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Abstract: The global focus on enhancing sorghum [Sorghum bicolor (L.) Moench] for biomass-related traits is increasing due
to its potential contribution to the growth and sustainability of the ethanol and biogas production chain. Heterosis has been
widely used in sorghum breeding, especially in improving biomass yield using efficient crossing and selection methods. The
objective of this study was to assess the heterosis potential of elite sorghum accessions. Ten hybrids were established using
five reciprocal crosses of seven elite breeding accessions. The hybrids and the parental lines were significant of great variation
for plant height (PH), panicle length (PL), number of leaves (NL), and stem diameter (SD). Most hybrids had high positive
mid-parent heterosis for biomass-related traits, while better parental heterosis ranged from -7.90 to 31.16 for PH, 17.14 to
79.59 for PL, -39.68 to 13.20 NL, and -19.19 to 104.23% for SD. Four hybrids (P6xP4, P4xP6, P6xP5, and P5xP6) exhibited
plant heights greater than the best parent (P5:322.33 cm). Reciprocal cross effects had a significant impact on PH and SD,
with a wide range of -10.23 to 39.35% and -37.50 to 30.55%, respectively. The results indicated that heterosis could be come
true for the characters of plant height, panicle length, and number of leaves, and stem diameter that contributes great impact
on having high biomass.
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1. Introduction Plant height, number of leaves, and stem
diameter are the main contributing traits affecting
: : Ot biomass production in sorghum. Plant height and
important cultivated crop that exhibits a broad gy diameter greatly influence the biomass yield
tolerance to various agroecological environments. It of sorghum, directly enhancing overall biomass

has been (.:lassiﬁed as j[he ﬁfth most significant foo.d production (Madhusudhana and Patil, 2013; Géler
crop, behind wheat, rice, maize, and barley, and is

extensively cultivated in semi-arid regions.
Sorghum has many advantages as a potential

bioener,gY source, including its high biomass  jeayeq exhibit higher photosynthetic activities,
productivity apd Shf)rt growth cycle (Bollam et al.,  ypicp may result in increased biomass production
2021). The high biomass of sorghum produces a  (pain et al, 2010). Along with high biomass
significant amount of plant material, which . qyction, increasing grain yield is another focus
provides an abundant source of feedstock for the ¢ many sorghum breeding studies (Von Pinho et
generation of biofuels (Yang et al., 2021). For al., 2022). Moreover, panicle length has the
instance, the leaves and stems of the plant g hoet relationship with grain yield in sorghum
contribute to the synthesis of cellulose, which is a ¢ 11 as addition to total biomass (Goma et al.
crucial element in the production of biofuel and 2021). ’
bioethanol (Yang et al., 2021). Therefore, the . o . .

biomass and related traits of sorghum have Heterosis, or hybrid vigor, is the occurrence in
considerable potential for energy production. which progeny have enhanced characteristics

Sorghum [Sorghum bicolor (L.) Moench] is an

and Ozyazic1, 2024). Moreover, sorghum biomass
refers to the vegetative parts of the plant, including
the leaves. The plants with a greater number of
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compared to one or both parents. In crop breeding,
this often describes the higher yield, better
resistance to pests and diseases, and improved
tolerance to abiotic stresses of F1 hybrids compared
to both inbred parents (Paril et al., 2023). Moreover,
heterosis among genetically different types of
sorghum, like other plants, helps find favorable
combinations for important agricultural traits
(Mohammed et al., 2015). For many years, several
crops have been used for heterosis as a technique to
enhance biomass production. In sorghum, Blum et
al. (1990) grew two grain sorghum hybrids and their
parental lines in the greenhouse with varying
temperatures under two water levels and identified
significant heterosis for biomass. Packer and
Rooney (2014) assessed the biomass hybrids
resulting from 13 different biomass pollinators and
4 grain sorghum seed parents in 4 various
conditions to quantify the possible heterosis in
biomass production, and they identified high-parent
heterosis with a mean of 24.8% across all the
environments. Duraes et al. (2021) and Mangena et
al. (2022) also reported high heterosis for biomass
and related traits.

Reciprocal crosses are considered another
source of genetic variability for heterosis (Seitz et
al., 1995). Reciprocal effects arise from the genetic
influences of both parents, including maternal and
paternal effects, cytoplasmic effects, and parent-of-
origin effects (Gonzalo et al., 2007). This provides
information about which of the two parents should
be used as a mother or father. Recently, only a
limited number of researchers have reported
differences in reciprocal effects in sorghum; for
shoot fly resistance (Mohammed et al., 2016), days
to 50% flowering, plant height, and 100-seed
weight (Mohammed et al., 2015).

Research on the heterosis of sorghum biomass
is very valuable for creating effective breeding
strategies to produce sorghum hybrids as a
bioenergy source. The objectives of this study were
to evaluate the heterosis performance of sorghum
hybrids in reciprocal crosses for biomass-related
traits.

2. Materials and Methods

2.1. Plant material

Seven sorghum accessions, namely BSS 47,
BSS 85, BSS 332, BSS 424 and BSS 532 and two
cultivars, namely Ogretmenoglu (grain sorghum)
and Erdurmus (sweet sorghum) were used as
parents in the reciprocal crossing for F; carried out
in the study (Table 1). BSS 47, BSS 85, BSS 332,
BSS 424, BSS 532, Ogretmenoglu and Erdurmus
were coded as P1, P2, P3, P4, P5, P6 and P7
throughout the study, relatively. Parents were
selected based on evaluations from two locations
for their high plant height (Guden et al., 2020).

2.2. Crossing

All the parents were grown in the greenhouse of
Akdeniz University, Antalya, Tiirkiye in 2017. At
the time of the flowering period, when the glumes
open just before or just after sunrise, three anthers
were emasculated from each female. Pollens from
the fully bloomed flower of the male parent were
harvested, and these were then used to pollinate the
emasculated female and finally each one was
bagged with kraft paper. The seeds from each of the
crosses were collected after 15-20 days. According
to mating design, seven parental lines were crossed
to produce five F; hybrid seeds and their reciprocal
seeds.

2.3. Experimental design and observations

All 17 sorghum materials, including 7 parents
and 10 hybrids, were planted with a randomized
complete blocks design of three replications in the
experimental field of Akdeniz University, Antalya,
Tiirkiye in 2018. For each line of each replication,
plants were grown in a row of 3.0 m, at a spacing of
0.7 m between rows and a plant spacing of 0.2 m.
For each line, nine randomly selected plants were
harvested manually, and plant height (PH), panicle
length (PL), number of leaves (NL) and stem
diameter (SD) were used to characterize plants.
Plant height was measured as the distance from the
ground to the top of the flag leaf once the
panicle had fully emerged (cm). Panicle length was

Table 1. The origin and accession ID of sorghum plant material

Accession name Accession ID Origin Gene banks
BSS 47 PI175919 Tiirkiye USDA
BSS 85 PI1641835 United States of America USDA
BSS 332 1S3121 United States of America ICRISAT
BSS 424 IS 20697 United States of America ICRISAT
BSS 532 IS 30466 China ICRISAT
Erdurmus Released variety Tirkiye *
Ogretmenoglu Released variety Tiirkiye *

*: The Western Mediterranean Agricultural Research Institute of Tiirkiye (WMARI) has registered as cultivars, USDA: United States Department of
Agriculture, ICRISAT: The International Crops Research Institute for the Semi-Arid Tropics
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manually measured as the distance from the
beginning to the top of the panicle by ruler (cm).
Number of leaves was counted along the main stem.
Stem diameter was measured at the third node from
the ground of the main with a digital caliper and
Stainless Electronic Ruler Micrometer (Clockwise
Tools DCLR-0605 Electronic Digital Caliper)
(cm).

Mid-parent heterosis, better-parent heterosis
and reciprocal crossings advantages or effects were
calculated using the equations.

Reciprocal crossing advantages or effects (R)
were identified by Equation 1 (Bulant et al., 2000).

R=2 5 100 (1)
NC
In equation, R represents the advantage
percentage in reciprocal crossings, RC represents
the mean of reciprocal crosses, and NC represents
the mean of normal crosses.

Mid-parent heterosis (MPH) was identified by
Equation 2 and 3.

MPH = 2=MP
MP

P1+P2

x 100 @)

MP = x 100 3)

Where F; is the mean of the F1 hybrid
performance; P1 and P2 are the means of the two
parents.

Better parent heterosis (BPH) was identified by
Equation 4.

F1-BP
—— x 100 (4)

BPH =

Where BP is the mean of the best parent.

2.4. Statistical analysis

Correlation analyses and analyses of variance
(ANOVA, PROC GLM) were performed with SAS
9.0 software.

3. Results

The ANOVA results showed that Fis and parents
were of significant differences for all the traits
studied except NL for Fis (Table 2). Table 3
presents the correlation analysis of the traits for Fis
and their parents. Correlation analysis identified
that PL was significantly and positively correlated
with SD and PH, with correlation coefficients of
0.37 and 0.62, respectively.

3.1. Hybrids performance

It was evaluated PH, PL, NL, and SD characters
for ten F;s and their parents, and Table 4 reports the
mean performance of all Fis and their parents.

P6xPS5 recorded the highest plant height at 370.00
cm, while P3XP7 recorded the lowest at 221.67 cm,
with a mean of 296.83 cm for the Fis. Among the
parents, PH ranged from 137.33 (P2) to 322.33
(P5), with a general mean of 276.70 cm. The
hybrids P4xP6 and P5xP6 had the highest PL
(37.66 cm), while P1xP6 and P3xP2 had the lowest
PL (19.33 cm). PS5 recorded the maximum PL of
28.00 cm, while the mean PL for the parents was
20.52 cm. The mean NL for Fis and parents were
13.80 and 2.89, respectively. The maximum and
minimum NL were identified in P2xP3 (17.66) and
P1xP6 (11.00), respectively, for Fis. The highest
SD of the F1s was 4.33 cm (P6xP4), and the mean
of the F1s was 3.41 cm. Significant variability was
observed in SD for the parents, ranging from 1.20
to 3.86 cm with the general mean as 3.20 cm (Table
4).

Table 2. Analysis of variance (¥ value) for some
morphologic traits in Fis, parents, as well as Fis and
parents

Source of

.. PH PL NL SD

variation

Fis 5.84"  10.39™ 1.80 6.81"
Errors 0.0005 0.0001 0.1310 0.0002
Parents 27.68™ 3223  6.00" 32.69"
Errors 0.0001  0.0001 0.0028 0.0001
Fis and parents 11.78" 19.02"  3.14™ 14.08"™
Errors 0.0001  0.0001 0.0025 0.0001

*%*: Significant at p<0.01

Table 3. Pearson correlation coefficients between
traits in F;s and parents

Traits SD PH PL
PH 0.21
PL 037" 0.62™
NL -0.07 0.22 0.09

*%*: Significant at p<0.01

3.2. Heterosis estimation

The estimation of mid-parent heterosis and
better-parent heterosis was conducted by evaluating
the hybrids and parents in adjacent experiments.
Sorghum hybrids exhibited significant heterosis in
several aspects, with the degree of improvement
varying considerably between the mid-parent and
better-parent.

Significant differences were detected in mid-
parent heterosis for all traits except NL and were
presented in Table 5. All hybrids had positive mid-
parent heterosis for all the traits, with the exception
of hybrids P4xP6 for NL, P6xP5 for NL and SD,
and P5xP6 for SD. The highest mid-parent heterosis
values for PH, PL, NL, and SD were 98.85, 109.52,
44.68, and 152.63%, respectively. Hybrids P6xP1
and P1xP6 had positive mid-parent heterosis for all
four traits, all above 40% (Table 5).
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Table 4. Mean performance of some morphologic traits for F; sorghum hybrids and their parents

Sorghum PH (cm) PL (cm) NL SD (cm)
P1 291.00 23.33 15.66 343
P2 137.33 13.66 14.66 1.20
P3 240.67 16.33 15.66 1.96
Parents P4 314.33 27.66 15.00 3.23
P5 322.33 28.00 21.00 3.30
P6 284.00 23.00 12.66 3.26
P7 146.00 11.66 10.00 3.86
Means 247.95 20.52 14.95 2.89
LSD 44.52* 3.54™ 4.15" 0.50™
P3 x P2 315.67 19.33 16.33 2.50
P2 x P3 227.33 29.33 17.66 4.00
P3 x P7 221.67 29.33 13.33 3.66
P7 x P3 247.67 27.33 14.00 4.00
P6 x P4 366.00 35.33 15.66 433
Hybrids P4 x P6 327.33 37.66 13.00 3.33
P6 x P1 273.33 19.33 11.33 3.00
P1 x P6 289.33 23.33 11.00 3.66
P6 x P5 370.00 29.66 13.00 3.00
P5 x P6 330.00 37.66 12.66 2.66
Means 296.83 28.83 13.80 341
LSD 65.65™ 6.19" 4.72 0.69™
General means 276.70 2541 14.27 3.20
P1: BSS 47, P2: BSS 85, P3: BSS 332, P4: BSS 424, P5: BSS 532, P6: Erdurmus, P7: Ogretmenoglu
Table 5. Mid-parent heterosis for some morphologic traits of F; sorghum hybrids (%)
] Traits
Hybrids PH PL NL SD
P3xP2 67.02 28.89 7.69 57.89
P2xP3 20.28 95.55 16.48 152.63
P3xP7 14.65 109.52 3.89 25.71
P7xP3 28.10 95.24 9.09 37.14
P6xP4 22.34 39.48 13.25 33.34
P4xP6 9.41 48.68 -6.02 2.57
P6xP1 87.86 65.72 44.68 74.76
P1xP6 98.85 100.00 40.43 113.59
P6xP5 24.26 22.34 -21.21 -6.98
P5xP6 10.83 55.33 10.10 -17.31
Means 38.36™ 66.07"" 11.83 47.33™
LSD 24.16 32.85 41.08 30.61

**: Significant at p< 0.01, P1: BSS 47, P2: BSS 85, P3: BSS 332, P4: BSS 424, P5: BSS 532, P6: Erdurmus, P7: Ogretmenoglu

The average better parental heterosis was
predominantly positive for PH, PL, and SD, while
for NL was negative. Significant differences were
detected in better parental heterosis values for all
the traits (Table 6). Better parental heterosis for
plant height ranged between -7.90 and 31.16%, with
an average of 5.17%. The highest rate was identified
in P3xP2 with 31.16%. The better parent heterosis
of PL was the strongest. Out of the nine hybrids
showing positive better-parent heterosis, seven
(P3xP2, P2xP3, P3xP7, P7xP3, P6xP4, P4xP6 and
P5xP6) had values over 10%. The highest rates
were observed in P2xP3 and P3xP7, with 79.59%
for PL. For NL, better parent heterosis ranged
between -39.68 and 13.20%. The variation in SD
was the largest, ranging from —19.19 to 104.23%.
Four Fis were identified showing positive better

parental heterosis in SD, all above 10%, with the
highest being 104.23% in P2xP3 (Table 6).

3.3. Evaluation of reciprocal effect

Significant differences were identified in the
reciprocal effect for PH and SD, whereas they were
not significant for PL and NL (Table 7). It was
identified the mean relative reciprocal cross as
negative for PL (-12.98%) and SD (-3.72%) and
positive for PH (10.23%) and LN (6.00%). The
maximum reciprocal cross advantages for PH were
P3xP2 (39.35%), followed by P6xP5 (14.32%) and
P6xP4 (12.32%), with an average of 10.23%. The
reciprocal effect on SD ranged from -37.50 to
30.5%, with a mean of -3.72%. The maximum
reciprocal effect for SD was identified as 30.55% in
P6xP4 (Table 7).
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Table 6. Better parental heterosis for some morphologic traits of F; sorghum hybrids (%)

. Traits

Hybrids PH PL NL SD
P3 x P2 31.16 18.37 6.62 28.04
P2 x P3 -5.54 79.59 13.20 104.23
P3 x P7 -7.90 79.59 -14.90 4.76
P7 x P3 2.91 67.35 -10.64 14.28
P6 x P4 16.44 27.71 4.44 34.02
P4 x P6 4.14 36.15 -11.48 3.09
P6 x P1 -6.07 -17.14 27.66 -12.62
P1 x P6 0.57 0.00 229.79 6.79
P6 x P5 14.79 5.95 -38.10 -9.09
P5 x P6 2.38 34.52 -39.68 -19.19
Means 517 3320 -14.80" 15.43"
LSD 21.02 26.20 3323 2931

*: Significant at p< 0.05, **: Significant at p<0.01, P1: BSS 47, P2: BSS 85, P3: BSS 332, P4: BSS 424, P5: BSS 532, P6: Erdurmus, P7: Ogretmenoglu

Table 7. The reciprocal effect on some morphologic traits for F; sorghum hybrids (%)

Reciprocal crosses Traits
PH PL LN SD

P3 x P2 39.35 -33.45 -5.55 -37.50
P3 xP7 -10.23 7.98 -1.78 -8.33
P6 x P4 12.32 -3.01 29.16 30.55
P6 x P1 -5.18 -15.67 4.87 -16.66
P6 x P5 14.92 -20.73 3.33 13.33
Normal cross means 284.33 31.07 13.67 3.53
Reciprocal cross means 309.33 26.60 13.93 3.30
Reciprocal effect means (%) 10.23™ -12.98 6.00 -3.72"
LSD 22.44 30.74 62.51 21.97

**: Significant at p< 0.01, P1: BSS 47, P2: BSS 85, P3: BSS 332, P4: BSS 424, P5: BSS 532, P6: Erdurmus, P7: Ogretmenoglu

4. Discussion and Conclusion

Biomass production is a complex trait that derives
from several agro-industrial characteristics (Chen et
al., 2020). Direct or indirect methods can achieve
sorghum biomass production, aiming to enhance
several related characteristics (Habyarimana et al.,
2020). Plant height, stem diameter, and number of
leaves are some of the important biomass-related
traits in sorghum. Moreover, panicle length is one
of the important characteristics of seed yield (Von
Pinho et al., 2022) and also contribute to total
biomass. In this study, highly significant
differences for biomass-related traits indicated the
presence of considerable variation in the parents
(Table 2). The F-values for all the characteristics
analyzed suggested that the selected parents were
appropriate for generating reciprocal crosses that
were in parallel with the previous studies
(Mohammed et al., 2015; Zhang et al., 2024).

The sorghum plant height, stem diameter, and
number of leaves can range from 60.00 to 450.00
cm (Quinby and Karper, 1954), 1.63 to 2.30 cm
(Lestari et al., 2021), and 4 to 24 (Derese et al.,
2018), respectively. In this study, PH, NL, and SD
varied from 221.67 to 370.00 cm, 11.00 to 17.66
cm, and 2.50 to 4.33 cm, respectively (Table 4).

Especially four hybrids (P6xP4, P4xP6, P6xP5, and
P5xP6) exhibited plant heights greater than the best
parent (P5). These results suggest that it will aid in
the indirect research strategy to develop hybrids
with high biomass yields due to a strong correlation
with plant height.

Understanding the relationship  between
heterosis and the phenotypic expression of biomass
yield traits may assist in defining breeding
strategies. A reasonable level of heterosis is crucial
for achieving high biomass production and related
traits in any hybrid breeding effort (Zhang et al.,
2024). In this study, for all traits, the majority of the
best-performing genotypes in terms of mid-parent
heterosis were hybrids that showed positive
heterosis, with a few exceptions (P4xP6 for NL,
P6xP5 for NL and SD, and P5xP6 for SD) (Table
5). The same observation was also made by
Mangena et al. (2022), who reported that most of
the hybrids showed positive mid-parent heterosis
for biomass and biomass-related traits. This
occurrence may be attributed to heterosis, which is
based on the idea that sorghum hybrids are
generally superior to the majority of parental
genotypes. On the other hand, Six, nine, three and
seven hybrids had positive better-parent heterosis
for PH, PL, NL and SD, respectively (Table 4). The
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study findings indicated that some hybrids
exhibited the mid-parent value, while others tended
to have the better-parent value.

The level of heterosis varies by the genotypes
being used, and the character studied. Duraes et al.
(2021) identified heterosis of 21.4 and 4.7% for
plant height and green biomass, respectively. Blum
et al. (1990) also found significant heterosis in
terms of biomass, grain yield per plant, and grain
number per panicle. Zhang et al. (2024) reported
mid-parent heterosis of 40.26 and 13.78% for plant
height and panicle length, respectively. According
to Wang et al. (2020), the effects of mid-parent and
better parent heterosis on grain yield, grain weight
per ear, and plant height were highest compared to
other characteristics in sweet sorghum. In the
present study, the average mid-parent and better-
parent heterosis were the highest in PL, at 66.07%
and 33.20%, respectively (Tables 5 and 6). The
second trait was SD, and the average mid-parent
and better parent heterosis were 47.33% and
15.43%, respectively. The same observation was
also made by Mangena et al. (2022), who reported
that of the hybrids tested, one of the highest values
for better parent heterosis was in SD. Contrary to
the study of Zhang et al. (2024), the average mid-
parent and better parent heterosis for PH were
relatively lower than others at 38.36% and 5.17%,
respectively. These differences support the idea that
the inheritance of the studied traits in sorghum is
complex. They can also be explained by different
levels of genetic variability in the parents used.

Reciprocal crosses provide valuable insights for
breeders to comprehend the presence of variation
caused by maternal effects and outbreeding
depression (Sprague and Tatum, 1942; Griffing,
1956). If the cytoplasmic genomes of the two
parents exhibit differences, the resulting reciprocal
hybrids may display variations in their phenotypes
(Gai and He, 2013). In this study, the effect of
reciprocal crosses was defined as significantly
important for PH and SD (Table 7), indicating that
cytoplasmic variables may have a role in the
inheritance of these traits. These findings are
consistent with those of Mohammed et al. (2016),
indicating that significant reciprocal effects for
shoot fly resistance using reciprocal crosses in
sorghum, are attributed to the influence of
cytoplasmic factors. This effect may also be due to
the genetic influences of the parents, which include
both maternal and paternal effects, as well as
cytoplasmic effects (Gonzalo et al., 2007). Zhang et
al. (2016) identified 85 maternally expressed genes
and 16 paternally expressed genes in reciprocal F1
hybrids. In this study, although the relative
reciprocal cross advantages were negatively low on
PL (-12.98%) and SD (-3.72%), and positively low

on PH (10.23%) and LN (6.00%), the range was
quite wide. For instance, Table 6 shows a wide
range of variation in plant height for reciprocal
cross advantages, from -10.23 to 39.35%, with the
maximum value being significantly higher than
Mohammed et al. (2015)’s (11.1%) determination.
Moreover, these negative magnitudes in this study
indicate that the inclusion of reciprocal crosses
tends to shorten PL and narrow SD, while positive
crosses tend to have taller PH and increase NL.

As a result, the study's successful crossings
demonstrated the presence of cross-compatibility
across all parental combinations and their reciprocal
crosses. According to the evaluation of mid-parent
heterosis, only number of leaves of the four traits
studied did not exhibit any statistically significant
differences. The hybrids P6xP4, P4xP6, P6xPS5,
and P5xP6, in particular, had plant heights higher
than those of the superior parent (P5). The
reciprocal cross effects had an important impact on
plant height and stem diameter. More investigation
is necessary to assess the performance of the
hybrids that were tested in various conditions as a
potential bioenergy source.

Ethical Statement

The authors declare that ethical approval is not
required for this research.

Funding

This research received no external funding.

Declaration of Author Contributions

The authors declare that they have contributed
equally to the article. All authors declare that they
have seen/read and approved the final version of the
article ready for publication.

Declaration of Conflicts of Interest

All authors declare that there is no conflict of
interest related to this article.

References

Blum, A., Ramaiah, S., Kanemasu, E.T., 1990. The
physiology of heterosis in sorghum with respect to
environmental stress. Annals of Botany, 65(2): 149-
158.

Bollam, S., Romana, K.K., Rayaprolu, L., Vemula, A.,
Das, R.R., Rathore, A., Gandham, P., Chander, G.,
Deshpande, S.P., Gupta, R., 2021. Nitrogen use
efficiency in sorghum: Exploring native variability
for traits under variable N-regimes. Frontiers in Plant
Science, 12: 643192.

Bulant, C., Gallais, A., Matthys-Rochon, E., Prioul, J.L.,
2000. Xenia effects in maize with normal endosperm:

II. Kernel growth and enzyme activities during grain
filling. Crop Science, 40(1): 182-189.

Tiirkiye Tarimsal Arastirmalar Dergisi - Turkish Journal of Agricultural Research

11(3): 331-337 336



GUDEN and UZUN

Chen, J., Zhu, M., Liu, R., Zhang, M., Lv, Y., Liu, Y.,
Xiao, X., Yuan, J., Cai, H., 2020. Biomass yield 1
regulates sorghum biomass and grain yield via the
shikimate pathway. Journal of Experimental Botany,
71(18): 5506-5520.

Derese, S.A., Shimelis, H., Mwadzingeni, L., Laing, M.,
2018. Agro-morphological characterisation and
selection of sorghum landraces. Acta Agriculturae
Scandinavica, Section B-Soil & Plant Science, 68(7):
585-595.

Duraes, N.N.L., Nunes, J.A.R., Bruzi, A., Lombardi,
G.M.R., Fagundes, T.G., Parrella, N., Schaffert, R.E.,
Parrella, R.A.C., 2021. Heterosis for ethanol yield
and yield components in sweet sorghum. Sugar Tech,
23(2): 360-368.

Gai, J., He, J., 2013. Brenner’s Encyclopedia of Genetics.
Netherlands, Elsevier.

Goma, L., Labe, D.A., Mani, H., 2021. Character
association and path coefficient analysis in rainy
season sorghum (Sorghum bicolor (L.) Moench)
varieties at Samaru and Maigana Northern Guinea
Savannah, Nigeria. Journal of Agriculture and
Environment, 17(1): 87-98.

Gonzalo, M., Vyn, T.J., Holland, J.B., McIntyre, L.M.,
2007. Mapping reciprocal effects and interactions
with plant density stress in Zea mays L. Heredity, 99:
14-30.

Goéler, M., Ozyazic1, M.A., 2024. Determination of yield
and yield components of some sweet sorghum
[Sorghum bicolor var. saccharatum (L.) Mohlenbr.]
genotypes grown as a second crop. Ege Universitesi
Ziraat Fakiiltesi Dergisi, 61(1): 87-102. (In Turkish).

Griffing, B., 1956. Concept of general and specific
combining ability in relation to diallel crossing
systems. Australian Journal of Biological Sciences,
9: 463-493.

Guden, B., Erdurmus, C., Erdal, S., Uzun, B., 2020.
Evaluation of sweet sorghum genotypes for
bioethanol yield and related traits. Biofuels,
Bioproducts and Biorefining, 15(2): 545-562.

Habyarimana, E., De Franceschi, P., Ercisli, S., Baloch,
F.S., Dall’Agata, M., 2020. Genome-wide association
study for biomass related traits in a panel of Sorghum
bicolor and S. bicolor % S. halepense populations.
Frontiers in Plant Science, 11: 551305.

Jain, S.K., Elangovan, M., Patel, N.V., 2010. Correlation
and path coefficient analysis for agronomical traits in
forage sorghum [Sorghum bicolor (L.) Moench].
Indian Society of Plant Genetic Resources, 23(01):
15-18.

Lestari, R., Tyas, K.N., Rachmadiyanto, A.N., 2021.
Response of biomass, grain production, and sugar
content of four sorghum plant varieties (Sorghum
bicolor (L.) Moench) to different plant densities.
Open Agriculture, 6(1): 761-770.

Madhusudhana, R., Patil, J.V., 2013. A major QTL for
plant height is linked with bloom locus in sorghum

[Sorghum bicolor (L.) Moench]. Euphytica, 191:
259-268.

Mangena, P., Shimelis, H., Laing, M., 2022. Combining
ability and heterosis of sweet stem sorghum
genotypes for bioethanol yield and related traits.
Euphytica, 218: 72.

Mohammed, R., Are, A.K., Bhavanasi, R., Munghate,
R.S., Kavi Kishor, P.B., Sharma, H.C., 2015.
Quantitative genetic analysis of agronomic and
morphological traits in sorghum, Sorghum bicolor.
Frontiers in Plant Science, 6: 945.

Mohammed, R., Are, A.K., Munghate, R.S., Bhavanasi,
R., Polavarapu, K.K.B., Sharma, H.C., 2016.
Inheritance of resistance to sorghum shoot fly,
atherigona soccata in sorghum, Sorghum bicolor (L.)
Moench. Frontiers in Plant Science, 27(7): 543.

Packer, D.P., Rooney, W.L., 2014. High-parent heterosis
for biomass yield in photoperiod-sensitive sorghum
hybrids. Field Crops Research, 167: 153-158.

Paril, J., Reif, J., Fournier-Level, A., Pourkheirandish,
M., 2023. Heterosis in crop improvement. The Plant
Journal, 117(1): 23-32.

Quinby, J.R., Karper, R.E., 1954. Inheritance of height in
sorghum. Agronomy Journal, 46: 211-216.

Seitz, G., Melchiger, A., Geiger, H., Singh, 1., 1995.
Reciprocal differences for forage traits in single and
three-way crosses of maize. Plant Breeding, 114(1):
231-234.

Sprague, G.F., Tatum, L.A., 1942. General vs specific
combining ability in single cross corn. Agronomy
Journal, 34(10): 923-932.

Von Pinho, R.G., Silva, E.V.V., Oliveira, T.L., de Souza,
V.F., de Menezes, C.B., 2022. Breeding sorghum for
grain, forage and bioenergy in Brazil. Revista
Brasileira de Milho e Sorgo, 21: e1275.

Wang, L., Hongdong, Y., Shaojie, J., Yanxi, J., Defeng,
S., Guangquan, S., 2020. Heterosis prediction of
sweet sorghum based on combining ability and
genetic distance. Acta Agronomica Hungarica,
53(14): 2786-2794.

Yang, K.-W., Chapman, S., Carpenter, N., Hammer, G.,
McLean, G., Zheng, B., Chen, Y., Delp, E., Masjedi,
A., Crawford, M., Ebert, D., Habib, A., Thompson,
A., Weil, C., Tuinstra, M.R., 2021. Integrating crop
growth models with remote sensing for predicting
biomass yield of sorghum. In Silico Plants, 3(1):
diab001.

Zhang, Y., Chen, J., Gao, Z., Wang, H., Liang, D., Guo,
Q., Zhang, X., Fan, X., Wu, Y., Liu, Q., 2024.
Identification of heterosis and combining ability in
the hybrids of male sterile and restorer sorghum
[Sorghum bicolor (L.) Moench] lines. PLoS One,
19(1): e0296416.

Zhang, M., Li, N., He, W., Zhang, H., Yang, W., Liu, B.,
2016. Genome-wide screen of genes imprinted in
sorghum endosperm, and the roles of allelic
differential cytosine methylation. The Plant Journal,
85(3): 424-36.

CITATION: Giiden, B., Uzun, B., 2024. Evaluation of Heterosis in Biomass Related Traits in Sorghum [Sorghum bicolor (L.) Moench] F1
Reciprocal Hybrids. Turkish Journal of Agricultural Research, 11(3): 331-337.

337

Tiirkiye Tarimsal Arastirmalar Dergisi - Turkish Journal of Agricultural Research

11(3): 331-337



