38 38.25 
25 (6 x 10) 23.87 23.77 3.63 2.74 15.21 16.14 14.06 14.13 4.52 5.42 31.96 38.41 

 

Table 4. Estimate of the genotypic values of the crossing (gVc) for traits such as the number of tillers (NT), 
plant height (PH), culm diameter (CD), fresh biomass (FBIOM), dry biomass (DBIOM), and dry biomass rate 
(DBR) of 15 full-sib families of elephant grass.
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