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Abstract. Rachman F, Trikoesoemaningtyas, Wirnas D, Reflinur. 2022. Estimation of genetic parameters and heterosis through line x
tester crosses of national sorghum varieties and local Indonesian cultivars. Biodiversitas 23: 1588-1597. Diverse gene sources
possessed by local sorghum cultivars are potentially useful for superior varieties development. This study aimed to determine the genetic
parameters and heterosis of sorghum lines derived from national varieties and local cultivars crosses. A total of eight F1 hybrids derived
from line x tester mating design with four lines (P1-150-20A, Soraya 3 IPB, Kawali, Bioguma 1 Agritan) and two testers (Pulut 3 and
Pulut 5) were used in the present study. This experiment was arranged in a randomized complete block design (RCBD) with three
replications. Results showed that several agronomical important traits, such as plant height, leaf number, days to flowering, days to
harvesting, panicle length, panicle diameter, and 1000-grain weight were significantly affected by additive gene action, while others by
non-additive gene action. Based on field observation, three out of six parental lines showed the best performance of grain yields traits.
Of these, Soraya 3 IPB x Pulut 5 and Bioguma 1 Agritan x Pulut 5 crosses were the best cross combination showing high values for
both combining ability and heterosis parameters. These findings would help breeders to determine the selection methods for desirable

traits and cross combinations to develop a new variety with high yield performance.
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INTRODUCTION

Cereals and tuber crops are the primary sources of
carbohydrates. Sorghum is one of the alternative cereal
crops that can be used as carbohydrate sources, which is
closely related to rice, corn, and wheat (Andriani and
Isnaini 2013). Sorghum has higher nutritional content than
rice in protein, vitamins, and essential minerals (Widowati
2010). In addition, Etuk et al. (2012) also stated that
sorghum contains 8.90%-10.48% crude protein, 2.50%-
3.70% fat, 1.40%-3.01% fiber, and 61.24%-76.60% sugar.
Based on vitamin contents, FAO (1995) reported 100 g of
sorghum seeds contained 0.13 mg of vitamin B2, 4.5 mg of
vitamin B3, and 0.47 mg of vitamin B6.

Currently, the available genetic resources of sorghum
consist of released national varieties, introduced
accessions, collection genotypes from several research
institutes, and local cultivars (Talanca and Andayani 2013).
The local cultivars were developed in certain specific
locations and mainly developed at the farmer level. Local
Indonesian sorghum cultivars had several advantages, such
as environmental stress tolerances (Lestari et al. 2014;
Benggu and Nguru 2018), high ethanol yield (Agung et al.
2014), pathogen resistances (Sofiah 2021), and contain
polyphenols, anthocyanins, and tannin (Mukkun et al.
2021). Eastern Indonesia dominates the sorghum
development because such areas are suitable for agro-

climatic conditions for sorghum growth (Subagio and Aqil
2013). The diversity of local Indonesian sorghum cultivars
is widely distributed in East Java (Sulistyawati et al. 2019;
Maftuchah et al. 2021), Yogyakarta (Martiwi et al. 2020),
West Nusa Tenggara (Fitrahtunnisa et al. 2020), and East
Nusa Tenggara (Mukkun et al. 2018; Tnunay et al. 2019).

Superior sorghum varieties generally have early
maturity, medium height, and good cooking qualities
(Tabri and Zubachtirodin 2013). These varieties can be
developed by several breeding strategies, including crosses,
mutation, and genetic methods transformation. However,
crossing is considered to be one of the simplest methods for
expanding genetic diversity (Syukur et al. 2012). Crossing
with a particular mating design could also be used to
estimate heterosis, combining ability, and gene action
(Acquaah 2007; Syukur et al. 2012). Selection of the
mating design method is important based on the amount of
information on genetic parameters, combining ability, and
heterosis.

Genetic parameters can be estimated using line x tester
mating design, where several lines will be crossed over
testers. This method can be used to estimate the combining
ability, heritability, and gene action that influenced traits
(Singh and Chaudhary 1979). This mating design is the
simplest method but provides complete genetic information
because of the availability of full-sibs and half-sibs'
information (Nduwumuremyi et al. 2013; Kose 2017;
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Yehia and Elhashash 2019). In sorghum, several studies
used line x tester mating design for estimating genetic
parameters (Muturi et al. 2019; Sen et al. 2019), combining
ability (Rini et al. 2017; SaadAbdel-Aty et al. 2018;
Suguna et al. 2021), and heterosis values (Jarwar et al.
2017; Rehana et al. 2019; Abebe et al. 2020).

The vyield potential of local Indonesian sorghum
cultivars is 40% lower than that of national varieties
(Hidayanti 2020), but may have various desirable traits that
can be used in sorghum breeding programs. Although their
yield potential is low, various desirable traits that exist in
local cultivars would be potential benefit for other
important traits improvements in sorghum breeding
program. It is expected that new varieties with high
production, good nutritional content, and tolerance to
environmental stresses, etc. can be developed by utilization
of local sorghum cultivars as donors in crossing. To date,
there is no genetic information available for generating
sorghum varieties using local Indonesian sorghum
cultivars. For this reason, genetic studies related to
estimation of genetic parameters through line x tester
analysis are needed to provide basic information for
breeders in sorghum improvement. Therefore, combining
ability should be taken into consideration as an important
basis for the crossbreeding parents’ selection. This study
aimed to determine the genetic parameters and heterosis of
sorghum lines derived from national varieties and local
cultivars crosses.

MATERIALS AND METHODS

Study area

The F; hybrids and their parental were evaluated from
March to July 2021 at Cikarawang experimental field, IPB
University, Bogor, West Java, Indonesia. The field site was
located at an altitude of 165 m asl. with clay-loam latosol
soil (Melati et al. 2021). The agro-climates condition of
research sites were listed in Table 1. Post-harvest
observation was conducted at Plant Breeding Laboratory,
IPB University, Bogor, West Java, Indonesia.

Plant materials

The four sorghum lines (P1-150-20A, Soraya 3 IPB,
Kawali, Bioguma 1 Agritan) and two testers (Pulut 3, Pulut
5) were crossed through line x tester mating design and
resulted eight F1 hybrids (Table 2). PI-150-20A was chosen
to represent the introduced accessions, which have been
widely used for short sorghum  development
(Trikoesoemaningtyas et al. 2017). Soraya 3 IPB represents
the IPB University breeding lines, which has acid-dry land
tolerance (Sitanggang 2013) and has ratoon ability
(Ardiyanti et al. 2019), while Kawali and Bioguma 1
Agritan are representatives of national released variety.
Pulut 3 and Pulut 5 were local cultivars collected from
West Nusa Tenggara and West Java, respectively. These
cultivars were chosen because they have the advantage of
pests resistance and are claimed by farmers to have waxy
properties (Sofiah 2021).
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Table 1. The agro-climates condition of research sites

Tmin Tmax Tavg RH RR SS
Months (°C) (°C) (°C) (%) (mm) (hours)
March 2021Y 22,6 319 26.2 874 911 51.9
April 2021 223 319 262 849 2135 1283
May 2021 230 324 268 844 4060 176.3
June 2021 220 317 259 861 2810 1716
July 20212 216 319 259 815 35 42.4
Note: Y20-31 March 2021, 21-6 July 2021, Tmin: minimum
temperature, Tmax: maximum temperature, Tag: average

temperature, RH: relative humidity, RR: rainfall, SS: sunshine
duration (Source: BMKG 2021)

Table 2. Sorghum genotypes used in this study

Genotypes Notes Source
P1-150-20A x Pulut 3 F1 Hybrids IPB University
P1-150-20A x Pulut 5 F1 Hybrids IPB University
Soraya 3 IPB x Pulut3  F1 Hybrids IPB University
Soraya 3 IPB x Pulut5  F1 Hybrids IPB University
Kawali x Pulut 3 F1 Hybrids IPB University
Kawali x Pulut 5 F1 Hybrids IPB University

Bioguma 1 Agritan x Pulut 3 F1 Hybrids
Bioguma 1 Agritan x Pulut 5 F1 Hybrids

IPB University
IPB University

P1-150-20A Introduction ICRISAT

accession
Soraya 3 IPB Breeding lines  IPB University
Kawali National variety ICERI, IAARD
Bioguma 1 Agritan National variety ICABIOGRAD, IAARD
Pulut 3 Local cultivar  West Nusa Tenggara
Pulut 5 Local cultivar  West Java
Procedures

A total of 14 genotypes were arranged in a randomized
complete block design (RCBD) with three replications. The
2.25x1.20 m plot was planted with 3 rows, where the
evaluated genotype rows were planted between the border
rows with a plant spacing of 75x15 cm. Fertilizer
application was conducted with 46 kg N ha, 36 kg P,Os
ha?, and 60 kg K,O ha? as basal dose, and 23 kg N ha
were applied 4 weeks after planting. The crop pests were
controlled mechanically and chemically. The panicles were
harvested when a black layer in the grains appeared. This
standard cultivation for optimum sorghum production was
carried out according to Wirnas et al. (2021) with
modification. Each plot consisted of 8 samples for
agronomic observation. A total of ten sorghum
agronomical traits of which three traits (plant height, leaf
number, and stem diameter) and seven traits (days to
flowering, days to harvesting, panicle length, panicle
diameter, dry panicle weight at 15% moisture content,
1000-grain weight, and grain yield per panicle) were
observed at vegetative and generative stage, respectively.
All the traits were recorded according to the guidelines
recommended by UPOV (2014).
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Data analysis

The data were analyzed with analysis of variance
(ANOVA) and a line x tester analysis for estimating the
genetic variance, degree of dominance, broad-sense
heritability, and narrow-sense heritability. The line x tester
analysis, general combining ability (GCA) and specific
combining ability (SCA) effects were calculated based on
Kempthorne (1957) and Singh and Chaudhary (1979) using
R with Agricolae package (de Mendiburu and Simon 2015;
de Mendiburu 2021). The t-student test was conducted to
test the general combining ability and specific combining
ability to zero value (Kenga et al. 2004). These analyzes
were conducted using Microsoft Excel.

Mid-parent heterosis (MPH) and best-parent heterosis
(BPH) were analyzed using AGD-R (Rodriguez et al.
2015) then visualized in heatmap using R with ggplot2
package (Wickham 2016). Pearson’s correlation for MPH
values and BPH values between several agronomic traits
were conducted according to Su et al. (2017) using R with
Agricolae package (de Mendiburu and Simon 2015; de
Mendiburu 2021).

RESULTS AND DISCUSSION

Estimation of genetic parameters

The results of ANOVA showed differences between the
parents of the cross and the hybrids (P vs F1) for all traits,
except for days to flowering, days to harvesting, panicle
length, panicle diameter, and 1000-grain weight. This result
shows that the data used was suitable for combining ability
study. It also indicates that these traits had a good
inheritance for heterotic effects from parents to hybrids
(Mondal et al. 2009; Sanghera and Hussain 2012). The 1%
level of significant differences among hybrids was shown
in plant height, leaf number, stem diameter, days to
flowering, days to harvesting, and 1000-grain weight. In
the line component, the 1% significant difference was
shown in plant height, leaf number, days to flowering, days
to harvesting, and panicle length. The 5% level of
significant difference was shown in 1000-grain weight. The
tester component showed a significant difference in plant
height and panicle length traits (Table 3). The significant
line and tester components related to a large general
combining ability (GCA) variance in controlling related
traits, and additives gene effect affected these traits
(Panwar 2005). The line x tester interaction component
significantly affected the stem diameter (Table 3). The
significance of line tester interaction would be related to
specific combining ability (SCA) (Suguna et al. 2021). In
this case, SCA will significantly affect the expression of
the traits, which is strongly influenced by non-additive
variance. The SCA is associated with heterosis value
(Krystkowiak et al. 2009; Huang et al. 2015), so heterosis
breeding for these traits might be conducted.

Based on the contribution of lines, testers, and their
interactions to the total hybrid variance, the line component
largely contributed to all traits, except stem diameter, dry
panicle weight, and 1000-grain weight. The large
proportion of lines predicting the selection of line parents
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requires more significant consideration than tester parents.
The larger contribution of the tester component was shown
on stem diameter, so the selection of tester parents for
manipulating this trait needs to be considered than the
selection of line parents. A large proportion of the line x
tester interaction components was found on dry panicle
weight and grain yield per panicle (Table 3). A large
proportion of the line x tester interaction components
predict an SCA effect and non-additive variance effect.
Therefore, variety development for yield components could
be directed to hybrid varieties. These results were also in
line with Rini et al. (2017) and Khadi et al. (2018).

Greater GCA variances than SCA variances found on
plant height, leaf number, days to flowering, days to
harvesting, panicle length, panicle diameter, and 1000-
grain weight. It caused the ratio of the GCA variance to the
SCA variance to be more than one, while the degree of
dominance was less than one (Table 4). It explains that
additive gene strongly influences these traits, so parental
selection becomes more critical for improving these traits.
A similar result was also found in Prabhakar et al. (2013
and Ingle et al. (2018). Meanwhile, stem diameter, dry
panicle weight, and grain yield per panicle had a smaller
GCAJ/SCA variance ratio, so the dominance degree is more
than one (Table 4). Based on this result, the action of non-
additive genes had a more significant role in controlling
these traits. It should be considered when developing
hybrids variety for yield components. Ni et al. (2012)
reported that non-additive genes influenced 1000-grain
weight and the number of grains per panicle.

The broad-sense heritability of all traits except panicle
length and panicle diameter was relatively high (ranged
between 63-98%) (Table 4). It shows that there was a
considerable genetic influence in controlling these traits. A
high value of broad-sense heritability indicates that the
population has high genetic variability and that selection
can be carried out effectively. If the broad-sense
heritability value was relatively low, the population's
genetic variability was also quite low (Usman et al. 2017).
The formation of new populations for increasing genetic
diversity for related traits needs to be done. Moreover, low
broad-sense heritability indicates a large environmental
influence on the observed phenotype, so selection based on
related traits will be ineffective due to masking effect from
environment (Devesh et al. 2018).

The narrow-sense heritability for stem diameter, dry
panicle weight, and grain yield per panicle was very low
compared to the broad-sense heritability (Table 4). A very
large non-additive affected these traits was found, so it can
be manipulated for utilizing hybrid breeding. In contrast,
other traits had a large narrow-sense heritability indicating
the significant role of additive genes action. Selection for
these traits improvement would give a higher genetic gain
as Mohammed et al. (2015) stated. In early generations,
traits with low narrow-sense heritability were highly
affected by dominant genes, so selection at this condition
will become inefficient. Therefore, selection for the related
traits through the bulk selection method must be conducted
in advance generation (Fs or F7) (Acquaah 2007) because
fixation of additive genes occurred in later generations
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making it possible to efficiently produce a good selection
response and genetic gain (Acquaah 2007; Dubey and
Rangaiah 2019).

Estimation of combining ability

Genotype P1-150-20A was a significantly good general
combiner for short plants and early maturity among the
lines, such as days to flowering and days to harvesting. In
addition, Kawali was a significantly good general combiner
for increasing leaf number. Furthermore, Soraya 3 IPB was
a good combiner for increasing stem diameter and panicle
length. Moreover, Bioguma 1 Agritan was a good combiner
for panicle diameter, dry panicle weight, 1000-grain
weight, and grain yield per panicle. The result showed that
Bioguma 1 Agritan can be used as female parents for high-
yielding varieties, whereas P1-150-20A can be used as a
female parent to produce short plants and early maturity.
Besides that, Pulut 3 was a good combiner for increasing
stem diameter and early maturity traits, such as days to
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flowering and days to harvesting (Table 5). Estimation of
parents' GCA could assist in identifying superior parents
for the formation of superior genotypes based on the
number of favorable alleles that have additive gene action
(Narasimhamurthy and Gowda 2013).

Specific combining ability (SCA) is one of the genetic
parameters that reflects the influence of non-additive genes
towards traits. It can be used to determine the best cross
combination for achieving plant breeding program
objectives. The SCA effect is more considered in hybrid
development than the GCA effect (Rini et al. 2017). There
were variations on the SCA effect for all traits (Table 5).
Soraya 3 IPB x Pulut 5 and Kawali x Pulut 3 had higher
SCA effects for stem diameter and leaf number,
respectively. These combinations might be the best for
improving vegetative traits, such as forage yield. The high
SCA for the vegetative trait is in line with Mohammed
(2009) for sorghum forage development, especially for
ethanol production and animal feed.

Table 3. Analysis of variance and contribution from each component to hybrid variance for various agronomic traits in sorghum

\S,gl;i;ifo?,f df PH LN SD DTE DTH PL PD DPW  1000-GW GYP
Replication 2 22665~ 0.05° 0100  0.64™  060°  685°  115° 290.67/™ 1580  233.43"
Genotype 13 713867 10.54™ 007" 90.45™ 151.03™ 827" 029 43028 42.94™ 24474
Parent (P) 5 825838 10.38™  0.07" 7587 137.60" 1548 032  507.88" 5157 296.09"
P s Fy 1 424950™ 4777  0.14™ 865  14.00% 0.5 056" 109593 2.90 414.38"
F1 7 675161 11.48™  0.06™ 112.55" 180.20" 429 023  279.76"™ 42.50" 183.82%
Line (L) 3 15533.07" 26,02  0.03" 26050 417.67" 894  029%  10514™ 9525  66.85"
Tester (T) 1 583.42° 045 020 150 150 248" 047 597.60™  0.31" 432.85™
LxT 3 2622 061" 0.02° 161" 228 024" 009 348427 382"  217.78™
Line (%) 98.60 97.17  17.44  99.20 9934  89.37 5455 1611 9605 1559
Tester (%) 124 056  44.42 0.19 0.12 826  29.21 30.52 010  33.64
Lx T (%) 017 228 3814 0.61 0.54 237 16.25 53.38 385  50.78

Note: df: degree of freedom, ““significant at level 1%, “significant at level 5%, ": not significant at level 5%, PH: plant height, LN: leaf
number, SD: stem diameter, DTF: days to flowering, DTH: days to harvesting, PL: panicle length PD: panicle diameter, DPW: dry
panicle weight, 1000-GW: 1000-grain weight, GYP: grain yield per panicle

Table 4. Estimation of genetic components of variance, degree of dominance, and heritability for various agronomic traits in sorghum

Genetic components PH LN SD DTF DTH PL PD DPW  1000-GW GYP
o? lines 2584.48 4.23 -0.01 43.15 69.23 1.45 0.03 -40.55 15.24 -25.16
o? testers 46.43 -0.01 0.01 -0.01 -0.07 0.19 0.03 20.77 -0.29 17.92
o2 GCA 392.32 0.63 0.00 6.47 10.38 0.24 0.01 -4.01 2.26 -1.98
o SCA -7.89 0.10 0.01 -0.93 -0.56 -225 017 74.71 0.40 45.73
o2 GCA/c? SCA -49.70 6.14 0.03 -7.00 -18.57 -0.10 -0.05 -0.05 5.65 -0.04
o2 additive 784.64 1.27 0.00 12.94 20.76 0.47 0.02 -8.01 4.51 -3.96
o2 dominance -7.89 0.10 0.01 -0.93 -0.56 -225 017 74.71 0.40 45.73
Degree of dominance 0.00 0.29 4.09 0.00 0.00 0.00 0.00 NA 0.30 NA
his? 0.98 0.93 0.73 0.90 0.94 0.17 0.08 0.64 0.85 0.63
hns? 0.98 0.86 0.04 0.90 0.94 0.17 0.08 0.00 0.78 0.00

Note: hus?: broad-sense heritability, hns?: narrow-sense heritability, NA: not applicable, PH: plant height, LN: leaf number, SD: stem
diameter, DTF: days to flowering, DTH: days to harvesting, PL: panicle length, PD: panicle diameter, DPW: dry panicle weight, 1000-

GW: 1000-grain weight, GYP: grain yield per panicle
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Table 5. General combining ability (GCA) and specific combining ability (SCA) effect for various agronomic traits in sorghum

Genotypes PH LN SD DTF DTH PL PD DPW 1000-GW GYP
Line
P1-150-20A 5452 -1.27" 0.00" -6.58" -8.17" -0.34™ -0.19™ -0.89™ -3.04™  -0.98™
Soraya 3 IPB -21.07"  -1.36™ 0.06" -458" -6.17" 1.80  -0.19™ 148 -0.80™ -0.51"™
Kawali 10.47" 3.06™ 0.03" 6.92"" 8.00"  -0.54™ 0.16™ 527"  -1.97" -3.19m
Bioguma 1 Agritan 65.12"  -0.43  -0.09™ 4.25™ 6.33"  -0.91™ 0.22" 4,68 5.82™ 4.69m
S.E GCA 2.88 0.22 0.05 0.86 0.81 1.08 0.32 4.55 0.66 3.67
S.E(gi—gj) 4.08 0.32 0.07 1.21 1.15 1.53 0.45 6.44 0.93 5.18
Tester
Pulut 3 4,93 0.14"  -0.09"  -0.25™  -0.25"™  -0.32™  -0.14™ -4.99"™  -0.11"  -4.25™
Pulut 5 -4.93"  -0.14™ 0.09" 0.25" 0.25" 0.32m 0.14m 4,99m 0.11ms 4,25
S.E GCA 2.04 0.16 0.04 0.61 0.57 0.76 0.22 3.22 0.47 2.59
S.E(gi—gj) 2.88 0.22 0.05 0.86 0.81 1.08 0.32 4.55 0.66 3.67
Cross combination
P1-150-20A x Pulut 3 -0.14™  -0.09™  -0.05™ 0.25" 0.25" 0.09"  -0.02m 4,96 0.67m 4,52n
P1-150-20A x Pulut 5 0.14"s 0.09"s 0.05"  -0.25™  -0.25"  -0.09™ 0.02"  -4.96™ -0.67"  -452™
Soraya 3 IPB x Pulut 3 -1.13™  -0.39™  -0.08™  -0.75"™  -0.42" 0.14™  -0.04™  -7.97  -1.13™  -6.33™
Soraya 3 IPB x Pulut 5 1.13m 0.39" 0.08" 0.75™ 0.42  -0.14"™ 0.04" 7.97™ 1.13m 6.33"
Kawali x Pulut 3 -1.71" 0.35" 0.14m 0.42"  -0.58™ 0.07" 0.17m 7.89m 0.43 5.74
Kawali x Pulut 5 171"  -0.35™  -0.14"™  -0.42" 0.58"  -0.07™ -0.17"  -7.89™  -0.43" 574"
Bioguma 1 Agritan x Pulut 3 2.98" 0.13"  -0.00™ 0.08" 0.75"  -0.29™  -0.11"  -4.88™ 0.03"  -3.94m™
Bioguma 1 Agritan x Pulut 5 -2.98™  -0.13™ 0.00"  -0.08™  -0.75™ 0.29" 0.11m 4,88  -0.03™ 3.94m
S.E. SCA 4.08 0.32 0.07 1.21 1.15 1.53 0.45 6.44 0.93 5.18
S.E (Sij — sk) 5.77 0.45 0.10 1.71 1.62 2.16 0.63 9.10 1.32 7.33

Note: SE: standard error, “significant at level 1% based on t-student test, “significant at level 5% based on t-student test, ": not
significant at level 5%, PH: plant height, LN: leaf number, SD: stem diameter, DTF: days to flowering, DTH: days to harvesting, PL:
panicle length, PD: panicle diameter, DPW: dry panicle weight, 1000-GW: 1000-grain weight, GYP: grain yield per panicle

Bioguma 1 Agritan x Pulut 5 was the combination with
the lowest SCA effect for plant height and days to
harvesting, while Soraya 3 IPB x Pulut 3 for days to
flowering. It shows that the combination of these crosses
can be used for hybrids with short plants and early
maturity. Mengistu et al. (2020) also found the presence of
early maturity in hybrids compared to their parents. At the
same time, sorghum with early maturity traits would
potentially produce more grain and increase harvest index
as stated by Derese et al. (2018). The best combination for
high-yielding hybrids development based on the SCA
effect was found. Kawali x Pulut 3 was the best
combination for panicle length and panicle diameter,
respectively. Soraya 3 IPB x Pulut 5 had the highest SCA
effect for dry panicle weight, 1000-grain weight, and grain
yield per panicle. A similar result was also found in other
studies (Kenga et al. 2004; Prabhakar et al. 2013;
Amelework et al. 2017)

Cross combination with the best SCA did not originate
from good general combiner parents for enhancing all
attributes except plant height. On leaf number and dry
panicle weight, poor x poor general combiner produced the
highest SCA. In contrast, poor x good general combiner
produced the highest SCA on panicle length. Cross
combination with strong SCA effects was categorized as
good general combiners if they were inherited from one or
both parents. However, due to the lack of higher-order
additive interaction, this does not always occur (Kenga et
al. 2004). Epistasis generated by additive-dominant
interactions gene was assumed to cause the poor x good
general combiner with the highest SCA, while non-additive
gene interactions for a poor x poor general combiner

(Kumar et al. 2011). As a result, choosing the best hybrid
combination cannot be explained solely based on GCA
values but must also consider SCA values. The number of
beneficial alleles increase in hybrids formed from the
pairing of parents with the best GCA values and good SCA
values (Kamara et al. 2021).

Estimation of heterosis among progenies

The mid-parent heterosis (MPH) and best-parent
heterosis (BPH) of plant height were generally ranged
negative to zero value in all combinations of crosses,
except for Bioguma 1 Agritan x Pulut 3 (Figure 1). The
lowest heterosis for plant height was found in P1-150-20A
x Pulut 5. It implies that the hybrids produced sorghum
with a shorter plant height, allowing farmers to easily
maintain and harvest the crop (Hashimoto et al. 2021).
Gaddameedi et al. (2020) also reported a similar result for
plant height heterosis in sorghum. Wirnas et al. (2021)
stated that sorghum with short to medium plant height was
recommended for sorghum cultivation for food purposes.
Farmers also preferred it because it also has early maturity.

The MPH and BPH values for stem diameter ranged
from -10.1% to 32.03% and -16.41% to 22.14%, respectively.
This kind of similar result was also found by Prakash et al.
(2010) and Paliwal et al. (2016). The highest value of
heterosis is found on Soraya 3 x Pulut 5 and P1-150-20-A x
Pulut 5 (Figure 1), so these hybrids might produce a larger
stem diameter. The thicker stem was a desired trait, as it
allowed sorghum to perform better and be resistant to
lodging (Wirnas et al. 2021). Shah et al. (2016) also stated
that plant height, stem diameter, and stem wall thickness
contribute toward lodging resistance in cereal. At the same
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time, Rivera-Burgos et al. (2019) discovered that a larger
stem diameter produced more ethanol.

The MPH values ranged from -5.38% to 16.37% for
leaf number traits, while the BPH values ranged from -
9.04% to 7.58%. The low value of heterosis, both negative
and positive is not in line with Sheunda et al. (2019).
Heterosis is influenced by dominance gene action
(Hashimoto et al. 2021) and dominance-dominance
epistasis (Boeven et al. 2020). Based on this study, leaf
number is highly affected by the additive effect. Other than
that, the best positive heterosis was found in Soraya 3 IPB
x Pulut 5 and PI-150-20A x Pulut 5 (Figure 1), so these
hybrids would produce a higher number of leaves than their
parents. An increase in the number of leaves was a
desirable trait and it is expected to increase grain yield
through a high photosynthetic rate (Fang et al. 2018). A
large number of leaves is also associated with high biomass
yield (Abubakar and Bubuche 2013; Makanda 2017).

The MPH and BPH values for days to flowering traits
ranged from -7.49% to 8.85% and -12.82% to 5.18%,
respectively. Also, the MPH and BPH values for days to
harvesting ranged from -9.21% to 4.41% and -15.18% to
1.65%, respectively. In this study, four hybrids had
negative MPH values, while five had negative BPH values
for both traits (Figure 1). Significant and negative heterosis
values in sorghum were also observed by Sheunda et al.
(2019), Crozier et al. (2020), and Veldandi et al. (2021).
Soraya 3 IPB x Pulut 3 and PI-150-20A x Pulut 3 were
hybrids with the lowest MPH and BPH values for both
traits. These hybrids might be developed for early maturity
varieties. The influence of additive genes that control these
two features caused sorghum progenies to mature early
relative to their parents (Makanda et al. 2009).

The MPH and BPH values for panicle length ranged

from -14.81% to 10.53% and -16.65% to -0.86%,
_...,a3IPB x Pulut 5- . .
Soraya 3 IPB x Pulut 3-
PI-150-20A x Pulut §- l
Mid-parent
Heterosis (%)
PI-150-20A x Pulut 3-
50
%
Kawali % Pulut 5- 0
[ 25

Kawali * Pulut 3-

Bioguma 1 Agritan  Pulut 5-

Bioguma 1 Agritan x Pulut 3-
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respectively. There are 75% and 100% hybrids with
negative MPH and BPH values, respectively, and the
development of this hybrid might decrease panicle length
(undesired traits). This result was not in line with Sheunda
et al. (2019) and Mengistu et al. (2020). Bioguma 1 Agritan
x Pulut 3 is the progeny with the lowest MPH and BPH
values (Figure 1). The MPH and BPH values for panicle
diameter ranged from -12.75% to 3.10% and -17.14% to
2.69%, respectively. Kawali x Pulut 3 was the hybrid with
the highest MPH and BPH values. Wirnas et al. (2021)
stated that panicle diameter was one of the important
morphological ideotypes related to high grain yielding. At
the same time, P1-150-20A x Pulut 3 was the progeny with
the lowest MPH and BPH values.

The MPH and BPH values for dry panicle weight
ranged from -0.84% to 72.60% and -19.23% to 51.54%,
respectively. All hybrids had positive MPH values except
for Bioguma 1 Agritan x Pulut 3. While hybrids of
Bioguma 1 Agritan x Pulut 3 and Kawali x Pulut 5 had
negative BPH values. The best heterosis for dry panicle
weight was found in the Soraya 3 IPB x Pulut 5 hybrid
(Figure 1), so this combination would potentially produce
sorghum hybrids with high yield. In the present study,
positive heterosis for panicle weight might improve the
traits of sorghum for high grain yielding. It is in agreement
with Khadi et al. (2018) and Mengistu et al. (2020).

The MPH and BPH values of grain yield per panicle
ranged from -6.38% to 64.12% and -20.86 % to 46.98%,
respectively. Similar results were also reported by
Jaikishan et al. (2018) and Schaffasz et al. (2019). The
hybrid with the highest heterosis for grain yield per panicle
is Soraya 3 IPB x Pulut 5, which also had the highest
heterosis for dry panicle weight. According to Enyew et al.
(2021), grain yield per panicle had a highly significant
positive correlation with panicle weight.

Soraya 3 IPB x Pulut 5- . .

Soraya 3IPB % Pulut 3

PI-150-20A x Pulut § -
Best-parent

Heterosis (%)

PI-150-20A x Pulut 3 - m >
25

Kawali * Pulut §-

Kawali * Pulut 3-

Bioguma 1 Agritan X Pulut 5-

Bioguma 1 Agritan x Pulut 3-
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Figure 1. Heterosis heatmap from each cross combination for various agronomic traits in sorghum. A. Mid-parent heterosis, B. Best-

parent heterosis



1594

The MPH values range from -12.69% to 37.92% for
1000-grain weight. Four out of eight hybrids were found to
have positive MPH values, namely Kawali x Pulut 3,
Kawali x Pulut 5, Bioguma 1 Agritan x Pulut 3, and
Bioguma 1 Agritan x Pulut 5. The BPH values ranged from
-21.62% to 33.01%. Three hybrids were found to have
positive BPH, namely Kawali x Pulut 3, Bioguma 1
Agritan x Pulut 3, and Bioguma 1 Agritan x Pulut 5.
Sorghum vyield is influenced by several traits such as the
number of plants in an area, the number of seeds per plant,
grain yield per panicle, and the weight of 1000 grains as
stated by Wang et al. (2019). Also, 1000-grain weight is
highly correlated to yield (Mofokeng et al. 2019), and it is
caused by the efficiency of photosynthetic accumulation in
the seed endosperm (Putri et al. 2013). Overall, the present
study revealed that hybrid development from local
Indonesian sorghum cultivars and national varieties could
improve sorghum grain productivity.

Based on heterosis Pearson’s correlation analysis
(Table 6), grain yield per panicle had a significant and
positive correlation with stem diameter (r = 0.87 for MPH)
and dry panicle weight (r = 0.98 for MPH and r = 0.99 for
BPH). This result indicated that hybrids developed for high
grain yield heterosis could improve other desirable traits,
such as large stem diameter and high panicle weight.
Heterosis of 1000-grain weight showed a significant and
positive correlation with undesirable traits for grain
yielding sorghum, such as plant height (r = 0.82 for MPH
and r = 0.84 for BPH), days to flowering (r = 0.71 for MPH
and r = 0.77 for BPH), and days to harvesting (r = 0.79 for
BPH). Similarly, heterosis of panicle diameter was also
correlated with days to harvesting (r = 0.74 for BPH).
Hybrid development for high 1000-grain weight should be
taken into consideration because it will have undesirable
traits, such as tall plant height and late maturity. Wirnas et
al. (2021) explained that the ideotype for selecting high-
yielding sorghum was indicated by medium plant height
(150-235 cm). Meanwhile, dual-purpose sorghum for grain
and biomass yielding hybrids might be potentially
developed due to this study revealed that an increase in
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vegetative (plant height, stem diameter, leaf number) and
maturity traits value has provided an increase in grain
yield-related traits. This study is in agreement with the
findings of Burks et al. (2013) which stated that late-
maturing sorghum hybrids would produce higher biomass.
Dual-purpose sorghum can be used as food from grain
yield, feed and biofuel from biomass yield as reported by
Chikuta et al. (2017) and He et al. (2020).

In conclusion, plant height, leaf number, days to
flowering, days to harvesting, panicle length, panicle
diameter, and 1000-grain weight in sorghum were
significantly affected by additive gene action than non-
additive gene action. Meanwhile, non-additive gene action
had a significant effect on stem diameter, panicle dry
weight, and grain yield per panicle. The broad-sense
heritability for the traits ranged from 63-98%, and the
narrow-sense heritability ranged from 0-98%. Based on
field observation, three out of six parental lines showed the
best performance of grain yields related traits. Of these,
Soraya 3 IPB x Pulut 5 and Bioguma 1 Agritan x Pulut 5
crosses were the best cross combination showing high
values for both combining ability and heterosis parameters.
These findings would help breeders to determine the
selection methods for desirable traits and cross
combinations to develop a new variety with high yield
performance.
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Table 6. Pearson’s correlation of mid-parent heterosis (below the diagonal) and best-parent heterosis (above the diagonal) between

various agronomic traits in sorghum

Correlation coefficient (r)

Traits PH LN SD DTE DTH PL PD DPW _ GYP _ 1000-GW
PH 031 0.69% 037" 0.46™ 047 045 2064 -065° 084"
LN -0.09" 0.79" 0.64™ 0.42m 0,04 0.270 0.35™ 040  0.13®
SD 074 0.490 0.20™ 0.08™ 0.43" 0.22m 067"  0.70°  -0.25™
DTF 032 0.78" 0.23" 0.93%  -0.33® 068" 0220 045 077
DTH 038"  0.75" 0.13" 0.98" 047 0.74° 0467 =037 0.79°
PL 052 -0.06™  0.37™ 047 041 006 074 0707 -0.49™
PD 0.35™  0.68" 0.21m 0.71* 0.72" 0.08™ 048 0427 071
DPW -0.65  0.16" 0.82" 005 017 0.48% 0.08™ 099"  -0.54™
GYP -0.65™  0.290 0.87%  0.10" 0017 0.41m 0.16™ 0.98" -0.51m
1000-GW  0.82°  0.30" 028 0.71° 0.69™ 063 065 -0.35"  -0.29"

Notes: ““significant at level 1%, “significant at level 5%, ™: not significant at level 5%, PH: plant height, LN: leaf number, SD: stem
diameter, DTF: days to flowering, DTH: days to harvesting, PL: panicle length, PD: panicle diameter, DPW: dry panicle weight, 1000-

GW: 1000-grain weight, GYP: grain yield per panicle
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