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Abstract Sorghum bicolor (L.) Moench is a crop
that has high potential to be used for bioenergy
generation. The objective of this study was to intro-
gression of the bmr6 allele in elite lines of biomass
sorghum and to obtain experimental “brown midrib”
hybrids. Three genetic materials belonging to the
Embrapa Maize and Sorghum Breeding Program were
used. Two backcross programs were conducted sep-
arately, in which the CMSXS170 line was the donor of
the bmro6 allele and the CMSXS652 and IS23777 lines
were the recurrent ones. Through molecular markers
specific for the bmro6 allele, the assisted selection was
utilized for the brown midrib characteristic in the
BC,F; and BC,F; generations. Polymorphic SNP
markers were distributed throughout the genome of
sorghum to accelerate the recovery of the recurrent
genome. After the confirmation of the bmr genotypes,
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the lines were crossed with line A (female), to obtain
the hybrid seeds and evaluated under field conditions.
As result, it was possible to perform the introgression
of the bmr6 allele in lines of biomass sorghum. The
SNPs markers were efficient in identifying individuals
with a higher rate of recurrence of the recurrent
genome. Experimental “brown midrib” hybrids were
obtained and demonstrated satisfactory potential for
bioenergy production.
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Introduction

Sorghum bicolor (L.) Moench is a crop that has high
potential to be used for bioenergy generation. The crop
has a short cycle (150-180 days), wide adaptability,
seed propagation, fully mechanized production, and
high productivity, which reaches 150 t/ha of green
mass (da Silva et al. 2020; Oliveira et al. 2019). Other
advantages include its tolerance to drought, an estab-
lished agricultural production system, good aptitude
for tropical and temperate regions and its biomass can
be used in direct combustion (second-generation
bioethanol) to generate energy (Parrella et al. 2010).
Sorghum is primarily self-pollinated but can also
accept pollen from other sorghum plants (House
1985). The discovery of the cytoplasmic genetic
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male-sterility system based on the milo-kafir system
was a milestone in sorghum breeding and research
(Stephens and Holland 1954) to enabled the develop-
ment of commercial hybrid seeds. Also, it is widely
used in the commercial exploitation of heterosis. In the
generation of sorghum hybrids, three types of lines,
called A, B and R (House 1985) are required. The lines
A and B are isogenic and differentiate only by the
cytoplasm: line A has a cytoplasm that confers the
male-sterility phenotype when associated with reces-
sive nuclear genes for fertility restoration, and line B
has normal cytoplasm and therefore, the plant exhibits
the fertile male part, even with nuclear recessive
alleles for fertility restoration (Smith and Frederiksen
2000). Thus, the hybrid is obtained from the cross
between a male-sterile A (female) line, with an R
(restorer) line that has dominant alleles for fertility
restoration genes.

The brown midrib (bmr) mutation of sorghum leads
to decreased lignin content and altered lignin compo-
sition (Barrieére et al. 2007; Saballos et al. 2009).
Phenotypically, the presence of the bmr gene is
characterized by brown coloration in mid-leaf veins
in the sorghum plant. The reduction of the lignin
content represents a positive impact on the conversion
of bmr biomass sorghum into simple sugars, which
makes the second-generation ethanol production pro-
cess more efficient. Brown midrib sorghums, both
forage and biomass types, were shown to exhibit
improved sugar conversion into ethanol of their
biomass compared to conventional sorghums (Cotton
et al. 2013; Dien et al. 2009). Therefore, the devel-
opment of sorghum cultivars with lower lignin accu-
mulation is an important strategy for bioenergy
production (Corredor et al. 2009; Anderson and Akin
2008).

Sensitivity to photoperiod is also a trait of interest
for biomass sorghum. Biomass sorghum plants sus-
ceptible to photoperiod when sown in September or
October in regions tropical with photoperiod greater
than 12 h and 20 min, will initiate the development of
the floral only from March 21 of the following year,
increasing the vegetative cycle and, simultaneously,
allowing biomass production per hectare/cycle in
comparison to cultivars insensitive to photoperiod
(Parrella et al. 2010; Rooney and Aydin 1999).

The backcrossing method is used to improve elite
genotypes, in the traits in which they are deficient,
through the crossing with genotypes carrying the traits
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that one wishes to introduce. And to accelerate the
backcrossing process, selection assisted by molecular
markers is a strategy that has been widely used,
consisting of the use of markers to follow the
introgression of the locus of interest (Frisch and
Melchinger 2005).

The molecular genotyping of the individuals allows
the selection of those more similar to the recurrent
genotype and with better conversion in the region
close to the introduced gene. Among the most current
methodologies, we have the competitive allele specific
PCR (KASP®, Kompetitive Allele-Specific PCR),
which allows the genotyping with SNP (Single
Nucleotide Polymorphism) markers, whose analysis
shows high specificity and sensitivity (Openshaw et al.
1994). The KASP, technology uses two specific
forward allele primers containing a specific tail primer
for each of them, a common reverse primer, and
specific probes to ring in the complementary sequence
to the tail of the primers, containing different
fluorophils (FAM and HEX). After the synthesis of
the tapes, regions complementary to the tails of the
specific allele primers are generated. The probes,
which are normally bound to a quencher, bind to these
complementary regions, enabling them to emit fluo-
rescence (LGC Group®).

In view of the above, the objective of this study was
to introgression of the bmr6 allele in elite lines of
biomass sorghum, to assist the development of hybrids
of biomass sorghum with lower lignin content and
therefore with great potential for the bioenergy
production.

Materials and methods
Genetic materials

To assist assisted introgression in aiming the devel-
opment of biomass sorghum hybrids with lower lignin
content, three genetic materials from the Embrapa
Maize and Sorghum Genetic Breeding Program were
used. Two backcrossing programs were conducted
separately, in which the CMSXS170 line was the
donor of the bmr6 allele, which is a small, graniferous
photoperiod insensitive line, and the CMSXS652 and
1S23777 lines were the recurrents, as they are elite
materials, with high biomass production and photope-
riod sensitive.
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The backcrossing program

The crossings between the donor parental (DP)
CMSXS170 and the two recurrent parental (RP),
CMSXS652 and 1S23777 were performed to obtain F
generation (Fig. 1), which were backcrossed with the
respective recurrent parent to obtain the first genera-
tion of backcross (BCF;). A second backcrossing
cycle (BC,F,) was performed, followed by a self-
fertilization cycle, generating the BC,F, generation.
Molecular markers were used to identify heterozygous
and most similar individuals with recurrent parenting
in the BCF; and BC,F, generations (Fig. 1).

DNA extraction

After obtaining the BC,F; and BC,F, generations,
plant samples were collected in the greenhouse.
Sorghum seeds were sterilized with 0.525% sodium
hypochlorite for 10 min under constant agitation.
Then the seeds germinated in Petri dishes containing
germination paper moistened with distilled water and
stored in a growth chamber with an mean daytime
temperature of 27 &+ 3 °C, a nighttime temperature of
20 &+ 3 °C, and a 12-h photoperiod. After 2 days, the
seedlings obtained were transplanted to Styrofoam
trays containing substrate in a greenhouse. After
2 weeks, four 0.5 cm leaf tissue discs were collected
and subjected to lyophilization for 48 h and then used
to isolate genomic DNA, according to the method
described by Saghai-Maroof et al. (1984). Then DNA
was quantified by NanoDrop 1000 (Thermo Fisher
Scientific®, Waltham, MA) and diluted to 30 ng/pL
use concentration.

Use of CAPS markers in the backcross generations

Through molecular markers specific for the bmr6
allele, assisted selection for the brown midrib charac-
teristic in the BC;F; and BC,F; generations was
employed. After DNA extraction, a PCR reaction was
performed, according to Sattler et al. (2009) with
primers specific for the bmr6 allele. The amplification
products were then cleaved with a specific restriction
enzyme (BsaAl) to the bmr6 mutation site. The
amplified and cleaved DNA fragments were further
separated by agarose gel electrophoresis and visual-
ized for identification of the analyzed genotype Bmr6/
Bmr6; Bmr6/bmr6; bmr6/bmr6.

[ 1 generation (Jun-Oct/2015)

RP (BmrBmr) x DP Brown midrib (bmrbmr)

'

F1 (Bmrbmr)

{ 2" generation (Dec-Jul/2016) \

F1 (Bmrbmr) x RP (BmrBmr)

'

BCF1(1/2 : BmrBmr)

(1/2 : Bmrbmr) CAPS selection

/" 3™ generation (Aug/2016 — Jun/2017)
BC\F1 (Bmrbmr) x PR (BmrBmr)
BCoF1 (1/2 : BmrBmr)

(1/2 : Bmrbmr) CAPS selection

4t generation (Jul — Nov/2017)
BC3F1(1/2 : Bmrbmr)
¢ ®
BCoF2 (1/4 : BmrBmr)

(1/2 : Bmrbmr)

(1/4 : bmrbmr) Brown midrib (LR’ modified)

Fig. 1 Biomass sorghum backcrossing program with the
recurrent (RP) and donor (DP) parentals

Use of SNPs markers to accelerate recovery
of recurrent lines

DNA extracted from each plant was diluted to the use
concentration of 10 ng/uL. Polymorphic SNPs mark-
ers distributed throughout the sorghum genome were
used to accelerate the recovery of the recurrent
genome. The total of 99 KASP (Kompetitive Allele-
Specific—PCR, LGC Genomics®) SNP markers were
screened between the parental lines to identify poly-
morphic markers and 42 polymorphic primers and
lines were identified for CMSXS652 and 1S23777 40
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polymorphic primers were identified. For the analysis
of BC F, generation individuals, 16 polymorphic
markers were selected from the CMSXS652 parent
line and 14 polymorphic markers from the 1S23777
parent line. For generation BC,F;, 11 polymorphic
markers were selected from the CMSXS652 parent
line and 9 polymorphic markers from the IS23777 line.
Thus, total of 27 markers for CMSXS652 and 23 for
1S23777, homogeneously distributed in the sorghum
genome. Heterozygous markers in BC|F; generation
plants were reevaluated in BC,F, individuals.

After selecting the polymorphic markers in each
generation of backcrossing, genotyping was per-
formed between the parents and the line plants, based
on the KASP. The amplification reaction was per-
formed with 3 pL of Kasp Master Mix, 30 ng of DNA
and 0.084 pL. of Kasp Assay Mix containing the
primers. Amplification cycles were: initial denatura-
tion at 94 °C for 15 min, followed by 10 cycles at
94 °C for 20 s, 61 °C for 1 min reducing 0.6 °C per
cycle, followed by another 26 cycles of 94 °C for 20 s
and 55 °C for 1 min. The fluorescence intensity of the
samples was quantified using the FLUOstar Omega®
Filter-based multi-mode microplate reader (BMG
Labtech, Ortenberg, Germany) microplate reader
using ROX in signal normalization. Genotyping was
performed using KlusterCaller® 1.1 software (LGC
Genomics, Teddington, England).

Molecular data analysis

To evaluate the genotypic segregation of populations
in BCF; and BC,F,, the proportions obtained were
compared with expected proportions (1:2:1) by the
Chi square test (X?). The GENES software (Cruz
2016) was used to perform the analyses. Then, to
verify the recovery proportion of the recurrent parent,
molecular data were organized by coding the homozy-
gous loci for the recurrent line as “A” and those in
heterozygous as “H” (Benchimol et al. 2005). Thus, %
recurrent parent recovery (RR) was calculated using
the following expression 1:

%RR = [A + (0.5H) /(A + H)] x 100 (1)
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Confirmation of genotype predicted by CAPS
marker

The heterozygous (Bmr6/bmr6) genotypes identified
in the generation of BC,F; were self-fertilized to
obtain BC,F, individuals. Thus, it was possible to
confirm the genotype observed by the classification as
segregating (from a heterozygous plant Bmr6/bmr6)
and non-segregating (from a homozygous plant Bmr6/
Bmro6).

Brown midrib line multiplication and obtaining
experimental hybrids

After confirming the obtention of brown midrib
genotypes (bmr6/bmr6), they were cross-bred with
line A (BROO8A bmr) to obtain hybrids seeds, i.e.
materials with the introgression of the bmr6 allele.
Tests were performed to compare normal line and
brown midrib, with an evaluation of several agro-
nomic traits of interest, such as flowering, plant height,
stand, stem diameter, lodging, total green mass
production, and total dry mass production.

Field evaluations of experimental hybrids

The bmr lines obtained were planted under field
conditions at the experimental unit of Embrapa Maize
and Sorghum, located in Sete Lagoas, Minas Gerais,
Brazil. The planting occurred on November 2018
consisting of 30 plants, distributed in 3 m rows, spaced
at 0.7 m. The following traits were evaluated: days to
flowering (FLOW, in number of days), which consists
of the days between sowing and the pollen liberation
of 50% of the plants in the plot; plant height (PH, in
meters), which is the mean height of the plants within
the plot, measured from the soil surface to the top of
the panicle; and fresh biomass yield (FBY, in t/ha),
which was determined by weighing all plants of the
useful area.

Results
Physical and genetic distribution of markers

The physical and genetic positions of the available
SNP markers in the sorghum genome was the first step
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Fig. 2 Physical distribution of the KASP-type SNPs markers used for background selection in the sorghum genome. Positions were
obtained by sequence similarity analysis (BLAST) of SNP primers with the sorghum genome (http://www.phytozome.net/sorghum)

in selecting to maximize recurrent genome recovery
(Fig. 2).

The Fig. 2 indicates a good distribution of the SNPs
markers along the sorghum genome. Recurrent
genome monitoring requires a greater number of
random markers in the genome, reducing the number
of cycles for adequate recovery of recurrent parental.
All available genetic position information for these
markers were then compiled using the consensus
sorghum map published by Mace et al. (2009). Genetic
distances for markers with unavailable information
were inferred based on the physical and genetic

IR 2 3 < 5 6

———

Fig. 3 Genotyping of BC,F, plants, with the CAPS marker for
the bmr6 allele. The PCR amplified fragments were cleaved
with the BsaAl enzyme and analyzed by agarose gel elec-
trophoresis (1.2%, 1X TAE). CAPS bmr6 primers amplified a

distances of neighboring loci. After primer screening,
the polymorphic markers for each inbred line were
selected so that the sorghum genome was uniformly
covered.

Genotyping of first-generation backcrossing

Regarding the first generation of backcrossing, part of
the genotyping result for the mutant allele bmr6
(CMSXS170 backcrossed with the recurrent line
CMSXS652) is shown in Fig. 3, in which 14 of the
60 BC,F,; backcross plants can be visualized after gel

8 9 10 A2 13 14

613 bp fragment of the bmro6 allele. After cleavage with BsaAl,
only the bmr6 mutant allele fragment resulted in two 333 and
280 bp fragments, with the non-mutant allele remaining intact.
Heterozygous plants are identified by an asterisk (*)
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electrophoretic analysis of agarose. In the BC;F,
population from line CMSXS652, 30 heterozygous
individuals were identified in a total of 60 individuals.
Already for the recurrent line IS23777, 31 heterozy-
gous individuals in BCF; were identified, also in a
total of 60 individuals. Each of the two backcrosses
showed segregation very close to the expected, 1:1 of
dominant homozygous plants (Bmr6/Bmr6) to
heterozygous plants (Bmr6/bmr6).

Recurrent genotype recovery in BC|F; generation

Genotyping between parent lines and heterozygous
individuals, based on the Kompetitive Allele-Specific
(PCR) assay was efficient to accelerate the recovery of
the recurrent genome. One example is illustrated in
Fig. 4, in which one of the polymorphic markers
(SB_07057) for both recurrent lines was used. It was
noted that it was possible to identify the classes of
homozygous and heterozygous individuals, allowing
to verify the rate of recovery of the recurrent parent
(Fig. 4).

Fig. 4 Genotyping of BC;F; individuals with the KASP
marker (SB_07057). Homozygous individuals with C alleles,
derived from parentheses 1S23777 and CMSXS652, are shown
in blue. Heterozygous individuals with T:C (H) alleles are
represented in green; in red is represented the CMSXS170
parental used as homozygous control with T (B) alleles and in
black the negative control (water added reaction mix) is
represented
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30 individuals (BC1F1) 31 individuals (BC1F1)

\ SN

O I823777:74.20%
© CMSXS170: 25.80%

O CMSXS652: 75.81%
“ CMSXS170:24.19%

Fig. 5 Mean recurrent genome recovery of the 30 BC,F;
individuals (CMSXS652) and 31 BC,F, individuals (IS23777).
Blue is the proportion of the homozygous genome to the
recurrent parent and red the proportion of the heterozygous
genome

The mean recurrent genome recovery (BCF;) for
the CMSXS652 line was 75.81% and for the 1S23777
line, the recovery mean was 74.20% (Fig. 5).

The result obtained is in agreement with the
expected mean in the BC F; generation, which is
75%. In terms of individual recovery of the recurrent
genome, progeny 201632B057 presented 86.67% of
the genome of CMSXS652 line, and progeny
201632B032 showed 84.62% of genome recovery of
1S23777 line. These individuals presented an advance
of 9.62% and 11.7% of the conventional crossing and
were therefore selected for the next backcross cycle.
The individual recovery of the recurrent genome as
well as the mean recovery in BCF;, is shown in
Table 1. From the selected individuals, whose recov-
ery was superior to the others, the second-generation
of backcrossing with the respective recurrent parent
was performed to obtain the BC,F, generation.

From the selected individuals, whose recovery was
superior to the others, the second-generation of
backcrossing was performed with the respective
recurrent parent to obtain the BC,F; generation.

Genotyping of the second-generation
of backcrossing

In the second-generation of backcrossing, a total of 60
individuals were obtained for each backcross popula-
tion. For the population from the CMSXS652 recur-
rent line, 27 heterozygous individuals were identified
and to the IS23777 recurrent line, 26 heterozygous
individuals were identified. Segregation was also close
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Table 1 Percentage of BC,F, CMSXS652  Recurrent genome (%)  BC,F, IS23777  Recurrent genome (%)
recurrent genome recovery
13% B%{F;dgellle?ti@ Lnfthe 201632B057* 86.67 201632B032° 84.62
e lgI\jIVSIXUS%; 5 ‘i’irrllzean dr‘t’;lz 201632B051 84.62 201632B001 82.14
31 individuals derived from 201632B049 84.38 201632B004 82.14
the 1523777 line 201632B059 84.38 201632B008 82.14
201632B068 84.38 2016328023 82.14
201632B058 82.14 2016328027 82.14
201632B066 82.14 201632B005 78.57
201632B067 82.14 201632B013 78.57
201632B035 78.13 201632B018 78.57
201632B041 76.92 201632B031 78.57
201632B042 76.67 201632B034 78.57
201632B044 76.67 201632B006 75.00
201632B050 76.67 201632B007 75.00
201632B065 76.67 2016328017 75.00
201632B038 75.00 2016328026 75.00
201632B043 75.00 201632B011 73.08
201632B055 75.00 201632B012 73.08
201632B056 75.00 201632B002 71.43
201632B039 73.33 201632B009 71.43
201632B047 71.88 2016328014 71.43
201632B061 71.88 201632B015 7143
2016328040 71.43 2016328022 71.43
201632B054 70.00 201632B025 71.43
2016328037 68.75 2016328010 70.83
201632B045 68.75 201632B021 70.83
201632B052 68.75 2016328029 69.23
201632B062 68.75 201632B030 69.23
201632B046 66.67 201632B024 67.86
201632B053 65.63 2016328020 64.29
201632B060 64.29 2016328028 64.29
- - 2016328033 60.71
“Selected individuals in General mean 75.81 General mean 74.20

BC,F,

to expected (1:1), as occurred in the previous back-
cross generation.

Recurrence genotype recovery in BC,F;
generation

Regarding the recovery of the recurrent parent, the
mean recovery in BC,F; was 93.86% (CMSXS652)
and 89.93% (IS23777), as shown in Fig. 6. The result
was quite satisfactory, as the mean expected in this
case is 87.5%. The individual recovery in this cycle
was 99.98% for the CMSXS652 line and 95.45% for

the 1S23777 line. Individual recovery of the recurrent
genome, as well as mean recovery in BC2F,, is shown
in Table 2.

After the identification of heterozygous genotypes
(Bmr6/bmr6) in BC,F; generation, these individuals
self-fertilized, resulting in the BC,F, individuals.
Then, three individuals in BC,F, were selected from
each population of the recurrent CMSXS652 and
1S23777 lines, which presented a recurrent genome
recovery mean greater than 93.86% and 89.93%,
indicating superiority to the general mean (Table 2).

@ Springer
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27 individuals (BC2F1) 26 individuals (BC2F1)

CMSXS652: 93.86%
CMSXS170: 6.14%

1823777: 89.93%
CMSXS170: 10.07%
Fig. 6 Mean recurrent genome recovery of 27 BC,F; individ-
uals (CMSXS652) and 26 BC,F, individuals (IS23777). Blue is

the proportion of the homozygous genome to the recurrent
parent and red the proportion of the heterozygous genome

Experimental “brown midrib” hybrids production

After obtaining the restorative lines of male sterility
with introgression of the bmr6 allele (modified
recurrent line), the manual crossing with the female
line (LA) BROO8SA bmr was performed, obtaining the
experimental hybrid “brown midrib”, i.e. the hybrids
CMSXS652 bmr and 1S23777 bmr.

Potential agronomic of experimental “brown
midrib” hybrids

The biomass sorghum experimental hybrids demon-
strated satisfactory potential for bioenergy production,
according to the desirable traits in the sorghum

Table 2 Percentage
recurrent genome recovery

BC,F; CMSXS652

Recurrent genome (%)

BC,F, 1S23777 Recurrent genome (%)

in BC,F, generation in the 201725B024* 99.98

27 individuals derived from

the CMSXS652 line and in 2017258027 99.97

the 26 individuals derived 2017258023 98.15

from the IS23777 line 201725B027 98.15
201725B040 98.08
201725B028 97.92
201725B021 96.30
201725B022 96.30
201725B027 96.30
201725B037 96.15
201725B028 93.75
201725B035 93.48
201725B021 92.59
201725B023 92.59
201725B025 92.59
201725B025 92.59
201725B026 92.59
201725B040 92.31
201725B039 92.00
201725B038 91.30
201725B024 90.74
201725B025 90.74
201725B029 90.74
201725B029 90.74
201725B039 90.38
201725B030 88.89
201725B033 88.89

“Selected individuals in General mean 93.86

BC,F,

201725B005_P5B*  95.45
201725B006_P6A*  95.45

201725B001 93.18
201725B004 93.18
201725B007 93.18
201725B008 93.18
201725B008 93.18
201725B014 93.18
201725B003 90.91
201725B004 90.91
201725B019 90.91
201725B011 90.48
201725B006 88.64
201725B007 88.64
201725B009 88.64
201725B010 88.64
201725B016 88.64
201725B018 88.64
201725B018 88.64
201725B020 88.64
201725B020 88.64
201725B008 86.36
201725B016 86.36
201725B016 86.36
201725B011 84.09
201725B012 84.09
General mean 89.93
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Fig. 7 Experimental “Brown midrib” hybrid (CMSXS652
bmr) for bioenergy production—Embrapa Maize and Sorghum,
2019. (Photo by author: Parrella, R.A. da C)

breeding program. The CMSXS652 bmr experimental
hybrid showed sensitivity to the photoperiod, with a
flowering cycle of approximately 150 days. The
results due to the sensitivity trait of the genotype to
the photoperiod, promoting an increase of the vege-
tative cycle and a greater accumulation of biomass,
reflecting in the productivities of fresh and dry
biomass and consecutively in the fiber contents. The
mean height of plants was 5 metros and fresh biomass
yield of approximately 90 ton/ha. The 1S23777 bmr
experimental hybrid showed a short flowering cycle of
approximately 90 days. The height of plants was
3.5-4.0 metros and fresh biomass yield of approxi-
mately 60-70 ton/ha. Thus, the CMSXS652 bmr
experimental hybrid demonstrated agronomic superi-
ority in relation to IS23777 bmr experimental hybrid
for the bioenergy generation. The Fig. 7 demonstrates
the potential of developed experimental bmr lines
(CMSXS652 bmr).

Discussion
The biomass sorghum, represent a promising source of

renewable lignocellulosic materials that are suit-
able for use as a source of bioenergy feedstock (Sarath

et al. 2008; Sattler et al. 2014). To the lignin content,
an important trait is that sorghum naturally presents
lower lignin contents than sugarcane, in addition to
already possessing lignin mutants that can present up
to 50% less lignin than the original cultivar depending
on the background (Damasceno et al. 2010; Saballos
et al. 2009; Barriere et al. 2007). However, low yields
represent the main obstacle to the successful use of
lignocellulosic materials to obtain second-generation
ethanol (Abramson et al. 2010; Oliver et al. 2005; Jung
and Allen 1995). Oliver et al. (2005) reported that over
a 3-year study, the mean yield of bmr lines was 12%
lower on mean when compared to the isogenic lines
themselves. Zuber et al. (1977) had already reported a
higher incidence of lodging and stem breakage in bmr
plants when reaching the maturity stage. But, these
negative agricultural factors associated with the bmr
mutation can be improved through plant breeding
(Sattler et al. 2010). On the other hand, some authors
demonstrate that they did not observe significant
differences in lodging between bmr mutants and
conventional sorghum and that this trait strongly
depends on the interactions between the bmr gene and
the genetic background of the material (Bean et al.
2013). In this way, the Embrapa Maize and Sorghum
Breeding Program is seeking to develop biomass
sorghum materials that are more productive and
resistant to lodging, through the selection of lines
with greater agronomic potential to introduce the bmr
mutation that is of great importance for the develop-
ment cultivars with the best development for the
production of second-generation ethanol.

The use of molecular markers in backcrossing
programs has been well indicated. In addition to
monitoring the introgression of the gene of interest,
the molecular genotyping of the individuals allows the
selection of those more similar to the recurrent
genotype and with better conversion in the region
close to the introduced gene. Thus, the number of
backcross cycles required for the recovery of the
recurrent genotype is reduced, accelerating the devel-
opment of improved varieties (Openshaw et al. 1994).
The application of DNA marker for marker-assisted
selection and breeding is still limited in sorghum
(Burow et al. 2019). KASP assay in marker-back-
crossing in sorghum and other cultivars is aimed at
accelerating the development of almost isogenic lines
for 3 years compared to 5-6 years using the conven-
tional backcrossing method, being able to improve
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overall efficiency, both in cost and accuracy of
introgression (Semagn et al. 2014). In this work, the
application of the KASP assay was efficient in the
identification of individuals with a higher rate of
recovery of the recurrent genome in the initial
backcross generations, with a gain of up to three
cycles compared to that expected in conventional
backcrossing. From this result, it was possible to select
new genotypes R of biomass sorghum containing the
bmr6 allele, which was used to produce an experi-
mental hybrid.

The Embrapa Maize and Sorghum breeding pro-
gram develops hybrids with high biomass production
and high quality for the production of cellulosic
ethanol (da Silva et al. 2017). de Almeida et al. (2019)
worked with six biomass sorghum line, all sensitive to
photoperiod. Among the materials used, five materials
belong to the Embrapa Maize and Sorghum Breeding
Program (201556B001, 201556B002, 201556B003,
CMSXS7027, and CMSXS7016). In this work,
sorghum genotypes were evaluated for agronomic
potential and chemical composition favorable to the
production of second-generation ethanol. The authors
confirmed that mutant bmr line are associated with
reduced lignin content, making these genotypes more
promising for biomass enzymatic conversion pro-
cesses. Parrella et al. 2018 developed the work of
identifying restorative (R) fertility lines and aluminum
tolerant in bmr biomass sorghum by manual crossing
between lines IS14351 and CMSS023R. Two biomass
sorghum hybrids, 201820B001 and 201820B003,
were identified with the bmr6 allele and tolerant to
aluminum by the SbDMATE gene. Another key point to
consider is the number of markers and individuals to
be used in assisted backcross programs. Several
criteria regarding this issue have been proposed to
define the best possible genome sampling (Guimaraes
et al. 2009; Morris et al. 2003; Frisch et al. 1999;
Openshaw et al. 1994). However, the important thing
is that the use of these markers is optimized in terms of
costs and their operation for the routine conditions of
the laboratory.

A few years ago the genetic material change or
mutation have been widely used in breeding programs
for sorghum around the world. A classic example of
this application was carried out in the United States in
the 1960s, when the dwarf traits—Dw3dw3 and
Dw4dw4 (Quinby 1954) and photoperiod insensitiv-
ity—Ma5MaSma6ma6 and maSmaSMa6Mab6

@ Springer

(Rooney and Aydin 1999) were incorporated into
exotic sorghum germplasm through a series of back-
crosses using conventional breeding. Thus, currently,
the most sorghum cultivated in the USA has a low size
and insensitive to photoperiod, except for sorghum
used for the production of bioenergy.

Scully et al. (2016) identified and characterized
nine new alleles in sorghum lines belonging to the
BTX623 population, through the ethyl methanesul-
fonate (EMS) induced mutation process. The authors
concluded that these new bmr alleles are allelic for the
previously characterized bmr6 allele. The lower lignin
content was visually identified by the presence of the
brown midrib and all lines were tested for the ability to
reduce the activity levels of the CAD enzyme and to
increase the glucose content produced after sacchar-
ification. Besides, some of these lines were associated
with higher acid detergent lignin reductions in com-
parison to the bmr6 allele. The new bmr6 lines
developed represent new tools to manipulate the
composition of biomass and to improve the quality
of the raw material for energy production.

Gorthy et al. (2017) carried out a work of
introgression of three QTLs associated with the
genetic resistance against the fly (Atherigona soccata
L. Moench), through assisted backcrossing in two
sorghum elite cultivars. The authors concluded that the
development of lines using assisted back-crossing
with SSR markers was comparatively faster than
conventional breeding. The recovery of the recurrent
parent genome was close to 90%. Ouedraogo et al.
(2017) also used assisted backcrossing with the use of
SSRs to introduce QTLs related to the stay-green trait
in sorghum elite cultivars. The authors found two lines
with a high level of recovery of the recurrent genome
and proposed that these lines are promising for the
development of drought-tolerant cultivars, which will
be able to guarantee the best yield of the crop in semi-
arid regions of West Africa. Besides, sorghum culti-
vars with higher digestibility in animal feed were
developed in Japan by introgression of the bmr genes.
Varieties Hazuki (released in 2002), Akidachi (re-
leased in 2004), Kazetaka (launched in 2009) and
Suzukaze (launched in 2009) were developed by the
introgression of the bmri8 allele (Tsuruta et al. 2015).
Thus, backcrossing assisted by molecular markers
accelerate the process about gains in time and
efficiency in the identification of individuals with a
higher percentage of recurrent parental recurrent.
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Conclusions

The introgression of the bmr6 allele in elite lines of
biomass sorghum using a marked allele-specific CAPS
type was possible, gaining up to three cycles compared
to that expected in conventional backcrossing.

Experimental “brown midrib” hybrids will assist
the Sorghum Breeding Program for bioenergy pro-
duction in Brazil.
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