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Sorghum bicolor (L.) (Moench), which stands out for dry matter yield per hectare, has been considered as po-
tential raw material for biofuels and electricity generation. It has a production cycle of six months, possibility of
mechanization of cultivation and harvest and good adaptation to most regions of Brazil. Sorghum genotypes
were evaluated for agronomic potential and chemical composition favorable to the production of second-gen-
eration ethanol. Three brown midrib (bmr) sorghum mutant hybrids were compared to three conventional hy-
brids. The bmr sorghum mutant hybrids are associated with reduced lignin content, making these genotypes

more promising to the enzymatic conversion processes of the biomass. Sorghum biomass showed a high potential
in terms of biomass production, with an average dry matter yield of 26.57 Mgha~'. Brown midrib sorghum
hybrids showed significantly lower lignin contents than conventional hybrids and demonstrated the potential for

cellulosic ethanol production.

1. Introduction

The need to diversify the world energy matrix and to increase the
share of renewable sources has promoted the search for en-
vironmentally and economically sustainable technologies [1,2]. In ad-
dition, there is strong international pressure to reconcile future energy
and fuel demands with the reduction of greenhouse gas emissions such
as CO, [3]. In this scenario, biofuels were raised to the status of tech-
nological alternative readily available to reduce fossil liquid fuel con-
sumption. The United States of America is now the world's largest
producer of biofuels, followed by Brazil [4,5]. Among biofuels, Brazi-
lian ethanol stands out as an advanced fuel capable of boosting the low
carbon market and the national industry, as it is environmentally sus-
tainable for the substitution of fossil fuels. Brazil, although it has an
expressive ethanol production capacity [6], being the largest producer
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of this biofuel in South America [7], presents itself with the challenge of
diversifying the raw materials for the production of biofuels, being still
dependent on soyabean (Glycine max L.) and sugarcane (Saccharum
officinarum L.). Currently, biomass sorghum (Sorghum bicolor (L.)
Moench) has become a promising crop for lignocellulosic ethanol pro-
duction [8,9]. Sorghum is a C4 plant, photoperiod sensitive, char-
acteristic of short day and with high photosynthetic rates. In order to
reach a good development most cultivars need temperatures above
21 °C. Sorghum has a higher tolerance to soil water deficit and excess
moisture than most other cereals and can be grown in a wide range of
soil conditions [10]. Besides, it has the advantage of having a short
growth cycle (150-180 days), being propagated by seeds and having a
fully mechanized production [11,12].

As a crop that is more resistant to water stress, sorghum has been
used as a second harvest [13] where the climate is drier, including the

E-mail addresses: luagro2005@yahoo.com.br (L.G.F.d. Almeida), rafael.parrella@embrapa.br (R.A.d.C. Parrella),
marialucia.simeone@embrapa.br (M.L.F. Simeone), pedroc.ribeirol4@gmail.com (P.C.d.O. Ribeiro), alexandre.soares@ufvjm.edu.br (A.S. dos Santos),
alexandre.costa@ufvjm.edu.br (A.S.V. da Costa), amandagguimaraes@yahoo.com.br (A.G. Guimaraes), robert.schaffert@embrapa.br (R.E. Schaffert).

https://doi.org/10.1016/j.biombioe.2019.01.030

Received 21 June 2018; Received in revised form 14 January 2019; Accepted 21 January 2019

Available online 12 February 2019
0961-9534/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/09619534
https://www.elsevier.com/locate/biombioe
https://doi.org/10.1016/j.biombioe.2019.01.030
https://doi.org/10.1016/j.biombioe.2019.01.030
mailto:luagro2005@yahoo.com.br
mailto:rafael.parrella@embrapa.br
mailto:marialucia.simeone@embrapa.br
mailto:pedroc.ribeiro14@gmail.com
mailto:alexandre.soares@ufvjm.edu.br
mailto:alexandre.costa@ufvjm.edu.br
mailto:amandagguimar�es@yahoo.com.br
mailto:robert.schaffert@embrapa.br
https://doi.org/10.1016/j.biombioe.2019.01.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2019.01.030&domain=pdf

L.G.F.d. Almeida et al.

possibility of another annual harvest, two harvests per year. Moreover,
it also has the advantage of being able to be cultivated in the during the
intercrop period sugarcane, increasing the number of days worked per
year in the distilleries, mainly with the supply of raw material in the
months of March and April, raising the economic viability of the
ethanol [14]. It is also considered that sorghum biomass is a renewable
and low-cost source of energy [15], which can be used to promote the
competitiveness of the industry and contribute to the strategy of a green
economy.

Conventionally, sorghum types are used both for forage production,
for sugars and fiber production [16]. Among the sorghum cultivars,
sorghum biomass emerges as an alternative for the supply of raw ma-
terial for the bioenergy market, both in the form of liquid biofuel, with
the production of second-generation ethanol, and in the generation of
energy [17] by direct biomass burning.

In addition to the aforementioned advantages, sorghum biomass
also presents a chemical composition considered initially adequate,
since aiming at the production of second-generation ethanol, in addi-
tion to the need for a high productivity of dry biomass, the raw material
used must present favorable chemical composition to the processes used
to obtain bioethanol. Therefore, the chemical characteristics of biomass
have a direct influence on the energy conversion process [18], and the
production of lignocellulosic biofuels involves the depolymerization of
polysaccharides from the cell wall, being cellulose and hemicellulose
[20].

Thus, biomass of sorghum, with high adaptability, presents high
fiber content, besides significant amounts of fermentable sugars, which
can be exploited in large scale [21]. However, genotypes of sorghum
have a great variation in relation to the content of the cell wall, mainly
in relation to lignin [19]. Genes called bmr, which confer the phenotype
of brown midrib to the plant, are responsible for expressing the low
lignin contents [22,57,58].

In sorghum, bmr mutant plants were obtained through chemical
induction with diethyl sulfate [23]. Several studies have demonstrated
that genes responsible for the bmr mutation act by reducing the activity
of enzymes involved in the lignin biosynthesis process [24-26]. The
bmr-6 allele causes reduced activity of the enzyme cinamil &lcool de-
sidrogenase (CAD), while bmr-12 e bmr-18 reduced activity of the en-
zyme O-metiltransferase (OMT) in the lignin synthesis of the sorghum
plant [26-28,59,60].

Therefore, mutant genotypes of biomass sorghum with low lignin -
bmr (brown midrib) content and photoperiod sensitive, differing in
quality and quantity in relation to the composition of the cell wall and
digestibility of the vegetal fiber when compared to the regular materials
[29,30], are interesting for the production of second generation
ethanol. In the production of cellulosic ethanol, it is necessary to de-
construct the plant cell wall by means of chemical and/or physical
treatments, and less recalcitrant materials optimize the pretreatment
steps for the depolymerization of the lignocellulosic biomass
[19,28,61,67]. The objective of this work was to evaluate the agro-
nomic performance and chemical composition of six hybrids of sor-
ghum biomass, three sorghum genotypes bmr-6 and three conventional,
in two localities of the State of Minas Gerais, for future analyzes of
cellulosic ethanol production.

2. Material and methods
2.1. Plant material

Six biomass sorghum hybrids, all photoperiod sensitive, were de-
veloped by the Embrapa Maize and Sorghum breeding program, five of
which were experimental lines (201556B001, 201556B002,
201556B003, CMSXS7027 and CMSXS7016), and one commercial (BRS
716), of which the first three are experimental bmr hybrids.
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2.2. Experimental environments

Sorghum biomass planting was conducted in two distinct regions of
the State of Minas Gerais, Brazil, in the agricultural year 2015/2016.
One of the regions was the city of Sete Lagoas, at the experimental area
of Embrapa Maize and Sorghum (—19°28 ‘S and 44°15” W), at 732m
altitude. Alto Vale do Jequitinhonha was the other region, with trials
conducted at the Rio Manso Experimental Farm, of the Federal
University of the Jequitinhonha and Mucuri Valleys (18°04’S and
43°28'W), located in Couto de Magalhaes de Minas city, at 733 m alti-
tude. The climate of the two regions, according to classification of
Koppen, is Aw type, with dry season from May to October and humid
from November to April. The accumulated rainfall during the period of
sorghum growth was 799.1 mm in Sete Lagoas and 446.5 mm in Couto
de Magalhdes de Minas. The maximum and minimum temperatures
were between 33 °C and 18 °C, respectively. The soils of both crops are
classified as dystrophic Yellow Red Latosol, clay texture.

In Sete Lagoas, the cultivation of sorghum occurred in the period
from 11/26/2015 to 05/17/2016, totaling 173 days after planting
(DAP). In Couto de Magalhaes de Minas, the planting was carried out on
10/12/2015, and the crops continued in the following order, continued
on sequential days: 201556B002 and 201556B003 125 DAP;
201556B001 and CMSXS 7027 138 DAP; BRS 716 and CMSXS 7016 150
DAP.

In both environments, a 6x2x3 randomized block design (CBD) was
used, consisting of six treatment with two rows of 5m each, spaced
0.7 m apart. Three replicates were used for each treatment. The mate-
rial was manually sown, and at 21 days after emergence, thinning was
performed for 40 plants per row, providing a stand with approximately
140,000 plants per hectare (8 plants per linear meter). Planting was
applied at a dose of 400kgha ™! of NPK (08-28-16) and cover fertili-
zation with 80 kg ha-! of N, when the plants were at the V4-V6 growth
stage.

The variables evaluated in the field were: i) plant height (PH):
average height of the plants representative of the useful area of the plot,
considering the distance from the soil surface to the apex of the panicle,
measured in meters; ii) fresh biomass yield (FBY): was determined
based on the weight of total plants in each plot, converted result for
tha™?; (iii) dry biomass yield (DBY): product by percentage of dry
biomass yield, expressed as t ha™% (iv) dry biomass (DB): in order to
determine dry weight, stems, leaves and panicles were placed into
paper bags and dried at 65 °C for 72 h. Samples were then grinded at
2 mm mash and prepared for chemical analysis.

The contents of acid detergent fiber (ADF), neutral detergent fiber
(NDF) and lignin (ADL) were determined according to methodologies
proposed by Ref. [31]. The cellulose content was calculated from the
difference between the content of FDA and lignin; and the hemi-
cellulose content was calculated from the difference between the NDF
and the ADF content.

2.3. Statistical analysis

The analysis of variance for each environment was carried out in
isolation to verify the existence of equal residual variances by the re-
lation between the largest and the smallest mean square of the residue
of the environments in all the characteristics [32]. Then, the analysis of
variance were performed according to the statistical model:
Yijm = m + B/Aj + G; + A; + GAj; + Ejj, where Yy = observation of
genotype i in the environment j and in block k; m = general average;
G; = effect of the i-th genotype; A; = effect of the jth environment;
GA;; = effect of the ith genotype interaction in the jth environment; B/
Ay = effect of the kth block within the jth environment; E;k,, = mean
experimental random error associated with the observation Yijim.

A comparison of means was then performed using the Scott Knott
test [33]. Subsequently, Person's correlation was performed between
the presented characteristics. Data were analyzed by using the Genes



L.G.F.d. Almeida et al.

Table 1
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Joint variance analysis of six hybrids of biomass sorghum. Sete Lagoas and Couto de Magalhaes de Minas, Minas Gerais, harvest 2015/2016.

FV Df Mean Square

PH FBY DBY NDF ADF Cellulose Hemicellulose Lignin
Block/Env. 4 0.56 153.55917 39.62532 10.18968 10.70813 3.13812 1.2884 2.61997
Hybrids 5 0.47N8 1061.37** 259.36%* 25.70ns 29.47ns 10.07ns 9.88* 9.09*
Environment 1 5.65* 602.78ns 302.17ns 174.36** 169.13** 65.49%* 0.04ns 24.13**
Hyb./Env. 5 0.29N8 38.62ns 10.80ns 18.57ns 11.19ns 5.05ns 1.56ns 1.26ns
Residue 20 0.21 92.51 16.47 8.19 6.25 4.42 1.74 0.51
Mean 4.17 80.60 26.57 70.45 43.40 37.12 27.05 6.29

11.03 11.93 15.28 4.06 5.76 5.66 4.88 11.39

Hib./Env. = Environment genotype interaction; FV = Source of variation; Df = Degrees of freedom; PH = height of plants (m); FBY = fresh biomass yield (Mg
ha™1); DBY = dry biomass yield (Mg ha~'); cellulose, hemicellulose and lignin (%).

ns,

software program [34].

3. Results and discussion

Initially the analysis of individual variance of each environment was
obtained and the homogeneity of the residual variances in all the
characters was verified. The ratio between the largest and the smallest
mean square of the residue obtained in both environments was less than
7 (FBY = 1.01 and hemicellulose = 1.79), which made possible the
joint analysis [32]. The coefficients of variation presented low values
for all evaluated characters (FBY = 11.93 and NDF = 4.06). Note that
values of coefficient of variation below 20% determine good experi-
mental precision [32]. A significant variance (p < 0.05) was observed
for the FBY, DBY, hemicellulose and lignin, for the hybrid variation
source (Table 1). This significant effect shows the existence of genetic
variability among the evaluated genotypes, which will allow the se-
lection of superior materials in order to succeed in the selection process
[35]. There was a significant effect (p < 0.05) between environments
for the PH, NDF, ADF, cellulose and lignin contents, showing the ex-
istence of environmental differences among the evaluated sites. The
non-occurrence of interaction between hybrids and environments for all
evaluated characters was observed, showing a coincident behavior of
the hybrids in the evaluated environments (Table 1). Table 2 shows the
mean values of the evaluated characteristics of the six sorghum biomass
genotypes, grouped by the Scott and Knott test at 5% probability.

Mean values for FBY ranged from 99.86 Mgha ! to 67.05 Mgha ™!
(Table 2). This result corroborates the study of [36], when evaluating
16 genotypes of sorghum biomass, which obtained averages of
124.28 Mgha™'! at 69.19Mgha™'. It is noted that the materials
CMSXS7027, CMSXS7016 and BRS716 were grown in both experiments

Table 2

= non significant, significant p < 0.01 and p < 0.05, respectively by the F test.

and resulted in approximate means. Castro et al. [36] found
93.87 Mgha™!, 101.73Mgha~! and 82.97 Mgha !, respectively, in
the cultivation carried out near Lavras, - State of Minas Gerais, Brazil.
Data obtained by Ref. [37] show that biomass sorghum has the po-
tential to produce up to 102.22 tha™! of FBY. The higher biomass ac-
cumulation in sorghum hybrids, according to Ref. [38], can be ex-
plained by the longer vegetative period (photoperiod sensitivity),
higher leaf area index, greater interception and efficient use of radia-
tion (plant C4).

Regarding dry biomass yield (DBY), mean values ranged from
35.59Mgha™! to 20.64 Mgha~!. The results found among hybrids
CMSXS7016 and BRS716 were significant, and they obtained the best
performances, reaching a dry mass yield of 34.05Mgha~! and
35.59 Mg ha™!, respectively. Castro et al. [36] obtained similar results
for the same materials, finding 37 Mgha™' and 36 Mgha™?, respec-
tively. These results corroborate the findings of [39], in which they
obtained averages of 37.95Mgha™! at 27.95Mgha™!, when culti-
vating near Janatba and Sete Lagoas, State of Minas Gerais, Brazil,
respectively.

The average dry biomass yield of sorghum biomass can reach more
than 30 Mgha ™!, and some experimental materials from the breeding
program of Embrapa Maize and Sorghum already have productivity
above 50 Mg ha™ ! dry biomass yield [40]. The DBY characteristic is
one of the most important because it reflects the productivity achieved,
and its significant effect allows selecting the best material to achieve
greater gains in biomass. In addition, flowering is another parameter
that may influence SMP. Therefore, all genotypes flowered from April,
totaling approximately 120 days after planting, and, therefore, a greater
vegetative cycle and consequently greater accumulation of biomass,
confirming the sensitivity to the photoperiod, since from March the

Mean values of productivity in FBY and DBY (Mg ha™?), plant height (m), ADF, NDF, cellulose, hemicellulose, lignin (%) of sorghum biomass grown in Sete Lagoas

and Couto de Magalhaes de Minas, in the 2015/2016 season.

Hybrids PH FBY DBY NDF ADF Cellulose Hemicellulose Lignin
201556(B)001 3,84 a 67,05b 20,64 b 72,84 a 43,93 a 38,25 a 28,91 a 5,68 b
201556(B)002 4,09 a 71,55b 21,18b 68,39 a 40,61 a 35,81 a 27,77 a 4,79b
201556(B)003 3,89 a 71,75b 23,31b 68,95 a 41,36 a 36,19 a 27,58 a 5,17b
CMSXS7027 4,55 a 79,77b 24,60 b 73,06 a 46,84 a 39,07 a 26,45b 7,77 a
CMSXS7016 4,27 a 93,61 a 34,05 a 70,53 a 44,08 a 37,09 a 26,22b 6,99 a
BRS716 4,39 a 99,86 a 35,59 a 68,92 a 43,57 a 36,26 a 25,34b 7,31 a
Sete Lagoas 4,57 a 84,69 a 29,46 a 72,65 a 45,57 a 38,46 a 27,08 a 7,11 a
Couto 3,78b 76,51 a 23,67 a 68,25 a 41,23b 35,77 a 27,02 a 5,47b

Means followed by the same lowercase letter in the columns do not differ by the "Scott Knott" test, at a 5% probability level for each location. FV = Source of
variation; Df = Degrees of freedom; PH = height of plants (m); FBY = fresh biomass yield (MG ha™!); DBY = dry biomass yield (MG ha~'); ADF = acid detergent
fiber; NDF = neutral detergent fiber; ns, **, * = non significant, significant p < 0.01 and p < 0.05, respectively by the test F.
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days become shorter [37]. obtained similar flowering results in a study
with 25 cultivars of sorghum biomass at four locations, where the
average number of flowering days ranged from 100 to 148 DAP. DBY
expresses the potential of the hybrid as a high yield requirement in
biomass production for conversion to cellulosic ethanol.

Among chemical constituents, related to the biomass quality, the
contents obtained for NDF, ADF, cellulose, hemicellulose and lignin are
expressed as percentage (%) in relation to the dry mass at 65 °C. The
mean contents of NDF and ADF ranged from 68.39% to 73.06%, and
40.61%-46.84%, respectively (Table 2). These results corroborate with
that found by Ref. [36], who obtained a mean of 71% for NDF and
mean content of ADF ranging from 38.7% to 51.9%. In relation to the
lignocellulosic composition of the hybrids of sorghum biomass eval-
uated, average contents were obtained from 35.81% to 39.07% of cel-
lulose; 25.34%-28.91% hemicellulose, and 4.795-7.31% lignin, re-
spectively (Table 2). [41], when evaluating the fiber and mineral
profile of biomass sorghum cultivars, found between 40.0 and 44.4% of
cellulose, 26.6-29.4% of hemicellulose, and 7.7% to 8.9% of lignin. The
significant effect for the hemicellulose and lignin characters is im-
portant for decision making in the choice of material to be used in
saccharification and fermentation processes, with the objective of
producing second-generation ethanol, since these characteristics may
influence the final yield of the biofuel. For the PH, NDF, ADF and cel-
lulose characteristics, the hybrids did not differentiate statistically from
each other, which implies that among the tested materials any hybrid
can be selected that will have similar results as the others. The en-
vironment of Sete Lagoas resulted in higher average performance,
compared to the city of Couto de Magalhdes de Minas, for the char-
acteristics ADF and lignin, as can be observed in Table 2. Therefore, the
environmental influence in the expression of characters can be justified
by several factors, such as: difference in edaphoclimatic variations be-
tween the two environments during the growing season; accumulated
precipitation; temperature; severity of diseases that affect the culture,
among others [42].

Cellulose and hemicellulose are the main polysaccharides of bio-
mass, and their contents impact on the yield of the enzymatic hydrolysis
and consequently on the amount of ethanol obtained. Therefore, to
obtain second-generation ethanol, biomass deconstruction is necessary,
with the delignification and exposure of the cellulosic fibers in order to
obtain the saccharification efficiently [20]. However, lignin, which is a
polyphenolic compound, interferes with the saccharification process
[43], since it gets in the way of the action of the enzymes to the cel-
lulosic complex, besides being a potential release medium of inhibitors
to the fermentation process [44]. Lignin is strongly associated with
cellulose as a protective barrier to external agents. Thus, during enzy-
matic hydrolysis, the enzymes tend to bind irreversibly to the lignin by
means of hydrophobic interactions, which causes loss of activity and
the requirement of a greater enzymatic charge in the process [68].
Lignin acts negatively on enzymatic hydrolysis by three main factors:
competitive adsorption, chemical inhibition and steric hindrance
[44,69].

In relation to the lignin character, therefore, there was a difference
between the environments, a fact that can also be proven by the higher
levels of ADF at this site. As reported by Ref. [20], the chemical com-
position of the lignocellulosic biomass can present an enormous var-
iation according to the location of the crop, cultivars and harvest time,
when carrying out an experiment with sugarcane bagasse and sorghum
bagasse. Therefore, as the materials grown in Sete Lagoas remained a
longer period in the field, and consequently with greater physiological
development [45], so, the lignification process was favored. It is also
observed that there was a difference between hybrids, with the geno-
types bmr (201556B001, 201556B002, 201556B003) showing the
lowest percentages of lignin. The low lignin content in the
201556B001, 201556B002 and 201556B003 hybrids (Table 2) suggest
that the presence of the bmr allele in these materials gives the biomass
significant differences in the composition of the plant cell wall, in
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addition to promoting a better digestibility of the fiber.

When comparing sorghum biomass to sugarcane bagasse, the most
widely studied lignocellulosic residue for the production of second-
generation ethanol, a great advantage is observed, since on average the
composition of the sugar cane bagasse is 35-45% cellulose, 26.2-35.8%
hemicellulose and 11.4-25.2% lignin [46-49] [20]. also obtained lower
levels of lignin in sorghum bagasse compared to sugarcane bagasse.
Therefore, high lignin contents in lignocellulosic materials increase the
cost of the whole process, since besides lignin irreversibly adsorb en-
zymes and inhibit their action in the cellulose chains, more severe pre-
treatments are necessary in order to reduce the recalcitrance of the
plant biomass [50,51].

The economic viability of bioethanol production on industrial scale
has been shown to be a determining factor the efficiency of the pre-
treatment and the hydrolysis of lignocellulosic biomass [52]. The
hemicellulose character showed no significant difference between the
environments. However, there was a difference between cultivated
hybrids, with the brown midrib hybrids (201556B001, 201556B002,
201556B003) showing the highest contents. From the perspective of
using hemicellulose, significant values may represent an important
factor in increasing ethanol production from five carbon sugars - pen-
toses (C5) and six carbon sugars - hexoses (C6) co-fermentation [51]. In
addition, the effects of residual hemicelluloses on enzymatic hydrolysis
may be different [53], as reported by Ref. [54], who observed that the
effect of residual hemicelluloses on the enzymatic hydrolysis was irre-
levant compared to the effect of residual lignin on acid treated (H»SO4)
sorghum straw, alkaline solution (NaOH) and acid (H»SO,), followed by
alkaline (NaOH).

The analyzed hybrids presented similar cellulose content, besides
not presenting significant difference between the environments. In a
breeding program, the existence of genetic variation between in-
dividuals is strictly necessary, since it allows the identification of the
most suitable genotypes according to the performance related to the
desirable characteristics. This fact is verified for the hybrids of sorghum
biomass used in this study, which presented significance for some of
their evaluated characters, mainly in the possibility of identifying less
recalcitrant materials, maximizing the production of monomeric car-
bohydrates from the structural carbohydrates, and, therefore, alter-
native for the production of economically efficient biofuels [62].

As the conventional hybrids presented higher lignin contents and
the percentages of cellulose did not differ statistically among the gen-
otypes, it is assumed that the bmr hybrids of biomass sorghum are the
most promising raw materials for obtaining ethanol of second genera-
tion [61,63-66]. These genotypes have high biomass yield with low
lignin contents, ideal characteristics for the production of ethanol cel-
lulosic. In addition, among the environments, as there was no difference
in the mean content of DBY and cellulose, and it was verified difference
for the lignin character, considering that Sete Lagoas was the en-
vironment where the harvest was later. It is inferred, therefore, that to
obtain a material with technological characteristics more favorable to
the production of 2G ethanol the harvest should be more precocious.
New experiments will help to confirm the best cultivation time that will
provide the best compositional quality for second-generation biofuels.

Estimates of productivity of ethanol with sorghum biomass, with
high and satisfactory results, values the potential of this crop for the
supply of biofuels. In addition, the supply of raw material in a max-
imum period of six months, being therefore much more efficient than
sugarcane, which has a cycle of twelve to eighteen months.

The correlations between the variables are expressed in Table 3. The
knowledge of the correlation estimates allows evaluating the degree of
association between two characters. The estimates show positive or
negative influence among the variables, predicting the behavior of
others [55]. However, care must be taken in interpreting the magnitude
of a correlation, since it is made affected by direction (of -1 a 1, where
the sign indicates the positive or negative direction of the relationship
and the value suggests the strength of the relationship between the
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Table 3
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Estimates of the Pearson phenotype correlation coefficients (rf xy) between the traits: plant height (PH (m)), fresh biomass yield (%), dry biomass yield (DBY Mg
ha™1), acid detergent fiber (ADF%), neutral detergent fiber (NDF), cellulose (%), hemicellulose (%), cultivated in Sete Lagoas and Couto Magalhaes de Minas in the

2015/2016 season.

Variable FBY DBY ADF NDF Cellulose Hemicellulose Lignin
PH 0,37* 0,48%* 0,54** 0,41* 0,42%* -0,24 0,60**
FBY 0,93** 0,06 -0,13 -0,14 —0,49%* 0,38*
DBY 0,24 0,04 0,01 —0,47** 0,56**
ADF 0,91%* 0,94** —0,08 0,86**
NDF 0,96** 0,32 0,64**
Cellulose 0,15 0,65%*
Hemicelluose —-0,44*

variables), by the difference of importance of the characters, by the
effect of two or more characters, and by the influence of the environ-
ment on their expression [56]. It is observed that there are positive and
significant correlations between the agronomic characters and the
technological variables of the evaluated genotypes (FBY x PH, DBY,
hemicellulose, lignin, DBY x PH, FBY, hemicellulose, lignin, cellulose x
PH, ADF, NDF, lignin; hemicellulose x lignin) suggesting that there is an
association between the characters.

The highest values of significant and positive correlation were ob-
served between FBY x DBY (0.93) and cellulose x NDF and ADF (0.96
and 0.94). It was also found that the characters lignin x DBY (0.56),
lignin x ADF (0.86), lignin x cellulose (0.65) correlate positively and
significantly. These results may be due to the sensitivity characteristic
of the genotypes to the photoperiod, promoting an increase of the ve-
getative cycle and a greater accumulation of biomass, reflecting in the
productivities of fresh and dry biomass and consecutively in the fiber
contents.

4. Conclusions

The differences found between the experimental fields reinforce the
existence of microclimatic variations that may occur among the speci-
mens collected within different sections of the planted area. However,
the variability detected in the tested genotypes allowed identifying the
best materials in relation to the performance for the characters of in-
terest.

The non-interaction between the environments and the genotypes,
for all evaluated characters, made it possible to infer that there is no
influence of the environment on the genotype, indicating stability of the
genotypes. The high yield of the hybrids, coupled with better chemical
characteristics, will aid in decision-making as to which materials are
most conducive to the future development of second-generation bio-
fuels.

The significant difference between genotypes is extremely im-
portant for selecting genotypes more suitable for energy conversion.
Biomass sorghum hybrids are predominantly composed of structural
carbohydrates (hemicellulose, cellulose and lignin) and their biomass
can be used for second-generation biofuels. However, from the results
obtained in this work, it is concluded that the “bmr” hybrids are the
most promising for the optimization of saccharification processes and
obtaining cellulosic ethanol.
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