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Abstract. Nasution MA, Maulana Z, Alam M, Hanafi, Ulfa F, Abdullah A. 2025. Genetic and path analysis of agronomic traits in
Indonesian sorghum genotypes. Biodiversitas 26: 5944-5954. Sorghum (Sorghum bicolor) is a strategic cereal for food, feed, and
bioenergy in tropical production systems, yet its improvement is constrained by limited characterization of genetic variability and yield-
determining traits across local and commercial germplasms. This study evaluated eight contrasting genotypes under a randomized block
design in Maros, South Sulawesi, to quantify genetic variation, heritability, and trait-yield relationships. Wide phenotypic divergence
was observed, with grain yield ranging from 4.64 to 58.93 g per plant and plant height from 145.6 to 265.9 cm, reflecting substantial
heterogeneity within the tested germplasm. High heritability estimates for grain yield (0.75), panicle dry weight (0.75), and thousand-
grain weight (0.89) indicate strong additive genetic control and substantial prospects for early generation selection. Path analysis
identified thousand-grain weight (direct effect = 0.713), panicle dry weight (0.442), and panicle width (0.304) as the major determinants
of grain yield, confirming the central role of reproductive biomass in yield formation. In contrast, the number of nodes and leaves
exhibited negative associations with grain yield, demonstrating a physiological trade-off between vegetative vigor and reproductive
partitioning, which is consistent with earlier reports across cereals. Sugar content showed moderate heritability (0.68) and a limited
direct influence on grain yield, reaffirming its relevance primarily for sweet sorghum improvement. Commercial varieties (Numbu,
Kawali, and UPCA-S1) exhibited superior reproductive performance, whereas local genotypes (Watasolok and Okin) expressed
adaptive attributes, including taller architecture and enhanced vegetative robustness. The complementary strengths of these groups
underscore the potential of targeted hybridization coupled with selection for panicle- and seed-related traits to accelerate the
development of high-yielding, climate-resilient sorghum cultivars in tropical environments.
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INTRODUCTION inadequate breeding programs, restricted access to adaptable
superior varieties, and insufficient assessment of local
Sorghum (Sorghum bicolor L. Moench) is the fifth most ~ germplasm (Senbetay and Belete 2020). This has led to
significant cereal crop globally after wheat, rice, maize, reduced consumption and diminished focus on local
and barley. The strategic significance of this crop is  varieties (Ariningsih et al. 2023). Indigenous genotypes
attributed to its nutritional composition, adaptability, and  typically exhibit resilience to both biotic and abiotic
resilience to extreme conditions, including drought, nutrient-  stressors, whereas commercial variants exhibit elevated
deficient soils, and elevated temperatures, thereby playing  productivity. The integration of the two offers the potential
a crucial role in enhancing food security in arid and to generate novel varieties that are both high-yielding and
semiarid regions (Khalifa and Eltahir 2023; Mwamahonje  adaptable (Kasule et al. 2024).
et al. 2024). Sorghum has emerged as an alternative cereal Sorghum, a C4 plant, exhibits high photosynthetic and
resilient to climate change, which increasingly undermines ~ water-use efficiencies, making it vital under climate change.
the stability of primary food crop production. Besides The main challenge for breeders is to develop genotypes
being utilized as food and feed, sorghum possesses with stable yields across environments. Integrating
significant potential as a raw material for bioethanol conventional and modern tools, such as marker-assisted
production owing to its high biomass yield and sugar-laden  selection, QTL mapping, and high-throughput phenotyping,
stems (Guden et al. 2020; Umakanth et al. 2024). is essential (Hao et al. 2021; Mwamahonje et al. 2024).
In East Nusa Tenggara, Indonesia, sorghum is advocated ~ Success depends on genetic diversity and appropriate
to diversify food sources and exploit arid marginal regions.  selection methods. Estimating genetic parameters variance,
Nevertheless, its advancement has been obstructed by heritability, and genetic advance provides critical insights
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because traits with high heritability and advance are more
responsive to selection (Fehr 1987; Allard 1999; Gebre et
al. 2024).

Several studies have validated the genetic potential of
sorghum. Panicle weight and thousand-grain weight exhibit
high heritability, exceeding 90% (Baye et al. 2022),
whereas plant height can reach up to 99% and grain yield
approximately 76%, demonstrating significant genetic
influence, especially in Ethiopia and Sudan (Gebregergs
and Mekbib 2020; Gichile et al. 2022). Therefore, these
characteristics may serve as markers for direct selection.
Correlation analysis alone is inadequate because it fails to
distinguish between the direct and indirect impacts of the
features. Path analysis elucidates the role of each trait in
yield (Dewey and Lu 1959; Burks et al. 2015; Fatimah et
al. 2021; Wirnas et al. 2021).

Recent research in East Africa and India has
demonstrated that panicle weight and width exert the most
significant direct influence on grain yield, whereas plant
height impacts yield more indirectly via biomass (Fuglie et
al. 2024; Kasule et al. 2024; Mgendi 2024). The weight of
1,000 seeds reliably serves as a steady predictor of yield
(Guden et al. 2020). Additional physiological and
agronomic characteristics, including stem diameter (>17
mm), leaf count (>10), flag leaf area (>209 cm?), and
panicle diameter (>49 mm), have also been suggested as
selection criteria (Wirnas et al. 2021). Panicle length and
plant height are critical factors that influence the yield of
various cereals (Parimala et al. 2023; Saketh et al. 2023).
Further evidence is provided by extensive genetic diversity
(GCV 3.13-37.44; PCV 5.11-38.08), elevated heritability
for panicle yield (97%), and substantial genetic advance
(75.93%) (Gebregergs and Mekbib 2020).

Despite significant progress, research deficiencies
continue to exist in Indonesia. To date, there has been no
thorough assessment of local and commercial genotypes in
standardized field settings, thus constraining the
identification of essential features for selection in breeding
programs. Bridging this gap is important to encourage the
development of superior sorghum varieties tailored to
Indonesia's tropical agroecosystems.

This study evaluated the genetic parameters of key
agronomic traits in local and commercial sorghum genotypes,
examined trait relationships through correlation and path
analysis, and identified traits with direct effects on grain
yield. The findings provide priority selection criteria for
breeding high-yielding, adaptable sorghum varieties suited
to tropical environments.

MATERIALS AND METHODS

Research location

This study was conducted at the Cereal Crop Assembly
and Testing Center, division of the Agricultural Assembly
and Modernization Agency (BRMP) under the Indonesian
Ministry of Agriculture, located in the Maros District,
South Sulawesi, Indonesia, altitude 60 m above sea level).
The experiment was conducted during the planting season,
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and the planting began on March 14, 2024, until the
research was completed in July 2024.

The research site is situated within lowland agroecosystem
with a tropical monsoon climate (Am), receiving an
average rainfall of about 71.2-156.5 mm per month during
the research period. The soil type is classified as alluvial,
with good drainage, a soil pH ranging from 5.8 to 6.3, and
a moderate organic matter content. The field was irrigated
using a surface irrigation system supported by pump wells
around the site to ensure that the water availability
remained stable. The land was plowed and harrowed,
followed by leveling to optimize the uniformity of the
planting and water distribution. Further details are shown
in Figure 1.

Plant materials

The plant material comprises eight sorghum genotypes
(Sorghum bicolor), which include four national varieties
developed by the Agricultural Research and Development
Agency under the Ministry of Agriculture of the Republic
of Indonesia: Super-1, UPCA-S1, Numbu, and Kawali.
Additionally, there are four local genotypes from the East
Nusa Tenggara: Kuali, Watasolot, Okin, and Waiotan.

Experimental design

The experiment used a randomized block design with
three repetitions. This design featured a single factor,
which included four local and four national sorghum
genotypes, resulting in 24 experimental units. Sorghum
seeds were planted in plastic trays filled with a mixture of
soil and compost. After 10 days, the seedlings were moved
to beds measuring 200 cm x 100 cm, with a planting
distance of 75 cm x 15 cm, resulting in 18 sorghum plants
per plot. Organic fertilizer, in the form of manure and
compost, was applied during soil preparation, while chemical
fertilizers (Urea, SP-36, and KCl) were administered by
dibbling twice: once at 2 weeks and again at 4 weeks post-
planting. Weekly applications of insecticides, bactericides,
acaricides, and fungicides were carried out following the
recommended dosages. Sorghum plants were harvested
when the seeds were mature and firm, the stems and leaves
dried, and the seed heads remained intact. At this point,
sorghum typically reaches physiological maturity,
characterized by a seed moisture content of approximately
14%, hard and dry seeds, reduced chlorophyll in the leaves,
and decreased seed dormancy (Oyier et al. 2017). To
achieve higher starch, protein, and tannin levels, the main
crop was harvested, whereas ratoon sorghum offered greater
economic benefits and resource efficiency. However, the
fat content in ratoon yields is lower than that in the main
crop (Zhou et al. 2022).

Data collection and analysis

Measurements were taken of the dry seed weight per
plant (seed yield per plant) and its components, including
plant height (cm), stem diameter (mm), number of nodes,
number of leaves, fresh plant weight (biomass, g), panicle
width (cm), panicle length (cm), fresh panicle weight (g),
dry panicle weight (g), Brix sugar content (%), and
thousand-grain dry weight (g). All data were recorded and
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organized using Microsoft Excel 2019. Analysis of
Variance (ANOVA) was performed according to the
method of Gomez and Gomez (1984), and the post-hoc
Honest Significant Difference test was conducted using
PKBT-STAT version 3.2 (http://pbstat.com/pkbt-stat).
Genetic and phenotypic variance analyses were performed
based on the formula of Singh and Chaudhary (1979),
heritability values were determined using the formulas of
Fehr (1987) and Allard (1999), and genetic gain was
calculated using the online application PBSTAT-PPB
version 1.2 (http://www.pbstat.com/ppb/balanova.php).
Correlation analysis was performed to assess the
relationships between traits using the formulas and criteria
of Gomez and Gomez (1984), while path analysis was
carried out based on the method of Dewey and Lu (1959);
both analyses were calculated using Jeffreys’s Amazing
Statistics Program (JASP) application.

RESULTS AND DISCUSSION

Analysis of variance in agronomic characters

Analysis of Variance (ANOVA) of the 12 agronomic
traits of sorghum showed highly significant differences
(p<0.01) among the eight genotypes (Table 1). The
evaluated traits were Plant Height (PH), Stem Diameter
(SD), Number of Nodes (NN), Number of Leaves (NL),
Biomass (BI), Panicle Length (PL), Panicle Width (PW),
Fresh Panicle weight (PF), Dry Panicle weight (PD), Brix
sugar content (BR), Thousand-grain Weight (TW), and
Grain Yield per plant (GY). The observed genetic diversity
was substantial. Plant height varied between 145.60 and
265.93 cm, while GY ranged from 4.64 to 58.93 g, with an
average of 32.14 g. These wide ranges indicate the presence
of genotypes that can be used as parents in breeding
programmes. Panicle traits, particularly PF and PD, also
showed significant variation, underscoring their potential as
reliable yield indicators. The accuracy of the measurements
was high, as evidenced by the low error variance in traits,
such as NL and TW, supporting precise heritability and
genetic gain estimation.
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Variance components and heritability

Analysis of Variance (ANOVA) of the 12 agronomic
traits of sorghum showed significant genetic variation among
the eight genotypes tested (Table 2). The parameters
Genotypic Coefficient of Variation (GCV) and Phenotypic
Coefficient of Variation (PCV) were used to assess genetic
diversity. In general, most traits showed high heritability
values (>60%), indicating that variation was influenced
more by genetic factors than by the environment.

High GCV and PCV values were observed for yield-
related traits: Plant Height (PH), Biomass (BI), Panicle Width
(PW), Fresh Panicle weight (PF), Dry Panicle weight (PD),
Brix sugar content (BR), and Grain Yield per plant (GY).
Conversely, traits with moderate GCV-PCV values, such as
Stem Diameter (SD), Number of Leaves (NL), Panicle
Length (PL), and 1,000-grain weight (TW), indicated the
presence of genetic diversity but were more influenced by
the environment. The Number of Nodes (NN) showed the
lowest variability (GCV = 9.60%; PCV = 12.18%); thus, its
potential was limited. High heritability estimates were
recorded for PH (0.96), BI (0.98), PW (0.88), PF (0.73),
PD (0.75), TW (0.89), and GY (0.74), confirming strong
genetic control.

Traits exhibiting moderate GCV-PCV values, including
stem diameter, number of leaves, panicle length, and 1,000-
grain weight, demonstrate some genetic diversity but are
more susceptible to environmental influences. This implies
that while genetic improvement is possible for these traits,
environmental factors play a significant role in their
expression, necessitating careful consideration of genotype-
environment interactions in breeding strategies. The high
heritability estimates for several traits, particularly plant
height, biomass, panicle width, fresh and dry panicle
weight, 1,000-grain weight, and grain yield per plant,
further reinforce the strong genetic control over these
characteristics. These high heritability values suggest that a
large proportion of the observed phenotypic variation is due
to genetic factors, and that selection based on these traits is
likely to be effective in improving crop performance in
subsequent generations.

Table 1. Analysis of variances for different morphological traits in sorghum

Traits Genotype Block/Rep Residual G. Mean Range CV (%)
Plant height (cm) 7095.68* 218.93 98.03 219.67 145.60-265.93 4.51
Stem diameter (mm) 8.10% 0.02"1s 1.37 15.61 12.81-18.79 7.51
Number of nodes 5.31%* 0.66™ 2.80 12.38 10.93-15.27 3.62
Number of leaves 5.98%* 0.43ns 0.24 12.88 11.27-15.93 3.77
Biomass (g) 0.02* 0.02 0.00 0.324 0.19-0.38 21.71
Panicle width (cm) 283.16* 3.09 s 12.24 41.11 23.91-53.95 8.51
Panicle length (cm) 31.69* 1.42 s 2.19 20.94 15.71-24.53 7.07
Fresh panicle weight (g) 1582.16* 125.60 176.17 52.55 12.87-91.67 25.26
Dry panicle weight (g) 1343.76* 103.38 " 131.45 4433 8.39-81.40 25.86
Brix sugar content (%) 26.49%* 2.36m™ 3.57 9.94 6.75-15.07 19.01
Thousand-grain weight (g) 25.02% 2.631s 0.10 22.39 3.20-42.50 14.38
Grain yield per plant (g) 717.78* 15.59 71.67 32.14 4.64-58.93 26.34

Note: *: Significant (p<0.01), ns: Non significant
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Table 2. Variance value components, coefficient of diversity, and
heritability

Traits 62g o2 o’p GCV PCV H?bs
Plant height (cm) 2,332.55 98.03 2,430.58 21.99 22.44 0.96
Stem diameter 1.70 0.20 1.90 10.5511.15 0.89
(mm)

Number of nodes 2.24 1.37 3.61 9.60 12.18 0.62
Number of leaves 1.91 024 215 10.7411.39 0.89
Biomass (g) 0.01 0.004 0.01 25.1625.16 0.98
Panicle width (cm) 90.31 12.24 102.55 23.12 24.63 0.88
Panicle length (cm)  9.83 2.19  12.02 1498 16.56 0.82
Fresh panicle 468.66 176.17 644.83 41.20 48.32 0.73
weight (g)

Dry panicle weight 404.10 131.45 535.55 45.34 52.20 0.75
(8)

Brix sugar content  7.64 3,57 1121 27.8033.68 0.68
(%)

Thousand-grain 0.83 0.10 093 12.8715.39 0.89
weight (g)

Grain yield per 21537 71.67 287.04 45.66 52.72 0.75
plant (g)

Note: c2e: Environmental variance, 62g: Genotypic variance, 62p:
Phenotypic variance, GCV: Genotypic Coefficient of Variation,
PCV: Phenotypic Coefficient of Variation, H?bs: Broad-sense
heritability

The average results of agronomic character observations

Table 3 shows the agronomic characteristics of the
eight sorghum genotypes, consisting of four commercial
varieties Super 1, UPCA-S1, Numbu, and Kawali) and four
local varieties (Kuali, Watasolok, Okin, and Waiotan).
Local genotypes showed stronger vegetative growth, with
Waiotan and Watasolok exceeding 260 cm in height and
Waiotan having more internodes (18.79), leaves (15.93),
and the largest stem diameter (15.27 mm), indicating high
biomass potential. Kuali was the shortest (145.60 cm) with
thinner stem, favorable for lodging resistance. Meanwhile,
commercial genotypes excelled in reproductive traits:
Numbu led with the widest panicle (53.95 cm), highest PF
(91.67 g), PD (81.40 g), Brix (15.07%), TW (40.87 g), and
highest grain yield (294.67 g/plant). Okin followed in sugar
content (13.46%), while Waiotan, despite tall growth, had
the lowest yield (23.21 g/plant), showing vigor doesn’t
always mean higher productivity.

Local genotypes exhibited stronger vegetative growth,
with Waiotan and Watasolok exceeding 260 cm in height,
and Waiotan having more nodes (18.79), leaves (15.93),
and the largest stem diameter (15.27 mm), indicating high
biomass potential. Kuali was the shortest (145.60 cm), with
thinner stems, which is advantageous for lodging resistance.
Meanwhile, commercial genotypes excel in reproductive
traits: Numbu leads with the widest panicle (53.95 cm),
highest PF (91.67 g), PD (81.40 g), Brix (15.07%), TW
(40.87 g), and the highest grain yield (294.67 g/plant).
Okin followed in sugar content (13.46%), while Waiotan,
despite its tall growth, had the lowest yield (23.21 g/plant),
indicating that vigor does not always equate to higher
productivity.
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Clear differences were observed in reproductive traits.
Commercial genotypes generally excelled in traits directly
related to yield. Numbu stood out with the widest panicle
(53.95 cm), a fresh panicle weight of 91.67 g, and a dry
panicle weight of 81.40 g, all of which contributed to its
high grain yield. Kawali also had a relatively wide panicle
(44.62 cm) and good dry panicle weight (57.20 g). Panicle
length was relatively uniform among the genotypes, with
Super 1 (24.53 c¢cm) and Waiotan (24.39 cm) having the
longest panicles, indicating that panicle length was not a
major distinguishing factor among the varieties.

In terms of yield quality, the sugar content (Brix) showed
an interesting pattern. Numbu had the highest sugar content
(15.07%), followed by Okin (13.46%), making it a promising
raw material for sweet sorghum-based bioethanol and
functional foods. Other genotypes, such as Super 1, had
moderate sugar content (10.22%), whereas Waiotan had the
lowest (6.80%) and was more suitable for grain types. The
1,000 g Thousand Weight (TW) also confirmed Numbu’s
dominance (40.87 g), indicating a large seed size, followed
by Okin (26.19 g), which is sufficient for seed quality.
Grain Yield per plant (GY) is the main determinant of
agronomic performance. Numbu clearly took the top
position with a yield of 294.67 g per plant, far surpassing
other genotypes. Kawali (188 g) and UPCA-S1 (178 g)
were in the middle group, while Waiotan, despite its tall
and leafy appearance, actually had the lowest grain yield
(23.21 g/plant). This phenomenon shows that high
vegetative vigor does not always translate to higher grain
yield, because photosynthates in tall and leafy plants tend
to be allocated to vegetative organs rather than the panicle.

Figure 2 shows the differences in performance between
local and commercial sorghum genotypes based on 12 main
agronomic traits: Plant Height (PH), Stem Diameter (SD),
Number of Nodes (NN), Number of Leaves (LN), Biomass
(BI), Panicle Width (PW), Panicle Length (PL), Fresh Panicle
weight (PF), Dry Panicle weight (PD), sugar content/Brix
(BR), 1,000 g Thousand Weight (TW), and Grain Yield per
plant (GY). The dashed line representing local genotypes
protrudes outward on vegetative parameters, particularly
PH, SD, NN, and LN, indicating that local genotypes tend
to have more vigorous vegetative growth, with taller plants,
thicker stems, and more leaves and nodes. These
characteristics provide advantages for local genotypes in
biomass and forage production, but are not always
accompanied by increased grain yield. In contrast, the solid
line representing commercial genotypes stands out in terms
of reproductive parameters, such as PW, PF, PD, TW, and
especially GY. This pattern shows that commercial
genotypes have wider and heavier panicles, larger seeds,
and higher grain yields per plant than local genotypes. This
difference underscores the fact that commercial genotypes
are more targeted for grain productivity, making them more
suitable for food and seed requirements. Meanwhile, sugar
content (BR) appeared to be relatively balanced between
the two groups, indicating that both local and commercial
genotypes have the potential for use as sweet sorghum for
bioethanol.
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Table 3. Mean agronomic traits of eight local and commercial sorghum genotypes

Varietas PH SD NN LN BI PW PL PF PD BR T™W GY
Super 1 263.80° 12.40% 15.17% 12.67°¢ 0.328b 31.279 24.53* 43.73% 33.33b ]0.228¢ 23.41% 121.67%
UPCA-S1 157.139  11.40%¢ 15473 11.80«¢ 0.19> 49.81®> 18.88> 53.20® 46.20° 6.75° 16.76°¢ 178.00%
Numbu 246.60%° 12.07%¢ 1512 12.60°¢ 0.46* 53.95* 19.00* 91.67° 81.40° 15.07° 40.87*° 294.67°
Kawali 191.33¢  13.00° 16.22% 13.53> 0.30% 44.628¢ 23.57* 64.40° 57.20® 9.05* 24.61* 188.00%
Kuali 145.60¢  10.93¢  12.81° 11.27¢ 020> 39.36°¢ 18.87°¢ 36.95% 33.00% 8.45% 19.08* 119.67*
Watasolok 257.80* 11.67%¢  15.41%¢ 12.33bed (383 44573 22 56 63.63® 51.47® 9.733c  19.80° 178.00%
Okin 229.13%  12.27°%  15.90%c  12.93% 0.36% 41.41% 15.71° 53.95® 43.67° 13.46% 26.19* 182.33®
Waiotan 265.93*  15.27*  18.79*  15.93* 0.38"% 23.91°¢ 2439* 12.87° 8.39° 6.80° 8.45¢  23.21¢
HSD 5% 28.64 1.29 3.39 1.40 0.20 10.12 4.29 384  33.17 5.47 9.32 122.46

Note: Values followed by the same letter within the same column are not significantly different according to the Honestly Significant
Difference (HSD) test at the 5% significance level. PH: Plant Height (cm), SD: Stem Diameter, NN: Number of Nodes, LN: Number of
Leaves, BI: Biomass (g), PW: Panicle Width (cm), PL: Panicle Length (cm), PF: Fresh Panicle weight (g), PD: Dry Panicle weight (g),
BR: Brix sugar content (%), TW: Thousand-grain Weight (g), and GY: Grain Yield per plant (g)

- Komersial

=== Lokal

Figure 2. Comparison of local and commercial sorghum genotypes
based on vegetative traits, reproductive traits, quality, and yield.
PH: Plant Height (cm), SD: Stem Diameter (mm), NN: Number of
Nodes, NL: Number of Leaves, BI: Biomass (g), PW: Panicle
Width (cm), PL: Panicle Length (cm), PF: Fresh Panicle weight
(g), PD: Dry Panicle weight (g), BR: Brix sugar content (%), TW:
Thousand grain Weight (g), and GY: Grain Yield per plant (g)

Correlation analysis between characters

The Pearson correlation heatmap (Figure 3) provides an
overview of the relationships between the 12 agronomic
traits. Strong positive correlations were observed between
panicle traits and Grain Yield per plant (GY). The panicle
fresh weight (PF, r = 0.98), panicle dry weight (PD, r =
0.97), and panicle width (PW, r = 0.85) were closely
associated with GY, confirming their direct contribution to
yield. Therefore, genotypes with heavier and wider panicles
tended to produce higher grain yields.

Plant height (PH) showed moderate correlations with
PF and GY, indicating that taller plants can support larger
panicles, but height alone is not a decisive determinant of
yield. Similarly, Stem Diameter (SD) was positively correlated

with PF and PD, suggesting its structural role in supporting
assimilate allocation and grain filling. The Number of
Nodes (NN) and Number of Leaves (NL) had weak
correlations with GY but were strongly related to Biomass
(BI), reflecting their role in photosynthetic capacity rather
than direct yield contribution. Biomass was correlated with
PF (r = 0.74) and PD (r = 0.70), indicating that greater
vegetative mass can enhance reproductive allocation.

Brix sugar content (BR) showed modest positive
correlations with PF and PD, but only a weak relationship
with GY. This suggests that although sugar accumulation
may support grain filling, it is not always predictive of
grain yield in sorghum. Thousand-grain weight (TW), which
represents seed size, was positively but weakly associated
with GY, implying that yield in this population depended
more on panicle biomass than on seed size.

Overall, PF, PD, and PW emerged as the most reliable
indicators of grain yield. Traits such as PH, SD, and BI
contributed indirectly by supporting structural stability and
photosynthesis. The weak correlations between NN, NL,
and GY reinforce that excessive vegetative allocation is
less beneficial for grain yield improvement.

Path analysis of traits on grain yield

Path analysis was conducted to evaluate the direct and
indirect effects of the 12 agronomic traits on sorghum (GY)
of sorghum (Table 4). The results showed varying
contributions of reproductive, vegetative, and quality traits.
The Thousand-grain Weight (TW, 0.713) had the greatest
direct influence on GY, followed by the Dry Panicle weight
(PD, 0.442), Panicle Width (PW, 0.304), and Fresh Panicle
weight (PF, 0.171). These reproductive traits strongly
contribute to yield. Vegetative traits showed smaller direct
effects: Plant Height (PH, 0.194), Stem Diameter (SD,
0.330), and biomass (BI, -0.185).

Nevertheless, these traits contributed indirectly by
increasing PF and PD. The Number of Nodes (NN, 0.096)
and Leaves (NL, 0.087) had very slight direct effects and
were negatively correlated with yield. Meanwhile, the Brix
sugar content (BR, -0.325) had a negative direct effect on
GY but showed a positive indirect contribution through PF,
PD, and TW. Overall, reproductive traits related to panicle
biomass (PF, PD, and PW) and grain size (TW) were the
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main determinants of grain yield per plant. Vegetative traits
functioned as supporters, while NN and NL were negatively
associated with productivity. BR is a more relevant quality
indicator for sweet sorghum than a direct determinant of
grain yield.

Discussion

The Coefficient of Variation (CV) further highlighted
trait stability. NL (3.77%) and NN (3.62%) had low CVs
values, indicating high stability, whereas GY (26.34%) and
BI (21.71%) had high CVs values, suggesting their suitability
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for early selection. The lack of significant block effects
confirmed that genetic, rather than environmental, factors
were primarily responsible for the observed variation.
Overall, these results suggest that traits such as PH, PF,
PD, and GY are highly variable and heritable, offering
significant opportunities for rapid selection. In contrast,
Stable traits NL and NN support sorghum adaptation under
stress. The stay-green phenotype, linked to root architecture,
improves water uptake efficiency and sustains yield under
drought and heat (Kamal et al. 2019; Menamo et al. 2023).

Table 4. Analysis of path coefficients showing the direct (bold) and indirect effects of character traits on seed yield per plant in eight

sorghum genotypes

Traits PH SD NN NL BI PwW PL PF PD BR ™ GY
PH 0.19 0.61%* 0.56** 0.58**  0.98**  -0.38" 0.46" 0.0r™ -0.08™ 037™ 0.12™ -0.10"
SD 0.47%* 0.33 0.98** 0.98** 0.38* -0.51m™ 0.50™  -045™ -047" -0.24™ -045" -0.51"
NN 0.53**  0.76%* 0.1 0.99**  0.50"  -0.69** 0.60* -0.52*  -0.52™  -0.24™ -0.40"™  -0.58%
NL 0.55%*  0.78*%*  (0.99** 0.09 0.54"  -0.65%* 0.55% -0.50"  -0.50*  -0.20" -0.39"™  -0.54*
BI 0.68**  0.10* 0.07"s 0.35" -0.19 0.02"s 0.19" 0.40"™  0.34  0.92%*  0.55%  0.32"
PW -0.38"  -0.39"  -0.62**  -0.58**  -0.01" 0.3 -0.61*  0.92%*  0.94**  0.50*  0.69**  0.95%*
PL 041" 033" 0.48* 0.45% 0.06™  -0.44* 0.07 -0.43™  -043™  -0.53 -0.37"  -0.57"
PF 0.01™  -0.22™  -0.46* -0.41™ 033" 0.84%*%  -0.18%* 0.17 0.10* 0.85%  0.95%*  0.99**
PD -0.07"  -0.23»  -0.46* -0.41  036™  0.86%* -0.22*%  0.99%* 0.44 0.80*  0.93** 98"
BR 0.35™ -0.20™ -0.20™  -0.18™  0.40" 036™  -036*%*  0.50* 0.48* -0.33 0.99**  0.87**
™ 0.11™ -0.28™  -0.34™  -0.32™  0.40™  0.63**  -039*%* 0.77** 0.79**  0.77**  0.71**  0.95%*
GY -0.09™  -0.25™  -0.51* -0.46* 0.28™  0.88**  -0.33™  0.98** 0.98**  0.51*  0.80** 1

Note: ns: Non-significant at a = 0.05, *: Significant at o = 0.05, **: Highly significant at a = 0.01, PH: Plant Height (cm), SD: Stem
Diameter (mm), NN: Number of Nodes, NL: Number of Leaves, BI: Biomass (g), PW: Panicle Width (cm), PL: Panicle Length (cm),
PF: Fresh Panicle weight (g), PD: Dry Panicle weight (g), BR: Brix sugar content (%), TW: Thousand-grain Weight (g), and GY: Grain
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BR: Brix sugar content (%), TW: Thousand-grain Weight (g), and GY: Grain Yield per plant (g)
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The significant genotypic variation found in all traits
highlights the vast genetic diversity of sorghum, which is
vital for breeding. Traits such as PH, SD, and NL showed
low CVs values, suggesting their stability. These traits are
more reflective of adaptability than direct targets for yield
improvement. Breeding approaches should utilize the
genetic diversity of wild relatives and local lines to create
modern varieties with improved yield, resistance, and
adaptability. Molecular techniques, such as Marker-Assisted
Selection (MAS), Genomic Selection (GS), and genome
editing, enhance efficiency by introducing new variations
and allowing precise gene modifications. The Green
Revolution with semi-dwarf rice and wheat varieties
increased crop yields through lodging resistance, nitrogen
fertilizer efficiency, and the sd1 gene, which supports high
productivity even under challenging conditions (Wu et al.
2018; Peng et al. 2021; Wang et al. 2021). Currently,
integrating MAS and GS is crucial for accelerating the
identification of superior traits in response to climate
change (Saketh et al. 2023). Among the traits assessed, BR
and TW were identified as important for the dual role of
sorghum as both food and bioenergy.

The variation in BR among the genotypes underscores
the potential of sweet sorghum for biofuel production,
whereas TW is closely linked to grain quality. Recent QTL
studies have strengthened the genetic understanding of
sweet sorghum as a biofuel crop, with key QTL identified
for bioenergy traits and stalk sugar yield (de Souza et al.
2021). Genetic analyses further highlight the role of
architectural and metabolic traits as well as agronomic
variation among superior genotypes for bioethanol production
(Yang et al. 2023; Nazli et al. 2024). In addition, sugar-
regulating genes such as SbSWEETIA have been
identified as potential molecular targets to enhance sugar
accumulation (Xue et al. 2023). These findings highlight
the extensive adaptive capacity of sorghum and its potential
to improve both yield and quality (Kasule et al. 2024).

Nonetheless, trait expression is shaped by interactions
between genetic composition and environmental factors.
Variables such as water availability, temperature, and
agricultural practices significantly affect the BR. Sorghum
biomass production is influenced by water availability,
temperature, and agricultural practices. Water scarcity causes
drought stress, while high temperatures disrupt critical
growth stages. Soil conservation practices and biochar
improve fertility and water retention. The dynamics of
sugar accumulation highlight the importance of adaptive
management to support sorghum productivity and resilience
(Tajudeen et al. 2022; Kundu and Kumar 2024). For
example, a lack of water before flowering can decrease BR,
whereas stress after flowering may enhance it (Emendack
et al. 2018). Similarly, sorghum genotypes with green
midribs yielded more juice and sugar, underscoring the
strong connection between plant structure and sugar
accumulation (Burks et al. 2015). In semi-arid tropical
regions, there is a focus on water use efficiency and biomass
production. Drought-resistant genotypes can sustain yield
under stress, whereas those that efficiently accumulate
sugar can achieve higher ethanol yields under heat stress
(Kandhol et al. 2022; Irfan et al. 2023; Nazli et al. 2024,
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Ferioun et al. 2025). Conducting stability analyses using
AMMI and GGE biplots is advantageous for identifying
superior genotypes in different environments. The AMMI
and GGE biplot models are effective in analyzing genotype
x environment interactions, identifying stable and superior
varieties such as G3, G10, and G14 (Wang et al. 2023;
Rajesh-Kumar et al. 2025). The integration of multi-trait
indices, including MTSI and Smith-Hazel index, strengthens
the selection of high-yielding genotypes for sorghum
breeding (Da Silva et al. 2021).

Phosphorus plays a role in enhancing plant growth and
sugar accumulation through mycorrhizal symbiosis, which
optimizes the absorption of essential nutrients from the soil
(Yang et al. 2023; Pang et al. 2024). Genetic diversity in
phosphorus tolerance offers a chance to select genotypes
suitable for nutrient-poor soils, and the combination of
nitrogen and phosphorus fertilization has been shown to
significantly increase yield (Roy et al. 2021; Li et al. 2025).
The integration of genetic diversity, key economic traits
(BR, TW, and GY), environmental adaptation, and nutrient
management underscores the importance of sorghum as a
resilient and adaptable tropical crop. Advanced breeding
techniques incorporating natural diversity, molecular tools,
and environmental management are essential for developing
improved sorghum varieties. These strategies will enhance
food security, climate resilience, and sustainable bioenergy
production in tropical regions.

BR showed moderate to high heritability (68%), reflecting
a combination of genetic and environmental influences.
The small difference between GCV and PCV in most traits
confirms that environmental influence is relatively minor.
The broad genetic diversity in PH, PF, PD, and GY
suggests that these traits are promising primary selection
criteria. These findings are consistent with those of
Gebregergs et al. (2020) and Endalamaw and Adugna
(2025), who emphasized that traits with high GCV are
more responsive to direct selection. Traits with moderate
GCV-PCV values (SD, NL, PL, TW) require multilocation
testing before being established as reliable selection targets
(Tolera et al. 2023). In contrast, the low diversity in NN
restricts its application, except when associated with
adaptive traits. The high heritability of reproductive traits
(PF, PD, GY, BR, PW) highlights their potential as primary
selection criteria (Maftuchah et al. 2021), whereas BR
needs careful consideration due to its sensitivity to climatic
and environmental conditions.

Therefore, multilocation evaluation is important to ensure
consistent results and appropriate selection strategies
(Habyarimana et al. 2020). A similar pattern has also been
observed in other commodities: in tomatoes, reproductive
traits with high heritability accelerate selection efficiency
(Dwary et al. 2023), and in wheat, high heritability for
grain yield and plant height provides opportunities for
improving productivity (Ahmed et al. 2016). Even in forest
trees and livestock, reproductive traits with high heritability
have been proven to play a role in long-term adaptation
under selection pressure (Caignard et al. 2018; Fathoni et
al. 2022). High heritability in yield traits, such as GY, PH,
and flowering time, confirms the dominance of genetic
over environmental influences. This enables breeders to
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select with greater confidence that superior traits will be
passed on to the next generation (Li et al. 2023; Kasule et
al. 2024). Thus, major yield traits (PF, PD, and GY) can be
prioritized for direct selection, whereas BR requires cross-
environment selection strategies for greater accuracy. The
development of genomic technologies has enhanced
breeding effectiveness. The identification of genetic loci
through Genome-Wide Association Studies (GWAS) enables
the application of marker-assisted and genomic selection to
accelerate breeding cycles and improve precision (Li et al.
2023; Kasule et al. 2024). The combination of GCV, PCV,
and heritability results confirmed a strong genetic basis for
the tested sorghum genotypes. The main yield traits,
particularly PF, PD, and GY, are the most effective
selection criteria for productivity improvement, whereas
BR requires a multilocation selection approach to minimize
environmental influence. Integrating genetic information
with modern technology supports the acceleration of the
development of more productive and adaptive sorghum
varieties for dry tropical lands.

Local genotypes generally exhibit superior vegetative
traits. Waiotan and Watasolok had Plant Heights (PH)
exceeding 260 cm, and Waiotan had the largest Stem
Diameter (SD, 15.27 mm). The Number of Leaves (NL)
and Nodes (NN) was notably higher in the local varieties,
with Watasolok and Waiotan being particularly prominent.
These traits indicate robust growth vigor, which is crucial
for biomass production as feed or bioenergy. According to
Tolera et al. (2023), genotypes with strong vegetative vigor
have the potential for dual-purpose applications.

However, excessive vegetative growth, although it
reflects plant vigor and good nutrient uptake capacity, does
not always result in higher seed yield. This is because more
resources are allocated to stems and leaves rather than to
reproductive organs, such as panicles, which directly
contribute to seed yield (Boyles et al. 2019; Mwamahonje
et al. 2024). Therefore, reproductive growth is very
important to ensure optimal productivity. Numbu and
Kawali had plant heights ranging from 240 to 260 cm, with
slightly smaller stem diameters than the local varieties.
This moderate size improves resistance to lodging, because
overly tall plants are more susceptible to falling under
strong winds or heavy rain. Mu et al. (2021) highlighted the
need to balance vegetative vigor and stability to maintain
sorghum productivity in tropical environments.

The most notable differences were observed in
reproductive traits. Commercial genotypes consistently
outperformed local genotypes in terms of Fresh Panicle
weight (PF), Dry Panicle weight (PD), and Panicle Width
(PW). For instance, Numbu recorded a PF of 91.67 g and a
PD of 81.40 g, which were significantly higher than those
of Watasolok (63.63 g) and Okin (53.95 g). Although
Panicle Length (PL) was relatively uniform across the
groups, with Waiotan and Super 1 showing nearly identical
lengths, the overall yield components underscored the
superiority of the commercial varieties. This is in line with
Boyles et al. (2019), who found that modern sorghum
varieties developed through intensive breeding typically
have wider panicles, heavier weights, and more uniform
grains, thereby boosting productivity.
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The quality traits varied. Okin, a local genotype, had a
relatively high Brix sugar content (BR, 13.46%), whereas
Numbu, a commercial genotype, had the highest value
(15.07%). This indicates that both local and commercial
genotypes could be valuable sources of sweet sorghum. A
high sugar content is essential for expanding the use of
sorghum in food and bioethanol production. These findings
are consistent with those of Gebremedhn et al. (2020) and
Endalamaw and Adugna (2025). This includes harvesting
stages optimal for sugar yield and ethanol production, as
indicated by studies that evaluate genotypes for traits such
as brix content and bioethanol yield (Guden et al. 2020).
The adoption of high-throughput phenotyping tools and
rapid generation advancement methods also supports the
development of varieties with desirable traits, such as
increased yield and improved nutritional quality (Baloch et
al. 2023; Mwamahonje et al. 2024). This approach can
benefit from the country's rich agricultural diversity and
can be tailored to specific environmental and socio-
economic conditions (Sutiharni et al. 2024). The integration
of both local and commercial genotypes in the production
of sweet sorghum can maximize its potential for bioenergy
and food applications.

The most significant trait distinguishing the two groups
was seed yield per plant (GY). Numbu again led with
294.67 g per plant, significantly exceeding Okin, the top
local performer, which yielded 182.33 g. This underscores
the superior productivity of commercial varieties, mainly
because the selection focused on yield components.
According to Gebregergs et al. (2020), modern sorghum
varieties undergo rigorous selection, resulting in enhanced
yield stability and performance compared to landraces.
Overall, the local and commercial genotypes demonstrated
complementary strengths. Local varieties excel in vegetative
vigor and specific quality traits, such as BR, whereas
commercial varieties are superior in seed productivity and
yield stability.

Consequently, crossbreeding these groups offers a
promising strategy for creating new sorghum varieties that
are both high yielding and of superior quality for food and
bioenergy purposes. In this regard, breeding initiatives in
Indonesia should not rely solely on commercial varieties,
but should also utilize local germplasm as donor parents to
enhance genetic diversity and adaptability in tropical
dryland regions (Gebregergs et al. 2020; Endalamaw and
Adugna 2025).

A comparison of key agronomic characteristics between
local and commercial genotypes shows that the local
genotype excels in PH, SD, and NN, while the commercial
genotype performs better in PF, PD, TW, and GY. Both
Okin (local) and Numbu (commercial) exhibit a high sugar
content (BR), thus demonstrating shared benefits. Radar
chart visualization helps to identify the relative strengths of
each group, in accordance with the methods used in studies
of sorghum diversity and breeding (Boyles et al. 2019;
Endalamaw and Adugna 2025).

The significant positive correlation between panicle
characteristics and GY underscores their role as key selection
criteria. Kasule et al. (2024) reached similar conclusions,
noting that PF and PD are vital for maintaining sorghum
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yield stability across various environments. In contrast, the
weak correlations between vegetative traits and GY align
with the finding that excessive vegetative growth redirects
assimilation away from reproductive sinks (Tao et al. 2021

The moderate link between BR and GY highlights the
dual-use potential of sorghum. Although BR is crucial for
sweet sorghum and bioenergy production, it is less
significant for enhancing grain yield. Habyarimana et al.
(2020) observed that sugar-rich genotypes often compromise
grain yield. Genomic research has shown that PF, PD, and
TW are governed by Quantitative Trait Loci (QTLs) with
high heritability, supporting their use in marker-assisted
selection (Gebregergs et al. 2020; Vieira et al. 2025).

This correlation suggests that phenotypic selection
should focus on panicle traits while maintaining supportive
vegetative features. Combining high PF and PD with
optimal PH and SD could maximize the yield potential.
This approach is supported by genomic tools that identify
stable Quantitative Trait Loci (QTLs) linked to yield traits.
Future breeding strategies should combine phenotypic and
genomic selection to boost sorghum production. Physiological
indicators, such as biomass partitioning efficiency and
sugar-use efficiency, can also be included to balance the
improvements between grain and bioenergy sorghum types.
Recent studies have highlighted that such integrative
methods effectively ensure the adaptability and resilience
of sorghum in tropical environments (Parikh et al. 2021).

In summary, the correlation analysis identified PF, PD,
and PW as the most reliable predictors of GY. Supporting
traits, such as PH, SD, and BI, contribute indirectly,
whereas NN and NL are more indicative of photosynthetic
vigor than yield potential. The limited role of BR in grain
yield further emphasizes its relevance to sweet sorghum
rather than grain types. These findings highlight the
importance of combining phenotypic selection for panicle
traits with genomic approaches to expedite the development
of high-yielding, climate-resilient sorghum varieties suitable
for tropical drylands.

These results confirm that reproductive traits,
particularly TW, PD, PW, and PF, are the most reliable
indicators of sorghum yield. The strong direct effects of
these traits confirmed their role as primary selection
criteria. These findings are consistent with those of Kasule
et al. (2024), who reported fresh and dry panicle weights as
the most consistent predictors of yield stability in tropical
environments. Vieira et al. (2025) also emphasized that
QTLs associated with panicle weight and grain size have
high heritability, making them promising for marker-
assisted selection. Conversely, vegetative traits (PH, SD, and
BI) showed weak direct effects but contributed indirectly
by improving panicle performance. Plant height and stem
diameter play a role in plant stability; however, excessive
biomass reduces yield because assimilates are allocated to
vegetative tissues. Similar findings were reported by Parikh
et al. (2021), who stated that optimal rather than maximal
allocation of biomass is more important for increasing
productivity.

The negative associations between NN, NL, and GY
suggest a trade-off between vegetative and reproductive
growth. Excess assimilation allocation to nodes and leaves
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reduces grain formation. Similar findings have been
reported for maize and millet, where excessive vegetative
vigor decreases the harvest index (Somu et al. 2024; Kumar
et al. 2025). Brix sugar content (BR) has a negative direct
effect on grain yield but a positive indirect contribution
through panicle and grain traits. This confirmed that BR is
more relevant as a quality trait for sweet sorghum and
bioethanol than for grain yield. Habyarimana et al. (2020)
also found a trade-off between sugar accumulation and
grain productivity in sweet sorghum.

Nevertheless, BR integration remains important in dual-
purpose sorghum breeding programs that use QTL markers
for sugar accumulation (Gebregergs et al. 2020). The
observed correlation further strengthens the importance of
reproductive traits over vegetative traits in breeding
strategies. Genomic prediction, when integrated with
phenotypic selection for traits such as panicle weight (PF,
PD) and grain size (TW), offers a promising pathway to
accelerate the development of superior sorghum varieties.
The use of genomic markers and high-throughput
phenotyping enables efficient selection, while the strong
correlation observed emphasizes that reproductive traits—
rather than vegetative vigor are the primary determinants of
yield stability in rainfed sorghum (Hao et al. 2021). Thus,
combining phenotypic selection for PF, PD, and TW with
genomic prediction offers a promising approach for
expediting the development of superior varieties.

In conclusion, this study demonstrated that the tested
sorghum genotypes have potential as parents in hybrid
sorghum breeding programs. The complementary strengths
of the local genotypes (Kuali, Watasolok, Okin, and
Waiotan) and commercial varieties (Numbu, Kawali, Super
1, and UPCA-S1) show promise as parents for crossing.
Cross-combinations, including Kuali x Numbu, Watasolok
x Kawali, and Okin x Super 1, illustrate strategies for
combining resistance with productivity. Traits such as plant
height, panicle biomass, and grain yield are the main
selection criteria for sorghum breeding programs.
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